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Abstract Clostridium beijerinckii is identified as a promis-
ing Clostridium strain for industrialization of acetone and bu-
tanol (AB) fermentation. It has been reported that high reduc-
ing power levels are associated with high butanol yield. In this
study, we regulated reducing power by blocking NAD(P)H
consumption in C. beijerinckii NCIMB 8052. Gene
Cbei 4110, encoding NADH-quinone oxidoreductase
(nuoG), is a subunit of the electron transport chain complex
I. After inactivation of gene Cbei 4110, the generated mutant
strain exhibited a remarkable increase in glucose utilization
ratio and enhanced butanol production to 9.5 g/L in P2 medi-
um containing 30 g/L of glucose. NAD(P)H and ATP levels
were also increased by one to two times and three to five
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times, respectively. Furthermore, a comparative transcriptome
analysis was carried out in order to determine the mechanism
involved in the enhanced activity of the Cbei 4110-
inactivated mutant strain. This strategy may be extended for
making industrial bio-butanol more economically attractive.

Keywords AB fermentation - NAD(P)H - ATP - nuoG -
hydA - C. beijerinckii

Introduction

Acetone and butanol (AB) fermentation was one of the largest
industrial fermentation processes in the early twentieth centu-
ry (Jones and Woods 1986; Lee et al. 2008). It has recently
attracted the interest of scientists as a potential solution to
decreasing petroleum resources and the ever-deteriorating en-
vironment (Green 2011; Tracy 2012). Before new energy re-
sources (such as nuclear energy and solar energy) are com-
monly utilized, it is predicted that biomass power will be the
first alternative energy source used, which will complement
fossil feedstock (Lin and Tanaka, 2006). However, high fer-
mentation substrate prices, low solvent production, and other
drawbacks limit industrialization of bio-butanol (Ezeji et al.
2007; Jones and Woods 1986 and Qureshi et al. 2008).

Clostridium beijerinckii, an anaerobic Gram-positive
Clostridium species, is capable of utilizing a broader spectrum
of substrates with no glucose repression effect and has better
toxin resistance to lignocellulosic hydrolysate than another
main solvent-forming strain: Clostridium acetobutylicum
(Ezeji et al. 2007). Since C. beijerinckii is identified as a
promising Clostridium strain which can realize the economic
benefit by using lignocellulosic sugars, improving butanol
yield of AB fermentation by C. beijerinckii has attracted the
attention of many researchers.
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Energy and reducing power (NADH/NADPH) has been
reported to have a significant influence in cell growth,
metabolism, and production (Jones and Woods 1986). It
was reported that high ATP concentration could increase
solvent production in continuous cultures despite its effect
on cell growth and metabolism (Meyer and Papoutsakis
1989). Reducing power participates in multiple bio-
reactions in Clostridia and plays a crucial role in solvent
formation. Along with formation of acids, NAD(P)H ac-
cumulates in excess and is oxidized in formation of hy-
drogen which is delivered by ferredoxins and catalyzed by
hydrogenases (Jones and Woods 1986). Previous studies
demonstrated that regulating Clostridia intracellular re-
ducing power levels would produce a significant increase
in solvent yield (Liu et al. 2013; Meyer and Papoutsakis
1989; Ventura et al. 2013).

In this study, we focused on genetic modification of
C. beijerinckii NCIMB 8052 to improve its intracellular
reducing power levels. Two genes were identified and
mutated using ClosTron technology (Cooksley et al.
2012; Heap et al. 2009). Consequently, gene Cbei 4110
encoding NADH-quinone oxidoreductase (nuoG) in elec-
tron transport chain complex I was inactivated and the
mutant strain showed a significant increase in the glucose
conversion ratio and butanol yield than that of the
wild-type strain. However, inactivation of the gene
Cbei_3796 encoding hydrogenase (hydA) could not be
achieved. In order to determine correlation between the
phenotypic changes of growth and solvent production
with the intracellular energy and reducing power in
C. beijerinckii, the NAD(P)", NAD(P)H, and ATP levels
of the mutant and the wild-type strains were tested.
Furthermore, we carried out a transcriptome analysis and
determined transcriptional differences between these two
strains.

Materials and methods
Strains, plasmids, media, and cultivation conditions

The bacterial strains and plasmids used in the study were
listed in Table 1. Escherichia coli DH5«x and TOP10 cells
were grown at 37 °C in Luria-Bertani broth or agar me-
dium supplemented with 15 mg/L tetracycline and 50 mg/
L ampicillin as required. C. beijerinckii cells were grown
anaerobically in liquid or solid YPS medium at 37 °C
(1-L medium contains 3.0 g yeast extract, 5.0 g peptone,
10.0 g soluble starch, 2.0 g ammonium acetate, 2.0 g
NaCl, 3.0 g MgS0O4-7H,0, 1.0 g KH,POy4, 1.0 g
K,HPO,, and 0.1 g FeSO,4-7H,0, adjusted to pH 6.0 with
1 mol/L HCI) with addition of 10 mg/L erythromycin as
required (Guo et al. 2012). P2 medium (Baer et al. 1987)
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(contained the following components: 30 g/L glucose,
0.5 g/L KH,PO,, 0.5 g/L K,HPO,, ammonium acetate
2.2 g/L, 1 mg/L para-amino-benzoic acid, 1 mg/L thia-
mine, 0.01 mg/L biotin, 0.01 g/L MnSO4H,0, 0.01 g/L
NaCl, 0.2 g/L MgSO4-7H,0, and 0.01 g/L FeSO4 7H,0)
was used for C. beijerinckii fermentation. Escherichia coli
and C. beijerinckii strains were maintained in 30 % (v/v)
glycerol and stored at —80 °C.

Construction of plasmid pWJ1-392a, pWJ1-1146s,
pWJ1-148a, pWJ1-771s, and pWD-4110

The introns were designed by a publically available computa-
tional method (Perutka et al. 2004). We chose the 392a and
1146s positions for Cbei 4110 insertion and chose 148a and
771s for Cbei_3796 insertion using the Clostron system
(http://www.clostron.com), then generated 350 bp group II
intron insertion fragments. Subsequently, we synthesized
group II intron fragments and constructed plasmids pWIJ-
392a/1146s/148a/771s, by inserting these two 350 bp group
Il intron fragments into X%o 1 and BsrG I restriction sites of the
pWIJ1 plasmid. All primers involved in this process were
listed in Table 2.

Construction of the expression plasmid was performed as
follows: we amplified the full-length CDS of the Cbei 4110
gene using prime pIMP1-4110-up/dn and the C. beijerinckii
NCIMB 8052 genome DNA as a template. The carrier vector
was digested by the Nde I restriction enzyme. After DNA
purification, gene Cbei_4110 was cloned into pWD using
the infusion one-step clone kit (Vazyme Biotech Inc.,
Nanjing, China).

Transformation of C. beijerinckii and identification
of mutants

All plasmids were initially methylated in E.coli TOP10
(pAN2) then transformed via electroporation. The specific
process was performed as follows: First, 200 uL of frozen
stock was inoculated into 10 mL of liquid YPS medium
and incubated in an anaerobic environment at 37 °C for
12 h. Then 2 % (v/v) of the above inoculum was trans-
ferred into 50 mL YPS medium for secondary seed
followed by anaerobic incubation at 37 °C for approxi-
mately 4 h when the optical density of 600 nm (ODggg) of
the cell reached 1.0. Cells were then harvested by centri-
fugation at 4000g for 10 min at 4 °C. The cell pellet was
washed with 25 mL of ice-cold ETM buffer (270 mM
sucrose, 0.6 mM Na,HPO,, 4.4 mM NaH,PO,, and
10 mM MgCl,; pH = 6.0) and resuspended gently, then
repeated once more. The resulting cell pellet was resus-
pended in 1 mL ice-cold ET buffer (270 mM sucrose,
0.6 mM Na,HPO,, and 4.4 mM NaH,PO,4; pH = 6.0)
and used immediately for electroporation. For each


http://www.clostron.com/

Appl Microbiol Biotechnol (2016) 100:4985-4996

4987

Table 1 Bacterial strains and
plasmids used in this study

Strain or plasmid Relevant characteristics Reference

C. beijerinckii NCIMB 8052 Wild type NCIMB

8052-MU Group II intron inserted at 392|392a and 1146|1147s This study
of Cbei 4110

8052-MU/pWD-4110 8052-MU harboring 4110-expression vector This study

8052-MU/pWD 8052-MU harboring control vector pWD This study

E. coli Topl0 Harboring pAN2 plasmid Invitrogen

PAN2
pWII1

pWIJ1-392
pWIJ1-1146
pWIJ1-148
pWIJ1-771
pWD

pWD-4110

Methylation plasmid, $3T I, p154 ori, Tet®

Derived from pSY6 with pCB102 ORI instead of
pIM13 ORI

Heap et al. (2007)
Xiao et al. (2011)

Derived from pWJ1 for intron insertion in This study
Cbei_4110 at 392/393a

Derived from pWJ1 for intron insertion in This study
Cbei_4110 at 1146/1147s nt

Derived from pWJ1 for intron insertion in This study
Cbei 3796 at 148|149 a nt

Derived from pWIJ1 for intron insertion in This study
Cbei_3796 at 771|772s nt

Derived from pIMP1-P,,, with pCB102 ORI This study
instead of pIM13 ORI

Derived from pWD-P,, with Cbei_4110 expressing This study

cassette added

electroporation, 190 puL of C. beijerinckii cells suspended
in ET buffer were mixed with 10 uL methylated plasmid
(no more than 1 pg) and added into a 0.2 cm precooled
electroporation cuvette. Cells were then electrically pulsed
by a Gene Pulser Xcell System (Bio-Rad) under condi-
tions of 1800 V, 25 uF, and 200 Q. Then, the competent
cells were added to 5 mL of YPS medium and incubated
for 5 h for recovery. Recovered cells were plated on YPS
agar containing 10 mg/L erythromycin and incubated an-
aerobically at 37 °C for 48 h (Xiao et al. 2012).

Colony PCR was used for screening inactivated mu-
tants to identify the positive transformation and isolate
the mutant strains. The electrophoretic band of the PCR
product of intron-inserted strains was about 1000 bp lon-
ger than the wild-type strain. For the next genetic opera-
tion, we needed to derive a strain that had lost the repli-
cating plasmid. The intron-inserted strains were streak in-
oculated on YPS agar to isolate individual colonies and
then incubated in YPS agar with or without erythromycin.
The strains that grew in YPS medium but could not sur-
vive in erythromycin selection agar were considered the
losing strain pWIJ1 plasmids. For gene expression in
C. beijerinckii, the methylated plasmids were introduced
into cells by electroporation and identified via colony
PCR as described above (Xiao et al. 2012).

Fermentations and analysis methods

A two-step level of seed cell activation was carried out
before fermentation of C. beijerinckii. P2 medium (30 g/

L glucose) was used for C. beijerinckii fermentation.
Secondary seed cells (5 mL; ODgpy = 2) were added to
45 mL of P2 medium in 100 mL serum bottles (Scott,
Landshut, Germany) and flushed into sterile nitrogen gas
for 3 min to eliminate oxygen poisoning. Bottle fermenta-
tion was then carried out in an anaerobic condition at 37 °C
and continued for 72 h (Guo et al. 2012).

Batch fermentation was carried out in a 3-L fermenter
(Bioflo110, NBS, CT, USA) with an initial broth volume
of 2 L containing P2 (30 g/L glucose) medium, sterilized
in an autoclave (115 °C for 20 min), and nitrogen gas was
then bubbled through the medium to remove oxygen be-
fore and after inoculation; the temperature was maintained
at 37 °C without agitation or pH control for 72 h. During
the course of fermentation, 10 mL samples were collected
every 6 h for measurement of ODgq, sugar, and analysis
of productions.

Glucose, acetate, and butyrate concentrations were de-
termined by HPLC analysis (Agilent 1100 series,
Wilmington, DE, USA), using an Aminex HPX-87H
ion exclusion column (300 x 7.8 mm; Bio-Rad
Laboratories, Hercules, CA, USA), with a 5.0-mM
H,S0, solution used as the mobile phase (0.6 mL/min)
at 50 °C and a refractive index detector. Acetone, etha-
nol, and butanol were analyzed using gas chromatogra-
phy (7890A, Agilent, Wilmington, DE, USA) equipped
with a flame ionization detector (FID) and an Agilent
HP-INNOWAX column (0.25 mm x 60 m). To determine
hydrogen production, all produced gases were collected
in gasbags and the hydrogen ratio was measured by a gas
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Table 2 Primers used in this
study Primer name

Sequence (5'-3")

Description

pWIJ-392-up
pWI-1146-up
pWIJ-148-up
pWIJ-771-up
pWI-Intron-dn

pWD-4110-up

pWD-4110-dn

4110-Test-up
4110-Test-dn
3796-Test-up
3796-Test-dn

CCGCTCGAGATAATTATCCTTA
GATGTCTCT

CCGCTCGAGATAATTATCCTTA
ATTACCACAG

CCGCTCGAGTTATACATCCCT
GTAGTGCGCC

CCGCTCGAGATAATTATCCTT
ATTTAACGAT

CCGTGTACAAATGTGGTGATA
ACAGATAAGT

GGAGTGTCGAGGATCCTCGAG
ATGTCAAAATATATGGTGAT

GTACTGAGAGTGCACCATATG
TTAATGTTCACTTTTATCAT

ATGTCAAAATATATGGTGATTGAT
AATCAATTGCTCCTACACTCTGT
CAACAAATGGCTGGAACAAT
GCTTCCATTACACCACCAGT

Forward primer for PCR of S392a with
Xho 1 and BsrG 1 restriction sites

Forward primer for PCR of S1146s with
Xho 1 and BsrG 1 restriction sites

Forward primer for PCR of S148a with
Xho 1 and BsrG 1 restriction sites

Forward primer for PCR of S771s with
Xho 1 and BsrG 1 restriction sites

Reverse primer for PCR of intron sequence
with X%o I and BsrG 1 restriction sites

Forward primer for PCR of full-length
coding region of gene Cbei_4110 with
20 bp pWD homologous sequence

Reverse primer for PCR of full-length
coding region of gene Cbei 4110 with
20 bp pWD homologous sequence

Cbei_4110 intron insertion test primer
Cbei_4110 intron insertion test primer
Cbei_3796 intron insertion test primer
Cbei_3796 intron insertion test primer

analyzer (Tandem Multiplex, Magellan Instruments,
Herts, UK).

Measurement of the intracellular NAD(P)*, NAD(P)H,
and ATP concentrations

Intracellular concentrations of NAD(P)H were determined
by the enzyme cycling method of Bernofsky and Swan
(1973) with modifications. As described previously (Liu
et al. 2013), 5 mL of sample were centrifuged, the super-
natant was discarded and the remaining pellet was dis-
solved in 0.5 mL of 0.2 M NaOH and HCI for cell lysate
and decomposing NAD(P)H and NAD(P)", respectively.
The cell lysate was heated at 60 °C for 30 min, then
cooled to 0 °C and centrifuged. The following reagents
were sequentially added to the test tube and kept at 37 °C
for 5 min in the dark: 350 uL of ddH,O, 200 puL of 0.1 M
HCI, 100 uL of Tris-HCI (1 M, pH 7.8), 200 uL of the
alkaline extract, 100 pL of 4.2 mM MTT, 150 pL of
16.6 mM PES, and 100 puL of ethanol for the determina-
tion of NADH or 100 L. of 60 mM glucose 6-phosphate
for the determination of NADPH. The reaction was started
by adding 10 pL of alcohol dehydrogenase (660 units/mL
for NADH) or glucose 6-phosphate dehydrogenase
(70 units/mL for NADPH) and incubated at 37 °C for
30 min in the dark. Absorbance at 570 nm was then de-
termined. The same procedure was followed for
NAD(P)H standards.
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Intracellular concentrations of ATP were measured by
fluorescent detection. To measure the intracellular ATP
concentration, 1 mL of cold 30 % (v/v) trichloroacetic
acid was added to the samples (4 mL) and mixed thor-
oughly. The ATP concentrations were then measured
using the BacTiter-Glo™ Microbial Cell Viability Assay
kit on the GloMax-Multi+ Detection System (Promega,
Madison, WI, USA)

Total RNA and protein extraction, cDNA preparation,
and RNA-seq analysis

Total RNA was extracted using TRIzol reagent according
to the manufacturer’s protocol (Takara Bio Inc., Otsu,
Japan). The integrity and purity of the RNA were deter-
mined using Trizol™ (Invitrogen, Carlsbad, CA, USA)
and electrophoresis using a 1 % agarose gel. Illumina
sequencing was performed at the Beijing Genomics
Institute (BGI)-Shenzhen, Shenzhen, China (http://
www.genomics.cn/index.php) according to the
manufacturer’s instructions (Illumina, San Diego, CA,
USA).

Mapping of RNA-Seq reads and quantitative analysis
of gene expression

Clean reads were obtained by removing raw reads that
contained the adaptor or unknown or low-quality se-
quences. These reads were then used for mapping to the
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C. beijerinckii NCIMB 8052 reference genome using the
short oligonucleotide alignment program (SOAP),
allowing up to five base mismatches (Gao et al. 2011;
Li et al. 2009). For quantification, gene expression levels
were calculated using the reads per kilobase per million
reads (RPKM) method (Mortazavi et al. 2008), thereby
limiting the effects of different gene lengths and sequenc-
ing levels. Rigorous algorithms were applied to identify
differentially expressed genes (DEGs) between control
and heat-treated samples at the BGI based on previously
described methods (Audic and Claverie 1997). DEGs
were identified using a false discovery rate (FDR)
<0.001 and an absolute value of the log2 ratio >1 as the
threshold.

DEGs functional annotation and pathway enrichment
analysis

To further characterize the biological functions and meta-
bolic pathways of DEGs, the DEGs were subjected to a
gene ontology (GO) functional analysis (http://www.
geneontology.org/) and Encyclopedia of Genes and
Genome (KEGG) pathway enrichment analysis
(Kanehisa et al. 2008). Both the annotation and pathway
enrichment analyses utilized a corrected p value <0.05 as
a threshold.

Illumina sequencing data

The Illumina sequencing data of the present study was depos-
ited into the NCBI database with an accession number of
SRP060345.

Results

Inactivation of gene Cbei_4110 promoted C. beijerinckii
fermentation

Gene Cbei 4110 was inactivated at sites 392a and 1146s
using TargeTron technology. Colony PCR and sequencing
were used for screening and confirming the mutant strains
8052-411039;, and 8052-4110;46s. As expected, both of
the mutant strains 8052-MU (the two mutant strains
demonstrated similar characteristics and were therefore
collectively referred to as 8052-MU) showed significant
increases in growth, glucose conversion ratio, and butanol
yield than the 8052-wild-type (WT) strain. As seen in
Fig. 1, the fermentation period of the 8052-MU was re-
markably shorter than the wild-type strain, which were 38
and 60 h, respectively. Similar results were also seen with
the glucose consumption rate. At the end of batch fermen-
tation, the mutant strains 8052-MU yielded 9.5 g/L
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Fig. 1 Growth and metabolite profiles of the 8052-WT and 8052-MU
strains in batch fermentations (P2 medium containing 30 g/L glucose). a
Sugar consumption and growth; b butanol and AB concentrations. Fer-
mentations were performed in triplicate

butanol and 12.1 g/L total solvent while that of the wild
strain were 7.8 g/L and 10.2 g/L, respectively. Butanol
and total solvent production were therefore enhanced by
21.8 and 18.6 %, respectively, and the butanol ratio rose
to 78.5 %.

To confirm that the phenotypic changes observed in the
mutant strains 8052-MU were caused by inactivation of gene
Cbei_4110, a complementation mutant (named 8052-CP) was
constructed. The expression plasmid pWD-4110 was intro-
duced into 8052-MU, and the empty vector pWD was also
introduced into 8052-MU; these mutants were confirmed by
colony PCR. Compared to the mutant strains 8052-MU, the
Cbei_4110 complement mutant strain 8052-CP showed obvi-
ous decreases in growth rate, glucose consumption, and ABE
production, which was even lower than its counterpart 8052-
WT. This result confirmed that the changes of the mutant
strain 8052-MU was caused by inactivation of gene
Cbei_4110. The excessive decrease in activity observed may
be due to the fact that the ptb promoter of the pWD expression
plasmid is a strong promoter, which results in increased
Cbei_ 4110 expression (Xiao et al. 2012).
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Energy and reduction energy changes in 8§052-MU
and 8052-WT

In order to investigate the energy and reduction energy
changes of C. beijerinckii after Cbei_4110 inactivation,
samples of the 8052-MU and 8052-WT strains were ana-
lyzed at both the mid-acidogenic (time of fastest pH drop
rate) and mid-solventogenic (time of fastest butanol forma-
tion rate) phases. Since 8052-MU strains demonstrated
higher fermentation efficiency than the 8052-WT strain,
the sampling times were 16 and 25 h for 8052-MU whereas
8052-WT was 18 and 30 h after onset of fermentation. As
shown in Table 3, ATP levels of the 8052-MU were signif-
icantly increased, which resulted in a five times increase in
the acid formation period and three times increase in the
solvent formation period. The reduction energy levels of
8052-MU were similar to 8052-WT in the acid formation
period. When fermentation reached solvent formation pe-
riod, the reduction energy levels of the mutant strains were
twice than that of the parent strain. These results indicate
that energy supply in 8052-MU is more abundant than
8052-WT in the whole fermentation period. Reduction en-
ergy in C. beijerinckii has reached the peak point in
acidogenic phase and which is insufficient during the
solventogenic phase. High concentration of NAD(P)H
links with high concentration solvent.

Comparative transcriptome analysis of wild-type
C. beijerinckii NCIMB 8052 and mutant strains

To explore the effects of Cbei 4110 gene inactivation on
cellular metabolism, RNA sequencing was used to carry
out a comparative transcriptome analysis between the
wild-type and the Cbei 4110 inactivated mutant strain.
RNA samples were extracted from fermentation of both
the mid-acidogenic and the mid-solventogenic phase and
then sequenced using the Illumina HiSeq 2000 system.
A total of 5003 C. beijerinckii NCIMB 8052 genes

capturing about 98.0 % of the genome were examined.
Approximately 1538 genes were differentially expressed
(up- or downregulated) by 8052-MU strains compared
with the 8052-WT strain in the acidogenic growth phase,
while there were 929 differentially expressed genes
(DEGs) identified in the solventogenic growth phase
(Fig. 2). DEGs were relative to redox cofactors, mem-
brane transporters, and nucleotide metabolisms. In addi-
tion, expression patterns between the acidogenic and
solventogenic growth phases were dramatically
different.

Expression of sugar transporter and glycolysis genes

The phosphoenolpyruvate (PEP)-dependent phosphotrans-
ferase system (PTS) plays an important role in sugar up-
take by Clostridia and consists of multiprotein complexes
(enzyme I, HPr, and enzyme II) that mediate the uptake and
phosphorylation of carbohydrates (Lee and Blaschek
2001). Among the PTS systems, the mannose family PTS
(Man-PTS) transporters are deemed the major sugar trans-
porters exhibiting broad substrate specificity toward glu-
cose, mannose, sorbose, fructose, and a variety of other
sugars (Barabote and Saier 2005). In the acidogenic phase
of batch fermentation, a consistent fourfold upregulation in
expression of the 8052-MU genes (Cbei 0711, Cbei_ 0712,
and Cbei_0713) encoding Man-PTS transporters (manll
AB, manll C, and manll D, respectively) was observed,
which is consistent with the work of Wang et al. (2012).
Interestingly, the trend of solventogenesis was contrary to
that of acidogenesis which abovementioned genes
expressed twofold lower (Fig. 3a). The expression level
of enzyme I encoded by Cbei 0196 increased one time
than that in the acidogenic phase. These results support
previously reported findings demonstrating that ATP-
dependent glucose phosphorylation was predominant and
phosphoenolpyruvate-dependent glucose phosphorylation
was repressed during the solventogenic stage (Wang et al.

Table 3 ATP and reducing

cnergy levels in batch Cofactors 8052-WT-A® 8052-MU-A® 8052-WT-S° 8052-MU-S¢

fermentations of C. beijerinckii (nmol/g dry cell mass )

8052-MU and 8052-WT
NADH 0.27 + 0.05 0.38 + 0.05 0.03 + 0.003 0.07 + 0.01
NAD" 121 +0.10 137 +0.20 0.34 + 0.01 0.35 + 0.02
NADPH 0.13 + 0.025 0.09 + 0.02 0.02 + 0.002 0.04 + 0.01
NADP" 0.94 + 0.02 0.89 + 0.03 0.16 £ 0.01 0.19 + 0.01
ATP 0.55 + 0.02 251+0.1 0.36 + 0.05 1.11 + 0.05

#Mid-acidogenic phase, 18 h after fermentation began by 8052-WT

®Mid-acidogenic phase, 16 h after fermentation began by 8052-MU

“Mid-solventogenic phase, 28 h after beginning fermentation by 8052-WT

4Mid-solventogenic phase, 25 h after beginning fermentation by 8052-MU
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-MU strains had faster glucose uptake and glycolytic
capacity at the beginning of batch fermentation than the

8052-WT strain.
(Cbei_0321 and Cbei_2034), bed (Cbei_0322), etfAd

During acid formation, butyryl-CoA formation genes: crt
(Cbei_0323), etfB (Cbei_0323), and thi4 (Cbei_0411),
were highly expressed with twofold increase; butyrate

Expression of acidogenesis and solventogenesis genes

8052

ponent

cellular_com

biological_process

), and pyk (Cbei_4851 and Cbei_1412)

were significantly upregulated (two- to sixfold) in the

Fig. 2 Opverall gene transcription profiles of 8052-WT and 8052-MU based on RNA-Seq data. a Differential gene expression in the acidogenic phase; b

differential gene expression in the solventogenic phase
were similar to that of the Man-PTS transporters. As shown

2012). The gene expression patterns of other PTS systems
in Fig. 3b, genes involved in glycolysis including
gck (Cbei_4895), pfk (Cbei_4852), tpi (Cbei_0599),
pgk (Cbei_0598), gap (Cbei_0597), gpmA (Cbei_ 1987
acidogenic phase. In the solventogenic phase, however,
glycolysis gene expression patterns were consistent with
the 8052-WT strain. These results indicate that the

and Cbei 1759
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Cbei 5019 Cbei 4895 glcK Cbei 0204 buk
Cbei 0527 Cbei 5017 crr Cbei 4006 buk
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- -~
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Cbe%72907 ATP synthase
Cbe%72709 Cbei_ 0412 FOF1 ATP synthase subunit A;
thel_2500 Cbei 0413 FOF1 ATP synthase subunit C;
Cbef72196 Cbei 0414 FOFl ATP synthase subunit B;
Chel 2708 Cbei 0415 FOF1 ATP synthase subunit delta;
Cbei 4685 . .
- Cbei 0416 FOF1 ATP synthase subunit alpha;
Cbei 2906 . .
- Cbei 0417 FOF1 ATP synthase subunit gamma;
Cbei 2908 . .
— Cbei 0418 FOF1 ATP synthase subunit beta;
Cbe%_2905 Cbei 0419 ATP synthase F1 subunit epsilon;
Cbei 2498 Riboflavin metabolism
Coei 2741 Cbei_ 1224 riboflavin biosynthesis protein RibD;
Cbei 3873 ) . . .
- Cbei 1225 riboflavin synthase subunit alpha;
Coel_2707 Cbei 1226 GTP cyclohydrolase II
Cbei_ 1227 ribH; 6,7-dimethyl-8-ribityllumazine synthase
Cbei 1206 ribC; bifunctional riboflavin kinase

Fig. 3 Comparison of gene expression after Cbei 4110 inactivation in the acidogenic and solventogenic phases. Results are grouped into different
attributes: a sugar transport genes; b glycolysis gene; ¢ acid and solvent formation genes; d cofactor genes

formation genes: ptb (Cbei_0203), buk (Cbei_0204,
Cbei_4006, and Cbei 4609), were slightly increased;
however, acetate formation genes: pfa (Cbei 1164) and
ack (Cbei_1165) expression was downregulated by a fold
in the acidogenic phase. Sovlentogenesis genes encoding
ald (Cbei_3832), ctf4 (Cbei_3833), ctfB (Cbei_3834), adc

@ Springer

(Cbei_3835), and adh (Cbei_1722 and Cbei 2181) dem-
onstrated an expression pattern very similar to 8052-WT.
Samples extracted in the mid-solventogenic phase of
8052-MU showed generally a decline in expression by
twofold of both acidogenesis and solventogenesis genes
(shown in Fig. 3c).
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Expression of cofactor genes

Energy is the fundamental demand of microorganism growth
and metabolism. ATP, a common currency of energy, directly
participates in all kinds of bioactivities. As shown in Fig. 3d,
in the acidogenic phase, expression of ATP synthase genes
(Cbei_0412—Cbei_0419) in 8052-MU were highly upregulat-
ed by twofold than 8052-WT, which may indicate that the
mutant strain had a faster ATP synthesis speed rate than the
parent strain. ATP-dependent enzymes and other ATPase-
related genes exhibited remarkable differences in expression.
The gene ontology (GO) analysis shows that these ATP-
relevant genes are involved in ATP-binding cassette transport
systems (sugar, amino acid, peptide, inorganic salts, and metal
ions), DNA helicase (Cbei_1824), and DNA replication
(Cbei_4288). Furthermore, Cbei_1224—Cbei 1227 and
Cbei_ 1206, which are involved in the riboflavin biosynthesis
pathway, were expressed sixfold higher in the acidogenic
phase and sixfold lower in the solventogenic phase than the
parent strain. Genes involved in the folate biosynthesis path-
way (Cbei_1784, Cbei_2234, and Cbei_3249) were downreg-
ulated about 1.5 times in the acidogenic phase, and Cbei_0206
was downregulated twofold in the solventogenic phase. Genes
(Cbei_3795-3798) encoding hydA expression were 1.5-4
times lower in the solventogenic phase while slightly higher
(<1 time) in the acidogenic phase.

Other differentially expressed genes

Besides the differences in gene expression demonstrated
above, genes in many other biological processes, cellular com-
ponents, and molecular functions also demonstrated signifi-
cant changes in expression. In the acid formation period,
genes involved in amino acid synthesis, fatty acid metabolism,
purine metabolism, and ribosomal proteins were universally
upregulated. Genes involved in the two-component signal
transduction system were alternatively upregulated or down-
regulated. Expression of chemotaxis and cell motility genes
and genes expressed in folate synthesis and some degradation
processes were downregulated. Other differentially expressed
genes are shown in the supplementary material (Table S1 and
Table S2).

Discussion

C. beijerinckii NCIMB 8052, one kind of anaerobic hetero-
trophic microorganism, maintains energy metabolism mainly
through substrate level phosphorylation (SLP) by conversion
of carbohydrates to hydrogen, carbon dioxide, acids, and sol-
vents (Thauer et al. 1977). In the initial stages of fermentation,
ATP is the desired energy source for biosynthesis of cell ma-
terials in glycolysis accompanied by excess generation of

reduced cofactors (NADH + H"). For keeping up the redox
balance, these reduced cofactors must be regenerated by
means of hydrogenases with release of H, or by reduction of
electron accepters with a final formation of end products such
as ethanol and butanol. It was previously reported that regu-
lation of reducing power has a significant influence on butanol
yield. This finding created a research hotspot centered around
improving reducing power endogenously by limiting hydrog-
enases (hydA) (Meyer and Papoutsakis 1989).

Hydrogenases (H,ases) are metalloenzymes that contain
iron-sulfur clusters and catalyze the reversible oxidation of
molecular hydrogen (2 H" + 2e” < H,). They also play a
critical role in microbial energy metabolism (Vignais et al.
2001) and are classified into three types: [NiFe]-H,ases,
[FeFe]-H»ases, and [Fe]-H,ases. The classification and struc-
tural and functional relationships of Hyases and their subunits
has been discussed in detail by Vignais (2008). [FeFe]-hy-
drogenases are found in anaerobic prokaryotes, such as
clostridia and sulfate reducers, and are generally associated
with the formation of H,. In C. bejjerinckii, several Hjases
have been found using genomic sequencing and have been
annotated differently by various researchers, which mostly
named and classified them by sequence alignment. Indeed,
these Hyases have similar components: 350 residues contain-
ing the active site (H-cluster), iron hydrogenase small subunit
(Fe_hyd SSU), iron-only hydrogenase large subunit in the
C-terminal domain (Fe hyd lg C), NADH-ubiquinone oxi-
doreductase-G iron-sulfur binding region (NADH-G 4Fe-
4S 3), etc. (Nicolet et al. 2002; Nicolet et al. 2000; Peters
1999; Peters et al. 1998). However, the functions of these
Hsases are entirely different.

In this study, we regulated the reducing power by inactiva-
tion of two kinds of H2ases. Cbei_4110, according to the
KEGG pathways, belongs to oxidative phosphorylation of
energy metabolism and encodes NADH-quinone oxidoreduc-
tase subunit G (nuoG). NADH-ubiquinone oxidoreductase is
a membrane-bound enzyme that is relevant to energy conver-
sion and is called complex I in mitochondria or NDH-1 in
bacteria (Yagi 1993; Yagi et al. 1998). Complex I (or
NDH-1) is L-shaped with a membrane domain and a periph-
eral arm extending into the cytosol in which oxidate NADH to
NAD-+, proton transfer to periplasm occurs, forming a proton
gradient between the periplasm and the cytoplasm (Thauer et
al. 1977) In mitochondria, complex I couples with ATP
synthesis by a proton pump or ATPase (Abrahams et al.
1994; Blair et al. 1996; Boyer 1993). This is described as
the chemiosmotic hypothesis, but whether this coupling exists
in C. beijerinckii is unclear.

Studies on decreasing hydA activities in order to improve
the reducing power level have been carried out (Cooksley et
al. 2012; Grupe and Gottschalk 1992; Jang et al. 2014;
Liu et al. 2015; Meyer et al. 1986). However, most of them
failed to disrupt hydA or lower cell activity and solvent yield
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Fig. 4 Primary metabolism of
Clostridium beijerinckii NCIMB
8052. The central carbon flux and
cofactor “sources” and “site of
utilization” are briefly described.
Brown and purple arrows
represent ATP and NAD(P)H,
respectively

H+

ATPase

after limited AydA activities. It is controversial in
C. beijerinckii that which Hjase controls H, formation. Gene
Cbei_4110 was once recognized as the ~ydA gene (Zhao et al.
2012) which was proved incorrect in this study. Another gene,
Cbei_3796 was identified by gene blast and functional do-
main analysis, was considered encoding the hydA which di-
rectly catalyzes H, formation in C. beijerinckii. Genetic inac-
tivation of gene Cbei 3796 in C. beijerinckii NCIMB 8052
was performed in our laboratory by using ClosTron technol-
ogy and no mutants were obtained, either (data not shown). In
conclusion, we believe that gene Cbei 3796 encodes the
hydA and it seems to be an essential gene in C. beijerinckii
NCIMB 8052.

Hases share not only sequence similarities but also have
similar evolutionary links involved in electron transfer sub-
units and ion-pumping units (Vignais 2008). Therefore, dis-
tinction of the function of Hyases should not totally rely on
sequence alignment. The nuoG-inactivated strain showed a
remarkable increase in reducing power and solvent yield with
slightly increased H, yield instead of H; releasing decrease. It
has been reported that high NAD(P)H levels accompany high
butanol yield (Meyer and Papoutsakis 1989; Ventura et al.
2013) since a good deal of reducing power is required in
butyry-CoA and butyraldehyde reduction (Fig. 4). In the cur-
rent study, the reducing power in the acidogenic phase was
consistently similar in the two strains investigated. This may
be because the redox potential stays at rock bottom where
exceeding reducing power would turn to H, and be released
by catalyzing of ydA. In addition, the amount of H, generat-
ed in the fermentation of 8052-MU and 8052-WT was 38 and
35 % of the total gas generated in fermentation, respectively
(data not shown). These results indicated that Cbei 4110 is
part of NADH-quinone oxidoreductase rather than sydA.

Acetate and butyrate concentrations in batch fermentation
by 8052-MU strains were remarkably different than that

@ Springer
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observed in the control strain (Fig. 5). Apart from the faster
accumulation rate (discussed later), the acetate/butyrate ratio
in 8052-MU was 0.35:0.85 (mol). The transcriptome data was
consistent with the fermentation results in which acetate for-
mation genes (pta and ack) were downregulated while the
expression level of butyrate formation genes (etf4/B, bdc,
crt, ptb, and buk) were generally upregulated. During the ini-
tial growth phase, glucose catabolizes to pyruvate, which
turns to acetate and butyrate resulting in generation of ATP.
Theoretically, conversion 1 mol of glucose to acetate would
yield 4 mol of ATP and 2 mol NADH whereas only 3 mol of
ATP would be generated if 1 mol of glucose was fermented
completely to butyrate (Jones and Woods 1986). Although
formation of acetate is more efficient in energy supply, usually
the acetate/butyrate ratio is 0.5:0.75 (mol) because of intracel-
lular redox balance (Jones and Woods 1986; Liu et al. 2015).

6
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Fig.5 Acetate and butyrate concentrations of 8052-WT and 8052-MU in
batch fermentation (P2 medium containing 30 g/L glucose). Fermenta-
tions were performed in triplicate
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After inactivation of nuoG, maintaining the redox balance of
8052-MU is now heavily dependent on hydA. Thus, regula-
tion by improving butyrate occupancy seems to be a supple-
mentary role for hydA. Final acid concentrations also showed
an obvious decline in 8052-MU strains compared with the
8052-WT strain. Apparently, adequate reducing power plays
a crucial role in this phenomenon. The acetone concentration
of these two strains was also consistently similar. Although
previous studies showed that acetone production was directly
proportional to butanol formation, recent evidence seems to
indicate that the acetone formation has no direct impact on
butanol yield (Scheel and Lutke-Eversloh 2013; Sillers et al.
2009; Wietzke and Bahl 2012). Instead, it is the supply of
NAD(P)H that directly affects the acetone/butanol ratio and
butanol yield. Carbon flow is directed towards butanol in suf-
ficient NAD(P)H conditions; however, carbon flow goes to-
wards acetone when reducing power is in short supply (Liu et
al. 2013). Conversely, the reassimilation of acetate and buty-
rate is directly coupled to the production of acetone, and
disrupting the acetone formation pathway leads to low butanol
yield (Jiang et al. 2009; Kuit et al. 2012; Lee et al. 2008).

ATP, as the currency of energy, catalyzes various biosyn-
thesis processes. The ATP levels of the mutant strain was
significantly enhanced, which was consistent with the find-
ings of Meyer and Papoutsakis (1989) who carried out
glucose-limited and glucose-sufficient steady-state cultures
and observed a five to eight times difference in ATP levels.
This phenomenon also correlated with the transcriptome anal-
ysis results in the acidogenic phase. However, the improve-
ment contradicts the findings in the solventogenic phases
(Fig. 3). In C. beijerinckii NCIMB 8052, ATP is generated
mainly by substrate phosphorylation in glycolysis (Thauer et
al. 1977). After membrane electron transport chain destruc-
tion, proton levels inside or outside the cell membrane remain
balanced resulting in ATP synthesis being unavailable.
Interestingly, the ATP yield generated by only substrate phos-
phorylation increased instead of being decreased. The fermen-
tation data showed that the mutant strains had faster cell
growth and sugar consumption rates (Fig. 1). This result is
contradictory to other studies that limited hydrogen spillover
in order to improve reduction potential (Grupe and Gottschalk
1992; Liu et al. 2013; Meyer et al. 1986). The transcriptome
sequencing data revealed that sugar transporter and glycolytic
genes were highly expressed in the acid formation period.
Thus, it seemed that 8052-MU supplied more ATP by improv-
ing sugar consumption, yet the mechanism of it is still not
clear.

In this study, we provided a new strategy for maintaining
high levels of reducing power in C. beijerinckii NCIMB 8052.
The nuoG inactive mutant strains demonstrated significantly
enhanced reducing force, glucose utilization, and butanol
yield compared to the wild-type strain. The fermentation re-
sults showed that this strategy does not affect cell growth and

metabolism but actually significantly enhances butanol pro-
duction. In conclusion, this strategy may be extended for mak-
ing industrial bio-butanol more economically attractive.
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