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Programmable, multiplexed and orthogonal 
gene control in bacteria with attenuated 
Cas13d systems
 

Shengkun Tong (童圣坤), Yuxi Qin (覃宇禧), Yaqian Sun (孙​雅倩),  
Yaojie Gao (高耀杰), Muyi Song (宋沐沂), Tao Fang (方涛) & Yaojun Tong (童垚俊)  ​

Cas13-based RNA effectors may enable dynamic, multiplexed and reversible 
gene regulation in bacteria. Yet, their widespread adoption is hindered by 
inherent cytotoxicity and collateral cleavage. Here we present a rational 
protein engineering strategy to generate attenuated Cas13d variants with 
tunable RNase activity through targeted truncation of flexible regions. This 
permits effective transcript knockdown while greatly reducing toxicity 
as reflected by a 2.2-fold higher growth optical density. By introducing 
proximal mismatches at the 5′ end of CRISPR RNA spacers, our system allows 
functional switching between translation inhibition, polycistronic mRNA 
degradation and IF3-fusion-based translation-level CRISPR activation. 
We demonstrate programmable, orthogonal and multiplexed regulation 
of individual genes within polycistronic mRNAs and synthetic circuits. 
Application to lycopene biosynthesis optimization shows robust pathway 
rewiring and improved yields alongside fine-tuned modulation of essential 
and competing pathways in Escherichia coli. Our work provides a versatile 
RNA-regulatory toolkit for next-generation microbial synthetic biology and 
RNA-based biotechnology.

Programmable and precise control of gene expression at the RNA level 
is emerging as a key frontier in synthetic biology1. Such RNA-based 
approaches offer distinct advantages, including rapid response, 
orthogonality and tunability, over traditional DNA-targeted methods 
and are particularly attractive for next-generation microbial synthetic 
biology2–4. RNA-targeting CRISPR systems, most notably class 2 type VI 
CRISPR–Cas13 effectors, cleave single-stranded RNA with high sequence 
specificity, enabling precise post-transcriptional control and creating 
new opportunities to fine-tune gene networks and metabolic pathways5,6. 
In eukaryotes, Cas13 or catalytically inactivated Cas13 (dCas13)-based 
systems have enabled efficient, programmable RNA knockdown, edit-
ing and transcript labeling for imaging applications7–11. However, the 
full promise of Cas13-based technology in bacteria remains unreal-
ized, largely because of inherent cytotoxicity from collateral cleavage, 
unpredictable host responses and limited programmability12–14. Previous 

efforts to reduce Cas13-associated toxicity through point mutations 
or domain engineering have improved fidelity but these variants have 
rarely been validated in prokaryotic systems15–17. Consequently, a broadly 
applicable strategy to transform Cas13d into a precise, robust and truly 
programmable RNA tool in bacteria remains lacking4,13.

Most prokaryotic genes are encoded in operons18,19. While 
protein-based DNA-targeting tools, most notably dCas9-based or 
dCas12-based CRISPR interference and activation (CRISPRi/a), have 
revolutionized gene control in both bacteria and eukaryotes3,20–22, they 
are generally limited to operon-level control because of polar effects 
when targeting genes within an operon3,20,23,24. In contrast, dCas13 has 
shown promise for translation-level CRISPRi (tlCRISPRi) of individual 
genes within polycistronic transcripts23–25. However, its inability to 
mediate transcript degradation or activation limits its regulatory 
scope. Recent strategies combining dCas9 and dCas13 for multilayered 
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in eukaryotic cells15,17. Both hfCas13d and hpCas13d were previously 
reported to reduce bystander effects relative to WT RfxCas13d in eukar-
yotic systems and hpCas13d was described as retaining relatively strong 
on-target activity. In our E. coli assays, hfCas13d reduced bystander 
reporter knockdown and alleviated the associated growth defect rela-
tive to WT Cas13d, whereas hpCas13d remained similar to WT Cas13d in 
both bystander effects and cytotoxicity (Fig. 1b–d). The chimeric vari-
ant (hfhpCas13d), combining both sets of mutations, showed the lowest 
cytotoxicity while reducing RNA cleavage activity for both target and 
collateral RNAs, suggesting an intricate relationship between activity 
and specificity among Cas13d variants (Fig. 1b–d). Reverse transcription 
(RT)–qPCR revealed a similar overall trend across variants; however, 
the more catalytically active Cas13 variants (WT and hfCas13d) exhib-
ited a smaller apparent mCherry knockdown at the RNA level than in 
fluorescence-based measurements (Supplementary Fig. 1a,b). This 
decoupling is consistent with the fact that fluorescence integrates 
transcript abundance, translation efficiency, and protein stability, 
whereas RT–qPCR isolates transcript abundance and such differences 
can become more pronounced in high-activity range.

To further dissect how Cas13 effector activity influences 
bystander effects, we tuned WT Cas13d expression by switching the 
ribosome-binding site (RBS) from B0034 to J61100, which reduced 
Cas13d protein abundance 2–3-fold under our induction conditions 
(Supplementary Fig. 2). Under a strong RBS (B0034), WT Cas13d 
produced pronounced bystander reporter knockdown and growth 
defects across increasing inducer concentrations, whereas using a 
weak RBS ( J61100) mitigated these effects (Fig. 1e,f). As an orthogonal 
post-translational strategy, we appended a validated ssrA degradation 
tag to WT Cas13d, which similarly reduced bystander knockdown 
and alleviated the growth defect (Fig. 1g). Conversely, although hfC-
as13d maintained specificity at moderate expression levels, increasing 
induction drove hfCas13d into higher-activity regimes with increased 
bystander knockdown and growth defects (Fig. 1h). These findings indi-
cate that Cas13d specificity is strongly shaped by its effective activity 
level. Our RBS and ssrA-tag-based tuning experiments reveal a practical 
trade-off; lowering activity can reduce on-target potency, whereas driv-
ing activity too high increases bystander effects and cellular burden.

Engineering atnCas13d variants through flexible-region 
truncation
A recent study showed that a structure mimic of crRNA can inhibit Cas13 
by competing with authentic crRNAs for Cas13 binding28. Similarly, 

control have enabled simultaneous modulation at both operon and 
single-gene levels but at the cost of increased system complexity and 
metabolic burden24. These limitations highlight the need for a simpler, 
more scalable RNA-based toolkit.

Here, we address these challenges by developing the synthetic 
orthogonal nucleic acid activation and repression (SONAR) system, 
a versatile Cas13d-based tool for multifunctional gene regulation in 
Escherichia coli. We demonstrated that only Cas13d with an appropri-
ate activity level achieves high-selectivity cleavage. Using systematic 
protein engineering through targeted truncation of flexible regions, 
we generated attenuated Cas13d (atnCas13d) variants with tunable 
RNase activity and reduced cytotoxicity. We further established that 
5′-proximal mismatches in CRISPR RNA (crRNA) spacers enable inde-
pendent modulation of RNase and RNA-binding activities, allowing a 
single effector to toggle between translation inhibition and polycis-
tronic mRNA degradation as needed. By fusing atnCas13d to bacterial 
translation initiation factor IF3 (refs. 26,27), we implemented a potent 
tlCRISPRa system capable of modular gene activation. As a proof of con-
cept, we apply this toolbox to optimize lycopene production in E. coli, 
demonstrating multiplexed metabolic rewiring, including efficient 
downregulation of essential competitive pathways previously inacces-
sible to classic DNA-editing-based engineering. This work establishes 
a crRNA-programmable multifunctional Cas effector in which diverse 
regulatory outcomes are dictated solely by crRNA design, enabling flex-
ible control from polycistronic mRNA regulation to single-gene tuning.

Results
Activity-dependent cleavage specificity of Cas13d variants in 
bacteria
To evaluate the application potential of Cas13d variants in bacterial 
systems, we systematically compared the cleavage specificity and 
cytotoxicity of wild-type (WT) Cas13d and two previously reported 
high-fidelity variants (hfCas13d and hpCas13d) in E. coli15,17, aiming 
to reveal the intrinsic relationships between Cas13d activity and col-
lateral cleavage. A dual-fluorescence reporter system was constructed 
with independently transcribed sfGFP and mCherry to quantify both 
on-target and bystander gene knockdown (Fig. 1a). In this system, 
Cas13d is directed to target the sfGFP transcript and the fluorescence 
intensities of both reporters are measured. Results showed that WT 
Cas13d exhibited the strongest growth inhibition and bystander gene 
knockdown in E. coli, while the reported high-fidelity variants (hfCas13d 
and hpCas13d) showed performance inconsistent with their profiles 

Fig. 1 | Cas13d variants activity and bystander gene knockdown in E. coli are 
governed by expression level. a, Schematic of the dual-fluorescence reporter 
system and expression vectors used for evaluating Cas13d activity in E. coli. 
sfGFP and mCherry are transcribed from independent constitutive promoters, 
while the crRNA is expressed from a Tet promoter on the same plasmid as the 
reporters. Cas13d variants are expressed from a low-copy pSC101 vector under 
the arabinose-inducible PBAD promoter. b, Growth curves of E. coli expressing 
WT Cas13d, hfCas13d, hpCas13d or hfhpCas13d, each programmed with an 
sfGFP-targeting crRNA (TsfTLS60; Supplementary Table 3; 60 = position 
downstream of the start codon). Expression of hfCas13d and hfhpCas13d 
substantially alleviated the Cas13d-associated growth defect, whereas hpCas13d 
exhibited a growth profile comparable to that of WT Cas13d. Data are shown 
as the mean ± s.d. from n = 3 independent biological replicates. Statistical 
significance was assessed on the basis of the area under the curve (AUC) for each 
biological replicate, using a one-way ANOVA with Tukey’s multiple-comparisons 
test. **P = 0.0041. NS, not significant (P = 0.9999). c, Targeted knockdown 
efficiency of sfGFP measured by relative fluorescence in the presence of 
different Cas13d variants. ‘T to sfGFP’ denotes targeting sfGFP (TsfTLS60); ‘NT’ 
denotes the nontargeting crRNA control. All Cas13d variants achieved efficient 
target knockdown. Data are shown as the mean ± s.d. from n = 3 independent 
biological replicates. Statistical significance was assessed using two-tailed 
Welch’s t-test with Holm–Šidák correction. ***P < 0.001. From left to right: 
P < 0.0001, P = 0.0005, P = 0.0005 and P < 0.0001. d, Bystander gene knockdown 

measured by mCherry fluorescence upon sfGFP targeting. WT Cas13d induced 
the strongest bystander knockdown, while hfCas13d and hfhpCas13d showed 
reduced bystander knockdown. Data are shown as the mean ± s.d. from n = 3 
independent biological replicates. Statistical significance was assessed using 
two-tailed Welch’s t-tests with Holm–Šidák correction. *P < 0.05 and ***P < 0.001. 
From left to right: P < 0.0001, P = 0.0123, P < 0.0001 and P = 0.0123. e,f, Impact of 
Cas13d expression level on apparent cleavage specificity and cell growth. OD600 
(brown rhombus) and knockdown efficiencies of sfGFP (green) and mCherry 
(orange) were evaluated across increasing inducer concentrations using either 
a strong (B0034; e) or a weak ( J61100; f) RBS. Cas13 proteins were programmed 
with an sfGFP-targeting crRNA (TsfTLS316). High expression (B0034) resulted in 
sustained bystander knockdown; low expression ( J61100) enabled more specific 
target knockdown with reduced bystander activity. Knockdown efficiencies were 
calculated relative to the dCas13d control programmed with the same targeting 
crRNA. Data are shown as the mean ± s.d. from n = 3 independent biological 
replicates. g,h, Knockdown efficiencies of sfGFP (green) and the bystander gene 
mCherry (orange), along with cell growth (OD600, brown rhombus), mediated 
by WT Cas13d-ssrA (g) and hfCas13d (h), each expressed under a strong RBS 
(B0034). Both variants reduced sfGFP reporter output and a stronger reduction 
in the bystander reporter was observed at higher inducer concentrations. Cas13d 
variants were programmed with an sfGFP-targeting crRNA (TsfTLS316). The 
dCas13d group was included as a control to calculate knockdown efficiency. Data 
are shown as the mean ± s.d. from n = 3 independent biological replicates.
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crRNAs targeting different transcripts may also compete for the lim-
ited intracellular Cas13 protein pool, thereby attenuating the overall 
targeting efficiency29,30. Although low-level expression of WT Cas13d 
can achieve high-fidelity target cleavage in bacteria, this strategy inher-
ently limits the scalability and multiplexing capacity of CRISPR-based 

RNA regulation. Thus, Cas13 variants with varying activity levels are 
still required to meet the demands of diverse application scenarios 
with differing expression requirements. To address this bottleneck, we 
generated atnCas13d variants with graded RNase activity by systemati-
cally truncating three predicted flexible loop regions adjacent to the 
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Fig. 2 | Protein engineering of Cas13d through flexible-region truncation 
enables graded tuning of RNase-mediated regulatory output. a, Structural 
model of RfxCas13d predicted by AlphaFold 3 (ref. 51) and domain map 
highlighting three flexible regions adjacent to the RNase active center (246–255, 
849–850 and 877–882, shown in red) targeted for truncation. b, Summary of 
target (sfGFP, x axis) and bystander (mCherry, y axis) knockdown efficiencies 
for all engineered truncation variants, benchmarked against empty vector, WT 
and hfCas13d controls. All variants were encoded on a pSC101 backbone and 
expressed under the control of the PBAD promoter and the B0034 RBS. Data are 
shown as the mean ± s.d. from n = 3 independent experiments. c, Knockdown 
efficiencies of sfGFP (green) and mCherry (orange) along with cell growth (OD600, 
brown rhombus) for individual Cas13d truncation variants. Each bar reflects 
the effect of truncation on on-target or bystander gene knockdown. Yellow 

pentagrams highlight representative variants that show enhanced cleavage 
fidelity. Variants were programmed with sfGFP-targeting crRNA (TsfTLS316). 
The empty-vector group (no Cas13 protein) was included as a control to calculate 
knockdown efficiency. Data are shown as the mean ± s.d. from n = 3 independent 
experiments. d,e, Expression-level dependency for selected truncation variants. 
Knockdown efficiencies along with cell growth (OD600, brown rhombus) of 
Cas13d Δ250–255 (d) and Δ251–255 (e) were measured at increasing inducer 
concentrations. Truncated variants support specific knockdown at lower 
expression, with increased expression diminishing specificity. Cas13d variants 
were programmed with an sfGFP-targeting crRNA (TsfTLS316). The dCas13d 
group was included as a control to calculate knockdown efficiency. Data are 
shown as the mean ± s.d. from n = 3 independent biological replicates.
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HEPN catalytic center (Fig. 2a). Because Cas13d RNase activity depends 
on the spatial proximity of the conserved RxxxxH motifs within the two 
HEPN domains, we hypothesized that shortening of flexible regions 
could modulate active-site geometry and dynamics primarily through 
tertiary-structure effects while preserving the overall fold, thereby 
producing a spectrum of activity levels. Consistent with this, structural 
simulations confirmed that such truncations altered the conforma-
tion of catalytic residues to varying degrees (Supplementary Fig. 3). 
This strategy enabled the rapid creation of 18 distinct truncation vari-
ants, each exhibiting a unique spectrum of RNA cleavage activities. 
Screening these variants using the dual-fluorescence system revealed 
that loop truncation enables graded, stepwise tuning of both target 
and bystander gene knockdown across a broad dynamic range, span-
ning near-baseline activity to WT levels (Fig. 2b,c). Among the vari-
ants, Cas13d Δ251–255 exhibited superior specificity with moderate 
activity, while Cas13d Δ250–255 maintained robust RNase function. 
Further characterization under varied expression levels showed that 
the optimal specificity window shifted depending on RNase strength; 
higher-activity variants exhibited best fidelity at lower expression, 
whereas increasing expression eroded specificity (Fig. 2d,e).

Functionally, hfCas13d and atnCas13d variant (Cas13d Δ251–255) 
allow high-fidelity knockdown at elevated expression levels and exhibit 
markedly enhanced multiplexed knockdown performance compared 
to low-expression WT Cas13d, as assessed in multi-crRNA targeting 
arrays (Supplementary Fig. 4a,b). This result indicates that maintain-
ing a sufficient intracellular pool of Cas13 protein can greatly improve 
multiplexing capability. Notably, Cas13d Δ251–255 still elicited non-
negligible growth inhibition when targeting highly abundant tran-
scripts but this inhibition was markedly alleviated as target transcript 
abundance decreased (Supplementary Fig. 5a–d). A similar pattern was 
observed in the transcriptomic data. When the target gene was encoded 
on a high-copy plasmid (pMB1* origin), WT Cas13d, hfCas13d and atn-
Cas13d each induced substantial transcriptome-wide perturbations 
(Supplementary Fig. 6a–c). In contrast, when the target was encoded on a 
low-copy plasmid (pSC101 origin), transcriptomic disruption was reduced 
for hfCas13d and atnCas13d, whereas WT Cas13d remained highly disrup-
tive (Supplementary Fig. 6d–f,i). Notably, even under low-copy targeting, 
hfCas13d and atnCas13d still produced measurable off-target perturba-
tions, consistent with the growth phenotypes. Furthermore, hfCas13d 
and atnCas13d displayed highly similar principal component analysis 
distributions, indicating broadly comparable transcriptomic landscapes 
under these conditions (Supplementary Fig. 6g,h).

Notably, RNase activity did not always correlate linearly with 
truncation length; shorter deletions sometimes caused greater loss 
of activity, particularly within residues 246–255. To further probe the 
structural basis of this effect, we performed 300-ns molecular dynam-
ics (MD) simulations for the Δ255, Δ251–255 and Δ246–255 mutants 
alongside WT Cas13d. MD trajectories for all variants showed high 
stability, reaching convergence by approximately 125 ns (Fig. 3a). 
Root-mean-square fluctuation (r.m.s.f.) analyses indicated increased 
conformational flexibility in the Δ255 mutant, especially in residues 
750–850 of the HEPN2 domain, which lies near the RNase catalytic 
center (Fig. 3d). In contrast, Δ251–255 and Δ246–255 showed reduced 
flexibility in the loop adjacent to the active site, while key residues R239 
and H244 remained largely stable (maximum shift < 0.1 nm) (Fig. 3e,f). 
Measurements of interresidue distances further indicated expansion of 
the catalytic pocket in Δ255 and Δ246–255, whereas Δ251–255 remained 
comparable to the WT (Fig. 3c). Consistently, analysis of the radius of 
gyration (Rg) revealed a broader conformational spread for Δ255, a 
modest reduction for Δ246–255 and overall compactness similar to 
WT for Δ251–255 (Fig. 3b). These results indicate that flexible-region 
truncation influences RNase activity through two interlinked mecha-
nisms: reshaping the catalytic center and modulating global structural 
dynamics, accounting for the observed nonlinearity between trunca-
tion length and enzyme activity.

To assess the generalizability of flexible-region truncation across 
Cas13 family members, we applied the same truncation strategy 
used for Cas13d to LwCas13a. Specifically, we sequentially truncated 
two flexible regions adjacent to the RNase active center (residues 
481–491 and 1053–1061), generating a panel of 20 LwCas13a variants 
(Supplementary Fig. 7a). These variants exhibited a graded spectrum 
of activities, supporting flexible-region truncation as a general tuning 
strategy for Cas13 effectors (Supplementary Fig. 7b,c).

Decoupling RNase and RNA-binding functions of Cas13d for 
tunable RNA regulation
Over half of E. coli genes are organized in polycistronic transcripts, pos-
ing a major challenge for gene-specific regulation18,19. Transcriptional 
CRISPRi can introduce polar effects (silencing upstream genes also 
causes silencing of downstream genes) when targeting genes within an 
operon, with the outcome depending on guide placement (including 
target position and strand choice) and operon architecture. In contrast, 
dCas13-mediated translation interference can enable gene-specific 
repression within polycistronic transcripts with reduced polar 
effects23,24, whereas operon-wide suppression is more naturally achieved 
in transcript degradation modes (Fig. 4a). Notably, dCas13d-mediated 
translation inhibition is effective only near the translation initiation 
site, whereas atnCas13d-mediated transcript degradation covers a 
broader region (Supplementary Fig. 8). These results indicate that 
dCas13d-mediated translational repression and atnCas13d-mediated 
transcript degradation each offer distinct advantages in prokaryotes and 
fit different applications. A rational strategy would be to integrate both 
modalities into a single streamlined system, thereby greatly enhancing 
the versatility and utility of Cas13d-based gene regulation tools.

The extent of mismatch between the crRNA and its target has been 
shown to influence both the binding affinity and cleavage activity of Cas 
proteins31,32. To enable modular switching between these functions, we 
systematically engineered the crRNA by introducing increasing numbers 
of 5′-proximal mismatches into the crRNA spacer, selectively attenuating 
RNase activity while preserving RNA binding. Using an mCherry–sfGFP 
polycistronic construct, we demonstrated that atnCas13d (Δ251–255) 
guided by perfectly matched crRNA efficiently degraded the entire poly-
cistronic transcript, while mismatched crRNAs progressively suppressed 
degradation but retain strong translation inhibition of sfGFP, even with 
up to seven mismatches (Fig. 4b,c). RT–qPCR confirmed that zero or 
two mismatches led to degradation of both mCherry and sfGFP regions, 
while five or eight mismatches spared mCherry but still repressed sfGFP, 
validating effective decoupling of RNase and RNA-binding activities 
(Fig. 4d). Notably, the partial reduction in sfGFP transcript abundance 
with five-mismatch or eight-mismatch crRNAs was consistent with 
dCas13d targeting the same region, which likely reflects decreased mRNA 
stability from translational silencing33. To assess generality across varying 
sequence context, we constructed a diverse target library downstream 
of the sfGFP’s start codon, varying G+C content and sequence context 
(Fig. 4e and Supplementary Table 3). With PM7crRNAs (crRNAs harboring 
seven 5′-proximal mismatches), most targets showed efficient translation 
inhibition and negligible transcript degradation, except for a modest 
loss of efficiency in high-G+C or structured sequences (Fig. 4f). Notably, 
atnCas13d programmed with PM7crRNAs recapitulated the polycistronic 
regulatory pattern of dCas13d, indicating that atnCas13d is functionally 
equivalent to dCas13d under this condition (Supplementary Fig. 9).

Both WT Cas13d and hfCas13d exhibited a similar crRNA 
mismatch-dependent switching pattern, indicating that this functional 
decoupling is generalizable across Cas13d variants with distinct intrin-
sic activities (Supplementary Fig. 10a,b). However, the more catalyti-
cally active WT Cas13d and hfCas13d variants retained higher residual 
RNase activity, preventing bystander knockdown from fully returning 
to baseline levels, whereas atnCas13d enabled a cleaner switching 
regime. To further evaluate residual RNase activity, we compared the 
growth and fluorescence kinetics of dCas13d, WT Cas13d, hfCas13d and 
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atnCas13d programmed with a PM7crRNA in the presence of an inde-
pendently expressed bystander reporter, mTagBFP2. Consistent with 
reduced RNase activity, atnCas13d displayed growth and fluorescence 
kinetics more closely resembling those of dCas13d targeting the same 
region, whereas WT Cas13d and hfCas13d exhibited more pronounced 
deviation (Supplementary Fig. 11a–e).

Construction of a multifunctional atnCas13d–IF3 effector for 
multilayered and orthogonal gene control
To expand the functionality of our Cas13 toolkit, we implemented 
tlCRISPRa by fusing candidate translation activation domains to 
dCas13d (Supplementary Table 5). Candidate proteins or domains 
capable of interacting with the ribosome are engineered to fuse with 

dCas13. Upon being recruited to the 5′ untranslated region (UTR) of the 
target transcript, they are expected to promote translation through 
ribosome recruitment. Systematic screening identified bacterial trans-
lation initiation factor IF3 (refs. 26,27) as the most robust and specific 
activator, delivering up to 3.5-fold reporter activation with minimal 
background or toxicity (Supplementary Fig. 12a). Although some 
fusions, such as IF3–IF1 or NusG–NTD, achieved even higher activa-
tion (4.8-fold and 4.4-fold, respectively), they also induced undesirable 
background activation and growth inhibition; thus, IF3 was selected 
as the optimal domain. Mechanistic studies suggested that dCas13d–
crRNA complexes stabilize mRNA by protecting it from RNase E34, while 
IF3 recruitment of the 30S ribosomal subunit synergistically enhanced 
both mRNA stability and translation (Supplementary Fig. 12b,c), 
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Fig. 3 | MD simulations for representative loop truncation variants. a, Root-
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and Δ246–255 variants. The final 175 ns of the 300-ns trajectories were used for 
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Fig. 4 | Proximal mismatches in crRNA spacers decouple RNase and RNA-
binding functions of atnCas13d, enabling tunable translation inhibition 
and transcript degradation. a, Schematic and fluorescence quantification 
illustrating the distinction between dCas13d-mediated translation inhibition 
and RNase active atnCas13d-driven transcript degradation in a polycistronic 
mCherry–sfGFP context. Tsf and TmCh denote crRNAs targeting the translation 
initiation regions of sfGFP and mCherry (TsfTLS0 and TmChTLS0; Supplementary 
Table 3), respectively, whereas NT denotes the nontargeting crRNA. Data are 
shown as the mean ± s.d. from n = 3 independent biological replicates. Statistical 
significance was evaluated using a one-way ANOVA followed by Dunnett’s 
test and comparisons were made to the NT control group. ***P < 0.001 and 
*P < 0.05. For sfGFP levels, P < 0.0001; for mCherry levels, from left to right, 
P = 0.00012, P = 0.0171, P < 0.0001 and P < 0.0001. b, Schematic showing 
progressive introduction of 5′-proximal mismatches (PM0–PM12) into the 
crRNA spacer, which is expected to attenuate RNase activity while retaining 
RNA binding. c, Relative sfGFP (green) and mCherry (orange) expression in cells 
expressing atnCas13d programmed with a single crRNA targeting the sfGFP 
translation initiation region and containing increasing numbers of 5′-proximal 
mismatches. Results are presented as the mean ± s.d. from n = 3 independent 
biological replicates. Differences were assessed using a one-way ANOVA with 

Dunnett’s multiple-comparison test, with each group compared with the NT 
control. ***P < 0.001 and **P < 0.01. d, RT–qPCR quantification of sfGFP (target) 
and mCherry (bystander) transcript abundance in the polycistronic reporter 
under the indicated targeting conditions. Left: dCas13d guided by a perfectly 
matched crRNA targeting the same region provides a nondegradative baseline for 
site-specific regulation. Right: atnCas13d programmed with crRNAs containing 
increasing numbers of proximal 5′ mismatches (NM, no mismatches; PM2–PM12, 
2–12 mismatches). Data are shown as the mean ± s.d. from n = 3 independent 
biological replicates. For dCas13d, conditions were compared with the NT control 
using two-tailed Welch’s t-tests with Holm–Šidák correction. For atnCas13d, 
statistical significance was assessed using a one-way ANOVA with Dunnett’s 
multiple-comparison test versus NT. **P < 0.01 and ***P < 0.001. e, Experimental 
design for testing sequence context effects: a library of 16 sequences with 
randomized G+C content sequences was inserted downstream of the sfGFP start 
codon (avoid stop codons) and targeted with PM7crRNA (crRNAs harboring seven 
5′-proximal mismatches). f, The log2 fold change in sfGFP (green) and mCherry 
(orange) fluorescence for each target variant. The NT groups of each condition 
were included as control to calculate the log2 fold change. Data are shown as the 
mean ± s.d. from n = 3 independent biological replicates.
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consistent with previous studies26,33. Notably, effective translation 
activation by dCas13d–IF3 was retained even after appending 1–10 
extra nucleotides to the 5′ end of the target sequence, indicating that 
its mechanism does not rely on strictly terminal binding and, thus, 
offers more flexible target selection (Supplementary Fig. 12d). Fur-
thermore, moderate activation was also observed when dCas13d–IF3 
was targeted to the 3′ UTR, possibly because of protection from 3′–5′ 
exonucleases35 (Supplementary Fig. 12e). The activation effect was 
strongest with medium-to-strong RBSs, suggesting that an intact and 
sufficiently strong RBS is a prerequisite for robust translation activa-
tion (Supplementary Fig. 12f). Furthermore, significant activation 
across genes with varying transcriptional strengths demonstrated the 
robustness of the system (Supplementary Fig. 12g).

We next fused IF3 to atnCas13d, creating a multifunctional effec-
tor (atnCas13d–IF3) and evaluated its regulatory scope. When pro-
grammed with PM7crRNA, atnCas13d–IF3 achieved potent tlCRISPRa, 
matching dCas13d–IF3 in upregulating sfGFP expression (Fig. 5a). 
Targeting either the 5′ or the 3′ UTRs led to robust activation, consistent 
with a dual mechanism of transcript stabilization and ribosome recruit-
ment (Fig. 5b). However, simultaneous targeting of both the 5′ and 3′ 
UTRs did not yield a significant additional enhancement in translation 
activation. From a design perspective, targeting sites located 12–26 nt 
upstream of the Shine–Dalgarno sequence generally supported effec-
tive translation activation (Supplementary Fig. 13a,b). However, activa-
tion magnitude differed across individual target sites, indicating that 
the efficiency of atnCas13d–IF3-mediated translation activation is mod-
ulated by local sequence context. Consistently, although atnCas13d–
IF3 broadly enhanced translation when directed to diverse 5′ UTRs or 
fluorescent protein coding sequences, the activation magnitude varied 
widely across target sequence contexts (Supplementary Fig. 13c,d). 
Notably, IF3 fusion did not universally confer additional gains over 
atnCas13d alone, highlighting a context-dependent operating window 
and suggesting that the sequence determinants of activation remain 
to be systematically resolved.

Notably, IF3 fusion did not compromise the effector’s original 
capabilities; with perfectly matched crRNAs, atnCas13d–IF3 retained 
strong transcript degradation, whereas, with mismatched crRNAs, 
efficient translation inhibition was preserved (Fig. 5c). Across a 
range of inducer concentrations, atnCas13d–IF3 exhibited knock-
down kinetics comparable to atnCas13d and both were slightly lower 
than those of hfCas13d in both on-target and bystander activities 
(Supplementary Fig. 14a,b). This modular design enables seamless 

switching between activation, inhibition and degradation within a 
single system. To explore context specificity in polycistronic mRNA 
regulation, we programmed atnCas13d–IF3 to target different posi-
tions within an mCherry–sfGFP transcript. Targeting the transla-
tion initiation region (T2 and T4) of either gene enabled efficient, 
gene-specific repression, whereas targeting the 5′ or 3′ UTR (T1 and T5) 
of the polycistronic mRNA led to marked upregulation of both sfGFP 
and mCherry (Fig. 5d). Notably, the activation effect was maximized for 
the upstream gene when targeting the 5′ UTR of polycistronic mRNA 
(T1), whereas no activation was observed for the downstream gene 
when its 5′ UTR was targeted (T3). Notably, guiding the effector to the 
5′ UTR or translation initiation site of the downstream gene (T3 and 
T4) increased the upstream gene expression, suggesting contribu-
tions from 3′–5′ exonuclease protection or altered RNA processing35 
(Fig. 5d). These regulatory patterns were maintained even when gene 
order was reversed, highlighting the flexibility and context dependence 
of atnCas13d–IF3-mediated control (Fig. 5e).

To probe orthogonality and multiplexing, we encoded three 
fluorescent reporters (mCherry, sfGFP and mTagBFP2) on a single 
plasmid, each driven by an individual J23106 promoter and tuned 
overall reporter abundance by placing the same RGB cassette on 
high-copy, medium-copy or low-copy backbones (pMB1*, p15A or 
pSC101) (Supplementary Fig. 15a,b). atnCas13d–IF3 was then pro-
grammed with defined crRNA sets (T1–T3) to implement translation 
inhibition, translation activation or transcript degradation (Fig. 5f). 
When targeting high-abundance reporters, atnCas13d–IF3 enabled 
robust repression of mCherry (T1) or simultaneous translation repres-
sion and activation of mCherry and sfGFP (T1 + T2). In both configura-
tions, repression of mCherry alone was accompanied by an increase 
in sfGFP expression, whereas activation of sfGFP resulted in a mod-
est but statistically significant decrease in mTagBFP2 levels. These 
effects are consistent with resource coupling among highly expressed 
genes36–38. Unexpectedly, upon introducing a perfectly matched crRNA 
to induce degradation of mTagBFP2 (T1 + T2 + T3), atnCas13d–IF3 
no longer exhibited translation activation of sfGFP, suggesting that 
degradation of high-abundance transcripts can introduce substantial 
regulatory crosstalk (Fig. 5g). Repeating these experiments at medium 
target abundance (p15A-based reporters) and low target abundance 
(pSC101-based reporters) alleviated this interference, supporting the 
feasibility of orthogonal, multilayered regulation for genes expressed 
at medium or low levels (Fig. 5h,i). Notably, atnCas13d–IF3-mediated 
translation repression was more effective than transcript degradation 

Fig. 5 | Multifunctional atnCas13d–IF3 enables orthogonal and multilayered 
gene regulation in bacteria. a, sfGFP fluorescence (Flu/OD600) measured in 
strains carrying the indicated crRNA–effector configurations with a PM7crRNA 
targeting the sfGFP 5′ UTR. atnCas13d–IF3 yielded modest but significantly 
higher sfGFP output than atnCas13d under the same crRNA configuration. 
Data are shown as the mean ± s.d. from n = 3 independent repeat experiments. 
Statistical significance was assessed using a one-way ANOVA with Tukey’s 
multiple-comparisons test. *P = 0.0388 and ***P < 0.001; NS, P = 0.0672. b, sfGFP 
fluorescence (Flu/OD600) measured with atnCas13d–IF3 programmed to target 
the sfGFP 5′, the 3′ UTRs or both regions as indicated. Targeting the 5′ UTR 
generally yielded higher activation than targeting the 3′ UTR alone; however, 
simultaneous targeting of both regions did not result in a significant additional 
enhancement relative to 5′ UTR targeting alone. Data are shown as the mean ± s.d. 
from n = 3 independent repeat experiments. Statistical significance was assessed 
using a one-way ANOVA with Tukey’s multiple-comparisons test. ***P < 0.001; NS, 
P = 0.2896. c, Regulatory outcomes mediated by atnCas13d or atnCas13d–IF3. 
The PM7crRNA guides translation inhibition, whereas the NMcrRNA (with no 
mismatches) directs transcript degradation. The crRNA-free groups served as 
a control. The IF3 fusion did not alter the translation inhibition or transcript 
degradation capabilities of atnCas13d. Data are shown as the mean ± s.d. from 
n = 3 independent biological replicates. Differences were assessed by two-tailed 
Welch’s t-tests with Holm–Šidák correction. d,e, Context-dependent regulation 
within a polycistronic transcript of sfGFP–mCherry (d) or mCherry–sfGFP 

(e) by atnCas13d–IF3. The original versus reversed gene order is compared to 
evaluate the impact of cistron order on regulatory outcomes. Similar overall 
regulatory patterns were observed across gene orders; crRNA-free groups 
served as controls. Data are shown as the mean ± s.d. of n = 3 independent 
biological replicates. Statistical significance was assessed using a one-way 
ANOVA followed by Dunnett’s correction. *P < 0.05, **P < 0.01 and ***P < 0.001. 
f, Schematic of orthogonal multifunctional regulation by atnCas13d–IF3 using 
three independently expressed reporters (mCherry, sfGFP and mTagBFP2), each 
driven by a separate J23106 promoter and expressed from plasmids with different 
copy-number origins to modulate overall transcript abundance (high, pMB1*; 
medium, p15A; low, pSC101). atnCas13d–IF3 is programmed to translationally 
repress mCherry (T1, PM7crRNA), activate sfGFP translation (T2, PM7crRNA) 
and induce transcript degradation of mTagBFP2 (T3, NMcrRNA). The x axis 
denotes crRNA–set combinations: Ctrl, no crRNA; T1, mCherry translation 
repression only; T1 + T2, simultaneous mCherry translation repression and sfGFP 
translation activation; T1 + T2 + T3, combined mCherry translation repression, 
sfGFP translation activation and mTagBFP2 transcript degradation. g–i, 
Multiplexed regulation outcomes under reporter configurations with high (g), 
medium (h) and low (i) abundance. Data are shown as the mean ± s.d. from n = 3 
independent biological replicates. Statistical significance was assessed using 
a one-way ANOVA followed by Dunnett’s multiple-comparison test versus the 
corresponding control group. *P < 0.05, **P < 0.01 and ***P < 0.001.
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in several settings (Fig. 5c,g–i). This difference likely reflects the dis-
tinct timing and buffering of these interventions; translational inhibi-
tion blocks initiation immediately, whereas transcript degradation 
must overcome ongoing translation and protein persistence. In addi-
tion, higher effective RNase activity during degradation can increase 
bystander effects and cellular burden, potentially narrowing the usable 
operating window and limiting apparent knockdown efficiency39. We 
also performed parallel analyses using Cas13d–IF3 and hfCas13d–IF3. 
Cas13d–IF3 consistently exhibited pronounced crosstalk and lacked 
detectable translation activation, whereas hfCas13d–IF3 displayed 
regulatory behaviors similar to those of atnCas13d–IF3 across report-
ers of different abundance (Supplementary Fig. 15c–h).

Altogether, these findings establish atnCas13d–IF3 as a powerful, 
flexible effector capable of simultaneous, orthogonal RNA activation, 
translation inhibition and transcript degradation. All functions are 
achieved through a single Cas effector guided by simple crRNA design 
principles. This system offers tunable and multifunctional RNA-level 
gene regulation in prokaryotes, enabling orthogonal repression, activa-
tion and transcript degradation, including within polycistronic RNAs.

Application of atnCas13d–IF3 for multiplexed and orthogonal 
optimization of lycopene biosynthesis in E. coli
Compared to DNA-level CRISPRi/a tools, our platform offers the advan-
tage of introducing genetic perturbations simultaneously at both 
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Fig. 6 | Application of atnCas13d–IF3 for multiplexed and orthogonal 
optimization of lycopene biosynthesis in E. coli. a, Schematic of E. coli central 
carbon metabolism and lycopene biosynthetic pathway, highlighting key 
regulatory nodes targeted by atnCas13d–IF3. Orange, transcript degradation; 
blue, translation inhibition; green, translation activation. Gene targets are color-
coded by regulatory strategy. b, Relative specific lycopene yield after individual 
targeting of 31 candidate loci with atnCas13d–IF3. Each crRNA was designed 
for transcript degradation, activation or inhibition (background color denotes 
regulatory type). ispU knockdown and crtEBI activation produced the largest yield 
increases. Data are shown as the mean ± s.d. from n = 3 independent biological 
replicates. Statistical significance compared with the control was assessed using 
a one-way ANOVA followed by Dunnett’s correction. *P < 0.05 and ***P < 0.001. 
c, Combined inhibition of ispU with either ispB knockdown or crtEBI activation 
further boosts lycopene yield, demonstrating additive regulatory effects. The 
empty-vector group was included as a control. Results are shown as the mean ± s.d. 
from n = 3 independent biological replicates. Statistical significance was assessed 

as in b. ***P < 0.001. d, Multiplexed strategies: simultaneous activation of crtEBI 
and knockdown of ispU, ispB and/or ptsHIcrr yielded up to 3.81-fold improvement 
in lycopene content, highlighting the potential of orthogonal and programmable 
RNA regulation for pathway optimization. The empty-vector group was included 
as a control. Data are shown as the mean ± s.d. of n = 3 independent biological 
replicates. Statistical significance was assessed as in b. ***P < 0.001. e,f, Fed-
batch fermenter experiments (3-L bioreactor) comparing the control (e) and the 
ispU1–crtEBI1–ispB1 strain (f). Fermentation was performed in 1 L of modified 
R/2 medium at 37 °C with 1.5 L min−1 aeration; pH was automatically maintained 
and DO was controlled at 30%. After 6 h, a concentrated feeding solution was 
supplied at 5 ml h−1. OD600 and lycopene titer (mg L−1) were monitored for 48 h 
and representative photographs of fermenters after lycopene accumulation 
are shown. Combined multiplex targeting of key metabolic nodes significantly 
enhanced lycopene production compared with single or dual interventions. Data 
are shown as the mean ± s.d. of technical measurements (n = 3) for each time point 
or endpoint obtained from the same fermentation run.
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polycistronic and single-gene levels, thereby greatly expanding the 
coverage of high-throughput screening and suggesting strong poten-
tial for metabolic engineering applications. To showcase the practical 
power of atnCas13d–IF3 in pathway engineering, we applied the toolkit 
to optimize lycopene production in E. coli, a classic model for microbial 
metabolic engineering40. Lycopene biosynthesis was reconstituted by 
assembling crtE, crtB and crtI from Pantoea agglomerans into a synthetic 
operon under a constitutive promoter ( J23117) in E. coli, resulting in red 
colonies and an initial specific yield of 1.05 mg g−1 dry cell weight (DCW) 
(Fig. 6b). Guided by a combination of metabolic analysis and literature 
mining41–44, we designed 29 crRNAs targeting endogenous genes span-
ning carbon flux, precursor supply and competing pathways, as well 
as two plasmid-based crRNAs for direct activation of crtEBI (Fig. 6a,b 
and Supplementary Table 3). These crRNAs were grouped by function: 
transcript degradation, tlCRISPRa and tlCRISPRi. High-throughput 
screening revealed that modulating key nodes, such as ptsHIcrr, crtEBI, 
dxs, ldhA, ispB and ispU, significantly boosted specific lycopene yields, 
validating the multifunctional capacity of the system (Fig. 6b). Nota-
bly, targeted knockdown of the essential genes ispU and ispB, major 
farnesyl pyrophosphate and isopentenyl pyrophosphate sinks (the 
lycopene precursor pool45), yielded up to 2.43 and 1.63 mg g−1 DCW, 
respectively (Fig. 6b,c). These results are striking given that previous 
DNA-editing-based approaches have generally avoided direct manipu-
lation of such essential loci because of growth penalties. The tunable, 
nonlethal knockdown enabled by atnCas13d–IF3 allowed fine-tuning 
of pathway flux while preserving cell viability. We next explored com-
binatorial regulation; simultaneous inhibition of ispU and activation of 
crtEBI further increased specific yield to 2.63 mg g−1 DCW, while triple 
interventions (ispU1–crtEBI1–ptsHIcrr or ispU1–crtEBI1–ispB1) achieved 
up to 3.62 mg g−1 DCW (Fig. 6c,d). RNA-level analysis showed that atnC-
as13d–IF3 produced the intended directional changes in two optimal 
triple-intervention cases; transcript abundances were significantly 
reduced for ptsHIcrr (transcript degradation) and for ispU/ispB (trans-
lation inhibition), whereas they were substantially increased for crtEBI 
(translation activation) (Supplementary Fig. 16a,b). Notably, ispU1–
crtEBI1–ptsHIcrr simultaneously performed translation inhibition, 
translation activation and transcript degradation functions, highlight-
ing the powerful ability of atnCas13d–IF3 in orthogonal multifunctional 
regulation. Shake-flask fed-batch fermentations were performed to 
evaluate the actual improvement in yield and these triple-targeted 
strains reached 12.9 mg L−1 lycopene, representing a 1.57-fold increase 
in titer compared to the control (Supplementary Fig. 17). Scaling up to a 
3-L fermenter, the ispU1–crtEBI1–ispB1 strain produced 32.3 mg L−1 lyco-
pene, a 2.39-fold improvement over the parental strain (13.54 mg L−1).

This case demonstrated the unique advantage of RNA-level, pro-
grammable multiplexing; atnCas13d–IF3 enables simultaneous path-
way activation, inhibition and transcript degradation, even of essential 
or high-flux nodes that are intractable to classic genome editing. This 
approach unlocks new flexibility for pathway rewiring and rapid meta-
bolic optimization, setting a foundation for next-generation, program-
mable microbial cell factory design.

Discussion
Achieving programmable, multiplexed and finely tunable gene regula-
tion is a central challenge and a great opportunity for synthetic biology, 
especially in prokaryotes where operon structure and metabolic com-
plexity complicate precise control. In this study, we aimed to translate 
mechanistic insights about Cas13d toxicity and fidelity into a suite of 
protein-engineered effectors that are robust and highly specific. By 
tuning RNase activity, hierarchically controlling RNA cleavage and 
binding functions and incorporating translation activation, we intro-
duce the SONAR system, a multifunctional RNA-regulatory platform 
for multifunctional biological macromolecular control.

One of the main barriers to deploying Cas13 effectors in bacteria 
has always been toxicity, which stems from unintended collateral RNA 

cleavage. Although hfCas13 variants were thought to solve this15,17, 
our findings show the story is more complicated. Not all ‘hf’ variants 
truly achieve high-fidelity cleavage in prokaryotes. Notably, hpCas13d 
still exhibited pronounced growth defects and substantial bystander 
knockdown under our experimental conditions. hpCas13d was engi-
neered with mutations at putative guide-interacting sites that were 
proposed to weaken guide engagement. However, the apparent fidelity 
of Cas13d in bacteria is strongly shaped by the effective intracellular 
activity regime, including the relative abundance of Cas13d and crRNA. 
In our implementation, crRNA expression is high relative to Cas13d, 
which could plausibly compensate for weakened guide interaction 
and diminish the fidelity benefit of hpCas13d under these conditions. 
More broadly, we find that even WT Cas13d can exhibit high target 
specificity when operated at sufficiently low activity, whereas increas-
ing expression can drive even high-fidelity variants into regimes with 
pronounced bystander effects, indicating the dependence of apparent 
fidelity on overall nuclease activity. Building upon these observations, 
we devised a protein engineering strategy for rapidly screening Cas13 
variants with diverse activity profiles. By truncating flexible regions 
around the RNase center, we created atnCas13d variants with tun-
able activity and fidelity, some on par with hfCas13d but now with the 
flexibility to adjust activity to fit experimental needs. These findings 
suggest that what we sometimes call high fidelity might, in practice, 
just be low activity and explains why different systems report wildly 
different results46. Recent studies in mammalian cells echo this idea; 
reducing Cas13 expression from high-copy to low-copy vectors can 
sharply limit off-target effects, sometimes more so than specific amino 
acid substitutions, and hfCas13d can actually reduce crRNA-binding 
efficiency47–49. More generally, these results hint that the activity–speci-
ficity balance for other CRISPR proteins, including DNA-targeting effec-
tors or fusion constructs, could also be rationally tuned using similar 
approaches. However, although the toxicity of atnCas13d variants is 
substantially reduced, transcriptome-wide off-target perturbations 
persist when targeting plasmid-encoded transcripts, particularly in 
high-abundance and high-activity regimes. These perturbations are 
consistent with residual bystander effects and may reflect a combi-
nation of direct RNase-mediated growth impacts and downstream 
regulatory responses14,50. Further improving Cas13d precision and 
expanding the clean operating window in prokaryotes remains an 
important challenge.

An advantage of SONAR is the ability to switch atnCas13d between 
‘cleaving’ and ‘noncleaving’ modes for transcript degradation or direct 
post-transcriptional inhibition, simply by guide design. This exempli-
fies the precise control of biological macromolecular behavior at both 
RNA and protein levels. By linking Cas13d to translation initiation 
factor IF3, we unlocked tlCRISPRa for atnCas13d, achieving a form of 
programmable gene activation that is fundamentally different from 
traditional DNA-level approaches. Mechanistically, it is clear that both 
transcript stabilization and enhanced translation initiation have key 
roles in driving activation, offering new levers for tuning gene expres-
sion in living cells. However, the translational activation mediated 
by atnCas13d–IF3 is influenced by the sequence context of both the 
target site and the gene. Future studies involving larger-scale testing 
are required to refine its targeting design rules.

The toolbox is modular and scalable. We showed that one can 
activate or repress individual genes within a polycistronic mRNA, 
degrade whole polycistronic mRNA or orchestrate the simultaneous 
control of several metabolic or signaling pathways. However, RNA-level 
control does not fully eliminate interference with neighboring genes 
within the same operon, consistent with previous studies23,24. Beyond 
this inherent constraint, our results also provide mechanistic insights 
into polycistronic mRNA-level translation activation. Activation by 
atnCas13d–IF3 is highly context dependent. While transcript stabili-
zation can modestly increase expression of downstream genes within 
polycistronic mRNAs, direct targeting of their 5′ UTRs by atnCas13d–IF3 
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did not yield comparable activation. A plausible explanation is that, 
for downstream cistrons, atnCas13d–IF3 binding does not provide 
stabilization associated with 5′ end shielding, which may limit net 
activation. Together, these observations suggest that robust activation 
may require the combined contributions of transcript stabilization 
and IF3-mediated recruitment of the translation machinery. When 
targeting high-abundance transcripts, atnCas13d–IF3 was unable to 
simultaneously mediate translation activation and transcript deg-
radation, defining a practical boundary for its application in highly 
burdened, plasmid-based complex circuit designs. Overall, in contrast 
to DNA-targeting CRISPRi/a systems, our RNA-level platform offers 
a broader and more versatile regulatory ability, spanning both poly-
cistronic and single-gene control. As demonstrated across synthetic 
reporters, native polycistronic mRNAs and complete metabolic path-
ways, the system provides adaptable performance in both foundational 
and applied experimental settings.

These findings position our work as a step from DNA-level regula-
tion toward programmable RNA system engineering in bacteria. By 
engineering Cas13d into a multifunctional atnCas13d–IF3 effector that 
integrates transcript degradation, translation inhibition and transla-
tion activation functions, we bridge the gap between polycistronic 
mRNA versatility and single-gene-level precision. This architecture 
enables hierarchical, context-aware and scalable control of gene 
expression, expanding the regulatory landscape beyond operon-level 
CRISPRi/a systems or single-gene-level dCas13 systems. Looking ahead, 
we anticipate that SONAR will enable multilayered high-throughput 
gene screening, more sophisticated synthetic circuits, smart biosen-
sors and advanced microbial cell factories. As RNA tools continue 
to evolve, the strategies developed here may open new doors for 
dynamic control of biological macromolecular behavior and preci-
sion metabolic engineering.
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Methods
Strains, plasmids and culture conditions
Strains and plasmids used in this study are listed in Supplementary  
Table 1; primers are detailed in Supplementary Table 2. All plasmid 
constructions were performed in E. coli DH5α (ToloBio, CC96102). 
Phenotypic assays were carried out in E. coli DH10β. Unless otherwise 
specified, cultures were grown in Luria–Bertani (LB) broth at 37 °C with 
shaking at 200 rpm. Antibiotics were added as needed: kanamycin 
(50 µg ml−1), ampicillin (100 μg ml−1) and chloramphenicol (25 μg ml−1).

Plasmid construction
All DNA fragments were amplified with Q5 high-fidelity DNA polymer-
ase (New England Biolabs, M0491) and assembled using ClonExpress 
assembly (Vazyme, C115). Constructs were Sanger sequence-verified 
(Genewiz). Cas13 variants were expressed from low-copy 
pSC101-origin vectors under the arabinose-inducible PBAD promoter 
and variant mutations were introduced by PCR-based cloning. The 
trans-cleavage-deficient dRfxCas13d (R239A;R244A;R858A;H863A) 
was generated by site-directed mutagenesis. crRNA cassettes and 
fluorescence reporter constructs were cloned on high-copy pMB1* plas-
mids. crRNAs were driven by the anhydrotetracycline (aTc)-inducible 
Ptet promoter and reporters were driven by constitutive Anderson 
promoters. For orthogonality assays, reporter cassettes were addition-
ally subcloned into medium-copy p15A (pACYC) or low-copy pSC101 
vectors to tune transcript abundance. For lycopene production, crtE, 
crtB and crtI were assembled as a synthetic operon under the J23117 
promoter on a p15A (pACYC) backbone. Representative plasmid maps 
are provided in Supplementary Fig. 18.

crRNA array construction
crRNA spacer sequences used in this study are listed in 
Supplementary Table 3. Arrays were constructed as previously 
described52 with minor modifications. Briefly, a type IIS restriction 
enzyme BsaI recognition site was inserted between the array terminus 
and downstream terminator. The vector carrying the original array 
was digested with BsaI (New England Biolabs, R3733) for 2 h at 37 °C 
and dephosphorylated using FastAP (Thermo Fisher, EF0654). New 
crRNA units were synthesized as complementary oligonucleotides 
and phosphorylated in a T4 polynucleotide kinase (Thermo Fisher, 
EK0031) reaction (50 μl, 37 °C, 1 h), followed by denaturation (95 °C, 
5 min) and slow cooling to allow reannealing. Then, 1 μl of phosphoryl-
ated duplex was ligated into the vector using T4 DNA ligase (Thermo 
Fisher, EL0014) at 20 °C for 2 h. Ligation products were transferred 
into DH5α and clones were verified by PCR and Sanger sequencing.

Fluorescence assay of reporter genes
Plasmids encoding WT or mutant Cas13d were cotransferred with 
crRNA expression vectors into E. coli DH10β. Transformants were 
selected on LB agar (1.5%) with kanamycin (50 μg ml−1) and ampicillin 
(100 μg ml−1). Single colonies were picked and inoculated into 96-well 
plates (200 μl per well) and precultured at 37 °C, 8 h, 250 rpm. Cultures 
were then diluted 1:500 into 96-deep-well plates (500 μl of LB per 
well) containing inducers as indicated (typically 100 μM L-arabinose 
and 200 ng ml−1 aTc unless otherwise specified) and incubated over-
night (37 °C, 250 rpm). Optical density at 600 nm (OD600) and fluores-
cence were measured using a Synergy H1 hybrid multimode reader 
(BioTek). sfGFP, mCherry and mTagBFP2 were measured at 485/528 nm, 
570/610 nm and 399/454 nm (excitation/emission), respectively. Three 
biological replicates were used for all experiments.

Growth curve assay
Single colonies were precultured as described for fluorescence assays. 
For growth analysis, 160 μl of LB medium containing antibiotics and 
inducers was aliquoted into 96-well plates and inoculated with 1 μl 
of precultured cells per well. Plates were incubated at 37 °C with 

continuous shaking (180 cpm) and OD600 was measured every 30 min 
using a Synergy H1 hybrid multimode reader (BioTek).

MD simulations
The atomic structures of the RfxCas13d and its mutants were predicted 
using AlphaFold 3 (ref. 51). MD simulations were performed with the 
GROMACS 2024.1 software suite53. The CHARMM36m force field was 
used for the protein. The protein was placed in a dodecahedral box with 
at least 1.0 nm between the protein and the box edge. The system was 
then solvated using the CHARMM-modified TIP3P water model and 
charge neutrality was achieved by adding the appropriate number of 
Cl− ions. The energy of the system was minimized using the steepest 
descent method, followed by equilibration for 150 ps in the NVT ensem-
ble and 500 ps in the NPT ensemble. For each system (WT and mutants), 
300-ns production simulations were performed using a 2-fs integra-
tion time step, with a trajectory recording interval of 10 ps. The final 
175 ns of the trajectories, corresponding to the equilibrated portion 
of the simulation, were used for subsequent analyses. All simulations 
were carried out at 310 K. All bonds involving hydrogen atoms were 
constrained using the LINCS algorithm and long-range electrostatic 
interactions were calculated using the particle mesh Ewald method. 
Temperature and pressure were maintained with the velocity-rescaling 
thermostat and the Parrinello–Rahman barostat, respectively.

RNA extraction, RT–qPCR and RNA sequencing
RNA was extracted from cultures grown and induced as in fluores-
cence or 96-deep-well lycopene production assays. Cells (500 μl) 
were pelleted (4 °C, 12,000 rpm, 2 min), resuspended in TE buffer 
with 0.8 mg ml−1 lysozyme and incubated at 25 °C for 10 min. Total RNA 
was purified using the FastPure cell/tissue total RNA isolation kit V2 
(Vazyme, RC112) with on-column DNase I (Vazyme, EN401) digestion. 
RNA concentration was determined using a NanoDrop 2000 (Thermo 
Fisher) and integrity was verified by agarose gel electrophoresis. Com-
plementary DNA synthesis and qPCR were performed using ToloScript 
all-in-one RT EasyMix (ToloBio, 22107) and TB green premix Ex Taq II 
(Takara, CN830A), respectively, per the manufacturers’ instructions. 
For RT–qPCR assays quantifying high-copy plasmid-borne reporter 
transcripts, 16S ribosomal RNA (rRNA) was used as the reference gene. 
For RT–qPCR assays targeting endogenous chromosomal genes or 
low-copy plasmid-borne genes (for example, lycopene pathway vali-
dation in Supplementary Fig. 16), gyrA was used as the reference gene. 
Relative mRNA levels were calculated by the 2−ΔΔCt method54. qPCR 
primers are listed in Supplementary Table 2.

For RNA sequencing (RNA-seq), samples were prepared from 
cultures grown and induced as in fluorescence assay. Total RNA was 
extracted from each sample using TRIzol reagent (Thermo Fisher, 
15596018). rRNA was depleted from total RNA using an rRNA removal 
kit (Vazyme, RN417), followed by RNA fragmentation and RT. Sequenc-
ing libraries were prepared using the VAHTS Universal V8 RNA-seq 
library prep kit for Illumina (Vazyme, NR605) according to the manu-
facturer’s instructions. RNA-seq was performed on an Illumina NovaSeq 
6000 platform with a 2× 150-bp paired-end configuration. For RNA-seq 
data analysis, Trimmomatic (version 0.39)55 was used to remove tech-
nical sequences and low-quality reads. Kallisto (version 0.46.1)56 was 
used to perform pseudoalignment of clean reads against the reference 
transcriptome and to estimate transcript abundances. Transcript-level 
counts were aggregated to gene-level counts based on gene annotation. 
Differential expression analysis was performed using DESeq2 (version 
1.48.2)57 and genes with an adjusted P value < 0.05 together with |log2 
fold change| ≥ 1 were considered differentially expressed.

Lycopene biosynthesis and detection
The crtEBI operon (pACYC-crtEBI) was cotransferred with 
pSC101-atnCas13d-IF3 and pgRNA plasmids into E. coli for 
CRISPR-regulated lycopene production. For screening, precultures 
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were diluted 1:500 into 96-deep-well plates containing 2× YT medium 
with 0.5% glycerol, 200 μM L-arabinose and 200 ng ml−1 aTc. Cultures 
were incubated overnight at 37 °C, 300 rpm. OD600 was measured 
(Synergy H1, BioTek), corrected to a 1-cm pathlength and converted 
to DCW (1 OD600 = 0.3 g DCW per L). Cells were pelleted (1,000g, 5 min, 
200 μl), resuspended in 500 μl of acetone and extracted at 50 °C for 
30 min with intermittent vortexing. After centrifugation, supernatants 
were transferred to 96-well quartz plates and the absorbance at 472 nm 
was measured (Synergy H1). Lycopene concentrations were determined 
from a standard curve. For flask fed-batch fermentations, precultured 
strains were inoculated into 100 ml of 2× YT medium with 2% glycerol 
in baffled flasks. Inducers were added as above. Every 12 h, 1 ml of 50% 
(v/v) sterile glycerol was supplemented. At indicated time points, cells 
were harvested for lycopene extraction as above; supernatants were 
diluted 1,000-fold and glycerol concentrations were determined using 
the Amplex red glycerol detection kit (Beyotime, S0223).

Fed-batch fermentation
A modified R/2 medium was used for both seed preparation and fermen-
tation, with the following composition (per L): 20 g of glycerol, 0.85 g 
of citric acid, 6.75 g of KH2PO4, 2 g of (NH4)2HPO4, 0.5 g of MgSO4·7H2O, 
10 g of yeast extract and 5 ml of trace metal solution. The trace metal 
solution contained (per L): 10 g of FeSO4·7H2O, 2.25 g of ZnSO4·7H2O, 
1 g of CuSO4·5H2O, 0.66 g of MnSO4·H2O, 0.23 g of Na2B4O7·10H2O, 2.6 g 
of CaCl2·2H2O and 0.106 g of (NH4)6Mo7O24·4H2O. Fed-batch fermenta-
tions were conducted in a 3-L bioreactor (Opti-Cell mini, TJX Bioengi-
neering) containing 1 L of modified R/2 medium. For seed preparation, 
1 ml of overnight lycopene-producing strain culture was inoculated into 
50 ml of modified R/2 medium and incubated for 12 h at 37 °C. The seed 
culture was then transferred to the fermenter to achieve an initial OD600 
of 0.05. Fermentation was carried out at 37 °C with an aeration rate of 
1.5 L min−1. The pH was automatically maintained using 5 M NH4OH. 
Dissolved oxygen (DO) was controlled at 30% (v/v) by adjusting the 
agitation speed between 200 and 900 rpm. After 6 h of fermentation, 
a feeding solution (per L: 500 g of glycerol, 15 g of peptone, 30 g of 
yeast extract and 10 g of MgSO4·7H2O) was added at a constant rate of 
5 ml h−1. Samples were collected at designated time points for analysis 
of cell growth and lycopene production.

Statistical analysis
Unless otherwise stated, biological replicates were independent cul-
tures initiated from separately picked colonies derived from the same 
transformation. For key experiments, measurements were confirmed 
in three independent repeat experiments performed on different days 
from fresh starts, as specified in the corresponding figure legends. Data 
are shown as the mean ± s.d. Statistical significance was determined 
using a two-tailed Welch’s t-test with Holm–Šidák correction, one-way 
analysis of variance (ANOVA) with Dunnett’s multiple-comparison test 
or one/two-way ANOVA with Tukey’s multiple-comparisons test. The 
statistical tests and data compositions used for each figure are noted 
in the corresponding figure legend. Significance is indicated as follows: 
*P < 0.05, **P < 0.01 and ***P < 0.001. All exact P values are provided in 
the figures, figure legends or Source Data files.

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

Data availability
All data supporting the findings of this study are available within 
the article and its Supplementary Information. RNA-seq data were 

uploaded to the Sequence Read Archive with associated BioProject 
PRJNA1434297. Source data are provided with this paper.
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