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Synopsis

A technique for analysing batch fumaric acid fermentations is presented. Off-gas
measurements were included in the analysis, which assisted in improving the accuracy by
means of data reconciliation due to these extra measurements resulting in an overdetermined
mass-balance. Instantaneous rate estimations were obtained through smooth polynomial fits
on the consolidated dataset. The primary objective was to use this technique to analyse the
metabolic flux distribution as the fermentation progressed. This led to the identification of
various metabolic phases that could be exploited for favourable results in future process
designs. The secondary objective was to investigate the influence of pH and dissolved oxygen
(DO) concentration on the metabolic flux distribution using the described technique, with the
focus shifted to differences in instantaneous rate and yield characteristics, rather than

accumulative differences.

Three distinct metabolic phases were present during this study. Phase A relates to the
adjustment period when changing mediums and is characterised by zero fumaric acid
production. Phase B started with the commencement of fumaric acid production; the three
major metabolic pathways (fumaric acid, ethanol and respiration) were all active during this
phase. Most of the fumaric acid was produced during this stage while ethanol production
steadily declined. Phase C started when ethanol production reached zero and therefore only

the fumaric acid and respiration pathways were active during this phase.

Unlike with the ethanol pathway, the activity of the respiration pathway did not decline as the
fermentation progressed. The diminishing ethanol production was interpreted as inactivation
of the anaerobic part of the biomass while the aerobic part remained unaffected. The
respiration capacity (0.8 mmol O,/g biomass.h) was identical for all the DO 60% and 80%
fermentations, which suggests that respiration was limited by factors other than the DO. The

full respiration capacity was not achieved with limited oxygenation (DO 20%)).
Instantaneous fumaric acid yields (0.8 g/g for DO 80%) were high during Phase C, but the

high ethanol production during Phase B wasted a major fraction of the glucose which led to

low overall fumaric acid yields (0.52 g/g for DO 80%). Zero ethanol production and constant
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respiration imply that the fumaric acid yield depends solely on the fumaric acid production
rate during Phase C. It was found that this rate was inhibited by the fumarate concentration
itself, resulting in lower rates (and yields) at high fumarate concentrations. High pH and DO
levels countered this inhibition effect. Based on the results, it is recommended that
fermentations should be operated at a pH of 5 and a DO of 80%, and that most of the fumaric
acid should be produced during Phase C. This can be achieved by batch fermentations with
higher initial glucose concentrations (> 100 g/L), by fed-batch fermentations with late
glucose addition or by continuous fermentations with concentrations and pretreatment

conditions similar to those of the start of Phase C.

Keywords: Rhizopus oryzae, fumaric acid, metabolic flux analysis, DO, pH, immobilisation
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Nomenclature

ATCC  American Type Culture Collection

ATP adenosine triphosphate

CECT  Coleccion Espaiiola de Cultivos Tipo

DO dissolved oxygen (concentration)

EMP Embden-Meyerhof-Parnas glycolysis pathway

FADH flavin adenine dinucleotide

HPLC  High performance liquid chromatography

NADH nicotinamide adenine dinucleotide

NRRL  Agricultural Research Service Culture Collection

OD outer diameter

P:O ratio of ATP produced per NADH:FADH consumed during
oxidative phosphorylation

Farpt rate of ATP production from the ethanol pathway

Farpt rate of ATP production from respiration

Farp! total rate of ATP production

rgt rate of glucose consumption towards ethanol production

ret rate of glucose consumption towards fumaric acid
production

rgt rate of glucose consumption towards respiration

re’ total glucose consumption rate

RID refractive index detector

TCA tricarboxylic acid cycle

Yor™ instantaneous fumaric acid yield

Greek

c standard deviation
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1 Introduction

It is common knowledge that most carbon-based products (fuel, polymers, adhesives,
solvents, pharmaceuticals, etc.) are produced though various chains of chemical processes
that use petroleum-based raw materials. These processes are the result of decades’ worth of
research and development in the petrochemical industry and are integral to the modern
quality of life. However, detrimental environmental effects from the petrochemical industry
and the depletion of its raw materials threaten the eventual viability of these processes. In
order to alleviate these issues, attention has shifted from the petroleum industry as the sole
carbon and energy source towards more sustainable and environmentally beneficial

industries, such as renewable biomass, solar power, etc.

One of these up-and-coming industries incorporates the use of a bio-based refinery which
produces fuels and carbon products, akin to those of a petroleum-based refinery, that use
renewable raw materials and moderate process conditions (Sauer et al., 2008). One of the
essential objectives of this bio-refinery is to produce bio-based equivalents of the current
C2-C4 platform chemicals which are extensively used in the chemical and polymer industries

(Jang et al., 2012).

Maleic anhydride is one of the common C2-C4 platform chemicals produced by
petrochemical methods. The total market for maleic anhydride in 2013 was
2 100 kilotons/annum and 50% of all maleic anhydride was used in the production of
unsaturated polyester resins (Grand View Research, 2014). Fumaric acid has been proposed
as the bio-based substitute for maleic anhydride (Xu et al., 2012). Unsaturated polyester
resins produced from fumaric acid are harder and more environmentally friendly than those
from maleic anhydride. The prospective bulk alternative use for fumaric acid is as cattle feed
acidifier (McGinn et al., 2004) with an expected market size of up to US$2600 million by
2018. Fumaric acid has long been considered to be one of the 12 most important bio-based
chemical building blocks by the Department of Energy of the United States of America
(Werpy & Petersen, 2004).

Research output regarding the bio-based production of fumaric acid is low when compared

with that relating to other organic acids, such as citric acid and succinic acid, and for this
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reason yields and productivities are low when compared with these acids (Xu et al., 2012).
Downstream processing of fumaric acid produced by Rhizopus oryzae has recently been
found to be more practical due to a significantly lower solubility when compared with these

acids and has boosted ongoing research interest (Roa Engel et al., 2008).

Fumaric acid production by Rhizopus oryzae involves the use of three main metabolic
pathways: (1) the reductive TCA branch (responsible for fumaric acid accumulation); (2) the
ethanol pathway (energy generation); and respiration (high-efficiency energy generation). To
achieve economically sustainable fumaric acid production, care has to be taken to ensure that
all the energy is generated through respiration rather than the ethanol pathway. This objective
can be accomplished through proper flux analysis, the results of which can be applied to
direct research towards attaining improved yields (and productivities). Current open literature
on fumaric acid production is restricted in this regard, with only batch metabolite profiles

being predominately reported.

The objective of this study is to develop the methods and tools required for effective flux
analysis of Rhizopus oryzae fermentations. This entails integrating and consolidating off-gas
measurements with metabolite concentrations in the fermentation broth via a mass-balanced
metabolic flux model. This will enable quantification of the carbon distribution as a function
of fermenter conditions. The flux characteristics will be pivotal when developing new
fermenter designs in which operating conditions and broth concentrations will be optimised

for high yield and production of fumaric acid.

The analysis method was developed by employing batch fermentations on immobilised
Rhizopus oryzae on a polypropylene support. pH and dissolved oxygen (DO) concentration
levels were varied to investigate the effect of these external conditions on the flux
distribution. Fermentations were performed in a novel, external-recycle reactor. Glucose was
used as the carbon source and urea as the nitrogen source. Fermentations were carried out in
two stages: a growth stage and a production stage. The metabolic flux analysis was done on
the production stage since most of the fumaric acid was produced during this stage. The
initial glucose concentration for the production stage was 100 g/L and the fermentation was

performed at 35 °C.
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2 Theory

2.1 Fumaric acid

Fumaric acid (C4H404), also known as (E)-2-butenedioic acid or trans-
1, 2-ethylenedicarboxylic acid, is a four-carbon dicarboxylic acid and is shown in Figure 2-1.
The name is derived from the plant from which it was first isolated, Fumaria officinalis (Roa
Engel et al., 2008). Fumaric acid has a low aqueous solubility (7 g/kg at 25 °C) and low pK,
values (3.03 and 4.44) (Lohbeck et al., 1990), which leads to easier product recovery when

compared with other dicarboxylic acids such as succinic acid and maleic acid.

O

MO "0oH

O

Figure 2-1: Fumaric acid molecule

Fermentation was the main source of fumaric acid in the 1940s but was later discontinued in
the 1970s when it was replaced by more competitive petroleum-based processes (Kenealy et
al., 1986). In the current commercial process, fumaric acid is produced by -catalytic
isomerisation of maleic acid. Maleic acid is produced from maleic anhydride, which in turn is

produced by catalytic oxidation of butane (Roa Engel et al., 2008).

According to market research, roughly 5% of the total maleic anhydride production is used to
produce fumaric acid (Roa Engel et al., 2008). The total maleic anhydride market for 2013
was 2 100 kilotons/annum, which amounts to a fumaric acid market of approximately
105 kilotons/annum. The price of fumaric acid was reported to be US$1.6—1.8 per kg; this is
10% higher than that of maleic anhydride (Mondala, 2015).

Food and beverages accounted for 32% of the global fumaric acid consumption in 2013 (IHS,
2014). It is used as an acidity regulator denoted by the E number E297 (Riscaldati & Moresi,

2002) and is 1.5 times more acidic than citric acid (Xu et al., 2012). Fumaric acid is also an
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important intermediate for L-malic acid and L-aspartic acid, both of which are food additives

with an increasing market share (Xu et al., 2012).

Other uses include the production of rosin paper sizing and alkyd resins, with 2013 market
shares of 20% and 12% respectively (IHS, 2014). However, the market share of these two
products is expected to decline due to environmental regulations affecting the use of alkyd

resins and rosin paper sizing (IHS, 2014).

The double bond and two carboxylic acid groups in fumaric acid (Figure 2-1) confer on it a
high amenability for polymerisation and esterification reactions (Xu et al., 2012). Unsaturated
polyester resins make up 18.5% of the fumaric acid market share (IHS, 2014) and account for
up to 50% of the total global demand for maleic anhydride (Grand View Research, 2014).
Fumaric acid could potentially act as a future replacement for maleic anhydride in
unsaturated polyester resins since it has the added advantage of being non-toxic and its
polymer structure exhibits greater hardness (Roa Engel et al., 2008). The potential market
size for this application is expected to be US$3 300 million by 2020 (Grand View Research,
2014). The only reason maleic anhydride is still favoured over fumaric acid is the higher
price of fumaric acid, but this difference is expected to diminish with increasing petroleum

prices (Roa Engel et al., 2008).

The other large future bulk application of fumaric acid is as cattle feed acidifier. McGinn et
al. (2004) showed that methane emissions from cattle could be reduced by up to 70% when
compared with other acidifiers (such as lactic and formic acid) when fumaric acid was used
as feed acidifier. This could greatly reduce the total global methane emissions as farm
animals are responsible for up to 14% of global methane emissions (McGinn et al., 2004).
The total global market for feed acidifiers is expected to be worth US$2 616 million by 2018
(Markets and Markets, 2014).

Due to the increasing demand for fumaric acid (particularly in the Chinese food industry
(IHS, 2014)) and rising fuel costs, there has been renewed interest in fumaric acid production
by fermentation. Chinese companies such as Changmao Biorefinery and Jiangsu Jiecheng
Bioengineering have invested substantial amounts of financial and human resources into

microbial production of fumaric acid (Xu et al., 2012). Fumaric acid has been identified as
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one of the 12 most important platform chemicals to be produced by industrial fermentation

(Werpy & Petersen, 2004), since it would be the bio-based replacement for maleic anhydride.

2.2 Microbial production of fumaric acid

2.2.1 Microorganisms

Fumaric acid is an intermediate metabolite in the tricarboxylic acid (TCA) cycle and is
produced in small amounts by numerous microorganisms (Roa Engel et al., 2008). Only a
few microbial species are able to excrete fumaric acid in significant quantities (Xu et al.,
2012). The first fumaric acid-producing strain, Rhizopus nigricans, was discovered by Felix
Ehrlich in 1911 (Foster & Waksman, 1939). Foster & Waksman (1939) identified high
fumaric acid-producing strains after screening 41 strains from eight different genera. The
fumaric acid-producing genera were identified as Rhizopus, Mucor, Cunninghamella and
Circinella. The genus Rhizopus, within the order Mucorales, has been found to contain the
only microorganisms that are suitable for industrial production of fumaric acid. The
following Rhizopus strains have been identified as candidates for industrial production of
fumaric acid: nigricans, arrhizus, oryzae and formosa (Foster & Waksman, 1939; Rhodes et

al., 1962; Kenealy et al., 1986; Cao et al., 1997; Carta et al., 1999).

Not all strains of Rhizopus oryzae produce fumaric acid. Abe et al. (2003) classified Rhizopus
oryzae into two different types. Type I strains produce fumaric acid with little or no lactic
acid. Type II strains produce lactic acid with little or no fumaric acid. Therefore for fumaric
acid production only type I strains are used; the most prominent among these strains are
Rhizopus oryzae (ATCC 20344) and Rhizopus oryzae (ATCC 52918). These two strains give
the highest productivity and product titre, and have been the most widely researched and
discussed in the open literature since 1990 (Roa Engel et al., 2008), with Rhizopus oryzae
(ATCC 20344) being the most widely used strain.

2.2.2 Metabolic pathways

It was first suggested that fumaric acid synthesis in Rhizopus species involved a C-2 plus C-2

condensation reaction (Romano et al., 1967). This predicted a maximum yield of 100% on a
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molecular basis (64.4% on a mass basis) with glucose as substrate, but it was not in
agreement with experimental yields above 100% on a molecular basis (Rhodes et al., 1962).
Romano et al. (1967) hypothesised that the reductive branch of the TCA cycle was the main
contributor to fumaric acid accumulation. A C-3 plus C-1 mechanism for the fixation of CO,
was proposed and was later confirmed by "*C nuclear magnetic resonance and enzyme
activity studies (Kenealy et al., 1986). The reductive TCA branch responsible for fumaric
acid accumulation is located exclusively in the cytosol (Osmani & Scrutton, 1985). The

metabolic pathway for fumaric acid synthesis is illustrated in Figure 2-2.

With the reductive TCA pathway, the theoretical yield for fumaric acid is 200% on a
molecular basis (128.8% on a mass basis) and is shown by Equation 2-1. The pathway in
Equation 2-1 requires CO; to be added during fermentation since two moles of CO, are
fixated per mole of glucose consumed. This pathway is redox and energy neutral, implying
zero generation or consumption of NADH (nicotinamide adenine dinucleotide) and ATP
(adenosine triphosphate) when the overall pathway is considered; therefore this pathway
represents only the theoretical maximum since energy is required for cell maintenance and
acid transport (Xu et al., 2012). The maximum fumaric acid yield when no CO; is added is
150% on a molecular basis (100% on a mass basis) and the reaction is shown by
Equation 2-2. This is achieved by using a combination of the oxidative and reductive TCA

pathways (Figure 2-2).

C6H1206+ ZCOZ —>2C4H404+ 2H20 2-1
C6H1206 + 1.5 02 - 1.5 C4H404 + 3 H20 2-2

The energy required for cell maintenance and acid transport is generated in the ethanol and
oxidative TCA cycle pathways (Gangl et al., 1991). The ethanol pathway is located in the
cytosol of the cell, whereas the oxidative TCA pathway is located in the mitochondrion of the
cell (Osmani & Scrutton, 1985). This is illustrated in Figure 2-2. The oxidative TCA pathway
is active only under aerobic conditions; oxidative phosphorylation converts all the excess
redox (NADH and FADH,; — flavin adenine dinucleotide) generated by the oxidative TCA
pathway to energy (ATP) (Gangl et al., 1991). This combination of the oxidative TCA
pathway and oxidative phosphorylation will henceforth be referred to as respiration. The

reactions for the ethanol and respiration pathways are shown in Equations 2-3 and 2-4
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respectively. From these reactions it is evident that respiration is much more energy efficient,
generating up to 19 times more ATP per mole of glucose consumed than the ethanol pathway.
Equation 2-4 represents the theoretical maximum (P:O ratio of 3), but in practice
Equation 2-5 (P:O ratio of 1.25) gives a better indication of the actual respiration
performance (Villadsen et al., 2011: 35). Therefore, in practice, respiration generates 9.5
more ATP (energy) per mole of glucose consumed than the ethanol pathway. The difference
in ATP generation between the theoretical maximum and the actual amount is due to proton
leakage across the mitochondrial membrane and slippage of the ATP synthase proton pump

(Villadsen et al., 2011: 142).

CeHyp0¢ — 2 CHgO + 2 CO, + 2 ATP 2-3
CeHy206 + 60, > 6CO0, + 6 Hy0 + 38 ATP 2-4
CeHyp06 + 60, > 6CO0, + 6 Hy0 + 19 ATP 2-5

Song et al. (2011) did biochemical assays on the mitochondrial and cytosolic fumarase. It was
found that the cytosolic fumarase had a higher affinity for the conversion of malic acid into
fumaric acid than the mitochondrial fumarase. This suggests that there might be two genes
that encode two different fumarases in Rhizopus oryzae, one in the cytosol (reductive TCA
branch) and another in the mitochondrion (oxidative TCA cycle). Ding et al. (2011) showed
that cytosolic fumarase is inhibited by the nitrogen source (urea and yeast extract) and

therefore nitrogen limitation is important for fumaric acid accumulation.
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NADH
Y2 Glucose
Glycerol EMP \ NADH
+ ATP
CO, + ATP Pyruvate
Reductive o
TCA branch 2 Ethanol pathway
Oxaloacetate ) ) Acetaldehyde
NADH
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\% @) \4/ )
Malate
Ethanol
\L (©))
Fumarate
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Pyruvate
NADH + CO, — ] ®
Acetyl-Coa
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NADH
+CO,
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11 10
FADH NADH + GTP
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Figure 2-2: Metabolic pathways for Rhizopus oryzae (ATCC 20344)
Enzymes are indicated by bracketed numbers: 1. Pyruvate decarboxylase, 2. Alcohol dehydrogenase,
3. Pyruvate carboxylase, 4. Malate dehydrogenase, 5. Fumarase, 6. Pyruvate dehydrogenase complex,
7. Citrate synthase, 8. Aconitase, 9. Isocitrate dehydrogenase, 10. a-ketoglutarate dehydrogenase and
succinyl-CoA synthase, 11. Succinic dehydrogenase, 12. Fumarase, 13. Malate dehydrogenase.
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2.3 Aspects of fumaric acid fermentation

2.3.1 General fermentation strategy

Almost all fumaric acid fermentations with Rhizopus oryzae are done in a two-stage method
(Roa Engel et al., 2011). Typical values used by Roa Engel et al. (2011), Du et al. (1997),
Cao et al. (1997) and Zhou et al. (2002) are given in brackets. The first stage, referred to as
the growth stage, has a limited amount of carbon (5-20 g/L glucose) since high glucose
concentrations (> 20 g/L) prevent biomass growth due to high osmotic pressure (Xu et al.,
2012). This stage has a high nitrogen content (2 g/L urea); this promotes biomass growth and
is therefore responsible for most of the biomass produced during the two-stage operation. The
pH in this stage (3—5) is usually lower than that of the second stage (5—6) in order to achieve
the required morphology (Roa Engel et al., 2011).

The objective of the second stage is to maximise fumaric acid production. The second stage,
referred to as the production stage, has a high amount of carbon (100 g/L of glucose) and
very low or no nitrogen content. This promotes fumaric acid production (Song et al., 2011)
since no carbon is directed towards biomass growth and this prevents the inhibition of the
cytosolic fumarase enzyme from the nitrogen source (Ding et al., 2011). It is also possible to
prevent biomass growth by phosphate limitation (Riscaldati et al., 2000). pH control during
this stage is very important (Roa Engel et al., 2011) since most of the fumaric acid is

produced in this stage.

2.3.2 Morphology

Morphology control is a major challenge in achieving high yield and productivity. In
submerged fermentations the three main morphological forms are clumps, filaments and
pellets. These forms are shown in Figure 2-3. Fungal morphology is difficult to control since
it is affected by most fermentation variables such as pH, shear, heavy metal content, nitrogen
content, temperature, preparation of inoculums and osmotic pressure (Roa Engel et al., 2011).
Morphology control of Rhizopus oryzae is mostly empirical and data on the subject are

limited (Xu et al., 2012). A proper mathematical model for morphological control, such as the
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one developed for Aspergillus niger (Grimm et al., 2005), is required for proper scale-up for

processes using Rhizopus oryzae (Xu et al., 2012).

(a) clump (b) Filament (c) Pellet

Figure 2-3: Different morphologies in submerged cultures
(Source: Xu et al., 2012)

The morphology of Rhizopus oryzae influences the flux distribution towards the main
metabolic pathways (ethanol pathway, fumaric acid production and respiration), the nutrient
consumption rate and the oxygen uptake rate (Xu et al., 2012). Clump morphology causes
internal oxygen limitation in cells, which results in low production of biomass (growth stage)
and fumaric acid (production stage) (Zhou et al., 2000) and is therefore rarely used in

fermentations (Roa Engel et al., 2011).

Filamentous growth with highly branched mycelia is favourable for the production of
enzymes such as amylase, pectinase, xylanase and cellulase (Ghosh & Ray, 2011), and is the
preferred morphology when using Rhizopus oryzae with starch as carbon substrate (Deng et
al., 2012). The disadvantage of filaments is increased viscosity of the fermentation medium.
Addition of carboxymethyl cellulose to the growth medium results in higher, more dispersed
mycelia with improved oxygen transfer, which increases fumaric acid production by up to

300% (Morrin & Ward, 1990).

Pellets have the highest fumaric acid yield due to their improved oxygen-transfer capability.
Small pellets (1 < mm) have shown the best performance (Zhou et al., 2000). The other
advantage of pellets is their lower viscosity compared with filamentous morphology and that
the pellets can be reused (Liao et al., 2007). Pellet formation can be divided into two

categories: aggregation and non-aggregation. The aggregation form is due to multiple spores
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that combine to form pellets, while the non-aggregation form is the result of pellet formation

from a single spore (Xu et al., 2012).

2.33 pH

Several studies have been done to determine the optimum pH for both the biomass growth
stage and the fermentation stage. Effective pH control is required during both of these stages
since the pH influences the morphology of the biomass, the productivity and the metabolic
flux distribution (Roa Engel et al., 2011). The pH and choice of neutralising agent also
impact the recovery costs of fumaric acid, which is an important factor in industrial fumaric

acid production (Roa Engel et al., 2011).

In the cultivation stage, the optimum pH for pellet morphology was found to be between 3
and 3.3 (Zhou et al., 2000; Fu et al., 2009; Roa Engel et al., 2011). The pellets were hairy and
had diameters of less than 1 mm, which improved O, transfer and resulted in the highest
fumaric acid concentration and yield in their respective studies. The pellets produced by Roa
Engel et al. (2011) and Zhou et al. (2000) are shown in Figure 2-4. Zhou et al. (2000) and Fu
et al. (2009) found that spores did not germinate at a pH lower than 2.5. The optimum pH for
filament morphology is 4 (Zhou et al., 2000; Fu et al., 2009). At a pH above 4.5, clumps start
to form, resulting in very low fumaric acid production (Zhou et al., 2000; Fu et al., 2009; Roa

Engel et al., 2011).

Figure 2-4: Pellets at optimum pH
Zhou et al. (2000) left and Roa Engel et al. (2011) on the right
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Roa Engel et al. (2011) found that a pH of 5 during the production stage resulted in the
highest fumaric acid yield and titre. Their study also showed the importance of proper pH
control. With pH controlled at 5, the amount of fumaric acid produced was 30.21 g/L, while
without pH control the amount of fumaric acid produced was 2.92 g/L since the fermentation

stopped when the pH dropped to below 2.4.

2.3.4 Immobilisation

Free-cell fermentations of Rhizopus oryzae often lead to large clumps or pellets which cause
difficulties such as impeding of impellers, fouling of agitation blades, blocking of the
sampling and feeding ports, and low yields due to oxygen limitation. To address these

problems Rhizopus oryzae can be immobilised onto an attachment surface (Fu et al., 2009).

Petruccioli et al. (1996) used a polyurethane sponge to immobilise Rhizopus oryzae in repeat
batch fermentations. The productivity (0.256 g/L.h) and fumaric acid titre (12.3 g/L) were
lower than those of conventional submerged fermentations. The main advantages were that it
was easy to reuse the immobilised fungi and that the fungi lasted for several batches (8)

before productivity started to decline.

Gu et al. (2013) used a wire-and-fibre net to immobilise Rhizopus oryzae and compared it
with conventional free-cell fermentations. The immobilised and free-cell fermentations had
similar fumaric acid titres, namely 31.23 g/L and 32.03 g/L respectively, while the
immobilised cells had much higher productivity (1.3 g/L.h) than the free cells (0.217 g/L.h).
The claimed increase in productivity was due to increased biomass density as a result of

immobilising the fungi on the net.

Cao et al. (1997) attached Rhizopus oryzae to plastic rotating discs. The productivity
(3.78 g/L.h) was increased since the cells were exposed to both the gas and liquid phases of
the reactor and resulted in the highest productivity of any fumaric acid fermentation without
using in situ product recovery. The advantage of immobilisation is that the attached fungi are

reused in repeat batch fermentations.

12
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2.4 Fumaric acid production studies

All studies on fumaric acid production occurred under batch, semi-batch and repeat batch
conditions. No studies of continuous operation have been reported. This is due to the
operational difficulties when working with free fungal cells. Repeat batch fermentations are
only possible with immobilised cells (Cao et al., 1997). Table 2-1 contains a summary of

fumaric acid studies done with wild Rhizopus oryzae strains.

The highest yield (0.82 g/g), titre (107 g/L) and productivity (2 g/L.h) for a submerged
fermentation were obtained by Ng et al. (1986) using Rhizopus oryzae ATCC 52918.
Efficient morphology control resulted in small pellets with a good oxygen uptake rate. Biotin,
a cofactor of the enzyme pyruvate carboxylase (Figure 2-2), was added to improve the
metabolic flux rate towards the reductive TCA branch, which resulted in high fumaric acid

productivity and yield. The fermentation was performed at a pH of 6.

Du et al. (1997) used an airlift reactor with high oxygen mass transfer and compared the
results with those of a traditional submerged fermentation. The pH was controlled at 5 and
CaCOj3 was used as neutralising agent and CO; source. The oxygen mass transfer coefficient
was three times higher for the airlift reactor than for the submerged reactor. The dissolved
oxygen (DO) level in the airlift reactor remained at 90%, but the DO level for the submerged
fermentation was not reported. The airlift reactor had a higher yield and productivity

(0.754 g/g and 0.814 g/L.h) than those of the submerged fermenter (0.60 g/g and 0.66 g/L.h).

Cao et al. (1996, 1997) used a rotating biofilm contactor reactor consisting of rotating plastic
discs with a thin film of immobilised fungi grown on them. The discs rotated so that the fungi
were exposed to both the gas and liquid phases of the reactor. This reactor, along with the use
of in situ product recovery of fumaric acid, achieved the highest yield (0.86 g/g) and
productivity of any study (4.25 g/L.h). The titre is lower than that of Ng et al. (1986) due to
the lower concentration of glucose used. These results were obtained without using a CO,
source and the yield is therefore within 86% of the theoretical maximum (1 g/g) when no
CO; is added to the system. Since the fungi were immobilised, there was the added
advantage that they could be reused in a repeat batch process. The fungi were used for four

cycles before being regenerated.

13
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Table 2-1: Fumaric acid studies done on wild strains of Rhizopus.
(Adapted from Roa Engel et al., (2008) and (Xu et al., 2012)

Product titre Productivity Yield

Strain Fermenter Substrate (g/L) (g/L.h) (g/g) Reference

R. nigricans Shake flask Glucose 14 - 0.50 (Foster & Waksman, 1939)

45 Shake flask Glucose 20 0.25 0.66 (Romano et al., 1967)

R. oryzae® Stirred tank® Glucose 90 1.22 0.70 (Rhodes et al., 1962)

ATCC 52918 or Stirred tank® Glucose 107 2.00 0.82 (Ng et al., 1986)

NRRL 2582 Stirred tank Glucose 73 0.50 0.72 (Gangl et al., 1990)

R. oryzae® Shake flask Glucose 98 1.02 0.81 (Kenealy et al., 1986)

ATCC 12732 or Fluidised bed Molasses 18 0.36 0.36 (Petruccioli et al., 1996)

NRRL 1526 Stirred tank Glucose 38 0.46 0.33 (Riscaldati et al., 2000)

R. oryzae RBC"® Glucose 76 3.78 0.75 (Cao et al., 1997)

ATCC 20344 or RBC® Glucose 92 4.25 0.85 (Cao et al., 1996)

NRRL 6400 Airlift Glucose 38 0.81 0.75 (Du et al., 1997)
Bubble column Glucose 37 1.03 0.53 (Zhou et al., 2002)
Stirred tank Dairy manure 31 0.32 0.31 (Liu et al., 2008)
Stirred tank Glucose 56 0.70 0.54 (Fuetal., 2010)
Stirred tank Glucose 41 0.37 0.48 (Huang et al., 2010)
Stirred tank Glucose 32 0.32 0.45 (Kang et al., 2010)
Stirred tank Glucose 30 0.19 0.28 (Roa Engel et al., 2011)

© University of Pretoria
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A Biotin was added to the fermentation medium
BRotary biofilm reactor
“Rotary biofilm reactor with in situ product recovery by adsorption

PFormerly known as Rhizopus arrhizus (Abe et al., 2003)
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3 Experimental

3.1 Microorganism and growth

The microorganism used in this study was Rhizopus oryzae (ATCC 20344 or NRRL 6400)
from the Spanish Collection of Cultures, Colecciéon Espafiola de Cultivos Tipo (CECT),
Valencia, Spain. The culture was grown at 35 °C on potato dextrose agar plates (Merck) to
produce spores. After 96 hours, the agar plates were washed with sterilised water to obtain a
spore solution. The spore solutions were stored at 4 °C; new spore solutions were prepared

every 3 months.

Cultures were tested for purity and viability by preparing 200 mL solutions of sterilised
tryptone soy broth and inoculating them with the spore solution. A high-performance liquid
chromatography (HPLC) analysis was done after 48 hours to determine whether the spore

solutions were pure and viable.
3.2 Fermentation media

A two-stage fermentation method was used as in previous fermentation studies (Roa Engel et
al., 2011; Cao et al., 1996; Cao et al., 1997; Du et al., 1997; Zhou et al., 2002). The medium
components are shown in Table 3-1 and were identical to those of previous studies (Roa
Engel et al., 2008; Cao et al., 1996, Cao et al., 1997; Du et al., 1997; Zhou et al., 2002),
except for the glucose concentration during the growth stage since using 10 g/l of glucose
would lead to excessive biomass blocking. The heavy metal concentrations used in this study
and the abovementioned studies were based on an optimisation study done by Zhou et al.

(2000).

Distilled water was used and the medium was sterilised in an autoclave at 121 °C for
60 minutes. The glucose and urea were each sterilised separately from the rest of the
components. All the components in Table 3-1 were obtained from Merck, South Africa.
Instrument-grade air (Afrox, South Africa), a dry mixture of synthetic air (20% O, and 80%

N>), was used for sparging air through the reactor.
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Table 3-1: Media components used in this study

Fermentation Component Concentration
stage (g/L)
Growth stage  Glucose 5.000

Urea 2.000

KH,PO4 0.600

MgS0,4.7H,0  0.250
ZnS0,.7H,0  0.088

Production Glucose 100.000
stage KH,PO, 0.600
MgS0O4.7H,O  0.250

Z/nS04.7H,0O 0.088
Yeast extract 1.000

3.3 Reactor set-up

The reactor consists of a 50 mm outside diameter (OD) glass cylinder contained between an
aluminium base and head. The working volume of the reactor was 220 mL. A polypropylene
pipe 34 mm in diameter was used as attachment surface for the fungi. It had a length of
170 mm and fungi were attached on both sides of the cylinder. The reactor base had three
ports and the reactor top had five ports. The reactor set-up is shown in Figure 3-1 and Figure

3-2.

Agitation was achieved by using an external recycle line from the head of the reactor to the
base of the reactor. The recycle pump (Wason Marlow 323U) switches direction every
30 seconds. This ensures that there is no accumulation of fungi on the low-pressure side of
the recycle pump and also improves the mixing in the reactor. The flow rate of the recycle

pump was set at 120 mL/min.

All the components of the reactor system (feed bottles, pH probes, reactor vessel, etc.) were
connected by 5 mm silicone tubing, and 10 mm polypropylene T-pieces were used where

required. Peristaltic pumps (Watson Marlow 120U) were used as inlet, outlet and dosing

17
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pumps. The average dosing flow rate was monitored using Labview. All product bottles and
feed bottles, as well as the reactor vessel, were vented to atmosphere and 0.2 um PTFE filters

were used to prevent contamination.

The temperature was controlled at 35 °C by a hotplate (Agimatic-N) connected to a
temperature controller (Heidolph EKT 3005) which used a thermocouple (Heidolph Type K)
connected in the recycle line. The pH was measured using a CPS 471D ISFET pH probe
(Endress & Hauser) housed in an aluminium probe holder connected in the recycle line. The
pH probe was connected to a Liquiline CM 442 (Endress & Hauser) transmitter. The pH was
controlled by using a relay on the Liquiline CM 442 transmitter to switch the dosing pump
on/off. 3M NaOH was dosed in order to control the pH.

The flow of air into the reactor was controlled using a SLAS5850 (Brooks) gas controller. The
air flow rate into the reactor was controlled at 22 mL/min (10% vvm). The DO level in the
reactor was measured using a COS 22D (Endress & Hauser) DO probe housed in an
aluminium probe holder connected in the recycle line. The DO probe was connected to a
Liquiline CM 442 transmitter. The DO was controlled by a relay on the Liquiline CM 442
transmitter to switch the air recycle pump on/off. The air recycle pump takes the air leaving
the top port of the reactor and recycles it back into the sparger. The air recycle pump flow

rate was 660 mL/min (3 vvm).

The following variables were recorded on line using a custom Labview application:
temperature, pH, DO, average dosing flow rate, air recycle flow rate and air inlet rate. These
variables were used to ensure that there were no disturbances during a fermentation that could

affect the results.
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Figure 3-1: Reactor set-up used in the study
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Figure 3-2: Images of the fermenter set-up.
Image A was taken at the end of the growth stage, image B was taken during the fermentation stage
and image C shows the reactor set-up
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3.4 Analytical methods

3.4.1 HPLC analysis

Glucose, fumaric acid, ethanol, malic acid, glycerol and succinic acid were determined using
an Agilent 1260 Infinity HPLC (Agilent Technologies, USA) with an Aminex HPX-87H
column (Bio-Rad Laboratories, USA) and a refractive index detector (RID). The mobile

phase was 0.3 ml/L H,SO,4 with a flow rate of 0.6 mL/min at a temperature of 60 °C.

3.4.2 Gas analysis

The gas composition (CO, and O,) was measured using a Tandem (Magellan Biotech, UK)
gas analyser. The air was dried before it entered the gas analyser in order to remove the
effects of water and ethanol vapour from the measurement and the gas compositionwas

recorded every second.
3.4.3 Biomass measurement

The final biomass was filtered on preweighed filter paper (Whatman, 47 mm) and washed
with distilled water. The biomass was left to dry at 90 °C for 24 hours and then weighed to

yield the final amount of dry biomass.

3.5 Metabolic flux model

The mathematical metabolic flux model is based on the metabolic pathways shown in Figure
2-2 and was built using the methods proposed by Villadsen et al. (2011: 180). The model
simplifies the pathways of Figure 2-2. It is shown in Figure 3-3 and illustrates how the

equations for the mathematical model were derived.

The model has ten variables. There are eight measured variables: glucose (V1), glycerol

(V10), ethanol (V4), fumaric acid (V5), malic acid (V6), succinic acid (V7), CO, (V8) and

21
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O, (oxidative phosphorylation) (V9). The two calculated values are the oxidative TCA
pathway (V2) and the pyruvate pathway (V3).

The model has four equations, which implies that the system is overspecified by two. This
overspecification can be used for data reconciliation to obtain more accurate measured rates
(Section 3.6). The two first equations are carbon balances around nodes 1 and 2 in Figure 3-3

and are given by Equation 3-1 and Equation 3-2 respectively.

—V1+V10+V2+V3=0 3-1

The third equation is an NADH balance over the entire system shown in Figure 3-3 and is

given by Equation 3-3.

1 1 1 1 1
_§V10+2V2+§V3_§V4—ZV6_EV7—2V9:0 3_3
The final equation relates the measured CO, (V8) to all of the CO, released or fixed by the

pathways in Figure 3-3 and is given by Equation 3-4.

Maintenance is the energy (ATP) consumed by the cell in order to sustain itself and is a very
important factor in fermentation analysis as it gives an indication of the efficiency of the cells
when investigating different reactor conditions (Villadsen et al., 2011: 173). The ATP
generation rate (ratp) is determined by calculating the excess ATP produced (i.e. ATP that is
not consumed by the formation of metabolites) through substrate consumption and is given

by Equation 3-5.

1 1 1 1 1 P
TATp:§V2+§V3_ZV5_ZV6—ZV7+25V9 3-5
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Figure 3-3: Simplified metabolic flux model used to build the mathematical model
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3.6 Data reconciliation

Data reconciliation uses extra measurements in order to identify gross (non-random)
measurement errors and to give better values for these measurement errors. As stated in
Section 3.5, there are two extra measurements in this study and therefore data reconciliation
can be applied to improve the accuracy of the whole dataset. The data reconciliation method

is based on that described by Villadsen et al. (2011: 100).

3.6.1 Measurement errors

There was a total of eight measured variables (glucose, ethanol, fumaric acid, malic acid,
glycerol, succinic acid, CO, and O;) in this study. To perform data reconciliation, an
estimation of the size and nature of the errors for each of these measurements has to be

provided (Villadsen et al., 2011: 100).

The amount of base added was recorded and its diluting effect on the glucose consumed and
the production of each of the metabolites was included with each HPLC sample. The amount
of substrate or product lost due to sampling and purging was also included with each HPLC
sample. The HPLC sample analyses were repeated four times to lessen the number of random
errors. The expected error for all HPLC samples, with the exception of ethanol, was
calculated as 0.0007 g (this is the base error made by HPLC if exactly the same sample were
to be run numerous times) + 2% of the total number measured (this represents the random
errors made when preparing the samples). For ethanol the error was calculated as 0.0007 g +
5% of the total number measured. The increased percentage error for the ethanol

measurement is due to the evaporation of ethanol.

The error for the gas analysis was expected to be 10% of the total number measured. This is
due to the low CO; concentration in the outlet gas which could lead to errors since the gas
analyser was designed for the high CO, concentrations (5% to 20%) usually found in other
aerobic fermentations. The low CO, concentration in the outlet is due to CO, fixation when

fumaric acid is formed.
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3.6.2 Reconciliation procedure

The measured flux vector, qm,, consists of the following fluxes (flux numbers from Figure 3-3

are shown in parenthesis):

1. Glucose (V1)
Fumaric acid (V5)
Ethanol (V4)
Malic acid (V6)
Glycerol (V10)
Succinic acid (V7)
CO; (V8)

02 (V9)

© N kWD

The calculated flux vector, q., consists of the following fluxes:

1. Oxidative TCA pathway (V2)
2. Pyruvate pathway (V3)

The first step is to create the coefficient matrices for the measured variables, E;,, and the
calculated variables, E.. Each column represents the measured/calculated fluxes and each

row represents the following equations:

Mass balance at Node 1 (Equation 3-1).
Mass balance at Node 2 (Equation 3-2).
CO; (Equation 3-4)

NADH balance (Equation 3-3).

el

The coefficient matrices for the measured variables and calculated variables are given by
Equation 3-6 and Equation 3-7 respectively. In this study the P:O ratio (ATP produced per
NADH consumed during oxidative phosphorylation) was 1.25 as suggested by Villadsen et
al. (2011: 35). The maximum amount of ATP generated from the oxidative TCA cycle and

oxidative phosphorylation using this assumption is shown by Equation 2-5.
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The next step is to calculate the redundancy matrix, R. This is given by Equation 3-8. The

rank of R shows the number of independent equations — in this case it was two.

R= E, - E.(E."E))'E.E,

3-8

R; is the reduced redundancy matrix containing only the independent rows of R. F is called

the variance co-variance matrix. The expected measurement error of each flux is added into

the diagonal of the matrix. Since the measurements are all independent of one another, there

are no non-diagonal entries. P is used to calculate the minimisation problem in order to

determine the estimated error vector and is shown in Equation 3-9.

P = R.FR,T

The estimated error vector, 9, is given by Equation 3-10.

The consolidated measured flux vector, qn, ", is given by Equation 3-11.

The consolidated calculated flux vector, q.“, is given by Equation 3-12.

qc

8§ = FR,"PR,q,,
C

dm on=Qm_6

Con = — (ETEc) (B Ew)qm "
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3.7 Experimental intent

The metabolic flux analysis based on consolidated measurements was performed on the
production stage of the batch fermentation. The fermentations of Roa Engel et al. (2011) and
Cao et al. (1997) were used to develop the growth strategy and to determine the baseline
operating conditions as shown in Sections 3.1 and 3.2. In addition to quantifying the
metabolic flux, the effects of pH and DO were investigated. For pH a baseline of 5 was
chosen since studies by Roa Engel et al. (2011) and Cao et al. (1997) suggest that this is the
optimum pH for both fumaric acid production rate and fumaric acid yield. For DO a baseline
of 60% saturation was chosen since this is the level beyond which a higher concentration of
dissolved oxygen (> 60%) does not usually result in increased production rates or yields,
although it does mean a more expensive process due to the increased aeration costs
(Villadsen et al., 2011: 458). Since the baseline conditions were used for all growth stages,

the analysis was done only on the production stage.

The pH range used in the study was 4 and 5. This range was chosen since Roa Engel et al.
(2011) suggest that using a pH lower than the optimum pH of 5 could lead to a more
economical process. The DO range used in this study was 20%, 60% and 80%. The 20%
level was chosen due to a patent by Du Pont (Ling & Ng, 1989) suggesting that a DO level of
less than 30% is the most economical for fumaric acid production. The 80% level was used to
investigate whether there were any benefits to operating at the maximum aeration rate of the

current set-up.
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4 Results

4.1 Mass balance analysis and data reconciliation

4.1.1 Mass balance analysis

The following components were measured during the production stage: glucose, fumaric
acid, ethanol, malic acid, glycerol, succinic acid, CO, and O,. Biomass could only be
determined at the end of the production stage. Since all of the expected carbon
products/substrates were measured, a carbon balance was used to determine the accuracy of
the data. The carbon balance closures for all the batches are given in Table 4-1. These carbon
balances were performed without taking biomass into account since there should be no

growth during the production stage.

Table 4-1 Percentage closure of carbon balances for each batch
Carbon balance

Batch No. Details closure
1 (Baseline) pH 5, DO 60% 92%
2 pH 4, DO 60% 90%
3 pH 5, DO 80% 92%
4 pH 5, DO 20% 88%
5 (Baseline repeat) pH 5, DO 60% 92%

The average closure for all the batches was 90%, with a standard deviation (o) of 2%. The
90% closure indicates that less substrate was actually consumed than was accounted for
and/or more metabolites were produced than accounted for. A 90% closure could also
indicate a missing metabolite but this is considered unlikely in this study since all the
reported primary metabolites produced by Rhizopus oryzae (Roa Engel et al., 2011) were

measured.

With the current set-up there were three complications affecting the accuracy of the

measurements:
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1. The amount of base added to control the pH was higher than what was accounted for.
This resulted in a higher count of consumed substrate and a lower count of
metabolites produced.

2. The CO,; measurement had a minor error due to the low CO, concentration in the
outlet gas which could lead to erroneous measurements since the gas analyser was
designed for high CO;, concentrations (5% — 20%), usually found in other aerobic
fermentations. The low CO, concentration in the outlet is due to CO, fixation when
fumaric acid is formed (Figure 2-2).

3. The evaporation of ethanol could lead to a lower measurement of ethanol than what
was actually produced. Roa Engel et al. (2011) found that with an ethanol
concentration of 5 g/L, an evaporation rate of 0.09 g/L.h (dependent on the sparging

method) was measured and led to a lowered ethanol count.

4.1.2 Data reconciliation

Since all the metabolites found in the metabolic flux model in Section 3.5 were measured
with acceptable carbon balance closure, the same metabolic flux model was used for data
reconciliation and analysis. Data reconciliation, as discussed in Section 3.6, was used to
obtain a better estimate of the measured rates since two more variables were measured than

what was required to solve the metabolic flux model (Villadsen et al., 2011: 100).

Figure 4-1 shows the differences in fermentation profiles due to data reconciliation for
batch 1. The reconciled data in Figure 4-1 substantiate the three complications affecting the
accuracy of the measurements. The reconciled profiles indicate that glucose consumption was
lower than that measured, the amount of ethanol produced was higher than that measured and
the amount of CO, produced was higher than the measured amount. This trend was observed
for all batches. It is interesting to note that the ethanol measurement appears to indicate gross
errors only when the ethanol concentration exceeds 5 g/L in the broth. This suggests that
some evaporation takes place at high ethanol concentrations. The reconciled data also showed
that O, measurement was slightly overpredicted by the gas analyser. The production of all
the other metabolites — fumaric acid, malic acid, glycerol and succinic acid —was also slightly

higher than the measured values.
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Figure 4-1: Profiles before and after data reconciliation for batch 1
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4.2 Repeatability

The next step in the data analysis is to quantify the variance between batches with the same
operating conditions. This shows whether a change in the results is due to random variations
or due to the change in conditions between experiments. Batch 1 and its repeat experiment,

batch 5, are shown in Figure 4-2.

From Figure 4-2 it can be seen that the variations in the glucose, fumaric acid, ethanol,
malate, glycerol and succinic acid profiles between the two batches at 50 hours were within
10%. For the gas measurements, O, and CO,, the variations were within 20%. These
variations are also attributed to the fact that batch 5 had a longer stationary phase than
batch 1. The stationary phase was 5 hours longer for batch 5. Figure 4-3 shows the same
profiles as in Figure 4-2, but with the profiles of batch 5 shifted 5 hours to the left. This

removes the effect of different stationary phase lengths from the total variance of the data.

From Figure 4-3 it can be seen that the differences in glucose, fumaric acid, ethanol, malate,
glycerol and succinic acid between the two profiles at 50 hours were within 5%. The
differences in the gas measurements, O, and CO,, also decreased to 15%. When analysing
the data it is important to distinguish between the variance from the difference in stationary
phases, which was found to vary by up to 5 hours between all the batches, and between the
variance from the measurements when comparing results. The significant variance in the gas
analysis is a result of the low concentration of CO, leaving the reactor and the small change

between the inlet and outlet O, concentrations.
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Figure 4-2: Comparison between batch 1 and batch 5
These two batches had the same operating conditions and the graph displays the variance between the
two batches; the profiles show the reconciled data.
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Figure 4-3: Comparison between batch 1 and batch 5
The profiles for batch 5 were shifted 5 hours to the left. This removes the variance due to the different
lag times from the total variance between the two batches; the profiles show the reconciled data.
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4.3 Measured results

4.3.1 pH results

The profiles for the pH investigation are shown in Figure 4-4. The pH investigation compares

batch Nos 1 and 2. Only the main product profiles (fumaric acid, ethanol, O, and CO;) are

shown in Figure 4-4 as these profiles represent more than 90% of all the glucose consumed.

The minor product profiles (malic acid, succinic acid and glycerol) are given in Appendix A.

All the profiles showed good repeatability in terms of their stationary phases and therefore no

adjustment was made to the time axis as in Figure 4-3. A summary of the results for the pH

investigation is given in Table 4-2. These results show good repeatability with regard to the

amount of biomass; therefore any differences in rates in Figure 4-4 can be attributed directly

to changes in experimental conditions.

Table 4-2: Results for the pH investigation

Batch 1 2
pH 5 4
DO 60%  60%
Glucose consumed (g) 17.17 16.97
O, consumed (g) 3.77 3.46
Fumaric acid produced (g) 8.45 7.66
Ethanol produced (g) 2.78  2.98
CO;, produced (g) 4.68 4.80
Succinic acid produced (g) 0.33  0.30
Malic acid produced (g) 042 047
Glycerol produced (g) 091 1.19
Overall fumaric acid yield (g/g) 049 045
Overall CO; yield (g/g) 0.27 0.28
Overall ethanol yield (g/g) 0.16 0.18
Biomass (g) 1.88 1.76
Average fumaric acid production rate (g/g Biomass.h) 0.049 0.043
Average glucose consumption rate (g/g Biomass.h) 0.10 0.10
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Figure 4-4: Profiles of the pH investigation
The comparisons are between batches 1 and 2. The profiles show reconciled data.
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4.3.2 DO results

The profiles for the oxygen requirement investigation are shown in Figure 4-5. The oxygen
requirement investigation compares batches 1, 3 and 4. Just as with the pH investigation, only
the main product profiles are shown in Figure 4-5, while the minor product profiles are given
in Appendix A. The stationary phase for batch 3 was significantly longer than for any of the
other batches. This was attributed to the process conditions and, accordingly, no time shift
was performed as in Figure 4-3. A summary of the results for the oxygen requirement

investigation is given in Table 4-3. The results show a slight difference in biomass.

Table 4-3: Results for the oxygen requirement investigation

Batch 1 3 4
pH 5 5 5
DO 60% 80% 20%
Glucose consumed (g) 17.17 17.07 18.61
O, consumed (g) 3.77  2.89 1.30
Fumaric acid produced (g) 845 8.83 6.76
Ethanol produced (g) 278 282 554
CO;, produced (g) 4.68 338 4.55
Succinic acid produced (g) 0.33 0.33 0.28
Malic acid produced (g) 042 0.56 0.36
Glycerol produced (g) 091 1.14 0.69
Overall fumaric acid yield (g/g) 049 0.52 0.36
Overall CO; yield (g/g) 0.27 020 0.24
Overall ethanol yield (g/g) 0.16 0.17 0.30
Biomass (g) 1.88 1.63 1.49
Average fumaric acid production rate (g/g Biomass.h)  0.049 0.044 0.039
Average glucose consumption rate (g/g Biomass.h) 0.10 0.08 0.11
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Figure 4-5: Profiles of the oxygen requirement investigation
The comparisons are between batches 1, 3 and 4. The profiles show reconciled data.
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5 Discussion

5.1 Time-dependent flux observations

It is evident from the investigation that there are three distinct phases in the fermentation

profiles (Figure 4-4 and Figure 4-5) of the production stage. Each phase had a distinctive flux

distribution and should be analysed to determine where the rate of production and the yield of

fumaric acid is favourable. This will guide the design of future fermentation experiments with

the intention of prolonged or continuous operation within these phases. Phase A is identified

by the initial period of zero fumaric acid production, Phase B starts with the commencement

of fumaric acid production, and phase C starts when ethanol production reaches zero. Figure

5-1 demonstrates how these phases were determined from the fermentation profiles.
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Figure 5-1: Identifying the three different metabolic phases
The ethanol and fumaric acid profiles from Figure 4-4 and Figure 4-5 are shown. Phase A is identified
from the fumaric acid profiles, while Phases B and C are identified from the ethanol profiles. The
Phase B/C boundary for the DO 20% fermentation varied significantly from that of the other

fermentations.
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Phase A relates to the acclimatisation period experienced by the biomass when transferred
between the growth medium and the fermentation medium, and it results in low glucose
consumption rates (Figure 4-4 and Figure 4-5). The fact that there was zero fumaric acid
production during this phase implies that all of the glucose was used to generate the energy
required for acclimatisation and that the energy was developed from the ethanol and
respiration pathways (Section 2.2.2). The oxygen profiles in Figure 4-4 and Figure 4-5
indicate that the glucose flux directed towards the ethanol pathway was the most active
during this phase since respiration only commences at the end of the phase, and therefore the
bulk of the energy is generated by the ethanol pathway during Phase A. Phase A had an
average energy requirement of 0.48 mmol ATP/g Biomass.h, with a standard deviation (o) of
0.12 mmol ATP/g Biomass.h. The average length of Phase A was 18 hours, which
corresponds to between 12% and 18% of the total batch fermentation time. Shortening the

length of Phase A could lead to significant increases in overall fumaric acid productivity.

The accumulative nature of the batch profiles in Figure 4-4 and Figure 4-5 makes it difficult
to observe the instantaneous flux and rate characteristics for Phases B and C. These
characteristics are related to the slopes of these fermentation profiles and a smooth slope was
acquired by fitting a third-order polynomial to the profiles in Figure 4-4 and Figure 4-5.
These slopes were only fitted between data points where meaningful glucose consumption
rates were observed to ensure an accurate representation of the instantaneous metabolic flux.
For this reason, the first 20 hours (Phase A) as well as the final 10—15 hours of the batch
profiles (Figure 4-4 and Figure 4-5) were not analysed using instantaneous flux
characteristics. The fitted polynomials therefore describe only Phase B and most of Phase C.
These fitted polynomials are shown in Appendix B and the results of these fitted rates will be

presented as instantaneous rates or yields.

5.2 Influence of pH on the metabolic flux distribution

The instantaneous rate of glucose consumption for batches 1 and 2 is given in Figure 5-2. The
metabolic flux model was used to divide the glucose consumption rate into separate rates
towards the three dominant pathways. These rates are: glucose used for respiration (rg");
glucose used in the ethanol pathway (r¢”); and glucose used for fumaric acid production

(r¢"). They are stacked on top of one another in Figure 5-2. Given the small amount of by-
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products, these stacked rates (Figure 5-2) are representative of the total glucose consumption
rate (r¢"). Instantaneous yields can be obtained intuitively by comparing the thickness of

each of the coloured areas.

O Fumaric acid fraction of instantaneous glucose consumption rate
[0 Ethanol fraction of instantaneous glucose consumption rate
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Figure 5-2: Glucose consumption rate for batches 1 and 2
The top graph represents batch 1 (pH 5) and the bottom graph represents batch 2 (pH 4). The area plot
represents the stacked rate of glucose consumption towards the three main pathways (r¢”, r" and
r"); the total area represents more than 90% of the total glucose consumption rate (rg’).

The instantaneous ATP generation rates from the ethanol and respiration pathways are given
in Figure 5-3. Similar to the glucose consumption rate in Figure 5-2, the total ATP production
rate in Figure 5-3 was split into the two ATP production pathways using the metabolic flux
model. The rates are ATP produced from respiration (r47p") and ATP produced from the

ethanol pathway (r47»"). These rates are stacked in Figure 5-3 and the top line represents the
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total amount of ATP used for maintenance purposes (rATpT). The instantaneous ATP yields

can again be obtained intuitively by comparing the thickness of the different coloured areas.

O Respiration pathway fraction of total energy generation rate

@ Ethanol pathway fraction of total energy generation rate

Energy generation rate
(mmol ATP/g Biomass.h)

Energy generation rate
(mmol ATP/g Biomass.h)

Time (Hours)

Figure 5-3: ATP production rate for batches 1 and 2
The top graph represents batch 1 (pH 5) and the bottom graph represents batch 2 (pH 4). The area plot
represents the stacked rate of ATP production from the ethanol (rATpE) and respiration (rATPR)
pathways. The top line represents the total ATP production rate (r,7»") for maintenance purposes
(maintenance coefficient). Separate ATP production rates are given by the line profiles.

The first prominent observation from Figure 5-2 is the considerable decrease in rg’ for
batches 1 and 2 as time proceeds. It can further be seen that r¢* declines up to a point where
zero ethanol is formed (rg” = 0) — this is where the fermentation proceeds from Phase B to
Phase C. In contrast to ethanol production, respiration (r¢*) occurs at a constant rate over
time. This implies that the total energy production rate (r47p') decreases with time as the

ethanol component diminishes (Figure 5-3). The biomass in total thus requires less energy
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(ATP) as time proceeds. This can be interpreted as inactivation of the biomass, although this
inactivation occurs only in the anaerobic (ethanol) part of the biomass. It is unclear whether

these parts are spatially separated.

The value of r¢” is crucial for this study and from Figure 5-2 it is clear that ¢’ decreases
with time even after 7 has reached zero (Phase C). It is postulated that fumarate production
is inhibited by the fumaric acid concentration in the broth; this inhibition effect becomes
more significant during Phase C of the fermentation (Figure 5-2) due to high fumarate
concentrations (> 25 g/L) (Figure 4-4). The distinct difference in the magnitude of rg’
between the pH 5 (batch 1) and pH 4 (batch 2) fermentations during Phase C is worth noting.
The larger " for the pH 5 fermentation suggests that fumarate inhibition is less severe at a

high pH.

The relation between rg’ and r¢’ (fumaric acid yield) during the fermentation is another
crucial parameter in this study. The bulk of the fumaric acid for all the batches was produced
during Phase B (Figure 4-4 and Figure 4-5). Ethanol production during Phase B is a major
waste of substrate (Figure 5-2), since its contribution to energy generation is minimal (Figure
5-3). rGE and rATpE are at a maximum at the start of Phase B and diminish with time until
ethanol production ceases. The consequence of this is that the instantaneous fumaric acid
yield (Y5+"") increases with time during Phase B until it reaches its maximum at the end of
Phase B, as shown in Figure 5-4. However, as a result of the high rgt at the start of Phase B,

the impact of the improved Y¢+"" on the accumulative yield is minimal (Figure 5-4).

It is evident that Y™ is decreasing with time during Phase C (Figure 5-4) due to fumarate
inhibition. The effect is less severe for the higher pH fermentation (pH 5), as demonstrated by
the higher Yg+"". However, this was not observed from the accumulative yields (Table 4-2
and Figure 5-4) due to the small amount of fumaric acid produced in Phase C. Nevertheless,
the accumulative outcome of the fermentation is likely to be affected if most of the fumaric
acid is produced during this phase. This can be achieved by utilising higher initial glucose
concentrations, which ties in with the results shown in Table 2-1, where the fermentations
with the highest fumaric acid titres (high initial glucose concentrations) also had the highest
fumaric acid yields. Alternatively, continuous operation can also be considered to utilise the

observed high instantaneous yields. Such a set-up would have to be operated at the start of
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Phase C as it will result in favourable fumaric acid yields (Figure 5-4) and production rates

(Figure 5-2).

(pH 5) Instantaneous fumaric acid yield (pH 4) Instantaneous fumaric acid yield
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Figure 5-4: Instantaneous and accumulative fumaric acid yields for batches 1 and 2

5.3 Influence of DO on the metabolic flux distribution

Graphs similar to those used in the pH discussion (Figure 5-2, Figure 5-3 and Figure 5-4)
were generated for the DO comparison. The first distinct difference from Figure 5-5 lies in
the value of r¢” for the different DO levels. The oxygen consumption rate for the DO 20%
fermentation was noticeably lower than for the other two fermentations (Figure 4-5) and is
reflected by a constant 7" rate (0.01g/g Biomass.h) that is half of that for the DO 60%
fermentation (0.02 g/g Biomass.h). By comparison, the DO 80% fermentation attained an
identical rg" rate to the DO 60% fermentation, but only once Phase C had commenced. The
rg" rate for the DO 80% fermentation increased gradually during Phase B until it reached
0.02 g/g Biomass.h. It is therefore apparent that there is a maximum respiration capacity
(0.8 mmol O,/g Biomass.h), which corresponds to an r¢* of 0.02 g/g Biomass.h. The DO
60% fermentation functions at maximum respiration capacity during Phases B and C, while
the DO 80% fermentation functions at full capacity only during Phase C. In contrast, the
DO 20% fermentation functions at only half of its full respiration capacity. The maximum
respiration capacity is presumably linked to the identical growth method employed for all

three fermentations.
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Figure 5-5: Glucose consumption rate for batches 1, 3 and 4
The top graph represents batch 4 (DO 20%), the middle graph represents batch 1 (DO 60%) and the
bottom graph represents batch 3 (DO 80%). The area plot represents the stacked rate of glucose
consumption towards the three main pathways (r6", r¢" and rg"), and the total area represents more
than 90% of the total glucose consumption rate (rg").
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Figure 5-6: ATP production rate for batches 1, 3 and 4
The top graph represents batch 4 (DO 20%), the middle graph represents batch 1 (DO 60%) and the
bottom graph represents batch 3 (DO 80%). The area plot represents the stacked rate of ATP
production from the ethanol (» ATPE) and respiration (7 ATPR) pathways. The top line represents the total
ATP production rate (r47»") for maintenance purposes (maintenance coefficient).
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Ethanol production (r¢") in Figure 5-5 was noticeably different for all three fermentations.
The DO 20% fermentation always had the highest r”. r¢" reached zero at 105 hours (Figure
4-5), which was much later than for the other fermentations and falls outside the time scale
for Figure 5-5 and Figure 5-6. A substantial fraction of the ATP was generated from the
ethanol pathway (r47p"), as revealed in Figure 5-6. The total ATP production rate (rq7p’ =
2 mmol ATP/g Biomass.h) was similar to that of maximum respiration capacity for the other
two fermentations (rATpR = 2 mmol ATP/g Biomass.h) but diminished with time. With the
DO 80% fermentation the initial »¢* was higher than that of the DO 60% fermentation, which

was probably a response to the lowered " at the start of Phase B.

Fumaric acid production rate (r¢") for the DO 20% fermentation was lower than that of the
other fermentations and declined as time proceeded. Similar r¢" rates were observed for the
DO 60% and 80% fermentations, although the r¢" for the DO 60% fermentation decreased
more severely during Phase C. This suggests that the fumarate inhibition at high fumaric acid
concentrations is less profound at higher DO levels, despite the fact that the oxygen

consumption rates were similar during Phase C.

The instantaneous and accumulative yields are plotted as a function of time in Figure 5-7.
Similar to what was found in the pH investigation (Figure 5-4), the instantaneous fumaric

inst

acid yield (Ygr ) increases with time during Phase B until the maximum is reached at the

end of Phase B for the DO 60% and 80% fermentations. However, as a result of the high 5"

inst

during Phase B, the impact of the increased Ygr on the accumulative yield is less
pronounced. As with the pH investigation, Y™ decreases during Phase C due to fumarate
inhibition. This effect is, however, less severe for the DO 80% fermentation which relates to
a maintained Y™ of 0.8 g/g, whereas the Y for the DO 60% fermentation decreases
substantially. Again, these results are not reflected in the accumulative yields since the
amount of fumaric acid produced during Phase C is minimal. Inhibition is, however, expected
to influence the accumulative outcome of the fermentation if most of the fumaric acid is

produced during this phase. This can be achieved with higher initial glucose concentrations or

continuous operation, as discussed earlier.
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Figure 5-7: Instantaneous and accumulative yields for batches 1, 3 and 4
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6 Conclusions and recommendations

In this study the instantaneous metabolic flux distribution of Rhizopus oryzae (ATCC 20344)
was investigated by means of mass-based data reconciliation, which resulted in improved
measurement accuracy. This led to the identification of various metabolic flux phases which
can be exploited in order to increase fumaric acid yield and productivity. Three distinct
metabolic phases were present during the production stage of fumaric acid fermentation.
Phase A was characterised by zero fumaric acid production, which relates to the adaptation
period when changing from the growth to the fermentation medium. During Phase A most of
the required energy was produced from the ethanol pathway. During Phase B glucose was
directed towards all three of the major pathways (fumaric acid [rg’], ethanol [rg”] and
respiration [r"]). Most of the glucose was consumed through the ethanol pathway, while
most of the energy (ATP) was produced from the respiration pathway. Ethanol production
declined during Phase B until 7" = 0, which marked the start of Phase C in which glucose

was directed only towards the fumaric acid and respiration pathways.

The decline in rGE was interpreted as an inactivation of biomass. However, the respiration
capacity (r¢") did not deteriorate with time. This suggests that the inactivation occurs only in
the anaerobic ‘part’ of the biomass, although it is not clear how these ‘parts’ are separated.
The biomass exhibited a constant and identical rg® of 0.02 g glucose/g Biomass.h
(O, consumption rate of 0.8 mmol O,/g Biomass.h) for all the DO 60% and 80%
fermentations, which implies that 75" is bounded to a maximum value which could be related
to the growth method. With limited oxygen supply (DO 20%) the full respiration capacity
was not achieved, whereas under high oxygen concentrations (DO 80%) full respiration

capacity was achieved only after the DO 60% fermentations.

Ethanol production during Phase B accounted for a major fraction of the glucose consumed;
therefore the overall fumaric acid yields (0.52 g/g for DO 80%) were much lower than the
high instantaneous yields (up to 0.8 g/g for DO 80%) obtained during Phase C. The fact that
the respiration rate remains constant throughout Phase C implies that the instantaneous
fumaric acid yield is dictated solely by the fumaric acid production rate during this phase. It
was found that this rate is inhibited by the fumarate concentration itself, which is why

maximum instantaneous fumaric acid yields were always obtained at the start of Phase C.
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This inhibition effect was more severe at a pH of 4, whereas higher DO levels (80%) reduced

this effect.

The design of future batch fermentations, based on the results of this study, should ensure
that most of the fumaric acid is produced during Phase C. This can be achieved by using
higher initial glucose fermentations. Continuous operation at initial Phase C conditions is
another attractive option. This should enable high accumulative fumaric acid yields (up to

0.8 g/g) to be achieved and should be the target for future fumaric acid studies.
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Appendix A. Malic acid, glycerol and succinic acid

profiles
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Figure A-1: Malic acid, glycerol and succinic acid profiles for the pH investigation
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Figure A-2: Malic acid, glycerol and succinic acid profiles for the DO investigation.
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Appendix B. Third-order polynomial fit of

fermentation data
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Figure B-1: Third-order polynomial fits for batch No. 1 (pH 5; DO 60%)
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Figure B-2: Third-order polynomial fits for batch No. 2 (pH 4; DO 60%)
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Figure B-3: Third-order polynomial fits for batch No. 3 (pH 5; DO 80%)
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Figure B-4: Third-order polynomial fits for batch No. 4 (pH 5; DO 20%)
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