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Clostridium acetobutylicum strain Rh8 is a butanol-tolerant mutant which can tolerate up to 19 g/L
butanol, 46% higher than that of its parent strain DSM 1731. We previously performed comparative cyto-
plasm- and membrane-proteomic analyses to understand the mechanism underlying the improved buta-
nol tolerance of strain Rh8. In this work, we further extended this comparison to the genomic level.
Compared with the genome of the parent strain DSM 1731, two insertion sites, four deletion sites, and
67 single nucleotide variations (SNVs) are distributed throughout the genome of strain Rh8. Among
the 67 SNVs, 16 SNVs are located in the predicted promoters and intergenic regions; while 29 SNVs
are located in the coding sequence, affecting a total of 21 proteins involved in transport, cell structure,
DNA replication, and protein translation. The remaining 22 SNVs are located in the ribosomal genes,
affecting a total of 12 rRNA genes in different operons. Analysis of previous comparative proteomic data
indicated that none of the differentially expressed proteins have mutations in its corresponding genes.
Rchange Algorithms analysis indicated that the mutations occurred in the ribosomal genes might change
the ribosome RNA thermodynamic characteristics, thus affect the translation strength of these proteins.
Take together, the improved butanol tolerance of C. acetobutylicum strain Rh8 might be acquired through
regulating the translational process to achieve different expression strength of genes involved in butanol
tolerance.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Butanol is an important chemical with promising characteris-
tics as a supplement for gasoline [1]. Industrial production of buta-
nol from renewable feedstock is mainly through Acetone–Butanol–
Ethanol (ABE) fermentation process by using Clostridium strains
[2]. Since the establishment of the ABE fermentation industry in
early 20th century, butanol toxicity is a major bottleneck hamper-
ing the improvement of solvent production by Clostridium. Previ-
ous studies have indicated that the titer of butanol rarely
exceeded 13 g/L, a level that is inhibitory to the growth of Clostrid-
ium [3].
To date, several mechanisms underpinning the physiological
responses to solvent have been identified in eukaryotic and pro-
karyotic microorganisms. As a medium-chain alcohol, the toxicity
of butanol is directly related to its great polarity and hydrophobic-
ity. In contrast to ethanol, butanol toxicity has been attributed to
inhibition on nutrient transport, and membrane-bound ATPase
activity [4]. Butanol tends to accumulate in the phospholipid
bilayer of cytoplasmic membrane and damage the structural and
physiological integrity of cells [4]. Butanol partitions into the lipid
bilayer and increases the fluidity of cell membrane and decreases
its stability [5]. Butanol also promotes the release of autolysin,
which can hydrolyze bacterial components by breaking down the
b-1,4-bond between N-acetylmuramic aid and N-acetylglucosa-
mine molecules [6].

The completion of the genome sequence of Clostridium acetobu-
tylicum ATCC 824 enabled high throughput and genome-scale
investigation on the mechanism of butanol tolerance.
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Butanol-stressed exponentially growing cells of C. acetobutylicum
ATCC 824 resulted in up-regulation of solventogenic genes, glyc-
erol metabolism genes (glpA and glpF), and numerous chaperon
genes (dnaK, groES, groEL, hsp90, hsp18, clpC and htrA) [7]. In our
previous study, we obtained a C. acetobutylicum mutant strain
Rh8 from its parent strain DSM 1731 [8]. Strain Rh8 acquired a
46% increased butanol tolerance, and a better performance for pro-
ducing solvents. We have established a proteome reference map
for C. acetobutylicum DSM 1731 and identified differentially
expressed cytoplasmic and membrane proteins in strain Rh8
[8,9]. To explore the genomic difference between strain Rh8 and
DSM 1731, the genomes of both strains were sequenced using Illu-
mina/Solexa technology. The aim of this study was to investigate
whether comparative genomic and proteomic analyses would
reveal new understandings on microbial butanol tolerance.
2. Materials and methods

2.1. Strain description

In this research, C. acetobutylicum strain DSM 1731 was
obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany). Mutant Rh8 is derived
from strain DSM 1731. The construction and phenotype of strain
Rh8 was described in detail by Mao et al. [8].
2.2. Genome sequencing and genome assembly

The whole-genome sequencing of strain DSM 1731 was per-
formed using Illumina Solexa 1G Genome Analyzer. The Solexa
output for strain DSM 1731 were first filtered to remove low qual-
ity base calls, and then were assembled into a total of 31 contigs
using a modified version of AMOScmp [10]. A de novo assemble,
Velvet [11], was also used to assemble Solexa reads. We used
MUMmer [12] to compare each of contigs from AMOScmp and Vel-
vet assembly, to fill gaps or extend contigs. The genome finishing
procedures of DSM 1731 and the primers for filling gaps were
described in Supplementary files 1 and 2. Strain Rh8 was
sequenced with Genome Analyzer IIx platform of Illumina.
2.3. Gene prediction and functional annotation

In the C. acetobutylicum strain DSM 1731 genome, genes were
identified by combining the results from GeneMark.hmm [13]
and Glimmer 3.02 on the NCBI website. tRNAscan-SE [14] was used
to predict transfer RNA genes. BLASTP against Non-redundant pro-
tein sequences of NCBI were applied to perform annotation, fol-
lowed by manual curation.
2.4. Comparative genomic and SNV analysis

The Solexa output for strain Rh8 with an average read length of
75 bp, was first curated to remove any sequences containing poor
quality sequence with SolexaQA [15]. To find mutations between
DSM 1731 and Rh8 accurately, SNV detection was performed using
two independent approaches: aligning short reads on the DSM
1731 reference sequence and de novo assembly. The alignment
was performed with Burrows–Wheeler Aligner (BWA) [16] and
Novocraft Short Read Alignment Package 2.05 (http://www.novo-
craft.com/). The SAM files of alignment were manipulated with
the software SAMtools [17] to detect mutation. All genes contain-
ing variants, both silent and nonsynonymous, were manipulated
using custom Perl scripts.
2.5. Nucleotide sequences accession numbers

Genome sequence and annotation genes of C. acetobutylicum
strain DSM 1731 described in this study have been deposited at
GenBank database with accession number CP002660 (Chromo-
some), CP002661 (Plasmid pSMBa) and CP002662 (Plasmid
pSMBb). Sequence reads of Rh8 have been deposited in the NCBI
Short Read Archive as SRA156461.
3. Results

3.1. Genome sequencing and assembly

The genomes of C. acetobutylicum DSM 1731 and its butanol tol-
erant mutant Rh8 were sequenced to understand the genetic basis
of butanol tolerance. In summary, the genome of strain DSM 1731
consists of a circular chromosome consisting of 3,942,462 bp with
a G+C content of 30.9%, a circular megaplasmid pSMBa of
191,996 bp with a G+C content of 30.9%, and a small plasmid
pSMBb of 11,123 bp with a G+C content of 25.9%. Other genome
features and annotations have been briefly announced [18]. Com-
pared with the genome of strain ATCC 824, the assembly results
indicate that there is an additional plasmid, designated as pSMBb,
in strain DSM 1731. To confirm the presence of this plasmid, a mar-
iner transposon was used to isolate it (Supplementary file 3).

3.2. Comparative genomic analysis of strain Rh8 with its wild type
DSM 1731

Compared with the genome sequence of strain DSM 1731, a
total of 67 single nucleotide variations (SNVs), two insertion sites,
and four deletion sites are distributed throughout the genome of
strain Rh8 (Fig. 1). Among these SNVs, 29 SNVs are located in cod-
ing sequences, 16 SNVs are located in the predicted promoters and
intergenic regions, while 22 SNVs are located in the ribosomal
genes and affect a total 12 rRNA genes. Among the 29 SNVs located
in coding sequences, 7 SNVs were synonymous substitution, 20
SNVs resulted in amino acids changes, and 2 SNVs led to nonsense
mutation of SMB_G0260. Two insertion sites and four deletion sites
were located in the intergenic regions. No genome rearrangements
between strain DSM 1731 and strain Rh8 were observed.

3.3. Genome mutations analysis

3.3.1. Mutations in coding sequences
All mutations in coding sequences (CDSs) with mutations iden-

tified are listed in Table 1. Among these CDSs, four mutated genes
are related to metabolic processes in Clostridium. SMB_G0260
encodes a nitrogen regulatory protein PII (glnB), which is involved
in the regulation of nitrogen metabolism. In SMB_G0260, one mis-
sense mutation from isoleucine to threonine at the 115th position
(I115T), one nonsense mutation at the 114th residue position, and
three synonymous mutations, were identified. Another gene with
mutation identified was SMB_G3292 encoding an acetyltransfer-
ase, where a glutamic acid was substituted by lysine at the 127th
residue position (E127K). Synonymous mutations were identified
in two other genes involved in metabolism (SMB_G2322 and
SMB_G2367).

Missense mutations were identified in two genes related to
DNA replication and repair of damaged DNA. One is SMB_G1982
encoding a site-specific recombinase, where a proline was substi-
tuted by leucine at the 574th position (P574L). The other is
SMB_G2708 encoding an NAD-dependent DNA ligase LigA, where
a serine to arginine substitution at the 470th position (S470R)
was identified.

http://www.novocraft.com/
http://www.novocraft.com/


Fig. 1. Chromosome map of mutations discovered through whole genome sequencing of C. acetobutylicum Rh8. The polymorphisms were discovered with Burrows–Wheeler
Aligner (BWA) and Novocraft Short Read Alignment Package 2.05. A total of 67 single nucleotide variations (SNVs), 2 insertion sites and 4 deletion sites are distributed
throughout the genome of DSM 1731. The color coding scheme for figure are as follows: black, single nucleotide variants (SNV) in CDSs; purple, SNV in rRNA genes; green,
SNV in intergenic regions; yellow, deletions; maroon, insertions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Mutations were also found in genes related to ABC transport.
One is SMB_G0109 encoding a sulfate ATP-binding cassette (ABC)
transporter permease, in which a mutation of D98N occurred in
the TauC functional domain. The other is SMB_G3682 encoding
an oligopeptide ABC transporter, in which a mutation of T210I
occurred in the region near H-loop domain.

Mutations were also found in two genes involved in cell wall
synthesis. One is SMB_G1268 encoding a penicillin binding protein
involved in the final stages of the synthesis of peptidoglycan, in
which a threonine to proline substitution occurred at the 494th
residue position (T494P). The other is SMB_G3599 encoding an S-
layer protein, which is a part of the cell envelope in bacteria.
Two SNVs caused substitutions of aspartic acid to histidine at the
280th position (D280H) and glycine to alanine at the 282th residue
position (G282A).

Moreover, mutations were found in three genes involved in
chemotaxis system. The first one is SMB_G0441 encoding a
methyl-accepting chemotaxis protein (MCP), which can help bac-
teria detect concentrations of molecules in the extracellular matrix
[19]. A SNV caused an asparagine to threonine substitution at the
61th residue position (N61T). The second one is SMB_G3315
encoding a possible surface protein which contains cell adhesion
domain and ChW-repeats. A SNV caused a valine to glycine substi-
tution at the 204th residue position (V204G). The third one is
SMB_G2198 encoding a flagellar basal-body rod protein FlgB,
which is one of the four proteins that comprise the rod section of
the basal-body assembly of the flagellar motor. A SNV caused a
valine to methionine substitution at the 4th position (V4M).

3.3.2. Mutations in translation related genes
Apart from the mutations in CDSs, twenty-two SNVs were iden-

tified in 12 rRNA genes, covering 8 of total 12 rRNA operons.
Seventeen SNVs are in 23S rRNA genes, three SNVs in 5S rRNA
genes, and two SNVs in 16S rRNA genes. Previous alignments of
bacterial 16S rRNA gene sequences have revealed nine hypervari-
able regions, termed as V1–V9 [20]. In strain Rh8, one mutation
in 16S rRNA is located in region between V2 and V3, while the oth-
ers are in the V9 region. Two variable double-stranded areas were
distinguished in 5S rRNA and the conserved position were identi-
fied in eubacteria [21]. Three SNVs in strain Rh8 are located in
the variable areas of 5S rRNA. Ten highly variable areas were dis-
tinguished in 23S rRNA and its conservation diagram was also con-
structed [21]. Nine SNVs in 23 rRNA of strain Rh8 are located in the
variable sites while six SNVs are in less conserved areas.

In order to investigate the effects of base mutations in rRNA
genes on strain Rh8, we used Rchange Algorithms to calculate
the changes of the ensemble free energy, the mean energy, and
the thermodynamic entropy of rRNA secondary structures for
exhaustive patterns of single mutations [22]. The thermodynamic
changes of all mutated rRNA genes are listed in Table 2. The results
showed that these mutations could cause thermodynamic changes.
Although there is no report indicating how much entropy change
of rRNA in bacteria will lead to functional changes, it seems that
a mutation which largely increases thermodynamic variables
may have higher possibility to be a lethal mutation [22]. Among
these mutations, the mutation from C to A at the 38th position of
SMB_r026 (encoding a 23S rRNA) resulted in the largest thermody-
namic change. According to these results, the overall effect of these
mutations in rRNA gene may lead to differences in function and
structure of ribosome.

In addition, SMB_G1210 encode a 23S rRNA (adenine2503-C2)-
methyltransferase involved in translation, where a cysteine was
substituted by a tryptophan at the 78th residue position (C78W).
Besides these mutations, eight variations are distributed in the



Table 1
Mutations in CDSs discovered in genome resequencing of C. acetobutylicum Rh8.

Gene Gene Annotation Biological Processa
Genomic 

Coordinateb
Codon Changec

aa 

Changed

SMB_G0260 nitrogen regulatory protein nitrogen metabolism

285,516

285,519

285,525

285,529-31

285,533

ATA->ATT

GCT->GCA

GCT->GCA

AGG->TGA

ATA->ACA

-

-

-

R114*

I115T

SMB_G3292 acetyltransferase Metabolic process 3,409,715 GAA->AAA E127K

SMB_G2322 Acyl-protein synthetase Metabolic process 2,393,327 GGT->GGG -

SMB_G2367
dTDP-glucose 

pyrophosphorylase
Polysaccharide biosynthetic 2,442,212 GCA->GCC -

SMB_G1982 site-specific recombinase DNA recombination 2,071,359 CCA->CTA P574L

SMB_G2708 NAD-dependent DNA ligase DNA repair 2,791,777 AGT->AGC S470R

SMB_G0109
sulfate ABC transporter 

permease
Sulphate reduction 118,469 GAT->AAT D98N

SMB_G3682 oligopeptide ABC transporter ATP catabolic process 3,844,427 ACT->ATT T210I

SMB_G1268 penicillin binding protein penicillin binding 1,393,557 ACG->CCG T494P

SMB_G3599 S-layer protein S-layer protein
3,756,568

3,756,572

GGA->GCA

GAT->CAT

G282A

D280H

SMB_G0441
methyl-accepting chemotaxis 

protein
signal transducer activity 499,986 AAC->ACC N61T

SMB_G3315
ChW repeat-containing 

protein
surface protein 3,437,014 GTT->GGT V204G

SMB_G2198
flagellar basal-body rod 

protein FlgB

Ciliary or bacterial type 

flagellar motility
2,256,648 GTG->ATG V4M

SMB_G1210 Fe-S-cluster redox protein transferases 1,341,362 TGT->TGG C78W

SMB_G0204 hypothetical proteins - 224,315-16 AAC->CCC N9P

SMB_G1530 hypothetical proteins -
1,650,931

1,650,934

GTG->GGG

GTA>GGA

V13G

V15G

SMB_G1663 hypothetical proteins - 1,780,754 GTC->GTT -

SMB_G1667 hypothetical proteins - 1,784,399 GCG->GCC -

SMB_G2638 hypothetical proteins - 2,709,960 TTA->ATA L4I

SMB_G2896 hypothetical proteins - 2,996,299 GTT->GCT V160A

SMB_G3113 hypothetical proteins - 3,229,731 GTG->GGG V242G

aUnknown biological processes are indicated by a ‘-’.
bThe mutation positions are listed as the absolute genomic coordinates in C. acetobutylicum DSM 1731 reference sequence.
cSNVs are indicated by codon transition, where bases shown in red represent mutations.
dThe nonsense mutations is indicated by ‘⁄’, while synonymous mutations are indicated by ‘-’.
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intergenic regions of ribosomal RNA genes, including six SNVs
(162,936th, 330,962th, 335,640th, 345,915th, 3,337,534th, and
3,339,091th), one insertion (170,211th), and one deletion
(1,109,860th). There are also two SNVs found in the downstream
of SMB_t056 and upstream of SMB_t060, which encodes a tRNA-
Ala and a tRNA-Met, respectively.
3.3.3. Mutations in intergenic regions
In strain Rh8, eight SNVs, one insertion, and three deletions are

located in the intergenic regions. One of the SNVs at position
2,174,967th (A ? G) identified in the upstream sequences of CDSs,
is 6 bp away from the initiation codon of spo0A, a master regulator
for entry into sporulation in C. acetobutylicum. There is another
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SNV located 187 bp away from the start coding sequence of spo0A.
A SNV at position 738,234th (A ? C) located in the ribosome bind-
ing site of SMB_G0647 encoding a phosphatase. Two SNVs are
located in the position 15 bp and 18 bp away from the initiation
codon of SMB_G3223 encoding a hypothetical protein. Another
SNV is located in the position 49 bp away from the initiation codon
of SMB_G1972 encoding a hypothetical protein. One deletion was
identified in the position 156 bp upstream of SMB_G0767 which
encodes a proton dependent oligopeptide transporter. Moreover,
this deletion is also located in the position 338 bp upstream of
SMB_G0768 which encodes a DNA ligase III. Two mutations are
located in the upstream sequence of SMB_G3065 encoding an oxi-
doreductase, one deletion at 187 bp and one SNV at 191 bp away
from its initiation codon. One deletion and one SNVs are located
separately at 21 bp and 22 bp downstream of SMB_G1592 encod-
ing a hypothetical protein. In addition, a two-nucleotide insertion
located at the �5 position upstream of a hypothetical protein
SMB_G3130 enlarged the distance between the tentative ribo-
somal binding site (RBS) and start codon.

4. Discussion

Butanol toxicity is a major barrier to butanol production by C.
acetobutylicum. In our previous work, comparative proteomic anal-
ysis of butanol-tolerant mutant Rh8 and its parent strain DSM
1731 revealed 175 differentially expressed proteins (102 cytoplas-
mic proteins [8] and 73 membrane proteins [9]). In this study,
comparative proteomic and genomic analyses revealed that some
of the differentially expressed proteins and the mutated genes
are falling into the same cellular functional group (Table S4). How-
ever, none of the differentially expressed proteins have mutations
in its corresponding genes, suggesting cells of strain Rh8 might
have developed multiple strategies to increase its butanol-toler-
ance (Fig. 2).

Comparative proteomic and genomic analyses suggest that
reinforcement of the cell membrane and cell wall is crucial for
Table 2
Mutations in rRNA genes of C. acetobutylicum Rh8.

Operon coordinatef Gene Gene annotation Positiona Nu

A (9710–14,493) SMB_r002 23S ribosomal RNA 1429 G ?
1441 A ?
1877 C ?

B (158,336–163,120) SMB_r005 23Sb ribosomal RNA 1385 A ?
1877 C ?

C (163,474–168,258) SMB_r008 23Sc ribosomal RNA 43 A ?
SMB_r009 5Sc ribosomal RNA 9 C ?

D (168,612–173,405) SMB_r010 16Sd ribosomal RNA 1448 T ?
E (254,687–259,470) SMB_r014 23Se ribosomal RNA 1877 C ?
G (331,040–335,824) SMB_r019 16Sg ribosomal RNA 379 A ?

SMB_r020 23Sg ribosomal RNA 1877 C ?
SMB_r021 5Sg ribosomal RNA 99 C ?

H (336,178–340,962) SMB_r023 23S ribosomal RNA 43 A ?
91 G ?

653 A ?
1130 G ?
1254 C ?
1877 C ?

I (341,316–346,099) SMB_r026 23Si ribosomal RNA 38 C ?
1357 T ?
1877 C ?

SMB_r027 5Si ribosomal RNA 99 T ?

c,d,eThe entropy change, internal energy change and ensemble free energy change of eac
change in entropy is positive. The lower free energy means a more stable structure.

a The mutation positions are listed as the relative coordinates in the rRNA genes of C
b The mutations in rRNA genes by base transition.
f The operon coordinate shows the rRNA operon number and its coordinates.
increasing butanol tolerance. In strain Rh8, the structure of cell
membrane and cell wall might be strengthened by mutating struc-
tural genes (SMB_G1268 encoding a penicillin binding protein, and
SMB_G3599 encoding a S-layer protein) and regulating expression
of related proteins, including UDP-N-acetylglucosamine 1-carb-
oxyvinyltransferase MurA (SMB_G3580), rod shape-determining
protein (SMB_G1263 and SMB_G2894), and Med/BMP family lipo-
protein (SMB_G0716) [8,9]. MurA catalyzes the first step of bacte-
rial cell wall biosynthesis, therefore the overexpression of MurA
(SMB_G3580) in strain Rh8 might strengthen the peptidoglycan
synthesis.

In addition, the functions of membrane transport in strain Rh8
might be affected by mutations in CDSs of oligopeptide ABC trans-
porter (SMB_G3682) and ABC transporter permease (SMB_G0109)
and promoter of proton dependent oligopeptide transporter
(SMB_G0767), as well as by regulating its expression of oligopep-
tide ABC transporters (SMB_G3669, SMB_G3670 and SMB_G3673)
and F0F1ATP synthase subunits (SMB_G2901 and SMB_G2905)
[8,9]. In previous study, proteins involved in amino acid metabo-
lism and protein synthesis of strain Rh8 were found to exhibit a
general trend of downregulation [8]. The mutation and the down-
regulation of the ABC transporter proteins might slow down the
nutrient transport rate, which can be reflected by the reduced spe-
cific growth rate and reduced maximum optical density of strain
Rh8 [8,9]. It has been reported that amino acid metabolism and
protein synthesis are affected by butanol stress but the mechanism
remains unknown [7]. Our study suggests that cells with relatively
slow amino acid metabolism and protein synthesis are likely to
better adapt to the butanol challenge.

When cells encounter butanol stress, the signal will be trans-
mitted from the membrane proteins into the other proteins of che-
motaxis system. Compared with the wild type strain, chemotaxis
system of strain Rh8 are likely to be affected. At genome level,
point mutations in methyl-accepting chemotaxis protein
(SMB_G0441), flagellar basal-body rod protein (SMB_G2198), and
ChW repeat-containing protein (SMB_G3315), were identified. At
cleotide changeb Entropyc Internal energyd Ensemble free energye

C �1.45 �2.13 �0.69
G �0.06 �0.30 �0.24
T 0.013 1.01 1.00
G 0.10 �0.03 �0.13
T 0.01 1.01 1.00
G �0.05 �0.10 �0.35
T 0.46 2.99 2.53
G 0.14 �1.28 �1.42
T 0.01 1.01 1.00
G 0.43 1.30 0.88
T 0.01 1.01 1.00
G 0.60 2.11 1.51
G �0.05 �0.40 �0.35
A �0.33 �0.16 0.16
C �0.21 �4.15 �3.93
A �0.11 0.13 0.24
G �0.47 �4.54 �4.07
T 0.01 1.01 1.00
A 2.26 7.73 5.46
C 0.10 0.03 �0.07
T 0.01 0.00 0.00
G �0.47 �1.09 �0.62

h single base mutation. When the structure of rRNA becomes more disordered, the

. acetobutylicum DSM 1731.



Fig. 2. The strategies of butanol tolerance in Rh8. Based on the genomic and proteomic data, we speculate Rh8 strain adapt butanol stress with five strategies. Reinforcement
of the membrane and wall proteins is shown with purple rectangles. The membrane transport proteins are shown in light green circles. The signal of stress is transmitted
within chemotaxis system shown in dark green circles. Proteins referred to DNA replication and repair are noted as yellow triangles, while the proteins affecting translation
are shown in light blue rhombi. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Different protein expression levels within one operon.

Gene locus in DSM 1731 Product name Ratio Location Operon

SMB_G0006 DNA gyrase subunit B �1.6 C SMB_G0002–SMB_G0007
SMB_G0057 Hypothetical protein �2 M SMB_G0056–SMB_G0059
SMB_G0111 GTPase, sulfate adenylate transferase subunit 1 2.1 C SMB_G0103–SMB_G0111
SMB_G0320 Phage shock protein A �2.9 M SMB_G0320–SMB_G319
SMB_G0607 6,7-Dimethyl-8-ribityllumazine synthase �1.7 C SMB_G0604–SMB_G0607
SMB_G0608 Pyridoxal biosynthesis lyase PdxS �2.7 C SMB_G0608–SMB_G0609
SMB_G0890 xanthine phosphoribosyltransferase 1.4 M SMB_G0889–SMB_G0890
SMB_G0894 Cyclopropane fatty acid synthase 1.7 M SMB_G0893–SMB_G0894
SMB_G1143 Hypothetical protein �3.1 M SMB_G1148–SMB_G1143
SMB_G1150 Hypothetical protein �6.8 M SMB_G1151–SMB_G1149
SMB_G1436 Toxic anion resistance protein TerA 3.7 M SMB_G1435–SMB_G1436
SMB_G1626 Chemotaxis sensory transducer 2.1 M SMB_G1625–SMB_G1626
SMB_G1769 Zn-finger-like protein, nucleic acid binding ND M SMB_G1769–SMB_G1760
SMB_G1829 Exopolyphosphatase family protein 2.4 M SMB_G1823–SMB_G1831
SMB_G2226 Hypothetical protein 2.5 M SMB_G2232–SMB_G2225
SMB_G2366 dTDP-D-glucose 4,6-dehydratase 1.8 M SMB_G2266–CSMB_G2265
SMB_G2738 Chaperonin GroEL 1.7 C SMB_G2739–SMB_G2738
SMB_G3122 Cell adhesion domain-containing protein ND C SMB_G3121–SMB_G3122
SMB_G3126 Fumarate hydratase 2.1 M SMB_G3127–SMB_G3126
SMB_G3167 50S ribosomal protein L23 ND M SMB_G3169–SMB_G3167
SMB_G3172 Elongation factor Tu 2 M SMB_G3173–SMB_G3172
SMB_G3205 Acetolactate synthase large subunit ND C SMB_G3210–SMB_G3205
SMB_G3225 ABC transporter ATPase 1.5 C SMB_G3228–SMB_G3225
SMB_G3290 Gamma-glutamyl phosphate reductase 2.2 M SMB_G3289–SMB_G3291
SMB_G3324 Iron-regulated ABC transporter ATPase 1.6 C SMB_G3324–SMB_G3328
SMB_G3580 UDP-N-acetylglucosamine 1-carboxyvinyltransferase 2 M SMB_G3580–SMB_G3579
SMB_G3592 Na+ ABC transporter ATP-binding protein 2.2 C SMB_G3592–SMB_G3591
SMB_G3614 3-Oxoacyl-(acyl carrier protein) synthase II 1.7 M SMB_G3617–SMB_G3612
SMB_G3669 ATPase component �3 M SMB_G3672–SMB_G3669
SMB_G3670 ATPase component �2.1 M SMB_G3672–SMB_G3669
SMB_G3772 Stage 0 sporulation protein J ND M SMB_G3773–SMB_G3772
SMB_P065 Mannose-specific phosphotransferase system component IIAB 1.7 M SMB_P065–SMB_P067

The data is derived from published comparative cytoplasm- and membrane-proteomic analyses [8,9]. Abbreviations: Ratio, the ratio of the expression level of a protein in
strain Rh8 over that of the corresponding protein in strain DSM 1731; Location, the space location in cell; C, cytoplasm; M, membranes; Operon, the operon containing genes
have different protein expression levels; ND, protein spot not detected in strain DSM 1731.
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the proteomic level, chemotaxis-related proteins that showed sig-
nificant upregulation include chemotaxis sensory transducer
(SMB_G1626) and ChW repeat-containing protein (SMB_G2401
and SMB_G2619). In strain Rh8, the downregulation of flagellar
hook protein FlgE (SMB_G2187), hook-associated protein
SMB_G2236, and phage shock protein (SMB_G0320) might be
related to the SNV at 6 bp away from the initiation codon of spo0A,
the master transcriptional regulator, which is significantly upregu-
lated in strain Rh8 as revealed by comparative proteomic analysis
[9]. This is in agreement with a previous study, where inactivation
of Spo0A triggered up-regulation of flagellar and chemotaxis genes
[23].

In addition, genes related to DNA replication, transcription and
translation may play an important role upon butanol stress. In
strain Rh8, mutations in genes related to replication (SMB_G2708,
SMB_G1982, SMB_G0768) and translation (SMB_G1210) were
identified through comparative genomic analysis, while different
expression of 30S ribosomal protein (SMB_G1812), elongation fac-
tors (SMB_G3172), and ribosome-associated protein Y
(SMB_G2883) were identified through comparative proteomic
analysis [8,9]. These suggest that proteins involved in DNA replica-
tion, RNA transcription, and protein translation are also involved in
butanol tolerance.

Comparative genomic and proteomic analyses indicated that no
gene has corresponding changes at both genomic and proteomic
levels. Among the 67 SNVs identified in strain Rh8, 34% of SNVs
are located in rRNA genes. Considering the fact that rRNA genes
account for 1.2% of the whole genome, the surprisingly high ratio
of rRNA mutations might be involved in butanol tolerance of strain
Rh8. It was found that the some genes from differently operon
were down- or up-regulated in Rh8, while other genes in the same
operon had no significant difference (Table 3). Through computing
the changes of the energy and entropy of rRNA secondary struc-
tures of SNVs, we found most of the single mutations have clear
effect on the thermodynamic properties of rRNA. This suggests that
strain Rh8 might mutate some rRNA genes to change the structure
and function of the whole ribosome.

Ribosomal Mutation Database (http://ribosome.fandm.edu/)
has collected mutations in 16S, 23S, and 5S ribosomal RNA with
their corresponding phenotypes. It shows that mutations in ribo-
somal RNA could impair growth, reduce association between 30S
and 50S subunits, and produce highly functional ribosome [24]. It
has also been reported that modulating ribosomal proteins and
rRNA is an alternative way for altering bacterial gene expression
at the level of translation [25].

To date, cellular transcriptional response of C. acetobutylicum to
butanol stress have been documented [26]. The comparative geno-
mic and proteomic analyses presented in this study provide a new
angle to look into the complex butanol tolerance, delivering a new
message that regulation of the translational process could be a new
mechanism conferring butanol tolerance. Our analyses indicate
that slight variations in critical factors involved in translational
process may have great impact on butanol tolerance. Engineering
the factor involved in translation process therefore can be consid-
ered as a new strategy worthy of testing for improving microbial
stress resistance.
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