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Genomic, Transcriptional, and Phenotypic Analysis of
the Glucose Derepressed Clostridium beijerinckii
Mutant Exhibiting Acid Crash Phenotype
Seung-Oh Seo, Holger Janssen, Andrew Magis, Yi Wang, Ting Lu, Nathan D. Price,
Yong-Su Jin,* and Hans P. Blaschek*
Clostridium beijerinckii is a predominant solventogenic bacterium that is
used for the ABE fermentation. Various C. beijerinckii mutants are
constructed for desirable phenotypes. The C. beijerinckii mutant BA105
harboring a glucose derepression phenotype was previously isolated and
demonstrated the enhanced amylolytic activity in the presence of glucose.
Despite its potential use, BA105 is not further characterized and utilized.
Therefore, the authors investigate fermentation phenotypes of BA105 in
this study. Under the typical batch fermentation conditions, BA105
consistently exhibits acid crash phenotype resulting in limited glucose
uptake and cell growth. However, when the culture pH is maintained
above 5.5, BA105 exhibits the increased glucose uptake and butanol
production than did the wild-type. To further analyze BA105, the authors
perform genome sequencing and RNA sequencing. Genome analysis
identifies two SNPs unique to BA105, in the upstream region of AbrB
regulator (Cbei_4885) and the ROK family glucokinase (Cbei_4895) which
are involved in catabolite repression and regulation of sugar metabolism.
Transcriptional analysis of BA105 reveals significant differential expression
of the genes associated with the PTS sugar transport system and acid
production. This study improves understanding of the acid crash phenom-
enon and provides the genetic basis underlying the catabolite derepression
phenotype of C. beijericnkii.
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1. Introduction

Clostridium beijerinckii is a spore-forming,
gram-positive, solventogenic bacteriumused
for the fermentative production of solvents
such as acetone, butanol, and ethanol (ABE)
for over 100 years.[1] To increase the solvent
yield or tolerance for cost effective produc-
tion, many C. beijerinckiimutants have been
developed and characterized.[2–6] Long time
ago, several C. beijerinckii mutants were
generated using a mutagen, N-methyl-N0-
nitro-N-nitrosoguanidine (NTG) together
with the toxic glucose analogue, 2-deoxyglu-
cose (2-DG).[3] At that time, the BA105
mutant was isolated to have a catabolite
derepression phenotype demonstrating the
increasedamylolytic activityonglucosewhen
compared to the C. beijerinckii NCIMB 8052
wild-type.[3] However, the BA105mutant has
not been further characterized or used for
butanol production,while theBA101mutant
thatwas developed at the same timehas been
widely studied and known as a hyper-solvent
producing mutant.[3,7–10] The previous study
reported that theenhancedamylolyticactivity
correlated with higher butanol production
in C. beijerinckii.[2,3] Therefore, we revisited
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BA105mutant to test its potential ability to overproduce butanol in
this study.

In batch fermentations without pH control, the glucose
uptake and cell growth of BA105 mutant were severely inhibited
during the early stages of fermentation due to the accumulation
of acids which is known as “acid crash”.[11] To overcome the acid
crash phenotype by alleviating acid toxicity, we performed a pH-
controlled batch fermentation.[12,13] Interestingly, with the pH
control above 5.5, BA105 mutant demonstrated a significant
increase in glucose uptake and higher butanol production when
compared to the wild-type strain. Therefore, we further
characterized and analyzed BA105 mutant using genome
sequencing and RNA sequencing to identify the genetic
variations and correlate them with phenotypic changes. The
identified genetic variations together with the gene expression
analysis in this study may explain the physiological differences
exhibited by BA105 including the catabolite derepression,
increased glucose uptake, acid accumulation, and hyper-butanol
production.
2. Experimental Section

2.1. Bacterial Strains, Growth Conditions, and Fermentation
Experiments

The precultures of the C. beijerinckii NCIMB 8052 wild-type
strain and the C. beijerinckii BA105 mutant were prepared using
the TGY medium (30 g L�1 tryptone, 20 g L�1 glucose, 10 g L�1

yeast extract, and 1 g L�1
L-cysteine) by the previously described

method.[14] The growing cultures were inoculated into the P2 or
P2YE medium containing sugars in BioFlo1 115 benchtop
bioreactors (New Brunswick Scientific Co., Enfield, CT) at a 5%
(v/v) inoculum level.[14] For the P2YE medium, 1 g L�1 yeast
exact was additionally added to the P2 medium. The batch
fermentations with a working volume of 1.5 L were performed at
35 �C in two different modes: 1) without pH control and 2)
with pH control above 5.5 using 2M KOH. Throughout the
fermentation, nitrogen was flushed through the culture to
maintain an anaerobic condition, and agitation was employed
at 55 rpm.
2.2. Analysis of Cell Growth, pH, and Fermentation
Products

Cell growth was measured by optical density (OD) in the
fermentation broth at A600 using a BioMate3 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). The pH profiles of
each fermentation were recorded using the NBS BioCommand1

software (New Brunswick Scientific Co., Enfield, CT). ABE
and butyric acid concentrations were quantified using a gas
chromatography (GC) (Agilent Technologies, Santa Clara, CA)
equipped with a flame ionization detector (FID), while sugar
and acetic acid concentrations were quantified using a high-
performance liquid chromatography (HPLC) (Agilent Technolo-
gies) equipped with a refractive index (RI) detector using a
Rezex ROA-Organic Acid Hþ (8%) column (Phenomenex, Inc.,
Torrance, CA) as previously reported.[15]
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2.3. Genomic DNA Isolation, Library Construction, and
Sequencing

Genomic DNA was isolated from C. beijerinckii mutant BA105
cells in exponential growth phase using the previously described
method with modifications.[16] The shotgun DNAseq libraries
were prepared with TruSeq DNAseq Sample Prep kit (Illumina,
Inc., San Diego, CA). The libraries were quantitated by qPCR
and sequenced on the lane for 100 cycles on aHiSeq2000 using a
TruSeq SBS sequencing kit version 3 and processed with Casava
1.8.2 in the Roy J. Carver Biotechnology Center in University of
Illinois, Urbana-Champaign. The duplicated read and quality
(Phred) filtering were applied to the Illumina paired-end
sequences. For comparative analysis with the wild-type strain,
corrections in reference genome of C. beijerinckii NCIMB 8052
(GenBank accession number NC_009617) were applied based on
the previous study that identified four misannotations in the
reference genome.[17] The alignments of the filtered sequence
were performed with SNAP aligner program (University of
California at Berkeley, AMP Lab). Single nucleotide polymor-
phisms (SNPs) were detected by SAMTools.[18] The genome
rearrangements were identified through paired-end distances
analysis. The identified genomic variations were confirmed by
Sanger Sequencing after amplifying the genomic regions
containing variations.

For increasing confidence in the genome analysis, we
performed genome sequencing of BA105_EM strain and the
wild-type strain once more using the improved Illumina
sequencing technique and method. The shotgun genomic
libraries were quantitated by qPCR and sequenced on a HiSeq
2500 using a HiSeq Rapid SBS sequencing kit version 2 in the
Roy J. Carver Biotechnology Center. The Illumina sequences
were generated and demultiplexed with the bcl2fastq v2.17.1.14
conversion software (Illumina, Inc.). The sequence reads of
low-quality data were trimmed with a quality score limit of 0.05
and the trimmed sequences were assembled by the reference-
guided assembly (map reads to reference) against the published
C. beijerinckii NCIMB 8052 genome sequence in CLC Genomics
Workbench.
2.4. RNA Isolation, Library Construction, and Sequencing

The samples for RNA sequencing were collected from the
duplicated fermentations at the early exponential, late exponen-
tial, and stationary phases (duplicated sampling at 3, 6, 10, 14,
and 24 h for condition without pH control, and at 3, 6, 10, 14, 24,
and 48 h for the condition with pH control, respectively, as
indicated in Figure 1A and B). Total RNA from the collected
samples was extracted using a modified hot phenol protocol
based on the method as previously described.[19] The dried RNA
was dissolved in 20ml of TE buffer. Quality was controlled by
agarose gel electrophoresis, and quantity was measured with a
spectrophotometer (NanoDrop 2000c, Thermo Fisher Scientific,
Waltham, MA). The enriched mRNA was converted to an
RNA-Seq library using the mRNA-Seq library construction kit
(Illumina, Inc.) following manufacturer’s protocols. The
samples were pooled and sequenced on the lane of the flow
cell with the Genome Analyzer IIx system (Illumina, Inc.) in the
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)

http://www.advancedsciencenews.com
http://www.biotechnology-journal.com


Figure 1. Batch fermentation profiles of the C. beijerinckii 8052 wild-type and C. beijerinckii mutant BA105 in P2 medium containing 60 g L�1 glucose
without pH control A) and with pH control above 5.5 B). The arrows indicate the sampling points for RNA sequencing. C. beijerinckii 8052 wild-type is
represented by filled circles symbols (solid line for pH profile) and C. beijerinckii BA105 by filled squares (dashed line for pH profile). The data is from one
representative culture of duplicate experiments for each strain.
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Roy J. Carver Biotechnology Center. Hierarchically clustered
gene expression profiles were generated colorimetrically using
the heatmap plots including the expression ratios that were given
as logarithms to the basis of 2. C. beijerinckii mutant BA105
genes showed a significant upregulation or repression compared
to the C. beijerinckii 8052 wild-type if the expression ratio was
�3.0 (logarithmic value to the basis of two �1.6; red) or �0.33
(logarithmic value to the basis of two��1.6; green), respectively.
3. Results

3.1. Characterization of Fermentation Phenotype of the
Glucose Derepressed C. beijerinckii Mutant BA105

To evaluate the phenotypical difference of BA105 compared to
the wild-type C. beijerinckii NCIMB 8052, we first performed
Biotechnol. J. 2017, 12, 1700182 1700182 (3
batch fermentations in the P2 minimal medium containing
60 g L�1 glucose without pH control. Contrary to our
expectation, BA105 produced only 0.3 g L�1 butanol from
7.5 g L�1 glucose, which is reflective of a typical acid crash
phenotype[11] (Figure 1A). Glucose uptake and cell growth of
BA105 were severely inhibited during the early stage of the
fermentation due to acid accumulation. The accumulated
acetate and butyrate were not reassimilated during the late
stage of the fermentation, indicating a failure of solvento-
genesis. Under the same conditions, the wild-type strain
demonstrated normal cell growth and acid reassimilation, and
was able to accumulate 10.9 g L�1 butanol that is similar to the
previously reported levels.[14,15] To check whether it is
pleiotropic phenotype which may be resulted from improper
handling or variations, we repeated batch fermentations of
BA105 mutant with special attention to the variable factors
such as anaerobiosis, medium components, and the age of
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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inoculum. Under different conditions and runs, BA105
mutant consistently exhibited the limited cell growth and
glucose consumption with small standard deviations
(7.5� 0.7 g L�1 glucose uptake in the P2 medium and
9.2� 1.1 g L�1 glucose uptake in the P2YE medium containing
60 g L�1 glucose) (Table S1, Supporting Information). Under
the same fermentation conditions, the wild-type strain
showed the normal cell growth and glucose consumption
(41.1� 0.4 g L�1 glucose uptake in the P2 medium and
45.4� 0.7 g L�1 glucose uptake in the P2YE medium). The
batch fermentations using the bottle in an anaerobic chamber
also showed the similar phenotypic difference between BA105
(8.47� 0.35 g L�1 glucose uptake in the P2YE medium in 72 h)
and the wild-type strain (29.0� 0.73 g L�1 glucose uptake in
the P2YE medium in 72 h) (data not shown). The results
indicated that the BA105 mutant has the clear phenotypic
difference including the limited cell growth and glucose
uptake due to the acid accumulation (also called the acid
crash phenotype).

The acid toxicity causing the acid crash phenotype can be
relieved by increasing the culture pH, thereby resulting in
decreasing the concentration of undissociated acids that are
toxic to the cell.[12,20,21] Therefore, we further investigated the
fermentation phenotype of BA105 mutant in pH-controlled
batch fermentations. With a pH control above 5.5 in the P2
medium, glucose consumption of BA105 significantly in-
creased by 54.5 g L�1, which is higher than the wild-type strain
(36.4 g L�1). As a result, BA105 was able to produce 12.7 g L�1

of butanol, which is a 47% improvement when compared to
the wild-type strain (Figure 1B). The acid concentrations in
BA105 culture were higher than wild-type strain throughout
Table 1. All single nucleotide polymorphisms (SNPs) and genome arran
C. beijerinckii NCIMB 8052.

Genome
position Gene Description

935449 cbei_0769 Extracellular solute-binding protei

1099983 cbei_0917 Hypothetical protein

2149286 cbei_1854 Peptidase S8/S53 subtilisin kexin sed

2234607 cbei_1935 PucR transcriptional regulator

2295776 cbei_1975 Adenine deaminase

2611044 89 bp upstr. cbei_2247 Hypothetical protein

2633740 cbei_2272 Prophage antirepressor

4009414 cbei_3463 Type 12 methyltransferase

5075403 cbei_4400 Serine/threonine protein phosphatas

protein

5556196 cbei_4761 Cell wall binding repeat-containing pr

5720653 27 bp upstr. cbei_4885 AbrB family transcriptional regulat

5731074 cbei_4895 ROK family glucokinase

5769732 441bp upstr. cbei_R0121 16s ribosomal RNA

5789222 16 bp upstr. cbei_4920 TetR transcriptional regulator

2073338 25 bp upstr. cbei_1789 Deacetylase

5339631 24 bp upstr. cbei_4612 Coat F domain-containing protein

Biotechnol. J. 2017, 12, 1700182 1700182 (4
the fermentation. These considerable phenotypic differences
of BA105 strain were also observed in batch fermentation
using the P2YE complex medium (Table S1, Supporting
Information). BA105 mutant accumulated more butanol than
did wild-type strain up to 13.7 g L�1 by consuming 55.7 g L�1

glucose in the presence of the pH control. The results
suggested two considerable and reproducible phenotypic
differences between BA105 mutant and wild-type strain,
namely: 1) BA105 exhibits an acid crash phenotype in the
absence of the pH control and 2) once the cell growth is
maintained by a pH control, BA105 consumes more glucose
and accumulates higher amounts of acid and butanol than
does the wild-type strain.
3.2. Comparative Genome Analysis of the C. beijerinckii
BA105 Mutant to Identify Genomic Variations

To identify the genomic variations involved in the phenotypic
differences of BA105 mutant, we performed genome
sequencing and comparative genome analysis with the wild-
type C. beijerinckii NCIMB 8052 strain. Fourteen single
nucleotide polymorphisms (SNPs), one small deletion, and
two large insertions were initially identified in BA105 strain. The
identified mutations were confirmed to be positive by Sanger
sequencing of the genomic regions. The confirmed SNPs and
the corresponding amino acid changes in the open reading
frame (ORF) found in BA105 strain are listed in Table 1. Further
analysis narrowed down the responsible mutations involved in
the phenotypes of BA105 by comparing the SNPs with the
sibling strain C. beijerinckii SA-1 that was developed in our
gements detected in C. beijerinckii BA105 compared to the wild-type

Nucleotide
change Amino acid change Shared by other siblings

n C to T CAA (Gln) to UAA (Stop) SA-1, BA105_EM

TAAATA to T Frameshift SA-1, BA105_EM

olisin T to C GUU (Val) to GCU (Ala) SA-1, BA105_EM

C to A CAU (His) to AAU (Asn) SA-1, BA105_EM

G to T GCU (Ala) to UCU (Ser) SA-1, BA105_EM

C to T - SA-1, BA105_EM

G to T GCU (Ala) to UCU (Ser) -

G to T GCA (Ala) to UCA (Ser) -

e-like G to T CGG (Arg) to CUG (Leu) SA-1, BA105_EM

otein T to C GUU (Val) to GCU (Ala) SA-1, BA105_EM

or G to T - BA105_EM

T to G GUA (Val) to GGA (Gly) BA105_EM

T to C - SA-1, BA105_EM

C to T - -

Large insertion - SA-1, BA105_EM

Large insertion - -
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laboratory around the same time.[2] The SA-1 strain is a butanol-
tolerant mutant developed by a serial enrichment with increased
butanol in the medium. The genome sequencing of SA-1mutant
was previously performed to identify the genomic variations
responsible for the increased butanol tolerance phenotype.[17]

Interestingly, BA105 mutant contained all the nine SNPs and
one insertion between Cbei_1788 and Cbei_1789 that was the
additional copy of the sequence ISCb1 from the IS4 family
found in SA-1 mutant (Table 1).[17,22] One additional insertion
containing the copy of ISCb1 between Cbei_4611 and Cbei_4612
was found in BA105 genome. The results suggest that BA105
may be an offspring of theC. beijerinckii SA-1 strain, not the wild-
type 8052 strain, which is inconsistent with the previous
report.[3] The mutations shared by both C. beijerinckii BA105
and SA-1 strains may be involved in the increased butanol
production.[17] However, the shared mutations may not be
responsible for the acid crash phenotype of BA105 as the SA-1
strain did not show the acid crash phenotype under the
typical fermentation conditions unlike what was observed in
BA105.[2,17] Thus, the other five SNPs in the genes including
Cbei_2272, Cbei_3463, 27 bp upstream of Cbei_4885, Cbei_4895
and 16 bp upstream of Cbei_4920 that were specific to BA105
mutant are more likely to be important mutations responsible
for the observed phenotype of BA105.
3.3. Genome Resequencing of BA105 Mutant to Filter Out
Spontaneous Mutations

To sort out spontaneous mutations that were possibly generated
during the propagation of BA105 in the laboratory, we compared
the genomic sequence of BA105 with that of another backup
stock of BA105 strain (BA105_EM) that was maintained
separately. Genome re-sequencing of the BA105_EM strain
revealed that three SNPs (Cbei_2272, Cbei_3463, and 16 bp
upstream of Cbei_4920) found in BA105 were not present in
BA105_EM. This result suggests that three SNPs are more likely
spontaneous mutations and the other two SNPs (27 bp upstream
of Cbei_4885, and Cbei_4895) may be responsible mutations. To
increase confidence of the genome analysis, we once again
performed genome sequencing of BA105_EM strain using
advanced Illumina sequencing technique and upgraded
methods (see Section 2). Second genome sequencing and
analysis detected the exactly same SNPs that were identified and
Figure 2. Promoter region of abrB gene with different binding motifs: Pe
underlined). The asterisk indicates the nucleotide change of G to T within
translation of abrB gene. The putative �35 and �10 promoter regions are h
italics. Binding motifs were predicted based on that of Bacillus subtilis.
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confirmed by the initial genome sequencing and Sanger
sequencing (Table 1). This result indicated that the detected
SNPs with technical duplicates are true mutations. With high
confidence, two SNPs (27 bp upstream of Cbei_4885, and
Cbei_4895) still detected in both BA105 and BA105_EM strains
but not present in other offsprings may be responsible for the
phenotypic difference exhibited by BA105. Therefore, we
focused our efforts on these two SNPs to find out possible
mechanisms involved in the phenotypic changes in BA105.

First, Cbei_4885 encodes an AbrB family transcriptional
regulator. In the related species, Bacillus subtilis, AbrB is known
as an important transition-state regulator involved in the
control of sporulation initiation by interacting with a master
regulator Spo0A.[23] The AbrB regulator prevents the premature
onset of sporulation by repressing the expression of several
sporulation-associated genes.[24–26] As the cells enter the
transition phase, phosphorylated Spo0A binds to the 0A box
motif in the abrB promoter causing repression of abrB
expression, thus initiating the sporulation.[27] The SNP (G to
T) in the 27 bp upstream of Cbei_4885 found in BA105 was
located in the 0A box motif that may disrupt the Spo0A binding
to the abrB promoter region (Figure 2). The AbrB family
regulator is also known to modulate catabolite repression by
elevating the expression of enzymes that are required for the
cell growth in the medium containing slowly metabolized
carbon sources.[28]

Second, Cbei_4895, encoding a ROK (Repressor, ORF, Kinase)
familyputativeglucokinase,has theSNPwithin theORFresulting
inanaminoacid substitution fromvaline toglycineatposition303
(V303G). The glucokinase is an ATP-dependent kinase that
is associated with sugar metabolism by phosphorylating
intracellular glucose to glucose-6-phosphate (G6P), the entry
metabolite of glycolysis. The toxic glucose analog, 2-deoxy-D-
glucose (2-DG) that was used for the development of the mutant
BA105 is also a substrate of glucokinase.[29] Beside the kinase
activity, ROK family glucokinase contributes glucose repression
of many different genes.[30,31]
3.4. Transcriptional Analysis to Elucidate the Possible Roles
of the Genetic Mutations in BA105

To correlate the genetic mutants with the phenotypes of BA105,
transcriptional analysis of both wild-type and BA105 was
rR (wavelike underlined), SigA (dashed underlined), and Spo0A (solid
the Spo0A binding site of C. bejerinckii BA105. The arrow shows start of
ighlighted in lower case and a putative ribosome binding site is shown in
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Figure 3. Hierarchical clustered gene expression profiles of all genes with a detected SNP between C. beijerinckii 8052 wild-type and C. beijerinckii BA105
grown without pH control A) and with pH control above 5.5 B). Expression ratios are given as logarithms to the basis of 2. Genes of C. beijerinckii BA105
showed a significant upregulation or repression compared to C. beijerinckii 8052 wild-type if the expression ratio was�3.0 (logarithmic value to the basis
of two �1.6; red) or �0.33 (logarithmic value to the basis of two ��1.6; green), respectively. The samples for RNA sequencing were collected from the
duplicated fermentations.
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performed using RNA sequencing in batch fermentations under
two different culture conditions, with or without the pH control
(Figure 1A and B). Gene expression data were analyzed for all the
genes containing the SNPs in BA105 compared to the wild-type
(Figure 3). Although BA105 strain demonstrated marginal cell
growth and metabolism due to the acid crash phenotype in the
absence of pH control, several genes including Cbei_4885,
Cbei_0917, Cbei_4761, and Cbei_4920 were highly expressed
from the early phase of the growth. In the presence of the pH
control supporting normal cell growth of BA105, Cbei_0917,
Cbei_4400, and Cbei_4885 were highly up-regulated during
fermentation. Among them, the two genes, Cbei_4885 and
Cbei_4920, contained the SNPs in the promoter region that may
provide the direct effect on the increased expression levels.

For the two unique SNPs in BA105 identified by genome
analysis, Cbei_4885 (AbrB regulator) was highly expressed in
BA105 under both culture conditions (Figure 3A and B). Another
gene containing the SNP,Cbei_4895 (glucokinase), did not showa
significant change in the expression levels under both conditions.

Regarding the increased expression of AbrB regulator in
BA105, we further analyzed the expression of genes related to
Biotechnol. J. 2017, 12, 1700182 1700182 (6
acidogenesis and solventogenesis metabolisms that are regu-
lated by AbrB.[32,33] For acidogenesis, genes including Cbei_1164
(phosphotransacetylase, pta), Cbei_1165 (acetate kinase, ack),
Cbei_0203 (phosphate butyryltransferase, ptb), Cbei_0204
(butyrate kinase, buk) were highly up-regulated throughout
the fermentations under both culture conditions (Figure 4A and
B). The other two genes annotated as butyrate kinase, Cbei_4006
and Cbei_4609, were down-regulated under both conditions,
except that Cbei_4006 was transiently up-regulated at the early
phase of growth without pH control. The raw gene expression
data of Cbei_1165 (ack) and Cbei_0204 (buk) suggested that
expression of the genes in BA105 were maintained at higher
levels during fermentation when compared to the wild-type
under both culture conditions although the gene expression
level in both strains continuously decreased over time
(Figure 4C and D). These observations are consistent with
the fermentation results that BA105 accumulated more acids
than did wild-type strain. Also, BA105 maintained higher
expression of acid-producing genes in the solventogenic phase
(10–48 h) with pH control. The genes associated with solvento-
genesis were also analyzed, but overall the genes were
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Figure 4. Hierarchical clustered gene expression profiles of genes related
to acid production. Gene expression compared between C. beijerinckii
8052 wild-type and C. beijerinckii BA105 grown without pH control A) and
with pH control above 5.5 B). C) Raw expression values (FPKM) of acid
related genes cbei_1165 (acetate kinase) (circle) and cbei_0204 (butyrate
kinase) (triangle) of C. beijerinckii cultures grown without pH control.
D) Raw expression values (FPKM) of acid-related genes cbei_1165
(acetate kinase) (circle) and cbei_0204 (butyrate kinase) (triangle) of
C. beijerinckii cultures grown with pH control. C. beijerinckii 8052 wild-type
is represented by filled symbols and C. beijerinckii BA105 by open symbols.
The samples for RNA sequencing were collected from the duplicated
fermentations.
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down-regulated in BA105, except that a few alcohol/aldehyde
dehydrogenase genes briefly demonstrated higher expression
(Figure S1, Supporting Information). The sol operon
(Cbei_3832-3835) in BA105 also demonstrated lower transcrip-
tion levels than the wild-type strain under both culture
conditions. These results suggest that the increased solvent
Biotechnol. J. 2017, 12, 1700182 1700182 (7
production by BA105 strain may not have resulted from up-
regulation of solventogenesis.
3.5. Analysis of Expression Level of the Genes Associated
with the PTS System in BA105

Considering that acids are primary products from sugar uptake
in the acidogenic phase, increased acid production in BA105
may also have resulted from increased glucose uptake.
Moreover, a previous study revealed that glucokinase was
involved in the non-PTS glucose transport system and
interacted with the PTS system that is the major sugar uptake
system in C. beijerinckii.[34] Therefore, we investigated the
expression level of the genes associated with the PTS system in
BA105 (Figure 5). Interestingly, one of the PTS operons,
Cbei_0711-0713 in BA105 showed significantly higher expres-
sion when compared to the wild-type during the fermentations
carried out under both described conditions. The raw
expression value of one gene (Cbei_0711) in the PTS operon
confirmed that gene expression was dramatically increased in
BA105: 13-fold higher than in wild-type at the onset of
solventogenesis with pH control (Figure 5C). Another PTS
operon, Cbei_4557-4560 was also up-regulated until 14 h of the
pH-controlled fermentation and down-regulated after that.
However, other genes associated with the PTS system were
repressed or did not show a significant change in expression
levels in BA105. The highly expressed PTS operons in BA105
are annotated as the mannose/fructose/sorbose family trans-
porter (Man-PTS) that can transport and metabolize glucose,
mannose, fructose, and sorbose.[35]
3.6. Batch Fermentations Using Various Sugars to Validate
the Up-Regulation of Man-PTS Operon Confirmed by RNA
Sequencing

To validate the alteration of the PTS expression in BA105, batch
fermentations of both wild-type and BA105 were carried out
using various sugars including fructose, mannose, xylose, and
arabinose (Table 2). The growth of BA105 was maintained by pH
control above 5.5 to investigate sugar uptake, acid accumulation,
and solvent production during the fermentation. The BA105
consistently consumed more sugars and accumulated more
acids than did the wild-type, but butanol production by BA105
varied with different sugars. In the mannose-containing
fermentations, BA105 showed significantly higher butanol
production (14.7 g L�1) compared to the wild-type (4 g L�1). In
the fermentation of fructose, BA105 consumed fructose faster
than wild-type but did not produce a higher amount of butanol.
In arabinose fermentation, BA105 produced a similar amount of
butanol (6 g L�1) when compared to wild-type. However, in
xylose medium, BA105 produced only 1.6 g L�1 butanol, while
wild-type produced 5.5 g L�1 butanol although both strains
consumed the similar amounts of xylose. These results indicate
that sugar transport system as well as downstream metabolism
were significantly altered in BA105 as the transcriptional
analysis suggested.
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Figure 5. Hierarchical clustered gene expression profiles of selected PTS genes
(mannose-fructose-sorbose family) between C. beijerinckii 8052 wild-type and
C. beijerinckii BA105 grown without pH control A) and with pH control above 5.5
B). C) Raw expression values in FPKM of PTS gene cbei_0711. C. beijerinckii 8052 wild-
type is represented by filled symbols and C. beijerinckii BA105 by open symbols. RNA
levels detected in cultures growing without pH control (triangles) and cultures with pH
control (circles). The samples for RNA sequencing were collected from the duplicated
fermentations.
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4. Discussion

The C. beijerinckii BA105 mutant was simultaneously
constructed with the BA101mutant that is well known
as the hyper-solvent producing strain. BA101 was
isolated for increased amylolytic activity, while BA105
was isolated for catabolite derepression phenotype on
glucose.[3] Considering that BA105 demonstrated
twice as much amylolytic activity than BA101 in the
presence of glucose, we hypothesized that BA105 may
exhibit increased solvent production like BA101.
Moreover, glucose derepression phenotype of BA105
may be useful when mixed sugar-containing sub-
strates such as lignocellulosic hydrolysates are utilized
for the ABE fermentation. During investigation of
fermentation phenotype, BA105 exhibited the acid
crash phenotype under typical fermentation condi-
tions. However, once the cell growth was maintained,
BA105 exhibited considerable phenotypic differences
including higher glucose uptake and acid accumula-
tion when compared to wild-type strain. The possible
reason may be because the fast and efficient glucose
consumption caused by genetic mutations in BA105
resulted in the overproduction of acids which are toxic
to the cell in the absence of the pH control.[13] If the
acid toxicity is relieved by pH control, the fast glucose
uptake and increased flux of acids can be beneficial for
production of solvents that are converted from the
acids. Consequently, BA105 accumulated a higher
amount of butanol than the wild-type strain. The acid
crash phenotype has been considered as a problem for
solvent production in the industry,[11,13] but our results
suggested that the acid crash phenomenon can be
utilized for increasing solvent production from the
ABE fermentation.

The acid crash phenomenon occasionally occurs in
batch fermentations by solventogenic clostridia
without pH control for physiological or regulatory
reasons causing a fast growth rate with a high
metabolic rate.[11,13] The delay in the switch from
acidogenesis to solventogenesis is also involved in the
acid crash phenotype even under the typical fermen-
tation conditions.[13,14] Genome sequence and tran-
scriptional analysis in this study suggested BA105
showed the acid crash phenotype due to the fast
growth rate and delay in the metabolic switch. The
identified SNP in the promoter of the abrB gene
(Cbei_4885) may cause the overexpression of AbrB
regulator by disrupting the 0A box motif for the
Spo0A-associated repression, resulting in the delayed
sporulation and solventogenesis.[10,36] A similar result
was observed in the previous study that adc and ptb
gene expression controlled by Spo0A binding in
C. beijerinckii was disrupted in the absence of the 0A
box motifs.[37] Also, the phenotype of BA105 is similar
to that of either the spo0A disruption mutant of
C. beijerinckii[14,37] or disruption of the abrB homo-
logue expression in C. acetobutylicum.[32] Even if we
confirmed the overexpression of the AbrB in BA105 by
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Mean values (n� 2) of major parameters of pH 5.5 controlled fermentation experiments of C. beijerinckii 8052 wild-type strain and C.
beijerinckii BA105 mutant strain growing in minimal medium (P2) on different carbon sources.

Fructose Mannose Xylose Arabinose

Final parameters [�SD] C. bei. 8052 C. bei. BA105 C. bei. 8052 C. bei. BA105 C. bei. 8052 C. bei. BA105 C. bei. 8052 C. bei. BA105

Acetatea) [g L�1] 1.1 (�0.16) 5.2 (�0.2) 0.8 (�0.01) 1.8 (�0.12) 1.1 (�0.03) 3.6 (�0.01) 0.9 (�0.03) 2.7 (�0.09)

Butyrate [g L�1] 1.4 (�0.14) 3.0 (�0.03) 1.7 (�0.15) 0.2 (�0.03) 1.5 (�0.09) 3.6 (�0.03) 1.2 (�0.12) 5.0 (�0.08)

Ethanol [g L�1] 0.3 (�0.02) 0.3 (�0.02) 0.0 (�0.00) 0.4 (�0.01) 0.3 (�0.07) 0.3 (�0.02) 0.0 (�0.00) 0.0 (�0.0)

Acetone [g L�1] 1.7 (�0.08) 1.2 (�0.1) 0.8 (�0.06) 4.9 (�0.18) 1.6 (�0.08) 0.5 (�0.05) 1.8 (�0.08) 0.7 (�0.01)

Butanol [g L�1] 6.2 (�0.08) 5.6 (�0.6) 4.0 (�0.23) 14.7 (�0.52) 5.5 (�0.04) 1.6 (�0.14) 6.2 (�0.23) 6.0 (�0.39)

pH 5.62 (�0.05) 5.5 (�0.0) 5.5 (�0.00) 5.64 (�0.06) 5.78 (�0.07) 5.5 (�0.00) 5.6 (�0.02) 5.5 (�0.00)

Carbon consumed [g L�1] 29.2 (�0.6) 49.6 (�3.3) 21.6 (�0.5) 61.8 (�2.8) 31.1 (�0.8) 34.2 (�2.3) 27.8 (�0.3) 46.7 (�1.2)

Acetone:butanol ratio 1:3.6 1:4.7 1:5 1:3 1:3.4 1:3.2 1:3.4 1:8.6

ABE yield [g/g sugar] 0.28 0.14 0.22 0.32 0.24 0.07 0.29 0.14

a) The initial acetate concentration of the media is 1.7 g L�1.
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RNA sequencing, further investigations still require testing
whether the up-regulation of the AbrB in BA105 is caused by the
point mutation that we identified by genome sequencing. For
this purpose, the CRISPR/Cas9-based single nucleotide substi-
tution can be employed.[38–40]

A total of six AbrB homologues were previously identified
found in C. beijerinckii based on the homology by genome
annotation tool.[15,41] Three of them (Cbei_2219, Cbei_2270, and
Cbei_3199) showed no transcription, while Cbei_0088,
Cbei_3375, and Cbei_4885 demonstrated the expression in the
C. beijerinckii wild-type according to the previous RNA
sequencing data.[15] Among them, the Cbei_4885 in which the
point mutation was found in this study has 88.9% homology
with the true transitional-state AbrB regulator of C. acetobuty-
licum (CAC0310).[42] The AbrB homologues showing the
expression levels in the previous study were chosen and
investigated for BA105 when compared to wild-type
(Figure S2, Supporting Information). We found an antagonistic
relationship between Cbei_0088 and Cbei_4885, exhibiting up-
regulation of Cbei_4885 followed by down-regulation of
Cbei_0088 under both culture conditions. The expression level
of Cbei_0088 in wild-type demonstrated transient elevation at
the onset of solventogenesis, but the expression of Cbei_0088 in
BA105 did not increase greatly due to higher expression level of
Cbei_4885 (Figure S2C and D, Supporting Information).
Therefore, two AbrB regulators, Cbei_0088 and Cbei_4885,
may interact with each other with different mechanisms to
regulate the sporulation and solventogenesis events that were
altered in BA105. Because of the alteration of AbrB regulation in
BA105, both acetate and butyrate accumulated approximately
twice higher than that of wild-type. Moreover, the AbrB family
regulator is known to regulate catabolite repression by elevating
the expression of enzymes required for cell growth in the
medium containing slowly metabolized carbon sources.[28]

Therefore, the increased AbrB expression in BA105 may explain
the catabolite derepression phenotype of BA105 when grown on
starch medium in the presence of glucose.[3]

The identified SNP in the glucokinase gene (Cbei_4895) may
also be responsible for the catabolite derepression phenotype
Biotechnol. J. 2017, 12, 1700182 1700182 (9
of BA105. Many microorganisms isolated for the resistance to
2-DG are generally defective in glucose repression, and that was
correlated with decreased ATP-dependent glucose kinase
(hexokinase) activity.[43–47] As BA105 was also generated by
the 2-DG, the SNP in the glucokinase gene may confer the
glucose derepression phenotype to BA105. Also, the glucokinase
is involved in an alternative glucose transport system as well as
regulation of sugar metabolism in C. beijerinckii.[34,48] Transcrip-
tional analysis of the PTS system in BA105 suggested that some
of the mannose family PTS transporters were highly overex-
pressed throughout the fermentations, while other PTS systems
were generally repressed. Even though the Man-PTS operon
(Cbei_0711-0713) in C. beijerinckii wild-type was known to be
highly up-regulated after the onset of solventogenesis,[15] BA105
demonstrated significantly higher expression in the acidogenic
phase as well as in the solventogenic phase when compared to
the wild-type. The alteration of the PTS system in BA105 might
have resulted in the significant changes in sugar uptake and
metabolite profiles during batch fermentations. In particular, on
mannose, BA105 demonstrated significant amounts of solvent
production over 20 g L�1, that is similar to BA101 mutant well
known for hyper-butanol producing strain.[7]

Although glucokinase could be responsible for the phenotypic
change of BA105, it is still unclear whether the mutation in the
glucokinase gene of BA105 affected its regulatory function or the
enzyme activity. A further study focusing on sugar transport
needs to be performed to confirm the effect of the glucokinase
mutation on sugar utilization in C. beijerinckii.[34,48]

In conclusion, the interplay of influences from themutations in
theAbrBand the glucokinasemay induce the acid crashphenotype
of BA105 in the typical batch fermentation. Although the
speculations regarding possible mechanisms in BA105 still
require further investigations, discovered mutations in BA105
may be useful for understanding the acid crash phenomenon of
solventogenic clostridia as well as the genetic basis underlying the
catabolite derepression phenotype. The glucose derepressed and
acidcrashmutantBA105harboringpotential ability tooverproduce
solvents can be a good candidate for solvent production. The
genomic, transcriptional and fermentation data in this study can
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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also be utilized for rational engineering of other solventogenic
clostridia toward desirable phenotypes such as catabolite derepres-
sion, increased sugar uptake, and high solvent production.
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