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Rhizopus oryzae is a prominent strain for producing fumarate, where biomass growth

precedes fumarate production. The natural biofilm growth of R. oryzae as fungal mat

was investigated using different glucose addition strategies in a novel fed-batch fermenter.

Batch growth was compared through three fed-batch runs, each with a different glucose

addition strategy. The fed-batch runs involved a constant glucose feed (CGF) of 0.075

g h�1 and controlled glucose feeds in order to keep the respiration quotient (RQ) at either

1.3 mol CO2 mol�1 O2 (RQ1.3) or 1.1 mol CO2 mol�1 O2 (RQ1.1). Ethanol overflow via

the established Crabtree mechanism was completely negated for the CGF and RQ1.1 runs,

while the batch and RQ1.3 runs exhibited significant ethanol formation. Biomass yield

on glucose was found to be 0.476 g g�1 (RQ1.1), 0.194 g g�1 (RQ1.3), 0.125 g g�1 (CGF)

and 0.144 g g�1 (batch). The results indicate a three-fold improvement in biomass yield

when comparing the batch run with the RQ1.1 run. In addition, the RQ1.1 run resulted

in zero detectable byproducts, unlike the batch scenario where pyruvate and fumarate

were associated with ethanol formation. Clear evidence is provided that glucose overflow

can be fully eliminated during R. oryzae growth, significantly affecting the biomass yield

on glucose.

Keywords: Rhizopus oryzae, respiration quotient, controlled substrate addition, Crab-

tree effect, fumarate production, fed-batch reactor
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1 Introduction

The dicarboxylic acids of the tricarboxylic acid (TCA) cycle, namely malate, fumarate

and succinate, are important biobased intermediates for the production of various bulk-

scale chemicals (Werpy & Petersen, 2004). Malate, fumarate and succinate are very close

structurally. Of these three, fumarate is the most chemically diverse due to its dou-

ble bond, easily producing malate or succinate. Dehydration of fumarate also produces

maleic anhydride, with a signi�cant market size of approximately 4.36 billion USD (pro-

jected 2025 market size) (Grand View Research, 2019). Fumaric acid also has a very low

solubility in water (4.3 g l� 1 at 15 °C) (B�ela�-Bak�o, Nemest�othy & Gubicza, 2004) which

signi�cantly simpli�es downstream processing from the fermenter.

Fumarate itself is widely used in industry. It is used in the treatment of medical conditions

(Mrowietz, Christophers & Altmeyer, 1999; Schimrigket al, 2006) and as a feed additive

for animals (Lan & Kim, 2018; Patten & Waldroup, 1988; Beauchemin & McGinn, 2006)

to improve their metabolic processes. Fumaric acid is used as a food acidulant (Shukla,

2017) and in baking soda (Cepedaet al, 2000). Industrial production of polyester resins

also utilises fumarate as feedstock (Rokicki & Wodzicki, 2000). Doscheret al (1941)

also discusses applications of fumarate in the production of synthetic resins, coating

compounds and plasticisers (Doscheret al, 1941).

The biological production of fumaric acid is mostly associated with theRhizopusfungal

genus. Escherichia coli has been manipulated to produce fumarate in small quantities

(Song et al, 2013), but the results are far from those obtained in prominentRhizopus

fermentations. Rhizopus oryzae(ATCC 20344, also referred to asRhizopus delemar(Abe

et al, 2007)) is one of the most prominent and studiedRhizopus species for producing

fumarate, with the titres obtained being between 25 g l� 1 (B Zhang, Skory & Yang,

2012) and 103 g l� 1 (Rhodeset al, 1962) and the productivities between 0.19 g l� 1 h� 1

(Roa Engel, Van Gulik, et al, 2011) and 1.21 g l� 1 h� 1 (Das, Brar & Verma, 2015).

Genetic modi�cations of R. oryzae have been proved to result in minor fermentation

improvements (B Zhang, Skory,et al, 2012). The paper by Sebastian et al. (Sebastian

et al, 2019) is a useful reference for comparative fumarate fermentations.

Depending on the desired product, di�erent medium compositions and reactor setups

are utilised when fermenting withR. oryzae. Examples include introducing plant hor-

mones into a whey medium for enhanced growth and chitosan production (Chatterjee

et al, 2008), and utilising R. oryzae cells immobilised within biomass support particles

as a whole-cell biocatalyst for the production of biodiesel fuel from plant oils (Banet al,

2001). For targeted fumarate production, ethanol coproduction presents one of the most

prominent challenges (Ghosh & Rani Ray, 2011); other challenges include appropriate
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fermenter design and product inhibition e�ects. Ethanol as byproduct increases down-

stream separation costs and wastes valuable feedstock materials by decreasing the yield.

Numerous strategies have been employed to minimise ethanol coproduction, such as mu-

tation and the selection of strains with less-active ethanol-producing metabolic pathways

(Bai, Zhao, et al, 2004; Fuet al, 2010) and overexpressing native mitochondrial fumarase

(B Zhang & Yang, 2012). Oxygen availability plays a major role in the wastewater treat-

ment process, where airlift bioreactors (Sepehri, Sarrafzadeh & Avate�azeli, 2020) and

membrane bioreactors (Sepehri & Sarrafzadeh, 2018) may be used for uniform aeration

and the �ltration of oxygen-consuming heterotrophic bacteria, respectively. Similarly,

ethanol production by R. oryzae is conventionally viewed as a result of insu�cient avail-

ability of oxygen during fermentation. Numerous studies have attempted to increase the

availability of cell oxygen by inducing biomass pelletisation in 
asks, stirred tank reac-

tors and airlift bioreactors (Bai, Jia, et al, 2003; Liao, Liu & Chen, 2007; Zhou, Du &

Tsao, 2000; Yinet al, 1998; Maneeboonet al, 2010). Mycelial cotton-like 
oc formation

(Park, Kosakai & Okabe, 1998) using a woven towel (Chotisubha-Anandhaet al, 2011)

and a honeycomb matrix (Wanget al, 2010) as growth sca�olding, as well as vigorous

shaking during solid state fermentation also increases the cellular surface area for oxygen

uptake. However, none of these attempts at improving oxygen availability have resulted

in the elimination of ethanol coproduction. In a recent paper by Swartet al (2020) it was

clearly shown that R. oryzae is a Crabtree-positive organism. This implies that ethanol

production is a result of an over
ow mechanism by which excessive glucose uptake is

channelled into ethanol. The work showed that ethanol production can be completely

avoided by manipulating the glucose availability in the fermenter.

The study by Swart et al (2020) employed the fermenter design developed by Naude &

Nicol (2017), Naude & Nicol (2018a), and Naude & Nicol (2018b). In this fermenter

biomass is naturally immobilised on both sides of a polypropylene tube, utilising shear

force generated by the liquid recycle 
owrate. The medium was agitated by high 
owrate

recycling of the fermentation broth from the inside to the outside of the polypropylene

growth sca�old, and by alternating the 
ow direction every 2 min to prevent biomass

tube clogging. The thickness of the attached fungal mat is controlled by the amount

of glucose supplied for the growth part of the fermentation. The immobilised biomass

enables fast replacement of the fermentation medium without removing any biomass.

During this process the spent growth medium can be replaced with a nitrogen-lean pro-

duction medium so that fumarate excretion is the major metabolic 
ux. The setup is

also supplied with an o�-gas analyser of oxygen and carbon dioxide that enables real-time

analysis of fermentation 
uxes. Most of the studies on this fermenter have focused on

the fumarate production phase, where a nitrogen-lean medium is employed to enforce

fumarate excretion (Naude & Nicol, 2017; Naude & Nicol, 2018a; Naude & Nicol, 2018b;

2



Swart et al, 2020).

The current study focused only on the growth phase of the fumarate fermentation. The

objective was to maximise the yield of biomass on glucose by eliminating byproducts other

than respiratory carbon dioxide. The paper by Swartet al (2020) has clearly proved that

R. oryzae is a Crabtree-positive organism similar toSaccharomyces cerevisiae(Deken,

1966). Production ofS. cerevisiaebiomass is commonly associated with the control of

glucose availability. The strategy employed is to manipulate the cellular uptake of glucose

and to eliminate the aerobic formation of ethanol. Ethanol formation in Crabtree-positive

organisms is a result of the glucose uptake rate which exceeds the glucose 
ux that can be

processed by the mitochondria of the eukariotic cell (Swartet al, 2020). The surplus of

intracellular glucose is accordingly channelled to ethanol (often described as an over
ow)

whereby additional cellular energy is obtained (Deken, 1966). To avoid ethanol over
ow

a fed-batch fermenter is employed where the feed rate is adjusted as the biomass content

in the fermenter increases. The objective of the glucose feeding is to maintain a cellular

glucose uptake rate less than or equal to the glucose 
ux that the respiration system can

process (XC Zhanget al, 1994; Woehrer & Roehr, 1981). Overfeeding of glucose results

in the formation of ethanol; this can be observed in the o�-gas product, with an increase

in carbon dioxide content due to its coformation with ethanol (Dantignyet al, 2005).

The concept of ethanol-free biomass production forR. oryzae was investigated. A batch

fermentation with excess glucose provides the baseline for improving the growth yield on

glucose. Subsequently, various fed-batch strategies were employed in order to reduce the

formation of ethanol and other byproducts. The �rst fed-batch run employed a constant

glucose feed (CGF), while the other runs used the o�-gas ratio of carbon dioxide to

oxygen (respiration quotient or RQ) to alter the glucose feed during the fermentation.

Two di�erent setpoint values of RQ were investigated.

3



2 Theory

2.1 Industry

The double polarity of short chain dicarboxylic acids (SCDAs) makes them important

intermediates in the production of bulk-scale chemicals. Many commercial materials are

produced downstream from SCDAs due to their double polarity (Werpy & Petersen,

2004). Since the �rst oil crisis in the 1970s, plant and microbial SCDA sources have been

explored as sustainable alternatives to traditional fossil feedstocks. Many microorganisms

produce SCDAs. These form part of their cellular metabolic tricarboxylic acid (TCA)

cycle functioning in the mitochondria. Economic interest lies predominantly in the form

of three C4 molecules: malate, fumarate and succinate (Werpy & Petersen, 2004).

These three acids are structurally similar, with malate and succinate, respectively, being

only a hydration and hydrogenation step away from fumarate. Due to its double bond,

fumarate is the most diverse intermediate of the three, as it is more economically feasible

to add chemically, rather than remove, H2 and H2O. In addition, fumarate is a single

dehydration reaction away from maleic anhydride, which had a market size of 2.77 billion

USD in 2018, a projected market size of 3.15 billion USD in 2020, and has a projected

market size of 4.36 billion USD in 2025 (Grand View Research, 2019). The low fumaric

acid solubility of 4.3 g l� 1 at 15 °C (B�ela�-Bak�o et al, 2004) renders the process objective

of high product titre much less important than product yield and reaction productivity.

The chemical structures of maleic acid, maleic anhydride and fumaric acid are presented

in Figure 1 (Wojcieszaket al, 2015).

Figure 1: Chemical structures of maleic acid, maleic anhydride and fumaric acid (Wojcieszak
et al, 2015).

2.2 Fumaric acid

Fumarate has a vast range of applications. It is used in the treatment of psoriasis (Mrowi-

etz et al, 1999) and multiple sclerosis (Schimrigket al, 2006). Piglets (Lan & Kim, 2018),
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broilers (Patten & Waldroup, 1988) and cattle (Beauchemin & McGinn, 2006) are fed fu-

marate to reduce emissions of greenhouse-associated methane. Fumaric acid tastes more

acidic than citric acid on a mass basis (1.36 g of citric acid to every 0.91 g of fumaric acid)

and is suitable for use as a food acidulant (Shukla, 2017); it is also used as solid-state

acid in baking soda (Cepedaet al, 2000). A high degree of cross-linking results when

fumarate is utilised in the industrial production of polyester resins (Rokicki & Wodz-

icki, 2000). Fumarate has been shown to produce small pore sizes in the production of

metal-organic frameworks for advanced electrochemical energy storage devices (Baumann

et al, 2019). It is used to separate zirconium from aluminium, beryllium, uranium, nickel,

barium, calcium, iron, manganese, thorium and the ceria earths in a single precipitation,

and vanadium, chromium, titanium, and tin are completely removed in a double precipi-

tation (Venkataramaniah & Raghava Rao, 1951). Other industrial fumarate applications

are also discussed by Doscher et al (Doscheret al, 1941).

The name of fumaric acid is derived from the plant from which it was �rst isolated,Fu-

maria o�cinalis (family: Papaveraceae) (Roa Engel, Straathof,et al, 2008). The genus

Arabidopsis in the Brassicaceae (cabbage and mustard) family is known to contain and

utilize fumarate as possible carbon transporter (Chiaet al, 2000). Plant-based fumarate

production presents challenges regarding product consistency, low productivity and yield,

and agricultural factors. The auxotrophic nature of SCDA-producing bacteria demands

costly essential amino acids and vitamins for sustainable cultivation, which are typically

available from complex sources such as yeast extract and corn steep liquor. These expen-

sive sources complicate physiological understanding of the organism, retarding research

and the progression of industrial applications. Although not a naturally high yield pro-

ducer,Escherichia coli has been manipulated to produce fumarate e�ciently (Songet al,

2013), despite the challenges associated with bacterial fumarate production. Eukaryotes

such as fungi are able to utilise low-cost inorganic salts or simple organic compounds

such as urea as sole nitrogen source, thereby presenting a direct advantage over bacteria

as suitable biocatalysts for SCDA production.

2.3 Rhizopus oryzae

2.3.1 Biocatalyst selection

Numerous wild-type microorganisms have proved capable of producing fumarate, but few

on an economically viable, industrial scale.Rhizopus nigricanswas the �rst microorgan-

ism discovered that was able to produce fumaric acid (Foster & Waksman, 1939). In

recent times, the genusRhizopushas had great success in providing fumarate-producing
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strains for the scienti�c community. R. oryzae especially stands out amongst other mi-

croorganisms for its simple nutritional requirements and high productivity (Das, Brar &

Verma, 2016). Two main types ofR. oryzae are commonly referred to: the lactate- and

fumarate/malate-producing variants, respectively. It is proposed by Abe et al. (Abeet al,

2007) to refer to all fumarate/malate-producing variants asRhizopus delemarand to all

lactate-producing variants asR. oryzae. The strain ATCC 20344 has been extensively

researched, especially regarding morphology studies (Liao, Liu & Chen, 2007) and high

fumarate titre (Liao, Liu, Frear, et al, 2008). This strain has traditionally been referred

to as R. oryzae (Deng & Aita, 2018; Liao, Liu, Frear, et al, 2008), but recently also as

R. delemar (Odoni et al, 2017).

Although R. oryzaecurrently serves as the most promising fumarate producer, genetically

manipulated mutants ofR. oryzaehave potential to compete with the natural organism,

as they can operate predictably in speci�c conditions. However, when genetically altering

a native producer, the organism is modi�ed towards a speci�c objective in one speci�c

medium and loses some of its robustness when a di�erent production objective, such

as biomass or malate production, is desired or when its media is altered signi�cantly.

Other than fumarate, R. oryzae may be used in the production of enzymes of immense

industrial importance, namely lactic acid, ethanol, biodiesel and dry mycelium as 
avour

ester catalyst (Ghosh & Rani Ray, 2011).

Illustrated in Figure 2a are various growth morphologies ofR. oryzae (Ilica et al, 2019);

and a photo ofR. oryzae cultured on potato dextrose agar is shown in Figure 2b.
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(a)

(b)

Figure 2: Various growth morphologies of R. oryzae (Ilica et al, 2019) (a); and R. oryzae
fungal mat cultured on potato dextrose agar (b).

2.3.2 Organism metabolic map

The main carbon metabolism forR. oryzae is given in Figure 3 (Naude & Nicol, 2017).

7



Figure 3: Rhizopus oryzaesimpli�ed main carbon metabolic map with biomass production
(Naude & Nicol, 2017).

This metabolic process may be mathematically described by performing a mass balance

over the system with the following overall reaction taking place:
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