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Abstract Efficient utilization of xylose by bacteria is essen-
tial for production of fuels and chemicals from lignocellulosic
biomass. In this study, Bacillus subtilis 168 was subjected to
laboratory adaptive evolution, and a mutant E72, which could
grow on xylose with a maximum specific growth rate of
0.445 h−1, was obtained. By whole-genome sequencing, 16
mutations were identified in strain E72. Through further anal-
ysis, three of them, which were in the coding regions of genes
araR, sinR, and comP, were identified as the beneficial muta-
tions. The reconstructed strain 168ARSRCP harboring these
three mutations exhibited similar growth capacity on xylose to
the evolved strain E72, and the average xylose consumption
rate of this strain is 0.530 g/l/h, much higher than that of E72
(0.392 g/l/h). Furthermore, genes acoA and bdhAwere deleted
and the final strain could utilize xylose to produce acetoin at
71 % of the maximum theoretical yield. These results sug-
gested that this strain could be used as a potential platform for
production of fuels and chemicals from lignocellulosic
biomass.
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Introduction

As an alternative to petrochemical production of fuels and
chemicals, microbial fermentation of lignocellulosic biomass
to produce valuable products is renewable and environmental
friendly (Kim et al. 2013a). Glucose and xylose are the most
abundant sugars in lignocellulosic biomass (Mosier et al.
2005). Efficient utilization of these sugars is essential for
production of fuels and chemicals from lignocellulosic bio-
mass such as woodwaste and plants. However, although a few
native microorganisms are able to utilize xylose (Kim et al.
2013b), most organisms cannot consume xylose as the sole
carbon source (Utrilla et al. 2012).

There are two main pathways in nature for microbial utili-
zation of xylose. The first pathway mainly exists in fungi,
through which xylose is firstly reduced to xylitol by xylose
reductase, and xylitol is then oxidized to xylulose by xylulose
dehydrogenase. Xylulose is finally converted to xylulose-5-
phosphate by xylulose kinase and enters into the pentose
phosphate pathway (Kuhad et al. 2011). The second pathway
is mainly from prokaryotes such as Escherichia coli. Through
this pathway, xylose is directly catalyzed to generate xylulose
by xylose isomerase, then xylulose is converted to xylulose-5-
phosphate by xylulose kinase which is assimilated through the
pentose phosphate pathway (Lawlis et al. 1984). Bacillus
subtilis, the most characterized Gram-positive bacterium,
which has been used for production of many valuable
chemicals and enzymes (Liu et al. 2013; Shi et al. 2009), also
possesses the second xylose assimilation pathway. It has been
reported that genes xylA and xylB in B. subtilis encode xylose
isomerase and xylulose kinase, respectively (Wilhelm and
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Hollenberg 1985). However, the wild-type B. subtilis is not
able to utilize xylose as the sole carbon source due to the
absence of specific xylose uptake system (Schmiedel and
Hillen 1996). It was reported that the broad-substrate trans-
porter AraE could import xylose into the cell, but it was
synthesized only when arabinose was supplemented into the
growth medium (Krispin and Allmansberger 1998). When
araR gene encoding the transcriptional repressor AraR was
insertionally inactivated, B. subtilis obtained the capacity to
utilize xylose as the sole carbon source (Krispin and
Allmansberger 1998). These results suggested that the repres-
sion of gene araE by protein AraR in B. subtilis was the
reason for being incapable of utilizing xylose. Lately, the
AraE expression cassette was constructed and integrated into
the genome of B. subtilis 168 using the xylose-inducible xylA
promoter, and the engineered strain could utilize xylose as the
sole carbon source (Park et al. 2012). Similarly, araE was
overexpressed on plasmid with strong promoter P43, which
also allowed B. subtilis 168 to be able to grow with xylose as
the sole carbon source (Chen et al. 2013). However, the
consumption rate of xylose was still much slower as compared
to that of glucose. Therefore, other strategies need to be
carried out for gaining engineered B. subtilis capable of as-
similating xylose more efficiently.

Adaptive laboratory evolution as a useful tool has been
frequently used in strain development for production of fuels
and chemicals (Portnoy et al. 2011). It can be used for
expanding substrate utilization (Hua et al. 2007; Lee and
Palsson 2010), improving fitness to changing environment
(Cox et al. 2010; Ekberg et al. 2013; Lee et al. 2013; Zhang
et al. 2012), and improving tolerance to harmful product
(Fernández-Sandoval et al. 2012; Wang et al. 2011). With
the rapid-developing genome-sequencing technologies, the
genetic basis for the altered phenotype arising by adaptive
evolution can be identified (Herring et al. 2006; Lee and
Palsson 2010; Utrilla et al. 2012), and used as potential
engineering targets for rational design. Until now, several
Saccharomyces cerevisiae strains capable of fermenting xy-
lose efficiently have been successfully obtained by adaptive
laboratory evolution (Scalcinati et al. 2012; Shen et al. 2012;
Sonderegger and Sauer 2003; Zhou et al. 2012).
Pseudomonas putida was also subjected to laboratory evolu-
tion and a strain that could efficiently utilize xylose and
arabinose was obtained (Meijnen et al. 2008).

In the present work, through adaptive laboratory evolution,
we obtained a B. subtilis mutant capable of utilizing xylose
efficiently. In addition, the underlying genetic basis for the
gained phenotypic characteristics of the evolved mutant was
determined by whole-genome sequencing and mutation anal-
ysis. Finally, three mutant genes, araR, sinR, and comP, were
identified as the trait-conferring genes. Based on these results,
a reconstructed strain 168ARSRCP harboring these mutations
was developed. This strain could utilize xylose more rapidly

than those previously reported (Park et al. 2012; Chen et al.
2013).

Materials and methods

Strains, plasmids, and primers

The strains and plasmids used in this study are listed in
Table 1. B. subtilis 168 was used as the wild type. Primers
used for plasmid construction and genetic manipulation are
listed in Table S1 in the Supplementary Material. For plasmid
construction and strain construction, Luria–Bertani (LB) broth
was used for culture, when necessary, supplemented with
ampicillin (100 μg/ml), chloramphenicol (12 μg/ml for
E. coli and 6 μg/ml for B. subtilis), and 5-fluorouracil
(50 μg/ml). For solid culture, 1.5 % agar was added. All
DNA manipulations were performed according to standard
protocols. The two-step transformation method for B. subtilis
was used in this work (Anagnostopoulos and Spizizen 1961).
Plasmid pHP13 was used for the examination of the transfor-
mation efficiency.

Genetic methods

Construction of plasmid p9CU

For gene mutagenesis and deletion, gene upp was used as the
counter selection marker (Fabret et al. 2002). A DNA frag-
ment containing the pMB1 ori and chloramphenicol resis-
tance gene was amplified from plasmid pHP13 using primers
P1 and P2, and the gene upp from B. subtilis 168 encoding
uracil phosphoribosyltransferase was amplified using primers
P3 and P4. After digestion with the respective restriction
enzymes (Table S1 in the Supplementary Material), the
DNA fragment and upp gene were ligated to produce plasmid
p9CU (Fig. S1 in the Supplementary Material).

Markerless gene deletion

The markerless gene deletion was performed as described
previously (Fabret et al. 2002). Take gene sigD as an example.
The upstream and downstream regions of gene sigD were
amplified from the genome of B. subtilis 168 using primers
PsigD1/PsigD2 and PsigD3/PsigD4, respectively, which were
cloned into plasmid p9CU successively. The respective re-
striction enzymes used are listed in Table S1 in the
Supplementary Material. The resulting plasmid pDsigD was
then transformed into strain 168AR. The positive clone was
selected on plates containing 6 μg/ml chloramphenicol and
picked into a 15-ml test tube containing 4 ml LB medium.
After culturing in liquid medium for about 6–8 h, appropriate
amount of cells were spread on plates containing 50 μg/ml 5-
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fluorouracil. The single colonies on 5-fluorouracil plates were
then transferred to LB plates and chloramphenicol plates
correspondingly. Colonies that could grow well on LB plates

but were not able to grow on chloramphenicol plate were
chosen for further verification by PCR. The deletions of gene
acoA and bdhA were similar to that of gene sigD, and the

Table 1 strains and plasmids
used in this study Strains/plasmids Relevant characteristics Reference/source

Strains

E. coli DH5α Cloning host Hanahan (1985)

B. subtilis 168 trpC2 Lab collection

CGMCC 1.12939

168Δupp B. subtilis 168 Δupp::Km Chen et al. (2013)

E72 Evolved B. subtilis 168 This study

CGMCC 1.12938

168ΔuppΔaraR B. subtilis 168 Δupp::KmΔaraR::(cat-upp) This study

168AR 168Δupp araR:A184G This study

168ARCB 168AR citB:G2476T This study

168ARCP 168AR comP:T1121X This study

168ARCR 168AR csoR:C186X This study

168ARPA 168AR pgcA:G488X This study

168ARPN 168AR pksN:X6755A This study

168ARSA 168AR sodA:G244A This study

168ARSR 168AR sinR:T319C This study

168SR 168Δupp sinR:T319C This study

168ARSRCB 168ARSR citB:G2476T This study

168ARSRCP 168ARSR comP:T1121X This study

168ARSRCR 168ARSR csoR:C186X This study

168ARSRPA 168ARSR pgcA:G488X This study

168ARSRPN 168ARSR pksN:X6755A This study

168ARSRSA 168ARSR sodA:G244A This study

168CP 168Δupp comP:T1121X This study

168ARSD 168AR ΔsigD This study

168ARSRCPΔacoAΔbdhA 168ARSRCPΔacoAΔbdhA This study

Plasmids

pHP13 B. subtilis/Escherichia coli shuttle vector,
CmR, EmR

Haima et al. (1987)

pUC18 AmpR Yanisch-Perron
et al. (1985)

pUCaraR Mutated gene araR from E72 cloned into pUC18 This study

pMaraR cat and upp from p9CU cloned into pUC18-araR This study

p9CU Derived from pHP13, containing upp gene from
B. subtilis 168

This study

p9CU-CB Mutated gene citB from E72 cloned into p9CU This study

p9CU-CP Mutated gene comP from E72 cloned into p9CU This study

p9CU-CR Mutated gene csoR from E72 cloned into p9CU This study

p9CU-PA Mutated gene pgcA from E72 cloned into p9CU This study

p9CU-PN Mutated gene pksN from E72 cloned into p9CU This study

p9CU-SA Mutated gene sodA from E72 cloned into p9CU This study

p9CU-SR Mutated gene sinR from E72 cloned into p9CU This study

pDsigD The upstream and downstream regions of gene
sigD cloned into p9CU for sigD deletion

This study

pCU-acoAFB For gene acoA deletion Fu et al. (2014)

pCU-bdhAFB For gene bdhA deletion Fu et al. (2014)
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plasmids used for their deletions were pCU-acoAFB and
pCU-bdhAFB (Fu et al. 2014) respectively.

Mutagenesis

A two-step double-crossover method was used to introduce
the araR A184G mutation into strain 168Δupp (Chen et al.
2013). Mutated gene araR with A184G mutation was ampli-
fied from the genome DNA of strain E72 using primers
ParaR1 and ParaR2, treated with T4 polynucleotide kinase,
and cloned into SmaI-digested plasmid pUC18 to yield plas-
mid pUCaraR. A fragment containing chloramphenicol resis-
tance gene cat and gene upp was amplified from plasmid
p9CU using primers P3 and P5, treated with T4 polynucleo-
tide kinase, and cloned intoAfeI-digested plasmid pUCaraR to
yield plasmid pMaraR. PCR fragment araR::upp-cat was then
amplified with plasmid pMaraR as the template using primers
ParaR1 and ParaR2 and transformed into strain 168Δupp. The
positive clone was selected on chloramphenicol plate and
designated as 168ΔuppΔaraR. PCR fragments amplified
from the genome of strain E72 using primers ParaR3 and
ParaR4 which harbored the A184G mutation was then trans-
formed into strain 168ΔuppΔaraR. The positive clone was
selected by growth on plates with 5-fluorouracil and designat-
ed as 168AR.

Introduction of other mutations was performed through a
modified method based on single-crossover, which was sim-
ilar to the process of gene sigD deletion. Taking gene sodA as
an example, the mutated gene was amplified from the genome
of strain E72 using primers PsodA1 and PsodA2 and cloned
into SmaI-digested plasmid p9CU. The resulting plasmid
p9CU-SA was then transformed into strain 168AR or
168ARSR. The method for selection of the positive clone
using chloramphenicol and 5-fluorouracil was the same as
mentioned above and the point mutation was verified by
sequencing finally. The procedure for other mutations
knock-in was the same as gene sodA.

Growth media and cultivation conditions

Flask fermentations under aerobic conditions were performed
using M9 minimal medium supplemented with trace elements
and 50 mg/l tryptophan (Harwood et al. 1990). Xylose or
arabinose was added in the medium at a concentration of
9 g/l as the sole carbon resource. All cultures were incubated
at 37 °C and 220 rpm. Unless otherwise specified, the volume
of medium was 50 ml in a 500-ml shake flask. For flask
culture, the strain was firstly streaked on LB agar plate from
−80 °C glycerol stock. After incubation at 37 °C for about
12 h, a single colony was inoculated into a 15-ml test tube
containing 4 ml of LB medium and incubated at 37 °C and
220 rpm for about 9 h. Subsequently, a 0.5-ml culture was
transferred into a 500-ml flask containing 50 ml of M9

medium. During the mid-exponential phase, 1% of the culture
was transferred into fresh M9 medium in a 500-ml flask.

For fermentations under microaerobic conditions, the me-
dium and culture conditions were the same as that of flask
fermentations under aerobic conditions, except that 250-ml
shake flasks containing 100-ml medium and 100 rpm were
used (Wang et al. 2012).

Adaptive evolution

At the start of adaptive evolution, B. subtilis 168 was streaked
on a LB plate and incubated at 37 °C. A single colony was
selected and inoculated into a test tube containing 4 ml of LB
medium. After incubation at 37 °C and 220 rpm for about
12 h, 0.5 ml culture was transferred into a 500-ml flask
containing 50 ml of M9 minimal medium supplemented with
1 g/l glucose and 9 g/l xylose. The flask was incubated at
37 °C and 220 rpm in a rotary shaker. Adaptive evolution was
performed through serial transfer into fresh M9 medium sup-
plemented with 9 g/l xylose at mid-exponential phase.
Glucose was added as carbon source only in the first culture.
The volume of inoculum for each transfer was adjusted ac-
cording to the changing growth rate. Serial transfers were
terminated when no further improvement in the growth rate
was observed.

Whole-genome sequencing

Whole-genome sequencing was performed on the Illumina
HiSeq2000 platform at Novogene (Novogene, Beijing,
China) using B. subtilis 168 as the reference strain.

Analytical methods

Growth was monitored by measuring cell density at 600 nm
(TU-1901, Persee, Beijing, China), and the cell dry weight
(CDW) was calculated according to the following: 1 OD600=
0.325 g CDW/l. Samples from flask cultures were centrifuged
at 13,000 rpm for 10 min, and the supernatant was stored at
−20 °C for future analysis. Glucose was determined using a
SBA sensor machine (Institute of Microbiology,
Shandong, China). Xylose and fermentation products
were determined by using HPLC (HP1100, Agilent
Technologies, Palo Alto, CA, USA) equipped with a
ion exclusion Aminex HPX 87-H column (Bio-Rad,
Richmond, CA, USA) and 5 mM H2SO4 (0.4 ml/min)
was used as the mobile phase at 65 °C. Xylose, glu-
cose, and 2,3-butanediol were detected by a refractive
index (RI) detector (Agilent, HP1047A), and acetoin
was detected by an UV absorbance detector (Agilent,
G1315D).
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Real-time quantitative PCR

Unless otherwise specified, samples from cultures in M9
xylose minimal medium in 500-ml flasks at 37 °C and
220 rpm were collected during the mid-exponential growth
phase and RNA was extracted using RNAprep Pure
Cell/Bacteria Kit (Tiangen, Beijing, China) according to the
manufacturer’s protocol. After quantified by an ultra-micro
ultraviolet spectrophotometer (Biodropsis BD-2000, Beijing
Oriental Science & Technology Development Company),
500 ng total RNA was used for cDNA synthesis with
FastQuant RT Kit (with gDNase) (Tiangen, Beijing, China).
The cDNAwas then quantified and directly used for real-time
quantitative PCR (RT-qPCR). RT-qPCR was performed in a
Light CyclerH 480 II (Roche, Basel, Switzerland) with Real
Master Mix (SYBR Green) (Tiangen, Beijing, China) using
16s rRNA gene rrnA-16S as the internal control. The primers
designed for RT-qPCR are also listed in Table S1 in the
Supplementary Material. The RT-qPCR was operated using
the following conditions: 95 °C for 1 min, 40 cycles at 95 °C
for 5 s, 55 °C for 10 s, and 72 °C for 15 s. The relative
quantitative method (2−ΔΔCT) (Livak and Schmittgen 2001)
was adopted for estimating the changes of gene expression
levels between different strains.

Strains submission and nucleotide sequence data deposition

B. subtilis 168 used as the beginning strain for adaptive
evolution in this work and the evoluted strain B. subtilis E72
were submitted to China General Microbiological Culture
Collection Center, and the accession numbers were CGMCC
1.12939 and CGMCC 1.12938, respectively. Genome se-
quences of these strains were deposited in the NCBI
GenBank under the following accession numbers:
JNCM00000000 (http://www.ncbi.nlm.nih.gov/nuccore/
JNCM00000000) (B. subtilis 168 used as the beginning
strain for adapt ive evolut ion in this work) and
JNCN00000000 (http://www.ncbi.nlm.nih.gov/nuccore/
JNCN00000000) (B. subtilis E72).

Results

Adaptive evolution

B. subtilis 168 can utilize many kinds of carbon sources
including glucose, sucrose, arabinose, glycerol, cellobiose,
and so on. However, this strain is not able to grow on xylose
as the sole carbon source due to the lack of xylose transporter
AraE, whose expression is repressed by AraR and induced by
arabinose (Mota et al. 1999). Even though AraE was
overexpressed, the utilization of xylose is still unsatisfied

(Chen et al. 2013). Therefore, adaptive evolution of
B. subtilis 168 was performed using serial transfer method,
with the aim to acquire a mutant capable of utilizing xylose
efficiently.

In order to obtain a larger bacterial population, 1 g/l glucose
was initially supplemented into M9 minimal medium contain-
ing 9 g/l xylose to allow the growth of B. subtilis 168. As
expected, the growth ceased after glucose was exhausted
wherein the OD600 of the culture was about 1. After several
days of incubation, the OD600 of the culture reached 2, and
1 % of the culture was transferred into fresh M9 medium
supplemented with 9 g/l xylose. In the fresh M9 xylose
medium without glucose, the culture could grow slowly with
xylose as the sole carbon source. In order to further improve
the growth rate, serial transfers were continued in M9 xylose
medium. After 72 transfers, the culture exhibited a high and
stable specific growth rate. Then, a mutant was isolated and
designated as E72. Strain E72 could grow in M9 minimal
medium with xylose as the sole carbon source at a specific
growth rate of 0.445 h−1. In addition, the color of the culture at
the late stage of the fermentation changed to red.

Moreover, when cultured in M9 minimal medium with
arabinose as the sole carbon source, the specific growth rate
of E72 (0.429 h−1) was also much higher than that of the wild
type (0.317 h−1). This result suggested that through adaptive
evolution not only xylose utilization was improved, but also
arabinose utilization.

The growth of E72 in LB-rich medium was also examined,
and no considerable changes were observed as compared to
the wild type, except that formation of flocs at the early stage
and faster cell sedimentation at the later stage were exhibited
by the culture of E72. The changed phenotype of cell sedi-
mentation of E72 could be attributed to the altered motility.
Therefore, the motility was explored for E72 and the wild type
on M9 semisolid minimal medium supplemented with 9 g/l
glucose. As depicted in Fig. S2 in the Supplementary
Material, the motility of E72 was almost completely lost.

Whole-genome sequencing

In order to determine the genetic basis of the observed phe-
notype for E72, genomic DNA of E72 was extracted and
sequenced by using the solexa sequencing system. In addition,
the genome of B. subtilis 168 used as the starting strain in this
study was also sequenced as a control. In comparison with the
genome sequence of B. subti l is 168 from NCBI
(NC_000964.3), a total of 79 putative mutations were identi-
fied in strain E72. However, when compared to the genome
sequence of B. subtilis 168 used as the beginning strain for
adaptive evolution in this work, 63 SNPs were found to be
harbored in the wild type of our lab, and only 16 mutations
was identified to be accumulated during the process of adap-
tive evolution. All of the 16 mutations (Table 2) were located
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in the coding regions and clustered in 11 genes, of which 7
were silent mutations, 5 were missense mutations, and 4 were
frameshift mutations. The details of the mutations and the
mutated genes were listed in Table 2.

Effect of araR mutation on xylose utilization

Among the 11 mutated genes in the evolved strain E72, gene
araR, encoding the transcription repressor protein AraR, had a
missense mutation at position 184 of the coding region. The
expression of xylose transporter AraE is transcriptionally re-
pressed by AraR, which causes the inability of the wild type to
utilize xylose. Therefore, this mutation was very likely to be
directly related to the growth phenotype of strain E72 in M9
xylose medium. In order to verify this hypothesis, the A184G
mutation was introduced into strain 168Δupp to yield strain
168AR. As expected, strain 168AR was able to grow in M9
medium with xylose as the sole carbon source (Fig. 1). The
specific growth rate of 168AR in M9 xylose medium was
0.278 h−1. However, inM9mediumwith arabinose as the sole
carbon source, the maximum specific rate (0.339 h−1) of strain

168AR was not significantly increased as compared to the
wild type.

Because AraR was the repressor of gene araE and
araABDLMNPQ-abfA operon, the araR A184G mutation was
supposed to cause transcriptional change of gene araE and
araABDLMNPQ-abfA operon. Moreover, whether the muta-
tion could influence the transcription of the xylAB operon,
which is involved in catabolism of xylose, was also of concern.
Therefore, the transcriptional level of genes araE, araA, and
xylA in strains 168AR and E72 and the wild type were explored
(Fig. 2). The results showed that araE was upregulated about
20-fold and araA was upregulated about 100-fold in strains
168AR and E72, as compared to the wild type. These results
confirmed the inactivation of protein AraR and the derepression
of araE expression. However, no change in the transcriptional
level of xylAB operon was observed. This indicated that xylAB
expression was not influenced by the araR A184G mutation.

Identification of sinR mutation

To the best of our knowledge, except the araR missense
mutation, all other mutations had no direct relationships with

Table 2 Mutations discovered in evolved strain E72

Gene Function Mutationa Gene position (gene length) Genome position Effectb

pgcA α-Phosphoglucomutase
(Lazarevic et al. 2005)

G→X 488 (1746) 1007261 GGC(G)→GXC Frameshift

ykoY Membrane protein
(Barbe et al. 2009)

T→G 912 (975) 1411565 GGT(G)→GGG(G)

ykoY Membrane protein T→G 933 (975) 1411586 GGT(G)→GGG(G)

pksN Polyketide synthase
(Butcher et al. 2007)

X→A 6766 (16467) 1841175 AXG→AAG Frameshift

pksN Polyketide synthase A→C 13552 (16467) 1847960 ACC(T)→CCC(P)

pksN Polyketide synthase T→C 13557 (16467) 1847965 CAT(H)→CAC(H)

pksN Polyketide synthase A→C 13569 (16467) 1847977 GCA(A)→GCC(A)

citB Aconitate hydratase
(Craig et al. 1997)

G→T 2476 (2730) 1929155 GGT(G)→TGT(C)

ppsD Plipastatin synthetase
(Steller et al. 1999)

C→G 6846 (10812) 1968011 CCC(P)→CCG(P)

ppsD Plipastatin synthetase C→G 6843 (10812) 1968014 CTC(L)→CTG(L)

uvrX UV-damage repair protein
(Paik et al. 1998)

G→A 153 (1251) 2271505 GTG(V)→GTA(V)

sinR Transcriptional regulator
(Gaur et al. 1991)

T→C 319 (336) 2552971 TCC(S)→CCC(P)

sodA Superoxide dismutase
(Inaoka et al. 1999)

C→T 244 (609) 2585799 CAC(H)→TAC(Y)

comP Two-component sensor histidine kinase
(Piazza et al. 1999)

T→X 1121 (2310) 3254725 TTC(F)→TXC Frameshift

csoR Repressor of copper utilization proteins
(Chillappagari et al. 2009)

G→X 186 (306) 3444016 GTG(V)→XTG Frameshift

araR Arabinose operon transcriptional repressor
(Mota et al. 1999)

A→G 184 (1155) 3485787 AGC(S)→GGC(G)

a “X” on the right side of the arrow denotes that the nucleotide on the left of the arrow was deleted in the corresponding gene, “X” on the left side of the
arrow denotes that the nucleotide on the right of the arrow was inserted in the corresponding gene
bAmino acid encoded by the codon was put in parenthesis, “X” in the codon denotes deletion or insertion in the corresponding gene
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xylose metabolism. In order to clarify their functions and
figure out the mutations resulting in the growth phenotype
of the evolved mutant E72, seven nonsynonymous mutations

in the coding regions were preferentially chosen and intro-
duced into strain 168AR. The growth performance of the
resulting strains in M9 xylose medium was examined
(Table 3). The results showed that strain 168ARSR having
both araR mutation and sinR mutation got an increase of the
specific growth rate to 0.437 h−1, which was close to that of
E72. A similar phenomenon was also observed in M9 arabi-
nosemedium, the specific growth rate of strain 168ARSRwas
increased to 0.440 h−1 with arabinose as the sole carbon
source. However, the growth rate did not have obvious change
in M9 xylose medium after introducing the other six muta-
tions into strain 168AR. As shown in Table 3, accompanying
with the improved maximum specific growth rate, the xylose
consumption rate of strain 168ARSRwas increased more than
80 % to 0.449 g/l/h, and cell yield was also increased more
than 50% to 0.352 g dry cell/g xylose, compared with those of
the parental strain 168AR. In addition, about 1 g/l acetoin was
produced from 9 g/l xylose by strain 168ARSR in flask
culture aerobically, compared with below 0.1 g/l acetoin pro-
duced by the other strains.

To find out the reason for the improvement in growth rate
by sinR mutation, the transcriptional level of genes involved
in xylose utilization pathway and the rate-limiting steps of
central carbon metabolism was also examined for strain
168ARSR and 168AR. As can be seen from Fig. 3, genes
involved in xylose utilization pathway including araE and
xylAwas not upregulated and instead downregulated in strain
168ARSR. This suggested that the faster growth resulted from
sinR mutation was not related to the xylose utilization path-
way. Genes rpe, ywlF, tkt, and ywjH all belong to the pentose
phosphate pathway and encode ribulose-phosphate 3-epimer-
ase (Foulger and Errington 1998), ribose 5-phosphate isom-
erase (Shi et al. 2009), transketolase (Schiott et al. 1997), and
transaldolase (Schurmann and Sprenger 2001), respectively.
The results showed that the transcriptional levels of gens ywlF
and tkt were almost unchanged and those of genes rpe and
ywjH were slightly downregulated. In addition, genes in-
volved in the glycolysis pathway (pfkA and pyk) and genes
involved in the TCA cycle (citZ, icd, sucA) were all slightly
downregulated. The transcriptional level of the anaplerotic
enzyme pyruvate carboxylase (pycA) also had the same trend.
The only exception was gene pdhA, whose expression was
upregulated slightly in strain 168ARSR. These results sug-
gested that these carbon metabolism pathways had not been
affected significantly by the sinR mutation. The improved
growth probably had no direct relations with the carbon me-
tabolism, and the sinR mutation might be correlative to some
other unknown factors affecting the growth of strain 168AR
on xylose.

The mutation in gene sinR was also introduced to strain
168Δupp. And the resulting strain 168SR could not grow in
M9 medium with xylose as the sole carbon source due to the
absence of araR mutation.

Fig. 1 The growth curves (a) and xylose consumption (b) of strains 168,
168AR, 168ARSR, 168ARSRCP, and E72 in M9 xylose minimal medi-
um. The error bars represent the standard deviation calculated from
duplicates

Fig. 2 Relative transcriptional levels of araE, araA, and xylA for strains
168AR and E72 as compared to the wild type. Values were normalized to
the transcriptional levels in the control strain 168. Samples were from
cultures in LB medium due to the inability of 168 to grow in M9 xylose
medium. The error bars represent the standard deviation calculated from
triplicates
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Identification of comP mutation

Strain 168ARSR obtained the similar maximum specific growth
rate as strain E72 though introducing the sinR mutation.
However, the growth capability of strain 168ARSR was still
not as good as strain E72, which could be seen from the maxi-
mum biomass density (Fig. 1). In order to verify the effects of the
remaining six mutations on growth performance in combination
with the sinR and araRmutations and further improve the growth
capability to the level of strain E72, they were introduced into
strain 168ARSR individually. The growth of the mutants in M9
xylose medium was explored and depicted in Table 4. No
improvement in themaximum specific growth rate was observed
for all the mutants compared to the parental strain 168ARSR.
Only the mutant 168ARSRCP harboring the comP mutation
exhibited an improved growth capability which was very similar
to strain E72. The mutation of gene comP could improve the
growth capability in M9 xylose medium through extending the
exponential phase of the culture. As shown in Fig. 1, the expo-
nential phase of strain 168ARSR terminated at the OD600 value
below 3 after which the growth rate gradually slowed down.
However, the growth rate remained unchanged for strain
168ARSRCP until the biomass reached an OD600 value of about
5, resulting in the different biomass density. The effect of this
mutation in gene comP can also be shown in strain 168ARCP,
which reached a much higher maximum cell density than other

strains containing two mutations (Table 3). Accompanying with
the higher maximum cell density, the xylose consumption rate of
strain 168ARSRCPwas increased to 0.530 g/l/h, improved about
18 % as compared with that of strain 168ARSR.

Strain 168CP was also constructed, which only harbors the
point mutation in gene comP. As expected, it could not grow
in the M9 medium with xylose as the sole carbon source.

Strain 168ARSRCP harboring three mutations had ac-
quired the same growth capacity as strain E72. In addition, it
could be seen from Fig. 1 that the lag phase of strain
168ARSRCP was much shorter than that of strain E72. This
suggested that all of the important mutations in the evolved
strain E72 had been identified.

Production of acetoin from xylose under microaerobic
conditions

Acetoin is a widely used flavor compound and platform
compound in many industries. Therefore, the performance of
acetoin production from xylose for our strain 168ARSRCP
was explored under microaerobic conditions. As shown in
Fig. 4, about 21 g/l xylose was consumed in 96 h and 5 g/l
acetoin was produced by strain 168ARSRCP. 2,3-Butanediol
was also produced as a by-product. Although 2,3-butanediol
was ultimately converted to acetoin, the yield of acetoin was
reduced and the fermentation period was prolonged.
Therefore, genes bdhA encoding 2,3-butanediol dehydroge-
nase was deleted in strain 168ARSRCP. In addition, gene
acoA encoding acetoin dehydrogenase was also deleted to
avoid the degradation of acetoin. As expected, 2,3-butanediol
was no longer accumulated by the resulting strain 168ARSR
CPΔacoAΔbdhA, and 7.6 g/l acetoin was produced from
about 21 g/l xylose at 71 % of the maximum theoretical yield.

Discussion

In this study, we aimed to construct a B. subtilis strain which
was capable to utilize xylose efficiently. Through simple and

Table 3 Comparison of the maximum specific growth rates of strains harboring two mutations in contrast to strain 168AR in M9 xylose medium

Strains Maximum specific growth rate (h−1) Maximum cell density (OD600) xylose consumption rate (g/l/h) Cell yield (g dry cell/g xylose)

168AR 0.278±0.006 3.105±0.135 0.243±0.020 0.236±0.010

168ARCB 0.268±0.001 3.405±0.035 0.248±0.007 0.229±0.005

168ARCP 0.297±0.003 6.015±0.005 0.446±0.006 0.223±0.005

168ARCR 0.282±0.001 3.200±0.320 0.244±0.029 0.220±0.009

168ARPN 0.264±0.005 3.110±0.120 0.247±0.012 0.210±0.014

168ARSR 0.437±0.020 5.505±0.125 0.449±0.014 0.352±0.016

168ARPA 0.272±0.004 3.275±0.125 0.252±0.011 0.199±0.010

168ARSA 0.267±0.008 3.295±0.085 0.250±0.006 0.202±0.008

Fig. 3 Relative transcriptional level of genes involved in xylose metab-
olism and central carbon metabolism for strain 168ARSR as compared to
strain 168AR. The error bars represent the standard deviation calculated
from triplicates
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straight pathway manipulation, the purpose could not always
be achieved due to the complexity and nonlinearity of the
biological metabolic network. However, evolutionary
engineering can acquire desired phenotypes by the fitness of
bacterium itself to the changing environments. Schmiedel and
Hillen (1996) have already reported that large colonies of
B. subtilis harboring mutations could be obtained on minimal
plates with xylose as the sole carbon source in a few days.
Similarly, strains that could grow on xylose were also obtained
in a few days in our work. Through serial transfers, an indi-
vidual with better growth was enriched, which gradually
improved the growth rate. At the same time, other phenotypes
were obtained accompanying the phenotype of growth as a

result of the adaptive evolution. For instance, the color of
culture and the motility were altered for the evolved strain
E72 in comparison with the wild type. This indicated that
evolutionary engineering could induce unknown effects on
other characteristics of the bacteria in addition to the desired
phenotypes.

There were three important mutations were identified in the
evolved mutant. The first mutation in the gene araR enabled
B. subtilis to grow on xylose by derepressing the xylose
transporter. The second one was in the gene sinR and its effect
on improving the growth rate on xylose was confirmed. And
the third mutation in the gene comP extended the exponential
phase. The final reconstructed strain 168ARSRCP harboring
these mutations could consume 9 g/l xylose in 18 h in flask
culture, while strains JY123 (Park et al. 2012) and BSUL11
(Chen et al. 2013), developed both though replacing the
promoter of the gene araE, could consume only 5.4 g/l xylose
in 24 h and 10 g/l xylose in 32 h, respectively.

However, there was no direct connection between the
regulator SinR and xylose metabolism. Protein SinR is a
pleiotropic regulator in B. subtiliswhich regulates many genes
evolved in competence for genetic transformation, sporula-
tion, protease production, motility, and so on (Gaur et al.
1991; Hamoen et al. 2003; Mandic-Mulec et al. 1995;
Sekiguchi et al. 1988). The motility test of strain 168ARSR
on the semisolid medium (Fig. S2 in the Supplementary
Material) suggested that the bacterial motility was seriously
damaged. This was in accordance with the phenomenon re-
ported previously that the motility would be damaged by the
inactivation of gene sinR (Márquez-Magaña et al. 1994).
Therefore, the proteins SinR of strain 168ARSR were be-
lieved to be inactivated due to this mutation, and the loss of
motility of strain E72 was also the result of the mutation in
gene sinR. But the specific growth rate of 168ARSD, the
motility master sigma factor SigD deletion strain, had only a
minor increase to 0.33 h−1 compared with the parental strain
168AR. This result suggested that the damage of motility was
not the reason for the faster growth rate which resulted from
the mutation of gene sinR. Gene comP, involved in the for-
mation of competence for genetic transformation of B. subtilis

Table 4 Comparison of the maximum specific growth rates and the maximum cell densities of strains harboring three mutations in contrast to strain E72
in M9 xylose medium

Strains Maximum specific growth rate (h−1) Maximum cell density (OD600) Xylose consumption rate (g/l/h) Cell yield (g dry cell/g xylose)

168ARSRPA 0.402±0.024 5.855±0.015 0.416±0.002 0.285±0.023

168ARSRCR 0.386±0.047 5.665±0.015 0.450±0.014 0.319±0.004

168ARSRCB 0.399±0.021 6.030±0.150 0.470±0.005 0.322±0.025

168ARSRPN 0.394±0.006 5.560±0.210 0.472±0.027 0.268±0.010

168ARSRSA 0.400±0.034 5.350±0.090 0.451±0.011 0.344±0.051

168ARSRCP 0.439±0.032 6.380±0.055 0.530±0.007 0.324±0.034

E72 0.445±0.004 6.555±0.215 0.392±0.013 0.412±0.009

Fig. 4 Production of acetoin by strain 168ARSRCP (a) and 168ARSR
CPΔacoAΔbdhA (b) under microaerobic conditions. Xylose (square),
acetoin (diamond), 2,3-butanediol (circle), and biomass (lower triangle)
were measured. The error bars represent the standard deviation calculat-
ed from duplicates
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(Piazza et al. 1999), also had no direct connection with xylose
metabolism. And protein ComP was also believed to be
inactivated by the mutation, because a five-fold decrease in
the efficiency of chemical transformation was observed in
strain 168ARSRCP compared with strain 168ARSR (Fig. S3
in the Supplementary Material). Moreover, because of the
comP mutation, the color of the culture of strain 168ARSR
CP at the later stage of fermentation changed to red, which
probably resulted from the red pigment production (Tang et al.
2006) by this strain. The same color phenotype of strain E72
was believed to be also resulted from the mutation of comP.
The reasons for the improved growth resulted from the muta-
tions of sinR and comP are still unknown and need further
research which is underway in our lab.

Laboratory evolution is a powerful tool for optimization of
the phenotype and performance of bacterial strains. However,
side effects and undesired phenotypes will likely be produced
by adaptive evolution, some of which are harmless with
regard to the phenotype concerned, whereas some are not.
The process of genome sequencing-based strain reconstruc-
tion can obtain strains with better performance than the
evolved strains through exclusion of the harmful mutations
and retention of the beneficial mutations. In this study, the
evolved strain E72 could utilize xylose efficiently, however, a
long lag phase was observed in xylose minimal medium for
this strain. In contrast, the reconstructed strain 168ARSRCP not
only could assimilate xylose rapidly similar to strain E72, but
also had a shorter lag phase than E72. In addition, the efficiency
of transformation of E72 was extremely low (10 cfu/μg of
DNA) and as a result it was difficult to manipulate this strain
genetically in the future. As compared to E72, the efficiency of
transformation of strain 168ARSRCP was much higher
(240 cfu/μg of DNA), which was sufficient for further general
DNA manipulation. It proves that the effect of combination of
evolutionary engineering, whole-genome sequencing, and in-
verse metabolic engineering will be more powerful than the
traditional employment of evolutionary engineering or meta-
bolic engineering alone. As supplementation and extension of
the traditional engineering methods, these combined technolo-
gies will be very useful for strain optimization.
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