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ABSTRACT

Clostridium pasteurianum is a microorganism for production of 1,3-propanediol (1,3-PDO) and butanol, but suffers from lacking
genetic tools for metabolic engineering to improve product titers. Furthermore, previous studies of C. pasteurianum have mainly
focused on single genomic modification. The aim of this work is the development and application of a method for modification
of multiple gene targets in the genome of C. pasteurianum. To this end, a new approach for consecutive genome engineering is
presented for the first time using a method based on endogenous CRISPR-Cas machineries. A total of three genome modifications
were consecutively introduced in the same mutant and the effect of combined changes on the genome was observed by 39%
decreased specific glycerol consumption rate and 29% increased 1,3-PDO yield in mixed substrate fermentations at laboratory scale
in comparison to the wildtype strain. Additionally, examination of the phenotype of the generated mutant strain led to discovery of
2,3-butanediol (2,3-BDO) production of up to 0.48 g L™}, and this metabolite was not reported to be produced by C. pasteurianum
before. The developed procedure expands the genetic toolkit for C. pasteurianum and provides researchers an additional method
which contributes to improved genetic accessibility of this strain.

1 | Introduction industrial 1,3-PDO production process with high productivity

of up to 533 g L™! h™ with pure glycerol as substrate [4-6].
The anaerobic and gram-positive microorganism Clostridium  The main difference is that R525 carries two additional butanol
pasteurianum R525 (R525) is known for production of its main dehydrogenase genes (adh2, bdhA2) and does not carry a second
metabolite butanol in fermentations with glycerol as carbon 1,3-PDO dehydrogenase gene (dhaTC8) [5] in comparison to C8.
source and for its improved transformation efficiency in com- C. pasteurianum is also able to metabolize glycerol and glucose
parison to C. pasteurianum DSM 525 from which it originates together in mixed substrate fermentations [1], but deletion of
[1-3]. Furthermore, unique advantages of the newly isolated multiple gene targets of competing pathways would be required
strain C. pasteurianum C8 (C8) enabled the development of an to enable the formation of 1,3-PDO solely from the renewable

Abbreviations: 1,3-PDO, 1,3-propanediol; 2,3-BDO, 2,3-butanediol; adh2, bdhA2, butanol dehydrogenase genes; CGE, consecutive genome engineering; CRISPR, clustered regularly interspaced short
palindromic repeats; GPDI, glycerol-3-phosphate dehydrogenase gene; GPP2, glycerol-1-phosphatase gene; R525, C. pasteurianum R525.
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Summary

* Previous synthetic biology works with Clostridium pasteuri-
anum mainly created mutants with single genomic modifica-
tion, but deletion of multiple genes of competing pathways is
necessary for stable introduction of novel pathways.

* For this purpose, a new procedure is provided to enable
consecutive genome modifications such as gene deletions or
replacements.

* It is the first time that the endogenous CRISPR-Cas method
was applied to delete several genes in a single mutant of
C. pasteurianum.

* Curing of large genome editing plasmids, which contain
a CRISPR array, was not possible before. However, this was
successfully addressed with the presented method which can
be applied without the need for a specific host strain.

* The developed method gives the opportunity to simply
modify the genome of C. pasteurianum in a customized
manner for desired applications.

resource glucose. This was already achieved by development of
recombinant E. coli, which can reach a 1,3-PDO production rate
of 3.50 g L™ h™! in fed-batch fermentations with glucose [7, 8].
However, research studies based on these strains were prevented
due to broad patenting. As a result, other microorganisms such
as Klebsiella pneumoniae [9] or Corynebacterium glutamicum [10]
were engineered to produce 1,3-PDO from glucose.

In the case with C. pasteurianum, studies have shown that
previously unknown pathways and phenotypes were uncovered
through metabolic engineering. For instance, the glycine syn-
thase system from Gottschalka acidurici was introduced into
R525 [3] for conversion of the C1 components formate and CO,
[11]. This triggered formation of 2-oxobutryate and in another
study, a previously unknown formation of 1,2-propanediol (1,2-
PDO) was identified while deletion of 1,3-PDO dehydrogenase
increased 1,2-PDO production by 5-fold [12]. Previous metabolic
engineering studies of C. pasteurianum elaborated different
methods, for example, utilization of endogenous CRISPR-Cas
machineries [13], CRISPR-Cas9-nickase [3] and Allele-Coupled
Exchange (ACE) [14, 15], and reported genome modifications
include deletion of genes such as cpaAIR, dhaT, spoOA, spollE,
hydA, rex, or dhaB (Table S1). However, the applied methods
mainly focused on single genomic modification. Only one pre-
vious work carried out successive modifications with the ACE
method which was not reported for the endogenous CRISPR-Cas
method yet.

While simultaneous targeting of multiple genes is limited with
utilization of Cas9 because multiple expression constructs are
necessary, a single CRISPR array with multiple target sequences
(spacers) can be used for editing of several genes with Casl2a
[16]. Multiplex genome editing with CRISPR-Cas systems was
demonstrated in the genus of Streptomyces [17, 18], E. coli [19],
and Streptococcus [20]. Moreover, a concept of a two-plasmid
system was applied before in C. beijerinckii and C. acetobutylicum
to separately introduce the cas9 gene and guide RNA (gRNA)
with editing templates [21, 22]. It would be beneficial to transfer
these genome editing tools to C. pasteurianum, but expression

of cas9 can be toxic to C. pasteurianum cells and transformation
efficiency was observed to decrease with increasing plasmid size
[3,13, 23].

The objective of the present study is to initiate a first step toward
improved 1,3-PDO synthesis from glucose in C. pasteurianum
R525 by genetic engineering, which is impossible so far in
naturally higher producer such as the strain C8. Therefore,
the basis for genetic engineering was to utilize the differences
between both strains. Furthermore, a glycerol synthesis pathway
from Saccharomyces cerevisiae with the two enzymes glycerol-
3-phosphate dehydrogenase (GPDI) and glycerol-1-phosphatase
(GPP2) needs to be introduced [24, 25]. To enable multiple
consecutive genetic modifications in C. pasteurianum, this study
developed a consecutive genome engineering (CGE) method,
which is based on the endogenous CRISPR-Cas method. The
focus was also to develop a simpler method compared to the ACE
method in order to create an alternative method for the scientific
community.

Overall, application of the developed CGE method was applied
by introducing a total of three genome modifications into a single
C. pasteurianum mutant. Batch fermentations were carried out
for characterization of the generated mutants in comparison to
the wildtype strain to determine how the metabolic engineering
influenced the production phenotype.

2 | Materials and Methods
2.1 | Bacterial Strains and Plasmid Construction

Strains, plasmids and synthetic DNA used in this study are
summarized in Table 1. E. coli 10-beta (New England Bio-
labs, USA) and C. pasteurianum R525 [3] strains were stored
at 80°C in ROTI Store cryo vials (Carl Roth GmbH + Co.
KG, Germany) or cryogenic vials (Carl Roth GmbH + Co.
KG, Germany) with 1.8 mL grown cultures containing 20%
(v v!) glycerol, respectively. The whole genome of the strain
C. pasteurianum DSM 525 was sequenced in 2015 and was
reported to have a total length of 4,351,673 bp [26] and this
complete genome sequence was used in this study. Components
for constructed plasmids in this work (Supporting Information
2) were amplified by polymerase chain reaction (PCR) using
CloneAmp HiFi PCR Premix (Takara Bio Inc., Japan) with
primers (Table S3) purchased from Integrated DNA Technologies
Inc. (USA). PCR samples were extracted with NucleoSpin Gel
and PCR Clean-up (Macherey-Nagel GmbH & Co. KG, Ger-
many). Extracted plasmid components were fused with In-Fusion
cloning (Takara Bio Inc., Japan). Constructed plasmids were
transformed into E. coli 10-beta for plasmid propagation and
subsequently into E. coli 10-beta+pFnuDIIMKn [27] for methyla-
tion (Supporting Information 3). Correct plasmid sequence was
confirmed with Sanger sequencing (Microsynth Seqlab GmbH,
Germany).

2.2 | Consecutive Genome Engineering (CGE)

The CGE method utilizes the endogenous CRISPR-Cas method
[13] and the main principle is to facilitate plasmid curing
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Table 1 | Strains, plasmids, and synthetic DNA used in this work.

Strain/plasmid Abbreviation Characteristics Reference
E. coli
10-beta Dam + methylation New England
Biolabs (USA)
10-beta + pFnuDIIMKn Dam + and CpaAI methylation [11, 27]
C. pasteurianum
R525 R525 DSM No.: 117789, improved transformation [3], DSMZ
efficiency, originates from C. pasteurianum
DSM 525
R525+pAR AR-1 adh29heTcs+ This study
R525+pAR+pBD BD-II adh2dhaTCs+  hdpA2- This study
R525+pAR-+pBD+pDR DR-III adh29haTCs8+ pdhA2-, This study
dhaD1_dhaKCFP1-CPP2+
R525+pDR DR-1 dhaD1_dhaKCPP1-CPP2+ This study
Plasmids
pMTLS85141 pIM13, catP, ColE1l [28]
pMTL82254 pBP1, ermB, ColE1 [28]
pMTL84422 pCDe6, tetA, plsa [28]
PMTL-GCSY1 pIM13, catP, ColEl, glycine synthase from [11]
Gottschalkia acidurici
pMTLO007-PC pCBI102, catP, pyruvate carboxylase from C. [29]
pasteurianum
p_adh2-rpl PAR pCB102, catP, ColEl, repair template for adh2 This study
replacement with dhaTC8
p_bdhA2-del pBD pIM13, ermB, ColEl, repair template for bdhA2 This study
deletion
p_dhaD1-rpl pDR pCB102, catP, ColEl repair template for dhaD1 This study
and dhaK replacement with GPDI and GPP2
Synthetic DNA

Pthl_1200-9-9_gpd1
Pfdx_gpp2_fdx_term

dhaD1_CRISPR_array
adh2_CRISPR_array
bdhA2_CRISPR_array

Contains the gene GPDI and promoter

Contains the gene GPP2, promoter and
terminator

CRISPR array for targeting dhaDI
CRISPR array for targeting adh2
CRISPR array for targeting bdhA2

Thermo Fisher
Scientific Inc.
(USA)

Abbreviations: bdhA2~: bdhA2 deleted; catP, ermB, tetA: antibiotic resistance markers against chloramphenicol/thiamphenicol, erythromycin, and tetracycline,
respectively. dhaTC8+: replaced by dhaTC8; ColE1 and p15a: gram-negative replicons; dhaD1_dhaK: dhaDI and dhaK; GPDI_GPP2+: replaced by GPDI and GPP2.;

pIM13, pBP1, pCD6 and pCB102: gram-positive replicons.

as a crucial requirement for successive modifications. Based
on gene differences between R525 [3] and the efficient 1,3-
PDO producing strain C8 [5], following modifications were
carried out (Figure 1). The first modification replaced gene
adh2 (CPAST_c33950) with dhaTC8, second modification deleted
bdhA2 (CPAST_c15980), third modification replaced dhaD1 and
dhaK (CPAST_c12160, CPAST_cl12150) with GPDI and GPP2.
GPDI catalyzes the conversion of the glycolysis intermediate
dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate,
which is then converted to glycerol by GPP2 [24, 25]. 1,3-PDO

can then be produced by the native pathway from which the
reaction steps are catalyzed by the glycerol dehydratase and
1,3-PDO dehydrogenase (Figure 1). These genome modifica-
tions were introduced successively with plasmids p_adh2-rpl
(pAR), p_bdhA2-del (pBD), and p_dhaD1-rpl (pDR) as described
below. Homologous recombination occurs with the help of DNA
sequences which are 1000 bp upstream (H1) and 1000 bp down-
stream (H2) of the gene to be deleted or replaced. These sequences
are cloned on the genome editing plasmids to create the editing
template [13].
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Metabolism of C. pasteurianum and genome editing targets. Genes encoding enzymes are numbered as follows: 1, triose-phosphate

isomerase (tpiA); 2, dihydroxyacetone kinase (dhaK); 3, glycerol dehydrogenase (dhaD1, dhaD2); 4, glycerol dehydratase; 5, 1,3-PDO dehydrogenase
(dhaT); 6, glycerol-3-phosphate dehydrogenase (GPDI); 7, glycerol-1-phosphatase (GPP2); 8, lactate dehydrogenase; 9, pyruvate formate-lyase; 10,
pyruvate:ferredoxin oxidoreductase; 11, acetate kinase; 12, phosphate acetyltransferase; 13, acetaldehyde dehydrogenase; 14, ethanol dehydrogenase;

15, butyrate kinase; 16, phosphate butyryltransferase; 17, butyryl-CoA dehydrogenase; 18, ferredoxin-dependent butyryl-CoA dehydrogenase/electron
transferring flavoprotein complex; 19, butyraldehyde dehydrogenase; 20, butanol dehydrogenase (adhl, adh2, bdhAl, and bdhA2). 3-HPA, 3-
hydroxypropionic aldehyde; 3P, 3-phosphate; F-1,6-BP, fructose 1,6-bisphosphate; dhaTC8, 1,3-PDO dehydrogenase from C. pasteurianum C8. The figure

was adapted from [15, 30].

221 | Wildtype R525 Was Transformed With pAR
(Figure 2A)

A novel plasmid design was implemented to enable plasmid
curing: each plasmid was designed to carry a part of the sequence
of the next gene target which will be deleted in the subsequent
genome engineering step. Therefore, plasmid pAR carries part
of gene bdhA2 and plasmid pBD carries part of gene dhaDl.
First, R525 was transformed with plasmid pAR and resulting
mutant R525+pAR (AR-I) was isolated by selection on agar plates
with 10 pg mL™ thiamphenicol (Tm10). Methylated plasmids
were transformed into C. pasteurianum by the electrotrans-
formation protocol [27], which was adapted by Hong et al.
[11].

2.2.2 | Transformation of pBD Into Mutant AR-I
(Figure 2B)

Alternating antibiotic markers were necessary for the selec-
tion procedure and several markers were tested besides the
previously used catP marker (Supporting Information 4). Con-
sequently, a new approach was applied and verified where
antibiotic markers tetA (plasmid propagation and methyla-
tion) and ermB (C. pasteurianum transformation) were com-
bined on plasmid pBD. In the second step, mutant AR-I
was transformed with plasmid pBD, and selection was car-
ried out on agar plates with 300 ug mL~! erythromycin
(Em300).

2.2.3 | Simultaneous Targeting of pAR and Genome
(Figure 2C)

At the same time, transcription of precursor CRISPR-RNA
(crRNA) from the CRISPR array of plasmid pBD and subsequent
processing by Cas6 endonuclease to mature crRNA occurs [13].
This leads to complementary annealing of mature crRNA to the
recognition sequence, which is present on gene bdhA2 within the
genome and on plasmid pAR. Afterwards, the Cas3 endonuclease
introduces a DNA nick [13, 32, 33].

2.2.4 | Creation of Mutant BD-II (Figure 2D)

This ultimately results in survival of cells only with deleted
gene bdhA2 and simultaneously cured plasmid pAR. Before
introducing plasmid pDR, the resulting mutant AR-I+pBD (BD-
II) was re-plated on fresh agar plates with Em300 for three times
to ensure complete curing of the first plasmid pAR. After the re-
plating procedure, the mutant BD-II was plated on agar plates
with Tm10 to check if mutant BD-II can still grow on agar plates
with thiamphenicol.

2.2.5 | Repeating Steps
(Figure 2E)

B-C With Plasmid pDR

Final mutant BD-II+pDR (DR-III) was isolated by selection with
Tm10, same antibiotic as in the first step. Mutant DR-III was
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Figure 2 | Schematic overview of steps for the consecutive genome engineering method. (A) Mutant R525+pAR (AR-I) was isolated by selection
with 10 ug mL~! thiamphenicol (Tm10) after electrotransformation of plasmid pAR into R525. (B) Electrotransformation of plasmid pBD into mutant AR-
I and selection with 300 ug mL™! erythromycin (Em300). (C) Simultaneous targeting of gene bdhA2 on the genome and on plasmid pAR by transcription
of crRNA from plasmid pBD. (D) Plasmid pAR was cured from the cells and bdhA2 was deleted, resulting in mutant BD-II. (E) Steps B-C are repeated with
plasmid pDR and selection with Tm10, resulting in mutant DR-IIT with three genome modifications. The orange and yellow colored plasmid components
are alternating for each genome modification step: orange: gram-positive replicon (pCB102 or pIM13), yellow: antibiotic markers (catP or ermB and tetA),
blue: target region of the next plasmid for genome engineering. C-array, CRISPR array; ColEl, gram-negative replicon; H1, H2, homologous regions
upstream and downstream of the targeted gene; dhaTC8, 1,3-PDO dehydrogenase from C. pasteurianum C8; bdhA2r, dhaD1r, dhaD2r, part of the genes

encoding bdhA2, dhaDI or dhaD2; promoter/terminator, Csp fdx promoter and terminator from pMTLO07CE2 [31].

again re-plated on fresh agar plates with Tm10 for three times
for complete removal of the second plasmid pBD which enables
further genome engineering steps. In order to examine the
effect of two deleted butanol dehydrogenase genes on 1,3-PDO
production from glucose with mutant DR-III, an additional
mutant was created by transformation of plasmid pDR into
wildtype R525, resulting in mutant R525+pDR (DR-I). All
procedures were carried out within an anaerobic chamber (Coy
Laboratory Products Inc., USA).

2.3 | Characterization of C. pasteurianum in a
Bioreactor

2.3.1 | Pre-Cultures

A two-step pre-culture procedure was performed. A first pre-
culture with 50 mL of 2xYTG medium (5 g L™! glucose, 0.2 mg L~}
resazurin, 0.5 g L™! cysteine*HCI*H,0, 31 g L' 2xYT medium
(Carl Roth GmbH + Co. KG, Germany) consisting of 16 g L™

tryptone, 10 g L' yeast extract, and 5 g L' NaCl, pH 6.5)
was inoculated with 1.8 mL cryo-stock culture of either R525
or DR-III. This first pre-culture was incubated anaerobically
in a serum bottle for 16 h at 35°C without agitation. For the
second pre-culture, 5 mL of the first pre-culture were inoculated
into 100 mL of modified synthetic (MS) medium (10 mg L!
FeSO,*7H,0, 3 g L' (NH,),S0,, 0.75 g L' KCL, 2.45 g L!
NaH,PO,*H,0, 4.58 g L' Na,HPO,, 0.28 g L' Na,S0,, 0.42 g L™
C¢H,0,*H,0, 0.26 g L~! MgCl,*6H,0, 0.009 g L~ CaCl,*2H,0,
1 g L7! yeast extract, 2 g L™! CaCO;, 0.2 mg L™ resazurin, 2 mL
trace element solution [34]). Resazurin was supplemented to
ensure that anaerobic conditions were maintained. The second
pre-culture was incubated anaerobically in a serum bottle for 24 h
at 35°C without agitation.

2.3.2 | Bioreactor Cultures

Fermentations with wildtype R525 and mutant DR-III were
carried out with supplementation of 80 g L™ glucose as the
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sole carbon source or with 80 g L™ glucose and 20 g L'
glycerol. The fermentations were carried out in a 4-fold parallel
cultivation system with 1.5 L DASGIP bioreactors without baffles
(Eppendorf SE, Germany) with a working volume of 1 L. A two-
point calibration, using pH values of 4 and 7, was carried out
for pH probes. After autoclaving the bioreactors with 1 L MS
medium (100 mg L' FeSO,*7H,0 instead of 10 mg L) for
20 min at 121°C, the temperature, stirrer (2x Rushton impeller,
overhead drive) and nitrogen gassing (L-Sparger) were set to 35°C,
400 rpm and 6 L h™, respectively. The pH was controlled at 6.5
through titration with 5 M KOH during the batch fermentations.
Fifty milliliters of the second pre-culture with an ODg,, value
over 4.0 was inoculated into the bioreactor and gassing was
stopped. Sample volumes of 2 mL were taken regularly to cover all
growth phases throughout the batch fermentations for analysis
of biomass and metabolite concentrations. The first sample was
taken directly after inoculation with the second pre-culture.

2.4 | Analytical Methods
2.4.1 | Determination of Biomass Concentration

To examine the samples, the optical density OD,, of the cell
suspension was determined by photometric turbidity measure-
ment using a UV/Vis spectrophotometer (VWR International
GmbH, USA) at a wavelength of 600 nm. Samples for ODs,
measurement were diluted at least with a factor of 1:4 with 0.1%
HCL to remove the undissolved calcium carbonate. The dilution
rate was increased when ODy, values reached higher values than
0.6 and less sample volume was used for the OD,, measurement
accordingly. The concentration of bio dry mass (BDM) ¢y in g L™
can be calculated according to Groeger et al. by multiplying ODy,
with a correlation factor of 0.336 [30].

2.4.2 | Determination of Metabolite Concentrations

The remaining sample was centrifuged for 4 min at 4°C and
13,000 rpm in a benchtop centrifuge (Thermo Fisher Scientific
Inc., USA) and the supernatant was sterile filtered using a
filter with a pore size of 0.22 um (Carl Roth GmbH + Co. KG,
Germany). All filtered samples were diluted in a ratio of 1:2
and stored at 20°C as preparation for high-performance liquid
chromatography (HPLC) measurement. The concentrations of
glucose, glycerol, ethanol, butanol, 1,3-PDO, lactate, formate,
acetate, and butyrate were determined via HPLC with UV and
RI detectors (Knauer, Germany) [1]. The mobile phase was 0.1%
trifluoroacetic acid (TFA), a flow rate of 0.6 mL min~"! was set and
the column temperature was 60°C. It was necessary to determine
whether 1,3-PDO detected by HPLC corresponds to 1,3-PDO
or another product such as 1,2-propanediol (1,2-PDO). Hence,
samples from fermentations with only glucose were analyzed via
gas chromatography coupled to mass spectrometry (GC-MS). The
measurement was carried out using a 7890B GC System with a
5977A mass selective detector (MSD) (Agilent Technologies Inc.,
USA), an Agilent HP5-ms capillary column (30 m*0.25 mm*0.25
pm), and helium as carrier gas (1 mL min™'). The temperature
of the oven program was set to 100°C for 2 min, increased by
10°C min™! to 270°C and 270°C for 7 min.

2.5 | Fermentation Data Analysis

The following calculations were performed using Excel
(Microsoft Corporation, USA). The overall substrate-specific
yield Y5 in g g7! can be calculated according to Equation (1)
with measured concentrations ¢; in g L.

Cp (t) - Cp (tO)

PSS ) = e D) o

With ¢;(t) c;(t,): concentration of a product p or substrate s
at time point ¢ or t = 0. The maximum specific growth rate
w in h™! was calculated using Equation (2) by determining the
slope from linearized values of the natural logarithm of biomass
concentrations in the exponential growth phase. With c, ,, ¢, ;:
biomass concentrations at time points t, and f;, respectively.

Inc,, — Inc,,

Fmax = ——p— (2)

The specific formation or consumption rates g; in g gyiomass - N
were calculated using Equation (3) with formed product p or

consumed substrate s in the interval between two time points.

dc;
- dt

9 = 3)

Cx

Theoretical molar concentration of carbon dioxide cco, in
mmol L™ was calculated with measured concentrations and
respective molar masses M; in following Equation (4), according
to the metabolism of C. pasteurianum (Figure 1) [35].

Cethanol Cacetat Chutanol
CCOZZ Z\4() ano. + acetate +2. utano:

Cbutyrate ) Cformate
ethanol M, acetate

Mbutanol Mbutyrate Mformate

(C))

Carbon molar concentrations ¢.; in mmol. L™ were calculated
using the molar mass and by multiplying measured metabolite
concentrations by the respective number of carbon atoms. The
carbon distribution Cligyipution,, Of @ product p in % can be
determined by forming the ratio between the formed product
Acc , and the sum of all products as shown in Equation (5).

Ace »
Cdistribution,p = ZA—% (5)
3 | Results and Discussion
3.1 | Introduced Consecutive Genome
Modifications

All three genome modifications introduced into C. pasteurianum
R525 were verified by PCR amplification (Supporting Information
5) of the respective target regions. Sanger sequencing confirmed
correct gene deletions (mutant BD-IT) and replacements (mutants
AR-I and DR-III). Hence, consecutive genome modifications
were successfully enabled with the developed CGE method in
this work. Two plasmids (pAR, pBD) had to be consecutively
cured from the mutant strain and it needs to be considered that
there could be general difficulties. Different plasmid sizes or
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plasmid components, for example, stronger replication origin,
could influence the efficiency of plasmid curing and if the
recognition sequence of the targeted gene is already present on
essential parts of the plasmid, re-design might not be possible in
every case. Apart from that, it is possible that there are genes that
cannot be deleted due to absent or unrecognized target sequences.
It’s crucial to consider these points for future applications of the
developed CGE method.

For the designed plasmids of this study, utilized spacer sequences
were chosen to be only homologous to the targeted gene and
not to other components of the respective plasmid. No growth
was observed for mutant BD-II and DR-III on agar plates
supplemented with thiamphenicol or erythromycin, respectively,
after the replating procedure (data not shown). The results
indicate that plasmid pBD targeted and degraded the first plasmid
PAR successfully and introduction of plasmid pDR removed the
second plasmid pBD.

Multiple genome modifications in a single C. pasteurianum
mutant were previously only achieved with the ACE method
(Table S1). However, the main advantage of the CGE method
compared to the ACE method is gene deletion or replacement
in a single transformation step with selection for a double-
crossover event. The ACE needs selection first, for a single
crossover event and then another selection procedure for the
double crossover event followed by recovery of the gene pyrE to
allow cultivation under wildtype conditions which again requires
its own selection procedure [15, 36]. Therefore, the CGE method
can be applied on the wildtype strain, while a specific host strain
with partial disruption of the gene pyrE is necessary for the ACE
method [36].

Small plasmids (e.g., pMTL85141, 2963 bp [28]) can be removed
by several re-plating steps of serial transfers onto non-selective
medium, but this was found to be impossible for larger genome
engineering plasmids (e.g., pDR, 8872 bp) [23]. Plasmid curing
by utilization of CRISPR-Cas tools was shown in other microor-
ganisms [32, 37, 38], but this principle was not designed for
consecutive genome modifications in C. pasteurianum before.
Nonetheless, a novel approach was verified in this study where
each plasmid was designed to carry an additional DNA fragment
of the next gene target to facilitate plasmid curing. Finally, strain
DR-III with three genome modifications in the same mutant was
successfully created by advanced genome editing procedures in
this work. This achievement was previously not possible solely
with the endogenous CRISPR-Cas method and therefore, the
novelty of this work is that the CGE method addresses this
drawback.

3.2 | Growth of the Wildtype R525 and Mutant
DR-III on Mixed Substrates

C. pasteurianum is able to metabolize glycerol and glucose
simultaneously [1] and this was used to study the influence
of the genome modifications on the metabolism, which were
designed to increase 1,3-PDO production and block the oxidative
pathway from glycerol. Fermentations with 80 g L' glucose
and 20 g L7 glycerol were carried out with the mutant DR-
II (Figure 3B,F) as well as the wildtype R525 as reference

(Figure 3A,E) to determine if glycerol consumption was affected
by the genome modifications. The fermentation with R525 started
with a lag phase of around 10 h without macroscopic increase
of biomass concentration, followed by the exponential growth
phase with exponential increase in biomass concentration reach-
ing a maximum growth rate of 0.26 + 0.01 h™' with R525.
At 18 h, biomass concentration reached its highest value of
413 + 0.06 g L! and started to decline. A specific glycerol
consumption rate of 0.13 + 0.01 27! gyomass + h™! Was observed and
glycerol was completely consumed after a fermentation time of
34 h with R525. Glycerol depletion occurred before glucose was
fully consumed after a fermentation time of 60 h with a specific
glucose consumption rate of 0.41 + 0.02 g% gyiomass + h7L

The overall 1,3-PDO and butanol yields were calculated as
0.07 + 0.01 and 0.05 + 0.01 g g7, respectively, with R525 while
acetate and butyrate yields reached values of 0.14 + 0.00 and
0.45 + 0.03 g g™, respectively. Calculated carbon distributions
(Figure 4A) show a butanol distribution of 5.29 + 0.95% and a
1,3-PDO distribution of 6.46 + 0.66% with R525.

In contrast to R525, a 15% lower maximum growth rate of
0.22 +0.01 h~! was reached with mutant DR-III in the exponential
growth phase after a slightly longer lag phase of approximately
14 h and biomass concentration decreased after 26 h. Glucose
was again fully consumed after 67 h and a 44% higher specific
consumption rate of 0.59 + 0.04 g7! g omas - W' With mutant
DR-III was reached compared to R525. In contrast to glycerol
depletion with R525,12.07 + 0.42 g L™! glycerol was still remaining
after 70 h with mutant DR-III. Moreover, a 39% lower specific
glycerol consumption rate of 0.08 + 0.00 g7} gyiomass - h' Was
observed with mutant DR-III compared to R525. Since glycerol
consumption in mutant DR-IIT was lower, 1,3-PDO yield was
calculated as 0.09 + 0.01 g g™' which is 29% higher compared
to R525. The improvement in 1,3-PDO production can also be
observed with a higher carbon distribution of 9.56 + 0.61%
with mutant DR-III compared to R525 (Figure 4A). Butanol,
acetate and butyrate yields were calculated as 0.02 + 0.00,
0.20 + 0.02, and 0.35 + 0.04 g g7!, respectively. Therefore,
butanol and butyrate yields are lower compared to R525 and
higher for acetate. This is reflected in lower butanol carbon
distributions of 2.63 + 0.32% with mutant DR-III compared to the
distribution with R525. As summarized in Figure 3, the results
show that the genome modifications had a clear influence on
glycerol utilization and an increase in 1,3-PDO yield was observed
due to deletion of the oxidative pathway. However, when the
molar 1,3-PDO yield was calculated for mutant DR-IIT with the
assumption that glycerol was the only substrate for 1,3-PDO
production, a value of 0.93 + 0.19 mol mol~! was obtained,
indicating that a part of the glycerol is likely still converted
into dihydroxyacetone (DHA). The reason might be the second
gene encoding glycerol dehydrogenase (dhaD2) which would be
a possible future deletion target to completely block conversion
of glycerol to DHA.

3.3 | Growth of the Wildtype R525 and Mutant
DR-III on Glucose

In order to compare the results with mutant DR-III, control
fermentations with wildtype R525 were carried out with
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Figure 3 | Batch fermentation data of R525 and mutant DR-III. Fermentations were carried out with addition of 100 mg L~! FeSO,*7H,0 under

iron excess conditions, pH maintained at 6.5, temperature controlled at 35°C and stirrer set to 400 rpm. The error bars show the standard deviation from

fermentations conducted in duplicates and the green colored background shows the exponential growth phase. AcAc indicates acetate; BDM, bio dry

mass; BuAc, butyrate; BuOH, butanol; FoAc, formate; glu, glucose; gly, glycerol; LaAc, lactate.

supplementation of 80 g L™ glucose as the sole carbon source
(Figure 3C,G). The lag phase of estimated 8 h was followed by
the exponential growth phase reaching a maximum growth
rate of 0.21 + 0.06 h™! and highest biomass concentration was
reached after 24 h with R525. The glucose was completely
consumed after 48 h with an overall specific consumption rate of
0.53 + 0.04 g7! gpiomass * W71 The main products from glucose fer-
mentations were formed after the lag phase and these are acetate
and butyrate with yields of 0.18 + 0.01 and 0.52 + 0.00 g g7,
respectively, while a butanol yield of 0.02 + 0.00 g g~! was
determined. The carbon distributions from glucose fermentations
(Figure 4B) show a butanol distribution of 2.54 + 0.26% with
R525.

Following a lag phase of roughly 10 h with mutant DR-
IIT (Figure 3 D,H), a 10% higher maximum growth rate of
0.23 + 0.00 h™! was calculated for the exponential growth phase
and highest biomass concentration was reached after 26 h with
mutant DR-TII. A 42% higher specific glucose consumption rate
of 0.75 + 0.07 g7 gyiomass - N' was reached and all glucose
was consumed after 63 h. Similar yields compared to R525 were
calculated for butanol and acetate as 0.03 + 0.00 and 0.16 + 0.01
g g7', respectively, with mutant DR-III. Butyrate shows a notable
37% lower yield of 0.33 + 0.03 g g™' compared to R525. The
carbon distributions (Figure 4B) show a slightly higher butanol
distribution of 4.44 + 0.46% with mutant DR-III compared
to R525. 1,3-PDO productions of up to 0.97 + 0.44 g L' for
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The error bars show the standard deviation from fermentations conducted in duplicates.

the mutant DR-III were measured using HPLC in the glucose
fermentations. However, 1,3-PDO concentrations of only below
10 mg L™! were detected in the samples measured by GC-MS.

Therefore, expression of the genes GPDI and GPP2 was appar-
ently not enough to produce 1,3-PDO in sufficient amounts from
glucose. A lack of reducing equivalents (NADH) in obligate
anaerobic bacteria could be a possible reason. Only one NADH
molecule is released in the conversion steps from the glycoly-
sis intermediate glyceraldehyde-3-phosphate (GAP) to pyruvate.
However, there are two NADH molecules needed for production
0f 1,3-PDO from dihydroxyacetone phosphate (DHAP) (Figure 1).
Therefore, there is always an undersupply and production of 1,3-
PDO from glucose is probably not favored by the cells. In contrast,
facultative anaerobic bacteria were successfully engineered: Dele-
tion, upregulation or overexpression of a total of 33 genes in K.
pneumoniae enabled production of 62 g L' 1,3-PDO from glucose
in fed-batch culture [9] and 110.4 g L™* were reached by metabolic
engineering of an efficient C. glutamicum strain [10]. However,
the introduction of a large set of genes was necessary, because
1,3-PDO is not natively produced in these strains.

Another deletion target would include the gene encoding
triosephosphate isomerase (tpiA) to split the metabolism so that
half of the carbon can be used in pathways toward pyruvate
and the other half can be directed to the desired 1,3-PDO. Fur-
ther genetic modifications represent just one possible approach.
Nonetheless, other analytical methods would also be necessary
such as metabolic flux analysis, which can be combined with
stable isotope tracers (e.g., *C) for more accurate results, to

quantify extracellular and intracellular carbon and electron fluxes
[39]. The acquired information can be used to find poten-
tial bottlenecks and define appropriate metabolic engineering
strategies to solve these. All fermentations were carried out
under similar conditions, but bioprocess improvements, such
as optimization of substrate concentration or pH value, can be
made or other bioprocess modes such as fed-batch fermenta-
tion can be conducted to determine the impact on 1,3-PDO
production.

3.4 | Detection of Unexpected Metabolites
1,2-Propanediol and 2,3-Butanediol

During analysis of data from glucose fermentations, a glucose
specific yield of 3.38 + 0.45 mg g™! for 1,2-PDO was calculated for
R525, but a yield of 8.11 + 0.54 mg g~! of another unexpected prod-
uct 2,3-butanediol (2,3-BDO) was also determined (Figure 4C).
For mutant DR-I1], yields of 8.91 + 0.70 and 4.53 + 0.88 mg g*
for 1,2-PDO and 2,3-BDO, respectively, were determined. For
comparison, measurements from glucose fermentations with
mutant DR-I were also evaluated. No butanol dehydrogenase
genes were deleted in mutant DR-I, which was initially created
to examine the effect of these deletions on 1,3-PDO production
from glucose, but 1,3-PDO concentrations of only below 10 mg L™!
were measured. However, glucose specific yields of 3.64 + 0.01
and 7.69 + 0.60 mg g™! for 1,2-PDO and 2,3-BDO, respectively,
were reached with mutant DR-I which result in 59% lower
1,2-PDO and 70% higher 2,3-BDO yields compared to mutant
DR-III.
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Possible pathways for the production of 2,3-BDO from pyruvate. (A) Production via a-acetolactate, (B) production via condensation of

two acetaldehyde molecules, (C) production via condensation of acetaldehyde and acetyl-CoA. AcDH indicates acetaldehyde dehydrogenase; acoA and
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2,3-BDO dehydrogenase; PDC, pyruvate decarboxylase; PFOR: pyruvate:ferredoxin oxidoreductase.

The deletion of two genes encoding butanol dehydrogenases
most likely had no effect on 1,3-PDO production from glucose
fermentations, but instead the carbons were directed to higher 1,2-
PDO and lower 2,3-BDO production. It was previously reported
that C. pasteurianum is also able to produce 1,2-PDO under
certain conditions. 1,2-PDO can be formed via methylglyoxal
which is formed from DHAP by the methylglyoxal synthase mgsA
[12] and this gene can be a deletion target to block production
of undesired 1,2-PDO. On the one hand, the finding of a new
phenotype shows that formation of 2,3-BDO was not directly
triggered by the introduced genome modifications, but on the
other hand, it was not reported to be produced by C. pasteurianum
before. Although this phenotype with production of 2,3-BDO was
already reported for C. pasteurianum NRRL B-598 [40], this strain
was later re-classified to C. beijerinckii NRRL B-598 [41] showing
that this strain is different to the one used in this study.

Other Klebsiella [42] or Saccharomyces [43] strains can produce
2,3-BDO and in one of possible pathways (Figure 5A), pyruvate
is decarboxylated by the enzyme a-acetolactate synthase (ALS)
to form a-acetolactate. Next, further conversion in another decar-
boxylation reaction into acetoin by a-acetolactate decarboxylase
(ALDC) occurs. Finally, the acetoin intermediate undergoes a
reduction reaction to produce 2,3-BDO with help of butane-
diol dehydrogenase (BDH) or acetoin reductase (AR) [43]. The
genome of S. cerevisiae however shows a second possible pathway
(Figure 5B) from acetaldehyde and in this case the pyruvate decar-
boxylase (PDC) catalyzes the condensation reaction between two
acetaldehyde molecules [43, 44]. In the third possible pathway
(Figure 5C), acetoin is produced by condensation of acetaldehyde

and acetyl-CoA by an acetoin dehydrogenase E1 complex (acoA,
acoB).

Overexpression of the genes acoA and acoB from Bacillus subtilis
in S. cerevisiae increased the 2,3-BDO production [43], so based
on screening of the C. pasteurianum genome (Supporting Infor-
mation 6), it is likely that 2,3-BDO is produced from acetyl-CoA
and acetaldehyde, resulting in the observed phenotype. In future
studies, it would be possible to delete both genes acoA and acoBin
asingle mutant with the newly developed CGE method in order to
verify that these genes are involved in the production of 2,3-BDO
in C. pasteurianum.

4 | Concluding Remarks

A consecutive genome engineering method (CGE) was suc-
cessfully developed and it allows the performance of several
consecutive editing steps in contrast to preceding studies where
mainly one modification was considered at a time. It is the first
time that the endogenous CRISPR-Cas method was applied to
delete multiple genes in C. pasteurianum with the CGE method
and it made consecutive genome modification procedures more
compact and simpler in comparison to the more complex ACE
method. This opens a broad range of novel possibilities for
researchers to alter the genome of C. pasteurianum for desired
applications such as deletion of competing pathways. This would
also further improve the understanding of the metabolism of
C. pasteurianum. The regulation of reducing power in C. pas-
teurianum R525 seems to be very sensitive and is a possible
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burden for manipulating this strain to produce 1,3-PDO from
glucose. The detected 2,3-BDO in this work was not reported to be
produced by C. pasteurianum R525 before and it can be assumed
that the 2,3-BDO pathway plays a role in consumption of excess
NADH [45]. Overall, the most important changes necessary
for C. pasteurianum R525 include modifications which reduce
the flux to competing pathways in order to create a promising
C. pasteurianum R525 host strain for 1,3-PDO production from
glucose.
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