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Executive Summary

This report - Deliverable 3.3 «GMOs that produce mcl-PHA, PHB, LcDCAs and 2,3-BDO from acetate» that
builds from task 3.3 «Optimization of liquid fermentation of acetate to produce mcl-PHA, PHB, LcDCAs and
2,3-BDO».

The task 3.3 aims to develop a platform of CO2-based added-value chemicals by means of advance aerobic-
liguid fermentation processes using the acetate obtained from anaerobic CO2 fermentation (WP2) as a
substrate. mcl-PHA, PHB, LcDCAs and 2,3-BDO will be obtained and used as intermediates for the formulation
of end products in biopolymer and renewable chemicals sector (WP5). The scope will also focus on optimising
the fermentation processes by applying different cultivation techniques and optimizing the DSP.

The deliverable 3.3. reports the activities carried out particularly on subtask 3.3.1, were CSIC(CIB) has
developed efficient recombinant bacteria and yeasts to utilize acetate as a carbon source to produce the
added value products. Cupriavidus necator has been used for the production of PHB, Pseudomonas putida
has been modified to produce more efficiently mcl-PHA, Yarrowia lypolytica has been modified for the
production of LcDCAs, and Escherichia coli and Pseudomonas putida have been modified for the production
of 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 of the project 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 vyield: 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/cm?2)

c) 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?)

This deliverable describes the second technology, were we have designed, built and tested advanced GMOs
for the acetate fermentation.

1.1. Deliverable Objectives

The main output of the T3.3 is the D3.3 — GMOs that produce mcl-PHA, PHB, LcDCAs and 2,3-BDO from
acetate, which aims to develop strategies for the fermentation of the bioacetate produced in WP2 and the
production of value-added compounds using yeast and bacteria.

1.2. Contribution of partners

CSIC is the leader of this deliverable. CSIC-CIB: Development of efficient recombinant bacteria and yeasts to
utilize acetate as a carbon source to produce added value bio-products

1.3. Relation to other activities in the project

Task 3.3 is also closely connected with tasks in other WPs. In particular, the acetate for the aerobic
fermentations in T3.3. is produced by anaerobic bacteria from Task 2.2 <<Optimization of CO,+H; and syngas
fermentation process parameters for acetate production>>, and the technologies developed at lab scale in
T3.3. for fermentation of GMO bacteria and yeast, and DSP of the biological products, are being scaled-up in
Task 4.2 <<Scale-up of the bio-acetate to PHA, PHB, LcDCAs and 2,3-BDO fermentation process at TRL5>>.
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2. Advanced GMOs for mcl-PHA, PHB, LcDCAs and 2,3-BDO
production (CIB-CSIC)

2.1. mcl-PHA Production

P. putida is able to produce mcl-PHA naturally, but it requires the induction with low concentrations of
octanoate.

In first place, we developed a mutant strain of P. putida KT2440 with a deletion in the phaZ gene (Fig. 1),
which encodes a PHA depolymerase that is in charge of the degradation of the PHAs at late stages of the
bacterial culture.
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Fig. 1. Mutant strain P. putida KT40Z with a deletion in the phaZ gene coding for a PHA depolymerase to
avoid PHA degradation.

We tested the intracellular accumulation of mcl-PHAs in the wild type strain (wt) (P. putida KT2440) and in
the mutant stain (P. putida KT40Z) using glucose (20 g/L) or acetate (10 g/L) as substrate, and inducing with
1 mM octanoate (Fig. 2).

The mutant strain was able to accumulate higher concentration of intracellular PHAs (up to 40%) despite the
short incubation times (24h).
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Fig. 2. Production of PHAs at flask scale in the wt P. putida KT2440 strain and in the KT40Z mutant, using
glucose or acetate as substrate. Octanoate (1 mM) is added to the cultures as an inducer.
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The PHA granules produced by P. putida can be observed by optical microscopy (Fig. 3).

© -y a8 "

Fig. 3. Microscope image of PHA production by P. putida. Bacteria were cultured in M63 0.1 N media with 10
g/L acetate and 1 mM octanoate. Red fluorescence is produced by staining with Congo Red dye.

In a further development of the P. putida KT40Z strain, we have cloned the genes encoding the acetyl-CoA
carboxylase (ACC) of P. putida in the replicative plasmid pSEVA63. This enzyme is overproduced in order to
improve the conversion of acetyl-CoA into malonyl-CoA that it is the precursor of PHAs (Fig. 4).
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Fig 4. Metabolic pathway and map of plasmid pSEVA63_ACC for the overexpression of accABCD genes

The new strain P. putida KT40Z (pSEVA63_ACC) consumes more efficiently acetate, but it needs an antibiotic
(Kan) for the maintenance of the plasmid and an inducer (IPTG) for the expression of the ACC proteins. We
will test if the PHA production is improved and CARTIF will optimize the fermentation of both recombinant
P. putida strains, P. putida KT40Z and P. putida KT40Z (pSEVA63_ACC) to determine which of them is
performing better at a bioreactor scale.
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2.2.PHB production

We performed a comparison of strains able to produce high amounts of PHB from acetate (e. g., Cupriavidus
necator, Azohydromonas lata). C. necator was selected for scaling up the production of PHB using acetate as
carbon source (Fig. 5). We decided not to apply further engineering in this strain since the yields are so high
that the introduction of genetic modifications will most probably reduce the robustness of the strain without

a significant increase in the production yield.

_ %PHB Azohydromonas lata | %PHB Cupriavidus necator

0.2% pyruvate 85 62

0.4% acetate 70 80

Azohydromonas lata Cupriavidus necator

Fig 5. Production of PHB after 48 h in A. lata and C. necator using pyruvate (0.2%) and acetate (0.4%) as
substrate.

The C. necator strain is currently tested for the production of PHB at a bioreactor scale by BBEPP.

2.3.LcDCAs production

After a detailed revision of the literature we designed a 3 steps strategy for the production of LcDCAs, either
with bacteria or yeast, in order to maximise the yields (Fig. 6). A single step production of LcDCAs appears to
render very low yields.

Three steps production of LDCAs:
- First step: Production of lipids (TAGs) in an obese strain of Yarrowia lipolytica.
- Second step: Extraction of TAGs and release of fatty acids (FFAs) (chemically or enzymatically).
- Third step: Transformation of FFAs into LcDCAs:
- Using recombinant Escherichia coli cells
- Using recombinant Y. lipolytica cells
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Fig. 6. Schematic representation of the three steps strategy proposed for the biotransformation of long-chain
FFA into LcDCAs

The production of lipids (TAGs) from acetate is always performed with a Y. lipolytica engineered obese strain
constructed at CSIC. This strain has the following genotype: Y. lipolytica Pold (W29. Leu-, Ura-, Xpr2-, dgal,
dga2, Amfel), which consist in a strain heterologously overexpressing two fungal diacylglyceride acyl-
transferase (dgal from Rhodosporidium toruloides, dga2 from Claviceps purpurea) and with a deletion of the
gene mfel involved in the FFA degradation.

The production of the LcDCAs from the TGAs can be performed using 2 different cellular catalysts, E. coli and
Y. lipolytica.

E. coli system

In the case of E. coli, we have used a strain unable to growth using FFA as carbon and energy source (E. coli
AfadE JW5020-1 (Keio Collection BW25113)).

We have firstly confirmed that the mutant strain is unable to grow in FFAs as carbon source, otherwise the
strain will degrade the FFAs when we provide them for their biotransformation into LcDCAs.

The E. coli AfadE JW5020-1 strain was transformed with the plasmid plZ2DIC that contains a synthetic operon
encoding all the necessary enzymes into the plZ2 plasmid to transform the FFAs into LcDCAs (Fig. 7). In this
way we constructed the E. coli AfadE JW5020-1 (plZ2DIC) strain.
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synthetic plZ2DIC plasmid

alcohol aldehyde alkane

cytochrome+reductase dehydrogenase dehydrogenase transporter

Ptac
promoter  ~ypqg3p NCP ADH1 ALD5 ALKL
Marinobacter  Bacillus Saccharomyces Candida Pseudomonas
aquaeolei megaterium cerevisiae tropocalis putida

Fig. 7. Construction of synthetic plasmid plZ2DIC for the expression in E. coli of the cytochrome-reductase,
the alcohol dehydrogenase and the aldehyde dehydrogenase necessary for the biotransformation of FFA into
DCAs. In addition, an alkane transporter was included in the construction to optimize the uptake of
substrates. All genes were codon optimized for E. coli codon usage.

The transformation of the FFA into LcDCAs is performed in a resting cell system with the recombinant E. coli
AfadE JW5020-1 (plZ2DIC). In this case, firstly we have to produce biomass of the bacterial strain and in a
second step these cells (after washing) are incubated with the FFAs to generate the corresponding LcDCAs.

To demonstrate the feasibility of the process we have used lauric acid (C12), myristic acid (C14) and palmitic
acid (C16) for the transformation into the corresponding DCAs. Moreover, we have compared the behaviour
of E. coli AfadE JW5020-1 and E. coli AfadE JW5020-1 (plZ2DIC) strains, i.e., the strains without plasmid
(control) or with the plasmid expressing the synthetic operon (Fig. 8).

Myristic acid (C14)

(e efefefe

Biomass and enzyme Biotransformation of
production Cell collection fatty acids
(restingcells)

Fig 8. Resting cell biotransformation of myristic and lauric acid using engineered E. coli AfadE JW5020-1
(p1Z2DIC) strain.
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The FFAs and the DCAs were detected using GC-MS previously transformed in FAMEs, showing a
biotransformation of the FFAs into the DCAs with a significant efficiency at lab scale in flasks.
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Fig. 9. Example of the biotransformation of lauric acid into the corresponding C12 DCA.

The engineered E. coli AfadE JW5020-1 (plZ2DIC) strain was able to produce C12 DCA from lauric acid (Fig.
9).

The engineered E. coli AfadE JW5020-1 (plZ2DIC) strain was also able to produce C14 DCA using as substrate
myristic acid (data not shown).

The experiments carried out using palmitic acid did not render the C16 DCA, suggesting that the cytochrome
is not able to recognize palmitic acid as a substrate (data not shown) or it recognizes C16 FFA with very low
efficiency.

The process to produce LcDCAs with E. coli AfadE JW5020-1 (plZ2DIC) strain must be tested now with lauric
acid and myristic acid in CARTIF at bioreactor scale.

Y. lipolytica system

In the case of the production of LcDCAs with Y. lipolytica we have used our obese DGA strain that should be
unable to grow using FFAs as carbon and energy source due to the deletion of the mfel gene.

Firstly, as in the case of E. coli mutant, we have tested that the Y. lipolytica DGA strain is unable to grow in
FFAs (e.g., oleic acid) as the sole carbon and energy source (data not shown). We have also tested that it is
unable to grow using alkanes (e.g., hexadecane) as carbon source (data not shown). However, the WT strain
Y. lipolytica W29, i.e., the parental strain of Y. lipolytica DGA is able to grow well in oleic acid and hexadecane
as sole carbon and energy sources (data not shown).
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The Y. lipolytica DGA strain was then transformed with the plasmids pJMP62 alk5-ncp that contains a
cytochrome and the reductase necessary to transform the FFAs into the w-hydroxy-FFAs, i.e., the first step
of the transformation of FFAs into LcDCAs (Fig. 10). Y. lipolytica has the other necessary enzymes for the
biotransformation of w-hydroxy-FFA into LcDCAs, i.e., the alcohol dehydrogenase and the aldehyde
dehydrogenase. Therefore, we have constructed a new recombinant strain named Y. lipolytica DGA-AIk5-
Ncp.

Pte Ptef 0
—H—vﬂ-— wea s AI~AS
ter ter n o

CYP ALK5 NCP Fatty acids
NADPH + O, ) '
pJMP62Leu alk5-ncp j P450 (w-oxidation) "
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(9527) Dral  BspDI - Clal (2)
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Fig. 10. Metabolic transformation of the FFA into DCAs. Genetic construction used to transform Y. lipolytica
obese staininto Y. lipolytica DGA-AIk5-Ncp, that expresses the cytochrome CYP Alk5 and a reductase, in order
to transform the FFAs into LcDCAs.

The transformation of the FFAs into LcDCAs is performed in a resting cell system with the recombinant Y.
lipolytica DGA carrying the genes alk5-ncp under the control of the Ptef promoter. In this case, in a first step
we have to produce biomass of the recombinant yeast and in a second step these cells (after washing) are
incubated with the FFAs to generate the corresponding LcDCAs.

To demonstrate the feasibility of the process we have used lauric acid (C12), myristic acid (C14) and palmitic
acid (C16) for the transformation into the corresponding DCAs for 48 h. We have tested both the control
strain Y. lipolytica DGA without the necessary genes to perform the biotransformation and with the new
engineered strain Y. lipolytica DGA-AIk5-Ncp. The biotransformation was followed by using GC-MS of the
lipids transformed in FAMEs
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Fig. 11. Example of the biotransformation of myristic acid into the corresponding C14 DCA using the
recombinant Y. lipolytica DGA-AIk5-Ncp strain in a resting cell experiment 48 h. GC chromatograms show the
molecules found in the supernatants of the reactions. On the right panel we show the MS fragmentation of
the peak at min 22.19 corresponding to C14 DCA.

The engineered Y. lipolytica DGA-AIk5-Ncp strain was able to transform myristic acid into the corresponding
C14 DCA (Fig. 11).

The engineered Y. lipolytica DGA-AIk5-Ncp strain was also able to transform palmitic acid into the
corresponding C16 DCA (Data not shown).

The engineered Y. lipolytica DGA-AIk5-Ncp strain was not able to transform lauric acid into the corresponding
C12 DCA (Data not shown), suggesting that the cytochrome AIKkS5 is not able to use lauric acid as a substrate
or that it uses lauric acid with a low efficiency.

It is interesting to notice that comparing these results with those obtained with E. coli in both cases the
recombinants cells can transform myristic acid, but in only E. coli is able to transform lauric acid into C12
DCA, whereas only Y. lipolytica is able to transform palmitic acid into C16 DCA.

One of the advantages of the yeast strain is the integration into the chromosome of the genetic construction
that avoids the need of utilising antibiotics. In addition, Yarrowia in very efficient at producing the co-factors
needed for the activity of the recombinant expressed enzymes, so we avoid the use of expensive additives
such as aminolevulinic acid or hemo compound in the growth medium.

The process to produce LcDCAs with Y. lipolytica DGA-AIk5-Ncp strain must be tested now with palmitic acid
and myristic acid in CARTIF at bioreactor scale.
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2.4. 2,3-BDO production

The 2,3-butanediol (2,3-BDO) is naturally produced by different microorganisms, such as Klebsiella oxytoca,
that produces the meso-2,3-BDO isomer or Bacillus subtilis, that produces the (R,R)-2,3-BDO isomer. The
problem to scale up the processes using these organisms is that those producing the meso isomer are
pathogens, and those producing the (R,R) isomer have low yields. Therefore, we decided to produce both
isomers using non-pathogenic recombinant strains as cell factories, such as E. coli and P. putida.

27 minutes 28 minutes
OH
H3R/E\c
] M
OH fo)
Acetoin meso-2,3-Butanediol D-(-)-2,3-Butanediol
Optically inactive form (R,R)-; Levorotatory form

Fig 12. Chemical structure of 2,3-BDO isomers and acetoin

Analytical methods

To be able to detect and quantify the 2,3-BDO isomers CSIC has performed the optimization of two analytical
methods based on HPLC and GC detection of 2,3-BDO. The main problem that has to be solved is that we
need not only to separate the isomers of 2,3-BDO one from each other, but also to separate the acetoin
precursor.

Using the following HPLC conditions: Aminex HPX-87C, 5 mM H,S04, 0.4 mL/min, 809C, RID 552C, 40 min,
we were able to separate all these compounds (Fig X).
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Fig. 13. HPLC chromatogram of 2,3-BDO isomers and acetoin
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Nevertheless, the separation of these compounds was not considered optimal enough and we decided to
implement a different GC method.

Using the following GC conditions, we were able to separate all the compounds with better resolution: ethyl
acetate was used as organic solvent and isoamyl alcohol as internal standard (1g/L final concentration). The
injection volume of the sample was 1 pL and the column 1 was a Teknokro TR-150232: 2135.42973
(TRB_FFAP) with dimensions 30m x 250um x 0.25um and with a flow of 5.3212 mL/min at 402C. The column
2 was Agilent restrictor (25 cm) with dimensions 0.5m x 180um x 0.25um with flow of 8.74 mL/min at 40°C.
Run time of the samples was 8 minutes.

|soamilicalcohol is the internal standard
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Fig. 14. GC chromatogram of 2,3-BDO isomers and acetoin.

Production of meso-2,3-BDO and D-(R,R)-2,3-BDO by recombinant bacterial strains

In order to produce 2,3-BDO in recombinant bacterial strains we have develop a number of synthetic operons
containing the genes encoding the acetolactate synthase (BudB or AlsS), the acetolactate decarboxylase
(BudA) and the acetoin dehydrogenase (BudC or YdjL) combined with different promoters (Ptac, PT7, P1, P2
and P3) (Fig. 15). The budABC genes are from K. oxytoca whereas the alsS and ydJL genes are from B. subtilis.
Some of the genes used for these constructions are synthetic genes, but other are the original genes obtained
by PCR. The alsS gene was used instead the budB gene since it was considered more efficient to transform
pyruvate. The ydJL gene is required to produce the D-(R,R)-2,3-BDO isomer, whereas the budC gene is
required to produce the meso-2,3-BDO isomer. The budA was used in all the constructions. Ptac and PT7
strong inducible promoters by IPTG, whereas P1, P2 and P3 are synthetic constitutive promoters.
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Fig. 15. metabolic pathways to produce meso-2,3-BDO meso or D-(R,R)-2,3-BDO. Genetic constructions used
to produce each of the isomers. It should be noticed that 2,3-BDO can be oxidised at the end of the
fermentation to acetoin in the presence of O, due to a reversible reaction of the last step of the process
Therefore, the control of the fermentation conditions is critical to obtain 2,3-BDO without acetoin
contamination.

We have prepared several recombinant bacterial strains that are described below:

Recombinant Escherichia coli W strains

Firstly, we have created a recombinant strain of E. coli W expressing the original budABC genes of K. oxytoca
cloned by PCR in order to produce meso-2,3-BDO. The operon was cloned in the plZ2 plasmid under the
control of the Ptac promoter to generate plasmid plZ2Bud (Fig. 16). Thus, this plasmid was transformed into
E. coli W and we have created the recombinant E. coli W (plZ2Bud) strain.
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Fig. 16. Genes of Klebsiella oxytoca M5al were amplified by PCR from the genome of the bacterium and
cloned into the plasmid plZ2 to obtain the plasmid plZ2Bud. This plasmid was cloned in E. coli W to produce
meso-2,3-BDO. The resulting strain E. coli W (plZ2Bud) is able to use glucose and acetate as carbon and
energy sources to grow, and is able to produce meso-2,3-BDO in large amounts using glucose as carbon
source (Fig. 17).
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Klebsiella oxytoca M5al E. coli W plZbud

) 2,3-BDO | Acetoin | 2,3BDO Acetoin
— 60 g/L glucose
/ 24h 24 6 24 1

48h 23 6 8 19

Klebsiella oxytoca M5al E. coli W plZbud

MN medium .
o HPLC analysis
37°C 200rmp 2,3-BDO | Acetoin | 2,3BDO Acetoin
— 20 g/L acetate
24h 0.2 - - 0.3
48h 0.4 - - 0.4

Fig. 17. 2,3-BDO production in flasks with MN medium (6 g yeast extract, 7 g (NH4),S04, 5 g K;HPO,4, 0.4 g KCI
per liter), and trace elements (0.1 g MgSQs, 0.02 g FeSO4, 0.01 g MnSO,4 and 0.01 g ZnSO, per liter) at 372C
and 200 rpm. The cultures were induced with 0.5 mM of IPTG after 2 h of growth. The quantification of 2,3-
BDO and acetoin production was done by HPLC analysis.

When we tested the production meso-2,3-BDO using acetate as carbon source we did not detect a significant
production (Fig. 17). However, we were able to detect the production of meso-2,3-BDO when we use the co-
feeding of acetate and glucose (Fig. 18).

The low yield of meso-2,3BDO produced from acetate is due to the low production of pyruvate by the
anaplerotic pathways. Therefore, we have tried to improve the production of pyruvate from acetate creating
a E. coli mutant strain by deleting two metabolic steps. Thus, we have created the E. coli W Amdh-AaceF
mutant to increase pyruvate production (Fig. 19). This mutant is not able to grow efficiently in glucose or
acetate as sole carbon source, but it is able to grow in a co-feeding of glucose plus acetate (data not shown).
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Fig. 18. Bioreactor assay to produce meso-2,3-BDO in E. coli W (plZ2Bud) using the co-feeding of acetate and
glucose.
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Fig. 19. Metabolic fluxes from acetate to 2,3-BDO in the mutant E. coli W Amdh-AaceF strain.

The new E. coli W Amdh-AaceF mutant was transformed with the plasmid plZ2Bud to create the new strain

E. coli W Amdh-AaceF (plZ2Bud) strain.

Several assays were performed to compare production of meso-2,3-BDO in the E. coli W (plZ2Bud) and the

E. coli W Amdh-AaceF (plZ2Bud) strains. The culture media used was MN (production media of 2,3-BDO) in
100 mL flasks with 20 mL of media containing glucose, acetate or both. The induction of the gene expression
was performed by adding 0.5 mM IPTG at 2 h of growth at 372C and 200 rpm. After induction, cells continued
growing at 302C 200 rpm up to 24 h when 2,3-BDO was determined by GC analysis (Fig. 20).
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E. coli W (p1ZBud) E. coli W Amdh-AaceF (plZBud)

CH.OH
0, 2.7 g/L meso 2,3BDO 2.2 g/L meso 2,3BDO
OH 7.26 g/L acetoin 7.55 g/l acetoin
OH OH Glucose comsumed Glucose comsumed
OH

Glucose 20 g/L

CH.OH 4.48 g/ meso 2,3BDO 0.724 g/L meso 2,3BDO
2 0 4.28 g/L acetoina 8.15 g/L acetoina
OH ° N )L 10.08 g/ acetate rests 11.5 g/L acetate rests
O Nat inthe culture in the culture
OH OH Glucose comsumed Glucose comsumed
OH
Glucose 20g/L  Acetate 20 g/L
0 5.68 g/ acetate rests in 11.3 g/L acetate restsin
)L the culture the culture
O Na" No production of 2,3BD0O  No production of 2,3BDO
and acetoin and acetoin

Acetate 20 g/L

Fig. 20. Production of the meso-2,3-BDO isomer and acetoin in the E. coli W (plZ2Bud) and the E. coli W
Amdh-AaceF (plZ2Bud) strains.

The improvements in the production will be confirmed by CARTIF at a bioreactor scale since it is critical to
control the pH and the aeration of the culture, as well as to test the production by a feed-batch approach.

Recombinant Escherichia coli BL21 strains

We have constructed other recombinant strains based on the E. coli BL21(D3) strain as cell factory that is
able to express the genes under the control of PT7 a strong IPTG inducible promoter.

We have already constructed the strain E. coli BL21 (pETBudA-AlsS-BudC) that produces meso-2,3-BDO, and
the strain E. coli BL21 (pETBudA-BudB-YdjL) that produces (R,R)-2,3-BDO from glucose.

Plasmid pETP1BudA-P2BudB-P3BudC

On the other hand, we have constructed the plasmid pETP1BudA-P2BudB-P3BudC that replicates in E. coli
and that is able to produce meso-2,3-BDO when transformed in E. coli BL21 with or without IPTG, but that is
also able to produce meso-2,3-BDO in E. coli W or other strains of E. coli without the addition of IPTG. This
can allow to test different strains of E. coli as cell factories to improve the yield of meso-2,3-BDO.
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Recombinant P. putida KT2440 (plZ2Bud)

In order to improve the yield of 2,3-BDO using acetate as carbon source we tested the production for the
first time of this compound in the model strain P. putida KT2440 that is able to use very efficiently acetate as
carbon and energy source as demonstrated above for the production of PHAs. However, to be able to
produce 2,3-BDO in P. putida we have to eliminate the activity of the aco genes that are can degrade 2,3-
BDO (Fig. 21). Thus, we used an aco mutant as host to produce 2,3-BDO. In this sense we obtained an acoB
mutant from the CSIC collection of P. putida KT mutants deposited in the EEZ-CSIC institute (Granada).

The strain P. putida AacoB has been transformed with the plasmid plZ2Bud since it is bale to replicate in both
E. coli and P. putida. Thus, we have created a new recombinant P. putida AacoB (plZ2Bud) strain.

P putida KT2440 AacoB (PP_0554)

(s —— E— —

acoR acoX acoh acoB aceC adh

+
plZBud

Fig. 21. Scheme of the acoR-acoXABC-adh cluster of P. putida KT2440 responsible for the metabolism of 2,3-
BDO. The position of AacoB is indicated by X.

The production of 2,3-BDO was assayed in P. putida AacoB (plZ2Bud) using glucose as carbon source with
different concentrations of IPTG as inducer, since the induction of the genes by IPTG in P. putida is critical.

We have observed in the preliminary assays that as expected the levels of 2,3-BDO were variable depending
on the induction of the genes with IPTG. In cultures with 20 g/L glucose, an induction with 0.01 mM IPTG the
strain yielded 0.6 g/L of 2,3-BDO, the induction with 0.1 mM IPTG yielded 1 g/L of 2,3-BDO, and the induction
with 0.5 mM IPTG yielded 0.7 g/L of 2,3-BDO.

Remarkably, this is the first time that the production of 2,3BDO is achieved in P. putida.

On the other hand, the preliminary assays carried out with the P. putida AacoB (plZ2Bud) strain shows that
this strain is able to produce a small but significant amount of 2,3-BDO using acetate as carbon source. This
open a new scenario to test the strain under bioreactor conditions.

3.Summary and conclusions

The deliverable D3.3 has successfully addressed the technologies proposed in CO2SMOS project for the
biological conversion of acetate into mcl-PHAs, PHB, LcDCAs and 2,3-BDO. We have prepared a set of
different recombinant microorganisms for the production of the different bioproducts:

mcl-PHA




PHB

LcDCAs
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P. putida KT2440 produces high amounts of PHA from glucose and acetate, but need the induction
of its metabolism using 1 mM octanoate.

Two recombinant strains of P. putida KT2440 that outperform the wt strain have been built. One with
a deletion in the PHA depolymerase PhaZ and other overexpressing the acetyl-CoA carboxylase (acc)
encoding genes

Wild type strain from the bacterium C. necator produces high concentrations of PHB using pyruvate
or acetate as substrate, so no further engineering was needed.

A 3-step strategy was adopted to achieve high LcDCAs yield from TAGs

An E. coli recombinant strain was constructed able to transform C12 and C14 FFAs into the
corresponding LcDCAs.

A second recombinant strain of E. coli will be constructed expressing a hydroxylase to avoid the use
cofactor (ALA, hemo) by the cytochrome.

A Y. lipolytica recombinant strain was constructed able to transform C14 and C16 FFAs into the
corresponding LcDCAs.

2,3-BDO

Analytical method to detect 2,3-BDO isomers and acetoin using HPLC or GC were optimized.

Four recombinant strains of E. coli were constructed expressing the bud genes from Klebsiella and/or
Bacillus under the control of different promoters, which produce meso-2,3-BDO and D-(R,R)-2,3-BDO
from glucose.

A mutant E. coli W Amdh-AaceF strain has been investigated to optimize the metabolic fluxes from
acetate to 2,3-BDO.

A recombinant strains of P. putida with a deletion in the aco cluster expressing the bud genes was
constructed and successfully tested for the production of 2,3-BDO using glucose or acetate as
substrates.
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