
Abstract 

MAKWANA, SATYA TEJENDRA. Genome Sequence Analysis of Butanol Tolerant Clostridium 
beijerinckii SA-1/ATCC 35702. (Under the direction of Dr. José M. Bruno-Bárcena) 
 

The most recent crisis in rising oil prices has reinvigorated the interest in solventogenic clostridia, 

well known for their ability to produce acetone/butanol/ethanol using plant biomass feedstock. 

Butanol has long been considered a viable option as an alternative high-energy content molecule.  

However, economically feasible industrial applications have been stymied by butanol’s toxic effects 

mainly on the cell membrane of solvent producing clostridia; consequently, restricting final butanol 

production and accumulation.  To overcome butanol sensitivity, stress directed evolution was 

performed on Clostridium beijerinckii NCIMB 8052 and spawned the SA-1 strain (ATCC 35702).  In 

addition, recent physiological study by our group on the nutritional requirements of SA-1 for 

optimizing butanol production established the ability of SA-1 to co-ferment D-glucose and D-xylose 

as carbon sources.  

Here to discover genomic variations that may account for the increased butanol tolerance and the 

differential sugar utilization, the whole genome of SA-1 using the Illumina GA IIx platform was 

sequenced.  The reference genome of C. beijerinckii NCIMB 8052 provided an in silico template for 

assembly and comparison.  After assembly and analysis using MAQ version 0.7.1 and Breakdancer 

version 1.0 algorithms, putative genomic variations discovered include thirteen single nucleotide 

variations, 8 small indels, 10 large indels and 6 chromosomal rearrangements.  All putative variations 

were analyzed by PCR and Sanger sequencing.  Through these combined approaches, a total of 10 

mutations were confirmed in the genome of Clostridium beijerinckii SA-1/ATCC 35702.  The 

expected similarity between the genomes of SA-1 and C. beijerinckii NCIMB 8052 minimized the 

number of possible variations to be examined that may account for the physiological differences 

between the two strains.  We expect that this genomic approach will help to bring taxonomic clarity 

and understanding to both butanol tolerance and differential sugar utilization by C. beijerinckii.  This 



is the first study performing genetic analysis to search possible explanations for both butanol 

tolerance and differential sugar utilization in Clostridium beijerinckii.   

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
© Copyright 2013 by Satya Tejendra Makwana 

All Rights Reserved



Genome Sequence and Comparative Analysis of a Butanol Tolerant Clostridium beijerinckii SA-
1/ATCC 35702 

 

 

by 
Satya Tejendra Makwana 

 

 

A thesis submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Master of Science 
 

Microbiology 

 

 

Raleigh, North Carolina 

2013 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
Dr. José M. Bruno-Bárcena                          Dr. James W. Brown 
Committee Chair 
 

 

 

________________________________ 
Dr. Jonathon W. Olson   



 

ii 

Dedication 

This work is dedicated to the scientists that work diligently and ethically to provide an understanding 

about nature and to whomever in the future may stumble upon it and find it useful for their research. 



 

iii 

Biography 

I was born in Columbus, GA in 1984 and moved to Raleigh, NC in 1993. I attended Millbrook High 

School, and graduated Cum Laude from North Carolina State University with a Bachelor’s degree in 

Microbiology in May of 2007. Following the completion of my undergraduate degree, I entered the 

pharmaceutical industry and was employed by Diosynth Biotechnology as a Senior Production 

Technician until 2010 before continuing my education at NCSU as a Master of Science student.  



 

iv 

Acknowledgements 

I would like to acknowledge my friends and family, especially my parents Tejendra and Indira and 

my brother, Dr. Om Makwana, whom I have always seen as a role model. Without their love and 

support I would not have been able to make it through. I would like to thank my collaborators Dr. 

Andrea Azcarate-Peril for contributing to the writing/editing of this manuscript and the grant proposal 

used for the sequencing aspect performed by the DOE JGI; Dr. Michael Thon for formatting the .bam 

file for visualization on Integrative Genome Viewer (IGV) (Robinson, Thorvaldsdottir et al. 2011) 

and  for contributing to the writing/editing of this manuscript.  I would like to thank Dr. Suzanne F. 

Dagher for contributing to the editing of this manuscript.  I would like to thank my committee 

members Dr. James W. Brown and Dr. Jonathon W. Olson. I would like to thank my fellow graduate 

students for giving me advice and helping me along the way. I would like to thank the granting 

agency, the Department of Energy Joint Genome Institute and the North Carolina State University 

Department of Microbiology. Finally, I am very grateful to Dr. José M. Bruno-Bárcena whose ideas 

were laid out in a successful grant proposal to the DOE JGI making this work possible, and for 

directing my research by teaching me the skills necessary to complete this body of work you are 

about to read.   

Department of Energy Joint Genome Institute performed the genome sequencing of the SA-1 and 

part of the bio-informatic analysis. 

“The work conducted by the U.S. Department of Energy Joint Genome Institute was supported by the 

Office of Science of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.” 



 

v 

Table of Contents 

List of Tables ........................................................................................................................................ vii!

List of Figures ...................................................................................................................................... viii!

1 Introduction .......................................................................................................................................... 1!

2!Literature Review ................................................................................................................................ 5!

2.1 Origins of the ABE Strains ........................................................................................................... 5!

2.3 The Pathway ............................................................................................................................... 11!

2.2 Selection of the SA-1 Strain ....................................................................................................... 14!

2.3 Selection of the BA 101 Strain ................................................................................................... 16!

2.4 Next Generation Sequencing ...................................................................................................... 17!

2.4.1 Illumina GA IIx Platform .................................................................................................... 17!

2.4.2 Assembly, Alignment and in silico Based Detections of Variations .................................. 20!

2.5 Thesis Statement ......................................................................................................................... 21!

3 Sequencing and Comparative Analysis ............................................................................................. 23!

3.1 Materials and Methods ............................................................................................................... 23!

3.2 Results and Discussion ............................................................................................................... 27!

3.2.1 DNA Isolation ..................................................................................................................... 27!

3.2.2 Sequencing .......................................................................................................................... 28!

3.2.3 Single Nucleotide Variants ................................................................................................. 30!

3.2.4 Small Insertions and Deletions ........................................................................................... 34!

3.2.5 Large Insertions, Deletions and Structural Variations ........................................................ 34!

4 Conclusions and Future Work ........................................................................................................... 44!

5 References .......................................................................................................................................... 48!

Appendices ........................................................................................................................................... 55!



 

vi 

Appendix A ........................................................................................................................................... 56!

A.1 Credit Lines for Copyrighted Material. ..................................................................................... 56!

Appendix B ........................................................................................................................................... 57!

B.1 The genome sequence of Clostridium beijerinckii SA-1, a butanol tolerant strain that shows 

remarkable chromosome stability .................................................................................................... 57!

Appendix C ....................................................................................................................................... 80!

C.1 Alignments, Consensus Sequences and Chromatogram Traces for Detected Single Nucleotide 

Variants ............................................................................................................................................ 80!

C.2 Insertion of ISCb1 sequence .................................................................................................... 107!

C.3 Alignment of Assembled Consensus Sequences to the Reference Genome NCIMB 8052 .... 114!

C.4 False positive single nucleotide variants and small indels ...................................................... 130!

C.5 Alignments, Consensus Sequences and Chromatogram Traces for Detected Small 

Insertions/Deletions ........................................................................................................................ 138!

C.6 Alignments, Consensus Sequences and Chromatogram Traces for Large Insertions and 

Deletions ......................................................................................................................................... 155!

Appendix D ......................................................................................................................................... 183!

D.1 Chromatogram Traces for 16S Ribosomal RNA DNA Gene ................................................. 183!

 



 

vii 

List of Tables 

Table 1: As presented in a review by Jones and Keis, there was much complexity in the strains of 

solvent producing clostridia depending on the company that isolated the strain (Jones and Keis 1995).

 ................................................................................................................................................................ 7!

Table 2: List of corroborated point mutations detected in Clostridium beijerinckii ATCC 35702/SA-

1using the MAQ algorithm (Li, Ruan et al. 2008). Coverage, variant frequencies, and reference 

frequencies determined through genome assembly using Geneious (Drummond AJ 2010). PCR 

amplifications were performed using genomic DNA as template from both NCIMB 8052 (reference 

strain) and SA-1 .................................................................................................................................... 32!

Table 3: False positives where the sequence from both NCIMB 8052 and ATCC 35702.  PCR ........ 37!

Table 4: Biochemical test of Clostridium beijerinckii ATCC 35702/SA-1 and NRRL B-527 

performed on the API 20E strip (Biomerieux, France). ....................................................................... 38!

Table 5. Incorrect putative polymorphisms found after analysis of the assembled chromosome of 

Clostridium beijerinckii SA-1/ATCC 35702.  Below are reported putative single nucleotide variants 

(SNVs), small insertions and deletions (indels).  PCR amplifications were performed using genomic 

DNA as template from both NCIMB 8052 (reference strain) and SA-1. ............................................. 40!

Table 6: In silico analysis detected false large insertions and deletions and structural variations not 

corroborated after PCR and Sanger sequencing.  PCR amplifications were performed using genomic 

DNA as template from both NCIMB 8052 (reference strain) and SA-1 .............................................. 42!

 



 

viii 

List of Figures 

Figure 1: Dendrogram of 16S ribosomal RNA sequences from various solventogenic clostridia and 

other taxonomically related clostridial species.  The 16S sequence of Bacillus subtilis BCA 26 is 

utilized as the root for the phylogenetic analysis.  The 16S sequences from the strains marked with an 

asterisk were amplified with PCR and confirmed in this study.  Neighbor joining method (Saitou and 

Nei 1987) was used to build the tree model. Tamura-Nei algorithm (Tamura and Nei 1993) was used 

to compute genetic distances. Cost matrix = 93% similarity with a gap open penalty of 12 and a gap 

extension penalty of 3. .......................................................................................................................... 10!

Figure 2: Metabolic pathways for butanol production in solventogenic clostridia (Jang, Lee et al. 

2012) ..................................................................................................................................................... 13!

Figure 3: Challenge experiment performed by Lin and Blaschek in 1983. (Lin and Blaschek 1983) . 15!

Figure 4: Illumina Workflow ................................................................................................................ 19!

Figure 5: a) 1% agarose gel of Clostridium beijerinckii ATCC 35702/SA-1 genomic DNA. The lanes 

are as follows: lane 1; 15 ng standard, lane 2; 31 ng standard, lane 3; 63 ng standard, lane 4; DNA 

ladder, lane 5; Clostridium beijerinckii ATCC 35702/SA-1 genomic, DNA lane 6; DNA ladder, lane 

7; 125 ng standard, lane 8; 250 ng standard, and lane 9; 500 ng standard b) Standard curve for DNA 

quantification of genomic DNA isolated from Clostridium beijerinckii ATCC 35702/SA-1. ............. 28!

Figure 6: Physical Coverage map. Peak height is determined by the number of reads aligned to the 

reference genome. Green peaks indicate overlapping reads that align to the reference genome while 

yellow beads are areas of mismatched reads or gaps in the alignment. The above scale represents the 

position in the reference genome where read alignment occurs. .......................................................... 29!



 

ix 

Figure 7: 1% Agarose gel showing PCR amplification of the novel insertion sequence within SA-1 

(lane 2) compared to the wild type NCIMB 8052 (lane 3). Lane 1; 10 kb Logic DNA Marker 

purchased from Lamda Biotech. Lane 4; PCR with no template added (negative control). ................ 35!

Figure 8: Genome atlas of Clostridium beijerinckii SA-1 providing the locations of the various 

polymorphisms. a) Polymorphisms found after in silico analysis with MAQ and Breakdancer 

algorithms. b) Polymorphisms confirmed after PCR and Sanger sequencing methods. Image was 

produced using Geneious (Biomatters, Auckland, NZ). The color coding scheme for both figures are 

as follows: purple; insertions, navy blue; deletions, black; single nucleotide variants (SNV), maroon; 

putative insertions or deletions (indels), gold; putative small indels, green; inversions, cyan; internal 

translocations (ITX). The term “Cbs” here is to specifically refer to genes that are in the SA-1 strain.

 .............................................................................................................................................................. 37!

 



 

1 

1 Introduction 

The progressive reduction of natural crude oil world reserves within the past decade has 

dramatically boosted the cost of petroleum. The reduction has stimulated the search for an 

economically practical biofuel alternative to petroleum-based fuels.  Presently, a wide variety of 

biofuels are being evaluated, including the highly subsidized bio-ethanol, syngas (a mixture of carbon 

monoxide and hydrogen), bio-hydrogen, bio-butanol and others (Dellomonaco, Fava et al. 2010).  

The acetone, butanol, ethanol (ABE) fermentation process via biological means by transforming 

agricultural waste products is currently being rediscovered as an economically viable substitute. 

Compared to ethanol, bio-butanol has an increased capacity for combustion and, as an 

additive, is easily miscible in gasoline (Dürre 2007).  Furthermore, the four carbon alcohol, bio-

butanol, can completely replace gasoline in modern combustible engines without additional 

modifications.  In addition to the properties of bio-butanol as a fuel additive, its production provides 

economically viable solutions for the synthesis of various butanol derivatives such as; lacquers, 

solvents, and plastics (Gibbs 1983, Harvey and Meylemans 2011, Kumar and Gayen 2011, Wuthrich, 

Hung et al. 2011).   

Interest in the ABE fermentation process is not a new one, in fact, during World War I the 

British contracted Chaim Weizmann for the production of acetone, the process was later patented as 

the Weizmann Process.  After the war, the British rewarded Chaim Weizmann for his efforts granting 

him and other Zionists passages into Palestine, as stated in the Balfour declaration (Ve, Williams et 

al. 2011).  After the patent for the Weizmann process expired in 1923, the Commercial Solvents 

Company (CSC) owner of the production plant based out of Peoria, Illinois took control of the ABE 

process.  Years later, during World War II CSC built another large plant in Terre Haute, Indiana to 

help meet the demand for acetone (Jones and Woods 1986, Jones and Keis 1995).  
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After the Second World War, the molasses feedstock for acetone production was moving into 

cattle feed, thereby increasing the overall cost of ABE fermentation and subsequently leading to a 

decline in funding and research into solvent producing strains (Jones and Keis 1995).  The increase in 

the overall cost of the ABE fermentation also pushed for the production of acetone and butanol 

through the refining of crude oil, which was widely available in the 1950s through the 1970s (Jones 

and Keis 1995).  Virtually all production of acetone, butanol, and ethanol through a fermentative 

means had ceased to exist in the Americas and Europe (Jones and Keis 1995). 

By the 1950s, butanol production was replaced with petrochemical production, leaving bio-

butanol production “restricted” to a few plants located in China and National Chemical Products plant 

in South Africa (Gibbs 1983, Jones and Keis 1995).  These remaining plants continued producing 

bio-butanol through the 1980s primarily because importing oil was difficult due to United Nations oil 

embargos to combat apartheid in South Africa and communism in China.  

Traditionally, the attractiveness of bio-butanol production by solventogenic organisms has 

been hampered by technological production limitations such as the availability of inexpensive 

feedstock and the inefficient product accumulation in the fermentation broth due to the toxic effects to 

the cells at high butanol titers (≥15g/l).  This is assumed to impact mainly the bacterial cell 

membranes causing increased fluidity, denaturing membrane and intracellular proteins (Jones and 

Woods 1986, Baer, Blaschek et al. 1987, Rydengard, Shannon et al. 2008).  Additionally, common 

challenges affecting the culturing and handling of solvent-producing clostridia include the historically 

imprecise taxonomic classification and the chromosomal degeneration or genetic instability 

manifested by the loss of capacity to produce solvents.  For example, it is common to find scientific 

reports describing genetic degeneration when cultivating solventogenic strains such as; NCIMB 8052 

and ATCC 824 (Kashket and Cao 1995, Zhu 2008) (Sanchez-Sampedro, Fernandez-Tarrago et al. 

2008, True, Kalastavadi et al. 2008).  
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To investigate and overcome some of the challenges and limitations of bio-butanol 

production and since the overall economical competitiveness of butanol production depends on the 

strain, butanol tolerant solventogenic clostridia strains have been selected. In the past, these strains 

were selected by applying stress directed evolution techniques as in the case of Clostridium 

beijerinckii ATCC 35702 / SA-1 (Lin and Blaschek 1983), site directed mutagenesis (Cornillot, Nair 

et al. 1997, Jiang, Xu et al. 2009), and random mutagenesis as in the case of Clostridium beijerinckii 

BA 101 (Houterman, Cornelissen et al. 2008).  As a result, the butanol tolerant offspring have shown 

that clostridial butanol tolerance is a pleiotropic phenomena associated with an increase in the 

plasmatic membrane saturated fatty acids (Baer, Blaschek et al. 1987), up regulation of GroESL 

complex (Tomas, Welker et al. 2003), and down regulation of gldA antisense RNA (glycerol 

dehydrogenase gene) (Liyanage, Young et al. 2000).  These data demonstrate the critical need for the 

discovery of new modulated gene effects participating in the enhancement of cellular butanol 

resistance to increase its production.  New developments in sequencing technology is allowing for 

cheaper and faster gene screening and making it possible to later identify conserved genes present in 

solvent producing clostridia through pan genomic analysis using synteny plots (Krabben 2010). 

The cost of renewable biomass feedstock and the avoidance of competition with food 

supplies have catalyzed the need to demonstrate the versatility and ability of solventogenic Clostridia 

to metabolize diverse substrates for butanol production.  Extensive research has been performed 

utilizing different feedstock that include studies of bio-transformations to butanol from substrates 

such as; corn starches (Lin and Blaschek 1983), maize stalk juices (Wang and Blaschek 2011), corn 

fiber (Qureshi, Ezeji et al. 2008), and soy molasses (Qureshi, Lolas et al. 2001). 

An important limitation for the biological transformation of sugar mixtures is the catabolite 

repression physiology.  In the case of Clostridium acetobutylicum, it has been previously confirmed 

that the catabolite repression principles that apply to other Gram + bacteria are also valid to clostridia.  
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Therefore, alternative carbon sources will only be consumed after the glucose supply has been 

completely exhausted (Ounine, Petitdemange et al. 1985) and strains able to avoid catabolite 

repression are desirable to efficiently ferment feedstocks containing sugar mixtures (Ren, Gu et al. 

2010, Ren, Gu et al. 2012).  

The present study aimed to identify genetic differences between the butanol producers 

Clostridium beijerinckii NCIMB 8052 (parent) and Clostridium beijerinckii SA-1 / ATCC 35702 

(offspring) strains that could explain the enhanced butanol resistance by the offspring strain.  Thus, 

we anticipate that the genome sequence of ATCC 35702/SA-1 will provide valuable insight into the 

genes and pathways that have roles in butanol metabolism and will be useful for further improvement 

of these technologically important strains.  The ATCC 35702/SA-1 strain sequenced in this study was 

obtained by a stress directed evolution strategy that emphasized butanol resistance (Lin and Blaschek 

1983).  This mutant was able to grow in butanol concentrations as high as 15 g/l, a concentration that 

significantly reduces the maximum specific growth rate of the parent strain.   

Clostridium beijerinckii ATCC 35702/SA-1 was obtained from American Type culture 

collection (ATCC) where was originally deposited by Lin & Blaschek (Lin and Blaschek 1983) and 

reported as an offspring strain derived from Clostridium acetobutylicum ATCC 824.  Later, Johnson 

et. al (Johnson, Toth et al. 1997) established that this strain belonged to the Clostridium beijerinckii 

group by DNA relatedness.  After this finding, ATCC corrected accession numbers for the strain 

NCIMB 8052 which was reclassified as Clostridium beijerinckii.  In the same fashion, Hans P. 

Blaschek corrected the assignment (ATCC 824) of the strain in his laboratory as Clostridium 

beijerinckii NCIMB 8052 (Formanek, Mackie et al. 1997).  In addition, Blaschek and his group 

undertook the project of sequencing Clostridium beijerinckii NCIMB 8052, which is the only 

publically available strain of this specie that has been fully sequenced and annotated to date (Genbank 
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accession number NC_009617).  The 6,000,632 bp reference genome of this important solventogenic 

strain provided an invaluable resource for butanol research. 

Clostridium beijerinckii SA-1 has the ability to co-utilize sugars and is butanol tolerant (Lin 

and Blaschek 1983, Houterman, Cornelissen et al. 2008) making them useful for bio-processing using 

cheaper mixed substrates originated from corn starches, cellulosic and hemi-cellulosic biomass.  

Additionally, Clostridium beijerinckii BA 101 is a well-studied hyper amylolytic sister strain of SA-

1also capable of butanol tolerance and co-utilization of sugars Annous and Blaschek 1991. 

 

2!Literature Review  

 

2.1 Origins of the ABE Strains  

In the early 20th century, the strains used in the ABE fermentation process were classified by 

their end products (McCoy, Fred et al. 1926).  There were two main categories: acid producing strains 

and solvent producing strains.  In 1926, McCoy, Fred et al. attempted to characterize the phenotype of 

solvent producers by performing biochemical tests such as sugar utilization, nitrate reduction, 

hydrogen sulfide production and gas formation using seven strains from CSC and four of their own 

strains from the University of Wisconsin (McCoy, Fred et al. 1926).   

This attempt offered some clarification between the different solvent producing strains, but 

alas physiological similarities between the solvent producing clostridia muddled the correct taxonomy 

we are aware of today.  Ten years later, McCoy and McClung once again set out to systematically 

classify solvent producing clostridial strains by conducting an agglutination assay; they tested 22 

strains isolated from various locations and discovered all 22 strains agglutinate in response to antisera 

produced against Clostridium acetobutylicum; leading to the conclusion that all 22 strains were 

Clostridium acetobutylicum (Koeck, Hardham et al. 2011).  At the time this paper was published, the 
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agglutination assay was a molecular based approach for discerning the available strains.  Given their 

findings, McCoy and McClung deposited their strains in ATCC as Clostridium acetobutylicum.  The 

ATCC strain 824 was initially deposited and annotated as Clostridium butyricum Prazmowski Weyer 

strain by Weyer and Rettger (Koeck, Hardham et al. 2011).  Through the work of McCoy and 

McClung, Clostridium butyricum ATCC 824 was renamed Clostridium acetobutylicum ATCC 824 

(Jones and Keis 1995, Koeck, Hardham et al. 2011).  Clostridium acetobutylicum ATCC 824 was 

noted as the wild-type strain because of the results from the agglutination assay (Koeck, Hardham et 

al. 2011).   

Historically to support ongoing patents, companies denominated different strains that had 

phenotypic differences, e.g. in carbon energy source utilization or product formation.  This practice 

resulted in a large number of catalogued solvent producing bacteria (Keis, Bennett et al. 1995, Koeck, 

Hardham et al. 2011) and created a great deal of confusion in the scientific literature (Table 1).  Two 

of the most studied solventogenic species, Clostridium beijerinckii and C. acetobutylicum, which 

show a great number of physiological similarities, have exemplified this confusion for quite some 

time.  In the 1990s Keis et al. (1995) discovered taxonomic issues affecting the classification of 

solvent producing clostridia.  As a result, they took a systematic approach to classify the various 

solvent producing clostridia by performing DNA fingerprinting analysis and 16S rRNA gene (rrn 

gene) analysis (Keis, Bennett et al. 1995).  The results, show Clostridium acetobutylicum NCIMB 

8052 does in fact have 100 % sequence similarity to the 16s rRNA gene of Clostridium beijerinckii 

type strain DSM 791.  Work by Wilkinson et al. confirmed the results of Keis et al. through pyrolysis 

mass spectrometry and 16S rRNA gene analysis (Gu, Kale et al. 2011).  Two years later, through 

DNA-DNA re-association Johnson et al. show the ATCC 35702/SA-1 strain shares 103% sequence 

similarity to Clostridium beijerinckii NCIMB 8052 (Johnson, Toth et al. 1997).  In light of this 
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finding, Blaschek changed the species designation of the ATCC 35702/ SA-1 strain to Clostridium 

beijerinckii (Formanek, Mackie et al. 1997).  

 

Table 1: As presented in a review by Jones and Keis, there was much complexity in the strains of 

solvent producing clostridia depending on the company that isolated the strain (Jones and Keis 

1995)1. 

Date US patent no. Patentee Species Name 

Commercial Solvents Corporation 

1919 1,315,585 Weizmann C. acetobutylicum 

1936 2,050,219 Arzberger C. saccharo-acetobutylicum-beta and gamma 

1936 2,063,448 Legg and Stiles C. inverto-acetobutylicum 

1937 2,089,522 Woodruff et al. C. saccharo-acetobutylicum 

1938 2,110,109 McCoy C. saccharo-acetobutylicum-alpha 

1938 2,132,039 Müller C. propyl butylicum-alpha 

1938 2,139,108 Arzberger C. saccharo-butyl-acetonicum-liquefaciens 

1940 2,195,629 Müller C. granulobacter acetobutylicum 

Eastern Alcohol Corporation – DuPont de Nemours and Company 

1929 1,725,083 Izsak B. saccharobutylicum-beta 

1933 1,908,361 Izsak and Funk C. saccharobutylicum-gamma 

A.O. Smith Corporation 

1935 1,992,921 Loughlin C. saccharobutyl-acetonium 

1937 2,096,377 Loughlin C. saccharobutyl-isopropyl-acetonium 

1941 2,219,426 Loughlin C. saccharobutyl-isopropylacetonicum-beta 

 

 

 

                                                        

1 From Jones, D. T. and S. Keis (1995). "Origins and Relationships of Industrial Solvent-Producing Clostridial 

Strains." Fems Microbiology Reviews 17(3): 223-232., 4th Edition. Copyright © 1995 by John Wiley & Sons, 

Inc. Reprinted by permission of John Wiley & Sons, Inc.  
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Table 1 continued 

US Industrial Alcohol Company (US Industrial Chemicals) 

1935 2,017,572 Sherman and Erb C. viscifaciens 

1939 2,169,246 Hildebrandt and Erb C. celerifactor 

Lummus Company 

1938 2,113,472 Arroyo B. tetryl (C. terylium) 

Hall 

1939 2,147,487 Hall B. butacone 

Wisconsin Alumni Research Foundation 

1946 2,398,837 McCoy C. madisonii 

Publicker Industries Incorporated 

1947 2,420,998 Beesch and Legg C. amylo-saccharo butyl propylicum 

1948 2,439,791 Beesch C. saccharo acetoperbutylicum 

Sanraku Distiller’s Company Incorporated 

1960 2,945,786 Hongo C. saccharoperbutylacetonicum 

 

 

In the early 1990s, the analysis of the 16S ribosomal RNA DNA sequence (rrn gene) of 230 

clostridial species in by Collins et al. revealed taxonomic clusters numbered 1 through 19 with cluster 

1 being the largest group with 54 species and later cluster 1 was sub-divided into 9 sub-groups named 

a-i (Collins, Lawson et al. 1994, Stackebrandt and Rainey 1997).  Most of the solventogenic clostridia 

belong to cluster 1 sub-group a (Figure 1).  While beneficial to the understanding of clostridial 

taxonomy, obviously the comparative analysis by exclusively using the 16S rrn gene may not 

accurately represent phenotypic differences between species.  To define clostridia group in more 

definitive terms, Gupta and Gao compared publicly available amino acid sequences on NCBI for 37 

conserved ubiquitous proteins and 20 ribosomal proteins present in bacteria (Gupta and Gao 2009).  It 

was discovered Clostridium botulinum A strain, Clostridium botulinum F strain, Clostridium tetani 
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E88, Clostridium kluveri DSM 555, Clostridium acetobutylicum ATCC 824, Clostridium beijerinckii 

NCIMB 8052, Clostridium perfringens ATCC 1314, Clostridium perfringens SM 101, and 

Clostridium perfringens 13 all had insertions or deletions (indels) in gyrase A, ATP synthase β 

subunit and ribosomal protein S2 (Gupta and Gao 2009).  This work is particularly interesting 

because it emphasizes a redefined relationship between solventogenic clostridia through the use of 

specific molecular markers. 
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Figure 1: Dendrogram of 16S ribosomal RNA sequences from various solventogenic clostridia and 

other taxonomically related clostridial species.  The 16S sequence of Bacillus subtilis BCA 26 is 

utilized as the root for the phylogenetic analysis.  The 16S sequences from the strains marked with an 

asterisk were amplified with PCR and confirmed in this study.  Neighbor joining method (Saitou and 

Nei 1987) was used to build the tree model.  Tamura-Nei algorithm (Tamura and Nei 1993) was used 

to compute genetic distances. Cost matrix = 93% similarity with a gap open penalty of 12 and a gap 

extension penalty of 3. 
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The growth of sequencing projects and the availability of these genomic sequences is making 

it easier to perform genome-based analysis particularly to this taxonomic group of bacteria.  Thus to 

establish evolutionary linkages between species of clostridia, synteny plots have been generated 

(Krabben 2010).  Synteny plots are plots used to compare conserved regions of protein sequences 

between two strains of bacteria on the genome wide scale.  After synteny analysis was performed on 

entire genomes comparing Clostridium botulinum ATCC 3502/Clostridium beijerinckii NCIMB 8052 

and Clostridium botulinum ATCC 3502/Clostridium butyricum E4, BoNT E BL5262 an evolutionary 

conserved group of 692 genes out of 13,421 genes was revealed (Krabben 2010).  Of these 692 genes, 

89 are considered hypothetical (Krabben 2010).  The addition of genome sequences for solventogenic 

clostridia will aid in the discovery of novel evolutionary conserved genes that may hold a metabolic 

function. 

2.3 The Pathway 

The ABE fermentation process is a natural phenomenon by which solvent producing 

clostridia are able to biologically convert a carbon source such as glucose into the by-products 

acetone, butanol, and ethanol.  Production of bio-butanol begins with the initial carbon source, which 

could come from hemicelluloses, celluloses, amyloses, hexoses, or pentoses (Figure 2).  In the 

pentose phosphate pathway two equivalents of xylose and one equivalent of ribose are broken down 

to glyceraldehyde-3-phosphate and two equivalents of fructose-6-phosphate while hexoses such as 

glucose are converted to pyruvate through the Emden Meyerhoff Parnas pathway.  For butanol 

metabolism, pyruvate is converted to acetyl-Coa by pyruvate ferredoxin oxidreductase.  Then, 

thiolase converts 2 Acetyl-CoA equivalents to Acetoacetyl-CoA via Claisen condensation.  

Acetoacetyl-CoA is then reduced to 3-hydoxybutyryl-CoA by 3-hydroxybutyryl-CoA dehydrogenase.  

Next, 3-hydroxybutyryl-CoA is reduced to crotonyl-CoA by crotonase.  Crotonyl-CoA is next 

converted to butyryl-CoA by the action of butyryl-CoA dehydrogenase.  Butyryl-CoA is then reduced 
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to butyrylaldehyde by the enzyme, aldehyde/alcohol dehydrogenase.  Finally, butanol dehydrogenase 

reduces butyrylaldehyde to butanol.  Additionally, acetate and butyrate are produced from acetyl-CoA 

and butyryl-CoA respectively.  First, acetyl-CoA and butyryl-CoA are phosphorylated by 

phosphotransacetylase and phosphobutyrylase respectively.  Then, in an ATP generating step, acetate 

kinase converts acetyl phosphate to acetate and and butyrate kinase converts butyryl phosphate to 

butyrate.  When the cell reaches stationary phase, butyrate and acetate are reduced to butanol and 

acetone respectively while remaining acetyl-CoA is reduced to ethanol.  The entire metabolic 

pathway used for production of butyrate, acetate, butanol, acetone, and ethanol end products is 

detailed in Figure 2.  
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Figure 2: Metabolic pathways for butanol production in solventogenic clostridia (Jang, Lee et al. 

2012) 2 

                                                        

2 From Jang, Y.S., et al. (2012), “Butanol production from renewable biomass: Rediscovery of metabolic 

pathways and metabolic engineering.” Biotechnology Journal, 7(2): p. 186-198. Copyright © 2012 by John 

Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc. 
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 2.2 Selection of the SA-1 Strain 

By the mid 1970s and the 1980s, the effects of crude oil shortages drove the price of gasoline 

up.  Final butanol titers higher than 13 g/l must be achieved in order for bio-transformations of 

cellulosic biomass to become economically viable.  Production at these titers is inhibited by the 

butanol product leading to a maximum range of achievable butanol concentration from about 10-12 

g/l (Lin and Blaschek 1983).  It has been previously established Clostridium thermocellum can 

become tolerant to ethanol through serial enrichment procedures (Herrero and Gomez 1980).  Using 

this methodology, a culture of clostridia was transferred twelve times into increasing concentrations 

of butanol in extruded corn broth, leading to the isolation of a butanol tolerant mutant of Clostridium 

acetobutylicum ATCC 824 (Lin and Blaschek 1983).  The butanol tolerant mutant was named SA-1 

and was deposited in ATCC as Clostridium acetobutylicum SA-1 (Lin and Blaschek 1983) and later 

reclassified as Clostridium beijerinckii SA-1 (Formanek, Mackie et al. 1997).  In their paper, Lin and 

Blaschek report SA-1 can tolerate up to 15 g/l of butanol (about 1.5% (v/v)) and produces 14 g/l 

butanol (Lin and Blaschek 1983) (Figure 3).  In a more recent study, catabolite de-repression has been 

observed in the SA-1 strain (Heluane, Evans et al. 2011).  

During the selection and isolation of the SA-1 strain, Lin and Blaschek had also isolated and 

selected the butanol tolerant SA-2 strain.  Similar to SA-1, it was found that SA-2 was able to tolerate 

up to 1.5 % butanol (v/v) (Dong, Yin et al. 2011).  Analysis of the lipid composition showed SA-2 

had a higher saturated to unsaturated fatty acid ratio than the wild-type NCIMB 8052 (Baer, Blaschek 

et al. 1987), this translated into a decrease in membrane fluidity shown by electron spin resonance 

analysis (Dong, Yin et al. 2011).  Despite these interesting properties, SA-2 only produced trace 

amounts of butanol (approximately 0.25 g/l compared to 14 g/l from SA-1) (Lin and Blaschek 1983, 

Bryant 1991), which unfortunately made SA-2 an unsuitable microorganism for bio-butanol 

production.   
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Figure 3: Challenge experiment performed by Lin and Blaschek in 1983. (Lin and Blaschek 1983)3 

                                                        

3 ASM authorizes an advanced degree candidate to republish the requested material in his/her doctoral thesis or 

dissertation. If thesis, or dissertation, is to be published commercially, then must reapply for permission. 
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 2.3 Selection of the BA 101 Strain 

 A second interesting strain selected for butanol tolerance is the BA101 strain.  To select for 

the BA101 mutant, NCIMB 8052 cells were cultured in P2 medium with N-Methyl-N′-nitro-N-

nitrosoguanidine (NTG) which is an alkylating agent that adds alkyl groups to the O6 of guanine and 

O4 of thymine.  The cells were then exposed to 2-deoxyglucose (2-DOG) to inhibit the first step in 

glycolysis.  Using a combination of the mutagen NTG and 2-DOG they were able to select for a 

Clostridium beijerinckii strain producing 18.6 g/l butanol and up to 21.0 g/l butanol when fermented 

with organic acids such as acetate (Dou, Kale et al. 2008).  Possibly the inhibition of glycolysis by 2-

DOG caused a deficiency in catabolite repression via glucose resulting in hyperamylolytic, catabolite 

de-repressed mutants of clostridia (Houterman, Cornelissen et al. 2008).  Similar to the SA-1 strain, 

Clostridium beijerinckii BA 101 is also butanol tolerant and can produce up to 21 g/l of butanol when 

grown in the semi-defined P2 medium using glucose as the carbon source (Annous and Blaschek 

1990, Dou, Kale et al. 2008).  Unlike the parent strain NCIMB 8052, the BA101 strain is described as 

having hyperamylolytic characteristics, that is, having an increased efficiency to utilize amylose as a 

carbon source, which is important for the breakdown of starches (Dou, Kale et al. 2008, Houterman, 

Cornelissen et al. 2008).  P2 medium is a starch-based medium used in this study because it contains 

assimilable carbohydrates (Dou, Kale et al. 2008, Houterman, Cornelissen et al. 2008).  Further 

analysis showed Clostridium beijerinckii BA101 is unable to ferment complex carbohydrates such as 

raffinose, pinitol, and verbascose (Qureshi, Lolas et al. 2001) which may limit its ability to efficiently 

ferment agricultural wastes since these compounds are commonly found in agriculturally relevant 

legume crops (Peterbauer and Richter 2001, Teixeira, McNeill et al. 2012). 
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2.4 Next Generation Sequencing 

2.4.1 Illumina GA IIx Platform 

 Next generation sequencing (NGS) methods allows for high throughput sequencing of entire 

genomes within a relatively short time frame compared to shotgun sequencing.  Currently, these 

methods include; the Illumina platform (Illumina, San Diego, CA), the Roche 454 platform (Roche 

Applied Science, Mannheim, Germany), the SOLiD platform (Applied Biosystems, Foster City, CA) 

(Wagner, Isermann et al. 2008) and the Life Technologies Ion Torrent platform (Carlsbad, CA).  In 

comparison with other technologies, the Illumina platform provides the most accurate sequence data, 

at a costs approximately of $0.001 per 1000 bases with a throughput up to 1 gigabase every 12 hours 

(wellcometrust 2012).  Based on speed, accuracy and cost, the Illumina platform was chosen for 

sequencing Clostridium beijerinckii ATCC 35702/SA-1 using the Genome Analyzer IIx (GA IIx) 

sequencer.  

 Sample preparation for the Illumina platform requires shearing genomic DNA and ligating 

specific Illumina adapter molecules to the 3’ and the 5’ end.  Then, gel electrophoresis is performed 

to isolate fragment sizes that are approximately 300 base pairs in length.  The fragments are then cut 

from the gel and purified.  Library construction entails PCR amplification of the purified adapter-

ligated DNA fragments using primers P5 and P7 that are specific to the adapter molecules.  The 

library is then denatured and washed across an eight lane flow cell (about the size of a microscope 

slide) containing bound oligonucleotides P5 and P7 and attachment to the flow cell occurs via primer 

to primer hybridization (wellcometrust 2012).  Increasing the temperature of the flow cell denatures 

the library DNA strand.  Then a decrease in temperature allows the other end of the DNA to attach to 

the flow cell forming a bridge.  Nucleotides are then added to this DNA template and amplification 

occurs in the 5’ to 3’ direction.  Overall, this process is called bridge amplification and is necessary 

because it allows amplification of a fragment into a discrete area known as a ‘cluster’ on the flow cell 
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surface.  The fragment size of 300 bp is important because a larger size will create overlapping 

clusters during bridge amplification and a smaller size will not create a bridge.  Following bridge 

amplification, the DNA is denatured and each base is incorporated individually.  When each base is 

attached, a color of light is emitted in a process known as sequencing by synthesis.  The sequencer 

analyzes the color emission of light and in turn generates paired end read data. Figure 4 summarizes 

the workflow on the Illumina platform.  The paired end reads will then either be aligned to each other 

in a process called de novo assembly, or they can be aligned to a reference genome.  In the case of 

Clostridium beijerinckii ATCC 35702/SA-1, the alignment software, MAQ (Li, Ruan et al. 2008), 

was used to align paired end reads to the reference genome, Clostridium beijerinckii NCIMB 8052. 

Breakdancer (Chen, Wallis et al. 2009) was used to perform an additional genome wide analysis on 

anomalous read pairs and infer structural variations, insertions, and deletions. 
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Figure 4: Illumina Workflow 
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2.4.2 Assembly, Alignment and in silico Based Detections of Variations 

 MAQ is a Bayesian statistical algorithm developed in 2008 to align read pairs and then infer 

variants based on the alignment information (Li, Ruan et al. 2008).  It functions primarily by 

assigning a phred scaled quality score to each alignment to a reference genome, then based on these 

confidence scores, variants and base calling can be determined (Li, Ruan et al. 2008).  For example, if 

at a certain position there seems to be a low score in mapping quality then it may be an insertion, 

deletion, base substitution, an area of low coverage or a gap in the sequence.  MAQ differs from its 

contemporary algorithms by focusing more on accuracy rather than efficiency (Li, Ruan et al. 2008).  

In repetitive sequences, MAQ identifies two identical reads and then sets a mapping quality score of 

zero to one of the reads while the other read is mapped to the reference genome (Li, Ruan et al. 2008).   

While MAQ is useful in detecting small nucleotide variations and small insertions and 

deletions (5 bps in length), another algorithm is necessary to analyze the entire genome for large 

insertions, deletions, inversions, interchromosomal translocations, and intrachromosomal 

translocations.  Breakdancer is a mapping algorithm with the ability to analyze a genome wide tally of 

anomalous read pairs, calculate confidence scores, and then assign structural variations based on the 

computed confidence scores (Chen, Wallis et al. 2009).  The functionality of Breakdancer is specific 

to the Illumina platform and an alignment of the read pair data must be performed prior to engaging it 

(Chen, Wallis et al. 2009).  In areas of the genome with low coverage due to repeats, the assembly 

algorithm may have trouble assigning read pairs (Chen, Zheng et al. 2008, Chen, Wallis et al. 2009).  

In order to tackle this limitation, assembly algorithms can use two main strategies.  The first strategy 

is to use mate pair information to correctly assign reads to the reference genome.  This strategy is 

typically employed while using the MAQ algorithm (Li, Ruan et al. 2008).  The second strategy is to 

use statistics on coverage depth.  If the average coverage depth on a sequence is 914-fold, then the 

algorithm assumes that the depth coverage at an area of repeats should be about the same and respond 
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accordingly by either assigning more or less reads compared to the initial assignation (Chen, Zheng et 

al. 2008).  Another strategy that the user can employ is to use more than one algorithm for sequence 

read assembly and compare the results from each algorithm.  If variations exist, they will most likely 

be consistent in any algorithm utilized.  Ultimately, to confirm the variations detected by the 

assembly algorithms, PCR and Sanger sequencing must be employed. 

 

2.5 Thesis Statement 

 The ABE process has a rich history dating back to the early 1900s and butanol toxicity has 

continually beleaguered efforts in maximizing solvent production (Gibbs 1983, Bowles and Ellefson 

1985, Jones and Woods 1986, Lee, Park et al. 2008, Edward M 2011, Kirsten, Siersleben et al. 2011).  

Cellular adaptations responsible for butanol tolerance may involve solvent metabolism, active 

transport of solvents across the plasmatic membrane, or membrane fluidity reduction when 

challenged by butanol (Baer, Blaschek et al. 1987).  Therefore, selecting and isolating butanol 

tolerant strains was considered a viable option to efficiently maximize ABE production.  Clostridium 

beijerinckii SA-1 and BA 101 are two of the butanol tolerant Clostridium beijerinckii NCIMB 8052 

isolates that have been studied for butanol production (Lin and Blaschek 1983, Houterman, 

Cornelissen et al. 2008).  These strains share phenotypes such as catabolite de-repression and butanol 

tolerance capabilities with could indicate answers towards butanol tolerance phenotype (Houterman, 

Cornelissen et al. 2008, Heluane, Evans et al. 2011).  Rapidly developing next generation sequencing 

technology offers the opportunity to examine entire genomes for the possible causes of observed 

phenotypes. 

  Currently, sequencing has become cost effective and readily available to sequence whole 

genomes.  Algorithms such as MAQ and Breakdancer are employed to assemble and analyze the 

sequences.  In order to discern genotypic differences leading to the above discussed phenotypic 
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differences of Clostridium beijerinckii ATCC 35702/SA-1, whole genome sequencing was performed 

on the Illumina GA IIx platform.  This sequence will add to the growing list of genome sequences in 

the NCBI database allowing for pan genomic comparisons between multiple species of solventogenic 

clostridia leading to the potential discovery of novel genes required for solvent production.  
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3 Sequencing and Comparative Analysis 

 

3.1 Materials and Methods 

Strains  

The strains used in this study were Clostridium beijerinckii ATCC 51743 (NCIMB 8052) (wild type) 

and Clostridium beijerinckii ATCC 35702 (SA-1 mutant) and were purchased from American Type 

Culture Collection (ATCC, Manassas, VA).  

Reagents 

All chemicals and lysozyme were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

stated.  Isopropanol was purchased from VWR (Radnor, PA).  Tris-EDTA (TE) buffer (10mM Tris; 

1mM EDTA, pH 8.0)/RNAse A solution was prepared by adding 1 µl of 10 mg/ml RNAse A 

(Qiagen, Hilden, Germany) to 99 µl of TE buffer purchased from Ambion (Life Technologies, 

Carlsbad, CA).  Cetyl tremethylation ammonium bromide/sodium chloride (CTAB/NaCl) solution 

was prepared by dissolving 4.1 g of NaCl in 80 ml of de-ionized water and slowly adding 10 g of 

CTAB while heating to 65°C with stirring.  The final volume was adjusted to 100 ml and the solution 

was autoclaved for 20 minutes at 121°C.  

DNA Isolation 

For purposes of next generation sequencing, it was isolated genomic DNA from Clostridium 

beijerinckii ATCC 35702/SA-1 using the CTAB modified method from Current Protocols in 

Molecular Biology (Wilson 2001).  Cells were cultured in reinforced clostridial media (RCM) 

(Becton-Dickinson, Franklin Lakes, NJ) to mid-log and measured at an optical density at 600 nm 

(OD600) of about 0.700 and centrifuged at 10,000 rpm (10,621 x g) for 5 minutes in an Eppendorf 

5417 C microcentrifuge (Hamburg, Germany).  The supernatant was discarded and cells were 

resuspended in TE buffer.  The cells were then diluted in TE buffer to an OD600 of about 1.00 in a 
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sterile 1.5 ml Eppendorf microcentrifuge tube.  A 740 µl sample was transferred to a sterile 

microcentrifuge tube and 20 µl of 100 mg/ml Lysozyme was added.  The sample was then mixed well 

by inverting the microcentrifuge tube and incubated for 5 minutes at room temperature.  Post 

incubation, 40 µl of 10% sodium dodecyl sulfate (SDS) was added and the sample was mixed well. 

An 8 µl aliquot of 10 mg/ml Proteinase K was added and the sample was mixed well and incubated 

for 1 hour at 37° C.  Post incubation, 100 µl of 5 M NaCl purchased from Ambion was added and the 

sample was mixed well.  Following this, a 100 µl aliquot of CTAB/NaCl solution was added and the 

sample was mixed well and incubated at 65° C for 10 minutes.  Following incubation, 500 µl of a 

24:1 solution of chloroform: isoamyl alcohol was added and the sample was mixed well.  The sample 

was then centrifuged for 10 minutes at 16,000 rpm (27,190 x g) in a microcentrifuge.  The aqueous 

phase of the sample was transferred to a sterile 1.5 ml microcentrifuge tube and 500 µl of a 25:24:1 

solution of phenol:chloroform:isoamyl alcohol was added and the sample was mixed well.  The 

sample was then centrifuged for another 10 minutes in a microcentrifuge tube and the aqueous phase 

was transferred to a clean 1.5 ml microcentrifuge tube.  Then, a 3:5 ratio of 20° C isopropanol to 

sample was added and the mixture was incubated at room temperature for 30 minutes.  After 

incubation, the sample was centrifuged for 15 minutes at 16,000 rpm (27,190 x g) and the supernatant 

was decanted.  Then the pellet was washed with 500 µl 70% ethanol and centrifuged again at 16,000 

rpm (27,190 x g) and decanted.  The pellet was air dried for 5 to 10 minutes at room temperature and 

resuspended in 20 µl of TE/RNAse solution.  The sample was transferred to a sterile microcentrifuge 

tube and incubated at 37° C for 20 minutes.  Following incubation, the sample was separated on a 1% 

agarose gel with standards for quantification of genomic DNA. 

 For PCR amplification genomic DNA was isolated from both strains using the Qiagen DNeasy blood 

and tissue kit (Qiagen, Hilden, Germany).  
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Gel electrophoresis  

A 1% agarose gel was prepared by adding 400 mg of agarose powder (Thermo Fisher Scientific, 

Waltham, MA) into 40 ml of 1X Tris-Acetate-EDTA (TAE) (40 mM Tris-Acetate, 1mM EDTA, pH 

8.3) purchased from Invitrogen (Life Technologies, Carlsbad, CA) and heating the solution to the 

point of boiling in a microwave oven for 15 seconds.  Subsequently, the solution was cooled to 

approximately 50°C at room temperature and 0.60 µl of 10 mg/ml ethidium bromide was added for a 

final concentration of 0.15 µg/ml.  The the mixture was then poured into a casting tray with a 10 well, 

1.5 mm depth comb.  The gel is submerged in 1X TAE buffer; DNA sample (1µl) was mixed with 4 

µl of 1X loading dye supplied by Promega (Fitchburg, WI) and loaded into the wells.  Gel 

electrophoresis was performed for 40 minutes at 120 volts in 1X TAE buffer.  Gel imaging was 

performed using a Gel-Doc 2000 Bio-Rad (Hercules, CA) in conjunction with Quanitity One version 

4.5.2 software. 

DNA Quantification 

DNA quantification was performed by running 15, 31, 63, 125, 250, and 500 ng DNA standards 

supplied by the United States Department of Energy Joint Genome Institute and used to create a 

calibration curve by using the Quantity One software on the computer.  The amount of dark pixels 

formed from an inverted gel image multiplied by the area in square millimeters results in a value of 

adjusted volume.  The adjusted volume was plotted with respect to mass and a regression line was 

calculated.  This linear model resulted in the following formula used to calculate the concentration of 

the genomic DNA sample: 

!"#$%#&'(&)"#!!"!!"#"$%"!!"#$%&! = ! 0.039!×!!"#$%&'"!!"#$%& − !12 

Concentration of genomic DNA was obtained using a NanoDrop (Thermo Fisher Scientific, 

Waltham, MA). 
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Next Generation Sequencing  

Next generation sequencing was performed on the Illumina Genome Analyzer IIx (Illumina, San 

Diego, USA) by the Department of Energy Joint Genome Institute (DOE JGI).  

Bioinformatic Analysis 

In silico detection of putative small insertions, deletions, and single nucleotide variations and 

alignment of paired end reads to the reference genome of Clostridium beijerinckii NCIMB 8052 

(GenBank Accession number: NC_009617) were performed by the DOE JGI through using the MAQ 

algorithmic software version 0.7.1 (Li, Ruan et al. 2008).  In silico detection of putative large 

insertions and deletions, inversions, intrachromosomal and interchromosomal translocations were 

performed by DOE JGI through using the Breakdancer mapping algorithm version 1.0 (Chen, Wallis 

et al. 2009).  Additional genome assembly and detection of single nucleotide polymorphisms, variant 

reference frequency and contig assembly was performed by Geneious software version 

5.5.7(Biomatters, Auckland, New Zealand) (Drummond AJ 2010).  Corroboration of the putative 

mutations, and alignment of paired end read data were performed visually displaying the BAM file 

with Integrative Genome Viewer (IGV) version 1.5 (Robinson, Thorvaldsdottir et al. 2011).  The 

graphic representation of the SA-1 genome (Figure 8) was produced using Geneious.  Physical 

coverage is defined as the number of reads that are aligned to any given position in the reference 

genome, also known as sequence depth.  Average coverage is defined as the average number of times 

each base has been sequenced.  Average coverage calculation is performed by the formula shown 

below: 

!"#$%&#!!"#$%&'$ = !"#$%&#!!"#$!!"#$%ℎ!×!"#$%&!!"!!"#$%&!!"#!!"#$%
!"#$!!"!!"#$%"  
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Confirmation 

In order to confirm whether or not the putative genomic variations in SA-1 were true, PCR 

amplifications were performed using genomic DNA as template from both the reference strain and 

SA-1.  The PCR products were sent for sequencing to Eton Bioscience (Research Triangle Park, NC).  

Geneious (version 5.5.7) and Clone Manager (version 9) were used to analyze the sequence files and 

subsequently run alignments between the two PCR products. 

3.2 Results and Discussion 

3.2.1 DNA Isolation 

Clostridium beijerinckii ATCC 35702/SA-1 genomic DNA was extracted and isolated using 

the CTAB method.  The DNA sample was then subjected to gel electrophoresis and the quantity was 

calculated by extrapolation to a calibration curve generated with standards of masses 15, 31, 63, 125, 

250, and 500 ng.  It was found that the concentration of the isolated genomic DNA sample was 77 

ng/µl. 
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                 a)                                                                    b) 

Figure 5: a) 1% agarose gel of Clostridium beijerinckii ATCC 35702/SA-1 genomic DNA. The lanes 

are as follows: lane 1; 15 ng standard, lane 2; 31 ng standard, lane 3; 63 ng standard, lane 4; DNA 

ladder, lane 5; Clostridium beijerinckii ATCC 35702/SA-1 genomic, DNA lane 6; DNA ladder, lane 

7; 125 ng standard, lane 8; 250 ng standard, and lane 9; 500 ng standard b) Standard curve for DNA 

quantification of genomic DNA isolated from Clostridium beijerinckii ATCC 35702/SA-14.  

3.2.2 Sequencing 

Whole-genome sequencing of strain SA-1 was performed on the Illumina GA IIx platform 

using one flow cell lane with 36-cycle paired end chemistry (Sequence Read Archive Accession 

number: SRR191792).  We obtained 55,995,398 paired end reads with an average read length of 98 

bp, resulting in an average sequence depth of 695 reads.  This corresponds to an average coverage of 

914-fold (Figure 6). 

The genome sequence presented in this study confirms the origin of ATCC 35702/SA-1 and 

places it taxonomically into the Clostridium beijerinckii group bringing in additional species 

                                                        

4 Figure was contributed by Dr. Suzanne F. Dagher and Dr.  Maria A. Azcárate-Peril. Permission to use figure 

was granted by Dr. José M. Bruno-Bárcena. 
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annotation within the clostridial solventogenic group.  The open reading frame (ORF) numbers in 

Clostridium beijerinckii SA-1/ATCC 35702 correspond to the same numbers in Clostridium 

beijerinckii NCIMB 8052.  For clarity, we have denominated the Clostridium beijerinckii SA-

1/ATCC 35702 genes “cbs_ORF number.” 

 

 

 

Figure 6: Physical Coverage map. Peak height is determined by the number of reads aligned to the 

reference genome. Green peaks indicate overlapping reads that align to the reference genome while 

yellow beads are areas of mismatched reads or gaps in the alignment. The above scale represents the 

position in the reference genome where read alignment occurs. 

  

The Clostridium beijerinckii ATCC 35702/SA-1 genome is 6,000,627 bp in size, does not 

present plasmids, and is predicted to encode 5,243 genes (Genbank accession number: SRX059753).  

The G + C content of the genome is 29.9%, which is the same as the parent strain Clostridium 

beijerinckii NCIMB 8052 (Genbank accession number: NC_009617).  The SA-1 strain contains 94 

tRNA genes in accordance with the number of tRNA genes and genome size of Clostridium 

beijerinckii NCIMB 8052. 
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3.2.3 Single Nucleotide Variants 

 Nine single nucleotide variants (SNV) were confirmed in the SA-1 strain by PCR and Sanger 

sequencing strategies (Table 2).  Similar to the parent strain (98% identity), the cbs_0769 homolog 

encodes a putative extracellular solute binding protein.  In the mutant strain, cbs_0769 is interrupted 

by a nonsense mutation at the 51st residue, possibly making this protein non-functional.  An NCBI 

BLAST analysis shows that this protein contains motifs similar to an ABC-type sugar transporter in 

Clostridium thermocellum.  Previous work with Clostridium thermocellum show that these ABC 

transport systems are able to transport cellodextrin and laminaribiose into the cell (Vollmeister, 

Schipper et al. 2012). 

At ORF cbs_1854 valine is substituted for alanine in the amino acid sequence for a putative 

peptidase S8/S53 subtilisin kexin sedolisin which is part of the group of serine-carboxyl peptidases 

(Chen, Lin et al. 2012).  At position 2,234,607 in the mutant genome a putative PucR transcriptional 

regulator, which is responsible for regulating purine catabolism, changes a positively charged 

histidine residue for a polar uncharged asparagine residue.  This missense mutation at the 47th amino 

acid residue (H47N) occurs in a conserved region of the protein and may have an effect on the 

functionality of the protein. 
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Next, in the Adenine deaminase coding sequence (cbs_1975), which is responsible for 

converting adenosine to inosine in the nucleotide salvage pathway (Vincent, Kohler et al. 2012), a 

guanine was changed to a thymine.  This mutation confers an amino acid change from a small 

hydrophobic alanine residue to a polar serine residue at the 11th position (A11S).  This missense 

mutation does not occur within the conserved functional region.  The coding sequence for a serine 

threonine phosphatase (cbs_4400), which is involved in cellular signaling, has a mutation at the 

1,766th position in the coding sequence changing from a cytosine to an adenine.  This confers to an 

amino acid change from a polar basic arginine residue to a hydrophobic aliphatic leucine residue; this 

missense mutation occurs at the 589th position (R589L) in the translated sequence and is outside the 

conserved domain.  At ORF cbs_4761 the Cell Wall binding repeat containing protein has a mutation 

at position 5,556,196 where an adenine transitions to a guanine.  This causes an amino acid change 

from a hydrophobic aliphatic valine to a hydrophobic alanine at the 34th position (V34A).  PCR and 

Sanger sequencing also confirmed two mutations occurring in non-coding regions of the genome.  

The SNV between ORFs cbs_2248 and cbs_2247 has a cytosine base interchanged for a thymine 

base, and the SNV between coding sequences cbs_R0121 (16S RNA) and cbs_R0122 (5S RNA) has 

a thymine interchanged for a cytosine.  To determine whether or not these non-coding regions 

contained regulatory domains, a basic local alignment was performed against the NCBI conserved 

domain database (CDD) (Marchler-Bauer and Bryant 2004, Marchler-Bauer, Anderson et al. 2009, 

Marchler-Bauer, Lu et al. 2011).  No conserved regulatory patterns were found within these non-

coding regions.  In order to determine whether or not these non-coding regions contained regulatory 

RNAs, an alignment was performed against the RNA family database located at 

http://rfam.sanger.ac.uk/ (Griffiths-Jones, Bateman et al. 2003).  No conserved RNA families were 

found within these non-coding regions.  Overall, the majority of the single nucleotide changes occur 

within coding sequences of the genome.  
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Table 2: List of corroborated point mutations detected in Clostridium beijerinckii ATCC 35702/SA-1using the MAQ algorithm (Li, Ruan et al. 

2008). Coverage, variant frequencies, and reference frequencies determined through genome assembly using Geneious (Drummond AJ 2010). 

PCR amplifications were performed using genomic DNA as template from both NCIMB 8052 (reference strain) and SA-1 

ORF Number and 

Strand Orientation 

Associated 

COG 

CDS Size 

(bp) 

Mutation 

Position  

Putative Gene Function SNV Change in CDS 

Amino Acid Change in CDS 

 

cbs_0769 

+ 

COG1653G 1,329 935,449 Extracellular solute binding protein C151T  

Q51Term 

cbs_1854 

+ 

S (unknown 

function) 

1,737 2,149,286 Peptidase S8/S53 subtilisin kexin 

sedolisin 

T968C  

V323A 

cbs_1935 

+ 

COG2508T

Q 

1,155 2,234,607 PucR transcriptional regulator C139A  

H47N 

cbs_1975 

+ 

COG1001F 1,707 2,295,776 Adenine deaminase G31T  

A11S 

Intergenic region 

Between cbs_2248 

and cbs_2247 

 402 (interval 

length between 

coding regions) 

2,611,044 Non Coding region between rRNA 

adenine dimethylase CDS and 

hypothetical protein CDS 

G:A 

cbs_4400 

- 

COG0631T 1,839 5,075,403 Serine Threonine protein phosphatase-

like protein 

C1766A  

R589L 

cbs_4761 

- 

COG5263R 1,218 5,556,196 Cell Wall Binding repeat-containing 

protein 

A101G 

V34A 

Intergenic region 

Between cbs_R0121 

and cbs_R0122 

 1,112 (interval 

length between 

coding regions) 

5,769,733 Non Coding region between 16S RNA 

CDS and 5S RNA CDS 

A:G 

IUPAC naming conventions were used to communicate base and amino acid changes.  Primer names are indicated by their position and direction (F for forward and R for reverse). Sequence 
alignments, and chromatograms are located in appendix C. NA- Amino acid sequence not available because base change is within a non-coding region. The term “Cbs” here is used to emphasize 
the fact that the mutation occurs in the derivative strain, Clostridium beijerinckii ATCC 35702/SA-1. Term- Termination Codon. Here “coverage” refers to the number of reads for the particular 
position in question 
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Table 2 continued 
 

ORF Number and Strand Orientation Primers  Coverage Variant Frequencies Reference Frequencies 

cbs_0769 

+ 

934943F 5’-TCGGTTGATACTGATTTATG-3’ 

935763R 5’-TTTACCTGGAAAAGTGATAC-3’ 

498 100.0%  

cbs_1854 

+ 

2149110F 5’-GTAGTTTGGGAAATCATAAGG-3’ 

2149781R 5’-CTGCAACATCTATTCTATCAG-3’ 

403 100.0%  

cbs_1935 

+ 

2234281F 5’-CATCCGAATCATTTTATAGC-3’ 

2234964R 5’-ATGACTGTCTCTCAAATATC-3’ 

326 99.4% 0.3% 

cbs_1975 

+ 

2295543F 5’-GCCTAAAACAAGCTATATC -3’ 

2296459R 5’-CTAAGCATCACATACATAC -3’ 

162 99.4%  

Intergenic region Between cbs_2248 and 

cbs_2247 

2610380F 5’-AAACAAGATGGCATAAGC -3’ 

2611343R 5’-CCTCCAAGATTAATATAGG-3’ 

   

cbs_4400 

- 

5073615F 5’-GCATGATTCTGTCATTTAG -3’ 

5074072R 5’-AGCAGGTGATTATGTAAG-3’ 

   

cbs_4761 

- 

5554176F 5’-CCCATTAACGTAATACTG-3’ 

5554911R 5’-GTCTATGGCTTATAACAC-3’ 

472 99.4%  

Intergenic region Between cbs_R0121 and 

cbs_R0122 

5769433F 5’-GTTTCTGACAGCTTACTC-3’ 

5769939R 5’-TGTATCCAGGGGTAATTG-3’ 

738 57.2% 42.5% 
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3.2.4 Small Insertions and Deletions 

Small insertions and deletions (1- 5 bps in length) were analyzed using MAQ and IGV (Li, 

Ruan et al. 2008, Robinson, Thorvaldsdottir et al. 2011).  A small deletion of the nucleotide sequence 

AAATA was detected at position 1,099,984 in the SA-1 genome that causes a frameshift mutation 

abolishing the stop codon and extends a hypothetical protein (cbs_0917) by three amino acid residues.  

Upon assembly and alignment using Geneious, it was found that the variant frequency for this 

mutation is 25.7% with a reference frequency of 73.8% with coverage of 187 reads at this position.  

This deletion was confirmed with PCR and Sanger sequencing methods by using forward primer 5’-

TTGCACAAGGAAAACAAG-3’and reverse primer 5’-TACAGAATCCCAACTATCAG-3’ that 

bind to the SA-1 genome at positions 1099515 and 1100308 respectively. 

3.2.5 Large Insertions, Deletions and Structural Variations 

Larger insertions and deletions as well as structural variations (e.g., chromosomal 

translocations and inversions) were analyzed using Breakdancer (Chen, Wallis et al. 2009).  Initially, 

the in silico analysis performed by Breakdancer version 1.0 produced 10 large putative indels.  One 

was found to be an insertion sequence belonging to the IS4 family located between hypothetical 

protein (cbs_1788) and a polysaccharide deacetylase (cbs _1789) at position 2,073,281 in the 

reference genome.  Using forward primer 5’-TTGCACCTAATGTGTAATC-3’ and reverse primer 

5’-CTATCTCCTCTTTCATTCTATC-3’ this insertion sequence was confirmed by PCR and Sanger 

sequencing (Figure 7).  The IS4 family is a family of insertion sequences with a conserved box of 60 

amino acids at the C-terminus and a conserved box of 13 amino acid at the N-terminus (Rezsöhazy, 

Hallet et al. 1993).  Like most other insertion sequences, the IS4 family members encode  

transposases that is flanked by 20 base pair inverted repeats (Rezsöhazy, Hallet et al. 1993).  

Members of the IS4 family include IS231, which are found in the genomes Escherichia coli, Bacillus 

subtilis, and Bacillus thuriengensis (Rezsöhazy, Hallet et al. 1993). 
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            1        2        3        4 

 

Figure 7: 1% Agarose gel showing PCR amplification of the novel insertion sequence within SA-1 

(lane 2) compared to the wild type NCIMB 8052 (lane 3). Lane 1; 10 kb Logic DNA Marker 

purchased from Lamda Biotech. Lane 4; PCR with no template added (negative control). 

 

Two overlapping putative indels in a non-coding region between 3,829,123 and 3,829,201 

had AT-rich regions where runs and repeats were common (64 repeats greater than or equal to 4 bps 

in length).  Six structural variations were discovered and through PCR and Sanger sequencing 

methods we have determined these structural variations to be false positives.  One of these structural 

variations included a potential inversion at ORF cbs_4437.  An attempt to amplify this structural 

variation with PCR proved to be difficult and upon further analysis it was found that this region 

contained 93 repeats each greater than or equal to 6 base pairs in length.  In order to determine 

whether or not these repeats were clustered regularly interspaced short palindromic repeat (CRISPR) 

elements, a basic local alignment with the SA-1 genome was conducted against the CRISPR database 

available at http://crispr.u-psud.fr/ (Grissa, Vergnaud et al. 2007, Grissa, Vergnaud et al. 2007, 

Grissa, Vergnaud et al. 2008, Garrett, Vestergaard et al. 2011).  It was found that there were no 

3 kb 

0.9 kb 
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CRISPRs present within ORF cbs_4437 or the non-coding region between positions 3,829,123 and 

3,829,201.  
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a)                                                                                                  b) 

Figure 8: Genome atlas of Clostridium beijerinckii SA-1 providing the locations of the various 

polymorphisms. a) Polymorphisms found after in silico analysis with MAQ and Breakdancer 

algorithms. b) Polymorphisms confirmed after PCR and Sanger sequencing methods. Image was 

produced using Geneious (Biomatters, Auckland, NZ). The color coding scheme for both figures are 

as follows: purple; insertions, navy blue; deletions, black; single nucleotide variants (SNV), maroon; 

putative insertions or deletions (indels), gold; putative small indels, green; inversions, cyan; internal 

translocations (ITX). The term “Cbs” here is to specifically refer to genes that are in the SA-1 strain. 

 

Table 3: False positives where the sequence from both NCIMB 8052 and ATCC 35702.  PCR 

amplifications were performed using genomic DNA as template from both NCIMB 8052 (reference 

strain) and SA-1 

 

ORF 

Number 

Putative Function Position Type Reference 

Sequence 

Actual 

Sequence 

cbei_1046 Band 7 protein CDS 1,255,087 SNV A G 
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Table 3 continued 

cbei_R0117 23S Ribosomal RNA CDS 5,747,394 SNV T C 

cbei_2885 L-lactate transport protein CDS 3,369,627 Indel -T +T 

cbei_4308 Protein glutamate O-

methyltransferase CDS 

4,962,014 Indel +G -G 

 

 

Table 4: Biochemical test of Clostridium beijerinckii ATCC 35702/SA-1 and NRRL B-527 

performed on the API 20E strip (Biomerieux, France) 5.  

 

Tests  Reactions/Enzymes  Reaction results 

ATCC 35702 NRRL B-527 

ONPG B-galactosidase  + + 

ADH Arginine dehydrolase  - - 

LDC Lysine decarboxylase - - 

ODC Ornithine decarboxylase - - 

 

 

 

 

 

 

 

 
                                                        

5 Biochemical test performed by Ashley Hawkins and Dr. Matt R. Evans. Permission to use this table granted 
by Dr. José M. Bruno-Bárcena 
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Table 4 continued 

CIT Citrate utilization - - 

H2S Hydrogen Sulfide production - - 

URE Urease  - - 

TDA Tryptophan deaminase + + 

IND Indole  - - 

VP  Voges-Proskauer (acetoin) + - 

GEL Gelatin liquefaction - - 

GLU Glucose utilization + + 

MAN Mannitol utilization - + 

INO Inositol utilization - + 

SOR Sorbitol utilization - + 

RHA Rhamnose utilization - + 

SAC Sucrose utilization - + 

MEL Melibiose utilization + + 

AMY Amygdalin utilization - + 

ARA Arabinose utilization + + 

Nitrogen reduction NO2  

N2  

- 

+ 

- 

+ 

MOB Mobility + + 

CAT Catalase - - 

OX Oxidase - - 
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Table 5. Incorrect putative polymorphisms found after analysis of the assembled chromosome of Clostridium beijerinckii SA-1/ATCC 35702.  

Below are reported putative single nucleotide variants (SNVs), small insertions and deletions (indels).  PCR amplifications were performed 

using genomic DNA as template from both NCIMB 8052 (reference strain) and SA-1.  

 

Type ORF 

number 

Associated 

COG 

CDS 

Size(bp) 

Position Gene Function Primer Coverage Variant 

Frequency 

Reference 

Frequency 

SN
V

s 

cbs_0433 COG0653U 2,568 524,879 Sec A 524413F 5’-TTCATCAAGCGATAGAAG-3’ 

525161R 5’-TTGAGCATTCTCAATAGC-3’ 

792 34.2% 65.0% 

cbs_2250 COG2205T 981 2,613,440 Histidine Kinase 2612973F 5’-GAAAGGGATAATCAACAAAG-3’ 

2613589R 5’-CTTTATCCAGTTTCACATAG-3’ 

   

cbs_1046 COG0330O 948 1,255,087 Band 7 protein 1254781F 5’-TCAGCTACAACTAATATGAG-3’ 

1255488R 5’-GATGCCTTCTTAATTGATTC-3’ 

475 99.8%  

cbs_R0117 N/A 2,909 5,747,394 23S Ribosomal RNA 5747160F 5’-GAGCTAATCACGCAAATC-3’ 

5748001R 5’-CGCCTCCTAAAATGTAAC-3’ 
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Table 5 continued 

Sm
al

l I
nd

el
s 

cbs_2885 COG1620C 1465 3,369,627 L-lactate transport protein CDS 3369256F 5’-CTAGAACTGCTGAAAATG-3’ 

3370068R 5’-GTAGCAATTGTTGGAAATG-3’ 

   

cbs_4845 S (unknown 

function) 

1173 5,667,579 Mandelate racemase/ muconate 

lactonizing protein CDS 

5667420F 5’-TATCATCATATGCTCCTAAG-3’ 

5668012R 5’-TAGAGCAGATGGATATACAG-3’ 

   

cbs_4963 COG2972T 1761 5,838,970 Integral membrane sensor signal 

transduction histidine kinase CDS 

5838895F 5’-AATAATCCACTTCCCTTTAG-3’ 

5839486R 5’-ACAAATAAAGCCTCACTTTC-3’ 

   

cbs_5024 COG1506E 1167 5,907,883 α/β fold family hydrolase CDS 5907769F 5’-CAAGCACGAATGTAACAG-3’ 

5908400R 5’-CATGGTGGAGAAATCTATG-3’ 

   

cbs_4308 COG1352T 713 4,962,014 Protein-glutamate O-

methyltransferase CDS 

4961567F 5'-CTAAGGCTTTCATTATTCC-3’ 

4962360R 5'-TGAGCCATATTCATTAGG-3' 

   

Non-coding 

region 

N/A 392 1,314,429 Located between mnmA CDS and 

hypothetical protein CDS 

1313971F 5’-GAGTGGTAATATACTAGGTAAG-3’ 

1314664R 5’-CTCTAGTTGGTAGTTCATATTC-3’ 

   

Non-coding 

region 

N/A 370 3,369,630 Located between L-lactate transport 

protein CDS and electron transfer 

flavoprotein, alpha subunit-like 

protein CDS 

3369256F  5’-CTAGAACTGCTGAAAATG-3’ 

3370068R 5’-GTAGCAATTGTTGGAAATG-3’ 

   

Primer positions are indicated by the number followed by the direction F (forward) or R (reverse) 
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Table 6: In silico analysis detected false large insertions and deletions and structural variations not corroborated after PCR and Sanger 

sequencing.  PCR amplifications were performed using genomic DNA as template from both NCIMB 8052 (reference strain) and SA-1 
L

ar
ge

 In
de

ls
 

Location Size (bp) Position Primer 

Between hypothetical protein CDS and hypothetical protein CDS 49 3,829,123-3,829,172 3828725F 5'-ATGCAGCCAAATAATGAC-3' 

3829751R 5'-GAGCTCGATAATTACTAAG-3' Between hypothetical protein CDS and hypothetical protein CDS 29 3,829,172-3,829,201 

Between hydroxylamine reductase CDS and heavy metal transport 

detoxification protein CDS 

37 1,685,323-1,685,360 1685136F 5’-TATATGCAGCAGAGCTAC-3’ 

1685848R 5’-TCTTACCCCTGATGTTTC-3’ 

Between EmrB/QacA family drug resistance transporter CDS and CBS 

domain-containing protein CDS 

35 1,797,550- 1,797,585 1797141F 5’-GCTATGATGCCTATTAGC- 3'  

1798121R 5'-CGCCTCTACTAATAACTCC -3' 

Between MATE efflux family protein CDS and TPR repeat-containing 

protein CDS 

30 2,039,733-2,039,763 2039609F 5'-TGGCATAAGGATATAATCG-3' 

2040035R 5'-AATGCCTTATCTAGCTTTC-3' 

Between GCN5- related N-acetyltransferase CDS and hypothetical protein 

CDS 

26 2,961,163- 2,961,189 2960642F 5'-TCGGATTTATCTAGCAAAG-3' 

2961396R 5'-CTTTTATCGCACGAATATG-3' 

Between glycosyl transferase family protein CDS and triple helix repeat-

containing collagen CDS 

26 3,001,786-3,001,812 3001353F 5' -CCAGTATGTAGCTAAGTTTC- 3' 

3002219R 5'- CTTCTAAATAGGTCATTAGG- 3' 

Between Thioredoxin reductase CDS and hypothetical protein CDS 28 3,117,231-3,117,259 3117006F 5'-CCAGGATAATTTTCCACTTC- 3'  

3002219R 5'-AGACCTAGGCTATAGTTTTG- 3' 

Between metal dependent phosphohydrolase CDS and sulfate 

adenyltransferase large subunit CDS 

37 4,819,865-4,819,902 4819453F 5' –GTTAGGCTCATCTAAATAC- 3' 

4820145R 5' -GAAAACTCTAGGAGATTTC- 3' 
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Table 6 continued 
St

ru
ct

ur
al

 V
ar

ia
tio

n 

ORF number Associated COG/Type Size (bp) Position Primer 

cbs_4437 COG4974L/Prophage Inversion 27 5,120,090 – 5,120,520 5119799F 5' CACCCTTTCTACAATTAAC 3' 

5120810R 5' TGCCATTGAGAAATATTGC 3' 

cbs_4182  COG1352NT/Deletion 483 4,812,971 – 4,814,517 
4812830F 5’-AAGTTATCTGTGGTTCTATC-3’ 

4813942R 5’-ATTGAAGAAATGGGTGTATC-3’ 
cbs_4182  COG1352NT/Deletion 529 4,814,951 – 4,814,980 

cbs_0060 S(unknown function) / Insertion 149 79,389 – 79,831 79067F 5’-TGCTATATGTAGGGTAAAAG-3’ 

80063R 5’-CACGTCATTCAATTTATCC-3’ 

cbs_0878- 

cbs_0932 

COG1476K /Internal Translocation (Prophage 

ITX1) 

39,411 1,071,995 – 1,111,510 1071556F 5'-GACCAGAACAAACTATTTAC-3' 

1072303R 5'-TAAGGCTACAGATGATAAAG-3' 

1111245F 5'-AGATGGCACATTGTTTTG-3' 

1111872R 5'-ACTGCTGACCTTTATAGATAG-3' 

cbs_1605- 

cbs_1680 

COG1961L /Internal Translocation    (Prophage 

ITX2) 

75,644 1,881,845 – 1,957,557 1881067F 5'-AAAATTGGACGAGGTAATAG-3' 

1958001R 5'-CAGTGAATAGTGCTATATAC-3' 

1957306F 5'-TATGAAAAGGAGCATATCAG-3' 

1883070R 5'-ATGAACTTCAGGTCTATGG-3' 

Primer positions and directions are indicated by the number followed by F (forward) or R (reverse) 
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4 Conclusions and Future Work 

Bio-butanol production is vital and relevant to today’s needs for an alternative fuel.  

Historically, this process was implemented in Europe and the US during the early 20th century and 

eventually died out in the 1980s with the last remaining plants located in South Africa and China 

(Jones and Woods 1986).  Two limitations of solvent production are availability of inexpensive 

feedstock and butanol toxicity.  This led to the isolation of butanol tolerant clostridia such as SA-1, 

SA-2 (Lin and Blaschek 1983), and BA 101 (Houterman, Cornelissen et al. 2008).  While these 

butanol tolerant derivative strains existed, it was always a mystery as to how and why these 

derivatives attained their phenotype at the genomic level.  Recently, pan genomic analyses of solvent 

producing clostridia have revealed a set of 692 shared genes amongst solvent producers (Krabben 

2010).  There is much interest in the comparison of new genomes from solvent producing clostridia.  

The genome of SA-1 is interesting for pan genomic comparison due to its butanol tolerant phenotype 

and catabolite de-repression (Heluane, Evans et al. 2011).    

 In the advent of next generation sequencing technology, it is now possible to sequence entire 

genomes cheaply and quickly.  The Illumina platform was used to sequence the butanol tolerant SA-1 

genome because of its reliability and the availability of the reference genome NCIMB 8052.  In 

comparison with other sequencing methods, the Illumina platform provides shorter read lengths (ca. 

98 bps), which can be used to align to a reference genome.  The read pair information generated from 

the sequencing was analyzed using the MAQ assembly algorithm (Li, Ruan et al. 2008) while 

Breakdancer is an algorithm designed for in silico detection of structural variations (Chen, Wallis et 

al. 2009).  These methods were influential in determining areas where single nucleotide variations, 

insertions, and deletions had occurred in the SA-1 genome.  Further analysis using PCR and Sanger 

sequencing methods allowed identification of true single nucleotide variations, insertions, and 

deletions versus false positives. 
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Out of the original 13 SNVs discovered by MAQ, 9 were confirmed by PCR amplification 

and Sanger sequencing to be true mutations (Eton Bioscience, RTP, USA) while the remaining 4 

SNVs were false positives (Table 5).  A total of 8 small insertions and deletions were discovered by 

MAQ and one deletion was determined a true mutation in hypothetical protein (cbs_0917) (Table 6).  

A BLASTn (http://blast.ncbi.nlm.nih.gov/) analysis of consensus sequences obtained from PCR and 

Sanger sequencing of Clostridium beijerinckii NCIMB 8052 genomic DNA and ATCC 35702 was 

performed and the sequences for cbs_1046, cbs_R0117, cbs_2885, and cbs_4308 were found to be 

false positives (Table 3).  Furthermore, we do not dismiss the possibility for chromosomal 

rearrangements occurring below the detection level of MAQ and Breakdancer.  An example of where 

this might occur could be in one of the 13 ribosomal operons present in the SA-1 genome due to their 

identical sequences.  The occurrence of a small number of genetic variations between the SA-1 strain 

and its parent strain, NCIMB 8052, is indicative of a remarkable chromosomal stability.  

Through this work it was found that a putative extracellular solute binding protein attained an 

SNV, which resulted in a termination codon at position 51 in the amino acid sequence thus shortening 

the length by 391 residues.  A BLASTp analysis performed on the NCBI database of this translation 

sequence revealed a 24% sequence identity to a functional extracellular solute binding protein found 

in Clostridium thermocellum.  Extracellular solute binding proteins are also found in Clostridium 

thermocellum which functions to transport cellodextrin and laminaribiose, compounds that are 

commonly found in cellulosic biomass (Vollmeister, Schipper et al. 2012).  It is plausible that this 

coding sequence serves the same purpose in Clostridium beijerinckii SA-1. 

The mutation in a putative purine catabolism transcriptional regulator may serve a purpose in 

catabolite de-repression.  Previous reports have shown PucR functions in the regulation of the 

breakdown of adenine and guanine f or the recovery of nitrogen in Bacillus subtilis (Schultz, Nygaard 

et al. 2001).  An alignment performed between the functional purine catabolism transcriptional 
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regulator found in Bacillus subtilis and the putative purine catabolism transcriptional regulator found 

in Clostridium beijerinckii show a 16.8% pairwise identity.  A BLASTp analysis revealed the PucR 

domain found in amino acid position 6 to 127 is a part of the LysR type transcriptional regulators.  

LysR type transcriptional regulators have been known to be involved in carbon catabolite repression 

(Jourlin-Castelli, Mani et al. 2000).  PucR transcriptional regulators typically bind to the conserved 

sequence 5’-WWWCNTTGGTTAA-3’ also known as the PucR box (Beier, Nygaard et al. 2002, 

Brandenburg, Wray et al. 2002).  A BLASTn search for the PucR box in Clostridium beijerinckii 

NCIMB 8052 revealed up to 1,515 sites in the genome, some of which are involved in regulation of 

carbon metabolism such as the sucrose utilization operon, sorbitol transport system, stress responses 

such as the CtsR transcriptional regulator involved in heat shock response of gram positives (Elsholz, 

Michalik et al. 2010), and lipid-protein interaction such as ErfK involved in anchoring (Magnet, 

Dubost et al. 2008).  

Knockout mutations had not been performed on Clostridium beijerinckii due to a previous 

lack tools for site-specific genetic modification (Ezeji, Milne et al. 2010).  There have been previous 

reports of site specific genetic modification in Clostridium acetobutylicum using homologous 

recombination plasmids (Wilkinson and Young 1994).  The Clostron system has been developed 

recently for insertional inactivation of genes of interest in clostridial species (Heap, Pennington et al. 

2007, Heap, Pennington et al. 2009, Minton, Heap et al. 2010, Kuehne, Heap et al. 2011).  Within the 

past two years this system has been successfully utilized in Clostridium beijerinckii mutagenesis to 

disrupt the Spo0A gene (Minton, Heap et al. 2010) and the XylR gene (Xiao, Li et al. 2012).  This 

system functions by inserting a bacterial group II intron within specific site and in turn disrupts the 

target gene (Heap, Pennington et al. 2007).  Future work with this system will allow us to perform 

genetic modification on the derivative SA-1 and the parent NCIMB 8052 extracellular solute binding 

protein gene and the pucR gene in order to determine whether or not these mutations are in fact 
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responsible for solvent tolerance and catabolite de-repression in Clostridium beijerinckii SA-1.  This 

information will be influential to scientists everywhere studying toxicity and tolerance in gram 

positive bacteria and will shed light on the intricacies of carbon utilization for production of bio-

butanol. 
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The whole genome of SA-1 was sequenced and compared to the reference genome of C. beijerinckii 

NCIMB 8052.  The genetic polymorphisms that occurred in the offspring strain include eight single 

nucleotide variants (SNV), one small deletion, and one large insertion that is an additional copy of the 

insertion sequence ISCb1. 

 

Introduction 

Butanol has attracted historical attention as an energy commodity, and solventogenic Clostridia have 

been the traditional organisms selected for biological butanol production.  This taxonomically 

complex group of organisms possesses a common and unique metabolic ability to convert a diverse 

group of carbohydrates into butanol and other subproducts when cultured under the right conditions 

(18, 36).  The history and study of the acetone-butanol-ethanol (ABE) bioprocess dates back to the 

early 20th century and since then, taxonomic classification of solvent producing Clostridia has been a 

veritable quagmire that continues to be elucidated (3, 20, 42).  Nonetheless, there are physiological 

characteristics shared by all solventogenic strains limiting the implementation of cost-effective 

industrial bioprocesses for ABE production.  The two main problems affecting strain performance are 

low biobutanol tolerance and genetic degeneration.  Butanol toxicity is considered to be one of the 

main limiting factors restricting biological butanol accumulation (6) while genetic degeneration 

relates to the cell failing to maintain capacity to produce solvents, a common phenomenon reported in 

solvent-producing Clostridia (9, 21, 22, 25).  To overcome poor solvent tolerance and to improve total 

butanol titers, historical strategies have involved:  i) screening of resistant butanol-producing species 

after stress directed evolution challenges (1, 29, 41), ii) isolation of asporogenic, butanol-resistant 

mutant strains (17), and iii) genetic modification of existing strains (4, 31, 47). 

 Among solventogenic Clostridia there are two reference genomes publicly available for the 

better studied n-butanol producers type strains: Clostridium acetobutylicum ATCC 824 (38) and C. 
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beijerinckii NCIMB 8052 (accession number NC_009617).  In addition a metabolic model has been 

proposed based on the NCIMB 8052 genome sequence (35).  The availability of these reference 

genomes facilitates comparative genome analysis and the discovery of new genetic polymorphisms 

potentially involved in the enhancement of butanol resistance and production (19, 31).  Thus, 

choosing closely related strains that show different phenotypic characteristics may facilitate a 

functional association with the genomic polymorphisms.  Conversely, a previous comparative 

genome study between C. acetobutylicum strains isolated from very distant locations have shown an 

extremely large number of genetic polymorphisms (16), results that will be further validated once a 

recent draft genome sequence reported for C. beijerinckii G117 is evaluated (48). 

In 1983, Lin and Blaschek selected a butanol-tolerant mutant of Clostridium beijerinckii 

NCIMB 8052 initially named SA-1 and later cataloged as C. beijerinckii ATCC 35702 (29).  The 

strain was obtained using a stress directed evolution strategy that emphasized butanol resistance.  

Recently our group further characterized SA-1/ATCC 35702, confirming the ability of C. beijerinckii 

SA-1 to tolerate higher concentrations of solvents and finding that it had higher sensitivity to butyric 

acid (15).  Among solventogenic strains, C. beijerinckii exhibits unique cellulolytic & xylanolytic 

activities and strain SA-1 was able to co-ferment D-glucose/D-xylose mixtures (15, 26, 27).  The 

strain also exhibits characteristics of delayed lysis during sporulation, a desirable phenotype for 

butanol accumulation similar to a C. acetobutylicum lyt-l mutant (44), making it possible to obtain 

reliable butanol production in continuous production processes.  These earlier functional data are 

essential for the interpretation of the genotypic differences between SA-1 and its parent strain 

NCIMB 8052. 

The present study is aimed at identifying genetic differences between the genome sequences 

of closely related butanol producers C. beijerinckii NCIMB 8052 (parent) and C. beijerinckii SA-1 

(offspring) strains that could explain the enhanced butanol resistance of the latter.  C. beijerinckii SA-
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1/ATCC 35702 was obtained from the American Type culture collection (ATCC) where the strain 

was originally deposited by Lin & Blaschek (29) and reported as an offspring strain derived from C. 

acetobutylicum ATCC 824.  Later, Johnson et al (20) established that this strain belonged to the C. 

beijerinckii group.  After this finding, ATCC corrected accession numbers for the strain NCIMB 8052 

which was reclassified as C. beijerinckii ATCC 51743.  In the same fashion, Hans P. Blaschek 

corrected the assignation (ATCC 824) of the strain in his laboratory as C. beijerinckii NCIMB 8052 

(7). Later, Blaschek and his group undertook the project of sequencing C. beijerinckii NCIMB 8052, 

which is the only publically available whole-genome sequence of this species that has been annotated 

to date (accession number NC_009617).  The 6,000,632 bp reference genome of this important 

solventogenic strain is providing an invaluable resource for butanol research. 

Results & Discussion 

 Whole-genome sequencing of strain SA-1 was performed on the Illumina GA IIx platform 

using one flow cell lane with 36-cycle paired end chemistry (Sequence Read Archive Accession 

number: SRR191792).  This generated 55,995,398 paired end reads with an average read length of 98 

bp, resulting in an average sequence depth of 695 reads that corresponds to a 914-fold average 

coverage.  Sequences were mapped to the reference genome C. beijerinckii NCIMB 8052 and single 

nucleotides, small insertions, and small deletions were analyzed using MAQ version 0.7.1 (28).  A 

genome-wide analysis of anomalous read pairs to identify large structural variations (inversions, 

translocations, and large indels) was performed using Breakdancer (2).  Sequence data were visually 

analyzed using the Integrative Genome Viewer (IGV) for confirmation of alignment assembly errors 

(39).   

The genome sequence evaluated in this study confirms the taxonomic assignation of SA-

1/ATCC 35702 to C. beijerinckii within the Clostridial solventogenic group.  The open reading frame 

(ORF) identifiers in C. beijerinckii SA-1/ATCC 35702 correspond to the same numbers in C. 
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beijerinckii NCIMB 8052.  For clarity, we have denoted the C. beijerinckii SA-1/ATCC 35702 genes 

as “cbs_ORF number” (Figure 1a). 

 The C. beijerinckii SA-1/ATCC 35702 genome is 6,000,627 bp in size, does not contain 

plasmids, and is predicted to encode 5,243 genes.  The G + C content of the genome is 29.9%, which 

is the same as the parent strain C. beijerinckii NCIMB 8052 (accession number NC_009617).  The 

SA-1 strain contains 94 tRNA genes in accordance with the number of tRNA genes and genome size 

of C. beijerinckii NCIMB 8052.   

 By analyzing the results of Maq and Breakdancer, we identified genetic polymorphisms that 

occurred in the offspring strain, which include eight single nucleotide variants (SNV), one small 

deletion, and one large insertion that is an additional copy of the insertion sequence ISCb1, belonging 

to the IS4 family (30) inserted between ORFs cbs_1788 and cbs_1789.  To validate all genomic 

variations, we performed PCR and Sanger sequencing using as template chromosomal DNA from the 

strains SA-1/ATCC 35702 and NCIMB 8052 (Figure 1b). 

 

Single Nucleotide Variants 

Overall, most of the single nucleotide variations were found within open reading frames.  Out 

of the original 12 SNVs identified by MAQ, eight were determined to be actual mutations confirmed 

by PCR amplification and Sanger sequencing (Eton Bioscience, USA) while four single-nucleotide 

sequence errors were found in the reference genome sequence of C. beijerinckii NCIMB 8052 

(cbei_1046, cbei_R0117, cbei_2885, and cbei_4308); the correction to these sequences is reported in 

Tables (1 & 2). 

cbs_0769 encodes a putative solute binding protein that is interrupted by a nonsense mutation 

at the 51st residue, potentially making this protein non-functional.  An NCBI BLAST analysis shows 

that this protein contains motifs similar to an ABC-type sugar transporter in C. thermocellum.  
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Previous work with C. thermocellum showed that these ABC transport systems are able to transport 

cellodextrin and laminaribiose into the cell (37).  We speculate that the mutation in cbs_0769 may 

have effects on SA-1’s ability to transport sugars. 

In cbs_1854 a valine was substituted for alanine in the amino acid sequence for a putative 

peptidase S8/S53 subtilisin kexin sedolisin, a member of the serine-carboxyl peptidases (45). 

 ORF cbs_1935 encodes a putative PucR transcriptional regulator. PucR regulators are 

responsible for regulating purine catabolism (40).  In SA-1 the SNV changes a histidine residue, 

positively charged, for a polar uncharged asparagine residue.  This missense mutation at the 47th 

amino acid residue (H47N) occurs in a conserved region of the protein and may have an effect on the 

function of the protein in regulating purine utilization (15, 46). 

cbs_1975 encodes an adenine deaminase, responsible for converting adenosine to inosine in 

the nucleotide salvage pathway (23).  In SA-1, this SNV of a G>T, produces an amino acid change 

from alanine to serine.  This missense mutation does not occur within the conserved functional 

region.  

cbs_4400 encodes a serine threonine phosphatase.  A SNV at the 1,766th position in the 

coding sequence is a C>A transversion, causing an arginine to leucine substitution at the 589th 

position (R589L), and is outside of a conserved domain of the protein. 

ORF cbs_4761 encoding a cell wall binding motif, has a mutation at position 5,556,196 

(A>G transition; V34A). 

PCR and Sanger sequencing also confirmed two mutations occurring in non-coding regions 

of the genome.  The SNV between ORFs cbs_2248 and cbs_2247 is a G>A transition, and the SNV 

between coding sequences cbs_R0121 (16S RNA) and cbs_R0122 (5S RNA) is an A>G change.  To 
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determine whether these non-coding regions contained regulatory domains, a basic local alignment 

was performed against the NCBI conserved domain database (CDD) (32-34).  No conserved 

regulatory patterns were found within these non-coding regions.  In order to determine whether or not 

these non-coding regions contained regulatory RNAs, an alignment was performed against the RNA 

family database located at http://rfam.sanger.ac.uk/ (10).  No conserved RNA families were found 

within these non-coding regions.   

Small insertions and deletions 

Eight small insertions and deletions (1- 5 bp) were initially identified using MAQ and 

visualized with IGV (28, 39) (Table 3).  Seven were found to be false positives, while a small deletion 

of the nucleotide sequence AAATA was confirmed using the following primers; 5’-

TTGCACAAGGAAAACAAG-3’and 5’-TACAGAATCCCAACTATCAG-3’.  At position 

1,099,984 in the SA-1 genome the deletion causes a frameshift mutation that abolishes the stop codon 

and extends a hypothetical protein (cbs_0917) by three amino acid residues.  The detection of false 

mutations by the MAQ algorithm has been previously reported (14, 24).  With regard to DNA repeats 

in the sequence, it became apparent that MAQ and Breakdancer had difficulty in determining 

mutations; this difficulty of the alignment software in the in silico analysis has been reported and 

remains to be resolved (43). 

Large insertions, deletions and structural variations 

Larger insertions and deletions (20-40 bp) as well as structural variations (e.g., chromosomal 

translocations and inversions) were analyzed using Breakdancer version 1.0 (2).  The initial in silico 

analysis produced 10 large putative indels (Table S1).  One was found to be an additional copy of the 

insertion sequence from the IS4 family located between a hypothetical protein (cbs_1788) and a 
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polysaccharide deacetylase (cbs_1789) at position 2,073,281 in the SA-1 genome.  Using forward 

primer 5’-TTGCACCTAATGTGTAATC-3’ and reverse primer 5’-

CTATCTCCTCTTTCATTCTATC-3’ this insertion sequence was confirmed by PCR and Sanger 

sequencing.  Previous work has shown that C. beijerinckii NCIMB 8052 contains at least nine copies 

of an insertion sequence from the IS4 family (30) (Figure 2). 

Two overlapping putative indels were also confirmed in a non-coding region between 

3,829,123 and 3,829,201, which had AT-rich regions where runs and repeats were common (64 

repeats greater than or equal to 4 bps in length).  

Six structural variations were discovered by our analysis; however, through PCR and Sanger 

sequencing methods we have determined these structural variations to be false positives (Table 4). 

One of these structural variations included a potential inversion at ORF cbs_4437.  An attempt to 

amplify this structural variation with PCR proved to be difficult and upon further analysis it was 

found that this region contained 93 repeats each greater than or equal to 6 base pairs in length.  In 

order to determine whether or not these repeats were CRISPR elements (clustered regularly 

interspaced short palindromic repeats), a basic local alignment with the SA-1 genome was done 

against the CRISPR database available at http://crispr.u-psud.fr/ (8, 11-13).  It was found that there 

were no CRISPR elements present within ORF cbs_4437 or the non-coding region between positions 

3,829,123 and 3,829,201.  

Conclusions 

The development and characterization of butanol producing strains is essential to enhance 

this technological renewable energy field of great economic importance.  In this study, we present the 

genome sequence of C. beijerinckii SA-1/ATCC 35702, a derivative of C. beijerinckii NCIMB 8052.  

To identify differences between the strains, after assembly, a bam file was generated and further 

analysis was performed using MAQ and Breakdancer.  During the course of our analysis, four errors 
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were detected in the reference genome sequence.  The relatively low number of SNVs, indels, and 

chromosomal rearrangements on SA-1 indicates a remarkable chromosome stability in this important 

solventogenic Clostridium strain (9, 21, 22, 25).  No obvious differences were found able to explain 

butanol resistance and sugar utilization.  Future functional work examining these polymorphisms 

through mutagenesis or complementation will allow us to determine which ones are likely responsible 

for phenotypic changes including solvent tolerance and catabolite de-repression in C. beijerinckii SA-

1. 
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a)                                                                                                                      b) 

Figure 1.  Clostridium beijerinckii SA-1 genome atlas providing the physical locations of the putative and confirmed polymorphisms.  

a) Mutations discovered performing in silico analysis with MAQ and Breakdancer algorithms.  b) Mutations validated by PCR and 

Sanger sequencing methods.  Image was produced using Geneious (Biomatters, Auckland, NZ).  The color coding scheme for both 
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figures are as follows: purple; insertions, navy blue; deletions, black; single nucleotide variants (SNV), maroon; putative insertions or 

deletions (indels), gold; putative small indels, green; inversions, cyan; internal translocations (ITX).  The term “cbs” here is to 

specifically refer to genes that are in the SA-1 strain. 
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Figure 2.  Agarose gel (1%) showing PCR amplification of the novel insertion sequence 

within SA-1 (lane 2) compared to the wild type NCIMB 8052 (lane 3).  Lane 1; 10 kb Logic 

DNA Marker (Lambda Biotech).  Lane 4; PCR with no template added (negative control). 
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Table 7.  Single nucleotide corrections to the reference sequence from Clostridium beijerinckii NCIMB 8052. 

ORF Number Putative Function Position Type Reference Sequence Actual Sequence 

cbei_1046 Band 7 protein CDS 1,255,087 SNV A G 

cbei_R0117 23S Ribosomal RNA 

CDS 

5,747,394 SNV A G 

cbei_2885 L-lactate transport 

protein CDS 

3,369,627 Indel -A +A 

cbei_4308 Protein glutamate O-

methyltransferase CDS 

4,962,014 Indel +C -C 

Below table (3) included physical location and primer sequences used to verify these polymorphisms. 
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Table 8.  List of point mutations detected and confirmed in the chromosome sequence of Clostridium beijerinckii SA-1/ATCC 
35702 using the MAQ algorithm (28). Coverage, variant frequencies, and reference frequencies determined through genome 
assembly using Geneious (5). PCR amplifications were performed using, as template, genomic DNA from both NCIMB 8052 (reference 
strain) and SA-1.  
 

ORF 

Number 

and Strand 

Orientation 

Associated 

COG 

CDS Size 

(bp) 

Mutation 

Position  

Putative Gene 

Function 

SNV Change in CDS 

Amino Acid Change in CDS 

 

Primers  

 

Coverage Variant 

Frequencies 

Reference 

Frequencies 

cbs_0769 

+ 

COG1653G 1,329 935,449 solute binding 

protein 

C151T  

Q51Term 

934943F 5’-TCGGTTGATACTGATTTATG-3’ 

935763R 5’-TTTACCTGGAAAAGTGATAC-3’ 

498 100.0%  

cbs_1854 

+ 

S (unknown 

function) 

1,737 2,149,286 Peptidase 

S8/S53 

subtilisin kexin 

sedolisin 

T698C  

V323A 

2149110F 5’-GTAGTTTGGGAAATCATAAGG-3’ 

2149781R 5’-CTGCAACATCTATTCTATCAG-3’ 

403 100.0%  

cbs_1935 

+ 

COG2508TQ 1,155 2,234,607 PucR 

transcriptional 

regulator 

C139A  

H47N 

2234281F 5’-CATCCGAATCATTTTATAGC-3’ 

2234964R 5’-ATGACTGTCTCTCAAATATC-3’ 

326 99.4% 0.3% 

cbs_1975 

+ 

COG1001F 1,707 2,295,776 Adenine 

deaminase 

G31T  

A11S 

2295543F 5’-GCCTAAAACAAGCTATATC -3’ 

2296459R 5’-CTAAGCATCACATACATAC -3’ 

162 99.4%  

Between  

cbs_2248 

and  

cbs_2247 

 402 

(interval 

length 

between 

coding 

regions) 

2,611,044 Non Coding 

region between 

rRNA adenine 

dimethylase 

CDS and 

hypothetical 

protein CDS 

G:A 2610380F 5’-AAACAAGATGGCATAAGC -3’ 

2611343R 5’-CCTCCAAGATTAATATAGG-3’ 
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cbs_4400 

- 

COG0631T 1,839 5,075,403 Serine 

Threonine 

protein 

phosphatase-like 

protein 

C1766A  

R589L 

5073615F 5’-GCATGATTCTGTCATTTAG -3’ 

5074072R 5’-AGCAGGTGATTATGTAAG-3’ 

   

cbs_4761 

- 

COG5263R 1,218 5,556,196 Cell Wall 

Binding repeat-

containing 

protein 

A101G 

V34A 

5554176F 5’-CCCATTAACGTAATACTG-3’ 

5554911R 5’-GTCTATGGCTTATAACAC-3’ 

472 99.4%  

Between  

cbs_R0121 

and  

cbs_R0122 

 1,112 

(interval 

length 

between 

coding 

regions) 

5,769,733 Non Coding 

region between 

16S RNA CDS 

and 5S RNA 

CDS 

A:G 5769433F 5’-GTTTCTGACAGCTTACTC-3’ 

5769939R 5’-TGTATCCAGGGGTAATTG-3’ 

738 57.2% 42.5% 

IUPAC naming conventions are used to communicate base and amino acid changes.  Primer names are indicated by their position and direction (F for forward and R for 
reverse). NA- Amino acid sequence not available because base change is within a non-coding region. The term “Cbs” here is used to emphasize the fact that the mutation 
occurs in the derivative strain, Clostridium beijerinckii ATCC 35702/SA-1. Term- Termination Codon 
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Table 3. In silico detected and not corroborated single nucleotide variants (SNVs) and small insertions and deletions (indels) from the 
sequence of Clostridium beijerinckii SA-1/ATCC 35702.  Coverage, variant frequencies, and reference frequencies determined through 
genome assembly using Geneious (5).  PCR amplifications were performed using, as template, genomic DNA from both NCIMB 8052 
(reference strain) and SA-1.  
Type ORF 

number 

Associated 

COG 

CDS 

Size(bp) 

Position Gene Function Primer Coverage Variant 

Frequency 

Reference Frequency 

SN
V

s 

cbs_0433 COG0653U 2,568 524,879 Sec A 524413F 5’-TTCATCAAGCGATAGAAG-3’ 

525161R 5’-TTGAGCATTCTCAATAGC-3’ 

792 34.2% 65.0% 

cbs_2250 COG2205T 981 2,613,440 Histidine Kinase 2612973F 5’-GAAAGGGATAATCAACAAAG-3’ 

2613589R 5’-CTTTATCCAGTTTCACATAG-3’ 

   

cbs_1046 

COG0330O 948 1,255,087 Band 7 protein 1254781F 5’-TCAGCTACAACTAATATGAG-3’ 

1255488R 5’-GATGCCTTCTTAATTGATTC-3’ 

475 99.8%  

cbs_R0117 

N/A 2,909 5,747,394 23S Ribosomal 

RNA 

5747160F 5’-GAGCTAATCACGCAAATC-3’ 

5748001R 5’-CGCCTCCTAAAATGTAAC-3’ 

   

Sm
al

l I
nd

el
s 

cbs_2885 COG1620C 1465 3,369,627 L-lactate transport 

protein CDS 

3369256F 5’-CTAGAACTGCTGAAAATG-3’ 

3370068R 5’-GTAGCAATTGTTGGAAATG-3’ 

   

cbs_4845 S (unknown 

function) 

1173 5,667,579 Mandelate 

racemase/ 

muconate 

lactonizing 

protein CDS 

5667420F 5’-TATCATCATATGCTCCTAAG-3’ 

5668012R 5’-TAGAGCAGATGGATATACAG-3’ 

   

cbs_4963 COG2972T 1761 5,838,970 Integral 

membrane sensor 

signal 

transduction 

histidine kinase 

5838895F 5’-AATAATCCACTTCCCTTTAG-3’ 

5839486R 5’-ACAAATAAAGCCTCACTTTC-3’ 
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Primer positions and directions are indicated by the number followed by F (forward) or R (reverse)

CDS 

cbs_5024 COG1506E 1167 5,907,883 α/β fold family 

hydrolase CDS 

5907769F 5’-CAAGCACGAATGTAACAG-3’ 

5908400R 5’-CATGGTGGAGAAATCTATG-3’ 

   

cbs_4308 COG1352T 713 4,962,014 Protein-glutamate 

O-

methyltransferase 

CDS 

4961567F 5'-CTAAGGCTTTCATTATTCC-3’ 

4962360R 5'-TGAGCCATATTCATTAGG-3' 

   

Non-coding 

region 

N/A 392 1,314,429 Located between 

mnmA CDS and 

hypothetical 

protein CDS 

1313971F 5’-GAGTGGTAATATACTAGGTAAG-3’ 

1314664R 5’-CTCTAGTTGGTAGTTCATATTC-3’ 

   

Non-coding 

region 

N/A 370 3,369,630 Located between 

L-lactate transport 

protein CDS and 

electron transfer 

flavoprotein, 

alpha subunit-like 

protein CDS 

3369256F  5’-CTAGAACTGCTGAAAATG-3’ 

3370068R 5’-GTAGCAATTGTTGGAAATG-3’ 
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Table 4.  In silico detected and not corroborated large insertions, deletions, and structural variations.  PCR amplifications were performed 
using, as template, genomic DNA from both NCIMB 8052 (reference strain) and SA-1. 

L
ar

ge
 In

de
ls

 

Location Size (bp) 
Position 

Primer 

Between hypothetical protein CDS and hypothetical protein 

CDS 

49 3,829,123-3,829,172 
3828725F 5'-ATGCAGCCAAATAATGAC-3' 

3829751R 5'-GAGCTCGATAATTACTAAG-3' 

Between hypothetical protein CDS and hypothetical protein 

CDS 

29 3,829,172-3,829,201 

 Between hydroxylamine reductase CDS and heavy metal 

transport detoxification protein CDS 

37 1,685,323-1,685,360 1685136F 5’-TATATGCAGCAGAGCTAC-3’ 

1685848R 5’-TCTTACCCCTGATGTTTC-3’ 

Between EmrB/QacA family drug resistance transporter 

CDS and CBS domain-containing protein CDS 

35 1,797,550- 1,797,585 1797141F 5’-GCTATGATGCCTATTAGC- 3'  

1798121R 5'-CGCCTCTACTAATAACTCC -3' 

Between MATE efflux family protein CDS and TPR repeat-

containing protein CDS 

30 2,039,733-2,039,763 2039609F 5'-TGGCATAAGGATATAATCG-3' 

2040035R 5'-AATGCCTTATCTAGCTTTC-3' 

Between GCN5- related N-acetyltransferase CDS and 

hypothetical protein CDS 

26 2,961,163- 2,961,189 2960642F 5'-TCGGATTTATCTAGCAAAG-3' 

2961396R 5'-CTTTTATCGCACGAATATG-3' 

Between glycosyl transferase family protein CDS and triple 

helix repeat-containing collagen CDS 

26 3,001,786-3,001,812 3001353F 5' -CCAGTATGTAGCTAAGTTTC- 3' 

3002219R 5'- CTTCTAAATAGGTCATTAGG- 3' 

Between Thioredoxin reductase CDS and hypothetical 

protein CDS 

28 3,117,231-3,117,259 3117006F 5'-CCAGGATAATTTTCCACTTC- 3'  

3002219R 5'-AGACCTAGGCTATAGTTTTG- 3' 

Between metal dependent phosphohydrolase CDS and 37 4,819,865-4,819,902 4819453F 5' –GTTAGGCTCATCTAAATAC- 3' 
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Primer positions are indicated by the number followed by the direction F (forward) or R (reverse) 

sulfate adenyltransferase large subunit CDS 4820145R 5' -GAAAACTCTAGGAGATTTC- 3' 

St
ru

ct
ur

al
 V

ar
ia

tio
n 

ORF 

number 

Associated COG/Type Size (bp) Position Primer 

cbs_4437 COG4974L/Prophage Inversion 27 5,120,090 – 5,120,520 5119799F 5' CACCCTTTCTACAATTAAC 3' 

5120810R 5' TGCCATTGAGAAATATTGC 3' 

cbs_4182  COG1352NT/Deletion 483 4,812,971 – 4,814,517 
4812830F 5’-AAGTTATCTGTGGTTCTATC-3’ 

4813942R 5’-ATTGAAGAAATGGGTGTATC-3’ cbs_4182  COG1352NT/Deletion 529 4,814,951 – 4,814,980 

cbs_0060 S(unknown function) / Insertion 149 79,389 – 79,831 79067F 5’-TGCTATATGTAGGGTAAAAG-3’ 

80063R 5’-CACGTCATTCAATTTATCC-3’ 

cbs_0878- 

cbs_0932 

COG1476K /Internal Translocation (Prophage 

ITX1) 

39,411 1,071,995 – 1,111,510 1071556F 5'-GACCAGAACAAACTATTTAC-3' 

1072303R 5'-TAAGGCTACAGATGATAAAG-3' 

1111245F 5'-AGATGGCACATTGTTTTG-3' 

1111872R 5'-ACTGCTGACCTTTATAGATAG-

3' 

cbs_1605- 

cbs_1680 

COG1961L /Internal Translocation (Prophage 

ITX2) 

75,644 1,881,845 – 1,957,557 1881067F 5'-AAAATTGGACGAGGTAATAG-3' 

1958001R 5'-CAGTGAATAGTGCTATATAC-3' 

1957306F 5'-TATGAAAAGGAGCATATCAG-3' 

1883070R 5'-ATGAACTTCAGGTCTATGG-3' 



 

80 

 

Appendix C 

 

C.1 Alignments, Consensus Sequences and Chromatogram Traces for Detected Single 

Nucleotide Variants6 

Cbs_0769 Extracellular solute binding protein 

Alignment 

 

Consensus sequence and chromatogram trace

                                                        

6 The yellow highlight serves as a positional guide and bears no significance in all chromatogram traces shown 
thereafter. Areas that are circled in red bears significant polymorphisms. 
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82 



 

83 

 

 

Cbs_1854 Peptidase S8/S53 subtilisin kexin sedolisin 

Alignment 



 

84 

 

Consensus sequence and chromatogram trace



 

85 



 

86 

 

Cbs_1935 PucR Transcriptional regulator 

Alignment 

 



 

87 

Consensus sequence and chromatogram trace



 

88 



 

89 

 

Cbs_1975 Adenine deaminase 

Alignment 

 



 

90 

Consensus sequence and chromatogram trace



 

91 



 

92 



 

93 



 

94 



 

95 

 

Intergenic region between cbs_2248 and cbs_2247 

Alignment 

 



 

96 

Consensus sequence and Chromatogram trace



 

97 



 

98 



 

99 

 

Cbs_4400 Serine Threonine protein phosphatase-like protein 

Alignment 

 



 

100 

Consensus sequence and chromatogram trace



 

101 

 

Cbs_4761 Cell Wall Binding repeat containing protein 

Alignment 

 



 

102 

Consensus sequence and chromatogram trace 



 

103 

 

Intergenic region between cbs_R0121 and cbs_R0122 

Alignment 

 



 

104 

Consensus sequence and chromatogram trace



 

105 



 

106 

 

 



 

107 

C.2 Insertion of ISCb1 sequence 

Alignment

 

Consensus sequence and chromatogram trace
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109 



 

110 



 

111 



 

112 



 

113 



 

114 

 

 

C.3 Alignment of Assembled Consensus Sequences to the Reference Genome NCIMB 8052 

Sequences 1 and 2 were obtained through PCR and Sanger sequencing methods, number 3 is derived 

from the NCIMB 8052 reference genome available on the NCBI database.  

 

Cbei_1046 Band 7 protein 

 

Cbei_R0117 23S Ribosomal RNA 

 

Cbei_2885 L-lactate transport protein 
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Cbei_4308 Protein glutamate O-methyltransferase 

 

 

Cbs_1046 Band 7 protein 

Alignment 

 

Consensus sequence and chromatogram trace



 

116 



 

117 



 

118 

 

 

Cbs_R0117 23S ribosomal protein 

Alignment 

 



 

119 

Consensus sequence and chromatogram trace



 

120 



 

121 



 

122 

 

Cbs_2885 L-lactate transport protein and non-coding region at position 3,369,630 

Alignment 

 



 

123 

Consensus sequence and chromatogram trace



 

124 



 

125 



 

126 

 

Cbs_4308 Protein-glutamate O-methyltransferase 

Alignment 

 



 

127 

Consensus sequence and chromatogram trace



 

128 



 

129 



 

130 

 

C.4 False positive single nucleotide variants and small indels 

Cbs_0433 Sec A protein 

Alignment 

 



 

131 

Consensus sequence and chromatogram trace



 

132 



 

133 



 

134 

 

Cbs_2250 Histidine Kinase 

Alignment 

 



 

135 

Consensus sequence and chromatogram trace



 

136 



 

137 



 

138 

 

C.5 Alignments, Consensus Sequences and Chromatogram Traces for Detected Small 

Insertions/Deletions 

 

Cbs_0917 Hypothetical protein 

Alignment 

 

Consensus sequence and chromatogram trace 



 

139 



 

140 



 

141 



 

142 

 

 

 

 

 

Cbs_4845 Mandelate racemase/muconate lactonizing protein 



 

143 

Alignment 

 

Consensus sequence and chromatogram trace



 

144 



 

145 

 

Cbs_4963 Integral membrane sensor signal transduction histidine kinase 

Alignment 

 



 

146 

Consensus sequence and chromatogram trace



 

147 



 

148 

 

Cbs_5024 α/β fold family hydrolase protein 

Alignment 

 



 

149 

Consensus sequence and chromatogram trace



 

150 



 

151 

 

Non-coding region at position 1,314,429 

 



 

152 

Consensus sequence chromatogram trace



 

153 



 

154 

 

 

 

 

 

 



 

155 

C.6 Alignments, Consensus Sequences and Chromatogram Traces for Large Insertions and 

Deletions 

 

Putative indel between hydroxylamine reductase CDS and heavy metal transport detoxification 

protein CDS at position 1,685,323- 1,685,360 

Alignment 

 

Consensus sequence and chromatogram trace



 

156 

 

 

Putative indel between EmrB/QacA family drug resistance transporter CDS and CBS domain-

containing protein CDS at position 1,797,550- 1,797,585 

Alignment 



 

157 

 

Consensus sequence and chromatogram trace 



 

158 



 

159 



 

160 

 

Putative indel between MATE efflux family protein CDS and TPR repeating-containing protein CDS 

at position 2,039,733-2,039,763 

Alignment 



 

161 

 

Consensus sequence and chromatogram trace



 

162 



 

163 

 

Putative indel between GCN5- related N-acetyltransferase CDS and hypothetical protein CDS at 

position 2,961,163-2,961,189 

Alignment 



 

164 

 

Consensus sequence and chromatogram trace



 

165 



 

166 



 

167 

 

Putative indel between glycosyl transferase family protein CDS and triple helix repeat-containing 

collagen at position 3,001,786-3,001,812 

Alignment 

 



 

168 

Consensus sequence chromatogram trace



 

169 



 

170 



 

171 

 

Putative indel between thioredoxin reductase CDS and hypothetical protein CDS between at position 

3,117,231-3,117,259 

Alignment 

 

Consensus sequence and chromatogram trace 



 

172 



 

173 



 

174 

 

Putative indel between metal dependent phophohydrolase CDS and sulfate adenyltransferase large 

subunit CDS at position 4,819,865-4,819,902 

Alignment 



 

175 

 

Consensus sequence and chromatogram trace



 

176 



 

177 

 

  



 

178 

C.7 Alignments, Consensus Sequences and Chromatogram Traces of Structural 

variationsCbs_0060 Hypothetical protein False insertion 

Alignment 

 

Consensus sequence and chromatogram trace
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180 



 

181 



 

182 
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Appendix D 

D.1 Chromatogram Traces for 16S Ribosomal RNA DNA Gene 

 

Clostridium beijerinckii ATCC 35702/SA-1 and NRRL B-527 
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