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ABSTRACT

The discovery and exploitation of the prokaryotic adaptive immunity system based on clustered regularly interspaced short pal-
indromic repeats (CRISPRs) and CRISPR-associated (Cas) proteins have revolutionized genetic engineering. CRISPR-Cas tools
have enabled extensive genome editing as well as efficient modulation of the transcriptional program in a multitude of organ-
isms. Progress in the development of genetic engineering tools for the genus Clostridium has lagged behind that of many other
prokaryotes, presenting the CRISPR-Cas technology an opportunity to resolve a long-existing issue. Here, we applied the Strep-
tococcus pyogenes type II CRISPR-Cas9 (SpCRISPR-Cas9) system for genome editing in Clostridium acetobutylicum DSM792.
We further explored the utility of the SpCRISPR-Cas9 machinery for gene-specific transcriptional repression. For proof-of-con-
cept demonstration, a plasmid-encoded fluorescent protein gene was used for transcriptional repression in C. acetobutylicum.
Subsequently, we targeted the carbon catabolite repression (CCR) system of C. acetobutylicum through transcriptional repres-
sion of the hprK gene encoding HPr kinase/phosphorylase, leading to the coutilization of glucose and xylose, which are two
abundant carbon sources from lignocellulosic feedstocks. Similar approaches based on SpCRISPR-Cas9 for genome editing and
transcriptional repression were also demonstrated in Clostridium pasteurianum ATCC 6013. As such, this work lays a founda-
tion for the derivation of clostridial strains for industrial purposes.

IMPORTANCE

After recognizing the industrial potential of Clostridium for decades, methods for the genetic manipulation of these anaerobic
bacteria are still underdeveloped. This study reports the implementation of CRISPR-Cas technology for genome editing and
transcriptional regulation in Clostridium acetobutylicum, which is arguably the most common industrial clostridial strain. The
developed genetic tools enable simpler, more reliable, and more extensive derivation of C. acetobutylicum mutant strains for
industrial purposes. Similar approaches were also demonstrated in Clostridium pasteurianum, another clostridial strain that is
capable of utilizing glycerol as the carbon source for butanol fermentation, and therefore can be arguably applied in other clos-
tridial strains.

Efficient genome and transcriptome modification strategies
form the backbone for understanding molecular biology pro-

cesses to rational design of biological organisms. Within the genus
Clostridium, the members of which are industrially important
production hosts for solvents and biofuels (1), genetic engineering
technologies remain immature, owing in part to low transforma-
tion efficiencies, inadequate endogenous homologous recombi-
nation, and poorly understood physiology and metabolism (2, 3).
Although methods for plasmid transfer and gene expression have
been established in Clostridium acetobutylicum, arguably the most
common and well-characterized Clostridium species, for more
than two decades (4), sophisticated engineering tools for genome
editing and transcriptional regulation are lacking (3).

Traditional strategies for genome engineering in Clostridium
were developed based on the use of nonreplicating and replicating
plasmids for chromosomal integration via natural homologous
recombination systems of the host organism (3). However, unsta-
ble single-crossover homologous recombination events tended to
interfere, leading to unwanted insertion of the entire integration
vector (5, 6). This drawback necessitated the development of more
robust strategies (5, 6). Recently, a gene inactivation approach, in
which the mobile group II retrohoming intron of Lactococcus lactis
(Ll.ltrB) is programmed for site-specific chromosomal insertion,
was developed for Clostridium. Precise insertion of the intron into

the host genomic DNA is facilitated through base pairing between
the intron RNA and host DNA and requires essential functions
associated with a cognate intron-encoded protein, LtrA (7–10).
Although this technology represents a significant advance for tar-
geted gene inactivation in Clostridium, it suffers from several
drawbacks, including variable frequency of intron insertion, in-
ability to target certain genomic loci, and ectopic intron insertion
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events (7, 8, 11). Further, while a heterologous cargo DNA can be
inserted into the Ll.ltrB intron for genomic integration, the tar-
geting efficiency can be severely impacted, limiting the applicabil-
ity of this technology (12–14). Extensive efforts have been made to
improve the frequency and isolation of double-crossover homol-
ogous recombination (DCHR) events in Clostridium based on the
use of genome- and plasmid-borne counterselectable markers (3,
15, 16). Numerous counterselection markers have been derived,
including mazF and codA from Bacillus subtilis and Escherichia
coli, respectively, in addition to several native clostridial genes,
such as pyrE, pyrF, and galK (15–18). Although these systems can
result in markerless genome editing, they often require specific
host genotypes or tedious steps to recycle the counterselection
marker to generate markerless mutant strains. Recently, a single-
stranded DNA (ssDNA) annealing protein (SSAP) RecT homolog
from Clostridium perfringens was employed for recombineering in
C. acetobutylicum (19), suggesting the potential exploitation of
bacteriophage-derived SSAPs for homologous recombination.

Industrially useful phenotypes may not be achieved solely
through the deletion of endogenous genes or the introduction of
heterologous genes due to unpredicted nonlinear and/or interre-
lated effects (20, 21). Hence, implementing genome engineering
with more capacities, such as genome editing and transcriptional
regulation, can be useful in developing complex phenotypes (22–
24). Similar to the state of genome editing, transcriptional modu-
lation techniques in Clostridium are generally lacking despite sig-
nificant advancement of sophisticated trans-acting elements, such
as transcription activator-like effectors (TALEs) and zinc finger
(ZF) DNA-binding domains fused to various activator and repres-
sor domains in eukaryotes and, more recently, in prokaryotes (3,
22, 25–27). Antisense RNA (asRNA) technology (3, 23), in which
an RNA molecule complementary to a target mRNA is transcribed
for in vivo hybridization with the target mRNA (28), remains the
most prevalent transcriptional silencing mechanism employed in
Clostridium, particularly for metabolic engineering applications
(3). However, the gene knockdown efficacy can be difficult to
predict, and therefore the technology often requires tedious em-
pirical screening to optimize the target region, sequence length,
and secondary structure of the asRNA molecule (28).

Recent adaptation of the prokaryotic clustered regularly inter-
spaced short palindromic repeats (CRISPRs) and CRISPR-associ-
ated (Cas) proteins has revolutionized genetic engineering (29).
CRISPR loci have been identified in approximately 45% of bacte-
ria and in more than 90% of archaea and form the basis of adaptive
immunity in prokaryotes (29–31). CRISPR-based immunity gen-
erally involves three discrete phases, namely, adaptation, expres-
sion, and interference (32). Briefly, adaptation involves the acqui-
sition and incorporation of nucleotide sequence identifiers from
invading elements, particularly bacteriophages, into the host
chromosome using host Cas proteins. The acquisition, which is
conserved among all CRISPR-Cas types, results in the formation
of extensive CRISPR arrays as immune “memory” (32). While the
expression and interference phases can vary in terms of the spe-
cific host Cas proteins that are recruited, the result of an endonu-
clease-mediated attack onto the invading nucleic acid is identical
(33). Among the five CRISPR types (34), the type II system of the
Gram-positive human pathogen Streptococcus pyogenes represents
the most well-characterized one. This Streptococcus pyogenes type
II CRISPR-Cas9 (SpCRISPR-Cas9) machinery has been success-
fully implemented for genetic engineering in a multitude of pro-

karyotic and eukaryotic model organisms, including E. coli (35),
B. subtilis (36), Saccharomyces cerevisiae (37), and mouse (38) and
human cells (39). In the type II CRISPR system, CRISPR arrays are
transcribed into a precursor CRISPR RNA (pre-crRNA), which is
cleaved by RNase III to discrete spacer units as mature crRNAs
(31). The mature crRNA forms a complex with trans-activating
crRNA (tracrRNA) and Cas9, and this complex is directed to an-
neal with the invading DNA at the protospacer to trigger an en-
donucleolytic attack by Cas9 (31). Recently, through heterologous
implementation of SpCRISPR-Cas9 in model organisms for ge-
nome editing, single chimeric guide RNA (sgRNA) was used to
direct sequence-specific Cas9 binding and cleavage of the target
site of the host genome. With simultaneous introduction of edit-
ing templates containing designed mutations, mutant cells evad-
ing such lethal cleavage can be screened (40).

As the mechanism underlying SpCRISPR-Cas9-based interfer-
ence is elucidated with the scrutiny of the relevant structural mo-
tifs of Cas9 (41), Cas9 mutants can be derived, particularly includ-
ing a single-stranded DNA nickase Cas9 mutant (Cas9n) (39, 41)
and a nuclease-deficient Cas9 (dCas9). dCas9 enables its site-spe-
cific DNA binding for transcriptional repression of targeting
genes, termed CRISPR interference (CRISPRi) (42) and, there-
fore, has discerned SpCRISPR-Cas9 as a genetic engineering tool
for not only genome editing but also transcriptional regulation
(42). As such, SpCRISPR-Cas9 technology potentially offers a
simple yet effective solution for overcoming various barriers to
genetic engineering of Clostridium. To date, SpCRISPR-Cas9 has
been heterologously implemented for genome editing in a few
clostridial species, including Clostridium beijerinckii (43) and
Clostridium cellulolyticum (44). Prompted by these developments,
we exploited SpCRISPR-Cas9 for both genome editing and tran-
scriptional repression in C. acetobutylicum DSM792, a common
industrial anaerobe. Similar approaches based on SpCRISPR-
Cas9 were also demonstrated in Clostridium pasteurianum ATCC
6013 and, therefore, can be potentially implemented in other in-
dustrially important members of Clostridium.

MATERIALS AND METHODS
Bacterial strains, plasmids, and oligonucleotides. Strains and plasmids
employed in this study are listed in Table 1. C. acetobutylicum (i.e.,
DSM792) was obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ; Braunschweig, Germany), and C. pasteuria-
num ATCC 6013 was obtained from the American Type Culture Collec-
tion (ATCC; Manassas, VA). E. coli strain DH5� was utilized for molec-
ular cloning, and strains ER2275 and ER1821 (New England BioLabs,
Ipswich, MA) were used for methylation of shuttle vectors destined for C.
acetobutylicum and C. pasteurianum, respectively. C. acetobutylicum and
C. pasteurianum strains were cultivated anaerobically at 37°C in 2� YTG
medium (16 g liter�1 tryptone, 10 g liter�1 yeast extract, 5 g liter�1 NaCl,
and 5 g liter�1 glucose). If necessary, 10 �g ml�1 thiamphenicol or 50 �g
ml�1 erythromycin was used for the selection of recombinant C. acetobu-
tylicum or C. pasteurianum. E. coli strains were cultivated at 37°C in lysog-
eny broth (LB) medium (10 g liter�1 tryptone, 10 g liter�1 NaCl, 5 g
liter�1 yeast extract), and recombinant E. coli cells were selected with 30
�g ml�1 kanamycin or 25 �g ml�1 chloramphenicol. Desalted oligonu-
cleotides were purchased from Integrated DNA Technologies (IDT; Cor-
alville, IA). The oligonucleotides that were utilized in this study are listed
in Table 2.

DNA manipulation and transformation. Vectors destined for C.
acetobutylicum and C. pasteurianum were constructed according to stan-
dard procedures (45), methylated in E. coli ER2275(pAN3) (16) or
ER1821(pFnuDIIMKn) (46), and transformed using electrotransforma-
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TABLE 1 Strains and plasmids employed in this study

Strain or plasmid Relevant characteristics
Source or
reference

Strain
Escherichia coli

DH5� F� endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG �80dlacZ�M15 �(lacZYA-argF)U169
hsdR17(rK

� mK
�), 	�

Lab stock

ER2275 trp-31 his-1 tonA2 rpsL104 supE44 xyl-7 mtl-2 metB1 e14� �(lac)U169 endA1 recA1 R (zgb-210::
Tn10) Tets �(mcr-hsd-mrr)114::1510 [F¢ proAB laclqZ�M15] zzf::mini-Tn10

New England
BioLabs

ER1821 F� glnV44 e14� (McrA�) rfbD1? relA1? endA1 spoT1? thi-1 �(mcrC-mrr)114::IS10 New England
BioLabs

Clostridium acetobutylicum
DSM792 (ATCC 824) Wild type DSMZ
792�cac1502 DSM 792; �cac1502 This study
792�cac1502::afp DSM 792; �cac1502::afp This study

Clostridium pasteurianum
ATCC 6013 Wild type ATCC
6013�cpaAIR::afp ATCC 6013; �cpaAIR::afp This study

Plasmid
p85Cas9 Derived from pMTL85141 by inserting cas9 with the native promoter; Tmr/Cmr; ColE1; pIM13 (48)
p85delCas9 Derived from p85cas9 by deleting the native cas9 promoter; Tmr/Cmr; ColE1; pIM13 (48)
pAN3 A plasmid containing the gene encoding 
3TI methyltransferase for methylation of E. coli-C.

acetobutylicum shuttle vectors; Kmr; p15A
(16)

pCas9gRNA-AFP Derived from pCas9gRNA-cpaAIR by replacing the original sgRNA with the one targeting the
afp gene; cas9; Tmr/Cmr; ColE1; pIM13

This study

pCas9gRNA-cac824I Derived from pCas9gRNA-cpaAIR by replacing the original sgRNA with the one targeting the
C. acetobutylicum cac1502 gene; cas9; Tmr/Cmr; ColE1; pIM13

This study

pCas9gRNA-cpaAIR Derived from pMTL85141 by inserting cas9 whose expression is regulated by the C.
pasteurianum thiolase promoter and sgRNA whose expression is regulated by the C.
beijerinckii sCbei5830 small RNA promoter targeting the C. pasteurianum cpaAIR gene; Tmr/
Cmr; ColE1; pIM13

(48)

pCas9gRNA-delcpAFP Derived from pCas9gRNA-cpAIR by inserting the cpaAIR replacement editing cassette with
homologous region flanking Pthl::afp from pGlow-CKXN-Pp1; cas9; sgRNA targeting the
cpaAIR gene; Tmr/Cmr; ColE1; pIM13

This study

pCas9gRNA-delcac824I-500 Derived from pCas9gRNA-cac824I by inserting the cac1502 deletion editing cassette with 500
bp of homologous region; cas9; sgRNA targeting the cac1502 gene; Tmr/Cmr; ColE1; pIM13

This study

pCas9gRNA-delcac824I-1000 Derived from pCas9gRNA-cac824I by inserting the cac1502 deletion editing cassette with 1 kbp
of homologous region; cas9; sgRNA targeting the cac1502 gene; Tmr/Cmr; ColE1; pIM13

This study

pCas9gRNA-delcac824I::AFP Derived from pCas9gRNA-cac824I by inserting the cac1502 replacement editing cassette with
homologous region flanking Pthl::afp from pGlow-CKXN-Pp1; cas9; sgRNA targeting the
cac1502 gene; Tmr/Cmr; ColE1; pIM13

This study

pCRISPRi Derived from pCas9gRNA-AFP by replacing cas9 with its nuclease-deficient variant dcas9;
sgRNA targeting the afp gene; Tmr/Cmr; ColE1; pIM13

This study

pCRISPRi-AFP Derived from pCas9gRNA-AFP by replacing cas9 with its nuclease-deficient variant dcas9 and
inserting the Pthl::afp cassette from pGlow-CKXN-Pp1; sgRNA targeting the non-template
strand of the afp gene; Tmr/Cmr; ColE1; pIM13

This study

pCRISPRi-AFPT Derived from pCRISPRi-AFP by replacing the original sgRNA with the one targeting the
template strand of the afp gene; dcas9; Pthl::afp; Tmr/Cmr; ColE1; pIM13

This study

pCRISPRi-Cont Derived from pCas9gRNA-cpaAIR by replacing cas9 with its nuclease-deficient variant dcas9
and inserting the Pthl::afp cassette from pGlow-CKXN-Pp1; sgRNA targeting the C.
pasteurianum cpaAIR gene; Tmr/Cmr; ColE1; pIM13

This study

pCRISPRi-GlpX Derived from pCRISPRi by replacing the original sgRNA with the one targeting the
nontemplate strand of the C. acetobutylicum glpX gene; dcas9; Tmr/Cmr; ColE1; pIM13

This study

pCRISPRi-HPrK Derived from pCRISPRi by replacing the original sgRNA with the one targeting the
nontemplate strand of the C. acetobutylicum hprK gene; dcas9; Tmr/Cmr; ColE1; pIM13

This study

pGlow-CKXN-Pp1 A plasmid containing the afp gene whose expression is regulated by the C. acetobutylicum
thiolase promoter (Pthl::afp); Apr; Ertr; ColE1; pIM13

Evocatal GmbH

pMTL85141 An E. coli-Clostridium shuttle vector; Tmr/Cmr; ColE1; pIM13 (47)

Development of CRISPR-Cas Tools for Clostridium
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tion (4, 46). After transformation, colonies were allowed to sporulate for
5 to 7 days before experiments were carried out. Commercial kits for DNA
purification and agarose gel extraction were purchased from Bio Basic Inc.
(Markham, ON, Canada). A NEBuilder HiFi DNA assembly cloning kit
was purchased from New England BioLabs (Whitby, ON). All commercial
kits and enzymes were used according to the manufacturers’ recommen-
dations.

Plasmid construction. All CRISPR expression vectors described in
this section have a pMTL85141 backbone and consist of the S. pyogenes
cas9 or dcas9 gene, whose expression was regulated by the constitutive
C. pasteurianum thiolase promoter, and the chimeric sgRNA, whose
expression was regulated by the C. beijerinckii sCbei5830 small RNA
promoter, as described previously (43, 47, 48). Plasmid pCas9gRNA-
cpaAIR (48) was used as the template in an inverse PCR with primers
Cas9.invpcr.cac824I.f and Cas9.invpcr.r to generate pCas9gRNA-
cac824I. Similarly, plasmid pCas9gRNA-cpaAIR was used as the
template in an inverse PCR with primers Cas9.invpcr.Evo.f and
Cas9.invpcr.r to generate pCas9gRNA-AFP. In these constructs, the
sgRNA was designed to target the C. acetobutylicum cac1502 gene
(pCas9gRNA-cac824I) or the anaerobic fluorescent protein (afp) gene
(49) (pCas9gRNA-AFP) with spacer sequences TCTATTTAAAGATA
ATAAAGA and ATCCTGTTAATCTTTCAAATGC, respectively. For
genome editing, pCas9gRNA-cac824I was modified by inserting the
editing template. To do this, splicing by overlap extension PCR (SOE
PCR) was used to fuse the 5= and 3= homologous regions, which are
1,015 bp and 961 bp, respectively, to the cac1502 gene using primer set
CAC824I.SOE1.f and CAC824I.SOE1.r and set CAC824I.SOE2.f and
CAC824I.SOE2.r. The resulting PCR product was digested with PvuI

and ligated to the similarly digested pCas9gRNA-cac824I, generating
pCas9gRNA-delcac824I-1000. To generate pCas9gRNA-delcac824I-
500, in which the �1-kbp homologous regions were replaced with
500-bp regions, the editing template of �1 kbp was PCR amplified
from pCas9gRNA-delcac824I-1000 using primer pair CAC824I-500.f
and CAC824I-500.r, digested with PvuI, and ligated to the PvuI-di-
gested pCas9gRNA-cac824I. Finally, to construct pCas9gRNA-
delcac824I::AFP, SOE PCR was used to fuse 1,015 bp and 961 bp of the
homologous regions to the cac1502 gene with a 781-bp PCR segment
comprised of the afp gene and C. acetobutylicum thiolase promoter
(Pthl) from pGlow-CKXN-Pp1 using primer sets CAC824I.SOE1.f
and CAC824I.SOE1.Evo.r, Evoglow.SOE.f and Evoglow.SOE.r, and
CAC824I.SOE2.Evo.f and CAC824I.SOE2.r. The resulting PCR product
was digested with PvuI and ligated to the similarly digested pCas9gRNA-
cac824I to generate pCas9gRNA-delcac824I::AFP.

Plasmid pCas9gRNA-delcpAFP, consisting of cas9, the sgRNA tar-
geting the C. pasteurianum cpaAIR gene, and the afp integration cas-
sette, was constructed as follows: PCR products of 1,028 bp of 5= ho-
mologous region sequences and 1,057 bp of 3= homologous region
sequences to the cpaAIR gene were generated using primer set del-
cpaAIR.PvuI.S and delcpaAIR.AFP.SOE.AS and primer set delcpaAIR.
AFP.SOE.S and delcpaAIR.PvuI.AS, respectively. These PCR products
were spliced in a three-way SOE PCR with the 781-bp afp-containing PCR
product that was generated using the primer set Evoglow.SOE.f and Evo-
glow.SOE.r. The resulting PCR product was digested with PvuI and li-
gated with the similarly digested p85Cas9gRNA-delcpaAIR to generate
pCas9gRNA-delcpAFP.

To generate pCRISPRi-AFP and pCRISPRi-Cont, Gibson assembly

TABLE 2 Oligonucleotides employed in this study

Oligonucleotide Sequence (5= to 3=)a

Cas9.invpcr.cac824I.f TCTTTATTATCTTTAAATAGA ATGGTGGAATGATAAGGGTTTG
Cas9.invpcr.r GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
Cas9.invpcr.Evo.f GCATTTGAAAGATTAACAGGAT ATGGTGGAATGATAAGGGTTTG
CAC824I.SOE1.f CGATCGGACCATAGAGGAAACTTGTTTATAAGC
CAC824I.SOE1.r TGCCATAGTAACCACCTCTAAAC TGCCATAGTAACCACCTCTAAAC
CAC824I.SOE2.f GTTTAGAGGTGGTTACTATGGCAATTCCGGAACAACTTTAGAGACTG
CAC824I.SOE2.r CGATCGCCTCCATTTTAAGCCTGTCATG
CAC824I-500.f CGATCG GAGTAATGTATGTCCAACGTTAACG
CAC824I-500.r CGATCG GGTCTAAAATATGGCCTCTGTATTC
CAC824I.SOE1.Evo.r GCCATGCTCTGACG TGCCATAGTAACCACCTCTAAAC
CAC824I.SOE2.Evo.f TAGAGCTGAAGTTATATATGATTATCATTCCGGAACAACTTTAGAGACTG
Evoglow.SOE.f CGTCAGAGCATGGCTTTATG
Evoglow.SOE.r ATAATCATATATAACTTCAGCTCTAGGC
PvuI.f CGATCG CCCTTCCCAACAGTTGC
PvuI.r CGATCG GTGCGGGCCTCTTCGCTATTA
D10A.f CTCAATAGGCTTAGCTATCGGCACAAATAGCGTC
D10A.r ATTTGTGCCGATAGCCTAAGCCTATTGAGTATTTCTTATCCA
H840A.f GCAATTGTTCCACAAAGTTTCCTTAAAG
H840A.r GTGGAACAATTGCATCGACATCATAATCACTTAAACG
Evoglow.f GAGGCCCGCACCGATCGCGTCAGAGCATGGCTTTATG
Evoglow.r TTGGGAAGGGCGATCGGATAATCATATATAACTTCAGCTCTAGGC
Cas9.Evo.T.f TAAGCTGAAGAAGTTTTGCATTTATG ATGGTGGAATGATAAGGGTTTG
Cas9.invpcr.HPrK.f AAGAGTACAATAGGTGGCTTTTAA ATGGTGGAATGATAAGGGTTTG
Cas9.invpcr.GlpX.f GGAGCAAAAGGTGCTATAGATATAAA ATGGTGGAATGATAAGGGTTTG
Cac1502colpcr.f GGTTCTGATAGAAAAATGTGAGGAAG
Cac1502colpcr.r TCCATTGGCTTTAGCTAGATGTT
AFPcolpcr.f TGCGCAGATGATATACTTTATCAAGATGCTAGA
delcpaAIR.PvuI.S CGATCGGTCCTAAAAGCAGGGTATGAAGTCCATTAG
delcpaAIR.AFP.SOE.AS GCCATGCTCTGACGGAATAGAATGTTGTTCGATAGGCATCC
delcpaAIR.AFP.SOE.S TAGAGCTGAAGTTATATATGATTATCCAGATAGAAGTCCTAGACCTCAAG
delcpaAIR.PvuI.AS CGATCGGCTTAGCTGGTAAGAAGCAAGGTCTT
cpaAIR.AS ATAGGTGGATTCCCTTGTCAAGATTTTAGC
a Underlined text indicates restriction sites and bold text indicates nucleotide substitutions for dcas9.
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(50) was used to assemble PCR products with overlapping regions as in
the following: using either pCas9gRNA-AFP (as the template for the con-
struction of pCRISPRi and pCRISPRi-AFP) or pCas9gRNA-cpaAIR (for
the construction of pCRISPRi-Cont), an �3.3-kbp PCR product was gen-
erated from both templates using primers PvuI.f and D10A.r. These PCR
products differed only in the targeting sequence of the sgRNA. Addition-
ally, �2.5-kbp and �1.8-kbp PCR products were generated using primers
D10A.f and H840.r and primers H840A.f and PvuI.r, respectively, using
pCas9gRNA-AFP as the template. The primers D10A.f/r and H840A.f/r
were designed to incorporate the nucleotide substitutions required to
mutate cas9 to the endonuclease-deficient variant dcas9. An �800-bp
PCR product containing the Pthl::afp sequence was also amplified from
pGlow-CKXN-Pp1 using primers Evoglow.f and Evoglow.r. Finally, the
four PCR products (i.e., the �3.3 kbp containing the targeted sgRNA to
the afp gene or the C. pasteurianum cpaAIR gene, and the �2.5-kbp,
�1.8-kbp, and �800-bp fragments) were used in Gibson assembly reac-
tions in a 50°C thermocycler for 1 h to generate pCRISPRi-AFP and
pCRISPRi-Cont. An additional control vector targeted to the afp gene
(pCRISPRi), in which the Pthl::afp-containing segment was omitted (i.e.,
�800-bp fragment), was also constructed using Gibson assembly. Finally,
pCRISPRi-AFPT was derived using inverse PCR to replace the spacer region
of the pCRISPRi-AFP with the sequence CATAAATGCAAAACTTCTTCAG
CTTA using primers Cas9.Evo.T.f and Cas9.invpcr.r. Plasmids pCRIS-
PRi-HPrK and pCRISPRi-GlpX were constructed using inverse PCR
with pCRISPRi as the template and primer sets Cas9.invpcr.HPrK.f
and Cas9.invpcr.r, with the spacer sequence TTAAAAGCCACCTA
TTGTACTCTT for pCRISPRi-HPrK, and Cas9.invpcr.GlpX.f and
Cas9.invpcr.r, with the spacer sequence TTTATATCTATAGCACCTTTT
GCTCC for pCRISPRi-GlpX, respectively.

Cultivation. For a proof-of-concept demonstration of CRISPRi, an-
aerobic static flask cultivations were carried out in 250-ml flasks using 2�
YTG medium with glucose (20 g liter�1) as the carbon source. Sporulated
cells of recombinant C. acetobutylicum (i.e., DSM792) or C. pasteurianum
(i.e., ATCC 6013) strains harboring pGlow-CKXN-Pp1, pMTL85141,
pCRISPRi-AFP, pCRISPRi-Cont, or pCRISPRi-AFPT (for DSM792 only)
were heat shocked in an 80°C water bath and cooled on ice. The seed
cultures were incubated overnight, and flasks containing the fresh me-
dium were inoculated with 1% volume of the seed culture containing
exponentially growing cells. Thiamphenicol was added to ensure plas-
mid maintenance. Upon reaching a cell density of �1 to 1.5 optical
density at 600 nm (OD600), the cultivated cells at 1 OD unit were
harvested, pelleted by centrifugation, and resuspended in anaerobic
phosphate-buffered saline (PBS). This procedure was repeated three
times. The harvested cells were finally resuspended in PBS containing
10% formalin and incubated for 15 min for cell fixation. The fixed cells
were serially diluted in PBS to a dilution factor of 10�6 and pipetted to
a black-bottomed 96-well plate. The 96-well plate was wrapped tightly
with a Parafilm tape, and samples were analyzed in the plate reader and
flow cytometer immediately. All experiments were carried out in trip-
licate.

For characterization of the relief of carbon catabolite repression (CCR)
using CRISPRi, anaerobic static flask cultivations were carried out in 250-ml
flasks using 2� YTGX medium with glucose (20 g liter�1) and xylose (10 g
liter�1) as the carbon sources. Sporulated recombinant C. acetobutylicum
strains, i.e., DSM792 harboring pCRISPRi-HPrK, pCRISPRi-GlpX, or
pCRISPRi, were heat shocked in an 80°C water bath and cooled on ice.
The seed cultures were incubated overnight, and flasks containing the
fresh medium and thiamphenicol were inoculated with 1% of the seed
culture containing exponentially growing cells. Samples were taken at
12-h intervals for cell density measurement as well as metabolite analysis
of cell-free medium. All cultivations were carried out in triplicate.

Analyses. Cell density in OD600 was measured using a spectropho-
tometer (DU520; Beckman Coulter, Fullerton, CA). For measurement of
glucose, xylose, and metabolite concentrations, the high-performance liq-
uid chromatography (HPLC) system (LC-10AT; Shimadzu, Kyoto, Ja-

pan) with a refractive index detector (RID-10A; Shimadzu, Kyoto, Japan)
and a chromatographic column (Aminex HPX-87H; Bio-Rad Laborato-
ries, CA, USA) was employed. The column temperature was 65°C, and the
mobile phase was 5 mM H2SO4 (pH 2.0) running at 0.6 ml/min. HPLC
data acquisition and analysis were performed using the Clarity Lite chro-
matographic station (DataApex, Prague, The Czech Republic).

A Synergy 4 hybrid microplate reader (BioTek, Winooski, VT) and
ImageStream X Mark II imaging flow cytometer (Amnis, Seattle, WA)
were employed for AFP fluorescence intensity analysis. Plate reader sam-
ples were analyzed at an excitation of 450 nm and an emission at 495 nm.
Flow cytometry experiments were conducted with AFP being excited us-
ing a 488-nm solid-state laser and detected in the range of 480 to 560 nm.
Ten thousand events were collected while thresholding on area versus
aspect ratio to remove noise. The flow cytometry data were analyzed with
Ideas software (Amnis, Seattle WA).

Tests for the statistical significance of differences in fluorescence in-
tensity between strains were performed using the Student’s t test with a
significance level value of 5%.

RESULTS
Implementation of SpCRISPR-Cas9 for markerless gene dele-
tion and gene replacement in C. acetobutylicum. We imple-
mented SpCRISPR-Cas9 for genome editing in C. acetobutylicum
by first targeting the cac1502 gene (encoding the restriction endo-
nuclease Cac824I), which was previously disrupted using group II
intron technology (51). The protospacer adjacent motif (PAM)
sequence associated with Cas9 binding (i.e.,5=-NGG-3=) (52) was
present adjacent to the targeting protospacer within the cac1502
gene (Fig. 1). Transformation (at three attempts) of C. acetobuty-
licum DSM792 with pCas9gRNA-cac824I (expressing cas9 and
sgRNA targeting the cac1502 gene) produced no recombinant col-
onies. As the toxicity associated with cas9 expression was re-
ported previously (53–55), we constructed two additional plas-
mids, i.e., p85Cas9 and p85delCas9, which harbor cas9 with the
native gene promoter (p85Cas9) and with the promoter being
deleted (p85delCas9). Additionally, both plasmids lack the tar-
geting spacer and guide RNA sequences for generating a dou-
ble-stranded DNA break on the host chromosome. Transfer of
p85Cas9 and p85delCas9 to DSM792 was successful, although
the transformation efficiency was rather low for p85Cas9 (1.8 �
0.2 CFU �g�1 DNA) compared with its promoterless variant
p85delCas9 (150 � 8 CFU �g�1 DNA), ostensibly due to Cas9
toxicity. Taken together, these data suggest that the lethal effect
upon transferring pCas9gRNA-cac824I may be associated with
the Cas9-mediated double-stranded DNA break in the presence of
Cas9 toxicity.

For genome editing via double-crossover homologous re-
combination (DCHR) in C. acetobutylicum, we constructed two
additional vectors that harbor an editing template in addition
to the cas9 gene and sgRNA coding sequence. The editing tem-
plate contains a truncated version of the cac1502 gene (lacking
the protospacer and PAM sequences) flanked by either an
�500-bp or an �1-kbp homologous region, yielding pCas9gRNA-
delcac824I-500 and pCas9gRNA-delcac824I-1000, respectively (Fig.
1). Upon transferring pCas9gRNA-delcac824I-500 or pCas9gRNA-
delcac824I-1000 to DSM792, the truncated cac1502 editing cas-
sette on the plasmid was expected to replace the wild-type cac1502
locus on the C. acetobutylicum genome through DCHR so that
mutant cells could avoid the lethal double-stranded DNA cleavage
by Cas9 (Fig. 1 and 2A). Despite the drastically reduced efficiency,
we were able to establish the transformation of DSM792 with
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pCas9gRNA-delcac824I-500 (0.2 � 0.0 CFU �g�1 DNA) and
pCas9gRNA-delcac824I-1000 (0.38 � 0.05 CFU �g�1 DNA), and
all resulting mutants were verified for deletion of cac1502 by col-
ony PCR (Fig. 2B). The results support the hypothesis that Cas9-
mediated DNA cleavage occurred site specifically within cac1502
on the C. acetobutylicum genome. The increased length of the
homologous region in the editing template appears to improve
DCHR efficiency, generating more mutant cells.

To extend the utility of Cas9-mediated genome editing in Clos-
tridium, we also explored targeted gene replacement by replacing
the wild-type cac1502 gene on the C. acetobutylicum genome with
a cargo DNA fusion of the C. acetobutylicum thiolase gene pro-
moter (Pthl) and the afp gene (Pthl::afp) (49). Similar to the afore-
mentioned editing template, this cargo DNA of Pthl::afp (�800
bp) was flanked by �1 kbp of homologous sequences adjacent
to both sides of cac1502. The fused DNA cassette was inserted
into pCas9gRNA-cac824I as an editing template, yielding
pCas9gRNA-delcac824I::AFP. The resulting plasmid was used
to transform DSM792, yielding an efficiency of 0.4 � 0.1 CFU
�g�1 DNA. Two colonies were confirmed for the genomic pres-
ence of the fused DNA cassette via colony PCR (Fig. 2B). After
curing the pCas9gRNA-delcac824I::AFP plasmid (9), the chro-
mosomally expressed AFP was assessed for the resulting mu-
tant 792�cac1502::afp using a fluorescent plate reader. Green
fluorescence intensity in the mutant was 56% higher than it was in

the wild-type control, indicating successful genomic integration
and functional expression of afp (Fig. 2C).

Repurposing SpCRISPR-Cas9 for transcriptional repression
in Clostridium. For extensive application of SpCRISPR-Cas9 in
Clostridium, we repurposed Cas9 for transcriptional repression by
introducing two amino acid residue substitutions (i.e., D10A and
H840A) that inactivate its endonucleolytic activity (42). The strat-
egy of using a nuclease-deficient Cas9 (dCas9), which can none-
theless be guided to target a gene locus for interfering with various
proteins involved in transcription, such as RNA polymerase and
transcription factors, is known as CRISPR interference (CRISPRi)
(42). To conduct CRISPRi in C. acetobutylicum, we selected a plas-
mid-encoded AFP as the reporter protein. In addition to a fluo-
rescent plate reader for measuring the overall culture fluores-
cence, we applied flow cytometry to discern the fluorescence
among individual cells.

C. acetobutylicum cells, i.e., DSM792 harboring either
pGLOW-CKXN-Pp1 or the control vector pMTL85141, were cul-
tivated and analyzed. A strong fluorescent signal was detected for
DSM792 harboring pGLOW-CKXN-Pp1, and its fluorescence in-
tensity was approximately 650% higher than that of the con-
trol, implying that AFP was functionally expressed (Fig. 3A).
For evaluation of transcriptional repression, DSM792 harbor-
ing pCRISPRi-AFP and pCRISPRi-Cont were cultivated and
analyzed. While DSM792 harboring pCRISPRi-Cont had a fluo-
rescence intensity similar to that of DSM792 harboring pGLOW-
CKXN-Pp1, the fluorescence intensity for DSM792 harboring
pCRISPRi-AFP was only �10% that of DSM792 harboring
pCRISPRi-Cont (Fig. 3A). These results suggest that significant

FIG 1 Genome editing in C. acetobutylicum using the type II CRISPR-Cas9
system of S. pyogenes. Expression of a plasmid-encoded Cas9 with a program-
mable sgRNA results in Cas9-mediated interference of the C. acetobutylicum
chromosome and cell death. (A) Introduction of a double-stranded DNA
break at the cac1502 locus was achieved by targeting a sgRNA, consisting of the
Cas9 binding handle sequence (blue) and a spacer sequence complementary to
the protospacer sequence present on the C. acetobutylicum chromosome
(green). Cas9 is guided to the target locus by the sgRNA through base pairing
of the spacer sequence to the chromosomal protospacer, and recognition of the
S. pyogenes PAM element (5=-NGG-3=, orange) by Cas9 initiates strand sepa-
ration of the host chromosome and endonucleolytic activity of Cas9 resulting
in the introduction of a double-stranded DNA break. (B) Introduction of a
cac1502 editing cassette to the CRISPR expression plasmid allows DCHR be-
tween the plasmid and the host chromosome. Two alternative DCHR events
are shown, one introducing a deletion (pCas9gRNA-delcac824I) and one in-
troducing a gene replacement with afp (pCas9gRNA-delcac8241-afp). Each of
these events is expected to result in the deletion of the cac1502 coding sequence
as well as the protospacer and PAM element required for recognition and
cleavage by Cas9 and the establishment of transformation.

FIG 2 Confirmation of gene deletion and replacement using SpCRISPR-Cas
in C. acetobutylicum. (A) Schematic depicting the genomic structures of the
C. acetobutylicum wild type (DSM792), markerless deletion of cac1502
(792�cac1502), and markerless gene replacement of cac1502 with Pthl::afp
(792�cac1502::afp) and the primers used for colony PCR verification of ge-
nome editing. (B) Colony PCR verification of gene editing (lane 1, unedited C.
acetobutylicum genomic DNA; lanes 2 and 3, verification of genome editing
using �500 bp and �1 kbp of the homologous region, respectively; lane 4,
negative control for primers AFPcolpcr.f and cac1502colPCR.r using unedited
C. acetobutylicum genomic DNA as the template; lanes 5 and 6, verification of
Pthl::afp integration at the cac1502 locus). (C) Fluorescence intensity of the C.
acetobutylicum wild-type and AFP-producing mutant via fluorescent plate
reader.
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transcriptional repression is associated with the expression of
dcas9 and sgRNA targeting the nontemplate strand of the afp gene.
Flow cytometry further revealed a substantial reduction in fluo-
rescence intensity for individual cells of DSM792 harboring
pCRISPRi-AFP compared with that for individual cells of
DSM792 harboring pCRISPRi-Cont (Fig. 3B). To evaluate the
DNA strand-binding bias of dCas9 that was observed previously
(42), we derived pCRISPRi-AFPT, in which the sgRNA was mod-
ified to target the template strand of afp. DSM792 harboring
pCRISPRi-AFPT did not show significant transcriptional repres-
sion, which is in agreement with the previous report (Fig. 3A)
(42).

Employing CRISPRi for relief of carbon catabolite repres-
sion in C. acetobutylicum. In light of the effective transcriptional
repression of episomal afp, we conducted CRISPRi by targeting an
endogenous gene on the C. acetobutylicum genome. Based on the
mechanistic model of CCR for Gram-positive Firmicutes (56–58),
we selected the hprK gene (cac1089), encoding HPr phosphory-
lase/kinase (HPrK), for repression. HPrK has been reported to
competitively modulate phosphorylation of glucose phospho-
transferase HPr (58). The hprK gene resides on the C. acetobuty-
licum chromosome as the second gene of a two-gene operon,
with the glpX gene (cac1088 encoding a putative fructose 1,6-
bisphosphatase) located immediately upstream (59). We there-
fore derived pCRISPRi-GlpX and pCRISPRi-HprK, respectively,
targeting glpX and hprK for transcriptional repression. Upon re-

spectively transferring pCRISPRi-HprK, pCRISPRi-GlpX and the
control plasmid pCRISPRi to DSM792, these recombinant C. ace-
tobutylicum cells were cultivated in a medium containing glu-
cose and xylose. While xylose was hardly metabolized by the
control strain of DSM792 harboring pCRISPRi (less than 2%)
even when glucose was depleted, the simultaneous utilization of
glucose and xylose was observed in both strains of DSM792 har-
boring pCRISPRi-HprK and DSM792 harboring pCRISPRi-
GlpX, indicating their metabolic relief from CCR (Fig. 4). Note
that xylose utilization was slightly better for DSM792 harboring
pCRISPRi-GlpX (�30% of xylose was consumed in 72 h) than for
DSM792 harboring pCRISPRi-HPrK (�21% of xylose was con-
sumed in 72 h).

General implementation of the SpCRISPR-Cas9 technol-
ogy in Clostridium. Given the successful implementation of
SpCRISPR-Cas9 for genome editing and transcriptional re-
pression in C. acetobutylicum, we also explored similar genetic
strategies in other members of Clostridium. Using the industrially
important 1,3-propanediol- and butanol-producing C. pasteuria-
num, both Cas9-mediated genome editing (see Fig. S1 in the sup-
plemental material and published elsewhere [48]) and transcrip-
tional repression (see Fig. S2 in the supplemental material) were
successfully demonstrated. The results suggest that similar ap-
proaches may be applicable to most, if not all, members of Clos-
tridium.

DISCUSSION

Several genome editing strategies have been recently implemented
in Clostridium, with donor editing cassettes in replicative plasmids
being integrated into the host genome (15, 16, 43, 44). Mediated
by DCHR based on a homologous region as short as 300 bp,
genomic integration of cargo DNA up to �6.5 kbp in a single step
and �40 kbp through multiple sequential integration events in C.
acetobutylicum was demonstrated (15, 16). Despite the success of
these systems, poor endogenous homologous recombination and
low transformation efficiency in Clostridium present a great chal-
lenge (3). In this report, we explored site-specific genome editing
in C. acetobutylicum through DCHR. Because of infrequent ho-
mologous recombination in C. acetobutylicum, the implementa-
tion of an effective screening tool, such as CRISPR, for the selec-
tion of edited cells can enhance screening of mutant cells. CRISPR
systems have been identified in �70% of members of Clostridium,
including the solventogenic clostridia (30, 48, 60). While a native
CRISPR system has been recently unveiled in C. acetobutylicum
strain GXAS18-1 (61), no such homologs are detected in C. ace-
tobutylicum strains DSM792, DSM1731, or EA2018 (60). Using
the editing template of a double-stranded DNA in a plasmid con-
taining the SpCRISPR-Cas9 machinery to replace cac1502 via
DCHR, site-specific genome editing was successfully demon-
strated. Although the efficiency of genome editing was 100%, the
overall number of edited cells was low. This may be a combina-
tional effect of notoriously poor transformation and the low fre-
quency of homologous recombination in C. acetobutylicum, as
well as Cas9-induced toxicity. In addition, the large size of the
constructed plasmids for genome editing may exacerbate this lim-
itation. While using longer homologous regions in the editing
template appeared to improve the yield of edited cells (0.38 � 0.05
CFU �g�1 DNA for pCas9gRNA-delcac824I-1000 versus 0.2 �
0.0 CFU �g�1 DNA for pCas9gRNA-delcac824I-500), the trans-
formation efficiency remained low.

FIG 3 CRISPRi-mediated transcriptional repression of afp in Clostridium. (A)
Mean fluorescence intensity for DSM792 harboring plasmids pMTL85141,
pGLOW-CKXN-Pp1, pCRISPRi-Cont, pCRISPRi-AFP, and pCRISPRi-AFPT
analyzed by fluorescent plate reader. (B) Histogram of fluorescence intensity
of DSM792 harboring pCRISPRi-Cont, empty control vector pMTL85141, or
pCRISPRi-AFP as analyzed by flow cytometry.
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Toxicity associated with Cas9 has been implicated in several
previous reports (53–55), and this can significantly reduce the
transformation efficiency of C. acetobutylicum. Additionally, nu-
merous attempts to construct E. coli-Clostridium vectors with cas9
and sgRNA expression that was regulated by strong, constitutive,
and endogenous clostridial promoters, such as thiolase or ferre-
doxin promoters, yielded only E. coli transformants with dele-
tions/mutations in the resulting plasmids (data not shown). Only
plasmids with sgRNA expression that was regulated by the C. bei-
jerinckii small RNA promoter sCbei5830 were successfully derived
without any mutations. As the thiolase and ferredoxin promoters
have both been shown to be active in E. coli (62, 63), we speculate that
the mutation effects may be associated with nonspecific lethal target-
ing of the expressed sgRNA in E. coli and the sCbei5830 promoter
may not be recognized by E. coli. These results highlight the impor-
tance of promoter selection for functional expression of sgRNA.

Given the significant advances in genome editing over the past
decades, modulating the transcriptome of an organism to derive
complex and multigenic phenotypes is still considered challenging
(64, 65). Various strategies have been envisioned, particularly en-
gineering components of the transcriptional machinery by fusing
synthetic ZF or TALE DNA-binding domains with transcriptional
activator and repressor domains to elicit novel phenotypes (21, 25,
66). In Clostridium, transcriptional engineering has been limited
to asRNA-mediated repression of endogenous genes, which was
implemented in several members of Clostridium to various de-
grees of success (3), ostensibly due to difficulties in identifying

sequences with desirable features for targeting as well as the effect
of the secondary structure of the asRNA molecule on targeting
efficacy (23, 28, 67). A simple and effective method for modifying
the transcriptional program in Clostridium is critical for further
development of industrial strains. Here, transcriptional repres-
sion mediated by CRISPRi in C. acetobutylicum was explored by
expressing dcas9 along with a targeting sgRNA. With the nontem-
plate strand of an episomal afp gene being targeted in DSM792,
the repression efficiency achieved 90% (Fig. 3A). In agreement
with the previous study (42), employing an sgRNA targeting the tem-
plate strand resulted in insignificant repression, as it was reported that
the Cas9-sgRNA heteroduplex recognizes the PAM on the nontem-
plate DNA strand (40, 52). These results corroborate well with previ-
ously reported CRISPRi-mediated transcriptional repression in E.
coli (42) and Mycobacterium tuberculosis (68), where significant
levels of transcriptional repression were observed.

Note that flow cytometry analysis of C. acetobutylicum cultures
not only showed a general trend of CRISPRi-associated repression
at the single-cell level but also culture heterogeneity, leading to a
reduction in the overall afp expression level (Fig. 3C). The sto-
chastic nature of gene expression arising from randomness in
transcription and translation has been well documented in both
prokaryotic and eukaryotic organisms, leading to cell-to-cell vari-
ation in the mRNA and protein levels for a genetically homoge-
neous population of cells (69, 70). Additionally, the asynchronous
replication of cells within the population results in heterogeneity
in physiological and metabolic state, which can affect the regula-

FIG 4 CRISPRi-mediated repression of HPrK leading to the coconsumption of glucose and xylose. Percent residual glucose and xylose and growth curve (inset)
for DSM792 harboring plasmids pCRISPRi, pCRISPRi-GlpX, and pCRISPRi-HPrk.
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tion of gene expression (70, 71). The effectiveness of CRISPRi at
a single-cell resolution is evidenced by the left-shifted mode
and narrowed histogram distribution for DSM792 harboring
pCRISPRi-AFP, compared to the right-shifted mode, broad,
and longer tailed distribution for DSM792, which harbors the
control plasmid pCRISPRi-Cont (Fig. 3C).

CRISPRi was applied for transcriptional repression of endog-
enous hprK and glpX in C. acetobutylicum, leading to the relief of
CCR. In Gram-positive Firmicutes, the bifunctional protein HPr
kinase/phosphorylase (HPrK) regulates the phosphorylation state
of glucose phosphotransferase, i.e., histone-containing protein
(HPr), which complexes with the pleiotropic transcriptional reg-
ulatory protein carbon control protein A (CcpA) for its DNA
binding at the catabolite responsive elements (CREs) to inhibit
transcription of carbon catabolic operons (56, 72). Importantly,
phosphorylation of HPr at Ser46 by HPrK was reported to result
in an �1,000-fold greater affinity for complexing with CcpA than
HPr that is not phosphorylated (58). The hprK (cac1089) gene
exists as the second gene in a two-gene operon, immediately
downstream of glpX (cac1088) encoding a putative fructose 1,6-
bisphosphatase, which modulates the concentrations of the glyco-
lytic regulatory hexoses of fructose 1,6-bisphosphate and fructose
6-phosphate and therefore strengthens CcpA-dependent tran-
scriptional regulation (57, 59, 73, 74). Our results show that
downregulation of GlpX and/or HPrK via CRISPRi may poten-
tially relieve CCR since both DSM792 harboring pCRISPRi-GlpX
and DSM792 harboring pCRISPRi-HPrK consumed glucose and
xylose simultaneously (Fig. 4). The difference in the level of CCR
relief between the two gene targets may be associated with either
the biochemical mechanism of CCR or the targeting efficiency of
dCas9, which is knowingly affected by the sgRNA secondary struc-
ture and the location of the sgRNA target sequence within the gene
(42, 68). Our results suggest the potential applicability of CRISPRi
in manipulating or even optimizing complex and multigenic phe-
notypes in C. acetobutylicum for industrial purposes.

ACKNOWLEDGMENTS

We thank N. Minton and L. Marraffini for kindly providing plasmids
pMTL85141 and pCas9, respectively.

M.R.B. helped conceive of the study, participated in its design and
coordination, carried out the experiments, and drafted the manuscript.
M.E.P. participated in coordination of the study and assisted with exper-
imental procedures. M.M.Y. participated in the study design and coordi-
nation. D.A.C. and C.P.C. helped conceive of the study, participated in its
design and coordination, and helped draft the manuscript. All authors
read and approved the final manuscript.

D.A.C. is a founder and employee of Neemo Inc., at which M.E.P has been
employed. Neemo Inc. has a financial interest in the production of biofuels
using Clostridium. The remaining authors declare no conflicts of interests.

FUNDING INFORMATION
This work, including the efforts of C. Perry Chou, was funded by Canada
Research Chairs (Chaires de recherche du Canada) (CRC 950-211471).
This work, including the efforts of C. Perry Chou, was funded by Gouver-
nement du Canada | Natural Sciences and Engineering Research Council
of Canada (NSERC) (STPGP 430106-12). This work, including the efforts
of C. Perry Chou, was funded by Gouvernement du Canada | Networks of
Centres of Excellence of Canada (NCE) (BioFuelNet).

REFERENCES
1. Tracy BP, Jones SW, Fast AG, Indurthi DC, Papoutsakis ET. 2012.

Clostridia: the importance of their exceptional substrate and metabolite

diversity for biofuel and biorefinery applications. Curr Opin Biotechnol
23:364 –381. http://dx.doi.org/10.1016/j.copbio.2011.10.008.

2. Papoutsakis ET. 2008. Engineering solventogenic clostridia. Curr Opin
Biotechnol 19:420 – 429. http://dx.doi.org/10.1016/j.copbio.2008.08.003.

3. Pyne ME, Bruder M, Moo-Young M, Chung DA, Chou CP. 2014.
Technical guide for genetic advancement of underdeveloped and intrac-
table Clostridium. Biotechnol Adv 32:623– 641. http://dx.doi.org/10.1016
/j.biotechadv.2014.04.003.

4. Mermelstein LD, Papoutsakis ET. 1993. In vivo methylation in Esche-
richia coli by the Bacillus subtilis phage phi 3T I methyltransferase to pro-
tect plasmids from restriction upon transformation of Clostridium aceto-
butylicum ATCC 824. Appl Environ Microbiol 59:1077–1081.

5. Green EM, Boynton ZL, Harris LM, Rudolph FB, Papoutsakis ET,
Bennett GN. 1996. Genetic manipulation of acid formation pathways by
gene inactivation in Clostridium acetobutylicum ATCC 824. Microbiology
142:2079 –2086. http://dx.doi.org/10.1099/13500872-142-8-2079.

6. Harris LM, Welker NE, Papoutsakis ET. 2002. Northern, morphological,
and fermentation analysis of spo0A inactivation and overexpression in
Clostridium acetobutylicum ATCC 824. J Bacteriol 184:3586 –3597. http:
//dx.doi.org/10.1128/JB.184.13.3586-3597.2002.

7. Heap JT, Pennington OJ, Cartman ST, Carter GP, Minton NP. 2007.
The ClosTron: a universal gene knock-out system for the genus Clostrid-
ium. J Microbiol Methods 70:452– 464. http://dx.doi.org/10.1016/j.mimet
.2007.05.021.

8. Shao L, Hu S, Yang Y, Gu Y, Chen J, Yang Y, Jiang W, Yang S. 2007.
Targeted gene disruption by use of a group II intron (targetron) vector in
Clostridium acetobutylicum. Cell Res 17:963–965. http://dx.doi.org/10
.1038/cr.2007.91.

9. Pyne ME, Moo-Young M, Chung DA, Chou CP. 2014. Expansion of the
genetic toolkit for metabolic engineering of Clostridium pasteurianum:
chromosomal gene disruption of the endogenous CpaAI restriction en-
zyme. Biotechnol Biofuels 7:163. http://dx.doi.org/10.1186/s13068-014
-0163-1.

10. Karberg M, Guo H, Zhong J, Coon R, Perutka J, Lambowitz AM. 2001.
Group II introns as controllable gene targeting vectors for genetic manip-
ulation of bacteria. Nat Biotechnol 19:1162–1167. http://dx.doi.org/10
.1038/nbt1201-1162.

11. Perutka J, Wang W, Goerlitz D, Lambowitz AM. 2004. Use of computer-
designed group II introns to disrupt Escherichia coli DExH/D-box protein
and DNA helicase genes. J Mol Biol 336:421– 439. http://dx.doi.org/10
.1016/j.jmb.2003.12.009.

12. Heap JT, Kuehne SA, Ehsaan M, Cartman ST, Cooksley CM, Scott JC,
Minton NP. 2010. The ClosTron: mutagenesis in Clostridium refined and
streamlined. J Microbiol Methods 80:49 –55. http://dx.doi.org/10.1016/j
.mimet.2009.10.018.

13. Chen Y, Caruso L, McClane B, Fisher D, Gupta P. 2007. Disruption of
a toxin gene by introduction of a foreign gene into the chromosome of
Clostridium perfringens using targetron-induced mutagenesis. Plasmid 58:
182–189. http://dx.doi.org/10.1016/j.plasmid.2007.04.002.

14. Plante I, Cousineau B. 2006. Restriction for gene insertion within the
Lactococcus lactis Ll. LtrB group II intron. RNA 12:1980 –1992.

15. Heap JT, Ehsaan M, Cooksley CM, Ng YK, Cartman ST, Winzer K,
Minton NP. 2012. Integration of DNA into bacterial chromosomes from
plasmids without a counter-selection marker. Nucleic Acids Res 40:e59.
http://dx.doi.org/10.1093/nar/gkr1321.

16. Al-Hinai MA, Fast AG, Papoutsakis ET. 2012. Novel system for efficient
isolation of Clostridium double-crossover allelic exchange mutants en-
abling markerless chromosomal gene deletions and DNA integration.
Appl Environ Microbiol 78:8112– 8121. http://dx.doi.org/10.1128/AEM
.02214-12.

17. Cartman ST, Kelly ML, Heeg D, Heap JT, Minton NP. 2012. Precise
manipulation of the Clostridium difficile chromosome reveals a lack of
association between the tcdC genotype and toxin production. Appl Envi-
ron Microbiol 78:4683– 4690. http://dx.doi.org/10.1128/AEM.00249-12.

18. Nariya H, Miyata S, Suzuki M, Tamai E, Okabe A. 2011. Development
and application of a method for counterselectable in-frame deletion in
Clostridium perfringens. Appl Environ Microbiol 77:1375–1382. http://dx
.doi.org/10.1128/AEM.01572-10.

19. Dong H, Tao W, Gong F, Li Y, Zhang Y. 2014. A functional recT gene for
recombineering of Clostridium. J Biotechnol 173:65– 67. http://dx.doi.org
/10.1016/j.jbiotec.2013.12.011.

20. Alper H, Miyaoku K, Stephanopoulos G. 2005. Construction of lyco-
pene-overproducing E. coli strains by combining systematic and combi-

Development of CRISPR-Cas Tools for Clostridium

October 2016 Volume 82 Number 20 aem.asm.org 6117Applied and Environmental Microbiology

 on O
ctober 17, 2019 at U

N
IV

 O
F

 W
A

T
E

R
LO

O
http://aem

.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1016/j.copbio.2011.10.008
http://dx.doi.org/10.1016/j.copbio.2008.08.003
http://dx.doi.org/10.1016/j.biotechadv.2014.04.003
http://dx.doi.org/10.1016/j.biotechadv.2014.04.003
http://dx.doi.org/10.1099/13500872-142-8-2079
http://dx.doi.org/10.1128/JB.184.13.3586-3597.2002
http://dx.doi.org/10.1128/JB.184.13.3586-3597.2002
http://dx.doi.org/10.1016/j.mimet.2007.05.021
http://dx.doi.org/10.1016/j.mimet.2007.05.021
http://dx.doi.org/10.1038/cr.2007.91
http://dx.doi.org/10.1038/cr.2007.91
http://dx.doi.org/10.1186/s13068-014-0163-1
http://dx.doi.org/10.1186/s13068-014-0163-1
http://dx.doi.org/10.1038/nbt1201-1162
http://dx.doi.org/10.1038/nbt1201-1162
http://dx.doi.org/10.1016/j.jmb.2003.12.009
http://dx.doi.org/10.1016/j.jmb.2003.12.009
http://dx.doi.org/10.1016/j.mimet.2009.10.018
http://dx.doi.org/10.1016/j.mimet.2009.10.018
http://dx.doi.org/10.1016/j.plasmid.2007.04.002
http://dx.doi.org/10.1093/nar/gkr1321
http://dx.doi.org/10.1128/AEM.02214-12
http://dx.doi.org/10.1128/AEM.02214-12
http://dx.doi.org/10.1128/AEM.00249-12
http://dx.doi.org/10.1128/AEM.01572-10
http://dx.doi.org/10.1128/AEM.01572-10
http://dx.doi.org/10.1016/j.jbiotec.2013.12.011
http://dx.doi.org/10.1016/j.jbiotec.2013.12.011
http://aem.asm.org
http://aem.asm.org/


natorial gene knockout targets. Nat Biotechnol 23:612– 616. http://dx.doi
.org/10.1038/nbt1083.

21. Rossi A, Kontarakis Z, Gerri C, Nolte H, Hölper S, Krüger M, Stainier
DYR. 2015. Genetic compensation induced by deleterious mutations but
not gene knockdowns. Nature 524:230 –233. http://dx.doi.org/10.1038
/nature14580.

22. Lee JY, Yang KS, Jang SA, Sung BH, Kim SC. 2011. Engineering
butanol-tolerance in Escherichia coli with artificial transcription factor li-
braries. Biotechnol Bioeng 108:742–749. http://dx.doi.org/10.1002/bit
.22989.

23. Desai RP, Papoutsakis ET. 1999. Antisense RNA strategies for metabolic
engineering of Clostridium acetobutylicum. Appl Environ Microbiol 65:
936 –945.

24. Wang HH, Isaacs FJ, Carr PA, Sun ZZ, Xu G, Forest CR, Church GM.
2009. Programming cells by multiplex genome engineering and acceler-
ated evolution. Nature 460:894 – 898. http://dx.doi.org/10.1038
/nature08187.

25. Park K-S, Lee D, Lee H, Lee Y, Jang Y-S, Kim YH, Yang H-Y, Lee S-I,
Seol W, Kim J-S. 2003. Phenotypic alteration of eukaryotic cells using
randomized libraries of artificial transcription factors. Nat Biotechnol 21:
1208 –1214. http://dx.doi.org/10.1038/nbt868.

26. Bogdanove AJ, Voytas DF. 2011. TAL effectors: customizable proteins for
DNA targeting. Science 333:1843–1846. http://dx.doi.org/10.1126/science
.1204094.

27. Copeland MF, Politz MC, Pfleger BF. 2014. Application of TALEs,
CRISPR/Cas and sRNAs as trans-acting regulators in prokaryotes. Curr
Opin Biotechnol 29:46 –54. http://dx.doi.org/10.1016/j.copbio.2014.02
.010.

28. Rasmussen LC, Sperling-Petersen HU, Mortensen KK. 2007. Hitting
bacteria at the heart of the central dogma: sequence-specific inhibition.
Microb Cell Fact 6:24. http://dx.doi.org/10.1186/1475-2859-6-24.

29. Marraffini LA, Sontheimer EJ. 2010. CRISPR interference: RNA-directed
adaptive immunity in bacteria and archaea. Nat Rev Genet 11:181–190.
http://dx.doi.org/10.1038/nrg2749.

30. Grissa I, Vergnaud G, Pourcel C. 2007. The CRISPRdb database and
tools to display CRISPRs and to generate dictionaries of spacers and re-
peats. BMC Bioinformatics 8:172. http://dx.doi.org/10.1186/1471-2105-8
-172.

31. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau
S, Romero DA, Horvath P. 2007. CRISPR provides acquired resistance
against viruses in prokaryotes. Science 315:1709 –1712. http://dx.doi.org
/10.1126/science.1138140.

32. van der Oost J, Jore MM, Westra ER, Lundgren M, Brouns SJJ. 2009.
CRISPR-based adaptive and heritable immunity in prokaryotes. Trends
Biochem Sci 34:401– 407. http://dx.doi.org/10.1016/j.tibs.2009.05.002.

33. Makarova KS, Haft DH, Barrangou R, Brouns SJJ, Charpentier E,
Horvath P, Moineau S, Mojica FJM, Wolf YI, Yakunin AF, van der Oost
J, Koonin EV. 2011. Evolution and classification of the CRISPR-Cas
systems. Nat Rev Microbiol 9:467– 477. http://dx.doi.org/10.1038
/nrmicro2577.

34. Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, Shah SA, Saunders SJ,
Barrangou R, Brouns SJJ, Charpentier E, Haft DH, Horvath P,
Moineau S, Mojica FJM, Terns RM, Terns MP, White MF, Yakunin AF,
Garrett RA, van der Oost J, Backofen R, Koonin EV. 2015. An updated
evolutionary classification of CRISPR-Cas systems. Nat Rev Microbiol
13:722–736. http://dx.doi.org/10.1038/nrmicro3569.

35. Jiang WY, Bikard D, Cox D, Zhang F, Marraffini LA. 2013. RNA-guided
editing of bacterial genomes using CRISPR-Cas systems. Nat Biotechnol
31:233–239. http://dx.doi.org/10.1038/nbt.2508.

36. Westbrook AW, Moo-Young M, Chou CP. 3 June 2016. Development of
a CRISPR-Cas9 toolkit for comprehensive engineering of Bacillus subtilis.
Appl Environ Microbiol http://dx.doi.org/10.1128/AEM.01159-16.

37. DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM. 2013.
Genome engineering in Saccharomyces cerevisiae using CRISPR-Cas sys-
tems. Nucleic Acids Res 41:4336 – 4343. http://dx.doi.org/10.1093/nar
/gkt135.

38. Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F,
Jaenisch R. 2013. One-step generation of mice carrying mutations in
multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153:
910 –918. http://dx.doi.org/10.1016/j.cell.2013.04.025.

39. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X,
Jiang W, Marraffini LA, Zhang F. 2013. Multiplex genome engineering

using CRISPR/Cas systems. Science 339:819 – 823. http://dx.doi.org/10
.1126/science.1231143.

40. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E.
2012. A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337:816 – 821. http://dx.doi.org/10.1126
/science.1225829.

41. Gasiunas G, Barrangou R, Horvath P, Siksnys V. 2012. Cas9-crRNA
ribonucleoprotein complex mediates specific DNA cleavage for adaptive
immunity in bacteria. Proc Natl Acad Sci U S A 109:E2579 –E2586. http:
//dx.doi.org/10.1073/pnas.1208507109.

42. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP,
Lim WA. 2013. Repurposing CRISPR as an RNA-guided platform for
sequence-specific control of gene expression. Cell 152:1173–1183. http:
//dx.doi.org/10.1016/j.cell.2013.02.022.

43. Wang Y, Zhang Z-T, Seo S-O, Choi K, Lu T, Jin Y-S, Blaschek HP. 2015.
Markerless chromosomal gene deletion in Clostridium beijerinckii using
CRISPR/Cas9 system. J Biotechnol 200:1–5. http://dx.doi.org/10.1016/j
.jbiotec.2015.02.005.

44. Xu T, Li Y, Shi Z, Hemme CL, Li Y, Zhu Y, Van Nostrand JD, He Z,
Zhou J. 2015. Efficient genome editing in Clostridium cellulolyticum via
CRISPR-Cas9 nickase. Appl Environ Microbiol 81:4423– 4431. http://dx
.doi.org/10.1128/AEM.00873-15.

45. Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular cloning: a labora-
tory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

46. Pyne ME, Moo-Young M, Chung DA, Chou CP. 2013. Development of
an electrotransformation protocol for genetic manipulation of Clostrid-
ium pasteurianum. Biotechnol Biofuels 6:50. http://dx.doi.org/10.1186
/1754-6834-6-50.

47. Heap JT, Pennington OJ, Cartman ST, Minton NP. 2009. A modular
system for Clostridium shuttle plasmids. J Microbiol Methods 78:79 – 85.
http://dx.doi.org/10.1016/j.mimet.2009.05.004.

48. Pyne ME, Bruder MR, Moo-Young M, Chung DA, Chou CP. 2016.
Harnessing heterologous and endogenous CRISPR-Cas machineries for
efficient markerless genome editing in Clostridium. Sci Rep 6:25666. http:
//dx.doi.org/10.1038/srep25666.

49. Drepper T, Eggert T, Circolone F, Heck A, Krauß U, Guterl J-K,
Wendorff M, Losi A, Gärtner W, Jaeger K-E. 2007. Reporter proteins for
in vivo fluorescence without oxygen. Nat Biotechnol 25:443– 445. http:
//dx.doi.org/10.1038/nbt1293.

50. Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, III,
Smith HO. 2009. Enzymatic assembly of DNA molecules up to several
hundred kilobases. Nat Methods 6:343–345. http://dx.doi.org/10.1038
/nmeth.1318.

51. Dong H, Zhang Y, Dai Z, Li Y. 2010. Engineering Clostridium strain to
accept unmethylated DNA. PLoS One 5:e9038. http://dx.doi.org/10.1371
/journal.pone.0009038.

52. Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA. 2014. DNA
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature
507:62– 67. http://dx.doi.org/10.1038/nature13011.

53. Jiang W, Brueggeman AJ, Horken KM, Plucinak TM, Weeks DP. 2014.
Successful transient expression of Cas9 and single guide RNA genes in
Chlamydomonas reinhardtii. Eukaryot Cell 13:1465–1469. http://dx.doi
.org/10.1128/EC.00213-14.

54. Fujii W, Kawasaki K, Sugiura K, Naito K. 2013. Efficient generation of
large-scale genome-modified mice using gRNA and Cas9 endonuclease.
Nucleic Acids Res 41:e187. http://dx.doi.org/10.1093/nar/gkt772.

55. Gratz SJ, Ukken FP, Rubinstein CD, Thiede G, Donohue LK, Cum-
mings AM, O’Connor-Giles KM. 2014. Highly specific and efficient
CRISPR/Cas9-catalyzed homology-directed repair in Drosophila. Genet-
ics 196:961–971. http://dx.doi.org/10.1534/genetics.113.160713.

56. Bruder M, Moo-Young M, Chung DA, Chou CP. 2015. Elimination of
carbon catabolite repression in Clostridium acetobutylicum—a journey to-
ward simultaneous use of xylose and glucose. Appl Microbiol Biotechnol
99:7579 –7588. http://dx.doi.org/10.1007/s00253-015-6611-4.

57. Görke B, Stülke J. 2008. Carbon catabolite repression in bacteria: many
ways to make the most out of nutrients. Nat Rev Microbiol 6:613– 624.
http://dx.doi.org/10.1038/nrmicro1932.

58. Nessler S, Fieulaine S, Poncet S, Galinier A, Deutscher J, Janin J. 2003.
HPr kinase/phosphorylase, the sensor enzyme of catabolite repression in
Gram-positive bacteria: structural aspects of the enzyme and the complex
with its protein substrate. J Bacteriol 185:4003– 4010. http://dx.doi.org/10
.1128/JB.185.14.4003-4010.2003.

Bruder et al.

6118 aem.asm.org October 2016 Volume 82 Number 20Applied and Environmental Microbiology

 on O
ctober 17, 2019 at U

N
IV

 O
F

 W
A

T
E

R
LO

O
http://aem

.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1038/nbt1083
http://dx.doi.org/10.1038/nbt1083
http://dx.doi.org/10.1038/nature14580
http://dx.doi.org/10.1038/nature14580
http://dx.doi.org/10.1002/bit.22989
http://dx.doi.org/10.1002/bit.22989
http://dx.doi.org/10.1038/nature08187
http://dx.doi.org/10.1038/nature08187
http://dx.doi.org/10.1038/nbt868
http://dx.doi.org/10.1126/science.1204094
http://dx.doi.org/10.1126/science.1204094
http://dx.doi.org/10.1016/j.copbio.2014.02.010
http://dx.doi.org/10.1016/j.copbio.2014.02.010
http://dx.doi.org/10.1186/1475-2859-6-24
http://dx.doi.org/10.1038/nrg2749
http://dx.doi.org/10.1186/1471-2105-8-172
http://dx.doi.org/10.1186/1471-2105-8-172
http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1016/j.tibs.2009.05.002
http://dx.doi.org/10.1038/nrmicro2577
http://dx.doi.org/10.1038/nrmicro2577
http://dx.doi.org/10.1038/nrmicro3569
http://dx.doi.org/10.1038/nbt.2508
http://dx.doi.org/10.1128/AEM.01159-16
http://dx.doi.org/10.1093/nar/gkt135
http://dx.doi.org/10.1093/nar/gkt135
http://dx.doi.org/10.1016/j.cell.2013.04.025
http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1073/pnas.1208507109
http://dx.doi.org/10.1073/pnas.1208507109
http://dx.doi.org/10.1016/j.cell.2013.02.022
http://dx.doi.org/10.1016/j.cell.2013.02.022
http://dx.doi.org/10.1016/j.jbiotec.2015.02.005
http://dx.doi.org/10.1016/j.jbiotec.2015.02.005
http://dx.doi.org/10.1128/AEM.00873-15
http://dx.doi.org/10.1128/AEM.00873-15
http://dx.doi.org/10.1186/1754-6834-6-50
http://dx.doi.org/10.1186/1754-6834-6-50
http://dx.doi.org/10.1016/j.mimet.2009.05.004
http://dx.doi.org/10.1038/srep25666
http://dx.doi.org/10.1038/srep25666
http://dx.doi.org/10.1038/nbt1293
http://dx.doi.org/10.1038/nbt1293
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1371/journal.pone.0009038
http://dx.doi.org/10.1371/journal.pone.0009038
http://dx.doi.org/10.1038/nature13011
http://dx.doi.org/10.1128/EC.00213-14
http://dx.doi.org/10.1128/EC.00213-14
http://dx.doi.org/10.1093/nar/gkt772
http://dx.doi.org/10.1534/genetics.113.160713
http://dx.doi.org/10.1007/s00253-015-6611-4
http://dx.doi.org/10.1038/nrmicro1932
http://dx.doi.org/10.1128/JB.185.14.4003-4010.2003
http://dx.doi.org/10.1128/JB.185.14.4003-4010.2003
http://aem.asm.org
http://aem.asm.org/


59. Paredes CJ, Rigoutsos I, Papoutsakis ET. 2004. Transcriptional organi-
zation of the Clostridium acetobutylicum genome. Nucleic Acids Res 32:
1973–1981. http://dx.doi.org/10.1093/nar/gkh509.

60. Brown SD, Nagaraju S, Utturkar S, De Tissera S, Segovia S, Mitchell W,
Land ML, Dassanayake A, Köpke M. 2014. Comparison of single-
molecule sequencing and hybrid approaches for finishing the genome of
Clostridium autoethanogenum and analysis of CRISPR systems in indus-
trial relevant clostridia. Biotechnol Biofuels 7:40. http://dx.doi.org/10
.1186/1754-6834-7-40.

61. Peng L, Pei J, Pang H, Guo Y, Lin L, Huang R. 2014. Whole-genome
sequencing reveals a novel CRISPR system in industrial Clostridium ace-
tobutylicum. J Ind Microbiol Biotechnol 41:1677–1685. http://dx.doi.org
/10.1007/s10295-014-1507-3.

62. Bermejo LL, Welker NE, Papoutsakis ET. 1998. Expression of Clostrid-
ium acetobutylicum ATCC 824 genes in Escherichia coli for acetone pro-
duction and acetate detoxification. Appl Environ Microbiol 64:1079 –
1085.

63. Graves MC, Rabinowitz JC. 1986. In vivo and in vitro transcription of the
Clostridium pasteurianum ferredoxin gene. Evidence for “extended” pro-
moter elements in Gram-positive organisms. J Biol Chem 261:11409–11415.

64. Santos CNS, Stephanopoulos G. 2008. Combinatorial engineering of
microbes for optimizing cellular phenotype. Curr Opin Chem Biol 12:
168 –176. http://dx.doi.org/10.1016/j.cbpa.2008.01.017.

65. Doudna JA, Charpentier E. 2014. Genome editing. The new frontier of
genome engineering with CRISPR-Cas9. Science 346:1258096.

66. Alper H, Stephanopoulos G. 2007. Global transcription machinery engi-
neering: a new approach for improving cellular phenotype. Metab Eng
9:258 –267. http://dx.doi.org/10.1016/j.ymben.2006.12.002.

67. Tummala SB, Welker NE, Papoutsakis ET. 2003. Design of antisense

RNA constructs for downregulation of the acetone formation pathway of
Clostridium acetobutylicum. J Bacteriol 185:1923–1934. http://dx.doi.org
/10.1128/JB.185.6.1923-1934.2003.

68. Choudhary E, Thakur P, Pareek M, Agarwal N. 2015. Gene silencing by
CRISPR interference in mycobacteria. Nat Commun 6:6267.

69. Raser JM, O’Shea EK. 2004. Control of stochasticity in eukaryotic gene
expression. Science 304:1811–1814. http://dx.doi.org/10.1126/science
.1098641.

70. Elowitz MB, Levine AJ, Siggia ED, Swain PS. 2002. Stochastic gene
expression in a single cell. Science 297:1183–1186. http://dx.doi.org/10
.1126/science.1070919.

71. Newman JRS, Ghaemmaghami S, Ihmels J, Breslow DK, Noble M,
DeRisi JL, Weissman JS. 2006. Single-cell proteomic analysis of S. cerevi-
siae reveals the architecture of biological noise. Nature 441:840 – 846. http:
//dx.doi.org/10.1038/nature04785.

72. Galinier A, Kravanja M, Engelmann R, Hengstenberg W, Kilhoffer
M-C, Deutscher J, Haiech J. 1998. New protein kinase and protein phos-
phatase families mediate signal transduction in bacterial catabolite repres-
sion. Proc Natl Acad Sci U S A 95:1823–1828. http://dx.doi.org/10.1073
/pnas.95.4.1823.

73. Donahue JL, Bownas JL, Niehaus WG, Larson TJ. 2000. Purification and
characterization of glpX-encoded fructose 1,6-bisphosphatase, a new en-
zyme of the glycerol 3-phosphate regulon of Escherichia coli. J Bacteriol
182:5624 –5627. http://dx.doi.org/10.1128/JB.182.19.5624-5627.2000.

74. Tangney M, Galinier A, Deutscher J, Mitchell WJ. 2003. Analysis of the
elements of catabolite repression in Clostridium acetobutylicum ATCC
824. J Mol Microbiol Biotechnol 6:6 –11. http://dx.doi.org/10.1159
/000073403.

Development of CRISPR-Cas Tools for Clostridium

October 2016 Volume 82 Number 20 aem.asm.org 6119Applied and Environmental Microbiology

 on O
ctober 17, 2019 at U

N
IV

 O
F

 W
A

T
E

R
LO

O
http://aem

.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1093/nar/gkh509
http://dx.doi.org/10.1186/1754-6834-7-40
http://dx.doi.org/10.1186/1754-6834-7-40
http://dx.doi.org/10.1007/s10295-014-1507-3
http://dx.doi.org/10.1007/s10295-014-1507-3
http://dx.doi.org/10.1016/j.cbpa.2008.01.017
http://dx.doi.org/10.1016/j.ymben.2006.12.002
http://dx.doi.org/10.1128/JB.185.6.1923-1934.2003
http://dx.doi.org/10.1128/JB.185.6.1923-1934.2003
http://dx.doi.org/10.1126/science.1098641
http://dx.doi.org/10.1126/science.1098641
http://dx.doi.org/10.1126/science.1070919
http://dx.doi.org/10.1126/science.1070919
http://dx.doi.org/10.1038/nature04785
http://dx.doi.org/10.1038/nature04785
http://dx.doi.org/10.1073/pnas.95.4.1823
http://dx.doi.org/10.1073/pnas.95.4.1823
http://dx.doi.org/10.1128/JB.182.19.5624-5627.2000
http://dx.doi.org/10.1159/000073403
http://dx.doi.org/10.1159/000073403
http://aem.asm.org
http://aem.asm.org/

	MATERIALS AND METHODS
	Bacterial strains, plasmids, and oligonucleotides.
	DNA manipulation and transformation.
	Plasmid construction.
	Cultivation.
	Analyses.

	RESULTS
	Implementation of SpCRISPR-Cas9 for markerless gene deletion and gene replacement in C. acetobutylicum.
	Repurposing SpCRISPR-Cas9 for transcriptional repression in Clostridium.
	Employing CRISPRi for relief of carbon catabolite repression in C. acetobutylicum.
	General implementation of the SpCRISPR-Cas9 technology in Clostridium.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

