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Biofuel production by Clostridium acetobutylicum is compromised by
strain degeneration due to loss of its pSOL1 megaplasmid. Here we used

engineering biology to stably integrate pSOL1into the chromosome
together with asyntheticisopropanol pathway. Inamembrane bioreactor
continuously fed with glucose mineral medium, the final strain produced
advanced biofuels, n-butanol and isopropanol, at high yield (0.31g g™), titre
(15.4 g1 and productivity (15.5 g I h™) without degeneration.

The Weizmann process for acetone and n-butanol production by
Clostridium acetobutylicum was the second largest fermentation pro-
cess (after ethanol) and of considerable industrial, social and historical
importance'. Beyond its use during the First World War to produce
acetone for smokeless gunpowder (cordite) manufacture, it was used
worldwide to produce these two industrial solvents from a variety of
renewable substrate®”. Its demise in the early 1960s was a consequence
of superior petrochemical-process economics. The fermentation pro-
cess suffered from low yield, titre and productivity® and, unlike rival
petrochemical processes, was not suited to continuous-process tech-
nologies due to the loss of C. acetobutylicum’s capacity to produce
solvents, known as ‘degeneration’. This was associated with loss of the
pSOL1 megaplasmid carrying genes essential to solvent production™.
Today, there is a resurgence of interest in C. acetobutylicum for the
production of advanced fuels (1) after chemical transformation of the
solvents mixture®'© or (2) directly asisopropanol-n-butanol-ethanol
(IBE) mixtures™",

Here we successfully addressed the issue of strain degeneration
in the Weizmann process by using an innovative synthetic biology
approach. Our method involved integrating pSOL1 into the chro-
mosome of C. acetobutylicum at the pyrE locus of an allele-coupled
exchange (ACE)"” compatible strain with a deletion in the 5 region of
pyrE (Fig.1a).

This strategy involves four crossing-over events and the use
of an ACE replicative plasmid® introduced by electroporation

(Supplementary Note 1) and containing the following: (1) homolo-
gous regions flanking the origin of replication of pSOLI1 (repA), (2) a
truncated pyrE-hydA locus in reverse orientation with a full-length
but promoterless ermB gene that becomes functional only after the
initial crossing-over of SHA (CA_P0176) with pSOL1and (3) afunctional
codA gene. The first double crossing-over occurs between the two
homologousregions surrounding the origin of replication of pSOL1also
present on the ACE plasmid. Each homology arm size was specifically
designed to control the integration order. As a result, the engineered
strain contains a pSOLI1 plasmid lacking an origin of replication but
having a functional ermB now expressed under the natural CA_P0176
promoter on pSOL1. However, this pSOL1intermediate cannot replicate
andis therefore unstable. Consequently, asecond double crossing-over
eventatthe pyrFlocusis necessary to ensure its maintenance through
integration (Fig.1a), asthe mutant having pSOL1 integrationis selected
on a uracil-lacking Clostridium basal medium (CBM) requiring func-
tional pyrE restoration. Thus, mutants having a clean integration of
pSOL1 after four crossing-over events (Fig. 1a) were directly obtained
by spreading 10° of ACE plasmid containing cells on a CBM agar lack-
ing uracil and supplemented with erythromycin. Colonies obtained
were then replica plated on CBM agar containing erythromycin and
5-fluorocytosine (5FC) (Supplementary Note 2). Resistance to SFC
confirms that all the clones were cured of the original ACE plasmid,
as well as the hybrid ACE plasmid with two origins of replication that
was generated after the first double crossing-over event. The accurate
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Fig.1| Construction of pSOL1 megaplasmid integrated C. acetobutylicum
producing solvent stably in continuous culture. a, Schematic illustration

of pSOL1integrated strain by using original synthetic approach based on
counter selection markers and antibiotic markers selection. Genes in blue
boxes are originally located on the chromosome, whereas genes in green boxes
are originally located on pSOLI1. The black triangle in the gene box presents
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5 truncation, while the red triangle presents 3’ truncation. P below the black
arrow indicates the position of the natural promoter of CA_P0176.b, Product
concentration and degeneration rate of wild-type and pSOL1integrated strains

in continuous cultures under the same conditions. The butanol and butyrate
concentrations and degeneration rates are plotted on the left y axis, with biomass
plotted on the right y axis.

genotype and phenotype of the mutants were validated through PCR
and growthin batch cultures. The resultant CAB2018 strain showed the
correct PCRand product profilesinbatch culture, as well as an equiva-
lent sporulation phenotype to the wild-type strain (Supplementary
Note 4). Its specific growth rate, however, was around 30% lower than
that of the wild-type strain (Supplementary Note 4). Although we have
no explanation for this phenotype, it could explain why pSOL1did not
integrate evolutionarily into the chromosome of C. acetobutylicum.
Whole-genome sequencing of the strain confirmed that pSOL1 had
integrated as expected and that four single-nucleotide polymorphisms
innon-relevant chromosomal genes had been acquired (Supplementary
Table 2). To the best of our knowledge, we have not found any study
reporting the stable integration of such a big piece of DNA into the
chromosome of any bacteria. In Extended Data Fig. 1, we proposed a
similar strategy for the integration of any large pieces of DNA into the
chromosome of the CAB2019 strain, a CAB2018-derived strain with
pyrE truncated and ermB removed (Supplementary Note 3) using the
following: (1) an engineered yeast artificial chromosome (YAC) vector
with the origin of replication of pSOL]I, (2) a yeast strain to assemble
the large synthetic DNA insert and (3) protoplast fusion to introduce
thelarge vectorinto the CAB2019 strain. This extension of the method
will be of particular value when the introduction of complex metabolic
pathways comprising numerous genes is required, for example, the
Wood-Ljungdahl pathway for autotrophic growth™. Finally, froma fun-
damental point of view, one of the benefits of having pSOL1integration
into the chromosomeis that it now allows the rapid functional analysis
of the pSOL1-encoded genes using CRISPR-Cas9 for gene editing”.

Monitoring of continuous cultures of the wild-type and CAB2018
strains showed that whereas the former degenerated within 30 days,
losing the ability to produce solvents concomitant with loss of pSOLI,
the latter strain remained stable over the 42 day fermentation period
(Fig.1b). Having a stable strain that produces n-butanol in continuous
culturesis a prerequisite, but aloneis not sufficient, for acommercial
biofuel production process as both the yields, titres and productivities
are too low due to production of acetone, a natural final product that
isnot suitable as abiofuel.

Accordingly, toimprove the strain for continuous biofuels pro-
duction, we further engineered the strain to continuously produce
anadvanced IBE fuel mixture at high practical yield and productivity.
This was achieved in three steps involving two intermediate strains
(CAB2019 and CAB2020) and the final CAB2021strain with integra-
tion of sadh and hydG genes (Fig. 2a and Supplementary Note 3) of
Clostridium beijerinckii NRRL B593'¢ under the control of the natu-
ral thIA promoter. These encode a reduced nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent acetone reductase
(sadh) and a potential ferredoxin-NADP* reductase (hydG). In batch
culture, the CAB2021 strain almost completely converted acetone
to isopropanol (Supplementary Note 5). Furthermore, when grown
in chemostat cultures at different dilution rates on a glucose min-
eral media (GMM), it was possible to produce biofuels at high yield
(0.3 gg™ and productivity (1.3 g I h™) for the highest dilution rate
evaluated, although under this condition high residual glucose con-
centrations were observed (Fig. 2b and Extended Data Fig. 2). The
best compromise between residual glucose, titre and productivity
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Fig.2|Synthetic biofuel pathway integration into pSOL1integrated strain
and stable solvent productionin GMM in continuous cultures of CAB2021
strain. a, sadh (encoding an NADPH)-dependent acetone reductase) and hydG
(encoding putative ferredoxin-NADP* reductase) of C. beijerinckii NRRL B593
for conversion of acetone to isopropanol were integrated downstream of thiA
to be under the strong thlA promoter in CAB2021. b, Isopropanol, butanol,
productivity and yield of four different dilution rates in continuous chemostat
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culture of CAB2021. Biofuel is defined as (isopropanol + butanol + ethanol).

D, dilutionrate (h™). ¢, Continuous production of advanced biofuel by
CAB2021in membrane cell-recycle bioreactor. Same symbols are used asinb.
d, Membrane cell-recycle bioreactor used in this study. Data are shown as mean
and s.d. of steady state period (day 4 to day 10, n =12). DCW, dry cell weight (g);
D, incoming dilutionrate (h™); D,, outcoming dilution rate (h™).

was observed at a dilution rate of 0.075 h™ with a biofuel titre of
13.4 g1, aproductivityof 1gl™ h™?andayield of 0.31g g'. These val-
ues were much higher than those obtained with C. beijerinckii NRRL
B593, the natural producer, or ametabolically engineered mutant of
C. acetobutylicum expressing sadh inserted at the pyrElocus”, when
growninchemostat cultures (Supplementary Table 4). Furthermore,
contrary to the natural producer that loses its ability to produce
solvent after 10 to 20 days in continuous cultures'®, no instability
was observed with CAB2021 for at least 30 days (Fig. 2b). Finally, to
evaluate the potential of strain CAB2021 for industrial production
of advanced biofuels, we used itina membrane cell-recycle bioreac-
tor system (Fig. 2c,d) to increase the cell density and then the pro-
ductivities”. In GMM, the performances obtained in terms of yield
(0.31gg™), titre (15.4 g1™) and productivities (15.5 g I h™) were the
highest ever reported for the continuous production of an advanced
IBE fuel mixture'”** (Fig. 2d and Supplementary Table 4). We recently
used an advanced extractive fermentation process to improve the
performances of ametabolically engineered C. acetobutylicum opti-
mised for n-butanol production at high yield*. This process, using
vacuum distillation and high cell density culture, could be used with

the CAB2021strain developed here to further increase the titre of the
advanced biofuel mixture produced.

In summary, engineering biology was used to develop a C. aceto-
butylicumstrain for the stable and continuous production of advanced
biofuels from alow-cost GMM at higher yield and productivities than
previously reported. To further develop an economical industrial
process, performancesstillneed to beimproved. This might be achiev-
able by the following: (1) further metabolic engineering to remove
by-product pathway such as butyrate?* to increase the biofuels
yield and/or (2) optimisation of the bioreactor by using extractive
fermentation®.

Methods

Reagents

All chemicals used in this study were purchased from Sigma-Aldrich
unless otherwise noted. Q5 High-Fidelity DNA Polymerase (NEB) or
KOD DNA Polymerase (Merck) was used for PCR. All PCR products and
plasmids were purified and extracted with the PCR purification kit and
plasmid extraction kit (Qiagen), respectively. All oligonucleotides
were purchased from Sigma-Aldrich or Integrated DNA Technologies.
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DNA sequencing was performed at Eurofins. Genomic DNA of CAB2018
strain was isolated by phenol:chloroform extraction based on the
method of Marmur®, After measuring (1) the amount of genomic DNA
with a NanoDrop lite spectrophotometer (Thermo Scientific) and
(2) its quality via agarose gel electrophoresis, whole-genome sequenc-
ing was performed using an Illumina MiSeq benchtop sequencer
(Deepseq, University of Nottingham). Sequence reads were mapped to
the reference sequences NC_003030 (chromosome) and NC_001988
(pSOL1) in the NCBI database using the program CLC Genomics
Workbench version 22.0.1 (Qiagen).

Bacterial strains and medium composition
Bacterial strains and plasmids used in this study are detailed in Sup-
plementary Table 1. Escherichia coli TOP10 (Invitrogen) was cultured
aerobically (37 °C; shaking at 200 r.p.m.) in Luria-Bertani medium
supplemented with chloramphenicol (25 pg ml™) and tetracycline
(10 pg ml™) where appropriate for plasmid cloning and propagation,
and TOP10 containing pAN2 plasmid was used for in vivo methylation
of plasmid DNA before transformation of C. acetobutylicum ATCC 824
and any other recombinant strains (Supplementary note 1). C. aceto-
butylicum strains were routinely grown anaerobically at 37 °C using
pre-reduced overnight CBM or Clostridium Growth Medium (CGM)
agar supplemented with thiamphenicol (15 pg ml™) or erythromycin
(20 pg ml™) where appropriate under an atmosphere of N,:H,:CO,
(80:10:10, vol:vol:vol) in an anaerobic workstation (Don Whitley) or
in anoxic broth in a serum bottle. Recovery after transformation was
carried out in anoxic 2xYTG (pH 5.2) broth in the anaerobic worksta-
tion. Uracil was supplemented at 20 pg ml™ when needed. SFC was
supplemented atafinal concentration of 100 pg ml™ where codA-based
selection was performed. C. acetobutylicum strain degeneration was
evaluated in chemostat culture in Clostridium Rich Media (CRM). Per-
formances of the engineered C. acetobutylicum strains both in chemo-
statandinamembrane cell-recycle bioreactor were evaluatedin GMM.
The CBM contains (per litre) 50 g glucose, 0.5 g K,HPO,, 0.5g
KH,PO,, 0.2 g MgS0,-7H,0, 7.58 mg MnSO,-H,0, 0.01 g FeSO,-7H,0,
1 mg para-aminobenzoic acid (PABA), 0.002 mg biotin, 1 mg thia-
mine HCI, 4 g casein hydrolysate and 5 g CaCO, if needed as buffering
agent. The CGM contains (per litre) 0.75 g KH,PO,, 0.75 g K,HPO,,
0.4 g MgSO,-7H,0, 0.01 g MnSO,-H,0, 0.01 g FeSO,-7H,0, 1 g NaCl,
2 g asparagine, 5 g yeast extract, 2 g (NH4),SO, and 60 g glucose. The
2xYTG medium contains (per litre) 16 g tryptone, 10 g yeast extract,
5gNaCland 10 g glucose. The CRM contains (per litre) 50 g glucose,
4 gyeast extract, 0.5 gK,HPO,, 0.5 gKH,PO,, 0.2 gMgS0,-7H,0,10 mg
Nacl, 10 mg FeSO,-7H,0, 10 mg MnSO,-H,0, 80 pg biotin and 8 mg
PABA. The GMM medium contains (per litre) 50 g glucose, 0.5 gK,HPO,,
0.5gKH,PO,,1.5gNH,Cl, 0.2 gMgS0,-7H,0,10 mg FeS0O,-7H,0, 80 pug
biotinand 8 mg PABA.

Plasmids construction

Plasmid pMTL-pSOL1-int (Fig. 1, Supplementary Table 1 and Supple-
mentary Fig.1) was constructed using plasmid pMTL-SC7515 carrying
codA, repL and catP* as abackbone. This vector was designed to con-
tain four different sizes of homology arms: (1) 1,200 bp of CA_P0173-
4 homology arm (LHA, long homology arm for first crossing-over
with the pSOL1), (2) 305 bp of CA_P0O176 homology arm (SHA, short
homology arm for second crossing-over with pSOL1 to excise replica-
tion origin repL encoded by CA_P0O175 of pSOL1 and to introduce 3’
truncated pyrE and 3’ truncated hydA into pSOL1), (3) 900 bp of hydA
homology arm (LHA for third crossing-over with chromosome) and
(4) 635 bp of pyrE homology arm (40 bp from start codon truncated
SHA for fourth crossing-over with 3’ truncated pyrE carrying chro-
mosome to restore full-length functional pyrE at the last step). As
previously reported”, the use of asymmetrical homology arm sizes
can control the order of recombination events, allowing the initial
isolation of single crossing-over integrants involving the LHAs followed

by the selection of recombinants arising from subsequent, double
crossing-over, excision events involving the SHAs. The cassette that
consists of four homology arms and promoterless ermB gene was
synthesized (Biomatik) in the order of a1,200 bp LHA CA_P0173-4 for
pSOLlintegration, terminator, reverse-oriented 900 bp hydA LHA
for chromosome integration, reverse-oriented 635 bp of pyrE SHA for
chromosomeintegration, terminator, ermBwithits ribosome binding
site but without promoter to be active after integration and 305 bp of
CA_P0176 SHA. This cassette was cloned at the Pmel site of pMTL-SC7515
to construct pMTL-pSOLI-int. Plasmid pMTL-pSOL1-int was used to
construct the CAB2018 strain.

Plasmid pMTL-pSOLI1-pyrE-Negative was constructed to remove
(1) the erythromycin resistance gene ermB and (2) 335 bp of the pyrE
gene of CAB2018 by double crossing-over.

Previously constructed plasmid pMTL-JH12", which was made
for pyrE 5’ truncation, was used as a backbone. The LHA (hydA frag-
mentin pMTL-JH12) was replaced by the PCR fragment for CA_P0176-77
homology by using primers Pr1 and Pr2, whereas the remaining part,
including the SHA (partial pyrE for truncation), lacZ (MCS) and the
antibiotic resistance marker catPin the original plasmid was retained.
DNA fragment replacement was carried by enzyme digestions with
Nhel/Ascl (NEB) and ligation with T4 DNA ligase (NEB). Plasmid
pMTL-pSOL1-pyrE-Negative was used to construct the CAB2019 strain.

Plasmid pMTL-pSOLI1-pyrE-Positive was constructed torestore the
deleted 335 bp pyrE fragment in CAB2019 for a full-length functional
pyrE.

To restore functional pyrE, a synthetic DNA fragment for
full-length pyrE—a Rho-independent terminator—CA_P0176-77 ended
with Sbfl/Ascl (Biomatak) was cloned into Sbfl/Ascl (NEB) digested
pPMTL-pSOL1-pyrE-Negative plasmid to replace partial pyrE-lacZ frag-
ment. Plasmid pMTL-pSOL1-pyrE-Positive was used to construct the
CAB2020 strain.

Plasmid pMTL-JH16-sadh-hydG B593 was constructed to integrate
asyntheticisopropanol production pathway into the CAB2020 strain
for stable and continuous production of advanced biofuels. It carries
part of thiA (thiolase encoding gene, left SHA for recombination to
maintain strong expression of inserted genes under th/A promoter
throughout growth), ermB (erythromycin, antibiotic resistance
marker for double crossing-over selection) and heterologous sadh
(encoding a primary/secondary alcohol dehydrogenase) and hydG
(encoding a putative electron transfer protein) genes from C. beijer-
inckii NRRL B593. The sadh-hydG DNA fragment, amplified by using
primers Pr3 and Pr4, was cloned into Notl/Nhel (NEB, UK) digested
plasmid pMTL-JH16". Plasmid pMTL-JH16-sadh-hydG B593 was used
to construct the CAB2021 strain.

Cultivation conditions

Allliquid cultures of C. acetobutylicum strains were performedin 30 or
60 mlserumbottles under strict anaerobic conditionsin CGM or GMM
inwhich glucose concentration was 60 g I and NH,Clwas replaced by
ammonium acetate at 2.2 g I™". All serum bottle batch culture data are
shown as mean + s.d. from biological replicates (n = 3). Spores were
germinated by immersing the serum bottles in a water bath at 80 °C
for15 min.

Bioreactor cultivation

Allchemostat cultures were carried out under strict anaerobic condi-
tions in a 500 ml jacketed bioreactor (BBI-Biotech) with a working
volume of 300 ml, an agitation speed set at 200 r.p.m. and pH con-
trolled by automatic addition of NH,OH (5 N). Chemostat cultures,
in CRM, at 35 °C, a dilution rate of 0.05 h™ and a pH of 4.8, were used
to evaluate the strains’ degeneration as it was previously shown that
C. acetobutylicum continuous cultures were unstable under these
conditions™®. Performances of the CAB2021 strain both in chemostat
andinamembrane cell-recycle bioreactor were evaluatedin GMM at a
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pHof4.4and atemperature of 35 °C as it was previously shown to give
the highest yield of solvent formation®. CAB2021 chemostat culture
was carried out in multi-stage mode to test different dilution rates.
Stage 1 was maintained at a dilution rate of 0.1 h™ for 2 days, and after
confirming stable metabolite patterns for 6 time points, the dilution
rate was increased to 0.2 h™ to enter stage 2. After confirming high
concentration of residual glucose for 6 time points, the dilution rate
was decreased to 0.05 h™ to enter stage 3. After confirming stable
metabolite patterns and low concentration of residual glucose for 5
time points, the dilution rate was increased to 0.75 h™ to enter stage 4.
This stage was run for 13 time points. Continuous cultures in the cell
recycle membrane bioreactor were carried out in a 500 ml bespoke
glass bioreactor connected to an ultra-filtration flat module (INSIDE
KeRAM, TAMIIndustries, molecular weight cut-off 50 kDa, surface area
0.25 m?). The fermentation broth was recirculated in the membrane
by a peristaltic pump (Masterflex 77965-00, Fisher Scientific). The
total working volume was 450 ml, and the pH and the temperature
were respectively regulated at 4.4 (with 5N NH,OH) and 35 °C. After
sterilisation, N, was sparged in the reactor. After a10% inoculation,
the cell recycle membrane bioreactor was operated in batch mode for
9 h before switching to continuous mode with total cell recycle and a
step-by-step increase indilutionrate of permeate from 0.04t0 0.96 h™.
When anoptical density at 600 nm (ODy,,,) of 200 was reached, a cell
bleeding rate was applied at a dilution rate of 0.05 h™.

Microscope image

Culture broth (1 ml) was centrifuged at 13,000 g for 1 min, and the
supernatant was discarded. The cells were washed with1 ml deionized
water and centrifuged at13,000 gfor1min, and 950 pl of supernatant
was discarded. Pellets and the remaining supernatant were mixed by
pipetting, and 10 pl of the mixture was spotted on a glass microscope
slide and covered with a 0.17 mm microscope cover. Immersion oil
(10 pl) for microscopy (Merck) was spotted onto the microscope cover
glass. Microscopic images were obtained using a Nikon OPTIPHOT-2
microscope at x1,000 magnification.

Analytical procedures

Biomass concentration was monitored both by OD,,, Using a spec-
trophotometer and by the dry cell weight method after centrifugation
of 1.5 ml of culture brothinan Eppendorf tube (16,000 g, 5 min, room
temperature), two washes with Milli-Q water and drying under vacuum
at 80 °C. The concentrations of glucose, glycerol, acetate, butyrate,
lactate, pyruvate, acetoin, acetone, ethanol, isopropanol and n-butanol
were determined based on high-performanceliquid chromatography
(HPLC) using H,SO, at 0.5 mM as mobile phase. Metabolite concentra-
tions were determined by HPLC analysis (Dionex UltiMate 3000 HPLC
system, Thermo Fisher Scientific). Biorad Aminex HPX-87H column
(300 mm x 7.8 mm) was used for separation, and a refractive index
detector (toanalyse glucose, ethanol, butanol and isopropanol) and UV
detectors (absorbance at 210 nm for acids, 280 nm for acetone) were
used for detection, respectively. Samples were diluted two times and
run ataflow rate of 0.5 ml minat 35 °C (if applicable, 20 °C was used
to better resolve peaks of acetone and isopropanol) in 5 mM H,SO,
mobile phase for an hour.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Datasupporting the work are availablein the paper and Supplementary
Information. The raw whole-genome sequencing data of CAB2018 are
available in the European Nucleotide Archive with accession number
ERR12915945, and the assembly file in GenBank format is provided as
supplementary data. Further information on materials of this study

areavailable fromthe corresponding author. Source dataare provided
with this paper.
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