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- -NOVEL BACTERIA AND METHODS OF USE THEREOF

FIELD OF THE INVENTION

This invention relates generally to the field of microbial fermentation of gases. It
more particularly relates to a novel class of bacteria with-improved efficiency in the
production of ethanol by anaerobic fermentation of substrates containing carbon

monoxide (CO).

BACKGROUND OF THE INVENTION

Ethanol is rapidly becoming a major hydrogen-rich liquid transport fuel around the
world. Worldwide consumption of ethanol in 2005 was an estimated 12.2 billion gallons.
The global market for the fuel ethanol industry has also been predicted to grow sharply in
future, due to an increased interest in ethanol in Europe, Japan, the USA, and sevveral"
developing nations. , - |

‘For example, in the USA, ethanol is used to produce E10, a 10% mixture of ethanol

in gasoline. In E10 blends the ethanol component acts as an oxygenating agent,

- improving the efficiency of combustion and reducing the produc_tion of air pollutants. In

Brazil, ethanol satisfies approximately 30% of the transport fuel demand, as both an

oxygenating agent blended in gasoline, and as a pure fuel in its own right. Also, in B

. Europe, environmental concerns surrounding the consequences of Green House Gas

_(GHG) emission; have been the stimulus for the European Union (EU) to set member
nations a mandated target for the consumption of sustainable transport fuels such as
blomass derived ethanol. - |

A The vast majority of fuel ethanol is produced via traditional yeast-based
fermentatlon processes that use crop derived carbohydrates, such as sucrose extracted
from sugarcane or starch extracted f_rom grain crops, as the main carbon source.
However, the cost of these carbohydrate feed stock; is influenced by their value as
human food or animal feed, while the cultivation of starch or sucrose-producing: crops for
ethanol production is not .economically sustainable in all geographies. Ther,efote, it is of
interest to develop technologies to tonvert lower cost and/or more abundant carbon -

resources into fuel ethanol.
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CO is a major, bfree, energy-rich by-product of the incomplete combustion of
organic materials such as cdal or oil and oil derived products. For example, the steel o
iqdustry in Aqstralia is reported to produce and release into the atrhbsphere ove'f 50_0,_'_000 |
tonnes of CO annually. | '»

Catalytic processes may be used to convert gases consisting primarily of CO

» and/_or CO and hydrogen (H2) into a variety of fuels and chemicals. Micro-organisms may

also be used to convert these gases into fuels and chem‘icals.

The ability of micro-organisms to grow on CO as a sole carbon source was first
discovered in 1903. Th|s was later determined to be a property of organisms that use the
acetyl coenzyme A (acetyl CoA) biochemical pathway of autotrophlc growth (also known
as the Woods-Ljungdahl pathway and the carbon monomde dehydrogenase / acetyl CoA
synthase (CODH/ACS) péthway). A large number of anaerobic organisms including |
carboxydotrophic, photosynthetic, methanogenic and acetogenic 6rganisms have been
shown to metabolize CO to varibus end products, namely CO2, H2 methane, n-butanol,
acetate and ethanol. While using CO as the sole carbon source, all such organisms
produce at least two of these end products. |

Anaerobic bacteria, such as those from the genus Clostrldlum have been
demonstrated to produce ethanol from CO, CO2 and H2 via the acetyl CoA blochemitai
pathway. For example, various strains of Clqstrid)'um ljungdahlii that produce ethanol
from gases are described in WO 00/68407, EP 117309, US patent nos. 5,173,429,
5,593,886, and 6,368,819, WO 98/00558 and WO 02/08438. The bacterium Clostridiurh
autoethanogenum sp is _also' known to produce ethanol from gases (Abrini et al., ArchiQes
of Microbiology 161, pp 345-351 (1994)).

However, ethanol production by micro-organisms by fermentation of gases is .
always associated W|th co- productlon of acetate and/or acetic acid. As some of the
available carbon i is converted into acetate/acetlc acid rather than ethanol the effcnency
of production of ethanol using such fermentatlon processes may be less than desirable.
Also, unless the acetate/acetic acid by-product can be used for some other purpose, it'.
may pose a waste dispdsal problem. Acetate/acetic acid is converted to.methane by .

micro-organisms and therefore has the potential to contribute to GHG emissions.
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Microbial fermentation of CO in the presence of H2 can lead to substantially

complete carbon transfer into an alcohol. However, in the absence of sufficient H2 some

‘ of the CO is converted into alcohol, while a significant portion is converted to CO2 as

shown in the following equations:
6CO +3H,0 - C,HsOH + 4CO,
12H; + 4CO; - 2C;Hs0H + 6H,0 _ _
The production of CO, represents inefficiency in overall farbon éapture and if
released, also has the potenti_él to contribute to Green House Gas emissions.
W02007/117157 describes a process that produces alcohols, particularly ethanol,

by anaerobic fermentation of gases cbntaining carbon monoxide. Acetate produced as a

~ by-product of the fermentation process is converted into hydrogen gas and carbon

dioxide gas, either or both of which may be used in the anaerobic fermentation process.

W02008/115080 describes a pfocess for the production of alcohol(s) in multip>le
fermentation stages. By-products produced as a result of anaerobic fermentation of
gas(es) in a first bioreactor can be used to produce products in a second bioreactor.
Furthermbre, by-'producté of the second fermentation stage can be fecycled to the first
bforeactor to produce products. |

~ It would thus be beneficial to provide miérb-drganisms that are capable of

- fermentation of such gases to ethanol at increased efficiency, that is micro-organisms

capable of producing more ethaho|, and/or a greater ratio of ethanol to acetate from the
same substrate, than do micro-organisms of the prior art. - |

In addition; in prior art methods of bacteriél fermentation of CO-con.ta'ining gases
to ethanol that producg high levels of ethanol and/or a high ethanol to acetate ratio, the
gaseous substrate used typically comprises about _30765%7 CO by volume and about 20-
30% H, by volume (WO 00/68407).

CO-containing waste gases, that are potential substrates for microbial | |
fermentation to produé,e ethanol, may contain eifher higher levels of CO and lower levels
of Hyor both. It would therefore be beneﬁcial to have available bacterial strains that can
perform efficient ferme_ntation of CO-containing gas with greater than 65% CO by volume

and or less than 20% H; by volume into ethanol, fdr example.
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It is an object of the present invention to provide a new class of bacteria which

overcomes one or more of the limitations of the prior art in the conversion of gaseous .

- sources containing CO into ethanol, or at least to provide the public with a useful choice.

SUMMARY OF THE INVENTION -

In a first aspect the invention provides a blologlcally pure isolate ofa bacterlum

' capable of producmg products including ethanol and optionally acetate, by anaerobic

fermentation of a substrate comprising CO, wherein the products are produced at an

“ethanol to acetate ratio of at least 1.0.

In another aspect the invention provides a biologically pure isolate of a bacterium

capable of producing ethanol and acetate by anaerobic fermentation in an aqueous

“culture medium supplied with a substrate containing CO, particularly a gaseous substrate

containing CO, comprlsmg

(a) greater than about 65% CO by volume

(b) less than about 20% H, by volume, or | |

(c) greater than about 65% CO and less than about 20% H, by vblume,
at an ethanol to acetate ratio of at least about 1.0. o

In one particular embodiment the ethanol tb acetate ratio is at least about 1.1,
more preferably at least about 1.2, more preferably at least about 1.3 and most
preferaBIy at least about 1.4.

“In a further embodlment the bactenum is capable of producmg the ethanol at a

concentration of at least about 2.0g ethanol per litre of fermentation broth.

In particular embodiments the concentration is at least about 2.1g ethanol per

litre of fermentation broth, at least about 2.2g ethanol per litre of fermentation broth, at

least about 2.3g ethanol per litre of fermentation broth, at least about 2.4g ethanol per

litre of fe'rmentati_on broth, at least about 2.5g ethanol per litre of fermentation broth, at
least about 2.6g ethanol per litre of fermentation broth, at |ea§t about 2.7g ethanol per
litre of fermentation broth at least about 2.8g ethanol per litre of fermentaﬁon broth, at
least about 3.0g ethanol per litre of fermentation broth, at ieast about 3.2g ethanol pér

litre of fermentation broth, or at least about 3.4g ethanol per litre of fermentation broth.
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In particular embodiments the productivity of the bacterium 'is at least about 1.2g

of ethanol/L of fermentation broth/day, at Ieast about 1. 6g/L/day, at least about

-1 8g/L/day or at least 2. Og/L/day

In certain embodiments, the specific ethanol productivity of the bacterium is at-

least about 0.7g/L/gram bacterial cells/day, at least about 0.9g/L/gram bacterial

- cells/day, at least about 1.1g/L/gram bacterial cells/day, or at least about'1.3g'/L/gr_a'm.

bacterial cells/day.

In another aspect the invention p-'rovide’s a biologically pure isolate of a bacterium
capable of producing products including alcohol and optionally .ac_etate, by anaerobic
fermentation of a substrate comprising CO, wherein the productivity of the bactérium is
at least about 1.2g of ethan'ol/L of fermentation brbth/day.

In a further aspect the invention provides a biologically pure isolate of a bacterium
capablé of producing ethaaol by anaerobic fermentation in an aqueous culture medium
supplvied with a substrate containing CO, particularly a gaseous substrate c‘dhtaininé Co,
comprising:

(a) greatér than about 65% CO by volume

(b) less than about 20% H; by volume or

'(c) | greater than about 65% CO and Iess than about 20% H; by volume,
at an ethanol concentration of at least about 2.0g ethanol per I|tre of fermentatlon broth.

In particular embodlments the concentration is at Ieast about 2.1g ethanol per
litre of fermentation broth, at least about 2.2g ethanol per litre of fermentation broth, at
least abouit 2.3g ethanol per litre of fermentatioh broth, at least about 2.4g ethanol per
litre of fermentation.broth, at least about 2.5g ethanol per litre of fermentation broth, at
least about 2.6g ethanol per litre of fermentation broth, at least about 2.7g ethanol per.

litre of fermentation broth at least about 2.8g ethanol per litre of fermentation broth, at

least about 3.0g ethanol per litre of fermentation broth, at least about 3.2g ethanol per

litre of fermentation broth, or at least about 3.4g ethanol per litre of fermentation broth.

In particular embodiments the productivity of the bacterium is at least about 1.2g

~ of ethanol/L of fermentation broth/day, at least about 1.6g/L/day, at least about

1.8g/L/day or at least 2.0g/L/day.
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In certain embodiments, the specific ethanol productivity of the bacterium is at

- least about 0.7g/L/gram bacterial ceIIs/day, at least about 0.9g/L/gram bacterial
cells/day, at least about 1.1g/L/gcam bacterial cells/day, or at least about 1.3g/L/grarﬁ

bacterial cells/day.
In one embodiment acetate is produced as a by-product of the fermentation. .

In a particular embodiment the ethanol is produced at an ethanol to acetate ratio

. of at least about 1.0. In particular embodiments the ethanol to acetate ratio is at least

about 1.1, at least about 1.2, at least about 1.3 or more particulérly at least about 1.4.
In another aspect, the invention provides an acetoéeni_c bacterium wherein th_e :
bacterium has one or more of the following defining characteristics: | |
e an ability tc grow in minimal media in the presence or absence of yea.st extract;
e an ability to grow more rapidly, to produce a higher ratio of ethanol to acetate,
and/or to produce a higher concentration of ethanol, in a media in which yeast '
extract is not present compared to a media in which yeast extract is present;
e |ittle or no ability to sporulate; |
e Gram bositive;
e rod shaped;
e Non-motile. | } »
In one embodiment the bacteria are additionally capable of producing ethanol by

anaerobic fermentation in an aqueous culture medium supplied with a CO-containing

su bstrate comprising:

(a) greater than. "aboi.lt 65% CO by volume,
- (b) less than about 20% H, by volume, or
(c) greéter than about 65% CO and less than about 20% H, by volume, -
at an ethanol concentration of at least about 2.0g ethano.l per litre of férmentation broth
and/or at an ethanol to acetate ratio of at least about 1.0.

In particular embodiments the ethanol to acetate ratio is at least about 1.1, at

least about 1.2, at least about 1.3 or more particularly at least about 1.4.
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In particular embodiments the concentration of ethanol produced is at least about

2.1g ethanol per litre of fermentation broth, at least about 2.2g ethanol per litre of

. fermentation broth, at least about 2.3g ethanol per litre of fermentation broth, at least

about 2.4g ethanol per litre of fermentation broth, at least about 2.5g ethanol per litre of
fermentation broth, at least about 2.6g ethanol per litre of fermentation broth, at least
about 2.7g ethanol per litre of fermentation broth at least about 2.8g ethanol per litre of
ferméntation broth, at least about 3.0g ethanol per litre of fermentation broth, at'Iéast
about 3.2g ethanol per litre of fermentation broth, or at least about 3.4g ethanol per litre
of fermentation broth. _

In particular embodiments the productivity of the bacterium is at least ab'out 1.2g
of ethanol/L of fermentation broth/day,>at least about 1.6g/L/day, at least abbut
1.8g/L/day or at least 2.0g/L/dtay.

In certain embbdiments, the specjﬂc ethanol productivity of thé bacterium is at
Ie‘astl about 0.7g/L/gram bacterial cells/day, at least about ‘O.Qg/L/gram bacterial
cells/day, at least about 1.1g/L/gram bacterial cells/day, or at least about 1.3g/L/gram
bacterial cells/day. | _

In one embodiment, the bacteria of the invention are derived from Clostridium
autoethanogenum. |

In a particular embgdiment, the bacteria have two or more and most preferably all
of the éone deﬁ~ning characteristiés. I '

In a particular embodiment the bacterium has the defining characteristics of

- Clostridium autoethanogenum strain LBS1560 deposited at DSMZ unde'r the accession

number DSM 19630. In one embodiment the bacterium is Clostridium autoethqnoge_num
strain LBS1560 deposited at DSMZ under the accession number DSM 19630.

In a further aspect the invéntion provides a b.iologica‘lly. pure isolate of Clostridium
autoethanogenum strain LBS1560 deposited at DSMZ under the accession number DSM
19630. |

In one embodiment the substrate combrises at least about 70% CO by volume, at
least about 75% CO by volume, at least about 80% CO by volume, at least about 85% CO

by volume, at least about 90% CO by volume or af least about 95% CO 'by volume.
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in a further embodiment the substrate comprises less than about 20% H; by

volume. In particular embodiments the substrate comprises less than about 15% H, by |

volume, less than about 10% H by volume, less than about 5% H, by volume,'les_s' than

| about 4% H, by volume, less than about 3% H; by volume, less than about 2% H, by

volume, less than about 1% H, by volume, or substantlally no H,.

In a further embodiment the substrate comprises Iess than or equal to about 20%
COZ by volu'me. In particular embodiments the substrate comprises less than or equal to
about 15% CO, by volume, less than or equal to about 10% CO; by volume, or less than or
equal to about.5% CO, by volume _

In particular embodiments the substrate comprises at least about 85% CVO. by
vplume and at most about 15% CO, by volume; at least about 90% CO and at most about
10% CO,, or about 95% CO by vqurne and about 5% CO, by volume. |

In certain embodiments the aqueous culture medium is a minimal anaerobic
microbial growth medium selected from but not limited to LM23 or LM33 as herein
defined. S ' )

In one embodiment, the medium is not supplemented with yeast extract. ‘

In a further aspect, the-invention provides a method for the production of one or
more alcnhols from a substrate containing CO, the method comprising maintaining a
culture of one or more of the bacterlal isolates of the invention in the presence of the

substrate, and the anaeroblc fermentatlon of the substrate to one or more alcohols by

" the one or more bacterial isolate.

In another aspect, the invention provides a method for the production of one or
more alcohols comprising fermenting a substrate containing CO using one or more of the -
bacteria as herein before described.

"In one embodiment the method comprises the steps of:
(a) providing a substrate containing COto a bioreactor containing a
culture of a bacterium as hereinbefore described; and
(b)  anaerobically fermenting the culture in the bioreactor to produce

one or more alcohols.
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In a further aspect, the invention provides a method for reducibg.the total
atmospheric carbon emissions from an industrial brocess, the method comprising:
(a) capturing CO-cont_aining gas prodbced as a result of tb_e industrial prbéasé,
before the gas is released into the atmosphere;
(b) the anaerobic fermentation of the CO-containing gas to produce one or more
- alcohols by a culture confaining one or more bacterial isolates of the
invention. _ |
In certain embodiments of the method aspects, acetate is produced as a by-product
of _tbe fermentation. Preferably the one or more alcohols produced in'cludes ethanol.
In particular embodiments of the method aspects, the bacterium or isolatebis
maintained in an aqueous culture medium.. - '
In particular embodiments of the method aspects, the fermentation of the
substrate takes place in a bioreactor. ' A
In certain embodiments, the substrate contains less than about 15% H; by volume,.
such as less than about 10% H,, such as less than about 5% le_
In certain embodiments, the substrate comprises greater than about 65% CO by
Volume, preferably about 70% CO to about 95% CO by volume.
In one embodiment‘the substrate comprises at least about 70% CO by volume. Ina

particular embodiment the substrate comprlses at least about 80% CO by volume, at least

.'about 85% CO by volume, at least about 90% CO by volume or at least about 95% CO by

volume.

- In one embodiment the substrate comprises less than about 20% H, by volume. In

~ particular embodiments the substrate comprises less than about 15% H, by volume, less

than about 10% H, by volume, less than about 5% H, by volume, less than about 4% H, by
volume, less than about 3% H, by volume, less than about 2% H, by volume, less than
about 1% H, by volume, or substantially no H,.

In one embodiment the substrate comprises Iess than or equal to about 20% CO; by
volume. In particular embodlments the substrate comprises less than or equal to about
15% CO, by volume, less than or equal to about 10% CO, by volume, or less than or equal

to about 5% CO, by volume.
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In certain embodiments the substrate comprises at least about 85% CO by volume

" and at most about 15% CO, by volume, at least about 90% CO and at most about 10%

CO2, or about 95% CO by volume and about 5% CO; by volume.

In certain embodiments the substrate containing CO is a gaseous substrate
con‘taining CO. | '

In certain embodimenfs, the gaseous substrate comprises a gas obtained as a by-
product of an industrial process. - | |

In certain embodiments, the industrial process is selected from the group consisting
of ferrous metal products manufacturing, non-ferrous products manufacturing,
petroleum refining proceéses, gasification of biomass, gasification of coél, electric power
production, carbon black production, ammonia production, methanol producﬁon and
coke manufacturing.

In one embodiment, the gaseous substraté may comprise a gas obtéihed froma
steel mill. |

In another embodiment, the gaseous substrate may comprise automobile exhaust

- fumes.

In certain embodiments of the method aspects the alcohol is recovered from the
fermentation broth; the fermentation broth being the aqueous culture medium
comprising bacterial cells and the alcohol.

In certain embodiments acetate is produced as aA by—pféduct of the fermentation.

In a further embodiment the alcohol and the acetate are recovefed from the broth.

In.another as;“Ject, the inQention provides a method of selection of one or more
micro-organishs which produce one or more acids, the method comprising: Culturing the
micro-organishs in a nutrient media in a bioreactor; Adding fresh media at a pH higher
than the nutrient media, such that ;che nutrient media is maintained at a substéntially
constant pH; and, Removing at least a portion of the nutrient media and micro-organisms,
such that the media in the bioreador.is maintained at a substantially constant volume.

" In a particular embodiment, the method.is for the selection of fast growing micro-

organisms. In one embodiment the one or more acids includes acetate.
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In another aspect the invention provides a biologically pure isolate of a bécterium
produced by the method of selection. In one embodiment, the isolate has little or no
ability to sporulate. . | | |

'AIthough the invention is broadly as defined above, it is not limited thereto and also
includes embodiments of which the following descriptiqn provides examples.

BRIEF DESCRIPTION OF THE DRAWINGS ‘ | |

THe invention will now bé described in detail with referenée to fhe accompanying
Figures in which:

Figure 1: is a schematic representation of a system adapted to select for rapid
microbial growth ' | |

Figure 2: shows ethanol (squére) and acetate (diamond) production by Clostridium -
autoethanogenum LBS1560. Biomass concentration is represented by the friangle data
points. | h
DETAILED DESCRIPTION OF THE INVENTION

In broad terms, in one aspect the present invention relates to a novel bacterium |
and a biologiéally pure isolate of a bacterium with increased efficiency in an anaerobic
fermentation process. In one aspect the bacterium is capable of broducing an alcohol, |
preferably ethanol, from a substrate comprising: | o

(a) greater than _aboﬁt 65% CO by volume -

(b) less than about 20% H, by Voldme, or .

(c) greafer than aboqt 65% CO and less than about 20% H; by volume.

In a further aspect, the invention relates to a proéess for'producing an aicohol, '
prefgrably ethanol, by anaerobic fermentation of a CO-containing substrate by the
bacteria of the invention. |
Definitions

Unless otherwise defined, the following terms as used throughout this.
specification are defined as follows:

A “substrate containing CO” and like terms should be understood to include any
substrate in which carbon monoxide is available to bacteria for growth énd/or’

fermentation, for example. In particular embodiments of the invention the “substrate
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containing CO” is gaseous. Such substrates may be referred to herein as “gaseous

substrates containing CO” and the like.

In the description which foIIoWs, embodiments of the invention are described in
terms of delivering and fermenting a "gaseous substrate containing CO". However, it
should be appreciated that the gaseous substrate may be provided in alternative forms.
For example, the gaseous substrate containing CO may be provided dissolved in a liquid.
Essentialiy, a liquid is saturated with a carbon mo.noxide containing gas and then that
liquid is added to the bioreactor. This may be achieved using ctandard methodology. By

way of example, a microbubble dispersioh generator (Hensirisak et. al. Scale-up of

microbubble dispersion generetor for aerobic fermentation; Applied Biochemi_strv and

Biotechnology Volume 101, Number 3 / October, 2002) could be used. By way of further

example, the gaseous substrate containing CO may be adsorbed onto a solid support.

Such alternative methods are encompassed by use of the term "substrate containing CO".

The terms “increasing the efficiency”, “increased efficiency” and the like, when
used in relation to a fermentation pr'ocess,' include, but are not l'i_mited to, increasing one
or more of: the rete of growth of micro_-organism§ catalysing the'fermentation, the,,
volume of desired product (such as alcohols) produced per volume of substrate (such as
CO) consumed, the concentration of the desired product (such as alcohols) produced i in
the culture medium, the rate of production or level of productlon of the de5|red product :
and the relative proportlon of the desued product produced compared W|th other by-
products of the fermentation. »

The term “acetate” inc‘l.u'd'es‘ both acetate salt alone and a mixture of molecular or
free acetic acid and acetate salt, such as the mixture of acetate salt and free acetic acid
present in a fermentation broth as described herein. The ratio of molecular acetic acid to
acetate in the fermentation broth is dependent upon the pH of the system. |

The term “bioreactor” includes a fermentation device consisting of one or more
vessels and/or towers or piping arrangement, which includes the Continuous Stirred Tank
Reactor (CSTR), Ihmobilized Cell Reactor (ICR), Trickle Bed Reactor (TBR), Bubble Column, |
Gas Lift Fermenter, Static Mixer, or other vessel or other device suitable for gas-]iquid

contact.
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Bacteria of the invention, or cultures or isolates thereof, may be described to be
in an “isolated” or “biologically pure” form. These terms are intended to mean that the
bacteria have been separated from an en\/ironment or one or more'constituents, cellular )
or otherwise, which they may be associated with if found in nature or otherwise. The

terms "isolated" or "biologically pure” should not be taken to indicate the extent to which .

~ the bacteria have been purified. However, in one embodiment the isolates or cultures of

‘the bacteria contain a predominance of the bacteria of the invention.’

The invention provides a biologically pure isolate of a bacterium capable of |
producing ethanol and acetate by anaerobic fermentation in an aqueous culture medium
supplied with a gaseous CO-containing substrate comprising: |

(a) greater than about 65% CO by volume

(b) less than about 20% H; by volume, or

(c) greater than about 65% CO and less than about 20% Hz by ,volume,
at an ethanol to acetate ratio of at least about 1.0. In one embodiment, the bacterium is
derived from C. autoethanogenum as described elsewhere herein. |

In certéin embodiments the ethan_bl to acetate ratio is at'lean_about 1.1,0rat
least about 1.2, or at least about 1.3 or at least about 1.4. -

- In furthér embodiments the Bacterium is capable of producing. ethanol ata
goncehtration of at least about 2.1g ethanbl_ per litre of fermentation broth, at least

about 2.2g ethanol per litre of fermentation brbth, at least about'2.3g ethanol per litre of

" fermentation broth, at least ab'o>ut 2.4g ethanol per litre of fermentation broth, at least

about 2.5g ethanol per litre of fermentation broth, at least about 2.6g ethanol per litre of o

fermentation broth,_at least about 2.7g ethanol per litre of fermentation broth at least

about 2.8g ethanol per litre of fermentation broth, at least about 3.0g ethanol per litre of
fermentation broth, at least about 3.2g ethanol per litre of fermentation broth, or at least
about 3.4g ethanol per litre of fermentation broth.

Ethanol productivity is the volumetric productivity of ethanol, calculated as the

- ratio of the ethanol concentration and the time required to produce that concentration in

30

batch systems. Productivity can also be calculated for microbial fermentation in

continuous systems. In particular embodiments of the invention, the proddctivity of the
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bacteria is at least 1.2g ethanol/ L of ferrﬁentation broth/day, or"a_t least 1.6g/L/day or at
least 1.8g/L/day or at least 2.0g/L/day. A |

The specific productivity of a micfobial culture depends on the proportion of Iive.
active microorganism witHin a microb_ial culture. In certain embodiments of the present
invention, the specific ethanol productivity is af least O.7g/L/gramvbacteriaI cells/day, or.
at least 0.9g/L/gram bacterial cells/day, or at least 1.1g/L/gram bacterial cells/day, or at
least 1.3g/L/gram bacterial cells/day. | |

- The invention also providés a biologically pure isolate of a bacterium capable of

producing ethanol by anaerobic fermentation in an aqueous culture medium supplled
with a gaseous CO-containing substrate comprlsmg

(a) greater than about 65% CO by volume

(b) less than about 20% H, by volume, or

.(c) greater than about 65% CO and less than about 20% Hz by volume
at an ethanol concentration of at least 2.’0g ethanol per litre of fermentation broth. In
one embodiment, the bacterium is derived from C autoethanogenum as described .
elsewhere herein. — |

In further embodiments the bacteriuh is capable of producing ethanol at a -
concentration of at least about 2.1g~ethaho| per litre of fermentation broth, at least
about 2.2g éthanol per litre of fermentation broth, at least about 2.3g e.tha.no_l per litre of
fermentation broth, at least about 2.4g ethanol per litre of fermentation broth, at least

about 2.5g ethanol per litre of fermentation broth,; at least about 2.6g ethanol per litre of

fermentation broth, at least about 2.7g ethanol per litre of fermentation broth at least

about 2.8g ethanol per litre of fermentation broth, at least about 3.0g ethanol per litre of |
fermentation broth, at least about 3.2g ethanol per litre of fermentation broth, or at least
about 3.4g ethanol per litre of fermentatfonl broth. . _ |

In particular embodiments of the invention, the productivity of the bacteria is at .
least 1.2g ethanol/L of fermentation broth/day, or at least 1.6g/L/day 6r at least
1.8g/L/day or at least 2.0g/L/day. '
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In certain embodlments of the present invention, the specific ethanol productlwty
is at least 0.7g/L/gram bacterial cells/day, or at least 0. 9g/L/gram bacterial cells/day, or at
least 1.1g/L/gram bacterial ceIIs/day, or at least 1.3g/L/gram bacterlal cells/day.

Typically acetate is produced as a by-product of the fermentation. In one
embddiment the ethanol is produced at an ethanol to acetate ratio of at least about 1.0.
In particular embodlments the ethanol to acetate ratio is at Ieast about 1.1, or at least
about 1. 2,or at least about 1.3 or at least about 1.4.

The invention also provides acetogenic bacteria having one or more of the
foIIowing defining characteristics as observed under the experimental conditions
described herein after: an ability to grow in minimal media in the presence or absence of
yeast extract; an ability to grow more rapidly, to produce a higher rat-io of ethanol to
acetate, and"/or to produce a higher concentration of ethanol, in a media in which yeast

extract is not present compared to a media in which yeast extract is present; little or no

ability to sporulate; Gram positive; rod shaped; Non-motile.

In one embodiment the bacteria have substantially no ability to sporulate. In one -
embodiment substantially none of the bacterial population exhibit spores under the
conditions described herein after. | |

* In one embodiment the acetogenlc bacteria are additionally capable of producing

ethanol by anaerobnc fermentation i in an aqueous culture medium supphed with.a CO-

~ containing substrate compnsmg. greater than about 65% CO by volume; less than about

20% H; by volu}ne; or, greater than about 65% CO and less than about 20%'H_2 by volume;

at an ethanol concentration of at least about 2.0g ethanol per litre of fermentation broth

- and/or at an ethanol to acetate ratio of at least about 1.0.

The bacteria of the invention can be derived from Clostridium autoethanogenum.

The observation that bacteria of certain embodiments of the invention have little

to no ability to sporulaté is surprising. This provides an unexpected benefit over other

strains of Clostridia including Clostridium autoethanogénum. Sporulation is a stagnant
phase of limited activity. Reducing or ameliorating the ability to form spores has a
number of advantages. For example, a single bacterial cell can only divide and produce

metabolites (such as acetate and/or ethanol) while in a non sporulated condition.
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Accordingly, the time scale for division and metabdlite production can be extended where
b‘acteria do not spofulate. The lack of an ability to sporulate may also provide additidn_al _
control over an entire culture, wHereiLn the whole Ii;_ve population may be adapted to
promote growth and/or metabolite production for extended periods. Theréfore, use of
bacteria of the present invention may increase the overall efﬁciehcy_of a fermentation
process for prodﬁcin‘g products such as acetate and/or ethanol.

In certain embodiments of the invention, the bacteria have two or more and more
preferably aII‘ of the above mentioned characteristics. In some embodiments of the
invention the bacteria have the defining characteristiés of Clostridium autoethanogenum
strain LBS1560 deposited at DSMZ, Germany,'ih accordance with the deapesf T;eaty, on
19 October 2007, and allocated the accession number DSM 19630. .In a particlﬂar |
embodiment, the bacterium is Clostridium autoethanogenum strain LBS1560, DSM 19630..

| _The. invention also relates to bacteria derived from the bacteria of the invention.

In certain embodiments the bacteria of the invention are able to produce the
concentrations of ethanol, and ethanol to acetate ratios discussed above, at elevated

levels of CO in the gaseous substrate. The gaseous substrate may comprise at least about

© 70% CO by volume. In certain embodiments the gé,seous substrate comprises at least

about 80% CO by volume, or at least about 85% CO by volume, or at least about 90% CO
by volume or at least about 95% CO by volume. o

Simillé‘rly the discussed ethanol cbncent'ratidns, and ethanql to acetate r_afios, are
achievable in certain embodiments at low to r_10n-existent levels of H, in the gaséous
substrate. The gaseous substrate may tomprise Ieﬁé than about 20%.H2 by volume. In ‘

particular embodiments the gaseous substrate comprises less than about 15% H, by

- volume, or the gaseous substrate comprises less than about 10% H, by volume, or the

gaseous substrate comprises less than about 5% H, by volume, or the gasebus substrate
comprises less than about 4% H, by volume, or the gaseous substrate comprises less than
about 3% H; by volume, or the gaseous substrate comprises less than about 2% H; by
volume, or the gaseous substrate combrises less than about 1% H, by volume, or the

gaseous substrate comprises no H,.
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In certain embpdiments, the bacteria of the invention can also produce ethanol
concentrations, and ethanol to acetate ratios when su'pplied with gaseous substtate
comprising relatively little COZ. In one empodiment the gaseous spbstrate comprises less
than or equal to about 20% CO, by volume. In certain embodiments the gaseous
substrate comptises less than or equal to about 15% CO; by volume, or less than or equal
to about 10% CO, by volume, or less than or eqpal to about 5% CO§ by volume.

'In certain embodiments the gaseous substrate compris_esvab'out 85% CO by
volurﬁe and about 15% CO, by vplume, or the gaseous substrate comprises at least about
90% CO and at most about 10% CO,, or the gaseous substrate compnses about 95% co
by volume and about 5% CO, by volume.

In certain embodlments the culture is malntalned in an aqueous culture medlum
Preferably the aqueous culture medium is a minimal anaerobic microbial growth medium.
Suitable media are known in the art and described for example in US patent nos
5,173,429 and 5,593,886 and WO 02/08438, and in Klasson et al [(1992). Bioconversion of
Synthesis Gas into Liqpid or Gaseous Fuels. Enz. Microb. Technol. 14:602-608.], Najafpour
and Younesi [(2006). Ethanol and acetate synthesis from waste gasiusing batch culture of
Clostridium ljungdahlii. Enzyme and Microbial Technology, Volume 38, Issues 1-2, p. 223-
228] .a'nd Lewis et al [(2002). Making the connection-conversion of biomass-generated
producer gas to ethanol. Abst. Bioenergy, p. 2091-2094.]. In particular embodiments of

the invention, the minimal anaerobic microbial growth medium is LM23 or LM33 as

,hereln defined.

In certain embodiments the medium is supplemented with addltlonal
components, such as but not limited to amlno acids and trypticase. Preferably the
medium is not supplemented with additional components.

In certain embodiments the medium may be supplemented with yeast extract. In

-certain embodiments the culture grows more rapidly when the medium is not

supplemented with yeast extract than when the medlum is supplemented with yeast

‘extract. In a further embodiment the ethanol to acetate ratio produced is higher when

the medium is not supplemented with yeast extract, than when the medium is

supplemented with yeast extract. In a further embodiment the concentration of ethanol
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produced per litre of culture medium is higher when the rrledium is not supplemented
with yeast extract, than when the medium is supplemented with yeast extract. In
particular embodiment, the medium is not supplemented witb yeast extract.

The inyv‘ention also prpvides methods for the production of one or more alcohols
from a gaseous substrate comprising CO, the methods comprising maintainir\g a culture
of one or more bacterial isolate of the invention in the presence of the gaseous substrate,
and the anaerobic fermentation of the gaseous substrate tp one or more alcohols by the
one or more bacterial isolate. A » '

‘I;he iAnvention also provides a method for reducing the total atmospheric carbon
emissions from an industrial process, the method comprising:‘

(a).  capturing CO-containing gas produt:ed as a result of the industrial process,

before the gas is released into the atmosphere; |

(b)l the- anaerobic fermentation of the CO-containing gas to produce one or

more alcohols by a culture containing one or more bacterial isolates of the
invention. .

In certain embodiments of the methods of the invention, acetate is produced as a
by-product of the fermentatlon The alcohol produced is ethanol

In certain embodlments, the culture is maintained.in a I|qu|d nutrient medlum._

The fermentation may be carried out in any suitable bioreactor, such as a _
continuous stirred tank reactor (CTSR), a Bubble column reactor (BCR) or a trickle bed

reactor (TBR). Also, in some preferred embodiments of the invention, the bioreactor

“may comprise a first, growth reactor in which the micro-organisms are cultured, and a

second, fermentation reactor, to which fermentation broth from the growth reactor is fed

“and in which most of the fermentation product (ethanol and acetate) is produced.

As described above, the carbon source for the fermentation reaction is a gaseous
substrate containing CO. The gaseous substrate may be a CO-contai’ning waste gas
obtained’as a by-product of an industrial process, or from some other source such as
from automoblle exhaust fumes. In certain embodiments, the industrial process is
selected from the group consisting of ferrous metal products manufacturing, such as a

steel mill, non-ferrous products manufacturing, petroleum refining processes, gasification
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of coal, electric power production, carbon black production, ammonia production,

methanol production and coke manufacturing. In these embodiments, the CO-containing

gas may be captured from the industrial process before it is emitted into the atmosphere,

using any convenient method. Depending on the composition of the gaseous CO-
containing substrate, it méy also be desirable to treat it to remove any undesired
impurities, such as dust particlés before introducing it to the fermentation. For example,
the géseoustsubstréte may be filtered or scrubbed using known methods.

In addition, it is often desirable to increase the CO concentration of a substrate
stream (or CO partial pressure in a gaseous substrate) and thus increase the efficiency of
fermentation reactions where CO is a substrate. lncreasing' CcoO ﬁartiai pressure ih a -
gaseous substrate increases CO mass transfer into a fermentation media. Thé
composition of gas streams used to feed a fermentation reaction can have a significant-
imbact_on the efficiency and/or costs of that ;eactiori. " For example, 02 may reduce the
efficiency of an anaerobic fermentation process. Processing of unwanted or unnecessary
gases in stages of a fermentation ﬁrocess before or after fermentation can increase the - -
burden on such stages (e.g. where the gas stream is compressed"bgfore entering a
pioreactor, unnecessary energy may be used to compress gases that are not needed in
the fermentation). Accordingly, it may be desirable to treat substrate streams,
p_articularly substrate streams derived from industrial sources, to remove unwanted
c'ompOnentS and increase the concentration of desirable coniponents.

Substrate streams derived from an industrial source‘are. typically variable in
compositio,n.. Furthermore, substrate streams derive'd from industrial sources co'mprising'
high CO concentrations (such as at least 50% CO or at Ieast‘65%) often have alow H2
component (such as less than 20% or less than 10% or 0%). As such, it is particularly
desirable that micro-organisms are capable of prod‘uc‘:ing products by anaerobic
fermentation of substrates comprising a range of CO and H2 concentrations, part_icularly
high CO concentrations and low H2 concentrations. The inventors tested C. "
autoethanogenum (obtained from DSMZ under accession number DSM 10061) and note
it 'would not grow and produce products on gaseous substrates comprising Cb without an

H2 component. However, the bacteria of the present invention have the surprising ability
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to grow and producé products (ethanol and acetate) by fermenting a substrate
comprising CO (and no H2). »

The presence of hydrbge‘n‘ in the substrate stream can lead to arj_ improvement in
efficiency of overall carbon capture and/or ethanol productivity. For example,
W002/08438 describes the production of ethanol using gas stream of various
compositions. W002/08438 reports a substrate stream comprising 63% H2, 32% CO and
5% CH4 beiAng provided to a culture of C.Ijungdah/ii in a bioreactor to promote microbial
growth and ethanol production. When the culture reached a steady state and microbial -
growth was no longer the main objective, the substrate stream was switched to 15.8%
H2,' 36.5’%_C0,I 38.4% N2 and 9.3% CO2 in order to provide COin a slight excess and
promote ethanol production. This document also'dessribes gas streams witb higher and ‘
lower CO and H2 concentrations. '

It will be appreciated that the processes of the present invention as desc'ri»bed
herein'can be used to reduce the total atmospheric carbon emissions from industrial
processes, by capturing Cb-containing- gases produced as a result of such processes and
using them as substrates for the fermentatibn processes described herein.

Alternatively, in other embodiments of the invention, the co- contalnlng gaseous
substrate may be sourced from the gasification of biomass. The process of gasification
involves partial combustion of biomass in a restricted supply of air or oxygen. The
resultant gas typically comprises mainly CO and H,, with rrtihimal volumes of '(_ZOz;'
methane, ethylene and ethane. For example, biomass by-products obtai.ned_ duri:ng the
extraction and processing of foodstuffs such as sugar from sugarcane, ot starch from
maize or grains, or non-food biomass waste generated by the forestry industry may be
gaS|fed to produce a CO-containing gas suutable for use in the present invention.

It is generally preferred that the CO-containing gaseous substrate contains a major

. proportion of CO. In particular embodiments, the gaseous substrate comprises at least

about 65%, or at least about 70% to about 95% CO by volume. It is not necessa'ry for the
gaseous substrate to contain any hydrogen. The gaseous substrate also optnonally
contains some COZ, such as about 1% to about 30% by volume, such as about 5% to about

10% CO,.
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It will be appréciated that for growth of the bacteria and CO-to-ethanol

‘ fermentation to occur, in addition to the CO-containing substrate gas, a suitable liquid

" nutrient medium wiIIA;r_Ieed to be fed to the bioreactor. A nutrient medium will contain

vitamins an‘d minerals sufficient to bermit gfowth of the mi‘cro-or'ganism used. Anaerobic
média suitable for the fermentatior'l'of-ethanol using CO as the sole carbon source are
known in the art. For example, suit_able media are d_es_cribed in US patent nos 5,173,429
and 5,593,886 and WO 02/08438 as well as other publications referred to herein before.
in one embodiment of the invention the media is LM23 as described in the Examples
herein after. |

The fermentation should desirably be carried out under appropriafe conditions for

~ the CO-to-ethanol fermentation to occur. Reattion conditions that_should be considered

include pressure, temperature, gas flow rate, liquid flow rate, media pH, media redox
potential, agitation rate (if using a continuous stirred tank reactor), inocﬁlum level,’
méximum gas substrate concentrations to ensure that CO in the liquid phase does not
become limiting, and maximum product concentrations to avoid product inhibition.
The optimum reaction conditions will depend partly on th'evparticular micro-
organism of the invention'used. However, in general, it is preferred that the

fermentation be performed at pressure higher than ambient pressure. Operating at

increased pressures allows a significant increase in the rate of CO transfer from the gas

phase to the liquid phase where it can be taken up by'the mi'crd—orgariism as a carbon
source for the production of ethanol. This in turn means that the’retenti:on time (defined
as the liquid volume in' the bioreactor divided by the input gas flow rate) can be reduced
when bioreactors are maintained at elevated pressure rather than atmospheric pressure.
Also, since a given CO-to-ethanol conversion rate is in part a function of the
substrate retention time, and achieving a desired retention time in turn dictates the
required volume of a bioreactor, the use of pressurized systems can greatly reduce the
volume of the bioreactor required, and consequently the capital cost of the fermentation
equipment. According to examples given in US paterit no. 5,593,886, reactor volume'cén

be reduced in linear proportion to increases in reactor operating pressure, i.e. bioreactors
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operated at 10 atmospheres of4pressure need only be one tenth the volume of those
operated at 1 atmosphere of pressure.
~ The benefits of conducting a gas-to-ethanol fermentation at elevated press_ures

have also been described elsewhere. For example, WO 02/08438 describes vgas-to—

. ethanol fermentations performed under pressures of 30 psig and 75 psig, giving ethanol

productivities of 150 g/l/day and 369 g/I/day respectively. However, example
fermentations perform_ed using similar media and input gas compositions at atmospheric
pressure were found to produce between 10 and 20 times less ethénol per litre per day.
It is also desirable that the rate of introduction of the CO-containing gaseous
substrate is such as to ensure that the concentration of CO in the liquid phase dbes ﬁot
become limiting. This is because a consequence of CO-limited conditions méy be that the
ethanol product is c’onsumed by the culture. |
In certain embodiments, a fermentation prbcess according to the present -.
invention described above will result in a fermentation broth comprising ethanol, as well

as bacterial cells, in the agueous culture medium. In preferred embodiments of the

- method the ethanol is recovered from the fermentation broth. -

In certain embodiments, the recovering of ethanol comprises continuously

removing a portion of broth and recovering the alcohol from the removed portion of the

In particular embodiments th;e recovery of ethanol includes passing the removed
portion of the broth containing ethanol through a separati‘on unit to separate bacterial
cells from the broth, to produce a cell-free alcohol-containing permeate, and returhing
the bacterial cells to the bioreactor.
In certain embodi'rﬁents, the methods of the invention are continuous processes.
In particular embodiments acetate is produced as a by-product of the
fermentation. |
In a further embodiment the ethanol a‘nd the acetate are recovered from the

broth.



10

15

20

25

WO 2009/064200 PCT/NZ2008/000305

-23-

In certain embodiments, fhe recovering of ethanol and acetate comprises
continuously removing a portion of the brpth and recovering separately ethanol and
acetate from the removed portion of the broth. |

In some embodiments the recovery of ethanol and acetate inciudes passing the
removed portion of the broth containing ethanol and acetate through a sepa’fation unit to
separate bacterial cells from the ethanol and acetate, to produce a ceII-freeA ethanol-and
acetate-containing permeate, and returning the bacterial cells to the bioreactor.

In the above embodiments, the recovery of ethanol and acetate preferably
includes first removing ethanol from the cell-free permeate followed by removing }acetate
from the cell-free permeate. Preferably the cell-free permeate is then returned to the
bioreactor. A | o |

In certain embodiments, the methods of the invention are.continuous processes. R

Ethanol is the preferred desired end product of the fermentation. The ethanol
may be recovered from the fermentation broth by methods known in the art, such as
fractional distillation or evaporation, and extractive fermentation. Distillation of ethanol
from 'é fermentation broth yields an 'azeotropic mixture of ethanol and water (i.e. 95%
ethahol and 5% water). Anhydrous. éthanol can subsequently be obtained through the

use of molecular sieve ethanol dehydration technology, which is also well known in the

art. Extractive fermentation procedures involve the use of a water-miscible solvent that

presents a low toxicity risk to the fermentation organism, to recover the ethanol from t>he
dilute fermentation broth. For example, oleyl alcohol is a solvent that may bg used in this
type of extraction process. OIeyIJalcOhoI is continuously introduced into a ferr'ne‘nter,
whereupon this solvent rises f_orrﬁing a layer at the top of the fermenter which is
continuously extracted and fed through a centrifuge. Water and .ceIIs are thgn readily
separated from the oleyl alcohol and returned to the fermenter while the ethanol-laden
solvent is fed into a flash vaporization unit. Most of the ethanol is vapbrized and
condensed while the oleyl alcohol is non volatile and is recovered for re-use in the

fermentation.
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Acetate may also be recovered from the fermentation broth using methods

known in the art. Methods for the recovery of acetate are described in detail in

' W02007/117157 and W02008/115080

In certain embodiments of the invention, ethanol and acetate are recovered from
the fermentation broth by continuously removing a portion of the broth from the |
fermentation bioreactor, separating microbial cells from the brqth (conveniently by -
filtration), and recovering first ethanol and then acetate from the broth. The ethanol may
conveniently be recotered by distillation, and the acetate may be recovered by
adsotptibn on activated charcoal, using the methods described above. The separated
microbial cells are preferably returned to the fermentation biotea_ctor. The cell free

permeate remaining after the ethanol and acetate have been removed is also preferably ’

‘returned to the fermentation bioreactor. Additional nutrients (sUch as B vitamins) may

be added to the cell free perrﬁeate, to replenish the nutrient medium before it is returned
to the bioreactor. Also, if the pH of the broth was adjusted as described above to

enhance adsorption of acetic acid to the activated charcoal, the pH should be re-adjusted
to a similar pH to that _o_f the broth in the fermentation 'bio_reactor,' before being returned

to the bioreactor.

 Reaction stoichiometry

Without wishing to be bounct by any theory, the chemical reactions for the
fermentation of CO to ethanol (a) and acetic acid (b) in the, process of the present
invention are believed to be as follows
(a)  18CO + 9H,0 => 3CH3CH,OH + 12C0;

(b) 12CO + 6H,0 => 3CH3COOH + 6CO,
- The invention will now be described in more detail with reference to the following

non-limiting examples.
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The composi'_ci'on of media componef_its used in the following examples is provided

in Tables 1 and 2.

Table 1: Media Composition for C. autoethanogenum

1 Media Component

Concentration per

/| Concentration per

Concentration per

1.0L of Media | 1.0L of Media 1.0L of Media
(LM17) | (tm23) (LM33)

[ Mecr..6H,0 [osg [os5g [ 0.5g
| naci [o0.2¢ [o0.2¢ [0.2g

CaCl, |o2g |0.2g | 0.2¢g
;iI (NH,),HPO, 2.0g - -
i
gl 100mM sodium phosphate - 160 ml -
. buffer (pH 6.0)* :
[ NarPo, |- - 2.0
§| NH,CI - [o06g | [ 258
%| 85% H;PO, | 0.05ml [0.05m [-
| Kcl | 0.15¢ ~ [o0.15¢ | 0.15g
Composite trace metal 10 mL 10 mL 10mL o

solution (LSO6) ’ '

Composite B vitamin 10mL | 10mL 10mL

Solution (LS03) -
[ Resazurin (1000 mg/L stock) || 1 mL 1mL 2mL §
Q FeCls 5] 0.0025g ] 0.0025g - | 0.01g ;
!I Cysteine HCl monohydrate || 0.75g | 0.75¢ | 0.5g g

‘ l Agarose (optional) | | 158 | 15g !

gl DlStI"ed water To 1 litre - | To 1litre To 1 litre §

* Combine NaH,PO, (13.2g) and Na,HPO,.7H,0 (1.1g) in H,O (1L).



~ § Compaosite B vitamin per L of .Composite trace metal solution per L of
§ Solution (LS03) Stock (LSO6) _ | stock
%l Biotin ” 20.0mg §l Nitrilotriacetic Acid l 1.5g
gr Folic acid “ 20.0 mg %] MgS0,.7H,0 | 3.0g
§| Pyridoxine hydrochloride f[ 10.0 mg g[ MnS0,.H,0 | 0.5g
| Thiamine . HCI || 50.0mg || Nacl | 108
l Riboflavin H 50.0 mg E[ FeS0,.7H,0 | 0.1g
I Nicotinic acid || 50.0mg il Fe(S04),(NH,),. 6H,0 | 0.8g
l Calcium D-(*)-pantothenate ” 50.0 mg z! CoCl,. 6H,0 : | 0.2g
[ vitamin 812 [ 50.0 mg 1] Zns0,.7H,0 - [o0.2g
§| p-Aminobenzoic acid | 50.0mg || cuCl,. 2H,0 | 0.02¢
é{l Thioctic acid’ || 50.0mg || AIK(SO,);.12H,0 | 0.02¢
i| Distilled water To 1 Litre ] H3BO, l 0.30g
i [ NaMo0,.2H,0 [0.03g
} | Na,Se0; | 0.02¢ -
g | NiCl,. 6H,0 | 0.02¢
g [ Na,W0,.6H,0 [002g |
i“ Distilled water To 1 Litre |
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mineral and vitamin solutions -

. LM17, LM23 and LM 33 media were prepared at pH 5.5 as follows. All ingredients

.with the exception of cysteine HCL were mixed in dH,0 to a total volume of 1L. This'

solution was made anaerobic by heatmg to bmlmg and allowmg it-to cool to room

temperature under a constant flow of 95%CO 5%C0, gas. Once cool, the cystelne HCL

was added and the pH of the solution adjusted to 5.5; anaerobicity was maintained

throughout the experiments.

" Ethanol and acetate determinations

Ethanol and Acetate determinations in the following examples were made using a gas

chromatograph HP 5890 series Il -Utilizing a flame ionization detector (FID), removable,

deactivated glass, injection port liner, associated regulators, gas lines, and septa with
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sample autoinjector HP 7673A. Separations were made on a capillary GC Column EC1000-

Alltech EC1000 30m x 0.25mm x 0.25um.
The Gas Chromatograph v‘v‘asboperated in Split rhode with a total flow of hydrogan
of 50 mL/min with 5 mL purge flow (1:10 split), a column head pressure of 20 psig

resulting in a linear velocity of 45 cm/sec. The temperature program'was'initiated at

- 602C, hold for'l minute then ramped to 1702C at 302C per minute. This resulted in a total

run time of 4.65minutes. Injector temperature was 1802C and the detector temperature

was 2252C.

Reagents used were Propan-1-ol-Reagent grade - Scharlau AL0437, Min assay by
GC 99.5%; Ethanol absolute- Scharlau ET0015, Min assay by GC 99.9; Acetic acid 100%
glacial- BDH 100015N, Min assay by GC 99.8%; Orthophosphoric acid-BDH 294214Q, Min -

~assay by GC 99.0%; Nitrogen — BOC Oxygen Free-GC make up gas; Hydrogen — BOC

Oxygen Free-GC carrier gas and FID fuel; Zero air-FID oxidant; Water-deionized.
Cell density _

To determine the cell density in these experiments, the absorbance of the
samples was measured at 600nm (spectrophotometer) and the dry mass determined via
calculation according to published procedures. The level of metabolites was characterlzed

using ngh Performance Liquid Chromatography (HPLC) and |n some cases Gas

- Chromatography (GC).

20

25

HPLC | |
HPLC System Agilent 1100 Series. Mobile Phaseu; 0.0025N Sulphuric Acid. Flow and

.pressure: 0.800 mL/min. Column: Alitech I0A; Catalog # 9648, 150 x 6.5 mm, particle size

5 pum. Temperature of column: 60°C. Detector: Refractive Index. Temperature of detector:
45°C.
The method of sample preparation for HPLC was as follows: 400 pL of sample and

50-uL of 0.15M ZnSO4 and 50 pL of 0.15M Ba(OH), are loaded into an Eppendorf tube.

The tubes are centrifuged for 10 min. at 12,000rpm, 4°C 200 HL of the supernatant are

transferred into an HPLC vial, and 5yl are injected into the HPLC instrument.
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Example 1: Production of a new bacterial isolate of the invention
- The new strain Clostridium autoethanogenum LBS1560 was produced through a
dedicated program of selection and propagation of microbial cultures initiated from the

parent C. autoethanogenum culture (DSMZ 10061) over a period of 18 months.

Methods

A frozen stdck‘ of C. autoethanogenum 10061 (obtained from DSMZ) was initially
thawed and used to inoculate LM.23 medium pr-epared‘.\&ith 5g / litre yeast extract in the
presence of 95% CO and 5% CO,. This culture could not be made to gfow on LM23 media
in the absence of Yeast Extract. In an effort to overcome the cultures dependenée on
yeast extract over a period of months, actively growing microbial cultures that were
observed to pr_oduce the most ethanol and the highést ratio of ethanol to acetate were
repeatedly subcultured into media containing ever decreasing concentratiohs of yeast
extract, always in the presence of 95%CO 5% CO, headspace gas. After this‘period
cultures growing and producing ethanol and acetate in the absence of yeast extract could
be observed. This sélectipn protocol was actively maintained toy further identify and

select for cultures that:

- i) k grew most rapidly;
i)  produced the most ethanol; ,
| iii') ~ produced the highest ratio of ethénol to acetate; and,
iv) grew in the absence of yeast extract in the quuid media.

20

25

Examplé 1.1: Rapi& growth selection _

In order to select for fast growing cultures, the micro-organisms propensity to
'prodqce acetic acid as a by-product of energy métabolism during periods of growth on ‘a -
continucﬁ;s 95% CO, 5% CO2 gas strearﬁ was exploited. The accumulation of acetic acid
in the growth media has the effect of lowering the pH of the process. Accordingly, a

fermenter configuration that diluted the culture in a growth dependent way in order to

introduce a pressure that would select for the fastest growing populations was

devel'oped. An exemplary configuration is shown in Figure 1, wherein a culture of micro-

organisms was fermented in a bioreactor 1. pH of the nutrient media 2 was monitored by
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a conventional pH probe 3. Deviations in the pH reading from the set point of 5.5 caused

a pump 4 to be activated, however, rather than the signal from the probe being relayed

to a pump that dosed a base or acid solutioh; in this case the p(mjp was linked to a bottle
5 containing fresh anaerobic LM17 media at pH 5.8. Thus as the culture grew, acetic acid

was produced, the pH of the media 2 began to drop causing the activation of a pump 4

~ that introduced media at pH 5.8. The pump 4 was only de-activated once the media pH

was returned to 5.5 or above. The liquid level in the reactor 1 was méin'gained usinga
level probe 6 linked fo a second pump 7 that operated to maintain the liquid level in the
bioreactor 1 at or below a fixed level. Media pumped away from bioreactor 1 was passed
to waste container/means 8. Accordingly, the growing culture populatibn was diiuted ina
growth-linked manner and the faster the population grew, the more acetate Was
produced and more fresh média was introduced until ultimately, relatively large volumes
of media were introduced into the fermenter to maintain pH effectively selecting for the
fastest growing populations as these would not be washed out in an effort to maintain
the liquid volurﬁe of the vessel at a fixed level. This fermenter COhﬁguration was
maintained for several months at a time as a continuous culture in order to isolate fast
growing cultures. Every 14 days, an aliquot of the culture was removéd and allowed to
grow in a 250ml serum bottle containing SOrhI of media and 35 p§ig of 95% CO, 5% CO2 in
the headspace. Once actively growing the culture was prepared and s;cored asa glyé_erol

stock for comparative work with the original culture stocks.

Results _

The process of selection and subculture over a period of 18 months described |
above resulted in the new strain LBS1560 which showed optimum performance for each
of features i) to’iv) above. The new strain of bacteria was observed to be Gram positive
(it stainéd Gram positive), non-motile, havihg a'rod shape, and surprisingly exhibiting

little to no ability to sporulate (as described further herein after).

'LBS1560 was deposited at the DSMZ, Germany, in accordance with the Budapest
Treaty, on 19 October 2007, and allocated the accession number DSM 19630.
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Example 2: Culfure al;'ld Storage of LBS1560

C. autoethanogenum LBS1560 can be cultlvated usmg the followmg conditions:
growth on 95% CO gas (5%C02) 35p5| in LM23 media, at 37°C, pH 5.5, with agitation
(200rpm shaking) under anaerobic conditions. Growth may be monitored by measuring

OD at 600nm and microscopic analysis.

For storage, a log phase culture of LBS1560 in LM23 +20% glycerol is flash frozen
and then stored at -80°C | |
Example 3: Comparison of the new C. autoethanogenum LBS1560 with the original
parental strain C. autoethanogenum DSMZ 10061

This expenment demonstrates the improved efficiency of the new strain LBSlSGO
for the anaerobic fermentation of a CO—contammg gaseous substrate into ethanol in ﬂ
comparison W|th the pargntal strain C. autoethanogenum DSMZ 10061_. This expenmen"c
also demohstrates efficient fermentation of CO-containing gas to ethanol by the new

strain LBS1560 in the presence of high levels CO and in the absence of H,.

Methods A
Frozen stocks of the selected microbial culture LBS1560, and the orig.inal parent

culture DSMZ 10061 were taken, thawed and used to inoculate sealed 15 ml Hungate

tubes containing 5 ml of minimal liquid anaerobic microbial growth media (LM23) either

in the presence or absence of 0.1% (w / \)) yeast extract (YE). All Hungate tubes were

‘maintained under 3 95% CO, 5% CO, gas atmosphere. For each Hu‘ngate tube, micrpbial

growth, ethanol and acetate production were monitored over a 7 day culture period.

Results

The results are presented in Table 3 below. -
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Table 3. Comparison of ferme.ntat.ion by strain LBS1560 and the parental strain DSMZ .
10061 | |

Culture Media Growth Ethanol - Acetate ° Ethanol :
€/ Acetate »ratlo

(gdrymass)  (g/1)

LBS1560 - LM23 +YE 0.0963 0.19 2.07 0.09

LBS1560 LM23 0.583 2.74 1.95 141

The data presented in Table 3 highlight several reproducible differehces vbetween
: straiﬁ LBS1560 and the parent strain DSMZ 10061. DSMZ 16061 was unablé togrowin
minimal media that lacked yeast extract, while LBS1560 could grow in media in the
bresence or absence of yeast extract, but perfpr‘med best on minimal med_ia that lacked
yeast extract. LBS1560 grown on minimal media performed better in terms of growth,
ethanol production, and ethanol to acefafe ratio than DSMZ 10061 grown on media

_containing yeast extract.

Example 4: Sporulation characteristics of LBS1560
To identify sporulation characteristics, LBS1560 was exposed to various corjditions
‘known to induce spore formation in bacteria iﬁ accordance with the metho'd‘olo'gy |
detailed below.. | |
e Starvation: a culture of LBS1560 was suspehded in sterile distilled water
e Exposure to Oxygen: sterile air Was injected ihtq the head space of Hungate tube
containing Sml of growing culture, then the tube wa§ placed on shaker and
incubated at 37‘C ' A
. Exposure to low pH medium (pH 3): microbes wéré grown in LM23 (pH 5.5)to a
high cell concentration, then the medium was exchanged to fresh growth medium
pH 3.: ' | |
° Exp.osureA to Oxygen and Fructose as carbon and énergy source: liquid medium

~ contained 5g/L of fructose and no reducing agent (i.e. cysteine-HCl) was saturated
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with oxygen and a high concentration of cells were suspended in this medium for

2 days.

The a'bility of LBS1560 to sporulate was determined by microscopic examination.
Bacterial samples were stained with coomassie blue which facilitates the observation of
spores. LBS1560 were observed on a number of occasions.” Essentially none of the
bacterial population weré observed to exhibit spores. It was noted that while isolated
spores were observed by microscopy in some instances, they were estimated to be

significantly less than 0.1% of the overall microbial population. This was surprising and

‘unexpected given that the parent strain and related strains of Clostridia are known to

sporulate. The inability to sporulate provides advantages to the bacteria of the invention

- as herein before described.

Example 5: Ethanol production by LBS1560
This example describes continuous ethanol production by LBS1560 over an

extended period. Figure 2 provides a summary of the concentrations of acetate, ethanol

- and biomass over a 2 week period.

Procedure _
1. 1L media of anaerbbit LM33 ferm_ehtation media in a 1 Litre CSTR was inoculated
_ with an actively growing Clostridium autoethanogenum (LBS1560). cultu_re (bsmz
19630)' at a level of 5% (v/v). A»cohtinuous ﬂow of 70%CO and 15 %C0, 1% Hz 14%
N, gas was introduced at the bottom of the fermenter yessel through a diffusing
_sparger at a volumetric flow rate of 19ml/minutes. The inifial pH 6f the fermenter |

was set to 5.5 and the agitétion speed was adjusted to 400rpm.

2. For the majority of the experiment, the acetic acid concentration of the culture
“was maintained below 4 g/L by a cell recycle and media exchange system.”The
cells were passed through a cross flow membrane Viva 200, the filtrate was
collected and the cells were returned to the reactor vessel. The filtrate was
replacéd with fre;h media to ensure the medium volume inside the reactor

remained constant.
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3. The culture was operated continuously for at least 14 days. The cell recycle
system removed 1-1.5L of liquid nutrient media every 1-2 days without removing
bacteria from the biorea.ctor.‘ The remoyéd media was repIécedA\'Nith fresh média,

" to maintain constant volume.

4. The pH of the fermenter was increased from 5.6 to 6.0 over the first four days of

the experiment.

Results
The rapid growth phase of acetogenic bacteria (such as C. autoethanogenum) is
typically associated with high acetate broduction in a controlled fermentation

environment. In this experiment, using the novel strain LBS1560, during the growth

~ phase (déy 0-3) the culture produced an average of 0.3g/L/day acetate and 0_.16g/L/day

ethanol. Following the growth phase (day 3-13) the culture produced an average of 1.03
g/L/day acetate and an average of 1.4 g/l/day ethanol. Over the alcohol produétion
period total ethanol produced was 14g/L. The results show a lower than expected level

of acetate production and significantly higher ethanol production.

The specific:methods and compositions described herein are representative of
preferred embodiments and are exemplary and not intended as limitations on the SCdbe

of the invention. Other objects, aspects and embodiments will occur to those skilled in

the art Upon consideration of this specification, and are encompassed within the scope

and spirit of the i_nvention.' it will be readily apparent to one skilled in the art that varying
substitutions and modifications may be made to the invention disclosed herein withau't
departing from the scope and spirit of the invention. The invention illustratiyely

described herein suitably may be practised in the absence of any element or elements, or

- limitation or limitations, which is not specifically disclosed herein as essential. Thus, for

example, in each insta‘nce herein, in embodiments or examples of the present invention,
the terms "COn'ipfising", “including”, ”containing” etc are to be read expansively and
without limitation. quthermore, titles, headings, or the like are provided to enhance the
reader’s comprehension of this document, and should. not be re‘abd as limiting the s‘cop'e ofA

the presen"c invention.
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The entire disclosures of all ap.plications, patents and publications, cited aboVe
and below, if any, are hereby incorﬁorate_d by (eference. However, the reference fo any
applications, pétents and publicationg in this specification is not, and should not be taken
as, an acknowledgment or any form of suggestion that they constitute valid prior art or

. form part of the common general knowledge in any country in the world.
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WHAT WE CLAIM IS:

1.

A biologically pure isolate of a bacterium capable of p-rodl.vucing‘products including
ethanol and optionally acetate, by anaerobic ferméntation of a substrate
comprising CO, wherein the products are produced at an ethanol to acetate ratio
of at least 1.0. | } | |

A biologically pure isolate according to claim 1, wherein the ratio is at least 1.2.-
A biologically pure isolate according to claim 1 or 2, wherein the productivity of
the bacterium is at least about 1.2g of ethanol/L of fermentation broth/day.

A biologically pure isolate according to claim 3 wherein the productivity of the
bacterium is at least about 2.0g of ethanol/L of fermentation broth/d.ay.

A biologically pure isolate of a bacterium capable of producing products including

alcohol and optionally acetate, by anaerobic fermentation of a gaseous substrate

comprising CO, wherein the productivity of the bacterium is at least about 1.2g of
ethanol/L of fermentation broth/day.

A biologically pure isolate according to claim 5 wherein the p»rod,uctivity of the
bacterium is at Ieast about 2.0g of gthahol/L of fermentation broth/day.

A biologically pure isolate of a bacterium according to claim 5 or ¢laim 6 wherein

ethanol is produced at an ethanol to acetate ratio of at least about 1.0.

A biologically pure isolate of a bacterium as claimed in any one of claims 1to 7 ~
wherein the bacterium is capa‘ble of producing ethanol and acetate by anaerobic

fermentation in an aqueous culture medium supplied with a CO-containing

~su bstrate comprising:

(a) greater than about 65% CO by volume

(b) less than about 20% H; by volume, or _

(c)  greater than about 65% CO and less than about 20% H, by volume.,
An acetogenic bacterium Ha;/ing one or more of the following defining
characteristics: an ability to grow in minimal media in the presence or absence of
yeast extract; an ability to grow more rapidly, to produce a‘ higher ratio of ethaﬁol

to acetate, and/or to 'produce a higher concentration of ethanol, in a media in
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which yeast extract is not present compared to a media in which yeast extract is

present; little to no ability to sporulate; Gram positive; rod shaped; Non-motile.

A bacterium as claimed in claim 9 whefein the bacterium is capable of producing '

ethanol by anaerobic fermentation in an aqueous culture medium supplied with a

CO-containing substrate comprising: greater than about 65% CO by volume; less

than about 20% H, by volume; or, greater than about 65% CO and less than about

20% H, by volume; wherein the productivity of the bacteridm is at least about 1.2g
of ethanol/L .of fermentation broth/day ahd/or the bacterium is capable of
producing ethanol at an ethanol to acetate r-a‘tio of at least about 1.0.
A biblogically pure isolate accord-in—g to any one of claims 1 to 10, wherein the
bacterium is derived from Clostridium \GUtoethanogenum; |

A bacterium according to any one of claims 1 to 11, wherein the bacterium has

the defining characteristics of Clostridium autoethanogenum strain deposited at

DSMZ under the accession number DSM 19630.

A bacterium as claimed in claim 12 wherein the bacterium is'Clostridiun§
autoethanogenum strain deposited at DSMZ under the a‘ccession number DSM
19630. |

A method for the productibn of one or more alcohols comprising fefmenting a

- substrate containing CO using one or more of the bacteria as claimed in any one of

claims 1 to 13. | |
A method as claimed in claim 13 wherein the method compfises the steps off
(a) providing a substrate cohfaining CO to a bioreactor contéining a
| culture of bacterium according to any one of claims 1-12; and
(b) anaerobically fer_menti_ng_fhe culture in the bioreactor to produce

one or more alcohols.

- A method according to claim 14 or 15 wherein the one or more alcohols includes

ethanol and ethanol production productivity is at least about 1.2g of ethanol/L of

-fermentation broth/day and/or the ethanol is producéd at an ethanol to acetate

ratio of at least about 1.0.
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A method accbrding to any one of claims 14 to 16 wherein the substrate
cbntaining CO is a gaseous substrate cpntaining co. |

A method according to claim 17 wherein the géseous substrate containing CO is a
gas obtained as a by-product of an industrial process.

A method as claimed in claim 18 wherein the industrial process is selected from
the group consisting of ferrous metal products manufacturing, non-ferrous
products manufacturing, petroleum refining processes, gasification of biomass,
gasification of coal, electric power production,' carbon black production, ammonia
production, methanol production and coke manufacturing. .

A method as cIaimed in claim 19 wherein the gaseous substrate comprisés a gas
obtained from a sfeel mill.

A method as claimed in claim 17 whefein the gaseous substrate comprises
automobile exhaust fumes. |

A method as claimed in any one of claims 14 to 21 wherein the substrate
comprises greater than about 65% CO by volume, less than about 20% H, by
volume, or greater than about 65% CO and less than about 20% H, by volume.

A method as claimed in claim 22 wherein the substrate comprises at least about

70% CO by volume, at least about 75% CO by volume, at least about 80% CO by

volume, at least about 85% CO by volume, at least about 90% CO by VOlumel_ orat

~ least about 95% CO by volume.

A method as claimed in claim 22 or claim 23 wherein the substrate comprises less

" than about 20% H, by volume, less than about 15% H, by volume, less than about

10% H; by volume, less than about 5% H2 by volume, less than about 4% H; by
volume, less than about 3% H; by volume; less than about 2% H, by volume, less
tHan about 1% H; by volume, or substantially no H,.

A method as daimed in any one of claims 22 to 24 wherein the substrate
comprises less than or equal té about 20% CO; by volume, less than or equal toi'
about 15% CO, by volume, less than or equal to about 10% CO; by volume, or less

than or equal to about 5% CO, by volume.
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A method as claimed in any one claims 22 to 25 wherein the substrate comprises .

at least about 85% CO by volume and at most about 15% CO. by volume, at Ieasf

about 90% CO and at most ebout 10% CO,, or about 95% CO'by volume and about
5% CO, by volume. '

A method for reducmg the total atmospherlc carbon emissions from an industrial -

L ‘process the method comprising:

' (a) capturlng_CO-contaming gas produced as a result of the industrial |
o . brocess, before the gas is released into the-etmosphere;
' . (b) the anaerobi_c fermentation of the CO-containing gas to produce
one or rrrere alcohols by a culture corltairiing one or more
bacterium according to any one of CIairns 1to 13. |

A method of selection of one or more micro-organisms which produce one or

more acids, the method comprising:

Culturing the micro-organisms in a nutrient media’in a bioreactor; .
Adding fresh media at-a pH higher‘th‘an the nutrient media, such that the nutrient
media is maintained at a substantially constant pH; and - A

Removing at least a portion of the nutrient media and micro-organisms, such that
the media in the bioreactor is maintained at a subétantially constant volume.

A method according to claim 28 wherein the method is for the selection of f_ast

. growing micro-organisms.

A method according to claim 28 or claim 29 whereln the one or more acids

mcludes acetate.

A biologically pure isolate of a_' bacterium produced by the method of any one of -

claims 28 to 30.
A biologically pure isolate according to claim 31, wherein the isolate has little or

no ability to sporulate.
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