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A B S T R A C T   

The Gram-positive, spore-forming, obligate anaerobic firmicute species that make up the Clostridium genus have 
broad feedstock consumption capabilities and produce value-added metabolic products, but genetic manipula
tion is difficult, limiting their broad appeal. CRISPR-Cas systems have recently been applied to Clostridium 
species, primarily using Cas9 as a counterselection marker in conjunction with plasmid-based homologous 
recombination. CRISPR interference is a method that reduces gene expression of specific genes via precision 
targeting of a nuclease deficient Cas effector protein. Here, we develop a dCas12a-based CRISPR interference 
system for transcriptional gene repression in multiple mesophilic Clostridium species. We show the Francisella 
novicida Cas12a-based system has a broader applicability due to the low GC content in Clostridium species 
compared to CRISPR Cas systems derived from other bacteria. We demonstrate >99% reduction in transcript 
levels of targeted genes in Clostridium acetobutylicum and >75% reduction in Clostridium pasteurianum. We also 
demonstrate multiplexed repression via use of a single synthetic CRISPR array, achieving 99% reduction in 
targeted gene expression and elucidating a unique metabolic profile for their reduced expression. Overall, this 
work builds a foundation for high throughput genetic screens without genetic editing, a key limitation in current 
screening methods used in the Clostridium community.   

1. Introduction 

The Clostridium genus consists of a group of Gram-positive, obligate 
anaerobic firmicutes. Among this group are multiple industrially rele
vant strains known for their potential as therapeutics and their ability to 
degrade cellulosic biomass, fix carbon, and to produce biofuels and 
other platform chemicals [1,2]. With low unmodified Clostridium strain 
product yields and titers [3], strain improvement represents an attrac
tive path toward production of value added biofuels and chemicals. 
While genetic manipulations have produced desirable phenotypes in 
Clostridium species including improved butanol production [4–6], the 
established methods of genetic editing are time-consuming, labor-i
ntensive and require translatable knowledge of biochemical pathways 
and regulatory mechanisms. Multiple genes, as well as the function of 
their respective proteins, remain uncharacterized across Clostridium 
species [7–9]. A better understanding of Clostridium physiology is 
necessary for better combatting Clostridial infections, the development 
of higher-producing strains, and the general utility of Clostridium in in
dustry. Improvements, such as a more detailed characterization of 

pathogenesis, regulation of sugar metabolism, and of the sporulation 
cascade and its downstream regulon [10] would prove useful toward 
these goals. 

The development of tools for rapid and systemic manipulation of 
gene expression in Clostridium are valuable for the isolation of desirable 
phenotypes and understanding genotype-phenotype relationships [11, 
12]. Long-established methods to study gene function rely heavily on 
plasmid-based homologous recombination for gene knockouts and sta
ble gene overexpression [13,14], and transposon-based gene disruption 
methods [15], allowing single-edit events only after multiple rounds of 
cloning. Gene knockdowns can be implemented using antisense RNAs 
(asRNAs), but asRNAs have been shown to be promiscuous even though 
large constructs (>100 bases) are required for gene repression [16–18]. 

CRISPR-based systems have been established as powerful tools for 
genetic manipulation in various organisms including non-model bacte
ria such as Clostridium [11]. Among them, the commonly used CRISPR 
Class 2 type II SpyCas9 protein recognizes a simple protospacer adjacent 
motif (PAM) sequence (5′-NGG-3′), and when bound to a guide RNA is 
the sole protein required for targeted endonuclease activity [19]. Unlike 
SpyCas9, the Class 2 Type V Cas12a CRISPR effector proteins recognize 
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T-rich PAM sites and can process multiple crRNAs from a single pre
cursor CRISPR RNA (pre crRNA) transcript [20,21]. FnCas12a, derived 
from Francisella novicida, recognizes the PAM site 5′-TTN-3′, the shortest 
and simplest of known Cas12a proteins, although several studies have 
demonstrated system-specific improvement of FnCas12a efficiency with 
more stringent PAM sites such as ‘YTV’ [22,23], ‘KYTV’ [24], and 
‘TTTV’ [25–27]. Clostridium genomes are highly AT-rich, having only 
approximately 30% GC content and CRISPR-Cas12a systems derived 
from various bacteria have been used to facilitate gene deletion in 
several Clostridium species including Clostridium beijerinckii and 
C. ljungdahlii [28]. 

Catalytically dead Cas effectors, such as dCas9 and dCas12a have no 
endonuclease activity and repress gene expression by binding to a target 
region defined by a gRNA, thereby sterically hindering the activity of 
RNA polymerase [29]. dCas12a, and other effector proteins capable of 
processing their own CRISPR array, additionally allow the concurrent 
targeted repression of multiple genes through the expression of a single 
synthetic array. The use of catalytically dead Cas effectors for gene 
repression allows rapid elucidation of genotype-to-phenotype relation
ships while circumventing the challenges associated with gene knock
outs, which are labor intensive and are limited to the study of 
non-essential genes. Both dCas9 and dCas12a have been used for gene 
repression in Clostridium species. However, the use of dCas12a has been 
limited to C. ljungdahlii and its ability to easily and simultaneously target 
multiple genes remains untapped [30]. 

Here, we expand the use of dCas12a for transcriptional gene 
repression in two additional species: Clostridium acetobutylicum (Cac) 
and C. pasteurianum (Cpa). We show that based on PAM site availability, 
dFnCas12a is the most suited CRISPR effector for modulating gene 
expression in Clostridium species. We utilize the dFnCas12a protein to 
demonstrate single- and multiplexed repression through the analysis of 
mRNA expression and further demonstrate the ability of our CRISPR- 
dFnCas12a system to redirect metabolic flux through the analysis of 
metabolites. CRISPR-based tools are a valuable addition to the Clos
tridium genetic engineering toolkits. The use of dFnCas12a for gene 
repression improves the genome coverage available for genetic manip
ulation and creates a foundation for high throughput genetic screens, 
which would prove to be a significant improvement over current 
screening methods currently used in the Clostridium community. 

2. Materials and methods 

2.1. Analysis of PAM sites in Clostridium genomes 

Protospacer Adjacent Motif (PAM) site analysis was performed using 
a custom python script designed to interrogate imported genomes to 
determine the number of and distance between sequential occurrences 
of the consensus PAM sequence for respective CRISPR associated 
effector proteins. Briefly, FASTA genome sequences obtained from NCBI 
were sequentially scanned for PAM sequences and their reverse com
plements (for valid PAM sites on the opposite strand). Once a PAM site 
was identified, the number of bases from the end of one to the beginning 
of the next is reported as the distance between PAM sites. Overlapping 

PAM sites return a value of 0 bp distance. Data was outputted as the 
number of PAM sites as a function of distance between PAM sites. The 
availability of nine PAM sequences, recognized by various Cas9 and 
Cas12a proteins was screened: TTN (Francisella novicida), TTTV (Acid
aminococcus sp., Lachnospiraceae bacterium) [20], TYCV (AsCas12a, 
LbCas12a RR variant) [31], TATV (AsCas12a RVR variant) [31], NGG 
(Streptococcus pyogenes) [19], NNGRRN (Staphylococcus aureus) [32], 
NNNNGATT (Neisseria meningitidis) [33], NNAGAAW (Streptococcus 
thermophilus) [34], NAAAAC (Treponema denticola) [35]. 

2.2. Strains, media, and reagents 

Strains, plasmids and oligonucleotides used in this study are listed in 
the supplementary material in Tables S1–S4 respectively. Clostridium 
pasteurianum ATCC 6013 (Cpa) and Clostridium acetobutylicum ATCC 824 
(Cac) were grown at 37 ◦C under anaerobic conditions (Coy Labs type B 
vinyl anaerobic chamber with artificial atmosphere containing 7% H2, 
5% CO2, 88% N2 and O2 levels not exceeding 25 ppm during culturing) 
in 2xYTG medium (per liter: tryptone, 16 g; yeast extract, 10 g; sodium 
chloride, 4 g; glucose, 5 g; titrated to pH 6.5), Clostridium Growth 
Medium (per liter: KH2PO4, 0.75 g; K2HPO4, 0.75 g; MgSO4 [anhy
drous], 0.348 g; MnSO4⋅H2O, 0.01 g; FeSO4⋅7H2O, 0.01 g; NaCl, 1.0 g; 
asparagine, 2.0 g; yeast extract, 5.0 g; sodium acetate, 2.46 g; 
(NH4)2SO4, 2.0 g; and para-aminobenzoic acid [PABA], 0.04 g; titrated 
to pH 6.8) and on solid 2xYTG agar plates supplemented with thiam
phenicol (15 μg/mL) where appropriate. Cac and Cpa strains were stored 
at − 80 ◦C in 2xYTG supplemented with 15% glycerol and were revived 
by plating onto 2xYTG agar plates. Gene repression assays were per
formed in fresh CGM, 2xYTG or P2Y (per liter: ammonium chloride, 1.6 
g; sodium Acetate, 2.46 g; potassium phosphate monobasic, 0.5 g; po
tassium phosphate dibasic, 0.5 g; magnesium sulfate heptahydrate, 2 g; 
manganese sulfate monohydrate, 0.1 g; sodium chloride, 0.1 g; iron 
sulfate heptahydrate 0.1 g; p-aminobenzoic acid, 0.1 g; thiamine, 0.1 g; 
biotin, 0.01 g; 1 g/L yeast extract; 60 g/L glycerol or 30 g/L glucose as 
appropriate). 

Escherichia coli 10β strains were grown aerobically at 37 ◦C in liquid 
Lysogeny Broth (LB) or on solid LB agar plates supplemented with the 
appropriate antibiotic (35 μg/mL chloramphenicol, 25 μg/mL kana
mycin). E. coli strains were stored at − 80 ◦C in LB medium supplemented 
with glycerol to a final concentration of 20%. 

Plasmid extractions and DNA purifications were performed using 
Qiaprep Spin Miniprep and QIAquick PCR Purification kits respectively 
(Qiagen). Enzymes used in the construction of plasmids including DNA 
amplification (Q5 High-Fidelity DNA polymerase), restriction digest 
enzymes and Instant Sicky End Ligase was obtained from New England 
Biolabs. Oligonucleotides were synthesized by Integrated DNA 
Technologies. 

2.3. Construction of plasmids 

The bgaL promoter and the bgaR gene encoding the regulator, 
dFnCas12a gene and FnCas12a scaffold were cloned into the 
pMTL85141 [36] shuttle vector to produce pJRJ001. dFnCas12a was 
codon optimized for expression in Clostridium (IDT codon optimization 
tool) and chemically synthesized as gene fragments (Twist Bioscience). 
The bgaL promoter and bgaR gene were amplified from the pKOD_mazF 
plasmid [13] using primers 138 and 139 and the FnCas12a scaffold, 
directly followed by a lacZα gene, was synthesized as fragments 
(gBlocks, IDT) and PCR amplified using primers 144 and 171. Fragments 
were inserted into pMTL85141 via restriction cloning (NotI, SalI, AscI). 

Target sequences (Table S4) were inserted to pJRJ001 via golden 
gate cloning [37]. Briefly, target sequences were inserted immediately 
downstream of FnCas12a scaffold sequence by annealing a comple
mentary pair of ssDNA oligos with appropriate overhangs and ligating 
with the dFnCas12a vector digested with BsaI. 

Abbreviations 

Cac Clostridium acetobutylicum 
Cpa Clostridium pasteurianum 
CGM Clostridium Growth Medium 
CRISPR clustered regularly interspaced short palindromic 

repeats 
PAM protospacer adjacent motif 
RBS ribosomal binding site  
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2.4. Plasmid transfer into Clostridium spp. 

Electrocompetent C. acetobutylicum cells were prepared and trans
formed as described by Mermelstein et al. [38] with few changes. In 
short, an overnight culture of OD600 0.4–0.8 was diluted in 100 mL fresh 
2xYTG media to a starting OD600 of 0.05. The culture was grown at 37 ◦C 
and harvested at late exponential phase (OD600 = 0.6–0.8) by first 
centrifuging the cells for 10 min at 6000×g and 4 ◦C, washing the pellet 
with electroporation buffer (272 mM sucrose, 5 mM NaH2PO4) then 
resuspending in 4 mL of the same buffer. 

Before transformation into C. acetobutylicum, plasmids were trans
formed into electrocompetent E. coli harboring the pAN3 vector 
encoding the Bacillus subtilis phage Φ3T I methyltransferase for in vivo 
methylation [13,39]. Plasmids were isolated using QIAprep spin mini
prep kit (Qiagen). Electrocompetent C. acetobutylicum cells were trans
formed by adding 0.5–2 μg of methylated DNA to 0.7 mL of 
electrocompetent cells in a 4 mm cuvette and electroporating with set
tings 2 kV, infinite resistance and 25 μF capacitance. The electroporated 
cells were immediately recovered in 10 mL of 2xYTG pre-warmed to 
37 ◦C and incubated for 4 h at 37 before plating on warm RCM solid 
media supplemented with thiamphenicol. 

Electrocompetent C. pasteurianum cells were prepared and trans
formed according to Pyne et al. [40]. As with Cac, an overnight Cpa 
culture was diluted in fresh 2xYTG to a starting OD600 of 0.05 and grown 
to an OD600 between 0.3 and 0.4 at which point sucrose and glycine 
were added to a final concentration 0.4 M and 0.2 M respectively. The 
culture was harvested at late exponential phase (OD600 = 0.6–0.8) by 
first centrifuging for 10 min at 4000×g and 4 ◦C, washing the pellet with 
SMP buffer (270 mM sucrose, 1 mM MgCl2, 5 mM NaH2PO4) then 
resuspending the cells in 3 mL of the same buffer. 

For in vivo plasmid methylation, plasmids were transformed into 
E. coli cells harboring pCpaDcm2.0 [41]. Overnight cultures were sup
plemented with 1 mM rhamnose and methylated plasmids were isolated 
using QIAprep spin miniprep kit. Cells were transformed by adding 20 
μL of methylated DNA to a total 0.5–2 μg and 30 μL of 100% ethanol to 
680 μL of electrocompetent cells in a 4 mm cuvette and electroporating 
with settings 1.8 kV, infinite resistance and 25 μF capacitance. The 
electroporated cells were immediately recovered in 10 mL of 
pre-warmed recovery media (2xYPG with 0.2 M Sucrose) and incubated 
for 16 h at 37 ◦C before plating on warm RCM solid media supplemented 
with thiamphenicol. 

2.5. Gene repression assays 

Gene repression assays were performed by inoculating overnight 
cultures (OD = 0.4–0.8) into fresh media supplemented with lactose to a 
final concentration of 10 mM to induce dFnCas12a expression. Samples 
for turbidity, metabolite analysis, and mRNA analysis were taken 
simultaneously. Cell density was measured by absorbance at 600 nm 
using a spectrophotometer (Biowave CO8000). Metabolites were 
analyzed via liquid chromatography. Refractive index analysis of su
pernatant from culture samples was performed for acetate, butyrate, 
butanol, ethanol, lactose, 1,3-propanediol, glucose and glycerol on a 
Waters Acquity UPLC chromatography system (with Waters Empower 3 
Software) using an ion exclusion column (80 ◦C with 0.4 mL/min 5 mM 
sulfuric acid mobile phase). All samples passed through a 0.22 μm filter 
(VWR) after centrifugation for 1 min at 17,000×g to remove live cells. 

2.6. RNA isolation and analysis of mRNA expression 

mRNA levels were analyzed via RT-qPCR using iTaq Universal SYBR 
Green Supermix (Bio-Rad) in 10 μL reactions using 2 μL of cDNA as 
template following the manufacturer’s directions and using the MIQE 
guidelines [42] as a guide. Reactions were run on a CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad). Samples were run in tech
nical duplicate to account for data variability. To ensure that changes 

observed were due to CRISPRi activity we ran suitable controls 
including a minus reverse transcription control, minus template control 
and minus amplification (no iTaq) control. Primers for RT-qPCR are 
listed in Table S2. Amplicons were between 90 and 150 bases and 
located within the coding region of the gene. The fabZ and recA genes 
were used as references for Cac and fabz was used for Cpa RNA analysis 
based on previous studies. 

RNA was isolated as described by Jones et al. [43]. Briefly, samples 
were collected and cell pellets were stored at − 80 ◦C for up to one 
month. Cells were washed in 1 ml SET buffer (25% sucrose, 50 mM 
EDTA [pH 8.0], and 50 mM Tris-HCl [pH 8.0]) prior to RNA isolation 
then resuspended in 220 μL SET buffer with 20 mg/mL lysozyme and 
4.55 U/mL proteinase K (VWR) and incubated at room temperature for 
6 min. Following incubation, 40–50 mg of acid-washed glass beads 
(≤106 μm; Sigma) were added to the solution, and the mixture was 
continuously vortexed for 4 min at room temperature. 1 mL of ice cold 
TRIzol (Invitrogen) was added and 500 μL of sample was diluted with an 
equal volume of ice cold TRIzol. Following dilution, 200 μL of ice-cold 
chloroform was added to each sample, mixed vigorously for 15 s, and 
incubated at room temperature for 3 min. Samples were then centri
fuged at 17,000×g for 15 min at 4 ◦C. The upper phase was saved and 
diluted by adding 500 μL of 70% ethanol. Samples were immediately 
applied to the RNeasy Mini Kit (Qiagen). To minimize genomic DNA 
contamination, samples were incubated with the wash buffer at room 
temperature for 4 min and treated with DNase (Qiagen) as per manu
facturer’s instructions. 

The RNA was resuspended in RNase-free water and quantitated in a 
spectrophotometer (DeNovix DS-11). Only samples with a 260/280 
ration above 1.8 was used for analysis. cDNA was synthesized, in tech
nical duplicates, using an iScript cDNA synthesis kit (Bio-Rad) and 500 
ng of RNA as a template. 

2.7. Statistical analysis 

Statistical tests were performed using Excel and Graphpad Prism. 
Results were deemed statistically significant for comparisons with P- 
value <0.05. Statistical significance is indicated in each figure where 
applicable. Figures were created using Graphpad prism and Biorender. 
com. 

3. Results 

3.1. FnCas12a allows maximum targeting coverage in Clostridium spp. 
based on PAM site availability 

To determine the most suitable CRISPR associated effector protein 
for use in Clostridium based on genome targeting coverage, we surveyed 
the genomes of several species including C. acetobutylicum, 
C. pastuerianum, C. biejerinckii, and C. ljungdahlii for PAM sequences of 
Cas9 and Cas12a proteins from various species. Among all PAM sites 
tested, TTN, recognized by FnCas12a, was most abundant in all genomes 
tested and was present with the least distance between successive PAM 
sites, on average 1 PAM occurrence every 2 base pairs. Additionally, 
compared to the NGG consensus recognized by the more commonly used 
SpyCas9, available TTN PAM sites within Clostridium genomes are 
typically located within 40 bases (99% of TTN PAM sites in Cac) of each 
other allowing uniform targeting coverage of the genome (Fig. 1, S1). On 
the other hand, unavailability of PAM sites within a 40-base pair range 
on the Cac genome increases to 16% and 33% respectively when TTTV 
and NGG PAM sequences are considered. 

The TTTV PAM motif, a more stringent site recognized by Cas12a 
proteins in general [20], has been reported to result in higher activity in 
FnCas12a than TTN [44]. To balance the need for precise dFnCas12a 
targeting and PAM site availability, we opted to use the functional TTV 
PAM site and when possible TTTV (Table S4). 

While the increased PAM site availability potentially increases the 
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chance of off-target effects with use of FnCas12a in Clostridium, the ef
fects of mismatches, additions, and deletions of bases in the target region 
of the crRNA with regards to Cas12a activity has been widely studied 
[44–46] and off-target effects can be minimized by carefully selecting 
target sequences. Additionally, off-target effects have a reduced impact 
in CRISPRi applications, as these interactions do not result in permanent 
alterations to the genome, as a dsDNA break would. 

3.2. dFnCas12a enables regulation of endogenous genes in Clostridium 
acetobutylicum 

We aimed to control the expression of genes in Clostridium species 
using dFnCas12a. To determine whether dFnCas12a could be used to 
repress gene expression in Cac, we first constructed plasmids containing 
the dFnCas12a gene and the FnCas12a scaffold along with a 20-base 
target sequence. dFnCas12a was placed under the control of a lactose- 
inducible promoter (bgaL in conjunction with the gene encoding the 
corresponding transcriptional regulator, bgaR) to avoid possible toxicity 
[47–49], and to minimize metabolic burden on the cells. However, we 
found that early induction of dFnCas12a had no significant effect on 
growth (Fig. S2), with successful repression resulting in decreased 
transcription of target genes and, in general, observation of expected 
phenotype. 

As a proof of concept, we chose to target the spo0A gene. Spo0A is a 
master regulator, playing a crucial role in initiating sporulation, as well 
as controlling the shift from acidogenesis to solventogenesis in Cac. Both 
overexpression and deletion of spo0A in Cac have been previously 
characterized, having resulted in increased and reduced solvent pro
duction respectively [50]. We therefore expected that CRISPR-based 
downregulation of spo0A would also result in the reduction of solvent 
production, an easily detectable phenotype. 

To begin, we designed four crRNA sequences within 100 nucleotides 
of the translational start site to target the spo0A gene. Spo0A expression 
is highly regulated and consensus sequences for identified sigA, sigK and 
sigH binding sites, as well as an 0A box have been identified upstream of 
the spo0A open reading frame [51]. CRISPRi activity has been shown to 
be particularly dependent on target region [30,52], and the effect of 
regulatory elements on binding activity of the Cas effector has not been 
extensively studied [53]. Therefore, two crRNAs, g39 and g64 targeted 
the region between the sigA/sigK and sigH consensus sequences, g40 
targeted the sigH region and g41 targeted the spo0A open reading frame 
(Fig. S3A, Table S4). Because the role of Spo0A in Cac metabolite pro
duction is well characterized, we first evaluated metabolic profile as a 
measure of successful gene repression then selected one of the cultures 
with the expected phenotype to assess transcriptional levels of spo0A, 
confirming that the observed phenotypical change was associated with 
the repression of the target gene. 

In our preliminary studies, we observed the expected phenotype for 
spo0A downregulation using targets 39 and 64, while the use of the g41 
resulted in no significant difference in metabolic profile when compared 
to a no plasmid control. Targeting dFnCas12a with g40 unexpectedly 

resulted in increased butanol and acetone levels compared to a no 
plasmid control (although not statistically significant). Additionally, a 
synthetic CRISPR array simultaneously expressing g39 and g64 (g65) 
resulted in metabolic profiles that were similar to that of the cultures 
where only a single crRNA was employed. Unexpectedly, expressing 
both g39 and g40 (g66) resulted in a metabolic profile similar to the no 
target control (Fig. S3B). We also observed a small but significant in
crease in ethanol with all crRNAs expressed compared to the no plasmid 
control (Fig. S3). Although unexpected, this difference in ethanol pro
duction was not observed in the time course experiment with a non- 
targeting crRNA as a control (Fig. 2G). Thus, this difference may be 
due to an unintended effect of plasmid burden. 

To confirm dFnCas12a activity, we cultured Cac cells harboring the 
pJRJ001-g39 over a 96-h period in order to determine both metabolic 
and transcriptional profiles following dFnCas12a induction. As a con
trol, we replaced the target region with a random non-targeting 20-base 
sequence subsequently referred to as the No Target control in this study. 
Using g39 to target the spo0A gene, we saw a reduction in butanol and 
acetone production to undetectable levels, while a 2.2-fold increase in 
butyrate production was observed (Fig. 2D) after 96-h growth compared 
to the No Target control, whose metabolic profile varied between bio
logical replicates, likely due to uncontrolled fermentation conditions. 
Analysis of mRNA extracted from samples 24 h after dFnCas12a induc
tion shows 92% reduction in spo0A transcription. Consistent with pre
vious studies, we also observed a marked decrease (>99%) of adc and 
the genes of the sol operon (ctfa, ctfb, adhE2), which encode the proteins 
necessary for butanol and acetone production (Fig. 2A). 

3.3. dFnCas12a modulates the expression of multiple genes using a single 
CRISPR array 

Next, we aimed to investigate the ability for dFnCas12a-based mul
tiplexed gene repression through the expression of a single CRISPR 
array. To test this, we simultaneously targeted a pair of decarboxylases, 
adc and pdc in Clostridium acetobutylicum. For each gene, we selected a 
single target downstream of the transcriptional start site but upstream of 
the open reading frame targeting the antisense strand (Fig. S4A). 

Acetoacetate decarboxylase (Adc) catalyzes the second step of 
acetone production from acetoacetyl-CoA. Accordingly, previous adc 
knockouts have resulted in the reduction of acetone production [54]. 
Targeting adc, using g74 (Table S4), we achieved 75% reduction in 
acetone production compared to the no target control. Consistent with 
previous studies, we also observed a 1.75-fold increase in acid produc
tion, 3-fold decrease in alcohol production, and reduced consumption of 
glucose (Fig. 3, S4C). 

Pyruvate decarboxylase (Pdc) is a well characterized protein in 
several species and catalyzes the decarboxylation of pyruvate to acet
aldehyde along the ethanol production pathway [55–58]. While a pdc 
knockout strain has not been characterized in Clostridium, previous 
studies in C. acetobutylicum have demonstrated high expression of pdc 
during the switch from acidogenesis to solventogenesis [59]. 

Fig. 1. Distribution of TTN, TTTV and NGG PAM sites in (A) Clostridium acetobutylicym and (B) Clostridium pasteurianum: Graph shows distribution of PAM 
consensus sequences within 500 bp of each other. PAM site data was obtained using a python script designed to scan genomes and determine the number of and 
distance between sequential occurrences of the consensus sequence for respective Cas proteins. 
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Additionally, the expression of heterologous pdc genes in 
C. acetobutylicum and C. thermocellum has resulted in increased ethanol 
production in both species, as well as increased acetone and butanol 
production in C. acetobutylicum [60,61]. In this study, no significant 
difference in metabolite production, was observed when pdc is targeted 
on its own via g73 (Fig. 3, Table S4). 

For multiplexed repression, we first constructed a single CRISPR 
array (g76) containing target sequences for both pdc and adc respec
tively via a single golden-gate assembly reaction. We observed over 99% 
reduction of both pdc and adc gene expression compared to a no target 

control in samples taken 24 h after dFnCas12a expression was induced 
(Fig. 3A). In contrast to the individual pdc and adc targets, simultaneous 
reduction of pdc and adc resulted in a unique phenotype, with cells 
showing no detectable acetone or butanol production after a 72-h 
fermentation (Fig. 3B). 

3.4. dFnCas12a enables regulation of endogenous genes in Clostridium 
pasteurianum 

Further, to demonstrate broad use of this system among mesophilic 

Fig. 2. Repression of spo0A using dFnCas12a in 
Clostridium acetobutylicum: (A) Transcriptional 
changes in spo0A, adc, adhE1, ctfA and ctfB following 
CRISPR-based repression of spo0A. Samples were 
obtained 24 h after induction of dFnCas12a with 10 
mM lactose for RT-qPCR analysis. dFnCas12a targets 
the antisense strand, upstream of transcriptional start 
site between the sigma A/sigma K binding sites (1) 
and sigma H binding site/0A box (2) using g39 as 
shown. Lines are indicative of mean relative expres
sion. (B) Growth, (C) pH and (D–G) metabolite pro
duction data over a 96-h fermentation following 
dFnCas12a induction at t = 0. All data are represen
tative of biological duplicates. pJRJ001-g58, 
harboring a non-complementary gRNA sequence, is 
used as the no target control. p value summary: *p < 
0.05, **p < 0.01.   
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Clostridium species, we aimed to modulate gene expression in Clostridium 
pasteurianum using our dFnCas12a-based repression system. We first 
targeted hydA for gene repression since hydA has been both deleted [62] 
and its expression downregulated via asRNA technology [18] in previ
ous studies. To test our system, we selected a single target, g58, directly 
upstream of the open reading frame on the antisense strand (Fig. 4, 
Table S4). 

The hydrogenase A protein is responsible for maintaining redox 
balance in cells through the production of hydrogen gas and regenera
tion of NAD+. Using our dFnCas12a-based system, we were able to 
achieve 77% reduction of the hydA mRNA transcript. However, no sig
nificant change in metabolic profile was observed when hydA was 
downregulated compared to a no target control (Fig. 4). 

We also targeted the dhaB and dhaT2 genes of the dha operon. dhaB is 
the first gene in the operon and one of the genes encoding the DhaBCE 
protein which catalyzes the production of 3-hydroxypropanal from 
glycerol, and dhaT encodes the 1,3-propanediol dehydrogenase protein 
which catalyzes the final step of PDO production. Because the dha 

operon is tightly regulated, and its regulatory elements have not been 
well annotated, we designed four crRNAs (g26, g27, g28, g29) targeting 
directly upstream the open reading frames of our target genes on each 
strand (Fig. 5A, Table S4). 

Because 1,3-PDO production is crucial to redox balance during 
glycerol fermentation in Cpa, we first induced dFnCas12a expression 4 h 
after inoculating overnight cultures into fresh media. We observed sta
tistically significant reduction in 1,3-propanediol production within 4 h 
of dFnCas12a induction only when the antisense strand was targeted 
(Fig. 5B). However, 1,3-PDO production varied widely among sample 
replicates. On average, we observed highest reduction in 1,3-PDO pro
duction in cultures where the cells harbored pJRJ001-g26 as and 
cultured these colonies for further characterization. 

To determine whether our system could be used to completely 
abolish 1,3-PDO production, we cultured cells harboring the pJRJ001- 
g26 plasmid over a 72-h period, inducing dFnCas12a expression 
immediately upon inoculating overnight cultures into fresh media. 
Surprisingly, we observed no significant difference in metabolite 

Fig. 3. Simultaneous repression of pdc and adc 
expression in Clostridium acetobutylicum using a 
single CRISPR array: (A) Map of synthetic CRISPR 
array (B) Transcriptional changes in adc and pdc 
following simultaneous repression of the two genes 
via a synthetic CRISPR array (g76). Samples were 
obtained 24 h after induction of dFnCas12a with 10 
mM lactose for RT-qPCR analysis. Lines indicate the 
mean relative expression. (C) Concentration of acids 
and solvents produced when pdc (g73) and adc (g74) 
are targeted for repression individually, and simul
taneously via a synthetic CRISPR array. Samples were 
obtained 72 h following dFnCas12a induction at t =
0. All data are representative of biological triplicates. 
Error bars indicate standard deviation. pJRJ001-g58 
is used as the no target control. p value summary: 
*p < 0.05, **p < 0.01.   

Fig. 4. Repression of hydA using dFnCas12a in 
Clostridium pasteurianum: (A) Map showing gRNA 
target region (B) Transcriptional changes in hydA 
(g58) following CRISPR-based repression. Samples 
were obtained 48-h after induction of dFnCas12a with 
10 mM lactose for RT-qPCR analysis. Data are repre
sentative of biological duplicates. Error bars indicate 
standard deviation. pJRJ001-g1, harboring a non- 
complementary gRNA sequence, is used as the no 
target control p value summary: *p < 0.05, **p < 
0.01. (C) Glycerol consumption and metabolite pro
duction 72 h after dFnCas12a induction. Data are 
representative of triplicates. No significant change in 
metabolite profile was observed.   
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production, compared to our control when these cells were grown in 
CGM, 2xYTG or P2Y media over the fermentation period (Fig. 5C, S5). 
Additionally, transcriptional analysis of samples taken 24 h after 
dFnCas12a induction showed that while dFnCas12a RNA levels 
remained almost consistent in both the no target control and experi
mental samples, no significant difference in dhaB RNA levels was 
observed when dhaB was targeted for repression using g26. 

4. Discussion 

4.1. dFnCas12a enables transcriptional regulation of gene expression in 
Clostridium spp. 

We were able to successfully repress gene expression using 
dFnCas12a in both Clostridium pasteurianum and Clostridium acetobuty
licum. As proof of concept, we chose to target genes whose knock-out 
phenotypes had already been well characterized as to have a clear 
measure of success for our dFnCas12a-based system. In most cases, we 
induced dFnCas12a expression upon inoculation into fresh media to 
minimize expression of target genes and to achieve as close as possible to 
the knockout phenotype. Early induction of dFnCas12a would be 
necessary for maximum reduction of gene expression when targeting 
spo0A, for example, which is expressed, under the control of various 
promoters, throughout the life cycle of Clostridium acetobutylicum [51] 
(Fig. S3). In Cac, the metabolic profiles we observed were consistent 
with earlier studies, and alongside mRNA levels, demonstrate successful 
modulation of gene expression using dFnCas12a, and that in many cases, 
successful genotype-to-phenotype characterizations can be made using 
this system rather than constructing knockout strains. 

Previous studies in Cac using dSpyCas9 have shown varied degrees of 
repression (45–90%) via different methods of detection [11]. Particu
larly, the use of a dSpyCas9-based CRISPRi system was employed for the 
repression of spo0A resulting in 45% reduction of mRNA levels and 58% 
reduction of solvent production in samples obtained after 24 h of 
fermentation [63], while we saw up to 90% transcript reduction and no 
detectable levels of acetone or butanol. However, the difference in spo0A 
repression between the two CRISPR systems may simply be a result of 
factors such as target position and growth medium. Another study using 
dSpyCas9 targeting an anaerobic fluorescent protein for repression in 
Cac resulted in up to 90% reduction in fluorescence in comparison to 
their control [64], but it is difficult to draw a direct comparison, as this is 
data on the functional protein level, not on the transcript level as we 
have. Our results therefore suggest that dFnCas12a can achieve gene 

repression at levels at least comparable to dSpyCas9. 
In previous studies, the metabolic profile reported upon disruption of 

the dha operon has varied. Pyne et al. were the first to report the 
simultaneous production of 1,2-PDO and 1,3-PDO in Cpa, and reported 
an increase in 1,2-PDO when the dhaT2 was disrupted using a TargeTron 
system. The resulting strain also showed reduced ethanol production 
and increased butanol and acid production compared to their wild-type 
control [65]. In a separate study, allele coupled exchange was applied to 
Cpa for the complete deletion of the dhaBCE genes. The resulting strain 
showed complete abolition of 1,3-PDO but recorded no significant in
crease of butanol [62]. Interestingly, while the ACE deletion strain could 
not be grown in Biebl medium, whose composition is known to drive flux 
toward 1,3-PDO production, Pyne et al. attributed the unaffected growth 
of their strain in a semi-defined medium to the redox balance afforded 
by increased production of 1,2-PDO. 

In this study, we observed no long-term growth inhibition in cultures 
where dFnCas12a was targeted to the dha operon. However, we were not 
able to inhibit 1,3-PDO production in the long-term nor observe tran
scriptional repression when targeting dhaB upon dFnCas12a induction 
(Fig. S5). Silvis et al. [53] demonstrated that mreB, an essential gene in 
E. coli, is able to evade transcriptional control of CRISPR-based gene 
repression systems via a negative transcriptional feedback loop. In their 
study, expression of mreB initially decreased with basal expression of an 
appropriate single-guide RNA but recovered to wild type levels with 
time. 1,3-Propanediol production is tightly regulated in several bacterial 
species including Clostridium pasteurianum [66] and based on our results 
alone, it is difficult to ascertain whether the transient reduction in 1, 
3-PDO production we observe is a result of dFnCas12a activity or a 
separate event of unknown cause. However, a feedback loop could 
potentially explain why long-term repression of dha operon is not 
observed in this study in spite of the 1,3-PDO reduction observed shortly 
after dFnCas12a induction. Silvis et al. were able to overcome the 
endogenous mreB feedback loop by increasing expression of the 
single-guide RNA. For the experiments in this study, we induced 
dFnCas12a with 10 mM lactose based on previous studies [13,67]. 
Broader use of our dFnCas12a system for transcriptional repression may 
require the employment of inducible promoters with a wider dynamic 
range in order to overcome endogenous transcriptional feedback 
mechanisms. 

4.2. dFnCa12a system as a tool to determine gene function 

The results of our study remain consistent with previous publications 

Fig. 5. Gene repression of dha operon in Clos
tridium pasteurianum following CRISPR-based 
repression of dhaB and dhaT: (A) gRNAs were 
designed to target sense and antisense strands of dhaB 
and dhaT gene respectively (B) 1,3-Propanediol con
centrations following dFnCas12a expression. Samples 
were obtained 4 h after induction of dFnCas12a 
expression with 10 mM lactose. Lactose was added to 
media at mid-exponential phase (t = 4 h). control p 
value summary: *p < 0.05, **p < 0.01. (C) Concen
trations of glycerol and metabolites produced over a 
72-h fermentation of cells harboring pJRJ001-g26 
following induction of dFnCas12a at t = 0 with 10 
mM lactose. No significant change in metabolite 
profile was observed. All data are representative of 
triplicates. Error bars indicate standard deviation. 
pJRJ001-g52 is used as the no target control.   
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as it relates to the repression of adc. Down regulation or deletion of adc 
has generally resulted in a significant decrease, though not complete 
eradication of acetone production and a decrease in the re-assimilation 
of acids to alcohols. In addition, we observed reduced growth and 
glucose consumption, previously attributed to pH crash (Fig. S4). The 
simultaneous downregulation of adc and pdc however, reduced acetone 
and butanol production to undetectable concentrations. These obser
vations suggest that under the growth conditions used here, and in the 
absence of Adc, pdc expression facilitates solvent production. While no 
knock-out studies have been reported for pdc in Clostridium acetobutyli
cum, our dFnCas12a system allowed us to, each in a single round of 
cloning and transformations, elucidate metabolic profiles for reduced 
pdc expression, in addition to, that of simultaneously reduced pdc and 
adc expression. 

In Clostridium acetobutylicum, acetone is produced in a two-step 
process. In the first step, acetoacetyl-CoA is converted to acetoacetate 
via acetoacetyl-CoA transferase (CtfAB). The production of acetoacetate 
is coupled to acid re-assimilation as CtfAB utilizes either acetate or 
butyrate as the CoA acceptor during this reaction [68]. In a previous 
study Dharani et al. showed that the expression of heterologous pdc in 
Clostridium acetobutylicum not only increased acetone production, but 
also increased acid re-assimilation. This study further supports the 
phenotypic role of Pdc in solvent production and allowed rapid 
phenotypic characterization of simultaneous adc and pdc down
regulation in Clostridium acetobutylicum. 

Traditional knockout methods in Clostridium species are facilitated 
by low efficiency double crossover events and often require multiple 
rounds of cloning for knockouts with multiple targets being deleted 
consecutively [11]. Additionally, the use of Cas12a as a selective marker 
for isolating double crossover events, even when multiple genes are 
targeted simultaneously, requires large repair templates for each region 
targeted [28]. The use of a synthetic CRISPR array to concurrently target 
multiple genes for repression allows quick and facile characterization of 
genotype-to phenotype relationships that can lead to an overall better 
understanding of Clostridium species and identification of targets for 
rational genome editing that would lead to desired strains. 

5. Conclusion 

We demonstrate here successful utilization of dFnCas12a CRISPR 
interference for gene repression in two Clostridium species. In Clostridium 
acetobutylicum we achieved over 99% reduction in mRNA levels, nearing 
abolished expression of targeted genes. We show of our CRISPRi system 
for multiplexed gene repression through the simultaneous reduction of 
adc and pdc, revealing a unique metabolic profile, compared to when 
these genes are individually repressed. 

While we were able to demonstrate downregulation of genes in 
Clostridium pasteurianum, targeting hydA did not present with the 
metabolic profile that has been established in previous. Other CRISPR- 
based gene repression studies in Clostridium have also shown in
consistencies in the level of transcriptional repression compared to the 
phenotypical difference observed [30,52]. This indicates that regulation 
on a translational level remains a valuable way to study gene and protein 
function in the absence of a more fundamental understanding of 
endogenous gene regulation mechanisms, specifically for tightly regu
lated genes and operons. 

This CRISPRi tool based on dFnCas12a is a useful addition to the 
mesophilic Clostridium genetic toolkit. It has shown to be capable of 
strong gene repression, but will benefit from an improved heuristic for 
guide RNA designs in the future, as these are a major factor in repression 
level. 
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