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WELCOME  
 
On behalf of the Clostridium XIII organizing committee, we warmly welcome you to 
Shanghai, China for the 13th International Conference on the Genetics, Physiology 
and Synthetic Biology of Solvent- and Acid-forming Clostridia. 
 
The “Clostridium” conferences have been held every 2 years since their inception in 
1990 and focus on those clostridial species that are of benefit to mankind. The 
conferences have become the leading international forum for presentation and 
discussion of new findings and developments in the field. This is the first time held in 
China, where ABE (acetone-butanol-ethanol) fermentation had been industrialized 
since 1955 and R & D work on solvent-producing clostridia is persistently active. So it 
is a place friendly to Clostridium. ☺ 
 
There will be about 150 participants, including 36 speakers, from different countries 
to attend this conference. Seven invited speakers will give us wonderful lectures. We 
thank all the sponsors for your generous support and hope the conference topics will 
be of interest to both academia and industry alike. 
 
The conference location, Shanghai is a glamourous city. The history of amalgamating 
East and West gave her a special culture. It is not only the nation’s thriving economic 
heart and financial capital, but also a center for scientific research. Wish you enjoy 
Clostridium XIII, enjoy the stay in Shanghai！ 
 
Sincerely, 
 
George Bennett (Rice, USA) 
Pamela Contag (Palo Alto, USA) 
Peter Dürre (Ulm, Germany) 
Weihong Jiang (Shanghai, China) 
Nigel Minton (Nottingham, UK) 
Terry Papoutsakis (Delaware, USA) 
Philippe Soucaille (INSA, France) 
 

13th International Conference on the Genetics, Physiology and 
Synthetic Biology of Solvent and Acidforming Clostridia 

Clostridium XIII
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GENERAL INFORMATION 
 
VENUE 
Shanghai Hope Hotel 
Address: 500 Zhaojiabang Road, Xuhui District, Shanghai 200031, China  
 
ORAL PRESENTATIONS 
Oral presentations will be in the Cheng-Gu Hall (5th floor), Hope Hotel. The length of 
oral presentations is scheduled from 15 to 35 min (check programme), within that 
presenters should allow 5 min for discussion. All presentations should be prepared in 
a form of MS Power Point slide show and stored on USB sticks or CD/DVD. The use 
of a personal computer or Mac is not possible. All presentations will be uploaded to 
the computer in the lecture hall. This can be done anytime, but at least 2-3 hours 
before your session or the evening before for early morning presentations. 
 
POSTER PRESENTATIONS 
Poster presentations will be in the Zhou-Ming Hall (5th floor), Hope Hotel. The 
recommended poster size is 90 cm × 140 cm. Velcro tabs will be provided. The 
presenting author should stand by his/her poster for the whole length of the session. 
 
SOCIAL EVENTS 
Social events are open to all participants and accompanying persons and are 
included in the conference fee. 
 
Welcome Reception, Thursday, 18th September 2014, 18:00-21:00, Cafeteria (3rd 
floor), Hope Hotel. 
 
Dinner, Friday, 19th September 2014, 18:10- 19:30, The X. E. Flavour Hotel. 
 
Networking afternoon, Saturday, 20th September 2014, 14:30-17:00, Visit the 
Shanghai Museum and the Bund of Huangpu River. Please sign up for these guided 
tours at the reception desk on registration. 
 
Dinner, Saturday, 20th September 2014, 17:30- 20:00, The Huangpu River 
Restaurant on pleasure-boat. 
 
Conference dinner, Sunday, 21st September 2014, 18:00 - 20:00, The Xiao Nan Guo 
Restaurant. 
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11:30-12:55 Terry Papoutsakis (University of Delaware, USA)  

The Methylome and Deep RNome in Clostridium: New Gadgets, 
More Knowledge 

12:55-12:20 Ralf Joerg Fischer (University of Rostock, Germany)  

Small Acid-soluble Spore Proteins of Clostridium acetobutylicum 

12:20-12:35 Zhe Sun (Shanghai Institutes for Biological Sciences, CAS, China) 

A Novel Three-component System-based Regulatory Model for 
D-Xylose Sensing and Transport in Firmicutes 

  

12:35-14:00 Lunch & Posters   Cafeteria (3rd floor) & Zhou-Ming Hall (5th Floor) 

  

Session II:   METABOLIC ENGINEERING 

Chairperson: Terry Papoutsakis 

14:00-14:35 Yin Li (Institute of Microbiology, CAS, China) - Invited Speaker 
Engineering the Robustness of Clostridium acetobutylicum: from 
Inducible Gene Expression Systems to Controllable Hypermutable Cells

14:35-15:00 Peter Dürre (University of Ulm, Germany)  

Anaerobic Syngas Fermentation for Fuels and Chemicals 

15:00-15:25 Ya-Jun Liu  (Qingdao Institute of Bioenergy and Bioprocess 
Technology, CAS, China)  

The Contribution of Cellulosomal Scaffoldins to Cellulose Hydrolysis 
by Clostridium thermocellum 

  

15:25-16:15 Coffee Break (photo & SIBS campus tour) 

  

Chairperson: Philippe Soucaille 

16:15-16:40 George Nelson Bennett (Rice University, USA)  

Manipulation of Redox Cofactors in Clostridium acetobutylicum 
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16:40-17:05 Klaus Martin Winzer (University of Nottingham, UK)  

A Peptide-based Quorum Sensing System Regulates Solvent 
Formation in Clostridium acetobutylicum 

17:05-17:30 Pin-Ching Maness (National Renewable Energy Laboratory, USA) 
Hydrogen Metabolic Network in Clostridium thermocellum 

17:30-17:45 Mengmeng Xu (The Ohio State University, USA)  

Inverse Metabolic Engineering of Clostridium acetobutylicum for 
Enhanced n-Butanol Tolerance and Production 

17:45-18:00 Manish Kumar (Indian Institute of Technology Gandhinagar)– 
Young Presenter 
Characterizing Clostridium acetobutylicum Metabolism Using 
Constraint-based Modeling Approach under Stress 

  

18:10-19:30 Dinner–X. E. Flavour Hotel (gathering at the lobby of Hope Hotel) 

  

Saturday, 20th September 2014              Cheng-Gu Hall (5th floor)            

Section III: SYNTHETIC BIOLOGY, GENETIC TOOLS AND OMICS 

Chairperson: George Bennett 

08:45-09:20 Adam Roberts (University College London, UK) – Invited Speaker  

Mobile Genetic Elements in Clostridia 

09:20-09:45 Philippe Soucaille (LISBP, INSA, University of Toulouse, France)  

A Synthetic Biology Approach to Revisit the Weizmann Process for 
the Continuous Production of Bulk Chemicals 

09:45-10:10 Chen Yang (Shanghai Institutes for Biological Sciences, China)  

Genomic Reconstruction of Transcriptional Regulons in the Genus 
Clostridium 

10:10-10:35 Ying Zhang (University of Nottingham, UK)  

A Universal mariner Transposon Mutagenesis System for 
Clostridium species 
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10:35-10:50 Minyeong Yoo (INSA Toulouse, France)– Young Presenter 
A System Biology Approach for the Physiological Characterization of 
Clostridium acetobutylicum 

  

10:50-11:10 Coffee Break  

  

Chairperson: Yin Li 

11:10-11:35 Yi Wang (University of Illinois at Urbana-Champaign, USA)  

Development and Application of a Gene Knockout System for 
Clostridium beijerinckii using Mobile Group II Introns (Targetron) 

11:35-12:00 Katrin Schwarz (University of Nottingham, UK)  

Development of Genetic Tools for the Biological Engineering of 
Clostridium pasteurianum 

12:00-12:25 Isabelle MEYNIAL-SALLES (LISBP, INSA, Toulouse University, 
France) FeFe-Hydrogenases from Clostridium acetobutylicum: 
Development of a New Tool for the Direct in vivo Selection of 
Hydrogenase Variants 

12:25-12:40 Meng Lin (The Ohio State University , USA)– Young Presenter  

An in vivo Fluorescence-based Gene Expression Reporter System 
for Clostridium Metabolic Engineering 

  

12:40-14:00 Lunch & Posters   Cafeteria (3rd floor) & Zhou-Ming Hall (5th Floor) 

14:00-17:30 Networking Afternoon (gathering at the lobby of Hope Hotel at 14:00)

17:30-20:00 Dinner – Huang-Pu River Restaurant 

  

Sunday, 21st September 2014                  Cheng-Gu Hall (5th floor) 

Section IV: FEEDSTOCK UTILISATION 

Chairperson: Sean Simpson 
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08:45-09:20 Lee Lynd (Dartmouth College, USA) - Invited Speaker   

Characterizing and Engineering Thermophilic Clostridia for Ethanol 
Production 

09:20-09:45 Fuli Li (Qingdao Institute of Bioenergy and Bioprocess Technology, 
CAS, China)  

Characterization of a Multidomain Processive Endoglucanase from a 
Thermophilic Bacterium Clostridium cellulosi CS-4-4 

09:45-10:00 Benjamin James Willson (University of Nottingham, UK)– Young 
Presenter 
Engineering Clostridium acetobutylicum for Butanol Production from 
Lignocellulose 

  

10:00-11:15 Coffee Break & Posters          Zhou-Ming Hall (5th Floor) 

  

Chairperson: Jeff Errington 

11:15-11:40 Volker Mueller (University of Frankfurt, Germany)  

Microbial Life under Extreme Energy Limitations: How Acetogenic 
Bacteria Make a Living from Hydrogen and Carbon Dioxide 

11:40-12:05 Wolfgang H Schwarz (Technical University Muenchen, Germany)  

Fermentation of Wheat-flower Milling Byproducts to Butanol can be 
Economical 

12:05-12:20 Ran Du (Tsinghua University, China) 

Isolation of Native Consortium for High-efficient Production of 
Cellulosic Ethanol 

  

12:20-14:00 Lunch & Posters   Cafeteria (3rd floor) & Zhou-Ming Hall (5th Floor) 

  

Section V: BIOPROCESSING AND INDUSTRIAL APPLICATIONS 

Chairperson: Lee Lynd 
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14: 00-14:35 Sean Simpson (LanzaTech, New Zealand) - Invited Speaker 
Gas Fermentation for Fuel and Chemical Production at Scale 

14:35-15:00 David T. Jones (University of Otago, New Zealand)  

The Butanol Fermentation in Taiwan and Japan: History and 
Strategic Importance 

15:00-15:25 Yu Jiang (Shanghai Institutes for Biological Sciences, China)  

Current Status and Prospects of Industrial Bio-production of 
n-Butanol in China  

  

15:25-15:45 Coffee Break 

  

Chairperson: Adam Roberts 

15:45-16:10 Bryan Patrick Tracy (Elcriton Inc., USA) 

A Full Clostridial Platform for Next Generation Biobutanol Production

16:10-16:35 Thomas Millat (University of Nottingham, UK) 

Exploring ABE Fermentation Using Models for a Systematic 
Comparison of Wild Type and Mutant Strains 

16:35-17:00 Ana María López-Contreras (Wageningen UR, Holland) 

“In-situ” Product Removal for Improved Isopropanol, Butanol and 
Ethanol Production by Fermentation: Modelling of Adsorption and 
Gas Stripping Techniques 

  

17:00-17:05 Closing Remarks 

  

18:00-20:00 Conference Dinner--Xiao Nan Guo Restaurant (gathering at the 
lobby of Hope Hotel at 17:45) 
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Jeff Errington  
Topic: Cell Walls and Cell Division in Bacteria: and How to Live 
without Them 
 
Jeff Errington has spent much of his research career studying 
fundamental questions about the structure and function of bacterial 
cells. Early on, he made important contributions to our 
understanding of the molecular biology underpinning endospore 
formation in Bacillus subtilis. More recently he has contributed 
substantially to understanding of chromosome replication and 
segregation, cell division and cell morphogenesis in bacteria. His lab 
was one of the pioneers in the application of digital fluorescence 
imaging methods to bacteria. He is presently Director of the Centre 
for Bacterial Cell Biology; the world’s first major research centre 
focused specifically on the molecular and cellular biology of bacterial 
cells.His contributions to basic science have been recognized by 
election to various learned societies, including Fellowship of the 
Royal Society, EMBO, the UK Academy of Medical Sciences and the 
American Academy of Microbiology.His academic work is currently 
funded by major grants from the European Research Council and 
the Wellcome Trust.Errington also has a strong track record in the 
exploitation of basic science, as scientific founder of two antibiotic 
discovery spin out companies: Prolysis Ltd(now part of Biota 
Pharmaceuticals Inc, a NASDAQ quoted company) and Demuris 
Ltd. 

 
 

Yin Li 
Topic: Engineering the Robustness of Clostridium 
acetobutylicum: from Inducible Gene Expression Systems to 
Controllable Hypermutable Cells 

Yin Li is a professor of industrial microbiology and Director of the 
CAS Key Laboratory of Microbial Physiological and Metabolic 
Engineering at the Institute of Microbiology, Chinese Academy of 
Sciences. His research focuses on developing microbial strains 
capable of converting renewable materials to produce a range of 
bio-based chemicals. In recent years his research on Clostridium 
covers understanding the physiological mechanisms for solvent 
production, and engineering the robustness of Clostridium by 
developing efficient genetic manipulation systems and synthetic 
biology approaches. 
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Lee Lynd 
Topic: Characterizing and Engineering Thermophilic Clostridia 
for Ethanol Production 
 
Lee Rybeck Lynd is the Paul and Joan Queneau Distinguished 
Professor of Engineering and Adjunct Professor of Biology at 
Dartmouth College, where he has been a faculty member since 
1987. He is also Focus Area Lead for Biomass Deconstruction and 
Conversion at the DOE Bioenergy Science Center, Executive 
Committee Chairman of the Global Sustainable Bioenergy Project, 
and Co-Founder, Director and Chief Scientific Officer of Mascoma 
Corporation. Dr. Lynd holds a B.S. degree in biology from Bates 
College, an M.S. degree in bacteriology from the University of 
Wisconsin, and masters and doctoral degrees in engineering from 
Dartmouth College. 

 

 

 
 

Adam Roberts  
Topic: Mobile Genetic Elements in Clostridia 

Adam Roberts is a Senior Lecturer and molecular microbiologist at 
University College London. He has been investigating antibiotic 
resistance and mobile genetic elements in Clostridium difficilefor 
over 15 years. He has contributed a great deal to our understanding 
of genome plasticity and mobile DNA in the Clostridia and many 
other genera. Recently he was part of the team to demonstrate, for 
the first time, that the toxin genes of C. difficile can be transferred to 
non-toxigenic strains. His group is currently funded by the EU, 
DEFRA, UCL and various international scholarships. He 
wasrecently awarded the Young Investigators Award by the Centre 
for Biofilm Engineering (USA) for his work on horizontal gene 
transfer in biofilms. He runs the international transposable element 
registry and is the founding Editor-in-Chief of the journal Mobile 
Genetic Elements. 
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Sean Simpson 
Topic: Gas Fermentation for Fuel and Chemical Production at 
Scale 
 
Dr. Sean Simpson is the Co-founder and Chief Scientific Officer of 
LanzaTech and leads the development and commercialization of 
LanzaTech’s core technology. Since its inception in 2005, Sean has 
lead the company to secure numerous rounds of venture capital 
funding, significant commercial and technical partnerships with 
leading global organizations, and government R&D grants. Dr 
Simpson’s leadership has encouraged collaboration between 
biologists, fermentation specialists, process and design engineers 
and business development teams to develop the technology and 
the company to become a global leader in gas fermentation. 
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Forward and Reverse Genetics in the Genus Clostridium    
 

Nigel P Minton 
 

BBSRC/EPSRC Synthetic Biology Research Centre (SBRC), School of Life Sciences, University Park, 
The University of Nottingham, Nottingham, NG7 2RD, UK. 

 
The antics of a few have given the genus Clostridium a bad name. Thus, to many 
the embodiment of the name resides in botulism (Clostridium botulinum), tetanus 
(Clostridium tetani), gas gangrene (Clostridium perfringens) or Clostridium 
difficile associated diarrhea (CDAD). The vast majority of the species, however, 
are entirely benign, and exhibit extreme biocatalytic diversity. They are able to 
grow on a wide range of feedstocks, from cellulose and sugars (C5/C6), glycerol 
(C3) to carbon monoxide/dioxide (C1), and produce all manner of useful 
chemicals and fuels. These beneficial attributes continue to attract an increasing 
number of scientists to the field, and have promoted the development of an ever 
expanding range of gene tools and methodologies with which forward and 
reverse genetic strategies may be pursued. 
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Metabolic Engineering of Clostridium acetobutylicum for the Enhanced 
Production of Desired Products 

 
Sang Yup Lee 

 
Metabolic and Biomolecular Engineering National Research Laboratory 

Department of Chemical and Biomolecular Engineering 
BioProcess Engineering Research Center and Bioinformatics Research Center 
Center for Systems and Synthetic Biotechnology, Institute for the BioCentury 

Korea Advanced Institute of Science and Technology (KAIST) 
Daejeon 305-701, Korea (leesy@kaist.ac.kr) 

 
As our concerns on global warming and other environmental problems are increasing, 
there has been much interest in developing sustainable system for the production of 
chemicals, fuels, and materials from renewable resources. In this lecture, I will 
present the strategies employed for the metabolic engineering of Clostridia for the 
production of solvents and chemicals. Also, the strategies employed for the 
production of butanol with high selectivity, butyric acid with high selectivity, and other 
products will be presented.  Results of some representative fermentations of 
metabolically engineered clostridial strains will also be presented. [This work was 
supported by the Systems Metabolic Engineering for Biorefineries project from the 
MSIP.] 
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Cell Division in Bacillus subtilis, with and without  
a Division Machine 

 
Jeff Errington 

 
Centre for Bacterial Cell Biology, Newcastle University, UK 

 
Most bacteria use a highly conserved division machine, or divisome, to proliferate 
(Adams & Errington, 2009, Nature Revs Microbiol 7, 642-653). The central player in 
the divisome is a tubulin homologue, FtsZ, which polymerises to form a ring structure 
at the site of division. The FtsZ ring (“Z ring”) recruits 15 to 20 other divisome 
components, and together the ring constricts while remodelling the cell envelope 
components and building new cell poles. Eventually division is complete and the two 
daughter cells separate from each other. Most of the key components of the divisome 
are widely conserved, and those of B. subtilis and Clostridium will be compared. 

The peptidoglycan wall is a hall mark of the bacteria and several of the essential 
components of the divisome govern cell wall synthesis and turnover. L-forms are 
bacterial variants that completely lack the peptidoglycan wall. They are formed by 
treatments that prevent cell wall synthesis or degrade the cell wall, and require 
osmotic stabilisers to prevent cell lysis. They can be generated by relatively simple 
treatments from a very wide range of bacteria, including clostridia (e.g. Mearls & Lynd, 
2014, Anaerobe 28, 109-119). Remarkably, L-forms no longer require any of the 
normally essential divisome proteins. They divide, instead, by a strange membrane 
blebbing or tubulation mechanism (Leaver et al., 2009, Nature 457, 849-853; Mercier 
et al., 2013, Cell 152, 997-1007). L-forms may be of industrial interest because they 
enable major changes in metabolism, particularly eliminating the need to synthesise 
large quantities of peptidoglycan and removing a potential barrier to protein secretion. 
They are also of interest as a model for the evolution of early forms of life (Errington, 
2013, Open Biology 3, 120143). 
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The Methylome and Deep RNome in Clostridium: New Gadgets,  
More Knowledge 

 
Eleftherios T. Papoutsakis, Keerthi P. Venkataramanan, Nicholas Sandoval, Qinghua 

Wang, Matthew T. Ralston, Hongzhan Huang & Cathy H. Wu 
 

University of Delaware, Newark, DE 19711, USA 
 
New technologies now enable a considerably more detailed picture of the state of 
nucleic acids in organisms, and notably of the DNA methylation and the deep, 
strand-specific RNome. Here we examined the methylome (state of DNA methylation) 
of Clostridium acetobutylicum and C. pasterianum under normal and, for C. 
acetobutylicum, metabolite stress conditions. We also used Illumina-based 
strand-specific RNAseq to probe the deep RNome of C. acetobutylicum under both 
normal and stress conditions. The information that can be extracted from such data 
leads to new ways to solve old problems, and significantly provides a much deeper 
understanding of the inner workings of Clostridium organisms.  

Both the wild type and other, including evolved, strains of C. acetobutylicum and C. 
pasterianum were sequenced and assembled via Single Molecule Real-Time (SMRT; 
PacBio) sequencing. The wild C. pasterianum type was assembled into 2 contigs (4.4 
Mb) and was compared to the previously published version of the same strain, which 
exists in 37 contigs with a total length of 4.28 Mb (our data contained an additional 
120 kb region). Mutations introduced to an evolved, more tolerant to crude glycerol C. 
pasterianum M150B genome were identified by sequence comparison to the wild 
type. Methylation patterns on genomic DNA identified with SMRT sequencing were 
used to aid in optimization of transformation efficiency of plasmid DNA, as C. 
pasteurianum contains several endogenous restriction endonuclease genes. The 
DNA methylome of C. acetobutylicum under normal versus metabolite stress 
conditions was also compared aiming to understand the impact of stress on DNA 
methylation and if this is possibly related to gene expression. Strand-specific 
RNAseq was employed to explore the complex transcriptome of these two organisms, 
with emphasis on identifying strand-specific expression of small RNAs (both cis and 
trans), unknown genes, and also transcriptional start sites to probe the impact of 
culture conditions on the rich RNome of these organisms at the detailed molecular 
level. 
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Small Acid-soluble Spore Proteins of Clostridium acetobutylicum 
 

Daniela Wetzel and Ralf-Jörg Fischer 
 

Institute of Biological Sciences, Division of Microbiology, University of Rostock, Albert-Einstein-Str. 3, 
D-18051 Rostock, DE 

  
Clostridium acetobutylicum can escape from deteriorating growth conditions like 
nutrient deprivation or accumulation of acids by the formation of endospores. 
Generally, bacterial endospores are considered as the most resistant form of life 
because they can tolerate life-endangering conditions like wet and dry heat, 
desiccation, UV and γ-radiation or toxic chemicals.  

Spore tolerance considerably is based on small acid-soluble proteins (SASP), 
which immediately after their synthesis in the developing forespore nonspecifically 
bind DNA molecules until saturation. Thereby, genetic material will be protected 
against damage by enzymatic degradation, heat or ultraviolet-radiation. Furthermore, 
SASP play an important role during outgrowth of the spore. After cleavage by 
germination proteases SASP are further degraded into amino acids which serve as 
an essential source of energy and building blocks for de novo protein biosynthesis of 
the new growing cell.  

In C. acetobutylicum six SASP candidates, SspA, SspB, SspC, SspD, SspH and 
Ssp-Tlp have been identified. Here, we present insights into their biochemical 
characterization. Each SASP has been tagged and overexpressed in Escherichia coli. 
SspA, SspB, SspC and SspD revealed strong DNA protection capability, respectively. 
Only weak DNA binding was detected with respect to SspH and Ssp-Tlp was not able 
to bind DNA in vitro. Furthermore, SspA, SspB, SspC, and SspD were cleaved by two 
germination protease homologues of C. acetobutylicum thus substantiating their 
biological function as SASP.  

Interestingly, in purified SASP fractions of spores of C. acetobutylicum almost 
exclusively SspA could be identified. Moreover, analysis of individual ClosTron 
mutant strains of all six ssp-genes confirmed an exceptional role of SspA as only the 
spores of this mutant were unable to form colonies on agar plates and to grow out in 
liquid media.  
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A Peptide-based Quorum Sensing System Regulates Solvent 
Formation in Clostridium acetobutylicum 

 
Klaus Winzer*, Ann-Katrin Kotte, Zak Bean, Oliver Severn, Katrin Schwarz, Nigel 

Minton 
 

BBSRC/EPSRC Synthetic Biology Centre, Centre for Biomolecular Sciences, School of Life Sciences, 
University Park, University of Nottingham, Nottingham, NG7 2RD, UK 

 
Many bacteria are known to communicate via small, diffusible signal molecules to 
coordinate gene expression in response to cell population density (quorum sensing). 
While quorum sensing has been extensively studied in Gram-positive species of the 
genera Bacillus, Staphylococcus and Streptococcus, very little is known about its role 
in the class Clostridia.  

Previously, we have shown that Clostridium acetobutylicum contains at least ten 
putative quorum sensing systems, all of which make use of peptide-based signal 
molecules. These consist of one agr-type system, similar to that found in 
staphylococcal species, and nine RNPP-type systems, resembling those present in 
the Bacillus cereus group. Mutational analyses suggest that the agr system plays a 
regulatory role in granulose formation and sporulation, whereas most RNPP-type 
systems influence solvent formation. 

Here we report that one particular system, termed QssB, regulates early solvent 
formation following the transition of batch cultures into stationary phase. QssB 
consists of the RNPP-type regulator QsrB and a linear signaling peptide derived from 
the precursor protein QspB. Inactivation of qsrB increased early solvent production, 
whereas its overexpression drastically reduced butanol and acetone formation. The 
inhibitory effects of qsrB overexpression were overcome by the addition of synthetic 
peptides representing C-terminal sections of QspB. Overexpression of qspB also 
increased early solvent formation. 

Our findings are consistent with QsrB acting as a repressor, which is deactivated 
toward the end of logarithmic growth after binding its cognate peptide signal derived 
from QspB.  
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Engineering the Robustness of Clostridium acetobutylicum: 
From Inducible Gene Expression Systems to Controllable 

Hypermutable Cells 
 

Yin Li 
Institute of Microbiology, Chinese Academy of Sciences 

yli@im.ac.cn 
 
Physiological robustness is an important trait for industrial microbial cells. 
Evolutionary engineering is the main approach for engineering complex 
physiological phenotypes, for instance stress resistance. Many evolutionary 
engineering strategies have been successfully developed, but discontinuity 
and/or low efficiency and dependence on manual interventions remain to be the 
problems to be solved. Evolutionary engineering researchers often follow a 
principle "Mutagenesis followed-by Selection". Here we propose a new principle 
"Mutagenesis coupled-with Selection" for evolutionary engineering. By applying 
this new principle, we developed a new method termed as "genome replication 
engineering assisted continuous evolution" (GREACE), which can be used to 
effectively improve the stress resistance of model microorganisms. The principle 
"Mutagenesis coupled-with Selection" was further applied to developed 
controllable hypermutable Clostridium acetobutylicum cells to improve its butanol 
tolerance. As C. acetobutylicum is genetically difficult to manipulate, this 
presentation will also cover our efforts in developing inducible gene expression 
systems and recombineering tools for C. acetobutylicum. 



 -22-

Anaerobic Syngas Fermentation for Fuels and Chemicals 
 

Peter Dürre 
 

Institute of Microbiology and Biotechnology, University of Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany 
 

Autotrophic acetogenic bacteria employ the so-called Wood-Ljungdahl pathway to 
produce naturally acetate, ethanol, and/or 2,3-butanediol from gaseous substrates 
such as CO2 + H2 or syngas (mostly a mixture of CO + H2). To date, different 
acetogens are used in industrial applications in pilot and demonstration plants aiming 
at ethanol formation from different syngas sources. A major challenge is to 
metabolically reengineer these bacteria for formation of other interesting bulk or 
speciality chemicals, allowing fermentation with an abundant, cheap carbon source 
and, in parallel, even consumption of greenhouse gases. 

Clostridium ljungdahlii is such an acetogen, able to ferment either organic 
compounds or CO2 + H2 and syngas (CO + H2). The genome of C. ljungdahlii 
comprises 4,630,065 base pairs. Experimental data and in silico comparisons 
revealed differences in energy metabolism. Unlike Moorella thermoacetica, no 
cytochromes and quinones are involved in energy generation, but instead an 
H+-dependent Rnf system is present, analogous to Acetobacterium woodii, in which 
such system, based on sodium ions, is operating. Electroporation of C. ljungdahlii 
with plasmids bearing heterologous genes for butanol production was successful and 
formation of the biofuel could be demonstrated. Thus, C. ljungdahlii can be used as a 
novel microbial production platform based on syngas.  

As the organism does not grow well on CO2 + H2 mixtures, Clostridium aceticum 
was chosen for this type of gaseous substrate. Expression of both, heterologous 
butanol- and acetone-forming enzymes could be demonstrated. Genome sequencing 
of this species is currently being performed. C. aceticum can also use syngas as a 
carbon source. 

Finally, A. woodii was improved for acetate formation from CO2 + H2 by introducing 
clostridial genes encoding Wood-Ljungdahl pathway enzymes. 

All three examples stress the possibility to use CO or CO2 as novel carbon sources 
for formation of bulk chemicals, so far derived from other sources.
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The Contribution of Cellulosomal Scaffoldins to Cellulose Hydrolysis 
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Clostridium thermocellum is a thermophilic anaerobic bacterium that degrades 
cellulose using a highly effective cellulosome, a macromolecular complex consisting 
of multiple cellulose degrading enzymes organized and attached to the cell surface 
by non-catalytic scaffoldins. However, due largely to lack of efficient methods for 
genetic manipulation of C. thermocellum, how different scaffoldins and their 
functional modules contribute to cellulose hydrolysis has remained unclear. Here we 
constructed C. thermocellum mutants with truncated primary scaffoldin CipA or 
disrupted secondary scaffoldins using a newly developed thermotargetron system, 
and we analyzed cellulose hydrolysis, cellulosome formation, and cellulose binding of 
the mutants. A CipA truncation that deletes 6 type I cohesin modules decreased 
cellulose hydrolysis rates by 46%, and slightly longer truncations that also delete the 
carbohydrate binding module decreased rates by 89-92%, indicating strong 
cellulosome-substrate synergy. By contrast, a small CipA truncation that deletes only 
the C-terminal type II dockerin (XDocII) module detached cellulosomes from the cells, 
but decreased cellulose hydrolysis rates by only 9%, suggesting a relatively small 
contribution of cellulosome-cell synergy. Disruptants lacking any of four different 
secondary scaffoldins (OlpB, 7CohII, Orf2p, or SdbA) showed moderately decreased 
cellulose hydrolysis rates, suggesting additive contributions. Surprisingly, the 
CipA-ΔXDocII mutant, lacking cell-associated polycellulosomes, adheres to cellulose 
almost as strongly as wild-type cells, revealing an alternate, previously unknown 
cellulose-binding mechanism. Our findings provide new insights into cellulosome 
function and impact genetic engineering of thermophiles for lignocellulose 
bioconversion. 
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In C. acetobutylicum the reduction equivalents produced by glycolysis are used to 
generate hydrogen and reduced metabolites such as the desired solvent, butanol.  
In production, there have been efforts to form a higher proportion of butanol to 
acetone. Our previous studies of the formation of hydrogen by hydrogenase and the 
influences of culture conditions and enzyme levels on H2 production suggested the 
proportion of NADH and reduced ferredoxin available to the cell was an important 
factor, We considered manipulating the cofactor availability as well as the level of the 
enzymes for hydrogen or solvent production, would have an effect on product 
distribution.  In this study we expressed enzymes that could redistribute and act on 
the ferredoxin or NADH cofactors and examined their effect on solvent production 
and product ratios. Three strains were used, a degenerate strain that did not form 
butanol but where we could study the formation of butyrate vs acetate, the wild type C. 
acetobutylicum 824, and a higher solvent forming strain, a butyrate kinase mutant, 
Expression of a synthetic gene encoding the ter enzyme that uses NADH to reduce 
crotonyl-CoA did not improve butanol formation or the proportion of metabolites to 
butanol or butyrate in the strains tested.  The expression of an additional gene 
encoding an enzyme capable of acting on reduced ferredoxin, however showed 
improved butanol formation and a higher proportion of butanol in the solvent pattern 
in wild type 824 and the buk mutant and a higher proportion of butyrate in the M5 
strain.  The results suggest a role of cofactor proportioning in achieving high 
performance of reduced products. 
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Clostridium thermocellum is a thermophilic anaerobe with one of the highest rates in 
cellulose degradation.  It produces cellulosome which allows the bacteria to adhere 
to solid substrate while performing simultaneous saccharification and fermentation.  
During cellulose fermentation, C. thermocellum produces copious amounts of 
hydrogen (H2), as well as carbon byproducts including ethanol, acetate, formate, 
lactate, and CO2.  To produce cost-competitive H2 from renewable biomass, our 
goals are to increase H2 molar yield (mol H2/mol hexose) in C. thermocellum and 
optimize cellulose fermentation in bioreactors.  The H2 production network in C. 
thermocellum is consisted of three FeFe-hydrogenases and one NiFe-hydrogenase 
based on genome annotation. All four hydrogenases were expressed during cellulose 
hydrolysis based on evidence from protein immunoblots. Elucidating role the 
individual hydrogenase plays in either H2 production or H2 oxidation will help improve 
the total output of H2. Another approach to improve yield of H2 is to redirect carbon flux 
in favor of H2 production by knocking out competing pathways.  Following the 
selection and counter selection scheme published by Agyros et al (AEM 2011), we 
constructed replicating plasmids bearing essential features to achieve targeted gene 
deletion via homologous recombination.  Our data showed up to 60 % increase in 
ethanol production and a more than 2-fold increase in lactate production in mutants 
lacking pyruvate formate lyase (PFL). Moreover, we detected approximately 46% 
increase in specific rate of H2 production in log-phase culture. The outcomes clearly 
demonstrate a redirection of carbon flux due to deletion of the PFL pathway.  To 
optimize parameters to achieve high rates of lignocellulose conversion to H2 in 
bioreactors, we operated fully automated fed-batch fermentation in a cyclic mode of 
settle, draw, fill, and react.  Results demonstrated that this mode of operation allows 
the retention of acclimated bacteria to hydrolyze lignocellulose at higher rate with 
minimal lag phase, an advantage over the conventional batch or continuous 
fermentation (chemostat). Work is ongoing to further engineer the bacterium and 
optimize cellulose fermentation to improve H2 production in C. thermocellum. 
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Clostridium acetobutylicum JB200, a mutant strain of C. acetobutylicum ATCC 55025 
obtained through strain evolution in a fibrous bed bioreactor, had higher butanol 
tolerance, and produced 20 g/L butanol from glucose in batch fermentation, an 
improvement of >75% over the parental strain (12 g/L). Comparative genomic 
analysis revealed a single-base deletion in the cac3319 gene leading to C-terminal 
truncation in its encoding histidine kinase in JB200. In this study, the cac3319 gene 
was first disrupted in ATCC 55025. The resulting mutant, designated 55025 HKKO, 
had comparable butanol tolerance and production (18 g/L butanol titer) to those of 
JB200. The same gene was then disrupted in the type strain C. acetobutylicum 
ATCC 824. Similarly, the mutant strain designated 824 HKKO showed significantly 
improved butanol tolerance and production. The results provide evidence for the 
function of cac3319 in regulating butanol tolerance and production of C. 
acetobutylicum.  
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The metabolic abilities of Clostridium acetobutylicum to ferment the variety of sugars 
to solvents (acetone, butanol, and ethanol) make it important host to produce 
valuable biocommodities through biphasic metabolism (acidogenesis and 
solventogenesis). Importantly, butanol is the most desirable metabolite in this 
network due to its physiochemical advantages over other biofuels. However, 
economical production of butanol using C. acetobutylicum is still a question of active 
research. To achieve economical sustainability of microbial production of butanol, the 
major challenge is to improving the yield without hampering cell growth. In this 
direction, metabolic network of C. acetobutylicum is poorly characterized, besides 
many studies have been conducted. In this work, we employed constraint based 
modeling approach (Elementary Mode Analysis) and physiological data from 
fermentation experiments to characterize the metabolic network of this organism 
under various environment conditions. Results demonstrated that organism has 
capability to modulate the metabolic network to cope up with environmental stresses 
for survival. Moreover, analysis highlighted rigid nodes in pathways of butyric acid 
production. We also reported that organism activates additional growth related 
pathways in solventogenesis phase of metabolism under stress conditions.  
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Sequencing of various Clostridium spp. genomes has revealed that there are many 
different types of mobile genetic elements (MGEs) present in this genus and they can 
make up a substantial portion of the total genomic content. In this overview the 
different types of MGE will be described and examples of associated accessory 
genes (genes which play no role in mobility) and their cognate phenotypes 
discussed.  

The consequences of carriage of MGEs upon the host often extend beyond simply 
carrying accessory genes encoding a specific phenotype. These other effects on the 
genome, such as mutational and polar transcriptional effects, translational fusions 
and trans-activation of other MGEs will be explored in order to understand how these 
elements can affect their host. 

Recently an example of horizontal gene transfer of large fragments (up to >270 kb) 
of the chromosome of Clostridium difficile has been described. These transfer events 
have been shown to be responsible for the transfer of the toxin encoding 
pathogenicity locus in this species. The likely mechanisms behind these transfer 
events will be discussed and viewed in the context of whole genome manipulation as 
a tool for the chromosomal engineering of other clostridia. 
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A synthetic biology strategy was developed to engineer C. acetobutylicum for the 
continuous production of several bulk chemicals at high yield. A new method was first 
developed to simultaneously inactivate several genes. Using this method we first 
engineered a “hydrogenase minus platform strain” producing lactate as the major 
product without any production of either butyrate, acetate, acetone, ethanol or 
butanol. When used in continuous culture a titer of 28 g/l with a yield on glucose of 
0.92 g/g and a productivity of 1.4 g/l.h were obtained.  

This platform strain was further engineered to continuously convert raw glycerin to 
1, 3 propanediol at a yield of 0.61 g/g, a titer of 60g/l and a productivity of 3 g/l.h with 
acetate as the only by-product. 

Finally the platform strain was engineered to produce ethanol as the major product. 
Used in continuous culture a titer of 42 g/l with a yield on glucose of 0.47 g/g and a 
productivity of 2.1 g/l.h were obtained.  

Stability of the three processes was demonstrated for several months and the 
cultures were only stopped due to biofilms’ formation on probes and problems of pH 
and level control.  

Work in our laboratory is currently concentrating on engineering the “hydrogenase 
minus platform strain” strain for the continuous production of butanol at high yield.  
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A large and growing number of complete genomes from Clostridium species allows 
us to gain insights into mechanisms, components, and behavior of the complex, 
multilayered transcriptional regulatory machinery in clostridia. I will first introduce our 
work on regulon reconstruction of Rex, a transcriptional repressor that modulates its 
DNA binding activity in response to NADH/NAD+ ratio. We combined a comparative 
genomic reconstruction of Rex regulons in 11 diverse clostridial species with detailed 
experimental characterization of Rex-mediated regulation in C. acetobutylicum. The 
reconstructed Rex regulons in clostridia included the genes involved in fermentation, 
hydrogen production, TCA cycle, NAD biosynthesis, nitrate and sulphite reduction, 
and CO2/CO fixation. The predicted Rex binding sites in the genomes of Clostridium 
spp. were verified by in vitro binding assays. Furthermore, the effects of exposure to 
methyl viologen or H2O2 on intracellular NADH and NAD+ concentrations, expression 
of Rex regulon genes, and physiology of the wild-type and rex-inactivated mutant of 
C. acetobutylicum were comparatively analyzed. Our results indicate that Rex 
responds to NADH/NAD+ ratio in vivo to regulate gene expression and modulates 
fermentation product formation and oxidative stress tolerance in C. acetobutylicum. It 
is suggested that Rex plays an important role in maintaining NADH/NAD+ 
homeostasis in clostridia. In the second part of my talk, I will introduce our recent 
study on functions and specificities of LacI-family transcriptional regulators in 
clostridia and other Firmicutes bacteria by using a integrated genomic approach. For 
these regulators, we predicted and verified the candidate DNA-binding motifs, 
biological roles and molecular effectors. We identified the signature amino acid 
residues in their ligand-binding domains and proposed a model of functional 
diversification in the LacI family regulators in clostridia.      
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Random transposon mutagens are an essential tool in the armoury of the molecular 
biologist and facilitate the application of forward genetics. They may be used to screen 
for a desired phenotype, and then by appropriate molecular characterisation 
determine the genotype of the mutant isolated. Through forward genetics, factors are 
identified that were previously not known to be involved in the process under 
investigation.  Moreover, transposon may be deployed to identify essential genes 
using Transposon-directed insertion-site sequencing (TraDIS).  The method can be 
used to simultaneously assay every gene in the genome to identify genes required for 
growth under standard laboratory conditions as well as under niche-specific 
conditions, such as in the presence of butanol.  The latter can define the basis of 
tolerance.   

We previously developed the first mini transposon system for use in Clostridium 
difficile, based on mariner Himar1C9. Transposase expression is under the control of 
the promoter of tcdB, whilst the mini-transposon carries a selectable catP gene.  
The tcdB gene is one of only two (tcdA/tcdB) transcribed by the alternate sigma factor 
TcdR. To adapt the transposon for use in any Clostridium, we have made use of 
Allele-Couple Exchange (ACE).  In essence, the tcdR gene is introduced into the 
pyrE locus of an ACE-created pyrE mutant of the target host by simply selecting for 
restoration of prototrophy. Transposon delivery into the host created is accomplished 
using a novel vector that is conditional for plasmid maintenance, pMTL-YZ14. 
Addition of an inducer (IPTG or aTet) causes runaway plasmid replication and rapid 
plasmid loss. Cells that arise following plating on media containing thiamphenicol are 
in essence all transposon mutants.  Transposition occurs entirely at random. The 
methodology is universally applicable to any Clostridium species and has been 
exemplified in several species, including C. acetobutylicum and C. sporogenes.  
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Clostridium acetobutylicum is a Gram-positive, obligate anaerobic, non-pathogenic, 
low-GC-content and spore-forming bacterium which can produce mixtures of organic 
acids and/or solvents. In phosphate limited continuous cultures of C. acetobutylicum, 
three different metabolic states can be observed depending on the pH and availability 
of NAD(P)H:  i) an acidogenic state (production of acetic and butyric acids), ii) a 
solventogenic state (production of acetone, butanol, and ethanol) and iii) an 
alcohologenic state (formation of butanol and ethanol but not acetone).  Although 
the complex metabolism of C. acetobutylicum has been studied for a long time, still 
the factors involved in metabolic shift from acidogenesis to solventogenesis are not 
totally understood. 

To better understand the regulation of solvent formation of C. acetobutylicum, 
differential transciptomic and proteomic analysis of acidogenic chemostat culture 
versus solventogenic and alcohologenic cultures were carried out, and an improved 
genome-scale model of C. acetobutylicum was reconstructed based on a new 
biochemical characterization of key enzymes. Herein, we associate the complete 
transcriptomic and proteomic analysis to metabolic flux analysis in order to contribute 
to a better physiological characterization of C. acetobutylicum. 
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Clostridium beijerinckii is a well-known solvent-producing microorganism with great 
potentials for biofuel and biochemical production. In order to better understand and 
improve upon the biochemical pathway to solvents, the development of genetic tools 
for engineering C. beijerinckii is highly desired. Based on mobile group II intron 
technology, a Targetron gene knockout system was developed for C. beijerinckii. This 
system was successfully employed to disrupt acid production pathways in C. 
beijerinckii, leading to pta (encoding phosphotransacetylase) and buk (encoding 
butyrate kinase) negative mutants (C. beijerinckii pta::int(17) and C. beijerinckii 
buk::int(532)). When compared to the parental strain (C. beijerinckii 8052), acetate 
production in the pta mutant was substantially reduced and butyrate production was 
remarkably increased, but the solvent production was found to be dependent on the 
growth media. Interestingly, the pta mutant also produced much higher levels of 
lactate, suggesting that the disruption of pta influenced the energy generation and 
electron flow pathways. In contrast, acetate and butyrate production in the buk 
mutant was generally similar to the wild type, but solvent production was consistently 
20-30% higher and glucose consumption was more rapid and more complete. Our 
results suggest that the acid and solvent production of C. beijerinckii can be 
effectively altered through disruption of the acid production pathways. As the gene 
disruption method developed in this study does not leave any antibiotic maker in a 
disrupted allele, multiple and high-throughput gene disruptions are feasible for 
elucidating genotype and phenotype relationships in C. beijerinckii. 

Based on this gene knockout system, we have constructed more than 20 knockout 
mutants of C. beijerinckii, including several double and multiple knockout mutants. 
The characterization of these strains is underway in our laboratory. The results will 
provide essential information for understanding the basic metabolism of the ABE 
process in C. beijerinckii, and will guide strategies for further improvement of C. 
beijerinckii through genetic engineering approaches.  
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Clostridium pasteurianum naturally converts glycerol directly to butanol.  The 
development of strains with improved butanol productivity has until recently been 
restrained by the lack of available genetic tools. Here we have implemented the 
Clostridia Research Group 'Road Map' to gene modification in the C. pasteurianum 
strain DSM 525.  In essence, Allele-Couple Exchange (ACE) was used to create a 
uracil auxotroph through truncation of the genome-located pyrE gene.  The same 
strain was thereafter used to establish the facility to undertake in-frame, marker-less 
deletion of target chromosomal genes by allelic exchange employing a heterologous 
pyrE allele as a counter selection marker. For proof of principle we targeted the 
spo0A gene, encoding the master regulator of sporulation. The deletion strain made 
exhibited the expected spore-minus phenotype; no spores were detected 
microscopically nor was the strain able to generate colony forming units after heat 
treatment. Subsequently, C. pasteurianum DSM 525pyrE∆(335-582)∆spo0A was 
subjected to complementation employing ACE technology to restore the wildtype 
phenotype. The generated strain exhibited the expected sporulation positive 
phenotype.  

The work presented here demonstrates for the first time targeted genetic 
manipulations in the genome of C. pasteurianum and will provide a genetic and 
metabolic engineering platform for the optimization of butanol production from 
glycerol. 
 
† equal contribution 
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FeFe-Hydrogenases are large metallo-enzymes catalysing both hydrogen evolution 
and uptake [ Martin Winkler, et al., (2013) Biochimica Biophysica Acta. 
1827,974–985.]. These enzymes, widely distributed in several micro-organisms and 
involved in energy metabolism, could after studies and engineering, lead to a useful 
catalyst for hydrogen production from water in a clean industrial process. 
FeFe-Hydrogenases possess a conserved inorganic catalytic site, the H-cluster, 
catalysing the H2 ↔ 2H+ + 2e- reaction, but HydA, the Clostridium acetobutylicum 
hydrogenase has also accessory domains functioning in electron transfer. Despite 
this enzyme is known to be one of the most active FeFe-Hydrogenase, it is deeply 
sensitive to O2 and the mechanism of O2 inhibition is poorly, up to now, understood 
[Fourmond V, et al., (2014) Nat Chem. 336-342]. 

To study structure-function relationships of Fe-hydrogenase, we previously 
developed in Clostridium acetobutylicum a system for homologous expression, 
production and purification of Fe-Fe Hydrogenase in active forms for biochemical 
characterization concerning both hydrogen production and consumption [ Fourmond 
V, et al., (2014) Nat Chem. 336-342; L. Girbal, et al., (2005) Appl Environ Microbiol, 
71, 2777–2781.]. Even if this system allows the production of pure hydrogenase in 
good amount, it does not let the in vivo screening and selection of functional 
hydrogenase variants. 

So, our work is now focused on the development of a new tool for the direct in vivo 
selection of functional hydrogenase variants, using a genetic screening based on 
recombinant C. acetobutylicum strain, in which survival of the bacteria is directly 
linked to the expression of an active modified enzyme. We already demonstrated that 
this system allows the selection of active site-directed variants of HydA and will be 
further used for the selection of random variants and also chimeric enzymes 
assembled from parts of different origins. Active variants can be further purified to be 
characterized using biochemical approach associated with electrochemistry 
experiments. Finally, this study brings a new insight on the physiology of engineered 
C. acetobutylicum strains expressing hydrogenases carrying lower activities than the 
native hydrogenase. 
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Switchgrass solubilization was compared for six different conversion systems: 
Clostridium thermocellum, Clostridium cellulolyticum, Clostridium clariflavum, 
Caldicellulosiruptor bescii, simultaneous saccharification and fermentation (SSF) 
using fungal cellulase (ctec2) and yeast, and an enrichment culture obtained from 
horse manure.   Carbohydrate solubilization varied from 25% to 65% of theoretical 
with C. thermocellum and the horse manure enrichment achieving the highest values 
and C. bescii and SSF achieving the lowest.  Across six conversion systems and 
three different substrates, fractional solubilization of glucan and xylan were found to 
be essentially equal, and the non-carbohydrate substrate fraction was consistently 
inert.   

Further comparing C. thermocellum and SSF, it was found that solubilization yields 
were about twice as high for the bacterial system across a range of substrate particle 
sizes and harvest maturities, SSF enzyme loadings and incubation temperatures, 
and regardless of whether cells were present.  Controls indicated that the 
ineffectiveness of the SSF system was not due to inhibition by hydrolysis products.  
These data represent the most comprehensive comparison to date of T. reesei and C. 
thermocellum cellulase systems on lignocellulosic substrates, and indicate that the 
bacterial system is much more effective under controlled, although not industrial, 
conditions.   

Mechanical disruption of cellulosic feedstocks after fermentation was investigated 
using brief ball milling followed by reinoculation.  Our results provide preliminary 
support for the idea of processing grassy feedstocks without high temperature 
pretreatment. At a conceptual level, such “cotreatment” imitates natural systems such 
as the rumen and termites, and may be contrasted to conventional pretreatment 
featuring disruption of the lignocellulosic matrix prior to biological processing. 
The more that is learned about the central metabolism of C. thermocellum the more it 
is clear that it is different from that typical of most other microbes, and is incompletely 
understood.  Recent illustrative results will be presented involving distinctive 
glycolytic cofactors and redox metabolism.   

The non-cellulolytic thermophile Thermoanaerobacter saccharolyticum was rather 
easily engineered to produce ethanol at high yield and titer (Shaw et al., 2007).  
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Although significant progress has been made a much larger effort has yet to fully 
replicate this success for C. thermocellum.   Elevated ethanol yields (82% of 
theoretical) have been achieved at low titers in an engineered and selected strain of 
C. thermocellum featuring multiple knockouts, however growth is compromised.  
Deletion of the bifunctional alcohol and aldehyde dehydrogenase, adhE eliminates 
ethanol production in both C. thermocellum and T. saccharolyticum.  Furthermore, a 
number of evolved strains of C. thermocellum and T. saccharolyticum have acquired 
mutations in this gene. Ongoing work will be described including characterization of 
key enzymes and metabolic nodes as well as improved gene expression systems. 
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Two cellulolytic thermophilic bacterial strains CS-3-2 and CS-4-4 were isolated from 
decayed corn stalk by addition of growth-supporting factors to the medium. Cellulase 
activities of supernatant from co-culture of the two strains increased several folds 
compared to that of pure cultures. Liquid chromatography–tandem mass 
spectrometry analysis of protein bands appearing in the native zymograms showed 
that ORF3880 and ORF3883 from strain CS-4-4 played a key role in the 
lignocellulose-degradation process. The two ORFs both exhibited endoglucanase 
and xylanase activity, but ORF3880 was tighter in adhesion to insoluble substrates at 
4, 25 and 60 ºC owing to its five CBM modules. Moreover, it is being further studied 
that processivity of ORF3880 was much more than that of ORF3883 which maybe 
also because of its more CBMs, indicating that ORF3880 was a processive 
endoglucanase that can cooperate with nonprocessive endoglucananse. 
Biochemical and mutational analysis of ORF3880 showed that deleting a CBM3 
module (TM1) led to the Km increased more than 60% while the catalytic efficiency 
(kcat/Km) kept almost the same with the wild protein. The catalytic efficiency of TM4 
(deleting 4 CBMs) and TM5 (deleting 5 CBMs) decreased severely although with a 
2-fold increase in Km. The processivity of TM1 decreased approximately 68% of the 
wild-type, revealing the important role of CBM3 module in affinity to substrate and 
processivity, whereas slight effect on the catalytic efficiency. 
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D-Xylose is the most abundant fermentable pentose in nature and can serve as a 
carbon source for many bacterial species. Since D-xylose constitutes the major 
component of hemicellulose, its metabolism is important for lignocellulosic biomass 
utilization. Here, we report a novel module for D-xylose signaling and uptake 
regulation in solvent-producing Clostridium beijerinckii. This module consists of a 
putative periplasmic ABC transporter substrate-binding protein XylFII, a 
two-component system (TCS) LytS/YesN and an ABC-type D-xylose transporter 
XylFGH. Interestingly, we demonstrate that, although XylFII harbors a 
transmembrane domain, it is not involved in D-xylose transport. Instead, XylFII acts 
as a signal sensor to assist the response of LytS/YesN to extracellular D-xylose, thus 
enabling the TCS to directly activate the adjacent xylFGH transcription and thereby 
promote the uptake of D-xylose. Thus, the results revealed a novel mechanism for 
D-xylose sensing and uptake regulation in bacteria. Also of significance, this 
“three-component system”, namely xylFII-lyts-yesN, is widely distributed in 
Firmicutes, indicating that it may play a broad role in this bacterial phylum. 
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Synthesis of acetate from carbon dioxide and molecular hydrogen via the 
Wood-Ljungdahl pathway is an ancient process that couples carbon dioxide fixation 
to the synthesis of ATP. How the pathway is coupled with the net synthesis of ATP 
has been an enigma for a long time, but recently, new insights have been obtained 
using the acetogenic bacterium Acetobacterium woodii as a model system. This 
bacterium uses an ancient version of the pathway without cytochromes and quinones. 
Electron flow from reduced ferredoxin to NAD+ is coupled to Na+ export across the 
cytoplasmic membrane, catalyzed by a novel ion-motive enzyme complex, the Rnf 
complex. The “fuel” of the Rnf complex, reduced ferredoxin, has a redox potential at 
around – 500 mV and thus, electron flow from molecular hydrogen (Eo’ H2/2 H+ = -414 
mV) to ferredoxin is endergonic. This energy barrier is overcome by the novel 
mechanism of flavin-dependent electron bifurcation in which the exergonic electron 
transfer from hydrogen to NAD+ is used as driving force for endergonic ferredoxin 
reduction with hydrogen as reductant.  

The Na+ gradient established by the Rnf complex is used to drive the synthesis of 
ATP via a Na+ F1FO ATP synthase. The enzyme has a unique subunit composition: its 
membrane bound rotor (c ring) is made by multiple copies of different subunits, one 
has only an ion-binding site in four transmembrane helices. The structure of the c ring 
has been solved at 2.8 A resolution and mutational analyses are under way to 
determine the role of the individual c subunits.  

In summary, the life style of the model acetogen is at the thermodynamic limit of life: 
acetate formation from hydrogen and carbon dixoide is coupled to the synthesis of 
only 0.3 mol of ATP per mol of acetate formed and involves electron bifurcation, the 
Rnf complex and an unusual ATP synthase.
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Wheat bran and other side products of wheat flour production are abundant 
substrates for fermentation with limited other use. First growth experiments showed 
that they are good substrates for fermentation, even without additives. A selection of 
solventogenic clostridia from a large strain collection revealed bacterial strains with a 
good production yield of n-butanol. The addition of a nitrogen and iron ion source, 
and optimization of the fermentation conditions yielded in production of up to 1.4 % 
n-butanol and 2 % total solvents (w/v). Additional products were mainly ethanol and 
very little acetone. Further improvements can be expected by fine-tuning the 
fermentation conditions, the fermentation scheme and by scale-up. Enzymatic 
pretreatment of wheat bran increased the product yield. Addition of amylase was not 
necessary. 

An economic feasibility study was performed. The yield of butanol and other 
solvents per fermenter volume was sufficiently economical to run even a smaller 
fermentation plant with about 20 metric tons per day, which is a feasible size for the 
small-scale mills in southern Germany. A larger size of the fermentation facilities (100 
metric tons per day) would improve the economic situation, as would the use of more 
by-products such as hydrogen and CO2, or the reutilization of water and energy. The 
addition of a fermentation plant to a flour mill could thus improve the economic 
situation of mills, and increase the production of alternative fuels and chemicals 
without affecting the food market. 
 
* Corresponding Author, email: wschwarz@wzw.tum.de 
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During second-generation biofuel production, efficient conversion of biomass to 
sugars requires the use of expensive industrial enzyme cocktails. Consolidated 
bioprocessing, or CBP, wherein a single organism is able to both degrade 
lignocellulose and ferment the products, could potentially reduce costs. In nature, 
lignocellulose degradation is accomplished either by secretion of a free enzyme 
cocktail or by production of large, multi-enzyme complexes known as cellulosomes.  
However, no organism is able to both degrade lignocellulose and produce biofuels at 
an industrial scale. 

In this project, we aim to develop the mesophilic, solventogenic Clostridium 
acetobutylicum as a potential CBP organism by expressing cellulosome components 
derived from the cellulolytic Clostridium cellulolyticum. C. acetobutylicum is an 
interesting prospect as not only does it secrete a cellulosome, albeit an inactive one, 
related to that of C. cellulolyticum, it has a well-characterised ability to produce 
butanol, a biofuel candidate with several advantages over ethanol. However, 
previous attempts to overexpress cellulosomal components in C. acetobutylicum 
have been hindered by a toxicity likely related to a defect in secretion. By the use of 
the Allele-Coupled Exchange (ACE), we have been able to demonstrate the 
successful production of the enzymes Cel48F and Cel9G, as well as a three-cohesin 
miniscaffoldin, from constructs stably integrated into the genome. Additionally, 
studies in other organisms have suggested that anchoring of the complex to the cell 
wall is crucial for efficient lignocellulose degradation; in light of this, we have 
examined the heretofore uncharacterised sortase system of C. acetobutylicum, and 
have demonstrated the successful sortase-mediated attachment of our scaffoldin to 
the cell.  
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Lignocellulose degradation process was efficiently done year by year in nature based 
on cooperation of a series of microorganisms, including cellulolytic microorganism 
and non-cellulolytic microorganism. Therefore, the concept that using microbial 
consortia isolated from nature consisting of both strains with cellulose conversion 
capability and strains with other functions was considered a promising efficient 
approach for one-step production of cellulosic ethanol. 

After years of isolation, we obtained a series of bacteria consortia from various 
habitats rich in cellulose, which had significant lignocellulose degradation capabilities 
and ethanol conversion capabilities. Especially, the degradation rate reached more 
than 70% when using alkaline pretreated vinasse from solid-state fermentation of 
sweet sorghum stalks as carbon source, and the highest ethanol conversion rate 
reached 71.3%. The community structure analysis with denaturing gradient gel 
electrophoresis (DGGE) showed that the consortia had their own structure features 
and could alter their community structures dynamically during fermentation. However, 
Clostridium species were dominate strains during ethanol accumulation process in 
these consortia. These results provide a basis for further optimization of native 
consortium structures for higher ethanol conversion yield. 
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World energy demand is expected to increase by up to 40% by 2030.  The key 
challenge facing the global community is to not only increase the sources of energy 
supply, but to also maximize the use of sustainable forms of energy to safeguard the 
environment while ensuring that the latter do not detrimentally impact food supplies.   
In this regard, renewable sources of energy will play an increasing role in the global 
primary energy supply. Internationally, governments have already been mandating 
the increased use of renewable fuels in the transport sector. Similarly, as a result of 
consumer driven demand, the global market for more environmentally sustainable 
alternatives to today’s oil and coal-derived chemicals is anticipated to exceed $100 
billion by 2020. 

The production of biofuels and platform chemicals via gas fermentation is an 
emerging technology that does not utilize food-based substrates as feedstocks. 
LanzaTech has developed and scaled a complete process platform to allow the 
continuous biological production of fuels and an array of chemicals intermediates from 
gases at scale. To date, this technology has been successfully demonstrated with 
such diverse gas streams as by-product gases from steel making, reformed natural 
gas, and syngas produced from gasified biomass and gasified municipal solid waste.  
The company has developed a proprietary strain of an acetogenic clostridium that is 
used in combination with a novel reactor design, and optimized process chemistry in 
order to ensure efficient, single-pass gas conversion with a high selectivity to the 
product off interest. In order to maximise the value that can be added to the array of 
gas resources that the LanzaTech process can use as an input, the company has 
developed a robust genetic toolbox to allow the carbon an energy consumed by its 
proprietary gas fermenting microbe to be channelled in to a spectrum of valuable 
chemicals. Gas fermentation offers an efficient route to add much greater value to gas 
streams than established technologies, while also reducing greenhouse emissions 
and providing a strategically important alternative to food or farmed resources for 
domestic production of sustainable fuels and chemicals. The company will present 
data demonstrating stable and continuous production of a sustainable fuel at scale 
using industrial off gases as a feedstock, and discuss the potential to integrate this 
process into the petrochemical value chain.  
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The industrial ABE fermentation process was operated in Taiwan and Japan prior to, 
during and after World War II, but little published information is available giving an 
overview of what was undoubtedly a major industrial fermentation industry. Scientific 
research was begun in 1925 that lead to the establishment of a large scale 
fermentation industry in both Taiwan and Japan aimed at producing butanol as a 
biofuel for the both the Japanese navy and army air forces. By 1944 there were 
around 18 fermentation plants in operation, the majority located in Taiwan, before 
they were destroyed during the USAAF bombing campaign in 1945. The strategic 
importance of biobutanol for Japan during World War II, provides an interesting case 
study with relevance for the possible role of butanol as biofuel. The commercial ABE 
fermentation process for the production of chemical feedstock was revived in both 
Taiwan and Japan after the war  and operated from the late 1940’s to the beginning 
of the 1960’s. 
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n-Butanol is an important bulk chemical. Commercial fermentative production of 
n-butanol has been applied more than 100 years ago but is currently more costive 
than production from propylene and syngas. Renewed interest in biobutanol as a 
biofuel has spurred technological advances to fermentation process. This report 
reviewed the recent status including the commercialization, pilot production and R&D 
activities of n-butanol fermentation in China. Long-term bioproduction of n-butanol as 
a next generation biofuel and biochemical from biomass waste and steel mill off-gas 
need technology breakthroughs and more environmental concerns from 
policymakers. 
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Biological production of butanol (i.e., biobutanol) via renewable substrate 
fermentation may soon replace the petroleum-based production process.  Given the 
chemical market size, starch and other sugar feedstocks may suffice in the near term.  
However, next-generation biobutanol processes must be developed, as demand for 
sugar feedstocks will increase given the commercialization of other 
fermentation-derived chemicals.  Moreover, feedstocks must be cheaper and not 
compete with our world’s food supply if we are to realize biobutanol quantities 
sufficient for sale into transportation fuel markets.  Accordingly, Elcriton and 
Designer Energy are developing a next-generation biobutanol process that utilizes 
lignocellulosic feedstocks. 

With partial financial support by the Israel-U.S. Binational Industrial Research and 
Development (BIRD) Foundation, Elcriton Inc. and Designer Energy developed and 
demonstrated at pilot-scale, a biobutanol production platform that can utilize 
switchgrass, corn stover, corn cob, or wheat straw.  The platform uses two different 
clostridial species and proceeds in two stages.  In the first, lignocellulosic feedstocks 
are pretreated and then hydrolyzed using an enzyme cocktail produced by 
Clostridium thermocellum, termed Cellzyme.  This enzyme cocktail effectively 
breaks down the lignocellulose to glucose, which is fed into the next stage.  The 
second stage comprises an ABE fermentation in which C. acetobutylicum converts 
the glucose into biobutanol.  Pilot-scale trials of the entire platform have been 
completed and show great commercial potential.  In particular, Cellzyme technology 
has the potential to be a break through in cellulosic enzyme production, as it 
harnesses the awesome potential of C. thermocellum cellulosic activity to generate 
an inexpensive enzyme cocktail for biomass hydrolysis. 
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Clostridial ABE fermentation comprises two distinct pH-dependent metabolic states. 
Growing on sugars the predominant fermentation products are acetate and butyrate 
during acidogenesis (high pH), whereas acetone and butanol are produced during 
solventogenesis (low pH). Here, dynamic modelling in liaison with standardized 
continuous cultivation offer unique opportunities for the elucidation of cellular 
regulations and systematic comparison of wild type and mutant strains. Importantly, 
consideration of pH-dependent intracellular regulations, growth, and washout of 
products and cells is crucial for further improvement of our understanding of the 
pH-induced phase transition as we demonstrated with our wild-type model. 
Interestingly, our experimental setup resulted in a separation of timescales, which 
allowed for an individual investigation of the response of acid- and solvent-forming 
cells on rapidly changing pH levels. 

Our mathematical model of a C. acetobutylicum ctfA mutant revealed that the 
mutant still re-assimilated butyrate, whereas a ctfB mutant lost this functionality. 
Furthermore, our analysis suggests that the observed butyrate uptake might be 
associated with butanol formation but via a pathway not involving butyryl-CoA. Both 
mutations only slightly affected butanol formation, but resulted in strongly reduced 
cellular growth during solventogenesis. This finding indicates that the, yet to be 
established, relation between metabolic activity and cellular growth is crucial for the 
creation of economically viable strains, because their efficiency is determined by the 
product of yield and culture size.  
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The process for the biological production of  isopropanol, butanol and ethanol (IBE)  
is considered to have great potential for the commercial production of butanol, an 
important bulk chemical with a large market which also presents good properties to 
be used as biofuel. The IBE process is of interest since isopropanol represents an 
important bulk chemical as well which can be a precursor of propylene. The current 
butanol-producing microorganisms utilize all sugars in lignocellulosic biomass (both 
C6, C5), which make the IBE processes very suitable to be a part of lignocellulosic 
biorefineries. One of the major bottlenecks of these processes is the high cost of the 
separation of the products. Due to product toxicity (especially of butanol), the 
end-concentrations of IBE reached in batch fermentations are limited to approx. 2% 
(v/v).  

The use of "in-situ" product recovery methods is being investigated because these 
offer advantages compared to conventional down-stream techniques, such as 
continuous and selective toxic product recovery, relieving product inhibition and 
enhancing substrate utilisation, and the reduction of the costs of product recovery if 
the separation technique is competitive with distillation. In this presentation, the 
results of using gas-stripping and adsorption as “in-situ” recovery methods for IBE 
production in different process configurations will be described. The new processes 
have been modelled using a simulation program to evaluate the energy requirements, 
and compared to traditional distillation.    
 
Acknowledgements: This research was funded by the European Community's Seventh Framework 
Programme (FP7/ 2007-2013) under the grant agreement n° FP7-241566, BIOCORE project and from 
HyGear (Green Vision Holding) under the term Bioraffinage project 'Biological Production of Chemical 
Building Blocks', with a partly contribution of the Dutch Ministry of Environment, Agriculture and Innovation 
through Agentschap NL. 
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Environment pollution and energy supply are among the huge problems, which 
threaten the world, especially in industrialised countries. Several studies have 
considered how to exploit waste materials as renewable substrates for various 
industries to obtain different products. Some wastes from the aquatic food industry 
contain a considerable amount of the N-acetylglucosamine (NAG) polymer chitin, 
which has potential as a substrate for the solventogenic clostridia in the 
acetone-butanol-ethanol fermentation. Development of an effective process will, 
however, depend on a detailed understanding of the mechanism and control of chitin 
hydrolysis and NAG metabolism. 

Clostridium beijerinckii NCIMB 8052 was shown to exhibit chitinase activity and to 
be able to grown on NAG. The predominant mechanism for uptake of sugars and 
sugar derivatives in the clostridia is the phosphoenolpyruvate (PEP)-dependent 
phosphotransferase system (PTS). Extracts of C.beijerinckii grown on NAG exhibited 
a phosphotransferase activity for NAG which was also present in extracts of cells 
grown on glucose, consistent with the observation that glucose did not repress 
utilization of NAG in media containing both substrates. Genomic analysis has 
identified genes encoding a nag-pts that belongs to the glucose family of PTS 
permeases. Two divergent genes encode the IIA and IICB domains of the PTS, and 
are associated with a gene encoding a putative transcriptional antiterminator. These 
genes were found to be expressed in cells growing on NAG or glucose, but not 
glucitol. The role of the nag-pts genes in NAG uptake was confirmed by functional 
analysis. An artificial NAG operon was constructed in which the nag-pts genes were 
in series and expression of the operon in Escherichia coli mutants provided evidence 
for the ability of the PTS to transport and phosphorylate NAG and glucose, but not 
mannose. 
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Clostridium acetobutylicum strain Rh8 is a butanol-tolerant mutant which can tolerate 
up to 19 g/L butanol, which is 46% higher than that of its parental strain DSM 1731. 
We previously performed comparative cytoplasm- and membrane- proteomic 
analyses to understand the mechanism underlying the improved butanol tolerance of 
strain Rh8. In this work, we further extended this comparison to the genomic level, by 
performing comparative genomic analyses for strains Rh8 and DSM 1731. Compared 
with the genome of the wild type 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. Combinatory analysis with 
previous 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. 
This combinatory analysis indicated that 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 
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Fluorescent staining of microorganisms together with flow cytometry enables a closer 
insight into the cell vitality, but most protocols have been prepared and described for 
E. coli. However, genus Clostridium represents a unique group of microorganisms 
with specific properties and high morphological diversity, therefore it is necessary to 
adjust and optimize individual procedures even for different clostridial strains1. 
Moreover contradiction between generally accepted prediction and real staining 
pattern was observed for C. acetobutylicum where cells were stained in opposite 
manner than expected2. We have tested different combinations of florescent probes 
from the point of their ability to recognize cell viability, activity and particular 
morphological forms in the culture of potential bio-butanol producer Clostridium 
pasteurianum NRRL B-598.  Combination of two fluorescent probes, propidium 
iodide and carboxyfluorescein diacetate, seems to be promising indicator of culture 
status due to its ability to distinguish dead, intermediate and live cells and at the 
same time determine cell activity and the number of spores, all in one-step analysis. 
 
Acknowledgement: The work was supported by the TACR BIORAF (TE01020080).  
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Clostridium thermocellum is a candidate consolidated bioprocessing biocatalyst for 
the production of bioethanol. Functional genomics as part of systems biology 
approach has been used to gain a global perspective on C. thermocellum cellular 
processes. At the genome level, reduced costs of sequencing technologies permit 
near routine genome sequencing and the resequencing of strains of interest. This 
has allowed the metabolic machinery inherent to the C. thermocellum to be identified 
and has permitted characterization, at the genomic level, of strains that have gone 
through various genetic modifications. Coupled with this is the continual update to 
genome annotations as the algorithms for gene calling and functional prediction have 
occurred. An accurate genome prediction is necessary as other systems biology 
techniques rely on this for a reference. With the move from the traditional microarray 
platform to an RNA-Seq platform as costs continue to decrease for sequencing, we 
have employed both transcriptome platforms determining genes involved in C. 
thermocellum growth on solid substrates. We found similar results between the 
platforms although RNA-Seq had the advantage of a greater sensitivity due to a 
greater dynamic range of data collection. A further advantage is the option of 
revisiting an RNA-Seq database as gene prediction algorithms continue to improve. 
Other techniques that can be used as part of a functional genomics approach to 
strain characterization include the incorporation of other omic’s technologies such as 
proteomics and metabolomics to provide a more complete snapshot of the cell at any 
given time, which will be discussed. 
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Acetone-butanol-ethanol (ABE) are important solvents used in industries including 
polymer, paint, lacquer, and coating. ABE are naturally produced by a genus 
Clostridium, but the biological production is not sufficient to compete with the 
petro-based production yet. In order to develop a sustainable and economically 
viable ABE fermentation process, a hyper ABE producer is needed combined with the 
development of efficient bioprocess. To develop a hyper ABE producer, the buk gene 
mutant Clostridium acetobutylicum PJC4BK was further mutated by using 
N-methyl-N’-nitro-N-nitrosoguanidine (NTG). By screening the mutant library on agar 
plates supplemented with fluoroacetate, a hyper ABE producing BKM19 strain was 
isolated. The BKM19 strain produced 32.5 g/L of ABE (17.6 g/L of butanol, 10.5 g/L of 
ethanol, and 4.4 g/L of acetone) from 85.2 g/L of glucose in a batch fermentation. 
Genome of the BKM19 strain was resequenced by using the next generation 
sequencing methods, to verify the mutations corresponding to the enhanced solvent 
production. Several mutations of the BKM19 strain were identified, which will be 
reversely engineered to verify its effects on ABE production. [This work was 
supported by the Technology Development Program to Solve Climate Changes on 
Systems Metabolic Engineering for Biorefineries from the Ministry of Science, ICT 
and Future Planning (MSIP) through the National Research Foundation (NRF) of 
Korea (NRF-2012-C1AAA001-2012M1A2A2026556); and the Advanced Biomass 
R&D Center of Korea (2011-0028386) through the Global Frontier Research Program 
of the MSIP.] 
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Clostridia are Gram positive and obligate anaerobes and capable of forming spores. 
Solventogenic Clostridium are getting more attraction as a host for biorefinery due to 
the ability to produce variety chemicals from cheap carbon sources. Thiolase is the 
first enzyme to produce important chemicals, such as butyrate and butanol from 
acetyl-CoA in Clostridium acetobutylicum. Thiolase catalyzes the condensation of two 
acetyl-CoA to acetoacetyl-CoA. C. acetobutylicum has two thiolase genes, such as, 
the thlA (CAC2873) and thlB (CAP0078). However, thiolase has not been 
characterized by knockout study in C. acetobutylicum. In this study, we conducted the 
knockout of the thlA and thlB genes in C. acetobutylicum by using Clostron system. 
Batch fermentations of two mutant strains were performed to characterize the 
thiolase gene knockout effect on the metabolite production of C. acetobutylicum, 
which will be discussed. [This work was supported by the Technology Development 
Program to Solve Climate Changes on Systems Metabolic Engineering for 
Biorefineries from the Ministry of Science, ICT and Future Planning (MSIP) through 
the National Research Foundation (NRF) of Korea 
(NRF-2012-C1AAA001-2012M1A2A2026556); and the Advanced Biomass R&D 
Center of Korea (2011-0028386) through the Global Frontier Research Program of 
the MSIP.] 
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Recombineering is a highly efficient genetic manipulation method employing the 
mechanism of phagenic RecT-mediated homologous recombination. To develop a 
recombineering method for Clostridium, a putative recT gene (CPF0939) from C. 
perfringens genome was functionally verified in a clostridial host C. acetobutylicum 
by being able to introduce a short synthetic oligonucleotide into the target site for 
specific point mutation. This functional recT gene would therefore contribute to 
development of recombineering tools for Clostridium. 
 
*To whom correspondence should be addressed. Yanping Zhang, Institute of Microbiology, Chinese 
Academy of Sciences, No. 1 West Beichen Road, Chaoyang District, Beijing 100101, China. E-mail: 
zhangyp@im.ac.cn. Tel: +86-10-64807451. Fax: +86-10-64807451. 
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A PVDF/PDMS composite membrane for butanol recovery was fabricated by coating 
a dense PDMS separation layer on a PVDF porous support layer prepared by phase 
inversion. In the binary system, the total flux and separation factor of PVDF/PDMS 
composite membrane were achieved to 158.2 g/m2·h and 17.3, respectively, when 
feed solution was 15 g/L butanol at 37oC. When acetone and ethanol were presented 
in the feed solution, the total flux of PVDF/PDMS composite membrane increased to 
189.5 g/m2·h, but separation factor decreased to 14.8. Furthermore, fermentation 
broths with/without biomass as feed solution were investigated for the evaluation of 
the pervaporation performance of the PVDF/PDMS composite membrane. The total 
flux and separation factor were 120.2 g/m2·h and 19.7 without cells in fermentation 
broth, respectively, while 122.1 g/m2·h and 16.7 with cells in fermentation broth. 
Compared with the PDMS membrane, the performance of PVDF/PDMS composite 
membrane was significantly improved for butanol recovery, which has potential 
application for industrial butanol recovery. 
 
Corresponding author: Dr. Chuang Xue, E-mail: xue.1@dlut.edu.cn 
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The substrate is an expensive component of the ABE fermentation. Therefore the 
sugar uptake process must be efficient to support high productivity. Several studies 
have considered how to exploit waste materials as renewable substrates. Since 
these substrates may contain a range of metabolisable sugars, understanding of the 
mechanism and control of substrate transport and metabolism is of great importance 
in identifying and constructing suitable fermentation strains.   

Sugar uptake within clostridia occurs mostly through a PEP- linked 
phosphotransferase system. 42 PTSs have been identified in C. beijerinckii NCIMB 
8052, three of which are in a phylogenetic branch belonging to the glucose-glucoside 
family and are potential glucose phosphotransferase systems. These are encoded by 
the genes cbei 0751, cbei 4983 / cbei 4982 and cbei 4532/ cbei 4533.  cbei 0751  
encodes  a PTS with three domains IIA, IIB and IIC together in the same protein.  
Gene cbei 4983 encodes two domains IIB and IIC and gene cbei 4982 encodes a 
separate IIA domain. Gene cbei 4532 also encodes two domains IICB and gene cbei 
4533 encodes a IIA domain.  

Functional characterization involving cloning and complementation of E.coli 
mutants has demonstrated that cbei 0751 encodes a  glucose phosphotransferase 
system, that also transports and phosphorylates mannose, while the cbei 4532/ cbei 
4533 genes encode a  N- acetylglucosamine PTS that also recognises glucose as a 
substrate. The function of the  cbei 4983 / cbei 4982 genes has not been identified 
by this approach. Genomic analysis has identified the gene cbei 4984 encodes a 
family 4 glycoside hydrolase suggesting that the PTS may transport  and 
phosphorylate a  disaccharide, possibly maltose.   
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In typical ABE fermentation, acetone is the main byproduct (50% of butanol mass) of 
butanol production, resulting in a low yield of butanol. It is known in nature that some 
C. tetanomorphum strains are able to produce butanol without acetone. Herein, we 
describe that C. tetanomorphum strain DSM665 can produce 4.16 g/L butanol and 
4.98 g/L ethanol at pH 6.0. Butyrate and acetate could be reassimilated and no 
acetone was produced. Further analysis indicated that the activity of the 
acetate/butyrate: acetoacetyl-CoA transferase normally responsible for acetone 
production was lost in C. tetanomorphum DSM665. The genome of C. 
tetanomorphum DSM665 was sequenced and deposited in DDBJ, EMBL and 
GenBank under the accession no. APJS00000000. Sequence analysis indicated that 
there were no typical genes (ctfA/B and adc) that are typically part of an acetone 
synthesis pathway in C. tetanomorphum DSM665. This work provides new insights in 
the mechanism of clostridial butanol production, and should prove useful for the 
design of a high yielding butanol producing strain. 
 
*Corresponding author: Hongjun Dong, Institute of Microbiology, Chinese Academy of Sciences, No.1 West 
Beichen Road, Chaoyang District, Beijing 100101, China.  
E-mail: redarmy305@gmail.com  
Fax: +86-10-64807351 
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Clostridium beijerinckii M17, a mutant from C. beijerinckii NCIMB 8052 created by 
atmospheric pressure glow discharge and used for butanol fermentation from a 
non-detoxified hemicellulosic hydrolysate of bagasse treated with dilute sulfuric acid 
(HHBSA). Evaluation of toxicity showed C. beijerinckii M17 had a higher level of 
tolerance than parent strain C. beijerinckii NCIMB 8052 of the non-detoxified HHBSA 
and model phenolic compounds tested. When non-detoxified HHBSA was used as 
carbon source, C. beijerinckii M17 produced 2.7 g·L-1 acetone, 7.9 g·L-1 butanol and 
0.3 g·L-1 ethanol, with a solvents yield of 0.34 g·g-1. By contrast, growth and butanol 
production of C. beijerinckii NCIMB 8052 were inhibited. The remarkable 
inhibitor-tolerance and fermentation of C. beijerinckii M17 appears promising for 
butanol production from sugarcane bagasse. 
 
First author: Ting Guo (Dr.) 
Mobile Phone: +86-18951872751 
E-mail: guoting@hotmail.com 
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Clostridium acetobutylicum is a model organism for the biotechnologically important 
acetone-butanol-ethanol (ABE) fermentation. With the objective to rationally develop 
strains with improved butanol production, detailed insights into the physiological and 
genetic mechanisms of solvent production are required. Therefore, pH-controlled 
phosphate-limited chemostat cultivation and DNA microarray technology were 
employed for an in-depth analysis of knock-out mutants with defects in the central 
fermentative metabolism. The set of studied mutants included strains with inactivated 
phosphotransacetylase (pta), phosphotransbutyrylase (ptb) and acetoacetate 
decarboxylase (adc) encoding genes, as well as mutants for an uncharacterized ETF 
dependant dehydrogenase (fcd, CA_C2542), an aldehyde/alcohol dehydrogenase 
(adhE1) a putative alcohol dehydrogenase (CA_P0059). A comprehensive 
physiological characterization of the mutants was performed by continuous cultivation, 
allowing for a well-defined separation of acidogenic and solventogenic growth, 
combined with the advantage of the high reproducibility of steady-state conditions. 
The data allowed defining physiological roles for several of these genes. 
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Butyric acid has been used in variety fields, such as food, pharmaceutical, animal 
feed supplement, and chemical industries. The well-known clostridial native butyric 
acid producers include Clostridium butyricum, Clostridium thermobutyricum, 
Clostridium tyrobutyricum, Clostridium acetobutylicum and Clostridium beijerinkii. A 
typical characteristic of such butyric acid-producing Clostridium is coproduction of 
both butyric acid and acetic acid. Increasing the butyric acid selectivity important for 
economical butyric acid production has been rather difficult in clostridia due to their 
complex metabolic pathways. In this work, C. acetobutylicum was metabolically 
engineered for highly selective butyric acid production. For this purpose, the second 
butyrate kinase of C. acetobutylicum encoded by the bukII gene instead of butyrate 
kinase I encoded by the buk gene was employed. Furthermore, metabolic pathways 
were engineered to further enhance the NADH-driving force. Batch fermentation of 
the metabolically engineered C. acetobutylicum strain at pH 6.0 resulted in the 
production of 32.5 g/L of butyric acid with a butyric-to-acetic acid ratio (BA/AA ratio) of 
31.3 g/g from 83.3 g/L of glucose. These results suggested that the buk gene 
knockout was essential to get a high butyric acid selectivity to acetic acid in C. 
acetobutylicum. [This work was supported by the Technology Development Program 
to Solve Climate Changes on Systems Metabolic Engineering for Biorefineries from 
the Ministry of Science, ICT and Future Planning (MSIP) through the National 
Research Foundation (NRF) of Korea 
(NRF-2012-C1AAA001-2012M1A2A2026556).] 
 
 
 
 
 
 
 
 
 
 
 



 -65-

Application of Mobile Group II Intron to Sequential (Multiple) Gene 
Knockout in Clostridium acetobutylicum  
Yu-Sin Jang, Joungmin Lee, and Sang Yup Lee 

 
Metabolic and Biomolecular Engineering National Research Laboratory, Department of Chemical and 
Biomolecular Engineering (BK21 Plus Program), BioProcess Engineering Research Center, Center for 

Systems and Synthetic Biotechnology, Institute for the BioCentury, Department of Bio and Brain Engineering 
and Bioinformatics Research Center, KAIST, 335 Gwahangno, Yuseong-gu Daejeon 305-701,  

Republic of Korea 

 

Clostridium acetobutylicum is one of the promising microorganisms for the 
efficient production of renewable chemicals and biofuels. However, due to the 
lack of efficient genetic manipulation tools, strain improvement has been rather 
slow. Fortunately, mobile group II intron was successfully applied to gene 
knockout of Clostridium species, such as Clostridium perfringens (Chen group) 
and Clostridium acetobutylicum (Minton group and Yang group) in 2005 and 2007, 
respectively, for the first time. Nevertheless, construction of a multiple gene 
knockout mutant was not easy, due to the limit of resources for genetic 
engineering, such as selection marker and temperature-sensitive origin of 
replication. Since the knockout system based on the mobile group II intron was 
constructed in a replicable plasmid, curing of the plasmid was required prior to 
the disruption of the next gene. However, the curing process is not easy, since the 
replication of the knockout vector is rather stable. We developed a multiple 
gene-knockout system that does not require marker pop-out process by using a 
mobile group II intron Ll.ltrB and two different antibiotics markers, erythromycin 
and thiamphenicol resistance genes. By using this strategy, a quintuple knockout 
mutant has been developed, recently. We will discuss an improved sequential 
(multiple) gene knockout strategy with an easy curing method. [This work was 
supported by the Technology Development Program to Solve Climate Changes 
on Systems Metabolic Engineering for Biorefineries from the Ministry of Science, 
ICT and Future Planning (MSIP) through the National Research Foundation (NRF) 
of Korea (NRF-2012-C1AAA001-2012M1A2A2026556); and the Advanced 
Biomass R&D Center of Korea (2011-0028386) through the Global Frontier 
Research Program of the MSIP.] 
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The release of sugars from lignocellulosic biomass is currently under intense 
development as a resource for the synthesis of biochemicals and biofuels. The 
process, however, is still challenged by the high cost of enzymes and generation of 
inhibitory compounds during the process. Furthermore, it is only the C6 and C5 
sugars that are currently exploited for production of biochemical and biofuels. An 
alternative approach is the gasification of biomass to syngas, which can act as 
substrate for specialized microorganisms. The gasification process is not restricted to 
any specific biomass resource, and all carbon is released for fermentation, even the 
carbon in the lignin component, which is not available from other processing options.   
Moorella thermoacetica, originally named Clostridium thermoaceticum, is the model 
acetogenic bacterium that has been used for elucidating the Wood–Ljungdahl 
pathway of CO and CO2 fixation. It also attracted attention for its unusual ability to 
convert glucose into acetate at near stoichiometrical yields. M. thermoacetica is 
considered ideal for fermenting biomass derived syngas but synthesis of higher value 
products will require modification of the strain.   

The present project aims at utilizing thermophilic production organisms such as M. 
thermoacetica for production of biochemicals from syngas, CO2 and H2. The project 
focuses on increasing the understanding of the metabolism of M. thermoacetica and 
to develop tools for genetic manipulation, by means of metabolic engineering and 
synthetic biology. These tools will be used to engineer M. thermoacetica for the 
production of higher value biochemicals, which are currently derived from fossil 
sources.  
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We previously achieved butanol production from cellulose as a substrate by 
co-culture of cellulolytic Clostridium thermocellum and butanol producing Clostridium 
saccharoperbutylacetonicum N1-4 strain. However, in this system, butanol 
productivity is limited by low rate of cellulose degradation. To improve the rate of 
cellulose degradation, increase of culture temperature is one of the strategies 
because the optimum temperature for cellulose degradation by cellulase is high. 
However, the optimum fermentation temperature of N1-4 is at 30˚C and the butanol 
production over 37˚C is apparently inhibited. To achieve butanol production at higher 
temperature, we investigated the metabolites downregulated in N1-4 cultivated at 
37˚C and increased the optimum temperature of fermentation by the addition of 
deficient metabolites. 

We determined intracellular metabolite levels of N1-4 cultivated at 30˚C and 37˚C. 
In the case of 37˚C, dihydroxyacetone phosphate was accumulated as cultivation 
proceeded, while glyceraldehyde 3-phosphate is not detected any sampling point. In 
addition, the primary metabolites of N1-4 cultivated at 37˚C related to cell growth 
such as nucleotides, amino acids, and cofactor levels were lower than that of 30˚C. 
The addition of nucleobases (100 mg/L of adenine, thymine, guanine, cytosine, and 
uracil) restored butanol production at 37˚C cultivation (8.5 g/L). Interestingly, the 
addition of adenine restored butanol production (9.4 g/L). Furthermore, N1-4 with 
addition of adenine improved butanol production up to 39˚C and 2 folds higher than 
without addition of adenine.
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Bacterial endospores are one of the most resistant known forms of life on the earth. 
Their typical producers belong to genus Bacillus and Clostridium. But there are many 
other bacterial species e.g. Acetonema, Moorella, Sporohalobacter, 
Thermoanaerobacter, etc. which are able to form endospore-like structures. 
Endospores are dormant, non-metabolizing, non-reproducing and very resistant 
entities which are able to survive in unfavorable or lethal environment for a very long 
time. They are extremely resistant against high temperatures, UV radiation, 
desiccation, fast freezing, strong acids and bases or disinfectants agents.  

In some cases, commonly used protocols are insufficient for isolation of inside 
component of rigid endospores and can lead to selective isolation of only vegetative 
cells content which represent just one fraction of whole microbial population and 
consequent results distortion. Endospore destruction for these isolations is necessary. 
To date, many special methods for endospore breaking have been invented. 
However, most of them are based on application of special equipment (tissue lysers 
etc.) or use aggressive reagents which could lead to spore content modification 
affecting all subsequent analysis. We described rapid and simple method for spore 
destruction based on freeze-thaw cycle and its agitation with small glass beads which 
is feasible with standard laboratory equipment.      
 
Acknowledgement: Financial support from specific university research and TACR BIORAF (TE01020080). 
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The strain Clostridium pasteurianum NRRL B-598 can be considered both butanol 
and hydrogen producer but also a little known and poorly described solventogenic 
Clostridium. The strain can utilize different saccharides like glucose, xylose, 
arabinose, cellobiose, saccharose, lactose and starch during acetone-butanol (AB) 
fermentation which is coupled with sporulation. After germination of spores, young 
cells exhibit significant motility and prior the sporulation, stock polysaccharide, 
granulose is formed in considerable amount giving the cells a typical Clostridium-like 
(drum stick) shape. Moreover, the strain boasts oxygen tolerance, low tendency to 
degeneration during long-term continuous experiments and robustness regarding 
small cultivation changes. The strain can produce slime (polysaccharide) sheaths 
around individual cells and cannot hydrolyse casein or utilize glycerol as a substrate.  
The genome of the strain has been sequenced recently which resulted in obtaining a 
draft sequence (size about 6.04 Mb) splitted into 138 contigs1. Matching genes for the 
above described phenotype were searched. At first, sol operon resembling that of 
Clostridium beijerinckii and the gene for spo0A regulator were identified. Further, 
genes (gene clusters) for saccharides metabolism (including those coding for 
formation of exo- and endo-polysaccharides), sporulation, quorum sensing, motility 
and other interesting phenotypic traits are being searched.  
 
Acknowledgement: The work was supported by the TACR BIORAF (TE01020080) and GACR NanoBioTECell 
(P102/11/1068) projects. 
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A butanol tolerant mutant of C. beijerinckii IB4 was generated by atmospheric and 
room temperature plasmas (ARTP). This mutant can grow well on the plate with 
butanol concentration of 20 g/L and showed high butanol production ability indicated 
by large transparent zone on agar plate containing resazurin. During batch 
fermentation without pH control strategy, this mutant produced a high concentration 
of total solvents of 18.8 g/L, including 13.1 g/L butanol, 4.9 g/L acetone, and 0.8 g/L 
ethanol, with a solvent yield of 0.38 g/g and high solvent productivity of 0.67 g/(L·h). 
Compared with C. beijerinckii IB4, butanol and total solvent production increased 
19% and 33%, respectively. Remarkable improvement of 91% in solvent productivity 
was also observed. To evaluate the maximum solvent productivity of this mutant, fed 
batch fermentation with in situ solvent removal was performed using a 
PDMS-Ceramic composite membrane. Finally, 290 g glucose was completely 
converted to 104.5 g solvents within 95 hours, and the butanol tolerant strain showed 
a significantly high solvent productivity of 1.1 g/(L·h) and glucose consumption rate of 
3.05 g/(L·h). This mutant strain could be an efficient producer of butanol due to its 
high butanol tolerance and solvent productivity.  
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Several saccharolytic Clostridium species produce self-assembled multi-enzyme 
complexes called cellulosomes. Cellulosomes are one of the most complex and 
efficient macromolecular structures devised by nature for the efficient decomposition 
of the plant cell wall cellulosic polysaccharides cellulose and hemicellulose. The 
butanol producing Clostridium acetobutylicum produces small amounts of a 
non-functional cellulosome and is therefore unable to grow on cellulose. Here, we 
report the use of a synthetic biology approach to create stable C. acetobutylicum 
strains with the potential to utilise various cellulosic substrates. Synthetic 
cellulosomal subunits derived from various cellulose degrading bacterial species 
(clostridia and other species) were integrated into the genome. We use standardised 
synthetic parts (optimized DNA sequences) in BioBrick2 format to assemble a range 
of synthetic genes encoding cellulosomal scaffoldin proteins, glycoside hydrolases 
(GHs) and synthetic cellulosomal operons. All synthetic genes and operons are 
integrated into the C. acetobutylicum genome using the recently developed 
Allele-Coupled Exchange (ACE) technology. Heterologous protein expression levels 
of the synthetic genes and the self-assembly of the mini-cellulosomes are assayed by 
Western blot, native PAGE and enzyme activity.  We have demonstrated the 
successful expression, secretion, self-assembly and activity of the mini-cellulosomes 
produced by recombinant C. acetobutylicum strains, providing a platform for the 
construction of novel strains with finely tuned cellulolytic properties.  
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Clostridium acetobutylicum is a native producer of ABE (acetone, ethanol and 
butanol) solvents, among which butanol is one of the most promising biofuels. The 
regulatory system in this strain is complicated, involving 37 histidine kinases (HK) 
and 42 response regulators (RR), of which 28 HKs and RRs exist in pair. Based on 
the transcriptional analysis of C. acetobutylicum to butanol challenge, we focused on 
a hypothetical two-component system, named AgsR-K, exhibiting strong 
up-regulation under butanol stress. First, the AgsR-K genes were overexpressed in C. 
acetobutylicum simultaneously. Although no increased butanol tolerance occurred for 
overexpressing strain, this TCS led to a significantly accelerated growth rate (about 
12h earlier) and solvents production. Disruption of the TCS genes impaired the 
growth and solvents forming rate. Therefore, this two-component system appears to 
be involved in growth and solventogenesis of C. acetobutylicum.  
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Optimization of a gene expression system for clostridia has been relatively less 
focused on due to their difficult nature of gene knockout and chromosomal 
manipulation. In this study, we were able to enhance not only gene expression 
strengths but also gene knock-down efficiencies by antisense RNAs through 
re-investigating previously elucidated features of the native promoters, considering 
RNA decay, and employing a strong, synthetic terminator. After achieving strong gene 
expression in Clostridium acetobutylicum, controlled gene expression via fine-tuning 
of ribosomal binding sites was employed to the metabolic engineering of C. 
acetobutylicum strains. [This work was supported by the Intelligent Synthetic Biology 
Center through the Global Frontier Project (2011-0031963) and by the Advanced 
Biomass R&D Center of Korea (ABC-2011-0028386) through the Global Frontier 
Project of the Ministry of Science, ICT and Future Planning (MSIP).] 
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1-Butanol is an attractive biofuel that can replace gasoline, but its low octane rate 
might lead to abnormal combustion. In the present study, we developed 
engineered Clostridium acetobutylicum strains that can produce high amount of 
isopropanol-butanol-ethanol (IBE) mixture. In addition to introduction of the 
adhB-593 gene encoding NADPH-dependent primary/secondary alcohol 
dehydrogenase, co-overexpression of the hydGB-593 gene encoding putative 
ferredoxin:NADP+ reductase improved IBE titer further. Interestingly, C. 
acetobutylicum does not harbor any genes orthologous to hydGB-593 unlike other 
clostridial species, suggesting that C. acetobutylicum might use a different 
mechanism for NADPH regeneration. The final strain was employed as a host for 
a pilot-scale fermentation to examine its potential for industrial IBE production. 
[This work was supported by the Technology Development Program to Solve 
Climate Changes on Systems Metabolic Engineering for Biorefineries 
(NRF-2012-C1AAA001-2012M1A2A2026556) and by the Advanced Biomass 
R&D Center of Korea (ABC-2011-0028386) through the Global Frontier Research 
Program of the Ministry of Science, ICT and Future Planning (MSIP).] 
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The production of biofuels and platform chemicals via gas fermentation is an 
emerging technology that does not utilize food-based substrates as feedstocks. 
Industrial waste gases and syngas generated from municipal solid waste, agricultural 
and forestry residues comprise mainly of carbon monoxide, carbon dioxide, and 
hydrogen. Clostridium autoethanogenum is a non-pathogenic acetogen that can 
utilize these gases as the sole source of carbon and energy to synthesize ethanol 
and 2, 3-butanediol. To further enhance the metabolic capability of this acetogen, we 
report the development of transformation strategies and application of ClosTron (1) 
and Allele-Coupled Exchange (ACE) (2) mutagenesis. C. autoethanogenum encodes 
two putative mono-functional carbon monoxide dehydrogenases CODH1 
(CAETHG_3005) and CODH2 (CAETHG_3899), and a bi-functional CODH/ACS 
complex (CAETHG_1620-1621). Each of these CODHs was individually knocked out 
using ClosTron and the impacts on growth and metabolite profiles under 
heterotrophic and autotrophic conditions were investigated. Beyond acetyl-CoA, 
several genes involved in the formation of ethanol were also disrupted using 
ClosTron and ACE to study their roles in solventogenesis. In summary, this study 
enhances our understanding of key pathways in carbon fixation and ethanol 
formation in C. autoethanogenum. 
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Solvents toxicity is a major limiting factor hampering the production of chemicals by 
fermentation. A butanol-tolerant Clostridium acetobutylicum MFY07 mutant was 
screened throughout continuous adaption culture, which can grow well in 10 g/L 
butanol contained medium and can produce about 13.5 g butanol/L. A hyper-butanol 
producing C. acetobutylicum MFY07 (pBPHS-3), which was created to overexpress 
the Bacillus psychrosaccharolyticus originated specific heat-shock protein gene, 
hspX, from a clostridial phosphotransbutyrylase promoter, was studied for its 
potential to produce a high titer of butanol. The growth of MFY07 (pBPHS-3) was 
inhibited up to 90% less by a butanol challenge than that of the plasmid control strain, 
MFY07 (pSAV). In batch fermentation, strain MFY07 (pBPHS-3) produced solvents, 
which consisted of8.9 g/L of acetone,17.5 g/L of butanol and 3.1g/L of ethanol. 
Overexpression of hspX resulted in increased final butanol titers 32% and 133% 
higher than those of the wild type and plasmid control strains, respectively. The 
remarkable butanol-tolerance of strain MFY07 (pBPHS-3) demonstrates that 
overexpression of heterogenous stress protein-encoding gene, hspX, could help C. 
acetobutylicum to effectively produce high concentration of butanol. 
 
* Corresponding author  
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With the aim of improving the pool of strains available to researchers for the 
production of next-generation biofuels, a butanol producing Clostridium beijerinckii 
was isolated from garden soil. This isolate is capable of growth on both hexose and 
pentose sugars, has a low ratio of acetone to butanol production, is easily 
transformed using plasmid DNA and can tolerate brief exposure to oxygen.  A draft 
genomic sequence was obtained by sequencing of the organism using a combination 
of Roche 454 and Illumina technologies. ClosTron insertional mutagenesis was 
shown to work in this strain by knockout of the spoIIE and spoVT genes resulting in 
non-spore forming mutants. Transformation by electroporation was optimised, 
allowing for the partial deletion of the chromosomal pyrE gene using suicide plasmid 
mediated allele coupled exchange (ACE). The truncation of the pyrE gene results in a 
uracil auxotrophic, 5’-fluoroorotic acid resistant phenotype. In-frame deletion by 
double homologous recombination was used to remove the ctfAB genes from the 
chromosome, causing abolishment of acetone production, at the expense of 
decreased butanol production and increased acid accumulation. Complementation of 
the deleted genes at the pyrE locus restored solvent production and was easily 
selected for by restoration of uracil prototrophy. In addition, genes essential for 
growth in the presence of butanol were probed using transposon directed insertion 
site sequencing Transposon-Directed Insertion Site Sequencing, TraDIS. 
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ABE (Acetone-butanol-Ethanol) fermentation is typical a biphasic process: 
acidogenic phase and solventogenic phase during which acids are reassimilated. 
According to the redox balance and reaction equivalent analysis, the acid producing 
pathways is unnecessary for solventogenic clostridia. The block of acid synthesis 
gene favored the butanol production of Clostridium acetobutylicum ATCC 824. C. 
beijerinckii NCIMB 8052 have a high tolerance to lignocellulosic hydrolysate, which 
makes it more suitable as a producer of second-generation solvents. But the 
modification of its acid pathways has less been reported. Two genes in acid 
producing pathways were disrupted, and the mutant strain produced 21.3 g/L total 
solvents with yield of 0.35 g/g glucose, increased by 30% of titer and yield compared 
with that of the wildtype. In addition, the butanol ratio of the mutant strain over the 
total solvents increased 4% compared with 61% of the wildtype. The results showed 
that acid pathways modification is effective for the improving solvent production in C. 
beijerinckii NCIMB 8052 as well. 
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In several species of pathogenic clostridia, toxin production is temporally linked to 
sporulation. Common regulation through sigma factors and RNA regulation has been 
described for sporulation and enterotoxin (CPE) formation in Clostridium perfringens, 
and a role for Spo0A in toxin regulation was recently proposed in Clostridium difficile. 
It is not known if and how sporulation and toxin production are linked in Clostridium 
botulinum. While most strains of C. botulinum use the alternative sigma factor BotR 
for positive control of toxin production, type E toxin producing strains lack this sigma 
factor and nothing is known about toxin regulation in these strains. Here we 
investigated the role of Spo0A in regulation of sporulation and toxin production in C. 
botulinum type E by analyzing insertional spo0A knockout mutants. Expectedly, 
spo0A was essential for sporulation. Interestingly, disruption of spo0A caused a 
drastic decrease in neurotoxin levels compared to the wild type strain. Further 
characterization of the spo0A mutant is ongoing. The results suggest that Spo0A is 
the master regulator of sporulation in C. botulinum type E and that a functional spo0A 
is needed for efficient toxin production. 
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Heightened concerns over global warming and fossil fuel supply has led to an 
increasing requirement for chemical commodity production and energy generation 
via sustainable, renewable processes. One route to chemical generation through 
biological systems is presented by acetogenic Clostridium species such as C. 
autoethanogenum, whereby carbon is captured (in the form of CO or CO2) through 
anaerobic gas fermentation, allowing growth on a spectrum of waste gases from 
industry. Gas fermentation can produce low carbon fuels and chemicals in any region 
without competing for food or land. It, therefore, represents a versatile platform for the 
sustainable production of commodity chemicals and fuels. 

To utilise C. autoethanogenum as a microbial production chassis we will 
manipulate the metabolism of this organism towards high-yield chemical production. 
Accordingly a reliable set of tools for the genetic manipulation have been established, 
including efficient gene transfer procedures, ClosTron and allele-exchange 
technologies for gene knock-out and Allele-Coupled Exchange (ACE) technologies 
for knock-in. These genetic tools are now utilized to better understand how chemical 
yield can be improved in this strain. Firstly, a systems biology approach is taken to 
understand the metabolic activity of the native strain. Next, metabolic engineering is 
utilized to maximize the flux of metabolites towards the biosynthesis of a chosen 
chemical and away from competing product streams. Finally, synthetic biology allows 
the integration of heterologous pathways into the organism to further enhance 
production, with the end result of engineering several C. autoethanogenum strains 
capable of producing high levels of distinct commercially valuable chemicals. 
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A large proportion of the cost of the ABE fermentation lies in the fermentation 
feedstock.  It is therefore essential that a successful and economical fermentation 
process will use cheap and renewable substrates.  After cellulose, chitin is the most 
predominant polysaccharide on Earth, and millions of tons of chitinous wastes are 
produced annually from the aquatic food industries and other sources.  These 
wastes could potentially be exploited as a renewable fermentation feedstock in some 
areas of the world.  Chitin is a polymer of the amino sugar N-acetylglucosamine 
(GlcNAc), and chitin hydrolysis will therefore generate GlcNAc and its oligomers as 
substrates for bacterial growth and metabolism.  Clostridium beijerinckii grows well 
on GlcNAc as a carbon source.  GlcNAc is accumulated and phosphorylated by C. 
beijerinckii via a phosphoenolpyruvate-dependent phosphotransferase system 
(PEP-PTS) encoded by the genes cbe4532 and cbe4533.  However, unlike in some 
other bacteria such as Escherichia coli, these genes are not associated with genes 
encoding enzymes that will metabolise GlcNAc 6-phosphate.  Within the C. 
beijerinckii genome, cbe4564 and cbe4562 encode enzymes with the greatest 
identity to GlcNAc 6-phosphate deacetylase and glucosamine 6-phosphate 
deaminase, which sequentially convert GlcNAc 6-phosphate to fructose 6-phosphate.  
By cloning these genes into E. coli and complementing mutants lacking the 
respective enzyme activities, we have demonstrated that cbe4564 and cbe4562 
encode functional enzymes of the GlcNAc metabolic pathway.  We therefore 
propose that cbe4564 and cbe4562 should be designated as nagA and nagB 
respectively.  
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Butanol is one of the significant industrial chemicals and has great potential to be 
alternative to substitute petroleum-based fuels. Clostridia are generally known as 
natural butanol producer by acetone-butanol-ethanol (ABE) fermentation utilizing 
several carbon sources such as sugar, glycerol, etc. Traditional ABE fermentation 
and continuous ABE fermentation has some limitations as low solvent titer and 
productivities and cell wash-out at high dilution rates, respectively. These problems 
are able to solving by applying continuous fermentation with high cell density. 
Through the high cell density continuous fermentation, C. acetobutylicum BKM19 
mutant strain and C. pasteurianum MBEL_GLY2 mutant showed tremendously 
enhanced ABE productivity in the membrane cell-recycle bioreactor. Under the 
optimal condition, BKM19 strain had 21.1 g/l/h volumetric ABE productivities and the 
yields of 0.34 g/g utilizing glucose and MBEL_GLY2 strain had 8.3 g/l/h ABE 
productivity utilizing glycerol. These results are the highest reported productivities 
obtained from all known-process. [This work was supported by the Technology 
Development Program to Solve Climate Changes on Systems Metabolic Engineering 
for Biorefineries from the Ministry of Science, ICT and Future Planning (MSIP) 
through the National Research Foundation (NRF) of Korea 
(NRF-2012-C1AAA001-2012M1A2A2026556); and the Advanced Biomass R&D 
Center of Korea (2011-0028386) through the Global Frontier Research Program of 
the MSIP.] 
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Clostridium pasteurianum is well-known butanol producer utilizing glycerol as a 
sole carbon and energy source. During biodiesel production, glycerol rich steams 
are generated as a waste. Thus, glycerol fermentation could be helpful and useful 
to increase the economic viability of biofuel industries. A hyper butanol producing 
mutant C. pasteurianum MBEL_GLY2 was isolated by chemical mutagenesis. 
The mutant showed butanol production of 17.8 g/l from glycerol in a batch 
fermentation. According to a recent report, glucose and glycerol mixed 
fermentation was able to contribute improving butanol production. In this study, 
we performed the glycerol and glucose cofermentation to optimize butanol 
production by using the MBEL_GLY2 mutant, which will be discussed in the 
conference. [This work was supported by the Technology Development Program 
to Solve Climate Changes on Systems Metabolic Engineering for Biorefineries 
from the Ministry of Science, ICT and Future Planning (MSIP) through the 
National Research Foundation (NRF) of Korea 
(NRF-2012-C1AAA001-2012M1A2A2026556); and the Advanced Biomass R&D 
Center of Korea (2011-0028386) through the Global Frontier Research Program 
of the MSIP.] 
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Upstream of adhE2 are located two genes CA_P0037 and CA_P0036 organized in 
an operon. These two genes are highly expressed during acidogenic cultures and 
poorly expressed both in solventogenic and alcohologenic cultures. The function of 
the proteins encoded by those two genes is unknown but CAP0037 is found to be 
homologous to several putative nucleic acid binding proteins found in Bacillus 
licheniformis (YhbD, 46%), Paenibaccillus larvae (nucleic acid binding-like protein, 
48%) and Bacillus atrophaeus (putative nucleic acid binding protein, 43%). In this 
work, we successfully knocked out CA_P0037 by the Targetron technique. This 
mutant was cultured in acidogenic, solventogenic and alchohogenic phosphate 
limited chemostat cultures and both a fluxomic and a transcriptomic analysis were 
performed to characterize the phenotype of this mutant. Furthermore, the CAP0037 
was produced in Escherichia coli and purified and it DNA binding capacity was 
demonstrated on promoter regions of several genes potentially controlled by this 
transcriptional regulator. 
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The phosphoenolpyruvate-carbohydrate phosphotransferase system (PTS) plays a 
key role in regulation of carbon metabolism in bacteria. One way that PTS exerts its 
regulatory effect in Firmicutes involves σ54-interacting enhancer binding proteins 
(EBPs) that contain PTS regulation domains (PRDs). Here we used an integrated 
genomic approach to study the distribution, function, domain organization, and 
PTS-mediated control of the PRD-containing EBPs in Firmicutes. We found that the 
PRD-containing EBPs are present in most of the Clostridium species analyzed. 
Among the identified four distinct groups of the PRD-containing EBPs, the CelR 
regulators constitute the largest group, which were predicted to regulate genes 
involved in the uptake and metabolism of cellobiose. The predicted function of CelR 
was experimentally validated in Clostridium acetobutylicum. We showed that CelR 
and σ54 are required for transcription of the cel operon encoding a cellobiose-specific 
PTS and a presumed 6-phospho-β-glucosidase. Inactivation of the gene encoding 
CelR or σ54 severely impaired the growth on cellobiose. The CelR-binding site and 
-12, -24 promoter for σ54 recognition in the upstream region of cel operon were 
identified. Regulation of CelR activity by two PTS-catalyzed phosphorylations in its 
PRD and EIIA domain was observed. 
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CRISPR (Clustered regularly interspaced short palindromic repeats) system was 
recently proven to be the inheritable immune systems of prokaryotes and have been 
much interest from all research circles. This system relies on small RNAs for 
sequence specific detection and degradation of the target DNA as means of 
protecting prokaryotes from invading viruses or plasmids. Thus it could be an 
important tool in phage resistant strain construction, which will be very useful for 
improvement of industrial strains. Butanol fermentations with solventogenic 
Clostridium strains are vulnerable to attack by bacteriophage (phage), thus a 
powerful phage resistance mechanism is welcomed. But to date, there is no report of 
CRISPR system in Clostridium acetobulicum strains.  

In our experiments, a plasmid resistant Clostridium acetobulicum strains gxas 18-1 
was found. This strain can directly ferment the cassava flour on the addition of 
ammonium acetate. With this simple fermentation medium, the butanol and total 
solvent production reached 14.3 and 23.6 g/l, respectively, after 48 h of fermentation. 
Another specific feature of gxas 18-1 was that plasmids were hardly transferred into 
this strain, even with the methylated modificated plasmids. By genome sequencing 
analysis, evident showed that there was a CRISPR-cas system in gxas 18-1. This 
system contained three cas6 proteins and five csm proteins and under the control of 
XRE transcriptional regulator. Details of this system still need to be worked out. 
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The products of the ABE (Acetone Butanol Ethanol) fermentation are largely 
dependent on the particular saccharolytic Clostridium strain used and the 
composition of the fermentation medium. The University of Cape Town has a 
collection of 17 solventogenic Clostridium beijerinckii and 11 Clostridium 
saccharobutylicum strains isolated from National Chemical Products (NCP), 
Germiston South Africa.  In order to further our understanding of the role of nitrogen 
metabolism in fermentation by amino acid supplementation during fermentation, 
industrial media was supplemented with various amino acids and solvent production 
monitored. Supplementation with glutamine, glutamate and histidine significantly 
increased the butanol yields (P>0.05 Fisher-LSD). The role played by amino acid 
supplementation in solvent yield was investigated further by gauging the effect of 
these amino acids on acid shock survival and quantitative Real Time PCR 
(qRT-PCR). Acid shock studies determined that glutamate and histidine are involved 
in the Acid Tolerance Response (ATR), which may play a role in acid survival during 
acidogenesis.  In addition, the well-characterised glutamine synthetase - GOGAT 
operon, bioinformatics of the whole genome sequence of C. beijerinckii 8052 has 
revealed several putative ammonia and glutamine transporter genes and two 
potential PII-like global nitrogen regulator genes, which may play important roles in 
nitrogen metabolism and the ATR. Mutagenesis of several of these candidate genes 
was attempted in C. beijerinckii NCP260 and NCIMB 8052T using the Clostron 
system, however, stable mutants could not be isolated. Transcription of the glnA, gltA 
and nitR genes encoding GS, GOGAT and their nitrogen regulator, NitR, was 
monitored during acid shock conditions by qRT-PCR.  gltA and nitR gene 
transcription was upregulated two-fold during pH 5.8 acid induction compared to 
uninduced pH 6.5 conditions. Interestingly, glnA mRNA levels remained unchanged 
for both conditions. The transcription events of the GS-GOGAT operon during acid 
shock correlate with the observation that glutamate and not glutamine is responsible 
for the ATR. Addition of substrates naturally rich in glutamate and histidine may 
increase cell survival during acidogenesis, ultimately improving solvent yields.  
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Atmospheric CO2 has increased largely due to the burning of our depleting fossil fuel 
resources. Decreasing CO2 emissions has become an increasingly appealing topic, 
and much research has been dedicated to understanding the biological CO2 fixation 
route naturally found in acetogens. Acetogenic bacteria capture and utilize CO2 along 
with electron rich sources such as H2 or CO using the Wood-Ljungdahl pathway. This 
pathway has been shown to be the most energy efficient pathway for the production 
of both biomass and metabolic products1. Of particular interest is the production of 
butanol, a great alternative to current transportation fuels. By utilizing CO2 for the 
production of fuels, we are able to address the problem of high CO2 emissions while 
simultaneously fulfilling the need for renewable energy. This study presents data on 
the fermentation behavior of the clostridial acetogens, Clostridium carboxidivorans 
and C. ljungdahlii. Specifically, growth under autotrophic, heterotrophic, and 
mixotrophic conditions was investigated. In addition, transcriptional analysis was 
performed on many prominent genes in the Wood-Ljungdahl pathway. Furthermore, 
13C labeling was performed under autotrophic and mixotrophic conditions to assess 
the CO2 fixation ability of these organisms in the presence of sugars. We have also 
investigated the CO2 sequestering enzymes found in the Wood-Ljungdahl pathway 
by heterologous expression of these complex proteins in C. acetobutylicum, allowing 
us to directly study activity. This allows us to combine its native producing abilities 
with the CO2 fixing abilities of acetogens aiming to increase the overall product yields. 
Instead of producing 2 moles of acetyl-CoA, an important precursor for biomass and 
metabolic products, the modified organism produces 3 moles of acetyl-CoA. With this 
we combine reducing CO2 emissions with increasing product yields. 
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Due to the fact that carbohydrate feed stocks are frequently derived from ‘food’ crops 
such as wheat, corn and sugar cane, microbial fermentation on syngas serves as a 
reasonable alternative. Syn (thesis)gas, a mixture of carbon dioxide, carbon 
monoxide and hydrogen gas, can be obtained efficiently by gasification of organic 
material, opening up a broad range of potential new fermentation feed stocks; such 
as municipal waste, heterogeneous biomass, industrial waste gases or converter gas. 
Several microorganisms belonging to the genus Clostridia can convert syngas into 
more complex organic molecules, including biomass, acetate and ethanol. The 
conversion of syngas into ethanol is particularly relevant in the context of biofuel 
production, and several start-up companies are already pursuing this technology. 
The commercial development of syngas-based ethanol fermentation processes is 
challenging because additional energy is needed to purify the resulting alcohols by 
distillation. Based on the known metabolic capabilities of different Clostridium strains, 
we can already envision the production of several other chemicals and biofuels, most 
representing high-value products that cannot be synthesized via established 
chemical routes such as the Fischer-Tropsch process. 

However, for the establishment of these biosynthetic pathways (beyond syngas 
based ethanol production) metabolic engineering approaches involving complex 
pathways become necessary. Up to today the metabolic engineering of Costridia in 
general and of syngas fermenting Clostridia strains in particular proved rather 
challenging. 

We recently developed a highly efficient gene delivery system capable for 
introducing rather complex (large) geneclusters into syngas fermenting Clostidia 
such as C. ljungdahlii and C. autoethanogenum. This development will not only 
deliver syngas-based fermentation systems for chemicals and biofuels but will also 
foster the development of further Clostridia fermentation processes using other feed 
stocks such as cellulose (e.g. by Clostridia cellulolyticum). 
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The standard procedure for definitive detection of BoNT-producing Clostridia is a 
culture method combined with neurotoxin detection using a standard mouse bioassay. 
The mouse bioassay is highly sensitive and specific, but it is expensive and 
time-consuming and there are ethical concerns due to use of laboratory animals. Cell 
based assays provide an alternative for mouse bioassay in screening for 
BoNT-producing Clostridia. Here, we describe a cell-based assay utilizing a 
fluorescence reporter construct with full length SNAP-25 as the linker, expressed in a 
neuronal cell model, to study toxin activity in situ. Our data indicates that PC-12 cells 
have significant sensitivity to BoNT/A and E action and the assay can detect as little 
as 100 pMBoNT/A activity within living cells. Of the in vitro approaches published in 
the literature for BoNT detection, we believed that  cell-based methods provide a 
model that more closely approximates the in vivo model and have a potential to at 
least reduce and refine animal assays if not replace it. A progress in development 
and validation will be presented. 
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The profitability of butyric acid production by degenerated strain of Clostridium 
acetobutylicum ATCC 4259 is limited due to sporulation of cells occurring as a result 
of product toxicity. Effort made to delay sporulation by neutralizing the product 
increases the total product yield by 30%, but also leads to production of lactic acid as 
a by-product. Production of lactic acid in pH controlled fermentation balances NAD+ 

and NADH ratio but at the same time decreases yield of butyric acid. After complete 
utilization of principle carbon source, lactic acid is utilized by the organism for 
production of butyric acid. These findings may be helpful in optimizing bioprocess for 
maximum butyric acid production on continuous scale. The work is imperative 
milestone for butyric acid production using clostridia. 
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Clostridium beijerinckii is capable of producing ABE (acetone, butanol and ethanol) 
solvents by using multiple carbon sources, in which D-xylose is the most copious 
pentose sugar present in hemicellulose. However, the key xylose degradation 
pathway genes, i.e., xylose isomerase (xylA) and xylulokinase (xylB), have not been 
identified so far and the related regulatory mechanism still remains unclear in C. 
beijerinckii. In this study, the transcription of three putative xylose isomerase genes 
xylAI, xylAII1, xylAII2 and a predicted xylulokinase xylB were observed to be 
dramatically upregulated in C. beijerinckii in the present of xylose. Inactivation of 
each of the four genes impaired the growth and xylose utilization of C. beijerinckii. 
Functional complementation experiments showed that xylose utilization ability of the 
E. coli xylA and xylB mutants could be completely restored by xylAI, xylAII1, xylAII2 
and xylB of C. beijerinckii, respectively, indicating the role of these four genes in 
xylose metabolism. Moreover, xylAI, xylAII2 and xylB other than xylAII1, were directly 
repressed by regulator XylR and such regulation could be ameliorated by xylose. 
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We developed a new strategy to improve the aero-tolerance of Clostridium 
acetobutylicum, an obligate anaerobic bacterium widely used in solvent 
(acetone-butanol-ethanol) production. The gene mtg which encodes microbial 
transglutaminase mature protein with its precursor region (pro) was cloned from 
Streptomyces mobaraensis. Subsequently, the pro-mtg was introduced into C. 
acetobutylicum under the anhydrotetracycline inducible promoter Pcm-2tetO1 that 
we had previously developed. The introduction of pro-mtg into C. acetobutylicum 
resulted in a significantly enhanced survival upon aeration challenge, as compared 
with the control. In addition, increased biomass concentration, reduced production of 
acetate and butyrate, as well as increased production of solvents by the recombinant 
C. acetobutylicum strain with pro-mtg, were also observed. Together with our 
previous observation that MTG improves the growth performance of Lactococcus 
lactis under aerobic conditions, introduction of MTG into non-MTG-producing 
microorganisms thus can be considered as a useful approach to improve the 
physiological functionality of the host microorganisms.  
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Clostridium thermocellum is a cellulose-degrading, biosolvent-forming microorganism 
that has many potentials in the biofuel field for its capability of producing ethanol directly 
from cellulose via a process called consolidated bioprocessing. This anaerobic 
thermophilic bacterium has been found to be co-purified with other 
non-cellulose-degrading thermophiles in nature, and the co-culture of C. thermocellum 
with these species has been shown to dramatically improve end-production formation, 
suggesting a potential symbiosis between cellulose-degrading C. thermocellum and 
non-cellulose-degrading microbes. In this work, we saw into this possibility by 
investigating the interaction between C. thermocellum and Thermoanaerobacterium 
thermosaccharolyticum that naturally co-exist. It was found that the glucose and 
cellobiose levels in the co-culture of the two thermophiles were near zero during 
fermentation, while the levels of end products ethanol, lactate, acetate were significantly 
higher than in C. thermocellum culture. The effect of glucose and cellobiose on the 
regulation of cellulase-coding genes in C. thermocellum was subsequently investigated, 
showing glucose is a novel global repressor for cellulases. It was further found that 
starvation leads to the upregulation of cellulase-coding genes. Indeed, in the co-cultures 
grown on avicel, the transcription levels of cellulase-coding genes were significantly 
higher than in C. thermocellum single cultures. However, analysis of cellulose 
degradation rates of the co-cultures and C. thermocellum single cultures showed no 
improvement of cellulose degradation in the co-culture although end products formation 
was enhanced. This leads to the suggestion that growth of C. thermocellum is repressed 
when co-culturing with T. thermosaccharolyticum, which was further confirmed by 
analysis of biomass formation in the co-culture. Growth analysis of C. thermocellum and 
T. thermosaccharolyticum on glucose and cellobiose suggests T. thermosaccharolyticum 
grows much faster than C. thermocellum, and therefore deprived of C. thermocellum 
from its nutrients needed for biomass formation. These results showed the relationship 
between C. thermocellum and T. thermosaccharolyticum is not symbiotic, but instead the 
parasitism of C. thermocellum by T. thermosaccharolyticum, as C. thermocellum suffered 
from the interactions while T. thermosaccharolyticum needs C. thermocellum for growth 
on cellulose.  
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Clostridium kluyveri is unique in fermenting ethanol and acetate to butyrate, caproate 
and H2, in which the novel flavin-based electron bifurcation mechanism was first 
discovered. Among the 9 flavin-based electron bifurcating enzymes characterized till 
now, two of them were found in C. kluyveri, those are, butyryl-CoA 
dehydrogenase/electron transfer flavoprotein complex (Bcd/Etf) and 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductase (NfnAB). Interestingly, 
bcd-etfAB1 and nfnAB form a cluster with crt1 (3-hydroxybutyryl-CoA dehydratase) 
and hbd1 (NADP-dependent 3-hydroxybutyryl-CoA dehydrogenase), all of which are 
involved in the butyrate production in C. kluyveri. Excitingly, rex was found to locate in 
the upstream of the gene cluster and encode a protein with high identity to the 
redox-sensing repressor from C. acetobutylicum (75%) and Streptomyces coelicolor 
(36%). Northern blotting and RT-PCR experiments indicated that the gene cluster 
form a big transcription unit (rex-crt1-bcd-etfAB1-hbd1-nfnAB). Bioinformatics 
analysis showed Rex can bind the promoter region of many genes with an 18-bp 
consensus sequence (TTGTTAAAAATTTAACAA) such as nadO, ndh, hyd, fdx, atpE, 
crt1, adh, ald, bdh2, cat3, etc. In addition, Rex is predicted to control the expression 
of itself and LysR. The formation of complexes of Rex and the promoter region of rex, 
crt1, nadO, hyd, bdh2 and lysR was verified by EMSA. The interaction can be 
inhibited by adding NADH and further be recovered by adding NAD+, suggesting that 
the expression of these genes in vivo are controlled by Rex through the cellar 
NADH/NAD+ ratio. These results indicate that Rex plays a key role in the carbon and 
energy metabolism in C. kluyveri. 
 
Acknowledgments: This work was supported by the grant from National Natural Science Foundation of 
China (Grant No. 31170053). 
 

#Corresponding author. Tel.: +86-531-88366231. E-mail: shuningwang@sdu.edu.cn 
 



 -96-

Effects of pH and Ferrous Iron on Bio-hydrogen Production in Butanol 
Fermentation by Clostridium beijerinckii IB4 

 
Hao Wu, Pan Chen, Ai-yong He, Da-wei Zhu, Xiang-ping Kong, Min Jiang 

 
State Key Laboratory of Materials-Oriented Chemical Engineering, College of Biotechnology and 
Pharmaceutical Engineering, Nanjing Tech University, Puzhu South Road 30#, Nanjing 211816, 

People’s Republic of China 
E-mail: wuhao@njtech.edu.cn 

 
Hydrogen is an important clean energy resource, bio-hydrogen production is a 
research focus. Clostridia is one of main strains for bio-hydrogen production, 
especially hydrogen is a by-product in butanol production by Solventogenic Clostridia, 
which could reduce the cost of bio-energy production. In this work, the effects of pH 
and ferrous iron on hydrogen production characteristics of Clostridium beijerinckii IB4 
were investigated. The results showed hydrogen production was enhanced during in 
the acid-producing stage when pH was controlled at 6.0, however, hydrogen 
production in solvent-producing stage was weakened for organic acids accumulation, 
and butanol yield was also decreased 10.8 % compared with the process without pH 
controlling. When fermentation was controlled at lower pH, H2 productivity increased 
obviously, although the H2 yield was almost not affected. Especially, H2 productivity 
achieved 0.143 L/L/h when pH was 5.2, which increased 14.4% compared with pH6.0, 
and butanol productivity and yield were also increased 21.3% and 27.7%. On the 
basis, the effect of Fe2+ ( 2-200 mg/L) on production of hydrogen was discussed. 
Hydrogen yield and productivity increased with the increase of Fe2+ until Fe2+ was 
50mg/L, which achieved 8.01 L/L and 0.212 L/L/h, increased 61.4 % and 48.3% 
compared with 2 mg/L Fe2+, and butanol was still about 12 g/L. Therefore, pH control 
strategy and ferrous iron can enhance hydrogen production in butanol fermentation 
by Clostridium beijerinckii IB4. 
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Efficient co-utilization of both hexose and pentose sugars is essential for Clostridium 
acetobutylicum, an industrial microorganism,  in producing ABE (Acetone, Butanol 
and Ethanol) solvents from lignocellulosic hydrolysates. However, the utilization of 
xylose, the most common pentose present in lignocellulose, by this anaerobe is 
strongly limited by CCR (Carbon Catabolite Repression) effect that is exerted by a 
master regulator CcpA. Here, we reported a novel engineering strategy based on 
CcpA molecular modulation to overcome this defect. Through CcpA mutagenesis and 
phenotype screening, an amino acid residue, valine 302, was shown to be essential 
for CcpA-mediated CCR on xylose metabolism. When this residue was substituted 
with asparagine (V302N mutation), CCR was eliminated effectively and xylose 
utilization by C. acetobutylicum was greatly improved in the presence of glucose. 
Transcriptional and DNA binding analysis were carried out to explain this observation. 
Furthermore, overexpression of the sol operon genes (ctfA, ctfB and adhE1) could 
further accelerate sugar consumption and solvents formation over V302N mutation of 
CcpA. Finally, the resulting strain 824ccpA-V302N-sol was capable of using over 
90% of total xylose within 72 h when fermenting a mixture of glucose and xylose (30 
g/L glucose and 15 g/L xylose), which was much higher than that (30%) of the starting 
strain 824ccpA-ccpA(C), and subsequently achieved a higher ABE solvents titer. This 
is the first report that offered an optimized CcpA protein showing alleviated 
repression on xylose metabolism in C. acetobutylicum, thus yielding a valuable 
platform host toward ABE solvents production from lignocellulosic biomass. 
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Solvent-producing clostridia are capable of utilizing pentose sugars, including xylose 
and arabinose. Previous studies have identified the activities of the phosphoketolase 
in pentose-grown Clostridium acetobutylicum. The employment of the 
phosphoketolase pathway can potentially bypass the CO2-releasing pyruvate 
decarboxylation reaction, thereby increasing the maximum theoretical yield of butanol 
from xylose to 49% by weight. By expression of phosphoketolase, phospho- 
transacetylase, or acetyl-CoA synthetase from various sources, we constructed 
functional phosphoketolase pathway for xylose catabolism in C. acetobutylicum. 
Overexpression of phosphoketolase resulted in slightly increased xylose 
consumption rates during the exponential growth phase and a high level of acetate 
accumulation. Further overexpression of phosphotransacetylase effectively reduced 
acetate formation. The 13C-based metabolic flux analysis is being used to determine 
the relative contribution of the phosphoketolase pathway to pentose metabolism in 
the engineered strains of C. acetobutylicum.  
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The pleiotropic regulator CcpA is responsible for both carbon catabolite repression 
(CCR) and carbon catabolite activation (CCA) in Gram-positive bacteria. Although the 
CCR is deeply understood in bacteria, the CCA has not been well studied. In this 
work, CcpA was overexpressed in Clostridium acetobutylicum and transcription 
profile was analyzed. It was found that over 12% of the total genes were significantly 
altered in transcription after the overexpression of CcpA. Among these genes, 265 
genes were significantly up-regulated. Most of these genes were involved in the 
following categories: tolerance, amino acid transport and metabolism, carbohydrate 
transport and metabolism, signal transduction, regulators and energy production and 
conversion, etc. Notably, over 90% of the genes that were activated by CcpA lack the 
typical CcpA binding site (cre) in the promoter region, among which a significant 
proportion were confirmed to be directly regulated by CcpA based on EMSA analysis. 
Through bioinformatical and genetic study, an atypical CcpA binding site was 
predicted, which is quite different from the typical cre site.  
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Clostridium cellulolyticum is considered as one of the promising candidates of 
lignocellulose bioconversion via consolidated bioprocess (CBP) route because of its 
capability of cellulose degradation and ethanol production. Thus, efficient genetic 
manipulation tools are required for systems metabolic engineering of C. 
cellulolyticum to satisfy the requirement of industrialization. This study provides an 
effective inducible gene expression system for C. cellulolyticum. This inducible gene 
expression system is composed of a phosphoketolase gene (ptk) promoter of 
Clostridium acetobutylicum and an araR repressor expression cassette, and the 
inducer is L-arabinose. The arabinose inducible gene expression system is tested by 
use of an oxygen-independent green fluorescent protein PpFbFPm and a 
β-glucuronidase GusA from Escherichia coli as reporters. In the presence of 0.67 mM 
arabinose, approximately 800-fold increase in GusA activity has been observed 
which is an indicative of high inducibility. This inducible gene expression system has 
been applied in controlling the expression of a counterselective marker mazF in C. 
cellulolyticum, with which a seamless genome editing method for Clostridium will be 
established. Furthermore, using the inducible gene expression system, we have 
solved the “off-targeting” problem of the ClosTron system to promote the genetic 
engineering of C. cellulolyticum with ClosTron greatly. The arabinose-inducible gene 
expression system developed in this study can be used as a “switch” to support the 
controllable heterologous expression in C. cellulolyticum and other mesophilic 
Clostridium strains, and will contribute to the efficient engineering aiming at 
chemicals and biofuels. 
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Two cellulolytic thermophilic bacterial strains CS-3-2 and CS-4-4 were isolated from 
decayed corn stalk by addition of growth-supporting factors to the medium. Cellulase 
activities of supernatant from co-culture of the two strains increased several folds 
compared to that of pure cultures. Liquid chromatography–tandem mass 
spectrometry analysis of protein bands appearing in the native zymograms showed 
that ORF3880 and ORF3883 from strain CS-4-4 played a key role in the 
lignocellulose-degradation process. The two ORFs both exhibited endoglucanase 
and xylanase activity, but ORF3880 was tighter in adhesion to insoluble substrates at 
4, 25 and 60 ºC owing to its five CBM modules. Moreover, it is being further studied 
that processivity of ORF3880 was much more than that of ORF3883 which maybe 
also because of its more CBMs, indicating that ORF3880 was a processive 
endoglucanase that can cooperate with nonprocessive endoglucananse. 
Biochemical and mutational analysis of ORF3880 showed that deleting a CBM3 
module (TM1) led to the Km increased more than 60% while the catalytic efficiency 
(kcat/Km) kept almost the same with the wild protein. The catalytic efficiency of TM4 
(deleting 4 CBMs) and TM5 (deleting 5 CBMs) decreased severely although with a 
2-fold increase in Km. The processivity of TM1 decreased approximately 68% of the 
wild-type, revealing the important role of CBM3 module in affinity to substrate and 
processivity, whereas slight effect on the catalytic efficiency. 
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Gene disruption in Clostridium spp. by TargeTron technology, which is much more 
effective than single-crossover integration, cannot achieve gene modification via 
allelic exchange. Here we have developed a targeted, non-polar, scarless gene 
modification system based on I-SceI endonuclease. Firstly, integration of a replicative 
plasmid containing homology arms on either side of the target sequence and I-SceI 
recognition sites into the chromosome of Clostridium resulted in single-crossover 
integrants with a mutant allele. Secondly, introducing the synthetic gene (sceC) 
encoding I-SceI enzyme resulted in double-strand breaks at the I-SceI recognition 
sites, which stimulated homologous recombination and yielded double-crossover 
mutants. Application of the method was demonstrated by deleting two genes (adc 
and glcG) in Clostridium acetobutylicum ATCC 824 and one gene (adc) in Clostridium 
beijerinkii NCIMB 8052, and by introducing point mutations into xylR of C. beijerinkii 
NCIMB 8052. The double-crossover mutants exhibited similar fermentation 
phenotypes to those constructed through TargeTron technology. 
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Butanol has been acknowledged as an advanced biofuel superior to fuel ethanol in 
many aspects such as higher energy content, lower volatility and less hydroscopic 
and corrosive. Currently, butanol is mainly produced through acetone-butanol-ethanol 
(ABE) fermentations by clostrida from sugar- and starch-based feedstocks. 
Jerusalem artichoke is non-food related feedstocks that can grow well in marginal 
land as a potential energy crop. Acetone-butanol-ethanol (ABE) fermentations by 
Clostridium acetobutylicum were performed with mixed sugars of gluose and fructose 
that would release from the hydrolysis of tubers of Jerusalem artichoke. Compared to 
glucose, fructose were fermented slowly. However, butanol production and sugar 
utilization were greatly improved via ORP control strategy during batch 
acetone-butanol-ethanol (ABE) fermentation using the mixed sugars with less acids 
accumulation. Batch fermentations using mixed sugars of glucose and fructose were 
conducted by pumping sterile air into the fermentor to control ORP above -490 mV, 
-460 mV, -430 mV to -400 mV, respectively. The results showed that butanol 
production were all more than 9.10 g·L-1 while residual sugars concentration and 
organic acid were all lower than 3.20 g·L-1 and 2.10 g·L-1, respectively. When ORP 
was controlled above -460 mV, butanol production and total solvents reached 13.19 
g·L-1 and 19.71 g·L-1, respectively, increased by 139.38% and 117.07% compared to 
the uncontrolled process. The results obtained show that the ORP-control strategy 
significantly improved the sugar utilization, especially for fructose, and butanol 
production from mixed sugars, indicating that ORP-control could exhibit a stimulatory 
effect on ABE fermentation and will be an economically competitive strategy for 
improving fermentation efficiency. 
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Clostridium phytofermentans is of interest in consolidated bioprocessing due to its 
ability to utilize both hemicellulose and cellulose while producing unusually high 
ethanol titers. An elusive microbe, it has only been found at its initial discovery over a 
decade ago: a 16S rDNA BLAST does not bring up other isolates or environmental 
samples. Yet, through serial enrichments of forest soil samples on switchgrass, we 
were able to isolate three strains of C. phytofermentans with physiological differences. 
All isolates share 98% to 99% identity to the type strain at the 16S rDNA level, but 
produce less ethanol and vary in their cellulolytic capabilities, with one exhibiting 
improved cellulolysis at higher temperatures than the type strain. Currently there is 
not a reliable genetic system for this organism, so to help determine the basis for 
these differences in abilities we are performing comparative genomics between these 
strains. Our aim is to understand the physiological reasons for production of ethanol 
over acetate in the type strain and for improved cellulolysis at elevated temperatures 
in one isolate. This research may guide us to engineering improvements in 
genetically tractable organisms. 
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Butanol fermentation (or ABE fermentation) has a long history of one hundred years 
since Weizmann isolated clostridium acetobutylicum as the host strain. ABE 
fermentation has been the second large-scale industrial fermentation during the first 
part of last century, only next to ethanol fermentation. As the diminishing natural oil 
resources, renewable biobutanol arouse resurgent interest as a promising liquid 
transportation fuel. All of the known butanol forming strains are obligate anaerobic 
clostridium. Operation and fermentation was restricted in strict anaerobic condition, 
which was complicated, inconvenience, and uneconomic. One butanol-forming 
bacteria was isolated in our lab. The products contained acetone, butanol and 
ethanol. The highest butanol titer and yield reached 14.58 g/L and 0.26g/g glucose in 
batch fermentation. The ratio of A: B: E was near 3:6:1, which was similar to the 
conventional strains. However, the distinct character of this bacterium was that it was 
not obligate anaerobic. The bacteria can be grown in normal incubator, and 
fermentation can be performed without nitrogen pretreatment. This made it quite 
different from the conventional butanol-producing strains. In addition, all the 
operation can be carried out in normal ambient condition. So, anaerobic condition is 
not essential for butanol fermentation in periods longer than 100 years. 
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Renewed attention has been paid to ABE (acetone-butanol-ethanol) fermentation 
with the renewable and inexpensive substrates, including energy crops, agricultural 
residues, forestry and food processing wastes, on account of the depletion of oil 
resources and deteriorating environment. But few microorganisms with combined 
ability of producing n-butanol and degrading cellulose have been isolated or 
developed. Mixed culture of cellulolytic and solventogenic bacteria is a convenient 
and feasible approach for ABE production by consolidated bioprocessing (CBP) from 
lignocellulose. We initially constructed the co-culture of wild C. beijerinckii and C. 
cellulovorans to produce solvents from AECC (alkali extracted corn cobs), a low-cost 
renewable feedstock, directly. Butanol output was enhanced considerably by 
over-expressing butyrate kinase in C. cellulovorans or CoA-transferase in C. 
beijerinckii, which implied butyrate reassimilation was critical for butanol production in 
the artificial symbiosis.  
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Increasing concern on fossil fuels depletion and global environmental deterioration 
has recently renewed interest in butanol production from lignocellulose by 
acetone-butanol-ethanol (ABE) fermentation. Unfortunately, there was barely 
microorganism possessing the compound ability of lignocellulose decomposition and 
solvents production natively. Comparing with complicated genetic and metabolic 
engineering strategy to engineer native cellulolytic or solventogenic bacteria, mixed 
culture is a convenient and feasible approach for ABE fermentation by consolidated 
bioprocessing (CBP) from lingocellulose. But few communities of microorganisms 
succeeded in producing butanol of high titer or productivity without adding butyrate. 
Here a novel strategy for sequential co-culture of C. Thermocellum ATCC 27405 and 
C. beijerinckii NCIMB 8052 was proposed to produce solvents efficiently in one pot 
reaction with alkali extracted corn cobs (AECC), a low-cost renewable feedstock, as 
the sole carbon source. In this strategy, soluble sugars accumulation by C. 
thermocellum hydrolyzing AECC was considered to be paramount for the CBP and 
was promoted considerably by contrast with previous co-culture studies. Under the 
combinatorial optimal culture parameters for sugars accumulation and ABE 
production, the CBP decomposed 88.9 g/L of AECC and manufactured ABE 19.9 g/L 
(acetone 3.96, butanol 10.9 and ethanol 5.04 g/L) in 200 h without feeding butyrate. 
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Butanol is an industrial commodity and also considered to be a more promising 
gasoline substitute compared to ethanol. Renewed attention has been paid to 
solvents (acetone, butanol and ethanol) production from the renewable and 
inexpensive substrates, for example, lignocellulose, on account of the depletion of oil 
resources, increasing gasoline prices and deteriorating environment. Limited to 
current tools for genetic manipulation, it is difficult to develop a genetically 
engineered microorganism with combined ability of lignocellulose utilization and 
solvents production. Mixed culture of cellulolytic microorganisms and solventogenic 
bacteria provides a more convenient and feasible approach for ABE fermentation due 
to the potential for synergistic utilization of the metabolic pathways of two organisms. 
But few bacteria pairs succeeded in producing biobutanol of high titer or high 
productivity without adding butyrate. The aim of this work was to use Clostridium 
cellulovorans743B to saccharify lignocellulose and produce butyric acid, instead of 
adding cellulase and butyric acid to the medium, so that the soluble sugars and 
butyric acid generated can be subsequently utilized by Clostridium beijerinckii NCIMB 
8052 to produce butanol in one pot reaction. In the work, a stable artificial symbiotic 
system was constructed by co-culturing a celluloytic, anaerobic, butyrate-producing 
mesophile (C. cellulovorans 743B) and a non-celluloytic, solventogenic bacterium (C. 
beijerinckii NCIMB 8052) to produce solvents by consolidated bioprocessing (CBP) 
with alkali extracted deshelled corn cobs (AECC), a low-cost renewable feedstock, as 
the sole carbon source. Under optimized conditions, the co-culture degraded 68.6 g/L 
AECC and produced 11.8 g/L solvents (2.64 g/L acetone, 8.30 g/L butanol and 0.87 
g/L ethanol) in less than 80 h. Besides, a real-time PCR assay based on the 16S 
rRNA gene sequence was performed to study the dynamics of the abundance of 
each strain during the co-culturing process, which figured outthe roles of each strain 
at different periods in the symbiosis.Our work illustrated the great potential of artificial 
symbiosis in biofuel production from lignocellulosic biomass by CBP. The dynamics of 
the abundance of C. beijerinckii and C. cellulovorans revealed mechanisms of 
cooperation and competition between the two strains during the co-culture process. 
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Butanol is an industrial commodity and also considered to be a more promising 
gasoline substitute compared to ethanol. To produce butanol from lignocellulose in 
one pot reaction, many processes of mixed culture of cellulolytic and solventogenic 
bacteria have been developed. These processes were efficient for cellulosic butanol 
production but complicated for process regulation. To simplify the consolidated 
bioprocessing (CBP), we attempted to develop a gene transfer method for C. 
cellulovorans, with the goal of producing butanol by C. cellulovorans alone via 
metabolic engineering. With proper selection of the replication origin and 
antibiotic-resistance marker, we initially electroporated methylated plasmid into 
C.cellulovorans at a low efficiency. Moreover, it was observed that C. cellulovorans 
has good butanol tolerance, which suggested that C. cellulovorans is a promising 
heterologous host for n-butanol production from lignocellulose. So a new CBP for 
cellulosic butanol production was developed by introducing the butyraldehyde 
dehydrogenase gene adhE2 (CA-P0035) from C.acetobutylicum into C. cellulovorans, 
which endued C. cellulovorans the ability to produce n-butanol from alkali extracted 
corn cobs (AECC), a low-cost renewable feedstock, directly. However, the CBP only 
produced 0.374 g/L butanol, which could be attributed to insufficient NADH supply 
and competitive pathways in C. cellulovorans. 
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