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Cas9 senses CRISPR RNA abundance to 
regulate CRISPR spacer acquisition

Xufei Zhou1,4, Rucheng Diao2,4, Xin Li1,4, Christine A. Ziegler1, Max J. Gramelspacher1, 
Lydia Freddolino1,2 ✉, Zhonggang Hou1 ✉ & Yan Zhang1,3 ✉

Prokaryotes create adaptive immune memories by acquiring foreign DNA snippets, 
known as spacers, into the CRISPR array1. In type II CRISPR–Cas systems, the RNA- 
guided effector Cas9 also assists the acquisition machinery by selecting spacers from 
the protospacer adjacent motif-flanked DNA2,3. Here we uncovered the first biological 
role of Cas9 that is independent of its dual RNA partners. Following depletion  
of CRISPR RNA (crRNA) and/or trans-activating CRISPR RNA, Neisseria apoCas9 
stimulates spacer acquisition efficiency. Physiologically, Cas9 senses low concentrations 
of crRNA in cells with short CRISPR arrays, such as those undergoing array neogenesis 
or natural array contractions, and dynamically upregulates acquisition to quickly 
expand the small immune memory banks. As the CRISPR array expands, rising crRNA 
abundance in turn reduces apoCas9 availability, thereby dampening acquisition  
to mitigate autoimmunity risks associated with elevated acquisition. Although the 
nuclease lobe of apoCas9 alone suffices to stimulate acquisition, only full-length Cas9 
responds to crRNA concentrations to boost acquisition in cells with low immunity 
depth. Finally, we showed that this activity is evolutionarily conserved across several 
type II-C Cas9 orthologues. Altogether, we established an auto-replenishing feedback 
mechanism in which apoCas9 safeguards CRISPR immunity depth by acting as both a 
crRNA sensor and a regulator of spacer acquisition.

A cornerstone of CRISPR–Cas prokaryotic adaptive defence is adap-
tation, in which snippets of invader DNA are incorporated into the 
host CRISPR loci as new immune memories called spacers1. Following 
transcription of the CRISPR locus, the spacer-derived segment of 
mature CRISPR RNA (crRNA) guides Cas nucleases to destroy com-
plementary foreign targets during interference4,5. DNA-targeting 
CRISPR–Cas systems also require a protospacer adjacent motif (PAM) 
next to the target site to distinguish self from non-self6–8. Therefore, 
functional spacers must be acquired from PAM-flanked sequences 
to ensure immunity.

Diverse CRISPR–Cas systems use the conserved Cas1–Cas2 integrase 
complex to catalyse spacer insertion at the leader–proximal end of the 
CRISPR array1,9–11. Numerous studies have shown that many CRISPR–Cas 
systems further require auxiliary Cas or host factors, such as Csn2, 
Cas4 and DnaQ, to faithfully create functional memories1,12–18. In the 
Streptococcus pyogenes (Spy) type II-A system, Cas9 has dual functions 
both as an interference effector enzyme19,20 and as the PAM selector 
for spacer acquisition2. When cleaving a DNA target, Cas9 must form 
a ternary complex with two RNAs (crRNA and trans-activating CRISPR 
RNA (tracrRNA)) to act as an RNA-guided endonuclease19,21. In II-A spacer 
acquisition, Cas9 specifies memory precursors from PAM-flanked viral 
sequences independently of its nuclease activity, although the pre-
cise molecular roles of both small RNAs are unclear2,3. The tracrRNA is 
genetically required for forming viral memories in vivo2, but tracrRNA 

itself is notably absent from Cas protein co-complexes detected in 
biochemical and structural studies of Spy II-A acquisition2,22. More
over, how Cas9 coordinates with the Cas1–Cas2 integrase and Csn2 in 
acquisition remains to be elucidated. The mechanism and regulation of 
acquisition in the other main branch of Cas9-containing systems (type 
II-C23) remain largely unknown. Type II-C systems account for roughly 
40% of all type II CRISPR–Cas and are notable for their compact Cas9 
and a minimal cas1–cas2–cas9 gene composition, lacking the adapta-
tion factors Csn2 or Cas4 (ref. 24).

Here we reveal that the type II-C Cas9 protein lacking its RNA part-
ners (apoCas9) potently stimulates spacer acquisition to safeguard 
CRISPR immunity depth. This immunity depth is reflected by CRISPR 
array sizes, which scale with spacer diversity, and crRNA abundance, 
which influences the strength of interference25. Physiologically, Cas9 
senses crRNA abundance to dynamically regulate acquisition efficiency, 
rapidly replenishing short CRISPR arrays while reducing autoimmunity 
risk when the CRISPR array is lengthened.

Cas9 enables PAM-compliant acquisition
The type II-C CRISPR–Cas system of Neisseria meningitidis (Nme) (Fig. 1a) 
is recognized as a key player in impacting gene transfer through natural 
transformation26, but its functional interplay with bacteriophages is 
unexplored. As a model system to study acquisition, we challenged 
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N. meningitidis strain 8013 with meningococcal disease-associated 
phage (MDAΦ), a well-characterized Neisseria filamentous phage 
(Fig. 1b) associated with hypervirulent strains27,28. Because MDAΦ causes 
neither lysis nor detectable growth burden to infected hosts, we used 
MDAΦ marked with a kanamycin (Kan) resistance gene to track infec-
tion27. Neisseria cells were incubated with MDAΦ–KanR in liquid culture 
for 3 h to allow transduction and then plated on GCB–Kan plates to 
select for transductants. We found that MDAΦ lysogenized the wild-type 
(WT) 8013 strain with a transduction frequency of 10−4 (Fig. 1c). MDAΦ 
lysogenization depends on type IV pili but not on other host factors 
essential for natural transformation (Extended Data Fig. 1a,b). Real-time 
polymerase chain reaction (PCR) and nanopore sequencing revealed 
that MDAΦ exists primarily as an episome but can also integrate into 
the host genome as a prophage through dRS3 repeats (Extended Data 
Fig. 1c–i), consistent with previous knowledge of MDAΦ and related 
filamentous phages27,29. MDAΦ lysogenization did not occur in strains 
carrying a spacer targeting the sense or antisense of MDAΦ genome 
(Fig. 1a–c). This interference phenotype required the N4GATT PAM 
sequence26 of NmeCas9 next to the target sequence (Fig. 1c). In sum-
mary, we demonstrate that N. meningitidis CRISPR–Cas9 can restrict 
the spread of phages, thereby influencing the prophage content and 
pathogenicity of meningococci (Supplementary Discussion).

We next asked whether new viral spacers are acquired during infec-
tion. Following MDAΦ transduction, we extracted genomic DNA from 
the resulting transductant pool and PCR amplified the leader end 
of the CRISPR array, where evolutionarily divergent (that is, new) 
spacers tend to exist in native arrays26 to detect acquisition events 
(Fig. 1d, top). Although no discernible +1 band indicating acquisition 
was observed (Fig. 1d, lane 1), we gel extracted the presumed +1 band 
position for deep sequencing and detected 183 unique new spacer 
sequences, of which 99 matched the MDAΦ genome, indicative of 
bona fide acquisition. This low acquisition efficiency is consistent with 
the previous notion that acquisition is a rare event in native CRISPR–
Cas systems under laboratory conditions30. We therefore adopted a 
widely used method to enhance adaptation to PCR-detectable level by 
overexpressing the cas1–cas2 integrase genes2,3,9. Upon isopropyl β-d-
1-thiogalactopyranoside (IPTG) induction of Cas1–2 (Extended Data 
Fig. 2a,b), acquisition was readily detectable in 6% of the CRISPR arrays 
of the transductants (Fig. 1d, lane 4). Deep sequencing of this +1 band 
yielded 2.8 million acquisition reads, including nearly 54,000 unique 
spacers, of which 78% were mappable to MDAΦ genome (Extended Data 
Fig. 2c–f and Supplementary Discussion). Alignment of the flanking 
sequences of the protospacers matched by viral spacers revealed a 
3′-N4GATT motif (Fig. 1e and Extended Data Fig. 2g,h) identical to the 
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interference PAM required by NmeCas9 for target cleavage26. Col-
lectively, our system recapitulated the formation of PAM-compliant 
functional viral spacers.

Previous genetic studies have shown that the cas9 gene in both the 
Spy and Streptococcus thermophilus (Sth) type II-A systems are essential 
for acquisition, and that their PAM-interacting domains (PIDs) ensure 
selection of PAM-flanked spacers2,3. To test if NmeCas9 plays a similar 
role in the type II-C system of meningococci, we deleted cas9 in the 
cas1–2 overexpressing background, finding a modest reduction in 
acquisition efficiency and a complete absence of discernible PAM for 
new viral spacers (Fig. 1f,g). Genomic complementation by a WT cas9 
or catalytically dead cas9, but not a cas9H1024A allele in which the key 
PAM-contacting residue (H1024) was mutated to disrupt DNA binding31, 
restored the N4GATT PAM of new spacers (Fig. 1f,g and Extended Data 
Fig. 2i–k). Complementation by a PID-swapped chimaera32 (cas9PID-swap), 
in which the wedge domain (WED)/PID of NmeCas9 is replaced by that 
of a closely related natural variant Nme2Cas9 that recognizes a dis-
tinct 3′ N4CC PAM32, altered the PAM specificity to 3′-N4CC (Fig. 1f,g 
and Extended Data Fig. 2i–k). These data demonstrate that the role 
of type II-C NmeCas9 in specifying the adaptation PAM relies on its 
PAM-binding specificity but not its nuclease activity, consistent with 
previous reports for type II-A SpyCas9 and SthCas9 (refs. 2,3).

Notably, deep sequencing of the +1 band for the Δcas9-derivative 
strain with complemented dcas9 revealed that approximately 70% 
of the acquisition reads were MDAΦ-derived (Extended Data Fig. 2d). 
Given the difference in genome size between MDAΦ (8 kb) and the host 
(2.2 Mb) and the ratio of approximately ten copies of MDAΦ per host 
genome (Extended Data Fig. 1f,g), this result reflects an approximately 
60-fold preference of foreign-over-host DNA for N. meningitidis acquisi-
tion (Supplementary Discussion), which is independent of the nuclease 
activity of Cas9 or the CRISPR interference phenotype.

Loss of tracr or crRNA boosts adaptation
To define the RNA partner requirements for acquisition, we deleted 
the tracrRNA gene (that is, Δtracr) in the cas1–2 overexpressing back-
ground (Fig. 2a and Extended Data Fig. 3a,b) and measured acquisi-
tion by adaptation PCR in MDAΦ-infected meningococci. The loss 
of tracrRNA caused a marked increase in acquisition efficiency, from 
undetectable to 4% under the cas1–2 uninduced condition, or from 
6% to 61% when cas1–2 was overexpressed (Fig. 2b). The induced cells 
also yielded +2, +3 and +4 adapted bands corresponding to arrays 
with two, three and four new spacers added, respectively. In all cases, 
the genomic complementation of tracrRNA reverted the enhanced 
acquisition phenotype to the respective baseline WT level (Fig. 2b). 
This ‘super-adaptation’ phenotype retained a strong bias for acquiring 
spacers from viral over the host genome (Extended Data Fig. 3c; 68% 
of spacer reads were MDAΦ-derived) and displayed the canonical 3′ 
N4GATT PAM (Fig. 2c), indicating that tracrRNA is not required for the 
acquisition of PAM-compliant spacers in this II-C system. The Δtracr 
strain did not alter the expression levels of Cas9 or Cas1 (Extended Data 
Fig. 3d,e). Moreover, the ΔtracrΔcas9 strain (Extended Data Fig. 3a,b) 
exhibited 3% basal adaptation with nullified PAM (Fig. 2b,c), suggesting 
that Δtracr exerts its effect by modulating NmeCas9.

One possible explanation for these results is that the loss of CRISPR 
interference activity in Δtracr strains (Extended Data Fig. 3f) could abol-
ish selection against newly acquired self-targeting spacers and thereby 
enriching for cells with expanded arrays, as observed previously in 
S. thermophilus with deactivated SthCas9 (ref. 3). To address this pos-
sibility, we measured acquisition in isogenic strains, in which WT cas9 
was replaced by interference-deficient dcas9 at the endogenous locus. 
The WT cas9 and dcas9 strains exhibited similar acquisition phenotypes 
in response to tracrRNA deletion and complementation (Extended 
Data Fig. 3g,h), demonstrating that super-adaptation is not because 
of interference defects and is independent of the nuclease activity 

of Cas9. In summary, we conclude that tracrRNA is a negative regula-
tor of acquisition efficiency in meningococci, in contrast to previous 
findings that tracrRNA is genetically required for acquisition in the 
Spy type II-A system2.

Any function or requirement for crRNA in CRISPR–Cas9 adaptation 
has remained elusive2,3,33 owing to the difficulty of blocking crRNA 
production without affecting the leader element essential for acqui-
sition. In the distantly related Escherichia coli type I-E system, crRNA 
transcription from its leader-embedded promoter is dispensable for 
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acquisition9. Given that crRNA and tracrRNA are co-processed by RNase 
III during maturation20 and that they must load into Cas9 as a pair19, we 
propose that crRNA would, like tracrRNA, play a regulatory role in N. 
meningitidis acquisition. We constructed a mutant strain R26 in which 
the endogenous full-length 1.7-kb CRISPR array was removed, except 
for the leader-adjacent repeat, R26 (Fig. 2d), which was expected to be 
sufficient for enabling acquisition2,9. We predicted and validated by 
northern blot (Extended Data Fig. 4a–c) that this R26 allele does not 
produce any crRNA or leader-derived crRNA mimic extraneous crRNA34, 
defining R26 as a proxy for a crRNA null allele.

In the cas1–2 overexpression background, R26 enhanced acquisition 
from 5% to a super-adaptation level of 44% (Fig. 2e). Deletion of cas9 
from this context reduced the acquisition efficiency to 2% (Fig. 2e) and 
abolished PAM (Fig. 2f). A similar super-adaptation phenotype was 
observed in an isogenic R26 derivative that expresses dcas9 in place of 
WT cas9 (Extended Data Fig. 4d–f), indicating that this phenotype is 
dependent on Cas9 but independent of CRISPR interference. Moreover, 
R26-triggered super-adaptation was not because of changes in Cas9 or 
Cas1 protein concentrations (Extended Data Fig. 4g,h). We therefore 
conclude that both crRNA and tracrRNA are negative regulators of 
acquisition.

ApoCas9 stimulates adaptation efficiency
Because the loss of crRNA or tracrRNA resulted in similar super- 
adaptation phenotypes, we propose that these RNAs work together 
as a regulatory switch, implying that apoCas9 (that is, Cas9 in an RNA- 
free state) may be the driver of super-adaptation. Combining the Δtracr 
and R26 in cells carrying WT cas9 and cas1–2 overexpression cassette 
resulted in super-adaptation (Fig. 3a–d and Extended Data Fig. 5a), 
which was reversed to a basal level by simultaneous complementa-
tion by both tracrRNA and a WT CRISPR array, or by a single guide RNA 
(sgRNA), which is a chimaeric fusion of tracrRNA and crRNA19 but not 
by tracrRNA or the CRISPR array alone (Fig. 3a–d). The simultaneous 
loss of tracrRNA and crRNA did not alter Cas9 protein concentrations 
(Extended Data Fig. 5b). Together, our data showed that apoNmeCas9 
is indeed driving highly efficient acquisition, and that the tracrRNA–
crRNA pair is a regulatory switch for NmeCas9-stimulated adaptation 
(Extended Data Fig. 5c).

These findings are further supported by biochemical data confirming 
that the apo and RNA-loaded forms of NmeCas9 exist in distinct states. 
In an RNA electrophoretic mobility shift assay, apoCas9 only assembled 
stable ribonucleoprotein complexes with its crRNA–tracrRNA pair 
or sgRNA but not with crRNA alone, tracrRNA alone or control RNAs 
(Extended Data Fig. 5d). In a limited proteolysis assay, apoNmeCas9 
was rapidly degraded by trypsin in conditions lacking RNAs or in the 
presence of crRNA or tracrRNA alone, whereas it became protected 
from degradation when the crRNA–tracrRNA pair or sgRNA was present 
(Extended Data Fig. 5e). This is consistent with reports of substantial 
conformational changes to NmeCas9 and other Cas9 orthologues upon 
sgRNA loading31,35. Together, our findings uncovered the first role of 
apoCas9, which is independent of its RNA partners and nuclease activ-
ity. We also established an important role of the crRNA–tracrRNA pair 
in minimizing the inherent risk of high acquisition activity, which can 
acquire self-targeting spacers from the host genome.

Domain requirements for super-adaptation
We next investigated the mechanism by which apoNmeCas9 stimulates 
super-adaptation by systematically removing each of its domains: 
RuvC (split into three subdomains), bridge helix, recognition lobe 1 
(REC1), REC2, histidine–asparagine–histidine (HNH) and WED/PID31,36 
(Fig. 4a). In the Δtracr + R26 and Cas1–2 overexpressing background that 
lacks both RNAs, we found that deletion of the RuvCII, HNH, RuvCIII 
or WED/PID domain abrogated super-adaptation, with acquisition 

efficiency dropping from 45% in the full-length Cas9 to 3–4% (Fig. 4b 
and Extended Data Fig. 5f,g) and abolishing PAM selection for new 
spacers (Fig. 4c), resembling the Δcas9 condition in Fig. 1. On the other 
hand, a cas9ΔREC1/2 allele lacking the entire REC lobe and a cas9ΔBHΔREC1/2 
allele further lacking the bridge helix motif that connects the two 
lobes remained competent for super-adaptation (Fig. 4b,c). These 
two alleles elicited super-adaptation even in the presence of RNA 
partners, indicating that their adaptation-stimulating ability was no 
longer repressible by RNAs (Fig. 4d,e). Because it is highly unlikely 
that NmeCas9 lacking the REC lobe could still bind its RNA partners31, 
our results further support the notion that tracrRNA and crRNA act 
through NmeCas9 to regulate adaptation. Altogether, our results 
indicate that the NUC lobe of NmeCas9 (comprising the HNH, RuvC 
and WED/PID domains) is sufficient for stimulating adaptation, and 
the REC lobe mediates regulation by RNA partners. By contrast, all 
domains of NmeCas9 are essential for interference (Extended Data 
Fig. 5h), further validating that the apo and RNA-guided states are 
functionally distinct.

ApoCas9 assists CRISPR array neogenesis
Although microbes may restrain acquisition to minimize the fitness 
cost associated with possible acquisition of self-targeting spac-
ers, many physiological conditions could necessitate high rates of 
acquisition. We therefore explored three biological scenarios in 
which dynamic control of acquisition may be beneficial: (1) CRISPR 
neogenesis, in which a new CRISPR array arises from a single repeat;  
(2) array contraction, which would eliminate existing spacers to allow 
the uptake of beneficial traits previously targeted; and (3) array short-
ening driven by recombination between repeats. In the first scenario, 
to mimic CRISPR arrays at various stages of neogenesis, we created  
N. meningitidis 8013 derivatives in which the endogenous CRISPR array 
was shortened from its typical 25-spacer length to varying degrees 
(Fig. 5a), whereas the other cas and tracrRNA genes remained unmodi-
fied. Although NmeCas9 protein concentrations remained constant 
across strains (Extended Data Fig. 6a), the concentrations of mature 
crRNA and tracrRNA co-increased gradually, from undetectable lev-
els in the single repeat strain to weak signals for short arrays with 
one to three spacers and then to intermediate and plateaued levels 
with mid-sized and longer arrays (Fig. 5b). By assaying acquisition 
following MDAΦ infection in these strains overexpressing Cas1–2, we 
observed a strong inverse correlation between acquisition efficiency 
and array length, with 31% adaptation efficiency in the single repeat 
array diminishing to 20–30% for arrays with one to three spacers, 
8–10% for arrays with five to seven spacers and 4–6% for longer arrays 
(Fig. 5c and Extended Data Fig. 6b). CrRNA abundance quantified by 
northern blot (Fig. 5b) also inversely correlated with acquisition effi-
ciency (Extended Data Fig. 6c,d). These results indicate that crRNA 
may be the limiting agent to enable such array-length-based regula-
tion. We therefore proposed that NmeCas9 primarily exists in the 
apo state during early CRISPR neogenesis, a condition that unleashes 
super-adaptation to quickly build up an initial immune memory reper-
toire. This represents a dynamic feedback mechanism for regulating 
acquisition; array elongation increases crRNA abundance, which in 
turn reduces apoCas9 availability to dampen acquisition.

To further demonstrate that Cas9 senses the cellular crRNA concen-
tration to govern acquisition, we examined array co-existing scenarios 
in R26 derivatives that carry a second leader-flanked array inserted at 
a separate chromosomal site (Extended Data Fig. 6e). Under Cas1–2 
overexpressing conditions, the total acquisition efficiency was evenly 
distributed between the two co-existing arrays, regardless of their 
individual sizes. As the second array increased from 0 to 2, 3 and 25 
spacers, the acquisition efficiency at both arrays in the same strain 
progressively co-declined (Extended Data Fig. 6f). These observations 
indicate that the overall acquisition efficiency is governed by the total 
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cellular crRNA abundance, rather than the number of arrays or the size 
and crRNA output of individual arrays.

ApoCas9 safeguards CRISPR immunity depth
Microbes may benefit from super-adaptation following natural 
CRISPR array contraction to rapidly rebuild the memory repertoire. 
To illustrate a physiological context when natural array compaction 
occurs, we examined how Neisseria accommodates beneficial traits 
that are targeted by a resident spacer. In Staphylococcus epidermidis, 
CRISPR interference against a beneficial conjugative plasmid has been 
shown to select host escapees that resolve this conflict by deteriorat-
ing CRISPR–Cas, allowing plasmid retention37. We conducted a similar 
experiment in meningococci by transforming WT 8013 strain with 
DNA containing a target sequence for spacer 6 and a chloramphenicol 
resistance marker (CmR–ps6), together flanked by homology arms for 
recombination into the genomic capsule locus (Fig. 5d). Host cells 
must obtain the CmR trait to survive on chloramphenicol plates, but 
a genomically integrated CmR–ps6 cassette would trigger autoim-
munity through the native spacer 6. As expected, we obtained more 
than 6,000-fold fewer CmR transformants relative to the non-target 
control (Fig. 5e), indicating strong CRISPR interference as seen 
before26. The high amounts of DNA used here allowed us to obtain 
more than 100 CmR transformants as escapers (escape rate of 1.2 × 10−4; 
Fig. 5e). We randomly picked and sequenced about half of the escapers 

at their CRISPR–Cas and capsule loci, revealing Cas9 deactivation 
and CRISPR array collapse as the two most common mechanisms by 
which cells escape the targeting conundrum (Extended Data Fig. 6g,h). 
Array-contracted escapers lost continuous blocks of spacer–repeat 
units, including the targeting spacer 6 (Fig. 5f) while remaining com-
petent for interference through the remaining spacers (Fig. 5g).

These array-contracted escapers form the basis of our second sce-
nario to study acquisition regulation. Because CRISPR compaction logi-
cally comes at the cost of immunity depth, reflected in the loss of spacer 
diversity and crRNA abundance25, elevated acquisition can compensate 
by replenishing the array more quickly. Although Cas9 protein concen-
trations remained constant over various array lengths (Extended Data 
Fig. 6i), crRNAs are much less abundant in cells with contracted arrays 
(Fig. 5h). This NmeCas9–crRNA imbalance augmented acquisition, for 
example, escaper colonies e10 and e5 lost 16 and 22 spacer–repeat units, 
respectively, elevating their acquisition efficiencies under cas1–cas2 
induction from a baseline 5% to 9% and 15%, respectively (Fig. 5f,i and 
Extended Data Fig. 6j). We assayed native acquisition in these escap-
ers without introducing the Cas1–2 overexpression cassette or any 
other modifications to the endogenous CRISPR–Cas locus (Extended 
Data Fig. 7a,b). Deep sequencing of all CRISPR amplicons, without gel 
extraction to enrich for adapted arrays, revealed that native acquisition 
occurs at a low efficiency of 0.6–1 × 10−5, which was stimulated by up to 
5-fold in natural escapers (Extended Data Fig. 7a,b) and approximately 
2.5-fold to 7.7-fold in isogenic strains carrying either an evolutionarily 
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short-CRISPR mimic or a natural short array from other Neisseria iso-
lates (Extended Data Fig. 7c,d). These results align well with the findings 
under Cas1–2 overexpressing conditions (Fig. 5c,i), supporting that the 
stimulatory effect of Cas9 on acquisition is a genuine physiological 
response, rather than a rogue phenotype arising from the removal of 
key CRISPR–Cas components.

For the third scenario, we examined array collapse caused by the 
homologous recombination between repeats25,38. We transformed WT 
cells with a DNA fragment containing a repeat and a selectable marker 
and recovered transformants that have undergone recombination 
between the incoming repeat and resident genomic CRISPR (Extended 
Data Fig. 8a). We detected array shortening in 82% (180 of 220) of the 
transformants (Extended Data Fig. 8b,c), and the resulting collapsed 

arrays exhibited elevated adaptation when assayed under Cas1–2 over-
expressing conditions (Extended Data Fig. 8d,e). The natural com-
petence of Neisseria allows frequent uptake of genomic DNA from 
neighbouring cells39. Consequently, repeat-mediated recombination 
between incoming and resident CRISPRs, along with array collapse, 
are likely common events, highlighting the importance of a dynamic 
array-replenishing mechanism in naturally competent bacteria.

Collectively, our data indicate that array contraction reduces 
crRNA concentrations and in turn shifts a portion of NmeCas9 from 
the RNA-loaded to the apo state, thereby stimulating acquisition to 
quickly replenish the memory repertoire. ApoNmeCas9, acting both 
as a sensor to gauge low crRNA abundance (that is, shallow immunity 
depth) and an actuator to upregulate acquisition, represents an elegant 
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feedback mechanism that dynamically replenishes contracted arrays 
in response to crRNA concentration (Fig. 6). Finally, among N. menin-
gitidis 8013 derivatives that all lack MDAΦ-targeting spacers to begin 
with, strains with short arrays exhibited stronger MDAΦ resistance 
upon acquisition induction than those with longer arrays (Extended 
Data Fig. 9), linking the array compaction-stimulated acquisition to 
enhanced phage defence.

Role of apoCas9 across II-C systems
Finally, we investigated whether other type II-C systems regulate 
acquisition through a similar mechanism. Using meningococci lack-
ing NmeCas9 and dual RNAs as surrogate hosts, we assessed seven II-C 

Cas9 orthologues, with 31–96% protein sequence identity to NmeCas9 
(Extended Data Fig. 10a–c), for their ability to confer super-adaptation 
in collaboration with N. meningitidis Cas1–Cas2 and R26. All orthologues 
tested, except for Campylobacter jejuni (Cje) Cas9 (ref. 40) (Extended 
Data Fig. 10d,e), elicited apoCas9-stimulated super-adaptation 
(Extended Data Fig. 10f, left). Cas9 orthologues from Haemophilus 
parainfluenzae (Hpa), Actinobacillus succinogenes (Asu), Pasteurella 
pneumotropica (Ppn) and Pasteurella multocida (Pmu)40–42, which share 
62–65% sequence identity with NmeCas9 and 67–85% pairwise identity 
with each other, stimulated adaptation to 20–47% efficiencies without 
RNA partners. Nme2Cas9 and Nme3Cas9, two natural variants related 
to NmeCas9 but possessing divergent PID and PAM preferences32, also 
elicited super-adaptation with approximately 40% efficiency. In all 
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cases, new spacers were primarily drawn from viral sequences flanked 
by a prominent PAM (Extended Data Fig. 10g, left), consistent with the 
known interference PAM of each Cas9 (refs. 40–42) (Extended Data 
Fig. 10h). By contrast, isogenic strains co-expressing the cognate sgRNA 
for each II-C Cas9 (Extended Data Fig. 10a,c) exhibited 4–6% basal acqui-
sition efficiency (Extended Data Fig. 10f, right) while maintaining the 
cognate PAM specificity (Extended Data Fig. 10g, right). Altogether, our 
data highlight the conserved roles of apoCas9 and crRNA–tracrRNA in 
acquisition regulation across type II-C CRISPR–Cas.

Discussion
Although Cas9 is primarily known as an RNA-guided nuclease for 
prokaryotic adaptive immunity, more roles of Cas9 in endogenous 
gene regulation have been unveiled43,44. A natural sgRNA variant in 
S. pyogenes (tracr-L) directs Cas9 to bind and auto-repress the promoter 
of the CRISPR–Cas operon to dampen autoimmunity45. In Francisella 
novicida (Fno), Cas9 is guided by an atypical CRISPR-associated RNA 
called small CRISPR–Cas-associated RNA to repress the transcription of 
an endogenous lipoprotein to control bacterial pathogenicity46. Beyond 
these RNA-guided roles, type II-A Cas9 also acts as the PAM selector for 
new viral memories2,3 in a manner that requires its tracrRNA2.

Given the small RNA requirements for target interference and 
spacer acquisition in type II-A system, apoCas9 has been perceived 
as non-functional. This study reports the first biological function of 
apoCas9 in bacterial immunity, which is independent of but regulatable 
by its RNA partners. We showed that apoCas9 boosts the acquisition 
efficiency during filamentous phage infection in meningococci (Figs. 2–
4 and Extended Data Figs. 3–5 and 10). This acquisition-stimulatory 
role requires the nuclease lobe of Cas9 but not its catalytic activity and 
is regulated by the crRNA–tracrRNA pair through its REC lobe (Fig. 4 

and Extended Data Fig. 5). As such, the two RNA partners are integral to 
CRISPR biology, both in directing foreign DNA targeting and in reining 
in super-adaptation to reduce the likelihood of acquiring autoimmunity 
spacers from the host genome. Our findings fundamentally expand the 
roles of Cas9, crRNA and tracrRNA in bacterial immunity.

The size of the CRISPR array and the concentration of crRNA pro-
duced from it reflect the depth of the adaptive immunity25. Although 
acquisition allows for constant memory updates, most bacterial 
CRISPR arrays contain fewer than 50 spacers and do not grow infi-
nitely, with occasional cases of arrays reaching 100 or 200 spacer 
counts, meaning that older spacers become obsolete and get lost 
over time25,47. Memory purging often occurs through array rear-
rangement that deletes a continuous block of spacer–repeat units, 
presumably through recombination between repeats25. In S. epider-
midis, experiments and mathematical modelling indicate that host 
cells bear spontaneous CRISPR–Cas mutations at the rate of approxi-
mately 10−4 per cell per generation; these mutations, including CRISPR 
array contraction as a common type, will be selected for when the 
host is under pressure to acquire laterally transferred beneficial 
traits targeted by a resident spacer37. We showed that in meningo-
cocci, immunity escapees also arise through the host losing a block 
of spacer–repeat units, including the targeting spacer (Fig. 5d–g). The 
resultant reduced crRNA concentration was read out by Cas9, which 
stimulated acquisition to swiftly replenish the memory bank (Fig. 5h,i). 
This auto-replenishing feedback mechanism helped to reduce the 
vulnerability window caused by short arrays that did not provide a 
sufficiently diverse repertoire of spacers to ensure robust protection 
(Fig. 6). Our findings demonstrated the physiological role of Cas9 
in safeguarding immunity depth as a crRNA sensor and acquisition  
regulator.

Our findings opened new possibilities for regulating bacterial 
adaptation that merit further investigation. For example, are there 
environmental cues or physiological conditions that tap into this II-C 
acquisition regulatory network by affecting the expression of crRNA, 
tracrRNA or Cas9? Although tracr-L homologues have not been 
detected in previous small RNA sequencing studies in Neisseria26,48, 
other unknown mechanisms may regulate CRISPR–Cas expression. 
Some phages use crRNA decoys to hijack CRISPR–Cas enzymes, forming 
interference-incompetent complexes and blocking immunity49. It will 
be interesting to investigate whether phages use similar crRNA or tracr-
RNA mimicry strategies or anti-CRISPRs that occlude crRNA binding to 
Cas9 to disrupt the activity or regulation of II-C Cas9-regulated acquisi-
tion. On a more practical note, we envision that researchers can take 
advantage of the super-adaptation phenotype to unveil the mechanistic 
role of Cas9 in acquisition, the molecular details of which have remained 
unclear. From a biotechnology perspective, the apoCas9-based II-C 
acquisition machineries offer new avenues to develop robust molecular 
recording, barcoding and lineage-tracing tools50–52.
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Methods

Bacterial strains and growth conditions
The N. meningitidis strains MC58, 8013 and 8013 mutant derivatives 
used in this study are listed in Supplementary Table 3. These strains 
were grown on Gonococcal Medium Base (GCB) (BD; 228950) plates 
with appropriate antibiotics and Kellogg’s supplements I and II 
(22.2 mM glucose (Thermo Fisher Scientific; D16-1), 0.68 mM glutamine 
(Sigma; G3126), 0.45 mM co-carboxylase (also known as thiamine 
pyrophosphate; Sigma; C8754) and 1.23 mM Fe(NO3)3 (Sigma; F8508)). 
The antibiotic concentrations used were 2.5 μg ml−1 for erythromycin 
(Erm), 100 μg ml−1 for Kan, 100 μg ml−1 for streptomycin, 2.5 μg ml−1 for 
chloramphenicol and 100 μg ml−1 for spectinomycin. The plates were 
incubated at 37 °C in a 5% CO2 humidified atmosphere.

JM109 (Promega; L2005) and Mach1 (Invitrogen; C862003) chemi-
cally competent E. coli cells were used for plasmid cloning. E. coli 
BL21(DE3) (Novagen; 69450-3) cells were used for protein purification. 
The E. coli cells were grown at 37 °C in lysogeny broth Lennox or on 
lysogeny broth agar plates supplemented, when needed, with 50 μg ml−1 
of Kan, 50 μg ml−1 of carbenicillin, 20 μg ml−1 of chloramphenicol or 
100 μg ml−1 of spectinomycin.

Plasmid construction
A complete list of all the plasmids and their detailed construction strate-
gies are provided in Supplementary Table 2. All oligonucleotides and 
gBlocks used in this study were ordered from Integrated DNA Tech-
nologies, Eurofins Genomics and Twist Bioscience (see Supplementary 
Tables 1 and 4 for their sequences). PCR amplifications to generate 
insert or vector backbone for plasmid cloning were performed using Q5 
High-Fidelity DNA Polymerase (New England Biolabs (NEB); M0493L). 
Cloning reactions were performed using one of the following methods: 
Q5 site-directed mutagenesis, Gibson assembly or DNA ligation, using 
the NEB products E0554S, E2621L and M0202L, respectively. All plas-
mid constructs were verified by means of colony PCR using 2X GoTaq 
Green Master Mix (Promega; M7122), restriction digestion and Sanger 
sequencing (Eurofins Genomics).

Phage preparation
MDAΦ prepared from strain Z5463–MDAΦ–orf6::aph3′ was a kind 
gift from E. Bille and X. Nassif. MDAΦ for transduction assay in this 
study was prepared from 8013–MDAΦ–founder strain, as previously 
described27 with minor modifications. The founder strain was grown 
overnight on GCB plate and subsequently resuspended in GCB liq-
uid medium (1.5% proteose peptone no. 3 (Gibco; 211693), 0.1% NaCl 
(Fisher; S271-10), 0.4% K2HPO4 (Sigma; P3786) and 0.1% KH2PO4 (Sigma; 
P5655)) containing 10 μg ml−1 of Kan, 2.5 mM MgCl2, 2.5 mM MgSO4, 
10 mM NaHCO3 and Kellogg’s supplements I and II. This suspension 
was diluted to optical density at 600 nm (OD600) of 0.1 and incubated 
at 37 °C with 200 rpm shaking for 2–3 h until OD600 reached 0.4–0.5. 
Mitomycin C (RPI; M92010) was then added to a final concentration 
of 0.015 μg ml−1, and the bacteria continued to be cultured overnight. 
The bacteria were pelleted, and the supernatant was collected and 
filtered through a 0.45-μm filter (CELLTREAT; 229763), followed by an 
enzymatic treatment step at room temperature for 3 h with 25 μg ml−1 
of DNase I (Roche; 10104159001) and RNase A (QIAGEN; 19101) each. To 
precipitate phage particles, NaCl and polyethylene glycol 6000 (Sigma; 
8074911000) were added to the supernatant to final concentrations of 
0.5 mM and 10% (w/v), respectively. This mixture was incubated at 4 °C 
overnight, centrifuged at 11,000g at 4 °C for 45 min and resuspended 
in sodium chloride–magnesium sulfate buffer (50 mM Tris (pH 7.5), 
100 mM NaCl, 8 mM MgSO4 and 0.002% (w/v) gelatin (Sigma; G1393)) 
with 5% glycerol and stored at −80 °C for up to 1 month.

To quantify the concentration of phage DNA/particles, a 20-fold 
diluted phage prep was incubated at 95 °C for 20 min, used as a template 
in quantitative PCR using primers oYZ4215 and oYZ4216 to amplify the 

circular junction of MDAΦ and compared with the reference plasmid 
pYZ2852 encoding this junction sequence. All quantitative polymerase 
chain reactions (qPCRs) in this study were done on a CFX Opus 384 
Real-Time PCR instrument using SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad; 1725271).

Phage transduction assay
Phage transduction was performed, as described earlier27 with minor 
modifications. Recipient strains grown overnight on GCB plates were 
resuspended to OD600 of 1.0 in GCB liquid medium containing 2.5 mM 
MgCl2, 2.5 mM MgSO4, 25 μg ml−1 of DNase I (Roche; 10104159001) and 
Kellogg’s supplements I and II. In one well of a 24-well plate (Falcon; 
353047), 200 μl of this suspension was mixed with MDAΦ prep at a 
ratio of five MDAΦ particles per host cell. Adsorption was performed 
for 30 min at 37 °C and 5% CO2 with gentle shakes every 5 min, before 
the addition of 800 μl GCB liquid medium (with 2.5 mM MgCl2, 2.5 mM 
MgSO4, 25 μg ml−1 of DNase I and Kellogg’s supplements I and II) to 
each well. The plates were further incubated for 2.5 h at 37 °C and 5% 
CO2 without shaking. Serial dilutions were spread on GCB–Kan plate. 
Transductants were reported as Kan-resistant CFU per millilitre, com-
pared with total CFU per millilitre from three independent experiments 
(mean ± s.d.).

Phage DNA copy number determination for transductants
MDAΦ copy number was determined by quantifying the MDA circular 
junction using published qPCR methods53,54. Briefly, total DNA was 
isolated from the transductant pool using QIAamp DNA Mini Kit (QIA-
GEN; 51306) with the following minor modifications. After cell lysis at 
56 °C for 40 min, RNase A (1 mg ml−1; QIAGEN; 19101) treatment was 
performed at room temperature for 2 min. This total DNA was used 
as a template for the first qPCR to determine the MDAΦ DNA copy 
number from the standard curve (see next section) on the basis of the 
respective cycle threshold (Ct) value. This calculated copy number X 
is considering both dsDNA (replicative form) and single-stranded DNA 
(ssDNA) genome of MDAΦ. For the second qPCR, the total DNA treated 
with S1 nuclease (Promega; M5761; to remove the ssDNA) was used as 
a template to quantify copy number Y of MDAΦ dsDNA. Note that the 
ssDNA template needs an extra round of amplification compared with 
the dsDNA template; hence, the total MDAΦ DNA copy number equals 
(X − Y) × 2 + Y, whereas the ssDNA copy number equals (X − Y) × 2. In 
addition, the copy number of the genomic prophage form of MDAΦ was 
determined using total DNA as a qPCR template to amplify the MDAΦ 
end-dRS3 junction with primers oYZ4627 and oYZ4271.

Real-time qPCR standard curve generation
To generate a standard curve for quantifying circular MDAΦ junction, 
pYZ2852 was used as the reference plasmid because it contains both 
the MDAΦ circular junction sequence and a segment of the N. menin-
gitidis genome control locus NMV1851 (amplified using the primers 
oYZ4217 + 4218). The pYZ2852 concentration was measured using Qubit 
dsDNA HS Kits (Thermo Fisher Scientific; Q32854) to calculate its copy 
number on the basis of molecular weight. The Ct values obtained from 
the serial dilutions were plotted against the logarithm of the known 
DNA copy numbers, and a linear regression analysis was performed to 
generate the standard curve. Similarly, to generate a standard curve for 
quantifying the genomic MDAΦ prophage form, pYZ2936 was used as 
reference plasmid because it contains both the MDAΦ–dRS3 junction 
and the NMV1851 genomic control sequence.

Meningococcal mutant strain construction
N. meningitidis 8013 derivatives were created by natural transforma-
tion, as previously described26, and all manipulations were achieved 
on the chromosome through double-crossover homologous recom-
bination. Donor DNA (0.1–3 μg of linearized shuttle plasmid, 50-ng 
chromosomal DNA or 1-μg PCR fragment) encoding the intended allele 
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was transformed into the recipient strain, followed by selection on an 
appropriate GCB–antibiotic plate. Four to eight representative trans-
formants from each reaction were verified by re-streaking on selective 
plates twice and then genotyping PCR with Taq DNA Polymerase (NEB; 
M0267L). Genomic DNA (10 ng; 25 cycles) or 0.5-μl cell lysis solution 
(see below) extract (35 cycles) was used as a template, with appropriate 
PCR primer sets to amplify two genomic junctions and the full integra-
tion product whenever possible. Key amplicons were validated using 
Sanger sequencing. Cell lysis solution extract was made by lysing half of 
a single colony in 1% Triton X-100 (Sigma; T8787), 20 mM Tris (Thermo 
Fisher Scientific; BP152; pH 8.3) and 2 mM EDTA (Sigma; E6758) at 94 °C 
for 15 min. For each strain, two independent final candidates were kept 
at −80 °C in 1-ml GCB liquid medium supplemented with 20% glycerol.

Detailed construction strategies for all strains used in this study are 
listed in Supplementary Table 3. For strains used in Figs. 1d–g, 2 and 5 
and Extended Data Figs. 2–4, 6, 8 and 9, pLac–Nmecas1–2 overexpress-
ing cassette was inserted into iga–trpB locus by transforming pYZ008 
into appropriate recipient strains and selecting for CmR transformants. 
To complement the tracrRNA gene at the NICS locus, we transformed 
Δtracr derivatives with pGCC2-based plasmids encoding tracrRNA 
and then selected for ErmR transformants. These two types of genetic 
manipulations at independent loci were combined to create more 
strains.

For strains used in Figs. 3 and 4 and Extended Data Figs. 5 and 10, 
pLac–Nmecas1–2 overexpressing cassette was inserted into the NICS 
locus by transforming pYZ1075 into receipt strains, followed by CmR 
selection. Cas9 complements, with or without small RNA, were done 
at iga–trpB locus by transforming Δcas9 or ΔtracrΔcas9Δcripsr::R26 
derivatives with pMR68-based plasmids and selecting for ErmR trans-
formants. These pMR68-based plasmids encode cas9 variants driven 
from pTet, with or without an extra tracrRNA/sgRNA driven from a 
tracr promoter (pTR).

Unmarked clean deletion strains were created using a two-step 
counter-selection approach, as previously described26. For Δtracr 
and ΔtracrΔcas9, we first transformed a StrepR background strain 
NYZ-11 with pYZ1019 to replace the tracrRNA locus with a CAT–rpsL 
dual marker. A resulting StrepSCmR transformant was colony-purified, 
PCR-verified and used as the intermediate receipt strain for subse-
quent transformation with pYZ1020 or pYZ1021, respectively, followed 
by StrepRCmS selection and PCR/Sanger confirmation. To create the 
endogenous dcas9 strain, a PCR fragment was transformed into NYZ-
11 to replace the 7-590 aa coding region of NmeCas9 with a CAT–rpsL 
dual marker. The resulting StrepSCmR intermediate strain was then 
transformed with pYZ1111 and selected for StrepRCmS transformants 
that carry endo dCas9.

To create single-repeat and array-truncated alleles at the endog-
enous crispr locus, appropriate background strains were first trans-
formed with pYZEJS068 to replace the full CRISPR array with CAT–rpsL 
dual marker. The resulting StrepSCmR intermediate strain was trans-
formed with pYZ1043, pYZ2756, pYZ2757, pYZ2758, pYZ2759, pYZ2760, 
pYZ2934, pYZ2935, pYZ2762, pYZ2763 or pYZ2764 and selected for 
StrepRCmS transformants for further validation.

CRISPR interference assay
CRISPR interference was assayed by natural transformation, as pre-
viously described26. Antibiotic-resistant CFU per millilitre and total 
CFU per millilitre were reported from three independent experiments 
(mean ± s.d.). The results for pYZ1107-derived transforming DNAs with 
or without CRISPR target were compared to evaluate interference phe-
notype.

Transduction–adaptation PCR assay
MDAΦ–Kan transductants established in the infection assay were 
diluted in GCB liquid medium (with 2.5 mM MgCl2, 2.5 mM MgSO4 
and Kellogg’s supplements I and II) to OD600 of 0.1. This culture, with 

or without 0.1 mM IPTG (Fisher; BP1755) to induce the cas1–cas2 over-
expressing cassette, was incubated at 37 °C in a 5% CO2 humidified 
atmosphere overnight. Genomic DNA was isolated using QIAamp DNA 
Mini Kit according to the manufacturer’s instructions, with further 
RNase A (1 mg ml−1; QIAGEN; 19101) treatment at room temperature 
for 2 min after the cell lysis step at 56 °C for 40 min.

To detect spacer acquisition, 10-ng genomic DNA was used as the 
template to amplify the leader end of CRISPR using Q5 DNA Polymer-
ase with PCR primers described in Supplementary Table 1. The PCR 
conditions used were 98 °C for 30 s; 25 cycles of 98 °C for 10 s, 60 °C 
for 10 s and 72 °C for 20 s; and final extension at 72 °C for 2 min. The 
PCR products were resolved on 2% agarose gel, stained by SYBR Safe 
(Invitrogen; S33102) and visualized on Bio-Rad ChemiDoc MP Imager 
(see Supplementary Fig. 1 for uncropped gel images). The adapted +1 
and +2 bands are 66 nt and 132 nt longer than the unadapted 0 prod-
uct derived from WT CRISPR owing to the addition of repeat–spacer 
units (66 nt each). Quantification of PCR band intensity was performed 
using Image Lab 6.0 software (Bio-Rad), and adaptation efficiency 
was calculated as the percentage of total CRISPR amplicons with new 
spacers (normalized to amplicon sizes). Although this method is used 
for comparison purposes, we acknowledge its limitation relative to 
next-generation sequencing (NGS)-based quantification, which was 
used in native acquisition experiments in Extended Data Fig. 7 to quan-
tify low-frequency acquisition events in unengineered strains.

High-throughput sequencing and Illumina NGS library 
construction
Unique molecular identifier incorporation. For strains used in Figs. 1g 
and 2 and Extended Data Figs. 3h, 4f, 6j and 8, a FatI site in spacer 25 or a 
BsmAI site downstream of repeat 1, both of which were close enough to 
the newly added spacers, was used to add eight-base unique molecular 
identifiers (UMIs) as part of the library building procedure. FatI or 
BsmAI digestion and Y-adaptor ligation allow for UMI incorporation 
before PCR to control for amplification bias. Y-shaped adaptors con-
taining UMI were prepared by annealing oligo pair oYZ591/592 (for FatI) 
or oYZ592/4055 (for BsmAI) in 1x annealing buffer (100 mM NaCl and 
10 mM Tris (pH 8.0)) at 100 μM and stored at −20 °C in 2.5-μl aliquots. 
Genomic DNA (500 ng) from a transduction–adaptation assay was 
FatI or BsmAI digested at 55 °C for 3 h and purified with QIAquick PCR 
Purification Kit (QIAGEN; 28104) with final elution in 20 μl. Half of the 
DNA eluate was ligated to 10 μM Y-shaped adaptor in a 25-μl reaction 
at room temperature for 1 h using T4 DNA Ligase (NEB; M0202L). The 
reaction was purified with 0.9x AMPure XP beads (Beckman Coulter; 
A63881) and eluted with 20 μl of 10 mM Tris (pH 8.0).

UMI library construction. All PCRs for NGS library construction were 
performed using Q5 High-Fidelity Polymerase (NEB; M0493L). Ligated 
products from above were used as a template for the first step of Q5 
PCR to amplify the leader end of CRISPR with primers OYZ3624/593 
containing partial Illumina adaptors. The cycling conditions were 98 °C 
for 30 s; 25 cycles of 98 °C for 10 s, 60 °C for 10 s, 72 °C for 25 s; and a final 
extension at 72 °C for 2 min. Following 2% agarose gel electrophoresis, 
+1 adapted band was gel extracted with QIAquick Gel Extraction Kit 
(QIAGEN; 28706). The eluate served as a template for the second step 
of Q5 PCR using i5 and i7 index primers to add full Illumina adapters 
and indexes. The second PCR conditions were 98 °C for 30 s; 15 cycles 
of 98 °C for 10 s, 65 °C for 10 s and 72 °C for 25 s; and final extension at 
72 °C for 2 min.

Non-UMI library construction. For strains used in Figs. 1e, 3 and 4 
and Extended Data Figs. 6b and 10e,g, a non-UMI method was used 
because of the lack of any unique restriction site (such as FatI/BsmAI) 
close enough to new spacers. Genomic DNA (10 ng) from an adaptation 
experiment was used as a template for the first PCR step, with the appro-
priate primers described in Supplementary Table 1. The following steps 



for +1 adapted band gel extraction and the second step of Q5 PCR were 
performed as described in the previous paragraph. The final libraries 
from the second step of PCR were pooled together, cleaned up using 
QIAquick PCR Purification kit and gel extraction purified as one sample. 
The final pooled library was sequenced on Illumina NovaSeq (2 × 150 bp) 
at the Advanced Genomics Core at the University of Michigan. For the 
native acquisition test in Extended Data Fig. 7, non-UMI libraries were 
constructed in the same way, except that 100-ng genomic DNA was used 
as a template and that 1 μl of the first step of the PCR reaction was used 
directly as a template for the second step of PCR.

Bioinformatics analysis for NGS datasets
Read processing. Sequencing reads were assessed for quality using 
FastQC (v.0.11.8)55 and MultiQC (v.0.92)56 to ensure the general quality 
of the datasets. For new spacers, the read 1 sequences of the paired-end 
sequencing reads were trimmed to extract new spacer instances using 
Cutadapt (v.2.6) by identifying the flanking repeat 26 sequence (attg-
tagcactgcgaaatgagaaagggagctacaac)57.

For samples with UMIs, the read 2 sequences of the paired-end reads 
were processed using Cutadapt to extract the 8-nt UMI sequences by 
trimming known construct sequences. The new spacer–UMI sequence 
combinations were paired using fastq-pair (v.0.4)58 and processed using 
UMI-tools (v.1.0.1)59 in preparation for deduplication after alignment. 
For samples with no UMIs, no UMI processing was performed (see the 
paragraph below for the alternative approach that we used to minimize 
PCR bias/duplication artefacts).

The preprocessed spacer sequences were aligned using Bowtie 2 
(v.2.4.1)60 with the ‘very-sensitive’ preset to the combined alignment 
reference containing the N. meningitidis 8013 genome sequence (Ref-
Seq accession no. NC_017501.1; assembly: GCF_000026965.1) and the 
MDAΦ genome sequence27. For samples with UMIs, aligned spacers 
were deduplicated using UMI-tools with the directional-adjacency 
method, as noted above. For samples without UMIs, to handle techni-
cal artefacts such as PCR jackpot sites that can over-amplify a subset 
of spacer sequences, a maximum cap of 5% of the total detected spacer 
count on the corresponding Neisseria or phage genome was applied 
to each unique spacer sequence. More specifically, for each unique 
spacer sequence, if its abundance among the total spacers exceeded 
5%, it was set to 5% of the total detected spacer count of the given source 
genome. For native acquisition samples in Extended Data Fig. 7, the 
interquartile range method was used to handle technical artefacts 
such as PCR jackpots. The identified outlier spacer sequences were 
assigned the average spacer counts of the remaining spacer sequences.

Reads that mapped ambiguously were removed from further analysis 
using Samtools (v.1.9)61. For each genomic location aligned with the 
5′-end of any new spacer, the genomic context was extracted as the 
reference genome sequences flanking the alignment location, includ-
ing the sequence upstream 10 bp from the alignment sites. The num-
bers of spacers at each unique spacer-aligned location were counted 
using bedtools2 (v.2.26.0)62, and custom codes were used to format 
the genomic context sequences for sequence logo inputs. For each 
adaptation NGS sample, a position frequency matrix was created by 
counting the occurrence of each nucleotide at each position upstream 
of the spacer alignment location.

PAM logo generation. All the PAM logos were generated through We-
bLogo 3 with custom parameters (--number-interval 1 --errorbars NO 
--stack-widt 90 --aspect-ratio 3 --color #CC0000 T ‘Pyrimidine’ --color 
#000DCC C ‘Pyrimidine’ --color #FFB300 G ‘Purine’ --color #00CC13 
A ‘Purine’)63.

Viral protospacer distribution plot. For the NGS dataset of Fig. 1d (lane 
4), phage-derived protospacers and their frequencies were extracted 
after sequence alignment. To create the distribution plot in Extended 
Data Fig. 2e, protospacers were grouped into 200-bp bins along the 

8-kb viral genome. Reads per million viral reads (RPMviral) was calculated 
as viral protospacer reads within a bin per million total viral reads, as 
described in a previous study64. Finally, RPMviral values were plotted on 
the y axis with cubic spline smoothing.

4-mer PAM variant usage plot. For the NGS sample in Fig. 1d (lane 4), we 
counted the abundance of all viral spacer acquisition events for each of 
256 possible 4-mer permutations at the 3′ 5–8 nt protospacer-flanking 
position (listed in Supplementary Table 5). A distribution plot was 
generated, ranking their frequencies in descending order, as shown 
in Extended Data Fig. 2h.

Nucleotide frequency plot. For the NGS sample in Fig. 1d (lane 4), 
the 8-nt 3′ flanks of protospacers were extracted, and the frequency of 
occurrence for each nucleotide base was calculated at each position. 
For visualization, a frequency plot was generated, with a baseline of 
25% frequency included in the plot to reference random distribution.

All custom codes were run using Python (v.3.7.3)65 or R (v.3.6.2)66. A 
complete list of packages and their versions for a typical R session is 
included in the GitHub repository for source codes.

Large-scale analysis of natural spacers from the PubMLST data-
base. All Neisseria isolate sequences were retrieved from the PubMLST 
database67, resulting in a collection of 53,174 strains. The CRISPR–Cas 
systems were identified using CRISPRCasFinder68–70, leading to 15,179 
II-C arrays as having repeats with more than 80% identity to the repeat 
sequence of N. meningitidis strain 8013 (GTTGTAGCTCCCTTTCT-
CATTTCGCAGTGCTACAAT). The spacer sequences were extracted to 
identify those with a 100% protospacer match to their own host genome. 
Flanking regions of the protospacers were then analysed to determine 
the presence or absence of a functional PAM for the respective Cas9.

Recombinant protein expression and purification
NmeCas9 protein was expressed and purified, as previously described71, 
except for the omission of the ion exchange chromatography step. 
To purify NmeCas1 and Cas2 individually, plasmid pYZ22 or pYZ1515 
was transformed into E. coli BL21(DE3) competent cells. Protein 
expression was induced, as described for NmeCas9 (ref. 71), except 
that 50 μg ml−1 of carbenicillin was used for pYZ22. Bacterial pellet for 
Cas1 or Cas2 was resuspended in lysis buffer (1x phosphate-buffered 
saline (PBS) (pH 7.5), 500 mM NaCl, 20 mM imidazole (Sigma; I202), 
0.5 mM Tris(2-carboxyethyl)phosphine (Thermo Fisher Scientific; 
77720) and 1x FastBreak Cell Lysis Reagent (Promega; V8571)) and lysed 
by means of sonication. Clarified lysates were bound to nickel–nitrilo-
triacetic acid resin (QIAGEN; 30210) and eluted with 1x PBS (pH 7.5), 500 
(for Cas1) or 350 (for Cas2) mM NaCl, 500 mM imidazole and 0.5 mM 
Tris(2-carboxyethyl)phosphine. For His–NmeCas1, the eluate was con-
centrated and loaded onto a Sephacryl S-200 column (Cytiva; 17116601) 
with buffer 1x PBS (pH 7.5), 350 mM NaCl and 0.5 mM dithiothreitol 
(DTT; Thermo Fisher Scientific; BP17225). Fractions containing His–
NmeCas1 were pooled, concentrated to 5 mg ml−1, aliquoted and stored 
at −80 °C. A 1-ml aliquot was used for custom antibody production 
(GenScript; affinity-purified polyclonal antibody rabbit).

For His–SUMO–NmeCas2, the nickel–nitrilotriacetic acid resin eluate 
was mixed with SUMO protease and dialysed overnight at 4 °C in dialysis 
buffer (1x PBS (pH 7.5), 350 mM NaCl and 0.5 mM DTT). To remove the 
SUMO protease, the resulting mixture was loaded onto a HiTrap Heparin 
column (Cytiva; 17040703) and eluted with a step gradient of NaCl (1x 
PBS (pH 7.5) with 600 mM, 850 mM and 2 M NaCl). Fractions containing 
NmeCas2 (cleaved and uncleaved) but lacking SUMO protease were 
pooled, concentrated to 1 ml and further loaded onto a Sephacryl S-200 
column for size exclusion chromatography. Cleaved NmeCas2 can be 
separated from uncleaved His–SUMO–NmeCas2 in this step. S-200 frac-
tions containing only cleaved NmeCas2 were pooled, concentrated and 
stored at −80 °C. A 0.7-ml aliquot of the resulting 6.8 mg ml−1 protein 

https://www.ncbi.nlm.nih.gov/datasets/gene/NC_017501.1/?form=MG0AV3
https://www.ncbi.nlm.nih.gov/datasets/gene/GCF_000026965.1/?form=MG0AV3
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was used for custom antibody production (GenScript; affinity-purified 
polyclonal antibody rabbit).

In vitro transcription
All crRNAs, tracrRNAs and sgRNAs used in the biochemical assays were 
generated by in vitro transcription using an AmpliScribe T7-Flash Tran-
scription Kit (Lucigen; ASF3507) and gel-purified by means of 15% dena-
turing PAGE, as described in a previous study72. Gel slices were eluted 
with agitation in 0.3 M NaCl–TE (10 mM Tris and 1 mM EDTA (pH 7.5)) 
overnight and RNA recovered by means of isopropanol precipitation. 
The transcription templates used were gel-purified PCR amplicons or 
annealed DNA oligo pairs.

Biotin-16-UTP-labelled RNA probes for northern blot were in vitro 
transcribed using an AmpliScribe T7-Flash Transcription Kit, along 
with a Biotin RNA Labeling Mix (Roche; 11685597910) according to the 
manufacturer’s instructions. The RNA products were purified using 
RNA Clean & Concentrator-5 (ZYMO; R1015). Annealed oligo pairs 
OYZ1166/1167, OYZ1185/1186 and OYZ1183/1184 were used as templates 
to synthesize anti-tracr, anti-repeat and anti-5S probes, respectively. 
All DNA oligos used for in vitro transcription contained T7 promoter 
sequence (see Supplementary Table 1 for details).

RNA electrophoretic mobility shift assay
The in vitro binding reactions were assembled and resolved on a 6% 
native PAGE–0.5x Tris–borate–EDTA (TBE), as previously described71, 
except that the final concentration for apoCas9 was 500 nM, small RNAs 
were each at 50 nM and no DNA targets were included. The 1x binding 
buffer is 20 mM HEPES (Sigma; H4034; pH 7.5), 150 mM KCl (Sigma; 
P9541), 0.1 mM EDTA, 0.5 mM DTT and 30 μg ml−1 of heparin (Sigma; 
H4784, as nonspecific competitor). The gels were stained with SYBR Gold 
(Invitrogen; S11494) for nucleic acid visualization on a Bio-Rad Chemi-
Doc MP Imager (see Supplementary Fig. 1 for uncropped gel images).

Limited proteolysis of NmeCas9
Limited proteolysis was conducted in 10-μl reactions using 5 μM Nme-
Cas9 with or without in vitro transcribed small RNA partners (1:1.5 
molar ratio; 7.5 μM). NmeCas9 and RNAs were pre-incubated at room 
temperature for 30 min in 1x binding buffer (20 mM HEPES (pH 7.5), 
150 mM KCl, 0.1 mM EDTA, 0.5 mM DTT and 15 μg ml−1 of heparin). 
Trypsin proteolysis was initiated by adding 13-ng trypsin (NEB; P8101S) 
to each 10-μl reaction for 5-min, 10-min and 30-min digestion and then 
quenched using 2x Laemmli Sample Buffer (Bio-Rad; 1610737). The final 
products were resolved on a 4–15% gradient SDS–PAGE, stained with 
Coomassie blue (Bio-Rad; 1610786) and imaged on Bio-Rad ChemiDoc 
MP Imager (see Supplementary Fig. 1 for uncropped gel images).

Total RNA extraction and northern blot
Total RNA, including small RNA, was extracted from bacterial strains 
using miRNeasy Mini Kit (QIAGEN; 217004), as described previously26. 
Northern blot was performed, as described previously26 with minor 
modifications. Total RNA (3 μg) for each sample was separated by 
means of electrophoresis using 15% polyacrylamide/7 M urea/1x TBE 
gel in an 18-well cassette (Bio-Rad; 3459902). After electroblotting at 
4 °C overnight at 14 V to a Zeta-Probe Membrane (Bio-Rad; 1620165) 
in 1x TBE, RNAs were crosslinked to the membrane by ultraviolet irra-
diation without any chemical treatment. Blots were prehybridized 
with 8 ml ULTRAhyb Buffer (Invitrogen; AM8670) at 60 °C for 30 min 
and then probed at 42 °C overnight with 300 ng of in vitro transcribed 
biotin-16-UTP-labelled RNA probe. The blots were washed at room tem-
perature twice with 2x saline–sodium citrate (SSC)/0.1% SDS for 5 min 
and then twice with 0.1x SSC/0.1% SDS for 15 min. A 20x SSC solution 
contains 3 M NaCl and 0.3 M sodium citrate (Sigma; S4641) (pH 7.0). The 
hybridized biotin probes were detected using the Chemiluminescent 
Nucleic Acid Detection Module Kit (Thermo Fisher Scientific; 89880) 
and Clarity Max ECL Substrate (Bio-Rad; 1705062) according to the 

manufacturers’ instructions, followed by visualization on Bio-Rad 
ChemiDoc MP Imager. The same blot was then stripped by means of 
incubation in 80 ml of 1% SDS at 70 °C for 1 h with agitation and rehy-
bridized with a different probe for other RNAs or 5S loading control 
(see Supplementary Fig. 1 for uncropped images).

Transcriptome profiling library construction
Total RNAs (2 µg), resulted from the previous section, were subjected to 
ribosomal RNA depletion using the Ribo-Zero Magnetic Kit (Epicentre; 
MRZMB126), followed by transcriptome profiling library construction 
using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina 
(NEB; E7760S) following the manufacturer’s instructions. Libraries 
were quantified using Qubit dsDNA HS Kits (Thermo Fisher Scientific; 
Q32854) and sequenced on a NextSeq 1000 instrument using XLEAP 
P1 flow cell (Illumina) with 300-bp single-end reads.

Western blot
Neisseria cells were collected from GCB plates or in-liquid adaptation 
assay. Cell resuspension equivalent to 200 μl of OD600 of 1.0 culture was 
pelleted, washed once with 1x PBS and lysed and denatured in 200 μl 
of lysis buffer (1x PBS, 1x Laemmli Sample Buffer and 50 mM DTT) 
by heating at 95 °C for 5 min. Subsequently, 15 μl of each denatured 
sample, along with 5-μl molecular weight markers (Bio-Rad; 1610374), 
was separated on a 10% (for Cas9) or 15% (for Cas1 or Cas2) SDS–PAGE 
and transferred to 0.2-μm pore polyvinylidene fluoride membrane 
(Cytiva; 10600021) using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad; 
1703940) in blotting buffer (25 mM Tris, 192 mM glycine, 0.03% SDS 
and 20% methanol (pH 8.3)) at room temperature for 30 min at 15 V. 
After transfer, the membrane was soaked in blocking buffer (3% non-fat 
dry milk in 1x Tris-buffered saline with Tween 20 (TBST)) at room tem-
perature for 30 min and then incubated with the primary antibody in 
blocking buffer at 4 °C overnight. The primary antibodies used were 
rabbit anti-NmeCas1 (custom; 1:370), anti-NmeCas9 (Abcam; ab202638; 
1:5,000) and anti-FLAG M2 (Cell Signaling Technology; 2368S; 1:5,000). 
After washing three times with 1x TBST at room temperature for 10 min, 
the membrane was incubated with horseradish peroxidase-conjugated 
anti-rabbit immunoglobulin G secondary antibody (Promega; W401B; 
1:5,000) in blocking buffer at room temperature for 1 h. The blot was 
washed three times with 1x TBST at room temperature for 10 min, 
treated with Clarity Western ECL Substrate (Bio-Rad; 1705060) and 
imaged on Bio-Rad ChemiDoc MP Imager (see Supplementary Fig. 1 for 
uncropped images). For loading control, the same blot was rinsed with 
1x TBST and stripped with 2-ml OneMinute Plus Western Blot Stripping 
Buffer (GM Biosciences; GM6011). The stripped blot was re-probed with 
rabbit anti-GroEL (Abcam; ab90522; 1:10,000).

Nanopore library construction
All steps were performed using wide-bore pipette tips to minimize 
DNA shearing. Total DNA was purified from Neisseria cells equivalent 
to 10 ml of OD600 of 1.0 culture. The cell pellet was resuspended in lysis 
buffer (30 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0) and 1.5 mg ml−1 of 
lysozyme (Sigma; L6876)), supplemented with 40 μl of 20 mg ml−1 of 
proteinase K (Promega; MC500B) and incubated at room temperature 
for 10 min. Thereafter, 20 μl of 100 mg ml−1 of RNase A (QIAGEN; 19101) 
was added, followed by 15-min incubation at 37 °C. DNA was then puri-
fied by phenol–chloroform extraction and ethanol precipitation and 
resuspended in 10 mM Tris (pH 8.5). Nanopore sequencing library was 
prepared from this DNA using Oxford Nanopore Ligation Sequencing 
Kit (SQK-LSK109) with native barcodes (EXP-NBD104) according to the 
manufacturer’s instructions. The library was sequenced using a MinION 
9.4.1 flow cell, followed by high-quality base calling.

Nanopore informatic analysis
Reads were aligned to N. meningitidis 8013 reference genome and 
MDAΦ–Kan genome separately using minimap2 (ref. 73). MDAΦ 



integrations (that is, reads with alignments to both genomes) were 
classified as ‘complete’ if the full phage genome was observed flanked 
by the host genome on either side ( junctions identified by minimap2 
within 200 bp of the genome start/end), ‘canonical’ if a single such 
junction was observed or ‘other’ if no junction near the end of the phage 
genome could be detected. Potential dRS3 sites were defined by taking 
the set of sites showing the best scores observed in the genome for 
the motif ATTCCCGCCTGCGCGGGAAT, assessed using FIMO74 and 
cross-referenced with the end points of the phage integrations using 
bedtools62.

Adaptation-MDAΦ defence assay
For the experiments shown in Extended Data Fig. 9, we assayed strains 
lacking MDAΦ-targeting spacers by conducting 3–4 h MDAΦ infec-
tion in the absence or presence of IPTG-induced Cas1–2 overexpress-
ing to trigger acquisition simultaneously. The reactions were then 
plated on KanR-selective versus non-selective GCB plates to quantify 
the MDAΦ infection levels. The ratios of transductant counts com-
paring conditions with or without IPTG were calculated to assess 
adaptation-triggered MDAΦ defence.

Phylogenetic analysis
For Cas9 phylogenetic analyses in Extended Data Fig. 10b, multiple 
alignments were performed using MSAProbs75 at https://toolkit.tuebin-
gen.mpg.de. Phylogenetic trees were created using the maximum 
likelihood method with PhyML (substitution model, WAG; number 
of categories, four) available on the web server Phylogeny.fr (http://
www.phylogeny.fr/)76.

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

Data availability
All demultiplexed raw adaptation NGS sequencing reads and processed 
new spacer reads, raw RNA sequencing reads and processed results, 
nanopore raw sequencing reads and processed data are available 
at the NCBI Gene Expression Omnibus (accession no. GSE302092). 
Uncropped gel images are shown in Supplementary Fig. 1. All other 
data supporting the findings of this study are available within the paper 
and Supplementary Information. All plasmids and custom antibodies 
are available upon request. Full plasmid sequences and maps are not 
included but are available upon request.

Code availability
Source codes for sequencing data analysis are available at GitHub 
(https://github.com/freddolino-lab/2023_CRISPR_adaptation).
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Extended Data Fig. 1 | MDAΦ lysogenization of Nme strain 8013. a, MDAΦ 
lysogenization requires major pilin pilE, but not the minor pilin pilX or other 
host factors for natural transformation. To validate host factor requirements 
for MDAΦ infection, we tested a panel of host gene deletion strains. Only ΔpilE 
abolished MDAΦ transduction, confirming type IV pili’s role as phage receptor 
and that KanR colonies are indeed transductants, not transformants caused by 
genomic DNA contamination in phage prep. MDAΦ transduction frequencies % 
(transductants per CFU of total host cells) in mutants are normalized to that of 
WT strain. Data are mean ± s.d., n = 3. b, Natural transformation test in the same 
set of strains as in a. Transformants were abolished by ΔRecA, ΔcomA, ΔdprA, 
ΔcomP, and ΔpilE, consistent with these host factors’ known roles in competency. 
c, Illustration of MDAΦ life cycle in Nme. MDAΦ infects mainly as episomes, 
including circular ssDNA viral genome and dsDNA replication form (RF). It can 
also integrate into host chromosome as a prophage (green) via conserved dRS3 

sites (orange). d, Nanopore sequencing of total DNA from MDAΦ transductant 
pool to confirm the existence of MDAΦ prophage. e, Diagnostic PCRs detecting 
the circular junction of MDAΦ episome and prophage-host integration junction 
from total DNA of MDAΦ transductant pool. WT strain without MDAΦ infection 
is the negative control. Green and orange arrows indicate PCR primers used 
with annealing sites depicted in d. f, h, Real-time PCR determination of the 
relative copy numbers of circular MDAΦ (f) and dRS3-MDAΦ junction (h), 
normalized to Neisseria host gene NMV_1851 copy set as 1. On average, 10 
copies of MDAΦ episome exist per host genome as shown by panel f and about 
25% of the transductants’ genome have a MDAΦ prophage as shown in panel h. 
g, i, PCR standard curves created on serial 10-fold dilutions of reference 
plasmids. CT values plotted against the log scale of known initial copy 
numbers. Data are mean values from 3 independent experiments.



Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | New spacers are preferentially acquired from MDAΦ 
and NmeCas9’s PID dictates PAM enrichment for acquisition. a, SDS-PAGE 
of purified NmeCas1 and Cas2 proteins used for custom antibody production. 
b, Cas1 protein induced from a cas1-2 OE cassette integrated into the host 
genome. 0.1 mM IPTG is used in subsequent experiments. Top, anti-Cas1 
western blot using custom antibody; bottom, GroEL probed as loading control. 
c, Overview of the informatic analysis for new spacers. d, MDAΦ vs. host genome 
breakdown for DNA source of new spacers from “+1” band in lanes 1 and 4 of 
Fig. 1d and lane 4 of Fig. 1f. Red dashed line, 3.5 % should be MDAΦ-derived if 
there is no viral versus self- discrimination by acquisition. Data are mean ± s.d., 
n = 3. e, New spacers from “+1” band in lane 4 of Fig. 1d are analyzed in e, g, h. 
Distribution of spacer abundance (reads per million of phage-matching across 
the MDAΦ genome. f, Transcriptome profiling of MDA transuctants shows that 
protospacer sampling is not driven by viral transcript abundance.  

g, Nucleotide frequency plot for viral protospacers. Black line, 25% G/A/T/C 
equal frequency. h, All 256 possible 4-mers for positions 5-8 nts 3′ of protospacers 
ranked in descending order of abundance. N4GATT PAM, red dot; all other 
4-mers, blue dots. i, Domain architecture of WT, dcas9, cas9H1024A and cas9PID-swap 
alleles, with D16A and H588A mutations denoted by black stars and H1024A PAM- 
binding-disrupting mutation by red star. j, Genomically-complemented cas9 
mutants are expressed to similar level as WT control in strains in Fig. 1f, g. Top, 
anti-NmeCas9 western blot; bottom, GroEL as loading control. k, Interference 
assay showing that dcas9 and cas9H1024A are interference defective. cas9PID-swap 
altered PAM to 3′-N4CC in interference. Data are log-scale of CFU/mL (mean ± s.d.,  
n = 3) for transformants (red bars) and total cells (blue bars). NS, not significant 
(P ≥ 0.05), * 0.005 ≤ P < 0.05, ** P < 0.005; P values calculated by two-tailed 
Welch’s t-tests.



Extended Data Fig. 3 | Super-adaptation in Δtracr is not due to lack of 
interference or changes to cas expressions. a, Schematic of Nme strains  
used in Fig. 2b, c and Extended Data Fig. 3b–h. b, Northern blot confirming 
tracrRNA’s absence and complementation. Total RNAs were probed for 
tracrRNA (top), crRNA (bottom), and 5S rRNA (loading control, middle). Mature 
crRNAs disappeared in Δtracr as expected, as they must co-load into Cas9 
along with tracrRNA to stably exist. c, MDAΦ versus host breakdown for  
DNA source of new spacers from “+1” bands of lanes 2 and 4 in Fig. 2b. In 
super-adaptation, viral DNA remained preferred over the host genome.  
Red dashed line, theoretical random breakdown without any viral vs. self- 
discrimination. Data are mean ± s.d., n = 3. d-e, Super-adaptation is not due to 

changes in Cas9 or Cas1 protein levels. Anti-Cas9 (d) and anti-Cas1 (e, w/ or  
w/o IPTG induction) western blots showed comparable protein levels between 
Δtracr and WT strains. GroEL, loading control. f, Interference assay for strains 
used in Fig. 2b. Interference is abolished by Δtracr and restored by tracr 
complementation. Data are shown as in Extended Data Fig. 2k. g, Strains 
isogenic to those in Fig. 2b but encode dcas9 instead of WT cas9 showed similar 
super-adaptation phenotypes. Top, a representative adaptation PCR gel; bottom, 
quantification of adaptation efficiencies. Data are mean ± s.d., n = 3. NS, not 
significant (P ≥ 0.05), * 0.005 ≤ P < 0.05, ** P < 0.005; P values calculated by 
two-tailed Welch’s t-tests. h, 3′ motif analysis for new viral spacers from panel g.
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Extended Data Fig. 4 | R26 allele is crRNA null. a, Different crRNA biogenesis 
pathways in types II-A and II-C systems. Left, II-A crRNA is transcribed from an 
external promoter within the leader, producing crRNAs and a leader-derived 
extraneous crRNA. Right, II-C crRNA is transcribed from repeat-embedded 
internal promoters and initiates from the 6th nt of each spacer. b, II-C R26 allele  
is predicted to not produce any mature crRNA or crRNA mimic. c, northern blot 
validating b. Total RNAs of the R26 strain were probed for crRNA, tracrRNA,  
and 5S loading control. ΔCRISPR, Δtracr, and Δcas9 strains are controls.  
d, Schematic of dcas9-encoding trains used in panels e-f. e, R26 triggered 

super-adaptation is independent of interference or Cas9’s nuclease activity. 
Strains isogenic to those in Fig. 2e but encode WT cas9 were assayed for MDAΦ 
infection-acquisition, with or without IPTG induction of cas1-2. Data are shown 
as in Fig. 2e. Data are mean ± s.d., n = 3. NS, not significant (P ≥ 0.05), * 0.005  
≤ P < 0.05, ** P < 0.005; P values calculated by two-tailed Welch’s t-tests. f, 3′ 
flanking motif for new spacers from panel e. g-h, Super-adaptation in Fig. 2e  
is not due to changes in Cas9 or Cas1 protein levels. Anti-Cas1 (g, +/- IPTG 
induction) and anti-Cas9 (h) western blots showed comparable protein levels  
in FL CRISPR vs. R26 strains. GroEL is loading control.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | ApoNmeCas9 exhibits acquisition-stimulatory 
activity and has distinct domain requirements as interference. a, Interference 
assay showing that a crRNA-tracrRNA pair or sgRNA is required for Cas9 to 
block transformation. Data are shown as in Extended Data Fig. 2k. b, Cas9 is 
expressed to comparable levels in strains used in Fig. 3. Top, anti-Cas9 western 
blot, leaky expression from uninduced Tet promoter; bottom, GroEL, loading 
control. c, NmeCas9 has two states: an apo- state that stimulates acquisition 
and an RNA-loaded state that ensures low acquisition. d, RNA EMSA showed 
that NmeCas9 engage cognate crRNA and tracrRNA as a pair in vitro. Binding 
was performed at 37 °C for 30 min, in the absence (“-”) or presence (“+”) of 

NmeCas9. e, NmeCas9 is protected from trypsin proteolysis by its crRNA-tracr 
pair. Purified apoCas9 was pre-incubated with various RNAs, trypsin digested 
for 5-, 15-, or 30- min, then analyzed by SDS-PAGE. Input, without trypsin.  
f, Schematic of strains used in Fig. 4. Blue box, cas9 deletion mutants 
complemented to genomic iga-trpB locus, with or without an sgRNA. g, All but 
one Cas9 mutant (ΔRuvCIΔBH) is expressed in Neisseria. Top, anti-Flag western 
blot to track Cas9; bottom, GroEL probed as a loading control. h, All domain 
deletion mutants tested exhibited major defects in CRISPR interference. Data 
are shown as in Extended Data Fig. 2k.



Extended Data Fig. 6 | Characterization of the evolution mimic, co-existing 
arrays, and interference escaper strains. a, The evolution mimic series of 
strains with CRISPR arrays of varying lengths expressed Cas9 to comparable 
levels. Top, anti-Cas9 western blot; bottom, GroEL loading control. b, flanking 
motif analysis for new viral spacers from Fig. 5c. c, For each array length, crRNA 
levels quantified from Fig. 5b and acquisition efficiencies from Fig. 5c are 
plotted. d, CrRNA abundance and acquisition efficiency are inversely correlated, 
fitted with a one-phase decay non-linear regression model in Prism. e, Schematics 
of array-coexistence strains used for MDAΦ infection-acquisition test under 
cas1-2 induction in f. Genotypes at endogenous CRISPR locus and the 2nd 
CRISPR array inserted at the NICS genomic site are depicted. f, Total acquisition 

efficiency was evenly distributed between co-existing arrays, with longer  
2nd arrays progressively reducing acquisition at both CRISPR loci within the  
same cell. Data shown are mean ± s.d., n = 3. NS, not significant (P ≥ 0.05),  
* 0.005 ≤ P < 0.05, ** P < 0.005; P values calculated by two-tailed Welch’s t-tests. 
g, Donut chart of interference escaping mechanisms. Purple, cas9 mutations 
(38/62); blue, CRISPR array collapse (13/62); red, target mutation or deletion 
(8/62); green, unclear (5/62). h, Interference escapers with mutated cas9  
(e2, e3, e4) are permanently defective for interference, as revealed by 
interference re-test using transforming DNA bearing protospacers 6 or 25.  
i, Array-contracted escapers expressed Cas9 protein to comparable levels  
as the WT array. j, 3′ flanking motif for new viral spacers of Fig. 5i.
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Extended Data Fig. 7 | Native acquisition efficiency, albeit low, is elevated 
in shorter-array-strains, including natural escapers, evolutionary mimics, 
and naturally short-array isolates. a, Un-engineered natural escapers from 
Fig. 5e,f assayed for native MDAΦ acquisition by NGS and exhibited elevated 
acquisition efficiencies. Notably, no Cas1-2 OE cassette was introduced and 
endogenous crispr-cas locus remained unchanged apart from natural array 
compactions. Acquisition efficiency was determined by NGS of all CRISPRs 

without gel extraction to enrich for the adapted arrays. Data are mean ± s.d., 
n = 3. NS, not significant (P ≥ 0.05), * 0.005 ≤ P < 0.05, ** P < 0.005; P values 
calculated by two-tailed Welch’s t-tests. b, 3′ flanking motifs for new viral 
spacers from panel a. c, Native acquisition efficiencies assayed and plotted as 
in panel a, for evolutionary mimics from Fig. 5a,b and strains encoding natural 
short arrays of Neisseria isolates CA40755 and M10 240569 (w/2-, 3-spacers).  
d, 3′ flanking motifs for new viral spacers from panel c.



Extended Data Fig. 8 | ApoCas9 stimulates acquisition for collapsed  
arrays that arise via homologous recombination between CRISPR repeats. 
a, Diagram of the repeat recombination experiment. WT 8013 strain is 
transformed with DNA that contains a repeat, a kanamycin-resistant marker, 
and a genomic sequence downstream of CRISPR locus. KanR selects for 
recombination events between the incoming repeat and recipient cells’  
CRISPR array. b, Diagnostic PCR of representative, randomly selected KanR 
transformants showing that most have undergone array compaction.  

c, Representative shortened arrays (marked in red in panel b) have lost blocks  
of spacer-repeat units, revealed by sanger sequencing. d, Array-collapsed 
colonies elicit elevated MDAΦ-acquisition, with the efficiency increasing as 
array length decreases. Top, a representative adaptation PCR gel. Bottom, 
quantification of adaptation efficiencies. Data are mean ± s.d., n = 3. NS, not 
significant (P ≥ 0.05), * 0.005 ≤ P < 0.05, ** P < 0.005; P values calculated by 
two-tailed Welch’s t-tests. e, 3′ flanking motif analysis for new viral spacers of 
panel d.
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Extended Data Fig. 9 | Strains with shorter CRISPR arrays exhibited 
stronger resistance to MDAΦ lysogenization upon acquisition induction. 
a, Nme 8013 strain derivatives, including those with varying-sized arrays and 
natural escaper e5, were infected with MDAΦ in the presence or absence of 
IPTG to induce Cas1-Cas2 OE. Plotted are ratios of CFU/mL comparing 
conditions with versus without IPTG-induced acquisition, with white bars 
representing transductants and grey bars representing total viable cells.  

Data are mean ± s.d., n = 3. NS, not significant (P ≥ 0.05), * 0.005 ≤ P < 0.05,  
** P < 0.005; P values calculated by two-tailed Welch’s t-tests. b, Fold changes  
in transduction frequencies comparing IPTG-induced acquisition versus 
uninduced conditions from the same experiment in panel a. Transduction 
frequency is the percentage of recipient cells successfully transduced. Data  
are mean ± s.d., n = 3. NS, not significant (P ≥ 0.05), * 0.005 ≤ P < 0.05,  
** P < 0.005; P values calculated by two-tailed Welch’s t-tests.



Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | ApoCas9 and tracrRNA-crRNA play conserved roles 
in acquisition across divergent II-C systems. a, Schematic of strains used.  
b, Phylogeny of II-C cas9 orthologs tested. Percentages of protein sequence 
identity relative to NmeCas9 are in parentheses. II-A SpyCas9 is included as an 
outgroup. c, Top, anti-Flag western blots confirmed the expression of II-C cas9 
orthologs in Neisseria, and that their levels were not affected by the respective 
sgRNA. Asterisk, expression of CjeCas9, unlike other orthologs, required aTc 
induction of pTet to become detectable by western blot. GroEL, loading 
control. d, ApoCjeCas9 failed to induce super-adaptation. Left, a representative 
adaptation PCR. Right, quantification of adaptation efficiencies. Data are 
mean ± s.d., n = 3. NS, not significant (P ≥ 0.05), * 0.005 ≤ P < 0.05, ** P < 0.005;  

P values calculated by two-tailed Welch’s t-tests. e, 3′ flanking motifs analysis  
of new viral spacers from panel d. f, Multiple II-C Cas9s stimulated super-
adaptation, which was repressed to baseline level by their respective sgRNAs. 
Top, representative adaptation PCR. Bottom, quantification of adaptation 
efficiencies, mean ± s.d., n = 3. NS, not significant (P ≥ 0.05), * 0.005 ≤ P < 0.05, 
** P < 0.005; P values calculated by two-tailed Welch’s t-tests. g, 3′ flanking 
motifs for new viral spacers from panel f. h, CRISPR interference assay showed 
that WT Cas9 and sgRNA- expressing strains are competent for interference 
and requires the corresponding PAMs. Data are shown as in Extended Data 
Fig. 2k.
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