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SYNOPSIS 

Succinic acid (SA) is poised to become a significant building-block or platform chemical in the bio-

based economy. Of the microbial strains that show promise for biological SA production, the wild-

type bacterium Actinobacillus succinogenes is one of the top-contenders. While strides have been 

made towards understanding the behaviour of the organism and developing the fundamentals for 

an industrial process based on the organism, there is still a large scope of research required and a 

multitude of challenges to be addressed. In particular, an improved understanding of the 

metabolism of the organism under favourable biofilm conditions is required and its potential as a 

microbial host in a biorefinery setting needs to be established. Therefore, the aim of this thesis is to 

develop a fundamental understanding of the central metabolism of the organism under biofilm 

conditions on relevant substrates, and to determine its performance as a SA producer on scalable 

biorefinery streams. Continuous operation is chosen as the processing mode as it allows for both 

reactor and metabolic steady-state conditions which facilitates more accurate analysis of 

fermentation data through metabolic flux balancing, and resembles the foreseeable mode of 

industrial operation. In addition, fermentations are conducted under biofilm conditions in custom 

reactors since the organism naturally and unavoidably produces biofilm, and unique and process-

favourable metabolic behaviour has been observed in biofilms of A. succinogenes. 

The thesis firstly assesses the performance of the organism on xylose in relation to the model 

substrate glucose, since both these carbohydrates constitute major fractions of renewable 

feedstocks, especially lignocellulosic biomass. Continuous biofilm fermentations reveal that A. 

succinogenes is able to effectively ferment xylose to SA. However, although xylose consumption 

rates are similar to those of glucose at dilution rates of 0.05, 0.10 and 0.30 h-1, lower yields (0.55 – 

0.68 g g-1) and SA productivities (1.5 – 3.4 g L-1 h-1) are achieved. SA titres of between 10.9 and 

29.4 g L-1 are attained with SA-to-acetic acid ratios between 3.0 and 5.0 g g-1. In addition, pyruvic 
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acid formation is found to be substantially greater in xylose fermentations (1.2 – 1.9 g L-1) as 

detected by means of a modified HPLC method. In agreement with glucose fermentations, increased 

SA yields on xylose are observed at increasing SA tires indicating increased carbon flux to SA. Mass 

balance closures on xylose (80.6 to 85.3%) are shown to be lower than those on glucose, and are 

incomplete for both substrates. Furthermore, redox balances suggest that the central metabolic 

network, based on measurements of excreted metabolites, is unable to produce the required 

reduction power (as NADH) to account for the measured SA concentration. A possible source of the 

reduction power is the oxidative pentose phosphate pathway (OPPP). 

Following the findings of the first portion of the thesis, the second section further investigates the 

metabolic behaviour of A. succinogenes. To probe the metabolic flux distributions beyond the 

limitations of metabolite-based flux balancing and to explore the hypothesis of the OPPP serving as 

the source of additional reduction power, assays of glucose-6-phosphate dehydrogenase (G6PDH) 

are performed on cell extracts of biofilm removed in situ during fermentations. A kinetic model of 

the assay data, based on Michaelis-Menten kinetics, is developed in vitro to estimate flux into the 

OPPP from glycolysis at the glucose-6-phosphate node. From the kinetic model it is found that 

G6PDH rates, normalised to cell concentration and substrate uptake rate, increase with increasing 

SA titre, corresponding to increasing deviations in the redox balance. Furthermore, metabolic flux 

models that include OPPP flux show similar trends to those observed through the kinetic models. 

Therefore, evidence of the OPPP leading to increased SA yields is provided. The OPPP generates 

reduction power as NADPH which can be converted to NADH by transhydrogenase, thereby 

facilitating additional flux through the reductive branch of the TCA cycle, wherein SA is produced, 

and closing the redox balance. 

The final portion of the thesis explores the applied potential of A. succinogenes as a microbial 

platform for SA production in a biorefinery context. Fermentations of non-detoxified, deacetylated, 

dilute acid pretreated, corn stover hydrolysate (DDAP-H) are performed in a continuous reactor 

fitted with a novel agitator fixture capable of supporting biofilm to increase cell density. A. 

succinogenes is found to achieve competitive yields (0.78 g g-1), titres (39.6 g L-1) and productivities 

(1.8 g L-1h-1) on DDAP-H at dilution rates of 0.02, 0.03, 0.04 and 0.05 h-1. Furthermore, the organism 

is able to handle putative microbial inhibitors such as furfural and hydroxymethyfurfural (HMF) 

through conversion to less inhibitory compounds, likely the alcohol counterparts. However, it is 

found that continuous operation at reasonable productivities is only possible by starting at low 

dilution rates (~0.01 h-1) after initial batch operation, then gradually increasing the throughput to 

allow the culture to adapt – even under complete conversion of furfural and HMF. Various lignin-

derived, low molecular weight phenolic compounds are shown to be present in the feed and 
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increase during fermentation suggesting a possible link to the observed inhibition and the need for 

an acclimatisation phase. 

Overall this thesis demonstrates that biofilms of A. succinogenes have the potential to produce SA at 

enhanced yields and productivities on glucose, xylose and process-relevant biorefinery streams 

under continuous operation. Furthermore, insight is provided into the unique metabolic behaviour 

of the organism under non-growth conditions where increased OPPP flux generates reduction power 

capable of sustaining increased flux to SA. In future work, this advantageous behaviour should be 

leveraged to develop a process capable of homosuccinate production with A. succinogenes, 

particularly employing a biorefinery stream as feedstock. 

 

Keywords: Actinobacillus succinogenes, biofilm, continuous fermentation, corn stover hydrolysate, 

glucose, metabolic flux analysis, pentose phosphate pathway, redox balance, steady-state, succinic 

acid, xylose 
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G6PDH glucose-6-phosphate dehydrogenase 
 

Gal1P galactose-1-phosphate 
 

Glc glucose 
 

Gt6P gluconate-6-phosphate 
 

HMF hydroxymethylfurfural 
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HPLC high performance liquid chromatography 
 

Km Michaelis constant (mM) 

LAC lactonase 
 

MFA metabolic flux analysis 
 

NAD+ nicotinamide adenine dinucleotide (oxidised) 
 

NADH nicotinamide adenine dinucleotide 
 

NADP+ nicotinamide adenine dinucleotide phosphate (oxidised) 
 

NADPH nicotinamide adenine dinucleotide phosphate 
 

OPPP oxidative pentose phosphate pathway 
 

PDH pyruvate dehydrogenase 
 

PEP phosphoenolpyruvate 
 

PFL pyruvate formate-lyase 
 

PGI phosphoglucose isomerase 
 

PP polypropylene 
 

PPP pentose phosphate pathway 
 

Pyr pyruvate or pyruvic acid 
 

Pyrex extracellular pyruvate 
 

qSA succinic acid volumetric productivity (g L-1h-1) 

R5P ribose 5-phosphate 
 

ri measured metabolite rate in flux model (C-mole s-1) 

Ribu ribulose 
 

rs volumetric substrate uptake rate (mol L-1 s-1) 

r's specific substrate uptake rate (mol gbiomass
-1s-1) 

Ru5P ribulose-5-phosphate 
 

S7P sedoheptulose-7-phosphate 
 

SA succinic acid 
 

TCA tricarboxylic acid 
 

TSB tryptone soy broth 
 

vi metabolic pathway flux (C-mole s-1) 

V'max maximum volumetric rate of reaction (mol gbiomass
-1s-1) 

Xu5P xylulose-5-phosphate 
 

Xyl xylose 
 

Xylu xylulose 
 

YAAFA formic acid to acetic acid ratio (g g-1) 

YAASA succinic acid to acetic acid ratio  (g g-1) 
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YGlSA succinic acid yield on glucose (g g-1) 

YsSA succinic acid yield on total sugars (g g-1) 

YXylSA succinic acid yield on xylose (g g-1) 

   

Greek letters 

 

α OPPP flux-to-substrate uptake flux (metabolic model) (mol mol-1) or (C-mole C-mole-1) 

ΔXm actual or measured xylose consumed (g L-1) 

ΔXr xylose consumed to satisfy the product-based redox balance (g L-1) 

γ OPPP flux-to-substrate uptake flux (experimental) (mol mol-1) 
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1 | INTRODUCTION 

Humanity finds itself at a potential tipping point. In addition to the perpetual social and political 

issues that pervade every era, it now faces a more insidious threat to its prosperity. The threat lies in 

the dependence of modern civilisation on fuels, power and chemicals that, for the past 100 or so 

years, have been produced almost exclusively from non-renewable resources such as coal and 

petroleum [1]. Despite the seemingly plentiful nature of these resources and the unusually low price 

of Brent Crude, the rate of consumption of these resources is increasing and will continue on this 

course as populations grow, industrialisation spreads and the demand for energy increases [2]. 

Furthermore, petroleum sources tend to be uncertain and unstable and current estimates suggest 

that petroleum production may peak within the next few decades [3], although views and estimates 

in general tend to be polarised [4]. However, even if non-renewable resources were available in a 

boundless, unconstrained supply, their processing and consumption leads to the release of various 

by-products that are undeniably polluting and challenging to the environment, possibly on a global 

scale and to an irreversible extent [5]. In essence, humanity has (ironically) built its survival 

“machinery” largely on an unstable, detrimental platform. The logical response and challenge of 

today, therefore, is to transform this platform and reduce its negative impact by finding and 

developing replacements for the unsustainable raw materials and processing technologies. Ideally, 

the replacements should necessitate only mild tweaking of the existing “machinery” and should be 

compatible with the natural environment. To this end, the burgeoning field of biotechnology 

provides a wealth of potential. 

Biotechnology provides a set of tools with which biology can be purposefully exploited and 

manipulated to solve unique problems. In the context of fuels and chemicals production, 

biotechnology enables renewable, bio-based resources to be converted into traditional, substitute 

or novel chemicals and fuels, thereby serving as a potential replacement for petroleum and similar 

finite resources with a reduced impact on the environment. Moreover, the catalysts for such 

transformations are of biological origin and can be fine-tuned for a specific purpose. These catalysts 

are either individual enzymes or microorganisms; the latter can conveniently be viewed as 

“microbial cell factories”. For example, production of biofuels and value-added chemicals by these 

microbial cell factories using agriculturally derived carbohydrates has been demonstrated 

INTRODUCTION
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commercially [6–8] and continues to gain momentum. While there may be suitable alternatives to 

petroleum fuels and power sources (e.g. electric vehicles, solar and wind power), alternatives for 

chemical building blocks are somewhat limited, making sustainable production of chemicals vitally 

important. Bio-based chemicals are attractive not only as end-products in standalone processes, but 

also as co-products for integration in a biorefinery to bolster the overall economics of biofuels 

production [9]. Analogous to petroleum refineries, the goal of biorefineries is to produce myriad 

fuels, chemicals and power at a single, integrated facility, with the main exception being the 

utilisation of renewable, bio-based feedstocks.  

A particular chemical that is increasingly gaining attention within the bio-arena is succinic acid (SA), 

an aliphatic four carbon dicarboxylic acid. Succinic acid is considered one of the top potential value-

added [10] and bulk [11] chemicals derived from biomass. It currently has a variety of specialty 

applications in the food, pharmaceuticals, coatings and surfactants industries, with potential to 

serve as a precursor for numerous industrially important chemicals (e.g. adipic acid, 1,4-butanediol, 

tetrahydrofuran, etc.) [12]. Broader application of SA is currently limited due to the expensive 

petrochemicals route of its production. Successful bio-production of SA is expected to augment its 

supply and expand the market size substantially. As such, various microbial strains have been 

explored for fermentative production of SA with the most notable being wild-type Actinobacillus 

succinogenes [13–16], Anaerobiospirillum succiniciproducens [17,18], Basfia succiniciproducens 

[19,20] and Mannheimia succiniciproducens [19–23], and engineered strains of Escherichia coli [24–

27] and Saccharomyces cerevisiae [28]. With a demonstrated ability to produce SA at high titres, 

productivities and yields [13–16], A. succinogenes is rapidly becoming one of the most promising 

candidates for industrial bio-based SA production. In addition, A. succinogenes has a comparatively 

high tolerance to acids [29], is able to consume a broad spread of carbohydrates [30] and sequesters 

CO2 in SA production, offering the potential for CO2 recycling in an integrated biorefinery [31]. 

As with any industrial chemical process, successful commercialisation of the product is linked to three 

key reactor design parameters: productivity, yield and titre [32]. To determine the set of these three 

parameters where the process is most economically attractive, a techno-economic optimisation that 

includes operating and capital expenses should be performed. Process optimisation and a 

fundamental understanding of the microbial strain are important to the accuracy of the techno-

economic optimisation. To date, bench-scale succinic acid production studies on A. succinogenes 

have been primarily conducted in batch mode where promising performance has been 

demonstrated (e.g. [33–35]). However, the majority of the batch studies are merely exploratory, or 

focus on optimising fermentation parameters or investigating potential renewable substrates. Only a 
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limited number of studies focus on process-relevance and directly target improvements in the three 

design parameters. 

Productivity enhancements have been achieved through high cell density fermentations of 

A. succinogenes using either a membrane reactor system [36] or by immobilisation of cells within a 

bioreactor [13–15,37–39]. Cell immobilisation is particularly well suited to A. succinogenes due to its 

tendency to naturally and unavoidably form biofilm [15,37,38], therefore fermentations with A. 

succinogenes are necessarily biofilm based. Moreover, these fermentation studies have shown that 

immobilised biofilms of A. succinogenes significantly increase productivity and outperform 

chemostat counterparts [16]. In addition, repeat fed-batch on an established biofilm of A. 

succinogenes showed improved productivities compared to regular batch operation [14]. Similar to 

most commercial SA bioproduction processes that use starch-based carbohydrates [28], these 

studies employed clean or pure sugar feedstreams which are useful in determining limitations of the 

organism. However, ideal bioproduction of succinic acid will utilise a non-edible, inexpensive and 

more abundant feedstock – the most promising candidate being lignocellulosic biomass 

[40].Therefore, it is important to perform similar productivity improvement studies on more 

industrially relevant feedstock, while also considering titre and yield. 

Titre and yield are largely dependent on the microbial strain and can be enhanced by improving the 

performance of the microorganism through various strain improvement strategies or through 

appropriate environmental conditions. These improvements require knowledge of potential targets 

for metabolic engineering and the metabolic behaviour of the organism under different conditions 

(i.e. phenotypic changes). Despite the availability of the genome of A. succinogenes [41], strain 

improvement studies have been limited to genome shuffling [42], mutant screening strategies [43] 

and more recently, the development of strains that overexpress glucose-6-phosphate 

dehydrogenase and/or malate dehydrogenase for increased succinic acid production [44]. Regarding 

wild-type A. succinogenes, most production studies merely report fermentation data and make little, 

or no attempt to form a fundamental understanding of the organism, especially with regard to its 

central metabolism wherein succinate is produced. 

However, in a limited number of studies on succinate production with A. succinogenes, fermentation 

results have been analysed using metabolic flux analysis. From these analyses, it has been found that 

A. succinogenes displays unique metabolic behaviour under biofilm conditions favouring succinic 

acid production and leading to enhanced yields and reduced by-product formation [15]. 

Furthermore, it has been shown that the unique behaviour is linked to an acid titre-dependent 

transition from a growth to a non-growth state [15,16]. Therefore, wild-type A. succinogenes may 
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have the potential to serve as an efficient SA producer without the need for strain improvement, 

possibly approaching homosuccinate fermentation under a specific set of process conditions. To 

achieve this, an improved understanding of the metabolic behaviour that affords favourable 

succinate production is required. Therefore, in combination with the above, there is a need to 

expand on current fermentation studies on SA production by A. succinogenes in terms of both its 

industrial processing potential, and the fundamental behaviour of the organism. 

Continuous operation of a bioreactor is particularly well suited to exploring both these avenues as it 

offers two primary advantages: (1) improved processing through enhanced productivities and 

consistent product quality, and (2) steady-state operation. Steady-state in a continuous bioreactor is 

most suitable for proper determination of microbial metabolic fluxes [45] due to the constant 

environmental conditions of the organism and its consequent constant metabolic state. These 

conditions allow for a more fundamental understanding and a more accurate analysis of the 

microorganism, particularly with regard to metabolic network analysis and flux balancing. 

Continuous processing is, therefore, advantageous not only from an applied or processing 

perspective, but also from a more theoretical standpoint where an improved understanding of the 

microorganism and its environment is sought. 

In light of the above, the objective of the current research was to investigate fermentative 

production of succinic acid by the wild-type bacterium, Actinobacillus succinogenes, by leveraging 

the advantages of continuous operation of biofilm systems under steady-state conditions.  In 

particular, the research aimed to (1) explore and advance the processing potential of A. 

succinogenes from an applied perspective, and (2) develop a more fundamental understanding of 

the metabolic flux distributions of A. succinogenes. For the more fundamental aspects of the 

research, pure carbohydrates were used, namely glucose and xylose, since pure sugar or “clean” 

feedstreams are more suitable for fundamental studies of an organism. While for the applied or 

processing aspects of the research, pure sugars were used initially to establish performance 

baselines followed by acid pretreated, lignocellulosic feedstock to test the bulk processing potential 

of the organism on a more industrially relevant feedstock. 

The research is divided into three main research themes reflected by Chapters 3, 4 and 5, with 

background provided in Chapter 2. In Chapter 3, an understanding of the basic requirements and 

performance of continuous succinic acid fermentations with A. succinogenes biofilms is developed, 

specifically the metabolic behaviour and limitations on two model substrates - glucose and xylose. 

Mass and redox balances are used to interpret and assess the completeness of the fermentation 

data and to provide insight into the active central metabolic network of A. succinogenes. Building on 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



  CHAPTER 1 | INTRODUCTION

   

1-5 
 

the mass and redox analyses of Chapter 3, Chapter 4 provides an improved understanding of carbon 

flux distribution in the central metabolic network of the organism under non-growth conditions. In 

particular, an increase in pentose phosphate pathway flux relative to substrate uptake flux under 

non-growth conditions is demonstrated, which affords increased carbon flux to succinic acid. 

Chapter 5 provides an applied case study that explores the processing potential of A. succinogenes 

on an industrially relevant feedstream. High yield, titre and productivity of succinic acid are 

demonstrated on a non-detoxified, bio-based feedstock namely corn stover hydrolysate, thereby 

advancing the potential of industrial-scale, bio-succinic acid production by A. succinogenes. Although 

of an applied nature, mass and redox balances are also performed on the Chapter 5 results to gain 

insight into the behaviour of the organism on more representative feedstock and to compare this to 

the model, pure sugar cases. 
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2 | LITERATURE 

2.1 BIO-SUCCINIC ACID 

Organic acids are poised to become important building-block, or platform, chemicals derived from 

biomass and microbial processes [46]. These molecules, and biomass-derived chemicals in general, 

have a higher oxygen content compared to petroleum-based compounds and contain existing 

functional groups that make them attractive as starting materials in chemical synthesis [47]. In the 

petroleum industry, such functional groups are added to the carbon backbone through costly and 

often harsh oxidative processes [47]. Most organic acids are products or intermediates of microbial 

metabolism and therefore can be readily produced through microbial processes. Given economical 

and cost-competitive bio-production of these acids, new opportunities for their application in the 

chemicals industry will arise thereby augmenting the market size of each. A particular group of 

organic acids is the dicarboxylic acids, which includes succinic acid, fumaric acid and malic acid 

(Figure 2.1) – all C4 intermediates in the tricarboxylic acid (TCA) cycle and each considered to be a 

“top value-added chemical from biomass” by the US Department of Energy [48]. These three acids 

are easily interconverted and therefore all have the potential to replace maleic anhydride – a 

precursor in the chemicals industry derived from petroleum with a substantial market size of 

213,000 tons per year [46]. A diacid of particular interest in the bio-arena is succinic acid (SA), also 

known as butanedioic acid or “spirit of amber” due to its natural presence in amber resin and its 

distinct odour observable during the destructive distillation of amber [49]. 

 

Figure 2.1. Naturally produced, four-carbon, dicarboxylic acids. These compounds have potential to serve as building-
block chemicals derived from renewable, bio-based resources and microbial conversion processes. 

succinic acid – C4H6O4 fumaric acid – C4H4O4 malic acid – C4H6O5

LITERATURE
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2.1.1 SUCCINIC ACID APPLICATIONS AND MARKETS 

Succinic acid currently has five main areas of commercial application: (1) as a surfactant or foaming 

agent, (2) as an ion chelator to prevent corrosion and pitting during electroplating, (3) as an 

acidulant, flavouring agent and an anti-microbial agent in the food industry, (4) as an intermediate in 

health-based and personal care products such as pharmaceuticals, antibiotics, amino acids and 

vitamins, and (5) in the production of resins, coatings and pigments [50,51]. Besides these markets, 

succinic acid also finds application in polymer production (e.g. polybutylene succinate and polyester 

polyols) [51]. Today, the majority of succinic acid is produced petrochemically via the catalytic 

hydrogenation of maleic anhydride derived from butane [52]. It has been suggested that 

fermentative production of succinic acid from renewable, bio-based resources (i.e. bio-succinic acid) 

can compete with the traditional petrochemical process [12]. If this is realised and commercially 

developed, new opportunities will arise for succinic acid, primarily as a building-block in the 

synthesis of value-added chemicals such as 1,4-butanediol, γ-butyrolactone, adipic acid, 

tetrahydrofuran, 2-pyrrolidone, succinamide, maleic anhydride, etc. [12]. In addition, bio-SA could 

serve as a precursor for various bio-based polymers including polyamides and polyesters 

(particularly polybutylene succinate) thereby augmenting their production and creating new 

opportunities for these polymers [53]. As seen in Table 2.1, succinic acid has an established market 

size that is expected to grow attractively with the advent of successful commercial bio-production. 

Table 2.1. Key indicators of the current and projected succinic acid market [51]. 

Market size (2011)  40 kton 

Market value (2011) $63 million 

Projected market size (2020) 600 ktons 

Projected market value (2020) $539 million 

Petroleum-based SA price (2011) $2.4 – 2.6/kg 

Bio-based SA price (2011) $2.9 – 3.0/kg 

Today, commercial bio-SA production is underway with a number of facilities coming online in recent 

years (Table 2.2). These processes either opt for low pH conditions using a yeast as the microbial 

host where the product remains in the acid form, thereby favouring downstream separation 

processes and minimising neutralisation requirements, or apply a neutral pH, bacterial process with 

integrated downstream separation that attempts to recover salt precipitates. In all the current 

industrial bio-SA  processes, starch-derived glucose is used as the carbon substrate with an 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



  CHAPTER 2 | LITERATURE 

2-3 
 

indication that the Succinity process is able to use glycerol [54]. Moreover, all these processes utilise 

genetically engineered microbial strains. 

Table 2.2. Prominent commercial bio-succinic acid ventures [28]. 

Company/Venture Capacity 

(kton/year) 

Organism Technology Start-up 

year 

Myriant 14 Escherichia coli Neutral pH; NH3 with precipitation 2013 

BioAmber, Mitsui 30 Candida krusei Low pH; NaOH and electrodialysis 2014 

Succinity 

(BASF/Corbion-Purac) 

10 Basfia succiniciproducens Neutral pH; Mg(OH)2 

2013 

Reverdia 

(DSM/Roquette) 
10 Saccharomyces cerevisiae Low pH 

2012 

 

2.1.2 BIO-PRODUCTION STUDIES AND MICROBIAL HOSTS 

An assortment of microbial strains has been studied for the fermentative production of succinic acid 

using pure carbohydrates (Table 2.3) and biomass feedstocks (Table 2.4). The selection criterion for 

including studies in these tables (and similar tables that follow) is based on the study attaining 

comparatively high values of yield, productivity and titre, as these are the most important 

performance indicators or design parameters of a bulk fermentation process [32]. Yield reflects the 

efficiency in converting feedstock to the desired product and influences the variable costs of the 

process. Productivity reflects the efficient utilisation of the production capacity or reactor volume 

and is related to capital costs of the process, while titre indicates the extent of downstream 

processing required to separate the desired product from the fermentation broth and also 

influences variable and capital costs. 

Studies using pure carbohydrates generally test the limitations of the organism and seek to 

understand its physiology, while studies using biomass substrates explore the applied nature of the 

organism and whether it can serve as a catalyst within an industrial process, using a more cost-

effective feedstock. Detailed reviews on the fermentative production of succinic acid, including 

markets, microbial hosts and fermentation technology are available [12,28,55]. Of the strains 

investigated for succinic acid production, those showing particularly good performance include 

Anaerobiospirillum succiniciproducens, Actinobacillus succinogenes, Corynebacterium glutamicum, 
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Enterococcus faecalis, Escherichia coli and Mannheimia succiniciproducens. Generally, eukaryotes 

are not well suited for succinate production due to compartmentalisation where succinate must 

cross both the mitochondrial and cytoplasmic membranes prior to excretion, whereas other acids 

(e.g. fumaric acid [56]) do not face this obstacle as they are produced in the cytoplasm. Therefore, 

the majority of the contending production hosts for succinic acid are bacterial where succinate need 

only cross the cytoplasmic membrane during excretion. In the case of the industrially applied 

eukaryotes (Table 2.2), both organisms are genetically modified with the ability to overexpress 

enzymes in the succinate production pathways [57]. 
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Table 2.3. Representative bio-succinic acid production studies on starch-derived or pure sugars for a variety of wild-type and engineered microbial hosts. 

Organism Feedstock Mode 

Titrea 

(g L-1) 

Yield 

(g g-1) 

Productivityb 

(g L-1h-1) 

Reference 

Actinobacillus succinogenes 130Z Glucose Continuous 32.5 0.90 10.8 [13] 

Anaerobiospirillum succiniciproducens Glucose Continuous 15.5 0.81 14.8 [17] 

Corynebacterium glutamicum ΔldhA-pCRA717 Glucose Fed-batch 146 0.92 3.17 [58] 

Enterococcus faecalis RKY1 Fumarate/glycerol Continuous 72.0 1.0 7.2 [59] 

Escherichia coli AFP111-pyc Glucose Fed-batch 99.2 1.10 1.31 [24] 

Escherichia coli KJ122 Glucose Continuous 25.0 0.77 3.0 [60] 

Mannheimia succiniciproducens MBEL55E Glucose Continuous 9.5 0.48 2.85 [36] 

Saccharomyces cerevisiae AH22ura3 Δsdh2Δsdh1Δidh1Δidp1 Glucose Batch 3.62 0.072 0.022 [61] 

aThe values for each performance indicator are not necessarily from the same experiment within each study, but rather the highest value attained for each. 

bBatch productivity is calculated as the final succinic acid titre divided by the duration of the fermentation 
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Table 2.4. Representative bio-succinic acid production studies on lignocellulosic and other bio-derived feedstocks for a variety of microbial hosts. 

Organism Feedstock Mode 

Titre 

(g L-1) 

Yield 

(g g-1) 

Productivity 

(g L-1h-1) 

Reference 

Actinobacillus succinogenes CGMCC 1593 Corn straw hydrolysate Fed-batch 53.2 0.82 1.21 [62] 

Anaerobiospirillum succiniciproducens Whey Continuous 14.3 0.71 3.3 [63] 

Basfia succiniciproducens DD1 Crude Glycerol Continuous 5.21 1.02 0.094 [19] 

Escherichia coli AFP111/pTrcC-cscA Cane molasses Fed-batch 37.3 0.79 1.04 [64] 

Escherichia coli AFP184 Softwood hydrolysate Batch 42.2 0.72 0.72 [65] 

Fibrobacter succinogenes S85 Cellulose Continuous 3.20 0.94a 0.051 [66] 

Mannheimia succiniciproducens MBEL55E Wood hydrolysate Batch 11.7 0.56 1.17 [67] 

Mannheimia succiniciproducens MBEL55E Whey Continuous 5.6 0.63 3.8 [22] 

a g SA/g anhydroglucose 
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Of the microbial strains mentioned above, there are a number of wild-type bacteria that naturally 

produce succinate in appreciable amounts. All these strains have associated advantages and 

disadvantages. For example, M. succiniciproducens has a complete TCA cycle and is able to grow well 

in aerobic and anaerobic conditions [23]. Despite achieving somewhat high productivities, yields on 

glucose tend to be low and M. succiniciproducens has a number of auxotrophies [68]. However, a 

major advantage of M. succiniciproducens is the availability of its full genome sequence, which 

creates opportunities for efficient metabolic engineering of the organism [69]. A. succiniciproducens 

is strictly anaerobic which makes industrial-scale use impractical due to the complexities involved in 

cost-effectively maintaining completely anoxic conditions. Furthermore, it is an opportunistic 

pathogen [70], making it unsuitable for practical industrial use. In the case of E. faecalis, high 

succinic acid productivities and yields were achieved in a coupled fungal-bacterial process where 

fumarate was produced from rice bran by Rhizopus sp., then used directly for succinic acid 

production by E. faecalis [71]. The problem with this approach is that fumarate productivities (0.2 g 

L-1h-1) and yields (0.5 g g-1) are low, essentially moving the process limitations from succinic acid 

production to fumaric acid production. 

The most notable downside of the natural producers is their auxotrophies which necessitates the 

use of complex, expensive growth media. To overcome this, genetically modified strains have been 

developed which seek to achieve competitive succinate production on a minimal, or at least 

cheaper, medium thereby overcoming the costs of rich media. E. coli [27,72] and C. glutamicum [58] 

both require genetic modifications of the central carbon metabolism as they do not naturally 

produce succinic acid at appreciable titres. However, modified strains of these organisms have been 

unable to achieve the high productivities of natural producers, as hinted at in Table 2.3, although 

more comprehensive comparative studies are still required. Moreover, genetically modified 

organisms often do not perform as expected [60] or suffer reversion during prolonged fermentations 

[73], which adds an element of risk to their commercial application. An advantage of using modified 

strains, especially E. coli (the bacterial “workhorse”) and S. cerevisiae (the yeast “workhorse”), is the 

wealth of genetic tools and information available for their manipulation and an overall deeper 

understanding of their physiologies due to the extent of research already performed on these 

organisms. A plausible strategy is to start off with strains that naturally produce the desired product 

at high titres and rates, then optimise these strains for enhanced performance through metabolic 

engineering [45]. Of course, this depends on the availability of genetic information on the organism 

and the ease with which modifications can be successfully achieved, i.e. the genetic accessibility of 

the organism. In essence, competitive wild-type succinate producers offer the advantage of less 
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required investment into genetic modifications and a more stable phenotype in prolonged 

fermentations. 

Among the succinate producers, of particular interest is the wild-type bacterium A. succinogenes. 

Despite lacking a complete TCA cycle and glyoxylate shunt [41], the organism is able to achieve high 

succinic acid yields and productivities partly because of its tolerance to high acid titres [29]. 

Furthermore, A. succinogenes consumes an array of carbohydrate substrates [74], incorporates CO2 

during SA production, is non-pathogenic [41] and is a facultative anaerobe [30] making industrial 

application practically feasible. Therefore, despite a number of auxotrophies, A. succinogenes is a 

top-contender as a microbial host for industrial succinate production. 

To gauge the research interest in A. succinogenes versus other microbial hosts, the number of 

publications dealing with fermentative succinic acid production by each organism was estimated by 

a combination of keyword search schemes on Scopus aiming to zone in on relevancy (Figure 2.2A). It 

is clear that interest in A. succinogenes is considerable (97 papers) and, based on the estimate, 

substantially exceeds other strains, except for E. coli where a large number of studies (181 papers) 

have been performed, particularly on genetic engineering of the organism for improved succinic acid 

production. Succinic acid studies on S. cerevisiae are focused primarily on wine and liquor 

manufacturing instead of bulk, bio-succinate production [75]. Figure 2.2B gives the equivalent search 

to Figure 2.2A but excludes terms related to genetic engineering or modifications in order to focus 

more specifically on succinic acid production studies, as opposed to genetic engineering studies. The 

reason for the greater interest in A. succinogenes is likely due to the naturally occurring advantages 

offered by the organism (as discussed above), the ready availability of the organism and the relative 

ease with which it can be studied (e.g. no need for genetic modifications, facultative anaerobe, non-

pathogenic). Also, it is likely that the initial demonstrations of its potential as a succinic acid 

producer served as a platform attracting more attention which has led to a domino-effect in the 

publication rate and interest in the organism. 
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Figure 2.2 Estimated interest in each microorganism as a succinic acid producer based on the total number of 
publications matching unique search strategies on Scopus. (A) Search results based on all articles (excluding reviews) that 
include (1) “succinate” or “succinic acid” in the title, (2) the microorganism name in the title or keywords, (3) 
“production/producing/fermenta*” in the title, abstract or keywords and (4) excluding words unique to certain organisms 
to further narrow the search (e.g. “bread” and “wine” for S. cerevisiae). (B) Search results based on all articles (excluding 
reviews) that include the same parameters as A, but exclude terms relating to genetic modifications of the organism (e.g. 
“mutant” and “metabolic engineering”) 
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2.2 THE BIOCATALYST: ACTINOBACILLUS SUCCINOGENES 130Z 

A. succinogenes (ATCC 55618; DSM 22257) is a Gram-negative, facultative anaerobe of the family 

Pasteurellaceae isolated from bovine rumen and first characterised by Guettler et al. [30] in 1999. In 

nutrient rich fermentations, the bacterium mainly produces succinic acid, acetic acid and formic acid 

with small amounts of pyruvic acid, oxaloacetic acid and ethanol [30]. Within the rumen, A. 

succinogenes has a commensal relationship with the ruminant where it produces succinic acid, 

which is then decarboxylated to propionic acid and used by the host in the gluconeogenic pathway. 

The naturally high CO2 content and anaerobic conditions in the rumen have likely led to the 

enhanced growth rate of A. succinogenes and the improved succinic acid production seen at high 

CO2 levels, making it a capnophilic organism. Furthermore, A. succinogenes is a mesophilic 

neutrophile as it grows well between temperatures of 37 and 39 °C and at pH values between 6.0 

and 7.4 [74]. The optimal temperature and pH, at least for CO2 uptake, are considered to be 37 °C 

and 6.8, respectively [76]. 

 

Figure 2.3. Typical cell morphology of A. succinogenes. (A) As a pleomorphic organism, A. succinogenes cells can occur as 
either rods or coccobacillus forms, (B) A close-up micrograph of a single A. succinogenes cell. (Images: (A) James McKinlay, 
Michigan State University, public domain; (B) Claire Vielle, Michigan State University, on request). 

2.2.1 CENTRAL METABOLIC NETWORK 

The genome of A. succinogenes has been sequenced and largely interpreted by McKinlay et al. [41], 

which is instrumental in understanding the metabolism of the organism and identifying potential 

targets for metabolic engineering. In the central carbon metabolism of A. succinogenes (catabolism), 

C6 sugars are deconstructed via glycolysis, while C5 sugars are deconstructed via the pentose 

A B 
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phosphate pathway (PPP) initially, then via glycolysis entering the pathway at fructose 6-phosphate 

(F6P) and glyceraldehyde 3-phosphate (G3P) (Figure 2.4). 
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Figure 2.4. Central metabolic network of A. succinogenes. A simplied view of the primary catabolic reactions of A. succinogenes with each of the major pathways in a different colour, based on [41,77] and the 
genome (KEGG). Abbreviations:  6PGL: 6-phosphogluconolactone; Ac-CoA: acetyl-CoA; AcP: acetyl-phosphate; Ald: aldehyde; DHAP: dihydroxyacetone phosphate; E4P: erythrose 4-phosphate; F1,6BP: fructose 1,6-
biphosphate; F6P: fructose 6-phosphate; G1P: glucose 1-phosphate; G3P: glyceraldehyde 3-phosphate; G6P: glucose 6-phosphate; Gal1P: galactose 1-phosphate; Gt6P: gluconate 6-phosphate; 
PEP: phosphoenolpyruvate; PPP: pentose phosphate pathway; R5P: ribose 5-phosphate; Ribu: ribulose; Ru5P: ribulose 5-phosphate; S7P: sedoheptulose 7-phosphate; TCA: tricarboxylic acid cycle; Xu5P: xylulose 5-
phosphate; Xylu: xylulose 
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In anaerobic fermentations, where energy is produced via substrate level phosphorylation, carbon 

flux can split to either the C4 or C3 pathway after glycolysis at the phosphoenolpyruvate (PEP) node. 

Since A. succinogenes does not possess the genes that code for citrate synthase and isocitrate 

dehydrogenase, the oxidative portion of the TCA cycle is incomplete [41] and carbon flux is 

restricted to the reductive branch of the TCA cycle, which forms the C4 pathway. Moreover, A. 

succinogenes lacks a glyoxylate shunt [41] and therefore carbon cannot be channelled from the 

oxidative portion of the TCA cycle (with acetyl-CoA) to form malate and succinate directly. 

Alternatively, the C3 (fermentative) pathway is capable of generating reduction power, or rather 

does not consume the reduction power generated in glycolysis. Therefore, the C4 pathway can be 

viewed as reductive and the C3 pathway as oxidative. 

The C4 pathway begins with the conversion of PEP to oxaloacetate by means of PEP carboxykinase 

(PEPCK; EC 4.1.1.49). This enzyme is important as it generates an ATP molecule and sequesters a CO2 

molecule for every PEP molecule converted. In contrast to A. succinogenes, not all succinate-

producers possess this enzyme; instead a PEP carboxylase (EC 4.1.1.31) is present which does not 

yield ATP. Also, PEPCK from non-capnophilic organisms may have an affinity for the reaction 

converting oxaloacetate and ATP into PEP and ADP as part of gluconeogenesis, such as in E. coli [78], 

thereby directing carbon flux away from succinic acid. The efficacy of PEPCK native to A. 

succinogenes in succinic acid production was demonstrated, where overexpression of the enzyme in 

E. coli increased succinic acid production 6.5 times [79]. Besides favouring flux towards succinic acid 

in A. succinogenes, the gain in ATP through PEPCK is advantageous to succinic acid production, since 

growth and maintenance energy requirements can be partly satisfied by the C4 route. After PEP 

conversion to oxaloacetate, carbon flows ultimately to succinate via malate and fumarate as 

intermediates, consuming two NADH molecules for reduction of the carbon backbone and 

generating 2/3 ATP molecules [77] through fumarate reductase. 

Alternatively, the C3 pathway begins with the conversion of PEP to pyruvate through pyruvate kinase 

with the formation of one ATP molecule. Pyruvate then acts as an important node where it can be 

oxidised by either pyruvate formate-lyase (PFL) or pyruvate dehydrogenase (PDH). In the case of PFL, 

acetyl-CoA is produced together with formate - a major by-product and inhibitor in A. succinogenes 

fermentations. In the case of PDH, NADH is produced along with CO2 and acetyl-CoA. Regarding 

succinic acid production, it is preferred that the conversion takes place via PDH since additional 

NADH is produced and as a direct consequence, greater C4 pathway flux at reduced levels of by-

product formation occurs. Similarly, formate can be broken down to NADH and CO2 by formate 

dehydrogenase, which provides the same boost to C4 pathway flux as PDH. The additional CO2 
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generated by the dehydrogenases is also useful to maintain a sufficient supply for the conversion of 

PEP to oxaloacetate. Downstream from pyruvate, acetyl-CoA also serves as a node, although 

seemingly less important, where it can be converted to acetyl-phosphate or acetaldehyde. The 

acetyl-phosphate route generates one ATP molecule and ends in acetate - the second major by-

product of A. succinogenes fermentations - while acetaldehyde is converted to ethanol without any 

ATP gain but at the expense of NADH. Under CO2-limiting conditions, C4 pathway flux is constrained, 

therefore ethanol production is a likely means to balance redox as two NADH molecules are required 

for its production. Overall, the C3 pathway forms the by-products acetic acid, formic acid, pyruvic 

acid and ethanol in succinate fermentations and it is desirable to minimise carbon flux through this 

pathway. 

A potential by-product also within the C3 route is lactic acid. Despite the presence of a lactate 

dehydrogenase, lactic acid production has been excluded in two early studies on A. succinogenes 

[41,74] and its presence in fermentations is considered to be from lactic acid-producing 

contaminants [36]. However, one publication [80] reported high levels of lactic acid production by A. 

succinogenes and suggested a dual-phase scheme for optimised production. This result is likely 

erroneous as the mass balances are inconsistent and repeatable evidence of lactic acid production 

by A. succinogenes is yet to be provided. 

The theoretical maximum yield of succinic acid on glucose is 1.12 g g-1. In the general case of a 

central metabolic network containing a full TCA cycle and/or a glyoxylate shunt, this theoretical 

maximum yield can be achieved when no biomass is generated [25]. This implies full conversion of 

glucose and CO2 to succinic acid without any by-product formation. Since A. succinogenes lacks both 

a full TCA cycle and a glyoxylate shunt in its catabolic network (i.e. excluding the pentose phosphate 

pathway which is considered part of the anabolism), redox constraints limit the maximum succinic 

acid yield on glucose to either 0.66 g g-1 or 0.87 g g-1 for pyruvate conversion to acetyl-CoA by 

pyruvate formate-lyase or pyruvate dehydrogenase (Figure 2.4), respectively [15]. When formate is 

broken down by formate dehydrogenase, the maximum yield is also 0.87 g g-1 due to equivalent 

NADH production to the PDH route. For each of these cases, the maximum selectivity of succinic acid 

to the major by-product acetic acid is 1.97 g g-1 and 3.93 g g-1 respectively and the overall selectivity 

is 1.11 g gby-products
-1 and 3.93 g gby-products

-1, respectively. Therefore, without an additional source of 

reducing power to drive carbon flux through the C4 pathway, homosuccinate fermentation is not 

possible by A. succinogenes. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



  CHAPTER 2 | LITERATURE 

2-15 
 

2.2.2 AUXOTROPHIES 

Due to the environmental richness of the rumen and its abundance of vitamins and amino acids, A. 

succinogenes does not possess all biosynthetic routes for their production and is auxotrophic for a 

number of essential compounds. Regarding amino acids, A. succinogenes cannot synthesise 

glutamate and methionine and is unable to reduce sulphate [81]. Since sulphur is required for 

cysteine biosynthesis, a non-sulphate sulphur source (e.g. sodium sulphide or sodium thiosulphate) 

or cysteine should be included in the growth medium together with glutamate and methionine. In 

addition to these amino acids, A. succinogenes requires four vitamins for growth, namely nicotinic 

acid, pantothenate, pyridoxine, and thiamine [41]. Biotin is not considered essential for growth but 

provides a stimulatory effect [82] and since A. succinogenes is missing several genes involved in 

biotin synthesis [41], it is advantageous to include biotin in the growth medium along with the four 

vitamins. These essential amino acids and vitamins can be supplied by a complex nitrogen source 

such as yeast extract or corn steep liquor, or separately as part of a defined medium. In industrial 

scale fermentations, it will likely be more cost effective to use a complex nitrogen source and 

current pricing estimates favour corn steep liquor ($0.0753/kg in 2014$ [83]) over yeast extract 

($3.5/kg in 2000$ [84]). However, it is necessary to determine whether corn steep liquor can provide 

all the essential compounds at adequate concentrations and whether fermentation performance is 

maintained. Auxotrophies such as these are common disadvantages of wild-type succinate 

producers. 

2.2.3 BATCH FERMENTATION STUDIES 

To date, the majority of the succinic acid fermentation studies on A. succinogenes were performed in 

batch mode. Various pure and starch-based carbohydrates have been explored for batch and fed-

batch production of succinic acid (Table 2.5) as well as a variety of lignocellulosic and other biomass 

feedstocks (Table 2.6). Similar to the general succinate production studies in Table 2.3 and Table 2.4, 

pure sugar substrates are used for a more fundamental understanding of the organism, while 

biomass feedstocks offer a more industrial or biorefinery-based perspective on the potential of the 

organism. The most notable batch studies on wild-type A. succinogenes using pure carbohydrates 

achieved yields, productivities and titres of up to 0.87 g g-1, 2.16 g L-1h-1 and 60.5 g L-1 (Table 2.5) 

respectively, while those on bio-derived feedstocks achieved 1.02 g g-1, 1.50 g L-1h-1 and 64.3 g L-1 

(Table 2.6). Therefore, while titres and yields are comparable between the two groups of feedstocks, 

work still needs to be done in improving productivities on industrially relevant feedstock for A. 

succinogenes to compete cost-effectively on an industrial scale. 
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Greater focus has been placed on batch fermentations, the “traditional” and more popular mode 

used in microbiology, largely because bench-scale operation of batch fermenters is easier than 

continuous operation and multiple batches can be run simultaneously with minimal supervision. 

Batch studies tend to focus on the physiology or potential of the organism and for screening of 

suitable feedstocks. For example, numerous batch studies have been performed on A. succinogenes 

that explore and optimise process parameters including redox [85,86], temperature and pH [76,87], 

fermentation medium [33,88,89], neutralising agents [90], cell immobilisation [91] and CO2 [76,92]. 

In addition, Corona-Gonzalez et al. [35] investigated the growth kinetics of A. succinogenes and 

determined the maximum specific growth rate to be 0.41 h-1. Investigation of product inhibition on 

A. succinogenes growth and productivity found that of the major excreted catabolites, formic acid is 

the most inhibitory followed by ethanol, acetic-, pyruvic- then succinic acid [29]. In addition, it was 

found that at total acid concentrations near 20 g L-1 (formic-, acetic- and succinic acids), formation of 

biomass terminated [35]. Inhibition by glucose appears to be limited as A. succinogenes is able to 

tolerate concentrations of up to 143 g L-1, while cell growth terminates above 158 g L-1 [29] and 

optimal growth occurs below glucose concentrations of 55 g L-1 [35]. 

Also commonly explored in batch reactors is the performance of genetically modified or improved 

strains. Only a limited number of studies have been performed on genetically modified strains of A. 

succinogenes and tools for genetic engineering of the organism. Kim et al. [93] constructed a shuttle 

vector for expression of recombinant proteins in A. succinogenes and used electroporation to 

introduce plasmids into the cells. The mutant CCTCC M2012036 was developed by genome shuffling 

of the parent strain CGMCC1593 and showed enhanced succinic acid production [42]. Guettler et al. 

[43] developed a number of fluoroacetate-tolerant variants (e.g. FZ 6, FZ 53) from the parent strain 

130Z, which showed increased succinic acid and decreased acetic acid production. Finally, Joshi et al. 

[94] developed a markerless knockout method for A. succinogenes 130Z using natural 

transformation or electroporation, where single-knockout mutants of the fumarate reductase and of 

the pyruvate-formate lyase-encoding genes were obtained. General considerations and strategies 

for improving succinic acid production by metabolic engineering and metabolically engineered 

succinate producers have been reviewed by Cheng et al. [95]. So while there may be potential for 

genetic improvement of A. succinogenes, currently the focus has mainly been on the wild strain. 
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Table 2.5. Representative batch bio-succinic acid production studies with A. succinogenes on starch-derived or pure 
carbohydrates. Studies achieving high yields, productivities and/or titres are included. 

Feedstock Strain Mode Titrea 

(g L-1) 

Yield 

(g g-1) 

Productivity 

(g L-1h-1) 

Reference 

Cellobiose NJ113 Batch 38.9 0.66 1.08 [96] 

       

Fructose CGMCC 1593 Batch 38.4 0.79 0.64 [97] 

       

Glucose 130Z Batch 39.0 0.79 0.49 [34] 

Glucose 130Z Repeat batch 35.1 0.87 0.88 [33] 

Glucose CCTCC M2012036 Repeat batch 39.0 0.85 3.61 [14] 

Glucose CCTCC M2012036 Fed-batch 98.7 0.89 2.77 [14] 

Glucose FZ 6 Batch 63.7 0.94 1.01 [43] 

Glucose FZ 53 Batch 105.8 0.82 1.36 [43] 

       

Glycerol 130Z Fed-batch 49.6 0.64 0.96 [98] 

       

Lactose CGMCC 1593 Batch 40.1 0.81 0.67 [97] 

Maltose CGMCC 1593 Batch 38.8 0.80 0.65 [97] 

       

Sucrose NJ113 Fed-batch 60.5 0.83 2.16 [99] 

       

Sucrose CGMCC 1593 Batch 40.3 0.81 0.67 [97] 

Xylose CGMCC 1593 Batch 32.6 0.77 0.54 [97] 

aThe values for each performance indicator are not necessarily from the same experiment within each study, but rather the highest 

value attained in the study. 
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Table 2.6 Bio-succinic acid production studies with A. succinogenes on lignocellulosic and other biomass feedstocks. 
Studies with the highest productivities for each feedstock type were included. 

Feedstock Strain Main sugars Mode 

Titre 

(g L-1) 

Yield 

(g g-1) 

Productivity 

(g L-1h-1) 

Reference 

Bread hydrolysate 130Z Glucose Batch 47.3 1.16a 1.12 [100] 

        

Cane molasses GXAS 137 
Sucrose, glucose, 

fructose, other 

Fed-

batch 
64.3 0.76 1.07 [101] 

        

Cheese whey 130Z 
Lactose (galactose 

and glucose) 
Batch 22.2 0.57 0.44 [102] 

        
Corn fibre 

hydrolysate 
NJ113 

Glucose, xylose, 

arabinose 
Batch 35.4 0.73 0.98 [103] 

        
Corn stalk 

hydrolysate 
BE-1 

Glucose, xylose, 

cellobiose 
Batch 17.8 0.66 0.56 [104] 

        

Corn straw 

hydrolysate 

CGMCC 

1593 

Glucose, xylose, 

arabinose, cellobiose 

Fed-

batch 
53.2 0.82 1.21 [62] 

        

Corncob hydrolysate 

130Z 

Xylose, arabinose, 

cellobiose, glucose 
Batch 23.6 0.58 0.49 [105] 

Cotton stalk 

hydrolysate 
Glucose, xylose Batch 63.0 0.64 1.17 [106] 

Macroalgal 

hydrolysate 
Glucose, mannitol Batch 33.8 0.63 1.50 [107] 

Rapeseed meal 
Sucrose, glucose, 

fructose, arabinose 

Fed-

batch 
23.4 0.60 0.33 [108] 

Sake less 

hydrolysate 
Glucose (reported) Batch 36.3 0.59 1.21 [109] 

Sugarcane bagasse 

hydrolysate 

Xylose Batch 22.5 0.43 1.01 [110] 

Wheat hydrolysate Glucose Batch 62.1 1.02 0.91 [111] 

aThe yield is greater than the theoretical maximum (1.12 g g-1). 
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2.3 CONTINUOUS SUCCINIC ACID PRODUCTION 

Industrial-scale reactors operate in one of two principal modes, batch or continuous. Batch (and fed-

batch) processes are traditionally used for high-value, low-volume products (e.g. pharmaceuticals) or 

biological processes (e.g. beer and wine), while continuous processes are traditionally used for high-

volume, low-value products (e.g. chemicals and petroleum products). These differences stem from 

the reactor performance under each condition, product requirements and the associated 

operational costs of each mode. Each of these modes has pros and cons (Figure 2.5) and while 

bioprocesses have traditionally been operated in batch mode, a trend towards continuous operation 

is emerging and is likely to gain popularity in the future [112]. 

 

Figure 2.5. The advantages and disadvantages of (A) batch and (B) continuous bioreactors. Partly derived from [32]. 

For commodity or bulk chemicals, it is important that the process is able to generate sufficiently high 

volumes of product, making a high product output rate (productivity) essential. Considering the 

demonstrably high productivities achieved under continuous operation of some bioprocesses (e.g. 

536 g L-1h-1 ethanol [113], 20.1 g L-1h-1 lactic acid [114], 10.8 g L-1h-1 succinic acid [13]), the reduced 

Advantages Disadvantages

Versatile and easily 
modified

Time-dependent 
behaviour

Easily sterilisable and 
easier to maintain sterility

Mass and redox balances 
are difficult and less 
accurate

Complete substrate 
conversion possible

High labour cost

Significant idle time for 
sterilisation, cleaning, 
inoculum outgrowth, etc.

Advantages Disadvantages

Constant product quality Higher risk in sterility 
failure

More accurate mass and 
redox balances

Genetic instability over 
prolonged operation

High productivity due to 
autocatalytic bioreactions

Inflexible

Steady-state operation Difficulties in operating 
downstream equipment 
continuously

Low capital and labour
costs

Time

Substrate

Product

Time

Substrate

Product

Batch

Continuous

A

B

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



  CHAPTER 2 | LITERATURE 

2-20 
 

labour and capital costs, and the consistent product quality compared to batch mode, continuous 

mode is likely the best option for bulk bio-production of succinic acid. However, continuous 

production poses challenges of its own including incomplete substrate conversion, a potential 

increase in purification costs due to lower product titres and increased risk of contamination as the 

process is an open system. Therefore, these factors need to be considered when developing bulk 

continuous processes. Since feedstock preparation and downstream processing are costly and play a 

crucial role in overall process economics [115], it is also essential to achieve high yields and titres in 

bulk bioprocesses as discussed in 2.1.2. In essence, the optimal combination of all three parameters 

– yield, productivity and titre – must be determined when assessing the economic feasibility of a 

bulk, continuous process. 

As discussed in 2.2.3, most fermentation studies on A. succinogenes have been performed in batch 

mode, largely due to its familiarity and ease of operation on the bench-scale. However, strides have 

been made in continuous succinate fermentations with A. succinogenes (Table 2.7). The first of these 

fermentations were performed by Urbance et al. in 2004 [37], where cells self-adhered to a plastic 

composite support leading to enhanced productivities, titres and yields compared to suspended cell 

fermentations. Following this, Kim et al. [36] attempted to increase cell density through an external 

membrane, cell recycle system but encountered extensive fouling of the membrane which led to 

inoperability of the reactor, most likely caused by biofilm formation or cell accumulation. Van 

Heerden and Nicol [38] extended the continuous work on A. succinogenes by considering the 

transient behaviour of the system, by-product distributions and the advantages of cell 

immobilisation in an externally recycled reactor packed with GenuliteTM Groperl. It was found that 

the SA yield on glucose remained constant at 0.69 g g-1 across all dilution rates while growth 

appeared to be higher at higher dilution rates, slowing substantially above a succinic acid titre of 

10 g L-1. 

In all these pioneering studies, it was found that A. succinogenes has the ability to readily self-adhere 

to surfaces and unavoidably, and extensively, produce biofilm [61, 62]. Biofilm consists of microbial 

cells held together by a self-produced, extracellular matrix comprising polymeric substances that 

adhere to surfaces and provide a form of natural cell immobilisation [116]. Since rates of product 

formation can be improved by increasing the cell density in a fermenter [117], and biofilm leads to 

increased cell density, biofilm can serve as a natural means for enhancing fermentation productivity. 

To this end, and the tendency of A. succinogenes to unavoidably produce biofilm, subsequent 

continuous production studies on A. succinogenes targeted high cell density fermentations, focusing 

particularly on biofilm behaviour, formation and stability [13–15,39]. 
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Using an externally recycled reactor with stainless steel wool as biofilm support, Bradfield and Nicol 

[15] found that at increasing acid titre (or amount of substrate consumed), biofilms of A. 

succinogenes exhibit unique metabolic behaviour where carbon flux to succinic acid is favoured, 

leading to an improvement in yield and reduced by-product formation (Figure 2.6). A yield of 

succinic acid on glucose of up to 0.91 g g-1 was achieved with the succinic acid-to-acetic acid ratio 

increasing from 2.4 g g-1 to 5.7 g g-1. Therefore, compared to suspended cells, biofilms of A. 

succinogenes afford unique yield improvements in addition to the productivity bonus. Similarly, 

Maharaj et al. [13] showed that the increase in yield with increasing acid titre is repeatable across 

various dilution rates, where higher titres (32.5 g L-1), thus yields (0.90 g g-1), are attained at lower 

dilution rates. In the study, the reactor was packed with Poraver® beads instead of stainless steel 

wool, thereby excluding the type of biofilm support material as the cause of the shift in the 

metabolism. In addition, it was shown that specific cell productivities (based on the total biomass 

content in the fermenter) decreased with decreasing dilution rate and increasing acid titre. 

Moreover, the study exemplified the productivity advantages of continuous operation of a high cell 

density system by achieving a productivity of 10.8 g L-1h-1 and operating at a dilution rate of 0.72 h-1, 

which is substantially greater than the reported maximum growth rate of 0.41 h-1 [35]. Such high 

dilution rates are only possible in an immobilised-cell fermenter as complete cell washout at high 

dilution rates is overcome. 

To compare the productivity and yield of chemostat and immobilised-cell reactors, Brink & Nicol [16] 

achieved regular chemostat operation (i.e. without biofilm present) with A. succinogenes under high 

shear conditions in a tubular reactor. It was demonstrated that the biofilm reactor clearly 

outperformed the chemostat in terms of succinic acid productivity (> 9 times), yield (59% at D=0.5 

h-1) and selectivity (i.e. reduced by-product formation). Furthermore, it was found that specific 

growth rates of A. succinogenes and specific succinic acid productivities are severely inhibited by the 

presence of organic acids (Figure 2.7) which dovetails with the observations of Maharaj et al. [13]. In 

addition, it was found that cell growth terminates at SA titres between 8 g L-1 and 14 g L-1 (Figure 

2.7A), which corresponds approximately to 13 g L-1 and 22 g L-1 total acids, similar to the inhibition 

value suggested by Corona-Gonzalez et al. [35] under batch conditions. As a result of the termination 

of growth, maintenance production of succinic acid becomes more prominent with increasing 

succinic acid titre and dominates at titres above 12 g L-1 (Figure 2.7B), within the range where the 

shift in the metabolic flux distribution is triggered (Figure 2.6). Therefore, the transition from growth 

to non-growth metabolism is controlled by overall acid titre and is accompanied by a shift in 

metabolic flux distribution which favours succinic acid production. Also, since growth is minimal (or 

absent) at SA titres greater than 14 g L-1, cell content in the reactor outlet is minimal, allowing for 
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simplified downstream separation processes. Consequently, it is desirable to operate a continuous 

biofilm reactor with A. succinogenes at succinic acid titres sufficiently high (>14 g L-1) to benefit from 

the shift in metabolic flux. However, sufficiently high titres are only possible at low dilution rates 

where overall reactor productivity is low. Therefore, a trade-off exists between achieving high 

productivities at low titres (high dilution rates) without capitalising on the yield and selectivity 

benefits, or achieving lower productivities at high titres (low dilution rates) but with associated 

improvements in yield and at reduced levels of by-product formation. The production “sweet spot” 

will depend on the economic constraints of the overall process. 

An approach with the potential to balance these trade-offs is to operate in repeat-batch mode once 

stable biofilm has been established. In the initial stages of each batch, specific and volumetric 

productivities would be high due to low acid titres which do not substantially inhibit specific 

productivity. Thereafter, as acid titres increased, the shift in metabolic flux would be initiated 

leading to an increase in succinic acid yield and selectivity, but at lower specific and volumetric 

productivities. The overall effect would then be a period of high productivity with lower yields, 

followed by a period of lower productivity at high yields. The net result may afford optimisation of 

all three design parameters. The process can then be repeated over the lifetime of the biofilm. Yan 

et al. [14] hinted at the potential success of this approach where titres, yields and productivities of 

98.7 g L-1, 0.87 g g-1 and 2.77 g L-1h-1 respectively, were achieved in repeated fed-batch 

fermentations with A. succinogenes cells immobilised on a stirred fibrous bed. 

Despite attractive fermentation performance with biofilm reactors, stability challenges continue to 

be a limitation due to the tendency of biofilm to “shed” and detach unpredictably [13], thereby 

making it difficult to control the total active biomass content in the reactor [15]. Biofilm overgrowth 

and removal of inactive biofilm tend to be paramount processing challenges, however a critical 

amount of biofilm is required in order to achieve sufficiently high productivities and titres. 

Therefore, a second trade-off arises in continuous fermentations with A. succinogenes – achieving 

sufficiently high cell density without compromising on reactor operability. Prolonged, stable 

continuous operation has been demonstrated by Yan et al. [39] using the same stirred, fibrous bed 

bioreactor as in [14], while Maharaj et al. [13] showed repeatability of steady-states at various 

dilution rates with different fermentation histories. Therefore, while progress has been made 

towards developing a robust biofilm process for succinic acid production, opportunities still exist to 

develop effective attachment schemes that allow for high cell densities and streamlined reactor 

operation with the potential for scale-up. 
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A further major consideration for commercialisation and scale-up, is the use of industrially relevant 

feedstock. While the continuous studies on succinate production by A. succinogenes (Table 2.7) 

clearly outperform the batch studies (Table 2.5) in terms of productivity at similar yields but 

generally lower titres, all these studies utilise clean, pure sugar feedstreams. Therefore, there is no 

continuous equivalent of Table 2.6, where lignocellulosic or other bio-derived feedstocks are used. 

Achieving truly sustainable succinic acid production, especially in the context of a biorefinery, hinges 

on the performance of the microbial host on more process relevant feedstreams making this an 

important avenue of research. 

 

Figure 2.6. Carbon flux to succinic acid increases with increasing acid titre (or glucose consumed) [15]. SA/AA = succinic 
acid to acetic acid mass ratio (C4 vs. C3 pathway split); FA/AA = formic acid to acetic acid mass ratio; PDH = pyruvate 
dehydrogenase pathway; PFL = pyruvate formate lyase pathway. van Heerden = [38]. 
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Figure 2.7. The (A) growth rate and (B) specific succinic acid productivity of A. succinogenes decrease with increasing 
succinic acid concentration [16]. In (A), a succinic acid inhibition model is proposed which follows the “data cloud” 
comprising results from a number of batch SA production studies on A. succinogenes. In (B), the transition from growth-
driven to maintenance-driven SA production is illustrated. 
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Table 2.7. Representative continuous bio-succinic acid production studies with A. succinogenes on glucose. 

Strain Mode 

Titrea 

(g L-1) 

Yield 

(g g-1) 

Productivity 

(g L-1h-1) 

Reference 

130Z Continuous; biofilm 10.4 0.72 2.08 [37] 

130Z Continuous; biofilm 13.4 0.50 6.63 [36] 

130Z Continuous; biofilm 11.3 0.69 6.35 [38] 

130Z Continuous; biofilm 48.5 0.91 9.40b [15] 

130Z Continuous; biofilm 32.5 0.90 10.80 [13] 

130Z Continuous; biofilm 7.7 0.69 17.10 [16] 

130Z Continuous; chemostat 7.1 0.61 1.80 [16] 

CCTCC M2012036 Continuous; biofilm 55.3 0.80 2.77 [39] 

aThe values for each performance indicator are not necessarily from the same experiment within each study, but rather the 
highest value attained for each. 

bNot given in paper, but provided by author. 

2.4 STEADY-STATE FERMENTATION ANALYSIS 

In addition to the process advantages of operating a fermenter continuously (2.3 Continuous 

succinic acid production), continuous operation lends itself particularly well to accurately study the 

behaviour and physiology of microorganisms. Continuous bioreactors can achieve steady-state 

where all conditions within the reactor remain constant over time. The constant environmental 

conditions then bolster the assumption that the organism attains metabolic steady-state at a 

particular environmental condition [118]. This is because the rates of metabolite production and 

substrate consumption must also remain constant over time since there is no accumulation of 

metabolites or substrate within the reactor. In addition, the constant environmental conditions 

allow cells to maintain metabolic steady-state for extended periods providing an extended window 

for analysis. Therefore, steady-state conditions allow for more accurate measurement of carbon flux 

in metabolic networks through analysis of extracellular metabolite concentrations, something that is 

not easily done in batch fermentations where more complicated transient methods must be 

employed [119]. 

Continuous operation also allows for proper quantification of the dilution effects caused by the 

addition of neutralising agents for pH control and antifoam for foam suppression. Furthermore, no 
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volume changes occur through sampling or pH control because the reactor volume can be controlled 

in a continuous system. Combined, these factors allow for accurate mass and redox balances, which 

are instrumental in understanding metabolic flux distributions in an organism and for assessing the 

completeness of fermentation data. For this reason, metabolic fluxes are best determined and 

interpreted under steady-state conditions [45]. 

2.4.1 THE MASS BALANCE 

The most illuminating tool for analysing fermentation data is the mass balance. A mass balance 

essentially follows the notion of “what goes in, must come out”. In bioreaction engineering, this is 

most easily performed as an elemental balance where all the elements entering the system as 

components of the substrate(s) (e.g. carbon, hydrogen, oxygen, nitrogen) must appear in the 

products (including biomass) or unconverted substrate(s). No specific knowledge of the metabolism 

of the microbial strain is needed in performing an overall mass balance, which makes this approach 

particularly useful and broadly applicable. Rather, it is only necessary to have measurements of the 

extracellular metabolites and substrates and to be judicious on what products the organism is 

expected to produce and excrete. Closure of the mass balance is instructive as incompleteness 

indicates that metabolites have not been accounted for, or that the metabolite or substrate 

measurements are inaccurate. Mass balance closure can be defined as the ratio of the stoichiometric 

amount of substrate required to produce the measured metabolite concentrations (based on an 

elemental balance), and the actual amount of substrate consumed. Following an incomplete mass 

balance, a more thorough analysis or the fermentation system is required. A generalised approach 

to elemental balancing and mass balances in fermentation systems is given by Villadsen et al. [32]. 

2.4.2 THE REDOX BALANCE 

Second to the mass balance, and delving a step deeper into the workings of the microbial host, the 

redox balance provides further insight into fermentation data and the behaviour of the biocatalyst. A 

redox balance is essentially an electron balance where all electrons lost from one entity are 

necessarily gained by another entity. In biological reactions, there are unique carriers of electrons 

that are generally cofactors of enzymatic reactions. The main redox carriers are nicotinamide 

adenine dinucleotide (NADH), nicotinamide adenine dinucleotide phosphate (NADPH) and flavin 

adenine dinucleotide (FADH2), but for simplicity, it is acceptable to represent them collectively as 

NADH. As such, NADH can be viewed as the single currency of reductive power [32]. In addition, 

many organisms can interconvert NADH and NADPH by the oxido-reductase enzyme, NADPH:NADH 
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transhydrogenase [32]. When NADH donates reductive power (as hydrogen atoms) to a metabolite, 

the metabolite is reduced while NADH is oxidised to NAD+. Conversely, when a metabolite “sheds” 

electrons, NAD+ will accept these electrons (as two hydrogen atoms) and be reduced to NADH 

(Figure 2.8). Accordingly, if a metabolite loses reductive power, one expects to see an increase in 

NADH (i.e. an increase in the reductive power currency) and vice versa. Note, in biological redox 

reactions, a proton is always associated with an electron and therefore electron transfer is 

accompanied by proton transfer and occurs as a hydrogen atom. 

Within a balanced biochemical network, all NADH produced in one part of the network must be 

consumed in another part of the network. This criterion can be used to determine limitations of a 

biochemical network (e.g. maximum product yields on a particular substrate) and to assess the 

completeness of a particular fermentation system. Similar to an incomplete mass balance, an 

incomplete redox balance suggests that metabolites have not been fully accounted for, or that the 

expected metabolic network of the organism is inaccurate compared to the true, active metabolic 

network. For example, Bradfield and Nicol [15] explored redox balances in succinic acid 

fermentations by A. succinogenes and found that the detected metabolites and substrate levels 

could not account for total redox requirements. This suggests that either an alternative metabolic 

pathway is active, metabolites are unaccounted for, or that there is an external influence on the 

redox balance, possibly within the fermentation medium. 

 

Figure 2.8. Redox reactions of nicotinamide adenine dinucleotide, the redox currency. Reduction of NAD+ leads to NADH 
and oxidation of NADH yields NAD+.  (Image: Tim Vickers, public domain). 

A useful way to analyse a metabolic network and to perform redox balances is to use overall 

reaction pathways. An overall pathway is essentially a summation of all intermediate metabolic 

reactions that lead from substrate to end-product within a biochemical network. Overall pathways 

are dealt with extensively by Villadsen et al. [32] and examples as applied to various succinate-

producers, including A. succinogenes, are given by van Heerden and Nicol [25]. Pathways can be net 

liberators of reductive power (NADH), where the substrate progressively becomes oxidised, or net 

consumers of reductive power where the final metabolites are more reduced (collectively) than the 

substrate. In a fully defined and balanced system, the sum of NADH (and other reducing equivalents) 

involved in all the pathways should be zero. 
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In the case of A. succinogenes, the formation of succinic acid can be seen as an overall reductive 

process since the metabolites are more reduced than the substrate, given a carbon-balanced 

pathway. Equation 2-1 represents the overall pathway from glucose to succinic acid, essentially the 

C4 branch. For the C3 branch, the overall pathways from glucose to acetic acid, formic acid and 

pyruvic acid (PYR) are net oxidative processes yielding NADH. The overall pathways of the C3 route 

are given by Equations 2-2 to 2-4 and include both routes of pyruvate oxidation (i.e. PFL and 

PDH/FDH). Equation 2-5 represents the complete recycling of carbon through the oxidative pentose 

phosphate pathway (OPPP) where glucose is fully converted to CO2 and reductive power. Equations 

2-6 to 2-10 give the carbon mole (C-mole) equivalents of Equations 2-1 to 2-5 as C-mole is a useful 

unit to maintain consistency when analysing metabolic flux. In addition, when carbohydrate sources 

have the same C:H:O proportion, such as glucose (C6H12O6) and xylose (C5H10O5), the C-mole balances 

reduce to the same form. 

 

𝐒𝐀: C6H12O6(Glc)  +  2NADH +  2CO2  →  2C4H6O4(SA)  +  2H2O 2-1 

𝐏𝐅𝐋:  C6H12O6(Glc)  + 2H2O → 2C2H4O2(AA)  +  2CH2O2(FA) +  2NADH 2-2 

𝐏𝐃𝐇:  C6H12O6(Glc)  +  2H2O →  2C2H4O2(AA)  +  4NADH +  2CO2 2-3 

𝐏𝐘𝐑:  C6H12O6(Glc)  →  2C3H4O3(Pyr)  +  2NADH 2-4 

𝐎𝐏𝐏𝐏:  C6H12O6(Glc)  +  6H2O →  6CO2  +  12NADPH 2-5 

  

𝐒𝐀: CH2O(Glc)  +  
1

3
NADH +  

1

3
CO2  →  

4

3
CH3

2
O(SA)  + 

1

3
H2O 

2-6 

𝐏𝐅𝐋: CH2O(Glc)  + 
1

3
H2O →  

2

3
CH2O(AA)  +  

1

3
CH2O2(FA) +  

1

3
NADH 

2-7 

𝐏𝐃𝐇: CH2O(Glc)  +  
1

3
H2O →  

2

3
CH2O(AA)   +  

2

3
NADH +  

1

3
CO2 

2-8 

𝐏𝐘𝐑: CH2O(Glc)  →  CH4
3

O(Pyr)  +  
1

3
NADH 

2-9 

𝐎𝐏𝐏𝐏: CH2O(Glc)  +  H2O → CO2  +  2NADPH 2-10 
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If the metabolite concentrations are known, the stoichiometry of these equations can be used to 

determine the respective amounts of NADH and the consistency of the system can be assessed. 

However, as discussed above, this is most accurate under steady-state conditions in a continuous 

reactor.
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3 | FERMENTATIVE PRODUCTION OF SUCCINIC ACID ON MODEL SUBSTRATES 

The choice of feedstock is an essential component of fermentations as it has a large influence on 

process development and the economic viability of the overall process [9]. Furthermore, the type of 

feedstock largely determines the suitability of the microbial host, since the strain must efficiently 

grow on the carbohydrates present in the feedstock and achieve high product yields. To achieve 

sustainable production of chemicals, it is necessary to use a renewable feedstock. Renewable 

feedstocks include lignocellulose (e.g. woody and herbaceous biomass) and sugar- or starch-rich 

crops (e.g. sugar cane, wheat, corn) [120]. Carbohydrates can be extracted or released from these 

feedstocks by numerous pretreatment approaches [40] and subsequently used in a fermentation 

process. In sugar- and starch-rich crops, the primary monosaccharide is glucose, whereas in 

lignocellulosic biomass, the primary monosaccharides, on average, are xylose and glucose [121]. 

Therefore, it is expected that sustainable, bulk fermentation processes will utilise feedstreams 

containing a large proportion of glucose and/or xylose. To this end, it is important to determine 

process limitations and biocatalyst behaviour on glucose and xylose in the context of bio-succinic 

acid production. Such an understanding will help define upper limits on fermentation performance 

and assist in optimising fermenter design. Furthermore, insight into the behaviour of the microbial 

host on these model substrates is crucial for process optimisation and to identify potential targets 

for metabolic engineering of the organism for enhanced succinic acid production. 

This chapter is an extension of previous work on continuous succinic acid production by A. 

succinogenes where glucose was used as the substrate [15]. Here, the hemicellulose-derived, C5 

monosaccharide –  xylose – is used as the substrate in similar continuous biofilm fermentations and 

the results are compared to the previous study on glucose. In particular, mass and redox balances 

are used to analyse the fermentation data under steady-state conditions across three different 

dilution rates. Furthermore, attempts are made to reconcile the observed metabolic activity with the 

expected central metabolism of the organism. The majority of the content in this chapter formed 

part of work published under Bradfield & Nicol in Bioprocess and Biosystems Engineering [122]. 

FERMENTATIVE PRODUCTION OF

SUCCINIC ACID ON MODEL SUBSTRATES
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3.1 EXPERIMENTAL 

3.1.1 THE CONTINUOUS, EXTERNALLY RECYCLED BIOFILM REACTOR 

A custom, externally recycled bioreactor/fermenter (Figure 3.1) was used for the continuous xylose 

fermentations. The reactor consisted of a glass cylinder enclosed by an aluminium base and head. 

Mixing was achieved by circulation of the fermentation broth through an external recycle line 

connected at the base of the reactor and suspended into the centre of the reactor body via the 

reactor head. Flow through the recycle line was maintained at rates between 500 and 700 mL min-1 

(100 to 140 rpm) by a Watson-Marlow 323S (Watson-Marlow, UK) peristaltic pump fitted with a 

313D pump head. The operational or design volume of the reactor was held constant at 

approximately 360 mL by controlling the liquid level using an overflow tube connected to an outlet 

pump. The outlet pump also served as a seal between the reactor and the environment, contributing 

to system sterility. To prevent airborne contaminants from entering the system, 0.2-µm Midisart 

2000 PTFE membrane filters (Sartorius, Germany) were fitted to all vents and gas inlets. 

Support structures were included in the fermenter to increase cell density by providing increased 

surface area for biofilm attachment, growth and stability. The supports included tightly bound 

wooden sticks (run 1), silicone-tubing segments (run 2) and loosely spaced wooden sticks (run 3). 

Different types of supports were used in each of the three xylose fermentations (3.1.5) in an attempt 

to overcome blockages of the system due to excessive biofilm growth. All supports were cleaned 

with distilled water and dried prior to insertion. A distributor plate was inserted above the region 

containing the support structures to contain the supports and provide a liquid head for volume and 

foam control.  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 CHAPTER 3 |FERMENTATIVE PRODUCTION OF SUCCINIC ACID ON MODEL SUBSTRATES 

3-3 
 

 

Figure 3.1. Schematic of the continuous, externally recycled biofilm reactor. Not to scale. For simplicity, not all gas vents 
are shown. 

Temperature and pH were measured by a Ceragel CPS71D glass electrode (Endress+Hauser, 

Germany) housed in an aluminium holder connected within the recycle line. The electrode was 

coupled to a Liquiline CM442 unit (Endress+Hauser, Germany) which processed analogue and digital 

signals. Feed medium and CO2 gas (Afrox, South Africa) were fed directly into the recycle line to 

enhance mixing and dissolution of gas. In addition, undissolved CO2 gas venting the system via the 

foam trap was recycled to the feed reservoir to establish a CO2 head, thereby driving CO2 saturation 

of the feed and displacing any residual air in the reservoir headspace (molar mass CO2 > molar mass 

air) which assisted in maintaining anaerobic conditions. Concentrated NaOH (10 M), used for pH 

control, was dosed directly into the fermentation broth through a continuous Marprene tube via the 

reactor head to avoid contact with the aluminium components, as concentrated NaOH readily 

corrodes aluminium (i.e. 2Al + 2NaOH + 2H2O → 2NaAlO2 + 3H2). A 10% v/v solution of Antifoam SE-

15 (Sigma-Aldrich, Germany) was added in a dropwise fashion via the reactor head to supress foam 

when needed. Antifoam selection is described in 3.1.8 below. It was observed that antifoam is most 

effective when fed directly onto a foam formation. 

The reactor system (reactor, fittings, feed, antifoam and bottles), excluding the highly corrosive 

NaOH solution, was autoclaved at 121 °C for 60 min. The three components of the feed (3.1.3 below) 

were contained in separate bottles to prevent unwanted interactions during autoclaving, such as 

Maillard reactions and the precipitation of metal ions by phosphates. After inoculation (~10 mL seed 

culture; 3.1.4 below), the fermenter was operated in batch mode to increase cell density and then 
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switched to continuous mode at a low dilution rate (0.05 h-1) to avoid cell washout while decreasing 

the concentration of acids. Once a stable biomass population was established (as determined by 

reactor productivity), the dilution rate was increased to between 0.1 h-1 and 0.3 h-1 to accelerate the 

formation of biofilm. Online replenishment of feed was achieved as described in [123] where a U-

coupling comprising a double-valve system was sterilised in oil at 140 °C and served as a link 

between a replenishment reservoir and the main feed reservoir. 

3.1.2 CONTROL AND MONITORING 

Control and monitoring of the fermentation system were centralised around a cDAQ-9184 (National 

Instruments, USA) data acquisition device linked to a desktop computer running a custom LabVIEW™ 

program. A current output module (NI 9265; National Instruments, USA), and a voltage and current 

input module (NI 9207; National Instruments, USA) communicated with instrumentation through 

analogue control signals (4 – 20 mA; 0 – 5 V). All signals were processed and logged in the LabVIEW™ 

program. The control system managed pH, temperature, feed and exit pump speeds, and CO2 flow 

rates. In addition, the system provided a real-time calculation of the average base flow rate which 

essentially reflects acid productivity and can be used to estimate succinic acid productivity [38,123]. 

Furthermore, since base and antifoam addition dilute the feed entering the reactor, the average 

base and antifoam flow rates are used to determine the extent of dilution which is used to adjust the 

concentrations of components in the feed medium. The dilution adjustment is crucial to the 

accuracy of the mass balances. 

pH and temperature were controlled at 6.80 ± 0.01 and 37.0 ± 0.1 °C respectively. pH was controlled 

by means of an on-off strategy where an internal relay in the Liquiline unit controlled the dosing of a 

10-N NaOH solution based on feedback from the pH electrode. The speed of the dosing pump was 

controlled by LabVIEW™ in an attempt to maintain an average dosing time-fraction of “50% on” to 

avoid crystallisation of NaOH within the Marprene line. Temperature was controlled by a PID 

feedback controller developed in LabVIEW™ which determined the duration for which the hotplate 

situated beneath the reactor base remained “on”. Online controller tuning was performed when 

needed, especially after changes in the dilution rate. The flow rate of CO2 gas was controlled at 0.10 

vvm by a Brooks 5850S (Brooks, Hungary) mass flow controller with a maximum flow output of 

100 mL min-1. The computer used for control was accessible via the internet which allowed for 

remote adjustment of set points and general monitoring using the TeamViewer remote access 

application. This is especially useful because continuous processing necessitates long periods of 

unattended operation. 
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3.1.3 FERMENTATION MEDIUM 

The fermentation or feed medium was consistent with that used in the comparative glucose study 

[15] and comprised three separate solutions (A, B and C; Table 3.1) based on a simplified version of 

the formulation of Urbance et al. [33]. The sodium/potassium phosphate buffer of Urbance et al. 

[33] was replaced by a purely potassium-based buffer to reduce the sodium concentration in the 

fermentation broth since NaOH was used for pH control. Corn steep liquor (CSL) was clarified by 

heating a 200-g L-1 solution of stock CSL at 105 °C for 15 min, then cooling at 4 °C until the solids had 

settled out. The resulting supernatant was used as the “clarified” CSL and stored at 4 °C. 

Table 3.1. Medium composition used for the continuous xylose fermentations. All chemicals were obtained from Merck 
KgaA (Germany), unless stated otherwise. 

Component Concentration (g L-1) 

A. Nitrogen, salts and nutrients 

NaCl 1.0 

MgCl2∙6H2O 0.2 

CaCl2∙6H2O 0.2 

Sodium acetate 1.36 

Clarified corn steep liquor (Sigma-Aldrich) 10.0 

Yeast extract 6.0 

Antifoam SE-15 (Sigma-Aldrich) 0.5 mL/L 

Na2S∙9H2O* 0.36 

B. Phosphates 

KH2PO4 3.2 

K2HPO4 1.6 

C. Substrate 

Xylose 50-85 

*Used initially to assist with anoxic conditions in the feed, but removed once recycling 

of CO2 into the feed reservoir was applied. 

3.1.4 THE MICROORGANISM 

Actinobacillus succinogenes 130Z (DSM 22257; ATCC 55618) [30] was acquired from the German 

Collection of Microorganisms and Cell Cultures (DSMZ). Cultures were maintained in 66 % w/w 

glycerol solutions at -40 °C for medium-terms and in tryptone soy broth (TSB) suspensions at 4 °C for 

short-terms. Inoculum was incubated at 37 °C and 150 rpm for 16 – 24 h in 30 mL sealed vials 

containing 15 mL sterilised TSB at 30 g L-1. Prior to inoculation, the inoculum was analysed by HPLC 

to ensure purity and consistent metabolite distributions. The presence of succinic-, acetic- and 
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formic acids indicated a viable inoculum, while the presence of lactic acid and/or the absence of 

succinic acid indicated a spoilt inoculum. 

3.1.5 STEADY-STATES 

A total of three independent fermentations were performed, each covering dilution rates of 0.05 h-1, 

0.10 h-1 and 0.30 h-1 with a total fermentation time across all three fermentations of approximately 

1,500 hours. Steady-states were achieved at each dilution rate in each fermentation. Averages for 

each output variable (i.e. yield, productivity, titre, etc.) are based on the steady-state results at each 

dilution rate for each fermentation. In the case where multiple steady-states were obtained at a 

single dilution rate within a fermentation, the average of these steady-states was used in 

determining the average for the variable. Using a single set of steady-state data from each 

fermentation ensured that the overall average was not biased towards any one fermentation and 

that an equal contribution was made from each fermentation. Standard deviation, calculated using 

the overall averages from each independent fermentation (three values in total), was used to reflect 

the variation in each variable. The redox analyses performed on the third fermentation include 

averages of all the steady-state data within that fermentation. 

As per definition of a continuous reactor, only when the system exhibited steady-state behaviour 

were the samples included in the data sets. Steady-state (or pseudo steady-state) was assumed 

when (i) the time-averaged NaOH flowrate remained within 5% of a 4-h average and (ii) metabolite 

and residual xylose concentrations showed fluctuations within 3% over a period of at least two 

volume turnovers. 

3.1.6 MASS BALANCE CALCULATIONS 

Mass balances (2.4.1) were performed by calculating the stoichiometric amount of substrate 

required to produce the measured metabolite concentrations based on elemental balances, and 

comparing this amount to the actual amount of substrate consumed. The elemental balances were 

performed on C, H and O between the carbohydrate substrate and the products, since for each 

element appearing in the substrate, an equal amount must appear in the products. The products 

comprise all the measured metabolites of the fermentation (i.e. succinic-, acetic-, formic- and 

pyruvic acid), and H2O. Since CO2 can serve as both a substrate and a metabolite, it remains an 

unknown in the system and its net production or consumption will be reflected in the mass balance 

solution. The elemental balances in this case provide three equations (C, H and O), and given a 

system of M products (including CO2 and H2O), M-3 specifications (measurements) are required in 
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order to solve for the unknown metabolite production rates and the corresponding element-

balanced substrate consumption rate. The system can be solved using linear algebra techniques. 

Once the substrate consumption rate is determined, it is divided by the actual (measured) substrate 

consumption rate and expressed as a percentage that represents the mass balance closure. Note, 

the accuracy of the mass balance is dependent upon including all the metabolites in the calculation, 

if metabolites are neglected, the closures will necessarily be lower. In addition, it is important to 

have accurate estimates of the average base and antifoam flow rates to factor in dilution of the 

substrate and other components in the feed (3.1.2 above). A generalised approach to elemental 

balancing is presented in [32]. 

3.1.7 ANALYTICAL METHODS 

Sampling of the reactor was performed on a bed of ice to suppress metabolic activity outside of the 

reactor and ensure that the composition of the sample represented that of the fermentation broth. 

The concentrations of organic acids, ethanol and xylose present in the feed medium and 

fermentation broth were determined by means of high-performance liquid chromatography (HPLC). 

The HPLC system comprised an Agilent 1260 Infinity HPLC (Agilent Technologies, USA), equipped 

with a 300 mm x 7.8 mm Aminex HPX-87H ion-exchange column (Bio-Rad Laboratories, USA), and an 

RI detector. For the first two fermentations, a 5 mM solution of H2SO4 at a flowrate of 0.6 mL min-1 

served as the mobile phase with column and RID temperatures of 60.0 °C and 55.0 °C, respectively. 

To avoid co-elution of xylose and pyruvate, a more acidic, 20 mM solution of H2SO4 (all else equal) 

was used for the mobile phase in the third fermentation. In the given HPLC system, organic acid 

retention times decrease with increasing mobile phase acidity, whereas carbohydrate retention 

times are minimally influenced. It was found that suitable xylose and pyruvic acid separation 

occurred with a 20 mM H2SO4 mobile phase without observable co-elution of other compounds. 

3.1.8 ANTIFOAM SELECTION 

There are various types of antifoam used for foam suppression in fermentations, yet the properties 

of each are not well documented and compatibility with a specific microorganism must be 

determined experimentally. To this end, three antifoam varieties from Sigma-Aldrich were tested on 

cultures of A. succinogenes. Each type of antifoam (A, Y30 and SE-15) was added to a separate 15-mL 

solution of 30 g L-1 TSB with a control containing no antifoam. The solutions were autoclaved, 

cooled, then inoculated with a stock culture of A. succinogenes and incubated at 37 °C overnight. 

From Figure 3.2 it can be seen that final SA titres are slightly lower in the presence of antifoam, but 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 CHAPTER 3 |FERMENTATIVE PRODUCTION OF SUCCINIC ACID ON MODEL SUBSTRATES 

3-8 
 

there are only minor differences between the different antifoam types. Cultures grown in the 

presence of SE-15 showed more repeatable succinic acid titres than those of Y30 and when 

compared to A, resulted in succinic acid titres closer to the control. Furthermore, SE-15 can be 

repeatedly autoclaved and can be added to the fermentation medium or dosed directly to the 

bioreactor as needed. Therefore, SE-15 was selected for fermentation work. 

Figure 3.2. Comparison of different antifoam varieties. Experiments were performed in duplicate. SA = succinic acid; AA = 
acetic acid; FA = formic acid. 

3.2 CONTINUOUS XYLOSE FERMENTATIONS 

Succinic acid was successfully produced continuously from xylose by A. succinogenes in the custom 

biofilm reactor in three separate fermentations each including dilution rates (D) of 0.05 h-1, 0.10 h-1 

and 0.30 h-1. The fermentations spanned a total of approximately 1,500 hours cumulatively and 

showed generally good stability. The only major operational challenge was caused by accumulation 

of biofilm which led to clogging of the support packing resulting in regions of preferential flow, 

hence different supports were tried in each fermentation in an attempt to overcome this issue. 

Erosion or sloughing of the biofilm, known features of biofilm behaviour [124], resulted in 

disturbances of the steady-states. However, biofilm was able to regrow and once the fermenter had 

stabilised, steady-states were re-established. 

The SA productivity and rate of xylose consumption were similar in all three fermentations (Figure 

3.3). Therefore, the performance of the three fermentations can be directly compared despite 

different types of biofilm supports being employed in each fermentation. Similarly, the rate of 

glucose consumption in the previous, comparative study [15] compared remarkably well with the 
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average rate of xylose consumption in this study (Figure 3.4A). Therefore, it is reasonable to make 

direct comparisons between the two studies despite the use of different packing/support types. As 

such, it was found that while the rates of xylose and glucose consumption were similar, the SA 

productivity was noticeably lower for the xylose fermentations (Figure 3.4B) and varied between 1.5 

g L-1 h-1 and 3.4 g L-1 h-1. A maximum SA productivity of 3.6 g L-1 h-1 (single steady-state) was obtained 

at D = 0.3 h-1 which is 18.1% lower than the maximum achieved on glucose (4.4 g L-1 h-1) across the 

same range of dilution rates. The only other prominent pure xylose fermentation study with A. 

succinogenes reports a productivity of 0.54 g L-1 h-1 [97]. The nearest approximations to pure xylose 

fermentations are those on lignocellulosic biomass containing high xylose concentrations where the 

best SA productivities reported are: 0.99 g L-1 h-1 on acid-pretreated sugarcane bagasse [125], 1.01 g 

L-1 h-1 on sugar cane bagasse [110], and 1.21 g L-1 h-1 on straw hydrolysate [62]. Liang et al. [126] 

achieved productivities of 2.31 g L-1 h-1 and 1.69 g L-1 h-1 on sugar cane bagasse and corn stover 

hydrolysate, respectively, using engineered strains of E. coli. Although fermentation inhibitors may 

have negatively impacted productivities in these studies, the sugar streams also contained glucose 

which likely increased SA productivities above that of a pure xylose stream due to the higher yields 

attainable on glucose, as seen in the comparison made in this study. Importantly, all these studies 

were conducted in batch or repeat-batch mode and the high productivities achieved in this study 

highlight the processing benefits of operating continuously. Moreover, the use of biofilm to increase 

cell densities and enhance productivities is clearly demonstrated in the current study, which is 

consistent with previous studies on biofilm reactors [127]. 

 

Figure 3.3. Volumetric rate of succinic acid production (SA prod.) and xylose consumption (Xyl cons.) for all three 
fermentation runs (R). Support types: R1 tightly bound wooden sticks, R2 silicone segments, R3 loosely spaced wooden 
sticks. 
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The lower SA productivities on xylose correspond to lower SA concentrations (CSA) (Figure 3.4C), 

where CSA was between 10.9 g L-1 and 29.4 g L-1 on average. The acetic acid concentration (CAA) 

ranged from 3.6 g L-1 to 6.0 g L-1 (Figure 3.4D) increasing at lower dilution rates but to a lesser extent 

than in the glucose study, whereas the formic acid concentration (CFA) remained between 2.5 g L-1 

and 2.8 g L-1. Overall, the metabolite concentrations in the xylose fermentations followed similar 

trends to those of the glucose fermentations and no ethanol formation was observed. Furthermore, 

no lactic acid was observed which is in agreement with previous studies on A. succinogenes [41,74] 

and which further contradicts the claims of A. succinogenes being an efficient lactate producer [80], 

as discussed in the Literature section (2.2.1). 

The average yield of succinic acid on xylose was between 0.55 g g-1 and 0.68 g g-1 and increased with 

decreasing dilution rate (Figure 3.4E). The previous study on xylose reported a yield of 0.76 g g-1 in 

batch mode [97], and similar to the productivity comparison, studies with A. succinogenes using 

xylose-rich lignocellulosic feed streams report higher overall yields (e.g. 0.79 g g-1 on sugarcane 

bagasse hydrolysate [125] and 0.83 g g-1 on straw hydrolysate [62]). However, as mentioned before, 

the lignocellulosic feed streams all contained glucose which likely increased the overall yield above 

that of pure xylose. More importantly, the SA yield on xylose was substantially lower than that on 

glucose across all dilution rates which dovetails with the correspondingly lower CSA values in Figure 

3.4C. Given that the rate of xylose consumption was similar to that of glucose, a lower SA yield at 

similar overall by-product concentrations implies that there is mass unaccounted for in the system. 

In other words, in the xylose runs, CSA together with the by-product concentrations is lower than the 

equivalent amount in the glucose fermentations and can therefore not account for the total amount 

of xylose consumed. 

The average SA/AA mass ratio (YAASA), or selectivity to SA (since AA is the major by-product), was 

higher at lower dilution rates implying that carbon flux to SA increased as the dilution rate decreased 

(i.e. as acid titres increased), which relates to the higher SA yields at lower dilution rates. Also, YAASA 

(3.0 g g-1 – 5.0 g g-1) was similar for both xylose and glucose fermentations (Figure 3.4F) which 

indicates that a similar flux shift towards SA occurred with both substrates. Similar to the glucose 

study, the FA/AA mass ratio (YAAFA) on xylose showed a decreasing trend with decreasing dilution 

rate, but to a lesser extent, which corresponds to the trend in CFA. A decrease in YAAFA implies that 

pyruvate dehydrogenase and/or formate dehydrogenase activity is greater at lower dilution rates as 

detailed in previous continuous fermentations on glucose by A. succinogenes [13,15]. However, the 

dehydrogenase activity appears to be lower in the case of xylose since YAAFA does not decrease to the 

same extent as in the glucose study. 
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Figure 3.4. Comparison of continuous xylose and glucose fermentations. For xylose, each data point represents the 
average of the steady-states at each dilution rate for all three fermentations. Glucose data are from [15]. Error bars 
represent the standard deviation (σ) for each data set. Where error bars are not visible, the markers are covering the bars 
and σ is small. Xylose (Xyl) and glucose (Glc) runs were performed at the same dilution rates, but the glucose data sets are 
shifted to the left on the x-axis in each graph to compare the error bars more clearly with those of xylose. SA: succinic acid, 
AA: acetic acid, FA: formic acid. Only steady-state data points are included. 
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Regarding the stability and time-course of the fermentations, it can be seen that once stable biofilm 

was achieved, steady-state conditions remained fairly stable in terms of productivity (Figure 3.5A) 

and yield (Figure 3.5B), especially at the lower dilution rates. At D = 0.3 h-1 there appears to be more 

scatter in the variables (last two points at 0.3 h-1), most likely due to biofilm development under 

lower acid titres, where sections of biofilm detached along with regions of gradual regrowth. It is 

interesting to note that steady-states at D = 0.05 h-1 were essentially repeatable at three distinct 

time intervals during the fermentation. 

 

Figure 3.5. Time profile of the third xylose fermentation for (A) succinic acid productivity and (B) succinic acid yield on 
xylose. In each figure, region 1 represents the start-up and biofilm growth phase, region 2 shows a disturbance causing loss 
of productivity and a decrease in yield, and region 3 is where stable operation and steady-states were achieved. Not all 
data points are under steady-state conditions and only representative data are included to highlight the overall trend of 
the fermentation. In addition, dilution rates were varied and repeated during the fermentation. 

3.3 MASS AND REDOX BALANCES 

While the results of section 3.2 above are valuable from a processing standpoint and suggest that 

A. succinogenes can effectively convert a xylose-rich feedstock to SA, it is instructive to further 
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differences between the two fermentations, and the possibility of unaccounted mass as suggested 

above, the mass balances of each system were compared. Mass balances were performed by 

calculating the stoichiometric amount of substrate required to produce the measured metabolite 

concentrations based on elemental balances, and comparing this amount to the actual amount of 

substrate consumed (see 3.1.6). The mass balance closures were found to be lower for the xylose 

fermentations (Table 3.2). The previously mentioned studies on xylose-containing fermentations by 

A. succinogenes do not interpret the results using mass balances and are performed exclusively in 

batch reactors where mass balances cannot be accurately performed, therefore no mass balance 

comparisons are available. 

Table 3.2. Fermentation data for the glucose and xylose studies, including mass balance closures. 

Substrate 
D 

(h-1) 

Mass balance closure 

(%) 

Substrate 

consumed 

(g L-1) 

CSA 

(g L-1) 

CAA 

(g L-1) 

CFA 

(g L-1) 

Xylose* 

0.05 73.0 46.5 30.8 5.5 2.3 

0.1 74.4 29.8 19.1 4.3 2.6 

0.3 74.6 18.7 10.7 3.5 2.7 

Glucose 

0.05 90.9 41.7 33.8 7.5 1.0 

0.1 89.0 33.0 25.8 5.8 1.9 

0.3 91.2 17.1 11.9 4.1 2.8 

*The xylose data are for the first two fermentations only. 

Incomplete mass balance closures can be attributed to undetected metabolites or biomass growth 

when no dry cell weight (DCW) measurements are included in the mass balance. In biofilm 

fermentations, cell mass accumulates in the fermenter [127], and erosion and sloughing of biofilm 

[124] cause segments to exit the fermenter unpredictably. As such, DCW measurements either do 

not account for biomass incorporated into the biofilm or contain biofilm fragments of accumulated 

biomass that overestimate mass measurements, therefore DCW in a biofilm reactor is not a true 

reflection of biomass growth or suspended cell concentrations. Consequently, it is difficult to 

determine the amount of substrate used for biomass growth at steady-state during a biofilm 

fermentation. However, the growth rate of A. succinogenes has been shown to decrease significantly 

with increasing CSA due to product inhibition and becomes negligible beyond a CSA of 15 g L-1 in 

continuous fermentations [16], and cell growth terminates at a CSA of around 13 g L-1 in batch 

fermentations [35]. In addition, it has been shown that over extended periods of steady-state 

operation (96 h) in a biofilm fermentation with A. succinogenes, DCWs were low on average (0.19 

g L-1) compared to the average amount of glucose consumed (42 g L-1) [15] and so at most 0.45% of 
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the glucose consumed was used for biomass. In light of these two observations, and considering that 

CSA was between 10.9 g L-1 and 29.4 g L-1 throughout this study (including the third fermentation), it 

was assumed that substrate consumption through biomass growth was negligible. Any contribution 

of biomass growth to the overall mass balance would be more apparent at high dilution rates (e.g. 

0.3 h-1) where CSA is lower (10.9 g L-1), however mass balance closures were similar across all dilution 

rates (Table 3.2). As such, it was assumed that biomass growth at steady-state had a negligible 

contribution to the mass balance across all dilution rates and it was suspected that an undetected 

metabolite was produced.  

An undetected metabolite implies that either an intermediate metabolite in the established central 

metabolism is being excreted or alternative metabolic pathways are active. A. succinogenes lacks a 

complete TCA cycle due to the absence of the genes encoding isocitrate dehydrogenase and citrate 

synthase which form part of the oxidative branch of the TCA cycle [41]. Furthermore, it has been 

shown that A. succinogenes lacks glyoxylate and Entner-Doudoroff pathways [41]. Therefore, the 

only route of SA synthesis is via the reductive branch of the TCA cycle. Besides succinic acid, the 

main reported end products during A. succinogenes fermentations are acetic acid, formic acid and 

ethanol [74]. In addition, intermediates in the TCA cycle (i.e. fumarate, malate, oxaloacetate and 

citrate) have not been observed in previous studies of A. succinogenes or in our laboratory, despite a 

report of citrate lyase activity in A. succinogenes cell extracts [74]. α-Ketoglutarate synthesis has also 

been ruled out [81]. However, Lin et al. [29] reported appreciable pyruvic acid concentrations (~4.8 g 

L-1) together with succinic-, acetic- and formic acid in batch fermentations of glucose with A. 

succinogenes. Furthermore, Guettler et al. [30] reported small amounts of pyruvic acid when A. 

succinogenes was grown on an enriched medium. Despite good mass balance closures without 

pyruvic acid production in the comparative glucose fermentations, pyruvic acid was considered a 

likely candidate for the missing metabolite. 

Analysing a known solution of xylose and pyruvic acid by HPLC showed complete co-elution of the 

two species as seen by a single, enlarged peak on the chromatogram. By applying the same HPLC 

method as in the first two fermentations, but with a more acidic mobile phase (20 mM versus 5 mM 

H2SO4), it was possible to separate the peaks distinctly. Note, glucose and pyruvic acid do not co-

elute when using a 5 mM solution of H2SO4 as the mobile phase, therefore if pyruvic acid was 

present in the comparative glucose study, it would have been detected by HPLC. 

Given the new analysis method, a third xylose fermentation was performed. The third fermentation 

revealed that pyruvic acid was indeed produced at appreciable concentrations at all three dilution 

rates with an associated improvement in the mass balances compared to the first two fermentations 
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(Figure 3.6). Note, Figure 3.4 above is based on all three fermentations since none of the 

fermentation variables, except yield and xylose consumption rate, were influenced by the detection 

of pyruvate. Yield and xylose consumption rate were marginally affected because residual xylose 

forms the basis of each calculation and the quantification of residual xylose was impacted by co-

elution of pyruvic acid. Fortunately, since high xylose feed concentrations resulted in residual xylose 

concentrations substantially greater than the detected pyruvic acid concentrations, the presence of 

pyruvate was shown to negligibly influence the xylose peak area, as seen by similar yields and xylose 

consumption rates when including and excluding the third fermentation data in the calculation of 

averages. Differences in the chromatogram response factors of xylose and pyruvate led to the 

improved mass balance closures.  

 

Figure 3.6. Results of the third fermentation where pyruvic acid was detected by a modified HPLC method. Each point 
represents the average of the steady-states achieved at each dilution rate. 

Despite the improvement in mass balance closures with the inclusion of pyruvic acid, complete 

closures were not achieved and closures for xylose data were still poorer than those of the glucose. 

However, the improvement in mass balance closures, together with a more accurate picture of the 

metabolite distribution during xylose fermentations, underscores the necessity and utility of 

performing mass balances on fermentation data. In addition, with an improved view of the active 

metabolic network of A. succinogenes when fermenting xylose, it becomes possible to perform 

redox balances with better accuracy which are instructive in understanding metabolic flux 

distributions. These benefits further highlight the advantages of steady-state analysis which is only 

possible during continuous operation. 
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Redox balances were performed by considering the NADH contributions from the overall, balanced 

metabolic pathways that convert xylose to metabolites. The overall pathways can be viewed as 

either reductive or oxidative, where a net production of NADH in a pathway is viewed as oxidative 

while a net consumption of NADH is reductive (2.4.2). In a redox balanced system, the net NADH of 

the oxidative and reductive pathways should be zero. Similar to Equations 2-1 to 2-5, Equations 3-1 

to 3-4 give overall pathways for the molar conversion of xylose (Xyl) to excreted metabolites with 

the associated amounts of NADH. The overall pathways can be further visualised with reference to 

the expected central metabolic network of A. succinogenes when using xylose as the substrate 

(Figure 3.7), which is a snippet of the more complete central metabolic network (Figure 2.4). Since 

evidence of pyruvate excretion has been demonstrated in the current study, the network includes a 

terminal pyruvate branch. An equation for cell growth has been excluded as detailed in the above 

discussion. 

𝐏𝐃𝐇/𝐅𝐃𝐇: C5H10O5(Xyl) +
5

3
H2O →

5

3
C2H4O2(AA) +

10

3
NADH +

5

3
CO2 3-1 

𝐏𝐅𝐋: C5H10O5(Xyl) +
5

3
H2O →

5

3
C2H4O2(AA) +

5

3
CH2O2(FA) +

5

3
NADH 3-2 

𝐏𝐲𝐫: C5H10O5(Xyl) →
5

3
C3H4O3(Pyr) +

5

3
NADH 3-3 

𝐒𝐀: C5H10O5(Xyl) +
5

3
NADH +

5

3
CO2 →

5

3
C4H6O4(SA) +

5

3
H2O 3-4 

Equation 3-1 represents the formation of acetic acid (AA) via the pyruvate dehydrogenase (PDH) 

route, and Equation 3-2 represents the formation of acetic acid and formic acid (FA) via the pyruvate 

formate-lyase (PFL) route. If formic acid is further converted to CO2 and NADH by formate 

dehydrogenase (FDH), the overall pathway is equivalent to Equation 3-1. Pyruvic acid (Pyr) 

production followed by excretion is given by Equation 3-3, and succinic acid (SA) formation is 

represented by Equation 3-4 and involves a net consumption of NADH. Thus, Equations 3-1 to 3-3 

can be seen as the oxidative pathways, while Equation 3-4 can be seen as the reductive pathway. 

Note, in balancing xylose uptake via the non-oxidative pentose phosphate pathway (Figure 3.7), 

three xylose molecules are converted to two fructose-6-phosphate (F6P) molecules and one 

glyceraldehyde-3-phosphate molecule, yielding five phosphoenolpyruvate molecules which in turn 

produce five NADH molecules. Therefore, for each xylose molecule consumed, 5/3 NADH molecules 

are generated. Performing an NADH balance using the measured metabolites as described here can 

be seen as a product-based redox balance since the closure is relative to the measured metabolites 

(products) only.
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Figure 3.7. Expected central metabolic network of A. succinogenes showing the uptake of xylose and subsequent conversion to succinic acid and by-products. The figure is based on insight 
from the published genome of A. succinogenes [41,77,128]. Relevant enzymes with EC numbers: 1 High affinity ATP-dependent xylose transporter (3.6.3.17); 2 xylose isomerase (5.3.1.5); 3 
xylulose kinase (2.7.1.17); 4 ribulose-phosphate 3-epimerase (5.1.3.1); 5 pyruvate formate-lyase (2.3.1.54); 6 pyruvate dehydrogenase (1.2.4.1; 1.8.1.4; 2.3.1.12); 7 formate dehydrogenase 
(1.2.1.2); 8 transhydrogenase (1.6.1.2). Xylint intracellular xylose, Xu5P xylulose-5-phosphate, Ru5P ribulose-5-phosphate, R5P ribose-5-phosphate, G3P glyceraldehyde-3-phosphate, S7P 
sedoheptulose-7-phosphate, E4P erythrose-4-phosphate, F6P fructose-6-phosphate, PEP phosphoenolpyruvate, Pyr pyruvate, AA acetic acid, FA formic acid, EtOH ethanol. 
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Using the measured metabolite concentrations from each steady-state in the third fermentation (i.e. 

including pyruvate), the NADH in each pathway was calculated using Equations 3-1 to 3-4, and the 

produced and consumed NADH amounts were compared. From Figure 3.8A it can be seen that more 

NADH was consumed than produced and the deviation is more pronounced at increasing amounts of 

NADH consumption. Furthermore, the deviation increased with decreasing dilution rate (i.e. 

increasing acid titres) which dovetails with increased YAASA at lower dilution rates since more carbon 

is directed towards the reductive, C4 pathway. The implication of excessive NADH consumption is 

that the oxidative pathways of the metabolic network (Figure 3.7; excluding the oxidative pentose 

phosphate pathway for now) are unable to generate the NADH required for the observed amount of 

SA production. This notion can be visualised in Figure 3.8B where the total amount of xylose 

consumed in order to satisfy the product-based redox balance (ΔXr) is compared to the xylose 

consumed in each pathway based on Equations 3-1 to 3-4 and the corresponding metabolite 

measurements. Across all dilution rates, the sum of the xylose consumed in each pathway does not 

account for the total ΔXr and another pathway (“other pathway”) is required in each case to make 

up the xylose deficit. Moreover, it is precisely this “other pathway” (necessarily oxidative) that 

supplies the NADH required to close the product-based redox balance.  

 

Figure 3.8. Redox balances of the third xylose fermentation. (A) Parity plot of the NADH produced in the oxidative 
pathways versus the NADH consumed in the reductive pathway for each steady-state across all three dilution rates (0.05, 
0.1 and 0.3 h-1), using the excreted metabolite concentrations. In a redox balanced system, the points would lie on the solid 
diagonal. (B) A comparison of the actual (measured) xylose consumed (ΔXm) to the xylose required to satisfy the product-
based redox balance (ΔXr), and the individual contribution of each detected metabolic pathway to xylose. For each dilution 
rate, the averages of the metabolites and xylose consumed of all the steady-states are used in calculating individual 
pathway contributions and xylose consumed. 
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from glycolysis to the non-oxidative pentose phosphate pathway (NPPP) with an associated release 

of reduction power as NADPH (Figure 3.7). If a fraction of the F6P produced in the NPPP is cycled 

through the OPPP instead of proceeding through glycolysis, an overall pathway can be defined 

where xylose is converted to CO2 and NADPH exclusively (Equation 3-5). Also, since 

transhydrogenase activity has been detected in A. succinogenes [77], the NADPH produced in the 

OPPP can be oxidised to NADP+ with the associated reduction of NAD+ to NADH, which can then 

serve as the unaccounted NADH needed for the observed SA production. 

𝐎𝐏𝐏𝐏: C5H10O5(Xyl) + 5H2O → 5CO2 + 10NADPH 3-5 

If one assumes that the xylose consumed in the "other pathway" segment occurs via the OPPP, it is 

possible to re-check the overall redox distribution similar to the calculation in Figure 3.8A, but with 

the inclusion of the designated OPPP xylose using Equation 3-5. This results in perfect closure of the 

redox balance and supports the notion that reduction power is generated through the OPPP. 

Therefore, the OPPP is a likely candidate pathway not only due to its presence in the central 

metabolism of A. succinogenes, but also because it can oxidise xylose to the exact extent needed to 

satisfy the product-based redox balance. Furthermore, it has been previously shown that carbon flux 

through the pentose phosphate pathway (PPP) in a mutant strain of E. coli, grown on glucose, 

increased by 325% with increasing succinic acid production resulting from increased CO2 flow rates 

[129]. Increased flux through the PPP can be attributed to an increased demand for reduced 

cofactors at greater CO2 concentrations. Also, given that the biochemical route of xylose uptake is 

via the PPP, increased expression of the PPP is expected in xylose fermentations as has been 

reported with Saccharomyces cerevisiae [130] and Aspergillus niger, where glucose-6-phosphate 

dehydrogenase activity was shown to be 92.4% greater in cells grown on xylose compared to those 

grown on glucose [131]. 

A further consequence of the stoichiometry of Equation 3-5 is the distinct difference in proportion 

between the NADH discrepancy (Figure 3.8A) and the “other pathway” segment (Figure 3.8B). Since 

a single mole of xylose can provide ten moles of NADH (as NADPH), only a minor consumption of 

carbon via the OPPP would be sufficient to account for the deficit in reduction power. For example, 

at the highest CSA in this study when D = 0.05 h-1 (third fermentation), the OPPP would consume only 

2.4% of the total carbon (ΔXr) to close the redox balance. Therefore, the product-based redox 

balance can be closed by consuming only a small fraction of xylose in the OPPP. However, this does 

not close the overall mass balance and the gap between ΔXr and the actual amount of xylose 

consumed (ΔXm) remains (Figure 3.8B). 
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Given that the HPLC configuration with both mobile phases was capable of detecting all the organic 

acids in the central metabolism of A. succinogenes and no unidentified peaks were observed with no 

further traces of co-elution, it is unlikely that the unaccounted mass is an organic acid. To this end, it 

is possible that gaseous CO2 is the missing metabolite. CO2 can only be generated by simultaneously 

forming reduction power via the OPPP - the likely route whereby this is achieved. This implies that 

excess reduction power will be produced if CO2 is used to close the mass balance. It is clear from the 

product distribution that the known pathways cannot consume this additional reduction power and 

accordingly it must be consumed by an external oxidising agent. Since the fermentations occurred 

under anaerobic conditions, the oxidising agent would likely be a component within the 

fermentation medium. One possible candidate is yeast extract since it is known to behave as an 

external electron acceptor in glycerol fermentations with A. succinogenes [132] and could therefore 

react with reduced cofactors from the cell. If this is the case, then the fraction of carbon (as xylose) 

consumed in the OPPP would increase from 2.4% to 16.5% in the example above, where the 

increased consumption translates directly to CO2 production. Since this increase is considerably high 

and would necessitate a substantial amount of oxidant in the broth, it is more likely that a smaller 

fraction of additional carbon is lost as CO2 via the OPPP, thereby improving but not fully closing the 

mass balance. The incomplete mass balance is informative and does not detract from the process 

relevance of the results, rather it invites further investigation on xylose metabolism of A. 

succinogenes. 

3.4 CONCLUSIONS 

This chapter demonstrates that A. succinogenes can successfully and efficiently convert xylose to 

succinic acid in a continuous, biofilm reactor. Furthermore, succinic acid production on xylose 

compares well with that on glucose, but lower succinic acid yields, titres and productivities were 

observed. By-product concentrations on xylose were overall similar to those on glucose, but with 

lower acetic acid and higher formic acid levels. Akin to glucose fermentations, xylose fermentations 

displayed incomplete mass balances, but to a larger extent. Pyruvic acid excretion, as detected by a 

modified HPLC method, improved but did not fully close the mass balances. Furthermore, redox 

balances of the observed metabolites showed an overconsumption of reduction power, and carbon 

flux through the oxidative pentose phosphate pathway (OPPP) was shown to be a plausible source of 

the additional reduction power which affords elevated C4 pathway flux. However, inclusion of OPPP 

flux was unable to close the overall mass balance. In this regard, it is possible that a fraction of 

carbon is lost as CO2 via an overactive OPPP where oxidation of the additional reduction power 
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(beyond that needed to close the redox balance) occurs external to the metabolism, possibly by an 

oxidant in the fermentation medium. 

Overall, the results are useful to integrated biorefinery development as they suggest that xylose-rich, 

lignocellulosic feedstocks, such as corn stover hydrolysate, may be suitable for SA production by 

A. succinogenes. In addition, the results provide a comparative baseline for future work involving 

more complex, biomass feedstocks. Going forward, process optimisation is essential and a cheaper 

fermentation medium should be explored (e.g. replacement of yeast extract by corn steep liquor or 

using spent yeast from ethanol production) as well as the tolerance of the organism to potential 

inhibitors present in actual biorefinery streams. 
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4 | THE PENTOSE PHOSPHATE PATHWAY AS A SOURCE OF ADDITIONAL REDUCTION POWER 

It has been shown that succinic acid production occurs in preference to the main by-products acetic- 

and formic acid at elevated succinic acid concentrations under continuous biofilm conditions, 

resulting in an increase in the succinic acid yield on glucose [15] and xylose (Chapter 3). The 

improvement in yield has been linked to a shift in metabolic flux distribution where the organism 

enters a non-growth or stationary phase [16]. Furthermore, mass and redox balance closures based 

on excreted metabolites, were found to be incomplete under these conditions and no additional 

metabolites or sources of reduction power were detected. A. succinogenes has an incomplete TCA 

cycle and lacks a glyoxylate shunt [41], therefore by-product formation via fermentative pathways, 

particularly acetate and formate, is necessary to balance redox in succinate production. However, if 

there is an associated decrease in by-product formation with increasing SA production, reduction 

power must be generated elsewhere in the metabolism to sustain flux to SA. To this end, it was 

hypothesised that the incomplete redox balance closures are due to increased carbon flux through 

the oxidative pentose phosphate pathway (OPPP). Increased OPPP flux generates reduction power 

as NADPH which can be converted to NADH by transhydrogenase in A. succinogenes [77] and used in 

the reductive branch of the TCA cycle. The OPPP has the potential to produce the same outcome as 

a complete TCA cycle or glyoxylate shunt, as it is capable of generating sufficient reduction power for 

homosuccinate fermentation. 

Metabolic flux analysis (MFA) or flux balancing [133], can be used to demonstrate that the OPPP is a 

plausible explanation for the observed metabolic behaviour. However, MFA alone cannot be used to 

confirm OPPP flux because CO2 is the only end-product of the OPPP and CO2 production is not 

unique to the OPPP. Therefore, a more direct method is needed to detect OPPP flux. Nevertheless, 

with available metabolite measurements, MFA can be used to estimate OPPP fluxes and provide a 

theoretical basis for comparison. As discussed in 2.4, continuous operation is the most suitable 

mode for MFA [45] as it offers both process and metabolic steady-state conditions. These conditions 

allow for more accurate and simplified flux analysis compared to batch operation. In addition, 

continuous operation of biofilm reactors leads to enhanced productivities [127] making it the likely 

choice for industrial scale succinic acid production by A. succinogenes. Therefore, gaining insight into 

the metabolism of the chosen microbial host under conditions similar to those of bulk scale 

THE PENTOSE PHOSPHATE PATHWAY AS A

SOURCE OF ADDITIONAL REDUCTION POWER
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production is particularly advantageous as it aids process optimization and hints at potential targets 

for strain improvement. 

In the current chapter, the hypothesis of OPPP flux serving as a source of additional reduction power 

in continuous glucose and xylose fermentations is explored at four different dilution rates. OPPP flux 

was qualitatively determined by means of glucose-6-phosphate dehydrogenase assays of biofilm 

extracts coupled to a kinetic model. In addition, MFA was used to determine the expected or 

theoretical flux relationships when the OPPP is assumed to supply the reduction power needed to 

satisfy the redox balance. The flux relationships determined from the kinetic model were then 

compared to the expected flux relationships to confirm the accuracy of the observed OPPP flux. The 

majority of the content in this chapter has been included in an article submitted under Bradfield & 

Nicol to Applied Microbiology and Biotechnology. 
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4.1 EXPERIMENTAL 

4.1.1 CONTINUOUS FERMENTATIONS 

Fermentations were performed with A. succinogenes as prepared in 3.1.4, at dilution rates between 

0.02 and 0.3 h-1 in a custom, externally-recycled bioreactor system, similar to that used in Chapter 3 

(3.1.1). The volume was maintained at 360 mL by means of an overflow tube connected to an exit 

pump. pH and temperature were controlled at 6.80 ± 0.01 and 37.0 ± 0.1 °C respectively, as detailed 

in 3.1.2. A 10% v/v solution of Antifoam SE-15 (Sigma-Aldrich, Germany) was dosed onto the liquid 

headspace as needed. The average flow rates of NaOH and antifoam were determined in real-time 

over a 4-hr period and used to adjust feed concentrations due to dilution of the feed. Furthermore, 

the time-profile of the average NaOH flow rate was used in estimating steady-state conditions. CO2 

gas (Afrox, South Africa) was fed directly into the recycle line at 0.1 vvm to ensure CO2 saturation of 

the fermentation broth – essential for succinic acid production. To ensure anaerobic conditions, CO2 

venting from the reactor was recycled via the foam trap to the feed medium reservoir to create a 

CO2 headspace, ensuring CO2 saturation of the feed and preventing air from entering the system. 

The reactor and liquid reservoirs (excluding NaOH) were autoclaved together at 121 °C for 60 min, 

with the three parts of the feed medium kept separate. 

Steady-state conditions were determined from constant metabolite concentrations and a flat NaOH 

dosing profile, as described in 3.1.5. For each substrate, steady-state conditions at an intermediate 

succinic acid concentration (~30 g L-1) were performed in duplicate to show repeatability of 

fermentation performance. The duplicates occurred at the beginning and end of the fermentation. 

The duplicate for glucose was excluded in the assay analyses because it was taken two weeks after 

the final steady-state and there appeared to be a substantial amount of dead biomass in the 

fermenter. As a result, the scrubbed DCW was 212% greater than the initial value, but at an 

equivalent reactor productivity. The repeat point for the xylose fermentation was taken within four 

days after the final steady-state and no signs of extensive dead biomass were observed. 

To increase cell density in the reactor, four wooden sticks wrapped in mutton cloth and fixed to a 

top distributor plate were inserted into the reactor (Figure 4.1). The stick structure served as a 

support surface for biofilm attachment, growth and stability. The number of sticks was limited to 

four to prevent biofilm overgrowth, blockage of the reactor and obstruction of mass transfer. As a 

result, less biofilm was present in the fermenter compared to previous fermentations using a similar 

fermentation setup, including that used in Chapter 3 and in [13,15]. 
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Figure 4.1. The support structure used for biofilm attachment. (A) Biofilm attached to the support structure consisting of 
four, cloth-bound wooden sticks after termination of the fermentation. (B) The same support structure as in (A) after 
removal of the biofilm revealing the extent of biofilm attachment. 

Fermentation medium 

The fermentation medium (Table 4.1) was similar to that used in Chapter 3. Sodium acetate was 

removed from the initial formulation as sodium is present in the form of NaCl and through the 

addition of NaOH for pH control, and acetate is produced by A. succinogenes as acetic acid. Similarly, 

the concentration of NaCl was reduced to 0.5 g L-1. The concentrations of the phosphates in the 

potassium phosphate buffer were reduced by half as the concentration used is Chapter 3 was found 

to be excessive. Corn steep liquor (CSL) was clarified as described in Chapter 3 (3.1.3). The three 

parts of the fermentation medium (A, B and C) were autoclaved separately and only combined once 

at ambient temperature to prevent unwanted interactions, such as Maillard reactions and 

precipitation of metal ions by phosphates. 

  

A B
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Table 4.1. Medium composition used for the continuous fermentations. All chemicals were obtained from Merck KgaA, 
unless stated otherwise. 

Component Concentration (g L-1) 

A. Nitrogen, salts and nutrients 

NaCl 0.5 

MgCl2∙6H2O 0.2 

CaCl2∙6H2O 0.2 

Clarified corn steep liquor (Sigma-Aldrich) 10.0 

Yeast extract 6.0 

Antifoam SE-15 (Sigma-Aldrich) 0.5 mL/L 

B. Phosphates 

KH2PO4 1.6 

K2HPO4 0.8 

C. Substrate 

Glucose/xylose 60 

4.1.2 ANALYTICAL METHODS 

Fermentation broth was sampled via the outlet line onto a bed of ice to supress metabolic activity of 

the cells once outside the fermenter. The concentration of organic acids, ethanol and both 

carbohydrate substrates present in the feed medium and fermentation broth were measured by 

means of high-performance liquid chromatography (HPLC). The system comprised an Agilent 1260 

Infinity HPLC (Agilent Technologies, USA), equipped with a 300 × 7.8 mm Aminex HPX-87H ion-

exchange column (Bio-Rad Laboratories, USA), and an RI detector. Two methods were used for HPLC 

analysis to overcome co-elution of xylose and pyruvate, as described in 3.1.7. In the first method, a 

5-mM solution of H2SO4 at a flowrate of 0.6 mL min-1
 served as the mobile phase with column and 

RID temperatures of 60.0 and 55.0 °C, respectively. In the second method, a 20-mM solution of 

H2SO4 was used with all other parameters the same as the first method. 

Dry cell weight (DCW) was determined by centrifuging a known volume of fermentation broth, 

washing the resulting cell pellets with distilled water, then centrifuging again and discarding the 

supernatant. The remaining pellets were dried at 80 °C until constant mass, from which the 

concentration of cell mass was determined. To minimise the effect of biofilm fluctuations on 

suspended DCWs, samples were taken for the duration of at least one volume turnover. DCWs were 

performed on the fermentation broth after biofilm scrubbing to determine the cell content present 

in the biofilm sample and the enzyme assays. Attempts to separate cells and extracellular polymeric 

substance from the biofilm showed poor repeatability compared to a previous study [16]. Therefore, 
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the DCW of scrubbed biofilm was used as a measure of the total biomass content of each sample 

and was assumed to be an accurate representation of the total biomass content in the reactor. 

4.1.3 PREPARATION OF CELL EXTRACTS 

In situ removal of biofilm (i.e. scrubbing) was achieved by varying the direction and increasing the 

speed of the recycle pump to create turbulence, thereby shearing off portions of the attached 

biofilm. In addition, a magnetic stirrer bar was located below the support structure and activated to 

increase turbulence during biofilm scrubbing. Biofilm-rich fermentation broth was then extracted 

from the fermenter via a suction line that ran from the head of the reactor to the lower portion of 

the support structure, positioned to maximize contact with the wooden sticks and extract biofilm in 

preference to fermentation broth. 

Samples of scrubbed biofilm (40 mL) were centrifuged at 4,000 × g for 25 min at room temperature. 

The resulting cell pellets were combined and resuspended in Tris-HCl (pH 7.4) to a volume of 10 mL. 

From the 10-mL suspension, three 2-mL samples were centrifuged at 10,000 × g for 10 minutes at 

4 °C. The resulting cell pellets were then combined and resuspended in Tris-HCL (pH 7.4) to a final 

volume of 6 mL. The suspension was then disrupted on ice by sonication (Branson 250 probe 

sonicator, USA) using ten pulsed cycles of 15 s with a 1-minute resting period. The sonicator was set 

to power level 4 and 40% duty cycle. Cell extracts were then centrifuged at 16,000 × g for 30 min at 

4 °C. The supernatant containing soluble cell extracts () was then used for enzyme assays. 

 

Figure 4.2. Biomass pellets before and after disruption by sonication. (A) Cleaned and centrifuged scrubbed biomass 
before sonication. (B) Centrifuged solution of biomass after sonication. The clearly defined layers present in the cell pellet 
indicates successful disruption of the cell wall. 

A B
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4.1.4 ENZYME ASSAYS 

The presence and activity of glucose-6-phosphate dehydrogenase (G6PDH) was determined 

spectrophotometrically by observing the increase in absorbance at 340 nm which corresponds to 

NADPH production [134]. The assay solution consisted of reaction cocktail, cell extracts and 

substrate. The reaction cocktail (pH 7.4) consisted of 100 mM glycylgylcine buffer (Sigma-Aldrich, 

Germany), 3.2 mM NADP+ (Melford, UK), and 18 mM MgCl2 (Sigma-Aldrich, Germany). Since 

phosphoglucose isomerase (PGI) activity interferes with G6PDH activity by reacting with glucose-6-

phosphate (G6P), a kinetic model that included both enzymatic reactions was developed. Five 

different combinations of G6P (Sigma-Aldrich, Germany) and fructose-6-phosphate (F6P) (Sigma-

Aldrich, Germany) starting concentrations were used in the assay system (Table 4.2) to fit kinetic 

parameters to the model. 

Enzyme assays were performed in 24-well plates at 37 °C using a SpectraMax Paradigm microplate 

reader (Molecular Devices, USA). In each assay, reagent cocktail was added to the well first followed 

by 100 µL of cell extracts, substrate was then added to a final volume of 1.5 mL corresponding to a 

path length of 1 cm. The volume of reagent cocktail was dependent on the volume of substrate 

added. Assays were performed in succession at each concentration condition. No change in 

absorbance was observed when adding cell extracts to reaction cocktail without substrate, which 

implies that any observed activity was a result of enzyme specificity for the added substrate. 

Absorbance readings were taken every 15 s over a 10-minute interval at each condition and an 

extinction coefficient of 6.22 mM-1cm-1 was used to relate absorbance readings to NADPH 

concentration. 

Table 4.2. The enzyme assay system used for developing a kinetic model that includes phosphoglucose isomerase and 
glucose-6-phosphate dehydrogenase activity. Volumes indicate the amount added to the plate well. 

Condition 53 mM G6P added 

(µL) 

49 mM F6P added 

(µL) 

[G6P] in assay 

solution (mM) 

[F6P] in assay 

solution (mM) 

Low G6P 10 0 0.35 0 

High G6P 300 0 10.63 0 

Low F6P 0 10 0 0.33 

High F6P 0 300 0 9.87 

Equilibrium* 300 100 10.63 3.29 

*Equilibrium concentrations for phosphoglucose isomerase are from [135]. 
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4.1.5 MODELS AND COMPUTATIONS 

Mass and redox balances were performed as in Chapter 3 (3.1.6 & 3.3). Cell mass as DCWs was also 

included in the mass balance in this chapter, therefore nitrogen was included in the elemental 

balance and the standard composition for biomass on a C-mole basis, CH1.8O0.5N0.2 [32], was used. 

4.1.5.1 FLUX MODEL 

Metabolic flux models were developed for glucose (Figure 4.3A) and xylose (Figure 4.3B) based on 

the established metabolic pathways and the genome of A. succinogenes [41,77,128]. A matrix-based 

description of the metabolic network, as reviewed in [133], was used for metabolic flux analysis of 

each network. The method entails defining a unique flux (v) for each pathway in the network, on a 

carbon-mole (C-mole) basis, then using nodal, NADH and stoichiometric balances together with 

known metabolite production rates to define the system. For the system to be fully defined, the 

number of equations and specifications must equal the number of fluxes. Since the system is linear, 

it can be solved by linear algebra techniques using Equation 4-1 [136]. The complete matrix system 

for each flux model is provided below each model in Figure 4.3. 

 

 

𝑺 × 𝒗 = 𝒃 4-1 
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Figure 4.3. Simplified metabolic 
networks of A. succinogenes used for 
calculating oxidative pentose 
phosphate pathway flux from 
experimental metabolite 
measurements for (A) glucose and (B) 
xylose. Pathways are based on 
[41,77,81,128]. Each flux is denoted by 
v and represents the rate of carbon 
moles through a particular branch of 
the network. Nodes are given by 
ringed capital letters. The related 
matrix system (Equation 4-1) for each 
network is given below each diagram. 
In the matrices, capital letters 
correspond to the ringed letters in the 
diagram and denote nodal balances, 
NADH denotes the redox balance, PPP 
denotes a stoichiometric specification 
for the pentose phosphate pathway 
and S denotes a metabolite 
specification. Specifications were given 
as per the measured metabolite rates 
(r). Not all intermediates are included 
and biomass formation is excluded. AA 
acetic acid, FA formic acid, G3P 
glyceraldehyde-3-phosphate, G6P 
glucose-6-phosphate, Glc glucose, PEP 
phosphoenolpyruvate, Pyr pyruvate, 
Pyrex extracellular pyruvate, Ru5P 
ribulose-5-phosphate, SA succinic acid, 
Xu5P xylulose-5-phosphate, Xyl xylose. 
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4.1.5.2 ENZYME KINETIC MODEL 

The parameters of the Michaelis-Menten model, Km and Vʹmax, for the G6PDH reaction were 

determined by fitting the model to the NADPH concentration profiles generated from the enzyme 

assays. Vʹmax represents the specific reaction rate normalized to cell concentration in the assay for 

each steady-state. Fits were performed on the entire data set (all five steady-states) for each 

substrate using non-linear, least-squares optimization in Matlab (Appendix A: Matlab programme for 

kinetic fits). Only data from the first 5 min of each assay was included in each fit to ensure that the 

NADP+ concentration was sufficiently high and did not influence the rate of the reaction. This allows 

for a simplified kinetic model where the rate dependency on NADP+ is zero order and therefore can 

be excluded from the kinetic expression. Glucose data sets were used initially to solve for Km, which 

was then fixed in determining the Vʹmax values for the xylose data sets to maintain consistency. The 

mean absolute percentage error between the model and the experimental data for an entire data 

set was used to indicate the quality of the fit. 

4.2 CONTINUOUS GLUCOSE AND XYLOSE FERMENTATIONS 

Similar to previous continuous, biofilm studies on A. succinogenes [13,15,16], in the current study, 

the succinic acid yield on substrate (Figure 4.4A) and the ratio of succinic acid to acetic acid (YAASA; 

Figure 4.4B) increased with increasing succinic acid titre (CSA). Furthermore, the formic acid-to-acetic 

acid ratio (YAAFA) decreased with increasing CSA (Figure 4.4B), indicating increased pyruvate- or 

formate dehydrogenase activity [15]. In addition, YAASA values exceeded the limits defined by the 

active metabolism where full pyruvate formate-lyase activity allows for a maximum YAASA value of 

1.97 g g-1, while full pyruvate/formate dehydrogenase activity allows for a maximum YAASA value of 

3.93 g g-1 [15].  

It has been suggested that these trends are linked to a titre-dependent shift in metabolism from a 

growth to a non-growth or stationary mode [15,16], with associated incomplete closures of mass 

and redox balances. In the current study, average mass balance closures (Figure 4.5A) were 91% and 

84% for glucose and xylose respectively and decreased with increasing CSA, which is in agreement 

with previous observations. In addition, redox balance closures (Figure 4.5B) showed greater 

deviations at higher CSA values. Moreover, the shift from growth to non-growth metabolism at 

increasing titres is exemplified by Figure 4.6 where dry cell weights (DCW) of the fermentation broth 

decreased with increasing CSA. Samples for determination of suspended DCWs were collected over 

an extended period to account for biomass fluctuations due to biofilm dynamics. In each 

fermentation, the duplicate point near a CSA of 30 g L-1 showed good repeatability and conformed to 
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the trend of the other steady-states points. Pyruvic acid concentrations were between 0.80 and 3.21 

g L-1 for the xylose fermentation and between 0.34 and 0.99 g L-1 in the glucose fermentation. SA 

yields and mass balance closures in the xylose fermentation were distinctly lower than those for 

glucose, in accordance with previous observations [122]. 

 

Figure 4.4. Succinic acid yield and metabolite ratios of the continuous fermentations. Similar trends were observed 
compared to previous studies in (A) the yield of succinic acid on glucose (YGlcSA) and xylose (YXylSA), and (B) the metabolite 
ratios (YAASA = succinic acid/acetic acid; YAAFA = formic acid/acetic acid). 

 

Figure 4.5. Mass and redox balances of the continuous fermentations. (A) Mass balance closures and (B) a redox (as 
NADH) parity plot showed similar trends to previous studies. Production and consumption of NADH are based on overall 
pathways and metabolite measurements on a molar basis. In (B), the black arrow indicates the direction of increasing 
succinic acid concentration. 
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Figure 4.6. Dry cell weights of the continuous fermentations. Dry cell weights were determined from samples with a 
collection period of at least one volume turnover to account for fluctuations caused by the dynamic nature of biofilm. 

The parity plot, that reflects incomplete closure of the redox balance (Figure 4.5B), reveals that more 

NADH is being consumed in succinic acid production than is being generated by the central 

metabolic network of A. succinogenes based on the concentrations of excreted metabolites (Figure 

4.3; excluding the pentose phosphate pathway). Furthermore, the deviation increases with 

increasing CSA. Biomass is an unlikely source of the additional reduction power since the deviation in 

the redox balance closure increases as the suspended DCW decreases with increasing CSA (Figure 

4.6). Furthermore, biomass (as suspended DCW) only accounts for 0.35% of total glucose 

consumption when redox balance deviations are at their highest. In addition, A. succinogenes has an 

incomplete TCA cycle, and lacks Entner-Doudoroff and glyoxylate pathways [41], and no additional 

metabolites or sources of reduction power were detected. These observations are in agreement 

with previous studies, and together with the limited metabolic network of A. succinogenes, led to 

the hypothesis that the oxidative pentose phosphate pathway (OPPP) is a plausible source of the 

unaccounted reduction power [15,122,137]. 

Glycolysis, together with a complete TCA cycle or a glyoxylate shunt, can generate sufficient 

reduction power to achieve homosuccinate fermentation [25]. The OPPP is also capable of 

generating the required reduction power for homosuccinate fermentation by carbon cycling 

between glycolysis and the OPPP [32]. Therefore, there are three routes coupled to glycolysis by 

which homosuccinate fermentation can be attained with a theoretical maximum yield of succinic 

acid on glucose of 1.12 g g-1 [15]. With regard to the OPPP, homosuccinate fermentation can be 

achieved if 85.7% of total glucose (on a molar basis) is channelled through the OPPP (Figure 4.7) and 

back to glycolysis after a minor loss of carbon from the pathway as CO2. However, there is a net 

consumption of CO2 (decrease in the CO2 yield on glucose) in succinic acid production which 

0.0

0.3

0.6

0.9

1.2

1.5

1.8

0 10 20 30 40

D
ry

 c
e

ll 
w

e
ig

h
t 

(g
 L

-1
)

Succinic acid - CSA (g L-1)

Glucose Xylose

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 CHAPTER 4 |THE PENTOSE PHOSPHATE PATHWAY AS A SOURCE OF REDUCTION POWER 

4-13 
 

increases with increasing succinic acid yield, or increasing OPPP-to-substrate uptake flux (Figure 4.6), 

defined here as α for the flux models in Figure 4.3 (Equation 4-2). 

𝛼 =
𝑣2

𝑣1
 4-2 

Therefore, carbon is not lost from the system as CO2 even though CO2 is produced concomitant with 

NADPH production. To further explore the hypothesis, in the current study we performed enzyme 

assays on cell extracts of biofilm samples taken in situ at each dilution rate, to determine the 

presence of OPPP activity. 

 

Figure 4.7. The yield of CO2, succinic acid and acetic acid on glucose as a function of increasing values of α (Equation 4-2). 
The ratio of fluxes (α) corresponds to Figure 4.3A where a similar matrix system was used. The model assumes exclusive 
pyruvate dehydrogenase activity (i.e. no pyruvate formate-lyase activity) and no pyruvate excretion, for simplification, and 
to define the system for maximum CO2 production. The theoretical maximum yield (homosuccinate fermentation) occurs 
when 85.7% of total carbon (molar basis) splits to the OPPP from glycolysis. This can be calculated by specifying zero acetic 
acid formation and solving for α. A decrease in CO2 yield implies that CO2 consumption increased with an increase in OPPP 
flux. 

4.3 GLUCOSE-6-PHOSPHATE DEHYDROGENASE AND ENZYME KINETICS 

In glucose metabolism, glucose-6-phosphate (G6P) serves as the branch point from glycolysis to the 

OPPP (Figure 4.3A), while for xylose, G6P forms part of the recycle loop that channels carbon from 

glycolysis back to the pentose phosphate pathway via the OPPP (Figure 4.3B). In both cases, glucose-

6-phosphate dehydrogenase (G6PDH) is involved in catalysing the first reaction of the OPPP (G6P → 

6-phosphoglucono-δ-lactone (6PGL), Figure 4.8), consequently the activity of this enzyme provides 

an indication of the flux through the OPPP. In addition, the reaction converts NADP+ to NADPH 

allowing the activity of the enzyme to be determined spectrophotometrically [134]. 
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G6P is the required substrate for G6PDH assays, however, since cell extracts contain a number of 

soluble proteins, phosphoglucose isomerase (PGI) is likely to be present and react with G6P. 

Therefore, the assay system included F6P and G6P at various concentrations (Table 4.2) in order to 

develop a kinetic model in vitro that would account for the PGI reaction and allow for a more 

accurate determination of the rate of the G6PDH reaction (Figure 4.8). An additional concern is that 

6PGL can be further converted to 6-phosphogluconate (6PG) by lactonase (LAC), which in turn is 

converted to ribulose-5-phosphate (Ru5P) by 6-phosphogluconate dehydrogenase (6PGDH) with 

associated formation of NADPH. However, since the G6PDH reaction is conventionally considered 

the rate limiting step in the OPPP [138], it was assumed that the LAC and 6PGDH reactions were not 

limiting and relatively instantaneous. Consequently, the rate of NADPH formation was considered to 

be twice that of the G6PDH reaction to simplify fitting of the kinetic model. In addition, the 

concentration of NADP+ was maintained in excess to ensure a zero order rate dependency on NADP+, 

thereby further simplifying the kinetic model. 

 

Figure 4.8. Reaction scheme used for developing the kinetic model from the enzyme assays. Reactions could not proceed 
beyond G6P and F6P in glycolysis as the required cofactors (ADP and ATP) were excluded from the assays. The rates of the 
LAC and 6PGDH reactions were assumed to be instantaneous relative to the G6PDH reaction since this is considered the 
rate limiting step of the OPPP. 6PG 6-phosphogluconolactone, 6PGL 6-phosphoglucono-δ-lactone, F6P fructose-6-
phosphate, G6P glucose-6-phosphate, Ru5P ribulose-5-phosphate, 6PGDH 6-phosphogluconate dehydrogenase, G6PDH 
glucose-6-phosphate dehydrogenase, LAC lactonase, PGI phosphoglucose isomerase. 

Michaelis-Menten kinetics were used to model both the G6PDH and the reversible PGI reactions. 

The hypothesis of OPPP activity implies that the rate of the G6PDH reaction should vary across 

dilution rates (i.e. different acid titres) and therefore the enzyme concentration and activity will be 

different in each assay. Furthermore, the DCW for each sample is different and in combination with 

the differences in enzyme concentration, implies that the maximum specific reaction rate (Vʹmax) is 

unique for each steady-state condition. Therefore, separate fits are required for Vʹmax at each steady-

state. Kinetic parameters for the PGI reaction were obtained from [135], however maximum rates 
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for the forward and reverse directions were related by the Haldane relationship and remained 

variable in the model. 

G6PDH activity was observed across all steady-state conditions in both glucose (Vʹmax between 8.17 × 

10-5 and 2.82 × 10-4 mmolG6P gcells
-1s-1) and xylose (Vʹmax between 8.86 × 10-5 and 1.47 × 

10-4 mmolG6P gcells
-1s-1) fermentations indicating the presence of OPPP flux. Moreover, the presence of 

G6PDH activity in the xylose fermentations strongly supports the hypothesis, since G6P only features 

in the OPPP in xylose metabolism, whereas in glucose metabolism, G6P forms part of glycolysis. 

Therefore, the presence of G6PDH activity under non-growth conditions (as reflected by DCW 

(Figure 4.6)) indicates that a definite OPPP flux occurred in the xylose-grown cells. Fits of the assay 

data to the kinetic model gave a mean absolute percentage error of 4.9% and 4.5% across all glucose 

and xylose data sets respectively (Figure 4.9A). The fitted Km value of 0.26 mM for G6P was similar to 

that reported for G6PDH from other bacteria (0.11 mM for Leuconostoc mesenteroides [139]; 0.17 

mM for Zymomonas mobilis [140]). 

Furthermore, it was found that the rate of the PGI reaction was substantially greater than that of the 

G6PDH reaction since the fitted rate constants of the G6PDH reaction were essentially the same for 

G6P-only and F6P-only starting concentrations, at each of the two concentration levels (Figure 4.9B). 

This is further confirmed by maximum rates of up to 2500 times greater for the forward PGI reaction 

compared to the G6PDH reaction, and indicates that the conversion of F6P to G6P is relatively 

instantaneous. Therefore, the PGI reaction did not have a considerable effect on the rate of the 

G6PDH reaction, but rapid equilibrium meant that a portion of G6P was constantly being lost to F6P, 

thus lowering the effective G6P concentration available for the G6PDH reaction. 
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Figure 4.9. Insight into the enzyme assays and the kinetic model for glucose-6-phosphate dehydrogenase. (A) The 
complete set of modelled and experimental (assay) NADPH concentrations, including a 5% deviation region. The model was 
fitted to assay readings taken every 15 s over a comparison period of 300 s. (B) Comparison of the rate of the G6PDH 
reaction when using only G6P or only F6P as substrates in the assay for high and low concentration levels of each. For each 
concentration level, the points of the duplicate dilution rate overlap precisely, therefore only four points are visible for 
each concentration level, but five points are actually present. The independence of the G6PDH reaction rate on starting 
substrate implies that the PGI reaction is relatively instantaneous and does not influence the rate of the G6PDH reaction. 

4.4 FLUX ANALYSIS AT THE GLUCOSE-6-PHOSPHATE NODE 

The maximum specific rates (Vʹmax) for the G6PDH reaction determined from the assays and the 

kinetic model give an experimental indication of OPPP flux. In addition to the experimental rates, 

fluxes were determined from metabolic network models for each substrate (Figure 4.3) and the 

measured metabolite concentrations. The models include the OPPP in order to provide a theoretical 

reference against which the experimental data can be compared as part of testing the hypothesis. 

Since overall substrate uptake flux regulates the magnitude of individual pathway fluxes, it is 

necessary to normalize individual fluxes to substrate uptake flux. To this end, α (Equation 4-2) 

represents the ratio of OPPP flux to substrate flux (or substrate uptake rate) and gives the 

theoretical split of carbon into the OPPP at the G6P node on a molar rate basis. 

In order to compare the experimentally determined rates to α, it is necessary to use the same basis. 

The ideal experimental equivalent is to use the biomass based rate of G6P production divided by the 

biomass based rate of substrate uptake (rʹs; [molsubs gbiomass
-1 s-1]), however, these rates are not 

explicitly known. Nevertheless, the biomass based G6P rate can be approximated by the 

experimentally determined specific reaction rate (i.e. Vʹmax), although the true rate is likely to be 

lower since intracellular metabolite concentrations in the central metabolism (including PPP) of E. 

coli have been shown to be near the Km value [141]. Also, since the total biomass content in the 

fermenter (Cf
x) cannot be determined for each steady-state, rʹs is unknown. However, the volumetric 
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rate of substrate consumption is known (rs; [molsubs Lreactor
-1 s-1]) which enables the definition of γ 

(Equation 4-3) as an experimental approximation of α: 

 

𝛾 =
𝑉ʹ𝑚𝑎𝑥

𝑟ʹ𝑠
=

𝑉ʹ𝑚𝑎𝑥

𝑟𝑠
𝐶𝑥

𝑓
            [

𝑚𝑜𝑙𝐺6𝑃

𝑚𝑜𝑙𝑠𝑢𝑏𝑠
] 

4-3 

 

Given the uncertainty in both the intracellular metabolite concentrations and Cf
x, a direct 

quantitative comparison between α and γ is not possible. However, if one assumes that Cf
x is 

constant and that intracellular intermediate concentrations in the central metabolism are similar 

across all steady-states, a trend comparison of the experimental and theoretical rate relationships is 

possible. In Figure 4.10, the two ratios are compared with the underlying assumption that scalar 

differences between the two y-axes are based on unknowns that remained constant across all 

steady-states. 

The trends in OPPP flux relative to total substrate uptake flux determined from the enzyme kinetic 

model (γ) compare well with the trends from the flux models (α) (Figure 4.10). For glucose (Figure 

4.10A), the shape and relative magnitudes of α and γ are similar across all CSA values. For xylose 

(Figure 4.10B), the shapes of the trends are similar but relative magnitudes are different, yet both 

show an increasing trend with increasing CSA. Importantly, since the experimentally observed flux 

behaviour on both substrates matches the increasing trend of the flux models, based on the 

inclusion of the OPPP in the models, it implies that the experimental trends do indeed reflect OPPP 

flux with the same characteristics as the models. Also, since the trends of the experimental fluxes 

match those of the models for two independent fermentations using different substrates, the 

hypothesis of increasing OPPP activity with increasing CSA is strongly supported. Therefore, evidence 

is provided of OPPP flux leading to the production of additional reduction power in biofilms of A. 

succinogenes. 
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Figure 4.10. Experimental (enzyme kinetic model) and modelled (flux model) ratios of OPPP flux-to-total substrate 
uptake flux versus succinic acid concentration for (A) glucose and (B) xylose. The experimental flux relationships are 
represented by γ (Equation 4-3), while those of the flux model are given by α (Equation 4-2) corresponding to the 
metabolic networks of Figure 1. 

The benefits of upregulating OPPP for increased succinic acid production have been demonstrated 

with genetically modified strains of A. succinogenes [44] where G6PDH genes were overexpressed, 

yet this behaviour has not previously been demonstrated in wild-type A. succinogenes. Additionally, 

to date, no studies have been performed on metabolic flux distributions in non-growing A. 

succinogenes cells. 13C-metabolic flux analysis of growing cells of A. succinogenes from batch 

fermentations gave γ (or α) values of up to 6.9% [128] and 5% [77] on a defined medium. The flux 

models in the current study give α values between 5.8% and 21.2% for glucose, and 6.2% to 14.0% 
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for xylose, where values increase with increasing CSA. Therefore, at the low CSA conditions, where 

growth is minimal yet apparent (Figure 4.6), the flux ratios compare well with the previous studies, 

however as the cells enter a stationary phase due to growth inhibition at high CSA, flux through the 

OPPP increases as indicated experimentally. A similar result was observed in [142] where OPPP flux 

increased by 83% in non-growing cells compared to growing cells of wild-type Bacillus subtilis. Under 

non-growing conditions, γ values in Bacillus subtilis cells of up to 64% were observed, suggesting that 

the values predicted by the models in the current study are reasonable. 

Although OPPP activity can lead to closure of the redox balance, the mass balance remains 

unchanged since the only by-product of the OPPP is CO2 and there is a net consumption of CO2 

within the system across all ratios of OPPP-to-substrate uptake flux (Figure 4.7). In our previous 

work, we speculated that if OPPP flux was greater than the amount required to close the redox 

balance, additional reduced cofactors would be produced which cannot be consumed in the central 

metabolism. To ensure an overall redox balance of the system, the reduced cofactors must 

necessarily be oxidized external to the cell, possibly by an electron accepter (oxidising agent) in the 

feed such as, for example, yeast extract [132]. In such a scenario, CO2 consumption would be lower 

and there may be a net production of CO2 under sufficiently high OPPP fluxes, thereby accounting 

for the incomplete mass balance. Including an NADH sink in the flux models (Figure 4.3) to account 

for this effect, showed that the trends in OPPP flux versus substrate uptake flux is essentially the 

same as those in Figure 8, but the magnitudes are substantially higher. Therefore, our speculation 

regarding the incomplete mass balance closures may be correct but does not dovetail quantitatively 

with the results from the current study and more investigation is required. 

4.5 CONCLUSIONS 

This chapter provides evidence of increased oxidative pentose phosphate pathway (OPPP) flux, 

relative to overall substrate uptake flux, at increasing acid titres in A. succinogenes biofilms under 

continuous operation. The relative increase in OPPP flux, under non-growth conditions, generates 

additional reduction power as NADPH which can be converted to NADH by transhydrogenase. 

Consequently, increased flux through the reductive branch of the TCA cycle is possible which 

ultimately leads to improved succinic acid yields on substrate. The behaviour was observed for 

glucose and xylose substrates and compares well with metabolic flux models that include the OPPP. 

Overall, the results are useful as they suggest potential targets for metabolic engineering of the 

organism, such as upregulation of the OPPP, and provide insight into the organism under conditions 

relevant to scaling up of a succinic acid production process based on A. succinogenes. 
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Chapters 3 and 4 explored production of succinic acid by A. succinogenes on two model substrates – 

xylose and glucose. The results showed that the microbial strain is able to successfully produce SA at 

competitive productivities, yields and titres on both substrates. While these results are promising, it 

is important to test the ability of the organism on a more process-relevant feedstream. From the 

perspective of a lignocellulosic biorefinery, such a stream will be rich in the two model 

monosaccharides, but will also contain other hemicellulose-derived sugars. In order for a 

fermentation process to be economically viable, it is essential that the microbial host achieve high 

yields on all the carbohydrates present in the feedstream. Furthermore, the release of microbial 

inhibitors during pretreatment such as furfural, hydroxymethylfurfural (HMF), acetic acid, and lignin-

derived low molecular weight phenolic compounds is an additional major consideration when 

developing a biorefinery-relevant fermentation process [143]. The organism must be able to tolerate 

the inhibitors while still achieving high product yields or the feedstream must be detoxified prior to 

the fermentation step which will increase process costs. 

To date, most studies on A. succinogenes that utilise renewable feedstocks lack process-relevant 

pretreatment methods (i.e. typically batch, autoclave-type reactions with sulphuric acid) and so do 

not accurately portray realistic biorefinery conditions. A more relevant pretreatment process has 

been developed which is capable of producing xylose-enriched streams from biomass at the pilot 

scale by a combination of deacetylation (alkaline wash) and continuous dilute acid pretreatment 

[83,144,145]. The xylose-enriched stream can then be separated from the residual cellulose-

enriched solids [146] and used as a distinct process stream for chemicals or fuels production. Since 

succinic acid is considered a top value-added, biomass-derived chemical [147], it can serve as a 

target molecule from microbial conversion of xylose-rich hydrolysates. 

To this end, Chapter 5 explores the feasibility of using process-relevant, xylose-enriched, corn stover 

hydrolysate as a feedstream for succinic acid production by A. succinogenes, and forms the more 

applied component of the thesis. The work in this chapter was conducted in collaboration with the 

National Renewable Energy Laboratory (NREL; Colorado, USA) and was split into two main parts. In 

the first part, initial batch work was conducted to determine the behaviour of the organism on 
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hemicellulose-derived carbohydrates, mock hydrolysates and two actual hydrolysates, namely dilute 

acid pretreated hydrolysate (DAP-H) and deacetylated, dilute acid pretreated hydrolysate (DDAP-H). 

The preliminary batch work was published under Salvachua et al. in Biotechnology for biofuels [148]. 

For brevity, this chapter includes only a brief summary of the relevant batch results with reference 

to the publication. 

The second part, which constitutes the main focus and contents of this chapter, sought to (i) 

increase productivities over the preliminary batch fermentations by employing a continuous, biofilm 

system and (ii) determine whether the observed yield advantages offered by biofilms of A. 

succinogenes can be achieved on non-detoxified, process-relevant feed streams. Firstly, continuous 

fermentations of xylose were performed in a custom, stirred, biofilm reactor to establish a 

performance baseline. Thereafter, detailed continuous fermentations of DDAP-H were performed 

using the same system across four different dilution rates. Similar to Chapter 3, mass and redox 

balances were used to determine the completeness of the continuous fermentation data and to 

interpret the results with respect to the central carbon metabolism of A. succinogenes. The 

continuous work was published under Bradfield et al. in Biotechnology for biofuels [137] and forms 

the bulk of this chapter.  
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5.1 EXPERIMENTAL 

5.1.1 THE CONTINUOUS, STIRRED-TANK BIOFILM REACTOR 

Unlike the external-recycle reactor used in Chapter 3 and Chapter 4 (3.1.1), here a stirrer-tank 

reactor was used for the continuous fermentations (Figure 5.1) of A. succinogenes (3.1.4). The 

reactor consisted of a 1.6-L BioFlo 3000 unit (New Brunswick Scientific, USA) customised to operate 

continuously. The working or design volume (overall reactor volume based on the vessel size) was 

controlled at 1.3 L by means of an overflow tube connected to an exit pump. A liquid-free headspace 

assisted with foam control. The supply of CO2 (General Air, USA) gas to the fermenter was controlled 

manually at a fixed rate of 0.10 vvm by means of a 65-mm aluminium rotameter (Cole-Parmer, USA), 

and fed through a submerged sparger located beneath the agitation shaft. All gas entering and 

exiting the fermenter, and venting from reservoirs, passed through Millex-FG 0.2 µm PTFE filters 

(Millipore, USA) to ensure sterility. Gas venting through the head of the fermenter was passed 

through a drainable foam trap to prevent blockage of the vent filter. Quantification of foam volume 

(foam overflow into the foam trap) contributed to overall dilution rate calculations in instances of 

extensive foaming. Temperature was controlled at 37 ºC by means of a thermocouple, housed within 

a stainless-steel cover submerged in the fermenter, coupled to a PID controller within the BioFlo 

system. pH was controlled at 6.80 using a gel-filled 405-DPAS probe (Mettler Toledo, Switzerland) 

coupled to a PID controller which regulated the dosing of an unsterilised 10 N NaOH solution (Fisher 

Scientific, USA). A 10% v/v solution of Antifoam SE-15 (Sigma-Aldrich, USA) was dosed as needed 

into the headspace during operation to suppress foaming. 
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Figure 5.1. Schematic of the continuous, stirred-tank biofilm reactor. Not to scale. For simplicity, not all gas vents are 
shown and the control integration with the BioFlo unit is simplified. The pH probe and thermocouple are separate units but 
are represented as a single unit in the figure. 

To increase cell density in the reactor through biofilm growth and attachment, a novel agitator 

fitting was developed (Figure 5.2). The fitting comprised a central porous polypropylene (PP) tube 

perforated with a multitude of holes into which porous PP or silicone arms were affixed. The central 

tube was attached to the agitator shaft by means of stainless steel brackets allowing for easy 

detachment. The basis for the design was to provide additional surface area for biofilm attachment 

and support whilst achieving sufficient mixing and homogeneity of the fermentation broth through 

stirring. For example, the surface area-to-volume ratio of the reactor increased from 0.34 cm2 cm-3 

(excluding the agitator fitting) to 1.36 cm2 cm-3 and 1.31 cm2 cm-3 when using the silicone and PP 

fittings (excluding porosity) respectively. In addition, stirring would provide liquid circulation through 

the protruding arms via the central tube thereby enhancing liquid flow through the internal regions 

of the fitting. The design was tested in an initial xylose fermentation run, using silicone protruding 

arms, and due to positive results, it was also employed in the hydrolysate fermentations where 

porous PP arms were used to further increase surface area since good attachment to the central PP 

tube was demonstrated in the xylose run. 
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Figure 5.2. Novel agitator fittings used to increase cell density in the biorefinery stream fermentations. (A) A 3D 
rendering of the fitting with polypropylene (PP) protruding arms. (B) The actual PP fitting attached to the agitator shaft. 
The upper protruding arms were shortened to accommodate the pH probe and thermocouple. 

The complete fermenter setup (reactor, tubing, and reservoirs) was autoclaved at 121 ºC for 60 min 

to 75 min (depending on the volume of feed used), with the three medium parts kept in separate 

bottles to prevent unwanted reactions as in Chapter 3. Once the system had cooled, the medium 

parts were mixed into a single bottle. In the case of hydrolysate fermentations, the reactor 

contained approximately 1 L of a TSB-hydrolysate mixture (3:1) during autoclaving to serve as a 

start-up growth medium and to ensure that the pH probe remained wet. Similar to the inoculum 

preparation, hydrolysate was included to facilitate adaptation of the culture to the hydrolysate and 

to avoid shocking the organism when the fermenter was switched to the DDAP-H stream. 

Fermentations were initialised by operating in batch mode for 16 to 24 hours after inoculation and 

once the sugar concentrations were sufficiently low, the system was switched to continuous mode 

by feeding the fermentation medium at a low dilution (~0.01 h-1) rate to avoid cell washout. Since 

the TSB-hydrolysate mixture within the fermenter only features during the start-up phase of the 

process, it is unlikely that potentially unwanted reactions caused by autoclaving the mixture will 

have an influence on the steady-state results under continuous conditions. Also, steady-state 

conditions occurred long after the start-up batch, therefore the TSB-hydrolysate mixture would have 

been extensively diluted or completely washed out at this point. The first fermentation was 

performed using xylose (~60 g L-1) as the only carbohydrate substrate to establish a baseline for the 

DDAP-H fermentations and to test the ability of the agitator fittings to increase cell density. The 

DDAP-H fermentations were repeated in duplicate and steady-states were obtained at dilution rates 

of 0.02 h-1, 0.03 h-1 to 0.04 h-1 with a combined fermentation time of approximately 1,550 hours. A 

single-steady state was achieved at 0.05 h-1 in the second DDAP-H fermentation. 

A B
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5.1.2 CORN STOVER HYDROLYSATE 

Corn stover harvested in Emmetsburg, IA, USA underwent deacetylation, followed by acid 

impregnation and pilot-scale pretreatment, as described in [149]. Deacetylation was performed by 

mixing dry corn stover with a 0.4% w/w sodium hydroxide solution and holding for 2 h at 80 °C. 

Following this, a dilute solution of sulphuric acid (0.8 % w/w) was added to drained solids from the 

deacetylation process for acid impregnation, after which the acid-impregnated solids were mixed at 

room temperature for 2 h followed by dewatering using a screw press. The deacetylated, acid-

impregnated corn stover then underwent pilot-scale acid hydrolysis pretreatment in a horizontal 

pretreatment reactor (Metso Inc., USA) at 150–170 °C with residence times of 10 – 20 min. The 

resulting deacetylated corn stover hydrolysate (DDAP-H) was stored in drums at 5 °C. Prior to 

preparation of the fermentation medium, the xylose-rich liquid fraction of the DDAP-H was 

separated from the glucose-rich solids fraction by means of a mechanical press. The liquid fraction 

was utilised in this study with the average composition in the fermenter feed stream given in Table 

5.1. 

Table 5.1. Composition of the diluted DDAP-H in the fermentation medium as fed to the fermenter. Undiluted DDAP-H 
constituted approximately 65% v/v of the fermentation medium. 

Compound Feed (g L-1) 

Glucose 8.3 

Xylose 52.6 

Galactose 3.7 

Arabinose 5.3 

Acetic acid 0.9 

Furfural 0.62 

HMF 0.11 

5.1.3 FERMENTATION MEDIUM 

The fermentation medium (Table 5.2) used in the biorefinery stream fermentations was similar to 

that used in Chapter 3 and Chapter 4 (3.1.3 & 4.1.1) with a few modifications to reduce the cost of 

the medium due to the applied nature of the study. Sodium acetate was removed from the initial 

formulation because sodium is present in the form of NaCl and through the addition of NaOH for pH 

control, and acetate is produced by A. succinogenes as acetic acid. Similarly, the concentration of 

NaCl was reduced to 0.5 g L-1. The concentrations of the phosphates in the potassium-phosphate 

buffer were reduced by half because the concentrations were found to be excessive as seen by 

residual phosphate peaks (as phosphoric acid) on the HPLC chromatograms in previous 
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fermentations. Corn steep liquor (CSL) was clarified in the same way as in Chapter 3 (3.1.3) but 

stored at 5 °C, and the three parts of the fermentation medium (A, B and C) were autoclaved 

separately as before. 

Table 5.2. Medium composition used for the continuous fermentations in the stirred-tank reactor. All chemicals were 
obtained from Sigma-Aldrich (USA), unless stated otherwise. 

Component Concentration (g L-1) 

A. Nitrogen, salts and nutrients 

NaCl (Fisher Scientific, USA) 0.5 

MgCl2∙6H2O 0.2 

CaCl2∙6H2O 0.2 

Clarified corn steep liquor 10.0 

Yeast extract (BD, USA) 6.0 

Antifoam SE-15 0.5 mL/L 

B. Phosphates 

KH2PO4 1.6 

K2HPO4 0.8 

C. Substrate* 

Xylose 60 

DDAP-H Table 5.1 

*The carbohydrate source was either xylose or DDAP-H. 

5.1.4 ANALYTICAL METHODS 

Carbohydrates and organic acids 

High-performance liquid chromatography (HPLC) was used to analyse the composition of the 

fermentation medium and the fermenter outlet. Organic acids and fermentation inhibitors (HMF and 

furfural) were detected by means of an Agilent 1100 system (Agilent Technologies, USA) fitted with a 

refractive index detector (RID) and an Aminex HPX-87H ion-exchange column (Bio-Rad Laboratories, 

USA). The mobile phase was 0.01 N (5 mM) H2SO4 at a flow rate of 0.6 mL min-1. Column and RID 

temperatures were maintained at 85 °C and 55 °C, respectively. A sample injection volume of 6 µL 

was used. Carbohydrates (glucose, xylose, arabinose and galactose) were detected using the same 

system type and parameters as before except with a Phenomenex SP0810 column (Phenomenex, 

USA) and deionised water as the mobile phase. A YSI 7100 MBS (YSI Life Sciences, USA) was used for 

glucose and xylose detection at low concentrations due to reduced sensitivity of the respective HPLC 

system at low sugar concentrations. Note, the method used for pyruvic acid detection in Chapter 3 

was developed after this study and was therefore not employed here.  
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Phenolic compounds 

Analysis of phenolic compounds from the feed and outlet dilutions was performed on an Agilent 

1100 system equipped with a G1315B diode array detector (DAD) and an Ion Trap SL (Agilent 

Technologies, USA) mass spectrometer (MS) with in-line electrospray ionization (ESI). Each sample 

was injected undiluted at a volume of 50 μL into the LC/MS system. Compounds were separated 

using an YMC C30 Carotenoid 0.3 μm, 4.6 x 150 mm column (YMC America, USA) at an oven 

temperature of 30 °C. The chromatographic eluents consisted of A) water modified with 0.03% 

formic acid, and B) 9:1 acetonitrile and water also modified with 0.03% formic acid. At a flow rate of 

0.7 mL min-1, the eluent gradient was as follows: 0-3 min, 0% B; 16 min, 7% B; 21 min, 8.5% B; 34 

min, 10% B; 46 min, 25% B; 51-54 min, 30% B; 61 min, 50% B; and lastly 64-75 min, 100% B before 

equilibrium. Deionized water (Barnstead Easy PureII, USA), acetonitrile (HPLC grade, Fisher Scientific, 

USA), and formic acid with a purity of 98% (Sigma-Aldrich, USA) were used as HPLC solvents and 

modifiers.   

Flow from the HPLC-DAD was directly routed in series to the ESI-MS ion trap. The DAD was used to 

monitor chromatography at 210 nm for a direct comparison to MS data. Source and ion trap 

conditions were calibrated with Agilent ESI-T tuning mix (P/N:G2431A), while tuning parameters 

were optimized under negative-ion mode by direct infusion of standards for major contributing 

compounds. MS and MS/MS parameters are as follows: smart parameter setting with target mass 

set to 165 Da, compound stability 70 %, trap drive 50 %, capillary at 3500 V, fragmentation 

amplitude of 0.75 V with a 30 to 200 % ramped voltage implemented for 50 ms, and an isolation 

width of 2 m/z (He collision gas). The ESI nebulizer gas was set to 60 psi, with dry gas flow of 11 L 

min-1 held at 350 °C. MS scans and precursor isolation-fragmentation scans were performed across 

the range of 40-350 Da. 

5.1.5 DATA COLLECTION AND ANALYSIS 

Online monitoring of the process parameters was performed by means of BioCommand software 

(New Brunswick Scientific, USA). The weighted time-average of the NaOH flow rate was calculated in 

real-time by a custom programme and used as an indication of steady-state. Once the time-averaged 

NaOH flow rate remained within 5% of the average over at least a 24-hour period, and sugar and 

metabolite concentrations remained within 3% over the same interval, the system was considered to 

be at pseudo steady-state. Furthermore, samples were taken daily to assess the transient behaviour 

of the system. The time-averaged NaOH flow rate, together with the antifoam flow rate, were used 

in calculating a dilution factor to adjust the inlet concentration of the substrates and other 
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compounds of relevance due to dilution by the additional flow. The accuracy and completeness of 

the data were assessed by performing overall mass balances as detailed in 3.1.6. 

5.2 PRELIMINARY BATCH FERMENTATIONS 

As described in [148], preliminary batch fermentations were performed on A. succinogenes to 

determine its behaviour and SA production performance on: (i) the four main hemicellulose-derived 

carbohydrates present in corn stover hydrolysate (i.e. glucose, xylose, arabinose and galactose), (ii) 

mock hydrolysates containing the same four carbohydrates and putative microbial inhibitors (acetic 

acid, furfural and HMF) and, (iii) two xylose-enriched hydrolysates derived from pilot-scale 

pretreatments, namely deacetylated, dilute acid pretreated hydrolysate (DDAP-H) and regular dilute 

acid pretreated hydrolysate (DAP-H). 

It was found that the order of preference or efficiency in carbohydrate conversion was glucose, 

xylose, arabinose and then galactose (Figure 5.3). Glucose, xylose and arabinose were consumed 

simultaneously with galactose consumption occurring once glucose neared full conversion. Similar 

yields were obtained on pure glucose (0.72 g g-1) and xylose (0.70 g g-1) streams while the yield of 

DDAP-H (0.74 g g-1) clearly outperformed that of DAP-H (0.52 g g-1). Furthermore, the maximum 

productivity on DDAP-H (1.27 g L-1h-1) far exceeded that of DAP-H (0.27 g L-1h-1) but was lower than 

mock DDAP-H (1.57 g L-1h-1) and pure xylose (1.79 g L-1h-1) and glucose (1.63 g L-1h-1) streams. In 

addition, furfural was converted to furfuryl alcohol and consequently decreased to zero (Figure 5.4), 

together with HMF, during the course of the batch fermentations. Overall, the results demonstrate 

that A. succinogenes is capable of fermenting non-detoxified corn stover hydrolysate at competitive 

yields and productivities and that deacetylation is an effective pretreatment step to reduce 

inhibitory effects of hydrolysate. 
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Figure 5.3. Succinic acid production and sugar consumption by A. succinogenes in mock media in the preliminary batch 
fermentations [148]. Profiles of xylose (A) glucose (D) arabinose (E) and galactose (F) consumption, succinate production 
(B) and succinate productivity (C) by A. succinogenes of different mock hydrolysates. Productivity is calculated as succinate 
concentration divided by the fermentation time at each point. Sugars and inhibitors in the different media are (1) mock 
DAP-H = sugars (80 g L-1) + furfural (1.7 g L-1) + HMF (0.17 g L-1) + AA (5.8 g L-1), (2) mock DDAP-H = sugars (80 g L-1) + 
furfural (1.7 g L-1) + HMF (0.17 g L-1) + AA (2.3 g L-1), (3) mock sugars + AA = sugars (80 g L-1) + AA (5.8 g L-1), and (4) mock 
sugars = only sugars (80 g L-1). Insets in the graphs B, D, E, and F present the profiles corresponding to the first few hours of 
fermentation. The numbers in C indicate the time point where the maximum cell density (OD600) was reached and the 
specific OD600 value for each culture. 

 

Figure 5.4. Inhibitors and co-products metabolism during preliminary batch fermentations [148]. Profiles of (A) furfural 
conversion to furfuryl alcohol in DAP-H and DDAP-H and (B) acetate production and (C) formate production and 
metabolism in mock sugars, DAP-H, and DDAP-H. 

5.3 BASELINE CONTINUOUS XYLOSE FERMENTATION 

An initial continuous fermentation was performed using a clean (inhibitor free), xylose feed stream 

to establish a baseline against which the hydrolysate fermentation runs could be compared, as 

xylose is the major sugar in dilute-acid pretreated hydrolysates [144,150–152]. A xylose feed 
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concentration of 60 g L-1 was chosen since this was the estimated concentration of xylose in the 

mock and hydrolysate runs (80 g L-1 total sugars) of our preliminary batch study [148]. A second 

objective of the initial fermentation was to ensure that the novel agitator fitting was capable of 

facilitating biofilm attachment and support, preferably for extended periods of operation. 

Steady-states were achieved at dilution rates (D) of 0.05 h-1 and 0.10 h-1 (Table 5.3) with succinic acid 

as the major product, and acetic acid (AA) and formic acid (FA) as by-products. The productivity 

benefits of operating continuously with a biofilm reactor are highlighted when comparing the SA 

productivity attained in this study (1.5 – 2.6 g L-1 h-1) to that of the preliminary xylose batch study 

(60 g L-1 feed) of 0.94 g L-1 h-1 [148] and to a similar study by Liu et al. [97] of 0.54 g L-1 h-1. 

Furthermore, the productivity compares well with the continuous xylose fermentations conducted in 

Chapter 3 [122] where productivities of 1.5 g L-1 h-1 to 3.4 g L-1 h-1 were attained at Ds between 0.05 

h-1 and 0.3 h-1. Note, productivity is calculated using the overall operational reactor volume (1.3 L) 

and the volumes of the agitator and fitting form part of this volume. 

Table 5.3. Summary of the performance of the stirred, continuous biofilm reactor on a clean xylose feedstream. 

Dilution rate 
(h-1) 

Productivity 
(g L-1h-1) 

SAa 
(g L-1) 

Yield on 
xylose 
(g g-1) 

SA/AAb 
(g g-1) 

FAc/AA 
(g g-1) 

Sugar 
conversion 

(%) 

Effective 
xylose feed 

(g L-1) 

0.05 1.54 32.5 0.72 4.2 0.36 80 57.0 

0.10 2.64 26.4 0.77 4.2 0.37 60 56.7 

a succinic acid; b acetic acid; c formic acid 

The maximum SA titre in this study (32.5 g L-1) is lower than that of the preliminary batch study 

(38.4 g L-1), whereas the maximum yield is greater (0.77 g g-1 vs 0.70 g g-1) and both values compare 

remarkably well with that of Liu et al. [97] (32.6 g L-1 and 0.77 g g-1), thereby further motivating 

continuous operation. In addition, it was found that the agitator fitting effectively facilitated biofilm 

attachment and support during continuous operation. Biofilm attached to all surfaces of the silicone 

protruding arms and the inner tube of the fitting, and also to the glass walls and internals of the 

fermenter (Figure 5.5). Prior to inoculation, the pH response to base addition was found to be rapid, 

which suggests that effective mixing was achieved by the agitator. Therefore, the agitator fitting 

provided adequate support for biofilm and did not compromise mixing of the broth. In addition, 

minimal loss of cells was observed in the reactor effluent, further indicating the effectiveness of the 

fitting. 
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Figure 5.5. Biofilm and cell morphology of A. succinogenes grown on xylose. (A) Biofilm attachment occurred on the walls 
of the fermenter and the agitator which is not visible due to the density of the biofilm and the opacity of the broth. (B) A 
micrograph of A. succinogenes cells grown on xylose. The dense portion is a clump of detached biofilm. 

5.4 CONTINUOUS HYDROLYSATE (DDAP-H) FERMENTATIONS: EFFECT OF DILUTION RATE 

Following the promising results of the pure xylose fermentations, continuous fermentations of 

xylose-enriched, deacetylated, dilute-acid pretreated corn stover hydrolysate (DDAP-H) were 

performed. The DDAP-H was prepared by a two-stage pretreatment of corn stover comprising a mild 

alkaline wash with NaOH followed by dilute acid pretreatment (DAP) with H2SO4 (see 5.1.2 above). 

Deacetylation is effective at removing a significant amount of acetic acid from the hydrolysate [145], 

which is beneficial since acetic acid is known to be inhibitory to the growth of A. succinogenes 

[29,153]. Deacetylation also partially removes lignin from the cell wall, which potentially could 

reduce inhibition due to low molecular weight phenolics. The DDAP-H consisted mainly of C5 and C6 

carbohydrates at a total concentration of 104.8 g L-1 along with fermentation inhibitors such as 

A

B

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 CHAPTER 5 |SUCCINIC ACID PRODUCTION ON A XYLOSE-ENRICHED BIOREFINERY STREAM 

5-13 
 

furfural and HMF (originating from sugar degradation during DAP [143]), and acetic acid. Although 

the expected xylose concentration in the hydrolysate streams of the preliminary batch study was 

60 g L-1 (with a corresponding total sugars concentration 80 g L-1), fluctuations in the total and 

relative sugar concentrations between hydrolysate batches resulted in an actual xylose feed 

concentration of between 52 and 58 g L-1. Therefore, in the present study, the pressed hydrolysate 

was diluted (Table 5.1) to achieve an operational xylose concentration within this range for direct 

comparison with the DDAP-H results of the preliminary study [148]. 

The DDAP-H fermentations were performed in duplicate at dilution rates of 0.02 h-1, 0.03 h-1 and 

0.04 h-1. Steady-states were achieved at all three dilution rates with a single steady-state achieved at 

a dilution rate of 0.05 h-1 to gain insight into the response of the system at higher dilution rates. The 

dynamic behaviour of the system, discussed further in 5.8 below, was instructive in selecting optimal 

dilution rates, in developing a start-up procedure for stable continuous operation and in assessing 

steady-state stability. It was found that the succinic acid concentration (CSA) remained fairly constant 

at between 38.6 g L-1 and 39.6 g L-1 on average across all three duplicated dilution rates (Figure 

5.6A), and decreased to 33.7 g L-1 at D = 0.05 h-1. However, CSA was shown to increase with 

decreasing dilution rate in previous continuous studies with A. succinogenes [13,16,39], although 

these studies did not include all the low Ds used in the current study. Despite the constant CSA 

values, the concentrations of the major by-products, acetic acid (CAA) and formic acid (CFA), showed 

similar trends to previous continuous fermentations where CAA decreased with decreasing D, and CFA 

remained near, or equal, to zero (Figure 5.6B), with the only exception being the concentration at D 

= 0.05 h-1 where CAA decreased along with CSA. 

Similar to the trend in CSA, the yield of SA on carbohydrates (YsSA) remained fairly constant (0.76 to 

0.78 g g-1) across the lower three dilution rates and decreased to 0.69 g g-1 at D = 0.05 h-1 (Figure 

5.6C). Furthermore, the yields remained below the overall theoretical maximum of 1.12 g g-1 [25] (on 

a glucose basis, but this holds for all carbohydrates in this study due to the same degree of reduction 

seen in the identical C:H:O ratios), and within the limits defined by the accepted metabolic pathways 

of 0.66 g g-1 to 0.87 g g-1 [15]. Despite this, the SA/AA ratios (YAASA) exceeded those dictated by the 

same pathways (1.97 g g-1 and 3.93 g g-1) and ranged between 5.2 g g-1 and 7.9 g g-1 whereas the 

FA/AA ratio (YAAFA) remained constant at zero due to the absence of FA (Figure 5.6D). Since CSA 

remained constant at a constant YsSA with a corresponding decrease in YAASA at increasing Ds, it 

implies that carbon was increasingly channelled to AA but not away from SA. However, in the case of 

a constant yield when all metabolites are accounted for, it is expected that as CAA increased, CSA 

should have decreased. 
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Figure 5.6. Fermentation performance on DDAP-H as a function of dilution rate. Concentrations of (A) succinic acid, and 
(B) the major by-products acetic acid and formic acid; (C) the yield of succinic acid on total sugars consumed; (D) 
metabolite ratios indicating selectivity to succinic acid (YAASA) and the route of pyruvate consumption (YAAFA); (E) volumetric 
rate of carbohydrate consumption and succinic acid productivity. Error bars represent standard deviation and are hidden 
by the markers in cases where the deviation is negligible. No repeats were performed at D = 0.05 h−1. 
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The SA productivity (qSA) was found to be competitive and ranged between 0.78 g L-1 h-1 and 

1.65 g L-1 h-1 for the lower three dilution rates (Figure 5.6E). In addition, qSA increased linearly up to a 

D of 0.04 h-1 due to CSA remaining fairly constant, but flattened out somewhat at D = 0.05 h-1 due to a 

correspondingly lower CSA. The total sugars consumption rate increased linearly across all dilution 

rates including 0.05 h-1. The highest qSA of 1.77 g L-1 h-1 was achieved at D = 0.05 h-1 with a 

corresponding total sugars consumption rate of 2.56 g L-1 h-1. The decrease in YsSA at D = 0.05 h-1 is 

also reflected by the increased difference between the rate of sugars consumption and the rate of 

SA production when compared to the lower Ds. The non-linear increase in qSA in moving from a D of 

0.04 h-1 to 0.05 h-1 with a corresponding linear increase in the rate of sugar consumption, together 

with a poorer yield at 0.05 h-1, is suggestive of a shift in the metabolic flux distribution. 

Despite the linear increase in sugar consumption rate with dilution rate, the conversion of total 

sugars decreased gradually with increasing dilution rate from 81.3% at D = 0.02 h-1 to 73.7% at D = 

0.05 h-1 (Figure 5.7A). The order of preference in sugar utilisation by A. succinogenes, as reflected by 

the conversion of each sugar (Figure 5.7B), was glucose (94.3 – 97.5%), xylose (73.0 – 83.2%), 

arabinose (61.5 – 70.0%) and galactose (37.9 – 47.9%). However, all sugars were consumed 

simultaneously suggesting the absence of carbon catabolite repression, in agreement with the 

results of the preliminary batch study on DDAP-H [148] where the sugars were consumed 

simultaneously but at different rates with the same utilisation preferences as seen in the present 

study. Interestingly, the conversion of xylose at 0.05 h-1 in the DDAP-H fermentation (73.0%) was 

somewhat lower than that of the baseline xylose fermentation at the same D (79.6%) with a similar 

xylose feed concentration - likely due to the preference for glucose. 
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Figure 5.7. Conversion of carbohydrates in the DDAP-H fermentations as a function of dilution rate. (A) The conversion of 
total sugars, and (B) the individual conversion of each sugar. Error bars represent standard deviation and are hidden by the 
markers in cases where the deviation is negligible. No repeats were performed at D = 0.05 h−1. Large deviations in 
arabinose and galactose data are due to reduced HPLC system sensitivity at low sugar concentrations 

5.5 CONTINUOUS HYDROLYSATE (DDAP-H) FERMENTATIONS: MASS AND REDOX BALANCES 

Similar to Chapter 3 and Chapter 4, to explore the consistency of the fermentation data, mass 

balances were performed on the data averages. Mass balance closures were between 74.0% and 

83.9% (Figure 5.8A) suggesting that mass was unaccounted for in the form of either missing 

metabolites or as biomass since dry cell weights were not included. However, similar to the 

discussion in Chapter 3 (3.3), biomass, as dry cell weight measurements, was excluded from the 

mass balance calculation due to the presence of biofilm and because CSA values were 33.0 g L-1 and 

39.5 g L-1 throughout this study, meaning that the system was in a non-growth state. Therefore, the 

unaccounted mass is likely due to undetected metabolites, which may have been produced through 

alternative metabolic pathways. Nevertheless, the incomplete mass balances do not detract from 

the utility of the fermentation results and are in themselves a useful result, yet it is instructive to 

further explore this discrepancy and to this end, redox balances were performed on the results, 

similar to Chapters 3 and 4 (3.3).  
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Figure 5.8. Mass and redox balance analyses of the DDAP-H fermentations. (A) Mass balances at each dilution rate and, 
(B) A parity plot of the NADH produced as a function of the NADH consumed for each steady state from DDAP-H runs 1 and 
2. Error bars represent standard deviation and are hidden by the markers in cases where the deviation is negligible. No 
repeats were performed at D = 0.05 h−1. 

As discussed in Chapter 3 (3.3), the only route of SA synthesis in A. succinogenes is via the reductive 

branch of the TCA cycle since the organism lacks a complete TCA cycle, a glyoxylate shunt and an 

Entner-Doudoroff pathway [81]. Furthermore, the main reported end products during A. 

succinogenes fermentations are acetic acid, formic acid and ethanol [49], and as described in 

Chapter 3, pyruvic acid when fermenting xylose. However, no pyruvic acid or ethanol was detected 

in the DDAP-H fermentations. The redox balance was therefore restricted to the formation of 

succinic-, acetic- and formic acids. Elemental balancing and knowledge of metabolic pathways was 

used to determine overall equations, on a carbon mole basis, in converting substrate to product 
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Equations 2-7 and 2-8 give the overall oxidative pathways in which NADH is produced, via either the 

pyruvate dehydrogenase (Equation 2-8) or the pyruvate formate-lyase (Equation 2-7) route. 

However, since no formic acid was observed during the DDAP-H fermentations, only Equation 2-8 

featured in the NADH calculation. Equation 2-6 gives the overall reductive pathway in which there is 

a net consumption of NADH in producing SA. Using metabolite measurements, the corresponding 

NADH for each pathway can be calculated and the total should sum to zero in a redox balanced 

system. However, in this study, and similar to the results of Chapter 3 and Chapter 4, the total 

amount of NADH consumed distinctly exceeded the amount of NADH produced (Figure 5.8B), which 

dovetails with the high YAASA ratios (Figure 5.6C). The extent to which the consumed NADH exceeds 

the produced NADH clearly reflects that NADH generated in the production of the measured 

metabolites was insufficient. In essence, therefore, the system displayed an overall mass imbalance 

together with an NADH imbalance on the measured mass. 

The mass deficit could be associated with NADH production where NADH is produced together with 

the potential missing metabolite(s), thereby accounting for both the excess NADH and the missing 

mass. Furthermore, as demonstrated in Chapter 4 (4.4), the additional reduction power can be 

generated in the OPPP, especially since the fermentations in the current chapter were also 

performed under biofilm conditions and displayed similar yields as before. However, as discussed in 

4.4, OPPP flux would only satisfy the redox balance while leaving closure of the overall mass balance 

incomplete. Alternatively, and as mentioned in Chapter 4, if the OPPP produced NADH beyond that 

needed to close the NADH balance, and the additional NADH produced was oxidised by an external 

agent (e.g. yeast extract in the feed serving as an electron acceptor as mentioned in [53]), a 

concomitant loss of CO2 would occur. In this scenario, the undetected metabolite would be CO2. 

When using non-detoxified hydrolysate as feedstock, it may be possible for the detoxification 

reactions to serve as NADH-sinks. As observed in the preliminary batch fermentations (5.2), A. 

succinogenes converts furfural to furfuryl alcohol and as seen below, furfural is completely 

consumed in the continuous DDAP-H fermentations. The conversion will increase the demand for 

NADH as it requires two NADH molecules [154] to proceed. If this NADH is supplied by the OPPP, 

mass would be lost as CO2, thereby partially contributing to the incomplete mass balance closures. A 

similar process could occur in the conversion of HMF to HMF alcohol as this reaction requires two 

NADPH molecules [155], although HMF alcohol has not yet been established as the conversion 

product of HMF in A. succinogenes fermentations. 
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5.6 EFFECT OF INHIBITORS ON THE FERMENTATION PERFORMANCE 

The concentrations of the primary suspected fermentation inhibitors, furfural and HMF, were found 

to decrease to, and remain at zero, during all fermentations. This finding is in agreement with the 

previous batch study where furfural was converted to furfuryl alcohol and consequently decreased 

to zero, together with HMF, during the course of the fermentation [148]. As suggested in a previous 

study [156], furfural conversion to furfuryl alcohol likely occurs by means of an aldehyde reductase 

since the aldehyde is reduced to its alcohol form. Also, the genome of A. succinogenes encodes an 

aldo/keto reductase (KEGG: Asuc_0311), which may be responsible for the reduction of furfural. 

Despite HMF and furfural remaining at zero, it was necessary to increase the dilution rate gradually 

to enable the culture to better tolerate the hydrolysate (5.8 Dynamic behaviour of the hydrolysate 

(DDAP-H) fermentations: start-up and stability) suggesting either the presence of other inhibitors in 

the feed, or that A. succinogenes metabolises these compounds at a regulated rate that increases 

with increasing dilution rate after adaptation. Similarly, in our comparative batch study [148], the 

mock hydrolysates that contained furfural and HMF distinctly outperformed the actual hydrolysates 

suggesting that there are inhibitors present in the hydrolysate besides HMF and furfural. Phenolic 

compounds resulting from hydrolysis pretreatment processes are also known to inhibit microbial 

growth [143]. As such, the concentrations of selected phenolic compounds in the feed were 

compared to those of the fermentation broth across all steady-states in the second DDAP-H 

fermentation (Table 5.4). Interestingly, an increase in the concentrations of the phenolics was 

observed between the feed and the fermentation broth, with the exception of 4-

hydroxybenzaldehyde. Also, the increase in phenolics occurred at all dilution rates and to the same 

extent. An increase in phenolics could be a result of breakdown of lignin oligomers or aromatic-

carbohydrate linkages, either through microbial action or through abiotic degradation. Related to 

microbial action, the genome of A. succinogenes includes a feruloyl-esterase enzyme (KEGG: 

Asuc_0433) which is able to catalyse the break-down of the complex feruloyl-polysaccharide thereby 

releasing ferulate (Expasy: EC 3.1.1.73). Because the enzyme contains a signal peptide (predicted by 

SignalP 4.1 [157]), it may be performing extracellular hydrolysis reactions, which could be the 

mechanism behind the increase in ferulic acid. In spite of this potential mechanism, it remains to be 

seen whether overall fermentation performance can be enhanced by detoxification of the 

hydrolysate prior to fermentation without considerably impacting the economics of the process. 
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Table 5.4. Concentrations of phenolic compounds present in the feed and outlet during the second DDAP-H fermentation. 
ND = not detected 

Dilution rate 
(h-1) 

(mg L-1) 

4-hydroxy 
benzaldehyde 

Caffeic acid Syringic acid 
p-Coumaric 

acid 
Ferulic acid Total phenolics 

Feed medium 1.779 ND ND 22.71 5.20 29.68 

0.02 0.105 0.895 0.269 51.84 15.15 68.26 

0.03 0.104 0.886 0.261 51.40 15.20 67.85 

0.04 0.107 0.881 0.264 51.05 14.85 67.15 

0.05 0.111 0.887 0.272 51.93 15.14 68.34 

 

5.7 COMPARISON TO OTHER RELEVANT STUDIES ON SUCCINIC ACID PRODUCTION 

The results achieved in this study compare well with previous SA production studies using A. 

succinogenes and a biomass feedstock. Particularly, the highest productivity achieved in this study 

(1.77 g L-1 h-1) exceeds previous batch studies that utilised a lignocellulosic feedstock, a starch-

derived feedstock, or a detoxified feed stream but was lower than the previous continuous xylose 

study (3.41 g L-1 h-1; at D = 0.3 h-1) (Table 5.5). As with the baseline xylose fermentation, the high 

productivities attained in the DDAP-H fermentations highlight the productivity benefits of operating 

continuously with immobilised cells. However, the maximum titre attained (39.6 g L-1) was lower 

than previous studies which underscores a potential downside to operating continuously at 

appreciable productivities. The maximum yield on total sugars attained in the DDAP-H fermentations 

of 0.78 g g-1 compares well with the xylose baseline fermentation (0.77 g g-1) and with previous 

studies, especially since the hydrolysate contained known fermentation inhibitors, and comprised a 

mix of sugars that are metabolised to varying degrees by A. succinogenes (Figure 4B). Furthermore, 

the maximum yield in this study exceeded that of the preliminary batch study [148]. Interestingly, 

the steady state, achieved at D = 0.05 h-1 in the second DDAP-H fermentation, outperformed that of 

the baseline xylose fermentation in terms of productivity (1.77 vs. 1.54 g L-1 h-1), but showed similar 

values for titre (33.6 vs. 32.5 g L-1) and yield (0.69 vs. 0.72 g g-1). The greater productivity is most 

likely due to a higher cell density in the DDAP-H fermentation where the porosity of the PP fitting is 

expected to provide a greater surface area for cell attachment than the silicone arms used in the 

xylose fermentation. Also, the comparable performance could suggest that the lower initial, and 

gradual increase in, the dilution rates of the second DDAP-H fermentation (discussed below) 

together with increased exposure times of the cells to DDAP-H through cell retention, led to 

adaptation of the culture to the extent where it was able to perform similarly to one operating on a 

clean, xylose feed - since the comparison is only valid for one dilution rate (0.05 h-1) which occurred 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 CHAPTER 5 |SUCCINIC ACID PRODUCTION ON A XYLOSE-ENRICHED BIOREFINERY STREAM 

5-21 
 

late in the DDAP-H run. With this in mind, prior detoxification of the DDAP-H could lead to 

performance similar to that of the xylose fermentation without the need for extended start-up 

phases. Essentially, the results achieved in this study are of substantial value to the development of 

a SA production processes that could be incorporated into a lignocellulosic biorefinery. However, all 

studies on lignocellulosic feedstock still fall well short of the performance obtained with pure 

glucose fermentations (Table 5.5). In addition to A. succinogenes, the ability of other microorganisms 

to produce SA from lignocellulosic biomass has been reviewed [86]. 
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Table 5.5. Summary of the most relevant succinic acid production studies using A. succinogenes and a potentially scalable, 
renewable feedstock with pure sugar studies given for comparison. The highest SA productivity, concentration and yield for 
each study are shown. 

Substrate (Feedstock) Pretreatment method Mode 
qSA

a 

(g L-1 h-1) 

CSA
b 

(g L-1) 

YsSA
c 

(g g-1) 
Reference 

Corn stover (xylose, glucose, arabinose, 
galactose) 

Pilot-scale: deacetylation 
followed by dilute sulfuric  

acid hydrolysis 
Continuous 1.77 39.6 0.78 This Chapter 

Xylose - Continuous 2.64 32.5 0.77 This Chapter 

Xylose - Continuous 3.41 29.4 0.68 
Chapter 
3/[122] 

       

Xylose (60 g L-1) - Batch 0.94 38.4 0.70 

Preliminary 
Batch 

Study/[148] 

Corn stover 

Pilot-scale: deacetylation 
followed by dilute sulfuric  
acid hydrolysis (DDAP-H) 

Batch 0.30 42.8 0.74 

Pilot-scale: dilute sulfuric  
acid hydrolysis (DAP-H) 

Batch 0.12 17.0 0.52 

Mock DDAP-H (xylose, glucose, 
arabinose, galactose, inhibitors, low 

acetate) 
- Batch 0.61 43.8 0.68 

Mock DAP-H (xylose, glucose, 
arabinose, galactose, inhibitors, high 

acetate) 
- Batch 0.61 43.7 0.72 

       
Sugarcane bagasse (xylose) Dilute sulfuric acid hydrolysis Batch 1.01 22.5 0.43 [110] 

       

Wheat (glucose) Enzymatic hydrolysis 

Batch 1.01 35.6 0.82 [158] 

Batch 1.57 64.2 0.81 [159] 

Batch 0.91 62.1 1.02 [111] 

       

Corn fibre (glucose, xylose, arabinose) 
Dilute sulfuric acid hydrolysis 

by autoclaving 

Batch 0.98 35.4 0.73 [103] 

Batch 0.63 47.0 0.68 [160] 

       

Corn stover (glucose, xylose, arabinose) 
Dilute sulfuric acid hydrolysis 

followed by cellulose 
treatment 

Batch 1.08 56.4 0.73 [161] 

       

Sugarcane molasses (sucrose, glucose, 
fructose) 

Sulfuric acid treatment of 
crude molasses 

Batch 

Fed-batch 

1.30 

1.40 

60.7 

64.7 

0.81 

0.86 

[162] 

[162] 

Batch 

Fed-batch 

0.97 

1.07 

57.9 

64.3 

0.69 

0.76 

[101] 

[101] 

       

Glucose† 
- Continuous 10.8 32.5 0.90 [13] 

- Fed-batch 2.77 98.7 0.89 [14] 

a succinic acid productivity; b succinic acid concentration; c yield of succinic acid on carbohydrate substrate(s); † comparative baseline study 
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5.8 DYNAMIC BEHAVIOUR OF THE HYDROLYSATE (DDAP-H) FERMENTATIONS: START-UP AND 

STABILITY 

The initial operational strategy for the DDAP-H fermentations was to operate at a low dilution rate 

similar to the lowest rate used in the xylose baseline fermentation (0.05 h-1) to allow the culture to 

adapt to the hydrolysate. Given stability of the system, the dilution rate would then be increased to 

accelerate biofilm formation. Once substantial and stable biofilm had been established, the dilution 

rate would be systematically changed to assess the performance of the system under steady state 

conditions across a range of dilution rates. The system was considered to be at steady state once the 

time-averaged NaOH flow rate remained within 5% of the average for at least 24 hours and minimal 

fluctuations (< 3%) in residual sugar and metabolite concentrations were observed after at least two 

samples over the same period. 

In the first continuous DDAP-H fermentation (Figure 5.9A), once the initial start-up batch was 

nearing completion, the system was switched to continuous mode at a dilution rate of 0.025 h-1 (half 

of the lowest rate used in the xylose fermentation). The response was positive and a CSA of 20 g L-1 

was achieved. Given this, the dilution rate was increased to 0.05 h-1 before the system was able to 

reach steady state. However, the productivity of the system decreased significantly and ultimately 

approached zero. To restore the system, the reactor was switched to batch mode allowing the cells a 

period of revival. Batch operation showed an increase in CSA after which the dilution rate was 

changed to 0.01 h-1 followed by an increase to 0.02 h-1 due to a promising increase in CSA. The 

dilution rate was then increased to 0.03 h-1 which resulted in a progressive decrease in CSA. Once 

again the system was switched to batch mode for recovery.  
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Figure 5.9. Dynamic behaviour of the DDAP-H fermentations. Time profiles of the dilution rate and succinic acid 
concentration for: (A) The first DDAP-H fermentation where too rapid an increase in the dilution rate led to washout, and 
(B) The second DDAP-H fermentation where the dilution rate was more gradually increased to facilitate adaptation of the 
culture to the hydrolysate. 

The increase in D from 0.01 to 0.03 h-1 may have been too rapid for the culture to adapt, thereby 

causing washout or cell death. Therefore, once the system had recovered, the dilution rate was 

switched to 0.02 h-1 and held for 120 hours after which the first steady-state was achieved at a CSA of 

39.6 g L-1. Subsequently, D was increased to 0.025 h-1 and then to 0.03 h-1. As evidenced by Figure 

5.9A, the more gradual increase in D resulted in an increase in CSA up to a point where it plateaued 

over time and steady-states were obtained at Ds of 0.03 h-1 and 0.04 h-1. After the switch in D from 

0.03 h-1 to 0.04 h-1, the system exhibited steady behaviour after approximately 70 hours. To further 

assess the stability of the system, the steady-state performance was examined at a dilution rate of 

0.04 h-1 over a period of 120 hours, approaching five volume turnovers. Figure 5.10A illustrates good 

stability where the productivity and yield at a specific instant in the period remained within 4.3% and 

3.8% of the average productivity and yield, respectively. Minimal deviation in the productivity 

implies a consistent SA production rate and titre, while minimal deviation in the yield implies 

constant metabolic flux distributions indicating that the microbial population was indeed at steady 

state. This further suggests that the active biomass content in the fermenter was constant during 

this interval. However, further increasing the dilution rate to 0.05 h-1 led to a significant decrease in 

0

10

20

30

40

50

0

0.01

0.02

0.03

0.04

0.05

0.06

0 200 400 600 800 1000

Su
cc

in
ic

 a
ci

d
 -

C
SA

(g
 L

-1
)

D
ilu

ti
o

n
 r

at
e

  (
h

-1
)

Fermentation time (h)

Dilution rate

Succinic acid

Steady-state succinic acid

0

10

20

30

40

50

0

0.01

0.02

0.03

0.04

0.05

0.06

0 100 200 300 400 500 600

Su
cc

in
ic

 a
ci

d
 -

C
SA

(g
 L

-1
)

D
ilu

ti
o

n
 r

at
e

 (
h

-1
)

Fermentation time (h)

Dilution rate

Succinic acid

Steady-state succinic acid

A

B

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 CHAPTER 5 |SUCCINIC ACID PRODUCTION ON A XYLOSE-ENRICHED BIOREFINERY STREAM 

5-25 
 

CSA after which the fermentation was terminated. The first fermentation thus provided important 

insights into the response of A. succinogenes to the throughput rates of non-detoxified DDAP-H, and 

suggests that a gradual increase in D is vital in maintaining culture stability. 

 

Figure 5.10. Steady-state stability of the DDAP-H fermentations. Time profiles of the succinic acid productivity and yield at 
steady-state for: (A) The first DDAP-H fermentation at D = 0.04 h‐1 for almost five volume turnovers (120 h), where the 
slight decrease in yield and productivity towards the end of the time frame are due to biofilm shedding caused by minor pH 
control issues, and (B) The second DDAP-H fermentation at D = 0.05 h-1 for just over four volume turnovers (81 h). The 
points of each graph correspond to the consecutive steady-state points in Figure 5.9. 

Based on the conclusions of the first DDAP-H fermentation, the strategy of the second DDAP-H 

fermentation was to operate at a low dilution rate for an extended period of time (approximately 

100-hour holding times), followed by dilution rate increases in increments of 0.01 h-1. Figure 5.9B 

shows that by operating at D = 0.01 h-1 after the initial batch phase for approximately 90 hours, then 

increasing D incrementally after holding times of approximately 100 hours, results in a steady 

increase in CSA up to 36.6 g L-1, followed by a stable value of 35.3 g L-1 on average. Therefore, by 

gradually increasing D, the culture was able to acclimatise sufficiently for stable operation at 

practical dilution rates and unlike in the first DDAP-H run, the system did not destabilise at 0.05 h-1. 

Instead, the system showed good stability at an average CSA of around 33.3 g L-1, and similar to the 
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above analysis, the productivity and yield fluctuated minimally around the averages remaining 

within 2.1% and 2.9% respectively (Figure 5.10B). Furthermore, the biofilm appeared stable 

throughout the fermentation as no major shedding or sloughing events occurred and the effluent 

did not contain large clumps of biomass. It is plausible that the thickness of biofilm and biofilm build-

up on the fitting were limited by shear effects through sufficient agitation, in addition to product 

inhibition. 

Interestingly, the cell morphology was found to differ between batch (Figure 5.11A) and continuous 

modes (Figure 5.11B) where cells exhibited a more elongated, irregular shape during continuous 

operation as compared to batch. The irregular shape could be indicative of stress caused by the high 

acid titres or merely from washed out fragments of biofilm. As a comparison to Figure 5.2B, Figure 

5.11C shows the agitator fitting after termination of the first DDAP-H run where biofilm attachment 

is clearly visible on the centre PP tube and the porous PP protruding arms. Overall, the second 

fermentation demonstrated that A. succinogenes is able to effectively convert non-detoxified DDAP-

H into succinic acid, given a gradual increase in the dilution rate to allow the organism to adapt to 

the inhibitors in the hydrolysate, whilst showing good overall stability and sustainable steady-state 

conditions. 
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Figure 5.11. Microscope images and biofilm from the DDAP-H fermentations. Microscope images from the first DDAP-H 
fermentation: (A) During the batch start-up phase, and (B) After continuous operation at D = 0.02 h-1 for 64 hours (approx. 
167 hours of fermentation time); (C) Biofilm attached to the agitator fitting and reactor internals as seen at the termination 
of the first DDAP-H fermentation. 

5.9 CONCLUSIONS 

Value-added chemicals produced in conjunction to biofuels are important in reducing the risks 

inherent in the overall economics of a lignocellulosic biorefinery. Production of such chemicals 

requires co-development with upstream and downstream processes including pretreatment and 

separation. It is therefore necessary to assess the performance of co-production fermentation 

processes using a process-relevant feed stream and with consideration of downstream 

requirements. In this chapter, a target value-added chemical - succinic acid - was produced 

continuously as the major end-product by immobilised A. succinogenes at competitive productivities 

(1.77 g L-1 h-1), yields (0.78 g g-1) and titres (39.6 g L-1) on a non-detoxified, xylose-rich hydrolysate 

stream for the first time. The productivities attained in this study exceed those of similar studies 

whilst achieving similar yields and titres over prolonged periods of operation. High productivities 

A B

C
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were possible due to high cell densities achieved through immobilisation of cells as a biofilm on a 

novel agitator fitting, and through continuous operation of the fermenter. Ultimately, effective 

conversion of a process-relevant, lignocellulose-derived hydrolysate stream at high succinate 

production rates, and titres favourable for downstream separation processes, is demonstrated. 

Therefore, this work illustrates that co-production of value-added chemicals is feasible by microbial 

conversion of biorefinery streams, and provides a baseline for similar studies in the future. It is 

recommended that a similar study be performed on detoxified hydrolysate (e.g. activated carbon) to 

determine whether improved performance is possible. 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

6-1 
 

6 | CONCLUSIONS 

This thesis demonstrates that xylose is a suitable feedstock for succinic acid (SA) production by wild-

type A. succinogenes. Under continuous operation, xylose consumption rates are shown to be 

similar to those of glucose at dilution rates of 0.05, 0.10 and 0.30 h-1, but lower yields (0.55 – 

0.68 g g-1) and SA productivities (1.5 – 3.4 g L-1 h-1) are attained. SA titres of between 10.9 and 

29.4 g L-1 are seen at SA-to-acetic acid ratios between 3.0 and 5.0 g g-1. In addition, pyruvic acid 

formation is found to be substantially greater in xylose fermentations (1.2 – 1.9 g L-1) as detected by 

means of a modified HPLC method. In agreement with glucose fermentations, increased SA yields on 

xylose are observed at increasing SA titres indicating increased flux to SA. Mass balance closures on 

xylose (80.6 to 85.3%) are found to be lower than those on glucose, and are incomplete for both 

substrates suggesting that undetected metabolites are present or alternative metabolic pathways 

are active. Furthermore, redox balances suggest that the central metabolic network, based on 

measurements of excreted metabolites and excluding the pentose phosphate pathway, is unable to 

produce the required reduction power (as NADH) to account for the measured SA concentrations. 

Following this, the study provides evidence that the incomplete redox balance closures are linked to 

an active oxidative pentose phosphate pathway (OPPP) under non-growth conditions on both 

glucose and xylose. Assays of glucose-6-phsophate dehydrogenase coupled to a kinetic model show 

that flux into the OPPP, relative to total substrate uptake flux, increases with increasing succinic acid 

titre, corresponding to an increase in redox balance deviations. Furthermore, the experimentally 

determined flux relationships are supported by metabolic flux models that include the OPPP and use 

metabolite measurements as inputs. The OPPP is the likely source of the required reduction power 

as it generates NADPH which can be converted to NADH by transhydrogenase, thereby allowing 

greater flux to the reductive, SA pathway. In addition, the only by-product of the OPPP is CO2 which 

cannot be detected by HPLC and, more importantly, there is a net consumption of CO2 during SA 

production making OPPP-related CO2 difficult to determine. 

In addition to pure sugar feed streams, A. succinogenes biofilms are shown to effectively ferment a 

process-relevant biorefinery stream to SA in a custom, continuous reactor. A. succinogenes is able to 

achieve competitive yields (0.78 g g-1), titres (39.6 g L-1) and productivities (1.77 g L-1h-1) on non-

CONCLUSIONS
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detoxified, deacetylated, dilute acid pretreated, corn stover hydrolysate at dilution rates of 0.02, 

0.03, 0.04 and 0.05 h-1. High productivities were possible due to high cell densities in the fermenter 

attained through biofilm attachment to a novel agitator fitting. Furthermore, the organism is able to 

deal with putative microbial inhibitors such as furfural and hydroxymethyfurfural (HMF) through 

conversion to less inhibitory compounds, likely the alcohol counterparts. However, continuous 

operation at reasonable productivities is only possible by starting at low dilution rates (0.01 h-1) after 

batch operation, then gradually increasing the flow rate to allow the culture to adapt – even under 

complete conversion of furfural and HMF. Various lignin-derived, low molecular weight phenolic 

compounds are shown to be present in the feed and increase during fermentation suggesting a 

possible link to the observed inhibition and the need for an acclimatisation phase. 

Overall this thesis demonstrates that biofilms of A. succinogenes have the potential to produce SA at 

enhanced yields and productivities on glucose, xylose and a scalable, process-relevant biorefinery 

stream. Furthermore, insight is provided into the unique metabolic behaviour of the organism under 

non-growth conditions where increased OPPP flux generates reduction power capable of sustaining 

increased flux to SA. In future work, this advantageous behaviour should be leveraged to develop a 

process capable of homosuccinate production with A. succinogenes, particularly employing a 

biorefinery stream as feedstock. 
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APPENDIX A: MATLAB PROGRAMME FOR KINETIC FITS 

A Matlab programme was used for fitting the assay data to a kinetic model. The program comprised 

a main routine within which subroutines were nested. The subroutines dealt with the following 

operations: 

1. Data extraction from Excel spreadsheets 

2. Least squares, non-linear optimisation to minimise error in fitting kinetic parameters. Matlab 

function used: lsqnonlin 

3. Computation of the error between modelled and experimental data 

4. Solving the system of differential equations representing reaction rates. Matlab function 

used: ode45 

CODE 

***** 

% MAIN SCRIPT 

 
% Kinetic fit programme - Main script linking to sub-routines 

  
clear all; clc; 

  
SampleDate = '%YYYYMMDD%'; %For individual steady-state fits 
Substrate='Glucose'; %’Xylose’ 
DilutionRate='01'; 
sets=5; %i.e. number of assay conditions 
steadyS=5; %number of steady-states (allows for flexibity in fitting 

various steady-states 

  
%Use DataRead for individual steady-state fits 
%[tExp, absExp, n, c0, v2max] = 

DataRead(SampleDate,Substrate,DilutionRate); 

 
%Use DataRead2 for fits on all data sets from substrate 
[tExp, absExp, n, c0, v2max] = DataRead2(Substrate); 

  
eps = 6.22; %Extinction coefficient [/mM/cm] {C = A/eps/L; L=1 cm} 
cExp = absExp/eps; %mM 

  
c0 = [c0(:,1) zeros(n,1) c0(:,3) cExp(1,:)' c0(:,2)]; %[G6P Ru5P Nadp+ 

Nadph F6P] 

  
k(1)=0.433; %fixing A<->C kinetics 
k(2)=0.202; 
keq=0.312; 
k1=k(1); 
k2=k(2); 

  
v1=2.9; %Guess - high 
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v3=0.00037; %Guess - low 
k3=0.26; %Km(G6P) for G6PDH reaction [mM] 

  
b=ones(1,steadyS-1); %Initialise proportional rate vector 
coeff_lb = 0.01; %Scaling lower bound 
coeff_ub = 10; %Scaling upper bound 
c_lb = ones(1,(steadyS-1))*coeff_lb; 
c_ub = ones(1,(steadyS-1))*coeff_ub; 

  
xguess = [v3   k3      v1    b]; 
lb =     [1e-8 0.01    0.001 c_lb]; % Lower constraint 
ub =     [10   0.99    3     c_ub]; % Upper constraint 

  
tEnd = tExp(end); %last time point to evaluate 
dt = tExp(2)-tExp(1); %Time between assays readings 

  
options2 = optimset('TolFun',1e-10,'TolX',1e-10, 'MaxFunEvals',2000, 

'MaxIter',2000); 

  
%Optimisation subroutine 
xout = lsqnonlin(@(x) modelMM(x,dt, tEnd, cExp, keq, c0, n, k, 

sets,steadyS), xguess,lb,ub, options2) 

  
xout(3)/xout(1) 
tspan = 0:15:tEnd; 
A=0; 
parity_model=[]; %Combine sets for overall fit parity plot 
parity_exp = []; 

 

%Generate figures of fits 
for i=1:n 
    A=A+1; 
    setNum = ceil(i/sets); %i.e.steady-state 
    [t, cout] = ode45(@(t, c) dsysdtB(t, c, xout, keq,k, setNum,steadyS), 

tspan, c0(i,:)); 
    figure(ceil(i/sets)) 
    subplot(sets,2,A) 
    plot(t, cout(:,4), tExp, cExp(:,i),'x') 
    subplot(sets,2,A+1) 
    plot(t, cout(:,1),'k', t, cout(:,2),'b', t, cout(:,3),'y', t, 

cout(:,4),'m')%, t,cout(:,5)) 
    parity_model = [parity_model cout(:,4)']; 
    parity_exp = [parity_exp cExp(:,i)']; 
    if A==(2*sets-1) %single figure per data set 
        A=0; 
    else 
        A=A+1; 
    end 
end 

***** 

%DATA EXTRACTION FROM EXCEL (SINGLE) 

 
function [tExp, absExp, n, c0, v2max] = 

DataRead(SampleDate,Substrate,DilutionRate) 
%Read absorbance data and intial conditions from spreadsheet 
%Used for separate steady-states 

  
ParentFolder = '%C:\RootDirectory%'; 
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FileName= [ParentFolder '\' SampleDate '\' SampleDate '-' Substrate '-D' 

DilutionRate '.xlsx']; %Unique to location 
num = xlsread(FileName, 'Combined'); 
tExp = num(:,1); 

  
absExp = num(:,2:end); 
dataSets = size(absExp); 
n=dataSets(2); 

  
num2 = xlsread(FileName, 'InitialConditions'); 
c0 =num2 
num3 = xlsread(FileName, 'v2max'); 
v2max = num3 

 
%DATA EXTRACTION (ALL) 

 
function [tExp, absExp, n, c0, v2max] = DataRead2(Substrate) 
%Read absorbance data and intial conditions from spreadsheet 
%Used for entire data sets per substrate 

  
ParentFolder = 

'C:\Users\Michael\Dropbox\PhD\Experiments\Exp5PPPFlux\Paradigm'; 
FileName= [ParentFolder '\KineticProfiles-' Substrate '.xlsx'] 
num = xlsread(FileName, 'All'); 
tExp = num(:,1); 

  
absExp = num(:,2:end); 
dataSets = size(absExp); 
n=dataSets(2) 

  
num2 = xlsread(FileName, 'InitialConditions'); 
c0 =num2 
num3 = xlsread(FileName, 'v2max'); 
v2max = num3 

***** 

% SOLVE SYSTEM OF ODES AND GENERATE ERROR FOR OPTIMISATION 

 
function err = modelMM(x, dt, tEnd, cExp, keq, c0, n, k, sets, steady) 
%Integrate rate ODEs and generate error vector 
%n=number of data sets to optimise 
%Compute MAPE to gauge overall fit quality 

  
tspan = 0:dt:tEnd; 
errV=[]; 
sumMAPE=[]; 
count=0; 
for i = 1:n 
  setNum = ceil(i/sets); 
  [t, cout] = ode45(@(t, c) dsysdtB(t, c, x, keq, k, setNum, steady), 

tspan, c0(i,:)); %solve for each set of initial conditions (unique to each 

assay) 
  cModel = cout(:,4); 
  errSet = cExp(:,i) - cModel; %calculate error vector for data set 
  errV = [errV errSet']; %append error vector with new errors 
  perErr = abs(abs(cExp(:,i))-abs(cModel))./abs(cExp(:,i))*100; 
  sumMAPE = [sumMAPE perErr']; 
  count=count+length(cModel);  
end 
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MAPE = sum(sumMAPE)/count %compute Mean Absolute Percentage Error 
err=errV; 

***** 

%DIFFERENTIAL EQUATIONS AND RATE DEFINITIONS 

 
function dc = dsysdtB(t,c,x,keq,k,setNum,steady) 
%Solves system of differential rate equations 

  
v3=x(1); 
k3=x(2); 
v1=x(3); 
k1=k(1); 
k2=k(2); 

  
diff=steady-2; 
v2=v1*k2/keq/k1; 
b = [1 x(end-diff:end)]; 
  

%Reversible Michaelis-Menten PGI reaction 
rac = @(c) (v1*c(1)/k1 - v2*c(2)/k2)/(1+c(1)/k1+c(2)/k2); 

 

%Michaelis-Menten G6PDH reaction 
rab = @(c) b(setNum)*v3*c(1)/(k3 + c(1));  

  
dc = zeros(5,1); 
dc(1) = -rab(c(4)) - rac([c(1) c(5)]);  %dG6P/dt 
dc(2) = rab(c(1));     %dRu5P/dt 
dc(3) = -2*rab(c(1));     %dNADP+dt 
dc(4) = 2*rab(c(1));     %dNADPHdt 
dc(5) = rac([c(1) c(5)]);    %dF6Pdt 

 

***** 
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