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Elimination of Carbon Catabolite
Repression in Bacillus subtilis
for the Improvement of 2,3-Butanediol
Production

Weixi Liu, Jing Fu, Zhiwen Wang and Tao Chen

Abstract 2,3-butanediol is a vital platform compound, extensively used as liquid
fuel and chemical raw material. In this study, Bacillus subtilis was engineered to
utilize glucose and xylose for 2,3-butanediol production. Initially, the gene araE
from B. subtilis, encoding the xylose transport protein AraE, was overexpressed
under the control of the constitutive Pspac promoter. Subsequently, the xylose
isomerase and xylulose kinase from Escherichia coli, encoded by the genes of xylA
and xylB respectively, were introduced into B. subtilis genome. In mineral med-
ium, the engineered strain BSUL02 is able to utilize D-glucose and D-xylose
simultaneously to produce 2,3-butanediol. Under the fermentation conditions
tested in this work, the recombinant strain BSUL02 could produce 3.1 g/L 2,3-
butanediol from 10 g/L D-glucose and 5 g/L D-xylose, which sheds new light on a
metabolic engineering strategy for commercial exploitation of lignocellulose to
produce important building-block chemicals.
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33.1 Introduction

2,3-butanediol (BDO), also known as 2,3-butylene glycol, or dimethylethylene
glycol [1], is an important platform chemical, which can be utilized to synthesize a
series of vital products. For example, BDO can be used to produce 3-hydroxy-2-
butanone, also named as acetoin, by dehydrogenation reaction catalyzed by
alcohol dehydrogenase. Acetoin is a flavoring substance with pleasant smell,
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which makes it a perfect candidate in food and beverage industry [2]. Methyl ethyl
ketone is a product of the dehydration reaction, a major aviation fuel additive.
Besides, BDO can also be converted to the strategic compound, 1,3-butadiene,
which is a vital building block in synthetic rubber industry.

Conventionally, BDO can be synthesized from petroleum chemically. How-
ever, with the fluctuating price, depleting resources and environmental pollution
problems, it necessitates the development of a sustainable, industrial, and envi-
ronmentally benign chemical processes that would be able to shift our dependence
on petroleum to the use of renewable resources. Biorefineries enable production of
biofuels as well as building-block chemicals from biomass. BDO is a product of
fermentative metabolism in many prokaryotic and eukaryotic microorganisms,
such as Bacillus spp [3].

Bacillus subtilis, a rod-shaped and gram-positive bacterium, is a well-charac-
terized organism and has served as a model for studies in biochemistry, genetics,
and molecular biology [4]. Furthermore, with the improvement of genetic and
molecular technology, B. subtilis could be transformed into platform strain for the
modifiable chemicals production. It is naturally found in soil and vegetation [5]
with a generally-recognized-as-safe (GRAS) status. Its nonpathogenic status,
coupled with perfect secretion systems, makes B. subtilis one important com-
mercial enzymes. Hitherto, many researchers have made B. subtilis as host
organism to produce 1-butanediol [6], ethanol [5], lactate [7], and riboflavin, but
few research groups have paid attention to take advantage of this bacterium to
produce BDO.

Bacteria often sequentially utilize coexisting carbohydrates in environment,
which is named as carbon catabolite repression (CCR). As glucose can make the
fastest growth and is the priority selection of most microorganisms, CCR is also
known as glucose effect. Without exception, this phenomenon exists in B. subtilis as
well and the CCR mechanism limits its application for fermenting biomass sugar
hydrolyzates. For example, the utilization of xylose-containing hydrolyzates from
lignocellulose as a raw material for a fermentation process imposes many demands
on B. subtilis, to which simultaneous utilization of glucose and xylose is desirable.
However, preferential sugar utilization, as well as the transcriptional exclusion of
less preferred sugars, turns out to be one of the major barriers in making the best use
of sugar hydrolyzates to produce biochemicals. Elimination of CCR in microbial
cell factories would mean an increase in the total sugar uptake by favoring pentose
assimilation in addition to glucose [8]. Despite the reports about catabolite dere-
pression in recombinant or mutant strains of E. coli, Klebsiella oxytoca [9], and
Clostridium acetobutylicum [10], there are few tries in B. subtilis for catabolite
derepression.

In this study, we constructed an engineered B. subtilis strain, in which CCR is
eliminated by expression of heterologous xylose isomerase and xylulose kinase
from E. coli, encoded by the genes of xylA and xylB respectively. Employing
glucose and xylose as substrate, the engineered B. subtilis was able to utilize both
of them simultaneously. Under the evaluated conditions in this work, the engi-
neered strain BSUL02 could utilize glucose and xylose synchronously while the
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main metabolites is BDO, which will shed new light on a metabolic engineering
strategy to achieve efficient production of bio-based building blocks by sugar
mixtures derived from the lignocellulosic biomass.

33.2 Materials and Methods

33.2.1 Bacterial Strains, Plasmids, and Genetic
Manipulation

The strains and plasmids used in this study are listed in Table 33.1. E. coli Top10
was used for plasmids construction. All Bacillus strains used in this study were
derived from B. subtilis 168Dupp, which was used as the wild type. DNA
manipulations were carried out using standard techniques [11]. The transformation
of E. coli and B. subtilis were performed by heat shock [11] and the competent cell
method [12], respectively. Primers used for plasmid construction are listed in
Table 33.2. Unless otherwise specified, for the adapted plasmid-bearing strain,
antibiotics were added appropriately (kanamycin 5 lg/mL, ampicillin 100 lg/mL,
and chloramphenicol 5 lg/mL).

Table 33.1 Strains and plasmids used in this study

Name Relevant genotype Source or
reference

E. coli Top10 F-, mcrAD(mrr-hsd RMS-mcrBC), u80, lacZDM15, 4lacX74,
recA1, araD139D(ara-leu)7697, galU, galK, rps, (Strr) endA1,
nupG

Laboratory
stock

B. subtilis
1684upp

Wild type, 4upp:: Kan Laboratory
stock

E. coli
MG1655

F-, lambda-, ilvG-, rfb-50, rph-1 Laboratory
stock

BSUL01 4amyE:: (Pspac-araE), 4upp:: Kan, Cmr, Kanr This study
BSUL02 4amyE:: (Pspac-xylAB-araE), 4upp:: Kan, Cmr, Kanr This study
pMUTIN4 Ampr, Emr BGSC
pDG364 B. subtilis integration plasmid; Ampr, Cmr; BGSC
pDG364-PA Ampr, Cmr; This study
pDG364-

PXA
Ampr, Cmr; This study

pHP13 Cmr, Emr; BGSC
pHP13-PA Cmr, Emr; Pspac-araE This study
pHP13-PXA Cmr, Emr; Pspac-xylAB-araE This study

BGSC Bacillus Genetic Stock Center (http://www.bgsc.org/)
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33.2.2 Bacterial Strains, Plasmids, and Genetic
Manipulation

To engineer constitutive xylose metabolic pathway in B. subtilis, plasmids listed in
Table 33.1 were constructed. First of all, the araE gene encoding xylose trans-
portation protein was cloned from B. subtilis with primes araE-F and L2-araE-B.
The PCR product of araE was cloned into pMUTIN4 to obtain pMUTIN4-araE
via EcoRI/BamHI restriction sites. Then, pHP13-PA was constructed by ampli-
fying the Pspac promoter as well as the araE coding sequence from the plasmid
pMUTIN4-araE with primers of Pspac-F and Pspac-B, digesting the PCR product
with PstI and MfeI, and ligating into pHP13 cut with PstI and EcoRI. Similarly,
plasmid pHP13-PXA was constructed by amplifying xylAB of E. coli MG1655
from its genomic DNA with L1-xylAB-F and L1-xylAB-B, digesting the PCR
product with EcoRI, and ligating into pHP13-PA in the right direction cut with the
same enzymes.

The integration vector pDG364 was used to construct the following plasmids,
pDG364-PA and pDG364-PXA. The Pspac promoter region and open reading
frames of araE and xylAB, Pspac-araE and Pspac-xylAB-araE, were cloned from
plasmids pHP13-PA and pHP13-PXA with the primers L-PXA-F and L2-araE-B,
respectively. Further, the PCR products were digested with BamHI and cloned into
pDG364, generating the integrated plasmids pDG364-PA and pDG364-PXA. The
pDG364 and its derivative integrated plasmids were selected by 50 lg/mL
ampicillin without exception.

Through spizizen transformation, homologous recombination took place in a
neutral site, amyE. The B. subtilis recombinants were further confirmed by
observing amylase halo, PCR verification, and DNA sequencing with the primers
of amyE-F and amyE-R.

Table 33.2 Oligonucleotides used in this study

Primer name Sequencea 50 ? 30

araE-F CCGGAATTCACATTCGGGAGGGCAGGGAA
L2-araE-B CGCGGATCCTCATTTTATCCAAAGCTTTTC
Pspac-F ATACCCTGCAGTTGTTGACTTTATCTACAAGGT
Pspac-B GCGCCAATTGTCATTTTATCCAAAGCTTTTC
L1-xylAB-F CCGGAATTCCCAAGGAGGGTATAGCTATG
L1-xylAB-B CCGGAATTCTTACGCCATTAATGGCAGAAGT
L-PXA-F CGCGGATCCTTGTTGACTTTATCTACAAGGT
amyE-F CGATTCAAAACCTCTTTACTG
amyE-R CCATTTAGCACGTAATCAAAG

a Underline stands for the restriction site
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33.2.3 Medium and Cultivation

Unless stated otherwise, all E. coli and B. subtilis strains were cultured in Luria–
Bertani (LB) medium at 37 �C. The M9 minimal salt medium plus glucose,
supplemented with tryptophan, was used for conical flask fermentation as
B. subtilis 168 is tryptophan-deficient.

To prepare seed cultures, stains stored at -80 �C were streaked on LB agar
plate containing kanamycin, and one colony was grown in 5 mL LB medium in
test tubes at 220 rpm. After 12 h shaking at 220 rpm, 1 % (v/v) inocula was
transferred to M9 medium. Subsequently, the precultures, which grown on M9
medium with 10 g/L glucose, of B. subtilis wild strain and engineered strain were
used to inoculate to an initial OD600 of 0.05 in a 250 mL shaking flask with
100 mL M9 medium at 100 rpm.

33.2.4 Analytical Methods

Cell growth was determined by measuring turbidity at 600 nm (OD600) with a
UV–Vis spectrophotometer (TU-1901, Persee, Beijing, China). High-performance
liquid chromatography (HPLC) analyses of fermentation products were performed
as previously reported [3]. Glucose concentration was determined using a glucose
analyzer (Model-SBA40, Shandong, China) and the other substrate, xylose, was
analyzed by high pressure liquid chromatography.

33.3 Results and Discussion

33.3.1 Improvement for Xylose Metabolism by araE Gene
Chromosomal Integration

Bio-refining industry is developing rapidly and gaining unprecedented momentum.
Biorefinery integrates biomass conversion processes to produce fuels and chemicals.
Lignocellulosic biomass from agricultural waste represents an abundant and cost-
effective renewable energy source that is to date underutilized [13]. Therefore,
catalytic conversion of this biorenewable feedstock to commodity chemicals has
become a promising method for the future and may pacify the threats posed on fossil
fuels. While extensive research efforts have been made to engineer efficient bio-
technologies for lignocellulose utilization, the bioconversion of xylose, one of the
main components of lignocellulose, remains a major obstacles. As to B. subtilis, the
L-arabinose transporter araE is a non-specific xylose transporter [14]. The transcript
of gene araE is induced by L-arabinose and restrained by the repressor araR. To
confirm the effect of araE gene on D-xylose utilization, plasmid pDG364-PA was
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constructed as described above and transformed into B. subtilis 168Dupp at the site
of amyE (Fig. 33.1). In the engineered strain BSUL01, one copy of araE gene under
the control of the constitutive Pspac promoter was introduced into the chromosomal
DNA. To investigate the efficiency of xylose metabolism under aerobic conditions,
the wild type strain B. subtilis 168Dupp and the engineered recombinant strain
BSUL01 were cultivated in M9 medium at 220 rpm, while 10 g/L D-xylose was
added to the medium as the sole carbon source. The optical density of strain growth
and xylose concentration were monitored in the process of fermentation. The spe-
cific growth rate of strain BSUL01 on 10 g/L of D-xylose was noticeably different
from that of wild type (l = 0.107 h-1 and 0.026 h-1, respectively; Fig. 33.2).
While B. subtilis 168Dupp could metabolize xylose, the OD was low even 3 days
after inoculation. Strain BSUL01, however, could grow better on M9 medium than
the wild strain, which was able to enter into stationary-phase within 30 h and xylose
uptake was improved in the engineered strain. Therefore, the fermentative capacity
of BSUL01 on xylose was improved by the overexpression of araE, which was
consistent with the report of Park [14].

33.3.2 Simultaneous Utilization of Glucose and Xylose
to Produce BDO by the Engineered B. subtilis

In B. subtilis, which prefers to catabolize glucose and begins to utilize xylose after
the exhaustion of glucose, glucose repression is the consequence of a complex

Pspac
araE cat ‘amyEamyE’

ori
bla

amyEycgB lctE

Pspac
araE cat ‘amyEamyE’

pDG364-PA

B.subtilis
genome

BSUL01
lctEycgB

double crossover

Fig. 33.1 Schematic diagram of the double crossover for construction of BSUL01
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cascade of events. This phenomenon is also referred as carbon catabolite repres-
sion, which exists in some other bacteria as well, such as E. coli. In B. subtilis not
only the transportation pathway, but also a 14-bp cis-acting element located in the
coding region of the gene xylA encoding xylose isomerase [15] and the repressor
XylR, are involved in the carbon catabolite repression of xylose. Therefore, the
presence of glucose in culture would prevent B. subtilis to assimilate xylose,
resulting in the preferential utilization of glucose. Preferential utilization of glu-
cose, as well as the exclusion of less preferred sugars in transcriptional level, turns
out one of the major barriers in making the best use of sugar hydrolyzates to
produce bio-based chemicals. Therefore, an artificial operon Pspac-xylAB-araE
was constructed as described above and introduced to B. subtilis genome by
double crossover afterwards, obtaining the engineered strain BSUL02.

In order to evaluate whether xylose is utilized efficiently in the presence of
glucose, BSUL02 cells precultured in mineral medium containing 1 % (wt/vol)
glucose was prepared and used to inoculate 100 mL of mineral medium containing
10 g/L glucose and 5 g/L xylose to give a final cell concentration of OD 0.05.
According to Fig. 33.3, under the condition tested in this work, 10 g/L glucose
was nearly exhausted during 30 h. As to the engineered strain BSUL02, it
metabolized glucose and xylose synchronously to produce BDO. The parent strain
B. subtilis 168Dupp, however, began to utilize xylose after the exhaustion of
glucose. During this process, the parent strain only accumulated 2.7 g/L BDO,
while the engineered strain could accumulate as much as 3.1 g/L BDO. Therefore,
our work has demonstrated that the introduction of heterologous xylose isomerase
and xylulose kinase could, to some extent, relieve CCR in B. subtilis and enhance
the production of the vital platform building block.
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33.4 Conclusion

In conclusion, the constitutive expression of gene araE under the control of Pspac
promoter could make B. subtilis to utilize xylose. Further expression of heterolo-
gous xylose isomerase and xylulose kinase from E. coli, encoded by the genes xylA
and xylB, allowed B. subtilis to derepress carbon catabolite repression and assim-
ilate glucose and xylose simultaneously. In summary, we engineered B. subtilis to
utilize glucose and xylose to produce acetoin in microaerobic condition.

Acknowledgments This work was supported by the National 973 Project (2012CB725203,
2011CBA00804), National Natural Science Foundation of China (NSFC-21176182), Natural
Science Foundation of Tianjin (12JCYBJC12900) and the Research Fund for the Doctoral Pro-
gram of Higher Education (20100032120014).

References

1. Syu MJ (2001) Biological production of 2,3-butanediol. Appl Microbiol Biotechnol
55(1):10–18

2. Huang M, Oppermann-Sanio FB, Steinbuchel A (1999) Biochemical and molecular
characterization of the Bacillus subtilis acetoin catabolic pathway. J Bacteriol
181(12):3837–3841

3. Wang M, Fu J, Zhang X et al (2012) Metabolic engineering of Bacillus subtilis for enhanced
production of acetoin. Biotechnol Lett 34:1877–1885

4. Kunst F, Ogasawara N, Moszer I et al (1997) The complete genome sequence of the gram-
positive bacterium Bacillus subtilis. Nature 390(6657):249–256

5. Romero S, Merino E, Bolivar F et al (2007) Metabolic Engineering of Bacillus subtilis for
ethanol production: lactate dehydrogenase plays a key role in fermentative metabolism. Appl
Environ Microbiol 73(16):5190–5198

0 10 20 30 40 50 60 70 80 90
0

2

4

6

8

10

Time(h)

su
bs

tr
at

e(
g/

L)

0

2

4

ac
et

oi
n(

g/
l)

Fig. 33.3 BDO production
and substrate uptake by
B. subtilis 1684upp (unfilled
symbols) and the recombinant
BSUL02 (filled symbols) in
mineral medium. The
symbols were used: glucose
(square), xylose (circle), and
BDO (upright triangle)

330 W. Liu et al.



6. Li S, Wen J, Jia X (2011) Engineering Bacillus subtilis for isobutanol production by
heterologous Ehrlich pathway construction and the biosynthetic 2-ketoisovalerate precursor
pathway overexpression. Appl Microbiol Biotechnol 91(3):577–589

7. Zhang X-Z, Sathitsuksanoh N, Zhu Z et al (2011) One-step production of lactate from
cellulose as the sole carbon source without any other organic nutrient by recombinant
cellulolytic Bacillus subtilis. Metab Eng 13(4):364–372

8. Vinuselvi P, Kim MK, Lee SK et al (2012) Rewiring carbon catabolite repression for
microbial cell factory. BMB Rep 45(2):59–70

9. Ji XJ, Nie ZK, Huang H et al (2011) Elimination of carbon catabolite repression in Klebsiella
oxytoca for efficient 2,3-butanediol production from glucose-xylose mixtures. Appl Microbiol
Biotechnol 89(4):1119–1125

10. Xiao H, Gu Y, Ning Y et al (2011) Confirmation and elimination of xylose metabolism
bottlenecks in glucose phosphoenolpyruvate-dependent phosphotransferase system-deficient
Clostridium acetobutylicum for simultaneous utilization of glucose, xylose, and arabinose.
Appl Environ Microbiol 77(22):7886–7895

11. Sambrook J, Russell DW (2001) Molecular cloning: a laboratory manual, vol 2: CSHL press,
Cold Spring Harbor

12. Anagnostopoulos C, Spizizen J (1961) Requirements for transformation in Bacillus Subtilis.
J Bacteriol 81(5):741–746

13. Kawaguchi H, Vertes AA, Okino S et al (2006) Engineering of a xylose metabolic pathway in
Corynebacterium glutamicum. Appl Environ Microbiol 72(5):3418–3428

14. Park YC, Jun SY, Seo JH (2012) Construction and characterization of recombinant Bacillus
subtilis JY123 able to transport xylose efficiently. J Biotechnol 161:402–406

15. Kraus A, Hueck C, Gärtner D et al (1994) Catabolite repression of the Bacillus subtilis xyl
operon involves a cis element functional in the context of an unrelated sequence, and glucose
exerts additional xylR-dependent repression. J Bacteriol 176(6):1738–1745

33 Elimination of Carbon Catabolite Repression in Bacillus subtilis 331


	33 Elimination of Carbon Catabolite Repression in Bacillus subtilis for the Improvement of 2,3-Butanediol Production
	Abstract
	33.1…Introduction
	33.2…Materials and Methods
	33.2.1 Bacterial Strains, Plasmids, and Genetic Manipulation
	33.2.2 Bacterial Strains, Plasmids, and Genetic Manipulation
	33.2.3 Medium and Cultivation
	33.2.4 Analytical Methods

	33.3…Results and Discussion
	33.3.1 Improvement for Xylose Metabolism by araE Gene Chromosomal Integration
	33.3.2 Simultaneous Utilization of Glucose and Xylose to Produce BDO by the Engineered B. subtilis

	33.4…Conclusion
	Acknowledgments
	References


