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COMPOSITIONS AND METHODS FOR THE CONVERSION OF SHORT-
CHAINED CARBOXYLIC ACIDS TO ALCOHOLS USING CLOSTRIDIAL
ENZYMES

FIELD OF THE INVENTION

{001} The nvention relates {o the fields of bactenal metabolism and the utilization or
consumption of short-chain carboxvlic acids to reduced products. Specifically, it relates to
syngas fermentations using monocultures of syngas-utilizing homoacetogenic bacteria for the
production of alcohols using native alechol dehvdrogenase. This invention also relates to co-
cultures of microorganisms or consortia of microorganisms that comprise a syngas-utilizing
homoacetogen and a butyrogenic orgamism that when grown together produce short-chain
carboxviic acids from C;-Ce in length and syntrophically convert them efficiently to the
cornmercially useful C;-Ce aleohols.

BACKGROUND OF THE INVENTION
8602} Butanol i3 an important industrial chemical with a wide range of applications. It
can be used as a motor fuel particularly in combination with gasoline to which it can be
added in all proportions. Isobutanol can also be used as a precursor to Methyl Tertiary Butyl
Ether (MTBE). Currently the world production of n-Butancl 1s 3.5 million tons /yr (7.7
bithion Ib /yr). Furthermore, conversion of alcohols to long-chain linear hydrocarbons that
would be suitable for jet fuel use are being developed and demonstrated, which could further
merease the demand for n-butanct (The Maval Air Warfare Center-Weapons Division, (2012)
Cobalt and Abermarle). Fermentation of carbohydrates to acetone, butanol and ethanol
(ABE) 1s well known and was commercially practiced worldwide from around 1915 10 1955
(Beesch, $.C. (1953). A Microbiological Process Report — Applied Microbiology, 1, 85-95),
With the advent of petrochemical processes and low-cost petrochemical feedstocks the

carbohvdrate-based processes became unatiractive and were discontinued.
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{8603} Attemipts have been made to improve the aleohol vield of bacteria that ferment a
variety of sugars to acetate and butyrate. The art has sought to employ recombimnant
techniques to transform bactertum such as € acetobutylicum (Green et al,, 1996 Genetic
manipulation of acid formation pathways Microbiology, 142, 2079-2086) and €.
tyrobutyricunm (X, Liu et al ., 2006 Construction and Characterization of an ack Delete
Mutant of Clostridium ryrobutyricum, Biotechmology Frogress, 22, 1265-1275). However,
such techniques have only resulted in transformation occurnng at low frequendcies.
{66064} Anaerobic acetogenic microorganisms offer a viable route to convert waste gases,
such as syngas, to useful products, such as cthanol, via a formentation process. Such bacteria
catalyze the conversion of H; and €0, and/or €O to acids and/or alcohols with higher
specificity, higher vields and lower energy costs than can be attaimed by traditional
production processes. While many of the anacrobic microorganisms utilized m the
fermentation of ethanol also produce butanol as a secondary product, to date, no single
anaerobic microorganism has been described that can utilize the syngas fermentation process
to produce ligh vields of butanol.
HEEIRY Thus, there remains a need in the art to produce a biocatalyst bacterium or co-
culture of bacteria that produces useful commercial products such as C,-C alcohols
(including ethanol, propanol, butanol, pentanol and hexanol and any of their isomers}.
SUMMARY OF THE INVENTION
HEEEY Provided hercin are methods for the production of an alcchol, comprising:
culturing a recombinant C1-fixing homoacetogen microorganism in a culture medium i the
presence of svngas, wherein the Cl-fixing homoacetogen microorganism cOmprises a
recombinant gene encoding an aldehyde ferredoxin oxidoreductase polypeptide modulated by

a promoter, wherein the recombinant Cl-fixing microorganism produces an alechol,
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{8607} In particular embodiments the aldehyde ferredoxin oxidoreductase gene encodes
a Clostridium aldehvde terredoxin oxidoreductase polypeptide. In particular embodiments
the aldehvde oxidoreductase gene is at least 95 % identical to SEQ ID NG 1 or SEQ ID NO:
3

[008] In particular embodiments the promoter is an inducible promoter or a
constitutive promoter.

{0609] In particular embodiments the methods provided herein produce ethanol  In
other particular emnbodiments, the Cl-fixing homoacetogen microorganism is C. Jungdahlii,
C. ragsdalei, C. qutoethanogenum or C. coskatii,

[6610] In other aspects, provided herein are mwethods for the production of butanol,
comprising: culturing a co-culture comprising a recombinant Cl-fixing homoacetogen
microorganism and a Cd-producing butyrate microorganism in a culture mediwm in the
presence of syngas, wherein the Cl-fixing homoacetogen microorganism COmMpriscs a
recombinant gene encoding a aldehyde ferredoxin oxidoreductase polypeptide modulated by
a promoier.

{6611} In particular embodiments the C4-producing butyrate microorganisim comprises a
gene encoding a Botyryl-CoA acetate transforase polypeptide or a Butyrate kinase
polypeptide. In other particelar embodiments, the aldehvde ferredoxin oxidoreductase gene
encodes a Clostridium aldehyde ferredoxin oxidoreductase polypeptide.  In vet other
embodiments, the aldehyde ferredoxin oxidoreductase gene is at least 95% identical to SEQ
ID NO: T or SEQ ID NO: 3.

{661 2] In particular embodiments the promoter 1s an inducible promoter or a constitutive
promoter. n other particular embodiments the Cl-fixing homoacetogen microorganism is C.
lfungdahlii, C. ragsdalei, C. autoethanogenum or . coskatii.  In other particular

embodiments

3
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the Cd-producing butyrate microorganism 15 Clostridium  Kuyveri,  Clostridium
carboxidivorans, Butyribacterium methylotrophicum, ovr Clostridium pharus.

[6613] In other aspects provided herein are microorganism co-cultures for the
conversion of syngas to butanol comprising: a recombinant Cl-fixing homoacetogen
microorganism comprising a recombinant gene encoding a  aldehvde ferredoxin
oxidoreductase polvpeptide modulated bv a promoter and a Cd-producing butyrate
MUCTOOIgAnISH.

{6614} In particular embodiments the C4-producing butyrate microorganism comprises a
gene encoding a Butyryl-CoA acetate transforase polypeptide or a Butyrate kinase
polypeptide. In other particelar embodiments, the aldehyde ferredoxin oxidoreductase gene
encodes a Clostridium aldehyde ferredoxin oxadoreductase polypeptide.  In yet other
embodiments, the aldehvde ferredoxin oxidoreductase gene 1s at least 95 % identical to SEQ
D NO: | or SEQ ID NO: 3.

{6615] In particular embodiments, the promoter is an mducible promoter or a
constitutive  promoter. In vet other embodiments, the Cl-fixing homoacctogen
microorganism is C. Jungdahlii, (. ragsdalei, C. awroethanogenum or C. coskarii. In vet
other embodiments, the C4d-producing butyrate microorganism is Clostridium kluyverd,

Clostridium carboxidivorans, Butyribacterium methylotrophicum, or Closiridium pharus.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] Fig. 1. Schematic illustration of the Wood-Ljungdah!l (C)) and C; biosvathesis
pathways from syngas showing among others the enzymatic reactions catalyzed by native
homoacetogen aldehyde ferredoxin oxidoreductase (AQR).
16617} Figs. 2A and 28. Physical maps of AOR expression vectors containing one of the
cloned aldchvde ferredoxin oxidoreductase genes identified in O aufoethanogenum. 2{A}

Expression vector pCKAR192, containing one of the Clostridial aldehvde ferredoxin

4
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oxidoreductase genes expressed from a constitutive Clostridial promoter Peoos. This
promoter has been shown to be highly expressed m £ coli DHIOB cells. 2(B) £ coli-
Clastridium shuttle vector pCKARI92T2, the same as pCKARIOS2 but containing a
clostridial replicon and a chloramphenicol resistance gene known to express in
homacetogenic Closindia.

[0018] Figs. 3A and 3B. Physical maps of AOR expression vectors containing cloned
aldchyde ferredoxin oxidoreductase genes. 3(A) Expression vector pCKAR2 14, containing
ong of the Clostridial aldehvde ferredoxan oxidoreductase genes expressed from a constitutive
Clostridial promoter Ppta-ack. This promoter has been shown to be bighly expressed in &
cofli DHIOB cells. 3(B) £.celi-Clostridium shuttle vector pCKARZ147T72, the same as
pCKARZ14 but containing a clostridial replicon and a chloramphentcol resistance gene
known to express in homoacetogenic Clostridia.

[6019] Figs. 4A and 48, DNA and anmino acid sequence alignments of the two native
AORg identified in C. gutoethanogenum. 4(A} alignment of the two AUR gene sequences
AORIT and AOR2 and 4(B) amino acid alignment of AORT and AOR2,

{0029] Figs. 5A and 3B, Amino acid alignment of the two native AORs identified in C
autoethanogenum aligned with the best homology matches of the AGR amino acid sequences
wdentified in C Jungdahiii PETC (AORL: SEQ 1D NO: 15; AQR2 SEQID NG:17yand C.
ragsdalei ATCC BAA-624 (AORL: SEQ ID NG: 16; AOR2: SEQ ID NG:18). 3(A)
alignment of AOR1 amino acid sequences and 5(B) alignment of AORZ2 amino acid
sequences.

06621} Fig. 6. Schematic pathways showing co-culture metabolism and butanol
production. Homoacetogen reactions generate cthanol and acetate and butanol, from

butyrate, the butyrogen product.
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80622} Fig. 7. Schematic pathways showing acetate production by homoacetogens
coupled with its consumption {along with hvdrogen gas) by the butvrogen to gencrate
butyrate. This is followed by conversion of the butyrate to butano! by the homoeacetogen
orgamism. Butyrate 15 generated by native phosphotransbutyrylase and butyrate kinase
activities.

{0023} Figs. 8A-8D. Agarose gel showing PCR products produced with AOR-specific
primers. Figs. 8A and 8B show clectrophoresis gels of amplicons using primers AORIA
(Fig. 8A) and BCoAAT (Fig. 8B) designed to target C. autoethanogermmm AGRL and
butyrogen butyrvl-CoA acctate transferase, respectively; Figs 8C and 8D show
clectrophoresis gels of amplicons using primers AQR2A (Fig. 8C) and Buk (Fig. 8D}
designed to target C. auioethanogenum AOR2 and butyrogen butyrate kinase.

[6024] Fig. 9. Graph illustrating AOR land AQRZ gene expression and ethanol and
acetate production i C. guroethanogenum during syogas co-fermentation. For gene
expression analvsis, using RT-gPCR (presented as fold-change), primer set 467/9 targeted
AOR2-A (SEQ 1D NGO 14), primer set 474/478 targeted AQRI-A (SEQ ID NG: 14), and
primer set 441 a targeted C autoethanogerum hydrogenase.

{025] Fig. 10. Graph itlustrating quantitative gene expression of O autoethanogenum
AOR and hvdrogenase genes during a butanol co-fermentation run over the course of >900
hours. Transcript copy number at six different time points 1s shown.  For gene expression
analysis using RT-gPCR the following primer sets were used 1o calculate copy number/ug
RNA throughout the fermentation: 467/9 targeted AQR2; 474/8 targeted AOR1L; 431 targeted
a NiFe hydrogenase; 435 targeted an tron-only hydrogenase; 437 targeted a second iron-only
hyvdrogenase; and 441 targeted a third iron-only hvdrogenase found in the C.

autocthanogenum chromosome.
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{6626} Fig. 11. Graph illustrating heterologous AORIT expression in £. cofi.
Bioconversion of butyrate to butanol m E. coli expressing AORIT on pCKARI9Z. No butanol
production is observed i . cofi containing only pCKAR162.

06027} Figs. 12A and 12B. Diagrams of £ cofi-Clostridinm shuttle vectors pCK32 (Fig.
12A) and pCK32A0R!1 (Fig 12By. E coli-Clostridium shuttle vectors used for transforming
Clostridium biocatalyst strains. pCK32A0R1 differs from pCK232 only 1o that it contains
the AORI gene expressed from the Clostridiom promoter Ppta.

{6628} Figs. 13A and 13B. Graph illustrating aldehyde ferredoxan oxadoreductase
expression in wild-tvpe and TF18 strains. RT-gPCR fold change analysis for wild-type and
TF18 C. auicethanogenum cells grown on syngas {(Fig. 13A}) and fructose (Fig 13B).
Expression patterns of the AQR1 gene were compared during early-log {on syngas) and mid-
tog (on fructose).

[0029] Figs. 14A and 14B. Graph tllustrating the specific productivity (grams/OD) of
cthanol and acctate for the wild-tvpe and TF18 strains at 1, 2, and 5 days post-inoculation.
{18034} Fig. 15. Selectivity of 53-L fermentation using strain TFI8. In the monoculture
of strain TF18 only cthanol and acetate were produced and the percentage of products is

shown {total C; products equals 1009},

DETAILED DESCRIPTION OF THE INVENTION
6031} All publications, patents and patent applications cited herein are hereby expressly

meorporated by reference for all purposes.
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80632} Methods well known to those skilled in the art can be used to construct genetic
expression constructs and recombinant microorganisms according to this invention. These
methods include 7 vifro recombinant DNA techniques, synthetic techniques, i vive
recombination techniques, and PCR technigues. See, for example, technigues as descnibed in
Maniatis ef o/, 1989, MOLECULAR CLONING: A LABORATORY ManuAalL, Cold Spring Harbor
Laboratory, New York; Ausubel et al., 1989, CURRENT PROTOCOLS IN MOLECULAR BIOLOGY,
Greene Publishing Agsociates and Wiley Interscience, New York, and PCR Profocols: A
Guide to Methods and Applications (Innis ef af., 1990, Academic Press, San Diego, CA).
{06633] As used herein, the terms “polvnucleotide”, “nucleotide”, “oligonucleotide”, and
“nucleic acid” can be used interchangeably to refer to nucleic acid comprising DNA, RNA|
derivatives thereof, or combinations thereof.

[(034] Provided herein are methods for mcreased production of an alcohol, comprising:
culturing a recombinant Cl~fixing homoacetogen microorganism in a culture medium in the
presence of syngas, wherein the {1-fixing homoacetogen microorganism comprises a
recombinant gene encoding a aldehvde ferredoxin oxidoreductase {ADR) polypeptide
modulated bv a promoter, wheren the recombinant Cl-fixing microorganism produces an
mcreased amount of alechol compared to a wild-type Cl-fixing homoacetogen
MICIooTganism.

[035] AQOR protens are involved in the conversion of short-chain carboxylic acids such
as acetate and butyrate to their corresponding aldehydes via a native activity in syngas-
atilizing homoacetogens. The reduction of carboxvlic acids to aldehydes by the AQR
proteins is thermodynamically uphall, but the net reaction sequence to alcohols is favorable
and castly generates cnough free energy to drive ©t. Additionally, the reaction is driven by a
low-redox ferredoxin which mteracts with tangsten in the catalysis (White et al. (1989), Fur.

J. Biochem, 184 89-96). This reaction has been documented to occur in several purified
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enzyme preparations from Clostridia and importantly unlike aerobic carboxylic acid
reductase converts the acids to alcohols via a non-activated intermediate (White et al. (1991},
Biol. Chem. Hoppe-Seyler 372:999-1005). In a (2 fermentation, conversion of acetate to
aldehyde 1s important for keeping the free acid concentration from accunulating to
detrimental or toxic levels. The reverse reaction (back to Acetyl-CoA) would require using
an ATP to rephosphorylate acetate, which would not be encrgetically favorable, thus making
the AOR activity very important in controlling acid levels and cell stress. Recombinant
Clostridinm microorganisms contamning constitutively expressed AOR activity allows for
expression 1o continue unabated even when the down regulation signals would decrease
native ADR expregsion.

{00356] The C1- fixing microorganisms suitable for use in the methods disclosed herein
are also known as homoacetogens. Homoacetogens have the ability, under anaerobic
conditions, to produce acetic acid and ethanol from the substrates, CO + H,O, or Hy + COz o1
CO +H, +C0O,. The CO and C0; provide the carbon source and the Hy and CO provide the
electron source for the reactions producing acetic acid and ethanol.

{6037} C1- fixing microorganisms suitable for use in the inventive methods include,
without limitation, homoacetogens such as Clostridium ljungdahiii, Clostridium

autoethanogenum, Clostridium ragsdalei, and Clostridium coskatii. Additional C1 fixing

8038} As used hergin, synthesis gas (syngas) 1s a gas containing carbon monoxide,
carbon dioxide and frequently hvdrogen. “Syngas™ mcludes streams that contain carbon
dioxide in combination with hydrogen and that may mclude little or no carbon monoxide.

“Syngas” may also include carbon monoxide gas streams that may have little or no hydrogen.
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{80639} In particular embodiments, plasmuid vectors comprising highly active Clostridial
promoters operably hinked to a mucleotide sequence encoding an AOQR!T and AQR2
potymucleotide are employed in the methods disclosed herein.

6040} In particular embodiments the recombinant aldehyde ferredoxin oxidoreductase
gene encodes a Clostridium aldehyde ferredoxin oxidoreductase polypeptide.

[0041] Functional homologs of the polypeptides described above are also suitable for
use in the disclosed methods. A functional homolog is a polypeptide that has sequence
similarity to a reference polypeptide, and that carries ouf ong or more of the biochemical or
physiological function(s) of the reference polypeptide. A functional homolog and the
reference polypeptide can be natural occurring polypeptides, and the sequence similarity can
be due to convergent or divergent evolutionary events. As such, functional homologs are
sometimes designated in the literature as homologs, or orthologs, or paralogs. Varianis of a
naturally occurring functional homolog, such as polypeptides encoded by mutants of a wild
type coding sequence, can themselves be functional homologs. Functional homologs can also
be created via site~directed mutagenesis of the coding sequence for a polypeptide, or by
combining domains from the coding sequences for different naturally-occurring polypeptides
{“domain swapping”}. Techniques for modifying genes encoding functional AOR
polypeptides described herein are known and include, infer alia, directed evolution
echniques, site-direcied mutagenesis technigques and random mutagenesis techmiques, and
can be usehidd to increase specific activity of a polypeptide, alter substrate specificity, alter
expression levels, alter subcellular location, or modify polypeptide:polypeptide interactions
i a desired manner. Such modified polypeptides are considered functional homologs. The
term “functional homolog™ 1s sometimes applied to the nucleic acid that encodes a

functionally homologous polypeptide.

10
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{8042} Fanctional homologs can be wdentified by analysis of nucleotide and polypeptide
sequence alignments. For example, performing a query on a database of nucleotide or
polypeptide sequences can identify homologs of polypeptides described herein. Sequence
analysis can involve BLAST, Reciprocal BLAST, or PSI-BLAST analysis of non-redandant
databases using the amimo acid sequence of interest as the reference sequence. Anmuno acid
sequence is, in some instances, deduced from the macleotide sequence. Those polvpeptides in
the database that have greater than 40% sequence identity are candidates for further
evaluation. Anuno acid sequence similarity allows for conservative amino acid substitutions,
such as substitution of one hydrophobic residue for another or substitution of one polar
residue for ancther. When desired, manual inspection of such candidates can be carried out
in order to narrow the number of candidates to be further evaluated. Manual inspection can
be performed by selecting those candidates that appear to have conserved functional domains.
{0043] Conserved regions can be identified by locating a region within the prmary
amino acid sequence of a polypeptide described herein that is a repeated sequence, forms
some secondary structure {e.g., helices and beta sheets), establishes positively or negatively
charged domains, or represents a protein motif or domain. See, e.g., the Pfam web site
describing consensus sequences for a variety of protein motifs and domaing on the World
Wide Web at sanger ac.uk/Software/Pfam/ and pfam janehia org/. The mformation included
at the Pfam database 1s described m Sonnbhammer ef al, Nucl, Acuds Res., 26:320-322
{1998). Sonnhamumer ef o/, Proteins, 28:405-420 (1997); and Bateman er o/, Nucl. Acids
Res., 27:260-262 (1999}). Conscrved regions alsc can be determined by aligning sequences of
the same or related polvpeptides from closely related species. Closely related species
preferably are from the same family. fn somc embodiments, alignment of sequences from

two different species can be adequate.

I
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[8044] Typically, polypeptides that exiubit at least about 40% aming acid sequence
wdentity are useful to 1dentify conserved regions. Conserved regions of related polvpeptides
exhibit at least 45% amino acid sequence identity {e.g., at least 50%, at feast 609%, at least
70%, at least 80%, or at least 90% aming acid sequence identity}d. In some embodiments, a
conserved region exhibits at least 92%, 949, 96%, 98%, or 99% amino acid sequence
identity.

[0045] In particular aspects, the AOR gene exhibits at feast 609%, 70%, 80%, 92%, 94%,
96%, 98%, or 99% scquence identity to SEQ ID NG 1 or SEQ 1D NO: 3.

06046} Further provided herein are methods for the production of butanol, comprising:
culturing a co-culture comprising a recombinant C1-fixing homoacetogen microorganism and
a C4-producing butyrate microorganism in a culture medium in the presence of syngas,
wherein the Cl-fixing homoacetogen microorganism comprises a recombinant gene encoding
a aldchyde ferredoxin oxidoreductase polypeptide modulated by a promoter.

{0647} In particular embodiments the co-cultare of mucroorganisms contatns at keast one
microorganism having at least one nucleotide sequence that encodes a gene to produce a
tungsten-dependent aldehyde ferredoxin oxidoreductase {AOR) and at least one additional
microorganism that encodes a gene for producing a Butyryi-CoA acetate transferase
(BuCoAAT) or a Butvrate kinase (Buk). The co-cultare 1s exposed to gasgous substrates
selected from the group consisting of carbon monoxide, carbon dioxide and hydrogen gas or
combinations thereof so that a Cl-fixing microorganism containing an AOR gene or genes
and a Cd-producing microorganism containing at least ong of the BuCoAAT or Buk gene
under conditions effective for the co-culture to convert the gaseous substrate info butanol

or/and into butyric acid so that the microorganism composition can produce butanol,
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{6048} As used herein, the term “syntrophic” refors to the association of two or more
different types (¢.g. organisms, populations, strains, species, genera, families, etc.) of
anaerchbic microorganisims which form a tightly associated metabolic relationship.

[6049] As used herein, the term "co-culture” of microorganisms refers to joint
meubation or incubation together, of the microorganmisms. The co-culture docs not require
cellular population growth during the joint incubation of the microorganisms.

{6050 In one embodiment, illustrated in Figure 6 and Figure 7, two types of anaerobic
microorganism are uiilized to create the co-cuitures for production of butvrate and butanol.
The first type of microorganism in the co-culture is a primary Ci- fixing homacetogenic
microorganism (itlustrated metabolically in Figures 6 and 7), which utilizes syngas as the sole
carbon and electron source and produces €2 compounds such as ethanol and acetate as the
disstmilatory metabolite products. The second type of microorganism in the co~culture is
capablc of growing on the dissimilatory metabolites of the C1- fixing homacetogenic
microorganism {cthanol and acetate} as its sole carbon and energy source to produce a C4-
carbon molecule, such as butanol or butyric acid, as its primary product or together with
syngas {as additional carbon and/or clectron source) convert the metabolites of the Cl-carbon
fixing microorganism to C4-carbon molecules. This second microorganism 1s also referred to
herein as the C4- producing butyrate microorgantsm (illustrated metabolically in Figurgs 6
and 7). Advantageously, the Cl-fixing homacetogenic microorganism may also be capable
of converting the butyrate produced by the C4-producing microorganism into butanol and
more often n-butanol (Figures 6 and 7). The term “butanol” refers to all four isomers of C4
alcohol {e.g. 2-butanol, 1sobutanol, I-butanol and tert-butanol} and the term “n-butanol”
refers to I-butanol.

[6051] The homoacetogenic oreanmsm typically has the primary Wood-Ljungdahl

pathway to convert the CO and H2/CG, from the syngas feed to ethanol and acetate which

i3
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are then utilized by the butyrogens to produce butyrate. The homoacetogens can uptake the
butyrate and very efficiently convert it to n~-butanol because of favored thermodyvnamics.
Such symbiosig is preferably developed to form a very close association between the Ci-
fixing and the Cyi-producing microorganisms so that interspecies proton and electron transfer
occur very efficiently across very short distances {approximately | micron). This
combination of microorganism co~-culiure and substrates vastly improves the n-butanol
production over that produced by single culture {mono-) fermentations. This discovery
enables high-yield production of butanol directly from syngas and leads to econonucal and
efficient production processes for butano! from a wide range of feedstocks.
[6052] In particular embodiments the C4-producing microorganisms are butyrogens
capable of growing on ethanol and/or acetate as their primary carbon source. Butyrogens
refers 1o any microorganism capable of converting syngas intermediates, such as ethanol and
acetate, and some hydrogen to primarily n-butvrate. Butyvrogens of the tnvention utilize at
least one of two distinet pathways for butyrate production — the Butyryl-CoA Acetate
Transferase pathway (shown in Figure 6) and the Butyryl Kinase (Buk) pathway (shown n
Figure 7). As can be scen from Figures 6, the Butvryl CoA Acetyl Transferase (BuCoAAT)
pathway converts ethano! and acetate to butyrate:

Ethanol + Acetate <> Butyrate + H;O
As shown m Figure 7, the BuK pathway converts acetate and hyvdrogen to Butyrate.

ZH, + 2Acetate <> Butyrate + 2H,;0
{8053} In particular embodiments a recombinant homoacetogen containing unregulated
AOR activity is brought into close contact with a butyrogen 1o further increase the production
of butanol. The co-culture of microorganisms includes a unigue set of nucleotide sequences
that can produce butano! from the syngas components of CO or £O; and H; at much higher

concentrations than previous methods for anaerobically producing butanol with
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microorganisma. In other particular embodiments the homoacetogenic microorganism is
cultured in a fermenter until 1t produces a concentration of ethanol of at least T g/l and the
butyrogenic microorganism 1s added to the fermenter to prodace the microorganism co-
cultore.

[054] In other particular embodments the homoacetogenic microorganism 1s cultured
m a fermenter untd 1t produces a concentration of ethanol of at least 1 g/L or at least 10 g/L.
and the butyrogenic microorganism is added to the fermenter to produce the microorganism
co-culture.

[8055] In particular embodiments, C. pharus and C. kluvveri arc emploved. fo other
embodiments the co-culture includes one or more homoacetogenic microorganisms selected
from the group consisting of C. fjungdahlii, C. ragsdalei, C. autoethanongenum and C.
coskatii. Tn vet other embodiments the co-culture comprises a mixture of homoacetogenic
microorganisms and a butyrogenic microorganism

[06056] During the co-culture fermentation, the syngas-utilizing homoacetogenic
organisms produce ethanol and acetate by the Wood-Ljungdahl pathway and downstream
dehydrogenase reactions (Fig. 1. The butyrogenic cells consume the ethanol (by oxidation
to acetyl-CoA} and the exogenous acetate produced and convert them in a condensation
reaction to acetoacetvl-CoA. This reaction is carried out by thiolase, a selenium-dependent
enzyme. The butyrogen converis the acctoacetyl-CoA to 3-hvdroxybutyrvl-CoA (3-HBCoA)
by a 3-hydroxybutyryl-CoA dehydrogenase (454} using NADH(PH) as cofactor. The 3-
HBCoA is dehydrated by crotonase to form crotonyl-CoA. The dehydration reaction is
followed by a reduction reaction catalvzed by butyrvi-CoA dehydrogenase (bed) and
MNADH(PH) as cofactor and converts the crotonyl-CoA to butyryl-CoA. This reaction also
mvolves ferredoxin and flavin adenine dimucleotide to generate the cell’s PMF. The butyryl-

CoA is then converted to butyvrate via two possible routes, (i) by butyrvi-CoA acetate
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transferase (BCoAAT) that transfers a CoA to acetate from butyryl-CoA (Fig. 6) or {1} by the
phosphotransbutyrylase-butyrate kinase {ptb-Buk) route (Fig. 7). Both routes are possible
and results of molecular probing {data not shown} using specific primers to amplify the genes
encoding butyrate production have shown that both are present in the co-cultares of consortia
and onlv the BCoAAT is present in the two organism co-culture of O aufoethanogenum and
the butyrogen C. pharus.

{8657} The butyrate produced can diffuse out of the butyrogen cells and be taken up by
the homoacetogen cells. Upon butyrate uptake the homoacetogen cells can convert it to
butanol bv cither acyl-CoA transferase activity involving NADH(PH) as cofactor, CoA
synthetase activity or by direct reduction of the non-activated carboxylic acid by AGR
activity. The former reactions are possible but genes encoding acyl-CoA transferase and
CoA synthetase activitics have not been identitied in our homoacetogen genomes. Two AOR
genes encoding tungsten-dependent aldehyde ferredoxin oxidoreductase activity have been
ientified in the C. qutoethanogenum ef ol. genomes (Figs. 4-5). Purified AOR activity has
been demonstrated in several clostridial and non-clostridial (acrobic) organisms (White
(1991}, Biol. Chem. Hoppe-Seyler 372:999-1003 ). A genome analysis of the two AOR
genes (Figs. 4-3) showed good conservation with the two well-charactenzed AOR enzymes
at both the DNA and amino acid sequence levels, suggesting that these enzymes perform
similar functions i vivo.

{0658] In the BCoAAT pathway ethanol and acetate are converted to butyrate through a
Butyryl-CoA intermediate. Sinularly, acetate plus reducing equuvalents through Hs oxidation
are converted to butyrate through a butyryl-CoA intermediate. The pathways differ in their
conversion steps from butyrvi-CoA to butyrate. The BuCoAAT pathway converts butyryl-
CoA to butyrate through the BUCoAAT enzyme while transferring the CoA muoicty to acetate

to form acetyl-CoA, which can later be used to form more butyrate. At the same time the
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Buk pathway converts butyryl-CoA through a phosphotransbutyrylase and Buk enzyme. The
tungsten-dependent aldehvde ferredoxin oxadoreductase converts butyrate directly mto
butyraldehyde in a two electron transfer reaction using reduced ferredoxin and tungsten. The
butyraldehyde is then converted to butanol using native homoacetogen butanol
dehydrogenase enzymes. Surtable butvrogens for this invention include any microorganism
that contains either or both of the BuCoAAT pathway and Buk pathway and can grow on
acetate and ethanol or on acetate and hvdrogen as typically found in syngas. While many
microorganism are known to produce butyrate from various carbohydrate sources (T
butyricum, C. acetobutvlicum, C. tyrobutyricum, C. beijerinckii, C. pasteurianum, C. barkeri,
C. thermobutyricum, C. thermopaimarium, Butyrvibrio, Sarcing, Eubacterium,
Fusobacterium, and Megaspheray, only a few are known to grow exclusively on ethanol,
acetate or syngas such as Clostridium uvveri, Clostridium carboxidivorans,
Butyribacterium methylotrophicum, and Clostridium pharus.

{8659} Provided herein is a combination of the genes for tungsten-dependent aldehyde
ferredoxin oxidoreductase and for the genes of a Butyrvi-CoA acetate transferase and/or a
Butyrate kinase such that this unique gene combination can make butano! from one or more
syngas components. Tungsten-dependent aldehyde ferredoxin oxidoreductase does not oocur
in the butyrogenic organisms nor do the Butyryl-CoA Acetate transferase or Butyrate kinase
occur m the homocetogenic organism. The genetic novelty of these gene combinations was
established by wlentifving key genes in the butyrate production pathway using targeted gene
probes. The novelty of the butyrvl-CoA transferase genes in the butanologenic consortia
appears 1o be a highly specific transferase reaction and the reduction of carboxylic acids also
appears to be highly specific under the culture conditions. Hence, unigue combinations of
genes exist in these co-cultures that do not occur in other organisms that bave been used to

produce butanol. Additionally and significantly, provided herein is a recombinant
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homoacetogen strain with improved aldehyvde ferredoxin oxidoreductase gualities and
activities. During periods of AQR down-~regulation, where the conversion of carboxylic acids
is reduced or inhibited altogether since transcript is reduced or limited, the recombinant strain
would provide anregulated gene expression and protein activity to continue the conversion of
carboxylic acids o aldehvdes, and thereby circumventing cell stress due to acid accumulation
in the culture.

{0060} A successful syntrophic relationship between the different microorganisms
require that the homoacetogens and the butvrogens are brought into close physical association
with cach other. In particular embodiments the Cl-converting homoacetogens with the
Wood-Ljundah! pathway and the tungsten-dependent aldehyde ferredoxin oxidoreductase
genes ADRI and ADR2 are brought together in an mtimately mixed co-culture with the
butyrogens having the BuCoAAT or the BuK genes or both sets of genes. In another
crbodiment of the invention the Cl-converting homoacetogens will have tungsten-dependent
aldehyvde ferredoxin oxidoreductase genes to further increase the production of butanol in the
homoacetogens. In one method of the mvention, the co-culture 1s formed by first growing the
homoacetogen species on a syngas feed. Growth of the homoacetogens continues until they
produce ethanol and acetate, normally at a concentration of at least 1 g/L and more typically
i a moderate concentration range of 8 to 15 ¢/L and preferably at a concentration of 10 g/L
and a cell concentration producing an optical density (0.D ) of about 2.0. Once the
homoacctogens have produced a desired concentration of ethanol and acetate and the
fermenter has reached a desired O.D | the homoacetogens are inoculated with one or more
selected butyrogen species that are enniched from growth on acetate, ethanol and syngas. By
maintaiming growth and operating conditions such as pH, dilution rate, key nutriends ¢tc., a
stable co-culture is developed that forms very close associations between the different

MICIO0TZANISms,
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08061} Those skilled in the art will be aware of other methods to mitiate and grow the
co-culture. Such methods may nclude the use of different substrates to first grow the
butyrogen and then mmoculate the fermentation medinm containing the butyrogen with the
homoacetogen. Another method for cstablishing a syntrophic assoctation capable of
converting syngas to butanol involves the growing of two or more defined cultures and
establishing the pairing of these separate cultures.

{0062} Aunocther method of painng tnvolves first growing the C4-producing butyrogen(s)
m a fermenter using ethanol and acetate as substrates until maximum productivity targets of
butyric acid has been reached. Once the maximum productivity target has been reached a
seed culture of the C1-fixing homoacetogen is added directly to the fermenter containing the
butyrogen cubture. Syngas mass transfer to the formentation vessel is gradually increased to
balance the gas consumption of the Cl-fixing homoacetogen. The ethanol or acetate used to
grow the butvrogen is gradually decreased to zero as the Cl-fixing homoacctogen begins to
provide this substrate.

10063} A modification of this last method of establishing a svntrophic culture involves
first growing the Cd-producing butvrogen culture in a fermenter with a biofilm support
material that is either stationary or floating within the reactor. An example of such material
is the Mutag Biochips. This method allows the butvrogen microorganism to first establish a
biofilm on the carrier material thereby increasmg the cell retention time versus the HRT of
the fermenter. Again, target butvrogen productivity is reached before seeding the formenter
with the Cl-fixing homoacetogen.

{06664} Another method to establish a syntrophic culture capable of producing butanol
from syngas mvolves the initial nuxing together of two or more cultures, one of which is a
Cl-fixing homoacetogen capable of growing on syngas and producing cthanol and acetate.

The other culture(s) is a C4-producing butvrogen capable of converting ethanol or acetate 1o
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butyvrate. The Ethanol and acetate feed can gradually be decreased to zero as the production
of these substrates by the Cl-fixing homoacetogens mcereases to balance the substrate needs
of the butvrogen production.

[3065] Suitable pairings of microorganisms for the co-culture composition of this
mvention are identified by the presence of key genes in the pathways for the homoacetogenic
and butvrogenic microorganisms. These pathways are typically identified by using targeted
gene probes. The probes are targeted toward identifying the presence of genes in the
consortium that encode for two tungsten-dependent aldehvde ferredoxin oxidoreductase
genes, at least one BuCoA AT gene or one Buk gene. The presence or absence of these genes
can be further deternuned using genomic DNA and suitable probes. Further description of
the gene sequences are provided i the Examples.

(3066} The methods disclosed heremn can be performed in any of several types of
fermentation apparatus that are known to those of skill in the art, with or without additional
modifications, or in other styles of fermentation equipment that are currently under
development. Examples include but are not hmited to conventional stirred-tank fermenters
{CSTR), bubble column bioreactors (BCBR), membrane supported bioreactors (MSBR), two-
stage bioreactors, trickle-bed reactors, membrane reactors, packed-bed reactors containing
mmmobilized cells, ete. Bioreactors may also include a cohumn fermentor with immobilized or
suspended cells, a continuous flow-type reactor, a high-pressure reactor, or a suspended cell
reactor with cell recyele. Furthermore, reactors may be arranged i a series and/or paraliel
reactor system which contains any of the above-mentioned reactors. For example, multiple
reactors can be usetul for growing cells under one set of conditions and generating n-butanol
(o7 other products) with minimal growth under another set of conditions.

LR Establishing the necessary close association of the co-culture may be influenced

bv the type of broreactor emploved for practice of the imvention. For example, in the case of
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planktonic type bioreactors the co-culture may continue in a growth phase and be passaged
up to larger fermentation vessels. In the case of an MSBR, an established co-culture from a
planktonic fermenter may be used to inoculate the membranes. However, an MSBR may also
be mocuelated by a series of inoculations that alternate between addition of the homoacetogen
and addition of the butyrogen.

{0063] These apparatuses will be used to develop and maintain the Cl-fixing
homoacetogen and butyrogen cultures used to establish the metabolic association. The chief
requirements of such an apparatus include:

a. Axenicity;
b. Anacrobic conditions;
¢. Suitable conditions for maintenance of temperature, pressure, and pH;

d. Sufficient quantitics of substrates supplhied to the culture;

&

Optimum mass transfer performance to supply the gases to the fermentation

mediim,; and

f. The end products of the fermentation can be readily recovered from the

bacterial broth.

{069} Suitable gas sources of carbon and clectrons are preferably added during the
moculation. In addition to those already described these gaseous sources come from a wide
range of materials and include "waste" gases such as syngas, oil refinery waste gases, steel
manufactuning waste gascs, gases produced by steam |, autothermal or combined reforming of
natural gas or naphtha, biogas and products of biomass, coal or refinery residues gasification
or mixtures of the latter. Sources also inchude gases {containing some H,) which are

produced by veast, clostridial fermentations, and gasified cellulosic matenials. Such gascous
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substrates may be produced as byproducts of other processes or may be produced specifically
for use in the methods disclosed herein. Those of skill in the art will recognize that any
source of substrate gas may be used in the practice of the methods disclosed herein, so long
as it 1s possible to provide the microorganisms of the co-culture with sufficient quantities of
the substrate gases under conditions suitable for the bacterium to carry out the fermentation
rCactions.

{6670 In one embodiment of the nvention, the source of CO, CO; and H; is syngas.
Syngas for use as a substrate may be obtained, for example, as a gaseous product of coal or
refinery residucs gasification.

[6671] In addition to those sources as described, syngas can be produced by gasification
of readily available low-cost agnicultural raw materials expressly for the purpose of bactenal
fermentation, thercby providing a route for indirect fermentation of biomass to alcohol.
There are numerous examples of raw materials which can be converted o syngas, as most
types of vegetation could be used for this purpose. Suitable raw materials inclade, but are not
himited to, perennial grasses such as switchgrass, crop residues such as com stover,
processing wastes such as sawdust, byproducts from sugar cane harvesting (bagasse} or palm
oil production, eic. Those of skill in the art are familiar with the generation of syngas from
such starting materials. In general, syvngas is generated in a gasifier from dried biomass
primarily by pyrolvsis, partial oxidation, and steam reforming, the primary products being
CO, Hy and CO,. The terms "gasification” and "pyrolysis” refer to similar processes; both
processes limit the amount of oxvgen to which the biomass i3 exposed. The term
"gasification” is sometimes used to nclude both gasification and pyrolysis.

[6672] Combinations of sources for substrate gases fed into the fermentation process
may also be utilized to alter the concentration of components in the feed stream to the

bioreactor. For example, the primary source of CO, €O, and H, may be syngas, which
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typically exhibits a concentration ratio of 37% €O, 35% Hy, and 18% CQ,, but the syngas
may be supplemented with gas from other sources to ennich the level of CO (ie., steel mll
waste gas is enriched in CO) or Hs.

{6073} The co-cultures disclosed heremn are cultured and used under anaerobic conditions,
As used herein, “anaerobic conditions” means the level of oxvgen () is below 0.5 parts per
million in the gas phase of the environment to which the microorganisms are cxposed. One
of skill in the art will be fanuliar with the standard anacrobic technigues for culturing these
microorganisms {Balch and Wolfe (1976) Appl. Environ. Microbiol. 32:781-791; Balch et al,
1979, Microbiol. Rev. 43:260-296), which are incorporated herein by reference. Other
operating conditions for the established co-cultare will usually mchude a pH in arange of Sto
7.

[074] A suitable medium composition used to grow and maintain co-cultures or
separately grown cultures used for sequential fermentations, includes a defined media
formulation. The standard growth medium is made from stock solutions which result in the
following final composition per hiter of medium. The amounts given are in grams unless
stated otherwise. Minerals: NaCl, 2; NHCl, 25, KCL 2.5; KH, POy, 2.5; MgSO4+7THO, 0.5;
CalCl,*2H-0, 0.1. Trace metals: MnSOeH-0, 0.01; Fe(NH {50, 6H20, 0.008;
CoCl»6H20, 0.002; ZnS50,°TH2Z0, 0.01; NiCl»6H2Z0, (.002; Na;Mo0O42H,0, 0.0002;
NazSeUy, 0.001; Na; W0y, 0.002. Vitamins (in mg}): Pynidoxine-HCl, 0.10; thiamme-HCL,
0.05; riboflavin, 0.05; calcium pantothenate, 0.03; thioctic acid, 0.03; p-aminobenzoic acid,
0.05; nicotini¢ acid, 0.03; vitamin By, 0.05; mercaptoethane sultfonic acid, 0.05; biotin, 0.02;
folic acid, 0.02. A reducing agent mixture is added to the medium at a final concentration of
0.1 g/l of cysteine (frec base); and 0.1 Na5«2H,0. Medium compositions can also be

provided by veast extract or corn steep hiquor or sapplemented with such liguads,
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[8075] In general, fermentation of the co-culture will be allowed to proceed untit a
desired level of butanol is produced in the culture media. Preferably, the level of butanol
produced is in the range of 2 g/l to 7.5 g/L and most preferably wn the range of 6 g/l to 15
g/l Alternatively, production may be halted when a certain rate of production is achieved,
¢.g. when the rate of production of a desired product has declined due to, for example, build-
up of bacterial waste products, reduction n substrate avatlability, feedback inhibition of by-
products, reduction in the number of viable bacteria, or for any of several other reasons
known to those of skill in the art. In addition, continuous culture techmigues exist which
allow the continual replenishment of fresh culture medium with concurrent removal of used
medium, inchuding any liquid products therein {i.e. the chemostat mode). Also, technigues of
cell recycle may be emploved to control the cell density and hence the volumetric
productivity of the fermenter.

{0076} The products that are produced by the microorganisms of this invention can be
removed from the colture and purified by any of several methods that are known to those of
skill in the art. For example, butanol can be removed by distillation at atmospheric pressure
or under vacuum, bv adsorption or by other membrane based separations processes such as
pervaporation, vapor permeation and the ke,

{6677 This mvention is more particularly described below in the Examples set forth
herein and are intended as llustrative only, as numerous modifications and vanations therein
will be apparent to those skilled in the art. As used in the description hercin and throughout
the claims that follow, the meaning of “a”, “an”, and “the” includes plural reference unless
the context clearly dictates otherwise. The terms used n the specification generally have
their ordinary meanings i the art, within the context of the invention, and in the specific
context where each term is used. Some terms have been more specifically defined to provide

additional guwidance to the practitioner regarding the description of the invention.
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EXAMPLES
Genome sequence analysis.
{06678] Analysis of the C. autoethanogenum, C. ragsdalei, C. ljungdahiii, C. coskatii and

C. carboxidivorans genome sequences was performed using the ERGO bioinformatics suite
(Integrated Genomics, Arlington Heights, L) and BLASTX. The genome analysis revealed
two genes annotated as having tungsten-dependent, aldehyde ferredoxin oxidoreductase
activity (Ec 1.2.7.5).

Strains

{6679} Clostridium auioethanogenum strain DSM 10061 {(Abrini J, Naveau H, Nyns E-J,
Arch. Microbiol 1994, 4:345-351), O ragsdalei PUL{ATCC BAA-622) (W0 2008/028055),
C. coskatii PS-02 (ATCC-PTAT(522) (US 2011/0229947), O carboxidivorans strain “P7”
(ATCC-BAA-624) (US 2007/0275447), C. [jungdahlii was obtained from ATCC {strain
ATCC 35383/ DSM 13528/ PETC, Taoner RS et al. fns J Sysr Bacteriol {1993} 43(2):232-
236).

[6080] E. coli F"IW5272-1 MaraD-araB)567,

AlacZ4787(mB-3), A7, Avdh V748 Kan, rph-1. A(rhabD-haB)568, hsdR514. Baba et al
(2006 Mol Syst. Bick 2:1-11 (The Keio Collection). The E. coli AOR mutant was obtained
from the Yale Culture Stock Collection (New Haven {13 E. coli BHI0B (Life
Technologies, Carlsbad, CA; dam”, dem”, merABmrr’) and E. coli BL21 (Life Technologies,

Carlsbad, CA; dem’, dam”, merAB nirr” ) were routinely used for propagating rephicating

plasmids.
Yectors
6081} Suitable vectors are described in Table 1 with some general features. The vectors

were used to express Clostridial {c.g. . aureethanogenum) aldchyvde ferredoxin
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oxidoreductase genes tn an £ coli ydhV mutant to demonstrate butyrate conversion to butanol
function in vivo.  High-copy expression vector pCKART92 contained AOR2 expressed from
the strong Clostridial promoter PecooS. £ coli-Clostridium conjugative vector pCKAR192T2
contamed the same expression construct as pCKARI92 but also expressed the basis of
mobilization derived from RP4 (Parke 1990, Gene 93:135-137). High-copy expression
vector pCKARZ14 contained AORI1 expressed from the strong Clostridial promoter Ppta-ack.
£. coli-Clostridium conjugative vector pCKAR214T1 contained the same expression
construct as pCRAR214 but also expressed the basis of mobilization derived from RP4
{(Parke 1990, Gene 93:135-137). F.coli-clostridium shuttle vector pCK2Z32A0R|, contamed
the same clements as pCKARZ14 but additionally contained the repl origin of replication and
the Ppta-AOR1 expression cassette from O, aufvethanogenum. pCK232 lacks the Ppta-
AQORI expression cassetic.

Table 1. Plasmids used and their key gene clements.

Plasmids Key genetic elements Antibiotic resistance
pCKARIO2 pMB1, Pcoos-AOR Ampicillin

pCKARIO2T2 | pMBI, RP4 oddT, Peoos-AOR | chloramphenicol, Ampicillin

pCKARZ14 pMB1, Ppta~-AOR Anpicillin

pCKAR214T1 | pMBE, RP4 oriT, Ppta-AOR chioramphenicol, Ampicillin

pCK232 pMBI, repl, RP4 oriT Kanamycin, Ampicitiin

pCK232A0R!T | pMBI, repl, RP4 oniT, Ppta- | Kanamycin, Ampicillin

AQR

[0082]  Media
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{8083} . coli was grown i LB medivm which was composed of 10 g/L tryptone, 5 g/L.
veast extract and 10 g/L NaCl.

[6084] LB ampicillin and LB chloramphenicol medium was composed of LB medium
containing filter sterilized 100 pg ampicillin sulfate and 50 ug water sohible chloramphenicol
per ml, respectively.

[085] E. coli was grown on 2xY T agar which was composed of 16 g per liter trvptone,
10 g per liter veast extract and 3.0 g per liter NaCl.

{6086} £ coli minimal medium (M9) contaioed the following per liter: 200 ml 5x M9
salts; 2 ml 1 M MgS50,; 20 mi of a sterile 20% glucose solution; 100 ul of 1 M CaCl,. The
5x M9 salts contained the following (per hiter): NayHPO.TH,O, 64 g KHyPOy, 15 g; Nall,
25g, NH.CL, 5 &

[B08T] For M9 medium containing ampicithin or chloramphenicol, 50 ml M9 medium
was prepared as above and was supplemented with ampicillin sulfate or water soluble
chloramphenicol at 30 pg per liter medium.

{0088} 2xY'T ampicillin (Ap) and chloramphenicol {Cm) were composed of 2xY'T agar
{1.5%) contaming 100 ug {(Ap) and 50 pg (Um) respectively, per mi of agar.

{0089} Clostridium fermentation medium was made anaerobically from concentrated
vitamin, nuneral and metals stocks with the compositions shown in Tables 2 and 3a~d.

[6099] Clostridium plating medium was composed of fermentation medium containing 5
g/L fructose {(Alter-stertlized and added post autoclaving), 10 o/L yeast extract and 15-20 g/L
agar.

Table 2. Fermentation Medium Compositions

Components Amount per hiter

Maneral solution, See Table 2(a} 25 mi
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Trace metal solution, Sce Table 2(b) 10 mli
Vitanuns solution, See Table 2(c) 10 md
Yeast Extract 05g
Adjust pH with NaQH 5%

Reducing agent. See Table 2(d) 25 ml

Table 3{a). Mineral Sohition

Components Concentration {g/1.)
NaCl 30
NH,CI 100
KL 10
KH,PO, 10
MgSO, THO 20
CaCl 2H,;0 4

Table 3(b). Trace Metals Sohution

Components Concentration {g/L)
Nitrilotriacetic acid 2.0

Adjust the pH 1o 6.0 with KOH

MnSO,H,0 1.0
Fe(NH):(S0,), 650 08
CoCl,6H,0 02
7050, TH,0 1.0
NiCL6H, O 0.2
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MNa,MoO,;2H,0 (.02
NazSeQy 0.1
Nr’&z“r()g 0.2

Table 3{(c). Vitamin Solution

Components Concentration {(mg/L}
Pynidoxine HCH 10
Thiaming HCl 5
Riboflavin 5
Calcium Pantothenate 5
Thioctic acid 5
p-Aminobenzoic acid 5
Nicotimic acid 5
Vitamin By 5
Mercaptoethanesulfonic acid 5
Biotin 2
Folic acid 2

Table 3(d). Reducing Agent

PCT/US2016/025991

Components Concentration {g/L)

Cystene (free base) 44

Nap, 5 9H,0 40

{06091} Example 1. Acctate assimilation pathwavs in syngas-utilizing Clostridia.

Metabolic recounstruction of the Wood-Ljungdahl pathway from genome sequences of
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syngas-utthizing Clostridia {including C. aufoethanogenum) identified three possible routes to
carboxylic acids and alcohols (Fig. 1). The product of the Wood-1Ljungdahl pathway is
acetyl-CoA which results from the three-component reaction of (oA, methyl-corrinoid iron
sutfur protein and CO of the carbon monoxide dehvdrogenase acetyl-CoA synthase. Acetvl-
CoA can be directly converted to ethanol by the acetyl-CoA reductase (US patent 8,039,239),
a bifunctional enzyme requiring NADPH and zinc 1o a four-electron reduction reaction. |t
can alternatively be converted to the aldehyde by an acetylating aldehvde dehydrogenase.
The aldehyde can subsequently be converted to ethanol by variety of alcohol dehyvdrogenases.
An alternate route for acetate assimilation involves the conversion of acetyl-CoA to acetyi-
phosphate by phosphotransacetylase which in turn generates acetate by acetate kinase. The
latter reaction generates an ATP which potentially acts as an important valve for energy
balance by substrate-level phosphorviation when cells are growing on dissolved gases. While
generation of an ATP s beneficial to the cell, by balancing the ATP used in the generation of
formyl-tetrahydrofolate of the methy! branch of the pathway, acetate accumulation is
detrimental to cells particularly when the tree acid concentration reaches a threshold level,
typically at about 5 g/ when fermentations are run at or near the pKa of the acids (~4.75).
Another route to acetate assimilation can occur by conversion to the aldehyde using aldehyde
ferredoxin oxidoreductase. Two genes annotated as tungsten-dependent, aldehyde ferredoxin
oxidoreductase (1.2.7.5) were identified in the C. autoethanogemun ef al. genomes and their
DNA and amino acid sequences are shown in Figs. 3 and 4, respectively. These genes
encode a somewhat unusaal function by performing the conversion of a non-activated
carboxvlic acid {¢.g. acetate and butvrate} directly to an aldehvde, thus potentially extending
the metabolic versatility of C. guroerhanogenum et al. to generate alcohols. While this
reaction is thermodynamically uphill, the coupling of the downstream dehydrogenation

reaction makes it very favorable. The aldehvdes formed in tum get converted to alcohol
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using nicotinanide cofactors (NADH(PH) by the wide variety of alcohol dehvdrogenases
wdentified in the O autoethanogermum ef al. genomes. While the conversion of an acid to an
aldehyde is endergonic and likely requiring high encrgy electrons to be transferred to
ferredoxin, this strategy would also reduce acid stress and the consequent dissipation of the
chemiosmotic potential, which s known to be the major source of energy for these
organisms. Moreover, the assumed in vivo ratio of acid to aldehyde 1s predicted to be very
high and thus would also favor the conversion of the acid to akcohol by the aldehvde
ferredoxin oxidoreductase. The energetics of the reaction requiring ferredoxin suggest that a
high encrgy clectron carricr is required for these reactions to take place but recent
experimental data suggest that these anaerobes have ways of alterning the redox requirements
to achieve highly desirable endergonic reactions by redox couphing and bifurcation (Wang et
al. g Bacteriol 195 (19} 4373-4386),

{6092} Exampie 2: Construction of AORZ expression plasmid pCRARISZ. To confirm

functional activity of the open-reading frames (ORF) of the AORZ gene a novel construct
was generated whereby the AOR2 ORF was operably linked o a constitutively expressed,
strong heterologous Clostridial promoter, Peoos (derived from the carbon-mounoxide-clectron
transfer protein region US Patent 8,039,239}, The 2.307 kb Pcoos-AOR2 expression cassetie
was synthesized with Sphl, HindlH and Kpnl engineered at the 57 and 37 ends and higated to a
modified pMB I-based high-copy number vector for replication n £, cofi. Ampicilhin was
used as the selection agent at 100 ppm (Fig. 2A}. This expression vector was designated
pCKARI92 (Table 1}.

{8693} Exampie 3: Construcuon of . coli-Clostridium shuitle vector pCRI92T2. For

generation of an &. coli-Clostridium shuttle vector, pUCKAR149 was used as the cloning
vehicle. pUCKAR149 contains dual replicons for replication in £. cofi and C.

autoethanogenum et af. and dual antibiotic resistances. The resistance gene for Clostridinm
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selection, chloramphenicol, was expressed from a strong, constitutively-expressed native
promoter and can be used as primary selection m C. guicethanogenum. The 2.307 kb Peoos-
AQOR2 cassette was released from pCKARIOZ with Sphl and higated into Sphi-digested
pCKAR1I49. Putative recombinant plasmids were screened and confirmed by restriction
digestion using Spil and PCR using primers that amphified the cassette (Fig. 24). The
cassctte was also subjected to double-strand gene sequencing to confirm authenticity of the
Pcoos-AORZ DNA. The final construct was designated pCKARI927T2 (Table 1).

10094} Exampie 4. Construction of Ppta-AQR I expression plasmid pCKAR214. For

AOR] expression a novel construct was generated using the strong clostridial promoter Ppta
{denved from the phosphotransacetylase/acetate kinase region) operably linked to the AOR!
ORF. The 2.298 kb Ppta-AORI expression cassette was synthesized and ligated to a
modified pMB I-based high-copy number vector for replication n £, cofi. Ampicilhin was
used as the selection agent at 100 ppm. The restriction cnzyvme site £coRI was engineered at
the 5° ends for downstream sub-cloning into suitable &. coli-Clostridium shuttle vectors. The
final construct expressing the AGRI gene was designated pCKAR214 (Fig. 3, left; Table ).

[6695] Example 5: Construction of Ppta-AQRI £ coli-Closiridium shuttle vector

pCKARZI4TY. For generation of an £ coli-Clostridium shuttle vector containing Ppta-
AQORI, pCKAR149 was used as the cloning vehicle as described in Example 3. It contains
dual rephicons for replication in £. colf and C. autoethanogenum and dual antibiotic
resistances as wel as the basis of mobihization for DNA transfer via conjugation but can also
be clectroporated into recipient cells. The 2.307 kb Ppta-AQRI cassette was released from
pCKARZ? 14 with FeoR]I and higated to FeoRI-digested pCKAR149. Putative recombinant
plasnuds were selected on chloramphenicol, sereened and confirmed by restriction digestion

using fcoR1 and PCUR using primers that amplified the cassetie. The cassette was also
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subjected to double-strand gene sequencing to confirm authenticity of the Ppta-AQRI1 DNA.
The final construct was designated pCRAR2 4TI (Fig. 3B; Table 1).

10696} Example 6: Butvrate production using the butyryi-CoA acetate transferase
pathway. The butyrogens in co-culture with C. autoethanogenun have two pathways for the
generation of butyrate. Hthanol-oxidizing butyrogens such as C. Auyver/ will consume six
moles ethanol and 4 moles acetate to form 3 moles acetoacetyi-CoA via thiolase (2.3.1.16).
The acetoacetyl-CoA is then reduced to 3-hydroxybutyryl-CoA 1n a reaction catalyzed by 3-
hyvdroxybutyryvi-CoA dehydrogenase (1.1.1.157}). 3-hvdroxvbutyryvi-CoA 1s dehydrated by
crotonase (4.2.1.17) to form crotonvi-CoA. The conversion of crotonyi-CoA jnvolves
glectron bifurcation and a complex of ferredoxin, NADH, and FAD to generate the
chemiosmotic potential essential for cell viability (Wang et al., J Bacreriol. 192:5115-5123,
20103, This reaction 1s carried out by butyvrvi-CoA dehvdrogenase (1.3 8.1 or formerly
1.3.99.2) and the EtfAB proteins. The final step to butyrate production is shown in Fig. 6.
and involves a transforase reaction that converts free acetate to acetyl-CoA with the release of
butyrate. One of the butyrogen (C. pharus) genomes has been sequenced and the gene
encoding a butyrvi-CoA acetate transferase activity (2.8 3.8) has been identified (Seq. 1D No.
7).

6097} Example 7: Butyrate production using the phosphotransbutyrylase-butyrate

kinase pathwav. A second pathway butyrogens use for butyrate production involves
phosphotransbutyrylase and butyrate kinase (Fig. 73, Some organisms contain both butyryl-
CoA acetate transferase and butyrate kinase gences such as identified in the Clos#ridium
carboxidivorans genome sequence {A. Reeves unpublished). Gther butvrogenic organisms
have one or the other system. The steps m the formation of butyrvl-CoA arc more or fess
wdentical in the two systems and vary only in the final steps of butyeate production (Figs. 6-7).

Butyryi-CoA is converted to butyvryvi-phosphate catalvzed by phosphotransbutyrylase
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{2.3.1.19). Butyrate kinase (2.7.2.7) converts butyryl-P to butyrate while gencrating ATP,
similar to the acetate kinase reaction.  In our butanol-producing co-cultures the genes
encoding phosphotransbutyrylase and butyrate kinase activity have been detected using gene-
specific primers.

(098] Exampie 8: AQRI, AOR2, BCoAAT, and Buk gene amplification with co-

NO: 1), AOR2 (SEQ ID No: 3}, BCoAAT (SEQ 1D NOS: 7-8), and Buk (SEQ 1D NOS. 9-
11) to confirm the presence or absence of these genes in mono and co-culture fermentations.
The primer sequences were: AORI-A-forward (SEQ 1D NG: 19); 5°-
ACTTGGATTATGTATTTTTACA-3; AORI-A-reverse (SEQ 1D NO: 20y, 5°-
TGAACTATCTATGCOTGCTTTT-3 AOR2-A-forward (SEQG D NG: 21): 5°-
AAGAAAGAACTTGCAAATCA-S; ADR2-A reverse (SEQ ID NG: 22): 5°-
CGGAGCTCCAGTTAAAGGA-3 ", BCoAAT forward (SEQ 1D NO: 23y 5°-
AGUCATGCTAGUC TCCTCTCATGTA-3" . BCoAAT reverse (SEQ 1D NG 24y 57-
GGAGTATCAACCGAT TATTCACAG-3"; Buk forward (SEQ 1D NOG: 23y 5°-
GATGGTTCTACACTT CAGCTT-3; and Buk reverse (SEQ 1D NO: 26). 5°-GAT ATC
ATTTCT GAATGT ATA CCC-37. Primers were targeted o unique regions within each
AOQOR gene where little or no overlap occurred so that amplicons would yield umigoe products.
For the butyrvi-CoA acetate transferase and butyrate kinase genes primers were designed
from multiple sequences with degeneracies to allow amplification of the broadest variety of
butyrate-producing organisms i the consortium. The cveling reactions tested a gradient of
temperatures from 45 Cto 61 C. For all primer sets tested, the temperature range of 53 C-
56" C gave strong amplicons with no observable background products scen on agarose gels or
using melting curve analysis in gPCR.  The cycling conditions were: 1 cycle at 94 € for 3

minutes followed by 30 cveles at 94 C for | minute to denature gDNA, 30 seconds annealing
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at a gradient of 45 C-61 € and an extension at 72 C for 30 seconds. The final extension
step was at 72 C for 7 minutes. The results of PCR using the four best primer sets and
consortia gDNA are shown in Fig. 8. For AOR1, using pnmer set AORIL-A the amplicon
was the expected size of 198 bp (Fig. &, top, left) and for AQR2, primer set AQR2-A gave a
unigue amplicon of the expected size of 201 bp (Fig. 8, bottom, left}. The butyrogen primer
sets BCoAAT and Buk were also tested with DNA extracted from the co-culture
fermentation. The BCoAAT primer set gave the expected size amplicon of 715 bp (Fig. §,
top, right} while the Buk primer set gave the expected amplicon of 168 bp (Fig. §, botiom,
right).

Example 9: Monoculture formentation conditions_for iesting AORI1 and AORZ genc

gxpression. A 10-liter svngas fermentation was run containing C. auwfoethanogenum DSM
10061 for more than 2000 hours (Fig. 9). The C. auwroethanogenum culture reached an optical
density of 2.2 after several hundred hours growing on minimal medinm containing syngas
with a composition of Hy-64.7%, CO-162%, CO,-11.7%, and CHy-6.04% (mol%), a gas
flow rate of 300-300 ml/min with agitation between 500-600 rpm, and a HRT of 2.5 days
during the time penod for which samples for gene expression were collected. The ethanol
concentrations fluctuated between 20 and 30 g/l and the acctate concentrations fluctuated
between 5 and 10 g/L over the course of the fermentation.  Samples for AORI and AORZ
gene expression were taken at nine different time pomts between 1700 and 2050 hours into
the fermentation when the volumetric H; gas uptake started to fluctuate considerably (Fig. 9).
The primers sets and sequences used for gene expression analysis {presented as fold change)
shown m the figure are: 467/469, AOR2-forward (SEQ D NGO 21p 5°-
AAGAAAGAACTTGCAAATCA-3,  AORZ-reverse  (SEQ 1D NO: 22y 5°-
CGGAGCTCCAGTTAAAGGA-3, 474/478, AORI-forward (SEQ D NO: 19y 5

ACTTGGATTATGTATTITTACA-3’,  AORl-reverse (SEQ B NG 20y 5
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TCGAACTATCTATGCCTGCTTTT-3"; 441, iron-only hydrogenase-forward (SEQ 1D NO:
27 57-TGT GAA CGT CCT GAA ATG AAA G-37; iron-only hvdrogenase reverse (SEQ 1D
NQO: 28) 57-AGT GCC TG ACC AGA ATA AGT T-37.

Example 10: AQRI] and AQR?Z gene expression o a . gufoethanogenum monoculture

fermentation.  During most of the 10-L syngas fermentation using a monoculture of C
autoethanogenum the volumetric productivity rate remained high (>0.4 g/L/b). Samples were
taken between 1760 and 2050 hours for RT-PCR analysis using primers AQR1-A and AQRZ-
A Addwionally, four O agufoerhanogenum hvdrogenase genes were tested for gene
expression during the time course fermentation to scc how thev trended with AUR gence
expression {Fig. 9). Cells were quickly pelieted and re-suspended in RNA protect solution
for 5 minutes and quick frozen in liquid nitrogen. Frozen cells were kept at -80 € antil
needed. Total RNA was extracted using the KNA ecasy kit ((iagen, Valencia, CA). A
DNAse treatment step was included to ensure that all genomic DNA was degraded before
c¢DNA was gencrated. A iotal ¢cBNA reaction was performed on 30 ng of RNA and purified
using column chromatography. Fifty ng of purified ¢cDNA from mine sample points were
ased in RT-PCR {(n triphcatc reactions} using an Eppendorf Realplex with built-in statistical
software (Eppendorf NA, Happauge, NY) and primer sets AORI-A (primer set 474/478),
AORZ-A (prmer set 467/469), Hye-1 (pnmer sct 431), Hyg-2 {(primer set 435), Hyg-3
{primer set 437} and Hyg-4 {pnimer set 441} The 16s rDNA and recA genes were used as
reference and mternal standards, respectively {data not shown). Primer sequences 474/478,
467/469, and 441 see Example 9. Primer sequences for the three additional hvdrogenases
are: Hyg-1 (431-forward) (SEQ 1D NO: 29). 5’ -GUCCCGATATAAATCCTCTTT-3; (431-
reverse, (SEQ 1D NO: 30y 57-CCAACAAAAATTCCATGATT-3";, Hyg-2 {(435-forward,
(SEG ID NO: 31 5°-CTACAATITTAAACGCTGCA-S, (435 -reverse; (SEQ 1D NG: 32

5 -GCTCTGGCACTGTTTGTTCTAS3", Hvg-3 (437-forward; (SEQ 1D NO: 33) 57-TGA
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TAC AAA CTT TGG TGC AG-37; and (437-reverse; (SEQ 1D NO: 34): 5°-ATA TAG CTC
CAG CCATCT GA-3.

{099] During the 350-hour sampling period, the transcript levels were normalized using
16s RNA as a reference gene allowing only fold changes to be determined. Relative
expression levels were discernible and trends determined mndicating the ievel of expression
during the course of the sampling period. During the first 150 hours of sampling both AGR
genes are expressed at a higher level {(2-6-fold) than the preceding period. During this time
the H, gas uptake was declining rapidly. The increase m AOR gene expression is followed
by a 150-hour period of a discemible decrease in expression of AOR2 gene and a shight
change in AOR1 gene expression. H; gas uptake stabilized during most of this period before
mcreasing significantly. Preceding the AOR2 decline was a dramatic H) gas optake decline.
At 2000 hours both AORs are dramatically upregulated along with the H, gas uptake before
the fermentation ceased. The cell density did not change significantly during this
fermentation period whereas gas uptake fluctuated indicating a regulated response of the
AOR genes to process parameters and metabolite production (Fig. 9.

[60106] Example 11: Co-culture formentation conditions for testing AOR gene

gxpression. A 100-liter fermentation experiment was run in order to establish a syntrophic
pairing of a type strain homoacetogen, C. aufoethanogenum, and a mixed culture of
butyrogens. The fermentation was secded with 8.5 L of a previously combined co-culture of
the homoacetogen, C. autoethanogenum, and butyrogen that had already been running under
stable conditions. The fermentation was maintained on munimal mediom (Table 2} and fed
syngas with a composition of Hy-64.2%, C0-~16%, C03~12 4%, and CHs-5.9% (mo1%)), a gas
flow rate of 2400-2900 mL/min with an agitation of between 360 and 500 rpm. Cell recyele
was used on this fermentation with a hydraulic retention time of 1.6 days and a mean cell

retention time of 2.5 days. The cthanol and acetate concentrations during the 280 hr
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sampling period were between 2-3.5 g/l and 2.5-4 /L, respectively, prior to the decline in
H; gas uptake. Butanol and butyrate concentrations of 5-7.4 g/L. and 2.1-4 g/L, respectively,
were achieved during this same period prior to Hy gas aptake decline. Un average more than
70% of the syngas clectrons consumed were converted to butanol and butyrate over the
sampling period. For RT-PCR experiments, six samples were taken during the co-culture
fermentation from 144-1008 hours (Fig. 10).

{06101 Example 12: AQRZ genc oxpression in a butano! co-colture formentation, The

C. autoethanogenum AGR2 gene was highly expressed (~1 x 107 copies/ug RNA) throughout
the 860 hours of the sampling period until the end of the fermentation but was noticeably
down-regulated from 480 hours into the fermentation until the end of the formentation

{Fig 10; primer sct 467/469). The volumetric gas uptake and most other measured
parameters were n decline including ethanol, butanol and butyrate production during this
period. The acetate concentration mcreased significantly (>10 g/L.) which could be explained
by the lowered AOR expression (i.¢. poor carboxylic acid conversion). Gene expression
analysis was also performed on the six identified C. aufoethanogenum hydrogenase genes
{primer seis 431, 433, 435, 437, 440, 441). All six hydrogenases showed the same general
expression pattern {data only shown for 431, 435, 437, 441). Durning the tirst 130 hours of
sampling {from 144-294 howrs into the fermentation) the H, expression mcreased slightly as
gas consumption increased. From 480-720 hours into the fermentation expression of
hydrogenase expression noticeably decreased. The hvdrogenase expression levels remamed
flat from 720 hours to the end of the fermentation while the AOR expression levels continued
to decrease (Fig. 10}

[861682] Example 13: £._coli growth conditions for testing heterologous AQR activity,

K. coli $W5272-1 1s an aldehvde ferredoxin oxidoreductase mutant containing an nserted

Kn-resistance gene in the vdh gene. pdhl is part of a seven-gene operon {vdh¥-yvdh1)
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encoding a heptamenc oxidoreductase that is responsive to FNR, the anagrobic metabolism
regulator. i 1s not known what the substrate(s) are involved in the redox reactions but there
1s an apparent defect in the anaercbic metabolism of five sulfur sources (Partridge J, ef @/,
2008, Microbivlogy, 154:608-618), While annotated as such, the phenotype does not appear
to be involved 1 the conversion of short-chained carboxylic acids to aldehvdes. Nonetheless,
pCKARIOSZ was transformed into £. coli JW5272-1 to remove the possibility of any putative
background aldehyde ferredoxin oxadoreductase activity. M9 minimal mediim was used
throughout to grow the £ coli stramn containing pCKAR192 but the medium was
supplemented with the following nutrients to take mto account the likely anacrobic
requirements for highly expressed AOR activity: Ix trace metals mix as described in Table
3b, 1x vitamin mix as described 1n Table 3¢, Na, WO, at a final concentration of 20 uM,
NaNQ; at a final concentration of 100 pM, and Na;S at a final concentration of 1 mM. For
testing the conversion of acetate and butyrate to alechols both were added as the sodium salt
at a final concentration of 22 mM and 27 mM, respectively. Cells were first grown to nud-
log phase (GD ~0.8) anaercbically using glucose as the sole carbon and energy source in MY
minimal mediom without supplementation before transfer into the same mediom containing
the supplements described above. Either acetate or butvrate was added to the /. coli cultures
containing plasmids pCKAR162 and pCKAR192. Cultures contained ampicillin sulfate at 20
ppin for plasmid maintenance. Cells were grown under strictly anaerobic conditions without
shaking with added sodiom sulfide (up to 2 mM throaghout the testing period) to remove any
traces of oxygen.

[BG1G3] Example 14: Heterologous expression of Ppta-AQR2 in & cali. £ coli strains

pCKARI162 and pCKARIO2 grew well under the anacrobic conditions described in Example
13. Cells reached a maxamum ODgoo after about 30 hours. Results of GC analysis of culture

metabolites are shown i Fig. 11 for duplicate strains grown etther in the presence or abscnce

39



WO 2016/164339 PCT/US2016/025991

of acetate and buotyrate. When I cofi stram pCKARI162 was grown only with glucose as sole
carbon and energy source it made about 0.25 g/t ethanol and about 1.75 g/t acetate afier 24
hours. The strain containing the Ppta-AOR gene (£ coli strain pCKARI92} made the same
amount of ethanol and acetate. When trace metals were added along with sodium acetate the
production of ¢thanol increased. The same results were observed with £. coli strain
pCKARI92 when trace metals and sodium acetate were added to the medium. When 27 mM
sodium butyrate was added (-3 g¢/l) to £ coli pCKARIA2 none of the butyrate was converted
to the alcohol. Some acetate and cthanol were observed as expected since £ coli produces
these metabolites through known metabolic pathways. In £. cofi pCKARI9Z supplemented
with 27 mM of scdium butyrate and tungsten some of the butyrate was converted to |-
butanol at a final concentration of about 0.5 g/L. The butano! production was plasmid
dependent and also metal dependent, since no butanol was observed with £ ¢coli strain
pCKARISZ containing plasmid but no trace metals (Fig. 11} These results confirm the
functional activity of the Ppta-AOR expression cassette through the conversion of a non-
activated C4 acid requiring strictly anaerobic conditions and very low redox. The fact that 7.
coli strain pCKAR 162 did not make any butanol under any of the growth conditions, while
having a native CoA synthetase gene, imdicates that AOR gene function was solely
responsible for converting the supplemented acid to the aldehvde using a non-activated
substrate.

{00104]  Example 15: Vectors for the generation of a recombinant Clostridial biocatalyst

containing constitutively expressed aldehvde ferredoxin oxadoreductage. The AOR genes

have been shown to be regulated at the transcriptional level and can vary with the growth
stage (Figs. 9, 10 and Coskata, unpublished results). Efficient conversion of carboxylic acid
to aldehyde in mono- and co-culture by the AOR enzymes has been cbserved in 100-L

fermentations over more than 1000 hours and 1s predicted to be closely correlated to
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maintenance of low free acid concentrations. In this regard, down-regulation of AQR
expression could be correlated to an mcrease in the culture free acid concentration (Fig. 9) by
an as yvet unknown mechanism. Both AOR genes appear to be regulated similarly (although
at different absolute transcript levels). A vector construction strategy was developed that
mvolved avtonomously rephicating plasmids containing the Ppta-ack operon promoter
expressing AOR genes. This vector would express one or both of the AOR genes and be fully
operative at the enzymatic level when the native genes are down-regulated, thereby
potentially reducing free acid accumulation, which can be deleterious to cells and fermenter
productivity.

106105] K coli-Closiridium shuttle vectors were constructed by first using a mobilizable
plasmid, pARO190 (Parke, 1990), as the backbone. pARG190 containg the basis of
mobilization region from pSUP2020 and the origin of transfer from RP4 (Parke, 1990} A
kanamycin-resistance gene expressed from a moderately strong Clostridium promater, Psadh,
was cloned into the Fsi-Sphl sites of pARG190. This gencerated a vector designated
pCKARZE, which is expressed in high copy number in &, cofi. The pMEB1 origin contained
on pCKARZS is not functional in Clostridium and thus a suitable replicon able to
autonomously replicate in Clostridium was required. Scanning the closed genome sequence
of C. autoethanogernnm {Coskata, unpublished results) identified two contigs, one of which
was the chromosome of >4.3 Mb and the other a 5,456 kb autonomously replicating plasmd.
ORF analysis revealed an origin of replication related to the rep! superfanuly invelved ina
rolling-circle replication mechanism. A 1.5 kb Pstl region containing the ~800 bp repl-
homologous region and 700 bp of surrounding DNA was cloned into the unique Psf site
contained on pCKAR2S. This £ cofi-Clostridium shuttle vector was designated pCKZ31
{counterclockwise onentation with respect to the kanamycin resistance gene} and pCK232

{clockwise onentation; Fig. 12, left).
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[06186] To clone the constitutively expressed AORI gene, plasmid pCKAR214, which
contains a synthesized Ppta-AOR gene cassette (Fig. 3}, was used as template for PCR. PCR
primers containing enginecred BamHI sites at each 5 end were used to amplify a 2.385 kb
fragment containing the promoter, Ppta-ack, the AOR!I gene and downstream sequences
meluding its transcriptional ferminator. After amplification, gel purification, and isolation the
2.383 kb product was digested with SamBl and ligated to dephosphorviated pCK 232 which
was previousty digested with BamBH1 Putative &, coli transformants containing recombinant
plasmids were sereened by BamHI restriction digestion for the presence of the 2.385 kb
msert. Three such recombinant plasouds contatning the 2.385 kb msert in the pCK232
backbone were isolated, punfied, and the cloned Ppta-AOR cassette additionally confirmed
using PCR, additional restriction enzyme analysis and sequencimg. Thig shuttle vector was
designated pCK232A0R!T (Fig. 12, night} and was used to transform C. autoethanogeman
DSM 11061,

{68167} Example 16: DNA transformation. Shuttle vectors pCK232 and pCK232A0R!1

were transferred into C. autoethonogenum DSM 11061 by clectroporation using essentially
{(with minor modifications} the method reported by Liu et al, (2006) for C. fyrobutyricum
with scale-down adaptations implemented by Leang et al. {(Applied and Environmenial
Microbiclogy, 79:1102-1109, 2013} for C. [jungdahiii. C. avtoethanogermm DSM 11061
cells were grown i the fermentation medinm described in Table 2, containing 5 g/l yeast
extract without added DL-threonine and containing fructose as main carbon source {0.3%;).
Cells were harvested at mid-log phase (0D 600nm 0.3-0.4) and all subsequent steps
mehuding resuspensions and clectrotransformation were carried out under strict anoxic
conditions 1 an anacrobic chamber (Coy Products, M}, Washed cells were resuspended in
SMP buffer pH 5 8 and aliquoted for individoal electrotransformation (25 ul) into a 0.1 um

cuvette or stored frozen for near-term use at ~-80°C in 10% DMSO and SMP buffer, pH 5.8



WO 2016/164339 PCT/US2016/025991

The electroporation parameters used were 625 V, 100 Q and 25 puF. Putative transformants
were selected on fermentation medium agar (2%) containing 100 pe/ml kanamycin sulfate.
Agar plates were incubated anacrobically in an anacrobic jar at 37 C under a N,.CO;
headspace .

[66168]  Example 17: Recombinant AOR expression analysis by RT-gPCR. DNA
transformation of pCK232A0R!1 w C autovethanogenum was confirmed by plasmid rescue
mto K. coli followed by restriction analysis and PCR amplification of a unique junction
region of total DNA 1solated from biocatalyst strain TF18 {(data not shown). fn vive AORI
expression from pUK232A0R1 in strain TF1S was shown in RT-gPCR tests using AORL-
specific primers and RNA isolated from cultures growing on svngas and fructose as sole
carbon and cnergy sources. Wild-type and TF 8 strains were grown i serum bottles (158
ml} in 20 md of formentation medium containing 3 ¢/l veast extract and either syngas {65%
H, , 16% CO, and 15% C0O,) or 5 g/l fructose. One nulliliter of cells was harvested at
different optical densities corresponding to different growth phases, rapidly pelleted and flash
frozen in an RNA protection solution. Frozen cells were stored at -80 C until needed. Total
RNA was isolated using the RNA easy kit {(iagen. Carlsbad, CA). Typically 3-5 ug of RNA
was extracted/ml cell mass using this procedure. Complementary DNA was generated using
reverse franscriptase as described by the manufacturer (ReverseScript, Ambion, Grand Istand,
NY). Forthe RT-gPCR, 30 ng KNA was used for each reaction. A standard curve was sct
up using plasmid DNA that contained the cloned AOR] gene target to quantitate transcript
fevels in the samples. Cycling conditions were: 95°C for 2 minutes (1 cycle, hot start
activation}); 40 cycles of 95 "C {denaturation) for 15 sec. and 60 C {annealing and extension)
for 60 scc. A final melting curve (dissociation) cyele of $3-95°C was performed to confirm

specificity.
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[66109] On fructose medium, both TF18 and wild type cells grew to a final OD of about
0.8 after 48-60 hours. Kanamvcein at 10 ppm was used for plasmid maintenance n hquid
growth for TF18. On syngas medivm, the wild-type strain grow normally to a final OD of 0.7
but TF18 only reached an QD of 0.2 over two days and reached its maximum of 0.25 at 60
hours. Transcript levels and specific productivity rates were compared over the course of
five days incubation (Figs. 13, 14). RT-gPCR analysis of the wild-type strain showed that the
ADRI gene 1s essentially not cxpressed when cells are grown on fructose but that
recombinant strain TF18 expressed AOR1 abundantly (contained on pCK232A0R1) from the
constitutive Ppta promoter when growing on fructose (Fig. 13). Therc was a greater than 30-
fold difference between the wild-type and TF18 AOR]T transcript levels when cells were
compared o mid-log phase (0D .4). In older, stationary phase TP18 cells (0D 0.8} AORI
transcript declined significantly, although the gene expression levels were still about 4-fold
higher than the wild-type strain. In both strains grown on syngas the Wood-Ljungdahl
pathway is expected to be operative and the native AOR genes are expressed {Fig. 13},
although minor differences between the wild-type and TF18 strains were hikely due to
differences in growth rates and cell vields under the conditions used.

[06110] Example 18: Productivity of . autoethanogenum strain TE1R prown on syneas,

QGas chromatography was performed on samples taken after 1, 2, and 3 days for the wild-type
and TF18 {expressing recombinant Ppta~-AOR) strains grown in syngas. The results showed
that the TF18 strain had a more than 2-fold higher specific ethano! productivity rate
{grams/OD} throughout the 5-day fermentation period than the wild-type strain (Fig. 14, left).
The acetate productivity rate {(grams/OD) was lower in the TF18 strain than the wild-type
after 1 day of incubation, mdicating a more rapid conversion of acid (Fig. 14, right).

{00111} Example 19: Scale up fermentation testing of recombinant strain TF18. The

recombinant C. autoethenogenum strarn TF18 was tested in a 5-L tank growing in

44



WO 2016/164339 PCT/US2016/025991

fermentation medium at pH 5.2 (Table 2) with kanamycin sulfate added at a final
concentration of 25 pg/mi. Frozen stocks of TF18 were grown in 20 mi of fermentation
medium i serum bottles containing 0.2% fructose to regenerate the strain. After reaching an
0D of 0.8 {about 30 hours} cultures were transferred to 100 ml fermentation medium
containing kanamycin sulfate (100 ug/ml} in a syngas headspace (65% Hy, 20% €0, and 8%
C(h). The 100 ml culture was transferred to 1900 ml fermentation medium i a 3-L reactor.
When the culture optical density (600mm) reached 0.5 an additional 3000 m! medivm was
added for a final volume of 5 lifers. Agitation was ramped up from 223 rpm to 325 rpm over
the course of 7 days. (as flow rate was 100 mi/min early in the fermentation and increased
to 141 ml/min duning steady state. Product selectivity of C. audoethanogerum strain TFI8 15
shown during a 400 hour period {(Fig. 15). Only cthanol and acetate were produced, as
expected for this culture. The selectivity in steady state ranged from 83.25% 1t 86 47% on a
molar basis for ethanol and 16.75% to 13.533% for acetate. During the first 100 hours the
ratio of ethanol to acetate {molar basis) was better than that seen for the parent strain which
would contain only the two native AORs. The more rapid shift to solventogenesis is viewed
as g strain and process improvement imparted by the additional AQR gene expression. The
mprovement in selectivity during this period was between 10-15% when compared to the
average of many previous fermentations run solely with the parent strain. Improved
selectivity would be ong of the expected strain improvements of increased AOR expression,
since the amount of total AOR protein would be expected to increase rapidly during growth
phase and eventually settle into about ix10” copies/ug RNA in the parent strain (Fig. 10).
Additional copies of AOR expressed off an autonomously replicating plasmid would bikely
increase the RNA levels further possibly into the 1x10™ copies/ug RNA. Increased transcript
hikely leads to increased levels of protein which would drive additional acetate to aldehyde

conversion. This would in turn have the overall cellular effect of lessening the possibility of
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acetate accumulation (ncreased free acid) and cell stress by dimimition of the cell's
membrane potential, which 18 primarily where C. autoethanogenum obtains its energy.
Yolumetric gas uptake was simular to that observed for the parental strain and depending on
the gas flow ranged from 45 mM//h to over 52 mM//h. Once the culture was fully
acclimated fo the fermenter conditions, the growth rate of strain TF18 in the presence of 25

mg/L ot kanamycin was casily maimntained with a 2-day hyvdraulic retention time.

Seg 1D No. 1 O aufoethanogenum AURT DNA sequence mcluding native promoter.

TCTGAAATGGAACAAAATTGCACCAAGATGGAACAGTTTGCTTGGCGCAATACC
CTCAAAACACAATATTTTATTATIGGCATOGTTTATGCTATATATATAATICGTTTG
AATAATCAATTTTTTTAGGAGGGTTITTATGTACGGATATAAGGGTAAGGTATTA
AGAATTAATCTAAGTAGTAAAACUTTATATAGTGGAAGAATIGAAAATTIGACAAA
GUTAAAAAATTTATAGGTGCAAGAGGGTTAGGCGTAAAAACCTTATITGACGAA
GTAGATCCAAAGGTAGATCCATTATCACCTGATAACAAATTTATTATAGCAGCGG
GACCACTTACAGOGTGCACCTGTTCCAACAAGUCGGAAGATTCATGGTAGTTACTAA
ATCACCTTTAACAGGAACTATTIGCTATTGCAAATTCAGGTGGAAAATGGGGAGC
AGAATTCAAAGCAGUTGGATACGATATGATAATCOGTTGAAGGTAAATCTGATAA
AGAAGTTTATGTAAATATAGTAGATCGATAAAGTAGAATTTAGGGATGCTICTCAT
GTTTGGGUAAAACUTAACAGAAGAAACTACAAAAATGUTTCAACAGGAAACAGAT
TCCGAGAGCTAAGGTTTTATGCATAGGACCAGCTGGGUGAAAAGTTATCACTTATGG
CAGCAGTTATGAATGATGTTGATAGAACAGCAGGACGTGOTGOGTGTIGGAGCTG
TTATGGOGTTCAAAGAACTTAAAAGCTATTIGTAGTTAAAGGAAGCGGAAAAGTAA
AATTATTTGATGAACAAAAAGTGAAGGAAGTAGCACTTGAGAAAACAAATATIT
TAAGAAAAGATCCAGTAGCTGGTGGAGGACTTCCAACATACGGAACAGCTGTAC
TIGTTAATATTATAAATGAAAATGGTGTACATCCAGTAAAGAATTITCAAAAATC
TTATACAGATCAAGCAGATAAGATCAGTGGAGAAACTTTAACTAAAGATTIGCTT
AGTTAGAAAAAATCCTTGCTATAGGTOTCCAATTGCCTGTGGAAGATGGGTAAA
ACTTGATGATGGAACTGAATGTGCGAGGACCAGAATATGAAACATTATGGTCATTT
GUGATCTGATTGTGATGTATACGATATAAATGCTGTAAATACAGCAAATATGTICT
GTAATGAATATGGACTAGATACCATTACAGCAGGATCGTACTATTGCAGCAGCTAT
GGAACTITATCAAAGAGGTTATATTAAGGATGAAGAAATAGCAGCAGATGGATT
GTCACTTAATTGGGGAGATGCTAAGTCCATGGTTGAATGGGTAAAGAAAATGGG
ACTTAGAGAAGGATTTGGAGACAAGATGGCAGATGGTTCATACAGACTTITGTGA
CTCATACGGTOGTACCTGAGTATTCAATGACTGTAAAAAAACAGGAACTTCCAGCA
TATGACCCAAGAGGAATACAGGGACATGGCATTACTTATGCTGTTAACAATAGG
GGAGGATOTCACATTAAGGGATATATGGTAAGTCCTGAAATACTTIGGCTATCCAG
AAAAACTTGATAGACTTIGCAGTGGAAGGAAAAGCAGCGATATGCTAGAGTATTCC
ATGATTTAACAGCTGTTATAGATICACTIGGATTATGTATTTTITACAACATTTIGGET
CTTGGTGCACAGGATTATGTTGATATGTATAATGCAGTAGTTIGGTGGAGAATTAC
ATGATGTAAATTCTTITAATGTTAGCTGGAGATAGAATATOGGACTTTAGAAAAAAT
ATTTAACTTAAAAGCAGGCATAGATAGTTCACAGGATACTUTTCCAAAGAGATTG
CTTGAAGAACAAATTCCAGAAGGACCATCAAAAGGAGAAGTTCATAAGTTAGAT
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GTACTACTACCTGAATATTATTCAGTACGTGOGATGGGATAAAAATGGTATICCTA
CAGAGGAAACGTTAAAGAAATTAGGATTAGATGAATACGTAGGTAAGCTTTAG

Seq. 1D No. 2 C. autoethanogenum amino acid sequence of AQRY
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Seq. 1B No. 3 DNA sequence of (. gutoethanogenum AGR2 including native promoter.

AAATAGTATTGTACGTTATTITGATCACTTTTTTAAAAATAAAATGATAATATIGTA
TITTTTTIGAGCATITIGGCAATACAAAGAACTGTATIGTTITATTATTTAAGCATT
TTATTATAAAACAAAAAAACGTTATTAAATTATTITGCTATGAATTCACTTGATAA
TCAATGCATIGCATOGTGATOGTTGATTATTGAGTGTTTITITITGTAACCATATTICGG
CACAATTTATGCTCTATAATATTTICTGAAATAAATACATTTATATGAGGAGGAAT
TTCAATGTATGGTTATCGATGOTAAAGTATTAAGAATTAATITAAAAGAAAGAACT
TGCAAATCAGAAAATTTAGATTITAGATAAAGCTAAAAAGTTTATAGGTIGTAGG
GUACTAGOTGTTAAAACTTTATITGATGAAATAGATCCTAAAATAGATGCATTAT
CACCAGAAAATAAATTTATAATTGTAACAGGTCCTITAACTGCAGCTCCGOGTTCC
AACTAGTGGAAGUGTTTATGOTAGTTACTAAAGCACCGCTTACAGGAACTATAGG
AATTTCAAATTCGOOTGGAAAATGOGGAGTAGACTTAAAAAAAGCTGOTTGGGA
TATGATAATAGTAGAGGATAAGGUTGATTICACCAGTTTACATTIGAAATAGTAGAT
GATAAGGTAGAAATTAAAGACGCGTCACAGCTTTGGGUGAAAAGTTACATCAGAA
ACTACAAAAGAGTTAGAAAAGATAACTGAGAATAAATCAAAGGTATTATGTATA
GGACCTGCTGGTGAACGATTGTCTCTTATGGCAGCAGTTATGAATGATGTAGATA
GAACTGCAGCAAGAGGCGGUGTIGGTGCAGTTATGGGATCTAAAAACTTAAAAG
CTATTACAGTTAAAGGAACTGCAAAAATAGCTTTAGCTGATAAAGAAAAAGTAA
AAAAAGTCTCCGTAGAAAAAATTACAACATTAAAAAATGATCCAGTAGCTGGTC
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AGGGAATGCCAACTTATGGTACAGCTATACTGOGTTAATATAATAAATGAAAATG
GAGTTCATCCTGTAAAGAATITICAAGAGTCTTATACGAATCAAGCAGATAAAAT
AAGTGGAGAGACTCTTACTGCTAACCAACTAGTAAGGAAAAATCCTTGTTACAG
CTGTCCTATAGGTTGTGGAAGATGOGGTTAGACTAAAAGATGGCACAGAGTGUGE
AGGACCAGAATATGAAACACTGTGOGTCGTITIGGATCTGACTGTGGTTICATATGAT
TTAGATGCTATAAATGAAGUTAATATGTTATGTAATGAATATGGTATIGATACTA
TTACTTIGTGOTGCAACAATTGUTGCAGCTATGGAACTTITATCAAAGAGGATATAT
AAAAGACGAAGAAATAGUTGGAGATAACCTATCTCTCAAGTGGOGGTGATACGGA
ATCTATOGATTGGCTGOGATAAAGAGAATGOTATATAGTGAAGGCTTITGGAGCAAA
GATGACAAATGGTTCATATAGGCTTIGTGAAGGTTATGGAGCACCGGAGTATICT
ATGACAGTTAAAAAGCAGGAAATTICCAGCATATGATCCAAGGGGAATACAGGGA
CACGGTATTACCTATGCAGTTAATAATAGAGGAGGCTGTCATATTAAGGGATACA
TCGATTAACCCTGAAATATTAGOTTATCCTGAAAAACTTGATAGATTITGCATTAGA
TOGGTAAAGCAGUTTATGCCAAATTATITCATGATTITAACTGCTGTAATIGATICTYT
TAGGATTGTGCATATICACTACATITGGGCTTGOAATACAGGATTATGTAGATAT
GTATAATGCAGTAGTAGGAGAATCTACTTATGATGCAGATTCACTATTAGAGGCA
GOAGATAGAATCTGGACTCTTGAGAAATTATTTAATCTTGCAGCTGGAATAGACA
GCAGCCAGGATACTCTACCAAAGAGATTGTTAGAAGAACCTATTICCAGATGGCC
CATCAAAGGCAGAAGTTCATAGGCTAGATGTTCTTCTGCCAGAATATTACTCAGT
ACGAGGATGOAGTAAAGAGGUGTATACCTACAGAAGAAACATTAAAGAAATTAG
GATTAGATGAATATATAGGTAAGTTCTAG

Seq ID No. 4 Amino acid sequence of C. autoethanogenum AORZ.

MYGYDOGKVLRINLKERTCKSENLDLDKAKEKFI
GCRGLGVKTLFDEIDPKIDALSPENKFIIVTGPL
TGAPVPTSGRFMYVTKAPLTOGTIGISNSGGRWG
VDLKKAGWDMIIVEDKADSPVYIEIVDD K‘VFIK
DASQLWOGKVTSETTKELEKITENKSKVYLCOCIGEP
GERLSLMAAVMNDVYVDRTAARG ?VGAVWGSK\
LKAITVKGTGKIALADKEKVKKYVSVEKITTLKN
DPVAGOQOQOGMPTYGOGTAITLVNIINENGVYVHPVENFQE
SYTNQADKISGETLTANQLVRKNPCYSCPIGCG
RWVRLKDGTECGGPEYETLWCFGSDCGSYDLD
AITNEANMLONEYGIDTITCGATIAAAMELYQRG
YIKDEEITAGDNLSLKWGDTESMIGWIKRMYYS
EGCGFCAKMTNGSYRLCEGYGAPEYSMTVEKEKQETL
PAYDPRGIQGHGITYAVNNRGGCHIKGYMINPE
ILGYPEKLDRFALDGKAAYAKLFHDLTAVIDSL
GLCIFTTFOGLGIQDYVDMYNAVVGESTYDADRS
LLEEAGDRIWTLEKLEFNLAAGIDSSOQDTLPKRLL
EEPIPDGPSKGEVHRLDVLLPEYYSVRERGWSKEG
IPTEETLKKLGLDEYIGKF

Seq 1D No. 5 DNA sequence of AORZ including Pptaack and terminator region

GAATTCTGATTGATTATITATTTTAAAATGCCTAAGTGAAATATATACATATTATA
ACAATAAAATAAGTATTAGTGTAGGATITITAAATAGAGTATCTATTITTCAGATT
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AAATTITTTGATTATTTCGATTTACATTATATAATATTGAGTAAAGTATTGACTAGCA
AAATTTITTTIGATACTITAATTIGTGAAATTITCTTATCAAAAGTTATATTTTTGAAT
AATTTTTATTGAAAAATACAACTAAAAAGGATTATAGTATAAGTGTGTGTAATIT
TCTGTTAAATTTAAAGGGAGGAAAATGTATGGTTATGATGGTAAAGTATTAAGA
ATTAATTTAAAAGAAAGAACTTGCAAATCAGAAAATTTAGATITAGATAAAGCT
AAAAAGTTTATAGGTTGTAGGGGACTAGGTGTTAAAACTTTATTITGATGAAATAG
ATCCTAAAATAGATGCATTATCACCAGAAAATAAATTTATAATTIGTAACAGGTCC
TTTAACTGGAGCTCCGGTTCCAACTAGTGGAAGGTITATGGTAGTTACTAAAGCA
CCOCTTACAGGAACTATAGGAATTTICAAATTCGGGTGGAAAATGGGGAGTAGAC
TTAAAAAAAGCTGGTTGGGATATCGATAATAGTAGAGGATAAGGCTGATTICACCA
GTTTACATTGAAATAGTAGATGATAAGCTAGAAATTAAAGACGCGTCACAGCTTT
GGGGAAAAGTTACATCAGAAACTACAAAAGAGTTAGAAAAGATAACTGAGAAT
AAATCAAAGGTATTATGTATAGGACCTGCTGGTGAACGATTGTCTCTTATGGCAG
CAGTTATGAATGATGTAGATAGAACTGCAGCAAGAGGCGGCGTTGGTGCAGTTA
TGGOATCTAAAAACTTAAAAGCTATTACAGTTAAAGGAACTGGAAAAATAGCTT
TAGCTGATAAAGAAAAAGTAAAAAAAGTGTCCGTAGAAAAAATTACAACATTAA
AAAATGATCCAGTAGCTGGTCAGGGAATGCCAACTTATGOTACAGCTATACTGGT
TAATATAATAAATGAAAATGGAGTTICATCCTGTAAAGAATTTITCAAGAGTCTTAT
ACGAATCAAGCAGATAAAATAAGTGOAGAGACTCTTACTGCTAACCAACTAGTA
AGGAAAAATCCTTIGTTACAGCTGTCCTATAGOGTTGTGGAAGATOGGGTTAGACTAA
AAGATGGCACAGAGTGCGGAGGACCAGAATATCGAAACACTGTGGTGTITTIGGAT
CTGACTOTGOTTICATATCGATTTAGATGCTATAAATCGAAGCTAATATGTTATGTAA
TCGAATATGOTATTGATACTATTACTIGTGGTGCAACAATTGCTGCAGCTATGGAA
CTTTATCAAAGAGGATATATAAAAGACGAAGAAATAGCTGGAGATAACCTATCT
CTCAAGTGGGGTCGATACGGAATCTATGATIGGUTGGATAAAGAGAATGGTATAT
AGTGAAGGCTTITGGAGCAAAGATGACAAATGGTTCATATAGGUTTTIGTGAAGGT
TATGGAGCACCGUAGTATICTATGACAGTTAAAAAGCAGGAAATTCCAGCATAT
GATCCAAGGGGAATACAGGGACACGGTATTACCTATGCAGTTAATAATAGAGGA
GOGCTOTCATATTAAGGGATACATGATTAACCCTGAAATATTAGOGTTATCCTGAAA
AACTTGATAGATTTGCATTAGATGGTAAAGCAGCTTATGCCAAATTATTTICATGA
TTTAACTGCTGTAATTGATTCTTTAGGATTGTGCATATICACTACATTTIGGGCTTG
GAATACAGGATTATGTAGATATGTATAATGCAGTAGTAGGAGAATCTACTTATGA
TGCAGATTCACTATTAGAGGCAGGAGATAGAATCTGGACTCTTGAGAAATTATTT
AATCTTGCAGCTGGAATAGACAGCAGCCAGGATACTCTACCAAAGAGATIGTTA
GAAGAACCTATTCCAGATGGUCCATCAAAGGGAGAAGTTCATAGGCTAGATGTT
CTTICTGCCAGAATATTACTCAGTACGAGGATGGAGTAAAGAGGGTATACCTACA
GAAGAAACATTAAAGAAATTAGGATTAGATGAATATATAGGTAAGTTICTAGTTT
GATTCOGGTAAACTAGAAAGCAGACTTTATGTGTTAAAGAAGATAGCTTCTCTCTA
TATATGAAGTCTGTTTTTAATAGAAAGATATGAATTTGAGAATAGAAGTTAGATT
AGTTGCTTATATATTTGCAAAAGTCGTTAAGTTCTGCTTIGGATAAGTTICGGGAGAT
GAAATTTAGTTGTTATGATAAACTTICAATGAATIC

Seq 1D No. 6. DNA sequence of AOR2 including Pcoos with terminator region.

GATTCTTAGTATAAGTATTCTTAGTATCTTTAGCACTTAGAATACGTTATCCTTTA
GGAGAATAATCCTAATCAGTAGTTCTAATAATTITAATAGTATACTTAAATAGTAT
ATTITGGAGGTTITTATTATGTATGGTTATGATOOTAAAGTATTAAGAATTAATTTA
AAAGAAAGAACTTGCAAATCAGAAAATTTAGATTITAGATAAAGCTAAAAAGTIT
ATAGGTTCGTAGGGGACTAGGTGTTAAAACTTTATITGATGAAATAGATCCTAAAA
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TAGATGCATTATCACCAGAAAATAAATTTATAATTGTAACAGGTCCTITAACTGG
AGCTCCGGTTCCAACTAGTGUGAAGOTITATGGTAGTTACTAAAGCACCGCTTACA
GGAACTATAGGAATTTICAAATTICGGGTGOAAAATGGGGAGTAGACTTAAAAAAA
GCTGOTTGGGATATGATAATAGTAGAGUGATAAGGUTGATTCACCAGTTTACATIC
AAATAGTAGATGATAAGGTAGAAATTAAAGACGCGTCACAGCTTIGGGGAAAAG
TTACATCAGAAACTACAAAAGAGTTAGAAAAGATAACTGAGAATAAATCAAAGE
TATTATGTATAGGACCTGCTGGTCAACGATIGTCTCTTATGGCAGCAGTTATGAA
TCGATGTAGATAGAACTGCAGCAAGAGGCGGCOTTGOTGCAGTTATGGGATCTAA
AAACTTAAAAGCTATTACAGTTAAAGGAACTGGAAAAATAGCTTITAGCTGATAA
AGAAAAAGTAAAAAAAGTGTCCOGTAGAAAAAATTACAACATTAAAAAATGATCC
AGTAGCTGGTCAGGGAATGCCAACTTATGGTACAGCTATACTGGTTAATATAATA
AATCGAAAATGCAGTTCATCUTGTAAAGAATTTTCAAGAGTCTTATACGAATCAAG
CAGATAAAATAAGTGGAGAGACTCTTACTGUTAACCAACTAGTAAGGAAAAATC
CTTGTTACAGCTGTCCTATAGOGTIGTGCGAAGATGGGTTAGACTAAAAGATGGCAC
AGAGTGCGOGAGGACCAGAATATCGAAACACTGTGOTGTTTITGGATCTGACTGTOG
TTCATATGATTITAGATGCTATAAATGAAGCTAATATOGTTATGTAATGAATATGOT
ATTGATACTATTACTTGTGOTGCAACAATIGCTGCAGCTATGGAACTTTATCAAA
GAGGATATATAAAAGACGAAGAAATAGCTGGAGATAACCTATCTCUTCAAGTGGG
GTGATACGGAATCTATGATTIGGUTGGATAAAGAGAATGOTATATAGTGAAGGCT
TTGGAGCAAAGATGACAAATGOTTCATATAGGUTTTGTGAAGGTTATGGAGCAC
CGGAGTATTICTATGACAGTTAAAAAGCAGGAAATTCCAGCATATGATCCAAGGG
GAATACAGOGGACACGOTATTACCTATGCAGTTAATAATAGAGGAGGCTGTCATA
TTAAGGGATACATGATTAACCCTGAAATATTAGOGTTATCCTGAAAAACTTGATAG
ATTTGCATTAGATGOGTAAAGCAGCTTATGCCAAATTATTITCATGATTTAACTGCY
GTAATTGATICTTTAGGATTGTGCATATTICACTACATTTGGGCTTIGGAATACAGG
ATTATGTAGATATOGTATAATGCAGTAGTAGGAGAATCTACTTATGATGCAGATTC
ACTATTAGAGGUCAGGAGATAGAATCTGGACTCTTGAGAAATTATTITAATCTTGCA
GCTGGAATAGACAGCAGCCAGGATACTCTACCAAAGAGATTGTTAGAAGAACCT
ATTCCAGATGGCCCATCAAAGGGAGAAGTTCATAGGCTAGATGTTCTTCTGCCAG
AATATTACTCAGTACGAGGATGGAGTAAAGAGGOGTATACCTACAGAAGAAACAT
TAAAGAAATTAGGATTAGATGAATATATAGGTAAGTTICTAGTTTGATTCGGTAAA
CTAGAAAGCAGACTTTATGTGTTAAAGAAGATAGCTTICTCTCTATATATGAAGTC
TOTTTTTAATAGAAAGATATCAATITCGAGAATAGAAGTTAGATTAGTIGCTTATA
TATTTGCAAAAGTGTTAAGTICTGUTTGGATAAGTTCGGGAGATGAAATTTAGTT
GTTATGATAAACTTCAATGAATIC

Seq. ID No. 7 C pharus Butyryl-CoA acetate transterase

ATCGAGGAAGGTGTTTITATTTAAAATATTAATAAATTITITIGGAAGGGCGTTTTAA
AAATGOTTTITAAAAATTIGGCAGGATCTITATAAAAGTAAATTTGTTAGTGCAGA
TCGAAGCTGTATCTAAGGTAAACTGTGGGOATACTATAGTITTAGGTAATGCTTGT
GGAGCACCTCTTACACTTTTAGATGCTTITGGUTGCAAATAAGGAAAAGTATAAGA
GTGTACAGATATATAATCTTATACTGAACTATAAAAGTGATATATATGUTGAACC
AGGTGCAGAAAAGTATATICATGGAAATACTTTTITIGTAAGTGGAGGTACTAAG
OGAAGCTGTTAATTGTAACAGAACAGATTATACCCCATGCTTITITTATGAAATAC
CAAAATTAATAAAACAAAAATATATACATATAGATGTAGCATITATICATGTAAG
TAAACCTGATAAGCATGGTTATIGTAGTTTTIGGAGTATCAACTOGATTATICACAG
GUAATGGTACAGGGTGCTAAACTIGTAATIGCAGAAGTAAACGATCAAATGCCA
AGAGTTITTTGCAGACAATTITATACACATTTCTGATATTIGATTACATAGTAAAGA

Ln
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CTTCACGCCCAATICTTGAGTTGGCACCTCCTAAAATAGGAGAAGTAGAAAAAA
CAATAGGAAAATATIGTGCATCTCTTATAGAAGATGUTTCTACACTTCAACTTIGG
AATAGGCGCTATTCCAGATGCAGTACTITIGCTTITITGAAAGACAAAAAAGATTTG
GOAATACACTCAGAAATGATATCTGATGGTGTTGTAGAATTAGTTGAATCAGGA
GTAATTACAAATAAGAAAAAAGCTCTICATCCAGGAAAAATAATTIGTTACATICY
TAATGGGAACTAAAAAATTATATGATTTTATAGATGATAATCCTATGUTAGAAGE
TTATCCAGTAGATTATGTAAATCGATCCTAAAGTTATTATGCAAAATTCCAAGATG
GTATOGTATAAATTCTIGTGTAGAGGTAGATTITTACAGGACAGGTGTGTGCTGAAA
GTATAGGATTTAAGCAGATAAGCGGAGTAGGCGGACAAGTTGATTATATGAGAG
GTGCTAGCATGTCTGATGGAGGAAAATCAATTICTTIGCTATACCATCTACTGCAGC
TGGCGOCAAAATTTCAAGAATAGTTCCCGATGTTGACTGAAGGAGCAGGAGTTALC
TACTTCAAGATATCGATGTTICAATATGTTIGTTACAGAGTATGUTATTGCACTICTCA
AGGGTAAATCCATAAGAGAAAGAGCTAAAGUTCTTATAAACATIGCACATCCTA
AATTTAGAGAACAATTAGAAAAATCOTTTCAAGAAAGATTTAGTTIGTAAACTTTA
A

Seq. 1D No. 8 C. klyveri Butvivl-CoA acetate transferase-1

ATGGTTTTTAAAAATTOGGCAGGATCTTTATAAAAGTAAAATTIGTTAGTGCAGACG
AAGCTGTATCTAAAGTAAGCTGTGGAGATAGCATAATTTTAGGCAATGCTTIGTGG
AGCATCTCTTACACTTTTAGATGCCTTIGGCTGCAAATAAGGAAAAGTATAAGAGT
GTAAAGATACACAATCTTATACTTAATTATAAAAATOGATATATATACTGATCCGG
AATCAGAAAAGTATATTCATGGAAATACTTTICTTTGTAAGTGGAGGTACAAAGE
AAGCAGTTAATTGTAATAGAACAGATTATACTCCATGCTTTTITITATGAAATACC
AAAATTATTAAAACAAAAGTATATAAATGCAGATGTAGCTITTATTICAAGTAAGT
AAGCCTGATAGCCATGGATACTGTAGCTTTGGAGTATCAACCGATTATTCACAGG
CAATGGTACAGTCTGCAAAGUTTATAATTIGCAGAAGTAAACGATCAGATGCCAA
GAGTTTTAGGAGACAATTTTATACACATTITCTGATATGGATTACATAGTAGAAAG
TICACGTCCAATICTAGAATTGACTCCTCCTAAAATAGGAGAAGTAGAGAAGAC
AATAGGAAAATACTGTGCATCTCTTIGCTAGAAGATGOGTTCTACACTTCAGCUTTGGA
ATAGGAGCTATTCCAGATGCAGTACTTTTATICTTGAAGGATAAAAAGGATTTGG
GTATACATTCAGAAATGATATCCGATGOGTOTTGTTGAATTAGTTGAAGCAGGGOT
AATTACAAATAAGAAAAAGTCCCTTCATCCAGGAAAAATAATTATTACATTICTTA
ATGGOAACTAAGAAATTATATGATTTCATAAATGATAATCCTATGGTAGAAGGAT
ACCCTGTAGATTATGTAAATGATCCTAAGGTTATTATGCAAAATICTAAGATGOT
ATGTATAAACTCCTOTGTAGAAGTGGATTTCACAGGACAAGTGTGTGCTGAAAGT
GTAGGATTTAAACAAATAAGCGGTGTAGGTGGACAAGTTGATTACATGAGAGGA
GCTAGCATGGCTGATGGAGGAAAATCAATTCTTGCTATACCATCTACTGCAGCTG
GCGOGCAAAATTITCAAGAATAGTTCCTATITTAACTGAAGGAGCGGGGUGTTACTAC
TTCAAGATATGATGTTCAATATGTTGTTACAGAATATGGTATIGCACTTCTCAAG
GGCAAATCCATAAGAGAAAGAGUCTAAGGAGUTTATAAAAATTGCACATCCTAAA
TTTAGGGAAGAATTAACAGUTCAATTTGAAAAAAGATTCAGTTGTAAGCTTTAA

Seq. ID No. 9 C. carboxidivorans Butyrate kinase-1

ATGAGTTATAAGATATTAGCAATTAACCCAGGATCTACTTCTACAAAAATAGCTT
TATACGAAGATGAAAAAGAAATATTITTGCAAAACCGTTAGAGCATCCAGTTGAALC
AAATTCAAAAATATGAGAATOTGOCAGATCAATTTGATATGAGAAAAGAAGTTIG
TTCTTTCATITITAAAGCAAAATGGATATOAAGTTAAAGAATTAGCTGCAGTTCT

Wn
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TGGAAGAGGTGOGAATGUTTCCAAAAGTAAAATCTGGAGCTTATAAAGTTAATGA
AACAATGGTAGATAGATTAAAAAATAATCCAGTAGTAGAACATGCTTCAAATTY
AGGAGCTTTAATTGCTTATGAAATAGCAAATTCTATTIGGAGTATCAGCCTATATA
TATGACTCTGTTAGAGTAGATGAATTAGAGGATATAGCTCGTATATCAGGTATGC
COUATATACCAAGAACAAGTACTAGTCATGCATTAAATACAAGGGCAATGGCAA
TCGAAGGTTGCAAAAAATTATGOTAAAAAGTATICAGATATGAACTTTATIGTAGC
TCATCTAGGTGGAGGAATATCAGTAAATOGTTCATAGAAAAGGACAAATGGTAGA
TATAATGGCAGATGACGAAGGACCATTITTICACCTGAAAGAGCUTGGAAAAGTTCC
TTGCAATGCACTTATAGATCTTTGCTATTCAGGAAAATTTGATAAAAAAACTACG
AAGAAAAAATTAAGGGOAAATGOTGGATTAAAAGCTTATCTTAACACTGTTGAT
GCTAGAGAAGTTGAAAGAATGATTGAAAGTGOAGATGAAAAAGCAAAGCTTIGTT
TATGAAGUTATGGUTTATCAGGTTGCTAAGGGAATAGGAGAACTTIGCAACAGTA
GTAGAAGGTAAGGTIGATGUTATCGTTATTACAGGAGGTATAGCATATICTGATA
TGATAACTAACTGGATTAAAAAGCGTGTAGAGTTITATTGCGCCTGTTGAGATTAT
GCCTGOTGAAAATGAAATOGGAATCTTIGGCTTITGGGAACTCTTAGAGTGTTAAAG
GGTGAAGAAGAAGCAAGAGAATATGTTGAATAA

Sequence 1D No. 10 C. carboxidivorans butyrate kinase-2

TTGCTAATTAAAATATTTATTAAGTATIGCTATAATCAGGAGGGTAAAATAATGTY
ACAAAATACTAGCAATAAATCCAGOGTTCAACTTICAACTAAAATAGCTATTTATGA
TCGACACAGAGGAATTATTTAAAACCACTATAGAACATTICTAGTGAAGAAGTGAA
AAAATATCGAAAACATAGCTGATCAATATAGTATGAGATATGAAGUTATAATGAA
ATTTTTAAAAGAAGTAGATTTIGATGTCAAAGUCTTTATCTGCAGTAGTTGGAAGA
GGAGGAATTCTGCCTCCAGTTAAATCAGGAGCTTACAGAGTAAATGATTICTATGE
TAGAAAGACTGGCTAAAAGACCTOGTAGTAGAGCATGCTTCAAATTTAGGAGCTA
TAATTTCATATGCAATAGCAAAACCTITAAATATACCAGCTTTCATATATGATICT
GTAGCTGTAGATGAATTTGAGCGATATIGCAAGAATATCAGGACTTGCAGATATA
AAAAGAGAGAGTTTTATICATGCTTTAAATATGAGAGUTGCAGCAATAAAAACA
GCAAAAAAACTAGGTAAACCTTATGAACAATGTAATTTAGTIGTIGCTCATTITAG
GAGGCOGAATATCTCTTACTGTACATAAAGGTGGAAAAATGATAGACGUTGTTA
CTGATGAAGAAGGACCGTTTTCACCAGAAAGGTCAGGTAGAGTACCTTGTAAGC
GCTTAATAGAAATGTGTTATAAAAATCGATGAACGCACAATCGAAAAAGAAAATAA
GAGGAGATGGTGGATTAATCTCTTATTTAGGAACTAATAGTGCATTAGATGTAGA
AAAAAGAATTGAAAATOGGAGATGUCTGAAGCCAAATTAGTTITATGAAGCTATGGC
ATATCAAATTGCAAAAGCAATAGGAGAACTTGCAACTGTAGTAAAGGGAAAGGT
TGATGCAGTAGTAATTACAGGGGGAATTIGCCTATICAAAAATGATGACAGGATG
GATAAAAGAAAGAGTAGAATTTATAGCACCTGTAGAGATATTIGCCAGGAGAAAA
TGAATTAGAATCTCTIGCTTTAGGTACGCTTAGAGTTATAAAGGGAGAAGAAAA
AGCACACGAATATGATITAGATTAG

Sequence 1D No. 11 C carboxidivorans Butyrate Kinase-3.

ATGTCATATAAATTATTAATATTAAATCCAGCATCTACATCTACCAAAATAGGAG
TATATGATGOGAGAAAATGAAATTITTAGAAGAAACTTTAAGACATTCTTCAGAAG
AAATTGAGAAATATGCTACTATTITATGATCAATITGAATITAGAAAAGAAGTTAT
ATTGAAGGTTTTAAAAGAAAAGAATTTTGATATTAATACATTAGACGGAGTAGTA
GUGCAGAGGTGUATTATTAAAACCAATTGAAAGTGGAACTTATAAAGTCAATGAT
GCTATGTTAGAAGACCTAAAAGTTGGAGTGCAAGGACAGCATGCTTCAAATTTA
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GOTGOAATAATAGCTAATGAAATAGGAAAATCTATAAATAAACCAGCATTTATA
GTAGACCCAGTTOGTTGTTGATGAATTAGATGAAGCAGCTAGAATATCCGGAATGC
CTGAAATAGAAAGAATAAGTATATTCCATGCTTITAAATCAAAAAGCAGTAGCAA
AGAGATATGUAAAAGAAAACAATAAGAAGTATGATGAATTAAATTTAGTAGTGA
CACACATGGOGTGGUCGGAGTAACTOTIGGAGCTCACAAAAAAGGAAGAGTTIGTAG
ATGTAGCCAATGGTTTAGATGGAGATGGACCATITICACCAGAAAGAACAGGAG
GACTTCCTGTAGGAGGTTTAATAAAGCTTTGUTATAGTGGAAAATATACTTTAGA
AGAAATGAAGAAAAAGATAAGTGGAAAAGGTGGAATTGTAGCTTATCTAAATAC
AAATGATITTAGGGAAGTAGAACAAAAAGCAGAAAGTGGAGATAAAAAGGCAA
AGTTAGTATTTGATGCTTTCATATTACAAGTAGGTAAAGAAATIGGTAAATGTGC
TGCAGTTTTACATGGAAAAGTAGATCGCTTTAATTITTAACTGGAGGAATAGCTTAT
AGTAAAACTGTTACAGUTGCAATAAAAGACATGGTAGAATTTATTIGCACCAGTTG
TAGTTTATCCAGGAGAAGATGAATTATTAGCATTAGCACAAGGCGGACTTAGAG
TACTAGGTGGAGAAGAACAAGCAAAAGAATATAAGTAA

Sequence 1D No. 12 C difficile butyrate kinase

ATGACTTACAGAATATTAGCCATAAATCCAGGTTCTACTICTACAAAAATAGCAG
TATATGATGGAGAAGAACAAATICTIGTGAAGACGATAGACCATCCGGUTGAAG
AGATTGCAAAATATAATACTATACAAGACCAGTTTGAAATGCGTAAGGAAGCAG
TITTGAATATICTTAAAGAAAATAGTATAGACTTAAAATCTCTTAGTGCAATAGT
AGGAAGAGUGTGUGAGTTTTACCACCAGTAAAATCAGGAGCATATTITAGTAAATGA
AGAAATGATTCGATGTACTAAGACATAGACCAGTACTTGAACACGCTTCCAATTTA
GOTGCTGTTOTGGCACATGCAATATCAGAACCTCTTGGAATCAACTCATATATIT
ATGATTCTGTIGCAGTAGATGAGCTTATAGATGTAGCGAGAATATCTGGACTTTG
TGGAATGGATAGATCAAGTGCAGGGCATGCATTAAATACTAGAGCAATGGCTTT
AAAATATGCTAAGGATAAAGGAAAAGATTATAAGAGCTTAAACTTAATAGTAGC
TCACATTGGTGGAGGAGTAAGTATTITATUTTCATCGAAAAAGGAAGAATGGTTGAT
ATGCTATCTGATGATGAAGCGACCATTTTCTCCAGAAAGGTCAGGAAGAGTACCTG
CTACAAAATTAGTGGCTGCCTGTTATTCAGGTCAATATICAGAAAGAGAAATGAC
TAAAAAGATAAGAGGTAAAGGTOGGTATAGTTTCATACCTAAATACTGTAGATGC
TAGAGAAGTTGAAAAAATGATAGCAGAAGGAAATGAAGAAGCAAAAATTATIT
ATGAAGCAATGGCTTATCAGTTAGCAAAAGGTATIGGAGAGTTAGCAACTGTAG
TAGATGGAAAGGTAGATGCTATAATTATAACAGGTGGAATTIGCATATICTGAAAT
GTTITACTTCAATGGTTAAAAAGAAAGTTGAGTTTATAGCACCAGTAGAAATTATG
GCAGGAGAAAATGAGTTGGATAATCACTTIGCTTTITGGAACTTITAAGAGTACTAAA
TOGGAGAAGAAGAAGCTAGAATTTATAGTGAAA

Seq 1D No. 13 171 bp region in tungsten-dependent aldehvde ferredoxin oxidoreductase -1
{AOR1} covered by the probes found in Seq. ID No. 1

5
ACTTGGATTATGTATTTITTACAACATITGGTCTTIGGTGCACAGGATTATGTTGATA
TGTATAATGCAGTAGTTGGTGGAGAATTA
CATGATGTAAATICTTTAATGTTAGUTGGAGATAGAATATGGACTTTAGAAAAAA
TATTTAACTTAAAAGCAGGCATAGATAGTTCA-Y
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Seq ID No. 14 169 bp region n tungsten-dependent aldehvde ferredoxin oxadoreductase #2
{AUR2) covered by the probes found m Seg. ID NO: 3.

5.
AAGAAAGAACTTIGCAAATCAGAAAATTTAGATTITAGATAAAGCTAAAAAGTITA
TAGGTTGTAGGGGACTAGGT
GTTAAAACTTTATITGATCAAATAGATCCTAAAATAGATGCATTATCACCAGAAA
ATAAATTTATAATTGTAACAGGTCCTTTAACTGGAGCTCCG-37
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Seq ID No. 15 C. [jungdahlii AOR1

MYGYKGEVLRINLSSKTYIVEELKIDKAKKFIGARGLGVKTLFDEVDPRKVDPLSPDN
KFHAAGPLTGAPVPTSGRFMVVTRSPLTGTIAIANSGGKWGAEFKAAGY DMUIVEGK
SBKEVYVNIVDDKVEFRDASHVWGOGKLTEETTRMLOQETDSRAKVLCIGPAGEKLSL
MAAVMNDVDRTAGRGGVGAVMGSKNLKAIVVEKGSGKYVKLFDEQKVKEVALEKTN
ERKDPVAGGGLPTYGTAVLVNINENGVHPVENFQKSYTDQADKISGETLTKDCLY
RENPCYRCPIACGRWVKLDDGTECGGPEYETLWSFGSDCDVYDINAVNTANMLCN
EYGLDTITAGCTIAAAMELYQRGYIKDEEIAADGLSLNWGDAKSMVEWVKKMGLR
EGFGDEMADGSYRLCDSYGVPEY SMTVKKQELPAY DPRGIQGHGITY AVNNRGGC
HIKGYMVSPEILGY PEKLDRLAVEGKAGYARVFHDLTAVIDSLGLCIFTTFGLGAQD
YVEMYNAVVGGELHDYNSLMLAGDRIWTLEKIFNLKAGIDSSQDTLPKRLLEEQIPE
GPSKGEVHKLDVLLPEYYSVRGWDKNGIPTEETLEKKLGEDEYVGKL

Seq 1D No. 16 C. ragsdalei AORI

MYGYSGKVLRINLSNKTYKAEELKIDEAKKFIGARGLGVEKTLLDEIDPKIDPLSPDNK
FHATGPLTGAPVPTSGRFMVITKAPLTGTIGIANSGOGKWOGAELKTAGY DMVIVEGKS
DKPVYVNIVDDKVEFKDASHVWOGKLTEETTKMLONEIDAKAKVLCIGPAGENLSEM
AAVMNDIDRTAGRGGVGAVMGUGSKNLKAIVVKGSGKVELFDEEKVEAVALQKSDIL
REDPVAGGGLPTYGTAVLVNHNENGINPVRENFQESYTDEADKVSGETMTQECLVRK
NPCYRCPIACGRWYRLDDGTECGGPEYETLWSFGSDCDVY DLNAVNKANMLCUONEY
GLDTISAGATIASAMELY QRGYIKDEEIAADGLSLKWGDAKSMY EWVKKMGRREGF
GGKMADGSYRLCESYGVPQYSMSVKKQELPAY DPRGAGGHGLTY AVNNRGGCHIK
GYMISPEILGYPEKLDRESIEGKPAYAKVFHDLTAVIDSLGLCIFTTFGLGAQDY VDM
YNAVVGGELHDVDSLMLAGDRYVWTLEKIFNLKAGVGSSQDTLPKRLLEEEVVEGPS
KGHVHRLDELVPEYYSVRGWDKNGVPTEETLKKLGLEEYIGK!

Seq 1D No. 17 C. Jungdahlii AOR2

MYGYDGKVLRINLKERTCKSENLDLDKAKKFIGCRGLGVKTLFBEIDPKIDALSPEN
KFOVTGPLTGAPVPTSGRIFMVVTKAPLTGTIGISNSGGKWGVDLKKAGWDMIVED
KADSPVYIEIVDDKVEIKDASQLWGKVTSETTEELEKITENKSEVLCIGPAGERLSEM
AAVMNDVDRTAARGGVGAVMGSKNLKAITVREGTGRKIALADKEKVKEVSVEKITTL
KNDPVAGOGMPTYGTAILVNINENGVHPVEKNFQESY TNGADKISGETLTANGLVEK
NPCY SCPIGCGRWYVRLKDGTECGGPEY ETLWCFGSDCGSY DLDAINEANMLONEYG
IDTITCGATIAAAMELY QRGYIKBDEEIAGDNLSLKWGOGDTESMIGWIKRMVYSEGFGA
KMTNGSYRLCEGYGAPEY SMTVKKQEIPAYDPRGIQGHGITY AVNNRGGCHIKGY M
INPEILGYPERKLDRFALDGKAAYAKLFHDETAVIDSLGLCIFTTFGLGIQDYVDMYNA
VVGESTYDADSLLEAGDRIWTLEKLFNLAAGIDSSQDTLPRERLLEEPIPDGPSKGEVH
RLDVLLPEYYSVRGWSKEGIPTEETLKKLGLDEYIGEF

Seq 1D No. 18 O ragsdalei AOR2

MYGYNGEVLRINLKERTCKSENLDLBKAKKFIGCROGLGVKTLFBEIDPKIDALSPEN
KFRVTGPLTGAPVPTSGRIFMVVTRAPLTGTIGISNSGGKWOGVDLEKAGWDMIVED
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KADSPVYIEIVDDKVEIKDASQLWGKVTSETTRKELEKITENRSKVLCIGPAGERLSEM
AAVMNDVDRTAARGGVGAVMGSKNLKAITVREGTGRKIALADKEKVKEVSVEKITTL
KNDPVAGOGMPTYGTAILVNINENGVHPYVNNEFQESYTDQADKISGETLTANQLVRK
NPCYSCPIGCGRWVRLKDGTECGGPEY ETLWCFGSDCGSYDLDAINEANMLONEYG
IDTITCGATIAAAMELYOQRGYVKDEEIAGDNLSLKWGDTESMIGWIKKMVYSEGFG
AKMTINGSYRLCEGYGVPEY SMTVKKQEIPAY DPRGIQGHGITYAVNNRGGCHIKGY
MINPEILGYPEKLBRFALDGKAAYAKMMHDELTAVIDSLGLCIFTTFGLGIQDY VDMY
NAVVGESTCDRSDSLLEAGDRVWTLEKLFNLAAGIDSSGDTLPKRLLEEPIPDGPSKGH
VHRLDVLLPEYYSVRGWSKEGIPTEETLERKLGLDEYIGKE

Seg 1D No. 19 AORI-A-~forward pomer

5-ACTTGGATTATGTATITITACA-Y

Seq ID No. 20 AQRI-A-reverse primer

5 -TGAACTATCTATGCCTGCTTTT-3

Seq 1D No. 21 ABR2-A-forward primer

5-AAGAAAGAACTTGCAAATCA-S

Seq 1D No. 22 ADR2-A reverse primer

5 -CGGAGCTCCAGTTAAAGGA-Y

Seq ID No. 23 BCoAAT forward primer

5-AGCCATGCTAGC TCCTCTCATGTA-S

Seqg 1D No. 24 BCoAAT reverse primer

5-GOAGTATCAACCGAT TATTCACAG-3

Seq 1D No. 25 Buk forward primer

S-GATGOGTTCTACACTT CAGCTT-¥

Seg 1D No. 26 Buk reverse primer

5-GAT ATC ATT TCT GAA TCGT ATA CCC-3

Seq 1D No. 27 won-only hyvdrogenase-forward primer

5-TGT GAA CGT CCT GAA ATG AAA G-F

Seq 1D No. 28 iron-only hvdrogenase reverse primer

5-AGT GCC TGC ACC AGA ATA AGTT-37
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Seq ID No. 29 Hyg-1 forward primer
5-GCCCGATATAAATCCTCTTT-3"
Seq 1D No. 30 Hyg-1 roverse primer
S-CCAACAAAAATTCCATGATE-Y
Seq 1D No. 31 Hyvg-2 forward primer
S-CTACAATTTTAAACGCTGCA-Y
Seq ID No. 32 Hyg-2 reverse primer
5°-GCTCTGGCACTGTTTGTICTA-3
Seqg 1D No. 33 Hyg-3 forward primer
5°-TGA TAC AAA CTT TGG TG AG-37
Seq 1D No. 34 Hyg-3 reverse primer

5-ATATAG CTC CAG CCA TCT GA-3
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CLAIMS

1. A method for the production of an alcohol, comprising: culturing a recombinant C1-fixing
homoacetogen microorganism i a culture medium m the presence of syngas, wherein the
Cl-fixing homoacctogen microorganism comprises a recombinant gene encoding an
aldehyde ferredoxin oxidoreductase polyvpeptide modulated by a promoter, wherein the

recombinant Cl-fixing microorganism produces alcohol.

2. The method of claim 1 wherein the recombinant aldebyde ferredoxin oxidoreductase gene

encodes a Clostridium aldebvde terredoxin oxidoreductase polypeptide.

3. The method of claim 2 wherein the aldehyde ferredoxin oxtdoreductase gene is at least 95

% identical to SEQ ID NO: 1 or SEQ ID NG: 3.

4. The method of claim 1 wherem the promoter is an mducible promoter or a constitutive

promoter.

5. The method of claim | wherein the alcohol 1s ethanol.

6. The method of claim 1 wherein the Cl-fixing homoacetogen microorganism is .

Gungdanlii, C. ragsdalei, C. quroethanogenum or C. coskafii,

7. A method for the production of butanol, comprising: culturing a co-culture comprising a
reccombinant Cl-fixing homoacctogen microorganisin and a Céd-producing  butvrate
microorganism in a culture mediwm in the presence of syngas, wherein the Cl-fixing
homoacetogen mucroorganism comprises a recombinant gene encoding an  aldehyde

ferredoxin oxidoreductase polypeptide modulated by a promoter.

8. The method of claim 7 wherein the Cd-producing butyrate microorganism comprises a
gene encoding a Butyryl-CoA acctate transforase polypeptide or a Butyrate kinase

polypeptide.

9. The method of claim 7 whersin the recombinant aldehyde ferredoxan oxadoreductase gene
encodes a Clostridium aldehyde ferredoxin oxidoreductase polypeptide.

~
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18, The method of claim 9 wherein the aldehvde ferredoxin oxidoreductase gene is af least

093% identical to SEG D NO: 1 or SEQ 1D NG: 3.

11. The method of claim 7 wherein the promoter 18 an inducible promoter or a constitutive

promoter.

12, The method of claim 7 wherein the Cl-fixing homoacetogen microorganism s (.

ljungdahlii, C. ragsdalei, C. autcethonogemum or C. coskatii.

13. The method of claim 7 wherein the Cd-producing butyrate microorganism is Clostridium
kluyveri, Clostridium carboxidivorans, Butvribacterium methylotvophicum, or Clostridium

pharus.

14, A microorganism co-culiure for the conversion of svngas to butanol comprising: a
recombinant Cl-fixing homoacetogen microorganism comprising a recombinant gene
encoding an aldehyde ferredoxin oxidoreductase polypeptide modulated by a promoter and a

C4-producing butyrate microorganism.

15. The co-culture of claim 14 wherein the UCd-producing butyrate sucroorganism comprises
a gene cncoding a Butyrvl-CoA acetate transferase polypeptide or a Butyrate kinase

polyvpeptide.

16. The co-culture of claim 14 wherein the recombmant aldehvde ferredoxin oxidoreductase

gene encodes a Clostridium aldehyde ferredoxin oxidoreductase polypeptide.

17. The co-culture of claim 16 wherein the aldehyde ferredoxin oxidoreductase geone is at

least 95 % dentical to SEQ ID NO: 1 or SEQ 1D NO: 3.

18. The co-culture of claim 14 wherein the promoter is an inducible promoter or a

constitutive promoter,

19. The co-culture of clamm 14 wherein the Cl-fixing homoacetogen microorganism 75 €.

lfungdahlii, C. ragsdalei, C. autoethanogenum or C. coskatii.
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20, The co-colture of claim 14 wherein the Cd-producing butyrate microorganism is
Clostridium Euyveri, Clostridium carboxidivorans, Buiyribacterium methylotrophicum, or

Clostridium pharus.
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XX KN X ¥ ¥ XX XK B e B kb S e T S S
DOYYYIYDLODOVYV LLILODVINYYVY YOO LIOVYDOVVY LIDVOY LIV LODVYY Y. LILOVYVYY Y LOLYIDD IV LIOVIDILODLILOD
OYYDIVYOL LIV LIVYYYLOYVYYYOOODYYDOVYYLILOVIDLILIVLODYYYY LILOVYOVYY DOLLODDLY LIOLOOYDDLIOL

XX XX X X XXX XEXEFEXEX XXX XXXXXXEXEXEXEFEXRXXXXXEY XX XX XXX XXXXX XXX ¥¥
DDDODIOVDYVYODIYIDLOVY OV ILYDYLILYD LYYD LY LLIOVODOYODD LY LLODLOLDLLYOOYYDLODLODLOOYDOVIV.IOL

DDILOIDLDIOVYIDVYIDYIOVYIY LY DLLODIYDLYYD LY LLOYOOVYDOD LY LLOYO LY LIDOYYYYDIDDLOIYIDIVYDOIY LV IODL

XXX XXXX¥X X X X XX XX XX XX X X X XK KX XXX XXX XXX X XKXFEXXENEX XX ¥¥x ¥
VLIV ILDOOVYVYOLYVYYLVYYDYDLOVY LVOVVVYVDOVYLLOVOVYYYYOY LOVYYDVYOLY OV LLOVYYYDDDDLLLODYOYOLDD
YVILLLIOOVYVVYLOOYOVYODLIVYOVOYY YOOV OYYOLLOD LYY YYYOY LOVYYDYYOVYOYY . LOYYYYDODDDLLLDLYOLOLLD

¥ ¥ XXX XXX F XXFFXXEXXRF XX X * ER e X* XX KX XXX X XX XX XXFEXEEFX XXX
DOYDOYVYYLIVYYIV LODOVYVY LVDLYOY IOV IVYYILIVOY LLIDVOOYOLLIYDLODIOYY LYDIYIY LDV LYV LVD LY LTYOD
DLVYDIOVLLLVYOVLOVYYLYD LYDVYLOV LV LVVVY DLV LLLDOVYYOVYY LV OLOILVYVYLODYYDLLDOLYY LYDLYLYDD

¥ XXX EXX XXX XX XXX XXXRNXXXFEXXXENENE XXEFXXX XXX X OXFXEXXEXEX XN X XXX XXX XXX

DLLODLOOYYYYYY ZLLOYDYLOEYDIDDILVYYY DD LODDDLIVYY D LLLIVY DOV IV LOYYDOY O LLODDOY OOV Y Y LOY
YIYDILOIVYIOVYYDLLYYOYODOYDIDDLYYYYIDLOOYDLLIVYYDILLYLDD LIV LOVYDOYDOYY LLLODYD LYY LOY

XXX EFY FF XEXYY FX FXXEFXXE XX FYX XF ¥ ¥ ¥H XX ¥ X ¥ XF XXEFXFXXEF ¥ XY XYY
LIOVYIDDILIYLLLIDYVYODLOYLOVY IO LLODDOLOOYDDLOVY LLLODLODOYOVYY LDLLVY LV LLIVYY LYVYYYDTYODOYD
LIOVYIDDLYOLLYDVYYODODOYYOYYIDLLOLOOYODLDIVYIOV LLOVIOIYDIODIOOVYOIODV LY LIV LLIVYYOVY.LYDLODYD

XXXXXX XXX E XX XXXXXXX XXX XXXXXEXEX XFXEXF XX XXX XX XX R e e e A b i
LY LIVODIVOVLVVYVYVY LODILYOVIVYYDILYDLLLIV LLLOVYVYY LLDILODOVYLOVODDOYLOLILODOY IV ILIOVYVYYYLODOVY

LY LLYOOLYDOYLODYYYODLYDY LOYYDOYDLLIV LLOOVYY Y ZLDODOY LLDDIYDYYODLODY LV LL LYY YYY Y LODOY

XX Xx ¥ ¥ XX X XXX X X XX XXX X XXX XAEXFXXFEXXXXFXX XXX X XXX XX XX¥XXX
YIVOYLLLYDOY LLIVVYYYDYDLYYYODLLOVYOVYVYDOYYYY LLLYVY LLVYOVY LIV IDOVYVYYLODLYDLYLLOD LY LOLY
YYOYDLILIVYYYDOLLYYDYYDDLOVY LV IV LLOVYYYY IOV LOYY LOLYY LILVYOVY LIV IODOVYILODOVYLY.LVDDOYLOLY
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FHRH XXX FXREXARE KR E XFXXF XXX EX FXXRF FXFXE FFXXF XX FXXFEXXXFEXLERRE FXXXE XXX
YOLVYOVILVOOOYVY LIV IVOLOLODOYDIOVIOV IV LYY LILOYOD LY LODY LIV IDDDOYIOVIDDIOYIOY LY EDIDITYODLYD L
DOOIVILYILVDDIOVYYLLYOYOLIDLYDOYDOIDY LY YOYY LLOLOD IV LIOY LLVODDLYOYDDIOV OV LVYDDOYDYIODIOYDL

XEXXXX XXX XXXXXF XXXXX XX XEXXX XXXXXXXX XXX X XX XX XXEXXXXEXE XX XEXXXXXXXX

YIYOOY OO LIVY YOOV IOYYYY Y LLOVOYD LY LOLLY LOYDDDOYOIYDD LY LLDOTYYD LD LLLODOY LY LYOLLDD LYY
YIYDIOYIDLLOVYYIOYIYYYYYYY LILOYDLYYDLLY LOYDLDOY LOLODDDYLYILOYD LD LLILOYOYDYLYDLLIDLYD

XX FXXEX X ¥XEFX XXX XEXXX XXX ¥OXXXXYX XXX XNX FXX XXX XX¥ XY ¥ ¥OXXNX XXX XY XX ¥
YOUYDLYOYYYOOYDDLLLODOVYD LIV LY LY LDIDLYYDYOYYVY LYDDLODD LIVD LY LOLVYIDOYLYDLODOD LIV YOL
YOOOLVYDVYYOYDYDDLLIYDOVYOVYIVY LIOYDDDILVYVYYDOVYYY LODOILVYYD LIODIVYODILOVY LODLYDYOODODLIVY.LL

X Xx ¥ XKXX X XXX EXEXRFEE XF KX XXXXX XXX FXFXFLFFEFFEXEXXEXEXXX XXX XX
OLOLYLOOYY LY OV DD LODY LV YYDYYDOVYOVYYYVY LY LY LY DDYDYYYOLVY LLLOVYDD LY LIODYOD LODLLYYOTYYOD.L
OYOLOLLEYDOLYIVOOVYODOY LY YYOVYDLYDDOVY LIV LV LLODOYDVYYYOLY LLLOVEDD LY LODYOOYODLILY LOYLOLY

X ¥ XX XXX XXXXX ¥ XX XFEXXXXXXEXN XXXXXRXXX XXX XXX FNE KXEXEX XX XXX XXX X X ¥xxx

OOLOLLOY LIV LOY LD LIV IDD LY IVYYD LYY LOLY LIDIYIVY LODOY YD LYY Y LV LOD LY DY LLIVO LY LYOLLODLOL
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Fig. 14
Specific Ethanol Productivity
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Fig. 15
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