METABOLIC ENGINEERING OF
Clostridium acetobutylicum AND PRODUCT
EXTENSION

Bunmi Busola Omorotionmwan, MSc.

Thesis submitted to the University of Nottingham
for the degree of Doctor of Philosophy

June, 2020



Declaration

Unless otherwise acknowledged, the work presented in this thesis is my own. No
part has been submitted for another degree in the University of Nottingham or

any other institute of learning.

Bunmi Busola Omorotionmwan



ABSTRACT

The limited abundance of fossil fuels and its harmful effects on the environment
has led to the increased global interest in more environmentally friendly sources
of chemicals and fuels. The solventogenic Clostridium acetobutylicum
represents a model organism for solvent production in this genus and in the so-

called ABE fermentation produces acetone, butanol and ethanol in a 3:6:1 ratio.

The identification of those factors that influence solvent production through
mutation of the encoding genes is key to the rational metabolic engineering and
development of an industrial solvent producing C. acetobutylicum strain.
Consequently, an attempt to knock-out genes previously impossible to knock-
out was carried out, using a conditional variant of the ClosTron intron re-
targeting system. While the knock-out of hydrogenase (hydA), butyryl CoA
dehydrogenase (bcd) and crotonase (crt) genes were not possible in this thesis,
the isolation of a null 3-hydroxybutyryl CoA dehydrogenase (hbd) mutant was
demonstrated.

To further enhance metabolic engineering of this organism, it was also desirable
to put in place a system for the introduction of genes encoding pivotal metabolic
enzymes at discrete loci around the chromosome, similar to pyrE, that may be
used to implement new metabolic pathways and to exemplify its utility by
extending product formation in C. acetobutylicum to isopropanol. This will
include the introduction of an inducible orthogonal expression system at a locus,
which would control the expression of additional gene sets introduced at the
other loci. A triple auxotrophic mutant of C. acetobutylicum was created and the
utility of the pheA and argH loci in addition to the pyrE locus described.
Integration at the pyrE and pheA loci were relatively easily accomplished
compared to the argH locus which proved difficult despite several attempts.
With the introduction of a synthetic acetone operon and a gene encoding a
secondary dehydrogenase from Clostridium beijeirinckii NRRL B593 both
under the control of a lactose inducible tcdR system, up to 18.47 g/l Isopropanol-
Butanol-Ethanol (8.47 g/l isopropanol, 10.02 g/l butanol, 0.21 g/l ethanol) was
produced. This represents the highest recorded production of isopropanol from

C. acetobutylicum to date.



To my Mummy...



ACKNOWLEDGEMENTS

| want to appreciate my supervisors, Nigel Minton and Ying Zhang for their
expert advice, guidance and support during my PhD. Thank you for the great
opportunity to undertake my PhD research within the Synthetic Biology
Research Center (SBRC) here at Nottingham. | thank the Petroleum Technology
Development Fund (PTDF) of the Nigeria Government for funding my PhD.

| thank Hengzheng Wang for her bench support especially in my early days in
the lab. Special thanks to Matt Abbott for the HPLC and GC analyses and his
willingness every time to be of help with the sample preparation. | appreciate
Evangelos Karvonis, the lab technician, who was always willing to go the extra
mile for our media preparation. Special thanks to Klaus Winzer for his valuable
contribution during the final stages of my thesis write-up. | want to thank my lab
colleagues in B27 for the companionship and enlightening scientific discussions.
To Cynthia, thank you for making lab work more fun! To my office mates in
C02, thank you for your friendship and support. To all my friends and colleagues
in the Clostridia Research Group (CRG), thank you for making my PhD period
a very memorable one. | want to specially appreciate the Fadipes and Onuwes
for the gift of friendship and support system without which I don’t know how I

would have survived these years.

To the loving memory of my late parents, Major T. A. Banire and D’ness B.
Banire, | owe what | am today to your love and guidance through the years. This
thesis is for you and | wish you both were alive to see this time. | want to
appreciate my siblings, Seye, Seun and Toyin, your emotional support

throughout my PhD gave me stability.

To my Son, Pneuma, thank you for understanding those times I couldn’t be there,
your smile was my strength after long lab days. To my husband, Craig, you know
all of this could not have been possible without you, thank you for being my
pillar and source of daily encouragement, these 4 years and for never letting me

give up. Thank you!

My ultimate thanks is to the Lord, God Almighty to whom | owe my strength,

joy and existence.



Table of Contents

DeClaration. ... ...uiiitt e i
ADSIIAC. ..ot ii
AcCKNOwledgements. ........oouitii i v
Table Of CONENES. ... . vttt et e e e e e e e vi
List Of FigUIes. ..ouiieii e Xi
List of Tables. ..o e X1V
List of Abbreviations. .........oouiiiiii i XV
CHAPTER L. .ttt e e a e e e e s s e e e e e e e e e e e 2
INTRODUCTION ... .ottt e e e e s eeeees 2
1L FOSSH FUEL. ..ot 2
1.2 Renewable ENEIQY......c.cooiiiiiiiiieiiieiee e 3
1.2 1 BIOTUBIS . 4
1.3 The Genus ClIOSIIIAIA. ........coiviiiieiiieiie e 6
1.3.1 Clostridium acetobutyliCum.............coovveeiiie e 6
1.3.2 The Acetone-Butanol-Ethanol (ABE) Fermentation by C.
acetobutylicum - Brief HIStOrY..........cooveeiiii e 7
1.3.3 The C. acetobutylicum ABE Metabolism ............ccccevivviiiiieiiinnenn, 9
1.4 Fermentation and Downstream Purification ...............cccooeeviienieeinennnn, 17
1.5 Development of Genetic Tools in clostridia Engineering ...................... 18
1.5.1 ShULtIE VECLOIS.......vieiiiiiie s 19
1.5.2 ANtiSENSE RINA L....oiiiiiieie et 19
TR I O [0 I o] o TP PROPRP 20
1.5.4 Allele Coupled Exchange (ACE)........ccocoviieiiiie e 22
1.5.5 CRISPR/CAS SYSIEM ......cccviiiiiiiii ettt a e 25
1.6 Metabolic Engineering of C. acetobutylicum ..........ccc.cccoveeviieeiineeenen. 28
1.6.1 Product Extension in C. acetobutylicum: Attempts to Reduce
Acetone in ABE ProduCtion...........ccoovveiieiiieiiiesie e 34
1.6.2 Isopropanol — A Viable Fuel Additive...........cccoveevieiiiiecciiecci, 35
1.6.3 IBE FErmentation..........ccocuiiiiiieiiiiie et 36

Vi



1.7 Background t0 PrOJECT ........ccueiuieiiiiiie e 37

1.8 AIM OF PrOJECE.....ciiiiiiiei e 37
CHAPTER THREE ..ottt 40
MATERIALS AND METHODS ... 40

2.1 MICIODIOIOQY ...ttt 40

2.1.1 Bacterial StraiNS........cccueieiiieeiiiieeiii e 40
2.1.2 Growth Media, Buffers and Supplements...........cccocevviiniiinennenne 40
2.1.3 Storage ConditiONS. .......ccueeiiiiiieiiiesiie e 45
2.1.4 Quantification of Bacterial Growth .............ccccovveeiiiiiie e, 45
2.1.5 Preparation of Electrocompetent E. COll .........ccoeviiiiiiiiiiiiiiie, 45
2.1.6 Transformation by Electroporation of E. coli Cells......................... 46
2.1.7 Transformation of Clostridium acetobutylicum ATCC 824............. 46
2.1.8 Plasmid Methylation using E coli Top 10 PAN2 ..........ccccevivinnne. 47
2.2 Molecular BIiology ........ccooiiiiiiii 48
2.2.1 Chromosomal and Plasmid DNA Extraction and Purification......... 48
2.2.2 Polymerase Chain Reaction (PCR)........cccccvveiviieeiiie e 48
2.2.3 Agarose Gel EIeCtrophoresis ........coovveiiieesiiie e 48
2.2.4 DNA PUIFICAION ..ot 49
2.2.5 Quantification of DNA.........ooooiiiiii e 49
2.2.6 Splicing by Overlap Extension (SOE) ........cccccovvveiviveeviie e 49
2.2.7 CloNiNg TEChNIQUES ......vveeiiiieeciie et 50
2.2.8 Plasmid CONSLIUCTION ........ceiviiiiieiiiesiie e 51
2.2.9 Targeted Genomic Mutagenesis of C. acetobutylicum.................... 64
2.3 CAT ENZYME ASSAY ...vvviiiiiiiiiieiiiiiiiiie e e ettt e e e e e ssabnreanea e e e e 66
2.4 Fermentation and Solvent Analysis..........ccccoovveiiiieeiiiee e, 67
2.4.1 Gas Chromatography, GC........cccccoiiie i 67
2.4.2 High Performance Liquid Chromatography, HPLC ........................ 68
2.5 Bioinformatics TOOIS........ccuoiiiiiiieiie e 69
2.5.1 Plasmid Map Construction and Visualization ................cccccceveennen. 69
2.5.2 Primer DESIGN .....cccuvieiiiie ettt 69
2.5.3 Analysis of Illumina Sequencing Data.............cccceevvvveeiiieeeiiieeeee. 69
2.5.4 Sequence Database Search ..........cccccovvvieeiiiiiiee e 69

Vii



2.5.5 Data analysis and Visualization............ccccovoveiiiiiie i 69

CHAPTER 3. et e e e e e s a e e e s 71
Targeted Mutagenesis using a Conditional RAM-less ClosTron.................... 71
K200 I {11 oo [0 Tod o] o OSSPSR 71
3.1.1 Previous Mutational Analysis of the ABE Pathway ..............c......... 71
3.1.2 Improving Understanding of the ABE Pathway Using Conditional
RAME-1ESS CIOSTIONS ....vvieeiiiie ettt e e e e e e eaeeeaneeee s 74
3.2 AIM OF ChaPEN ..o 76
3.3 ReSUILS and DISCUSSION ......ccivvveeiiieeeiiieesiieesiee e siee e siee e e e e e nneeeeeeeeeens 77
3.3.1 Experimental Control using adhE2 (alcohol dehydrogenase).......... 77
3.3.2 hydA (Hydrogenase) Conditional RAM-less knock-out .................. 78
3.3.3 hbd (3-hydroxybutyryl CoA dehydrogenase) Conditional RAM-less
ClOSTION KNOCK=0UL .....c.vvveeiiieeciiieeeiie e e snaee e e e 83
3.3.4 crt (crotonase) Conditional RAM-less Knock-out ...........ccccccveene. 85
3.3.5 crt 307s Conditional RAM-less Knock-out.............ccovveiiieniiininnn, 86
3.3.6 bed (butyryl CoA dehydrogenase) Conditional RAM-less Knock-out
............................................................................................................... 86
3.3.7 Re-screening of bcd intron insertion using different primers........... 87
3.3.8 Further Evidence of the Functionality of the Conditional RAM-less
ClOSTION SYSIEIM ..ottt e e e e enees 88
3.3.9 Control thiolase (thl) RAM-less KO.........cccccvveiviie i, 88
3.3.10 Standard ClosTron hbd Knock-0ut...........ccccceivieiiiininiiieiiieninn, 90
3.3.11 Using the CRISPR/Cas9 SYStem .........ccccevvieeiiine e ciee s 90
3.3.12 Characterisation of hbd KO Mutant, hbd69s::rCT ..........ccccovvenen. 94
3.4, CONCIUSION L.ttt 108
CHAPTER 4.ttt 111
Creation of Alternative Integration Sites to PYrE.........cccccoovveiviveeviiieeiinnennn 111
4.1 INEOTUCTION ...ttt 111
4.1. 1 The PYIE StraiN......cooiieiie et 111
4.1.2 Use of pyrE Strains for Gene Knock-0ut .............cccccoevveeiiiieeinnnn, 112
4.1.3 Use of pyrE Strains for KNOCK-iN ...........ccccoviieiiiiiiiiie e, 114
4.1.4 Alternative LOCI tO PYFE.......cvvvieiiiiie e 116



4.2 AIM OF Chapter.. ..o 117

4.3 ResUlts and DISCUSSION .......cciuvieiiiiieiiiiieesiiie e sieeesiee e e e sneee e snaeeeseeee s 117
4.3.1 Construction of an ACE integration system based on argH .......... 117
4.3.2 Characterisation of the genome sequence of the C. acetobutylicum
ApyrEAargH and ApyrEApheA double mutants...........cccovveiiieniennn, 121
4.3.3 Creation of Triple MUtant..........ccccoovveiieniienieeee e 124
4.3.4 PhEA REPAIT ...ttt 126
4.3.5 Confirmation of Presence of pSOL1 plasmid in ApyrEAargHApheA
MUBBINTS ..ottt e e e e s e e e e e e e e e n e e e aeeas 127
4.3.6 Genomic Sequencing Results of Triple mutant C. acetobutylicum
APYrEAGrgHAPNEA ... 127
4.3.7 Locus Specific Effects on Gene EXPression...........cccceveevvvennnene, 130

O O] o [V ] o] ISR SUSRSURRSUR 132

CHAPTER 5. et e e e a s 134
Towards Product Extension in Clostridium acetobutylicum........................ 134

5.1 INTrOAUCTION.....eiiiiieiee et 134
5.1.1 Acetone — An Undesired By-product in ABE Fermentation.......... 135
5.1.2 An Alternative Route — Converting Acetone to Isopropanol......... 137
5.1.3 IBE from Natural ProducCers............cccooverieiiieniiieiie e 138
5.1.4 IBE from C. acetobutyliCum...........ccovveiiieeiiiic e 138
5.1.5 Orthogonal Inducible System .........cccccveiiiieiiiii e, 139

5.2 AIM OF Chapter.......ccvviiiiie e 140

5.3 RESUIIES ..o 141
5.3.1 Creation of ACE plasmids..........cccceevvreiiiie i 141
5.3.2 Introduction of Lactose inducible tcdR system, HZ-tcdR at the pyrE
LOCUS . ettt e e 143
5.3.3 Introduction of Acetone Operon, Pwgs-CtfA/B-adc at the argH Locus
............................................................................................................. 144
5.3.4 Change of Integration Strategy.........cccccoovvveiiiieiiiee e 153
5.3.5 Preliminary Fermentation TeStS........ccccoviveeiiieeiiiee e 156
5.3.6 Fermentation Tests using 824BO1 and 824BO2..............ccccceuve.. 160
5.3.7 Fermentation Tests using 824B0O3 and 824B0O4 ..............ccccceve.. 163

5.4 CONCIUSION ... 172



CHAPTER 6.ttt 175
CONCLUSION AND FURTHER WORK ........oooiiiiiiiiieiic e 175

6.1 Targeted Mutagenesis using RAM-less ClosTron System................... 175

6.2 Towards Product extension in Clostridium acetobutylicum Using a Triple
Auxotrophic Mutant and an Orthogonal Expression System

REFERENGCES. ... 185



LIST OF FIGURES

Figure 1. 1: Estimated Years of Fossil Fuel (Oil, Gas and Coal) Production

02§ O STRR 3
Figure 1. 2: Estimated Renewable Energy Share of Final Energy
CoNSUMPLION, 2017 ... .eieeiiie ettt et e e antaeeaneeee s 4
Figure 1. 3: Butanol from chemical Synthesis............cccooeiiiiieiiiciiicic, 6
Figure 1. 4: The metabolic pathways in C. acetobutylicum ABE fermentation.
...................................................................................................................... 11
Figure 1. 5: The S0l 0peron gene loCUS. ..........cccvveieeiieeiiienieeiee e 12
Figure 1. 6: Types of bioprocessing for solvent production from lignocellulose.
...................................................................................................................... 18
Figure 1. 7: Schematic representation of ClosTron mutant generation. ........... 21
Figure 1. 8: Modular ClosTron plasmids..........cccocveiieniiinieiniecc e 22
Figure 1. 9: ACE based 0N PYrE gENE .......coouveiiiiiiiiiieiiee e 23
Figure 1. 10: The CRISPR/Cas gene editing..........cccovvervienineineeiiiesne e 27
Figure 2. 1: The ClosTron plasmid backbone. ............cccocceiiiiiniiiiieieee, 61
Figure 2. 2: Representative of the suicide KO vectors, pMTL8-147-argH and
PMTL8-1A7-PREA. ..ot 62
Figure 3. 1: Null and Knock-down ClosTron Mutants. ...........cccccccevvevveeennen. 74
Figure 3. 2: PCR screening of adhE2 intron insertions...........ccccovevvvevivveennnen. 78
Figure 3. 3: Schematic of isolate pooling and PCR sreening of RAM-less
ClosTron insertion in NYAA QENE. .......c.vviiiiie e 80
Figure 3. 4: PCR screening for hydA intron insertion ............ccccevevveviveeennnen. 82
Figure 3. 5: (A) PCR screening of RAM-less ClosTron knock-out of hbd gene
..................................................................................................................... 84

Figure 3. 6: (A) PCR screening of RAM-less ClosTron knock out of crt gene85
Figure 3. 7: PCR screening of RAM-less ClosTron knock out of bcd gene.... 87

Figure 3. 8: bcd gene intron insertion SCreening .........cceeevvveeviveeeviieeesiieeeene. 88
Figure 3. 9: (A) PCR screening of RAM-less ClosTron knock out of thl gene89
Figure 3. 10: hbd standard CIOSTron SCreening ..........ccccevvuveevveeesiveeesiveeeennin. 90
Figure 3. 11: pMTL8315_ RibocasE_pyrE; CRISPR/cas9 knock-out vector for
PYTE GBINE oot 92
Figure 3. 12: CRISPR/Cas9 pyrE deletion sCreening...........cccceveevevveevveeennnnn. 93
Figure 3. 13: CRISPR/Cas9 hbd deletion screening.........ccccceevvvvvveeiiiveeeennnnn, 94

Xi



Figure 3. 14: Solvent profile of hbdB9S::rCT ......cccviiiiiie e 98
Figure 3. 15: Fatty acid operon in C. acetobutylicum...........c.ccccevvieniiinnn, 106
Figure 4. 1: Suicide KO plasmid ..........cooviiiieiiieiiiiiie e 112
Figure 4. 2: In-frame deletion of target gene using pyrE gene/suicide plasmid.
................................................................................................................... 114
Figure 4. 3: ACE Correction, Complementation and Expression Vectors. ... 115
Figure 4. 4: ACE complementation VECTOIS...........ccovvveiuieninienieiiiesieeninns 119
Figure 4. 5: Repair of argH gene..........coooiiiiiiiiinii e 120
Figure 4. 6: PCR screening of argH repair..........ccccovveiiienieeneeiiieniieninns 120
Figure 4. 7: PCR screen of pheA KO.......ccooiiiiiiiii e 124
Figure 4. 8: PCR screen for catP-pyrE flip in pheA KO .........ccociiiviiiennn, 125
Figure 4. 9: Triple mutant, C. acetobutylicum ApyrEAargHApheA ............. 125
Figure 4. 10: PheA gene repair in triple mutant ............cccccovviieiiieniiennn, 126
Figure 4. 11: PCR screening of repaired pheA gene in C. acetobutylicum
APYFEAGIrGHAPRNEA. ...ttt 126
Figure 4. 12: Screening for presence of pSOLL........cccceviveiviieeviie e 127
Figure 4. 13: Locus specific (pyrE, argH and pheA) effects on CAT expression
IN C. @CLODULYIICUM. ..ot 131
Figure 5. 1: The use of pheA locus for integration of cargo genes via ACE. 135
Figure 5. 2: The tcdR locus in C. difficile. ..........ccooveeiviiiiii e, 140
Figure 5. 3: ACE integration plasmids ..........cccevvvveiiiee s 142
Figure 5. 4: PCR screening of HZ13-HZ-tcdR integration at pyrE locus. .... 143
Figure 5. 5: PCR screening of ptcdB-ctfA/B-adc integration at argH locus. 144
Figure 5. 6: Control repair of argH gene. ..........ccoceevveiiie v, 145
Figure 5. 7: pSOL1 removal using ACE..........ccooiveiiiee e 148
Figure 5. 8: A simple starch plate test for loss of pSOL1 plasmid................ 149
Figure 5. 9: Screening for acetone operon at the argH locus....................... 150
Figure 5. 10: pMTL80000 modular plasmids ............cccceevvureeiiieeiiiiee e, 151
Figure 5. 11: Integration of HZ-tcdR at the argH locus...............cccceeevneene. 152
Figure 5. 12: Integration of acetone operon at the pyrE locus of the triple

Xii



Figure 5. 13: SadH integration at the pheA locus of triple mutant................ 154
Figure 5. 14: Solvent profile analysis of 824BO4-2 and 824BO4-6. ............ 159
Figure 5. 15: Solvent profile analysis for strains 824BO1 and 824BO2 ....... 163
Figure 5. 16: Solvent profile analysis for strains 824BO3 and 824B0O4-6.... 167

xiii



LIST OF TABLES

Table 1. 1 Comparison of Chemical and Physical Properties of Butanol and

ONEE FUBIS ..t e et e e 5
Table 1. 2 Metabolic Engineering of Clostridium for Solvent Production....... 31
Table 2. 1: List of Bacteria Strains used in this Study...........c.cccooeveiiieniiennnn, 41
Table 2. 2: List of Supplements used in this Study ..........ccccoevveevieevieeiiennns 45
Table 2. 3: List of Plasmids used in this Study ...........cccccviiniiiiiiiciic, 52
Table 2. 4: List of Oligonucleotides used in this Study...........ccccooeiiieniennnn, 56
Table 3. 1: Genomic Sequencing of hbd Knock-out Mutants................c..c...... 99

Table 4. 1: Genomic Sequencing Results of Double mutants, ApyrEAargH and
APYTEAPYTE oo 122
Table 4. 2: Genomic Sequencing Results of C. acetobutylicum triple mutants,

C. acetobutylicum ApYrEAArgHAPNEA ........coovvee e 129

Table 5. 1Table 5.1: Summary of Engineered Strains............ccccceeveevveeennnen. 156
Table 5. 2: Solvent and Acid profile of strains 824BO3 and 824B0O4-6 in g/l

Table 5. 3: Summary of IBE production from C. acetobutylicum as in
published Literature till date ............ccccvveiiiieiiiic e 169
Table 6.1: Brief Summary of Major Outputs, Limitations and Future Work of

T ESIS. oot 182

Xiv



2XYTG
5-FC
5-FU
5- FOA
ACE
Arg
ATCC
BLAST
bp

Cas
CAT
CBMS
CGM
CRG
CRISPR
DMSO
DNA
EPB
Erm
FOA

g

InDel
kb

KO

kV

L

LB
LHA

mg

List of Abbreviations

Two-times Yeast-Tryptone-Glucose medium
5-Fluorocytosine

5-Fluorouracil

5-Fluorooratic acid

Allele-Coupled Exchange

Arginine

American Type Culture Collection
Basic Local Alignment Search Tool
Base Pair

CRISPR associated

Chloramphenicol acetyl transferase
Supplemented Clostridium Basal Broth
Clostridial Growth Medium

Clostridia Research Group

Clustered Regularly Interspaced Palindromic Repeats
Dimethylsulfoxide

Deoxyribonucleic Acid

Electroporation Buffer

Erythromycin

5-fluorooratic acid

Gram

Insertion/Deletion

Kilobase Pair

Knock-out

kilovolt

Microlitre

Luria-Bertani medium

Left Homology Arm

Milligram

XV



Ml Millilitre
mM Millimolar
NADH nicotinamide adenine dinucleotide, reduced

NADPH  nicotinamide adenine dinucleotide phosphate, reduced

NEB New England Biolabs

NGS Next Generation Sequencing
oD Optical Density

PBS Phosphate-Buffered Saline
PCR Polymerase Chain Reaction
Phe Phenylalanine

RBS Ribosome Binding Site
RHA Right Homology Arm

RNA Ribonucleic Acid

RNAP Ribonucleic Acid Polymerase
rpm Revolutions Per Minute

SgRNA Single guide RNA

SNP Single Nucleotide Polymorphism
SOE Splicing by Overlap Extension
TAE Tris Base-Acetic Acid-EDTA Buffer
Th Thiamphenicol
Ur Uracil
uv Ultraviolet
V Volt
wiv weight per volume
WT Wild Type
ng Microgram
% Percentage

°C Degree Celsius

XVi



XVii






CHAPTER 1

General Introduction



CHAPTER 1

INTRODUCTION

Global energy demand and over-dependence on fossil fuels have contributed
greatly to global warming and climate change. Climate change is an ever-
growing environmental problem and arguably one of the greatest threats facing
the planet. The signing of the agreement to lower greenhouse gas (GHG)
emissions towards reducing the catastrophic impacts of climate change
witnessed the largest number of countries ever (175) to sign an international
agreement in a single day (Moon, 2016). Continued anthropogenic activities
such as burning of fossil fuels lead to massive GHG emissions, especially COo,
which cause excessive warming of the earth. Consequently, there has been an
increased global interest in the development of renewable energy sources which

are sustainable.

1.1 Fossil Fuel

Fossil fuels are hydrocarbons derived from buried dead plants and animals. They
include coal, oil and natural gas and are formed by natural processes such as
anaerobic decomposition and crustal movement over millions of years (Hsu,
2017). Fossil fuels contain high concentration of carbon which release energy
when burnt. They can be refined into petrochemical products such as gasoline,
diesel, lubricants, wax, asphalt and jet fuel. However, they are non-renewable

and their continued use is not sustainable. In 2018, there was an estimated 1.7%



increase in carbon dioxide emissions related to the rise in consumption of fossil

fuels (REN, 2019).
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Figure 1. 1: Estimated Years of Fossil Fuel (Oil, Gas and Coal) Production Left.

Figure adapted from BP Statistical Review of World Energy, 2016 (BP, 2016)

Figure 1.1 gives the remaining years of global coal, oil and natural gas, estimated
based on the reserves-to-product (R/P) ratio that measures the number of years
of production left based on current reserves and annual production levels in 2015
(BP, 2016). It is worth noting that these values can change over time based on

discovery of new fossil fuel reserves and alterations in yearly production.

1.2 Renewable Energy

Renewable energy sources are sustainable alternatives to fossil fuels and they
include wind, solar, hydro, marine and biomass. The consumption of renewable
energy has more than doubled between 2004 and 2017 in the EU; from about 8%
in 2004 to about 18% of total final energy consumption (TFEC) in 2017
(Eurostat, 2019). Energy consumed in the transport sector make up about one-
third of TFEC globally (REN, 2019) with the majority of the energy demand met

by oil and petroleum products.
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Figure 1. 2: Estimated Renewable Energy Share of Final Energy Consumption, 2017.

Figure taken from the REN 21 Renewables 2019 Global Status Report (REN, 2019).

1.2.1 Biofuels

Biofuels derived from biomass provide an abundant and renewable source of
energy with little or no emission of greenhouse gases (Durre, 2007) and include
biodiesel, bioethanol and biobutanol. Typically, biofuels are blended in varying
proportions with conventional transport fuels (Rodriguez-Fernandez et al.,
2019). However, the development of biofuels has been hindered by a number of
factors including feedstock uncertainties and the slow progress in development
of biofuels for the aviation industry (REN, 2019) creating the need for new
technologies aimed at developing biofuels to become more competitive in the

market place.

Compared with ethanol, butanol has significantly improved properties such as
higher energy content, less volatility and is safer to use, less corrosive, non-
hygroscopic hence not prone to contamination, it can be used up to 100% in
already existing automobile engines without prior modification and has

potentials for use as aviation fuel (Lee et al., 2008; Durre, 2007)



Table 1. 1 Comparison of Chemical and Physical Properties of Butanol and Other Fuels

Fuel Energy Air-to-Fuel  Research Water
Density Ratio Octane Solubility (%)
(MJ/'L) Number

Gasoline 32 14.6 81-89 Negligible

Diesel 35.5 14.7 Nd Negligible

Butanol-1  29.2 11.12 78 7

Ethanol 19.6 8.94 96 100

Source: Adapted from: Kolesinska et al., 2019 *nd—no data

1.2.1.1 Butanol from Chemical Synthesis

There are three main ways of producing butanol chemically — Hydroformylation,
Reppe synthesis and crotonyldehyde hydrogenation (figure 1.3).
Hydroformylation is a two-step process that involves the addition of CO and H;
to a carbon-carbon double bond producing aldehyde first and then hydrogenated
to produce butanol (Kazemi Shariat Panahi et al., 2019). In the Reppe method,
butanol is made directly by the reaction of propylene, CO and H.O in the
presence of a catalyst at low pressure and temperature. This process is however
very expensive and not commercially successful (Albert Cotton, 1999). These
first two processes rely totally on petroleum. The third route is the production of
butanol from acetaldehyde by crotonyladehyde hydrogenation and it involves
aldol condensation, dehydration and hydrogenation. (Kazemi Shariat Panahi et
al., 2019). This method allows the option of using ethanol from biomass, which

can be dehydrogenated to yield acetaldehyde.
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Figure 1. 3: Butanol from chemical synthesis

(a) Hydroformylation (b) Reppe process (c) crotonaldehyde hydrogenation. Figure
taken from (Kazemi Shariat Panahi et al., 2019)

1.3 The Genus Clostridia

The genus Clostridium consists of Gram-positive, obligate anaerobic,
endospore-forming rod-shaped bacteria and belong to the phylum Firmicutes
(Durre, 2005). Although some species are notorious human and animal
pathogens (such as Clostridium difficile, Clostridium botulinum, Clostridium
tetani and Clostridium perfringens), the majority of them are innocuous and are
useful in industrial biotransformations (include solventogenic species such as
Clostridium acetobutylicum, Clostridium saccharoperbutylacetonicum and

Clostridium beijerinckii) (Durre, 2008).

1.3.1 Clostridium acetobutylicum
C. acetobutylicum is a solventogenic Clostridia and represents the model
organism for solvent production in this genus. It was the first sequenced

solventogenic Clostridium (Nolling et al., 2001). The genome consists of a



3,940,880 bp chromosome and a 192,000 bp megaplasmid. There are 3,740 and
178 ORFs that have been identified in the chromosome and megaplasmid,
respectively (Nolling et al., 2001). It is able to utilize a wide variety of substrates
including monosacchraides and polysaccharides and produce the solvents,
acetone, butanol and ethanol in the so called ABE fermentation (Jones and

Woods, 1986)

1.3.2 The Acetone-Butanol-Ethanol (ABE) Fermentation by C.
acetobutylicum - Brief History

The ABE fermentation discovered in 1861 by Louise Pasteur became popular in
the 20" century and was the second largest industrial fermentation after ethanol.
The increased demand for acetone for the production of cordite in England
during the World War | (1914-18) necessitated the development of the ABE
fermentation and in 1916 the first industrial scale ABE fermentation began based
on the Weizmann C. acetobutylicum strain. 2016 marked the 100" anniversary
of the first industrial operation of the Chaim Weizmann's ABE fermentation
process. Within the first two years of establishment, 3,000 tons of acetone and
6,000 tons of butanol were produced (Moon et al., 2016, Jones and Woods, 1986;
Durre, 2007) However, by the 1960s the ABE production became less
competitive due to the advancement of the petrochemical industry and increase

in cost of feedstock (Bankar et al., 2013; Durre, 2007).

However, there has been a renewed interest in the production of biobutanol due
to concerns about global warming and increase in oil prices. Butanol is not just
a useful chemical used in the production of adhesives, detergents, surface

cleaners, paint thinners and printing ink, it is importantly an alternative biofuel
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and over the years several fermentative processes have evolved to meet the
increasing demand for butanol (Sauer, 2016, Lee et al.; 2008, Durre, 2007; Moon

etal., 2016).

In the ABE process, C. acetobutylicum breaks down sugar to produce the
solvents acetone, butanol and ethanol in the ratio 3:6:1 (Jones and Woods, 1986).
However, there are a number of limiting factors to the economic production of
butanol, these include high substrate and product recovery costs, product toxicity

and low product yield.

The cost of substrate including sourcing, availability and pre-treatment make up
about 60 % of the overall production cost of the ABE fermentation (Papoutsakis,
2015; Jones and Woods, 1986). The costs of separation of these organic
molecules from aqueous solution is quite high and it is estimated that the
production economics of biofuels has to increase by 2 to 4-fold to be competitive

in the market (Papoutsakis, 2015).

Longer chain alcohols are generally more toxic than short chain alcohols with
butanol more toxic than ethanol. The antimicrobial effect of a solvent is directly
related to its hydrophobicity. Alcohols increases the membrane permeability,
impedes membrane protein function and ATP synthesis active nutrient transport,
the membrane-bound ATPase activity, and glucose uptake (Dunlop, 2011). The
butanol tolerance level for C. acetobutylicum is about 2% and produces an
average of 13 g/l (Jones and Woods, 1986). Though butanol tolerance levels can
be exceeded by production yield (Harris et al., 2000) as production continues
even after growth ends, butanol toxicity is still a major economic problem with

ABE fermentation.



1.3.3 The C. acetobutylicum ABE Metabolism
C. acetobutylicum is able to utilize a wide range of substrate including pentoses,
hexoses, oligosaccharides and polysaccharides for metabolism (Jones and

Woods, 1986; Lutke-Eversloh and Bahl, 2011)

The ABE fermentation can be typically divided into two phases — the acidogenic
and the solventogenic phases. During the first phase, the cells are growing
exponentially and carboxylic acids, acetate and butyrate are produced
consequently, there is a drop in pH which could affect the proton gradient across
membrane (Lutke-Eversloh and Bahl, 2011). These acids have been suggested
to be inducers for the solventogenic phase and are taken up by cells as co-
substrates for the production of the solvents, acetone, butanol and ethanol. The
switch to solvent production is an adaptive mechanism to the low pH due to acid

production.

Pyruvate is a key intermediary in the metabolism of Clostridia. Glucose is broken
down to pyruvate via the Embden-Meyerhof-Panas pathway and the enzyme
pyruvate:ferredoxin oxidoreductase, in the presence of coenzyme-A, cleaves it
to acetyl-CoA, CO: and reduced ferredoxin. Acetyl-CoA can then be either
oxidised to acetone, acetate and CO- or reduced to butanol, ethanol and butyrate

(Gheshlaghi et al., 2009).

Electron transfer is controlled by NADH-ferredoxin oxidoreductase, NADPH-
ferredoxin oxidoreductase and hydrogenase and these determine the nature of
the fermentation. Reduced ferredoxin can either transfer electrons to protons via
hydrogenase to form hydrogen or via NAD(P)H-ferredoxin oxidoreductase to

form the reduced NAD(P)H. During acidogenesis, hydrogen is produced



however during solventogenesis, there is shift to NAD(P)H production towards

the production of solvents.

1.3.3.1 Acid Forming Pathways

During acidogenesis, acetate and butyrate are produced from acetyl-coA and
butyryl-CoA respectively. Phosphotransacetylase (pta) and acetate kinase (ack)
are the enzymes responsible for the formation of acetate with the production of
2 mols of ATP. For the synthesis of butyrate, 2 molecules of acetyl-CoA are
condensed to acetoacteyl-CoA which is further reduced to butyryl-CoA and
converted to butyrate through phosphotransbutyrylase (ptb) and butyrate kinase

(buk) with the generation of 1 mole of ATP (Jones and Woods, 1986).

The lactic acid pathway sometimes becomes active as a less efficient alternative
to regenerate NADH under certain growth conditions such as iron limitation
(Bahl et al., 1986) or inhibition of hydrogenase by carbon monoxide (Kim et al.,
1984). Figure 1.4 shows the metabolic pathway in C. acetobutylicum. The
products from acidogenesis are given in grey boxes while the products from

solventogenesis are given in black boxes.
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Figure 1. 4: The metabolic pathways in C. acetobutylicum ABE fermentation.

Products in grey boxes (acetate, butyrate and H;) are made during acidogenesis while
those in black boxes (acetone, ethanol and butanol) are produced during
solventogenesis. Figure taken from (Moon et al., 2016)
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1.3.3.2 Solvent Forming Pathways

With the onset of solventogenesis, there is the re-assimilation of acetate and
butyrate and they are metabolized concomitantly with glucose. The acid uptake
is via the acetoacetyl-CoA:acyl-CoA transferaseA/B (ctfA/B) with acetoacetyl-
CoA serving as the CoA donor (Lutke-Eversloh and Bahl, 2011) and this re-
assimilation has been directly coupled with the formation of acetone (Jones and
Woods, 1986). Acetone is formed in two steps from acetoacetyl-CoA; first is the
removal of CoA by ctfA/B yielding acetoacetate and the subsequent

decarboxylation by acetoacetate decarboxylase (adc) to form acetone.

The solvent formation genes of C. acetobutylicum are present on the pSOL1
mega plasmid. The adhEL1, ctfA and ctfB make up the soloperon (figure 1.5) and
are transcribed as a tricistron while the adc gene is contiguously located and

transcribed in the opposite direction to the sol operon (Cornillot et al., 1997).

- ) dfa db ade

Figure 1. 5: The sol operon gene locus.

adhELl is the bifunctional aldehyde-alcohol dehydrogenase; ctfA and ctfB are two

coenzyme A transferase subunits and adc codes for the acetoacetate decarboxylase.

The adhE2 also resides in the pSOL1 plasmid but is not clustered with adhE1 as
observed in C. ljungdahlii (Leang et al., 2013) and their expressions also differ

(Yoo et al., 2015; Fontaine et al., 2002)
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Three metabolic states have been identified in C acetobutylicum; acidogenesis
(at neutral pH, the production of acetate and butyrate), solventogenesis (at low
pH, the production of acetone, ethanol and butanol) and alcohologenesis (at
neutral pH and high NAD(P)H, the production of ethanol and butanol) (Yoo et
al., 2015, Girbal et al., 1995). Under solventogenesis, the adhE1 is primarily
responsible for the butyraldehyde dehydrogenase activity while bdhA, bdhB and
bdhC are responsible for butanol dehydrogenase activity. However. during
alcohologenesis, adhE2 is largely responsible for both butyraldehyde

dehydrogenase and butanol dehydrogenase activities (Yoo et al., 2015).

Both solventogenesis and sporulation are regulated by the master regulator,
SpoOA (Alsaker et al., 2004). Typically, sporulation occurs as cells enter into
stationary phase. Deletion of the encoding gene, spo0OA, results in a mutant that
is deficient in solvent production and unable to septate. When spoOA was
overexpressed, solvent genes were overexpressed but increased solvent
production was not observed due to expedited and enhanced sporulation (Harris
et al., 2002). The transition from acidogenesis to solventogenesis is a complex
process involving genetic regulation, metabolic and physiological shift, cellular
signal integration and sporulation (Liao et al., 2015, Jones et al., 2008). During
this switch, there is the up-regulation of the sol operon genes, adhE1, ctfA, ctfB
and adc and stress genes (Alsaker et al., 2010, Alsaker and Papoutsakis, 2005)
and it could be influenced by redox balance and environmental factors (Wietzke
and Bahl, 2012, Ezeji et al., 2010). The transition to solventogenesis from
acidogenesis is complicated and at least 245 genes have been shown by
microarray to be differentially expressed during this switch (Grimmler et al.,

2011) but the detailed mechanism is yet to be well understood.
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1.3.3.3 Rex transcriptional regulation

In C. acetobutylicum, the redox sensing transcriptional repressor (Rex) has been
found to modulate its DNA-binding activity in response to the NADH/NAD+
ratio and is involved in the redox-dependent solventogenic shift in this organism

(Zhang et al., 2014, Wietzke and Bahl, 2012).

This Rex ORF is located upstream of the crt-bcd-etfAB-hbd operon encoding
the enzymes responsible for the conversion of acetoacetyl-CoA to butyryl-CoA.
There appears to be a general relation of Rex to the C2/C4 clostridial metabolic
pathway as similar gene arrangements have been identified in others
solventogenic clostridia (Wietzke and Bahl, 2012). Rex boxes are found in the
5'UTR of the crt-bcd-etfAB-hbd operon and the thiolase gene as well as in the
promoter region of the bifunctional aldehyde/alcohol dehydrogenase 2 (adhE2)

gene and lactic acid dehydrogenase (ldh).

A de-repression of the adhE2 gene with increase in the expression of the adhE2
gene and NADH-dependent alcohol dehydrogenase activities were demonstrated
in a C. acetobutylicum rex negative mutant (Wietzke and Bahl, 2012). The Rex-
regulated expression of the NADH-consuming enzymes in response to increased
NAD(P)H availability help maintain redox homeostasis in the cell (Zhang et al.,
2014). Additionally, a de-repression of Rex and prevention of the formation of
Rex-DNA complex was observed with the addition of an increasing
concentration of NADH of up to 5 mM. In contrast, the Rex binding activity
was restored with the addition of 5-fold excess of oxidised NAD+ indicative of
Rex metabolic gene expression by Rex based on the NADH/NAD+ ratio

(Wietzke and Bahl, 2012).
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In more recent studies, when the rexA gene was deleted in the C. acetobutylicum
mutant, CAB1057, a significant increase in the yield and flux of alcohol
formation was noted in addition to a four-fold decrease of the hydrogen yield
and fluxes, associated with formation of NADH from reduced ferredoxin

(Nguyen et al., 2018).

1.3.3.4 The Central Metabolic Pathway

The central metabolic ABE pathway from acetyl-CoA consists of thiolase (Thl,
encoded by thl) which catalyses the condensation of two molecules of acetyl-
CoA to acetoacetyl-CoA, the precursor of 4-carbon products. It also catalyses
the reverse exergonic thiolytic cleavage (Mann and Lutke-Eversloh, 2013). In
the next three steps butyryl-CoA is formed. The next enzyme after Thl is the
NADH dependent 3-hydroxybutyryl-CoA dehydrogenase (Hbd, encoded by
hbd), which catalyses the reduction of acetoacetyl-CoA to 3-hydroxybutyryl-
CoA (Gheshlaghi et al., 2009). Crotonase (Crt, encoded by crt), otherwise
known as enoyl-CoA hydratase, catalyses the dehydration of 3-hydroxybutyryl-
CoA to crotonyl-CoA (Seedorf et al., 2008). Butyryl-CoA dehydrogenase (Bcd,
encoded by bcd) is responsible for the reduction of crotonyl-CoA to butyryl-
CoA in the presence of NADH. Bcd is similar to the eukaryotic acyl-CoA
dehydrogenase which catalyses the oxidation of acyl-CoA into enoyl-CoA but

functions in the reverse direction.

15



1.3.3.5 Regulation of Electron Flow in C. acetobutylicum

During glycolysis, there is the generation of less ATP and more of the NAD(P)H
required for growth. Additional ATP is generated during acidogenesis, however,
only a portion of the NAD(P)H is used up and these excess electrons are disposed
of through the enzyme hydrogenase (HydA, encoded by hydA) using protons as
terminal electron acceptors (Jones and Woods, 1986). Although the formation of
acetate produces more ATP than the production of butyrate, there is a net
generation of NADH as no NADH is consumed in acetate production, however,
the production of butyrate uses up NADH, hence is redox neutral. The NADH
ferredoxin oxidoreductase catalyses the transfer of electrons from NADH to
reduced ferredoxin which then produces hydrogen through hydrogenase (Jones
and Woods, 1986). Hydrogen production has been a target in the metabolic
engineering of C. acetobutylicum for enhanced butanol production (Nguyen,
2016; Lutke-Eversloh and Bahl, 2011). The acetate/butyrate ratio can be
regulated by the NADH ferredoxin oxidoreductase and hydrogenase complex
where in the case of enzyme inhibition, there is the excess of NADH which for
redox balance must be utilized in the production of butyrate. During
solventogenesis, there is a reduction in hydrogenase activity and carbon and
electron flow is directed to the production of solvents which are more reduced
products. The NADPH ferredoxin oxidoreductase mediates the formation of

NADPH from reduced ferredoxin (Jones and Woods, 1986).

More recently, the electron bifurcation has been described as a third type of
energy conservation (Seedorf et al., 2008). Here the endergonic reduction of the
low potential ferredoxin (-500 mV) by the high potential NADH (-280 mV) is

coupled with the exergonic reaction from crotonyl-CoA (- 10mV) to butyryl-

16



CoA. This coupling of reactions is achieved by the enzyme complex, butyryl-
CoA dehydrogenase/electron transfer flavoprotein (Bcd/Etf) (Li et al., 2008;
Buckel and Thauer, 2013). The RNF (Rhodobacter nitrogen fixation) complex
plays a major part in energy conservation by coupling ferredoxin oxidation to
reduced NADH with the pumping of H+/Na+ across the cytoplasmic membrane
(Buckel and Thauer, 2013; Buckel and Thauer, 2018). This was first discovered
in C. kluyveri (Seedorf et al., 2008). Although the Bcd/Etf complex is present in
C. acetobutylicum, Rnf-homologous genes have not been identified in this
organism nor in C. pasteurianum (Lltke-Eversloh and Bahl, 2011),
consequently, it could be inferred that the reaction is not coupled with electron

transport across membrane.

1.4 Fermentation and Downstream Purification

A major advantage of solventogenic clostridia is the ability to utilize a wide
range of substrates. Various alternative substrates have been used for solvent
production by solventogenic Clostridia and include Jerusalem artichokes
(Vandecasteele, 1985), maize mash (Shaheen et al., 2000), cassava (Lu et al.,
2012), microalgae (Wang et al., 2016), cane molasses (Shaheen et al., 2000),
barley straw (Qureshi et al., 2010). Fermentation can be carried out via batch,
fed-batch or continuous processes. While the batch fermentation is easy to set
up, and does not require much set up costs and control, continuous fermentation
may offer superior productivity, reduction in butanol inhibition and less time for
re-inoculation and sterilization (Vandecasteele, 1985; Ezeji et al., 2007).

The in situ product recovery (ISPR) has been useful to improve product recovery
and reduce the toxic effect of butanol (Cheng et al., 2019). ISPR can be done

using gas stripping, pervaporation, adsorption or liquid-liquid extraction (Xue et
17



al., 2017). For the production of ABE from lignocellulose, various processes
could be implemented such as separate hydrolysis and fermentation (SHF),
simultaneous saccharification and fermentation (SSF), simultaneous
saccharification and co-fermentation (SSCF), and consolidated bioprocessing
(CBP). The CBP seems to be the most economic and preferred one because it
combines enzyme production, hydrolysis of cellulose and fermentation in one in
just one process (Cheng et al., 2019). Figure 1.6 illustrates these various

production processes from lignocellulose.
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Figure 1. 6: Types of bioprocessing for solvent production from lignocellulose.

Separate Hydrolysis and Fermentation (SHF), Simultaneous Saccharification and
Fermentation (SSF), Simultaneous Saccharification and Co-fermentation (SSCF),

Consolidated Bioprocessing (CBP). Figure taken from Cheng et al., 2019.

1.5 Development of Genetic Tools in clostridia Engineering

In the past, research in clostridia and manipulation of its metabolism has been
limited by lack of efficient genetic tools. As a result, most directed mutagenesis
has been by homologous recombination resulting in single cross-over integrants
or double cross-over mutants. The former is highly unstable while the latter is

usually very difficult to isolate. Over the years however there has been the
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development of more systems towards improving metabolic engineering of

clostridia and some of these are discussed hereafter.

1.5.1 Shuttle Vectors

A shuttle vector is a plasmid that can replicate and be manipulated in two
different hosts species for example, Clostridium and Escherichia coli. It
basically consists of a selectable marker and origins of replication functional in
both hosts. The advantage of the shuttle vector is that a plasmid can be
manipulated in an E. coli host and the recombinant plasmid transformed into the
C. acetobutylicum which is more difficult to use. A number of Clostridia vectors

have been described (Minton et al., 1993; Purdy et al., 2002; Heap et al., 2009).

C. acetobutylicum ATCC 824 possesses Cac8241, a powerful restriction system
which recognises the sequence 5’-GCNGC-3’. Shuttle vectors can be methylated
to prevent degradation by this system. Plasmids can be methylated in E coli

containing pAN2 prior to transformation into Clostridium (Heap et al., 2009).

1.5.2 Antisense RNA

Antisense RNA (asRNA) are small molecules which can regulate gene
expression by hybridizing with complementary mRNA transcripts (Desai and
Papoutsakis, 1999). asRNA forms a duplex with mRNA and prevents access to
ribosome binding site, duplex RNA-specific RNases could also degrade the
duplex mRNA formed. Some asRNAs could be naturally occurring (Saberi et
al., 2016), the synthesis of glutamine synthetase (gInA) of Clostridium sp. strain
NCP262 (formerly C. acetobutylicum P262) enzyme can be regulated by

naturally occurring asRNA molecules (Ellison et al., 1985). An advantage of the
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asRNA is that it usually does not involve complete inhibition of protein synthesis
so may not result in lethal mutations. (Desai and Papoutsakis, 1999).

The use of asRNA to regulate the buk and ptb genes (Desai and Papoutsakis,
1999), as well as downregulation of the acetone formation pathway (Tummala

et al., 2003a; Tummala et al., 2003b), has been described.

1.5.3 ClosTron

The ClosTron is an insertional mutagenesis system based on the mobile group 11
intron from Lactococcus lactis (LI.Itrb). This system was first described by
Zhong et al. (2003) and the retargeted group Il intron was called TargeTron.
Heap and co-workers adapted this system for Clostridium and called it the
ClosTron (Heap et al., 2007). Here, desired changes are made to the group Il
intron which makes it insert preferentially to the DNA region of interest. There
are four basic steps in the ClosTron mutagenesis: design of intron, construction
of plasmid, transfer of plasmid and isolation of mutant (Heap et al., 2010). A
350bp fragment containing the retargeted intron is inserted into the ClosTron
plasmid, pMTLOO7, between the BsrGl and Hindlll restriction sites. This
fragment contains an antibiotic marker (Retrotransposition Marker, RAM)
which is non-functional as it is interrupted by a group | intron from phage td
(Cousineau et al., 1998). The retargeted ClosTron plasmid is introduced into C.
acetobutylicum by transformation from an E. coli donor. Isolation of integrants
is made possible by the positive selection of erythromycin resistance which
becomes active once the group | intron self-splices out of the RAM (figure 1.7).
PCR is carried out to confirm if intron insertion occurred at the desired DNA
location.
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Figure 1. 7: Schematic representation of ClosTron mutant generation.

The ClosTron plasmid, pMTL007C-E2 encompasses a group Il intron encoding region
(yellow) which has the ermB gene (blue) inserted but inactivated by the insertion of a
phage td group I intron (black). The td intron is self-catalytic and mediates orientation
specific splicing from RNA transcripts. Within the ermB gene, the td is in the wrong
direction. pMTLO007C-E2 does not confer Em®. When the opposite DNA strand is
transcribed, td becomes in the right orientation and forms a ribonuclear protein, RNP
with the LtrA protein, td is also spliced out (2). The RNP recognises and binds (because
of the re-targeted sequence incorporated into the group Il intron encoding region) to
specific sequences in the target gene within the chromosome (3). DNA target is nicked
by the LtrA (4) and RNA is inserted (5). LtrA posseses a reverse transcriptase activity
which synthesises the complementary DNA strand (6) and host nucleases degrade the
inserted RNA (7). DNA polymerase (DNP) then synthesises the opposite DNA strand
(8) while ligase seals up the gap (9). With the complete integration of intron (10), host
is now Em® and mutants can be selected for by antibiotic resistance (Kuehne and
Minton, 2012).

The ClosTron has been refined and streamlined (Heap et al., 2010). The second

generation of ClosTron plasmid was derived from the pMTL80000 modular
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plasmid system. This new plasmid vector, pMTLO07-E2 has flippase recognition
target (FRT) sites flanking the ErmBRAM allowing recombination and causing
the removal of the ermB gene. This allows marker re-cycling and re-use of
ClosTron to make multiple mutants in a particular strain (Heap et al., 2010). This
has, however, only been possible in Clostridium acetobutylicum. Intron design
and plasmid construction can now be performed using the free to use online

algorithm at http://ClosTron.com. Figure 1.8 shows the ClosTron plasmids.
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Figure 1. 8: Modular ClosTron plasmids

Derived from the pMTL80000 modular plasmid system. Figure taken from Heap et al.,
2010.

1.5.4 Allele Coupled Exchange (ACE)

ClosTron mutagenesis has allowed the efficient and reproducible creation of
mutants in Clostridia, however, it has some drawbacks. Firstly, it results in polar
effects upstream or downstream of target gene where insertion has taken place.

Secondly, using ClosTron, cargo DNA exceeding 1.0kb cannot be inserted.

ACE (Allele Coupled Exchange) technology allows the integration of DNA into
Clostridium using a pseudo-suicide plasmid with an antibiotic resistance (catP)

This plasmid consists of a Long Homology Arm, LHA (1200bp) and a Short
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Homology Arm, SHA (300bp) both derived from the host (Heap et al., 2012b).
The initial recombination event takes place through the LHA resulting in a
duplication of both homology arms. Subsequent recombination between the two
SHA results in the creation of a new selectable allele. It is so called ‘Allele
Coupled Exchange’ because this new allele consists of a chromosomal allele
coupled with a plasmid- borne allele. This provides a system to ‘Knock in’ the

desired DNA fragment which has been inserted between the SHA and the LHA.

Figure 1.9 shows ACE based on the targeting of the pyrE gene.
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Figure 1. 9: ACE based on pyrE gene

(A) Creation of the pyrE mutant: Initial recombination between chromosome and
PMTL-JH12 takes place by the LHA resulting in plasmid integration which can be
selected for on Tm plates. A second recombination occurs via the SHA leading to
plasmid excision and double crossover can be selected using FOA. (B) pyrE repair: this
is based on similar principles as the pyrE deletion, but here, in pMTL-JH14 the 300 bp
internal portion of pyrE that comprises the SHA is followed immediately by the
remainder of the pyrE coding sequence. The first recombination is via LHA and with
the second recombination event, double cross over clones become selectable as they
now become pyrE positive and uracil prototrophic. Figure taken from (Heap et al.,
2012b)
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The pyrE gene codes for orotate phosphoribosyl transferase required for the de
novo synthesis of pyrimidine (Yamagishi et al., 1996). When a pyrE ACE vector
is introduced into the cell, ina small percentage of the population the ACE vector
integrates by homologous recombination between one of the homology arms and
the equivalent region in the chromosome. As the LHA is four times longer than
the SHA, these single crossover integrants are far more likely due to
recombination at the LHA. They can be detected as larger colonies compared to
bacteria cells carrying autonomous plasmids on media containing the antibiotic
thiamphenicol. This is because every daughter cell of integrants carry a copy of
the catP gene, which confers thiamphenicol resistance. All progeny are,
therefore, resistant to thiamphenicol. In contrast, dividing cells that carry the
catP gene on an autonomous plasmid do not always pass it on to their progeny
due to the defective replicon of the plasmid employed. Single cross-over
integrants do not require exogenous uracil for growth and are sensitive to 5-
Fluoroorotic acid (5-FOA) due to the presence of a functional pyrE gene.
Following the double crossover event, the wildtype pyrE allele is replaced with
the mutant allele carried by the ACE plasmid. As these cells now become
resistant to 5-FOA, they can be selected by plating on media containing this
uracil analogue (Heap et al., 2007). However, because they are now uracil

auxotrophs, exogenous uracil must also be included in the media.

Similar to the use of pyrE gene, the use of upp gene of C. acetobutylicum (which
encodes uracil phosphoribosyl-transferase catalyzing the conversion of uracil
into UMP) as a counter selection marker has also been described (Foulquier et

al., 2019; Croux et al., 2016).
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1.5.5 CRISPR/Cas System

The CRISPR (Clustered Regularly Inter-Spaced Palindromic Repeats) cas
system is widely distributed in most archaea and several bacteria and acts as an
adaptive immunity against invading extrachromosomal elements such as
bacteriophages and plasmids (Makarova et al., 2011). The CRISPR locus
comprises of distinct arrays of repetitive DNA sequences of up to 50 nucleotides
separated by non-repetitive sequences known as spacers (Bolotin et al., 2005).
CRISPR-associated proteins (Cas) are strictly associated with CRISPR loci and
possess DNA-modifying function. The spacers represent regions of DNA from
past invaders consistent with a ‘cellular memory’ of former infections (Bolotin
et al., 2005; Bhaya et al., 2011). The mRNA thus transcribed from these spacers
is able to guide the Cas protein to recognise the re-entrance of invasive DNA

and break it down, thereby conferring a form of adaptive immunity to the cell.

The type Il CRISPR/Cas system from Streptococcus pyogenes has been widely
used and requires the Cas9 protein (cas9) for function. This protein is able to
create a double stranded break (DSB) in DNA at a specific site as directed by
the gRNA via base pairing. Endonuclease activity only takes place when target
sequence is adjacent to the Protospacer Adjacent Motif (PAM) which is 5°-
NGG-3* (Mojica et al., 2009). In eukaryotes, DNA repair can occur via Non-
Homologous End Joining (NHEJ) which is prone to errors or via the Homology
Directed Repair (HDR) which is more error proof (Hsu et al., 2014). Prokaryotes
are, however, less able to cope with DSBs (Selle and Barrangou, 2015) and gene

repair following Cas cleavage occurs only via HDR.
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For genome editing in prokaryotes, S. pyogenes Cas9 acts as a powerful counter-
selection measure against homologous recombination, enabling efficient gene

editing (Selle and Barrangou, 2015).

The CRISPR vector essentially consists of the Cas9 endonuclease, single guide
RNA (sgRNA), and a homology cassette (figure 1.10A). The Cas9 is able to
create a double strand break (DSB) at a specific target site as directed by sgRNA.
This DSB is lethal (figure 1.10B), but in the event of a homologous
recombination event resulting in removal of the target site, there will be no DSB
resulting in cell survival in the presence of the plasmid (figure 1.10C). By
selecting for the presence of the vector through antibiotic resistance, it can
therefore be assumed that any antibiotic resistant colonies present on selection

plates are mutants, assuming Cas9 is targeting and cutting efficiently.
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Figure 1. 10: The CRISPR/Cas gene editing.

The CRISPR vector majorly consists of the Cas9 endonuclease, single guide RNA
(sgyRNA), and a homology cassette (figure 1A). A DSb can be created by cas9 guided
by sgRNA. This DSB is lethal (figure 1B), but cell survival occurs if the homologous
recombination takes place first (figure 1C). It can therefore be assumed that any
antibiotic resistant colonies present on antibiotic selection plates are mutants, assuming

Cas9 is targeting and cutting efficiently.

The utility of CRISPR/Cas9 has been demonstrated in C. difficile, C.
sporogenes, C. botulinum (Cafadas et al., 2019), C. acetobutylicum (Li et al.,
2016; Wasels et al., 2017), C. saccharoperbutylacetonicum N1-4(HMT)
(Atmadjaja et al., 2019), C. beijerinckii NCIMB 8052 (Wang et al., 2015; Li et

al., 2016), C. pasteurianum (Cafiadas et al., 2019; Pyne et al., 2016).
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1.6 Metabolic Engineering of C. acetobutylicum

The first sequenced solventogenic Clostridium was C. acetobutylicum ATCC
824 and it represents the model organism for clostridial metabolism (Nolling et
al., 2001). Mermelstein and Papoutsakis (1993) developed a process for DNA
methylation to successfully deliver recombinant plasmids into C. acetobutylicum
while protecting it from degradation by the Cac8241 restriction endonuclease
present in C. acetobutylicum (Mermelstein and Papoutsakis, 1993). This

development has made the metabolic engineering of C. acetobutylicum feasible.

Over the years there have been several attempts to metabolically engineer C.
acetobutylicum for improved solvent production. The first reported metabolic
engineering of Clostridium was in 1993. There, the acetone production genes,
(adc, ctfA, and ctfB) were overexpressed in C. acetobutylicum ATCC 824 using
plasmid pFNKG®6 and a significant change observed in the metabolism compared
to the parent strain. 13 g/l butanol was produced, there was increased final
solvent concentration, reduced acid concentration and increased acetone/butanol

as well as ethanol/butanol ratios (Mermelstein et al., 1993).

Aside from the plasmid-based overexpression of genes, the first reported
genomic engineering in clostridia was in C. beijerinkii where there was a
targeted disruption of the spoOA gene using Campbell-like integration
(Wilkinson and Young, 1994). In 1996, the ability to selectively inactivate genes
in C. acetobutylicum using non-replicative plasmids was described; here, the buk
gene was disrupted with consequent reduction in butyrate production (Green et
al., 1996).

In subsequent studies, the inactivation of butyrate kinase, buk, gene resulted in

increased butanol production compared to wild type and yielded 16.7 g/L
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butanol, 4.4 g/L acetone, and 2.6 g/L of ethanol although an additional
overexpression of the adhEl gene did not lead to improvement in butanol

production (Harris et al., 2000).

The application of antisense RNA for gene down regulation has been explored
for metabolic engineering of C. acetobutylicum (Desai and Papoutsakis, 1999).
The next major advancement in metabolic engineering was the development of
mobile group Il intron in Clostridium, the ClosTron system (Heap et al., 2007,
Heap et al., 2010). This was a more efficient tool for mutant creation and was
utilized by several researchers (Jang et al., 2014; Wang et al., 2013; Cooksley et
al., 2012; Mohr et al., 2013; Shao et al., 2007). This method could be used to
create multiple gene insertions. Using the ClosTron mutagenesis, Jang et al
reported the creation of the BEKW(PptbAAD) strain which was deficient in the
pta, buk and ctfB genes and with overexpression of adhE1l gave up to 18 g/l
butanol under batch fermentation conditions (Jang et al., 2012b).

Similarly, this method was applied in C. beijerinckii NCIMB 8052 in the
inactivation of the buk gene with the production of 12.7 g/l butanol (Wang et al.,
2013).

Other metabolic engineering of genes apart from the fermentative pathway have
also been carried out like the overexpression of the stress gene, groESL, in C.
acetobutylicum for enhanced butanol tolerance up to 17.1 g/l butanol was
produced from glucose in a batch fermentation (Tomas et al., 2004). Nair et al.
reported the knock out of the soIR gene considered to repress the sol operon. The
mutant so created produced higher butanol titers than wild type. With the
overexpression of the adhEL1 in the solR- mutant, 17.8 g/l butanol was produced

which was higher than that obtained with just the solR-mutant (14.6 g/I) (Nair et
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al., 1999). The ClosTron disruption of the histidine kinase, C_AC3319 (reported
as one of the three orphan histidine kinases related to the activation of spoOA)
was reported to improve butanol titer up to 18.2 g/l (Xu et al., 2015).

The development of forward genetics such as transposons to generate libraries
of random mutations aimed at understanding specific roles of genes in clostridia
metabolism and identification of essential/conditional has been reported (Zhang
et al., 2016; Zhang et al., 2015; Cartman and Minton, 2010).

Table 1.2 gives a summary of some of the metabolic engineering carried out with
Clostridium towards improved solvent production using sugars. Unless

otherwise stated, the engineered organism is C. acetobutylicum.
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Table 1. 2 Metabolic Engineering of Clostridium for Solvent Production

Increase butanol yield/titer

Block or reduce butyrate formation Abuk (Harris et al., 2000, Jang et al., 2012a)
Aptb (Cooksley et al., 2012)

Block or reduce acetate formation Apta (Jang et al., 2012a)
Aack (Cooksley et al.; 2012, Kuit et al., 2012)

(Du et al., 2015; Yu et al., 2011)- C. tyrobutyricum, a non-
solventogenic acetogen

Block or reduce acetone production Aadc (Jiang et al., 2009; Cooksley et al., 2012)
ActfAB (Sillers et al., 2009; Cooksley et al., 2012)
Increase the re-assimilation of acetate  ctfAB (Lu et al., 2017) — C. beijerinkii

and butyrate
Increase butanol formation AsolR (Harris et al., 2001)
adhE2 (Harris et al., 2001; Sillers et al., 2009)
(Yuetal., 2011) - C. tyrobutyricum
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(Luetal., 2017) - C. beijerinkii

Thi (Sillers et al., 2009; Mann and Lutke-Eversloh, 2013)
Increase C2 to C4 pathway AldhA, ActfAB, Aptb, (Nguyen et al., 2018)
Abuk, thl, hbd
Increase intracellular ATP and NADH  pfkA, pykA (Ventura et al., 2013)
Enhance strain robustness
Increase butanol tolerance Ahk (Xu et al., 2015)
groESL, grpE, htpG (Tomas et al., 2003) (Mann et al., 2012)
Spo0A (Alsaker et al., 2004)
Reduce sporulation AspollE (Scotcher and Bennett, 2005)

ACAC1766, ACAP0167 (Jones et al., 2008)

Improve substrate utilization

Enhance xylose utilization AcepA (Ren et al., 2010)
xylT, xylA, xyIB (Yu et al., 2015) - C. tyrobutyricum
Enhance sucrose utilization scrB, scrA, scrK (Zhang et al., 2017) - C. tyrobutyricum

Production of other solvents
Isopropanol-butanol-ethanol Sadh, ctfAB, adc, hydG  (Dai et al., 2012; Collas et al., 2012; Lee et al., 2012; Dusseaux
et al., 2013; Jang et al., 2013; Wang et al., 2018)
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2,3-butanediol Acr (Siemerink et al., 2011)
1,3-Propanediol dhaB1/dhaB2, dhaT, (Gonzalez-Pajuelo et al., 2005)
gdh, dhak (Wischral et al., 2016) - C. beijerinkii

Table 1.2 was modified from (Cheng et al., 2019) and the enzymes/ proteins encoded by the indicated genes are as follows - buk, butyrate kinase; ptb:
phosphotransacetylase; pta, phosphotransacetylase; ack acetate kinase, adc, acetoacetate decarboxylase; ctfAB, CoA transferase; solR, a repressor of sol locus
genes; adhE2, aldehyde/alcohol dehydrogenase; thl, thiolase; AidhA, lactate dehydrogenase; hbd, hydroxybutyryl CoA dehydrogrnase; pfkA, 6-
phosphofructokinase; pykA, pyruvate kinase; hk, histidine kinase; groESL, heat shock protein, known as hsp10/60; grpE, heat shock protein; htpG, heat shock
protein; SpoO0A, transcription factor for sporulation; spollE, stage Il sporulation protein E; CAC1766, sporulation-related sigma factor; CAP0167, sporulation-
related sigma factors; ccpA, catabolite control protein A; xylA, xylose isomerase; xyIB, xylulokinase; xylT, xylose proton-symporter; acr, acetoin reductase;
scrA, sucrose-specific PTS; scrB, sucrose-6-phosphate hydrolase or sucrose; scrK, fructokinase; Sadh, secondary-alcohol dehydrogenase; hydG, putative
electron transfer protein; acr, acetoin reductase; dhaB, glycerol dehydratase; dhaT, 1,3-PD dehydrogenase; gdh, glycerol dehydrogenase; dhak, dhaKLM

encoding dihydroxyacetone kinase.
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Apart from Clostridium, some other organisms have been engineered for butanol
production. E. coli which is more easily engineered has been metabolically
engineered (Atsumi, 2007; Shen and Liao, 2008; Nielsen et al., 2009) to produce
0.37 g/l, 1.25 g/l and 0.58 g/l butanol respectively. Also, Saccharomyces
cerevisiae which is more tolerant to high concentrations of alcohol has been
engineered to produce butanol (Steen et al., 2008); harbouring isozymes in the
butanol biosynthetic pathway thl, hbd, crt, bcd, adhE2, it produced up to 2.5

mg/I butanol.

1.6.1 Product Extension in C. acetobutylicum: Attempts to Reduce Acetone

in ABE Production

The simultaneous production of acetone in the ABE fermentation is quite
undesirable as it is a non-fuel and its co-production increases the cost of
downstream fuel purification (Lee et al., 2012). In order to reduce the acetone
production, metabolic engineering to eliminate/downregulate acetone
production has been undertaken though this did not result in expected increased

butanol titers.

Tummala et al (2003b) designed an antisense RNA to downregulate acetoacete
decarboxylase, adc, expression and it was observed that though downregulation
of adc was effective, it did not translate to reduction in acetone production. Next,
the downregulation of acetoacetyl-CoA:acetate/butyrate:CoA transferase
(ctfA/B) was targeted, but though the production of acetone was substantially
reduced, butanol titers were significantly less compared with the control

(Tummala et al., 2003b). In a further work by the same researchers, the alcohol-
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aldehyde dehydrogenase gene (aad) was overexpressed alongside the ctfB-
asRNA and this resulted in 2 to 8-fold increase in butanol production compared
with the strain containing just ctfB-asRNA. However, the acetone production
was 4 to 6-fold higher than in strain bearing just ctfB-asRNA. (Tummala et al.,
2003a). The researchers suggested that the downregulation of ctfB may have
resulted in the degradation of the entire tricistronic aad-ctfA-ctfB transcript

hence with the overexpression of aad, more butanol was produced.

Although this work improved the butanol-acetone ratio, the overall butanol
production was reduced. Taking this further, Sillers et al (2009) expressed the
aad gene under the transcriptional control of the ptb promoter while the ctfB-
asRNA downregulated acetone production. This resulted in early alcohol (not
particularly butanol) production of 30 g/l as well as an increased alcohol to
acetone ratio (Sillers et al., 2009) It seemed the limited availability of butyryl-
CoA (due to depleted butyrate observed) was a limiting factor to butanol
production hence the thiolase (thl) gene was overexpressed to achieve a higher
butanol acetone ratio. However, against expectation, product formation was not

altered implying the need for more complex metabolic engineering.

1.6.2 Isopropanol — A Viable Fuel Additive

Isopropanol is the simplest secondary alcohol with varied industrial applications
including as a cleaning agent. It serves as a precursor for propylene which is
used in the synthesis of products such as plastic (Jang et.al., 2013, Collas et. al,
2012, Rassadin et.al., 2006). In addition, isopropanol is used as an additive in
the preparation of high-octane commercial unleaded gasolines. The cost of

isopropanol is 2.5 times less than that of additives based on aromatic amines,
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hence it is preferable to add isopropanol to commercial gasoline (Rassadin et al.,

2006).

Compared to butanol in terms of inhibition to bacterial cell, isopropanol is less
inhibitory as it is considerably more polar and less chaotropic, hence less
inhibitory (Cray et al., 2015). Isopropanol can be naturally produced by some
clostridia, such as C. beijerinckii and C. aurantibutyricum in the Isopropanol-

Butanol-ethanol (IBE) fermentation (George et al., 1983).

The size of global isopropanol market size was US$ 3.8 Billion in 2018,
growing at a CAGR of 5.7% during 2011-2018. The market is estimated to
reach US$ 4.8 Billion by 2023, exhibiting a CAGR of nearly 4% during 2019-
2024, with a rise in demand for biofuels accelerating growth (IMARC

Report, 2019)

1.6.3 IBE Fermentation

Instead of the ABE, some clostridia such as C. beijerinckii and C.
aurantibutyricum carry out the Isopropanol-Butanol-Ethanol (IBE) fermentation
(George et al., 1983). Acetone is converted in a step to isopropanol by the
secondary dehydrogenase, Sadh and unlike acetone, isopropanol is an additive
for high octane commercial gasoline (Peralta-Yahya and Keasling, 2010). Apart
from the natural producers, the more useful fuel mixture, IBE, can be produced
by the metabolic engineering of C. acetobutylicum to harbour the Sadh gene
from C beijerinki (Wang et al., 2018; Bankar et al., 2015; Dusséaux et al., 2013;

Jang et al., 2013; Dai et al., 2012; Collas et al., 2012; Lee et al., 2012)
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1.7 Background to Project

C. acetobutylicum is an attractive industrial chassis for the production of
chemicals and fuels. It already produces the solvents acetone, butanol and
ethanol (ABE) but could, through the addition of the necessary pathways,
produce further useful products. Moreover, through the manipulation of the
existing pathways, it could be possible to improve the yields of the ABE
production. The use of ACE technology, in combination with refinements to the
ClosTron mutagenesis system will not only provide useful data on the
mechanism of solvent production that will inform future metabolic engineering,

but will facilitate extending the product streams of C. acetobutylicum.

1.8 Aim of Project

This project has two main aims. On the one hand, it is proposed to use a
conditional RAM-less ClosTron approach to better understand the regulation of
the ABE pathway in terms of solvent production by attempting to knock out
genes that were previously impossible to knock out. A second main aim is to put
in place a system for introducing a suite of new ACE vectors that can be used to
introduce pivotal metabolic enzymes at discrete loci around the chromosome that
may be used to implement new metabolic pathways (for example, that for
isopropanol production) or to improve existing pathways (for example, butanol
production). These alternate loci may also be used to introduce the inducible
orthogonal expression system which would control the expression of additional

gene sets introduced at the other loci.
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Chapter 3 aimed to utilize a conditional RAM-less ClosTron system to knock
out genes in C. acetobutylicum that had been previously impossible to knock-
out using the standard ClosTron mutagenesis, and possibly isolate compensatory

mutations that have allowed the mutant viability.

Chapter 4 was directed to create a triple auxotrophic mutant in C.
acetobutylicum which represent alternative loci to pyrE that genes of interest

could be readily integrated.

Chapter 5 aimed at testing the utility of the triple auxotrophic mutant created in
Chapter 4 by integrating heterologous genes at the C. acetobutylicum
chromosomal loci to produce isopropanol, utilizing the tcdR-Pwge inducible

system.

Chapter 6 is the conclusion and further work.
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CHAPTER 2

Materials and Methods
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Microbiology

2.1.1 Bacterial Strains

All bacteria strains used in this study are given in table 2.1.

2.1.2 Growth Media, Buffers and Supplements

2.1.2.1 Luria Bertani (LB) Medium

This was prepared according to the method described by (Sambrook et al., 1989)
and contained per litre 10 g tryptone, 5 g yeast extract (Difco Laboratories) and
5 g sodium chloride. The pH was adjusted to 7.5 before autoclaving. Agar (10
g/l) was added to make LB agar and medium was supplemented with antibiotics

where appropriate.

E. coli TOP 10 or its derivative was grown on LB medium aerobically at 37 °C
or 30 °C. Broth cultures were agitated at 200 rpm (Sambrook et al., 1989) during

incubation.

2.1.2 .2 Clostridial Growth Medium (CGM)

CGM agar contained, per liter, 1 g yeast extract, 0.5 g KH2PO4, 1 g K2HPOg4, 0.1
g MgS0O4-7H20, 10 mg MnSQO4-H>0, 15 mg FeSO4-7H20, 10 mg calcium
chloride, 2 mg cobalt chloride, 2 g (NH4)2SO4, 2 mg ZnSOys, 2 g tryptone, 50 g
glucose and 10 g agar. Medium was adjusted to pH 7.0 before autoclaving. This

media is as described by (Hartmanis and Gatenbeck, 1984).
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Table 2. 1: List of Bacteria Strains used in this Study

Bacteria Strain

Escherichia coli Top10
Escherichia coli pAN2

C. acetobutylicum ATCC 824

C. acetobutylicum
adhE2696s::rCT

C. acetobutylicum hbd69s::rCT
C. acetobutylicum th1406s::rCT.
Pfdx-catP@pyrE

ApyrE Pfdx-catP@argH

ApyrE Pfdx-catP@pheA

C. acetobutylicum ApyrE

Description
Used for cloning and plasmid storage

E. coli Top 10 strain carrying pAN2 plasmid for plasmid methylation

Study Strain

C. acetobutylicum adhE2 RAM-less ClosTron mutant

C. acetobutylicum hbd RAM-less ClosTron mutant

C. acetobutylicum thl RAM-less ClosTron mutant

C. acetobutylicum with Psx-catP at pyrE locus, WT argH and pheA
loci

C. acetobutylicum with Px-catP at argH locus, WT pyrE and pheA

loci
C. acetobutylicum with Prax-catP at pheA locus, WT pyrE and pheA

loci

C. acetobutylicum pyrE mutant created by ACE
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C. acetobutylicum ApyrEAargH

C. acetobutylicum
ApyrEAargHApheA
824BO1

824B0O2

824B0O3

824BO4

C. acetobutylicum pyrE and argH double mutant created by ACE

C. acetobutylicum pyrE, argH and pheA triple mutant created by ACE

C. acetobutylicum with Piqs -CtfA/B-adc at pyrE locus, Pids -SadH at
pheA locus, WT argH, BgIR-Ppga-TcdR on autonomous plasmid,
pSOL1 negative

C. acetobutylicum with Pyqs -ctfA/B-adc at pyrE locus, WT argH and
pheA loci, BgIR-Pygia-TcdR on autonomous plasmid, pSOL1 negative

C. acetobutylicum with BgaR-Pygai-TcdR at pyrE locus, Pids —SadH
at pheA locus, WT argH, Pids -CtfA/B-adc on autonomous plasmid,
pSOL1 positive

C. acetobutylicum with BgaR-Pnga-TcdR at pyrE locus, Pias —SadH at
pheA locus, WT argH, pSOL1 positive
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2.1.2.3 Supplemented Clostridium Basal Medium (CBMS)

CBMS contained, per liter of deionised water 50 g glucose, 200 mg
MgSQO4.7H20, 7.58 mg MnS04.H20, 0.5 g KH2PO4, 0.5 g KoHPO4, 10 mg
FeS04.7H20, 5 g CaCOgz, 1 mg p-aminobenzoic acid, 2 pg/ml biotin, 1 mg
thiamine HCI, 4 g enzymatic casein hydrolysate.

10 g agar was added to prepare CBM agar, and CaCO3 was omitted. This method

is as described by (O'Brien and Morris, 1971).

2.1.2.4 CBMS Starch Medium
The CBMS medium as just described was used but 0.5 % glucose was used in

addition to 2 % starch. Medium was poured in petri dishes while still hot to avoid
solidification. Dried plates were left at 4 °C for a week so they turn milky and
could be easily used to identify colonies which do not produce amylase. This

medium was used to test for the presence or absence of pSOL1 plasmid.

2.1.2.5 Reinforced Clostridium Medium (RCM)

RCM was prepared by adding 21 g RCM agar ready mix (CM0149) to 400 ml
of distilled water and contained per liter 13g yeast extract, 10g peptone, 59
glucose, 1 g soluble starch, 5 g NaCl, 3 g Sodium acetate, 0.5 g cysteine

hydrochloride and 15 g agar. pH was adjusted to 6.8 before autoclaving.

2.1.2.6 P2 Minimal Medium
P2 medium was prepared by initially preparing four solutions; Solution 1
contained 20 g glucose in 890 ml of water; Solution 2 contained: 0.5 g K2HPOa,

0.5 g KH2PO4, 2.2 g ammonium acetate in 100 ml water autoclave solution;
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Solution 3 contained 2 g MgSQO4 -7H20, 0.1 g MnSO4 -H20, 0.1 g NaCl, 0.1 g
FeSO4 -7H20 in 100 ml water and solution 4 contained 0.1 g p-aminobenzoic
acid, 0.1 g thiamine, 0.01 g biotin in 100 ml water. The following made up one
litre of P2 medium: 890 ml Solution 1, 100 ml Solution 2, 10 ml Solution 3 and

1 ml Solution 4. This method is as described by (Baer et al., 1987)

2.1.2.7 2x Yeast Tryptone Glucose (2YTG) Broth
2YTG contained per liter 10 g yeast extract, 16 g tryptone (Difco Laboratories)
5g NaCl and 20 g glucose. The pH was adjusted to 5.2 before autoclaving. This

method is as described by (Mermelstein et al., 1992).

2.1.2.8 Electroporation buffer (EPB)

Electroporation buffer, per liter, contained 92.4 g sucrose, 0.71 g sodium
phosphate dibasic, 0.6 g sodium phosphate monobasic, pH was adjusted to 7.4
and solution filter sterilized.

2.1.2.9 TAE buffer

1xTAE buffer contained 40 mM Tris, 1 mM EDTA and 0.1% (v/v) glacial acetic
acid.

2.1.2.10 PBS buffer

Phosphate Buffer Saline (PBS) contained, per liter, 8 g sodium chloride, 0.2 g
potassium chloride, 1.44 g sodium phosphate dibasic and 0.24 g potassium

dihydrogen phosphate. The pH was adjusted to 7.4 before autoclaving.

C. acetobutylicum was grown on CGM, RCM, CBM, P2 or 2YTG anaerobically
at 37 °C in Don Whitley cabinet model MG1000 Mark 11, under atmospheric
condition of N2:H2:CO> (80:10:10). The media were pre-reduced for at least 4

hours prior to use.
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Supplements and antibiotics were added where necessary as shown in table 2.2.

Table 2. 2: List of Supplements used in this Study

Supplement Concentration Organism
Chloramphenicol 12.5 pg/ml (broth) E. coli

25 pg/ml (agar)
Thaimphenicol 15 pg/ml C. acetobutylicum
Tetracycline 10 pg/ml E. coli pAN2
Erythromycin 10 pg/ml C. acetobutylicum
5 Flourocytosine 500 pg/mi C. acetobutylicum
5 Floroorotic acid 400 pg/ml C. acetobutylicum
Uracil 20 pg/ml C. acetobutylicum
Arginine 10 pg/ml C. acetobutylicum
Phenylalanine 10 pg/ml C. acetobutylicum
Theophylline 5Mm C. acetobutylicum

2.1.3 Storage Conditions
E. coli strains were stored using the Microbank™ Long Term Bacterial and
Fungal Storage System (Pro-lab Diagnostics). C. acetobutylicum ATCC824

stock cultures were stored at -80 °C in CGM broth with 10% glycerol.

2.1.4 Quantification of Bacterial Growth

Bacteria growth was quantified by measuring the optical density, OD, of culture
using Spectrophotometer BioMate 3 (Thermo Fisher Scientific, Madison, USA).

A quartz cuvette was used and wavelength was at 600 nm.

2.1.5 Preparation of Electrocompetent E. coli
Electrocompetent E. coli cells were prepared in the following way — 200 ml LB
broth was inoculated with 2 ml of overnight E. coli culture (grown on LB with
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appropriate antibiotic selection where necessary). The cells were incubated at 37
°C shaking at 200 rpm until an ODego of 0.5 — 0.7 (indicative of exponential
growth) was reached. The cells were kept on ice for 15 — 30 minutes for
harvesting and centrifuged at 4000 x g for 15 minutes at 4 °C. The pellet was re
suspended in 200 ml of ice-cold sterile dH.O and centrifuged as before. The
pellet was re-suspended in 4 ml of 10 % v/v glycerol and centrifuged as before.
Pellets were finally re-suspended in 0.8 ml 10 % glycerol. Electro-competent

cells were stored in 40ul aliquots at -80 °C.

2.1.6 Transformation by Electroporation of E. coli Cells

4 ul of plasmid was added to 40 pl of electrocompetent cells and mixture was
transferred to a pre-chilled 2 mm electroporation cuvette (BioRad). The cuvette
was subjected to a pulse of 2.5 kV, 25 uF, 200 Q using BioRad Gene Pulser
according to manufacturer’s instruction. 500 pul fresh LB was added immediately
transferred to a 1.5 ml eppendorf tube and incubated at 37 °C for 60 minutes
shaking at 200 rpm. Serial dilution was carried out and spread on LB agar plates

with appropriate antibiotics were necessary.

2.1.7 Transformation of Clostridium acetobutylicum ATCC 824

This was done according to the method developed by Dr Ying Zhang. Ten (10)
ml 2 x YTG was inoculated with a heavy loop of C. acetobutylicum and serially
diluted (ten-fold) up to 102 and incubated overnight in anaerobic cabinet at 37
°C. The highest dilution showing good growth was used to inoculate a flask of
310 ml 2 x YTG and incubated until an ODeoo of 0.2 — 0.25 was reached. The
culture was divided equally into eight (8) 50 ml falcon tubes and centrifuged at
4000 x g, 4 °C for 10 minutes. Cells were placed on ice and returned to cabinet.
Pellets were re-suspended in 40 ml ice-cold EPB and centrifuged as before.
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Pellets were re-suspended and added together in a tube. Competent cells were
ready for immediate transformation. 20 pug of methylated plasmid DNA was
transferred into a pre-chilled 4 mm electroporation cuvette and 590 pl competent
cells was added. Cuvette was incubated on ice for 2 minutes and electroporated
using a BIORad Gene Pulser (2.0 kV, 25 F and a Q). I ml of fresh 2 x YTG was
immediately added to the cuvette and contents transferred to a recovery tube
containing 9 ml 2 X YTG. This was incubated for at least 4 hours in anaerobic
cabinet at 37 °C. Cells were finally harvested as before at room temperature and
pellets were suspended in 0.5 ml fresh 2 x YTG. Cultures were plated on CGM
agar plates with appropriate antibiotic selection. Competent cells not used for
immediate transformation was stored at -80 °C in 590 ul aliquots with 10 %

DMSO added.

2.1.8 Plasmid Methylation using E coli Top 10 PAN2

In order to overcome the restriction endonuclease Cac8241 which is a major
barrier to electro-transformation of C. acetobutylicum, plasmids were
methylated. Methylation of target vectors was carried out by transforming
vectors into E. coli Top10 cells containing the pAN2 plasmid (Mermelstein and
Papoutsakis, 1993, Heap et al., 2007). This plasmid expresses a methylase which
methylates DNA at target sites thus preventing the degradation of such

methylated DNA upon introduction into C. acetobutylicum.
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2.2 Molecular biology

2.2.1 Chromosomal and Plasmid DNA Extraction and Purification
Chromosomal and plasmid DNA was extracted from overnight cultures using
the GenElute™ Bacterial Genomic and Sigma —Aldrich Plasmid Miniprep kit

(alkaline lysis) according to manufacturer’s instruction and eluted in dH20O.

2.2.2 Polymerase Chain Reaction (PCR)

DreamTaq Green PCR Master Mix (Thermo Scientific) and KOD Hot Start
Master Mix (Merck Millipore) were the polymerases used for DNA
amplification in this study.

PCR reactions were set up and carried out according to manufacturer’s
instructions, using a thermal cycler block (Applied Biosystems Gene Amp PCR

system 2400).

2.2.3 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to analyse DNA fragments. Gels were
prepared by dissolving 1 g of agarose in 100 ml of EDTA TAE buffer (VWR
International Ltd) and run on the same buffer. SYBR safe was added to the gel
at 10 pg/ml for staining. PCR products, plasmid DNA and restriction fragments
were separated by gel electrophoresis at 100 V for 50 — 60 minutes. Loading dye
(6 x purple, NEB) was added to samples, when required, before loading in a 1:5
(dye:sample) volume ratio and a 2-Log DNA ladder (NEB) was used. DNA
bands were visualised using Gel Doc™ XR+ imaging system (Bio-Rad) and
where required, DNA fragments were cut from gels under ultra-violet light using

a sterile scalpel.
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2.2.4 DNA Purification

DNA Gel Extraction kit used was used Monarch® DNA Gel Extraction kit for
DNA purification from agarose gels while DNA was purified from PCR reaction
mixtures using the Monarch® PCR and DNA Cleanup Kkit. These were done

according to manufacturer’s instruction and DNA eluted in dH-O.

2.2.5 Quantification of DNA

Quantification of DNA was done using a NanoDrop Lite Spectrophotometer
(Thermo Scientific™, UK). DNA concentration was measured at 260 nm against
a blank of dH20 and purity determined using the 260/280 ratio. For Illumina
sequencing, DNA was measured using a Qubit 4 Fluorometer (Invitrogen)
according to the manufacturer’s instructions and DNA was run on agarose gel to

detect possible RNA contamination.

2.2.6 Splicing by Overlap Extension (SOE)

This was used to create homology arms for gene deletion. A set of four primers
were designed namely; LHA Fwd, upstream of the LHA, LHA_Fwd,
downstream of the RHA and two complementary primers, LHA Rvs and
RHA_Fwd which were 40 bp long. These last two primers had 20 bp comprising
a portion of the LHA including the start codon of the target gene and the other
20 bp comprised a portion of the RHA with the stop codon of target gene
included. In the first round of PCR the LHA Fwd & LHA_ Rvs and RHA_ Fwd
& RHA _Rvs were used to amplify the LHA and RHA, respectively. Following,
gene fragments of homology arms were purified. In a second PCR, both

homology arms were joined (the complementary ends introduced by LHA Rvs
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and RHA_Fwd allows the annealing of both homology arms) by using just the
LHA_Fwd and LHA_Fwd primers and this was followed by DNA purification.

This method is as previously described (Higuchi et al., 1988).

2.2.7 Cloning Techniques

2.2.7.1 Restriction Endonuclease DNA Digestion

All restriction endonucleases and buffers used in this study were supplied by
NEB and digestion reactions were set up in accordance to the manufacturer’s
instructions.

2.2.7.2 DNA Blunting using T4 DNA Polymerase

T4 DNA Polymerase (NEB, UK) was used to produce blunt ended DNA after

digest with restriction enzymes according to manufacturer’s instructions.

2.2.7.3 De-phosphorylation of Linearised DNA Fragments

The Antarctic Phosphatase (NEB, UK) was used for removal of the 5’
phosphorylated end of linearised DNA fragments to prevent vector self-ligation
and was inactivated by heating at 80 °C for 2 minutes. Reactions were set up

according to manufacturer’s instruction.

2.2.7.4 Ligation and Membrane Dialysis

Digested, purified DNA fragments were ligated using T4 DNA ligase (NEB) at
molar ratios of insert to vector of 3:1 and 5:1 or 7.1 in 20ul reaction volumes
according to manufacturer’s instruction. Ligations were incubated overnight on
melting ice. Preceding transformation into electrocompetent cells, ligation
product was subjected to a 30-minutes dialysis through an MF-Millipore™

(membrane pore size of 0.025-um) (Merck) for 20 minutes over dH2O.
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2.2.7.5 Sanger DNA Sequencing
Sanger DNA sequencing was carried out using Source BioScience (Nottingham,

UK) Services for plasmid DNA and purified PCR products.

2.2.7.6 lllumina Genome Sequencing
Genome  sequencing was carried out by by  MicrobesNG
(http://www.microbesng.uk), using Illumina-based, Standard Whole-Genome

Service.

2.2.8 Plasmid Construction
All plasmids used in this study were constructed based on the modular
pMTL80000 series and are listed in table 2.3. The list of oligonucleotides used

are given in table 2.4.

2.2.8.1 ClosTron Plasmids
Genes of interest were disrupted by insertion using the ClosTron system as
previously described (Heap et al., 2007, Heap et al., 2010). Retargeted introns

were designed using the ClosTon intron design tool available at

www.clostron.com and introns were selected based on high score. The
incorporation of the retargeted intron sequences into pMTLO07C-E2, the
standard ClosTron vector, and the plasmid construction was carried out by DNA

2.0 Inc, Menlo Park CA, USA
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Table 2. 3: List of Plasmids used in this Study

Plasmid
ClosTron Plasmids
pMTLO007C-E2

PMTLO07C-E2::hbd69s

pMTLO07CC-E2

pMTL007CC-E2::adhE2696s

pMTL007CC-E2::hydA936s

pMTLO07CC-E2::hbd69s
pMTLO07CC-E2::crt154s

Relevant Features

ClosTron vector backbone with pCB102/ColE1
replicons, CmR/TmR
Standard hbd ClosTron KO vector

RAM-less ClosTron vector backbone with codA-
catP fragment for counter-selection with 5-FC,
pCB102/ColE1 replicons

RAM:-less ClosTron KO plasmid for adhE2 gene

RAM:-less ClosTron KO plasmid for hydA gene

RAM:-less ClosTron KO plasmid for hbd gene
RAM:-less ClosTron KO plasmid for crt (154) gene
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Source

CRG, CC

This Study

CRG, CC

CRG, CC

This Study

This Study
This Study



PMTLO07CC-E2::crt307s

pMTLO07CC-E2::thl406s

Allelic Exchange/ACE Plasmids

pMTL8-147-argH

PMTL8-147-pheA

pPMTLMEGC

pMTL_comp_argH.

PMTL_comp_pheA.
pPMTL-HZ13-HZ-tcdR

RAM:-less ClosTron KO plasmid for crt (307) gene

RAM:-less ClosTron KO plasmid for thl gene

Suicide KO plasmid for argH gene with codA in
backbone; ColE1 replicon; Cm®/TmR

Suicide KO plasmid for pheA gene with codA in
backbone; ColE1 replicon; Cm?/TmR

pyrE complementation plasmid and backbone for
argH and pheA complementation/integration
plasmids pIM13/ColE1 replicon; CmR/TmR

argH complementation plasmid

pheA complementation plasmid

ACE integration vector directing lactose inducible

tcdR at pyrE locus
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This Study

Ying Zhang

CRG, CC

CRG, CC

CRG, CC

This Study
CRG, CC

This
Wang

Study/

Hengzheng



pMTL-HZ14-PtcdB-ctfAB-adc
pPMTL-HZ15-PtcdB-SadH
PMTL-JH36
PMTL-SC1-add9-codA-ermB
pPMTL-HZ14-PtcdB-ctfAB-adc-
codA
PMTL-HZ14-PtcdB-ctfAB-adc-
suicide

pPMTL HZ14-HZ-tcdR

pPMTL-HZ13-PtcdB-ctfA/B-adc

pPMTL82251-HZ_tcdR

ACE integration vector directing acetone operon at
argH locus

ACE integration vector directing SadH gene at pheA
locus

Plasmid to KO pSOL1 plasmid; Cm®/TmR

Used as a source of codA-erm
pPMTL-HZ14-PtcdB-ctfAB-adc with codA added

PMTL-HZ14-PtcdB-ctfAB-adc with Gram positive
replicon, pIM13, removed

ACE integration vector directing lactose inducible
tcdR at argH

ACE integration vector directing acetone operon at
pyrE locus
Expression plasmid for the Lactose inducible tcdR

system; pBRP1/ColEL1 replicon; ermBR
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This Study
This Study/ Hengzheng
Wang

CRG, CC

CRG, CC
This Study

This Study

This Study

This Study

CRG, CC



pMTL-HZ13-fdx-catP ACE integration vector directing fdx-catP at pyrE

locus

pMTL-HZ14-fdx-catP ACE integration vector directing fdx-catP at argH
locus

pMTL-HZ15-fdx-catP ACE integration vector directing fdx-catP at pheA
locus

CRISPR/Cas9 Plasmids
pMTL8315_ Ribocast J23119 MCS CRISPR/Cas9 vector backbone; pCB102/ColE1l

original replicons; CmR/TmR
pPMTL8315_RibocasE_pyrE CRISPR/cas9 knock-out vector for pyrE
pMTL8315_RibocasE_hbd CRISPR/cas9 knock-out vector for hbd

*CRG, CC — Clostridia Research Group, Culture Collection
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This Study

This Study

This Study

Daphne Groothuis

This Study

This Study



Table 2. 4: List of Oligonucleotides used in this Study

Primer
Chapter 3
adhE2/F

adhE2/R
hbd/F
hbd/R
hydA/F
hydA/R
thl/F
thl/R
crt/F
crt/R

bcd/F
bcd/R

Sequence (5'— 3')

TGTTAAATATCAAACTAATAATAAATTTTATAA
AGGAGTG
GAATGTAAAATAGTCTTTGCTTCATTATATTAG
C

CAGCATTTAGCAGGTATGCAAG
CCATCTAAAGCATTGACCACAG
GGCTCCATCAGTAAGAACTGC

CCATAGCAGGATCAACTTCACC
ACCCCGTATCAAAATTTAGGAGG

AAATAACTCTGTAGAACTAATTTATAATTCTAC
AGAG

AGCCGAGATTAGTACGGTAATG
ATGGGTCAGTATGGTATGATGG
GATTAGTTGGAATGGGCATGG
AGTTCCAGATACAGCGGAAG
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Template/Purpose

adhE2 ClosTron insertion screening
adhE2 ClosTron insertion screening
hbd ClosTron insertion screening
hbd ClosTron insertion screening
hydA, ClosTron insertion screening
hydA, ClosTron insertion screening
thl, ClosTron insertion screening
thl, ClosTron insertion screening
crt, ClosTron insertion screening
crt, ClosTron insertion screening

bcd, ClosTron insertion screening
bcd, ClosTron insertion screening



bcd3F

bcd3R2

SCT

EBS Universal

Chapter 4 and 5
JH14/F

JH14/R
ACE/F

ACE/3R
argH-ch-F

argH-ch-R
ACEHZ14/F

pheA ch F

GTTTGCGGTACTACAGGAG
GCAAGACCTTGGAATTTGTCAAG
GGGTGTAGTAGCCTGTGAAAT

CCATAGCAGGATCAACTTCACC

TAGCACAATTGTATTTGGACTTCTTTAAATAAA
AACATGG
TTGATGATGTTTGTCTTGATGACTCAACATGC

CAATGGCAAAGTAATCATAGATGATAAAATGA
AAGATAG

CCATTCGCCATTCAGGCTGC
TGATGTTGAGGTAATAGCTGTATG

GTGTATTCTCTATATTATCTCTTGC

AATGAATTTAAAAATTTCTGTAATCTATTTGAT

GAAGATGTTTATG
CATGCAGATATATACATTCCTCTG

57

bcd, ClosTron insertion screening
bcd, ClosTron insertion screening
Screen for retargeted site in ClosTron plasmid

ClosTron insertion screening (intron-exon
junction)

Screening for deletion/ repair/integration at pyrE
locus

Screening for deletion/ repair/integration at pyrE
locus

Sanger sequencing of pyrE locus

Sanger sequencing of pyrE locus

Screening for deletion/ repair/integration at argH
locus

Screening for deletion/ repair/integration at argH
locus

Sanger sequencing of argH locus

Screening for deletion/repair/integration at pheA
locus



pheA _ch R CTCATTGACTTATAATCAAAACGA Screening for deletion/ repair/integration at pheA
locus

ACEHZ15/F GACAATAGATTAAATGAAGCTGTAGAGGCG Sanger sequencing of pheA locus
pyrE-HA/F TATCATGACGTTGGTGGAGAT Screening CRISPR KO of pyrE gene
pyrE-HA/R TGTTTATACAGTTACTATCATGCCTTG Screening CRISPR KO of pyrE gene
hbd/HA/F ACACATAAAAGTACCTTGAATAATATATATC Screening CRISPR KO of hbd gene
hbd/HA/R GATTTTTCAATGAATAAAGCAGATTACAAGG Screening CRISPR KO of hbd gene

pyre_gRNA1 GGCACTAGTGGGGATTTCATAACTAAAAGGTTT  sgRNA for pyrE locus
TAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAG
TCGGTGCTTTTTTT

hbd_gRNA1 GGCCACTAGTAAGCTTGTAGAGGTAATAAGGTT  sgRNA for hbd locus
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAACTTGAAAAAGTGGCACCGA

GTCGGTGCTTTTTTT
sgRNA _Aatll . GGCCCCGGGACGTCATAAAAATAAGAAGCCTG  Reverse primer for sgRNA
R CAAATGCAGGCTTCTTATTTTTATAAAAAAAGC

ACCGACTCGGTGCCACTTTTTCAAGTTG

pyrE_LHA_Fw GGCGACGTCGAATAATAAATTGGTTAGATCATT  pyrE HA cloning

d AAAGT

pyrE GCACATTTATTTTACTATTTTTCCATTTTTAGCC  pyrE HA cloning
CTCCAT
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pyrE_RHA_ Fw
d

pyrE_RHA_ Rv
S

hbd

_LHA Fwd
Hbd_LHA Rvs

Hbd RHA Fw
d

Hbd RHA Rvs
M13F

M13R

CatP_F1
CatP_R1

pCB102-R1

ATGGAGGGCTAAAAATGGAAAAATAGTAAAAT
AAATGTGC
GGCGGCGCGCCGCAAAAATTAAATTTGCAGATC
TTG
GGCGACGTCTAGATTTCTTATCAAGTCAAAAAC
CTC
TAGGGAGGTCTGTTTAATGAAAAAATAAGTTTA
CAAGAATC
GATTCTTGTAAACTTATTTTTTCATTAAACAGAC
CTCCCTA
GGCGGCGCGCCGAATTAACAGCTGTTTTACTTG
GA

TGTAAAACGACGGCCAGT

CAGGAAACAGCTATGACC

GATAAATAGTTAACTTCAGGTTTGTC
CAAGTTTATCGCTCTAATGAAC

CTGTTATGCCTTT
TGACTATC
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pyrE HA cloning

pyrE HA cloning

hbd HA cloning

hbd HA cloning

hbd HA cloning

hbd HA cloning

Screening/sequencing for modular plasmids

Screening/sequencing for modular plasmids

Screening/sequencing for modular plasmids
Screening/sequencing for modular plasmids

CRISPR screening/sequencing



2.2.8.2 Conditional RAM-less ClosTron Plasmids

The RAM-less ClosTron plamids were made by cloning in the insert (from
standard ClosTron plasmid) using Hindlll and BSrGl into the pMTLO07CC-E2
plasmid backbone and then deleting the RAM element (1167 bp) by a using the
Mlul restriction enzyme.

The plasmid maps for standard ClosTron, pMTL007C-E2 and the conditional

RAM-less ClosTron, pMTL007-E2-RAM’, are given in figure 2.1.

60



laczalpha

ColEI RNA II

pMTLOO7C-E2
8926 bp

repH

terminator!

pMTLO07CC-E2_RAM-
9065 bp

Terminator

repH

‘Figure 2. 1: The ClosTron plasmid backbone.

Standard ClosTron plasmid backbone, pMTLO07C-E2 and conditional RAM-less
ClosTron plasmid, pMTLO007-E2-RAM". Plasmids consist of C. sporogenes fdx
promoter followed by lacZ region where retargeted intron can be inserted,
Retrotransposition Activated Marker, RAM-E2, ItrA gene, a terminator, Gram-positive
replicon, repH, antibiotic marker, catP, Gram-negative replicon, ColE1. In the case of
pMTLO007-E2-RA M-, the RAM-E2 is removed and it contains the codA gene.
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2.2.8.3 Suicide Knock-Out Plasmids
The KO plasmids for argH and pheA genes were pMTL8-147-argH and pMTLS8-
147-pheA respectively. These plasmids are suicide, bearing no Gram-positive

replicon.

codA R6K

S
(LHA) | cat E —| (RHA)
‘ ) ‘ pyr v

FRT/DR/dif ’ FRT/DR/dif

Figure 2. 2: Representative of the suicide KO vectors, pMTL8-147-argH and pMTL8-
147-pheA.

The codA gene and a functional pyrE gene served as counter selection markers.
The left and right homology arms were designed to direct the deletion of 406
and 301 bp from the 3’end of argH and pheA genes respectively. The Gram-
negative replicon was R6K and catP, the antibiotic marker. These plasmids were

obtained from the Clostridia Research Group Culture Collection (CRG, CC).

2.2.8.4 Allele Coupled Exchange (ACE) Repair Plasmids

Thee repair plasmids (pMTL_comp_argH and pMTL_comp_pheA) for argH
and pheA genes were made based on the pMTLME6C pyrE ACE
complementation plasmid (Ehsaan et al., 2016) with the homology arms
replaced to direct recombination at the argH and pheA sites.. The LHA and RHA
were amplified from the C. acetobutylicum genome. The LHA represented the

previously deleted 3’ regions and flanked by restriction sites for Sbfl and Notl
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while the RHA was 1200 bp downstream of the argH/pheA gene and was bound

by Nhel and Ascl restriction recognition sites.

2.2.8.5 Allele Coupled Exchange Knock-In Plasmids

The ACE expression vectors pMTL-HZ13-HZ-tcdR, pMTL-HZ14-PtcdB-
ctfAB-adc and pMTL-HZ15-PtcdB-SadH were similar to the repair vectors
PMTLMEG6C, pMTL_comp_argH and pMTL_comp_pheA respectively but had
the gene/operon to be expressed at these sites cloned in between the homology
arms in each case. For the pMTL-HZ13-HZ-tcdR vector, the

621 bp fragment encoding the tcdR gene was cut from pMTLMEGC-tcdR (CRG,
CC) and pasted into pMTL-MEGC::HZ(Erm) (CRG, CC) via the Ndel and Ncol
restriction sites.

To clone pMTL-HZ14-PtcdB-ctfAB-adc (CRG, CC), the sequential cloning of
the C. difficile P«gs promoter, ctfA/B and adc genes into pMTL_comp_argH was
carried out. ctfA/B and adc were amplified from the pSOL1 plasmid of C.
acetobutylicum. Following a terminator, Piqs Was flanked by the Notl and Ndel
restriction sites, ctfA/B by Ndel and Spel while adc and stop codon was flanked
by Spel and Sall.

pPMTL-HZ15-PtcdB-SadH was made by cloning sequentially the Piqs promoter
and the SadH gene from C. beijerinkii into pMTL_comp_pheA. Pwdg Was

flanked by restriction sites Notl and Ndel and Ndel and Xhol flanked SadH gene.

2.2.8.6 CRISPR/Cas9 Gene Deletion Plasmids
Gene deletion by CRISPR/Cas9 was carried out by using the vector backbone,

pPMTL8315 RibocasE J23119 MCS (CRG, CC). This vector consists of the
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Cas9 gene from Streptococcus pyogenes under the transcriptional control of the
promoter of the C. sporogenes ferredoxin gene, fused to a theophylline-
responsive riboswitch (Pax-rbE). It also contains a synthetic promoter, J23119
which drives the sgRNA expression. Using the Benchling platform, sgRNA was
selected based on high on- and off- target scores as calculated (Doench et al.,
2016, Doench et al., 2014, Hsu et al., 2014). sgRNAs were generated as primer
dimers using a SgRNA specific forward primer, and a reverse primer,
SgRNA_Aatll_R. The generated sgRNA was flanked by the Spel and Aatll
restriction sites. Homology arms were designed to flank the region to be deleted,
amplified form the chromosome and joined together by SOE PCR. The
homology arms were flanked by Aatll and Ascl restriction sites. The sgRNA was
digested with Spel and Aatll, homology arms with Aatll and Ascl and ligated
together with the Spel and Ascl digested vector backbone,

pPMTL8315_ RibocasE J23119 MCS, in one step.

2.2.9 Targeted Genomic Mutagenesis of C. acetobutylicum

2.2.9.1 ClosTron Mutagenesis

Methylated plasmids were electroporated into C. acetobutylicum, carried out as
described in section 2.1.6. Transformed cells were plated on CGM plates
supplemented with erythromycin, incubated for 24 — 48 hours and integrants
were selected based on the acquisition of antibiotic resistance. PCR screening of
putative integrants was carried out using two sets of primers; gene-specific
flanking primers as well as EBS and gene-specific flanking (forward or reverse
depending on the orientation of the gene). The later pair amplified the intron—
exon junctions. Plasmid loss was screened based on antibiotic sensitivity. DNA
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fragments were subjected to Sanger sequencing to confirm the nucleotide
sequence was as expected.

For the RAM-less ClosTron, transformed cells were plated on CGM plate
supplemented with thiamphenicol (Tm) for 24 — 48 hours. 96 colonies were used
to inoculate a 96-well microtitre plate containing 2 XYTG media. Cells were
pooled and PCR screened using two sets of primers as previously mentioned.
Cells with the expected DNA fragment were grown in 2xY TG overnight, diluted
up to 107 and plated on CBM+FC plates and plasmid loss selected for based on

thiamphenicol sensitivity.

2.2.9.2 Suicide Knock-Out of Genes

Upon transformation of C. acetobutylicum with methylated plasmids, single
cross integrants could be selected for as faster growing antibiotic resistant
colonies on CGM+Tm plates. Colonies were restreaked on same plates and
double cross was screened for by growing colonies overnight in 2xYTG diluting
up to 10 and plating on CBM 5FC plates. Plasmid loss was selected for based
on thiamphenicol sensitivity and PCR screening was done using gene flanking

primers. catP-pyrE flip was selected for by plating on CGM 5-FOA plates.

2.2.9.3 ACE Gene Repair and Knock-In

Methylated ACE plasmids were transformed into auxotrophic C. acetobutylicum
mutants, plated on CGM+erm plates appropriately supplemented based on the
specific auxotrophic mutant (uracil, arginine or phenyalanine) and incubated for
24 — 48 hours. To screen for gene repair, colonies were streaked on

unsupplemented plates and colonies that had become prototrophic were PCR
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screened using appropriate gene flanking primers. Plasmid loss was selected for

based on erythromycin sensitivity.

2.2.9.4 CRISPR/Cas9 Gene Deletion

CRISPR/Cas9 plasmids were methylated and electroporated into competent cells
of C. acetobutylicum and plated onto CGM+Tm (non-induced) and
CGM+Tm+Theophiline (5 mM) plates. After 48 hours, thiamphenicol resistant
transformants from the non-induced were re-streaked onto induced plates and
incubated for 24 — 48 hours. Colonies that grew on induced plates were PCR

screened using appropriate primers flanking the homology arms.

2.3 CAT Enzyme Assay

A full loop of the strain was inoculated in 10 ml 2xYTG broth, dilutions made
to 10 and incubated overnight. 100 ml 2xYTG was inoculated with overnight
pre-culture to give a final ODsoo Of 0.05. Samples were collected at 4 and 8 hours,
centrifuged at 13,000 x g for 10 minutes at 4 °C and pellets were stored at -80
°C. Pellets were re-suspended in 1 ml PBS supplemented with Roche complete
protease inhibitor cocktail tablets, transferred on ice and lysed using a bioruptor.
Lysates were centrifuged at 13,000 x g for 30 minutes at 4 °C and supernatant

retained for analysis

A quartz cuvette was prepared containing 540 pl of 100 mM Tris buffer (pH
7.8), 200 pl of 2.5 mM DTNB solution (5,5-Dithio-bis(2-Nitrobenzoic Acid)
in100 mM Tris buffer, (pH 7.8), 200ul of 5.0 mM freshly prepared acetyl

coenzyme A solution in deionized water and 10 pl of cell lysate. The cuvette
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was pre-warmed to 25 °C and reaction initiated by adding 10 pl of 0.3 %
chloramphenicol solution. Increase in absorbance at 412 nm was recorded.
Units/ml in lysate was calculated:

Units/ml enzyme = (AAsi2nm/min Test - AAsionm/min Blank) (3) (dilution factor)
(0.0136) (0.05)

(3) — Total volume (ml) of assay
(0.0136) — Micromolar extinction coefficient for TNB

(0.05) — Volume (ml) of enzyme used

2.4 Fermentation and Solvent Analysis

Fermentation was set up in flasks using 60 ml CBMS appropriately
supplemented. Medium was inoculated using overnight cultures to achieve an
initial OD of 0.05. Samples for solvent analysis were collected at intervals, pH
and OD were also measured. For GC and HPLC sample collection, 1 ml of
sample was centrifuged at 13,000 x g for 5 minutes at 4 °C, supernatants stored

in screw top tubes at — 80 °C until analysis performed.

2.4.1 Gas Chromatography, GC

Cell free supernatant was thawed on ice and 500 pl of sample transferred to an
Eppendorf tube. 5 pl of H.SO4 was added and mixed shortly after which 500 pl
of propyl propionate (100 ml containing 549 pl of internal standard, valerate)
and vortexed. Solution was centrifuged and 300 pl from top (organic) layer
transferred into a GC vial containing an insert and screw cap. Butanol, ethanol,
acetone, acetate and butyrate were analysed using Thermo Focus GC equipped
with a TR-FFAP (30 m) column with internal diameter of 0.25 mm. and a Flame

lonization Detector (FID). The carrier gas was hydrogen and flow rate was
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0.8 ml/minute. For peak resolution, the starting temperature was set at 40 °C for
2 minutes followed by a ramp of 80 °C/ minute until 150 °C and finally a
45 °C/minute ramp until 210 °C which was held for 1 minute. The injector
temperature was 240 °C while the detector was at 270 °C. Flame maintenance
was by nitrogen at 30 ml/minute, compressed air at 350 ml/minute and hydrogen

at 35 ml/minute.

2.4.2 High Performance Liquid Chromatography, HPLC

Cell free supernatant was thawed on ice and mixed with equal (300 pl) volume
of internal standard (80 mM valeric acid [Sigma-Aldrich, UK] in 0.005 M
H2S04) and vortexed. Solutions were filtered through 0.2 um syringe filters
directly into HPLC vials containing 300 pl inserts with split caps. Glucose and
lactose were analysed using a Dionex UltiMate 3000 HPLC system (Thermo
Fisher Scientific, UK) supplied with a Bio-Rad Aminex HPX-87H (BioRad,
UK) column, a refractive index (RI) and diode array detector (DAD) at UV 210
nm at an isocratic flow rate of 0.5 ml/minute of 0.005 M H>SO4 as mobile phase
and a column temperature of 35 °C for 55 minutes. Range of standard
concentrations were 0 — 300 mM. The Chromeleon 7.2 Chromatography Data

System (Thermo Fisher Scientific, UK) was used to for signal analysis.
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2.5 Bioinformatics Tools

2.5.1 Plasmid Map Construction and Visualization
Plasmid map construction and visualization was performed using SnapGene®
software (from GSL Biotech; available at snapgene.com). The software was also

used for sequence data handling.

2.5.2 Primer Design
Manual primers design was carried out using the SnapGene software and their

characteristics verified upon ordering from the Sigma-Aldrich online platform.

2.5.3 Analysis of Illumina Sequencing Data
Whole genome sequencing from Illumina was analysed using the CLC
Genomics Workbench version 10. The Basic Variant Detection tool was used

for identification of single nucleotide variants, insertions and deletion.

2.5.4 Sequence Database Search
Alignment of gene and protein sequences together with database searches were
carried out using BLASTn and BLASTp of the National Centre for

Biotechnology Information (NCBI).

2.5.5 Data analysis and Visualization
Microsoft Excel 2016 (Microsoft, USA) and GraphPad Prism version 8 for
Windows (GraphPad Software, USA) was used for data analysis, visualization

and graphical presentation of data.
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Targeted Mutagenesis using
Conditional RAM-less ClosTron
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CHAPTER 3

Targeted Mutagenesis using a Conditional RAM-less

ClosTron

3.1. Introduction

The branched metabolic pathway of ABE fermentation involves complicated
cellular processes and many details of the regulatory mechanisms in operation
remain poorly understood (Birgen et al.; 2019, Liu et al., 2016; Jones and
Woods, 1986). The generation of mutants for improved understanding and
manipulation of solvent pathways is necessary in the development of an

industrial solvent producing strain.

3.1.1 Previous Mutational Analysis of the ABE Pathway

Cooksley et al. (2012) used ClosTron mutagenesis to knock out adhE1, adhE?2
(alcohol/aldehyde dehydrogenase), bdhA, bdhB (butanol dehydrogenases), ack
(acetate kinase), adc (acetoacetate decarboxylase), ctfA, ctfB (CoA transferase),
CAPQ059 (putative alcohol dehydrogenase) and ptb (phosphotransbutyrylase) in
Clostridium acetobutylicum ATCC 824. The genes hydA (main hydrogenase)
and thl (thiolase) could not be knocked out despite repeated attempts and
construction of a minimum of two retargeted ClosTron plasmids. This large-
scale knock out was carried out to provide information on the fundamental
process of solvent production in C. acetobutylicum to see the possibility of
altering the ABE ratio in favour of butanol as a step towards the generation of

an industrial and efficient butanol producing strain.
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The isolation of the ptb mutant proved difficult; it involved repeated attempts
and testing of three different retargeted ClosTron plasmids. The single ptb
mutant eventually obtained, produced no butyrate but increased amounts of
acetic and lactic acid. Only a little butanol was produced (7 mM), no acetone
was formed while ethanol was produced in large quantities (113 mM). However,
the ptb mutant could not be complemented. The sequencing of the ptb mutant
genome was carried out and it revealed a frameshift mutation in the thl gene
which explained the phenotypic observations. This is quite interesting as the
independent knock-out of the thl gene was not possible but became viable in
combination with a ptb mutant. Was ptb knock-out only possible because of a

frameshift in thl, or vice versa?

Inactivation of ptb must cause a build-up of butryl-CoA (substrate), and loss of
butyrate phosphate (product). One of these metabolites is most likely
responsible for the presumed lethality of inactivation of ptb. Inactivation of

thiolase would block formation of butyryl-CoA.

Subsequent to the study of Cooksley and co-workers, Lehmann et al. (2012)
reported the generation of a ptb mutant of the same strain of C. acetobutylicum
with a butyrate-negative phenotype. The major fermentation products without
pH control were acetate, lactate and butanol while ethanol and butanol were the
products when pH was regulated at > 5.0. However, the authors made no attempt
to complement nor did they sequence the genome. Accordingly, it cannot be
definitely stated that the observed phenotype is due to disruption of ptb gene

alone, or whether ancillary mutations are also present.

Lehmann and Lutke-Eversloh (2011) had also previously demonstrated knock-
out of the hbd gene using ClosTron technology. Activities of thiolase and
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crotonase were significantly reduced compared to the wild type. The disruption
in the butyrate/butanol pathway was reported, converting C. acetobutylicum to
an ethanol producer. However, as with their ptb study, these authors did not
complement their hbd::int (69) mutant. Accordingly, as they had not established
Molecular Koch’s postulates, the observed physiological and phenotypic
differences observed in their putative mutant cannot be assumed to be solely due

to intron-mediated inactivation of hbd.

Jang and co-workers have reported the ClosTron-mediated, multiple knock-out
of genes involved in solventogenesis in C. acetobutylicum (Jang et al., 2014)
including genes such as hydA that could not be inactivated in the study of
Cooksley et al. (2012). The explanation for this is simple. The authors (Jang et
al., 2014) used RAM-less ClosTrons and directed the insertion of the intron into
the sense strand of the DNA target and used a selective strategy that ensured the
intron delivery vector (which carries the ItrA gene) remained within the cell. As
a consequence, the inserted intron would be spliced from transcribed mRNA by
the vector encoded LtrA protein leading to the translation of full-length protein
of the ‘inactivated gene’. In short, they would not be null mutants but only

knock-down mutants (figure 3.1)
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Figure 3. 1: Null and Knock-down RAMIless ClosTron Mutants.

The ClosTron is an insertional mutagenesis tool for gene interruption and contains the
RAM element (1162 bp). Without the RAM, the intron is a smaller insert and can
consequently be easily spliced out of the transcribed mMRNA in the presence of the LtrA
protein in the plasmid, allowing full length protein translation (knock-down ClosTron
mutant). However, with plasmid loss the intron remains inserted, protein is truncated,

creating a NULL ClosTron mutant.

The RAMless Clostron has been employed by previous researchers for the
disruption of lactate dehydrogenase and malate dehydrogenase genes in
Clostridium cellulolyticum (Li et al., 2012) as well as phosphotransacetylase and
butyrate kinase in Clostridium beijerinckii (Wang et al., 2013). In this thesis, the
use of the conditional RAMless ClosTron which allows the initial knockdown
of a gene prior to the isolation of a null mutant is explored. This system could

allow the knock out of an otherwise essential gene.

3.1.2 Improving Understanding of the ABE Pathway Using Conditional

RAM-less ClosTrons

Based on the previous data of Cooksley et al. (2012), it is clear that certain genes
cannot be inactivated, notably thlA and hydA. Moreover, it is likely that ptb

cannot be inactivated under normal conditions, and that the intron insertion clone
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isolated in this study was due to the presence of the thl frameshift. If thiolase
cannot be inactivated, then it is difficult to see why any of the genes encoding
the enzymes involved in the conversion of acetyl-CoA to butryl-CoA (thl,
thiolase; hbd, 3-hydroxybutyryl CoA dehydrogenase; crt, crotonase, and; bcd,
butyryl-CoA deyhdrogenase) could be knocked-out. Whilst the inactivation of
hbd was reported (Lehmann and Lutke-Eversloh, 2011), as discussed above, the
authors did not complement their mutant or undertake NGS on the strain. It is
conceivable that like the ptb mutant of Cooksley et al. (2012), compensatory
mutations(s) had arisen (for example the thl frame-shift) that made the mutant
viable. Moreover, all attempts at Nottingham to knock-out the bcd gene of
ATCC 824 with the ClosTron have been unsuccessful (N. Minton, personal
communication), while a new allelic exchange method led to the isolation of a
cell line which appeared to carry both the wild type and mutant allele (Ryan

Hope, personal communication).

Further evidence in support of this hypothesis comes from the fact that the
Minton group have recently obtained the ptb mutant of Lehmann and Lutke-
Eversloh (2011) and sequenced its genome. Of the 7 SNPs and Indels it carries
distinct to the parent, ATCC 824 COSMIC sequence, 1 SNP is in the hbd gene.
Whilst a conservative substitution (1le237Met) it seems like more than just a
coincidence that one of the 4 genes involved in acetyl-CoA to butryl-CoA
conversion carries a mutation. One would predict that this variant hbd enzyme

shows substantive differences in terms of activity compared to the parent strain.

To test this general hypothesis, the CRG have developed a novel conditional
derivative of the ClosTron (pMTL007C-A2) which is both RAM-less (lacks the
ermB::RAM) and carries a copy of the counter selection marker, the codA gene
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(encodes cytosine deaminase) in the vector backbone. Cells carrying this
plasmid will be unable to grow in the presence of 5-FC (5-Flourocytosine) as it
is converted to the highly toxic 5-FU (5-Flourouracil) by cytosine deaminase. It
follows that only cells that lose the plasmid will survive. To use this plasmid to
isolate compensatory mutations, its intron is targeted against the gene of choice
(for example ptb), and intron insertions isolated through appropriate screening
of cells which have received the retargeted, RAM-less ClosTron plasmid. Until
this point all cultures are supplemented with thiamphenicol to ensure the
ClosTron plasmid, and encoded LtrA, are retained. This ensures splicing of the
intron insertion from the target gene mMRNA, and prevents the mutation from
becoming a null mutation. Once a pure intron knock-down mutant is isolated it
may be plated on media containing 5-FC. This selects for cells that have lost the
ClosTron plasmid, and ItrA, thereby preventing splicing. If the null mutant
created is lethal (for example, ptb), then the only way cells can survive is if they
have acquired a compensatory mutation (for example, thl) that overcomes this

lethality (see figure 3.1).

3.2 Aim of Chapter

To utilize the conditional RAM-less ClosTron system to knock out genes in C.
acetobutylicum that had been previously impossible to knock-out using the
standard ClosTron mutagenesis, and possibly isolate compensatory mutations
that allow the mutant viability. The generation of these mutants and
manipulation of solvent pathways is necessary in the development of an

industrial solvent producing strain.
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3.3 Results and Discussion

As the Knock-out (KO) of thlA and ptb using the conditional RAM-less
ClosTron approach is already being undertaken within the CRG, two other genes
that had previously proven impossible to KO using the standard ClosTron were
chosen as targets. These were hydA, coding for hydrogenase and hbd, encoding
3-hydroxybutyryl CoA dehydrogenase as well as the crotonase (crt) and butyryl
CoA dehydrogenase (bcd) genes. In order to ensure that the RAM-less procedure
was working, a gene was targeted that previously proved possible to KO using
the standard ClosTron (Cooklsley et al., 2012), namely the adhE2 gene encoding

alcohol dehydrogenase.

3.3.1 Experimental Control using adhE2 (alcohol dehydrogenase)

The adhE2 gene encoding alcohol dehydrogenase had previously been knocked
out using ClosTron and was therefore included as a positive control. Following
removal of the RAM from previously made adhE2 retargeted ClosTron plasmid
(Cooksley et al., 2012), the RAM-less variant, pMTL007CC-E2::adhE2696s,
was transformed into C. acetobutylicum ATCC 824 and thiamphenicol resistant
transformants selected on CGM+Tm plates. Following re-streaking to purity,
four colonies were grown up in 2xXYTG media and PCR screened for the
presence of cells containing the intron insertion using two gene flanking primers
(amplifies entire insertion) or intron specific primer (EBS) and a flanking primer
(amplifies an intron junction). Plasmid curing was achieved by plating on

CBM+FC plates and cells that had lost plasmid selected for by thiamphenicol
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sensitivity. This analysis revealed that 3 of the 4 colonies were apparently pure

intron mutants (figure 3.2) and confirmed the functionality of the RAM-less

ClosTron system.

(B)

4000 bp
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Figure 3. 2: PCR screening of adhE2 intron insertions

PCR screening of adhE2 intron insertions using two sets of primers: (A) EBS universal
& adhE2/F; Lanes 1- 4 are genomic DNA of potential adhE2 mutants. 1-3 give DNA
fragment size of 1000 bp while wild type, WT, and negative control (just water), N,
does not give any DNA fragment (B) flanking primers, adhE2/F & R; lanes 1-3 are pure
adhE2 intron insertions, DNA fragment size of 3400 bp, Wild type, WT, at 2666 bp and

just water, (N) gives no fragment.

3.3.2 hydA (Hydrogenase) Conditional RAM-less knock-out

Following electroporation of C. acetobutylicum ATCC 824 with a hydA-
retargeted conditional, RAM-less ClosTron plasmid, pMTL007CC-
E2::hydA936s, transformed cells were plated onto CGM agar supplemented with
thiamphenicol and 96 colonies used to inoculate a 96-well microtitre plate

containing 2xXYTG media. Following growth of the inoculated wells, the 96
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isolates were pooled into 12 columns (1-12) and 8 rows (A-H), making a total of
20 separate pools (figure 3.3A) which were PCR screened using gene flanking
primers (forward and reverse, hydA/F & hydA/R) as well as EBS universal and

forward flanking primer.

The former pair of primers should PCR amplify a 1250 bp DNA product if the
intron has inserted, or a 536 bp fragment if no intron is present. The latter pair
of primers will give a 471 bp fragment if the intron has inserted, and no PCR

product in its absence (figure 3.3B).
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Figure 3. 3: Schematic of isolate pooling (A) and PCR screening (B) of RAM-less

ClosTron insertion in hydA gene.

(A) Schematic of pooled isolates for PCR screening for hydA RAMIess intron insertion.
96 colonies were inoculated into a 96-well plate and pooled into 12 columns and 8 rows,
making a total of 20 and each isolate was present in 2 different pools. Following the
identification of a positive pool, the pool is streaked out on a fresh plate to obtain single

colonies which can then be purified and PCR screened to obtained pure mutants.

(B) Using gene flanking primers hydA/F & hydA/R, a DNA fragment of 1250 bp is
expected while using the hydA/F and EBS, a product of 471 bp is expected. The

expected size of WT with no intron insertion is 1380 bp

These analyses showed that every pool of cells screened contained a population

of cells that had an intron insertion. Thus, in just about every case, the EBS
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universal primer and hydA/F generated a 471bp fragment (figure 3.4 Ai, Bi, Ci).
However, all pools also generated a wildtype sized DNA fragment consistent
with the presence of cells that did not contain an intron insertion. The pools
were, therefore, composed of mixtures of mutant and wildtype cells. What was
unexpected, however, was the absence of a 1250 bp fragment in those PCR
reactions that used the flanking primers hydA/F and hydA/R. This should have
been obtained if the pooled cells are a mixed population. The explanation is not
clear. Either the mutants are present at such a low level that they cannot be
detected by PCR or the fragment being generated is too large to be effectively
amplified. The latter seems unlikely given the EBS and hydA/F primers
generated a PCR product.

Given that the majority of the pools contain intron insertions, an attempt was
made to isolate a pure clone. Cells from the Row 5 pool (figure 3.4 Ai, Bi, Ci)
were plated out to single colonies on CGM agar supplemented with
thiamphenicol and cells from 20 colonies subjected to PCR screening using the
same two PCR primer pairs as before. It was assumed that if a cell gave an
intron-specific DNA fragment with the EBS and hydA/F primer pair, and no
wildtype sized DNA fragment with the hydA/F and hydA/R primer pair, then it
must be a pure intron insertion mutant. However, in every case the screened
cells all appeared to be composed of a mixture of mutant and wildtype (figure
3.4 Aii). Two further attempts were made to isolate a pure intron insertion
mutant, through the serial dilution of a randomly selected mixed population to
single colonies and the subsequent screening of a random 20 colonies (figure 3.4
Bii and Cii). In no instance was evidence obtained for the presence of a pure
intron insertion clone. While re-streaking failed to isolate pure hydA insertion

mutants, it would have been useful to screen the isolates prior to pooling. At this
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stage it would appear that the proportion of cells that carry an intron insertion in

hydA is too low to be isolated.

A (Aii)
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Figure 3. 3: PCR screening for hydA intron insertion

PCR screening for hydA RAMIess intron insertion. The 20 lanes are genomic DNA of
20 separate pools made; consisting of 12 columns (1-12) and 8 rows (A-H). Screening
was done using two sets of primers: (1) EBS universal & hydA/F (Ai, Bi, Ci); DNA
fragment is seen at 472 bp in all 20 lanes indicating intron insertion except in wild type,
WT. (2) Using flanking primers, hydA/F& hydA/R, (Aii, Bii, Cii) there is no evidence
of insertion as expected DNA fragment should be at 1250 bp. Expected WT DNA
fragment size is 536 bp. Figures B and C represent further passages of colonies from A

aimed at isolating a pure clonal population.
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3.3.3 hbd (3-hydroxybutyryl CoA dehydrogenase) Conditional RAM-less
ClosTron Knock-out

The RAM-less ClosTron plasmid retargetted for hbd, pMTL007CC-E2::hbd69s,
was electroporated into C. acetobutylicum ATCC 824 using the transformation
procedure previouly described. In other work involving isolation of the ptb
RAM-less mutant, intron insertions had been isolated with relative ease (Ying
Zhang, personal communication). Therefore, rather then begin by screening
pools of clones, initial work focused on screening single clones. Accordingly,
twelve transformants from CGM-+Thiamphenicol plates were picked and PCR
screened using two pairs of primers; hbd/F & EBS and hbd/F & hbd/R. All
colonies showed evidence of the presence of a population of cells carrying intron
insertions as well as wildtype cells using both primers (figure 3.5 A & B).
Colonies 1,8 and 11 were selected, plated out to single colonies and PCR

screened in order to isolate a pure hbd clonal population (figure 3.5 C).
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Figure 3. 4: (A) PCR screening of RAM-less ClosTron knock-out of hbd gene

PCR screening of RAM-less ClosTron knock-out of hbd gene using two sets of primers.
Lanes represent genomic DNA of potential mutants. (A) EBS & hbd/F; lanes 1-12 give
DNA fragment size of 548bp while wild type, WT, and negative control, N, do not give
any DNA fragment. (B) PCR screening using hbd gene flanking primers, hbd/F and
hbd/R; Lanes 1-12 give DNA fragment size of 2007 bp, Wild type, WT, at 1285bp and
negative control, (N) gives no band. (C) Further purification of colonies from (B) and
PCR screening with flanking primers give pure hbd insertion as seen in lanes 1-6 which
give DNA fragment size of 2007 bp. WT at 1285 bp and no band for negative control,
N.

Colonies 1, 3 and 5 were further plated out to get single colonies. Plasmid
(containing codA) loss was selected by plating on CBM+FC plates using CBM
only as control. About 1-2 log decrease in cell nhumbers was observed when
adding FC and patch plating on CGM+Tm was undertaken. The hbd mutant
which had become sensitive to thiamphenicol was selected, designated
hbd69s::rCT and subjected to batch fermentation. Solvent analysis and Illumina

sequencing data are discussed in section 3.3.12.
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3.3.4 crt (crotonase) Conditional RAM-less Knock-out

Retargeted RAM-less plasmid for crt, pMTLO07CC-E2::crt154s, was cloned
and two independent transformations carried out. After electroporation, 96
transformants were picked into 96-well plate containing 2 X YTG+Tm. PCR
screening was done using two sets of primers: EBS universal and forward
flanking primer (crt/F) and flanking primers, crt/F & crt/R. Using EBS and crt/F,
all 20 lanes showed correct intron insertion of DNA fragment size 560 bp and
no band for WT as expected. However, using gene flanking primers, crt/F and
crt/R, no intron insertion was observed at 2200 kb and all lanes appear as wild

type. This is shown in figure 3.6.

(A) (B)

500 bp

Figure 3. 5: (A) PCR screening of RAM-less ClosTron knock out of crt gene

PCR screening of RAM-less ClosTron knock out of crt gene. Lanes 1-12 and A-H are
genomic DNA of 96 isolates pooled into columns and rows (20 pools in total). Two sets
of primers were used: (A) EBS & crt/F; lanes 1-H give DNA fragment size of 560 bp
while wild type, WT, and negative control, N, do not give any DNA fragment. (B) Using
two gene flanking primers; crt/F and crt/R; no expected intron insertion at 2200 kb was
observed (1-H), rather all screened colonies appear as WT. Water was used as hegative
control, N. DNA fragments from A were Sanger sequenced and confirmed to have the

expected nucleotide sequence.

Selected lanes were further passaged in order to isolate pure mutants, 20 colonies

picked and PCR screened using flanking primers. Similar results as previously
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obtained for hydA gene was observed with no evidence of insertion using
flanking primers.

3.3.5 crt 307s Conditional RAM-less Knock-out

Aside the crt 154s retargeted RAM-less plasmid, another target site, crt 307s,
was chosen to determine if this will make the knock-out possible. The retargeted
crt plasmid pMTLO07CC-E2::¢crt307s was cloned, methylated and transformed
into C. acetobutylicum. Using the 96-well plate, transformants were selected and
PCR screened for insertions using both using flanking primers crt/F and crt/R
and EBS universal & crt/F. However, isolation of a pure intron mutant was still

not possible (Data not shown).

3.3.6 bed (butyryl CoA dehydrogenase) Conditional RAM-less Knock-out

Retargeted RAM-less KO plasmid for bcd, pMTL007CC-E2::hbd496s was
cloned and appropriately methylated. Two independent transformations into C.
acetobutylicum were carried out. After electroporation, 96 transformants were
picked into 96-well plate containing 2YTG + Tm. PCR screening was done using
two sets of primers: EBS universal and forward flanking primer (bcd/F) and

flanking primers, bcd/F & bed/R.

Using EBS universal and forward flanking primer (bcd/F), all 20 lanes showed
correct intron insertion at 1063 bp with no insertion for wild type. However,
using two gene flanking primers; bcd/F and bcd//R, no intron insertion was
observed as all DNA fragments appear just as wildtype at 1552 bp. Two lanes
were selected, further passaged, 96 colonies picked and PCR screened but still

no evidence using flanking primers. This is shown in figure 3.7.

86



1000 bp

12345678 9101112AB CDE FGH WT
w

1234 567 89101112A B C D E F G HWT

WETVVwwwewewww e

Figure 3. 6: PCR screening of RAM-less ClosTron knock out of bcd gene

PCR screening of RAM-less ClosTron knock out of bcd gene. Lanes 1-12 and A-H are
genomic DNA of 96 isolates pooled into columns and rows (20 pools in total). Two sets
of primers were used: (A) EBS & bcd/F; lanes 1-H give DNA fragment size of 1063 bp.
while wild type, WT does not give any DNA fragment. (B) Using two gene flanking
primers; bcd/F and bcd/R, all screened colonies do not show evidence of insertion but

appear at 1552 bp just as WT. Water was used as negative control, N.

Two lanes were further passaged and PCR screened but results came out similar
to previous screening with no evidence of insertion using gene flanking primers.
To confirm that the EBS and bcd/F primers had correctly amplified the intron
insertion, six (6) of the DNA fragments were cut, recovered and sent out for
Sanger sequencing using the same primers. Nucleotide sequence was as

expected confirming correct intron insertion.

3.3.7 Re-screening of bcd intron insertion using different primers

A second set of flanking primers, bcd3F and bcd3R2 were designed to give
smaller bands compared with bcd/F and bcd/R. it was thought that perhaps if the
mutant bands to be amplified were just about 1,300 bp rather than 2,300, these
rare mutant occurrences may be easier to isolate. In figure 3.8, using the flanking

primers, there is still no evidence of insertion.
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Figure 3. 7: bcd gene intron insertion screening

PCR screening for bcd gene intron insertion using a new set of flanking primers, bcd3F
and bcd3R2 Lanes 1-12 and A-H are genomic DNA of 96 isolates pooled into columns
and rows (20 pools in total). All bands after transformation (A) and further passaging
(B) appear as WT at 580 bp. With the right intron insertion, DNA fragment of 1300 bp

was expected.

3.3.8 Further Evidence of the Functionality of the Conditional RAM-less
ClosTron System

So far in this chapter the conditional RAM-less ClosTron KO of hydA, hbd, crt
and bcd genes have been attempted with only the hbd KO being successful. As
a control that the methodologies carried out were being performed correctly, the
knock-out of the thl gene that had previously been impossible to knock-out
(Cooksley et al., 2012) but has recently been achieved in the SBRC (Ying

Zhang) using the RAM-less ClosTron, was carried out.

3.3.9 Control thiolase (thl) RAM-less KO

Methylated thl RAM-less plasmid was transformed into C. acetobutylicum. 96
transformants were picked and screened using EBS and thl/F and flanking
primers, thl/F and thl/R. There is evidence of insertion using both sets of primers
(figure 3.9 A & B). Faint mutant bands larger than wild type are observed using
flanking primers (figure 3.12 B) and these were further passaged to isolate pure
mutants (figure 3.9 C). RAM-less ClosTron thl mutants were designated C.

acetobutylicum thl406s::rCT
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Figure 3. 8: (A) PCR screening of RAM-less ClosTron knock out of thl gene

PCR screening of RAM-less ClosTron knock out of thl gene. Lanes are genomic DNA
of potential mutants. In (A) and (B), Lanes 1-12 and A-H are genomic DNA of 96
isolates pooled into columns and rows (20 pools in total).Using two sets of primers: (A)
EBS & thl/F, lanes 1-H give DNA fragment size of 500 bp while wild type, WT does
not give any DNA fragment. (B) Using two gene flanking primers; thl/F and thl/R, faint
mutant DNA fragments in addition to the wild type is observed. (C) Pure thl mutants
obtained by passaging the mixed population (4D and 2F). DNA fragments are of size
1987 bp while WT is 1267 bp. Purified DNA fragments were Sanger sequenced and

nucleotide sequence were as expected. Water was used as negative control, N.

In addition to the thl RAM-less ClosTron KO, it was also important to show
again that the hbd gene which has now been knocked out by the RAM-less
ClosTron could not be knocked out by other means hence the KO of hbd was

attempted using the standard ClosTron as well as CRISPR/Cas9 systems.
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3.3.10 Standard ClosTron hbd Knock-out

Two independent transformations into C. acetobutylicum using pMTLO007C-
E2::hbd69s was carried out and twenty (20) EmR transformants PCR screened
using flanking primers hbdF/R but there was no evidence of intron insertion

observed (figure 3.10).

2000 bp 12345 6 7 89 10 111213 14 1516 17 1819 20 WT
WOWWWWeWWVYLUWWvWVVYYWY W

1000 bp

Figure 3. 9: hbd standard ClosTron screening

Screening of standard ClosTron insertion in the hbd gene. Genomic DNA of 20 potential
candidates were screened using gene flanking primers hbdF/R. There is no evidence of
insertion as all colonies screened have DNA fragment size similar to wild type (1285
bp). With insertion, expected DNA fragment size should be 3169 bp.

3.3.11 Using the CRISPR/Cas9 System

As a CRISPR/Cas9 knock out system had recently been developed within the
SBRC (Cariadas et al., 2019), an attempt to knock out hbd using CRISPR was
undertaken. But first, it was important to demonstrate that the developed
CRISPR/Cas9 system was functional in C. acetobutylicum. As a target,
therefore, the pyrE gene was selected as it has been previously shown to be easily

knocked out using Allele Coupled Exchange, ACE.

3.3.11.1 CRISPR KO of Control Gene, pyrE
To test that CRISPR/Cas9 works in C acetobutylicum, the pyrE gene was

targeted. pMTL8315 RibocasE_pyrE plasmid (figure 3.11) was generated by
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cloning in sgRNA and homology arms (between sites Spel and Ascl) targeted at
pyrE gene in plasmid, pMTL8315_RibocasE_J23119 MCS originally created
by Ines Canadas. pMTL8315 RibocasE_pyrE was methylated and
electroporated into competent cells of C. acetobutylicum. Transformants were
plated onto CGM Tm (non- induced) and CGM Tm Theophiline (Thp) induced
plates (5mM). After 48 hours, there were 6 colonies on non-induced plates and
1 colony on induced plate. Two types of colonies were observed on the plates.
On the non-induced plates colonies were flat and seemed not to be growing so
well (indicating colonies had now become auxotrophs) while on the induced

plates, the colonies were raised and larger.

Colonies from the non-induced were re-streaked onto induced plates and PCR
screened using primers flanking the homology arms, pyrE-HA/F&R. Of the 14
candidates screened, 2 had clean pyrE deletions with DNA fragment size at 1533
bp indicating successful deletion of the 675bp pyrE gene (figure 3.12). These
two candidates were Sanger sequencing and nucleotide sequence shown to be

exactly as expected.
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tral CDS CD0164 terminator

cas9|

pMTL8315_RibocasE_pyrE

10,033 bp

Pfdx_Rb3|
J23119(Spel) promoter
fdx terminator pyrE gRNA1

Figure 3. 10: pMTL8315_RibocasE_pyrE; CRISPR/cas9 knock-out vector for pyrE

gene

Comprises the Cas9 nuclease downstream of Pryx fused to a riboswitch, J23119 promoter
which drives the sgRNA expression; pyrE RHA and pyrE LHA are regions of homology
flanking the pyrE gene to be deleted; pCB102 is Gram-positive replicon; catP is
chloramphenicol antibiotic marker; ColE1 is Gram-negative replicon and trad is transfer

gene.
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1000 bp

1 2 34 56 7 8 9 10 111213 14 WT

Figure 3. 11: CRISPR/Cas9 pyrE deletion screening

Candidates for CRISPR/Cas9 pyrE deletion were PCR screened using primers pyrE-
HA/F&R, flanking both HAs. Lanes are genomic DNA of potential mutants. Lanes 3
and 7 give smaller DNA fragment size at 1533 bp indicating deletion 675bp pyrE gene
while other candidates are of same DNA fragment size as WT (2196 bp). 3 and 7 were
subjected to Sanger sequencing and showed nucleotide sequence exactly as expected.

Having established that CRISPR KO could be used to effectively knock out a

gene in C. acetobutylicum, the knock-out of hbd gene was attempted.

3.3.11.2 hbd CRISPR KO

hbd CRISPR vector, pMTL8315 RibocasE_hbd was created by replacing the
sgRNA and homology arms (between sites Spel and Ascl) targeted at hbd in
pMTL8315 pyrE. This was transformed into C. acetobutylicum and plated onto
CGM Tm (non-induced) and CGM Tm Thp (5mM induced). About 1-2 colonies
grew per CGM Tm plate and were re-streaked on CGM Tm Thp plates. Colonies
were PCR screened using primers flanking the homology arms, hbd/HA/F and R.
Figure 3.13 shows that all screened candidates had no evidence of deletion as
they all have similar DNA fragment size as the wild type parent strain.

While the knock out of the pyrE gene by the CRISPR approach was successful
at first attempt, the hbd gene could not be inactivated using the CRISPR system
neither could it be knocked out using the standard ClosTron methodology,

except by the conditional RAMless ClosTron. This again goes to show that the
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hbd gene like the other genes in the C4 central metabolic pathway in C.
acetobutylicum (thl, crt and bcd) may be impossible to knock-out except some

compensatory mutation have arisen which allowed the viability of the mutant.

3. ;45 558 460 §78 8. B9R 10 WT
e —-— - N - —-— L

Figure 3. 12: CRISPR/Cas9 hbd deletion screening

PCR screening of genomic DNA of 10 candidates for CRISPR/Cas9 deletion in hbd
gene using primers hbd/HA/F and R. All screened candidates show no evidence of
deletion and have similar DNA fragment size as the wild type parent strain, 3072 bp.
Expected DNA size with hbd gene deletion should be 2235 bp.

3.3.12 Characterisation of hbd KO Mutant, hbd69s::rCT

Batch fermentation in 60 ml CBMS was undertaken with the hbd knock-out
mutant obtained by conditional RAM-less ClosTron, hbd69s::rCT, and samples
taken at intervals for measurement of OD, pH and solvent profile analysis. HPLC

and GC were used to analyse solvents. Results obtained are given in figure 3.14.

It was observed that hbd69s::rCT initially grew slower than the wild type C.
acetobutylicum but went on to higher OD values. There was no butyrate
produced by hbd69s::rCT compared with the wild type which produced up to 28

mM butyrate at the peak of acidogenesis. More acetate (6. 25 mM) was produced
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in this mutant likely to make up for the lack of ATP generation through butyrate

production.

For solvent production, worthy of note is the greatly increased ethanol titre in
hbd69s::rCT; up to 427 mM was produced compared with wild type which made
33 mM ethanol. As the C4 metabolic pathway had been inactivated with the
knock-out of hbd gene, the flux went into the production of more ethanol.
Previous researchers have reported that C. acetobutylicum could be switched
into an ethanol producer by the disruption of the butyrate pathway through the
knock down of the hbd gene (Lehmann and Lutke-Eversloh, 2011). Ethanol was
also reported to be the major fermentation product (113 mM) in the C.
acetobutylicum ptb ClosTron mutant which carried a frameshift mutation in thl

gene (Cooksley et al., 2012).

For butanol production, in comparison with wild type which produced 203 mM
butanol, hbd69s::rCT produced 32 mM. This was quite surprising as
hbd69s::rCT was not expected to be able to produce butanol considering that the
hbd gene had been inactivated. A possible explanation for this could be that in
C. acetobutylicum, there are two chromosomal genes coding for 3-
hydroxybutyryl-CoA dehydrogenase, responsible for the conversion of
acetoacetyl-CoA to 3- hudroxybutyryl-CoA:  3-hydroxybutyryl-CoA
dehydrogenase, hbd, (CAC2708) and 3-hydroxyacyl-CoA dehydrogenase,
mmgB, (CAC2009) (Nolling et. al., 2001). Grimmler and co-workers noted that
while hbd was significantly induced during acidogenesis and repressed with a
drop in pH, mmgB was induced during the acidogenesis-solventogenesis switch
and remained expressed all through solventogenesis (Grimmler et al 2011). This

possibly explains the absence of butyrate (produced during acidogenesis) in the
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hbd mutant while some butanol (produced during solventogenesis) was detected

likely due to the activity of mmgB.

Acetone production was lower in the mutant. Here, the production of acetone
may be less desirable as there is a need to produce more reduced products. This
could also be related to a possible decrease in the activity of thiolase, the first
enzyme in the C. acetobutylicum C4 metabolic pathway which branches off to
the production of acetoacetate and decarboxylation to acetone. A decrease in the
thiolase activity and general reduction of flux towards the C4 pathway has been
reported in the hbd knock down created by other researchers. (Lehmann and

Lutke-Eversloh, 2011)
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Figure 3. 13: Solvent profile of hbd69s::rCT

Solvent profile of batch fermentation of hbd mutant, hbd69s::rCT, obtained by RAM-
less ClosTron insertion. Samples were taken at varying time points during fermentation
to monitor growth, pH and OD. Solvents were analysed using HPLC and GC. Values

are mean of duplicate values.

Having obtained pure hbd mutants, the next step was to sequence the genomes
for identification of any compensatory mutations that may have arisen.
Unfortunately, sequencing results revealed a big deletion downstream of the
abrB gene (regulators of stationary/sporulation gene expression) and this was
also observed in the parent wild type C. acetobutylicum used. This deletion was
also PCR confirmed. It is not known what effect this deletion might have on the
mutants, consequently, an additional four independent transformations were
carried out with a new wild type strain. Pure hbd knock-out mutants were
isolated and seven mutants from the four independent transformations subject to
paired-end Illumina sequencing. The sequences obtained were mapped to the
annotated genome reference sequence of ATCC 824 and the results presented in

table 3.1.
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Table 3. 1: Genomic Sequencing of hbd Knock-out Mutants

1
Ref Positn

363789
363790
363794

506312

1217953
1971128
2802560

3778758

2

Ref Positn
90941
363789
363790
363794
3778319

Type
Insertion
SNV

Deletion

SNV

SNV
SNV
SNV

SNV

Type
SNV
Insertion
SNV
Deletion

SNV

Ref

o » -

o o -4 >

Ref

® > -

Allele
G
A

- > O >

—

Allele

Overlapping annotations

CDS: CA_C0437, Gene:
CA_C0437
CDS: CA_C1065, Gene:
CA_C1065

CDS: CA_C2681, Gene:
CA_C2681
CDS: CA_C3579, Gene:
CA_C3579

Overlapping annotations

CDS: CA_C0082, Gene:
CA_C0082

CDS: fabH, Gene: fabH

Coding region change

NP_347077.1:c.1855C>A

NP_347700.1:c.9A>G

NP_349288.1:c.166G>T

NP_350162.1:c.272G>A

Coding region change

NP_346727.1:c.1175C>A

NP_350161.1:c.242C>T

99

Amino acid change

NP_347077.1:p.Leu619lle

NP_349288.1:p.Glu56*

NP_350162.1:p.Arg91Lys

Amino acid change

NP_346727.1:p.Ala392Asp

NP_350161.1:p.Thr81lle

Gene Function

Part of a deletion downstream of AbrB
Part of a deletion downstream of AbrB
Part of a deletion downstream of AbrB
Histidine kinase

Uncharacterised protein

Downstream phosphocarrier protein

Hypothtical protein

MarR transcriptional regulator

Gene Function

Predicted membrane downstream agrA
Part of a deletion downstream of AbrB
Part of a deletion downstream of AbrB
Part of a deletion downstream of AbrB

3-oxoacyl-[acyl-carrier-protein] synthase 3



3

Ref Positn
1209596
2013807
2802565

4
Ref Positn
88358
348714
348937
363789
363790
363794

2802622

3007065
3736454

5

Ref Positn
88358
348714
348937
363789

Type
SNV
SNV

Insertion

Type
SNV
SNV
SNV
Insertion
SNV

Deletion

Deletion

SNV

Deletion

Type
SNV
SNV
SNV

Insertion

Ref

Ref

o 4 0

> 0 » >» -

Ref

Allele Overlapping annotations

A CDS: CA_C1053, Gene:
CA_C1053

T

GTTATATAGCAACA

Allele Overlapping annotations

T CDS: agrC, Gene: agrC

G

A

G

A

) CDS: CA_C2681, Gene:
CA_C2681

T CDS: CA_C2873, Gene:
CA_C2873

Allele Overlapping annotations
CDS: agrC, Gene: agrC

G

A

G

Coding region change

NP_347689.1:c.1401G>A

CDS: CA_C2681, Gene:
CA_C2681

Coding region change

NP_346725.1:¢c.742C>T

NP_349288.1:c.230delA

NP_349476.1:c.52G>A

Coding region change

NP_346725.1:¢c.742C>T

100

Amino acid change

NP_349288.1:¢c.171_184dup

Amino acid change

NP_346725.1:p.His248Tyr

NP_349288.1:p.Asn77fs

NP_349476.1:p.Gly18Arg

Amino acid change

NP_346725.1:p.His248Tyr

Gene Function
LPS glycosyltransferase
Upstream hypothetical protein

NP_349288.1:p.Asn62fs Hypothetical protein

Gene Function

Histidine kinase

Downstream hypothetical protein
Downstream hypothetical protein

Part of a deletion downstream of AbrB
Part of a deletion downstream of AbrB

Part of a deletion downstream of AbrB

Hypothetical protein

Acetyl CoA acetyltransferase (thiolase)

Hypothetical protein

Gene Function
Histidine kinase
Downstream hypothetical protein
Downstream hypothetical protein

Part of a deletion downstream of AbrB



363790 SNV T A Part of a deletion downstream of AbrB
363794 Deletion A - Part of a deletion downstream of AbrB

3775907 SNV C T CDS: fabD, Gene: fabD NP_350158.1:¢.400G>A NP_350158.1:p.Alal34Thr Malonyl CoA-acyl carrier protein transacylase
6
Ref Positn ~ Type Ref Allele Overlapping annotations Coding region change Amino acid change Gene Function

\l H

Ref Positn ~ Type Ref Allele Overlapping annotations Coding region change Amino acid change Gene Function
. CDS: CA_C2681, Gene: . . . .
2802463  Deletion A - CA C2681 NP_349288.1:c.72delA NP_349288.1:p.Lys24fs Hypothetical protein
Key
Yellow Common to 4 mutants from 4 independent transformations
Blue Common to 4 mutants from 2 independent transformations

Common to 4 mutants form 2 indpendent transformations

White Unique to individual transformation
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There were seven mutants from four independent transformations. Mutants 1
and 2 were from transformation one, 3 from transformation two, 4 and 5 from
transformation three while 6 and 7 were from the fourth transformation.

Further details on the genes with mutations are given below.

CA_C0437 —This is one of the five orphan histidine kinase in C. acetobutylicum
(Nolling et al., 2001) which control the phosphorylation of SpoOA transcription
factor which regulates the endospore formation (Durre, 2011). It has been
suggested that CAC_0437 could be a modulator which prevents sporulation as a
C. acetobutylicum CAC_0437 mutant was observed to be a hyper-sporulator
(Steiner et al., 2011) while sporulation reduced to 0.02 % of wild type level when

multiple copies of CAC_0437 were introduced into wild type.

CA_C1065 - Uncharacterized protein, related stage Il sporulation protein AH
of Bacillus sp

CAC_2681 - In multiple Clostridium species including C. pasteurianum, C.
felsinium C. amyloliticum C. akagii, this protein is a DUF4325 STAS-like
domain-containing protein which is functionally uncharacterized (Marchler-
Bauer et al., 2017). In E coli, the STAS domain of the YchM protein (of the
SLC26, SulP family), has been shown to interact with acyl carrier protein (ACP),
which carries acyl intermediates during acylation processes such as fatty acid
biosynthesis, FAB (Babu et al., 2010).

CAC_3579 - Isatranscriptional regulator, MarR/EmrR family possessing DNA-
binding transcription factor activity

CA_C0082 - Predicted membrane protein downstream of agrA gene
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fabH gene - The fabH gene also known as 3-oxoacyl-[acyl-carrier-protein]
synthase 3 catalyzes the condensation reaction of malonylacyl carrier protein and
an acyl-CoA substrate. This is the first condensation reaction in the fatty acid
biosynthesis and determines the synthesis of straight or branched-chain fatty
acids based on substrate specificity. It belongs to the thiolase-like superfamily

(Khandekar et al., 2001; Tomas et al., 2004).

fabD — This is also known as Malonyl CoA-acyl carrier protein transacylase
catalyses the conversion of malonyl-CoA to malonyl-ACP which is the second
step in fatty acid biosynthesis after acetyl-CoA is converted to malonyl-CoA by

acetyl-CoA carboxylase (Zhang et al., 2012).

agrC - Is a histidine kinase-like ATPase and constitutes a part of the agr system
originally discovered in Staphylococcus aureus and has been described to
regulate granulose formation and sporulation in C. acetobutylicum (Steiner et
al., 2012). The agr locus is made up of agrB, agrD, agrC and agrA genes and
constitutes the cell to cell signalling system while the RNAIII is the actual
effector for the regulation of target gene (Novick and Geisinger, 2008). The
agrD contains the Autoinducing Peptide (AIP) while agrB is a membrane
associated protein. Following extracellular AIP accumulation, agrC, which is
the histidine kinase, phosphorylates the response regulator, agrA which goes on
to activate the agrBDCA operon and induce expression of RNAIII. In addition,
the agr-system also controls other target genes independently of RNAIII (Queck

et al., 2008).
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Acetyl-CoA acetyltransferase, thlA (EC:2.3.1.9) - Catalyzes the condensation
of acetoacetyl coenzyme A from two acetyl coenzyme A molecules. As a
thiolase, it can also catalyse the reverse reaction by splitting acetoacetyl
coenzyme A into two acetyl CoA molecules. It is a central metabolite and
involved in mevalonate pathway, fatty acid pathway and biosynthesis of
secondary metabolites (NCBI, 2018, Mann and Lltke-Eversloh, 2013).

abrB - A common deletion at reference positions 363789, 363790 and 360794
is observed in four mutants obtained from two independent transformations. This
deletion is downstream of the abrB gene (regulators of stationary/sporulation
gene expression) as well as the CA_C0309 gene (cell wall-associated hydrolase)
and appears to be a terminator. The absence of a terminator at this position can
result in interference between the genes as they are being transcribed. The
expression of abrB was shown to be opposite spoOA (Tomas et al., 2004) and
spo0A has been reported to negatively regulate abrB in B. subtilis (Fawcett et

al., 2000)

Ribonuclease J - CAC_1683 - An RNase that has 5'exonuclease and possibly
endonuclease activity. It is involved in the maturation/stability of rRNA or in
some organism’s MRNA maturation or decay. It has a well conserved central
region related to the beta-lactamase family at the amino terminal (Madhugiri and

Evguenieva-Hackenberg, 2009)

A compensatory mutation occurs when the loss of fitness caused by one mutation
is remedied by a second mutation at another site in the genome. The effect of the

first mutation is usually dependent on the presence or absence of these
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compensatory mutations, a phenomenon, known as epistasis (Rojas Echenique
et al., 2019). For instance, mutations that endow resistance abilities to an
antimicrobial agent are often deleterious to the organism in the drug-free
environment, however with the acquisition of a compensatory mutation survival
rates are enhanced (while retaining the initial mutation) rather than a back
mutation with loss of the resistance-conferring mutation (Maisnier-Patin and

Andersson, 2004).

To be able to conclude that a mutation is compensatory for the knock-out of hbd,
we expect it to be common to all the hbd mutants. Seven hbd KO mutants from
four independent transformations were subject to paired-end Illumina
sequencing and the sequences obtained mapped to the annotated genome

reference sequence of ATCC 824.

In all seven mutants sequenced, a mutation in genes either directly involved in
or related to the fatty acid biosynthesis pathway was observed; figure 3.15 shows
the fatty acid operon in C. acetobutylicum. These genes are, fabD, fabH, marR
(CAC_3579), acetyl CoA acetyltransferase (thiolase) and CAC 2681 (may
interact with acyl carrier protein in FAB). In addition to these, mutations in or
around genes related to endospore formation (CAC_1065, CAC_0437, deletion
downstream abrB gene) and the agr quorum sensing system (agrC and
CAC _0082) were observed. The second frequently occurring mutation
following the FAB pathway genes, was the deletion downstream the abrB gene
which occur in 4 mutants from two independent transformations. Mutations in
CAC 1053 (LPS Glycosyltransferase) and CAC_1683 (ribonuclease J) were

observed in one mutant each.
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Figure 3. 14: Fatty acid operon in C. acetobutylicum.

Mutations were observed in four of the genes - fabD, fabH, CAC_3579 (marR), and
CAC_2681 (may interact with acyl carrier protein, ACP) in the sequenced hbd mutant.

Cell membrane fluidity and loss of membrane potential is an established result
of exposure to solvents such as ethanol and butanol (Huffer et al., 2011, Dyrda
et al., 2019) and the alteration in cell membrane fatty acid composition is a
mechanism cells employ to tolerate high solvents levels (Zhao et al., 2003).

A reduced expression of the fatty acid biosynthesis operon genes in a solvent-
tolerant strain of C. acetobutylicum 824 (pGROEL) and the wild type when
exposed to a 0.75 %, (vol/vol) butanol challenge was previously reported (Tomas
et al., 2004). The mutations in the FAB genes observed in all mutants may not
be unrelated to increased ethanol production in the hbd mutant (figure 3.14)
compared to the parent wild type strain.

A SNP in thl gene was observed in hbd69s::rCT and the metabolite analysis are
consistent with a reduction in thiolase activity. Thiolase precedes Hbd in the
metabolic pathway, therefore a disruption of the hbd gene may have resulted in
reduced thiolase activity based on the general principle of substrate:product ratio
control of metabolic flux. With a reduced thiolase activity, there is a disruption
of the C4 pathway and either acetate or ethanol can be produced. A reduction in
acetone is also expected. In this case, ethanol becomes the preferred product as

there is the need to produce more reduced products for regeneration of NAD(P)™.
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This explains why the hbd mutant, hbd69s::rCT produced very high amounts of
ethanol up to 427 mM. In a hbd knock down mutant previously described,
biochemical analyses exhibited reduced thiolase activity in cell extracts
compared to wild type C. acetobutylicum. A reduction in crotonase (which
catalyses the conversion of crotonyl-CoA to butyryl-CoA) which follows Hbd
in the metabolic pathway was also observed (Lehmann and Lutke-Eversloh,

2011).

It is quite interesting though to observe a mutation in the thl gene occurring with
the knock-out of hbd gene. Previously it has been shown that the thl gene cannot
be knocked out (Cooksley et al., 2012) except together with the knock-out of
ptb, hence the question was raised; was ptb knock-out only possible because of
a frameshift in thl, or vice versa? Consequently, we sought to understand if there
are compensatory mutations that would allow the viability of C. acetobutylicum
bearing otherwise detrimental mutations. While the knock-out of thl gene has
now been achieved using this conditional RAM-less ClosTron system (Ying
Zhang, Personal Communication) and compensatory mutations identified, we

sought to do same with the hbd gene.

To be able to confirm that these observed mutation(s) is/are responsible for the
viability of the hbd KO mutant, it is important to replicate these mutations
(individually or together) on a C. acetobutylicum wild type background and
attempt to knock out hbd using the standard ClosTron system, which before now
was shown to be impossible. If this becomes achievable, it will confirm the
hypothesis that knock-out of the hbd gene is only feasible because of these
compensatory mutations that have arisen, thereby making the mutant viable.

Though this was the part of the plan at the beginning of this thesis, due to time
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constraints, these mutations could not be replicated on the wild type background
to confirm that these acquired mutations are responsible for the viability of the
hbd muatant which could not be knocked out earlier using standard ClosTrom

mutagenesis or the CRISPR/Cas9 system.

In addition, due to time restrictions, the solvent profile of these seven mutants
remain to be analysed and matched with the sequencing results. For example, it
will be expected that that mutant no 1 which had mutation in CAC_0437
(histidine kinase in endospore formation control) would produce more spores
than wild type as a C. acetobutylicum CAC_0437 mutant has been previously

reported to be a hypersporulator (Steiner et al., 2011)

3.4. Conclusion

The creation of mutants for improved understanding and manipulation of solvent
pathways is important in the development of an industrial solvent producing
strain. In this chapter, we sought to utilize the conditional RAM-less ClosTron
system to knock out genes in C. acetobutylicum that were previously impossible
to knock-out and where possible isolate compensatory mutations that have made
the mutant to be non-lethal. The hydA, hbd, crt and bcd genes were targeted
using appropriate RAM-less ClosTron plasmids. For the hydA, crt and bcd
genes, it was not possible to isolate a knock-out mutant. Although evidence of
intron insertion was observed when candidates were PCR screened using EBS

and a flanking primer, in each case, no mutant DNA fragment was observed
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when PCR screening was done with gene flanking primers perhaps because the

mutants are present at such a low level that they cannot be detected by PCR.

The hbd gene which could not be knocked out using the standard ClosTron or
CRISPR/Cas9 system was knocked out using the conditional RAM-less
ClosTron and pure insertional mutants isolated, designated as hbd69s::rCT.
Solvent profile analysis showed that hbd69s::rCT produced more ethanol (427
mM) compared with wild type (33mM) and there was no butyrate produced by
this mutant. Less acetone, butanol and more acetate were produced by
hbd69s::rCT. When seven hbd mutants from four independent transformations
were subjected to Illumina sequencing, results showed a mutation in genes
involved in or related to the fatty acid biosynthesis pathway in all seven.
Mutations in genes related to endospore formation, agr quorum sensing system,
LPS Glycosyltransferase and ribonuclease J were also observed. However, to be
able to conclude that these mutations have resulted in the viability of the hbd
knock-out mutant, they have to be replicated on a wild type background and
thereafter, the knock-out of hbd using the standard ClosTron system should be
possible. However, due to time constraints, these mutations could not be
replicated on the wild type background as planned. Also, as a further work, the
solvent profile of these seven mutants need to be analysed and matched with the

sequencing results for better understanding.
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CHAPTER 4

Creation of Alternative Integration Sites to pyrE

4.1 Introduction

The development of genetic tools for targeted mutagenesis of Clostridium
acetobutylicum is essential to metabolic engineering strategies that seek to direct
metabolism in favour of desired products. Allele Coupled Exchange, ACE,
developed here at the CRG (Heap et al., 2012a; Ng et al., 2013; Ehsaan et al.,
2016; Minton et al., 2016), readily allows the creation of mutants and their rapid
complementation without the need for antibiotic markers and avoids the
phenotypic effects associated with high copy plasmids. It has been demonstrated
to effectively generate mutants in many clostridial species, including C.
acetobutylicum, C. difficile, C. botulinum, C. beijerinckii, C. perfringes, C.
autoethanogenum C. pasteurianum, C. sporogenes and even Gerbil's

thermoglucosidasius (Minton et al., 2016)

The ACE system utilizes the pyrE gene (which codes for orotate phosphoribosyl
transferase required for the de novo synthesis of pyrimidine) for the rapid

deletion and insertion of desired DNA.

4.1.1 The pyrE Strain

Compared to gene expression via autonomous plasmids, the integration of
operons into the genome results in a more stable strain suitable for industrial
applications (Friehs, 2004). Though plasmid expression has the advantage of
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high copy number, it is segregationally unstable and mostly has to be maintained
using antibiotics which are expensive and cause environmental concerns (Hagg

et al., 2004). The pyrE mutant strain created using ACE has two main functions:

i It allows knock-out (KO) of other genes in the chromosome using
standard allelic exchange procedures in which the KO plasmid
carries a heterologous, functional copy of pyrE that is used as a

negative selection marker (Ng et al., 2012; Ehsaan et al., 2016).

ii. Concomitant with restoration of the pyrE allele to wildtype, cargo
DNA can be introduced into the genome by inserting it between the

Long Homology Arm (LHA) and Short Homology Arm (SHA)

4.1.2 Use of pyrE Strains for Gene Knock-out

An example of an unpublished KO vector that uses a functional pyrE gene as a
counter selection marker is shown in Figure 4.1. The vector also makes use of
a second counter selection marker, codA. This encodes cytosine deaminase
which converts the innocuous 5-Fluorocytosine (5FC) into the toxic 5-

Fluorouracil (5FU).

codA R6K

= b
(LHA) | catb E —| (RHA)
‘ y ‘ pyr v

FRT/DR/dif ’ FRT/DR/dif
Figure 4. 1: Suicide KO plasmid

Suicide KO plasmid comprised codA negative selection (5- flourocytosine, 5FC), R6K,

Gram-ve replicon only replicates in E. coli strains producing n protein, LHA (Left
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Homology Arm), catP (thiamphenicol resistance gene from C. perfringens), pyrE
(prototrophic selection, uracil +ve), RHA (Right Homology Arm)

Following the integration of the suicide plasmid into the host chromosome
through recombination between one of the two regions of homology, single
crossover integrants can be selected as faster growing colonies on solid media
containing thiamphenicol. These are then plated onto solid media containing
5FC, which is toxic to cells that carry the plasmid, and its codA gene, integrated
into the genome. This allows the selection of colonies in which the plasmid has
excised and lost the plasmid (and codA). Dependant on which homology arm
mediates the excision event, progeny can be either the desired KO mutant, or the
original wildtype cell. These can be distinguished on the basis of their sensitivity
to thiamphencol. Mutant cells are resistant, as they carry the catP::pyrE cassette.
Wildtype cells are sensitive. Isolated, 5FC resistant, thiamphenicol resistant
cells are then plated on media containing 5-FOA. The integrants are sensitive to
this analogue because of the presence of the functional pyrE gene. Cells in which
this catP::pyrE cassette flips out, due to recombination between the direct
repeats that flank the cassette (FRT/dif/DR) become resistant to 5-FOA, as how
the only pyrE allele in the cell is the original mutant one. Figure 4.2 below is a

schematic of the knock out using pyrE gene/suicide plasmid.
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Mrel FspAl xpal Xbal SerDl MauBl

LHA catP RHA

' 1%t Double cross over
catp

l 27 Double cross over

) ()

Figure 4. 2: In-frame deletion of target gene using pyrkE gene/suicide plasmid.

Following the first recombination event, entire plasmid is integrated in the chromosome
and the target gene is replaced by catP-pyrE after the second recombination occurs
(which is the 1% double cross over). The 2™ double cross over, giving rise to catP-pyrE
flip, can be screened for by plating of FOA plates which serve as a counter selection

marker for pyrE gene.

4.1.3 Use of pyrE Strains for Knock-in

Once generated, an ACE correction vector may be used to restore the pyrE allele
to wild type, in which the missing 3’-end of the pyrE gene is combined with the
LHA. Here, following the isolation of a single crossover integrant, the required
double crossover strain is selected by plating on media lacking uracil as the strain
generated becomes prototrophic for uracil. The pyrE corrected cells also become
FOA sensitive (°). The phenotype of the gene knocked-out may then be
determined in a cell that is otherwise wildtype. If the pyrE gene was not
corrected, the effects could be partially due to the pyrE mutation.

The ACE system can also be used to complement the knocked-out gene. In this

case, the ACE complementation vector has restriction sites positioned between
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the LHA (3’-end of the pyrE gene) and the RHA (the 1200bp region from
downstream of the 3’-end of pyrE). This allows a functional copy of the gene
that has been knocked-out to be cloned between the LHA and RHA, either with
its own promoter or with no promoter. In the latter case the gene is expressed
from the promoter responsible for pyrE expression. The cloned gene becomes
inserted into the gene following ACE at the same time as the pyrE gene is
restored to wild type. The gene can also be expressed from the strong Psdx
promoter (derived from the ferredoxin gene of C. sporogenes using an
appropriate ACE vector that contain this promoter upstream of the restriction
sites into which the gene is inserted. Figure 4.3 shows ACE correction,

complementation and overexpression vectors

KO

Chromosome of pyrE mutant host —«-.—/ 1200 bp

carrying deletion in Gene X —

+

Sbfl LHA RHA Ascl

[1] pyrE gene restored to wildtype in ‘Gene X’ KO mutant

o m 1200 bp
e SUNIWTApS 20000 o <ﬂ Repair Vector
Gene X
bf| Ascl
[2] Gene X complemented concomitant with pyrE repair o0 LHA MG FT

RHA
Y oure >——foe?> 91200 bp
Complementation Vector
Gene X  catp }—Gefecive repico}

. . . Sbfi LHA P.. MCS FT RHA Ascl
[3] Gene X overexpressed concomitant with pyrE repair e

1200 bp

KO Piax

Q .
_«_._/ m N 1200 bp Expression Vector
Gene X ‘ﬂﬂ _‘defenave replicor

Figure 4. 3: ACE Correction, Complementation and Expression Vectors.

Figure taken from Minton et al., 2016.
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4.1.4 Alternative Loci to pyrE

One feature that would facilitate the engineering of the C. acetobutylicum chassis
would be the provision of alternative loci to pyrE at which heterologous or
homologous genes could be rapidly inserted. Thus, if the desired pathway
required the addition of more than one operon or gene set, then one could be
inserted at pyrE and the other could be inserted elsewhere at an equivalent locus

through the construction of a series of ACE vectors.

Ideally, like pyrE, such loci should: (i) represent the last gene of an operon,
thereby preventing polar effects on downstream genes following insertion of
cargo DNA,; (ii) should result in an easily screenable phenotype (ie., uracil
auxotrophy), the correction of which is selectable (ie., uracil prototrophy), and;
(iii) if possible should also confer on the host a selectable phenotype when
inactivated (FOAR). Two promising candidates identified by the CRG are pheA
(CAC0217, prephenate dehydratase) and argH (CAC0974, argininosuccinate
lyase). The former is predicted to be moncistronic and its inactivation should
lead to phenylalanine auxotrophy and may become resistant to the phenylalanine
analogue, B-2-thienylalanine (Nelms et al., 1992). Inactivation of the latter
should lead to arginine auxotrophy. In-frame deletion mutants of both could be
made using our heterologous pyrE-based counter selection, allelic exchange
system. Mutants will be made in the pyrE host, and the pyrE allele corrected to
prototrophy using an ACE Correction vector. Following isolation of each
mutant, ACE Correction vectors specific to each allele was made, and shown to
be capable of correcting each specific mutant back to the wildtype phenotype

(eg., arginine prototrophy in the case of argH) using the ACE method.
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4.2 Aim of Chapter

To create a triple auxotrophic mutant in C. acetobutylicum which represent

alternative loci to pyrE that genes of interest could be readily integrated.

4.3 Results and Discussion

4.3.1 Construction of an ACE integration system based on argH

Previous work by Hengzheng Wang and Jon Baker had resulted in the creation
of a specific in-frame deletion mutant of the argH locus and pheA locus in the
pyrE mutant background of C. acetobutylicum. The nature of the deletion was
such that they resembled the pyrE mutant in that 406 and 301 bp were removed
from the 3’-end of the argH and pheA genes, respectively. It follows that it
should be possible to restore both the argH and pheA locus to wildtype using an
ACE correction vector built to the same principles as the pyrE ACE correction
vector but in which the pyrE specific RHA and LHA are replaced with the

equivalent regions of the argH or pheA locus.

Accordingly, the RHA and the LHA of the pyrE ACE complementation vector
PMTL-MEG6C were replaced with argH specific DNA. These were derived by
the PCR amplification of the appropriate region from the C. acetobutylicum
chromosome using PCR primers that incorporated restriction enzyme
recognition sites that allowed their cloning into pMTL-MEGC in place of the
pyrE specific regions. In the case of the LHA, the 300 bp region incorporated
the 3’-end of the argH gene and was bounded by restriction sites for Sbfl and

Notl. The RHA represented a 1200 bp region immediately downstream of the
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argH gene and was flanked by Nhel and Ascl restriction recognition sites. These
two regions were sequentially cloned into pMTL-MEGC, replacing the pyrE
specific DNA between Sbfl and Notl (LHA) and between Nhel and Ascl (RHA).
The final argH and pheA complementation vector was designated,

PMTL_comp_argH and pMTL_comp_pheA respectively (figure 4.4).

pMTL-ME6GC
4736 bp

lacZ alpha

Cpa-fdx-TT terminator

pMTL-comp_argH
4801 bp
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lacZ alpha

Cpa-fdx-TT terminator

pMTL-comp_pheA
4755 bp

Figure 4. 4: ACE complementation vectors

For the three loci, pyrE (pPMTLME6C), argH (pMTL_comp_argH) and pheA
(pMTL_comp_pheA). RHA is the long homology arm downstream of the deleted gene
and initiates first recombination process; LHA is the short homology arm, carries the
deleted 3 segment of the gene to be repaired and mediates second crossover event
which repairs the deletion; ColE1 is Gram-negative replicon; catP is chloramphenicol
antibiotic marker; repL - pIM13 Gram-positive defective replicon; lacZ alpha encodes
a multicloning site where cargo genes of interest could be cloned in to make expression

vectors.

Having obtained pMTL_comp_argH, it was transformed into the C.
acetobutylicum ApyrEAargH double mutant strain initially selecting for
thiamphenicol resistant colonies, and then streaking them onto minimal media
supplemented with uracil but lacking arginine. Three independent putative
repaired strains were selected (Figure 4.5) and PCR undertaken using

appropriate flanking primers to confirm that the argH gene had been restored to
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wildtype. A PCR product of the predicted size was obtained (Figure 4.6) and

shown by subsequent Sanger sequencing to be exactly as expected.

Figure 4. 5: Repair of argH gene

argH repair in C. acetobutylicum ApyrEAargH using pMTL_comp_argH. There is
growth of argH repaired mutant (1, 2 and 3) on both arginine supplemented and
unsupplemented P2 minimal plates while the parent strain, C. acetobutylicum

ApyrEAargH (control, C) grows only on supplemented inimal plates.

4000 bp
3000 bp

Figure 4. 6: PCR screening of argH repair

Gel picture of PCR screening of argH repair using flanking primers argh_ch_F&R.
Lanes are genomic DNA of potential complemented mutants. Lanes 1, 2, 3 are
complemented argH mutant with expected DNA fragment size of 3547bp; C.
acetobutylicum ApyrEAargH double mutant control (C) with fragment size of 3186bp
and no band for negative control (N). DNA Ladder is 2-log.
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4.3.2 Characterisation of the genome sequence of the C. acetobutylicum
ApyrEAargH and ApyrEApheA double mutants

The eventual goal of this work is to also have a third locus for introducing genes
based on the pheA gene (phenylalanine auxotrophy). However, before moving
to the construction of a triple mutant strain (ApyrE, AargH, ApheA) it was
important to show that both double mutants did not carry any significant SNPs
(Single Nucleotide Polymorphisms) or InDels. Therefore, chromosomal DNA
from both double mutants was prepared and subject to paired-end Illumina
sequencing. The sequences obtained were then mapped to the annotated genome
reference sequence of ATCC 824. Based on results shown in Table 4.1 below,
strain argH 10_2 was selected to go forward with to create the triple mutant

strain.
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Table 4. 1: Genomic Sequencing Results of Double mutants, ApyrEAargH and ApyrEApheA

CACM_1
Mapping

CACM_2
Mapping

CACM_3
Mapping

pheA 2_1

Reference
Position

38051
162936
345917
345993

2294876

pheA 21 1

Reference
Position

38051
162936
345917
345993

pheA 15 1

Reference
Position

38051
162936
345917
345993
348937
459698

Type
Insertion
SNV
SNV
SNV

SNV

Type
Insertion
SNV
SNV
SNV

Type
Insertion
SNV
SNV
SNV
SNV
SNV

Reference

> O > >

Reference

o > >

Reference

O oo >» >

Allele

O 4 0 0

Allele

- O ®

Overlapping annotations Coding region change ~ Amino acid change

the end of pyrE, not a real SNV

rRNA: rRNA, Gene: CA_Cr027

CDS: CA_C2201, Gene:

CA_C2201 NP_348818.1:c.34T>C

no coverage of pSOL
Overlapping annotations Coding region change  Amino acid change

the end of pyrE, not a real SNV

rRNA: rRNA, Gene: CA_Cr027

no coverage of pSOL
Overlapping annotations Coding region change ~ Amino acid change

the end of pyrE, not a real SNV

rRNA: rRNA, Gene: CA_Cr027

CDS: kdgK, Gene: kdgK NP_347035.1:c.280C>A  NP_347035.1:p.GIn94Lys

122



CACM_4
Mapping

CACM_5
Mapping

CACM_6
Mapping

argH 10_2
Reference
Position

38051
162936
173271
345917
345993

argH 30_1
Reference
Position

38051
162936
345917
345993

2824877

argH 30_7
Reference
Position

38051
162936
345917
345993

2539244

Type
Insertion
SNV
SNV
SNV
SNV

Type
Insertion
SNV
SNV
SNV
SNV

Type
Insertion
SNV
SNV
SNV

SNV

Reference

O > 4 >

Reference

>0 > >

Reference

o O > >

Allele
C

- ® O O

Allele

O 4 0 6

Allele

> 4 0 6

Overlapping annotations Coding region change ~ Amino acid change

the end of pyrE, not a real SNV
inter rRNA regions
inter rRNA regions
inter rRNA regions
rRNA: rRNA, Gene: CA_Cr027

no coverage of pSOL
Overlapping annotations Coding region change  Amino acid change

the end of pyrE, not a real SNV

rRNA: rRNA, Gene: CA_Cr027
between guaB and CA_C2702

Overlapping annotations Coding region change ~ Amino acid change

the end of pyrE, not a real SNV

rRNA: rRNA, Gene: CA_Cr027

CDS: CA_C2422, Gene:

CA_C2422 NP_349037.1:c.500C>T  NP_349037.1:p.Thr167lle
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4.3.3 Creation of Triple Mutant

From the results of genomic sequencing of second double mutants, argH_10-2
(ApyrEAargH) was selected to make the triple mutant. This had no significant

SNPs and pSOL1 plasmid was still intact.

The suicide KO plasmid to knock out the pheA gene, pMTL-8-147-pheA was
designed just as shown in figure 4.1 but the homology arms flanked the 301 bp
region to be deleted in the pheA gene. The plasmid was methylated and
transformed into ApyrEAargH (argH_10-2). Single cross integrants were plated
on CBM- FC ur+arg+phe+Th plates (to screen for excised plasmid and codA
loss) and patch plated on P2 ur+arg+Th +/- phe. Double cross was obtained and
confirmed using primers, pheA_ch_F and pheA_ch_R. This is shown in figure

4.7.

L o2l B3k &4 S5 261 A7 BSL SOk B0 B 12 813 214 15116 WT

e v N e e S Nt ) v N N Nt !

Figure 4. 7: PCR screen of pheA KO

PCR screen of pheA knock out using gene flanking primers pheA ch F and
pheA ch_R. Lanes are genomic DNA of potential pheA KO candidates. Double
cross should give a DNA fragment size of 4229 bp (1-16), while Wild type should be
3090 bp.

To screen for catP-pyrE flip, colonies were plated on 5-FOA Ur+arg+phe plates.
Colonies were PCR screened with same flanking primers and results shown in

figure 4.8.
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Figure 4. 8: PCR screen for catP-pyrE flip in pheA KO mutants

PCR screen for catP-pyrE flip in pheA KO using flanking primers pheA_ch_F and
pheA_ch_R. Genpmic DNA of 19 colonies were screened and 11 (highlighted in red)
show expected DNA fragment size at 2817 bp. Double cross (DC) gives fragment size
of 4229 bp and WT, 3090 bp.

Putative catP-pyrE clean colonies were streaked onto minimal medium, P2
ur+arg + phe. The created triple mutant, C. acetobutylicum ApyrEAargHApheA,
can grow only on minimal plates supplemented with phenylalanine while the
Control, (ApyrEAargH, arg 10-1) can grow both on minimal plates with or

without phenylalanine. This is shown in figure 4.9.

Figure 4. 9: Triple mutant, C. acetobutylicum ApyrEAargHApheA

Triple mutant, C. acetobutylicum ApyrEAargHApheA, colonies 2, 3, 4, 6, 9, can grow
only on minimal plates supplemented with phenylalanine (plate A) while Control
(double mutant C. acetobutylicum ApyrEAargH) can grow both on minimal plates

with/without phenylalanine (plates A & B)
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4.3.4 pheA Repair

To show that the pheA gene in triple mutant, C. acetobutylicum
ApyrEAargHApheA, could be repaired, the cells were transformed with the pheA
cargo complementation vector, pMTL_comp_pheA. Integrants were PCR
screened using primers, pheA_ch_F and pheA_ch_R. These are shown in the

figures 4.10 & 4.11.

Figure 4. 10: PheA gene repair in triple mutant

PheA gene repaired in triple mutant, colonies 1, 2, 3 can grow on minimal plates
with/without phenylalanine supplementation (plates A & B) while triple mutant C.
acetobutylicum ApyrEAargHApheA (C) can only grow on minimal plates supplemented
with phenylalanine (plate A).

Figure 4. 11: PCR screening of repaired pheA gene in C. acetobutylicum
ApyrEAargHApheA.

PCR screening of pheA gene repair in triple mutant, C. acetobutylicum
ApyrEAargHApheA using flanking primers pheA_ch_F and pheA_ch_R. Lanes are
genomic DNA of potential complemented mutants. Lanes 1, 2, 3 and 4 are
complemented pheA mutants with expected DNA fragment size of 3090 bp while triple
mutant with unrepaired strain (C) shows gives a size of 2817 bp.
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4.3.5 Confirmation of Presence of pSOL1 plasmid in ApyrEAargHApheA
mutants

Just to be sure, the presence of pSOL1 plasmid in triple mutant was confirmed
(figure 4.12) by amplifying the adhE2 gene using primers adhe2F/R and using
wildtype C. acetobutylicum as control. adhE2 is one of the genes borne on the

pSOL1 plasmid.

Figure 4. 12: Screening for presence of pSOL1

Screening of genomic DNA of triple mutant, ApyrEAargHApheA, for the presence of
pSOL1 plasmid using flanking primers for the adhE2 gene. DNA fragment size for
adhE2 gene (2666 bp) is seen for 2 and 3 indicating presence of pSOL1 plasmid just as

in wild type used as control.

4.3.6 Genomic Sequencing Results of Triple mutant C. acetobutylicum

ApyrEAargHApheA

As previously performed, chromosomal DNA from C. acetobutylicum
ApyrEAargHApheA was prepared and subjected to paired-end Illumina
sequencing. The sequences obtained were then mapped to the annotated genome
reference sequence of ATCC 824 using CLC Genomics Workbench to check for
significant SNPs or InDels. The results are presented in table 4.2. In addition to
the SNPs in the parent double mutant, argH 10_2 (highlighted in yellow), a SNP

in CDS: CA _C2843 (aminopeptidase) was observed, this was an amino acid
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change from Asp to Tyr. The aminopeptidase catalyzes the cleavage of amino
acids from the amino (N) - terminus of polypeptides, they are widely distributed
in the animal and plant kingdoms and exist in subcellular organelles, cell
membrane and in cytoplasm. (Gonzales and Robert-Baudouy; 1996, Taylor,

1993). This mutation was however not in the protein active site.
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Table 4. 2: Genomic Sequencing Results of C. acetobutylicum triple mutants, C. acetobutylicum ApyrEAargHApheA

P2
Position
38051
162936
173271
345917
345993

2975353

P3
Position
38051
162936
173271
345993

2975353

Type
Insertion
SNV
SNV
SNV
SNV

SNV

Type
Insertion
SNV
SNV
SNV

SNV

Ref

0o »>» 4 >

Ref

O =4 >

Allele

= o O o O

Allele

= 0o o

Freq Overlapping annotations

100
48.18
100
100
100

100

Freq
100
54.67
100
100

97.5

None
None
None
None

Gene: CA_Cr027, rRNA: rRNA
CDS: CA_(C2843, Gene
CA_(C2843

Overlapping annotations
None
None
None

Gene: CA_Cr027, rRNA: rRNA
CDS: CA_(C2843, Gene
CA_C2843

Coding region change
None
None
None
None

None
NP_349447.1:c.1096G>
T

Coding region change
None
None
None

None
NP_349447.1:c.1096G>
T
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Amino acid change
None
None
None
None

None

NP_349447.1:p.Asp366Tyr

Amino acid change
None
None
None

None

NP_349447.1:p.Asp366Tyr



4.3.7 Locus Specific Effects on Gene Expression

At this stage it is not clear what specific effects the loci will have on the expression
of genes inserted at the three envisaged sites (pyrE, argH or pheA). To analyse this,
an expression cassette was made, comprising a transcriptional terminator, followed
by the promoter (Prax) of the C. sporogenes ferredoxin gene and finally a promoter-
less copy of the C. perfringens catP gene. This cassette was cloned into the three
different ACE complementation vectors, pMTL-ME6C, pMTL_comp_argH and
pMTL_comp_pheA between the homology arms, using Notl and Pvul to give
pMTL-HZ13-fdx-catP, = pMTL-HZ14-fdx-catP and  pMTL-HZ15-fdx-catP
respectively. The resultant vectors were transformed into the mutants with the
concomitant repair of the genes. The pyrE mutation was also repaired in the double
mutants.

The data obtained (figure 4.13) suggests that there is a difference in the level of catP
expression obtained dependent on the site of insertion in the chromosome (p < 0.05
at 4 hours and p < 0.0001 at 8 hours). The highest level of expression was obtained
at the pyrE locus, then at the pheA and finally from the argH. The simplest
explanation for this observation relates to the position of these loci relative to the
chromosomal origin of replication. Those nearest to the origin will have more copies
than those that are more distal due to their closer proximity to the multiple replication
forks that will be present in an actively growing cell (Couturier and Rocha, 2006).
Similar effect of gene dosage has been reported in E. coli (Sousa et al., 1997) and
Bacillus subtilis (Sauer et al., 2016). Consistent with the relative expression levels
observed, the position of the three genes relative to the origin are 37,376 (pyrE),

241,803 (pheA) and 1,121,793 (argH).
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CAT assay for auxotrophic mutants in C.
acetobutylicum
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Figure 4. 13: Locus specific (pyrE, argH and pheA) effects on CAT expression in C.

acetobutylicum.

Mutants were grown in CBMS, triplicate samples taken at 4 and 8 hrs and CAT assay carried
out. Highest level of expression is observed at the pyrE locus, next at pheA and then argH
and this could be based on the position of these loci relative to the chromosomal origin of

replication.
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4.4 Conclusion

The successful creation of a triple auxotrophic mutant in C. acetobutylicum was
achieved. This was carried out by the sequential deletion of 406 and 301 bp from
the 3’ end of the argH and pheA genes in a pyrE background. This was achieved
by using a suicide vector which utilized a heterologous pyrE gene as a counter
selection marker. These deleted genes could be repaired by designing plasmids
made similar to the pyrE repair plasmid pMTLMEGC, where the homology arms
had been replaced to direct integration at the argH and pheA loci.

Mutants were subjected to paired-end Illumina sequencing and the final triple
mutant had one mutation distinct from the parent strain. This was an amino acid
change from Asp to Tyr in the aminopeptidase gene (CA_C2843). It is not yet
clear if this mutation will have any effect on the integration and expression of
genes at these loci but this mutation was not in the protein active site. In addition,
C. acetobutylicum carries other similar genes (Aminopeptidase, CA_C2195 and
predicted aminopeptodase, CA_C3508) that could possibly complement for this
mutation in CA_C2843. Locus specific effect of gene expression showed that
the highest level of catP expression was at the pyrE locus followed by pheA and
then argH. This could be related to the position of these loci relative to the
chromosomal origin of replication with the nearest having most expression. With
the availability of alternative loci to pyrE where genes of interest could be readily
inserted in the chromosome, product extension in C. acetobutylicum was

investigated by integrating heterologous genes at these loci.
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CHAPTER 5

Towards Product Extension in Clostridium

acetobutylicum

133



CHAPTER 5

Towards Product Extension in Clostridium
acetobutylicum

5.1 Introduction

Over and above the use of the pyrE locus for complementation studies, is its
major use as a locus for inserting native or heterologous DNA encoding
beneficial functions. These can include those genes encoding the enzymes
involved in the production of a novel or existing chemical (Heap et al., 2012);
hydrolases for degrading complex carbohydrates (Kovacs et al., 2013);
therapeutic genes in cancer delivery vehicles (Heap et al., 2014); an ermB gene
to improve the reproducibility of the virulence of the NAPI/B1/027 epidemic
strain R20291 in the hamster model of infection (Kelly et al., 2016), and; an
antibiotic resistance gene to or a sigma factor to allow deployment of a mariner

transposon (Zhang et al., 2015).

Figure 5.1 shows the use of the pheA locus for integration of cargo gene into

chromosome.
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Figure 5. 1: The use of pheA locus for integration of cargo genes via ACE.

First integration occurs through the Long Homology Arms (LHA) while the second
crossover event occurs via the Short Homology Arms (SHA) with the concomitant

repair of the pheA gene and integration of gene into chromosome.

5.1.1 Acetone — An Undesired By-product in ABE Fermentation

In the ABE fermentation, it is desirable to eliminate or reduce the production of
acetone as it is corrosive and a non-fuel by-product (Wang et al., 2018; Lee et
al., 2012). In addition, its simultaneous production with butanol reduces the
butanol ratio and increases the cost of downstream purification making the

process economically non-viable (Nicolaou et al., 2010).

Attempts to reduce acetone production have been reported by several researchers
over the years and this has mostly been associated with reduced butanol titers
and are discussed below. Two enzymes are involved in the conversion of
acetoacetyl-CoA to acetone: acetoacetyl-CoA:acetate/butyrate CoA transferase

(ctfA/B) and acetoacete decarboxylase (adc) (Jones and Woods, 1986).
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Janati-ldrissi reported the generation of C. acetobutylicum 2-BrBul from
chemical mutation, which was deficient in acetone production but also showed
a reduced butanol ratio (Janati-ldrissi et al., 1987). Tummala et al designed an
antisense RNA to downregulate adc expression and it was observed that though
downregulation of adc was effective, it did not translate to reduction in acetone
production indicating that adc was not the limiting step in acetone production.
Next, the downregulation of ctfA/B was targeted, but though the production of
acetone was substantially reduced, butanol titers were significantly less
compared with control (Tummala et al., 2003b). In a further work by the same
researchers, the alcohol-aldehyde dehydrogenase gene (aad) was overexpressed
alongside the ctfB-asRNA and this resulted in 2 to 8-fold increase in butanol
production compared with the strain containing just ctfB-asRNA. In addition
however, acetone production was 4 to 6-fold higher than in strain bearing just
ctfB-asRNA. (Tummala et al., 2003a). The researchers suggested that the
downregulation of ctfB resulted in the degradation of the entire aad-ctfA-ctfB

transcript hence with the overexpression of aad, more butanol was produced.

Although this work improved the butanol-acetone ratio, the overall butanol
production was reduced. Taking this further, Sillers et al (2009) expressed the
aad gene using the ptb promoter while the ctfB-asRNA downregulated acetone
production. This resulted in early alcohol production of 30 g/l as well as an
increased alcohol to acetone ratio (Sillers et al., 2009). It seemed the limited
availability of butyryl-CoA (due to depleted butyrate) was a limiting factor to
butanol production, so, the thiolase (thl) gene was overexpressed to achieve a
higher butanol acetone ratio. However, against expectation, product formation

was not altered implying the need for more complex metabolic engineering. In
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another work, the strain, MGC Acac1502AuppActfA/B which lacked the type 11
restriction endonuclease encoded by CA_C1502, the upp gene (CA_C2879) and
the ctfA/B genes was reported to produce no acetone, increased acids (especially
acetate) but butanol titers were also reduced compared with wild type (Croux et

al., 2016).

Jiang and co-workers reported that the disruption of the adc gene using targetron
technology resulted in an increase in butanol ratio form 70 — 80% and a reduction

of acetone to approximately 0.2 g/l (Jiang et al., 2009).

5.1.2 An Alternative Route — Converting Acetone to Isopropanol

An alternative route to reduce/eliminate acetone production in ABE
fermentation is the reduction of acetone to isopropanol in just one step by the
secondary dehydrogenase, Sadh which could be obtained from the natural
isopropanol producer, C. beijerinckii NRRL B593 (Lee et al., 2012; Chen and
Hiu, 1986). This represents a more efficient use of the acetone pathway. Unlike
acetone, isopropanol is a simple secondary alcohol which has been used as an
additive for high octane gasoline preparation (Peralta-Yahya and Keasling,
2010). Its other uses include as a cleaning agent, in paint thinning, plasticizer in
plastic industry (Jang et al., 2013). Converting acetone to isopropanol creates
the so called IBE mixture as opposed to ABE. The IBE mixture is more attractive
for fuel applications as it can be used directly as a fuel since isopropanol is a fuel
compound (Collas et al., 2012; Li et al., 2019). The use of IBE mixture as a fuel
additive in the production of gasoline or diesel oil has already been reported
(Peralta-Yahya and Keasling, 2010; Li et al., 2019)
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5.1.3 IBE from Natural Producers

Some clostridia naturally produce IBE such as C. beijerinckii and C.
aurantibutyricum (George et al., 1983). Until 2018 when (Zhang et al., 2018)
reported the isolation of a C. beijerinckii strain BGS1 producing 10.21 g/l
butanol and 3.41 g/l isopropanol, the IBE production has been low (5.87 g/l) and
productivity slow (90.12 g/I/h) (Survase et al., 2011). Even then, due to the
availability of more developed genetic tools for metabolic engineering, higher

IBE values have been achieved using C. acetobutylicum.

5.1.4 IBE from C. acetobutylicum

A summary of the reports of IBE production from C. acetobutylicum from 2011
till date (Wang et al., 2018; Bankar et al., 2015; Dusséaux et al., 2013; Jang et
al., 2013; Dai et al., 2012; Collas et al., 2012; Lee et al., 2012) is given in table
5.3 (later on in his chapter). Reported strategies of IBE production from C.
acetobutylicum include the metabolic engineering of C. acetobutylicum to
harbour plasmids bearing the C. beijerinckii SadH gene, synthetic acetone genes
under regulation of various promoters, regulation of intracellular NAD(P)H
levels and the use of hyper-producing or buk- C. acetobutylicum strains.
Fermentations have been performed in flasks, bioreactors and there is a report of
the use of a 200-1 pilot scale fermentation (Jang et al., 2013). So far, the highest
IBE reported is 27.9 g/l by Jang et al. (2013). This particular study used a hyper-
producing C. acetobutylicum buk strain harbouring Pw-Sadh-hydG on plasmid,

BKM19 (pIPA100) in a controlled batch fermentation with 100g/lI glucose.
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Table 5.3 gives a summary of strategies for strain engineering/process

optimization carried out in C. acetobutylicum and the IBE titres recorded.

5.1.5 Orthogonal Inducible System

The capacity to independently regulate multiple genes in parallel is desirable in
synthetic biology. Orthogonal systems are uncoupled form evolutionary
constraints and independent of cellular regulation making use of heterologous
elements like bacteriophage-encoded T7 RNA polymerase for transcription (An
and Chin, 2009; An and Chin, 2011). The key advantage of using such
polymerase is the high specificity to target promoters. As a replacement for the
T7 RNAP which could be associated with toxicity (Temme et al., 2012), here in
the Clostridium Research Group (CRG) an orthogonal gene expression system
based on the C. difficile sigma factor TcdR has been constructed. The TcdR
belongs to the ¢’° family of sigma factors (a novel sub category, group 5) which
only recognises promoters with specific conserved non-canonical -35 (or -10)
recognition sequences (Dupuy et al., 2006). The functionally interchangeable
homologues of TcdR are conserved in other toxigenic clostridia such as C.
botulinum (BotR), C. tetani (TetR) and C. perfringens (UviA) (Dupuy et al.,
2006). Activation of target promoters (Pida and Pigs) is only possible in the

presence of TcdR. Figure 5.2 gives a schematic of the tcdR loci in C. difficile.
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RNA polymerase

Toxin B Toxin A

Figure 5. 2: The tcdR locus in C. difficile.

TcdR allows specific recognition of tcdA and tcdB toxin genes promoters by RNA
polymerase, as well as recognition of its own promoter. A holin-like protein is encoded

by tcdE and tcdC is a negative regulator of toxin expression

Till now, in the CRG, the inducible tcdR-Ptwqs orthogonal system has given the
highest levels of expression of heterologous genes even compared with one of
our strongest constitutive promoters, Prix. This was demonstrated in the
expression of catP in C. acetobutylicum (Wang Hengzheng, 2014),
nitrofurazone reductase in C. sporogenes (Zygoroupoulou Maria, 2019) and C.

autoethanogenum (Christopher Humphreys, Personal Communication).

5.2 Aim of Chapter

With the creation of a triple auxotrophic mutant in C. acetobutylicum
representing three different loci at which genes could be inserted into the
chromosome (chapter 4), and the availability of the tcdR system, the aim of this

chapter was to test the utility of the inducible tcdR-Pids System in the C.
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acetobutylicum triple mutant, C acetobutylicum ApyrEAargHApheA, for the

production of isopropanol.

5.3 Resullts

5.3.1 Creation of ACE plasmids
The following ACE plasmids were created to be integrated at the pyrE, argH
and pheA loci. As described in chapter 4.4.1, expression vectors were designed

to direct the integration of the following genes at the three loci created:

» pyrE locus - Lactose inducible tcdR system
» argH locus - Acetone operon (Picas-CtfA/B-adc)

» pheA locus - Secondary dehydrogenase (Ptds —SadH)

The ACE expression vectors incorporated a Left Homology Arm (LHA) which
comprised the 3’-end of the gene being targeted (pyrE, argH or pheA) and a
Right Homology Arm (RHA) which encompassed the 1200bp region from
downstream of the 3’-end of the gene target (pyrE, argH or pheA). On the basis
of size, the LHA was the Short Homology Arm (SHA) while the RHA was the
Long Homology Arm (LHA). The genes to be expressed were cloned between
the homology arms to give plasmids pMTL-HZ13-HZ-tcdR, pMTL-HZ14-
PtcdB-ctfAB-adc and pMTL-HZ15-PtcdB-SadH. For plasmid pMTL-HZ13-
HZ-tcdR, the lactose inducible tcdR system, bgaR-tcdR was cut from template,
PMTL-MEG6C::HZ-tcdR. For plasmid pMTL-HZ14-PtcdB-ctfAB-adc, the ctfAB
and adc were amplified from the pSOL1 plasmid in C. acetobutylicum 824 and
placed under the transcriptional control of the tcdB promoter, Piqds. For plasmid

pMTL-HZ15-PtcdB-SadH, the SadH gene was amplified from C. beijerinckii
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and also positioned under the transcriptional control of the Piwas promoter.
Homology arms were flanked by restriction sites Sbfl and Ascl. Figure 5.3 (A),
(B) and (C) below show the cloned plasmids.

(A) pMTL-HZ13-HZ-tcdR to enable insertion of the lactose inducible tcdR

gene at the pyrE locus

PbgaR I:,bgaL
SHA LHA

3’ pyrE bgaR tcdR hydA

\ erm

(B) pMTL-HZ14-PtcdB-ctfAB-adc to mediate insertion of the acetone

operon at the argH locus

P
SHA tedt LHA

3’ argH ctfA )| ctfB > adc CA_C0975

N

\ erm

(C) pMTL-HZ15-PtcdB-SadH to direct integration of the SadH gene at the

pheA locus P.us
SHA LHA
3’pheA Sadh CA C0218
erm
N—

Figure 5. 3: ACE integration plasmids

A, B and C are plasmids pMTL-HZ13-HZ-tcdR, pMTL-HZ14-PtcdB-ctfAB-adc and
pMTL-HZ15-PtcdB-SadH to direct integrations at the pyrE, argH and pheA loci

respectively. The Piqs was under the control of the lactose inducible tcdR system.
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5.3.2 Introduction of Lactose inducible tcdR system, HZ-tcdR at the pyrE
Locus

Competent cells of triple mutant, C. acetobutylicum ApyrEAargHApheA, were
transformed with methylated pMTL-HZ13-HZ-tcdR plasmid and plated on
CGM-+Ur+arg+phe+erm (erythromycin) plates. After 2 — 3 days, erm® colonies
were restreaked onto CBM+arg+phe plates and incubated for 24 — 48 hrs. Patch
plate on CGM+arg+phe + erm was carried out and a total of 12 colonies (6 each
from two independent transformations,) that had become sensitive to erm were
selected and PCR screened using gene flanking primers JH14/F and JH14/R.

Results are shown in figure 5.4.

2] 134 ¥4l 351 46
N e N/ s N N N N’ N

P2

Figure 5. 4: PCR screening of HZ13-HZ-tcdR integration at pyrE locus.

PCR screening of HZ13-HZ-tcdR integration at pyrE locus using JH14/F and JH14/R.
Lanes are genomic DNA of potential candidates. All 12 colonies gave an amplified
DNA fragment of 4268 bp, which is consistent with insertion of the lactose inducible
tcdR gene. In contrast, the control (C), comprising the parental, triple mutant
(ApyrEAargHApheA), gave the expected smaller (1989 bp) amplified DNA fragment.
The negative control (N) used water as the PCR template. P2 and P3 represent two
independent transformations. Gel extracted bands were subjected to Sanger sequencing
using primers ACE/F and ACE/3R and shown to be composed of the expected

nucleotide sequence
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5.3.3 Introduction of Acetone Operon, Pqs-CtfA/B-adc at the argH Locus

The plasmid pMTL-HZ14-ptcdB-ctfA/B-adc was transformed into the strain
obtained above, (which already had tcdR integrated at the pyrE locus) and plated
on CGM-+arg+phe+erm. However, colonies did not grow when streaked onto
minimal plates lacking arginine supplementation. Two further attempts were
made, during which a few colonies appeared on unsupplemented plates after
seven days of incubation. However, the size of the DNA fragment PCR
amplified from their isolated DNA using argH gene flanking primers

arg_ch_F/R was the same size as the WT control (figure 5.5).

Figure 5. 5: PCR screening of ptcdB-ctfA/B-adc integration at argH locus.

PCR screening of ptcdB-ctfA/B-adc integration at argH locus. Lanes are genomic DNA
of potential candidates. All 7 colonies did not give DNA fragments of the expected size,
4268 bp, but instead gave a DNA fragment with a size equivalent to the triple mutant,
ApyrEAargHApheA, used as a control (C), at 3186bp. WT was at 3547bp and water

used as the negative control (N).
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5.3.3.1 Investigating the Difficulties Associated with Integration at argH

Locus

5.3.3.1.1 Control Repair of argH gene

As the integration of the acetone operon at the argH had proven difficult, the
ability to simply repair the argH gene in the mutant cells being used was tested
using the empty argH complementation vector, pMTL_comp_argH. Using this
plasmid, prototrophic colonies (able to grow on minimal media lacking
exogenous arginine) were readily obtained. Template DNA made from these
colonies were found to generate a DNA fragment, following PCR using flanking
primers, that was of a size entirely consistent with repair of the argH locus

(figure 5.6).

1 2 34 5 6 7 8 9 10 C WT
e e s e i ) e i N

Figure 5. 6: Control repair of argH gene.

PCR screening of argH gene repair using gene flanking primers. Lanes are genomic
DNA of potential candidates. The ten repaired mutants (lanes 1-10) generate a DNA
fragment of equivalent size (3547 bp) to the WT using the flanking primers arg_ch_F/R.
The control (C) used was the parental strain carrying the argH deletion, and gave a PCR

fragment of some 3186 bp.

As it has been shown that the repair of the argH locus was possible, there is the

possibility that perhaps the difficulty in integrating the acetone operon at argH

145



locus was due to the presence of the pSOL1 plasmid (which carries the same
acetone genes as in the ACE plasmid) with which the ACE plasmid may
preferentially recombine. To test this hypothesis, it was decided to eliminate the

pSOL1 plasmid from the cell.

5.3.3.1.2 Deletion of pSOL1

The ACE plasmid pMTL-JH36 carries a promoter-less copy of an erm gene that
is preceded by an allelic exchange cassette that shares homology to the pSOL1
megaplasmid. Specifically, the DNA comprises a 1200 bp LHA from upstream
of the promoter region of the pSOL1 replication gene repA, and a RHA (300 bp)
comprising a proximal region of the repA gene itself, but lacking the start of the
gene. In between the LHA and RHA on pMTL-JH36 is positioned a
transcriptional terminator. As the downstream ermB gene is promoter-less, the
presence of this terminator means that the ermB gene is not expressed.
Accordingly, plasmid pMTL-JH36 does not confer resistance to erm on the cell.
When pMTL-JH36 is transformed into the clostridial cell carrying pSOL1,
selection is initially on thiamphenicol. The plasmid integrates into pSOL1 via
the larger LHA. These cells are then plated on erm plates. The only way the
cells can become resistant to erm is if the integrated plasmid excises and the
plasmid formed carries the pSOL1 repA gene promoter upstream of ermB. In
parallel, the repA promoter region is exchanged for the terminator formerly
present on pMTL-JH36. As a consequence, repA is no longer expressed, and
pSOL1 is lost from the cell (figure 5.7). Simplistically, cells in which pSOL1

has been lost are selected on the basis of acquisition of resistance to erm. The
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plasmid, pMTL-JH36, was obtained from the Clostridia Research Group Culture

Collection and was made by John Heap.

The plasmid pMTL-JH36 was transformed into the C. acetobutylicum triple
mutant (ApyrEAargHApheA) which had HZ-tcdR integrated at the pyrE locus.
To check for the presence of pSOL1, a simple starch plate test was performed
by dispensing 20pul of an overnight culture onto agar plates containing starch.
For comparative purposes, the WT cells were also included as a positive control.
The pSOL1 bears the amyP gene (CA_P0168) which produces extracellular a-
amylase when grown on medium containing starch as the sole carbon source
(Ehsaan et al., 2016). Cells that have lost the pSOL1 plasmid should not form a

halo on starch plate (figure 5.8).
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Figure 5. 7: pSOL1 removal using ACE.

First integration occurs via LHA and second recombination is through the RHA which
directs plasmid excision and activates the erm gene which is now downstream of the
repA promoter. The repA gene of pSOL1 becomes inactivated and pSOL1 is lost as it

cannot replicate.
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Figure 5. 8: A simple starch plate test for loss of pSOL1 plasmid.

Starch test for presence of pSOL1 plasmid in mutants; 20l of an overnight culture was
dropped onto agar plates containing starch and mutants that have lost pSOL1 plasmid
(1, 2, 3) do not form a halo, whereas the wildtype (WT) does.

Having eliminated pSOL1, the mutant strain was again transformed with

plasmid pMTL-HZ14-ptcdB-ctfA/B-adc.

Once again, it proved extremely difficult to obtain a strain in which the acetone
operon had apparently integrated at the argH locus. Eventually, a number of
candidate clones were obtained which had become prototrophic for arginine and
which gave DNA fragments of the correct size in a PCR using flanking primers
(see figure 5.9). However, inexplicably, it subsequently proved impossible to
lose the ACE plasmid. Thus, when integrants were restreaked onto CBM+Ph
plates and then patch plated onto the same media with and without erm, no clone
had become sensitive to this antibiotic, indicative of plasmid loss. Equivalent
results were obtained when cells were cultured in minimal P2 liquid medium,
before being diluted and patch plated onto CGM+Ph + erm. No plasmid loss was

observed.
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Figure 5. 9: Screening for integration of acetone operon at the argH locus

Screening of more candidates (C. acetobutylicum + tcdR + ctfA/B-adc) for integration
of the acetone operon at the argH locus. Lanes are genomic DNA of potential
candidates. Lanes 7, 8 &12 show evidence of a larger DNA fragment of 6353 bp in size,
indicative of insertion of the acetone operon. The other clones produce a similar smaller
sized (3186 bp) DNA fragment consistent with the argH deletion of the parental control
(C). The WT sample produces the expected slightly larger 3547 bp amplified DNA

fragment.

5.3.3.1.3 Construction and Evaluation of Plasmid Variants
In order to overcome the challenge of non-plasmid loss, two variants of the

plasmid, pMTL-HZ14-ptcdB-ctfA/B-adc were constructed, namely:

(1) pMTL-HZ14-PtcdB-ctfAB-adc-suicide (a suicide plasmid variant) — by
cutting out the Gram-positive replicon between Ascl and Fsel (figure 5.10) so
plasmids will not be able to replicate autonomously in cell and will be lost. This
was achieved by digesting with Ascl and Fsel restriction enzymes followed by

blunt end ligation.

(2) pMTL-HZ14-PtcdB-ctfAB-adc-codA - to include codA as a negative
selection marker to allow the direct selection of plasmid loss. This was achieved
by replacing the erm marker in pMTL-HZ14-ptcdB-ctfA/B-adc with erm-codA

from pMTL-SC1-add9-codA-ermB using restriction enzymes Pmel and Fsel.
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Figure 5. 10: pMTL80000 modular plasmids

The general structure of the pMTL80000 modular plasmids on which all the plasmids

in this study are based. (www.clostron.com)

Both plasmid variants were methylated and transformed into triple mutant, C
acetobutylicum ApyrEAargHApheA. Using the suicide plasmid variant, no
transformants were observed on CGM+Ur+arg+phe+erm plate. Using the codA
plasmid  variant, 5 transformants were observed per plate
(CGM+Ur+arg+phe+erm) which could grow on plates lacking arginine
indicating possible integration at the argH locus. These candidates were PCR
confirmed using flanking primers argH_ch_F and argH_ch_R, subjected to
Sanger sequencing using primers ACEHZ14/F and ACE/3R and shown to be
composed of the expected nucleotide sequence. Colonies confirmed to have
acetone operon integrated at the argH locus were plated on 5-Flouro cytosine
plates (CBM+Ur+Phe+FC) as the codA gene encoding cytosine deaminase will
convert 5 FC to the highly toxic 5-FU (5-Flourouracil). This means that only
cells that have lost the plasmid should be able to survive in the presence of 5-

FC. Just a few colonies (compared to previous experience using 5- FC) grew on
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FC plate and were shown to still be resistant to erm when patch plate was done

on plates with and without erm indicating continued presence of plasmid.

5.3.3.2 Swapping Integration Loci

To test if the difficulty encountered in obtaining integration at this locus was in
any way related to the presence of the HZ-tcdR already integrated at the pyrE
locus, an attempt was made to integrate the acetone operon into the argH locus
in the C. acetobutylicum triple mutant, C. acetobutylicum ApyrEAargHApheA

lacking this insertion. No integrants were obtained.

To further investigate if this problem was peculiar to the integration of acetone
operon at the argH locus, a new plasmid, pMTL HZ14-HZ-tcdR was constructed
to direct the integration of the lactose inducible tcdR system at the argH locus.
This plasmid was transformed into C. acetobutylicum ApyrEAargHApheA but
isolation of the desired integrants proved not to be possible (figure 5.11), and all

of the tested clones contained no insert of the correct size.

1 2 3 45 6 7891011121314cm
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Figure 5. 11: Integration of HZ-tcdR at the argH locus

PCR screening of HZ-tcdR integration at the argH locus using flanking primers,
arg_ch_F/R. Lanes are genomic DNA of potential candidates. All colonies screened
generated a DNA fragment 3186 bp in size same as the triple mutant, C. acetobutylicum
ApyrEAargHApheA used as Control (C) compared to the 3547 bp fragment in the WT.

The predicted size of the DNA fragment amplified if integration of the acetone operon

152



had occurred was 5826 bp. DNA fragments were Sanger sequenced and nucleotide
sequence were as the parent strain, C. acetobutylicum ApyrEAargHApheA

5.3.4 Change of Integration Strategy

At this point, it is not very clear why the integration of acetone operon at the
argH locus was met with much difficulty however we speculate that the insert
size could be a factor as we were previously able to integrate catP gene (about
650 bp) at this locus but the larger genes/operons (HZ-tcdR and ptcdB-ctfA/B-
adc about 3000 bp) proved difficult even after several attempts. When very few
integrants were isolated, they were unstable, non-reproducible and plasmid loss

impossible.

In the light of the difficulties encountered in the integration at the argH locus,
which was confirmed to also be the case in Acetobacterium woodii (personal

communication, Jon Baker), the original plan was adjusted as follows:

1. Acetone operon (Ptwds -CtfA/B-adc) to now go at the pyrE locus
2. Secondary dehydrogenase (Pwds —adh) at pheA locus
3. Repair argH locus

4. Introduce Lactose inducible tcdR system (HZ- tcdR) on plasmid basis.

Consequently, new plasmid, HZ13-PtcdB-ctfA/B-adc, was created to direct

integration of acetone operon at the pyrE locus (figure 5.12).
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Figure 5. 12: Integration of acetone operon at the pyrE locus of the triple mutant.

Integration of acetone operon at the pyrE locus of the triple mutant using plasmid HZ13-
tcdR-ctfA/B-adc. Lanes are genomic DNA of potential candidates. Transformants that
could grow on non-supplemented minimal plate, P2+Ar+Ph were patch plated on
P2+Ar+Ph £ Erm. Colonies that had lost plasmid and sensitive to erm were PCR
confirmed using primers JH14/F and JH14/R. The four clones screened (lanes 1-4) all
generated a DNA fragment of the expected size (4703 bp) in PCR, compared to the WT
fragment of 1989 bp.

Next, the SadH gene was integrated at the pheA locus using pMTL-HZ15-ptcdB-

SadH as shown in figure 5.13.
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Figure 5. 13: SadH integration at the pheA locus of triple mutant

SadH integration at the pheA locus of C. acetobutylicum ApyrEAargHpheA with
acetone operon integrated at the pyrE locus. Lanes are genomic DNA of potential
candidates. PCR screening was undertaken with the flanking primers pheA ch _F/R.
Expected band sizes are 6390 bp with integration in lanes 1 - 12); 2817 bp for pheA
deletion (as in the control, C) and 3090 bp for Wild Type (WT)
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Following, the isolation of a clone containing the acetone operon at the pyrE
locus and SadH gene at pheA locus, the argH mutant allele was restored to
wildtype using the pMTL_comp_argH plasmid and selection for prototrophy.
To complete the construction of the strain, plasmid pMTL82251-HZ_tcdR
bearing the lactose inducible tcdR gene was introduced into the strain as an
autonomous plasmid.

The final strain was designated 824BO1 and characterised by:

» agenome integrated acetone operon (Ptgs -CtfA/B-adc) at the pyrE locus

» a genome integrated secondary alcohol dehydrogenase gene (Pias —adh)
at the pheA locus;

» arepaired argH locus (corresponding essentially to WT);

» carriage of an autonomous plasmid carrying a lactose inducible tcdR
system (HZ-tcdR), and,

» the absence of the pSOL1 megaplasmid.

For comparative purposes, an equivalent strain to 824BO1 was made which did
not carry the SadH gene at the pheA locus, rather the pheA locus was simply

restored to WT. This strain was designated 824BO2.

Finally, a third strain was made, 824BO3, which retained pSOL1 and in which
the lactose inducible tcdR system was integrated at the pyrE locus and the

acetone operon was localised to the autonomously replicating plasmid.

The essential features of the strains created are summarised in Table 5.1
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Table 5. 1Table 5.1: Summary of Engineered Strains

Strain pyrE pheA argH Autonomous pSOL1 Products
Plasmid
824BO1 Py -CtfA/B-adc  Picgs -SadH =~ WT BgaR-Pyga-TcdR NO Acetone & IPA
824B0O2  Prcds -CtfA/B-adc WT WT  BgaR-Pypga-TcdR NO Acetone
824BO3 BgIR-Pugia-TCdR  Pygs -SadH ~ WT Ptcqr -CtfA/B-adc YES Acetone & IPA
824BO4 BgIR-Pugia-TCdR  Pygs -SadH =~ WT None YES Acetone & IPA

5.3.5 Preliminary Fermentation Tests

Preliminary fermentation tests were undertaken with a strain in which the
acetone operon had not been added, only the SadH gene needed for isopropanol
production and in which this gene was under the transcriptional control of the
inducible tcdR gene. This equated to the C acetobutylicum triple mutant (C.
acetobutylicum ApyrEAargHpheA) in which: (i) the inducible tcdR gene had
been integrated at the pyrE locus; (ii) the SadH gene under the control of the
Pwds promoter was integrated at the pheA locus, and; (iii) the argH locus had
been restored to prototrophy. This strain was designated 824BO4. The solvent

profile of two replicates of this 824B04 strain, 2 and 6, is shown in figure 5.14.

Batch fermentation in 60 ml CBMS was undertaken with the 824BO4 strains
and samples taken at intervals for measurement of OD, pH and solvent profile
analysis. Induction with 50 mM lactose was performed at 8 hrs. This
concentration of lactose was initially used based on previous data (Wang,
Hengzheng, 2014) which demonstrated that optimum induction was observed at
this level of lactose induction. The 8 hrs time point was chosen for this first test

because that is typically the period of exponential growth and onset of
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acidogenesis and it was thought to express the SadH gene early so that it is ready
to convert acetone to isopropanol upon production. The early production of
isopropanol and minimized accumulation of acetate has been reported when
either the constitutive P or the Ppw (which is active during acidogenesis)
promoters were used to express the acetone genes, ctfA/B-adc and SadH in C.

acetobutylicum (Dusséaux et al., 2013). Figure 5.14 shows the results obtained.
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Figure 5. 14: Solvent profile analysis of 824BO4-2 and 824B0O4-6.

2 and 6 are biological replicates and 2-50, 6-50 indicate 50 mM lactose induction at 8
hours. WT is C. acetobutylicum ATCC 824. Pink circle, non-induced 824B0O4-2; orange
square, induced 824B0O4-2; olive triangle, non-induced 824B0O4-6; green triangle,
induced 824B0O4-6; blue diamond, non-induced WT; purple circle, induced WT.

From figure 5.2, with the introduction of the SadH gene, the successful
conversion of acetone to isopropanol at up to 4.8 mM was achieved with strain
6 at 24 hours. Solvent concentrations were lower in 824BO4-2 & 6 than in the
wild type. The SadH gene is NADPH dependent just as the butanol
dehydrogenase is in the production of butanol (Gheshlaghi et al., 2009). The
introduction of SadH may have resulted in decreased availability of NADPH due
to increased demand (Wang et al., 2018) which may have resulted in the reduced
butanol titres observed. As expected, the acetone titer was lower in 824B0O4-2

& 6 because of its conversion to isopropanol by SadH.

More acids were produced in strains 2 and 6 and the typical acid re-assimilation
pattern was not observed compared with wild type. Similar results have been
reported where there was a decrease in glucose consumption, total solvents
produced (Collas et al., 2012; Lee et al., 2012) as well as an unexpected increase
in residual acids (Lee et al., 2012) with the expression of the SadH gene in C.
acetobutylicum. These researchers further noted that with the introduction of the
synthetic acetone pathway genes, there was increased solvent production as well

as glucose utilization.

Having shown that the inducible tcdR system can be used to produce isopropanol
from the metabolically engineered C. acetobutylicum strain, the following

fermentation tests were carried out.
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5.3.6 Fermentation Tests using 824BO1 and 824B0O2
Batch fermentation in flasks was carried out similar to the preliminary tests
except that CGM was used now and lactose concentrations used were 0, 10 and

100 mM.

Isopropanol was produced in a dose-dependent manner when tcdR was induced
with lactose. Up to 18.65 mM isopropanol was produced at 24 hours (824BO1 -
100 in figure 5.15) with residual acetone of 2.73 mM. In the control strain,
824B0O2 which harboured just the ctfA/B-adc genes but not the SadH gene, up
to 20.05 mM acetone was produced (824BO2 -100 in figure 5.15) and no
isopropanol. There was little or no butanol observed in both 824BO1 and
824B02 and the acids produced did not show the typical re-assimilation pattern
during solventogenesis owing to the absence of the pSOL1 plasmid. Initially, the
pSOL1 was deleted from the strains because of the difficulty encountered with
integration at the argH locus as earlier discussed in this chapter. It was then
thought that in the absence of the pSOL1 plasmid, the acids produced would be
re-assimilated by the integrated ctfA/B to form acetone and subsequently
isopropanol. It has been shown that the uptake of acids is coupled with the

production of acetone, (Hartmanis et al., 1984).

However, the total solvent production from 824BO1 and 824BO2 was poor.
Solvent production in C. acetobutylicum serves primarily for acid detoxification.
In strains 824B0O1 and 824B0O2 which lacked the pSOL1 plasmid, there was acid
production until 24 hours and no further increase after that, the same was
observed for the solvents which actually decreased after 24 hours and glucose

consumption which ceased at about 24 hours. A possible reason for this could
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be that the cells had become metabolically inactive if not largely dead after this

time point due to high concentrations of acids.
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Figure 5. 15: Solvent profile analysis for strains 824BO1 and 824BO2

Lactose induction was implemented at 8 hours using 0, 10 and 100 mM concentrations
and production of solvent is observed in a dose-dependent manner. Pink circle, non-
induced 824BO1; orange square, 10 mM induced 824BO1; olive triangle, 100 mM
induced 824B01,; green triangle, non-induced 824B0O2; blue diamond, 10 mM induced
824B0O2; purple circle, 100 mM induced 824BO2.

5.3.7 Fermentation Tests using 824BO3 and 824BO4

Batch fermentation was done using 824BO3 (which had tcdR and SadH
integrated in chromosome, argH repaired, harboured ctfA/B on plasmid and had
pSOL1 plasmid intact). As a control, 824BO4-6 (which had tcdR and SadH
integrated in chromosome, argH repaired and had pSOL1 plasmid intact) was

used. For comparison, solvents and acids profiles in g/l are shown in table 5.2.

Early lactose induction at 4 and 8 hours was considered as it has been reported
that early availability of the SadH gene resulted in early production of
isopropanol and less residual acids. The product profile at these times are given
in table 5.2. At 8 hours, higher total solvents was achieved than at 4 hours (18.47
g/l and 13.35 g/l respectively). Also, from the two previous fermentation tests,
CGM gave better solvent production than CBM (minimal medium) and CGM is
the medium that most previous researchers have used (Lee et al., 2012, Dai et
al., 2012, Jang et al., 2013, Dusséaux et al., 2013). Consequently, fermentations

were carried out in CGM medium with 50 mM lactose induction.

With 824B0O3, there was an increase in butanol titer and the total solvents
produced (IBE - 18.47 g/l) compared with wild type (ABE - 11.28 g/l). This
increase in total solvent could be due to the overexpression of the acetone genes

(Mermelstein et al., 1993) and the complete utilization of glucose was also
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observed. On the other hand, a decrease in total solvents was observed with
824B0O4-6 (IBE - 2.25 g/l) which had only the SadH gene integrated and just
about half of the glucose was used up. In a similar experiment by Lee et al.,
2012, total solvent concentration was slightly lower in C. acetobutylicum, 824
(pIPAL) harbouring SadH on plasmid while higher concentration was observed
with 824 (pIPA3) bearing ctfA/B-adc in addition to SadH, when compared with
wild type. Previous work by (Mermelstein et al., 1993) noted that overexpressing
the ctfA/B and adc genes led to increased production of total solvents and

decrease in residual carboxylic acids concentration.
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Table 5. 2: Solvent and Acid profile of strains 824BO3 and 824B04-6 in g/l

824B0O3 0 25.77+0.08 0.9 +£0.03 0.1+£0.0 268+031 0.71+0.03 3.72+0.07 574+0.42 3.49
50 (4 hrs)  52.24+0.39 0.93 +£0.32 2.98+0.23 9.43+103 094+028 3.66+0.30 187+0.19 13.35
50 (8hrs) 54.32+0.38 0.27+0.09 8.47 +£0.29 9.78+0.10 0.22+0.07 1.75+0.13 0.96+0.23 1847

824B0O4-6 0 27.50+1.32 0.75+0.11 0.12+0.0 3.87+0.05 0.60+009 3.84+04 4.41+058 4.59
50 24.48+136 0.2+0.07 0.56 £0.03 153+0.15 0.16+0.06 3.85+0.02 7.30+0.24 2.25
Wild Type 4116 +2.70 2.02+0.13 N/A 765+043 161+0.11 4.06+0.17 255+0.03 11.28

*N/A- Not applicable
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Figure 5. 16: Solvent profile analysis for strains 824BO3 and 824B0O4-6.

These values are expressed in g/l in table 5.2. Lactose induction was done at 50 mM.
Pink circle, non-induced 824B0O3; orange square, induced 824BO3; olive triangle, non-
induced 824B04-6; green triangle, induced 824B0O4-6; blue diamond, WT.

Less butanol was produced with 824B0O4-6 perhaps due to the increase in
demand for NADPH as both butanol dehydrogenase responsible for reduction of
butyraldehyde to butanol and the secondary dehydrogenase introduced to
convert acetone to isopropanol are NADPH dependent enzymes (Gheshlaghi et
al., 2009). C. acetobutylicum is unlike many bacteria that are able to utilize the
oxidative pentose phosphate pathway (PP) and the main route for NADPH
generation is through reduced ferredoxin produced by the phosphoroclastic
conversion of pyruvate to acetyl-CoA via pyruvate ferredoxin oxidoreductase
(PFOR). Depending on the cellular state, reduced ferredoxin can produce Ho,
NADH or NADPH (Petitdemange et al., 1977). The decrease (0.17 to 0.07
pumol/g DCW) in NADPH with recombinant C. acetobutylicum strain harbouring
the SadH gene compared to wild type which was maintained NADPH at a stable

level, has also been reported (Wang et al., 2018).

A re-assimilation of acids as solvent production increased was observed for
824B03 and there was less residual acids compared with wild type. This was
expected with the overexpression of the ctfA/B genes which are responsible for
the reutilization of acids. An increase in acetone and subsequent isopropanol
production was not unexpected as the 824BO3 strain bore additional acetone
formation genes. The re-assimilation of acids is also coupled with acetone
production (Jones and Woods, 1986). The isopropanol/butanol ratio was 0.86 for

824B03 while acetone/butanol ratio was 0.27 for wild type.

167



For strain 824B0O4-6, in addition to the low solvent titers, the typical acid re-
assimilation pattern was not observed, this could be linked to the glucose
utilization which stopped at about 24 hours. However, with the introduction of
the acetone genes, there was increased acid assimilation as well as solvent
production. This pattern has also been reported by other researchers in C.
acetobutylicum engineered to harbour the SadH gene (Wang et al., 2018, Lee et

al., 2012)

Isopropanol titre and yield from 824BO3 were 8.47 + 0.29 g/l and 0.15g/g at 48
hrs with residual acetone of 0.27 = 0.09 g/l. As expected, less acetone was
produced on induction due to conversion to isopropanol as the SadH gene was
turned on and little or no isopropanol production was observed without

induction.

From this study, the total IBE produced by 824BO3 after 48 hrs from 55 g/l
glucose in flask fermentation was 18. 47 g/l. In comparison with Clostridium
beijerinckii, a natural producer of IBE, the results from this study is higher. In
2000, Shaheen et al., in a comparative fermentation study of industrial Clostridia
strains showed that C. beijerinckii NRRL B592 produced 16.2 g/l total solvents
from maize mash (80 g/l). Survase et al., 2011 reported the batch production of
5.9 ¢/l IBE (3.7 g/l butanol and 2.2 g/l isopropanol) while continuous
fermentation yielded 7.51 g/lI. In a more recent study, C. beijerinckii BGS1 was
reported to produce 13.6 g/l IBE (10.2 g/l butanol and 3.4 g/l isopropanol) with

negligible ethanol from 60 g/l glucose (Zhang et al., 2018).
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Table 5.3 gives a summary of IBE production from C. acetobutylicum as

published SO far in literature.
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5. 3: Summary of IBE production from C. acetobutylicum as in published Literature till date

Authors/Year

This Work

Wang et al., 2018

Banker et al., 2015

Dusseaux et al.,
2013

Dusseaux et al.,
2013

Isopropanol

(g/l)
8.47

6.62

2.51

2.00 (Ppt)
2.05 (Pwi)

4.75

Butanol

(9/l)
10.02

10.51

10.78

NS

14.63

Ethanol

(a/)
0.21

1.24

NS

NS

1.01

IBE (g/l)

18.70

17.77

18.00

8.95(Prth)
7.96(Ptni)

20.40

Strain Engineering/Process optimization

C. acetobutylicum with Lac Inducible TcdR and P4s-SadH integrated via
Alelle Coupled Exchange (ACE) at pyrE and pheA loci respectively and
harbouring Piqgs -ctfA/B-adc on plasmid

Uncontrolled flask fermentation with 55¢/1 glucose

C. acetobutylicum harbouring plasmid the SadH gene with ptb promoter.
Regulation of intracellular NAD(P)H levels via NADK activated by
CaCOz. Controlled batch fermentation with 60g/l glucose

Alelle-Coupled Exchange used to integrate SadH gene with adc promoter.
Controlled batch fermentation.

C. acetobutylicum buk- strain harbouring Ppw/Pt — ctfA/B-SadH-adc on
plasmid

Uncontrolled batch fermentation with 50g/l glucose

C. acetobutylicum buk™ strain harbouring Ppw — ctfA/B-SadH-adc on
plasmid

pH (5) controlled batch fermentation with 809/l glucose
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Jang et al., 2013

Dai et al., 2012

Collas et al., 2012

Lee et al., 2011

Lee et al., 2011

Lee et al., 2011

*NS- Not stated in paper

3.6

7.6

8.0

5.1

6.1

4.4

14.8

15

NS

8.0

10.2

14.1

9.5

1.28

NS

0.8

0.8

1.9

27.9

23.88

24.4

13.9

17.1

20.4

Hyper-producing C. acetobutylicum buk- strain harbouring Pt -Sadh-
hydG on plasmid - BKM19(pIPA100)

Controlled batch fermentation with 100g/l glucose

Butanol tolerant C. acetobutylicum habouring Pw-SadH on plasmid
Rh8(Sadh)

pH (=5) controlled batch fermentation.

C acetobutylicum 824 harbouring P -SadH-ctfA/B-adc on plasmid
Non-pH controlled 60g/l in batch fermentation bioreactors

824(pIPA3): C. acetobutylicum harbouring Padc —ctfA/B-adc-SadH
Uncontrolled flask fermentation

824(pIPA3): C. acetobutylicum harbouring Padc —ctfA/B-adc-SadH
Controlled (pH 5) batch fermentation in bioreactors with 80g/l glucose
824(pIPA3-Cm2): C. acetobutylicum buk- strain harbouring Padc —CtfA/B-
adc-SadH

Controlled (pH 5) batch fermentation in bioreactors with 80g/l glucose
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From the above table 5.3 the highest IBE so far reported is 27.9 g/l by Jang et al.
2013. There, a hyper-producing C. acetobutylicum buk- strain harbouring Pi-
Sadh-hydG on plasmid - BKM19 (pIPA100) was used in a controlled batch
fermentation with 100g/l glucose. On a g/g basis, their lab scale fermentation
had a 0.27 g/g yield while for this study, it is 0.34 g/g. It is therefore promising
that higher titers could be attained when fermentation is undertaken using our
strain in pH-controlled batch fermentations in bioreactors. In addition, the little

residual acetone means this strain has potentials for large scale IBE production.

5.4 Conclusion

The introduction of genes in the previously created C. acetobutylicum triple
mutant, C. acetobutylicum ApyrEAargHApheA, was carried out to extend
product streams in C. acetobutylicum from ABE to IBE, driven by the lactose
inducible tcdR system. Integration at the pyrE and pheA loci was relatively easily
accomplished. In contrast, integration at the argH locus proved difficult which
may have been due to the size of insert or the effect of integration on the gene
downstream of argH. This therefore required a change of plan where just the first
two loci were used, the argH locus repaired and the gene that should have gone

in at that argH was expressed on plasmid basis.

Strains 824B04-2 & 6 were the initial constructs and contained the tcdR and
SadH gene integrated and did not harbour any autonomous plasmids.
Preliminary test was done with this to show that the system works and

isopropanol was being produced.
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Strains 824BO1 and 824BO2 were made next and had the ctfA/B and SadH
integrated with the tcdR on plasmid and had lost the pSOL1 plasmid. More
isopropanol was produced compared to preliminary tests but there was poor

glucose utilization, solvent production and acid re-assimilation.

Strain 824BO3 had the tcdR and SadH integrated and carried the acetone genes,
ctfA/B-adc on an autonomous plasmid. The total solvents (IBE) produced by
824B0O3 was 18. 47 g/l from 55 g/l glucose (8.47 g/l isopropanol, 10.02 g/l
butanol, 0.21 g/l ethanol) and this seems like the highest recorded isopropanol

titer from C. acetobutylicum under the conditions applied.
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CHAPTER 6

Conclusion and Further Work
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CHAPTER 6

CONCLUSION AND FURTHER WORK

Clostridium acetobutylicum represents the model clostridia for solvent
production and in the so-called ABE fermentation produces acetone, butanol and
ethanol. Over the years a range of genetic tools have been developed that have
enabled metabolic engineering of this organism as a means of improving solvent
production. Strategies explored include: to enhance the efficiency of the C2 to
C4 pathway (Nguyen et al., 2018); block or reduce acetate formation (Cooksley
et al., 2012; Kuit et al., 2012); block or reduce acetone production (Jiang et al.,
2009; Cooksley et al., 2012); increase butanol tolerance (Tomas et al., 2003);

(Mann et al., 2012), and; improve substrate utilization (Ren et al., 2010).

The aim of this project was first to use a conditional RAM-less ClosTron system
to knock out genes that were previously impossible to knock out and possibly
identify the compensatory mutations that have allowed its viability. A second
aim was to create a system that allows the introduction of genes/operons of
interest at discrete loci around the C. acetobutylicum chromosome using ACE
vectors, which together were placed under the control of a common orthogonal

expression system.

6.1 Targeted Mutagenesis using RAM-less ClosTron System

The identification of those factors that influence solvent production through
mutation of the encoding genes is key to the rational metabolic engineering and
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development of an industrial solvent producing C. acetobutylicum strain. Using
the ClosTron system, Cooksley et al. (2012) reported the large-scale targeted
mutagenesis of the genome, generating in the process a set of ten mutants. In a
number of instances, it proved impossible to knock-out certain genes. In
particular, the thl gene could not be inactivated, while only a rare single ptb
mutant was obtained despite repeated attempts. Moreover, the mutant obtained
could not be complemented. NGS analysis of the ptb mutant revealed a
frameshift mutation in thl gene. This led to the hypothesis that perhaps there are
compensatory mutations that occur to allow the viability of an otherwise lethal

mutation.

Consequently, attempts were made to knock out genes that had been previously
impossible to knock-out, and possibly identify any compensatory mutations that
may have arisen, using a the RAM-less ClosTron system which allows an initial
knock-down of a gene, allowing its isolation and thereafter the selection of a null

mutant with the loss of plasmid bearing the LtrA protein.

The knock-out of hydA, hbd, crt and bcd genes were attempted but it only proved
possible to obtain a null mutant in the case of hbd. Although evidence of intron
insertion was observed when putative mutants of hydA, crt and bcd were PCR
screened using EBS and a flanking primer, in each case, no mutant DNA
fragment was observed when PCR screening was done with gene flanking
primers perhaps because the mutants are present at such a low level that they

cannot be detected by PCR.

The hydA gene is the major hydrogenase in C. acetobutylicum and is responsible

for the regeneration of NAD (in addition to the NADH consuming pathway
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leading to butyryl production) via hydrogen production during acidogenesis and
under the present condition a hydA mutant was non-viable. The Soucaille
research group had reported the inactivation of the hydA and thlA genes
independently using the intron-based insertion system however these mutants
were not viable as it was impossible to lose the plasmid in each case, confirming
gene essentiality. The presence of plasmid means that the intron insertion in the
MRNA can be spliced out allowing gene expression and cell survival. However,
the simultaneous inactivation of hydA and thlA, creating a double mutant was
viable producing mainly ethanol, lactate with little amount of glycerol (Nguyen,
2016). Similarly, Jang et al., 2014 could not achieve a null hydA mutant in the
C. acetobutylicum quintuple mutant (pta, buk, ctfB, adhEl, hydA) created as
there was the continued presence of ItrA in the cell. Though the inactivation of
the hydA gene in C. pasteurianum has been reported, this could be due to the
presence of a number of [FeFe]-hydrogenases and [NiFe]-hydrogenases present
in this organism though not much is known about their specific roles in hydrogen
production (Schwarz et al., 2017). Though two [FeFe]-hydrogenases, hydA and
hydB are present in C. acetobutylicum, and a [NiFe]-hydrogenase which resides
in the pSOL1 plasmid (Nolling et al., 2001), the hydA is the main hydrogenase
responsible for hydrogen formation and its function key in the maintenance of

redox balance for cell metabolism (King et al., 2006; Demuez et al., 2007)

The crt and bcd genes are involved in the central metabolic pathway which
converts acetyl-CoA to butyryl-CoA for butyrate and butanol formation. It has
not been possible to knock-out these genes previously with the use of ClosTron
system and when the conditional RAM-less ClosTron was applied, the isolation

of a pure knock-out mutant could not be achieved indicating that in common
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with hydA, these genes are essential and cannot be inactivated under these

conditions.

The hbd gene which could not be knocked out using the standard ClosTron or
CRISPR/cas9 system could be knocked out using the conditional RAM-less
ClosTron and was characterised. Worthy of note was the production of up to 427
mM ethanol compared with wild type which produced 33 mM. Subsequent NGS
analysis revealed a mutation in genes involved in or related to the fatty acid
biosynthesis pathway in all seven mutants from four independent
transformations. Mutations in genes related to endospore formation, agr quorum

sensing system, LPS Glycosyltransferase and ribonuclease J were also observed.

At this point, it cannot be concluded that these observed mutations have been
compensatory for the hbd knock-out because ideally, they have to be replicated
on a wildtype background and the knock-out of hbd using the standard ClosTron
system should then be possible. Though this was included in the original thesis
plan, it could not be achieved in this project due to time constraints and is a
further work to be done. The identified genes could be deleted individually or in
combination using the ACE technology or the CRISPR/Cas9 system and attempt
to knock out the hbd gene, using the standard ClosTron or CRISPR/Cas9 which
was previously not possible, carried out. The ability to identify these
compensatory mutations that allow the viability of otherwise lethal mutations
will improve understanding of the complex regulation of metabolic processes in
C. acetobutylicum and inform more rational future genetic engineering towards

improved solvent formation.
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6.2 Towards Product extension in Clostridium acetobutylicum Using a Triple

Auxotrophic Mutant and an Orthogonal Expression System

This other aspect of this thesis was aimed at creating a system for introducing
pivotal metabolic enzymes at discrete loci around the chromosome, similar to
pyrE, that may be used to implement new metabolic pathways and to exemplify
its utility by extending product formation in C. acetobutylicum, to include
isopropanol using the inducible tcdR system. The idea was to use tcdR which
would simultaneously control different gene sets, and because they have
disparate locations, recombination between the identical promoters is not an
issue (as when they are tandemly arranged). If it was not desirable for the
different gene sets to be expressed at the same level, there is the option of using

the tcdA promoter or modifying Ptwqs to make it slightly weaker.

Using a suicide KO system, a triple auxotrophic mutant, C. acetobutylicum
ApyrEAargHApheA was created and it represented three different loci where
gene/operons of interest could be inserted in the chromosome. Based on relative
distance of locus from chromosomal origin of replication, gene expression was
greatest at the pyrE locus followed by the pheA locus and then the argH locus
indicating that genes closest to the origin of replication will have more copies
than those that are more distal in an actively growing cell. Accordingly, a lactose
inducible tcdR system, acetone formation genes and the secondary

dehydrogenase from C. beijerinkii were integrated at the various loci.

Integration at the pyrE and pheA loci were relatively easily accomplished
compared to the argH locus which proved difficult despite several attempts and

it was speculated that this could be related to the size of the insert being
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introduced or possibly the effect of the integration on downstream genes.

Consequently, only the pyrE and pheA loci were employed for integrations.

The final strain 824B0O3 which had tcdR and SadH integrated and carried the
acetone genes on an autonomous plasmid produced 18.47 g/l IBE (8.47 g/l
isopropanol, 10.02 g/l butanol, 0.21 g/l ethanol). This combination of the lactose
inducible tcdR system, chromosomal-integrated and plasmid-based expression
seems to have produced the highest recorded production of isopropanol from C.
acetobutylicum till date. The development of an IBE producing C.
acetobutylicum strain is particularly valuable as the IBE unlike the ABE mixture
can be used directly as fuel doing away with the extra cost required for
downstream purification of ABE as the acetone simultaneously produced is a
non-fuel component. Furthermore, this strain produced minimal residual acetone

(0.27 g/l) making it an ideal potential candidate for large scale IBE production.

In addition, a system has now been put in place for introducing genes at discrete
loci around the C. acetobutylicum chromosome that may be used to implement
new metabolic pathways as desired and which could be further expanded for use
in other Clostridia. While the incorporation of operons into autonomous
plasmids has the advantage of higher copy number, guaranteeing higher yields
of products, there is the problem of segregational instability where not all
daughter cells get a copy of the plasmid during cell division. This results in
plasmid loss and reduced productivity which constitutes a major industrial
problem (Friehs, 2004, Hagg et al., 2004). These plasmids can be stabilised by
including a selectable antibiotic resistance gene in their backbone, but the

addition of such genes could lead to the spread of antibiotic genes between
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bacterial populations. This gives rise to antibiotic resistant bacteria creating
environmental and health problems (Hagg et al., 2004). Besides, the addition of
antibiotics to cultures is expensive and also not desirable. Integration of gene
sets into the chromosome overcomes all of these drawbacks, producing strains

that are segregationally stable and more suitable for industrial applications.

The original plan was to have at least three difference chromosomal loci for gene
integration, however the argH locus was shown to be quite problematic. Another
possible locus has been identified which could serve as an alternative to argH,
the purD (phosphoribosylamine—glycine ligase). This gene is involved in the de
novo synthesis of purine nucleotide (Truong et al., 2015) and is at the end of the
pur operon. The purD mutant has also been shown to require additional added
purine to grow in Brucella abortus, (Truong et al., 2015) and this screenable

phenotype is desirable for this purpose.
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Table 6.1: Brief Summary of Major Outputs, Limitations and Future Work of Thesis

Chapter Outputs

3

>

Exemplified the utility of the conditional RAM-less
ClosTron in the knock out of the adhE2 gene in C.
acetobutylicum.

The hbd gene which could not previously be
knocked-out using the standard ClosTron or
CRISPR/Cas9 system was knocked out using the
conditional RAM-less ClosTron, creating
hbd69s::rCT.

hbd69s::rCT produced up to 427 mM ethanol
compared with wild type (33mM)

Demonstrated the knock out of the thl gene using
this RAMless ClosTron system.

Described the knock-out of pyrE gene in C.
acetobutylicum using the CRISPR RiboCas system.
Creation of alternative integration sites to pyrE by Nil
the construction of an ACE integration system based

on argH and pheA and the demonstration of gene
knock-out and complementation for both genes.

Creation of double (4pyrEAargH and ApyrEApheA)

and triple auxotrophic (4pyrEAargHApheA) mutants

182

Limitations
» It was not possible to

isolate knock-out
mutants for hydA, crt
and bcd genes using the
conditional RAMIless
ClosTron, though
evidence of intron
insertion was
demonstrated in all
cases.

Future Work
» Replicate the mutations observed
in the hbd69s::CT on a C.
acetobutylicum wild type
background and attempt to knock
out hbd using the standard
ClosTron system

» Carrry out solvent profile
analysis of the seven mutants
obtained and match them with
sequencing results.

The creation of these alternative loci to
pyrE was done as an enabling system for
integration of genes/operons of interest
in the chromosome towards product
extension in C. acetobutylicum. This was
done in Chapter 5.



in C. acetobutylicum and characterisation of genome
sequence.

Description of locus specific effects on gene
expression using catP assay.

Creation of ACE plasmids for the introduction of
Lactose inducible tcdR, acetone operon and SadH at
the pyrE, argH and pheA loci.

Successful integration of tcdR and SadH at pyrE and
pheA loci respectively was done.

Creation of four strains - 824BO1, 824B02, 824B0O3
and 824BO4 bearing either tcdR, SadH and/or
acetone operon integrated in chromosome or on an
autonomous plasmid.

Isopropanol could be produced by C. acetobutylicum
with introduction of SadH

Up to 18.47 g/l IBE was produced by 824BO3 with
a yield of 0.34 g/g

The isopropanol titer (8.47 g/l) and yield (0.159/g)
obtained from this study looks to be the highest
reported to date with residual acetone of 0.27 g/l.
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>

Introduction of acetone
operon at argH locus
was not successful

The elimination of
pSOLL1 or construction
of two plasmid variants
(suicide and to include
codA in backbone) did
not result in successful
integration of acetone
operon at argH locus

Swapping of integration
loci did not result in
successful integration at
the argH locus

» Use the purD locus in place of the

argH locus to achieve a strain
with three different chromosomal
loci for gene integration to
achieve a final strain bearing no
plasmid.

This strain will represent an
industrially viable platform for
enhanced solvent production/
product  extension in C.
acetobutylicum.
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