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Prophages play important roles in the transduction of various functional traits, including virulence factors, but remain debatable in
harboring and transmitting antimicrobial resistance genes (ARGs). Herein we characterize a prevalent family of prophages in
Streptococcus, designated SMphages, which harbor twenty-five ARGs that collectively confer resistance to ten antimicrobial classes,
including vanG-type vancomycin resistance locus and oxazolidinone resistance gene optrA. SMphages integrate into four
chromosome attachment sites by utilizing three types of integration modules and undergo excision in response to phage
induction. Moreover, we characterize four subtypes of Alp-related surface proteins within SMphages, the lethal effects of which are
extensively validated in cell and animal models. SMphages transfer via high-frequency conjugation that is facilitated by integrative
and conjugative elements from either donors or recipients. Our findings explain the widespread of SMphages and the rapid
dissemination of ARGs observed in members of the Streptococcus genus.
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INTRODUCTION

Prophages are temperate phages that are either integrated into
the bacterial chromosome or maintained extra-chromosomally as
episomes [1, 2]. They play crucial roles in mediating bacterial
pathogenicity by secreting virulence factors (VFs), such as toxins,
adhesins, and effector proteins [3-6]. Prophages are reported to
harbor antimicrobial resistance genes (ARGs) [7, 8]; however,
several recent bioinformatic studies demonstrated that identifying
phage-sourced ARGs is sometimes “artificial” by relaxing the
detection limits, and in fact, phages rarely encode clinically
relevant ARGs [9, 10]. ARGs residing on the bacterial genomes can
also be transferred by phage-mediated general transduction
[11, 12], but the probability of such movement remains relatively
low, due to the fact that bacterial DNA is randomly encapsulated
by phage particles and the encapsulated DNA, if any, typically
lysogenizes at low rates [13]. Together, the role of prophages in
harboring and transmitting ARGs in natural ecosystems remains
debatable.

Antibiotic-resistant streptococci severely compromise the clin-
ical treatments with existing antibiotics, of which multidrug-
resistant S. pneumoniae, erythromycin-resistant S. pyogenes, and
clindamycin-resistant S. agalactiae frequently cause human
infections [14, 15] and are included in the U.S. Centers for Disease
Control and Prevention’s 2019 antibiotic resistance threats list [16].

In addition, S. suis, a reservoir of clinically important ARGs for
major streptococcal pathogens [17, 18], are considered as one
emerging multidrug-resistant zoonotic pathogen [14]. In these
Streptococcus species, the acquisition of antibiotic resistance is
largely facilitated through the horizontal gene transfer (HGT) of
ARG-carrying mobile genetic elements (MGEs), primarily integra-
tive and conjugative elements (ICEs), integrative and mobilizable
elements (IMEs), and the recently emerged prophages [19-24].
ICEs are self-transmissible mosaic and modular MGEs primarily
residing in the bacterial host chromosome. ICEs encode the
conjugation machinery not only for their self-transfer but also to
mobilize other MGEs, including IMEs and genomic islands [25, 26].
IMEs encode the recombination module, allowing them to
integrate into and excise from bacterial attachment sites.
However, they carry only some sequences or genes necessary
for their conjugative transfer [27]. Prophage-mediated transfer is
known to occur mainly through generalized, specialized and
lateral transduction [28-30]. However, non-classical transfer
mechanisms have been characterized, involving transformation
of DNA upon lysis by “superspreader” bacteriophage [31], as well
as being mobilized via auto-transduction [32]. Although a list of
classical and non-canonical HGT mechanisms have been char-
acterized, the presence of unrecognized mechanisms of HGT
mediated by MGEs is proposed [33], particularly the coordination
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between phages and ICEs. Consequently, it remains unclear
whether phages can transfer by “helper” ICEs for high-efficiency
conjugation and vice versa.

Herein we systematically examined 10,983 public genomes in
GenBank and 736 lab-owned isolates in Streptococcus and
characterized a prevalent family of streptococcal mobilizable
prophages, designated SMphages. This family of prophages
encodes twenty-five ARGs (e.g., vanG-type vancomycin resistance
locus and oxazolidinone resistance gene optrA) collectively
conferring resistance to ten distinct classes of antimicrobial agents
(e.g., vancomycin and oxazolidinones) and VFs belonging to four
subtypes of Alp-related surface proteins (Alp-Ps). We present
evidence that the transfer of SMphages occurs through both low-
frequency transformation and high-frequency conjugation that is
facilitated by co-resident ICEs from either donors or recipients.
This mechanism of conjugation largely weakens the boundaries of
distinct MGEs and opens a new door for the coordination of
phages and ICEs in HGT.

RESULTS

SMphages are widely distributed in S. agalactiae and S. suis
We examined 10,983 public streptococcal genomes in GenBank
and 736 lab-owned isolates from the National Antimicrobial
Resistance Monitoring and Surveillance Program in Animals of
China by a bidirectional strategy for the presence of ARG-
associated prophages (Supplementary Fig. S1A, B). Although
prophages from Streptococcus have been frequently detected
[17], and are assumed to have a narrow host range [34], we found
that ARGs were restricted to be carried by a unique family of
prophages with a broad host range, which shares high sequence
similarity to ®m46.1 [35] and ®10394.4 [36] in S. pyogenes, A\Sa04
in S. agalactiae [37], and ®SsUD.1 in S. suis [38]. These prophages,
hereafter renamed as SMphages, were distributed in 21 Strepto-
coccus species particularly S. agalactiae (47.0%, 455/969) and
S. suis (8.9%, 124/1,399), but were absent in 12 Streptococcus
species including S. pneumoniae (0/7,640) and S. mutans (0/174)
(Supplementary Fig. S1C, D). The ®m46.1 regarding with ARGs was
initially described and thought to be widespread in S. pyogenes
[35, 39]; however, it was found to be present in only 1.17% of the
examined S. pyogenes genomes (Supplementary Fig. S1C, D).
By examining the attachment sites and the presence of ARGs or
VFs, a total 253 SMphages (including the four previously reported
prophages) from 244 Streptococcus strains were included in our
subsequent analysis (Supplementary Fig. STE and Supplementary
Table S1).

Forty-five genes (orf13-orf57), approximately 38kb in size,
represent the core of SMphages (Fig. 1A), including five conserved
functional modules (DNA replication, DNA modification, DNA
packaging and morphogenesis, host cell lysis, and lysogeny
control) as described in Siphoviridae [35, 38]. Adding two variable
regions (VR1 and VR2), the majority (75%) of SMphages range
between 49 and 60 kb in size depending on the host species and
the attachment sites (Supplementary Fig. S1F), which likely
represents the physical capacity that the capsid can accommodate
[40]. Our phylogenetic analysis classified the prophage core
genomes into the Clade_Sag (the S. agalactiae dominant
subgroup) and the Clade_Ssu (the S. suis dominant subgroup)
(Fig. 1B). SMphages from other species, for example, ®m46.1 of S.
pyogenes and ®SdyDY107_SAG0725 of S. dysgalactiae, were
clustered into the Clade_Sag or Clade_Ssu subgroup, respectively
(Fig. 1B).

SMphages are reservoir of clinically important ARGs

We identified twenty-five ARGs conferring resistance to ten classes
of clinically relevant antibiotics in the VRs of SMphages (Fig. 1B
and Supplementary Table S1), although the fact that most of these
prophages harbor only a subset of these detected ARGs. These
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include macrolides-lincosamides-streptogramin B [mef(A), msr(D),
erm(A), erm(B), Inu(B), Inu(C) and Inu(D)], tetracyclines [tet(M),
tet(0), tet(W), tet(O/W/32/0), tet(40) and tet(44)], aminoglycosides
[ant(6)-1b, ant(9)-la, aph(3’)-llla, sat4, aadE and aac(6’)-le-aph(2”)-
lal, phenicols-oxazolidinones [catQ, catpcios and optrA], pleuro-
mutilins [/sa(E)], vancomycin [vanG-type locus], and trimethoprim
[dfrG]. The most prevalent ARGs carried by prophages were the
macrolides-lincosamides-streptogramin B resistance genes erm(B)
(18.18%, 46/253), mef(A) (14.23%, 36/253) and msr(D) (12.25%, 31/
253), the aminoglycosides resistance gene aadE (17.79%, 45/253),
the tetracyclines resistance gene tet(M) (17.39%, 44/253), and the
phenicols-oxazolidinones resistance gene optrA (7.91%, 20/253).
Resistance phenotypes were validated by conventional minimum
inhibitory concentration (MIC) assays in clinical isolates (Supple-
mentary Table S1).

Analysis of the SMphage genomes revealed the presence of a
variety of ARG-carrying fragments, including the 1Q module, which
carried the mef(A)-msr(D)-catQ that confers macrolides and
chloramphenicol resistance phenotype and was first identified in
S. pneumoniae (Fig. 2A), the tet(44) and ant(6)-Ib carrying
fragments (Fig. 2B), the aac(6’)-aph(2”)-carrying fragments (Fig. 2C),
the optrA- and Inu(C)-carrying fragments (Fig. 2D), the vanG-type
locus (Fig. 2E), and the dfrG- and Isa(E)-Inu(B)-carrying fragments
(Fig. 2F), in VR1 or VR2 of the Clade_Ssu subgroup, and the
insertion of tet(M)-carrying Tn916 (~18kb) and tet(M)-erm(B)-
carrying Tn916-like (~23 kb) elements in the Clade_Sag subgroup
SMphages (Supplementary Fig. S2A), highlighting that the VRs of
SMphages are insertion hotspots for ARG-carrying fragments. Of
particular concern, vancomycin and oxazolidinones are among the
first-line and last-resort antimicrobial agents in treating multidrug-
resistant Gram-positive bacterial infections, and the accumulation
of vanG-type vancomycin resistance locus and oxazolidinone
resistance gene optrA within SMphages may facilitate the transfer
of these ARGs to other Gram-positive bacteria [41]. In addition, a
chimeric macrolide efflux genetic assembly (Mega)-like element,
consisting of a Mega element carrying mef(A)-msr(D), which
confers a macrolides phenotype, and an orf5-orf6-umuC-orf8-hdiR
operon, which is thought to mediate SOS mutagenesis [42], was
widely distributed in SMphages from multiple species (Supple-
mentary Fig. S2B). Importantly, our tanglegram analysis revealed
the presence of nearly identical SMphages (>90% coverage with
>90% identity) in distinct Streptococcus species, indicating
extensive HGT of SMphages between strains Streptococcus species
(Fig. 1B and Supplementary Fig. S3).

SMphages integrate and excise by recognizing a previously
undescribed 8-bp motif

Integrase is typically required for the site-specific integration
and excision of prophages from bacterial chromosomes. For
these 253 SMphages, integration mainly occurred at one of the
following four attB sites: 1) 3’-end of rum in 13 species, a well-
conserved housekeeping gene encoding a 23S rRNA uracil
methyltransferase [17, 43]; 2) the middle of comEC in seven
species, one of the major components of DNA uptake apparatus
for transformation [44, 45]; 3 and 4), the remaining two novel
loci, 5'-start of SAG0725 and SAG1105 in six species, both genes
encoding a haloacid dehalogenase family hydrolase (Fig. 3A).
Consistent with this data, our phylogenetic analysis classified the
two serine integrase genes of SMphages, intl (orf56, internal) and
intE (orf57, external), into three clusters associated with attB
sites: rum, comEC, and SAGO0725/SAG1105 (Fig. 3B). Some
prophages with the same IntlE types scattered into distinct
subgroups of SMphages while others with different IntlE types
clustered together into the same subgroups of SMphages
(Fig. 1B), indicating a recent module exchange of IntlE modules.
These findings suggest that SMphages can exploit a diverse type
of integration/excision modules, which likely contribute to the
integration diversity in Streptococcus.
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Prophage core genomes

When integration occurs, phage integrases recognize two
attachment sites in phage (attP) and bacteria (attB) and generate
two new hybrid sequences termed attL and attR. SMphages were
thought to recognize a 2-bp GA motif when integrating at rum site
in previous study [46]. In contrast, we systematically examined

The ISME Journal (2023) 17:1467 - 1481

Bacterial whole genomes

SMphages at all four attB sites (Fig. 3C, D) and identified an 8-bp
imperfect match sequence depending on their IntlEs and att sites.
SMphages with the IntlE,,,, module integrate into the up-stream
region of the 8-bp attB sequence, generating a hybrid attL/attP
and attR/attB sequence, while SMphages with IntlE ,ec or
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Fig. 1

SMphage organization and prophage-host crosstalk inferred by phylogenetic analysis of SMphage and bacterial genomes.

A Organization of representative SMphages. The core genes orf13-orf55 and orf56-orf57 are indicated by purple and blue arrows, respectively.
The accessary genes are flanked into two variable regions (VR1 and VR2) and indicated by grey arrows with ARGs and Alp-Ps colored by
different colors. Putative attachment sequences were identified on the left (attl) and right (attR) border. B (Left panel) A prophage
phylogenetic tree was constructed from 253 SMphages core genomes orf13-orf55. Branches were colored by attB sites: purple, rum site; light
blue, comEC site; dark orange, SAG0725/SAG1105 site. The distribution of ARGs and four subtype Alp-Ps were presented (detailed in
Supplementary Table S1). (Right panel) A bacterial whole genome phylogenetic tree was constructed from 244 bacterial genomes that carried
SMphages. SMphages from S. agalactiae and S. suis were shadowed in light grey and light pink, respectively. Connect lines indicate potential
interspecific transfer of SMphages. Prophages that were previously reported are marked with asterisk and SMphages used for HGT and

virulence studies are highlighted in red and blue, respectively.

IntlEsaGo725/5a61105 Module integrate into the down-stream region
of attB, generating hybrid attl/attB and attR/attP sequences
(Fig. 3E, F).

Horizontal transfer of SMphages is assisted by ICEs via high-
efficiency conjugation

In the genus Streptococcus, phage-mediated transfer and lyso-
genisation is considered to occur at relatively low frequency
within a narrow host range in previous study [28]. Because
SMphages were widely present across Streptococcus species and
our above tanglegram analysis indicates the extensive intraspe-
cific and interspecific HGT, we inferred the presence of novel
mechanism(s) might be involved, permitting relatively high
frequency HGT for SMphages. To test this hypothesis, we designed
a set of transfer assays to identify the prophage HGT mechanisms
by transduction, transformation, or conjugation (Fig. 4A). Four
isolates harboring SMphages were selected as donors for transfer
assays, including two ICE-negative strains (S. suis NJ3 and S. suis
$S389) and two ICE-positive strains (S. dysgalactiae DY107 and S.
suis AKJ18) (Supplementary Fig. S4a and Supplementary Table S2).
Phage particles were induced by mitomycin C (MMC) and purified
from these four strains, with the typical icosahedral head and tail
morphology of the Siphoviridae (Fig. 4B). The presence of DNase
I-resistant SMphage genomes in phage particles was confirmed by
PCR detection of prophage core module genes and related ARGs
(data not shown). We next performed plaque and transduction
assays using 45 clinical isolates as recipients (30 S. suis including S.
suis P1/7RF, 10S. agalactiae, and 5S. dysgalactiae). However,
positive plaque and lysogenic transfer were not observed after
more than five attempts (data not shown). The failure of lysogenic
transfer is likely the consequence of a low infecting phage titer,
which is a common feature of prophages in group A Streptococcus
[47]. These results suggested a limited role of this mechanism in
HGT of SMphages and ARGs.

Considering that phage particle lysis or activation of autolysis
can release free prophage DNA [48], we then examined the
transferability of SMphages via transformation. Transformation
was only successful between purified phage DNA from S. suis
NJ3 and recipient S. suis strain P1/7RF, but at a low frequency
and requiring a large mass (2 pg) of phage DNA (Fig. 4a). These
data highlight that transformation does occur but the contribu-
tion is also minor in the HGT of SMphages and ARGs.

Conjugation was next assessed with filter mating assays using
the above four donor strains (carrying SMphages) and the
recipient strain S. suis P1/7RF. We found that SMphages from the
four donors were all successfully transferred into the recipient,
but the transfer frequency in ICE-positive strains (DY107 and
AKJ18) was >400-fold higher than those in ICE-negative strains
(NJ3 and SS389) (Fig. 4C). Given that the two ICE-negative
donors did not have conjugative systems, the HGT of SMphages
might be unrelated to conjugation. To further test this, the
bacteria medium was pretreated by DNase | to remove the free
donor DNA that might lead to the transfer by natural
transformation (Fig. 4C). Consequently, the HGT of SMphages
was abolished in ICE-negative strains NJ3 and SS389, in
contrast to results from the ICE-positive strains DY107 and
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AKJ18 (Fig. 4C). These data highlight the important role of ICE in
facilitating the intra- and inter-specific HGT of prophages via
conjugation. We further validated the role of ICE in HGT of
SMphages by deletion of ICE from the donor strain S. suis AKJ18
(AKJ18AICE) and by adding an ICE (ICESsuAKJ47_SSU1797) to the
recipient strain P1/7RF (P1/7RF:ICE). AKJT18AICE abolished HGT
of SMphages to the recipient strain P1/7RF (Fig. 4D and Table 1),
and restored HGT to the recipient strain P1/7RF:ICE (Fig. 4D and
Table 1). In addition, another ICE-negative strain NJ3 was further
applied to mate with recipient P1/7RF:ICE, and HGT of
SMphages was successfully observed (Fig. 4D and Table 1).
These results confirmed that ICE-mediated conjugation is an
important HGT mechanism of prophages in Streptococcus at
high-frequency (~107).

Southern blots experiments and complete genome sequen-
cing of the transconjugants confirmed the transfer of ARGs-
carrying SMphage DNA fragments into recipients (Supplemen-
tary Fig. S4B). For transconjugants cAKJ18 and cNJ3, the intact
SMphages were site-specifically integrated into the same attB
(rum) sites as in the donors, but the ®SdyDY107_SAG0725 was
integrated into SSU0237 (SAG1105) site in transconjugant
cDY107 rather than the primary attB (SAG0725) site (Fig. 4E
and Supplementary Fig. S4C). In addition, the prophage-carrying
DNA segment in the transconjugant c55389 underwent homo-
logous recombination with the recipient chromosome to
generate a large hybrid region consisting of two regions of
~50kb and ~208 kb from the donor and an inversion region of
~260 kb from the recipient chromosome (Fig. 4F and Supple-
mentary Fig. S4C).

The acquisition of SMphages in Streptococcus helps bacterial
hosts gain functional traits. As expected, transconjugants were
resistant to antibiotics corresponding to the ARGs carried by
SMphages (Table 1). We used growth and competition assays to
examine potential fitness costs associated with the acquisition of
SMphages. Recipient strains were not adversely affected when
acquiring ©SdyDY107_SAG0725 or OSsuAKJ18_rum, but growth
was inhibited for ®SsuNJ3_rum and growth was improved for
®SsuSS389_rum (Supplementary Fig. S4D). Relative to wild-type
recipient P1/7RF, there was a clear fitness cost for strain cNJ3
(w=0.878) and a fitness benefit for strain ¢SS389 (w = 1.13) based
on in vitro competition assays (Supplementary Fig. S4E). One
possible reason might be the different accessory genes in VRs of
different prophages (e.g., the different ARGs). However, the
prophage integration into the attachment site or homologous
recombination with bacterial host chromosomes may also alter
the transcription of the host genes. Thus, prophage and host
factors could be interesting candidates for studying their effects
on bacterial fitness. SMphages in transconjugants functioned as
expected including having an integrated prophage and sponta-
neously excised episome phenotype (Supplementary Fig. S5A),
and mitomycin C treatment resulted in induced circularization of
SMphages and the release of mature phage particles (Fig. 4B and
Supplementary Fig. S5B-D). Since the recipient S. suis P1/7RF
strain is negative for any prophage, the observation of phage
particles in transconjugants further confirmed the transfer and
integration of SMphages. However, plagues were not detected
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Fig. 3 Integration and excision of SMphages. A SMphage insertion locations within the host genomes. S. agalactiae 2603 V/R and S. suis P1/7

were used as reference genomes. B Phylogenetic analysis of integrase genes intl and intlE (orf56-57 of ®m46.1). C Schematic diagram of
SMphages integrated in and excised from host bacteria attB sites. D PCR amplification of the presence of both integrated form (attL and attR)
and excised/episome form (attB and attP) of the SMphages. E Sequence analysis of the attL and attR sites of when SMphages integrated into
host bacteria. F Sequence analysis of the attP and attB sites of when SMphages excised from host bacteria as phage episomes.
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in transconjugants under these experimental conditions as in
the case of donors.

Collectively, we confirmed that the intraspecific and interspe-
cific transfer of SMphages occurs through both low-frequency
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transformation and high-frequency conjugation, after which
SMphages integrated into the recipient bacterial chromosome
through either site-specific or homologous recombination, thus
altering bacterial fitness.
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Fig. 4 HGT mechanisms of SMphages. A Experimental design to distinguish the HGT mechanisms by transduction, transformation, or
conjugation. The information of strains and their HGT pathway was shown in the table. +++, >100 colonies/plate; +, 1 ~ 10 colonies/plate; -,
no colonies on plates. B Electron microscopic images of phage particles purified from donors (left row) and transconjugants (right row) after
prophage induction. C Transfer of SMphages in filter mating transfer assays (Step 3 in Fig. 4A). The ICE-positive strains DY107 and AKJ18
showed more than 400-folds higher frequency than ICE-negative strains NJ3 and SS389. In the presence of DNase |, HGT of SMphages was
abolished in ICE-negative isolates but maintained in ICE-positive strains. D Conjugative transfer experiments included DNase | treatment to
exclude nature transformation. Deletion of ICE in donor AKJ18 (AKJ18AICE) abolished HGT of SMphages to the recipient strain P1/7RF. The
addition of ICE in recipient P1/7RF (P1/7RF:ICE) restored HGT in ICE-defective donor AKJ18AICE and ICE-negative strain NJ3. E, F Genetic
comparison and integration of SMphages into recipient strain. ®SsuNJ3_rum and ®SsuAKJ18_rum were site-specific integrated into the rum
site, while ®SdyDY107_SAGO0725 was site-specific integrated into SSU0237 (SAG1105) site. For transconjugant ¢SS389, Region A (~50 kb) and
Region C (~208 kb of the ®SsuSS389_rum and flanking fragment) were homologously recombined from donor SS389 with an inversion region

of ~260 kb from the recipient chromosome.

<

SMphage-encoded Alp-Ps enhanced the pathogenesis of S.
agalactiae

Alp-related surface proteins are heavily involved in the pathogen-
esis of S. agalactiae, and are commonly used as targets for
S. agalactiae vaccines [49, 50]. In addition, a homologous protein
R28, which is identical to Alp3, was reported in S. pyogenes and
contributed to virulence [51]. Beyond S. pyogenes, another Alp
named Dys-Alp has also been reported in S. dysgalactiae subsp.
equisimilis [52]. A previous study reported that a R28-like Alp related
to Alp3 was carried by a S. pyogenes ®10394.4 prophage [36],
suggesting that prophages are involved in cross-species transfer of
Alps and related proteins. Sequence analysis identified 127 LPXTG-
motif containing Alp-related proteins in SMphages that were
classified into the Clade_Sag subgroup (Supplementary Table S1).
We further analyzed the sequences of Alp-related proteins and
clustered them into three new classes, designated as Alp-P1, Alp-P2,
and Alp-P3, in addition to R28-like Alps (Supplementary Fig. S6A, B).
Each of the three new Alp-Ps possesses a 47-aa signal peptide and a
conserved 34-, 63-, or 49-aa C-terminal cell wall anchoring region
with an LPXTG maotif, while the “R” repeat region and N-terminal
region were divergent (Supplementary Fig. S6C, D). Alp-P1 was
carried by SMphages integrated at SAG1105/SAG0725 sites, while
Alp-P2 and Alp-P3 were carried by SMphages integrated at the rum
locus (Supplementary Fig. S2A).

We next verified the virulence of the Alp-Ps using both cell and
animal models. Two clinical S. agalactiae strains were tested,
including strain G1-9 (milk source from cow diagnosed with
mastitis) with Alp-P1 in ®SagG1-9_SAGT705 and strain GD201008-
001 (tilapia source with meningoencephalitis) [53] containing Alp-
P2 in ®SagGD201008-001_rum. Mutant strains with deletion Aalp-
P1 and Aalp-P2 and with complement CAalp-P1 and CAalp-P2
were constructed, which did not compromise bacterial growth
(Supplementary Fig. S7A). The Aalp-P1 and Aalp-P2 mutants
exhibited a significant reduction in adhesion and invasion
compared to both wild-type and complementary strains to bovine
mammary epithelial cells (BMEC) and human larynx epidermoid
carcinoma cells (HEp-2), respectively (Fig. 5A, B). In a zebrafish
infection model, the Aalp-P1 strain was attenuated relative to
the wild-type (p=0.00081, Fig. 5C) and the complemented
strains (CAalp-P1, p =0.0012, Fig. 5C), whereas the Aalp-P2 strain
was not attenuated (p=0.14, Fig. 5C) at 120 h post-infection
(Fig. 5C). In a mouse infection model, fewer Aalp-P1 bacteria were
recovered from the brain, liver, and spleen but not in blood
(Supplementary Fig. S7B). In the mouse model, the Aalp-P1 strain
was not attenuated (p = 0.14, Fig. 4D) whereas the Aalp-P2 strain
was marginally attenuated (p=0.038, Fig. 5D). Consequently,
SMphage-carried Alp-Ps are involved in bacterial adhesion and
invasion, which likely contribute to the bacterial disease in
Streptococcus although the effects may vary between host species.

DISCUSSION
Phages play important roles in bacterial evolution because of their
potential for HGT of genetic materials between microbes [54]. The
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concept is accepted that transduction of phage-encoded VFs is a
major factor in bacterial pathogenesis [55], but the role that
prophages played in the spread of ARGs is underestimated, partly
because of the low probability of ARGs being located on phage
genomes [9, 10, 56]. With the exponential growth of bacterial
genomics from public databases, it becomes possible to re-
examine the probability of prophages in carrying ARGs [57].
Enabled by new strategies for ARG-associated prophage identifi-
cation, here we report an exception, the SMphages, that encode
twenty-five ARGs conferring resistance to ten distinct classes of
antibiotics and VFs belonging to four subtypes of Alp-Ps in
streptococci. Our findings revealed that prophages could serve as
a reservoir of ARGs that can be mobilized across bacterial species.
SMphages are disproportionally distributed in different species of
Streptococcus and predominantly distributed in S. agalactiae and S.
suis. In addition to bacterial host factors, the distribution of other
MGEs might be counted. For instance, S. agalactiae and S. suis
appear as the species containing the highest number of ICEs [24]
and IMEs [58]. Moreover, the co-existence of ICEs and SMphages
within the same strains has been documented in S. agalactiae and S.
suis [17]. This may explain the wide distribution of SMphages in
specific species as validated in this study for ICEs coordination.
ARGs carriage of SMphages is strongly related to the antibiotics
used. For instance, the most prevalent ARGs include macrolides-
lincosamides-streptogramin B resistance genes erm(B), mef(A) and
msr(D), the aminoglycosides resistance gene aadk, the tetracyclines
resistance gene tet(M), and the phenicols-oxazolidinones resistance
gene optrA, of which the macrolides, tetracyclines, aminoglycosides
and phenicols are extensively used in veterinary medicine [18, 41],
while macrolides and oxazolidinones are clinical important
antibiotics for the treatment of streptococcal infections in human
medicine. Nearly all SMphages of the Clade_Sag subgroup carried a
subtype of Alp-Ps, of which the virulence of Alp-P1 and Alp-P2 was
verified in both cell and animal models, which indicated
the adaptive evolution of S. agalactiae in favor of adhesion and
invasion of epithelial cells [59, 60]. Fortunately, the results showed
that Alp-Ps and the majority of ARGs are rarely found in the same
phages. Nevertheless, co-location of Alp-P3 with tet(M)-carrying
elements and R28-like with mef(A)-carrying elements was observed
in S. agalactiae and S. pyogenes, respectively (Supplementary
Table. S1), posing an increased risk to public health [61].
SMphages use two serine family sitespecific recombinases IntlE to
integrate themselves into bacterial chromosomes. One such element
was the SCCmec (Staphylococcal Cassette Chromosome mec), which
carries the cassette chromosome recombinase genes AB or C (ccrAB
or ccrC), mediating the integration and excision of the SCCmec into
and from the chromosome by specific recognition of a 2-bp GA motif
at the 3"-end of the rimH [62]. Previous analysis of ®m46.1 suggested
a similar mechanism by recognizing a 2-bp GA maotif at the 3"-end of
the rum [35]. However, the analysis was simply based on
comparisons of sequences that did not take the imperfect direct
repeats into consideration. In this study, we expanded the
integration diversity of SMphages by integrating them into four attB
sites due to the equipment of different types of IntlE modules. We
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then evaluated the integration and excision process of SMphages at
all four attB sites from clinical isolates and compared the integration
of SMphages before and after transfer into recipient/transconjugant
cells. which identified that IntlEs recognize an 8-bp imperfect match
direct repeat motif. In addition, the integration direction seems to
depend on the IntlE types (Fig. 3E, F). In addition, the IntlEs of
SMphages were continuously expressed at low transcriptional level
even without exogenous stress, which allowed the spontaneous
excision of SMphages to become “plasmid-like” episomes. Upon
mitomycin treatment, the expression of IntlE was increased, which
led to the excision of prophages followed by lytic production. Unlike
SCCmecs, which do not encode transduction machinery for self-
transfer but exploit the capsids of other phages (known as helper
phages) for their transduction at high frequency [63], the SMphages
encode intact transduction machinery for self-transfer, although the
transduction occurred at extremely low frequency [28].

We demonstrate here that intra- and inter-specific HGT of
SMphages is mediated by ICEs at a much higher frequency than
transduction and transformation. Conjugation is predicted to be the
preponderant mechanism of HGT between distant lineages [64].
ICEs represent the most abundant conjugative elements that carry
the genes necessary for their own integration, excision, and the
conjugation process [24, 64]. Despite transferring their own DNA,
ICEs can also mobilize other MGEs, including IMEs, mobilizable
genomic islands (MGlIs), non-conjugative plasmids, and large
genomic DNA fragments [26, 33]. These elements may exploit ICEs’
conjugation machinery for their mobilization through either their
own or ICE-encoded Relaxase that recognize the cognate origin of
transfer (oriT) or oriT mimicry presented on the elements [26]. This is
consistent with findings about MGls in Vibrio species, where the
SXT/R391 family's ICE-encoded Mobl and putative Relaxase
recognize oriTyg to mobilize MGIs’ transfer in trans to the recipient
cells [65, 66]. However, whether ICEs can mobilize prophage
genomes are still unknown. By construction of the ICE deletion and
complement strains in both donor and recipient trains, we
characterized a novel and efficient HGT mechanism for the
conjugative transfer of SMphage genomes by ICEs from either
donors or recipients. These findings represent a final piece of the
puzzle that MGEs utilize each other’s transfer machinery for their
own HGT. The ICE encoded by either the donor or the recipient
strains drive the conjugative transfer of prophage genomes at high
frequency, which might explain the increasing prevalence of the
prophages along with the dissemination of ICEs in Streptococcus
species [17, 67]. However, SMphages lack a reported relaxase gene
or a “mimic” of the ICE oriT sequence, which is required for
mobilization by ICE via conjugation. The underlining mechanisms of
how prophages exploit an ICE’s conjugation machinery for their
own mobilization remain to be discovered.

In summary, we show that prophages are reservoirs of
clinically relevant ARGs and VFs and are distributed in many
species of Streptococcus. Integration of SMphages into the
bacterial chromosome occurs via either site-specific or homo-
logous recombination. Integrated SMphages can be excised as
episomes and such excision is readily inducible. Furthermore,
SMphages employ multiple non-transduction HGT mechanisms
in the dissemination of ARGs and VFs, including transformation
at low frequency, and a previously undescribed conjugation
mechanism at high frequency that is facilitated by ICEs from
either donor or recipient cells. The “plasmid-like” lifestyle of
SMphage whereby it is excised as an episome rather than a
phage particle enables the mobilization of the phage genomes
by coexisting ICE, which largely weakens the boundaries of
different MGEs and opens a new broad perspective on how
phages can contribute to the evolutionary change of bacteria
with the help of ICEs. This novel HGT mechanism may explain
the increasing prevalence of ICE-associated SMphages in
Streptococcus and provides a basis for future studies of
prophage mobilization in other bacterial taxa.
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Fig. 5 Alp-Ps of Clade_Sag subgroup SMphages contributed to bacterial virulence to bacterial host. Role of Alp-P1 and Alp-P2 in relative
adhesion (A) and invasion (B) levels to BMEC and HEp-2 cells at MOI of 1:100 after 2 h co-incubation. Bars represent the mean + SD from three
independent experiments. C Survival curve in a zebrafish infection model. The survival rate was recorded from triplicate experiments with 15
zebrafish in each group over a 120-h period. D Survival curve in a mouse infection model. The survival rate was from three independent
experiments with 10 mice in each group over a 120-h period. Significant differences in adhesion (A) and invasion (B) were analyzed by a one-
way ANOVA test, while zebrafish and mouse infection models (C, D) were analyzed by a log-rank (Mantel-Cox) test. (*P < 0.05; **P < 0.001;

**¥P < 0.0001).

MATERIALS AND METHODS

Bacterial strains, plasmids, cell lines, growth conditions and
antimicrobials susceptibility testing

A total of 736 lab-owned clinical Streptococcus isolates from the National
Antimicrobial Resistance Monitoring and Surveillance Program in Animals
of China were screened for the presence of SMphages. This included 437 S.
suis, 74 S. agalactiae, and 225 isolates from other Streptococcus species,
and the SMphage-carrying isolates were subjected to whole genome
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sequencing (WGS) (Supplementary Table S1). Other strains, plasmids, and
cell lines used in experiments are listed in Supplementary Table S3.
Streptococcus strains were grown in Todd-Hewitt broth (THB) or on THB
agar plates supplemented with 5% (v/v) newborn calf serum and incubated
overnight at 37°C unless specifically indicated. Escherichia coli and
Salmonella enterica serovar Braenderup strains were grown in Luria-Bertani
(LB) broth or on LB agar plates at 37 °C. As needed, antibiotics were added
to the media at the following concentrations: 100 ug ml” erythromycin,
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10 ug ml™ tetracycline, 8 ugml™" florfenicol, 8 ugml™ tiamulin, 100 ug ml™
spectinomycin, 100 ug mI™" rifampicin, or 100 ug ml”" fusidic acid.

Bovine mammary epithelial cells (BMEC) and human laryngeal carcinoma
epithelial cells (HEp-2) were kindly provided by Cell Bank/Stem Cell Bank,
Chinese Academy of Sciences. Both cell lines were propagated using
Dulbecco’s modified Eagle medium (DMEM; Gibco) containing 10% FBS
(Gibco) and 1% penicillin plus streptomycin with 5% CO, at 37 °C.

Antimicrobial susceptibility testing was performed by broth microdilu-
tion method for antimicrobial agents commonly used in veterinary and
human medicine (see Table 1) following the methods of CLSI document
M100-ED29 [68]. S. pneumoniae ATCC 49619 was used for quality control.

Strategy to identify SMphages
A total of 10,983 genome assemblies, including 253 complete genomes
and 10,730 WGS sequences from Streptococcus species, were retrieved
from GenBank (last accessed May 2017). ARGs-carrying prophages (Step 1)
and ARGs-associated prophage families (Step2) were characterized by our
bidirectional identification strategies (Supplementary Fig. S1A, B). Pre-
viously reported SMphages (Om46.1, ©10394.4, ASa04, and ®SsUD.1) were
used as reference sequences. We searched for five conserved phage
module nucleotides (orf13-22, orf27-30, orf33-48, orf53-55, orf56-57 of
®m46.1 numbering) in all assemblies of the dataset using a threshold of
>50% coverage and >50% nucleotide identity. This procedure returned
531 hits with more than three of the five functional modules (DNA
replication, DNA modification, DNA packaging and morphogenesis, host
cell lysis, and lysogeny control module). We further delimitated the
prophage attachment sites (attL and attR), and included prophages with
attachment sites, ARGs or VFs. The final dataset consisted of 175 SMphages
from 171 genomes (Supplementary Fig. STA and Supplementary Table S1).
We then screened 736 clinical Streptococcus isolates for the presence of
five conserved phage modules by PCR (Supplementary Table S4; orf16 for
DNA replication, orf29 for DNA modification, orf45 for DNA packaging and
morphogenesis, orf54 for host cell lysis, and intlE for lysogeny control
module). Of these, 102 SMphage-positive strains were identified and
subjected to WGS. Finally, a total of 74 SMphages from 69 sequenced
clinical isolates were included for further analysis (Supplementary Fig. S1B
and Supplementary Table S1).

WGS and phylogenetic analysis

Bacterial genomic DNA was extracted using the E.Z.N.A. Bacterial DNA Kit
(Omega Bio-Tek) following the manufacturer's recommendations. The
genomic DNA of the SMphage-positive isolates was purified and submitted
for WGS using a HiSeq 2000 Sequencing System (lllumina, USA). Draft
genomes were assembled with SOAP denovo version 2.04. Assembled
contigs were ordered using Mauve v2.4.0. Gaps between the contigs of
SMphages were closed by PCR with Sanger sequencing. Complete
genomes of the donors and transconjugants in transfer assays were
further subjected to long-read sequencing by using a PacBio RSIl System
(Pacific Biosciences, USA). Complete genomes were assembled prelimina-
rily with SMRT Link v.5.0.1 with PacBio data and were further corrected
with WGS lllumina data.

We first obtained the two integrase genes intlE (orf56-57 of ®m46.1) from
all SMphages for phylogenetic analysis. The maximum-likelihood (ML)
phylogenetic tree was generated using PhyML 3.0 with the neighbor-joining
method and bootstrapping for confidence metrics (N = 1,000). The results
were visualized by using FigTree v1.4.2 with a midpoint root method. We
then aligned other conserved modules (orf13-55) and constructed the
prophage core genome phylogenetic tree. A WGS phylogenetic tree was
constructed from 244 bacterial genomes carrying prophages. Prophage-host
associations based on phage and bacteria genomic phylogenetic analysis
were analyzed by using Tanglegram visualization with dendextend
(v1.15.2) in R.

Classification of SMphage-encoded ARGs and Alp-Ps
Acquired ARGs were identified using ResFinder with a minimum of 60%
coverage and 90% sequence identity [69]. ISs were identified using ISFinder
[70]. Transposons were identified by blasting transposase genes against the
NCBI nr/nt database. ICEs were predicted by searching type IV secretion
system (T4SS) genes and integrases (Ints). The genetic environment of ARGs
was further analyzed and visualized using Easyfig 2.2.2.

Putative VFs were screened in SMphage genomes. A total of 127 Alp-Ps
were identified by BLASTP comparisons of LPxTG-motif-containing Alp-
related proteins in SMphages. A phylogenetic tree was constructed along
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with reported alps genes using the same methods as above. The prevalence,
domain features, and repeat regions of each clade of Alp-Ps were further
analyzed by CD-Search [71]. The genetic environment of Alp-Ps was further
analyzed and visualized using Easyfig 2.2.2.

Prophage integration and excision studies

To identify prophage integration sites, the flanking sequences of 253
SMphages were retrieved and compared with reference genomes of S.
agalactiae 2603 V/R and S. suis P1/7. To test whether the SMphages
undergo excision to generate a circular episome under culture conditions,
we selected seven representative strains with SMphages integrated at four
sites (rum, comEC, SAG0725, and SAG1105) from different Streptococcus
species (Supplementary Table S1). Genomic DNA from overnight bacterial
cultures was extracted as the template for PCR amplification. A PCR
strategy was designed to detect the SMphage integration and excision
using primer pairs (Supplementary Table S4): integrated form, attlL
(P1+ P2) and attR (P3 + P4); excision or empty form, attB (P1+ P4); and
circular episome from, attP (P2 + P3). PCR products were further subjected
to Sanger sequencing. Putative att site consensus sequences were
retrieved from alignments by using MEGA 7. The nucleotide difference
of the attP, attL and attR sequences was compared with corresponding
attB sequences. The size of each prophage was then calculated after the
precise delimitation of prophages.

Bacteria construction

The ICESsuAKJ18_rum deletion mutant was generated by a previously
described procedure [72]. Briefly, the upstream and downstream fragments
of ICE were amplified from S. suis AKJ18. The two purified fragments were
then integrated into the pre-linearized temperature sensitive vector pSET4s
via In Fusion, and the resulting recombinant vector pSET4s:ICE was
transformed into E. coli DH5a for propagation and verification, followed by
electrotransformation into S. suis AKJ18 competent cells. Mutant strains
(AKJ18AICE) were selected on THB agar for their sensitivity to spectinomycin
and verified by PCR and Sanger sequencing. The alp-Ps gene deletion
mutants of S. agalactiae strains were constructed by the same protocol using
the primers in Supplementary Table S4.

The alp-Ps complementation vectors were constructed using the shuttle
cloning vector pSET2 [73]. A fragment containing the complete open reading
frame (ORF) of the alp-Ps gene was amplified from the genome and ligated
into the pSET2 vector. The recombinant vector was transformed into E. coli
DH5a for propagation prior to electrotransformation of the Aalp-Ps mutants.
Complementation vector-transformed Aalp-Ps mutants were grown on THB
agar containing spectinomycin and verified by PCR and Sanger sequencing.

Prophage induction and transmission electron microscopy
The prophage induction assay was performed as previously described
[74, 75], with minor modifications. Briefly, an early-exponential-phase
culture (ODggo=0.2) of Streptococcus strains carrying SMphages was
treated with mitomycin C (MMC) at a final concentration of 0.5 ug ml~" for
overnight. Cells and debris were removed by centrifugation, and the
supernatants were filtered (0.45 um). Supernatants were treated with
0.125% Triton X-100 for 30 min at 37 °C to lyse outer membrane vesicles,
and were then treated with DNase | (1 pg ml~!, final concentration) and
RNase A (1ugml™, final concentration) to remove exogenous nucleic
acids. Next, the phage particles were collected by NaCl and PEG8000
precipitation. The resulting pellet was resuspended in SM buffer (0.15 M
NaCl, 5 mM MgCl,, T mM CaCl,, 10 mM Tris HCI, pH 7.5) and subjected to
CsCl centrifugation [74]. The purified phage particles were enriched in a
band of the second CsCl step. Phage particles were negatively stained with
2% phosphotungstic acid and observed through a transmission electron
microscope at an accelerating voltage of 80 kV.

Overnight bacterial cultures were diluted 1:100 into fresh THB and
grown at 37 °C with shaking at 200 r.p.m. until ODgoo = 0.5. Cultures were
treated with or without MMC (0.5 pg ml™", final concentration) for 1 h, prior
to bacterial DNA extraction. The extracted DNA was used as the template
for transformation experiments. Phage genomic DNA was extracted using
a phenol: chloroform extraction method. Briefly, purified phage particles
were treated with a proteinase K cocktail (50 ug ml™”" proteinase K, 20 mmM
EDTA, and 0.5% SDS, final concentration) at 55 °C for 3 h. The mixture was
cooled to room temperature, and the aqueous layer was reextracted twice
with an equal volume of phenol/chloroform/isoamylalcohol (25:24:1) and
once with an equal volume of chloroform. The aqueous phase was
precipitated with 1/10 volume of 3 M NaOAc (pH 7.0) and 2.5 volumes of
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ice-cold ethanol for 2 hours at —20 °C. Finally, the pellet was washed with
70% ethanol and resuspended in ultrapure water. The purified phage DNA
was used as the template for transformation experiments.

Plaque forming assay and transduction

A total of 45 SMphage-negative clinical isolates (30 S. suis including S. suis
P1/7RF, 10 S. agalactiae, and 5 S. dysgalactiae) were used as phage-infected
recipients. The SMphage titer in all samples was determined by qPCR.
Sandwich plaque assays were performed as described previously [75].
Briefly, overnight recipient cultures were diluted 1:100 into fresh THB and
grown to an ODgpo = 0.4-0.5. Phage particles were added to the bacterial
culture and further incubated for 15 min at 37 °C. The mixed culture was
then poured into 5 ml molten THA with 0.5% agar and spread onto THA
plates. The plates were incubated overnight at 37 °C for plaque formation.
For phage transduction, 100 pl of the mixed culture was plated onto THA
plates containing appropriate antibiotics and incubated overnight at 37 °C
to select transductants. Five biological replicates and three technical
replicates were used in this experiment.

Transformation experiments

Natural transformation experiments were performed as described pre-
viously [76, 77]. For these procedures, S. suis develops natural competence
when exposed to a peptide pheromone. The amino acid sequences of
pheromones ComR and ComS in S. suis P1/7 (Accession No.: NC_012925.1)
were obtained from the NCBI database. Peptide pheromones were
synthesized at a purity grade of >95% (Genscript Biotech, China). Stock
solutions were dissolved to a final concentration of 5mM with ultrapure
water and stored at —70 °C. S. suis strain P1/7RF was grown in THB at 37 °C
until ODggp = 0.6. The culture was added to pre-warmed THB at 1:50 and
grown without shaking until ODgo = 0.03-0.05. An aliquot (100 pl) of
culture was removed and 5 pl of peptide pheromone was added (for a final
concentration of 250 uM) along with the DNA template. After 2h
incubation without shaking, the culture was spread onto THA plates
containing appropriate antibiotics. Three biological replicates and three
technical replicates were used in this experiment.

Electroporation experiments were performed as described previously
[76]. Briefly, an aliquot (100 pl) of Streptococcus competent cell suspension
was mixed with 10 ul of template DNA and placed in a prechilled sterile
electroporation cuvette (2mm electrode gap, BTX-Harvard Apparatus,
Holliston MA, USA) and hold on ice for 30 min. The electroporation
transformation was performed using an ECM 399 Electroporation System
(2.5kV, 200 Q, and 25pF). The mixture was diluted with prewarmed THY
broth containing 10% sucrose and 10 mM MgCl, and incubated at 37 °C for
4 h. The cells were spread on THA plate containing appropriate antibiotics
and incubated overnight. Three biological replicates were used in this
experiment.

Filter mating experiments

Four strains were used as donors (i.e, S. dysgalactiae DY107 and S. suis
AKJ18, NJ3, and SS389) (Supplementary Table S2), and S. suis P1/7RF
(rifampicin and fusidic acid resistance) was used as recipient. Filter mating
experiments were performed as described previously [78]. In brief, donor
and recipient strains were mixed at a ratio of 1:10, then the mixtures were
washed three times with PBS and treated with Triton X-100 or Triton X-
100/DNase |. Subsequently, the mixtures were centrifuged and resus-
pended with THB and placed on a nitrocellulose membrane on THA plates
(incubated at 37 °C for 8 h). Bacteria were recovered from membranes by
washing THA plates with THB containing appropriate antibiotics. Three
biological replicates and three technical replicates were adopted for each
treatment. The transconjugants were further confirmed by PCR using
specific primers, pulsed-field gel electrophoresis (PFGE) and Southern blot,
and WGS.

PFGE and Southern blot

PFGE was performed as previously described [79, 80]. To determine the
location of SMphages and ARGs, genomic DNA from four of the donors, the
recipients, and the corresponding transconjugants were digested with Smal
endonuclease and subjected to PFGE. Electrophoresis was carried out at
14°C and 6 Vcm ™' for 22.2 h, with an initial pulse time of 1.2's and a final
pulse time of 30s, by using a CHEF-DR Il system (Bio-Rad Laboratories).
A Salmonella enterica serovar Braenderup strain (H9812) digested with Xbal
was used for molecular weight and size standard. For Southern blot, DNA
fragments of ARGs carried by SMphage in corresponding strains were then
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labeled with digoxigenin to be used as probes. Southern blot was completed
using DIG High Prime DNA Labeling and Detection Starter Kit | (Roche, USA)
according to the manufacturer’s protocol. Primers used for Southern blot
hybridization are shown in Supplementary Table S4. The images were
analyzed using Bio-Rad Gel Doc XR+ Imaging System.

Growth curve and competition assays

The fitness difference between transconjugants and recipients was
investigated by in vitro growth and competition assays as described
previously [78, 81]. For in vitro growth assays, the mid-log growth phase
cultures (donors, recipient, and transconjugants) were adjusted to the
same OD and diluted by a factor of 1:100 into fresh THB supplemented
with 0.2% (g/v) yeast extract. OD measurements at a wavelength of 600 nm
were performed in a 96-well plate using a spectrophotometer (Bio-Rad,
USA) at 15 min intervals for 12 h. The experiments were repeated three
times. For in vitro competition assays, bacterial cultures (recipient and
transconjugants) were adjusted to ODggo = 0.1, mixed at a 1:1 ratio, and
inoculated at a 1:100 ratio into 10 mL fresh THB at 37 °C with shaking at
200 r.p.m for 24 h. The mixtures at both the start point (0 h) and endpoint
(24 h) were plated on THA plates without or with corresponding antibiotics
and incubated at 37 °C for 48 h. The relative fitness (w) was calculated in
competition experiments as previously described [81]. The experiments
were repeated 10 times.

Effects of MMC on bacterial growth and prophage excision
To examine growth dynamics during prophage induction, the mid-log
growth phase cultures were adjusted to the same OD and diluted by a factor
of 1:100 into fresh THB supplemented with 0.2% (g/v) yeast extract. After 2 h,
MMC was added to the cultures at a final concentration of 0, 0.05, and
0.5 ug ml~". OD measurements at a wavelength of 600 nm were performed
in a 96-well plate using a spectrophotometer (Bio-Rad, USA). The cultures
were incubated and continued and the ODgog Was monitored until 12 hours.

Overnight bacterial cultures were diluted 1:100 into fresh THB and grown
at 37 °C until ODggo = 0.5. Then, MMC was added to a final concentration of
0,0.05 g ml~', or0.5 ug ml~", and the cultures were incubated for 1 h in the
dark. Total DNA was extracted using the E.Z.N.A. Bacterial DNA Kit (Omega
Bio-Tek, USA) according to the instructions of the kit. DNA concentration was
measured using NanoDrop 2000 (ThermoFisher, USA) and adjusted to the
same concentration as the PCR templates. PCR amplification was used to
detect changes in prophage excision and circularization in donors and
transconjugants, and ImageJ v1.46r [82] was used to analyze the density of
electrophoretic bands on an agar gel.

Cell adhesion and invasions assays

To understand the functions of Alp-Ps, we constructed the alp-P deletion
strains Aalp-P1 and Aalp-P2, and complement strains CAalp-P1and CAalp-
P2 in S. agalactiae strains G1-9 and GD201008-001, respectively. Bacterial
adhesion and invasion assays were performed as described [83], modified
to some extent. Briefly, BMEC and HEp-2 cells were both grown in DMEM
containing 10% FBS at 37 °C with 5% CO, for 12-16 h to obtain monolayer
cells in a 24-well microtiter plate. Bacteria were grown to the mid-log
phase, washed twice with sterile PBS, and then added to confluent
monolayers at a multiplicity of infection (MOI) of 100 and centrifuged for
5minutes at 211 x g to synchronize infection. After a 2-h incubation,
monolayers were extensively washed three times with PBS to remove the
non-adherent bacteria, lysed, and plated on THA for CFU counts. For the
invasion assay, the monolayers using the same treatment as above were
further incubated for 1 h before cell lysis with a medium supplemented
with penicillin and streptomycin (200 units ml~' and 200 ugml~",
respectively) to kill extracellular bacteria. Bacterial adhesion and invasion
were calculated as follows: recovered CFU/initial inoculum CFUx100.
Three biological replicates and three technical replicates were used in this
experiment.

Animal models

The zebrafish infection experiments were carried out as previously
reported [84]. Before being injected into the zebrafish, bacterial cultures
(S. agalactiae strains G1-9, Aalp-P1, CAalp-P1, GD201008-001, Aalp-P2, and
CAalp-P2) in the mid-log growth phase were washed twice in PBS and
adjusted to appropriate doses (CFU per fish). Zebrafish were anesthetized
with tricaine methanesulfonate (MS-222) and were then intraperitoneally
injected with 20 pl of 10-fold serially diluted suspensions of bacteria. Each
treatment group included 15 zebrafish, incubated in plastic containers for
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120h at 28°C, and the mortality was monitored in three parallel
experiments. Fish in the control group were injected with an equal
volume of PBS. The 50% lethal dose (LDsg) values were calculated by the
Reed-Muench method [85].

Male ICR mice (4-5 weeks of age) were purchased from the Experimental
Animal Center, Yangzhou University. To assess potential virulence, mice
were divided into six groups (six Streptococcus strains, G1-9, Aalp-P1,
CAalp-P1, GD201008-001, Aalp-P2, and CAalp-P2) and each group was
further divided into two subgroups (two concentrations, 10°-107 CFU per
mouse of G1-9 and its derivants or 10'-10% CFU per mouse in GD201008-
001 and its derivants, n=10 mice for each treatment group). Mid-log
growth phase bacteria were washed twice in PBS and adjusted to
appropriate doses (CFU per mouse). All experimental groups were injected
intraperitoneally with 100 pl of the 10-fold-diluted bacterial suspension.
The control group was injected with 100 ul PBS. For the infection
experiment, groups of five mice were intraperitoneally infected with
matched inocula in a predetermined dose of 5x 10’ CFU per mouse in
strain G1-9 and its derivants or 5 x 10> CFU per mouse in strain GD201008-
001 and its derivants. The control group was injected with PBS. Samples
were taken at 16 h post-infection. Blood was collected and the livers,
spleens, and brains were obtained aseptically. The organs (0.05g per
organ) were trimmed, placed in 500 pl of PBS, and homogenized in a high-
speed homogenizer. Then the homogenate and blood samples in PBS
were spread by serial dilution onto THA plates and incubated overnight at
37°C. Colonies were counted and expressed as CFU g~ for organ samples
or CFU ml™" for blood samples.

Statistical analysis

Statistical analysis was performed using SPSS 20.0, and graphs were
generated using GraphPad Prism 7 and R. All experiments were repeated
at least in triplicate, and the values were presented as the mean + standard
deviation. A one-way ANOVA was used in the analysis of the transfer assay,
cell adhesion and invasion, and mouse systemic infection, and a log-rank
(Mantel-Cox) test was used in the analysis of the survival curves of
zebrafish and mouse infection models. Differences among the groups were
considered statistically significant with P < 0.05.

DATA AVAILABILITY

All data are available in the main text or the supplementary materials.
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