
 

 

 

Online Analytics of Pectic Compound Degradation in 

Small-Scale Using Ustilago Maydis  

 

Online-Analytik des Abbaus von Pektinbestandteilen in 

Kleinkultur mittels Ustilago Maydis 

 

Von der Fakultät für Maschinenwesen der Rheinisch-Westfälischen Technischen Hochschule 

Aachen zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften 

genehmigte Dissertation 

vorgelegt von 

Markus Jan Müller 

 

 

Berichter: Universitätsprofessor Dr.-Ing. Jochen Büchs 

  Universitätsprofessor Dr. rer. nat. Michael Feldbrügge 

 

Tag der mündlichen Prüfung: 28. November 2019 

 

Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online verfügbar.





 

 

Danksagung 

Die vorliegende Dissertation entstand während meiner Tätigkeit als wissenschaftlicher 

Mitarbeiter am Lehrstuhl für Bioverfahrenstechnik der RWTH Aachen University. Die Arbeit 

wurde im Rahmen des Projekts “PectiLyse” angefertigt, welches durch das NRW-

Strategieprojekt BioSC gefördert wurde. 

Mein besonderer Dank gilt Professor Jochen Büchs für die Betreuung meiner Arbeit und die 

Gelegenheit, im Rahmen meiner Promotion viele lehrreiche und spannende Jahre am Lehrstuhl 

zu verbringen. Seine Unterstützung, Ideen und Impulse waren entscheidend für das Gelingen 

dieser Arbeit. Professor Michael Feldbrügge möchte ich für die Übernahme des Koreferats, 

aber auch für die angenehme und aufgeschlossene Zusammenarbeit im Rahmen des Projekts 

danken. Professor Klaus Rademacher danke ich für die Übernahme des Prüfungsvorsitzes. 

All meinen Projektpartnern im PectiLyse-Projekt danke ich für die gute Zusammenarbeit, 

insbesondere Kerstin Schipper und Peter Stoffels für ihren fachlichen Einsatz und die 

konstruktiven Diskussionen. 

Ich bedanke mich bei allen Kollegen und Freunden der BioVT für die gemeinsame Zeit und 

den unkomplizierten Umgang miteinander. Die vielen fachlichen Diskussionen und Vorträge 

haben mich persönlich wie beruflich sehr vorangebracht. Insbesondere danke ich Christoph 

Scheeren, der mich gerade am Anfang meiner Zeit in der BioVT unterstützt und begleitet hat. 

Meinen Bürokollegen danke ich für die vielen Diskussionen, die angenehme Büroatmosphäre 

sowie die Kaffeepausen und andere willkommene Ablenkungen. Im Speziellen möchte ich 

mich bei Benedikt Heyman, Timm Keil, Judith Loogen, Sarah Stachurski, Bertram Geinitz und 

Nina Ihling für die Korrekturen und das Feedback zu Publikationen und dem Promotionsvortrag 

bedanken. Ein großes Dankeschön möchte ich auch allen Freunden für die zahlreichen 

Unternehmungen außerhalb des Lehrstuhls aussprechen. 

Meinen fleißigen Studenten Elia Track, Charlotte Deffour, Isabel Bator, Eva Forsten, Carina 

Michel, Sarah Stachurski, Daniel Reibert und Nina Sonntag danke ich für ihren Einsatz und die 



 

 

vielen eigenen Ideen, die das Projekt vorangebracht haben. Außerdem bedanke ich mich bei 

René Petri und Stefan Taubert für die Unterstützung im Laboralltag. 

Besonders danke ich meiner Familie für ihren Rückhalt und ihre Unterstützung in all den 

Jahren. Insbesondere danke ich meinen Eltern und meinem Bruder, die immer an mich geglaubt 

und mich in meinen Entscheidungen bestärkt haben. Außerdem möchte ich meinen Großeltern 

danken, von denen ich viel lernen konnte und die mich mit zu dem Menschen gemacht haben, 

der ich heute bin. Elly und Herbert konnten die Zeit meiner Promotion leider nicht mehr 

miterleben, werden aber immer in meinem Herzen sein. Nina danke ich dafür, dass sie mich am 

Lehrstuhl gefunden und vom ersten Tag an unterstützt hat. Besonders in den letzten Wochen 

und Monaten danke ich dir dafür, dass du für mich da warst und mir Mut zugesprochen hast, 

wenn ich es am ehesten gebraucht habe. Ich bin glücklich darüber, dich an meiner Seite zu 

haben.  



 

 

Funding, publications and contributions 

This work was conducted during my time as a research assistant at the chair of biochemical 

engineering at RWTH Aachen University. Part of this work was performed within the project 

“PectiLyse – Activation of intrinsic enzymes for plant biomass breakdown”, funded by the 

Strategieprojekt BioSC (No. 313/323‐400‐002 13). Funding is gratefully acknowledged.  

By the time of submission, aspects of this thesis have been published or are prepared for 

submission. 

• Müller Markus Jan, Stachurski Sarah, Stoffels Peter, Schipper Kerstin, Feldbrügge 

Michael and Büchs Jochen. Online evaluation of the metabolic activity of Ustilago 

maydis on (poly)galacturonic acid. Journal of Biological Engingeering (2018) 12:34. 

• Stoffels Peter*, Müller Markus Jan*, Stachurski Sarah, Terfrüchte Marius, Schröder 

Sebastian, Ihling Nina, Wierckx Nick, Feldbrügge Michael, Schipper Kerstin, Büchs 

Jochen. Complementing the intrinsic repertoire of Ustilago maydis for degradation of 

the pectin backbone polygalacturonic acid. Journal of Biotechnology (2020) 307:148-

163. 

* Both authors contributed equally 

Research in the field of biochemical engineering often depends on close collaboration with 

other institutes of cognate disciplines. All Ustilago maydis strains that were evaluated within 

this thesis were generated and provided by the Institute for Microbiology, Prof. Dr. Michael 

Feldbrügge, Heinrich-Heine University Düsseldorf. Chapter 3 [Stoffels, Müller, et al. prepared 

for submission] focusses on the generation and characterization of U. maydis strains expressing 

pectinolytic enzymes of different origin. For a comprehensive description of the 

microbiological background, some of the most relevant methods and results obtained at the 

Institute for Microbiology were included here. Bioinformatic evaluation, cloning and offline 

testing of recombinant U. maydis strains (Chapters 3.2.1 - 3.2.8) were performed by P. Stoffels 

(Institute of Microbiology, Heinrich-Heine University Düsseldorf). Within these chapters, S. 

Schröder cloned and tested the strains expressing bacterial polygalacturonase





Zusammenfassung  I 

 

 

Zusammenfassung 

Im Sinne einer nachhaltigen Bioökonomie stellen pektinreiche Biomasseströme ein wertvolles 

Substrat dar. Besonders pektinhaltig sind z. B. Zitrusschalen, Apfeltrester oder 

Zuckerrübenschnitzel. Für einen effizienten Abbau muss der angewandte Organismus eine 

Vielzahl von Enzymen produzieren. Dies ist entscheidend für eine effiziente Verwertung der 

Pektinfraktion. Pektin besteht zum Großteil aus Galakturonsäure-Monomeren. Es kann nicht 

von etablierten Organismen wie Saccharomyces cerevisiae metabolisiert werden. Daher ist ein 

Mikroorganismus erforderlich, der gleichzeitig Pektin metabolisieren und hochwertige 

Produkte herstellen kann. Aufgrund seiner Komplexität ist die Analyse von Pektin jedoch 

herausfordernd. Daher sind neue Online-Überwachungssysteme für Bioprozesse erforderlich. 

Zunächst wurde ein Verfahren zur Bestimmung der verbleibenden Galakturonsäurekonzentra-

tion während des Wachstums von Ustilago maydis im Schüttelkolben entwickelt. Die Konzen-

tration während der Kultivierung wurde basierend auf dem online gemessenen Gesamtsauer-

stoffverbrauch ermittelt und durch Offline-Probenahmen verifiziert. Anschließend wurde diese 

Methode auf komplexere, schwer zu quantifizierende Substrate ausgeweitet. Es wurde der Ein-

fluss der Expression einer Exo-Polygalakturonase aus Aspergillus tubingensis auf das 

Wachstum auf Polygalakturonsäure untersucht. Durch Hinzufügen von Endo-Polygalaktu-

ronase exprimierenden U. maydis-Stämmen wurden anschließend Co-Kulturen untersucht. Auf 

Pektin und Zuckerrübenschnitzel wurden Co-Kulturen mit externen Enzymen supplementiert. 

Die Vorhersage der Restsubstratkonzentration basierend auf dem Gesamtsauerstoffverbrauch 

wurde etabliert und im Kleinkulturmaßstab validiert. Basierend auf dieser Methode wurde eine 

Co-Kultur von U. maydis-Stämmen identifiziert, die Endo- und Exo-Polygalakturonasen ex-

primieren und Polygalakturonsäure effizient metabolisieren kann. Durch die Supplementierung 

mit externen Enzymen konnte eine Metabolisierung von Zuckerrübenschnitzeln erreicht 

werden. Die vorgestellte Methode kann angewendet werden, um die verbleibende Konzentra-

tion von Komplexsubstraten abzuschätzen, die derzeit schwierig zu quantifizieren sind. Dies 

wird die Entwicklung konsolidierter Bioprozesse unterstützen.  
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Abstract 

In the spirit of a circular bioeconomy, pectin-rich biomass waste streams represent a valuable 

substrate for a biorefinery process. Particularly rich in pectin are, e.g., citrus peel, apple pomace 

or sugar beet pulp. For efficient degradation, the applied organism should produce a diverse 

mixture of cellulases, hemicellulases and pectinases. This is essential for efficient and economic 

valorization of the pectin fraction. Pectin is mainly composed of galacturonic acid monomers. 

It is not metabolized by well-established organisms, such as Saccharomyces cerevisiae. Thus, 

a microbial production system capable of metabolizing pectin and producing high-value 

products is required. However, due to its complexity, analysis of pectin is challenging. Thus, 

new online monitoring tools for bioprocesses are required. 

A method for the online determination of residual substrate was developed for the growth of 

Ustilago maydis on pectic compounds. Cultivations were carried out in shake flasks with online 

monitoring of the respiration activity. The residual galacturonic acid concentration during 

cultivation was predicted based on the overall oxygen consumption and verified by offline 

sampling. Afterwards, this method was extended towards polygalacturonic acid, pectin and 

sugar beet pulp, which are challenging to quantify. The influence of heterologous expression 

of an exo-polygalacturonase on U. maydis growth on polygalacturonic acid was investigated. 

Co-cultivation of U. maydis strains expressing endo- and exo-polygalacturonases were 

conducted on polygalacturonic acid and compared to axenic cultivation. Co-cultivations on 

pectin and sugar beet pulp were supplemented with external cellulases and pectinases. 

Prediction of the residual substrate concentration based on the overall oxygen consumption was 

established and validated in small-scale. Based on this method, a co-culture of U. maydis strains 

expressing fungal endo- and exo-polygalacturonases was identified to be highly efficient in the 

metabolization of polygalacturonic acid. On pectin or sugar beet pulp, cultures required 

supplementation with external enzymes to convert half of the complex substrates. The 

introduced method can be applied to estimate the amount of consumed complex substrates 

which are currently challenging to quantify. This will support the development of consolidated 

bioprocesses.  
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Chapter 1 

1Introduction 

 Consolidated bioprocessing of pectin-rich 

biomass 

The microbial fermentation of biomass waste streams originating from agriculture and forestry 

provides a huge potential for a sustainable and value-added bioeconomy [Kamm and Kamm 

2004]. The sugars required as a carbon source for fermentation usually originate from 

lignocellulosic biomass that has for example been thermochemically pretreated and 

enzymatically hydrolyzed [Edwards and Doran-Peterson 2012, Klement, et al. 2012, Rinaldi, 

et al. 2010]. The main fractions of all biomasses are cellulose, hemicellulose and lignin. 

However, the share of the fractions depends on the origin of the biomass [Anders, et al. 2015, 

Rivas, et al. 2008]. A fourth fraction, often not taken into account, is pectin. Very little is known 

about the pectin content in wooden biomass. It is assumed to be neglectable with about 1-4% 

[BeMiller 2001]. Other biomass such as apple pomace, citrus peel or sugar beet pulp are rich 

in pectin with a content of up to 30% [Doran, et al. 2000, Edwards and Doran-Peterson 2012, 

Rafiq, et al. 2016]. The efficient utilization of those biomasses in consolidated bioprocessing 

requires hydrolysis and consumption of pectin. A chemical 2-step hydrolysis process already 

enabled ethanol formation of Saccharomyces cerevisiae on orange peel [Oberoi, et al. 2010]. 

However, the pectin fraction remained unused in that study.  
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Sugar beet pulp is an abundant but low-value by-product of the sugar industry. During industrial 

processing of 1 t of sugar beet, 250 kg of sugar beet pulp are produced [Pfeifer & Langen, 

personal communication]. Europe alone produces around 20 million tons of wet sugar beet pulp 

per year, with a dry matter content of 6-12% [Joanna, et al. 2018]. Most of the dried, fiber-rich 

sugar beet pulp is used as animal feed [Feedimpex 2019]. However, the economic profit is 

limited due to drying costs [Edwards and Doran-Peterson 2012]. Hence, up-cycling of sugar 

beet pulp would be advantageous. One approach is the utilization for production of high-value 

products in a consolidated bioprocess. Therefore, the respective microorganisms must be able 

to enzymatically hydrolyze the (pretreated) pectin-rich pulp to release fermentable sugars and, 

at the same time, produce a value-added product.  

 Pectin structure and analytics 

Pectin is well-known as industrial gelling agents. It is commonly used in the food and cosmetic 

industry [May 1990, Willats, et al. 2006]. In plants, pectin reinforces the primary cell wall and 

is a major component of the middle lamella [Carpita 1996]. From a chemical perspective, pectin 

is a complex and branched heteropolysaccharide that can be divided in four structural classes 

[Glass, et al. 2013, Lampugnani, et al. 2018, Mohnen 2008]: homogalacturonan (Figure 1-1. 

left), rhamnogalacturonan I (Figure 1-1, right), rhamnogalacturonan II and xylogalacturonan. 

With about 60% (w/w), homogalacturonan is the most abundant polymer in pectin [Caffall and 

Mohnen 2009]. It consists of linear, α-(1,4)-linked galacturonic acid (GalA) units that are 

partially methylated or acetylated [Levigne, et al. 2002, Pedrolli, et al. 2009]. Polygalacturonic 

acid (PolyGalA) is a region in homogalacturonan lacking the esterifications. 

Rhamnogalacturonan I, rhamnogalacturonan II and xylogalacturonan consist of a 

heteropolymer backbone and several different side chains including numerous different sugars 

[Glass, et al. 2013]. As a result, a diverse set of hydrolytic enzymes is required for full 

enzymatic conversion of pectin-rich biomasses and waste streams [Glass, et al. 2013, Jayani, et 

al. 2005]. 

Analytics of polysaccharides usually requires acid hydrolysis for generation of sugar monomers 

or shorter oligomers [Anders, et al. 2015]. In case of pectic polymers, the degradation by acid 

hydrolysis is unfavorable for several reasons: Even harsh and elongated treatments do not 
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completely degrade the pectic polymers [Garna, et al. 2004]. In addition, the hydrolysis rate 

strongly depends on pH, temperature and the degree of methylation of the hydrolyzed pectin 

[Krall and McFeeters 1998]. Finally, GalA monomers irreversibly form lactones under the 

conditions of hydrolysis disabling the subsequent analysis of the released sugars [Blake and 

Richards 1968]. Consequently, methods for complete degradation of pectic polymers usually 

combine physical and enzymatic hydrolysis with high-performance anion-exchange 

chromatography [Daas, et al. 1999, Emaga, et al. 2012].  

 Enzymatic pectin degradation 

The complete breakdown of biomass as carbon source for microbial fermentation requires 

numerous carbohydrate-active enzymes (CAZymes, [Lombard, et al. 2014]) for each 

component [Glass, et al. 2013, Jäger, et al. 2011, J Zhang, et al. 2018]. Since commercial 

enzyme cocktails represent the main running cost of a biorefinery, the importance of screening 

for and microbial production of hydrolytic enzymes for biomass breakdown has increased in 

the last decades [Jäger, et al. 2011, Mühlmann, et al. 2017, Ortiz, et al. 2017, J Zhang, et al. 

2018].  

Regarding enzymatic pectin degradation, a large set of CAZymes is needed for efficient pectin 

degradation due to its complex structure. [Jayani, et al. 2005]. Figure 1-1 shows some of the 

enzymes acting on homogalacturonan. Complete homogalacturonan degradation requires the 

efficient interplay of exo- and endo-polygalacturonases that in concert hydrolyze the PolyGalA 

backbone. Alternatively, pectate and pectin lyases can break the β-1-4 bonds by a trans-

elimination mechanism yielding unsaturated (methyl)oligogalacturonates [Yadav, et al. 2009]. 

In addition, methyl-esterifications and O-acetylations of the PolyGalA backbone result in the 

additional need for pectin methylesterases and pectin acetylesterases [Senechal, et al. 2014]. 

Hydrolysis of other structural classes containing, among others, arabinose, rhamnose, galactose, 

fucose and xylose moieties, requires additional other hydrolytic enzymes [Glass, et al. 2013]. 
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Figure 1-1 Schematic structure of the most abundant pectin classes (homogalacturonan and 

rhamnogalacturonan I) and relevant enzymes for degradation.  Enzymes required for degradation of the two 

major pectin classes and their sites of action are depicted. Corresponding enzymatic domains according to CAZy 

database are provided in brackets. Glycoside hydrolase domain (GH), polysaccharide lyase domain (PL), 

carbohydrate esterase domain (CE) [AFMB 2018]. The U. maydis genome encodes some putative pectinolytic 

enzymes (corresponding umag identifiers indicated in red), especially for decomposition of the PolyGalA 

backbone in homogalacturonan and the arabinose side-chains of rhamnogalacturonan I.  

 Ustilago maydis as potent model organism for 

CAZyme production 

A multitude of such pectinolytic enzymes is produced by filamentous fungi [de Vries 2003] and 

various bacteria [Jayani, et al. 2005]. S. cerevisiae is the workhorse for bioethanol production 

from lignocellulosic biomass [Branco, et al. 2018]. However, it does not produce intrinsic 

CAZymes for biomass degradation and does not naturally grow on many of the pectin 

components. Thus, recent research focused on extending it into a host for bioethanol production 

from pectin [Benz, et al. 2014, Biz, et al. 2016, Glauche, et al. 2017]. Filamentous fungi like 

Trichoderma reesei, Aspergillus niger or Neurospora crassa are promising alternatives as some 

of them are naturally equipped for pectin degradation [Glass, et al. 2013, Lara-Marquez, et al. 

2011]. However, suitable high-value products are lacking and efficient culturing in bioreactors 

remains a challenge [Klement, et al. 2012, Papagianni, et al. 1998]. Utilization of Ustilago 

maydis is a further promising alternative to compete with current CAZyme production 

organisms that circumvents the drawbacks of filamentous fungi [Elena Geiser, et al. 2014, 

Paulino, et al. 2017]. U. maydis is the best-characterized member of the family of 

Ustilaginaceae. Originally, it was isolated as a phytopathogenic fungus, which provokes corn 
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smut disease. During the nonpathogenic stage, U. maydis grows in a yeast-like, unicellular form 

by budding with a haploid genome [Banuett and Herskowitz 1994]. This is the 

biotechnologically relevant form of U. maydis. In response to plant cues, U. maydis cells fuse 

and grow as dikaryotic filaments which invade the maize tissue [Garrido, et al. 2004, Hartmann, 

et al. 1999, Vollmeister, et al. 2012]. For efficient invasion, the fungus encodes a distinct set of 

hydrolytic enzymes that are required for traversing the plant cell wall (including among others 

xylanases, endoglucanases and β-glucosidases) [Cano-Canchola, et al. 2000, Couturier, et al. 

2012, Doehlemann, et al. 2008, E. Geiser, et al. 2016]. Hence, it would be perfectly suited for 

pectin valorization. However, the CAZymes are mainly produced during the infections stage in 

the plant and not during the biotechnologically relevant yeast phase [Doehlemann, et al. 2008]. 

Hartmann, et al. [1999] addressed this problem and activated several CAZymes in the yeast 

phase by exchanging the native promoters of the respective genes by a strong artificial 

promoter. This enabled the detection of active enzymes during yeast-like growth and resulted 

in degradation of simple biomass-related substrates like cellobiose [E. Geiser, et al. 2016]. 

Additionally, as a proof of principle, itaconic acid was produced using cellobiose as sole carbon 

source [E. Geiser, et al. 2016]. 

Over the last decades, U. maydis has developed into a fungal model organism that is prominent 

for research on host-pathogen interaction, cell and RNA biology as well as homologous 

recombination and unconventional secretion [Djamei and Kahmann 2012, Vollmeister, et al. 

2012]. Handling of U. maydis is well established. A versatile toolset for efficient genetic 

manipulation yielding genetically stable strains is available [Brachmann, et al. 2004, Khrunyk, 

et al. 2010, Schuster, et al. 2016, J. Stock, et al. 2012, Terfrüchte, et al. 2014]. Yeast-like 

growing cells are very robust and can easily be cultivated in submerged culture, including large-

scale cultivation in bioreactors under elevated hydromechanical stress [Klement, et al. 2012]. 

The fungus can easily be transformed into a non-infectious, safe-to-use form [Feldbrügge, et 

al. 2013, Kahmann, et al. 1995]. In addition, it is innocuous to humans and infected plant parts 

are even relished as a delicacy called Huitlacoche in Central America [Feldbrügge, et al. 2013, 

Valverde, et al. 1995]. U. maydis does not only harbor the conventional secretion pathway for 

protein export via the endomembrane system but also an unconventional secretion route [Dimou 

and Nickel 2018, Reindl, et al. 2019]. This, unconventional secretion circumvents the 

endomembrane system and consequently the cognate post-translational modifications. This can 
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be essential for secretion of bacterial proteins coincidentally containing detrimental eukaryotic 

N-glycosylation sites [Koepke, et al. 2011, J. Stock, et al. 2012]. Export of heterologous 

proteins via unconventional secretion using the endochitinase Cts1 as a carrier has been 

established a few years ago [Sarkari, et al. 2014, J. Stock, et al. 2012, Terfrüchte, et al. 2017].  

Consolidated bioprocesses implement not only biomass degradation but also formation of a 

valuable product. Thus, a favorable production organism is capable of both, production of 

hydrolytic enzymes and product formation in a single process [Olson, et al. 2012, Singh, et al. 

2017]. In this context, U. maydis is promising, because it naturally produces valuable secondary 

metabolites that can serve as valuable products, including organic acids like itaconic acid and 

malate as well as the glycolipids ustilagic acid and mannosylerythrytol lipids [Bölker, et al. 

2008, Elena Geiser, et al. 2014, Khachatryan, et al. 2015]. Overall, this organism is able to 

break down complex carbohydrate polymers and, simultaneously, convert the liberated sugars 

into high value products. 

 Online monitoring of biomass hydrolysis 

The Respiration Activity Monitoring System (RAMOS) enables the online monitoring of 

oxygen transfer rate (OTR), carbon dioxide transfer rate (CTR) and respiratory quotient (RQ) 

in eight parallel shake flask cultivations [T. Anderlei and Büchs 2001, Tibor Anderlei, et al. 

2004]. This technique can be applied to monitor the metabolic activity of CAZyme producing 

organisms. The production of CAZymes enables the expressing organism to grow on the 

corresponding polymeric substrate [Antonov, et al. 2016, E. Geiser, et al. 2016]. Thus, the 

metabolic activity of the organism grown on those polymeric substrates indicates the CAZyme 

activity. This principle is illustrated in Figure 1-2 for the degradation of PolyGalA by 

U. maydis.  

During cultivation, the overall oxygen consumption (OT) can be determined by integrating the 

OTR. The OT is thereby a measure of the overall consumed oxygen and, due to the 

stoichiometric coupling, the carbon source. Antonov, et al. [2016] analyzed the digestibility of 

different types of cellulose by online monitoring of the respiration activity of T. reesei Rut-

C30. Alternative cellulase producers were subsequently investigated using this methodology, 
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demonstrating its high potential [Antonov, et al. 2017]. Thus, the RAMOS technology provides 

a powerful tool for the characterization of CAZyme producing strains based on their metabolic 

activity on complex substrates in shake flask scale. 

 

Figure 1-2: Process scheme of PolyGalA degradation.  U. maydis produces pectinases that degrade dissolved 

PolyGalA to monomeric GalA. GalA and oxygen are consumed in a fixed stoichiometric ratio while carbon dioxide 

is released. Oxygen consumption and carbon dioxide release are measured online. This concept enables the 

investigation of PolyGalA degradation by pectinolytic enzymes based on online monitoring of the metabolic 

activity. 

 Objectives and overview 

An important methodological challenge during the optimization of bioprocesses using plant 

derived biomass is to measure the substrate conversion. This verifies the respective enzyme 

activities in the culture broth. The present thesis addresses this hurdle. It aims to characterize 

growth of U. maydis on pectin-derived substrates with increasing complexity. Reaching that 

goal will facilitate process development towards utilization of sugar beet pulp. The 



8 Introduction Chapter 1 

 

 

quantification of substrate conversion is a challenge during process development. Thus, online-

monitoring of the respiration activity in small-scale is used to evaluate the metabolic activity of 

the organism. This way, conclusions on the substrate utilization can be drawn. 

In Chapter 2, growth of U. maydis on galacturonic acid (GalA), which is the main pectin sugar 

unit, is characterized. A detailed investigation of the respiration profile is applied to formulate 

a stoichiometric coupling of oxygen consumption, GalA consumption and biomass formation. 

Based on this, a calculation model to estimate residual GalA in the culture broth is developed. 

This calculation model is applied to the cultivation of a recombinant U. maydis strain 

expressing an exo-polygalacturonase from Aspergillus tubingensis. This enzyme enables 

growth on the polygalacturonic acid (PolyGalA). The calculation model is moreover used to 

quantify the enzymatic activity in the culture broth. 

In Chapter 3, novel U. maydis strains, that constitutively express several endo- and exo-

polygalacturonases, are characterized on glucose and GalA. The investigated enzymes are from 

intrinsic, fungal and bacterial origins. Bacterial enzymes are expressed via an unusual secretion 

pathway that bypasses the endomembrane system. Thereby, N-glycosylation, which might 

affect enzyme activity, is prevented. The generated strains are tested in axenic cultures and co-

fermentations using the RAMOS device. The developed methodology for estimation of the 

residual substrate amount in the culture broth guides the classification process of the tested 

endo-polygalacturonases. Co-fermentations are demonstrated to be beneficial for the growth of 

CAZyme expressing U. maydis strains on PolyGalA. 

In Chapter 4, more complex substrates are utilized. Hydrolysis of three different pectins, 

varying in their origin and degree of esterification, is evaluated. The effect of an addition of 

external pectinases and cellulases on the total substrate consumption evaluated. Finally, the 

established co-fermentation is grown using sugar beet pulp as a model substrate for a 

biorefinery process. With addition of external enzymes, significant consumption of this 

complex substrate is achieved.  
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Chapter 2 

2Online evaluation of the metabolic activity of 

Ustilago maydis on galacturonic acid and 

polygalacturonic acid 

 Introduction 

Ustilago maydis has the potential to compete the established carbohydrate-active enzyme 

(CAZyme) production hosts as has been described in Chapter 1.4. Regarding a bioprocess that 

converts pectin-rich sugar beet pulp into fermentable sugars, few pectinolytic enzymes 

(including endo-polygalacturonase, pectin lyase and pectin methylesterase) have been 

annotated in the U. maydis genome [Doehlemann, et al. 2008, Kämper, et al. 2006]. However, 

few is known about the growth of U. maydis on galacturonic acid (GalA), one of the main sugar 

fractions in sugar beet pulp [Micard, et al. 1996].  

Therefore, the metabolic activity of U. maydis during growth on GalA is evaluated in detail in 

this Chapter. During the cultivation, the respiration profile (oxygen transfer rate, OTR; carbon 

dioxide transfer rate, CTR and respiratory quotient, RQ) is investigated in detail. The RQ can 

be used to clearly separate the consumption phases of GalA and glucose, which is added to the 

medium as a starter carbon source. Stoichiometric coupling of oxygen consumption, GalA 

consumption and biomass formation is tested by applying different GalA concentrations. 

Overall consumed oxygen (OT) analysis of those cultivations forms a calculation model for the 
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estimation of residual GalA in the culture broth based on the consumed oxygen during GalA 

metabolization. This calculation model is applied on the cultivation of the recombinant 

U. maydis strain AB33P5ΔR/AtPgaX. The strain produces an exo-polygalacturonase 

originating from Aspergillus tubingensis that enables growth on polygalacturonic acid 

(PolyGalA). Moreover, the enzymatic activity in the culture broth can be determined by the 

derivative of the calculated residual PolyGalA concentration. The effect of different initial 

glucose concentrations on the enzyme production level is tested. Finally, the enzyme stability 

is evaluated giving substrate pulses at distinct stages of the cultivation.  

 Materials and methods 

2.2.1 Microorganisms 

The strains used in this Chapter are specified in Table 2-1. The genetic modification of 

U. maydis AB33P5ΔR was performed by homologous recombination of a linearized plasmid 

containing the codon-optimized exo-polygalacturonase gene pgaX originating from 

A. tubingensis under control of the constitutive strong promoter Poma [Flor-Parra, et al. 2006, 

Hartmann, et al. 1999, Kester, et al. 1996, Sarkari, et al. 2014, Zarnack, et al. 2006]. The 

construct was inserted in the ip locus mediating carboxin (Cbx) resistance [J. Stock, et al. 2012]. 

Table 2-1: List of applied microorganisms and their origin 

Strain 

number 

Description Vector used 

for 

modification 

Resistance Progenitor Manipula-

ted Locus 

References 

UMa1391 AB33P5ΔR  Phleo AB33  [Sarkari, et al. 

2014] 

UMa2106 AB33P5ΔR/AtPgaX pUMa3108 Phleo, Cbx UMa1391 ip Chapter 3 

2.2.2 Cultivation media and cultivation conditions 

U. maydis strains were cultivated in 250 mL shake flasks with a filling volume of VL = 20 mL 

(shaking diameter 50 mm, shaking frequency 300 rpm, T = 30 °C). All cultivations were 

performed in modified Verduyn medium [Verduyn, et al. 1992]. The exact composition was 
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4 g/L NH4Cl, 0.5 g/L KH2PO4, 0.2 g/L MgSO4 ∙ 7 H2O, 0.01 g/L FeSO4 ∙ 7 H2O and 1 mL/L 

trace element solution. The trace element solution includes 15 g/L ethylenediaminetetraacetic 

acid (EDTA), 4.5 g/L ZnSO4 ∙ 7 H2O, 0.84 g/L MnCl2, 0.3 g/L CoCl2 ∙ 6 H2O, 0.3 g/L 

CuSO4 ∙ 5 H2O, 0.4 g/L Na2MoO4 ∙ 2 H2O, 4.5 g/L CaCl2 ∙ 2 H2O, 3 g/L FeSO4 ∙ 7 H2O, 1 g/L 

B(OH)3, 0.1 g/L KI. The medium was buffered either with 39.04 g/L (0.2 M) 

2-(N-morpholino)ethanesulfonic acid (MES) or with 41.86 g/L (0.2 M) 

3-(N-morpholino)propanesulfonic acid (MOPS), depending on the applied carbon source. The 

pH of the medium without carbon source and trace element solution was set to 6.5 with NaOH, 

if not stated otherwise. The corresponding carbon source (glucose, GalA or PolyGalA) was 

dissolved separately at higher concentrations (glucose 500 g/L, GalA 200 g/L, PolyGalA 

40 g/L). For acidic substrates, the pH was adjusted with NaOH. Finally, the dissolved carbon 

source was added to the medium at varying concentrations. GalA was purchased from Sigma-

Aldrich (St. Louis, USA). PolyGalA was purchased form Carl Roth (Karlsruhe, Germany) at a 

purity of ≥ 85%. All other chemicals were of analytical grade. Glucose, GalA, FeSO4 and buffer 

solutions were sterile-filtered using 0.2 µm cut-off filters (Acrodisc 32 mm, Pall, Dreieich, 

Germany). The other solutions were separately autoclaved (121°C, 20 min).  

2.2.3 Cultivation with online monitoring and offline sampling 

All cultivations were performed in 250 mL shake flasks, modified for usage in an in-house built 

RAMOS device [T. Anderlei and Büchs 2001, Tibor Anderlei, et al. 2004]. Commercial 

versions of the device are available from Kühner AG (Birsfelden, Switzerland) or HiTec Zang 

GmbH (Herzogenrath, Germany). The flasks were filled with 20 mL medium and shaken with 

a shaking frequency of 300 rpm at a shaking diameter of 50 mm. 

For precultures, Verduyn medium with 20 g/L glucose was inoculated with 500 µL cell 

suspension from a cryostock culture. The cells were grown 16 to 24 h until the carbon source 

was depleted. After determination of the optical density using a spectrophotometer 

(Genesys 20, Thermo Fischer Scientific, Waltham, USA), the required volume of culture broth 

was harvested by centrifugation and the main cultures were inoculated at a defined OD600 

between 0.2 and 0.65. 
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For offline samples, cotton plug-sealed shake flasks were cultivated in parallel to the RAMOS 

flasks under identical cultivation conditions using identical inocula.  

2.2.4 Offline analysis 

2.2.4.1 Optical density 

Biomass during cultivation in non-turbid media (without PolyGalA) was determined by 

measuring the optical density at 600 nm (OD600) with a spectrophotometer using 1.5 mL micro 

cuvettes (PS, Plastibrand, Roth, Karlsruhe, Germany). If necessary, samples were diluted with 

0.9% (w/v) NaCl solution to a final OD600 < 0.3. NaCl solution was used as blank. Each sample 

was measured in duplicates.  

2.2.4.2 pH value 

The pH value of unfiltered culture broth was measured at room temperature using a pH-meter 

(HI2211 pH, Hanna Instruments, Vöhringen, Germany) equipped with a pH-electrode (InLab 

Easy pH, Mettler-Toledo, Giessen, Germany). 

2.2.4.3 Ammonia 

The ammonium concentration of culture supernatant was determined after dilution to 

appropriate concentrations using the Spectroquant test kit (N° 114544, Merck KGaA, 

Darmstadt, Germany). The samples were measured using a photometer (Nova 60, Merck 

KGaA, Darmstadt, Germany) 

2.2.4.4 Quantification of carbon sources 

Glucose and GalA concentrations were determined from cell-free supernatant by HPLC. After 

sterile filtration with 0.2 µm filters (Rotilabo syringe filters Mini-Tip cellulose acetate 

membrane, N° PP52.1, Carl Roth, Karlsruhe, Germany), the samples were separated in the 

HPLC (Prominence, Shimadzu AG, Kyoto, Japan) using an organic acid resin column 
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(250 x 8 mm, CS-Chromatographie Service GmbH, Langerwehe, Germany). The separation 

was achieved with 1 mM H2SO4 at 75°C at a flow rate of 0.8 mL/min. The column was coupled 

to a refractometer (Shodex RI-101, Showa Denk Europe, Munich, Germany) and the data was 

analyzed by the software Chromeleon 6.2 (Dionex, Germering, Germany). 

2.2.4.5 Cell dry weight 

For determination of the cell dry weight, 2 mL culture broth were collected in a dry reaction 

tube, centrifuged and the supernatant was discarded. After drying the cell pellet for 48 h at 

80 °C, it was weighted using an analytical balance (LA 254i, VWR International GmbH, 

Darmstadt, Germany). All samples were measured as technical triplicates. 

2.2.4.6 Enzymatic activity via reducing sugar assay (DNS assay) 

Culture broth was collected, centrifuged, and subsequently used for offline determination of the 

enzymatic activity. 4 g/L PolyGalA solution in 0.1 M MES buffer, pH 6.0 was used as substrate. 

The assay was performed in one 2 mL reaction tube per time point incubated in a thermoshaker 

at 30°C and 800 rpm over a period of 24 h. At each sampling point, one reaction tube was 

heated up to 95 °C for 5 min to inactivate the enzyme. After the last sampling point, the 

concentration of reducing groups was determined by 3,5-dinitrosalicylic acid (DNS) assay 

[Miller 1959]. All samples were mixed with DNS solution (10 g/L DNS, 404 g/L potassium 

sodium tartrate tetrahydrate, 16 g/L NaOH) at equal volumes. The colorimetric reaction was 

carried out for 10 min in a thermoshaker at 95 °C and 800 rpm. Finally, the samples were cooled 

on ice and transferred to a 96-well microplate with a filling volume of 300 µL per well. All 

samples were measured in technical triplicates. The absorption at 540 nm (A540) was measured 

in a plate reader (Synergy 4, Biotek, Winooski, USA). As internal control for turbid samples, 

the A630 was measured as well as described previously [Nishi and Elin 1985]. The final DNS-

based absorbance was determined as A540-A630. Calibration curves were prepared using GalA 

at concentrations between 0 and 20 mM. An exemplary calibration curve is shown in Figure 

A1. The enzymatic activity was calculated from the increase of reducing groups during the first 

4 h. The monomeric GalA concentration at the beginning of the reaction was determined from 

the measured reducing groups at the reaction start. 
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 Online monitoring of U. maydis growth on GalA 

The applied measurement principle for growth of U. maydis on PolyGalA is shown in Figure 

1-2 (Chapter 1.5). U. maydis is grown in RAMOS shake flasks with PolyGalA as carbon source. 

If pectinases are available to degrade the polymeric substrate to monomers, monomeric GalA 

is consumed by U. maydis. The consumption of GalA correlates with the uptake of oxygen and 

the release of carbon dioxide in a specific molar ratio. Thus, by online measurement of the OTR 

and CTR, the pectinolytic activity of the produced enzymes in the culture broth can be 

determined. Furthermore, the relation between the amount of overall consumed oxygen and the 

residual substrate concentration in the culture supernatant was investigated. The resulting 

method for prediction of the residual substrate concentration was applied for monomeric GalA 

but, more importantly, also for PolyGalA that cannot be quantified easily by offline 

measurement.  

As first step, the growth of the protease deficient strain U. maydis AB33P5ΔR on GalA was 

characterized by online monitoring of the metabolic activity. AB33 is known to grow in a stable 

unicellular state making it applicable up to fermenter scale [Brachmann, et al. 2001]. 

Furthermore, the strain produces less lipids compared to other U. maydis strains like MB215 

[Hewald, et al. 2006]. This provides the potential to achieve high carbon fluxes towards a 

desired product. The specific quintuple protease deletion strain, previously generated by 

Sarkari, et al. [2014], was chosen to gain a higher enzyme stability in the culture supernatant. 

The mineral medium described by E. Geiser, et al. [2016] was adapted for the cultivation on 

pectic substrates. Nitrogen limitation is known to induce itaconic acid production in certain 

U. maydis strains, but significantly reduces growth [Klement, et al. 2012, Maassen, et al. 2014, 

Voll, et al. 2012, Zambanini, et al. 2017]. As this study focuses on the growth on complex 

substrates, the ammonium chloride concentration was elevated from 0.8 to 4.0 g/L to prevent a 

secondary substrate limitation. The vitamin solution was omitted, as no advantageous effect 

was visible during the cultivation (see Figure A2). Low amounts of glucose have previously 

been used to achieve an exponential growth of the culture before entering the second growth 

phase on the main carbon source [Antonov, et al. 2016]. Therefore, 4 g/L glucose and 20 g/L 

GalA were used as carbon sources. The pH value was expected to increase when U. maydis 
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consumes an acidic carbon source. To prevent a strong pH shift towards basic values, the 

originally reported 0.1 M MES buffer was replaced with 0.2 M MOPS buffer. MOPS buffer 

(pKa = 7.2) provides a larger buffer capacity towards higher pH values compared to MES buffer 

(pKa = 6.1). 

Figure 2-1A shows the OTR and CTR over time of an U. maydis AB33P5ΔR cultivation in the 

modified mineral medium containing glucose (4 g/L) and GalA (20 g/L) as carbon sources. In 

each experiment, biological duplicates of the cultivation conditions were investigated. The 

variation between the duplicates was very low, indicating a high reproducibility. The first 

exponential growth phase of U. maydis AB33P5ΔR was characterized by consumption of 

glucose as preferred carbon source. The maximal OTR of 10 mmol/L/h was reached after 

10.5 h. With the depletion of glucose, the OTR decreased to 3.5 mmol/L/h at 11.5 h, indicating 

a metabolic adaption of the organisms for the second growth phase. Depletion of glucose was 

also verified by offline sampling as depicted in Figure 2-1B (first vertical grey dashed line). 

During the first growth phase, no GalA was consumed. The optical density increased from 0.2 

to 2.8. The pH slightly decreased from 6.52 to 6.25 due to ammonia consumption [Christensen 

and Eriksen 2002, Philip, et al. 2018]. 

During the second growth phase, the culture consumed GalA until substrate depletion after 43 h 

(second vertical grey dashed line). The OTR increased at a lower rate when compared to growth 

on glucose, indicating a poorer metabolization rate of GalA. This slow growth on GalA is 

characteristic for U. maydis and these results are consistent with previous reports [Cano-

Canchola, et al. 2000]. The OTR increased towards a maximal OTR of 11.8 mmol/L/h after 

41 h. The finally measured optical density was 9.0. The end of the cultivation was characterized 

through a steep descent of the OTR after 43 h. At this point, all GalA was consumed. The pH 

increased during the GalA consumption phase to 7.1. This behavior is typical during the 

consumption of acidic carbon sources as they cross the cell membrane only in their protonated 

form [Kreyenschulte, et al. 2018]. At the end of the cultivation, 1.45 g/L ammonium chloride 

remained in the culture supernatant, indicating that the elevated concentration of 4 g/L 

ammonium chloride was sufficient to prevent nitrogen limitation. 

The RQ describes the ratio of CTR to OTR. It is known as a central parameter to characterize 

the metabolic activity of microorganisms during growth on multiple substrates of different 
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degree of reduction [Tibor Anderlei, et al. 2004]. Figure A3B shows the RQ over time for the 

cultivation on GalA. During growth on glucose, OTR and CTR are identical, which results in a 

RQ of about 1. Similar RQ values were obtained by others for the growth of U. maydis and 

yeasts while growing on glucose [Tibor Anderlei, et al. 2004, Klement, et al. 2012]. During the 

growth on GalA, the CTR values are higher than the OTR, resulting in an RQ of 1.3 to 1.4. 

Finally, after depletion of GalA, the RQ drops below 1, indicating that for maintenance internal 

reduced storage compounds like, e.g., lipids are consumed.  

 

Figure 2-1: Cultivation of U. maydis AB33P5ΔR on GalA.  The strain was grown on glucose (4 g/L) and GalA 

(20 g/L) as carbon sources. Vertical grey dashed lines indicate depletion of glucose (11.5 h) and GalA (43 h). 

A Biological duplicates of OTR and CTR, represented each as line and dashed line. B Concentrations of GalA and 

glucose, OD600 and pH. The blue dotted line represents the assumed course of GalA concentration since the OTR 

indicates GalA depletion after 43 h. Culture conditions: modified Verduyn medium, 0.2 M MOPS, initial pH 6.5, 

250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.2, 

T = 30 °C. 

To understand the different distinct levels of the RQ, a carbon balance was developed for the 

cultivation on glucose and GalA. Assuming pure biological combustion of GalA for energy 

metabolism, GalA is oxidized to carbon dioxide and water as described by Equation (1).  
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νS C6H10O7 + νO O2→ νC CO2 + νH H2O 
(1) 

𝜈 : stoichiometric coefficients for substrate GalA (S), oxygen (O), carbon 

dioxide (C) and water (H)  

The corresponding theoretical RQ value (RQtheo) can be calculated from the stoichiometric 

coefficients as described by Equation (2). They are 1.0 and 1.2 for glucose and GalA 

respectively as listed in Table 2-2. 

RQtheo =
νC

νO
 (2) 

RQtheo: theoretical respiratory quotient [-] 

 

However, to represent conditions that are more realistic, Equation (1) has to be extended with 

the formation of biomass and the consumption of ammonia as described in Equation (3).  

νS C6H10O7 + νN NH3 + νO O2→ νX X + νC CO2 + νH H2O 
(3) 

𝜈 : stoichiometric coefficients for ammonia (N) and biomass (X) 

 

Balancing of Equation (3) requires the stoichiometric coefficient νX. The elemental 

composition of U. maydis under N-unlimited conditions was previously determined to be 

CH1.826O0.579N0.145 [Klement, et al. 2012]. Based on the determination of the cell dry weight 

and measurement of the residual substrate concentration by HPLC, a yield coefficient for 

biomass formation (YX/S) of 0.51 and 0.27 gX/gS was calculated according to Equation (4) for 

glucose and GalA, respectively. The results are listed in Table 2-2. 

YXS =
ΔX

ΔS
 (4) 

YXS: yield coefficient [gX/gS] 
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ΔX, ΔS: change of biomass (X) or substrate (S) concentrations between 

sampling points [g/L] 

YXS was used to define νX as described in Equation (5). 

νX = YXS  
MWX

MWS
 (5) 

MWX, MWS: molecular weight of biomass (X) or substrate (S) [g/mol] 
 

Using the experimental value for νX in Equation (3) results in stoichiometric coefficients and 

the RQtheo values for combined combustion and biomass formation as given in Table 2-2. The 

calculated RQtheo values of 1.10 and 1.38 for glucose and GalA, respectively, matched the 

experimentally determined data (Figure A3B). This indicates that no relevant carbon fluxes 

other than combustion to carbon dioxide for energy generation and cell growth occur. Thus, the 

carbon balance is closed for the cultivation on glucose and GalA. 

Table 2-2: Stoichiometric coefficients and RQtheo for carbon balance. Carbon sources glucose (Glc) 

and GalA are compared with or without biomass formation. 

Conditions C-

source 

Sum 

formula 

𝛎𝐒  𝝂𝐍 𝝂𝐎  𝝂𝐗  𝝂𝐂 𝝂𝐇  RQtheo 𝒀𝑿/𝑺 

Pure combustion Glc C6H12O6 1 - 6 - 6 6 1.00 - 

Pure combustion GalA C6H10O7 1 - 5 - 6 5 1.20 - 

Combustion and 

biomass formation 

Glc C6H12O6 1 0.53 2.13 3.65 2.35 3.46 1.10 0.51 

Combustion and 

biomass formation 

GalA C6H10O7 1 0.29 2.92 1.97 4.06 3.63 1.38 0.27 

 Correlation of oxygen uptake with consumed 

GalA 

One aim of this study is to provide a method for predicting the residual concentration of GalA 

from the OT during the GalA consumption phase. The correlation developed in this Chapter 

will later be applied on the growth of U. maydis AB33P5ΔR/AtPgaX on PolyGalA. For 
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consistence with the later application, this strain was already used for the development of the 

correlation introduced within this chapter.  

For experimentally developing a correlation of the OT with the GalA supplemented in the 

medium, the concentration of GalA was varied from 0 to 34.6 g/L. As the pH is increasing 

during the consumption of GalA, the buffer concentration was increased in proportion to the 

substrate concentrations with a minimal buffer concentration of 0.1 M. 

Figure 2-2A shows the OTR over time of U. maydis AB33P5ΔR/AtPgaX in media containing 

glucose (4 g/L) and varied concentrations of both, GalA (0 to 34.6 g/L) and MOPS buffer (0.1 

to 0.4 M).  

 

Figure 2-2: Cultivation of U. maydis AB33P5ΔR/AtPgaX with varying GalA and buffer concentrations.  The 

medium was supplemented with glucose (4 g/L) and varying amounts of initial GalA (GalA0) and MOPS buffer. 

0, 4.5, 8.8, 12.8, 16.9, 21.7, 26.1 and 34.6 g/L GalA0 was supplemented with 0.1, 0.1, 0.1, 0.15, 0.2, 0.25, 0.3 and 

0.4 M MOPS, respectively. A OTR. The GalA consumption phase is indicated by the shaded area below the OTR 

curve for each cultivation. B Dashed lines represent the predicted residual substrate concentration in the culture 

medium (GalAcalc) according to Equation (6). Symbols represent offline measured values (GalAmeas). Culture 

conditions: modified Verduyn medium, initial pH 6.5, 250 mL flask, filling volume 20 mL, shaking frequency 

300 rpm, shaking diameter 50 mm, initial OD600 = 0.65, T = 30 °C. 
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Compared to Figure 2-1A, the same two growth phases on glucose (lasting for 10 to 12 h) and 

GalA can be distinguished. The growth on glucose was only slightly slowed down at elevated 

GalA and buffer concentrations due to increased osmolarity. In line with this, previous studies 

reported the high robustness of U. maydis under elevated osmolarities while not remaining 

totally unaffected [Klement, et al. 2012, Salmerón-Santiago, et al. 2011]. As expected, the OTR 

of the control cultivation without GalA dropped down to a basal level already after 10 h. All 

other cultivations showed the typical two-stage growth behavior. GalA was depleted after 

different cultivation times, according to the initially supplemented substrate concentration. The 

corresponding OTs for the GalA consumption phases are indicated in Figure 2-2A by the shaded 

areas under the curves.  

In Figure 2-3 (squares), the OT during the GalA consumption phase (see also shaded areas in 

Figure 2-2A) was plotted against the initial GalA concentration. The linear regression of the 

data points (red dashed line) demonstrates the excellent correlation of the two parameters. Thus, 

the reciprocal value of the experimental calibration factor 
νO

νS
 can be used to predict the residual 

substrate concentration GalAcalc during the entire cultivation according to Equation (6). 
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Figure 2-3: Correlation of overall oxygen consumption and produced biomass to initial GalA concentration.  

Overall oxygen consumption (OT, squares, red axes) is correlated to the molar initial GalA concentration (𝑐𝐺𝑎𝑙𝐴0
), 

produced biomass (X, triangles, blue axes) to the initial GalA mass concentration (𝐺𝑎𝑙𝐴0). The colored data points 

correspond to the equally colored cultivations shown in Figure 2-2. The GalA concentrations were determined via 

offline measurement. The OT is considered for the GalA consumption phase. A linear fit was plotted (dashed lines, 

arrows indicate corresponding axes). The reciprocal value of 
𝜈𝑂

𝜈𝑆
 can be substituted in Equation (6). The calibration 

factors and coefficients of determination are specified in the plot. 

(Poly)GalAcalc = MW(Poly)GalA(c(Poly)GalA0
−

νS 

νO 

OT) (6) 

(Poly)GalAcalc: calculated residual (Poly)GalA concentration [g/L] 

MW(Poly)GalA: molecular weight of (Poly)GalA [g/mol] 

𝑐(𝑃𝑜𝑙𝑦)𝐺𝑎𝑙𝐴0
: initial (Poly)GalA concentration [mol/L] 

OT: overall oxygen consumption during (Poly)GalA consumption phase 

[mol/L] 

 

GalAcalc is shown for all cultivations in Figure 2-2B (dashed lines). The predicted GalAcalc is in 

very good agreement with offline measured concentrations of GalA (GalAmeas, Figure 2-2B, 

symbols). This verifies the high reliability of the predicted concentrations. Furthermore, the 

predicted depletion of substrate correlates well with the sharp drop in the OTR.  

The carbon balancing introduced in the previous chapter requires experimental values for YX/S. 

Online monitoring of the metabolic activity (OTR) enabled sampling right after glucose was 

depleted and shortly after depletion of GalA. Figure 2-3 (triangles) shows the data that was used 

to calculate the yield coefficient YX/S as described by Equation (4). Compared to the yield 

coefficient on glucose, determined from the first growth phase with YX/S = 0.51 gX/gS, 

U. maydis does produce less biomass from GalA (YX/S = 0.27 gX/gS). This can partially be 

explained by the degree of reduction as a parameter for the energy content of the substrate. For 

GalA, the degree of reduction is 3.33 per carbon atom. Compared to that, glucose shows a 

degree of reduction of 4 per carbon atom. Thus, the energy content of GalA is lower than of 

glucose. This is also in accordance with the lower growth rate on GalA compared to glucose, 

as the increase of the OTR during growth on GalA is not exponential (Figure 2-1A) [Cano-

Canchola, et al. 2000].  
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Comparing the different OTR profiles in Figure 2-2A, it should be noted that the increase in the 

OTR becomes less steep for the cultivation with 34.6 g/L GalA towards the end of the 

cultivation. This might be associated with a slight shift in the cultivation pH (final pH: 7.3, see 

also Figure A4). U. maydis is usually cultivated at pH values of 5.5 to 6.5 [Elena Geiser, et al. 

2014]. Cultivations above that optimal range can reduce the specific growth rate.  

 Characterization of growth on PolyGalA 

To achieve metabolization of PolyGalA, U. maydis AB33P5ΔR/AtPgaX was applied. Two 

reference cultivations of this strain are shown in Figure A5. In one cultivation, 20 g/L glucose 

was added as single carbon source (black) while in the other cultivation 20 g/L PolyGalA 

without supplemented glucose was provided (green). No growth was observed for the 

cultivation with pure PolyGalA, indicating that PolyGalA is not sufficient as a sole carbon 

source. As the strain grows exponentially on glucose, the medium containing PolyGalA was 

supplemented with 4 g/L glucose as a starter carbon source. Such supplementation of the culture 

medium with 4 g/L glucose was already used in Chapters 2.3 and 2.4 for the cultivation on 

monomeric GalA to enhance the cell density at the beginning of the second growth phase. For 

the cultivation on PolyGalA, the glucose supplementation additionally enables the microbial 

production and secretion of hydrolytic enzymes from glucose. Previous studies on the 

regulatory elements of the implemented Poma promoter indicate a strong influence of the applied 

carbon source on the expression of the target protein [Hartmann, et al. 1999]. The strongest 

expression was achieved when glucose, fructose, sucrose or arabinose were provided as carbon 

source while significantly lower expression rates were achieved on xylose, maltose or glycerol 

[Hartmann, et al. 1999]. Assuming a similar decreased activity of the Poma promoter on 

(Poly)GalA could explain the lack of metabolic activity for the U. maydis cultivation on 

PolyGalA as sole carbon source.  

To determine the ability of the new strain to grow on monomeric GalA, a second reference 

cultivation on glucose and GalA was conducted. Figure 2-4A shows the OTR over time for the 

cultivation of AB33P5ΔR/AtPgaX (blue) and its progenitor strain AB33P5ΔR (olive green) on 

4 g/L glucose and 20 g/L monomeric GalA. Both strains showed a similar pattern of the OTR 

course demonstrating their comparability during the cultivation. In contrast to AB33P5ΔR 
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lacking the exo-polygalacturonase, AB33P5ΔR/AtPgaX also showed metabolic activity when 

cultivated on PolyGalA (black). However, in comparison to the cultivation on monomeric 

substrate, the cultivation on PolyGalA behaved differently. Similar OTR patterns were 

previously observed for cultivations of T. reesei on cellulose and divided into three different 

phases [Antonov, et al. 2017, Antonov, et al. 2016]. The cultivation of AB33P5ΔR/AtPgaX on 

PolyGalA could be divided into the same phases. The first phase during GalA consumption (13-

18 h) could be described by an identical OTR for both cultivations, with PolyGalA (black) and 

monomeric GalA (blue) as main carbon source. This indicates an unlimited growth on the 

monomer in both cases. The corresponding RQ (Figure 2-4B) showed a characteristic pattern 

with an RQ of 1.1 during the glucose consumption phase (< 10 h), a short kink after glucose 

depletion (10-12 h) and an increase to 1.3-1.4 at the beginning of the GalA consumption phase 

(< 12 h). After 18 h, the OTR of the cultivation on PolyGalA entered the second phase. A 

plateau of OTR = 5.7 mmol/L/h was reached (18-26 h). This indicates a substrate limitation. 

The current enzymatic activity in the culture supernatant led to a constant liberation rate of 

GalA monomers. The RQ remained on a high level of 1.3-1.4, verifying that all hydrolyzed 

sugar units are immediately consumed. Using the method for prediction of the residual substrate 

concentration described by Equation (6) enabled the calculation of the PolyGalA concentration 

(PolyGalAcalc). In this case, the molar concentration refers to the monomeric GalA without 

considering the degree of polymerization. As the OTR of the cultivation shown in Figure 2-4A 

(black curve) remained constant, no new exo-polygalacturonase is produced by the strain. This 

plateau in the OTR correlates with the linear decrease of PolyGalAcalc depicted in Figure 2-4C 

(black curve). Thus, during this phase, the culture is limited due to enzymatic activity in the 

supernatant, meaning that a higher enzymatic activity would lead to a higher OTR. After 26 h, 

the cultivation on PolyGalA entered a third phase. The OTR starts to decrease towards a basal 

level. After 42 h, the OTR of both cultures, with polygalacturonic and monomeric GalA, ran in 

parallel. Previously, a decreasing OTR during the cultivation of T. reesei on cellulose was 

annotated with a decreased accessibility of the substrate [Antonov, et al. 2016]. In that context, 

the last phase (26 to 42 h) is likely to show a decreasing accessibility of PolyGalA resulting in 

a lower liberation rate of monomeric GalA. The RQ deceased during this third phase towards 

the level of pure combustion indicating a decreasing biomass formation and increasing cell 

maintenance. During this last phase, the cultivation could be characterized as substrate limited. 

In this case, more substrate would lead to a higher OTR.  
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Figure 2-4: Cultivation of U. maydis AB33P5ΔR and AB33P5ΔR/AtPgaX on (Poly)GalA.  The strains were 

grown on glucose (4 g/L) and GalA or PolyGalA (20 g/L) as carbon sources. A Mean value of duplicates of OTR. 

B Mean value of duplicates of the RQ. The dotted horizontal line represents RQ = 1. C Predicted residual substrate 

concentration in the culture medium (GalAcalc or PolyGalAcalc) according to Equation (6). The RQ drops below 1 

after 40 and 44 h, respectively, indicating depletion of GalA. Thus, the line for GalAcalc in Figure 2-4C is dotted 

from that time point on. Symbols represent offline-measured values. The mean values of biological duplicates are 

shown for online measurements for better clarity. Culture conditions: modified Verduyn medium, 0.2 M MOPS, 

initial pH 6.5, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial 

OD600 = 0.2, temperature 30 °C. 

During the second phase of limitation by the enzymatic activity, the OTR level during the linear 

decrease of PolyGalAcalc could be applied as a read-out for online determination of the 

enzymatic activity. The constant plateau in the OTR indicates the enzymatic hydrolysis as 

growth-limiting parameter of the cultivation. All liberated monomeric GalA is immediately 

consumed. Equation (7) describes the calculation of the enzymatic activity of the culture 

supernatant from the plateau level OTR*. One unit of enzyme activity is defined as the amount 

of enzyme required to liberate 1 µmol of GalA per minute. 
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E = OTR∗
νS 

νO 

 (7) 

E: enzymatic activity [U/mL] 

OTR*: oxygen transfer rate at plateau [µmol/mL/min] 

 

The determined enzymatic activity in the culture supernatant was 35.1 mU/mL. This method 

has several advantages over offline enzymatic assays. It is possible to measure even low 

activities that are hard to detect via offline enzymatic assays. Additionally, the method is not 

affected by possible product inhibition of the enzyme, a known issue for several pectinases or 

cellulases [Bélafi-Bakó, et al. 2007, Teugjas and Väljamäe 2013]. Finally, the determination is 

conducted under cultivation conditions and, thus, more reliable with regard to a later process 

scale-up compared to artificial conditions in offline enzyme assays. 

2.5.1 Influence of initial glucose concentration on enzyme expression 

As discussed above, exo-polygalacturonase is exclusively produced during the growth on 

glucose. Elevated glucose concentrations elongate the enzyme production phase and should 

consequently lead to an increased enzymatic activity. After glucose depletion, during the 

growth on PolyGalA, an increased enzymatic activity should therefore correlate with a higher 

plateau of the OTR. To test this assumption, the glucose concentration during cultivations on 

PolyGalA was varied between 4 and 20 g/L. The corresponding OTR profiles are depicted in 

Figure 2-5A. All cultivations started to grow equally on glucose. After 8.5, 13.5 and 16.0 h, 

glucose (4, 12 and 20 g/L) was depleted, respectively, as indicated by the drop in the OTR. 

After a slight increase while growing unlimited on GalA, a plateau was reached at an OTR of 

5.4, 11.9 and 15.4 mmol/L/h for 4, 12 and 20 g/L glucose, respectively. The elevated OTR 

plateau for higher initial glucose concentrations indicates a higher enzymatic activity as 

hypothesized above. This is most probably due to increased enzyme concentrations, as the 

cultivations with higher glucose concentrations experienced a longer enzyme production phase. 

The higher OTR plateau is consistent with a higher liberation and consumption rate of GalA. 

Thus, a shorter duration of the OTR plateau can be observed with 10 h for 20 g/L initial glucose 

or 12.5 h for 12 g/L initial glucose, when compared to 28.5 h for 4 g/L initial glucose. However, 
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the overall consumed substrate does not differ substantially between the different cultivations 

(Figure 2-5C). This is independent of elongated cultivation times or the enzyme concentration 

in the media and underlines the high comparability in terms of substrate accessibility.  

 

Figure 2-5: Cultivation of U. maydis AB33P5ΔR/AtPgaX on PolyGalA with varying initial glucose 

concentrations.  The strain was grown on glucose (4, 12 and 20 g/L) and PolyGalA (20 g/L) as carbon sources. 

A Mean value of biological duplicates of OTR. B Mean value of biological duplicates of RQ. The dotted horizontal 

line represents RQ = 1. C Predicted residual PolyGalA concentration in the medium (PolyGalAcalc) according to 

Equation (6). The RQ drops below 1 after 29 h, indicating depletion of accessible PolyGalA. Thus, the line for 

PolyGalAcalc in Figure 2-5C is dotted from that time point on. The mean values of biological duplicates are shown 

for better clarity. Culture conditions: modified Verduyn medium, 0.1 M MOPS and 0.1 M MES, initial pH 6.0, 

250 mL flask, filling volume 15 mL, shaking frequency 350 rpm, shaking diameter 50 mm, initial OD600 = 0.6, 

temperature 30 °C 

Obviously, the accessibility of the polymeric substrate decreases during the cultivation due to 

single modified GalA residues. Esterified repeating units in the PolyGalA chain may remain 

unconsumed in the fermentation. As the exo-polygalacturonase is specifically acting on the 



Chapter 2 Estimation of residual (poly)galacturonic acid 27 

 

 

non-reducing end and can hydrolyze only unesterified residues, a single modification in the 

backbone may block the degradation of the entire PolyGalA chain [Abbott and Boraston 2007, 

Kester, et al. 1996, Trindade, et al. 2016]. A small degree of impurities in the substrate also 

explains the incomplete metabolization of PolyGalA, as 8 g/L of initially 20 g/L substrate 

remain in the medium at the end of the cultivation. 

To validate the introduced method for online determination of the enzymatic activity, samples 

of culture supernatant were drawn after 17 and 23 h of the cultivations on 4, 12 and 20 g/L 

glucose and 20 g/L PolyGalA shown in Figure 2-5. The enzymatic activities determined from 

offline measurement are clearly different from the online-determined measurements as can be 

seen in Figure 2-6. Offline activities are in the range of 23 to 33 mU/mL for all glucose 

concentrations at both time points (Figure 2-6, blue bars). For the lowest glucose concentration, 

the online-determined enzymatic activities were in the same order of magnitude (Figure 2-6, 

red bars). However, the online-determined activities for 12 and 20 g/L glucose were up to 4-

fold higher than the offline-determined values. This discrepancy between the online and offline 

enzymatic activity can be explained by examining the enzyme kinetics. The enzyme kinetics 

for the tested exo-polygalacturonase have been reported to be very susceptible to product 

inhibition [Kester, et al. 1996]. The enzyme can be competitively inhibited by monomeric GalA 

with a kinetic inhibition coefficient of KI = 0.3 mM. As the GalA concentration at the beginning 

of the assay reaction is > 2 mM for all offline assays (Figure 2-6, hatched blue bars), it is 

probable that the enzyme is inhibited during the entire offline assay. That would explain the 

constant outcome for enzymatic activity. The activities determined from online measurement 

are highly reliable as the product is constantly consumed and the enzyme is not affected by 

product inhibition. Thus, in case of a product inhibition, the offline determination of enzymatic 

activities underestimates the real enzymatic activity. Previous reports on product inhibited 

CAZymes also recommend to set-up consolidated bioprocessing in order to prevent high sugar 

accumulation by constant consumption of the released sugars [Andrić, et al. 2010, E. Geiser, et 

al. 2016, Kumar, et al. 2008].  
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Figure 2-6: Comparison of enzymatic activity determined from offline (DNS) and online (OTR) 

measurements.  The hydrolytic enzymatic activity on PolyGalA was determined by offline DNS assays (blue 

bars) or by online determination of the linear substrate consumption shown in Figure 2-5 (red bars). Samples of 

culture supernatant were taken and analysed after cultivation times of 17 and 23 h. For offline assays, the reaction 

time was 4 h and the PolyGalA concentration 4 g/L. Light blue bars show the GalA concentration at the beginning 

of the offline assay. 

The online determination of enzymatic activities for product inhibited CAZymes provides 

reliable results, even at low total enzymatic activities. However, two prerequisites have to be 

fulfilled for the introduced method. First, the expressed enzymes have to liberate fermentable 

sugar units. If for example endo-enzymes simply degrade the polymeric substrates into shorter 

oligomers that cannot be further converted, the organism shows no metabolic activity and, thus, 

fails to grow on the hydrolysis products. An U. maydis strain producing the intrinsic endo-

polygalacturonase would, thus, show no growth on PolyGalA. Secondly, too high activities of 

the hydrolytic enzyme would lead to a completely unlimited growth on the liberated 

fermentable sugar units and, thus, the substrate consumption rate never equals the liberation 

rate. Under those conditions, no linear decrease of the substrate concentration, as shown in 

Figure 2-5C, could be calculated. 
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2.5.2 Investigation of enzyme stability by substrate pulsing 

A consolidated bioprocess for degradation of plant biomass requires highly stable CAZymes. 

For this study, a haploid U. maydis strain, in which five proteases were deleted, was used to 

prevent degradation of the secreted pectinases. This strain was previously successfully used to 

produce heterologous single-chain antibodies in U. maydis [Sarkari, et al. 2014]. To prove the 

enzyme stability of the secreted exo-polygalacturonase and to verify the understanding of the 

three phases during the growth on PolyGalA discussed previously, PolyGalA was pulsed at 

different time points as depicted in Figure 2-7.  

The first time point for a PolyGalA pulse during the unlimited growth phase on GalA was after 

17.5 h (Figure 2-7A, red curve). The OTR plateau at 7 mmol/L/h is slightly higher compared 

to the reference cultivation without pulse (black curve, 6 mmol/L/h). This increase might be 

associated to more available total PolyGalA substrate. During the plateau phase, the cultures 

run in parallel until the substrate accessibility decreases in the reference cultivation after about 

24 h. The OTR plateau of the pulsed culture continues its level of 7 mmol/L/h until the substrate 

accessibility decreases here as well after about 28 h. The course of the RQ (Figure 2-7B) shows 

again a clear separation between the growth phases on glucose (< 17 h) and GalA (> 17 h), as 

well as the depletion of GalA. A similar behavior was observed when the pulse was added in 

the OTR plateau phase after 19 h (Figure 2-7A, blue curve). After the pulse, the OTR slightly 

increased from 6 to 7 mmol/L/h and runs in parallel to the cultivation with the earlier pulse until 

the end of the experiment. 

The reference cultivation (Figure 2-7A, black curve) reached a basal level in the OTR after 

28 h. Adding a pulse in that cultivation after 39 h (Figure 2-7A, olive green curve) results in an 

immediate increase of the OTR to 6 mmol/L/h, the level of the first plateau. This clearly 

demonstrates the stability of the enzymes in culture supernatant. Even under starvation of the 

cells, the enzyme remains functional.  

All previously pulsed cultivations were supplemented with a second pulse after 70 h (Figure 2-

7A, arrows). This pulse resulted in a similar response in all cases. The cultivations reached a 

similar OTR level. As described for the pulse after 39 h, the OTR started to decrease right after 
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the maximal OTR was reached. The RQ values remained below those values obtained during 

the first OTR plateau. This indicates a stronger maintenance metabolism due to starvation. 

Figure 2-7C shows the OT. The pulsed cultivations reach comparable final values of 

315 mmol/L. The reference cultivation shows a lower final OT of 200 mmol/L. The method for 

prediction of the residual substrate concentration was applied to compare the overall 

consumption of the supplemented polygalacturonic (Figure 2-7D). After the PolyGalA 

consumption, the reference culture consumed 50% of the supplemented PolyGalA. All pulsed 

cultivations also ended up at 50% substrate consumption after 60 h and even after consumption 

of the second substrate pulse (84 h). Thus, even under different cultivation conditions, the 

percentage of convertible PolyGalA remains constant. The sharp increase in the OTR after the 

pulses at 39 and 70 h indicates that the presented cultivation system is tolerant towards short 

starvation times and the secreted exo-polygalacturonase is neither degraded nor inhibited by 

secreted metabolites of the cells or by other media components. 
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Figure 2-7: Influence of PolyGalA pulses on the cultivation of U. maydis AB33P5ΔR/AtPgaX.  The strain was 

grown on glucose (6.5 g/L) and PolyGalA (10 g/L) as carbon sources. Pulses of PolyGalA were added at indicated 

time points (arrows). At 68.5 h, all cultures except the reference received a second substrate pulse. The values for 

the OTR, the OT and the predicted residual PolyGalA concentration (PolyGalAcalc) refer to the initial filling 

volume. The vertical dashed line represents the beginning of PolyGalA consumption. A Mean value of biological 

duplicates of the OTR. B Mean value of biological duplicates of RQ. The dotted horizontal line represents RQ = 1. 

For clarity, the RQ is only shown for OTR > 2 mmol/L/h. C Mean value of duplicates of the OT. D PolyGalAcalc 

according to Equation (6). The RQ drops below 1 during consumption of PolyGalA, indicating depletion of 

accessible substrate. Thus, the line for PolyGalAcalc in Figure 2-7D is dotted during that time. The mean values of 

biological duplicates are shown for better clarity. Culture conditions: modified Verduyn medium, 0.2 M MOPS, 

initial pH 6.5, 250 mL flask, initial filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, 

initial OD600 = 0.2, temperature 30 °C. The mass of PolyGalA in one pulse equals the initial mass supplemented 

in the medium. Pulses of 5 mL PolyGalA solution (40 g/L) were added. 
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 Conclusion 

This chapter described the metabolic activity of U. maydis growing on GalA, the main 

component of pectin, by application of online monitoring tools. The growth behavior was 

reproducible and enabled closed carbon balancing for the growth on glucose and GalA. The 

overall consumed oxygen was successfully correlated with the consumed amount of substrate. 

A method for the prediction of the residual substrate concentration was developed. The 

production of the heterologous exo-polygalacturonase PgaX in U. maydis activated this strain 

to grow on PolyGalA. The developed method was applied to calculate the enzymatic activity 

during the growth of this activated U. maydis strain on PolyGalA. A comparison with offline 

determined enzymatic activities showed that online measurements prevented an 

underestimation of the enzymatic activity due to inhibition by accumulated product. Thus, the 

newly introduced method for online determination of the enzymatic activity is highly favorable 

in case of product inhibited hydrolytic enzymes. Finally, the stability of secreted enzymes was 

proven over the entire course of fermentation by pulsing substrate at distinct times of the 

cultivation. 

To complete the concept of consolidated bioprocessing, the complexity of digestible substrate 

has to be further increased. For growth on pectin, sugar beet pulp, or other pectin-rich waste 

streams, a high number of different enzymes such as hydrolases or monooxygenases is required 

[Cragg, et al. 2015]. Co-fermentations seem to be promising in a consolidated bioprocess as 

this concept mimics nature in terms of microbial cooperation on degradation of plant biomass 

[Alcantara, et al. 2017, Bader, et al. 2010].  

Further efforts must be made to increase the overall consumption rate of PolyGalA. This might 

be achieved by implementation of other pectinases. For example, an endo-polygalacturonase 

would be beneficial which can cleave PolyGalA chains with esterified residues at the non-

reducing ends that cannot be hydrolyzed by exo-polygalacturonases. By an intra-chain 

cleavage, new active sites for the exo-polygalacturonase are provided. With such two-enzyme 

system, more complex substrates might be addressed, like pectin or pectin-rich biomass waste-

streams. The next chapter will therefore deal with online monitoring U. maydis co-

fermentations to detect synergistic effects of the expressed enzymes on PolyGalA degradation. 
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Chapter 3 

3Complementing the intrinsic repertoire of Ustilago 

maydis for degradation of the pectin backbone 

polygalacturonic acid 

 Introduction 

Chapter 2 showed that Ustilago maydis is able to grow on monomeric galacturonic acid (GalA), 

the most abundant sugar in pectin. This has been proven by application of the respiration 

activity monitoring system (RAMOS) device, enabling the development of a methodology for 

the online quantification of consumed GalA (Chapter 2.4). This methodology is based on the 

stoichiometric linkage between GalA consumption, oxygen consumption and carbon dioxide 

release. Extension of this methodology towards the estimation of residual polygalacturonic acid 

(PolyGalA) resulted in the determination of enzymatic activities for an U. maydis strain 

producing a heterologous exo-polygalacturonase. However, not all PolyGalA present in the 

medium was consumed during the cultivation.  

This Chapter focusses on the evaluation of various alternative endo- and exo-

polygalacturonases to increase the overall metabolization of PolyGalA. Enzymes of intrinsic, 

fungal and bacterial origin are tested in constitutive production hosts. A combination of genetic 

and bioprocess engineering is used to establish PolyGalA decomposition and consumption. 

Online monitoring tools are used to assess the hydrolytic activity of three different endo-
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polygalacturonases. U. maydis strains expressing endo- and exo-polygalacturonase are 

therefore co-cultivated on PolyGalA.  

 Material and methods 

3.2.1 Plasmids, strains and media 

All plasmid vectors were generated using standard molecular cloning methods including 

Golden Gate cloning [Green and Sambrook 2012, Terfrüchte, et al. 2014]. Plasmids were 

propagated in Escherichia coli Top10 cells. The vector for intrinsic gene activation with the 

strong Poma promoter was assembled by Golden Gate cloning [E. Geiser, et al. 2016, Terfrüchte, 

et al. 2014] using approximately 1 kb flanking regions in the 5´ region of the intrinsic open 

reading frame thereby deleting the putative region for the native promoter of about 1 kb. 

Genomic DNA of U. maydis strain UM521 [Kämper, et al. 2006] was used as a template for 

flank generation by polymerase chain reaction (PCR). Heterologous genes were inserted in the 

ip locus using integrative vectors mediating carboxin resistance [J. Stock, et al. 2012] or in the 

modified upp3 locus of strain AB33P5ΔR, in which five proteases including upp3 had 

previously been sequentially deleted [Sarkari, et al. 2014]. Heterologous genes were 

specifically codon-optimized for expression in U. maydis using an online tool [Haag, et al. in 

press, Zhou, et al. 2018] and produced by chemical gene synthesis (Integrated DNA 

Technologies, Leuven, Belgium). Oligonucleotides used for molecular cloning are listed in 

Table 3-1.  

Table 3-1: DNA oligonucleotides used in this chapter. 

Designation  Nucleotide sequence (5´- 3´) 

oMB425 

oMB426 

oMB427 

oMB428 

oMF502 

oMF503 

ACAGCTCTTCCGTGCATTTAAATACCTCGAAGCACAACGTACG 

ACAGCTCTTCCGGCCCACCCGAGGCACCGTCTTTATGC 

ACAGCTCTTCCCCTATGGCCTGCCTTTTGCTGGTTGG 

CGCGCTCTTCCGACATTTAAATACCCGACAATTTGATGTTGG 

ACGACGTTGTAAAACGACGGCCAG 

TTCACACAGGAAACAGCTATGACC 
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pUMa2822 (pDest_Poma:umag_02510_NatR) for in locus promoter exchange of umag_02510 

was generated by SapI-mediated Golden Gate cloning. The reaction included the up- and 

downstream flanks generated on UM521 gDNA using the primer combinations MF425xMF426 

and MF427xMF428, respectively, the storage vector pUMa2443 [Aschenbroich, et al. 2018] 

containing a nourseothricin resistance cassette (NatR) and the Poma promoter, as well as the 

destination vector pUMa2074 [Aschenbroich, et al. 2018]. The integrative plasmids for 

insertion at the ip locus pUMa3108 (pRabX1_Poma_pgaX_CbxR), pUMa3400 

(pRabX1_Poma_pguB-cts1_CbxR), pUMa3401 (pRabX1_Poma_peh1-cts1_CbxR), 

pUMa3403 (pRabX1_Poma_pga1_CbxR) were generated by standard restriction-ligation 

cloning. The corresponding codon-optimized heterologous genes were synthetized with 

cognate flanking restriction sites. Heterologous fungal genes included their N-terminal native 

signal peptides for entry of the endoplasmic reticulum (ER) whereas the signal peptides of 

bacterial genes were eliminated for export of the corresponding protein by Cts1-mediated 

unconventional secretion (signal peptides predicted with SignalP5.0; ) [Nielsen 2017]. 

pUMa2113 [Sarkari, et al. 2014] seved as backbone for insertion of bacterial genes via 

NcoI/SpeI or BamHI/SpeI sites, thereby replacing the gus gene, resulting in translational Cts1 

fusions. For insertion of fungal genes, pUMa2113 was modified removing cts1 via NotI/SfiI 

and NcoI/SfiI hydrolysis creating an intermediate vector carrying the Poma promoter [Hartmann, 

et al. 1999] and the gus gene fused to a Strep-tripleHA-decahistidine (SHH)-tag encoding 

sequence [Sarkari, et al. 2014]. Via restriction with BamHI/SfiI the gus gene was removed from 

the intermediate vector and replaced by the respective heterologous fungal gene upstream (in 

frame) of the shh sequence [Sarkari, et al. 2014]. Plasmid sequences and detailed cloning 

strategies will be provided upon request.  

U. maydis strains applied or generated in this study are listed in Table 3-2. Genomically stable 

strains were obtained by homologous recombination using the parental strain AB33P5ΔR 

[Sarkari, et al. 2014]. All plasmids were linearized at the flank borders or within the ipR allele 

using unique restriction endonucleases [Bosch, et al. 2016, Terfrüchte, et al. 2014]. Excised 

linear constructs were used to transform U. maydis protoplasts [Bosch, et al. 2016]. Each 

genetic modification was verified by Southern blot analysis using digoxigenin labeled probes 

(PCR Dig Labeling Mix, Roche, Basel, Switzerland). Mutants transformed with integrative 

plasmids were selected for harboring a single plasmid copy in the ip locus by Southern blot 
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analysis using a probe generated by PCR using primer combination MF502/MF503 and the 

template pUMa260 [Loubradou, et al. 2001]. For in locus modifications the complete flanking 

regions were used as probes. 

Table 3-2: U. maydis strains used in this chapter. 

Strain Relevant genotype, 

resistance 

UMa1 Refe-

rence 

Plasmid 

trans-

formed 

Manipulated 

locus2 

Progenitor (Uma)1 

[Reference] 

AB33P5Δ

R 

FRT5[um04400 Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] 

PhleoR 

1391 [Sarkar

i, et al. 

2014] 

detailed 

strain 

description 

in Sarkari, et 

al. [2014] 

ip (cbx), 

umag_04400, 

umag_11908, 

umag_00064, 

umag_2178, 

umag_04926 

AB33 

[Brachmann, et al. 

2001] 

AB33P5Δ

R 

/UmPgu1 

FRT5[um04400 Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] 

P02510::umag_02510::

Poma::um02510 

PhleoR, NatR 

2030 This 

chap-

ter. 

pDest_ 

Poma:umag

_02510_Nat

R 

(pUMa2822) 

umag_02510 

 

AB33P5ΔR 

(UMa1391) 

[Sarkari, et al. 

2014] 

AB33P5Δ

R 

/AtPgaX 

FRT5[um04400 Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] 

ipr [PomaAtPgaX: 

SHH] ips  

PhleoR, CbxR 

2106 Chap-

ter 2 

pRabX1_ 

Poma_pgaX

_SHH_ 

CbxR 

(pUMa3108) 

ip (cbx) 

 

AB33P5ΔR 

(UMa1391)  

[Sarkari, et al. 

2014] 
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Strain Relevant genotype, 

resistance 

UMa1 Refe-

rence 

Plasmid 

trans-

formed 

Manipulated 

locus2 

Progenitor (Uma)1 

[Reference] 

AB33P5Δ

R 

/AaPgu13 

FRT5[um04400 Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] 

ipr [PomaAaPguI: 

SHH] ips  

PhleoR, CbxR 

2416 This 

chap-

ter. 

pRabX1_ 

Poma_AaPg

u1_SHH_ 

CbxR 

(pUMa3403) 

 

ip (cbx) 

 

 

AB33P5ΔR 

(UMa1391)  

[Sarkari, et al. 

2014] 

AB33P5Δ

R 

/PcPeh14 

FRT5[um04400 Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] 

ipr [PomaPcPeh1: 

SHH: cts1] ips  

PhleoR, CbxR 

2402 This 

chap-

ter. 

pRabX1_ 

Poma_Peh1

-SHH-Cts1_ 

CbxR 

(pUMa3401) 

 

ip (cbx) 

 

AB33P5ΔR 

(UMa1391)  

[Sarkari, et al. 

2014] 

AB33P5Δ

R 

/KpPguB4 

FRT5[um04400 Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] 

ipr [PomaKpPguB: 

SHH: cts1] ips  

PhleoR, CbxR 

2401 This 

chap-

ter. 

pRabX1_Po

ma_PguB-

SHH-Cts1_ 

CbxR 

(pUMa3400) 

 

ip (cbx) AB33P5ΔR 

(UMa1391)  

[Sarkari, et al. 

2014] 

1 Internal strain collection number 
2 Sequences available on NCBI or PEDANT [IBIS 2019, NCBI 2019] 
3 The intrinsic signal peptide encoding sequences of the enzymes were kept 
4 The intrinsic signal peptide encoding sequences predicted by SignalP 4.1 were removed to allow for 

unconventional secretion [CBS 2019] 

For strain generation U. maydis strains were grown at 28 °C in complex medium (CM) 

supplemented with 10 g/L glucose (CM-Glc) [Holliday 1974]. For determination of enzyme 

activities indicated strains were grown in modified Verduyn mineral medium as described in 
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Chapter 2.2.2 using 0.1 M MES, pH 6.5 as buffer. The modified Verduyn mineral medium was 

supplemented with 1% (w/v) glucose unless stated otherwise.  

3.2.2 Microscopic analyses 

For microscopy, cells were immobilized on agarose patches (2% final concentration (f. c.)). A 

wide-field microscope setup from Visitron Systems, Axio Imager M1 equipped with a CCD 

camera and the objective lens Plan Neofluar (63 x, NA 1.25) was used. The microscopic system 

was controlled by the MetaMorph software (Molecular Devices, version 7, Sunnyvale, USA). 

The program was also used for image processing, including the adjustment of brightness and 

contrast.  

3.2.3 Bioinformatic evaluation 

To identify U. maydis orthologues to Aspergillus niger Gaa enzymes proposed to function in 

GalA catabolism respective amino acid sequences were subjected to BlastP analyzes on the 

National Center for Biotechnology Information (NCBI) server against the reference protein 

dataset Ustilago maydis 521 (taxid:237631). Amino acid identities over the whole length of 

homologous sequences were determined by amino acid alignments using the program 

CloneManager 12 (Sci-Ed Software).  

Putative enzyme functions and glycoside hydrolase domains of pectinolytic enzymes were 

derived from BlastP analyzes against the full reference protein database (refseq_protein) on 

NCBI. Well-characterized proteins upon the top hits were used for amino acid alignments and 

conservation of functional residues was determined based on available literature information. 

N-terminal signal sequences for prediction of conventional secretion were determined by 

SignalP4.1 [Nielsen 2017]. U. maydis amino acid (umag) sequences were retrieved from the 

PEDANT U. maydis genome homepage. The amino acid alignment has been assembled using 

Clustal Omega [EMBL-EBI 2019, Sievers, et al. 2011] and the program ESPript 3.0 [Robert 

and Gouet 2014]. Identical amino acids are depicted with a black background. 
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3.2.4 Preparation of cell extracts 

U. maydis cell extracts were prepared as described in Stock et al. 2016 [Janpeter Stock, et al. 

2016] using denaturing sodium phosphate buffer (0.1 M Na2HPO4/NaH2PO4, 8 M Urea, 0.01 M 

Tris/HCl, pH 8.0) supplemented with protease inhibitor mix (1 mM 

phenylmethylsulfonylfluorid (PMSF), 10 mM dithiothreitol (DTT), 2.5 mM benzamidine 

hydrochloride hydrate, 5 × cOmplete Protease EDTA-free Protease Inhibitor Cocktail (Sigma-

Aldrich, now Merck, Darmstadt, Germany). Cell pellets of 2 mL cultures were mixed with 

500 µL denaturing sodium phosphate buffer and 100 µL of glass beads (0.25-0.5 mm; Carl 

Roth, Karlsruhe, Germany). The cell disruption was performed in a ball mill (Retsch, Haan, 

Germany) at 30 Hz for 5 min. The mixture was centrifuged at 16,000 × g for 30 min. 400 µL 

of the supernatant were transferred to a new 1.5 mL reaction tube and stored on ice. The protein 

concentration of the supernatant was determined via Bradford assay. 10 ng of protein was 

incubated with 1 × denaturing Laemmli-buffer [Laemmli 1970] in a volume of 20 µL at 95°C 

for 10 min. For subsequent deglycosylation of cell extracts, the denaturation of the protein was 

performed in 1 × glycoprotein reaction buffer (Chapter 3.2.7). 

3.2.5 Protein precipitation from culture supernatants 

To precipitate proteins, cell free culture supernatants were harvested by centrifugation 

(16,000 × g, 10 min) and supplemented with 10% (v/v) trichloric acid (TCA). After overnight 

incubation at 4°C, precipitates were pelleted by centrifugation (16,000 × g, 30 min, 4°C) and 

washed twice with ice-cold acetone (precooled to -20°C). The protein pellets were then 

resuspended in 15 µL of 3 × denaturing Laemmli-buffer [Laemmli 1970] (protein concentration 

factor about 60 ×) and the pH was neutralized with 2 µL 1 M NaOH. For sodium dodecyl sulfate 

(SDS)-Page analysis, the samples were boiled for 10 min. After centrifugation (22,000 × g, 

5 min) the supernatants were used for SDS-Page.  

3.2.6 SDS-Page and Western blot analysis 

SDS-Page was used to separate proteins by their molecular masses. Proteins from gels were 

transferred to methanol-activated polyvinylidene fluoride (PVDF) membranes using semi-dry 
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Western blotting. Tagged proteins were detected using primary anti-HA antibodies (Sigma-

Aldrich, now Merck, Darmstadt, Germany; 1:3,000 dilution) and secondary anti-mouse IgG-

horseradish peroxidase (HRP) conjugates (Promega, Mannheim, Germany; 1:4,000 dilution). 

Blots were developed using AceGlow Western blotting detection reagent (PeqLab, now VWR, 

Erlangen, Germany) and a LAS4000 chemiluminescence imager (GE LifeScience/VWR, 

Erlangen, Germany). To visualize protein loading, the PVDF membranes were stained with 

Coomassie Brilliant Blue by incubation in the staining solution for several minutes (0.05% 

Coomassie Brilliant Blue R250, 15% (v/v) acetic acid, 15% (v/v) methanol), followed by a 

short rinse in water and subsequent drying.  

3.2.7 Protein deglycosylation 

Proteins in cell extracts or precipitated culture supernatants were treated with the PNGaseF 

deglycosylation kit (New England Biolabs, Frankfurt am Main, Germany) to remove the sugar 

moieties of N-glycosylations. 10 µg of cell extracts or protein pellets obtained by TCA 

precipitation were dissolved in 10 μL 1 × glycoprotein reaction buffer and denatured by 

incubation at 95 °C for 10 min. 2 μL 10% (w/v) NP-40, 2 μL 10 × GlycoBuffer II and 1 μL 

PNGaseF were added and the volume adjusted to 20 µL with H2O. Reaction mixes were 

incubated for 4 h at 37 °C and subsequently analyzed by SDS-Page and Western blot analysis. 

3.2.8 Offline polygalacturonase activity assay 

For polygalacturonase production, shake flask cultures of respective strains were inoculated in 

modified Verduyn mineral medium containing 10 g/L glucose at an OD600 of 0.5 and incubated 

for 24 h (200 rpm, 28 °C). After this time, glucose was completely consumed, which was 

additionally verified by DNS assays (Table A1) or roughly estimated by glucose test strips 

(Macherey-Nagel, Düren; Germany). 200 μL cell-free culture supernatant were mixed with 

800 μL PolyGalA solution (0.5% (w/v) in 0.1 M sodium acetate buffer, pH 5.5) and incubated 

at 30°C and 600 rpm. 60 μL samples were taken at 0, 6 and 24 h and incubated at 95°C for 

10 min to deactivate the respective enzymes. Samples were stored at -20°C until the DNS assay 

was performed. Determination of the reducing group concentration was done via DNS assay as 

described in Chapter 2.2.4.6. Transparent polystyrene 96-well microtiter plates (Greiner Bio-
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One, Frickenhausen, Germany) were used for absorption measurement using a Tecan 200 plate 

reader (Tecan, Männerdorf, Switzerland). GalA standard curves were recorded using standard 

solutions with concentrations of 0, 0.625, 1.125, 2.5, 5.0, 10.0 and 20.0 mM of GalA. Initial 

values (0 h) were subtracted to remove background.  

3.2.9 Online measurement of the metabolic activity 

Online monitoring of the oxygen transfer rate (OTR), the carbon dioxide transfer rate (CTR) 

and the respiratory quotient (RQ) enabled determining the metabolic activity of cultures. 

Cultivations were performed as described in Chapter 2.2.3. The flasks were filled with 20 mL 

modified Verduyn mineral medium (Chapter 2.2.2) that was inoculated to an initial OD600 of 

0.6 with an over-night grown pre-culture. As carbon sources, the medium was supplemented 

with 4 g/L glucose and varying amounts of (Poly)GalA. Consumption of (Poly)GalA leads to 

an increasing pH. To prevent alkalization during growth on those acid substrates, the medium 

was buffered with 0.2 M MOPS, pH 6.0.  

Based on the RQ, cultivation phases with glucose and (Poly)GalA consumption were identified, 

as described in Chapter 2.5. PolyGalA consumption started after the OTR and RQ drop due to 

glucose depletion. The end of PolyGalA consumption was defined as the time point where a 

linear fit of the RQ reached a value of 1.0. Figure A7 depicts an exemplary fit of the RQ during 

the cultivation represented in Figure 3-8. The overall consumed oxygen (OT) during 

consumption of (Poly)GalA was used to estimate the respective residual substrate concentration 

as described in Chapter 2.4. The enzymatic activity in the culture supernatant was determined 

from the linear decrease of the calculated concentration of residual (Poly)GalA over time as 

described in Chapter 2.5. 

3.2.10 Offline analytics 

Offline sampling and analytics were performed as described in Chapter 2.2.4.  
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PolyGalA was precipitated prior to HPLC measurement as the polymer can block the 

chromatographic column. Therefore, cell-free culture broth supernatant was treated as 

described by Spiro, et al. [1993]. 

3.2.11 Determination of liberated GalA during RAMOS cultivations 

The overall liberated amount of GalA was determined using Equation (8). 

𝐺alAlib = GalAsup + GalAcon 
(8) 

𝐺𝑎𝑙𝐴𝑙𝑖𝑏 
: concentration of overall liberated GalA from PolyGalA [g/L]  

𝐺𝑎𝑙𝐴𝑠𝑢𝑝 
: concentration of GalA in the culture supernatant, measured by 

HPLC [g/L] 

 

𝐺𝑎𝑙𝐴𝑐𝑜𝑛 
: concentration of the overall consumed GalA [g/L], determined from 

the OT as described by Equation (6) 

 

The time specific liberation rate of GalA between two sampling time points (t1 and t2) can be 

calculated by Equation (9). 

ΔGalAlib

Δt
=

GalAlib,2 − GalAlib,1

t2 − t1
 (9) 

This liberation rate was plotted against 𝑡 =
𝑡1+𝑡2

2
.  

 Inventory of intrinsic enzymes for pectin 

degradation and metabolization 

Earlier studies suggest that some pectinolytic enzymes are present in U. maydis [Cano-

Canchola, et al. 2000, Doehlemann, et al. 2008, Kämper, et al. 2006, Mueller, et al. 2008]. To 

inspect its natural abilities to degrade pectin in more detail, a list of potentially relevant enzymes 

was carefully re-evaluated bioinformatically. Therefore, the presence of enzymatic domains, 
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especially of the glycoside hydrolase domain and conserved domains of other CAZyme families 

was checked [CAZypedia Consortium 2018]. Furthermore, it was screened for conventional N-

terminal secretion signals (SignalP5.0; [CAZypedia Consortium 2018]), and well-characterized 

orthologues were identified by BlastP analysis to compare enzyme architectures and the 

presence of active site residues (Figure 1-1, Table A2).  

The analysis confirmed that several potential secreted pectinolytic enzymes with conserved 

hydrolytic domains are encoded in the U. maydis genome. These include a putative endo-

polygalacturonase, pectin lyase and pectin methylesterase. These enzymes are potentially 

acting on the PolyGalA backbone in homogalacturonan (Figure 1-1, Figure A6 and Table A2). 

For example, the putative endo-polygalacturonase shows homology to well-characterized endo-

polygalacturonases like the ones from Fusarium moniliforme and Aspergillus aculeatus. 

Remarkable are conserved substrate binding sites and residues involved in proton donation to 

the glycosidic oxygen and activation of H2O for the nucleophilic attack (Figure 3-1) 

[Abdulrachman, et al. 2017, Federici, et al. 2001]. In addition, it carries a predicted N-terminal 

signal peptide for secretion via the conventional endomembrane system (Figure 3-1, Table A2), 

which is in line with its putative extracellular function.  

In addition to the enzymes acting on homogalacturonan, three putative arabinofuranosidases 

and two arabinases were detected in the U. maydis genome. Those enzymes break down 

arabinofuranose or arabino-oligosaccharides from rhamnogalacturonan I and II side chains. 

Finally, other enzymes were identified which act on less abundant sugar residues (for example, 

β-galactosidase; Figure 1-1, Table A2).  

Most enzymes acting on the homogalacturonan backbone release GalA, the main sugar unit in 

pectin. GalA also represents the major component of pectin hydrolysates [Caffall and Mohnen 

2009]. Therefore, the metabolization of this monosaccharide is a prerequisite for growth on 

pectin. In Chapter 2.3, it was shown that U. maydis is able to grow on GalA. 
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Figure 3-1: Conservation of a putative endo-polygalacturonase of U. maydis.  Amino acid alignment showing 

the conservation of important functional residues between the well-characterized Fusarium moniliforme Pga 

(FmPga; accession number Q07181.1), A. aculeatus Pgu1 (AaPgu1; accession number O74213.1) and the putative 

endo-polygalacturonase Pgu1 present in U. maydis (UmPgu1; accession number KIS69158.1). Blue asterisks 

depict residues involved in substrate binding; the blue triangle marks the aspartate residue that presumably donates 

protons to the glycosidic oxygen and the circles mark residues involved in activating H2O for the nucleophilic 

attack [Federici, et al. 2001]. The predicted N-terminal signal peptides for conventional secretion are indicated by 

the blue dashed boxes. 

To evaluate the pathway for GalA metabolization in U. maydis, the bioinformatics survey was 

extended. A conserved catabolic pathway of GalA has been described in A niger and other 

filamentous fungi (Figure 3-2, [E. S. Martens-Uzunova and Schaap 2009]). It involves enzymes 

that convert GalA into pyruvate and L-glyceraldehyde in three enzymatic steps. L-

glyceraldehyde is subsequently reduced to glycerol. Homologs in U. maydis were identified by 

BlastP analyses using the enzyme amino acid sequences from A. niger [Elena S. Martens-

Uzunova and Schaap 2008] as queries. Homologs of all four enzymes are encoded in the 

U. maydis genome, ranging between 38 and 60% amino acid identity (Figure 3-2). This 

suggests that U. maydis can catabolize GalA via a similar pathway like A. niger.  
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Figure 3-2: Metabolization of GalA. Conservation of the GalA catabolic pathway between A. niger and 

U. maydis.  Numbers indicate the percentage of overall amino acid conservation. umag numbers (red font) 

correspond to respective gene identifiers found on PEDANT Ustilago maydis genome database or NCBI. Figure 

adapted from Elena S. Martens-Uzunova and Schaap [2008].  

In summary, the bioinformatic analyses indicated that U. maydis contains enzymes to hydrolyze 

some of the enzymatic bonds in pectin molecules. However, the present enzyme set is clearly 

not sufficient to completely degrade the complex polymer into its monomers, because essential 

players are lacking for homogalacturonan degradation, for example exo-polygalacturonase and 

pectin acetylesterase (Figure 1-1). Moreover, the enzymes are mainly secreted during plant 

infection and not during the biotechnologically relevant yeast stage [Doehlemann, et al. 2008]. 

This finding is in line with the earlier observation that in the yeast form the fungus is not even 

able to grow naturally on the PolyGalA backbone of pectin. An earlier study reported 

contradictory growth of U. maydis in the yeast form on PolyGalA [Cano-Canchola, et al. 2000]. 

These findings were not supported by other publications why both, activation of intrinsic 

enzymes and supplementation with heterologous enzymes were aimed within this chapter to 

allow for PolyGalA metabolization.  

Other fungi like the filamentous growing ascomycetes Aspergillus oryzae or Aspergillus 

fumigatus harbor large enzyme sets for pectin degradation with up to 50 representatives, often 

occurring in multiple copies [Doehlemann, et al. 2008, Martinez, et al. 2008]. The reduced set 

of U. maydis could be attributed to its biotrophic lifestyle that relies on the colonization of living 

plant tissue [Brefort, et al. 2009, Martinez, et al. 2008, Schipper and Doehlemann 2012]. 

Although the fungus must avoid destroying plant cells completely, it still needs to enter and 

spread in the plant tissue. The present enzymes could be used to loosen the recalcitrant structure 

of the plant cell walls for penetration [Doehlemann, et al. 2008]. However, deletion of the genes 

for predicted endo-polygalacturonase, pectin lyase or pectin methyl-esterase did not even 

impair virulence, suggesting that the function of the enzymes during plant infection is negligible 
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[Doehlemann, et al. 2008]. In this context, it is surprising that the bioinformatic survey 

suggested that U. maydis can metabolize GalA in the yeast phase. Importantly, this ability was 

confirmed by the studies described in Chapter 2.3. This indicates that yeast-like growing cells 

may encounter GalA monomers in a plant-associated environment, for example in the soil, and 

use it for nutrition. 

 Activation of an intrinsic endo-polygalacturonase 

The activation of intrinsic enzymes remarked a first step towards degradation of pectins 

PolyGalA backbone. To activate enzyme production during the yeast phase, an overexpression 

strain was generated. This strain expressed one of the most important intrinsically encoded 

enzymes acting on pure PolyGalA: the predicted endo-polygalacturonase (UmPgu1, encoded 

by umag_02510, Figure 1-1and Figure 3-1). The established promoter exchange strategy was 

used, in which the native promoter of the respective gene is replaced by the strong, constitutive 

Poma promoter (Figure 3-3A) [E. Geiser, et al. 2016]. The construct was stably introduced in the 

protease-deficient strain AB33P5ΔR. This strain lacks a total of five proteases and has a 

significantly reduced proteolytic activity in the culture supernatant, thus, avoiding extensive 

extracellular degradation of, e.g., secreted enzymes [Sarkari, et al. 2014]. The morphology of 

the engineered strain was not impaired (Figure A8). To check for enzyme activity, cell-free 

culture supernatant of the expression strain AB33P5ΔR/UmPgu1 was incubated with the 

substrate PolyGalA. The release of reducing sugars after 6 and 24 h was detected by DNS assay 

(Figure 3-3B). In contrast to the progenitor strain, the supernatant of the activated strain released 

significant amounts of reducing sugars from PolyGalA, confirming that the bioinformatics 

prediction was correct and UmPgu1 is indeed secreted as an active polygalacturonase (Figure 

3-3B).  
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Figure 3-3: Activation of an intrinsic endo-polygalacturonase.  A Schematic representation of the applied gene-

activation strategy [E. Geiser, et al. 2016]. The native promoter of the corresponding gene umpgu1 (umag_02510) 

was replaced by the strong constitutive promoter Poma (grey). A nourseothricin resistance cassette (NatR, black) 

was inserted for selection. B DNS assay depicting enzymatic activity of constitutively expressed intrinsic endo-

polygalacturonase on PolyGalA. The progenitor strain AB33P5ΔR served as control, exhibiting no significant 

activity. Upon incubation with PolyGalA, the activated strain AB33P5Δ/UmPgu1 showed a strongly enhanced 

release of reducing sugars. The graph represents the results of three biological replicates. Error bars depict standard 

deviation. **: p value < 0.01; ***: p value 0.001 (two sample t-test). 

 Complementation with unconventionally secreted, 

heterologous, bacterial polygalacturonases  

Since the genome of U. maydis does not encode a complete enzyme set for pectin degradation 

and especially lacks any obvious exo-polygalacturonase homologue for release of monomeric 

GalA from PolyGalA, complementation with potent heterologous enzymes was aimed. The 

ability to secrete potent bacterial enzymes is a unique opportunity of the system published by 

Jayani, et al. [2005]. It is only feasible because of the existence of the unconventional secretion 
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pathway, which circumvents the endomembrane system and, thus, potentially harmful 

posttranslational modifications (Figure 3-4A) [J. Stock, et al. 2012].  

The bacterial exo-polygalacturonase PguB from Klebsiella sp. CGMCC 4433 (KpPguB; 

accession number JQ388228.1; GH28) was tested first [Ibrahim, et al. 2017]. To this end, a 

strain was generated, in which a codon-optimized version of the respective gene was expressed 

as translational fusion with the carrier Cts1 for unconventional secretion (Figure 3-4B) [J. 

Stock, et al. 2012]. Of note, the sequence for the native signal peptide present in the bacterial 

gene was eliminated to redirect it to the unconventional secretion pathway. A sequence coding 

for a protein tag (SHH-tag) was inserted in between the two genes to allow for detection and 

purification of the fusion protein. The tag consisted of OneStrep, 3 × HA and 10 × His [Sarkari, 

et al. 2014]. The construct was inserted at the ip locus, which is an established locus for the 

expression of heterologous genes [J. Stock, et al. 2012].  

Western blot analyses demonstrated that the fusion protein is synthetized and secreted into the 

culture supernatant (Figure 3-4C, D). Notably, the prediction of N-glycosylation sites revealed 

the presence of three potential motifs in KPguB (Figure 3-4B). Therefore, exporting this 

bacterial enzyme via the conventional secretion pathway in eukaryotes would very likely lead 

to artificial N-glycosylation, which might interfere with its activity. Applying the 

unconventional secretion pathway avoids these post-translational modifications [J. Stock, et al. 

2012]. DNS assays using culture supernatants and PolyGalA as a substrate confirmed that no 

relevant amounts of reducing sugars are released by supernatants of the progenitor strain 

AB33P5ΔR that was used as a control (Figure 3-4E). By contrast, supernatants yielded from 

the strain producing KpguB clearly depicted enzyme activity. The amount of released reducing 

sugars after 6 h was negligible, while after 24 h low amounts of about 0.5 mM reducing sugars 

had been released (Figure 3-4E). These concentrations were detectable but clearly lower 

compared to the concentration of reducing ends produced by the intrinsic endo-

polygalacturonase (Figure 3-3B). 

A similar strategy was followed to test a bacterial endo-polygalacturonase, using Peh1 from 

Pectobacterium carotovorum (PcPeh1; accession number M83222.1; GH28) [Yuan, et al. 

2012]. This protein even contains up to six predicted N-glycosylation motifs (Figure 3-4B), 

again suggesting that unconventional secretion is a valuable tool to secrete the protein while 
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avoiding potentially deleterious post-translational modifications. Western blot analysis and 

DNS assays confirmed secretion and activity with about 1 mM released reducing sugars after 

24 h (Figure 3-4C-E). 

 

Figure 3-4: Complementation with bacterial endo- and exo-polygalacturonases.  A Heterologous enzymes are 

secreted by lock-type unconventional secretion via the fragmentation zone of dividing yeast-like growing cells 

(scheme). B Representation of the two bacterial Cts1-fusion proteins used for complementation. Predicted N-

glycosylation sites of endo-polygalacturonase P. carotovorum Peh1 (PcPeh1, 3 predicted sites) and exo-

polygalacturonase Klebsiella pneumoniae PguB (KpPguB, 6 predicted sites) are indicated by asterisks. Predicted 

N-terminal signal peptides were removed from the sequences to allow for Cts1-mediated unconventional secretion. 

Cts1 is indicated in white. An SHH-tag connects the two protein moieties (shown in dark grey). The predicted 

functional glucosidase hydrolase domains GH28 are indicated by dotted areas. C Expression of bacterial 

polygalacturonases in AB33P5ΔR (progenitor). The Western blot analysis depicts cell extracts (10 µg), which 

were partially deglycosylated (D). Heterologous proteins were detected using antibodies directed against the 

internal HA-tag. CBB, Coomassie Brilliant Blue staining of the membrane. Expected sizes of tagged proteins: 

KpPguB-Cts1: 134.9 kDa; PcPeh1-Cts1: 105.1 kDa. D Unconventional secretion of fungal polygalacturonases in 

AB33P5ΔR as Cts1-fusion proteins. The Western blot analysis depicts precipitated and deglycosylated culture 

supernatants (corresponding to 20 mL culture). Proteins were detected using antibodies directed against the 

internal HA-tag. CBB, Coomassie Brilliant Blue staining of the membrane. E DNS assay to detect activity of 

heterologous enzymes from bacterial sources. In contrast to the progenitor strain AB33P5ΔR, both engineered 

strains release reducing sugars from PolyGalA. The graph represents the results of three biological replicates. Error 

bars depict standard deviation, n.s.: p value > 0.05; *: p value < 0.05; **: p value < 0.01. 

Overall, the experiments indicated that bacterial polygalacturonases could be expressed and 

secreted in an active state using the described unique unconventional secretion system. The 
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morphology of the modified strains was not impaired suggesting that the transgenes do not 

cause any side effects (Figure A8). Thus, the intrinsic repertoire can be complemented with 

bacterial enzymes. However, in comparison to the bacterial enzyme, the intrinsic endo-

polygalacturonase did show a higher activity suggesting that the amounts of unconventionally 

released bacterial enzymes might need further improvements. Limiting yields of the 

unconventional secretion pathway have been observed earlier and are currently addressed by 

different optimization steps [Terfrüchte, et al. 2018]. 

 Complementation with conventionally secreted 

heterologous fungal polygalacturonases  

Next, the performance of fungal polygalacturonases was investigated. Initially, the 

conventionally secreted fungal exo-polygalacturonase PgaX from A tubingensis (AtPgaX; 

accession number CAA68128.1; GH28) was tested [Kester, et al. 1996]. Therefore, an existing 

strain carrying a codon-optimized gene encoding an SHH-tagged version of AtPgaX under 

control of the Poma in the ip locus of AB33P5ΔR was used (AB33P5ΔR/AtPgaX, Chapter 2). 

The corresponding enzyme was conventionally secreted via the endomembrane system using 

its native N-terminal signal peptide (Figure 3-5A, B). Western blot analyses of cell extracts and 

culture supernatants confirmed expression and secretion of the heterologous protein (Figure 

3-5C, D). Specific bands were detected for AtPgaX, running significantly higher than expected 

for its size of 56.5 kDa (Figure 3-5C, D) [Kester, et al. 1996]. The enzyme carries eight 

predicted N-glycosylation sites (Figure 3-5B) for modification in the endomembrane system 

suggesting that the size shift could be due to posttranslational modifications. Indeed, 

deglycosylated protein was strongly reduced in size and ran approximately at the expected 

height (Figure 3-5C, D). Enzyme activity of AB33P5ΔR/AtPgaX culture supernatant was 

assayed by DNS assays using PolyGalA as a substrate (Figure 3-5E). Significant amounts of 

reducing sugars were detected when testing culture supernatants obtained from the strains 

expressing heterologous fungal enzymes, demonstrating that the enzyme is functionally 

secreted in U. maydis. However, only slight activity with release of about 2.5 mM reducing 

sugars was observed (24 h incubation; Figure 3-5E). This is in line with the previously observed 

low metabolic activity of this strain on PolyGalA (Chapter 2.5). The fact that released sugars 
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did only double with a fourfold increase of the incubation time (6 vs. 24 h) is likely due to 

product inhibition, as described in Chapter 2.5. 

 

Figure 3-5: Complementation with fungal endo- and exo-polygalacturonases.  A Heterologous enzymes are 

secreted by conventional secretion via the endomembrane system of yeast-like growing cells (scheme). 

B Representation of the two fungal proteins used for complementation. Predicted N-glycosylation sites of 

A. tubingensis PgaX (AtPgaX, 8 predicted sites) and A. aculeatus Pgu1 (AaPgu1, 0 predicted sites) are depicted 

by asterisks. Predicted N-terminal signal peptides are indicated in black. The C-terminal SHH-tag is shown in dark 

grey. The predicted functional glycoside hydrolase domain GH28 is indicated by dotted areas. C Expression of 

fungal polygalacturonases in AB33P5ΔR (progenitor strain). The Western blot analysis depicts cell extracts 

(10 µg), which were partially deglycosylated (D). Heterologous proteins were detected using antibodies directed 

against the HA-tag. CBB, Coomassie Brilliant Blue staining of the membrane. Expected sizes of tagged proteins: 

AtPgaX: 56.5 kDa; AaPgu1: 47.1 kDa. D Conventional secretion of fungal polygalacturonases in AB33P5ΔR. The 

Western blot analysis depicts precipitated and deglycosylated culture supernatants (corresponding to 1 mL 

culture). Proteins were detected using antibodies directed against the HA-tag. E DNS assay to detect activity of 

heterologous enzymes from fungal sources on PolyGalA. In contrast to the progenitor strain AB33P5ΔR, both 

engineered strains were active on this polymer (release of reducing sugars). The amount of reducing groups 

liberated by the fungal endo-polygalacturonase AaPgu1 was higher compared to the intrinsic UmPgu1 (dashed 

line after 24 h). The graph represents the results of three biological replicates. Error bars depict standard deviation; 

****: p value > 0.0001. 

To evaluate the enzymatic power of heterologous fungal enzymes in comparison to intrinsic 

UmPgu1, a potent endo-polygalacturonase from A. aculeatus (AaPgu1, accession number 
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XM_020201835.1; GH28) was also tested [Abdulrachman, et al. 2017]. The corresponding 

strain was generated with a similar strategy yielding AB33P5ΔR/AaPgu1. Western blot 

analyses confirmed that the enzyme was produced and secreted. Consistent with the absence of 

N-glycosylation sites, it did not show a major size shift as observed for AtPgaX (Figure 3-4B-

D). In DNS assays up to 10 mM reducing groups were released from PolyGalA (Figure 3-5E, 

24 h incubation), confirming that the heterologous enzyme was secreted in an active state. 

Again, the morphology of the modified strains was not changed compared to the progenitor 

strain (Figure A8), indicating that the heterologous proteins do not cause any significant cellular 

burden or morphological aberrations.  

In summary, these results suggest that the enzyme repertoire of U. maydis can be complemented 

by both bacterial and eukaryotic enzymes. Importantly, comparing the different heterologous 

enzymes, fungal polygalacturonases exported by conventional secretion turned out to release 

the highest amount of reducing sugars and are therefore likely to be the best candidates for use 

in PolyGalA degradation. More specifically, the strong performance of AaPgu1 suggests that it 

should be preferred to the intrinsic endo-polygalacturonase UmPgu1 that only released up to 

about 6.5 mM reducing groups (Figure 3-5E, dashed line). The AtPgaX producing strain could 

be exploited to supplement U. maydis cultures with the required exo-polygalacturonase activity.  

Endo- and exo-polygalacturonases are supposed to act together on the degradation of PolyGalA 

to produce monomeric GalA for uptake and metabolization. Therefore, the next step towards 

complete PolyGalA metabolization was to combine these enzyme activities (Figure 3-6A). The 

generated culture supernatants of the strains AB33P5ΔR/AtPgaX and AB33P5ΔR/AaPgu1 

secreting the potent fungal polygalacturonases were mixed exemplary to conduct an enzyme 

assay (Figure 3-6B, right bars). Since up to now all enzymes in this chapter were overexpressed 

in separate strains, the potential of co-fermentation of those strains was tested. This approach 

would allow for a flexible adaptation of strain mixtures to the respective substrate in future. For 

co-fermentation, the two strains were inoculated in a 1:1 ratio starting at a total optical density 

of 0.1. DNS assays using the culture supernatant of this co-fermentation (Figure 3-6B, left bars) 

revealed similar enzyme activity to the co-fermentation supernatants of axenic cultures. In both 

experiments, about 12 mM reducing sugars were released after 24 h (Figure 3-6B). This 

suggests that both enzymes work together, yielding additive amounts of reducing sugars 
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compared to the individual cultivations (Figure 3-5E). Thus, co-fermentations are a promising 

tool to analyze different combinations of hydrolytic enzymes.  

 

Figure 3-6: Co-fermentations of fungal endo- and exo-polygalacturonases.  A Schematical representation of 

exo-polygalacturonases (green) and endo-polygalacturonases (orange) acting on (Poly)GalA. B Comparative DNS 

assays using mixed supernatants and co-cultures of strains secreting intrinsic fungal endo- and heterologous exo-

polygalacturonase. Strains AB33P5ΔR/AtPgaX and AB33P5ΔR/AaPgu1 were used for the assay. The graph 

represents the results of three biological replicates. Error bars depict standard deviation. The measurements 

between co-fermentation and mixed supernatants showed no major differences. 

 Following the physiological parameters during 

growth on PolyGalA using RAMOS  

The previously used enzyme assays clearly demonstrated that U. maydis could be 

complemented by heterologous pectinolytic enzymes. However, due to product inhibition 

effects and low resolution over time, these offline in vitro assays only allow limiting 

conclusions, compared to direct cultivations on PolyGalA [Kester, et al. 1996]. Hence, 
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application of the RAMOS device enabled a detailed insight into the physiology of the 

engineered strains. This method takes advantage of the fact that sugar consumption is 

stoichiometrically coupled to oxygen uptake [Antonov, et al. 2017, Antonov, et al. 2016]. In 

Chapter 2.5, the AtPgaX overexpressing strain was used in axenic culture to develop this 

technique for monitoring the behavior on PolyGalA. 

The strain AB33P5ΔR/UmPgu1 overexpressing the intrinsic endo-polygalacturonase was 

grown on 20 g/L GalA or PolyGalA (Figure 3-7). To boost initial growth and enzyme 

production, all cultivations were supplemented with 4 g/L glucose as a first carbon source 

(Figure 3-7A). Both cultures first grew on the preferred substrate glucose, which led to a steep 

exponential increase of the OTR up to 11 mmol/L/h. After 7.5 h, glucose was depleted and the 

OTR dropped down to about 2.4 mmol/L/h. At this point, growth on the second carbon source, 

GalA (Figure 3-7A, blue curves) or PolyGalA (Figure 3-7A, black curve), respectively, was 

initiated. As described for the progenitor strain AB33P5ΔR (2.3) cells of AB33P5ΔR/UmPgu1 

adapted for the growth on GalA during this phase of low metabolic activity, starting after about 

10 h of cultivation time. The metabolic switch can easily be detected in the course of the RQ 

(Figure 3-7B): During consumption of glucose, RQ values of 1.1 are observed while during 

GalA consumption, the RQ increases to values of 1.4 (Figure 3-7B, blue curves). This is in line 

with previous RAMOS experiments and is attributed to the specific reduction levels of the 

substrates (Chapter 2.3). In comparison to consumption of glucose, the OTR increase during 

growth on GalA is less steep (Figure 3-7A, blue curves), suggesting that GalA is only slowly 

metabolized.  

HPLC analysis confirmed that GalA was completely consumed at the end of the cultivation 

(data not shown). Sharp drops in the OTR and RQ indicate, that GalA was depleted after 40 h 

of cultivation time. As described previously, the OT during GalA metabolization can be used 

to estimate the residual GalA concentration (Figure 3-7C, green curves) (Chapter 2.4). This 

estimation yielded a GalA concentration of about 2 g/L after 40 h what deviates from the HPLC 

analysis. Differences in the pH value of the cultivation or the applied U. maydis strain could 

lead to a different elemental composition of the cells. The elemental composition is a key 

parameter for the correlation of overall consumed oxygen and consumed substrate. Therefore, 

the calculated residual (Poly)GalA concentration should be taken as estimation of the course of 

(Poly)GalA concentration but not to determine exact time points of (Poly)GalA depletion.  
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Figure 3-7: Cultivation of the UmPgu1 (endo-polygalacturonase) overexpression strain on GalA and 

PolyGalA.  Strain AB33P5ΔR/UmPgu1 was grown on a mixture of glucose (Glc, 4 g/L) and (Poly)GalA (20 g/L, 

purity 85%) as carbon sources. A Biological duplicates of OTR, represented each as line and dashed line. 

B Biological duplicates of RQ, represented each as line and dashed line. C, Biological duplicates of the overall 

consumed oxygen, represented each as line and dashed line. For the cultivation on GalA, the estimated residual 

GalA concentration (Chapter 2.4) is shown in green. For clarity reasons, only every third data point is shown and 

the RQ is only shown for OTR > 2 mmol/L/h. Culture conditions: modified Verduyn mineral medium, 0.2 M 

MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, 

initial OD600 = 0.6, T = 30°C. 

In contrast to the experiments on GalA, no metabolic activity could be detected for 

AB33P5ΔR/UmPgu1 on PolyGalA (Figure 3-7A, black curves). This clearly indicates that the 

activity of only the endo-polygalacturonase enzyme is not sufficient to permit growth on the 

polymer. Endo-polygalacturonases typically release oligogalacturonates with a degree of 

polymerization of 2 to 4 which cannot transported across the cell membrane without further 

breakdown [Jayani, et al. 2005]. Hence, although the respective enzyme activity could be 

detected (Figure 3-3B), activation of only the intrinsic enzyme for PolyGalA degradation did 
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not improve growth on PolyGalA. This confirms that complementation with further 

heterologous enzymes, especially exo-polygalacturonases, is needed to generate monomeric 

GalA. 

 Characterizing co-fermentations using RAMOS 

Figure 3-6B showed that the combination of endo- and exo-polygalacturonase activity could be 

beneficial for the PolyGalA degradation. Those supernatants were, however, generated using 

glucose as carbon source. The performance of co-fermentations on PolyGalA was evaluated 

using strain AB33P5ΔR/AtPgaX expressing the heterologous exo-polygalacturonase from 

A. tubingensis. RAMOS cultivations demonstrated the effects of adding strains producing 

intrinsic, fungal or bacterial endo-polygalacturonase (Figure 3-3B, Figure 3-4E and Figure 

3-5E, respectively) as depicted in Figure 3-8. All cultivations were tested in biological 

duplicates. Figure A9 demonstrates their excellent reproducibility. Substrate conversion of 

AB33P5ΔR/AtPgaX in axenic culture was clearly limited (Figure 3-8A, blue). The residual 

PolyGalA calculated from the overall consumed oxygen during GalA consumption indicated a 

PolyGalA consumption of < 56%. The addition of the strain expressing intrinsic endo-

polygalacturonase UmPgu1 led to an increased overall substrate consumption of 85% (Figure 

3-8C). The maximal OTR during GalA consumption, representing the overall enzymatic 

activity, was comparable to the axenic culture of the U. maydis strain AB33P5ΔR/AtPgaX but 

the PolyGalA consumption phase was elongated until 55 h of cultivation time. This indicates 

that the addition of endo-polygalacturonase activity led to an increased substrate accessibility 

for the exo-polygalacturonase enzyme. The co-fermentation with the strain expressing bacterial 

endo-polygalacturonase PcPeh1-Cts1 showed a slightly lower maximal OTR while the 

consumption phase was elongated also in comparison to the axenic culture. The overall 

substrate consumption of 81% was comparable to the co-fermentation with the strain expressing 

intrinsic endo-polygalacturonase UmPgu1. However, the PolyGalA consumption phase was 

elongated until 60 h of cultivation time. This long phase of low metabolic activity indicates a 

low enzymatic activity for PcPeh1-Cts1. These findings correlate well with the offline 

determined enzymatic activities for PcPeh1-Cts1 (Figure 3-4E) compared to the intrinsic 

UmPgu1 (Figure 3-3B). 
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Figure 3-8: RAMOS cultivation of axenic cultures and co-fermentations on PolyGalA.  The strains expressing 

AtPgaX (fungal exo-polygalacturonase), UmPgu1 (intrinsic endo-polygalacturonase), PcPeh1 (bacterial endo-

polygalacturonase) and AaPgu1(fungal endo-polygalacturonase) were grown on a mixture of glucose (4 g/L) and 

PolyGalA (20 g/L, purity 85%) as carbon sources. A OTR. B RQ. C Residual substrate calculated from the overall 

consumed oxygen (Chapter 2.4). For clarity reasons, only every third data point is shown and the RQ is only shown 

for OTR > 2 mmol/L/h. All plots represent the mean of biological duplicates. Culture conditions: modified 

Verduyn mineral medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 

300 rpm, shaking diameter 50 mm, initial OD600 = 0.6 (inoculation ratio 1:1 for co-fermentations), T = 30 °C.  

Importantly, addition of the strain expressing fungal AaPgu1 did strongly increase the maximal 

OTR and led to the fastest consumption of PolyGalA. The overall consumed PolyGalA is with 

79% comparable to the two other co-fermentations but this value was reached already after 

32.5 h of cultivation time. The OTR profile mirrors precisely the growth on monomeric GalA 

(Figure 3-7A, red; note the different time scale on the x-axis). As already discussed for the 

growth on monomeric GalA, the estimated residual PolyGalA could differ for different 

U. maydis strains and cultivation conditions. Thus, in contrast to axenic cultures of 
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AB33P5ΔR/AtPgaX on PolyGalA, the substrate might have been consumed completely in all 

tested co-fermentations of the strain expressing fungal exo-polygalacturonase (AtPgaX) with 

strains expressing intrinsic (UmPgu1), bacterial (PcPeh1-Cts1) or fungal (AaPgu1) endo-

polygalacturonase. Theses co-fermentations are a potent means to degrade the polymer 

PolyGalA. Among the tested variants of endo-polygalacturonase, the enzyme of fungal origin 

(AaPgu1) enabled the fastest metabolization of PolyGalA indicating clearly the highest enzyme 

activity in the culture broth. This correlates with the offline conducted enzyme assays (Figure 

3-3B, Figure 3-4E and Figure 3-5E).  

The influence of three enzymatic compositions was tested by varying the inoculation ratio of 

the most powerful strain combination. AB33P5ΔR/AtPgaX and AB33P5ΔR/AaPgu1, 

overexpressing fungal endo- and exo-polygalacturonase were co-fermented with a relative 

inoculation ratio of 5:1; 1:1 and 1:5 (Figure 3-9). A ratio of 1:1 and 1:5 (surplus of exo-

polygalacturonase, Figure 3-9B and C, respectively) resulted in efficient consumption of 

PolyGalA with complete PolyGalA hydrolysis. A 5:1 ratio (surplus of endo-polygalacturonase, 

Figure 3-9A) resulted in an elongated PolyGalA consumption phase. Maximal values were 

reached after 20.5 h of cultivation time. From that time point on, the OTR slowly decreased 

over a time span of 27 h indicating a limitation in monomeric GalA even in presence of 

PolyGalA. A basal OTR level of 2 mmol/L/h was reached after 47.5 h. Compared to this 

cultivation, an inoculation ratio of 1:1 (Figure 3-9B) and 1:5 (surplus of exo-polygalacturonase, 

Figure 3-9C) showed maximal OTRs after 28 h, respectively. In those co-fermentations, the 

OTR reached a basal level of 2 mmol/L/h after 36 h. The sharp drop in the OTR over a short 

time span (9.5 and 8 h for a ratio of 1:1 and 1:5 (surplus of exo-polygalacturonase), 

respectively) indicates that both, GalA and PolyGalA were depleted. At the end of the 

cultivation, similar OD600 levels were reached for all co-fermentations. This indicates that the 

overall consumption of PolyGalA is similar with different inoculation ratios, but the time until 

all available PolyGalA is consumed, differs. Interestingly, offline determination of GalA in 

these co-fermentations revealed that in all cases, the monomer accumulated during growth on 

glucose (until 9 h of cultivation time), which can be attributed to the expression of 

hydrolytically active enzyme from the very beginning of the cultivation. Interestingly, during 

the first hours of growth on GalA, the hydrolysis product accumulated further for a ratio of 1:1 
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(Figure 3-9B, blue lines) and 1:5 (surplus of exo-polygalacturonase, Figure 3-9C, blue lines). 

This suggests that GalA uptake is a limiting step in the cultivation. 

 

Figure 3-9: Co-fermentation of AtPgaX (fungal exo-polygalacturonase) and AaPgu1 (fungal endo-

polygalacturonase) overexpression strains with different inoculation ratios on PolyGalA.  The strain 

combination AB33P5ΔR/AtPgaX and AB33P5ΔR/AaPgu1 was grown in medium containing a mixture of glucose 

(4 g/L) and PolyGalA (20 g/L, purity 85%) as carbon sources. A Inoculation ratio 5:1 (OD600 = 0.5 for 

AB33P5ΔR/AaPgu1 and OD600 = 0.1 for AB33P5ΔR/AtPgaX). B Inoculation ratio 1:1 (OD600 = 0.3 for both, 

AB33P5ΔR/AtPgaX and AB33P5ΔR/AaPgu1). C Inoculation ratio 1:5 (OD600 = 0.1 for AB33P5ΔR/AaPgu1 and 

OD600 = 0.5 for AB33P5ΔR/AtPgaX). Continuous and dashed black lines represent biological duplicates of 

RAMOS cultivations. For clarity reasons, only every third data point is shown. Culture conditions: modified 

Verduyn mineral medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 

300 rpm, shaking diameter 50 mm, T = 30°C. 

Cultivation data of the most efficient co-fermentation with an inoculation ratio of 1:5 (initial 

OD600 = 0.1 for endo-polygalacturonase strain AB33P5ΔR/AaPgu1 and OD600 = 0.5 for exo-
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polygalacturonase strain AB33P5ΔR/AtPgaX) was analyzed in more detail with respect to the 

GalA liberation rate (Figure 3-10).  

 

Figure 3-10: GalA liberation rate during co-fermentation of AtPgaX (fungal exo-polygalacturonase) and 

AaPguI (fungal endo-polygalacturonase) overexpression strains (inoculation ratio 5:1) on PolyGalA.  The 

strains were grown on a mixture of glucose (4 g/L) and PolyGalA (20 g/L) as carbon sources. A OTR and RQ of 

biological duplicates (continuous and dashed lines, identical data set to Figure 3-9C) B Measured GalA 

concentration in the supernatant (GalAsup) and consumed GalA (GalAcon), calculated from the OT as described in 

Chapter 2.4. Total liberated GalA (GalAlib) equals the sum of both quantities (Chapter 3.2.11). C Calculated GalA 

liberation rate (mean of biological duplicates) in comparison to the offline determined pH. Culture conditions: 

modified Verduyn mineral medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking 

frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.5 (AB33P5ΔR/AtPgaX) or 0.1 

(AB33P5ΔR/AaPgu1), T = 30 °C. 

Online measurement of the RQ (Figure 3-10A, red lines) clearly separates the glucose and GalA 

consumption phases. The correlation between oxygen and GalA consumption, described in 

Chapters 2.4, was applied to calculate the overall consumed amount of GalA over time 
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(GalAcon, Figure 3-10B, green lines). The consumption rate of total PolyGalA reached a value 

of 90%. Both fractions of GalA, offline measured concentration and calculated concentration 

of consumed GalA, were used to determine the total liberated amount of GalA during the 

cultivation (GalAlib, Figure 3-10B, black lines, see also Chapter 3.2.11). The temporal 

derivative of this total liberated GalA represents the GalA liberation rate (Figure 3-10C, black 

line). During growth on glucose, enzymes are obviously produced efficiently, leading to an 

increase of the GalA liberation rate to 1.3 g/L/h. During the GalA consumption phase, the GalA 

liberation rate decreases to < 0.4 g/L/h. This behavior can be explained by the development of 

the pH value (Figure 3-10C, orange line). During growth on glucose, the pH decreases to 4.6. 

The expressed exo-polygalacturonase AtPgaX has a pH optimum at 4.5 [Kester, et al. 1996]. 

This value fits very well to the cultivation pH at this time point of the cultivation. As the pH 

increases to values up to 6.7 during consumption of GalA, the enzyme activity is likely to 

decrease substantially, leading to a significantly decreased liberation rate. Therefore, the course 

of the pH mirrors very well the course of the liberation rate. 

 Conclusion 

In this Chapter, bioinformatics, sophisticated strain generation and online monitoring 

techniques were combined to establish and follow PolyGalA degradation and subsequent 

metabolization of its monomer GalA by U. maydis. This is a first and essential step towards 

pectin valorization. Intriguingly, it was shown that bacterial enzymes can be exported in an 

active state by unconventional secretion. However, yields are yet limiting.  

This Chapter has also demonstrated that co-fermentations are a promising means to combine 

enzyme activities without tedious generation of strains carrying multiple enzymes. Inhibition 

by products of the enzymatic hydrolysis of biomass does not play a role in efficient one-pot 

consolidated bioprocesses, because the released sugars are directly fermented [Brunecky, et al. 

2018, Carere, et al. 2008]. However, hydrolysis products interfere with offline DNS assays. 

Therefore, the online read-out of the RAMOS technique has proven to be a reliable and practical 

alternative to offline sampling for the characterization of cultures growing on PolyGalA. The 

microbial system still needs to be streamlined towards the more complex substrate pectin as 

well as towards higher efficiency. Next, the substrate spectrum needs to be further extended by 
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insertion of additional enzymes. Chapter 4 will demonstrate the potential of an extended number 

of pectinases in the culture broth by utilization of external enzyme cocktails during growth of 

the established U. maydis co-fermentation on pectin and sugar beet pulp.  
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Chapter 4 

4Application of online measurement tools for the 

investigation of microbial and enzymatic pectin 

degradation 

 Introduction 

The valorization of pectin rich agricultural side streams like apple pomace or sugar beet pulp 

requires microorganisms that can hydrolyze the complex pectin structure consisting of 

numerous different sugars and types of bonds [Glass, et al. 2013]. In Chapter 2, the growth of 

Ustilago maydis on the main pectin monomer, galacturonic acid (GalA), was investigated in 

detail and a methodology was developed to estimate the residual GalA concentration in the 

culture broth based on the measurement of the overall consumed oxygen. Chapter 3 extended 

these results towards polygalacturonic acid (PolyGalA), a linear polymer representing the 

backbone of pectin. A co-fermentation strategy was characterized that could efficiently break 

down this substrate, reaching an overall substrate consumption of 90%.  

Within this chapter, the growth preferences of U. maydis on several other pectic sugars will be 

evaluated. The potent co-fermentation strategy, characterized in Chapter 3, is tested on purified 

pectin. Since pectins differ by their origin and their degree of esterification, three different 

pectins were investigated: A high esterified sugar beet pectin (SP-he), a high esterified apple 

pectin (AP-he) and a low esterified apple pectin (AP-le). As the established co-fermentation 
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only yields endo- and exo-polygalacturonases, the influence of additional external enzyme 

cocktails (pectinase and / or cellulase) on the growth on pectin will be investigated. The method 

for the estimation of residual (Poly)GalA, developed in Chapter 2.4, will be applied to the 

cultivations on pectin to estimate the percentage of consumed pectin. As a next step, external 

enzymes will be supplemented during co-fermentation using sugar beet pulp as a potential 

industrial waste stream. Figure 4-1 gives an overview of the process parameters that are going 

to be investigated within this Chapter.  

 

Figure 4-1: Overview of evaluated process parameters.  A As substrates, purified pectin or sugar beet pulp 

were used. Three different kinds of pectin were tested, varying in their origin and degree of esterification. The 

hemicellulose content of 20-30% in sugar beet pulp is not visualized. B Two different recombinant U. maydis 

strains were used in axenic or co-fermentation, producing a fungal endo- or exo-polygalacturonase. C Depending 

on the substrate, two different kinds of pectinase cocktails (varying in their expression host) or cellulases were 

used. 
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 Material and methods 

4.2.1 Microorganisms 

Within this chapter, the strains AB33P5ΔR (no polygalacturonase expression), 

AB33P5ΔR/AtPgaX (expressing an exo-polygalacturonase of fungal origin) and 

AB33P5ΔR/AaPgu1 (expressing an endo-polygalacturonase of fungal origin) were cultivated. 

An extensive description of those strains is given in Chapter 3.2.1.  

4.2.2 Pectin and sugar beet pulp composition 

The pectins AU202 (high esterified apple pectin, AP-he), RU301 (high esterified sugar beet 

pectin, SP-he) and AU910 (low esterified apple pectin, AP-le) were kindly provided by 

Herbstreith & Fox (Neuenbürg, Germany). Sugar beet pulp, ground to a particle size of 

< 100 µm was kindly provided by Pfeifer & Langen (Cologne, Germany). Table 4-1 gives an 

overview on the composition and characteristics (degree of esterification, percentage of non-

esterified GalA in the total substrate), based on information provided by the manufacturer and 

obtained from literature.  

Table 4-1: Composition and characteristics of pectin and sugar beet pulp. 

 SP-he AP-he AP-le Sugar beet pulp 

Arabinose 10.0%1 1.0%2 1.0%2 20.9%3 

Galactose 5.9%1 2.6%2 2.6%2 5.1%3 

Glucose 0.4%1 3.6%2 3.6%2 21.1%3 

Mannose 0.1%1 0.0%2 0.0%2 1.1%3 

Rhamnose 2.3%1 2.2%2 2.2%2 2.4%3 

Xylose 0.2%1 1.4%2 1.4%2 1.7%3 

Galacturonic acid 67%4 78%4 72%4 21.1%3 

Other components 14.1% 11.2% 17.2% 26.6% 

     

Degree of esterification 54%4 68%4 4.8%4 64%4 



66 Pectin and sugar beet pulp degradation Chapter 4 

 

 

 SP-he AP-he AP-le Sugar beet pulp 

Degree of non-esterified 

GalA in total substrate5  

30.1% 25.0% 68.5% 7.6% 

1 [Rombouts and Thibault 1986] 

2 [Zaleska, et al. 2000] 

3 [Micard, et al. 1996] 

4 Manufacturers information 

5 Calculated from GalA content and degree of esterification 

4.2.3 Cultivation media, external enzymes and cultivation conditions 

All cultivations were performed in minimal Verduyn medium at the same conditions as 

described in Chapter 2.2.2 but with an initial pH of 6.0. Pectins (SP-he, AP-he, AP-le) were 

dissolved in hot water at a concentration of 40 g/L and the pH was adjusted to 6.0 with 10 M 

NaOH before autoclaving. 400 mg sugar beet pulp were suspended directly in each individual 

RAMOS flask in 10 mL of water before autoclaving (final filling volume: VL = 20 mL) 

For cultivations with external enzymes, pectinase from A. aculeatus (p-Aa, product number 

P26111, Sigma-Aldrich, now Merck, Darmstadt, Germany), pectinase from A. niger (p-An, 

product number 17389, Sigma-Aldrich) or cellulase from T. reesei (c-Tr, product number 

C2730, Sigma-Aldrich) were used. All cocktails were used at the concentration recommended 

by the manufacturer. The inoculated cultivation medium was supplemented with the stated 

amount of enzyme cocktails at the beginning of cultivation. 

4.2.4 Cultivation with online monitoring in the RAMOS or µRAMOS 

device 

Cultivations in 250 mL shake flasks in the RAMOS device were performed as described in 

Chapter 2.2.3. 

Measurement of the OTR in each individual well of a 48-well round well plate (MTP-R48-B, 

m2p labs GmbH, Baesweiler, Germany) covered with a sterile barrier (900371-T, HJ-

Bioanalytik GmbH, Erkelenz, Germany) was conducted in an in-house built µRAMOS device 
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[Flitsch, et al. 2016]. The culture was grown in minimal Verduyn media as described in chapter 

2.2.2 and inoculated to an OD600 of 0.1 from a preculture grown overnight. The cultivation was 

performed with a filling volume of 0.8 mL per well, a shaking diameter of 3 mm and a shaking 

frequency of 1000 rpm. The cultivation was conducted at 30°C. 

 Simultaneous cultivation on multiple different 

pectic sugars 

A high overall metabolization rate for co-fermentations on PolyGalA was described in Chapter 

3 with a consumption of total substrate of up to 90%. Figure 4-2 demonstrates that both strains 

of the envisaged co-culture show an identical OTR profile, when growing axenic on GalA. 

Thus, it can be assumed that one strain does not overgrow the other one and both strains are 

still present and able to produce active endo- and exo-polygalacturonase until the end of the 

fermentation. This intrinsic ability of U. maydis to consume GalA is advantageous when 

compared to other model organisms like S. cerevisiae. The latter lacks metabolic pathway for 

GalA metabolization. First attempts were made to implement a bacterial pathway from 

Lactococcus lactis in S. cerevisiae, but the set of required enzymes is incomplete until yet 

[Huisjes, et al. 2012]. 

 

Figure 4-2: Axenic cultivation of U. maydis AB33P5∆/AtPgaX and AB33P5∆/AaPgu1 on GalA.  The strains 

were grown on a mixture of glucose (4 g/L) and GalA (20 g/L) as carbon sources. OTR of biological duplicates 

(red and black curves) and mean of biological duplicates of RQ (purple and grey curve). For clarity reasons, the 

RQ is only shown for OTR > 2 mmol/L/h. Culture conditions: modified Verduyn medium, 0.2 M MOPS, pH 6.0, 

250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.6, 

temperature 30 °CThe high metabolization rate of PolyGalA by the co-fermentation strategy 
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(Chapter 3.8) shifts the focus of interest towards more complex substrates such as pectin or 

sugar beet pulp. The pectic substrates investigated so far (GalA or PolyGalA) contained only 

non-esterified GalA as sugar unit. The first generation of feedstocks for industrial 

biotechnology focused on fermentations with a single carbon source like glucose. With the 

utilization of complex waste streams to reduce substrate cost and to increase sustainability of 

the process, the sequential or parallel consumption of various different carbon sources by a 

single organism became more and more important [van Maris, et al. 2006]. The complete 

utilization of biomass-derived pectin as carbon source requires a high number of different 

metabolic pathways. As listed in Table 4-1, pectin contains, besides GalA, other sugars 

including galactose, xylose, rhamnose, arabinose and mannose. Additionally, when 

investigating the growth on sugar beet pulp, cellulose may be hydrolysed, releasing glucose. A 

cultivation in the µRAMOS device verified that the U. maydis strain AB33P5∆, precursor of 

the applied co-fermentation strains, was able to grow on xylose, GalA, rhamnose and arabinose 

(Figure A 10A). Galactose as major component of pectin is known to show toxic effects on 

U. maydis wildtype strains [Schuler, et al. 2018]. Indeed, a cultivation with 20 g/L glucose and 

20 g/L galactose showed a sharp drop to 0 mmol/L/h after depletion of glucose and lower 

concentrations of galactose did not result in its metabolization (Figure A 10B, red curves). Due 

to the potential toxic effect of galactose, it was not investigated further as carbon source for 

U. maydis cultivations.  

The potential of the co-fermentation developed in Chapter 3 (U. maydis AB33P5∆R/AtPgaX 

and AB33P5∆R/AaPgu1 with an inoculation ratio of 5:1) to metabolize the main pectic sugars 

was investigated by online monitoring of cultures supplemented with different fractions of six 

different carbon sources. The reference medium contained 5 g/L of glucose, mannose, xylose, 

GalA, rhamnose and arabinose each. For different cultivations, the concentration of one of the 

included sugars was increased to 10 g/L, while the other sugars remained at a concentration of 

5 g/L. The profiles of the OTR over time are shown in Figure 4-3. 

Glucose is consumed first as it is the most favourable carbon source (Figure 4-3A). The 

shoulder at 10 h of cultivation time and 15 mmol/L/h is increased to 27 mmol/L/h (blue arrow) 

compared to the reference cultivation. Figure 4-3B and C demonstrate that xylose and mannose 

are consumed after glucose, indicated by an increase in the respective peaks. The OTR peak 

after 14 h is increased in both cases compared to the reference cultivation. However, between 
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xylose and mannose, no clear substrate preference can be detected. Next, GalA is consumed 

(Figure 4-3D), as the consumption phase between 16 and 22 h is elongated until 26 h of 

cultivation time and the maximum OTR at the end of this consumption phase is increased from 

21 to 23 mmol/L/h compared to the reference cultivation.  

 

Figure 4-3: Substrate preference of an U. maydis co-fermentation for different pectic sugars.  The strain 

combination AB33P5∆R/AtPgaX (overexpressing a fungal exo-polygalacturonase) and AB33P5∆R/AaPgu1 

(overexpressing a fungal endo-polygalacturonase) was grown in medium containing 5 g/L of each, glucose, xylose, 

mannose, GalA, rhamnose and arabinose (black, dashed line in A-F). In parallel, the concentration of single sugars 

was increased to 10 g/L, while the others remained at 5 g/L. Corresponding growth profiles are shown for A 10 g/L 

glucose (blue line), B 10 g/L xylose (yellow line), C 10 g/L mannose (green line), D 10 g/L GalA (red line), 

E 10 g/L rhamnose (turquoise line) and F 10 g/L arabinose (purple line), respectively. Arrows indicate differences 

between the respective cultivation and the reference. Culture conditions: modified Verduyn medium, 0.1 M 

MOPS, 0.1 M MES, pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 

50 mm, initial OD600(AB33P5∆R/AtPgaX) = 0.5, initial OD600(AB33P5∆R/AaPgu1) = 0.1, temperature 30 °C 

After GalA, rhamnose is consumed (Figure 4-3E). Here, no significant increase in the OTR can 

be detected, but the consumption phase between 23 and 24 h of cultivation time is elongated 

until 27 h compared to the reference cultivation. The constant OTR level during rhamnose 

consumption indicates a low biomass formation. As last of the tested substrates, arabinose is 
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consumed (Figure 4-3F). Here, a novel peak appears after 26 h that was not visible in the 

reference cultivation. Thus, arabinose is the least preferred substrate. It can be concluded that 

all sugars potentially present in sugar beet pulp can be consumed by the described co-culture 

of U. maydis.  

Other microorganisms were also evaluated for their potential to grow on pectic sugars. Two 

genetically modified strains of the genus Erwinia  were able to grow and form products on 

GalA, PolyGalA and citrus pectin but at a significantly lower growth rate compared to growth 

on glucose [Grohmann, et al. 1998]. Moreover, the product spectrum changed with the carbon 

source. During growth on glucose, mostly ethanol was formed while during growth on GalA, 

the main product switched to acetate. These observations demonstrate that a change of the 

carbon source could influence the entire metabolic network in the cell [Grohmann, et al. 1998]. 

Cultivating U. maydis on GalA, PolyGalA or pectin could thus lead to a different product 

spectrum compared to the cultivation on glucose. In future, novel screenings should be 

performed to identify versatile products when cultivating U. maydis on GalA, PolyGalA or 

pectin. 

When multiple different sugars are present simultaneously, carbon catabolite repression plays 

a major role in their sequential consumption. This phenomenon has already been studied in 

Escherichia coli, yeasts and filamentous fungi [Moses and Prevost 1966, Ronne 1995]. In most 

cases, the presence of glucose as preferred substrate represses the expression of enzymes 

involved in the metabolization of different carbon sources. This way, no energy is lost for the 

maintenance of less efficient metabolic pathways. Figure 4-3 demonstrated the ability of 

U. maydis to consume six different sugars that are present in plant-derived biomass. A. niger 

was tested for the ability to metabolize the same set of sugars during batch fermentations on 

each of the sugars separately but also in mixtures [Lameiras, et al. 2018]. In that study, the 

kinetics of substrate uptake and consumption were investigated in detail. Similar to the 

observation in Figure 4-3B and C (xylose and mannose), no clear preference could be defined 

for A. niger between glucose, xylose and mannose. This was explained by their competition in 

substrate uptake. As the transmembrane transport system was limiting for these sugars, no 

preference for intracellular metabolization was measured [Lameiras, et al. 2018]. Glucose, 

xylose and mannose were not affected by carbon catabolite repression. Contrary, GalA, 

rhamnose and arabinose consumption was repressed by the presence of the other sugars 



Chapter 4 Pectin and sugar beet pulp degradation 71 

 

 

[Lameiras, et al. 2018]. The observed sequence of consumption by U. maydis (Figure 4-3) 

reflect similar kinetics to A. niger. Thus, the underlying mechanisms of transport limitation 

during consumption of glucose, xylose and mannose on one hand and carbon catabolite 

repression for GalA, rhamnose and arabinose seem to be the same for U. maydis. 

 Estimation of correlation factors for oxygen 

consumption and consumption of complex pectic 

substrates 

U. maydis can metabolize all six sugars that were tested within Chapter 4.3. This makes 

U. maydis a favorable organism for the microbial degradation of complex substrates such as 

pectin or sugar beet pulp. In Chapter 2, a method for the online determination of residual 

PolyGalA based on the overall consumed oxygen was introduced. This methodology has to be 

extended to be applicable for the determination of consumed substrate for cultivation on pectin 

or sugar beet pulp.  

The key calibration factor 
νO

νS
 describes the molar linkeage of oxygen consumption to substrate 

consumption, as stated in Chapter 2.4. This factor for PolyGalA as substrate can be applied for 

the estimation of the residual substrate concentration during co-fermentation of 

AB33P5∆R/AtPgaX and AB33P5∆R/AaPgu1 on pectin (Figure 4-3). The strains produce exo- 

and endo-polygalacturonases that release GalA as only hydrolysis product. Both enzymes can 

act only on non-esterified GalA residues. Therefore, the consumed substrate, even when total 

pectin is used as carbon source, can only be the fraction of non-esterified (Poly)GalA residues. 

Table 4-1 shows the fraction of non-esterified GalA residues in the tested pectins. To have a 

distinct definition of the PolyGalA consumption phase, the start of PolyGalA consumption was 

defined by the RQ drop after glucose depletion. The end of PolyGalA consumption was defined 

by a second drop in the RQ below 1, following the RQ plateau at 1.2 to 1.4 during (Poly)GalA 

consumption. This way, the PolyGalA consumption phase can be defined, even if the course of 

the OTR is not explicit. 

When external enzymes were added to the cultivation, it was estimated that all pectin 

components are released as fermentable sugars. A mixed correlation factor (mCF) was 
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calculated for pectin, based on the methodology described in Chapter 4.3. For each cultivation 

shown in Figure 4-3, the consumption phase of the sugar applied at 10 g/L was defined based 

on the OTR for the main and the reference cultivation, respectively. The integral of the OTR 

during the consumption phase of a specific sugar describes the respective overall consumed 

oxygen (OTS). Based on the OTS of the main (𝑂𝑇𝑆
2) and the reference cultivation (𝑂𝑇𝑆

1) and the 

applied concentrations of 𝛽S
2 = 10 𝑔/𝐿 for the main and 𝛽S

1 = 5 𝑔/𝐿 for the reference 

cultivation, CF was calculated, according to Equation (10).  

CF =
𝑂𝑇𝑆

2 − 𝑂𝑇𝑆
1

𝛽S
2 − 𝛽S

1
 

 (10) 

CF: correlation factor [
𝑚𝑚𝑜𝑙𝑂2

𝑔𝑆
⁄ ] 

𝑂𝑇𝑆: overall consumed oxygen during consumption of substrate S [mmol/L] 

𝛽𝑠: mass concentration of substrate S [g/L] 

 

Thus, the CF describes the amount of oxygen required for consumption of 1 g of the respective 

substrate. CF values calculated for all six tested sugars are listed in Table 4-2.  

Table 4-2: Experimentally determined correlation factors (CFs) for oxygen and sugar 

consumption. 

Sugar Sum formula 
CF [

𝒎𝒎𝒐𝒍𝑶𝟐
𝒈𝑺

⁄ ] 

Glucose C6H12O6 15.6 

Xylose C5H10O5 13.2 

Mannose C6H12O6 14.7 

Galacturonic acid C6H10O7 15.8 

Rhamnose C6H12O5 14.2 

Arabinose C5H10O5 10.8 

Polygalacturonic acid* [C6H8O6]n 15.2 

* CF for PolyGalA was obtained more precisely in Chapter 2.4. The value is given here as comparison. 

The relative composition of the six tested sugars in pectins and sugar beet pulp (Table 4-1) was 

used to calculate their respective normalized mass fraction w* and the mCF as described by 
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Equation (11). This mCF enabled the rough estimation of consumed pectin or sugar beet pulp, 

based on the OT during its consumption phase. The resulted mCFs are listed in Table 4-3. 

 

mCF = ∑ 𝐶𝐹𝑖 ⋅ 𝑤𝑖
∗

𝑛

𝑖=0

 
(11) 

mCF: mixed correlation factor [
𝑚𝑚𝑜𝑙𝑂2

𝑔𝑆
⁄  ] 

𝐶𝐹𝑖: correlation factor of component i [
𝑚𝑚𝑜𝑙𝑂2

𝑔𝑆
⁄ ] 

𝑤𝑖
∗: normalized mass fraction of component i [%(w/w)] 

 

Table 4-3: Experimentally determined mCFs for oxygen and pectin / sugar beet pulp 

consumption. 

Substrate Normalized mass fractions for tested sugars w* [%(w/w)] 

mCF 

[
𝒎𝒎𝒐𝒍𝑶𝟐

𝒈𝑺 ⁄ ] 

 Glu-

cose 

Xy-

lose 

Man-

nose 

Galacturonic 

acid 

Rham-

nose 

Arabi-

nose 

 

Pectin SP-he 0.6 0.2 0.2 83.8 2.8 12.5 15.1 

Pectin AP-he 4.2 1.6 0.0 90.5 2.6 1.2 15.7 

Pectin AP-le 4.5 1.7 0.0 89.8 2.7 1.2 15.6 

Sugar beet 

pulp 

30.9 2.5 1.6 30.9 3.5 30.6 14.2 

 Growth on pectin 

4.5.1 Influence of pectin characteristics 

Within this chapter, three different pectins were evaluated: SP-he, AP-he and AP-le. Figure 4-

4 shows a cultivation of the co-culture established in Chapter 3 on a mixture of glucose (4 g/L) 

and each of the three pectins (20 g/L). SP-he and AP-he show an identical glucose peak after 

8 h of cultivation time (Figure 4-4A, green and yellow curves), followed by a (Poly)GalA 
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consumption phase of different length. GalA consumption is proven by the increase in the RQ 

between 10 and 14 h for SP-he and between 10 and 19 h for AP-he (Figure 4-4B, green and 

yellow curves). AP-le shows an elongated lag-phase and a lower OTR maximum after 10 h of 

cultivation (Figure 4-4A, blue curves). Between 10 and 15 h, the OTR stays constant at a 

plateau of 5 mmol/L/h. Compared to the other cultivations, this phase can be attributed to GalA 

consumption. However, the RQ does not increase during this phase (Figure 4-4B, blue curve). 

After longer cultivation times of 20 h, the OTR of AP-le starts to increase again, showing a low 

metabolic activity until 40 h. As the RQ increases already after 15 h to values of 1.2 to 1.4, this 

phase can be attributed to GalA consumption. During preparation of the culture medium for the 

AP-le cultivation, the pectin solution was gelling much stronger than the other two pectins. This 

might have had an influence on the growth behavior of U. maydis. Glucose and other medium 

components might have diffused into or out of the cross-linked area of AP-le pectin. If those 

nutrients are not constantly available, slow releasing of medium components from the cross-

linked pectin could explain both, the elongated lag-phase and the constant OTR between 10 and 

15 h. Similar OTR profiles were generated by slow-releasing polymer matrices embedding 

glucose crystals in a small-scale fed-batch system [Keil, et al. 2019].  

Figure 4-4C shows the course of the estimated residual pectic substrate, calculated from the OT 

applying the CF for PolyGalA that was determined in Chapter 2.4 (Table 4-2). The choice of 

the right CF is essential for the correct estimation of residual substrate. In this case, the applied 

U. maydis co-culture provides endo- and exo-polygalacturonase activity. Even when the culture 

was grown on pectin or more complex substrates, those enzymes can only hydrolyze non-

esterified GalA residues, why the cells are exposed to the same monomers, GalA only, as during 

cultivation on PolyGalA.  

None of the cultivations shown in Figure 4-4C reached a complete substrate consumption. The 

cultivation on SP-he consumed 2.5 g/L (12%) of the total substrate, the cultivation on AP-he 

4.7 g/L (24%) and the cultivation on AP-le 6.1 g/L (30%). The consumption with respect to the 

total substrate can be seen in Figure 4-4D (open bars). These low consumption rates can be 

explained by the composition of the applied pectins. GalA represents only 67 - 78% of all pectic 

sugars (Table 4-1). The produced endo- and exo-polygalacturonases can only hydrolyze the 

non-esterified fraction of those GalA residues, leading to a much lower degree of theoretically 

available GalA (25 – 68.5%, Table 4-1) compared to PolyGalA (where the corresponding value 
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would be 100%). The fraction of this theoretically available substrate is visualized in Figure 4-

4D (diagonally hatched bars).  

Cultivations on AP-le showed the highest overall substrate consumption. This could be 

explained by the low degree of esterification, leading to more non-esterified GalA that could 

be hydrolyzed by the endo- and exo-polygalacturonases. Figure 4-4D (horizontally hatched 

bars) shows the substrate consumption with respect to the theoretically available substrate (in 

this case non-esterified GalA residues). Here, the cultivation on AP-he showed the highest 

value. 95% of the non-esterified GalA was consumed, indicating that the PolyGalA regions in 

this type of pectin were well accessible for endo- and exo-polygalacturonases.  

Two reference cultivations show the growth of AB33P5∆R/AtPgaX and AB33P5∆R/AaPgu1 

in axenic culture on SP-he (Figure A 11) and AP-he (Figure A 12, black and grey curves). In 

both cases, only a weak metabolization of GalA can be detected. This demonstrates the 

beneficial effect of U. maydis co-fermentations for the hydrolysis and metabolization of 

pectins.  

Certain anaerobic digestive bacteria like Lachnospira multiparus or Faecalibacterium 

prausnitzii have been demonstrated to produce pectinolytic enzymes enabling their growth on 

pectin [Dušková and Marounek 2001, Lopez-Siles, et al. 2012]. Other organisms are only rarely 

tested for their ability to grow on pectin as this substrate is only low abundant in nature and 

challenging to degrade enzymatically. 
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Figure 4-4: Comparison of U. maydis co-fermentation growth on different pectins.  The strain combination 

AB33P5∆R/AtPgaX (exo-polygalacturonase) and AB33P5∆R/AaPgu1 (endo-polygalacturonase) was grown on a 

mixture of glucose (4 g/L) and pectin (20 g/L) as carbon sources. Three different types of pectin were tested: high 

esterified sugar beet pectin (SP-he, green curves), high esterified apple pectin (AP-he, yellow curves) and low 

esterified apple pectin (AP-le, red curves). A OTR of biological duplicates, represented each as line and dashed 

line. B Mean of biological duplicates of RQ. For clarity reasons, the RQ is only shown for OTR > 2 mmol/L/h. 

C Mean of biological duplicates of residual pectin calculated from the overall consumed oxygen as described in 

Chapter 3.2.9. End of pectin consumption was defined by the RQ drop below 1. D Consumption analysis of the 
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evaluated pectins. Percentage of consumed from total pectin (open bars), fraction of theoretically available from 

total pectin (diagonally hatched bars) and percentage of consumed from theoretically available pectin (horizontally 

hatched bars). Culture conditions: modified Verduyn medium, 0.2 M MOPS, pH 6.0, 250 mL flask, filling volume 

20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600(AB33P5∆R/AtPgaX) = 0.5, initial 

OD600(AB33P5∆R/AaPgu1) = 0.1, temperature 30 °C 

4.5.2 Influence of external enzyme additions 

Reaching higher total substrate metabolization for the tested pectins requires the additional use 

of external enzymes increasing the overall pectinolytic activity. Within this chapter, three 

different commercial enzyme cocktails were tested: pectinases from A. niger (p-An), pectinases 

from A. aculeatus (p-Aa) and cellulases from T. reesei (c-Tr). Two essential enzymes for a 

higher metabolization rate of homogalacturonan are pectin-methylesterase and acetylesterase. 

Those enzymes can remove methyl or acetyl groups from the polygalacturonic acid backbone, 

making it accessible for endo- and exo-polygalacturonases. Other enzymes hydrolyze the side 

chains containing other sugars like rhamnose, arabinose or xylose. The external enzyme 

cocktails were expected to provide a wide variety of pectinases, leading in theory to a complete 

hydrolysis of the pectin. The entire provided pectin should thus be hydrolyzed to monomeric 

sugars that are available for microbial consumption.  

The OTR of cultures with or without addition of external enzymes growing on SP-he is shown 

in Figure 4-5A. Addition of c-Tr to the cultivation medium slightly increased the OTR during 

GalA consumption (Figure 4-5A, yellow curves) in comparison to the culture without external 

enzymes (Figure 4-5A, green curves). However, addition of c-Tr resulted in no increased total 

substrate consumption (Figure 4-5D, yellow and green open bars). In both cultivations, 13% of 

the total substrate were consumed. This is in line with the used substrate, as cellulases are not 

expected to have hydrolytic activity towards pectin. Therefore, the theoretically available 

substrate (Figure 4-5D, yellow and green diagonally hatched bars) equals the percentage of the 

non-esterified GalA. The applied CF for the calculation of residual pectin (Figure 4-5C, green 

and yellow curves) was the same as for PolyGalA (Table 4-2). 

Addition of pectinase p-An resulted in a remarkable increase in the metabolic activity (Figure 

4-5A, blue curves). After glucose consumption, an even higher OTR maximum of 18 mmol/L/h 

was reached after 16 h during consumption of GalA. The elongated GalA consumption phase 
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(Figure 4-5B, blue curve) correlates with the high estimated total substrate consumption of 47% 

(Figure 4-5C and D, blue curve / bars).  

 

Figure 4-5: Influence of external enzymes on U. maydis co-fermentation on sugar beet pectin SP-he.  The 

strain combination AB33P5∆R/AtPgaX (exo-polygalacturonase) and AB33P5∆R/AaPgu1 (endo-

polygalacturonase) was grown on a mixture of glucose (4 g/L) and high esterified sugar beet pectin (SP-he, 20 g/L) 
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as carbon sources. The inoculated medium was supplemented with 4 U/mL pectinase from A. niger (p-An, blue 

curves), 3.36 U/mL cellulase from T. reesei (c-Tr, yellow curves) or 1.68 U/mL c-Tr and 2 U/mL p-An (red 

curves). A reference cultivation without addition of external enzymes is shown in green. A OTR of biological 

duplicates, represented each as line and dashed line. B Mean of biological duplicates of RQ. For clarity reasons, 

the RQ is only shown for OTR > 2 mmol/L/h. C Mean of biological duplicates of residual pectin calculated from 

the overall consumed oxygen as described in Chapter 4.4. End of pectin consumption was defined by the RQ drop 

below 1. D Consumption analysis of the evaluated pectins. Percentage of consumed from total pectin (open bars), 

fraction of theoretically available from total pectin (diagonally hatched bars, composition is indicated for each 

colour in the figure legend) and percentage of consumed from theoretically available pectin (horizontally hatched 

bars). Culture conditions: modified Verduyn medium, 0.2 M MOPS, pH 6.0, 250 mL flask, filling volume 20 mL, 

shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600(AB33P5∆R/AtPgaX) = 0.5, initial 

OD600(AB33P5∆R/AaPgu1) = 0.1, temperature 30 °C 

The pectinase cocktail p-An thus enabled the metabolization of almost half of the provided 

pectin substrate. The mCF for the estimation of residual pectin is given in Table 4-3. Halving 

the enzymatic activity of both external enzymes, c-Tr and p-An, resulted in the OTR profile 

shown in Figure 4-5A (red curves). The OTR profile looks similar but slightly lower compared 

to the culture with only p-An. The total substrate consumption (42%) is only slightly reduced 

compared to the culture with only p-An (Figure 4-5D, red open bar). The differences could be 

explained by the amount of enzyme used. In the culture with both, p-An and c-Tr, the amount 

of each individual enzyme was only half as high as in the culture with p-An or c-Tr alone. The 

addition of c-Tr alone (Figure 4-5, yellow curves) demonstrated that cellulases are not necessary 

for the hydrolysis of pectins. However, the addition of 4 U/mL of p-An to the cultivation 

showed similar results to the addition of 2 U/mL of p-An. This suggests that the enzyme 

concentration was not the hydrolysis-limiting factor during the cultivation. For both cultivations 

with p-An, the theoretically available amount of substrate equals the total pectin (Figure 4-5D, 

blue and red diagonally hatched bars). Addition of p-An has been demonstrated to influence the 

metabolization rate of SP-he substantially. 

Addition of pectinase from A. aculeatus (p-Aa) during axenic or co-cultivation of 

AB33P5∆R/AtPgaX and AB33P5∆R/AaPgu1 on AP-he resulted in the metabolic activity 

shown in Figure 4-6. While the co-fermentation without addition of p-Aa resulted in a low 

metabolic activity that can be attributed to GalA consumption (Figure 4-6A, yellow curves), 

addition of p-Aa increased the OTR during pectin metabolization significantly (Figure 4-6A, 

green curves). Compared to the co-fermentation, axenic cultivations of AB33P5∆R/AtPgaX 

(Figure 4-6A, grey curve), AB33P5∆R/AaPgu1 (Figure 4-6A, black curve) and their progenitor 

strain AB33P5∆R (Figure 4-6A, blue curves) supplemented with p-Aa showed only a slightly 
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reduced OTR level. Figure 4-6B defines, as before, the GalA or pectin consumption phase, 

leading to the course of residual pectin shown in Figure 4-6C.  

 

Figure 4-6: Influence of external pectinase on U. maydis axenic and co-fermentation on high esterified apple 

pectin AP-he.  The strains AB33P5∆R/AtPgaX (exo-polygalacturonase) and AB33P5∆R/AaPgu1 (endo-

polygalacturonase) were grown in axenic or co-fermentation as well as their progenitor strain AB33P5∆R on a 
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mixture of glucose (4 g/L) and high esterified apple pectin (AP-he, 20 g/L) as carbon sources. The inoculated 

medium was supplemented with 11.4 U/mL pectinase from A. aculeatus (p-Aa). Axenic cultures are shown for 

AB33P5∆R/AtPgaX (grey curve), AB33P5∆R/AaPgu1 (black curves) and AB33P5∆R (blue curves). Co-

fermentation of AB33P5∆R/AtPgaX and AB33P5∆R/AaPgu1 are shown with (yellow curves) or without (green 

curves) addition of p-Aa. A OTR of biological duplicates (green, blue and yellow curves, represented each as line 

and dashed line) B Mean of biological duplicates (green, blue and yellow curves) of the RQ. For clarity reasons, 

the RQ is only shown for OTR > 2 mmol/L/h. C Mean of biological duplicates (green, blue and yellow curves) of 

residual pectin calculated from the overall consumed oxygen as described in Chapter 4.4. End of pectin 

consumption was defined by the RQ drop below 1. D Consumption analysis of the evaluated pectins. Percentage 

of consumed from total pectin (open bars), fraction of theoretically available from total pectin (diagonally hatched 

bars, composition is indicated for each colour in the figure legend) and percentage of consumed from theoretically 

available pectin (horizontally hatched bars). Culture conditions: modified Verduyn medium, 0.2 M MOPS, pH 

6.0, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.6 

(ratio 5:1 for AB33P5∆R/AtPgaX : AB33P5∆R/AaPgu1 co-fermentation), temperature 30 °C 

As discussed above for the cultivations with p-An, the theoretically available substrate equals 

the total pectin. This is represented in Figure 4-6D (diagonally hatched bars). The mCF for the 

estimation of residual pectin is given in Table 4-3. Production of endo- and exo-

polygalacturonases by the cultivated U. maydis strains has, in this case, only a minor effect on 

the consumption of total pectin (Figure 4-6D, open bars). While AB33P5∆R consumed 48% of 

the total pectin, the co-fermentation consumed 52%. Those values are comparable to the 

consumption of SP-he, shown in Figure 4-5D (blue bars). These results indicate that the main 

pectinolytic activity was provided by the added p-Aa cocktail. The endo- and exo-

polygalacturonase activity produced by the overexpression strains were detectable but had only 

a low influence on the overall hydrolysis of AP-he.  

Addition of cellulases showed no beneficial effect on the growth of the progenitor strain 

AB33P5∆R on AP-he (Figure A 12, green and yellow curves). This is in line with the previous 

observation during cultivation on SP-he (Figure 4-5, yellow curves) and supports the 

assumption, that cellulases show no hydrolytic activity towards pectin. 

Enzymes were used previously for the hydrolysis of plant biomass to generate fermentable 

sugars. Rodrigues, et al. [2015] used the commercial enzyme cocktails Celluclast and Cellic 

CTec2 to hydrolyse wheat straw for ethanol fermentation with S. cerevisiae. With those enzyme 

cocktails, hydrolysis yields of 52 to 81% (Celluclast) and up to 98% (CTec2) were achieved 

[Rodrigues, et al. 2015]. The hydrolysis yields of pectin reported in this chapter are lower with 

about 50%. The main difference between these two systems can be found in the polymer 
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structure of the substrate. Wheat straw mainly consists of cellulose, a linear glucose polymer 

that is easily degradable enzymatically. The complex nature of pectin with numerous different 

sugar linkages and side chains makes a complete hydrolysis much more difficult. Therefore, it 

is not surprising that the total hydrolysis yields are lower on pectin, compared to cellulose. 

 Growth on sugar beet pulp 

The addition of pectinases increased the total substrate consumption of the established co-

fermentation on SP-he from 13 to 47% (Figure 4-5D, open bars) and on AP-he from 23 to 52% 

(Figure 4-6D, open bars). The next step towards valorization of industrial waste streams is the 

utilization of sugar beet pulp, a high-abundant waste stream of the sugar refinery process. 

Usually, pretreatment of sugar beet pulp for fermentations comprises a single autoclaving step 

and no further treatments [Edwards and Doran-Peterson 2012]. To test the influence of different 

autoclaving procedures, sugar beet pulp was autoclaved directly in the RAMOS flask dry or 

suspended in a liquid film. The flasks were filled with medium and inoculated with the 

established co-culture of AB33P5∆R/AtPgaX and AB33P5∆R/AaPgu1 without addition of 

external enzymes. All cultivations resulted in no significant metabolization (Figure A 13). 

However, sugar beet pulp that was autoclaved in water led to a slightly increased OT during 

glucose consumption. Probably, the cellulosic network was weakened during autoclaving in 

liquid and small amounts of glucose were released from the cellulose fraction of sugar beet 

pulp. A weakened structure should be beneficial for hydrolysis as the pectin fraction becomes 

better reachable for enzymes. Therefore, sugar beet pulp for cultivations with external enzymes 

(Figure 4-7) was treated the same way. Figure 4-7A shows the OTR profile for co-fermentations 

of AB33P5∆R/AtPgaX and AB33P5∆R/AaPgu1 with addition of p-Aa and / or c-Tr. Addition 

of c-Tr (yellow curves) leads to a second, smaller peak between 10 and 16 h of cultivation time. 

As the RQ is not increasing in that period (Figure 4-7B, yellow curve), no GalA is consumed. 

Instead glucose that was released from the cellulose fraction was most probably metabolized. 

The addition of p-Aa (Figure 4-7A, blue curves) leads to a stepwise declining OTR profile. The 

RQ does not increase clearly (Figure 4-7B, blue curve) preventing a clear statement about the 

consumed substrates.  
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A combination of c-Tr and p-Aa (Figure 4-7A, red curves) resulted in a similar profile to the 

cultivation with only p-Aa. Again, the RQ remains low (Figure 4-7B, red curve), compared to 

the cultivations on pectin (Figure 4-5B and Figure 4-6B). In Chapters 2, 3 and 4.5, the pectin 

or (Poly)GalA consumption phases were defined by the RQ. Contrary, during growth on sugar 

beet pulp, the RQ does not clearly indicate the start or end of the phase of sugar beet pulp 

consumption. Here, the phase of sugar beet pulp metabolization was estimated to begin after 

the glucose peak and the correlated drop in the RQ after about 7.5 Figure 4-7B). The end of 

sugar beet pulp consumption was defined by the drop of the OTR below 2 mmol/L/h. With 

those assumptions and the mCF listed in Table 4-3, the residual sugar beet pulp concentration 

during the cultivation was estimated (Figure 4-7C). The calculation of the total substrate 

consumption is presented in Figure 4-7D. The reference culture without addition of external 

enzymes showed no metabolization of sugar beet pulp (green asterisks). This is not surprising, 

as the theoretically available substrate (in this case equal to the non-esterified GalA) represents 

only 8% of the total substrate (Figure 4-7D, green, diagonally hatched bar). The consumption 

of total substrate was significantly increased for addition of c-Tr (26%), p-An (50%) or both 

enzymes (55%). The theoretically available amount of substrate differs among all cultivations. 

In case of p-Aa addition, the pectin fraction (30% of total substrate, Figure 4-7D, blue, 

diagonally hatched bar) should be accessible. With addition of c-Tr, the cellulose fraction of 

30% in total sugar beet pulp could be hydrolysed. Additionally, endo- and exo-

polygalacturonase produced by the co-culture could, in theory, liberate 8% (fraction of non-

esterified GalA in total sugar beet pulp, Table 4-1). This results in a fraction of available 

substrate of 38% (Figure 4-7D, yellow, diagonally hatched bar). With addition of both enzymes, 

30% of each, pectin and cellulose, are theoretically accessible, leading to 60% of available 

substrate in total sugar beet pulp (Figure 4-7D, red, diagonally hatched bar). Relating the 

consumed substrate to the theoretically available substrate resulted in a value of 170% for the 

cultivation with p-Aa. This indicates that the used pectinase cocktail shows additional activities 

towards other fractions of sugar beet pulp. Whether those fractions are cellulose and / or 

hemicellulose remains unclear.  
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Figure 4-7: Influence of external enzymes on U. maydis co-fermentation on sugar beet pulp.  The strain 

combination AB33P5∆/AtPgaX (overexpressing a fungal exo-polygalacturonase) and AB33P5∆/AaPgu1 

(overexpressing a fungal endo-polygalacturonase) was grown on a mixture of glucose (4 g/L) and sugar beet pulp 

(20 g/L) as carbon sources. The inoculated medium was supplemented with 11.4 U/mL pectinase from A. aculeatus 

(p-Aa, blue curves), 2.52 U/mL cellulase from T. reesei (c-Tr, yellow curves) or 0.84 U/mL c-Tr and 7.6 U/mL 

p-Aa (red curves). A reference cultivation without addition of external enzymes is shown in green. A OTR of 

biological duplicates, represented each as line and dashed line. B Mean of biological duplicates of the RQ. For 

clarity reasons, the RQ is only shown for OTR > 2 mmol/L/h. C Mean of biological duplicates of residual sugar 
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beet pulp, calculated from the overall consumed oxygen as described in Chapter 4.4. End of sugar beet pulp 

consumption was defined by the OTR drop below 2 mmol/L/h. D Consumption analysis of the evaluated pectins. 

Percentage of consumed from total pectin (open bars), fraction of theoretically available from total pectin 

(diagonally hatched bars, composition is indicated for each colour in the figure legend) and percentage of 

consumed from theoretically available pectin (horizontally hatched bars). Green asterisks indicate no detectable 

consumption of sugar beet pulp. Black asterisks indicate potential cross-reactivity of the applied enzymes that 

could increase the percentage of theoretical available substrate. Culture conditions: modified Verduyn medium, 

0.2 M MOPS, pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, 

initial OD600(AB33P5∆/AtPgaX) = 0.5, initial OD600(AB33P5∆/AaPgu1) = 0.1, temperature 30 °C 

Beside sugar beet pulp, citrus processing waste is also rich in pectin. This substrate has been 

used to produce ethanol with genetically modified S. cerevisiae strains [Widmer, et al. 2010]. 

Growth of S. cerevisiae can be inhibited by accumulation of limonene. To prevent this 

inhibition, the substrate was pretreated harshly at 160°C and steam purging to break down the 

limonene [Widmer, et al. 2010]. Utilization of sugar beet pulp does not require such harsh 

pretreatment as no inhibitory effects are known. The standard autoclaving procedure is 

sufficient in this case [Edwards and Doran-Peterson 2012].  

In the past years, some efforts have already been made to establish a consolidated bioprocess 

based on sugar beet pulp. These processes comprise linked CAZyme production, sugar beet 

pulp hydrolysis and product formation. Grohmann, et al. [1998] used Erwinia sp. to convert 

pectin-rich materials into ethanol. Hydrolysis was achieved by external pectinase cocktails in 

that case. In a similar process, a genetically modified E. coli strain was supplemented with 

pectinases, cellulases and hemicellulases to enable the production of ethanol from sugar beet 

pulp [Rorick, et al. 2011]. These examples represent non-consolidated bioprocesses, as the 

enzymes were not produced in place. The current production hosts of CAZymes like T. reesei 

or A. niger lack a high-value product and a suited method for their use in bioreactors [Glass, et 

al. 2013, Klement, et al. 2012, Lara-Marquez, et al. 2011, Papagianni, et al. 1998]. U. maydis 

has the potential to overcome these limitations by providing both requirements, CAZyme 

production and product formation. However, great efforts have to be made in future research. 
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 Conclusion 

In this chapter, it was shown that U. maydis can grow on six of the most abundant sugars present 

in pectin. Those sugars were consumed one after the other with a clear order of preference. 

Together with literature data for the composition of pectin and sugar beet pulp and the obtained 

metabolic data, mCFs for the estimation of residual pectin or sugar beet pulp were calculated. 

Co-fermentations of U. maydis strains producing endo- and exo-polygalacturonase on three 

different pectins showed only limited metabolic activity. The addition of external cellulases 

showed no significant effect while addition of pectinase cocktails increased the metabolization 

rate significantly. The calculated mCFs helped to estimate the consumption of total substrate 

for those cultivations, reaching values of up to 52%. 

Co-fermentations of U. maydis on sugar beet pulp showed no metabolic activity. The addition 

of external pectinase and / or cellulase induced a significant metabolic activity, indicating that 

the substrate was consumed partially. Cellulase addition accounted for saccharification of the 

cellulose fraction, leading to an increase in the total sugar beet pulp metabolization to 26%. 

Pectinase addition or a combined addition of cellulase an pectinase resulted in a total substrate 

consumption of up to 55%. 

Reaching higher metabolization rates for U. maydis co-fermentations without addition of 

external enzymes thus requires strains that can produce additional enzymes, such as pectin-

methylesterase or acetylesterase, which are essential for the de-esterification of the 

homogalacturonan backbone of pectin. Degradation of pectin is a key step towards the 

utilization of sugar beet pulp as an abundant and low-cost substrate for microbial fermentations 

of high-value products.  



Chapter 5 Summary and Outlook 87 

 

 

Chapter 5 

5Summary and outlook 

The present thesis provides a reliable method to online estimate the residual substrate 

concentration during microbial fermentations in small-scale. This method is based on the 

measurement of the metabolic activity and a fixed stoichiometric ratio of substrate 

consumption, oxygen consumption and biomass formation. Especially in fermentations of 

carbon sources that are challenging to quantify via offline methods, the presented online 

estimation model can be useful. This is the case for complex substrates like sugar beet pulp, 

which are used within biorefinery processes.  

In Chapter 2, growth of U. maydis on galacturonic acid (GalA), the main pectin sugar unit, was 

characterized. The RAMOS device enabled a detailed analysis of the correlation between GalA 

and oxygen consumption. Varying the GalA concentration in the medium revealed a fixed 

stoichiometric ratio to the overall consumed oxygen (OT). With this data, a calculation model 

was developed that enabled the determination of residual GalA concentration at each time point 

of the cultivation without offline sampling. This model was applied to analyze the growth of an 

U. maydis strain expressing an exo-polygalacturonase from Aspergillus tubingensis. This strain 

was grown on polygalacturonic acid (PolyGalA), the main backbone in pectin. Beside 

determination of the residual PolyGalA concentration in the culture broth, respiration 

monitoring assisted in determination of the enzyme activity of the expressed enzyme during 

cultivation. The enzyme activity obtained from respiration data was compared to enzyme 

activities obtained from offline measurements. The activities determined from respiration 
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monitoring were shown to be less prone to product inhibition as the hydrolysis product GalA 

accumulates during offline assays. In contrast, GalA is consumed constantly during microbial 

fermentations, why the novel measurement principle was shown to be advantageous over 

offline methods.  

In Chapter 3, the enzyme repertoire of U. maydis for PolyGalA degradation was further 

extended. A bioinformatic survey supported the need for heterologous CAZymes in order to 

make U. maydis capable of degrading complex polymers like pectin. Various endo- and exo-

polygalacturonases of intrinsic, fungal and bacterial origin were overexpressed and secreted. 

An intrinsic endo-polygalacturonase was activated by promoter exchange. Bacterial endo- and 

exo-polygalacturonases were successfully secreted using a lock-type unconventional secretion 

system that prevents posttranslational modifications. Those modifications might potentially 

reduce the enzyme activity. Finally, fungal endo- and exo-polygalacturonases from 

Aspergillus sp. were expressed in U. maydis and secreted via the conventional pathway. All 

secreted enzymes were tested for their activity via offline DNS assays. Bacterial enzymes 

provided only minor enzymatic activities compared to enzymes of fungal origin. However, the 

unconventional secretion system might constitute an additional valuable tool to improve 

biomass degradation in the future. Following strain generation, endo- and exo-

polygalacturonase producing strains were cultivated in co-fermentation on PolyGalA in the 

RAMOS device. Endo-polygalacturonase producing strains showed no metabolic activity when 

cultivated in axenic culture on PolyGalA. The enzyme releases only shorter GalA oligomers 

that cannot be taken up or consumed by U. maydis. However, in co-culture with strains 

expressing exo-polygalacturonase, the endo-polygalacturonase activity became visible in the 

respiration profile. This approach enabled the comparison of endo-polygalacturonases from 

different origin. Fungal enzymes from Aspergillus tubingensis demonstrated the fastest GalA 

liberation making this system favorable for future applications. But also intrinsic and bacterial 

enzymes increased the overall PolyGalA consumption compared to axenic cultures. 

Afterwards, the ratio of endo- and exo-polygalacturonase was varied by different inoculation 

ratios of the production strains. A 5 × surplus of exo-polygalacturonase activity has been 

demonstrated to lead to a fast consumption of PolyGalA. Co-cultures inoculated with this ratio 

showed an OTR profile similar to growth on monomeric GalA. The GalA concentration in the 

culture supernatant increased during glucose consumption and at the beginning of PolyGalA 
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consumption. The GalA liberation rate was determined from the measured concentration of 

GalA in the culture supernatant and the consumed amount of GalA, calculated from the OT. 

This rate depends strongly on the pH. That is consistent with the pH-dependent activity of the 

exo-polygalacturonase releasing GalA monomers.  

In Chapter 4, the substrate complexity for growth of the established U. maydis co-culture was 

further increased. Three different pectins and sugar beet pulp were given as carbon source with 

or without addition of external enzymes. Those substrates entail numerous different sugars to 

the culture broth that could all serve as carbon sources. The capability of U. maydis to 

metabolize and preference among six different sugars (glucose, xylose, mannose, GalA, 

rhamnose, arabinose) was proven by supplementation of the culture medium with all sugars 

simultaneously. The respiration activity during consumption of each sugar led to the rough 

estimation of experimental correlation factors (CFs) between oxygen and substrate 

consumption. These factors were processed to mixed correlation factors (mCFs) for the 

estimation of residual substrate during cultivations on pectin or sugar beet pulp.  

The characteristics of high-esterified sugar beet pectin (SP-he), high-esterified apple pectin 

(AP-he) and low-esterified apple pectin (AP-le) influenced the overall pectin consumption of 

co-fermentations. With the highest degree of non-esterified GalA residues, AP-le reached the 

highest value of total pectin consumption. Taking into account that in theory only non-esterified 

GalA residues can be hydrolyzed, AP-he showed the highest consumption of available 

substrate. However, only 24% of the total substrate was hydrolyzed and consumed. Afterwards, 

the cultures were supplemented with external pectinases and cellulases. This quantifies the 

potential of future U. maydis strains or co-fermentations harboring multiple different enzymatic 

activities. Whereas cellulases had no significant effect on the metabolization of pectin, external 

pectinases significantly increased the totally consumed substrate to about 50%. Finally, the co-

fermentation was grown on sugar beet pulp, supplemented with external enzymes. A total 

substrate conversion of about 55% was reached for the addition of pectinase and cellulase 

cocktails. These findings are a solid foundation for establishing an efficient consolidated 

bioprocess for sugar beet pulp degradation and subsequent production of glycolipids or organic 

acids in future. U. maydis has the potential to compete with current workhorses in the field of 

consolidated bioprocessing.   
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Promoting U. maydis in this field of applications still comprises two challenges to be mastered: 

The metabolization rate of sugar beet pulp without addition of external enzymes and the 

formation of a value-added product. Higher metabolization rates for U. maydis co-

fermentations without addition of external enzymes require strains that can produce additional 

enzymes, such as pectin-methylesterase or acetylesterase. These enzymes are essential for the 

de-esterification of the pectin backbone homogalacturonan. Degradation of pectin is a key 

challenge towards the utilization of sugar beet pulp as an abundant and low-cost substrate for 

microbial fermentations of high-value products. Even though many secondary metabolites can 

be produced in U. maydis, e.g., organic acids or glycolipids, the GalA metabolism needs to be 

streamlined further towards those products. So far, none of the value-added products was 

produced from GalA as carbon source. This is a major prerequisite and remains a second key 

challenge for the establishment of a consolidated bioprocess based on the fermentation of 

pectin-rich biomass waste streams by U. maydis in future. 
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Appendix 

Appendices for Chapter 2 

 

Figure A1: Exemplary calibration curve for offline DNS assay on reducing groups.  Samples of 2.5 to 20 mM 

GalA were incubated with DNS reagent as described in Chapter 2.2.4.6. Absorption at 540 and 630 nm was 

measured in triplicates in a microtiter plate using a plate reader. Error bars represent standard deviation of technical 

triplicates. The calibration factor and coefficient of determination are specified in the plot. 

 

Figure A2: Comparison of U. maydis AB33P5ΔR cultivation in modified Verduyn medium with and without 

vitamin supplementation. The strain was grown on glucose (4 g/L) and GalA (20 g/L) as carbon sources. 

Biological duplicates of OTR, represented each as line and dashed line. Culture conditions: modified Verduyn 

medium, 0.1 M MOPS, pH 6.5, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 

50 mm, initial OD600 = 0.2, T = 30 °C. 
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Figure A3: RQ during the cultivation of U. maydis AB33P5ΔR on GalA (same cultivation as shown in Figure 

2-1).  The strain was grown on glucose (4 g/L) and GalA (20 g/L) as carbon sources. Vertical dashed lines indicate 

depletion times for glucose (11.5 h) and GalA (43 h). A Biological duplicates of OTR and CTR, represented each 

as line and dashed line. B Biological duplicates of the RQ, represented each as line and dashed line. Horizontal 

dotted line represents RQ = 1. Culture conditions: modified Verduyn medium, 0.2 M MOPS, pH 6.5, 250 mL 

flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.2, T = 30 °C. 
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Figure A4: Development of the pH value during the cultivation of U. maydis AB33P5ΔR/AtPgaX on GalA 

(same cultivation as shown in Figure 2-2).  The medium was supplemented with glucose (4 g/L) and varying 

amounts of GalA (GalA0) and buffer. 0, 4.5, 8.8, 12.8, 16.9, 21.7, 26.1 and 34.6 g/L GalA medium was 

supplemented with 0.1, 0.1, 0.1, 0.15, 0.2, 0.25, 0.3 and 0.4 M MOPS respectively. A OTR. B pH value determined 

from shake flasks cultured in parallel. Culture conditions: modified Verduyn medium, initial pH 6.5, 250 mL flask, 

filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.65, T = 30 °C. 
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Figure A5: Control cultivation of U. maydis AB33P5ΔR/AtPgaX on glucose and PolyGalA.  The strain was 

grown on 20 g/L glucose or 20 g/L PolyGalA as single carbon source. A OTR. B RQ. The dotted horizontal line 

represents RQ = 1. For clarity reasons, the RQ is only shown for OTR > 2 mmol/L/h. Culture conditions: modified 

Verduyn medium, 0.1 M MOPS and 0.1 M MES, initial pH 6.0, 250 mL flask, filling volume 15 mL, shaking 

frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.6, temperature 30 °C. 
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Appendices for Chapter 3 

 

Figure A6: Conservation of putative pectin lyase and pectin methylesterase of U. maydis.  A Amino acid 

alignment showing the homology between the well-characterized acidic pectin lyase PNL-ZJ5A (AnPNL; 

A 

B 
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accession number KM588308.1) from A. niger and UmPelB (UMAG_04708; accession number KIS66646.1). 

Identical amino acids are depicted with a black background. The U. maydis protein carries a large N-terminal 

elongation of about 350 amino acids which is not present in the characterized homolog. B Amino acid alignment 

showing the homology between the well-characterized acidic pectin methyl esterase PME-ZJ5A (AnPME; 

accession number MG397069.1) from A. niger and UmPme1 (UMAG_12233; accession number KIS68427.1). 

Identical amino acids are depicted with a black background. Asterisks depict active residues of AnPME which are 

largely conserved in UmPme1 [Kent, et al. 2016]. The predicted N-terminal signal peptides are indicated by the 

blue dashed boxes. 

 

 

Figure A7: Exemplary definition of (Poly)GalA consumption phase during co-fermentation of U. maydis on 

PolyGalA. Strains AB33P5ΔR/AtPgaX (expressing fungal exo-polygalacturonase) and AB33P5ΔR/UmPgu1 

(expressing intrinsic endo-polygalacturonase) were grown on glucose (4 g/L) and PolyGalA (20 g/L, purity 85%) 

as carbon sources. A OTR. Vertical, dashed lines represent the (Poly)GalA consumption phase. For clarity reasons, 

only every third data point of the mean of biological duplicates is shown.  RQ. For clarity reasons, every data 

point of the mean of biological duplicates is shown. Starting with decreasing OTR values, RQ values were linearly 

fitted (blue dots). End of the (Poly)GalA consumption phase was defined as the time point, where the linear fit of 

the RQ reaches a value of 1.0 (here after 36 h of cultivation time). Culture conditions: modified Verduyn mineral 

medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm, shaking 

diameter 50 mm, initial OD600 = 0.6 (inoculation ratio 1:1), T = 30 °C.  
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Figure A8: The morphology of strains overexpressing pectinases is not disturbed.  Micrographs show 

representative yeast-like growing cells of indicated AB33P5ΔR derivatives in the final stage of budding. Size bar, 

20 µm.  
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Figure A9: Biological duplicates of axenic culture and co-fermentations on PolyGalA.  The strains expressing 

AtPgaX (fungal exo-polygalacturonase), UmPgu1 (intrinsic endo-polygalacturonase), PcPeh1 (bacterial endo-

polygalacturonase) and AaPgu1(fungal endo-polygalacturonase) were grown on a mixture of glucose (4 g/L) and 

PolyGalA (20 g/L, purity 85%) as carbon sources. OTR over time of biological duplicates, represented each as 

line and dashed line. Culture conditions: modified Verduyn mineral medium, 0.2 M MOPS, initial pH 6.0, 250 mL 

flask, filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.6 (inoculation 

ratio 1:1 for co-fermentations), T = 30 °C. 

 

Table A1: Validation of complete glucose consumption.  The glucose concentrations were 

determined by DNS assays in culture supernatants used for polygalacturonase assays after 24 h 

incubation in modified Verduyn medium with 1 g/L initial glucose (Glc) supplementation (compare to 

2.7). A negative control lacking glucose supplementation (w/o Glc) was analysed in parallel.  

Sample Reducing groups [mM] Standard deviation [mM] 

Culture supernatant AB33P5∆R 0.592 0.039 

Culture supernatant AB33P5∆R/UmPgu1 0.561 0.029 

Culture supernatant AB33P5∆R/AtPgaX 0.585 0.047 

Verduyn w/o Glc 0.555 0.017 

Verduyn (with 10 g/L Glc) 68.172 0.012 
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Table A2: Intrinsic repertoire for pectin degradation. 

Gene ID1 Protein2  Predicted function / 

prediced major 

substrate (potential 

CaZy family) 

Characterized 

homolog  

(% identity) 

Signal 

peptide 

prediction 

(SignalP4.

1)3 

Remarks  

umag_02510; 

accession 

number 

KIS69158.1 

Pgu1 endo-

polygalacturonase/H

G (GH28/PL6) 

Fusarium moniliforme 

Pga [Federici, et al. 

2001]; accession 

number Q07181.1 

(overall identity 

46%/identity w/o N-

terminal signal 

peptide 45%) (Fig. 2) 

present  
 

umag_04708; 

accession 

number 

KIS66646.1 

Pel1 related to pectin 

lyase B precursor/HG 

(PL6) 

A. niger acidic pectin 

lyase PNL‐ZJ5A 

(overall identity 22%; 

40.2% identity in 387 

amino acid C-

terminal overlap) 

(Fig. S2) [Xu, et al. 

2015]; accession 

number KM588308.1 

present Pectin or 

pectate lyase 

possible; 

contains 

elongated N-

terminus (about 

340 aa) 

compared to 

Ascomycete 

homologs, 

potential 

misannotation 

umag_12233; 

accession 

number 

KIS68427.1 

Pme1 Putative 

pectinesterase/pectin 

methylesterase/HG 

(CE8) 

pectin 

methylesterase PME-

ZJ5A from A. niger 

(overall identity 24%; 

28% identity in 397 

amino acid overlap) 

(Fig. S2) [Kent, et al. 

2016, Z Zhang, et al. 

2018]; accession 

number MG397069.1 

present Active site 

residues largely 

conserved 

[Kent, et al. 

2016] 
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Gene ID1 Protein2  Predicted function / 

prediced major 

substrate (potential 

CaZy family) 

Characterized 

homolog  

(% identity) 

Signal 

peptide 

prediction 

(SignalP4.

1)3 

Remarks  

umag_01829; 

accession 

number 

KIS70669.1 

Afu1 α-L-

arabinofuranosidase/

RGI and II, XG 

(GH51) 

Pleurotus ostreatus 

PoAbf (overall 

identity 28%/identity 

w/o N-terminal signal 

peptide 27%) 

[Amore, et al. 2012]; 

accession number 

CCC33068.1 

present 

 

umag_00837; 

accession 

number 

KIS70909.1 

Afu2 α-L-

arabinofuranosidase/ 

RGI and II, XG 

(GH51) 

Pleurotus ostreatus 

PoAbf (overall 

identity 32%/identity 

w/o N-terminal signal 

peptide 32%) 

[Amore, et al. 2012]; 

accession number 

CCC33068.1 

present 

 

umag_04309; 

accession 

number 

KIS67202.1 

Afu3 

[formerly 

published 

as 

UmAbf62

A] 

α-L-

arabinofuranosidase/ 

RGI and II, XG  

(GH62_2) 

N/A4 present Activity 

confirmed and 

characterized 

by Siguier et al., 

2014 [Siguier, 

et al. 2014] 

umag_03416; 

accession 

number 

KIS68317.1 

Afu4 α-1,5-arabinanase/ 

RGI and II (GH43)  

Cellvibrio japonicus 

Arb43A (overall 

identity 17%/identity 

w/o N-terminal signal 

peptide 18%) 

[Nurizzo, et al. 2002]; 

accession number 

WP_012486466 

present 
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Gene ID1 Protein2  Predicted function / 

prediced major 

substrate (potential 

CaZy family) 

Characterized 

homolog  

(% identity) 

Signal 

peptide 

prediction 

(SignalP4.

1)3 

Remarks  

umag_01427; 

accession 

number 

KIS71533.1 

Afu5 α-1,5-arabinanase/ 

RGI and II (GH43)  

Cellvibrio japonicus 

Arb43A (overall 

identity 18%/identity 

w/o N-terminal signal 

peptide 17%) 

[Nurizzo, et al. 2002]; 

accession number  

WP_012486466 

present 

 

umag_02356; 

accession 

number 

KIS69834.1 
 

LacZ ß-galactosidase/RGI, 

XG (GH42) 

N/A present  

 

umag_02204; 

accession 

number 

KIS69673.1 

LacZ ß-galactosidase/RGI, 

XG (GH42) 

N/A present  
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Appendices for Chapter 4 

 

Figure A 10: Axenic cultivation of U. maydis AB33P5∆ on different pectic sugars.  A Cultivation in the 

µRAMOS device. A mixture of glucose (2 g/L) and 18 g/L of either xylose (yellow curves), GalA (red curves), 

rhamnose (turquoise curves) or arabinose (purple curves) was used as carbon source. A reference cultivation was 

grown on 20 g/L glucose (blue curves). OTR of biological triplicates, represented each as continuous, dotted and 

dashed line. Culture conditions: modified Verduyn medium, 0.1 M MES (replaced by MOPS buffer for GalA 

cultivations), pH 6.5, 48-well MTP (deep-well round), filling volume 0.8 mL, shaking frequency 1000 rpm, 

shaking diameter 3 mm, initial OD600 = 0.1, temperature 30 °C. B Cultivation in the RAMOS device. A mixture 

of glucose (20 g/L) and varying amounts of galactose (0 to 20 g/L) was used as carbon source. OTR of biological 

duplicates. Culture conditions: modified Verduyn medium, 0.1 M MES, pH 6.5, 250 mL flask, filling volume 20 

mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.1, temperature 30 °C 
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Figure A 11: Axenic cultivation of U. maydis AB33P5∆R/AaPgu1 and AB33P5∆R/AtPgaX on pectin SP-he.  

Strains AB33P5∆R/AaPgu1 (endo-polygalacturonase, green curves) and AB33P5∆R/AtPgaX (exo-

polygalacturonase, blue curves) were grown on a mixture of glucose (4 g/L) and SP-he (20 g/L) as carbon sources. 

A OTR of biological duplicates, represented each as line and dashed line. B Mean of biological duplicates of RQ 

(curves with symbols). For clarity reasons, the RQ is only shown for OTR > 2 mmol/L/h. Curves without symbols 

show the mean of biological duplicates of residual SP-he, calculated from the overall consumed oxygen as 

described in Chapter 3.2.9. End of SP-he consumption was defined by the RQ drop below 1. Culture conditions: 

modified Verduyn medium, 0.2 M MOPS, pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 

300 rpm, shaking diameter 50 mm, initial OD600 = 0.6, temperature 30 °C 
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Figure A 12: Axenic cultivation of U. maydis on pectin AP-he.  The strains AB33P5∆R (green curves), 

AB33P5∆R/AaPgu1 (endo-polygalacturonase, black curve) and AB33P5∆R/AtPgaX (exo-polygalacturonase, 

grey curve) were grown on a mixture of glucose (4 g/L) and AP-he (20 g/L) as carbon sources. AB33P5∆ was 

supplemented with c-Tr (yellow curves). A OTR of biological duplicates (green and yellow curves, represented 

each as line and dashed line) B Mean of biological duplicates of RQ (green and yellow curves). For clarity reasons, 

the RQ is only shown for OTR > 2 mmol/L/h. Black and grey curves without symbols show the residual AP-he, 

calculated from the overall consumed oxygen as described in Chapter 2. End of AP-he consumption was defined 

by the RQ drop below 1. Culture conditions: modified Verduyn medium, 0.2 M MOPS, pH 6.0, 250 mL flask, 

filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.6, temperature 30 °C 
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Figure A 13: Axenic and co-fermentation of U. maydis on differently pretreated sugar beet pulp.  The strains 

AB33P5∆R/AaPgu1 (endo-polygalacturonase) and AB33P5∆R/AtPgaX (exo-polygalacturonase) were grown on 

a mixture of glucose (4 g/L) and sugar beet pulp (20 g/L) as carbon sources without addition of external enzymes.  

Sugar beet pulp was filled in shake flask and autoclaved either dry or with 10 mL of water. OTR over time. Culture 

conditions: modified Verduyn medium, 0.2 M MOPS, pH 6.0, 250 mL flask, filling volume 20 mL, shaking 

frequency 300 rpm, shaking diameter 50 mm, initial OD600 = 0.6 (ratio 5:1 for AB33P5∆R/AtPgaX : 

AB33P5∆R/AaPgu1 co-fermentation), temperature 30 °C 
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