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CRISPR-Cas (clustered regularly interspaced short palindromic repeats
and CRISPR-associated proteins) systems present a barrier to prophage
acquisition by restricting invading phages or by inducing autoimmune

cleavage of integrated prophage DNA. The RNA-sensing type VICRISPR
nuclease Cas13 mediates non-specific RNA cleavage upon recognition

of phage lytic transcripts, but how this system influences the temperate
phage life cycle remains unknown. Here we report that the Listeria seeligeri
type VI-A CRISPR system restricts the lytic cycle of temperate phages but
tolerates prophage acquisition and interferes with prophage induction
through anon-abortive mechanism. During attempts at induction, Casl13
activation forces prophage re-integration, thus maintaining lysogeny.

We also find that during polylysogenic induction, Cas13 acts specifically,
restricting only the targeted phage, in contrast to its behaviour during lytic
replication. Our findings show that Casl3 elicits a unique response to each
stage of the temperate phage life cycle, enabling type VI CRISPR hosts to
acquire potentially beneficial prophages while mitigating lysis.

Bacteria have evolved a diverse catalogue ofimmune systems to defend
against genetic parasites'. Such foreign genetic elementsinclude tem-
perate phages, which colonize 50-75% of bacteria*’. Temperate phages
replicate through either the lytic cycle, producing virions and lysing
their hosts, or the lysogenic cycle, integrating into the host chromo-
some as a prophage*. During lysogeny, prophages silence the bulk of
lytic genes. The lytic and lysogenic pathways are connected through
prophage induction, where an integrated prophage excises from the
host chromosome and initiates lytic replication, usually inresponse to
stressors like DNA damage. Prophages express non-essential accessory
genes during lysogeny, which can enhance host fitness by restrict-
ing super-infecting phages, facilitating colonization of new environ-
ments and enhancing bacterial pathogenicity’”. While virtually all
bacterial immune systems restrict the phage lytic cycle, whether
and how they influence lysogeny and prophage induction remains
relatively uncharacterized.

CRISPR~-Cas (clustered regularly interspaced short palindromic
repeats and CRISPR-associated proteins) systems provide anti-phage
immunity to bacterial hosts using diverse RNA-guided Cas nucleases
(types I-VII) which sense and degrade target viral nucleic acids®™°.
Short sequences derived from phage genomes, called spacers, are

transcribed from the CRISPR array and processed into small crRNAs
(CRISPR RNAs) that recognize homologous sequences in phage
genomes or transcripts. Active DNA-sensing CRISPR systems are
incompatible with targeted prophages, as cleavage of the integrated
phage genomeislethal to the host" ", Previous work showed that type
I-F CRISPR targeting of temperate phages in Pseudomonas aeruginosa
leads to prophage cleavage following integration, inducing growth
defects, and loss of the CRISPR system'. By contrast, the RNA-sensing
typellI-A CRISPR system of Staphylococcus epidermidis allows prophage
acquisition when targeted phage genes remain silenced™. Once acti-
vated, however, type llI-A systems cleave both RNA and DNA"® ™", Any
target transcription during lysogeny thusinduces typeIlI-A -mediated
cleavage of the integrated prophage DNA, resulting in growth defects'®.
Thus, research to date has shown that CRISPR systems pose a barrier
to prophage acquisition and that autoimmune cleavage of integrated
prophage DNA drives CRISPR-mediated fitness costs.

In contrast to other CRISPR-Cas types, the Cas13 nuclease of
type VI-A systems exclusively recognizes and cleaves RNA. This
raises the possibility that type VI-A immunity might allow prophage
acquisition, similar to the type IlI-A system, while avoiding autoim-
mune DNA cleavage'®®°. In the native type VI-A host Listeria seeligeri,
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Fig.1|The type VI-A CRISPR system tolerates lysogeny. a, Diagram of type VI-A
and type II-A spacer target locations in the $10403S and U153 phage genomes.

b, Plaque assays of $10403S and U153 on lawns of . seeligeri harbouring a
non-targeting spacer (spcNT) or individual type VI-A or type lI-A spacer. Three
biological replicates were performed, and representative images are shown.

¢, Chloramphenicol-resistant c.f.u. representing lysogenization events were
enumerated following infection of noted strains with cmR-marked $10403S or
U153. Three biological replicates and their means are shown. One-way analyses
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of variance (ANOVA) with Dunnet’s tests were performed to compare the means
of each spacer containing strain to the spcNT control (grey); *P < 0.05 denotes
asignificant difference between the indicated column and the spcNT control
column; **P < 0.01; no asterisk represents a non-significant difference. Exact
Pvalues for c are as follows: for $10403S™ infections: spclliA1, 0.0039; spcllA3,
0.0029; spcLL1,0.0134; spcEL2,0.0215; spcLG1,0.0179; for U153™ infections:
spcllA2,0.0414; spclIA3, 0.0407.

Casl3-mediated recognition of phage lytic transcripts leads to non-
specific degradation of phage and host messenger RNA, halting both
the phage lytic cycle and growth of the infected host?. Thus, Casl13
actsviaabortiveinfection: growth-arrested cells limit viral replication,
halting phage spread to uninfected cells in the population. We also
previously reported that cells can be resuscitated from Cas13-mediated
growth arrest if co-resident restriction endonucleases degrade the
targeted phage genome, removing the source of target transcripts™.
Here we report that the type VI-A CRISPR system of L. seeligeritolerates
lysogenization by targeted prophages. Furthermore, uponinduction
of targeted prophages, we find that Cas13 prevents completion of
the phage lytic cycle, instead enforcing re-integration and retention
of the prophage. This process does not affect viability of the host
cell, revealing a non-abortive effect of the type VI-A CRISPR system.
Finally, during induction of polylysogenic hosts containing multiple
distinct prophages, Casl13 specifically restricts induction of the tar-
geted prophage, in contrast to its non-specific activity during lytic
infection. Taken together, our data indicate that type VI-A CRISPR
systems enable prophage acquisition and retention while simultane-
ously restricting lytic infection and prophage induction.

Results

Type VI-A CRISPR tolerates integration of temperate phages
We began by investigating the consequences of type VI-A CRISPR
targeting on the life cycle of temperate phages in a prophage-free L.
seeligeri strain, LS1. We individually introduced a collection of spac-
ersinto the LS1 chromosome, directing natively encoded Cas13 to
sense lysogenic (LG), early lytic (EL) or late lytic (LL) transcripts of
two related temperate Listeria phages: $10403S and U153 (Fig. 1aand
Extended DataFig.1)*. The predicted function of targeted transcripts
isdocumented in Supplementary Table 1. We also tested interference
by aDNA-sensing Listeriatype II-A CRISPR-Cas system ectopically inte-
gratedintothe LS1genome, programmed to target eitheralytic or lyso-
genic gene. Upon infection of these strains, we observed that all type
1I-Aspacers and specifically those type VI-A spacers matchinglytic tran-
scripts strongly reduced plaque formation by both phages (Fig. 1b and
Supplementary Fig.1). Type VI-A spacers sensing lysogenic transcripts
did notimpact plaque formation (Fig. 1b), despite being functional in
interference against target-expressing plasmids (Extended DataFig. 2).
These datashow that type VI-A detection of RNA targets leads to stark

differencesintemperate phage restriction dependent on protospacer
context, similar to the type IlI-A CRISPR system™.

Next, to evaluate the effect of type VI-Aimmunity on lysogeniza-
tion by temperate phage, we engineered a constitutively expressed
chloramphenicol resistance (cmR) gene into non-essential regions
of the $10403S and U153 genomes. We used these phages to infect
strains containing the type VI-A or lI-A spacers listed above and imme-
diately selected for chloramphenicol-resistant colonies to enumer-
ate lysogen formation. For both phages, we observed that type II-A
CRISPR immunity reduced lysogen formation by 25- to 1,000-fold
compared to a non-targeting spacer. By contrast, type VI-A CRISPR
was more tolerant of prophage acquisition, ranging from a depletion
of 11-fold to a 1.8-fold increase (Fig. 1c). Type VI-A spacers targeting
late lytic genes had little to no effect on lysogeny, which is logical,
as transcription of late lytic targets is not expected to occur before
prophageintegration. Spacers targeting early lytic genes showed up
toanll-fold reductioninlysogenformation, suggesting these genes
may be transcribed before lysogenic commitment. Finally, spacers
targeting lysogenic genes, including putative integrase and repressor,
had surprisingly modest effects on lysogeny. Using RNA sequenc-
ing (RNA-seq), we confirmed that lysogenic targets are detectably
expressed during bulk infection (Extended Data Fig. 3), suggesting
that lysogenic transcripts are produced but in insufficient quanti-
ties to activate Casl3. Taken together, our data indicate that Cas13
restricts lytic infection, dependent on protospacer context, but tol-
erates prophage acquisition. This is in contrast to the RNA-sensing,
DNA-cleaving typelll-A system, which restricts prophage acquisition
when sensing lysogenic transcripts and shows incomplete tolerance
when sensing lytic transcripts'*®.

Conditional activation governs Casl3 tolerance to lysogeny

Previous work on Leptotrichia shahii Cas13 expressed in Escherichia
coli showed that a threshold level of target expression is required
for nuclease activation®*. Our observations of prophage tolerance
by Casl3 suggested a similar principle governs Casl3 activationin L.
seeligeri. To investigate this, we used a strain of L. seeligeri harbour-
ing a Casl3-targeted transcript under the P..inducible promoter (LS1
94°::P,.-pspc4)”. We incubated this strain with various concentrations
of anhydrotetracycline (aTc) inducer and measured resultant growth
defects by ODq, (optical density at 600 nm) at 16 h after incubation
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Fig.2| Targeted phages integrate without activating Cas13. a, For replicate
cultures of LS194 " ::Ptet-pspc4, OD¢,, Was measured after 16 h of incubation
with the indicated concentration of inducer (aTc, ng ml™); the rightmost column
denotes an isogenic control with Cas13 deleted at 100 ng ml™ aTc. b, Following
incubation of LS194 *::Ptet-pspc4Acasi3 strain with various concentrations
ofinducer (aTc), target transcript abundance was quantified using RT-qPCR.
Here, 272*“js relative expression of the pspc4 target normalized to expression
of the housekeeping gene ssbA, then normalized to a control lacking aTc. Four
biological replicates and their means are shown foraandb. ¢, Restriction of
lysogen formation after Cas13 pre-activation. L. seeligeri LS194 " ::Ptet-pspc4
strains were infected with $10403S-cmR or U153-cmRin the presence or absence

ofinducer (aTc); resulting cmR c.f.u. and p.f.u. were enumerated. Three biological
replicates and their means are shown. d, Montages of L. seeligeri cell fates
following infection with $10403S-mStayGold inaspcNT or spcELI background.
Scale bars,1um. e, Cell fates were manually tracked and assigned for 600

cells from 2 biological replicates for each background. f, For cells that became
lysogenic, progeny cells were counted at 8 h to quantify initial growth rate during
lysogen formation in spcNT or spcELI background. Each circle represents the
number of lysogenic progeny produced from a single infected progenitor cell,
representing a biological replicate (spcNTn=16, spcELI n=18). Atwo-sided
Student’s t-test was performed to compare the means of the two conditions; NS
denotes a non-significant difference.

(Fig.2a). We detected equally strong Cas13-induced growth defects for
cultures incubated with >25 ng ml™ aTc, while no effect was observed
with lower aTc concentrations (Fig. 2a). In parallel, we incubated an
isogenicstrainlacking Cas13 (LS194°::P,-pspc4 Acas13) withidentical
aTc concentrations and measured abundance of target transcripts at
5 min afterinduction by real-time quantitative PCR (RT-qPCR) (Fig. 2b).
In contrast to the precipitous appearance of a Cas13-induced growth
defect, target RNA expressionincreased gradually with aTc concentra-
tion, hitting saturation at 75 ng ml™ aTc (Fig. 1b). These dataargue that
activation of Casl13in L. seeligeri is gated and that low levels of target
expression are tolerated.

Next, we tested whether prophage tolerance is due to a lack of
sufficient target expression necessary to activate Casl13, or the ina-
bility of active Casl13 to interfere with lysogen establishment. Using
the 94°::P,-pspc4 strain described above, we induced Cas13 activa-
tion with 100 ng mI™ aTc 30 min before infecting with cmR-marked
phages, measuring lysogen and p.f.u. (plaque-forming units) formation
(Fig. 2c). For both phages, we observed equal ~100-fold reductions
in p.f.u. and lysogen titres when Casl13 was pre-activated. Our data
indicate that when activated, Casl3 iscompetent torestrict prophage

acquisition. Thus, prophage tolerance during natural type VItargeting
results from alack of Casl3 activation.

Tofurtherinvestigate the status of Cas13 activation during lysogen
formation, we tracked the growth of phage-infected cells by time-lapse
microscopy. As Casl3 activation induces a dramatic growth arrest,
we expected that even temporary Casl3 activation during lysogen
establishment would manifest as delayed growth in incipient lyso-
gens. We inserted a constitutively expressed fluorescent protein,
mStayGold, into a non-essential region of $10403S for visualization
of infection. We loaded cells infected with $10403S-mStayGold at a
multiplicity of infection (MOI) of 50 into a microfluidic chamber and
imaged them over the course of 12 h. Inthe presence of anon-targeting
spacer (spcNT), we visualized lysis of infected cells, outgrowth of unin-
fected cellsand growth of lysogenic cells into microcolonies showing
green fluorescence (Fig. 2d). We also observed these fates with three
lytic targeting spacers with the additional outcome of Cas13-induced
growtharrest. While lysogeny was rare, we found that rates did not sub-
stantially differ between our spcNT, spcELI and spcLL1 strains (Fig. 2e
and Supplementary Fig. 2), as observed in bulk lysogenization assays
(Fig. 1c). To determine whether Casl3 is activated transiently during
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Fig.3|Type VI CRISPR immunity limits prophage induction and enhances
cellsurvival. a, 0D, growth curves of self-targeting lysogens. Left: $10403S
lysogens. Right: U153 lysogens. The indicated strains were cultured to mid-log
phase and diluted in BHI, and OD,, was measured for 20 h. Lines represent

the mean of four biological replicates, with grey shaded areas representing

the s.e.m. (standard error of the mean). b, Production of p.f.u. by $10403S or
U153 lysogens harbouring the indicated spacer, or aspcNT non-lysogen control
(grey); p.f.u. were enumerated at 8 h after treatment with MMC (pulsed at

2 mg ml™ for 60 min). ¢, Corresponding production of c.f.u. was enumerated
for the indicated strains at 24 h after MMC treatment. For b and ¢, individual
biological replicates are shown. For b and ¢, one-way ANOVA analyses with
Dunnet’s tests were performed to compare the means of each spacer containing
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strain to the spcNTlysogen (pink); *P < 0.05 denotes a significant difference
between the indicated column and the spcNT lysogen; **P < 0.01; ***P < 0.001;
P < 0.0001; no asterisk represents a non-significant difference. d, Time
course of viable c.f.u. count after MMC treatment (pulsed at 2 mg ml™ for

60 min) of the indicated strains. LOD, limit of detection. Mean and s.e.m. of three
biological replicates are shown. Exact Pvalues for b are as follows: for $10403S
reactivations:spcLL1,0.0015; spcEL2,0.0012; spcEL1,0.0017; spcLGI1,0.0015;
spcLG2,0.0155; for U153 reactivations: spcLL2,0.0006; spcEL3,0.0002; spcELl,
<0.0001; spcLG2,0.00717. Exact P values for c are as follows: for $10403S
reactivations: spcLL1,0.0001; spcEL2,0.0003; spcEL1, 0.0001; spcLGI1,0.001; for
U153 reactivations: spcEL3, 0.0135; spcEL1,<0.0001.

lysogen formation, resultinginagrowth delay, we tracked the growth
rate of lysogens formed by counting their progeny at 8 hafter infection.
We found that there was no detectable difference in lysogenic progeny
count at 8 hbetween spcNT and spcEL1 cells (Fig. 2f), confirming that
lysogens form without activating Casl13.

Casl3 immunity enables cell survival from prophage induction
While our data indicate that prophage acquisition is tolerated in the
presence of type VI-A immunity, we wondered whether these strains
would show growth defects like those observed with other CRISPR
types. We performed growth curves with lysogens harbouring a
non-targeting spacer, or a spacer targeting the integrated prophage,
hereafter referred to as ‘self-targeting lysogens’. As a comparison, we
measured growth of the 94 °::P,.-pspc4 strainincubated with100 ng ml™
aTc. We found that self-targeting lysogens showed no detectable
growth defect during exponential growth, while Cas13 activationin
the 94 °::P,.-pspc4 strainled to severe growth defects (Fig. 3a). We also
tracked prophage retention over 4 days by passaging self-targeting or
non-targeting lysogens harbouring the $10403S-mStayGold prophage;
we saw that the prophage was stably maintained at equal proportions
in both backgrounds (Extended Data Fig. 4). Our data indicate that
self-targeting by the type VI-A CRISPR system is not associated with
anintrinsic fitness cost.

Next, we investigated the fates of phages and cells undergoing
prophageinductioninthe presence of type VI-A CRISPR interference.
We enumerated p.f.u. released from self-targeting or non-targeting
lysogens following a 60 min treatment with the DNA-damaging agent
mitomycin C (MMC). Eight hours after MMC treatment, we observed

Casl3-dependent reductions in phage released from lysogens con-
taining lytic transcript targeting spacers (Fig. 3b). These strains also
produced fewer p.f.u. from spontaneous induction, in the absence of
MMC (Extended Data Fig. 5). In our induction experiments, we noted
particularly robust survival of lysogens harbouring lytic gene-targeting
spacers 24 hafter MMC treatment. (Fig. 3¢). To further investigate this,
we tracked colony-forming units (c.f.u.) over time following treat-
ment with MMC in $10403S and U153 self-targeting lysogens, along
with a non-lysogen control (Fig. 3d and Extended Data Fig. 6). Both
non-targeting lysogens showed severe drops in viability following
MMC treatment. Strikingly, the survival of both spcELI lysogens was
indistinguishable from non-lysogens at all time points (Fig. 3d), indi-
cating a lack of widespread lysis or growth arrest. This phenotype
was consistent in multiple spacer contexts (Extended Data Fig. 6).
This suggests that during prophage induction, Casl3 restricts phage
replicationinanon-abortive fashion, contrary toits effect during lytic
replication. We also determined that both $10403S and U153 confer
immunity to cognate super-infecting phages using locked-in, integrase
deficient Aint prophages (Extended Data Fig. 7a). This shows that
Casl3-dependent survivalisnot caused by protection from secondary
infection, as lysogens are already immune to this. Furthermore, we
found that cell death during inductionis unaffected by host mutations
inthe phage receptor (ggaB), indicating that lysis does not result from
secondary infection or lysis-from-without (Extended Data Fig. 7b). We
also found that Cas13 enhances host survival during induction of two
other distinct prophages, pEGDe and $LS46 (Extended Data Figs.1and
8). Takentogether, our dataindicate that prophage targeting by Cas13
enables survival from induction, without substantial growth arrest.
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Fig.4 | Prophage re-integration resolves transient Cas13 activity.

a,b, Surviving colonies from prophage induction were picked and grown in
BHI overnight before spotting on BHI with chloramphenicol or erythromycin,
or plated for free phage. a, The percentage of resistant survivors from

three biological replicates are shown along with their means. ermR,
erythromycin-resistant; cmR, chloramphenicol-resistant. b, Phage titres from
overnight cultures of surviving lysogenic colonies (spcNT-$10403S, n = 31;
SpCcELI-$10403S, n=29; spcNT-U153, n = 3; spcEL1-U153, n = 36) from three
biological replicate experiments were enumerated. Each circle represents the
released p.f.u. of anindividual survivor colony. Two-sided Student’s t-tests
were performed to compare the means of the two conditions; ****P < 0.0001.
¢, Relative attB content as measured by qPCR from the indicated cultures
following pulsed MMC treatment. Shown are the relative excision values: 272
of the attBssite calculated by comparing the Cq values from the attB site to

those from housekeeping gene ssbA. The mean and S.E.M of two biological
replicates are shown. Student’s ¢-tests were performed to compare relative
excision values at each point; **P < 0.01; no asterisk denotes a non-significant
difference. Dashed lines indicate that the culture from which these samples were
collected was near complete lysis, due to prophage induction. d, Cas13 activity
measurement by northernblot for 5S rRNA. RNA was extracted from indicated
strains during prophage induction and resolved on a denaturing urea gel before
blotting with Cy3-labelled probe for the L. seeligeri 5S rRNA (clv denotes a rRNA
cleavage product formed following Cas13 activation). Shown is a representative
blot of two biological replicates. e, Model of the type VI-A CRISPRimmune
response to various stages of the temperate phage life cycle in L. seeligeri. Exact
Pvalues for b are as follows: for the $10403S comparison, P=4.22 x 1075; for the
U153 comparison, P=3.58 x 1078,

While type VI-A CRISPR systems restrict lytic infection viaanabortive
mechanism, our datashow that Casl3 restricts prophage inductionin
acell-autonomous manner.

Prophage re-integration resolves the type VI-A CRISPR
immune response

We reasoned that, following type VI-A-mediated restriction of prophage
induction, the Casl3 immune response could be resolved through
loss of the targeted prophage, or through prophage re-integration
and silencing of the target RNA. To determine whether survivors of
induction retained the targeted prophage and immunity plasmid, we
tested individual colonies for chloramphenicol resistance encoded
by the phage and erythromycin resistance encoded by the integrated
spacer plasmid. We saw that nearly all survivors from targeted prophage
inductionretained both prophage and plasmid (Fig. 4a). Furthermore,
surviving lysogens still produced detectable virions via spontaneous
induction, and those withaspcEL1spacer produced fewer p.f.u., indicat-
ingthatboth the prophage and Cas13 immunity remain functional fol-
lowing targeted prophage induction (Fig. 4b). Thus, type VI-Aimmunity

limits prophage induction while retaining the prophage and functional
immune system. Next, we asked whether Cas13-mediated interference
occurs before or after prophage excision from the host chromosome.
We performed qPCR at the bacterial attachment locus (attB) which is
re-formed during prophage excision. We observed a similar degree
of attB formation in spcNT and spcEL1 strains for both $10403S and
U153 prophages. However, at later time points, attB site abundance
decreasesinthespcEL1lysogen, suggesting that Cas13 does notimpair
initial prophage excision but later enforces prophage re-integration
and re-occupation of the attB site (Fig. 4c). We note that at the latest
time point, the spcNT cultures showed near-complete lysis, making it
difficult to compare attB content between spcNT and spcELI condi-
tions (Fig. 4c, dashed lines). We also tracked phage genome abundance
by performing qPCR at the phage attachment site (attP) formed on
the phage chromosome after excision and replication. We detected
initial attPreconstitution and some phage genome replication but
Casl3-dependent reduction of attP content at later time points, consist-
ent with re-integration and arestriction of phage genome replication
(Extended DataFig. 9). Finally, we directly measured Cas13 activation
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Fig. 5| Casl3 specifically restricts targeted phages during polylysogenic
induction. a, Diagrams of L. seeligeri with different polylysogenic backgrounds
with either spacer targeting U153 (spcU) or spacer targeting ¢LS46 (spc46).

b, Theindicated self-targeting lysogens were diluted into BHI + 2 mg mlI™ MMC;
p.f.u. corresponding to each phage were enumerated at 8 h after treatment on
selective lawns harbouring type II-A CRISPR spacers against either U153 or $LS46.
Four biological replicates and mean are shown. One-way ANOVA analysis with
Dunnet’s test was performed on each column, comparing the means of either
targeting lysogen compared to the corresponding non-targeting lysogen or

non-targeting polylysogen. **P < 0.01 denotes a significant difference between
the indicated column and the spcNT control column; ***P < 0.001; no asterisk
represents anon-significant difference. ¢, To determine whether phages are
reactivatingin the same cell, polylysogens with a non-targeting spacer were
treated with MMC, washed of free phage and plated on a susceptible lawn before
lysis. Plaques formed on these lawns were then isolated and plated on selective
lawns to analyse their composition. Shown are the means of three biological
replicates. Exact Pvalues for b are as follows: for released U153 phage, P= 0.0023
for spcUin aU153 lysogen; the P=0.0002 for spc46in a pLS46 lysogen.

duringinduction of targeted prophages by performing northernblots
on5Sribosomal RNA, aknown Casl13 cleavage substrate. We saw tran-
sient Cas13-dependent 5S rRNA cleavage during induction of each
prophageinthe presence of spcELI (Fig.4d). Together, these datasup-
portamodelinwhichtargeted prophagesactivate Cas13 after excision,
resulting in transient non-specific RNA cleavage, which is resolved
following prophage re-integration and silencing of the stimulatory
mRNA (Fig. 4e).

Integration and excision of A118-like Listeria prophages, including
$10403S, is catalysed by a large serine recombinase (Int) and accom-
panying recombination directionality factor (RDF)*. In isolation, Int
catalysesintegration, but uponinteraction with RDF, Int-RDF catalyses
excision. Assuch, Cas13-mediated depletion of RDF represents one pos-
sible mechanism driving prophage re-integration during reactivation
of targeted prophages. To investigate this, we monitored int and rdf
transcript levels by RT-qPCR following MMC treatment in self-targeting
or non-targetinglysogens. Levels of both transcriptsincreased during
prophage induction, and neither were significantly depleted during
Casl3targeting (Extended Data Fig.10a). We then generated function-
allytagged RDF and Int allelesin $10403S lysogens equipped with the
SpcNT or spcEL1 construct and monitored protein abundance follow-
ing MMC treatment. We found that RDF synthesis gradually increases
during reactivation, but levels did not differ between the spcNT and
spcEL1background (Extended Data Fig.10b). Although the tagged Int
protein functioned in catalysing excision, we were unable to detect it
viaimmunoblotting. Together, these data argue that Cas13-mediated
prophage re-integration does not require specific depletion of RDF.

Casl13 immunity is specific during multiple prophage
induction

Many L. seeligeri strains are polylysogens, harbouring multiple
prophages which can be co-induced by DNA damage®®. Once acti-
vated by target mRNA, Casl3restricts both targeted and non-targeted
phages during lyticinfection through non-specific RNA degradation®.
Hence, we were interested in whether non-targeted phages are similarly
restricted during polylysogen induction. To this end, we engineered
polylysogens harbouring both U153 and another temperate listeri-
aphage with a separate integration site, $LS46 (Extended Data Fig. 1).
Wethen separately introduced anon-targeting spacer (spcNT), aspacer
targeting U153 (spcU) or aspacer targeting $bLS46 (spc46) into the pol-
ylysogenstrain (Fig. 5a). We treated these self-targeting polylysogens

with MMC and enumerated released U153 or $LS46 phage on selective
lawns equipped with Cas9 directed against eachindividual phage. Using
this system, we found that polylysogens produce fewer virions of each
individual phage than their monolysogenic counterparts, possibly due
to competition for resources within the cell (Fig. 5b). Furthermore, we
found that Cas13restrictsinduction of the targeted prophage but not
theuntargeted prophage during polylysogeninduction (Fig. 5b). One
explanation for these observations is that the two prophages never
reactivate inthe same cell, precluding any opportunity for non-specific
restriction. To test this, we isolated spcNT polylysogenic cells treated
with MMC before lysis, repeatedly washed away free phage and plated
onanon-selective lawn. We thenisolated resultant plaques and plated
themonselective lawns to determine whether individual inducing cells
gave rise to either one or both phages. We found that most reactivat-
ing polylysogens produced hybrid plaques containing both phages
(Fig.5c), supporting the idea that both prophages are broadly induced
inthe same cell. Thus, our evidence suggests that Cas13 actsinsucha
limited or transient fashion in an inducing polylysogen that it is inca-
pable of restricting the induction of a non-targeted prophage.

Discussion

Here we have shown that the type VI-A CRISPR system tolerates lysog-
eny whilerestrictinglyticinfection and prophage induction, through
conditional activation of Cas13. We find that the effects of Cas13 vary
in each stage of the temperate phage life cycle. During lytic infec-
tion, Casl3 elicits a prolonged growth arrest from which cells do not
recover. During lysogeny, Casl3 remains inactive as lysogenic target
RNAs do not exceed the threshold required to trigger RNA cleavage,
and thus, prophage acquisition s tolerated. During prophage induc-
tion, we observe transient Cas13 activation after prophage excision,
which blocks lysis and is resolved by re-integration of the prophage
into the attBsite. It can be inferred from the datain Fig. 1c that phage
restricted during lytic infection cannot enter the lysogenic pathway
to resolve the Casl3 response, unlike targeted phages undergoing
induction. If this were the case, we would expect an increase in lyso-
gen establishment during Cas13 activation. Instead, we measured
similar lysogeny rates under targeting and non-targeting conditions,
suggesting that infecting phages cannot switch from lytic to lyso-
genic replication, in contrast to inducing phages. Finally, while the
non-specific nature of Cas13-mediated RNA cleavage neutralizes both
targeted and non-targeted phage during lytic co-infection?, we found
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that Casl3 interferes specifically against targeted prophages during
polylysogenicinduction.

What drives prophage re-integration during the type VI-Aimmune
response following induction? Excision is driven by Int in complex
with its RDF co-factor. We observe that excision is unaffected by Cas13
targeting, and thus, both Int and RDF are produced. We found that
re-integration during Casl3 targeting is not accompanied by a loss of
RDF. We speculate that the replication-arrested prophage is a prime
substrate for free Int, which may dissociate from RDF at some constant
rate, switching the polarity of the enzyme to favour integration. This abil-
ity of the $10403S prophage to excise and reintegrate has been shown
toplay aroleinregulating Listeria monocytogenes pathogenesis’. In this
case, phage replication arrest is caused by inhibition of an activator of
late gene expression. For the prophage, re-integration may serve as a
mechanismto ensure its maintenance wheninductionisarrested. Dur-
ing Cas13-induced re-integration, Cas13 activationis evident by 5S rRNA
cleavage, but we detected no concomitantgrowtharrest, suggesting that
re-integration occursrapidly within single cells. Overall, this pathway to
resolve the type VI-Aimmune response allows Cas13-equipped hosts to
benefit from potential fitness advantages conferred by prophages while
mitigating liabilities associated with autoimmune self-targeting, or
phage-induced lysis. We have previously shown that primed acquisition
rapidly generates type VI-A spacers targeting anintegrated prophage”.
Thus, self-targeting lysogens can be formed both by integration of a
CRISPR-targeted prophage or by spacer acquisition from a resident
prophage. How type VI-A self-targeting affects prophage accumulation
ortheformation of cryptic prophages remain open questions. Broadly,
CRISPR systems can present a strong barrier to lysogeny>'$**%°, Some
recently described non-CRISPR defences have been shown to tolerate
prophages, yet their mechanisms of action remain to be elucidated**".
Further study of novel bacterialimmune systems’interactions with tem-
perate phages may lead to the discovery of emergent prophage-tolerant
behaviours. Characterization of prophage-tolerant immune systems
andtheir distribution could deepen our understanding of virulence trait
acquisition and evolution in bacterial populations.

Methods

Bacterial strains and growth conditions

L. seeligeristrains were derived from American Type Culture Collection
strain 35967 (Rocourt and Grimont) and were grown in brain heart
infusion (BHI) broth or agar at 30 °C. Where appropriate, BHI was sup-
plemented with the following antibiotics for selection: nalidixic aid
(50 pg ml™), chloramphenicol (10 pg ml™), erythromycin (1 pg mi™) or
kanamycin (50 pg ml™). For cloning, plasmid preparation and conju-
gative plasmid transfer, E. 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 mI™). 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 strain S-17 Apir.

Phage propagation

All phageinfections were performedin BHImedium supplemented with
5 mM CacCl,. To generate phage stocks, purified plaques and tenfold
serial dilutions were combined with 100 pl of a saturated overnight
cultureof L. seeligeri ARMI ARM2 ACRISPR in 5 ml of BHI soft agar (0.7%
agar) with5 mM CacCl,, overlayed on aBHI plate. Propagated phages were
collected fromthe fully cleared plate made from the lowest dilution of
phage by adding 5 ml of BHImedia to the plate, rocking for 10 min, and
filtering the resulting phage stock through a 0.45 pm pore syringefilter.

Plasmid construction and preparation
Allgenetic constructs for expressionin L. seeligeriwere cloned into the
following three shuttle vectors, each containing an origin of transfer

sequence for mobilization by transfer genes of the Inc-type plasmid
RP4: (1) pPL2e—single-copy plasmid conferringerythromycinresistance
thatintegratesinto the tRNA*€locus in the L. seeligeri chromosome®*;
(2) pAM8—E. coli-Listeria shuttle vector conferring chloramphenicol
resistance®; and (3) pAM326—E. coli-Listeria shuttle vector conferring
kanamycin resistance*. These transfer genes are integrated into the
genome of £. coli conjugative donor strains S-17 Apir. Spacer constructs
were made through ligation of annealed oligos containing the spacer
sequence into digested pPL2e derivatives, pAM305 for type VI-A spac-
ers and pAM287 for type II-A. All other plasmids were constructed
from shuttle vectors via Gibson assembly of restriction digested or
PCR-amplified backbones with PCR-amplified inserts. Details of plasmid
construction, along with plasmid information and oligonucleotides
used in this study, are also found in Supplementary Table 1.

E. coli-L. seeligeri conjugation

Donor E. coli strains S-17 Apir carrying E. coli-Listeria shuttle vectors
were cultured overnightin LB medium with the appropriate antibiotic:
25 ug ml™ chloramphenicol (for pPL2e-derived plasmids), 50 pug mi™
kanamycin (for pAM326-derived plasmids) or 100 pg ml™ ampicillin
(for pAMS8-derived plasmids). Recipient L. seeligeri strains were grown
overnight in BHI medium supplemented with 1 ug ml™ erythromycin
(for pPL2e-derived plasmids), 10 pg ml™ chloramphenicol (for marked
lysogens or pAMS8-derived plasmids) or 50 pg ml™ kanamycin (for
pAM326-derived plasmids) at 30 °C. The saturated donor and recipient
cultures (100 pl each) were combined in10 ml of BHIand concentrated
onto a 0.45 um membrane filter disc (Millipore-Sigma) using vacuum
filtration. The filter was then placed on BHI agar containing 8 pg ml™*
oxacillin (or 128 pg ml™ when conjugating pAMS-derived plasmids),
which weakens the cell wall, enhancing conjugation, and incubated
at37°Cfor4 h. Afterincubation, the cells were resuspended in2 ml of
BHIand plated onselective BHI medium containing 50 pg ml™ nalidixic
acid, whichkills donor E. colibut not recipient Listeria, along with the
appropriate antibiotic for plasmid selection. Transconjugants were
isolated after 2-3 days of incubation at 30 °C.

Phage engineering

Repair plasmids were generated via Gibson assembly with PCR-
amplified pAM326,1 kb homology arms amplified from the respective
phage, and cargo gene fragments to be inserted. Repair plasmids were
conjugated into L. seeligeri, and the resulting transconjugants were
infected witheither U153 or $10403S to enable recombination between
the phage and repair plasmid. The resulting phage lysate was puri-
fied, and recombinants were selected by Cas9 counterselection using
pAM307-derived plasmids or by infection of fresh cultures of L. seeligeri
atan MOl of 0.1for 30 min and selection for chloramphenicol-resistant
lysogens on BHI + chloramphenicol in the case where genetic inser-
tions included the catA gene. A stock of recombinant phage was then
produced by expanding a plaque arising on a counterselection lawn or
aplaque derived from the supernatant of an overnight culture grown
froma chloramphenicol-resistant lysogen.

Lysogen establishment assays

Overnight cultures of strains to be lysogenized were grown in 5 ml of
BHI, incubated at 30 °C overnight. Cultures were grown to an OD,
of 0.5-1.0 before being back diluted to an 0D, of 0.05in 500 pl of
BHI supplemented with 5 mM CacCl,. Phages engineered with catA
were then added to a MOI of 0.3 and allowed to incubate at 30 °C for
30 min. Infected cells were then pelleted by centrifugation for 3 minat
6,000 x g; the supernatant was decanted, and the cell pellet was resus-
pended in 500 pl of BHI supplemented with 100 mM sodium citrate.
Tenfold serial dilutions of infected cells were made in BHI + sodium
citrate,and 100 plof diluted and undiluted samples were spread on BHI
supplemented with chloramphenicol and sodium citrate. Lysogenic
colonies appeared after 2-3 days of incubation at 30 °C.
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Casl3induction experiments

Overnight cultures of LS194°::P-pspc4 were grown in 5 ml of BHI
and incubated at 30 °C overnight. Overnight cultures were diluted
to an OD,, of 0.05 in 5 ml of BHI and treated with 100 ng mI™ aTc
for 30 min where appropriate to induce targeted protospacer tran-
scription. Induced or uninduced cultures were then infected with
U153 or $10403S at an MOI of 0.1 for 6 h; resulting lysogenic cells
or p.f.u. were then enumerated on BHI supplemented with chloram-
phenicol and sodium citrate, or a lawn of L. seeligeri ARMI1 ARM?2
ACRISPR, respectively.

Prophage induction experiments

Overnight cultures of strains to be treated with MMC were grown in
5mlofBHIandincubated at 30 °C overnight. Cultures were grownto an
0Dy, 0f 0.5-1.0 before being diluted to an OD,, 0f 0.1in BHI containing
MMC. For Figs.3b,cand 5, cultures were diluted into BHI supplemented
with 2 pg mI MMC sodium salt (Sigma Aldrich); p.f.u. were measured
after 8 hby plating 2 pl dilution spots onlawns of L. seeligeri ARM1 ARM2
ACRISPR, and viable c.f.u. were measured where applicable after 24 h
by plating 5 pl dilution spots onto BHIsupplemented with sodium cit-
rate. For Figs. 3d and 4, cultures were diluted into BHI supplemented
with1pg mlI™ MMC in DMSO (Sigma Aldrich) for 30 min before being
pelleted by centrifugation and washed twice with fresh BHI. Released
p.f.u. and surviving cells were measured as described above, and cell
pellets were collected at 0, 4, 8,12 and 24 h.

qPCR

DNA was isolated from 1 ml of the indicated L. seeligeri cultures dur-
ing MMC treatment by lysozyme treatment and phenol-chloroform
extraction. qPCRwas performed with100 ngtemplate DNA usingiTaq
Universal SYBR Green Supermix (Bio-Rad), the appropriate primer pair
amplifying attB, attP or housekeeping sshA DNA loci, and a Bio-Rad
CFX384 Touch Real-Time PCR Detection System. Relative abundance
of either attB or attPsites were calculated by subtracting the Cq value
ofthe sshAlocus at the matched time point (ACq). Relative abundance
valuesineachtime course were normalized to the starting attB or attP
content, which was set to 0.

Northernblot

RNA was isolated from 1 ml of the indicated L. seeligeri cultures dur-
ing MMC treatment using the Direct-zol RNA Miniprep kit (Zymo
Research). RNA was mixed with an equal volume of 2x RNA loading
dye (95% formamide, 18.8 mM EDTA and 0.02% bromophenol blue),
heated to 95 °C for 3 min and then cooled on ice for 1 min. Then, 1 pg
total RNA from each sample was resolved by denaturing 15% TBE-urea
PAGE and was transferred overnight to BrightStar nylon membranes
(Invitrogen). Membranes were UV-crosslinked, then pre-hybridized in
2xSSC +1% SDS in hybridization oven at 42 °C for 30 min, followed by
the addition of 250 pmol Cy3-labelled single-stranded DNA probe and
overnight incubation at 42 °C. Hybridized membranes were washed
twice with 2x SSC + 0.1% SDS for 5 min then once with 1x SSC + 0.1%
SDS for 20 min in hybridization oven at 42 °C and then scanned on an
Azure Sapphireimager.

Microscopy

Phage infections were performed with mid-exponential-phase cells
infected at an ODg,, 0f 0.05and MOI50in 500 pl of BHI supplemented
with 5 mM CacCl,. Infected cells were incubated at 30 °C for 30 min
before being pelleted by centrifugation and washed in 500 pl of BHI.
Infected cells were then loaded into microfluidic chambers using the
CellASIC ONIX2 microfluidic system (Millipore Sigma). After cells
became trapped in the chamber, BHI mediawas supplied underacon-
stant flow rate of 5 pl h™.. Phase contrast images were captured at x1,000
magnification every 30 min for 12 hafter infection, using aNikon Ti2e
inverted microscope equipped withaHamamatsu Orca-Fusion SCMOS

cameraand temperature-controlled enclosure set to 30 °C. mStayGold
expression was visualized using a GFP filter set and Excelitas Xylis LED
Illuminator set to 10% power with an exposure time of 250 ms. Time
lapseimages were aligned and processed using NIS Elements software
v5.3. Quantitative analysis of cell fates were performed in Fiji v2.3.0
(ref. 35). To quantify the fates of infected cells under the microscope,
we manually tracked and counted cells that underwent lysis, lysog-
eny, outgrowth or Casl3-induced growth arrest. Cells that ruptured
during imaging were assigned as lytic events; those that expressed
phage-encoded mStayGold but continued actively dividing without
lysis were assigned as lysogenic events. Cells that continued growing
without fluorescence were labelled as outgrowth. Cells that did not
divide for the course of imaging were labelled as arrested cells.

RNA-seq and analysis

LS1wasgrownin5 mlof BHI overnightat 30 °C. Mid-exponential-phase
cultures were then diluted toan OD,, of 0.1 and infected at an MOl of
2in10 ml of BHI supplemented with 5 mM CaCl,. At 0,30 and 120 min
after infection, 2 ml of the culture was collected, and total RNA was
extracted using the Direct-zol RNA Miniprep kit (Zymo Research).
Ribosomal RNA depletion, lllumina library preparation and 2 x 150
paired-end Illumina RNA-seq was performed by SeqCenter. Reads
were then mapped to the corresponding genome using bowtie2 using
default settings.

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

Data availability

All RNA-sequencing data reported here have been uploaded to NCBI
under BioProject accession number PRJNA1414806. Lists of strains,
plasmids and oligonucleotides used in this study are available in
Supplementary Table 1. Further information and requests for resources
and reagents should be directed to and will be fulfilled by the corre-
sponding author. Source data are provided with this paper.
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Extended Data Fig. 1| Relatedness and integration sites of phages used in this study. Genome diagrams of the phages used in this study are aligned with the %
nucleotide identity of related genes represented by their shaded connection. Listed in the left column are the attB integration sites in the bacterial genome of each
phage. Figure was made using clinker & clustermap.
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Extended Data Fig. 2| Spacers sensing lysogenic transcripts are functional in plasmid interference. (a) Conjugation assays of either targeted (pT) or non-targeted

(pNT) plasmidsinto L. seeligeri with the indicated cognate targeting spacer. Images shown are representative of the five biological replicates quantified. (b)
Conjugation of target plasmids into aspcNT background.
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Extended Data Fig. 3| Lysogenic transcripts targeted by Cas13 are transcribed during bulk infection. RNA-seq was performed on L. seeligeri cells 30 min

post-infection with U153 or $10403S at an MOl of 2. Reads per nucleotide across the phage genome with the nucleotides corresponding to targeted transcripts
highlighted.
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Extended Data Fig. 4 | Self-targeting does not result in prophage loss during passaging of lysogens. Lysogens harboring $10403S- mStayGold in aspcNT or spcEL1
background were passaged daily 100 cells were counted each passage for two replicate cultures in both conditions. Mean of two biological replicates are shown.
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Extended Data Fig. 5| Casl3 self-targeting reduces spontaneously induced phage in culture. Overnight cultures of the indicated self-targeting or non-targeting
lysogens were back diluted in BHI and released PFU were enumerated at 8 h. Three biological replicates are shown.
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Extended DataFig. 6 | Select Cas13 spacers block reactivation mediated killing. Time course of viable CFU count after MMC treatment of the indicated strains.
Cultures were treated with 2 mg/ml MMC for 60 min before washing and re-suspending in fresh BHI and measuring CFU/ml at the indicated time points. Mean and
S.E.Mof four biological replicates are shown.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article https://doi.org/10.1038/s41564-026-02288-5

Q
o

Infection with $10403S Infection with U153 1 010 Host:
5 1.5x107 = 8x107 = c 1 wr a
2 o wr ggaB ﬂ AggaB
¥ 7 * § 8
S qox107d o ey T 10; .
2 o
5 _ 4x104 o é 106
X 6 -1 -
B 5.0x10 . <
c 2x107 A ]
2 . £ 1
8 0.0 - go 0 5 1
—
15} o
£ o 2
-5.0%106 T T I 2x107 T T T 10 4 T v
¢ 5o & e & Q& 5 »Q
g P © ® & & N> K7 S
prophage: & & & Y op ng F D7D @‘bv
R "o NN N
s R S NN N
N
Extended Data Fig. 7| Lysogen death is due to prophage induction, not at4 hsubtracted by the input PFU. Mean of two biological replicates is shown.
super-infection. (a) $10403S or U153 lysogens are immune to super-infection. (b) Lysogen death after mitomycin C treatment requires prophage excision and
Non-lysogenic L. seeligeri or L. seeligeri colonized with an active or inactive (Aint) isnot affected by a phage receptor mutation (AggaB). The indicated lysogenic
prophage were infected with their cognate phage to determine whether $10403S  strains were induced with mitomycin C, and viable CFU were enumerated after
or U153 provide super-infection exclusion. Cells were infected at an MOl of 0.01 24 h. Three biological replicates and their mean are shown.

and PFU/ml was measured at 4 h post-infection. Values shown are PFU produced
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Extended Data Fig. 8 | Cas13 self-targeting promotes survival of diverse lysogens. Surviving CFU were enumerated 24 h after pulsed treatment with mitomycin-C.
biological replicates are shown with their means. Columns indicating lysogenic strains are covered by the respective phage they are lysogenized with.
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Extended Data Fig. 9 | Prophage genome replication is restricted by Cas13. excision and genome replication. Shown are the attP ACq values (normalized
DNA samples were taken following pulsed MMC treatment and subject to qPCR to the host sshbA DNA locus) transformed as such: (2*-ACq). The mean of two
with primers annealing to the phage attachment (attP) site formed during biological replicates are shown.
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Extended DataFig. 10 | mRNA and protein levels of relevant integration

& excision complex members do not explain prophage re-integration.

(a), (b) RT-qPCRs were performed on RNA extracted from reactivating lysogens
with the NT or EL1 spacer, amplifying either recombinase-directionality

factor rdflocus (a) or integrase (int) locus (b). Data shown are the mean of two

biological replicates. (c) Western blots were performed on protein extracted
from whole-cell lysates of reactivating lysogens with the NT or EL1 spacer,
3xFLAG tagged Rdfis visualized alongside a 6A loading control. Data shownis
representative of the two biological replicates analyzed.
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