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INTRODUCTION: CRISPR-Cas systems efficiently
protect bacteria and archaea from viruses and
other types of foreign DNA, but, characteristi-
cally of defense systems, they also impart non-
negligible fitness costs on the host, for example,
the risk of autoimmunity and the repulsion to
exogenous beneficial genes. Presumably, these
costs result in frequent loss of CRISPR-Cas in
bacteria, which is reflected in its patchy distri-
bution, even among closely related bacterial
strains. Nevertheless, in the current genome
sequence databases, ~40% of bacterial and
~90% of archaeal genomes carry CRISPR-cas
loci, suggesting the possibility that in addition
to the direct benefits of adaptive immunity,
mechanisms might exist that mitigate the costs
of CRISPR systems and prevent their loss.

RATIONALE: We specifically looked into an
archaeal type I-B CRISPR-Cas, where the
genes encoding the subunits of the CRISPR
effector Cascade cannot be deleted individ-
ually but can be readily deleted as a whole,
including a 311-base pair intergenic region.
These observations suggest that the Cascade
gene cassette (cas6-cas8-cas7-cas5) includes a
toxic component that makes it addictive to the
host (elicits cellular toxicity once any of the
cascade genes is deleted). We cloned and exten-
sively analyzed the intergenic region between
cas6 and cas8, which allowed us to identify the
Cascade-repressed toxin gene creT, along with
an associating CRISPR repeat-like sequence
that appears to be required for transcriptional
repression of c¢reT. We hypothesized that the
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Toxin-antitoxin RNA pair CreTA safeguards CRISPR-Cas. CRISPR effector (Cascade) is not only guided
by CRISPR RNA to inactivate full-matching foreign nucleic acids but is also co-opted by CreA RNA to
transcriptionally repress the toxin gene creT through partial complementarity between CreA and the creT
promoter. When Cascade is inactivated, the derepressed CreT RNA sequesters the rare tRNAUY that decodes a
minor arginine codon and arrests cellular growth, thus making the CRISPR effector addictive to the host cell.
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repeat-like sequence is part of a CRISPR RNA-
resembling antitoxin (CreA) RNA, which re-
presses the toxin jointly with Cascade. We
reasoned that CreTA would make the cascade
genes addictive for the host.

RESULTS: The intergenic sequence between
cas6 and cas8 caused toxicity in cells lacking
one or more cascade genes. By extensive muta-
tional analysis, we identified the RNA toxin
gene crel and its critical elements, namely, a
combination of a strong Shine-Dalgarno motif,
an efficient start codon, two minor arginine co-
dons (AGA) located immediately downstream,
and a stable stem-loop structure. Overexpres-
sion of tRNAYCY relieved the toxicity of CreT,
supporting a mechanism whereby this RNA
toxin arrests cellular growth by sequestering
the rare arginine tRNAYY.

Mutational analysis of creT and its neighbor-
ing sequences revealed an adjacent CRISPR
repeat-like sequence that is required to suppress
the toxicity of CreT. This repeat-like sequence is
immediately followed by a spacer-like sequence
and a transcription terminator. By Northern
blotting and RNA sequencing, we validated the
expression of CreA RNA, a CRISPR RNA var-
iant that lacks a 3’ handle. The spacer of CreA
partially matches the promoter of creT (P.,.7),
and using a reporter gene, we confirmed that
CreA, as a complex with Cascade, represses
P_,.r. Similar to CRISPR interference, repression
of creT requires a protospacer adjacent motif
(PAM) and the PAM-proximal base pairing. In
cells lacking CreTA, the cascade genes become
susceptible to disruption by transposable ele-
ments. Our bioinformatic analysis identified
several CreTA analogs associated with diverse
archaeal and bacterial CRISPR-cas loci and
containing PAMs corresponding to those of
the respective CRISPR systems. Notably, these
CreTA analogs hold little conservation in nu-
cleic acid sequence, suggesting that they have
highly divergently evolved and, conceivably,
exploited different toxicity mechanisms.

CONCLUSION: Our data unearth previously un-
noticed toxin-antitoxin RNA pairs that prevent
the loss of CRISPR-cas loci by making them
addictive to the host cell. The naturally occur-
ring reprogramming of CRISPR effectors for
gene regulation highlights the multifunctional-
ity of CRISPR-Cas in bacteria and archaea and
illuminates the emerging topic of the evolution
of antiviral defense and gene regulation.
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CRISPR-Cas systems provide RNA-guided adaptive immunity in prokaryotes. We report that the
multisubunit CRISPR effector Cascade transcriptionally regulates a toxin-antitoxin RNA pair, CreTA.

CreT (Cascade-repressed toxin) is a bacteriostatic RNA that sequesters the rare arginine tRN

AUCU

(transfer RNA with anticodon UCU). CreA is a CRISPR RNA-resembling antitoxin RNA, which requires
Casb6 for maturation. The partial complementarity between CreA and the creT promoter directs Cascade
to repress toxin transcription. Thus, CreA becomes antitoxic only in the presence of Cascade. In
CreTA-deleted cells, cascade genes become susceptible to disruption by transposable elements. We
uncover several CreTA analogs associated with diverse archaeal and bacterial CRISPR-cas loci. Thus,
toxin-antitoxin RNA pairs can safeguard CRISPR immunity by making cells addicted to CRISPR-Cas, which
highlights the multifunctionality of Cas proteins and the intricate mechanisms of CRISPR-Cas regulation.

ighly diversified CRISPR-Cas systems pro-
vide adaptive immunity in prokaryotes
(I-4). Adaptation complexes incorpo-
rate segments of foreign DNA (spacers)
into CRISPR arrays, and small CRISPR
RNAs (crRNAs) guide a multisubunit effector
complex (class 1) or a single-protein effector
(class 2) to cleave the cognate foreign DNA
or RNA at sequences complementary to the
spacers (5). By disrupting their nucleolytic
activity, DNA-cleaving CRISPR effectors have
been engineered to develop versatile gene
regulators (6, 7). However, regulatory func-
tions of CRISPR-Cas in bacteria and archaea
are poorly understood. A role of the type II
Cas9 effector of Francisella novicida in re-
pressing a virulence-related regulon through
limited complementarity between a non-
canonical RNA guide and the target gene has
been recently demonstrated (8). Furthermore,
recent preliminary results reveal widespread
autoregulation of transcription by the Cas9
effector, which uses a natural single guide
RNA with partial complementarity to the cas9
gene promoter (9).
Here, we report that some type I-B CRISPR
effectors are natural gene regulators that tran-
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scriptionally repress a dormancy-inducing
toxin-antitoxin (TA) system, hereafter CreTA,
after Cascade-repressed toxin-antitoxin. CreTA
is encoded within the respective CRISPR-cas
loci and, unlike previously characterized TA
modules that all encode a protein toxin (10-12),
consists of two RNA molecules. Thus, CreTA
functions as an addiction module that prevents
the loss of the genes encoding the multisubunit
I-B CRISPR effector complex, Cascade.

CreT is a bacteriostatic toxin suppressed
by Cascade

We initially identified a CreTA module within
the 311-base pair (bp) intergenic region be-
tween cas6 and cas8 in Haloarcula hispanica
(Fig. 1A). In our previous study, we failed to
delete any of the cascade genes (cas5, cas6,
cas7, and cas8) individually from the wild-type
(WT) strain but managed to delete them simul-
taneously (Acas5-8) (13). However, starting from
a strain lacking the intergenic 311 bp (ATA),
mutants ATAAcas5, ATAAcas6, ATAAcas7, and
ATAAcas8 were easily obtained (fig. S1). In
these cas mutants and Acas5-8, a plasmid car-
rying the intergenic 311 bp (pTA) consistently
showed toxicity, i.e., a marked reduction in
transformation efficiency (by ~10*fold), com-
pared with the empty vector (Fig. 1B). By con-
trast, this toxic effect was not observed in WT
or ATA cells that encode a complete set of the
Cascade subunits. We inferred that the Cascade
complex represses a cryptic toxin, which we
named CreT for “Cascade-repressed toxin,”
and the creT gene is embedded within the
cascade gene cassette.

We tested the toxic effect of a series of
truncated variants of pTA and identified a
132-bp region that reduced transformation
efficiency in ATAAcas6, ATAAcas5, ATAAcas?,

and ATAAcas8 cells (fig. S2 and pTA07 in Fig.
1C). The 132-bp sequence contained the archaeal
promoter elements BRE (TF-IIB recognition)
and TATA-box (14) (Fig. 1A). As expected, the
toxic effect of pTA in ATAAcas6 cells was no
longer observed when the predicted TATA-
box was mutated (pTTm in Fig. 1C). Based
on the positions of the promoter elements,
we predicted a 78-nucleotide (nt) creT tran-
script produced from the 132-bp region in
pTAO07 (Fig. 1A). Using a strong promoter (15),
we constructed a plasmid overexpressing this
78-nt RNA (pOE) and observed very low trans-
formation efficiency (~10 CFU/ug; CFU, colony-
forming unit) in both ATA and ATAAcas6 cells
(Fig. 1C); by contrast, high transformation ef-
ficiency (10* to 10° CFU/ug) was observed when
this strong promoter was mutated (pOEm).
Thus, the 78-nt creT transcript was clearly
toxic. The 78-nt transcript contained a pair of
inverted repeats (10 nt each) (Fig. 1A), which
allows this RNA to fold into a stem-loop struc-
ture (fig. S3). When we mutated one of the
inverted repeats to disrupt this folding poten-
tial, the transformation efficiency of pTA in
ATAAcas6 cells was recovered to ~10° CFU/ug
(pIRm), which was then markedly reduced (to
<10 CFU/ug) when we complementarily mu-
tated the other repeat to restore the stem-
loop (pIRcm) (Fig. 1C). We next expressed an
inactive CreT mutant in ATA and found that
its abundance did not substantially change
as aresult of the stem-loop disruption (fig. S3).
The stem-loop structure appears to be critical
for the function rather than the stability of
CreT RNA.

To characterize the toxic effect (bacteriostatic
or bactericidal), we controlled creT expression
using a tryptophan-inducible promoter (16)
and introduced it into another haloarchaeon
Haloferax volcanii. (The inducible promoter
does not work in H. hispanica.) Compared
with the creT- strain (containing the empty
vector), the creT+ strain showed a growth
defect in the inducing medium (Fig. 1D). By
plating the inducing cultures onto noninduc-
ing plates (Fig. 1E), we measured their CFU
curves. Notably, the CFU of the creT+ strain
rose very slowly but did not decline (Fig. 1D),
indicating that CreT suppressed cell multi-
plication. These results indicate that CreT is
a bacteriostatic toxin that inhibits a cellular
process(es) conserved (at least) among differ-
ent species of haloarchaea.

CreT is a small RNA that sequesters tRNAY®Y

We noticed that the 5’ end of CreT RNA con-
tains an 8-nt sequence that fully matches the
3’ end of 16S ribosomal RNA (rRNA) (Fig. 2A).
When we modulated this complementarity
to neighboring sequences on 16S rRNA (see
sites 1 and 2 in Fig. 2A), plasmids carrying the
mutated creT were not toxic (high transfor-
mation efficiency was observed in ATAAcas6
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Fig. 1. CreT is a bacteriostatic toxin repressed by Cascade. (A) The
creT-creA operon. BRE and TATA-box are promoter elements. TSS indicates
the transcription start site. Red nucleotides within IRs were mutated to
modulate complementarity. wR and yS of creA are analogous to the repeat
and spacer of CRISPR, respectively. Positions are relative to the TSS of
creT. (B) Transformation of cas mutants by pTA (carrying creTA). Vector is
the empty pWL502. (C) Mutational analysis of pTA. pTAQ7 carried the

cells) (Fig. 2B). This suggests that the 8-nt se-
quence interacts with the 3’ terminus of 16S
rRNA and likely acts as an efficient Shine-
Dalgarno (SD) motif, which was observed
to enhance translation efficiency in some
haloarchaea (17, 18). We further noticed that
CreT contains a canonical AUG start codon and
subjected it to saturation mutagenesis. CreT
remained toxic (i.e., markedly impaired the
plasmid transformation efficiency in ATAAcas6)
only when AUG was mutated to GUG (Fig. 2C),
another efficient start codon in haloarchaea.
Notably, when AUG was mutated to UUG, a
less efficient start codon in haloarchaea (19),
CreT was inactivated. This suggests that the
toxicity of CreT depends on strong transla-
tion initiation signals.

The translation initiation signals in CreT
are immediately followed by two rare AGA
arginine codons (usage frequency among all
codons is 0.22% in H. hispanica) and then by
an opal stop codon (UGA) (Fig. 2A). We first
mutated the stop codon (UGA to CGA) and

Li et al., Science 372, eabe5601 (2021) 30 April 2021

found that the mutated CreT remained toxic
(Fig. 2D). Then, we made synonymous muta-
tions in the two AGA codons and found that
CreT lost toxicity when the two AGA codons
were replaced by the more common arginine
codons CGA (usage frequency among all co-
dons is 0.87%), CGU (0.63%), CGC (2.14%), or
CGG (2.11%) but remained toxic when replaced
by the other rare arginine codon AGG (0.21%)
(Fig. 2D). Thus, it seemed most likely that the
mechanism of CreT toxicity that required the
strong translation initiation signals involved
sequestering and depleting tRNAYCY that de-
codes the rare arginine codons. Indeed, we
showed that overexpression of tRNAUCU, which
decodes both AGA and AGG codons, relieved
the toxicity of the WT (AGA) CreT and the AGG
mutant, whereas overexpression of tRNAY,
which decodes AGG but not AGA, relieved the
toxicity of the AGG mutant but not of the WT
CreT (Fig. 2E). We further measured the level
of tRNAYCY in the H. volcanii cells with or
without an inducible creT gene but did not

Inducing plates ]

Non-inducing plates

underlined sequence in (A). pTTm contained a mutated TATA box (indicated
with a red star). CreT was overexpressed using Ppsar (POE) or its mutant
P*ohar (POEm); T8 is a terminator of eight thymine nucleotides. One of

the IRs was mutated in pIRm, and the other was further complementarily
mutated in pIRcm. (D) Effect of CreT on the growth of H. volcanii cells.

(E) Calculation of CFU by dilution plating. Error bars represent mean +
standard deviation (n = 3).

observe detectable differences at 6 or 12 hours
after induction, which indicates that the over-
all amount of charged and uncharged tRNAVUCY
was not affected by CreT (fig. S4). We conclude
that CreT acts by sequestering the arginine-
charged tRNAYCY and thus hampering decod-
ing of the rare arginine codons.

Among the 3859 H. hispanica genes, 2025
contain at least one AGA/AGG codon (1075 genes
have a single AGA/AGG codon and 950 genes
have two or more). The speed and/or accuracy of
translation of these genes could be substantially
affected by the availability of tRNACYCY, In
Escherichia coli, a subset of essential genes
contains the rare AGA/AGG codons preferen-
tially within their first 25 codons, and even a
single AGG codon in this region substantially
reduces the protein expression level (20, 21).
Under the minor codon modulator hypoth-
esis, the availability of the least abundant
tRNAYCYCCU glgbally regulates the translation
of these essential genes and hence modulates
key cellular functions. We similarly analyzed
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the 2025 H. hispanica genes containing AGA/
AGG and found that these genes also prefer-
entially used AGA/AGG within the first 25 co-
dons, and this bias became more prominent
when the 1075 genes containing a single AGA/
AGG codon were specifically investigated (Fig.
2F). We further examined the set of genes with
a single AGA/AGG codon within the first 25 co-
dons and found that these genes are associated
with various key cellular functions (table S1).
Therefore, the minor codon modulator hypoth-
esis is likely to apply also in H. hispanica, so
that sequestration of the rare tRNAYY by
CreT impairs the translation of some of these
essential genes and thus inhibits cell growth
and division.

CreA is an antitoxin RNA that resembles crRNA

We then asked how Cascade represses CreT.
Canonically, Cascade is guided by crRNAs,
but the only CRISPR array in H. hispanica can
be deleted from the WT cells containing creT
without eliciting toxicity (22), suggesting that
crRNAs are not involved in CreT suppression.
We noticed that pTA showed high transfor-
mation efficiency in ATA cells that retained all
Cascade subunits, but mutants lacking the

Li et al., Science 372, eabe5601 (2021) 30 April 2021

sequence immediately downstream of creT’
showed very low efficiency (Fig. 1C and fig.
S2B). This finding implied that this sequence
contained uncharacterized elements involved
in the repression of the toxicity of CreT. Within
the region downstream of creT, we detected a
CRISPR repeat-like sequence (hereafter “yR”)
(Fig. 1A). The 30-nt yR shares 21 nucleotides
with the CRISPR repeat from H. hispanica
(Fig. 3A), and its transcript can be processed
by Cas6 (fig. S5). yR is directly followed by a
~33-bp “spacer” (hereafter “yS”) containing a
T-rich sequence that might function as a tran-
scription terminator (74, 23) (Fig. 1A). Although
type I crRNAs typically carry 5’ and 3' handles
derived from flanking repeat sequences, we
have recently shown that replacing the down-
stream repeat with a transcription termina-
tor produced functionally active noncanonical
crRNA guides without the 3’ handle (24). There-
fore, we predicted that the region downstream
of creT encodes a crRNA-resembling antitoxin
RNA (CreA), which consists of an 8-nt 5" handle
(remnant of yR), the ~33-nt yS, and no 3’
handle (Fig. 3A). Using a yS-specific probe, we
detected CreA RNA in WT but not in ATA cells
unless these cells were transformed with pTA

derivatives (Fig. 3B). In ATAAcas6 cells, larger-
sized precursors instead of mature CreA were
detected, supporting the prediction that the
CreA precursor RNA is processed by Cas6.
When the promoter of creT (P.,.7) was inac-
tivated (pTTm), mature CreA and a ~90-nt
precursor was detected in ATA and ATAAcas6,
respectively (Fig. 3B), indicating that cre4 was
expressed from its own promoter. When P,
remained active (pIRm), we observed an addi-
tional, longer precursor likely corresponding
to the creT-creA cotranscript (Fig. 3B).

We then used RNA sequencing (RNA-seq)
to explore the production of CreA from pIRm
(fig. S6). Because Cas6 cleavage generates a
hydroxylated 5’ terminus that is inaccessible
to adapter ligation during library construc-
tion, mature CreA molecules need be pre-
treated by polynucleotide kinase to add a 5’
monophosphate (see Materials and methods).
As expected, RNA-seq revealed a high abun-
dance of mature CreA in ATA but not in
ATAAcas6 cells (fig. S6), further validating
the Cas6-dependent biogenesis of CreA. In
addition, the predicted Cas6 cleavage site
and an 8-nt 5’ handle of CreA were validated
by RNA-seq.
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Fig. 3. CreA is analogous to crRNA and is processed by Cas6. (A) The nucleotide identity between the RNA transcripts from CRISPR repeat and CreA WR. A
scheme depicting the Cas6-mediated processing of crRNA and CreA is given. S, CRISPR spacer; 'S, the “spacer” of CreA. (B) Northern blot of CreA and its
precursors using the WS-probe. 7S RNA served as the internal control. M is a 100-nt RNA marker.

CreA guides Cascade to transcriptionally
repress creT

We noticed a partial match between the CreA
RNA and the P_,.r sequence (Fig. 4A). The
target sequence (protospacer) of type I crRNAs
is typically 5’ preceded by a protospacer
adjacent motif (PAM), and the PAM-proximal
base pairing between the spacer and the
protospacer provide a critical “seed” during
R-loop formation (25, 26). Like this pattern,
the first 11 nucleotides [except the sixth nu-
cleotide, which is known to not be involved
in base paring (26)] of yS are complementary
to a target sequence in P.,,;; which is flanked
by 5'-TTC-3' [the PAM of H. hispanica CRISPR
(27)] (Fig. 4A). Using scanning mutagenesis,
we found that when the conserved 5’ handle
and every seed nucleotide that base pairs with
P..r were individually mutated, the pTA de-
rivatives transformed ATA cells consistently
with a much lower efficiency (~10 CFU/ug)
than the WT pTA (10*-10° CFU/ug) (fig. S7),
indicating that these elements of CreA are
critical for its antitoxin activity; by contrast,
the yS nucleotides outside the seed were not
important (fig. S7B). We then selected three
seed mutants of CreA and verified that com-
plementarily mutating P,,.r restored their
antitoxin activity and the high plasmid trans-
formation efficiency in ATA (Fig. 4B). There-
fore, the CreA-P,,., complementarity is critical
for toxin repression.

To validate the P.,.r-inhibiting effect of
CreA, we introduced a P,..;-controlled green
fluorescent protein gene (gfp) into WT and
ATA cells (Fig. 4C). As expected, fluorescence
was observed in ATA cells (lacking CreA) but
not in WT cells (producing CreA) unless we
mutated P,,.rto disrupt the CreA-P,,,r com-
plementarity (Fig. 4C). We also tested the role
of PAM in repressing P,,.r. Because the PAM
nucleotides 5-TTC-3' are located within the
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complement of the purine-rich BRE element
of P.,.r (see Fig. 4A), we preserved the purine-
rich character of BRE by mutating PAM to
5'-CCC-3' (PAM- in Fig. 4D). Nevertheless, only
minimal fluorescence was detected in both WT
and ATA cells, indicating that this mutation
inactivated the BRE element. We next dupli-
cated the BRE sequence (2BRE in Fig. 4D) to
allow mutation of the PAM nucleotides with-
out disrupting the promoter elements. As ex-
pected, the two-BRE P, drove fluorescence
production in ATA but not in WT cells (pro-
ducing CreA), indicating that the mutated P, .1
was also repressed by CreA. When the PAM
was further mutated (2BRE/PAM- in Fig. 4D),
fluorescence was observed in both types of
cells with equivalent intensity (which was
weaker than that of the 2BRE mutant in ATA,
presumably because of the direct effects of
mutating the nucleotides next to BRE). Thus,
the PAM motif, as well as the partial comple-
mentarity between CreA and P, is required
for P,,.r repression. We then introduced the
P..r-controlled gfp into cells lacking casl, cas2,
cas3, or cas4, and notably, minimal fluores-
cence was observed in these cells unless we
mutated P,,.rto disrupt the CreA-P,,,r com-
plementarity (fig. S8). These results suggest
that these four cas genes, which encode pro-
teins that are not Cascade subunits, are not
required for P,,.; repression.

We also performed primer extension to ana-
lyze the activity of P, on the pIRm plasmid
(fig. S9). This plasmid carries a mutated creT’
(see Fig. 1C), so we could test P,z activity in
cells lacking Cascade protein(s). In this set-
ting, P.,.~driven transcription was not detected
in ATA cells that encode a complete set of
Cascade proteins but was derepressed in cells
lacking Cas6 (the nuclease processing CreA)
or Cas7 (the backbone subunit of Cascade)
(fig. S9).

Taken together, our results demonstrate that
Cascade transcriptionally represses creT based
on the partial complementarity between CreA
and P~ When we programmed the CRISPR
array with a spacer identical to yS (replacing
the WT CRISPR array with a mini-CRISPR
containing yS), creA was no longer required
to repress creT (fig. S10), indicating that ca-
nonical crRNAs were reprogrammed to regu-
late creT transcription and further supporting
the guide RNA-dependent regulatory role of
Cascade.

CreTA safeguards CRISPR immunity

Our previous studies have extensively dem-
onstrated the adaptive CRISPR immunity in
H. hispanica (13, 22, 27). Targeting of com-
plementary DNA by the Cascade-crRNA com-
plex results in the recruitment of the Cas3
helicase-nuclease to elicit interference (cleavage
of the target DNA) and/or primed adaptation
(acquisition of new CRISPR spacers from the
target DNA). We asked how self-interference
and self-adaptation are precluded when CreA
directs Cascade binding to the P, DNA. By
modifying the plasmid carrying the P~
controlled gfp, we coexpressed CreA mutants
with differently extended (to 15, 20, 25, or 36 bp)
complementarity to P,.,-and tested three possi-
ble outcomes, i.e., plasmid interference, primed
adaptation, or gene repression (fig. S11). All
these self-targeting plasmids showed high
transformation efficiency (~10° CFU/ ug) in
ATA cells. Because CreA lacks the 3’ handle,
this result is compatible with our previous
observation that deleting the entire 3’ handle
from a virus-targeting crRNA resulted in no
or little antivirus immunity (24). We then
analyzed the CRISPR array from the trans-
formants, which might have been expanded
by new spacers if primed self-adaptation was
occurring. CRISPR expansion was not observed
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Fig. 4. CreA directs Cascade to repress P . (A) Scheme illustrating the
CreA-mediated Pr repression and the partial complementarity between CreA
and P..7. Substituting any of the red nucleotides inactivated CreA (see fig. S7C).
Positions are relative to the TSS of creT. (B) Nucleotide substitutions to alter
the CreA-Pg.r complementarity. (C) Fluorescence from a gfp gene controlled
by Perer Or Pererm5 in WT or ATA cells. Vector is the empty pWL502.

until the CreA-P,,.; complementarity was in-
creased to 25 or 36 bp (fig. S11C), indicating
that limited complementarity could not prime
adaptation. We then measured the fluores-
cence from the transformant cells and observed
a gradual decrease in fluorescence intensity
as the CreA-P,,.r complementarity increased
(fig. S11D). These results indicate that the
mismatches between CreA and its target pre-
clude autoimmunity while allowing tran-
scription regulation and might have been
fine-tuned by selection to optimize the level
of gene repression.

We then sought to investigate the impact of
the CreTA toxicity modulation on CRISPR-Cas
itself. Because cascade genes occupy a large
genomic region that is susceptible to disrup-
tion by transposable element insertion and by
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deletion, CreTA that becomes toxic in the ab-
sence of Cascade might stabilize cascade genes
by acting as an addiction module. Given that a
transposition burst of the insertion (IS) ele-
ment ISH27 (1390 bp) has been reported to
occur in H. hispanica cells stored at 4°C (28),
we investigated the WT and ATA strains that
had been stored at 4°C for 2 years. The stored
H. hispanica cultures were resuscitated and
challenged with pTarget, which carries the tar-
get of spacer1 (the first spacer of the CRISPR
array) (Fig. 5A). The survivors that failed to
repel the target plasmid were screened on a
selective medium, and their cascade genes
were analyzed (Fig. 5B). We found that the
cascade genes were interrupted by ISH27 in
~60% (17 of 28) of the ATA survivors but re-

mained intact in nearly all the WT survivors

Representative microscopy images are provided. (D) Fluorescence from a gfp
gene controlled by the WT Pr (wt) or its PAM mutant (PAM-). The BRE
element was duplicated (2BRE) to allow PAM mutation without disrupting the
BRE element. Mutated nucleotides are highlighted in red. Error bars represent
mean + standard deviation (n = 3); two-tailed Student's t test [****P < 0.0001;
N.S., not significant (P > 0.05)].

(one lost the whole CRISPR-cas locus) (table
S2). By contrast, cas3, which is required for
plasmid interference but not for the CreT toxin
repression, was occasionally disrupted in both
the WT and ATA survivors. These findings
show that CreTA is an addiction module that
safeguards the genetic integrity of Cascade in
H. hispanica (Fig. 5C).

Distribution of CreTA homologs and analogs
across prokaryotes and among
CRISPR subtypes

By sequence similarity search of the National
Center for Biotechnology Information (NCBI)
nucleotide genomic database, we identified
only three creTA homologs, all located between
the cas6 and cas8 genes in the I-B CRISPR-cas
locus from haloarchaeal genomes (fig. S12).
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Fig. 5. Screening and analysis of cells with inactivated CRISPR-Cas. (A) Scheme illustrating the plasmid challenge assay. Storage at 4°C induced the transposition
“burst” of the IS element (28). pyrF encodes the pyrimidine biosynthetic enzyme orotidine-5'-monophosphate decarboxylase. (B) Example clones surviving the challenge
assay. Ctrl represents the culture before challenge; M is a double-stranded DNA ladder. Larger-sized PCR products indicate the insertion of IS element (ISH27). See table S2
for more information. (C) The model of CreTA-mediated addiction. creT is repressed by Cascade-CreA in WT cells and derepressed when Cascade is disrupted.

This paucity of detectable CreTA homologs
is not surprising, given that small RNAs
often show limited sequence conservation,
and furthermore, yR and S are likely to have
divergently coevolved with Cas6 and Pz,
respectively. We examined the intergenic
sequences flanking the cas6 gene in other
haloarchaeal genomes that encode type I-B
CRISPR-Cas and identified five strains carry-
ing creA analogs with limited sequence sim-
ilarity to CreTA from H. hispanica, all of
which were located upstream of cas6 (Fig. 6A).
Each creA analog contained a yR sequence
that was similar (60 to 80% identity) to the
repeat from the co-occurring CRISPR. Using
a probe against the putative yS downstream
of each yR, we detected mature CreA RNA in
four strains that were available in our lab-
oratory (Fig. 6B). We predicted that the se-
quences upstream of each cre4 encompassed
a creT gene and cloned these regions sepa-
rately into a plasmid, which was then used to
transform H. hispanica cells. These (puta-
tive) creT-containing plasmids consistently
showed much lower transformation efficien-
cy (<102 CFU/ug) than the empty control
(~10° CFU/ug) (Fig. 6C), validating the toxic-
ity of each creT analog. Like the H. hispanica
creT, these toxic genes contained one or more
pairs of inverted repeats and lacked open read-
ing frames larger than 10 codons (fig. S13). The
putative promoter of each creT contained a
target sequence that was partially comple-
mentary to their cognate creA4, and each target
sequence was flanked by the 5-TTC-3' PAM
(Fig. 6D and fig. S13), strongly suggesting that
the cognate Cascade complexes bind to and
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repress these promoters. Thus, these creTA
analogs are probably Cascade-regulated TA
modules that safeguard the accompanying
cascade genes, as in the case of H. hispanica.
However, none of the creT RNAs in the CreTA-
like modules contain a combination of a SD
sequence, a start codon, and immediately fol-
lowing rare codons, suggesting distinct toxicity
mechanisms. The I-B CRISPR loci in several
haloarchaeal genomes closely related to those
encoding CreTA or its analogs lack sufficiently
long intergenic regions flanking cas6 and do
not contain readily detectable yR sequence
in the parts of the CRISPR loci, indicating that
CreTA is a recurrent, but evolutionarily labile,
accessory of CRISPR-Cas systems.

By searching for CRISPR repeat-like se-
quences flanking cas6 genes in other archaea
and bacteria, we predicted additional CreTA
analogs, most of which are associated with a
bacterial type I-B CRISPR (Fig. 7). All of these
cas6-flanking intergenic regions contained
both yR and yS with partial complementarity
to a target sequence flanked by a PAM (Fig. 7).
Type I-B CRISPRs are highly diversified, with
at least 10 distinct subfamilies of cas8b encod-
ing the large subunits of the effector complex
(29). Six I-B CreTA analogs were associated
with cas8bI and contained the cognate 5-TCA-
3’ or 5'-TTA-3' PAM sequences (30), whereas
two analogs were associated with cas8b2 and
contained the corresponding 5'-CCT-3' PAM
sequence (31). Thus, the CreTA-regulation ap-
parently coevolved with CRISPR immunity ac-
cording to their PAM specificity. Consistently,
we also found a CreTA analog associated with
an archaeal I-D CRISPR and containing the

PAM (5'-GTG-3') reported for this subtype
(32, 33) (Fig. 7). A putative CreTA was also
predicted for the III-A CRISPR-Cas in a ther-
mophilic bacterium. Like the haloarchaeal
CreTA analogs, inverted repeats were fre-
quently observed between the bacterial repeat-
like sequences and their putative targets (fig.
S14,). It remains to be studied experimentally
which of these and other repeat-like sequences
found in CRISPR-cas loci, indeed, are com-
ponents of CreTA-like modules. Nevertheless,
these observations suggest that protection of
cas genes by two-RNA TA modules, conceiv-
ably with different toxicity mechanisms, might
be a widespread phenomenon.

Discussion

In this work, we demonstrated the dual func-
tionality of the multisubunit subtype I-B
CRISPR effectors (Cascades) in haloarchaea.
The Cascade complex of H. hispanica is not
only guided by canonical crRNAs to inactivate
cognate foreign DNA but is also co-opted by a
noncanonical guide (CreA) to down-regulate
the transcription of a toxin RNA gene (creT)
through the partial complementarity between
the spacer-like sequence of CreA and the creT
promoter. CRISPR-Cas systems efficiently pro-
tect bacteria and archaea from viruses and
other types of foreign DNA, but characteris-
tically of defense systems, they also impart
non-negligible fitness costs on the host (34).
Specifically, in the case of CRISPR, this fitness
cost appears to come, primarily, from auto-
immunity (35, 36) or from targeting beneficial
or addictive plasmids (37-39). Presumably, these
costs result in frequent loss of CRISPR-Cas
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Fig. 6. CreTA-like modules associating with type I-B CRISPR-Cas. (A) Haloarchaeal CRISPR-cas loci associated with creTA analogs. The homology between
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systems in bacteria, which is reflected in the
patchy distribution of CRISPR-Cas even among
closely related bacterial strains (40). Never-
theless, in the current genome sequence data-
bases, ~40% of bacterial and ~90% of archaeal
genomes carry CRISPR-cas loci, suggesting
the possibility that in addition to the direct
benefits brought about by adaptive immunity,
mechanisms mitigating the costs of CRISPR
systems and preventing their loss might exist.
Here, we reveal one such mechanism whereby
the cas genes encoding the CRISPR effector
subunits become essential to the host, thanks
to their ability to down-regulate the expres-
sion of a toxin, with the help of a natural guide
RNA that serves as an antitoxin. The CreTA-
like elements ensure the preservation of the
effector cas genes but not the adaptation
module of the CRISPR array. The presence of
solo effector gene suites, without the adap-
tation module or CRISPR array, is not un-
common in bacterial and archaeal genomes.
Thus, in the latest genomic census of CRISPR-
Cas systems (29), among the 6254 identified
CRISPR-cas loci, 500 were solo effectors, and
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more specifically, among the 669 I-B loci, 75
contained effector genes only. A comprehen-
sive computational and experimental analy-
sis of the solo effector genomic neighborhoods
should show how often these genes are safe-
guarded by CreTA-like modules.

The discovery of the role of CreTA modules
as safeguards of cas genes complements the
recent discovery of the widespread autore-
pression of transcription by Cas9, the type II
CRISPR effector. Such autorepression is a
distinct strategy of CRISPR cost mitigation
in which a noncanonical guide RNA is used,
similar to the case of CreTA (9). The use of
guide RNAs is a general principle for delivery
of protein effectors to distinct sites on DNA
and RNA molecules. Inactivation of foreign
nucleic acids is only one of the RNA-guided
functions, even if this was the primary driving
force in the evolution of CRISPR. It appears
likely that the autoregulation of Cas9 and the
regulation of CreTA-like modules are not the
only cases of dual functionality of CRISPR ef-
fectors and, perhaps, other defense systems that
might possess various regulatory capacities, in

addition to their direct involvement in para-
site inactivation. Because self-targeting CRISPR
spacers that partially match the host DNA are
widespread (35), it is possible that some ca-
nonical crRNAs have been selected to direct
CRISPR effectors to regulate host genes.
Some Cas nucleases can be activated upon
target recognition to degrade host RNA, which
causes cell death and the abortion of phage
infection or arrests cellular growth until the
foreign targets are eliminated (47-4.3). CRISPR-
Cas and other defense systems also frequently
associate with diverse TA modules in bacterial
and archaeal genomes, and it has been pro-
posed that immune systems interact with the
TA such that the latter induce dormancy or
cell death when the former fail, for example,
in the presence of virus-encoded anti-CRISPR
proteins (44). Here, we describe a different
type of such interaction where the immune
system down-regulates the toxin expression,
rendering the immunity genes addictive to the
host. In such cases, the immune systems and
the TA behave as a pair of symbiotic selfish
genetic elements, in accord with the general
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Fig. 7. CreA-like genes associated with other archaeal (I-D) or bacterial (I-B and IlI-A) CRISPR-cas loci. Alignments of the homologous regions between
CRISPR repeat (R) and creA WR and between creA WS and its putative target are shown. The CRISPR-cas locus of Clostridium sp. BL-8 also encodes a type I

toxin-antitoxin system (relEF).

paradigm of the evolutionary entanglement
between defense mechanisms and mobile ele-
ments (45). However, it remains to be inves-
tigated whether CreTA-like TA modules could
also be bifunctional, serving both as the last line
of defense and the safeguard for the cas genes.
The CreTA module is a previously unknown
type of TA, where both the toxin and the anti-
toxin are represented by small RNA molecules,
although the antitoxin activity strictly depends
on the Cascade protein complex. Given the small
size and poor sequence conservation of both
RNA components, it seems likely that such mod-
ules are more common than is shown in this
work. The CRISPR-Cas systems appear to be
specifically prone to spawn such TA modules
because repeat propagation outside the CRISPR
array is a common phenomenon that is thought
to give rise, in particular, to the tracrRNA of
type II and some type V CRISPR (46). Such
ectopic repeats provide the scaffold for non-
canonical guide RNAs that can evolve into anti-
toxins controlling either an RNA or a protein
toxin. Discovery and structural and functional
dissection of such CRISPR-regulated CreTA-like
modules can be expected to reveal unknown
facets of TA and CRISPR biology and, particu-
larly, their behavior as selfish genetic elements.

Materials and methods
Strains and growth conditions

Haloarchaeal strains were cultivated at 37°C
in AS-168 medium (per liter, 200 g NaCl, 20 g

Li et al., Science 372, eabe5601 (2021) 30 April 2021

MgSO0,-7H,0, 2 g KCl, 3 g trisodium citrate,
1 g sodium glutamate, 50 mg FeSO,-7H,0,
0.36 mg MnCl,-4H,0, 5 g Bacto Casamino
Acids, and 5 g yeast extract, pH 7.2), unless
specified. H. hispanica ATCC 33960 ApyrF
strain DF60 (47) or its derivatives were culti-
vated in AS-168 medium supplemented with
uracil (at a final concentration of 50 mgy/liter).
The strains transformed by the pWL502 de-
rivatives were cultivated in yeast extract-
subtracted AS-168.

The H. volcanit H1424 strain was cultivated
in the Hv-YPC medium (48) with some modifi-
cations [per liter, 144 g NaCl, 30 g MgCl,-6H,0,
33 g MgS0,-TH,0, 4.2 g KCl, 0.333 g CaCl,, 5 g
yeast extract, 1 g peptone (soya), 1 g Bacto
Casamino acids, and 12 ml of 1 M Tris HC1
(pH 7.5)] supplemented with uracil and thy-
midine (at final concentrations of 50 and
40 mg/liter, respectively). The strains trans-
formed by the pTA1228 (16) derivatives were
cultivated in Hv-YPC medium without adding
uracil and thymidine. Tryptophan was added
to a final concentration of 500 mg/liter to
induce CreT expression.

Natrinema sp. J7-2 was cultivated in the
18% MGM medium (per liter, 144 g NaCl, 21 g
MgS0,-7H,0, 0.5 g CaCl,, 18 g MgCl,-6H,0,
4.2 g KCl, 3 g yeast extract, 5 g tryptone, pH 7.5).

E. coli JM109 was used for cloning and
cultivated at 37°C in Luria-Bertani medium.
Ampicillin was added to a final concentration
of 100 mg/liter when needed.

Plasmid engineering and transformation

The cas6-cas8 intergenic sequence (NC_
015943.1: 145387-145697) was amplified from
the H. hispanica genomic DNA using the high-
fidelity KOD-Plus DNA polymerase (TOYOBO,
Osaka, Japan), digested by BamHI and KpnlI
(New England Biolabs, MA, USA), and inserted
into the predigested pWL502 (47) with T4 DNA
ligase (New England Biolabs, MA, USA). Using
a series of internal primer pairs (table S3), var-
ious truncated versions were generated for this
fragment. When needed, the sequence of P,z
(15) was directly designed on the primer. The
point mutation was introduced using the
overlap extension polymerase chain reaction
(PCR) strategy. For example, primer pairs TA-
F/TTm-R and TTm-F/TA-R were separately
used to amplify the two moieties, and the pro-
ducts were mixed and used as the template
for a second round of PCR reaction with the
primer pair TA-F/TA-R. This DNA product con-
tained a TATA box-mutated P,z because the
mutation had been designed within the com-
plementary part of the primers TTm-F and
TTm-R. The cloning was performed using
E. coli JIM109, and the plasmid was extracted
using the AxyPrep Plasmid Miniprep Kit
(Corning, NY, USA). The insert was validated
by DNA sequencing.

Haloarchaeal cells were transformed ac-
cording to the online Halohandbook (https://
haloarchaea.com/wp-content/uploads/2018/
10/Halohandbook_2009_v7.3mds.pdf), and
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the transformants were selected on the yeast
extract-subtracted AS-168 plates or the Hv-YPC
plates without adding uracil and thymidine.
The transformation efficiency (CFU/ug) was
log-transformed, and then the average and
standard deviation were calculated for plotting.
Two-tailed Student’s ¢ test was also performed
based on the log-transformed data. Each trans-
formation assay was double-checked by a dif-
ferent lab member.

Gene knockout and knockin

To knock out creTA or a cas gene, their up-
stream ~500 bp and downstream ~500 bp were
amplified using the corresponding primer pair
UF/UR or DF/DR, and the generated upstream
and downstream fragments were connected by
overlap extension PCR using the primer pair
UF/DR. The final PCR products were digested
and ligated into the suicide vector pHAR (47)
and then introduced into the parental (WT or
ATA) cells. The mutants were obtained through
the previously described two-step screening
(47) and further validated by colony PCR using
the UF/DR primer pair and subsequent DNA
sequencing. In a similar way, the mini-CRISPR
containing the yS spacer was constructed by
overlap extension PCR and used to replace the
WT CRISPR on the ATA chromosome.

Northern blot analysis

Haloarchaeal cells were collected from 3 ml
of early-stationary culture by centrifugation,
and the total RNA was extracted using TRIzol
(Thermo Fisher Scientific, MA, USA) according
to the standard protocol. RNA concentration
was determined by a Nanodrop 1000 spectro-
photometer (Thermo Fisher Scientific, MA,
USA). A total of 8 ug of RNA was mixed with an
equal volume of the RNA loading dye (Takara,
Shiga, Japan), denatured by heating at 65°C
for 10 min, and coelectrophoresed with the
Century-Plus RNA ladder (Thermo Fisher
Scientific, MA, USA) or a biotin-labeled 64-nt
single-stranded DNA on an 8% polyacrylamide
gel (containing 7.6 M urea). The ladder lane
was excised and imaged after ethidium bro-
mide staining. The RNA samples were electro-
transferred onto a Biodyne B nylon membrane
(Pall, NY, USA). The biotin-labeled probe was
used for hybridization, and the signal was de-
tected using the Chemiluminescent Nucleic
Acid Detection Module Kit (Thermo Fisher
Scientific, MA, USA), according to the manu-
facturer’s protocol. The membrane was imaged
using the Tanon 5200 Multi chemiluminescent
imaging system (Tanon Science & Technology,
Shanghai, China). Each blotting assay was per-
formed with two biological replicates, and a
representative result was provided.

RNA-seq analysis

The ATA or ATAAcas6 colonies transformed by
pIRm were picked to inoculate 10 ml of yeast
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extract-subtracted AS-168. After subinocula-
tion and a 2-day cultivation, the late exponen-
tial culture was collected and total RNA was
extracted. A total of 50 ug of RNA was treated
with polynucleotide kinase (New England
Biolabs, MA, USA) according to the manufac-
turer’s protocol. The kinase was inactivated
by incubating at 65°C for 20 min and then
removed through the phenol-chloroform ex-
traction. After precipitation with the same
volume of isopropanol and 0.1 volume of 3M
sodium acetate, the RNA sample was redis-
solved. RNA molecules ranging from 30 to
300 nt were selected to construct a small RNA
library with the NEXTFLEX Small RNA-Seq
Kit (Bioo Scientific, TX, USA) and then sub-
jected to Illumina HiSeq sequencing (paired-
end, 150-bp reads). The raw data was processed
to remove adapters. The resulting reads were
mapped to the cred sequence using custom
Perl scripts (49).

Primer extension analysis

The 5'-FAM (6-carboxyfluorescein)-labeled
primer+155 (table S3) was ordered from Thermo
Fisher Scientific. A total of 2.5 ug of the labeled
primer was mixed with 5 ug of the total RNA,
and reverse transcription was performed using
200 enzyme units (U) of M-MLV reverse tran-
scriptase (Promega, WI, USA). The extension
products were screened using the ABI3730x1
DNA Analyzer (Thermo Fisher Scientific, MA,
USA), and the results were analyzed using
GeneMapper 4-.1.

Heterologous expression of CreT

The tryptophan-inducible promoter p.tnaA
(16) was linked with the 78-bp creT gene using
the overlap extension PCR strategy. The hy-
brid DNA was digested by BamHI and Kpnl,
inserted into the predigested expression vector
pTA1228 (16), and then introduced into the
H. volcanii H1424 cells. Single colonies of each
transformant (by empty or modified pTA1228)
were selected and separately inoculated into
100 ml of Hv-YPC medium in triplicate for
growth-curve measurements. The inducing
medium contained 500 mg/liter tryptophan
for toxin induction. Optical density at 600 nm
(OD600) was monitored using the Shimadzu
UV-2550 spectrophotometer. At different time
points (0, 24, 48, 72, and 96 hours) through the
growth curve, the cell culture was sampled,
serially diluted, and plated onto the Hv-YPC
media for CFU calculation. The triplicates were
measured for each treatment to get the mean
and standard deviation.

Fluorescence measurement

The gene of a soluble-modified red-shifted
GFP protein (50) was linked to the P, pro-
moter (or its derepressed mutant) using the
overlap extension PCR strategy. The hybrid
DNA was introduced into the H. hispanica

cells using the pWL502 vector. For each trans-
formation assay, three individual colonies were
selected and cultured to the late exponential
phase, and their OD600 and fluorescence
were simultaneously determined using the
Synergy H4 Hybrid multimode microplate
reader (BioTeck, VT, USA). The fluorescence/
ODG600 ratio was calculated for each of the
three individual samples, and average and
standard deviation were calculated. Two-tailed
Student’s ¢ test was performed. The transfor-
mant cells were visualized using the Leica TCS
SP8 confocal microscope in combination with
Leica application suite software (Las X).

Plasmid challenge assay

Two complementary oligonucleotides that
included the sequence of spacerl, a 5-TTC-3'
trinucleotide as the PAM, and two sticky ends
were ordered from Thermo Fisher Scientific.
The oligonucleotides were mixed, denatured,
annealed, and then inserted into pWL502
(predigested by BamHI and Kpnl) to gener-
ate the target plasmid pTarget. H. hispanica
strains stored at 4°C for two years were re-
suscitated in fresh medium and then subino-
culated before transformation by pTarget. The
survivors were randomly selected for colony
PCR analyses. The forward primer ~500 bp
upstream of cas6 (cascade-F) and the back-
ward primer ~500 bp downstream of cas5
(cascade-R) were used to amplify the four
cascade genes (table S3). The forward primer
cascade-F and the backward primer ~500 bp
downstream of cas3 (cas3-R) were used to
amplify the genomic fragment containing the
cascade genes and cas3. The PCR products
were further analyzed by DNA sequencing to
get the information of the precise position of
IS insertion events (table S2).

Codon usage analysis

The H. hispanica protein-coding genes were
downloaded from the NCBI ftp site (https://
ftp.nchi.nlm.nih.gov/genomes/all/GCA/000/
223/905/GCA_000223905.1_ASM22390v1/).
The usage of AGA/AGG codons within these
genes was examined. For each of the 2025
AGA/AGG-containing genes (or the 1075 genes
containing only one AGA or AGG codon), we
calculated the frequency of (AGA+AGG) codon
usage for every 25 codons, starting from its
initiation codon to the 250th codon.

Bioinformatic analysis

The folding potential of RNA was analyzed
using the RNAfold webserver (51). Sequence
alignments were constructed using the T-Coffee
webserver, and the results were visualized using
the GeneDoc software (version 2.6.002). The
base pairings between CreT and 16S rRNA were
analyzed using the IntaRNA web server (52). To
identify the target site of H. hispanica CreA, a
regular expression (“CCTTG.GCTAT”) was used
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to search the genome sequence. The targets
of CreA analogs were similarly predicted (see
next section).

Search for creTA homologs and analogs

To find creTA homologs, the BLASTN program
was run with default parameters against the
NCBI nucleotide collection database or against
the RefSeq Genome Database (taxonomy ID:
183963).

To identify potential creTA homologs or ana-
logs in haloarchaea, the intergenic sequences
flanking haloarchaeal cas6 genes (downloaded
from the NCBI database) were searched for a
conserved 5’ handle sequence “NTTGAAGN.”
This motif, together with the upstream 22 bp,
was assumed to represent the WR. The 30 to
40 bp downstream of this motif were assumed
to represent the WS, and the cas6-flanking se-
quences were searched using a regular expres-
sion for a putative target matching the first
1 to 5 and 7 to 11 nucleotides of the W¥S. Only
when the target was identified, the assumed
¥R and Y¥'S sequences were defined as a creA
analog, and a creT analog was predicted to be
located between creA and its target.

For the preliminary identification of creTA
analogs in other archaea and bacteria, a data-
base containing ~5000 archaeal and ~40,000
nonredundant bacterial genomes was down-
loaded from the NCBI. The Cas6 proteins were
identified using the corresponding hidden
Markov model profiles (40) and the HMMER
suite (563), and CRISPR arrays were identified
using the minCED tool (https://github.com/
ctSkennerton/minced) with default parame-
ters. For each cas6 gene, the upstream and
downstream sequences (500 bp from each side)
were extracted and then searched for repeat-
like elements (putative WR) with the BLASTN
program (-task blastn-short), using the CRISPR
repeat sequence from the same genome as the
query (49). The sequences containing a single
repeat-like sequence (to exclude from consid-
eration of CRISPR arrays) were manually exam-
ined for putative creTA as described above.
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Toxin-antitoxin RNA pairs safeguard CRISPR-Cas systems
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Small RNAs guard CRISPR-Cas

The microbial adaptive immunity system CRISPR-Cas benefits microbes by warding off genetic invaders, but it
also inflicts a fitness cost because of occasional autoimmune reactions, rendering CRISPR loci evolutionarily unstable. Li
et al. identified previously unnoticed toxin-antitoxin RNA pairs embedded within diverse CRISPR-Cas loci. The antitoxin
RNA mimics a CRISPR RNA and repurposes the CRISPR immunity effector to transcriptionally repress a toxin RNA that
would otherwise arrest cell growth by sequestering a rare transfer RNA. These small RNAs thus form a symbiosis with
CRISPR, rendering CRISPR addictive to the host despite its fithess cost. These findings reveal how CRISPR-Cas can
operate as a selfish genetic element.
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