
Research briefing

Programmable 
control of 
bacterial 
operons with 
a single Cas13 
RNA effector

The SONAR system enables 
RNA-level control of bacterial 
operons using a single 
engineered Cas13 effector that 
can be modified to control 
transcript degradation, 
translation inhibition and 
translation activation through 
simple changes in crRNA design.

The problem

Programmable control of gene expression 
is a key objective of synthetic biology, 
but remains difficult to implement with 
gene-level precision in bacteria. Most 
CRISPR-based regulators act at the DNA 
level to modulate transcription. Although 
powerful, these systems are poorly suited 
for selectively tuning the expression of 
individual genes within operons — the 
polycistronic transcriptional units that 
characterize bacterial genome organiza-
tion. Importantly, attempting to repress 
one gene within an operon can lead to 
unintentional silencing of downstream 
genes through polar effects1.

RNA-guided RNA-targeting CRISPR–Cas13  
systems provide a potential solution to  
this problem because they act post- 
transcriptionally. However, their applica-
tion in bacteria has been limited by cyto-
toxicity caused by collateral RNA cleavage2. 
Although engineered high-fidelity Cas13 
variants have shown promise in eukaryotic 
cells3, their performance in bacteria  
has remained inconsistent and poorly 
characterized. Catalytically inactive dCas13 
tools avoid collateral toxicity and enable 
RNA-level repression, but they lose the  
ability to rapidly degrade entire poly
cistronic transcripts when operon-wide 
silencing is desired4.

The solution

We systematically examined how Cas13d 
activity relates to cleavage specificity  
and toxicity in Escherichia coli. Our  
analysis showed that apparent specificity  
was governed mainly by the effective 
intracellular activity of Cas13d, rather 
than by individual mutations previously 
associated with high-fidelity variants. 
Guided by this observation, we attenuated 
Cas13d by truncating flexible loop regions 
adjacent to the catalytic center, enabling 
us to generate a graded series of attenu-
ated Cas13d variants, termed atnCas13d, 
with tunable RNase activity and markedly 
reduced cytotoxicity compared with 
wild-type Cas13d.

We further found that introducing 
5′-proximal mismatch mutations in  
the crRNA spacer could decouple RNA 
cleavage from target binding (Fig. 1a).  
A perfectly matched crRNA promoted 
degradation of entire polycistronic 
transcripts, whereas crRNAs carrying 
seven proximal mismatches suppressed 
cleavage while preserving translation-level 
repression of the targeted gene. To extend 
this regulatory range, we fused atnCas13d 
to the translation initiation factor IF3, 

creating a multifunctional effector that 
supports translation-level activation  
when directed to the 5′ untranslated  
region of target mRNAs. This single- 
protein platform, termed SONAR, can  
be altered to switch between transcript 
degradation, translation inhibition  
and translation activation through  
crRNA design alone (Fig. 1b). In lycopene 
biosynthesis, multiplexed SONAR regula-
tion simultaneously activated the pathway 
operon while downregulating competing 
genes, increasing lycopene production 
by 2.39-fold.

The implications

SONAR shifts bacterial CRISPR regulation 
from DNA-level transcriptional control  
toward programmable RNA-level control. 
By integrating transcript degradation, 
translation inhibition and translation ac-
tivation into a single effector, the system 
bridges two regulatory regimes that have 
previously been difficult to combine: 
operon-wide silencing and gene-specific 
modulation within polycistronic tran-
scripts. Because the regulatory output 
is encoded by the crRNA rather than by 
changing the effector protein, SONAR 
provides a compact framework for  
building multiplexed bacterial gene  
circuits. This work also yields a general 
principle for Cas13 engineering: attenuat-
ing flexible regions near the catalytic  
center can be used to tune the balance  
between RNA cleavage activity, speci
ficity and toxicity, suggesting that  
reduced nuclease activity can be an asset 
rather than a liability when designing 
RNA-guided regulators.

Several limitations remain. Translation 
activation efficiency is sequence-context 
dependent, and highly expressed targets 
may still impose activity-related constraints 
in multiplexed settings. In addition, the  
performance of SONAR in industrially 
relevant, non-model bacteria has yet to 
be evaluated.

By making transcript-level and 
translation-level outputs programmable 
through crRNA design, SONAR provides  
a scalable route to finely tune the  
expression of bacterial genes and  
operons without repeatedly rebuilding 
the regulatory protein. The potential  
applications of SONAR range from high- 
throughput functional genomics to  
dynamic pathway control and microbial  
bioproduction.
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Fig. 1 | A single atnCas13d-IF3 effector enables multifunctional RNA control. a, Introducing 5′-proximal 
mismatches into the crRNA spacer decouples RNA cleavage from RNA binding. A crRNA with no mismatches 
(NM) directs transcript degradation, whereas crRNAs with increasing numbers of proximal mismatches (PM), 
up to PM7, progressively attenuate cleavage while preserving translation-level repression of the targeted 
gene. b, Orthogonal regulation by atnCas13d-IF3 through alteration of crRNA design. The same effector can 
be programmed to repress translation of mCherry with a PM7crRNA, activate translation of sfGFP with a 
PM7crRNA targeted to the 5′ untranslated region, or degrade the mTagBFP2 transcript with a crRNA having no 
mismatches. © 2026, Tong, S. et al.

EXPERT OPINION

“The authors present a great advancement 
in Cas13d-based gene regulation. Their key 
improvement is the crRNA-programmable 
multifunctionality of the Cas effector, 
which enables negative regulation through 
translation inhibition or mRNA degradation, 

as well as translation activation. This 
multifunctional Cas effector is therefore 
a promising tool for the prototyping of 
re-engineered metabolic pathways in strain 
development.” Anke Becker, Philipps-
Universität Marburg, Marburg, Germany.

BEHIND THE PAPER

When we first combined mutations 
from reported high-fidelity variants, the 
resulting proteins often had reduced 
activity. This unexpected outcome led us 
to ask whether fidelity could be improved 
not by adding more mutations, but by 
lowering the effective nuclease activity. 
Reducing wild-type Cas13d expression 
indeed weakened bystander cleavage, 
supporting a close link between activity 
and specificity. A concurrent eukaryotic 
study reached a similar conclusion5, 

which gave us additional confidence. The 
truncation strategy then emerged from a 
serendipitous escape mutant that lacked a 
flexible region near the catalytic center and 
reduced RNase-dependent toxicity during 
Cas13 overexpression. This observation 
turned attenuation from a limitation into a 
design principle. Because bacterial genes 
are frequently organized in polycistronic 
operons, we then aimed to build a unified 
system that could switch between operon-
level and gene-specific regulation. S.T. & Y.T.

FROM THE EDITOR

“By integrating activation, degradation and 
inhibition into a multiplexable RNA toolkit, 
this study expands the potential of synthetic 
biology by enabling versatile control of 
individual genes within polycistronic 
transcripts and facilitating the rewiring 
of metabolic pathways.” Editorial Team, 
Nature Biotechnology.
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	Fig. 1 A single atnCas13d-IF3 effector enables multifunctional RNA control.




