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Fumarate production with Rhizopus oryzae:

utilising the Crabtree effect to minimise

ethanol by-product formation

Synopsis

Fumarate has been identified as a promising biomass-derived chemical building block.

Fumarate is a dicarboxylic acid that forms part of the tricarboxylic acid cycle. The

double carbon bond in fumarate positions it as a versatile chemical capable of multiple

applications. Conversion of fumarate to maleic anhydride is particularly interesting since

maleic anhydride has a large market and is currently petrochemically produced. Rhizopus

oryzae has been found to be the most promising organism for producing fumarate. The

production of fumarate is induced by nitrogen-limited conditions, and this production

has always been associated with the unwanted parallel excretion of ethanol. Efforts to

negate the production of ethanol have focused on oxygen availability. The literature states

that anaerobic zones within the mycelium matrix are responsible for the production of

ethanol. The Crabtree effect is a phenomenon first discovered in Saccharomyces cerevisiae

fermentations. It is described as the production of ethanol in an aerobic environment.

In this study, we intended to test whether a strategy of controlled glucose addition can

negate the production of ethanol during biomass growth and fumarate production.

All fermentations were performed with either nitrogen excess (growth phase) or nitrogen

limitation (production phase), with medium replacements being done between the growth

phase and the production phase. To test whether the production of ethanol is linked to the

availability of oxygen, two production fermentations were conducted at different dissolved

oxygen values (18.4 % and 85 %). Similar ethanol production rates were observed at both

these dissolved oxygen values, indicating that there is no relation between oxygen and

ethanol production for the specific morphology. This suggests that ethanol is produced as

an overflow product as part of the Crabtree effect. S. cerevisiae biomass is grown using

a controlled glucose addition to limit ethanol production. A similar strategy used in

an R. oryzae production fermentation revealed that it was possible to produce biomass

without the production of ethanol. A similar strategy was utilised in a fumaric acid

production fermentation to test whether ethanol production can be removed. It was

found that a glucose feed rate of 0.197 g L−1 h−1 produced 0.15 g L−1 h−1 of fumarate while

not producing ethanol. It was further discovered that ethanol overflow commences at a

glucose addition rate of 0.395 g g−1 h−1 on biomass, while the threshold glucose uptake

i

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



rate was established to be between 0.426 g g−1 h−1 and 0.533 g g−1 h−1.

It has been conclusively proved that R. oryzae is a Crabtree-positive organism and that

this phenomenon can be utilised to negate the production of ethanol during growth and

production fermentations. The term homofumarate production” is used to describe the

condition where all carbon exits the cell as either fumarate or respiratory CO2. The

result provides new insights toward developing a high-yield industrial process to produce

fumaric acid with R. oryzae.

Further exploratory work was done on the effect of the urea feed rate. It was found

that a higher urea addition rate shifted both the ethanol overflow point and the glucose

threshold glucose uptake rate. A more in-depth investigation needs to be conducted to

uncover the mechanism involved.
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Nomenclature

α Carbon dioxide yield coefficient Cmol CO2 Cmol X
−1

β NADH yield coefficient mol NADH Cmol X−1

γ ATP yield coefficient mol ATP Cmol X−1

µmax Maximum specific growth rate h−1

Co
i Concentration of species i in the feed g L−1 or mol L−1

Ci Concentration of species i in the reactor g L−1 or mol L−1

Cx Concentration of biomass in the reactor g L−1

Km Monod constant g L−1

Ni Mass of species i g

Q Exit flow rate L h−1

Qo Intel flow rate L h−1

Qgas Gas flow rate L

ri Rate of production of species i g g−1 h−1

rx Rate of biomass growth g g−1 h−1

rCO2 Rate of CO2 production mol L−1 h−1

t Time h

V Reactor volume L

Vg Gas volume of reactor L

YSi Yield coefficient of species i on glucose mol i Cmol S−1
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1 Introduction

Global factors such as the drive to decrease carbon emissions and the interest in more

green chemistry has increased the demand for biologically produced chemicals. Fumaric

acid has been named one of the top ten biomass-derived chemical building blocks (Werpy

& Petersen, 2004). Fumaric acid (FA) is a versatile compound and therefore has a

wide variety of applications. It has been used in resins, polyesters, animal feeds, medical

treatments and the food and beverage industries. Fumaric acid is currently produced from

maleic anhydride (Roa Engel, Straathof, et al, 2008). The production of maleic anhydride

uses benzene or butane as a feed-stock which is then oxidised with a vanadiumphosphorus

oxide catalyst. This reaction is very exothermic, producing large amounts of CO and CO2,

resulting in typical yields of maleic anhydride from butane of 75 % (Felthouse et al, 2001;

Wojcieszak et al, 2015).

The production of fumaric acid through biological routes, such as the use of Rhizopus

oryzae, has received more attention lately in an effort to move away from our reliance

on fossil fuels. The use of organisms to produce chemical compounds is particularly

appealing since renewable forms of biomass can be used as the feed-stock. Fumaric acid

is an essential part of the tricarboxylic acid cycle, which is a vital part of the respiratory

mechanism of all eukaryotes. Fumaric acid is produced naturally by the plant Fumaria

officinalis, the mushroom Boletus fomentarius and by human skin when it is exposed to

sunlight (Committee of Experts on Cosmetic Products, 2008). However, the preferred

organism for the production of fumaric acid is R. oryzae (Sebastian et al, 2019).

R. oryzae is a filamentous fungus that excretes fumarate as a response to nitrogen-limited

environmental conditions (Ilica et al, 2019). There are two groups of R. oryzae namely,

lactic acid producers and fumaric-malic acid producers. The latter is more correctly

named Rhizopus delemar, but the literature still refers to it as R. oryzae (Abe et al,

2007). R. oryzae ATCC 20344 is one of the most studied strains in the Rhizopus genus.

Numerous genetic modifications have been made to this strain to improve the production

of fumarate, but only minor improvements have been seen (Deng et al, 2012; Kang et al,

2010). The modified strains were not able to produce titres comparable to those of the

wild strains or did not pass on the traits to the following generations. Titres in the range

of 25 g L−1 to 103 g L−1 and volume-based productivities ranging from 0.19 g L−1 h−1 to

1.21 g L−1 h−1 are commonly obtained by the wild strains of R. oryzae (Sebastian et al,

2019).

To move away from the petrochemical-reliant production of fumarate, lignocellulosic

biomass is seen as a promising replacement for crude oil. Biomass is renewable and

can be sustainably produced. Glucose is the substrate most commonly used for studying

1
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the production of fumarate. This is because glucose is a monomer unit that forms part of

many polysaccharides, which are compounds widely found in all biomass and will be eas-

ily obtainable for an industrial process. The use of glucose also simplifies the metabolic

flux analysis since the substrate can be clearly defined, unlike a complex substrate such

as corn stover.

Production of fumarate with R. oryzae is induced by limiting the nitrogen content in the

medium and providing excess glucose. Fumarate production has always been associated

with the co-excretion of ethanol. The production of ethanol is unwanted since it is a

waste of carbon and therefore decreases the yield of fumarate on glucose. Downstream

separation can also be negatively affected by the presence of ethanol. Numerous authors

have attributed the production of ethanol to anaerobic zones forming in the mycelium

matrix (Y Zhou, Du & Tsao, 2000; Suijdam, Kossen & Paul, 1980; Liao et al, 2007). The

proposed method of negating ethanol production is by reducing the diameter of suspended

R. oryzae pellets. Although this is the proposed method no study has conclusively shown

this to reduce ethanol formation.

In this study it is postulated that the production of ethanol in R. oryzae fermentations

is a result of carbon overflow caused by the Crabtree effect. The Crabtree effect was

first discovered in Saccharomyces cerevisiae and is defined as the production of ethanol

as a result of limited respiratory capacity in a fully aerobic environment (Barford & Hall,

1979). S. cerevisiae is a facultative anaerobe, as is R. oryzae. Facultative anaerobes can

produce ATP through respiration when oxygen is present and under anaerobic conditions

where fermentative pathways are used to produce ATP (Habegger, Crespo & Dabros,

2018). S. cerevisiae is one of the most widely studied microorganisms, and the findings

from these studies can often be applied to other organisms when similar traits are shared.

Ethanol is produced as a response to an oversupply of glucose since respiration is not able

to accommodate the rate of glucose uptake. To produce S. cerevisiae biomass Habegger

et al (2018) used a glucose-control strategy to limit ethanol production while increasing

the yield of biomass. It is proposed that using a similar approach could be effective in

negating the co-excretion of ethanol in R. oryzae fumarate production fermentations.

In this study, it will first be definitively determined whether R. oryzae produces ethanol

as a result of anaerobic zones in the mycelium matrix or as a result of it being a Crabtree-

positive organism. Fermentations will be conducted in which the dissolved oxygen values

in the medium will be varied while the production of ethanol is monitored. In the following

experiments, a controlled glucose addition strategy will be employed to negate ethanol

production in the biomass production phase and the fumarate production phase. Fungal

biomass is conventionally grown with excess glucose and nitrogen as shown in the first

scenario of Figure 1a. Here glucose uptake is controlled by the organism and the energy

2
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Growth
(excess N)

Production 
(limited N)

a)

b)

Figure 1: The postulated effect of glucose limitation on growth and fumarate production fer-
mentations. Glucose uptake rates are controlled via fed-batch fermentation and
are indicated with a reducing valve on the incoming glucose flux. It is postulated
that glucose throttling will reduce ethanol formation in both growth and fumarate
production fermentations.

demand for biomass production is supplied by respiration and the production of ethanol.

The second scenario of Figure 1a proposes a controlled glucose addition to negate the

production of ethanol. The excretion of fumarate also consumes energy (ATP) as a

result of the acid transport costs from the cell into the medium (Taymaz-Nikerel et al,

2013). Based on the hypothesis, ethanol is produced as a result of a glucose uptake rate

that exceeds the respiratory capacity of the cell. Ethanol is therefore excreted to avoid

accumulation within the cell. This is hypothesised to be true for ethanol production

during biomass growth and fumarate production. Figure 1b illustrates the proposed

effect of controlling the glucose addition rate during fumarate production. Naude & Nicol

(2018) have developed an immobilised biomass bioreactor system to produce fumarate

from glucose with R. oryzae. This system will be adapted for all the experiments in this

study.

3
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2 Literature review

2.1 Fumaric acid

Fumaric acid, also known as (E)-Butenedioic acid, is an organic molecule that forms a

vital part of the tricarboxylic acid cycle. Fumaric acid received its name from the plant,

Fumaria officinalis, in which it was first discovered. The structure and functional groups

of fumaric acid make it a versatile chemical. It has two terminal carboxylic acid groups

and a double carbon bond in the α, β position as shown in Figure 2 (Das, Brar & Verma,

2016). This structure positions fumaric acid between maleic acid and succinic acid since

fumaric acid can easily be isomerised to maleic acid or hydrogenated to succinic acid

(Wojcieszak et al, 2015). Heat treatment can also be used to form maleic anhydride

which has a 2.1 Mt a−1 market (Grand View Research, 2014).

Figure 2: Fumaric acid structure

Fumaric acid has a far lower solubility than malic acid which has a more polar structure

as a result of the cis carboxylic groups (The Oxford Encyclopedia of Food and Drink in

America 2012). Although the solubility of malic acid is favoured in food and beverage

applications, the separation of fumaric acid is easier as a result of the lower solubility

(Giorno et al, 2001; Felthouse et al, 2001; Roa Engel, Gulik, et al, 2011). During the

microbial production of carboxylic acids the low solubility of fumaric acid is favoured.

Low pH values impact the solubility of fumaric acid causing it to precipitate. This does

not occur with other acids and, therefore, at low pH values the extracellular concentration

is lower for fumaric acid than for other acids (Taymaz-Nikerel et al, 2013). This reduces

the ATP costs of transporting the acid from the cell into the medium and should result

in a higher yield of fumaric acid since less energy was used to export it into the medium.

4
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2.2 Fumaric acid market and applications

2.2.1 Economy of four-carbon dicarboxylic acids

The four-carbon dicarboxylic acids of the TCA cycle have been identified as top value-

added chemicals from biomass (Werpy & Petersen, 2004; Bozell & Petersen, 2010). The

goal of these reports was to promote biomass-derived chemicals that will drive the biore-

finery economy. Key factors were found to be improving the use of feed stocks, waste

streams, by-products, equipment, and shared practices to bring down the production costs

by improving productivity and efficiencies. These reports have been used as motivation

for numerous studies of the production of fumaric acid and this has led to improvements

in production(Taymaz-Nikerel et al, 2013; Naude & Nicol, 2018; Roa Engel, Straathof,

et al, 2008; Z Zhou et al, 2011; G Wang et al, 2013; Sebastian et al, 2019). Many studies

have focused on the biological production of succinic acid and this has led four industrial

startups to use biological routes to produce succinic acid (Jansen & Gulik, 2014). How-

ever, no industrial bioprocess has yet been established to produce fumaric acid (Das, Brar

& Verma, 2016). Roa Engel, Straathof, et al (2008) state that the production of fumaric

acid with R. oryzae is still not economically comparable to the petrochemical synthesis.

This statement is, however, heavily based on the raw material costs which may no longer

apply with the increasing cost of fossil fuels.

Currently, fumaric acid is produced by the isomerisation of maleic acid which is produced

by hydrolysing maleic anhydride. All maleic anhydride is produced by catalytic reaction

of butane. Figure 3 illustrates the chemical synthesis to convert butane into fumaric acid.

This reaction uses vanadyl pyrophosphate, (VO)2P2O7, as the catalyst and is the only

commercial economically viable route to produce maleic anhydride from butane (Das,

Brar & Verma, 2016). The oxidation of butane to maleic anhydride is very exothermic

and produces CO and CO2 as the main by-products. More than 225 US patents have been

published on this synthesis since 1980 (Felthouse et al, 2001). This intensive research has

brought down the cost of petrochemically producing maleic anhydride and fumaric acid.

A capital investment this large may be an influencing factor explaining why the industry is

slow to change. The global fumaric acid market is estimated to be 322 000 t a−1 and this is

projected to grow to 385 000 t a−1 in 2022 (Grand View Research, 2019). All fumaric acid

produced from maleic anhydride accounts for 3 % of the total maleic anhydride market

(Roa Engel, Straathof, et al, 2008).

5
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2.2.2 Current and future applications

Fumaric acid is the protonated form of fumarate. As a result of fumaric acid having a

double carbon bond and two terminal carboxylic groups, it is a versatile chemical and

is known as a chemical building block (Werpy & Petersen, 2004). Building blocks are

defined as chemicals that possess useful functional groups that can be transformed into

new, more valuable chemicals. Figure 3 illustrates some of the more common chemicals

into which fumaric acid can be transformed. Fumaric acid is an isomer of maleic acid,

the difference between the compounds being the trans and cis orientation around the

double carbon bond. Although fumaric acid is a very valuable chemical is it not as

widely produced or consumed as maleic anhydride. Maleic anhydride produced from

petrochemical feed stocks has a 2.1 Mt a−1 market (Grand View Research, 2014). Simple

conversion of fumaric acid to maleic anhydride is an attractive property, especially if

fumaric acid can be produced inexpensively through fermentation pathways. It has been

found that a 96 % yield of maleic anhydride can be achieved from fumaric acid (Nystrom,

Loo & Leak, 1952). The dehydration reaction uses phosphorus pentoxide as a catalyst

at temperatures between 155 ◦C and 160 ◦C. The product can then be collected via a

condensation trap and air-dried to produce the final product.

Figure 3: Fumaric acid petrochemical synthesis and it’s derivatives (Sebastian et al, 2019)

Fumaric acid has relatively low solubility in water compared with malic acid, and for this

6
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reason malic acid is the favoured acidulant in food and beverage applications (Giorno

et al, 2001; Felthouse et al, 2001). It has been found that it is possible to hydrate fumaric

acid to malic acid through bio-conversion with R. oryzae or S. cerevisiae (Naude & Nicol,

2018; Stojkovič & Žnidaršič-Plazl, 2012). Current market estimates state that 33 % of

fumaric acid is used by the food and beverage industry and this sector is expected to

increase as a result of its use in energy drinks and energy bars (Grand View Research,

2019). Applications include pH control since it has more buffering capacity than other

acids, gives better control of microbial growth and can be used as a flavour enhancer

since it has a long-lasting sourness and flavour (Das, Brar & Verma, 2016). The non-

toxic nature of fermentation-derived fumaric acid is favoured over fumaric acid produced

chemically since the letter carries a toxicity risk.

It has been found that fumaric acid as an animal feed additive fumaric acid has the ability

to reduce the production of methane from livestock by 32 % and improve the feeding

efficiency (Z Li et al, 2018; Das, Brar & Verma, 2016). This has particular relevance

considering the necessity to curb greenhouse gas emissions and the fact that livestock

account for 12 % to 17 % of global methane emissions (Lassey, 2008). The emission of

methane into the atmosphere has been found to contribute to global warming and is more

harmful than CO2.

It has been found that fumaric acid esters are an effective treatment for psoriasis. The

treatment is not a new discovery, but was a licensed treatment only in Germany until

recent approval was granted for the use of dimethylfumarate in the European Union

(Warren et al, 2019). Fumaric acid esters have also been found to be immunomodulatory,

which means that they can affect the body’s immune system. Moharregh-Khiabani et al

(2009) found this to be an effective treatment for multiple sclerosis and further studies

are now investigating the long-term effects of fumaric acid ester treatment.

2.3 Microbial production of fumaric acid

The Rhizopus genus is by far the most popular organism used for the production of

fumaric acid. This is clearly illustrated in the review papers published by Sebastian

et al (2019) and by Ilica et al (2019). Pfizer the American pharmaceutical company,

used Rhizopus oryzae in the 1940s to produce about 4000 t a−1 of fumaric acid. This

continued until chemical synthesis became a more lucrative option (K Zhang, B Zhang

& Yang, 2013). Foster & Waksman (1939) conducted a study in which 41 cultures were

surveyed for fumaric acid production. They found that 9 of these cultures excreted

fumaric acid. The genera that were covered included Rhizopus, Mucor, Cunninghamella

and Circinella. Further investigation determined that the genus of Rhizopus produced the

7
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most fumaric acid. Rhizopus oryzae is seen as the best fumaric acid producer since it has

minimal excretions other than fumaric acid and can function aerobically or anaerobically

(facultative anaerobe) (Martin-Dominguez et al, 2018; Odoni et al, 2017).

2.3.1 Rhizopus oryzae

Frits Went and Hendrik Coenraad Prinsen Geerligs first discovered Rhizopus oryzae

ATCC 20344 in 1895. Although it has since been correctly renamed Rhizopus delemar,

it is still referred to as Rhizopus oryzae in most literature (Abe et al, 2007). There are

two groups of Rhizopus oryzae, namely a lactic acid-producing strain and a strain that

produces fumaric acid and malic acid. The difference between the two strains is caused

by the lack of lactate dehydrogenase, ldhA, in the fumaric acid-producing strain. The

fumaric acid strain does contain ldhB but this enzyme is unable to produce sufficient

lactic acid and this results in the production of fumaric acid and ethanol. This prompted

the suggested name change to Rhizopus delemar by Abe et al (2007).

The production of fumaric acid by R. oryzae is sensitive to a variety of environmental

conditions, the most influential being morphology, pH, nitrogen availability and metal ion

concentrations (Papadaki et al, 2017; Roa Engel, Gulik, et al, 2011; Odoni et al, 2017;

Y Zhou, Du, et al, 2000). Table 1 shows a list of studies that have worked on improving

the fumaric acid production of R. oryzae. It can be seen that the titres produced in these

studies range from 25.2 g L−1 to 103 g L−1 and the volume-based productivities range

from 0.19 g L−1 h−1 to 1.21 g L−1 h−1. These results indicated that the highest titre was

achieved with corn sugar (consisting mainly of glucose) and the highest productivity was

achieved with immobilised fungal biomass.

2.3.2 Genetically modified R. oryzae

Since R. oryzae naturally produces fumaric acid, it is an obvious host on which to improve

fumarate production. A reason why the production of fumaric acid has not switched to R.

oryzae is that yields and productivity are currently higher with petrochemical synthesis.

This has led to improving the production of R. oryzae through genetic engineering and

metabolic engineering. Genetic engineering tools are effective with other microorganisms

such as Escherichia coli and Saccharomyces cerevisiae (Jansen & Gulik, 2014). Random

mutagenesis is one of these tools. The process works by randomly changing the genetics

of the organism with chemicals, such as diethyl sulphate or nitrosoguanidine, or through

radiation with ultraviolet light or gamma rays. The mutated organisms are then screened

for the desired traits such as high fumaric acid yields (Q Xu, S Li, H Huang, et al, 2012).
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Table 1: A literature compilation of the most prominent fumaric acid production studies with R.
oryzae (Sebastian et al, 2019)

Carbon source Reactor Titre Productivity Reference
(g L−1) (g L−1 h−1)

Corn sugar Stirred tank 103 - Rhodes et al (1962)
Glucose Stirred tank 56.2 0.7 YQ Fu et al (2010)
Glucose Stirred tank 41.1 0.37 L Huang et al (2010)
Glucose Stirred tank 32.1 0.32 Kang et al (2010)
Glucose Stirred tank 30.2 0.19 Roa Engel, Gulik, et al (2011)
Xylose Shake flask 28.4 - Wen et al (2013)
Xylose Shake flask 45.3 - Liu, W Wang, et al (2015)
Glucose/xylose Shake flask 46.7 - Liu, Zhao, et al (2017)
Corn straw Shake flask 27.8 0.33 Q Xu, S Li, Y Fu, et al (2010)
Cornstarch Shake flask 44.1 0.53 Deng et al (2012)
Cornstarch Shake flask 45 0.55 L Huang et al (2010)
Brewery wastewater Shake flask 31.3 - Das & Brar (2014)
Apple juice waste Shake flask 25.2 0.35 Das, Brar & Verma (2015a)
Dairy manure Stirred tank 31 0.32 Liao et al (2008)
Glucose/glycerol Shake flask 22.81 0.34 Y Zhou, Nie, et al (2014)
Synthetic medium Immobilised 32.03 1.33 Gu et al (2013)
Synthetic medium Immobilised 40.13 0.32 Naude & Nicol (2017)
Synthetic medium Immobilised 30.3 0.21 Liu, Zhao, et al (2017)
Brewery wastewater Immobilised 43.67 1.21 Das, Brar & Verma (2015b)

It has been found that mutants of R. oryzae are able to increase production parameters

(Deng et al, 2012; Kang et al, 2010). However, Sebastian et al (2019) conducted a litera-

ture survey on mutant strains and compared their yields and productivities with those of

pure cultures. They found that the mutant strains were not able to produce equivalent

titres. Gene expression is another tool that has proved to be an effective strategy for

improving production with microorganisms. B Zhang, Skory & Yang (2012) tested two

gene modifications, namely the over-expression of endogenous pyruvate carboxylase and

of exogenous phosphoenolpyruvate carboxylase. They found that pyruvate carboxylase

over-expression had a negative effect on growth and the production of fumaric acid. Phos-

phoenolpyruvate carboxylase over-expression was, however, found to increase the yield

on glucose by 26 % (B Zhang et al, 2012).

2.3.3 Other genetically engineered organisms

Industrial microbial workhorses like E. coli and S. cereivisae are well characterised

and are ideal hosts for numerous different bioconversion steps. Accordingly these have
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been studied to investigate the potential of producing fumaric acid. The understand-

ing of the metabolisms of these organisms is of such depth that in silico simulations

of their metabolism have been made (Sebastian et al, 2019). This understanding of

their metabolisms has led to S. cerevisiae and E. coli being successfully modified to pro-

duce succinic acid and they are currently used commercially for succinic acid production

(Jansen & Gulik, 2014).

E. coli has been genetically modified by deleting fumarase genes along with other genes

that did not aid the fumarate production. Phosphoenolpyruvate carboxylase, a native

enzyme in the reductive TCA cycle, was over-expressed and the rate of glucose uptake was

improved by its replacement with a stronger gene. These modifications, along with others,

led to a fumarate production of 28.2 g L−1 with a yield of 0.389 g g−1 at a productivity of

0.448 g L−1 h−1 (Song et al, 2013).

The use of S. cerevisiae is attractive since it has a better acid tolerance than R. oryzae.

Acid tolerance is important in the production of fumaric acid since the pH of the medium

has to be constantly corrected with a neutralising agent in order not to inhibit R. oryzae

production (G Xu et al, 2013). Acid tolerance is beneficial since at low pH values the

undissociated form of the acid will be produced and so will not require the addition of a

neutralising agent (Taymaz-Nikerel et al, 2013). The use of a neutralising agent forms a

large portion of production costs, especially since the fumarate salt has to be re-acidified

before the fumaric acid can be removed. A study using a genetically modified strain of

S. cerevisiae found that the insertion of reductive TCA enzymes and the over-expression

of pyruvate carboxylase resulted in a fumaric acid titre of 5.64 g L−1 (G Xu et al, 2013).

The yield of fumarate on glucose, however, is 20-fold lower than yields seen in similar

fermentations with R. oryzae.

It can be seen from a comparison of these concentrations achieved with those of R. oryzae

shown in Table 1 that the genetically modified strains are not yet able to produce equiv-

alent titres or yields. However, it is clear that there is potential for genetic modification

to make biological fumaric acid production possible, whether the organism is E. coli or

a genetically modified strain of R. oryzae.

2.4 Rhizopus oryzae fermentation

2.4.1 Carbon metabolism

The metabolism of glucose by R. oryzae proceeds with glycolysis. The function of these

enzymatic reactions is to break down glucose into two pyruvate molecules, which will be
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further metabolised, and produce usable energy stores in the form of ATP and NADH.

Pyruvate can then be metabolised through three pathways: the TCA cycle, ethanol

production and the reductive TCA cycle used to produce fumarate. It is primarily trans-

ported into the mitochondria while producing an NADH and then decarboxylated to form

acetyl-CoA, which is the entry to the TCA cycle. The TCA cycle forms a central part of

the energy-producing metabolism of the cell. Pyruvate is metabolised through the TCA

cycle to produce ATP, GTP, FADH2, NADH and CO2. ATP is the main energy store of

a cell and is used for functions such as the production of fumarate or the transportation

of fumarate out of the cell. GTP is structurally similar to ATP but is primarily used for

protein synthesis. FADH2 and NADH are both redox carrying molecules that are used

in oxidative phosphorylation to produce ATP. NADH is also widely used in a variety of

enzymatic reactions (Villadsen, Nielsen & Lidén, 2011).

Although the TCA cycle does contain fumarase, the enzyme responsible for producing

fumarate, the fumarate excreted is from a fumarase isoenzyme that is part of the reductive

TCA cycle in the cytosol. This was discovered by inhibiting the fumarase enzyme in the

cytosol and observing a reduction in fumarate production. It has been found that there

are two isoenzymes of fumarase present in the cytosol, one of which is also present in the

mitochondria (Peleg et al, 1989). In another study the over-expression of the fumarase

enzyme was investigated (B Zhang et al, 2012). It was found that fumaric acid production

was replaced by the production of malic acid. This indicates that the fumarase enzyme

may not be the root cause of fumaric acid production and that the production of fumarate

is caused by the increased activity of a number of enzymes. Odoni et al (2017) conducted

a metabolic analysis of R. oryzae under high and low fumarate-producing conditions. It

was found that three enzymes (PYC, MDH, fumarase) in the reductive TCA cycle were

over-expressed during high fumarate production. Another over-expressed enzyme was

ASL, which forms a key part of the urea cycle. ASL and fumarase form a link from the

TCA cycle to the urea cycle. The nitrogen-limited conditions of the fumarate production

phase are seen to induce amino acid catabolism in R. oryzae. This increases the flux

through the urea cycle and results in fumarate production.

The production of ethanol is primarily seen as a means of producing ATP under anaerobic

conditions. However, ethanol is also produced aerobically. Under anaerobic conditions

R. oryzae is unable to use oxidative phosphorylation to produce ATP from O2 and has

to use ethanol production to generate ATP. Oxidative phosphorylation forms part of

the electron transport chain (ETC) that uses the redox potential of NADH and FADH2

to generate ATP by converting O2 to H2O. The production of ethanol is an inefficient

energy production since from one mole of glucose using ethanol-producing pathways only

2 moles of ATP can be formed compared with a possible 38 moles if the TCA cycle and

ETC are used (Madigan et al, 2015).
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Figure 4 shows a map of the metabolic pathways of R. oryzae. The anabolism of biomass

shown has been simplified into one metabolic pathway from glucose. The production and

consumption of NADH and ATP are represented by β and γ respectively. These values

vary depending on the biomass formula and the environmental conditions (Villadsen et al,

2011). Glycerol is not produced by R. oryzae in large quantities and is only produced as

a redox sink.
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Figure 4: Metabolic pathways of Rhizopus oryzae
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2.4.2 Acid transport

The excretion of fumaric acid into a medium is unlike that of alcohols since alcohols can

diffuse passively through the cell membrane. Carboxylic acids require transporters to

export them into the medium. There is an energy cost associated with this transport,

which is dependent on the concentration of carboxylic acids already in the medium and

on the pH of the medium. The reason for this cost is that the dissociated form of the

carboxylic acids is exported and the H+ ions also need to be exported against the proton

motive force (Taymaz-Nikerel et al, 2013). The H+ ions are transported out the cell using

ATP synthase at the cost of one ATP per proton as illustrated in Figure 5. E. coli, a

prokaryote, has an advantage over R. oryzae, a eukaryote, since it exports H+ ions at

a ratio of 3 H+ to 1 ATP compared with 1 H+ to 1 ATP. Depending on the pH of the

medium a different transporter is used for the carboxylic acid. The three transporters

and their associated methods are shown in Figure 5.

Figure 5: Illustration of dicarboxylic acid transport process

Equilibrium needs to be achieved between the fumaric acid concentration in the medium

and that in the cell. This ratio is dependent on the pH of the medium and determines

which transporter will be used at a specific pH. Figure 6 illustrates the relationship be-

tween the equilibrium concentration ratio and the pH for the three transporters. The

dashed line is the ratio between the experimentally measured internal cell concentra-

tion (10× 10−3 mol L−1) and the economically viable medium concentration of 1 mol L−1

(Taymaz-Nikerel et al, 2013). The dashed line value decreases below a pH of 4 because

the fumaric acid solubility decreases at low pH values. The transporter that is closest to

the dashed line will most probably be used to transport fumarate out at the specific pH.

A symporter provides the cheapest energy cost of 1 ATP per fumarate but is only able to
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operate at high pH values around 7, whereas an antiporter can export fumarate at low

pH values but costs 3 ATPs per fumarate.

Figure 6: The equilibrium fumaric acid concentration ratio between the cell and medium,
as a function of pH. Antiporter: squares, uniporter: stars, symporter: circles.
The dashed line indicates the minimum internal cell concentration for export
(10× 10−3 mol L−1) (Taymaz-Nikerel et al, 2013)

2.4.3 Fungal morphology

The morphology of R. oryzae can be greatly changed depending on factors such as shear,

temperature, ion concentration and pH, to name only a few. This has resulted in many

studies into the effect of morphology on the production of fumaric acid. The operation of

the reactor determines the morphology and therefore has to be carefully chosen. Suijdam

et al (1980) state that the reason for preferring a small pellet morphology over clumps or

large pellets is that the mycelium can be easily removed from the medium, the medium can

be easily aerated and mass transfer is improved. Figure 7 shows a comparison between a

clump morphology and the ideal pellet morphology. It has been found that the diameter

of the pellets is crucial to the fumaric acid yield on glucose (Z Zhou et al, 2011). It

was concluded that the pellet formation is greatly affected by the pH, size of inoculum,

glucose concentration and nitrogen content. It is also stated that large pellets or clumps

can result in anaerobic zones in the mycelium matrix, which can result in the production

of ethanol and lower fumaric acid yields. These claims have led to studies focused on

the production of small pellets to increase mass transfer and reduce ethanol production

(Y Zhou, Du, et al, 2000; Liao et al, 2007).

An immobilised biomass reactor is an alternative to pellet reactors. This alternative

provides easier reactor operation since the biomass is not suspended in the medium,

which means that the medium can easily be removed and replaced without the need for

filtration. The use of immobilised biomass over pellets allows for continuous operation
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Figure 7: Morphology of fungal biomass: (A) clumps (B) pellets (adapted from Liao et al
(2007))

since there is less chance of blockages from mycelium in the reactor (Naude & Nicol,

2018). Another benefit of the use of the immobilised biomass approach is the ability to

grow biomass at a faster rate compared with the production of pellets. Pellet formation is

promoted by using low spore inoculation concentrations and low metal ions concentrations

in the medium (Liao et al, 2007; Suijdam et al, 1980). High concentrations of both factors

promote the rapid growth of biomass.

2.4.4 Nitrogen supply and availability

The presence of nitrogen in the medium is crucial for the growth of R. oryzae since nitro-

gen is used to produce amino acids, which in turn make up the biomass and the enzymes

used in all metabolism. R. oryzae is unable to fixate nitrogen from the atmosphere for

growth. It is, therefore, vital that nitrogen is present in the medium in the form of urea,

yeast extract or another protein complex (Madigan et al, 2015). The effect of the avail-

ability of nitrogen in the growth phase on fumaric acid production was investigated and

it was found that low nitrogen concentrations negatively affected the biomass yield and

the future fumaric acid production (Naude & Nicol, 2017). A high nitrogen content is

crucial for healthy biomass growth.

It has been discovered that during the fumarate production phase the nitrogen content

in the medium greatly influences the sustained production of fumarate. Naude & Nicol

(2018) demonstrated that the rate of fumaric acid production can be sustained for longer

periods by the addition of urea at a rate of 0.625 mg L−1 h−1. It was also observed that

the yield of fumarate on glucose increased over the fermentation period up to a yield of

0.96 g g−1. This was attributed to the decline in ethanol production that was observed

over a long continuous fermentation (400 h).
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2.4.5 Neutralisation and separation of fumaric acid

Roa Engel, Straathof, et al (2008) suggested that a way of decreasing the production

cost is to reduce the use of the neutralising agent used in the fermentation. Fumaric

acid has pKa1 and pKa2 values of 3 and 4.5, respectively, and therefore small amounts

can decrease the pH of the medium considerably. At low pH values, the production of

fumarate is inhibited. This is commonly overcome by the addition of a neutralising agent

to regulate the pH (Roa Engel, Gulik, et al, 2011). CaCO3 has been found to produce

high titres. However, the formation of calcium fumarate is undesirable since it increases

the viscosity of the medium. Increasing the viscosity of the medium will have a negative

effect on the nutrient uptake and oxygen mass transfer (Z Zhou et al, 2011). NaHCO3 or

NaOH are superior alternatives since they are more soluble than CaCO3, which enables

the biomass to be reused as precipitate does not build up in between the biomass, and

downstream separation is easier (L Huang et al, 2010). Rhodes et al (1962) found no

difference in the yields achieved with the three different neutralising agents, CaCO3,

KOH and NaOH. It was also found that sodium fumarate did have an inhibitory effect

on the growth of biomass but not on the production of fumarate.

The separation of fumaric acid from the fermentation broth is an important yet over-

looked factor. The fumaric acid that is produced by the respective organisms has to

be either removed from the broth during fermentation using a selective membrane or

neutralised. Ion-selective membranes have the ability to produce high titres, but have

not found widespread use across the industry (Ilica et al, 2019). The use of NaOH for the

neutralisation of fumaric acid has the possibility of producing very high titres because

of the solubility of sodium fumarate and the fact that there is little to no inhibition of

the salt on the organism. This process, however, does affect the downstream processing

since there is a larger market for fumaric acid than for sodium fumarate. Acidification

of the broth is therefore required, which involves a larger portion of the operating costs.

Once the broth has been acidified, the low solubility property of fumaric acid aids the

separation since a reduction in temperature can be used to crystallise fumaric acid out

of the broth.

2.5 Crabtree effect

The Crabtree effect is a well-known phenomenon, initially discovered in Saccharomyces

cerevisiae but which has also been found in numerous other microorganisms. The effect is

described by the production of ethanol under aerobic conditions. Barford & Hall (1979)

found that there was a limited respiration capacity in S. cerevisiae and once the glucose
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feed rate surpassed this limit, ethanol production began. Figure 8a illustrates the general

fermentation of S. cerevisiae at a low glucose concentration. CO2 and biomass would

be the only products since the amount of pyruvate produced is able to be consumed

by the TCA cycle. If the glucose concentration is increased further past the threshold

concentration, the effect shown in Figure 8 occurs. Here the high glucose concentration

results in an increase in the glucose uptake rate, causing more pyruvate to be produced

than can be consumed by the TCA cycle. This results in the production of ethanol as

an overflow to avoid accumulation of pyruvate in the cell. The production of ethanol is

unfavourable since it is often an unwanted by-product. In order to negate the ethanol,

fed-batch fermentation has been utilised to increase the yield of biomass on glucose by

maintaining a glucose-limited environment (Habegger et al, 2018). This strategy utilises

the fact that ethanol production only starts at a glucose concentration above 150 mg L−1

(Verduyn et al, 1984). Therefore if the glucose concentration in the medium is maintained

below the threshold value, for a Crabtree-positive organism, no ethanol should be formed.

Figure 8: Illustration describing the Crabtree effect. a) The glucose concentration is below
the threshold value. b) The glucose concentration is above the threshold value.
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3 Experimental

3.1 Materials and methods

3.1.1 Microorganism

R. oryzae (ATCC 20344) was selected for the purposes of this study. This organism has

been found to be the most successful at producing fumarate, as shown in the literature

review.

3.1.2 Medium

Varying amounts of glucose and urea were added to a mineral medium for all fermenta-

tions. The mineral media contained (all of the following values have units of g L−1): 0.6

KH2PO4, 0.25 MgSO4 · 7 H2O, 0.088 ZnSO4 · 7 H2O and 0.005 FeSO4 · 7 H2O. Biomass

was grown under batch conditions with 3.1 g L−1 glucose and 2.0 g L−1 urea (Naude &

Nicol, 2017). The media for fed-batch growth of biomass contained the 2.0 g L−1 urea

but no glucose at the beginning of the fermentation as this was fed continuously at a

rate of 0.07 g L−1 h−1. The batch production fermentations contained 50 g L−1 glucose

and 0.1 g L−1 urea. The fed-batch production fermentations began with only the mineral

solution, then urea was fed at a rate of 0.625 mg L−1 h−1 and glucose was fed at a rate

between 0.131 g L−1 h−1 to 0.329 g L−1 h−1. In order to achieve low dilution rates, high-

concentration solutions of both glucose and urea were made with 342 g L−1 and 16 g L−1,

respectively. The dilution rate for the fed-batch production fermentations varied between

0.0018 h−1 to 0.0027 h−1, taking into account the glucose and urea additions, as well as

the NaOH dosing. The urea solution incorporated the mineral solution to ensure that the

mineral composition in the reactor remained constant throughout the experimental run.

All the solutions were sterilised at 121 ◦C for 60 min. All chemicals used were obtained

from Merck (Modderfontein, South Africa).

3.1.3 Reactor operation

The reactor design was adapted from a previous study which researched fumaric acid

production with R. oryzae (Naude & Nicol, 2017). The reactor has a liquid volume of

1.08 L and a gas volume of 0.380 L. This design incorporates a textured polypropylene

tube in the centre of the glass reactor tube, serving as an attachment surface for R. oryzae

during the growth phase. Once the biomass has been grown, the immobilised fungus can
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be rinsed with a mineral medium containing no nitrogen. The biomass produced has a

thickness of approximately 1 mm to 2 mm and covers an area of 97.14 cm2. The benefits of

this system for biomass production over a mobilised pellet approach is that the thickness

of the biomass can be closely controlled by means of the initial glucose concentration in the

growth medium. Immobilised biomass also allows a simple sterile transition from growth

to production conditions since the medium can be easily drained and replaced at the end

of the growth phase. The switch to production requires rinsing of the biomass to remove

residual nitrogen from the reactor. This was done by washing twice with the nitrogen-free

mineral solution. Once this has been completed, the reactor is filled with the production

phase medium and adjusted to a pH of 5. Growth and production fermentations were

controlled at a pH of 5 using a 10 mol L−1NaOH solution as a neutralising agent.

Figure 9: Process flow diagram of the reactor setup and control loops (Naude & Nicol, 2017)

The concentrated glucose and urea solutions were fed through 0.5 mm marprene tubing

with the 120U Watson-Marlow (Johannesburg, South Africa) peristaltic pump. This

allowed for fine control of the feed flow rate between 0.11 mL h−1 to 225 mL h−1 with
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increments of 0.11 mL h−1. The reactor was fed a gas mixture that consisted of 8 % CO2,

with 18.4 % O2 and N2 making up the complement, in all fermentations, unless otherwise

stated. This mixture was controlled using an SLA5850 mass flow controller from Brooks

(Hatfield, PA, USA). The CO2 and O2 compositions were checked and monitored online

using a Tandem gas analyser 0588 from Magellan Biotech (Borehamwood, UK). The gas

and liquid phases of the reactor were recycled to ensure that no concentration gradients

were present, as described by Naude & Nicol (2017). The temperature of the reactor was

maintained at 35 ◦C. The pH probe includes a temperature reading, which was used as

an input into a PID controller. The reactor base was placed on a heating plate that was

controlled by the PID controller. Figure 9 shows the process flow diagram of the reactor

and the control loops in place to control the temperature, pH and DO.

3.1.4 Inoculum preparation

Once the reactor had been filled with the sterile growth medium, the reactor was operated

without inoculating for 12 h. This was done to allow the gas composition out of the reactor

to stabilise, the reaction temperature to be reached and the pH to be achieved. The spore

inoculum used for batch growth fermentations had a spore concentration of 8× 106 mL−1,

of which 10 mL were aseptically injected into the reactor through a silicon septum. The

spore solution was prepared as follows: first potato dextrose agar plates were prepared

and dried aseptically. It was found that a higher concentration of R. oryzae spores were

produced per plate when moisture was removed from the PDA plates before their use.

The plates were inoculated with a 50 % spore solution of glycerol and water that had

been stored at −40 ◦C. The plates were then incubated at 35 ◦C for 3 d. The spores were

suspended in distilled sterile water and rehydrated at 25 ◦C for 12 h. Slow growth rates

were experienced if this final rehydration step was skipped.

3.1.5 Analytical methods

The fermentations were sampled at regular intervals over the period of the fermentation,

with shorter experiments being sampled more frequently for a higher resolution. High

Performance Liquid Chromatography (HPLC) was used to determine the concentrations

of glucose, fumarate, ethanol, malic acid and succinic acid in the samples as described by

Naude & Nicol (2017). The dry cell mass was determined at the end of each experimental

run. The immobilised biomass was removed from the polypropylene tube and centrifuged

at 2000 rpm for 10 min, the supernatant was re-suspended in distilled water and the

biomass was then centrifuged again. This was repeated a total of three times. The

biomass was finally dried at 70 ◦C for 48 h before being weighed.
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HPLC analysis is not instantaneous and therefore it is not possible to determine the

glucose concentration in the reactor online. Consequently, it is not possible to know

whether or not the growth fermentation has reached completion. However, the online

CO2 outlet concentration is available. On the assumption that the gas volume into and

out the reactor remains constant, the concentration is employed to calculate the CO2 gas

production rate using Equation 1. The a full nomenclature list can be found here.

rCO2 =
1

V

(
Qgas(C

o
CO2
− CCO2)− Vg

dCCO2

dt

)
(1)

3.2 Model and analysis

3.2.1 Batch growth of immobilised fungus

The biomass growth curve could not be determined experimentally since only one data

point of the biomass concentration could be determined per run. A model of the biomass

growth was therefore developed that would determine the growth curve based on the lim-

ited data. The data used to fit the model included the HPLC-determined concentration

profiles of glucose and the metabolite products, as well as the final biomass concentration.

The growth curve was fitted assuming exponential growth and Monod growth characteris-

tics (Villadsen et al, 2011). The Monod model (Equation 2) predicts a low-concentration

regime where substrate uptake rates are proportional to substrate concentration. This

affects the growth rate proportionally but only comes into affect towards the end of the

batch fermentation as the glucose becomes depleted. Constant yield coefficients were

assumed for the metabolites on glucose. These yields were used in conjunction with the

total mass balance equation (Equation 3) to solve the mass balance for all the rates.

The chemical equation uses glucose, O2 and urea as reactants and biomass, CO2, H2O,

fumaric acid, succinic acid, ethanol, glycerol, malic acid and pyruvic acid as the products.

The calculated production and consumption rates were then used within Equation 4 in

an Euler integration loop to determine the change in concentration for every time step.

To fit the model to the data and determine the growth rate, LMFIT, a module within

the Python environment, which uses a non-linear least-squares minimisation algorithm,

was then used. The parameters varied to obtain a reasonable fit include the µmax, Km

and the yield of biomass on glucose.

rx = µmax
Cg

Cg +Km

(2)

22

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



C6H12O6 + YSOO2 + YSUCH4N2O −→

YSXCH1.8O0.5N0.2 + YSCCO2 + YSHH2O + YSFC4H4O4 + YSSuC4H6O4

+YSMC4H6O5 + YSEC2H6O + YSGC3H8O3 + YSPC3H4O3

(3)

dNi

dt
= ri · Cx · V (4)

3.2.2 Fed-batch fermentations

To determine the production rates and yields of fumarate or other metabolites, a mass

balance was conducted over the reactor. The HPLC-determined concentration profiles

were interpolated to determine instantaneous rates, and these rates were then input

into Equation 5, which was solved using Euler integration. The same mass balance

described for the batch fermentation model was used. This allowed the calculation of the

instantaneous and accumulative yields.

dNi

dt
= QoC

o
i −QCi + riCxV (5)
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4 Results and discussion

4.1 Growing biomass in excess glucose

The immobilised biomass for all the fermentations was grown with excess nitrogen. Once

the growth phase was complete, the reactor medium was switched to a nitrogen-limited

solution to induce the production of fumarate. The completion of the growth phase was

determined by the CO2 production rates. As growth begins, CO2 is produced as a by-

product from the consumption of glucose. The rate of biomass production is exponential

and in turn results in an exponential production of CO2. These rates are proportional

since the ATP consumed for the production of biomass is generated by the production of

CO2 through respiration. The CO2 production rate reaches a peak, after which the rate

falls steadily, which is an indication of total glucose consumption. HPLC analysis is used

to corroborate the glucose concentration in the medium.

Figure 10 illustrates the metabolite profiles obtained from two growth phase fermen-

tations. These experiments were done to prove the repeatability of the biomass growth

process. The fermentations were found to reach full glucose consumption (3.1 g l−1) within

25.6 ± 1.8 h. The growth period was consistent for all fermentations unless NaOH was

used in the initial pH correction, the addition of NaOH caused a lag in the growth rate.

The yield of biomass on glucose was found to be 0.196 ± 0.033 g g−1. A model was fitted

to estimate the specific growth rate of R. oryzae. The model used fixed yield coefficients

of ethanol and fumarate on glucose to obtain a suitable fit. Their values were 0.211 and

0.058 respectively. The estimated specific growth rate was found to be 0.255 h−1.

The profiles in Figure 10 show that growth is initially slow to start as a result of the

time that is taken for the sporulation of the inoculated spores. After this period the

consumption rate of glucose increases rapidly, with a visible accumulation of biomass in

the reactor. It can be seen that both ethanol and fumarate are the main by-products

during the fermentation. Malic acid, pyruvic acid and succinic acid were produced in

trace concentrations. The yield of ethanol on glucose is higher than the yield of biomass

on glucose. This is possibly an indication of the Crabtree effect. This is likely since

ethanol is produced in an aerobic environment, which indicates that R. oryzae may have

a limited capacity for respiration. When the glucose consumption surpasses this capacity,

ethanol production is triggered as an overflow of carbon. The ATP generated as a result

of the ethanol produced (1 mole ATP per mole ethanol produced) coincides with the

amount of ATP required to transport the fumarate produced out of the cell (3 ATP per

mole of fumarate). Fumarate is not usually produced in a nitrogen excess environment

which suggests that it was only produced as a means of consuming the excess ATP,

24

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



0 5 10 15 20 25
Time (h)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Co
nc

en
tra

tio
n 

(g
/L

)

Biomass
Glucose
Ethanol
Fumarate

Figure 10: Repeat profiles of metabolite accumulation under growth conditions using 3.1 g/L
of glucose and nitrogen excess. Notable production of ethanol and fumarate was
observed, with 0.62 ± 0.097 g L−1 of biomass obtained at the end of the run. The
fitted model indicates biomass accumulation up to the final measured point. The
model employed fixed yield coefficients of ethanol and fumarate on glucose (YSE=
0.211 And YSF= 0.058). The estimated maximum specific growth rate was found
to be 0.255 h−1 and the Monod constant was 0.176 g L−1.

produced through ethanol production.

4.2 Fumarate production with DO variation

The results presented above suggest that R. oryzae may be a Crabtree-positive organism.

The literature suggests that the production of ethanol is a result of anaerobic zones that

develop in the mycelium matrix (Y Zhou, Du, et al, 2000; Suijdam et al, 1980). This

is contrary to explanation of the Crabtree effect. To evaluate the validity of the effect

of anaerobic zones on the production of ethanol an experiment was conducted in which

two batch production fermentations were done at different dissolved oxygen values (DO).

The DO values were 18.4 % to 85 %. This significant difference was selected to ensure

that anaerobic zones would be eradicated at the higher DO and an effect would be seen

in the ethanol production. The 4.6-fold increase of the DO is assumed to increase the

oxygen mass transfer and in turn supply more oxygen to the cell, reducing the need for

ATP produced from ethanol production.

The results of the experiment can be seen in Figure 11. The biomass used in this experi-

ment was grown with the same procedure as was described from Figure 10. This growth

procedure produced biomass that had a thickness of approximately 1 mm to 2 mm. It

is state in the literature that this thickness is the ideal pellet diameter to reduce the
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Figure 11: The effect of DO on fumarate production where 50 g L−1 of glucose was initially
used. The DO was varied from 18.4 % to 85 %. A negligible difference was observed
between the two runs.

formation of anaerobic zones (Y Zhou, Du, et al, 2000; Z Zhou et al, 2011). The results

in Figure 11 show that the concentration profiles of glucose, ethanol and fumarate are

equivalent, indicating no effect of DO on the ethanol production.

This suggests that the anaerobic zones do not play a role in the production of ethanol

and most likely do not exist. Ethanol produced from mycelium with a thickness of 2 mm

or less can therefore not be attributed to the lack of oxygen supply. This finding supports

the hypothesis that R. oryzae is a Crabtree-positive organism since oxygen availability

is unrelated to the production of ethanol.

4.3 Manipulating glucose uptake rates under growth conditions

The results presented so far offer good support for R. oryzae being Crabtree-positive.

The production of ethanol is a result of the excess availability of glucose in the medium.

Ethanol produced aerobically by S. cerevisiae can be negated by controlling the glucose

uptake rate (Aiba, Nagai & Nishi, 1976). This gives the organism the ability to maximise

its glucose uptake and exceed its respiratory capacity. Ethanol is then produced as an

overflow mechanism to remove the excess carbon that cannot be metabolised through

the TCA cycle. A glucose uptake regime exists where the uptake rate is proportional to

the glucose concentration in the medium. This was first described by Monod. Once the

glucose concentration surpasses a limit, the organism reaches a maximum uptake rate

(Fogler, 2006; Habegger et al, 2018). To further test the metabolic characteristics of R.

oryzae an experiment was conducted in which biomass was grown in a glucose-limited
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but nitrogen excess environment. This was done using a fed-batch reactor where the

glucose feed rate could be closely controlled.
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Figure 12: Glucose, ethanol and fumarate concentrations during fed-batch growth of R.
oryzae. Glucose was added at a constant rate of 0.07 g L−1 h−1. All concentrations
approximate zero, except glucose in the initial stages of the experiment. Ethanol
overflow was clearly avoided.

Figure 12 shows the concentration profiles of the glucose fed-batch growth fermentation.

The fermentation began with no initial glucose before inoculation. Glucose was then

fed at a rate of 0.07 g L−1 h−1 for the duration of the fermentation. There was an initial

glucose accumulation as a result of the time taken for the sporulation to occur. The

glucose was then depleted once the biomass concentration increased. Thereafter, the

glucose concentration remained at zero for the rest of the fermentation. Fumarate was

only produced during the period of high glucose concentration and the concentration

remained constant for the remainder of the fermentation. Ethanol was not produced at

all during the fermentation, indicating that the glucose uptake rate that results in ethanol

overflow was never reached.

R. oryzae responded to a limited glucose fermentation similar to that of S. cerevisiae.

This indicates that the Crabtree mechanism probably present in R. oryzae can be utilised

to negate the parallel production of ethanol and increase the yield of fumarate on glucose.
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4.4 Manipulating the glucose supply under production condi-

tions

Thus far evidence has been found that indicates Crabtree-positive characteristics of R.

oryzae. However, the results have focused on the growth of biomass and not on the

more valuable production of fumarate. Therefore the Crabtree response needs to be

tested during the production phase during which the nitrogen concentration is limited.

The Crabtree effect is expected to function similarly during the production of fumarate

to what it would during the production of biomass with S. cerevisiae. This is likely

since the production of biomass consumes ATP in the same way as does the export of

fumarate from the cell assuming that the cause of ethanol production is overflow. To test

whether the ethanol can be negated from the production of fumarate, a fermentation was

conducted in which a glucose feed rate of 0.07 g L−1 h−1 was used. Figure 13 shows the

results for the fermentations in this section. These are similar to the biomasses for the

fermentations shown in Figure 10. It can be seen that there was no metabolite production

for the first 80 h of the fermentation. The final yield of fumarate on glucose was found

to be only 0.162 g g−1. This suggests that the glucose feed rate was too low resulting in

most of the glucose being used for cell maintenance and for the transition from growth

metabolism to fumarate production metabolism. The transition period was longer than

expected since a normal batch fermentation experienced a transition of approximately

20 h until fumarate production began. Because of this long transition period, it was

decided to increase the feed rate to 0.131 g L−1 h−1 to decrease the transition period.

With this increase fumarate production began after 20 h and therefore this rate was used

as the base for the subsequent experiments.
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Figure 13: Concentration profiles of a production fermentation illustrating a slow transition to
fumarate production. The initial glucose feed rate was 0.07 g L−1 h−1 and then at
130 h the feed rate was increased to 0.131 g L−1 h−1 which resulted in a substantial
increase in the production rate.

Two production fermentations were conducted for approximately 200 h with different

glucose feed rates. The two fermentations employed two different feed strategies, as can

be seen in Figure 14. The fermentations began at the base feed rate of 0.131 g L−1 h−1

and after 66 h both were stepped up to a feed rate 50 % higher (0.197 g L−1 h−1). Run

1 remained at this feed rate for the duration of the fermentation, while the feed rate of

run 2 was stepped up a further 2 times, as can be seen in Figure 14. The concentration

profiles of fumarate, ethanol and glucose are shown in Figures 15, 16 and 17 respectively.
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Figure 14: Glucose dosing rates for run 1 and 2. The dosing rate of run 1 was increased
by 50 % once. Towards the end of the fermentation, dosing was stopped and the
glucose concentration was depleted. The dosing rate of run 2 was increased three
times by 50 % of the original rate.

Comparison of the first 100 h of the fermentation profiles (Figure 14) shows it can be

seen that they are essentially a repeat and confirm the validity of the observed responses.

The main observation from these results is that there was no ethanol produced at a

glucose feed rate of 0.197 g L−1 h−1 in run 1. This shows that ethanol production can be

avoided with glucose control while fumarate is still produced. The response of ethanol

production within the first 25 h indicates the transition period from growth metabolism

to fumarate production. The glucose feed rate was still at the lower base feed rate during

this transition. It can be seen that in both fermentations ethanol consumption begins

after 25 h. This suggests that once the metabolism has fully transitioned to production,

a feed rate of 0.131 g L−1 h−1 is still below the respiratory capacity limit since ethanol can

be metabolised along with the glucose fed. This feed rate is therefore below the glucose

uptake rate that would induce ethanol overflow.

Run 1 obtained a sustained fumarate production rate of 0.15 g L−1 h−1 from the glucose

feed rate of 0.197 g L−1 h−1 while producing no ethanol. Looking at Figure 17 one can see

that the glucose concentration increases and then stabilises around 0.28 g L−1 while no

ethanol is produced. This indicates that the glucose concentration is below the threshold

glucose concentration that would induce ethanol overflow. This value is in close agreement

with the 0.15 g L−1 of S. cerevisiae (Verduyn et al, 1984). The results of the run provide

good evidence for the Crabtree-positive nature of R. oryzae and indicate that close control

of the glucose addition can negate the unwanted production of ethanol.
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Figure 15: Fumarate production profiles for runs 1 and 2. Note the slight increase in fumarate
excretion rates in regimes B and C.

To further test the metabolic responses of R. oryzae, in run 2 the glucose feed rate

was increased above the ethanol overflow point and the maximum glucose uptake rate.

Comparison of run 1 and 2 shows that they only begin to deviate once the glucose feed

rate is increased to 0.263 g L−1 h−1 for run 2. To simplify the comparison between the

two runs, they have be divided into three sections: A, B, and C. Section A represents

that period where the feed rate of the runs was identical, section B is where run 2 had

a 33 % higher feed rate than run 1, and section C is where run 2 had a 67 % higher feed

rate than run 1.

The major difference between runs 1 and 2 begins in section B where the ethanol profiles

differ (see Figure 16). It can be seen that once the glucose feed rate was increased to

0.263 g L−1 h−1, the ethanol overflow point was surpassed and ethanol production began.

This indicates that the respiration capacity of the cell was exceeded and the cell could

no longer accommodate all the carbon metabolised by the glycolytic pathways through

respiration or fumarate production. Accumulation of carbon in the cell is unwanted and it

was therefore excreted as ethanol. Comparison of the glucose profiles of the runs in section

B shows that they have similar concentrations. This indicates that the feed rate is still

below the glucose uptake maximum and that most of the glucose feed was metabolised.

The glucose concentration value of 0.28 g L−1 can be regarded as a threshold value, below

which all glucose can be consumed. Section C of Figure 17 clearly shows that once

the glucose feed rate was increased, glucose accumulation began and the concentration

quickly surpassed 0.28 g L−1.
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Figure 16: Ethanol profiles for run 1 and 2. Beyond the first 25 h transition phase, no ethanol
overflow is observed in run 1. Run 2 exhibits clear ethanol overflow in regimes B
and C where glucose addition rates were increased.

The fumarate concentration profiles show that once the feed rate was increased in section

B for run 2, the fumarate production rate increased. This increase in production rate

is more clearly seen in section C where the concentrations of the two profiles separate.

This result indicates that the glucose feed rate of run 1 in sections B and C was lower

than the maximum uptake rate before ethanol overflow. Theoretically, this means that

a glucose feed rate higher than 0.197 g L−1 h−1 can be fed while ethanol production is

maintained at zero. This glucose feed rate can be calculated by assuming the that yield

of fumarate on glucose will remain the same before and after ethanol overflow has begun.

The fumarate production measurements are then used to calculate the amount of glucose

that will be required to produce an equivalent amount, provided ethanol overflow is not

reached. This glucose feed rate was found to be 0.244 g L−1 h−1.
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Figure 17: Glucose profiles for run 1 and 2. Glucose breakthrough observed for run 2 in regime
C, where glucose addition rates exceed glucose consumption rate.

In section C of run 2, the glucose feed rate was increased to 0.329 g L−1 h−1. It can be seen

from Figures 15 and 16 that the production rates of both ethanol and fumarate increased

only slightly. This implies that the feed rate surpassed the maximum glucose uptake rate

and that the maximum lies somewhere between 0.263 g L−1 h−1 and 0.329 g L−1 h−1. The

glucose that was not consumed accumulated in the medium (see Figure 17). However, not

enough information is available at present to determine a single value for the maximum

glucose uptake rate. This can be resolved in further studies.

As can be seen from Table 1, productivities are commonly reported on a volumetric

basis in literature. However, when reporting the maximum glucose uptake rate and the

threshold glucose uptake rate before ethanol breakthrough, the preference is to report

the rates on a biomass basis. The drawback of using biomass rates is that the biomass

can only be quantified once the fermentation has reached completion. Runs 1 and 2 were

found to have biomass concentrations of 2.49 g L−1 and 2.51 g L−1, respectively. These

concentrations differ greatly from the biomass concentration measured (0.617 g L−1) after

the biomass growth phase as shown in Figure 10. The same method was used to produce

the biomass used in runs 1 and 2. This indicated that there was a four-fold increase in

biomass, which is unexpected since the production phase is nitrogen-limited and the total

urea fed over the production period was only 0.116 g L−1. Based on the general biomass

formula CH1.8O0.5N0.2 (Villadsen et al, 2011), additional protein synthesis as a result of

urea will only contribute 4 % of additional biomass and cannot explain the considerable

increase in mass. It is suspected that the increase in biomass is a result of carbohydrate

stores and not the production of metabolically active biomass. Given this, we have

based the following rates on the biomass concentration obtained directly after the growth
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period since the enzymatic protein content responsible for the metabolism was more

concentrated for this biomass. Accordingly, the ethanol breakthrough rate is calculated

to be 0.395 g g−1 h−1, while the glucose breakthrough rate lies between 0.426 g g−1 h−1

and 0.533 g g−1 h−1.

Towards the end of run 1 a yield of 0.802 g g−1 fumarate on glucose was obtained; this was

over 50 h. The yield over the entire fermentation period was 0.713 g g−1 since fumarate

was not produced during the first hours of the fermentation. The yield for run 2 during

the highest glucose feed rate was found to be 0.596 g g−1. This translates to run 1 having

a 0.206 g g−1 better yield as a result of controlling the glucose addition below the ethanol

breakthrough rate. It also illustrates the effectiveness of the fed-batch reactor operation

and the extent of carbon losses to ethanol that occur under batch conditions. These

yields were calculated by accounting for all fumarate produced over the period and for

the amount of glucose added to the reactor.

4.5 Future exploration to optimise fumarate production

The work presented thus far has been written up in a paper and has been submitted to

Biotechnology for Biofuels. The paper is currently under review. The focus of this thesis

thus far has been on minimising ethanol production, the Crabtree effect and manipulating

the glucose feed rate in order to observe the response of R. oryzae. There are numerous

factors affecting the production of fumarate, as can be seen from the literature review

presented in Section 2.1. Major factors are the pH of the medium, the urea content and/or

feed rate, the metal ion composition and the addition of more complex protein sources

(Taymaz-Nikerel et al, 2013; Naude & Nicol, 2018; Y Zhou, Du, et al, 2000; K Zhang,

Yu & Yang, 2015). Operation of the reactor is another field that shows promise when

considering the present work as well as other studies that focus more on the type of reactor

used, the gas composition fed and alternative immobilisation strategies (Sebastian et al,

2019; Cao et al, 1997; Roa Engel, Gulik, et al, 2011). All these factors can greatly affect

the fumarate production and metabolism of R. oryzae. For the successful production of

fumaric acid biologically on an industrial scale, all these aspects have to be optimised to

compete with the years of development that have gone into the petrochemical production

of fumarate. The following results are an initial experiment that will form part of further

publications.

The initial investigation will be into the effect of the nitrogen feed rate on the production

of fumarate. It has been found that the production of fumarate through the reductive

TCA cycle is closely linked to the urea cycle: it is induced by increased activity of the

urea cycle. It is suggested that a high carbon:nitrogen ratio is crucial for the activation
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of these cycles. High carbon:nitrogen ratios can be easily controlled by manipulating

the feed rate of urea into the system. This has been shown by Naude & Nicol (2018)

to affect the fumarate production stability and to increase the yield over time. A feed

rate of 0.625 mg L−1 h−1 was found to produce stable fumarate production rates, while

decreasing the yield of ethanol over time. At a feed rate three times higher, it was

found that the fumarate production increased over time. The next step to optimise the

environmental conditions of the reactor for fumarate production was to double the urea

feed (1.25 mg L−1 h−1) in order to determine the effect of an increased nitrogen feed rate

on fed-batch conditions. The same glucose feed rate profile as in run 2 shown in Figure 14,

was used for run 3. The concentration profiles produced from the fermentations are shown

in Figures 18, 19 and 20.
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Figure 18: Fumarate production profiles for run 2 and 3. Run 3 has a lower fumarate produc-
tion rate in sections A and B, but in section C the rate increases.

The fumarate concentration profiles are shown in Figure 18. It can be seen that initially,

the production rates are equivalent. Towards the end of section A, the rates begin to

diverge and run 1’s (higher carbon: nitrogen ratio) rate is higher than that of run 3. The

difference in production rates is sustained in section B. The lower production rates of run

3 may be due to the inhibitory effect of nitrogen on fumarate production. However, the

variation in concentrations is not all that large and may be due to inconsistencies in the

fermentations. In section C it can be seen that the production rate for run 3 increases

and the final concentrations achieved for the two runs is equivalent. Comparison of the

overall profiles shows that they are not substantially different the variations are not large

enough to attribute to any definitive cause.
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Figure 19: Ethanol profiles for run 2 and 3. No ethanol is produced in the first 25 h in run 3,
as was the case in run 1 and 2 and could be expected.

In Figure 19 section A it can be seen that the initial production of ethanol, which was seen

in both runs 1 and 2, is not present in run 3. Previously, the initial ethanol production

was attributed to a transition phase from growth metabolism to production metabolism.

If this is, in fact, the cause of ethanol production, then the response seen in run 3 suggests

that the increased urea fed allowed for a faster transition, negating the initial ethanol

production. Section B shows that there is an initial ethanol production after the second

glucose feed step. The metabolism then soon shifts from ethanol production to ethanol

consumption, which may be the result of the greater ability of R. oryzae to adapt, due to

the higher nitrogen feed. This shows that ethanol overflow does not occur in section B,

thus the overflow threshold is higher than in run 2. The greater availability of nitrogen

may have allowed for the required protein synthesis, enabling more carbon to be directed

to fumarate and respiration. Section C shows that the ethanol overflow point has been

surpassed. This is at a glucose feed rate higher than that previously found, suggesting that

there is an interplay between the overflow point and the carbon:nitrogen ratio. Further

investigation will have to be conducted into the exact nitrogen content in the medium at

the times of these responses to come to a definite conclusion about the mechanism of the

effect.

The glucose concentration profile of run 3 (see Figure 20) can be seen to have a different

profile from that of run 2. Section A shows that in both runs the glucose fed was fully

consumed, but then in section B, when glucose accumulates in run 2, that is not seen

in run 3. This suggests that during this period there is a higher glucose uptake rate

in run 3, but the higher glucose uptake is not evident from the fumarate or ethanol

production. In section C the glucose concentration begins to rise, indicating that the
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maximum glucose uptake rate may have been surpassed. Since the fermentation ended

while the concentration was rising, a stable glucose concentration was never reached. If

a stable concentration had been reached it would have meant that the threshold uptake

rate had not been surpassed. This would have enabled the calculation of the ethanol

breakthrough point for this specific nitrogen feed rate. Since it seems that the ethanol

breakthrough point and the threshold glucose uptake rate were surpassed in the same

step they cannot be separated or calculated.

0 25 50 75 100 125 150 175 200
Time (h)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Co
nc

en
tra

tio
n 

(g
/l)

A B C

Glucose Run 2
Glucose Run 3

Figure 20: Glucose profiles for run 2 and 3. Glucose breakthrough observed for run 2 in regime
C, where glucose addition rates exceeds glucose consumption rate.

Run 3 also experienced a considerable increase in biomass from the growth phase to the

production phase. The biomass concentration of run 3 was found to be 3.27 g L−1, which

is approximately a 30 % higher biomass concentration than in runs 1 and 2. A likely

cause of this increased biomass concentration is the doubled nitrogen feed rate. The

increased nitrogen availability allowed for further protein synthesis, which may also be

a contributing factor to the observed results. Based on the amount of nitrogen fed to

the system, the predicted biomass formation was only 8 %, which is far lower than the

five-fold increase observed. As stated before, it is not believed that the biomass produced

during the production phase was of equal metabolic activity to that produced during the

growth phase. An investigation into the metabolic activity of this biomass will have to be

conducted to fully understand this mechanism and determine the cause of the observed

responses. The final yield was found to be 0.588 g g−1, which is similar to that of run 1.

Run 3 produced less ethanol than run 1, and therefore it can be seen that the increased

urea fed resulted in less ethanol production.
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5 Conclusion

The production of fumarate using Rhizopus oryzae has always been associated with the

simultaneous production of ethanol. It was hypothesised that the production of ethanol

was a result of the Crabtree effect, a common overflow mechanism in yeasts. The pro-

duction of ethanol was previously attributed to anaerobic zones within the mycelium

matrix. Experiments with a five-fold increase in the dissolved oxygen content resulted in

similar ethanol responses, suggesting that ethanol formation occurs under fully aerobic

conditions within the fungal matrix.

Ethanol production by S. cerevisiae has been successfully negated using closely controlled

glucose addition (Habegger et al, 2018). This method was employed in a biomass growth

experiment with Rhizopus oryzae. It was found that a glucose feed rate of 0.07 g L−1 h−1

resulted in no ethanol production. These results indicated that R. oryzae is a Crabtree-

positive organism since ethanol production was negated by manipulating the glucose feed

rate.

Biomass production was not, however, the focus of this study. Therefore the same fed-

batch strategy was tested for the nitrogen-limited fumarate production phase. A glucose

feed rate was found that produced no ethanol while still producing fumarate. The ethanol

overflow point was estimated to occur at a glucose feed rate of 0.395 g g−1 h−1, while the

glucose breakthrough uptake rate lies between 0.426 g g−1 h−1 and 0.533 g g−1 h−1.

Additional parameters have been identified as promising avenues for optimising fumarate

production. The first of these parameters tested was an increased nitrogen feed rate

which resulted in decreased ethanol production while the fumarate yield was maintained.

The remaining parameters will be the focus of further studies in the future.

The findings of this study conclusively prove that fumarate can be produced without the

co-production of ethanol. The term homofumarate production” is used to describe the

condition where all carbon exits the cell as either fumarate or respiratory CO2. The result

provides new insights toward developing a high-yielding industrial process to produce

fumaric acid with Rhizopus oryzae.
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