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Abstract 

CRISPR-Cas adapti v e imm une systems in bacteria and ar c haea ena b le pr ecise targeting and elimination of invading genetic elements. 
An inherent feature of these systems is the ‘extraneous’ CRISPR RNA (ecrRNA), which is produced via the extra r e peat in a CRISPR 

arr ay lac king a corresponding spacer. As ecrRNAs would interact with the Cas machinery yet not direct acquired immunity, they 
pose a potential barrier to defence. Type II-A CRISPR-Cas systems r esolv e this barrier through the leader sequence upstream of a 
CRISPR arr ay, whic h forms a hairpin structure with the extra repeat that inhibits ecrRN A production. How ever, the fate of ecrRNAs 
in other CRISPR types and subtypes remains to be explor ed. Her e , w e r e port that II-C systems likel y employ disparate strategies 
to r esolv e the ecrRNA due to their distinct configuration in comparison to II-A. Applying bioinformatics anal yses to ov er 650 II-C 

systems followed by experimental validation, we identified three strategies applica b le to these systems: formation of an upstream 

Rho-independent terminator, formation of a hairpin that sequesters the ecrRN A guide , and mutations in the r e peat expected to disrupt 
ecrRNA formation. These findings expand the list of mechanisms in CRISPR-Cas systems that could r esolv e the ecrRNA to optimize 
imm une r esponse. 

Ke yw or ds: CRISPR-Cas; extr aneous CRISPR RN A; Type II-C CRISPR-Cas systems; CRISPR r e peats; RNA secondar y structur es; m utations 
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Introduction 

CRISPR-Cas systems r epr esent the onl y known ada ptiv e imm une 
mechanism in bacteria and archaea, enabling these organisms 
to recognize and eliminate previously encountered plasmids and 

bacteriopha ges (Barr angou et al. 2007 , Marr affini and Sontheimer,
2008 , Seed et al. 2013 ). This immune memory is encoded within 

CRISPR arra ys , where DNA spacers—derived from fragments of 
invader genetic material (protospacer)—are stored between con- 
serv ed r epeat sequences. Ne w spacers ar e added to the CRISPR 

array between the newest repeat and the leader region, which 

sim ultaneousl y r esults in the duplication of the ne west r epeat.
Upon reinfection, the CRISPR array is transcribed and processed 

into individual CRISPR RNAs (crRNAs), each containing a spacer 
flanked at least on one side by a partial r epeat (Br ouns et al. 2008 ,
Carte et al. 2008 , Deltc he v a et al. 2011 ). These crRNAs ar e r ec- 
ognized by Cas effector nucleases through the contained repeat.
The spacer of the crRNA then guides the nuclease to complemen- 
tary nucleic acid targets flanked by the protospacer adjacent mo- 
tif (PAM), leading to their cleav a ge and, in some cases, inducing 
extensive RNA or DNA collateral degradation that results in cell 
Recei v ed 30 J an uar y 2025; revised 24 Mar c h 2025; accepted 13 May 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ormancy (Koonin et al. 2017 ). This ensures a defence mecha-
ism upon future encounters with the same invader (Barrangou 

t al. 2007 ). 
Notably, because the number of repeats in a CRISPR array is al-

ays one more than the number of spacers, one repeat—the extra
 epeat—r emains without a spacer counterpart (Liao et al. 2019 ). In
ype II systems, this extra repeat is found at the beginning of the
r anscribed arr ay and, if tr anscribed and pr ocessed, pr oduces an
extraneous’ CRISPR RN A (ecrRN A) that lacks a guide sequence
orresponding to any prior in vader. T he production of ecrRNAs
oses a potential problem for the CRISPR-Cas immune system, as
hese nontargeting RNAs could divert Cas proteins a wa y from pro-
uctiv e crRNAs, ther eby r educing the system’s ov er all effectiv e-
ess . T hus , mechanisms to suppress ecrRNA formation or func-
ion may help maintain the efficiency of the CRISPR-Cas defence
Liao et al. 2019 , 2022 ). 

In a preceding analysis, we showed that the II-A CRISPR-Cas
eader r egion suppr esses ecrRNA pr oduction by forming a hair pin
tructure with the extra repeat (Liao et al. 2022 ). In contrast, no
uc h hair pins wer e identified in type II-C systems . T his discrep-
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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ncy can be attributed to the presence of distinct CRISPR array
rc hitectur es. In type II-C, spacers are acquired through the last
epeat instead of the first repeat, with each repeat possessing its
wn promoter (Fig. 1 ) (Dugar et al. 2018 , 2013 ). In type II-C systems,
r anscription upstr eam of the CRISPR array could lead to the pro-
uction of the ecrRNA and weaken the immune response for the
ame reasons as with II-A. T herefore , we hypothesize that type
I-C CRISPR-Cas systems employ different mechanisms to coun-
eract the ecrRNA. 

To investigate these regulatory mechanisms, we analysed over
50 type II-C CRISPR-Cas systems. Our anal ysis r e v ealed thr ee
ossible strategies to suppress ecrRN A production. First, w e found
hat the extra repeat accumulates significantly more mutations
han other repeats in the array, potentially disrupting its inter-
ction with the tracrRNA and hindering ecrRNA processing. Sec-
nd, we identified Rho-independent terminators (RITs) upstream
f type II-C CRISPR arrays that could prevent transcription from
xtending into the arr ay. Finall y, we observ ed enric hed RNA sec-
ndary structur es suc h as hair pins formed between the intergenic
 egion upstr eam of the CRISPR arr ay and the guide r egion of type
I-C ecrRNAs that could interfere with ecrRNA production. The
hr ee potential mec hanisms expand our kno wledge of ho w the

any distinct CRISPR-Cas systems can resolve the ecrRNA and
ptimize their immune response. 

ethods 

uality control and division into training and 

est set 
o investigate the fate of the ecrRNA in II-C systems, we used a
r e viousl y gener ated data set with mor e than 650 type II-C sys-
ems (Liao et al. 2022 ). The data set was treated and divided into
raining and test sets as previously described. In the previous pa-
er, it was assumed that the leader was 180 nt long. This assump-
ion is likely to be wrong because of many potential problems (e.g.
ndetected m utated r epeats or nearby genes). Because of this and
ther reasons, both sets were subjected to quality control to make
ure that the leader and the CRISPR array were not misannotated.

As a first step in quality control, the genomes or contigs of
he bacteria in the set of predicted II-C systems were down-
oaded from the NCBI website via Entrez (Sa yers , 2022 ). Within
hese genomes, all potential CRISPR-cas cassettes and CRISPR ar-
 ays wer e pr edicted with CRISPRcasIdentifier (v ersion 1.1.0) and
RISPRidentify (version 1.0) (Mitrofanov et al. 2021 , Padilha et
l. 2020 ). Only type II-C CRISPR-Cas loci were used for further
nal ysis. Mor eov er, the tr acrRN A w as pr edicted with CRISPRtr acr-
NA (v ersion 1.0) (Mitr ofanov et al. 2022 ). With the pr edicted r e-
eats from the CRISPR array, the leader sequence (for II-A) and
pstr eam inter genic r egion of the CRISPR arr ay (for II-C) wer e
earched to identify potential missed mutated repeats. For the
earc h, blastn (v ersion: 2.5.0 + ) (Madden 2002 ) was utilized with
he input parameters -gapopen 2 -gapextend 1 -penalty -
 -reward 1 -word_size 5 . A potential hit from blastn was
onsider ed a m utated r epeat if it was found 20–45 nt a wa y from
he last repeat, had a sequence similarity of above 70% to the con-
ensus repeat, and had an e-value below 0.5. For each of these po-
ential repeats, an empirical e-value was calculated by searching
or hits with a better blast score 1000 times in a dinucleotide shuf-
ed leader sequence or upstream intergenic region. A potential re-
eat was classified as a mutated repeat if its empirical e-value was
elow 0.01. While this threshold may not eliminate all false pos-

tiv es, a mor e stringent thr eshold would significantl y r educe sen-
itivity. The m utated r epeat was added to the CRISPR arra, y and
he leader sequence or upstream intergenic region was updated.
s a last step in the quality control, the 180 nt leader was short-
ned if the upstream gene was closer than 180 nt to the CRISPR
rray. Leader sequences shorter than 30 nt were discarded. 

tatistical testing for RNA secondary structures 

n the leader sequence 

he statistical tests were conducted in accordance with the
ethodology outlined in the preceding paper (Liao et al. 2022 ).

n contrast to the previous approach, which focused on the po-
ential helices between the leader and the extra repeat, this study
xamined the potential helices within the upstream region of the
RISPR array and between the upstream region of the CRISPR ar-
ay and the spacer of the ecrRNA (assumed to be 25 nt upstream of
he extr a r epeat). In the tr aining data set ( N = 147 II-C systems),
he helix parameter of 12 base pairs with up to 3 unpaired nu-
leotides in a bulge or internal loop for the helix within the leader
nd 8 base pairs with up to 2 unpaired nucleotides in a bulge or
nternal loop for the helix between the leader and the ecrRNA
pacer were identified as the most promising parameters. Because
f that, these parameters were used to analyse the test data set
 N = 113 II-C systems). As a negativ e contr ol, type II-A systems
ere used and also split into training ( N = 35 II-A systems) and

est data sets ( N = 28 II-A systems). 

nalysis of the mutation pattern in II-C CRISPR 

rrays 

n order to analyse the mutation patterns, all type II-C and II-A
RISPR arr ays whic h passed the quality contr ol wer e utilized. Prior

o the anal ysis, r edundant CRISPR arr ays wer e filter ed out using
D-HIT (Version 4.8.1) (Fu et al. 2012 ) with a sequence identity

hreshold of 1 and the repeat sequences of all repeats in the array
oncatenated to a single string as input. The initial stage of the
nalysis entailed the removal of all repeats that exhibited a dis-
repancy in length of either two or more nucleotides in compari-
on to the consensus repeat sequence observed in each CRISPR ar-
 ay. Subsequentl y, the r epeat sequences of each CRISPR array were
ligned with the multiple sequence alignment tool Muscle (ver-
ion 3.8.1551). Ther eafter, eac h aligned r epeat sequence was pair-
ise aligned to the consensus repeat (taken from the CRISPRcasI-
entifier predictions) with the pairwise alignment tool Needle

input parameter: -gapopen 10 -gapextend 4 -endweight -
ndextend 4 ) (Madeira et al. 2024 ). In each pairwise alignment,
aps and mismatches were counted as mutations. 

IT prediction 

he RITs in the leader regions were predicted with RNIE (version
.01) (Gardner et al. 2011 ) using the default parameters and the
eader sequence as the input file. In order to identify RITs, the co-
ariance models ‘super43-45-seed’, ‘erpin-rho’, ‘fast’, ‘seed-b-14’,
nd ‘genome’ from RNIE were emplo y ed. 

To ascertain whether RITs are enriched in the leader region of
ype II-C CRISPR arra ys , we calculated the probability of an RIT
eing present in an intergenic region exceeding 30 nt for each bac-
erium in our training and test data set. To this end, all potential
roteins in the downloaded genome were annotated with Prodigal

version 2.6.3) (Hyatt et al. 2010 ) and all inter genic r egions exceed-
ng 30 nt were extracted from the annotation file. As a second step,
NIE w as emplo y ed to predict all RITs in the genome, utilizing the
efault parameters with the exception of the ‘–genome’ flag and
he genome file as the input. Subsequently, the number of RITs
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Figure 1. II-A and II-C CRISPR-Cas systems would both derive an extraneous crRNA from the first repeat adjacent to the newest spacer (II-A) or the 
oldest spacer (II-C). The newest spacer is acquired through the first repeat in the II-A systems (left) or the last repeat in the II-C systems (right). The 
CRISPR array is transcribed as a single pre-crRNA (II-A) or as m ultiple pr e-crRNAs due to the repeats containing promoters (II-C). The ecrRN A w ould be 
formed at the beginning of the array from the first repeat adjacent to the newest spacer (II-A) or the oldest spacer (II-C). 
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in the pr e viousl y extr acted inter genic r egions was counted and 

divided by the total number of intergenic regions . T he resulting 
estimate of the expected number of RIT was then a ggr egated 

acr oss all anal ysed genomes and divided by the total number of 
genomes to derive the average number of expected RITs in inter- 
genic regions . T he same pr ocedur e w as emplo y ed for the com- 
bined test and training data set from type II-A, which served as 
a negativ e contr ol. Furthermor e, the number of RITs in the up- 
str eam inter genic r egion of the CRISPR arr ay was counted in or- 
der to facilitate a comparison with the ov er all expected number 
of RITs. 

Calculation of the interaction energy between 

CRISPR repeats and the tracrRNA 

In order to test the hypothesis that the interaction between tracr- 
RNA and the extra repeat is impaired by mutations identified in 

the extr a r epeat, a comparison w as made betw een the interac- 
tion energy of the consensus repeat and the extra repeat with the 
pr edicted tr acrRNA. The same data set used for the mutation pat- 
tern analysis w as emplo y ed for this analysis, except that redun- 
dant systems where the tracrRNAs exhibited a sequence similar- 
ity above 70% (according to CD-HIT) wer e r emov ed. This was done 
to eliminate high correlations among the samples, which is a pre- 
requisite for conducting a Mann–Whitney U test to ascertain any 
differences between the consensus and extra repeats. Neverthe- 
ess, our methodology is predicated on the assumption that the
equences under examination ar e e volutionaril y r elated. It was
nticipated that the r emov al of sequences with a similarity of over
0% would address this issue. It was not possible to pursue a more
igorous elimination of analogous sequences (for instance, at 60% 

dentity) due to the r elativ el y limited number of II-C systems cur-
 entl y accessible . T he inter action ener gy between the r emaining
epeats and the relevant tracrRN A w as calculated using IntaRNA
version 2.3.1) (Raden et al. 2018 ) with the default parameters . T he

ann–Whitney U test was employed to ascertain whether there 
er e statisticall y significant differ ences in the inter action ener gy
etween the consensus and extra repeats. 

trains, plasmids, and growth conditions 

sc heric hia coli cells wer e gr own at 37 ◦C in Luria–Bertani (LB) broth
5 g/l NaCl, 5 g/l yeast extract, and 10 g/l tryptone) with shaking at
20 rpm or on LB agar plates (LB broth, 18 g/l agar). Escherichia coli
train TOP10 was used for plasmid cloning. Antibiotics were added
her e a ppr opriate at final concentr ations of 100 μg/ml for ampi-

illin, 34 μg/ml for c hlor amphenicol, and 50 μg/ml for kanamycin.
All primers used in this work were ordered from Integrated 

NA Tec hnologies. Q5 site-dir ected m uta genesis kit (Ne w England
iolabs) was used for small insertion and nucleotide substitution.

For the flow cytometry and quantitative Reverse Transcription 

CR (RT-qPCR) anal ysis, thr ee GFP-expr essing plasmids (AM377-9)
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nd one no-GFP-control plasmid (AM380) wer e cr eated. Briefly, to
est the RIT upstream of the Type II-C CRISPR array, 84 nucleotides
pstream of the first repeat together with 5 nucleotides of the
rst repeat from the type II-C system of Campylobacter jejuni NCTC
1168 were cloned between a promoter and an RBS of the gfp gene
AM377). In addition, the plasmids wer e cr eated with the muta-
ions disrupting the stem-loop (AM378) or ur acil-str etc h (AM379)
f the transcript. 

To test the activity of the predicted ecrRNA from the type II-
 system of C. jejuni NCTC 11168, a plasmid expressing an ecr-
NA in the form of the single-guide RN A, or esgRN A, w as created

AM003) for the TXTL assay . Additionally , the nontargeting con-
rol plasmid (NT sgRNA, CB341) was created as well as the plas-

ids with the mutation in the esgRNA disrupting the stem-loop
tructure in the spacer (mesgRNA, AM006) or with the mutation
f the first nucleotide of the repeat from A to G in the esgRNA
esgRNA(A → G), AM004]. The GFP variant deGFP was used as the
uor escent r eporter and was encoded on a plasmid with the ecr-
NA target (AM390). Plasmid with CjCas9 (CBS117) was used as a
uclease plasmid. 

low cytometry analysis 

v ernight cultur es of E. coli CB414 cells harbouring the GFP-
xpressing plasmids or no-GFP-control were back diluted 50 times
n LB medium supplemented with kanamycin, and shaken at
20 rpm at 37 ◦C to ABS600 = ∼0.8. Next, cultures were diluted 1:20
n 1x phosphate-buffered saline (PBS) and analysed on an Accuri
6 Plus flow cytometer with BD CSampler Plus (Becton Dickinson),
 488-nm laser and a 530/30-nm bandpass filter. Forw ar d scatter
cutoff, 11 500) and side scatter (cutoff, 600) were used to eliminate
oncellular e v ents . T he mean fluorescein isothioc y anate-A value
f 30 000 e v ents within a gate set for liv e E. coli cells was used for
ata analysis after subtraction of cell autofluorescence . T he assa y
as performed in three biological replicates. 

N A extr action, RT-qPCR 

v ernight cultur es of E. coli CB414 cells harbouring the GFP-
xpr essing plasmids wer e bac k diluted 100 times in LB medium
upplemented with kanamycin, and shaken at 220 rpm at 37 ◦C to
BS600 = ∼0.8. 5 ml of culture was mixed with 1 ml of stop solu-

ion (95% EtOH + 5% phenol), and harvested with centrifugation
t 5000 × g for 10 min at 4 ◦C. 

For total RNA extraction, the cell pellet was resuspended in
00 μl 0.5 mg/ml lysozyme in TE pH 8.0; 60 μl 10% w/v SDS was
dded; the mix was incubated at 64 ◦C for 1 min. Next, 66 μl 3 M
aOAc, pH 5.2 and 750 μl phenol were added to the cell lysate,

he mix was incubated at 64 ◦C for 6 min. Then, the samples were
entrifuged at 15 000 × g for 15 min at 4 ◦C. The aqueous layer was
r ansferr ed into ne w tubes and mixed with 750 μl of c hlor oform.
fter another centrifugation at 15 000 × g for 15 min at 4 ◦C, the
queous layer was mixed with 1.4 ml (30:1) EtOH: NaAcetate (from
tock 3 M pH 6.5) to precipitate total RNA at −20 ◦C overnight. Af-
er precipitation, the samples were centrifuged at 15 000 × g for
0 min at 4 ◦C. The supernatant was r emov ed, and the RNA pel-
et w as w ashed with 70% EtOH and air-dried. The RN A pellet w as
esuspended in water and purified with RNA Clean and Concen-
rator columns-25 (Zymo Research), including in-column DNase I
reatment step. 

50 ng of the DNase I-treated total RN A w as used for the RT-qPCR
ith the primers to gfp and gapA genes. gapA mRNA le v els wer e
sed to normalize gfp mRNA le v els acr oss the str ains harbouring
ifferent gfp constructs. cDNA synthesis and Re v erse Tr anscrip-
ion PCR (RT-PCR) was performed using iTaq™ Universal SYBR ®
reen One-Step Kit (Bio-Rad) and measured with CFX Opus 96
eal-Time PCR System (Bio-Rad). The assay was performed in
hree biological replicates. 

ell-free tr anscription–tr ansla tion reactions 

as9, sgRNA, and deGFP-encoding reporter plasmids were added
nto myTXTL Sigma 70 Master Mix (Arbor Biosciences) at a final
oncentration of 3 nM, 0.5 nM and 0.5 nM, r espectiv el y. All com-
onents wer e tr ansferr ed into a 96-well plate . T he DNA clea v a ge
ssay was performed in 5- μl reactions by measuring fluorescence
n a Synergy Neo2 plate reader (BioTek) using a 96-well V-bottom
late (Corning Costar) with an excitation filter of 485 nm and an
mission filter of 528 nm. Time courses were run for 16 h at 29 ◦C
ith an interval of 3 min between reads . T he assa y was performed

n two independent replicates. 

esults 

utations in extra repeats in type II-C could 

nterfere with the interaction between the 

crRNA and the tracrRNA 

he oldest repeat in a CRISPR array tends to accumulate more mu-
ations over time than other repeats (Liao et al. 2019 , Horvath et al.
008 , Fehr enbac h et al. 2024 ). Our primary objective was to deter-
ine whether mutations in the extra repeat are common in type

I-C systems and whether these mutations could impact the in-
er action between tr acrRNA and pr e-ecrRNA, potentiall y affecting
crRNA processing. In type II-C CRISPR-Cas systems, new spacers
r e acquir ed downstr eam of the CRISPR arr ay compar ed to type
I-A systems (Hooton and Connerton, 2015 , He et al. 2018 ). This
tructural distinction allows the extra repeat in type II-C arrays
o be mutated without disrupting spacer acquisition. Building on
his kno wledge, w e began our analysis by investigating the muta-
ion frequencies of the extra repeat. 

After r emoving r edundant systems—those with identical re-
eat sequences—we focused on a dataset of 357 unique type II-
 systems. We then compared the mutation frequenc y betw een

he first repeat (which is both the oldest repeat and the extra re-
eat) and the other repeats within each CRISPR array. Our analysis
 e v ealed that 60% of the extr a r epeats contained at least one mu-
ation, wher eas onl y 5% of the nonextr a r epeats exhibited m uta-
ions (Fig. 2 A). This finding indicates that the extr a r epeat in type
I-C CRISPR-Cas systems accumulates more mutations than other
epeats in the array. 

Following this observation, we explored whether these muta-
ions ar e likel y to interfer e with the forming or cleav a ge activ-
ty of the ecrRN A: tracrRN A: Cas9 complex. For that, w e analyzed
he positioning of the mutations in the extra repeat. Interestingly,

ost m utations occurr ed within the first 15 nts, which is the re-
ion interacting with Cas9 after the processing of RNase III (Fig. 2 B
nd C). Pr e viousl y, it w as sho wn that m utations in this r egion in-
ibit DNA cleav a ge if base-pairing between tr acrRNA and r epeat

s disrupted (Jiao et al. 2021 , Briner et al. 2014 ). Accor dingly, w e
ound that the interaction length and the interaction energy be-
ween the tracrRNA and the extra repeat were shorter and weaker,
 espectiv el y than between the tracrRNA and the consensus repeat
Fig. 2 D and Fig. S1 ), suggesting that these mutations may inter-
ere with tracrRN A:ecrRN A interactions and, potentially, ecrRNA
unction. 

Building on the in silico predictions, we examined whether
he observ ed differ ences in inter action ener gy between extr a r e-

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf007#supplementary-data
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(A) (B)

(D)(C)

Figure 2. Mutation in the extra repeat weakens the interaction energy between extra repeat and tracrRNA. (A) Comparison of the numbers of 
m utations pr esent in nonextr a (left) and extr a (right) r epeats in CRISPR arr ays fr om type II-C. 364 nonr edundant type II-C CRISPR arr ays wer e 
analysed. Absolute numbers of repeats per category are shown in Table S1 . (B) Position of the mutations in the extra and nonextra repeat. 364 type II-C 

CRISPR arrays were analyzed with a total of 7208 repeats. (C) Interaction between crRNA and tracrRNA of C. jejuni NCTC 11168. RNase III cleav a ge 
location is marked with black arrows. (D) Interaction energy between tracrRNA and the extra (left) and the consensus repeat (right). 69 type II-C 

CRISPR-Cas systems were analyzed ( ∗∗∗ P < 1e −5 ). 
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peats (median: −26 kcal/mol) and consensus repeats (median: 
−31 kcal/mol) were statistically significant. Using the Mann–
Whitney U test, we found a significant difference in the distribu- 
tions of the interaction energy between extra repeats and con- 
sensus repeats ( P -value: 5.1 × 10 −6 ). Although mutations in the 
extr a r e peat that weak en interaction with the tracrRNA cannot 
definitiv el y be attributed to positive selection ( Fig. S3 ), these mu- 
tations tend to cluster in a region critical for DNA targeting. These 
findings suggest the presence of an additional regulatory mecha- 
nism in type II-C systems that may inhibit the ecrRNA through al- 
ter ed r epeat: tr acrRNA inter actions and disrupted Cas9 cleav a ge 
activity. 

While over 60% of extra repeats exhibit mutations, this propor- 
tion is lo w er than the m utation r ate observ ed in the oldest r epeat 
of type II-A systems ( ∼75%) ( Fig. S2 ). This observation raises the 
possibility that type II-C extra repeats might experience a reduced 

m utation r ate and that m utations in the extr a r epeat ar e not the 
dominant strategy to inhibit the ecrRN A. Consequently, w e sought 
to explor e alternativ e mec hanisms that might r egulate ecrRNA 

formation. 

RITs insulate the CRISPR array from outside 

transcription 

Prior work on the ecrRNA of type II-C systems did not r e v eal a 
hairpin formed between the intergenic region upstream of the 
CRISPR array and extra repeat (Liao et al. 2022 ). Ho w ever, RN A 

secondary structures could exist further upstream that could also 
impact ecrRNA transcription or formation. We , therefore , adapted 

our prior RNA secondary structure search method (Liao et al. 2022 ) 
to analyze up to 180 nts upstream of over 650 type II-C CRISPR 

arrays (Fig. 3 A). In these upstr eam r egions, we observ ed a 12-bp 

helix with up to three unpaired nucleotides in a bulge or internal 
loop significantl y mor e often than in a r andomized contr ol ( P = 
 × 10 –5 ). Furthermore, RNA secondary structures were not sig-
ificant in the upstr eam r egion of II-A CRISPR arrays ( P = .41),

ndicating the potential importance of the upstream RNA sec- 
ndary structure for type II-C. A subset of the RNA secondary
tructur es upstr eam of II-C arr ays wer e identified as RITs, whic h
r e hair pins with a pol y-ur acil tail that pr e v ent RNA pol ymer ase
r om further tr anscription (Gardner et al. 2011 ). These RITs could
nsulate the CRISPR arr ay fr om tr anscription fr om outside the
RISPR arra y, e .g. fr om upstr eam genes. 

To test whether the putative RITs can disrupt transcription, we
loned a predicted RIT directly upstream of the type II-C CRISPR
rr ay fr om C. jejuni NTCT 11168 into a GFP reporter system (Fig. 3 ).
n addition, we created two constructs with mutations either dis-
upting the predicted stem-loop or in the ur acil str etc h follow-
ng the stem-loop. Both mutations elevated GFP expression in 

. coli cells, confirming transcriptional repression by the native 
tructure. 

As a subsequent step, we sought to ascertain whether up-
tr eam RITs wer e a distinctiv e attribute exclusiv e to type II-C sys-
ems. Again, compared to II-A arra ys , RITs occur more often in the
nter genic r egion upstr eam of II-C CRISPR arr ays (12%, or 31 ob-
erved RITs out of 260 systems) than in type II-A arrays (3%, or 2
bserved RITs out of 63 systems) (Table 1 ). This prompts the fol-
owing question: do RITs not only occur more frequently upstream
f type II-C CRISPR arr ays compar ed to type II-A CRISPR arra ys ,
ut also more frequently than expected by chance? In order to
nswer this question, we compared the number of RITs observed
n non-CRISPR arr ay-r elated inter genic r egions with the number
f RITs observed in the intergenic region upstream of the type II-C
RISPR arr ay for eac h bacteria with an analyzed type II-C system.
he results of this analysis revealed the presence of RITs in 11%
f the intergenic regions upstream of type II-C CRISPR arra ys , in
ontrast to 12% observed in non-CRISPR array-related intergenic 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf007#supplementary-data
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(A) (B)

(G)(E) (F)

(C)

(D)

F igure 3. RN A secondary structures found in the intergenic region upstream of the II-C CRISPR arrays can terminate transcription. (A) Up to 180 nt 
upstream of over 650 the type II-C CRISPR arrays were analyzed for RNA secondary structures and potential RITs were found. The potential RIT in C. 
jejuni NCTC 11168 dir ectl y upstr eam of the extr a r epeat was further c har acterized. (B) The GFP r e porter construct design. 84 n ucleotides upstream of 
the first repeat together with 5 nucleotides of the first repeat from C. jejuni NCTC 11168 were cloned into the GFP-expressing plasmid between the 
promoter and the RBS of the gfp gene. Besides the native sequence, the sequences with the mutations disrupting the stem-loop (SL) or uracil-stretch 
(Us) of the transcript were tested. (C) Putative structure of the native transcript, including five repeat nucleotides, from C. jejuni cloned into the GFP 
reporter plasmid. (D) Putative structure of the transcript as in (B) with the mutations disrupting the stem-loop. (E) Putative structure of the transcript 
as in (B) with the mutations disrupting the uracil-stretch. (F) The GFP fluorescence was measured in E. coli cells transformed with the GFP reporter 
plasmids using a flow cytometer. The mean and standard errors of three independent measurements are plotted. Termination of transcription leads to 
lo w er fluorescence. (G) The GFP mRNA le v els wer e measur ed in E. coli cells tr ansformed with the GFP r eporter plasmids using RT-qPCR. The mean and 
standard errors of three independent measurements are plotted. 

Table 1. Analysis of the intergenic regions and their RIT content upstream of the CRISPR array in type II-A and II-C. 

Average length 
intergenic region Observed RIT 

Systems 
analyzed Ratio Expected r a tio 

II-A 68 nt 2 63 0 .03 0 .21 
II-C 247 nt 31 260 0 .11 0 .12 

RITs were predicted with RNIE (Gardner et al. 2011 ). Ratio equals observed RITs divided by analyzed systems . T he expected ratio indicates the number of found 
RITs in intergenic regions ( > 30 nt) divided by the number of these intergenic regions found in the bacteria in the training and test data set. 
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egions . T his indicates no statistically significant enrichment of
ITs upstream of type II-C arra ys . Ho w ever, the presence of RITs

n some type II-C systems suggests a potential role in pr e v enting
xternal transcription from entering the CRISPR array. 

elices in the extraneous crRNA guide could 

nterfere with the processing or the target 
ecognition of the extraneous crRNA 

t is noteworthy that, even after the removal of systems with pre-
icted RITs, a significant P -value of .001 was observed for the
resence of hairpin structures in the upstream region of type II-
 CRISPR arra ys . T his observation suggests that these RNA sec-
ndary structures may possess alternative functions e.g. impair-
ng crRNA-guided targeting as a hairpin in the spacer (Cr eutzbur g
t al. 2020 , Riesenberg et al. 2022 ). To test if a similar mechanism
s present in type II-C CRISPR-Cas systems to prevent ecrRNA tar-
eting, we modified our pr e vious statistical test (Liao et al. 2022 )
o include only RNA secondary structures with base pairing be-
ween the 25 nt spacers of ecrRNA and the upstr eam r egion. With
 g  
he help of the modified test, we found that 8-bp helices with up
o two unpaired nucleotides in a bulge or internal loop occur sig-
ificantl y mor e often than expected by chance ( P = .0026, after re-
oving all systems with predicted RITs). In contrast, similar hair-

ins in type II-A systems are not significantly enriched ( P = .31;
ig. 4 ). 

We hypothesize that these helices could interfere with the pro-
essing or targeting of the extraneous crRNA. To test the targeting
ctivity of the predicted ecrRNA in the type II-C array from C. je-

uni NTCT 11168, we created a plasmid expressing the ecrRNA in
 fused form to tr acrRNA, whic h we called the extraneous sgRNA
esgRNA). The targeting potential of the esgRNA was tested in a
ell-fr ee tr anscription–tr anslation (TXTL) system using DNA con-
tructs encoding the C. jejuni Cas9 (CjCas9), an RNA guide, and a
FP reporter harbouring a target sequence flanked by a recognized
AM (Jiao et al. 2021 ) (Fig. 5 ). GFP fluorescence is then measured
ver time as a readout of DNA targeting by CjeCas9. A mutated
ersion of the esgRN A (mesgRN A) w as included that disrupts the
airpin while maintaining the targeting portion of the guide re-
ion. Additionall y, a v ariant was tested where the first nucleotide
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Figure 4. Predicted helix formation between the 25 nt ecrRNA spacer 
and the upstream region. Each dot represents one nucleotide of the 
ecrRNA and its base-pairing probability with the leader. Left: type II-C 

with an a ggr egated P -v alue of .0026, right: type II-A with an a ggr egated 
P -value of .31 as the negative control (eR: extra repeat, ecrRNA: 
extraneous CRISPR RNA). 
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of the esgRN A w as modified from A to G, consistent with the con- 
sensus repeat sequence. 

We found the esgRNA did not reduce GFP fluorescence com- 
pared to a nontargeting sgRNA, whereas the mutated esgRNA sig- 
nificantl y r educed GFP fluor escence by 4-fold ( P = .027). The r e- 
duced GFP silencing for the esgRNA versus the mesgRNA is in 

line with r educed tar geting efficiency due to the structure of the 
spacer, whether through reduced binding to Cas9 or reduced DNA 

tar get r ecognition. We also noticed that the four-spacer arr ay of C.
jejuni NCTC11168 consists of four identical repeats and one with 

a mutation. The mutated repeat is the first repeat (the oldest one 
in the array) and it starts with A when the other ones start with G.
We decided to test whether this mutation could be another fac- 
tor facilitating inhibition of ecrRNA activity. We mutated the first 
nucleotide of the repeat in esgRNA from A to G, ho w e v er, this m u- 
tation did not r estor e the activity of the esgRNA. These results 
confirm that the identified hairpin inhibits Cas9-mediated DNA 

tar geting thr ough the ecrRNA. 

Most type II-C systems possess at least one 

mechanism that can inhibit the ecrRNA 

After finding three mechanisms that can interfere with the ecr- 
RN A, w e w er e inter ested in how man y type II-C systems possess 
at least one of the mechanisms . We , therefore , assigned each sys- 
tem from the training and test data set to the mechanism that 
is present in that system. We c hose thr ee differ ent thr esholds to 
determine whether one of the mechanisms could be present in 

each type II-C system. For the extra repeat mutations, we chose 
the threshold of at least two mutations in the extra repeat. For 
the RITs, we chose the prediction from RNIE. Finally, for the he- 
ix in the inter genic r egion upstr eam of the CRISPR arr ay, either
v erla pping the ecrRNA spacer or not, we chose a probability of
ccurr ence abov e 75%. With these thresholds, we found that 73%
f type II-C systems have a potential mechanism present to in-
ibit the ecrRNA. Furthermore, the largest overlap between two 
iffer ent mec hanisms can be found betw een the RIT and RN A sec-
ndary structur es gr oups (17 out of 20 type II-C systems with RIT).
his can be explained by the fact that an RIT is counted as a helix

n the ecrRNA spacer if the RIT occurs within 25 nt of the extra
 epeat. Mor eov er, tw o-thir ds of type II-C systems that have a he-
ix in their ecrRNA guide or the intergenic region upstream of the
RISPR array do not have a mutated extra repeat or an RIT, and
nly 3.5% of all type II-C systems possess all three (Fig. 6 ).These
ndings suggest that the proposed mechanisms may cooccur and 

otentiall y syner gize with one another. In conclusion, our bioin-
ormatics analysis, supported by experimental evidence , pro vides 
ew insights into multiple mechanisms that could inhibit ecrRNA 

ctivity in type II-C CRISPR-Cas systems, offering a deeper under-
tanding of their regulatory processes. 

iscussion 

n the ongoing evolutionary arms race between bacteria and 

heir phages, bacteria have developed defence mechanisms like 
RISPR-Cas systems to enhance their survival (Hampton et al.
020 ). The CRISPR-Cas system relies on a complex interplay of
echanisms, including spacer acquisition and spacer prioritiza- 

ion, which can be at odds. On the one hand, bacteria must acquire
ew spacers to combat novel bacteriophages, while on the other,
n ov er abundance of spacers in the CRISPR array can weaken
he immune efficacy of individual spacers (McGinn and Marraf- 
ni, 2016 ). To maintain optimal functionality, these systems may
enefit from mechanisms that deprioritize nontargeting crRNAs,
uch as ecrRNAs (Liao et al. 2019 , 2022 ). In this study, we identi-
ed three potential mechanisms by which type II-C CRISPR-Cas 
ystems might inhibit the production or function of ecrRNAs. 

First, we observed that the extra repeat, which is also the oldest
epeat within type II-C CRISPR arra ys , harbours significantly more
 utations compar ed to other r epeats in the arr a y. T he degrada-

ion of the oldest repeat is a commonly observed fact for CRISPR
rrays (Seed et al. 2013 , Liao et al. 2019 , Horvath et al. 2008 ,
ehr enbac h et al. 2024 ). In the case of type II-C, mutations were
bserved in the repeat region critical for DN A targeting b y Cas9
nd our mathematical modelling indicates that these mutations 
ould impair the interaction between the tracrRNA and the extra 
 epeat, ther eby impairing the processing and subsequent utiliza-
ion of ecrRNAs in type II-C. This suggests a mechanism of self-
egulation within the CRISPR-Cas system that pr e v ents the ac-
umulation of nonfunctional crRNAs. Interestingly, comparative 
nalysis may suggest that type II-A CRISPR arrays exhibit a higher
 utation fr equency in their oldest r epeats compar ed to the extr a

epeats in type II-C systems . T hus , there might be other reasons
or mutations in these extra repeats unrelated to the suppression
f the ecrRN A. Ho w e v er, these discr epancies with our hypotheses
ould be explained by the fact that the extra repeat needs to re-
ain its function as a promoter to transcribe the array’s first spacer
Dugar et al. 2013 ). Mor eov er, type II-C systems may r el y on addi-
ional mechanisms to suppress ecrRNA activity, which could be 
ritical for maintaining the system’s ov er all defence efficiency. 

We further demonstrated that type II-C CRISPR arrays contain 

 consider abl y higher number of RITs in their upstr eam inter genic
 egions compar ed to type II-A arr a ys . Our experimental c har acter-
zation of these RITs sho w ed that they can inhibit downstream
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(A) (B)

(D)(C)

Figure 5. Stem-loop in the ecrRNA spacer of C. jejuni NCTC11168 inhibits targeting of ecrRNA. (A) Putative structure of the extraneous single-guide 
RN A (esgRN A) fr om C. jujeni NCTC 11168 pr edicted with RNAfold. This structur e shows the pr edicted inhibitory hair pin in the spacer, as well as the 
typical repeat and tracrRNA structures for type II-C. The first nucleotide of the repeat is an A (marked with an arrow) whereas all other repeats of the 
array start with a G. (B) Putative structure of the extraneous sgRNA with mutations disrupting the stem-loop structure in the spacer (mesgRNA) from 

C. jujeni NCTC 11168 predicted with RNAfold. (C) Applying the TXTL assay to characterize the targeting activity of the extraneous sgRNA and the 
impact of the mutations on it. (D) The targeting activity assay was performed in TXTL to compare esgRN A, esgRN A(A → G) (with the repeat starting 
with a G instead of an A), and mesgRNA. NT sgRNA served as a nontargeting control. The mean (dark-coloured lines) and standard errors 
(lighter-coloured bars) of two independent measurements are plotted. When the target is recognized on a deGFP-expressing plasmid, the nuclease 
cleaves the plasmid, which leads to lo w er fluorescence. 
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r anscription, ther eby potentiall y suppr essing the tr anscription
f the ecrRNA and the ov er pr oduction of older crRNAs . T his , in
urn, may enhance the immune response in bacteria contain-
ng type II-C CRISPR systems. Ho w e v er, our attempts to demon-
tr ate a statisticall y significant enric hment of RITs upstream of
ype II-C arrays compared to other intergenic regions across bac-
erial genomes yielded inconclusive results. One possible expla-
ation for the inconclusive frequency comparison of RITs is the

nherent difficulty in detecting these elements, particularly in less
ell-c har acterized bacterial species. Given that RITs may vary in

equence and structur e, curr ent bioinformatic tools might over-
ook some of these elements (Gardner et al. 2011 , Di Salvo et al.
019 ). Further r esearc h employing mor e r efined detection meth-
ds could help clarify the pr e v alence and functional significance
f RITs in type II-C CRISPR systems. 

In addition to these mechanisms, we identified a statistically
nriched RNA secondary structure between the spacer of type II-
 ecrRNAs and their upstream leader regions. Our experimental
ata suggest that these hairpin structures can inhibit Cas9 bind-

ng and/or the targeting potential of ecrRNAs. Similar negative ef-
ects on targeting efficiency have been reported for other type II
ystems in which RNA secondary structures form within or adja-
ent to the spacer (Cr eutzbur g et al. 2020 , Riesenber g et al. 2022 ).
otabl y, the hair pin we anal ysed experimentall y is pr edicted to

unction as an RIT, making it challenging to distinguish whether
he reduced targeting efficiency is due to the hairpin itself or the
IT. 

Most type II-C ecrRNAs could be inhibited by one or more of
he described mechanisms, yet the mechanisms could combine
o increase the inhibition of the ecrRNA. For instance, the strain
aemophilus parainfluenzae T3T1 has all three mechanisms present.
e v ertheless, a ppr oximatel y a quarter remain unexplained by

hese pathwa ys . T his discr epancy could be attributed to v ariations
n CRISPR-Cas system configurations. For instance, some systems

ay not r equir e ecrRNA inhibition due to significantl y higher r el-
tiv e expr ession le v els of tar geting crRNAs or the lac k of upstr eam
ranscription if the upstream gene is distant or encoded on the op-
osite strand. Ho w ever, other mechanisms may await discovery. 

Ov er all, our findings suggest that one or the combination
f all three regulatory mechanisms—mutational degradation of
he extr a r epeat, RIT-mediated tr anscriptional interfer ence, and
NA secondary structure formation—may be sufficient to pre-
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(A) (B)

Figure 6. Most of the type II-C systems can be assigned to one of the mechanisms potentially preventing the ecrRNA. (A) Systems with mutated repeat 
ar e r epr esented by the left circle, with helices in the upstr eam inter genic r egion ov erla pping the ecrRNA spacer or not by the right circle, and with RITs 
by the lower circle . T he numbers account for II-C systems assigned to each subset. 71 out of 260 systems are not assigned to the potential 
mec hanisms. (B) Sc hematic ov ervie w of the differ ent mec hanisms and how they pr e v ent the ecrRNA. 
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v ent the formation, pr ocessing, and tar geting of ecrRNAs in type 
II-C CRISPR-Cas systems . T his study builds on pr e vious r esearc h 

and extends our understanding of ecrRNA inhibition by identify- 
ing multiple potential layers of regulatory control within type II- 
C systems. By mitigating the production of nontargeting crRNAs,
these regulatory strategies could play a crucial role in maintaining 
the system’s defensive efficiency. Our analysis provides a basis for 
detailed studies to determine the precise biological importance of 
eac h mec hanism in specific systems . Furthermore , these insights 
into CRISPR arr ay r egulation could inform futur e biotec hnological 
a pplications, particularl y in the de v elopment of tools that le v er- 
age type II-C CRISPR-Cas systems for precise genetic editing and 

regulation. 

Da ta av ailability 

T he strains , plasmids , and oligonucleotides underlying this arti- 
cle are available in the article and in its online supplementary 
material ( Supplementary Data 2 ). Mor eov er, the anal yzed type II- 
A and II-C systems ar e av ailable on GitHub ( https://github.com/ 
MaxFeussner/ecrRNA _ type _ II-C ). 
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