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Abstract 

De v eloping efficient gene regulation tools is essential for optimizing microbial cell factories, but most existing tools only modulate gene expres- 
sion at the transcriptional le v el. R egulation at the translational le v el pro vides a f aster dynamic response, whereas de v eloping a programmable, 
efficient and multiple x ed translational regulation tool remains a challenge. Here, w e ha v e de v eloped CRISPRi and CRISPRa sy stems based on 
hfCas13X that can regulate gene translation in Bacillus subtilis . First, we constructed a CRISPRi system to regulate gene translation based on 
catalytically deactivated hfCas1 3X (dhfCas1 3X). Second, we designed unique mRNA–crRNA pairs to construct DiCRISPRa (degradation-inhibited 
CRISPRa) and TsCRISPRa (translation-started CRISPRa) systems, which can activate downstream gene translation by enhancing mRNA st abilit y 
or initiating mRNA translation. In addition, we found that fusing dhfCas13X with the RNA-binding chaperone BHfq significantly impro v ed the 
activation efficiency of the DiCRISPRa and TsCRISPRa systems (43.2-fold). Finally, we demonstrated that the constructed CRISPR systems 
could be used to optimize the met abolic net works of two biotechnologically relevant compounds, riboflavin and 2 ′ -fucosyllactose, increasing 
their titers by 3- and 1.2-f old, respectiv ely. T he CRISPRa and CRISPRi sy stems de v eloped here pro vide ne w tools f or the regulation of gene 
expression at the translation level and offer new ideas for the construction of CRISPRa systems. 
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sing synthetic biology to construct microbial cell factories
hat convert renewable raw materials into high-value chem-
cals such as functional nutrients, pharmaceuticals and fu-
ls is a crucial approach for environmental protection and
ircular economy ( 1–3 ). However, the metabolic networks
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of microbial cell factories. Recently, various dynamic regula-
tion tools have been developed for programmable regulation
of gene expression and synergistic control of metabolic fluxes
in microbial cell factories, thereby enhancing the production
efficiency of desired products, such as inducible promoter and
genetic circuits ( 4–6 ). However, most of these regulatory tools
can only modulate gene expression at the transcriptional level
( 7–9 ). Compared to transcriptional regulation strategies, reg-
ulation at the translational level offers a faster dynamic re-
sponse and allows for the independent regulation of each gene
within the polycistronic operons of bacteria ( 10 ,11 ). 

Among the various metabolic regulation tools, CRISPR
(clustered regularly interspaced short palindromic repeats)-
Cas (CRISPR-associated protein) system is the most widely
used due to its ability to simultaneously activate and re-
press genes with high precision, versatility and programma-
bility, enabling rapid and scalable genetic modifications ( 12 ).
To date, the majority of CRISPR regulatory tools have been
developed based on dCas9 or dCas12a ( 13–15 ). However,
they can only regulate gene expression at the transcriptional
level. Compared to dCas9 or dCas12a, Cas13 is a unique
CRISPR nuclease that targets RNA ( 16 ). Cas13 can regulate
gene expression at the translation level rather than the tran-
scription level, providing a tool for multidimensional con-
trol of gene expression. Identified Cas13 types currently in-
clude Cas13a, Cas13b, Cas13d and Cas13X ( 17 ). In mam-
mals, Cas13 is capable of cleaving specific mRNA, thereby
reducing the translation of the target gene ( 18 ). In bacteria,
only a few Cas13 regulatory tools have been developed, in-
cluding Cas13a and Cas13d ( 19 ,20 ). Due to the high collateral
degradation activity of Cas13, researchers typically use deac-
tivated Cas13 (dCas13) to inhibit gene translation ( 21 ). How-
ever, research on Cas13-based CRISPR activation (CRISPRa)
systems is scarce ( 22 ). Moreover, existing CRISPRa systems
mostly focus on modifying Cas proteins, with relatively less
emphasis on the design and modification of the other essential
component, the crRNA. 

Bacillus subtilis is a commonly used industrial model
microorganism and Generally Recognized as Safe (GRAS),
widely employed in the production of industrial enzymes,
functional nutrients and pharmaceuticals ( 23 ,24 ). Based on
dCas9 or dCas12a, a series of transcription-regulated CRISPR
interference (CRISPRi) and CRISPRa systems have been con-
structed in B. subtilis ( 6 ,25 ). However, the effectiveness of
the CRISPRa system has proven to be unsatisfactory. In this
study, a translation-regulated CRISPRi / a system was devel-
oped in B. subtilis based on hfCas13X (High Fidelity Cas13X)
(Figure 1 A and B). First, the functionality of hfCas13X in B.
subtilis was tested, and a translation-regulated CRISPRi sys-
tem was constructed based on catalytically deactivated hf-
Cas13X (dhfCas13X). By adjusting the binding sites of the
crRNA and the expression level of dhfCas13X, the inhibitory
effect of the translation-regulated CRISPRi system was en-
hanced. Subsequently, dhfCas13X was fused with translation
initiation factors (IFs) or the RNA-binding protein Hfq to
create the DiCRISPRa (degradation-inhibited CRISPRa) sys-
tem, in which crRNA targeted the recognition sites of nu-
cleases, preventing the degradation of the mRNA. To fur-
ther increase the activation effect, a TsCRISPRa (translation-
started CRISPRa) system was designed and constructed. Un-
der the guide of Trigger crRNA, dhfCas13X-hfq could turn
on the Switch structure in the 5 

′ -UTR of target mRNA, acti-
vating mRNA translation. Finally, the constructed CRISPRi / a
systems were applied to bidirectional regulation of human 

milk oligosaccharide 2 

′ -fucosyllactose (2 

′ -FL) and riboflavin 

metabolic networks, increasing their titers by 1.2- and 3.0- 
fold, respectively (Figure 1 C). This study presents the first 
CRISPR system for regulating translation in Gram-positive 
bacteria, and its translation activation effect is the highest re- 
ported to date, providing a new tool for metabolic engineering 
of the strain. 

Materials and methods 

Strains and cultivation conditions 

The strains constructed in this study are listed in 

Supplementary Table S1 . Esc heric hia coli was used to clone 
and construct plasmids. Both E. coli and B. subtilis were 
cultured in LB medium at 37 

◦C and 220 rpm. Appropriate 
antibiotics (ampicillin 100 μg / ml, chloramphenicol 5 μg / ml,
tetracycline 25 μg / ml, spectinomycin 50 μg / ml, zeocin 30 

μg / ml) were supplemented when required. The fermentation 

medium for 2 

′ -FL and riboflavin consisted of 30 g / L glucose,
2.5 g / L KH 2 PO 4 , 12.5 g / L K 2 HPO 4 ·3H 2 O, 12 g / L yeast
extract, 12 g / L tryptone and 10 ml / L trace metal solution. An 

additional 10 g / L of lactose was added for the fermentation 

production of 2 

′ -FL. The trace metal solution was composed 

of 4 g / L CaCl 2 , 4 g / L FeSO 4 ·7H 2 O, 1 g / L MnSO 4 ·5H 2 O,
0.2 g / L NaMoO 4 ·2H 2 O, 0.4 g / L CoCl 2 ·6H 2 O, 0.2 g / L
ZnSO 4 ·7H 2 O, 0.1 g / L CuCl 2 ·H 2 O, 0.1 g / L AlCl 3 ·6H 2 O and
0.05 g / L H 3 BO 4 . The standards for 2 

′ -FL and riboflavin were 
purchased from Sigma-Aldrich (St. Louis, MO, USA), while 
other chemical reagents were purchased from Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). Restriction 

endonucleases and T4 ligase were purchased from New 

England Biolabs (Beijing, China). PrimeSTAR® Max DNA 

Polymerase was purchased from Takara (Tokyo, Japan). 

Plasmid construction 

The plasmids constructed in this study, as well as the primers 
used, are listed in Supplementary Tables S2 and S3 . The con- 
struction process of the Donor Plasmid are as follows. The 
hfCas13X gene ( 26 ) was synthesized and codon-optimized by 
Genewiz (Suzhou, China). Subsequently, the hfCas13X gene 
was inserted into the plasmid pSTOP using the Gibson Assem- 
bly® Cloning Kit (NEB) to generate the plasmid pSTOP-P xylR 

- 
hfCas13X. Reverse PCR (Polymerase Chain Reaction) was 
employed to deactivate the nucleolytic activity of hfCas13X,
resulting in the plasmid pSTOP-P xylR 

-dhfCas13X. The muta- 
tion sites of dhfCas13X are as follows: R84A, H89A, R739A,
R740A, H744A and H745A. The P 43 promoter was amplified 

from the plasmid pHT01-P 43 -GFP and replaced the P xylR 

pro- 
moter in the plasmids pSTOP-P xylR 

-hfCas13X and pSTOP- 
P xylR 

-dhfCas13X using Gibson Assembly, yielding the plas- 
mids pST OP-P 43 -hfCas13X and pST OP-P 43 -dhfCas13X, re- 
spectively. Translation initiation factors, IF1, IF2, IF3, and 

RNA chaperone protein Bhfq were amplified from the B.
subtilis 168 genome and inserted into the plasmid pSTOP- 
P 43 -dhfCas13X using Gibson Assembly, resulting in the re- 
combinant plasmids pST OP-P 43 -dhfCas13X-IF1, pST OP-P 43 - 
dhfCas13X-IF2, pST OP-P 43 -dhfCas13X-IF3 and pST OP-P 43 - 
dhfCas13X-Bhfq, respectively. The RNA chaperone protein 

Ehfq was amplified from the E. coli K12 MG1655 genome 
and inserted into the plasmid pSTOP-P 43 -dhfCas13X to ob- 
tain the recombinant plasmid pSTOP-P 43 -dhfCas13X-Ehfq. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
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Figure 1. Design of CRISPRi and CRISPRa systems for regulation of gene translation. ( A ) The dhfCas13X is fused with a functional domain. Guided by 
specific crRNAs, the fused protein targets the 5 ′ -UTR of mRNA, blocking the initiation or elongation of ribosome translation, thus repressing gene 
e xpression. T he blue arro w indicates translation repression. ( B ) T his fused protein also has the capability to activ ate mRNA translation. Whether it 
activates or inhibits translation depends on the 5 ′ -UTR targeted by the crRNA. The red arrow indicates translation activation. ( C ) By using different 
combinations of crRNAs, the CRISPRi and CRISPRa systems can simultaneously activate and repress gene expression in cell factories, enhancing the 
synthesis of desired products. 
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The construction process of the Reporter Plasmid are as
ollows. The DR and Spacer sequence of hfCas13X crRNA
ere replaced with the Cas12a crRNA array in the plas-
id pcrF19NM2 using reverse PCR, resulting in the recom-
inant plasmid pcrFCas13. Reverse PCR was used to mu-
ate the Eco31 I restriction site in the plasmid pHT01-P 43 -
FP, obtaining the recombinant plasmid pHT02-P 43 -GFP.

ubsequently, the P veg -crRNA-P SPL-17 -mcherry cassette was
loned from pcrFCas13 and replaced the P 43 -gfp cassette
n the plasmid pHT02-P 43 -GFP, yielding the recombinant
lasmid pHT02-crRNA-mcherry. The P veg - crRNA - P SPL-17 -
cherry cassette was inserted into the plasmid pHT02-P 43 -
FP, resulting in the recombinant plasmid pHT02-crRNA-
cherry-GFP. The construction of crRNAs was performed as
reviously described. To enhance the expression level of cr-
NAs, the P v eg - crRNA - P SPL-17 - mc herry cassette was inserted

nto the plasmids pST OP or pST OP-P 43 -dhfCas13X, gener-
ting the plasmids pSTOP-crRNA and pSTOP-crRNA-P 43 -
hfCas13X, respectively. Degradation-tuning RNAs dR81 ,
R82 and RNaseY recognition sequence thrs were inserted
nto the 5 

′ -UTR of mcherry using reverse PCR, result-
ng in the plasmids pHT02-crRNA-dR81-mcherry, pHT02-
rRNA-dR82-mcherry and pHT02-crRNA-dRthrs-mcherry.
he sequence of dRthrs, a 47-bp segment, was located
4 bp upstream of the thrs gene in the B. subtilis 
enome. 

witch design and construction methods 

witch–Trigger pairs were designed using the online tool NU-
ACK ( 27 ) ( https:// www.nupack.org/ ). Using the NUPACK
oolkit, we obtained 247 Switch–Trigger pairs, and their bind-
ng energies in different states were also calculated by NU-
ACK. Next, the translation initiation rates of the Switches
ere calculated using the RBS calculator ( 28 ) ( https://salislab.
et/ software/ predict _ rbs _ calculator ). The translation initia-
ion rates of Switch–Trigger pairs were calculated by delet-
ng the first 30 bp of the Switch sequence (opening the stem-
oop structure). Subsequently, the top 20 predicted Switches
were inserted into the 5 

′ -UTR of mcherry in the plasmid
pHT02-crRNA-mcherry using reverse PCR, obtaining the
plasmid pHT02-crRNA-Switch-mcherry. 

Strain construction 

All molecular biology manipulations of B. subtilis were per-
formed as previously described ( 29 ). To regulate the riboflavin
metabolic network in B. subtilis , the native promoter of the
rib operon ribDEAHT was replaced by P SPL-17 -Switch102,
P SPL-17 -Switch126 and P SPL-17 -Switch130, resulting in strains
FS102, FS126 and FS130, respectively. Next, the TetR-P tet

cassette was cloned from plasmid pHT01-P tet -GFP and fused
with crRNA102, crRNA126 and crRNA130 through fusion
PCR, yielding the cassettes P tet -crRNA102 , P tet -crRNA126
and P tet -crRNA130 . These cassettes were then integrated
into the genomes of strains FS102, FS126 and FS130, re-
sulting in strains FSC102, FSC126 and FSC130. The plas-
mid pHT01-P 43 -dhfCas13X-Bhfq was constructed by replac-
ing the gfp gene in plasmid pHT01-P 43 -GFP with dhfCas13X-
Bhfq. Finally, pHT01-P 43 -dhfCas13X-Bhfq was transformed
into strains FSC102, FSC126 and FSC130, obtaining strains
FST102, FST126 and FST130. To repress the expression of the
pfkA gene, the native promoter of pfkA in strain FS130 was re-
placed by the P SPL-17 promoter, yielding strain FSP130. Then,
the cassettes P tet -crRNARBS1 , crRNARBS2 and crRNARBS3
were constructed and integrated into the genome of strain
FSP130, resulting in strains FSP130-1, FSP130-2 and FSP130-
3. Finally, pHT01-P 43 -dhfCas13X-Bhfq was transformed into
strains FSP130-1, FSP130-2 and FSP130-3, resulting in strains
FST130-1, FST130-2 and FST130-3. 

The construction process of the 2 

′ -FL production strain
are as follows. First, the genes manB , manC , gmd and wcaG
were cloned from the E. coli K12 MG1655 genome and in-
tegrated into the B. subtilis 168 genome, obtaining strain
BH. The gene futC from Helicobacter pylori was synthesized,
codon-optimized by Genewiz and integrated into the BH
genome, resulting in strain HS. The P 43 promoter of the futC
gene in strain BH was replaced by P SPL-17 -Switch102, P SPL-17 -

https://www.nupack.org/
https://salislab.net/software/predict_rbs_calculator
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Switch126 and P SPL-17 -Switch130, resulting in strains HS102,
HS126 and HS130, respectively . Subsequently , the cassettes
P tet -crRNA102, P tet -crRNA126 and P tet -crRNA130 were in-
tegrated into the genomes of strains HS102, HS126 and
HS130, resulting in strains HSC102, HSC126 and HSC130.
The plasmid pHT01-P 43 -dhfCas13X-Bhfq was transformed
into strains HSC102, HSC126 and HSC130, obtaining strains
HST102, HST126 and HST130. To repress the expression of
the pfkA gene, the native promoter of pfkA in strain HSC130
was replaced by the P SPL-17 promoter, yielding strain HSP130.
Then, the cassettes P tet -crRNARBS1 , crRNARBS1 and cr-
RNARBS1 were constructed and integrated into the genome
of strain HSP130, resulting in strains HSP130-1, HSP130-
2 and HSP130-3. Finally, pHT01-P 43 -dhfCas13X-Bhfq was
transformed into strains HSP130-1, HSP130-2 and HSP130-
3, resulting in strains HST130-1, HST130-2 and HST130-3. 

Fluorescence detection 

To detect the fluorescence intensity of different strains, the
strains were first streaked onto LB solid medium containing
5 μg / ml chloramphenicol and 25 μg / ml tetracycline and in-
cubated at 37 

◦C for 12 h. Next, single colonies were picked
and inoculated into 15 ml culture tubes containing 2 ml LB
medium with 5 μg / ml chloramphenicol and 25 μg / ml tetra-
cycline, and cultured at 37 

◦C and 220 rpm for 12 h. Subse-
quently, 3 μl of the culture was transferred into a 96-well plate
containing 150 μl of LB medium with 5 μg / ml chlorampheni-
col and 25 μg / ml tetracycline, and incubated at 37 

◦C and 220
rpm for 24 h. Additionally, different concentrations of xylose
were added to the culture medium as required. The Cytation
microplate reader (BioTek, USA) was used to detect mCherry
(excitation, 580 nm; emission, 610 nm), eGFP (excitation, 488
nm; emission, 520 nm) fluorescence and OD 600 . 

Detection of expression levels of protein ManB and 

PfkA 

To detect the expression levels of the ManB and PfkA proteins
in different strains, 10 ml of fermentation broth cultured for
24 h was collected and ultrasonically disrupted. The super-
natant was obtained by centrifugation at 6000 × g for 5 min.
The Microorganism 6-PFK1 ELISA Kit (BAILILAI, China)
and Microorganism MPM ELISA Kit (BAILILAI, China) were
used to measure the expression levels of the ManB and
PfkA proteins, respectively. The experimental procedures were
carried out according to the ELISA kit protocols. 

Shake flask fermentation and product detection 

First, the strains were streaked onto LB solid medium contain-
ing 5 μg / ml chloramphenicol. After incubating at 37 

◦C for 12
h, single colonies were picked and inoculated into 50 ml of
culture tubes containing 5 ml of LB medium, and cultured at
37 

◦C and 220 rpm for 12 h. Then, 1 ml of the culture was in-
oculated into 250 ml shake flasks containing 15 ml of fermen-
tation medium with 5 μg / ml chloramphenicol, and incubated
at 37 

◦C and 220 rpm. After 6 h of fermentation, 5 μM an-
hydrotetracycline (aTC) was added to induce the CRISPRa / i
system. 

The glucose concentration was detected using a glucose-
lactate analyzer (M100, Shenzhen Sieman Technology Co.,
Ltd., China). To detect the production of 2 

′ -FL, 1 ml of the
fermentation sample was centrifuged at 12 000 × g for 15
min. The supernatant was filtered through a 0.22- μm mem-
brane and the concentration of 2 

′ -FL was detected using 
high-performance liquid chromatography (HPLC, Agilent 
1260). An Aminex HPX-87H column (Bio-Rad) and refrac- 
tive index detector were used to measure 2 

′ -FL production.
The mobile phase was 5 mM sulfuric acid with a flow rate of 
0.6 ml / min at 55 

◦C. 
The method for detecting riboflavin production was based 

on previous study ( 30 ). 200 μl of the fermentation broth was 
mixed with 800 μl of 0.05 M NaOH and centrifuged at 10 000 

× g for 2 min. The supernatant was collected and diluted with 

0.1 M acetate-sodium acetate buffer. Finally, the absorbance 
of the sample was measured at 444 nm. 

Data analysis 

Three independent replicates were performed for all experi- 
ments. Data analysis was performed using t -tests in SPSS 25.0 

software. Statistical significance is indicated as * for P < 0.05 

and ** for P < 0.01. 

Results 

Construction and optimization of the 

hfCas13X-based CRISPRi system 

To develop a CRISPRi tool that inhibits gene translation, we 
utilized a high-fidelity Cas13X variant, hfCas13X ( 26 ,31 ).
This Cas13 ortholog is notable for its minimal size, effi- 
cient on-target activity, low collateral degradation activity and 

lack of protospacer flanking sequence preference. Given hf- 
Cas13X’s low collateral degradation activity, we initially re- 
tained its nuclease activity to construct the CRISPRi tool 
(Figure 2 A). In the reporter plasmid pHT01, crRNA and 

the target gene mCherry were controlled by constitutive pro- 
moters P veg and P spL-17 , respectively. In the donor plasmid 

pStop, hfCas13X was regulated by the xylose-inducible pro- 
moter P xyl . Both the reporter and donor plasmids were co- 
transformed into B. subtilis 168. We designed and constructed 

crRNA1, crRNA2 and crRNA3 to target the upstream, middle 
and downstream regions of the mcherry mRNA, respectively. 

As shown in Figure 2 B, when co-expressed with hf- 
Cas13X, crRNA1, crRNA2 and crRNA3 significantly inhib- 
ited mcherry mRNA expression. Additionally, the inhibitory 
effect increased with higher concentrations of xylose, which 

induced the expression of hfCas13X. When the induction con- 
centration of xylose reached 10 g / L, the inhibition folds of 
crRNA1, crRNA2 or crRNA3 on mCheery mRNA expres- 
sion reached 12.7-, 1.2- and 11.4-fold, respectively. How- 
ever, as xylose concentration increased, cell growth was grad- 
ually inhibited (Figure 2 C). Strains showing more signifi- 
cant mCherry expression inhibition also experienced greater 
growth inhibition. Furthermore, when using the strong con- 
stitutive promoter P 43 to express crRNA, strains containing 
crRNA1 / crRNA3 and hfCas13X die during cultivation, and 

the strain with crRNA2 showed significant growth inhibi- 
tion ( Supplementary Figure S1 ). These results suggest that hf- 
Cas13X retains collateral degradation activity in B. subtilis .
After cleaving mcherry mRNA, hfCas13X indiscriminately 
cleaves intracellular mRNA, inhibiting cell growth. To con- 
firm the collateral degradation activity of hfCas13X in B. sub- 
tilis , we additionally expressed the reporter gene gfp under the 
control of promoter P 43 in the reporter plasmid. As shown in 

Figure 2 D and E, mcherry -targeted crRNA1 and crRNA3 in- 
hibited both mCherry and GFP expression. Additionally, cell 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
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Figure 2. Evaluation of hfCas13X performance in B. subtilis . ( A ) Illustration of the hfCas13X-based CRISPRi system. A reporter plasmid is used to 
express the reporter gene mcherry and crRNA. The expression of mcherry and crRNA is controlled by the promoters P spl-17 and P veg , respectively. A 

donor plasmid is used to express hfCas13X. The expression of hfCas13X is controlled by the promoter P xylA . Guided by crRNA, hfCas13X targets and 
degrades the mRNA of mcherry, thereby inhibiting mcherry expression. mcherry , red fluorescent protein coding gene; P spl-17 and P veg , constitutive 
promoters; P xylA , xylose-inducible promoter; ChiR, chloramphenicol resistance protein; TetR, tetracycline resistance protein; DR, directed repeat 
sequence of the crRNA array; Spacer, 30 nt spacer sequence of the crRNA array. ( B ) Ef fect of dif ferent combinations of crRNA and hfCas1 3X on mc herry 
expression. Different concentrations of xylose were added to induce the expression of hfCas13X. CK is a non-targeting crRNA. crRNA1, crRNA2 and 3 
target the upstream, middle and downstream of mcherry mRNA, respectively. ( C ) Effect of different combinations of crRNA and hfCas13X on cell 
growth. ( D ) Effect of different combinations of mcherry -targeting crRNA and hfCas13X on mcherry expression after a green fluorescent protein (GFP) 
expression cassette is inserted into the reporter plasmid. CK-M, relative fluorescence intensity of mCherry. ( E ) Effect of different combinations of 
mcherry -targeting crRNA and hfCas13X on GFP expression after a GFP expression cassette is inserted into the reporter plasmid. CK-G, relative 
fluorescence intensity of GFP. Data displa y ed as mean ± s.d. ( n = 3). The statistical analysis is based on Student’s t -test. All data were the average of 
three independent experiments with standard deviations. * and ** indicate P < 0.05 and P < 0.01, respectively. 
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rowth was also inhibited ( Supplementary Figure S2 ). These
esults further confirm the collateral degradation activity of
fCas13X in B. subtilis. 
To eliminate hfCas13X-induced collateral effects, we inac-

ivated its nuclease activity, resulting in dhfCas13X. We then
ested whether dhfCas13X could inhibit mcherry mRNA ex-
ression and its impact on cell growth. The results showed
hat when co-expressed with dhfCas13X, crRNA1, crRNA2
and crRNA3 no longer inhibited mcherry mRNA expres-
sion and cell growth ( Supplementary Figure S3 ). These re-
sults indicate that targeting the CDS region of the target
gene mRNA with dhfCas13X does not inhibit gene expres-
sion. This contrasts with CRISPRi systems based on Cas9 or
Cas12a, which can target the DNA CDS region to block RNA
polymerase extension and inhibit transcription ( 32 ). This re-
sult indicates that dhfCas13X’s binding affinity to mRNA is

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
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insufficient to block ribosome extension and thus inhibit
mRNA translation. 

Therefore, we designed and constructed crRNA RBS1 ,
crRNA RBS2 and crRNA RBS3 targeting the ribosome binding
site (RBS) of the mRNA, aiming to block ribosome bind-
ing and inhibit mRNA translation (Figure 3 A). As shown in
Figure 3 B, when co-expressed with dhfCas13X, crRNA RBS1 ,
crRNA RBS2 and crRNA RBS3 inhibited mcherry mRNA expres-
sion. When the induction concentration of xylose reached 10
g / L, the inhibition folds of crRNA1, crRNA2 or crRNA3
on mCheery mRNA expression reached 1.1-, 0.9- and 0.3-
fold, respectively . Importantly , crRNA RBS1 , crRNA RBS2 and
crRNA RBS3 did not inhibit bacterial growth (Figure 3 C). How-
ever, the regulatory effect of dhfCas13X was significantly
lower than that of hfCas13X. This may be because hfCas13X
can directly cleave mRNA, allowing one molecule of hf-
Cas13X and crRNA to cleave multiple mRNA molecules.
Conversely, one molecule of dhfCas13X and crRNA can only
inhibit the translation of one mRNA molecule. This sug-
gests that increasing the expression levels of dhfCas13X and
crRNA may enhance their inhibitory effect. Therefore, we
placed the crRNA expression cassette on the high-copy donor
plasmid pStop and replaced the promoter of dhfCas13X with
the constitutive promoter P 43 . The results showed that the
inhibition effects of crRNA RBS1 , crRNA RBS2 and crRNA RBS3

increased significantly and reached 11.1-, 6.1- and 1.9-fold,
respectively (Figure 3 D), and cell growth was not inhibited
(Figure 3 E). 

We then used gfp as a reporter gene to further test the col-
lateral degradation activity of dhfCas13X. The results showed
that crRNA RBS1 , crRNA RBS2 and crRNA RBS3 did not inhibit
gfp expression or cell growth (Figure 3 F and Supplementary 
Figure S4 ). This result further confirms that dhfCas13X does
not induce collateral effects. In summary, by inactivating
the nuclease activity of hfCas13X, we eliminated hfCas13X-
induced collateral effects and enhanced the inhibition effi-
ciency of the CRISPRi system by increasing the expression
levels of hfCas13X and crRNA. Importantly, the inhibition ef-
ficiency of the CRISPRi system can be modulated by adjusting
the distance between crRNA and RBS. 

Lastly, in mammals, there is an unknown regulatory mech-
anism that can process pre-crRNA into crRNA that is re-
quired since Cas13X lacks pre-crRNA processing capability
( 33 ). Therefore, we tested whether dhfCas13X could process
pre-crRNA in B. subtilis . In the donor plasmid, we designed
three crRNA arrays (crRNA mCherry-gfp1 , crRNA mCherry-gfp2 and
crRNA mCherry-gfp3 ) targeting both mcherry and gfp mRNAs.
The results showed that when co-expressed with dhfCas13X,
crRNA mCherry-gfp1 , crRNA mCherry-gfp2 and crRNA mCherry-gfp3 
could not inhibit the expression of mCherry and GFP
( Supplementary Figure S5 ). This suggests that B. subtilis lacks
the enzymes needed to assist in pre-crRNA processing. In the
next experiments, independent mature crRNAs will need to
be expressed separately for multi-site regulation. 

Design, construction and optimization of the 

DiCRISPRa system 

Given that no CRISPRa system targeting RNA has been con-
structed in Gram-positive bacteria, we decided to develop the
first CRISPRa system based on dhfCas13X in B. subtilis. Pre-
vious studies have shown that fusing the translation initiation

factor IF3 to the C-terminus of dCasRx can enhance the sta- 
bility of the target mRNA in E. coli , thereby activating gene 
translation ( 22 ). Building on this, we designed and constructed 

a degradation-Inhibition CRISPRa (DiCRISPRa) system 

(Figure 4 A). First, we inserted an RNA degradation tag 
into the 5 

′ -UTR of the mcherry gene in the reporter plas- 
mid to promote mcherry mRNA degradation and reduce 
its expression. By targeting the RNA degradation tag with 

crRNA, dhfCas13X can shield the tag, preventing mRNA 

degradation and activating gene translation. Additionally,
we fused the C-terminus of dhfCas13X with translation 

factors (IF1, IF2, IF3) or RNA chaperone protein Hfq 

( 34 ) (either from B. subtilis or E. coli ) using a flexi- 
ble 3x(GGGGS) peptide linker. This fusion may enhance 
downstream gene translation or strengthen the interaction 

between the RNA degradation tag, crRNA and dhfCas13X. 
As shown in Supplementary Figure S6 , inserting an 

RNA degradation tag into the 5 

′ -UTR of the mcherry 
gene significantly reduced its expression. Among them,
dR81 and dR82 are synthetic degradation-tuning RNAs 
designed and constructed by Zhang et al . ( 35 ). dRthrs 
is part of the thrs riboswitch in B. subtilis , which con- 
tains the RNaseY recognition site. The dRthrs tag showed 

the highest degradation efficiency, followed by dR82, and 

dR81 had the lowest efficiency. These degradation tags re- 
duced mCherry expression by 2.7-, 11.5- and 20.3-fold,
respectively. 

Next, we tested whether individual crRNAs (crRNA dR81 ,
crRNA dR82 and crRNA dRthrs ) could relieve the inhibition im- 
posed by the RNA degradation tags. Results showed that 
individual crRNAs could not activate mCherry expression 

( Supplementary Figure S6 ), indicating that crRNAs alone 
do not stabilize mcherry mRNA. We then introduced donor 
plasmids containing P43-dhfCas13X, P43-dhfCas13X-IF or 
P43-dhfCas13X-Hfq expression cassettes into the strains. Re- 
sults showed that expressing dhfCas13X, dhfCas13X-IF or 
dhfCas13X-Hfq without crRNA did not change mCherry ex- 
pression ( Supplementary Figure S7 ), indicating that these con- 
structs alone cannot activate gene expression. When crRNAs 
targeted dR81 (crRNA dR81 ) or dR82 (crRNA dR82 ), none of 
the constructs activated mCherry expression (Figure 4 B and 

C). When targeting dRthrs (crRNA dRthrs ), the activation ef- 
fects of dhfCas13X reached 0.6-fold. However, the activa- 
tion effects of dhfCas13X-IF1, dhfCas13X-IF2, dhfCas13X- 
IF3 and dhfCas13X-EHfq were similar to dhfCas13X. When 

dhfCas13X was fused with BHfq, the activation effect fur- 
ther increased to 2.79-fold (Figure 4 D). These results indi- 
cate that we successfully constructed the DiCRISPRa system,
where crRNAs targeting RNA degradation tags enable dhf- 
Cas13X, dhfCas13X-IF or dhfCas13X-Hfq to activate down- 
stream gene expression. Adding degradation tags result in a 
weaker gene expression, which enhances the regulatory effect 
of the DiCRISPRa system. When the degradation tag activity 
is low, and gene expression is strong, the system’s regulatory 
effect is minimal. Additionally, due to the 3 

′ -UTR of mRNA 

also serving as recognition sites for RNases, we targeted the 
3 

′ -UTR of mcherry with dhfCas13X. However, targeting the 
3 

′ -UTR of mcherry (crRNA 3UTR 

) did not promote gene ex- 
pression when co-expressed with dhfCas13X and crRNA 3UTR 

( Supplementary Figure S8 ). 
The activation effect of the DiCRISPRa system was still sub- 

optimal, likely due to insufficient crRNA expression. There- 
fore, the crRNA expression cassette was transferred to the 
donor plasmid, which significantly enhanced the regulatory 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
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Figure 3. Construction and characterization of a dhfCas13X-based CRISPRi System ( A ) Illustration of the dhfCas13X-based CRISPRi system. Guided by 
crRNA, dhfCas13X targets the RBS sequence of mcherry mRNA, pre v enting ribosome binding to the RBS, thereby inhibiting mcherry expression. RBS, 
ribosome binding site; mcherry , red fluorescent protein coding gene; P spl-17 and P veg , constitutive promoters; P xylA , xylose-inducible promoter; ChiR, 
chloramphenicol resistance protein; TetR, tetracycline resistance protein; DR, directed repeat sequence of the crRNA array; Spacer, 30 nt spacer 
sequence of the crRNA array. ( B ) Effect of different combinations of crRNA and dhfCas13X on mcherry expression. Different concentrations of xylose 
were added to induce the expression of dhfCas13X. CK is a non-targeting crRNA. ( C ) Effect of different combinations of crRNA and dhfCas13X on cell 
growth. ( D ) Effect of different crRNAs on mcherry expression after expressing dhfCas13X under the strong constitutive promoter P 43 . ( E ) Effect of 
different crRNAs on cell growth after expressing dhfCas13X under the strong constitutive promoter P 43 . ( F ) Effect of different combinations of 
mcherry -targeting crRNA and dhfCas13X on GFP expression after a GFP expression cassette is inserted into the reporter plasmid. Data displa y ed as 
mean ± s.d. ( n = 3). The statistical analysis is based on Student’s t -test. All data were the average of three independent experiments with standard 
deviations. ** indicate P < 0.01. 
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ffect of the DiCRISPRa system. When targeting dR81 (cr-
NAdR81), dR82 (crRNAdR82) and dRthrs (crRNAdRthrs),
hfCas13X was able to activate the expression of mcherry ,
ith activation levels reaching 40%, 24% and 100%, re-

pectively. Even with low degradation tag activity and strong
ackground gene expression (dR81), the DiCRISPRa system
howed significant activation, confirming that enhancing cr-
NA expression improves the system’s activation effect. How-
ever, fusing IF to the C-terminus of dhfCas13X did not fur-
ther promote mcherry expression. This might suggest that the
fusion of IFs does not enhance the translation initiation of
mcherry . When dhfCas13X was fused with BHfq, the acti-
vation effect further increased to 1.2-, 0.7- and 2.8-fold, re-
spectively (Figure 4 E–G). In addition, dhfCas13X-EHfq also
enhanced the activation effect of dhfCas13X, but it was less
effective compared to dhfCas13X-BHfq. This may be due
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Figure 4. Construction and characterization of a dhfCas13X-based DiCRISPRa System. ( A ) Illustration of the dhfCas13X-based DiCRISPRa system. An 
RNaseY binding site was inserted into the 5 ′ -UTR of mcherry mRNA. In the absence of dhfCas13X and crRNA, RNaseY recognizes and binds to the 
RNaseY binding site, leading to the degradation of mcherry mRNA. When dhfCas13X and crRNA are present, dhfCas13X masks the RNaseY binding 
site, pre v enting RNaseY binding to mcherry mRNA, thereb y activ ating mcherry mRNA e xpression. A dditionally, dhfCas13X can be fused with translation 
IFs or RNA chaperone proteins to promote the translation initiation of mcherry mRNA or the interaction of mRNA–crRNA–dhfCas13X. AUG, start codon. 
( B ) Effect of dhfCas13X or dhfCas13X fusion proteins on mcherry expression when crRNA targets the RNaseY binding site dR81. CK, no expression of 
dhfCas13X and crRNA; 13X, dhfCas13X; IF1, dhfCas13X-IF1; IF2, dhfCas13X-IF2; IF3, dhfCas13X-IF3; Ehfq, dhfCas13X-Ehfq; Bhfq, dhfCas13X-Bhfq. IF, 
the translation IF fused to the C-terminus of dhfCas13X; EHfq, E. coli -derived Hfq fused to the C-terminus of dhfCas13X; BHfq, B. subtilis -derived Hfq 
fused to the C-terminus of dhfCas13X. ( C ) Effect of dhfCas13X or dhfCas13X fusion proteins on mcherry expression when crRNA targets the RNaseY 
binding site dR82. ( D ) Effect of dhfCas13X or dhfCas13X fusion proteins on mcherry expression when crRNA targets the RNaseY binding site dRthrs. ( E ) 
Effect of dhfCas13X or dhfCas13X fusion proteins on mcherry expression when crRNA is overexpressed and targets the RNaseY binding site dR81. ( F ) 
Effect of dhfCas13X or dhfCas13X fusion proteins on mcherry expression when crRNA is overexpressed and targets the RNaseY binding site dR82. ( G ) 
Effect of dhfCas13X or dhfCas13X fusion proteins on mcherry expression when crRNA is overexpressed and targets the RNaseY binding site dRthrs. 
Data displa y ed as mean ± s.d. ( n = 3). T he statistical analy sis is based on Student’s t -test. All data w ere the a v erage of three independent e xperiments 
with standard deviations. * and ** indicate P < 0.05 and P < 0.01, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to Hfq enhancing the interaction between crRNA and tar-
get mRNA, thereby improving the regulatory efficiency of the
system. 

However, the maximum activation of the DiCRISPRa sys-
tem was limited to 2.8-fold, and the highest gene expression
post-activation was lower than the initial expression driven
by the strong constitutive promoter P SPL-17 . These limitations
may restrict the system’s applicability, especially in scenar-
ios requiring strong promoters to enhance the expression of
rate-limiting steps. 

Design, construction and optimization of the 

TsCRISPRa system 

The results above indicate that the dhfCas13X system can
activate target gene expression. Moreover, they show that
the interaction between crRNA and mRNA may affect the
regulatory efficiency of the dhfCas13X-based CRISPRa sys-
tem. Therefore, we aimed to design more stringent crRNA–
mRNA pairs to enhance the activation effect of the CRISPRa
system. The toehold switch is a synthetic RNA-based hair- 
pin loop structure located in the 5 

′ -UTR of a gene that 
can control gene expression with high specificity and ver- 
satility ( 36 ). The trigger RNA, which is complementary to 

the toehold region, can open the toehold switch’s hairpin 

loop structure, thereby activating downstream gene expres- 
sion. Building on this concept, we designed and constructed 

the translation-started based CRISPRa (TsCRISPRa) system 

(Figure 5 A). First, a toehold switch was inserted into the 5 

′ - 
UTR of the mcherry gene, hiding its RBS within the toehold 

switch’s hairpin loop structure, preventing mcherry mRNA 

translation. Then, the crRNA spacer was designed to tar- 
get the toehold switch and induce its conformational change,
thereby activating downstream mcherry translation. Addi- 
tionally, dhfCas13X, dhfCas13X-IF or dhfCas13X-Hfq can 

maintain mRNA stability, promote gene initiation or facilitate 
the crRNA–Switch interaction, further activating mCherry 
expression. 

To construct diverse Switch–Trigger pairs in B. subtilis ,
we designed 247 orthogonal Switch–Trigger pairs using the 



Nucleic Acids Research , 2025, Vol. 53, No. 1 9 

Figure 5. Construction and characterization of a dhfCas13X-based TsCRISPRa system. ( A ) Illustration of the dhfCas13X-based TsCRISPRa system. A 

S witch str uct ure was inserted into the 5 ′ -UTR of mcherry mRNA. In the absence of dhfCas13X and crRNA, the hairpin str uct ure within the S witch masks 
the RBS, thereby inhibiting mcherry mRNA translation. When dhfCas13X and Trigger crRNA are present, the Trigger crRNA and dhfCas13X open the 
hairpin str uct ure of the S witch, e xposing the RBS region and activ ating mcherry mRNA e xpression. A dditionally, dhfCas13X can be fused with translation 
IFs or RNA chaperone proteins to promote the initiation of mcherry mRNA translation or the interaction of Switch–Trigger crRNA-dhfCas13X. AUG, start 
codon. ( B ) Effect of different Switch, Switch–Trigger crRNA comple x es and Switch–Trigger crRNA-dhfCas13X comple x es on mcherry expression. CK, no 
Switch inserted into the 5 ′ -UTR of mcherry mRNA. ( C ) Effect of different Switch1 0 1 -Trigger crRNA1 0 1 -dhfCas13X fusion protein comple x es on mcherry 
expression. CK, no expression of dhfCas13X and crRNA; 13X, dhfCas13X; IF1, dhfCas13X-IF1; IF2, dhfCas13X-IF2; IF3, dhfCas13X-IF3; Ehfq, 
dhfCas13X-Ehfq; Bhfq, dhfCas13X-Bhfq. IF, the translation IF fused to the C-terminus of dhfCas13X; EHfq, E. coli -derived Hfq fused to the C-terminus of 
dhfCas13X; BHfq, B. subtilis -derived Hfq fused to the C-terminus of dhfCas13X. ( D ) Effect of different Switc h1 26-Trigger crRNA1 26-dhfCas1 3X fusion 
protein comple x es on mcherry e xpression. ( E ) Ef fect of dif ferent Switc h1 30-Trigger crRNA1 30-dhfCas1 3X fusion protein comple x es on mcherry 
expression. ( F ) Effect of different Switc h21 6-Trigger crRNA21 6-dhfCas1 3X fusion protein comple x es on mcherry e xpression. Data displa y ed as 
mean ± s.d. ( n = 3). The statistical analysis is based on Student’s t -test. All data were the average of three independent experiments with standard 
deviations. * and ** indicate P < 0.05 and P < 0.01, respectively. 
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UPACK ( 27 ) tool ( Supplementary Table S4 ). To ensure
he RBS within the Switch structure could initiate trans-
ation in B. subtilis , we designed an 8 bp conserved RBS
equence (AA GGA GGA) within the Switch’s loop structure.
urthermore, to ensure the Trigger can open the Switch’s
airpin loop, we set the interaction free energy between
he Switch and Trigger to be sufficiently ( > −40 kcal / mol).
he RBS Calculator ( 28 ) was then used to predict changes

n translation initiation rates of downstream genes upon
witch–Trigger interaction. Finally, we selected 20 Switch–
rigger pairs with the largest predicted changes in translation
fficiency ( Supplementary Table S4 ). 

Next, we replaced the 5 

′ -UTR of the mcherry gene in the
eporter plasmid with the Switch structure, which signifi-
antly reduced mCherry expression, confirming that the de-
igned Switch structure could control downstream gene ex-
ression (Figure 5 B). Subsequently, crRNA with a space se-
uence of specific Trigger RNA was expressed on the Donor
plasmid. Unlike the DiCRISPRa system, a single TRIGGER
crRNA is now capable of activating the expression of the
mcherry gene containing the corresponding Switch structure,
including Switch35, Switch49, Switch54, Switch66, Switch70,
Switch101, Switch102, Switch107, Switch126, Switch130,
Switch151, Switch167, Switch170, Switch201, Switch202,
Switch216, Switch224 and Switch228 (Figure 5 B). Their ac-
tivation effects reached 1.2-, 0.9-, 1.0-, 0.4-, 1.3-, 2.3-, 1.0-,
3.0-, 5.7-, 0.7-, 2.6-, 2.4-, 2.0-, 1.8-, 3.6-, 3.5-, 0.4- and 0.5-
fold, respectively. This result proves that these Trigger crRNA
could open the harpin structure of Switch in B. subtilis. We
then co-expressed dhfCas13X to test whether it could enhance
the regulatory effect of the Switch–Trigger crRNA pairs. The
results showed that co-expression of crRNA and dhfCas13X
further activated mCherry expression. Their activation effects
increased to 6.8-, 8.9-, 6.3-, 1.0-. 8.3-, 11.4-, 3.7-, 9.3-, 21.2-,
2.7-, 8.3-, 8.3-, 8.2-, 7.7-, 6.8-, 20.6-, 1.2- and 1.3-fold, respec-
tively (Figure 5 B). These results confirm that dhfCas13X can

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data


10 Nucleic Acids Research , 2025, Vol. 53, No. 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

enhance the regulatory effect of the Switch–Trigger crRNA
pairs. 

Subsequently, we fused IFs or Hfqs to the C-terminus of
dhfCas13X and tested their effect on activating Switch101,
Switch126, Switch130 and Switch216. Switch101, Switch126
and Switch216 were chosen because their significant activa-
tion by crRNA and dhfCas13X, while Switch130 was selected
due to its weaker inhibition effect on mCherry expression, po-
tentially making it more responsive to the TsCRISPRa system.
Results showed that when targeting Switch101, Switch126,
Switch130 and Switch216, dhfCas13X-IF1, dhfCas13X-
IF2 and dhfCas13X-IF3 did not further enhance the
TsCRISPRa system’s regulatory effect (Figure 5 C). In con-
trast, dhfCas13X-EHfq and dhfCas13X-BHfq significantly
improved the system’s activation effect. In addition, the ac-
tivation effect of dhfCas13X-Bhfq remains higher than that
of dhfCas13X-EHfq. For Switch101, Switch126, Switch130
and Switch216, the activation effects of dhfCas13X-Bhfq
reached 21.2-, 43.2-, 13.4- and 41.4-fold, respectively. No-
tably, the combination of Switch130, Trigger crRNA130 and
dhfCas13X-Bhfq not only demonstrated a high activation fold
but also achieved higher gene expression levels than the ini-
tial strong constitutive promoter P SPL-17 . These results fur-
ther confirm that fusing dhfCas13X with Hfqs may enhance
the interaction between crRNA, mRNA and dhfCas13X,
thereby strengthening the activation effect of the CRISPRa
system. 

Finally, given the significant activation effect of the
dhfCas13X-Bhfq fusion protein in both DiCRISPRa and
TsCRISPRa systems, we tested its ability to inhibit gene ex-
pression. Results showed that co-expressing dhfCas13X-Bhfq
with crRNA RBS1 , crRNA RBS2 and crRNAR BS3 could inhibit
mCherry mRNA expression by 16.1-, 6.5- and 2.3-fold, re-
spectively ( Supplementary Figure S9 ). This result demon-
strates that dhfCas13X-Bhfq can also be used as a CRISPRi
system, facilitating practical applications. 

Multiple fine-tuning of riboflavin and 2 

′ -FL 

metabolic networks using CRISPRi / a systems 

To further demonstrate that dhfCas13X-Bhfq can effectively
regulate gene expression, we used the metabolic regulation of
riboflavin as a model system. Riboflavin, also known as vita-
min B2, is an essential vitamin required for cellular growth
and development ( 37 ). It is a precursor for the synthesis of
flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD) in cells, which serve as cofactors providing reducing
power for cellular metabolism. In B. subtilis , riboflavin syn-
thesis uses ribulose 5-phosphate (Ru5P) and guanosine 5 

′ -
triphosphate (GTP) as precursors. Ru5P and GTP are fur-
ther catalyzed through multiple steps by the rib operon rib-
DEAHT to produce riboflavin (Figure 6 A). The expression
of the rib operon ribDEAHT is controlled by an FMN ri-
boswitch located in the 5 

′ -UTR of the operon ( 38 ). When in-
tracellular FMN levels are high, the FMN riboswitch feed-
back inhibits the expression of the rib operon ribDEAHT . To
relieve this feedback regulation, we replaced the 5 

′ -UTR of
the rib operon ribDEAHT in B. subtilis 168 with Switch102,
Switch126 and Switch130, resulting in strains FS102, FS126
and FS130, respectively. Next, we integrated the expression
cassettes P tet -crRNA102, P tet -crRNA126 and P tet- crRNA130
into the genomes of strains FS102, FS126 and FS130, ob-
taining strains FSC102, FSC126 and FSC130. Here we used
P tet , a promoter induced by aTC. Subsequently, the plasmid 

pHT01-P43-Bhfq was transformed into the strains FSC102,
FSC126 and FSC130, yielding strains FST102, FST126 and 

FST130. Finally, a TsCRISPRa system was established to re- 
lieve the feedback regulation by the FMN riboswitch and over- 
produce riboflavin. 

As shown in Figure 6 B and C, when the inducer aTC was 
not added, the riboflavin production of strains FST102 and 

FST126 was similar to that of wild-type B. subtilis 168. The 
riboflavin titer of strain FST130 improved by 24.4% com- 
pared to B. subtilis 168, reaching 5.1 mg / L. This improve- 
ment may be due to the leaky expression of Switch130 com- 
pared to Switch102 and Switch126. In addition, when the in- 
ducer aTC was added, the titer of riboflavin in strains FST102,
FST126 and FST130 increased by 50%, 80% and 190% com- 
pared to the wild-type B. subtilis 168, reaching 6.6, 7.7 and 

12.6 mg / L, respectively (Figure 6 B). Additionally, the growth 

of strains FST102, FST126 and FST130 was not significantly 
different from B. subtilis 168 ( Supplementary Figure S10 A).
These results indicate that the constructed TsCRISPRa system 

can be used to activate gene expression. In addition, we con- 
structed a strain, FS1, where the ribD gene expression was 
controlled by the constitutive strong promoter P43. As shown 

in Supplementary Figure S11 , the riboflavin titer of strain FS1 

was lower than that of strain FST130, in which ribD ex- 
pression was regulated by the switch130. This result demon- 
strates that the activation effect of the switch130-crRNA130- 
dhfCas13X was superior to that of the constitutive strong 
promoter P43. 

To confirm that dhfCas13X-Bhfq can also inhibit gene ex- 
pression, we constructed a CRISPRi system to repress the ex- 
pression of the competing pathway gene pfkA (encoding 6- 
phosphofructokinase). First, the native promoter of the pfkA 

gene in strain FSC130 was replaced with P SPL -17 . Subse- 
quently, we expressed crRNAs targeting the RBS of P SPL -17 

(crRNA RBS1 , crRNA RBS2 and crRNA RBS3 ) and dhfCas13X- 
Bhfq in the genome and plasmid, respectively, obtaining 
strains FST130-1, FST130-2 and FST130-3. Fermentation re- 
sults showed that without the inducer aTC, the riboflavin pro- 
duction and cell growth in strains FST130-1, FST130-2 and 

FST130-3 were not significantly different from wild-type B.
subtilis 168 (Figure 6 D and E and Supplementary Figure 
S10 B). When aTC was added, the titer of riboflavin in strains 
FST130-2 was increased by 34.4%, compared to FST130,
reaching 17.2 mg / L. The titer of riboflavin in strains FST130- 
1 and FST130-2 was similar to that of FST130. Additionally,
the growth and glucose utilization of strain FST130-1 were in- 
hibited, which may be due to the highest inhibition efficiency 
of crRNA RBS1 ( Supplementary Figure S10 B and C). These re- 
sults indicate that the CRISPRi and TsCRISPRa systems based 

on dhfCas13X-Bhfq can simultaneously activate and repress 
the gene expression. 

To further validate dhfCas13X-Bhfq as an effective 
metabolic engineering regulatory tool, we used the CRISPRi 
and TsCRISPRa systems to regulate the 2 

′ -FL metabolic 
network (Figure 6 F). 2 

′ -FL is a human milk oligosaccha- 
ride that promotes the development of the nervous and im- 
mune systems in infants ( 39 ). De novo synthesis of 2 

′ -FL in 

B. subtilis requires the heterologous introduction of α-1,2- 
fucosyltransferase and GDP-fucose synthesis pathway ( 40 ).
Increasing 2 

′ -FL production requires enhancing the 2 

′ -FL syn- 
thesis pathway and redirecting metabolic flux from EMP 

(EmbdenMeyerhof-Parnas) pathways. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1293#supplementary-data
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Figure 6. Regulation of riboflavin and 2 ′ -FL biosynthesis using dhfCas13X-Bhfq. ( A ) Illustration of the riboflavin metabolic network. Key metabolites and 
enzymes in v olv ed in ribofla vin biosynthesis include: Glu, Glucose; G6P , Glucose-6-phosphate; F6P , Fructose-6-phosphate; Gln6P , Gluconate-6-phosphate; 
Ru5P, Ribulose-5-phosphate; GMP, Guanosine monophosphate; GTP, Guanosine-5 ′ -triphosphate; DARPP, 
N- (2, 5- Diamino- 6- oxo- 1, 6- dihydro- 4- pyrimidinyl)- 5- O- phosphono- β- D- ribofuranosylamine ; ARPP, 
N- (5- Amino- 2, 6- dioxo- 1, 2, 3, 6- tetrahydro- 4- pyrimidinyl)- 5- O- phosphono- β- D- ribofuranosylamine ; ArPP, 
1- [(5- Amino- 2, 6- dioxo- 1, 2, 3, 6- tetrahydro- 4- pyrimidinyl) amino]- 1- deoxy- 5- O- phosphono- D- ribitol; ArP, 
1- [(5- Amino- 2, 6- dioxo- 1, 2, 3, 6- tetrahydro- 4- pyrimidinyl)amino]- 1- deoxy- D- ribitol; DRL, 
1- Deoxy- 1- (6, 7- dimethyl- 2, 4- dioxo- 3, 4- dihydro- 8(2H)- pteridinyl)- D- ribitol; Rib, Riboflavin; zwf , Encodes glucose-6-phosphate dehydrogenase; pfkA , 
Encodes phosphofructokinase; ribA , Encodes GTP cy cloh y drolase; ribD , Encodes Diaminoh y dro xy -phosphoribosylaminop yrimidine 
deaminase / 5-amino-6-(5-phosphoribosylamino) uracil reductase; ribT , Encodes 6,7-dimethyl-8-ribityllumazine synthase; ribH , Encodes 
3,4-dih y dro xy -2-butanone-4-phosphate synthase; ribE , Encodes riboflavin synthase. ( B ) Riboflavin production in strains FST102, FST126, and FST130. 
168, B. subtilis 168; FS T102, FS T126, FS T130: Strains using TsCRISPRa to regulate rib operon e xpression; aTC, Anh y drotetracy cline. ( C ) Image of strains 
168, FST102, FST126 and FST130 under UV irradiation. Riboflavin fluoresces under ultraviolet light. ( D ) Riboflavin production in strains FST130-1, 
FS T130-2 and FS T130-3. FS T130-1, FS T130-2, FS T130-3: Strains using CRISPRi to regulate pfkA expression ( E ) Image of strains FS T130-1, FS T130-2 and 
FST130-3 under UV irradiation. ( F ) Illustration of the 2 ′ -Fl metabolic network. Key metabolites and enzymes involved in 2 ′ -FL biosynthesis include: 
Man6P, Mannose-6-phosphate; M1P, Mannose-1-phosphate; GDP-Man, GDP-mannose; GDP-deo-Man, GDP-4-o x o-6-deo xy -D-mannose; GDP-L-Fuc, 
GDP-L-fucose; Lac, Lactose; manA , Encodes mannose 6-phosphate isomerase; manB , Encodes phosphomannomutase; manC , Encodes α-D-mannose 
1-phosphate guanylyltransferase; gmd , Encodes GDP-mannose 6-deh y drogenase; w caG , Encodes GDP-L-fucose synthase; futC , Encodes 
α1,2-fucosyltransferase. ( G ) 2 ′ -FL production in Strains HST102, HST126, and HST130. CK, Control strain HS; HST102, HST126, HST130: Strains using 
TsCRISPRa to regulate manB expression. ( H ) 2 ′ -FL production in Strains HST130-1, HST130-2, and HST130-3. HST130-1, HST130-2, HST130-3: Strains 
using CRISPRi to regulate pfkA expression. ( I ) 2 ′ -FL production in Strains BS18 and BS130. BS18: 2 ′ -FL o v erproducer; BS130: Using Switch130 to 
regulate manB expression in BS130. ( J ) 2 ′ -FL production in Strains BS130-1, BS130-2, and BS130-3. BS130-1, BS130-2 and BS130-3: Using CRISPRi to 
regulate pfkA expression in BS130. Data displayed as mean ± s.d. ( n = 3). The statistical analysis is based on Student’s t -test. All data were the average 
of three independent experiments with standard deviations. * and ** indicate P < 0.05 and P < 0.01, respectively. 
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First, the genes manB , manC , gmd and wcaG from the
. coli K12 MG1655 and the gene futC from H. pylori
ere integrated into the B. subtilis 168 genome, resulting

n strain HS, which achieved a 2 

′ -FL titer of 112.1 mg / L
Figure 6 G). Then, we used the TsCRISPRa system to acti-
ate the expression of the first gene in the 2 

′ -FL synthesis
athway, manB . The promoter of the manB gene in
train BS12 was replaced with Switch102, Switch126, and
Switch130, resulting in strains HS102, HS126 and HS130,
respectively. Next, the expression cassettes P tet -crRNA102,
P tet -crRNA126 and P tet- crRNA130 were integrated into the
genomes of strains HS102, HS126 and HS130, yielding
strains HSC102, HSC126 and HSC130. Subsequently, plas-
mid pHT01-P 43 -Bhfq was transformed into strains HSC102,
HSC126 and HSC130, resulting in strains HST102, HST126
and HST130. when the inducer aTC was not added,
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the 2 

′ -FL production in strains HST102, HST126 and
HST130 was lower than that in the original strain BS12
(Figure 6 G). This may be because the manB promoter in
strain BS12 was under the control of the constitutively
strong promoter P43, whereas the inactivated Switch102,
Switch126 and Switch130 promoters have very weak activ-
ity. When aTC was added, the 2 

′ -FL production in strains
HST102 and HST126 increased, but remained lower than
that of the original strain BS12. However, the titer of 2 

′ -
FL in HST130 increased by 75.3% compared to strain
BS12, reaching 189.9 mg / L (Figure 6 G). The cell growth of
HST102, HST126 and HST130 were similar to strain HS
( Supplementary Figure S12 A). This result further demon-
strates that the TsCRISPRa system can indeed be used to
activate gene expression and increase the production of
metabolites of interest. Moreover, it shows that the activated
Switch130 promoter has higher activity than the commonly
used constitutively strong promoter P43. 

Next, we similarly constructed a CRISPRi system target-
ing the pfkA gene to direct more metabolic flux towards
the 2 

′ -FL synthesis pathway, resulting in recombinant strains
HST130-1, HST130-2 and HST130-3. Fermentation results
showed that the titer of 2 

′ -FL in HST130-2 increased by
21.3% compared to HST130 (Figure 6 H). Moreover, the
growth and glucose utilization of strain HST130-1 were also
inhibited due to the highest inhibition efficiency of crRNA RBS1

( Supplementary Figure S12 B and C). We also observed that
the expression level of the ManB protein in strain HST130-
2 was significantly higher than in the strain HS, whereas the
expression level of the PfkA protein was significantly lower
compared to strain HS ( Supplementary Figure S13 ). To fur-
ther test the functionality of the constructed CRISPR sys-
tem, we tested the system in a 2 

′ -FL overproducing strain
BS18 ( 40 ). As shown in Figure 6 I, when using the switch130
to activate the expression of the gene manB , the titer of 2 

′ -
FL increased by 32%, reaching 2.9 g / L. Furthermore, when
using the CRISPRi system to repress the expression of the
pfkA gene, the titer of 2 

′ -FL was further increased to 3.5 g / L
(Figure 6 J). This result further confirms that the CRISPR sys-
tem constructed in this study is an effective tool for metabolic
flux regulation. These results indicate that dhfCas13X-Bhfq
is an effective dual-function gene expression regulation tool
that can be used for metabolic engineering in microbial cell
factories. 

Discussion 

Developing an efficient gene regulation tool for controlling
metabolic flux is key to enhancing the synthesis efficiency
of microbial cell factories. CRISPR-Cas systems, particularly
based on Cas9 and Cas12, have been widely used for gene ex-
pression regulation and metabolic engineering ( 41–43 ). These
systems can target DNA and regulate gene transcription. Cre-
ating an efficient CRISPR-Cas tool that targets RNA and reg-
ulates gene translation can enrich the toolkit for gene ex-
pression regulation. Moreover, in bacteria, most genes are
clustered in operons, sharing a single promoter, making it
challenging to regulate individual genes at the transcrip-
tional level ( 44 ). Furthermore, coupling CRISPR-Cas systems
for transcriptional and translational regulation can achieve
multidimensional control of gene expression, enhancing the
precision and efficiency of regulation ( 21 ). Currently, some
RNA-targeting Cas13 systems have been used to inhibit gene
translation (CRISPRi) in both eukaryotes and prokaryotes 
( 19 ,45 ). However, only a few Cas13 systems have been de- 
signed to activate gene translation (CRISPRa) ( 22 ,46 ). These 
CRISPRa systems often involve complex operations and re- 
quire specific fermentation processes and conditions. 

In this study, we developed a series of tools based on hf- 
Cas13X that can inhibit and activate gene expression at the 
translational level. First, we tested the function of hfCas13X 

in B. subtilis and found that it significantly inhibited gene ex- 
pression in a dose-dependent manner. As the expression level 
of hfCas13X increased, the inhibitory effect became more pro- 
nounced. Despite being a Cas13X variant with minimal col- 
lateral effects in mammalian cells, hfCas13X exhibited high 

collateral effects in B. subtilis , possibly due to the differences 
in genome architecture between prokaryotes and mammalian 

cells ( 47 ). By inactivating the nuclease activity of hfCas13X,
we successfully eliminated its collateral effects while retain- 
ing its ability to inhibit mRNA translation by targeting the 
mRNA’s RBS. However, the inhibitory effect of dhfCas13X 

was significantly lower than that of hfCas13X and only ef- 
fective when targeting the RBS region. Additionally, unlike 
DNA-targeting dCas9 or dCas12, RNA-targeting dhfCas13X 

required higher expression levels, which might consume more 
intracellular resources. 

Activating gene expression is equally important for func- 
tions such as detecting the role of silent genes in cells or en- 
hancing product synthesis in microbial cell factories. In eu- 
karyotes, transcription activators fused to dCas9 proteins can 

activate target gene transcription by recruiting more RNA 

polymerase ( 48 ). Applying this strategy to prokaryotes, how- 
ever, has been less effective, likely due to the less under- 
stood transcription activation mechanisms in prokaryotes.
Otoupal et al. found that in E. coli , expressing crRNA alone 
could promote target gene translation, possibly due to RNA–
RNA interactions stabilizing mRNA ( 22 ). Additionally, ex- 
pressing dCas13RX could further enhance mRNA stability.
In our study, we found that crRNA alone could not pro- 
mote downstream gene translation, even when targeting the 
5 

′ -UTR RNA degradation tag. This might be because RNA- 
RNA interactions in B. subtilis require chaperone proteins 
( 40 ). Like dCas13RX, co-expressing dhfCas13X and crRNA 

activated downstream gene expression, with higher expres- 
sion levels yielding stronger regulatory effects. Furthermore,
in eukaryotes, fusing translation IFs with dCas13 can acti- 
vate target gene translation by promoting translation initi- 
ation ( 49 ). Otoupal et al . discovered that fusing dCas13RX 

with IF3 significantly enhanced CRISPRa activation in E. coli 
( 22 ). In our study, fusing dhfCas13X with IFs did not improve 
CRISPRa activation. In contrast, fusing dhfCas13X with an 

RNA chaperone significantly boosted CRISPRa activation,
confirming the importance of strengthening RNA–RNA inter- 
actions for RNA-targeted CRISPRa systems. Designing spe- 
cific mRNA–crRNA pairs could further enhance CRISPRa 
activation. 

In some dCas9-based activation systems, the sgRNA is 
fused with an RNA aptamer, and the transcription activa- 
tor is fused to the corresponding ligand protein ( 50 ,51 ).
This configuration allows the recruitment of more activa- 
tors to the target gene, thereby activating downstream tran- 
scription. These researches focus on enhancing activator effi- 
ciency rather than sgRNA-target sequence interactions. In this 
study, we constructed a TsCRISPRa system based on a toehold 

switch, designing specific Trigger crRNAs targeting the toe- 
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196–204.
old switch in the mRNA 5 

′ -UTR to enhance mRNA–crRNA
nteractions. In this system, expressing the Trigger crRNA
lone slightly activated mRNA translation, and the additional
xpression of dhfCas13X significantly enhanced activation
y 21.2-fold. Further fusing dhfCas13X with Hfq greatly in-
reased CRISPRa activation, demonstrating the importance of
nhancing mRNA–crRNA–dhfCas13X interactions for RNA-
argeted CRISPRa systems. We also validated that target-
ng the RBS with dhfCas13X-Bhfq could initiate CRISPRi
unctionality. This result shows that dhfCas13X-Bhfq can be
sed to construct both CRISPRa and CRISPRi systems, mak-
ng it a convenient tool for dual-functional regulation in mi-
robial cell factories. Using riboflavin and 2 

′ -FL as exam-
les, we demonstrated that dhfCas13X-Bhfq could be used
or dual-functional metabolic network regulation. Addition-
lly, most CRISPRa systems have weak activation effects on
trong promoters, leading to lower maximum gene expres-
ion than strong promoter ( 13 ,14 ). The Switch130–Trigger–
RISPRa system constructed here, however, achieved higher

xpression levels than strong promoters, evidenced by in-
reased fluorescence intensity and 2 

′ -FL production. In this
tudy, we achieved an activation fold of 43.2 by systemati-
ally optimizing the TsCRISPR system. During the construc-
ion of the TsCRISPR system, we observed that when the leak-
ge expression of the Switch was low, the activation fold of
he TsCRISPR system tended to be high, though the over-
ll promoter activity was typically low. In contrast, when the
eakage expression of the Switch was at a moderate level, its
ctivity after regulation by crRNA and dhfCas13X was sig-
ificantly higher. These findings suggest that when designing
witch-Pairs using computational tools (NUPACK and RBS
aculator), different parameter settings can be employed to
eet specific application scenarios. Screening more Switch–
rigger pairs may yield even higher expression CRISPRa
ystems. 

Finally, we highlight the limitations of the CRISPRa and
RISPRi systems constructed here. First, targeting RNA re-
uires the expression of more crRNA and dhfCas13X, poten-
ially consuming more cellular resources. Second, while some
roteins can assist dhfCas13X in processing pre-crRNA in
ammalian cells, dhfCas13X seems unable to process pre-

rRNA in B. subtilis , likely due to the absence or low ex-
ression of these assisted proteins in B. subtilis . This limi-
ation means that targeting multiple sites simultaneously re-
uires the independent expression of mature crRNA rather
han the simpler crRNA array. Understanding the pre-crRNA
rocessing mechanism of dhfCas13X in the future could sim-
lify this process. Third, the TsCRISPRa system constructed
ere requires prior genome editing to insert switches upstream
f the target genes, thus hindering direct regulation of native
enes. Currently, constructing an efficient CRISPRa system to
irectly regulate native gene expression in bacteria remains a
hallenge, as the mechanisms of gene expression regulation
n bacteria are not fully understood. The regulatory efficacy
f such CRISPRa systems is influenced by multiple factors, in-
luding the targeting site of the crRNA. Even a single base pair
ariation in the crRNA targeting site can significantly impact
he activation efficiency of the system. As a result, when tar-
eting different native genes, it is crucial to screen for suitable
rRNA targeting sites. Furthermore, these systems cannot pre-
ent the leakage expression of genes prior to the initiation of
egulation. 
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