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Type VICRISPR systems protect against phage infection using the

RNA-guided nuclease Casl3 to recognize viral messenger RNA.
Upontarget recognition, Casl3 cleaves phage and host transcripts
non-specifically, leading to cell dormancy that isincompatible with phage
propagation. However, whether and how infected cells recover from
dormancy is unclear. Here we show that type VI CRISPR and DNA-cleaving
restriction-modification (RM) systems frequently co-occur and synergize
to clear phage infections and resuscitate cells. In the natural type VI CRISPR
host Listeria seeligeri, we show that RM cleaves the phage genome, thus
removing the source of phage transcripts and enabling cells to recover
from Casl13-induced cellular dormancy. We find that phage infections are
neutralized more effectively when Cas13 and RM systems operate together.
Our work reveals that type VI CRISPR immunity is cell-autonomous and
non-abortive when paired with RM, and hints at other synergistic roles for
the diverse host-directed immune systems in bacteria.

Inresponse to phage predation, bacteria have evolved elaborate rep-
ertoires of antiviral defences that provide immunity through diverse
mechanisms of action"? During infection, activities of prokaryotic
immune effectors and the nature of the invading virus both influence
the fate of the infected cell. While some effectors elicit cell survival
by direct neutralization of the virus (termed cell-autonomous immu-
nity), others work via abortive infection, initiating a growth arrest or
programmed cell death responsein the infected cell, which promotes
survival of uninfected kin. Many bacteria encode both abortive and
non-abortive defences; how their combined activities affect the out-
come of infection is not well understood.

CRISPR-Cas systems use RNA-guided nucleases to provide
sequence-specificimmunity against foreign genetic elements, includ-
ing phages®, plasmids* and transposons®. While most CRISPR-Cas

systems act by cleavage of phage DNA, the type VI CRISPR nuclease
Casl3 exclusively recognizes and cleaves RNA®. We previously dis-
covered that upon engagement with targeted phage messenger RNA,
Casl3is activated as a non-specific RNase and degrades both phage
and host RNA in its natural host bacterium Listeria seeligeri’. Under
these circumstances, cleavage of host RNAs results in a state of cel-
lular dormancy incompatible with either continued cell growth or
progression of the phage lytic cycle. Type VI CRISPR-Cas systems can
provide robust antiviral immunity to a wide range of viruses through
this abortive infection-like mechanism®™°.

In addition to CRISPR immunity, approximately 74% of bacte-
rial genomes encode restriction-modification (RM) systems that
use restriction endonucleases to recognize and cleave 4-8 bp
motifs on phage DNA" . Cleavage of phage DNA by RM systems
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is generally thought to enable survival of the infected cell, making
RM a cell-autonomous immune mechanism. Although many bac-
teria that encode type VI CRISPR systems probably also carry one
or more RM systems, there has been no investigation into how the
activities of these systems influence one another. Two reports have
demonstrated that DNA-targeting CRISPR systems and RM can exert
anti-phage immunity at the same time'*". Previous investigations
of type VI CRISPR immunity have been performed with methylated
or otherwise restriction-resistant phages®'°. Here we find that RM
systems frequently co-occur with type VI-A CRISPR systems in strains
of L. seeligeri and other Listeria, and the two defences both operate
during phage infection. Our dataindicate that RM-mediated cleavage
of phage genomes enables the survival and growth of infected cells,
despite activation of non-specific RNA cleavage by Casl13. Finally, we
observed that the clearance of phage DNA, neutralization of infection
and cell growth after infection are all more effective in cells equipped
with both RM and Cas13 than strains harbouring either defence alone.
While type VICRISPR systems can provide effective immunity through
abortive infection, our work indicates that they also enhance the
cell-autonomous immunity elicited by DNA-targeting defences.

Results
Type VICRISPR and RM systems frequently co-occur
We recently established the natural type VI-A CRISPR host L. seeligeri as
agenetically tractable model for studying Cas13a-based immunity”'>'®.
To better understand the context in which type VI CRISPR systems
function, we sequenced the genomes of 62 diverse isolates of L. seel-
igeri and evaluated their anti-phage defence system content. CRISPR
and RM systems were the most well-represented defences (Extended
DataFig. 1a). We identified four CRISPR types in L. seeligeri (Fig. 1a):
DNA-targeting type I-B (in 69% of genomes), type II-A (50%), type II-C
(6%) lociaswell as RNA-targeting type VI-Aloci (in 29% of genomes). We
observed these CRISPRlociindiverse combinations (Fig. 1b); while some
strains possessed only one CRISPR type, most harboured multiple types,
and no two types co-occurred with each other exclusively. While most
DNA-targeting CRISPR loci were found in 1-2 hotspots across different
genomes, type Vlloci exhibited larger variation in location (Extended
DataFig.1b). Our genomicanalysis alsoindicated that 90% of the strains
had one or more RM systems (Extended Data Fig. 1c,d). Collectively,
these observations suggest that L. seeligeri strains possess a diverse
complement of anti-phage defencelocilocated throughout the genome.
We next investigated whether any defence systems were closely
associated with type VI CRISPR systems. We tallied the number of
RM systems in each genome and discovered a statistically significant
enrichment in average number of RM loci within genomes also har-
bouring type VI CRISPR loci (Fig. 1c). In contrast, we detected no sig-
nificant difference in RM content for strains with type I-B or type II-A
CRISPRIoci (typell-Clociwere too sparse for ameaningful comparison)
(Extended Data Fig. 1e). In addition to a higher number of RM loci, we
found that 100% of L. seeligeri strains with type VI CRISPR harboured
at least one RM system (Fig. 1d). Next, we expanded our analysis to
include 943 Listeria genomes available in the NCBI whole-genome
sequencing database. Among these genomes, we detected a smaller
but still statistically significant enrichment in RM co-occurrence and
count in strains containing a type VI system. Finally, we analysed the
RM content of 90 diverse species representing allknown hosts of type
VI-A, VI-B, VI-C and VI-D CRISPR systems, and found that 96% of them
harbour atleast one RM system (average, 2.95RMloci; Supplementary
Table1). These bioinformatic analyses suggest that most type VICRISPR
loci could perform anti-phage defence in concert with one or more
DNA-targeting RM systems.

L. seeligeriLS1has two functional type IRM systems
To investigate whether the RM systems we identified function in
anti-phage immunity, we performed phage-challenge experiments

inour most well-characterized strain, L. seeligeriLS1. The LS1genome
encodes two type | RM systems, which are each transcribed at levels
comparabletothe CRISPR locus as well as other genes expressed dur-
ing exponential growth (Extended Data Fig. 2). We deleted each RM
locusindividually and also generated adouble deletion. We performed
efficiency-of-plaquing assays in which we challenged each of these
mutants and wild-type (WT) LS1with five different listeriaphages from
our collection: A118, EGDe, U153, $LS46 and pLS59 (Fig. 2a). LS1 has
typel-Bandtype VI-A CRISPR-Cas systems but does not carry any spac-
ers matching any of the phages tested, therefore CRISPR immunity
was notactivated during these experiments. Each RM system reduced
plaquingefficiency for all five phages. Compared with the double RM
deletion, the individual RM systems conferred between a 2-fold and
500-fold degree of protection, and both systems together provided
an equal or greater level of immunity depending on the phage. We
performed PacBio sequencing of the LS1 genome in strains possess-
ing each RM system individually to identify RM recognition sites. We
aligned the sequences surrounding methylated adenines to generate
consensus recognition motifs (Fig. 2b and Supplementary Files1and 2).
Consistent with other type | RMsites', these motifs are each composed
oftwo4-5basepair motifs separated by 7-8 random nucleotides. When
we tallied the number of sites present in the genomes of the phages
used for efficiency-of-plaquing assays, we observed a statistically sig-
nificant correlation between the number of RM sites and the degree
of anti-phage defence (Fig. 2c,d). Collectively, these dataindicate that
both type RM systems of L. seeligeriLS1 use target site recognition to
perform anti-phage defence against a variety of phages.

Cells armed with RM and type VI CRISPR survive infection
During type VI CRISPR immunity, Casl3 recognition of
crRNA-complementary phage messenger RNA triggers non-specific
cleavage of both phage and host RNAs, leading to dormancy of the
infected cell®’. As the RNase activity of Casl13 does not eliminate the
phage DNA, whichis the source of target RNA, infected cells remainin
stasis. We therefore hypothesized that RM cleavage of phage genomes
mightallowinfected cells to escape Casl3-induced dormancy. Alterna-
tively, triggering Casl3 activity might resultinirreversible commitment
to cell dormancy, regardless of phage genome elimination by RM. To
explore thisidea, we grew cultures of WT LS1and the double RM dele-
tion mutantin the presence or absence of atype Vlspacer targeting the
restriction-sensitive phage $LS59 and measured the number of viable
colony-forming units (c.f.u.) before and at 0.5, 4 and 24 h post-infection
(Fig. 3a). The lysis time of $LS59 is 2 h, therefore the c.f.u. measure-
ment at 0.5 hreflects the fates of the initially infected cells. We used
a high multiplicity of infection (MOI =10) to ensure that most cells
wereinfected. We performed this experiment with two different spac-
ers, one targeting an early-transcribed ¢pLS59 lytic gene (spcE), and
one targeting a late-transcribed gene (spcL), each of which provide
robust immunity against $LS59 (Extended Data Fig. 3). We observed
aninitial ~50-fold reduction in c.f.u. after infecting cells lacking RM
immunity, regardless of the presence of atargeting spacer, indicating
thatinfected cells are mostly unable to formviable colonies. After 24 h,
while ARM cultures with anon-targeting spacer lysed to near comple-
tion, cultures with a targeting spacer recovered and proliferated. In
contrast, all three of the WT strains containing RM systems (with or
without spcE and spcL) maintained viability after infection, and all
continued to proliferate over the time course. We observed a similar
survival phenotype during infection by a different phage, A118, in the
presence of both RM and an early-targeting spacer (Fig. 3b). These
results suggest that cells endowed with both RM and type VI CRISPR
immunity largely survive infection.

We considered that cells equipped with both RM and type VI
CRISPRimmunity could survive phage infection by two mechanisms:
(1) RM nucleases could cleave the phage genome before transcrip-
tion of the phage lytic genes, therefore Cas13 activity would never be
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Fig.1| Type VI-A CRISPR systems frequently co-occur with RM systems in
Listeriagenomes. a, Percentage of 62 L. seeligeri genomes harbouring the
indicated CRISPR type. b, Combinations of CRISPR loci observed in 62 L. seeligeri
genomes. Filled blue rectangles indicate the presence of the indicated CRISPR
type. Darker red color represents higher frequency of the indicated CRISPR type
combination. ¢, Average tally of RM systems per genome. d, Percentage of genomes
containing any RMloci in Listeria strains with or without Cas13. L. seeligeri genomes
(62) and 943 genomes from a broader dataset of Listeria spp. were analysed. Error
bars denote s.e.m. Asterisks denote statistical significance (L. seeligeri: P=0.0411,
Listeriaspp.: P=0.0472) using unpaired Student’s t-test (two-tailed).
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triggered and the cells would not enter dormancy or (2) phage lytic
gene transcription, Casl3 activation and cell dormancy all precede
phage genome cleavage by RM nucleases, but elimination of the phage
genome allows the cell to be resuscitated. To distinguish between
these possibilities, we determined whether Cas13 is activated in the
presence of RM immunity during phage infection. First, we analysed
cellgrowth rates during $LS59 infection of cells containing RM, type
Vitargeting spacers, or both (Fig. 3c). We infected cellsat MOI10 and
tracked culture growth (by optical density (OD)q,) over a period of
24 h. Cells lacking both RM and CRISPR immunity were lysed by the
phage and did not recover within the growth period. In contrast, cells
harbouring RM but with anon-targeting spacer grew at rates indistin-
guishable from uninfected cells. The strains lacking RM but armed
with a type VI spacer initially exhibited severe growth defects after
infection, butlaterrecovered. Our c.f.u. measurements indicated that
most infected cells in this population were unable to form colonies,
therefore uninfected cells were probably responsible for the eventual
regrowth of the culture, as p.f.u. were reduced from the culture, and
isolates that survived the infection had no evolved phage receptor
mutations or became lysogens (Extended DataFig. 4). Finally, while the
strain containing both RM and spcL exhibited unperturbed growth, we
observed asmallbut reproduciblelagin growth after infection of the
strain containing both RM and spcE. Consistent with these measure-
ments, we noted a similar trend in our c.f.u. measurements (Fig. 3a)
at 4 h post-infection: the WT RM" strain with either a non-targeting

spacer or spcL proliferated more at this time point than the strain
armed with spcE. These results suggest that cells equipped with spcE
trigger Cas13 immunity and cell dormancy before RM systems can
clearinfecting phage genomes.

To directly test whether Casl3 is activated during ¢pLS59 infec-
tion in the presence of RM systems, we performed northern blots
that enabled us to monitor Cas13-mediated RNA cleavage over time
in vivo. We blotted for the L. seeligeri 5S ribosomal RNA, which we
previously demonstrated to be a substrate of Cas13'. In the absence
of RM or CRISPR immunity, we observed a single prominent 5S
ribosomal RNA (rRNA) band throughout the course of infection.
For strains lacking RM but carrying a type VI targeting spacer, we
observed the formation of lower molecular weight cleavage prod-
ucts after phage infection. The onset of cleavage depended on the
timing of target transcript expression: for spcE, cleavage was evi-
dent at 5 min post-infection; for spcL, cleavage was delayed until
60 min post-infection. In contrast, in the WT RM* strains with either
anon-targeting spacer or spcL, 5S rRNA remained intact for at least
4 hafterinfection, mirroring the growth curve datainFig. 3cand sug-
gesting that Cas13 was not activated in these strains. Finally, the RM*
strain harbouring spcE exhibited rapid-onset cleavage of 5S rRNA
afterinfection, indicatingthat Cas13isactivated before RM-mediated
clearance of the phage genome. Importantly, the extent of cleav-
age was similar for spcE” cells, regardless of the presence of RM,
suggesting a similar degree of Casl13 activity in both strains. We
also noted the formation of higher molecular weight bands during
later timepoints in the RM* spcE” cells. We hypothesize that these
bands represent the precursor rRNAs that are processed to gener-
ate mature 5SSTRNA”. The accumulation of these intermediates may
be a consequence of resuscitation from Cas13-induced dormancy.
Collectively, these results suggest that type VI CRISPR immunity
precedes RM cleavage of the phage genome when activated by an
early-transcribed target, but phage DNA degradation prevents the
production of late-transcribed targets. Furthermore, our observa-
tion of cell survival despite Cas13 activation during infection of the
RM* spcE" strain suggests that RM-mediated cleavage of the phage
genome allows cells to exit Cas13-induced dormancy.

RM cleavage of phage genomes reverses Cas13 dormancy

To directly test whether RM systems allow exit from Cas13-mediated
cell dormancy, we monitored the growth of single cells after infection
via microscopy. We used ¢LS59 to infect WT and ARM strains with or
withoutatargeting spacer atan MOI10. Then, weloaded infected cells
into microfluidicchambers where they were trapped forimaging. After
al0 minadsorption period, we washed out unbound phage with growth
medium, whichwas supplied continuously throughout the experiment.
To ensure that the majority of cells were stably infected under these
conditions, we labelled $LS59 by soaking in SYTOX-Green (Fig.4a). Dur-
ingthe early stages of infection with labelled phage, fluorescent phage
particles were visible at the cell periphery. Within 20 min, infected cells
exhibited bright cytosolic fluorescence as a consequence of injection
ofthelabelled phage genome. When weimaged cells infected at MOI 10,
virtually every cell contained fluorescent label (Fig. 4b). Next, we moni-
tored cell growth for 5 h after infection with unlabelled phage. After
infection, we observed 4 distinct phenotypes (Fig. 4c,d). Cells lacking
RMand CRISPR grew unperturbed, but almost always lysed within3 h
afterinfection. In contrast, ARM cells containing spcE exhibited rapid
growth arrest. While nearly every cell ceased growth, 23% eventually
lysed during the timelapse, suggesting that Cas13-induced dormancy
canbelethalunder some circumstances. Inthe presence of RMimmu-
nity alone, nearly all cells grew and divided normally after infection,
and only rarely lysed or entered stasis. Finally, RM* cells armed with
spcE exhibited a range of phenotypes in our experiments. While 36%
of the cellsgrew without delay, 32% underwent transient growth arrest
but then resumed growth. Finally, 27% remained in a state of arrest
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Fig.2|L.seeligeriLS1encodes two functional type IRM systems. a, Efficiency
of plaquing (EOP) assay testing the ability of five different phages toinfect LS1
strains with 0,1or 2 RM systems. EOP values for each phage are reported as a
percentage of the number of plaques formed on LS1lacking both RM systems
(ARM1ARM2). All phage stocks were prepared from infections of the ARM1 ARM2
strain. ND, not detected. Axis intercept represents limit of detection.

b, Type | RM recognition motifs for LS1RM1and RM2 systems identified by PacBio
sequencing. 6-methyl adenine modifications were detected at the indicated
consensus motifs in genomic DNA purified from LS1lacking RM2 (to identify

the RM1 site) or lacking RM1 (to identify the RM2 site). The percentages of
methylated genomic motifs matching the consensus are indicated on the right.

Y, pyrimidine, R, purine. ¢, Negative correlation between the number of RM1
recognition sites on phage genomes and the mean EOP for that phage on bacteria
harbouring RML1. Each phage is colour-coded as in a. Correlation coefficient

() shown, statistically significant by two-tailed Pearson’s correlation test
(P=0.049).d,Same as ¢, but for RM2 (P=0.0061).

throughout the imaging period. We noted two forms of recovery from
dormancy that would each result in the formation of a viable colony:
(1) infected cellsthat underwent delayed growth, then began elongat-
ing and dividing again (Fig. 4c, 4th column) and (2) infected cells that
dividedinto two daughter cells, one of which continued growth, while
the other stayedinarrest (Fig. 4c, 5th column). These microscopy data

directly demonstrate that cells can use RM immunity to survive the col-
lateral effects of Cas13 RNase activities during type VI CRISPRimmunity.

We hypothesized that RM systems enable escape from
Casl3-mediated dormancy by eliminating phage DNA. Therefore,
we tracked the presence of $LS59 DNA after infection with a fluores-
cent reporter-operator system (FROS)'® using an mCherry-labelled
allele of the DNA binding protein TetR and its 19 bp binding motif
tetO. We generated a ¢LS59 mutant harbouring an array of 60 tetO
sites inserted downstream of the late lytic genes. We confirmed that
this mutant phage retained sensitivity to both RM and Cas13 immunity
(Extended DataFig. 5).Inthe absence of phage infection, we observed
a uniformly distributed cytosolic fluorescent signal in cells carrying
a plasmid-encoded tetR-mCherry (Fig. 4e). Next, we infected ARM
cells without a targeting spacer using ¢pLS59 tetOx60. After infec-
tion, the tetR-mCherry signal in most cells coalesced into 1-2 foci
that were usually positioned towards the cell poles and remained
stable over the course of infection (Fig. 4e,f and Extended Data Fig. 6).
When weinfected a ARM strain equipped with spcE and tetR-mCherry,
we observed a similar degree of stable phage genome foci forma-
tion, suggesting that Cas13 immunity is insufficient to eliminate the
phage genome. In contrast, when we infected RM" cells with $LS59
tetOx60, we observed unstable phage DNA foci that were cleared within
15-20 min, consistent with our observations that Casl3 activation by
anearly-targeting spacer (which happens by 5 min post-infection) pre-
cedes RM cleavage of the phage genome (Extended Data Fig. 6). Most
RM" cells did not exhibit phage genome foci at 40 min post-infection,
instead displaying diffuse cytosolic fluorescence similar to our obser-
vations of uninfected cells. Notably, we did observe instances of stable
phage genome fociin 5% of RM" cells lacking Cas13 immunity. Phage
genome foci were even rarer (1% of cells) in RM*spcE cells, suggesting
that although Cas13 does not directly interfere with phage DNA, Cas13
activities enhance the clearance of phage DNA during RM immunity.
Collectively, these observations indicate that Cas13 activity does not
leadtoanirreversible stasis in cell growth, but RM clearance of phage
genomes allows survival and recovery from Cas13-induced dormancy
during type VICRISPR immunity.

Anti-phage synergy between RM and type VI CRISPR systems
While the results described above demonstrate that RM and Cas13
immunity both operate during the same phage infection, they do not
explainwhat advantage type VI CRISPR immunity might confer to bac-
teriaalready armed with RM. Onthe contrary, Cas13-induced dormancy
actually elicited a growth disadvantage during infection with $pLS59
(Fig. 3¢). To investigate this, we measured the number of productive
phage infections using a centre of infection (COI) assay (Fig. 5a). We
infected WT and ARM cells with or without spcE with $LS59 at MOI
10, washed them to remove remaining phage particles, then plated
the infected cells (centres of infection) on a lawn of phage-sensitive
ARM cells lacking CRISPR. In this assay, infected cells that success-
fully produce even asingle phage particle will giverise toa detectable
plaque. Despite our observation that $LS59 does not form plaqueson
WT LS1 (Fig. 2a), we observed that ¢pLS59 productively infects ~1% of
cells containing either RM or Cas13+spcE alone. In contrast, we were
unable to detect any successful infections of cells harbouring both
RM and type VI CRISPR immunity. Thus, while Cas13 immunity elicits
agrowth defect during anti-phage immunity, it synergizes with RMin
phage neutralization.

Next, we wondered whether Cas13 might provide a more pro-
nounced benefit duringinfection by phages that are less RM-sensitive.
Of the phages we examined, $LS59 is by far the most RM-sensitive,
with 21 RM recognition sites in its genome. Therefore, we examined
infection efficiency and cell growth during infection by the slightly
more RM-resistant phage A118, which has only 9 RMssitesinits genome
andistargeted by anaturally occurring type Vlspacer (Extended Data
Fig.7a). We confirmed that A118 is sensitive to Cas13 targeting, with a
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Fig.3 | Cells armed with RM and type VI CRISPR survive infection. a, Viable
c.f.u.count during $LS59 infection of L. seeligeriLS1. Cells of the indicated
genotype were infected with $LS59 at MOI 10. Viable c.f.u. were enumerated
beforeinfection (P), as well as 0.5, 4 and 24 h post-infection. NT, non-targeting
spacer; spcE, spacer targeting early lytic gene; spcL, spacer targeting late lytic
gene. Analysis of 3 biological replicates is shown. b, C.f.u. count during A118
infection of LS1at MOI10. ¢, Growth curves during ¢LS59 infection of LS1. Strains
oftheindicated genotype were infected at MOI =10, OD(, = 0.01. ODy, Was

monitored for 24 h after infection. Solid lines indicate WT RM" strains, dashed
linesindicate ARM strains. Uninfected controls are showninred. Error bars
represent s.e.m from 3 biological replicates. d, Northern blot analysis of 5S rRNA
cleavage during type VI CRISPR immunity. Strains of the indicated genotype were
infected with $LS59 at MOI 10, then RNA was extracted and probed for 5S rRNA.
Casl3-dependent cleavage products (clv) and putative rRNA precursors (*) are
shown. Representative of two biological replicates.

spacer targeting an early lytic gene (spcE) (Extended Data Fig. 7b). As
expected, we observed a higher rate of RM escape for A118 in the COI
assay (Fig. 5a). As with $LS59, A118 was unable to productively infect
cellsequipped with both RM and Cas13 immunity. Next, we monitored
growthinliquid culture by optical density during A118 infection, asin
Fig.3c.Incontrastto the unperturbed growth we observed for RM" cells
during ¢LS59 infection (Fig. 3¢), the same strain rapidly succumbed
to All8infection (Fig. 5b). The strain lacking RM but armed with spcE
exhibited a prolonged growth defect during A118 infection. However,
the strain with both RM and spcE beganto recover frominfection after
10 h.Whenwe performed theinfectionat MOI 1, we observed the same
pattern of protection among the four strains; while a strain with RM
alone exhibited temporary protection from infection, and the strain
with spcE alone recovered after a growth defect, the strain with both
RMand spcE grew unperturbed (Extended DataFig. 7c). The enhanced

survival of the RM" spcE strainin these experimentsindicates that Cas13
confers a protective advantage to bacteria infected by phage whose
sensitivity to RMinterference isincomplete.

Discussion

Here we have investigated the fates of bacteria that use both abor-
tiveinfection and cell-autonomous immunity to combat phage infec-
tion. Previous reports have established that type VI CRISPR systems
unleash non-specific RNA degradation activity upon recognition of
targeted phage transcripts, which leads to growth cessation®’. Thus,
aprevalent model held that type VICRISPR immunity exclusively acts
through an abortive infection mechanism in which the infected cell
does not recover but restricts the propagation of phage, protecting
uninfected cellsin the greater population. In this study, we have shown
that the natural type VI CRISPR host L. seeligeri interferes with phage

Nature Microbiology | Volume 8 | March 2023 | 400-409

404


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-022-01318-2

a Minutes after phage addition
10

Time after infection (min)

T

300

Growth

Transient arrest

Lysis Arfest

ARM WT

WT

-

100

Aspc spckE Aspc

Il Lysis [ Arrest

Fig. 4 |RM cleavage of phage genomes enables recovery from Cas13-induced
cell dormancy. a, Timelapse montage of LS1 cells infected with SYTOX-Green-
labelled $LS59 in a microfluidic chamber. Overlay of SYTOX-Green signal and
phase contrast images. b, Field of cells infected with SYTOX-Green-labelled
¢LS59 at MOI10 and loaded into microfluidic chamber. The four dark areas are
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of cells exhibiting the indicated fate for each genotype. A total of 500 cells were
analysed for each genotype. e, Representative images from FROS experiments
tracking ¢LS59 DNA during infection. LS1cells harbouring tetR-mCherry

were infected with ¢pLS59 tetOx60 and imaged at 40 min post-infection.

f, Quantitation of datain e as percentage of cells of each genotype with
detectable phage DNA foci. A total of 500 cells were analysed for each genotype.

infection usingboth Cas13 and RM systems. Under these circumstances,
Casl3activity and cell dormancy can be triggered while phage genome
cleavage by RM is still underway. When this happens, the cell is not
irreversibly committed to dormancy. Instead, the phage genome is
cleared from the cell, removing the source of target transcripts, and
the cell resumes growth (see Supplementary Discussion). Our data
further indicate that cells armed with both immune systems exhibit
stronger defence against phage infection. We conclude that, if paired
with a DNA-targeting effector, type VI CRISPR systems can provide
non-abortive immunity. While our data support the idea that RM sys-
tems can resolve the type VIimmune response in L. seeligeri, it is also
possible that other DNA-targeting immune systems, including addi-
tional CRISPR types, could play asimilar role. However, co-targeting of
asingle phage by two CRISPR types would require either each CRISPR
locus to be armed with a targeting spacer (possibly through coordi-
nated adaptation), or sharing of crRNAs between the two types.
Finally, a multitude of different anti-phage defences beyond
type VICRISPR have beenreported to operate viaabortive infection”.
These systems use diverse mechanisms to sense phage infection

and respond by inducing growth arrest or cell death. For example,
the tox/IN toxin-antitoxin system of Gram-negative bacteria induces
endoribonucleolytic cleavage of host and phage transcriptsin response
to shutdown of host transcription during phage infection’*”, While
some abortive infection systems do resultin cell death, our results pro-
vide experimental evidence for the proposal that cells using non-lethal
abortive infection mechanisms mightalso resume growth when work-
ing in concert with additional defences®*’. Whether cells have the
capacity toreverse the activities of different abortive infection systems
probably depends on the infection-associated signals responsible for
triggering the collateral activities ofimmune effectors, and the ability
of those signals to be resolved by other anti-phage defences. These
properties could therefore underlie synergistic relationships between
diverse host-directed defence modules.

Methods

Bacterial strains and growth conditions

L. seeligeri strains were propagated in Brain Heart Infusion (BHI)
broth or agar at 30 °C. Where appropriate, BHI was supplemented
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a, COlmeasurements for strains with (black boxes) or without (strikes) indicated
defence. Cells were infected with the indicated phage at MOI 10 for 5 min, then
washed 3 times before plating on alawn of ARM cells lacking CRISPR. Infection
efficiency reported as a percentage of the number of p.f.u. detected in the ARM
non-targeting spacer infection. Axis intercept represents limit of detection.
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b, Growth curves during A118 infection of LS1. Strains of the indicated genotype
wereinfected at MOI =10, OD,, = 0.01. OD,,, was monitored for 20 h after
infection. Solid lines indicate WT RM" strains. Dashed lines indicate ARM strains.
Uninfected controls are shown inred. Error bars are s.e.m. from 3 biological
replicates.

with the following antibiotics for selection: nalidixic acid (50 pg mi™),
chloramphenicol (10 pg ml™), erythromycin (1 pg mI™) or kanamycin
(50 pug mI™). For cloning, plasmid preparation and conjugative plas-
mid transfer, Escherichia coli strains were cultured in Lysogeny Broth
(LB) medium at 37 °C. Where appropriate, LB was supplemented with
the following antibiotics: ampicillin (100 pg ml™), chloramphenicol
(25 pg mI™) or kanamycin (50 pg ml™). For conjugative transfer of
E. coli-Listeria shuttle vectors, plasmids were purified from Turbo
Competent E. coli (New England Biolabs) and transformed into the
E. coli conjugative donor strains SM10 Apir or S-17 Apir®.

Phage propagation. Unless otherwise stated, all phage infections were
performed in BHImedium supplemented with 5 mM CaCl,. To generate
phage lysates, existing phage stocks were diluted to single plaques on
alawn of L. seeligeri LS1ARMI ARM2, and a single plaque was purified
twice to ensure homogeneity. Cell culture (5 ml) was infected with
phageatMOI0.1and OD,, 0.1, and the infection proceeded overnight.
Thelysate was centrifuged for20 minat4,000 x g, thenthe supernatant
was filtered using a 0.45 um pore syringe filter.

Plasmid construction and preparation. All genetic constructs for
expression in L. seeligeri were cloned into the following three com-
patible shuttle vectors, each of which contains an origin of transfer
sequence for mobilization by transfer genes of the IncP-type plasmid
RP4.Thesetransfer genes areintegrated into the genome of the E. coli
conjugative donor strains SM10 Apir and S-17 Apir®. All plasmids used
in this study, along with details of their construction, can be found in
Supplementary Table 2.

pPL2e: single-copy plasmid conferring erythromycin resistance
thatintegrates into the tRNA*¢locus in the L. seeligeri chromosome?®.

PAMS: E. coli-Listeria shuttle vector conferring chloramphenicol
resistance’®.

pAMB326: E. coli-Listeria shuttle vector conferring kanamycin
resistance™.

COl assay. L. seeligeri strains were grown to mid-exponential phase,
and 0.5 ml of culture at OD,,, 0.5 was infected with phage at MOI 10.
Adsorptionwas carried out for 20 min. To remove unbound phage, the
cell suspension was washed 3 times with 1 ml BHI and transferred to a
fresh tube during the third wash. The samples were resuspended to a
final volume of 1 ml. Infective centres were enumerated by measuring
p.f.u.titre onalawn of naive L. seeligeri LS1 ARM1 ARM2.

Adsorption assay. L. seeligeri strains were grown to mid-exponential
phase, and 0.5 ml of culture at 0D, 0.5 was infected with phage at
MOI 0.1. The same amount of phage was also added to an aliquot of
media containing no cells. Adsorption was carried out for 20 min at
room temperature, then the cells and bound phage were pelleted
by centrifugation at 8,000 x g for 1 min. Samples of each superna-
tant (representing unbound phage) were collected, and p.f.u. were
enumerated from each sample by titration on a lawn of naive L. seel-
igeri LS1 ARM1 ARM2. The % adsorption was calculated as follows:
%Adsorption =100 x (1 - (p.f.U.sympie)/ (P-f.U.nocens))

E. coli-L.seeligeri conjugation. All genetic constructs for expression
in L. seeligeri were introduced by conjugation with the E. coli donor
strains SM10 Apir, S-17 Apir®, or for allelic exchange (see below), 2163
AdapA®.Donor cultures were grown overnight in LB medium supple-
mented with the appropriate antibiotic (25 pg ml™ chloramphenicol
for pPL2e-derived plasmids, 100 pg ml™ ampicillin for pAMS8-derived
plasmids, or 50 pg ml™ kanamycin for pAM326-derived plasmids) at
37 °C. Recipient cultures were grown overnight in BHI medium sup-
plemented with the appropriate antibiotic (1 ug ml™ erythromycin for
pPL2e-derived plasmids, 10 pg ml™ chloramphenicol for pAMS-derived
plasmids, 50 pg ml™kanamycin for pAM326-derived plasmids) at 30 °C.
Donor and recipient cultures (100 pl each) were diluted into 10 ml of
BHI medium and concentrated onto a filter disc (Millipore-Sigma,
HAWP04700) using vacuum filtration. Filter discs were laid onto BHI
agar supplemented with 8 pg ml™ oxacillin (which weakens the cell wall
and enhances conjugation) and incubated at 37 °C for 4 h. Discs were
removed, cells were resuspended in 2 mI BHI, and transconjugants were
selected on medium containing 50 pg ml™ nalidixic acid (which kills
donor E. colibut not recipient L. seeligeri) in addition to the appropriate
antibiotic for plasmid selection. Transconjugants were isolated after
2-3dincubation at 30 °C.

Gene deletions and replacements in Listeria. Allelic exchange
plasmids were generated by cloning 1 kb homology arms flanking
the genomic region to be deleted into the suicide vector pAM215,
which does not replicate in Listeria, and contains a chloramphenicol
resistance cassette and lacZ from Geobacillus stearothermophilus.
These plasmids were then transformed into the E. coli donor strain
2163 AdapA*, which is auxotrophic for diaminopimelic acid (DAP),
selecting on LB medium supplemented with the appropriate antibiotic
and 1.2 mM DAP. Conjugation was carried out as described above,
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except that all steps were carried out in the presence of 1.2 mM DAP.
Transconjugants were selected on media lacking DAP and containing
50 pg ml™ nalidixic acid to ensure complete killing of donor E. coli,
as well as 10 pg ml™ chloramphenicol to select for integration of the
pAM215-derived plasmid. Chloramphenicol-resistant colonies were
patched on BHI supplemented with 100 pg ml™ 5-bromo-4-chloro-
3-indolyl B-D-galactopyranoside (X-gal) and lacZ" was confirmed by
checkingforblue colony colour. Plasmid integrants were passaged 3-4
times in BHI at 30 °C in the absence of antibiotic selection to permit
loss of the integrated plasmid. Cultures were screened for plasmid
excision by dilution and plating on BHI + X-gal. White colonies were
checked for chloramphenicol sensitivity, then chromosomal DNA
was prepared from each and tested for the desired deletion by PCR
using primers flanking the deletion site. Deletions were confirmed by
Sanger sequencing.

Type VI spacer cloning and expression in L. seeligeri. All spacers
used in this study were cloned into entry vector pAM305, whichis a
site-specific chromosomally integrating vector containing a type VI
repeat-spacer-repeat miniarray expressed from the native promoter,
with Bsal restriction sites in the spacer allowing for facile replacement.
Allstrainsused inthis study have the native 5 spacer array deleted from
thetype VICRISPR locus (withthe promoter and cas13gene leftintact).
Spacer constructs were integrated into the genome via conjugation
and expressed as the sole type VI spacer.

Bacterial genome sequencing and assembly. Chromosomal DNA
was prepared from each L. seeligeriisolate by lysozyme digestion of the
cellwall, followed by cell lysis with 1% sarkosyl, then phenol-chloroform
extraction and ethanol precipitation. Chromosomal DNA (1 ng) was
used to make an NGS library using the Illumina Nextera XT DNA
Library Preparation kit according to the manufacturer’s instructions.
Library quality was confirmed by analysis on Agilent TapeStation,
then 2x150 bp paired-end sequencing was carried out on the lllumina
NextSeq platform. Raw reads were quality-trimmed with Sickle v1.0
(https://github.com/najoshi/sickle) using a quality cut-off of 30 and
length cut-off of 45. Trimmed reads were assembled using SPAdes
v3.15.4 (http://cab.spbu.ru/software/spades/) with default parameters,
which resulted in assembled contigs. These contigs were mapped
onto the completed reference genome of L. seeligeri SLCC3954 using
Medusa (http://combo.dbe.unifi.it/medusa/) with default parameters,
generating scaffold assemblies. In each draft genome assembly, only
one scaffold represented the fully assembled genome.

Construction of $LS59 tetOx60. The tetOx60 array was inserted into
the pLS59 genome by homologous recombination and Cas9 selection.
Arecombinationtemplate plasmid (pAM542) was generated containing
the tetOx60 array flanked on each side by 500 bp of $pLS59 sequence.
The insertion site was downstream of the late lytic genes, in a putative
accessory region of the genome. The insertion site lay adjacent to a
protospacer-adjacent motiffor SpyCas9, whichwe mutatedinthe recom-
binationtemplate to confer Cas9resistance to recombinants. The recom-
bination template plasmid pAM542 was introduced into LS1 ARM; this
strain was infected with $LS59 in BHI top agar (allowing recombinants
tobegenerated), and aphage stock was collected. A Cas9 spacer target-
ing the site disrupted by tetOx60 insertion was cloned into pAM307
to generate pAMS545 and introduced into LS1 ARM. The ¢LS59 stock
passaged on LS1 ARM carrying the pAM542 repair template was used to
infect LS1 ARM carrying pAMS545, and Cas9-resistant escaper mutants
wereisolated. Two mutant phage isolates were Sanger sequenced across
the tetOx60 insertion site and found to contain the precise insertion.

SYTOX-Green phage labelling. Bacteriophage ¢pLS59 was labelled
by diluting phage stocks (at a titre of 1 x 107 p.f.u. pl™) 10-fold in SM
buffer (100 mM NacCl, 50 mM Tris pH 7.5, 8 mM MgSO0,) containing

1M SYTOX-Green. Labelled phage were incubated at 4 °C overnight.
For use in microscopy, phage were further diluted 10-fold in BHI con-
taining 2 mM CaCl, before infection, then combined with L. seeligeri
suspensions at MOI 10.

Microscopy. Timelapse imaging of phage infection was performed
with mid-exponential phase cellsinfected at OD4,, 0.01and MOI 10 in
BHImedium supplemented with2 mM CacCl,. Adsorption was allowed
to occur for10 min, then cells were loaded into microfluidic chambers
using the CellASIC ONIX2 microfluidic system (Millipore-Sigma). After
cells became trapped in the chamber, they were supplied with BHI
medium under a constant flow of 5 pul h™’. Phase contrast images were
captured at x1,000 magnification every 10 min for 5 h after infection,
using a Nikon Ti2e inverted microscope equipped with a Hamamatsu
Orca-Fusion SCMOS camera and the temperature-controlled enclosure
set to 30 °C. SYTOX-Green stain was imaged using a GFP filter set and
TetR-mCherry signal with Texas Red filter set, both using an Excelitas
Xylis LED Illuminator set to 6% power, with an exposure time of 300 ms.
Timelapse images were aligned and processed using NIS Elements
software v5.3. Quantitative analysis of cell fates and phage genome
foci were performed in Fiji v2.3.0%.

Bioinformatics. CRISPR-cas lociand RM loci were identified in Listeria
genomes via TBLASTN searches of the 62 newly sequenced L. seeligeri
genomes, as well as all Listeriaceaein the NCBI‘wgs’ database (exclud-
ing L. monocytogenes). Cas proteins from each CRISPR type were used
as queries for CRISPR loci, witha E-value cut-off of10™*. For RM loci, all
unique ListeriaRM systems available on REBASE (rebase.neb.com) were
usedas queriesinthe TBLASTN searches above. Non-CRISPR anti-phage
defence systems of the 62 L. seeligeri genomes were identified using
PADLOC?; only systems containing all required genes are reported. To
normalize genome positions, dnaA homologues were identifiedin each
genome, and defence positions in Extended Data Fig. 1 are reported
relative to each dnaA gene.

C.f.u. survival assay. Mid-exponential phase cells were diluted to
0Dy 0.005 in BHI medium supplemented with 5 mM CaCl,, and a
pre-infection sample was collected for c.f.u. enumeration. Cells were
infected with phage at MOI 10, and additional c.f.u. samples were col-
lected at 0.5, 4 and 24 h post-infection. Tenfold serial dilutions in BHI
(8) were made from culture samples at the time of collection, and 5 pl
of each dilution was spotted on BHI agar plates supplemented with
50 mMsodium citrate to prevent additional infections from occurring
onthe plate. Viable colonies were counted after 2 dincubation at 30 °C.
C.f.u.values were graphed using GraphPad Prism v9.

Methylation site identification. Genome-wide methylation motifs
on LS1 DNA were identified by PacBio sequencing of genomic DNA
collected from LS1ARMI (to identify the RM2 methylation motif) and
LS1 ARM2 (to identify the RM1 methylation motif). Sequencing was
performed by CD Genomics. Methylation sites were identified using the
BaseMod Analysis tool in the SMRT Analysis package, with assistance
from the University of Washington PacBio Sequencing Center.

RNA isolation and northern blot analysis. Cultures (12 ml) of
L. seeligeri strains were infected with $¢LS59 at MOI 10 and ODq, 0.1.
Atindicated timepoints post-infection, 1 ml aliquots of culture were
pelleted by centrifugation at 8,000 x g at 4 °C and frozen. Cell pel-
lets were resuspended in 80 pl RNase-free PBS and lysed by a 5 min
treatment with lysozyme at 20 pg ml™, followed by the addition of 1%
sarkosyl. RNA was purified from these lysates by adding 300 pl Trizol
LS (Thermo Fisher), followed by 80 pl chloroform. Samples were cen-
trifuged at 15,000 x g for 15 min, and RNA was precipitated from the
upper aqueous phase by the addition of glycoBlue co-precipitate and
200 plisopropanol. RNA pellets were washed with 500 1 80% ethanol,

Nature Microbiology | Volume 8 | March 2023 | 400-409

407


http://www.nature.com/naturemicrobiology
https://github.com/najoshi/sickle
http://cab.spbu.ru/software/spades/
http://combo.dbe.unifi.it/medusa/

Article

https://doi.org/10.1038/s41564-022-01318-2

air-dried and resuspended in RNase-free water. For northernblot analy-
sis, 1 ug RNA per sample was diluted in RNA loading dye (95% forma-
mide, 1.8 MM EDTA, 0.5% bromophenol blue), heated at 95 °C for 3 min,
cooledonicefor1 minand separated by gel electrophoresis onaprecast
15% polyacrylamide denaturing TBE-urea gel. RNA was transferred to
an Invitrogen Immobilon Ny+ nylon membrane using a Bio-Rad Mini
Trans-Blot Cell filled with1X TBE. RNA was fixed to membranes using an
AnalytikJena UV crosslinker (optimal crosslinking setting). Membranes
were pre-hybridized for 30 min at 42 °C in 2X SSC containing 1% SDS.
Cy3-labelled single-stranded DNA probe (250 pmol) complementary
tothe 5SSTRNA (0AM734) was hybridized to the membrane overnight at
42 °C.Membranes were washed twice with 2X SSC 0.1% SDS, once with
1X'SSC 0.1% SDS, then imaged using an Azure Sapphire biomolecular
imager with Sapphire Capture software (v1.0).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All L. seeligeri genome sequences reported here have been uploaded
to NCBI through Genbank under BioProject accession number
PRJNA901958. RM loci are publically available through the REBASE
database (rebase.neb.com). Lists of strains, plasmids and oligonu-
cleotides used in this study are available in Supplementary Table 2.
Further information and requests for resources and reagents should
bedirected to and will be fulfilled by the corresponding author. Source
dataare provided with this paper.
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Extended Data Fig. 2| Both type IRM systems are expressed in L. seeligeri reads overlapping each nucleotide position. (c) RNA-seq reads corresponding to
LS1. (a)-(b) Diagrams of type IRM loci in the LS1 genome (methylase denoted the LS1type VI-A CRISPR-Cas locus. (d) Table of expression values (RPKM, reads
M, specificity subunit denoted S, endonuclease denoted R, one locus also has per kilobase per million mapped reads) for LS1RM genes and cas genes, as well as
atypelVnuclease denoted Mrr). RNA-seq read coverage at each nucleotide essential genes rodA, ponA, rnc, sigA, and a transcriptinduced under Ptet control
position of the two loci are plotted. The y-axis reflects the number of mapped by the addition of aTc (anhydrotetracycline).
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Extended Data Fig. 3 | pLS59 is sensitive to both RM and type VI CRISPR (ARM, spcE) or late lytic genes (ARM, spcL). Serial tenfold dilutions were made
immunity. Plaque assay of $LS59 on a set of L. seeligeri strains lacking RM and from the phage stock, and 2 pL of each dilution was spotted on the indicated
type VICRISPRimmunity (ARM, nt spc), equipped with RMimmunity only bacterial lawn.

(WT, ntspc), or equipped with CRISPR immunity only targeting early lytic genes
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Extended DataFig. 4 | Clearance of phage and recovery of phage-sensitive
cells after pLS59 infection. (a) PFU titers from infection cultures shownin
Fig.3cat 24 hours post-infection. PFU were enumerated on alawn of LSIARM nt
spc. NT = non-targeting spacer, spcE = spacer targeting early lytic gene, spcL =
spacer targeting late lytic gene. Analysis of 3 biological replicates is shown.

(b) $LS59 adsorption assays performed on six survivingisolates from each
theinfections in Fig. 3c. (c) PCR with ¢pLS59-specific primers performed on six
survivingisolates from each of the infections in Fig. 3¢, as well as positive control
PCRs using the phage stock and a confirmed ¢LS59 lysogen.
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Extended Data Fig. 5| $pLS59 tetOx60 is viable and sensitive toboth RMand targeting early lytic genes (ARM, spcE) or late lytic genes (ARM, spcL). Serial
type VICRISPRimmunity. Plaque assay of pLS59 tetOx60 on a set of L. seeligeri tenfold dilutions were made from the phage stock, and 2 pL of each dilution was
strains lacking RM and type VI CRISPR immunity (ARM, nt spc), equipped spotted on the indicated bacterial lawn.

with RMimmunity only (WT, nt spc), or equipped with CRISPR immunity only
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Extended Data Fig. 6 | Kinetics of phage clearance by RM. (a) Representative
montage images from timelapse FROS experiments tracking $LS59 DNA during
infection. LS1 cells with the indicated genotype harboring tetR-mCherry were
infected with $LS59 tetOx60 and imaged every 5 minutes post-infection for

1hour. Yellow carets indicate the presence of a phage DNA focus. Scale bar =1 pum.
(b) Quantitation of datain (a); percentage of cells that retained phage DNA foci at
each time point after infection. Error bars represent standard error of the mean.
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Extended Data Fig. 7| Phage A118 is sensitive to both RM and type VI CRISPR stock, and 2 pL of each dilution was spotted on the indicated bacterial lawn. (c)

immunity. (a) Region of the A118 genome targeted by natural and engineered Growth curves during A118 infection of LS1. Strains of the indicated genotype
type VICRISPR spacers. (b) Plaque assay of A118 on on a set of L. seeligeri strains wereinfected at MOI=1,0D600 = 0.01. OD600 was monitored for 20 hours after
lacking RM and type VI CRISPR immunity (ARM, nt spc), equipped with RM infection. Solid lines indicate wild-type, RM* strains, dashed lines indicate ARM
immunity only (WT, ntspc), or equipped with CRISPR immunity only targeting strains. Uninfected controls are shown inred. Error bars are standard error of the
early lytic genes (ARM, spcE). Serial tenfold dilutions were made from the phage mean from 3 biological replicates.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

X

A description of all covariates tested

RN

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

1 00 XX [0 00

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

LIX X
XL

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Microscopy data was collected using NIS Elements software (v5.3). Northern blot images were acquired using Azure Biosystems Sapphire
control software (v1.0).

Data analysis Microscopy data was processed using NIS Elements software (v5.3), then analyzed using Fiji (v2.3.0). Contrast of northern blot images was
adjusted in Fiji (v2.3.0). Growth curves, CFU and PFU measurements, and bioinformatic data were analyzed in GraphPad Prism 9. PacBio
sequencing data was analyzed with SMRTLink SMRTAnalysis toolbox (v10.1.0.119588). Genome assembly was performed with Sickle v1.0,
SPAdes v.3.15.4, and Medusa webserver (no version provided).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All L. seeligeri genome sequences reported here have been uploaded to NCBI through Genbank under BioProject accession number PRINA901958. RM loci are
publically available through the REBASE database (rebase.neb.com). Lists of strains, plasmids, and oligonucleotides used in this study are available in Supplementary
Table 2. Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author, Alexander Meeske
(meeske@uw.edu).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not statistically predetermined. All experiments were performed with sample sizes based on standard protocols in the field.
Data exclusions  No data were excluded from the analysis.

Replication All experimental findings were reliably replicated in biological triplicate.

Randomization Not relevant to this study. Animal or human research subjects were not involved in this study.

Blinding Not relevant to this study. Animal or human research subjects were not involved in this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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