
 
 

 
 

Abstract   

SANDOVAL ESPINOLA, WALTER JAVIER. Butanol from Sweet Sorghum Juice by Clostridium 
beijerinckii SA-1 / ATCC 35702, a Butanol Hyper-Producing Strain. (Under the direction of Dr. 
José M. Bruno-Bárcena.) 

Biofuels, which are traditionally obtained from the conversion of food-crops derived 

sugars, are once again gaining public and scientific support as a viable alternative to fossil 

fuels. Biobutanol is a 4-carbon alcohol produced by solventogenic Clostridia, via a well-

characterized fermentation process known as ABE (Acetone-Butanol-Ethanol). Nonetheless, 

since butanol-tolerance by the cells is an issue, biobutanol production is not yet cost-

competitive. Moreover, the use of food-crops for biofuel production has had an impact on 

food prices around the world. For these reasons, the economic feasibility of biofuels depends 

upon the selection of the catalyst and the substrate. The C. beijerinckii NCIMB 8052 

solventogenic strain has been extensively researched for butanol production, however, one 

of its offsprings, SA-1 (ATCC 35702), which was selected as a butanol-tolerant, has been 

overlooked for years. In order to capitalize on this important feature of SA-1, we evaluated 

the physiological differences between SA-1 and the parent strain NCIMB 8052, by focusing on 

their growth, sugar utilization and solventogenic capabilities, via small-scale pH-stat batch 

fermentation. The non-food crop sweet sorghum juice, variety M81E, was chosen as a source 

of readily-fermentable sugars, due to its cost-effective cultivation compared to corn and 

sugarcane. We also compared the fermentability of sweet sorghum juice to a previously 

validated medium (HEDB). Growing in sweet sorghum juice with components of HEDB, C. 

beijerinckii SA-1 produced up to 3.7 g/L butanol and 8 g/L of total solvents. Alternatively, when 

these strains were grown solely in HEDB with 10% (w/v) total sugar concentration, C. 



 
 

 
 

beijerinckii NCIMB 8052 accumulated up to 14.8 g/L butanol (24.7 g/L total solvents) using 

sucrose, which is more than previously reported. Additionally, SA-1 produced above 10 g/L 

butanol (more than 20 g/L total solvents) and displayed more sensitivity to osmotic stress 

than the parent strain NCIMB 8052. Growing in 6% (w/v) glucose/fructose, SA-1 revealed a 

butanol hyper-producing phenotype, capable of generating up to 16.1 g/L butanol and 26.3 

g/L ABE, which is 62.3 and 63.0% more than the parent strain NCIMB 8052, respectively. The 

butanol and ABE yields of SA-1 were 0.3 and 0.49 g/g, respectively (63 and 65% more than 

NCIMB 8052). Moreover, the strain SA-1 displayed diauxic growth in glucose/fructose 

mixtures, and when grown in fructose alone, SA-1 had a generation time (doubling time) of 

more than 7 h compared to 1 h for the NCIMB 8052 strain. The long duplication time of SA-1 

suggested a deficiency in fructose transport by this strain. In addition, using 6% (w/v) D-

fructose, C. beijerinckii SA-1 had a total solvent yield of 0.53 g/g, which is 75% more than using 

the other sugars. Overall, M81E sweet sorghum juice has low fermentability, and the use of 

HEDB medium, that ensured carbon limitation, revealed physiological differences between C. 

beijerinckii SA-1 and NCIMB 8052 and unveiled SA-1 as a butanol hyper-producing strain. 
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Chapter 1  

Introduction 

The popularity of biofuels has shown an upward trend in the past decades as 

replacements of fossil fuels with specific emphasis on environmentally sound methods of 

production1–4. Biofuels are derived from biomass conversion and thus, they possess a number 

of advantages compared to fossil fuels. For example, due to their carbon-neutral 

characteristic, their use reduces or maintains greenhouse gas emissions at current levels. 

Carbon-neutral indicates that plants must fix atmospheric carbon dioxide (CO2) before being 

used as a feedstock and through processing, emitted back into the atmosphere as CO2; 

consequently, the net amount of atmospheric CO2 remains theoretically constant (Figure 1). 

Therefore, biofuels can help in slowing the process of global warming, which has been 

associated with the rise in sea-level5, a decrease in biodiversity6 and the spread of 

pathogens7. Energy independence from the use of biofuels can also serve as a stabilizing 

factor for the United States as well as for other global economies. Fossil fuels have become 

increasingly more expensive due to market fluctuations and international geopolitical issues 

around the world. These important features are the trademarks for the increase in public and 

scientific support for the replacement of fossil fuels with biofuels. In order to gain energy 

security and to fight the effects of global warming, the next logical step involves exploring 

alternative fuel commodities that will set us on the course towards sustainable economic 

growth. There are numerous biofuels currently available in the market, including bio-alcohols 
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(butanol, ethanol, and propanol), biodiesel, syngas, biogas and bio-ethers; each with their 

own defining characteristics. Among these, liquid fuel is the most widely used due to its high 

energy density, which is especially true in the transportation sector8,9. Among the bio-

alcohols, bioethanol is used the most in the global market; however, bioethanol falls short 

compared to biobutanol in terms of energy density and other chemical features that make 

biobutanol more industrially friendly. Butanol, or n-butanol, is a 4-carbon molecule (C4H9OH) 

that can take on a number of other isomeric forms. The n-butanol isomer can be used as a 

solvent for antibiotics, vitamins, hormones, and perfumes, and is added to many foods and 

beverages2,10. The isomers isobutanol, 2-methyl-1-butanol and 3-methyl-1-butanol, possess 

a high octane rating, making them excellent gasoline additives11–13. Furthermore, although 

butanol can be produced from propylene hydrolysis, which is a petrochemical feedstock, 

biobutanol has been gaining strength as a viable, and more importantly, a sustainable 

alternative. The viability of biobutanol arises from the fact that although the name biobutanol 

has been adapted to reflect its microbial origin, it has the same properties and molecular 

structure as petrochemical n-butanol14.  

Sustainability of bio-alcohols is brought about by the innate capacity of some 

microbes to ferment sugars. The sugars can be derived from numerous sources including 

corn, sugar cane, wheat and sorghum, or lignocellulosic hydrolysates15–21. Unfortunately, 

food-crops have come into competition with the world’s demand for biofuels, resulting in 

food-price increases22. Consequently, it is necessary to take the next step in biofuel 
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production by finding a useful crop that does not compete with traditional food crops, such 

as corn and soybeans.  

Figure 1. The carbon neutral cycle. CO2 is fixed by plants, which are later processed to 
transform them into fuels and then are burned to produce power. The CO2 is again released into the 
atmosphere. http://viaspacegreenenergy.com/images/carbon-neutral-cycle.png    

 

Biobutanol is produced by bacteria of the genus Clostridium through ABE (Acetone - 

Butanol - Ethanol) fermentation. Members of this genus, specifically C. acetobutylicum and 

C. beijerinckii, have been the model microbial catalysts for ABE fermentation due to their 

ability to tolerate relatively high concentrations of butanol (above 10 g/L), and to utilize 

sugars in an effective manner through a versatile phosphotransferase system (PTS)11,16,23–26. 

However, growing these microorganisms can be challenging, especially for solvent 

production, thus a deeper understanding of their physiology is required12,27,28.  
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Overall, selecting an efficient catalyst and a competitive non-food crop feedstock, are 

the issues that need to be addressed in order to make biobutanol more competitive. Thus, 

focusing on these aspects will help us get closer to the goal of commodity-scale biobutanol 

production and to the advantages mentioned above.   
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Chapter 2 

Literature review 

2.1 Choosing a suitable feedstock for biofuel production 

Biofuels are categorized as first, second, and third generation depending on the 

substrate used for production. First generation biofuels are those made using sugar derived 

from food-crops. The limitation in producing these types of biofuels is their impact on food 

prices and biodiversity. The sugars present in this feedstock are usually glucose, sucrose, 

fructose, and polysaccharides, such as starch.  

Second generation biofuels are those made of non-food crops and lignocellulosic 

hydrolysates (Figure 2), the latter one, representing the most abundant renewable resource 

on earth29. However, lignocellulose is not readily fermentable and must be pre-treated using 

energy-intensive physicochemical conditions, that may also release bacterial inhibitors 

hampering the subsequent fermentation process30–34. The pre-treatment allows the release 

of cellulose and hemicellulose from the lignin matrix. Additionally, these carbohydrates 

require an enzymatic treatment to release the simple sugars30,33,34. The sugars derived from 

lignocellulose degradation consist of pentoses from the hemicellulose fraction, including 

xylose and arabinose, and hexoses from the cellulose fraction, such as cellobiose and glucose. 

The concentration of these sugars vary depending on the feedstock. However, not all 

bacterial species are capable of co-fermenting these sugars due to catabolite repression, 

which is a mechanism in which the presence of a preferred sugar stops the enzymes synthesis 



 
 

6 
 

needed for the utilization of secondary source of sugar. Additionally, some microorganism do 

not have the mechanism for the uptake of an specific sugar, in which case, that portion of the 

feedstock will not be converted into the product of interest, lowering the final product 

yield12,21. 

  

Figure 2. Lignocellulose structure. 
http://www.napier.ac.uk/ISHIsite/centres/biofuel/Pages/MicrobialBiofuels.aspx 

 

Third generation biofuels are those made using micro-algae, which are able to 

accumulate oil more efficiently compared to oil-producing crops, such as palms and 

soybeans. Biodiesel, biobutanol and biogasoline are examples of this type of biofuel.  

Nonetheless, the process is still very expensive due to the complexity of growing this 

feedstock35.   

Substrate cost is a major factor in the production of biobutanol and biofuels in 

general16,36–38.  For example, the United States currently devotes 40% of its corn harvest to 

bioethanol production, which has driven-up food prices worldwide, particularly when 
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inclement weather conditions resulted in less than optimal corn yields22,39,40. Thus, non-food 

sugars represent the best option for the biofuel industry33–35. In order to be more competitive 

in the current market, inexpensive and easily fermentable sugars are preferable as feedstock 

for ABE fermentation41. Anticipating the need to reduce the impact on food-based sugars, 

several researchers have used different types of substrates for ABE fermentation, as 

illustrated in Table 1.   

According to Gonzalez-Hernandez and co-workers42, a good herbaceous crop for 

biofuel production should have the following characteristics: (i) it should not compete directly 

with food crops for resources; (ii) it should have sustainable growth yields and adaptability; 

(iii) it should not require large inputs for growth; (iv) it should have good potential for cyclic 

growth and, lastly; (v) it should be amenable to improvements through genetic engineering. 
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Table 1. Examples of substrates utilized in ABE fermentation and their composition.  

Substrates Composition Ref. 

Agricultural waste 96.4 g/L starch (34) 

Barley straw  42% cellulose, 28% hemicellulose, 7% lignin, 11% 
ash  

(18) 

Cassava   70% starch, 2.7% protein, 2.4% fiber, 0.2% ash (42) 

Corn fiber  20% starch, 50–60% non-starch polysaccharides (43) 

Corn stover  38% cellulose, 26% hemicellulose, 23% lignin. 6% 
ash 

(42) 

Wheat straw  38% cellulose, 29% hemicellulose, 24% lignin, 6% 
ash 

(44) 

Defibrated-sweet-potato-slurry  Starch (42) 

Degermed corn  73% starch, 3% ash, 13% proteins (15) 

Distillers dried grains and solubles 25% glucose, 5% mannose, 10% arabinose, 20% 
xylose 

(13) 

Domestic organic waste 59% sugars, 13% lignin, 17% ash (45) 

Extruded corn 61% starch, 3.8% corn oil, 8.0% protein, 11.2% fiber (46) 

Liquefied corn starch  39% starch, 45% moisture (27) 

Maize stalk juice 95.4 g/L sucrose, 23.4 g/L glucose, 7.5 g/L fructose 
and minerals      

(27) 

Sago  86% Starch, small amounts of mineral and 
nitrogenous matters 

(34) 

Starch based packing peanut 88.4% starch (42) 

Switchgrass (Panicum virgatum)  37% Cellulose, 29% hemicellulose, 19% lignin (3) 

Whey permeate  5% Lactose, 0.36% fat, 0.86% protein (14) 

Wheat bran 21.3 g/L glucose, 17,4 g/L xylose and 10.6 g/L 
arabinose, 43,05% lignin                                                                                                                     

(47) 
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2.1.1 Sweet Sorghum juice as biofuel feedstock 

Sweet sorghum (Sorghum bicolor) could be a very good alternative to traditional 

biofuel crops such as corn and sugarcane. The genus Sorghum is diverse phenotypically and 

geographically, and is agriculturally divided into three main varieties43. (i) Grain sorghum, 

which possesses large starch-rich seed-heads, grows from three to six feet tall, and is mainly 

used for livestock feed; (ii) Sweet sorghum has thicker and fleshier stems containing more 

free sugars than the grain variety, but with smaller seed-heads, and grows up to twenty feet 

tall; (iii) Forage varieties are as tall as sweet varieties but have lower water and sugar content 

in its stem.  

Sweet sorghum is source of soluble sugars, starch and lignocellulose, which are 

present in its stem juice, stem and leaves, and the seed-heads, respectively. Also, due to its 

C4 metabolism, sorghum is well-adapted to dry areas. Additionally, sweet sorghum has high 

yields with relatively low water and nutritional requirements, allowing this crop to withstand 

diverse environmental conditions, including poor soil quality (Table 2). This makes sweet 

sorghum suitable for cultivation on marginal land, in basically all temperate and tropical 

areas. These characteristics provide sweet sorghum with more versatility than other biofuel 

crops, such as corn or sugarcane44,45.  

Other  advantages of sweet sorghum over corn and sugarcane include: (i) it requires 

less water input than corn and sugarcane; (ii) its growing period is only four months, which 

makes it suitable for cultivation during the entire year; and (iii) the overall cost of cultivation 

can be as much as three-times cheaper than sugarcane46 (Table 2).  
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Table 2. Comparison between sweet sorghum and other biofuel crops. Adapted from Reddy et al46. 

Terms: NA: not applicable.  t/ha: Tons per hectare; $/ha: US Dollars per hectare. 

 

The sugars present in the stem juice, which are readily fermentable, represent up to 

50% of the stem dry weight and include sucrose, glucose and fructose at approximately 13, 2 

and 1% (w/v), respectively45,47. The concentration of these sugars varies depending on the 

region the crop was grown, the variety of the crop, and also the time of harvest.  The best 

time for harvesting sorghum is at maturity, which is 90 days, when the sugar concentration 

in its juice is highest and above 120 g/L43,45,47. Another important aspect of sweet sorghum is 

that it is not used for animal or human feed, which makes this crop a good candidate as a 

second generation biofuel feedstock. Moreover, sweet sorghum is not suitable for white 

sugar production due to the low purity of its sucrose. Sweet sorghum only has 75 AP 

(Apparent purity) compared to the 85 AP of sucrose extracted from sugarcane or sugar beet48. 

Furthermore, the stalk residues, or bagasse, which is mainly lignocellulosic material, can also 

be processed for biofuel production through biochemical or thermochemical processes44,49–

52.  

  

    Crop 

duration 

(months) 

Water 

requirements 

(m3) 

Grains 

yield 

(t/ha) 

Cost of 

cultivation 

($/ha) 

Carbohydrate 

content (%) 

aprox. values.     

Maize 
  

4 8000 3.5 272 19 

Sugarcane 12 36000 NA 995 26 

Sweet sorghum 4 4000 2 220 16 
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Sorghum storage during non-seasonal periods can be an issue due to microbial 

contamination that depletes the sugars45. Consequently, this plant must be processed soon 

after harvesting and, depending on the storage method, the fermentation should not be 

delayed44. This issue has been addressed by (i) transforming the juice into syrup (60% of water 

evaporation); (ii) by storing the chopped stalks with 0.5% (v/v) formic acid45; or (iii) by keeping 

the juice refrigerated, which results in only 3% sugar degradation after three weeks53. These 

methods are considered feasible, allowing sweet sorghum to be a viable source of 

fermentable carbohydrates, that are cost-competitive with corn- and sugarcane-derived 

sugars44. Considering the above-mentioned advantages of sorghum, other researchers have 

used either its juice or its biomass hydrolysates for bioethanol and biohydrogen 

production43,47,49,53–57.  

 

2.2 Biobutanol  

Biobutanol has generated scientific and public interest due to its advantages over 

ethanol as a fuel. For example, since butanol is fairly non-polar, its chemical characteristics 

and octane rating are closer to that of gasoline, than ethanol (Tables 3 & 4). Additional 

features of biobutanol include: (i) as a four carbon-molecule, butanol has more energy than 

ethanol  (25% more energy per unit volume);  (ii) butanol has a lower vapor pressure and a 

higher flashpoint than ethanol, making it easier to store and safer to handle;  (iii) butanol is 

not hygroscopic, whereas ethanol attracts water, which is harmful to transportation and 

storage infrastructure due to the corrosive nature of water;  (iv) ethanol has to be blended 
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with petrol prior to use, while butanol can be blended at a refinery and without requiring 

additional modifications within blending facilities;  (v) butanol can run in unmodified engines 

and can substitute petrol, whereas ethanol requires “flexible” engine modification, if its 

concentration is above 10%, and can only be blended up to 85%; and finally, (vi) unlike 

ethanol, butanol may also be blended with diesel and biodiesel, as well as more easily 

blended with gasoline11,14,58. These advantages make butanol a much more attractive 

replacement for fossil fuels than ethanol. In fact, the market for butanol is estimated between 

7 to 8.4 billion dollars a year and it is poised to have a 3% annual growth rate12.  

Despite the advantages of biobutanol as a fuel, there are limitations related to its 

production. Even though solventogenic Clostridium can tolerate butanol better than other 

species, they also have their limits. Cells exposed to butanol have increased cell-membrane 

fluidity, which leads to disrupted membrane-associated functions such as ATP-synthase 

activity, transport processes, substrate uptake and an overall disruption of the cell 

metabolism59. In C. acetobutylicum, butanol concentrations of 208 mM (15.4 g/L) inhibit 

glucose uptake and internal pH control60, and at 20 g/L, the cell membrane loses integrity, 

thus releasing cytoplasmic enzymes61. Concentrations of 20 g/L is intolerable for most 

bacterial species, including solvent producing Clostridium species59. Consequently, 

biobutanol inhibits its own production, jeopardizing its yield, productivity and final 

concentration31.  

Several attempts have been made in order to improve butanol final titer in the 

fermentation broth, including strain development through genetic modification, continuous 
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fermentation, as well as optimization and integrated upstream- and downstream-

processes9,19,28,62–69.  

 
 
Table 3. Comparison between alcohols and gasoline as fuel. 

Fuel 

Energy 

density (MJ/L) 

Air-fuel 

ratio 

Specific 

energy 

(MJ/Kg air) 

Heat of 

vaporization 

(MJ/Kg) 

Research octane 

number (RON) 

Gasoline 32 14.6 2.9 0.36 91–99 

Butanol 29.2 11.1 3.2 0.43 96 

Ethanol 19.6 9.0 3.0 0.92 107 

Methanol 16 6.4 3.1 1.2 106 

Terms: MJ/L, Mega Joules per liter; MJ/Kg air, Mega Joules per kilogram 

 
 

Table 4. n-Butanol chemical characteristics. 

  

Name 1-Butanol 
Sum formula C4H10O 

CAS number 71-36-3 

Short description Four carbon straight chain alcohol, colorless liquid, 

miscible with water and strong alcoholic odor. 

Molecular mass 74.1216 g/mol 

Density 0.81 g/cm3 (20°C) 

Physical state clear liquid 

Melting point -89°C 

Boiling point 117 - 118°C 

pH 2.6 

Solubility Mixable with organic solvents, non-compatible with 

strong oxidizers. 
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2.3 Clostridium, the catalyst in Acetone-Butanol-Ethanol (ABE) 

fermentation 

Clostridium is a rod-shaped genus of bacteria that belongs to the Gram-positive 

phylum Firmicutes (Table 5), many of which display oxygen sensitivity and are able to form 

endospores. Members of this phylum can be found in soils and they represent the largest 

proportion of the human-gut microbiome70.  Although there are disease-causing species 

among this group, there are non-pathogenic species, particularly C. acetobutylicum and C. 

beijerinckii, that have historically been used for solvent production. Charles Weizmann 

famously began industrial ABE fermentation as outlined in his 1916 patent (United State 

Patent Office, #1315585), which describes Clostridium spore selection and culture conditions. 

 

Table 5. Taxonomic classification of Clostridium. 

      

 
 
 
 
 
 
 
 
 
 
 
 
 

 

The lack of a systematic approach3 in Clostridium nomenclature in the dawn of the 

ABE industry has led to taxonomic mislabeling until recently.  Due to the advent of 16s rRNA 

Domain Bacteria 

Phylum Firmicutes 

Class Clostridia 

Order Clostridiales 

Family Clostridiaceae 

Genus Clostridium 

 (Prazmowski, 1880) 
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(rrn gene) sequencing and chromosomal DNA fingerprinting, a clearer distinction can be made 

between Clostridium species, particularly between C. acetobutylicum and C. beijerinckii. 

Although both species have physiological similarities, there are some advantages associated 

with C. beijerinckii, which includes: (i) greater versatility in sugar utilization, especially with 

pentoses21,71; (ii) the genes controlling solvent production are located within the main 

chromosome72,73, which gives this species greater solvent production stability, whereas in C. 

acetobutylicum, these genes are localized in an unstable plasmid; and (iii) C. beijerinckii is 

microaerophilic, which makes it more industrially-friendly than the strict anaerobe C. 

acetobutylicum.   

Among C. beijerinckii strains, NCIMB 8052, previously confused as C. acetobutylicum 

ATCC 8243, is the model organism for ABE fermentation and boasts the most extensively 

researched genome and physiology28,71,73–77. With the idea of overcoming butanol toxicity 

and improving sugar utilization, additional strains, such as BA101 and SA-1, which derived 

from NCIMB 8052, have been developed through directed evolution techniques. 

 

2.3.1 Clostridium beijerinckii BA101 

Annous and Blaschek observed that SA-1 had improved butanol production along with 

higher starch utilization and α-amylase activity, compared to the parent strain NCIMB 805219. 

The enhanced butanol production was attributed to the higher α-amylase activity of SA-1. 

These researchers used this rationale to select colonies with hyperamylolytic activity by 
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exposing NCIMB 8052 to N-methyl-N'-nitro-N-nitrosoguanidine (NTG) along with selective 

enrichment using 2-deoxyglucose (Figure 3)78.  

BA101 was also reported to be a butanol hyper-producing strain, which is capable of 

accumulating greater than 100% more butanol and higher yields than NCIMB 805279,80. Other 

physiological advantages of BA101 over NCIMB 8052 are: (i) it has lower PTS activity, as 

previously mentioned71; (ii) produces lower levels of acetic and butyric acid; (iii) is able to 

utilize glucose more completely, and (iv) is less efficient in sporulation77. 
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Figure 3. ATCC 824 (NCIMB 8052) mutants selected after 
NTG treatment by Annous and Blaschek78 
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2.3.2 Clostridium beijerinckii SA-1 (ATCC 35702) 

C. beijerinckii SA-1 was selected through serial-enrichment-mutagenesis under 

increasing concentrations of butanol. Compared to the parent strain NCIMB 8052, which 

showed no growth in butanol concentrations greater than 10 g/L, SA-1 showed growth in the 

presence of 15 g/L of butanol, which represents a 66% higher level of tolerance to butanol19 

(Figure 4). The selection of a butanol-tolerant phenotype also resulted in additional 

enhancements to the SA-1 phenotype compared to NCIMB 8052, including: (i) the ability to 

convert acids to solvents more efficiently and (ii) an increased production of butanol 

(between 5 to 14%)19.  

The ability of SA-1 to produce more butanol may be due to its higher tolerance to 

butanol compared to the parent strain NCIMB 8052. Due to this higher tolerance, SA-1 

appears to be able to remain in the vegetative state longer than NCIMB 8052, facilitating 

butanol accumulation. Similarly, genetically modified C. acetobutylicum, containing disrupted 

sporulation genes, can produce more butanol than the wild-type81.  

The whole genome of SA-1 was sequenced by our group82 using the Illumina GA IIx 

platform, and compared to the the reference genome of NCIMB 8052. A total of 10 genetic 

polymorphisms were confirmed in the SA-1 genome (Table 6), but none of them were an 

obvious cause of its improved butanol tolerance compared to the parent strain NCIMB 8052. 

The unique advantages mentioned above, allows SA-1 to become a worthwhile 

candidate for further research and development in butanol production. Nevertheless, little 

has been done with SA-1 for the past three decades, and the few studies employing this strain 
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were focused on evaluating its extracellular α-amylase and glucoamylase activity and its 

membrane fatty acid composition under butanol stress83,84. The true solventogenic and 

substrate utilizing capabilities of SA-1 were unclear.  
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Figure 4. Challenge experiment performed 
by Lin and Blaschek in 1983 to select for SA-
119. 
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Table 6. List of point mutations detected and confirmed in the chromosome sequence of Clostridium 
beijerinckii SA-1. PCR amplifications were performed using genomic DNA from NCIMB 8052 (reference 
strain) and SA-1. Modified from Makwana et al, 201282.    

ORF 
Number 

 Associated 
COG 

CDS Size 
(bp) 

Mutation 
Position 

Putative Gene 
Function 

1SNV Change 
in CDS 

Strand 
 
Orientation 

Amino Acid 
Change in 

CDS 
cbs_0769 

COG1653G 1,329 935,449 solute binding protein 
C151T  

+ Q51Term3 

cbs_1854 
S (unknown 

function) 
1,737 2,149,286 

Peptidase S8/S53 

subtilisin kexin 

sedolisin 

T698C  

+ V323A 

cbs_1935 
COG2508TQ 1,155 2,234,607 

PucR transcriptional 

regulator 

C139A  

+ H47N 

cbs_1975 
COG1001F 1,707 2,295,776 Adenine deaminase 

G31T  

+ A11S 

Between  

cbs_2248 

and  

cbs_2247 

 

402 

(interval 

length 

between 

coding 

regions) 

2,611,044 

Non Coding region 

between rRNA 

adenine dimethylase 

CDS and hypothetical 

protein CDS 

G:A  

NA 

cbs_4400 

COG0631T 1,839 5,075,403 

Serine Threonine 

protein phosphatase-

like protein 

C1766A  

- R589L 

cbs_4761 

COG5263R 1,218 5,556,196 

Cell Wall Binding 

repeat-containing 

protein 

A101G 

- V34A 

Between  

cbs_R0121 

and  

cbs_R0122 

 

1,112 

(interval 

length 

between 

coding 

regions) 

5,769,733 

Non Coding region 

between 16S RNA CDS 

and 5S RNA CDS 

A:G 

NA2 

1IUPAC naming convention is used to name base and amino acid change. 2NA: no amino acid 
sequence since base change is within a non-coding region. 3Term: Termination codon.  
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 Table 7 shows a number of Clostridium species and strains using different substrates 

for ABE production in batch fermentation.   

 

Table 7. Substrate, ABE titer, productivity and yield of different Clostridium species using a variety of 
substrates in batch setting. 

Substrate Bacteria strain 

ABE 
(g/L) 

Productivity 
(g/L.h) 

ABE 
Yield 
(g/g) Ref. 

Barley straw* C. beijerinckii P260 26.64 0.39 0.43 (20) 

Corn fibers* C. beijerinckii BA101 9.3 0.1 0.39 (85) 

Corn stover* C. beijerinckii BA101 25.8 1.08 0.34 (111) 

Corn stover and 
switchgrass* 

C. beijerinckii P260 
21.06 0.21 0.43 (112) 

Defidered-sweet-
potato slurry* 

C. acetobutylicum P262 
7.73 1 0.2 (37) 

Degermed corn** C. beijerinckii BA101 14.28 0.3 - (113) 

Distillers dried 
grains & solubles* 

C. beijerinckii BA101  
10.4 0.14 0.34 (17) 

Lactose and yeast 
extract 

C. acetobutylicum 824A 
1.43 0.78 - (114) 

Starch C. beijerinckii BA101 24.7 0.2 0.37 (115) 

Starch-based waste 
packing peanut** 

C. beijerinckii BA101 
21.7 0.2 0.37 (36) 

MP2 + 80mM 
acetate 

C. beijerinckii BA101 
21.5 - 0.65 (116) 

MP2 + 80mM 
acetate 

C. beijerinckii NCIMB 8052 
17.5 - - (116) 

Synthetic medium 
w/ butyric acid 

C. saccharoperbutylacetonicum 16 0.42 0.49 (117) 
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Table 7 (continued)      

Substrate Bacteria strain 

ABE 
(g/L) 

Productivity 
(g/L.h) 

ABE 
Yield 
(g/g) Ref. 

Whey permeate C. acetobutylicum P262 8.6 1.1 3.6 (119) 

Switchgrass* C. beijerinckii P60 14.61 0.09 0.37 (111) 

D-Glucose & D-
xylose 

C. beijerinckii SA-1 12.5 - 0.2 (12) 

20% Extruded Corn 
broth**  

C. beijerinckii SA-1 23 
 

- 
 

0.24  
 

(19) 

 

14% Extruded Corn 
broth**  

C. beijerinckii 8052 
21 - 0.23  (19) 

P2 medium 6% D-
glucose 

C. beijerinckii BA101 27.5 0.55 0.48 (79) 

P2 medium 6% D-
glucose 

C. beijerinckii 8052 14.5 0.18 0.28 (80) 

Wheat bran* C. beijerinckii ATCC55025 11.8 0.16 0.32 (107) 

Wheat straw*  C. beijerinckii P260 25.0 0.6 0.42 (118) 

Terms: g/L, Grams per liter; g/L.h, grams per liter per hour; g/g, grams of solvents per gram of sugar 
utilized. *Hydrolysates; **Solids suspension. 
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2.3.3 Acetone-Butanol-Ethanol (ABE) fermentation 

Solventogenic Clostridia is responsible for biobutanol production, through the ABE 

fermentation pathway. Once the sugars enter the cell, they proceed through the Embden–

Meyerhof–Parnas (EMP) pathway, which leads to pyruvate formation. Subsequently, 

pyruvate is de-carboxylated by a pyruvate-ferredoxin oxidoreductase to form acetyl-CoA and 

carbon dioxide (CO2). At the same time, NADH and NADPH are oxidized by ferredoxin, which 

is coupled with hydrogen production (Figure 6)69,105,106.  

ABE-fermentation is biphasic in nature and acetyl-CoA is at the intersection of both 

phases. The first phase, or acidogenic phase, is characterized by the formation of acetate and 

butyrate, along with hydrogen and CO2, from the pyruvate decarboxylation step described 

above. This phase occurs during the exponential growth phase and accompanies the 

synthesis of one mole of ATP per mole of acetate or butyrate. The synthesis of ATP drives the 

biomass accumulation.  

The second phase, which takes place mainly during late-exponential and stationary 

phase, is known as the solventogenic phase since products are acetone, butanol and ethanol. 

Hence, these are not growth-linked fermentation products14,16,107. Spo0A (sporulation 

transcription factor A) activates the transcription of the following genes108: (i) acetoacetate 

decarboxylase (adc) and alcohol dehydrogenase (adhE), that drive solvent synthesis; and (ii) 

CoA-transferase (ctfAB), that drives the re-assimilation of the acids produced in the first 

stage. Spo0A also stimulates the cells to initiate sporulation, which are a long-term survival 

cell type, usually triggered by nutrient limitation and by the accumulation of undissociated 
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acetic and butyric acids109,110. Unfortunately, spores are dormant cells that do not produce 

butanol81, and without Spo0A, the cells are deficient of solventogenesis11. In C. 

acetobutylicum, acidogenesis and solventogenesis are two independent physiological events, 

since a drop in pH below 5, led by an increase in butyric acid to greater than 2 g/L, triggers 

solvent production. However, this is not true in C. beijerinckii SA-1 where both acid and 

solvent production can be coupled12.  

  

Figure 5. C. acetobutylicum ABE pathway. Dotted arrows: acidogenic phase; Solid 
arrows: solventogenic phase; Gray letters: genes/enzymes; Red circles: Spo0A 
controlled genes / Sol operon; Gray circles: ptb-buk operon. CAC and CAP are the Open 
Reading Frames (ORF) numbers in the genome and megaplasmid, respectively. 
Adapted from Lee et al, 200811. Reprinted by permission of John Wiley & Sons, Inc. 
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2.3.4 Sugar uptake and utilization by Clostridium 

The genus Clostridium is very versatile in its ability to use a large variety of sugars, 

including pentoses, hexoses and even polysaccharides11,16,85. This is particularly useful given 

the composition of lignocellulosic materials that are mainly pentose and hexose sugars. 

Nonetheless, not all species can equally utilize and co-ferment sugars. For example, C. 

acetobutylicum cannot utilize lignocellulosic hydrolysates efficiently, since xylose utilization 

is subject to catabolite repression when glucose is present1,21,26,86,87. On the other hand,  C. 

beijerinckii effectively co-utilizes xylose and glucose and even produces solvents from 

agricultural waste material derived from degraded lignocellulose14,31,88. Clearly, selecting a 

strain that most efficiently transforms the available sugars into butanol, is essential for 

greater solvent titer and yield for cost-effective butanol production11,16,33,51,89. 

Sugar uptake by Clostridium takes place through a phosphoenolpyruvate-dependent 

phospho-transferase system, or PEP:PTS26,90. As in other bacteria, this system is composed of 

trans-membrane proteins, such as the sugar-specific enzymes II and III; and soluble proteins, 

such as the enzyme I and HPr26. The enzyme I catalyzes the PEP-dependent phosphorylation 

of the phosphor-carrier HPr. The HPr protein is responsible for catabolite repression in B. 

subtilis and, as in other low-GC Gram-positive bacteria, it can be phosphorylated at two sites: 

the catalytic His-15, and the regulatory Ser-4691. The histidine residue is phosphorylated by 

enzyme I, and is responsible for the phosphate transfer among PTS elements. The serine 

residue is the regulatory site for the sugar uptake92, and is phosphorylated by the ATP-

dependent HPr-kinase, and activated by fructose-1,6-biphosphate71,93,94. The mechanism by 
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which phosphorylated-serine46-HPr (HPr-S46-P) participates in catabolite repression in 

Gram-positive bacteria (Figure 5) is through the binding of HPr-S46-P to a catabolite control 

protein A (CcpA). This, in turn, interacts with a Catabolite Repression Element (CRE) in the 

DNA, which ultimately leads to the transcriptional repression of the target genes. In this case, 

the repressed targets are the PTS and non-PTS sugar permeases. Additionally, the 

cytoplasmatic sugar-P-phosphatase gets activated to reduce inducer levels in the 

cytoplasm94,95. The hydrolysis of the phosphate group from HPr-S46-P is performed by a 

serine-phosphatase, indicating that the functionality of this enzyme has a significant impact 

on the regulation of sugar uptake and repression93. For example, in B. subtilis, CcpA alone, 

due to non-phosphorylated Ser-HPr, is not able to produce catabolite repression96. 

C. beijerinckii NCIMB 8052, which was previously confused as C. acetobutylicum ATCC 

8243, is able to co-transport glucose and fructose, because the PTS transporters of these 

sugars are constitutively expressed. However, C. beijerinckii needs to be induced with 

galactose, glucitol or mannitol, in order to co-transport these sugars along with glucose, 

because the aforementioned sugars only have inducible transport activities87,97. Furthermore, 

glucitol is subject to catabolite repression in the presence of glucose, possibly by PEP 

exclusion competition74, where both, glucose-PTS and glucitol-PTS, compete for the 

phosphate group from PEP. Additionally, mannose inhibits glucose uptake in C. beijerinckii 

NCIMB 805271.  

The metabolism of disaccharides by C. beijerinckii NCIMB 8052 depends on pre-

exposure of the strain to the disaccharide in question. C. beijerinckii prefers glucose when 
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grown in this sugar and then transferred into medium containing lactose, cellobiose, maltose 

or sucrose. Moreover, if C. beijerinckii was initially grown in a medium containing lactose or 

cellobiose and then transferred to a medium containing both, glucose and one of these 

disaccharides, the cells preferred glucose. On the contrary, following a pre-exposure with 

maltose or sucrose, C. beijerinckii was able to co-utilize either disaccharide along with 

glucose97. Sucrose transport and utilization by C. beijerinckii NCIMB 8052 is controlled by four 

genes located in an operon75 composed of: (i) a sucrose PTS protein, IIBCScr (ScrA); (ii) a 

transcriptional repressor (ScrR), (iii) a sucrose hydrolase (ScrB), and (iv) an ATP-dependent 

fructokinase (ScrK).  

 

Figure 6. Proposed mechanism for the regulation of catabolite 
repression in B. subtilis95. HPr kinase (Ptsk) phosphorylates the Ser-
46 residue in HPr. P-Ser-HPr can then bind to CcpA. This complex, 
along with a metabolite such as fructose-1,6 bis-phosphate (FBP) 
binds to a catabolite repression element (CRE) in the DNA, or near 
the promoter regions of catabolite-sensitive target operons to 
promote catabolite repression91. Adapted from H. Wolfgang et al, 
199991. Reprinted by permission of Elsevier. 
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In fermentation processes, the carbon flow from the substrate towards the product, 

determines the final titer and yield. In a perfect metabolic pathway, most of the carbon atoms 

should go to biomass or to the desired product. However, due to the synthesis of other 

intermediates, the final titer and yield of the desired product are lower98. The carbon flow is 

determined by the activity of the enzymes within a pathway, and a few of these enzymes may 

be regarded as bottlenecks if they participate in the synthesis of the desired product. In E. 

coli, a diminished sugar-PTS activity or the use of a more regulated substrate, leads to a higher 

product titer and yield, or to a higher biomass99,100. If the flow to intermediates can be 

diminished, such as the C. beijerinckii intermediates acetic and butyric acid101–103, the flow to 

the desired product can be maximized104.  

Regarding sugar uptake, C. beijerinckii BA101 has differences compared to its parent 

strain NCIMB 8052, for example: (i) BA101’s PTS system shows an overall 50% lower activity; 

(ii) in solventogenic phase, BA101 has a much greater ATP-dependent glucose 

phosphorylation rate, that shows better sugar uptake during stationary phase; and finally, (iii) 

when grown in glucose, BA101 has only 70% of the fructose PTS activity of NCIMB 805271.  

SA-1, also derived from NCIMB 8052, not only has the ability to co-ferment pentoses 

and hexoses, but is also able to prolong the uptake of carbon sources and delay sporulation, 

under optimal nutrient conditions12. This leads to higher biomass concentrations and 

consequently, may lead to higher solvent titers.  
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2.3.5 Batch configuration  

The understanding of the carbon flow in the ABE pathway and the optimization of the 

growth conditions for improved butanol production, are approaches that have previously 

been explored12,28,41,63,68,120. The bacterial growth depends on the environment and its 

physicochemical parameters such as pH, media components, redox potential, temperature, 

agitation and availability of water. Therefore, in order to achieve higher biomass and thus, 

more products, the fermentation settings must be optimized, and most importantly, remain 

under control10,11,85.  

Batch fermentation system has been traditionally used for ABE production due to the 

sporogenic nature of Clostridium, and also because long continuous fermentations may lead 

to strain degeneration116,121,122. In this mode of operation, other than gases, there is no 

interexchange of matter between the outside and the inside of the reactor, and thus the 

culture volume remains constant. The medium, or "environment", changes as a result of the 

bacterial growth. For example there is nutrient depletion, change in pH and also the 

production of inhibitory compounds. In the case of Clostridium, acetic and butyric acid 

accumulation and sugar depletion are the limiting factors that trigger sporulation. Due to this 

change overtime, the bacterial metabolism is in transient physiological state. In B. subtilis, 

initiation of sporulation can be aborted by RapA and RapB aspartyl-phosphate phosphatases, 

which lower Spo0A-P (phosphorylated Spo0A) levels and avoid sporulation110. Homologs of 

RapAB have been found in the chromosome of C. acetobutylicum109,123, suggesting that a 

similar mechanism may occur in this bacteria. In conclusion, the best fermentation condition 
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is the one that keeps the cells in a vegetative state, allowing them to produce butanol, while 

utilizing the greatest amount of sugars. 

 

2.3.5.2 Optimized medium for C. beijerinckii  

The composition of traditional media used for ABE fermentation has remained mainly 

unchanged over the decades, underestimating the physiological needs of Clostridia for 

improved butanol production12. In order to address this issue, an optimized medium and 

fermentation parameters have been previously investigated by our group12. Heluane et al, 

interested in the biotransformation of pentoses and hexoses by C. beijerinckii SA-1, performed 

a meta-analysis of the gene responses of C. acetobutylicum grown under butanol stress. These 

transcriptional responses were then correlated to nutritional requirements for a growth 

medium, and was then validated for SA-1. This validated medium, or HEDB (Table 8), allows 

greater cell densities under butanol concentration above 7 g/L, and keeps the cells mainly in 

the vegetative state, delaying sporulation. Along with these nutritional requirements, 

optimum pH, temperature and agitation were determined to be 6.5, 37°C and 200 rpm, 

respectively.   
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Table 8. Traditional and optimized media composition used in ABE-fermentation. *Trace components. 
Adapted from Heluane et al12.  

Components (g/L) HEDB 
Wiesenborn 

et al.  
Ounine 

et al.  
Lin and 

Blaschek 
Woolley 

and Morris 
Long et 

al.  

KH2PO4 3 0.75 0.5 0.75 3 - 

K2HPO4 . 3H20 - - 0.5 - - - 

K2HPO4 - 0.75 - 0.75 - - 

MgSO4 - 0.4 - 0.02 - - 

MnSO4 - 0.01 0.01 0.01 - - 

FeSO4 . 7H2O - 0.01 0.01 0.01 - - 

CH3COONH4 - - 2.2 - - - 

(NH4)2HPO4 - - - - - 6 

NH4Cl 3 - - - 3 - 

(NH4)SO4 0.5 2 - 2 0.5 - 

NaCl 0.01 1 0.01 1 - - 

CaCO3  - - - - 20 

EDTA 0.1mM - - - - - 

Yeast extract 1 5 - 10 - - 

Tween 80 - - - - - - 

MgSO4 . 7H2O* 0.03 - 0.2 - 0.03 0.2 

CaCl2* 0.011 - - - 0.011 - 

MnCl2 . 4H2O* 0.01 - - - 0.01 0.01 

FeSO4 . 2H2O* 0.01 - - - 0.01 0.01 

CuSO4 . 5H2O* 0.032 - - - 0.032 - 

CoCl2 . 6H2O* 0.032 - - - 0.032 - 

ZnSO4* 0.044 - - - 0.044 0.05 

(NH4)6Mo7O24 . 4H2O* 0.022 - - - 0.022 - 

Biotin* 0.001 - 0.001 - 0.001 Trace 

p-amino benzoic acid* 0.002 - 0.001 - 0.002 0.001 

Thiamine – HCl* 0.002 - -  0.002 0.001 

Cysteine* 0.05 - - 0.05 - 0.5 

Asparagine* 0.05 2 - - - - 

Tryptophan* 0.05 - - - - - 

Histidine* 0.05 - - - - - 

Glutamine* 0.05 - - - - - 

Riboflavine* 0.001 - - - - - 

Vitamin B12* 0.001 - - - - - 
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2.3.5.3 Acid addition to the fermentation broth  

Blaschek et al116, were able to increase and stabilize butanol production in C. 

beijerinckii NCIMB 8052 by adding 80 mM sodium acetate to the medium. This process 

improved solvent production from 6.7 g/L to 17.8 g/L. A similar experiment with C. beijerinckii 

BA101, an offspring of NCIMB 8052, showed an increase in solvent production from 6.1 g/L 

to 32.6 g/L101. Similarly, Yu et al62, found that the addition of acetic acid (1 g/L) to C. 

acetobutylicum ATCC 824 cultures prior to fermentation, resulted in up to four times greater 

solvent production. Matta-El-Ammouri et al68, improved butanol production 15% to 23.5%, 

in C. acetobutylicum strain 77 cultures, which is a mutant derived from C. acetobutylicum 

ATCC 824, by adding 0.36 g/L butyric acid for 34 hours to the growth medium. Blaschek et al, 

suggested that the addition of these acids stimulates CoA-transferase, as well as acetate and 

butyrate kinases, which are responsible for solvent production. 

 

2.3.5.4 Artificial electron carriers, carbon monoxide and hydrogen 

Besides the addition of acids, artificial electron carriers, which are molecules able to 

ferry electrons from a donor to another molecule, were also investigated. Peguin et al 27 were 

able to improve butanol yield up to 51% in C. acetobutylicum ATCC 824 cultures at pH 5, and 

up to 467% at pH 5.5, by using 1 mM methyl viologen as an electron carrier. Similar results 

were obtained using neutral red as the electron carrier124. Neutral red has a titration effect 

on the use of ferredoxin in the oxido-reduction reactions that deviate electron flow from 

hydrogen to NADH production. The regeneration of NAD is achieved by an increase in activity 
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of NADH-dependent aldehyde/alcohol dehydrogenases (adhE) that leads to higher 

production of solvents. 

The addition of carbon monoxide was tested by Kim et al 86 using C. acetobutylicum 

ATCC 4259 by sparging the cultures with a mixture of 85%-N2 and 15%-CO. Compared to 

sparging the cultures with nitrogen alone, the butanol concentration and productivity were 

improved by 63% and 31%, respectively. Carbon monoxide enhances the levels of reduced 

ferredoxin by inhibiting the hydrogenases. The enhanced levels of NADPH and NADH alter 

the flow of electrons towards solvent production69,86.  Datta et al 69, improved butanol titer 

up to 15% by injecting CO gas (0.1 to 0.2 atm), and adding acetic and butyric acids 

simultaneously (2 and 5 g/L, respectively). Yerushalmi et al125 utilized elevated H2 partial 

pressure (274 - 1.479 Kpa) to Clostridium cultures to alter the electron flow to obtain a 18% 

higher butanol yield; however there was a decrease in acetone and H2 yields. In all cases, the 

improved solvent production was achieved as a result of the higher activity of the 

solventogenic enzymes in the ABE pathway69,86,124,126. 

 

2.3.5.5 Enhanced ABE pathway for butanol production 

Chen et al127 examined the mRNA expression levels of the genes involved in the ABE-

pathway of C. beijerinckii BA10179. They found that the mRNA expression levels of the genes 

coding for CoA-transferase, acetoacetate decarboxylase and butyraldehyde dehydrogenase 

were elevated in BA101 compared to its parent strain, NCIMB 8052. They concluded that this 

http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
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may be the reason for the reduced acid production and increased carbohydrate utilization 

and solvent production by BA101.   

Jang and co-workers120, working with C. acetobutylicum 824, assigned the name “hot 

channel” to the route in which butanol is directly synthesized through butyril-CoA, and “cold 

channel” to the acid re-assimilation route through CoA-transferase. Knocking-out pta and buk 

genes (encoding the phosphotransacetylase and butyrate kinase, respectively) (Figure 4), and 

by overexpressing a mutated adhE (encoding an aldehyde/alcohol dehydrogenase), they 

increased the ratio of butanol produced by the “hot channel”, thus accumulating up to 18.9 

g/L butanol and yielding 0.71 mole butanol/mole glucose. 

The present work seeks to evaluate the solventogenic and physiological capabilities 

of SA-1 compared to NCIMB 8052, including sugar utilization. Small-scale pH-stat batch 

fermentation experiments, in carbon- and energy-limited conditions using sweet sorghum 

juice and HEDB medium12 with different sugars, will be presented.  

  

 

  



 
 

34 
 

Chapter 4 

Objectives 

• To investigate nutritional requirements for effective acetone-butanol-ethanol (ABE) 

fermentation by Clostridium beijerinckii in sweet sorghum juice in order to: 

– To optimize the bacterial inoculum for delayed sporulation  

– To determine the best harvest time 

– To optimize the ABE fermentation  

• To investigate the solventogenic capabilities and physiological differences between C. 

beijerinckii SA-1 and C. beijerinckii NCIMB 8052 in defined medium (Heluane et al, 

2011) with sucrose and mixtures of glucose and fructose. 

The main challenges with biobutanol production are its toxicity on the cells and 

evaluating a good substrate that is not used for human food production. The approaches 

explored were in three areas: (i) using improved bacteria generated through selection; (ii) 

improving the conditions in which the bacteria produce butanol; and (iii) using an alternative 

non-food feedstock. This work is intended to outline the path that must be followed in order 

to obtain a viable alternative to fossil fuels, and at the same time, not adding to the world’s 

food crisis when producing this biofuel.   
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Chapter 5 

Materials and Methods 

5.1 Strain, media and cultivation methods 

Strain SA-1 (ATCC 35702) was deposited by Lin & Blaschek19  as an offspring strain 

derived from Clostridium acetobutylicum ATCC (American Type Culture Collection) 824. Later, 

Johnson et al (1997) identified SA-1 as belonging to the C. beijerinckii species by DNA 

relatedness128. After this finding, Blaschek re-catalogued their ATCC 824 strain as C. beijerinckii 

NCIMB 805279. For this work, C. beijerinckii NCIMB 8052 (ATCC 51743) and C. beijerinckii SA-

1 (ATCC 35702) were obtained from the ATCC.  Species identity was verified by PCR 

amplification of the 16s rRNA gene using prokaryotic 16S rDNA universal primers 515F (5’-

GCGGATCCTCTAGACTGCAGTGCCA-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’).  These 

organisms were routinely stored at -80°C on M17 medium (Sigma) containing 5% (w/v) 

dextrose and glycerol (10%).  The organisms were activated in M17 containing the sugar or 

the sugar combination to be tested. 

5.2 Inoculum development 

Strain SA-1 was challenged with increasing concentrations of butyric acid (Sigma) (0.25 

g/L, 0.75 g/L and 1 g/L) in Reinforced Clostridial Medium (RCM, BD) via flask-scale 

fermentations. In order to maintain constant the undissociated form of the acid, the pH was 

standardized using the Henderson – Hasselbalch equation129,130.  For the transfer time 
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experiment, the master cultures, NCIMB 8052 and SA-1, were grown via flask-scale 

fermentation, working volume of 45 mL with 5mL headspace at 37°C, either in RCM or sweet 

sorghum juice (M81E variety) supplemented with trace components previously formulated 

(HEDB)12. These master cultures were challenged in the presence (0.75 g/L) or absence (0 g/L) 

of butyric acid. Subsequently, the cells were collected and transferred into fresh media (Figure 

7). Exact transfer time from the challenged and un-challenged cultures into fresh RCM or 

sweet sorghum juice will be detailed when the different experiments are presented, Chapter 

6, Section 6.2. The doubling time and specific growth rate of each culture was calculated from 

the slope after fitting the exponential-growth phase data to a linear regression with 

correlation coefficients (R2) of 0.99. Each point represents the mean of at least two 

independent assays.  

  

Activation 

0.75 
g/L 
butyric 
acid

0 g/L 
butyric 
acid 

 

   1hr                2hr                 “n” (h)                                  1hr                 2hr             “n” (h) 

Transfe
rs

Figure 7. Inoculum development experiment. Master cultures of C. beijerinckii NCIMB 8052 and SA-1 
were challenged in the presence (0.75 g/L) or absence (0 g/L) of butyric acid. Subsequently, the cells 
were collected and transferred into fresh media. 
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5.3 Sweet sorghum juice medium preparation 

Sweet sorghum (M81E variety) was harvested on November 11, 2012 in Williams Dale 

Fields, Wallace, North Carolina, using a forage chopper and pressed to extract the juice 

containing the soluble sugars for the fermentation. The juice was stored at 4°C for 2 days, and 

then centrifuged at 5000 rpm for 15 minutes to separate the juice from the remaining solids. 

The liquid fraction was then filter-sterilized using 22 µm filters (Thermo Scientific). The 

remaining liquid fraction was subsequently frozen at -20°C overnight and then transferred to 

-80 °C for long-term storage. The exact fermentation conditions and initial sugar 

concentration are described in Chapter 6, Section 6.1 and 6.3. 

5.4 Batch experiments in HEDB medium 

The organisms were activated in M17 (BD) containing the single sugar or sugar 

combination to be tested. Following activation, the inocula were transferred into the same 

medium to be used in the reactors.  The composition of HEDB medium used for the batch 

experiments has been previously reported12.  The medium base components were autoclaved 

without the sugars and trace components.  These components were always sterilized by 

filtration (0.22 µm filters) and added aseptically to the medium reservoir.  Combinations of 

sugars (sucrose, D-glucose and D-fructose, or D-fructose alone) were aseptically added into 

the reactor to reach 6% or 10% final sugar concentrations.  

Growth experiments were performed in batch mode in a 2-Liter BIOSTAT B plus 

fermenter equipped with controllers for pH, temperature, and agitation (Sartorius, BBI 
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Systems, Germany). The temperature was set at 37°C, agitation speed at 250 rpm, and pH was 

kept at 6.5 by the automated addition of 0.5 N KOH and 25% (v/v) H3PO4 into a working 

volume of 1,400 mL of culture.  In order to maintain anaerobic conditions after inoculation, a 

continuous stream of sterile nitrogen gas 0.1 VVM was passed through the reactors for 

approximately 10 minutes. Exact conditions for the fermentations are detailed in Chapter 6, 

Section 6.4 and 6.5.  The purity of the culture was checked daily by direct microscopic 

examination and by determining CFU/mL of dilutions plated on M17 (BD) agar plates, grown 

aerobically at 37°C. 

5.5 Analytical methods 

Biomass proliferation in the fermentation tank was monitored using an in-line biomass 

sensor (Fundalux, Sartorius, BBI Systems, and Germany) and also by measuring the optical 

density (OD600nm) on a digital spectrophotometer (SmartSpec Plus, BioRad, USA).  Sucrose, D-

glucose, and D-fructose were quantified with a high-performance liquid chromatograph 

(HPLC) under isocratic conditions at 65°C, and a mobile phase of water at a 0.5 mL/min flow 

rate using an Supelcogel TM Ca column (300 mm x 7.8 mm, Supelco TM Analytical, Bellefonte, 

PA, USA) coupled to a refractive-index detector. The products of the fermentations (butanol, 

butyric acid, acetone, acetic acid and ethanol) were separated in a gas-chromatograph (GC) 

SS Porapak Q 80/100 column (OV, Marrietta, OH, USA) in a GC (GC-8A) fitted with a flame 

ionization detector (FID) (Shimadzu Corporation, Kyoto, Japan), using 200 kPa of nitrogen as 

the mobile phase with an injection temperature of 220°C and a column temperature of 140°C.  
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Chapter 6 

Results and Discussion 

6.1 Sorghum juice requires trace components supplementation  

To the best of our knowledge, this is the first study to examine the use of M81E sweet 

sorghum juice for growth of C. beijerinckii. Consequently, in order to determine the 

requirements for growth and butanol production by this microorganism in sweet sorghum 

juice, we performed flask-scale fermentations using this substrate and supplemented with 

components of HEDB medium12. As shown in Figure 8, it was necessary to supplement 

sorghum juice with trace components12 for Clostridium growth and butanol production, since 

non-supplemented sorghum juice failed to support the growth of this microorganism. Since 

this was a qualitative experiment, and the reproducibility of the results is of utmost 

importance for the subsequent fermentations, we investigated the best transfer time of the 

inoculum into the reactor, as detailed below.   
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6.2 Inoculum development 

The handling of the microorganisms is critical for a successful fermentation process, 

since it should lead to acquiring an efficient biomass with predictable behavior. C. beijerinckii 

is a spore-forming organism, thus it is critical to maximize the byproduct formation during its 

vegetative state prior to sporulation. An extended growth period can yield to higher biomass 

with the advantage of needing a smaller inoculum for initiating fermentation in the bioreactor. 

However, a long delay within the growth cycle can ultimately trigger sporulation after transfer. 

Consequently, greater familiarity with the time of transfer from the master inoculum into the 

reactor can have a large impact in industry and research131.  

Figure 8. Growth curves of flask-scale cultivation of C. beijerinckii SA-1 growing in various sorghum 
juice conditions (A) and final butanol concentrations (g/L) (B). Sweet sorghum juice and trace 

components (SSJ + TC); sweet sorghum juice and complete formula of HEDB medium (SSJ + VM); 
Forage sorghum juice and trace components (FSJ + TC); Sweet sorghum juice with no supplementation 
(SSJ). 
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As mentioned in the introduction, butyric acid is one of the byproducts of ABE 

fermentation early in the growth cycle and is a precursor of butanol synthesis. Additionally, 

butyric acid is one of the signals that triggers sporulation109. The strategy used for overcoming 

this limitation involves adapting the master inoculum to butyric acid, resulting in more 

efficient growth in the production reactor, which will contain carry-over acid from the master 

inoculum. This carry-over acid would slow down the growth if not for the adaptation step. 

Similar adaptation experiments were previously performed in order to obtain cells with 

improved product formation132–135. Our group has previously shown that butyric acid 

accumulation in the presence of uncontrolled pH, hinders butanol production by C. beijerinckii 

SA-112. Figure 9 shows the adaptive response of C. beijerinckii SA-1 when challenged with 0.75 

g/L butyric acid, as evident by the shorter duplication time and higher specific growth rate, 

compared to the culture challenged with 0.25 g/L butyric acid.  

Figure 9. C. beijerinckii SA-1 was challenged with increasing concentrations of butyric acid. Bars 
represent doubling time (h) and dashes represent specific growth rate (h-1). Experiments were 
performed in collaboration with Evans and Makwana. 
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In order to take advantage of this adaptive response and to elucidate the optimum 

harvest time, we determined the effect of the age of the inoculum, from a master culture 

challenged with butyric acid, on the specific growth rate of the first generation culture. The 

adaptive response was expected to allow the cells to be collected at later stages in their 

growth cycle, thus delaying the optimum transfer time. The shift of the working window 

would reduce the volume needed for the inoculum for the production reactor, due to the 

higher concentration of biomass. We compared C. beijerinckii NCIMB 8052 and SA-1 grown in 

complex medium (RCM) and in sweet sorghum juice with trace components of HEDB-

medium12, in the presence (0.75 g/L) or absence (0 g/L) of butyric acid. From these cultures, 

we collected and transferred the cells into the same fresh medium, without acid, at different 

points of their growth cycle. Subsequently, we determined the specific growth rate of those 

transferred cultures. Each of the growth curves were normalized to a starting cell density of 

0.1 OD600.  

Figure 10 shows the time points when the inoculums were collected from the 

challenged and un-challenged master cultures. As shown in Figure 11, the best harvest time 

for the unchallenged cultures was between 9 to 11 hours for both strains growing in sweet 

sorghum juice and also for SA-1 growing in RCM. For NCIMB 8052 growing in RCM the 

optimum harvest time was 6 hours. For the challenged cultures, the optimum inoculum age 

was between 12 to 13 hours for NCIMB 8052 growing in both media, and for SA-1 growing in 

RCM. This was evident by the higher specific growth rate for each of these cases. The lower 

specific growth rates from the earlier harvest correlated to a smaller butyric acid 
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concentration at those growth stages. This is similar to what is observed with the slower 

duplication time of SA-1 when challenged with 0.25 g/L butyric acid (Figure 9).  

Overall, although the acid treatment shifted the best harvest time for over two hours, 

the difference in biomass was only significant (p<0.05) for NCIMB 8052 growing in RCM. 

Nonetheless, under the conditions tested, these experiments allowed us to optimize the 

inocula of NCIMB 8052 and SA-1, in function of the age of the master culture. This information 

will be used to standardize the subsequent fermentation experiments in this work. 

 

Figure 10. C. beijerinckii NCIMB 8052 and SA-1 grown in sweet sorghum juice (1A & 1B) and 
Reinforced Clostridial Media (RCM) (2A & 2B) challenged with 0.75 g/L butyric acid. Open circles 
represent un-challenged culture and solid squares represent challenged culture. Arrows indicate 
the time point when the inocula were collected. 
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Figure 11. C. beijerinckii NCIMB 8052 and SA-1 specific growth rates in sweet sorghum juice (1A 
& 1B) and RCM (2A & 2B) with 0.75 g/L butyric acid. White and black bars represent the growth 
rates of un-challenged and challenged master inoculum, respectively. Dashes represent the 
trend. The letter followed by a number, represent the first generation inocula harvest time, in 
hours, from the master inocula. 



 
 

45 
 

6.3 Small-scale batch fermentation of C. beijerinckii under different 

conditions revealed low fermentability in M81E sweet sorghum juice.  

Once the requirements for Clostridium growth in sweet sorghum juice and the 

optimum inoculum age were determined, we performed small-scale batch fermentations to 

check the suitability of sweet sorghum juice for biobutanol production. Temperature, pH and 

agitation, were kept constant at 37°C, 6.5 and 250 rpm, respectively. These conditions were 

previously determined by our group to be optimum for growth and butanol production by C. 

beijerinckii SA-112. 

Figure 12 shows a comparison between C. beijerinckii NCIMB 8052 and SA-1 in sweet 

sorghum juice supplemented with the trace components of HEDB medium12. NCIMB 8052 

showed a long lag phase with a maximum specific growth rate of 0.23 h-1, while co-fermenting 

sucrose, glucose and fructose. Among the solvents, ethanol was the main product at 1.67 g/L 

final titer. The final titer and yield of butanol were 0.56 g/L and 0.006 g/g, respectively. SA-1 

displayed a shorter lag phase with a maximum specific growth rate of 0.25 h-1, while 

accumulating almost twice as much butanol and ethanol at 1.06 g/L and 2.39 g/L, respectively. 

SA-1 also utilized fructose at a different rate compared to glucose, which indicates preference 

for the latter. As mentioned in the introduction, NCIMB 8052 is able to co-ferment glucose 

and fructose, so the fermentation profile for this strain was as expected28,74. The values of 

butanol and total solvent observed were not in line with the fermentation condition tested, 

at controlled pH, temperature and agitation, which previously generated at least 7 g/L of 
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butanol12. This suggested that additional nutrients might be missing for successful 

fermentation in sweet sorghum juice.  

Considering the enhanced performance and solvent production by SA-1 in the 

previous experiment, we tested this strain in sweet sorghum juice supplemented with trace 

components and yeast extract; as well as in sweet sorghum juice with trace components, 

yeast extract and EDTA, in the same concentrations as reported for HEDB medium12. As shown 

in Figure 13, in both conditions, SA-1 displayed a shorter lag-phase and an increased specific 

growth rate and biomass concentration. The final titer of butanol concentration was more 

than 3 g/L (Table 9); which was almost three times higher compared to only using the trace 

components.  However, the butanol values were still lower than what was previously reported 

for both strains (Table 7). In order to rule out any possibilities that our selected catalysts were 

impaired in butanol production, NCIMB 8052 and SA-1 were grown in small-scale batch 

fermentation in HEDB medium12 under optimum conditions with various sugar mixtures and 

concentrations. 
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Figure 13. A summary of analysis from batch cultivation of Clostridium beijerinckii NCIMB 8052 (A) 
and SA-1 (B) at 37°C, pH 6.5 in sweet sorghum juice with trace components12.  Carbon and energy 
sources: sucrose (0.5% w/v), D-glucose (3.6% w/v) and D-fructose (4.7% w/v). Biomass was monitored 
by an in-line biosensor (AU -----) or off-line Optical Density (OD600) (Open cubes); Butanol 
concentration (g/L) (filled squares); Acetone concentration (g/L) (filled circles); Ethanol concentration 
(g/L) (filled inverted triangles).  

 

Figure 12. A summary of analysis from batch cultivation of Clostridium beijerinckii  SA-1 at 37°C, pH 
6.5, 250 rpm in sweet sorghum juice, trace components12 and yeast extract (A), and sweet sorghum 
juice with trace components, yeast extract and EDTA (B). Carbon and energy sources: sucrose (0.5% 
w/v), D-glucose (3.6% w/v) and D-fructose (4.7% w/v). Biomass was monitored by an in-line biosensor 
(AU -----) or off-line Optical Density (OD600) (Open cubes); Butanol concentration (g/L) (filled squares); 
Acetone concentration (g/L) (filled circles); Ethanol concentration (g/L) (filled inverted triangles).  
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Table 9. Kinetic and yield parameters of batch-culture fermentations of C. beijerinckii NCIMB 8052 
and SA-1 at 37 °C, pH 6.5 and 250 rpm in sweet sorghum juice with different supplements. 

Carbon / Energy Source Parameters 

Clostridium beijerinckii 

NCIMB 8052 SA-1  

Sweet sorghum juice with 
trace components  
Sucrose 0.5%, D-glucose 3.5% 
and D-fructose 4.7% (w/v) 

Biomass (OD600/mL) 3.85 4.7 

Biomass yield (OD600/g) 0.04 0.05 

Butanol (g/L) 0.56 ± 0.11 1.06 ± 0.93 

Acetone (g/L) 0.09 ± 0.01 0.11 ± 0.01 

Ethanol (g/L) 1.67 ± 0.21 2.39 ± 0.01 

Total Solvents (g/L) 2.32 ± 0.33 3.29 ± 0.38 

Sugar utilized (%) 100 100 

Specific Growth rate µ (h-1) 0.23 0.25 

Butanol yield (Yg/g) 0.006 0.01 

Total Solvents yield (Yg/g) 0.02 0.03 

Butanol productivity (g/L.h) 0.02 0.04 

Sweet sorghum juice with 
trace components and yeast 
extract 
Sucrose 0.5%, D-glucose 3.5% 
and D-fructose 4.7% (w/v) 

Biomass (OD600/mL) - 5.37 

Biomass yield (OD600/g) - 0.06 

Butanol (g/L) - 3.37 ±  0.32 

Acetone (g/L) - 2.25 ±  0.05 

Ethanol (g/L) - 2.48 ±  0.02 

Total Solvents (g/L) - 8.81 ±  0.39 

Sugar utilized (%) - 100 

Specific Growth rate µ (h-1) - 0.29 

Butanol yield (Yg/g) - 0.03 

Total Solvents yield (Yg/g) - 0.1 

Butanol productivity (g/L.h) - 0.05 

Sweet sorghum juice with 
trace components, yeast 
extract and EDTA  
Sucrose 0.5%, D-glucose 3.5% 
and D-fructose 4.7% (w/v) 

Biomass (OD600/mL) - 5.25 

Biomass yield (OD600/g) - 0.06 

Butanol (g/L) - 3.69 ±  0.009 

Acetone (g/L) - 2.06 ±  0.04 

Ethanol (g/L) - 2.25 ±  0.06 

Total Solvents (g/L) - 8 ±  0.109 

Sugar utilized (%) - 100 

Specific Growth rate µ (h-1) - 0.27 

Butanol yield (Yg/g) - 0.04 

Total Solvents yield (Yg/g) - 0.09 

Butanol productivity (g/L.h) - 0.1 
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6.4 Batch cultivation in HEDB medium with 10% (w/v) sugar concentration 

revealed differences in osmotic stress tolerance between C. beijerinckii 

NCIMB 8052 and C. beijerinckii SA-1 

In order to investigate the solvent capabilities by C. beijerinckii NCIMB 8052 and SA-1 

in sugar concentrations equivalent to those found in sweet sorghum juice, we performed 

small-scale batch fermentation using HEDB medium12 either with 10% (w/v) sucrose or the 

combination of 5% (w/v) D-glucose and 5% (w/v) D-fructose. These are the main sugars of 

sweet sorghum juice. As can be seen in the sorghum experiments, the majority of the sugars 

were glucose and fructose, making this a logical combination of sugars to simulate sorghum 

juice with a total hydrolysis of sucrose. Additionally, it is important to understand the sugar 

uptake profiles of NCIMB 8052 and SA-1, especially after seeing a different fructose uptake 

rate by SA-1 compared to NCIMB 8052 in Figures 12 & 13. The way the catalyst uses the sugar 

determines the titer, yields and productivity in fermentation processes.  

Figure 14 and Table 10 show that SA-1 grown in 10% (w/v) sucrose had a long 

duplication time of 17 hours compared to 2.7 hours for NCIMB 8052. In addition, total solvent 

and butanol accumulation of SA-1 were 17 and 30% smaller, respectively, than NCIMB 8052, 

whose final butanol titer increased to 14.8 g/L, which is a higher titer than previously reported 

for this strain (Table 7). However, the specific production of butanol by SA-1 was greater than 

the parent strain (Table 11). We also detected glucose and fructose in the SA-1 culture after 

30 h of fermentation, indicating cell lysis, since sucrose hydrolysis is intracellular75. When 

grown in 5% (w/v) D-glucose and 5% (w/v) D-fructose, both strains displayed similar specific 
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growth rates and yield parameters; however, SA-1 showed diauxic growth (Figure 14). We 

have already observed that SA-1 has slower fructose uptake compared to glucose (Figures 12 

and 13), thus the diauxic growth pattern observed is additional evidence that this strain has 

a preference for one of the sugars136. At this concentration, however, it was not clear which 

sugar was preferred. This will be addressed later by growing SA-1 in D-glucose/D-fructose mix 

and D-fructose at 6 % (w/v) total concentration.   

NCIMB 8052 and SA-1 utilized more D-glucose than D-fructose as seen by the 

percentage of sugar consumed (Table 10). In B. subtilis, fructose uptake can be inhibited by 

high concentrations of glucose, due to the latter promoting the phosphorylation of S-HPr, in 

a feedback regulation95. Competition of the phosphate group from PEP to form sugar-6-

phosphate, is another mechanism by which high concentration of glucose inhibits the uptake 

of other sugars137.  

As shown in Figure 15, NCIMB 8052 and especially SA-1 in 10% (w/v) sucrose, 

displayed a filamentous morphology and spherical blebs during lag and early exponential 

growth phases. The original rod-shaped morphology returned in later stages of the 

fermentation, presumably due to the reduced sugar concentration. This filamentous 

morphology has been previously observed in B. subtilis and E. coli cultures growing in 

hypertonic medium. This is due to an SOS response, which is an error-prone DNA-damage 

repair system, and to a change in the membrane fatty acid composition138,139. This 

morphology also seems related to defective in sporulation. Hypertonic medium has an 

inhibitory effect on KinA in B. subtilis, which is the leading component in the phosphorelay 
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system leading to sporulation. Furthermore, hypertonic conditions inhibit FtsZ in E. coli, which 

is needed in septum formation139–141. A further suggestion that faulty sporulation is related 

to a filamentous morphology was shown by Tomas et al142, since inactivating spo0A 

(sporulation transcription factor A) in C. acetobutylicum, showed a similar morphological 

characteristic.  

Overall, in 10% (w/v) sugar, the use of HEDB medium12 had a large effect on the 

improved performance of NCIMB 8052 and SA-1, for butanol production. Additionally, these 

results show that C. beijerinckii NCIMB 8052 and SA-1 are competent butanol producers and 

that SA-1 is more susceptible to osmotic stress than NCIMB 8052. These results also suggest 

that the M81E-variety sweet sorghum juice produced in Eastern North Carolina, USA, may 

very well contain bacterial inhibitors as reported in other sorghum varieties143,144. Reported 

inhibitors have included phenolic compounds, tannin, tanic acid and aconitic acid, which were 

shown to hinder Gram-positive, Lactobacillus leichmannii growth and product 

formation143,144. Tannins inhibit alpha-amylase, lipase and the proteolytic activity of 

microorganisms, due to the formation of insoluble complexes between the tannin and the 

substrates, or by blocking the growth of the microorganisms altogether143,144. To cope with 

low fermentability, other researchers have used complexing agents to absorb the 

polyphenols, thus releasing the juice from the inhibiting effect on the catalyst143. 

Consequently, the addition of such complexing agents should be explored to test if the same 

holds true for the sorghum variety examined in this work. However, this may add to the overall 

cost of utilizing this feedstock.  
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Figure 14. A Summary of analysis from batch cultivation of Clostridium beijerinckii NCIMB 8052 (A) 
and SA-1 (B) at 37 °C, pH 6.5, 250 rpm in HEDB medium12. Growth and broth products using as limiting 
carbon and energy sources: Sucrose (10% w/v) (1A & 1B), D-glucose (5% w/v) and D-fructose (5% w/v) 
(2A & 2B). Biomass was monitored by in-line biosensor (AU -----) or off-line biosensor, Optical Density 
(OD600) (Open cubes); Butanol concentration (g/L) (filled squares); Acetone concentration (g/L) (filled 
circles); Ethanol concentration (g/L) (filled inverted triangles). 
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Table 10. Maximum values of kinetic and yield parameters obtained after batch culture fermentations 

of Clostridium beijerinckii NCIMB 8052 and SA-1 in HEDB medium at 37 °C, pH 6.5 and 250 rpm in 10% 
(w/v) sucrose and 5% (w/v) D-glucose and 5% (w/v) D-fructose. 

Carbon / Energy Source Parameters 

Clostridium beijerinckii 

NCIMB 8052 SA-1 

Sucrose 10% (w/v) 

Biomass (OD600/mL) 10.54 3.5 

Biomass yield (OD600/g) 0.11 0.05 

Butanol (g/L) 14.8 ± 0.13 10.33 ± 0.02 

Acetone (g/L) 8.75 ± 0.17 9.59 ± 0.008 

Ethanol (g/L) 0.9 ± 0.11 0.45 ± 0.01 

Total Solvents (g/L) 24.7 ± 0.05 20.38 ± 0.02 

Sugar utilized (%) 88 77 

Specific Growth rate µ (h-1) 0.25 0.04 

Butanol yield (Yg/g) 0.16 0.15 

Total Solvents yield (Yg/g) 0.28 0.3 

Butanol productivity (g/L.h) 0.52 0.2 

D-Glucose 5% (w/v)                    
and                                                         
D-Fructose 5% (w/v) 

Biomass (OD600/mL) 3.7 3.5 

Biomass yield (OD600/g) 0.07 0.07 

Butanol (g/L) 11.77 ± 1.57 11.12 ± 0.27 

Acetone (g/L) 8.51 ± 1.2 10.67 ± 0.09 

Ethanol (g/L) 0.4 ± 0.05 0.7 ± 0.08 

Total Solvents (g/L) 20.69 ± 2.83 22.52 ± 0.5 

Sugar utilized (%) 47 Glu; 34 Fruct 46 Glu; 33 Fruct 

Specific Growth rate µ (h-1) 0.13 0.13; 0.06 

Butanol yield (Yg/g) 0.23 0.24 

Total Solvents yield (Yg/g) 0.41 0.46 

Butanol productivity (g/L.h) 0.25 0.21 
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Figure 15. Microphotograph of C. beijerinckii SA-1 growing in 10% (w/v) sucrose.  A: 1000X 
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6.5 Batch cultivation in HEDB medium with 6% (w/v) sugar concentration 

unveiled C. beijerinckii SA-1 as a butanol hyper-producing strain.  

In order to further contrast the physiological differences between NCIMB 8052 and 

SA-1 in sugar concentrations normally used in ABE fermentation processes28,63,73,79,116,145, we 

performed small-scale batch fermentations using HEDB medium12 with sucrose, 

glucose/fructose and fructose as the limiting carbon sources (Figure 16). The two strains 

displayed fundamental differences regarding growth, sugar utilization, solvent production and 

yields (Figure 16 & Table 11).  A duplication time of 1.5 h was obtained for both strains when 

grown with sucrose or glucose/fructose as the limiting carbon and energy sources.  However, 

while NCIMB 8052 was able to co-ferment D-glucose/D-fructose and to readily use D-fructose, 

SA-1 was impaired in the utilization of D-fructose and unable to co-ferment both sugars. This 

confirmed the deficient fructose uptake by SA-1 observed in Figures 11, 12 and 13. However, 

SA-1 displayed 84% greater ABE yield when grown in D-fructose than when this strain was 

grown in sucrose. 

Although both strains reached comparable biomass concentration in 6% (w/v) D-

glucose/D-fructose, SA-1 revealed a solventogenic hyper-production phenotype and was able 

to generate up to 16.1 g/L of butanol and 26.3 g/L of total ABE, which is an accumulation 

improvement of 62.3 and 63.0% compared to NCIMB 8052, respectively. Furthermore, the 

yield of butanol and ABE were significantly higher as compared to NCIMB 8052 under all 

conditions tested (Figure 16 & Table 11). NCIMB 8052 was able to reach final concentrations 

of butanol above 10 g/L and overall solvents above 15 g/L, which were similar to previously 



 
 

56 
 

reported (Table 7). Therefore, the observed differences in production between the two strains 

growing in the HEDB medium12, had an obvious effect on the improved performance of 

NCIMB 8052 and the demonstration of butanol hyper-production characteristics of SA-1.  

SA-1 was selected through directed evolution by challenging NCIMB 8052 cultures to 

increasing concentration of butanol. Here we show that SA-1 displays a carbon flow that is 

mainly directed to the production of butanol and acetone. Redirecting the metabolic carbon 

flow towards solvents rather than butyric acid production has previously been shown in 

genetically modified C. acetobutylicum strains120. Also, C. beijerinckii BA101, a butanol hyper-

producing offspring of NCIMB 8052, has a redirected carbon flow towards solvent 

production127, furthermore, BA101 has a 50% lower phosphotransferase system (PTS) activity 

and a reduced fructose-PTS activity when the cells were grown in glucose71,101. The 

fermentation profile of SA-1 when grown in fructose may be an indication of a defective 

fructose-PTS that is similar to BA101. This may be one of the reasons for the improved solvent 

yield of SA-1 compared to NCIMB 8052. As previously mentioned, the substrate uptake has 

an impact on product yields due to its effect on the formation of bottlenecks in the solvent 

pathway99,100. These observations also suggest a change on the fructose system of SA-1 

showing less affinity for its substrate, which may be due to a larger Km (substrate 

concentration at which point the reaction rate is half of the maximum), compared to the 

fructose transport system of NCIMB 8052 parent strain. Overall, the butanol titer, yields, and 

solvents productivity of SA-1 show that this strain can transform sucrose- or glucose/fructose-

rich feedstock efficiently into butanol. Moreover, the aforementioned parameters achieved 
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by SA-1 are greater than previous reports in batch fermentation by this and other strains, and 

similar to those values obtained by BA101 strain. Data comparison are shown in Table 7.  In 

Figure 16 we show the process optimization under all the conditions assayed, putting 

emphasis on each solvent titer and yield proportion compared to the total ABE values.  
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Figure 16. A summary of analyses from batch cultivation of Clostridium beijerinckii NCIMB 8052 (A) 
and SA-1 (B) at 37°C, pH 6.5 in HEDB medium12.  Growth and broth products using as limiting carbon 
and energy sources: Sucrose (6% w/v) (1A & 1B), D-glucose (3% w/v) and D-fructose (3% w/v) (2A & 
2B), D-Fructose (6% w/v) (3A & 3B). Biomass was monitored by in-line biosensor (AU -----) or off-line 
biosensor Optical Density (OD600) (Open cubes); Butanol concentration (g/L) (filled squares); Acetone 
concentration (g/L) (filled circles); Ethanol concentration (g/L) (filled inverted triangles). 
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Figure 17. A summary of total solvent analysis and yields of batch cultivation of C. beijerinckii NCIMB 
8052 and SA-1 grown in sweet sorghum juice with different supplements and in HEDB12 medium with 
different sugars and concentrations. –WT / SA-1 SJ + TC: Wild-type / SA-1 in sorghum juice and trace 
components; -SA-1 SJ + TC + YE: SA-1 in sweet sorghum juice with trace components and yeast extract; 
-SA-1 SJ + TC + YE + EDTA: SA-1 in sorghum juice with trace components, yeast extract and EDTA. -WT 
/ SA-1 25g + 25f: Wild-type / SA-1 in 25 g/L of each glucose and fructose; WT / SA-1 55g + 55f: Wild-
type / SA-1 in 55 g/L each of glucose and fructose; WT / SA-1 55suc: Wild-type / SA-1 in 55 g/L sucrose; 
- WT / SA-1 110suc : Wild-type /  SA -1 in 110 g/L sucrose; - WT / SA -1 55f: Wild-type / SA-1 in 55 g/L 
fructose. 
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Table 11. Maximum values of kinetic and yield parameters obtained after batch culture fermentations 
of Clostridium beijerinckii NCIMB 8052 and SA-1 strains at 37°C, pH 6.5 in a HEDB medium12. 

Carbon / Energy Source Parameters 

 Clostridium beijerinckii 

 NCIMB 8052 SA-1 

Sucrose 6% (w/v) 

Biomass (OD600/mL)  4.72 5.7 

Biomass yield (OD600/g)  0.11 0.1 

Butanol (g/L)  8.09 ± 0.27 13.48 ± 0.01 

Acetone (g/L)  6.5 ± 0.13 11.22 ± 0.04 

Ethanol (g/L)  0.49 ± 0.12 0.59 ± 0.01 

Total Solvents (g/L)  15.09 ± 0.38 25.30 ± 0.04 

Sugar utilized (%)  72.57 100 

Specific Growth rate µ (h-1)  0.41 0.39 

Butanol yield (Yg/g)  0.21 0.24 

Total Solvents yield (Yg/g)  0.39 0.45 

Butanol productivity (g/L.h)  0.13 0.34 

D-Glucose 3% (w/v)                    
and                                                         
D-Fructose 3% (w/v) 

Biomass (OD600/mL)  9.65 11 

Biomass yield (OD600/g)  0.18 0.2 

Butanol (g/L)  10.01 ± 0.48 16.05 ± 0.1 

Acetone (g/L)  6.40 ± 0.15 9.92 ± 0.02 

Ethanol (g/L)  0.28 ± 0.03 0.43 ± 0.03 

Total Solvents (g/L)  16.85 ± 0.33 26.4 ± 0.1 

Sugar utilized (%)  100 100 Glu; 67 Fruct 

Specific Growth rate µ (h-1)  0.45 0.46 

Butanol yield (Yg/g)  0.19 0.3 

Total Solvents yield (Yg/g)  0.32 0.49 

Butanol productivity (g/L.h)  0.62 1.14 

D-Fructose 6% (w/v) 

Biomass (OD600/mL)  6.82 5.72 

Biomass yield (OD600/g)  0.14 0.12 

Butanol (g/L)  11.53 ± 0.12 12.6 ± 0.44 

Acetone (g/L)  6.26 ± 0.14 11.33 ± 0.03 

Ethanol (g/L)  0.80 ± 0.007 0.71 ± 0.09 

Total Solvents (g/L)  18.59 ± 0.26 24.64 ± 0.53 

Sugar utilized (%)  100 100 

Specific Growth rate µ (h-1)  0.66 0.09 

Butanol yield (Yg/g)  0.24 0.27 

Total Solvents yield (Yg/g)  0.4 0.53 

Butanol productivity (g/L.h)  0.54 0.17 
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6.6 Putative genetic origin of the physiologic differences between SA-1 and 

NCIMB 8052.  

Correlating the polymorphisms previously found by Makwana82 (Table 9) to the 

functional data of this work, introduced a possible link for the physiological differences 

between NCIMB 8052 parent strain and SA-1. The difference in D-fructose utilization between 

NCIMB 8052 and SA-1 provided possible evidence that the putative solute binding protein 

(cbs_0769) is involved in its transport, since cbs_0769 is related to an ABC-type sugar 

transporter. Additionally, the polymorphism identified as a serine threonine phosphatase 

(cbs_4400) could be responsible for deregulation P-Ser-PHr and thus, the SA-1 sugar 

consumption profile. As mentioned in the introduction, in order to stop catabolite repression, 

P-Ser-HPr has to be dephosphorylated by a serine-phosphatase. Moreover, this putative 

protein is also related to stage II sporulation protein E (SpoIIE)146 and is necessary for 

successful sporulation81. Mutations in homologs of this protein in B. subtilis, have shown a 

decrease in sporulation efficiency147,148, suggesting that this polymorphism in SA-1 could be 

responsible for its delayed sporulation, compared to the parent strain NCIMB 8052.   

Future functional work through mutagenesis or complementation, examining the 

polymorphisms found by our group, will allow us to identify which genes are responsible for 

C. beijerinckii SA-1 phenotypic changes, including its butanol hyper-producing capability. 
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Chapter 7 

Conclusions and future work 

During the past decades there has been an increase in society’s interest in renewable 

sources of fuel, mainly due to global warming and to rising oil prices149. The feedstock for 

biofuels are mainly sugars derived from food-crops, which consequently has a negative impact 

on food prices around the world22,39. As a result, the search for cost-efficient, easy to grow, 

non-food crops as sources of fermentable sugars, has been one of the focus of interest. 

Sorghum has been one of the candidates for biofuels44,49–52 but, to our knowledge, there has 

not been any work done on Clostridium beijerinckii fermentation using this crop. We were 

interested in biobutanol due to its advantages over ethanol11,14. We were also interested in 

using Clostridium beijerinckii SA-1 (ATCC 35702) as the catalyst due to its advantages in sugar 

utilization and improved solventogenic capabilities over the parent strain, NCIMB 805219. 

The impact of optimum harvest time of the initial inoculum was better understood 

when NCIMB 8052 and SA-1 cultures where challenged to butyric acid, due to an adaptation 

phenomenon that we observed in the presence of 0.75 g/L of butyric acid. Although we did 

not obtain a statistical improvement in biomass concentration by delaying sporulation in the 

challenged culture, we were able to optimize the inoculum by determining the best harvest 

time, which was between 9 to 11 hours under the condition tested. This information helped 

us to standardize the subsequent fermentations. 

One of the main questions in this project was whether sweet sorghum juice could be 

used as a substrate for biobutanol. Working with the M81E variety of sweet sorghum juice, 
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we found that SA-1 growth and product formation depended on supplementation of sweet 

sorghum juice with trace components12. Under optimized fermentation conditions12, NCIMB 

8052 and SA-1 produced low levels of solvents. Even when the juice was supplemented with 

base components of HEDB medium, SA-1 still produced a very low amount (3.7 g/L) of butanol. 

Since these values fell short of what we were expecting, we tested both strains in optimized 

conditions, while using HEDB medium with 10% (w/v) sugar, which is similar to concentration 

found in sweet sorghum juice. Under these conditions, SA-1 was less tolerant to osmotic 

stress than the parent strain NCIMB 8052; however, SA-1 produced more butanol with less 

cells (Table 11). On the other hand, NCIMB 8052 produced up to 14.8 g/L butanol, which was 

more than previously reported for this strain (Table 7). This led us to conclude that both strains 

are efficient solvent producers and that M81E sweet sorghum juice has low fermentability. As 

previously mentioned, using complexing agents to sequester the inhibitors is an approach 

that can be assessed, but adding to the overall process cost of using this variety of sorghum 

juice. 

Considering the lack of functional data on SA-1, we were interested in further 

analyzing this strain in sugar concentrations common in ABE fermentation. Using 6% (w/v) 

total sugar, similar specific growth rates were observed for NCIMB 8052 and SA-1 in sucrose 

and glucose/fructose (Table 11). SA-1 was not able to co-ferment fructose along with glucose 

(Figure 16) and further analysis using fructose alone, revealed that SA-1 had a deficient 

fructose transport system, as evident by its slower duplication time compared to NCIMB 8052. 

Further analysis of the yields and growth kinetics in 6% (w/v) glucose/fructose, demonstrated 
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that C. beijerinckii SA-1 is a butanol hyper-producing strain capable of generating up to 16.1 

g/L butanol and 26.3 g/L ABE, which represents 62.3 and 63.0% more butanol and total 

solvents than what was produced by NCIMB 8052, respectively. Butanol and ABE yields of SA-

1 were 0.3 g/g and 0.49 g/g, respectively (63 and 65% higher values than the parent NCIMB 

8052). In conclusion, there are significant physiological differences between NCIMB 8052 and 

its offspring SA-1, which were unveiled when working under optimized fermentation 

conditions. This work, along with the polymorphism data previously uncovered by our 

group82, composes a functional genomics study of SA-1. Future work will include mutagenesis 

or complementation experiments to allow us to identify which mutations are likely 

responsible for C. beijerinckii SA-1 phenotypic characteristics. Moreover, the addition of 

downstream processes such as in-line butanol recovery, would allow us to further test 

solventogenic capabilities of SA-1. Overall, M81E sweet sorghum juice has low fermentability, 

but the use of HEDB medium revealed that SA-1 has a butanol hyper-producing phenotype 

that could be exploited in butanol production.      
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