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The rise of antibiotic resistance in Staphylococcus aureus is a major threat to
global health. Resistance often emerges when bacteria acquire foreign DNA
elements, such as the SCCmec cassette that makes strains resistant to nearly all
B-lactam antibiotics. Yet, not all S. aureus lineages take up these elements
equally, raising the question of what prevents some strains from becoming
drug-resistant. Here we identify a previously unknown defence factor that
explains this mystery in a common skin lineage (ST188), frequently isolated
from patients with atopic dermatitis. Such defence factor is encoded by a gene,
which we name sadR, that is present in methicillin-susceptible ST188 strains
but absent from resistant counterparts. SadR exhibits RNase activity that
provides anti-bacteriophage and anti-plasmid defence, thus acting as a barrier
to the uptake of mobile genetic elements. Gene sadR is found in methicillin-
susceptible strains in S. aureus lineages other than ST188, and is consistently
located adjacent to rimH, the canonical SCCmec integration site. Moreover,
SadR homologues are widespread across staphylococci and other bacteria
suggesting a previously unrecognised family of RNase-based defence systems.

Staphylococcus aureus is a versatile and opportunistic pathogen cap-
able of causing a wide range of infectious diseases, ranging from skin
and soft tissue infections to life-threatening systemic infections. The
ability of S. aureus to cause such diverse diseases is attributed to its
genomic diversity. The genome structure of S. aureus is characterised
by a conserved core genome, into which various mobile genetic ele-
ments (MGEs) carrying exogenous genes, such as bacteriophages and
pathogenicity (resistance) islands, are incorporated or acquired as
plasmids'™. This results in the formation of various populations with
unique virulence and antimicrobial resistance traits®. A notable
example is methicillin-resistant S. aureus (MRSA), which emerges from

methicillin-susceptible S. aureus (MSSA) that has acquired the SCCmec
element containing the mecA gene—whose product PBP2" exhibits
decreased penicillin-binding ability—becomes resistant to virtually all
B-lactams>®. The number of deaths caused by MRSA increased from
1990 to 20217%, posing a public health concern. MRSA continues to be
classified as a high-priority pathogen owing to its substantial estimated
burden.

Although MGEs play crucial roles in the plasticity and patho-
genicity of S. aureus, the mechanisms by which various S. aureus
lineages accept or block MGEs are not fully understood. A thorough
examination of S. aureus strains revealed that the resistance
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phenotype does not appear in all lineages at the same rate. Our
comprehensive genomic surveillance of S. aureus isolates from
lesions of patients with atopic dermatitis (AD) in Japan demonstrated
that sequence type (ST)188 was one of the most frequently detected
lineages, showing a strong correlation with AD’. The ST188 lineage
exhibited a notable absence of the mecA gene, enterotoxin genes,
and a paucity of other antimicrobial resistance genes (ARGs),
which are thought to be acquired via MGEs. However, it remains
unclear why STI88 strains maintain MSSA lineages. Recently, we
discovered a new genome registry of MRSA-ST188 isolated in Viet-
nam in a public database'®. MRSA-ST188 carries plasmids encoding
multiple ARGs as well as prophages and staphylococcal pathogeni-
city islands (SaPIs). These strains offer a natural approach for dis-
secting the molecular barrier that shields ST188 from acquiring
mobile genetic elements.

Here, we conducted a genomic comparison of MSSA-ST188 and
MRSA-ST188, along with a search for the defence mechanisms of ST188
S. aureus. We identified an abortive infection C-terminal domain
(Abi_C)-containing RNase (SadR, S. aureus defensive RNase) with an
unknown function. Notably, this protein was present in all MSSA-ST188
isolates but not in MRSA-ST188 isolates. SadR blocked various phage
infections and reduced plasmid transformation efficiency, suggesting
its role in preventing the horizontal transfer of MGEs. This study
highlights that SadR erects a lineage-specific barrier that limits MGEs
and may help to preserve the methicillin-susceptible state of ST188 and
related lineages.

Results

Comparative genomic analysis of MSSA- and MRSA-ST188

To identify candidate proteins responsible for defending against MGEs
in S. aureus ST188, we conducted a comparative genomic analysis
between MSSA-ST188 and MRSA-ST188.

First, we selected predicted and characterised protein from
open reading frames exclusively present in MSSA-ST188 but not in
MRSA-ST188 (Supplementary Data 1). We then characterised the
domains of the candidate proteins (Fig. 1a). Among the candidate
defence system proteins identified, an abortive infection C-terminal
domain-containing protein was present in all MSSA-ST188 strains
(Fig. 1a, and Supplementary Data 1) and was designated as SadR. In
contrast, none of the MRSA-ST188 strains, including those from
Vietnam and pig farms, harboured SadR. In this context, SadR is a
candidate protein that restricts the acquisition of diverse MGEs, such
as phages and plasmids, which can carry clinically important anti-
microbial resistance and virulence genes.

We next constructed a maximum-likelihood phylogenetic tree
based on core-genome alignments (core threshold > 95%) of 193 ST188
isolates, including 106 from Japan and 87 from other countries (Fig. 1b;
Supplementary Data 2). All 148 SadR-positive ST188 strains (black cir-
cles) were MSSA, with the exception of two strains (blue squares in
Fig. 1b). All SadR-negative ST188 strains were MRSA. In addition, we
quantified the number of insertion sequences (ISs) and ARGs between
SadR-positive (SadR) and -negative ST188 strains (no-SadR). SadR-
positive strains carried on average 0.8 +1.2 (Cl: 0.6-1.0) ARGs per
genome, whereas SadR-negative strains (no-SadR) carried 5.1+1.1 (CI:
4.7-5.4) ARGs per genome (Fig. 1c). Similarly, SadR-positive strains
harboured 30.5+4.1 ISs per genome (CI: 29.8-31.2), compared with
43.4+34 ISs per genome in SadR-negative strains (Fig. 1c; ClI:
42.4-44.4). These results indicate that SadR-positive strains carry
fewer ARGs and ISs per genome than SadR-negative strains. We further
characterised the genetic context of the sadR gene in MSSA
ST188 strains isolated from several countries (Fig. 1d). Notably, sadR
was located downstream of rimH, whose 3’ terminus is the canonical
integration site for the SCCmec element. In contrast, in MRSA-ST188
strains, the SCCmec element was located at the 3’ end of rlmH, and the
sadR gene together with its putative promoter region was absent,

whereas the downstream genes at this locus retained the same orga-
nisation as in MSSA-ST188 (Fig. 1d).

SadR confers resistance to phages and reduces plasmid
acquisition

Next, we assessed the defence activity of SadR against MGEs such as
phages and plasmids. In spot assays, expression of SadR in RN4220
(RN4220 pLI50/sadR) reduced plaque formation of multiple phages,
including 80«, @55 and S24-1, by approximately 10-10,000-fold
(Fig. 2a). We also assessed a strain carrying chromosomally integrated
sadR (RN4220/sadR(chr)) to evaluate defence activity from a single-
copy locus. RN4220/sadR(chr) showed resistance to 80a and 55, but
not to S24-1 (Fig. 2a). Overall, SadR conferred defence against multiple
phages at both plasmid-borne and single-copy chromosomal expres-
sion levels (Fig. 2a).

We further assessed SadR’s defence activity by inducing pro-
phages in 197 S. aureus strains isolated from various clinical strains of
diverse MLST (Supplementary Data 3). We found that SadR blocked
several clinically derived temperate phages. Both RN4220 pLI50/
sadR and RN4220/sadR(chr) reduced the efficiency of plating (EOP)
against temperate phages isolated from several STs (ST88, ST5, and
ST45) by 10-1000-fold. In contrast, SadR did not reduce the EOP of
temperate phages isolated from ST20, ST380, and ST1516 (Fig. 2b).
Our data indicated that SadR can partially block several temperate
phages from various MLST strains that were isolated from clinical
settings.

To identify phage determinants associated with escape from
SadR-mediated defence, we isolated an 80a escape mutant (e80«) that
was less sensitive to SadR-mediated defence. Whereas the parental
80a phage exhibited an approximately 10,000-fold reduction in EOP
on RN4220/sadR(chr), e80a showed only an approximately 10-fold
reduction (Supplementary Fig. 1a). Whole-genome sequencing identi-
fied a nonsynonymous substitution (D143Y) in a gene encoding a
single-strand annealing protein (Supplementary Fig. 1b).

We compared the plasmid transformation efficiency between
wild-type RN4220 and RN4220/sadR(chr). Using plasmids with differ-
ent origins of replication (pLI50, pLCl, and pKOR), the normalised
transformation efficiency of WT RN4220 was set to 100%, and RN4220/
sadR(chr) (SadR +) showed reduced transformation efficiencies for all
three plasmids (3.4 + 3.8% for pLI50, 4.9 + 7.0% for pLC1, and 3.2 + 7.1%
for pKOR). Overall, the RN4220/sadR(chr) strain retained ~3-5% of the
transformation efficiency of RN4220 (Fig. 2c). We attempted to
demonstrate SCCmec exclusion by introducing the SCCmec element
via natural transformation; however, we were unable to reproduce this
natural transformation in S. aureus.

Overall, our results demonstrate that SadR provides defence
against various phages and restricts plasmid transformation.

SadR exhibits RNase activity

Structural prediction suggested that SadR adopts a helix-turn-helix
fold (Supplementary Fig. 2). Structural comparison identified that
SadR shares structural similarities with DNA helicase and/or CRISPR-
Cas systems, which have been observed to exhibit DNase and/or RNase
activity and predicted a Higher Eukaryotes and Prokaryotes
Nucleotide-binding (HEPN) domain in the C-terminus of SadR (Sup-
plementary Data 4), implying its potential as a nucleotide-binding
protein.

Our in vitro study demonstrated that SadR degraded both ssSRNA
and total RNA in the presence of Mg?* ions (Fig. 3a) but did not
degrade dsDNA, ssDNA, or dsRNA (Fig. 3b). The SadR protein encoded
by MSSA-STI88 is 30.4kDa (266 aa). Our Native-PAGE analysis
revealed that the purified SadR band appeared at approximately
66 kDa (Fig. 3c).

We searched the HEPN-type RNase motif (R®X{3-5}H), where “®”
represents polar amino acids, such as N, H, T, or Q, and “X” represents
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any 3-5 amino acid residues, with histidine being highly conserved. We
found the presence of the HEPN-RNase motif “RNEYGDAH” within the
Abi_C-terminal domain region of SadR. The three mutant SadR pro-
teins (R225A, N226A, and H232A) demonstrated a loss of the capacity
to degrade single-stranded RNA and total RNA (Fig. 3d). Overall, SadR
possesses an RNase motif similar to that of other HEPN-type RNases.
Furthermore, we found that the three-SadR mutants lost their defence
activity (Fig. 3e). Overall, these findings confirmed that the SadR HEPN-
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type RNase motif is essential for both the RNase and phage defence
activities.

SadR is distributed in the genus Staphylococcus

To explore the evolutionary distribution and genomic context of SadR,
we analysed its prevalence across the Staphylococcaceae family and its
association with SCCmec elements and lineage types. We first analysed
the distribution of SadR homologues in Staphylococcaceae. We then
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Fig. 1| Discovery of the SadR protein. a Identification of candidate defence sys-
tems in Methicillin-susceptible Staphylococcus aureus (MSSA)-ST188 (n =275) iso-
lates and comparator Methicillin-resistant Staphylococcus aureus (MRSA)-ST188
isolates (n=12) from a Vietnamese ICU and (n = 8) from pigs in Japan. Defence-
associated protein domains were detected using HMMER searches against the
Pfam-A v35 database. A clustered heatmap shows the presence (red) or absence
(blue) of candidate defence determinants across isolates, with associated metadata
(isolation source, host, and country) indicated alongside. b Phylogenetic analysis of
193 ST188 core genomes. Circle size on internal branches indicates bootstrap
support. Blue squares denote MRSA isolates. In the SadR track, black-filled circles
indicate strains harbouring SadR, whereas open circles indicate strains lacking
SadR. Bars show the number of antimicrobial resistance genes (ARGs) and insertion
sequences (ISs) for each strain. ¢ The numbers of ARGs and ISs were compared
between SadR-positive (n =148) and SadR-negative (n = 45) S. aureus strains shown
in Fig. 1b. Here, n denotes the number of strains analysed in each group. The y axis
indicates the number of ARGs or ISs in each S. aureus strain. SadR-positive and

SadR-negative strains correspond to the black-filled and open circles in Fig. 1b,
respectively. Statistical analysis was performed using the two-sided Mann-Whitney
U test to compare ARG and IS counts between SadR-positive and SadR-negative
strains. Violin plots show the distribution of the data, with individual points
representing each data point. Box plots embedded within the violin plots sum-
marise the data: boxes indicate the interquartile range, with the lower and upper
bounds representing the 25th and 75th percentiles, respectively. Whiskers extend
to the minimum and maximum values. d Comparison of the genomic organisation
of the sadR locus among nine globally sourced ST188 isolates. Seven MSSA-ST188
isolates from different countries and two MRSA-ST188 isolates from Korea
(NZ_CP015817.1) and the USA (NZ_PNPF01000027.1) were included. Key genes
(sadR, rlmH, mecA, and mecR) are shown as purple, red, magenta, and blue arrows,
respectively. Syntenic regions flanking sadR are highlighted to illustrate conserved
gene order and structural variation between MSSA and MRSA isolates. Source data
are provided as a Source Data file.

examined 27,655 genomes from the Staphylococcaceae family and
other related genera, including Abyssicoccus, Aliicoccus, Cytobacillus,
Gemella, Jeotgalicoccus, Macrococcus, Nosocomiicoccus, Salinicoccus,
Pseudobacillus, and Bacillus. We detected SadR homologues in
approximately 3.5% (961/27,655) of genomes. Although S. aureus was
the species most frequently found to harbour SadR, homologues were
also identified in other species, including more than 15 Staphylococcus
species (eg., S. epidermidis and S. argenteus) (Supplementary Data 5
and Supplementary Fig. 3). Based on this analysis, we focused on SadR-
positive Staphylococcaceae genomes to determine whether the pre-
sence of SadR is associated with reduced acquisition of mobile genetic
elements, including ARGs and SCCmec—and whether the genomic
synteny surrounding sadR is conserved or variable across clades.

Phylogenetic analysis of SadR amino acid sequences revealed that
the homologues clustered into seven distinct clades (A-G) (Fig. 4a).
Clade A was strongly associated with the ST188 lineage but was also
detected in several other STs. Within each ST, SadR prevalence was
calculated as the number of SadR-carrying strains divided by the total
number of strains in that ST. Clade A SadR was detected in ST188 (135/
139, 97.1%), ST25 (64/65, 98.5%), and ST3926 (28/29, 96.6%), as well as
in several additional STs (Supplementary Data 6). Among clade
A-positive genomes, 261/274 (95.3%) were MSSA (Fig. 4b). SadR
homologues in clades E and F were also enriched in MSSA backgrounds
(among clade-positive genomes: clade E, 31/38 (81.6%) MSSA; clade F,
27/27 (100%) MSSA) (Fig. 4b). Within-ST prevalence of clade E included
ST692 (4/14, 28.6%), S. auricularis (5/15, 33.3%), and S. cohnii (3/80,
3.8%), with additional low-frequency occurrences in other STs (Sup-
plementary Data 6). Clade F was detected in ST479 (8/9, 88.9%), ST1651
(5/5, 100%), with additional low-frequency occurrences in other STs
(Supplementary Data 6).

In contrast, clades B-D were predominantly found in MRSA
backgrounds (among clade-positive genomes: clade B, 87/87 (100%)
MRSA; clade C, 223/225 (99.1%) MRSA; clade D, 292/306 (95.4%) MRSA)
(Fig. 4b, c). The associated ST backgrounds were diverse. For example,
within-ST prevalence of clade B included ST30 (35/333, 10.5%) and S.
argenteus ST2250 (17/131, 13.0%), with additional low-frequency
occurrences in other STs (Fig. 4c). Clade C was detected in ST22 (43/
1,486, 2.9%) and ST125 (42/44, 95.5%), with additional low-frequency
occurrences in other STs (Fig. 4c). Clade D was detected mainly in ST8
(80/2434, 3.3%), ST5 (76/2,927, 2.6%), and ST80 (39/52, 75.0%) (Fig. 4c,
Supplementary Data 6). Clade B SadR almost always co-occurred with
SCCmec IV (Supplementary Data 5). SCCmec IV was also frequent in
other SadR-positive MRSA lineages, occurring in 71.1% of clade C and
91.8% of clade D genomes.

As confirmed by functional assays, clade B SadR demonstrated the
ability to defend against phage 80a (Supplementary Fig. 4a). Quanti-
tative PCR revealed that transcription levels of clade A and B sadR were
similar in the presence or absence of phage 80a, indicating that their

expression is independent of phage induction under the tested con-
ditions (Supplementary Fig. 4b).

Complete genome sequence data of the ST188 strain JP109 indi-
cated that the SadR-coding gene was located just downstream of rimH
(formerly annotated as orfX), through which SCCmec was inserted to
convert MSSA to MRSA (Fig. 1d). We therefore analysed the 30-kb
upstream and downstream sequences of sadR genes in representative
strains and complete S. aureus genomes available in the NCBI database.
Our analysis provided a clear view of the genomic locations of sadR
gene homologues, as shown in Fig. 4d. sadR genes belonging to clades
A, E, and F were located just downstream of the rlmH gene, while sadR
genes in clades B, C, and D were downstream of the rlmH gene and at
the 3’ end of the SCCmec element (Fig. 4d). To investigate whether
sadR is located within or outside the SCCmec element, we searched for
SCCmec-specific direct repeats (DR; AGAAGCATATCATAA) and inver-
ted repeats (IR; CATATCATAAATGATGCGGTTTTTT). The sadR gene
was located within the SCCmec boundaries defined by the DR and IR
sequences (Fig. 4d), indicating that sadR was co-transferred with
SCCmec upon chromosomal integration in MRSA lineages. Overall,
SadR clades A/E/F were predominantly found in MSSA strains and were
located downstream of rimH, whereas SadR clades B/C/D were enri-
ched in MRSA strains and were located within SCCmec.

Given the distinct genomic contexts of SadR, we quantified ARG
and IS counts as proxies for overall MGE content across strains car-
rying different SadR clades. We compared the number of MGEs,
including ARGs and ISs, across the strains encoding different SadR
clades. Average ARG counts differed among strains harbouring each
SadRclades: A,0.8+1.0;B,2.7+1.0;C,4.4+1.9;D,3.7+1.9;E, 2.3 £ 3.6;
F, 0.5+£13; and G, 4.5+3.3 (Supplementary Fig. 5a), indicating that
strains carrying SadR clades A/E/F tend to harbour fewer ARGs than
strains carrying other clades. IS counts showed a similar pattern
(Supplementary Fig. 5b): A, 28.0+6.0; B, 31.0 +5.5; C, 36.5+12.3; D,
36.6 £11.5; E, 32.9 £11.9; F, 31.3 £16.0; and G, 40.3 + 6.9. Furthermore,
when clades A, E, and F were considered together, genomes carrying
these clades harboured 0.9 +1.5 (Cl: 0.76-1.09) ARGs, whereas gen-
omes lacking clades A/E/F harboured 4.1 +2.7 (Cl:4.0-4.1) ARGs, cor-
responding to an approximately 4.6-fold difference (Supplementary
Fig. 5c). Taken together, our results indicate that strains carrying SadR
clades A/E/F tend to have a lower MGE burden than strains carrying
other SadR clades or lacking SadR.

Abi_C domain-containing proteins are widespread in bacterial
classes and possess a conserved HEPN motif in the

C-terminal domain

To investigate the conservation and functional characteristics of Abi_C
domain-containing proteins, we analysed their distribution and
assessed the presence of additional domains (Supplementary Data 7).
A phylogenetic analysis of 2,815 Abi_C domain-containing proteins,
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Fig. 2 | Phage- and plasmid-blocking ability of SadR. a Spotting assay for several
types of phages (80a, (55, and S24-1) against RN4220, RN4220 pLI50/sadR, and
RN4220 with chromosomally integrated sadR (RN4220/sadR(chr)). A 10-fold dilu-
tion series of phages was used in the spotting assay. b Defence activity against
temperate phage preparations induced from 197 clinical Staphylococcus aureus
isolates in Japan. Temperate phage lysates were induced with mitomycin C from
each isolate. JP identifiers (e.g., JP19) denote the prophage lysate induced from the
corresponding isolate (Japan clone 19). Colours indicate the MLST (sequence type)
of the S. aureus isolate from which each temperate phage was obtained. Efficiency
of plating (EOP) on RN4220/sadR(chr) was calculated as the number of plaques
formed on RN4220/sadR(chr) divided by the number of plaques formed on the
parental RN4220 strain. EOP on RN4220 pLI50/sadR was calculated as the number
of plaques formed on RN4220 pLI50/sadR divided by the number of plaques
formed on the control strain (RN4220 pLI50). Experiments shown in a and b were

performed once. ¢ Plasmid transformation assay to assess SadR-mediated defence
using E. coli-S. aureus shuttle vectors (pLISO, pKOR, and pLC1). Transformation
efficiency of RN4220/sadR(chr) was normalised to the mean transformation effi-
ciency of RN4220 measured within the same experimental run (RN4220 =100%),
and RN4220/sadR(chr) was compared with this normalised control. The experi-
ment was performed independently five times. Violin plots show the distribution of
the data, with individual points representing each data point. Box plots embedded
within the violin plots summarise the data: boxes indicate the interquartile range,
with the lower and upper bounds representing the 25th and 75th percentiles,
respectively. Whiskers extend to the minimum and maximum values. P values were
calculated using a two-way ANOVA (host: P=9.6 x 1075; plasmid: P=0.92; host x
plasmid interaction: P=0.99), followed by the Games-Howell post hoc test. Source
data are provided as a Source Data file.

performed using an approximately maximum-likelihood approach,
showed that these proteins are broadly distributed across diverse
bacterial classes, including Bacilli, Gammaproteobacteria, Alphapro-
teobacteria, Betaproteobacteria, and Actinomycetes, as well as several
additional classes (Fig. 5a). Abi_C domain-containing proteins were
classified into five distinct types based on their N-terminal domains
(NTDs) (Fig. 5b). Proteins with no NTD or AbiJ-NTD3 domain-contain-
ing proteins were broadly distributed across multiple bacterial classes,
and Sdh5 domain-containing proteins were exclusively found in Bacilli.

These results suggest that the presence of specific NTDs reflects
bacterial-specific adaptation or functions.

To classify SadR proteins, we used two widely used tools for phage
defence system detection: Defence-finder and PADLOC. Defence-
Finder classified 1,593 of the 2,815 Abi_C proteins (56.6 %) as members
of the AbiJ family, leaving the remaining unassigned, whereas PADLOC
did not match any Abi_C sequence to a known defence system. Thus,
although more than half of the Abi_C repertoire was sufficiently similar
to be labelled as AbiJ, a substantial fraction still fell outside current
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classifiers. This suggests that the Abi_C domain-containing protein and
Abi] represent either a single but highly divergent defence family or
several closely related systems (Fig. 5a). The function of the Sdh5
domain (succinate dehydrogenase assembly factor 2) in phage defence
systems is not yet fully understood.

To further explore the functional characteristics of SadR-
containing proteins, we examined whether they possessed the
HEPN-type RNase motif. Our analysis of 120 amino acid residues
within the Abi_C-terminal domain region led to the identification of a
conserved HEPN RNase motif. A highly conserved R®XH RNase
motif, in which X mainly consists of three to five variable residues,
was detected across all bacterial classes (Fig. 5c). We analysed the
length of the “X” region within the RNase motif and found that Abi_C
domain-containing proteins exhibited a distribution spanning 2-6
residues, with five residues being the most frequent across all bac-
terial classes examined (Fig. 5d).

Discussion

Based on our in vitro evidence that SadR restricts phage infection
and plasmid acquisition, together with comparative genomic
patterns across lineages, we suggest that SadR in clades A, E, and F
contributes to reduced permissiveness to MGEs. Although these
in vitro assays capture only a subset of the selective pressures
operating in natural settings, the functional data, together with the
observation that several MSSA lineages retain conserved SadR
homologues, are consistent with a role for SadR in constraining
the acquisition of MGEs that carry ARGs and virulence genes, and
may also influence SCCmec acquisition. However, the presence of
SadR within SCCmec in some strains indicates that it does not
universally prevent cassette acquisition, highlighting that its effect
may be context-dependent. We found that Macrococcus hajekii
carries a SadR homologue located immediately downstream of the
rlmH gene but does not carry SCCmec-related elements (Supple-
mentary Fig. 6). Macrococcus belongs to the family Staphylo-
coccaceae, and Staphylococcus and Macrococcus diverged from a
common ancestor”. This suggests that strains harbouring SadR
protein in clades A, E, and F may have originated from a common
ancestor carrying the sadR gene just downstream of the rimH gene.
Conversely, MRSA lineages, in which sadR is typically located
within most type IVc SCCmec elements, may have acquired sadR
more recently via a similar SCCmec element and gained the
defence activity of SadR following an earlier phase of increased
MGE permissiveness in the absence of SadR. It has been reported
that the SCCmec region accumulates various defence systems, and
notably, AbiJ, which is a homologue of SadR, is the most prevalent
defence system after Type-l RM“. However, the evolutionary
mechanism of such packaging of antimicrobial resistance, that is,
mecA and defence mechanisms in the SCCmec element, remains
unclear. The presence of sadR immediately downstream of rimH in
MSSA, in contrast to its integration within the SCCmec element in
MRSA, suggests distinct evolutionary histories for these loci and
warrants further investigation. Given our discovery that the sadR
gene confers defence against both plasmid transformation and
phage infection, it likely plays a critical role in shaping horizontal
gene transfer dynamics and bacterial fitness. Its incorporation into
SCCmec may indicate selective pressure favouring the colocalisa-
tion of defence and antimicrobial resistance mechanisms, poten-
tially enhancing the adaptability of MRSA in clinical settings. It
remains unclear how SadR maintained non-toxicity under normal
growth conditions while restricting incoming MGEs. The identifi-
cation of an 80a escape mutant (Supplementary Fig. 1) carrying an
amino-acid substitution in a single-strand annealing protein raises
the possibility that SadR is activated during phage infection
through interaction with one or more phage-encoded proteins or
through recognition of infection-associated DNA replication or

recombination intermediates. A similar principle may operate
during SCCmec entry or integration, where replication inter-
mediates, ssDNA-containing structures, or replication-associated
processes could provide molecular cues for SadR activation. Fur-
ther studies will be needed to elucidate the molecular mechanism
by which SadR is activated and contributes to the restriction of
diverse incoming MGEs.

Recently, more than 150 novel defence systems against phages
and plasmids have been discovered in E. coli*", Pseudomonas
aeruginosa®, and S. aureus” as well as in comprehensive bacterial
metagenomic databases', with their mechanisms being increasingly
elucidated. Defence systems are likely associated with the acquisition
and exclusion of MGEs harbouring ARGs, virulence genes, and other
accessory genes. Therefore, the distribution of defence systems is a
key factor in understanding increased pathogenicity, niche adaptation,
and colonisation in clinical settings. However, the relationship
between diverse defence systems and acquisition of virulence traits in
clinical isolates remains unexplored”. Phage defence systems have
often been discovered on genomic islands such as prophages and
integrons'®"’. The distribution of defence systems varies depending on
the strain and/or lineage. For ST188, our data suggest that SadR is a key
factor in the low acceptance rate of MGEs. It has been reported that
other STs, such as ST97 and ST15, exhibit very low MRSA rates and
prevalence of pathogenicity genes’*, but they do not possess the
SadR defence system. These observations imply that lineage-specific
defence systems play a central role in shaping the antimicrobial and
pathogenic potential of S. aureus.

The HEPN RNase motif of Abi_.C domain-containing proteins
predominantly exhibited five unique residues in this region, suggest-
ing that Abi_C domain-containing proteins constitute a novel super-
family within the HEPN-type RNase family. These findings highlight the
evolutionary and functional diversity of Abi_C-containing proteins
across bacterial phyla. The Abi_C-terminal domain was first identified
in the Abi-859 protein encoded on the plasmid pND859, carried by
Lactococcus lactis, and Abi-859 was named as “Abi)” in 2005%.. Given the
nonspecific RNA degradation activity of most HEPN-type RNases,
Abi_C appears to be a nonspecific RNase (Fig. 3).

A key strength of this study is the use of matched comparisons
within the same genomic background across an extensive set of clin-
ical isolates. By comparing closely related MSSA and MRSA strains
within the same ST, we minimised confounding by broader lineage
structure and identified defence determinants linked to reduced MGE
“acceptance”. This within-ST framework is particularly important
because many defence systems are themselves MGE-encoded, and
analyses that do not control for genomic background can be biased by
co-mobilisation.

This study also has limitations. We attempted to directly test
whether SadR inhibits SCCmec acquisition using a natural
competence-based approach; however, we were unable to repro-
ducibly establish natural competence under our experimental condi-
tions. Moreover, although our comparative genomics and in vitro
assays support a role for SadR in restricting MGEs, we cannot fully
disentangle its contribution from these contextual drivers, and our
in vitro assays do not capture the full complexity of MGE transmission
and selection in hospital environments. Finally, whether SadR can
confer phage-defence activity across diverse bacterial species remains
an important open question from both evolutionary and applied
perspectives.

In summary, this study marks the first step toward uncovering the
intricate relationships between various defence systems and the
acquisition of MGEs that confer pathogenicity and antimicrobial
resistance to microbes, and these findings not only deepen our
understanding of lineage-specific defence mechanisms, but also pro-
vide a foundation for exploring new therapeutic strategies targeting
bacterial virulence and antibiotic resistance.
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Fig. 3 | SadR RNase activity assay. a RNase activity of SadR with or without MgCl,
in PBS buffer. Retron-Ec83 msRNA and total RNA derived from S. aureus

USA300 strain were used to assess SadR RNase activity. The lanes were derived
from the same gel; intervening lanes were removed, and splice boundaries are
indicated by a vertical line. Unprocessed gel image was provided in the Source Data.
b SadR nucleotide degradation activity for dsDNA, ssDNA, and dsRNA. Purified
SadR protein was mixed with each type of nucleotide. ¢ Native-PAGE (poly-
acrylamide gel electrophoresis) analysis of purified SadR; 12.5% acrylamide precast
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gel was used in this analysis. The lane labelled “M” indicates the protein marker.
d Degradation activity of three SadR mutants (R225A, N226A, and H232A) against
ssRNA and total RNA. Experiments shown in (a-d) were performed once. e Phage
plating assay of SadR mutants against phage 80a. RN4220 carrying pLISO expres-
sing SadR or the indicated mutants was challenged with phage 80« to assess
defence activity. Three independent experiments were performed. Source data are
provided as a Source Data file.

Methods

Media and buffers

E. coli was grown in Luria-Bertani (LB) broth (BD Difco, Franklin Lakes,
NJ, USA) or LB agar (BD Difco). S. aureus was grown in tryptic soy broth
(TSB) and Tryptic soy agar (TSA) (BD Difco), unless otherwise speci-
fied. Phosphate-buffered saline (PBS) (8.0g NaCl, 0.2g KCl, 144 g
Na,HPO,, and 0.24 g KH,PO, per litre) was used to dilute bacterial
solutions, and sodium-magnesium (SM) buffer (5.8g NaCl, 2.0g
MgS0,.7H,0, 50 mL 1M Tris-HCI (pH 7.5), and 5 mL of 2% (w/v) gelatin
solution per litre) was used for phage storage and phage dilution.
When required, antibiotics were used at the following final con-
centrations: ampicillin (100 pg/mL), carbenicillin (100 pg/mL),

chloramphenicol (10 ug/mL), and anhydrous tetracycline (1ug/mL).
Unless otherwise specified, antibiotics were purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). All primers used in
this study were synthesised by Eurofins (SE, Luxembourg, France) and
are listed in Supplementary Data 10.

Bacteria and bacteriophages used in this study
Phages 80a and 55 were kindly provided by José R. Penadés (Imperial
College London). Phage S24-1 was previously isolated from sewage
samples in Japan®.

Temperate phage lysates referred to here as JP19, JP25, JP29, JP37,
JP38, JP39, JP42, JP43, JP49, JP50, JP51, JP60, JP129, JP152, JP154, JP158,
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F GCF_024741475.1 S. aureus

C GCF_000463055.1 S. aureus

B GCF_000159535.2 S. aureus

B GCF_023158915.1 S. argenteus

C GCF_001986135.1 S. aureus

D GCF_016903555.1 S. epidermidis
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Fig. 4 | SadR homologous proteins in Staphylococcaceae. a Amino acid phylo-
genetic tree of 961 SadR homologues identified from 27,655 Staphylococcaceae and
other related species genomes deposited in the NCBI database. SadR homologues
were detected using a local BLASTP search with an identity threshold of >80% and
coverage of >80%. SadR proteins were assigned to seven clades (A-G) based on
phylogenetic clustering: clade A (n =274), clade B (n = 87), clade C (n =225), clade D
(n=306), clade E (n=38), clade F (n=27), and clade G (n=4). b Sankey diagram
depicting the relationship among MRSA/MSSA status, SadR classification, and
species. ¢ Detailed heatmap of SadR-harbouring species and sequence types. The
percentages shown in the heatmap represent the proportion of SadR-harbouring
strains within each sequence type (ST). The top bar chart shows the percentage of
MRSA (red) and MSSA (blue) within each clade. The second bar chart shows the

total number of strains in each clade, partitioned into “major STs” (STs displayed in
the heatmap) and “minor STs” (all other STs not shown in the heatmap). The right
bar chart shows the number of strains in each ST, with colours indicating the
contribution of individual clades. The left colour strip indicates the species
assignment for each ST. "ST-" indicates strains or lineages for which a sequence
type could not be assigned using the MLST scheme applied in this study. All
information including other STs was described in Supplementary Data 6. d Geno-
mic organisation of the sadR locus across representative Staphylococcus species. A
30-kb region upstream and downstream of sadR was extracted from assemblies in
which the locus was contiguous, and representative genomes were visualised using
Clinker (https://github.com/gamcil/clinker). DR indicates direct-repeat sequences
flanking SCCmec. Source data are provided as a Source Data file.
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JP163, JP174, JP183, and JP193 were isolated from clinical strains by
induction with 1pg/mL mitomycin C (Nacalai tesque, Kyoto, Japan;
Catalogue: 20898-21).

Plasmid cloning and chromosomal integration
The sadR gene together with its predicted promoter region was ampli-
fied from S. aureus strain JP109 (ST188) using KOD FX Neo (TOYOBO,
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Osaka, Japan; Catalogue: KFX-201). PCR was performed under the fol-
lowing conditions: an initial denaturation at 95 °C for 3 min, followed by
35 cycles of 98 °C for 1 min, 55 °C (annealing temperature) for 30 s, and
68°C for 3min. The primers used for amplification were as follows:
forward, 5-ctggcttttataaggggagattaaatactaaaaataatattaaatac-3’; reverse,
5-cattatctcatattactttttgtatgaagataaaagaaattcg-3’. Both primers con-
tained 5" overhangs homologous to the pLI50 vector. The amplified sadR
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Fig. 5 | Distribution of Abi_C-containing proteins. a Approximate maximum-
likelihood phylogeny of 2,815 Abi_C-containing proteins retrieved by NCBI CD-
search. Additional domains detected by CD-search and the bacterial class of each
source organism are indicated. Proteins were classified into five types based on
their N-terminal domains (NTDs): no NTD (n =2,257), AbiJ-NTD3 (n =510), AbiJ-
NTD4 (n=3), AbiJ-NTDS (n=13), and Sdh5 (n =32). Known defence systems were
identified using der; black shading indicates proteins annotated as part of the AbiJ
system. b Co-localisation of additional domains with Abi_C-containing proteins.
The Sankey plot shows the distribution of Abi_C-containing proteins carrying other
domains across bacterial classes and orders. The schematic on the left illustrates
the domain organisation of representative Abi_C-containing proteins, indicating

the relative positions of the Abi_C domain and co-occurring domains. ¢ Conserved
predicted HEPN-type RNase motif in the C-terminal region of Abi_C-containing
proteins. The HEPN-type RNase motif was defined as ROXH, where ® denotes a
polar residue and X denotes a variable spacer of >3 amino acids between ® and the
conserved histidine (H). Sequence logos highlight conserved residues within the
predicted motif across major bacterial classes. d Length distribution of the variable
spacer (X) within predicted HEPN-type RNase motifs detected in Abi_C-containing
proteins. For each bacterial class, percentages were calculated as 100 x the number
of motif instances with each X-spacer length divided by the total number of pre-
dicted RNase motif instances detected in that class. Source data are provided as a
Source Data file.

gene was cloned into the E. coli-S. aureus shuttle vector pLISO plasmid »
using the NEBuilder HiFi DNA Assembly Kit (New England Biolabs, Ips-
wich, MA, USA, Catalogue: E2621S). The promoter region was predicted
using Softberry software (http://www.softberry.com/berry.phtml/).
Constructed plasmids were first transformed into E. coli using the heat
shock method and incubated on LB supplemented with ampicillin
(100 pg/mL). Plasmid constructs in £. coli DH5a were extracted using the
NucleoSpin Plasmid EasyPure kit (Takara Bio, Shiga, Japan; Catalogue:
U0727) according to the manufacturer’s instructions and subsequently
electroporated into S. aureus RN4220. The electroporated RN4220 cells
were incubated in TSB medium for 2 h at 37 °C, followed by plating onto
TSA supplemented with 10 ug/mL chloramphenicol. A sadR chromoso-
mal integration transformant was constructed using the temperature-
sensitive vector pIMAY as previously described®. Briefly, sadR gene and
its promoter region from JP109 (ST188) were cloned into the multi-
cloning site of pIMAY together with 500 to 600 bp homology arms
targeting the region downstream of rimH in RN4220. The homology
arms were cloned into pIMAY using NEBuilder. The constructed pIMAY
plasmid was transformed into E. coli. Thereafter, the plasmid was
extracted and transformed into RN4220 via electroporation, followed by
incubation on TSA at 37 °C in the presence of chloramphenicol to pro-
mote plasmid integration into chromosome. Subsequently, the over-
night culture was grown at 28 °C in antibiotic-free media to allow for
plasmid excision from the chromosome. Finally, the culture was plated
on TSA containing 1 pg/mL anhydrous tetracycline to screen for bacteria
that had lost the plasmid. Correct integration and plasmid curing were
verified by PCR and confirming the loss of chloramphenicol resistance.

Computational screening of candidate defence proteins

Amino acid sequences from ST188 S. aureus genomes from Japan were
queried against those from Vietnamese ST188 isolates using local
BLASTP v2.12.0 (https://ftp.ncbi.nlm.nih.gov/blast/executables/blast
+/LATEST/)* with an e-value threshold of <le-20. Sequences with no
detectable homologues (“O hits found”) were collected using SeqKit
(v.2.10.0) (https://bioinf.shenwei.me/seqkit/) with the “faidx” sub-
command from JP124 strain. Protein domains in these group exclusive
sequences were assigned using HMMER v3.3.2%° against the Pfam-A35
database with an e-value cutoff of 0.1. Proteins possessing domains
involved in antiphage defence systems (e.g. abortive infection and
nuclease) were manually defined as candidate defence systems in
MSSA-ST188. The tertiary structure of SadR was predicted using
AlphaFold3 (https://alphafoldserver.com/welcome)”. For structural
comparison, Foldseek (accessed in January 2023) (https://search.
foldseek.com/search)® was used with the ESMFold database. Fur-
thermore, to refine and complement the structural prediction and
functional analysis of the protein, the HHPred platform (accessed in
January 2024) (https://toolkit.tuebingen.mpg.de/tools/hhpred) was
employed with several databases implemented in HHpred, including
PDB_mmCIF70, SCOPe, Pfam-A, and PHROG as default settings. The
defence systems were detected using defence-finder (https://
defensefinder.mdmlab.fr/)* v1.2.2 and PADLOC* v1.1.0 with default
settings.

S. aureus isolation and genome sequencing

The S. aureus strains used in this study were previously isolated and
reported’. Pig isolates were obtained from ear swab samples. Briefly, S.
aureus was lysed using 2 uL of lysostaphin solution (5 mg/mL; FUJIFILM
Wako, Osaka, Japan; Cat. No. 126-06613), and a minimum activity of
>30 U per reaction based on the manufacturer’s specification, and
incubated overnight at 37 °C. S. aureus DNA was purified using the
Agencourt AMPure XP kit (Beckman Coulter, Brea, CA, USA) according
to the manufacturer’s protocol. Sequencing libraries were prepared
using Enzymatic 5x WGS reagents (BioStream, Tokyo, Japan) on a
Biomek i7 Workstation (Beckman Coulter). Paired-end reads
(2x150 bp) were generated using an lllumina HiSeq X Five platform
(Macrogen, Tokyo, Japan). Raw reads were quality-filtered and
assembled de novo with Shovill v1.0.9 (https://github.com/tseemann/
shovill) using default settings.

Core genome extraction and phylogenetic tree construction
Following assembly, contigs were annotated using Prokka® (v1.14.6)
(https://github.com/tseemann/prokka) (parameter --kingdom Bac-
teria) and the core genome was determined using Panaroo™ (v1.3.4)
(https://github.com/gtonkinhill/panaroo) with standard settings. A
maximum-likelihood tree was generated from the core gene alignment
file using RAXML-NG® v1.1 (https:/github.com/amkozlov/raxml-ng)
with a GTR + I substitution model. Bootstrap values were calculated
using 1000 replicates. The tree was visualised using iTOL (https://itol.
embl.de/)* with midpoint rooting. Metadata, including MLST, SCCmec
element, and ARGs, were detected using mlst v2.23.0 (https://github.
com/tseemann/mist), SCCrmec-staphopia v1.0.0*, and Resfinder®
implemented with Abricate v1.0.1 (https://github.com/tseemann/
abricate). For ARG detection, thresholds were set at >80% coverage
and >80% sequence identity (default settings). The SCCmec-specific
direct repeat (DR; AGAAGCATATCATAA) and inverted repeat (IR;
CATATCATAAATGATGCGGTTTTTT) sequences were manually sear-
ched within the SCCmec region, as previously reported® %,

S. aureus competent cells and transformation
S. aureus electrocompetent cells were prepared as described in Sato’o
et al.**, with slight modifications. Each RN4220 and RN4220/sadR(chr)
S. aureus colony was inoculated into B2low medium (per litre: 25¢g
yeast extract, 10 g tryptone, 10 g NaCl, 0.5% (w/v) glucose, and 1g K,
HPO, ; pH 7.5) and incubated overnight at 37°C with shaking at
200 rpm. The overnight culture was transferred into 100 mL of fresh
B2low medium and grown at 30 °C with shaking at 150 rpm until the
ODg¢oo reached 0.4-0.5. Cells were harvested by centrifugation at
4,000 x g for 10 min at 4 °C and resuspended in 30 mL of ice-cold 1.5 M
NaCl. Cells were pelleted again (4,000 x g for 10 min at 4 °C), resus-
pended in 10 mL of ice-cold 10% (v/v) glycerol, and centrifuged as
described above. The wash with ice-cold 10% (v/v) glycerol was repe-
ated at least five times. Competent cells were stored at -80°C
until use.

For transformation, competent cells were thawed at room tem-
perature for 5 min, pelleted at 5,000 x g for 1 min, and resuspended in
electroporation buffer (0.5 M sucrose and 10% (v/v) glycerol). Plasmid
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DNA was added, and cells were electroporated using an ELEPO21
electroporator (NEPA GENE, Chiba, Japan) under the following condi-
tions: Poring Pulse (voltage: 2,000V; pulse length: 2.5ms; pulse
interval: 50 ms; number of pulses: 1; polarity: +) and Transfer Pulse
(voltage: 150 V; pulse length: 50 ms; pulse interval: 50 ms; number of
pulses: 5; polarity: +/-). After electroporation, cells were recovered in
B2 medium (per litre: 25 g yeast extract, 10 g tryptone, 25 g NaCl, 0.5%
(w/v) glucose, and 1g K2 HPO4 ; pH 7.5) and plated on TSA containing
the appropriate antibiotics.

Natural transformation

Natural transformation was performed as previously described, with
modifications®®. Briefly, three biofilm-forming recipient strains
(FK3004icaR, FK30045bp, and FK3004rob)*' and RN4220/sadR(chr)
were grown overnight in TSB and then incubated at 37 °C for 3 h. Each
culture (750 uL) was collected and washed once with 750 uL of CS2
medium*. The washed cells were transferred to 6-well plates and
mixed with 250 uL of heat-killed SCCmec donor S. aureus (COL or
N315). For preparation of heat-killed donor S. aureus cells, COL and
N315 were cultured overnight in TSB at 37 °C with shaking at 200 rpm.
Each overnight culture (150 pl) was then inoculated into 3 ml of fresh
TSB medium and incubated at 37 °C for 3 h. Cells were heat-killed at
98 °C for 60 min, and complete killing was confirmed by plating on
TSA without any antibiotics. The resulting heat-killed donor cells were
used in the 6-well plate assay, in which plates were incubated at 37 °C
and the supernatant was replaced every 24 h with an equal volume of
fresh CS2 medium. Biofilm-associated cells were harvested by pipet-
ting and plated on brain heart infusion agar supplemented with 4 ug/
mL cefmetazole (Merck, Rahway, NJ, USA; Catalogue: C6048). Plates
were incubated at 37 °C for 48 h.

Phage susceptibility testing

S. aureus RN4220 harbouring the relevant plasmid was grown over-
night in TSB containing the appropriate antibiotics at 37 °C. Subse-
quently, 100 pL of the stationary-phase culture was mixed with 5 mL of
molten soft agar (TSB containing 0.6% (w/v) agar; supplemented with
chloramphenicol at 10 ug/mL when required) and overlaid onto TSA
plates. Phage suspensions (2.5 uL) from a 10-fold dilution series were
spotted onto the soft agar plates. Plates were incubated overnight at
37 °C before plaque formation was recorded.

Conservation phylogeny of Abi_C domain-containing protein

To detect SadR protein in other species, we collected all prokaryotic
amino acid sequences and genome sequences using ncbi-genome-
download (https://github.com/kblin/ncbi-genome-download) v0.3.1
and ncbi datasets v16.37.0%, focusing on Staphylococcaceae and
including representative outgroup genera (total n=27,655). The
dataset comprised Abyssicoccus (n=2), Aliicoccus (n=1), Gemella
(n=38), Jeotgalicoccus (n =16), Macrococcus (n = 30), Nosocomiicoccus
(n=11), Salinicoccus (n=24), Pseudobacillus (n=10), Staphylococcus
(n=20,499), Bacillus (n=6,959), and other genera (n=65). All meta-
data for the downloaded genomes were collected from https://ftp.
ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/. All accession num-
bers and species used for homologues of SadR proteins are listed in
Supplementary Data 8. Collected sequences were analysed using local
BLASTP (v.2.12) with the clade A SadR protein as the query, applying
thresholds of e-value <1e —20, query coverage > 80%, and sequence
identity > 80% to detect SadR homologues across all genomes. To
account for increased sequence divergence in certain non-Staphylo-
coccus taxa (e.g., Macrococcus), we additionally applied a relaxed
identity threshold (>60%) while keeping the e-value and coverage
thresholds unchanged. A phylogenetic tree was constructed using
Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo)
based on multiple alignments of SadR candidate protein sequences.
The SadR protein-based phylogenetic tree was visualised using iTOL.

Abi_C domain-containing proteins were detected using the NCBI
Conserved Domain (CD) search tool (accessed in November 2023,
Conserved Domain Database version v3.20) (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi), with an e-value threshold of <0.01.
Obtained sequences were further subjected to local BLASTp,
employing an e-value threshold of <0.001, and sequences with
less than 50% query coverage were discarded. Sequences
were aligned using MAFFT v.7.520*. Approximately-maximum-
likelihood phylogenetic trees were constructed using FastTree
v2.1.11* with JTT + CAT model. The constructed tree was visualised
using the iTOL software. HEPN-type RNase motif was defined as
previously reported***. For RNA motif detection, 120 amino acids
from the C-terminal were extracted using Seqkit v2.10.0** with
“subseq” subcommand. Subsequently, “locate” subcommand was
used to detect the HEPN-RNase motif sequences. The extracted
sequences were aligned using MAFFT software v.7.520. Amino acid
sequence logos were constructed using WebLogo3 (https://weblogo.
threeplusone.com/create.cgi), based on the aligned amino acid
sequences.

RNA extraction

S. aureus strains were incubated overnight in TSB at 37 °C. The cul-
ture was incubated until ODgoo reached 0.5, and the 80a phage was
added at a multiplicity of infection of 0.1 and incubated for 30 min.
The culture was centrifuged at 8000 x g for 3 min, and the super-
natant was discarded. Pellets were suspended using 700 uL of Trizol
reagent (Thermo Fisher Scientific, Waltham, MA, USA). Cells were
homogenised with glass beads for 45s at 5-min intervals. The sus-
pension was centrifuged at 11,363 x g for 15 min. Next, 500 uL of the
supernatant was transferred to a new tube, and the same volume of
70% (v/v) ethanol was added. Total RNA was extracted from RN4220
cells using the miRNeasy Mini kit (Qiagen, Venlo, Netherlands),
according to the manufacturer’s instructions. Total RNA concentra-
tion was measured at a wavelength of 260 nm using a NanoDrop
spectrophotometer.

RT-qPCR

Total extracted RNA (1.5 pg) was subjected to reverse transcription to
synthesise cDNA using the ReverTrace qPCR RT master mix with
gDNA remover (TOYOBO, Osaka, Japan; Catalogue: FSQ-301)
according to the manufacturer’s instructions. Quantitative reverse
transcription PCR was performed using SYBR Green master mix
(Thermo Fisher Scientific, Waltham, MA, USA, Catalogue; A66732),
which was mixed with 2 uL of cDNA. Primers were used to amplify the
sadR intergenic region. As internal controls, the transcription levels
of dnaA, dnak, and rpoB genes were also measured. qPCR was per-
formed using Applied Biosystems StepOne (Applied Biosystems,
Waltham, Massachusetts, USA) under the following cycling condi-
tions: 95 °C for 1 min, followed by 30 cycles of 95 °C for 15 s and 60 °C
for 30 s. The relative expression of sadR was determined using the
2% method, normalised to the transcription level of housekeeping
gene rpoB. All primers used for qPCR are listed in Supplementary
Data 10.

Temperate phage induction

S. aureus strains were incubated overnight at 37°C in 3 mL of TSB.
Subsequently, 200 uL of overnight culture was inoculated into 20 mL
of fresh TSB and incubated at 37°C until ODgoo reached 0.2-0.3.
Mitomycin C was added to a final concentration of 1ug/mL, the cul-
tures were further incubated for 5-6h, and then centrifuged at
10,000 xg for 15min. The supernatants were filtered through a
0.22um filter. The filtered supernatant was spotted onto soft agar
containing S. aureus RN4220 to assess the presence of temperate
phages, using the same media and plating conditions as described in
the “Phage susceptibility testing” section.
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Phage DNA sequencing

Genomic DNA was extracted from phages using the phenol/chloro-
form extraction method. Briefly, 1 mL of phage lysate was treated with
2uL of 10 mg/ml RNase A (Thermo, Catalogue; R1253) (final con-
centration, 20 ug/mL, corresponding to =100 U/mL) and 2uL (10 U)
DNase | (Takara Bio, Shiga, Japan, Catalogue; 2270 A), followed by
incubation at 37 °C for 1 h, and then 15 yL of 0.5M EDTA was added to
halt the reaction of DNase I. Thereafter, 4 uL of 20% (w/v) SDS and 2 uL
of Proteinase K (Kanto chemical, Tokyo, Japan, Catalogue; 34060-96)
were added to the reaction and then incubated at 65 °C for 15 min. The
DNA was purified by sequential extraction with Phenol:-
chloroform:isoamyl alcohol (25:24:1, v/v). After each extraction, the
sample was centrifuged at 17,750 x g for 3 min, and the upper aqueous
phase was transferred to a new tube. DNA was precipitated by adding
1/10 volume of 3 M sodium acetate and 2.5 volumes of ice-cold 100%
(v/v) ethanol, followed by incubation at -20 °C for at least 30 min. The
precipitated DNA was collected by centrifugation at 14,000 x g for
30 min. The pellet was washed twice with 70% (v/v) ethanol, air-dried
completely, and resuspended in 30 uL of TE buffer or sterile water.
DNA concentration and purity were assessed using a NanoDrop
spectrophotometer. Each phage DNA library was constructed using a
QIAseq FX DNA library kit (Qiagen, Venlo, Netherlands, Catalogue;
180473), and sequencing was performed using the Illumina MiSeq
platform, generating paired-end reads (2 x 300 bp). Raw reads were
assessed with FastQC (https://github.com/s-andrews/FastQC) v0.12.1.
Genome assembly was performed using Unicycler v0.4.8*°(parameters
--mode normal). The coverage and the number of reads were calcu-
lated using samtools v1.14*® (Supplementary Data 9). Annotation was
performed using Pharokka v1.7.3* (parameters --evalue 0.1).

SadR plasmid construction for expression and protein
purification

Wild-type sadR and site-directed variants were cloned into the His-
tag vector pET-16b (Merck) with the NEBuilder HiFi DNA Assembly kit
(New England Biolabs, Ipswich, MA, USA, Catalogue; E2621) following
the manufacturer’s instructions. For construction of the three
mutants (R225A, N226A, H232A), inverse PCR was performed on the
wild-type SadR-pET-16b plasmid as the template using Tks Gflex DNA
Polymerase (Takara Bio, Shiga, Japan, Catalogue; R060). All con-
structs were transformed into Escherichia coli Rosetta 2 (DE3)
(Merck, Catalogue; 71397) and transformants were selected on the
LB +100 ug/mL ampicillin. Transformants were cultured in 3mL
overnight. The overnight culture was inoculated into 1L LB medium
and grown at 37 °C, 200 rpm to ODeoo = 0.5. Protein expression was
induced by adding IPTG (Wako, Osaka, Japan, Catalogue; 096-05861)
to a final concentration of 0.2 mM, and the culture was incubated for
an additional 3 h. Cells were harvested (10,000 x g, 10 min, 4 °C) and
resuspended in 60 mL of HisTALON xTractor Buffer (Takara Bio,
Shiga, Japan); cells were disrupted by ultrasonication on ice. The
lysate was clarified (10,000 x g, 90 min, 4 °C) and subsequently, the
supernatant was filtered through a 0.22 ym membrane (Merck, Cat-
alogue; SLGVR33RS). His-tagged SadR proteins were purified on a
HisTALON (Takara Bio, Shiga, Japan) cobalt column according to the
manufacturer’s protocol. Protein purity and the SadR complex were
assessed by 12.5 % gels for SDS-PAGE and 4-20% gradient gels for
native-PAGE electrophoresis using pageRUN Ace (ATTO, Tokyo,
Japan, WSE-1150P), respectively.

In vitro synthesis of retron-Ec83 msRNA

Retron-Ec83 msRNA was synthesised in vitro from the noncoding
region of retron-Ec83. A synthetic DNA fragment containing the target
sequence was obtained from Genewiz(Azenta Life Sciences, South
Plainfield, USA) and used as PCR template. The DNA template for T7
transcription was generated using Phusion High-Fidelity DNA Poly-
merase (New England Biolabs, M0530) with primers introducing a T7

promoter upstream of the msRNA sequence. In vitro transcription was
performed using the MEGAscript™ T7 Transcription Kit (Invitrogen,
AM1333) in a 20-pL reaction containing 2 uL each of ATP, CTP, GTP, and
UTP, 2L 10x reaction buffer, 2yl enzyme mix, and 200 ng DNA
template. Reactions were incubated overnight at 37 °C, followed by
Turbo DNase treatment (1 U/uL) for 15min at 37 °C. RNA was then
mixed with 15yl ammonium acetate stop solution (5M ammonium
acetate, 100 mM EDTA) and 65 pL H20, extracted with 100 pL PCI, and
the aqueous phase was purified using a G25 spin column. The eluate
was mixed with 300 uL of 30:1 EtOH:3M NaOAc (pH 6.5) and pre-
cipitated overnight at —20 °C. RNA was pelleted by centrifugation at
13,000 x g for 30 min at 4 °C, washed with 100 pL 75% EtOH, and cen-
trifuged again at 13,000 x g for 10 min at 4 °C. After removal of the
supernatant, the pellet was air-dried and resuspended in 30pL
nuclease-free water by shaking for 5 min at 65 °C.

In vitro nucleotide degradation assay
Purified SadR protein (about 10 ng) and the following nucleotides:

ssSRNA  (CGCUCUUCUAAUUCUGUAAUAUCGUUGUCACUUGCACUU
GGUAGU), dsRNA (CGCUCUUCUAAUUCUGUAAUAUCGUUGUCA),
ssDNA  (ATCTCGCCCTTTTTCTTGAGATAAGTTCACGAACTGATTGA-

TACGCTCTTCTAATTCTGTAATATCGTTGTCACTTGCACTTGGTAGTT
CCTCGCCGTTGTAGA), and dsDNA (ATCTCGCCCTTTTTCTTGAGA-
TAAGTTCACGAACTGATTGATACGCTCTTCTAATTCTGTAATATCGTT
GTCACTTGCACTTGGTAGTTCCTCGCCGTTGTAGA) were mixed with
PBS or NEbuffer r3.1 (NEB, Catalogue; B6003S) and incubated at 37 °C
for 1h. For total RNA, 200 ng RNA extracted from S. aureus USA300
was mixed with the SadR protein. Retron-Ec83 msRNA was referenced
as previously described*’. Electrophoresis was then performed using
Xcell SureLock (Invitrogen, Carlsbad, CA, USA) and Novex TBE-urea
PAGE (10 % TBE-Urea Gel) at 200 V. Subsequently, the gel was stained
with Sybr-gold (Invitrogen, Catalogue; S11494) and gel bands were
visualised under LED illumination using a FAS-Digi PRO imaging sys-
tem (Nippon Genetics, Tokyo, Japan).

Statistical analysis and plotting

Statistical analyses were performed using Python version 3.9.7 and
SciPy Module™ v1.13.1 or pingouin v0.5.5 (https://pingouin-stats.org/
build/html/index.html). All statistical tests were two-tailed unless
otherwise specified. Data are presented as meanzSD or, where
appropriate, 95% confidence intervals (Cl). P-values are provided in the
figures or legends. Data visualisation was performed using Seaborn®,
the ComplexHeatmap package® in R, and RAWGraphs (https://www.
rawgraphs.io/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data for S. aureus generated in this study have been
deposited in the DDBJ/ENA/GenBank databases under BioProject
accession PRJDB10779 and PRJDB13052; each accession number was
provided in Supplementary Data 3. Phage genome sequences have
been deposited under BioProject accession (https://www.ncbi.nlm.nih.
gov/bioproject/PRJDB40234/); accession numbers are provided in
Supplementary Data 9. The escape phage sequencing data are asso-
ciated with accession numbers DRR1048348 to DRR1048350
(SAMDO01914136 to SAMDO01914138). ST188 strains from Vietnam are
available in Bioproject accession PRJNA646358(SRR12233367 to
SRR12233563). Source data are provided with this paper.

Code availability
The custom code used in this study is available at Zenodo (https://doi.
org/10.5281/zenod0.20077086).
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