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and insoluble solids in the co-production of

fumarate and malate by Rhizopus delemar

Abstract

Calcium carbonate has been extensively used as a neutralising agent in acid forming mi-

crobial processes. The effect of increasing calcium carbonate concentrations on Rhizopus

delemar has not been previously investigated. In this study, an evaluation of fumaric acid

(FA) and malic acid (MA) production was conducted at three CaCO3 concentrations in

shake flask cultivations. Increased CaCO3 concentrations resulted in the co-production of

FA and MA in the first 55 h of the fermentation (regime 1), and the subsequent depletion

of FA thereafter (regime 2 ).

Three factors were highlighted as likely causes of this response: insoluble solids, metal ion

concentrations, and pH. Further shake flask cultivations as well as a continuous fermen-

tation with immobilised R. delemar were used to explore the effect of the three factors

on regime 1 and 2. Insoluble solids were found to have no effect on either the response in

regime 1 or 2. Increasing the aqueous calcium ions concentrations to 10 g L−1 resulted in

a three-fold increase in MA titres (regime 1 ). Moreover, an increase in pH above 7 was

associated with the drop in FA concentrations in regime 2. Further tests established

that this was due to the hydration of FA to MA, influenced by high pH conditions (7 or

higher), nitrogen starvation and glucose depletion. Anaerobic conditions were also found

to significantly improve the hydration process.

This study presents the first investigation in which the production of FA followed by in

situ hydration of FA to MA with R. delemar has been achieved.
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1 Introduction

The rate at which fossil resources are depleting, coupled with the resultant deterioration

of the global environment has been a major source of concern in the past few decades

(Meussen et al, 2012; Martin-Dominguez, Bouzas-Santiso, et al, 2020). As a result,

many research efforts have been focused on the development of alternative sources of

feedstock to replace fossil resources. Wind, nuclear, solar and geothermal energy are only

but a few of the energy generation alternatives currently available. However, biomass

derived products are the only practicable alternatives for the generation of transportation

fuels and platform chemicals (Meussen et al, 2012; Sebastian et al, 2019). In 2004, the

Department of Energy (DOE) identified 12 chemical building blocks obtainable from

biomass as potential platform chemicals (Werpy & Petersen, 2004).

Fermentative methods with the aid of microorganisms to produce organic acids were

partially developed in the 1940s but were quickly abandoned due to the more lucrative

chemical methods developed after World War II (G Xu et al, 2013; Goldberg, Rokem &

Pines, 2006; Z Zhou et al, 2011; Li et al, 2016). However recent renewed interest has

led many researchers to focus on the development and optimisation of these fermentative

methods (Huang et al, 2010; Roa Engel, Straathof, et al, 2008). The microorganisms used

in the bioproduction of organic acids must exhibit high yields, productivities and titres

in order to compete with processes based on petrochemical methods. Other prerequisites

for their economic feasibility include the ability to use many different carbon sources,

ability to grow in the absence of complex growth factors, and resistance to fermentation

inhibitors (Roa Engel, Straathof, et al, 2008; Meussen et al, 2012).

Rhizopus oryzae is a prominent zygomycetes fungus, well known for its ability to sus-

tainably produce platform chemicals such as lactic acid (Type I strain) and fumaric and

malic acids (Type II strain). The latter is correctly referred to as Rhizopus delemar,

although the name has not been commonly adapted in literature (Sebastian et al, 2019;

Abe, Oda, et al, 2007). R. delemar will be used henceforth in this research for clarity

purposes. Compared against the metric above, R. delemar is the most successful fumaric

acid producer, with the highest yield reported as 0.93 g g−1 in homofumarate production

using immobilised fungus (Swart, Ronoh, et al, 2022). Additionally, significantly high

productivities have been reported from immobilised R. delemar with a rotary biofilm

contactor and an adsorption column (Cao et al, 1996). R. delemar has also been flagged

for its ability to grow on a wide range of carbon sources, including glycerol, ethanol, lactic

acid, glucose, mannose, sucrose and other fermentable sugars (Meussen et al, 2012; Skory,

2004; Sebastian et al, 2019). Moreover, its well demonstrated growth ability in a wide

array of unspecific and inexpensive culture media, along with its ability to survive in a
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wide temperature and pH range (up to 40 °C and 4-9, respectively) positions R. delemar

mediated fermentations well as a worthy and competitive alternative to petrochemical

methods (Ferreira et al, 2013; Meussen et al, 2012).

However, since many Rhizopus species spend at least a portion of their life cycle as free

living organisms, they are exquisitely sensitive to changes in their environment (Machtelt

et al, 2005). Such sensing and integration of signals from multiple sources (abiotic and

biotic) result in the main challenge faced in R. delemar mediated fermentations; pH sensi-

tivity, resulting in a need for continuous neutralisation (Gangl, Weigand & Keller, 1990).

Consequentially, research efforts have focused on exploring the effect of different neutral-

ising agents on fumaric acid yields and titres, determining the optimum pH conditions,

and developing low pH fermentation strategies to bypass the need to use neutralising

agents (Zhou, Du & Tsao, 2002; Gangl et al, 1990; Swart, Le Roux, et al, 2020; Y Liu

et al, 2015; Roa Engel, Van Gulik, et al, 2011).

Among the neutralising agents commonly used especially in applications without online

pH monitoring and control is CaCO3, a naturally occurring chemical compound favoured

due to its abundance, poor solubility, and relatively low cost (Salek et al, 2015). In fact,

nearly all previous investigators of fumaric and malic acid production by Rhizopus species

that have used the base calcium carbonate have indicated significantly higher yields,

titres, and productivities in comparison to other neutralising agents such as calcium

hydroxide, sodium carbonate, sodium bicarbonate, and sodium hydroxide (Gangl et al,

1990; Zhou et al, 2002). This begets the question on why calcium carbonate is so effective

relative to its counterparts. Three reasons have been put forward to explain this; i)

Due to its insolubility, calcium carbonate offers the advantage of ‘all at once’ addition

thus eliminating the need for a control system for base addition, ii) the presence of

calcium carbonate means increased concentrations of bicarbonate (and thereby CO2), a

substrate for pyruvate carboxylase in the carboxylation of pyruvate to oxaloacetate (Zelle

et al, 2010) and iii), CaCO3 reacts with the acids present in the broth immediately upon

secretion to form insoluble calcium salts of the acids, thus allowing for the production

of higher acid concentrations (Kövilein, Umpfenbach & Ochsenreither, 2021; Chi et al,

2016). Moreover, some recent studies on Aspergillus oryzae have indicated a strong

positive correlation between increased CaCO3 concentrations (much higher than what is

required for neutralisation), and malic acid titres and yields (Geyer et al, 2018; Kövilein,

Umpfenbach, et al, 2021). These results cannot be fully explained by the ability of CaCO3

to offer continuous neutralisation, the increase in bicarbonate concentration, or by the

formation of insoluble calcium salts of the acids.

Despite the fact that fumaric acid production by Rhizopus species has been extensively

studied in CaCO3-buffered shake flask cultures, to the best of our knowledge, the effect

2



of increasing CaCO3 concentrations on the relative production of fumaric and malic

acids has not been studied before in R. delemar. Preliminary unpublished tests using

R. delemar showed that increased CaCO3 concentrations in excess of that required for

neutralisation affects the metabolite distribution of R. delemar. Based on the work on

A. oryzae (Geyer et al, 2018; Kövilein, Umpfenbach, et al, 2021), three factors would be

likely be responsible for the observed response. These were insoluble solids, metal ions,

and pH (Swart, Ronoh, et al, 2022; Zelle et al, 2010; Karaffa, Fekete & Kubicek, 2021).

Increased CaCO3 concentrations consequentially means increased presence of insoluble

solids in the fermentation broth. R. delemar (zygomecetes fungi) thrive in soils and

dead organic matter, and it is therefore likely that increased concentrations of insoluble

solids may replicate its natural environment causing changes in its response, compared

with when they are submerged in artificial liquid media (Vassilev, 1991). Calcium has

been linked to changes in pyruvate carboxylase activity, effects on fumR activity, as well

as cellular signaling pathways (Zelle et al, 2010; Song et al, 2011; Y Zhou, 1999). pH

control is closely linked to successful acid production in microbial processes. As the

pH drops in R. delemar mediated fermentation as a consequence of acid production,

the rate of fumaric acid production slows down and eventually ceases, necessitating the

addition of neutralising agents to prevent this self inhibition. Production of fumaric acid

by R. delemar is usually performed at neutral pH values. CaCO3 maintains the pH at

around 6.5 in acid forming microbial processes (Salek et al, 2015). Increasing CaCO3

concentrations beyond the amounts required for neutralisation means that pH would

be maintained throughout the duration of the fermentation (Gangl et al, 1990). In a

recent study, Swart et al (Swart, Ronoh, et al, 2022) found that higher pH conditions

(pH 6 ) were unfavourable for fumaric acid production with R. delemar. The findings

clearly indicated that the three-fold increase in osmotic and ionic stresses, compared to

pH 4 condition, resulted in the production of unwanted by products, including malic acid.

Investigation at even higher pH conditions (pH 7) was necessary to further establish these

findings.

The aim of this study was to investigate the fumaric and malic acid production capa-

bility of R. delemar in the presence of CaCO3. Shake flask cultivations were utilised to

explore the effect of insoluble solids, metal ions, and pH on the relative production of

FA and MA in a bid to gain insight into the role of CaCO3 in fermentations mediated

by R. delemar. The subsequent experiments were conducted in an immobilised reactor

operated continuously with precise pH control to further test the effect of pH and provide

a proof of concept on the key findings on a bench scale.

Fumaric acid bioproduction with R. delemar has been studied extensively, with most

of the focus aimed at achieving the highest titres, yields, and productivities attainable
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through the optimisation of the production conditions and the application of genetic

engineering tools. However, little is known about the malic acid production capabilities of

R. delemar as not much research effort has been devoted to understanding the conditions

of its production. The findings of this study will help establish the potential for malic acid

production, through an uncovering of the mechanisms involved and the specific conditions

that enhance MA production in R. delemar.

1.1 Outline of the dissertation

Chapter 1

This chapter provides a background on the microbial production of organic acids, and its

role in achieving the overarching goal of reducing the dependence on fossil fuels. It also

provides a brief overview of fumaric acid production with R. delemar, with an emphasis

on the various critical parameters explored in literature. The aims and objectives as well

as the significance of the study is also included in this chapter.

Chapter 2

This chapter presents the literature review for this work. It is divided into five sections: 1.

The transition to a bio-based economy, 2. Microbial conversion of biomass into chemicals,

3. Biocatalysts, 4. Neutralising agents, and 5. Future prospects.

Chapter 3

This chapter outlines the materials, methods, experimental procedures, experimental

design, reactor operation, and mass balance. The experimental procedure section is

divided into two parts, with the first part detailing the different procedures under shake-

flask cultivations, while the second focuses on immobilised reactor cultivations.

Chapter 4

This chapter describes the main findings of this study under six different sections; 1.

Biomass, 2. Effect of CaCO3 addition, 3. Effect of MgCO3 addition, 4. Effect of plaster

sand addition, 5. Effect of calcium ions, and 6. Effect of pH. The results from the last

experiments included a variation of the glucose feed rates and a variation of the pH,

conducted in a continuous flow system with precise pH control, which further established

the findings from the shake-flask cultivations.

Chapter 5

This chapter presents the conclusions based on the results from chapter 4. The recom-

mendations for improving the results reported in this study and for future work are also

included in this chapter.
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2 Literature review

2.1 The transition to a bio-based economy

2.1.1 Energy

Fossil fuels, including coal, natural gas, and oil are primary sources of energy and account

for over 80 % of the world’s energy consumption (Fatih Birol, 2020). Although there has

been a significant decline from our fossil fuel dependency from the peak in 1966 (94 %),

about 15 billion metric tonnes of fossil fuels are still burned every year throughout the

world, a clear indication that energy is one of the most influential and important aspect of

modern society (Dinçer, 2018). While the debate on when we shall run out of these finite

resources is ongoing, it is abundantly clear that as economies continue to develop and

the world’s population increases, there will be an inevitable increase in energy demands,

consequentially resulting in an even faster depletion of the remaining fossil resources.

Figure 1 illustrates the global primary energy consumption by source over the past two

centuries.

Figure 1: Global primary energy consumption by source (Fatih Birol, 2020). IEA 2020; Key
World Energy Statistics, https://www.iea.org/reports/key-world-energy-statistics-
2020, License: CC by 4.0 International.

Besides higher availability, fossil fuels dominate the energy market largely because they

are energy dense and historically relatively cheap. Natural gas for example has an energy

density of 40 million joules per cubic meter, compared to the 0.05 joules per cubic meter
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contained in geothermal energy (Layton, 2008). However, with the convenience of their

exploitation also came a myriad of challenges we face today, including pollution of the

environment and global warming.

Renewable energies are set to inevitably dominate the world’s energy supply in the long

run. The reason is both very simple and imperative: there is no alternative. Mankind

cannot base its life on the consumption of finite energy indefinitely. Though humans have

been tapping into most renewable energy sources (wood, solar, wind, geothermal, and

water) for thousands of years for their needs, so far only a tiny fraction of the technical

and economic potential of renewable energy has been captured and exploited. Yet, with

existing and proven technologies, renewable energies offer safe, reliable, clean, local, and

increasingly cost-effective alternatives for all our energy needs. The renewable energy

sector has become a driving force for a sustainable economy in the 21st century (Jones

& Mayfield, 2016).

Combined with improvement in the energy efficiency and the rational use of energy,

renewable energy sources can provide everything fossil fuels currently offer in terms of

energy services such as heating, lighting, cooking, refrigeration, cooling, and water heat-

ing. Although none of the developed technologies can solely fulfill our current energy

needs, there lies massive potential in the implementation of an integrated approach com-

bined with a general concern for energy saving and improved energy-efficient technologies,

which if correctly done can go a long way in shifting our conventional way of living towards

sustainability (Lund, 2007; Vanholme et al, 2013).

2.1.2 Chemicals and materials

Fossil fuels are also used as feedstock in the manufacturing of chemicals and materials

for variety of widely used products such as plastics, fertilisers, detergents, and tyres.

While commonly neglected in the global climate mitigation debate, the chemical industry

accounts for 14 % of the total primary demand for crude oil and 8 % for natural gas

(Agency, 2019). In 2008 for example, an estimated 4 % of the total fossil fuel extracted

was used as a raw materials for plastics (Lebreton & Andrady, 2019). With the ever-

increasing demand owing to its unrivaled functional properties and low cost, it is projected

that by the year 2050, plastics manufacturing and processing may account for as much

as 20 % of petroleum consumed globally and 15 % of the annual carbon emissions budget

(Lebreton & Andrady, 2019; World Economic Forum, 2016). This, coupled with the

unsustainable plastic waste production that is crippling vital natural system, provides an

incentive for the envisioning of a new plastic economy with various innovative solutions,
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including a switch to biomass feedstock to make bioplastics that include the most-used

synthetic plastic, polyethylene (Lebreton & Andrady, 2019).

Moreover, the utilisation of biomass resources to produce commodity chemicals has re-

cently received increased attention for sustainable development, mainly due to its re-

newability as well as environmental benefits particularly with regards to the reductions

of greenhouse gas (GHG) emissions compared to fossil resources (Kikuchi, Kanematsu

& Okubo, 2016). With the advancement of biotechnology, many chemicals that were

produced solely by chemical processes from petroleum-based materials in the past now

have the potential to be produced from biomass (Ji, Huang & Ouyang, 2011; Xu et al,

2012)

2.1.3 Transportation fuels

The increase in globalisation has been associated with shifts in the energy consumption

patterns, clearly observable in the growing share of transportation in total energy con-

sumption. In only a span of 45 years, the share of total energy consumed by the transport

sector has risen from 24.2 % to 33.7 % (Figure 2). This is mainly attributed to the grow-

ing level of motorisation including the growth of international trade (maritime shipping

and air transportation) (Rodrigue, Comtois & Slack, 2009).

Figure 2: Energy Consumption by Sector, OECD Countries (International Energy Agency).
IEA 2020; Energy Technology Perspectives 2020 - Special Report on Clean Energy
Innovation, https://www.iea.org/reports/energy-technology-perspectives-2020, Li-
cense: CC by 4.0 International.

No discussion on a zero-emissions future is complete without addressing the emissions

from the transport sector. Notorious for the difficulty in decarbonisation, the transport
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sector accounts for 21 % of total emissions, and road transport accounts for three-quarters

of transport emissions (IEA, 2020). There is therefore a big incentive to develop usable

biofuels that can replace the existing petroleum-based fuels. Two unique advantages

already exist that could be easily harnessed to ensure a smooth transition: 1) biomass is

easy to store until when required, and 2) the biofuel(s) produced can be easily integrated

into the existing transportation fuel systems (Merckel, 2014). Most of the biomass-based

diesel consumption is in blends with petroleum diesel.

While it is clear that biofuels are the only feasible renewable resources that can address our

over-reliance on fossil fuel oils in the transport sector and aid in mitigating the resultant

emissions, there is still a long way off from realising its potential. This is reflected in the

transport sector data, with biofuels consumption accounting for only about 5% of the

total US transportation sector energy consumption in 2020 (Figure 3).

Figure 3: Transportation energy sources/fuels in 2020. Source: U.S. Energy Information Ad-
ministration (April 2020)

2.2 Microbial conversion of biomass into chemicals

As established, the majority of chemicals are currently produced from fossil petroleum.

The growing need to find alternative processes to produce these very chemicals has led

many researchers back to exploring microbial conversion, an industry that was partially

developed in the 1940s, but swiftly abandoned with the advent of the less expensive

petrochemical methods (Roa Engel, Straathof, et al, 2008). The renewed interest in

microbial conversion of biomass into chemicals resulted in leading institutions such as

the U.S. Department of Energy (DOE) and the European Commission ordering a study

around the sustainable production of chemicals from renewable resources (Beauprez, De

8



Mey & Soetaert, 2010). One key output of the DOE study in 2004 was the identification

of 12 chemical building blocks obtainable from biomass as potential platform chemicals;

meaning that they can be converted to a number of high-value bio-based chemicals or

materials (Werpy & Petersen, 2004). Four carbon 1,4-diacids (fumaric, malic, succinic)

are among these top 12 building blocks identified.

2.2.1 Fumaric acid

Fumaric acid is an important specialty chemical with wide industrial applications ranging

from its use as feedstock for the synthesis of polymeric resins to acidulants in food and

pharmaceuticals (Ding et al, 2011). Compared to other dicarboxylic acids, fumaric acid

has low aqueous solubility (7 g kg−1 at 25 °C; 89 g kg−1 at 100 °C) and low pKa values

(3.03 and 4.44), which are properties that can be exploited for product recovery (Roa

Engel, Straathof, et al, 2008). Fumaric acid is 1.5 times more acidic than citric acid

and is therefore commonly used as a food acidulant and beverage ingredient (Ding et al,

2011). While the second application by volume is in the paper and pulp industry as

an acid sizing agent, a progressive change to alkaline processing of wood to paper on

North America and Europe is slightly reducing the reliance on fumaric acid in this regard

(Martin-Dominguez, Estevez, et al, 2018).

Additionally, fumaric acid is widely used in the feed industry as an antibacterial agent and

a physiologically active substance (Xu et al, 2012). Fumaric acid has a double bond and

two carboxylic groups that can be polymerized to produce synthetic resins, biodegradable

polymers, and plasticisers (Roa Engel, Straathof, et al, 2008; Sebastian et al, 2019). In

addition, special properties such as greater hardness in the polymer structure can be

achieved when fumaric acid is used. As an important platform chemical, fumaric acid is

a valuable intermediate in the preparation of edible products, such as l-malic acid and

l-aspartic acid (Goldberg et al, 2006). With the increasing market share of l-aspartic

acid acid and l-malic acid in sweeteners, beverages, and other health food areas, the

worldwide demand for fumaric acid and its derivatives grows each year (Xu et al, 2012).

More recently, derivatives of fumaric acid, especially fumaric acid esters have found ap-

plication as important chemicals with a wide array of biomedical applications, such as

psoriasis and sclerosis treatment and a support material for tissue engineering (Sebastian

et al, 2019). Another potential application of fumaric acid is as supplement in piglet,

broilers, and cattle feed (Lan & Kim, 2018; Patten & Waldroup, 1988; Beauchemin &

McGinn, 2006). Recent studies indicate that a large reduction in the methane emissions

of cattle can be achieved (up to 70%), if these cattle receive fumaric acid-based additive

as a supplement in their diet (McGinn et al, 2011). This could greatly reduce the total
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emission of methane, as farm animals are responsible for 14 % of the methane emission

caused by human activity.

Fumaric acid, also known as also known as (E)-2-Butenedioic acid, was first isolated from

the plant Fumaria officinalis, from which it derives its name (Roa Engel, Straathof, et al,

2008). The structure and functional groups of fumaric acid make it a versatile chemical.

It has two terminal carboxylic acid groups and a double bond in the α, β position as

shown in Figure 4. The structure positions fumaric acid between maleic acid and succinic

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

(Swart, Le Roux, et al, 2020).

Figure 4: Fumaric acid structure. National Center for Biotechnology Information (2022).
PubChem Compound Summary for CID 444972, Fumaric acid. Retrieved April
28, 2022 from https://pubchem.ncbi.nlm.nih.gov/compound/Fumaric-acid.

Many microorganisms produce fumaric acid in small amounts as it is a key intermediate

in the citrate cycle. In a 1938 study by Foster & Waksman (1939), 41 strains from 8

different genera were screened to identify high fumarate producing strains. The identi-

fied fumarate producing genera were Rhizopus, Cunninghamella, Mucor, and Circinella

species. Among these strains, Rhizopus species were highlighted as the most prolific fu-

maric acid producers (Kenealy, Zaady & Du Preez, 1986; Cao et al, 1996; Gangl et al,

1990; Rhodes, Moyer, et al, 1959; Roa Engel, Straathof, et al, 2008).

2.2.2 Malic acid

Malic acid (2-hydroxybutanedioic acid) is a C4-dicarboxylic acid and an intermediate in

the tricarboxylic acid (TCA) cycle. It can be used in the chemical industry as a feedstock

for chemical synthesis of polymalic acid (PMA), which can be applied as biodegradable

plastic (Chi et al, 2016; Dai et al, 2018). However, the main use for malic acid is as an

acidifier in the food and beverage industry where it is preferred to fumaric acid because of
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the increased solubility, and to citric acid because of the increased acidity. It is the second

most used acidulate after citric acid and holds 10 % of the market share. Other utilisations

include electrode-less plating, pharmaceuticals, textiles finishing, metal finishing, and

paint infusions (Goldberg et al, 2006).

In agriculture, malic acid is utilised to solubilise aluminum phosphate in soil. At a soil

pH below 5.5, aluminum more readily reacts with phosphates The lack of water solubility

of aluminum phosphates means that these compounds are not readily available for plant

use, thus the need for malic acid application (West, 2017). In the cosmetic industry,

malic acid is included in many products such as self-tanning cream, facial cream, and

cleansing foam, mainly to adjust pH in a low concentration. Malic acid is also often

included in soaps, mouthwasher fluids, and toothpaste as it can diminish the flavors of

active chemicals. Macromolecular materials from l-malic acid have found uses in the

biomedical industry, with adjustments for structure and properties (Lee et al, 2011). l-

malic acid can also be used as a precursor of amino acid infusions for the treatment of

hyper-ammonemia and liver disfunction (Peleg et al, 1989).

Malic acid contains three types including d-, l-malic, and mixture of dl-malic acid

based on the optical isomer of a symmetric carbon atom which plays different roles in

practical applications (Dai et al, 2018). Currently, the majority of malic acid synthesised

by chemical means through the hydration of fumaric acid under high temperature and

pressure results in the racemic mixture of d and l malate (Kövilein, Kubisch, et al, 2019;

Chi et al, 2016). This racemic mixture is mainly applied mainly in the food, beverage,

personal care, and cleaning product industries. For applications that are as specific as in

the pharmaceutical industry or polymer production, enantiopure malic acid is preferred.

However, resolution of the racemic mixture produced by the chemical method is quite

expensive and therefore unsuitable for large-scale implementation (Kövilein, Kubisch, et

al, 2019). The need for sustainable production of enantiopure l-malic acid has driven

many research efforts into the exploration of alternative production methods.

Malic acid can be naturally accumulated by various microorganisms and plants. First

isolated from apples in 1785, malic acid is the predominant acid in many fruits, including

plums, bananas, and litchis (Kövilein, Kubisch, et al, 2019). Although previously ex-

tracted industrially from fruits and eggshells, these processes were deemed uneconomical

as fruit juices comprise of less than 1 % l-malate, and extraction from eggshells brought

with it a battery of problems including low extraction rates, high energy consumption,

high cost and heavy pollution (Chi et al, 2016; Lin & Luque, 2014).

Bio-based production of malic acid is superior to chemical synthesis in two main aspects:

1) Only enantiopure l-form of malic acid is produced, and 2) the versatility and inde-
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pendence from fossil fuels, given that microbial fermentations can employ a wide variety

of microorganisms that utilise a large range of substrates (Jang et al, 2012; Kövilein,

Kubisch, et al, 2019). Although malic acid is part of the TCA cycle, it does not always

accumulate in every organism and under normal conditions and therefore certain species

are well known for their ability to produce and accumulate malic acid in large quanti-

ties, both natively and through metabolic engineering. Aspergillus species (flavus, niger,

oryzae, citricus) are the most prolific malic acid producers currently known.

The current market volume of malic acid ranges between 60 000 and 200 000 ton per year,

and is predicted to increase in the coming years. With the prospect of the transition to a

bio-based economy, malic acid has the potential to replace maleic anhydride, a commodity

chemical currently solely produced by chemical means, and with a global market of 1.5

to 2 million ton per year (Kövilein, Kubisch, et al, 2019).

2.3 Biocatalysts

Fungal species have been employed to produce a vast array of compounds and consum-

ables. Multicellular filamentous fungi or moulds are extensively used to produce fer-

mented foods, secondary metabolites, and industrial enzymes. Rhizopus is an example

of filamentous fungi, belonging to the ’Mucoraceae’ family, that is used to generate a

wide array products ranging from fermented food products to alcohols, and enzymes,

and organic acids in large quantities (Sebastian et al, 2019).

The question then is why Rhizopus species (and other filamentous fungi) produce these

seemingly ridiculous quantities of organic acids. Several hypotheses have been suggested,

with the main two as follows: Fungi in their natural habitats would not typically en-

counter free sugars in such high concentrations as they are exposed to in experiments for

industrial applications, and as a consequence may not have developed a tight regulation

of acid production. Therefore, when exposed to artificial media with high concentrations

of free sugar, they engage in excessive acid production eventually resulting in their own

demise. Another school of thought is that acid production actually confers a competi-

tive advantage through the chelation properties (allowing growth in areas with low metal

concentrations), and growth inhibition of competitors (Vassilev, 1991).

2.3.1 Rhizopus delemar

Rhizopus delemar is a prominent Zygomycetes fungus that is ubiquitous in nature and

found in soils and decaying organic materials. It has the ability to grow on a wide array of
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substrates including glucose, glycerol, ethanol, xylose, lactic acid, fructose, mannose, su-

crose, and cellobiose (Meussen et al, 2012). Moreover, R. delemar has a well demonstrated

growth ability in a vast array of culture media, with requirements generally characterised

as inexpensive and unspecific. R. delemar can be used for human consumption in the

U.S. and other parts of the world as it is considered GRAS (Generally Recognized As

Safe) by the U.S Food and Drug Administration (FDA).

Rhizopus delemar strains can be divided into two types based on the primary organic

acid produced when grown on d-glucose (Meussen et al, 2012). The first strain primarily

produces l-(+)-lactic acid is classified as Type I. This strain contains both ldhA and

ldhB genes and were confirmed as phylogenetically distinct from the fumaric-malic acid

producing strain (Type II), which only contains ldhB gene. Abe, Sone, et al (2003) then

proposed the reclassification of the latter strain (Type II) to R. delemar. However, the

name has not been widely adopted in literature, as many studies still refer to both strains

as R. oryzae.

2.3.2 Carbon metabolism

Fumaric and malic acids are well known as intermediates of the TCA cycle, but they

are also involved in other pathways in Rhizopus species. In 1967, Overman & Romano

(1969) first put forward the hypothesis that the reductive TCA cycle was responsible

for the majority of fumaric acid accumulation through a C3 plus C1 mechanism for the

fixation of CO2 (Xu et al, 2012). Later studies on the 13C nuclear magnetic resonance

and enzymatic activity confirmed this mechanism (Kenealy et al, 1986; Peleg et al, 1989).

All fermentable carbon in R. delemar are first metabolised to pyruvate. The pyruvate

can thereafter be channeled through three main pathways; namely, ethanol production,

TCA cycle, and the reductive TCA cycle used to generate fumarate (Meussen et al,

2012). The latter is exclusively located in the cytosol (Osmani1985). Figure 5 shows the

metabolic pathways in R. delemar. The maximal theoretical molar yield of fumaric acid

from glucose is 200 % due to CO2 fixation in the reductive part of the TCA cycle (Zhang,

Yang, et al, 2012). However, dignificantly lower yields are often attained experimentally as

a consequence of the energy production in the form of ATP or GTP and reducing power

in the form of NADH2 or FADH2 in the oxidative TCA cycle. The above-mentioned

processes are critical to meeting the energy requirements for cell maintenance and acid

transport (Xu et al, 2012; Kenealy et al, 1986; Gangl et al, 1990; Rhodes, Moyer, et al,

1959).

The biosynthesis of fumarate and malate in the cytosol occurs by the aid of three re-
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actions catalysed by pyruvate carboxylase, malate dehydrogenase (MDH), and fumarase

(FUM). Pyruvate carboxylase is the first enzyme of the reductive TCA pathway, and it

is exclusively located in the cytoplasm, where it catalyses the carboxylation of pyruvate

to oxaloacetate with the participation of ATP and CO2 (Xu et al, 2012). Malate de-

hydrogenase thereafter converts the oxaloacetate to malic acid, which is then hydrated

reversibly to fumaric acid by the enzyme fumarase (Meussen et al, 2012). Friedberg et al

(1995) postulated that the reason behind the accumulation of fumaric acid by R. delemar

is that a unique FUM induced under acid production conditions would produce fumaric

acid, and the reverse reaction would be inhibited by increased concentrations of fumaric

acid (above 2 mmol L−1). Fumarase is believed to be encoded by a single gene fumR and

it catalyses the reversible dehydration of l-malic acid to fumaric acid. Zhang, Yang, et al

(2012) attempted to increase fumaric acid production by overexpressing fumR. However,

their findings showed that overexpressing fumR increased the fumarase activities of both

reaction directions and led to the conversion of fumaric acid to l-malic acid, resulting

in a malic acid yield of 0.38 ± 0.07 g g−1 glucose. These results not only establish that

the overexpressed fumarase is not responsible for fumaric acid production, but is also

a crucial basis from which we can explore the malic acid production capabilities of R.

delemar.

Previous studies have been conducted on enzymatic production of l-malic acid, applying

the enzyme fumarase which converts the substrate fumaric acid to malic acid through

hydration. This has been done by using either purified fumarase enzyme, permeabilized or

lyophilized cells, or whole cells, with the latter being the most widely used method. With

whole cell catalysis, the cells are preferably immobilised in suitable materials in order

to make the process more economical by allowing for catalyst reutilisation (Kövilein,

Kubisch, et al, 2019). Using this process, Naude & Nicol (2018) was able to produce

malic acid through the enzymatic whole-cell bioconversion using R. delemar (ATCC

20344) taking advantage of the absolute specificity of fumarase towards l-malic.

In a thermodynamics research study, Tewari et al (1986) found the Gibbs free energy,

∆G0
′
, of the conversion of l-malic acid to fumaric acid is 3.6 kJ mol−1, indicating that at

equilibrium, the l-malic acid concentration is higher than the fumaric acid concentration.

The implication here is that a dicarboxylic acid transporter with a high selectivity for

fumaric acid plays a critical role in the production of fumaric acid in R. delemar (Meussen

et al, 2012).
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Figure 5: Metabolic pathways of Rhizopus delemar (adapted from Naude & Nicol (2017)).
Enzymes are indicated by bracketed numbers: 1. Pyruvate carboxylase, 2. Malate
dehydrogenase, 3. Fumarase, 4. Pyruvate decarboxylase, 5. Alcohol dehydrogenase,
6. Pyruvate dehydrogenase complex, 7. Citrate synthase, 8. Aconitase, 9. Isocitrate
dehydrogenase, 10. α -ketoglutarate dehydrogenase and succinyl-CoA synthase, 11.
Succinic dehydrogenase, 12. Fumarase, 13. Malate dehydrogenase

2.4 Neutralising agents

pH is the most important condition in the production of acids by fermentation, and in the

biotechnological process in general, due to its regulatory effect on microorganism activities

(Martin-Dominguez, Estevez, et al, 2018). Fumaric acid production by fermentation has

usually been carried out with Rhizopus delemar around neutral pH values, leading to

fumarate salts (Roa Engel, Van Gulik, et al, 2011). In Rhizopus-mediated fumaric acid

production, the pH value quickly drops from 5.0 to 2.0 in the first 20 h without the

addition of a neutraliser control, and this acidification exerts a progressively inhibitory

effect on growth and fumaric acid production (Roa Engel, 2010). To avoid the inhibition,

it is critical to use a neutralising agent. Malic acid has pKa1 and pKa2 values of 3.51 and

5.03 respectively, and with the low pKa values of fumaric acid, small amounts of both

acids can decrease the pH of the medium considerably (Swart, Le Roux, et al, 2020).
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2.4.1 CaCO3

Calcium carbonate (CaCO3), as a solid powder, is the most widely used neutralising

agent in industry. In lactic acid production, CaCO3 is added during fermentation, and

in citric acid production, CaCO3 is added after fermentation. In fumaric and malic acid

production with R. delemar, three benefits of using CaCO3 are highlighted as follows:

1) all at once addition, discarding the need for pH control, 2) increased presence of

bicarbonate, and thereby CO2, a substrate for pyruvate carboxylase in the carboxylation

of pyruvate to oxaloacetate leading to increased yields (in theory), and 3) formation

of insoluble calcium salts of the organic acids secreted, allowing for the production of

higher acid concentrations. CaCO3 is considered to be the most efficient in commercial

fumaric acid production (Xu et al, 2012; Gangl et al, 1990). Studies comparing calcium

carbonate to other neutralising agents such as calcium hydroxide, sodium carbonate,

and sodium bicarbonate have consistently achieved higher product titres and yields in

fermentations with CaCO3 (Zhou et al, 2002; Gangl et al, 1990). It was noted that

most calcium carbonate mediated fermentations reported in literature utilised a lot more

calcium carbonate than was required for neutralisation, an indication that increasing

concentrations of CaCO3 likely has an effect on the acid production mechanism in R.

delemar.

However, the use of CaCO3 as a neutralising agent also causes viscosity problems due to

the low aqueous solubility of calcium fumarate (21 g L−1 at 30 °C) (Gangl et al, 1990).

Moreover, cells interact with the precipitated product to form a highly viscous suspension

that can cause early failure of the fermentation due to limited oxygen transfer. This has

prompted many research efforts to turn to more soluble alternatives such as Na2CO3,

NaHCO3, and NaOH.

In an economic feasibility study contrasting the utilisation of CaCO3 and Na2CO3 as

neutralising agents, Gangl et al (1990) highlighted that while Na2CO3 costed 20 % more

than purified CaCO3, the fumaric acid productivities as reported in the literature for

Na2CO3 fermentations were significantly lower. However, it was determined that the

increased costs from using Na2CO3 could be offset by the reduced downstream processing

costs as well as the possibility for cell re-use thereby increasing the yield and productivity

(Gangl et al, 1990; Zhou et al, 2002). NaOH has also been flagged as a worthy alternative

to CaCO3 given that it is also very soluble and that there is little to no inhibition of the salt

on the organism. However, when a high yield process is developed without a carbonate

as a neutralising agent, the required CO2 must be supplied by other sources (Roa Engel,

Straathof, et al, 2008). Table 1 shows the comparison of the effects of neutralising agents

CaCO3 on fumaric acid production by Rhizopus delemar.
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2.5 Future prospects

The ever increasing demand for platform chemicals, the increasing concern for the global

environment and the ensuing sustainability requirements as well as high raw material

costs have incentivised the research into more efficient alternatives in the form of biocat-

alysts (Meussen et al, 2012). R. delemar is a key biocatalyst, well known for its ability

to sustainably produce l-lactic acid and fumaric acid in high quantities. Moreover, re-

cent studies have shown a glimpse of its malic acid production capabilities through the

enzymatic hydration of fumaric acid derived from petrochemicals using fumarase (Naude

& Nicol, 2018).

Gangl et al (1990) established that the fermentation route would become profitable when

the selling price of fumaric acid is high because of high benzene costs. Given that the cost

of benzene is linearly related to the cost of crude oil, they predicted from extrapolation of

cost data from 1988, that the cost of crude oil would have to reach $61/bbl for benzene and

fermentation routes to give the same return on investment. This value is approximately

40 % lower than the price of crude oil in February 2022 ($97/bbl), an indication that

fermentation route is fast becoming the more desirable alternative. The most significant

future application of fermentation-based fumaric and malic acid production will be the

production of maleic anhydride, which has quite a substantial market size but is almost

exclusively derived from petroleum-based materials.
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3 Experimental

3.1 Materials and methods

3.1.1 Microorganism

The organism used for this study was R. delemar (ATCC 20344 or CECT 2774), obtained

from the Spanish collection of cultures (Colección Espanola de Cultivos Tipo, Valencia,

Spain). All chemicals used were obtained from Merck (Modderfontein, South Africa).

3.1.2 Inoculum preparation

The spore solution was prepared using the following procedure. Potato dextrose agar

(PDA) plates were first prepared and dried aseptically as higher spore concentrations re-

sulted when moisture was removed from the plates before inoculation. The stock cultures

were stored at −40 °C in a 50 % w/w glycerol solution. The dried PDA plates were then

inoculated with the sub-zero stock solution, sealed shut, and incubated at 30 °C. After

120 h, the spores were suspended in distilled sterile water, and rehydrated at 25 °C for a

period of at least 18 h before inoculation into the pre-culture. This rehydration step was

critical in the growth rate and size of pellets that resulted. The spore inoculum used for

the pre-culture for biomass growth had a spore concentration of 8× 106 mL −1.

3.1.3 Shake Flask Cultivations

3.1.3.1 Pre-Culture for Biomass Formation

A two-stage fermentation method was implemented, consisting of a pre-culture for biomass

production and a main culture for acid production (Kövilein, Umpfenbach, et al, 2021;

Roa Engel, Van Gulik, et al, 2011). The main difference between the two media was the

concentrations of the nitrogen source, with the former having a high nitrogen supply to

favour cell growth. The pre-culture medium consisted of (in units of g L−1) 30 glucose, 2

urea, 0.6 KH2PO4, and 0.5 MgSO4 · 7 H2O (Zhang, Yu & Yang, 2015). Components were

autoclaved separately at 121 °C for 1 h and thereafter were mixed aseptically. Unless

otherwise indicated, all pre-cultures were prepared in cotton-covered 250 mL unbaffled

Erlenmeyer flasks, each containing 50 mL pre-culture media and inoculated with the re-

hydrated spore suspension (2 mL each). The pre-cultures were carried out in a gyratory
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incubator shaker at 200 RPM and 34 °C for 24 h. The cells from each flask in the pre-

culture were used for different fermentations in the main culture, i.e., no mixing of cells

occurred between the two fermentation stages.

3.1.3.2 Main Culture for Acid Production

Batch fermentations were studied in the same 50 mL unbaffled Erlenmeyer flasks. Unless

otherwise noted, the switch to production followed this procedure: 30 mL of the pre-

culture media (inclusive of the cells) was transferred into 90 mL of the fermentation

media for each flask, resulting in a final composition (in units of g L−1) of 100 glucose,

0.8 KH2PO4, and 0.6 MgSO4 · 7 H2O (Zhang, Yu, et al, 2015).

For the initial CaCO3 experiments, CaCO3 concentrations were varied within 20–100 g L−1,

and all experimental conditions performed in triplicate. All components were sterilised

separately by autoclaving at 121 °C for 1 h. The main cultures were carried out in a gy-

ratory incubator shaker at 200 RPM and 34 °C for around 200 h. The pH was measured

and recorded at the end of the cultivation period.

In all subsequent experiments, pre-culture conditions were kept exactly the same. Fur-

ther experiments conducted to compare CaCO3 to MgCO3 involved similar mass-based

amounts of alkali for ease of comparison of the resultant data. Three different CaCO3 and

MgCO3 concentrations were tested, 20, 60, and 100 g L−1, with all conditions performed

in triplicate. All fermentations had an initial substrate (glucose) concentration of around

100 g L−1.

Plaster sand (PS) was used to simulate the conditions in the fermentation broth with

CaCO3 and MgCO3 buffered cultures. A sieve analysis was conducted to compare the

particle size distribution of plaster sand and CaCO3, by determining the amount of

particles retained on a nest of sieves with differently sized apertures, ranging from 0.075

to 2 mm. As the sieves vibrated, the sample was segregated onto the differently sized

sieves, and the weight of sample retained and then used to determine the particle size

distribution. Given the need for pH control, a baseline amount of 20 g L−1 was used for

all conditions tested. In addition to the baseline CaCO3, three different concentrations

of PS were tested: 40, 80, and 120 g L−1.

Tests on the effect of calcium ions were conducted using a similar procedure with 20 g L−1

used as the baseline amount (for pH control) and additional amounts of 5, 10, and 20

g L−1 calcium ions added to the baseline in the form of CaCl2. All other fermentation

conditions were maintained as described earlier.
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3.1.4 Immobilised Reactor Cultivations

3.1.4.1 Medium

A 10 M NaOH solution was used as pH control to minimise dilution (Swart, Le Roux, et

al, 2020; Naude & Nicol, 2017). The inoculum, consisting of a 10 mL solution containing

8× 106 spores mL −1, was aseptically injected into the reactor through a silicon septum.

Biomass was grown under batch conditions with 3.1 g L−1 glucose and 2.0 g L−1 urea

(Swart, Le Roux, et al, 2020). The minimal medium for continuous production contained

(in units ofg L−1) 0.6 KH2PO4, 0.507 MgSO4 · 7 H2O, 0.0176 ZnSO4 · 7 H2O, and 0.0005

FeSO4 · 7 H2O (Y Zhou, Du & Tsao, 2000). Glucose and urea were absent in the minimal

media as they were fed continuously into the reactor during the course of the production

run. High glucose and urea concentrations (340 g L−1 and 16 g L−1, respectively) were

utilised to achieve low dilution rates during the production phase. All solutions were

autoclaved at 121 °C for 60 min (Swart, Le Roux, et al, 2020).

3.1.4.2 Reactor Operation and Experimental Design

An immobilised reactor was used with a liquid volume of 1.08 L and a gas volume of

0.380 L. The reactor design was adapted from previous research work on fumarate pro-

duction by immobilised R. delemar (Naude & Nicol, 2017; Swart, Le Roux, et al, 2020).

All growth phases were controlled at a pH of 5. Urea was fed at a constant rate of

0.625 mg L−1 h−1 for all the experiments. Further information on the reactor operation

can be found in the previous research studies (Naude & Nicol, 2017; Swart, Le Roux,

et al, 2020; Jongh, Swart & Nicol, 2021; Swart, Ronoh, et al, 2022).

All fermentations were performed in two separate stages: the aerobic growth of the fun-

gus, followed by an aerobic non-growth production stage induced by nitrogen limitation.

Medium replacements were done between the growth phase and the production phase.

Experiments on the effect of glucose feed rates and pH were conducted by throttling

glucose feed rates between 0.131 g L−1 h−1 and 0.329 g L−1 h−1. The glucose feed rate

was increased from 0.131 g L−1 h−1 to 0.329 g L−1 h−1, with the duration of around 36 h

between each increment. The production phase was conducted for around 200 h. The

glucose feed rates were tested across cultures maintained at four different pH conditions:

4, 5, 6, and 7. This was well within the pH range in which R. delemar is able to withstand

(Meussen et al, 2012).

The next set of experiments (pH steps) involved varying pH conditions within the same

run. A constant glucose feed rate of 0.262 g L−1 h−1 was selected and pH varied from pH
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4, with increments of 0.5 until pH 7. The starting pH of 4 was selected as it had been

previously determined to be the optimum pH for FA production (Swart, Ronoh, et al,

2022). The production phase was conducted for around 477 h, as a test for how long the

cells could remain viable. After reaching pH 7, the NaOH dosing line was switched off

and the pH allowed to naturally drop back to 4. The slow variations in pH were intended

to simulate the pH conditions in the shake flask experiments.

For the last test on the hydration of FA to MA, pH 4 and pH 7 conditions were selected.

In the first 72 h of production, the run was conducted at pH 4 and at a constant glucose

feed rate of 0.329 g L−1 h−1. The nitrogen feed rate was 0.625 mg L−1 h−1. The above

conditions were selected as they had been previously established to be the optimum

for homofumarate production, corresponding to the highest FA yield reported in the

literature with R. delemar (Swart, Ronoh, et al, 2022). After 72 h, the pH was then

increased to 7, and the glucose feed switched to zero. The nitrogen fed was decreased

to 0.0625 mg L−1 h−1, corresponding to one tenth of the nitrogen previously fed into

the reactor. Anaerobic conditions were induced by switching off the gas mixture used

previously, consisting of 8% CO2, with 18.4% O2, and purging only CO2 into the reactor.

3.2 Sample Preparation

The use of calcium carbonate as a neutralising agent presents a number of problems,

including high broth viscosity (which is detrimental to equipment) and increased down-

stream costs. This is not only because calcium carbonate is insoluble, but also the use

of calcium carbonate results in the formation of calcium malate and calcium fumarate,

which have relatively low solubility. The following sample preparation procedure was

used to dissolve the precipitated organic acids: 1 mL of a well-mixed culture broth was

mixed with 1 mL of 1 M HCl and 18 mL of distilled water. The mixture was incubated

at 80 °C for 20 min and vortexed several times during the incubation time. An aliquot

was transferred to a 1.5 mL test tube and centrifuged for 5 min at 20,000 ×g in a desktop

centrifuge. The clear supernatant was directly used for HPLC analysis.

3.3 Analytical Methods

Liquid samples (1 mL) were collected every 1 h using a single-channel pipette with replace-

able pipette tips that were autoclaved at 121 °C for 20 min to avoid any contaminations in

the cultivation media. pH measurements in the shake flask cultivations were not possible

mid-run, and were only recorded after the end of the cultivation period. The concentra-

tions of glucose, ethanol and organic acids were determined by High Performance Liquid
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Chromatography (HPLC). An Agilent 1260 Infinity HPLC (Agilent Technologies, USA,

equipped with an RI detector and a a 300 mm × 7.8 mm Aminex HPX-87H ion exchange

column (Bio-Rad Laboratories, USA), was used. Two mobile phases were used for two

methods of analysis. The first method made use of a 5 mM H2SO4 mobile phase solution

fed at a flow rate of 0.6 mL min−1, while the second method utilised a 20 mM H2SO4

mobile phase at the same flow rate. The second method resulted in the separation of

the glucose, phosphate, and pyruvic acid peaks, thereby improving the accuracy of the

glucose readings. The standard curves for the compounds were generated by plotting the

area under the resulting peaks against known concentration values and thereafter fitting

a straight line through the origin and at least two other known points. Table 2 below

shows the standard concentration and the coefficient of determination (R2) values for

each compound. HPLC standard calibration curves are shown in Appendix D.

Table 2: HPLC standard calibration: Concentration and coefficient of determination (R2)
values for Glucose, malate, fumarate, glycerol, and ethanol.

Compound Conc. (g L−1)(g L−1)(g L−1) R2

Glucose 0.100950 1.00000

1.00900

10.09500

50.01900

Fumarate 0.199790 0.99992

1.99800

9.99000

Malate 0.109900 0.99991

1.09900

10.99000

Glycerol 0.100900 0.99988

1.00900

10.09000

Ethanol 0.100000 0.99996

1.00000

10.00000

Outlet gas composition (CO2 and O2) was measured using a tandem gas analyser (Mag-

ellan Biotech, UK). The concentration of metal ions in the fermentation cultures was

determined using Inductively-Coupled Plasma – Optical Emission Spectrometry (ICP-

OES) (ARCOS FHS12, Spectro Analytical Instruments, Kleve, Germany), utilising argon
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as the carrier gas. Deionised water prepared in our laboratory was used in all aqueous

preparations. The ICP calibration standards were obtained from Monitoring and Control

Laboratories, South Africa. For the sample preparation, 1 mL of the well mixed sample

was diluted 200 -1 times to reduce the calcium ion concentrations to within the detection

limits of the instrument. The diluted samples were then vortexed to ensure sufficient mix-

ing, and transferred into 10 mL centrifuge tubes for testing. A sieve analysis was carried

out using a nest of Labotec test sieves arranged in decreasing size from top to bottom

(size ranging from 0.075 to 2 mm) (Midrand, South Africa). This was used to determine

the particle size distribution of the insoluble solids. Cell morphology was examined using

a Zeiss stereo discovery microscope (Zeiss, Germany).

3.4 Mass Balance

A black box model based on the metabolic map for R. delemar provided and discussed

by Naude & Nicol (2017) was mathematically described through a mass balance over the

system with the total chemical equation (Equation 1) below. Initial amounts of compo-

nents from the growth run were accounted for using HPLC-determined time-zero sample

concentrations in every production run. The biomass formula used was CH1.8O0.5N0.2

(Nielsen & Villadsen, 1994), and tests were conducted where the initial and final biomass

measurements were taken to quantify biomass growth during production.

Glucose + (a)Dioxygen + (b)Urea −−→ (c)Biomass + (d)Carbon dioxide + (e)Fumarate

+ (f)Succinate + (g)Ethanol + (h)Glycerol + (i)Malate + (j)Pyruvate

(1)

Balances were done for C, N, and Degree of Reduction (DOR). In addition, all the HPLC

determined values and biomass measurements were used to fully specify the system. The

unknowns were predicted by solving the equation at every sampling point, and with

data normalization, showing the carbon distribution over the cultivation period. The

CO2 determined from Equation 1 only represented carbon dioxide produced from the

fermentation, and did not include the contribution from the dissolution of CaCO3.
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4 Results and discussion

4.1 Biomass

Cell morphology plays a critical role in both free-cell and immobilised fermentations in

achieving significant organic acid titres and low medium viscosity (Zhang, Yu, et al,

2015). For shake flask fermentations, small pellets (≈ 1 mm or less), have been found

to be ideal. Therefore, controlling the fungal morphology was considered an important

first step, with temperature, pH, agitation speed, and growth duration highlighted as

key variables. After multiple iterations, nearly perfectly speherical pellets of diameter

0.9 mm were achieved with temperature, pH, agitation speed, and growth duration as

follows: 34 °C, 5 , 200 RPM, and 24 h (Figure 6a). These pellets were used for all the

subsequent shake flask fermentations.

a) b)

Figure 6: Cell morphology of R. delemar at the end of growth phase in (a) shake flask cultiva-
tions and (b) immobilised reactor cultivations. Pellets in shake-flask seed cultures
were incubated at 34 °C, pH 5, 200 RPM and 24h growth duration resulting in
pellets with 0.9 mm diameter. The growth phase in the immobilised reactor was
conducted at pH 5 and 35°C. The biofilm that resulted had a thickness of ∼ 1 mm.

In the immobilised reactor, growth media consisting of high glucose and urea concentra-

tions were used during the growth phase, which typically lasted about 24 h. The growth

phases for all runs were conducted at pH 5. Immobilisation of the biomass was achieved

through the use of a polypropylene tube. Morphology control was achieved through ad-

justing parameters such as initial glucose and spore concentrations as described by Naude
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(Naude & Nicol, 2017). The biofilm that resulted had a thickness of ∼ 1 mm (Figure

6b).

4.2 Effect of CaCO3 addition

To investigate the effect of the addition of CaCO3 on the relative production of FA and

MA, three different CaCO3 concentrations were studied in 250 mL unbaffled Erlenmeyer

flasks. The baseline amount of CaCO3 was selected as 20 g L−1 and the fermentation

conducted in triplicate. All fermentations had an initial substrate (glucose) concentration

of around 100 g L−1. Studies have shown that R. delemar has the ability to withstand high

product and d-Glucose concentrations in excess of 100 g L−1 (Meussen et al, 2012). After

192 h, approximately 93.4 % of the glucose was consumed, with the main products being

fumarate and ethanol, as shown in Figure 7a. These results confirm the findings of Swart,

Le Roux, et al (2020), indicating that R. delemar is indeed a Crabtree-positive organism,

where the respiratory capacity reaches a maximum under excess glucose supply, resulting

in the formation of ethanol under aerobic conditions as a metabolic overflow product.

The concentration of fumaric acid steadily increased throughout the fermentation period,

reaching a value of 28.27± 1.45 g L−1, which corresponds to a yield of 0.28 g g−1 on

glucose. Malic acid was first observed in HPLC sample analysis after 50 h of cultivation,

and the concentration (3.94±0.23 g L−1) remained fairly constant thereafter (Figure 7a).

Though one order of magnitude less than fumaric acid titres, the amount of MA produced

was still significantly higher than the rest of the minor components.

During the last 30 h of the fermentation, a sharp decrease in ethanol concentration

was observed. This is in tandem with the lowest glucose concentrations in the flasks,

indicating the possibility that ethanol is being consumed as a substrate. R. delemar has

the ability to grow under a wide range of carbon sources, including ethanol, as earlier

established (Meussen et al, 2012). Therefore, ethanol can be broken down in the TCA

cycle to produce more ATP (energy). The pH measured at the end of the fermentation

was 4.17±0.21, a large drop from the initial pH recorded at the start of the fermentation

(6.5± 0.1).

It was also observed that the fermentation broth became clear towards the end of the

cultivation period, signalling a depletion of the CaCO3. This was an indication that more

acid was formed than could be neutralised by the 20 g L−1 CaCO3 in the fermentation

broth.
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Figure 7: Extracellular concentrations of glucose and metabolites during shake flask cultiva-
tion of R.delemar on 100 g L−1 glucose, in the presence of (a) 20 g L−1 CaCO3, (b)
60 g L−1 CaCO3, and (c) 100 g L−1 CaCO3. Cultures were incubated at 34 °C and
200 RPM. Results are the mean of triplicate experiments and error bars indicate
the standard deviation.
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To determine the amount of CaCO3 that was required to fully neutralise the total acids

produced, a calculation was done based on the neutralisation reactions, with the highest

HPLC-determined concentrations of acids produced during the fermentation (fumarate,

malate, pyruvate, and succinate). The amount of CaCO3 required was determined to be

30.17 g L−1.

It is also critical to highlight that a variation in the amount of H+ would result in

differences in the amounts of alkali required to control the pH. This is because the acids

present may either be as fully dissociated, aqueous undissociated, or solid undissociated

acid forms (Swart, Ronoh, et al, 2022). The stoichiometry of organic acid production

and accompanying H+ production as a function of pH at standard ambient temperature

was previously presented by Taymaz-Nikerel et al (2013). The implication here is that

the amount of alkali required to neutralise the acids produced towards the end of the

fermentation would have been significantly less due to the drop in pH. The calculated

amount of theoretical CaCO3 required was based on the assumption of fully dissociated

forms of all acids produced (pH 7 and higher). This means that, due to the gradual pH

drop, the calculated amount of CaCO3 required (30.17 g L−1) was likely an overestimation

of the actual amount.

A three-fold increase in the amount of CaCO3 added was tested to ensure sufficient pH

control for the duration of the fermentation, and to further elucidate the effect of in-

creased amounts of CaCO3 beyond the required amounts for neutralisation of the acids

produced. The utilisation of 60 g L−1 CaCO3 resulted in the first evidence of the co-

production of FA and MA in almost equivalent amounts. This occurred within the first

55 h of the fermentation, with the highest FA and MA titres recorded as 19.77 g L−1 at 55

h and 19.91 g L−1 at 75 h, respectively. Thereafter, a significant drop in FA concentration

was observed, resulting in a final fumarate concentration of 1.29 g L−1 by the end of the

fermentation, as can be observed in Figure 7b. Given that R. delemar is predominantly

a fumaric acid producer, the co-production of FA and MA, followed by the drop in FA

concentration, were highlighted as key findings that would require further investigation.

Interestingly, the MA and ethanol concentrations dropped towards the end of the fer-

mentation once glucose was depleted, indicating the reassimilation of these as alternative

substrates. The pH recorded at the end of the fermentation was 7.4 , a slight increase

from the initial pH recorded at the start of the fermentation. This is attributed to the

sufficient presence of CaCO3 in the fermentation broth.

The concentration profiles in the fermentations mediated with 100 g L−1 CaCO3 (Figure 7c)

were very similar to the 60 g L−1 CaCO3 fermentation (Figure 7b). An initial rapid in-

crease in fumarate concentration was observed, reaching a maximum of 14.79± 1.83 g L−1,

and thereafter dropping to 0.93 ± 0.33 g L−1 by the end of the fermentation. The high-
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est MA concentration was also recorded 80 h into the fermentation (18.47± 0.81 g L−1),

corresponding to a yield of 0.21 g g−1.

The slight drop in malate and ethanol after the glucose was depleted was also akin to the

previous CaCO3 concentration tested. The increase in CaCO3 concentration to 100 g L−1

did not translate into any significant variations in the metabolites produced or the glucose

consumption rate, an indication that the fermentation conditions that resulted in the co-

production of FA and MA, and the subsequent FA depletion, were maintained. In this

case, again, the reassimilation of ethanol and MA was observed towards the end of the

fermentation. The pH measured at the end of the fermentation was 7.37 ± 0.06. The

similarity in the final pH recorded in 60 and 100 g L−1 CaCO3 fermentations provided

a basis for further investigation of the effect of pH. It was observed from the carbon

distribution shown in Figure 8, that there was a steady increase in the CO2 across all

fermentation conditions, an indication of increasing energy requirements towards the end

of the fermentations. The increased energy demands was attributed to cell maintenance

(an energy intensive procedure), and increased transport costs from the cell into the

medium as the fermentation progressed.

Figure 8: Metabolite distribution of Rhizopus delemar with the minor components including
biomass, succinic acid and pyruvic acid
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Besides increased CO2 availability, the addition of CaCO3 beyond the 20 g L−1 baseline

amount effectively implies the following changes in the fermentation broth that could in-

fluence the metabolites that R. delemar produces: increased presence of insoluble solids,

increased Ca2+ concentrations, and increased pH. These factors were used as the depar-

ture point for the experimental design to determine the cause of the two phenomena:

co-production of FA and MA, and the subsequent drop in fumaric acid concentrations.

4.3 Effect of Insoluble Solids: Comparison with MgCO3

A similar experimental procedure was followed as outlined in the previous section, with

the only variable being the alkali added. The MgCO3 mass concentrations tested were also

similar (20, 60, and 100 g L−1) for ease of comparison of the resultant data. Magnesium

carbonate offers many of the aforementioned benefits accrued from the use of calcium

carbonate: (i) ‘all at once’ addition due to its insolubility (Gangl et al, 1990); (ii) increased

concentrations of CO2 (Zelle et al, 2010), and (iii) the formation of insoluble magnesium

precipitates.

However, the pH values recorded at the end of the MgCO3 fermentations were always

slightly higher than their CaCO3 counterparts, as indicated in Table 3. This can be

attributed to the higher amount of carbonate (mole basis) present with the addition of

similar mass-based amounts of MgCO3 compared to CaCO3. Moreover, while eliminating

the presence of calcium ions, the addition of magnesium carbonate consequentially results

in increased Mg2+ (Table 3), which would likely play a role in the metabolite distribution

that results (Song et al, 2011). The main point of comparison in these experiments is

the similar mass-based amounts of alkali added, therefore providing a basis to establish a

preliminary test to investigate the influence of insoluble solids on the relative production

of FA and MA.
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Table 3: Inductively coupled plasma (ICP) measurements of Ca2+ and Mg2+ at the end of
each production phase (198 h), in comparison to the baseline amount.

Run Cx (g L−1)(g L−1)(g L−1) Ca2+ (g L−1)(g L−1)(g L−1)
Mg2+

(g L−1)(g L−1)(g L−1)
pH

CaCO3 20 4.79± 0.07 0.29± 0.01 4.17± 0.21

60 5.63± 0.11 0.28± 0.01 7.45± 0.07

100 5.69± 0.71 0.29± 0.02 7.37± 0.06

MgCO3 20 0.74± 0.02 3.21± 0.05 4.6

60 0.78± 0.02 6.54± 0.23 8.0

100 0.78± 0.01 8.05± 0.16 8.1

Plaster sand 40 4.70± 0.07 0.31± 0.03 3.73± 0.06

80 4.69± 0.71 0.29± 0.02 3.63± 0.06

120 4.51± 0.60 0.29± 0.01 3.87± 0.12

With all experimental conditions kept constant, 20 g L−1 MgCO3 was first tested as the

baseline amount of alkali in the shake flask cultivation of R. delemar. Two different

regimes are mapped out in Figure 9, showing the co-production regime 1 , and the fu-

marate depletion regime 2 The MgCO3-mediated fermentations are plotted alongside

their CaCO3 counterparts for ease of comparison of the two alkali. In the fermentation

with 20 g L−1 MgCO3, all of the glucose was consumed in less than 100 h, much faster than

in the fermentation with CaCO3. In contrast, for the fermentation with 60 g L−1 MgCO3,

approximately 87% of the substrate was consumed in the same duration (100 h) and ap-

proximately 97% during the entire fermentation. The decrease in the glucose consumption

rate was further exacerbated with the addition of more MgCO3, with only 84.2 % of glu-

cose being consumed by the end of the fermentation in the flask with 100 g L−1 MgCO3

(Figure 9). This is the reverse of the response that was observed in the fermentations

with CaCO3, an indication of the likely effect of increased magnesium ion concentrations

and pH (Table 3).

Fairly similar profiles were achieved for FA and MA in fermentations with 20 g L−1

CaCO3 and MgCO3. The only notable differences observed were the relatively high

amount of MA that was initially produced in the MgCO3 fermentation (12.69 g L−1),

and the slight tapering of FA concentrations toward the end of the fermentation. pH

measurements taken at the end of the fermentation showed that there was a drop in pH

to 4.6, also an indication of the insufficiency of the 20 g L−1 MgCO3 in meeting the pH

control requirements in the fermentation (Table 3).
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In the fermentations with 60 g L−1 alkali, the MA concentration profiles followed remark-

ably similar trends, a clear indicator that the co-production conditions highlighted in

regime 1 were maintained across the fermentations with the two alkali. Fumarate concen-

trations in the fermentations with MgCO3 were slightly lower than with CaCO3. This is

attributed to the increased presence of magnesium ions in the fermentation broth. In a

study on the expression and characterisation of fumR from R. delemar, Song et al (2011)

found the slight inhibition of fumR activity with Mg2+, and a small stimulatory effect

with Ca2+ (further details in the next section). However, despite the lower concentration

profile, the drop in fumarate concentrations in regime 2 was clearly visible for fermenta-

tions with both alkali. The pH recorded at the end of the fermentation in the 60 g L−1

MgCO3 fermentation was 8 , slightly higher than the final pH measured in its CaCO3

counterpart. These findings were further corroborated in the fermentation with 100 g L−1

MgCO3, where a maximum MA concentration of 33.29 g L−1 was achieved, correspond-

ing to a yield of 0.58 g g−1 and productivity of 0.35 g L−1 h−1. This was the highest MA

concentration recorded in all the runs. A final pH of 8.1 was measured at the end of the

run.

Figure 9: Comparison between the glucose, FA and MA profiles in shake flask cultivations with
CaCO3 and MgCO3 concentrations varied between with 20 and 100 g L-1. Regimes
1 and 2 indicate the co-production and fumarate depletion phases respectively.
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The similarity in the profiles observed in the CaCO3 and MgCO3 fermentations (Figure 9)

indicates a correlation between malic acid production and the increased presence of in-

soluble solids in the broth. However, there seems to be an underlying pH effect as the pH

trends were fairly similar across the two runs. Moreover, there was an effect associated

with the different metal ions present. To further elucidate the role of insoluble solids,

the next test was conducted with plaster sand (PS) to simulate the presence of insoluble

solids while eliminating the pH and metal ion effect, as discussed in the next section.

4.4 Effect of Insoluble Solids: Plaster Sand

The choice of plaster sand to simulate the conditions in the fermentation broth with

CaCO3 and MgCO3 buffered cultures was based on the presumption that it contained no

significant amounts of metal ions (Ca2+ and Mg2+). The advantage of using PS was that

not only would it provide a particle size similar to the CaCO3 and MgCO3 used in the

previous section, but that it would also prevent the effects associated with metal ions and

pH variations, thus allowing us to neatly test the effects of insoluble solids separately.

A sieve analysis was conducted to compare the particle size distribution of plaster sand

and CaCO3. The results indicated that the plaster sand used was well graded, with

a relatively even distribution of particles, as ∼80 % of particles lay within the range

between 0.15 and 1.4 mm. CaCO3, on the other hand, displayed a slightly smaller par-

ticle size distribution, with over 90% of the particles falling within the range of 0.3 to

1.4 mm. However, the distributions were considered fairly comparable and thus plaster

sand was used as an inert alternative to CaCO3 and MgCO3. ICP measurements of the

fermentation broth confirmed that increased amounts of plaster sand did not result in

the increased presence of metal ions, an indication that the leaching of metal ions did not

occur (Table 3).

Given the need for pH control, a baseline amount of 20 g L−1 CaCO3 was initially added

to all PS runs. Final pH measurements recorded were quite similar (∼pH 3.9), an in-

dication of comparable pH conditions throughout the different PS fermentations. The

fermentation broth with PS became progressively thicker with increasing concentrations

of insoluble solids. In the flasks with 120 g L−1 plaster sand, the pellets were suspended

in the high-viscosity media, with minimal movement even under gyratory motion.

At the end of the run, the pellets were observed using a stereo microscope and the plaster

sand-covered pellets appeared much larger in size (approximately 3.9 mm in diameter),

as shown in Figure 10. This shows that the increase in PS concentrations, at least on

a physical level, might have caused significant changes to the fermentation broth, which
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would result in a physiological response—specifically, the co-production of fumaric and

malic acids (regime 1) or the depletion of fumaric acid (regime 2). As aforementioned, R.

delemar is a zygomycetes fungi that thrives in soils and dead organic matter. The main

question thus was whether the high-viscosity broth significantly simulated its natural

environment, triggering the response in regime 1 or 2.

The hypothesis is based on the thermodynamics research work by Tewari et al (1986),

where they found that the ∆G0
′

of the conversion of l-malic acid to fumaric acid is

3.6 kJ mol−1, indicating that, at equilibrium, the l-malic acid concentration is higher than

the fumaric acid concentration. The question of why R. delemar accumulates fumaric

acid instead of malic acid can be attributed to a dicarboxylic acid transporter with a

high selectivity for the former rather than the latter (Meussen et al, 2012). In principle,

the addition of plaster sand at such high concentrations could result in a change in the

selectivity bias of the transporter, based on the significant change in the environment in

the broth. In its natural environment, R. delemar has been known to secrete acids in

order to dissolve some of the solids in its immediate environment, and therefore malate

selectivity by the transporter could be the way to achieve this. The chelating properties

of malic acid in conjunction with the solubility of most metal compounds at low pH would

thus be advantageous to the fungi in the poorly soluble fermentation broth conditions.

Figure 10: R. delemar pellets at the end of the plaster sand run. The pellets were collected
from the flask that contained 20 g L−1 CaCO3 for pH control and 120 g L−1 plaster
sand
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An increase in PS concentrations, however, appeared to have no effect on glucose con-

sumption, with complete depletion occurring 125 h into the production phase, as shown

in Figure 11a. Fumarate concentrations also remained quite similar across all PS concen-

trations, and the characteristic drop in fumarate concentrations in regime 2 was absent

(Figure 11b). Additionally, co-production of fumaric and malic acid did not occur in

regime 1 , as the MA concentrations remained fairly constant throughout the fermen-

tation (∼4 g L−1), the observed similarity notwithstanding a three-fold increase in PS

concentrations and a visible change in broth viscosity, as well as pellet size. This nullifies

the hypothesis that insoluble solids had an effect on the response earlier observed (either

regime 1 or regime 2).

Figure 11: Cont.
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Figure 11: Extracellular concentrations of (a) glucose, (b) fumaric acid, and (c) malic acid
during shake flask cultivation of R.delemar with different PS concentrations. Re-
sults are the mean of triplicate experiments and error bars indicate the standard
deviation.

In the results from fermentations with PS (Figure 11), all four conditions resulted in

the production of FA as the main organic acid (∼30 g L−1), and similar concentration

profiles of all side products (Figure 16). With each condition conducted in triplicate,

these results confirmed the repeatability of the experiments. The implication from these

results is that the response from the CaCO3 and MgCO3 fermentations (regime 1 and 2)

was likely to have been influenced by metal ions or pH, and not by insoluble solids. Given

that no leaching of metal ions occurred in the runs with PS (see Table 3), the next set of

experiments were conducted to extract the influence of Ca2+ on the two regimes.

4.5 Effect of calcium ions

As previously established, the use of CaCO3 results in higher Ca2+ concentrations (Zelle

et al, 2010). Comparison between CaCO3 and MgCO3 indicated some similarities in the

responses. Given that the presence of insoluble solids has been ruled out as a potential

cause, the next set of experiments were conducted to extract the effect of Ca2+ on the

two regimes. Experiments were conducted in a similar structure as the previous run, with

20 g L−1 CaCO3 as the baseline amount (for pH control), to which additional calcium ion

concentrations were added (in the form of CaCl2).

It is well established that malate dehydrogenase (MDH), an enzyme located in the cyto-

plasm, converts oxaloacetate to l-malic acid, which is hydrated (reversibly) to fumaric
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acid by the enzyme fumarase (FUM) (Meussen et al, 2012). Friedberg et al (1995) pos-

tulated that the reason behind the accumulation of fumaric acid by R. delemar is that

a unique FUM induced under acid production conditions would produce fumaric acid,

and the reverse reaction would be inhibited by increased amounts of fumaric acid (above

2 mmol L−1). FUM is believed to be encoded by a single gene fumR, and it catalyses

the reversible dehydration of l-malic acid to fumaric acid. Zhang, Yang, et al (2012)

attempted to increase fumaric acid production by overexpressing fumR. However, their

findings showed that overexpressing fumR increased FUM activities in both reaction di-

rections, resulting in unusually high malic acid yields. Song et al (2011), in a study on

the expression and characterisation of fumR from R. delemar, found a slight stimulatory

effect of fumR activity with Ca2+.

For the calcium ion tests, additional amounts of 5, 10, and 20 g L−1 Ca2+ were added to

the baseline of 20 g L−1 CaCO3 (Figure 12). Glucose consumption showed no significant

variations in the lower calcium ion concentrations. However, for the experiments with

the additional 20 g L−1 calcium ions, a significant drop in the glucose consumption rate

was observed, as shown in Figure 12a. Similarly, fumarate production was hampered at

the highest calcium concentration tested, while similar amounts were produced at lower

concentrations. Moreover, a lag in MA production resulted, with a significant increase in

malate concentrations only recorded over 100 h into the fermentation. This indicated that

excessive calcium concentrations had the reverse effect on fumR activity. A proportional

increase in glycerol concentrations with increasing calcium ion concentration conditions

was also observed (Figure 17), an indication that calcium ions are involved in signalling

pathways and stress responses, thus resulting in the formation of unwanted byproducts

(Taymaz-Nikerel et al, 2013; Zelle et al, 2010).

In Figure 12c, the MA profiles show an interesting trend, with the additional 5 and

10 g L−1 calcium ion concentrations resulting in double the MA titres of the baseline.

This corroborates the fact that the response in regime 1 (co-production of FA and MA)

likely occurs as a consequence of the increased calcium ion concentrations. This is in

tandem with the findings by Song et al (2011) on the slight stimulatory effect of calcium

ions on fumR, thus resulting in increased fumarase activity in both directions and, as a

consequence, increased malate concentrations (Song et al, 2011).
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Figure 12: Extracellular concentrations of (a) glucose, (b) fumaric acid, and (c) malic acid
during shake flask cultivation of R.delemar with different calcium ion concentra-
tions. 20 g L−1 CaCO3 was used for pH control as a baseline amount in these
experiments and additional 5, 10 and 20 g L−1 calcium ions were added onto the
baseline in the form of CaCl2.
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4.6 Effect of pH

4.6.1 Glucose Steps

Production of fumaric acid by R. delemar is typically performed at neutral pH values.

CaCO3 maintains the pH at around 6.5 in acid-forming microbial processes (Salek et

al, 2015). The use of neutralising agents not only contributes to a large portion of the

production costs, but also leads to environmental waste (Y Liu et al, 2015; Swart, Le

Roux, et al, 2020). Studies have shown that R. delemar is able to grow well at a wide

temperature range (up to 40 °C) and pH range (4–9), an indication of its robust behaviour

and wide application potential (Meussen et al, 2012). There are some clear benefits in low-

pH fermentation, including the formation of the undissociated form of fumaric acid, thus

eliminating the need for neutralising agents, leading to simplified downstream processes

and significantly lower costs (Y Liu et al, 2015). However, given the increased production

of malic acid with R. delemar in fermentations with CaCO3, investigating the role of pH

in this response was considered critical.

The first set of experiments involved varying glucose feed rates between 0.131 and

0.329 g L−1 h−1 to investigate the effect of throttling glucose feed rates across four different

pH conditions (4–7). Following a similar experimental procedure, Swart, Le Roux, et al

(2020) determined that R. delemar is a Crabtree-positive organism. This was then useful

in discarding ethanol byproduct formation at a glucose feed rate of 0.197 g L−1 h−1 and at

pH 5 (Swart, Ronoh, et al, 2022). Further studies into the role of pH and urea addition

on FA production compared three pH conditions (4, 5, and 6). The study found an

optimum region for FA production at pH 4, a urea feed rate of 0.625 mg L−1 h−1, and a

glucose feed rate of 0.329 g L−1 h−1. Moreover, pH 6 was found to be the least favourable

condition with regard to FA production (Swart, Ronoh, et al, 2022). This section of the

research study was therefore considered additive, comparing the previously unstudied pH

7 condition to the other three (4, 5, and 6) (Swart, Ronoh, et al, 2022), with a special

focus on investigating the conditions that result in MA production.

The results in Figure 13a confirm the finding that higher-pH conditions were unfavourable

for FA production with R. delemar. It can be seen that, compared to pH 4, 5, and 6,

negligible amounts of FA were produced at pH 7. However, glucose accumulation did not

occur until after around 80 h, an indication of the complete consumption of all glucose

fed in this period (Figure 13d). The glucose consumed was mainly directed to MA and

ethanol formation, both of which appeared early in the fermentation. Approximately

2.5 times more MA was formed than FA in the pH 7 fermentation, an indication of the

drastic change in the response of the organism at pH 7 compared to pH 6.
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However, it can be observed in Figure 13b that while relatively high amounts of MA

were formed earlier in the fermentation in the pH 7 fermentation, MA production did not

drastically increase further with an increase in glucose feed rates, but was instead similar

to pH 6. This indicates that carbon was not channelled to MA production in replacement

of FA production, therefore implying that a pH increment in conjunction with increased

glucose feed rates has a moderate effect on MA production and a significant impact on

FA production. Ethanol overflow, on the other hand, occurred right from the start of the

fermentation, as seen in Figure 13c. This is in line with the trend of the ethanol overflow

point occurring earlier, with increasing pH and glucose feed rates. This can be attributed

to the relatively high osmotic and ionic stresses associated with the high pH, resulting in

unwanted byproducts (Taymaz-Nikerel et al, 2013).

Figure 13: Glucose feed rates and extracellular concentrations of (a)fumaric acid, (b) malic
acid, (c)ethanol, and (d) glucose, taken from the reactor during fermentation with
R.delemar at different pH conditions

Glucose accumulation was only observed after the second glucose feed step (0.197 g L−1 h−1),

similar to the profile observed at pH 6, further establishing the finding that, at a higher

pH, less glucose can be consumed (Swart, Ronoh, et al, 2022). This is clearly illustrated

in contrast to the trends observed at lower pH values. In the pH 4 fermentation, there

was complete consumption of all glucose at all glucose feed rates, whereas glucose ac-

cumulation only occurred at the highest glucose feed rate for the pH 5 fermentation.

The implication here is that the inhibition of glucose consumption at higher-pH condi-

tions would hinder the yields of metabolites that could be achieved, in comparison to the

lower-pH conditions.
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4.6.2 pH Steps

With the ability to control the pH precisely in the reactor, the pH was varied within

the same run, from pH 4, with increments of 0.5 until pH 7. The starting pH of 4 was

selected as it had been previously determined to be the optimum pH for FA production

(Swart, Ronoh, et al, 2022). Increasing the pH slowly up to 7 ensured a transition

from optimal FA production conditions to more suboptimal conditions in the higher-pH

conditions, simulating the slight pH increase in the shake flask cultivations owing to

increased ethanol concentrations.

A constant glucose feed rate of 0.262 g L−1 h−1 and nitrogen feed rate of 0.625 mg L−1 h−1

were selected for this experiment. This would therefore allow for the investigation into the

effect of gradual pH increase on the relative production of FA and MA. The production

phase was much longer (477 h) as a test for how long the cells could remain viable. After

reaching pH 7, the NaOH dosing was switched off and the pH allowed to naturally drop

back to 4. This was to investigate whether the pH effects observed could be reversed with

a subsequent drop in pH.

As shown in Figure 14a, fumarate was produced in relatively high amounts, with the final

titre recorded as 65.89 g L−1 at the end of the run, corresponding to a yield of 0.527 g g−1.

This yield was significantly lower than that previously reported in the homofumarate pro-

duction of FA at pH 4 (0.93 g g−1), as a result of the inefficiency caused by the consistent

pH increase throughout the run (Swart, Ronoh, et al, 2022). Towards the end of the run,

the FA production rate was observed to taper off but was not completely inhibited, as

observed in the previous pH 7 only run; see Figure 14. This could be attributed to the

slow increase in pH. Moreover, the tapering off of FA corresponds to the slight increase in

MA production, with the latter reaching a final concentration of 6.28 g L−1 (Figure 14b).

Glucose accumulation starts to occur also at this point. This provides an indication that

the FA tapering off could be a result of the conversion of FA to MA. This has only been

previously tested with R. delemar at specific conditions and with externally added FA

(to be discussed in the next section) (Naude & Nicol, 2018).
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Figure 14: pH steps, and extracellular concentrations of (a) fumarate, (b) malate and ethanol
taken from the reactor during fermentation with R.delemar at constant glucose
feed rate of 0.262 g L−1 h−1

However, the occurrence of similar amounts of other side products such as glycerol and

ethanol, as well as glucose accumulation indicate that this could be as a result of the

inefficiencies of high pH conditions as observed in the previous glucose step tests. The

duration of the run also played a role, given that fewer cells were likely viable towards the

end of the run, resulting in inefficient glucose uptake. The results in this section however

did not explain the characteristic drop in fumarate (observed earlier in regime 2). The

next experiment was therefore carefully designed to investigate the in-situ hydration of

FA to MA as a likely cause for response in regime 2.

4.6.3 Hydration of FA to MA

Naude & Nicol (2018), determined that three conditions were critical for the whole-cell

hydration of FA to MA by R. delemar : (1) pH 7 or higher, (2) nitrogen starvation, and

(3) complete glucose depletion. This neatly corresponds to the conditions in regime 2

that resulted in the characteristic drop in fumarate concentrations. In runs with both

calcium carbonate and magnesium carbonate, all final pH conditions were measured as 7

or higher. Given that the runs were batch experiments, the limited amount of nitrogen

present was likely completely depleted as the run progressed. Lastly, glucose starvation

conditions were clearly present in regime 2, as most of the glucose had already been

converted to fumarate and ethanol. Moreover, a significant amount of carbon was also

channelled to respiration, based on a mass balance determination.

It was then postulated that the characteristic drop in fumarate concentrations was a

result of whole-cell hydration to MA. This was considered a likely explanation as the

drop in FA always corresponded to a further increase in MA concentrations. In the

experiments with additional calcium ions, it was established that the co-production of
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FA and MA (regime 1) was a result of increased calcium concentrations. However, as

could be observed from the MA profiles (Figure 12c), there was an initial rise in MA

concentration, which was then followed by a fairly constant MA profile for the rest of

the cultivation period. The continued increase in MA concentration in regime 2 is then

postulated to be not a result of increased calcium ion concentrations but, rather, the

hydration of FA, resulting in the profiles observed.

In their study, Naude & Nicol (2018) determined the optimum conditions for the hy-

dration of FA to MA, finding that, under aerobic conditions, a significant decrease in

production half-life occurred. Moreover, the mass balance closure was only 95%, an indi-

cation that some of the FA had been channelled to respiration, decreasing the MA yield.

In contrast, the study found that anaerobic conditions resulted not only in faster conver-

sion, but also higher yields. However, their study utilised repeat batch experiments and

externally added fumarate in the form of disodium fumarate. Therefore, to the best of

our knowledge, the production of FA with R. delemar, followed by the in-situ hydration

of FA to MA, has not been previously achieved. An experiment was then designed to

attempt this, in order to prove the postulate that the depletion of FA in regime 2 was a

result of the hydration of FA to MA.

To test this, pH 4 and pH 7 conditions were selected. In the first 72 h of production,

the run was conducted at pH 4, a constant glucose feed rate of 0.329 g L−1 h−1, and a

nitrogen feed rate of 0.625 mg L−1 h−1. The above condition was selected as it has been

previously established to be the optimum for homofumarate production, corresponding

to the highest FA yield reported in the literature with R. delemar (Swart, Ronoh, et

al, 2022). Moreover, this condition also provided an opportunity to exclusively and

productively form FA, which was subsequently used for the next phase. Lastly, the

fact that no glucose accumulation occurred at this condition was an advantage, as the

glucose fed into the reactor could immediately be switched off, quickly ushering in glucose

starvation conditions, a critical requirement for the hydration of FA to occur.

After 72 h, approximately 14.71 g L−1 FA and negligible amounts of MA had been pro-

duced (Figure 15a). The pH was then increased to 7, and the glucose feed switched to

zero. The nitrogen fed was decreased to 0.625 mg L−1 h−1, corresponding to one tenth

of the nitrogen previously fed into the reactor. Anaerobic conditions were induced by

switching off the gas mixture used previously, consisting of 8% CO2, with 18.4% O2, and

purging only CO2 into the reactor. Figure 15 shows the metabolite profiles achieved.

The characteristic drop in fumarate concentrations was observed, while MA titres rapidly

increased, as shown in Figure 15a. After 101 h, the FA concentration had dropped to

9.19 g L−1, and MA had increased to 5.09 g L−1. Given the glucose starvation conditions

43



in the reactor, the sudden increase in MA concentrations and the corresponding depletion

of FA could only be attributed to the hydration of FA to MA. The run was stopped after

112 h, with the final FA and MA concentrations recorded as 4.61 g L−1 and 8.20 g L−1,

respectively. A slight increase in ethanol concentrations was observed after the switch

to anaerobic conditions. This was an indication that some of the FA was being used to

meet the energy requirements, albeit inefficiently due to the anaerobic conditions, thus

resulting in the formation of ethanol.

Figure 15: pH steps, and extracellular concentrations of (a) fumarate, malate and (b) side
products taken from the reactor during fermentation with R.delemar at constant
glucose feed rate of 0.329 g L−1 h−1. After 72 h, the glucose feed was switched to
zero, pH increased to 7, and nitrogen feed decreased to 0.0625 mg L−1 h−1. Anaer-
obic conditions were also induced in this phase.

It can be seen from a comparison of the FA and MA concentrations achieved in this study,

in contrast to the titres and productivities previously reported in the literature and shown

in Table 4, that fumaric acid production with R. delemar has been well developed and

optimised. However, it is clear that there is significant potential for malic acid production

with R. delemar, drawing on the insights from the effect of calcium ions and the hydration

of FA.
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This experiment provided a clear proof of concept—an indication that the drop in fu-

marate concentrations in regime 2 was a result of the hydration of FA. Moreover, this

finding completes the picture of the response in regime 2, explaining the further increase

in MA concentrations as well as the depletion of FA. The implication, therefore, is that

the responses from the two regimes were a consequence of the following: increased cal-

cium ions initiated the co-production of FA and MA (regime 1). The high initial glucose

concentrations in the shake flask cultivations resulted in the maximum respiratory ca-

pacity of R. delemar being exceeded and, as a consequence, the production of ethanol in

significant quantities. As the fermentation progressed, a slight increase in pH occurred

due to increased carbonate concentrations in the fermentation broth. With the onset of

glucose and nitrogen starvation conditions, all the requirements for the hydration of FA

to MA were attained (regime 2).
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5 Conclusion and recommendations

pH plays a critical role in microbial cultures as it directly affects the homeostasis of the

microbe due to changes in acid dissociation, enzyme activities, equilibrium conditions,

diffusion of nutrients into and out of the microbes and the efficiency of energy producing

mechanisms. Calcium carbonate has been used extensively in shake flask fermentations

due to its ability to offer continuous neutralisation, a consequence of its poor solubility.

By varying calcium carbonate concentrations in shaker flask experiments of R. delemar,

two clear regimes were observed: the co-production of FA and MA, and subsequently, the

depletion of FA. The co-production of FA and MA was conclusively linked to increased

calcium ion concentrations, a factor of increased presence of CaCO3. However, the sus-

tained increase in MA concentrations in regime 2, as FA concentrations dropped, could

not be attributed to calcium ions. It was determined that increased concentrations of

insoluble solids neither had an effect on glucose consumption nor the relative production

of FA and MA. An underlying pH trend was observed in the shake flask fermentations.

By carefully increasing the pH in a continuous flow reactor of R. delemar, the reason for

the drop in FA concentrations was uncovered as the hydration of FA to MA, which occurs

at pH 7 (or higher), and at glucose and nitrogen starvation conditions.

These observations were validated in a continuous flow system in which 10.1 g L−1 of

in situ produced FA (at pH 4) was hydrated to 7.41 g L−1 MA (at pH 7). This study

provides the first known evidence for in situ whole cell generation of FA and subsequent

hydration of FA to MA by R. delemar in a single reactor system. Constituently, the

findings presented in this study provides a relatively simple approach for the sustainable

production of malic acid from R. delemar.

The work presented in this research was exploratory in nature and therefore provides the

basis for further optimisation work in future. One such optimisation opportunity lies in

the investigation into the effect of nitrogen on FA production and the subsequent hydra-

tion step to MA. While numerous studies have been conducted in a bid to determine the

optimum urea feed rate for maximal fumaric acid production with R. delemar, the extent

of the role that nitrogen plays in the hydration of FA to MA is yet to be fully described.

Reactor operation is also another area that shows great promise. As a prominent facul-

tative anaerobe, R. delemar can function aerobically or anaerobically, with the former

linked to high FA yields and titres. Anaerobic conditions on the other hand were found

to significantly improve the hydration process. There is therefore room to optimise the

switch from aerobic conditions to anaerobic conditions in the in situ whole cell generation

of FA and the subsequent hydration process, with special attention given to eliminating

ethanol production thus increasing the conversion efficiency.
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Additionally, a study on the determination of the optimum temperature for the hydration

step could also result in a significant increase in MA yields and titres.
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Kövilein, A, Kubisch, C, Cai, L and Ochsenreither, K (2019) “Malic acid production

from renewables: a review” Chemical Technology and Biotechnology, (December) doi:

10.1002/jctb.6269.
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Appendix A

Particle Size Distribution
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Appendix B

Glycerol profiles

Figure 16: Extracellular concentrations of glycerol during shake flask cultivation of R. dele-
mar with different plaster sand concentrations. Results are the mean of triplicate
experiments and error bars indicate the standard deviation.

Figure 17: Extracellular concentrations of glycerol during shake flask cultivation of R. delemar
with different calcium ion concentrations. 20 g L−1 CaCO3 was used for pH control
as a baseline amount in these experiments and additional 5, 10 and 20 g L−1 calcium
ions were added onto the baseline in the form of CaCl2.
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Appendix C

IEA License
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Appendix D

HPLC Standard Calibration Curves
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