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METHOD OF PRODUCING A RECOMBINANT MICROORGANISM

CROSS REFERENCE TO RELATED APPLICATIONS

0001 This application claims the benefit of U.S. Provisional Patent Application 61/932,737
filed January 28, 2014, the entirety of which is incorporated herein by reference.

SEQUENCE LISTING

0002 This application includes a nucleotide/amino acid sequence listing submitted
concurrently herewith and identified as follows: 35,226 byte ASCII (text) file named
“LTO99WO1 _ST25.txt” created on January 28, 2015, the entirety of which is incorporated

herein by reference.

BACKGROUND OF THE INVENTION

0003 Sophisticated and varied genetic tools exist for manipulating the genomes of
established model microorganisms, such as Escherichia coli and Saccharomyces cerevisiae.
However, for many other microorganisms of biotechnological interest, only exceedingly
basic genetic tools are available, which makes it difficult to evaluate and optimize such

microorganisms for medical, chemical, or industrial applications.

0004 For example, genetic tools are lacking for the genus Clostridium, which includes
Gram-positive, spore-forming, anaerobic bacteria. Species such as Clostridium difficile,
Clostridium botulinum, and Clostridium perfringens are pathogenic and/or have important
medical applications. Additionally, species such as Clostridium acetobutylicum, Clostridium
beijerinckii, Clostridium celluloyticum, Clostridium ljungdahlii, Clostridium butyricum, and
Clostridium autoethanogenum ferment sugars, biomass, and gases to produce various

biofuels and biochemical products.

0005 Existing genetic tools for Clostridium, such as ClosTron (Heap, J Microbiol Meth,
70:452-464, 2007), allele coupled exchange (ACE) (Heap, Nucleic Acids Res, 40: €59, 2012),
and counter selection markers (Ng, PLoS ONE, 8: ¢56051, 2013; Al-Hinai, Appl Environ
Microbiol, 78: 8112-8121, 2012; Cartman, Appl Environ Microbiol, 78: 4683-4690, 2012;
WO 2010/084349), allow only rudimentary genetic manipulation compared to genetic tools
for model microorganisms like Escherichia coli and Saccharomyces cerevisiae. Moreover,
the genetic tools that do exist often require multiple steps to achieve the desired modification,

cumbersome mutant screening processes, and fickle transformation steps. Accordingly, there
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is a strong need for robust genetic tools and methods for manipulating the genomes of non-

model microorganisms, such as Clostridium bacteria.

SUMMARY OF THE INVENTION

0006 The invention provides genetic tools to insert, replace, delete, or otherwise manipulate
a nucleic acid sequence in a microorganism to produce a recombinant microorganism. In
particular, invention provides a method of producing a recombinant microorganism,

comprising:

(a) providing a microorganism comprising a genetic element comprising a target

nucleic acid T1, a target nucleic acid T2, and a target nucleic acid T3,

(b) providing a DNA construct comprising a left homology arm LHAI
homologous to T1, a right homology arm RHA1 homologous to T2, and a right homology
arm RHA2 homologous to T3, wherein RHA? is located between LHA1 and RHAL,

() allowing the genetic element of (a) to undergo homologous recombination
with the DNA construct of (b), whereby T1 aligns with LHA1 and T2 aligns with RHA1 to
insert the portion of the DNA construct between LHA1 and RHAT, including RHA?2, into the

genetic element between T1 and T2, and

(d) allowing the genetic element of (¢) to undergo self-homologous
recombination, whereby T3 aligns with RHA2 to remove the portion of the genetic element

between T3 and RHA2.

0007 In one embodiment, the genetic element of (a) comprises 5’-T3-T1-T2-3’; the DNA
construct of (b) comprises 5’-LHA1-RHA2-RHA1-3’; a microorganism comprising a genetic
element comprising 5°-T3-T1-RHA2-T2-3’ is formed in (c¢); and a microorganism comprising
a genetic element comprising 5°-T3-T2-3’ is formed in (d), such that T1 is deleted from the

genetic element.

0008 In one embodiment, the genetic element of (a) comprises 5’-T3-T1-T2-3’; the DNA
construct of (b) comprises 5’-LHAT-RHA2-IS1-RHA1-3” wherein IS1 is an insertion nucleic
acid; a microorganism comprising a genetic element comprising 5°-T3-T1-RHA2-IS1-T2-3’
is formed in (¢); and a microorganism comprising a genetic element comprising 5°-T3-1S1-

T2-3’1s formed in (d), such that T1 is replaced by IS1 in the genetic element.
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0009 In one embodiment, the genetic element of (a) comprises 5’-T113-T4-T2-3 wherein
T1 encompasses T3 and T4 is a target nucleic acid; the DNA construct of (b) comprises 5°-
LHA1rua2-RHA2-RHA1-3” wherein LHAT encompasses RHA2; a microorganism
comprising a genetic element comprising 5’-T113-RHA2-T2-3" is formed in (¢); and a
microorganism comprising a genetic element comprising 5’-T113-T2-3" is formed in (d), such

that T4 is deleted from the genetic element.

0010 In one embodiment, the genetic element of (a) comprises 5’-T113-T2-3" wherein T1
encompasses T3; the DNA construct of (b) comprises 5’-LHA 1rna2-RHA2-IS1-RHA1-3’
wherein LHA1 encompasses RHA?2 and IS1 is an insertion nucleic acid; a microorganism
comprising a genetic element comprising 5’-T113-RHA2-IS1-T2-3’ is formed in (c); and a
microorganism comprising a genetic element comprising 5°-T113-1S1-T2-3’is formed in (d),

such that IS1 is inserted in the genetic element.

0011 In one embodiment, the genetic element of (a) comprises 5’-T113-T4-T2-3 wherein
T1 encompasses T3 and T4 is a target nucleic acid; the DNA construct of (b) comprises 5°-
LHA1ruA2-RHA2-IS1-RHA1-3” wherein LHA T encompasses RHA2 and IS1 is an insertion
nucleic acid; a microorganism comprising a genetic element comprising 5’-T113-RHA2-1S1-
T2-3 is formed in (c); and a microorganism comprising a genetic element comprising 5°-

T113-IS1-T2-3’is formed in (d), such that T4 is replaced by IS1 in the genetic element.

0012 In one embodiment, the DNA construct of (b) further comprises a counter selection
marker CS1 upstream of LHA1 and a positive selection marker PS1 and a counter selection
marker CS2 between LHAT and RHA2. In a further embodiment, (¢) is followed by a step of
selecting for expression of PS1 and against expression of CS1 and (d) is followed by a step of
selecting against expression of CS2. CS1 and CS2 may be independently selected from the
group consisting of pheS*, upp, sacB, tetAR, thyA, ccdB, lacY, rpsL, codA, pyrE, HSTK
(thiK), gatA-1, and mazF; and PS1 may be selected from the group consisting of catP,
tetA(C), tetM, aad9, aadA, aadA2, and ermB.

0013 In one embodiment, the DNA construct of (b) further comprises a counter selection
marker CS1 upstream of LHA1 and a positive selection marker PS1 between LHAT and
RHAZ2. In a further embodiment, (¢) is followed by a step of selecting for expression of PS1
and against expression of CS1. CS1 may be selected from the group consisting of pheS*,

upp, sacB, tetAR, thyA, ccdB, lacY, rpsL, codA, pyrE, HSTK (thiK), gatA-1, and mazF, and
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PS1 may be selected from the group consisting of catP, tetA(C), tetM, aad9, aadA, aadA?2,

and ermB.

0014 In one embodiment, LHA1 is longer than RHA2. In particular, LHA1 may be equal
to or greater than about 1000 base pairs in length and RHA2 may be equal to or less than
about 300 base pairs in length.

0015 In one embodiment, LHA1 and RHAT are each longer than RHA2. In particular,
LHA1 and RHA1 may each be equal to or greater than about 1000 base pairs in length and
RHA?2 may be equal to or less than about 300 base pairs in length.

0016 In one embodiment, the microorganism is a bacterium, archea, virus, or fungus. For
example, the microorganism may belong to genus Clostridium, Acetobacterium, Moorella,
Butyribacterium, Blautia, Oxobacter, Thermoanaerobacter, Escherichia, Klebsiella,
Zymomonas, Citrobacter, Enterobacter, Salmonella, Serratia, Lactobacillus, Lactococcus,
Enterococcus, Pediococcus, Streptococcus, Saccharomyces, Pichia, Candida Hansenula,
Yarrowia, Rhodotorula, Rhizopus, Trichosporon, Lipomyces, Aspergillus, trichoderma,
Exophila, Mucor, Cladosporium, Phanerochaete, Cladiophilalophora, Paecilomyces,
Scedosporium, Ophistoma, Bacillus, Oligotropha, Pseudomonas, Carbophilus,
Hydrogenophaga, Mycobacterium, Zavarzinia, Cupravidus, Senechocystis, Chloroflexus,
Methylomonas, Methylobacter, Methylococcus, Methylomicrobium, Methylosphera,
Methylocaldum, Methylocystis, Methylosinus, Methanobacterium, Methanococcus,
Methanogenium, Methanosarcina, Methanoshera, Methanothermobacter, Methanotrix,
Corynebacterium, Acinetobacter, Actinomyces, Bacteriodes, Burkholderia, Brevibacterium,
Pyrococcus, Geobacter, Geobacillus, Paenibacillus, Mycobacterium, Rhodopseudomonas,
Thermatoga, Thermoanaerobacter, Streptomyces, Rhodobacter, Rhodococcus, Peptococcus,
Bifidobacterium, Propionibacterium, Fusobacterium, Campylobacter, Veillonella, Aquincola,

Arthrobacter, Moraxella, or Psychrobacter.

BRIEF DESCRIPTION OF THE DRAWINGS

0017 Fig. 1is a diagram showing an embodiment in which a portion of DNA on a genetic

element is deleted using a DNA construct.

0018 Fig. 2 is a diagram showing an embodiment in which a portion of DNA on a genetic

element is deleted and replaced by an insertion sequence using a DNA construct.
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0019 Fig. 3 is a diagram showing an embodiment in which a portion of DNA on a genetic

clement is deleted using a DNA construct.

0020 Fig. 4 is a diagram showing an embodiment in which a portion of DNA is inserted

into a genetic element using a DNA construct.

0021 Fig. 5 is a diagram showing an embodiment in which a portion of DNA on a genetic

clement is deleted using a DNA construct.

0022 Fig. 6A is a diagram showing the first round of the multiple sequence insertion
cycling strategy in which multiple portions of DNA are inserted into a genetic element using
a DNA construct. Fig. 6B is a diagram showing the second round of the multiple sequence
insertion cycling strategy. Fig. 6C is a diagram showing the third round of the multiple
sequence insertion cycling strategy. Fig. 6D is a diagram showing shows the final round of
the multiple sequence insertion cycling strategy. In this embodiment, the final round
comprises the insertion of a final sequence and removal of the marker and first target nucleic

acid sequence.

0023 Fig. 7 is a diagram showing an embodiment in which a DNA construct and a repressor
gene is integrated into a genetic element and where expression of the repressor gene is

controlled by prolonged PS1 selection.

0024 Fig. 8 is a diagram showing an embodiment in which the DNA construct is lacking a

second counter selection marker.

0025 Fig. 9 is a diagram showing an embodiment in which the DNA construct comprises a

non-replicating plasmid and lacks the first counter selection marker.

0026 Fig. 10 is a diagram showing an embodiment in which the DNA construct comprises

transforming linear DNA and lacks the first counter selection marker.

0027 Fig. 11 is a diagram showing an embodiment in which the DNA construct comprises

shorter homology arms appropriate for use in the lambda-red recombination system.
0028 Fig. 12 is a diagram showing TXp3 plasmid features.

0029 Fig. 13 is a diagram showing genome organization for use with a DNA construct such

as a TXp3 plasmid.
0030 Fig. 14 is a diagram showing a double crossover recombination genotype.

0031 Fig. 15 is a diagram showing a triple crossover recombination genotype.
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0032 Fig. 16 s a sct of diagrams showing example plasmid architecture for allelic

replacement (A) and DNA insertion (B).

0033 Fig. 17 is a gel image showing the results of screening double crossover recombinants

using plasmid TXp3.

DETAILED DESCRIPTION OF THE INVENTION

0034 The invention provides genetic tools to insert, replace, delete, or otherwise manipulate
a nucleic acid sequence in a microorganism to produce a recombinant microorganism.
Notably, the invention makes use of homologous recombination, a type of genetic
recombination in which nucleotide sequences are exchanged between two similar or identical
molecules of DNA. However, in contrast to classic approaches, which involve one positive
and one negative selection marker with 2 homology arms, the invention generally utilizes one
positive and two negative selection markers with three homology arms. As with classic
approaches, the invention requires only two selection steps, but rather than screening for a
first crossover in the first step and a second crossover with marker recycling in the second
step, the invention forces a double crossover directly in the first step using a combination of a
positive selection marker on an inserted nucleic acid and a selection negative marker on the
construct backbone. In the second step, the selection markers may be recycled through the
third homology arm and the second counter-selectable marker in a third crossover event.
Since the invention involves three homologous recombination events it may be referred to as

the “triple cross” method.

0035 The invention provides a number of advantages over methods known in the art. For
example, the invention allows modification of a genome at any site. In contrast, methods
such as ACE are limited to modification of a genome at specific predetermined sites (e.g., at
a pyrE/pyrF locus or at a site in a previously modified genome). The invention also allows
for the integration, deletion, and/or mutation (e.g., frameshift, SNP) using a single system,
while existing methods require the combination of multiple systems to achieve similar
results, such as ClosTron/homologous recombination or FRT/Cre-Lox. The invention allows
for “scarless” modification of a genome, leaving behind no artifacts such as residual base
pairs or selection markers. Moreover, the invention requires no preparation or “priming” of
the genome of the microorganism, such that it can be performed directly on a wild-type
genome, in contrast to methods such as those described in Argyos, Appl Environ Microbiol,

77: 8288-8294, 2011. Additionally, the invention results in zero or minimal undesired
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integrations at non-target sites, which can be a problem with existing methods, such as
ClosTron. Finally, the invention achieves nearly 100% efficiency under most conditions. In
other words, nearly all of the microorganisms prepared and selected according to the
invention exhibit the desired recombination, compared to as low as 10% efficiency for

existing methods.

0036 In general, the invention provides a method of producing a recombinant

microorganism, comprising:

(a) providing a microorganism comprising a genetic element comprising a target nucleic

acid T1, a target nucleic acid T2, and a target nucleic acid T3,

(b) providing a DNA construct comprising a left homology arm LHA1 homologous to
T1, a right homology arm RHA1 homologous to T2, and a right homology arm RHA2
homologous to T3, wherein RHA?2 is located between LHA1 and RHAI,

(©) allowing the genetic element of (a) to undergo homologous recombination with the
DNA construct of (b), whereby T1 aligns with LHAT and T2 aligns with RHA1 to
insert the portion of the DNA construct between LHA1 and RHAT1, including RHA2,

into the genetic element between T1 and T2, and

(d) allowing the genetic element of (¢) to undergo self-homologous recombination,
whereby T3 aligns with RHA2 to remove the portion of the genetic element between

T3 and RHA2.

0037 Variations of this method may be used for inserting, replacing, deleting, or otherwise
manipulating a nucleic acid sequence in a microorganism to produce a recombinant

microorganism.

0038 The invention may be used to delete a nucleic acid (e.g., T1) from a microorganism.
In one embodiment, the invention provides a method of producing a recombinant

microorganism, comprising:
(a) providing a microorganism comprising a genetic element comprising 5°-T3-T1-T2-3’,
(b)  providing a DNA construct comprising 5’-LHA1-RHA2-RHA1-3’,

() allowing the genetic element of (a) to undergo homologous recombination with the
DNA construct of (b), whereby T1 aligns with LHAT and T2 aligns with RHA1 to
insert the portion of the DNA construct between LHA1 and RHAT1, including RHA2,



WO 2015/116734 PCT/US2015/013373

into the genetic element between T1 and T2 to form a microorganism comprising a

genetic element comprising 5°-T3-T1-RHA2-T2-3’, and

(d) allowing the genetic element of (¢) to undergo self-homologous recombination,
whereby T3 aligns with RHA2 to remove the portion of the genetic element between
T3 and RHAZ2 to form a microorganism comprising a genetic element comprising 5°-

T3-T2-3’, such that T1 is deleted from the genetic element.

0039 This embodiment is shown in Fig. 1. Any base pairs located between RHA2 and
RHAT1 will be inserted into the genetic element. When RHA1 and RHA2 are immediately
adjacent to each other on the DNA construct, this embodiment may be used to delete T1
without leaving any residual base pairs in the resulting DNA sequence. This process is
referred to “scarless” deletion. The DNA construct may optionally contain one or more
selection markers, such as CS1, PS1, and CS2. Selection against CS1 and for PS1 after step
(c) selects for microorganisms with integration of the desired portion of the DNA construct
into the genetic element. Selection against CS2 after step (d) selects for microorganisms that
have undergone the desired self-homologous recombination. The portion of the DNA
construct located between, but not including, LHA1 and RHA1 may be referred to as a

nucleic acid cassette sequence (NS1). In Fig. 1, NS1 comprises 5’-PS1-CS2-RHA2-3".

0040 The invention may be used to replace a nucleic acid in a microorganism (e.g., T1)
with a different nucleic acid (e.g., IS1). In one embodiment, the invention provides a method

of producing a recombinant microorganism, comprising:
(a) providing a microorganism comprising a genetic element comprising 5°-T3-T1-T2-3’,

(b) providing a DNA construct comprising 5’-LHA1-RHA2-IS1-RHA1-3’ wherein IS1 is

an insertion nucleic acid,

(©) allowing the genetic element of (a) to undergo homologous recombination with the
DNA construct of (b), whereby T1 aligns with LHAT and T2 aligns with RHA1 to
insert the portion of the DNA construct between LHA1 and RHAT1, including RHA2,
into the genetic element between T1 and T2 to form a microorganism comprising a

genetic element comprising 5°-T3-T1-RHA2-1S1-T2-3, and

(d) allowing the genetic element of (¢) to undergo self-homologous recombination,

whereby T3 aligns with RHA2 to remove the portion of the genetic element between
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T3 and RHA?2 to form a microorganism comprising a genetic element comprising 5°-

T3-IS1-T2-3’, such that T1 is replaced by IS1 in the genetic element.

0041 This embodiment is shown in Fig. 2. Any base pairs located between RHA2 and
RHAT1 will be inserted into the genetic element. When IS1 is located immediately adjacent to
RHAZ2 on the DNA construct, this embodiment may be used to delete T1 and simultancously
insert IS1 (i.e., replace T1 with IS1) without leaving any residual base pairs in the resulting
DNA sequence (scarless). The DNA construct may optionally contain one or more selection
markers, such as CS1, PS1, and CS2. Selection against CS1 and for PS1 after step (c) selects
for microorganisms with integration of the desired portion of the DNA construct into the
genetic element. Selection against CS2 after step (d) selects for microorganisms that have
undergone the desired self-homologous recombination. The portion of the DNA construct
located between, but not including, LHA1 and RHA 1 may be referred to as a nucleic acid

cassette sequence (NS1). In Fig. 2, NS1 comprises 5’-PS1-CS2-RHA2-1S1-3".

0042 In a variation of this embodiment, the intermediate microorganism comprising both
T1 and IS1 may be retained by constant selection for PS1. This method enables observation
of the effect of the T1 and IS1 on the phenotype of the microorganism. Constant selection for
PS1 means that any microorganism that undergoes the third self-homologous recombination
event will be unable to survive. In a particular embodiment, T1 is a gene whose expression
leads to the production of one form of a product and IS1 comprises a gene whose expression
leads to the production of a different form of the product. For example, the different forms of
the product may be different stereoisomers, have different functional groups, or have
different cofactor or substrate specificities. When the microorganism comprises a genetic
element comprising both genes, the effects of having both products in the reaction mixture
may be observed. In one embodiment, T1 encodes a gene which encodes the R stercoisomer
of 2,3-butanediol and IS1 encodes a gene which encodes a meso-2,3-butanediol stereoisomer.
The term “meso-2,3-butanediol” refers to both the (S,R) and (R,S) stereoisomers of 2,3-
butanediol. When the genetic element comprises both genes, the effects of having both
stereoisomers present in the reaction mixture may be observed. Removing the constant
selection for PS1 will allow the microorganism to undergo the third self-homologous

recombination event.

0043 In another variation of this embodiment, a culture of microorganisms expressing T1

may be transitioned to lack expression of T1. Initially, T1 may be retained by selecting for



WO 2015/116734 PCT/US2015/013373

PS1 and then, later, T1 may be deleted through self-homologous recombination by ceasing
selection for PS1. A culture of microorganisms will transition from a population in which all
microorganisms express T1, to a population in which some microorganisms express T1, to a
population in which no microorganisms express T1. This will happen in a bioreactor over
time if the deletion of T1 is not significantly detrimental to the growth of the microorganisms,
even in the absence of a second counter selection step. If the deletion of T1 is detrimental to
the growth of the microorganisms, then the microorganisms which retain T1 will outgrow the
switched genotype and may remain the dominant strain in the reactor. When considering the
size of the homology arms, RHA2 should be large enough to allow recombination with T3 at
a high enough frequency to allow the transition from one genotype to the other over time. In
addition however, RHA2 should be small enough that recombination will not happen
frequently enough to kill a large proportion of cells when selecting for PS1. Generally, a
RHA1/LHAT size of about 1,000 bp coupled with an RHA?2 size of about 300 bp provides a
good balance of efficiency and cell growth. Selection for PS1 may be ceased at any desirable
time. For example, selection for PS1 may be ceased when a culture reaches a particular cell
density or a particular phase of growth (e.g., when the culture departs from stationary phase
growth and enters exponential phase growth). As such, a gene may be deleted when it no

longer confers a growth advantage, optimizing the use of resources.

0044 The invention may also be used to repress a pathway using an inducible promoter
system. In this embodiment, the DNA construct may comprise a repressor that is inserted
into the genetic element of the microorganism as part of NS1. Selection for PS1 would select
for microorganisms comprising NS1 (comprising the repressor). Ceasing selection for PS1
would allow the third self-homologous recombination event to occur, removing not only PS1,
and optionally CS2, but also the repressor gene. This embodiment is in Fig. 7, where NS1
comprises LHA1, PS1, repressor fefR, RHA2, an inducible promoter repressed by tetR
transcribing IS1 (a gene of interest), and RHAT.

0045 The invention may be used to delete a nucleic acid (e.g., T4) from a microorganism.
In one embodiment, the invention provides a method of producing a recombinant

microorganism, comprising:

(a) providing a microorganism comprising a genetic element comprising 5°-T 113-T4-T2-

3’ wherein T1 encompasses T3 and T4 is a target nucleic acid,
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(b) providing a DNA construct comprising 5’-LHA1rua2-RHA2-RHA1-3” wherein
LHAT encompasses RHA2,

(©) allowing the genetic element of (a) to undergo homologous recombination with the
DNA construct of (b), whereby T1 (T113) aligns with LHA1 (LHA1ruA2) and T2
aligns with RHA1 to insert the portion of the DNA construct between LHAI
(LHA1rna2) and RHAI, including RHAZ2, into the genetic element between T1 (T1713)
and T2 to form a microorganism comprising a genetic element comprising 5°-T113-

RHA2-T2-3’, and

(d) allowing the genetic element of (¢) to undergo self-homologous recombination,
whereby T3 aligns with RHA2 to remove the portion of the genetic element between
T3 and RHAZ2 to form a microorganism comprising a genetic element comprising 5°-

T113-T2-3’, such that T4 is deleted from the genetic element.

0046 This embodiment is shown in Fig. 3. The subscript on LHA1 (LHA 1rua2) indicates
that the sequence of LHA1 encompasses the sequence of RHA2, such that a portion of LHA1
(e.g., the 3’ portion) is homologous to T3. The subscript on T1 (T1t3) indicates that the
sequence of T1 encompasses the sequence of T3, such that a portion of T1 (e.g., the 3’
portion) is homologous to RHA2. The presence of these nested sequences allow for
additional variations of the method of the invention. In particular, this embodiment allows
for the deletion of T4 when it is flanked by T1 and T2 without deleting T1 or T2. Any base
pairs located between RHA2 and RHA1 will be inserted into the genetic element. When
RHA?2 is immediately adjacent to RHA1 on the DNA construct, this embodiment may be
used to delete T4 without leaving any residual base pairs in the resulting DNA sequence
(scarless). The DNA construct may optionally contain one or more selection markers, such
as CS1, PS1, and CS2. Selection against CS1 and for PS1 after step (c) selects for
microorganisms with integration of the desired portion of the DNA construct into the genetic
element. Selection against CS2 after step (d) selects for microorganisms that have undergone
the desired self-homologous recombination. The portion of the DNA construct located
between, but not including, LHA1 and RHA1 may be referred to as a nucleic acid cassette

sequence (NS1). In Fig. 3, NS1 comprises 5’-PS1-CS2-RHA2-3’.

0047 The invention may be used to insert a nucleic acid (e.g., IS1) into a microorganism.
In one embodiment, the invention provides a method of producing a recombinant

microorganism, comprising:

11
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(a) providing a microorganism comprising a genetic element comprising 5°-T113-T2-3’

wherein T1 encompasses T3,

(b) providing a DNA construct comprising 5’-LHA 1rua2-RHA2-IS1-RHA1-3’ wherein

LHA1 encompasses RHA2 and IS1 is an insertion nucleic acid,

(©) allowing the genetic element of (a) to undergo homologous recombination with the
DNA construct of (b), whereby T1 (T113) aligns with LHA1 (LHA1ruA2) and T2
aligns with RHA1 to insert the portion of the DNA construct between LHAI
(LHA1rna2) and RHAI, including RHAZ2, into the genetic element between T1 (T1713)
and T2 to form a microorganism comprising a genetic element comprising 5°-T113-

RHA2-IS1-T2-3’, and

(d) allowing the genetic element of (¢) to undergo self-homologous recombination,
whereby T3 aligns with RHA2 to remove the portion of the genetic element between
T3 and RHAZ2 to form a microorganism comprising a genetic element comprising 5°-

T113-1S1-T2-3°, such that IS1 is inserted in the genetic element.

0048 This embodiment is shown in Fig. 4. The subscript on LHA1 (LHA 1rua2) indicates
that the sequence of LHA1 encompasses the sequence of RHA2, such that a portion of LHA1
(e.g., the 3’ portion) is homologous to T3. The subscript on T1 (T1t3) indicates that the
sequence of T1 encompasses the sequence of T3, such that a portion of T1 (e.g., the 3’
portion) is homologous to RHA2. The presence of these nested sequences allow for
additional variations of the method of the invention. In particular, this embodiment allows
for the insertion of IS1 without deleting T1. Any base pairs located between RHA2 and
RHA1 will be inserted into the genetic element. When IS1 is located immediately adjacent to
RHAZ2 on the DNA construct, this embodiment may be used to insert IS1 without leaving any
residual base pairs in the resulting DNA sequence (scarless). The DNA construct may
optionally contain one or more selection markers, such as CS1, PS1, and CS2. Selection
against CS1 and for PS1 after step (c) selects for microorganisms with integration of the
desired portion of the DNA construct into the genetic element. Selection against CS2 after
step (d) selects for microorganisms that have undergone the desired self-homologous
recombination. The portion of the DNA construct located between, but not including, LHA1
and RHA1 may be referred to as a nucleic acid cassette sequence (NS1). In Fig. 4, NSI
comprises 5’-PS1-CS2-RHA2-IS1-3°.

12
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0049 The invention may be used to replace a nucleic acid in a microorganism (e.g., T4)
with a different nucleic acid (e.g., IS1). In one embodiment, the invention provides a method

of producing a recombinant microorganism, comprising:

(a) providing a microorganism comprising a genetic element comprising 5’-T 13-

T4-T2-3” wherein T1 encompasses T3 and T4 is a target nucleic acid,

(b)  providing a DNA construct comprising 5’-LHA1rua2-RHA2-IS1-RHA1-3’

wherein LHA1 encompasses RHA?2 and IS1 is an insertion nucleic acid,

() allowing the genetic element of (a) to undergo homologous recombination
with the DNA construct of (b), whereby T1 (T1r3) aligns with LHA1 (LHA1ruaz2) and
T2 aligns with RHA1 to insert the portion of the DNA construct between LHAI
(LHA1rua2) and RHAI, including RHAZ2, into the genetic element between T1 (T113)
and T2 to form a microorganism comprising a genetic element comprising 5°-T 13-

RHA2-IS1-T2-3’, and

(d) allowing the genetic element of (¢) to undergo self-homologous
recombination, whereby T3 aligns with RHA2 to remove the portion of the genetic
element between T3 and RHA2 to form a microorganism comprising a genetic
element comprising 5’-T113-IS1-T2-3", such that T4 is replaced by IS1 in the genetic

element.

0050 This embodiment is shown in Fig. 5. The subscript on LHA1 (LHA 1rua2) indicates
that the sequence of LHA1 encompasses the sequence of RHA2, such that a portion of LHA1
(e.g., the 3’ portion) is homologous to T3. The subscript on T1 (T1t3) indicates that the
sequence of T1 encompasses the sequence of T3, such that a portion of T1 (e.g., the 3’
portion) is homologous to RHA2. The presence of these nested sequences allow for
additional variations of the method of the invention. In particular, this embodiment allows
for the deletion of T4 and the simultaneous insertion of IS1 (i.e., the replacement of T4 with
IS1) in the genetic element. Any base pairs located between RHA2 and RHA1 will be
inserted into the genetic element. When IS1 is located immediately adjacent to RHA2 on the
DNA construct, this embodiment may be used to insert IS1 without leaving any residual base
pairs in the resulting DNA sequence (scarless). The DNA construct may optionally contain
one or more selection markers, such as CS1, PS1, and CS2. Selection against CS1 and for
PS1 after step (c) selects for microorganisms with integration of the desired portion of the

DNA construct into the genetic element. Selection against CS2 after step (d) selects for
13
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microorganisms that have undergone the desired self-homologous recombination. The
portion of the DNA construct located between, but not including, LHA1 and RHA1 may be
referred to as a nucleic acid cassette sequence (NS1). In Fig. 5, NS1 comprises 5’-PS1-CS2-
RHA2-IS1-3".

0051 This embodiment has been found to have particular utility where the sequence to be
deleted (T4) has high homology with the sequence to be inserted (IS1). If IS1 and T1 have
high homology (e.g., if ISI and T1 are genes encoding stereoisomers), a mixture of
recombinant elements may be present - some with the correct sequence incorporated (IS1)
and some with an undesirable cross over between IS1 and T1. Additionally, where the high
homology sequence is longer than LHA1 or RHA1, the probability of the undesirable
crossover will be higher due to the higher efficiency afforded by using a longer homologous

sequence.

0052 After the first and second homologous recombination events (i.c., after step (c)), this
embodiment achieves high efficiency production of the desirable heteroduplexes, where
RHAT1 has crossed with T2 and LHA1 has crossed with T1. Where IS1 and LHAT are of
equal length, this embodiment, in theory, results in a crossover ratio between IS1 and RHA1
of 1:1. By PCR screening for the correct integration size, the crossover at LHA1 and RHAT1)
can be identified and used for the subsequent triple-crossover (allelic replacement). PCR
may be useful in analysing any embodiment, but is of particular use where the genes share

high homology.

0053 In one embodiment, the methods of the invention may be performed iteratively. For
example, the invention may be used to sequentially insert more than one insertion nucleic
acid sequence (IS1, IS2, 1S3, 1S4, etc.) into the genetic element of a microorganism. This
strategy allows for quick recycling of selection markers, making it possible to use previous
selection markers to again in the next cycle. This embodiment provides considerable
advantages over the prior art by dramatically reducing selection times and allowing quick
sequential integration events. For example, using prior art methods, inserting three genes into
a genome could take up to two weeks for each gene and cycles would be limited to the
number of positive selection markers available. If only three markers were available, only
three cycles of integration could be performed. The method of the invention, in contrast,
requires only about six days per gene integration and allows cycles to be repeated indefinitely

by reusing markers.
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0054 This embodiment is shown in Figs. 6a-6d.

0055 Fig. 6a shows the first round of insertions where IS2 and a PS2 are integrated into the
genetic element by homologous recombination followed by selection for PS2 and against
CS1. The designations PS2 and IS2 are used to distinguish the components used in this

embodiment from the components used to in other embodiments.

0056 Fig. 6b shows the second round of insertions where the DNA construct comprises
RHI1 that is homologous to the earlier inserted sequence IS2. The DNA construct also
comprises PS3 and IS3. A double crossover homologous recombination event occurs where
LHA1 recombines with T1 and RHA1 recombines with IS2, resulting in a recombinant
microorganism comprising the two inserted sequences as well as PS3. Selection for PS3 and
against CS1 will result in a substantially pure culture of microorganisms with the desired
insertion sequences. Although the designation CS1 is used here, it will be appreciated that a
different counter selection marker may be used compared to the counter selection marker

used in earlier rounds of this method.

0057 Fig. 6¢ shows the product of the third round of insertions, where IS4 and PS4 were

present on the DNA construct (not shown).

0058 Fig. 6d shows the final round of insertions, where RHA?2 is inserted together with PS1
and CS2. RHA?2 is homologous to a third target sequence T3 on the genetic element. A
further insertion sequence IS1 is also shown. For this round, RHA1 is designed to be
homologous to the last insertion sequence to be integrated (IS4). A homologous
recombination event results in the integration of PS1, RHA2, IS1, and (optionally) CS2 to the
genetic element. This sequence undergoes self-homologous recombination (i.e., RHA2
recombines with T3) to yield a microorganism with sequence T1 deleted and multiple
sequences (IS1-4) inserted. Optional selection against CS2 enables isolation of
microorganisms with the desirable integrations. Although Figs. 6a-6d show the deletion of
T1 and replacement with IS1-1S4, it will appreciated that any of the methods described herein
may be performed in an iterative manner to achieve a desired deletion, insertion, replacement,

or other manipulation of the genetic element.

0059 The invention also provides a recombinant bacterium produced using the methods of

the invention.
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0060 The invention further provides a kit for performing the methods of the invention. The
kit may comprise, for example, a DNA construct and/or one or more compounds for selecting

microorganisms expressing positive or counter selection markers.

0061 Although there are disagreements in the literature about the exact process of initiation
of homologous recombination, it is generally accepted that at least one of the strands on both
the genetic element and DNA construct must be “nicked” and the double-stranded structure
must unravel to some degree. This results in the homology arms (LHA1 and RHA1) and the
target regions (T1 and T2) becoming single stranded and “exposed.” The homology between
the 3’ strand on the genetic element and the complementary 5’ strand on the DNA construct,
or vice versa, results in complementary base pairing between LHA1:T1 and RHA1:T2. This
process is sometimes known as ““crossing-over” and results in a crossed strand intermediate
known as a Holliday junction composed of the two double stranded nucleic acid molecules.
The intermediate Holliday junction can be resolved by cutting and re-joining the crossed

strands to yield recombinant and non-recombinant heteroduplexes.

0062 The first homologous recombination event (recombination of LHA1 with T1) and
second homologous recombination event (recombination of RHA1 with T2) is followed by a
third (self) homologous recombination event within the resulting genetic element. In
particular, the third homologous recombination event involves the recombination RHA2 with

T3 to result in a further recombinant heteroduplex.

0063 When the method of the invention is performed using a culture of microorganisms,
the recombinant microorganisms containing a heteroduplex that has undergone a third
homologous recombination event will eventually predominate in the population due to the
natural instability caused by regions of homology on the genetic element and the associated
tendency for homologous recombination to occur. Since the resultant heteroduplex lacks

regions of homology, the third/final homologous recombination event is irreversible.

0064 The term “genetic element” refers to a nucleic acid of a microorganism. Typically,
the genetic element comprises double stranded DNA. The genetic element is typically
located on a chromosome, plasmid, megaplasmid, or other extrachromosomal DNA within
the microorganism. The genetic element may comprise, for example, a gene, a portion of a
gene, a promoter region, an intergenic region, a noncoding region, a regulatory region,
multiple genes, or any combination thereof. As described herein, the genetic element may

comprise one or more nucleic acids defined as “T” (e.g., T1, T2, T3, T4).
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0065 The term “target nucleic acid” refers to nucleic acid sequence located within the
genetic element. The target nucleic acid may comprise, for example, a gene, a portion of a
gene, a promoter region, an intergenic region, a noncoding region, a regulatory region,
multiple genes, or any combination thereof. As described herein, target nucleic acids may
include one or more of T1, T2, T3, T4, etc. Specifically, T1 is a target nucleic acid on the
genetic element homologous to LHAT1, T2 is a target nucleic acid on the genetic element
homologous to RHAT, and T3 is a target nucleic acid on the genetic element homologous to

RHAZ2.

0066 The term “DNA construct” refers to a nucleic acid designed to undergo homologous
recombination with the genetic element. Typically, the DNA construct is double stranded
DNA. In one embodiment, the DNA construct is a plasmid or a vector. The DNA construct
may contain nucleic acid regions and/or selection markers. As described herein, the genetic
element may comprise one or more nucleic acids defined as LHA (e.g., LHAT), RHA (e.g.,
RHA1, RHA2), and IS (e.g., IS1, IS2, IS3, IS4). Specifically, LHA1 is a left homology arm
on the DNA construct homologous to T1, RHA1 is a right homology arm on the DNA
construct homologous to T2, and RHA2 is a right homology arm on the DNA construct
homologous to T3. The DNA construct may comprise one or more selection markers defined
as CS (e.g., CS1, CS2) and PS (¢.g., PS1). Additionally, the DNA construct may comprise
one or more regulatory elements, origins of replication, or multicloning sites. The DNA
construct may be a naked nucleic acid, a methylated or unmethylated nucleic acid, or a
nucleic acid formulated with one or more agents to facilitate delivery to the microorganism.

Furthermore, the DNA construct may be replicating or non-replicating.

0067 The “backbone” of the DNA construct refers to a portion of the DNA construct
designed to be excluded from homologous recombination or integration events. In one
embodiment, the backbone construct comprises a counter selection marker to allow selection
against microorganisms in which the backbone was integrated. The backbone may contain a
Gram-negative replicon to allow plasmid replication in Gram-negative bacteria. Additionally
or alternatively, the backbone may contain a Gram-positive replicon to allow plasmid
replication in Gram-positive bacteria. In one embodiment, the backbone contains both Gram-
positive and Gram-negative replicons to allow plasmid replication in both Gram-positive and

Gram-negative bacteria.
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0068 The DNA construct may be described as comprising a “nucleic acid cassette
sequence,” which refers to the portion of the DNA construct between, but not including,
LHAT and RHA1. For example, the nucleic acid cassette sequence may comprise
5’-RHA2-3’ or 5’-RHA2-IS1-3” or 5’-PS1-RHA2-3" or 5’-PS1-CS2-RHA2-3’ or the like,
depending on the embodiment. Typically, RHAT is located immediately adjacent to the 3’
end of the nucleic acid cassette sequence and LHAT is located immediately adjacent to the 5°

end of the nucleic acid cassette sequence.

0069 The term “homology arm” refers to a portion of the DNA construct that allows for
homologous recombination between the DNA construct and the genetic element. Typically,
homology arms are located on an artificial plasmid that undergoes homologous
recombination with a bacterial host chromosome. The homology arms preferably have 100%
complementarity to target regions on the genetic element. However, the homology arms may
have less than 100% complementarity to target regions on the genetic element, as long as
they have sufficient complementarity to allow for homologous recombination. Appropriate
homology arms may be designed based on publically available sequence information for a

given target microorganism.

0070 The size of the homology arms may affect the efficiency of the methods of the

invention.

0071 In one embodiment, RHA2 comprises fewer base pairs than LHA1 and RHA1, which
increases the probability that the desired LHA1/T1 and RHA1/T2 recombinations will occur.
Although a smaller RHA2 reduces the probability that the desired RHA2/T3 recombination
will occur, positive and counter selection steps ensure a sufficient number of microorganisms
undergo all desired recombination steps. Since the final recombination is stable and
irreversible, a population of microorganisms will naturally move towards this equilibrium.
Integration of CS2 into the genetic element allows for selection against cells that have not
undergone the RHA2/T3 recombination. If all homology arms are the same length,
RHAZ2/T3 recombination will occur with approximately the same frequency as LHA1/T1 and
RHA1/T2 recombination, such that large percentage of the microorganisms (~50%) will not
integrate PS1 or CS2 due to RHA2/T3 recombination instead of LHA1/T1 and RHA1/T2

recombination. These microorganisms will then be killed by subsequent selection steps.

0072 In one embodiment, there is an increased base pair ratio between RHA2 and either

RHAT1 or LHA1 (expressed herein as RHA2:RHA1 or RHA2:LHA1) when compared to the
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LHAT1:RHATI ratio and this higher ratio will, up to a point, result in the LHA1/RHA1 cross-
over being favored. In a particular embodiment, RHA2 comprises approximately one third of
the number of base pairs of either LHA1 or RHAI, i.e., the ratio of base pairs for
RHA2:RHA1 or RHA2:LHAI is approximately 1:3.

0073 In one embodiment, at least one of LHA1 and RHA1 comprise a nucleic acid
sequence of approximately 50 bp to 4,000 bp. In a preferred embodiment, RHA1 and LHA1
comprise approximately 1,000 bp. In general, the longer the homology arm, the greater the
efficiency of recombination. Homology arms of approximate length of 1,000 bp or greater
facilitate efficient homologous recombination and selection while still allowing the nucleic
acid cassette sequence of DNA construct to be suitably large. The size of the homology arms
could be increased to 2,000 bp or more, although increasing the size of the homology arms
increases the size of the plasmid as a whole, which limits the size of other nucleic acids in the

DNA construct, such as the nucleic acid cassette sequence.

0074 When RHAZ2 is shorter than the other homology arms, LHA1 and RHA1 will have a
higher frequency of correct integration due to the higher recombination probability/efficiency
for larger homology arms. Thus, a higher portion of the cells will integrate the positive and
counter selection markers into the genetic element and subsequently survive the selection
processes. Although any length of RHA2 could theoretically be used, a size of approximately
50-500 bp is preferable. For example, RHA2 may be approximately 300 bp in length.

0075 In the absence of a difference in the length of RHA2, a three-step selection process
may be required to obtain a substantially pure culture of the recombinant microorganism in a
reasonable timeframe. This process may include PS1 selection, PS1 selection + CS1 counter
selection, and CS2 counter selection. The PS1 selection step is generally required to enrich
the culture in desired recombinants to achieve the higher cell density required to overcome
the lower frequency of correct recombination. However, if there is a reasonably high initial
probability of correct recombination resulting in a culture with a higher frequency of cells
having undergone the correct double-crossover, this step may be omitted. Accordingly, the

process may include only PS1 selection + CS1 counter selection and CS2 counter selection.

0076 In one embodiment, the DNA construct is a non-replicating plasmid, e.g., a suicide
vector. Suicide vector systems are well known in the art and allow for direct selection for
gene replacement in Gram-negative bacteria (Quandt, Gene, 127: 15-21, 1993). As shown in

Fig. 9, the DNA construct may be designed such that any microorganism which does not
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incorporate a nucleic acid cassette sequence (e.g., NS1) comprising at least PS1 and RHA2
will be unable to survive and/or reproduce. In another embodiment, as shown in Fig. 10, the
DNA construct comprises linear DNA. In these embodiments, CS1 is not required because
selection for PS1 allows for efficient selection of microorganisms comprising the desired

nucleic acid sequence cassette.

0077 The DNA construct may comprise one or more selection markers, which confer a trait
or traits suitable for artificial selection and indicate the success of a transfection or other
procedure meant to introduce foreign DNA into a cell. The selection markers may be
positive selection markers (PS), which confer selective advantage to the host microorganism
(e.g., antibiotic resistance, which allows the host microorganism to survive antibiotic
selection). Alternatively, or additionally, the selection markers may be counter selection
markers (CS), which eliminate or inhibit growth of the host microorganism upon selection
(e.g., thymidine kinase, which makes the host microorganism sensitive to ganciclovir
selection). The selection markers may be codon optimized for expression in a particular
genus or species, e.g., Clostridium or Clostridium autoethanogenum. Positive and counter

selection markers and positive and counter selection methods are well known in the art.

0078 The positive selection marker may be chosen from any positive selection marker
known in the art. For example, the positive selection marker(s) may be independently
selected from the group consisting of catP, tetA(C), tetM, aad9, aadA, aadA2, and ermB.
However, the positive selection marker may also be any other antibiotic resistance marker,
toxin/antitoxin cassette, essential gene (e.g., thiamine biosynthesis or uracil biosynthesis
genes), etc. The sequences of positive selection markers are generally publically available.
For example, GenBank WP 002570989 provides the sequence of catP, GenBank
YP_007078965 provides the sequence of ermB, and GenBank NP_957551.1 provides the
sequence of tet4. Microorganisms expressing positive selection markers may be identified
and selected using any method known in the art. For example, microorganisms may be
cultured in or on a medium that contains a toxin (e.g., an antibiotic) which kills
microorganisms that do not express the positive selection marker (e.g., an antibiotic
resistance gene/protein). The positive selection marker may be located in the nucleic acid
cassette sequence, such that it is possible to select for microorganisms wherein the nucleic
acid cassette sequence of the DNA construct successfully integrated into the genetic element

of the microorganism.
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0079 The counter selection marker may be chosen from any counter selection marker
known in the art. For example, the counter selection marker(s) may be independently
selected from the group consisting of pheS*, upp, sacB, tetAR, thyA, ccdB, lacY, rpsL, codA,
pyrE, HSTK (thiK), gatA-1, and mazF. The counter selection marker may be any antitoxin
component from a bacterial toxin anti-toxin system, wherein the microorganism may
comprise a toxin gene wherein a corresponding antitoxin gene is essential for the
microorganism’s survival. In one embodiment, the antitoxin gene may be introduced in a
toxin-positive microorganism, wherein the antitoxin gene is selected for until the toxin gene
is no longer present. In one embodiment, the DNA construct comprises at least two different
counter selection markers to expedite the isolation and selection of a culture with a
homogenous genotype. Microorganisms expressing counter selection markers may be
identified and selected using any method known in the art. For example, microorganisms
may be cultured in or on a medium that contains a component which is toxic only to those
microorganisms which express the counter selection marker. In one embodiment, the counter
selection marker is HSTK and the counter selection method involves culturing
microorganisms in or on a medium containing a guanosine analogue, such as ganciclovir.
Microorganisms that contain and express a nucleic acid encoding HSTK will not survive in
the presence of the guanosine analogue. Accordingly, the microorganisms that survive are

selected as not expressing HSTK.

0080 PheS is the alpha subunit of the two-subunit protein phenylalanine tRNA synthetase,
which is responsible for aminoacylation of tRNAP* with phenylalanine, a process that is
critical for protein production in a microorganism. The enzyme catalyzes the acylation of
phenylalanine to its cognate tRNA. The resultant tRNA is delivered to a ribosome by
elongation factors then subsequently bound to its cognate anti-codon present on the mRNA.
Once bound, the amino acid is covalently attached to its preceding amino acid, thereby

increasing the peptide chain.

0081 pheS* encodes a modified PheS protein with a single base pair change from the wild-
type pheS, resulting in an amino acid substitution. Full details of the modified pheS™* gene,
protein, and method of use/production are described in US Patent Application 61/877,272,
the entirety of which is incorporated herein by reference. In one embodiment, the PheS* is
derived from C. autoethanogenum and has the amino acid sequence of SEQ ID NO: 2 and the
nucleic acid sequence of SEQ ID NO: 1. A modified PheS* has the sequence of SEQ ID

NO: 3. Functionally equivalent variants of pheS* or PheS* may also be used.
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0082 When using PheS* as a counter selection marker, selection for microorganisms which
do not express PheS* involves culturing the microorganisms in or on a medium containing p-
chlorophenylalanine or another phenylalanine analogue. In one embodiment, the
phenylalanine analogue is chosen from chlorophenylalanine, fluorophenylalanine, and
bromophenylalanine. In one embodiment, the phenylalanine analogue is chosen from DL-4-
chlorophenylalanine, p-chlorophenylalanine, p-fluoro-L-phenylalanine, p-fluoro-DL-
phenylalanine, and p-bromo-L-phenylalanine. Microorganisms that contain and express a
nucleic acid encoding PheS* will not survive in the presence of the p-chlorophenylalanine or

phenylalanine analogue.

0083 HSTK is a protein that catalyzes the reaction: Thd + ATP — TMP + ADP, wherein
Thd is deoxythymidine, ATP is adenosine 5’-triphosphate, TMP is deoxythymidine 5°-
phosphate, and ADP is adenosine 5’-diphosphate. HSTK may also be referred to as HS-tk,
HSTK, HStk and thiK, all of which refer to the same protein. HSTK catalyzes the
phosphorylation of deoxythymidine. The HSTK may be derived from any appropriate
organism. For example, the HSTK may be derived from herpes simplex virus 1 or herpes
simplex virus 2 (HS-TK), VZV, CMV, HHV7, HHV7, HHVS, or EBV. Alternatively, HSTK
may be a functionally equivalent variant any of these HSTK proteins. HSTK proteins include
those described in public databases such as GenBank (e.g., GenBank AB009254.2). In one
embodiment, the HSTK comprises the amino acid sequence of SEQ ID NO: 5 and nucleic
acid sequence of SEQ ID NO: 4. Functionally equivalent variants of stk or HSTK may also

be used.

0084 The selection markers may be under the control of one or more promoters. The
promoter may located within a nucleic acid encoding the selection marker or the promoter
may be separated from the nucleic acid encoding the selection marker by intervening
nucleotides. The promoter may be constitutive or inducible. Any promoter know in the art
may be used. For example, the promoter may be a T7 bacteriophage promoter, T3
bacteriophage promoter, T5 bacteriophage promoter, a bacterial promoter, a synthetic
promoter, or any other promoter. In one embodiment, the DNA construct comprises a strong
promoter that drives expression of the selection marker(s), e.g., a T3 promoter, a T7
promoter, a PPRNA promoter, a Ptrc promoter, or any other strong promoter. In addition to
the promoter, the DNA construct may comprise other regulatory elements, such as operators

and/or enhancers.
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0085 Sclection steps may be performed simultancously or consecutively. For example,
microorganisms with a single crossover event could be selected using a positive selection
maker and, subsequently, microorganisms with a double crossover event could be selected
using a counter selection marker. Alternatively, positive and counter selection could be
performed simultancously. Where the positive selection marker is positioned on the DNA
construct outside of the homology arms (in the backbone of the DNA construct),
microorganisms with a single crossover event could be selected using a positive selection
maker and, subsequently, microorganisms with a double crossover event could be selected
using a counter selection marker. Where the positive selection marker is positioned on the
DNA construct between the homology arms (in the nucleic acid cassette sequence), positive
selection and counter selection may be performed simultaneously, since any microorganism
that has the positive selection marker integrated into its genetic element and is resistant to the

counter selection marker will have undergone a double crossover event.

0086 In one embodiment, the DNA construct comprises a counter selection marker CS1.
Preferably, CS1 is located on the backbone of the DNA construct. Selection against CS1
selects for microorganisms with the desirable components of the construct incorporated only
(e.g., the nucleic acid sequence cassette, but not the backbone of the DNA construct). Figs.

1-5 show a DNA construct comprising CS1 located on the backbone of the DNA construct.

0087 In one embodiment, the DNA construct further comprises counter selection marker
CS2. Preferably, CS2 is located between LHA1 and RHA2. Figs. 1-5 show a DNA construct
comprising CS2 located on the DNA construct between LHAT and RHA2.

0088 In one embodiment, the DNA construct comprises a positive selection marker PS1.

Preferably, PS1 is located between LHA1 and RHA?2.

0089 In one embodiment, the DNA construct comprises counter selection markers CS1 and
CS2 and a positive selection marker PS1. Preferably, CS1 is located upstream of LHA1 (in
the backbone of the DNA construct) and CS2 and PS1 are located between LHA1 and RHA2.
CS2 and PS1 may be arranged in any order. For example, the DNA construct may comprise
5’-CS2-PS1-3’ or 5’-PS1-CS2-3’. In one embodiment, the step of allowing the genetic
element of to undergo homologous recombination with the DNA construct is followed by a
step of selecting for expression of PS1 and against expression of CS1 and the step of allowing

the genetic element of to undergo self-homologous recombination is followed by a step of
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selecting against expression of CS2. In this embodiment, CS2 is incorporated into the

intermediate microorganism, but is lost in the final microorganism.

0090 It will be appreciated that the inclusion of CS2 on the DNA construct is not essential
to enable the method to yield a recombinant microorganism of the invention, as the
irreversible nature of the third/final homologous recombination event dictates that the
recombinant microorganism lacking homologous regions will eventually predominate
anyway.

0091 It will be appreciated that the order of the components (e.g., LHA1, RHA1, RHA2,
PS1, CS1, CS2) on the DNA construct is variable. Typically, the DNA construct comprises
the components ordered, e.g., 5’-LHA1-RHA2-RHA1-3’. However, the order of the
components may be reversed, e.g., 5’-RHA1-RHA2-LHA1’-3". If the genetic element
comprises, e.g., 5’-T1-T2-T3-3’, the reversal of the components of the DNA construct will

result in the deletion/replacement of T2 instead of T1.

0092 Moreover, unlike the order of the homology arms, the order of the positive and
counter selection markers is not essential to the functionality of the system. The DNA

construct may comprise PS1 and CS2 in either order, e.g., 5’-PS1-CS2-3’ or 5’-CS2-PS1-3".

0093 In one embodiment, the DNA construct further comprises at least one insertion
nucleic acid sequence defined as IS (e.g., IS1, IS2, IS3, IS4, etc.) for integration into the
genetic element. The insertion nucleic acid sequence may include, for example, one or more
genes, promoters, regulatory sequences, or other genetic elements and may be coding or non-
coding. It may include a nucleic acid sequence designed to introduce a genetic modification
to a target nucleic acid sequence in the genetic element, including a deletion, addition, or
substitution of one or more nucleotides. In some embodiments, the insertion nucleic acid
sequence may be designed to result in the deletion of a gene present in the genetic element,
for example, by the association of the gene with the insertion nucleic acid sequence for

downstream deletion process steps.

0094 In one embodiment, one or more of the homologous recombination events proceed
according to the bacteriophage lambda red recombination system (Murphy, J Bacteriol, 180:
2063-2071, 1998 and Murphy, Gene, 246: 321-330, 2000). Using this system to integrate the
desired cassette into the genetic element results in high integration efficiency and eliminates
the need for CS1, since the DNA will be linear. Also, the LHA1 and RHA1 homology arms

need only be 30-70 bp long. Fig. 11 shows a DNA construct comprising homology arms
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appropriate for use in the lambda red recombination system. Exemplary methods and
protocols for use of the lambda red recombination system are known in the art (Sharan, Nat

Protoc, 4: 206-223, 2009).

0095 “Endogenous” refers to a nucleic acid or protein that is present or expressed in the
wild-type or parental microorganism from which the recombinant microorganism of the
invention is derived. For example, an endogenous gene is a gene that is natively present in
the wild-type or parental microorganism from which the recombinant microorganism of the
invention is derived. In one embodiment, the expression of an endogenous gene may be

controlled by an exogenous regulatory element, such as an exogenous promoter.

0096 “Exogenous” refers to a nucleic acid or protein that is not present in the wild-type or
parental microorganism from which the microorganism of the invention is derived. In one
embodiment, an exogenous gene or enzyme may be derived from a heterologous strain or
species and introduced to or expressed in the microorganism of the invention. In another
embodiment, an exogenous gene or enzyme may be artificially or recombinantly created and
introduced to or expressed in the microorganism of the invention. Exogenous nucleic acids
may be adapted to integrate into the genome of the bacterium of the invention or to remain in

an extra-chromosomal state in the microorganism of the invention, for example, in a plasmid.

0097 “Mutated” refers to a nucleic acid or protein that has been modified in the
microorganism of the invention compared to the wild-type or parental microorganism from
which the microorganism of the invention is derived. In one embodiment, the mutation may
be a deletion, insertion, or substitution in a gene encoding an enzyme. In another
embodiment, the mutation may be a deletion, insertion, or substitution of one or more amino

acids in an enzyme.

0098 The term “genetic modification” broadly refers to manipulation of the genome or
nucleic acids of a microorganism. Methods of genetic modification of include heterologous
gene expression, gene or promoter insertion or deletion, altered gene expression or
inactivation, enzyme engineering, directed evolution, knowledge-based design, random
mutagenesis methods, gene shuffling, and codon optimization. Such methods are described,
for example, in Sambrook, Molecular Cloning: A Laboratory Manual, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, 2001; Pleiss, Curr Opin Biotechnol, 22: 611-617,
2011; Park, Protein Engineering and Design, CRC Press, 2010.
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0099 The term “variants” includes nucleic acids and proteins whose sequence varies from
the sequence of a reference nucleic acid and protein, such as a sequence of a reference
nucleic acid and protein disclosed in the prior art or exemplified herein. The invention may
be practiced using variant nucleic acids or proteins that perform substantially the same
function as the reference nucleic acid or protein. For example, a variant protein may perform
substantially the same function or catalyze substantially the same reaction as a reference
protein. A variant gene may encode the same or substantially the same protein as a reference
gene. A variant promoter may have substantially the same ability to promote the expression

of one or more genes as a reference pI'Ol’IlOtGI'.

0100 Such nucleic acids or proteins may be referred to herein as “functionally equivalent
variants.” By way of example, functionally equivalent variants of a nucleic acid may include
allelic variants, fragments of a gene, mutated genes, polymorphisms, and the like.
Homologous genes from other microorganisms are also examples of functionally equivalent
variants. These include homologous genes in species such as Clostridium acetobutylicum,
Clostridium beijerinckii, or Clostridium ljungdahlii, the details of which are publicly
available on websites such as Genbank or NCBI. Functionally equivalent variants also
includes nucleic acids whose sequence varies as a result of codon optimization for a
particular organism. A functionally equivalent variant of a nucleic acid will preferably have
at least approximately 70%, approximately 80%, approximately 85%, approximately 90%,
approximately 95%, approximately 98%, or greater nucleic acid sequence identity (percent
homology) with the referenced nucleic acid. A functionally equivalent variant of a protein
will preferably have at least approximately 70%, approximately 80%, approximately 85%,
approximately 90%, approximately 95%, approximately 98%, or greater amino acid identity
(percent homology) with the referenced protein. The functional equivalence of a variant

nucleic acid or protein may be evaluated using any method known in the art.

0101 A functionally equivalent variant of a selection marker exemplified herein need not
have the same level of activity as the selection marker of which it is a variant. All that is
required is that some level of the desired activity is retained. Assays for assessing the activity
of selection markers exemplified herein are known in the art. For example, the function or
activity of pheS* can be tested by measuring aminoacylation. Velocities of aminoacylation
and kinetic parameters of pheS* may be used to test activity variations of pheS* in utilising

phenylalanine (Kast, J Mol Biol, 222: 99-124, 2991).
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0102 Nucleic acids, including the DNA construct, may be delivered to a microorganism of
the invention using any method known in the art. For example, nucleic acids may be
delivered as naked nucleic acids or may be formulated with one or more agents (e.g.,
liposomes). The nucleic acids may be DNA, RNA, cDNA, or combinations thereof, as is
appropriate. Restriction inhibitors may be used in certain embodiments (Murray, Microbiol
Molec Biol Rev, 64: 412-434, 2000). Additional vectors may include plasmids, viruses

(including bacteriophage), cosmids, and artificial chromosomes.

0103 By way of example, transformation (including transduction or transfection) of the
DNA construct or other nucleic acids may be achieved by electroporation, ultrasonication,
polyethylene glycol-mediated transformation, chemical or natural competence, protoplast
transformation, prophage induction, or conjugation (see, ¢.g., Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 1989).
The use of clectroporation has been reported for several carboxydotrophic acetogens,
including Clostridium ljungdahlii (Koepke, PNAS, 107:13087-13092, 2010;
WO0/2012/053905), Clostridium autoethanogenum (W0/2012/053905),

Clostridium aceticum (Schiel-Bengelsdorf, Synthetic Biol, 15: 2191-2198, 2012), and
Acetobacterium woodii (Stratz, Appl Environ Microbiol, 60: 1033-1037, 1994). The use of
electroporation has also been reported in Clostridia, including Clostridium acetobutylicum
(Mermelstein, Biotechnol, 10: 190-195, 1992), and Clostridium cellulolyticum (Jennert,
Microbiol, 146: 3071-3080, 2000). Prophage induction has been demonstrated for
carboxydotrophic acetogens, including Clostridium scatologenes (Parthasarathy,
Development of a Genetic Modification System in Clostridium scatologenes ATCC 25775
for Generation of Mutants, Masters Project, Western Kentucky University, 2010), and
conjugation been described for many Clostridia, including Clostridium difficile (Herbert,
FEMS Microbiol Lett, 229: 103-110, 2003) and Clostridium acetobuylicum (Williams, J Gen
Microbiol, 136: 819-826, 1990).

0104 In certain embodiments having active restriction enzyme systems, it may be necessary
to methylate a nucleic acid before introduction of the nucleic acid into the bacterium of the
invention. A recombinant microorganism of the invention may be produced using a shuttle
microorganism that facilitates the methylation of the DNA construct. For example, the
shuttle microorganism may be restriction-negative Escherichia coli, Bacillus 27roduct27, or
Lactococcus lactis. Methylation of the DNA construct may be achieved by introducing into a

shuttle microorganism (i) a DNA construct to be introduced to a parental microorganism and
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(i1) a methylation construct/vector comprising a methyltransferase gene; expressing the
methyltransferase gene; isolating the DNA construct from the shuttle microorganism; and
introducing the DNA construct into the parental microorganism. The methylation
construct/vector comprises a methyltransferase gene. Expression of the methyltransferase
gene may be constitutive or induced. Induction may be by any suitable promoter, such as an
inducible lac promoter that is induced by addition of lactose or an analogue thereof, such as
isopropyl-B-D-thio-galactoside (IPTG). Other suitable promoters include the ara, tet, T7,
PtRNA, PrRNA, Ppta/ack, or any transcriptionally active promoter that is inducible,
conditional or constitutive. The methylation construct/vector may have an origin of
replication specific to the identity of the shuttle microorganism so that any genes present on
the methylation construct/vector are expressed in the shuttle microorganism. Expression of
methyltransferase results in methylation of the genes present on the DNA construct, which
can then be isolated from the shuttle microorganism using any method known in the art. In
one embodiment, both the methylation construct/vector and the DNA constructs of the
invention are concurrently isolated. Additionally or alternatively, a methyltransferase may be
collected and used in vitro to methylate the DNA construct, which may then be introduced
into the parental microorganism. In another embodiment, the methyltransferase gene is
introduced into the genome of the shuttle microorganism followed by introduction of the
DNA construct, isolation of the DNA construct from the shuttle microorganism, and
introduction of the DNA construct into the parental microorganism. In one particular
embodiment, the methylation construct/vector is a plasmid. The methyltransferase may be
any methyltransferase known in the art. For example, the methyltransferase may be Bacillus
subtilis phage ®T1 methyltransferase or the methyltransferase described in

WO 2012/053905. Moreover, any type of construct/vector known in the art may be used to
generate the methylation construct/vector, including, for example, the methylation

constructs/vectors described in WO 2012/053905.

0105 A “microorganism” is a microscopic organism, especially a bacterium, archea, virus,
or fungus. The microorganism of the invention is preferably a bacterium. As used herein,

recitation of “microorganism” should be taken to encompass “bacterium.”

0106 The term “recombinant” indicates that a nucleic acid, protein, or microorganism is the
product of genetic modification or recombination. Generally, the term “recombinant” refers
to a nucleic acid, protein, or microorganism that contains or is encoded by genetic material

derived from multiple sources, such as two or more different strains or species of
28



WO 2015/116734 PCT/US2015/013373

microorganisms. As used herein, the term “recombinant” may also be used to describe a
microorganism that comprises a mutated nucleic acid or protein, including a mutated form of

an endogenous nucleic acid or protein.

0107 A “parental microorganism” is a microorganism used to generate a microorganism of
the invention. The parental microorganism may be a naturally-occurring microorganism (i.e.,
a wild-type microorganism) or a microorganism that has been previously modified (i.c., a
mutant or recombinant microorganism). The microorganism of the invention may be
modified to express or overexpress one or more enzymes that were not expressed or
overexpressed in the parental microorganism. Similarly, the microorganism of the invention
may be modified to contain one or more genes that were not contained by the parental
microorganism. In particular, the parental microorganism may be transformed with a DNA
construct according to the methods of the present invention to produce a recombinant

microorganism.

0108 The term “derived from” indicates that a nucleic acid, protein, or microorganism is
modified or adapted from a different (e.g., a parental or wild-type) nucleic acid, protein, or
microorganism, so as to produce a new nucleic acid, protein, or microorganism. Such
modifications or adaptations typically include insertion, deletion, mutation, or substitution of
nucleic acids or genes. Generally, the microorganism of the invention is derived from a

parental microorganism.

0109 The parental microorganism may be any type of microorganism, such as a bacterium,

archea, virus, or fungus.

0110 In one embodiment, the parental microorganism is an ABE bacterium, which is a
Gram-positive Clostridial bacterium capable of producing butanol, ethanol, and acetone or
isopropanol (see, ¢.g., Keis, Int J Syst Evol Microbiol, 51:2095-2103, 2001). In one
embodiment, the parental bacterium is and ABE bacterium selected from the group
comprising Clostridium acetobutylicum, Clostridium beijerinckii, Clostridium
saccharobutylicum, and Clostridium saccharoperbutylacetonicum. In one embodiment, the
parental microorganism is Clostridium acetobutylicum ATCC824 (DSM792) or EA 2018
(CCTCC M 94061). In another embodiment, the parental microorganism is Clostridium
beijerinckii NCIMB8052 (ATCC51743) and NRRL B-593 (DSM 6423).

0111 In one embodiment, the parental microorganism is an Enterobacterium, which is a

rod-shaped, Gram-negative bacteria belonging to the order Enterobacteriacea and capable of
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fermenting sugars to produce lactic acid, ethanol, acetoin, 2,3-butabediol, and/or other
products. In one embodiment, the parental bacterium is an Enterobacterium selected from
the group comprising Escherichia, Klebsiella, Zymomonas, Citrobacter, Enterobacter,
Salmonella, and Serratia. In one embodiment the parental microorganism is Eschericia coli,
Zymononas mobilis, Klebsiella pneumonia, Klebsiella oxtoca, Enterobacter cloacae, or

Serratia marcescens.

0112 In one embodiment, the parental microorganism is a Lactobacillus, which is a gram-
positive lactic acid bacterium belonging to the order Lactobacillales and capable of
fermenting sugars to produce lactic acid, 2,3-butabediol, methyl ethyl ketone (MEK), 2-
butanol, and/or other products. In one embodiment, the parental bacterium is a Lactobacillus
selected from the group comprising Lactobacillus, Lactococcus, Enterococcus, Pediococcus,
and Streptococcus. In one embodiment the parental microorganism is Lactobacillus brevis,

Enterococcus faecalis, or Lactococcus lactis.

0113 In one embodiment, the parental microorganism is a fungi or a yeast. Fungi are
cukaryotic microorganisms, of which yeast are a specific subset, capable of fermenting sugars
to produce ethanol, acetoin, and/or other products. In one embodiment, the parental
microorganism is a fungi selected from the group comprising Aspergillus, Trichoderma,
Exophila, Mucor, Cladosporium, Phanerochaete, Cladiophilalophora, Paecilomyces,
Scedosporium, and Ophistoma. In one embodiment, the parental microorganism is
Aspargillus niger or Trichderma resei. In one embodiment, the parental microorganism is a
yeast selected from the group comprising Saccharomyces, Pichia, Candida, Hansenula,
Yarrowia, Rhodotorula, Rhizopus, Trichosporon, Lipomyces, Aspergillus, Trichoderma,
Exophila, Mucor, Cladosporium, Phanerochaete, Cladiophilalophora, Paecilomyces,
Scedosporium, and Ophistoma. In one embodiment the parental microorganism is
Saccharomyces cerevisiae, Candidia tropicalis, Candidia albicans, Yarrowia lipolytica,

Aspargillus niger, or Trichderma resei.

0114 In one embodiment, parental the microorganism is an aerobic carboxydotroph, which
is a bacterium found ubiquitously in nature and isolated from various environments,
including as humans (King, Nat Rev Microbiol, 5: 107-118, 2007). On taxonomic level, this
physiological group is quite diverse, comprising of different phyla such as a-proteobacteria,
firmicutes, or actinobacteria (King, Nat Rev Microbiol, 5: 107-118, 2007). All these

organisms were shown to grown on CO levels > 1 % in presence of air (King, Nat Rev
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Microbiol, 5: 107-118, 2007). A typical gas mix consists of 50 % CO and 50 % air
(Cypionka, Appl Environ Microbiol, 69: 1980-1989, 2003). In one embodiment, the parental
microorganism is an acrobic carboxydotroph selected from the group comprising Bacillus,
Oligotropha, Pseudomonas, Carbophilus, Hydrogenophaga, Mycobacterium, and Zavarzinia.
In one embodiment, the parental microorganism is Oligotropha carboxydovorans,
Carbophilus carboxidus, Hydrogenophaga pseudoflava, Mycobacterium sp., Pseudomonas

carboxydohydrogena, Pseudomonas sp., Zavarzinia compransoris, or Bacillus schlegelii.

0115 In one embodiment, the parental microorganism is an acrobic COz-fixing
microorganism, which is a bacterium capable of fixing CO. with Hz or via photosynthesis in
presence of oxygen. The parental microorganism may be an acrobic CO2-fixing
microorganism selected from the group comprising Cupravidus, Senechocystis, and
Chloroflexus. In one embodiment, the parental microorganism is Cupravidus necator,

Senechocystis sp. or Chloroflexus auranticus.

0116 In one embodiment, the parental microorganism is a methylotroph, which is a
microorganism capable of using reduced one-carbon substrates, such as as methane or
methanol, as carbon source for growth. The parental microorganism may be a methylotroph
selected from the group comprising Methylomonas, Methylobacter, Methylococcus,
Methylomicrobium, Methylosphera, Methylocaldum, Methylocystis, and Methylosinus. In
one embodiment, the parental microorganism is Methylococcus capsulatus or Methylosinus

trichosporium.

0117 In one embodiment, the parental microorganism is a methanogen, which is an
Archeae that capable of reducing CO: into methane. The parental microorganism may be a
methanogen selected from the group comprising Methanobacterium, Methanococcus,
Methanogenium, Methanosarcina, Methanoshera, Methanothermobacter, and Methanotrix.
In one embodiment the parental microorganism is Methanothermobacter marburgensis or

Methanosarcina bakeri.

0118 In one embodiment, the parental microorganism is a carboxytroph, which is a
microorganism capable of tolerating a high concentration of carbon monoxide (CO). In one
embodiment, the parental microorganism is capable of using CO as a sole carbon and energy
source. The parental microorganism may be selected from the cluster of carboxydotrophic
Clostridia comprising the species Clostridium autoethanogenum, Clostridium ljungdahlii,

Clostridium ragsdalei, and related isolates, including, but not limited to, strains Clostridium
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autoethanogenum JAI-1T (DSM10061) (Abrini, Arch Microbiol, 161: 345-351, 1994),
Clostridium autoethanogenum LBS1560 (DSM19630) (WO 2009/064200), Clostridium
autoethanogenum LZ1561 (DSM23693), Clostridium ljungdahlii PETCT (DSM 13528 =
ATCC 55383) (Tanner, Int J Syst Bacteriol, 43: 232-236, 1993), Clostridium ljungdahlii ERI-
2 (ATCC 55380) (U.S. Patent 5,593,886), Clostridium ljungdahlii C-01 (ATCC 55988) (U.S.
Patent 6,368,819), Clostridium ljungdahlii O-52 (ATCC 55989) (U.S. Patent 6,368,819),
Clostridium ragsdalei P11T (ATCC BAA-622) (WO 2008/028055), related isolates such as
“Clostridium coskatii” (U.S. Publication 2011/0229947), or mutated strains such as
Clostridium ljungdahlii OTA-1 (Tirado-Acevedo, Production of Bioethanol from Synthesis
Gas Using Clostridium ljungdahlii, PhD thesis, North Carolina State University, 2010).

0119 These strains form a subcluster within the Clostridial fRNA cluster I and their 16S
rRNA gene is more than 99% identical with a similar low GC content of around 30%.
However, DNA-DNA reassociation and DNA fingerprinting experiments showed that these
strains belong to distinct species (WO 2008/028055). The strains of this cluster are defined
by common characteristics, having both a similar genotype and phenotype, and they all share
the same mode of energy conservation and fermentative metabolism. Furthermore, the
strains of this cluster lack cytochromes and conserve energy via an Rnf complex. All species
of this cluster have a similar morphology and size (logarithmic growing cells are between
0.5-0.7 x 3-5 um), are mesophilic (optimal growth temperature between 30-37 °C), and are
strictly anaerobic (Abrini, Arch Microbiol, 161: 345-351, 1994; Tanner, Int J Syst Bacteriol,
43:232-236, 1993; and WO 2008/028055). Moreover, they all share the same major
phylogenetic traits, such as same pH range (pH 4-7.5, with an optimal initial pH of 5.5-6),
strong autotrophic growth on CO-containing gases with similar growth rates, and a similar
metabolic profile with ethanol and acetic acid as main fermentation end products, and small
amounts of 2,3-butanediol and lactic acid formed under certain conditions (Abrini, Arch
Microbiol, 161: 345-351, 1994; Kopke, Curr Opin Biotechnol, 22: 320-325, 2011; Tanner,
Int J Syst Bacteriol, 43: 232-236, 1993; and WO 2008/028055). Indole production was

observed with all three species as well.

0120 However, the species differentiate in substrate utilization of various sugars (e.g.,
rhamnose, arabinose), acids (e.g., gluconate, citrate), amino acids (e.g., arginine, histidine), or
other substrates (e.g., betaine, butanol). Moreover some of the species were found to be

auxotrophic to certain vitamins (e.g., thiamine, biotin) while others were not. The
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organization and number of Wood-Ljungdahl pathway genes, responsible for gas uptake, has
been found to be the same in all species, despite differences in nucleic and amino acid
sequences (Kopke, Curr Opin Biotechnol, 22: 320-325, 2011). Also, reduction of carboxylic
acids into their corresponding alcohols has been shown in a range of these microorganisms
(Perez, Biotechnol Bioeng, 110:1066-1077, 2012). These traits are therefore not specific to
one microorganism, like Clostridium autoethanogenum or Clostridium ljungdahlii, but rather
general traits for carboxydotrophic, ethanol-synthesizing Clostridia and it can be anticipated
that mechanisms work similarly across these strains, although there may be differences in

performance.

0121 In one embodiment, the parental microorganism is selected from genus Clostridium,
Acetobacterium, Moorella, Butyribacterium, Blautia, Oxobacter, Thermoanaerobacter,
Escherichia, Klebsiella, Zymomonas, Citrobacter, Enterobacter, Salmonella, Serratia,
Lactobacillus, Lactococcus, Enterococcus, Pediococcus, Streptococcus, Saccharomyces,
Pichia, Candida Hansenula, Yarrowia, Rhodotorula, Rhizopus, Trichosporon, Lipomyces,
Aspergillus, trichoderma, Exophila, Mucor, Cladosporium, Phanerochaete,
Cladiophilalophora, Paecilomyces, Scedosporium, Ophistoma, Bacillus, Oligotropha,
Pseudomonas, Carbophilus, Hydrogenophaga, Mycobacterium, Zavarzinia, Cupravidus,
Senechocystis, Chloroflexus, Methylomonas, Methylobacter, Methylococcus,
Methylomicrobium, Methylosphera, Methylocaldum, Methylocystis, Methylosinus,
Methanobacterium, Methanococcus, Methanogenium, Methanosarcina, Methanoshera,
Methanothermobacter, Methanotrix, Corynebacterium, Acinetobacter, Actinomyces,
Bacteriodes, Burkholderia, Brevibacterium, Pyrococcus, Geobacter, Geobacillus,
Paenibacillus, Mycobacterium, Rhodopseudomonas, Thermatoga, Thermoanaerobacter,
Streptomyces, Rhodobacter, Rhodococcus, Peptococcus, Bifidobacterium,
Propionibacterium, Fusobacterium, Campylobacter, Veillonella, Aquincola, Arthrobacter,

Moraxella, or Psychrobacter.

0122 In one embodiment, the parental microorganism is a carboxydotrophic acetogenic
bacterium. An acetogen is a microorganism that generates or is capable of generating acetate
as a product of anacrobic respiration. Typically, acetogens are obligately anaerobic bacteria
that use the Wood-Ljungdahl pathway as their main mechanism for energy conservation and
for synthesis of acetyl-CoA and acetyl-CoA-derived products, such as acetate (Ragsdale,
Biochim Biophys Acta, 1784: 1873-1898, 2008). The parental microorganism may be a

carboxydotrophic acetogenic bacterium selected from the group comprising Clostridium
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autoethanogenum, Clostridium ljungdahlii, Clostridium ragsdalei, Clostridium
carboxidivorans, Clostridium drakei, Clostridium scatologenes, Clostridium coskatii,
Clostridium aceticum, Clostridium magnum, Clostridium sp., Butyribacterium limosum,
Butyribacterium methylotrophicum, Acetobacterium woodii, Alkalibaculum bacchii, Blautia
producta, Eubacterium limosum, Moorella thermoacetica, Moorella thermautotrophica,
Oxobacter pfennigii, and Thermoanaerobacter kiuvi. In a preferred embodiment, the parental
microorganism is Clostridium autoethanogenum deposited under DSMZ accession
DSM10061, Clostridium autoethanogenum deposited under DSMZ accession DSM13528
(ATTC 55383), or Clostridium autoethanogenum deposited under DSMZ accession
DSM23693 (known as Clostridium autoethanogenum LZ1561).

0123 The microorganism of the invention may be cultured to produce one or more
products, such as ethanol (WO 2007/117157), acetate (WO 2007/117157), butanol

(WO 2008/115080 and WO 2012/053905), butyrate (WO 2008/115080), 2,3-butanediol
(WO 2009/151342), lactate (WO 2011/112103), butene (WO 2012/024522), butadiene
(WO 2012/024522), methyl ethyl ketone (2-butanone) (WO 2012/024522 and

WO 2013/185123), ethylene (WO 2012/026833), acetone (WO 2012/115527), isopropanol
(WO 2012/115527), lipids (WO 2013/036147), 3-hydroxypropionate (3-HP)

(WO 2013/180581), isoprene (WO 2013/180584), fatty acids (WO 2013/191567), 2-butanol
(WO 2013/185123), 1,2-propanediol (WO 2014/0369152), and 1-propanol

(WO 2014/0369152).

0124 Typically, the culture is performed in a bioreactor. The term “bioreactor” includes a
culture/fermentation device consisting of one or more vessels, towers, or piping
arrangements, such as a continuous stirred tank reactor (CSTR), immobilized cell reactor
(ICR), trickle bed reactor (TBR), bubble column, gas lift fermenter, static mixer, or other
vessel or other device suitable for gas-liquid contact. In some embodiments, the bioreactor
may comprise a first growth reactor and a second culture/fermentation reactor. The substrate
may be provided to one or both of these reactors. As used herein, the terms “culture” and
“fermentation” are used interchangeably. These terms encompass both the growth phase and

product biosynthesis phase of the culture/fermentation process.

0125 The culture is generally maintained in an aqueous culture medium that contains
nutrients, vitamins, and/or minerals sufficient to permit growth of the bacterium. Preferably

the aqueous culture medium is a minimal anaerobic microbial growth medium. The medium
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may also be Clostridia minimal medium, minimal defined medium (MDM), supplemented
defined medium (SDM), or complete defined medium (CDM). The medium may be PETC
medium. Suitable media are known in the art and described, for example, in U.S. Patent

5,173,429, U.S. Patent 5,593,886, and WO 2002/008438.

0126 The culture/fermentation should desirably be carried out under appropriate conditions
for production of the target product. Reaction conditions to consider include pressure,
temperature, gas flow rate, liquid flow rate, media pH, media redox potential, agitation rate
(if using a continuous stirred tank reactor), inoculum level, maximum substrate

concentrations, and maximum product concentrations.

0127 The term “substrate” refers to a carbon and/or energy source for the microorganism of
the invention. The type of substrate required will depend on the nature of the microorganism.
The substrate may comprise a gas, such as CO, COz, Hz, O2, and/or N2. The substrate may

comprise a carbohydrate, such as glucose, fructose, lignocellulose, cellulose, or starch.

EXAMPLES

0128 The following examples further illustrate the invention but, of course, should not be

construed to limit its scope in any way.

Example 1
0129 This example describes general materials and methods.

0130 C. autoethanogenum DSM10061 and DSM23693 (a derivate of DSM10061) and

C. ljungdahlii DSM 13528 were sourced from DSMZ (The German Collection of
Microorganisms and Cell Cultures, Inhoffenstraie 7 B, 38124 Braunschweig, Germany).

C. ragsdalei ATCC BAA-622 was sourced from ATCC (American Type Culture Collection,
Manassas, VA 20108, USA). E. coli DH50 was sourced from Invitrogen (Carlsbad, CA
92008, USA).

0131 E. coli was grown acrobic at 37 °C in LB (Luria-Bertani) medium. Solid media

contained 1.5% agar.

LB medium component Amount per 1.0 L of LB medium
Tryptone 10g

Yeast extract S5¢g

NaCl 10g
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0132 Clostridium strains were grown at 37 °C in PETC medium at pH 5.6 using standard
anaerobic techniques (Hungate, Methods Microbiol, 3B: 117-132, 1969; Wolfe, Adv
Microbiol Physiol, 6: 107-146, 1971). Fructose (heterotrophic growth) or 30 psi CO-
containing steel mill gas (collected from New Zealand Steel site in Glenbrook, NZ;
composition: 44% CO, 32% N2, 22% CO2, 2% H>) in the headspace (autotrophic growth) was
used as substrate. For solid media, 1.2 % bacto agar (BD, Franklin Lakes, NJ 07417, USA)

was added.

PETC medium component

Amount per 1.0 L of PETC medium

NHa4Cl lg
KCl 0.1g
MgSOs - TH20 02¢g
NaCl 08¢
KH2PO4 0.1g
CaClz 0.02¢g
Trace metal solution (see below) 10 ml
Wolfe’s vitamin solution (see below) 10 ml
Yeast extract (optional) lg
Resazurin (2 g/L stock) 0.5 ml
NaHCO:3 2g
Reducing agent solution (see below) 0.006-0.008 % (v/v)
Fructose (for heterotrophic growth) 5¢g

Trace metal solution component

Amount per 1.0 L of trace metal solution

Nitrilotriacetic acid 2g
MnSOs4 - H20 lg
Fe(SO4)2(NHa)2 - 6H20 08¢g
CoClz - 6H20 02¢g
ZnS0Os - TH20 0.2 mg
CuCl: - 2H20 002¢g
NaMoOs - 2H20 0.02¢g
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Na2SeO3 0.02¢g
NiClz - 6H20 002¢g
Na:WOs - 2H20 002¢g

Wolfe’s vitamin solution component

Amount per 1.0 L of Wolfe’s vitamin solution

Biotin 2 mg
Folic acid 2 mg
Pyridoxine hydrochloride 10 mg
Thiamine HCI 5 mg
Riboflavin 5 mg
Nicotinic acid Smg
Calcium D-(+)-pantothenate Smg
Vitamin B12 0.1 mg
P-aminobenzoic acid 5 mg
Thioctic acid 5 mg

Reducing agent solution component

Amount per 100 mL of reducing agent solution

NaOH 09¢g
Cysteine-HCl 4¢
Na:S 4g
Example 2

0133 This example demonstrates in-frame gene deletion or gene insertion into the genome

of C. autoethanogenum.

0134 In-frame deletion or insertion of a gene into the genome of C. autoethanogenum was

achieved using an embodiment of the invention comprising the use of two counter selection

markers, two selection steps, and three homologous-mediated crossover events.

0135 Fig. 12 shows the DNA construct (TXp3 plasmid) comprising CS1 (tet3nO-mazF),
LHAI, catP, pheS*, RHA2, and RHA1. Fig. 13 shows the organization of a genetic element

in the genome of C. autoethanogenum. Homology arms LHA1 and RHA1 were designed to

recombine with T1 and T2, respectively, to integrate the DNA between LHA1 and RHAI
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into the genome of C. autoethanogenum between T1 and T2. By selecting for the positive
selection marker (catP) and against the counter selection marker 1 (tet3nO-mazF), the desired
double crossover recombination event was selected for with very high efficiency (Fig. 14 and

Fig. 17).

0136 Once the double crossover mutant was purified and enriched, T3 was allowed to
recombine with RHA2 to delete target gene T1. Selection for the recombination event
between T3 and RHA2 was performed by selecting against CS2 (selecting against pheS* by
the addition of chlorophenylalanine) (Fig. 15).

0137 This system can be modified to allelic replace (A) or insert (B) DNA into the genome
of C. autoethanogenum depending on the position of the RHA2 homology arm (Fig. 16).

Example 3

0138 This example demonstrates the deletion of a 2,3-butanediol dehydrogenase (2,3-BDH)
gene (SEQ ID NO: 9) of C. autoethanogenum 1LZ1561.

0139 pheS* (SEQ ID NO: 1) was used as a counter selection marker on the backbone of the
DNA construct and tet3nO-mazF (SEQ ID NO: 6) used as a counter selection marker
between the LHA1 (SEQ ID NO: 7) and RHA2 (SEQ ID NO: 8) homology arms. The DNA
construct was synthesized and then transformed into C. autoethanogenum LZ1561 via
conjugation. For this, the expression vector was first introduced into the conjugative donor
strain E. coli CA434 (the “donor”) using standard heat shock transformation. Donor cells
were recovered in SOC medium at 37 °C for 1 h before being plated on to LB plates
containing 100 pg/ml spectinomycin and 25 pg/ml chloramphenicol. LB plates were
incubated at 37 °C overnight. The next day, 5 ml LB aliquots containing 100 pg/ml
spectinomycin and 25 pg/ml chloramphenicol were inoculated with several donor colonies
and incubated at 37 °C, shaking for approximately 4 h, or until the culture was visibly dense
but had not yet entered stationary phase. 1.5 ml of the donor culture was harvested in a
microcentrifuge tube at room temperature by centrifugation at 4000 rpm for 2 min, and the
supernatant was discarded. The donor cells were gently resuspended in 500 ul sterile PBS
and centrifuged at 4000 rpm for 2 min and the PBS supernatant was discarded. The pellet
was introduced into an anaerobic chamber and gently resuspended in 200 ul during late
exponential phase C. autoethanogenum culture (the “recipient”). The conjugation mixture
(the mix of donor and recipient cells) was spotted onto PETC-MES + fructose agar plates and

left to dry. When the spots were no longer visibly wet, the plates were introduced into a
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pressure jar, pressurized with syngas to 25-30 psi and incubated at 37 °C for ~24 h. After

24 h incubation, the conjugation mixture was removed from the plates by gently scraping it
off using a 10 ul inoculation loop. The removed mixture was suspended in 200-300 pl
PETC-MES. 100 ul aliquots of the conjugation mixture were plated on to PETC-MES agar
plates supplemented 15 pug/ml thiamphenicol to select for catP and 10 ug/ml trimethoprim
and by the addition of 31 ng/ml anhydrous tetracycline to induce mazF expression and select
for the double crossover. Plates were reintroduced into the pressure jar, pressurized to 25-30
psi of syngas, and incubated at 37 °C for 3-4 days. After this single-step counter selection of
tet3nO-mazF and positive selection of catP, double crossover integrants were identified in

the 16 integrants analyzed.

0140 Using a set of primers to amplify across the 2,3-BDH site, it was shown that double
and triple crossover recombination happens at high enough frequency to be isolated with the
correct counter selection. The positive control was a colony previously shown to be a pure
A2,3-BDH strain identified via traditional double crossover homologous recombination by

screening a high number of colonies.

0141 In some cases triple crossover (and subsequently deletion of 2,3-BDH) was already
observed for part of the population at this first step (Fig. 17). By further subculturing the

triple crossover step would occur (without the need for a second selection step).

0142 To select for the triple crossover recombination and subsequently deletion of 2,3-
BDH, the strain was plated onto chlorophenylalanine selecting for the triple crossover
recombination with the second negative marker pheS* with subsequent deletion of the
2,3-BDH. To screen for the absence of the plasmid, primers against the Gram-negative
origin ColE1 were used. To screen for the positive triple cross gene deletion, a screen with

primers in the homology arms was performed to confirm the correct size for the deleted gene.

0143 To select for the triple crossover recombination and subsequently deletion of 2,3-
BDH) in a second step, the strain was plated onto 2 g/L chlorophenylalanine selecting for the
triple crossover recombination with the second negative marker pheS*. To screen for the
absence of the plasmid, primers against the Gram-negative origin ColE1 were used. To
screen for the positive triple cross gene deletion, a screen with primers in the homology arms

was performed to confirm the correct size for the deleted gene.

0144 Sequencing confirmed the successful, scar-less deletion of the 2,3-butanediol gene.

Nucleotide sequences of the respective genomic region in C. autoethanogenum LZ1561 (SEQ
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ID NO: 10), the double crossover (SEQ ID NO: 11), and triple crossover (SEQ ID NO: 12)

are provided.

0145 The same procedure has also been successfully applied to knock out the secondary

alcohol dehydrogenase gene of C. autoethanogenum (SEQ ID NO: 13).

0146 All references, including publications, patent applications, and patents, cited herein
are hereby incorporated by reference to the same extent as if each reference were individually
and specifically indicated to be incorporated by reference and were set forth in its entirety
herein. The reference to any prior art in this specification is not, and should not be taken as,
an acknowledgement that that prior art forms part of the common general knowledge in the

field of endeavour in any country.

0147 The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individually to each separate value
falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All methods
described herein can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the invention unless otherwise
claimed. No language in the specification should be construed as indicating any non-claimed

clement as essential to the practice of the invention.

0148 Preferred embodiments of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as

specifically described herein. Accordingly, this invention includes all modifications and
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equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIMS

1. A method of producing a recombinant microorganism, comprising:

(a) providing a microorganism comprising a genetic element comprising a target
nucleic acid T1, a target nucleic acid T2, and a target nucleic acid T3,

(b) providing a DNA construct comprising a left homology arm LHAI
homologous to T1, a right homology arm RHA 1 homologous to T2, and a right homology
arm RHA2 homologous to T3, wherein RHA? is located between LHA1 and RHAL,

() allowing the genetic element of (a) to undergo homologous recombination
with the DNA construct of (b), whereby T1 aligns with LHA1 and T2 aligns with RHA1 to
insert the portion of the DNA construct between LHA1 and RHAT, including RHA?2, into the
genetic element between T1 and T2, and

(d) allowing the genetic element of (¢) to undergo self-homologous
recombination, whereby T3 aligns with RHA2 to remove the portion of the genetic element

between T3 and RHA2.

2. The method of claim 1, wherein the genetic element of (a) comprises 5°-T3-T1-T2-3";
the DNA construct of (b) comprises 5’-LHA1-RHA2-RHA1-3’; a microorganism comprising
a genetic element comprising 5°-T3-T1-RHA2-T2-3’ is formed in (c); and a microorganism
comprising a genetic element comprising 5°-T3-T2-3" is formed in (d), such that T1 is

deleted from the genetic element.

3. The method of claim 1, wherein the genetic element of (a) comprises 5°-T3-T1-T2-3’;
the DNA construct of (b) comprises 5’-LHA1-RHA2-IS1-RHA1-3" wherein IS1 is an
insertion nucleic acid; a microorganism comprising a genetic element comprising 5’-T3-T1-
RHAZ2-IS1-T2-3’ is formed in (c); and a microorganism comprising a genetic element
comprising 5°-T3-1S1-T2-3’is formed in (d), such that T1 is replaced by IS1 in the genetic

element.

4. The method of claim 1, wherein the genetic element of (a) comprises 5’-T113-T4-T2-
3’ wherein T1 encompasses T3 and T4 is a target nucleic acid; the DNA construct of (b)
comprises 5’-LHA1rua2-RHA2-RHA1-3” wherein LHA1 encompasses RHA2; a
microorganism comprising a genetic element comprising 5°-T113-RHA2-T2-3" is formed in
(c); and a microorganism comprising a genetic element comprising 5°-T113-T2-3’ is formed
in (d), such that T4 is deleted from the genetic element.
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5. The method of claim 1, wherein the genetic element of (a) comprises 5’-T113-T2-3°
wherein T1 encompasses T3; the DNA construct of (b) comprises 5’-LHA 1rua2-RHA2-1S1-
RHA1-3’ wherein LHA1 encompasses RHA2 and IS1 is an insertion nucleic acid; a
microorganism comprising a genetic element comprising 5°-T113-RHA2-IS1-T2-3’ is formed
in (¢); and a microorganism comprising a genetic element comprising 5’-T113-IS1-T2-31s

formed in (d), such that IS1 is inserted in the genetic element.

6. The method of claim 1, wherein the genetic element of (a) comprises 5’-T113-T4-T2-
3’ wherein T1 encompasses T3 and T4 is a target nucleic acid; the DNA construct of (b)
comprises 5’-LHATrua2-RHA2-IS1-RHA1-3” wherein LHA1 encompasses RHA2 and IS1 is
an insertion nucleic acid; a microorganism comprising a genetic element comprising 5’-T113-
RHAZ2-IS1-T2-3’ is formed in (c); and a microorganism comprising a genetic element
comprising 5°-T113-IS1-T2-3’1s formed in (d), such that T4 is replaced by IS1 in the genetic

element.

7. The method of claim 1, wherein the DNA construct of (b) further comprises a counter
selection marker CS1 upstream of LHA1 and a positive selection marker PS1 and a counter

selection marker CS2 between LHA1 and RHA?2.

8. The method of claim 7, wherein (c) is followed by a step of selecting for expression
of PS1 and against expression of CS1 and (d) is followed by a step of selecting against

expression of CS2.

9. The method of claim 7, wherein CS1 and CS2 are independently selected from the
group consisting of pheS*, upp, sacB, tetAR, thyA, ccdB, lacY, rpsL, codA, pyrE, HSTK
(thiK), gatA-1, and mazF; and PS1 is selected from the group consisting of catP, tetA(C),
tetM, aad9, aadA, aadA2, and ermB.

10.  The method of claim 1, wherein the DNA construct of (b) further comprises a counter
selection marker CS1 upstream of LHA1 and a positive selection marker PS1 between LHAI

and RHA2.

11.  The method of claim 10, wherein (¢) is followed by a step of selecting for expression

of PS1 and against expression of CS1.
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12. The method of claim 10, wherein CS1 is selected from the group consisting of pheS*,
upp, sacB, tetAR, thyA, ccdB, lacY, rpsL, codA, pyrE, HSTK (thiK), gatA-1, and mazF, and
PS1 is selected from the group consisting of catP, tetA(C), tetM, aad9, aadA, aadA2, and

ermB.
13. The method of claim 1, wherein LHA1 is longer than RHA2.

14. The method of claim 13, wherein LHA1 is equal to or greater than about 1000 base
pairs in length and RHA?2 is equal to or less than about 300 base pairs in length.

15. The method of claim 1, wherein LHA1 and RHAT are each longer than RHA2.

16. The method of claim 15, wherein LHA1 and RHA1 are each equal to or greater than
about 1000 base pairs in length and RHA?2 is equal to or less than about 300 base pairs in
length.

17. The method of claim 1, wherein the microorganism is a bacterium, archea, virus, or

fungus.

18. The method of claim 1, wherein the microorganism belongs to genus Clostridium,
Acetobacterium, Moorella, Butyribacterium, Blautia, Oxobacter, Thermoanaerobacter,
Escherichia, Klebsiella, Zymomonas, Citrobacter, Enterobacter, Salmonella, Serratia,
Lactobacillus, Lactococcus, Enterococcus, Pediococcus, Streptococcus, Saccharomyces,
Pichia, Candida Hansenula, Yarrowia, Rhodotorula, Rhizopus, Trichosporon, Lipomyces,
Aspergillus, trichoderma, Exophila, Mucor, Cladosporium, Phanerochaete,
Cladiophilalophora, Paecilomyces, Scedosporium, Ophistoma, Bacillus, Oligotropha,
Pseudomonas, Carbophilus, Hydrogenophaga, Mycobacterium, Zavarzinia, Cupravidus,
Senechocystis, Chloroflexus, Methylomonas, Methylobacter, Methylococcus,
Methylomicrobium, Methylosphera, Methylocaldum, Methylocystis, Methylosinus,
Methanobacterium, Methanococcus, Methanogenium, Methanosarcina, Methanoshera,
Methanothermobacter, Methanotrix, Corynebacterium, Acinetobacter, Actinomyces,
Bacteriodes, Burkholderia, Brevibacterium, Pyrococcus, Geobacter, Geobacillus,
Paenibacillus, Mycobacterium, Rhodopseudomonas, Thermatoga, Thermoanaerobacter,
Streptomyces, Rhodobacter, Rhodococcus, Peptococcus, Bifidobacterium,
Propionibacterium, Fusobacterium, Campylobacter, Veillonella, Aquincola, Arthrobacter,

Moraxella, or Psychrobacter.
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