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RECOMBINANT CLOSTRIDIUM ORGANISM AND METHOD FOR ISOLATION OF
DOUBLE-CROSSOVER ALLELIC EXCHANGE MUTANTS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Application No. 61/576,588,
5 filed December 16, 2011, and U.S. Provisional Application No. 61/700,650, filed
September 13, 2012, the contents of each of which are incorporated herein in their
entireties for all purposes.
GOVERNMENT INTERESTS
This invention was made with government support under Grant No. DE-SC0007092
10  awarded by the United States Department of Energy. The government has certain rights
in this invention.
FIELD OF THE INVENTION
The invention pertains to the field of biotechnology. In particular, the invention
provides recombinant Clostridium organisms having double-crossover allelic exchange and
15  methods for isolation thereof.
BACKGROUND OF THE INVENTION
The genus Clostridium is composed of Gram®, spore-forming bacteria that belong
to the phylum Firmicutes. Members of this genus are obligate anaerobes and contain both
medically and commercially important species. C. botulinum, C. difficile, C. perfringens
20 and C. tetanii are medically-important human pathogens. C. sporogenes and C. novyi
have the potential for use as anti-cancer drug delivery systems that specifically target
hypoxic and necrotic areas of tumors. Other species of the genus are industrially
important for producing commodity chemicals and biofuels from a variety of carbon
sources. These include strains that produce solvents, such as C. acetobutylicum, C.
25  pasteurianum and C. bejjerinckii, the acetogens that grow on CO,/CO/H,, such as C.
ljungdahlii and C. carboxidivorans, and the cellulolytic clostridia, such as C. thermoceilum,
C. cellulolyticum, and C. phytofermentans among others. Industrial and medical
applications of these organisms are hindered by the limited availability of effective genetic
tools, and the inherent difficulty of genetically modifying these organisms has been a
30 roadblock in the development of desirable strains. Gene deletions (knockouts, KOs) and
chromosomal integrations (knockins, KIs) for both fundamental investigations and
practical applications remain a difficult, slow and inefficient task,
Until recently, most of the relatively few homologous recombination mutants
isolated in Clostridium spp. have been single-crossover mutants brought about by a
35  Campbell-like integration of the entire plasmid backbone. To date, only a handful of gene
replacement mutants via allelic exchange have been isolated.
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To bypass the difficulty of isolating allelic exchange mutants in Clostridium, three
main methods are currently employed for gene inactivation and DNA chromosomal
integration. The first is based on the mobile group II intron from the /trB gene of
Lactococcus lactis (commercially known as the TargeTron technolegy). These are large
‘retrohoming’ ribozymes capable of self-splicing from pre-mRNA and can be designed to
target a specific locus in the host genome thus disrupting the gene of interest. This
method can be effective but is not without limitations. One possible drawback is that
target sequences smaller than 400 bp may not contain optimal target sites for the mobile
group II intron recognition sequence as discussed in the TargeTron gene knockout system
user guide (Sigma Aldrich). Moreover, since the mutants generated by the mobile group
II intron system are disruption mutants and not true deletion mutants, some variation in
phenotype maybe observed depending on the intron targeting sequence, and hence its
insertion into the gene of interest. This phenomenon, where different mutant phenotypes
are observed has been reported when attempting to inactivate ca_c0437 in C.
acetobutylicum. Additionally, integration efficiency drastically decreases when attempting
to deliver foreign “cargo” DNA >1 kb, and thus this method cannot be effectively used to
integrate DNA into the chromosome.

A second method relies upon the creation of auxotrophic mutants, and specifically
auxotrophic mutants for uracil. The pyrE, pyrF or upp genes are targeted for initial
disruption leading to an auxotrophic mutant that requires uracil-supplemented media for
growth, In addition, these mutants exhibit resistance to 5-Fluoroorotic Acid (5-FOA) or 5-
Fluorouracil (5-FU), both toxic antimetabolites. Subsequently, these mutants serve as a
genetic background for isolating further mutations in target gene(s) by utilizing a counter-
selection method. A plasmid expressing the pyrF gene, for example, and containing an
antibiotic resistance marker flanked by two regions of homology to the target gene is
transformed into the host cells. To isolate double-crossover mutants, cells are plated onto
media containing 5-FOA for negative-selection. Mutants that have undergone the
recombination event survive while those that still maintain the plasmid, and hence
express the pyrF gene, perish. This method has been used to inactivate the pta gene in C.
thermocellum. A similar approach was utilized to isolate unmarked chromosomal
mutants in C. perfringens albeit the initial mutant created (called the HN13 strain with a
disrupted gal/KT operon) was not an auxotroph but rather was unable to metabolize
galactose. The HN13 strain was used as genetic background to isolate unmarked
chromosomal mutants. GalK is responsible for phosphorylating galactose, which in HN13
is not further metabolized causing toxicity to the cells. Thus the integration vector
expresses galK to enable negative or counter-selection once cells are plated on galactose
supplemented media. This approach was utilized to disrupt virRS operon as well as six

other genes in C. perfringens HN13.
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A recently reported method for integrating DNA into the chromosome is based
upon coupling the expression of a promoterless antibiotic resistance marker to that of the
constitutively expressed thiolase (th/) promoter to screen for integrants. Integration
mutants that have undergone the desired recombination event to fuse the silent antibiotic

5 resistance marker immediately downstream of the th/ gene (thus leading to the
expression of the antibiotic marker) can be easily selected on solid media supplemented
with the appropriate antibiotic. Current data on the strength of clostridial promoters
suggest that there is a limited number of constitutively promoters that are suitable for this
promoter “hijacking” strategy. This constitutes a limitation as to where the integration

10  event can be targeted to in the chromosome.

Most recently, Cartman et al. described the use of the codA gene that codes for
cytosine deaminase from E. coli as a counter-selection marker in C. difficile for isolating
allelic exchange mutants of the fcdC gene. CodA converts cytosine to uracil. However, its
non-stringent substrate specificity allows it to act upon the pyrimidine analog 5-

15  fluorocytosine (5-FC) and convert it to 5-FU, a toxic antimetabolite. The upp gene, that
codes for uracil phosphoribosyltransferase, is responsible for conferring toxicity in the
presence of 5-FU. Thus, a precondition for the successful use of codA as a heterologous
counter-selection marker is the presence of the upp gene in the host organism as well as
the absence of the codA gene. Clostridium genome sequences indicate that several

20  Clostridium organisms contain codA homologues. These include C. perfringens, C.
botulinum, C. lentocellum and C. [jungdahilii.

Thus, in view of the limitations of currently available genetic tools, there remains a
need for effective and efficient genetic tools to generate and isolate mutants in
Clostridrium having desirable gene modifications.

25 SUMMARY OF THE INVENTION

The present invention relates to recombinant Clostridium organisms having double-
crossover allelic exchange and methods for isolation thereof.

A recombinant Clostridium organism comprising a recombinant DNA is provided.
The recombinant DNA comprises (a) a first nucleic acid sequence encoding a first counter-

30 selection marker, (b) a first promoter operably linked to the first nucleic acid sequence,
and (c) a second nucleic acid sequence flanked by a first region at least 90% identical to
an upstream region of a first target genomic locus in the recombinant Clostridium
organism and a second region at least 90% identical to a downstream region of the first
target genomic locus.

35 The first counter-selection marker may be a heterologous toxin.

The first promoter may be a heterologous inducible promoter.

The Clostridium organism may be selected from the group consisting of C.
botulinum, C. difficife, C. perfringens, C. tetanij, C. sporogenes, C. novyi, C,
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acetobutylicum, C. pasteurianum, C. beijerinckii, C. ljungdahlii, C. carboxidivorans, C.
thermocellum, C. cellulolyticum, C. phytofermentans, C. tyrobutyricum, C. butyricum, C.
kluyveri, C. sticklandii, Moorella thermoacetica, C. autoethanogenum, C. ragsdalei,
Moorella thermoautotrophica, C. propionicun, C. thermobufyricum, C. thermoaceticum, C.

5  formicoaceticum, and Butyribacterium methylotrophicum. Preferably, the Clostridium
organism is C. acetobutylicum ATCC 824.

The second nucleic acid sequence may be a heterologous nucleic acid sequence.
The second nucleic acid sequence may comprise a gene, a series of genes, a gene
transcription promoter, an antisense RNA, or a combination thereof. The second nucleic

10 acid sequence may encode a positive selection marker.

A method for generating a mutant of the recombinant Clostridium organism of the
present invention is also provided. The method comprises growing the recombinant
Clostridium organism, whereby a mutant having double-crossover allelic exchange of the
first target genomic locus with the second nucleic acid sequence is generated. The

15 method may further comprise isolating the mutant.

In the present method, the recombinant Clostridium organism comprises a
recombinant DNA, which comprises (a) a first nucleic acid sequence encoding a first
counter-selection marker, (b) a first promoter operably linked to the first nucleic acid
sequence, and (c) a second nucleic acid sequence flanked by a first region at least 90%

20  identical to an upstream region of a first target genomic locus in the recombinant
Clostridium organism and a second region at least 90% identical to a downstream region
of the first target genomic locus. The first counter-selection marker may be a
heterologous toxin. The first promoter may be a heterologous inducible promoter. The
Clostridium organism may be selected from the group consisting of C. botulinum, C.

25 difficile, C. perfringens, C. tetanii, C. sporogenes, C. novyi, C. acetobutylicum, C.
pasteurianum, C. beijerinckii, C. /jungdahl(i, C. carboxidivorans, C. thermocellum, C.
cellutolyticum, C. phytofermentans, C. tyrobutyricum, C. butyricum, C. kluyveri, C.
sticklandii, Moorella thermoacetica, C. autoethanogenum, C. ragsdalef, Moorella
thermoautotrophica, C. propionicum, C, thermobufyricum, C. thermoaceticum, C.

30  formicoaceticum, and Butyribacterium methylotrophicum. Preferably, the Clostridium
organism is C. acetobutylicum ATCC 824.

‘In the present method, where the first target genomic locus comprises a first
target gene, the first target gene may be disrupted or deleted in the mutant.

In the present method, where the second nucleic acid sequence is a heterologous

35 nucleic acid sequence, the heterologous nucleic acid sequence may be integrated into the
first target genomic locus in the mutant. The second nucleic acid sequence may comprise
a gene, a series of genes, a gene transcription promoter, an antisense RNA, or a

combination thereof. Where the second nucleic acid sequence encodes a positive
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selection marker, the positive selection marker may be integrated into the mutant. The
method may further comprise removing the positive selection marker from the mutant.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates a mode of action of the MazF mRNA interferase. MazF is part of

5 the toxin-antitoxin system of E. coli coded by the mazEF operon. Under normal conditions,

the antitoxin MazE binds to and inhibits the MazF protein. Once the cells are subjected to

stress, the MazE is degraded by cellular proteases and the MazF protein is relieved from

inhibition. MazF then targets mRNA at ACA sequences, thus leading to growth arrest

followed by cell death.

10 Figure 2 shows an optimized mazF DNA sequence (SEQ ID NO: 1).

Figure 3 illustrates subcultivation via replica plating for isolating desired double-
cross recombination mutants. Upon growth in Th-supplemented liquid mediva overnight
(not shown), 200 pl of culture were spread onto 2X YTG plates supplemented with 5 yg/ml
Th. Plates were then replica plated onto fresh 2X YTG supplement with Th every 24 hours

15 for a total of 5 days. Subsequently, the plates were transferred onto 2X YTG lacking Th to
enhance plasmid loss. After 5 days of replica plating, a replica of the plates was made
onto Th plus lactose supplemented media and the cells were allowed to grow for 24 hours.
Areas that showed growth on the lactose-containing media were streaked onto fresh
plates immediately to isolate single colonies for confirmation.

20 Figures 4A-D show bgaR-Pygs promoter reporter activity in response to 30 min of
induction by lactose and toxicity of MazF in C. acetobutylicum. (A) A schematic showing
the arrangement of the lactose inducible promoter (Ppga ) and divergent regulator (BgaR)
upstream of the B glucuronidase (gusA) gene. (B) Specific activity of the reporter in
response to lactose addition. Average activities (n=2) were 0.6 U/mg, 8.0 U/mg and 13.0

25 U/mg when 0 mM, 1 mM and 10 mM of lactose were added, respectively. (C) The
pKRAH1_mazF expression plasmid, whereby the codon-optimized mazF gene was placed
under the control of the lactose inducible promoter and cloned into C. acetobutylicum.
Ori*, Gram+ origin of replication; Ori", Gram- origin of replication. (D) Plates showing the
effects of mazF expression in C. acetobutylicum. Cells harboring the pKRAH1_mazF

30 plasmid were grown in the absence of lactose (-lactose) and presence of lactose
(+lactose). Without lactose in the media, cells grow abundantly on the plate, but no
growth is observed when lactose is added to the media and thus mazF is expressed. One
of two biological replicates is shown.

Figures 5A-D show gene replacement via allelic exchange at the sigK and ca_p0167

35 loci. (A) Selection of unmarked sigk double-crossover deletion mutants. The boxed
region of the ca_c1688 and pi/T show the approximate regions of homology (~ 1 kb each)
incorporated in the KO vector. Upon plating cells on plates containing Th and lactose to

negatively select against cells bearing the plasmid, putative deletion mutants are selected
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and screened by PCR with the indicated primers. (B) Isolation of ca_p0167 deletion
mutants. Boxed areas indicate the approximate location of the two regions of homology
(~ 1 kb each). Colonies growing on Th plus lactose plates were isolated and mutants
confirmed with indicated primers. (C) PCR confirmation of double-crossover sigK deletion
mutants in (A) with primers that anneal to the chromosome as indicated. Three (3) of the
6 colonies isolated and screened contained the desired double-crossover recombination.
One of three is shown. Additionally, the Th® marker was excised by the FLP recombinase
as described in the text thus creating an unmarked sigk deletion (4sigk_um). (D) PCR
confirmation of deletion mutants in (B) with the indicated primers. 8 out of 10 colonies
screenad contained the expected double-crossover integration. One of eight is shown. M,
2-log DNA ladder (NEB).

Figures 6A-B show isolation of sigF and ca_p0157 double-crossover disruption
mutants with small internal regions of homology. Five mutants for each gene KO were
examined for integration of the ThR gene. These colonies were re-streaked from the Th
and lactose plates regions that showed no growth on the Em supplement plates as
described in the text. (A) The pKOGENEX_mazF plasmid, whereby the ThR gene is
flanked by two regions of homology of the target gene. Upon plating on solid media
containing both lactose and Th, cells which retained the plasmid perished while those that
lose it and undergo homologous recombination with the target sequence survived. (B)
Confirmation of gene knockouts using PCR for sigF and ca_p0157 with primers indicated in
(A). Genomic DNA was extracted from C. acetobutylicum cells that were lactose tolerant
and Th resistant. For each gene, target-specific primers that are complementary only to
chromosomal, not plasmid, sequences were used as indicated. M, 2-log DNA ladder (NEB).
Optionally, an additional replica of the Th plus lactose plate was made on Em containing
media to confirm plasmid loss, since EmR is encoded of the plasmid backbone.

Figure 7 illustrates a generic schematic showing the knock-out integration
mechanism into the genome of Cac. Cells that undergo a double cross-over even while
losing the plasmid backbone will be screened on plates containing both, the appropriate
antibiotic and lactose (for induction of the mazF counter-selection marker).

Figures 8A-D show isolation of unmarked chromosomal integration of the fdh gene
in the sigK locus, RH1 and RH2 indicate the first and second regions of homology,
respectively. (A) Schematic showing the WT, marked and unmarked fdh integration in the
M5 sigK locus as well as the expected amplicon sizes with the indicated primers. (B) PCR
screening and confirmation of integration mutants with primers indicated in (A). Three
integrants were isolated immediately following transformation of the
pKOSIGK::FDH_mazF plasmid on Th and lactose plates, and data for one is shown. The
unmarked (sigK::fdh_um) strain and WT strain are also shown. MW, A HindlII digest
ladder (NEB); M, 2-log ladder (NEB). (C) sq-RT-PCR confirming the expression of the
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integrated fdh gene in the M5 sigK locus. Primers were designed to amplify 700 bp in the
middle of the fdh transcript. Two biological replicates are shown for both the integration
strain as well as the control M5 strain. M, 2-log ladder (NEB). (D) Effectiveness of asRNA-
based induction of segregational plasmid instability: loss of the FLP-recombinase

5  expressing plasmid following induction with lactose to express the asRNA against the repL
origin of replication. After six serial transfers in liquid CGM, with and without lactose,
equal volumes were plated onto solid media supplemented with Em (encoded on the
plasmid backbone). Following incubation, the plates were visually inspected for growth. As
anticipated, the culture that was induced with lactose did not show any growth while the

10  uninduced culture showed growth.

Figures 9A-B show gene replacement via homologous recombination at the sigF
locus without recU expression. (A) A schematic showing the KO vector design and
isolation of sigF deletion mutants. Boxed areas indicate the approximate location of the
two regions of homology (~ 1 kb each). (B) Colonies appearing on Th and lactose plates

15  immediately following transformation were isolated and mutants confirmed with primers
indicated in (A). Of the 14 colonies screened, 8 showed the correct PCR product sizes
indicating a double-crossover as shown in (A). Data for one is shown. M, 2-log ladder
(NEB). '

Figure 10 illustrates serial transfers procedure in fiquid culture to enrich for double-

20  crossover mutants. A single colony bearing the pKOSIGK2_mazF plasmid was used to
inoculate a 10 ml CGM supplemented with 5 pg/ml Th and allowed to grow overnight. A 5%
inoculum from this culture was then used to inoculate a fresh CGM tube supplemented
with 5 pg/ml Th and allowed to grow for 8-12 hours. This serial transfer procedure was
repeated a total of 5 times. Finally, 500 ul from the last culture was transferred to a new

25 CGM tube containing 5 pg/m! Th and 40 mM lactose and allowed to grow for 6 hrs. Serial

' dilutions were then plated onto solid media containing 5 yg/mi Th and 40 mM lactose and
the plates were incubated at 37 °C until colonies were observed. Putative mutants were
then isolated and confirmed. All 5 mutants isolated contained the desired double-
crossover sigK in-frame deletion.

30 Figure 11 is a flow chart showing the chronology of the design and implementation
of a counter-selection method for isolating double-crossover gene deletions or
chromosomal integrations.

Figure 12 is a schematic showing a plasmid design for in-frame markerless
deletions of genes.

35 Figure 13 is a schematic showing a plasmid design for gene knock-in the

chromosome at a targeted DNA sequence.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention is based on the discovery a novel system for efficient
isolation of double-crossover allelic exchange mutants in Clostridium that enables
markerless chromosomal gene deletions and DNA integration. The novel system may be
obtained by the use of a heterologous counter-selection marker that facilitates
identification of generally rare allelic exchange events, and may be used to generate
quickly and efficiently markerless DNA deletions and integrations at any genomic locus
without the need for auxotrophic mutants or the use of the mobile group II introns. This
novel system may be applied in all prokaryotes where double-cross over events are rare
or very infrequent (for the toxin gene) and/or where removal of plasmids after genetic
recombination is difficult for lack of temperature sensitive plasmids.

The present invention provides a recombinant DNA comprising a first nucleic acid
sequence encoding a counter-selection marker and a promoter operably linked to the first
nucleic acid. The recombinant DNA further comprises a second nucleic acid sequence
flanked by two regions, one homologous to an upstream region of a target genomic locus
in a Clostridium organism and the other one homologous to a downstream region of the
same target genomic locus.

The Clostridium organism may be any member of the genus of Clostridium,
including medically or industrially important species. Medically important species may be
used as drug delivery systems that target specific tumors. Industrially important species
may be used for producing commodity chemicals and biofuels from a variety of carbon
sources, and include acetogens that grow on CO,/CO/H; and cellulolytic clostridia.
Examples of the Clostridium organism include C. botufinum, C. difficile, C. perfringens, C.
tetanii, C. sporogenes, C. novyi, C. acetobutylicum, C, pasteurianum, C. beijjerinckii, C.
{jungdahlii, C. carboxidivorans, C. thermocellum, C. cellulolyticum, C. phytofermentans, C.
tyrobutyricum, C. butyricum, C. kluyveri, C. sticklandii, Moorella thermoacetica, C.
autoethanogenum, C. ragsdalei, Moorella thermoautotrophica, C. propionicum, C.
thermobufyricum, C. thermoaceticum, C. formicoaceticum, and Butyribacterium
methylotrophicum. Preferably, the Clostridium organism is C. acetobutylicum ATCC 824.

The counter-selection marker may be a heterologous toxin. The toxin may be a
protein or polypeptide that inhibits the growth of the Clostridium organism by, for
example, at least 50%, 60%, 70%, 80%, 90%, 95%, 99% or 100%, preferably at least
80%, more preferably at least 90%. Examples of the toxin include mRNA interferase,
CedB, Doc, ParE, Kid, Pa‘sB, HigB, RelE, MvpT, Tex, and {. The mRNA interferase may be
MazF, ChpBK or RelE. The nucleic acid sequence encoding the heterologous counter-
selection marker may be optimized to improve expression and translation of the marker in
a Clostridrium organism. For example, an optimized mazF DNA sequence is shown in
Figure 2 (SEQ ID NO: 1).
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The promoter may be a homologous or heterologous promoter to a Clostridium
organism. The promoter is preferably not constitutive activated in a Clostridium organism.
It may be an inducible promoter or a temporally expressed promoter. The inducible
promoter may be selected from the group consisting of a lactose inducibie promoter, an
IPTG inducible promoter, a metabolite inducible promoter, a light inducible promoter, a
catabolite inducible promoter, a promoter induced by a synthetic or non-metabolizable
analog of any of the inducers for the forgoing inducible promoters, and a temperature
inducible promoter.

The term “operably linked” used herein refers to the arrangement of a promoter
and a nucleic acid sequence encoding a protein (e.g., a counter-selection marker) such
that activation of the promoter leads to the expression of the protein.

A target genomic locus may be any locus in the chromosome of a Clostridium
organism, The locus may comprise one or more regulatory elements involved in
regulating the expression or translation of a target gene., A regulatory element may be a
promoter or enhancer of the target gene. The locus may also comprise one or more
target genes. A target gene may encode a protein involved in a biological activity or
function of the Clostridium organism. The biological activity or function may relate to the
medical or industrial utility of the Clostridium organism. For example, the target genomic
locus may comprise the adc gene encoding an acetoacetate decarboxylase protein
involved in producing acetone by the Clostridium organism.

The second nucleic acid sequence may be of any length, and is flanked by two
regions of homology. Each flanking region may be of any length, preferably at least about
100, 500 or 2000 nucleotides, more preferably at least about 500 nucleotides. One
flanking region is homologous to an upstream of the target genomic locus while the other
flanking region is homologous to an downstream of the same target genomic locus.

The term “homology” or “identical” as used herein refers to similarity between two
nucleic acid sequences. Preferably, a flanking region may be at least about 60%, 70%,
80%, 85%, 90%, 95%, 99% or 100%, preferably at least about 85%, more preferably at
least about 90%, most preferably at least about 95%, identical to the upstream or
downstream region of the target genomic locus.

For example, the second nucleic acid sequence may be flanked by a first region at
least about 85% identical to an upstream region of the target genomic locus and a second
region at least about 85% identical to a downstream region of the target genomic locus.
Preferably, the first region is at least about 90% identical to the upstream region while the
second region is at least about 90% identical to the downstream region.

The second nucleic acid sequence may be a heterologous nucleic acid sequence.
The heterologous nucleic acid sequence may comprise a gene, a series of genes, a gene

transcription promoter, an antisense RNA or a combination thereof.
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The second nucleic acid sequence may encode a protein. The protein may be a
marker, preferably, a positive selection marker suitable for the Clostridium organism. The
positive selection marker may be an antibiotic resistance marker for thiamphenicol (Th),
erythromycin (EM), tetracycline (TET), ampicillin (AP), spectinomycin (SP),
chloramphenicol (CM), kanamycin (KM), neomycin (NM), gentamicin (GM), clindamycin
(CL) or streptomycin (SM). The protein may be essential to an auxotrophic host
bacterium.

The second nucleic acid sequence may comprise a gene desirable to be integrated
into the chromosome of the Clostridium organism. For example, the desirable gene may
encode a secondary alcohol dehydrogenase, which improves the biological activity or
function of the Clostridium organism and reduces acetone to isopropanol.

According to another aspect of the present invention, a recombinant Clostridium
organism comprising any of the recombinant DNAs of the present invention is provided.
The recombinant DNA comprises a first nucleic acid sequence encoding a counter-selection
marker, a promoter operably linked fo the first nucleic acid, and a second nucleic acid
sequence flanked by two regions. While one flanking region is at least about 60%, 70%,
80%, 85%, 90%, 95%, 99% or 100%, preferably at least about 85%, more preferably at

~least about 90%, most preferably at least about 95%, identical to the upstream of a

target genomic locus while another flanking region is at least about 60%, 70%, 80%,
85%, 90%), 95%, 99% or 100%, preferably at least about 85%, more preferably at least
about 90%, most preferably at least about 95%, identical to the downstream of the same
target genomic locus.

In the recombinant Clostridium organism of the present invention, the counter-
selection marker may be a heterologous toxin. The toxin may be a protein or polypeptide
that inhibits the growth of the Clostridium organism by, for example, at least about 50%,
60%, 70%, 80%, 90%, 95%, 99% or 100%, preferably at least about 80%, more
preferably at least about 90%. Examples of the toxin include mRNA interferase, CcdB,
Doc, ParE, Kid, PasB, HigB, RelE, MvpT, Tex, and . The mRNA interferase may be MazF,
ChpBK or RelE. The nucleic acid sequence encoding the heterologous counter-selection
marker may be optimized to improve expression and translation of the marker in a
Clostridrium organism. For example, an optimized mazF DNA sequence is shown in Figure
2 (SEQ ID NO: 1),

In the recombinant Clostridium organism of the present invention, the promoter
may be homologous or heterologous. The promoter is preferably not constitutive
activated in a Clostridium organism. It may be an inducible promoter or a temporally
expressed promoter. The inducible promoter may be selected from the group consisting
of a lactose inducible promoter, an IPTG inducible promoter, a metabolite inducible

promoter, a light inducible promoter, a catabolite inducible promoter, a promoter induced
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by a synthetic or non-metabolizable analog of any of the inducers for the forgoing
inducible promoters, and a temperature inducible promoter.

The term “operably linked” used herein refers to the arrangement of a promoter
and a nucieic acid sequence encoding a protein (e.qg., a counter-selection marker) such
that activation of the promoter leads to the expression of the protein.

For example, where the promoter in the recombinant Clostridium organism is an
inducible promoter, the growth of the recombinant Clostridium organism is inhibited by,
for example, at least about 50%, 60%, 70%, 80%, 90%, 95%, 99% or 100%, preferably
at least about 80%, more preferably at least about 90%, when the recombinant
Clostridium organism is grown in a culture medium comprising an inducer of the inducible
promoter.

For the recombinant Clostridium organism of the present invention, the Clostridium
organism may be any member of the genus Clostridium, including C. botulinum, C. difficile,
C. perfringens, C. tetanii, C. sporogenes, C. novyi, C. acetobutylicum, C. pasteurianum, C.
beijjerinckii, C. ljungdahlii, C. carboxidivorans, C. thermocellum, C. cellulolyticum, C.
phytofermentans, C. tyrobutyricum, C. butyricum, C. kluyveri, C. sticklandii, Moorelfa
thermoacetica, C. autoethanogenum, C. ragsdalei, Moorella thermoautotrophica, C.
propionicum, C. thermobufyricum, C. thermoaceticum, C. formicoaceticum, and
Butyribacterium methylotrophicum. Preferably, the Clostridium organism is C.
acetobutylicum ATCC 824.

In the recombinant Clostridium organism of the present invention, the second
nucleic acid sequence may be a heterologous nucleic acid sequence. The heterologous
nucleic acid sequence may comprise a gene, a series of genes, a gene transcription
promoter, an antisense RNA or a combination thereof.

The second nucleic acid sequence may encode a protein. The protein may be a
marker, preferably, a positive selection marker suitable for the Clostridium organism. The
positive selection marker may be an antibiotic resistance marker for thiamphenicol (Th),
erythromycin (EM), tetracycline (TET), ampicillin (AP}, spectinomycin (SP),
chloramphenicol (CM), kanamycin.(KM), neomycin (NM), gentamicin {(GM), clindamycin
(CL) or streptomycin (SM). The protein may be essential to an auxotrophic host
bacterium.

According to yet another aspect of the present invention, a method for generating
a mutant of the recombinant Clostridium organism of the present invention is provided.
The method comprises growing the recombinant Clostridium organism under conditions
permitting double-crossover allelic exchange of the target genomic locus in the
recombinant Clostridium organism, thereby generating a mutant having the double-
crossover allelic exchange of the first target genomic locus with the second nucleic acid

sequence.
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The method may further comprise isolating the mutant. The term “isolating” used
herein refers to separating the mutant from the Clostridium organism.

In the method of the present invention, the target genomic locus may comprise a
target gene. Upon the double-crossover allelic exchange of the target genomic locus, the
target gene may be deleted or disrupted in the mutant. The deletion may be in-frame.
The mutant may have a knockout (KO) of the target gene.

In the method of the present invention, the second nucleic acid sequence may be a
heterologous nucleic acid sequence, which may be integrated into the first target genomic
locus in the mutant. The heterologous nucleic acid sequence may comprise a gene, a
series of genes, a gene transcription promoter, an antisense RNA or a combination thereof.
Where the gene encodes a positive selection marker, the resulting mutant carries the
positive selection marker upon double-crossover allelic exchange. The method may
further comprises removing the positive selection marker from the mutant. The marker
may be removed from the mutant by various conventional techniques, for example,
asRNA-based induction of segregational plasmid instability.

The method of the present invention may further comprise multiple sequential
knockouts and/or knockins of multiple target genes. After each knockout or knockin, a
positive selection marker used to confirm the knockout or knockin may be introduced into
the mutant, and may be removed to generate a markerless mutant.

The term “about” as used herein when referring to a measurable value such as an
amount, a percentage, and the like, is meant to encompass variations of £20% or +10%,
more preferably £5%, even more preferably +1%, and still more preferably £0.1% from
the specified value, as such variations are appropriate.

Exampie 1. Isolation of double-crossover allelic exchange mutants

A method to enable gene replacement KOs as well as KiIs in Clostridium has been
developed based on counter-selection to overcome the limitations methods currently
employed to isolate allelic exchange mutants in Clostridium. The method includes two
components: an inducible promoter and a toxic gene based on a general mechanism that
would be applicable to Clostridium and many, if not all, other organisms. A recent study
identified a lactose inducible promoter and its divergent regulator {(bgaR; CPE0770) in C.
perfringens strain 13. The Escherichia coli gene mazF, an mRNA interferase, was chosen
as the toxic gene. The toxin, MazF exhibits a general mechanism for toxicity, and has
been successfully used as a counter-selection marker in B. subtilis. The MazE-MazF
complex is part of the toxin-antitoxin system in E. coli (Fig. 1). MazF is stable while the
anti-toxin MazE is labile. The mazF gene was synthetically constructed for optimized
translation in C. acetobutylicum. Once expressed and translated, MazF cleaves mRNA at
ACA sequences therefore arresting cell growth (Fig. 1). The combination of the lactose-
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inducible promoter with this mazF gene led to the development of an effective counter-

selection method for generating both KOs and KIs in C. acetobutyliucm.

MATERIALS AND METHODS
Bacterial strains and plasmids. Relevant characteristics of bacterial strains and

plasmids used in this example are listed in Table 1.

Table 1. Bacterial strains and plasmids

Sptl';as';sl dosr Relevant Characteristics i‘:f';f:i::
T GRains T smreTT - e - e
E. coli
ER2275 hsdR mcrA recAl endAl NEB
Top 10 hsdR mcrA recAl endAl Life Technologies
DB3.1 cedb survival cells Life Technologies
Turbo lacl? endA1 NEB
C. acetobutylicum
ATCC 824 Wild-Type strain ATCC
M5 ATCC 824 pSOL1” ATCC:
824 Asigk Mostly deleted sigK, Th* Example 1
824 Asigk_um Unmarked sigK deletion Example 1
824 Aca_p0167 | Mostly deleted ca_p0167, Th® Example 1
824 sigF::Th" Disrupted sigF, Th* Example 1
82;1 ca_p0157:: | Disrupted ca_p0157, Th¥ Example 1
Th
824 AsigF Mostly deleted sigF, Th* Example 1
M5 sigK::fdh fdh integrated in sigK locus, Th® Example 1
M5 sigK::fdh_um | Unmarked fdh integrated in sigK locus Example 1
o Plasmids ' ] o -
pAN3 Km®; ©3T I gene Example 1
pKORECU Th®; MLS®; recU Tracy 2011
pCR8/GW/TOPO TA Sp®; topoisomerized Life Technologies
pCR8/sigF/Th* pCR8/GW/sigF::Th® Jones
pKORD_mazF ThR; MLS®; cedb, recU; repl; oti; bgaR and Py, | Example 1
upstream of mazF; DEST Cassette
pKOD_mazF Th®; MLS®; cedb; repl; ori; bgaR and Ppgay Example 1
upstream of mazF; DEST Cassette
pAH2 Th®: hgaR and Pyqs Upstream of cpe-gusA Hartman
pKRAH1 Th®: bgaR and Ppga Upstream of MCS Hartman
pKRAH1_mazF Th®; bgaR and Pyg upstream of mazF Example 1
P94FLP_asRepL EmR; flippase; ptb promoter; bgaR and Pyga. Example 1
upstream of asRNA to the repl ori
pCR8/cap0157/Th? pCR8/GW/ca_p0157::Th" Example 1
pCR8/cap0167/ThR pCR8/GW/Th® -FRT flanked by ca_p0167 ~1000 | Example 1
bp up- and downstream region of homology
pCR8/sigk/Th? pCR8/GW/ThR-FRT flanked by sigk ~1000 bp of | Example 1
up- and downstream region of homology
pCR8/sigF2/Th* pCR8/GW/ThR-FRT flanked by sigF ~1000 bp of | Example 1
up- and downstream region of homology
pKOSIGF_mazF ThR-FRT; MLS®, recU; repL; ori; bgaR and Py, = | Example 1
upstream of mazF, sigF::Th? :
pKOCAP0157_mazF | Th%; MLSR, recU; repL; orl; bgaR and Pygay Example 1
upstream of mazF, ca_p0157::Th?
pKOSIGK_mazF ThR®-FRT; MLSR, recU; repL; ori; bgaR and Pye | Example 1
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plasmids Relevant Characteristics Reference

upstream of mazF, Th® -FRT flanked by sigk
~1000 bp of up- and downstream region of
homology

pKOCAPO167_mazF | ThR-FRT; MLS®, recU; repL; ori; bgaR and Pugal Example 1
upstream of mazF, Th*-FRT flanked by ca_p0167
~1000 bp of up- and downstream region of
homology

pKISIGK: :FDH_mazF | ThR-FRT; MLS", recU; replL; ori; bgaR and Pugar Example 1
upstream of mazfF, Th® and fdh flanked by sigk
~1000 bp of up- and downstream region of
homology

pKOSIGF2_mazF ThR-FRT; MLS®?; repL; ori; bgaR and Ppgat. Example 1
upstream of mazfF, Th® -FRT flanked by sigF
~1000 bp of up- and downstream region of
homology

pKOSIGK2_mazF ThR-FRT; MLS®; repL; ori; bgaR and Puoga Example 1
upstream of mazF, Th® -FRT flanked by sigk
~1000 bp of up- and downstream region of

homology
p94MCS Amp®: MLS®; ptb promoter; MCS Example 1
p94FDH AmpR MLS®; ptb promoter; fdh Example 1

Codon optimization of mazF gene. The mazF gene was synthetically constructed (DNA
2.0, Melano Park, CA) for optimized codon usage in C. acetobutylicum (Fig. 2). Codons
that had a usage frequency of less than 5 per one thousand were exchanged for those
that exhibited a higher frequency. Additionally, the facl operator sequence was placed
upstream of the optimized mazF gene to enable the cloning of mazF-containing vectors in
E. coli strains that express /acl or lacl’..

Construction of plasmids. All primers are listed in Table 2. The pKOSIGK_mazF
plasmid was constructed by PCR amplifying the two large regions of homology flanking the
sigK gene utilizing splicing by overhang extension (SOE) PCR. The generated amplicon
(~2 kb) was then cloned into the pCR8/GW/TOPOTA (Life Technologies [LT], Grand Island,
NY), linearized with Scal (New England Biolabs [NEB], Ipswich, MA), and finally ligated to
the FRT-flanked thiamphenicol (ThR-FRT) resistance gene. The resulting plasmid
(pCR8/sigK/Th?) was then recombined with either the pKORD_mazF or the pKOD_mazF
(no recl) destination plasmids by utilizing the Gateway LR Clonase (LT) reaction yielding
plasmids pKOSIGK _mazF and pKOSIGK2_mazF, respectively.

Table 2. List of primers used

Primer Sequence (5' -—-> 3") Ils)EI?O Description

sigk F1 UP GACAGCAGTGGATTGAAACAGG 2 amplify sigk upstream
T region of homology

sigk R1 UP Scal AGTACTCATTACAAACACAGGTA 3 amplify sigK upstream
ATCCTCC region of homology




WO 2013/133882

PCT/US2012/069672

~ 15 ~
. ' . SEQ -
Primer Sequence (5' ~-> 3") ID NO Description
sigk F1 DN GGCAACTAAACGGAAACTGC 4 amplify sigK downstream
region of homology
sigk R1 DN GCCGCAGTAATAGTTTCCATATC 5 amplify sigk downstream
TC region of homology
sigk PCA F2 DN GGAGGATTACCTGTGTTTGTAAT 6 SOE PCR primer for sigK
GAGTACTGGCAACTAAACGGAA region of homology
ACTGC
sigk PCA R2 UP GCAGTTTCCGTTTAGTTGCCAGT 7 SOE PCR primer for sigK
ACTCATTACAAACACAGGTAATC region of homology
CTCC
sigkK F conf CTAATTGCAACTAATGGTGGGC 8 sigk mutant confirmation
and sequencing primer
primer
sigk R conf TCATACCGTACTTGCTTCCTGTC 9 sigK mutant confirmation
and sequencing primer
primer
CAP0167 F1 UP CCAAGCTTCATGTACGGTAACAT 10 amplify ca_p0167 region
c of homology
CAP0167 R1 DN AACTGTTTCTCAGGGGAGAATG 11 amplify ca_p0167 region
AC of homology
CAP0167 F conf GAATGTGAGAGCTAGAAACAAT 12 ca_p0167 mutant
CTC confirmation and
sequencing primer
CAPQ167 R conf GAGCTGTTATTGTAAATGAAGG 13 ca_p0167 mutant
CGAC confirmation and
: sequencing primer
sigF F1 UP CCGGGAAATTCTAGATAAAATC 14 amplify sigF upstream
CCGG region of homology
sigF R1 UP Scal AGTACTCTACTTATTGCTGATAC 15 amplify sigF upstream
TAGCGGAAG region of homology
sigF R1 DN CTCTCAGCCGCAGAAAAATGTG 16 amplify sigF downstream
ATG region of homology
sigF F2 DN CTCAGGTCGCAAATATGCTGGG 17 amplify sigF downstream
region of homology
sigF PCA F2 DN CTTCCGCTAGTATCAGCAATAAG 18 SOE PCR primer for sigF
TAGAGTACTCTCAGGTCGCAAA region of homology
TATGCTGGG
sigF PCA R2 UP CCCAGCATATTTGCGACCTGAG 19 SOE PCR primer for sigF
AGTACTCTACTTATTGCTGATAC region of homology
TAGCGGAAG
Th inframe R AACCGCCATTCAGAGTTTAGGA 20 reverse primer that binds
CG inside thiamphenicol
resistance marker
Th inframe F CGGAGCATTTGGCTTTCCTTCCA 21 forward primer that binds
T inside thiamphenicol
resistance marker
bgaR_mazF F2 Clal | AAAAAAATCGATCCTCGAGATG 22 amplify the bgaR-mazF
AAAAGTATTAGGGC fragment
bgaR_mazF R2 Clal | AAAAAAATCGATCCCGATTGAC 23 amplify the bgaR-mazF
GAATACTATGAAAC fragment
mazF F1 ACAATTTCACAGGAGGGCTGAA 24 amplify codon optimized
ATGGTAAGCAGGTACGTA mazF from DNA 2.0

plasmid
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Primer Sequence (5' --> 3') ID NO Description
mazF R1 CGATTGACGAATACTATGAAAC 25 amplify codon optimized
AATATT mazF from DNA 2.0
plasmid
mazF F2 Sail AAAAAAGTCGACGTGGAATTGT 26 amplify codon optimized
GAGCGGATAACAATTTCACAGG mazF and incorporate
AGGGCTGAAAT Sall site
mazF R2 BamHI AAAAAAGGATCCCGATTGACGA 27 amplify codon optimized
ATACTATGAAACAATATT mazF and incorporate
BamHI site
CAP0O157 F GCAGCACATATGCCGCTCAGGA 28 amplify internal fragment
ATTA of ca_p0157
CAPO157 R CGTTTCCTGTTCTACCCTCTATC 29 amplify internal fragment
C of ca_p0157
CAPO157 F conf TAGTCATGGGAAGGTTTTGGC 30 ca_p0157 mutant
confirmation primer
CAP0157 R conf AACAGTATGGAGGCATAGGTG 31 ca_p0157 mutant
confirmation primer
sigF F TTTGAGAGATGACGGAATAAT 32 amplify sigF internal
fragment
sigF R CAGCATATTTGCGACCTGAG 33 amplify sigF internal
fragment
sigF F conf GGAAACAGCGGGGAAGCTAATG 34 sigF distruption mutant
TT confirmation primer
sigF R conf GTCCATGTAGTTCCCTCCCTAGA 35 sigF distruption mutant
TA confirmation primer
C08930_ncoi_r TATACCCCATGGTTGATAAAAGT 36 Amplify the fdh gene
TAATTTGCAGTTAC
C08930_sacii_f TTTACTCCGCGGGTTATTATGGA 37 Amplify the fdh gene
GAATAAAGTATTAA
antiRepL_BamHI TTACTGGGATCCATGAAAGAAA 38 antisense repl
GATATGGAACAGTCTATAAAG
antiRepl_Sacll TACTTACCGCGGTTTGTTTACGG 39 antisense replL
TATAACTTGTCTACCTCTAT
P94_sphi_f TTAATAGCATGCTCGACTGTGG 40 amplify fdh gene from
ATGGAGTTAA p94FDH with promoter
and terminator
P94 _sphi_r TTAATCGCATGCTGACCATGATT 41 amplify fdh gene from
ACGAATTCTATGA p94FDH with promoter
and terminator
C08930_sqRTPCR_f | AGCTGGATTGGCACTACTAACA 42 sq-RT-PCR primers for the
GGAAATTAT fdh gene
C08930_sgRTPCR_r | AACAGGAGTTCCTGGATGATCT 43 sg-RT-PCR primers for the
TCTGT fdh gene
sigF conf F2 GTATTCCAGCCCCTTTAAATTAT 44 sigF deletion mutant
GAAC confirmation primer
sigF conf R2 CTCCCATACTATCAGGACTTGTT 45 sigF deletion mutant
ATTCC confirmation primer
M13 F (-20) GTAAAACGACGGCCAG 46 sequencing primer for KO
and KI fragments in
sequencing plasmids
M13 R CAGGAAACAGCTATGAC 47 sequencing primer for KO

and KI fragments in
sequencing plasmids
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Primer Sequence (5' --> 3") ID NO Description
bgaR_mazF R1 CCC GAT TGA CGA ATA CTA 48 Reverse primer to amplify
TGA AAC the bgaR_mazF fragment
from pKRAH1_mazF
bgaR_mazF F1 CCT CGA GAT GAA AAG TAT 49 Forward primer to
TAG GGC amplify the bgaR_mazF
fragment from
pKRAH1_mazF
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The pKOCAP0O167_mazF plasmid was constructed by PCR amplifying the complete
region of homology, including the ca_p0167 ORF, and the resulting amplicon was cloned
into pCR8/GW/TOPOTA (LT). This plasmid was then double-digested with SspI/Bsgl
(NEB), resulting in the removal of 285 bp from the ca_p0167 ORF, blunt ended with DNA
polymerase I, Large (Klenow) fragment (NEB) and finally ligated the Th*-FRT gene. The
resulting plasmid (pCR8/cap0167/Th*) was shuffled into the pKORD_mazF destination
plasmid using the Gateway LR Clonase (LT) reaction to yield plasmid pKQCAP0167_mazF.

The sigF disruption plasmid was constructed by amplifying a 391 bp internal
fragment and cloning it into pCR8/GW/TOPOTA (LT). The resulting plasmid was then Scal
linearized (NEB) (Scal has a single digest site in the middle of the amplified sigF region),
ligated to the Th® marker to yield plasmid pCR8/sigF/Th®, which was then recombined with
the pKORD_mazF destination plasmid to generate pKOSIGF_mazF.

The ca_p0157 disruption plasmid was constructed by amplifying a 498 bp internal
fragment, and cloning it into pCR8/GW/TOPOTA (LT). The resulting plasmid was HindIII
(NEB) linearized (HindIIl has a single cut site approximately in the middle in the ca_p0157
fragment), blunt ended with DNA polymerase I, Large (Klenow) fragment (NEB) and
ligated to the Th? gene yielding plasmid pCR8/capQ157/Th®. This plasmid was then
shuffled into the pKORD_mazF destination plasmid as before yielding plasmid
pKOCAPO157_mazF.

The pKISIGK::FDH_mazF was constructed as follows. First, the formate
dehydrogenase (fdh) gene (CLIU_c08930) from C. [jungdahlii (RS: NC_014328) was PCR
amplified from C, [jungdahlii genomic DNA (gDNA) using primers incorporating the Ncol
and Sacll digest sites and then cloned into the Ncol/Sacll (NEB) double-digested p94MCS
plasmid yielding plasmid pQ4FDH. In this construct, the fdh gene is flanked upstream by
a strong clostridial promoter (Pyw) and downstream by the adc gene’s rho-independent
terminator. Next, the full length fragment, including the promoter and terminator, was
PCR amplified from p94FDH and cloned into the Notl (NEB) linearized and blunt-ended
pKOSIGK_mazF plasmid yielding plasmid pKISIGK::FDH_mazF.

The p94FLP-asRepL plasmid was constructed by treating the p94FLP plasmid with
Sbfl (NEB) to linearize it and subsequently clone the bgaR-asRepL fragment yielding

plasmid p94FLP_asRepL. The lactose inducible promoter and its divergent regulator
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(bgaR-Pyg.) were utilized and fused immediately upstream of a 100 bp antisense-RNA

(asRNA) that targets the first 100 bp of the repL transcript coding for the replication

protein (Repl) creating plasmid p94FLP_asRepL. The asRNA is designed to be a reverse

and complement RNA strand to that of the repL transcript. Once transcribed, the asRNA
5  binds to the transcript and inhibits its translation.

The pKOSIGF2_mazF plasmid designed to generate a sigF deletion mutant waé
constructed by PCR amplifying the two large regions of homology flanking the sigfF gene
using SOE PCR. The resulting PCR product (~ 2 kb) was cloned into the
pCR8/GW/TOPOTA (LT), linearized with Scal (NEB) and ligated to the ThR-FRT gene. The

10 resulting plasmid (pCR8/sigF2/Th?) was then recombined with the pKOD_mazF destination
plasmid that is lacking the recU gene by utilizing the Gateway LR Clonase (LT) reaction
yielding plasmid pKOSIGF2_mazF.

Culture conditions. E. coli strains were grown aerobically at 37° C and 220 rpm in liquid
LB media or solid LB with agar (1.5%) supplemented with ampicillin (Amp) (50 pg/ml) or

15  chloramphenicol (Cm) (35pg/ml) as needed. Single C, acetobutylicum colonies grown
anaerobically on solid 2X YTG for at least 5 days (pH 5.8) were transferred to 10 ml of
liquid CGM and heat shocked at 80° C for 10 min. Recombinant strains were grown as
before in media supplemented with erythromycin (Em) (40 pg/mi for solid media and 100
pg/ml for liquid media) or thiamphenicol (Th) (5 pg/ml) as necessary. Where needed, 40

20 mM of B-lactose (Sigma Aldrich, St. Louis, MO) was added to the culture media to induce
the expression from the lactose-inducible promoter.

Reporter enzyme assay. C. acetobutylicum cultures were grown to an Agy of 1.0 in
liquid 2X YTG supplemented with 5 pg/ml of Th where needed. Lactose was then added to
the respective culture to a final concentration of 0 mM, 1 mM or 10 mM and cultures were

25  incubated for 30 min at 37 °C in an anaerobic chamber. Cells were then collected by
centrifugation at 5000 x g for 10 min at 4 °C and the pellets were stored at -20 °C until
used. The B-glucuronidase enzyme assay was carried out as described in Hartman et al.
All experiments were done with at least two biological replicates.

Plasmid transformation. Newly constructed plasmids were transformed into E. coli

30  Topl0 (LT) cells and subsequently isolated and confirmed using restriction digests.
Plasmid(s) destined to be electrotransformed into C. acetobutylicum were first
transformed into electrocompetent E.coli ER2275 (pAN3) cells for DNA methylation.
pAN3-bearing cells are a derivative of the ER2275 (pAN1) ceils except that they have
kanamycin resistance. The vectors were then isolated and confirmed from their respective

35 E. coli ER2275 (pAN3) strains and subsequently transformed into C. acetobutylicum ATCC
824 or M5 by electroporation in an anaerobic camber as described in Mermelstein et al.
except that 5-10 g of plasmid DNA were used to transform the cells.
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Isolation and enrichment of gene replacement mutants via allelic exchange.
Upon transforming the appropriate plasmid(s) in C. acetobutylicum and following 4 hrs of
outgrowth in liquid 2X YTG, cells were collected by centrifugation at 5000 x g for 10 min
and resuspended in 500 pl of 2X YTG. 100 pl was spread onto solid 2X YTG media
supplemented with 5 pg/ml Th and 40 mM lactose (4 plates) and Th only plates (1 piate).
The plates were incubated for 48-72 hrs in an anaerobic chamber at 37 °C or until colonies
were observed. Putative mutants appearing on the Th+lactose plates were isolated and
screened by PCR to confirm the presence of the desired allelic exchange event.

If no colonies were seen on the Th and lactose plates, colonies from the Th-only
plate were grown in liquid CGM and a series of subcultivation was undertaken to enrich for
desired gene replacement mutants using a similar approach to the one described in Tracy
et al. (2011) except that lactose containing plates were utilized for the final selection plate
(Fig. 3). Transformants were vegetatively transferred every 24 hrs for 5 days on 2X YTG
solid media supplemented with Th at 5 pg/ml. After five days, cells were again
vegetatively transferred for an additional 5 days under no antibiotic selection to facilitate
plasmid curing. After five days of curing, cells were plated on Th+lactose plates, allowed
to grow for 24 hrs and colonies were isolated and confirmed. Optionally, these plates
were replica plated (21, 49) onto plates supplemented with Em at 40 pg/ml (Em? is
encoded on the vector backbone) and allowed to grow for 24 hrs. Plates were then
visually compared to the Th+lactose plates. Ideally, areas of growth on Th-+lactose plates
should show no growth on Em plates and this indicates chromosomal integration via allelic
exchange. Areas on the Th+lactose plates that- showed no growth on the Em
supplemented plates were re-streaked on fresh plates to isolate single colonies for
screening. Alternatively, a liquid transfer protocol may be undertaken. One colony from
the Th-only plate was used to inoculate 10 ml liquid CGM supplemented with 5 pg/ml Th
and allowed to grow overnight at 37 °C. Subsequently, a 5% inoculum was transferred to
a fresh 10 m! CGM tube supplemented with 5 ug/mi Th and allowed to grow for 8-12 hrs.
This transfer process was repeated a total of 5 times. Finally, 500 pl from the final
transfer were used to inoculate 10 ml of CGM supplemented with 5 ug/mi Th and 40 mM
of B-lactose and allowed to grow for 6 hours. Serial dilutions were plated onto solid 2X
YTG media supplemented with 5 pg/ml Th and 40 mM of B-lactose. Single colonies were
then isolated and screened to confirm the presence of the desired allelic exchange event.
RNA isolation and semiquantitative reverse transcription PCR (sq-RT-PCR). RNA
isolation, cDNA generation and semiquantitative real-time PCR were carried out as
previously described except that 2 g of total RNA was reverse transcribed. Primers were
designed to amplify a ~700 bp fragment from the reverse transcribed fdh transcript. All
amplification reactions were carried out using Phusion® High-Fidelity DNA Polymerase
(NEB).
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Analytical techniques. Cell density was measured as Agoo Using a Beckman Coulter DU
730 spectrophotometer.
Confirmation of chromosomal or megaplasmid insertions by PCR and sequencing.
To confirm allelic exchange chromosomal integration mutants, gDNA was isolated from
cells using the DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA) following the
manufacturer’s protocol. Appropriate primer combinations (Table 2) were used to confirm
the putative integrants. Amplification reactions were carried out using Phusion® High-
Fidelity DNA Polymerase (NEB). Mutants were also confirmed by Sanger sequencing.
RESULTS
Development of an inducible counter-selection marker. A lactose-inducible
promoter that was developed for use in C. perfringens strain 13 was tested for
functionality in C. acetobutylicum. Plasmid pAH2 with the inducible promoter placed
upstream of the reporter gene B-glucuronidase (Fig. 4A), was introduced into C.
acetobutylicum, giving rise to strain 824 (pAH2), and its response to induction with
lactose was tested. Previous work reported that lactose concentrations above 10 mM did
not significantly increase expression levels from this promoter. The results showed that
the promoter indeed did respond to induction with lactose in C. acetobutylicum. After 30
min of induction, the reporter’s specific activity increased by 10 and 15 fold upon 1 mM
and 10 mM of lactose addition, respectively (Fig. 4B). Baseline levels of the reporter’s
activity (i.e., without addition of lactose) were close to WT levels. Without lactose
induction the reporter’s specific activity in strain 824 (pAH2) was 0.6 =% 0.2 U/mg
compared to 0.2 = 0.01 U/mg for the WT strain. These results suggest slight promoter
leakiness but, it is hypothesized, that it would not be sufficient to induce the expression of
the mazF gene (described below) to high enough levels that would promote cell death.
The synthetic mazF gene was cloned downstream of the lactose-inducible promoter
and its divergent regulator (bgaR-Ppga ) on plasmid pKRAHL. This generated plasmid
pKRAH1_mazF (Fig. 4C). The plasmid was electrotransformed into C. acetobutylicum.
Once the strain carrying the plasmid was confirmed, colonies were grown in liquid media
supplemented with 5 pa/ml of Th for 24 hrs. Subsequently, equal volumes of culture were
plated onto solid 2X YTG media supplemented with 5 pug/mi of Th, with and without
lactose. After 24 hrs of anaerobic incubation at 37° C, plates were visually inspected for
growth. As anticipated, plates containing lactose did not have any colonies while those
lacking lactose showed an abundance of growth (Fig. 4D). These data suggested that the
toxicity of MazF might enable us to utilize it for counter-selection to screen for cells that
have targeted allelic exchange events,
Utilizing mazF as a counter-selectable marker to isolate sigK and ca_p0167 gene
deletions via allelic exchange using large regions of homology. To demonstrate the
application and utility of the developed inducible counter-selection marker, the sporulation
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specific sigma-factor K (o*) and the gene encoding for CA_P0167, a putative sigma factor
of unknown function encoded on the C. acetobutylicum pSOL1 megaplasmid were targeted
for inactivation. The KO plasmids were designed to delete the majority of the ORF of each
gene. Plasmid pKOSIGK_mazF included a Th®-FRT that is further flanked by two large
regions of homology ~ 1000 bp both upstream and downstream of the sigK gene (with
only 12 bp of the 5 sigk ORF and 29 bp of the 3’ end included in the upstream and
downstream regions of homology, respectively) (Fig. 5A). This design was to ensure that
no DNA regulatory elements of adjacent genes would be affected. Consequently, the
resulting sigk mutant would have 664 bp of the 705 bp of the sigK gene deleted.
Similarity, plasmid pKOCAP0167_mazF was designed with two regions of homology for the
ca_p0167 gene that ensured the removal of 285 bp of the 555 bp coding sequence (Fig.
5B). Allelic exchange mutants were isolated by utilizing the solid replica plating protocol
described in the materials and methods section. Putative mutants appearing on the
Th-+lactose plates were isolated and screened by PCR to confirm the presence of the
desired gene replacement event using primers listed in Table 2. Of the 6 colonies
screened for the sigk mutant, 3 contained the targeted gene replacement via allelic
exchange to delete a significant portion of the sigk ORF as confirmed by PCR (Fig. 5C) and
Sanger sequencing. Similarity, of the 10 colonies screened for the ca_p0167 mutant, eight
contained the desired allelic exchange event to delete 285 bp of the ca_p0167 ORF as
confirmed by PCR (Fig. 5D), as well as sequencing.

Isolation of sigF and ca_p0157 disruption mutants with smail (<300 bp),
internal regions of homology. To demonstrate the strength of this method, gene
disruption mutants of the sporulation specific sigma factor F (¢") and the predicted
megaplasmid sigma factor CA_P0157 were generated by utilizing the Th® marker flanked
by two internal regions of homology of <300 bp (Fig. 6A). Previous work in attempting to
isolate allelic exchange disruption mutants of the sigF gene yielded only mutants, which
had undergone a Campbell-like single-crossover event that resuited in the entire plasmid
backbone rolling into the targeted region of the chromosome. As described above, the
replica plating protoco! was employed to enrich for mutants that have undergone the
allelic exchange recombination with the target gene. All 5 putative mutants isolated
contained the desired recombination event (Fig. 6B). Similarly, we aimed to isolate allelic
exchange disruption mutant of the ca_p0157 gene. The pKOCAPQ157_mazF plasmid was
methylated and electrotransformed into wild-type C. acetobutylicum and the replica
plating protoco! was carried out as above. All 5 colonies screened had undergone the
desired allelic exchange event (Fig. 6B). It was previously reported that the rate of
recornbination significantly decreases when the regions of homology are less than 400 bp

in various unicellular organisms as well as in mammalian cells. Notwithstanding, the
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selection protocol described herein is capable of identifying rare allelic exchange mutants
generated by small regions of homology (<300 bp) for the target gene(s).

A generic illustration of the design of the KO plasmid containing the mazF under
the control of the lactose inducible promoter is shown in Figure 7, The regions of
homology can be designed for each individual gene KO target.

Unmarked genomic integration of the 2.1 kb formate dehydrogenase gene from C.
Hungdahlii. To further demonstrate the utility of our method, integration of the 2.1 kb
formate dehydrogenase (fdh) gene (CLIU_c08930) from C. [jungdahlii was undertaken,
The expected sizes of the wild-type (WT) and integrant loci are shown in (Fig. 8A). The
fdh KI plasmid was methylated and electrotransformed into the asporogenous M5 C.
acetobutylicum strain which has lost the pSOL1 megaplasmid. Due to the relatively large
size of the pKISIGK: :FDH_mazF plasmid (~12.3 kb) and in order to increase the
transformation efficiency, the plasmid was incubated with competent cells on ice for 20
min before electrotransformation. Following 4 hrs of outgrowth in liquid 2X YTG, cells
were plated onto solid media containing 5 ug/mL Th and 40 mM of B-lactose aiming to
isolate putative integrants immediately following plasmid transformation. Of the
estimated 5 X 10® transformants, we were immediately able to isolate three (i.e., 0.06%
of the total estimated 5 X 10° transformants) that had undergone the desired allelic
exchange event, namely to integrate the ~3.6 kb “cargo” DNA (2.1 kb fdh and a 1.5 kb
ThR-FRT marker) as confirmed by PCR (Fig. 8B), and sequencing. To test active
expression of the newly integrated fdh gene, sq-RT-PCR was carried out as described in
the materials and methods section using primers that amplified ~ 700 bp of the reverse
transcribed fdh cDNA. Two biological replicates from each strain (M5 sigK::fdh and M5
control strain) were used for RNA isolation and cDNA generation. Both M5 sigK::fdh
biological replicates showed the expected size band while none of the control strains did
(Fig. 8C), thus, confirming the expression of the integrated fdh gene.

Easy marker removal: expression of the FLP recombinase from a plasmid with
inducible-segregational instability. Due to the limited number antibiotic resistance
markers that are suitable for use in C. acetobutylicum, we set out to “flip-out” the Th®
marker from the M5 sigK::fdh integration strain and the 824 AsigK strain via the
expression of FLP recombinase. Anecdotal evidence suggested once excision of the FRT-
flanked marker is confirmed, stimulating plasmid loss is laborious and time consuming due
to the relatively good stability of repL Gram™ replicon. There are no known temperature
sensitive replicons in Clostridium. There are few established replication origins suitable for
use on plasmids to be propagated in Clostridium. However, these origins are
segregationally very stable with an estimated retention frequency of >90% after 60
generations without any selective pressure. Hence, a means was developed to easily and

readily cure the FLP recombinase expression plasmid once the excision of the antibiotic
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marker was confirmed. Once again, the C. perfringens lactose inducible promoter was
utilized and its divergent regulator (bgaR-Pyga ) and fused it immediately upstream of a
100 bp antisense-RNA (asRNA) that targets the first 100 bp of the replL transcript coding
for the replication protein (RepL) creating plasmid p94FLP_asRepL. This plasmid was
5  transformed into the M5 sigK::fdh and the 824 AsigK strains, and the following procedure

was used to stimulate the FLP activity. First, a single colony was grown overnight in 10
ml of CGM supplemented with 100 pg/mb of Em. One mL of this culture was used to
inoculate a new 10 mL tube of CGM which was incubated in an anaerobic chamber for 6
hrs at 30 °C to ensure optimal FLP activity (7). Serial dilutions were plated onto solid 2X

10  YTG media containing 40 pg/ml Em and incubated at 37 °C until colonies were observed.
Subsequently, a replica of the plate was made onto 2X YTG plates supplemented with 5
pg/ml Th. Colonies that did not exhibit growth on the Th supplemented plate were
screened to confirm the excision of the ThR gene by PCR confirmation. For the fdh
integration mutant, 3 of the 14 colonies screened had the Th® excised while all 14 colonies

15  screened of the sigK deletion mutant had lost the Th® gene. The resulting unmarked sigk
deletion mutant was named 824 Asigk_um (Fig. 5B) and the unmarked integration
mutant was renamed M5 sigK::fdh_um (Fig. 8B). To stimulate the loss of the
p94FLP_asRepl plasmid, a single colony was grown overnight in liquid CGM. A 5%
inoculum from the overnight culture was used to inoculate two fresh 10 ml. CGM tubes

20  simultaneously (with and without lactose) and allowed to grow for 8-12 hours. Lactose
was added to induce the expression of the asRNA fragment to stimulate plasmid loss.
This process was repeated a total of six times. One hundred microliters was.then plated
onto solid 2X YTG plates with Em (encoded on the plasmid backbone) and allowed to grow
for 48 hrs to confirm loss of the plasmid. Following incubation, the plates were visually

25 inspected for growth. The culture that was not induced with lactose showed growth
(indicating the presence of the plasmid) while that was induced with lactose did not
(indicating plasmid loss) (Fig 7D). Thus, the strategy of inducing segregational instability
by inducing an asRNA against the repl origin of replication is sound and effective.
Isolation of sigF and sigK deletion mutants with a KO plasmid lacking the

30 resolvase (recl) gene. Previous work in our group aimed to enhance the homologous
recombination machinery by expressing the B. subtilis resolvase gene (recl). Resolvases
are a class of proteins responsibie for Holliday-junction resolution during homologous
recombination. However, these attempts yielded mutants that were only single-crossover
integrants similar to what others have reported without the expression of recU. Thus far,

35 all our KO/KI plasmids were designed to express the recU gene. To test whether recU was
dispensable in this counter-selection strategy, sigF and sigK deletion plasmid were
designed without including the recU gene. The sigF deletion mutant was designed to
remove 521 bp of the 759 bp sigF ORF (Fig. 9A). Upon transforming C. acetobutylicum
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celis with the pKOSIGF2_mazF plasmid as described above, 14 colonies were immediately
isolated after transformation and outgrowth from the Th+lactose plates. PCR confirmation
revealed that 8 of those colonies had undergone the desired gene replacement via allelic
exchange to generate an in-frame deletion of the sigF gene (Fig. 9B). No colonies were
observed on the Th + lactose plates upon transforming plasmid pKOSIGK2_mazF that is
designed to generate a sigK in-frame deletion mutant as described above, albeit without
the expression of recU. Thus, the sigK deletion mutant was generated by utilizing a liquid
transfer protocol described in the material and methods section (Fig. 10). In conclusion,
the sigF mutant was immediately isolated without using the extended replica plating
protocol described above in the absence of recU. Likewise, the sigK deletion mutant was
isolated without the expression of recU on the vector backbone.

DISCUSSION

The lack of a generally applicable counter-selection marker for use in Clostridium,
without the need to rely on auxotrophic strains, has been described as a major limitation
for efficiently and readily isolating allelic exchange mutants. Unlike yeast or other
naturally competent prokaryotes like B. subtilis, which can be transformed with linear
DNA or suicide plasmids, respectively, isolating rare homologous recombination mutants is
a major obstacle due to difficulty in identifying desirable gene replacement mutants via
allelic exchange, low transformation efficiency in clostridia and the poor recombination
systems of most Clostridium organisms. However, these deficiencies can be overcome if a
suitable counter-selection marker is placed on the vector backbone to select against cells
bearing the plasmid, enabling the isolation of gene replacement mutants. Nonetheless,
identifying suitable counter-selection markers and optimizing the conditions for their use
is a challenging and laborious task.

Here, the development of an easy-to-implement counter-selection method based
on an inducible mazF gene for isolating rare allelic exchange chromosomal insertions and
deletions in C. acetobutylicum is reported. The work flow and the estimated effort
involved in designing and isolating a desired mutant is shown in Figure 11. This methed
does not resort to generating auxotrophic strains nor does it limit the isolation of
integrants in certain genomic loci. Furthermore, the method developed here can be
utilized to study the conditions that can potentially enhance native homologous
recombination in the host organism (e.g., culture age, temperature, etc.). It is anticipated
that this new method will prove invaluable for easily and efficiently creating mutant
strains for studying gene function or for integrating DNA sequences that confer desirable
traits in Clostridium spp.

Unlike the group 11 intrdn system, where target sequences smaller than 400 bp
may not contain optimal group II intron target sites, it is shown here that specific DNA
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sequences that are smaller than 300 bp can be targeted and that homologous
recombination mutants can be readily isolated.

Due to the good stability of the repl origin of replication and in order to swiftly
cure the cells of the FLP-recombinase bearing plasmid, an inducible segregational
instability element was utilized. Antisense RNA (asRNA) against target transcript(s) has
been successfully utilized to downregulate the expression of a number of genes in
Clostridium. The asRNA is a single-stranded RNA molecule that it complimentary to the
target gene's synthesized mRNA molecule. Theréfore, upon transcription of the asRNA, it
binds to the target mMRNA molecule and inhibits its translation. To exploit this feature for
curing the plasmid, a lactose inducible asRNA fragment against the repl transcript was
designed and implemented to promote inducible segregational instability of the replicon.
Consequently, this system enables a fast turnaround time if the desired mutant is required
for further genetic manipulations.

Although this example focused on C. acetobutylicum, this method could be adapted
to most, if not all, Clostridium organisms and other organisms with underdeveloped
genetic tools. Potentially, the method described herein may prove invaluable for Clostridia
geneticists aiming to generate chromosomal fusion proteins or for creating whole genome
KO libraries in Clostridium spp. enabling a functional genomics approach in studying these
important and poorly understood organisms.

Example 2. Isolation of in-frame markeriess deletions

The newly developed method can be used to KO genes in a markerless fashion (i.e.
no antibiotic marker flanking the two regions of homology). The KO plasmid for the gene
of interest (GOI) is transformed into host cells and transformants are initially selected for
on Th plates. Once the plasmid is confirmed, the cells can be vegetatively transferred as
described above. Mutants with the desired in-frame KO are screened for on lactose plates
without any antibiotic. Colonies that are resistant to lactose are selected and confirmed. A
schematic for this technique is shown in Figure 12.

Example 3. Gene knock-in (KI)

A gene or DNA of interest (gene A or DNA A), flanked by two regions of homology,
can be Kl in the chromosome of a host cell. Essentially, the antibiotic resistance gene is
replaced by a gene (e.g., gene A) or any DNA (e.g., DNA A) to be delivered into the
chromosome of the host cell (Fig. 13).

Example 4. Muitiple sequential KO (or KIs) in either a marked or
markerless fashion

Multiple sequential gene deletions or gene insertions can be accomplished using
the methods described above. For example, a first gene may be knocked out as described
in examples 1-3. Once the first KO mutant is confirmed (e.g., for gene A), another target
(gene B) may be targeted for deletion as described above. This way, the presently
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disclosed screening method utilizing mazf may be utilized for multiple sequential KOs.
The genes can be KO either in a marked fashion or in a markerless fashion (Fig. 12).
Alternatively, sequential gene KI may be accomplished in the same fashion (Fig. 13).
Similarly, the present method may be adopted in sequential gene deletion and gene
insertion.

Example 5. Multipie antibiotic selection markers, flanked by the target
gene's regions of homology, can be employed

Multiple antibiotic markers can be employed. Erythromycin (Em) and tetracycline
(Tc) can be used instead of thiamphenicol. The target regions of homology can then be
designed to flank any of the aforementioned antibiotic resistance genes. The location of
each marker can be swapped in the plasmid backbone depending on the user’s desire and
application. For example, Em can be flanked by the regions of homology and Th can be
placed on the plasmid backbone. After a successful KO, Em will be integrated into the
chromosome of the target cell while Th will be lost along with the plasmid backbone,
Alternatively, Tc can be used instead of Em and so forth.

All documents, books, manuals, papers, patents, published patent applications,
guides, abstracts, and/or other references cited herein are incorporated by reference in
their entirety. Other embodiments of the invention will be apparent to those skilled in the
art from consideration of the specification and practice of the invention disclosed herein.
It is intended that the specification and examples be considered as exemplary only, with
the true scope and spirit of the invention being indicated by the following claims.
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1. “lostridium organism comprising a recombinant DNA, wherein the
recol rises

(a) a first nucleic acid sequence encoding a first counter-selection marker,

(b) a first promoter operably linked to the first nucleic acid sequence, and

() a second nucleic acid sequence flanked by a first region at least 90%
identical to an upstream region of a first target genomic locus in the recombinant
Clostridium organism and a second region at least 90% identical to a downstream region
of the first target genomic locus.
2. The recombinant Clostridium organism of claim 1, wherein the first counter-
selection marker is a heterologous toxin.
3. The recombinant Clostridium organism of claim 1, wherein the first promoter is a
heterologous inducible promoter.
4, The recombinant Clostridium organism of claim 1, wherein the Clostridium
organism is selected from the group consisting of C. botulinum, C. difficile, C. perfringens,
C. tetanii, C. sporogenes, C. novyi, C. acetobutylicum, C. pasteurianum, C. beijjerinckii, C.

fjungdahlii, C. carboxidivorans, C. thermocellum, C. cellulolyticum, C. phytofermentans, C.

tyrobutyricum, C. butyricum, C. kluyveri, C. sticklandii, Moorella thermoacetica, C.

autoethanogenum, C. ragsdalei, Moorella thermoautotrophica, C. propionicum, C.
thermobufyricum, C. thermoaceticum, C. formicoaceticum, and Butyribacterium
methylotrophicum.

5. The recombinant Clostridium organism of claim 1, wherein the Clostridium
organism is C, acetobutylicum ATCC 824,

6. The recombinant Clostridium organism of claim 1, wherein the second nucleic acid
sequence is a heterologous nucleic acid sequence.

7. The recombinant Clostridium organism of claim 1, wherein the second nucleic acid
sequence encodes a positive selection marker. '

8. The recombinant Clostridium organism of claim 1, wherein the second nucleic acid
sequence comprises a gene, a series of genes, a gene transcription promoter, an
antisense RNA, or a combination thereof. ‘

9. A method for generating a mutant of the recombinant Clostridium organism of

claim 1, comprising growing the recombinant Clostridium organism, whereby a mutant

having double-crossover allelic exchange of the first target genomic locus with the second
nucleic acid sequence is generated. '
10. The method of claim 9, further comprising isolating the mutant.

11. The method of claim 9, wherein the first target genomic locus comprises a first

target gene, whereby the first target gene is disrupted in the mutant.
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12. laim 9, wherein the first target genomic locus comprises a first
targe 1e first target gene is deleted in the mutant.

13. laim 9, wherein the second nucleic acid sequence is a heterologous

nucleic acid sequence, whereby the heterologous nucleic acid sequence is integrated into
the first target genomic locus in the mutant.

14, The method of claim 9, wherein the second nucleic acid sequence encodes a
positive selection marker, whereby the positive selection marker is integrated into the
mutant.

15. The method of claim 14, further comprising removing the positive selection marker
from the mutant.

16. The method of claim 9, wherein the second nucleic acid sequence comprises a gene,
a series of genes, a gene transcription promoter, an antisense RNA, or a combination
thereof.

17. The method of claim 9, wherein the first counter-selection marker is a heterologous
toxin.

18. The method of claim 9, wherein the first promoter is a heterologous inducible
promoter.

19. The method of claim 9, wherein the Clostridium organism is selected from the
group consisting of C. botulinum, C. difficile, C. perfringens, C. tetanii, C. sporogenes, C.
novyi, C. acetobutylicurm, C. pasteurianum, C. beijerinckii, C. [jungdahlii, C.
carboxidivorans, C. thermocellum, C. cellulolyticum, C. phytofermentans, C. tyrobutyricum,
C. butyricum, C. kluyveri, C. sticklandii, Moorella thermoacetica, C. autoethanogenum, C.
ragsdalei, Moorella thermoautotrophica, C. propionicum, C. thermobufyricum, C.
thermoaceticum, C. formicoaceticum, and Butyribacterium methylotrophicum.

20. The method of claim 9, wherein the Clostridium organism is C. acetobutylicum
ATCC 824.
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OPTIMIZED mazF DNA SEQUENCE (SEQ ID NO: 1):

ATG GTA AGC AGG TAC GTA CCT GAT ATG GGA GAT TTA ATA TGG GTT GAT TTT GAT CCT
ACA AAA GGA AGT GAG CAA GCT GGA CAT AGA CCA GCT GTT GTT TTA AGT CCT TTT ATG
TAT AAT AAT AAA ACA GGA ATG TGT TTA TGT GTT CCT TGT ACA ACA CAA TCA AAA GGA
TAT CCT TTT GAA GTT GTT TTA TCA GGA CAA GAA AGA GAT GGA GTA GCA TTA GCT GAT
CAA GTA AAA AGT ATA GCA TGG AGA GCA AGA GGA GCA ACA AAA AAA GGA ACA GTT GCA
CCA GAG GAA TTA CAA TTA ATA AAA GCA AAA ATA AAT GTA TTA ATA GGA TAG
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