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Executive Summary

This report - Deliverable 3.3 « Optimisation of syngas fermentation for 2,3-BDO production» that builds from
task 3.3 «Optimization of syngas fermentation to produce 2,3-BDO using Clostridium autoethanogenump».

The task 3.3 aims to modulate different fermentation parameters such as CO/CO,/H, supply mode, partial
pressures, culture temperature, pH, agitation, and acetic acid supplementation to optimise the production
of 2,3-BDO at lab scale. Gas fermentation trials were performed at moderately elevated pressure (5 bar)
using bench scale pressurized bioreactors (1 L). CSIC optimized the protocols for storage, transport and
inoculums preparation of the selected microorganisms, and collaborated in developing an optimal strategy
for the nutrient medium preparation and co-substrate feeding to stimulate the syngas fermentation and
enhance the yield and productivity of 2,3-BDO

The deliverable 3.1 reports the activities carried out particularly on subtask 3.3.1, were CARTIF has developed
different syngas fermentation trials at lab scale using Clostridium autoethanogenum to utilize syngas as a
carbon source to produce 2,3-BDO.
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1. Introduction

The overall goal of the CO,SMOS project is to boost the development of a set of innovative cost competitive
CO, conversion technologies focused on: i) gas/liquid fermentation—biorefinery processes, ii) intensified
electrocatalytic processes and iii) biobased/organic catalysed processes, to transform biogenic CO, emissions
produced by bio-based industries (e.g., in fermentation processes) into a specific added-value chemicals to
be used as intermediates for the production of bio-based materials such as high-performance/biodegradable
polymers and renewable chemicals for the industry.

The main objective of the WP3 is to develop an innovative lab-scale solution to convert syngas and acetate
produced in WP2 into value-added products by means of two technologies:

a) To optimise syngas fermentation conditions at lab scale to obtain 2,3-BDO using bacteria (Clostridium
sp.) anaerobic fermentations (2,3-BDO yield: 5 g/L prod:0.05g/L.h)

b) Aerobic fermentation of acetate for the production of mcl-PHA, PHB, LcDCAs and 2,3-BDO, using
yeast and bacteria. -To develop an efficient PCEC (Faraday efficiency >85%, longevity test > 100 h,
current density > 10 mA/cm2)

¢) To achieve a highly selective electrocatalytic oxidation of glycols to HCAs (yield >80%)

d) To develop a catalytic technology to produce aromatics from syngas (S> 50%), intensified by the in-
situ electrochemically-driven oxygen removal of oxygen (Faraday efficiency >8 5%; current density >
50 mA-cm?)

The process to be studied in subtask 3.1.1 is part of the Tech #1 of CO2SMOS project: advanced gas-
fermentation process for conversion of CO,/H, and CO,/CO/H, (green syngas) streams into acetate and other
C4 key bulk chemicals 2,3-butanediol (2,3-BDO). Syngas can be transformed into many different industrial
compounds by different acetogenic bacteria (Clostridium sp., Moorella thermoacetica). The aim of Tech #1.2
is to develop new engineered strain able to produce specifically acetate or 2,3-BDO using the green syngas
(10-30 % CO,, 40-60 % CO, and 20-30 % H>) produced by electrochemical transformation of CO, (Tech #2).
Two building block chemicals will be obtained: acetate (Task 2.3) as a carbon source for further bioprocessing
(Tech #4) and 2,3-BDO (Task 3.1) as a bio-based intermediate for the chemical industry.

2,3-BDO plays an important role in the chemical, plastic, pharmaceutical, cosmetic, and food industries.
Generally, 2,3-BDO is produced petrochemically, but is also a natural product of some bacteria of the genus
Clostridium.

Different fermentation parameters such as CO,/CO/H, supply mode, partial pressure, culture temperature,
pH, agitation, and co-substrate supplementation will be modulated to optimize the production of 2,3-BDO at
lab scale. Gas fermentation trials will be performed at moderately elevated pressures (up to 10 bar) using
bench scale pressurized bioreactors (1 L). The main objectives of this Task 3.1.1 are: 1) design of low cost and
efficient culture media, 2) modification of the gas composition (ratio CO,/CO/H) to achieve the maximum
2,3-BDO vyield, 3) evaluation of the effect of pressure to increase 2,3-BDO productivity and vyield, 4)
development of a gas recirculation system that recycles unconverted exhaust gas back to the inlet of the
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reactor, improving gas-liquid mass transfer and saving gas substrate, 5) optimization of the fermentation
strategy (batch, fed-batch, continuous).

This deliverable describes the first technology, were we have tested and optimized different syngas
fermentation parameters for the 2,3-BDO production.

1.1. Deliverable Objectives

The main output of the T3.3 is the D3.3 — Optimisation of syngas fermentation for 2,3-BDO production,
which aims to describe the experimental protocol and best bioreactor operational conditions used to obtain
the highest yield of 2,3-DBO by the fermentation of Clostridium autoethanogenum strain using syngas as a
source of carbon and energy.

1.2. Contribution of partners

CSIC is the leader of this deliverable. CARTIF is the main responsible of the tasks performed at lab scale.

1.3. Relation to other activities in the project

Task 3.3 is also closely connected with tasks in other WPs. In particular, the most optimal fermentation
process developed at lab scale to convert CO,-derived syngas to 2,3-BDO will be scaled in Task 4.2 <<Scale-
up of the bio-acetate to PHA, PHB, LcDCAs and 2,3-BDO fermentation process at TRL5>>, using industrially
relevant equipment such as a 150 L stainless steel pressurized bioreactor, and generating sufficient sample
material for downstream applications.
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2. Optimization of syngas fermentation process
parameters for 2,3-BDO production using improved
Clostridium spp.

2.1. Development of protocols for the storage, transport and inoculum
preparation (CSIC)

Clostridium ljungdahlii and Clostridium autoethanogenum are acetogenic anaerobic bacteria that are able to
transform syngas into acetate, ethanol, lactate and 2,3-BDO by using the Wood-Ljungdahl metabolic
pathway.

These strains were obtained from the German Collection of Microorganisms and Cell Cultures GmbH
(https://www.dsmz.de/).

Both Clostridium strains are able to grow at 37 °C in YTF medium that is composed of yeast extract, tryptone
and fructose.

This medium was used to storage the cells with 20% (v/v) of glycerol at -80 °C.

2.2 Syngas fermentation by Clostridium strains using serum bottles (CSIC
and CARTIF)

CSIC contribution:

In order to study which Clostridium strain is able to use syngas as sole carbon source better, C. ljungdahlii
and C. autoethanogenum were grown in serum bottles with 20 mL of YT medium (yeast extract and tryptone)
and pressurized with 2 barg of syngas (composed of by 40% of CO, 40% of H,, 10% of CO, and 10% of N,).
Figure 1 shows that C. autoethanogenum grows better with syngas as sole carbon source and consumes more
than 50% of the CO.



https://www.dsmz.de/
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0.79 = pH, /= pCO; mm pCO

Partial pressure

Figure 1: Partial pressures of the different gases after growing C. ljungdahlii or C. autoethanogenum in YT medium
with syngas.

C. ljungdahlii and C. autoethanogenum are natural producers of 2,3-BDO. Samples of 1 mL of culture were
analyzed by HPLC for the production of 2,3-BDO. However, when these species were cultured in YTF medium
the production of 2,3-BDO was not detect. Therefore, it was decided to test other media previously reported
to produce 2,3-BDO as is the PETC medium (10.1128/AEM.00355-11). Both strains were successfully grown
on PETC medium supplemented with 10 g/L of fructose and pressurized with 2 barg of gas mixture composed
by 20% of CO, and 80% of H,, but the production of 2,3-BDO production was not observed. Following
experiments in bioreactor by CARTIF were performed in order to test the production of 2,3-BDO using

medium PETC with syngas as sole carbon source.

CARTIF contribution:

The first tests were carried out on a small scale, in 100 mL anaerobic serum bottles. All tests were performed
in duplicate. A wild-type strain of C. autoethanogenum supplied by CSIC was used. The fermentation
conditions were 37 °C and 200 rpm in an orbital shaker incubator. Since the fermentations were carried out
in bottles, pH was not controlled during fermentation. Following CSIC indications, YT medium was used as
fermentation medium. The composition of this medium is shown in Table 25, being the yeast extract,
tryptone and NaCl prepared together, and HCl-cysteine-H,0O separately. O, was removed from the base
solution bubbling N, and the solution was then autoclaved for sterilization at 121 °C for 20 min. The HCI-
cysteine-H,0 solution was filtered with 0.2 um sterile membrane filters, and subsequently also subjected to
a N, stream to remove the O,. To fermentations A and C, a concentration of 5 g/L of fructose free of dissolved
0O, was added. No fructose was added to fermentation B, and after mixing all the nutrients, a syngas mixture
of 30% H,, 40% CO, 20% CO; and 10% N, was added as carbon source, according to CSIC indications. In the C
fermentation, both carbon sources, fructose and syngas, were added.


https://doi.org/10.1128%2FAEM.00355-11
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Liquid samples were taken from the fermentation bottles and analyzed by HPLC using as mobile phase with
a dilution of 0.005M H,SO,4 in water. Once this mixture is prepared, it is filtered with cellulose nitrate
membrane filters of 0.45 um pore size, and then degassed in the ultrasonic bath equipment in order to
eliminate the gases present in the liquid that could obstruct the filling of
the column. The flow rate, after being optimized to reduce the total time
of each test, was set at 0.6 ml/min. The column used was Hi-Plex-H

(7.7x300 mm, 8 um) of Agilent equipped with the appropriate guard

. . Yeast extract 10g/L
column. The temperature used in the RID detector was 35 °C, while the
column temperature was set at 50 °C. The total analysis time for each T

ryptone 16 g/L

sample was 30 minutes. The growth of the microorganisms was
determined by measuring the optical density at a wavelength of 600 nm | agll
(OD 600 nm) using a UV-Vis spectroscope.
CSIC also provided a new protocol with PETC medium (ATCC 1754), | ©ysteine-HCIH:0 0.758/L
specific for 2,3-BDO production in bioreactor that was used in the
following experiments using the gas fermenting bioreactor. Fructose 0758/t

Table 1: Composition of YT medium

Results achieved

Figure 2 shows the evolution in the biomass growth through ODgoonm. As can be seen, growth occurred in all
of the fermentations, and it was very similar in fermentation with fructose (A) and with fructose plus syngas
(C). In autotrophic fermentation with syngas, there was a marked increase in the microbial growth in the last
sample after 21 days of fermentation. This could be due to the presence of microorganisms with some
mutation that have been able to adapt and produce biomass more markedly in this fermentation conditions.
The maximum values of ODgoonm Were 1.988 + 0.023 (A), 3.948 + 0.888 (B), and 2.192 + 0.113.

OD 600 nm
(=] = d w Y L [o)]
T T T A N A T A MO |

A B C

B 4days m8days M 15days 21days

Figure 2: Evolution of ODeoo nm during fermentation A (fructose), B (syngas) and C (fructose + syngas)

Figure 3 shows the evolution in fructose consumption, acetate production and 2,3-BDO production. The aim
of Task 3.1 is to achieve a 2,3-BDO production of 5 g/L and a productivity of 0.05 g/L/h. Only in autotrophic
fermentation (syngas) 2,3-BDO was detected. In this case, 2,3-BDO was obtained together with acetate, the

10
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concentrations being 2.30 g/L for acetate and 2.27 g/L for 2,3-BDO. The marked increase in 2,3-BDO
concentration coincided with the marked increase in OD 600 nm, which would associate this growth with
microorganisms whose pathway is directed to 2,3-BDO. In the two fermentations in which fructose was
present, only acetate wad detected, in similar concentrations close to 3 g/L. Fructose was totally consumed

in the two cases in which it was present. The highest productivity of 2,3-BDO was low, 0.003 g/L/h in
fermentation B.

It is remarkable that the production of 2,3-BDO starts from day 10 of fermentation, since the C source is
present from day 1 and the bacterial strain is able to use the syngas together with the fermentation medium
for growth and biomass production. One possible explanation for this late production of 2,3-BDO is that the
bacteria took a long period of time to adapt to the environmental conditions but once adapted were able to
increase their metabolism for the production of 2,3-BDO. Unfortunately, this bacterial culture was not stored
after the end of the fermentation trial so that it could be used for further gas fermentation experiments.

Fructose 5g/L 1.6 bar: 20% CO2, 40% CO, 30% H2, 10% N2 Fructose 5 g/L + 1.6 bar: 20% CO2, 40% CO, 30% H2, 10% N2
6 6 6
g 5 s § 5 .
4 - 4
§01\ 4 §° RN ]
53 \ EE 3 \ = i
b= — - = ’
g2 X } 52 g2 )
2 / 2 2 A
g14/ g1 81 N
/ ~
0+ T T T 1 1] 0 # T T T T d
0 5 10 15 20 25 0 5 10 15 20 25
Time (days) Time (days) Time (days)
—e—Fructose —e— Acetate —e—2,3-BDO —e— Fructose +— Acetate —e—2,3-BDO —s— Fructose +— Acetate —e—2,3-BDO

Figure 3: Evolution of the consumption of fructose and production of acetate and 2,3-BDO during fermentation A
(fructose), B (syngas) and C (fructose + syngas).

2.3. Syngas fermentation by Clostridium autoethanogenum using a gas
fermenter (CARTIF)

The next anaerobic fermentation experiments were carried out in a gas fermenting pressurized bioreactor (1
L).

The bioreactor, which can be seen in Figure 4, is made of stainless steel, operates up to a pressure of 10 barg
allowing greater solubility of the gases in the medium, allows selection of the desired flows of each of the
gases (CO, H, CO,, N2) and has the usual control systems (pH, stirring, temperature). It also has two ports for
taking liquid and gas samples. It has a gas recirculation line, equipped with filters and a compressor, which
would allow continuous recirculation of gases in order to operate in a batch system but with continuous
bubbling, favouring the gas-liquid mass transfer.

For all fermentation experiments, preinocula of C. autoethanogenum were grown on 100 mL serum bottles
of YT medium + fructose (see Annexes) for 48 hours at 37 °C and 200 rpm.
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Figure 4: 1 L bioreactor used for gas fermentation experiments

For this purpose, the following fermentation conditions were used: 37 °C, 600 rpm and pH 6. PETC medium
was used as culture medium, as suggested by CSIC (including base nutrients, metals, vitamins, NaHCOs and
cysteine-HCI-H,0). The bioreactor with the above medium was autoclaved without the reducing agents,
which were later added after cooling down, with continuous nitrogen feeding. Fermentations were
performed for 9 days, and samples were collected daily to determine growth and metabolite production. 2
mL liquid samples were periodically withdrawn from the reactor (once every 24 h) in order to measure the
optical density (ODsoonm) and estimate the biomass concentration. Afterwards the sample was filtered with a
syringe using a 0.22 um PTFE-filter before analysing the concentrations of soluble products production (2,3-
BDO, acetic acid, ethanol). The pH of the medium was measured online and was regulated through the
addition of a2 M NaOH or 2 M H,S04 solution, fed by means of a peristaltic pump. 10% of an actively growing
culture, which was grown for 48 h with YT medium + fructose as carbon source, was used as the inoculum
and was aseptically transferred to the bioreactor. The gaseous substrates inside the bioreactor were fed by
means of a microsparger at a rate regulated to 20 mL/min by mass flow controllers.

Influence of the gas ratio on the syngas mixture

Three trials were conducted to determine the most suitable syngas mixture for the production of 2,3-BDO by
C. autoethanogenum. The syngas mixture is used as a source of C by the bacterium for its metabolism. Three
simulated syngas mixtures with different percentages of the gaseous substrates (H,, CO, CO; and N3) were
tested and are described in table 2 below:

F1 30%-40%-20%-10%
F2 50%-17%-17%-17%
F3 40%-40%-10%-10%

Table 2: Gas ratios in the syngas mixtures tested during the gas fermentation experiments
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The fermentation conditions (temperature, pH, agitation, pressure, reaction time) were kept constant in all
trials to maintain homogeneity of conditions and to be able to compare the influence of the gaseous
substrate on growth and productivity. The trials were carried out in batch mode, and the gaseous substrate
was added at the beginning of the fermentation. Each culture was sampled daily to evaluate the ODgsoonm, as
well as the production of 2,3-BDO, ethanol and acetic acid.

First, the F1 trial was conducted. This fermentation used a syngas ratio of 30% H,, 40% CO, 20% CO, and 10%
N, typically used in small-scale trials in 100 mL bottles. Bacterial culture growth (ODeoonm) and 2,3-BDO
production were subsequently analysed and are shown in Figure 5.

The maximum concentration of 2,3-BDO was 1.98 g/L and the maximum growth obtained was reflected in a
biomass ODeoonm Of 1.36. In addition, 0.18 g/L of acetic acid was also obtained during fermentation.

- 1,5
L 1 E
o
=]
a
- 0,5 o
O T T T T T T O
0 1 2 5 6 7 9
Time (days)
s 3 3-BDO (g/L) Acetate (g/L) ==+« 0D 600 nm

Figure 5: Time course of biomass (ODeoonm), 2,3-BDO (g/L) and acetate (g/L) during F1 (syngas=30% H, 40% CO, 20%
CO2, and 10% N3).

In F2, the syngas ratio used was 50% H», 17% CO, 17% CO2, 17% N.. Under these conditions, the maximum
concentration of 2,3-BDO produced was 1.4 g/L and the maximum biomass ODsoonm Was 1.29. The
concentration of the other compounds produced during fermentation was 0.38 g/L acetic acid and no ethanol
was produced. Results of time course experiment are presented in Figure 6 below:
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Figure 6: Time course of biomass (ODgoonm), 2,3-BDO (g/L) and acetate (g/L) during F2 (syngas=50% Hz, 17% CO, 17%
CO2, 17% Na).

To carry out F3, a syngas composition of 40% H,, 40% CO, 10% CO, and 10% N, was used. Under these
conditions, a maximum 2,3-BDO production of 1.86 g/L was obtained and the maximum biomass growth was
ODegoonm= 1.22. No other by-products such as acetic acid or ethanol were detected during the fermentation

time. Results of time course experiment are presented in Figure 7 below:

OoD600NmM

0 1 2 5 6 7 9

Time (days)
=== 7 3-BDO (g/L) Acetate (g/L) ++ %+« OD 600 nm

Figure 7: Time course of biomass (ODgoonm), 2,3-BDO (g/L) and acetate (g/L) during F3 (syngas=40% H2, 40% CO, 10%
CO2, 10% Na).

In conclusion, the tested syngas mixture with the highest production of 2,3-BDO was the one containing a
gas composition of 30% H,, 40% CO, 20% CO, and 10% N, with a maximum concentration of 1.98 g/L.

Influence of carbon source

In the next experiments, the influence of the carbon source on the growth of C. autoethanogenum was
investigated. Acetogens are able to fully metabolize and completely convert carbon substrates to end
products, often under either autotrophic or heterotrophic conditions. Mixotrophy and the simultaneous
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utilization of both organic and inorganic carbon sources is frequently also possible. Since C.
autoethanogenum was reported to grow efficiently on fructose, this sugar was chosen as the carbon source
for a new experiment, carried out to assess the behaviour of C. autoethanogenum in the stirred bioreactor
at optimum growth pH of 6.

The experiment started with 5 g/L of fructose were added to the fermentation basal medium to stimulate
the cell growth during the first stage of fermentation and then, once the fructose was consumed after the
second day the syngas mixture (30% H,, 40% CO, 20% CO, and 10% N,) was added.

Figure 8 shows that C. autoethanogenum growth was found to take advantage of the sugar substrate added
and maximal ODgoonm Value of 3.0 was obtained. Furthermore, 1.92 g/L of 2,3-BDO were produced during the
first days of the fermentation but this concentration remained constant during the rest of the process. In this
experiment acetate appeared in the fermentation medium and the maximum concentration was 3.96 g/L
after a process time of 8 days.

5 -I - 6

4 L 5

L 4

. P

5B PR hak TSR 3 2
2 ) oy N . )
“. ‘._-——.—-—__.___‘ - 2 O

1 L 1

0 T 0

2 5 6 7 9
Time (days)
=== 3-BDO (g/L) Acetate (g/L) = » # « « OD 600 nm Fructose (g/L)

Figure 8: Evolution of the consumption of fructose (g/L), production of 2,3-BDO, acetate (g/L) and biomass (ODsoonm)
during F4 (fructose + syngas=30% Hz, 40% CO, 20% COz and 10% N:).

The next fermentation experiment was performed under autotrophic conditions using only syngas mixture
at a concentration of 30% H,, 40% CO, 20% CO, and 10% N, without adding any supplementary carbon
source. The results are shown in Figure 9 below:
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Figure 9: Evolution of the consumption of fructose (g/L), production of 2,3-BDO, acetate (g/L) and biomass
(OD600nmM) during F5 (syngas=30% Hz, 40% CO, 20% COz and 10% N).

The highest 2,3-BDO titter achieved was 1.11 g/L. In terms of growth, the maximum value of ODggonm Was
1.26, a lower value than in the previous fermentation, indicating that the addition of fructose during the
initial stage of fermentation is beneficial for biomass production.

Influence of pressure

Subsequently, the influence of pressure on gas solubility during the reaction was also studied, since a positive
effect on growth of some anaerobic bacteria has been described.

Two bioreactor fermentation experiments were performed, one at 1 barg (F6) and another at a moderately
high pressure of 5 barg (F7). The pressure of 5 barg was achieved gradually to accommodate the bacteria
adequately, without abrupt pressure changes that may alter their metabolism or compromise their viability.
The initial pressure started at 1 barg and was then gradually increased (1.5 barg per day), so that by the
fourth day the final pressure reached 5 barg and was maintained for the remainder of the fermentation
process.

The main fermentation conditions such as temperature, pH and agitation were maintained in a similar way
as in the previous experiments, adding fructose to the initial fermentation medium to increase the cell
biomass and then syngas (30% H,, 40% CO, 20% CO,, 10% N,) after the second day of the process. The
experiments were carried out in batch mode. Each culture was sampled daily to evaluate the biomass
ODeoonm, as well as the production of 2,3-BDO, ethanol and acetic acid.

As can be seen in Figure 10, the optical density of the bacterial culture was similar in both trials, with a slight
increase of OD600nm obtained in F7, which was made at 5 barg. As for 2,3-BDO concentration, it was
observed that the F7 produced 2.04 g/L, while the F6 produced less amount, 1.32 g/L of 2,3-BDO. The
accumulation of acetate was detected in both experiments, with a final concentration of 2 g/Lin F6 and 1.54
g/LinF7.
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Figure 10: Time course of biomass (ODeoonm), 2,3-BDO (g/L) and acetate (g/L) production during experiments done at
1 barg (F6) and 5 barg (F7).

3.Summary and conclusions

In this deliverable 3.1 several gas fermentation experiments have been carried out both in serum bottles and
gas fermenter, testing different parameters that have an influence on the process such as gas ratio used in
the syngas mixture, C source, working pressure, etc.

The results obtained show that in order to achieve a higher productivity it is necessary to carry out the
fermentation process using an initial C source to increase the biomass of the crop during the first stages of
the process. In this sense, it was described that due to the low solubility of the syngas components in water,
C1-gas fermentation may suffer from low productivities as a consequence of poor cell growth. According to
some previous studies carried out with different acetogenic microorganisms, growth on sugar-based carbon,
rather than syngas components, sometimes resulted in more dense cultures. In this way, higher productivity
is achieved as there are many more bacteria available to metabolize the syngas using the Wood-Ljungdhal
pathway to produce organic acids and alcohols.

All the fermentation trials were carried out in batch mode without continuous feeding of fresh culture
medium, which greatly affects the final productivity since the components of the initial culture medium
(microelements, mineral salts, N, P) are exhausted with the fermentation time.

The operation of the existing bioreactor does not allow fermentation studies to be carried out in fed-batch
mode, although in this sense, it would be interesting to carry out some experiments to check the increase in
biomass growth and productivity of the bacterial strain. Operation in fed-batch mode through a membrane
filtration system that allows removal of the exhausted culture broth, while adding fresh culture medium to
the bioreactor, would greatly increase the productivity of the process as demonstrated in previous gas
fermentation work with other acetogens?.

1 Hu P, Chakraborty S, Kumar A, Woolston B, Liu H, Emerson D, Stephanopoulos G. Integrated bioprocess for conversion
of gaseous substrates to liquids. Proc Natl Acad Sci U S A. 2016 Apr 5;113(14):3773-8. doi: 10.1073/pnas.1516867113.
Epub 2016 Mar 7. PMID: 26951649; PMCID: PMC4833252.



Solutions for a circular biobased industry

An additional possible reason for not achieving high productivity is the gas transfer rate, which is essential to
allow the anaerobic bacteria to access the gaseous substrate properly. Although the pressure and stirring
speed of the culture medium has been increased (using a 4-blade Rushton stirring system), as well as the
placement of a gas distributor at the bottom of the vessel to favour the gas transfer rate as much as possible,
the current configuration of the bioreactor does not allow to intensify this parameter much more. As an
alternative, a bubble column-based reactor system would allow for more effective gas distribution and
transfer.

Despite these limitations, the production of 2,3-BDO has been achieved in all the different conditions tested
in the gas fermenting bioreactor. A maximum concentration of 2,3-BDO of 2.04 g/L has been obtained in
bioreactor using a combination of mixotrophic conditions (fructose + syngas) and a moderated pressure of 5
barg, which allows for a higher gas solubilization. Under the examined conditions, the mixotrophic growth
can be considered as a viable strategy for the production of 2,3-BDO by C. autoethanogenum.
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4. Annexes

Annex 1. Media compositions

YTF medium

Routine medium growth for Clostridium ljungdahlii and Clostridium autoethanogenum.
Composition:

e Yeast extract, 10 g/L

¢ Tryptone, 16 g/L

e Fructose, 5 g/L

¢ Sodium chloride, 4 g/L

¢ Cysteine HCI, 0.75 g/L

The pH was set to 6 using 1 M HCl and the final volume was adjusted using autoclaved deionized water.

TSB medium

Tryptic Soy Broth (TSB) is a nutritious medium that supports the growth of a wide variety of microorganisms,
especially common aerobic and facultatively anaerobic bacteria.

Composition:

* Casein peptone (pancreatic), 17 g/L

 Dipotassium hydrogen phosphate, 2.5 g/L

* Glucose, 2.5 g/L

¢ Sodium chloride, 5 g/L

* Soya peptone (papain digest.), 3 g/L

The final pH (at 25 °C) was set at 7.3+0.2 and the final volume was adjusted using autoclaved deionized water.

PETC medium (ATCC 1754)

PETC medium is a nutritious medium that supports the growth of different anaerobic microorganisms
specially Clostridium and Moorella spp. The ingredients of this medium can be classified into base nutrients,
trace elements, vitamins, sodium sulphide and cysteine HCl H,0. These five groups of ingredients were
prepared separately.

o NHJCl, 1 g/L
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e KCl,0.1g/L

e MgS0, x 7H20, 0.2 g/L

e NaCl, 0.8 g/L

o KH,PO4, 0.1 g/L

e CaCl; x 2H,0, 20 mg/L

e Yeast extract, 1 g/L

o Modified Wolfe’s Metals, 10 mL
e Wolfe’s Vitamin Solution, 10 mL
e NaHCO;,2 g/L

e Fructose, 5 g/L

e Reducing agent, 10 mL

Adjust final pH to 5.9. Add Modified Wolfe’'s Metals, Wolfe’s Vitamin solution, NaHCO3, fructose and
reducing agent from sterile anaerobic stock solutions prepared with 100% N,.

The reducing agent is prepared in the following way:

e NaOH, 0.9 g/L
e L-cysteine HCI x H,0, 4 g/L

e NayS x 9H,0, 4 g/L

The modified Wolfe’s Metals solution is prepared in the following way:
e Na,Se0s, 10 mg/L

e NiCl, x 6H,0, 10 mg/L

e NaWO4x 2H>0, 10 mg/L

o Wolfe’s Metals (Med. 1019) 1000 mL

The Wolfe’s Metals solution is prepared in the following way. The nitrilotriacetic acid is added to aprox. 500
mL of water and adjusted to pH 6.5 with KOH to dissolve the compound. Then the volume is brought to 1 L
with remaining water and the remaining compounds added one at a time:

e Nitrilotriacetic acid, 1.5 g/L
e MgSO4x 7H,0, 3 g/L

e MnSO, x H,0, 0.5 g/L




Solutions for a circular biobased industry

eNaCl, 1g/L

e FeSO4x 7H,0 , 0.1 g/L

e CoCl,x 6H,0, 0.1 g/L

e CaCl,, 0.1 g/L

®7ZnS0O4x 7H,0, 0.1 g/L

® CuSOq4 x 5H,0, 10 mg/L

e AIK(SO) x 12H,0, 10 mg/L
e H3B03, 10 mg/L

e Na;Mo0O4 x 2H,0, 10 mg/L

The Wolfe’s vitamins solution is prepared in the following way:
e Biotin, 2 mg/L

e Folic acid, 2 mg/L

e Pyridoxine hydrochloride, 10 mg/L

e Thiamine HCI, 5 mg/L

e Riboflavin, 5 mg/L

e Nicotinic acid, 5 mg/L

e Calcium D-(+)-pantothenate, 5 mg/L

e Vitamin B12, 0.1 mg/L

e p-Aminobenzoic acid, 5 mg/L

e Thioctic acid, 5 mg/L
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Annex 2. Analytical methods

HPLC analysis

2,3-BDO, acetate, ethanol and fructose concentrations were measured by HPLC. In the analysis method a
mobile phase with a dilution of 0.005M H,SO,4 in water was used. Once this mixture was prepared, it was
filtered with cellulose nitrate membrane filters of 0.45 um pore size, and then degassed in the ultrasonic bath
equipment, in order to eliminate the gases present in the liquid that could obstruct the filling of the column.
The flow rate, after being optimized to reduce the total time of each test, was set at 0.6 mL/min. The column
used was Hi-Plex-H (7.7x300 mm, 8 um) of Agilent equipped with the appropriate guard column. The
temperature used in the RID detector was 35 °C, while the column temperature was set at 50 °C. The total
analysis time for each sample was 30 minutes.
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