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A B S T R A C T

This work investigated sucrose metabolism in C. saccharoperbutylacetonicum. Inactivation of sucrose catabolism
operon resulted in 28.9% decrease in sucrose consumption and 44.1% decrease in ABE production with sucrose
as sole carbon source. Interestingly, a large amount of colloid-like polysaccharides were generated in the mutant,
which might be due to inefficient intracellular sucrose metabolism. Deletion of transcriptional repressor gene
successfully alleviated CCR and enhanced ABE production by 24.7%. Additional overexpression of endogenous
sucrose pathway further elevated sucrose consumption and enhanced ABE production by 17.2%, 45.7%, or
22.5% compared to wild type with sucrose, mixed sugars or sugarcane juice as substrate, respectively. The
engineered strain could be a robust platform for efficient biofuel production from inexpensive sucrose-based
carbon sources.

1. Introduction

Biofuels and biochemicals produced from renewable and in-
expensive carbon sources have great potential to address the global
problems as related to the exhaustion of the conventional fossil fuels
(Chen et al., 2013; Kudahettige-Nilsson et al., 2015; Munasinghe and
Khanal, 2010; Zhang et al., 2016). Biobutanol produced through the
acetone-butanol-ethanol (ABE) fermentation with solventogenic clos-
tridia has been of great interests because it can be either used as a fuel
source or as a valuable chemical feedstock for various industries (Lee
et al., 2016; Ren et al., 2016). ABE fermentation has a history of>
100 years for solvent production and strains from various solvento-
genic Clostridium species have been evaluated for ABE production, in-
cluding Clostridium acetobutylicum, C. beijerinckii, C. saccharobutylicum,
and C. saccharoperbutylacetonicum (Green, 2011; Moon et al., 2016).
Among them, C. saccharoperbutylacetonicum is highlighted by its high
butanol selectivity (73–85% of the total ABE produced) and low spor-
ulation frequency (beneficial for the industrial fermentation) (Keis
et al., 2001). Recently, high-efficiency transformation protocols and
CRISPR-Cas9-based genome editing tools have been developed for C.
saccharoperbutylacetonicum (Herman et al., 2017; Wang et al., 2017),
enabling great potential to further develop this organism as a chassis

strain for industrial ABE production. Previously, numerous renewable
feedstocks have been tested for ABE fermentation using C. sacchar-
operbutylacetonicum, including industrial wastes (Hipolito et al., 2008;
Mun et al., 1995), cassava (Thang et al., 2010), starch (Al-Shorgani
et al., 2012b; Thang and Kobayashi, 2014), wastewater algae (Castro
et al., 2015; Ellis et al., 2012), rice bran (Al-Shorgani et al., 2012a),
lignocellulosic hydrolysate (Chen et al., 2013; Zheng et al., 2015), and
palm kernel cake (Shukor et al., 2016; Shukor et al., 2014).

Sucrose is one of the most abundant, readily available and in-
expensive carbon source that can be obtained from sugarcane and su-
garbeet. It can be used as a promising substrate for cost-effective pro-
duction of biofuels and bioproducts. Generally, there are three types of
sucrose metabolism pathways in bacteria responsible for sucrose
transportation and utilization (Reid and Abratt, 2005; Sahin-Tóth et al.,
2000). The phosphotransferase system (PTS) is the major mechanism
for sucrose metabolism in bacteria, generally containing the phos-
phoenolpyruvate (PEP)-dependent sucrose-specific phosphotransferase,
sucrose-6-phosphate hydrolase, and ATP-dependent fructokinase. In
addition to PTS, there are two non-PTS systems have been elucidated
for sucrose metabolism in bacteria; one is comprised of the sucrose
permease in combination with the sucrase, and the other consists of the
sucrose permease in combination with the sucrose phosphorylase.
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Usually, the genes involved in each of the three sucrose metabolism
systems as discussed above are clustered in a polycistronic operon.

Previously, the sucrose metabolism in various solventogenic clos-
tridial strains has been investigated by several researchers. A sucrose
operon was identified in C. beijerinckii NCIMB 8052, containing three
genes (encoding a sucrose-specific enzyme IIBC protein of PTS, a su-
crose hydrolase, and a fructokinase, respectively) involved in the su-
crose PTS and a transcriptional repressor gene which could control the
transcription of the whole operon (Fig. 1a) (Reid et al., 1999; Tangney
et al., 1998). Disruption of this operon resulted in a strain unable to
metabolize sucrose, suggesting that PTS was the only sucrose catabolic
pathway in C. beijerinckii NCIMB 8052 (Reid et al., 1999). In C. acet-
obutylicum ATCC 824, a similar sucrose metabolic pathway as that in C.
beijerinckii NCIMB 8052 was reported (Tangney and Mitchell, 2000).
Although the genes involved in the pathway were conserved, the or-
ganization and regulation of the operon in C. acetobutylicum was re-
markably different from that in C. beijerinckii (Fig. 1a).

C. saccharoperbutylacetonicum can naturally utilize sucrose.
However, Ogata et al. reported that when exponentially growing cells
of this microorganism were exposed to high concentrations of sucrose
(0.3–0.5M), the cell morphology was notably changed and sucrose-
induced cell autolysis was observed (Ogata et al., 1980). Generally, the
sucrose metabolism in C. saccharoperbutylacetonicum is not well un-
derstood. Therefore, in this study, for the first time, the primary sucrose
catabolic pathway in C. saccharoperbutylacetonicum N1-4 was identified
and characterized through gene deletion using the CRISPR-Cas9 system.
In addition, the sucrose consumption and ABE production in C. sac-
charoperbutylacetonicum were further enhanced by deleting the tran-
scriptional repressor gene and overexpressing the endogenous sucrose
catabolic pathway. Finally, a robust strain capable of efficient sucrose
consumption for enhanced ABE production was developed, and po-
tential viable biofuel production from inexpensive sucrose-based
carbon sources was demonstrated.

2. Materials and methods

2.1. Bacterial strains and cultivation conditions

All the strains used in this study are listed in Table 1. The E. coli
strain NEB Express (New England BioLabs Inc., Ipswich, MA) was used
for routine DNA cloning and cultivated in Luria-Bertani (LB) broth or on
solid LB agar plate supplemented with 100 μg/mL ampicillin (Amp)
when needed. C. saccharoperbutylacetonicum N1-4 (HMT) (DSM

14923,=ATCC 27021) was obtained from DSMZ (Braunschweig,
Germany) and routinely propagated anaerobically at 35 °C in Tryptone-
Glucose-Yeast extract (TGY) medium (Wang et al., 2013) or Tryptone-
Sucrose-Yeast extract (TSY) medium containing 30 g/L of tryptone,
20 g/L of sucrose, 10 g/L of yeast extract, and 1 g/L of L-cysteine. 30 μg/
mL clarithromycin (Cla) or 40mM lactose was supplemented into the
medium when required.

2.2. Plasmid construction

All the plasmids and primers used in this study are listed in Table 1
and Table 2, respectively. The Phanta Max Super-Fidelity DNA Poly-
merase (Vazyme Biotech Co., Ltd., Nanjing, China) was used for the
PCR to amplify DNA fragments for cloning purposes. To delete the su-
crose catabolism operon (scrO) in C. saccharoperbutylacetonicum, the
plasmid pYW34-BtgZI was used as the mother vector, which contains
the Cas9 open reading frame (ORF; derived from Streptococcus pyogenes)
driven by a lactose inducible promoter and the chimeric gRNA se-
quence (Wang et al., 2016). The small RNA (sCbei_5830) promoter
(Wang et al., 2016) fused with the 20-nt guiding sequence (5′-GTTGC
AACAGGATTGTTCAT-3′) targeting on scrA gene was cloned into the
BtgZI site of pYW34-BtgZI through Gibson Assembly. The obtained
plasmid was digested with NotI and then two homology arms (548 bp
and 589 bp, respectively) was inserted into the NotI site through Gibson
Assembly for deleting the sucrose catabolism operon through homo-
logous recombination, generating plasmid pJZ106-scrO. Similarly, to
delete the transcriptional repressor gene (scrR, CSPA_RS27550) of su-
crose catabolism operon, the small RNA promoter fused with the 20-nt
guiding sequence (5′-GGAATTCTAGACTTGATTGA-3′) targeting on scrR
and two homology arms (555 bp and 551 bp, respectively) flanking
both sides of the scrR ORF were cloned into the BtgZI site and NotI site
of pYW34-BtgZI, respectively, generating pJZ107-scrR.

To construct pJZ100, the thiolase promoter (Pthl) and terminator
(Tthl) were amplified using the genomic DNA of C. sacchar-
operbutylacetonicum as the template. Then Pthl was fused with Tthl
through SOE PCR. The obtained Pthl-Tthl fragment was cloned into
pTJ1 between ApaI and BamHI restriction sites through Gibson
Assembly, generating pJZ100 (Wang et al., 2016). The sucrose phos-
photransferase gene (scrA, CSPA_RS27555), sucrose-6-phosphate hy-
drolase gene (scrB, CSPA_RS27545) and fructokinase gene (scrK,
CSPA_RS27540) were amplified from C. saccharoperbutylacetonicum
genomic DNA and inserted into pJZ100 (digested with BseRI), gen-
erating pJZ101. Similarly, plasmids pJZ102 and pJZ103 were

Fig. 1. Characterization of the sucrose utilization system in C. saccharoperbutylacetonicum N1-4. (a) Comparison of the gene cluster for sucrose utilization in three
different Clostridium strains. The sucrose utilization genes in these strains are transcribed as a polycistronic operon. scrA, PTS EII transport protein; scrR, LacI family
sucrose regulator; scrB, sucrose-6-phosphate hydrolase; scrK, fructokinase; scrT, transcriptional regulator. (b) Verification of N1-4ΔscrO and N1-4ΔscrRmutants using
the diagnostic colony PCR (cPCR). M, the NEB 1-kb DNA marker (with numbers on the left representing the band length in kb; Lane 1, cPCR result (3883 bp) with the
unedited C. saccharoperbutylacetonicum N1-4 genomic DNA as template; Lane 2, cPCR result (1676 bp) confirming the deletion of the promoter and scrA gene in
sucrose catabolism operon in N1-4ΔscrO; Lane 3, cPCR result (2724 bp) confirming the deletion of the scrR gene in sucrose catabolism operon in N1-4ΔscrR.

J. Zhang et al. Bioresource Technology 270 (2018) 430–438

431



generated by cloning the CEG and CES pathways into BseRI-digested
pJZ100, respectively. The CEG pathway, containing the cscB gene from
E. coli and the gtfA gene from Streptococcus mutans, was amplified from
plasmid pWH1520-CEG (Feng et al., 2017a). The CES pathway, con-
taining the cscB gene from E. coli and the sucP gene from Bifidobacterium
adolescentis, was amplified from plasmid pWH1520-CES (Feng et al.,
2017a).

2.3. Transformation of C. saccharoperbutylacetonicum

Plasmids used in this study were transformed into C. sacchar-
operbutylacetonicum through electroporation following the previously
published protocols with modifications (Herman et al., 2017; Wang

et al., 2017). In brief, the glycerol stock of C. saccharoperbutylacetonicum
was inoculated and cultivated overnight in TGY medium at 35 °C.
Subsequently, the late log-growth phase culture was subcultured in TGY
medium (2% inoculum) and incubated for about 4 h until the OD600

reached 0.6–0.8. Cells were then harvested by centrifugation
(4200 rpm, 10min) at room temperature. The obtained pellet was
washed once with the same volume (as the original cell culture) of room
temperature SMP buffer (270mM sucrose, 1 mM MgCl2, 7 mM
Na2HPO4, pH 7.4) and then resuspended in 1/20 vol of room tem-
perature SMP buffer. About 0.4mL of competent cells was mixed with
1 μg plasmid DNA and then added into a pre-chilled 0.2 cm electro-
poration cuvette. After 20min incubation in ice, electroporation was
carried out using a Gene Pulser Xcell electroporation system (Bio-Rad

Table 1
Bacterial strains and plasmids used in this study.

Strains/Plasmids Relevant characteristics Source or reference

Strains

E. coli
NEB Express fhuA2 [lon] ompT gal sulA11 R(mcr-73::miniTn10–TetS)2 [dcm] R(zgb-210::Tn10–TetS) endA1 Δ(mcrC-mrr)114::IS10 New England BioLabs

C. saccharoperbutylacetonicum
N1-4 (HMT) DSM 14923, = ATCC 27021, wild type stain DSMZ
N1-4ΔscrO Derived from N1-4, with sucrose catabolism operon deleted This work
N1-4ΔscrR Derived from N1-4, with scrR gene deleted This work
N1-4ΔscrR (pJZ100) Derived from ΔscrR, harboring plasmid pJZ100 This work
N1-4ΔscrR (pJZ101) Derived from ΔscrR, harboring plasmid pJZ101 This work
N1-4ΔscrR (pJZ102) Derived from ΔscrR, harboring plasmid pJZ102 This work
N1-4ΔscrR (pJZ103) Derived from ΔscrR, harboring plasmid pJZ103 This work

Plasmids
pYW34-BtgZI CAK1 ori, ColE1 ori, AmpR, ErmR, Plac-Cas9, gRNA Wang et al. (2016)
pJZ106-scrO pYW34-BtgZI derivative; 20-nt gRNA targeting on scrA; two homology arms for the deletion of the sucrose catabolism operon This work
pJZ107-scrR pYW34-BtgZI derivative; 20-nt gRNA targeting on scrR; two homology arms for the deletion of scrR This work
pTJ1 AmpR, ErmR, CAK1 ori, ColE1 ori Wang et al. (2016)
pJZ100 pTJ1 derivative, containing thiolase promoter (Pthl) and terminator (Tthl) for gene overexpression This work
pJZ101 pJZ100 derivative; Pthl-scrA-scrB-scrK-Tthl This work
pJZ102 pJZ100 derivative; Pthl-cscB-gtfA-Tthl This work
pJZ103 pJZ100 derivative; Pthl-cscB-sucP-Tthl This work

Table 2
Primers used in this study.

Primers (pair) Sequences

Pthl 5′-ATACTAAAACTGAATTGATTGGGCCCGAATTAAGCTCAAATGAAGTAG-3′
5′-GCAGGTTCCTCCTCTGCTCGACTGAGGAGTGTGCTTGGTTTGACCTCCTAAAATTCTAT-3′

Tthl 5′-CAAGCACACTCCTCAGTCGAGCAGAGGAGGAACCTGCTATACAAGTTCACATTCGCAAC-3′
5′-CGCGTTAGAATACGGTACCGAGCTCGGATCCCATTATTAATTAATCAATCACTCAC-3′

scrA 5′-TTTATAGAATTTTAGGAGGTCAAACATGAAAGAACAACAAGTAGC-3′
5′-CATCCTCTTCCTCTTTTCTTATTTATTCTTCAACTTTAAAGAAG-3′

scrB-scrK 5′-CTTCTTTAAAGTTGAAGAATAAATAAGAAAAGAGGAAGAGGATG-3′
5′-CTTGTTGCGAATGTGAACTTGTATACTATTTCAATTCATTTAAAGTAGG-3′

cscB-gtfA 5′-TTTATAGAATTTTAGGAGGTCAAACATGGCACTGAACATCCCTTTTC-3′
5′-CTTGTTGCGAATGTGAACTTGTATATTATTCAAAGGAAATTGTCTGGTC-3′

cscB-sucP 5′-TTTATAGAATTTTAGGAGGTCAAACATGGCACTGAACATCCCTTTTC-3′
5′-CTTGTTGCGAATGTGAACTTGTATATTATGCTACGACAGGCGGGTTG-3′

20nt-gRNA targeting on scrA 5′-AAAGTTAAAAGAAGAAAATAGAAATATAATCTTTAATTTGAAAAGATTTAAG-3′
5′-TTGCTATTTCTAGCTCTAAAACATGAACAATCCTGTTGCAACATGGTGGAATGATAAGGG-3′

Homology arms for scrO knockout 5′-CTTTGTGATATGACTAATAATTAGCGGCCGCTGCCTTTGGAGTAATTGCACT-3′
5′-CCAACTGCCTTATCCCATTCACATTCAATTTGTTCTTGTTCTG-3′
5′-CAGAACAAGAACAAATTGAATGTGAATGGGATAAGGCAGTTGG-3′
5′-ATCCACTAGTAACCATCACACTGGCGGCCGCCCATTTGGATCATTGATTAGACC-3′

20nt-gRNA targeting on scrR 5′-AAAGTTAAAAGAAGAAAATAGAAATATAATCTTTAATTTGAAAAGATTTAAG-3′
5′-TTGCTATTTCTAGCTCTAAAACTCAATCAAGTCTAGAATTCCATGGTGGAATGATAAGGG-3′

Homology arms for scrR knockout 5′-CTTTGTGATATGACTAATAATTAGCGGCCGCCCAATCATGCATAATGCTGAAC-3′
5′-CATCCTCTTCCTCTTTTCTTATTTATTCTTCAACTTTAAAGAAG-3′
5′-CTTCTTTAAAGTTGAAGAATAAATAAGAAAAGAGGAAGAGGATG-3′
5′-ATCCACTAGTAACCATCACACTGGCGGCCGCGAACTCCAAGAACCATATAATC-3′

ΔscrO and ΔscrR mutants detection 5′-GAACAATTTATTGCATCGGAT-3′
5′-TAACTCACCAAGAAGCTTCCA-3′

Detection of plasmid curing (YW880/YW881) 5′-AGACGCATGGCTTTCAAAAA-3′
5′-CCGTTTACGAAATTGGAACAG-3′
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Laboratories, Hercules, CA) using parameters as follows: voltage,
1000 V; capacitance, 25 μF; resistance, 300Ω. Following electropora-
tion, cell culture was transferred into 3mL of TGY medium for recovery
at 35 °C for 4 h prior to spreading on TGY plates containing 30 μg/mL
Cla (TGYC plates). Plates were incubated at 35 °C for about 24 h until
the transformant colonies appeared.

2.4. Mutant screening and plasmid curing

Mutant screening was carried out following the published protocols
with modifications (Wang et al., 2017, 2016). The single colony of C.
saccharoperbutylacetonicum transformant was picked and inoculated
into TGY liquid medium supplemented with 30 μg/mL Cla (TGYC liquid
medium). The outgrowth culture was then diluted serially and plated
onto TGY plates with addition of 30 μg/mL Cla and 40mM lactose.
Plates were incubated anaerobically at 35 °C for 24–48 h until colonies
were observed. Putative mutants were then screened by colony PCR
(cPCR).

In order to cure the plasmid from the obtained mutant, the mutant
cells were subcultured (with a 1% v/v inoculum) in TGY liquid medium
without antibiotics. After about six rounds of successive subculturing,
the culture was diluted serially and spread onto TGY plates. cPCR was
then performed to confirm the curing of the plasmid using primers
YW880 and YW881 (with no detection of the PCR band specific to the
antibiotic marker). Further, the cPCR-verified colonies were inoculated
into TGYC liquid medium; the curing of the plasmid could be further
confirmed if no cell growth was observed after couple of days.

2.5. Fermentation

Batch fermentations with the wild type and mutant strains of C.
saccharoperbutylacetonicum were carried out in 2.5 L BioFlo benchtop
bioreactors (New Brunswick Scientific Co., Enfield, CT) with a 1.5 L
working volume. P2 medium was used as the fermentation medium,
and sucrose (80 g/L), mixed sugar (contains 40 g/L sucrose and 40 g/L
glucose) or sugarcane juice (contains 79.3 g/L sucrose, 3.4 g/L glucose
and 2.0 g/L fructose) was used as the carbon source. To avoid the de-
gradation of sucrose into monomer sugars at high temperature, the
sterilization was performed through filtration using the 0.2 µm bottle
top filters (VWR, Radnor, PA). In order to generate an anaerobic con-
dition, the fermentation medium was thoroughly flushed with high
purity nitrogen for 2 h prior to the inoculation. C. sacchar-
operbutylacetonicum strains were first incubated anaerobically at 35 °C
in TSY medium until OD600 reached 0.8 and then the active seed cul-
tures were inoculated into the bioreactor at a ratio of 5% (v/v).
Fermentations were carried out under the following conditions: 30 °C,
pH ≥5.0, 50 rpm. All fermentations were performed in duplicate.

2.6. Analytical methods

Fermentation samples were taken every 12 h for the analysis. Cell
density (OD600) was quantified with a cell density meter (Ultrospec 10,
Biochrom Ltd., Cambridge, England). Concentrations of ABE (acetone,
butanol and ethanol) and acids (acetate and butyrate) in the fermen-
tation broth were measured using a high-performance liquid chroma-
tography (Agilent 1260 series, Agilent Technologies, Santa Clara, CA,
USA) equipped with a refractive index detector (RID) and a Varian
MetaCarb 87H column (Agilent Technologies, CA). 5 mM H2SO4 was
used as the mobile phase with a flow rate of 0.6 mL/min at 25 °C.
Concentrations of sugars (glucose and sucrose) was analyzed using the
high-performance liquid chromatography (Shimadzu LC-20A promi-
nence, Shimadzu Corporation, Kyoto, Japan) with an Aminex HPX-87P
column. ddH2O was used as the mobile phase with a flow rate of
0.6 mL/min at 35 °C.

2.7. Microscopy

For light microscopy, cell culture samples were harvested by cen-
trifugation, washed twice and resuspended in distilled water. Cell
morphology was examined using an Olympus BX53F Upright
Microscope (phase contract mode) equipped with an Olympus DP73
Camera (Olympus Corporation, Shinjuku-ku, Japan).

2.8. Polysaccharide composition analysis

The polysaccharide composition analysis was conducted at the
Complex Carbohydrate Research Center at the University of Georgia.
First, the sample containing putative polysaccharide was dialyzed in a
1 kDa MWCO bag for 4 days against a continuous flow of DI water. After
the dialysis was finished, the sample was combined with enough
ethanol to produce a 90% ethanol solution. The sample was then pel-
leted by centrifugation at 5000g. The pellet was recovered and used for
the analysis.

Glycosyl composition analysis was performed by combined gas
chromatography/mass spectrometry (GC/MS) of the per-O-tri-
methylsilyl (TMS) derivatives of the monosaccharide methyl glycosides
produced from the sample by acidic methanolysis as described pre-
viously (Santander et al., 2013). Briefly, the sample (200 μg) was he-
ated with methanolic HCl in a sealed screw-top glass test tube for 17 h
at 80 °C. After cooling and removal of the solvent under a stream of
nitrogen, the sample was treated with a mixture of methanol, pyridine,
and acetic anhydride for 30min. The solvents were evaporated, and the
sample was derivatized with Tri-Sil® (Pierce) at 80 °C for 30min. GC/
MS analysis of the TMS methyl glycosides was performed on an Agilent
7890A GC interfaced to a 5975C MSD, using an Supelco Equity-1 fused
silica capillary column (30m×0.25mm).

3. Results and discussion

3.1. Investigate the sucrose catabolic pathway in C.
saccharoperbutylacetonicum

Based on the genome sequence (Poehlein et al., 2014), a sucrose PTS
was identified in the sucrose catabolism operon (scrO) of C. sacchar-
operbutylacetonicum N1-4, containing four genes which encode a su-
crose-specific enzyme IIBC protein of PTS (ScrA), a transcriptional re-
pressor (ScrR), a sucrose-6-phosphate hydrolase (ScrB), and a
fructokinase (ScrK) (Fig. 1a). The four genes comprised in scrO are
transcribed as a polycistronic operon, which is in a same arrangement
as the sucrose catabolism operon in C. beijerinckii NCIMB 8052 (Reid
et al., 1999), but is different from that in C. acetobutylicum ATCC 824
(Tangney and Mitchell, 2000) (Fig. 1a). In order to identify the role of
scrO in sucrose consumption in C. saccharoperbutylacetonicum, the scrO
was initially inactivated by deleting the promoter and the first gene
(scrA) of the putative sucrose operon using the CRISPR-Cas9 system
(Fig. 1b) (Wang et al., 2017). The derived strain with the sucrose cat-
abolism operon inactivated was designated as N1-4ΔscrO.

Batch fermentation results showed that N1-4ΔscrO consumed
44.6 g/L sucrose, which was 28.9% less than that of wild type strain
when 80 g/L sucrose was used as sole carbon source (Fig. 2a). The
production of ethanol, acetone and butanol in N1-4ΔscrO was decreased
significantly and the total ABE (14.5 g/L) was 44.1% lower than that of
the wild type strain (Fig. 2). The N1-4ΔscrO strain was also observed to
generate a large amount of spores at the end of fermentation. However,
most of the wild type cells autolyzed without generating spores, which
was coincident with the results reported by Ogata et al. that the cell
morphology change and sucrose-induced cell autolysis were observed
when N1-4 cells were exposed to high concentrations of sucrose (Ogata
et al., 1980). These results indicated that the cultivation with sucrose as
the sole carbon source created a harsh condition for N1-4ΔscrO strain,
the sucrose catabolism operon of which has been inactivated. When
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mixed sugars (40 g/L sucrose and 40 g/L glucose) was used as the
substrate, both the wild type and N1-4ΔscrO mutant consumed all the
glucose (Fig. 3a). However, the sucrose consumption in the wild type
strain and N1-4ΔscrO was only 7.7 and 2.5 g/L, respectively, indicating
that the sucrose utilization was severely inhibited by the carbon cata-
bolite repression (CCR) effect of glucose. The ABE production of N1-
4ΔscrO was also slightly decreased compared with the wild type strain,
due to the inefficient sucrose utilization (Fig. 3e–h). These results
suggested that the inactivation of scrO impaired the capability for su-
crose utilization in N1-4ΔscrO. In another words, scrO plays an essential
role in the sucrose consumption in C. saccharoperbutylacetonicum.

There are three different sucrose utilization pathways in bacteria,
including the PTS system (left), the combination of permease and

sucrase system (middle), and the combination of permease and phos-
phorylase system (right). In C. beijerinckii NCIMB 8052, inactivation of
the sucrose PTS led to the incapability of sucrose metabolization, in-
dicating that the PTS was the only sucrose catabolic pathway in this
microorganism (Reid et al., 1999). However, in C. sacchar-
operbutylacetonicum N1-4, decent sucrose consumption was still ob-
served after the inactivation of PTS (scrO), although the utilization was
restrained. In silico analysis of the genome sequence of C. sacchar-
operbutylacetonicum N1-4 revealed that there are two sucrose phos-
phorylase gene (CSPA_RS08585 and CSPA_RS28105) in the genome.
Although no sucrose-specific permease gene was found, many carbo-
hydrate permease genes were identified in C. sacchar-
operbutylacetonicum N1-4, which indicated that the combination of

Fig. 2. Batch fermentation profiles of C. saccharoperbutylacetonicum N1-4, N1-4ΔscrO, and N1-4ΔscrR grown in P2 medium with sucrose the as sole carbon source. (a)
Sucrose consumption; (b) Cell growth; (c) Acetic acid production; (d) Butyric acid production; (e) Ethanol production; (f) Acetone production; (g) Butanol pro-
duction; (h) ABE production.

Fig. 3. Batch fermentation profiles of C. saccharoperbutylacetonicum N1-4, N1-4ΔscrO, and N1-4ΔscrR grown in P2 medium with mixed glucose (40 g/L) and sucrose
(40 g/L) as the carbon source. (a) Glucose and sucrose consumption; (b) Cell growth; (c) Acetic acid production; (d) Butyric acid production; (e) Ethanol production;
(f) Acetone production; (g) Butanol production; (h) ABE production.
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permease and phosphorylase system might present in this micro-
organism. During the fermentation with N1-4ΔscrO, there was colloid-
like polysaccharide generated when sucrose was used as the sole carbon
source. Analytical results of the polysaccharide demonstrated that
rhamnose and mannose were the main components while smaller
amounts of glucose and galactose were also presented (Table 3). The
production of polysaccharide might be because of the inefficient de-
gradation of sucrose in the cell after the inactivation of scrO. Sucrose
was first transported into the cell by permease; however, the in-
tracellular sucrose couldn’t be efficiently consumed and thus part of
them was transformed into the colloid-like polysaccharide. These re-
sults further proved that PTS was the primary sucrose catabolic
pathway in C. saccharoperbutylacetonicum N1-4, although other path-
ways (such as the combination of permease and phosphorylase system)
might also exist.

3.2. Enhance sucrose utilization by eliminating the ScrR repression

In the sucrose catabolism operon of C. saccharoperbutylacetonicum
N1-4, gene scrR is a negative regulator that can bind to the promoter of
sucrose operon and repress the transcription of scrA, scrB, and scrK
genes, leading to CCR effect when glucose was present (Reid et al.,
1999). In order to eliminate this negative regulation, the scrR gene was
deleted using CRISPR-Cas9, generating the mutant N1-4ΔscrR (Fig. 1b).
When sucrose was used as the sole carbon source (without glucose
present, the CCR effect should not be effective), the wild type strain and
mutant N1-4ΔscrR went through very similar fermentation kinetics,
consumed similar amount of sucrose and produced similar level of acids
(acetate and butyrate) and ABE (Fig. 2). However, when mixed sugars
(40 g/L sucrose & 40 g/L glucose) were used as the substrate, mutant
N1-4ΔscrR consumed 24.1 g/L sucrose, which was 3.1-fold and 9.6-fold
increase compared with those of wild type strain and N1-4ΔscrO, re-
spectively, under the same conditions (Fig. 3a). The cell growth profile
showed that the cell densities of wild type and N1-4ΔscrO were sharply
decreased after glucose was exhausted (Fig. 3b). In contrast, the OD600

value of N1-4ΔscrR maintained at high levels for a longer time due to
the continuous consumption of sucrose. Meanwhile, the production of
ethanol, acetone and butanol in N1-4ΔscrR was enhanced significantly
and the total ABE production (23.2 g/L) was increased by 24.7% and
34.1% compared to those in wild type and N1-4ΔscrO, respectively
(Fig. 3). These results indicated that the deletion of scrR led to the
mitigation of the CCR effect by glucose in mutant N1-4ΔscrR. Mean-
while, the results also demonstrated that with the clean deletion
achieved by CRISPR-Cas9, precise gene editing and ideal phenotypic
amelioration could be realized. This is impossible or at least not easy to
achieve using the conventional genetic engineering strategies.

3.3. Enhance the sucrose utilization by overexpressing the sucrose catabolic
pathway

As demonstrated above, elimination of the ScrR repression could
enhance the sucrose utilization and ABE production when mixed sugars

were used as the substrate. However, when sucrose was used as the sole
carbon source, N1-4ΔscrR did not exhibit such advantage but achieved
similar sucrose consumption and solvent production as the wild type,
because the ScrR repression was not ‘induced’ in the wild type strain
when glucose was not present. Overall, in all these strains, the sucrose
consumption efficiency was not comparable to the glucose consumption
efficiency. In order to further enhance the sucrose metabolism in C.
saccharoperbutylacetonicum, the endogenous and heterologous sucrose
utilization pathways were overexpressed in N1-4ΔscrR under the con-
trol of the strong and constitutive thiolase promoter. For the en-
dogenous sucrose utilization pathway, the scrA, scrB and scrK genes
which are essential for sucrose transportation and intracellular de-
gradation were placed onto a multi-copy plasmid and then introduced
into N1-4ΔscrR, generating strain N1-4ΔscrR (pJZ101). In addition,
recently, the energy-saving sucrose consumption pathways (the com-
bination of sucrose permease and phosphorylase system) were over-
expressed in Bacillus amyloliquefaciens (Feng et al., 2017a) and Bacillus
subtilis (Feng et al., 2017b), resulting in significant enhancement of
sucrose consumption and target product production. Therefore, the
CEG pathway, containing the cscB gene (encoding sucrose permease)
from E. coli and the gtfA gene (encoding sucrose phosphorylase) from S.
mutans, and the CES pathway, containing the cscB gene from E. coli and
the sucP gene (encoding sucrose phosphorylase) from B. adolescentis,
were overexpressed in N1-4ΔscrR, generating strains N1-4ΔscrR
(pJZ102) and N1-4ΔscrR (pJZ103), respectively. Strain N1-4ΔscrR
(pJZ100), which was used as a control, was obtained by introducing the
mother vector pJZ100 into N1-4ΔscrR. Fermentations were carried out
using sucrose or mixed sucrose and glucose as the carbon source to
evaluate the effect of sucrose catabolic pathway overexpression on su-
crose consumption and ABE production in the recombinant strains
(Figs. 4 & 5). Results showed that the sugar consumption, growth
profile and acid and ABE production in N1-4ΔscrR and N1-4ΔscrR
(pJZ100) were very similar, suggesting that the mother vector pJZ100
didn’t significantly affect the intracellular metabolism of N1-4ΔscrR.
Overexpression of CEG and CES pathways in N1-4ΔscrR didn’t boost the
sucrose consumption under either fermentation conditions. The acid
and ABE production of N1-4ΔscrR (pJZ102) and N1-4ΔscrR (pJZ103)
were also very similar to those of the control strain N1-4ΔscrR, in-
dicating that the heterologous energy-saving sucrose utilization path-
ways were not functional in N1-4ΔscrR.

As mentioned above, there are two sucrose utilization pathways in
C. saccharoperbutylacetonicum N1-4, including the PTS system (the pri-
mary sucrose catabolic pathway) and the combination of permease and
phosphorylase system. Although strong promoter was used to over-
express the CEG and CES pathways, these heterologous sucrose utili-
zation pathways maybe still couldn’t competent with the native sucrose
utilization pathways in host strain, leading to similar sucrose con-
sumption and ABE production in N1-4ΔscrR, N1-4ΔscrR (pJZ102) and
N1-4ΔscrR (pJZ103).

However, the overexpression of endogenous sucrose utilization
pathway remarkably increased the sucrose consumption when either
sole sucrose or mixed sugars were used as the carbon source. Compared
with N1-4ΔscrR, N1-4ΔscrR (pJZ101) consumed 16.3% and 16.5%
more sucrose when sucrose or mixed sugars were used as the carbon
source, respectively (Figs. 4a & 5a). The cell growth profile showed that
N1-4ΔscrR (pJZ101) grew slower than the control N1-4ΔscrR which
corresponded to the decreased sugar consumption rate (Figs. 4b & 5b).
This indicated that the plasmid-based overexpression might have
brought metabolic burden for the cell growth. Thus, more acids (both
acetate and butyrate) were produced by N1-4ΔscrR (pJZ101) in the
acidogenesis phase to generate more ATP to support cell growth
(Figs. 4c, 5c and d). However, the acids were efficiently re-assimilated
in the solventogenesis phase, resulting in similar acid production but
much more acetone production (doubled when compared to that in N1-
4ΔscrR) by N1-4ΔscrR (pJZ101) at the end of the fermentation, com-
paring to the control strain N1-4ΔscrR (Figs. 4f & 5f). Furthermore, the

Table 3
The amount and mole percentage of each detected monosaccharide in the
polysaccharide sample.

Glycosyl residue Mass (μg) Mol (%)

Ribose (Rib) 0.4 1.3
Arabinose (Ara) 0.1 0.4
Rhamnose (Rha) 9.2 28.4
Mannose (Man) 14.6 41.1
Galactose (Gal) 3.8 10.6
Glucose (Glc) 6.1 17.2
N-Acetyl Glucosamine (GlcNAc) 0.4 1.0
□∑= 34.5 100
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ethanol and butanol production by N1-4ΔscrR (pJZ101) were also in-
creased under both fermentation conditions. Finally, N1-4ΔscrR
(pJZ101) produced 24.5 g/L and 27.1 g/L ABE when sucrose or mixed
sugars were used as the carbon source, respectively, which were 16.7%
and 16.8% higher than those in N1-4ΔscrR (Figs. 4h & 5h) and were
17.2% and 45.7% higher than those in wild type strain (Figs. 2h & 3h).

3.4. ABE fermentation using sugarcane juice

Fermentations were further carried out with the recombinant N1-
4ΔscrR (pJZ101) (in comparison to the wild type strain) using su-
garcane juice as the carbon source. As shown in Fig. 6, N1-4ΔscrR
(pJZ101) consumed 67.4 g/L sucrose which was 24.4% higher than that

in wild type. Similar as the fermentation results when sucrose was used
as the sole carbon source, the acetate and butyrate production in N1-
4ΔscrR (pJZ101) was elevated in the acidogenesis phase along with
higher acetone production in the solventogenesis phase. The ethanol
and butanol production of N1-4ΔscrR (pJZ101) were also increased due
to the reinforcement of endogenous sucrose utilization pathway, and
the final ABE titer reached 25.0 g/L, which was 22.5% higher than wild
type. In addition, it should be noticed that when either sole sucrose or
sugarcane juice was used as the carbon source, the recombinant N1-
4ΔscrR (pJZ101) (or the wild type) consumed similar amount of sucrose
and produced similar amount of total ABE under two conditions
(Figs. 2, 4 & 6). This suggested that the sugarcane juice, with almost
pure sucrose inside and negligible inhibitors, is an inexpensive and

Fig. 4. Batch fermentation profiles of N1-4ΔscrR and various recombinant mutants with the further overexpression of either the endogenous or heterologous sucrose
utilization pathways (grown in P2 medium with sucrose as the sole carbon source). (a) Sucrose consumption; (b) Cell growth; (c) Acetic acid production; (d) Butyric
acid production; (e) Ethanol production; (f) Acetone production; (g) Butanol production; (h) ABE production.

Fig. 5. Batch fermentation profiles of N1-4ΔscrR and various recombinant mutants with the further overexpression of either the endogenous or heterologous sucrose
utilization pathways (grown in P2 medium with mixed glucose (40 g/L) and sucrose (40 g/L) as the carbon source). (a) Glucose and sucrose consumption; (b) Cell
growth; (c) Acetic acid production; (d) Butyric acid production; (e) Ethanol production; (f) Acetone production; (g) Butanol production; (h) ABE production.

J. Zhang et al. Bioresource Technology 270 (2018) 430–438

436



suitable substrate for biofuel production using C. sacchar-
operbutylacetonicum.

4. Conclusions

The primary sucrose catabolic pathway in C. sacchar-
operbutylacetonicum was identified and sucrose utilization and ABE
production were enhanced through metabolic engineering. Results
showed that the inactivation of scrO severely impeded sucrose con-
sumption and colloid-like polysaccharide was generated due to in-
efficient intracellular sucrose metabolism. Deletion of scrR could alle-
viate CCR, and improve sucrose utilization when mixed sucrose and
glucose was used as the substrate. Overexpression of the endogenous
sucrose pathway further reinforced the sucrose consumption and ABE
production. Meanwhile, this study demonstrated that sugarcane juice
could be used as an inexpensive and desirable substrate for ABE fer-
mentation with engineered C. saccharoperbutylacetonicum.
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