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SUMMARY 

The production of energy and valuable products via petroleum refineries could be partially 

replaced by biorefineries that are utilising renewable biomass as substrate. For example, an 

important metabolite such as malic acid in fruit wastes, like apple and grape pomace, could 

serve as a substrate for microbial conversion to organic acids and other green chemicals.  

Specific waste sources were investigated to isolate native yeast strains that may have 

acquired improved malic acid degradation abilities. The 98 new isolates from grape, apple and 

plum waste were screened for their ability to degrade extracellular malic acid relative to 50 

known strains. Most (94%) of the new isolates degraded more than 50% of the malic acid in 

both the presence and absence of glucose, whereas only 14% of the known strains could do so, 

thus confirming the value of exploring and exploiting natural biodiversity for new candidates. 

The eight best isolates were evaluated in synthetic media, with two strains showing potential 

for the production of ethanol and acetic acid during aerobic and oxygen-limited growth on 

apple and grape pomace.  

The screening of yeasts led to the identification of Saccharomyces cerevisiae strain 61 that 

showed stronger malic acid-degrading capabilities than expected for this species. Preliminary 

characterisation revealed that strain 61 degraded malic acid in synthetic media more efficiently 

(potential for application in the wine industry), produced significantly higher biomass 

(potential for recombinant protein expression in S. cerevisiae) and is more heat-resistant 

(potential for consolidated bioprocessing) than commercial wine yeasts.  

Recombinant S. cerevisiae strains were constructed to express either the Candida krusei 

(Ckr_fum) or the codon-optimised Escherichia coli (Eco_fum) fumarase gene with or without 

the XYNSEC secretion signal of Trichoderma reesei xylanase 2. These strains were further 

engineered to co-express the Schizosaccharomyces pombe transporter (mae1) gene for the 

active uptake of malic acid. Both strains 5A and 31B(p1), expressing the Ckr_fum and mae1 

genes [31B(p1) also contains the XYNSEC secretion signal], produced fumaric acid from 

extracellular malic acid. Our findings illustrate that disruption of the natural FUM1 gene in 

S. cerevisiae strains is beneficial when using malic acid as a substrate for fumaric acid 

production. The inclusion of a transporter allowed for better malic acid degradation and quicker 

fumaric acid production, and the yeast fumarase was more effective than the bacterial fumarase 
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for fumaric acid production. Strain 5A was able to produce 0.065 g/L fumaric and 2.55 g/L 

ethanol after 72 h on grape pomace, suggesting that this strain may have potential application 

for a fruit waste biorefinery following optimisations.  

This study resulted in the isolation of a number of yeast strains with the ability to utilise 

malic acid, including S. cerevisiae strain 61. After unravelling the reason(s) for its enhanced 

malic acid utilisation, this strain could be a promising candidate for the development of a 

fumaric acid-producing biorefinery host strain. However, this would require the construction 

of a recombinant strain expressing an effective fumarase and dicarboxylic acid transporter, 

with the Ckr_fum and mae1 genes as potential candidates. 
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OPSOMMING 

Die produksie van energie en waardevolle produkte deur middel van petroleum raffinaderye 

kan gedeeltelik deur bioraffinaderye vervang word wat hernubare biomassa as substraat benut. 

Byvoorbeeld, ‘n belangrike metaboliet soos appelsuur wat in vrugte-afval soos appel- en 

druiwereste voorkom, kan as substraat gebruik word vir mikrobiese omskakeling na organiese 

sure en ander groen chemikalieë. 

Spesifieke afvalbronne is ondersoek om inheemse gisrasse met beter appelsuur-

afbraakvermoë te isoleer. Die 98 nuwe isolate vanuit druiwe, appel en pruimreste se vermoë 

om ekstrasellulêre appelsuur af te breek is met 50 bekende gisstamme vergelyk. Die meeste 

(94%) van die nuwe isolate kon meer as 50% appelsuur in beide die teenwoordigheid en 

afwesigheid van glukose afbreek, terwyl slegs 14% van die bekende stamme dieselfde kon 

doen. Dit bevestig dat die ondersoek en ontginning van natuurlike biodiversiteit waardevol kan 

wees vir die isolasie van nuwe kandidate. Die agt beste isolate is in sintetiese media geëvalueer, 

met twee stamme wat potensiaal vir die produksie van etanol en asynsuur tydens aërobiese en 

suurstofbeperkte groei op appel- en druiwereste getoon het. 

Die sifting van giste het gelei tot die identifisering van Saccharomyces cerevisiae stam 61 

met 'n sterker vermoë vir die afbraak van appelsuur as wat vir hierdie spesie verwag word. 

Voorlopige karakterisering het aangedui dat stam 61 appelsuur in sintetiese media meer 

doeltreffend kon afbreek (potensiaal vir toepassing in die wynbedryf), aansienlik hoër 

biomassa produseer (potensiaal vir rekombinante proteïenuitdrukking toepassings in 

S. cerevisiae) en meer hittebestand (potensiaal vir gekonsolideerde bioprosessering) as 

kommersiële wyngiste was.  

Rekombinante S. cerevisiae-stamme is gekonstrueer om die Candida krusei (Ckr_fum) of 

die kodon-geoptimaliseerde Escherichia coli (Eco_fum) fumarasegeen met of sonder die 

XYNSEC sekresiesein van Trichoderma reesei xylanase 2 uit te druk. Hierdie rasse is verder 

aangepas vir mede-uitdrukking van die Schizosaccharomyces pombe (mae1) 

malaattransportergeen vir aktiewe opname van appelsuur. Die 5A en 31B(p1) stamme wat die 

Ckr_fum en mae1 gene uitdruk [31B(p1) bevat ook die XYNSEC sekresiesein], kon 

fumaarsuur uit ekstrasellulêre appelsuur produseer. Ons bevindinge illustreer dat ontwrigting 

van die natuurlike FUM1-geen in S. cerevisiae-stamme voordelig is wanneer appelsuur as 'n 
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substraat vir fumaarsuurproduksie gebruik word. Die insluiting van 'n transportergeen het tot 

beter appelsuurafbraak en vinniger fumaarsuurproduksie gelei, en die gis-fumarase was meer 

effektief vir fumaraatproduksie as die bakteriële fumarase. Stam 5A het 0,065 g/L fumaarsuur 

en 2,55 g/L etanol na 72 uur se groei op druiweafval geproduseer, wat aandui dat hierdie gisras 

moontlike toepassings in 'n vrugteafval bioraffinadery kan vind na die afloop van verdere 

verbeteringe. 

Hierdie studie het gelei tot die isolasie van ŉ aantal gisstamme met die vermoë om 

malaatsuur te benut, insluitende S. cerevisiae stam 61. Na ontrafeling van die meganismes(s) 

vir sy verbeterde appelsuurbenutting, kan hierdie stam 'n belowende kandidaat vir die 

ontwikkeling van 'n fumaarsuur-produserende bioraffinaderygasheer wees. Dit sal egter die 

konstruksie van ŉ rekombinante stam benodig wat ŉ effektiewe fumarase en dikarboksielsuur- 

transporter uitdruk, met die Ckr_fum en mae1 gene as potensiële kandidate. 
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1.1  Introduction 

Limited fossil resources are currently being used for the industrial production of fuel and a 

range of value-added products – even though the use of these substrates is deleterious to the 

environment and human health [6, 7]. Due to the challenge of providing energy and food 

security in addition to sustainable development, the use of bioenergy (such as bioethanol) has 

become a global priority [3, 4, 7]. Bioenergy is defined as renewable energy that utilises 

materials derived from biological sources, such as ‘first-generation’ bioethanol produced from 

starch and sugar substrates (e.g. beet, dedicated crops and sugarcane) [6]. Unfortunately, these 

raw materials are also used for human food and animal fodder, resulting in undesirable fuel-

versus-food competition. The production of ‘second-generation’ bioethanol has thus become 

more attractive – using abundant raw materials and/or by-products/wastes from human 

activities that do not have important alternative uses. 

The industrial production of biofuels would be more profitable if high-value products could be 

generated in addition to ethanol by applying the biorefining concept. Ideally, relatively cheap 

substrates (such as agricultural wastes) are hydrolysed by microbial enzymes to release various 

constituents that can either be isolated or used as substrates for the production of ethanol and 

other high-value chemicals (e.g. organic acids such as fumaric, lactic or succinic acid) [8]. The 

biorefinery concept has been proposed for value-addition to various substrates [5, 8], but there 

is still room for the exploration and improvements of yeast strains capable of both substrate 

hydrolysis and converting intermediates to organic acids.  

Apples and grapes are produced in large quantities in the Western Cape and both crops generate 

significant amounts of pomace during processing [14]. Second-generation bioethanol could 

potentially be produced with yeast strains that ferment the residual sugars and hydrolysed 

lignocellulosics in these feedstocks [11]. In addition, the L-malic acid in both apple and grape 

wastes [2, 13] could be converted to high-value organic acids, such as fumaric acid.  

Malic acid is widely found in fruits, plants and animals [16] and represents an important 

intermediate of respiratory cell metabolism as it is involved in both the tricarboxylic acid 

(TCA) cycle and the glyoxylic acid cycle (GAC) [10, 18]. Although yeasts do not naturally 

produce organic acids in large quantities [1], S. cerevisiae with its GRAS status, pH tolerance, 

robustness, simple nutrient requirements and long history as an industrial workhorse could be 

an excellent biorefinery host. Yeast species can be classified into two groups based upon 
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whether or not they can metabolise TCA cycle intermediates as sole carbon or energy source 

[17], with the first report of a yeast metabolising extracellular malic acid dating back to 1914 

[9, 15]. However, the ability to efficiently metabolise malic acid has been proven to be species- 

and strain-dependant [10, 15], with S. cerevisiae generally regarded as a poor metaboliser [12]. 

Different routes could be explored to obtain S. cerevisiae strains that can convert malic acid in 

fruit waste substrates to other high-value organic acids such as fumaric acid. One route involves 

the isolation and screening of natural yeast strains from niches where malic acid is prevalent, 

assuming that these isolates have evolved effective mechanisms to utilise the malic acid for the 

production of other organic acids. The other route is genetic engineering of an S. cerevisiae 

strain through the recombinant expression of the enzymes or metabolic pathways required for 

the transport and bioconversion of malic acid. In this study, we explored both routes – isolating 

natural malic acid-utilising strains and recombinant expression of malic acid transporter and 

fumarase genes. The latter contribute to our understanding of the enzymes required for efficient 

malic acid utilisation and fumaric acid production and how they can potentially impact the 

carbon flux, i.e. glucose to ethanol/other products in a biorefinery set-up. 

 

1.2 Aims and objectives 

The first aim was to isolate and screen natural yeast strains as malic acid-degrading candidates 

for a fruit waste biorefinery, with the following main objectives: 

• Exploring the natural biodiversity of yeasts in pomace wastes by isolating native yeast 

strains from fruits rich in malic acid (such as apples, grapes and plums).  

• Evaluating these native isolates relative to 50 yeast strains selected from culture 

collections for their ability to degrade extracellular malic acid.  

• Identifying the most promising candidates for the conversion of malic acid to more 

valuable organic acid(s) or green chemicals. 

 

The second aim was to metabolically engineer yeast strains to utilise glucose and malic acid 

(such as those in fruit wastes) to ethanol as well as high-value organic acids (specifically 

fumaric acid). This entailed two main objectives: 

• Understanding the organic acid metabolic pathways and the enzymes required for 

effective malic acid utilisation and potential fumaric acid production. 

Stellenbosch University  https://scholar.sun.ac.za



19 

• Construct recombinant yeast strain(s) by cloning and expressing the required genes, 

followed by cultivations to analyse the intermediate and final products to demonstrate 

the bioconversion of malic acid to fumaric acid. 

In meeting these objectives, we thus aim to identify and/or construct malic acid-degrading yeast 

candidate(s) in support of a biorefinery concept where high-value organic acids (such as 

fumaric acid) can be produced from fruit wastes rich in malic acid. 

The dissertation is presented as a compilation of six chapters. The aims and objectives are 

discussed here in Chapter 1, while Chapter 2 comprises a literature review on the potential 

use of (natural vs. genetically modified) yeasts to produce industrially important organic acids 

in a more environmentally friendly way, thus providing some background to the project. A 

selection from Chapter 2 was published in a review, ‘Potential valorization of organic waste 

streams to valuable organic acids through microbial conversion: A South African case study’. 

Chapters 3 to 5 are presented as research manuscripts that address the aims of the project, with 

Chapter 3 describing the isolation and screening of 98 new yeast isolates for their ability to 

degrade extracellular malic acid relative to 50 previous isolates. This chapter was published in 

its entirety as a research paper, ‘Valorization of apple and grape wastes with malic acid-

degrading yeasts’. One of the isolates, S. cerevisiae strain 61, with stronger malic acid-

degrading capabilities than expected, was provisionally characterised for its potential 

application(s) in Chapter 4. The second aim, i.e. the construction of recombinant strains 

expressing malic acid transporter and fumarase genes, is addressed in Chapter 5. Chapter 6 

includes a general discussion, the main conclusions as well as suggestions for future work. 

 

1.3 Outputs 

The following outputs from this study have been achieved or are foreseen: 

Research paper in international journals 

1. Steyn, A., M. Viljoen-Bloom, W.H. van Zyl. 2021. Valorization of apple and grape 

wastes with malic acid-degrading yeasts. Folia Microbiologica, 66:341-354.  

2. Njokweni, S., A. Steyn, M. Botes, M. Viljoen-Bloom and W.H. van Zyl. 2021. Potential 

valorization of organic waste streams to valuable organic acids through microbial 

conversion: A South African case study. Catalysts 11, 964. 
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3. Steyn, A., M. Viljoen-Bloom, W.H. van Zyl. Constructing a recombinant Saccharomyces 

cerevisiae strain capable of fumaric acid production from extracellular malic acid as a 

carbon source. Manuscript in preparation. 

4. Steyn, A., M. Viljoen-Bloom, W.H. van Zyl. Evaluation of novel malic acid-degrading 

Saccharomyces cerevisiae strain 61 for wine-biotechnological applications. Manuscript 

in preparation. 

 

Conference contributions 

1. Steyn, A., Viljoen-Bloom, M. and Van Zyl, W.H. 2019. Evaluating yeast strains for 

malic acid utilisation in a biorefinery application. 15th International Conference on Renewable 

Resources & Biorefineries (3–5 June 2019), ENSIACET, Toulouse, France. 

2. Steyn, A., Viljoen-Bloom, M. and Van Zyl, W.H. Potential of novel malic acid-

degrading Saccharomyces cerevisiae strain 61: Applications in the wine industry and/or fruit 

waste biorefineries. To be submitted to 18th International Symposium on Microbial Ecology, 

August 2022. 
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2.1  Introduction 

Fossil resources are utilised for the industrial production of a large range of value-added 

products [34]. Many of these products could be replaced by bio-based analogues, but they 

remain second in production due to the lower costs and optimised production processes 

associated with the fossil-based industry [34]. In contrast to fossil resources, bio-based 

products utilise renewable feedstocks and form part of the ‘green chemistry principle’ that was 

introduced during the 1990s by the Environmental Protection Agency 

(https://www.epa.gov/greenchemistry/basics-green-chemistry#twelve). Renewable feedstocks 

include municipal waste streams, invasive plants, forestry residues and agricultural wastes 

(including fruit waste streams). Since it is not a first-generation feedstock, fruit waste biomass 

is a potential substrate that doesn’t compete with food sources (such as corn and sugar cane) 

[12]. Furthermore, the International Energy Agency (IEA, Paris, France) defined sustainable 

biomass as having reduced carbon emissions, low water requirements and not lowering the 

national biodiversity by taking up too much land [53].  

Significant amounts of fruit are produced globally (>742 MMT/year), with South Africa 

producing more than 7 MMT/year (Table 2.1). However, significant amounts of fruit wastes 

(more than 1.3 BMT in 2017) are generated, with as much as 60% being lost or wasted during 

the production, handling, storage, processing, distribution and consumption of fresh and 

processed fruits [106]. 

Table 2.1 Fruit production (million metric ton) in 2019 [36, 106]. 

Fruit Crop World (MMT) South Africa (MMT) 

Citrus 108.04 2.58 

Grapes 77.14 1.99 

Apples 87.24 0.89 

Bananas 11.68 0.41 

Pears 23.92 0.41 

Peaches and nectarines 25.74 0.14 

Pineapples 28.18 0.11 

Mangoes and guavas 55.85 0.11 

Watermelons and melons 12.79 0.09 

Plums 12.60 0.06 

Total of all fruits 742.83 7.06 

 

Stellenbosch University  https://scholar.sun.ac.za



24 

Potential biorefinery substrates include wastes from citrus, grapes and apples, the three main 

fruit crops produced in South Africa (Table 2.1). Fruit processing methods such as drying, 

canning, juicing and winemaking produce large quantities of liquid and solid waste. For 

instance, roughly 50% of citrus, 25–35% of apples and 20% of grapes amount to waste after 

processing [6, 31]. Although the composition of these fruit wastes varies depending on climate, 

harvesting years, fruit cultivars, cultivation and processing methodology, the proximate 

composition of fruit wastes can provide insight into the available carbon in these substrates. 

For example, grape pomace can contain 19–38% total dietary fibres, 3.68–29.20% pectin and 

15–33% total sugar [13, 117, 120, 127]. The biggest part of grape pomace consists of the skins 

and seeds, although remains from the fruit pulp and sometimes even the stems can also be 

present [40]. Apple pomace from different varieties can contain 26.8–82.0% total dietary 

fibers, 3.5–14.32% pectin, 11.5–49.8% fructose, 2.5–22.7% glucose and 0.05–3.28% malic 

acid [8]. It is also well-known that high concentrations of organic acids (such as citric, malic 

and tartaric acid) contribute towards the low pH of grape pomace, with a recent study reporting 

up to 19.4 g/kg malic acid in Chardonnay grape pomace [126].  

Biorefineries are considered the best approach to utilise and valorise biomass to its maximum 

extent [34]. The concept of biorefining has been explained as ‘the sustainable processing of 

biomass into a spectrum of marketable products and energy’ [22]. The biorefinery concept is 

analogous to the petroleum refinery, which generates various fuel and chemical products from 

petroleum. A biorefinery is thus a facility or group of facilities capable of integrating a variety 

of technologies to separate biomass resources into their building blocks, which can 

subsequently be converted into several value-added products [21, 66]. For a biorefinery process 

and its products to be sustainable in the long term, it requires a dependable supply of substrates 

or starting materials [66]. The design of a biorefinery system thus requires identifying and 

quantifying the potential feedstocks that will maximise the outputs, i.e. value-added products 

and energy. 

In 2004, the U.S. Department of Energy (DOE, Washington, DC, USA) released a list of ‘Top 

Value-Added Chemicals from Biomass’ that included carboxylic acids, such as volatile fatty 

acids (VFAs), lactic acid and different 4–6 carbon dicarboxylic acids [137]. The importance of 

organic acids is supported by their respective global market values (Table 2.2) and numerous 

applications in various important industries. Compared to the value of bioethanol of about USD 

900/MT, the current value of organic acids can vary from about 600 USD/MT for acetic acid 
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to more than USD 2000/MT for C4-C6 carboxylic acids. Organic polymers (such as polylactate) 

used in plastics have reached values of more than USD 3500/MT and the lactic acid derivative, 

ethyl lactate, as high as USD 4400/MT [61, 80]. 

Whilst the fibre content in fruit wastes could be readily converted to VFAs using the 

carboxylate platform [87], the production of high-value lactic or dicarboxylic acids from the 

remaining sugars and organic acids in fruit wastes could potentially increase the economic 

viability of biorefineries aimed at providing bioethanol as an alternative to petroleum-based 

fuels.  

Table 2.2 Global market sizes of important organic acids. 

Organic Acid Global Market Size and CAGR * Reference 

Acetic acid USD 9.3 billion in 2020; CAGR of 5.2%  [42] 

Citric acid USD 3.6 billion by 2020; CAGR of 5.5% [82] 

Fumaric acid USD 660.9 million by 2020; CAGR of 6.1% [57] 

Lactic acid USD 2.7 billion in 2020, CAGR of 8.0% [42] 

Succinic acid USD 198.5 million in 2020; CAGR of 9.2% [42] 

* CAGR = compound annual growth rate. 

 

2.2 Use of microbial hosts to produce industrially important organic acids 

As intermediates of the tricarboxylic acid (TCA) cycle, organic acids play an important 

metabolic role in all living cells for the production of reduced NADH and FADH2 as well as 

other cellular components. These organic acids such as acetic, lactic, citric, fumaric, succinic 

and malic acid, have functional groups that render them suitable as potential building blocks 

for the commercial production of other high-value chemicals [109]. Citric, fumaric, succinic 

and malic acids are (mitochondrial) TCA cycle intermediates, whereas lactic and acetic acids 

are usually produced in the cytosol from malic acid and pyruvic acid, respectively. A simplified 

representation of the TCA cycle (Fig. 2.1) indicates the respective hexose (C6) and pentose 

(C5) inputs via the Embden–Meyerhof–Parnas (EMP) and pentose phosphate pathway (PPP), 

as well as other pathways related to organic acid intermediates of interest (highlighted in the 

text boxes). These pathways include malolactic fermentation, the glyoxylic acid cycle (GAC), 

malate-pyruvate interconversion and oxaloacetate-pyruvate conversion. 

Stellenbosch University  https://scholar.sun.ac.za



26 

 

 
 

Fig. 2.1 Metabolic pathways for bioconversion of C5-C6 sugars to organic acids in S. cerevisiae. 

Steps in the TCA cycle, as well as Embden–Meyerhof–Parnas (EMP) and pentose phosphate (PPP) 

pathways, are indicated by solid lines, whereas alternative bioconversions are indicated by dashed lines, 

i.e. a recombinant malolactic fermentation (MLF) pathway and the glyoxylic acid cycle (GAC). Grey 

dashed arrows indicate a pathway often deleted or interrupted (such as PDC and ADH to produce lactic 

acid) or an alternative pathway utilised (such as ME for the conversion of malate to pyruvate). The 

relevant enzymes are indicated as: ADH (alcohol dehydrogenase); CS (citrate synthase); FRD (fumarate 

reductase); FUM (fumarase); IDH (isocitrate dehydrogenase); LDH (lactate dehydrogenase); MDH 

(malate dehydrogenase); ME (malic enzyme); MLE (malolactic enzyme); MS (malate synthase); OAD 

(oxaloacetate decarboxylase); OGDH (α-ketoglutarate dehydrogenase); PC (pyruvate carboxylase); 

PDC (pyruvate decarboxylase); SDH (succinate dehydrogenase). 

Malic acid, an important intermediate of the TCA and the GAC [104, 135], could potentially 

serve as a substrate for bioconversion to other high-value organic acids associated with the 

TCA cycle. Malic acid (also known as hydroxybutaneoic or hydroxysuccinic acid) is present 

in fruits, plants and animals [125] with the L-stereoisomer representing the biologically active 

form used in the food and beverage industry. Malic acid is abundant in both grape and apple 

pomace, which are produced in significant quantities in the South African agricultural industry. 
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Malic acid is also found in vegetables such as Asparagus and Brassica species [119] and other 

plants such as Cichorium intybus, hops (Humulus lupulus) and Taraxacum obovatum [108]. 

Given the pivotal metabolic role and natural abundance of malic acid, our subsequent 

discussions will focus on the production of high-value organic acids that can be derived from 

L-malic acid, with special emphasis on yeast strains as potential cell factories. 

Although yeast species are not known as natural producers of organic acids, the TCA cycle is 

operational in their mitochondrion under aerobic conditions. Yeasts are well-established robust 

industrial microorganisms with good acid tolerance that enables fermentation at low pH levels 

and thus reduces the need for neutralisation and simplifies downstream separation/purification 

processes. These characteristics render yeasts attractive as potential hosts to produce organic 

acids in a waste-based biorefinery. More detail on the current production processes for several 

high-value organic acids, how they could be derived from malic acid and their potential 

applications will be discussed in the following section. 

 

2.3 Production of organic acids  

2.3.1 Acetic acid 

Acetic acid, a two-carbon volatile organic acid and traditional food preservative is regarded as 

an important platform chemical that is mainly produced via synthetic production methods that 

rely on petroleum-derived acetaldehyde, butane, ethylene or methanol [1]. Although not 

included on the DOE list, the production of vinyl acetate monomers (VAM) from acetic acid 

serves as a driving force in the global demand for this organic acid [82]. Acetic acid is also 

used in the food industry as an acidity regulator and condiment (vinegar), for the production of 

industrial cellulose acetate and as a descaling agent in households. It is estimated that only 10% 

of the global acetic acid production is achieved via biological routes [96, 130] with prokaryotes 

as the main microbial players. Acetic acid bacteria can oxidise ethanol under aerobic conditions 

to produce acetic acid, whilst acetogens can convert hexose into three molecules of acetic acid 

under anaerobic conditions [77]. Previous studies focused on Acetobacter species and a recent 

review [130] on biotechnical acetic acid production provides more detail on the relevant 

pathways.  
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Yeasts as acetic acid production hosts have not gained much attention and the presence of 

acetic acid is often unwanted in yeast-based industries (such as winemaking). However, the 

production of this organic acid as part of a biorefinery concept could be attractive due to its 

growing market [64]. Some studies have suggested the use of renewable substrates (such as 

apple pomace) to produce bioethanol that could subsequently be converted to higher levels of 

acetic acid [91, 129]. To produce acetic acid from malic acid, the conversion of the latter to 

pyruvate (via the malic enzyme) would potentially allow for acetic acid formation (Fig. 2.1). 

2.3.2 Citric acid 

Citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid) with its non-toxic nature, GRAS status 

and pleasant sour taste is considered to be one of the most important natural organic acids 

(Table 2.3) [111]. Like malic acid, it can be found in a variety of fruits such as berries, grapes, 

lemons, limes, oranges and tangerines. Its extensive use as an acidulant, antioxidant, buffer, 

emulsifier and preservative in food industries as well as its application in chemical, medical 

and pharmaceutical industries, add to its massive global market value. Production of this 

organic acid can be done via physical or chemical methods, which are complex, expensive and 

not environmentally friendly [49, 142, 143]. Efficient and continuous production methods are 

required to meet the high demand for this organic acid that far exceeds its current supply. 

Microorganisms that can produce citric acid, some of which are being utilised in industry, 

include bacteria such as Arthrobacter paraffinens, Bacillus licheniformis, Bacillus subtilis and 

Corynebacterium species; fungi such as Aspergillus aculeatus, Aspergillus awamori, 

Aspergillus carbonarius, Aspergillus flavus, Aspergillus foetidus, Aspergillus fonsecaeus, 

Aspergillus niger, Aspergillus phoenicis, Mucor piriformis, Penicillium janthinellum, 

Penicillium restrictum, Talaromyces species, Trichoderma viride and Ustulina vulgaris; as 

well as yeasts such as Candida citroformans, Candida guilliermondii, Candida intermedia, 

Candida lipolytica, Candida oleophila, Candida tropicalis, Hansenula anomala, 

Saccharomycopsis lipolytica and Yarrowia lipolytica [63, 90, 111]. 

 

Stellenbosch University  https://scholar.sun.ac.za



29 

Table 2.3 Summary of yeast strains producing citric acid via different strategies 

Organic 

acid 

Microbial 

strain 
Genetic modifications Substrate; culturing method 

Titer 

(g/L) 

Yield 

(g/g) 

Productivity 

(g/L/h) 
Reference 

Citric 

acid 

(refer to 

review 

[111]) 

Y. lipolytica 

Wratislavia 1.31 

Acetate-negative mutant was 

obtained after wild strain 

Y. lipolytica A-101 was exposed to 

UV irradiation 

Crude glycerol (86% wt/wt); fed-batch 

fermentation 
155.20 0.55 0.6 [103] 

S. lipolytica 

NTG9 

A citrate non-utilising strain (NTG9) 

was obtained after mutagenesis of 

S. lipolytica ATCC 20228 with 

nitrosoguanidine 

Canola oil; NBS MultiGen fermenter 152.30 1.13 n/a [41] 

Y. lipolytica 

NG40/UV5 

Mutagenesis with UV irradiation and 

N-methyl-NT-nitro-N-

nitrosoguanidine 

Rapeseed oil; 10-L ANKUM-2M fermenter 140.0 1.50 1.46 [84] 

Y. lipolytica 

1.31 

Acetate-negative mutant was 

obtained after mutagenesis 
Glycerol; stirred tank bioreactor 124.5 0.62 0.88 [102] 
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As citric acid and malic acid both form part of the TCA cycle, many microbes already have the 

main metabolic pathway for the conversion of malic acid to citric acid – although optimisation 

may be required. Sawant et al. [111] reviewed the bacterial and fungal candidates and their 

relevant adaptations towards citric acid production. A summary of noteworthy yeast strains 

developed for citric acid production is provided in Table 2.3. Interestingly, mutant acetate-

negative Yarrowia strains showed lower selectivity towards undesirable isocitric acid as a by-

product [102]. Aspergillus niger, the main microbial candidate for which several commercial 

strains have been developed [1, 7, 44, 54, 62, 79], is routinely used for commercial citric acid 

production via submerged fermentation on carbohydrate substrates such as molasses. However, 

the high probability of cation contamination requires tight control of process parameters [24, 

84, 111] and the sensitivity to trace metals and other impurities have limited the utilisation of 

inexpensive carbon and nitrogen sources [109]. 

2.3.3 Fumaric acid 

Fumaric acid (one enzymatic reaction away from malic acid in the TCA cycle) (Fig. 2.1) is 

used in the agricultural, chemicals, food and beverage as well as pharmaceutical industries 

[48]. Some of the primary applications include the production of alkyd-, paper- and 

unsaturated-polyester resins and plasticisers [69], whereas the unique flavour and non-toxicity 

of fumaric acid allow for its use as an acidulant in food, beverages and animal feed [48]. 

Commercial fumaric acid is generally synthesised via maleic acid isomerisation with mineral 

acids, peroxy compounds or thiourea as catalysts [48]. The high-yielding petrochemical 

synthesis of fumaric acid remains the most widely used production method, but requires high 

temperature and results in by-products that reduce the fumaric acid yields [48, 78]. 

There have been promising reports on the production of fumaric acid via microbial 

fermentation with natural (wild) or mutagenised strains, whereas other researchers have turned 

to metabolically engineered strains. Mucoralean fungi of the genus Rhizopus are considered as 

the main natural producers of fumaric acid and include species such as R. arrhizus, R. formosa, 

R. nigricans and R. oryzae [32, 37, 38, 46, 65, 97–99, 140, 146]. Whereas R. arrhizus, with a 

high production value of 121.0 g/L (but a yield of only 0.37 g/g glucose), was once considered 

the most suitable fungal strain for fumaric acid production, R. oryzae has become the 

frontrunner due to a higher yield (0.91 g/g), productivity (4.25 g/L/h) and lower nutritional 

requirements [15, 71, 133]. Other Mucoralean fungi (Cirnella and Cunninghamella species), 
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non-Mucoralean fungi (Aspergillus glaucus, Caldariomycels fumago and Penicillum 

griseofulvum) and bacteria (Bacillus macerans, Erwinia chrysanthemi, Thermoanaerobacter 

ethanolicus and Zymomonas mobilis) have also been reported as fumaric acid producers [52, 

74, 83]. For a more detailed discussion on fungal and bacterial candidates and relevant 

adaptations towards fumaric acid production, please refer to a review by Guo et al. [48]. 

Although yeasts are not generally known as organic acid producers, strains of Brettanomyces, 

Candida utilis, Pachysolen tannophilus and Scheffersomyces stipitis produce fumaric acid [48, 

124]. With their higher resistance to acidic environments and non-hyphal nature, yeast strains 

could be competitive alternative microbial hosts to produce organic acids such as fumaric acid. 

Various yeast strains have been adapted for fumaric acid production using different genetic 

modifications and expression systems, including S. cerevisiae, Candida glabrata (previously 

known as Torulopsis glabrata) and S. stipitis (Table 2.4). The expression of hopefully ‘better’ 

enzymes and transporters are often involved in the genetic modifications of the yeast 

candidates.  

To produce fumaric acid from malic acid using microbial bioconversion, the simplest route 

would be via the reductive TCA pathway with the help of fumarase. As indicated in Table 2.4, 

the native fumarase gene of S. cerevisiae is often deleted in recombinant organic acid-

producing strains given its irreversible conversion of fumarate to malate [141]. A positive 

aspect of a reversible fumarase conversion of malate to fumarate is the energy-neutrality of the 

step. The expression of a Schizosaccharomyces pombe transporter (encoded by mae1) is 

another popular modification to allow for the export of fumaric acid. 

As indicated in Table 2.4, most previous studies used pure glucose or sugars obtained from 

lignocellulosic biomass hydrolysates as a substrate for fumaric acid production. However, a 

recent study evaluated the direct use of agro-industrial residues as feedstock and strategies to 

improve fumaric acid fermentation titres [114]. Immobilised R. oryzae cells grown on 

polystyrene foam beads produced 7.9 g/L fumaric acid from apple pomace ultrafiltration sludge 

as sole feedstock and 6.3 g/L fumaric acid with free mycelial fermentations, showing promise 

for a fungal fumaric acid-producing fruit waste-based biorefinery. 
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Table 2.4 Summary of yeast strains producing fumaric acid via different strategies 

Organic 

acid 
Microbial strain Genetic modifications 

Substrate; 

culturing method 

Titer 

(g/L) 

Yield 

(g/g) 

Productivity 

(g/L/h) 
Reference 

Fumaric 

acid 

(refer to 

review 

[48]) 

S. cerevisiae TGFA091-16 

Expression of RoMDH-SDH1, RoPYC-KGD2-

SUCLG2 and SFC1-SpMAE1; Deletion of thi2, 

fum1, ura3, leu2, trp1 and his3; RNA switches of 

sRNA-RHR2 and sRNA-PDC6; DNA Scaffold 

(1:2) 

Glucose; shake 

flasks 
33.1 0.33 n/a [20] 

C. glabrata T.G‐4G‐S(1:1:2)‐

P(M)‐F(H) 

Expression of ADB1-RoPYC-AsPCK-SpMAE1 

and ADB2-RoMDH-ScFDH1-ADB3-RoFUM; 

Deletion of ura3 and arg8; Scaffold (1:1:2) 

Glucose; batch 

fermentation 
21.6 0.22 0.30 [18] 

C. glabrata-KS(H)-S(M)–A-2 S 
Expression of kgd2, SUCLG2, sdh1, Spmae1, sfc1 

and ASL; Deletion of ura3 and arg8 

Glucose; shake 

flasks 
15.8 0.15 0.21 [17] 

T. glabrata-ASL(H)-ADSL(L)-

SpMAE1 

Expression of ASL, ADSL and SpMAE1; Deletion 

of ura3 and arg8 

Glucose; shake 

flasks 
8.8 0.15 0.12 [19] 

R. oryzae NRRL 1526 
(R. oryzae immobilised on polystyrene foam 

beads) 

Apple pomace 

ultrafiltration sludge; 

shake flasks 

7.9 n/a n/a [114] 

S. cerevisiae FMME004-6 
Expression of RoPYC, RoMDH and RoFUM1; 

Deletion of thi2 and fum1 

Glucose; shake 

flasks 
5.6 0.11 0.06 [138] 

S. stipitis PSYPMFfS 
Expression of Ymae1; Deletion of ura3, leu2, 

Psfum1 and Psfum2 
Xylose; shake flasks 4.7 0.10 n/a [136] 

S. cerevisiae FMME-001 

↑PYC2 + ↑RoMDH 
Expression of RoMDH, RoFUM1 and pyc2 

Glucose; shake 

flasks 
3.2 0.05 0.03 [139] 
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2.3.4 Succinic acid 

Succinic acid (two enzymatic reactions away from malic acid in the TCA cycle, Fig. 2.1) has 

application in the agricultural, food and pharmaceutical industries in addition to its use as an 

ion chelator and surfactant [5]. It serves as a precursor for various valuable industrial chemicals 

and the synthesis of biodegradable and/or bio-based polymers such as polyamides (Nylon x,4 

and polybutylene succinate) [23], which have important applications in the plastics industry. 

Succinic acid is mainly produced via the petrochemical route with catalytic hydrogenation of 

maleic anhydride or maleic acid [59, 67]. 

The microbial hosts that naturally produce succinic acid are often capnophilic in nature [11] 

and most of the bacteria that produce significant titres, such as Actinobacillus succinogenes, 

Anaerobiospirillum succiniciproducens, Bacteroides fragilis and Mannheimia 

succiniciproducens, originated from the rumen of ruminants (see previous reviews [5, 26] for 

detailed descriptions). Fungal candidates previously assessed for succinic acid production 

include Pichia kudriavzevii, S. cerevisiae and Y. lipolytica [25, 26, 33, 72, 95, 101, 141, 144].  

There are three biosynthetic pathways for microbial succinic acid production, namely the 

reductive TCA, the oxidative TCA and the GAC pathways. Based on these options, various 

metabolic engineering strategies can be explored to produce succinic acid from suitable 

substrates and various yeast strains have been genetically modified for succinic acid 

production, with Y. lipolytica strains yielding some of the best results (Table 2.5). 

Under the normal functioning of the aerobic oxidative TCA pathway, succinate cannot 

accumulate unless the succinate dehydrogenase enzyme is inactivated to inhibit the conversion 

of succinate to fumarate. Genes involved in the production of ethanol are often also deleted to 

increase the succinate yield. To convert malic acid to succinic acid in yeast such as 

S. cerevisiae, the simplest method would be via the reductive TCA pathway, aided by a 

fumarase that allows for the reversible conversion of malate to fumarate. The subsequent 

conversion of fumarate to succinate involves an NADH-dependent step, which some 

researchers have tried to balance out by deleting another NADH-dependent step, namely 

glycerol-3-phosphate dehydrogenase 1 that is involved with glycerol production [141]. 
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Table 2.5 Summary of yeast strains producing succinic acid via different strategies 

Organic 

acid 
Microbial strain Genetic modifications Substrate; culturing method 

Titer 

(g/L) 

Yield 

(g/g) 

Productivity 

(g/L/h) 
Reference 

Succinic 

acid 

(refer to 

review 

[26]) 

S. cerevisiae 

PMCFfg  

Expression of pyc2, mdh3, fumC, frdS1; 

deletion of his3, fum1, gpd1, pdc1, 

pdc5 and pdc6  

Glucose; aerobic batch fermentation 13.0 0.13 0.11 [141] 

S. cerevisiae 

AH22ura3 
Deletion of sdh1, sdh2, idh1 and idp1 Glucose; anaerobic batch fermentation 3.6 0.07 0.02 [95] 

P. kudriavzevii 

13 723  

Expression of pyc1, fum1, mae, mdh 

and frd1; deletion of ura and pdc  
Glucose 48.2 0.45 0.97 [101] 

Y. lipolytica Y‐

3314  
Deletion of sdh1, sdh2 and suc2  

Glycerol; aerobic batch (in situ fibrous) 

fermentation 
45.4 0.36 0.28 [144] 

P. kudriavzevii 

13 171  

Expression of pyc1, fum1, mdh and 

frd1; deletion of cyb2a  
Glucose 23.0 n/a n/a [33] 

Y. lipolytica 

PGC01003  
Deletion of sdh5  Glycerol; aerobic isFBB, fed‐batch fermentation 198.2 n/a n/a [72] 

Y. lipolytica Y‐

3314  
Expression of pck, scs2; deletion of ach  Glycerol; aerobic fed‐batch fermentation 110.7 0.53 0.80 [25] 

Y. lipolytica 

PGC01003  
Deletion of sdh5  

Glycerol; aerobic (in situ fibrous bed bioreactor 

(isFBB) fermentation (750 cm2 cotton towel)) 
51.9 0.42 1.46 [72] 
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2.3.5 Lactic acid 

Lactic acid (2-hydroxypropanoic acid) is an organic acid widely distributed in nature and 

commercially produced for decades [16]. It enjoys GRAS status and has been applied in the 

chemical, cosmetic, food and pharmaceutical industries [3]. It is also an important role player 

in the production of bioplastics such as polylactide polymers (e.g. biodegradable polylactic 

acid, PLA) [110], which are more easily degradable than conventional plastics. The latter are 

produced from non-renewable petroleum-based raw materials and some components may take 

centuries to degrade [116], contributing to a major environmental problem with the persistence 

of used plastic products in nature [110]. The focus has therefore shifted towards the production 

of bioplastics such as PLA, which are more easily degradable. This is an appealing trait in 

plastics used for packaging purposes, especially with PLA being introduced as a food 

packaging material in Europe, Japan and the USA. This durable and thermoplastic polyester 

may further be utilised in a variety of products ranging from consumer plastic ware, fabrication 

filaments for 3D printing, fibres and foams, to medical applications such as surgical sutures 

due to its biocompatibility and bioresorbability [3, 9, 10, 39]. In addition to its environmental 

benefits and product applicability, PLA can be processed with traditional methods of injection 

moulding, sheet extrusion as well as thermoforming [110]. With the use of conventional 

equipment, PLA can thus be substituted in the manufacturing industry without major changes. 

Prior to this, however, lactic acid as starting material is required to create this green alternative 

to petroleum-based plastics. 

Lactic acid has a chiral carbon atom with two enantiomeric forms and can be produced either 

via chemical synthesis (generally producing a racemic mixture of DL-lactic acid) or 

fermentative routes [3]. Although metabolic engineering of yeasts for the production of lactic 

acid has been employed since the 1990s [94], nearly all industrially produced lactic acid is 

obtained via glucose fermentation by lactic acid bacteria (LAB) [60, 75, 128]. The latter 

requires the addition of complex nutrients to the fermentation media, such as corn steep liquor 

and yeast extract. These supplements are expensive and cause problems with the downstream 

purification of lactic acid [35]. In addition, LAB has a limited pH tolerance that results in high 

amounts of salts or gypsum produced during the recovery of lactic acid. 

The yeast S. cerevisiae is considered an attractive alternative to LAB due to its GRAS status, 

pH tolerance, robustness, simple nutrient requirements and long history as an industrial 

workhorse. However, as previously mentioned, it does not produce organic acids in large 
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quantities [2]. Researchers have therefore also investigated non-conventional yeasts as hosts to 

produce lactic acid from various substrates with different levels of success (reviewed by Sauer 

et al. [110]). A summary of yeast strains that have been modified and tested for lactic acid 

production is provided in Table 2.6. In-depth reviews of non-yeast strains and the use of low-

cost renewable materials for lactic acid fermentations have previously been published [4, 110]. 

Microbial L-lactic acid can be produced from L-malic acid via different enzymatic pathways 

[122]. The malolactic fermentation (MLF, Fig 2.1) pathway is the most direct method and 

involves the conversion of L-malate (dicarboxylic acid) to L-lactate (monocarboxylic acid) and 

CO2. This bioconversion, utilised by LAB, is catalysed by the malolactic enzyme (MLE), 

which is made up of two identical subunits and requires the presence of Mn2+ and nicotinamide 

adenine dinucleotide (NAD+) [113]. 

In 2012, Schümann and co-workers [112] suggested two approaches to acquire microbial 

strains capable of degrading malic acid for application in the wine industry. The first is based 

on wild malic acid-degrading yeast strains that can simultaneously perform alcoholic and 

malolactic fermentations, i.e. malo-alcoholic fermentations (MAF), whereas the other 

approach involves the utilisation of LAB or genetically modified yeast strains. These 

approaches could be further investigated for malic acid conversion as part of a fruit waste 

biorefinery, in particular for wastes that are rich in malic acid (such as wastes from grapes and 

apples). 

As seen in Table 2.6, most studies on the microbial production of lactic acid in yeasts involved 

a modification in the lactate dehydrogenase (LDH) genes with glucose as substrate. However, 

Kong et al. [68] recently developed an effective platform for the production of L-lactic acid (of 

high optical purity) from the carbohydrate polymers of lignocellulosics and inexpensive 

nitrogen sources using a yeast host. Taking into account the most promising genetic 

modifications to date, the conversion to pyruvate and subsequent conversion to lactic acid via 

genetically modified LDHs could be considered instead of using the most direct (malolactic) 

pathway to produce lactic acid from malic acid. 
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Table 2.6 Summary of yeast strains producing lactic acid via different strategies 

Organic 

acid 

Microbial 

strain 
Genetic modifications Substrate; culturing method 

Titer 

(g/L) 

Yield 

(g/g) 

Productivity 

(g/L/h) 
Reference 

Lactic 

acid 

(refer to 

review 

[110]) 

S. cerevisiae 

strain 

Bos Taurus L-LDH Integrated (6 

copies) 

Cane juice-based media; microaerobic batch 

fermentation 
122 n/a n/a [58, 107] 

C. utilis 

Cupdc1Δ4-

LDH2 

Bos Taurus L-LDH (optimised) 

Integrated (2 copies) 
Glucose, shake flasks 103.3 0.95 4.9 [55] 

S. pombe VKPM 

Y-3127 

S. pombe VKPM Y-285 transformed 

with R. oryzae IdhA gene 
Glucose 

80–

100 
n/a n/a [92] 

K. marxianus 

YKX071 

YKX056, pKX055, PfLDH, 

ΔKmDLD1, BmLDH, ScJEN1, 

KmPFK 

Corncob residue; fed batch fermentation 103 n/a 1.44 [68] 

K. marxianus 

CD607 

L. helveticus L-LDH integrated into 

PDC1 locus 
Glucose; shake flasks 

94–

99 

0.9–

0.98 

2.1 (during 

microaerobic 

phase) 

[50] 

C. boidinii 

KY2199 

Disruption of the PDC1 gene with 

bovine L-lactate dehydrogenase-

encoding gene 

Glucose; aerobic batch fermentation 85.9 1.01 1.79 [88] 
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2.4 Natural vs. genetically modified yeasts 

From the discussion above, it is clear that yeast strains currently used for the production of 

organic acids for industrial applications only represent a small fraction of the biodiversity found 

in nature [76, 134]. It is known that the natural fungal diversity is vast and mostly unexplored, 

with unknown fungal species and strains that may have important industrial-related 

characteristics that could be utilised and/or transferred to industrial strains to create novel 

yeasts with beneficial characteristics [121]. Indigenous yeast species/strains underwent 

continuous adaptation and evolution in their specific environments and have valuable 

phenotypes for specific industries. Niches identical or similar to a fermentation environment 

should thus be explored for the isolation of natural yeasts with unique characteristics and 

potential commercial applications.  

The production of specific chemical compounds via the biotransformation of selected 

substrates (such as fruit waste) requires the optimisation of strains and their enzymatic abilities 

to increase production levels, whether that be through random mutagenesis, directed evolution 

or specific genetic modifications. The modification of a biochemical pathway, metabolic 

engineering and protoplast fusion have successfully been employed for the overproduction of 

enzymes, biofuels and organic acids [89]. Since most of the enzymes involved in these 

biotransformations are located inside the cell, new or better organic acid transporters could aid 

the import and export of relevant compounds.  

2.4.1 Organic acid transporters and potential secretion options 

It is known that the very low transport rate of organic acids (e.g. malic acid) in yeasts such as 

S. cerevisiae mainly relies on passive diffusion [132], whereas S. pombe strains are equipped 

with a natural malate transporter (SpMae1) [45]. When this transporter is expressed in 

S. cerevisiae, strains can mediate both the import and export of malate [14, 131]. An initial 

report suggested that recombinant S. cerevisiae strains expressing the SpMae1 transporter did 

not actively import fumarate, although the latter inhibited the uptake of malate [105]. However, 

Zelle et al. [145] observed higher fumarate and succinate concentrations in the supernatant after 

introducing SpMae1 in a C2-independent pyruvate decarboxylase-negative S. cerevisiae strain, 

suggesting that this transporter was able to mediate the export of these dicarboxylic acids. 

Earlier transport assays also showed that this permease could be involved in the uptake of 

malonic acid, L-malate and succinate [45]. The inhibition of L-malic acid uptake by other 
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dicarboxylic acids (including fumaric, maleic, oxaloacetic and succinic acids) with similar 

stearic occupations as L-malic acid [14], furthermore suggests that these compounds use the 

same carrier. Camarasa et al. [14] reported the transport of fumarate, malate and succinate by 

a recombinant S. cerevisiae strain and hypothesised that substrate specificity of SpMae1 

depends on the three-dimensional structure of transported compounds and that it might prefer 

C3 or C4 dicarboxylic acids that contain no more than one ketonyl or hydroxyl group. 

Whilst there are numerous membrane transport candidates (refer to review by Silva et al. 

[118]), SpMae1 remains a favourite. A recent study by Darbani et al. [27] in which seven 

dicarboxylic acid transporters (including AsDct(p), AsSlc13(p), ScCtp1(p) and SpMae1(p)) 

were characterised, the SpMae1 transporter was once again shown to have the highest activity 

toward dicarboxylic acids. A 3-fold titre increase was reported for succinic acid, 5-fold for 

fumaric acid and 8-fold for malic acid, although the export of succinic and malic acid was 

almost 10-fold higher than for fumaric acid. Noteworthy was that the presence of SpMae1 did 

not affect the growth of the recombinant yeast strain, whereas other transporters capable of 

increasing carboxylic acid secretion also inhibited cellular growth [28]. The authors 

subsequently presented evidence that the SpMae1 transporter belongs to the SLAC1 voltage-

gated anion channel family (not needing the use of proton, sodium or ATP motive forces). This 

allows for more efficient fermentation processes since proton/sodium-coupled export of 

organic acids usually requires cells to partially utilise the carbon feedstock to generate energy 

for export. 

2.4.2 Recombinant gene expression 

Known yeast strains that could be involved in the commercial production of citric, fumaric, 

lactic and succinic acid are summarised in Tables 2.3 to 2.6. When considering the metabolic 

routes linked to malic acid, we can highlight potential strains and genetic modifications that 

could be useful in the conversion of malic acid in fruit wastes to some of these high-value 

organic acids. It is, however, important to remember that metabolic changes might have 

implications that should be carefully considered (such as redox imbalances and impacts on 

yeast growth). Most of the strains highlighted in the abovementioned tables were evaluated on 

simple substrates like glucose and glycerol, but it would be interesting to generate data for 

more complex substrates as part of a larger biorefinery concept. In the debate of natural vs. 

genetically modified yeasts strains, the ideal (but not so simple) answer would be to exploit the 

abilities of natural yeasts and to ‘perfect’ those strains with the relevant genetic modifications 
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via recombinant gene expression. However, as the latter becomes more complicated when the 

unknown genetic background of native strains come into play, this debate will probably 

continue for the foreseeable future. 

Strains of S. cerevisiae (typically resilient strains with high growth rates and high expression 

levels) have been successfully used for the recombinant production of biopharmaceuticals, 

chemicals and enzymes [23]. With regards to recombinant production of dicarboxylic acids, 

we specifically wanted to focus on a malic-to-fumaric acid route in this study. As previously 

mentioned, Mucoralean fungi of the genus Rhizopus are considered to be the main natural 

producers of fumaric acid and while successful Rhizopus-based fermentations have been 

reported [32], these fungi can be difficult to grow and their morphology can significantly affect 

production characteristics [139]. Furthermore, these fungal candidates have been shown to 

potentially contain pathogenic properties which raise questions regarding product safety.  

Based on the information summarised in Table 2.4, previous studies mainly turned to using 

genes from Rhizopus fungi that are required along the reductive TCA pathway (including 

RoPYC, RoMDH and RoFUM1 genes) when using glucose as substrate. Yet it is known that 

different catalytic properties can be exhibited by fumarases in different organisms and we thus 

opted to test alternative genes for the recombinant production of fumaric acid in S. cerevisiae 

with a different angle of using extracellular malic acid as substrate. 

One promising candidate is the fumarase gene from Candida krusei (also known as 

P. kudriavzevii (teleomorph), previously classified as Issatcheckia orientalis) that was included 

in strategies used by former BioAmber Inc. strains to industrially produce succinic acid (the 

metabolite following fumaric acid in the reductive TCA pathway) [33]. Heterologous 

overexpression of this fumarase in a recent study on the metabolic engineering of 

Myceliophthora thermophila using the CRISPR/Cas9 system, also indicated that a 3-fold 

increase in fumarate synthesis could be achieved by using the fumarase from C. krusei [47]. 

Four fumarase genes, Ecfum (from Escherichia coli), Ckfum (from C. krusei), Msfum (from 

M. succiniciproducens) and Rofum (from R. oryzae) were overexpressed, and the strain 

containing the C. krusei fumarase ultimately produced the highest fumaric acid titre (1.75 g/L) 

whilst also decreasing the titre of malate in the fermentation broth by 23.2% to 0.33 g/L. After 

continued strategic metabolic engineering with regards to multiple genes, the final strain could 

produce up to 17 g/L fumaric acid in a fed-batch fermentation using glucose as substrate.  
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Previous work on β-glucosidases (with similar, if slightly larger, protein sizes to that of 

fumarases) has shown that the inclusion of secretion signals, e.g. the XYNSEC secretion signal 

from the Trichoderma reesei xyn2 gene, enhanced the secretion of some heterologous proteins 

in S. cerevisiae [43, 86, 100]. Fusion of genes (encoding the relevant enzymes) with this 

XYNSEC signal could potentially allow for extracellular secretion of recombinant fumarases 

in S. cerevisiae and, in turn, support the extracellular conversion of malic acid to fumaric acid. 

The addition of a secretion signal (such as XYNSEC) to the fumarase gene could therefore be 

an interesting avenue to explore as it could allow extracellular malic acid-to-fumaric acid 

conversion. 

2.5 Challenges and incentives 

A common challenge in the production of organic acids via microbial fermentation is the 

economic competitiveness of the established traditional petrochemical process, despite its 

negative environmental impacts. The immediate environmental advantage of such alternative 

bio-based compounds is the reduced utilisation of fossil fuels and thereby a reduction in 

greenhouse gas emissions [51]. However, as pointed out by Fiorentino et al. [34], thorough 

assessments of economic, energetic and environmental feasibilities of biomass value chains are 

still lacking whilst the technical aspects of bio-based chemistry have received much attention. 

In order to measure the sustainability of a bio-based chemical vs. its fossil-based equivalent, a 

holistic approach is necessary in which green chemistry metrics and life cycle analyses (LCAs) 

should be considered. Additionally, analysis of the four sustainability assessment metrics 

proposed by Sheldon and Sanders [115], i.e. the material and overall energy efficiencies, capital 

and variable costs as well as land use criteria, could help highlight potential concerns. 

The production of specific organic acids via yeast strains may also offer yet unknown 

challenges. In the case of fumaric acid, a hurdle to overcome is the stronger and main catalysis 

of fumaric acid to L-malic acid (as opposed to the reverse reaction) that also hinders the 

cytosolic accumulation of fumaric acid in larger quantities [56]. This is due to the natural high 

affinity of yeast fumarases, with the cytosolic enzyme in S. cerevisiae exhibiting a 17-fold 

higher affinity towards fumaric acid than L-malic acid [93]. Whilst succinic acid can be 

produced at high yields by bacteria utilising glucose, yeasts such as S. cerevisiae offer other 

attractive opportunities such as robustness at low pH values and well-characterised genetic 

backgrounds. Unfortunately, the productivity, titre and yield of metabolically engineered 
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S. cerevisiae strains have proven to be lower than for other succinic acid-producing microbes 

[26] and often require multiple gene deletions. The production of lactic acid from L-malic acid 

via the MLF pathway results in the production of CO2 (and thus carbon loss), whereas the 

production of citric acid in yeast may result in the unwanted by-product isocitric acid [84]. 

The utilisation of agro-industrial wastes (such as malic acid-containing fruit wastes) for 

microbial fermentation and thereby the bioproduction of high-value bioproducts, is an 

economically important solution to minimise various environmental problems [29]. The 

management of fruit wastes poses a severe problem globally and is mainly treated via the 

traditional methods of composting, incineration, landfilling and land spreading, as well as being 

incorporated into low-quality animal feed [28–30]. These methods can have a variety of 

negative effects, such as the high cost to treat and transport wastes to landfills, the production 

of greenhouse gases, emitting foul smells because of microbial activity, contaminating the 

underground water table and creating breeding opportunities for human disease vectors [29].  

Unfortunately, the commercialisation of fruit waste biorefineries is still limited and may be 

attributed to various factors, such as the unavailability of design and up-scaling information 

and having a poor understanding regarding aspects such as barriers to mobilising available 

feedstocks, cost requirements (both capital and operating) as well as anticipated environmental 

and social impacts [81]. Whilst successful implementation of waste biorefineries in developing 

countries could support the protection of natural resources and creation of new businesses and 

job opportunities (in addition to energy generation and reduction in GHG emissions), life cycle 

assessment studies are required to assess the feasibility of a biorefinery concept [85]. The more 

recent proposals of integrated multi-feed biorefinery schemes (enabling all-year-round 

operations) also require industrial-scale economic viability and sustainability assessments [81]. 

For a more detailed discussion on the potential benefits of enabling circular economies based 

on waste biorefineries (especially in developing countries), refer to the extensive review by 

Nizami et al. [85]. 

Aside from economic incentives (given the large global market for organic acids) and the 

environmental benefits of valorising organic wastes, bio-based organic acids discussed in this 

review, e.g. fumaric acid, could have additional environmental applications such as the 

reduction of greenhouse gas emissions from livestock by limiting methane production when 

incorporated into their feed [73]. In comparison to the other C4-dicarboxylic acids, the 

extremely low water-solubility of fumaric acid may render downstream separation easier [123].  
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A primary challenge of biologically synthesised organic acids has often been the downstream 

recovery of these products from aqueous streams or fermentation broths. Studies throughout 

the years have considered various electrodialysis methods to recover organic acids from 

aqueous solutions as well as methodology involving adsorption, chromatography, 

crystallisation, distillation, ion-exchange, liquid extraction, membrane separation and 

precipitation. In a comprehensive review on the recovery of organic acids from aqueous 

solution, Kumar et al. [70] deemed reactive extraction as a promising downstream processing 

technique to intensify organic acid recovery from aqueous streams or fermentation broths. This 

energy-saving process allows for production scale flexibility as well as a high degree of 

selectivity and separation. 

2.6 Conclusions and project objectives 

As a developing country, South Africa needs to explore biobased technologies that allow for 

the utilisation of biomass and waste streams through simple and robust processes that are not 

too capital-intensive and that could work on a small scale to produce a variety of valuable 

bioproducts. Several yeast microbial hosts show promise in producing valuable dicarboxylate 

acids although certain challenges remain. In this study, with the goal of advancing the 

biorefinery concept, we focus on malic acid-degradation by yeast candidates and the 

subsequent conversion of sugars and malic acid in fruit wastes to higher value organic acids 

and bioethanol. The first aim was to isolate and screen natural yeast strains as malic acid-

degrading candidates for a fruit waste biorefinery, with the hope to find promising candidates 

for the conversion of malic acid to more valuable organic acid(s). Chapter 3 describes the 

isolation and screening of 98 new yeast isolates for their ability to degrade extracellular malic 

acid relative to 50 selected known K(+) and K(-) yeasts. One of these isolates, S. cerevisiae 

strain 61, showed stronger malate-degrading capabilities than expected and was further 

characterised in terms of ethanol and temperature tolerance as well as growth and malic acid 

utilisation in Chapter 4. Since none of the new isolates had been highly effective for the 

bioconversion of L-malic acid to fumaric acid, metabolic engineering of S. cerevisiae 

laboratory strains (with clear genetic backgrounds) was implemented to create strains that can 

utilise glucose and L-malic acid (such as those in fruit wastes) to ethanol as well as high-value 

organic acids (specifically fumaric acid). This entailed the cloning and recombinant expression 

of a malate transporter and fumarase genes, followed by cultivations to analyse the intermediate 
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and final products – demonstrating the bioconversion of malic acid to fumaric acid (Chapter 

5). 
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Abstract 

It is estimated that more than 20% of processed apples and grapes are discarded as waste, which 

is dominated by pomace rich in malic acid that could be converted to high-value organic acids 

or other chemicals. A total of 98 yeast strains isolated from apple, grape, and plum wastes were 

evaluated for their ability to degrade malic acid relative to known yeast strains. Most (94%) of 

the new isolates degraded malic acid efficiently (> 50%) in the presence and absence of 

exogenous glucose, whereas only 14% of the known strains could do so, thus confirming the 

value of exploring (and exploiting) natural biodiversity. The best candidates were evaluated in 

synthetic media for their ability to convert malic acid to other valuable products under aerobic 

and oxygen-limited conditions, with two strains that produced ethanol and acetic acid as 

potential biorefinery products during aerobic cultivations and oxygen-limited fermentations on 

sterilised apple and grape pomace. Noteworthy was the identification of a Saccharomyces 

cerevisiae strain that is more efficient in degrading malic acid than other members of the 

species. This natural strain could be of value in the wine-making industry that often requires 

pH corrections due to excess malic acid. 

3.1  Introduction 

Due to an ever-growing global population and an increasing demand for food products, food 

and food-processing industries generate increasing amounts of food-related waste [39, 49]. It 

is estimated that about 10 million tons of food are being wasted on an annual basis in South 

Africa, with fruit and vegetable waste representing 44% thereof [7, 66]. Fruit processing 

methods such as drying, canning and juicing produce large quantities of liquid and solid waste. 

For instance, approximately 25%–35% of apples and 20% of grapes that are processed, end up 

as waste [1, 14]. During the South African 2016/2017 harvest season, a total of 318 448 tons 

of apples were processed [12], whereas 1,2 million tons of grapes were used for alcohol and 

beverage production in 2018 (South African Wine Industry Information and Systems 2018). A 

review on the waste generated by fruit-processing industries concluded that South Africa 

generates sufficient apple and grape wastes for a rudimentary biorefinery, particularly in the 

Western Cape where both crops are produced and processed in close proximity [23]. 
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The biorefinery concept implies ‘the sustainable processing of biomass into a spectrum of 

marketable products and energy’ [9, 21]. Important factors to consider are the available 

substrates, the potential products and the agents/catalysts required for processing. Both apple 

and grape pomace consist of carbohydrates and other nutrients (e.g. minerals and vitamins) that 

could support microbial growth. Although the cultivar, cultivation and processing conditions 

influence the composition of the pomace, these nutrients could reduce the need and cost of 

media supplements during fermentation [33]. In grapes and wines, L-malic and L-tartaric acid 

represent 70%–90% of the total acidity [16, 33]. The levels of malic acid in grapes can range 

from 1–10 g/L, depending on the climate and cultivar [36, 53, 54], and can even be as high as 

15–16 g/L at harvest time [17]. The acidity in apples is also mainly ascribed to L-malic acid, 

which is sometimes referred to as apple acid [13, 53]. Malic acid is furthermore found in many 

Prunus fruits such as apricots, peaches, plumcots and plums [3].  

Malic acid is an important tricarboxylic acid cycle (TCA) intermediate of cell metabolism [45, 

63] and a potential substrate for microbial conversion to green chemicals such as bioethanol 

and high-value organic acids such as acetic, lactic, fumaric or succinic acid (the latter two also 

being TCA intermediates). These organic acids have large markets and a range of applications 

in various industries. 

Yeast strains (such as Saccharomyces cerevisiae with its long history as an industrial 

workhorse) can be considered as attractive alternatives to bacteria for microbial bioconversion 

due to their Generally Recognised as Safe (GRAS) status, pH tolerance, robustness and simple 

nutrient requirements. Yeast species can be classified into two groups based upon their ability 

to metabolise TCA intermediates as sole carbon or energy source [60]. K(-) yeasts can only 

metabolise extracellular malic acid in the presence of an assimilable carbon sugar (such as 

glucose), whereas K(+) yeasts can do this in the absence of other assimilable sugars.  

In the wine industry, it is well-known that high levels of malic acid can be detrimental to wine 

quality and stability. Many studies have therefore used Schizosaccharomyces pombe as a 

preferential yeast to degrade malic acid in the past [17, 24, 37], but unfortunately, it also 

produces off-flavours. Researchers have consequently begun to consider other yeasts for 

effective malic acid degradation such as Issatchenkia orientalis, Issatchenkia terricola and 

Pichia kudriavzevii to name a few [24, 29, 48, 64] and thereby expanding the field for yeast 

candidates. 
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Steensels et al. (2014) pointed out that a powerful, but simple way to find suitable yeast strains 

for specific industrial processes, is to explore and exploit the natural biodiversity of yeasts [44]. 

It is well-known that the vast natural biodiversity of yeast/fungi remains largely unexplored 

[27, 62] and it is thus worthwhile to screen newly isolated yeast strains for potential biorefinery 

organisms. 

In this study, natural-occurring yeast strains isolated from apple and grape pomace (i.e. pressed 

fruit remains) and plum waste, were evaluated for their ability to degrade malic acid compared 

to selected known K(+) and K(-) yeasts. The most promising strains were identified and 

assessed for their ability to utilise malic acid and produce potential valuable chemicals from 

apple and grape pomace.  

 

3.2 Materials and Methods 

3.2.1 Yeast strains from culture collection 

A total of 50 known yeast strains were selected from the fungal culture collection at the 

Department of Microbiology, Stellenbosch University, South Africa (Table 3.1) and 

maintained on YPD plates at 30 °C. Some strains formed part of previous malic-acid related 

studies [57], whereas others represent species previously reported capable of malic acid 

degradation and/or organic acid production. The auxotrophic S. cerevisiae laboratory Y294 

strain (ATCC 201160) and a robust industrial S. cerevisiae strain (MH-1000, [49]) were 

included as negative reference strains. 

3.2.2 Fruit samples for yeast isolation  

Four different apple pomace (AP) samples were obtained in May 2017 from the Grabouw area 

in the Western Cape, South Africa, namely AP-A and AP-B from Elgin Fruit Juices 

(34°09'09.0"S 19°00'29.6"E) and AP-C and AP-D from Everson Ciders, Fruitways, Molteno 

Farm (34°08'59.5"S 19°02'26.5"E). The AP-A Granny Smith sample underwent a double juice 

extraction, whereas the AP-B Granny Smith sample was collected after a single juice 

extraction. The AP-C and AP-D samples were undefined mixtures of apples that included the 

Granny Smith cultivar. The AP-C sample was taken from freshly pressed apples, whilst the 
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AP-D sample represented older pomace that was dumped outside the pressing facility and was 

thus exposed to the elements and insects. 

Two red grape pomace (GP) samples were obtained from Vergenoegd Löw Wine Estate, South 

Africa (34°02'04.4"S 18°44'21.6"E) (Addendum: Fig. B1) in March 2018. Sample GP1 

included Cabernet Franc and Malbec pomace that was dumped (for 1 day) outside the winery 

after pressing. Sample GP2 contained mixed pomace of unknown origin that was dumped 

outside the winery for a week prior to sampling. GP1 appeared more brown-purple in colour, 

whereas GP2 had a slightly more purple hue.  

Since malic acid is also a predominant organic acid in plums [54, 65], two different samples 

(P1 and P2) were sourced from overripe (whole fruit) plums in a residential garden in 

Stellenbosch, South Africa (33°56'53.1"S 18°51'12.5"E). P1 had a reddish hue, whereas P2 had 

a darker black colour. 

3.2.3 Isolation of yeasts from fruit samples 

Naturally occurring yeasts were isolated from apple and grape pomace or plum fruit samples 

by overnight enrichment at 30 °C in 150 mL YPD broth (1% yeast extract, 2% peptone, 2% 

glucose) containing ca. 20 g of the respective sample. The supernatant of the cultures was 

further enriched in either YMC or YMCG media (pH 3.4) for 3 days whilst incubated on a 

rotary shaker (120 rpm) at 30 °C. The YMC broth allowed for the selection of K(+) yeasts and 

consisted of YNB broth (0.17% yeast nitrogen base w/o amino acid and ammonium sulphate, 

0.5% ammonium sulphate) (Difco Laboratories, Detroit, MI) with 2% L-malic acid as the sole 

carbon source and was supplemented with 0.2 g/L chloramphenicol (Sigma-Aldrich, St. Louis, 

MI) to suppress bacterial growth. The YMCG broth is similar to YMC, but included an 

additional 2% glucose to allow the growth of both K(+) and K(-) yeasts. After 3 days, the YMC 

and YMCG cultures were diluted in sterile physiological saline solution (PSS) and spread onto 

YMC and YMCG agar plates, respectively. Subsequent isolation of pure cultures was done on 

the respective media. 
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Table 3.1 Yeast strains obtained from Microbiology Department, Stellenbosch University culture 

collections  

Yeast Strain(s) Isolate K-group 

Candida utilis  YMV1153a 46 + 

Hansenula anomala YMV1152 47 + 

Hansenula polymorpha NCYC495 (leu1.1) 96 + 

Issatchenkia orientalis 
CAB 630 

CAB 721 

48 

49 
+ 

Kluyveromyces lactis 

CAB 625 

ATCC 8585 

ATCC 200826 (red) 

50 

51 

52 

+ 

Kluyveromyces marxianus Km 53 + 

Kluyveromyces thermotolerance CONCERTO 54 + 

Saccharomyces bayanus L1002 55 - 

Saccharomyces cerevisiae 

288c 

MH1000b 

N96 

W13 

WE372 

YI1 

Y294c 

L1006 (0) 

L1001 

L1001 (31)1 

L1001 (31)2 

L1002 (8) 

L1003 

L1003 (1) 

L1003 (11) 

L1004 

L1005 

L1005 (2) 

L1005 (4) 

L1005 (6) 

L1005 (7) 

L1006 

L1006 (1)1 

L1006 (1)2 

L1006 (7)1 

L1006 (7)2 

L1006 (8)1 

L1006 (8)2 

L1006 (14)1 

L1006 (14)2 

L1006 (14)3 

L1007 

56 

57 

58 

59 

60 

61 
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71 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94.1 

94.2 

95 

- 

Schizosaccharomyces pombe 

118 (012-I-3) 

YMV1155 

ATCC 77293 

WT (4C4+5) 

YMV1162 (972h-) 

22 (mae2-) (6(E)7) 

63 

64 

65 

66 

67 

68 

- 

Wickerhamomyces anomalus CAB 1693 69 + 
a Malic acid-utilising reference strain 
b Industrial ethanol-producing S. cerevisiae strain [49] 
c Poor malic acid-utilising reference strain (ATCC 201160) 
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3.2.4 Yeast strain identification 

Yeast isolates earmarked for identification were cultivated overnight in YPD broth at 30 °C 

prior to the extraction of genomic DNA [61]. Amplification of the D1/D2 domain was 

performed by using the forward primer F63 (5‘-GCATATACAATAAGCGGAGGAAAAG-

3‘) and the reverse primer LR3 (5‘-GGTCCGTGTTTCAAGACGG-3‘) [15] (Inqaba Biotech, 

Pretoria, South Africa). The 25 μL D1/D2 PCR reaction mixture contained 10x Standard Taq 

Reaction Buffer (DreamTaq) (Thermo Scientific, MA), Taq polymerase, 10 mM dNTPs, 

10 μM of each primer and 1 μL genomic DNA. Amplification was performed in an Applied 

Biosystems 2720 thermal cycler with an initial denaturation step at 95 °C for 5 min, followed 

by 25 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, extension at 72 °C 

for 1 min and a final extension at 72 °C for 7 min.  

Post-PCR clean-ups were performed using the Nucleofast 96-well post-PCR clean-up plate 

from Macherey Nageland and the protocols supplied by the manufacturer were implemented 

on a Tecan EVO150 robotic workstation. The D1/D2 region nucleotide sequences were 

obtained with the BigDye Terminator V3.1 sequencing kit (Applied Biosystems, Applera 

Corporation, MA) with minor modifications to the manufacturer’s protocol. The nucleotide 

sequences were adjusted within Chromas Lite version 2.01 (Technelysium Pty Ltd.) and 

compared to known sequences available on GenBank via a Basic Local Alignment Search Tool 

(BLAST) search (http://www.ncbi.nlm.nih.gov/blast) for yeast identification. The sequences 

were also compared with the respective type strains to confirm species identification.  

3.2.5 Screening of isolates 

3.2.5.1 Screening Round 1: Malic acid utilisation 

The 98 new yeast isolates and 50 culture collection strains were pre-cultured in 1.5 mL YPD 

broth for 24 h in 96 deep-well plates, covered with a sterile Breathe Easier sealing membrane 

(allowing CO2, O2 and water vapour to permeate) (Sigma-Aldrich, St. Louis, MI) and incubated 

at 30 °C on a shaker (600 rpm) with a sterile 2 mm glass bead in each well. The turbidity of the 

pre-cultures was measured at 600 nm using a BIO-RAD xMark™ Microplate 

Spectrophotometer (BIO-RAD, Hercules, CA) (pathlength corrected for the volume) and the 

inoculum volume for each pre-culture was adjusted to represent a standardised A600 of 0.5. The 

strains were cultivated for 48 h in 96 deep-well plates, containing either 1 mL YMC or YMCG 

to determine their malic acid degradation capabilities in different carbon sources (irrespective 
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of their original enrichment and selection conditions). The cultures were transferred to 

microcentrifuge tubes with 50 μL of a 10% (v/v) H2SO4 solution and frozen at -20 °C.  

The ability of the yeast strains to degrade L-malic acid was quantified with High-Performance 

Liquid Chromatography (HPLC) analysis on a Surveyor Plus liquid chromatograph (Thermo 

Scientific) consisting of an LC pump, autosampler and Refractive Index detector. Samples 

were separated on the Rezex RHM monosaccharide polymer-based column (300 x 7.8 mm) at 

80 °C using a Gecko 2000 column heater. The mobile phase was HPLC-grade water containing 

5 mM sulphuric acid at a flow rate of 0.6 mL/min. The yeast cultures were defrosted and 

centrifuged at 13 000 rpm for 10 min and the supernatants were filter-sterilised into glass vials 

using 0.22 µm nylon syringe filters (Anatech, Randburg, South Africa). Two malic acid 

solutions of known concentration were included as internal standards to assess the accuracy of 

the HPLC analysis. Negative controls for the HPLC analyses included uninoculated media and 

supernatant from the weak malic acid-utilising strain, S. cerevisiae Y294, whereas Candida 

utilis (syn. Lindnera jadinii) strain YMV1153 served as a positive reference strain. HPLC 

analyses were conducted on triplicate cultures and the average malic acid degradation by each 

strain was expressed relative to that of the C. utilis reference strain to standardise the results 

across different HPLC runs. Standard errors of average malic acid degradation were calculated 

to determine significant differences between strains. 

3.2.5.2 Screening Round 2: Time-trials for malic acid utilisation and conversion to 

pyruvic acid 

Based on their ability to degrade malic acid in both YMC and YMCG media (Screening Round 

1), 28 strains were evaluated for the conversion of L-malic acid relative to C. utilis YMV1153 

after 24 h and 48 h. Following the same methodology as discussed above, the strains were 

cultured (in triplicate) in YMC and YMCG broth in 96 deep-well plates for 24 h and 48 h 

respectively and the supernatant was subjected to quantitative HPLC analysis.  

The ability of strains to convert L-malic acid to pyruvic acid was qualitatively assessed by 

inoculating modified Glucose-Malate-Indicator (GMI, [55]) broth (pH 3.3) containing 0.17% 

yeast nitrogen base, 0.5% (NH4)2SO4, 2% glucose, 2% L-malic acid and 0.01% bromocresol 

green. The strains were pre-cultured in YPD, inoculated at a standardised optical density (A600 

of 0.5) and were incubated for 7 days in the 96 deep-well plates on a shaker (600 rpm) at 30 °C. 
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Any colour changes were monitored as the conversion of L-malic acid to pyruvic acid will turn 

the medium blue due to a shift in pH from 3.3 to 5.2 [55]. 

3.2.5.3 Screening Round 3: Impact of xylose on malic acid utilisation and abiotic 

assessments 

After identification of the new isolates, the best 13 representatives, together with the reference 

strains C. utilis YMV1153 and S. cerevisiae Y294, were evaluated to ascertain if xylose could 

serve as a reducing sugar and if the combination of malic acid and xylose would impact the 

end products. The strains were cultivated in YMCX broth with L-malic acid and xylose as 

carbon sources (0.17% yeast nitrogen base w/o amino acid and ammonium sulphate, 0.5% 

ammonium sulphate, 2% malic acid and 2% xylose) supplemented with 0.2 g/L 

chloramphenicol (Sigma-Aldrich, St. Louis, MI) to suppress bacterial growth. The cultivation 

and HPLC methodologies were similar as described above and the screening was performed 

with triplicate cultures. 

In order to gauge their ability to cope with potentially higher temperatures and the production 

of ethanol that could occur during larger volume fermentations, the ability of the 15 strains to 

grow on YPD agar that contained 10%, 15% or 20% ethanol and their ability to grow at 37 °C 

on YPD agar plates were also assessed. The results from these analyses were considered 

alongside those from the previous screenings to identify the most promising strains for up-

scaled cultivations. 

3.2.6 Malic acid conversion in synthetic media under aerobic versus fermentative 

conditions 

The eight most promising strains in terms of malic acid degradation, ethanol and organic acid 

production (following Screening Round 3) were assessed in triplicate up-scaled cultivations at 

30 °C in synthetic media using 100 mL serum bottles (sealed with rubber stoppers) for oxygen-

limited conditions and 250 mL baffled Erlenmeyer flasks for aerobic conditions for 72 h at 200 

rpm. Growth media (0.17% yeast nitrogen base w/o amino acid and ammonium sulphate, 0.5% 

ammonium sulphate, pH 3.4) with malic acid only, malic acid + glucose or malic acid + xylose 

(20 g/L each) were supplemented with chloramphenicol and ampicillin (Roche Diagnostics, 

Basel, Switzerland). Samples (2 mL) were collected every 24 h and used for HPLC analyses 

and to determine dry cell weight (DCW) using DCW standard curves (Addendum: Fig. B2).  
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3.2.7 Apple and grape pomace conversion under aerobic versus fermentative 

conditions 

Two yeast strains (P. kudriavzevii isolate 3 and S. cerevisiae isolate 61) were cultivated in 

triplicate on the apple or grape pomace under aerobic or oxygen-limited conditions for 72 h 

using 250 mL baffled Erlenmeyer flasks and 100 mL serum bottles, respectively. The growth 

media consisted of 5 g moist apple pomace (≈ 3.74 g dry weight) or 5 g moist grape pomace 

(≈ 2.78 g dry weight) in 100 mL dH2O (pH 3.4) without any nutrient supplementation. The 

growth media was autoclaved to sterilise the substrate and supplemented with chloramphenicol 

and ampicillin. Samples (2 mL) were collected every 24 h and submitted for HPLC analyses 

and DCW estimations. 

 

3.3 Results and discussion 

3.3.1 Isolation, screening and identification of yeasts 

Yeast strains newly isolated from plum waste, as well as apple and grape pomace, were 

compared with selected culture collection strains for their ability to utilise malic acid in 

different carbon sources and to convert it to valuable products. Following enrichment in YMC 

or YMCG media, a total of 45 yeast strains were isolated from apple pomace, 28 from grape 

pomace and 25 from plum waste (Table 3.2; Fig. 3.1). New isolates were deposited in the 

Department of Microbiology, University of Stellenbosch culture collection. 

Four of the newly isolated strains were included in subsequent upscaled experiments (see 

below) and were also deposited in the registered living culture collection of the Plant Protection 

Research Institute (PPRI) database (Pretoria, South Africa). The D1/D2 sequences of these four 

strains were submitted to GenBank and provided with accession numbers. The respective PPRI 

and GenBank accession identification numbers are as follow: Pichia kudriavzevii isolate 3 

(PPRI no. 28648, [MT023707]); Wickerhamomyces anomalus isolate 109 (PPRI no. 28649, 

[MT023708]); Pichia manshurica isolate 136 (PPRI no. 28650, [MT023709]) and Candida 

tropicalis isolate 148 (PPRI no. 28651, [MT023710]).  

Stellenbosch University  https://scholar.sun.ac.za



67 

3.3.2 Screening Round 1: Malic acid utilisation 

Most of the new isolates degraded malic acid very efficiently after 48 h relative to the reference 

malic acid-utilising strain, C. utilis YMV1153 (Table 3.2, Fig. 3.1). With the exception of 

isolate 41, the apple pomace strains degraded > 90% of the malic acid in the YMC medium 

and between 28% and 99% in the YMCG medium. The grape pomace strains displayed a more 

uniform trend with all but two of the strains degrading > 90% of the malic acid in either YMC 

or YMCG media. The strains isolated from plums also degraded > 90% of the malic acid in 

YMC, whereas malic acid degradation ranged between 9% and 99% in YMCG. The malic acid 

degradation capabilities of the 50 culture collection strains varied more between the two media 

types, with 13 strains that degraded > 50% malic acid when present as the only carbon source 

and 24 strains that degraded > 50% malic acid in YMCG. The malic acid degradation ranged 

from negative values (indicating possible malic acid production) to > 90%, with only 7 strains 

that degraded > 50% malic acid in both YMC and YMCG media after 48 h.  

 

Table 3.2 Number of yeast strains isolated from different fruit types using either YMC or YMCG 

selection media and those able to degrade more than 50% of the malic acid present in either YMC or 

YMCG media (irrespective of the strains’ initial selection media, i.e. all strains were tested for both 

media types) 

Source Isolates per selection 

medium 

Total 

isolates 

Number of strains (out of total 

isolates) that degraded > 50% malic 

acid* 

 YMC YMCG  YMC YMCG 

Apple pomace 22 23 45 45 43 

Grape pomace 14 14 28 26 26 

Plums 12 13 25 25 24 

Culture collection 11 39 50 13 24 

* Percentages expressed relative to the reference malic acid-utilising strain, C. utilis YMV1153 
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Fig. 3.1 Malic acid degradation by newly isolated strains obtained from (a) apple pomace, (b) grape 

pomace and (c) plum samples, as well as (d) culture collection strains after 48 h of growth in YMC 

(malic acid only) and YMCG (malic acid + glucose) broth (except for isolate 26 for which only YMC 

broth data was obtained). Each bar represents the average malic acid degradation per strain based on 

triplicate results after standardisation against the reference strain, C. utilis YMV1153. Error bars 

indicate standard errors. Higher-resolution graphs are provided in Addendum B. 
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When considering the results for both media types, most of the new isolates degraded > 50% 

of malic acid in both carbon sources (Table 3.2), whereas the majority of culture collection 

strains failed to do so. This supports the view expressed by Steensels et al. (2014) that it is 

worth exploring (and exploiting) natural biodiversity for yeast strains with specific qualities, 

such as malic acid utilisation, that could be of great value for potential industrial applications 

[44]. Should the new isolates be unsuitable for direct use in industry, the traits could be 

transferred to existing industrial strains to develop novel yeast strains with advantageous 

characteristics. 

3.3.3 Screening Round 2: Time-trials for malic acid utilisation and conversion to 

pyruvic acid 

Twenty-eight strains were chosen for further analysis of which 25 were newly isolated strains 

belonging to six different species (Table 3.3), namely C. tropicalis, Kazachstania exigua, 

Kluyveromyces marxianus, P. manshurica, P. kudriavzevii and W. anomalus. Four of these 

species (C. tropicalis, K. exigua, K. marxianus and P. kudriavzevii) were previously isolated 

from fruit, whereas P. manshurica is often found in natural fermentations, including rotting 

plant material [26]. Wickerhamomyces anomalus was previously isolated from various sources, 

ranging from clinical specimens to wheat flour, and is able to grow under stressful 

environmental conditions [16, 26, 35]. 

When the 28 strains were evaluated for malic acid degradation after 24 h versus 48 h (Fig. 3.2), 

the most significant differences were observed when strains were cultivated in the presence of 

both glucose and malic acid. This is not surprising since glucose will usually be metabolised 

prior to a less-preferred carbon source like malic acid [30]. Schizosaccharomyces pombe isolate 

67 and reference strain C. utilis YMV1153 (+) showed the smallest difference in malic acid 

degradation between 24 h and 48 h. As expected, the K(-) S. pombe was better at metabolising 

malic acid in the presence of glucose, with 80% of the malic acid in the medium degraded 

within 24 h. At this time point, the C. utilis reference strain achieved a similar degradation 

efficiency as S. pombe despite being classified as a K(+) yeast. L-malic acid metabolism in 

K(+) yeasts, including Candida sphaerica, Hansenula anomala, K. marxianus, Pichia anomala 

and Pichia stipitis [2, 8, 10, 11, 36, 43], are prone to strong catabolite (or glucose) repression, 

generally following a diauxic growth pattern where L-malic acid is used only after glucose 

levels are depleted. In this study, the C. utilis strain grew much faster than the S. pombe strain 
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(A600 of 1.09 vs 0.16 after 24 h), suggesting that C. utilis quickly depleted the glucose and 

shifted to malic acid degradation within the first 24 h. 

 

Table 3.3 Identification of yeasts isolated from apple pomace (AP), grape pomace (GP) and plum 

samples (P) 

Closest GenBank match; accession number; % identity Isolatea Isolation 

substrate 

Pichia kudriavzevii; MH244203.1; 99% 3 AP 

Pichia kudriavzevii; MH244203.1; 98% 8 AP 

Pichia kudriavzevii; JX880402.1; 91% 32 AP 

Pichia kudriavzevii; MH244203.1; 95% 42 AP 

Kluyveromyces marxianus; MK026360.1; 99% 44 AP 

Kazachstania exigua; MH005060.1; 91% 45 AP 

Pichia kudriavzevii; KM234442.1; 99% 101 GP 

Pichia kudriavzevii; KU862645.1; 99% 104 GP 

Wickerhamomyces anomalus; KY022746.1; 99% 107 GP 

Wickerhamomyces anomalus; MH479118.1; 99% 109 GP 

Wickerhamomyces anomalus; KM103053.1; 99% 110 GP 

Pichia kudriavzevii; KJ794697.1; 99% 119 GP 

Pichia kudriavzevii; JX537791.1; 99% 122 GP 

Pichia kudriavzevii; KM234446.1; 99% 123 GP 

Pichia kudriavzevii; KM234453.1; 99% 124 GP 

Pichia manshurica; KM234474.1; 99% 136 P 

Pichia kudriavzevii; MF187549.1; 99% 142 P 

Pichia kudriavzevii; KM234442.1; 100% 143 P 

Pichia kudriavzevii; KM234446.1; 99% 144 P 

Pichia kudriavzevii; MF574470.1; 100% 145 P 

Candida tropicalis; MF377370.1; 99% 148 P 

Pichia kudriavzevii; MG859665.1; 100% 149 P 

Pichia kudriavzevii; MK026349.1; 100% 150 P 

Candida tropicalis; MF377370.1; 99% 152 P 

Pichia kudriavzevii; MH479123.1; 99% 153 P 

a Cultures of representative isolates were deposited in the Department of Microbiology, University of Stellenbosch 

culture collection 
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When present as a sole carbon source, most strains degraded close to 80% of the malic acid in 

the first 24 h (Fig. 3.2). Although there were a few strain-specific increases in the second 24 h, 

an average of 84% of the initial malic acid was degraded by all the strains after 48 h. In the 

growth media supplemented with glucose, the best performer was the C. utilis reference strain 

with 94% of the malic acid degraded after 48 h. Other noteworthy differences between the two 

growth media were observed for the K. exigua (isolate 45) and P. manshurica (isolate 136) 

strains, which poorly degraded malic acid in the presence of glucose, even after 48 h. 

 

 

Fig. 3.2 Malic acid degradation capabilities of the 28 selected strains (indicated by their numerical 

designations) in (a) YMC broth and (b) YMCG broth when cultivated for 24 h and 48 h. Reference 

strain C. utilis YMV1153 indicated as (+). Each bar represents the average malic acid degradation per 

strain based on triplicate results standardised against the (+) reference strain. Error bars indicate 

standard errors. 

 

The GMI calorimetric assay was used to qualitatively screen the 28 strains for their ability to 

convert L-malic acid to pyruvic acid. At 25 h, only the S. pombe strain (isolate 67) was able to 
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produce the typical blue colour indicative of malic acid converted to pyruvic acid (data not 

shown). This was expected as S. pombe has a cytosolic malic enzyme (converts malic acid to 

pyruvic acid) with a high substrate affinity (Km = 3.2 mM) [52] and has been shown to be one 

of the highest producers of pyruvic acid among fermentative yeasts during alcoholic 

fermentations [6]. At 50 h, C. utilis (isolate 46, ref. strain) and C. tropicalis (isolate 152) 

showed a slight colour change, but a definitive blueish colour was detected for only 17 strains 

after 70 h, with those belonging to the genus Candida, Kluyveromyces and Wickerhamomyces 

displaying a dark blue colour (Fig. 3.3). Strains that produced a conclusive colour change 

included C. tropicalis (isolates 148 & 150), C. utilis (isolate 46, ref. strain), K. marxianus 

(isolate 53), P. kudriavzevii (isolates 3, 8, 32, 101, 119, 123, 124, 145 and 150), S. pombe 

(isolate 67) and W. anomalus (isolates 107, 109 and 110). However, it should be noted that the 

GMI assay should be used with caution when organisms are screened for malate degradation 

since it was initially developed for S. pombe [32] and species that produce additional organic 

acids could delay or mask deacidification of the media. 

Fig. 3.3 GMI-assay depicting the colour changes observed for the 28 strains after 70 h of growth. A 

colour shift towards blue indicated the increase in pH from 3.3 towards 5.2 (conversion of malic acid 

to pyruvic acid). Triplicate strain cultures are labelled with their respective isolate numbers (as 

established in Tables 3.1 and 3.3); * represents media only. 
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3.3.4 Screening Round 3: Impact of xylose on malic acid utilisation and abiotic 

assessments 

A subset of 15 strains was selected for further screening with xylose as an additional carbon 

source to assess whether xylose could serve as a reducing power (allowing for reduction of 

metabolic intermediates via NADH outputs) for the formation of organic acids or other 

fermentation products. Six strains from the culture collection were included, i.e. C. utilis isolate 

46 (positive reference), K. marxianus isolate 53, S. cerevisiae isolate 62 (negative reference), 

S. pombe isolate 67, as well as two strains that showed potential in the first round of screening, 

namely Hansenula polymorpha isolate 96 (produced five peaks with HPLC) and S. cerevisiae 

isolate 61 (degraded malic acid more effectively than other S. cerevisiae strains). Promising 

new isolates included two C. tropicalis strains (isolates 148 and 152, isolated from plum waste), 

two P. kudriavzevii strains (isolates 3 and 8, isolated from apple pomace) and three 

W. anomalus strains (isolates 107, 109 and 110, isolated from grape pomace). Also included 

were K. exigua isolate 45 (apple pomace) and P. manshurica isolate 136 (plum waste) that 

were isolated at a lower frequency from the fruit wastes and represented different degradation 

profiles than the other new isolates. The 15 strains thus included representatives of 

C. tropicalis, C. utilis, H. polymorpha, K. exigua, K. marxianus, P. kudriavzevii, 

P. manshurica, S. cerevisiae, S. pombe and W. anomalus. 

The three Candida and K. marxianus strains were able to degrade 100% of the xylose within 

48 h (Fig. 3.4a), with the highest levels of malic acid degradation observed for the strains that 

also depleted the xylose in the growth medium. Xylose assimilation/fermentation has 

previously been reported for C. tropicalis [26]. However, a few strains generally considered 

negative for xylose utilisation [26] degraded some xylose under the growth conditions used in 

this study, including K. exigua (5%), P. kudriavzevii (24%–31%), P. manshurica (14%) and 

S. cerevisiae (2%–11%). This raised the question of whether the strains were able to utilise 

some of the xylose due to the presence of malic acid, or if the xylose was merely converted to 

a different compound. The production of acetic acid, ethanol, glucose, glycerol, lactic acid and 

xylitol was quantified with HPLC analyses (Fig. 3.4b), which indicated that many of the strains 

did in fact convert xylose to xylitol (a reduced derivate of xylose). 

Growth of the yeast strains at 37 °C or on plates that contain increasing amounts of ethanol 

was tested to assess their ability to cope with increased temperatures and potential ethanol 

production during fermentations. Only K. exigua (isolate 45) could not grow at 37 °C (data not 
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shown); all the other strains grew on plates containing 10% ethanol, with the S. cerevisiae, 

S. pombe, P. kudriavzevii and C. utilis strains performing the best (data not shown). Some of 

the P. kudriavzevii and S. cerevisiae strains displayed weak growth on 15% ethanol, whereas 

none of the strains grew in the presence of 20% ethanol. 

 

 

Fig. 3.4 Cultivation in malic acid and xylose growth medium. (a) Malic acid and xylose degradation 

capabilities of 15 selected strains cultivated for 48 h in growth media containing both malic acid and 

xylose. Each bar represents the average malic acid or xylose degradation per strain based on biological 

triplicate results. (b) Production of selected products (g/L) after 48 h cultivation in growth media 

containing both malic acid and xylose. Each bar represents the average of biological triplicate results. 

Error bars indicate standard errors. 

 

3.3.5 Candidate selection for up-scaled cultivations and fermentations 

The yeast candidates for synthetic media cultivations and fermentations were selected based 

on the overall levels of malic acid degradation in the three different carbon sources (malic acid 

only, malic acid + glucose or malic acid + xylose; Fig. 3.5). The Candida, K. marxianus and 
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P. kudriavzevii strains were able to degrade more than 80% of the malic acid in the medium 

irrespective of the carbon source, whereas the W. anomalus strains were unable to reach 80% 

degradation in the presence of xylose. As expected from a K(-) yeast, the S. pombe strain 

degraded malic acid the best in media that was supplemented with glucose. Whereas 

P. manshurica showed its worst malic acid degradation in the presence of glucose, S. cerevisiae 

isolate 61 (single culture result) showed 74% and 88% degradation in YMCG and YMC media, 

respectively, which is higher than previously reported for S. cerevisiae strains. The identity of 

the latter culture was confirmed as S. cerevisiae with D1/D2 sequencing. 

 

 

Fig. 3.5 Malic acid degradation in different carbon sources after 48 h, namely malic acid only (YMC), 

malic acid + glucose (YMCG) and malic acid + xylose (YMCX). Each bar represents the average malic 

acid degradation per strain for each of the growth media (with YMC and YMCG averages expressed as 

percentages relative to the reference strain, C. utilis YMV1153). Average values are based on biological 

triplicate results, with the exception of isolate 61 that represents a single culture result for YMC and 

YMCG. Error bars indicate standard errors. 

 

Strains of S. cerevisiae are considered to be poor utilisers of extracellular malate [47] relative 

to other K(-) yeasts like S. pombe and Zygosaccharomyces bailii [4, 42]. It has been known for 

many years that S. pombe can degrade malic acid levels as high as 29 g/L without a negative 

effect on the strain’s cell growth, ethanol production or sugar metabolism [52]. A recent study 

on Kei-apple wines even suggested that S. pombe may degrade up to ca. 45 g/L malic acid [28]. 

The lack of a mediated transport system for the uptake of extracellular malic acid [47] and the 
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presence of a (mitochondrial) malic enzyme with a low substrate affinity (Km = 50 mM) [31] 

are possible reasons for the poor utilisation of malic acid normally observed for S. cerevisiae. 

A study by Redzepovic and co-workers [36] on the differential malic acid degradation during 

alcohol fermentation with Saccharomyces strains indicated that even the commercial wine 

yeast, Lalvin strain 71B, struggled with malic acid degradation despite being promoted for that 

specific purpose (and is still in use today). The pursuit for Saccharomyces strains with 

improved malic acid degradative qualities thus remains active and supports the aim of this 

study to isolate and include new isolates in the screening of malic acid degrading yeasts. 

To produce premium wines, it is important to adjust wine acidity along with creating desirable 

colour, flavour and texture profiles. It could be of great benefit to the wine industry to find a 

suitable, non-GMO yeast strain with high alcohol tolerance (characteristic of S. cerevisiae 

strains) that is also able to reduce wine malic acid levels for highly acidic wines and musts 

[56]. The natural S. cerevisiae strain (isolate 61) identified in this study could therefore have 

important attributes for the wine industry but also serve as an attractive candidate to investigate 

its enhanced ability to degrade extracellular malic acid. 

3.3.6. Malic acid conversion in synthetic media under aerobic versus fermentative 

conditions 

The eight most promising strains in terms of desirable products (ethanol, glycerol and organic 

acids, Fig. 3.4b) and malic acid degradation (Fig. 3.5) were selected for up-scaled cultivations 

and fermentations, and included C. tropicalis (isolate 148), C. utilis (positive ref. strain 

hereafter referred to as isolate 46), K. marxianus (isolate 53), P. kudriavzevii (isolate 3), 

P. manshurica (isolate 136), S. cerevisiae (isolate 61), S. pombe (isolate 67) and W. anomalus 

(isolate 109). In the synthetic media cultivations and fermentations, growth of the individual 

strains (measured by DCW) was influenced by the available carbon source and oxygen levels 

(Fig. 3.6), often resulting in contrasting profiles under aerobic and oxygen-limited conditions. 

Similarly, strains that reached higher biomass in one carbon source would often be growing 

weaker in another carbon source. This indicates the importance of considering the parameters 

and feedstock under which a potential (biorefinery) organism would have to perform when the 

best candidate(s) are selected.  
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Fig. 3.6 Average dry cell weight (DCW, in g/L) of triplicate cultures after 72 h in growth media 

containing (a) malic acid only, (b) malic acid + glucose or (c) malic acid + xylose, assessed under either 

aerobic or oxygen-limited conditions. Error bars denote standard errors. 
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The HPLC results (quantifying acetic acid, ethanol, glucose, glycerol, lactic acid and succinic 

acid/xylitol) showed that the strains did not produce the desired products when cultivated in 

media with malic acid as the sole carbon source, with the marginal exception of the C. utilis 

strain that produced 0.5 g/L ethanol in oxygen-limited conditions (data not shown). When 

grown in media containing both malic acid and glucose, varying levels of acetic acid, ethanol 

and glycerol were detected after 72 h (Fig. 3.7a).  

 

 

Fig. 3.7 Quantification of end products (g/L) generated by yeast strains after cultivation for 72 h in 

either (a) malic acid + glucose or (b) malic acid + xylose under either aerobic or oxygen-limited 

conditions. Each bar represents the average product (g/L) per strain based on triplicate culture HPLC 

analyses. Error bars indicate standard errors 
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Only the P. manshurica strain was unable to produce ethanol under oxygen-limited conditions 

in this medium, which was not surprising as P. manshurica is known to be a weak or non-

fermenter of glucose [26]. Conversely, the best ethanol producers were the S. pombe, 

S. cerevisiae and C. utilis strains. The higher ethanol production of S. pombe under both aerobic 

and oxygen-limited conditions, as opposed to that of S. cerevisiae, could be attributed to malo-

ethanolic fermentation (MEF), which requires a malic enzyme as part of its metabolic pathway 

[46]. As previously mentioned, the cytosolic malic enzyme of S. pombe has a higher substrate 

affinity (Km = 3.2 mM) than the mitochondrial malic enzyme of S. cerevisiae (Km = 50 mM) 

[31, 52]. 

After 72 h in media supplemented with malic acid and xylose, numerous strains converted 

some of the xylose to xylitol (Fig. 3.7b). Although the C. utilis, P. manshurica and S. cerevisiae 

strains did not produce xylitol under aerobic conditions, all the strains produced some xylitol 

under oxygen-limited conditions. Interestingly, the xylose to xylitol conversion was also 

observed for the C. tropicalis strain, in contrast to previous reports that C. tropicalis is able to 

ferment xylose [26]. This yeast was the only strain able to produce small amounts of succinic 

acid (0.057 g/L) under oxygen-limited conditions and glycerol (0.209 g/L) under aerobic 

conditions in the presence of xylose. Other desirable products detected by some of the strains 

included acetic acid and ethanol under oxygen-limited conditions.  

3.3.7 Apple and grape pomace conversion under aerobic versus fermentative 

conditions 

Two strains, P. kudriavzevii (isolate 3) and S. cerevisiae (isolate 61), were assessed in 

cultivations and fermentations (triplicate culture repeats from single inocula) using apple and 

grape pomace as respective substrates. The P. kudriavzevii strain was a newly obtained isolate 

that degraded malic acid effectively in all tested media, produced natural products (such as 

xylitol from xylose) and is not known as an opportunistic pathogen, whereas the S. cerevisiae 

strain 61 was chosen due to its unique malic acid degradation capabilities described above. 

Based on the estimated DCW, the P. kudriavzevii strain generated higher biomass on both 

substrates under both aerobic and oxygen-limited conditions (Fig. 3.8). Notable differences 

were observed under aerobic conditions on grape pomace, where P. kudriavzevii reached 

15.8 g/L as opposed to 4.8 g/L for S. cerevisiae. This correlated with the HPLC data that 

indicated that the S. cerevisiae strain was able to produce some acetic acid and therefore 

potentially converted less carbon towards biomass. With regards to malic acid degradation in 
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apple pomace, HPLC data indicated that both strains degraded 100% of the available malic 

acid under oxygen-limited conditions after 72 h (data not shown). 

 

 

 

Fig. 3.8 Average estimated dry cell weight (DCW, in g/L) of strains after cultivation on (a) apple 

pomace and (b) grape pomace after 72 h under either aerobic or oxygen-limited conditions. Values 

represent triplicate culture repeats and error bars indicate standard errors. 

 

The HPLC analyses further indicated that ethanol was the main product obtained when 

cultivating the P. kudriavzevii and S. cerevisiae strains on apple and grape pomace under 

oxygen-limited conditions (Fig. 3.9). Both strains also produced ethanol under aerobic 
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conditions when cultivated on apple pomace. Whilst 5 g moist pomace was used as substrate 

per 100 mL, the dried pomace equivalent was ca. 3.74 g for apple pomace and ca. 2.78 g for 

grape pomace. Thus, the equivalent conversion of dry pomace biomass to ethanol under 

oxygen-limited conditions for grape pomace reached 58.6% for P. kudriavzevii and 54.6% for 

S. cerevisiae, compared to 52.6% for P. kudriavzevii and 56.2% for S. cerevisiae on apple 

pomace. Whilst these ethanol conversion values are lower than those obtained by other studies 

[19, 25], they were obtained without the use of exogenous enzymes or using a microbial 

consortium. Further optimisation and up-scaled fermentations would therefore be required to 

compare the performance of these strains with other reports. 

 

 

 

Fig. 3.9 Quantification of products (g/L) from apple and grape pomace under either aerobic or oxygen-

limited conditions. Each bar represents the average (g/L) per strain based on three culture repeats; error 

bars indicate standard errors. 

 

Acetic acid was the second predominant product, with S. cerevisiae isolate 61 producing 

0.62 g/L from grape pomace under aerobic conditions (i.e. 22.3% acetic acid conversion from 

dry biomass). The growing market for acetic acid could make it an attractive by-product to 

target in a biorefinery [22]. Some studies even suggest producing higher levels of acetic acid 

via the conversion of bioethanol obtained during the fermentation of renewable substrates such 

as apple pomace [34, 55]. This illustrates that studies on waste valorisation are often aimed at 
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different goals with regard to potential substrates and products. This is also true for malic acid 

that has been studied for its production from waste substrates [38] as opposed to its potential 

conversion to other valuable products.  

 

3.4 Conclusions 

In summary, a relatively large number of yeast strains were isolated from fruit wastes rich in 

malic acid, which support the statement that one can turn to selective niches in nature to find 

native yeast strains that may have acquired specific characteristics. Certain strains belonging 

to the genus Candida, Kluyveromyces and Pichia were shown to be adept at degrading malic 

acid in all three tested carbon scenarios. After narrowing down the pool of potential yeast 

strains, synthetic media cultivations and fermentations indicated that these non-conventional 

yeasts may produce different products depending on the available carbon sources and oxygen 

parameters. The up-scaled cultivation and fermentation results further suggested that ethanol 

(> 50%) and/or acetic acid (> 20%) can be naturally produced from apple/grape pomace 

(without external aid) by using the selected P. kudriavzevii or S. cerevisiae strains from this 

study. The screening processes also revealed a S. cerevisiae strain that is naturally more 

efficient at the degradation of extracellular malic acid than previously reported for this yeast 

species – a trait that could have important implications for the wine industry and may offer 

exciting possibilities.  
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Abstract 

Saccharomyces cerevisiae, often referred to as the wine yeast, is a very efficient candidate for 

alcoholic fermentation during winemaking but is generally considered to be a poor utiliser of 

extracellular malic acid. As excess levels of the latter can be detrimental to wine quality, malic 

acid-degrading S. cerevisiae strains could be useful for application in the wine industry. 

Saccharomyces cerevisiae strain 61, a natural strain with better than expected malic acid-

degradation abilities, was provisionally characterised for its potential application(s). Strain 61 

degraded malic acid more efficiently (11.42%) within 72 h than two commercial wine yeasts, 

Exotics SPH™ and Lalvin QA23™ (8.47% and 9.7%, respectively) in a synthetic malic 

acid/glucose medium. The strain also proved to be more heat-resistant than the commercial 

strains and generated higher levels of biomass during cultivations on substrates with a relatively 

low sugar content. These characteristics support our hypothesis that strain 61 could have 

potential application(s) in the wine industry. 

 

4.1  Introduction 

Saccharomyces cerevisiae is a yeast with many characteristics that render it an attractive 

candidate for various industrial applications – in particular alcoholic fermentation and 

recombinant gene expression. Winemaking dates back to 5400–5000 BC [47], making it one 

of humankind’s oldest food processing techniques [31] and classifying S. cerevisiae (aka the 

‘wine yeast’) as humankind’s oldest domesticated organism [33]. More recently, strains of 

S. cerevisiae have also been used for the recombinant production of chemicals, enzymes and 

biopharmaceuticals that typically require resilient strains with high expression levels and 

growth rates [23]. 

Wine yeasts are responsible for the complete, effective and rapid conversion of grape must 

sugars to ethanol, carbon dioxide and other important metabolites, thus creating one of the most 

popular beverages consumed globally. To control fermentation conditions in modern 

winemaking (e.g. producing specific characteristics, reducing the risk of contamination and 

increasing reproducibility), yeast strains with specific abilities are used to inoculate the grape 

must [31]. Strains classified as S. cerevisiae var. cerevisiae and S. cerevisiae var. bayanus 

became widely accepted as starter cultures since they ensured efficient fermentation and 
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reduced the risk of unwanted flavour compounds during wine fermentation [7]. Since yeast 

strains and their metabolic products contribute to the sensory profile of wines [26], yeast-

producing companies have immense interest in new strains with unique characteristics [31]. 

One useful characteristic is the ability to degrade malic acid in the grape must as excess malic 

acid can be detrimental to wine quality [27, 33]. Together with tartaric acid, malic acid 

represents a major organic acid in grapes, especially grape varieties that are cultivated in cooler 

regions [39], where exceptionally cold summers have resulted in 15–16 mg/mL malic acid in 

the grapes [17]. A Korean grape variety (Campbell’s Early) has also been reported to contain 

large amounts of malic acid that negatively affects its wine quality [28], whereas a recent study 

detected 19.4 g/kg malic acid in Chardonnay grape pomace [49].  

Although other Saccharomyces species, non-Saccharomyces yeasts and interspecific hybrids 

attracted interest for various reasons (e.g. preserving positive properties while suppressing less 

desirable properties [26]), most of the current commercial wine yeasts are S. cerevisiae strains 

[31]. Studies on the isolation and characterisation of malic acid-degrading yeast strains mainly 

identified Schizosaccharomyces malidevorans, Schizosaccharomyces pombe and 

Zygosaccharomyces bailii as candidates to degrade malic acid in the presence of glucose, also 

known as K(-) yeasts [3, 43, 48]. However, these strains are often unsuitable for wine 

production as they tend to produce off-flavours [17, 35].  

Unfortunately, the main yeast species used in wine production is unable to efficiently degrade 

malic acid, with strains belonging to Saccharomyces spp. typically labelled as ‘inefficient 

metabolisers of extracellular malic acid’ [11, 52, 54], or may even produce malic acid [14, 41]. 

It has been suggested that the lack of a malate transport system in S. cerevisiae is responsible 

for its inability to efficiently degrade malic acid [4] and it has to rely on the slow diffusion of 

the organic acid [1, 3, 53, 54]. In addition, the mitochondrial malic enzyme (ME) gene of 

S. cerevisiae (MAE1) is constitutively expressed at relatively low levels [8] with a low substrate 

affinity (Km = 50 mM) for malic acid [16, 45]. A promising natural S. cerevisiae strain – also 

a K(-) yeast – thus warrants further investigation for potential applications in the wine industry. 

To evaluate the potential of S. cerevisiae strain 61 (identification described in Chapter 3) in a 

wine industry context, it was compared to two industrial wine yeast strains: (1) Lalvin QA23™ 

(Addendum: Fig. C1), classified as an S. cerevisiae var. bayanus strain, is a commercial strain 

described as ‘very malolactic bacteria compatible’ and is mostly recommended for use in white 
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wine production; and (2) Anchor Exotics SPH™ (Addendum: Fig. C2) is classified as an 

S. cerevisiae-S. paradoxus hybrid that has applications in barrel-fermented white wine 

production. One of the listed advantages of Anchor Exotics SPH™ is the enhancement of 

malolactic fermentation as it is capable of partial malic acid breakdown (up to 17% in red 

wine).  

In this chapter, we set out to better understand S. cerevisiae strain 61 by assessing its basic 

physiological abilities and metabolic profile when cultivated in synthetic media and grape 

pomace. The strain’s biomass production, tolerance to varying pH and temperature values as 

well as its ability to utilise extracellular malic acid were compared with the two commercial 

wine yeasts, Lalvin QA23™ and Anchor Exotics SPH™.  

 

4.2 Materials and Methods 

The two industrial yeast strains (in dry pellet form) were activated at 37 °C for 20 min in sterile 

Erlenmeyer flasks with HPLC-grade water. The yeast cultures were inspected under the 

microscope before they were added to pre-culture broths. All the yeast strains were maintained 

on YPD agar (20 g/L glucose, 10 g/L yeast extract, 20 g/L peptone, 20 g/L bacteriological agar, 

pH 5.5). 

4.2.1 Preliminary characterisation of S. cerevisiae strain 61 

The temperature and pH tolerance of S. cerevisiae strain 61 were compared to the two industrial 

strains (Exotics SPH™ and Lalvin QA23™). The strains were inoculated and incubated on 

YPD agar plates across a temperature range (23 °C, 26 °C, 30 °C, 37 °C and 45 °C), as well as 

YPD agar plates (at 30 °C) set at pH values ranging from pH 1 to pH 7. The ability of strains 

to convert L-malic acid to pyruvic acid was qualitatively assessed during 7-day cultivation (180 

rpm at 30 °C) in modified Glucose-Malate-Indicator (GMI) broth (pH 3.3) containing 0.17% 

yeast nitrogen base, 0.5% (NH4)2SO4, 2% glucose, 2% L-malic acid and 0.01% bromocresol 

green [51]. This assay described in Chapter 3 was repeated to obtain comparative results with 

the commercial wine yeasts. 
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4.2.2 Synthetic media cultivations 

Strain 61 and the industrial strains Lalvin QA23™ and Exotics SPH™ were cultivated in 

triplicate at 30 °C (200 rpm) in synthetic media for 72 h using 500 mL baffled Erlenmeyer 

flasks (aerobic conditions). The synthetic media (0.17% yeast nitrogen base w/o amino acid 

and ammonium sulphate, 0.5% ammonium sulphate, 2.22% L-malic acid and 0.44% glucose, 

pH 3.4) were supplemented with 0.2 g/L chloramphenicol (Roche Diagnostics, Basel, 

Switzerland) to inhibit bacterial growth. Strains were pre-cultured in this broth before fresh 

growth media (45 mL) were supplemented with 5 mL inocula (A600 = 0.5). Samples (2 mL) 

were collected every 24 h and used for HPLC analyses and to quantify biomass in terms of dry 

cell weight (DCW) using DCW standard curves (Addenda: Figs. B2 and C3).  

4.2.3 Grape pomace cultivations 

Pomace described in Chapter 3 as ‘Fresh Shiraz 2 – Outside 25/3/19 moist’ (hereafter called 

Shiraz pomace) was used to simulate grape pomace media that consisted of 5 g moist grape 

pomace (≈ 2.44 g dry weight) autoclaved in 100 mL dH2O (pH 3.4), i.e. without any nutrient 

supplementation. Strains 61, Exotics SPH™ and Lalvin QA23™ were cultivated in triplicate 

for 72 h at 30 °C (200 rpm) using 500 mL baffled Erlenmeyer flasks (representing aerobic 

conditions). Samples (2 mL) were collected every 24 h for DCW estimations and HPLC 

analyses. 

 

4.3 Results and discussion 

4.3.1 Temperature and pH tolerance 

Characterisation of natural isolates in terms of temperature and pH tolerance can provide 

insight into a yeast’s natural abilities. It is general knowledge that these parameters may 

influence microbial growth, but they can also affect the degradation of substrates (e.g. pH 3–

3.5 has been reported as the optimal pH range for the consumption of malic acid by 

S. cerevisiae strains [11]), and the production kinetics of a strain [55]. High temperatures are 

often required in industrial settings [29] but cause major stress for S. cerevisiae strains and can 

result in stuck fermentations [15, 32, 56], whereas lower cultivation temperatures have been 
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linked to increased protein production and improved extracellular activity of recombinant 

hydrolases [9, 10].  

All strains were able to grow on YPD plates at pH values ranging from pH 3 to 7; the two 

industrial strains showed some growth at pH 2 (albeit with smaller colonies) after 4 days (Table 

4.1) whereas strain 61 required more than 7 days to grow at pH 2. All the strains grew at 

temperatures ranging from 23 °C to 37 °C, but no growth was detected at 45 °C. However, 

after the plates were moved from 45 °C to room temperature, strain 61 developed colonies on 

the YPD plates. This indicated that although growth was inhibited at 45 °C for a week, some 

61 cells remained viable and were proliferating at ambient temperature. Neither of the 

commercial strains showed any recovery, suggesting that strain 61 is better adapted for 

surviving 45 °C than the other strains. 

 

Table 4.1 Temperature and pH tolerance of strain 61  

 pH Temperature (°C) 

Strain 1 2 3 4 5 6 7 23 26 30 37 45 

61 - * + + + + + + + + + - 

Exotics SPH™ - (+) + + + + + + + + + - 

Lalvin QA23™ - (+) + + + + + + + + + - 

- no growth; * growth after extended period (+) smaller colonies; + growth 

 

It has been established that metabolic and/or structural changes (such as the expression of genes 

for protective compounds) can occur in an organism when exposed to environmental or stress 

stimuli [2]. Although growth at 45 °C is rare for S. cerevisiae strains, cases of thermo-tolerant 

species have been reported [40]. A recent study by Jansen et al. [25] reported on a natural 

S. cerevisiae vineyard isolate (YI13) that was able to grow at 45 °C, whereas other studies have 

employed acclimatisation treatments to select for thermo-tolerant S. cerevisiae strains [13]. The 

survival of strain 61 after a 7-day exposure to 45 °C suggests that this strain might be a good 

candidate for acclimatisation treatments to further increase its thermo-tolerance – a useful 

characteristic in biorefinery platforms where high-temperature ethanol fermentations are more 

economically feasible as it reduces essential cooling steps [30, 42]. 
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4.3.2 Degradation of extracellular L-malic acid 

Strains of S. cerevisiae are not effective in degrading extracellular malic acid due to the absence 

of a malic acid transporter and a weak mitochondrial malic enzyme (Chapter 2, Fig 2.1) [16]. 

Although S. cerevisiae strain 61 showed significant malic acid degradation in YMCG and 

YMC media (Chapter 3), no blue colour was detected with GMI assays for the three 

Saccharomyces strains (data not shown), indicating that the commercial wine yeasts did not 

differ from strain 61 in this regard. This is not surprising since the GMI colourimetric assay 

was designed to indicate the degradation of extracellular L-malic acid by S. pombe cultures due 

to a pH shift from 3.3 to 5.2 [51], which could be masked if the species produce other organic 

acids.  

Whereas S. cerevisiae strains are responsible for (primary) alcoholic fermentation during wine 

production, malic acid is converted via (secondary) malolactic fermentation (MLF) by lactic 

acid bacteria (LAB) [18]. In some cases, the wine flavour and aroma obtained via MLF is less 

desirable than deacidification via the malo-ethanolic (MLE) pathway, which can be performed 

by S. pombe, among others [50]. Based on the HPLC data for strain 61 (Chapter 3 and sections 

below), the MLE pathway might be the preferred deacidification method since no lactic acid 

was produced when extracellular malic acid was degraded. An in-depth study on the malic acid 

metabolism of this unique strain would be necessary to gain a better understanding of its 

underlying mechanisms. 

4.3.2 Product formation in synthetic malic acid + glucose media 

Synthetic media cultivations were performed to evaluate the metabolites produced by strain 61 

relative to the two commercial wine yeasts. The synthetic media (containing 2.22% malic acid 

and 0.44% glucose) in the precultures introduced additional malic acid at T0 (on average 5.2–

7.5 g/L), resulting in higher initial malic acid concentrations than the 22.2 g/L in the synthetic 

medium (Fig. 4.1). The 3.2 g/L ethanol at T0 could be ascribed to supplementation with 

chloramphenicol (dissolved in 99.9% concentrated ethanol) to inhibit bacterial contamination. 

The precultures also introduced 0.5–1.0 g/L glucose at T0.  

Noteworthy was the different patterns for malic acid degradation (Fig. 4.1): strain 61 showed 

significantly better malic acid degradation than the two commercial wine yeasts with 11.42% 

malic acid degraded after 72 h, followed by Lalvin QA23™ (9.7%) and Exotics SPH™ 

(8.47%). Malic acid degradation was not followed beyond 72 h, but the curve for strain 61 
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suggests that the difference could be more pronounced for continued incubation. A previous 

study on differential malic acid degradation during alcohol fermentation with Saccharomyces 

strains reported that even commercial wine yeasts (such as Lalvin strain 71B that is promoted 

for this purpose) can struggle with malic acid degradation [36].  

 

Synthetic media cultivations 

 

  

  

  

Fig. 4.1 Average dry cell weight (DCW) and residual concentrations of selected metabolites in synthetic 

media under aerobic conditions. Results represent the average of triplicate cultures for S. cerevisiae 61, 

SPH™ and QA23™ strains, and error bars indicate standard errors. 
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The three strains displayed similar patterns for glucose and ethanol degradation, with complete 

utilisation after 24 h and 48 h, respectively. It is well-known that S. cerevisiae prefers glucose 

as a carbon source and acquires energy via the fermentation pathway (even in the presence of 

oxygen). Yet, should the glucose become scarce (or depleted after 24 h in this case), the yeast 

will use the available ethanol as the carbon source, thus shifting the yeast metabolism to a 

respiratory mode [19]. Glycerol degradation showed (non-significant) different patterns for the 

three strains over the first 24 h with small amounts of glycerol being introduced at T0 by the 

precultures, whereas a non-significant acetic acid peak was detected for Lalvin QA23™ at 

24 h. Both metabolite levels were depleted after 72 h for all three of the strains. No pyruvic 

acid production was detected for any of the strains. 

Similar DCW curves for the two commercial wine yeasts and significantly higher biomass for 

strain 61 were observed (Fig. 4.1). This increased biomass for strain 61 (almost 3-fold at 24 h) 

may suggest that the wild type strain directs the carbon flow more effectively towards biomass 

production than the other S. cerevisiae strains, which are not known for high biomass 

production [46]. Carbon metabolism in strain 61 should thus be further investigated. 

Wine acidity, mainly due to the presence of malic and tartaric acids in grape juices, can affect 

the biochemical, microbial and physical stability of wine in addition to affecting its important 

sensory quality [33]. For example, the pH greatly influences the growth and survival of 

microorganisms, the addition of enzymes and the effectiveness of antimicrobial compounds 

and antioxidants to name a few. Although bio-deacidification of wine is mainly mediated by 

LAB, the growth of these bacteria can be hindered by the acidic pH, low temperatures, 

limitation of nutrients and high levels of alcohol and sulphur dioxide in wines – resulting in 

sluggish or stuck MLF that often leads to the subsequent spoilage of wine. An S. cerevisiae 

strain that is naturally better adapted to degrade malic acid than some commercial wine yeasts 

(and which could be further optimised) is thus an exciting opportunity waiting to be explored.  

However, based on the DCW curves discussed above, strain 61 also generated more biomass 

than the commercial strains tested in this study. This suggests that the more effective malic 

acid degradation observed for strain 61 may be due to the higher biomass and not (only) malic 

acid metabolism. Further research should investigate both aspects to obtain a better 

understanding of TCA metabolism in strain 61. 
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4.3.3 Grape pomace cultivations 

When cultured in grape pomace broth, all the strains depleted the glucose within the first 24 h 

and produced ethanol, malic acid and glycerol at comparable values after 72 h (Fig. 4.2). Lalvin 

QA23™ was slower to deplete ethanol and generated some acetic acid leading up to T48. Strain 

61 also showed some acetic acid production at T24, but all the strains consumed all the acetic 

acid by 72 h. The data illustrated that strain 61 generally matched the profiles of the commercial 

wine yeasts and may hold promise for future exploration in the wine industry.  

 

Grape pomace cultivations 

 

  

  

  

Fig. 4.2 Average dry cell weight (DCW, in g/L) and metabolite degradation/production under aerobic 

conditions. Results are the average of triplicate cultures for the S. cerevisiae 61, SPH™ and QA23™ 

strains, and error bars denote standard errors. 
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Traditional wine-growing countries (e.g. France, Germany and Italy) tend to reject or restrict 

the use of GMOs [26] and wines produced with GM yeasts require specific labelling [6, 34], 

which may result in rejection by wine consumers. It is expected that the EU wine industry will 

not be accepting the use of GMO yeasts in the foreseeable future [22, 26, 31] and natural strains 

with better characteristics is thus an ongoing area of interest. However, any application in the 

wine industry would first require proper evaluation in terms of the flavour profile that the yeast 

produces on different types of grapes. Furthermore, it would be more insightful to compare 

strain 61 with the commercial wine strains in a wine substrate with higher levels of malic acid, 

such as synthetic grape juice with 3 g/L malic acid [38] or fresh grape musts. 

 

Strain 61 again generated the most biomass (Fig. 4.2), followed by strains Lalvin QA23™ and 

Exotics SPH™. The DCW for all the strains was about one-third of what was achieved on the 

synthetic medium; for example, strain 61 only reached 4.5 g/L in the grape pomace broth versus 

17 g/L in the synthetic medium. Previous studies have illustrated different levels of biomass 

generated by strains (ca. 0.5g/g vs. 0.1g/g) when aerobically cultivated in low vs. high glucose 

conditions [12]. The malic acid degradation and biomass production of strain 61 may thus have 

been supported by an increased Pasteur effect (with limited glucose being available and 

oxidative malic acid degradation taking place). It would thus also be interesting to compare 

these strains in wine fermentations (with various oxygen parameters [44]) where sugar levels 

are higher [24]. 

 

4.4 Conclusions 

In this chapter, we set out to characterise S. cerevisiae strain 61 relative to other commercial 

wine yeasts to obtain a preliminary perspective of its potential. Our findings showed a similar 

HPLC profile (glucose, ethanol, malic acid, glycerol and acetic acid) for strain 61 than the 

commercial strains when cultivated on Shiraz grape pomace. However, strain 61 degraded 

malic acid more efficiently than the two commercial wine yeasts in a synthetic malic 

acid/glucose media, thus supporting our hypothesis that this strain could have potential 

application in the wine industry. However, recombinant gene expression would be required to 

direct malic acid degradation towards the production of another high-value organic acid (such 

as fumaric acid) for application in a biorefinery setting. 
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An interesting observation was that strain 61 grew to significantly higher biomass than the two 

commercial strains, which beg the question as to whether the enhanced malic acid utilisation 

is a result of the higher biomass and/or more efficient TCA metabolism. The reason(s) for the 

enhanced malic acid utilisation need(s) to be explored, but being a natural S. cerevisiae strain 

with better malic acid degradation capabilities (which may be supported by or rooted in higher 

biomass production) is especially exciting since genetically modified organisms (GMOs) are 

still met with resistance by the wine industry and natural malic acid utilising strains might be 

well sought after [5].  

The enhanced growth rate observed for strain 61 may also be important for the expression of 

recombinant proteins in S. cerevisiae (where higher biomass could translate into higher protein 

concentrations). To obtain high-quality reproducible products via fast and complete 

fermentation, modern industries require very high amounts of selected yeast strains and the 

technology for large-scale production of active dry yeast is well established [21, 37]. Gomez-

Pastor et al. [20] reported that the most critical step in biomass propagation is the metabolic 

transition from fermentation to respiration. Whilst studying the most expressed proteins during 

this process, a ‘direct correlation between mRNA changes and protein abundance was observed 

for several functional categories,’ including TCA proteins involved in mitochondrial and 

carbohydrate metabolism as well as chaperones, heat shock proteins and oxidative stress 

response-related proteins. Exploring natural S. cerevisiae strain 61 for the expression and 

production of recombinant proteins in high concentrations could thus be an interesting avenue 

for future research given its better biomass production relative to the industrial strains evaluated 

in this study. 

Strain 61 appears to be more heat-resistant than the commercial wine yeasts, which could prove 

useful should this strain be employed as a recombinant host for a malic acid-based biorefinery. 

Given its high biomass accumulation and temperature tolerance, the strain may be a good host 

candidate for consolidated bioprocessing where the optimum temperature of hydrolases is 

typically much higher than what can be tolerated by the host strain [23].  
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Abstract 

Whilst Saccharomyces cerevisiae is not considered to be a natural producer of organic acids, 

this well-established yeast with its robustness and good acid tolerance is an attractive candidate 

for use in various industries, including biorefineries. The production of a high-value organic 

acid such as fumaric acid could be beneficial for a waste-based biorefinery, although genetic 

engineering of S. cerevisiae strains is required to achieve this outcome. Recombinant 

expression of fumarase and transporter genes improved the malic acid-to-fumaric acid 

metabolism of constructed S. cerevisiae strains. Both the origin of the fumarase gene and the 

addition of the transporter impacted the efficiency of fumaric acid production, which was 

achieved in small-scale and up-scaled cultivations in synthetic media and partially achieved for 

one strain using grape pomace as a substrate. Whilst many optimisation strategies in a malic 

acid-to-fumaric acid biorefinery concept could be explored, the poor malic acid-utilisation 

capability of the parental strain(s) should be addressed. 

  

5.1  Introduction 

 

A variety of four and six-carbon dicarboxylic acids have been included in the ‘Top Value-

Added Chemicals from Biomass’ list compiled in the early 2000s [32]. The numerous 

applications in various important industries and the respective global market values (discussed 

in Chapter 2) explain the substantial interest in the microbial production of these products by 

using renewable biomass as substrates [36, 37]. With regards to yeast candidates, 

Saccharomyces cerevisiae is a well-established industrial microorganism with a long and safe 

history in the food and beverage industry and attractive characteristics such as tolerance 

towards inhibitors, acidic conditions, high sugar and ethanol concentrations whilst requiring 

simple growth media [16]. Strains of S. cerevisiae thus remain one of the frontrunner 

candidates for the bio-fermentative production of dicarboxylic acids, including the production 

of fumaric acid [35, 36].  

Fumaric acid can be produced via three potential routes [35]. The petrochemical route involves 

maleic anhydride conversion with high achievable yields, but is becoming more expensive due 

to decreased petroleum resources and increased oil prices [11], whereas chemical synthesis can 

have a negative environmental impact as it requires high pressures and temperatures as well as 
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heavy metal catalysts and organic solvents [19]. The fermentative route has mainly been based 

on fungal fermentations utilising Rhizopus species (such as R. oryzae and R. arrhizus) [20], 

although the morphology and growth challenges of these fungi have limited their use in 

industrial-scale productions. There is also concern about product safety based on potential 

pathogenic properties exhibited by many of these fungi [35].  

Some studies have explored the genetic modification of S. cerevisiae strains to produce fumaric 

acid – often via the conventional glycolytic and reductive tricarboxylic acid (TCA) pathways 

and overexpressing genes, for example the FUM1, MDH and PYC genes of R. oryzae [2, 9, 33, 

35]. It is known that natural yeast fumarases mainly catalyse the conversion of fumaric acid 

towards malic acid (and not the reverse) [12, 18]. Since this inhibits the potential accumulation 

of large amounts of fumaric acid in the yeast cytosol, deletion of the natural S. cerevisiae 

fumarase gene has been reported to achieve higher fumaric acid yields and titres [2, 31, 34]. 

Another useful modification is the addition of a transporter, such as the constitutive proton-

dicarboxylate symport system of Schizosaccharomyces pombe that allows for active transport 

of L-malate as well as other C4-dicarboxylic acids [21]. This specific transport system is not 

subject to glucose repression and functions well in the presence of high glucose concentrations 

(as found in grape must) [26]. A recent study on the efficient transport of dicarboxylic acids in 

S. cerevisiae suggested that the S. pombe transporter (SpMae1) may belong to a voltage-gated 

anion channel family (SLAC1) [4] rather than being a member of the TDT family that uses a 

proton motive force [7]. Either way, SpMae1 showed a very high activity towards C4-

dicarboxylic acids (such as fumaric, malic and succinic acids) without inhibiting cell growth at 

low or neutral pH values [4]. 

The results discussed in Chapters 3 and 4 demonstrated that the recombinant expression of 

appropriate genes is required to direct malic acid degradation towards the production of a 

specific organic acid in S. cerevisiae. As our study is based on the utilisation of malic acid, the 

production of fumaric acid as a high-value biorefinery product was attractive since the 

conversion step is redox-neutral. While most previous studies focussed on genes from Rhizopus 

species, we investigated alternative fumarase genes to be expressed in combination with the 

S. pombe mae1 transporter gene (which has previously been shown to enhance fumaric acid 

concentrations when expressed in recombinant S. cerevisiae strains [38]).  
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This chapter describes the construction of S. cerevisiae strains that can produce fumaric acid 

from malic acid-containing sources using an exogenous fumarase and transport system. We 

also investigated the impact of a secretion signal on some of the fumarases to determine 

whether extracellular malic acid-to-fumaric acid conversion would be possible. For this 

purpose, recombinant strains were constructed that contained either a yeast or bacterial 

fumarase (with/without the XYNSEC secretion signal of Trichoderma reesei xylanase 2 [17]), 

together with the S. pombe malate transporter. 

 

5.2 Materials and Methods 

5.2.1 Strains, plasmids, genes and primers 

The yeast strains used in this study were derived from two auxotrophic S. cerevisiae strains, 

namely Y11030 (EUROSCARF, Oberursel, Germany) and the Y294 laboratory strain (ATCC 

201160). The Y11030 strain (derived from S. cerevisiae S288c) has a disrupted fumarase 

(FUM1) gene on chromosome 16 and is hereafter referred to as Sc-FUM1-. The details of the 

strains and plasmids used in this study are listed in Table 5.1.  

Two yeast episomal plasmids were used for cloning of the fumarase genes: pBBH1 and 

pBBH4, both containing the URA3 marker and the ENO1 promoter and terminator sequences; 

whilst pBBH4 also provides the T. reesei XYNSEC secretion signal upstream of the cloning 

site [17]. Plasmid pHV3 [28], containing the S. pombe malate permease gene (mae1) and LEU2 

selectable marker, promotes the active transport for malic acid and fumaric acid (as opposed to 

passive diffusion).  

The two synthetic fumarase genes were constructed to include 5’ EcoRI and 3’ XhoI restriction 

sites and cloned into the EcoRI and XhoI sites of pUC57 vectors by GenScript (Piscataway, 

NJ). The fumarase gene (fumC) (fumarate hydratase; GenBank accession number 

ATL11923.1; [5]) from Issatcheckia orientalis (now classified as Pichia kudriavzevii 

(teleomorph) or known as Candida kruseii (anamorph)) was chosen based on its previous 

inclusion in BioAmber Inc. strains for succinic acid production and reports that overexpression 

of this gene increased fumaric acid production 3-fold [8]. Since the fumC DNA sequence 

contained an internal BglII restriction site, the AGA at position 139–141 was replaced with 

AGG to retain the arginine codon; the new sequence is hereafter referred to as Ckr_fum. The 
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fumC DNA sequence of Escherichia coli DH5α (fumarate hydratase; GenBank accession 

number KGA86907.1) was codon-optimised for expression in S. cerevisiae and is hereafter 

referred to as Eco_fum. The predicted amino acid sequences for the Ckr_fum and Eco_fum 

genes (Addendum: Table D1) were analysed with SignalP-5.0 software to identify any 

signalling peptides.  

Yeast-mediated ligation (YML) primer sets with vector homology, restriction sites, start/stop 

codons and gene homology were designed for Ckr_fum and Eco_fum amplification and 

detection (Table 5.2). Primers F-FUM1(63U) and R-FUM1(86D) were designed to confirm 

the disruption of FUM1 in Sc-FUM1- (S. cerevisiae Y11030). Primer set J13–14 [10] was used 

to confirm the presence of the mae1 gene with colony-PCR. All primers were synthesised by 

Inqaba Biotechnical Industries (Pty) Ltd (Pretoria, South Africa). 

5.2.2 Strain construction 

5.2.2.1 Confirming disruption of FUM1 in Sc-FUM1- 

Disruption of FUM1 was confirmed via PCR with the F-FUM1(63U) and R-FUM1(86D) 

primers, which would result in different size fragments from the Sc-FUM1- and S. cerevisiae 

S288c (control) strains. Genomic DNA was extracted [13] from the two strains and 5 μL 

genomic DNA was added to the 25 μL PCR reaction mixture containing 10x Standard Taq 

Reaction Buffer (DreamTaq) (Thermo Scientific, MA, USA), Taq polymerase, 10 mM dNTPs 

and 10 μM of each primer. Amplification was performed in an Applied Biosystems 2720 

thermal cycler with an initial denaturation step at 95 °C for 5 min, followed by 35 cycles of 

denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 1 min and a 

final extension at 72 °C for 7 min. Bands were separated and visualised via gel electrophoresis 

(1% agarose (SeaKem® LE, Lonza, Basel, Switzerland) in Tris-acetate-EDTA (TAE) buffer). 

Post-PCR clean-up of the PCR product was done with the Nucleofast 96-well post-PCR clean-

up plate from Macherey-Nagel (Macherey-Nagel, Düren, Germany) on a Tecan EVO150 

robotic workstation at the Central Analytical Facilities (CAF) in Stellenbosch. The nucleotide 

sequence was obtained with the BigDye Terminator V3.1 sequencing kit (Applied Biosystems, 

Applera Corporation, MA) and was adjusted within Chromas Lite version 2.01 (Technelysium 

Pty Ltd.) before alignment to the S. cerevisiae S288c (control) kanMX marker sequence 

(http://www.ncbi.nlm.nih.gov/blast) (Addendum: Table D2). 
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Table 5.1 Strains and plasmids used in this study  

Strains/Plasmids Genotype Source 

Strains:   

Sc-FUM1- (S. cerevisiae 

Y11030) 

BY4742, MATα, ura3Δ0, leu2Δ0, his3Δ1, lys2Δ0, 

YPL262w::kanMX4 
EUROSCARF 

S. cerevisiae Y294 
MATalpha, leu23, leu2112, ura352, his3deltatrp1 GAL+ 

[cir+] 
ATCC 201160 

Escherichia coli DH5α 
supE44, ΔlacU169, (φ80lacZΔM15), hdR17, recA1, endA1, 

gyrA96, thi-1, relA1 
[23] 

S. cerevisiae S288c_5 Sc-FUM1- transformed with pBBH1-Ckr_fum This study 

S. cerevisiae S288c_5A Sc-FUM1- transformed with pBBH1-Ckr_fum and pHV3 This study 

S. cerevisiae S288c_5+leu Sc-FUM1- transformed with pBBH1-Ckr_fum and YEplac181 This study 

S. cerevisiae S288c_31B Sc-FUM1- transformed with pBBH4-Ckr_fum This study 

S. cerevisiae S288c_31B(p1) Sc-FUM1- transformed with pBBH4-Ckr_fum and pHV3 This study 

S. cerevisiae S288c_31B+leu Sc-FUM1- transformed with pBBH4-Ckr_fum and YEplac181 This study 

S. cerevisiae S288c_21 Sc-FUM1- transformed with pBBH4-Eco_fum This study 

S. cerevisiae S288c_21A Sc-FUM1- transformed with pBBH4-Eco_fum and pHV3 This study 

S. cerevisiae S288c_21+leu Sc-FUM1- transformed with pBBH4-Eco_fum and YEplac181 This study 

S. cerevisiae Y294_10B Y294 transformed with pBBH1-Ckr_fum This study 

S. cerevisiae Y294_10B(p2) Y294 transformed with pBBH1-Ckr_fum and pHV3 This study 

S. cerevisiae Y294_10B+leu3 Y294 transformed with pBBH1-Ckr_fum and YEplac181 This study 

S. cerevisiae Y294_17A Y294 transformed with pBBH4-Ckr_fum This study 

S. cerevisiae Y294_17A(p8) Y294 transformed with pBBH4-Ckr_fum and pHV3 This study 

S. cerevisiae Y294_17A+leu Y294 transformed with pBBH4-Ckr_fum and YEplac181 This study 

S. cerevisiae Y294_24 Y294 transformed with pBBH4-Eco_fum This study 

S. cerevisiae Y294_24B Y294 transformed with pBBH4-Eco_fum and pHV3 This study 

S. cerevisiae Y294_24+leu Y294 transformed with pBBH4-Eco_fum and YEplac181 This study 

Plasmids:   

pUC57-Ckr_fum pUC57 carrying synthetic Ckr_fum  This study 

pUC57-Eco_fum pUC57 carrying synthetic Eco_fum This study 

pBBH1 bla, URA3, ENO1P-ENO1T [17] 

pBBH1-Ckr_fum bla, URA3, ENO1P-Ckr_fum-ENO1T This study 

pBBH4 bla, URA3, ENO1P-XYNSEC-ENO1T [16] 

pBBH4-Ckr_fum bla, URA3, ENO1P-XYNSEC-Ckr_fum-ENO1T This study 

pBBH4-Eco_fum bla, URA3, ENO1P-XYNSEC-Eco_fum-ENO1T This study 

YEplac181 LEU2  [6]  

pHV3 YEplac181, LEU2, PGK1P-mae1-PGK1T [28] 
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Table 5.2 PCR primers designed for gene amplification (restriction sites are underlined) 

Primer name Sequence (5’–3’) 

F-ENO1P-EcoRI-

M-Ckr_fum 
GCTTATCAACACACAAACACTAAATCAAAGAATTCATGTTAGCTGCTAGATCATTAAAG 

R-ENO1T-XhoI-

(S)-Ckr_fum 
GCTTAATCAAAAGCTCTCGAGTTAATCCTTTGGACCAATCATGTTTTCTGG 

F-XYNSEC-NruI-

M-Eco_fum 
CCCGTGGCTGTGGAGAAGCGCTCGCGAATGAACACTGTTAGATCAGAAAAGG 

R-ENOT-XhoI-(S)-

Eco_fum 
GGACTAGAAGGCTTAATCAAAAGCTCTCGAGTTATCTACCAGCTTTCATAGAACCAACC 

F-FUM1(63U) CGTGACTTTTAGTACTGCAGCTG 

R-FUM1(86D) CCTTAGCGGAGGGACCATTG 

F-J13 [10] AACCAAAAATGGTACCAAGCTTTCTAACTGATCTATCCAAAACTGA 

R-J14 [10] AAGGAAAAAAGGTACCAAGCTTTAACGCAGAATTTCGAGTT 

 

5.2.2.2 Amplification and cloning of fumarase genes for glycerol stocks 

Competent cells of E. coli DH5α were prepared (using 100 mM MgCl2, 100 mM CaCl2, 15% 

glycerol) and stored at -80 °C after aliquots were randomly selected and cell competency was 

confirmed. Competent cells were transformed with plasmids pUC57-Ckr_fum and pUC57-

Eco_fum, respectively containing the Ckr_fum or Eco_fum genes, using standard laboratory 

protocols after which transformants were selected on plates containing Luria–Bertani (LB) agar 

(5 g/L Yeast Extract, 10 g/L Tryptone, 10 g/L NaCl, 20 g/L bacteriological agar) (Sigma-

Aldrich, Steinheim, Germany), supplemented with 100 mg/mL ampicillin (Roche Diagnostics, 

Basel, Switzerland) and incubated at 37 °C.  

5.2.2.3 Subcloning fumarase genes into pBBH1 and pBBH4 (via YML) 

Analysis of the predicted amino acid sequences for the Ckr_fum and Eco_fum genes with 

SignalP-5.0 software indicated that neither has a signalling peptide. The genes were cloned in 

both the pBBH1 and pBBH4 expression plasmids; the latter being similar to pBBH1 but 

including the XYNSEC signal for extracellular secretion of recombinant proteins in 

S. cerevisiae [17]. 

To prepare the fumarase genes for cloning in pBBH1 and pBBH4, the Ckr_fum and Eco_fum 

genes were amplified from their respective pUC57 plasmids using the forward and reverse 
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primer sets (F-ENO1P-EcoRI-M-Ckr_fum & R-ENO1T-XhoI-(S)-Ckr_fum) or (F-XYNSEC-

NruI-M-Eco_fum & R-ENOT-XhoI-(S)-Eco_fum), respectively. The 25 μL PCR reaction 

mixtures were set up as described above with 1 μL plasmid DNA with an initial denaturation 

step at 95 °C for 5 min, followed by 25 cycles of denaturation at 95 °C for 30 s, annealing at 

60 °C for 30 s, extension at 72 °C for 1 min and a final extension at 72 °C for 7 min. After gel 

electrophoresis, DNA bands were visualised and excised on a UV tray. A NucleoSpin Gel and 

PCR Clean‑up kit (Macherey-Nagel, Düren, Germany) was used to extract and purify the DNA 

fragments from the agarose gel and the DNA concentrations were determined with a BioDrop 

DUO UV/VIS Spectrophotometer (Biochrom Ltd, Cambridge, United Kingdom). 

The pBBH1 and pBBH4 plasmids were isolated from the corresponding E. coli strains 

following overnight cultivation at 37 °C in Terrific Broth (12 g/L tryptone, 24 g/L yeast extract, 

4 ml/L glycerol, 0.1 M potassium phosphate buffer) containing 100 mg/mL ampicillin [23]. 

The small-scale cetyltrimethylammonium bromide (CTAB) method [22] was used to extract 

plasmids and the DNA concentrations were quantified with the BioDrop DUO UV/VIS 

Spectrophotometer. The pBBH1 vector was linearised with EcoRI and XhoI and pBBH4 with 

NruI and XhoI (Inqaba Biotechnical Industries). After gel electrophoresis, the DNA bands were 

visualised on a UV tray, excised and purified using the abovementioned NucleoSpin Gel and 

PCR Clean‑up kit. 

Yeast-mediated ligation and electroporation [3, 23] were used to clone the amplified Ckr_fum 

and Eco_fum genes into the linearised pBBH1 and pBBH4 vectors. The Sc-FUM1- and 

S. cerevisiae Y294 strains were cultivated to saturation in YPD broth (20 g/L glucose, 10 g/L 

yeast extract, 20 g/L peptone, pH 5.5) and prepared for electroporation. The transformed cells 

were spread onto SC–URA plates and incubated at 30 °C for 2–3 days. Transformants were re-

streaked at least three times on SC–URA media to remove any background and screened for 

cloned genes using colony-PCRs. Positive transformants were cultivated in 15 mL SC–URA 

broth (supplemented with 0.2 g/L chloramphenicol) at 30 °C and 120 rpm for 3 days. Plasmid 

DNA was isolated with the Zyppy™ Plasmid Miniprep Kit (Zymo Research, CA, USA); the 

protocol was adjusted to include a 5-min bead-beater step (at maximum rpm) in 7X Lysis 

Buffer. The ligation was confirmed with restriction digests and/or gene sequencing (after 

transformation and propagation in E. coli competent cells) and the yeast strains were re-

transformed with the correct plasmids. Transformed yeast strains were stored at -80 °C. 
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5.2.2.4 Co-transforming with pHV3 (via YML) 

Fumarase transformants were co-transformed with pHV3 as described above. The pHV3 

plasmid contains the S. pombe mae1 open reading frame (ORF) under control of the PGK1 

promoter and terminator sequences [29], as well as a leucine marker that allows for selection 

on SC–URA–LEU media. To provide a leucine marker for the transporter control strains on          

SC–URA–LEU media, fumarase transformants were co-transformed with YEplac181. 

Transformed yeast strains were stored at -80 °C. 

5.2.3 Screening of transformants 

Dry cell weight (DCW) standard curves were established for each of the Sc-FUM1- and Y294 

parental strains (Addendum: Fig. D1). Samples (2 mL) of cultures (see below) were collected 

every 24 h, analysed for DCW (g/L) by measuring turbidity at 600 nm with a WPA Lightwave-

II UV/Visible Spectrophotometer (Biochrom) and transferred to microcentrifuge tubes with 

50 μL of a 10% (v/v) H2SO4 solution before storage at -20 °C (prior to HPLC analyses). The 

ability of the yeast strains to degrade L-malic acid and glucose and to produce ethanol, glycerol, 

acetic acid, fumaric acid, lactic acid and succinic acid, were determined with High-

Performance Liquid Chromatography (HPLC) analyses on a Surveyor Plus liquid 

chromatograph (Thermo Scientific) consisting of an LC pump, autosampler and refractive 

index detector. Samples were separated on the Rezex RHM monosaccharide polymer-based 

column (300 x 7.8 mm) at 80 °C using a Gecko 2000 column heater. The mobile phase was 

HPLC-grade water containing 5 mM sulphuric acid at a flow rate of 0.6 mL/min. Internal 

standards of known concentrations were included to assess the accuracy of the HPLC analyses. 

After thawing, yeast cultures were centrifuged at 13 000 rpm for 10 min and the supernatants 

were filter-sterilised into glass vials using 0.22 µm nylon syringe filters (Anatech, Randburg, 

South Africa). Standard errors were calculated to determine significant differences between 

strains. 

5.2.3.1 Preliminary screening for malate-to-fumarate conversion 

To confirm malate-to-fumarate conversion, strains 5A (containing Ckr_fum in pBBH1 and 

mae1) and 21A (containing Eco_fum in pBBH4 and mae1) were cultivated in Synthetic 

Complete (SC) media (1.7 g/L yeast nitrogen base w/o amino acid and ammonium sulphate, 

5 g/L ammonium sulphate, 20 g/L glucose, 20 g/L L-malic acid; pH 3.35), autoclaved and 

supplemented with 0.2 g/L chloramphenicol and 100 mg/mL ampicillin as well as 1.5 g/L filter-
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sterilised amino acid mix lacking uracil and leucine (SC–URA–LEU media). Duplicate pre-cultures 

(5 mL SC–URA–LEU broth in test tubes) were cultivated overnight at 30 °C and 10 mL inoculums 

were added to 90 mL SC–URA–LEU broth to yield A600 = 0.2. Cultures were incubated for 6 days 

at 30 °C (180 rpm) using 100 mL serum bottles (sealed with rubber stoppers) for oxygen-

limited conditions and 500 mL baffled Erlenmeyer flasks for aerobic conditions. Samples 

(2 mL) collected every 24 h (T0 – T144) were used for DCW (g/L) and HPLC analyses.  

5.2.3.2 Small-scale cultivations with adjusted malic acid:glucose ratios 

To better differentiate between the production of fumaric acid and glycerol (see Section 5.3.2), 

small scale cultivations were performed in 96 deep-well plates using SC–URA–LEU broth (pH 5) 

with either 15 g/L L-malic acid plus 5 g/L glucose (3:1 ratio) or 15 g/L L-malic acid plus 1 g/L 

glucose (15:1 ratio) as carbon sources.  

The transformants were pre-cultured overnight in their respective media. Turbidity was 

measured at 600 nm (with path length corrected for the volume) using a BIO-RAD xMark™ 

Microplate Spectrophotometer (BIO-RAD, Hercules, CA) and a standardised A600 of 0.5 was 

used as inoculum volume for each transformant. The strains were cultivated at 30 °C for 72 h 

in 96 deep-well plates containing 2 mL of either the 3:1 or 15:1 cultivation media and covered 

with a sterile Breathe Easier sealing membrane (allowing CO2, O2 and water vapour to 

permeate) (Sigma-Aldrich, St. Louis, MI). A sterile 2 mm glass bead in each well facilitated 

mixing at 600 rpm. Samples were taken every 24 h and frozen for HPLC analyses. 

5.2.3.3 Comparison of selected strains in 11.11 g/L malic acid and 1.11 g/L glucose under 

aerobic and oxygen-limited conditions 

The ability to convert malic acid to fumaric acid by the Sc-FUM- strains 5A (Ckr_fum and 

mae1) and 31B(p1) (Ckr_fum+XYNSEC and mae1), relative to that of the Y294 strains 

10B(p2) (Ckr_fum and mae1) and 17A(p8) (Ckr_fum+XYNSEC and mae1), were evaluated in 

SC–URA–LEU media with 11.11 g/L malic acid and 1.11 g/L glucose under aerobic and oxygen-

limited conditions. Yeast strains were cultivated in triplicate for 72 h in SC–URA–LEU broth 

(11.11 g/L malic acid and 1.11 g/L glucose) under aerobic conditions (45 mL broth plus 5 mL 

inoculum) using 500 mL baffled Erlenmeyer flasks or under oxygen-limited conditions (90 mL 

broth plus 10 mL inoculum) in 100 mL serum bottles sealed with rubber stoppers. Samples of 

2 mL were collected every 24 h and used for HPLC analyses and DCW (g/L) determinations. 
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5.2.3.4 SDS-PAGE analysis 

Double-strength SC–URA–LEU broth with 11.11 g/L L-malic acid and 1.11 g/L glucose was used 

to cultivate strains 5A, 31B(p1), 10B(p2) and 17A(p8), whereas the same broth was 

supplemented with leucine to cultivate strains 5, 31B, 10B and 17A. The yeasts were grown 

for 3 days at 30 °C (200 rpm) after which 1 mL samples were centrifuged at 4 000 rpm for 

10 min and 400 µL supernatant was added to 800 µL acetone. After overnight precipitation at 

-20 °C to remove buffer contaminants, proteins were harvested through centrifugation at 

13 000 rpm for 10 min. The pellets were dissolved in 40 µL HPLC-grade water and used for 

SDS-PAGE analysis [13, 15].  

5.2.3.5 Fruit pomace evaluations 

Yeast strains were aerobically cultivated in triplicate on apple pomace as well as grape pomace 

for 72 h (shaking at 200 rpm; 30 °C) using 500 mL baffled Erlenmeyer flasks. The growth 

media consisted of 5 g moist apple pomace (unknown composition) (approximately 1.34 g dry 

weight) or 5 g moist grape pomace (unknown composition labelled as ‘semi-dry, old-looking 

outside pomace’, approximately 3.02 g dry weight) in 100 mL dH2O (pH 3.4) without any 

nutrient supplementation. The growth media were autoclaved and supplemented with 

chloramphenicol and ampicillin. Samples (2 mL) were collected every 24 h and used for HPLC 

analyses and DCW estimations. 

 

5.3 Results and discussion 

To enable the conversion of malic acid to fumaric acid, recombinant strains were constructed 

that express either a yeast (Ckr_fum – with/without the XYNSEC secretion signal) or bacterial 

(Eco_fum with the XYNSEC secretion signal) fumarase gene together with the S. pombe 

malate transporter gene (mae1). No-transporter control strains (i.e. without the malate 

transporter gene) were co-transformed with YEplac181 to provide a leucine marker for 

cultivation on SC–URA–LEU broth and for comparison of strains with/without the transporter. 

These strains were evaluated in different glucose and malic acid concentrations for malic acid 

utilisation and fumaric acid production, among other parameters. As the utilisation of malic 

acid and production of other organic acids are mainly associated with the TCA cycle (Fig. 2.1, 

Chapter 2), all of the cultivations described in this chapter were done under aerobic conditions, 
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with selected up-scaled cultivations also in oxygen-limited conditions for comparative 

purposes. 

5.3.1 Constructing recombinant strains 

Eighteen yeast strains with different combinations of fumarases (with/without a secretion 

signal) and with/without a transporter were constructed (Fig. 5.1). Cloning of the bacterial 

Eco_fum gene in pBBH1 proved problematic and was not pursued further. Since previous data 

illustrated weak malic acid metabolism and the lack of fumaric acid production by the parental 

S288c and Y294 strains (data not shown), the recombinant strains were compared in terms of 

their respective fumarase and transporter genes in the Sc-FUM1- versus Y294 strains and to 

assess the impact of the disrupted native S. cerevisiae FUM1 gene. 

  

Fig. 5.1 Construction of recombinant strains expressing a foreign fumarase in either pBBH1 or pBBH4 

vectors (transformants selected on SC-URA media), with a malic acid transporter carried on pHV3* 

(transformants selected on SC-URA-LEU media). For comparative analyses in SC-URA-LEU media, 

recombinant strains lacking a transporter were co-transformed with YEplac181** (no-transporter 

controls). Designations provided for * and ** were to distinguish between generated transformants. 

 

Amplification of the Ckr_fum and Eco_fum genes produced fragments of 1 470 bp and 

1 416 bp, respectively, whose integrity was confirmed with sequencing alignments (data not 

shown). Restriction digests and YML of the fumarase genes yielded plasmids pBBH1-Ckr_fum 

(7 765 bp), pBBH4-Ckr_fum (7 889 bp) and pBBH4-Eco_fum (7 835 bp) that were 

successfully transformed into Sc-FUM1- and Y294 strains. The resulting recombinant strains 

Stellenbosch University  https://scholar.sun.ac.za



117 

are listed in Fig. 5.1 under SC-URA (the medium used for their selection). These strains were 

successfully co-transformed with either pHV3 (providing the mae1 transporter) or YEplac181 

(no-transporter control strains). The resulting recombinant strains are listed in Fig. 5.1 under         

SC-URA-LEU (the medium used for their specific selection). 

 

5.3.2 Malate-to-fumarate conversion in representative strains 

During the ongoing process of strain construction, the first few transformants were tested in a 

trial run for malate-to-fumarate conversion. Strains 5A (expressing Ckr_fum and mae1) and 

21A (expressing Eco_fum+XYNSEC and mae1) were derived from the Sc-FUM1- strain and 

followed similar DCW curves (Fig. 5.2). The trial run revealed false fumaric acid readings in 

the HPLC analysis due to nearby glycerol peaks. HLPC standards were subsequently optimised 

(Addendum: Table D3) and re-analysis of the samples confirmed that only glucose, malic 

acid, glycerol, acetic acid and ethanol were detected (with the high glucose concentration 

supporting the production of ethanol and glycerol rather than fumaric acid production via the 

secondary carbon source of malic acid). The pre-cultures introduced additional glucose and 

malic acid to the cultures (as illustrated by HPLC data at T0), as well as ethanol that was either 

used to dissolve chloramphenicol (2 mL 99% ethanol per litre of medium) and/or originated 

from ethanol production in some pre-cultures (data not shown).  

The trial run included oxygen-limited cultivation to compare the organic acid production with 

aerobic conditions. Malic acid degradation after 144 h was slightly better for strain 5A under 

both conditions, with both strains being more effective under oxygen-limited conditions 

(Fig. 5.2). However, only a small amount of malic acid was utilised despite the presence of the 

malate transporter, suggesting that even if more malic acid is carried into the cell, the ability to 

degrade/convert this substrate remains a determining factor. The high levels of glucose that 

served as the primary carbon source for the first 48 h and S. cerevisiae being a K(-) yeast that 

requires exogenous glucose to utilise malic acid (after 48 h) also may have affected the amount 

of malic acid utilised. 

Under aerobic conditions, both the 5A and 21A strains depleted the available glucose after 

72 h, with ethanol and glycerol production reaching a maximum around the same time 

(Fig. 5.3). Whilst higher ethanol levels were reached in oxygen-limited conditions, the levels 

were on average only about 1.5 g/L higher than for aerobic cultivations. Higher levels of 
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glycerol were also observed for the oxygen-limited conditions, whereas the acetic acid 

concentrations were variable. Both strains used more than 1 g/L of the extracellular malic acid 

under aerobic conditions and more than 2 g/L under oxygen-limited conditions.  

 

Aerobic O2-limited 

 

  

  

  

Fig. 5.2 Average dry cell weight (DCW, in g/L) and residual glucose and malic acid concentrations 

following cultivation of strains 5A and 21A in SC–URA–LEU broth with a 1:1 malic acid to glucose ratio 

under aerobic (left) and oxygen-limited (right) conditions. Results are the average of duplicate cultures 

and error bars denote standard errors (some of which were large, but not necessarily too problematic 

since this was mainly a trial run). 
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Aerobic O2-limited 

 

  

  

  

Fig. 5.3 Production of glycerol, acetic acid and ethanol (g/L) from strains 5A and 21A grown in            

SC–URA–LEU (20 g/L glucose and malic acid) broth under aerobic (left) and oxygen-limited (right) 

conditions. Results are the average of duplicate cultures and error bars denote standard errors. 

The results showed that glucose was quickly converted to ethanol, glycerol and acetic acid by 

both strains under both conditions. Overflow metabolism (the Crabtree effect) is a well-known 

phenomenon in S. cerevisiae that would support the production of glycerol and ethanol under 

aerobic conditions in the presence of high glucose concentrations [27]. To avoid excess 

glycerol formation and concentrations of glucose that would not be representative of fruit 
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pomace, the ratio of L-malic acid to glucose was adjusted to either 3:1 or 15:1 for the evaluation 

of all the strains in 96 deep-well plates. 

5.3.3 Small-scale cultivations with adjusted malic acid:glucose ratios 

5.3.3.1 Sc-FUM1- transformants  

The performance of selected Sc-FUM1- transformants, namely strains 5A (Ckr_fum and mae1), 

21A (Eco_fum+XYNSEC and mae1) and 31B(p1) (Ckr_fum+XYNSEC and mae1), were 

compared in 96 deep-well cultivations using L-malic acid to glucose ratios of either 3:1 or 15:1. 

For comparative analyses, a no-transporter control for each strain was included. 

As shown in Fig. 5.4, all strains depleted the growth media glucose within the first 24 h, 

whereas the malic acid degradation profiles varied. As explained in Chapter 3, a general 

diauxic growth pattern (where alternative carbon sources such as L-malic acid is used only 

after glucose is depleted) can be expected, although K(-) yeast strains (such as S. cerevisiae) 

typically require the presence of glucose to utilise extracellular malic acid [30].  

For the 3:1 [malic acid:glucose] media, the results in Fig. 5.4 indicate that the no-transporter 

controls (5+leu, 21+leu and 31B+leuA) degraded less malic acid at 24 h and 48 h, but they 

‘caught up’ to some extent with their transporter counterparts at 72 h. This confirms that the 

SpMae1 transporter contributed towards the initial uptake of malic acid by strains 5A, 21A and 

31B(p1). The 21A strain (expressing the bacterial fumarase) only degraded 1.94% at 24 h, 

whereas the 5A and 31B(p1) strains (expressing the yeast fumarase) respectively degraded 

14.23% and 12.79% of the extracellular malic acid. For the 15:1 media scenario with lower 

levels of glucose, strains 5A and 31B(p1) were also the best candidates after 48 h, with strain 

5A degrading 13.11% of the malic acid and 31B(p1) reaching 6.47%. At T48, the strains 

carrying the transporter were more effective than those without SpMae1, but the no-transport 

controls again ‘caught up’ to some extent at T72. 

The 3:1 media showed ethanol levels of about 2.5 g/L at T48 before they decreased to 

approximately 1.5 g/L at T72. However, the 15:1 carbon ratio resulted in an initial decrease in 

ethanol concentration at T24, some recovery at T48 before it ended up lower than the initial 

concentration at T72, suggesting that ethanol was utilised in the growth medium lacking 

glucose. 

Stellenbosch University  https://scholar.sun.ac.za



121 

 

3:1 15:1 

  

  

  

Fig. 5.4 Residual glucose, malic acid and ethanol concentrations following cultivation of Sc-FUM1- 

transformants in 96 deep-well plates using SC–URA–LEU broth with either 3:1 (left) or 15:1 (right) of malic 

acid:glucose ratios. N/I = uninoculated media. Results represent the averages from triplicate cultures of 

strains 5A, 21A and 31B(p1) as well as their no-transporter controls (5+leu, 21+leu and 31B+leuA). 

Error bars indicate standard errors. 
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As shown in Fig. 5.5, strains 21A and 21+leu (expressing the bacterial fumarase) were the 

weakest fumaric acid producers for both carbon ratios. In contrast, the yeast Ckr_fum-based 

5A and 31B(p1) strains were able to produce 2.01 g/L and 1.79 g/L fumaric acid after 48 h, 

respectively, showing significantly higher fumaric acid production than their counterparts 

lacking the transporter at T24 and T48, although the latter did ‘catch up’ at T72. The same trend 

was observed in the 15:1 media, with the 31B(p1) and 5A strains respectively producing 

1.74 g/L and 1.48 g/L fumaric acid at T48. Both carbon ratios allowed minor acetic acid 

production for all the strains (0.30–0.5 g/L at T24), with acetic acid levels decreasing after T24.  

For the 3:1 carbon ratio, all the strains produced 0.15–0.25 g/L glycerol within the first 24 h 

(with lower levels recorded at T48). The 5A, 5+leu and 21A strains showed slight increases in 

glycerol levels from T48 to T72, whereas the glycerol levels further decreased for strains 21+leu 

and 31B+leuA or remained at zero for strain 31B(p1). However, a different picture emerged 

for glycerol production in the 15:1 carbon ratio, where only strain 21+leu showed a minor peak 

(0.028 g/L) – confirming that a low-glucose medium would be less likely to induce the 

production of glycerol, which is mainly involved in maintaining redox balance [1]. 

It can be difficult to control the culturing of strains in 96 deep-well plates and some data points 

show high standard errors. However, the data confirmed that the addition of a dicarboxylate 

transport system allowed the uptake of extracellular L-malic acid and improved fumaric acid 

production values relative to strains lacking the transporter (at least up to 48 h). For the 3:1 

carbon ratio at this timepoint, strain 31B(p1) produced the highest level of fumaric acid (and 

the least glycerol), closely followed by strain 5A. Both strains carry the Ckr_fum gene, 

illustrating that this fumarase gene can allow for the production of fumaric acid with malic acid 

serving as a carbon source. The fumarase of strain 31B(p1) includes the XYNSEC secretion 

signal and resulted in slightly better fumaric acid production relative to strain 5A in the 3:1 

media. This suggests that some fumarase could potentially have been secreted extracellularly 

where it converted extracellular malic acid to fumaric acid, although further research is 

required to support this notion and to determine if fumarase secretion was complete, only 

partial or unsuccessful. In contrast to the strains carrying the Ckr_fum gene, the Sc-FUM1- 

strains expressing the Eco_fum gene showed less efficient malic acid uptake and thus fumaric 

acid production. Since the fumarase gene from C. kruseii [5] proved to be more successful for 

fumaric acid production, the Eco_fum-based strains were excluded from subsequent 

experiments. This also illustrates how gene origin may affect outcomes and that the screening 
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of various genes for a specific enzymatic function is beneficial for the construction of a 

biorefinery host.  

 

 

3:1 15:1 

  

  

  

Fig. 5.5 Production of fumaric acid, acetic acid and glycerol by Sc-FUM1- transformants grown in 96 

deep-well plates in SC–URA–LEU with either 3:1 (left) or 15:1 (right) ratios of malic acid and glucose. N/I 

= uninoculated media. Data are provided for strains 5A, 21A and 31B(p1) as well as their no-transporter 

controls (5+leu, 21+leu and 31B+leuA). Results are the average of triplicate cultures and error bars 

denote standard errors.  
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5.3.3.2 Y294 transformants 

The performance of selected Y294 transformants was also investigated to determine the effect 

of the intact FUM1 gene, which allows for reversible malate-fumarate conversion. All the 

strains, namely 10B(p2) (Ckr_fum and mae1), 10B+leu3 (Ckr_fum and YEplac181), 17A(p8) 

(Ckr_fum+XYNSEC and mae1) and 24 (Eco_fum+XYNSEC and YEplac181), depleted the 

glucose within the first 24 h in both carbon source ratios (Fig. 5.6). For malic acid utilisation, 

strain 10B(p2) outperformed its 10B+leu no-transporter counterpart; the latter performing 

similar to fellow no-transporter control 24+leu. Malic acid utilisation by strain 17A(p8) 

generally matched that of strain 10B(p2) up to T48, but strain 10B(p2) produced slightly less 

fumaric at T48 in the 15:1 carbon ratio (Fig. 5.7). Increasing the glucose content 5-fold (3:1 

carbon scenario) did not have much impact on fumaric acid production, with strain 10B(p2) 

reaching 1.47 g/L after 48 h, only 0.03 g/L more than for the 15:1 carbon ratio. Strain 17A(p8) 

produced 1.43 g/L fumaric acid by the 48 h time interval (nearly matching strain 10B(p2)). The 

two no-transporter control strains (10B+leu3 and 24+leu) produced no fumaric acid during 

cultivation in the 3:1 media. 

In terms of the other by-products, all the strains produced close to 0.5 g/L glycerol at T24 in the 

3:1 media (after which glycerol levels decreased), whereas only strain 24 produced 0.285 g/L 

glycerol after 24 h in the 15:1 media. This media supported varying levels of acetic acid 

production (0.038–0.4 g/L) for all the strains except the no-transporter control 24+leu, whilst 

the 3:1 media allowed for acetic acid production (0.46–0.7 g/L) at 24 h, with no-transporter 

control strain 10B+leu3 producing none. Similar to the Sc-FUM1- transformants, all the strains 

produced ethanol at T24 in the 3:1 media (1.13–1.26 g/L), which were consumed again over the 

following 48 h. No additional ethanol production was detected in the 15:1 media, with the 

ethanol levels at inoculation decreasing after 24 h. The general trend of an initial increase and 

subsequent decrease in by-product levels could thus be explained by the initial utilisation of 

glucose (resulting in by-product formation) and the subsequent utilisation of by-product carbon 

sources once glucose was no longer available. 

Based on the lesser performance of the Y294 Eco_fum-transformants, as well as difficulty in 

obtaining positive transformants for all its (initially planned) cloning combinations, the 

Eco_fum strains were excluded from subsequent experiments. Whilst the fumaric acid 

production levels obtained thus far were not very high, they represent a significant increase 
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relative to the zero level of fumaric acid produced by the parental strains (data not shown) and 

strain 24, and we thus continued with up-scaled cultivations. 

 
3:1 15:1 

  

  

  

Fig. 5.6 Residual glucose, malic acid and ethanol concentrations following cultivation of Y294 

transformants in 96 deep-well plates using SC–URA–LEU broth with either 3:1 (left) or 15:1 (right) of malic 

acid:glucose ratios. Results are from triplicate cultures of strains 10B(p2) and 17A(p8) as well as no-

transporter controls (10B+leu3 and 24+leu). Error bars indicate standard errors. 
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3:1 15:1 

  

  

  

Fig. 5.7 Production of fumaric acid, acetic acid and glycerol by Y294 transformants in SC–URA–LEU broth 

supplemented with either 3:1 (left) or 15:1 (right) ratios of malic acid and glucose. Results are from 

triplicate cultures of strains 10B(p2) and 17A(p8) as well as no-transporter controls (10B+leu3 and 

24+leu). Error bars indicate standard errors. 
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5.3.4 Comparison of selected strains in 11.11 g/L malic acid + 1.11 g/L glucose 

The ability to convert malic acid to fumaric acid by the Sc-FUM- strains, 5A (Ckr_fum and 

mae1) and 31B(p1) (Ckr_fum+XYNSEC and mae1), relative to that of the Y294 strains, 

10B(p2) (Ckr_fum and mae1) and 17A(p8) (Ckr_fum+XYNSEC and mae1) were evaluated in 

up-scaled cultivations using SC–URA–LEU media with 11.11 g/L malic acid and 1.11 g/L glucose 

under aerobic and oxygen-limited conditions. 

The Sc-FUM1--based 5A and 31B(p1) strains grouped together based on their DCW curves 

and were different from the Y294-based 10B(p2) and 17A(p8) strains, which also grouped 

together (Fig. 5.8). The latter showed significantly higher biomass (up to 96 h) under aerobic 

cultivation conditions by directing energy towards biomass formation, before seemingly 

utilising this biomass when easily degradable nutrients were lacking (and perhaps undergoing 

cell lysis). In contrast, the biomass of Y294 strains fell just below that of the Sc-FUM1- strains 

in oxygen-limited conditions where the majority of biomass formation took place in the first 

24 h of cultivation. 

All strains depleted the available glucose within the first 24 h of cultivation under both oxygen 

parameters (Fig. 5.8). Under aerobic conditions, strain 5A was the best malic acid degrader 

with 26.6% of malic acid degraded at 72 h, performing significantly better than its 10B(p2) 

Y294 counterpart with 11.2% degradation. They were followed by strain 31B(p1) with 19.7% 

malic acid degraded, whilst its 17A(p8) Y294 counterpart only degraded 13.6% malic acid. 

Both Sc-FUM1- strains, 5A and 31B(p1), also showed significantly higher levels of fumaric 

acid at 72 h than their Y294 counterparts (Fig. 5.9).  

This supported our hypothesis that disruption of the naturally irreversible FUM1 gene in 

S. cerevisiae would benefit the production of fumaric acid from extracellular malic acid as 

substrate. Fumaric acid production generally continued until 144 h with maximum theoretical 

malic acid conversion levels of 8.1% (31B(p1)) vs. 5.8% (17A(p)), and 7.1% (5A) vs. 4.1% 

(10B(p)) respectively. In contrast, noteworthy fumaric acid production under oxygen-limited 

conditions only rapidly increased from T144, with the exception of strain 5A that did not 

produce any more fumaric acid from T48 during oxygen-limited cultivation. This strain also 

showed the lowest total malic acid degradation under this cultivation parameter, while the other 

three strains were still degrading some malic acid at 192 h.  
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Aerobic O2-limited 

  

  

  

Fig. 5.8 Average dry cell weight (DCW) and residual glucose and malic acid concentrations following 

cultivation of selected strains in SC–URA–LEU media with 11.11 g/L malic acid and 1.11 g/L glucose under 

aerobic (left) and oxygen-limited (right) conditions. Results are the average of triplicate cultures and 

error bars denote standard errors. 
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Aerobic O2-limited 

  

  

  

Fig. 5.9 Production of fumaric acid, acetic acid and ethanol by selected strains under aerobic (left) and 

oxygen-limited (right) conditions. Results are the average of triplicate cultures and error bars denote 

standard errors. 
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Small amounts of acetic acid could still be detected for the Sc-FUM1- strains after 72 h 

cultivation in oxygen-limited conditions; this coincided with an average increase of 1 g/L in 

ethanol at T48, after which ethanol levels remained steady at 2.8–2.9 g/L. In contrast, ethanol 

levels decreased and were eventually depleted for all the aerobic cultivations. 

Interestingly, the pBBH4-transformed strains (having a secretion signal upstream of their 

fumarase genes) generally showed better malic acid degradation and fumaric acid production 

in the oxygen-limited cultivations than their counterparts without a secretion signal. The 

production of fumaric acid (at as early as 96 h for the Sc-FUM1--derived strain 31B(p1)) when 

the aerobically operated TCA cycle will have been impeded by lack of oxygen, suggests that 

the XYNSEC secretion signal may have indeed helped with fumarase secretion. Based on SDS-

PAGE analysis (data not shown), protein bands that matched the size of the translated Ckr_fum 

gene were detected in the supernatant of all the strains. Although the bands for the pBBH4-

transformed strains may have been slightly more concentrated (especially for strain 31B(p1)) 

than their pBBH1-transformed counterparts, there was no conclusive difference in extracellular 

fumarase concentration between strains with or without the secretion signal. Further 

investigation into intracellular versus extracellular fumarase activity is thus required to 

determine whether the XYNSEC signal contributed towards fumarase secretion. 

5.3.5 Pomace cultivations 

Since the goal of a malic acid-degrading and fumaric acid-producing S. cerevisiae strain would 

be to apply such a yeast as a host in a fruit waste biorefinery, we evaluated the recombinant 

strains on fruit waste substrates in shake flask cultivations. The same four strains discussed 

above, namely strains 5A, 31B(p1), 10B(p2) and 17A(p8), were aerobically cultivated on apple 

pomace and grape pomace. Higher levels of biomass and ethanol were generated on grape 

pomace than on apple pomace (Fig. 5.10), with strain 31B(p1) reaching even higher levels.  

For apple pomace, the glucose and malic acid degradation curves followed a similar trend for 

the four strains, with strain 31B(p1) being less efficient (Fig. 5.10). All the strains produced 

small amounts of ethanol, glycerol (except strain 17A(p8)) and acetic acid (except strain 

10B(p2)) (Fig. 5.11). None of the target organic acids (i.e. fumaric, lactic or succinic acid) was 

detected. 
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Apple pomace Grape pomace 

  

  

  

Fig. 5.10 Average dry cell weight (DCW, in g/L) and residual glucose and malic acid concentrations 

following aerobic cultivations in either apple pomace (left) or grape pomace (right) as substrate. Results 

are the average of triplicate cultures and error bars denote standard errors. 
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Apple pomace Grape pomace 

  

  

  

Fig. 5.11 The production of glycerol, acetic acid and ethanol (g/L) in aerobic cultivations using either 

apple pomace (left) or grape pomace (right) as substrate. Results are the average of triplicate cultures 

and error bars denote standard errors. 
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and 2.55 g/L at T72. The latter repeat also showed a slight increase (and subsequent decrease) 

in fumaric acid (0.065 g/L; standard error of 0.022) at the 72 h mark (data not shown). 

This result supports the suggestion that yeast strains might be able to produce high-value 

organic acids (such as fumaric acid) in addition to ethanol when using fruit waste substrates. 

However, as was illustrated here, the free glucose and malic acid concentrations in different 

pomace wastes can be quite varied (even within a substrate itself as shown for strain 31B(p1) 

in the grape pomace cultivations). It is known that the composition of fruit wastes may vary 

depending on climate, harvesting years, fruit cultivars as well as cultivation and processing 

methodology. Thus, using fruit wastes as biorefinery substrates will come with its own set of 

challenges and optimised biorefinery hosts may not be applicable across different waste 

substrates. 

As illustrated in recent reviews [9, 25], previous studies on biobased fumaric acid production 

have mainly relied on pure glucose, lignocellulosic biomass hydrolysate sugars or starchy 

materials as substrates. A recent study aimed to evaluate agro-industrial residues as a direct 

feedstock for fumaric acid production using an immobilised R. oryzae strain (grown on 

polystyrene foam beads) [24] and reported 7.9 g/L fumaric acid produced from apple pomace 

ultrafiltration sludge as sole feedstock (or 6.3 g/L fumaric acid produced with free mycelial 

fermentation). Our study thus adds to the available findings on alternative substrates used by 

specifically genetically engineered S. cerevisiae strains in the search for potential fumaric acid 

bioproduction routes. 

 

5.4 Conclusions 

In this chapter, we set out to construct S. cerevisiae strains that can produce fumaric acid from 

malic acid-rich sources (potentially such as malic acid in certain fruit wastes). We were able to 

successfully construct two strains (5A and 31B(p1)) that respectively produced 1.74 g/L and 

1.48 g/L fumaric acid (15:1 malic acid:glucose) and 2.01 g/L and 1.79 g/L fumaric acid (3:1 

malic acid:glucose) during small-scale cultivations. Data from the latter illustrated that the 

addition of a transporter allowed for better malic acid to fumaric acid conversion, whereas the 

success of the latter was affected by the specific fumarase gene that was introduced. We also 
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found that, as can be expected, higher glucose concentrations resulted in higher by-product 

formation of compounds such as glycerol and ethanol. 

Fumaric acid production by strains 5A and 31B(p1) were further achieved in up-scaled 

cultivations (10:1 malic acid:glucose) reaching 0.98 g/L and 1.11 g/L fumaric acid (aerobic) 

and 0.16 g/L and 0.69 g/L fumaric acid levels (O2-limited) respectively. These up-scaled 

cultivations illustrated increased levels of fumaric acid production for Sc-FUM1- transformants 

(in which the native and irreversible fumarase gene was disrupted) as opposed to their Y294 

counterparts – indicating that deletions within the genome of a host strain might be necessary 

to improve targeted enzyme functions and that disruption of the natural FUM1 gene in 

S. cerevisiae strains would be beneficial when using malic acid as a substrate for fumaric acid 

production. 

When tested in pomace cultivations, however, these strains did not always produce fumaric 

acid. The one exception was strain 5A that partially produced 0.065 g/L fumaric acid after 72 h 

on grape pomace in addition to 2.55 g/L ethanol – providing some promise for the application 

of these yeast strains to a fruit waste biorefinery after more optimisation. Whilst there are 

various potential optimisation avenues to explore for a fumaric acid-producing S. cerevisiae 

strain, the first hurdle to overcome might be the natural poor malic acid-utilisation capability 

of the parental strain.  
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6.1  General discussion and conclusions 

Declining fossil resources are being utilised (despite their negative environmental impacts) for 

the industrial production of a large range of value-added products [7]. However, many of these 

products could be replaced by bio-based analogues, thus supporting the ‘green chemistry 

principle’ and utilising renewable resources. The biorefinery concept of producing bio-energy 

and breaking biomass resources down into their building blocks, the latter which can be 

converted into several value-added products, has therefore received growing attention over the 

past few decades [4, 9].  

Fruits such as grapes and apples are produced in significant amounts in South Africa (and 

globally), with approximately 20% of processed grapes and 25%–35% of processed apples 

ending up as waste [1, 6]. Both grape and apple pomace consist of carbohydrates and other 

nutrients (e.g. minerals and vitamins) that could support microbial growth and reduce the need 

for media supplements during fermentation [12]. Both wastes also contain malic acid, an 

important tricarboxylic acid cycle (TCA) intermediate of cell metabolism [14, 17] and a 

potential substrate for microbial conversion to green chemicals such as bioethanol and high-

value organic acids (e.g. acetic, lactic, fumaric or succinic acid). Various C4 and C6 

dicarboxylic acids were included in the early 2000s list of ‘Top Value-Added Chemicals from 

Biomass’ [18] and the substantial interest in the microbial production of these products (by 

using renewable biomass as substrates) is supported by their global market values and 

numerous applications in important industries [21, 23]. Fumaric acid is such a candidate and 

being one energy-neutral enzymatic reaction away from malic acid in the TCA cycle, it was 

selected as the target product for this study (in addition to bioethanol).  

The first part of this study (Chapter 3) explored selective fruit waste sources for native yeast 

strains that may have acquired specific characteristics, in particular improved malic acid 

degradation. A large number (98) of yeast strains were isolated from grape, apple and plum 

wastes rich in malic acid and evaluated for their ability to degrade malic acid compared to 

selected known K(+) and K(-) yeasts. Most (94%) of the new isolates degraded more than 50% 

of the malic acid in both the presence and absence of exogenous glucose, whereas only 14% of 

the known strains could do so, thus confirming the value of exploring (and exploiting) natural 

biodiversity for novel yeast strains. Our findings further indicated that native yeasts produce 

different products depending on the available carbon sources and oxygen parameters during 
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cultivations. Ethanol and/or acetic acid, in particular, were produced by selected P. kudriavzevii 

or S. cerevisiae strains from apple/grape pomace without exogenous enzyme supplementation.  

In the second part of the study (Chapter 4), we further analysed S. cerevisiae strain 61 which 

was naturally more adept at extracellular malic acid degradation than reported for this species. 

Since a natural S. cerevisiae strain with enhanced malic acid degradation could have important 

applications in the wine industry, we compared strain 61 to two commercial wine yeasts, one 

being promoted for malic acid degradation. Our data showed that this natural S. cerevisiae 

strain was on par with the commercial wine yeasts when considering malic acid degradation 

and production profiles on Shiraz grape pomace and was more efficient at malic acid 

degradation in synthetic media cultivations than the commercial strains, but this could also be 

a result of much higher biomass accumulation in strain 61. Furthermore, S. cerevisiae strain 61 

appeared to be more heat-resistant than the commercial wine yeasts, thus exhibiting another 

characteristic that could be beneficial (e.g. for applications that require thermotolerance). 

Whilst the reason(s) for the enhanced malic acid utilisation, growth rate and thermotolerance 

of strain 61 require(s) further exploration, this unique natural isolate has promising 

characteristics that could be useful in various applications including the wine industry, the 

expression of recombinant proteins (even potentially in consolidated bioprocessing) and/or 

serving as a parental strain for the construction of a malic acid-degrading biorefinery host. 

For the third and final part of the study (Chapter 5), we constructed S. cerevisiae strains that 

can produce fumaric acid from extracellular malic acid sources when provided with either an 

Escherichia coli or Candida krusei fumarase gene, as well as a Schizosaccharomyces pombe 

transporter gene. The dominant and main catalysis of fumaric acid to L-malic acid in the host 

S. cerevisiae strain [22] was avoided by disrupting the strain’s natural FUM1 gene. During 

small-scale cultivation, strains 5A and 31B(p1), both expressing the Ckr_fum and mae1 genes 

(and including the Trichoderma reesei XYNSEC secretion signal for strain 31B(p1)), produced 

1.74 g/L and 1.48 g/L fumaric acid in media containing a 15:1 malic acid:glucose ratio and 

2.01 g/L and 1.79 g/L fumaric acid in media containing a 3:1 malic acid:glucose ratio. In up-

scaled cultivations with a 10:1 malic acid:glucose ratio, strains 5A and 31Bp, respectively, 

produced 0.98 g/L and 1.11 g/L fumaric acid (aerobic conditions) and 0.16 g/L and 0.69 g/L 

fumaric acid (O2-limited conditions). Disruption of the native and irreversible FUM1 gene 

allowed for increased levels of fumaric acid production, whilst the yeast recombinant fumarase 

was more effective than the codon-optimised bacterial fumarase for the production of fumaric 
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acid. The addition of a transporter for active transport of malic acid (and fumaric acid) allowed 

for better malic acid degradation, but also quicker fumaric acid production. Strain 5A produced 

0.065 g/L fumaric acid and 2.55 g/L ethanol after 72 h when cultivated aerobically on grape 

pomace. Applying these modifications to create a malic acid-degrading and fumaric acid-

producing S. cerevisiae fruit waste biorefinery host showed promise, although further 

optimisations are required.  

 

6.2 Future research 

Our study re-iterated the sentiment expressed by Steensels et al. [15] that an opportunity 

remains to explore and exploit natural biodiversity in the search for specific or better 

characteristics in a microbial host. By doing ‘old-school’ manual screenings, we were able to 

find a unique and exciting S. cerevisiae strain that may have applications in different fields and 

future studies should therefore not shy away from such an approach. Throughout our 

screenings, strains usually depleted glucose levels within 24 h. In future, it might be interesting 

to include earlier time points to pinpoint exactly when glucose levels become depleted for 

respective strains in specific culture conditions.  

Within the context that we explored in this study (i.e. obtaining a malic acid-degrading and 

fumaric acid-producing S. cerevisiae host strain for a fruit waste biorefinery), the generally 

poor malic acid-degradation capability of most S. cerevisiae strains remains a challenge. Strain 

61 with its apparent enhanced malic acid degradation capabilities would thus be an excellent 

candidate for future research by unravelling its improved malic acid metabolism, enhanced 

growth rate and potential thermotolerance. After obtaining a better understanding regarding its 

genetic background and making necessary adjustments (such as disruption of the natural FUM1 

gene and providing the most suitable fumarase and transporter genes after screening more 

candidates), this strain could serve as a better parental strain than the laboratory strains 

evaluated in this study for the construction of an optimised malic-to-fumaric acid biorefinery 

host. By both exploiting natural abilities and enhancing strain capabilities with genetic 

modifications, one could thus combine ‘the best of both worlds’ in the pursuit of an ‘ideal’ 

strain.  
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Additionally, the yield and titre of fumaric acid could be improved by incorporating rational 

design approaches to modify transporter function and in turn optimise the efflux of fumaric 

acid or by coupling a high-throughput screening method with a high-efficiency evolution 

approach for transporter optimisation [25]. Furthermore, specific cultivation conditions, such 

as nitrogen limitations, can improve fumaric acid production [20].  

Constructed strains could also be subjected to approaches such as evolutionary engineering (for 

various improvement strategies refer to the extensive review by Steensels et al. [15]) to gain 

improved malic acid degradation and/or conversion capabilities. By growing strains for 

prolonged periods under selective pressure (e.g. continuous dilution and inoculation of fresh 

malic acid cultivation media), adaptive laboratory evolution (ALE) could yield improved 

phenotypes in a relatively fast fashion [5]. Various studies making use of recombinant gene 

expression have also made use of subsequent adaptation strategies, helping strains to ‘settle 

into their new roles’ and improving activity/characteristics [2, 3, 8, 10, 11, 16, 19, 24]. 

Within the wine industry context, future research should include the assessment of S. cerevisiae 

strain 61 in wine fermentations – comparing it with commercial wine yeasts in synthetic grape 

juice and/or different grape musts and including an assessment of its organoleptic properties. 

It would also be interesting to determine if the higher biomass accumulation observed for strain 

61 in this study would still surpass commercial wine yeasts if cultivated in high sugar scenarios 

(since it is known that full respiratory growth of S. cerevisiae takes place when cultivated in 

aerobic sugar-limited conditions which allow for higher biomass yields) [13]. 
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Fig. 3.1 in high definition 
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Fig. 3.1 in high definition (continued) 
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Fig. B1 Grape pomace collection site 
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Fig. B2 Dry cell weight (DCW) standard curves determined for strains (P. kudriavzevii (isolate 3), 

C. utilis (positive ref. strain and isolate 46), K. marxianus (isolate 53), S. cerevisiae (isolate 61), 

S. pombe (isolate 67), W. anomalus (isolate 109), P. manshurica (isolate 136) and C. tropicalis (isolate 

148). Respective equations were used in DCW calculations after cultivations. 
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Table C1 Identification of strain 61  

Gene Sequence Source 

D1/D2 

domain 

ATGCCTTAGTACGGCGAGTGAGCGGCAAAAGCTCAAATTTGAAAT

CTGGTACCTTCGGTGCCCGAGTTGTAATTTGGAGAGGGCAACTTTG

GGGCCGTTCCTTGTCTATGTTCCTTGGAACAGGACGTCATAGAGGG

TGAGAATCCCGTGTGGCGAGGAGTGCGGTTCTTTGTAAAGTGCCTT

CGAAGAGTCGAGTTGTTTGGGAATGCAGCTCTAAGTGGGTGGTAA

ATTCCATCTAAAGCTAAATATTGGCGAGAGACCGATAGCGAACAA

GTACAGTGATGGAAAGATGAAAAGAACTTTGAAAAGAGAGTGAAA

AAGTACGTGAAATTGTTGAAAGGGAAGGGCATTTGATCAGACATG

GTGTTTTGTGCCCTCTGCTCCTTGTGGGTAGGGGAATCTCGCATTTC

ACTGGGCCAGCATCAGTTTTGGTGGCAGGATAAATCCATAGGAAT

GTAGCTTGCCTCGGTAAGTATTATAGCCTGTGGGAATACTGCCAGC

TGGGACTGAGGACTGCGACGTAAGTCAAGGATGCTGGCATAATGG

TTATATGCCGCCCGTCTTGAA 

This study 

(Chapter 3) 
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Fig. C1 Lalvin QA23™ product sheet 
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Fig. C1 Lalvin QA23™ product sheet (continued) 
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Fig. C2 Anchor Exotics SPH™ product sheet 
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Fig. C3 Dry cell weight (DCW) standard curves determined for Lalvin QA23™ and Anchor exotics 

SPH™ strains. Equations were used for DCW calculations. 
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Table D1 DNA (‘insert’) sequences  

Gene Sequence Source 

Ckr_fum 

(1458 bp) 

ATGTTAGCTGCTAGATCATTAAAGGCAAGAATGTCAACAAGAGCTTTCTCAACT

ACCTCAATTGCAAAAAGAATCGAAAAAGATGCATTTGGTGACATTGAAGTCCCA

AATGAGAAATATTGGGGTGCTCAAACTCAAAGGTCTTTACAAAATTTCAAAATT

GGTGGTAAGAGAGAAGTTATGCCAGAACCAATCATCAAATCTTTTGGTATTTTA

AAGAAGGCTACTGCTAAGATCAATGCTGAGTCTGGTGCTTTAGACCCAAAGTTA

TCTGAAGCCATCCAACAAGCTGCAACCGAAGTTTATGAAGGTAAACTAATGGAC

CATTTCCCATTAGTTGTCTTTCAAACCGGTTCTGGTACTCAATCTAACATGAATG

CCAATGAAGTCATCTCTAATAGAGCAATTGAAATCTTGGGTGGTGAATTAGGCT

CTAAAACTCCAGTCCATCCTAATGATCATGTTAATATGTCCCAATCTTCTAATGA

TACTTTCCCTACTGTCATGCATATTGCAGCAGTTACAGAAGTTTCATCCCATTTAT

TACCAGAATTAACTGCACTAAGAGATGCATTGCAAAAGAAATCCGATGAATTTA

AGAATATTATCAAAATCGGTAGAACCCATTTACAAGATGCAACTCCTTTAACTTT

AGGTCAAGAATTTTCTGGTTATGTTCAACAATGTACTAATGGTATCAAAAGAATC

GAAATTGCTCTTGAACATTTGAGATACTTAGCTCAAGGTGGTACTGCCGTTGGTA

CTGGTCTTAACACCAAGAAAGGTTTTGCTGAAAAGGTTGCAAATGAAGTCACTA

AATTGACTGGTTTACAATTCTATACCGCTCCAAATAAATTCGAAGCCCTTGCAGC

TCACGATGCTGTTGTTGAAATGTCTGGTGCTTTGAATACCGTTGCAGTCTCATTA

TTCAAAATCGCTCAAGATATCAGATATTTGGGTTCCGGCCCAAGATGTGGTTATG

GTGAATTGGCTTTACCAGAAAATGAACCAGGTTCTTCCATCATGCCGGGTAAAG

TTAACCCAACTCAAAACGAAGCTTTGACTATGCTTTGTACCCAAGTCTTTGGTAA

CCACTCTTGTATTACCTTTGCAGGTGCTTCAGGTCAATTCGAATTGAATGTCTTTA

AGCCAGTTATGATCTCCAACTTGTTATCTTCTATTAGGTTATTAGGTGATGGTTGT

AATTCTTTTAGAATCCACTGTGTTGAAGGTATCATTGCAAATACCGACAAGATTG

ATAAATTACTACATGAATCTCTCATGTTAGTTACTGCTTTGAACCCACACATTGG

TTACGATAAGGCTTCCAAGATTGCAAAGAATGCACACAAGAAGGGCTTGACATT

GAAACAATCTGCATTGGAATTAGGTTACTTGACCGAAGAACAATTCAATGAATG

GGTTAGACCAGAAAACATGATTGGTCCAAAGGATTAA 

ALT11923.1 

   

Eco_fum 

(1404 bp) 

ATGAACACTGTTAGATCAGAAAAGGATTCAATGGGTGCAATTGATGTTCCAGCT

GATAAATTGTGGGGTGCTCAAACACAAAGATCATTAGAACATTTCAGAATCTCA

ACTGAAAAGATGCCAACATCTTTGATTCATGCTTTGGCATTAACTAAAAGAGCT

GCAGCTAAGGTTAACGAAGATTTGGGTTTGTTGTCTGAAGAAAAAGCTTCAGCA

ATTAGACAAGCAGCTGATGAAGTTTTGGCAGGTCAACATGATGATGAATTTCCA

TTGGCTATCTGGCAAACAGGTTCTGGTACTCAATCAAACATGAACATGAACGAA

GTTTTGGCTAATAGAGCATCAGAATTGTTAGGTGGTGTTAGAGGCATGGAAAGA

AAGGTTCATCCAAACGATGATGTTAATAAGTCTCAATCTTCAAACGATGTTTTTC

CAACTGCAATGCATGTTGCAGCTTTGTTGGCTTTGAGAAAGCAATTGATCCCACA

ATTGAAGACTTTGACACAAACTTTGAACGAAAAATCAAGAGCTTTCGCAGATAT

CGTTAAGATCGGTAGAACACATTTGCAAGATGCAACACCATTGACTTTAGGTCA

AGAAATTTCAGGTTGGGTTGCTATGTTGGAACATAATTTGAAGCATATCGAATA

CTCTTTACCACATGTTGCTGAATTGGCATTAGGTGGTACAGCTGTTGGTACTGGT

TTGAATACACATCCAGAATACGCTAGAAGAGTTGCAGATGAATTAGCTGTTATT

ACTTGTGCACCATTTGTTACAGCTCCAAATAAGTTTGAAGCTTTGGCAACTTGTG

ATGCTTTAGTTCAAGCTCATGGTGCATTGAAAGGTTTAGCAGCTTCTTTGATGAA

GATCGCAAACGATGTTAGATGGTTGGCTTCAGGTCCAAGATGTGGTATCGGTGA

AATTTCTATCCCAGAAAACGAACCAGGTTCTTCAATTATGCCTGGTAAAGTTAAT

CCAACTCAATGTGAAGCTTTGACAATGTTATGTTGTCAAGTTATGGGTAACGATG

TTGCAATTAATATGGGTGGTGCTTCTGGTAACTTCGAATTGAACGTTTTTAGACC

AATGGTTATTCATAATTTCTTGCAATCAGTTAGATTGTTAGCAGATGGTATGGAA

TCTTTTAATAAGCATTGTGCTGTTGGTATTGAACCAAACAGAGAAAGAATTAATC

AATTGTTGAACGAATCTTTGATGTTGGTTACTGCTTTGAACACACATATCGGTTA

CGATAAAGCAGCTGAAATTGCTAAGAAAGCACATAAGGAAGGTTTGACATTGA

AGGCAGCTGCATTGGCATTAGGTTACTTATCTGAAGCTGAATTTGATTCATGGGT

TAGACCAGAACAAATGGTTGGTTCTATGAAAGCTGGTAGATAA 

KGA86907.1 
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Table D2 Confirmation of fumarase (FUM1) gene disruption (with the kanMX marker sequence) in 

Sc-FUM1- strain 
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Fig. D1 Dry cell weight (DCW) standard curves determined for Sc-FUM1- and Y294 strains. 

Equations were used for DCW calculations. 

 

  

y = 0.168x + 0.0949
R² = 0.9958

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.2 0.4 0.6 0.8 1 1.2

D
C

W
 (

g
/L

)

OD (600nm)

Sc-FUM1‾

Stellenbosch University  https://scholar.sun.ac.za



162 

Table D3 Optimised HPLC setup  

Compound (stock concentration) g/L 

Glucose (800 g/L) 

HCS 10 

MCS 4 

LCS 0.5 

CVS 2.5 

Lactic acid (100 g/L) 

HCS 20 

MCS 8 

LCS 0.5 

CVS 2.5 

Succinic acid (58 g/L) 

HCS 10 

MCS 4 

LCS 0.5 

CVS 2.5 

Malic acid (350 g/L) 

HCS 5 

MCS 2 

LCS 0.5 

CVS 2.5 

Fumaric acid (35 g/L) 

HCS 5 

MCS 2 

LCS 0.5 

CVS 2.5 

Glycerol (100 g/L) 

HCS 20 

MCS 8 

LCS 0.5 

CVS 2.5 

Acetic acid (1000 g/L) 

HCS 5 

MCS 2 

LCS 0.5 

CVS 2.5 

Ethanol (500 g/L) (combined within fumaric acid solution) 

HCS 142.9 

MCS 57.1 

LCS 3.6 

CVS 17.9 
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