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Abstract

Developing efficient gene regulation tools is essential for optimizing microbial cell factories, but most existing tools only modulate gene expres-
sion at the transcriptional level. Regulation at the translational level provides a faster dynamic response, whereas developing a programmable,
efficient and multiplexed translational regulation tool remains a challenge. Here, we have developed CRISPRi and CRISPRa systems 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 hfCas13X (dhfCas13X). Second, we designed unigue mRNA-crRNA pairs to construct DiCRISPRa (degradation-inhibited
CRISPRa) and TsCRISPRa (translation-started CRISPRa) systems, which can activate downstream gene translation by enhancing mRNA stability
or initiating mMRNA translation. In addition, we found that fusing dhfCas13X with the RNA-binding chaperone BHfq significantly improved the
activation efficiency of the DiICRISPRa and TsCRISPRa systems (43.2-fold). Finally, we demonstrated that the constructed CRISPR systems
could be used to optimize the metabolic networks of two biotechnologically relevant compounds, riboflavin and 2’-fucosyllactose, increasing
their titers by 3- and 1.2-fold, respectively. The CRISPRa and CRISPRI systems developed here provide new tools for the regulation of gene
expression at the translation level and offer new ideas for the construction of CRISPRa systems.
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Using synthetic biology to construct microbial cell factories ~ within microbial cell factories are inherently complex and of-
that convert renewable raw materials into high-value chem-  ten prioritize the allocation of building blocks towards cell
icals such as functional nutrients, pharmaceuticals and fu-  growth, thereby reducing the titer of target products. There-
els is a crucial approach for environmental protection and fore, balancing the trade-off between product synthesis and

circular economy (1-3). However, the metabolic networks  cell growth is crucial for enhancing the synthesis efficiency
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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 dCasl12a (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 1A 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 §-UTR of target mRNA, acti-
vating mRNA translation. Finally, the constructed CRISPRi/a
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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 1C). 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. Escherichia 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 pg/ml, chloramphenicol 5 pg/ml,
tetracycline 25 pg/ml, spectinomycin 50 pg/ml, zeocin 30
ug/ml) were supplemented when required. The fermentation
medium for 2'-FL and riboflavin consisted of 30 g/L glucose,
2.5 g/L KH,POy4, 12.5 g/L K,HPO4-3H,0, 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,, 4 g/L FeSO4-7H,0, 1 g/L MnSO4-5H,0,
0.2 g/L NaMoO4-2H,0, 0.4 g/L CoCl,-6H,0, 0.2 g/L
ZHSO47H20, 0.1 g/L CuClezO, 0.1 g/L A1C136H20 and
0.05 g/L H3BOy4. 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,z-
hfCas13X. Reverse PCR (Polymerase Chain Reaction) was
employed to deactivate the nucleolytic activity of hfCas13X,
resulting in the plasmid pSTOP-P,;z-dhfCas13X. The muta-
tion sites of dhfCas13X are as follows: R84A, H89A, R739A,
R740A,H744A and H745A. The P43 promoter was amplified
from the plasmid pHTO01-P43-GFP and replaced the P,z pro-
moter in the plasmids pSTOP-P,,z-hfCas13X and pSTOP-
P.yr-dhfCas13X using Gibson Assembly, yielding the plas-
mids pSTOP-P4;-hfCas13X and pSTOP-P43-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-
P43-dhfCas13X using Gibson Assembly, resulting in the re-
combinant plasmids pSTOP-P4;3-dhfCas13X-IF1, pSTOP-P;-
dhfCas13X-IF2, pSTOP-P43-dhfCas13X-IF3 and pSTOP-P;-
dhfCas13X-Bhfq, respectively. The RNA chaperone protein
Ehfq was amplified from the E. coli K12 MG1655 genome
and inserted into the plasmid pSTOP-P43-dhfCas13X to ob-
tain the recombinant plasmid pSTOP-P43-dhfCas13X-Ehfq.
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Figure 1. Design of CRISPRi and CRISPRa systems for regulation of gene translation. (A) The dhfCas13Xis 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
expression. The blue arrow indicates translation repression. (B) This fused protein also has the capability to activate 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.

The construction process of the Reporter Plasmid are as
follows. The DR and Spacer sequence of hfCas13X crRNA
were replaced with the Cas12a c¢rRNA array in the plas-
mid pcrF19NM2 using reverse PCR, resulting in the recom-
binant plasmid pcrFCas13. Reverse PCR was used to mu-
tate the Eco311 restriction site in the plasmid pHTO01-Py;-
GFP, obtaining the recombinant plasmid pHTO02-P4;-GFP.
Subsequently, the P,e,-crRNA-Pgp;.j7-mcherry cassette was
cloned from pcrFCas13 and replaced the Ps3-gfp cassette
in the plasmid pHTO02-P43-GFP, yielding the recombinant
plasmid pHTO02-crRNA-mcherry. The P,ee-crRNA-Pgpy.17-
mcherry cassette was inserted into the plasmid pHT02-Py;-
GFP, resulting in the recombinant plasmid pHT02-crRNA-
mcherry-GFP. The construction of crRNAs was performed as
previously described. To enhance the expression level of cr-
RNAs, the Pveg-crRNA-Psp; .;7-mcherry cassette was inserted
into the plasmids pSTOP or pSTOP-P4;-dhfCas13X, gener-
ating the plasmids pSTOP-crRNA and pSTOP-crRNA-P;-
dhfCas13X, respectively. Degradation-tuning RNAs dR81,
dR82 and RNaseY recognition sequence thrs were inserted
into the 5'-UTR of mcherry using reverse PCR, result-
ing in the plasmids pHT02-crRNA-dR81-mcherry, pHT02-
crRNA-dR82-mcherry and pHTO02-crRNA-dRthrs-mcherry.
The sequence of dRthrs, a 47-bp segment, was located
24 bp upstream of the thrs gene in the B. subtilis
genome.

Switch design and construction methods

Switch-Trigger pairs were designed using the online tool NU-
PACK (27) (https://www.nupack.org/). Using the NUPACK
toolkit, we obtained 247 Switch—Trigger pairs, and their bind-
ing energies in different states were also calculated by NU-
PACK. Next, the translation initiation rates of the Switches
were calculated using the RBS calculator (28) (https:/salislab.
net/software/predict_rbs_calculator). The translation initia-
tion rates of Switch-Trigger pairs were calculated by delet-
ing the first 30 bp of the Switch sequence (opening the stem-
loop structure). Subsequently, the top 20 predicted Switches

were inserted into the §5’-UTR of mcherry in the plasmid
pHTO02-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 #ibDEAHT was replaced by Pgp;_;7-Switch102,
Pgpy_17-Switch126 and Pgpy_17-Switch130, resulting in strains
FS102, FS126 and FS130, respectively. Next, the TetR-P,
cassette was cloned from plasmid pHT01-P,,,-GFP and fused
with crRNA102, crRNA126 and ¢rRNA130 through fusion
PCR, yielding the cassettes Pi-crRNA102, P.-ctrRNA126
and P,;-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 pHTO01-P43-dhfCas13X-Bhfq was constructed by replac-
ing the gfp gene in plasmid pHT01-P43-GFP with dhfCas13X-
Bhfg. Finally, pHT01-P4;-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 Pgp; ;7 promoter, yielding strain FSP130. Then,
the cassettes P;-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-P43-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 P43 promoter of the futC
gene in strain BH was replaced by Pgp;_17-Switch102, Pgp; .17~
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Switch126 and Pgp; .;7-Switch130, resulting in strains HS102,
HS126 and HS130, respectively. Subsequently, the cassettes
P,;-crRNA102, P;,;-cYRNA126 and P,,;-crRNA130 were in-
tegrated into the genomes of strains HS102, HS126 and
HS130, resulting in strains HSC102, HSC126 and HSC130.
The plasmid pHT01-P43-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 Pgp; ;7 promoter, yielding strain HSP130.
Then, the cassettes P,;-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-P4;-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 png/ml chloramphenicol and 25 pg/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 pug/ml chloramphenicol and 25 pg/ml tetra-
cycline, and cultured at 37°C and 220 rpm for 12 h. Subse-
quently, 3 ul of the culture was transferred into a 96-well plate
containing 150 ul of LB medium with 5 pg/ml chlorampheni-
col and 25 pg/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 ODgy.

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 x g for 5 min.
The Microorganism 6-PFK1 ELISA Kit (BAILILAI, China)
and Microorganism MPM ELISA Kit (BAILILAIL 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 ng/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 pg/ml chloramphenicol, and incubated
at 37°C and 220 rpm. After 6 h of fermentation, 5 M 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 x g for 15
min. The supernatant was filtered through a 0.22-pm mem-
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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 pl of the fermentation broth was
mixed with 800 pl of 0.05 M NaOH and centrifuged at 10 000
x 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 #-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 2A). In the reporter plasmid pHTO01, crRNA and
the target gene mCherry were controlled by constitutive pro-
moters Py, and Pgr.57, respectively. In the donor plasmid
pStop, hfCas13X was regulated by the xylose-inducible pro-
moter P,,;. 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 2B, 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, ¢rRNA2 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 2C). Strains showing more signifi-
cant mCherry expression inhibition also experienced greater
growth inhibition. Furthermore, when using the strong con-
stitutive promoter P43 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 P43 in the reporter plasmid. As shown in
Figure 2D and E, mcherry-targeted crRNA1 and ¢crRNA3 in-
hibited both mCherry and GFP expression. Additionally, cell
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Figure 2. Evaluation of hfCas13X performance in B. subtilis. (A) lllustration 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 P17 and Peg, respectively. A
donor plasmid is used to express hfCas13X. The expression of hfCas13X is controlled by the promoter P,y1. Guided by crRNA, hfCas13X targets and
degrades the mRNA of mcherry, thereby inhibiting mcherry expression. mcherry, red fluorescent protein coding gene; Pgp.57 and Peg, constitutive
promoters; P,y4, 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 hfCas13X on mcherry
expression. Different concentrations of xylose were added to induce the expression of hfCas13X. CK is a non-targeting crRNA. crRNAT, 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 crBNA and hfCas13X on GFP expression after a GFP expression cassette is inserted into the reporter plasmid. CK-G, relative
fluorescence intensity of GFP. 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.

growth was also inhibited (Supplementary Figure S2). These
results further confirm the collateral degradation activity of
hfCas13X in B. subtilis.

To eliminate hfCas13X-induced collateral effects, we inac-
tivated its nuclease activity, resulting in dhfCas13X. We then
tested whether dhfCas13X could inhibit mcherry mRNA ex-
pression and its impact on cell growth. The results showed
that when co-expressed with dhfCas13X, crRNA1, crRNA2

and ¢rRNA3 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
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insufficient to block ribosome extension and thus inhibit
mRNA translation.

Therefore, we designed and constructed crRNAggsi,
crRNARgps; and crRNAggs; targeting the ribosome binding
site (RBS) of the mRNA, aiming to block ribosome bind-
ing and inhibit mRNA translation (Figure 3A). As shown in
Figure 3B, when co-expressed with dhfCas13X, crRNARgs,
crRNARgs> and crRNARgs3 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, crRNAgps1, crRNAgps, and
crRNARgs; did not inhibit bacterial growth (Figure 3C). 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 Py3. The results showed that the
inhibition effects of crRNARggsi, crRNARpsy» and crRNAggs3
increased significantly and reached 11.1-, 6.1- and 1.9-fold,
respectively (Figure 3D), and cell growth was not inhibited
(Figure 3E).

We then used gfp as a reporter gene to further test the col-
lateral degradation activity of dhfCas13X. The results showed
that crRNARrgst, crRNARrgs, and crRNARggs; did not inhibit
gfp expression or cell growth (Figure 3F 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-ctRNA in B. subtilis. In the donor plasmid, we designed
three crRNA arrays (crRNA, cherry-gfp1> S’RNA Cherry-gfp2 and
crRNA, cherry-gfp3) targeting both mcherry and gfp mRNAs.
The results showed that when co-expressed with dhfCas13X,
CrRNAmCherry-gfp19 CrRNAmCherry-gpr and CrRNAmCherry-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-
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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 4A). 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 (crRNAyrs1,
crRNA g and crRNA gpys) 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 (crRNAygrg;) or dR82 (crRNAyrs,), none of
the constructs activated mCherry expression (Figure 4B and
C). When targeting dRthrs (crRNAggy), 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 4D). 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 (crRNAj3yrr) did not promote gene ex-
pression when co-expressed with dhfCas13X and crRNA;3yTr
(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
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growth. (D) Effect of different crRNAs on mcherry expression after expressing dhfCas13X under the strong constitutive promoter P43. (E) Effect of
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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.

effect of the DICRISPRa system. When targeting dR81 (cr-  ever, fusing IF to the C-terminus of dhfCas13X did not fur-
RNAdR81),dR82 (crRNAdRS82) and dRthrs (crRNAdRthrs), ther promote mcherry expression. This might suggest that the
dhfCas13X was able to activate the expression of mcherry,  fusion of IFs does not enhance the translation initiation of
with activation levels reaching 40%, 24% and 100%, re-  mcherry. When dhfCas13X was fused with BHfq, the acti-
spectively. Even with low degradation tag activity and strong  vation effect further increased to 1.2-, 0.7- and 2.8-fold, re-
background gene expression (dR81), the DiCRISPRa system spectively (Figure 4E-G). In addition, dhfCas13X-EHfq also
showed significant activation, confirming that enhancing cr-  enhanced the activation effect of dhfCas13X, but it was less
RNA expression improves the system’s activation effect. How-  effective compared to dhfCas13X-BHfq. This may be due
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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 Pgsp; ;7. 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 SA). First, a toehold switch was inserted into the §'-
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
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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.

NUPACK (27) tool (Supplementary Table S4). To ensure  plasmid. Unlike the DiCRISPRa system, a single TRIGGER
the RBS within the Switch structure could initiate trans-  ¢rRNA is now capable of activating the expression of the
lation in B. subtilis, we designed an 8 bp conserved RBS mcherry gene containing the corresponding Switch structure,
sequence (AAGGAGGA) within the Switch’s loop structure. including Switch335, Switch49, Switch54, Switch66, Switch70,
Furthermore, to ensure the Trigger can open the Switch’s Switch101, Switch102, Switch107, Switch126, Switch130,
hairpin loop, we set the interaction free energy between Switch151, Switch167, Switch170, Switch201, Switch202,
the Switch and Trigger to be sufficiently (> —40 kcal/mol). Switch216, Switch224 and Switch228 (Figure 5B). Their ac-
The RBS Calculator (28) was then used to predict changes tivation effects reached 1.2-, 0.9-, 1.0-, 0.4-, 1.3-, 2.3-, 1.0-,
in translation initiation rates of downstream genes upon 3.0-,5.7-,0.7-, 2.6-, 2.4-, 2.0-, 1.8-, 3.6-, 3.5-, 0.4- and 0.5-

Switch—Trigger interaction. Finally, we selected 20 Switch—  fold, respectively. This result proves that these Trigger crRNA
Trigger pairs with the largest predicted changes in translation ~ could open the harpin structure of Switch in B. subtilis. We
efficiency (Supplementary Table S4). then co-expressed dhfCas13X to test whether it could enhance

Next, we replaced the 5'-UTR of the mcherry gene in the  the regulatory effect of the Switch-Trigger crRNA pairs. The
reporter plasmid with the Switch structure, which signifi- results showed that co-expression of crRNA and dhfCas13X
cantly reduced mCherry expression, confirming that the de- further activated mCherry expression. Their activation effects
signed Switch structure could control downstream gene ex- increased to 6.8-, 8.9-, 6.3-, 1.0-. 8.3-, 11.4-, 3.7-, 9.3-, 21.2-,

pression (Figure 5B). Subsequently, crRNA with a space se- 2.7-,8.3-,8.3-,8.2-,7.7-,6.8-,20.6-,1.2- and 1.3-fold, respec-
quence of specific Trigger RNA was expressed on the Donor  tively (Figure 5B). These results confirm that dhfCas13X can
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enhance the regulatory effect of the Switch-Trigger crRNA
pairs.

Subsequently, we fused IFs or Hfgs 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 TsSCRISPRa 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 5C). 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 Pgp; ;7. 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 crRNARgsi, crRNARgs» and crRNARgs3 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. RuSP and GTP are fur-
ther catalyzed through multiple steps by the 7ib operon rib-
DEAHT to produce riboflavin (Figure 6A). 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 #ibDEAHT. To
relieve this feedback regulation, we replaced the 5'-UTR of
the 7ib 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,;-crRNA102, P,;-crRNA126 and P,.crRNA130
into the genomes of strains FS102, FS126 and FS130, ob-
taining strains FSC102, FSC126 and FSC130. Here we used
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Pser, a promoter induced by aTC. Subsequently, the plasmid
pHTO01-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 6B 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 6B). Additionally, the growth
of strains FST102, FST126 and FST130 was not significantly
different from B. subtilis 168 (Supplementary Figure S10A).
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 7ibD 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 Pgp; ;7. Subse-
quently, we expressed crRNAs targeting the RBS of Pspy 17
(crRNARgs1, crRNARps> and crRNAgps3) 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 6D and E and Supplementary Figure
S10B). 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 crRNARgst (Supplementary Figure S10B 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 6F). 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 «-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.
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Figure 6. Regulation of riboflavin and 2’-FL biosynthesis using dhfCas13X-Bhfq. (A) lllustration of the riboflavin metabolic network. Key metabolites and
enzymes involved in riboflavin biosynthesis include: Glu, Glucose; G6F, Glucose-6-phosphate; F6R, Fructose-6-phosphate; GIn6R Gluconate-6-phosphate;
Ru5R Ribulose-5-phosphate; GMRE Guanosine monophosphate; GTR Guanosine-5'-triphosphate; DARPPR

N-(2,5-Diamino-6-oxo-1, 6-dihydro-4-pyrimidinyl)-5-O-phosphono- 3-D-ribofuranosylamine; ARPP.
N-(5-Amino-2,6-dioxo-1,2, 3, 6-tetrahydro-4-pyrimidinyl)-5-O-phosphono- 3-D-ribofuranosylamine; ArPR
1-[(5-Amino-2,6-dioxo-1, 2, 3,6-tetrahydro-4-pyrimidinyl) aminol-1-deoxy-5-O-phosphono-D-ribitol; ArP
1-[(5-Amino-2,6-dioxo-1, 2, 3,6-tetrahydro-4-pyrimidinyl)aminol- 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 cyclohydrolase; ribD, Encodes Diaminohydroxy-phosphoribosylaminopyrimidine
deaminase/5-amino-6-(5-phosphoribosylamino) uracil reductase; ribT, Encodes 6,7-dimethyl-8-ribityllumazine synthase; ribH, Encodes
3,4-dihydroxy-2-butanone-4-phosphate synthase; ribE, Encodes riboflavin synthase. (B) Riboflavin production in strains FST102, FST126, and FST130.
168, B. subtilis 168; FST102, FST126, FST130: Strains using TsCRISPRa to regulate rib operon expression; aTC, Anhydrotetracycline. (C) Image of strains
168, FST102, FST126 and FST130 under UV irradiation. Riboflavin fluoresces under ultraviolet light. (D) Riboflavin production in strains FST130-1,
FST130-2 and FST130-3. FST130-1, FST130-2, FST130-3: Strains using CRISPRI to regulate pfkA expression (E) Image of strains FST130-1, FST130-2 and
FST130-3 under UV irradiation. (F) lllustration of the 2’-FI metabolic network. Key metabolites and enzymes involved in 2'-FL biosynthesis include:
Man6F, Mannose-6-phosphate; M1F Mannose-1-phosphate; GDP-Man, GDP-mannose; GDP-deo-Man, GDP-4-oxo-6-deoxy-D-mannose; GDP-L-Fuc,
GDP-L-fucose; Lac, Lactose; manA, Encodes mannose 6-phosphate isomerase; manB, Encodes phosphomannomutase; manC, Encodes o-D-mannose
1-phosphate guanylyltransferase; gmd, Encodes GDP-mannose 6-dehydrogenase; wcaG, Encodes GDP-L-fucose synthase; futC, Encodes
«1,2-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 overproducer; 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.

First, the genes manB, manC, gmd and wcaG from the Switch130, resulting in strains HS102, HS126 and HS130,

E. coli K12 MG1655 and the gene futC from H. pylori
were integrated into the B. subtilis 168 genome, resulting
in strain HS, which achieved a 2'-FL titer of 112.1 mg/L
(Figure 6G). Then, we used the TsCRISPRa system to acti-
vate the expression of the first gene in the 2’-FL synthesis
pathway, manB. The promoter of the manB gene in
strain BS12 was replaced with Switch102, Switch126, and

respectively. Next, the expression cassettes P;-crRNA102,
P;e;-ctRNA126 and P,.;.crRNA130 were integrated into the
genomes of strains HS102, HS126 and HS130, yielding
strains HSC102, HSC126 and HSC130. Subsequently, plas-
mid pHTO01-P43-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 6G). 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 6G). The cell growth of
HST102, HST126 and HST130 were similar to strain HS
(Supplementary Figure S12A). 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 6H). Moreover, the
growth and glucose utilization of strain HST130-1 were also
inhibited due to the highest inhibition efficiency of crRNAggs;
(Supplementary Figure S12B 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 61, 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
pfRA gene, the titer of 2’-FL was further increased to 3.5 g/L
(Figure 6]). 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
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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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hold switch in the mRNA 5’-UTR to enhance mRNA-crRNA
interactions. In this system, expressing the Trigger crRNA
alone slightly activated mRNA translation, and the additional
expression of dhfCas13X significantly enhanced activation
by 21.2-fold. Further fusing dhfCas13X with Hfq greatly in-
creased CRISPRa activation, demonstrating the importance of
enhancing mMRNA-crRNA-dhfCas13X interactions for RNA-
targeted CRISPRa systems. We also validated that target-
ing the RBS with dhfCas13X-Bhfq could initiate CRISPRi
functionality. This result shows that dhfCas13X-Bhfq can be
used to construct both CRISPRa and CRISPRIi systems, mak-
ing it a convenient tool for dual-functional regulation in mi-
crobial cell factories. Using riboflavin and 2’-FL as exam-
ples, we demonstrated that dhfCas13X-Bhfq could be used
for dual-functional metabolic network regulation. Addition-
ally, most CRISPRa systems have weak activation effects on
strong promoters, leading to lower maximum gene expres-
sion than strong promoter (13,14). The Switch130-Trigger—
CRISPRa system constructed here, however, achieved higher
expression levels than strong promoters, evidenced by in-
creased fluorescence intensity and 2'-FL production. In this
study, we achieved an activation fold of 43.2 by systemati-
cally optimizing the TsCRISPR system. During the construc-
tion of the TSCRISPR system, we observed that when the leak-
age expression of the Switch was low, the activation fold of
the TsCRISPR system tended to be high, though the over-
all promoter activity was typically low. In contrast, when the
leakage expression of the Switch was at a moderate level, its
activity after regulation by crRNA and dhfCas13X was sig-
nificantly higher. These findings suggest that when designing
Switch-Pairs using computational tools (NUPACK and RBS
caculator), different parameter settings can be employed to
meet specific application scenarios. Screening more Switch—
Trigger pairs may yield even higher expression CRISPRa
systems.

Finally, we highlight the limitations of the CRISPRa and
CRISPRI systems constructed here. First, targeting RNA re-
quires the expression of more crRNA and dhfCas13X, poten-
tially consuming more cellular resources. Second, while some
proteins can assist dhfCas13X in processing pre-crRNA in
mammalian cells, dhfCas13X seems unable to process pre-
crRNA in B. subtilis, likely due to the absence or low ex-
pression of these assisted proteins in B. subtilis. This limi-
tation means that targeting multiple sites simultaneously re-
quires the independent expression of mature crRNA rather
than the simpler crRNA array. Understanding the pre-crRNA
processing mechanism of dhfCas13X in the future could sim-
plify this process. Third, the TsCRISPRa system constructed
here requires prior genome editing to insert switches upstream
of the target genes, thus hindering direct regulation of native
genes. Currently, constructing an efficient CRISPRa system to
directly regulate native gene expression in bacteria remains a
challenge, as the mechanisms of gene expression regulation
in bacteria are not fully understood. The regulatory efficacy
of such CRISPRa systems is influenced by multiple factors, in-
cluding the targeting site of the crRNA. Even a single base pair
variation in the crRNA targeting site can significantly impact
the activation efficiency of the system. As a result, when tar-
geting different native genes, it is crucial to screen for suitable
crRNA targeting sites. Furthermore, these systems cannot pre-
vent the leakage expression of genes prior to the initiation of
regulation.

13

Data availability

The data underlying this article are available in the article and
in its online supplementary material.

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements
We thank Dr Wenwen Yu for helpful discussion.

Funding
National Natural Science Foundation of China [32200050,
32070085, 32021005]; Natural Science Foundation

of Jiangsu Province [BK20221079]; Fundamental Re-
search Funds for the Central Universities [JUSRP52019A,
JUSRP121010, JUSRP221013]; National Key Research and
Development Program of China [2020YFA0908300]; Jiangsu
Basic Research Center for Synthetic Biology [BK20233003].
Funding for open access charge: National Natural Science
Foundation of China [32200050].

Conflict of interest statement

None declared.

References

1. Bernard,A., Rossignol,T. and Park,Y.K. (2024) Biotechnological
approaches for producing natural pigments in yeasts. Trends
Biotechnol., 42, 1644-1662 .

2. Liu,J., Wang,X., Dai,G., Zhang,Y. and Bian,X. (2022) Microbial
chassis engineering drives heterologous production of complex
secondary metabolites. Biotechnol. Adv., 59, 107966.

3. Xu,X., Lin,Y., Du,G., Ledesma-Amaro,R. and Liu,L. (2020)
Microbial chassis development for natural product biosynthesis.
Trends Biotechnol., 38, 779-796.

4. Wu,Y, Li,Y,, Jin,K., Zhang,L., LiJ., Liu,Y., Du,G., Lv,X., Chen,].,
Ledesma-Amaro,R., et al. (2023) CRISPR-dCas12a-mediated
genetic circuit cascades for multiplexed pathway optimization.
Nat. Chem. Biol., 19, 367-377.

5. Stone,A., Youssef,A., Rijal,S., Zhang,R. and Tian,X.]J. (2024)
Context-dependent redesign of robust synthetic gene circuits.
Trends Biotechnol., 42, 895-909.

6. Liu,D., Sica,M.S., Mao,].W., Chao,L.F. and Siewers,V. (2022) A
p-coumaroyl-CoA biosensor for dynamic regulation of naringenin
biosynthesis in Saccharomyces cerevisiae. ACS Synth. Biol., 11,
3228-3238.

7. Zhang,Y.F, Cortez,].D., Hammer,S.K., Carrasco-Lopez,C.,
Echauri,S.A.G., Wiggins,].B., Wang,W. and Avalos,].L. (2022)
Biosensor for branched-chain amino acid metabolism in yeast and
applications in isobutanol and isopentanol production. Nat.
Commun., 13, 270.

8. Zhao,E.M., Zhang,Y., Mehl,]., Park,H., Lalwani,M.A.,
Toettcher,].E. and Avalos,].L. (2018) Optogenetic regulation of
engineered cellular metabolism for microbial chemical production.
Nature, 555, 683-687.

9. Meyer,A.]., Segall-Shapiro,T.H., Glassey,E., Zhang,]. and
Voigt,C.A. (2019) Escherichia coli “Marionette” strains with 12
highly optimized small-molecule sensors. Nat. Chem. Biol., 15,
196-204.


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

14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Xu,X., Lv,X., Bi,X., Chen,]. and Liu,L. (2024) Genetic circuits for
metabolic flux optimization. Trends Microbiol., 32, 791-806.
Kim,G., Kim,H.]J., Kim,K., Kim,H.]J., Yang,]. and Seo,S.W. (2024)
Tunable translation-level CRISPR interference by dCas13 and
engineered gRNA in bacteria. Nat. Commun., 15, 5319.
Tak,Y.E., Kleinstiver,B.P., Nunez,].K., Hsu,].Y., Horng,J.E.,
Gong,J., Weissman,].S. and Joung,J.K. (2017) Inducible and
multiplex gene regulation using CRISPR-Cpf1-based transcription
factors. Nat. Methods., 14, 1163-1166.

Lu,Z., Yang,S., Yuan,X., Shi,Y., Ouyang,L., Jiang,S., Yi,L. and
Zhang,G. (2019) CRISPR-assisted multi-dimensional regulation
for fine-tuning gene expression in Bacillus subtilis. Nucleic Acids
Res., 47, e40.

Fontana,J., Dong,C., Kiattisewee,C., Chavali,V.P., Tickman,B.L.,
Carothers,].M. and Zalatan,].G. (2020) Effective
CRISPRa-mediated control of gene expression in bacteria must
overcome strict target site requirements. Nat. Commun., 11, 1618.
Villegas Kcam,M.C., Tsong,A.J. and Chappell,]. (2021) Rational
engineering of a modular bacterial CRISPR-Cas activation
platform with expanded target range. Nucleic Acids Res., 49,
4793-4802.

Abudayyeh,0.0., Gootenberg,].S., Essletzbichler,P., Han,S.,
Joung,]., Belanto,].]., Verdine,V., Cox,D.B.T., Kellner,M.].,
Regev,A., et al. (2017) RNA targeting with CRISPR-Cas13.
Nature, 550, 280-284.

Liu,L. and Pei,D.S. (2022) Insights gained from RNA editing
targeted by the CRISPR-Cas13 family. Int. J. Mol. Sci., 23, 11400.
Abudayyeh,0.0., Gootenberg,].S., Konermann,S., Joung,]J.,
Slaymaker,I.M., Cox,D.B., Shmakov,S., Makarova,K.S.,
Semenova,E., Minakhin,L., et al. (2016) C2c2 is a
single-component programmable RNA-guided RNA-targeting
CRISPR effector. Science, 353, aaf5573.

Charles,E.]J., Kim,S.E., Knott,G.]., Smock,D., Doudna,]. and
Savage,D.F. (2021) Engineering improved Cas13 effectors for
targeted post-transcriptional regulation of gene expression.
bioRxiv doi: https://doi.org/10.1101/2021.05.26.445687, 26 May
2021, preprint: not peer reviewed.

Zhang,K., Zhang,Z., Kang,]., Chen,J., Liu,J., Gao,N., Fan,L.,
Zheng,P., Wang,Y. and Sun,J. (2020) CRISPR /Cas13d-mediated
microbial RNA knockdown. Front. Bioeng. Biotech., 8, 856.
Cardiff,R.A.L., Faulkner,I.D., Beall,].G., Carothers,].M. and
Zalatan,].G. (2024) CRISPR-Cas tools for simultaneous
transcription & translation control in bacteria. Nucleic Acids Res.,
52,5406-5419.

Otoupal,P.B., Cress,B.F, Doudna,].A. and Schoeniger,].S. (2022)
CRISPR-RNAa: targeted activation of translation using dCas13
fusions to translation initiation factors. Nucleic Acids Res., 50,
8986-8998.

Liw,Y., Liu,L., Li,J., Du,G. and Chen,]J. (2019) Synthetic biology
toolbox and chassis development in Bacillus subtilis. Trends
Biotechnol., 37, 548-562.

Park,S.A., Bhatia,S.K., Park,H.A., Kim,S.Y., Sudheer,P., Yang,Y.H.
and Choi,K.Y. (2021) Bacillus subtilis as a robust host for
biochemical production utilizing biomass. Crit. Rev. Biotechnol.,
41, 827-848.

Wu,Y,, Liw,Y., Lv,X., Li,J., Du,G. and Liu,L. (2020) CAMERS-B:
cRISPR/Cpf1 assisted multiple-genes editing and regulation
system for Bacillus subtilis. Biotechnol. Bioeng., 117, 1817-1825.
Tong,H., Huang,]J., Xiao,Q., He,B., Dong,X., Liu,Y., Yang,X.,
Han,D., Wang,Z., Wang,X., et al. (2022) High-fidelity Cas13
variants for targeted RNA degradation with minimal collateral
effects. Nat. Biotechnol.,41,108-119.

Zadeh,].N., Steenberg,C.D., Bois,].S., Wolfe,B.R., Pierce, M.B.,
Khan,A.R., Dirks,R.M. and Pierce,N.A. (2011) NUPACK: analysis
and design of nucleic acid systems. J. Comput. Chem., 32,
170-173.

Salis,H.M. (2011) The ribosome binding site calculator. Methods
Enzymol., 498, 19-42.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

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

Zhang,X.Z., Cui,Z.L., Hong,Q. and Li,S.P. (2005) High-level
expression and secretion of methyl parathion hydrolase in Bacillus
subtilis WB800. Appl. Environ. Microbiol., 71,4101-4103.
You,]., Yang,C., Pan,X., Hu,M., Du,Y., Osire,T., Yang,T. and
Rao,Z. (2021) Metabolic engineering of Bacillus subtilis for
enhancing riboflavin production by alleviating dissolved oxygen
limitation. Bioresour. Technol., 333, 125228.

Xu,C., Zhow,Y., Xia0,Q., He,B., Geng,G., Wang,Z., Cao,B.,
Dong,X., Bai,W., Wang,Y., et al. (2021) Programmable RNA
editing with compact CRISPR-Cas13 systems from uncultivated
microbes. Nat. Methods., 18, 499-506.

Liu,]., Liu,M., Shi,T,, Sun,G., Gao,N., Zhao,X., Guo,X., Ni,X.,
Yuan,Q., Feng,J., et al. (2022) CRISPR-assisted rational
flux-tuning and arrayed CRISPRi screening of an L-proline
exporter for L-proline hyperproduction. Nat. Commun., 13, 891.
Nakagawa,R., Kannan,S., Altae-Tran,H., Takeda,S.N., Tomita,A.,
Hirano,H., Kusakizako,T., Nishizawa,T., Yamashita,K., Zhang,F,,
et al. (2022) Structure and engineering of the minimal type VI
CRISPR-Cas13bt3. Mol. Cell, 82, 3178-3192.

Ul Haq,l., Muller,P. and Brantl,S. (2020) Intermolecular
communication in Bacillus subtilis: RNA-RNA, RNA-protein and
small protein-protein interactions. Front Mol. Biosci., 7, 178.
Zhang,Q., Ma,D., Wu,E, Standage-Beier,K., Chen,X., Wu,K.,
Green,A.A. and Wang,X. (2021) Predictable control of RNA
lifetime using engineered degradation-tuning RNAs. Naz. Chem.
Biol., 17, 828-836.

Green,A.A., Silver,P.A., Collins,].J. and Yin,P. (2014) Toehold
switches: de-novo-designed regulators of gene expression. Cell,
159, 925-939.

Averianova,L.A., Balabanova,L.A., Son,0.M., Podvolotskaya,A.B.
and Tekutyeva,L.A. (2020) Production of vitamin B2 (Riboflavin)
by microorganisms: an overview. Front Bioeng. Biotechnol., 8,
570828.

Pedrolli,D.B., Kuhm,C., Sevin,D.C., Vockenhuber,M.P., Sauer,U.,
Suess,B. and Mack,M. (2015) A dual control mechanism
synchronizes riboflavin and sulphur metabolism in Bacillus
subtilis. Proc. Natl Acad. Sci. U.S.A., 112, 14054-14059.

Deng,]., Lv,X., Li,J., Du,G., Chen,J. and Liu,L. (2021) Recent
advances and challenges in microbial production of human milk
oligosaccharides. Syst. Microbiol. Biomanuf., 1, 1-14.

Zhang,Q., Liu,Z., Xia,H., Huang,Z., Zhu,Y., Xu,L., Liu,Y., Li,J.,
Du,G., Lv,X,, et al. (2022) Engineered Bacillus subtilis for the de
novo production of 2’-fucosyllactose. Microb. Cell Fact., 21, 110.
Wu,Y,, Li,Y,, Liu,Y,, Xiu,X., Liu,J., Zhang,L., Li,J., Du,G., Lv,X.,
Chen,]J., et al. (2024) Multiplexed in-situ mutagenesis driven by a
dCas12a-based dual-function base editor. Nucleic Acids Res., 52,
4739-4758.

Zhang,L., Li,Y., Xiao,E, Zhang,Y., Zhang,L., Ding,Z., Gu,Z., Xu,S.
and Shi,G. (2024) Transcriptional modulation of the global
regulator CodY using a conditional CRISPRi system in Bacillus
licheniformis. Syst. Microbiol. Biomanuf., 4, 953-964.

Yang,H., Hou,Y., Xu,]. and Zhang,W. (2024) Metabolic
engineering of Escherichia coli for the efficient production of
I-threonine. Syst. Microbiol. Biomanuf., 4, 810-819.

Mateus,A., Shah,M., Hevler,J., Kurzawa,N., Bobonis,]., Typas,A.
and Savitski,M.M. (2021) Transcriptional and post-transcriptional
polar effects in bacterial gene deletion libraries. Msystems, 6,
e0081321.

Liw,Y., Jing,P., Zhou,Y., Zhang,]., Shi,J., Zhang,M., Yang,H. and
Fei,]. (2023) The effects of length and sequence of gRNA on
Cas13b and Cas13d activity in vitro and in vivo. Biotechnol. ]., 18,
€2300002.

Montagud-Martinez,R., Marquez-Costa,R. and Rodrigo,G. (2023)
Programmable regulation of translation by harnessing the
CRISPR-Cas13 system. Chem. Commun. (Camb), 59,2616-2619.
Koonin,E.V. (2009) Evolution of genome architecture. Int. J.
Biochem. Cell Biol., 41, 298-306.


https://doi.org/10.1101/2021.05.26.445687

Nucleic Acids Research, 2025, Vol. 53, No. 1 15

48. Rauch,S., He,E., Srienc,M., Zhou,H., Zhang,Z. and Dickinson,B.C. (2015) Engineering complex synthetic transcriptional programs
(2019) Programmable RNA-guided RNA effector proteins built with CRISPR RNA scaffolds. Cell, 160, 339-350.
from human parts. Cell, 178, 122-134. 51. Chavez,A., Tuttle,M., Pruitt,B.W., Ewen-Campen,B., Chari,R.,
49. O’Connell,M.R., Oakes,B.L., Sternberg,S.H., East-Seletsky,A., Ter-Ovanesyan,D., Haque,S.]J., Cecchi,R.]., Kowal,E.J.K.,
Kaplan,M. and Doudna,].A. (2014) Programmable RNA Buchthal,]., et al. (2016) Comparison of Cas9 activators in
recognition and cleavage by CRISPR/Cas9. Nature, 516, 263-266. multiple species. Nat. Methods, 13, 563-567.

50. Zalatan,].G., Lee,M.E., Almeida,R., Gilbert,L.A., Whitehead,E.H.,
La Russa,M., Tsai,].C., Weissman,].S., Dueber,].E., Qi,L.S., et al.

Received: September 11, 2024. Revised: December 13, 2024. Editorial Decision: December 16, 2024. Accepted: December 20, 2024

© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.



	Graphical abstract
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

