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Abstract 
Succinic acid, derived from fermentation of renewable feedstocks, has the 
possibility of replacing petrochemicals as a building block chemical. Another 
interesting advantage with biobased succinic acid is that the production does not 
contribute to the accumulation of CO2 to the environment. The produced succinic 
acid can therefore be considered as a “green” chemical. The bacterium used in this 
project is a strain of Escherichia coli called AFP184 that has been metabolically 
engineered to produce succinic acid in large quantities from glucose during 
anaerobic conditions. 
 
The objective with this thesis work was to evaluate whether AFP184 can utilise 
fructose, both alone and in mixtures with glucose, as a carbon source for the 
production of succinic acid. Hydrolysis of sucrose yields a mixture of fructose and 
glucose in equal ratio. Sucrose is a common sugar and the hydrolysate is therefore 
an interesting feedstock for the production of succinic acid. 
 
Fermentations with an initial sugar concentration of 100 g/L were conducted. The 
sugar ratios used were 100 % fructose, 100 % glucose and a mixture with 50 % 
fructose and glucose, respectively. The fermentation media used was a lean, low-
cost media based on corn steep liquor and a minimal addition of inorganic salts. 
Fermentations were performed with a 12 L bioreactor and the acid and sugar 
concentrations were analysed with an HPLC system. 
 
The results showed that the Escherichia coli strain AFP184 can utilise fructose 
both alone and in mixtures with glucose. A succinic acid concentration of 52 g/L 
was reached with a mixture of fructose and glucose. The corresponding mass 
yield was 0.71 gram succinic acid per gram anaerobically consumed sugar. It was 
also shown that a high initial concentration of glucose (100 g/L) did not yield high 
levels of acetate during fermentations with Escherichia coli strain AFP184. 
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1 Introduction 
1.1 Objectives 
The purpose of this master thesis was to evaluate whether the Escherichia coli 
strain AFP184 could ferment a mixture of fructose and glucose to succinic acid. 
The result can be used to identify low-cost feedstocks for large scale 
fermentations. This work is part of a research project which focuses on 
development of a biobased low-cost process for the production of succinic acid, 
suitable for industrial use. Inexpensive feedstocks based on biomass and low-cost 
processes are required in order to replace fossil fuel as the raw material for the 
production of building block chemicals. 
 

1.2 Background 
The engineering science to produce substances by microorganisms is called 
biotechnology. It is divided into three subfields; red, green and white 
biotechnology. Green is defined as agricultural use and red is treating medical 
applications such as the production of antibiotics by fungi. White biotechnology 
(or industrial biotechnology) is focusing on sustainable production of chemicals 
from renewable raw materials, resulting in a process with a low impact on the 
environment. The production of succinic acid from biomass with Escherichia coli 
is an example of white biotechnology. 
 
The use of petrochemicals produces carbon dioxide which contributes to the 
accumulation of greenhouse gases. There are two international agreements trying 
to minimise the effect and use of fossil fuels. Agenda 21 states that the use of 
fossil fuels is to be lowered [1] while the Kyoto treaty declares that the emissions 
of greenhouse gases should be decreased [2]. It is therefore of interest to find 
alternative processes to produce chemicals without the use of petrochemicals. 
 
Succinic acid is an organic acid with two carboxylic acid groups. It is produced 
today mainly petrochemically from butane through maleic anhydride [3]. Succinic 
acid is currently a low volume chemical. By greening the production of succinic 
acid, using biomass instead of petrochemicals as raw material, many new 
applications are possible. The production does not contribute to the accumulation 
of greenhouse gases since the feedstocks are renewable. A report from the U.S. 
Department of Energy designates succinic acid as a top twelve building block 
chemical produced from biomass [4]. Succinic acid can be used as a commodity 
or specialty chemical according to the report. As a commodity chemical it can 
substitute chemicals based on benzene and other intermediate petrochemicals to 



for instance produce polyester, solvents and other acids. Food ingredients, fuel 
additives and plant growth stimulants are examples of specialty chemicals from 
succinic acid. The feedstocks of interest for producing succinic acid contain 
starch, hemicellulose or cellulose and can come from agricultural residues like 
corn fibres, forest products or beat and cane sugar. Figure 1 shows a summary of 
the products and uses of succinic acid. 
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Figure 1. Possible feed stocks and product use for succinic acid based on biomass 
 
Succinic acid is widely distributed in almost all plants, animals and 
microorganisms where it is a common intermediate in the intermediary 
metabolism [3]. A way to utilise this is with fermentation of biomass by 
microorganisms. Succinic acid is therefore a good candidate for biobased 
industrial production. A concept for a large scale production plant is patented by 
the company Diversified Natural Products [5]. The plant consists of a 
fermentation stage and a separation stage. During the separations the succinate 
produced in the fermenter is crystallised to the final product, succinic acid. 
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Biobased products struggle with the cost compared to petroleum products [6]. A 
petroleum refinery is a highly integrated and mature plant which produces several 
different products. The raw material cost is therefore an important factor for the 
product price. The situation is opposite with bioprocesses that produce chemicals. 
The raw material cost is often low while the production cost is high. The reason is 
that the plants are not mature. To obtain competitive biobased products the 
production cost has to decrease. A way is to follow the petroleum industry and 
develop large plants, i.e. biorefineries. 
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2 Escherichia coli 
Escherichia coli or E. coli is a bacterium that belongs to the family 
Enterobacteriaceae [7]. It was first isolated and characterised by the German 
doctor Theodor Escherich in 1885. E. coli is a well documented bacterium with 
thousands of different strains. Some of these are essential for humans since they 
produce Vitamin K and B-complex vitamins in our intestines. About 0.1 % of all 
bacteria within an adult’s intestines are E. coli.  
 
The major energy source for E. coli is carbohydrates, mainly the six carbon 
molecule glucose [8]. By degrading glucose E. coli obtains energy and carbon 
skeletons for producing amino acids, nucleotides, coenzymes and other metabolic 
intermediates needed for growth. To utilise glucose the bacterium uses different 
metabolic pathways. An important aspect with E. coli is that it is a facultative 
anaerobe enabling it to grow in the presence and absence of oxygen. 
 

2.1 E. coli Metabolism 
The chemical process that occurs within living organisms to maintain life is called 
metabolism and has four purposes [8]. To produce energy, convert nutrients into 
molecules needed for the organism, polymerize monomers to macromolecules 
such as proteins et cetera and synthesize biomolecules. The metabolism consists 
of several different pathways, the one used depends on the energy requirement of 
the cell as well as surrounding conditions. 
 
In the production of succinic acid the pathway of interest is the mixed acid 
fermentation. The pathway is part of the energy metabolism which starts with 
glycolysis and ends with either the citric acid cycle or mixed acid fermentation. 
As mentioned above, the route chosen depends on the surrounding conditions. 
Glycolysis is followed by the citric acid cycle under aerobic conditions and by 
mixed acid fermentation under anaerobic conditions. 
 

2.1.1 Glycolysis 
The word glycolysis comes from the two Greek words glykys, meaning sweet, 
and lysis, meaning splitting [8]. In this process a molecule of glucose is degraded 
into two molecules of pyruvate. Glycolysis consists of ten enzyme catalysed 
reactions. 
 
Cells can only utilise phosphorylated glucose. The first reaction in glycolysis is 
therefore a phosphorylation of glucose to glucose 6-phosphate. In E. coli this is 
generally performed by the glucose specific phosphotransferase system (PTS) [9]. 
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This system consists of several enzymes that use phosphoenolpyruvate (PEP) 
produced during glycolysis as the phosphate source. The products of the reaction 
are glucose 6-phosphate and pyruvate (PYR). The phosphorylated glucose is 
converted further to fructose 6-phosphate by phosphoglucose isomerase [8]. In the 
third reaction fructose 6-phosphate undergoes an additional phosphorylation to 
fructose 1,6-diphosphate by phosphofructokinase-1. A molecule of ATP acts as 
the phosphate source. The next step is the cleavage of the six carbon molecule to 
two three carbon molecules. It is from this reaction that the pathway obtained its 
name. The enzyme aldolase performs the splitting, which yield one molecule of 
glyceraldehyde 3-phosphate and one molecule of dihydroxyacetone phosphate. 
These two substances are in equilibrium. As glyceraldehyde 3-phosphate is 
utilised in glycolysis, dihydroxyacetone phosphate converts to glyceraldehyde 
3-phosphate by triose phosphate isomerase. Glyceraldehyde 3-phosphate is 
oxidised with inorganic phosphate to form 1,3-biphosphoglycerate by 
glyceraldehyde 3-phosphate dehydrogenase. In this oxidation step one molecule 
of NADH is reduced to one molecule of NAD+. During the seventh reaction 
1,3-biphosphoglycerate releases a phosphate group and forms 3-phosphoglycerate 
by the enzyme 3-phosphoglycerate kinase and a molecule of ATP is formed from 
ADP and the released phosphate group. Phosphoglycerate mutase converts 
3-phosphoglycerate to 2-phosphoglycerate, which then can form 
phosphoenolpyruvate by the enzyme enolase. In the last reaction a phosphate 
group is discharged and the end product pyruvate is formed together with one 
molecule of ATP. The enzyme that catalyses this reaction is pyruvate kinase. A 
summary of the ten reactions above is shown in Figure 2. 
 



GLUCOSE GLUCOSE 6-PHOSPHATE

FRUCTOSE 6-PHOSPHATE

FRUCTOSE 1,6-BIPHOSPHATE

ATP

ADP

PEP PYR

GLYCERALDEHYDE 3-PHOSPHATE DIHYDROXYACETONE PHOSPHATE

1,3-BIPHOSPHOGLYCERATE

NAD+ + Pi

NADH + H+

ADP

ATP

3-PHOSPHOGLYCERATE

2-PHOSPHOGLYCERATE

PHOSPHOENOLPYRUVATE

PYRUVATE

ADP

ATP

GLUCOSE GLUCOSE 6-PHOSPHATE

FRUCTOSE 6-PHOSPHATE

FRUCTOSE 1,6-BIPHOSPHATE

ATP

ADP

PEP PYR

GLYCERALDEHYDE 3-PHOSPHATE DIHYDROXYACETONE PHOSPHATE

1,3-BIPHOSPHOGLYCERATE

NAD+ + Pi

NADH + H+

ADP

ATP

3-PHOSPHOGLYCERATE

2-PHOSPHOGLYCERATE

PHOSPHOENOLPYRUVATE

PYRUVATE

ADP

ATP

 
Figure 2. Schematic sketch of glycolysis in Escherichia coli 
 
To start the glycolysis one molecule of phosphoenolpyruvate and ATP must be 
reacted. During the last five reactions four molecules of ATP are gained per 
molecule glucose. Therefore, glycolysis can be divided into two phases. The first 
five reactions form the preparatory phase and the last five the payoff phase. In 
total, one molecule of glucose produces three molecules of ATP and two NADH. 
 

2.1.2 Citric Acid Cycle 
The citric acid cycle is the last step in the aerobic degradation of carbohydrates to 
carbon dioxide [8]. As with the glycolysis the reactions are catalysed by enzymes. 
The pyruvate produced from glycolysis is oxidised to an acetyl group of acetyl 
coenzyme A (CoA). The oxidation is carried out by a group of three different 
enzymes which are called the pyruvate dehydrogenase complex. The last part of 
the carbon skeleton is now ready to enter the citric acid cycle. A cycle starts with 
the donation of the acetyl group from acetyl CoA to oxaloacetate. The reaction 
forms citrate and are catalysed by citrate synthase. Citrate is then isomerised by 
aconitase to isocitrate. In the next step, isocitrate dehydrogenase catalyses 
oxidative decarboxylation of isocitrate to α-ketoglutarate. During the reaction a 
molecule of carbon dioxide is released and NADP+ forms NADPH. 
a-ketoglutarate undergoes another oxidative decarboxylation to produce succinyl 
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CoA. The reaction yields a molecule of carbon dioxide and the formation of 
NADH from NAD+. CoA is released during the next step when succinate is 
formed. The reaction is catalysed by succinyl CoA synthetase and produces a 
molecule of ATP from ADP. The succinate molecule is oxidised to fumarate by 
succinate dehydrogenase complex and ubiquinone (Q) serves as a proton acceptor 
to form QH2. Fumarate is then hydrated to malate by the enzyme fumarase. In the 
last reaction oxaloacetate is produced by oxidation of malate by (L-) malate 
dehydrogenase. NAD+ is functioning as an electron acceptor and forms NADH. 
With this reaction the cycle is complete and a new molecule of oxaloacetate is 
ready for an acetyl CoA. Figure 3 gives a summary of the reactions. 
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Figure 3. Schematic sketch of the citric acid cycle in Escherichia coli 
 

2.1.3 Mixed Acid Fermentation 
When the environment changes from aerobic to anaerobic conditions the E. coli 
can adjust their metabolic pathways since E. coli is a facultative anaerobe. The 
citric acid cycle is an aerobic degradation pathway and the energy yielding 
metabolism is therefore changed to mixed acid fermentation. During aerobic 
metabolism O2 is the final electron acceptor in the respiratory chain where NADH 
is reduced to NAD+ and ATP is formed. Glycolysis and the citric acid cycle 
require NAD+ for the production of ATP. When O2 is not available as an electron 
acceptor, i.e. anaerobic metabolism, the only way to produce ATP is by 
glycolysis. The respiratory chain is inactive due to the lack of O2 although NAD+ 
is required by glycolysis. The mixed acid fermentation offers a way of obtaining 
NAD+ during anaerobic conditions. The entry is either phosphoenolpyruvate or 
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pyruvate from glycolysis. There are several different end products in the 
fermentation pathway and all reactions are catalysed by enzymes. 
 
From pyruvate there are three reaction pathways [10]. The first goes to lactate via 
the formation of NAD+ from NADH. The reaction is catalysed by lactate 
dehydrogenase. The second is a cleavage of pyruvate to acetyl CoA and formate 
by pyruvate formate lyase and CoA. Formate can then form carbon dioxide and 
hydrogen gas via the formate hydrogenlyase complex. Acetyl CoA has two 
reaction pathways. The first is to ethanol, via acetaldehyde by acetaldehyde 
dehydrogenase and ethanol dehydrogenase. During the reaction CoA and two 
molecules of NAD+ are released. Phosphate acetyltransferase and acetate kinase 
are the two enzymes used in the second reaction pathway to produce acetate via 
acetylphosphate. From these reactions one molecule of ATP is gained. The third 
route for pyruvate degradation is directly to acetate by pyruvate oxidase. 
Phosphoenolpyruvate, which also is a product of glycolysis, can too enter the 
mixed acid fermentation. It can form pyruvate and a molecule of ATP or form 
oxaloacetate in the presence of carbon dioxide by phosphoenolpyruvate 
carboxylase. Oxaloacetate is then hydrogenated by malate dehydrogenase and 
NADH to malate and NAD+. The enzyme fumarase turns malate into fumarate 
and water. These last two enzymes are the same as in the citric acid cycle. Finally 
fumarate is converted to succinate by fumarate reductase. Figure 4 presents a 
summary of the reactions during mixed acid fermentation. 
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Figure 4. Schematic sketch of the mixed acid fermentation pathway in Escherichia coli. Only 
reaction directions to products are shown. 

 7



2.1.4 Fructose Pathway 
The reaction pathways described above applies to the degradation of glucose. The 
degradation of fructose is slightly different and is therefore explained here in its 
own chapter. 
 
There are a number of different pathways for fructose utilisation by E. coli [11]. 
The two most common ones are described in this chapter. Depending on the 
external concentration of fructose, different enzymes of the fructose specific 
phosphotransferase system are used for fructose uptake. At external 
concentrations below 2 mM, enzyme I phosphorylates fructose together with a 
diphosphoryl transfer protein. The phosphate group transferred from enzyme I is 
donated by phosphoenolpyruvate. Inside the cell fructose 1-phosphate is further 
phosphorylated by ATP and 1-phosphofructokinase to fructose 1,6-biphosphate. 
Transportation through the cell membrane is achieved by the fructose specific 
enzyme II. When the external fructose concentration is higher than 2 mM the 
phosphorylation proceeds a bit different. Enzyme I is still phosphorylated by 
phosphoenolpyruvate but the transfer to fructose is done by the small histidine 
containing carrier protein HPr. The result of the phosphorylation is fructose 
6-phosphate. Both fructose 1,6-biphosphate and fructose 6-phosphate are 
intermediates of glycolysis and can therefore enter the same. The mannose 
specific enzymes II and III are responsible for the transport of fructose cross the 
cell membrane. The enzymes can transport sugars with a 3,4,5-D-arabino -hexose 
configuration. In Figure 5 a summary of the fructose pathway is presented. 
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Figure 5. Schematic sketch of the fructose pathway in Escherichia coli 
 

2.2 E. coli Strain AFP111 and AFP184 
During anaerobic conditions mixed acid fermentation produces several products 
such as ethanol, succinic acid et cetera. All which are of industrial value. The 
product concentrations are low yielding high purification costs. Research is done 
to increase the production by for example performing metabolic engineering [12]. 
A specific strain of E. coli called AFP111 is a result of this research [13]. The 
name of the strain arises from the Alternative Feedstock Program of the U.S. 
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Department of Energy who conducted the research. The E. coli strain AFP111 
originates from a wild type E. coli and has three spontaneous mutations. A 
mutation in the glucose specific phosphotransferase system enables the 
phosphorylation of glucose only with the aid of the enzyme glucokinase [14]. A 
mutation in the pyruvate formate lyase gene prevents the formation of acetyl-
Coenzyme and formate. A transformation in the lactate dehydrogenase inhibits 
lactate production. 
 
Another E. coli strain also developed under the Alternative Feedstock Program is 
AFP184 [15]. The bacteria originate from the near wild type C 600 strain, which 
can utilise xylose. AFP184 was genetically engineered to obtain the same three 
gene mutations as AFP111. In Figure 6 the lineage of each strain is showed. 
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Figure 6. The lineage of E. coli strain AFP111 and AFP184 
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3 Experimental 
3.1 Fermentations 
Three fermentations with Escherichia coli strain AFP184 and two with strain 
AFP111 were performed according to Table 1. The fermentations with strain 
AFP111 were done to compare the two strains. The bioreactor used was a 12 L 
fermenter from Belach Bioteknik AB, controlled with the software Bio-Phantom 
2000. A more detailed description of the system is presented by Andersson [16]. 
 
Table 1. Fermentation summary. Abbreviations in text, strain used and the ratio between glucose 
and fructose are presented. 

Fermentation Strain Glucose/Fructose [%]
F 1 AFP184 100 / 0
F 2 AFP184 50 / 50
F 3 AFP184 0 / 100
F 4 AFP111 50 / 50
F 5 AFP111 100 / 0

 
 
The fermentations were run in dual-phase mode with an aerobic and an anaerobic 
phase. The cell mass was grown up during the aerobic phase and by shifting to 
anaerobic condition the metabolism shifted from the aerobic respiration to mixed 
acid fermentation with succinic acid as an end product. To avoid oxygen 
limitation during the aerobic growth period the dissolved oxygen (DO) was not 
allowed to fall below 30 %. The DO was regulated with a constant flow of 
compressed air at a flow rate of 10 L/min and a variation in stirrer speed. The start 
speed used was 500 rpm and led to a DO of 100 %. As DO dropped due to 
bacterial growth the stirrer speed was increased in intervals to a maximum of 
1000 rpm. At higher rotations the cell walls might break due to shear stress. 
Carbon dioxide at a flow rate of 3 L/min was used to accomplish the anaerobic 
phase and to push the mixed acid fermentation pathway towards the production of 
succinate. The temperature for the fermentations was 37° C and the pressure was 
atmospheric. The pH was allowed to vary between 6.60 and 6.70 with 2 M H2SO4 
and 15 % NH4OH as pH controlling agents. 
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The starting volume of the fermentations was 8 L including an inoculum volume 
of 0.5 L. The media used was based on corn steep liquor and a minimal addition 
of inorganic nutrients in the form of salts. The composition was chosen so that the 
media is low cost and industrially adaptable. Nutrients according to Table 2 were 
mixed with water to a volume of 1.5 L. Together with 2 L of 2.2 M sugar solution 



and 4 L water this constituted the fermentation media with a volume of 7.5 L. The 
added sugar corresponded to an initial concentration of 100 g/L. 
 
Table 2. Nutrients for fermentation media 
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]Substance Weight [g
Corn Steep Liquor 266

K2HPO4 11.2
KH2PO4 4.8

(NH4)2SO4 26.7
MgSO4 1.6  

 
The media, except the sugar solution, was sterilised in the reactor at 121° C for 20 
minutes. The sugar solution was filter sterilised through a 0.22 μm membrane 
filter since there is a risk for conversion of fructose to glucose at high 
temperatures. The inoculum (0.5 L) was grown in four Erlenmeyer flasks with 
Tryptic Soy Broth (TSB) on a shake table at 37° C for 16 hours. Before 
inoculation, the flasks with TSB were autoclaved at 125° C for 15 minutes. A 
peristaltic pump with a sterile hose and cannula was used to pump the sugar 
solution and inoculum into the reactor. The fermentation run was started after the 
sugar solution and inoculum addition. The aerobic phase lasted for 8 hours or until 
the optical density (OD) reached a value around 35 at a wavelength of 550 nm. 
Samples with a volume of 15 mL were taken during the growth and fermentation 
period according to Table 3. The samples were placed in sterile test tubes and 
stored in a refrigerator for later analysis. When mixtures of fructose and glucose 
were used an extra sample was taken after 10 hours (T10) to obtain an estimation 
at which ratio AFP184 metabolised the two different sugars. 
 
Table 3. Sampling times and abbreviation in text 

Time in hour In tex
0 T
2 T
4 T
6 T
8 T
24 T

t
0

2

4

6

8

24

 
 
The fermentations were terminated after 24 hours and an antibacterial solution 
was added. The reactor was then emptied and filled with water enabling 
sterilisation. After cooling the reactor was cleaned. 
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3.2 Optical Density Measurements 
Optical density gives an approximate value of the cell mass and therefore the cell 
growth can be estimated. The drawback is that the method measures all solid 
material including dead cells. A Genesys 10 UVscanning spectrophotometer from 
Thermo Spectronic was used to determine the optical density at 550nm. 
Throughout the experiment the samples were diluted so that the measured OD did 
not exceed 0.5 in absorbance. The dilution was made with phosphate buffered 
saline (PBS) solution at pH 7.4. 
 

3.3 Colony Forming Units 
In order to determine the actual number of living cells in the fermenter, an aliquot 
of the 15 mL samples was diluted with sterile TSB solution. The diluted sample 
was used as inoculum (100 μL) to agar plates which were incubated at 37° C for 
16 hours. The colonies formed were then counted and with the dilution ratio the 
number of living cells in the original sample could be established. 
 

3.4 Acid and Sugar Analysis 
The concentrations of acids and sugars were measured with a High Performance 
Liquid Chromatograph system (HPLC).The software TotalChrome from Perkin 
Elmer was used for controlling the system and for integration of the peak areas of 
the chromatograms. The areas were then compared with standard curves for the 
respective substance in a MATLAB script. The HPLC system is described in 
more detail by Andersson [16]. 
 
A Perkin Elmer series 200 UV/VIS detector was used together with a C-18 
column from Waters for the acid analyses. The mobile phase was a 50 mM 
phosphate buffer with 2 % acetonitrile (pH 2.5). The flow rate through the column 
was 0.35 mL/min. The detector used a wavelength of 210 nm and a sampling time 
of 20 minutes. The acids that could be quantified were succinic acid, acetic acid, 
malic acid and fumaric acid. 
 
The sugars were analysed with a series 200 refractive index detector from Perkin 
Elmer together with a carbohydrate analyse column Aminex HPX-87P from 
Biorad. Water at a flow rate of 0.6 mL/min was used as mobile phase. The column 
was kept at 85° C and the sampling time was 20 minutes.  
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From each of the samples taken during the fermentations 2 mL was transferred to 
new test tubes and centrifuged for 10 minutes at 10 000 rpm and 4° C. The 
supernatant was separated by pipetting. The diluent used for acid analysis was the 
running mobile phase and for sugar analysis water. The calculations assumed that 
8 % of the acids were lost in the centrifugation which was based on previous 
experiments. 
 



4 Results 
4.1 Optical Density 
The results from the optical density measurements are presented in Figure 7. 
Fermentations F 4 and F 5 with E. coli strain AFP111 did not reach the same cell 
density as the fermentations with AFP184. Fermentation F 1, F 4 and F 5 were 
switched from aerobic to anaerobic phase at T8. F 2 and F 3 reached the desired 
OD at T6. 
 

 
Figure 7. Optical densities at 550 nm. F 1 (100 % Glucose, AFP184), F 2 (50 % Glucose, 50 % 
Fructose, AFP184), F 3 (100 % Fructose, AFP184), F 4 (50 % Glucose, 50 % Fructose, AFP111), 
F 5 (100 % Glucose, AFP111) 
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4.2 Colony Forming Units 
The colony forming units (CFU), Figure 8, follows the OD, Figure 7. 
Fermentations with strain AFP111 did not have the same number of viable cells as 
fermentations with AFP184. The CFU was higher for fermentations containing 
glucose rather then pure fructose. 
 

 
Figure 8. Viable cell densities. F 1 (100 % Glucose, AFP184), F 2 (50 % Glucose, 50 % Fructose, 
AFP184), F 3 (100 % Fructose, AFP184), F 4 (50 % Glucose, 50 % Fructose, AFP111), F 5 (100 
% Glucose, AFP111) 
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4.3 Sugar Concentration 
The sugar concentrations obtained from the HPLC and evaluated with a 
MATLAB script are presented in Table 4. It was only during fermentation F 2 that 
all the added sugar was consumed. E. coli strain AFP111 did not consume any 
significant amount of sugar. Strain AFP184 utilised glucose and fructose in 
mixtures as well as separately. 
 
Table 4. Sugar concentrations at the start of each fermentation and at the end [g/L]. 
Concentrations are also given at the point of transition between aerobic and anaerobic conditions 
[g/L]. F 1 (100 % Glucose, AFP184), F 2 (50 % Glucose, 50 % Fructose, AFP184), F 3 (100 % 
Fructose, AFP184), F 4 (50 % Glucose, 50 % Fructose, AFP111), F 5 (100 % Glucose, AFP111) 

Glucose Fructose Glucose Fructose Glucose Fructose
start start anaerobic anaerobic end end

F 1 99 0 75 0 17 0
F 2 51 53 43 37 0 1
F 3 0 106 0 83 0 13
F 4 49 52 50 52 46 48
F 5 106 0 107 0 101 0  
 

4.4 Acid Concentration 
Fermentation F 2 with E. coli strain AFP184 resulted in the highest concentration 
of succinic acid, see Table 5. It can be seen that the production of fumaric and 
malic acid increased with increasing amount of fructose. E. coli strain AFP111 did 
not produce any quantificational amount of acids during the fermentation runs. 
 
Table 5. Final acid concentrations after fermentations [g/L]. F 1 (100 % Glucose, AFP184), F 2 
(50 % Glucose, 50 % Fructose, AFP184), F 3 (100 % Fructose, AFP184), F 4 (50 % Glucose, 50 
% Fructose, AFP111), F 5 (100 % Glucose, AFP111) 

Succinic Acid Acetic Acid Fumaric Acid Malic Acid
F 1 45 5.6 0.0 0.0
F 2 52 8.0 0.1 0.0
F 3 28 6.3 0.3 0.1
F 4 - - - -
F 5 - - - -
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4.5 Calculated Yields 
The calculated yields of succinic acid to consumed sugar during the anaerobic 
phase are presented in Table 6. The yield was decreasing with increasing amount 
of fructose. Fermentation F 1 has the highest yield and the lowest is obtained for F 
3. 
 
Table 6. Calculated yields of succinic acid based on the consumption of sugars during the 
anaerobic phase. The yields are based on both mass and mol. F 1 (100 % Glucose, AFP184), F 2 
(50 % Glucose, 50 % Fructose, AFP184), F 3 (100 % Fructose, AFP184), F 4 (50 % Glucose, 50 
% Fructose, AFP111), F 5 (100 % Glucose, AFP111) 
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ol]
Yield Yield
[g/g] [mol/m

F 1 0.88 1.35
F 2 0.71 1.09
F 3 0.44 0.67
F 4 - -
F 5 - -

 
 

4.6 Ratio of Byproduct Acid 
The amounts of unwanted acids as percentage of total amounts of acids are 
presented in Table 7. The ratio was increasing with increasing amount of fructose. 
 
Table 7. Amount of byproduct acids as percentage of acids produced during the fermentations. F 1 
(100 % Glucose, AFP184), F 2 (50 % Glucose, 50 % Fructose, AFP184), F 3 (100 % Fructose, 
AFP184), F 4 (50 % Glucose, 50 % Fructose, AFP111), F 5 (100 % Glucose, AFP111) 

Unwanted ac
[%]

F 1 11
F 2 13
F 3 19
F 4 -
F 5 -

ids
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5 Discussion 
The thesis focused on whether a certain strain of Escherichia coli could utilise a 
mixture of glucose and fructose for the production of succinic acid. The results 
showed that it is possible to use a mixture with a ratio of 50 % fructose and 50 % 
glucose as a carbon source for the fermentation of carbohydrates to succinic acid. 
 
The bacterial growth was measured directly during the fermentations by optical 
density. The method is approximate since all solid material in the solution absorbs 
or scatters UV light, even cells that are dead. E. coli strain AFP184 did grow 
during the fermentations whereas AFP111 did not seem to grow at all in the lean 
media used, see Figure 7. An interesting observation is that fermentations with 
fructose (F 2 and F 3) have a steeper growth curve than the fermentation with pure 
glucose (F 1) and reached the desired OD after 6 hours instead of 8. The reason 
has probably to do with differences in the systems for uptake and phosphorylation 
of fructose and glucose. In AFP184 fructose phosphorylation is done by the 
ordinary fructose PT system, while glucose is phosphorylated by the enzyme 
glucokinase due to the mutation in the glucose PT system, see chapter 2. 
Utilisation of glucose by glucokinase has been reported to be slower than the 
regular PT system [14]. 
 
The colony forming units are a more exact method for determining cell mass in 
the form of the number of viable cells per volume. The same trends as for the OD 
can be seen in Figure 8. An important observation is that for fermentation with 
pure fructose (F 3) the number of cells is almost constant between T8 and T24. For 
the other fermentations a large decrease in cells is observed. The increase in live 
cells for fermentation with the mixture of fructose and glucose (F 2) between T6 
and T8 might be explained by the fact that the switch to the anaerobic phase was 
made a few minutes after the OD measurement. These minutes might have given 
the cells an opportunity to divide one more time. The colony forming units for 
fermentations with AFP111 confirm that they have not grown. A possible reason 
can be that the strain AFP111 has another origin, see Figure 6. An affect of this 
could be that AFP111 does not grow in the lean media used. Published results 
with AFP111 have used rich media [14], [17]. 
 
When E. coli AFP184 is exposed to pure fructose (F 3) instead of glucose (F 1) 
approximately the same amount of sugar is consumed, see Table 4. However 
fermentation with 100 % fructose (F 3) reaches only half the number of living 
cells compared to the experiment with 100 % glucose (F 1), see Figure 8. A wild 
type E. coli strain (ML308) has a slower growth on fructose than glucose but the 
utilisation of fructose is higher [18]. It suggests that the energy in fructose can not 
be used as efficiently as the energy in glucose. In mixtures of fructose and glucose 
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this E. coli strain utilised glucose first and then fructose. Despite this the growth 
rate was kept at the same level during fructose utilisation. Fermentation with the 
mixture of fructose and glucose (F 2) has the highest number of living cells and 
consumes all added sugar. No differences in utilisation between fructose and 
glucose can be seen. The explanation could be that fructose and glucose have 
different phosphorylation systems which might increase the rate of 
phosphorylation. 
 
The main feature with E. coli strain AFP184 is the production of succinic acid. 
During anaerobic conditions this is the main metabolic product, see Table 5. The 
highest concentration of succinic acid, 52 g/L, is measured for the fermentation 
with the mixture of fructose and glucose (F 2). The value does not correspond to 
the best yield which is obtained for the fermentation with 100 % glucose (F 1), see 
Table 6. The other acids produced during the fermentation are approximately 
constant. There is a small increase in fumaric and malic acid as the fructose 
content is increased. If the unwanted acid concentrations are translated into 
percentage of the total amount of acids it is seen that the more fructose in the 
media the higher the percentage, see Table 7. These acids are intermediates in the 
metabolic pathway to succinic acid. The formation could depend on overflow 
metabolism due to the high fructose concentration. It can imply that the glucose 
phosphorylation in AFP184 is less sensitive to high concentrations compared to 
the fructose phosphorylation. An interesting remark is that the high start 
concentrations of glucose used in this work (50 - 100 g/L) did not yield a large 
quantity of acetate. Normally this is believed to be a large problem and is usually 
solved by running fermentations in fed-batch mode [19]. By avoiding a fed-batch 
mode the final fermentation solution is less diluted. The amount of water that has 
to be removed during the purification step is thereby decreased. 
 
The maximum theoretical yield of succinic acid per mole of glucose is 1.714 [14]. 
The calculation includes the redox balance in the formation of succinic acid. 
Fermentation with 100 % glucose (F 1) is near the maximum yield. An interesting 
note is that fermentation with 100 % fructose (F 3) has a yield that corresponds to 
half of fermentation with 100 % glucose (F 1). The reason can be found in the 
phosphorylation of glucose and fructose and in the mixed acid fermentation 
pathway. As a consequence of the mutation in the specific PT system for glucose, 
one mol of glucose yields two moles of phosphoenolpyruvate. These two moles 
can form two moles of succinic acid. Utilisation of one mole of fructose demands 
one mole of phosphoenolpyruvate as phosphate source during the 
phosphorylation. The result is that instead of two moles of phosphoenolpyruvate 
which can enter the mixed acid fermentation pathway only one mol is available. 
The pyruvate formed during the phosphorylation of fructose can not form 
phosphoenolpyruvate since the enzyme pyruvate carboxylase is absent in E. coli 
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[20]. When the mixture of fructose and glucose is used the yield consequently 
lands between those of fermentations with 100 % glucose (F 1) and 100 % 
fructose (F 3). 
 
During aerobic conditions phosphoenolpyruvate is degraded to pyruvate by 
pyruvate kinase. The pathway is also active under anaerobic conditions, but the 
competing and desirable reaction from phosphoenolpyruvate to oxaloacetate is the 
one that mainly occurs. The reason for this is the presence of carbon dioxide as 
part of the anaerobic media. The greenhouse gas is consumed during formation of 
the four carbon molecule oxaloacetate from the three carbon molecule 
phosphoenolpyruvate. Succinic acid based on biomass is therefore a very “green” 
chemical since the product is both based on biomass and demands carbon dioxide 
as a reactant. 
 
A possible problem might be seen when comparing CFU and the succinic acid 
concentration. Fermentation with the mixture of fructose and glucose (F 2) which 
reaches the highest concentration of succinic acid has also the largest decrease in 
viable cells between samples T8 and T24 while fermentation with 100 % fructose 
(F 3) has almost the same amount of viable cells at T24. Succinic acid might 
therefore be an inhibitor for E. coli. Preliminary shake flask experiments made at 
the division indicates that E. coli strain AFP184 die when they are exposed to a 
succinic acid concentration of 50 g/L. 
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6 Conclusions 
A conclusion from this master thesis is that Escherichia coli strain AFP184 can 
utilise fructose for the production of succinic acid. The fructose utilisation 
functions both alone and in mixtures with glucose. 
 
The yields indicate that the phosphorylation of fructose is done by the fructose 
specific phosphotransferase system and not by a single enzyme as with glucose. 
 
It is possible to run fermentations with a high sugar concentration without a large 
overflow metabolism. Problems with product dilution are thereby avoided. 
 
The two fermentations with E. coli strain AFP111 indicates that this strain can not 
grow on the lean media used. 
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7 Future work 
To get succinic acid as a chemical building block economically favourable 
compared to petrochemicals, the production cost must be lowered. It is important 
to find which sugar types Escherichia coli strain AFP184 can utilise. By using 
metabolic engineering to develop the AFP184 strain this number can be increased. 
It is also possible to develop new organisms that produce succinic acid. This leads 
to a more flexible use of raw material which can be adjusted to the cost. 
 
The research should also be directed towards finding inexpensive raw materials 
which can be used directly or after some kind of pre-treatment. Such raw 
materials can be corn fibre, rice straw, sugar beats or forest residue. 
 
The concentration of succinic acid is another important factor. By increasing the 
concentration the volume of fermentation liquor that is treated in the down stream 
processes can be decreased. Precipitation of succinic acid in the fermenter is a 
possible solution. 
 
By quantifying all substances produced during the fermentation an improved 
knowledge of what kind of down stream processes needed might be obtained. 
 
It is important to find other products and processes that can complement the 
production of succinic acid to fulfil the concept of a biorefinery. 
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