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The invention provides a process for the preparation of hydrocarbons substituted with at least one group containing at least one
oxygen atom, comprising the process steps A) reaction of a carbon source comprising at least one selected from CO, and CO to

give acetate and/or ethanol with a first microorganism, B) separating off of the acetate from the first microorganism, C) reaction of
the acetate to give a hydrocarbon substituted with at least one group containing at least one oxygen atom with a second
microorganism and optionally D) purification of the hydrocarbon substituted with at least one group containing at least one oxygen
atom.
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Abstract

The invention provides a process for the preparation of hydrocarbons substituted with at least
one group containing at least one oxygen atom, comprising the process steps
5 A) reaction of a carbon source comprising at least one selected from CO, and CO to give

acetate and/or ethanol with a first microorganism,

B) separating off of the acetate from the first microorganism,

C) reaction of the acetate to give a hydrocarbon substituted with at least one group
containing at least one oxygen atom with a second microorganism and opticnally

10 D) purification of the hydrocarbon substituted with at least one group containing at least one

oxygen atom.
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Gegenstand der Ertindung ist Verfahren zur Herstellung von mit mindestens einer, mindestens ein Sauerstotfatom enthaltenden
Gruppe substituierten Kohlenwasserstoffen umfassend die Verfahrensschritte A) Umsetzen einer Kohlenstoftquelle umfassend
mindestens eine ausgewdhlt aus CO, und CO zu Acetat und/oder Ethanol mit einem ersten Mikroorganismus, B) Abtrennen des
Acetats von dem ersten Mikroorganismus, C) Umsetzen des Acetats zu einem mit mindestens einer, mindestens ein
Sauerstoffatom enthaltenden Gruppe substituierten Kohlenwasserstotf mit einem zweiten Mikroorganismus und gegebenenfalls D)
Aufreinigung des mit mindestens einer, mindestens ein Sauerstoffatom enthaltenden Gruppe substituierten Kohlenwasserstoffs.
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Multistage synthesis process with synthesis gas

Field of the invention

The invention relates to a process for the preparation of hydrocarbons substituted with at ieast

one group containing at least one oxygen atom, comprising the process steps

A) reaction of a carbon source comprising at least one selected from CO; and CO to give
acetate and/or ethanol with a first microorganism,

B) separating off of the acetate and/or ethanol from the first microorganism,

C) reaction of the acetate and/or ethanol to give a hydrocarbon substituted with at least one
group containing at least one oxygen atom with a second microorganism and optionally

D) purification of the hydrocarbon substituted with at least one group containing at least one

oxygen atom.
Prior art

The use of CO, as a carbon source for the synthesis of organic compounds in microbiological
processes is often described in the literature. '

As a rule, the prior art attempts to map two supplementary metabolic pathways from different
organisms in a recombinant cell, with the help of which the organic substance can then be
synthesized.

Here, the problem arises that the different organisms whose properties are to be brought
together constitute very highly specialized crganisms from niches, and it is therefore difficult to
be able to combine the sum of all of the advantages associated therewith in one cell.
Additionally, a lack of genetic accessibility of these organisms hinders the desired manipulation.
Alternative processes for using CO, as a carbon source influence a microorganism which is
known for being able to fix CO, through a certain selection of the fermentation parameters, such
that said microorganism synthesizes to an increased extent a desired, simple organic
substance, such as, for example, ethanol, n-butanol or 2,3-butanediol.

WO200068407 describes the use of acetogenic bacteria for producing ethanol, and
W02012024522 describes the use of acetogenic bacteria for producing butanediol.
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All of the described processes have the disadvantage that the yields are low and that the use
of a single cell type does not allow any flexibility with-the fermentation condition's.

It was an object of the invention to provide a process which was able to overcome at least the

disadvantage of the prior art.

Description of the invention
Surprisingly, it has been found that the multistage process described below with a separation

of acetate production from CO. and/or CO from the acetate further processing was able to

overcome prior art disadvantages in the simplest of manners.

One advantage of the present invehtion is that CO,/CO mixtures are an essentially fnore

" favourable raw material which can moreover be produced from various sources, such as

natural gas and biogas, coal, oil, and also plant residues.

A further advantage of the process according to the invention is the high carbon yield. This is
made possible by the recycling of formed CO.. This is because the CO2 can be reacted in the
first stage again to give acetic acid.

A further advantage lies in the greater flexibility as regards the fermentation conditions used
since for the actual production in process step C) according to the invention a different
organism is used than for the carbon fixing in the acetate. A

A yet further advantage of the present invention is that by using acetate and/or ethanol, in
particular acetate, as carbon source in process step C), different product compositions can
arise than if a sugar is used in process step C).

The present invention provides a process for the preparation of hydrocarbons substituted

with at least one group containing at least one oxygen atom, comprising the process steps

A) reaction of a carbon source comprising at least one selected from CO. and CO to give
acetate and/or ethanol, in particular acetate, with a first microorganism,

B) separating off of the acetate and/or ethanol, in particular acetate, from the first

microorganism,

CA 2872914 2020-04-02
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C) reaction of the acetate and/or ethanol, in particular acetate, to give a hydrocarbon
substituted with at least one group containing at least one oxygen atom with a second
microorganism and optionally

D) purification of the hydrocarbon substituted with at least one group containing at least

one oxygen atom, preferably with at least 3, in particular at least 4 carbon atoms.

There is further provided process for the preparation of hydrocarbons substituted with at least
one group containing at least one oxygen atom, comprising the process steps A) reaction of
a carbon source comprising at least one selected from the group consisting of CO, and CO
to give acetate and/or ethanol with a first microorganism, the carbon source comprising at
least 50% by weight of CO» and/or CO, based on all carbon sources which are available to
the first microorganism in the reaction, B) separating off the acetate and/or ethanol from the
first microorganism, and C) reaction of the acetate and/or ethanol to give a hydrocarbon
substituted with at least one group containing at least one oxygen atom with a second
microorganism, wherein, if the hydrocarbon is an alcohol, the alcohol has 6 to 32 carbon

atoms.

In connection with the present invention, the term "acetate" is to be understood as meaning
both acetic acid and also its salts; this arises automatically since the microorganisms work in
aqueous medium, and there is thus always an equilibrium between salt and acid. In
connection with the present invention, the term "second microorganism" is to be understood
as meaning a different one to the "first microorganism" from process step A). Unless stated

otherwise, all of the stated percentages (%) are per cent by mass.

In the process according to the invention, in process step A) acetate and/or ethanol is formed
by a first microorganism from a carbon source comprising carbon dioxide and/or carbon
monoxide; this wording includes the case that the acetate and/or ethanol is formed at least
partially from carbon dioxide and/or carbon monoxide.

With regard to the source of the substrates carbon dioxide and/or carbon monoxide, it is
evident that many possible sources exist for the provision of CO and/or CO; as carbon
source. It is clear that in practice the carbon source of the present invention that can be used
is any gas or any gas mixture which is able to supply microorganisms with sufficient amounts

of carbon to enable them to form acetate and/or ethanol.

Date Regue/Date Received 2021-03-16
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In the process according to the invention, it is preferred that the carbon source is provided by
waste gases such as, for example, synthesis gas, flue gas, petroleum refinery waste gases,
gases formed as a result of yeast fermentation or clostridial fermentation, waste gases from
the gasification of cellulose-containing materials or of carbon gasification.

In this connection, it is particularly preferred that at least some of the carbon dioxide and/or
carbon monoxide constitutes a by-product of process step C) of the process according to the
invention. This has the technical effect that the carbon yield is 100% over the entire process.
These waste gases do not necessarily have to be formed as secondary phenomena of
different processes, but may be produced specially for use in the process according to the
invention. In a preferred embodiment of the process according to the invention, the carbon

source is synthesis gas.

Date Regue/Date Received 2021-03-16
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Synthesis gas can be provided e.g. from the by-product of carbon gasification. The
microorganism consequently converts a substance that is a waste product into a valuable raw
material.

Alternatively, synthesis gas can be provided by the gasification of widely available, cost-
effective agricultural raw materials for the process according to the invention.

There are numerous examples of raw materials which can be converted into synthesis gas
since almost all forms of vegetation can be utilized for this purpose. Preferred raw materials are
selected from the group comprising perennial grasses such as Miscanthus sinensis, cereal
residues, processing waste such as sawdust.

In general, synthesis gas is obtained in a gasification apparatus from dried biomass, primarily
by pyrolysis, partial oxidation and steam reformation, the primary products being CO, H, and
CO..

Normally, some of the product gas is processed in order to optimize product yields and to avoid
tar formation. The cracking of the undesired tar into synthesis gas and CO can be carried out
with the use of lime and/or dolomite. These processes are described in detail in e.g. Reed, 1981
(Reed, T.B., 1981, Biomass gasification: principles and technology, Noves Data Corporation,
Park Ridge, NJ.)

It is also possible to use mixtures of different sources as the carbon source.

In general, it is preferred in the process according to the invention that the carbon source in
process step A) comprises at least 50% by weight, preferably at least 70% by weight,
particularly preferably at least 90% by weight, of CO, and/or CO, where the % by weight refer to
all of the carbon sources which are available to the microorganism in process step A). '

In process step A), preferably a reducing agent, preferably hydrogen is conveyed together with
the carbon dioxide and/or carbon monoxide to the reaction.

Consequently, a process that is preferred according to the invention is characterized in that the
carbon source in process step A) comprises synthesis gas, in particular consists of synthesis

gas.

Microorganisms which convert CO, and/or CO to acetate and/or ethanol, in particular acetate,
as well as suitable processes and process conditions which can be used in process step A)
have been known for a long time. Such processes are described for example

in WO8800558, W02000014052, WO2010115054

in Demler et al. Reaction engineering analysis of hydrogenotrophic production of acetic acid by
Acetobacterium woodii. Biotechnol Bioeng. 2011 Feb; 108(2): 470-4,
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in Younesia et al. Ethanol and acetate production from synthesis gas via fermentation
processes using anaerobic bacterium, Clostridium ljungdahlii. Biochemical Engineering Journal,
Volume 27, Issue 2, pages 110 119,

in Morinaga et al. The production of acetic acid from carbon dioxide and hydrogen by an
anaerobic bacterium. Journal of Biotechnology, VVolume 14, Issue 2, pages 187-194,

in Li Production of acetic acid from synthesis gas with mixed acetogenic microorganisms, ISSN
0493644938,

in Schmidt et al. Production of acetic acid from hydrogen and carbon dioxide by clostridium
species ATCC 2979. Chemical Engineering Communications, 45:1-6, 61-73,

in Sim et al. Optimization of acetic acid production from synthesis gas by chemaolithotrophic
bacterium — Clostridium aceticum using a statistical approach. Bioresour Technol. 2008 May;
99(8):2724-35,

in Vega et al. Study of gaseous substrate fermentations CO conversion to acetate 1 Batch
culture and 2 continuous culture. Biotechnology and Bioengineering Volume 34, Issue 6, pages
774 and 785, September 1989,

in Cotter et al. Ethanol and acetate production by Clostridium ljungdahlii and Clostridium
autoethanogenum using resting cells. Bioprocess and Biosystems Engineering (2009), 32(3),
369-380 and

in Andreesen et al. Fermentation of glucose, fructose, and xylose by Clostridium
thermoaceticum. Effect of metals on growth yield, enzymes, and the synthesis of acetate from
carbon dioxide. Journal of Bacteriology (1973), 114(2), 743-51.

The person skilled in the art is offered from this a large number of feasible options for designing
process step A) which all function well.

Of particular suitability in this connection are acetogenic bacteria. The group of acetogenic
bacteria belongs to anaerobic prokaryotes which can utilize CO, as terminal electron accéptor
and in so doing form acetate and/or ethanol. Currently, 21 different genera are included among
the acetogens (Drake et al., 2006), of which some are also clostridia (Drake & Kisel, 2005).
They are able to utilize carbon dioxide and also carbon monoxide as carbon and hydrogen as
energy source (Wood, 1991). In addition, alcohols, aldehydes, carboxylic acids, and numerous
hexoses can also be utilized as carbon source (Drake et al., 2004). The reductive metabolic
pathway which leads to the formation of acetate is referred to as acetyl-CoA pathway or Wood-
Ljungdahl pathway.

Consequently, it is preferred that in process step A) of the process according to the invention,

an acetogenic bacterium is used as the first microorganism. Particular preference is given to
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using acetogenic bacteria selected from the group comprising Clostridium autoethanogenum

- DSMZ 19630, Clostridium ragsdahlei ATCC no. BAA-622, Clostridium autoethanogenum,

Moorella sp HUC22-1, Moorella thermoaceticum, Moorella thermoautotrophica,
Ruminococcus productus, Acetoanaerobium, Oxobacter pfennigii, Methanosarcina barkeri,
Methanosarcina acetivorans, Carboxydothermus hydrogenoformans, Desulphotomaculum
kutznetsovii, Pyrococcus, Peptostreptococcus, Butyribacteridm methylotrophicum ATCC
33266, Clostridium formicoaceticum, Clostridium butyricum, Laktobacillus delbrukii,
Propionibacterium acidipropionici, Proprionispera arboris, Anaerobiospirillum
succiniciproducens, Bacterioides amylophilus, Bacteroides ruminicola, Thermoanaerobacter
kivui, Acetobacterium woodii, Acetoanaerobium noterae, Clostridium aceticum,
Butyribacterium methylotrophicum, Moorella thermoacetica, Eubacterium limosum,
Peptostreptococcus productus, Clostridium ljungdahlii, Clostridium glycolicum ATCC 29797
énd Clostridium carboxidivorans, in particular ATCC BAA-624. A particularly suitable
bacterium is Clostridium carboxidivorans, in particular those strains such as “P7” and “P11".
Such cells are-described for example in US 2007/0275447 and US 2008/0057554.

The further particularly suitable bacterium is Clostridium ljungdahlii, in particular strains
selected from the group comprising Clostridium ljungdahlii PETC, Clostridium ljungdahlii
ERI2, Clostridium ljungdahlii COl and Clostridium ljungdahlii O-52, these are described in
WO 98/00558 and WO 00/68407, and also ATCC 49587, ATCC 55988 and ATCC 55989.
In a particularly preferred embodiment of the process according to the invention, in process
step A) ethanol is formed and the microorganism used is Alkalibaculum bacchi ATCG
BAA-1772, Moorella sp. HUC22-1, Clostridium ljungdahlii, Clostridium ragsdahlei, or
Clostridium autoethanogenum. Corresponding instructions for carrying out process step A)

can be-found for example in Saxena et al. Effect of trace metals on ethanol production from

~synthesis gas by the ethanologenic acetogen Clostridium ragsdalei. Journal of Industrial

Microbiology & Biotechnology Volume 38, Number 4 (2011), 513-521,

Younesi et al. Ethanol and acetate production from synthesis gas via fermentation processes
using anaerobic bacterium Clostﬂaium Ijungdahlii.-BiochemicaI Engineering Journal

Volume 27, Issue 2, 15 December 2005, pages 110-119, ,

Sakai et al. Ethanol production from H2 and CO2 by a newly isolated thermophilic bacterium,
Moorella sp. HUC22-1. Biotechnology Letters Volume 26, Number 20 (2004), 1607-1612 and
Abrini et al. Clostridium autoethanogenum, sp. nov., an anaerobic bacterium that produces
ethanol from carbon monoxide. Archives of Microbiology Volume 161, Number 4 (1994),
345-351.

CA 2872914 2020-04-02
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Process step A) is preferably carried out under anaerobic conditions.

In process step B) of the process according to the invention, the acetate and/or ethanol formed
in process step A), in particular acetate, is separated off from the first microorganism.

In the simplest case, the microorganisms are removed for example by known methods such as
sedimentation, centrifugation or filtration as solid from the medium comprising the acetate
and/or ethanol, in particular acetate, and optionally the remaining liquid phase is passed directly
to process step C). The direct introduction has the advantage that any media constituents
additionally still present from process step A), such as, for example, vitamins, trace elements or
inducers, are likewise available to the second microorganism in process step C), and is
therefore preferred. In this connection, it may be advantageous and therefore preferred to
increase the concentration of the acetate and/or ethanol, in particular acetate, prior to
introduction to process step C), for example by removing at least parts of the water present.
Similarly, the acetate itself can be removed from the microorganisms in process step A) by
means of extraction, in particular by means of in situ extraction. Suitable extraction processes
are known to the person skilled in the art, thus for example from EP2294206, W02000014052,
US 4405717, from Katikaneni et al. Purification of Fermentation-Derived Acetic Acid By Liquid-
Liquid Extraction and Esterification. Ind. Eng. Chem. Res. 2002, 41, 2745-2752, and from Huh
et al. Selective extraction of acetic acid from the fermentation broth produced by Mannheimia
succiniciproducens. Biotechnol Lett. 2004 Oct; 26(20):1581-4.

Suitable extractants are described for example under point A The modified solvent and
solvent/co-solvent mixture on pages 8 to 17 of WO2000014052.

In the case of a separation of the acetate by extraction, extractants preferably present are in
particular alkylamines or low-boiling solvent such as MTBE or ethyl acetate, where the
alkylamines are preferably those with at least 16 carbon atoms, preferably trialkylamines and
particularly preferably trialkylamines selected from the group comprising trihexylamine,
trioctylamine, tridecylamine, tricaprylamine, tridodecylamine. These extractants comprising
trialkylamines are preferably used in conjunction with an in situ extraction in process step B).
This has the technical effect that the first microorganism is not damaged and the additional
advantage that process step B) can be carried out in a counterflow process, which is

additionally preferred.
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In particular, the extractant used in process step B) is a mixture of trioctylamine and 2-ethyl-1-
hexanol, these preferably being used in identical amounts.

For detailed process instructions, reference may be made to EP2294206 and process steps A)
and B) described therein.

In process step C), the acetate and/or ethanol, in particular acetate, is reacted with a second
microorganism to give a hydrocarbon substituted with at least one group containing at least one
oxygen atom.

The hydrocarbon substituted with at least one group containing at least one oxygen atom is
preferably carboxylic acids, dicarboxylic acids, hydroxycarboxylic acids, carboxylic acid esters,
hydroxycarboxylic acid esters, alcohols, aldehydes, ketones, which have in particular 4 to 32,
preferably 6 to 20, particularly preferably 8 to 12, carbon atoms. Particular preference is given to
carboxylic acids, hydroxycarboxylic acids and carboxylic acid esters.

The second microorganism is preferably yeasts or bacteria.

The second microorganism is preferably a genetically modified strain which has been
genetically optimized in particular as regards the yield of the hydrocarbon substituted with at
least one group containing at least one oxygen atom.

The person skilled in the art knows from the prior art second microorganisms suitable for the
particular target molecule and the process conditions to be applied.

Thus,

WO02011127409, W0O2009111672 and WO2010062480 describe suitable second
microorganisms and processes for the preparation of fatty alcohols,

W02012017083 for the preparation of fatty acid ethyl esters,

WO02011157848, WO2011059745, WO 2009140695, W0O2007106903 and W02009124694 for
the preparation of fatty acids,

WO2010126891 for the preparation of alcohols, fatty acids and fatty acid esters, .
WO02010118410, WO2010021711 and W02010022090 for the preparation of fatty acid esters,
WO02010042664 and WO 2009140695 for the preparation of fatty acid aldehydes,
W02012038390, WO2007077568 and W02011153317 for the preparation of dicarboxylic acids
and

W02011008232, WO 2009156214, W02007141208, WO2004003213, GB2473755 and
EP11191923.9 for the preparation of hydroxycarboxylic acids.



10

15

20

25

30

CA 02872914 2014-11-06

201100374

-9-

In a preferred alternative of the process according to the invention, the hydrocarbon substituted
with at least one group containing at least one oxygen atom is fatty acids, in particular linear,
saturated faity acids having 4 to 32, preferably 6 to 20, particularly preferably 8 to 12, carbon
atoms. In this connection, the second microorganism is in particular a microorganism which has
an increased activity of at least one thicesterase compared to its wild type. The term “an
increased activity compared to its wild type” is to be understood as meaning that the
microorganism has been genetically modified such that it has this increased activity. Preferably,
this is understood as meaning an overexpression of a thioesterase or an expression of an
exogenous thioesterase. Thioesterases preferred in this connection are selected from acyl-
ACP-thioesterases, preferably EC 3.1.2.14 or EC 3.1.2.22 or acyl-CoA-thioesterases, preferably
EC 3.1.2.2, EC 3.1.2.18, EC 3.1.2.19, EC 3.1.2.20 or EC 3.1.2.22. Preferred second
microorganisms which are used in the alternative according to the invention are disclosed in
WO02010118410, WO2010075483, W02008119082 and WO2007136762, reference being
expressly made to the disclosure content of these documents as regards these microorganisms
and as regards these thioesterases.

In a particularly preferred embodiment of the process according to the invention, the fatty acid is
octanoic acid and/or decanoic acid and the thioesterase is the gene product of fatB2 from

Cuphea hookeriana.

In a preferred alternative of the process according to the invention, the hydrocarbon substituted
with at least one group containing at least one oxygen atom is hydroxycarboxylic acids, in
particular omega-hydroxycarboxylic acids or hydroxyisobutyric acids, in particular 3-
hydroxyisobutyric acid. In this connection relating to hydroxyisobutyric acids, the second '
microorganism is in particular microorganisms which are disclosed in W02009156214,
WO02007141208, W0O2009135074 and EP11191923.9, reference being expressly made to the
disclosure content of these documents as regards this. In this connection relating to omega-
hydroxycarboxylic acid, the second microorganism is in particular microorganisms which are
disclosed in W0O2011008232, reference being made expressly to the disclosure content of this

document as regards this.

It is preferred according to the invention that carbon dioxide produced in process step C) is
returned to the process in process step A) and is thus available as a carbon source. This has

the technical effect that the carbon yield is 100%.
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The examples listed below illustrate the present invention by way of example, without any
intention of restricting the invention, the scope of application of which is apparent from the
entirety of the description and the claims, to the embodiments specified in the examples.

The following figures are a component of the examples: ‘

Figure 1: Fatty acid production in E. coli from acetate prepared microbially from synthesis gas

Examples
Example 1: Process step A) acetate and ethanol formation

A live culture of Clostridium carboxidivorans DSMZ 15243 was charged to a 1| anaerobic bottle
in 200 ml of modified PETC medium as per Hurst consisting of 1 g of yeast extract, 19 g of
MES, 30 ml of mineral salt solution, 10 ml of trace element solution, 10 ml of vitamin solution in
1 | of dd water. The pH was adjusted to a pH of 5.9 with 0.5 M NaOH. The mineral salt solution
consists of 80 g of sodium chloride, 100 g of ammonium chioride, 10 g of potassium chloride, 10
g of potassium monophosphate, 20 g of magnesium sulphate, 4 g of calcium chloride per litre.
The vitamin solution consists of 0.01 g of pyridoxine, 0.005 g of thiamine, 0.005 g of riboflavin,
0.005 g of calcium pantothenate, 0.005 g of thioctic acid, 0.005 g of (para)aminobenzoic acid,
0.005 g of nicotinic acid, 0.005 g of vitamin B12, 0.002 g of biotin, 0.002 g of folic acid, 0.01 g of
MESNA per litre. The trace element solution consists of 2 g of nitriloacetic acid, 1 g of
manganese sulphate, 0.8 g of iron ammonium sulphate, 0.2 g of cobalt chloride, 0.2 g of zinc
sulphate, 0.02 g of copper(ll) chloride, 0.02 g of nickel chloride, 0.02 g of sodium molybdate,
0.02 g of sodium selenate, 0.02 g of sodium tungstate per litre.

The medium was boiled for 20 min and then gassed with pure nitrogen for 20 min. It was then
autoclaved for 20 minutes at 121°C. After cooling, the medium was charged 3x with a gaé
mixture of 50% CO, 45% H2 and 5% CO, to a superatmospheric pressure of 1 bar. The
pressure was then adjusted to superatmospheric pressure of 0.8 bar. Directly prior to
inoculation, 1.5 ml of an in each case 4% strength solution of sodium sulphite/cysteine
hydrochloride were added as reducing agent under sterile, anaerobic conditions.

The culture was cultivated at 37°C with 100 rpm (5 cm eccentricity). In each case after 72

hours, the culture was transferred by inoculation to a new medium.

The inoculum for the product preparation was removed from such a 48 h-old culture.
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For this purpose, a 2 | stirred vessel, Labfos 2 from Infors HT was filled with 900 ml of the
above-described modified PETC medium — excluding MESNA - without the vitamin solution and
gassed with nitrogen for 20 minutes. The vessel was then autoclaved at 121°C for 20 minutes.
The vitamin solution was then added under sterile anaerobic conditions.

The pH was regulated at 5.9 during the entire fermentation with 0.5 M NaOH and 0.5 M HCI.
The gas mixture was adjusted to 80% CO and 20% CO using a WMR 4000 gas mixing station
from Westphal Mess- und Regeltechnik. Gassing was carried out constantly at 5 I/h.

The stirrer speed was set at a constant 400 rpm, which corresponds to a pewer input of 0.2

Wi, '
Directly prior to the inoculation, 7.5 ml of an in each case 4% strength solution of sodium
sulphite/cysteine hydrochloride were added as reducing agent under sterile anaerobic
conditions.

The inoculum was 10% and was likewise added under sterile anaerobic conditions 30 minutes
after the start of the gasification. The starting ODgy was 0.055.

Via a riser tube, 3 ml of sample were drawn off using a syringe after 0/14.4/16.8/20.8/24.2/
38.7 h.

The concentration of acetic acid, ethanol, butyric acid and butanol was determined via high
performance liquid chromatography (HPLC). The column Aminex HPX-87H was used as the
stationary phase. The eluent used was 5 mM sulphuric acid at a constant flow rate of 0.6
ml/min. The temperature of the column was 40°C. Detection of ethanol and butanol was carried
out by means of refractive index detector, and acetic acid and butyric acid were detected using
a diode array detector at a wavelength of 210 nm. The material concentrations were determined
via the peak area by reference to straight calibration lines of defined concentrations.

After 38.7 hours, 0 mM butanol, 1.42 mM butyrate, 3.33 mM ethancl and 54.26 mM acetate

were measured. This corresponds to an acetate fraction of 91.95%.

Example 2: Process step B) acetate separation

After separating off the cells, the pH of the fermentation broth was reduced to a pH below 3.0 by
adding acetic acid. A tri-n-octylamine solution in 1-octanol in the ratio 1:1 was then added to the
fermentation broth and mixed at a stirrer speed of at least 1000 rpm at 25°C for up to 2 hours
with the fermentation broth. Subsequent phase separation was carried out by centrifugation.
The acetic acid was then distilled from the organic phase at 120°C and a superatmospheric



10

15

20

25

30

CA 02872914 2014-11-06

201100374

-12 -

pressure of 500 mbar. The acetic acid content of the distillate was determined by HPLC and the
solution was used in the corresponding concentration in the further fermentation (cf. Examples 3
and 4 and 6).

Example 3: Reaction of acetate to give C8 and C10 fatty acids in recombinant E.coli

The strain E. coli JW5020-1 (AfadE), available from Yale CGSC, The Coli Genetic Stock Center,
was streaked using an inoculation needle from a cryoculture onto an LB agar plate consisting of
5 g of yeast extract, 10 g of peptone, 0.5 g of sodium chloride and 15 g of agar-agar pH 7. The
strain E.coli JW5020-1 (AfadE) pJ294 [Ptac-ChFATB2_optEc] was streaked using an ‘
inoculation needle from a cryoculture onto an LB plate which additionally comprises 100 mg/ml
ampicillin. The plates were incubated overnight at 37°C.

The strain E.coli JW5020-1 (AfadE) pJ294 [Ptac-ChFATB2_optEc] is transformed with an
expression vector for the gene fatB2 from Cuphea hookeriana. To produce the aforementioned
vector, this gene was codon-optimized for the expression in Escherichia coli. The gene was
synthesized together with a tac promoter and at the same time a restriction site upstream of the
promoter and a restriction site downstream of the terminator were inserted. The synthesized
DNA fragment P.-ChFatB2 (SEQ ID NO. 1). was digested with the restriction endonucleases
BamH! and Notl and ligated into the correspondingly cleaved vector pJ294 (DNA2.0 Inc., Menlo
Park, CA, USA). The finished E.cali expression vector was referred to as pJ294[Ptac-
ChFATB2_optEc] (SEQ ID NO. 2).

Preculture 1: Both cultures were in each case transferred by inoculation in 10 mi of M9, mod-G
liquid medium into 100 ml shake flasks with chicanes. The M9 mod-G medium is composed of
2.6 g/l (NH,).SO,, 0.49 g/l MgS0,+7H,0, 20 g/l glucose, 1 ml/l trace elements US3 dissol'ved in
800 m! M9 buffer and 150 ml ddH,O. The M9 buffer consists of 6.79 g/l Na,HPO,+2H,0, 3 g/l
KH,PO,, 0.5 g/l NaCl, 2 g/l NH,ClI dissolved in 800 ml ddH;0. For the plasmid-carrying strain,
100 pg/ml ampicillin were added to the medium.

An inoculation needle was used in each case to transfer a full loop of cell material from the
plates to the corresponding liquid media.

The cultures were incubated at 37°C and 200 rpm overnight.

After 20 hours, the OD was:

E.coli JW5020-1 (AfadE) 10.6

E.coli JW5020-1 (AfadE) pJ294[Ptac-ChFATB2_optEc] 12.8.
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Preculture 2

0.5 ml from preculture 1 were transferred by inoculation in 20 ml of M9, mod-G into 100 mi
shake flasks with chicanes. The M3, mod-G medium is composed of 2.6 g/l (NH,).SOy, 0.49 g/l
MgSO,+7H,0, 60 mM sodium acetate (from Example 2), 1 mi/l trace elements US3 dissolved in
800 ml M9 buffer and 170 ml ddH,O. For the culture of the plasmid-carrying strain, 100 ug/m! of
ampicillin were added.

The cultures were incubated overnight at 37°C and 200 rpm.

The OD of preculture 2 was

E.coli JW5020-1 (AfadE)/acetate 2.5

E.coli JW5020-1 (AfadE) pJ294[Ptac-ChFATBZ_optEc)/acetate 1.75

100 ml of modified M9 liquid medium with 60 mM acetate per strain in 1000 ml shake flasks with
chicanes were inoculated with the preculture such that an OD of 0.2 was obtained.

The culture was incubated at 37°C and 225 rpm.

At an ODgq of about 0.5, induction was carried out with 1 mM IPTG from a stock solution of 1M
IPTG.

For sampling, in each case 4 ml of cell suspension were removed under sterile conditions, the
OD was determined and the remaining suspension was stored at -80°C in 15 ml falcon tubes
until the samples were worked up.

Quantification of fatty acids was carried out following derivatization as fatty acid methyl esters
by means of gas chromatography. 50 ul of heptadecanoic acid (10 g/l dissolved in ethanol) were
added as internal reference substance to the samples consisting of 2 ml of culture broth,
following the addition of 1 ml of acetone and 2 ml of water. The samples were acidified with 200
ul of acetic acid and admixed with 10 mi of a 1:1 (v/v) chloroform/methanol mixture. The
samples were thoroughly mixed for at least 1 min. The chloroform phase was then removed and
evaporated. The dry residue was taken up in 1 mi of 1.25 M methanolic hydrochloric acid and
incubated overnight at 50°C to esterify the fatty acids present. The reaction was stopped by
adding 5 ml of saturated sodium carbonate solution (all substances Sigma-Aldrich, Steinheim).
The fatty acid methyl esters were extracted by adding 1 ml of n-heptane and vigorously mixing
for 15 seconds. The heptane phase is measured by means of gas chromatography. For the
separation of fatty acid methyl esters, the capillary column SP™.2560 with the dimensions 100
m x 0.25 mm and a film thickness of 0.2 um (Supelco, Sigma-Aldrich, Steinheim) was used as

the stationary phase. The carrier gas used was helium. The separation was carried out over the
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course of 45 min at an injector temperature of 260°C, detector temperature of 260°C and
column temperature of 140°C at the start, held for 5 min and increased to 240°C at a rate of
4°C/min and held for 15 min. The injection volume is 1 pi, the splitting rate 1:20 and the
throughput of the carrier gas 1 ml/min. Detection was carried out by means of flame ionization
detector (GC Perkin Elmer Clarus 500, Perkin EImer, Rodgau). Heptadecanoic acid (Sigma-
Aldrich, Steinheim) was used as internal reference substance for quantifying the fatty acid
methyl ester. The reference substances C8:0-Me caprylic acid methy! ester, C10:0-Me capric
acid methyl ester, C12:0-Me lauric acid methyl ester, C14:0-Me myristic acid methyl ester,
C16:0-Me palmitic acid methyl ester, C16:1-Me palmitoleic acid methyl ester, C18:0-Me stearic
acid methy! ester, C18:1-Me oleic acid methyl ester (GLC Standard Mix GLC-20 1892-1AMP,
GLC-30 1893-1AMP, GLC-50 1894-1AMP, Sigma-Aldrich, Steinheim) were used for the ‘
calibration. The determination limits for all fatty acid methyl esters are at a concentration of 10

mg/l.

The distribution of the fatty acid concentrations for E. coli JW5020-1 (AfadE) pJ294[Ptac-
ChFATB2_optEc] after 96 hours appears standardized to an OD of 1 as shown in Figure 1.

Example 4: Reaction of acetate to give 3-hydroxyisobutyric acid (3-HIB) with Yarrowia lipolytica
H222-41 A3HIBDH (ura)-8

According to Example 1, point 1 to 3 of EP 11191923.9, a Y. lipolytica cell H222-41 with
attenuated activity of the 3-hydroxyisobutyric acid dehydrogenase was synthesized, this cell is
hereinbelow called H222-41 A3HIBDH (ura)-8. “

H222-41 A3HIBDH (ura)-8 was cultivated compared with the corresponding wild type H222-41
(ura)-8.

Cultivation

Both strains were streaked using an inoculation needle under sterile conditions from .
cryocultures on YEPD agar piates. The YEPD agar plates consist of 10 g of glucose, 10 g of
yeast extract, 20 g of peptone and 15 g of agar-agar. The pH is 5.4. Incubation was carried out
for 80 hours at 25°C.
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Preculture (biomass production)

Six 1000 ml shake flasks without chicanes were filled with 100 mi of YEPD liquid medium
consisting of glucose, 10 g of yeast extract, 20 g of peptone pH 5.4. Three drops of Delmex
antifoam were added to each shake flask.

Per strain, for each three shake flasks, in each case two full loops of cell material were
transferred by inoculation under sterile conditions from the corresponding YEPD agar plates
using an inoculation needle. Incubation of the shake flasks was carried out for 20 hours at 28°C

and 180 rpm (amplitude 2.5 cm).

Preparation of the inoculum for the acetate culture

After 20 hours, the 3 shake flasks with Y. lipolytica H222-41 A3HIBDH (ura)-8 and Y. lipolytica
H222-41 (ura)-8 were combined. The glucose content was determined using the Bioanalytical
System YSI 7100 multiparameter from KREIENBAUM Wissenschaftiche MeRsysteme e.K. as 0
g/l. The broths were divided in 50 ml falcon tubes and centrifuged for 10 minutes at 5600 ;'pm.
The supernatant was discarded and the pellets were resuspended in 0.9% strength NaCl
solution and centrifuged again for 10 minutes at 5600 rpm. This operation was repeated 2 more
times in order to remove possible residual sugars. Then, the pellets were resuspended in each
case in 15 ml of acetate medium, the cultures were combined according to strains and topped
up with acetate medium to 50 ml in each case.

The acetate medium according to van Uden has the following composition:

Base medium

5 g/l (NH4)2S04, 5 g/l KH2PO4, 0.5 g/l MgSO, x 7 H20, 0.15 g/l CaCl, x 2 H,0, 4 g/l Na
acetate (from Example 2), 5 ml/| vitamin solution, 5 ml/l biotin solution, 5 ml/l trace element
solution A, 5 ml/l trace element solution B.

Vitamin solution

80 mg/100 mi Ca pantothenate, 200 mg/100 mi myoinositol, 160 mg/100 ml nicotinic acid, 160
mg/100 ml pyridoxin HCI, 16 mg/100 mI thiamine HCI.

Biotin solution

Biotin 8 mg/|

Trace element solution A

100 mg/100 ml H;BO3, 20 mg/100 mi KI, 40 mg/100 mi NaMoQO, x 2 H,0O

Trace element solution B
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8 mg/100 ml CuSO, x 5 H,O, 40 mg/100 ml FeCls x 6 H,O, 80 mg/100 ml MnSQ, x 4 H,O,
ZnS0O, x 7 H,O 0.001 N HCI.

The solid constituents of the base medium were dissolved in 700 ml of ddH,O, the pH was
adjusted to 5.4 and the medium was autoclaved. The solutions were sterile-filtered and added
to the base medium after cooling, the total medium was then topped up to 1000 ml with sterile
ddH,0.

Conditioning the fermenter

Four 800 m! sterile fermenters of a parallel fermentation system from DASGIP were charged
with 175 ml of acetate medium. The process conditions were adjusted to 30 pO; [%], 14 sl/h
airflow, 400-1500 rpm stirrer speed, 28°C temperature, and pH 5.4. The pH was regulated with
0.5% H,SO, of 25% acetic acid and 12.5% NH,OH. The feed used was a 14% strength Na

acetate solution pH 5.4,

Production of 3-HIB

In each case two fermenters were inoculated with 25 ml of inoculum Y. lipolytica H222-41
A3HIBDH (ura)-8 and Y. lipolytica H222-41 (ura)-8.

Sampling was carried out 0, 3, 5, 21, 30 and 46 hours after inoculation. For all of the samples,
the OD600 and the acetate content was determined with an Analytical Test Kit from R-
Biopharm. The feed was adapted to the acetate consumption.

For the samples at 0 and 46 hours, additionally an NMR determination with D20 as solvent and

a water suppression of acetate and 3HIB was carried out.

Result

The OD increases within the experimental period from on average 10 to on average 45.

The acetate content at the start was on average 2250 mg/kg, and at the end of the fermentation
32 mg/l.

The 3HIB content at the start of the fermentation is 0 mg/l both for Y. lipolytica H222-41
A3HIBDH (ura)-8 and Y. fipolytica H222-41 (ura)-8.

After 46 hours, 0 mg/kg are measured for the wild type Y. lipolytica H222-41 (ura)-8.

The strain Y. lipolytica H222-41 A3HIBDH (ura)-8 with the knock-out of the 3-HIB
dehydrogenase has produced on average 18 mg/kg 3HIB.
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Example 5: Process step B) Ethanol separation

Ethanol was separated off in the form of an aqueous concentrate by direct distillation of the
fermentation broth from Example 1.

Example 6: Reaction of acetate and ethanol to give hexanoic acid and hexanoic acid ethy! ester

with the anaerobic bacterium Clostridium kluyveri

For the cultivation, pressure-resistant glass bottles which can be sealed in an air-tight manner
using a butyl rubber stopper were used. All of the cultivation steps were carried out under
anaerobic conditions. The bottles were autoclaved for 20 min at 121°C in order to ensure
sterility.

For the cultures, four pressure-resistant glass bottles (volume 500 ml) were charged with 200 ml
of anaerobic medium which is recommended by the DSMZ as medium 52 for C. kluyveri. The
required acetate and ethanol was used from Examples 2 and 5. The cultures were then
inoculated with in each case 10 ml of a culture of C. kluyveri. The cultures were in each case
sealed with a butyl rubber stopper and incubated for 116.25 h at 35°. Samples were taken at the
start and end of the cultivation. These were analysed as to optical density and various analytes
by means of NMR. Since hexanoic acid and hexanoic acid ethy! ester can be ascertained by
means of NMR only as cumulative parameter, confirmation of the presence of both individual
substances in the end samples was carried out by means of GC/MS analysis.

Over the cultivation time, a decrease in the case of acetate from 5.4 g/l to 1.4 g/l and in the case
of ethanol from 14.2 g/l to 5.8 g/l was found on average over four replicates. At the same time, a
formation of butyric acid was found; here, the value increased from 0.13 g/l to 2.5 g/l, and so too
was a formation cf hexanoic acid/hexanoic acid ethyl ester; here, the value increased in total
from 0.05 g/lto 7.6 g/l.
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CLAIMS:

Process for the preparation of hydrocarbons substituted with at least one group

containing at least one oxygen atom, comprising the process steps

A) reaction of a carbon source comprising at least one selected from the
group consisting of CO2 and CO to give acetate and/or ethanol with a first
microorganism, the carbon source comprising at least 50% by weight of CO2
and/or CO, based on all carbon sources which are available to the first

microorganism in the reaction,
B) separating off the acetate and/or ethanol from the first microorganism, and

C) reaction of the acetate and/or ethanol to give a hydrocarbon substituted
with at least one group containing at least one oxygen atom with a second
microorganism, wherein, if the hydrocarbon is an alcohol, the alcohol has 6 to

32 carbon atoms.
Process according to claim 1, further comprising:

D) purification of the hydrocarbon substituted with at least one group

containing at least one oxygen atom.

Process according to claim 1 or 2, wherein the carbon source in process step A)
comprises at least 70% by weight based on all carbon sources which are

available to the microorganism in process step A), of CO2 and/or CO.

Process according to any one of claims 1 to 3, wherein the carbon source in
process step A) comprises at least 90% by weight based on all carbon sources

which are available to the microorganism in process step A), of CO2 and/or CO.

Process according to any one of claims 1 to 4, wherein the carbon source in

process step A) comprises synthesis gas.

Date Regue/Date Received 2021-03-16
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Process according to any one of claims 1 to 5, wherein the carbon source in

process step A) consists of synthesis gas.

Process according to any one of claims 1 to 6, wherein the first microorganism

is an acetogenic microorganism.

Process according to any one of claims 1 to 7, wherein the first microorganism
is selected from the group consisting of Clostridium autoethanogenum DSMZ
19630, Clostridium ragsdahlei ATCC no. BAA-622, Clostridium
autoethanogenum, Moorella sp HUC22-1, Moorella thermoaceticum, Moorella
thermoautotrophica, Ruminococcus productus, Acetoanaerobium, Oxobacter
pfennigii, Methanosarcina barkeri, Methanosarcina acetivorans,
Carboxydothermus hydrogenoformans, Desulphotomaculum kutznetsovii,
Pyrococcus, Peptostreptococcus, Butyribacterium methylotrophicum ATCC
33266, Clostridium formicoaceticum, Clostridium butyricum, Laktobacillus
delbrukii, Propionibacterium acidipropionici, Proprionispera arboris,
Anaerobiospirillum succiniciproducens, Bacteroides amylophilus, Bacteroides
ruminicola, Thermoanaerobacter kivui, Acetobacterium woodii,
Acetoanaerobium noterae, Clostridium aceticum, Butyribacterium
methylotrophicum, Moorella thermoacetica, Eubacterium limosum,
Peptostreptococcus productus, Clostridium ljungdahlii, Clostridium glycolicum
ATCC 29797 and Clostridium carboxidivorans.

Process according to any one of claims 1 to 8, wherein in process step B) the
first microorganism is removed from the medium comprising the acetate and/or

ethanol by sedimentation, centrifugation or filtration.

Process according to any one of claims 1 to 9, wherein in process step B) the

acetate is removed by means of extraction.

Process according to claim 10, wherein the acetate is removed by means of in

situ extraction.

Date Regue/Date Received 2021-03-16
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Process according to claim 10 or 11, wherein the extraction is done with an

extractant comprising an alkylamine.

Process according to claim 12, wherein the alkylamine is selected from the
group consisting of trihexylamine, trioctylamine, tridecylamine, tricaprylamine

and tridodecylamine.

Process according to any one of claims 1 to 13, wherein the hydrocarbon
substituted with at least one group containing at least one oxygen atom is
selected from the group consisting of carboxylic acids, dicarboxylic acids,
hydroxycarboxylic acids, carboxylic acid esters, hydroxycarboxylic acid esters,

alcohols, aldehydes, and ketones.

Process according to any one of claims 1 to 14, wherein in process step C) the
acetate and/or ethanol is reacted to give a fatty acid and the second
microorganism has an increased activity of at least one thioesterase compared

to the wild type thereof.

Process according to any one of claims 1 to 14, wherein in process step C) the

acetate and/or ethanol is reacted to give a hydroxycarboxylic acid.

Process according to claim 16, wherein the hydroxycarboxylic acid is an omega-

hydroxycarboxylic acid or a hydroxyisobutyric acid.

Process according to any one of claims 1 to 14, wherein the second

microorganism is Clostridium kluyveri.
Process according to claim 18, wherein the hydrocarbon is hexanoic acid.

Process according to any one of claims 1 to 19, wherein carbon dioxide formed

in process step C) is returned to the process in process step A).

Date Regue/Date Received 2021-03-16
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Figure 1
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