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EXECUTIVE SUMMARYEXECUTIVE SUMMARYEXECUTIVE SUMMARYEXECUTIVE SUMMARY    
 

Project aims and objectivesProject aims and objectivesProject aims and objectivesProject aims and objectives. 
This project aimed to develop a recombinant thermophilic microorganism that was 

able to produce ethanol from the mixed C5 (xylose) and C6 (glucose) substrates 
typically found in biomass hydrolysates. The major emphasis was to develop a 
stable recombinant thermophilic organism that formed ethanol as its major product 

and which was incapable of producing significant quantities of by-products.  
 

Background anBackground anBackground anBackground and Justification for Project.d Justification for Project.d Justification for Project.d Justification for Project.  
Bioethanol is already an accepted transportation fuel in many countries and can be 

used in its pure form or as a blend with gasoline. Currently some 30 million tonnes 
are produced annually and its production is forecast to grow at 17% p.a. Brazil is 
currently the leading producer of Bioethanol, manufacturing approximately half the 

world’s output  (16 billion litres per annum), with the USA catching up fast (9 million 
tpa, 30% growth in 2003). Bioethanol production is also rapidly growing in Asia with 
China having just opened the world’s largest fuel ethanol plant at 600,000 tpa. In 

Europe, both Spain and Germany have demonstrated their strong commitment to 
utilising renewable resources by lowering fuel duty on bioethanol by 100% and the 
EU has set a target of 5.75% (by energy) biofuel use in transportation by 2010. This 

latter equates to a ~9% replacement by volume, equivalent to a demand for  
25million tonnes of bioethanol.  

 
Ethanol costs could be significantly reduced if cheap plant biomass-based 
feedstocks could be utilised. Significant efforts are being undertaken in North 

America and the EU to develop cost effective technology for the hydrolysis of 
biomass into its constituent sugars. Enzymatic hydrolysis of biomass has been 
improved under a U.S Government funded programme by Novozyme and 

Genencor, while Canadian company, Iogen, has developed an enzymatic hydrolysis 
and fermentation process with Canadian government grants which, reportedly, is 
being commercialised. 

 
Currently, the cost of production of bioethanol for fuel is prohibitively high 

compared with gasoline. This is due, not only to the expensive sugar or starch 
feedstock utilised, but also to the low production rates and the inability of 
conventional yeast fermentation to convert the pentose sugars found in plant 

biomass. Some yeasts have been engineered to utilise pentose sugars but, to date, 
these strains produce an economically unviable ethanol yield. In addition, to 
maintain sterility in commercial yeast fermentations, antibiotics have to be included 

and these are ultimately often discharged into the environment. Other 
microorganisms that are able to consume plant biomass based feedstocks also 
produce low yields of ethanol even though their metabolisms have been improved 

through genetic modification. Moreover there are pathogenic variants of these 
organisms and during fermentation the risk of infection by pathogenic bacteria is 

high. These problems mean that current non-yeast technology requires the use of 
labour intensive batch operations under aseptic conditions almost trebling the 
capital cost of fermentation and lowering plant productivity. 
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Thermophilic bacilli, growing at 60-65°C, are more robust, can utilise all the 
constituent sugars of biomass and deliver very efficient fermentation processes. By 

virtue of their ability to grow at temperatures in excess of 60°C, the risk of 
contamination by other microorganisms is greatly reduced and the use of 
continuous culture techniques becomes feasible, resulting in reduced capital and 

labour costs. However, until now, relatively little has been done on the development 
of such strains and processes for large-scale manufacture. 

 
The high temperature fermentations offer reduced cooling costs, the possibility of 
direct recovery of ethanol from the hot culture, and high productivities because of 

high growth rates and yields. Some strains of wild-type thermophiles produce 
ethanol as one of a mixture of products that comprises, mainly, organic acids. For  
commercial ethanol production, the organisms have to be engineered to minimise 

the production of these acids and maximise the ethanol yield. 
 

Summary of the work carried out.Summary of the work carried out.Summary of the work carried out.Summary of the work carried out. 
Most thermophilic Bacillus and Geobacillus species are capable of metabolising a 

range of sugar substrates, including those that are common components of plant 
biomass. A few of these strains secrete relatively small quantities of ethanol as one 
of a number of products of metabolism. This study focussed on one such strain and 

developed the genetic manipulation techniques necessary to engineer its 
metabolism such that the unwanted products, mainly organic acids, were no longer 
formed and ethanol became the overwhelming product. 

 
When the work began, techniques for the manipulation of thermophilic bacilli were 
very poorly developed and it was necessary to assemble an appropriate genetic tool 

kit to allow the required metabolic engineering. With these tools, genes of the 
metabolic pathways involved in the formation of a range of organic acids were 

inactivated and other genes concerned with the formation of ethanol were up-
regulated. In this way, the flow of metabolites derived from the sugar substrates, 
was re-directed towards the desired product.  

 

Summary of the main results achieved.Summary of the main results achieved.Summary of the main results achieved.Summary of the main results achieved. 
1. Geobacillus thermoglucosidasius NCIMB11955 is a known thermophilic 

ethanol producer and was adopted as the prime candidate organism for this 

study. In addition, a screen of other potential thermophilic ethanologens 
identified 2 additional candidates of promise.  

2. The established techniques for the genetic manipulation of organisms that 

grow in the temperature range 20-400C (mesophiles) are not directly 
applicable to thermophilic bacilli and novel methods have been developed. 
Plasmids that are able to replicate in both a mesophile (Eschericia coli) and 
thermophiles have been developed and novel plasmid systems created. In 
addition, an improved electroporation protocol for the delivery of plasmid 
DNA, containing appropriate genes and selectable markers, has been 

developed successfully. These procedures have been applied successfully to 
the genetic manipulation of G. thermoglucosidasius. 

3. Ethanol is a minor metabolic product of thermophiles, such as G. 
thermoglucosi-dasius, when grown on glucose or xylose; the major products 
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are lactic, formic and acetic acids. Efficient ethanol production demands the 
elimination of these metabolites and the enhancement of ethanol yield.  The 

novel genetic tool-kit has been used to inactivate the genes responsible for  
lactic acid formation, lactate dehydrogenase (ldh) and formate production, 
pyruvate formate lyase (pfl).  

4. The method used to produce these mutants has been demonstrated to be 
robust and the mutants have been characterised physiologically and 

genetically. The mutations are stable and do not require antibiotics or other 
selective pressures for them to be maintained in culture. 

5. Stable ldh- mutants of the wild-type G. thermoglucosidasius were produced 
and shown to be incapable of lactic acid formation. In addition, these strains 
produced elevated levels of ethanol when compared to the wild-type 
organism.  

6. One ldh- mutant, TM89, has been subjected to more detailed study. Its lactate-
negative phenotype has been shown to be stable for greater than 4000 hours 
in continuous culture under a variety of growth conditions.  

7. TM89 still produces significant amounts of acetic and formic acids and, unlike 
the wild-type G. thermoglucosidasius, secretes small amounts of pyruvic acid. 

Strategies were developed for the modification of the genes involved in the 
production of these metabolites, in order to reduce or eliminate their 
formation. 

8. The activity of pyruvate dehydrogenase (PDH), a key enzyme in the conversion 
of pyruvate into an intermediate which precedes ethanol in the metabolic 
pathway of G. thermoglucosidasius, has been increased by enhancing the 
level of expression of the relevant gene. One ldh-, pdh-enhanced mutant, 
TM180, has been shown to produce elevated levels of ethanol, reduced levels 
of acetic acid and no pyruvic acid, compared to TM89. 

9. Formate formation has been eliminated by the inactivation of PFL. Stable pfl- 
mutants of TM180 (ie pfl-, ldh-, pdh-enhanced) have been obtained and shown 
to form ethanol from glucose with yields in the range 0.41-0.44g/g. In these 
strains, the only other product is acetate in minor amounts. 

 

ConclusionsConclusionsConclusionsConclusions. 
The strategy of modifying the activities of key enzymes in the metabolic pathways 

leading to ethanol in G. thermoglucosidasius has been confirmed to be sound and 
robust tools and strategies for the genetic manipulation of these organisms have 
been developed. Stable mutants lacking the ability to form lactic acid, the chief 

metabolite of the wild-type organism, have been created and shown to give 
enhanced levels of ethanol. In addition, the enhancement of the activity of a second 

key enzyme, pyruvate dehydrogenase, has resulted in further improvements in 
ethanol yield and reductions in by-product formation. Strains with enhanced 
pyruvate dehydrogenase activity and lacking both lactate dehydrogenase and 

pyruvate formate lyase show exceptionally good ethanol formation with yields from 
glucose that approach those achieved in yeast fermentations. By-product formation 
is low in these strains.  

 
These results amount to a major advance over what has been achieved previously 

with thermophilic ethanologens and places the project participants at the forefront 
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of research in this area. The triple mutants represent excellent candidates for the 
large-scale production of bioethanol from biomass-derived feedstocks. 

 

RecommendationsRecommendationsRecommendationsRecommendations. 
It is recommended that the triple mutants be subjected to a research programme in 
which their performance in fermenters is examined in detail to determine whether 

additional genetic and/or physiological manipulation will be required before they 
can be developed for large-scale, commercial ethanol production.  
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1.1.1.1. AIMS, OBJECTIVES AND MILESTONES.AIMS, OBJECTIVES AND MILESTONES.AIMS, OBJECTIVES AND MILESTONES.AIMS, OBJECTIVES AND MILESTONES.    
    

This project aimed to develop a recombinant thermophilic microorganism that was 
able to produce ethanol from the mixed C5 (xylose, arabinose) and C6 (mainly 
glucose) substrates found in biomass hydrolysates. Genetic and physiological 

manipulations of a wild-type thermophile were carried out to direct its metabolism 
towards ethanol production, to minimise co-product formation, and to enhance 

robustness to process conditions. The major emphasis was to develop a stable 
recombinant thermophilic microorganism that was incapable of producing organic 
acids by virtue of deletions in genes crucial to the formation of these metabolites. 

 
The project milestones associated with these objectives were: 
 

MilestoMilestoMilestoMilestonenenene     DescriptionDescriptionDescriptionDescription    DeliveryDeliveryDeliveryDelivery    DateDateDateDate     
1 Plasmids developed that 

can replicate in 
thermophiles and E. coli.  
Temperature-sensitive 
delivery vectors 
containing genes to be 
inactivated developed. 

Milestone report 
describing 
development of 
genetic systems 
for best candidate 
thermophiles and 
optimisation of 
transformation 
procedure 

31 March 2005 

2 Thermophiles with 
plasmid DNA integrated 
into their chromosomal 
DNA at selected sites 
developed. 

Milestone report 
describing gene 
knockout studies 
and the resulting 
thermophiles with 
selectively 
inactivated genes. 

31 March 2006 

3 One optimised 
thermophilic organism 
developed and chosen 
which grows on minimal 
medium with a doubling 
time of <90 min at 65°C 
on xylose, glucose and 
mixtures, and which 
produces ethanol as a 
significant proportion of 
the metabolic profile 
compared with G. 
thermoglucosidasius. 
Process for meeting 
target ethanol production 
described. 

Milestone report 
describing 
fermentation tests 
on developed 
thermophiles; 
justification of final 
choice of 
thermophile and 
studies to optimise 
ethanol 
production. 

30 September 
2006 

4 Final report detailing 
development and testing 
of a thermophile for 
industrial ethanol 
production and data to 
prove yield of ethanol 
from C5 and C6 sugars. 

Final report and 
project summary 

31 October 2006 
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2.2.2.2. THE EVALUATION OF CANDIDATE STRAINS FOR ETHANOL PRODUCTION.THE EVALUATION OF CANDIDATE STRAINS FOR ETHANOL PRODUCTION.THE EVALUATION OF CANDIDATE STRAINS FOR ETHANOL PRODUCTION.THE EVALUATION OF CANDIDATE STRAINS FOR ETHANOL PRODUCTION.    
 

Previous studies had resulted in the isolation of a number of micro-organisms that 
were able to grow on glucose at 60°C. Strain characterisation studies indicated that 
several of these isolates were thermophilic bacilli and this was confirmed by 16S-

RNA analysis (data not shown). The substrate range of these strains was 
investigated together with their ability to form ethanol. Results for growth and 

ethanol production are shown in Table 1. 
The results showed that two isolates, n157(dds006) and n160(dds014), grow and 
produce ethanol from the same range of sugars as the control strain Geobacillus 
thermoglucosidasius NCIMB11955 (n155). Other isolates either produced no ethanol 
at all or only on a more limited range of sugars. Most isolates produced, 
predominantly, lactic and acetic acids (data not shown). 

 
 

grow th e than ol g ro w th et hano l gro wt h eth ano l grow th e than ol gro wt h etha nol g row th et han ol

n115 11955 + 6 + 9 + 9 + - + 8 + 14

n127 sb2 + - + - + - + - + - + 11

n128 sb1 5 + - - - + - - - - - + -

n129 sb1 5b + - - - + - - - - - + -

n130 sb1 6b + - - - + - - - + - + -

n131 sb2 3 + - - - + - - - - - + -

n154 jm n001 + - - - + - - - + - + -

n155 dds 002 + 1 + - + - + - + - + 7

n156 dds 005 + - + - + - + - + - - -

n157 dd s006 + 4 + 1 6 + - + - + - + 10

n158 dds 010 + - + - + - + - + - + -

n159 dds 013 + - - - + - - - - - + -

n115 11955 + 5 + 1 2 + 6 + - + 16

n160 dd s014 + 2 + 6 + 7 + - + - + 7

n173 dds 015sd + - - - + - - - - - + -

n174 dds 015l f + - - - + - - - + - + -

n162 dds 016 + 1 - - + 4 - - + - - -

n163 dds 017 + 1 - - + 3 + - + - + 8

n164 dds 018 + 1 + - + 6 + - + - + -

n165 dds 019 + - - - + - - - + tr + -

n166 dds 023 + - - - + 5 + - + - + -

n167 dds 024 + - - - + - - - - - + -

n168 dds 63 + - - - - - - - + - + -

n115 11955 + 9 + 4 + 7 + - + 12

n193 dsm 465 + - - - + - - - - - + -

n194 dsm 202 7 + - + - + - + - + - + -

n195 dsm 406 + - + - + - - - - - - -

n196 dsm 233 4 + - + - + - - - - - + -

n197 11400 + - - - + - - - + - + -

X ylo se S u cro seS train G luco se D -arabi nose Cellob io seL -arabin ose

 
    

Table 1.Table 1.Table 1.Table 1. Production of Ethanol by Environmental Isolates. 
Cultures were grown in minimal medium containing 0.5% yeast extract and 2% sugar in capped Falcon tubes at 60°C with 
shaking at 250 rpm. Samples  were removed periodically for OD and pH measurement until growth stopped.  Samples were 
analysed for sugar consumption, organic acid production and ethanol production (n115 = Geobacillus thermoglucosidasius 

NCIMB11955). Ethanol levels expressed as concentration (mM) in culture broth. 
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3.3.3.3. PATHWAY ENGINEERINGPATHWAY ENGINEERINGPATHWAY ENGINEERINGPATHWAY ENGINEERING    
 

All thermophilic bacilli produce a range of metabolites. Ethanol is often a minor 
product of metabolism by these organisms, which, typically, produce high amounts 
of lactic acid and lesser amounts of acetic and formic acids. The development of an 

efficient process for ethanol production based on thermophiles therefore requires 
the generation of recombinant strains that are deficient in the enzymes responsible 

for organic acid production. To ensure that such mutants are stable, the genes have 
to be inactivated either by the deletion of all or part of the gene, or by the insertion 
of additional sequences into the gene. 

The strategy adopted was to use PCR to produce fragments of the target gene, 
recombine these fragments so that the DNA sequence of the gene was disrupted, 
clone the modified sequences into a vector that could replicate in both E. coli and G. 
thermoglucosidasius, introduce the plasmid into the thermophile and select for  
recombination events arising from the integration of the inserted DNA into the 
desired gene region.  

 

3.1.3.1.3.1.3.1. The development of the genetic tools necessary for the engineering of The development of the genetic tools necessary for the engineering of The development of the genetic tools necessary for the engineering of The development of the genetic tools necessary for the engineering of 

thermophiles.thermophiles.thermophiles.thermophiles.    

 
3.1.1.3.1.1.3.1.1.3.1.1. Vectors used for traVectors used for traVectors used for traVectors used for transformation of G. thermoglucosidasius.nsformation of G. thermoglucosidasius.nsformation of G. thermoglucosidasius.nsformation of G. thermoglucosidasius.    

Three vectors were used to deliver target DNA to G. thermoglucosidasius and their  
properties are summarised below: 
 
    pUB190pUB190pUB190pUB190    pNW33NpNW33NpNW33NpNW33N    pTM019pTM019pTM019pTM019    
Selectable Selectable Selectable Selectable 
MarkerMarkerMarkerMarker    

Kanamycin 
adenyltransferase (kanR) 
Growth and viable count 

reduced at 60°C cf 52°C. 

No growth at 68°C.  
Generally, tight selection, 
no satellites, relatively 
heat stable, but do see 
spontaneous resistance. 

Chloramphenicol acetyl 
transferase (camR) 
Growth and viable count 

slightly reduced at 60°C cf 

52°C. 

No growth at 65°C.  
Generally, relatively heat-
labile, minor problem 
with satellites, but very 
low generation of 
spontaneous resistance. 

pTM019 was derived by 
insertion of kanR  PCR 
product (pUB190 used as 
template) into the EcoR I 
site of pNW33N, passed 
though and re-isolated 
from G. 
thermoglucosidasius.  
Thus the plasmid should 
have similar selection 
properties to that of  
pUB190 and pNW33N 

TransformabilityTransformabilityTransformabilityTransformability    Good (approx 1,000 in 
one experiment). 

Very good, >2,000 per 
experiment, reproducible. 

Moderate (~ 400 per 
experiment). This is 
probably due to the larger 
size of the vector 

Available Available Available Available 
cloning sitescloning sitescloning sitescloning sites     

Limited, part of multiple 
cloning site lost in 
construction. 

Good - multiple cloning 
site intact. 

Good - multiple cloning 
site intact. 

  
 

3.1.2.3.1.2.3.1.2.3.1.2. OptimisaOptimisaOptimisaOptimisation of transformation protocoltion of transformation protocoltion of transformation protocoltion of transformation protocol    
It was found that satisfactory transformation of thermophilic bacilli could be carried 
out by electroporation.  Extensive studies were conducted to optimise the protocol 
specifically for G. thermoglucosidasius as it was found that different thermophilic 

bacilli species require slightly different conditions to achieve optimum 
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transformation efficiencies.  The detailed transformation protocol is given in 
appendix 1. 

 

3.2.3.2.3.2.3.2.   Generation of lactate dehydrogenase (LDH) deficient mutants  Generation of lactate dehydrogenase (LDH) deficient mutants  Generation of lactate dehydrogenase (LDH) deficient mutants  Generation of lactate dehydrogenase (LDH) deficient mutants    

 

The availability of complete DNA sequences of lactate dehydrogenase genes in the 
literature facilitated the cloning of the LDH gene from G. thermoglucosidasius using 
established methods. 
Two strategies were adopted to generate LDH knockout mutants and these are 
outlined in Figure 1. In strategy 1, two existing unique restriction sites near the 

middle of the LDH coding sequence were exploited to generate a deletion. In 
strategy 2, the LDH gene was cloned as two PCR products, introducing Not I sites 
within the gene. The two pcr products were ligated together in a cloning vector to 

generate a truncated section of LDH, missing approximately 50bp from the middle of 
the gene.      
 

 
Strategy 1Strategy 1Strategy 1Strategy 1    
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Strategy 2Strategy 2Strategy 2Strategy 2    
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Figure 1.Figure 1.Figure 1.Figure 1. Strategies to produce ldh-knockout cassettes 

 

Knockout cassettes containing each of these disrupted sequences were successfully  
constructed within a cloning vector and the sequences were confirmed before they 
were subcloned into the appropriate delivery vectors. 

 
3.2.1 Integration of DNA sequenc3.2.1 Integration of DNA sequenc3.2.1 Integration of DNA sequenc3.2.1 Integration of DNA sequences into the LDH genees into the LDH genees into the LDH genees into the LDH gene    
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It was found that pUB190 gave better transformation efficiencies and selection than 
pNW33N and the first attempts to create a stable LDH-knockout were based on DNA 

delivery vectors derived from this plasmid.  
Primary integration (Figure 2) of the plasmids was forced by relying on the natural 
temperature instability of the vector’s replicon, and involved plating and incubating 

transformed cultures, grown previously at 54°C, at 68°C with kanamycin.  
 

 ldh
11955 genome

vector

Mutant ldh

Single crossover

kan

kan

Suicide vector –
eg. pTM014

Select for kanR and LDH- mutants

ldh
11955 genome

vector

Mutant ldh

Single crossover

kan

kan

Suicide vector –
eg. pTM014

Select for kanR and LDH- mutants

 
 
Figure 2.Figure 2.Figure 2.Figure 2. Scheme showing the integration of vector DNA in a single crossover event 

with the G. thermoglucosidasius genomic DNA 
 
A total of thirty-two presumptive single crossover (SCO) integrants were purified by 
streaking to single colonies on agar plates containing kanamycin and tested for  

production of lactate and ethanol from glucose in shake tubes at 60°C. All but one of 
them gave an LDH- phenotype, ie no lactate produced, indicating that they were 
genuine integrants in the LDH gene. Importantly, the LDH- phenotype strains also 

produced significantly enhanced levels of ethanol.  Three clones were picked for 
further study. 

 
3.2.2.3.2.2.3.2.2.3.2.2. Selecting and screening stable double crossover knockout mutantsSelecting and screening stable double crossover knockout mutantsSelecting and screening stable double crossover knockout mutantsSelecting and screening stable double crossover knockout mutants    

The three potential integrants picked for further study were serially subcultured in 

the absence of kanamycin.  Results showed that 5 antibiotic-free passages gave the 
highest numbers of kanamycin sensitive, but LDH-, clones.  Subculturing without 
kanamycin was carried out in order to encourage a double recombination event 

(Figure 3) that produced a permanent incorporation of the desired disrupted DNA 
sequence.  
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Double crossover
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Double crossover
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11955 genome 

containing plasmid DNA

 
 
Figure 3.Figure 3.Figure 3.Figure 3. Scheme showing the illegitimate DNA excision in a double crossover event 

with the G. thermoglucosidasius genomic DNA 
  
After subculturing, colonies were selected for a kanamycin sensitive (kanS), LDH- 
phenotype.  Fourteen LDH- clones were obtained from this recombination 

experiment and tested for lactate and ethanol production (and other key 
metabolites) in shake tubes (Table 2).  These experiments showed the double 
crossover (DCO) mutants produced no lactate and enhanced ethanol levels – 

mirroring the results obtained with the SCO mutants – but with one significant 
difference: no kanamycin was required for stability of the LDH- phenotype.   

 

                Concentration/ mMConcentration/ mMConcentration/ mMConcentration/ mM    

StrainStrainStrainStrain    hrshrshrshrs    glucoseglucoseglucoseglucose     etetetethanolhanolhanolhanol    pyruvatepyruvatepyruvatepyruvate    lactatelactatelactatelactate    formateformateformateformate     acetateacetateacetateacetate    

TM81 24 19.4 82.1 1.9 1.1 0.0 21.9 

  48 2.6 79.1 0.9 0.0 0.0 45.2 
TM82 24 30.0 78.9 1.6 1.1 0.0 14.6 

  48 4.6 76.8 0.6 0.0 0.0 38.8 

TM83 24 29.2 83.0 1.9 1.7 1.7 9.9 

  48 0.0 93.0 2.2 0.0 0.0 30.9 

TM84 24 22.0 74.7 1.7 1.6 0.0 25.7 

  48 9.0 73.6 0.6 0.0 0.0 47.2 

TM85 24 25.0 80.6 1.8 1.4 0.0 19.5 
  48 9.6 79.4 0.8 0.0 0.0 41.2 

TM86 24 21.1 80.9 1.9 1.6 0.0 22.8 

  48 7.8 79.8 1.0 0.0 0.0 45.4 

TM87 24 23.7 78.1 1.9 1.3 0.0 24.4 

  48 6.6 77.0 0.7 0.0 0.0 51.3 

TM88 24 25.2 82.6 2.0 1.6 0.3 15.6 

  48 7.1 81.7 1.0 0.0 0.0 37.5 
TM89 24 0.0 109.1 0.9 1.6 1.1 35.6 

  48 0.0 109.8 0.2 0.0 0.0 43.7 

TM90 24 0.0 107.5 0.4 0.0 0.3 40.4 

  48 0.0 107.2 0.2 0.0 0.0 39.6 

TM91 24 0.0 114.3 0.3 0.0 0.5 37.9 

  48 0.0 112.5 0.1 0.0 0.0 35.4 
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TM92 24 0.0 100.8 0.4 0.0 0.3 43.4 

  48 0.0 99.8 0.1 0.0 0.0 42.9 

TM93 24 0.0 109.8 0.4 0.0 0.4 39.4 

  48 0.0 108.3 0.1 0.0 0.0 36.2 
TM94 24 0.0 108.7 0.3 0.0 0.3 39.4 

  48 0.0 106.0 0.1 0.0 0.0 41.9 

Wild type 24 63.0 10.9 0.2 48.9 0.0 23.6 

  48 79.5 10.9 0.2 72.7 0.0 23.9 

        
 

Table 2Table 2Table 2Table 2. Lactate & ethanol production by presumptive double crossover 
recombinants. 
Conditions: cultures were grown in shaken tubes in minimal medium containing 2%glucose+0.5%YE 

broth at 60oC for 24 and 48 hours. 

 

 
PCR analysis of the SCO and DCO recombinants confirmed the introduction of the 
disruption in the lactate dehydrogenase gene sequence and, in the case of the DCO 

mutants, the absence of an antibiotic selection marker gene, as expected. 
 

3.2.3.3.2.3.3.2.3.3.2.3. TesTesTesTesting robustness of gene replacement systemting robustness of gene replacement systemting robustness of gene replacement systemting robustness of gene replacement system    
The double crossover mutants described above were generated using pUB190 as the 
delivery vector. To test the reproducibility and robustness of this approach, further 

LDH knockout constructs were used to generate additional LDH gene-replacement 
mutants. These integration plasmids were based on pTMO19 and included the 
knockout constructs described in Figure 1. 

The same transformation, integration and selection process was followed resulting 
in similar levels of SCO LDH- and DCO LDH- mutants as before, with the same 
absence of lactate production and enhanced ethanol levels observed previously.  

These results demonstrated the robustness of the gene replacement approach.    
 

3.3.3.3.3.3.3.3.  Additional Gene Modifications Additional Gene Modifications Additional Gene Modifications Additional Gene Modifications    
 

The creation of stable mutants of G. thermoglucosidasius lacking lactate 
dehydrogenase (LDH) which produced enhanced levels of ethanol and no lactic acid, 
provided a genetic platform on which to carry out further metabolic engineering.  

These mutants differ from the wild-type, not only in their inability to form lactic acid 
but also in the production of enhanced levels of other metabolites in addition to 
ethanol, when grown under pH controlled conditions in fermenters. These included 

acetate, pyruvic acid and formate (see Section 4). Efficient production of ethanol 
demanded that these metabolites are reduced or eliminated. One ldh- DCO of G. 
thermoglucosidasius, TM89, was selected for detailed study and further engineering 
of this strain was carried out, using the genetic toolkit described above, to address 
this problem. 

 
A number of candidate genes (see Appendix 2) were identified for modification, 
including pyruvic formate lyase (PFL) and pyruvate dehydrogenase (PDH). The 

inactivation of the former enzyme should prevent the formation of formic acid, The 
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enhancement of the activity of PDH would be expected to lead to better conversion 
of pyruvate to acetyl-CoA, eliminate pyruvate accumulation and lead to increased 

ethanol formation. 
 

3.4.3.4.3.4.3.4. Generation of pyruvate dehydrogenaseGeneration of pyruvate dehydrogenaseGeneration of pyruvate dehydrogenaseGeneration of pyruvate dehydrogenase----enenenenhanced mutantshanced mutantshanced mutantshanced mutants    

 
PDH is a large enzyme complex, containing three units – E1: pyruvate decarboxylase, 

E2: dihydrolipoamide transacetylase, and E3: dihydrolipoamide dehydrogenase.  
Four genes code for the complex as the E1 unit is a heterodimer of α and β subunits 
and are often described as pdhA(a), pdhA(b), pdhB and lpd (E1α, E1β, E2 and E3 
respectively). 
In order to target the upregulation of PDH, the PDH genes and surrounding sequence 
were isolated using standard “genome walking” techniques.  Approximately 8.8kb 

of DNA was isolated, sequenced and found to contain the hypothetical genes shown 
in Figure 4. 
 

It is generally believed that, in many organisms, PDH is responsible for pyruvate 
metabolism under aerobic conditions whereas PFL operates during anaerobic 

growth. However, there is some evidence from our own studies, and those of others, 
that PDH is also induced in thermophilic bacilli under the anaerobic conditions 
required for ethanol formation. However, to ensure that PDH is produced at elevated 

levels under conditions favouring ethanol production, gene promoters for enzymes 
believed to work under anaerobic conditions (eg the LDH promoters (P_ldh) from G. 
stearothermophilus strains NCA1503 and DSM13240, and G. thermoglucosidasius 
NCIMB11955 and the PFL promoter (P_ pfl 1 and 2 from B. cereus ATCC14579)) were 
identified and isolated. 
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GeneGeneGeneGene    Position (bp)Position (bp)Position (bp)Position (bp)    Proposed functionProposed functionProposed functionProposed function    Frame (aa’s at 5’ Frame (aa’s at 5’ Frame (aa’s at 5’ Frame (aa’s at 5’ 

and 3’)and 3’)and 3’)and 3’)    
Size (aa)Size (aa)Size (aa)Size (aa)    

pdf2 
 

746 – 192 Peptide deformylase -3 (MIT – IER) 184 

orf2 868 – 1497 Unknown - Hypothetical 
protein 

+1 (MQR – IWK) 209 

pdhA(α) 1875 – 2984 α - subunit of pyruvate 
dehydrogenase 

+3 (MGA – ESK) 369 

pdhA(β) 3003 – 3965 β - subunit of pyruvate 
dehydrogenase 

+3 (MIQ – INF) 320 

pdhB 4058 – 5368 Dihydrolipoamide 
transacetylase 

+2 (VAF – MEA) 436 

lpd 5373 – 6785 Lipoamide 
dehydrogenase 

+3 (MVV – ISK) 470 

orf7 7432 – 6833 Unknown - Hypothetical 
protein 

-1 (MNK – CTE) 199 

orf8 7964 – 8647 Transposase +2 (MDL – SPP) 227 

 
Figure 4.Figure 4.Figure 4.Figure 4. The pdh gene complex and surrounding genes. 
                                   (Arrows indicate promoter regions) 

   

3.4.1. Single crossover mutants3.4.1. Single crossover mutants3.4.1. Single crossover mutants3.4.1. Single crossover mutants    
The strategy used to generate up-regulated mutants of PDH in LDH- mutants of G. 
thermoglucosidasius 11955 involved the use of the derived pdhA sequence to design 
and generate a cassette with the pdhA coding sequence preceded by a restriction 
site(s) allowing easy insertion of heterologous promoters. These cassettes were 

subsequently inserted into a suitable integration vector, as illustrated in Figure 5. 

ATG

Xba I Hind IIIKpn I

pdhA partial 
sequence from ATG 

start

Promoter sequence 
cassette

ATG

Xba I Hind IIIKpn I

pdhA partial 
sequence from ATG 

start

Promoter sequence 
cassette

 
    

Figure 5.Figure 5.Figure 5.Figure 5. Vector for generating single crossover up-regulated pdh mutants 
 
The same transformation and integration methods, described in section 3.2, were 

employed.  In several of the SCO mutants obtained, particularly those derived from 
P_ldh (1503), the integration of alternative promoters resulted in a 10-fold increase in 
PDH expression (data not shown), increased glucose consumption, pyruvate 

excretion reduced to negligible levels and a substantial increase in ethanol 
production. Other promoters showed variable effects, with some producing similar 
or reduced levels of ethanol formation compared to the control (TM89). Table 3 

outlines the results obtained. 
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StrainStrainStrainStrain    PromoterPromoterPromoterPromoter     mM mM mM mM 

GlucoseGlucoseGlucoseGlucose    
mM mM mM mM 

EthanolEthanolEthanolEthanol    
mM mM mM mM 

PyruvatePyruvatePyruvatePyruvate    
mM mM mM mM 

FormateFormateFormateFormate     
mM mM mM mM 

AcetateAcetateAcetateAcetate     

TM166 P ldh(11955) 8.9 26.0 41.3 ND 4.5 

TM167 P ldh(11955) 14.9 23.0 42.5 ND 2.9 

TM177 P ldh(1503) 64.9 133.6 0.7 13.1 16.3 

TM178 P ldh(1503) 0.0 164.0 0.0  21.1 

TM216 P ldh(1503) 
dimer 

76.4 115.4 0.9 14.9 16.3 

TM218 P ldh(1503) 
dimer 

74.6 120.2 2.2 15.5 15.0 

TM226 P ldh(13240) 68.8 126.5 0.9 13.8 15.3 

TM227 P ldh(13240) 104.3 54.9 23.8 19.1 4.6 

TM228 P pfl1 73.7 117.3 1.4 15.8 15.1 

TM229 P pfl1 94.0 80.8 13.1 19.0 9.2 

TM230 P pfl2 106.6 52.0 26.0 19.6 9.2 

TM231 P pfl2 106.5 53.8 24.0 20.0 4.9 

TM89 (control) 109.5 51.1 25.6 20.6 2.9 

    
Table 3.Table 3.Table 3.Table 3. Effect of substituting different anaerobic promoters for PDH on metabolic 

profile of transformed TM89. 
All experiments were carried out in minimal medium containing 2% glucose and 0.5% yeast extract in 

closed tubes with shaking at 600C for 24h.  

    

        
3.4.2.3.4.2.3.4.2.3.4.2. DoubleDoubleDoubleDouble crossover mutants crossover mutants crossover mutants crossover mutants    

The above SCO mutants are dependent on the presence of antibiotic in order to 

maintain the observed phenotype. To generate stable up-regulated mutants of PDH 
in TM89, an extra section of sequence (G. thermoglucosidasius 11955 sequence 
upstream from the start of the pdhA) was inserted preceding the interchangeable 
promoter cassette region, as illustrated in Figure 6.  This was to allow a double 
crossover event, similar to that outlined in Figure 3, which would eliminate the 

antibiotic resistance gene. 

ATG

Nde I/ Xba I Hind IIIKpn I

pdhA partial 
sequence from ATG 

start

Promoter sequence 
cassette

Upstream sequence 

before the start of 
pdhA

Kpn I

ATG

Nde I/ Xba I Hind IIIKpn I

pdhA partial 
sequence from ATG 

start

Promoter sequence 
cassette

Upstream sequence 

before the start of 
pdhA

Kpn I

 
 

Figure 6.Figure 6.Figure 6.Figure 6. Vector for generating double crossover up-regulated pdh mutants 
 
The same transformation, integration and selection methods, described in section 

3.2, were used.  A series of stable up-regulated PDH mutants were obtained with 
similar enhancement in ethanol levels observed in the SCO mutants.  Table 4 
outlines the observed results for one DCO clone, TM180. 
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StrainStrainStrainStrain    PromoterPromoterPromoterPromoter     mM mM mM mM 
GlucoseGlucoseGlucoseGlucose    

mM mM mM mM 
EthanolEthanolEthanolEthanol    

mM mM mM mM 
PyruvatePyruvatePyruvatePyruvate    

mM mM mM mM 
FormateFormateFormateFormate     

mM mM mM mM 
AcetateAcetateAcetateAcetate     

TM180 P ldh(1503) DCO 48.7 94.6 1.2 15.0 11.0 

TM89 (control) 109.5 51.1 25.6 20.6 2.9 

    
Table 4.Table 4.Table 4.Table 4. Metabolic profile of TM180 compared with TM89 

Conditions as in Table 3. 

 

TM180 no longer produced pyruvate or lactate, seemed better able to utilise glucose 
and convert it mainly to ethanol. However, the organism still produced significant 
levels of acetate and formate, indicating that additional modification was necessary. 

   
3.5.3.5.3.5.3.5. Generation of pyruvate formate lyase (PFL) deficient mutantsGeneration of pyruvate formate lyase (PFL) deficient mutantsGeneration of pyruvate formate lyase (PFL) deficient mutantsGeneration of pyruvate formate lyase (PFL) deficient mutants    

 
The PFL knockout vector was constructed in exactly the same manner as the LDH 
knockout – namely a large fragment of the PFL gene was isolated, a section in the 

middle of the gene fragment was deleted and the resulting cassette was inserted 
into a knockout vector.  The vector was introduced into TM180, as before, and 
primary integrants selected.  The metabolic profile of these strains indicated that 

formate production had been eliminated so double crossover mutants were 
selected, as outlined in section 3.2. 
Resulting DCO clones were screened for their metabolic profile. One of these, 

designated TM242, possessed the expected phenotype of enhanced ethanol 
formation, and zero formate production. 

 
 As can clearly be seen in Table 5, with successive engineering steps the ability of 
the various variants of G. thermoglucosidasius 11955 to produce organic acids has 
diminished while its ability to produce ethanol has increased dramatically, to a point 
where it is almost the only product. 
 

Concentration mMConcentration mMConcentration mMConcentration mM    

StrainStrainStrainStrain    PhenotypePhenotypePhenotypePhenotype    
Residual Residual Residual Residual 
GlucoseGlucoseGlucoseGlucose     

EthanolEthanolEthanolEthanol    PyruvatePyruvatePyruvatePyruvate    FormateFormateFormateFormate    AcetateAcetateAcetateAcetate    LactateLactateLactateLactate    

WT WT 63.0 10.9 0.2 0.0 23.6 48.9 

TM89 LDH- 73.4 43.7 22.1 22.5 1.8 0.0 

TM180 LDH-; PDH+ 48.3 85.9 1.0 18.0 12.1 0.0 

TM242 LDH-; PDH+; 
PFL- 

0.0 175.2 0.0 0.0 8.0 0.0 

 

Table 5.Table 5.Table 5.Table 5. Comparison of Metabolic profiles for engineered strains 
Conditions as in Table 3. 

 
The elimination of formate production in the triple mutant TM242 has not only 

reduced significantly the production of total organic acids but, by altering the redox 
balance of the organism, has significantly shifted the ethanol:acetate ratio in the 
favour of the alcohol. The ethanol yield in this strain, at >0.40 grams ethanol per 

gram glucose consumed, approaches that obtained in yeast fermentations. 
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4.4.4.4. FERMENTATION STUDIES WITH GENETICALLY MODIFIED STRAINS OF FERMENTATION STUDIES WITH GENETICALLY MODIFIED STRAINS OF FERMENTATION STUDIES WITH GENETICALLY MODIFIED STRAINS OF FERMENTATION STUDIES WITH GENETICALLY MODIFIED STRAINS OF G. G. G. G. 
THERMOGLUCODASIUSTHERMOGLUCODASIUSTHERMOGLUCODASIUSTHERMOGLUCODASIUS     

 
The 3 principal mutants obtained in this project, namely TM89, TM180 and TM 242, 
have been studied in batch, fed batch and continuous fermentations.  The main aim 

of these studies was to examine their performance in terms of ethanol and co-
product production and to determine their growth characteristics as a prelude to 

more detailed work on optimising conditions for ethanol formation. 
 

4.1.4.1.4.1.4.1. FedFedFedFed----Batch Culture Studies with wildBatch Culture Studies with wildBatch Culture Studies with wildBatch Culture Studies with wild----type type type type Geobacillus thermoglucosidasiusGeobacillus thermoglucosidasiusGeobacillus thermoglucosidasiusGeobacillus thermoglucosidasius     
 
The wild-type Geobacillus thermoglucosidasius NCIMB11955 is able to grow on a 
range of sugar substrates at 600C. Fed-batch fermentations of the organism on 

glucose and xylose are shown in, respectively Figures 7 and 8. In both fermenter 
runs, the organism was grown in mineral medium with 1% yeast extract and urea 
(100mM) as a nitrogen source at 60°C. Glucose or xylose was initially present at 1% 

and a further 5% substrate was introduced at a constant rate over the remaining 
course of the fermentation, the substrate feed starting when the cell density reached 

a value of 2-3 (OD600).  
 
It is clear that, on both sugars, lactic and acetic acids are the main products and that 

ethanol is only formed in small amounts. This is typical of thermophilic Geobacillus 
spp. 
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Figure 7.Figure 7.Figure 7.Figure 7. Metabolite and growth profile of a glucose fed-batch fermentation with G. 

thermoglucosidasius 
(Growth conditions: 1L vessel, minimal media with 1% sugar, 0.5% yeast extract; 5% sugar feed 

started at 13 hours; stirrer speed 400rpm, air/ nitrogen flow 0.4 lpm, pH 7.0, 60°C)  
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Figure 8.Figure 8.Figure 8.Figure 8. Metabolite and growth profile of a xylose fed-batch fermentation with G. 
thermoglucosidasius 

(Growth conditions: 1L vessel, minimal media with 1% sugar, 0.5% yeast extract; 5% sugar feed 
started at 13 hours; stirrer speed 400rpm, air/ nitrogen flow 0.4 lpm, pH 7.0, 60°C)  

 

 
4.2.4.2.4.2.4.2. FedFedFedFed----Batch CBatch CBatch CBatch Culture Studies with TM89ulture Studies with TM89ulture Studies with TM89ulture Studies with TM89    

 

The LDH-negative mutant, TM89, was grown on glucose (Figure 9) and xylose 
(Figure 10) in fed-batch fermentations, using a similar procedure to that used for the 

wild-type organism (Figs7 & 8).  
 
The results showed that TM89, compared to wild-type G. thermoglucosidasius, 
produced little or no lactic acid and markedly enhanced levels of ethanol. (The 
metabolite recorded as ‘lactate’ in Figs 9 and 10 is an unknown compound that co-
chromatographs with this acid). However, acetate and formate production remained 

high and significant amounts of pyruvate were detected. This behaviour suggested 
that the remaining enzymes involved in pyruvate dissimilation were insufficiently  
active to metabolise this substrate sufficiently speedily. 
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FigFigFigFigure 9.ure 9.ure 9.ure 9. Metabolite Production by TM89 in Glucose Fed-Batch Culture 
Conditions: 1L vessel, minimal media with 1% sugar, 0.5% yeast extract; 5% sugar feed started at x 

hours; stirrer speed xrpm, air/ nitrogen flow x lpm, pH 6.7, 60°C 
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Figure 10.Figure 10.Figure 10.Figure 10. Metabolite Production by TM89 in Xylose Feb-Batch Culture 
(Growth conditions: 1L vessel, minimal medium with 1% sugar, 1% yeast extract; 5% sugar feed 
started at 2.3 hours; stirrer speed 400rpm, air flow 0.4 lpm switch to nitrogen at 5.8 hours, pH 6.7, 

60°C) 
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4.3.4.3.4.3.4.3. ContinContinContinContinuous Culture Studies with TM89.uous Culture Studies with TM89.uous Culture Studies with TM89.uous Culture Studies with TM89.    

 

TM89 has been shown to be stable in continuous culture over periods in excess of 
4000 hours (data not shown). Under these conditions, ethanol formation is 
dependent on the supply of oxygen to the culture. When the fermentation is carried 

out with air sparging at a constant rate, the amount of ethanol and acetate formed, 
and glucose utilised, is dependent on the speed of the stirrer, which determines the 

oxygen transfer rate (OTR) to the culture. Cultures were initially grown aerobically, 
to establish a high cell density and attain glucose exhaustion. The OTR was then 
stepped down in increments by reducing stirrer speed to determine the optimum 

aeration condition for ethanol production. 
 
In oxygen sufficient conditions (2000rpm stirrer speed) all 4% glucose in the medium 

was utilised at a dilution rate (D) of 0.3.  OD and glucose utilisation decreased with 
each reduction in stirrer speed and acetate began to accumulate at approx. 1600rpm. 
Ethanol was not detected until the stirrer speed had been reduced to 800rpm at 

which point the concentration of acetate was declining. Decreasing glucose 
utilisation by the culture was apparent as the rate of supply of oxygen was reduced. 

These data are illustrated in Figure 11. 
 

0

20

40

60

80

100

120

140

160

180

200

300 500 700 900 1100 1300 1500 1700

RPM

C
o

n
c

e
n

tr
a

ti
o

n
/ 

m
M

residua l g lucose acetate ethano l

 
 

Figure 11.Figure 11.Figure 11.Figure 11. Effect of Stirrer Speed on Metabolite Formation and Glucose Utilisation in 
Continuous Cultures of TM89. 

(Growth conditions: Defined mineral medium containing 4% glucose at D= 0.25-0.30, T = 60°C, air 
sparging at 0.75vvm) 
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4.4.4.4.4.4.4.4. Fermenter Studies with PDHFermenter Studies with PDHFermenter Studies with PDHFermenter Studies with PDH----UpUpUpUp----regregregregulated Strain TM180.ulated Strain TM180.ulated Strain TM180.ulated Strain TM180.    

 

The metabolite profiles of TM180 and its parent TM89 are compared in Figures 12 
and 13. Both strains were grown in batch culture at 60°C in media containing 3% 
glucose and 2% yeast extract. Ethanol production by TM180 under these conditions 

was significantly (30%+) higher while acetate formation remained essentially  
unchanged. Most significantly, pyruvate accumulation was substantially reduced 

during the fermentation and was negligible by the end of the run. In a broad sense, 
the results can be interpreted as a conversion of all the pyruvate secreted by TM89 
being converted into ethanol by TM180. The yields of ethanol on glucose consumed 

are, however, still low because of the appearance of acetic acid in the cultures and 
formate is still excreted in significant amounts. 
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Figure 12Figure 12Figure 12Figure 12. Batch Growth on TM89 in 3% Glucose + 2% Yeast Extract. 
 



 23 

0

5 0

10 0

15 0

20 0

25 0

0 1 2 3 4 5 6

Time/ hours

C
o

n
c
e
n

tr
a
ti

o
n

/ 
m

M

Glucose Ethan ol La cta te Ace tate Pyruvate Formate

 
Figure 13.Figure 13.Figure 13.Figure 13. Batch Growth of TM180 in 3% Glucose + 2% Yeast Extract. 

 

4.5.4.5.4.5.4.5. Fermenter studies with LDHFermenter studies with LDHFermenter studies with LDHFermenter studies with LDH----, PDH+, PFL, PDH+, PFL, PDH+, PFL, PDH+, PFL---- strain TM242 strain TM242 strain TM242 strain TM242     

 

The triple mutant, TM242, has been grown in batch culture on glucose. The result is 
shown in Figure 14.  It can be seen that while the fermentation has not been 

optimised the major product is ethanol and the levels of organic acids are minimal. 
Formic acid is not formed. The yield of ethanol based on glucose consumed is 
>0.4g/g.  
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Figure 14.Figure 14.Figure 14.Figure 14. Batch Growth of TM242 in 3% Glucose + 2% Yeast Extract. 
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5.5.5.5. CONCLUSIONS.CONCLUSIONS.CONCLUSIONS.CONCLUSIONS.    
 

The strategy of modifying the activities of key enzymes in the metabolic pathways 
leading to ethanol in G. thermoglucosidasius has been confirmed to be sound.  The 
overall aim of this strategy was to convert a microorganism that was essentially a 

lactic acid producer and which created low amounts of ethanol (Fig 7), into a strain 
that made ethanol efficiently and in high yield, with few by-products. The activities 

of 3 key enzymes involved in the metabolism pyruvate have been modified and 
stable mutants have been created. 
 

The key to this strategy was the successful development of procedures and tools 
(shuttle vectors, plasmids, etc.) that could be used to create genetic modifications to 
G. thermoglucosidasius that were stable and not dependent on a constant selective 
pressure (eg antibiotics) to maintain them. 
 
The elimination of LDH activity from the wild-type (TM89) was successful in 

eliminating lactate production but also lead to substantially increased ethanol 
production. Acetate and formate were still formed and, somewhat unexpectedly, this 

strain also excreted high levels of pyruvate. 
 
Enhancing PDH activity  (TM180) substantially reduced pyruvate accumulation, 

resulting in a further elevation in ethanol yields compared to TM89. The levels of 
acetate and formate were, however, largely unaffected. 
 

The triple mutant, TM242, in which both PFL and LDH activities have been 
eliminated and PDH activity increased, exhibited zero lactate and formate formation 
and substantially reduced acetate production. Ethanol comprised 95% of the 

excreted soluble metabolites and was produced at a yield of 0.40 - 0.43 g/g glucose, 
a figure comparable to that achieved by yeast. Unlike yeast, this strain also converts 

xylose to ethanol. The reduction in acetate production in TM242 compared to the 
other strains is attributed to the change in the overall metabolite redox balance 
brought about by its inability to form formate. This forces the cell to make another 

reduced product, ethanol, to maintain the redox balance. 
 
The improvements in ethanol yields in the successive mutants, TM89, TM180 and 

TM242, are shown in Figure 15. Compared to the wild-type strain, G. 
thermglucosidasius NCIMB11955, ethanol production in the triple mutant, TM242, 
has been enhanced 16-fold while total acid production has been reduced by 90% 

These results amount to a major advance over what has been achieved previously 
with thermophilic ethanologens and places the project participants at the forefront 

of research in this area. The triple mutants represent excellent candidates for the 
large-scale production of bioethanol from biomass-derived feedstocks. The 
necessary process development work is currently in progress. 

 
The key milestones and deliverables of this project, as detailed in the original 
application, have been achieved. 
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Figure 15.Figure 15.Figure 15.Figure 15.  Scale of enhancement in ethanol production between mutant strains. 
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7.7.7.7. APPENDIX 1APPENDIX 1APPENDIX 1APPENDIX 1     
    

Transformation protocol:Transformation protocol:Transformation protocol:Transformation protocol:    
 
 
Medium for growth 
of cells. 

TGP gave best growth rate. 

Duration and 
temperature of 
culture growth. 

Cultures were inoculated from overnight seed cultures or from 
frozen cells. Frozen cell inoculum gave slower growth (longer 
lag phase) but better electroporation efficiencies. An OD of 1.5 
to 2.0 appeared to give good cell preparations. 520C was 
compared to 550C for growth. Both gave good electrocompetent 
cell preparations, but 550C gave faster growth. 

Recovery 
temperature and 
duration. 

A comparison of time courses of the number of 
chloramphenicol resistant colonies (transformants) and OD of 
recovering cells at different temperatures indicated that it was 
important to achieve a balance between recovery of 
transformants and outgrowth after electroporation. The cells 
appeared to recover quickly at higher temperatures. Recovery 
at 55°C for 1 hour gave a good compromise between 
maximising electroporation efficiency and risking amplification 
of transformants. High electroporation rates were also possible 
with recovery at 45°C, where outgrowth was very slow. 

Conditions of 
electroporation. 

Electroporator is preset for capacitance (10µF) and resistance 
(600Ω). All experiments have used 2500V and 1mm gap 
electrocuvettes, generally giving time constants of 4.0 to 5.5. 

 
Further modifications of the protocol were as follows:  

 

• TGP cultures were inoculated from overnight seed cultures or from frozen 
cells. Frozen cell inocula give slower growth (longer lag phase) but better 
electroporation efficiencies.  

• The cells were grown at 55oC, to an OD600 of 1.5 to 2.0, and were collected by 
centrifugation before being washed and resuspended in electroporation 
buffer. 

• Approximately 0.2-0.4µg of plasmid DNA was added to 60µL of cells and 

shocked using the following conditions: capacitance = 10µF, resistance = 

600Ω, potential = 2500V in 1mm gap electrocuvettes.  These conditions 
generally give time constants of 4.0 to 5.5. 

• The cells were diluted in pre-warmed TGP and recovered at 52ºC for 1 hour. 

• Transformants were selected by an overnight incubation on kanamycin plates 
at 52ºC. 

• Resulting colonies were used to incubate overnight liquid cultures (containing 
kanamycin) at 52 or 54ºC. 

• Resulting cultures were plated and incubated at 68ºC in the presence of 
kanamycin to select for primary integrants. 
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8.8.8.8. APPENDIX 2APPENDIX 2APPENDIX 2APPENDIX 2     
    

Metabolic pathways:Metabolic pathways:Metabolic pathways:Metabolic pathways:    
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Key: 

 
LDH = lactate dehydrogenase 
PDH = pyruvate dehydrogenase 

PFL = pyruvate formate lyase 
PDC = pyruvate decarboxylase (not present in our organism) 

AcDH = acetaldehyde dehydrogenase 
PTA = phosphotransacetylase 
AK = acetate kinase 

ADH = alcohol dehydrogenase 
 

 


