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ABSTRACT Lytic bacteriophage A25, which infects Streptococcus pyogenes and sev-
eral related species, has been used to better understand phage-microbe interactions
due to its ability to mediate high-efficiency transduction. Most of these studies,
however, are decades old and were conducted prior to the advent of next-
generation sequencing and bioinformatics. The aim of our study was to gain a bet-
ter understanding of the mechanism of high-efficiency transduction through analysis
of the A25 genome. We show here that phage A25 is related to a family of genome
prophages and became a lytic phage following escape from lysogeny. A lambdoid-
like residual lysogeny module consisting of an operator site with two promoters and
a cro-like antirepressor gene was identified, but the genes for the cI-like repressor
and integrase are missing. Additionally, the genetic organization of the A25 genome
was found to be modular in nature and similar to that of many prophages of S. pyo-
genes as well as from other streptococcal species. A study of A25 homology to all
annotated prophages within S. pyogenes revealed near identity within the remnant
lysogeny module of the A25 phage genome to the corresponding regions in resi-
dent prophages of genome strains MGAS10270 (M2), MGAS315 (M3), MGAS10570
(M4), and STAB902 (M4). Host range studies of MGAS10270, MGAS315, and
MGAS10750 demonstrated that these strains were resistant to A25 infection. The re-
sistance mechanism of superinfection immunity was confirmed experimentally
through complementation of the operator region and cI-like repressor from pro-
phage MGAS10270.2 into susceptible strains SF370, CEM1Δ4 (SF370ΔSpyCIM1), and
ATCC 12204, which rendered all three strains resistant to A25 infection. In silico pre-
diction of packaging through homology analysis of the terminase large subunit from
bacteriophages within the known packaging mechanism of Gram-positive bacteria
as well as the evidence of terminally redundant and/or circularly permuted se-
quences suggested that A25 grouped with phages employing the less stringent pac-
type packaging mechanisms, which likely explains the characteristic A25 high-
efficiency transduction capabilities. Only a few examples of lytic phages appearing
following loss of part or all of the lysogeny module have been reported previously,
and the genetic mosaicism of A25 suggests that this event may not have been a re-
cent one. However, the discovery that this lytic bacteriophage shares some of the
genetic pool of S. pyogenes prophages emphasizes the importance of genetic and
biological characterization of bacteriophages when selecting phages for therapeutics
or disinfectants, as phage-phage and phage-microbe interactions can be complex,
requiring more than just assessment of host range and carriage of toxoid or viru-
lence genes.

IMPORTANCE Bacteriophages (bacterial viruses) play an important role in the shap-
ing of bacterial populations as well as the dissemination of bacterial genetic material
to new strains, resulting in the spread of virulence factors and antibiotic resistance
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genes. This study identified the genetic origins of Streptococcus pyogenes phage A25
and uncovered the molecular mechanism employed to promote horizontal transfer
of DNA by transduction to new strains of this bacterium as well as identified the ba-
sis for its host range.

KEYWORDS bacteriophages, horizontal transfer, lysogeny, Streptococcus pyogenes,
transduction

Bacteriophage A25 was isolated from Parisian sewers in the mid-twentieth century
by Nicolai Bulgakov and has been used extensively to understand phage-microbe

interactions and genetic transfer predominantly within group A streptococci (1, 2). Early
studies described A25 as a lytic bacteriophage with an estimated burst size of 13 to 32
viral particles per bacterial cell (3–5), morphologically belonging to the Siphoviridae (3,
6, 7) and having a broad host range comprising streptococcal groups A, C, G, L, and H
(8, 9). However, it was the ability of A25 to act as a high-efficiency transducing phage
that received particular interest (10). Rates of transduction were found to vary among
group A streptococcal strains, ranging from 10�6 to 10�9 transductants per PFU (11).
Transduction via A25 has also been observed in group C and G streptococcal strains,
although at lower frequency than for intragroup transduction within Streptococcus
pyogenes (8, 12). A25 is able to transduce genes encoding antibiotic resistance, viru-
lence genes, and intact lysogenic phages that potentially encode elements that alter
the host phenotype (10, 11, 13–15).

Even though studies have estimated that recombination within Streptococcus pyo-
genes is high, with up to 35% of the genome estimated to have undergone recombi-
nation (16, 17), the predominant mechanism of horizontal transfer is unproven. Cur-
rently, only a single account of natural transformation exists within group A
streptococcal strain MGAS315, occurring within biofilms (18), and no reports suggest
that S. pyogenes employs conjugation for genomic transfer. Thus, phage transduction
is probably an important mechanism of horizontal gene transfer among group A
streptococci (19) and one that needs to be better understood. Indeed, this need is
reflective of the larger problem of gene flow in prokaryotes that impacts many aspects
of human society, including the spread of virulence and antimicrobial resistance genes.
Within the literature, there is a growing appreciation of the role phages play in
horizontal gene transfer, as phage-associated antibiotic resistance genes are being
discovered everywhere from chicken meat and soil fertilizer containing dairy or mu-
nicipal biosolid waste to human fecal samples and wastewater (20–23).

Genome sequencing has provided many examples of lysogens of S. pyogenes (24),
but only scant genetic data concerning lytic phages of this bacterial pathogen are
available. In order to better understand the role that lytic bacteriophages play in
horizontal gene transfer within S. pyogenes, we present here the complete genome
sequence of phage A25. Bioinformatic analysis reveals the genome mosaicism and
complex origin of A25 and provides insights into the packaging mechanism and host
range among strains of S. pyogenes. Unexpectedly, we discovered that A25 had escaped
lysogeny at some past time through deletion of a portion of the associated module,
providing insights into the host range of this now-lytic phage. These studies not only
provide new information on the biology of A25 but also allow us to glean insights into
horizontal gene transfer within S. pyogenes, as A25 is known to be a highly efficient
transducing phage.

RESULTS
Organization of the phage A25 genome. Bacteriophage A25 has a genome of

33,900 bp with a GC content of 38.44%, very close to the predicted size (25) and GC
content (7) obtained previously through physical mapping. Sequencing of the junction
site confirmed the circular conformation of the A25 genome that has been previously
described (6, 7). The A25 genome has 46 predicted genes (Table 1) that are organized
in a characteristic modular fashion based upon function (Fig. 1A). These modules
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included genes involved in regulation, DNA replication, packaging, structure, and
bacterial lysis. Although a previous study reported low-level A25 hyaluronidase activity
(26), no specific hyaluronidase gene was identified in the tail fiber cluster, consistent
with the required supplementation of hyaluronidase to optimize A25 infection (1). The
lysis module consisted of two holin genes and a putative peptidoglycan hydrolase; the
first holin was predicted to be a type III with one predicted transmembrane domain,
while the second was predicted to be a type I holin with three predicted transmem-
brane domain regions. The employment of two holin genes is not typical, having been
reported previously in only a few phage genomes (27–31). The overall organization of
the genome was found to be similar to that of many group A streptococcal prophages
and differed significantly from the group C streptococcal lytic phage C1 (32).

The beginning portion of the A25 genome consisted of genes that are involved
with regulation, DNA replication, and DNA processing. This region of the genome
surprisingly was found to have a genetic sequence with near identity (99%) to the

TABLE 1 A25 genome annotations

ORFa
Start site
(bp)

Stop site
(bp) Protein with homology in NCBI Accession no. E value

% identity
(% query cover)

1 233 451 Transcriptional regulator, Cro family (S. pyogenes phage 10270.2) ABF33867.1 1.00E�44 100 (98)
2 546 797 Hypothetical protein (S. pyogenes) WP_011528542.1 2.00E�53 100 (98)
3 978 1292 Transcriptional regulator (S. pyogenes) WP_011528544.1 1.00E�69 100 (99)
4 1407 1517 Phage protein (Streptococcus dysgalactiae subsp. dysgalactiae ATCC

27957)
EFY03455.1 1.00E�11 83 (97)

5 1519 2001 Hypothetical protein (S. pyogenes) WP_011528545.1 9.00E�109 100 (99)
6 2002 2682 DNA-binding protein (S. pyogenes) WP_002995975.1 2.00E�165 100 (99)
7 2784 4013 ATP-dependent helicase (S. pyogenes) WP_011528546.1 0 100 (99)
8 4029 4487 Hypothetical protein (S. pyogenes) WP_002995969.1 9.00E�108 100 (99)
9 4490 5302 Hypothetical protein (S. pyogenes) WP_030126642.1 0 99 (99)
10 5292 6773 DNA primase (S. pyogenes) WP_020905118.1 0 99 (99)
11 7018 7338 VRR-NUC domain-containing protein (S. pyogenes) WP_002995960.1 4.00E�71 100 (99)
12 7322 7678 Hypothetical protein (S. pyogenes) WP_011018138.1 2.00E�79 100 (99)
13 7675 7926 Hypothetical protein (S. pyogenes) WP_011528549.1 2.00E�54 100 (98)
14 7920 8204 Hypothetical protein (S. pyogenes) WP_011017568.1 3.00E�64 100 (98)
15 8201 8470 Multispecies: hypothetical protein (Streptococcus sp.) WP_002987593.1 8.00E�59 100 (98)
16 8480 8761 Phage protein (S. pyogenes) WP_002987595.1 3.00E�44 100 (75)
17 8973 9323 Hypothetical protein STR01_48 (Streptococcus phage Str01) APZ81912.1 5.00E�66 100 (95)
18 9323 9646 Hypothetical protein STR01_49 (Streptococcus phage Str01) APZ81913.1 7.00E�49 99 (87)
19 9639 9869 Hypothetical protein AT55_00034 (Streptococcus equi subsp.

zooepidemicus Sz4is)
KIS17986.1 7.00E�31 93 (74)

20 9866 10276 Endodeoxyribonuclease RusA (Streptococcus dysgalactiae) WP_065359284.1 2.00E�94 98 (99)
21 10269 10649 Hypothetical protein STR01_52 (Streptococcus phage Str01) APZ81908.1 6.00E�84 98 (99)
22 10704 11387 Hypothetical protein AT55_00030 (Streptococcus equi subsp.

zooepidemicus Sz4is)
KIS17982.1 7.00E�165 99 (97)

23 11384 11767 Hypothetical protein (Streptococcus dysgalactiae) WP_003058537.1 3.00E�77 100 (99)
24 11960 12439 Terminase small subunit (Streptococcus dysgalactiae) WP_003058573.1 9.00E�97 100 (99)
25 12426 13739 Terminase (Streptococcus dysgalactiae) WP_003058577.1 0 100 (99)
26 13751 15328 Capsid protein (Streptococcus dysgalactiae) WP_003058556.1 0 100 (99)
27 15331 16479 Phage capsid protein (Streptococcus dysgalactiae) WP_003058578.1 0 100 (99)
28 16626 17189 Scaffold protein (Streptococcus dysgalactiae) WP_003058544.1 9.00E�99 99 (99)
29 17208 18086 Hypothetical protein (Streptococcus dysgalactiae) WP_003058535.1 0 100 (95)
30 18097 18333 Hypothetical protein (Streptococcus dysgalactiae) WP_003058596.1 2.00E�46 100 (98)
31 18341 18769 Hypothetical protein (Streptococcus dysgalactiae) WP_003058548.1 2.00E�90 99 (90)
32 18753 19085 Minor capsid protein (Streptococcus phage Str01) APZ81883.1 1.00E�66 94 (97)
33 19085 19444 Phage capsid protein (Streptococcus hyovaginalis) WP_029691337.1 6.00E�77 92 (99)
34 19444 19863 Capsid protein (Streptococcus cristatus) WP_048766652.1 8.00E�67 75 (96)
35 19856 20314 Major tail shaft protein (Streptococcus equi subsp. zooepidemicus

Sz4is)
KIS17968.1 3.00E�73 89 (98)

36 20329 20697 Hypothetical protein (Streptococcus anginosus) WP_049507620.1 4.00E�43 57 (99)
37 20697 21281 Hypothetical protein (Streptococcus gallolyticus) WP_074628227.1 1.00E�94 71 (99)
38 21262 24969 Tail tape measure protein (Streptococcus phage Str01) APZ81886.1 0 100 (93)
39 24966 26468 Tail protein (Streptococcus dysgalactiae and Streptococcus equi

subsp. zooepidemicus Sz4is)
WP_003058481.1, KIS17964.1,

WP_065359298.1
0 99 (99)

40 26472 28733 Tail endopeptidase (Streptococcus phage Str01) APZ81887.1 0 99 (99)
41 28745 30610 Tail protein (Streptococcus phage Str01); hypothetical protein

(Streptococcus dysgalactiae)
APZ81874.1, WP_003058489.1 0 99 (99)

42 30592 31089 Hypothetical protein STR01_19 (Streptococcus phage Str01) APZ81904.1 2.00E�85 99 (85)
43 31055 31282 Hypothetical protein (Streptococcus dysgalactiae) WP_037588167.1 3.00E�32 100 (75)
44 31284 31757 Holin (Streptococcus phage Str01) APZ81878.1 3.00E�70 99 (91)
45 31750 32085 N-Acetylmuramoyl-L-alanine amidase (Streptococcus dysgalactiae) WP_003058565.1 3.00E�74 100 (99)
46 32087 33532 Holin (Streptococcus dysgalactiae) WP_065359301.1 0 99 (99)
aORF, open reading frame.
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same region in a group of resident S. pyogenes prophages: MGAS10270.2,
MGAS10750.2, MGAS315.5, SPsP2, and unannotated phages from genome strains
M3-b and STAB902 (indicated by the red arc in Fig. 1A). Within the beginning
portion of this high-homology section, the A25 genome contains a residual oper-
ator site for controlling lysogeny in prophages (region indicated by an asterisk in Fig.
1A), including two predicted promoters. The first was found on the negative strand
(base numbers 43 to 77) and would likely have served as the promoter for the now
absent cI-like repressor, sharing 100% genetic homology to lysogenic phages
MGAS10270.2, MGAS10750.2, SPsP2, and MGAS315.5 (Fig. 1B). On the positive DNA
strand, the second promoter (base numbers 147 to 176) likely controls expression of the
predicted cro-like antirepressor (first dark red arrow of the A25 genome in Fig. 1A). This
genetic remnant argues that A25 is an escaped lysogen that is no longer able to integrate
and excise from the bacterial chromosome, as the integrase and cI-like repressor (needed
to silence the lytic portion of the phage genome) are no longer present. The escape from
lysogeny by Gram-positive prophages has been described previously only in Lactococcus

FIG 1 (A) Graphical representation of the A25 genome comprised of a predicted 46 genes that have
modular organization characteristic of bacteriophages. The organizations of these functional modules
were found to closely resemble those of lysogenic phages from group A streptococci. The coloring
indicates the category of function with which the gene was found to have homology. The modules
included those involved in regulation (dark red), DNA replication (pink), encoding of endonucleases (dark
blue), genome packaging (light blue), structure (green), and lysis (yellow). An extremely interesting and
unexpected find was the presence of a lysogenic regulatory cro-like antirepressor gene and the operator
site (starred). Additionally, nearly identical homology of A25 and several lysogenic phages from genomic
strains of group A streptococci occurred within the region indicated by the arced red line. (B) Graphical
depiction of the residual cro-like antirepressor and operator region of A25 (upper line). This region has
nearly identical homology of A25 to some group A streptococcal lysogenic phages, such as
MGAS10270.2. As depicted, the two promoters (black arrows), i.e., the cI-like repressor promoter (gene
colored red in the depicted portion of MGAS10270.2) and the cro-like antirepressor promoter as well as
the cro-like antirepressor gene (blue) are all that remain. The cI-like repressor has been lost, however,
indicating the escape from lysogeny undergone by A25.
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lactis bacteriophage 31, in which the integrase gene was deleted (33) and in Strepto-
coccus thermophilus (34, 35). Bacteriophage Str01 (GenBank accession no. KY349816.1),
a recent addition to GenBank, was found to have high homology to A25, the two being
colinear through most of their genomes (Fig. 2). Interestingly, this phage still contains
the intact lysogenic regulatory elements, including integrase, although the Str01
integrase gene is distinct from the one present in the S. pyogenes genome prophages.

Phylogenetic analysis of the A25 genome reveals genetic mosaicism. Phage A25
is the first lytic phage genome of S. pyogenes to be reported, and due to the observed
genetic organization and homology to genome prophages from S. pyogenes, we
investigated the homology of the A25 genome to currently available annotated pro-
phage genomes of various M-type S. pyogenes strains (Fig. 3). The majority of bacte-
riophages studied held some degree of homology to the A25 genome, with only a few
lacking any homology to A25. The greatest homologies were found to cluster around
prophages from M2, M3, and M4 strains, specifically prophages MGAS10270.2,
MGAS315.5, SPsP2, and MGAS10750.2. All of the high-homology prophages were found
to have homology within the beginning regions of the A25 genome, as described
earlier, specifically within the regions encoding the residual lysogenic operator site,
cro-like antirepressor, and genes involved in regulation, DNA replication, and endonu-
clease activity (Fig. 1A; region depicted as a red line).

During genome annotation, it became clear that the A25 genome was mosaic in
nature (Fig. 4A). In addition to the above-mentioned homology to S. pyogenes pro-
phages, homology was found to occur in lysogenic phages of other streptococcal
species such as Streptococcus pneumoniae bacteriophage MM1 and Streptococcus suis
bacteriophage SMP (Fig. 4). More specifically, A25 was found to have homology with
MM1 within the modular regions involved in DNA packaging and head morphogenesis
(Fig. 4B). SMP was determined to share a short amount of homology with A25 within
the lysis module (Fig. 4A), more specifically within the lysin gene predicted to encode
peptidoglycan hydrolase. Homology to the identified A25 holins previously described
was also observed with phages from S. dysgalactiae subsp. equisimilis genomic strains
SK1249 and UT 4234 DH, S. iniae genomic strain UEL-Sil, and S. equi subsp. zooepi-
demicus genomic strain Sz4is. The mosaic nature of the A25 genome suggests that
escape from lysogeny was a more distant event with multiple rounds of recombination
occurring with genetic material from phages infecting other streptococcal species.

Host range of A25 group A streptococci. The high degree of homology within the
lysogeny modules of A25 and a number of the S. pyogenes genome prophages
suggested that superinfection immunity might play a role in determining the A25 host
range. While the majority of the strains tested (Table 2) were found to be susceptible
to A25 infection (9 of 14 strains tested), the degree of susceptibility varied (Fig. 5).
Among susceptible strains, the M12 strain K56 was observed to be the most susceptible

FIG 2 A25 and streptococcal phage Str01 homology. This base-by-base chart compares the Str01 genome (bottom box) to A25 (upper box). As shown, the large
portion of differences between the two phages is within the beginning portion of the genome where Str01, a lysogenic phage, contains a module to facilitate
lysogeny (depicted in the lower box as green). The majority of the two genomes are highly homologous (as shown in white in the bottom box), as there is
only a small portion of substitutions (shown in the lower box as blue) or deletion events (shown in the lower box as red) occurring throughout the genomes.
A clustering of substitutions was found within the module encoding endonuclease and terminase activity. An accumulation of deletions within Str01 was found
at the very end of the genome around the lysis module.
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and, being the host strain for propagation of A25, served as a positive control. The two M6
strains (MGAS10395 and its isogenic pair CEM6Δ8, which has the Streptococcus pyogenes
phage-like chromosomal island [SpyCI] removed from the genome) were the least suscep-
tible. Interestingly, an increased susceptibility to A25 within SpyCI knockout strains CEM6Δ8
and CEM1Δ4 (SF370ΔSpyCIM1) was observed compared to their isogenic wild-type SpyCI-
containing genomic strains MGAS10395 and SF370, respectively. Complete resistance was
observed in a few strains (5 of the 14 tested). These included strains MGAS10270,
MGAS10750, MGAS315, and the two M-type 49 strains NZ131 and CS101.

Mechanisms of resistance to A25. The A25 genome was compared to the clus-
tered regularly interspaced short palindromic repeat(s) (CRISPR) database (36) to iden-

FIG 3 Phylogenetic analysis of A25 to prophages from genomic group A streptococcal strains. Lines connecting A25 (apex of the circle) to listed prophage
genomes indicate homology. The degree of homology to A25 is indicated by the color of the line. The M type of the genome strain that contains the prophage
listed is indicated on the outermost line of the circle. The beginning (green), middle (gray), and end (red) portions of each of the genomes are shown. The site
where the line connects the A25 to the prophage indicates which portion of the genome shares homology with A25.
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tify matching spacer sequences within the five resistant S. pyogenes strains; however, no
CRISPR sequences were identified. Interestingly, matches were found to a CRISPR spacer
occurring in several emm1 strains, including susceptible strains SF370 and MGAS5005
(Table 3). This CRISPR spacer matched a sequence in the predicted promoter for gene
A25_03, a Cro/cI family transcriptional regulator. The sensitivity to A25 in SF370 and
MGAS5005 in spite of this spacer suggests that targeting this sequence by the CRISPR-Cas
system may not be sufficiently protective. The A25-resistant strain NZ131 had no matches
to the CRISPR database, but we were unable to rule out this mechanism of resistance in
M49 strain CS101, as its genome sequence, to date, has not been reported.

Three of the five resistant strains, however, did share a trait: a prophage with high
homology to A25 within the beginning portion of the phage sequence (red arc in Fig. 1).
From this observation, we decided to test the hypothesis that the cI-like repressors from

FIG 4 (A) Mauve alignment of the A25 genome demonstrates mosaicism. The A25 genome was found to contain homology with other bacteriophages from
S. pyogenes and other streptococcal species. This mosaicism suggests that escape from lysogeny was not a recent event. Regions of homology are depicted
by matching colors. The genome of each bacteriophage can be found below the mauve alignment diagram. The genes are colored by function as indicated.
(B) Clustal W alignment of the A25 genome depicts the amount of homology with the MM1 and MGAS10270.2 genomes. The red shading depicts the location
of homology among the compared genomes. The loss of lysogenic regulatory genes allowing for escape in A25 is shown as the white region in the A25 genome.
MGAS10270.2 was found to contain close homology with A25 within the region of DNA replication and regulation, whereas MM1 was found to contain
homology within the regions encoding the terminases, portal proteins, and head construction.
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these resident high-homology prophages are suppressing A25 replication upon infec-
tion, thus acting as a protective mechanism against superinfection (Fig. 6). The cI-like
repressor and entire operator site from high-homology prophage MGAS10270.2 was
cloned into site-specific integration vector p7int (37), omitting the cro-like repressor
and any of the other downstream genes (Fig. 7A). This plasmid, containing the bacterio-

TABLE 2 Streptococcus pyogenes strains used in this study

Strain M type Isolate source
Reference or
source

SF370 1 Wound 64
CEM1Δ4a 1 Isogenic derivative of SF370 50
MGAS5005 1 CSF 65
MGAS10270 2 Pharyngitis 66
MGAS315 3 Toxic shock 67
MGAS10750 4 Pharyngitis 66
MGAS10394 6 Pharyngitis 68
CEM6Δ8a 6 Pharyngitis C. W. Euler
K56 12 Pharyngitis 69
Rosenbach 25 ATCC 12204
MGAS6180 28 Invasive infection 70
CS101 49 Glomerulonephritis 71
NZ131 49 Glomerulonephritis 72
ALAB49 53 Impetigo lesion 73
aIsogenic derivative of genome strain cured of SpyCI.

FIG 5 Group A streptococcal phage A25 host range. Overnight cultures of each strain were incubated with 2.8 �
108 PFU/ml undiluted or serially diluted phage A25 (strain M types are shown next to each plate). The plating
scheme is shown in the upper left-hand corner of the image; a growth control with only diluent and bacteria was
included for each strain tested. Strains were determined to be susceptible if plaques were visible. Strains in top row
(from left to right): SF370 (M1), CEM1Δ4 (SF370 ΔSpyCIM1) (M1), MGAS5005 (M1), and MGAS10270 (M2). Strains in
middle row (from left to right): MGAS315 (M3), MGAS10750 (M4), MGAS10394 (M6), CEM6Δ8 (MGAS10394
ΔSpyCIM6) (M6), and K56 (positive control; M12). Strains in bottom row (from left to right): ATCC 12204 (M25),
MGAS6180 (M28), CS101 (M49), NZ131 (M49), and ALAB49 (M53). Strain K56 is the strain used for propagation of
A25 and serves as a positive control. The majority of strains tested (9 of 14) were susceptible to A25 infection, with
the level of susceptibility varying greatly. M types with an asterisk indicate the presence of a prophage containing
near identity to the A25 genome within the remnant lysogeny regulatory module; all of these strains were
completely resistant to A25 infection. Both M49 strains were resistant to A25. Strain NZ131 does not contain a
prophage with homology to A25; the prophage carriage of strain CS101 is unknown, as its genome has not been
sequenced to date. However, a screen by PCR for the A25 cro-like repressor and lysogenic operator region failed
to amplify a product, suggesting that CS101 also lacks a high-homology prophage. Thus, A25 resistance in the M49
strains must employ another mechanism of protection instead of superinfection immunity. The image is repre-
sentative of at least two biological replicates for each strain.
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phage T12 integrase and capable of site-specific integration at a highly conserved tmRNA
site, was introduced into A25-susceptible strains SF370, SF370ΔSpyCIM1, and ATCC 12204.
While the wild-type strains and vector-only controls were completely susceptible to A25
with complete lysis following exposure to undiluted A25, all three constructed strains
containing the operator region and cI-like repressor from MGAS10270.2 became com-
pletely resistant to A25 infection, reversing susceptibility (Fig. 7B).

Phage A25 DNA packaging. Phage DNA packaging and transduction are linked to
the discrimination of the terminase protein for its substrate. Both pac- and cos-type
packaging mechanisms rely upon terminases in order to cleave concatemeric DNA to
allow linear DNA packaging to occur. However, transducing phages typically employ
pac-type substrate recognition, since the presence of suitable pac sequence homologs
in the bacterial chromosome is more likely than that of cos sequence homologs, which
must additionally be properly spaced for packaging to occur. The amino acid sequence
of terminase large subunits is often conserved among tailed bacteriophages that

TABLE 3 CRISPR spacer sequences with homology to regions of the A25 genome

Organism M type
RefSeq
accession no. Spacer sequence ID Identity E value

S. pyogenes strain SF370 1 NC_002737 NC_002737_1_5 1 9.00 � 10�7

S. pyogenes strain MGAS5005 1 NC_007297 NC_007297_1_3 1 9.00 � 10�7

S. pyogenes strain A20 1 NC_018936 NC_018936_1_3 1 9.00 � 10�7

S. pyogenes strain MTB314 1 NZ_AP014585 NZ_AP014585_1_3 1 9.00 � 10�7

S. pyogenes strain 5448 1 NZ_CP008776 NZ_CP008776_4_1 1 9.00 � 10�7

S. pyogenes strain FDAARGOS_149 1 NZ_CP014027 NZ_CP014027_5_1 1 9.00 � 10�7

S. pyogenes strain NGAS332 114 NZ_CP010449 NZ_CP010449_1_3 1 9.00 � 10�7

Streptococcus dysgalactiae subsp. equisimilis NC_012891 NC_012891_2_5 1 9.00 � 10�7

S. dysgalactiae subsp. equisimilis NC_012891 NC_012891_2_16 1 9.00 � 10�7

S. dysgalactiae subsp. equisimilis strain ATCC 12394 NC_017567 NC_017567_2_19 1 1.00 � 10�4

Streptococcus thermophilus strain ASCC 1275 NZ_CP006819 NZ_CP006819_7_6 0.96 1.90 � 10�2

S. thermophilus strain MN-BM-A02 NZ_CP010999 NZ_CP010999_7_6 0.96 1.90 � 10�2

S. thermophilus strain KLDS SM NZ_CP016026 NZ_CP016026_3_6 0.96 1.90 � 10�2

S. thermophilus strain ND07 NZ_CP016394 NZ_CP016394_2_7 0.96 1.90 � 10�2

Dictyoglomus thermophilum strain H-6-12 NC_011297 NC_011297_3_67 0.93 6.60 � 10�2

Clostridium difficile strain CD196 NC_013315 NC_013315_11_4 0.92 0.23
C. difficile strain R20291 NC_013316 NC_013316_11_4 0.92 0.23
C. difficile strain 2007855 NC_017178 NC_017178_11_4 0.92 0.23
C. difficile strain BI1 NC_017179 NC_017179_11_4 0.92 0.23
Leptolyngbya sp. strain O-77 NZ_AP017367 NZ_AP017367_26_110 1 0.8
Methanothermobacter sp. strain CaT2 NZ_AP011952 NZ_AP011952_15_28 0.95 0.8
Saprospira grandis strain Lewin NC_016940 NC_016940_1_64 0.95 0.8
Brachyspira murdochii strain DSM 12563 NC_014150 NC_014150_2_44 0.89 0.8

FIG 6 Proposed A25 resistance mechanism by prevention of superinfection by resident prophages:
MGAS 315.5, MGAS10750, or MGAS10270. A25 and the above-listed resident prophages share nearly
identical to identical homology within the residual lysogeny portion of the A25 genome. This includes
the operator site containing the two promoters (designated by the closed arrows on the genome). As
these sites are identical, the repressor from the resident prophages (shown in black as monomers and
dimers) is likely to bind to the operator sites of not only the prophage but also A25 within these sites,
inhibiting transcription (dotted lines) of the downstream genome. This event stops the replicative
process, thus terminating early on an A25 infection.
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employ either cos- or pac-type packaging mechanisms (38, 39), allowing for discrimi-
nation of packaging type by phylogenetic analysis of the terminase (large subunit). In
order to better understand why A25 is a highly efficient transducing phage, we
investigated the packaging method utilized by A25. Amino acid alignment of the A25
terminase large subunit to those from Gram-positive bacteriophages with known
packaging mechanisms with subsequent phylogenetic tree construction revealed that
A25 grouped with phages predicted to employ pac-type packaging mechanisms (Fig.
8A). More specifically, A25 was found to be most closely related to S. pneumoniae
prophage MM1. Although the transduction efficiency of MM1 remains unknown, it is
likely to be a high-efficiency transducing phage due to the relatedness to A25 within
this region essential for packaging. Further confirming our phylogenetic prediction, we
were able to detect a submolar pac sequence-containing fragment (Fig. 8B) via restric-
tion endonuclease digestion using PvuII, which is a frequently occurring manifestation
of the pac-type mechanism (40).

DISCUSSION

The conversion of a lysogen to a lytic phage through loss of the ability to integrate
has been observed several times in the literature (41–46). In the case of A25, this

FIG 7 (A) Plasmid construct with cI-like repressor from MGAS10270.2. The cI-like repressor and operator
site (labeled arrow and adjacent wider areas) from MGAS10270.2 was cloned into the vector plasmid
p7int, a plasmid previously described containing the T12 integrase that undergoes site-specific integra-
tion at a highly conserved tmRNA site (32) to create pWM539. pWM539 was used to electroporate
wild-type A25-susceptible strains: SF370, SF370 ΔspyCIM1, and ATCC 12204. (B) Complementation with
the cI-like repressor and operator region from high-homology prophage MGAS10270.2 elicits A25
resistance. Wild-type (WT)-susceptible strains SF370, CEM1Δ4 (SF370ΔSpyCIM1), and ATCC 12204 were
complemented with p7int vector only (Vector) or with p7int with the cI-like repressor from prophage
MGAS10270.2 that was found to have high homology to the beginning portion of the A25 genome (�cI).
Overnight cultures of each strain were coincubated with 20 �l of culture and 180 �l of undiluted
(�2.8 � 108 PFU/ml) A25 for 15 min with 20 �l spotted onto the corresponding grid of the modified
N6-Z6 agar medium. Once dried, plates were incubated overnight at 37°C with 5% CO2 and imaged the
following day. Resistance to A25 infection occurred only within the strains containing the cI-like repressor
and operator region of MGAS10270.2 prophage, experimentally confirming immunity to superinfection
as the resistance mechanism in S. pyogenes strains containing high-homology prophages to the begin-
ning portion of the A25 genome.
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conversion probably was not a recent event since its genome is a mosaic of genetic
material from phages of several streptococcal species, including S. pneumoniae. The
presence of a unique integrase gene (acquired from a group D streptococcal prophage)
was previously described within the closely related phage Str01, further supporting the
theory of distant lysogeny escape, as the rescued lysogeny phenotype was acquired
after the multiple rounds of recombination occurred. Further, the phage A25 genome
revealed that lytic and lysogenic bacteriophages of S. pyogenes can share ancestry. This
bacteriophage historically has been classified as a lytic phage capable of high-
frequency generalized transduction. Obligatory lytic bacteriophages differ from lyso-
genic bacteriophages by lacking the genes necessary to facilitate site-specific integra-
tion and excision within the bacterial genome. Lysogenic phages also contain genes
that regulate lysogenic or lytic cycling of the phage, known as the cI-like repressor and
cro-like antirepressor in those phages employing typical lambdoid regulation. These
helix-turn-helix proteins form homodimers, which bind with various levels of affinity to
the overlapping promoter sites for each of the regulatory genes, thus controlling the
expression of genes involved in lysogeny or the lytic cycle. Interestingly, sequencing
revealed residual lysogeny regulatory elements, i.e., the cro-like antirepressor gene and
operator site that included the promoter for the cro-like antirepressor and an orphan
promoter for the now-lost cI-like repressor, indicating that lytic A25 had escaped
lysogeny. This region was found to have high homology to prophages from S. pyogenes.
Additionally, the A25 genome was found to have a modular configuration that was
organized similarly to S. pyogenes prophages. Further phylogenetic studies revealed
that A25 held nearly identical homology with prophages from M2, M3, and M4 strains,

FIG 8 (A) Phage A25 is predicted to use pac-type DNA packaging. Phylogenetic tree construction of the terminase large subunit following Clustal alignment
to bacteriophages with known packaging mechanisms and infecting Gram-positive bacteria predicts that A25 employs pac-type DNA packaging. The shaded
region indicates the location of A25 within the group. A25 was found to group with pac-type packaging bacteriophages and was phylogenetically separate from
cos-type packaging bacteriophages. (B) The presence of submolar digest fragments confirms pac-type packaging mechanism in A25. A frequent consequence
of pac-type packaging is the presence of submolar restriction digestion fragments, which result from circularly permuted and terminally redundant sequences
following genome replication (40). A25 genomic DNA was digested with PvuII, and the fragments were separated by reversed-field gel electrophoresis. The
digestion products predicted by the genome sequence are indicated by the arrows on the right. Asterisks indicate the presence of submolar digestion
fragments; these regions are associated with the region of the genome that would be expected to contain the pac sequence. Molecular weight markers in
kilobases are shown on the left.
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including prophages MGAS315.1, MGAS10270.2, MGAS10750.2, and other resident
prophages from genomic strains M3-b and STAB902. This area of high homology not
only included the residual lysogeny module but also continued through the modules
involved in regulation, DNA replication, and endonuclease activity. This region of
homology provides the potential for recombination events to occur, thus facilitating
homologous recombination between the lytic portions of the resident prophage and
A25. As group A prophages commonly harbor virulence factors within the lytic portion
of their genome, this event would lead to the transfer of virulence genes to the A25
genome and, upon successful replication, allow dissemination of the virulence genes.
This scenario in theory could extend beyond group A streptococci, as A25 is known to
have a wide host range, including groups C, G, L, and H, allowing both intra- and
intertransduction events to occur.

This region of shared regulatory elements was found to influence strain suscepti-
bility, as all three tested strains (MGAS315, MGAS1270, and MGAS10750) containing
prophages with high homology to A25 within the lysogenic regulatory module were
resistant to A25 infection. No A25-specific CRISPR sequences were found to exist within
these genomes, suggesting that the mechanism of resistance stemmed from the cI-like
repressor of the resident high-homology prophages. While maintaining lysogeny for
the resident prophages through cI-like repressor expression, the homodimer cI-like
protein was able to silence A25 infection, facilitating resistance by providing immunity
to superinfection. All three strains tested (SF370, SF370ΔSpyCIM1 [CEM1Δ4], and ATCC
12204), wild-type susceptible to A25, were complemented with the cI-like repressor and
lysogenic operator site. With this complementation, all three became completely
resistant to A25 infection, experimentally confirming superinfection immunity as the
mechanism of action conferring resistance to A25. There were two additional strains,
both M49 strains, that did not contain prophages with high homology to A25. This was
confirmed for NZ131 by blasting the sequenced genome to A25 and through searching
the CRISPR database for A25 spacer-specific sequences. As the genome for CS101 is not
sequenced, we are unable to rule out CRISPR-Cas-mediated resistance but through
screening by PCR did determine that CS101 failed to contain prophages with high
homology to A25 using primers specifically screening for the cI-like repressor and
operator region. As both M49 types were resistant, we propose that specific cell surface
moieties may form some barrier blocking A25 adsorption, as literature has indicated
that the A25 receptor is peptidoglycan within the cell wall (47–49). Screening more M49
strains is needed, however, to further strengthen this hypothesis.

Another interesting find of this study was in comparing A25 susceptibility among
isogenic pairs that were with and without the phagelike chromosomal island known as
Streptococcus pyogenes chromosomal island (SpyCI). These isogenic pairs were M1 strains
SF370 and SF370ΔSpyCIM1 and M6 strains MGAS10395 and MGAS10395ΔSpyCIM6. In
SF370, our laboratory has demonstrated that SpyCIM1 is involved in altering global
transcription (50). Genes upregulated in the presence of SpyCIM1 include emm and
capsule gene hasB. Both of these genes can alter the surface of bacterial cells. When
SpyCI was present, an increase in resistance (in the form of more-resistant colonies in
SF370 and less plaque formation in MGAS10395) was observed. The global transcrip-
tional changes conferred by the phagelike chromosomal island held implications for
A25 infection, as literature has demonstrated that increase in M protein as well as
overproduction of capsule leads to A25-resistant cells and that A25 infections of
susceptible group A streptococcal strains can lead to selection of mucoid colonies that
are resistant to A25 infection (2, 48). Additionally, these A25-resistant mucoid colonies
were observed to be more virulent than A25-susceptible colonies in a murine infection
model, leading to more-rapid killing (2, 51). Although the M protein and capsule have
been demonstrated not to be receptors for A25, the increased production of M protein
and capsule was found to be sufficient to block adsorption during A25 infection (2, 5,
48, 52). These observations argue that phage-bacterium interactions can be dynamic
and have a multitude of implications (53).

One of the most important factors that may explain the transduction capabilities of
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A25 is the packaging mechanism employed. There are two known packaging mecha-
nisms that are utilized by bacteriophages: cohesive end (cos) and headful type pack-
aging (pac) types. DNA cleavage, facilitated by terminases, is a necessary step to initiate
and to terminate bacteriophage genomic packaging. For both cos- and pac-type
mechanisms, the DNA cleavage that begins the packaging process is sequence specific
(39); however, the termination of packaging differs between these mechanisms. For
cos-type packaging, DNA cleavage that terminates packaging is also sequence specific,
but for pac-type packaging it is not. Instead, pac-type mechanisms are based on volume
size packaged within the capsid and less on site-specific termination sites (39). This
facilitates a less stringent mechanism for packaging, which holds implications for
transduction efficiencies. Not all bacteriophages that employ the pac-type method of
genomic packaging are highly efficient transducing phages, as stringency can vary, but
there is a correlation among high-efficiency transducing phages employing pac-type
packaging mechanisms. A25 is historically known to be a highly efficient transducing
bacteriophage. In this regard, our phylogenetic in silico packaging predictions were of
little surprise. A25 was found to group with known pac-type packaging phages and was
most closely related to S. pneumoniae bacteriophage MM1. Our previous phylogeny
studies found MM1 to have homology with A25 within the region of DNA packaging
and head morphogenesis. Although the transduction efficiency of MM1 has not been
described, we predict, as with A25, that this bacteriophage is likely a high-efficiency
transducing phage due to the large-subunit terminase homology among these two
phages.

The results of this study underscore the value of group A streptococci bacteriophage
genome sequencing to better understand the origins of, and the roles in horizontal
gene transfer played by, these elements. A25’s ability to infect a multitude of strepto-
coccal species allows for genetic recombination with other streptococcal phages,
facilitating genetic diversity within the A25 genome. As A25 was found to have high
homology with resident group A prophages, which commonly contain virulence fac-
tors, homologous recombination followed by horizontal gene transfer is a plausible
explanation for the movement of virulence factors and other genetic traits from group
A to group C and G streptococci via phage transduction. This has clinical implications,
as groups C and G are known human pathogens (54). Further research is necessary to
determine whether similar themes exist among other clinically relevant bacteria or if
this phenomenon occurs among group A streptococci in order to promote genetic
diversity.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used in this work are listed

in Table 2. Modified P-broth medium (broth no. 1) for A25 propagation was prepared as previously
described (5, 12) with the addition of 1% heat-inactivated horse serum (56°C for 30 min) and 1.36%
(wt/vol) hyaluronidase extracted from bovine testes (Sigma-Aldrich, St. Louis, MO). Z6 medium for soft
agar overlays was prepared as described previously (48) but with the omission of hyaluronidase. The solid
agar medium used for the host range studies and for A25 lysate quantification was a modification of the
Z6 recipe and N6 recipe previously described (48, 49). The recipe is as follows: 4% protease peptone
number 3, 0.2% yeast extract, 0.88% agar, and 0.2% Tris. To this autoclaved mixture, sterile 0.2% glucose,
0.02% CaCl2, and 6.8% hyaluronidase were added to the medium cooled to 50°C. Once mixed, 25 ml of
medium was sterilely poured into plates and allowed to solidify. S. pyogenes strains were cultured in
modified P broth and incubated at 37°C with 5% CO2 unless otherwise stated.

A25 propagation. An overnight culture of S. pyogenes K56 (ATCC 14919) was diluted 1:10 into
prewarmed modified P broth and incubated at 30°C until mid-log phase (A600 nm � 0.35 to 0.45). A25
(ATCC 12204B1) phage lysate was added to achieve a final concentration of 1 � 108 PFU/ml. The
mixture was incubated for 4 h at 30°C with gentle shaking at 125 rpm and subsequently spun for
15 min at 5,000 � g and 4°C to pellet bacterial debris. The supernatant was filtered using a 0.2-�m
filter and stored at 4°C.

A25 DNA isolation and purification. To isolate A25 phage DNA, a lysate containing �108 to 109

PFU/ml was treated with 7.5 �g/ml of DNase I (Sigma-Aldrich, St. Louis, MO) and RNase A (Sigma-Aldrich,
St. Louis, MO) each for 30 min at 37°C to remove contaminating bacterial nucleic acid. The lysate was
subsequently centrifuged at 40,000 � g for 2 h at 4°C, and the phage pellet was suspended in fresh P
broth and allowed to resuspend completely by slanted storage at 4°C overnight. For phage capsid lysis,
resuspended A25 was treated with 0.1 mg/ml of proteinase K (Amresco LLC, Solon, OH) and 0.5% (wt/vol)
SDS, mixed, and incubated in a 56°C water bath for 1 h. Once cooled to room temperature, a standard
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phenol-chloroform DNA extraction method was performed (55) followed by precipitation using 0.1
volume of 3 M sodium acetate, pH 5.2, and 0.7 volume of isopropanol for at least 30 min at �20°C (if
necessary, samples were stored at �20°C until needed). DNA pellets were washed twice with 70%
ethanol and then resuspended in nuclease-free water. DNA was further purified using the ZR-96 Genomic
DNA Clean & Concentrator-5 purification kit (Zymo Research, Irvine, CA). Quantification and purity of DNA
were assessed using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilming-
ton, DE).

A25 genome sequencing and annotation. Sequencing was performed by the University of Okla-
homa Health Sciences Center Laboratory for Molecular Biology and Cytometry Research, using the
Illumina MiSeq (Illumina Inc., San Diego, CA) sequencing platform with paired-end 250-bp sequencing at
high coverage (�2,400-fold coverage; total number of reads, 389,342). Fifty nanograms of total A25
genomic DNA was used to generate the DNA library, observing the Nextera DNA library kit protocol
(Illumina Inc., San Diego, CA). To ensure library quality and insert size, the library was run on the Agilent
High Sensitivity DNA chip (Agilent Technologies Inc., Santa Clara, CA). To ensure sequencing quality, the
samples were also spiked with 10% phiX library. Raw sequence data were aligned and analyzed using
CLC Genomics Workbench (Qiagen Inc., Germantown, MD). Due to the relatively small size of the
genome, no further sequencing was required, as no gaps in sequencing occurred. Genome annotation
was performed using software packages NCBI BLASTX (56), PHAST (57), and Artemis (58). Promoter
predictions were performed using the PePPER webserver (59). Circular genomic configuration was
confirmed through sequencing of PCR using the junction primers A25.2-L, 5=-GGAAAACGGTTCTTTGG
ACA, and A25.2-R, 5=-CTGGCAATTCCTTTGGAAAA, using the following PCR cycling parameters: an initial
denaturing step of 95°C for 3 min followed by 35 cycles of 95°C for 15 s, 53°C for 30 s, and 72°C for 2
min. A final elongation step of 72°C for 5 min was included before holding at 10°C until use.

Phylogenetic analysis. A25 and group A streptococcal prophage homology studies using the
Circoletto map construction were performed using the Circos software (60). Mauve and multiple
bacteriophage genome alignments were conducted using Geneious version 6.0.6 (61) and Base by Base
software (62). These were performed to assess the mosaicism of the A25 genome. For A25 DNA
packaging prediction studies, Geneious 6.0.6 was used for ClustalW alignment and phylogenetic tree
construction of the terminase large subunit. This packaging prediction strategy has been previously
described (39). Briefly, bacteriophages used for terminase large-subunit comparison included bacterio-
phages of Gram-positive organisms with known packaging mechanisms. Diagrams of the A25 genome
and the proposed novel A25 resistance mechanism were constructed using the Gene Construction kit 4.0
(63) and Graphic Converter 9 (Lemke Software GMBH, Peine, Germany). To determine the presence of
A25-specific CRISPR spacer sequences within genomic strains of S. pyogenes utilized within this study
(Table 2), the A25 genome was compared against the CRISPR database (http://crispr.i2bc.paris-saclay.fr)
(36) using an E value threshold of one.

Detection of submolar restriction endonuclease digestion fragments. One microgram of purified
A25 DNA was digested with excess restriction endonuclease PvuII (20 units; New England BioLabs Inc.,
Ipswich, MA) to ensure complete digestion. The digestion protocol was performed according to the
manufacturer’s instructions. For band separation, the following conditions of pulsed-field electrophoresis
were used: forward pulse, 66 ms; reverse pulse, 22 ms; 3/h ramp with 150 V, using a 0.8% agarose gel
in 0.5� Tris-borate-EDTA (TBE) for 5 h. The gel was stained for 1 h in ethidium bromide prior to imaging.

Titration and S. pyogenes host range screen to A25 infection. A25 titers were determined using
the double agar overlay method as previously described (49). Briefly, using Z6 soft agar as an overlay,
serial dilutions of 10�5 to 10�7 were performed using phosphate-buffered saline as diluent. Equal
volumes of 0.1 ml of an overnight K56 culture and A25 lysate were combined, gently vortexed, and
allowed to incubate at 37°C for 15 min. To this, 3 ml of 46°C molten sterile Z6 agar was added and mixed,
and the mixture was poured onto the modified Z6-N6 agar plate. To determine the A25 host range within
commonly used S. pyogenes strains, overnight cultures of strains listed in Table 2 were incubated for 15
min with serial dilutions ranging from 10�1 to 10�8 of A25 lysate; the starting undiluted A25 lysate
contained on average 2.8 �108 PFU/ml. These cultures were subsequently dripped onto the correspond-
ing grid of Z6-N6 modified agar medium. The plates were incubated overnight and imaged the following
day using Flash & Go imager (Neu-tec group Inc., Farmingdale, NY). A growth control with only diluent
was included. This experiment consisted of two biological replicates. Susceptibility to A25 infection was
defined by the presence of observable plaques.

cI-like repressor complementation in wild-type A25-susceptible strains SF370, SF370
�SpyCIM1, and ATCC 12204. The cI-like repressor and operator region was amplified by PCR from the
beginning genome A25 high-homology prophage MGAS10270.2 using the following primers: cI-L,
5=-CCACATTGTGTCTGGGAACT, and cI-R, 5=-ACTTGCTCCTCTCTTAATTTGTTTT. The cycling parameters
used included an initial 94°C denaturing step for 3 min followed by 35 cycles of 94°C for 30 s, 54°C for
30 s, and 72°C for 45 s. A further 72°C 5-min step was included for elongation, and then the samples were
maintained at 10°C until further use. This was subsequently cloned into the vector plasmid p7int (37) that
was cut using SmaI restriction enzyme (New England BioLabs, Ipswich, MA). The cI-like repressor and
operator PCR construct was ligated in using T4 DNA Ligase (Monserate, San Diego, CA). The above-
mentioned strains were then electroporated either with intact p7int vector only or with MGAS10270.2
cI-like repressor region cloned p7int. Strains were confirmed by PCR and sequencing.

Accession number(s). The A25 genome data were deposited into GenBank and are available
through the National Library of Medicine (accession number KT388093.1).
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