
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Exploring Saccharomyces cerevisiae in the light of novel small-scale cultivation
techniques

Lis, Alicia Viktoria

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Lis, A. V. (2019). Exploring Saccharomyces cerevisiae in the light of novel small-scale cultivation techniques.

https://orbit.dtu.dk/en/publications/52922ce0-273a-461e-88db-9c80fb81219d


 

 

 

 

 

Exploring Saccharomyces cerevisiae in the light of 

novel small-scale cultivation techniques 

 

 

Ph.D. Thesis 

 

 Technical University Denmark 

Novo Nordisk Foundation Center for Biosustainability 

 

 

 

Alicia Viktoria Lis 

Kongens Lyngby, January 2019



 

 

 

 

 

 

 

 

 

 

 

Exploring Saccharomyces cerevisiae in the light of novel small-scale cultivation techniques 

Ph.D. Thesis written by Alicia V. Lis  

 

Novo Nordisk Foundation Center for Biosustainability 

Technical University of Denmark 

Kemitorvet, Building 220 

2800 Kgs. Lyngby 

Denmark 

 

 

 

© Ph.D. Thesis 2019 Alicia V. Lis 

All rights reserved.  

 



   

II 
 

 

Preface 

This thesis was completed as partial fulfillment for the requirements to obtain a doctor of 

philospohy (Ph.D.) degree at the Technical University Denmark. The work presented in 

this thesis was carried about between September 2015 and January 2019 at the Novo 

Nordisk Foundation Center for Biosustainability at the Technical University of  Denmark, 

Kongens Lynby. During different stages and durations, this thesis was supervised by 

Jochen Förster, Irina Borodina, Michael Krogh Jensen, Jay D. Keasling, Konstantin 

Schneider and Jost Weber. The work was funded by the Novo Nordisk Foundation and 

was part of the BioREFINE-2G Project, which is co-funded by the European Commission 

in the 7th Framework Programme (Project no. FP7-613771). 

 

 

_________________________________ 

Alicia V. Lis 

Kongens Lyngby, January 2019 

 

 

 

 

 

 

 

 

 

 

 



   

III 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of Contents 

 

I 
 

Table of Contents 

Summary ....................................................................................................................... III 

Dansk Resumé ............................................................................................................... VI 

Zusammenfassung ........................................................................................................ IX 

Publications ................................................................................................................ XIII 

Abbreviations and Nomenclature .............................................................................. XV 

List of Figures ........................................................................................................... XVII 

Thesis Outline .................................................................................................................. 1 

1 Industrial biotechnology .......................................................................................... 3 

2 Microbial cell factories ............................................................................................. 6 

2.1 Saccharomyces cerevisiae as cell factory .......................................................... 6 

3 The metabolism of Saccharomyces cerevisiae ......................................................... 9 

3.1 The Crabtree-effect in S. cerevisiae ................................................................... 9 

3.2 S. cerevisiae physiologies under different cultivation conditions ..................... 9 

4 Carboxylic acid production in Saccharomyces cerevisiae ................................... 13 

4.1 3-Hydroxypropionic acid ................................................................................. 13 

4.1.1 Malonyl-CoA pathway ............................................................................. 14 

4.1.2 β-alanine pathway ..................................................................................... 16 

4.1.3 Challenges and novel approaches towards 3-HP synthesis ...................... 17 

5 Small-scale cultivation systems ............................................................................. 21 

5.1 Fed-batch cultivation ....................................................................................... 23 

5.2 Continuous cultivation ..................................................................................... 26 

5.3 Commercial small-scale cultivation systems ................................................... 27 

5.4 Challenges and considerations regarding small-scale cultivation systems ...... 29 

6 Paper I ..................................................................................................................... 33 

7 Paper II .................................................................................................................... 59 

8 Conclusion and Perspectives ................................................................................. 83 

References....................................................................................................................... 90 

Acknowledgements .................................................................................................... VIII 

Appendix........................................................................................................................ XI



 

 
II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 

 

 
III 

Summary 

The fast evolving field of industrial biotechnology focuses on the development of 

bioprocesses and products valuable for society and economy. An integral part of a given 

bioprocess are microorganisms that are turned into efficient microbial cell factories to 

synthesize a desired product at high titers, yields and rates. Advances in synthetic biology 

tools focus on the development of microbial strain design and its purposeful construction, 

presenting microbial cell factories with novel artificial biological pathways or improved 

features for efficient product formation. Such modifications frequently intervene in the 

natural flux of metabolites as well as in the energy and redox metabolism of the 

microorganism. This leads to significantly different cultivation parameters, in terms of 

substrate uptake, growth and (by-)product formation kinetics, than experienced for the 

respective wild-type strain. In consequence, the physiology of engineered strains may 

vary considerably from cell factory to cell factory.  

These evident differences in strain physiology paired with the increasing 

efficiency of synthetic biology tools to generate large strain libraries of producer variants 

create the need for quantitative high-throughput cultivation systems for i) screening 

approaches to select the most promising production strain and ii) cultivation techniques 

to investigate process variables and conditions beneficial for the synthesis of a desired 

product.   

The first study demonstrates the establishment of a fed-batch mimicking medium 

tailored for the robust cultivation of Saccharomyces cerevisiae in a small-scale system 

based on microtiter plates. This system was designed for simple high-throughput 

screening applications, allowing the acquisition of data sets that are comparable to values 

obtained in bench-scale stirred tank reactors. Here, the key parameters comprised a 

carbon-limited cultivation regime for controlling the growth rate and pH, as both are of 

importance in common cultivation strategies for the reproducible cultivation of 

microorganisms. A carbon-limited cultivation regime was achieved by applying a 

polysaccharide gradually releasing glucose monomers upon enzymatic cleavage, 

enabling fed-batch mode through substrate-limiting conditions. The pH was, unlike in 

bioreactors, not maintained through acid and base addition, but with a suitable buffer 

agent. Respective buffer agents were chosen for a near-neutral pH of 6.4 and a low pH of 

3.8. Iterative steps were taken towards the development of a small-scale cultivation 
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system operating in fed-batch mode for S. cerevisiae cultivation, including the choice of 

a suitable substrate, buffer and enzyme concentration, as well as appropriate inoculum 

size. Two engineered S. cerevisiae strains, synthesizing the industrially relevant product 

3-hydroxypropionic acid (3-HP), were used to validate this system by comparing obtained 

cultivation parameters with values determined in stirred tank bioreactors. Similar product 

yields on glucose were revealed, such as e.g. 0.052 ± 0.002 g·g-1 in microtiter plates for 

S. cerevisiae strain ST687 at pH 6.4 and 0.053 ± 0.001 g·g-1 for the respective bioreactor 

cultivation. In spite general insecurities about the predictability and reliability of results 

obtained from stirred tank reactors based on cultivations in microtiter plates, yields as 

sensitive parameter for strain selection were found to be comparable in both microtiter 

plates and bioreactors. The small-scale fed-batch mimicking system described in this 

study is a simple tool for various screening applications at near-neutral and low pH, 

enabling high-throughput due to its easy use in microtiter plates. Furthermore, in contrast 

to commercially available systems, all details for the strategy to enable microbial 

cultivation in fed-batch mode are disclosed in this study, which allows its adaptation for 

the use of other microbial cell factories that utilize glucose as carbon source. 

The second study demonstrates the use of a parallelized small-scale chemostat 

cultivation system for the quantitative physiological characterization of a S. cerevisiae 

strain engineered for 3-HP production. As chemostats are an ideal tool for systematic 

physiological investigation of microorganisms enabling steady state conditions due to the 

precise control of the growth rate, steady substrate and (by-)product concentrations can 

be measured as well as corresponding yields and rates determined. This otherwise very 

time consuming and laborious approach was addressed by the high degree of 

parallelization of the small-scale chemostat system, of up to 24 cultivation vessels, 

applied in this study. Thus, a parallelized small-scale chemostat system was used to 

investigate different growth rates and substrate limitations (carbon, phosphate, nitrogen) 

with respect to product formation. Applying carbon-limitation, the highest 3-HP yield on 

glucose was achieved at the lowest growth rate tested, as well as the highest yields of by-

products formed. Furthermore, the effect of phosphate- or nitrogen-limitation on product 

formation was investigated, since it was shown in previous studies that secondary 

substrate limitations are able to force the microorganism into a beneficial state, promoting 

the synthesis of the desired product. Phosphate-limitation emerged to be beneficial for 3-

HP synthesis achieving a product yield on glucose of 0.211± 0.018 g·g-1, which is approx. 
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19 % higher than the value obtain from carbon-limiting conditions. These findings were 

used to design a fed-batch process, which is commonly preferred in industrial setting due 

to the achievement of high product yields per volume with this cultivation strategy. 

Therefore, fed-batch cultivations were performed under conditions comparable to the 

chemostat cultivations. Product yields on glucose of 0.211± 0.018 g·g-1 determined in 

chemostats at a growth rate of 0.04 h-1 applying phosphate-limitation and 0.256 ± 

0.017 g·g-1 obtained in stirred tank bioreactors in fed-batch mode at a marginally higher 

growth rate of 0.05 h-1 show comparable values. Similar results were calculated for 

carbon-limitation, revealing a yield of 0.166 ± 0.017 g·g-1 in chemostats and 0.159 ± 

0.012 g·g-1 in stirred tank bioreactors operated in fed-batch mode. Cultivation parameters 

determined in fed-batch mode in bioreactors are comparable to the values obtained in 

chemostats, especially with respect to yields, and suggest that these findings are 

transferable from chemostat to fed-batch cultivations.  

This thesis demonstrates the applicability and suitability of small-scale 

cultivations systems for the investigation of S. cerevisiae strains, purposefully engineered 

with synthetic biology tools to synthesize a desired product. Such production strains 

display a broad diversity of physiologies, requiring the systematic and solid quantification 

to fully exploit their potential as microbial cell factories. A small-scale system operating 

in fed-batch mode suitable for microtiter plate applications allows high-throughput 

screening approaches with production strains as well as reproducible and scalable 

cultivation metrics. The small-scale chemostat cultivation system enables the quantitative 

physiological characterization of microbial cell factories, yielding cultivation data helpful 

for early stages of process development. If applied appropriately, distinct features of 

small-scale systems, such as parallelization and high-throughput, facilitate rapid strain 

characterization and thus emerge to be indispensable to unleash the capabilities of 

microbial cell factories. 
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Dansk Resumé  

Det hurtigt udviklende felt industriel bioteknologi fokuserer på udvikling af 

bioprocesser og produkter, der er værdifulde for samfundet og økonomien. En central del 

af en given bioproces er mikroorganismer, som omdannes til mikrobielle cellefabrikker 

der effektivt kan syntetisere et ønsket produkt ved høje titers, yields og rates. Fremskridt 

inden for udvikling af værktøjer til syntetisk biologi fokuserer på rationel og målbevidst 

design og konstruktion af mikrobielle stammer med nye kunstige biologiske synteseveje 

eller med forbedrede funktioner til effektiv produktdannelse. Sådanne modifikationer 

forstyrrer ofte den naturlige flux af metabolitter samt mikroorganismens energi- og redox-

metabolisme. Dette medfører signifikant forskellige kultiveringsparametre, hvad angår 

substratoptagelse samt vækst- og (bi-)produktdannelseskinetik i forhold til vild-type 

stammen. Som konsekvens heraf kan fysiologien af konstruerede stammer variere meget 

fra cellefabrik til cellefabrik. 

Som følge af disse fysiologiske forskelle samt en øget evne til gennem syntetisk 

biologi at fremstille store biblioteker af cellefabrik-varianter, er der opstået et behov for 

kvantitative high-throughput kultiveringssystemer som i) screeningsmetoder til at 

udvælge den mest lovende produktionsstamme, og ii) kultiveringsteknikker til at 

undersøge hvilke procesvariabler og betingelser, der er gunstige for produktionen af et 

ønsket produkt. 

Det første studie demonstrerer etableringen af et fed-batch efterlignende 

vækstmedium, til robust dyrkning af Saccharomyces cerevisiae i mikrotiterplader. 

Systemet blev designet til at gøre det muligt at sammenligne resultater fra simple high-

throughput screenings med resultater fra små omrørte bioreaktorer. Nøgleparametrene i 

systemet omfattede et kulstofbegrænset kultiveringssystem til styring af væksthastighed 

og pH, da begge er vigtige parametre i normale kultiveringsstrategier til reproducerbar 

dyrkning af mikroorganismer. Et kulstofbegrænset kultiveringsregime blev skabt ved at 

anvende et polysakkarid, der gradvist frigiver glukosemonomerer ved enzymatisk 

spaltning, hvilket muliggør substratbegrænset vækst. I modsætning til i bioreaktorer, blev 

pH ikke opretholdt med syre- og basetilsætning, men med en egnet buffer. Buffere blev 

valgt til at opretholde henholdsvis en nær-neutral pH på 6,4 og en lav pH på 3,8. Iterative 

tiltag blev taget i retning af udviklingen af et kultiveringssystem i lille skala til 

S. cerevisiae, der opererer i fed-batch mode, herunder valg af passende substrat-, buffer- 
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og enzymkoncentration samt passende inokulumstørrelse. To konstruerede S. cerevisiae 

stammer, der syntetiserer det industrielt relevante produkt 3-hydroxypropionsyre (3-HP), 

blev anvendt til at validere systemet ved at sammenligne opnåede kultiveringsparametre 

med værdier bestemt ud fra omrørte bioreaktorer. Sammenlignelige produktudbytter på 

glukose blev fundet, eksempelvis 0,052 ± 0,002 g·g-1 i mikrotiterplader for S. cerevisiae 

stamme ST687 ved pH 6,4 og 0,053 ± 0,001 g·g-1 for den tilsvarende kultivering i en 

bioreaktor. På trods af generelle usikkerheder omkring forudsigeligheden og 

pålideligheden af resultater opnået i omrørte reaktorer baseret på kultivering i 

mikrotiterplader, viste det sig at udbytterne, som er vigtige parametre for 

stammeudvælgelse, var sammenlignelige mellem mikrotiterplader og bioreaktorer. Det 

fed-batch efterlignende system, som er beskrevet i dette studie, er et simpelt værktøj til 

forskellige screeningsformål ved nær-neutral og lav pH, hvilket muliggør high-

throughput screening på grund af den lette anvendelse i mikrotiterplader. Ydermere er 

alle detaljer omkring strategien for kultivering af mikroorganismer i fed-batch mode 

beskrevet i dette studie i modsætning til kommercielt tilgængelige systemer, hvilket giver 

mulighed for tilpasning til brug for kultivering af andre mikrobielle cellefabrikker, der 

udnytter glukose som kulstofkilde.  

Det andet studie demonstrerer anvendelsen af en paralleliseret kemostat i lille 

skala til kvantitativ fysiologisk karakterisering af en S. cerevisiae stamme, der er 

konstrueret til at producere 3-HP. Fordi kemostater er et ideelt redskab til systematisk 

fysiologisk undersøgelse af mikroorganismer under steady-state vækstbetingelser 

grundet den præcise kontrol af væksthastighed, kan stabile substrat- og 

produktkoncentrationer måles samt tilsvarende udbytter og hastigheder bestemmes. 

Denne ellers meget tids- og arbejdskrævende metode blev i dette studie adresseret ved en 

høj grad af parallelisering med op til 24 kultiveringsbeholdere. Derfor blev et 

paralleliseret kemostatsystem i lille skala anvendt til at undersøge forskellige 

væksthastigheder og substratbegrænsninger (kulstof, fosfat og kvælstof) i forhold til 

produktdannelse. Ved kulstofbegrænset vækst på glukose, gav den laveste testede 

væksthastighed anledning til det højeste 3-HP udbytte samt de højeste udbytter af 

biprodukter. Endvidere blev effekten på produktdannelse af fosfat- eller 

kvælstofbegrænsning undersøgt, fordi det i tidligere studier er blevet påvist, at sekundære 

substratbegrænsninger er i stand til at tvinge mikroorganismen ind i et gavnligt stadie, 

som fremmer syntesen af det ønskede produkt. Fosfat-begrænsning viste sig at være 
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gavnlig i forhold til 3-HP syntese, da et produktudbytte på glukose på 0,211 ± 0,018 g·g-1 

blev opnået, hvilket er ca. 19 % mere end værdien opnået under kulstofbegrænsede 

betingelser. Disse resultater blev anvendt til at designe en fed-batch proces, hvilket ofte 

foretrækkes i industriel kontekst på grund af opnåelsen af høje produktudbytter pr. 

volumen. Fed-batch kultiveringerne blev udført under betingelser, der er 

sammenlignelige med kemostatkultiveringerne. Produktudbytter på glukose på 0,211 ± 

0,018 g·g-1 i kemostater ved en væksthastighed på 0,04 h-1 ved anvendelse af 

fosfatbegrænsning og 0,256 ± 0,017 g·g-1 opnået i omrørte bioreaktorer i fed-batch mode 

ved en marginalt højere vækstrate på 0,05 h-1 viser sammenlignelige værdier. Lignende 

resultater blev beregnet for kulstofbegrænsning, hvilket afslørede et udbytte på 0,166 ± 

0,017 g·g-1 i kemostater og 0,159 ± 0,012 g·g-1 i omrørte bioreaktorer opereret i fed-batch 

mode. Kultiveringsparametre, der er bestemt i fed-batch mode i bioreaktorer, er 

sammenlignelige med opnåede værdier i kemostater, især med hensyn til udbytter, hvilket 

antyder at sådanne fund kan overføres fra kemostat- til fed-batch-kultiveringer. 

Denne afhandling demonstrerer anvendelighed og egnethed af 

kultiveringssystemer i lille skala til at undersøge S. cerevisiae-stammer, der er konstrueret 

med syntetisk biologi-værktøjer til at producere et ønsket produkt. Sådanne 

produktionsstammer udviser et bredt spektrum af forskellige fysiologier, hvilket kræver 

systematisk og solid kvantificering for fuldt ud at udnytte deres potentiale som 

mikrobielle cellefabrikker. Et system der opererer i fed-batch mode og er egnet til brug i 

mikrotiterplader, muliggør high-throughput screening af produktionsstammer såvel som 

bestemmelse af reproducerbare og skalerbare kultiveringsvariable. Det paralleliserede 

kemostat-kultiveringssystem muliggør kvantitativ fysiologisk karakterisering af 

mikrobielle cellefabrikker, hvilket resulterer i kultiveringsdata, der er nyttige i tidlige 

stadier af procesudvikling. Hvis de anvendes på passende vis, muliggør parallelisering og 

high-throughput screening hurtig stammekarakterisering og kan derfor vise sig at være 

uundværlige for fuldt ud at kunne udnytte potentialet af mikrobielle cellefabrikker. 

 

 

 

[Kindly translated by Anne Sofie Lærke Hansen and Kristian Jensen.] 
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Zusammenfassung  

Der sich schnell entfaltende Bereich der industriellen Biotechnologie richtet 

seinen Schwerpunkt auf die Entwicklung von Bioprozessen und Produkten, die für die 

Gesellschaft und die Wirtschaft von Bedeutung sind. Ein wesentlicher Bestandteil eines 

bestimmten Bioprozesses sind Mikroorganismen, die in effiziente mikrobielle 

Zellfabriken umgewandelt werden, um ein gewünschtes Produkt mit hohen Titern, 

Ausbeuten und Raten zu synthetisieren. Die Fortschritte in den zur synthetischen Biologie 

dazugehörigen Techniken konzentrieren sich auf die Entwicklung von mikrobiellen 

Stämmen und deren zielgerichteter Konstruktion, wodurch mikrobielle Zellfabriken mit 

neuartigen, künstlichen biologischen Stoffwechselwegen oder mit verbesserten 

Eigenschaften für eine effiziente Produktbildung entstehen. Solche Modifikationen 

greifen häufig in den Metabolismus, aber auch in den Energie- und Redoxstoffwechsel 

eines Mikroorganismus ein. Hinsichtlich der Substrataufnahme, des Wachstums und der 

Bildungskinetiken von (Neben-)Produkten erfordert dies deutlich andere 

Kultivierungsparameter, als diese für den jeweiligen Wildtypstamm üblich sind. 

Infolgedessen kann die Physiologie der entwickelten Stämme von Zellfabrik zu Zellfabrik 

deutlich variieren. 

Diese offensichtlichen Unterschiede in der Physiologie verschiedener Stämme, 

ebenso wie die zunehmend effizienteren Techniken in der synthetischen Biologie zur 

Erzeugung von umfangreichen Stamm-Bibliotheken, erhöhen die Notwendigkeit von 

quantitativen Hochdurchsatzkultivierungssystemen für i) Screening-Ansätze zur 

Auswahl des vielversprechendsten Produktionsstamms und ii) Kultivierungsverfahren 

zur Bestimmung von Prozessvariablen und Bedingungen, die für die Synthese eines 

gewünschten Produkts vorteilhaft sind. 

Die erste Studie zeigt die Etablierung eines Fed-Batch-imitierenden Mediums, das 

für die robuste Kultivierung von Saccharomyces cerevisiae im Kleinmaßstab in einem 

auf Mikrotiterplatten basierenden System entwickelt wurde. Dieses System wurde für 

einfache Hochdurchsatz-Screening-Anwendungen entwickelt und ermöglicht die 

Erfassung von Datensätzen, die mit den Werten von Rührkesselreaktoren im 

Labormaßstab vergleichbar sind. Zu den Schlüsselparametern gehörte hier ein 

kohlenstofflimitiertes Kultivierungsregime zur Kontrolle der Wachstumsrate und des pH-

Wertes, da beide Parameter für die reproduzierbare Kultivierung von Mikroorganismen 
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von Bedeutung sind. Durch die Anwendung eines Polysaccharids, welches nach 

enzymatischer Spaltung sukzessive Glucosemonomere freisetzt, wurde ein 

kohlenstofflimitiertes Kultivierungssystem erzeugt, wodurch der Fed-Batch-Modus 

durch Substratlimitierung ermöglicht wird. Im Gegensatz zu Bioreaktoren wurde der pH-

Wert nicht durch Säure- und Basenzugabe aufrechterhalten, sondern durch die 

Verwendung eines geeigneten Puffers. Die jeweiligen Puffer wurden für einen fast 

neutralen pH-Wert von 6,4 und einen niedrigen pH-Wert von 3,8 ausgewählt. Für die 

Entwicklung eines Kultivierungssystem im Kleinmaßstab zur Kultivierung von S. 

cerevisiae im Fed-Batch-Modus wurden iterative Schritte durchgeführt, was die Wahl 

eines geeigneten Substrats, eines Puffers und einer Enzymkonzentration sowie einer 

geeigneten Inokulumgröße miteinschließt. Zwei konstruierte S. cerevisiae-Stämme, die 

das industriell relevante Produkt 3-Hydroxypropionsäure (3-HP) synthetisieren, wurden 

zur Validierung dieses Systems verwendet, indem die erhaltenen Kultivierungsparameter 

mit den in Rührkessel-Bioreaktoren bestimmten Werten verglichen wurden. Es konnten 

ähnliche Produktausbeuten auf Glucose beobachtet werden, wie bspw. 0,052 ± 

0,002 g·g-1 in Mikrotiterplatten für den S. cerevisiae-Stamm ST687 bei pH 6,4 und 0,053 

± 0,001 g·g-1 für die jeweilige Bioreaktorkultur. Trotz allgemeiner Unsicherheiten 

hinsichtlich der Vorhersagbarkeit und Zuverlässigkeit der Ergebnisse, welche aus 

Rührkesselreaktoren auf der Grundlage von Kultivierungen in Mikrotiterplatten erhalten 

wurden, konnte gezeigt werden, dass die Ausbeuten als empfindlicher Parameter zur 

Stammselektion sowohl in Mikrotiterplatten als auch in Bioreaktoren vergleichbar waren. 

Das in dieser Studie beschriebene Fed-Batch-imitierende-System in kleinem Maßstab 

repräsentiert ein einfaches Werkzeug für verschiedene Screening-Anwendungen bei 

nahezu neutralem und niedrigem pH-Wert, welches aufgrund seiner einfachen 

Verwendung in Mikrotiterplatten einen hohen Durchsatz ermöglicht. Im Gegensatz zu 

kommerziell erhältlichen Systemen werden in dieser Studie alle Details zur mikrobiellen 

Kultivierung im Fed-Batch-Modus offen gelegt, wodurch die Adaption des Systems zur 

Verwendung anderer mikrobiellen Zellfabriken, die Glucose als Kohlenstoffquelle 

verwenden, ermöglicht wird. 

Die zweite Studie zeigt die Verwendung eines parallelisierten Chemostat-

Kultivierungssystems im Kleinmaßstab zur quantitativen physiologischen 

Charakterisierung eines für die 3-HP-Produktion konstruierten S. cerevisiae-Stammes. 

Da Chemostate ein ideales Werkzeug zur systematischen Untersuchung der Physiologie 



Zusammenfassung 

 

 
XI 

von Mikroorganismen darstellen und aufgrund der genauen Kontrolle der Wachstumsrate 

stationäre Zustände ermöglichen, können gleichbleibende Substrat- und 

(Neben-)Produktkonzentrationen gemessen sowie die entsprechenden Ausbeuten und 

Raten bestimmt werden. Dieser ansonsten sehr zeitaufwändige und langwierige Ansatz 

wurde in dieser Studie durch den hohen Parallelisierungsgrad des Chemostat-Systems im 

Kleinmaßstab von bis zu 24 Kultivierungsgefäßen gelöst. Dazu wurde ein parallelisiertes 

Chemostat-System im Kleinmaßstab verwendet, um unterschiedliche Wachstumsraten 

und Substratlimitierungen (Kohlenstoff, Phosphat, Stickstoff) in Bezug auf die 

Produktbildung zu untersuchen. Die Kohlenstofflimitierung bei der niedrigsten getesteten 

Wachstumsrate erzielte die höchste 3-HP-Ausbeute für Glucose, sowie die höchsten 

Ausbeuten an Nebenprodukten. Des Weiteren wurde der Einfluss der Phosphat- oder 

Stickstofflimitierung auf die Produktbildung untersucht, da in früheren Studien gezeigt 

wurde, dass sekundäre Substratlimitierungen den Mikroorganismus in einen vorteilhaften 

Zustand bringen können, der die Synthese des gewünschten Produkts fördert. Die 

Phosphatlimitierung erwies sich als vorteilhaft für die 3-HP-Synthese und erzielte eine 

Produktausbeute auf Glucose von 0,211 ± 0,018 g·g-1, welche circa 19 % höher liegt als 

der Wert, der bei kohlenstofflimitierenden Bedingungen erreicht wird. Diese 

Erkenntnisse wurden verwendet, um ein Fed-Batch-Verfahren zu entwerfen, das im 

industriellen Umfeld aufgrund der Erzielung hoher volumetrischer Produktausbeuten 

häufig bevorzugt wird. Demzufolge wurden Fed-Batch-Kultivierungen unter 

Bedingungen durchgeführt, die mit den Chemostat-Kultivierungen vergleichbar sind. Es 

zeigten sich vergleichbare Produktausbeuten auf Glucose von 0,211 ± 0,018 g·g-1 in 

Chemostaten bei einer Wachstumsrate von 0,04 h-1 unter Phosphatlimitierung und 0,256 

± 0,017 g·g-1 in Rührkessel-Bioreaktoren im Fed-Batch-Modus mit geringfügig höher 

ermittelter Wachstumsrate von 0,05 h-1. Ähnliche Ergebnisse wurden für die 

Kohlenstofflimitierung ermittelt, die eine Ausbeute von 0,166 ± 0,017 g·g-1 in 

Chemostaten und von 0,159 ± 0,012 g·g-1 in Rührkessel-Bioreaktoren, die im Fed-Batch-

Modus betrieben wurden, zeigten. Kultivierungsparameter, die im Fed-Batch-Modus in 

Bioreaktoren bestimmt wurden, sind mit den in Chemostaten erzielten Werten, 

insbesondere in Bezug auf die Ausbeuten, vergleichbar und legen nahe, dass diese 

Befunde von Chemostat auf Fed-Batch-Kultivierungen übertragbar sind. 

Diese Arbeit demonstriert die Anwendbarkeit und Eignung von 

Kultivierungssystemen im Kleinmaßstab für die Untersuchung von S. cerevisiae-
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Stämmen, die gezielt mit Hilfe von, zur synthetischen Biologie gehörigen, Techniken zur 

Herstellung eines gewünschten Produkts entwickelt wurden. Solche Produktionsstämme 

weisen eine breite Vielfalt an Physiologien auf, die eine systematische und solide 

Quantifizierung erfordern, um ihr Potenzial als mikrobielle Zellfabriken voll 

auszuschöpfen. Ein System im Kleinmaßstab, das im Fed-Batch-Modus funktioniert und 

für Mikrotiterplattenanwendungen geeignet ist, ermöglicht Hochdurchsatz-Screening-

Ansätze mit Produktionsstämmen sowie die Bestimmung von reproduzierbaren und 

skalierbaren Kultivierungsmessgrößen. Das Chemostat-Kultivierungssystem im 

Kleinmaßstab ermöglicht die quantitative physiologische Charakterisierung mikrobieller 

Zellfabriken und erbringt Kultivierungsdaten, die für frühe Stadien der 

Prozessentwicklung hilfreich sind. Bei angemessener Anwendung erleichtern Systeme im 

Kleinmaßstab durch ihre ausgeprägten Eigenschaften, wie Parallelisierung und hoher 

Durchsatz, eine zügige Charakterisierung der Stämme und erweist sich somit als 

unverzichtbar für das Aufdecken der Fähigkeiten von mikrobieller Zellfabriken. 
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Abbreviations and Nomenclature  

1,3-BPG    1,3-Bisphosphoglycerate 

3-HP    3-Hydroxypropionic acid 

°C    Degree Celsius  

μmax    Maximum specific growth rate [h-1] 

A-stat     Acceleration-stat 

AAT    Aspartate aminotransferase 

ACC    Acetyl-CoA carboxylase  

ACS    Acetyl-CoA synthase  

ALD    Aldehyde dehydrogenase  

ATP    Adenosine triphosphate 

BAPAT    β-alanine-pyruvate aminotransferase 

C    Carbon 

CDW    Cell dry weight [g·L-1] 

CER    Carbon evolution rate 

CO2    Carbon dioxide 

CRISPR    Clustered regularly interspaced short palindromic repeats 

D    Dilution rate [h-1] 

Dcrit    Critical dilution rate [h-1] 

E. coli    Escherichia coli 

g    Gram 

G-3-P    Glyceraldehyde-3-phosphate 

GRAS    Generally regarded as safe 

h    Hour 

HPDH    3-hydroxypropanoate dehydrogenase  

HPLC    High performance liquid chromatography 

kLa    Oxygen mass transfer coefficient [h-1] 

L    Liter 
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M    Molar 
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MCR    Malonyl-CoA reductase  

MS    Mass spectrometry 

min    Minutes 

N    Nitrogen  

NAD+/NADH    Nicotinamide adenine dinucleotide 

NADP+/NADPH   Nicotinamide adenine dinucleotide phosphate 

nm    Nanometer 

O2    Oxygen 

OD    Optical density 

OUR    Oxygen uptake rate 

P    Phosphorus 

PAND    Aspartate decarboxylase 

PDC    Pyruvate decarboxylase  

pH    Negative decimal logarithm of the proton activity [-] 

pKa    Negative decimal logarithm of the acid dissociation constant 

PYC    Pyruvate carboxylase 

qp    Specific product formation rate [mmol·gCDW-1·h-1] 

qs     Specific substrate formation rate [mmol·gCDW-1·h-1] 

rpm    Rounds per minute 

RQ    Respiratory quotient [-] 

S. cerevisiae   Saccharomyces cerevisiae  

s     Seconds 

t    Time 

X    Biomass concentration [g·L-1] 

YP/S     Product yield [mol·mol-1] or [%C-mol] 

YP/X    Product yield [g·CDW-1] 
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Thesis Outline 

The studies presented in this Ph.D. thesis aim at elucidating the applicability of 

small-scale cultivation systems for process characterization and the physiological 

investigation of microbial cultures. Both studies were motivated by the increasing need 

of quantitative microbial phenotyping as producer strains and entire strain libraries are 

rapidly engineered due to advances in synthetic biology tools for the purposeful 

manipulation of microorganisms. Small-scale cultivation systems thus emerged as 

suitable tool for strain characterization, allowing high-throughput cultivations in a simple, 

controlled and cost-effective manner. Here, small-scale systems were explored for the 

yeast model organism Saccharomyces cerevisiae, engineered for the production of the 

industrially relevant monocarboxylic acid 3-hydroxypropionic acid (3-HP). 

 The first study demonstrated the development of a small-scale system operating 

in fed-batch mode, which was tailored for the cultivation of S. cerevisiae. A fed-batch 

mimicking medium was obtained by the gradual release of glucose from a polysaccharide 

upon enzymatic cleavage. The choice and investigation of medium components to assure 

a stable pH and a constant glucose release rate resulted in the establishment of a simple, 

nonproprietary small-scale system operating in fed-batch mode for the robust cultivation 

of S. cerevisiae. The system was validated with two engineered 3-HP producing S. 

cerevisiae strains cultivated in microtiter plates and subsequently compared to cultivation 

in stirred tank bioreactors fed-batch mode.  

The second study presented the use of an improved small-scale chemostat system 

for the investigation of different growth rates and substrate limitations (carbon, nitrogen, 

phosphate) on 3-HP formation in S. cerevisiae cultures. Beneficial cultivations conditions 

determined were used to design a fed-batch process in stirred tank bioreactors and 

subsequent cultivation parameters of both cultivation set-ups compared. 
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This thesis is divided into five introductory chapters describing the concept of industrial 

biotechnology, the role of microbial cell factories with special focus on S. cerevisiae, 

commercially relevant compounds with regard to acids, and small-scale cultivation 

systems.  

Chapter 1 gives an introduction to the field of industrial biotechnology and sets the 

framework for cell factories and microbial product synthesis.  

Chapter 2 introduces S. cerevisiae as desired cell factory and explains inherent yeast 

characteristics that are beneficial for the production of industrially relevant products.  

Chapter 3 summarizes the most important aspects of yeast metabolism and discusses 

different yeast physiologies exhibited by S. cerevisiae in relation to different cultivation 

modes. 

Chapter 4 describes S. cerevisiae as suitable cell factory for carboxylic acid production 

and elucidates biosynthetic pathways towards 3-HP. 

Chapter 5 discusses the importance of small-scale cultivation systems and presents their 

characteristics and features, focusing on fed-batch and continuous cultivation systems.  

Chapter 6 comprises the manuscript “Development and scalability of a small-scale fed-

batch mimicking cultivation system for Saccharomyces cerevisiae”. (Paper I) 

Chapter 7 encloses the manuscript “Exploring small-scale chemostats to scale up 

microbial processes: 3-Hydroxypropionic acid production in S. cerevisiae”. (Paper II) 

Chapter 8 summarizes the studies presented in this thesis and offers an outlook on recent 

trends, improvements and further ideas in this field.  
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1 Industrial biotechnology 

Industrial biotechnology is the implementation of modern biotechnology for the 

production of fuels, chemicals and materials from renewable sources, applying living 

cells and/or their enzymes (Tang & Zhao, 2009). Coining an interdisciplinary field 

consisting of biochemistry, microbiology, genetics and bioprocess engineering, industrial 

biotechnology focuses on developing processes and products important in e.g. the health 

care, food, and fine/bulk chemistry sector (Soetaert & Vandamme, 2006). One of the key 

elements for a viable bioprocess is the chosen biocatalyst, i.e. microbial, plant or animal 

cells, their enzymes or organelles (Soetaert & Vandamme, 2006). Microorganisms, which 

includes various species belonging to bacteria, yeast and fungi, have gained remarkable 

attention as biotechnological tool due to their versatility and their use in fermentation 

processes. Since decades, a multitude of successfully commercialized processes have 

been developed using these microorganisms for the production of industrially relevant 

compounds, such as for instance citric acid with Aspergillus niger (Max et al., 2010) or 

amino acids with Corynebacterim glutamicum (Wendisch, Jorge, et al., 2016). Careful 

consideration of the microorganism is key, as by-product formation, carbon source 

utilization, cellular transport processes, cell morphology, robustness towards various 

stressors, etc. are fundamentally connected with process performance and associated costs 

(Sauer et al., 2008). With the advances made in the field of synthetic biology and 

metabolic engineering (Nielsen, 2001; Nielsen & Keasling, 2011; Tyo et al., 2007), 

microorganisms were transformed into “cell factories” through genetic engineering 

approaches with the goal to change microbial metabolism for the efficient conversion of 

substrates into fuels and chemicals (Hong & Nielsen, 2012). A robust metabolic 

engineering toolbox and various computational methods were established for the rapid 

and versatile manipulation of microbial traits allowing to efficiently harness their 

potential for the synthesis of a desired compound beyond their natural capabilities 

(Abatemarco et al., 2013; Becker & Wittmann, 2015, 2018; Jouhten, 2012; Jouhten et al., 

2016; Maia et al., 2016; Tyo et al., 2007). In spite of the extensive exploitation of 

microorganisms for a vast amount of products, however, the number of products 

synthesized through metabolic engineering of microorganisms at academic-level is not 

reflected in feasible production processes having reached commercial viability 

(Gustavsson & Lee, 2016; Lee et al., 2012). Lee and Kim (2015) discussed general 

strategies leading to successful strain development for industrial settings through systems 
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metabolic engineering. Based on this, Gustavsson and Lee (2016) suggested to extend 

this approach by increasing tolerance towards products as well as inhibitors present in the 

substrate alongside with metabolic engineering for the implementation of biosynthetic 

pathways and carbon flux redirection with the goal to create robust, efficient and 

genetically stable strains. Further incentives include techno-economic aspects, which 

include for example the choice of feedstock, cultivation parameters (yields, productivity, 

titer), and economic viability of downstream processing (Gustavsson & Lee, 2016; Van 

Dien, 2013). Consequently, strain development for the production of chemicals and fuels 

should ideally encompass a holistic view (Figure 1), considering all aspects from 

feedstock selection, strain development, bioprocessing steps to downstream processing 

(Gustavsson & Lee, 2016; Kiss et al., 2015). 

 

 

Figure 1:Overview of the microbial cell factory design process from a holistic perspective. Starting with the 

choice of substrate, the metabolic engineering process for strain development yields a suitable cell 

factory, which is able to meet process requirements, so that bioprocesses and subsequent scale-up 

processes can be established. The microbially produced compound is then separated through efficient 

downstream processing techniques. 

 

Bridging the gap from proof-of-concept metabolic engineering projects for the production 

of a desired compound towards the commercialization of a biotechnological production 

process requires, amongst skilled strain engineering efforts, a heavy invest in process 

development, characterization and optimization applying relevant conditions for optimal 

metabolic states of the culture for production. Advances in each process step paired with 
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considerate choices and well-evaluated strategies can lead together to the successful 

establishment of microbial bioprocesses for chemicals and fuels from renewable sources. 

Industrial biotechnology is associated with reduced energy consumption, greenhouse gas 

emissions, and waste generation, and demonstrates substantial performance benefits for 

certain processes on renewable substrates, such as increased reaction rate, improved 

conversion efficiency and enhanced product purity compared to conventional chemical 

approaches (Soetaert & Vandamme, 2006; Tang & Zhao, 2009). Combined with political 

and societal awareness demanding sustainable and environmental-friendly products as 

well as the discontinuation of depleting fossil resources, industrial biotechnology enables 

the shift from fossil fuel-based processes towards bio-based production processes of 

value-added chemicals and fuels (Dupont-Inglis & Borg, 2018; Hatti-Kaul et al., 2007; 

Lokko et al., 2018; Patermann & Aguilar, 2018; Vanholme et al., 2013; Wohlgemuth, 

2009). 
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2 Microbial cell factories 

The ability to convert low value substrates into fuels and high-value chemicals 

puts microbial cell factories in the spotlight. Various microbial cell factories have been 

considered based on their suitability for the bioprocess, their inherent characteristics and 

their amenability to be efficiently modified by means of different synthetic biology and 

metabolic engineering strategies (Davy et al., 2017; Fisher et al., 2014; Lin & Tao, 2017). 

The most commonly prokaryotic and eukaryotic organisms used as microbial cell factory 

are the bacterium Escherichia coli and the yeast Saccharomyces cerevisiae, as they are 

both well studied with various molecular biology tools at hand (Krivoruchko & Nielsen, 

2015). S. cerevisiae is often chosen as a robust cell factory for the production of fuels, 

bulk and high-value chemicals (Turner et al., 2018). 

 

2.1 Saccharomyces cerevisiae as cell factory  

The ancient tradition to use yeast in baking, brewing and wine pressing made S. 

cerevisiae one of the best studied microorganisms applicable nowadays to a wide range 

of biotechnological production processes that are far beyond foods and beverages. S. 

cerevisiae has proven to be a robust cell factory for the production of materials (Zhang et 

al., 2006), biofuels (Buijs et al., 2013) and various chemicals (Nielsen et al., 2013). The 

portfolio of chemicals synthesized by engineered S. cerevisiae ranges from commodity 

chemicals, such as succinic acid (Otero et al., 2013) and 3-hydroxypropionic acid (Chen 

et al., 2014), to fine chemicals, such as ascorbic acid (Sauer et al., 2004) and naringenin 

(Koopman et al., 2012). Further products relevant for the health sector were also 

successfully synthesized in S. cerevisiae, such as for example vaccines (Capilla et al., 

2009), tumor antigens (Wansley et al., 2009) or drug compounds for the treatment of 

diseases, like artemisinic acid for malaria treatment (Ro et al., 2006). This diversity in the 

application spectrum requires specific properties of the cell factory of choice. Fletcher et 

al. (2016) summarized key characteristics for an ideal microbial cell factory with regard 

to industrial production processes: 

1) Simple to engineer 

2) Able to express various heterologous enzymes, preferably complex metabolic 

pathways 
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3) Robust/Resistant towards stresses present in industrial settings 

4) High production metrics in terms of titer, yield, and productivity 

 

S. cerevisiae as cell factory can meet above-mentioned requirements, underlining its 

outstanding position as suitable cell factory in many industrial settings and preferred 

model organism in academia. The exploration of S. cerevisiae hit a milestone when its 

genome was fully sequenced as first eukaryotic organism with its fully annotated 

sequence information being publicly available (Goffeau et al., 1996; Goffeau, 2000). 

Several tools and techniques were developed using the genetic data to further understand 

metabolism, its interconnected pathways and phenotypic outcomes. Recent advances 

comprise for example the development of a native pheromone quorum sensing system for 

dynamic pathway control (Williams et al., 2015), a promoter-based biosensor through 

transcriptome analysis (Shi et al., 2017), and an artificial transport metabolon for 

improved substrate utilization (Thomik et al., 2017). The implementation of the 

CRISPR/Cas9 technique in S. cerevisiae marked another milestone, enabling 

simultaneous genetic modifications in a single-step with the absence of antibiotics and/or 

markers (Dicarlo et al., 2013; Jakočiunas et al., 2015; Mans et al., 2015; Stovicek et al., 

2015). This rapidly evolving technique for fast and efficient genome engineering yielded 

further developments towards for example mating-type switching (Xie et al., 2017), 

facilitated multiple-chromosome fusion (Shao et al., 2018), and high-throughput 

workflows for combinatorial and multiplexed replacement of genetic elements with 

subsequent high-throughput phenotype characterization (Kuivanen et al., 2018) in S. 

cerevisiae. Besides an extensive toolbox for metabolic engineering, S. cerevisiae has been 

thoroughly studied under various cultivation conditions. Several physiological traits 

emerged beneficial in fermentations set-ups, such as compatibility to a wide pH range, 

osmo-tolerance and robustness towards inhibitory compounds (Nevoigt, 2008). The 

ability of S. cerevisiae to grow at low pH comes with the asset to prevent bacterial 

contamination (Kádár et al., 2007). S. cerevisiae is naturally not well suited for elevated 

temperatures above 34 °C since it has severe effects on yeast metabolism and growth 

(Caspeta & Nielsen, 2015). As microbial fermentation processes are exergonic and 

produce heat, sufficient cooling of bioreactors is of great importance, since temperature 

fluctuations and gradients can impair microbial performance (Abdel-Banat et al., 2010). 

Adaptive laboratory evolution (Dragosits & Mattanovich, 2013) aimed at further 

engineering those above-mentioned qualities by improving tolerance towards for example 
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ethanol (Stanley et al., 2010), acetic acid (González-Ramos et al., 2016), terpenes 

(Brennan et al., 2015), inhibitors present in raw materials (Almario et al., 2013; Tomás-

Pejó et al., 2010) and elevated temperatures (Caspeta et al., 2014; Wallace-Salinas & 

Gorwa-Grauslund, 2013). Detailed engineering strategies for increased tolerance towards 

different industrial stressors were reviewed by Deparis et al. (2017). Good fermentation 

performance of S. cerevisiae can be further extended to the ability to utilize different 

carbon sources under aerobic as well as anaerobic conditions (Wendisch et al., 2016; 

Yaguchi et al., 2018), which is beneficial during oxygen-limited conditions transiently 

present in scale-up processes. Another advantage of using S. cerevisiae is its non-

susceptibility to phage contamination, which is a major threat for bacterial bioprocesses 

(Los, 2012).  

 The combination of various engineering tools and inherent physiological traits 

made S. cerevisiae a proven cell factory for diverse products, which led, paired with 

scientific advances, to further expansion of new technologies and more efficient processes 

in recent years.
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3 The metabolism of Saccharomyces cerevisiae  

Metabolism describes complex life-sustaining biochemical reactions that can be 

divided into anabolic and catabolic pathways. Assimilatory anabolic pathways comprise 

reductive, energy-consuming processes that result in the biosynthesis of new cell 

material. Dissimilatory catabolic pathways include oxidative processes, which withdraw 

electrons from intermediates for energy generation. S. cerevisiae is categorized as 

facultative anaerobic yeast and is able to metabolize carbohydrates during both 

respiration and fermentation (Pronk et al., 1996). 

 

3.1 The Crabtree-effect in S. cerevisiae 

A regulatory mechanism, affecting the balance between fermentation and 

respiration, is the Crabtree effect (Crabtree, 1929; De Deken, 1966). The effect is present 

in Crabtree-positive yeasts, such as S. cerevisiae, and is defined as the occurrence of 

alcoholic fermentation under aerobic conditions (De Deken, 1966). This regulatory 

phenomenon can be further differentiated in the “long-term” and “short-term” Crabtree 

effect. The long-term effect describes alcoholic fermentation at high growth rates and is 

due to an insufficient respiratory capacity leading to ethanol formation under glucose-

limiting conditions as well as under substrate excess (Petrik et al., 1983; Postma et al., 

1989; Rieger et al., 1983). The short-term effect is characterized as alcoholic fermentation 

after transitioning from glucose-limited cultures to glucose excess, which is the result of 

a saturated respiratory metabolism provoking pyruvate overflow (Rieger et al., 1983; Van 

Urk et al., 1990). 

 

3.2 S. cerevisiae physiologies under different cultivation conditions 

As S. cerevisiae can metabolize carbohydrates during both respiration and 

fermentation, its metabolism and thus physiology depends on the availability of the 

carbon source, i.e. glucose or ethanol, and the presence or absence of oxygen. Distinct 

yeast physiologies can be attributed to (i) respiratory, (ii) respiro-fermentative, and 

(iii) aerobic fermentative/fermentative growth.  
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(i) Respiratory growth implies the complete oxidation of carbohydrates to CO2 

in the absence of fermentative by-products. It occurs at low dilution rates 

(below Dcrit) in continuous cultures and in batch cultivations on beforehand 

produced by-products like ethanol and acetate.  

(ii) Respiro-fermentative growth describes a partial oxidation of carbohydrates to 

CO2 with the concomitant production of fermentative by-products. It occurs at 

dilution rates above Dcrit in continuous cultures (under substrate-limiting 

conditions).  

(iii) Aerobic fermentative/fermentative growth is characterized by converting the 

majority of carbohydrates fermentatively into ethanol. It occurs in aerobic 

batch cultures under glucose excess at maximum specific growth rate (μmax). 

 

The most common cultivation conditions for microbial studies and production set-ups are 

batch, continuous and fed-batch cultivations. For the purpose of this study, these 

cultivation conditions will be discussed for S. cerevisiae wild-type in a simplified manner 

with glucose as carbon source.  

Batch cultivations are conducted in a closed system, where nutrients are available in 

excess in the beginning of the cultivation. Over time, these nutrients are metabolized, 

creating progressively changing conditions. The following growth phases for yeast are 

clearly distinguishable: Lag phase, exponential growth phase, diauxic shift, post-diauxic 

growth phase, stationary phase and death phase (Figure 2). After the initial lag phase, S. 

cerevisiae enters the exponential growth phase and ferments glucose under aerobic 

conditions at its maximum specific growth rate (μmax), where most of the glucose is 

metabolized to ethanol and CO2 (van Dijken & Scheffers, 1986). In S. cerevisiae, high 

glycolytic fluxes are strongly linked to alcoholic fermentation (Postma et al., 1989; 

Verduyn et al., 1984), where ethanol, acetate and glycerol are produced. Once glucose is 

depleted, a diauxic shift towards respiratory growth occurs metabolizing the previously 

built fermentative by-products, marking the post-diauxic growth phase. Biomass 

increases until all fermentative by-products are utilized. Once the fermentative by-

products are depleted, S. cerevisiae enters the stationary phase where no more biomass is 

formed. When all intracellular resources are depleted, cell death occurs marking the death 

phase characterized by a decline in biomass.  
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Continuous cultivations at a fixed dilution rate (D) are so-called chemostats, which are 

the preferred tool for physiological studies. The continuous inflow of fresh media and 

outflow of used culture broth at a fixed D results in a constant cultivation volume, 

allowing the establishment of a steady state. This enables reproducible cultivations under 

tightly defined conditions. If D is lower than the μmax of the microorganism (D < μmax), 

the specific growth rate is equal to the dilution rate set (μ = D). S. cerevisiae exhibits a 

completely respiratory metabolism at a low D as well as the absence of fermentative by-

products, such as ethanol and acetate (Figure 2). The complete oxidation of glucose to 

CO2 leads to a steady increase of both the carbon dioxide evolution rate (CER) and the 

oxygen uptake rate (OUR) with increasing D. The respiratory quotient (RQ), which is 

defined as the quotient of CER and OUR, stays constant in this dilution range and displays 

a value close to unity. With further increase in D, a crucial point is surpassed marking the 

critical dilution rate Dcrit [h-1], where S. cerevisiae enters overflow metabolism and starts 

to produce fermentative products, such as ethanol, acetate and minor quantities of organic 

acids (Hoek et al., 1998; Postma et al., 1989; van Dijken & Scheffers, 1986). This 

metabolic response is known as the Crabtree effect (Chapter 3.1). Above Dcrit the OUR 

stays constant and the CER increases with increasing dilution rates, yielding a higher RQ 

due to the increasingly prevailing fermentative metabolism. The biomass concentration 

decreases with increasing dilution rates until D is equal to μmax and washout of the cells 

occurs. 

 

 

Figure 2: Yeast physiology under different cultivation conditions. (A) Diauxic growth profile of S. cerevisiae in 

batch culture on glucose. (B) Growth profile of S. cerevisiae in continuous culture. 
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Fed-batch cultivations are commonly applied in industrial settings. The concept is based 

on batch-cultivations, where substrate is intermittently or constantly fed to achieve higher 

biomass yields. Overfeeding, defined as feeding with high substrate concentrations at a 

high rate, results in a physiology displayed in batch cultivations or continuous cultivations 

above μcrit, where excess glucose is fermented and growth subsequently continued on the 

previously built fermentative by-products. Applying a feeding regime below Dcrit, permits 

a reduced glycolytic flux leading to respiratory growth, as described for continuous 

cultivations. This strategy allows the circumvention of undesired by-product 

accumulation and favors increased cell densities, which makes fed-batch cultivations a 

valuable technique in industry to avoid the circumventing of carbon flux towards by-

product formation and to achieve higher product yields, respectively.  

Microorganisms are generally grown on media that consist of adjusted concentrations of 

different nutrients, where one nutrient that is usually the carbon source determines growth 

and thus the maximum amount of biomass that can be formed in a culture. The carbon 

source, often glucose, serves the microorganism as main energy source and can be used 

to control its growth rate in order to reproducibly define a process or to force microbial 

cultures into a productive physiological state. As a consequence, efforts towards 

optimizing product formation involve considerate choices of the substrates as well as its 

concentration and ratio. Besides the limitation of carbon source as nutrient, secondary 

substrates like phosphate, nitrogen, sulfate or trace metals can similarly have a 

considerably impact on microbial growth (Harder & Dijkhuizen, 1983). Secondary 

substrate limitations can thus equally serve as tool to enforce beneficial physiological 

states and  have been proven to be favorable for the production of various native and non-

native metabolites in different organisms (Derrick & Large, 1993; Ding et al., 2011; 

Kristiansen & Sinclair, 1979; Ryu et al., 1997; Shu & Johnson, 1948; S. Wu et al., 2010).
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4 Carboxylic acid production in Saccharomyces cerevisiae   

Organic acid production at industrial scale is preferably carried out at low pH to 

reduce costs for neutralization and ensuring acidification of the culture broth to obtain the 

free acid (Sauer et al., 2008). Low pH levels are furthermore advantageous as they 

diminish the risk of bacterial contamination (Kádár et al., 2007). Because of their ability 

to tolerate low pH levels, fungal species are therefore the ideal microbial cell factory for 

such cultivation conditions and are already widely used for e.g. citric acid production with 

Aspergillus niger (Max et al., 2010) and various other organic acids (Becker et al., 2015). 

In comparison to native organic acid-producing filamentous fungi, S. cerevisiae has the 

advantage of the “generally regarded as safe” (GRAS) status by the European Food Safety 

Authority (EFSA), leading to faster approvals and public acceptance, a simple 

morphology suitable for fermentations, and robust metabolic engineering methods for 

efficient and rapid strain engineering (Abbott et al., 2009). S. cerevisiae is widely 

explored as microbial cell factory for the production of biotechnologically interesting 

carboxylic acids, such as malic acid (Zelle et al., 2008) and succinic acid (Raab et al., 

2010). These acids belong, among others, to the list of 12 selected key building block 

chemicals identified by the United States Department of Energy (DOE) that are relevant 

to be derived from sugars through biological or chemical conversions and are further 

transformable into numerous high-value bio-based compounds (Werpy & Petersen, 

2004). 3-Hydroxypropionic acid (C3H6O3) was identified as one of them. 

 

4.1 3-Hydroxypropionic acid 

3-Hydroxypropionic acid (3-HP) is a weak monocarboxylic acid that is 

characterized by two functional groups, a carboxyl- and a β-hydroxyl group (Figure 3). 

These highly reactive groups enable 3-HP to function as a platform chemical, that can be 

transformed into a variety of value added chemicals such as 1,3-propanediol, acrylic acid, 

propiolactone, malonic acid and diverse polymers (Corma Canos et al., 2007; Della Pina 

et al., 2011; Matsakasa et al., 2014). Self-condensed 3-HP monomers form poly(3-HP), 

which can be used as bioplastic and offer a biodegradable and biocompatible alternative 

to conventional plastics (Thompson et al., 2014). Its wide application spectrum and 

prospects to be produced in a sustainable way has led to the exploration of various 
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microbial pathways for 3-HP synthesis and its respective process engineering strategies 

(de Fouchécour et al., 2018; Ji et al., 2018; Vinod Kumar et al., 2013; Valdehuesa et al., 

2013).  

 

 

Figure 3: Chemical structure of the monocarboxylic acid 3-HP (C3H6O3). It contains a carboxyl- and a β-

hydroxyl group. 

 

Main metabolic pathways towards 3-HP include (i) the malonyl-CoA pathway, (ii) the β-

alanine pathway, (iii) glycerol oxidation (through a CoA-dependent or CoA-independent 

pathways), as well as (iv) other heterotrophic and autotrophic routes (de Fouchécour et 

al., 2018). Of particular relevance for 3-HP synthesis in yeast are the biosynthetic routes 

via the malonyl-CoA pathway and the β-alanine pathway (Borodina et al., 2015; Chen et 

al., 2014). 

 

4.1.1 Malonyl-CoA pathway 

The malonyl-CoA pathway for 3-HP synthesis can be realized from the native 

intracellular intermediate malonyl-CoA (Figure 4), which is derived from carboxylation 

of acetyl-CoA. The evaluation of different malonyl-CoA reductases revealed the enzyme 

from Chloroflexus aurantiacus (CaMCR), directly converting malonyl-CoA to 3-HP, as 

the most active (Chen et al., 2014). Cellular malonyl-CoA pools were improved by 

overexpressing endogenous ACC1, encoding the enzyme acetyl-CoA carboxylase. 

Strategies to pull carbon into the cytosolic acetyl-CoA pool involved the overexpression 

of ADH2, encoding alcohol dehydrogenase, ALD6, encoding NADP-dependent aldehyde 

dehydrogenase and SeACS, encoding an acetylation-insensitive acetyl-CoA synthetase 

from Salmonella enterica. In order to keep high acetyl-CoA concentrations, cytosolic 

malate synthase MLS1 was deleted to inhibit the consumption of acetyl-CoA via the 
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glyoxylate pathway. As the generation of 3-HP requires NADPH, GAPN from 

Streptococcus mutans encoding NADP+-dependent glyceraldehyde-3-phosphate 

dehydrogenase, was expressed to facilitate cofactor regeneration. With the final strain 

overexpressing CaMCR, ACC1, ALD6, SeACS, ADH2 and  SmGNP, as well as deletion 

of MLS1, a 3-HP titer of 463 mg·L−1 was reached (Chen et al., 2014). Shi et al. (2014) 

improved the activity of ACC1 through site-directed mutagenesis abolishing post-

transcriptional regulation. Overexpression of this ACC1** mutant (ACC1S659A,S1157A) 

showed an increase in 3-HP titer (Shi et al., 2014). Kildegaard et al. (2016) combined 

above mentioned strain engineering strategies and overexpressed ALD6 and SeACS as 

well as multiple copies of CaMCR and ACC1**. Furthermore, pyruvate decarboxylase 

PDC1, catalyzing the conversion from pyruvate to acetaldehyde, was overexpressed to 

increase intracellular acetyl-coA concentrations. Cofactor engineering involved the 

replacement of the native NADP-dependent glyceraldehyde-3-phosphate dehydrogenase 

gene TDH3 by the coding sequence of the NADP-GAPDH gene from Clostridium 

acetobutylicum (CaGAPDH). The engineered strain produced 3-HP at a titer of 9.8 ± 

0.4 g·L−1 with a product yield on glucose of 0.13 C‑mol·C‑mol−1 in carbon‑limited 

fed‑batch cultivation at pH 5 (Kildegaard et al., 2016).  
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Figure 4: Biosynthetic pathways towards 3-HP in S. cerevisiae (Borodina et al., 2015; Kildegaard et al., 2016). 

The blue pathway shows the enzymes and intermediates belonging to the Malonyl-CoA route and the 

red pathway for the β-Alanine pathway, respectively. Abbreviations: G-3-P – Glyceraldehyde-3-

phosphate, 1,3-BPG – 1,3-Bisphosphoglycerate, PDC – Pyruvate decarboxylase, ALD – Aldehyde 

dehydrogenase; ACS – Acetyl-CoA synthase, ACC – Acetyl-CoA carboxylase, MCR – Malonyl-CoA 

reductase, PYC – Pyruvate carboxylase, AAT – Aspartate aminotransferase, PAND – Aspartate 

decarboxylase, BAPAT -  β-alanine-pyruvate aminotransferase, HPDH – 3-Hydroxypropionate 

dehydrogenase. 

 

4.1.2 β-alanine pathway 

Another route for 3-HP production in yeast is proposed via β-alanine (Figure 4), 

which is regarded as economically attractive pathway based on whole genome-scale 

metabolic modeling stating, in comparison to the malonyl-CoA pathway, higher 
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maximum theoretical 3-HP yields (Borodina et al., 2015). The pathway for the de novo 

biosynthesis of β-alanine and its subsequent conversion into 3-HP was achieved by using 

a novel β-alanine-pyruvate aminotransferase discovered in Bacillus cereus (BcBAPAT) 

in combination with a 3-hydroxypropanoate dehydrogenase from E. coli (EcHPDH) 

(Borodina et al., 2015). In order to enable β-alanine synthesis from aspartate, the enzyme 

aspartate-1-decarboxylase from Tribolium castaneum (TcPAND) was chosen for efficient 

conversion. Native pyruvate carboxylases PYC1 and PYC2 as well as cytoplasmic 

aspartate aminotransferase AAT2 were overexpressed to increase the flux towards 

aspartate. Investigating manifold integrations of the key biosynthetic genes revealed the 

biggest effect on 3-HP titer with multiple copies of TcPAND. With the best producing 

strain, overexpressing genes AAT2, PYC1, PYC2, BcBAPAT, EcHPDH and multiple 

copies of TcPAND, 13.7 ± 0.3 g·L−1 3-HP were obtained, corresponding to a product 

yield on glucose of 0.14 ± 0.0 C-mol·C-mol-1, in carbon-limited fed-batch cultivations at 

pH 5 (Borodina et al., 2015). Maintaining a low pH value of 3.5 throughout the cultivation 

with a simplified constant feed led to a 3-HP titer of 9.2 g·L−1, which is approximately 25 

% lower than the 3-HP titer determined at pH 5 (Borodina et al., 2015). 

 

4.1.3 Challenges and novel approaches towards 3-HP synthesis 

Abbott et al. (2009) addressed challenges in metabolic engineering of S. 

cerevisiae for the production of carboxylic acids, highlighting among others the 

importance of (i) efficiently linking the glycolytic pathway to the product of choice, (ii) 

transport phenomena for efficient product export as well as (iii) product, substrate and/or 

environment tolerance for reduced toxic effects impairing product formation. These 

challenges are well reflected in the approaches undertaken for pushing 3-HP production 

towards commercialization. Hence, extensive research has been conducted to gain a 

deeper understanding of the metabolism underlying 3-HP synthesis in S. cerevisiae to 

optimize product titers using both above-mentioned pathways.  

Regarding the malonyl-CoA pathway (Chapter 4.1.1), David et al. (2016) 

developed a malonyl-CoA biosensor based on the FapR transcription factor of Bacillus 

subtilis. Its application was further demonstrated in yeast by showing dynamic regulation 

of the malonyl-CoA reductase expression, which resulted in an increase in 3-HP 

production. Li et al. (2015) designed a malonyl-CoA biosensor based on the bacterial 
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transcription factor FapR and identified in combination with a genome-scale cDNA 

overexpression library two novel gene targets. Overexpression of these genes PMP1, 

encoding a plasma membrane proteolipid that regulates the plasma membrane H+-

ATPase, and TPI1, encoding the enzyme triose-phosphate isomerase that catalyzes the 

reversible interconversion of glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone 

phosphate (DHAP) during glycolysis, resulted in an elevated 3-HP production (Li et al., 

2015). Chen et al. (2018) developed a synthetic malonyl-CoA biosensor and applied it as 

screening tool to identify phosphorylation site mutations of acetyl-CoA carboxylase 

(ACC1). The combination of three site mutations in Acc1p, S686A, S659A, and S1157A, 

allowed an increase in malonyl-CoA availability, revealing higher 3-HP titers in 

comparison to the previously reported ACC1S659AS1157A mutation by Shi et al. 

(2014). Chen et al. (2017) downregulated lipid synthesis for improved malonyl-CoA 

availability. The manipulation of the phospholipid synthesis transcriptional regulators, 

including Ino2p, Ino4p, Opi1p, and a series of synthetic Ino2p variants, in combination 

with inositol and choline supplementation resulted in increased 3-HP titers. Maury et al. 

(2018) identified promoters through analysis of gene expression data and characterized 

their specific response to glucose excess or limitation. From the 34 identified promoter 

candidates, a subset of promoters, pADH2, pICL1, and pHXT7, were shown to be suitable 

for dynamic control of 3-HP production. Considering the β-alanine pathway for 3-HP 

synthesis (Chapter 4.1.2), Dalwadi et al. (2018) constructed a kinetic model, which 

predicted a positive effect on 3-HP production when both enzymes, BAPAT and HPDH, 

were overexpressed. Successful overexpression of the product results in the endeavor for 

efficient product excretion, setting the focus on energy efficient product export at a 

preferably low extracellular pH, which is optimal for recovery of undissociated acids. 

Maris et al. (2004) elucidated export mechanisms for 3-HP and lactic acid in industrial 

settings, concluding that mechanisms and energetics of organic acid export need to be an 

integral part of process design with the characteristics of the cell factory in mind. In spite 

of the relevance for product transport and bioenergetics constraints, no specific 

transporter for 3-HP export could yet be identified.  

Another challenge in 3-HP production is the aspect of tolerance towards various 

stressors present in fermentation processes, such as pH, osmotic or temperature stress. 

Here, the emphasis is set on tolerance towards high concentrations of end-products or 

pathway-intermediates. Toxic effects caused through the production of 3-HP or its 
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intermediates can induce an adaptive stress response in S. cerevisiae. The effects of 

exposure towards weak acids, such as 3-HP with a pKa of 4.5 (Tao et al., 2008), is 

extensively elucidated by Mira et al. (2010) and Sugiyama et al. (2015). As a general 

principle, the dissociation of the acid at near-neutral pH of the yeast cytosol (pH 6-7) 

results in the liberation of protons and anions triggering various membrane transporters 

to maintain pH and ion homeostasis (Abbott et al., 2009; Casal et al., 2008). Depending 

on the severity of weak acid stress, increased plasma membrane H+-ATPase activity can 

lead to reduced intracellular ATP pools (Holyoak et al., 1996), which promotes an 

uncoupling of energy generation from biomass formation, that ultimately leads to a 

decrease in biomass yields (Verduyn, 1991; Verduyn et al., 1992). Weak acid stress is 

thus an undesirable effect, when high biomass yields are necessary to achieve high 

product titers and yields. As exposure to weak acids further influences the membrane 

composition, S. cerevisiae cells undergoing adaptation mechanisms as response to acid 

stress accumulate among others triacylglycerols (Guo et al., 2018). Påhlman et al. (2001) 

has shown the involvement of glycerol in cell protection against oxidative stress in yeast. 

Li et al. (2015) has shown, that modulating acid tolerance improves the synthesis of 3-

HP by overexpressing the identified genes PMP1 and TPI. These genes encode a plasma 

membrane proteolipid that regulates the plasma membrane H+-ATPase and a triose-

phosphate isomerase that catalyzes the reversible interconversion of glyceraldehyde-3-

phosphate (GAP) and dihydroxyacetone phosphate (DHAP), respectively, and play both 

a role in homeostasis and membrane composition, which are affected as part of an 

adaptive stress response upon weak acid exposure.  

Furthermore, product toxicity for 3-HP was elucidated in S. cerevisiae by 

Kildegaard et al. (2014), where gene expression analysis of evolved S. cerevisiae strains 

exposed to high concentrations of 3-HP revealed changes in genes responsible in 

oxidative stress mechanisms and redox balance. Based on the identification of a mutation 

in the SFA1 gene encoding S-(hydroxymethyl)glutathione dehydrogenase, Kildegaard et 

al. (2014) suggested 3-HP toxicity to be mediated via the conversion of 3-HP to toxic 3-

HPA by aldehyde dehydrogenases, which is subsequently detoxified through glutathione-

dependent reactions in yeast. For a kinetic model, Dalwadi et al. (2018) considered 

reactions to maximize the production of 3-HP, while reducing the amount of the toxic 

intermediate malonic semi-aldehyde, present in both biosynthetic pathways for 3-HP in 

S. cerevisiae. 
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Most of the above-mentioned approaches identify beneficial genetic targets for 3-

HP production or manipulate the biosynthetic pathway for 3-HP with the goal to improve 

the concentration of respective intermediates to yield higher carbon fluxes through the 

desired pathway. Many strategies have successfully pushed towards a higher 3-HP titer 

or have contributed to a deeper understanding of the intricate metabolism of S. cerevisiae. 

It is, however, of value to consider a broader view on 3-HP synthesis, investigating 

transporters or transport mechanisms as well as tolerance issues. A combination of these 

factors in combination with an expansion of the substrate range may accelerate the 

process towards a 3-HP process in S. cerevisiae at industrial scale, as promising results 

on xylose have already shown (Kildegaard et al., 2015). 
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5 Small-scale cultivation systems  

Industrial biotechnology is a fast evolving field, where bioprocesses efficiently 

harness the capability of microorganisms to produce a desired compound in a given 

fermentation set-up. An integral part of developing such a bioprocess is the chosen cell 

factory (Chapter 1 and 2.1). Advances in synthetic biology and metabolic engineering 

made it possible to purposefully engineer microbial cell factories, generating producer 

strains and entire strain libraries in a short amount of time (Bassalo et al., 2016; Cui et 

al., 2018; Guo et al., 2018; Jakočiūnas et al., 2018; Smith et al., 2017). This resulted in a 

tremendous need for quantitative microbial phenotyping under controlled conditions in 

high-throughput manner, which led in turn to the development of various microbioreactor 

systems. Such systems include the entire range of cultivation devices from advanced 

shaken microtiter plate systems to down-scaled stirred tank reactors and are mostly 

designed to substitute shake-flasks and lab-scale bioreactors in early phases of bioprocess 

development (Hemmerich et al., 2018). Common characteristics of these small-scale 

systems (µL to mL scale) are e.g. a higher degree of parallelization and automation, often 

accompanied by a reduction in volume used in the culture vessel (Betts & Baganz, 2006; 

Hortsch & Weuster-Botz, 2010; Lattermann & Büchs, 2015). Over the past two decades, 

small-scale systems were extended by applications for non-invasive, online monitoring 

of relevant process variables, such as dissolved oxygen, pH and biomass concentration, 

which make these system a valuable tool for bioprocess engineering (Anderlei & Büchs, 

2001; Bruder et al., 2016; Demuth et al., 2016; Schneider et al., 2010; Wittmann et al., 

2003). Technical advancements increased the application spectrum of small-scale 

systems considerably. Depending on the purpose of the bioprocess as well as the chosen 

microorganism, cultivation mode, degree of throughput, substrate, and key parameters to 

be monitored, different small-scale cultivation systems appear suitable (Figure 5). Small-

scale systems are often used as screening tool to identify and optimize process variables, 

which considerably influence product yield and quality for a given product, process and 

facility (Schmidt, 2005). Operating with screening conditions as close to the final 

production process as possible yields beneficial information and optimal process 

variables valuable for process scale-up (Noorman, 2011; Noorman & Heijnen, 2017; 

Scheidle et al., 2010). This puts small-scale systems functioning in fed-batch mode in a 

prominent light, as fed-batch cultivations are commonly performed in industrial settings 

(Simutis & Lübbert, 2015). In this regard, it is of particular relevance to design small-
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scale cultivations systems that perform comparably to a large-scale fermentation process. 

Thus, tremendous efforts in fundamental and applied research are reflected in the 

development of various down-scaled systems and high-throughput technology, reviewed 

by e.g. Betts & Baganz (2006), Hemmerich et al. (2018) and Long et al. (2014). For the 

purpose of this study, the focus is set on small-scale devices in fed-batch and continuous 

mode. 

 

 

Figure 5: Bioprocess development starting from screening procedures to factory scale. Traditionally, the degree 

of high-throughput increases the with smaller cultivation vessels, whereas the most valuable 

information for bioprocess development is gained with quantitative bioreactor cultivations. Small-scale 

cultivation systems are capable of providing beneficial data early in the process in high-throughput 

manner, replacing traditional cultivation approaches and ultimately accelerating bioprocess 

development. Inspired by Betts & Baganz (2006) and Hemmerich et al. (2018). 
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5.1 Fed-batch cultivation  

This cultivation mode is characterized by a continuous or intermittent supply of 

substrate, allowing to control the growth rate via nutrient limitation and thus microbial 

performance to achieve optimal results (Modak et al., 1986). In this regard, fed-batch 

cultivations emerged to be especially powerful in industrial production processes (Simutis 

& Lübbert, 2015), as undesired phenomena, such as the Crabtree effect (Chapter 3.1), 

catabolite repression or substrate inhibition, can be prevented (Hensing et al., 1995; Pronk 

et al., 1996). As high cell densities can be achieved, small-scale fed-batch cultivation 

systems focus on the feeding strategy, oxygen availability and pH. 

Novel fed-batch technologies for screening purposes in different formats have been 

developed within recent years. The approaches can be divided in:  

i) Mechanical technologies as scale-down versions of stirred tank 

bioreactors involving feeding via pumps,  

ii) Substrate release technologies relying on the enzymatic degradation of a 

polymeric nutrient, and  

iii) Technologies based on diffusion driven nutrient release.  

 

i) Simple mechanical approaches towards a small-scale fed-batch cultivation system by 

using pumps were explored in shake-flasks by Ruottinen et al. (2008), Westgate et al. 

(1991) and Weuster-Botz et al. (2001). More complex systems were then developed by 

Buchenauer et al. (2009), presenting a 48-well plate system with double-sided pH control 

that was further improved by replacing the bottom of the microtiter plate by a microfluidic 

chip, as shown by Funke et al. (2010). The integrated micro-pump in the chip allows the 

precise dosage of substrate from the reservoir into the culture wells. This system was used 

with the BioLector platform and validated for E. coli. Gebhardt et al. (2011) developed a 

48 parallel milliliter-scale stirred tank reactor system with a microfluidic dosage unit. 

This system features double-sided pH adjustment as well as constant and exponential 

feeding profiles and was further validated with S. cerevisiae. Although pumps are a 

simple technique to create fed-batch conditions, there is currently no pump-related small-

scale fed-batch system available on the market, keeping the focus on substrate release 

technologies to mimic fed-batch conditions. 
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ii) Several pump-independent cultivation systems with an integrated substrate release 

concept were developed. This approach is based on the controlled supply of a polymeric 

substrate, which is generally glucose as main carbon source. Jeude et al. (2006) presented 

silicone elastomer discs containing glucose crystals that were added to shake-flask 

cultures of Hansenula polymorpha, thus realizing glucose limited fed-batch mimicking 

conditions. This Feed Bead® technology (Figure 6) allows the controlled release of 

substrate via diffusion and is adjusted by the amount of beads supplied to the culture 

broth. This system has been improved by Scheidle et al. (2011) through the addition of 

another set of discs in which the alkaline reagent sodium carbonate is embedded and 

slowly released during cultivation to allow pH stabilization. Panula-Perälä et al. (2008) 

evaluated an enzyme-based-substrate delivery system, EnBase®, for high cell density 

cultivations in microplates and shake flasks. The EnBase® cultivation technology relies 

upon enzymatic degradation of a starch, thereby gradually releasing glucose monomers. 

The amount and activity of the enzyme amyloglucosidase determines the glucose release 

rate. Starch is provided to the culture through steady diffusion from a storage gel. The 

improvement of this system, EnBase® Flo (Figure 6), comprises the development of a 

liquid phase cultivation system as well as the combination of mineral salts and complex 

medium additives, proving high cell densities and improved yield of soluble recombinant 

proteins in shaken E. coli cultures (Krause et al., 2010). Grimm et al. (2012) then further 

adapted the EnBase® Flo system for screening the growth and biotransformation 

performance of different yeast species in shake-flasks by increasing the concentrations of 

complex components and the enzyme to achieve higher glucose release rates. Glazyrina 

et al. (2012) evaluated the scalability of the controlled glucose release EnBase® Flo 

technique from deep well plates and 3 L bioreactors to pilot scale (150 L) bioreactors, 

stating comparable protein production profiles of E. coli cultures. The applicability of the 

EnBase® Flo system for high throughput cultivations was further demonstrated with 

Pichia pastoris (Panula-Perälä et al., 2014). The company m2p-labs presented a Feed-In-

Time™ fed-batch medium based on a similar enzymatic glucose release principle 

(Hemmerich, 2011; Kensy, 2013). Hemmerich et al. (2014) compared this enzymatic 

feeding strategy, where a glucose polymer is degraded by a glucosidase, to an external 

feeding strategy using lipase producing Pichia pastoris cultures in the automatic 

microfermentation platform (RoboLector) and 5 L-scale bioreactors. 
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Figure 6: Fed-batch systems with an integrated substrate release technique. The Fead Bead® technology relies 

on the gradual release of glucose from a silicone elastomer disc supplied to the medium and the 

EnBase® Flo technology is based on the continuous release of glucose from a polysaccharide upon 

enzymatic degradation. Inspired by Jeude et al. (2006) and Krause et al. (2016). 

 

iii) A more technical approach for a fed-batch system based on diffusion is presented by 

Bähr et al. (2012) and Wilming et al. (2014) working with E. coli and H. polymorpha 

cultures. A special microtiter plate was developed by Wilming et al. (2014) that consists 

of cultivation wells connected to a reservoir well filled with concentrated substrate 

solution by means of a capillary system packed with a hydrogel. The substrate diffuses 

continuously through the gel into the cultivation well, which is online monitored using 

the BioLector technique. Adjustments in the feeding rates can be realized by modulating 

the feed concentration, gel properties and channel geometries. Bähr et al. (2012) 

developed a dialysis shake-flask that consists of a feed reservoir filled with a highly 

concentrated nutrient solution. This dissolved substrate solution diffuses through a 

dialysis membrane into the medium and can be adjusted by selecting adequate feed 

concentrations and diffusion parameters. Philip et al. (2017) then further improved this 

system for enhanced performance and reproducibility by expanding the set-up variations 

of the reservoir system and interchanging the built-in membrane, ultimately proving its 

comparability with a laboratory-scale stirred tank reactor using E. coli cultures. Applying 

this system, Philip et al. (2018) then established a multi-component release of glucose 

and alkaline compound as buffering agent for optimized cultivations of E. coli, which 

replenishes depleted substrates in the culture medium and stabilizes the pH.  
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5.2 Continuous cultivation 

Continuous cultivation is the preferred tool for physiological studies of 

microorganisms (Bull, 2010; Winder & Lanthaler, 2011). The establishment of a steady 

state through constant inflow of fresh substrate and outflow of culture broth enables the 

microbial population to grow at a constant set rate. Microbial performance can be 

reproducibly investigated as the cultivations comprise a defined and constant set of 

physico-chemical conditions, where parameters such as substrate supply, temperature or 

pH can be controlled and influenced (Hoskisson & Hobbs, 2005). One of the major 

drawbacks with this cultivation method is the prolonged time span that is necessary to 

reach steady state. The amounts of fresh substrate consumed is unfavorable, especially if 

expensive substrates such as isotopically labeled substrates for 13C metabolic flux 

analysis are used (Niklas et al., 2010). Thus, strategies to minimize these disadvantages 

focused on volume reduction of the culture vessel and a parallelized set-up (Akgün et al., 

2008; Weuster-Botz, 2005). Only a few small-scale continuous cultivation systems have 

been developed over the past decade.  

 

 Nanchen et al. (2006) designed a simple continuous cultivation system for the 

cultivation of E. coli. Eight parallel Hungate tubes were used as bioreactors with a 

working volume of 10 mL. Multichannel peristaltic pumps were used to supply fresh 

substrate and remove culture broth. Proper aeration of the culture was achieved by 

applying underpressure, whereas rising air bubbles served as mixing device. Inspired by 

this, Klein et al. (2013) reported the set-up of 8 parallel bioreactors, equipped with online 

dissolved oxygen measurement and active stirring. The culture exhaust gas was further 

online analyzed by means of mass spectrometry. This system was validated for 

Schizosacchromyces pombe. Akgün et al. (2004) presented a shaken bioreactor system 

for continuous cultivations based on 250-mL shake-flasks. This specially designed flask 

has two inlets for medium and gas supply as well as one joint outlet for culture broth and 

exhaust gas. Continuous inflow of substrate is achieved by means of a peristaltic pump. 

Generated by the circulating motion of the shaking device, centrifugal force exercised on 

the culture broth forces the exit through the outlet that is located on the side of the shake-

flask in adequate height. Excess culture broth continuously leaving the shake-flask is 

further enhanced by exiting exhaust gas through the same outlet. Working volumes were 

thus dependent on the shaking frequency. Four parallel shake-flasks were validated with 
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S. cerevisiae cultures. Akgün et al. (2008) further improved this so-called continuous 

parallel shaken bioreactor (CosBios) system by e.g. replacing the shake-flask by a culture 

vessel of cylindrical shape, increasing the number of vessels to six, and relying on surface 

aeration for oxygen supply. This system was further extended to eight parallel culture 

vessels with a working volume of 20-25-mL (Sieben et al., 2016). Schmideder et al. 

(2015) modified a pH- and DO-controlled single-use stirred-tank bioreactor system 

(bioREACTOR, 2mag AG) for parallel continuous cultivation by integrating 

multichannel peristaltic pumps for the feed supply and culture broth removal via micro-

pipes. System validation was conducted with 8 parallel E. coli cultures using a working 

volume of 10 mL. 

 

5.3 Commercial small-scale cultivation systems 

Various small-scale microbioreactor systems have been developed over the past 

decades, from simple shaken microtiter plates to down-scaled stirred tank reactors. Many 

iterations have yielded improved systems through additional features, extended 

capabilities and the possibility for integration into biotechnological workflows. The 

Growth Profiler (EnzyScreen) and the ambr® 250 system (Sartorius) are two commercial 

small-scale cultivation systems of relevance for this study.  

The Growth Profiler 960 (System Duetz, EnzyScreen, Heemstede, The Netherlands) is a 

shaking device that quasi continuously monitors biomass formation (Figure 7). The 

principle relies on image scanning, where the fraction of green light is converted into cell 

densities using a calibration curve. The plates suitable for this system have a transparent 

bottom and function with a special lid that is lined with black rubber (Figure 8). This 

system can use various microtiter plates and allows for 10 plate positions, enabling a high-

throughput cultivation of up to 960 in parallel. Temperature control can be set between 

20 and 40 °C. However, due to the lack of a cooling, the ambient room temperature needs 

to be taken into consideration. The frequency of image scanning and the shaking speed 

can be adjusted. Sufficient oxygen transfer rates have been proven for microbial 

cultivations, which also dependent on the specific characteristics of the microbe 

concerning its maximum cell density, morphology and oxygen requirements. The Growth 

Profiler is particularly suitable for screening approaches, such as mutant library screening 

or toxicity tests.  
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Figure 7:Growth Profiler 960 (System Duetz, EnzyScreen, Heemstede, The Netherlands). 

 

 

Figure 8: Microtiter plate suitable for the Growth Profiler. The plate has a transparent bottom and the 

corresponding lid is lined with black rubber. 

 

The ambr® 250 system (Sartorius Stedim Biotech, Göttingen, Germany) is a fully 

automated cultivation device that consists of 24 single-use bioreactors arranged in a 

biosafety-cabinet (Figure 9). Each reactor is equipped with a temperature sensor, agitator 

with Rushton impeller, pH glass electrode and dissolved oxygen sensor spot. The working 

volume is between 100 and 250 mL. Parameter settings and monitoring frequencies rely 

upon programming of the cultivation runs. Sampling or liquid addition, such as for 

antifoam, is executed via the liquid handler, which is arranged in the biosafety cabinet 

using disposable pipette tips. Exhaust gas (O2 and CO2) is analyzed online by means of 

a gas analyzer. In comparison to the Growth Profiler, this system does not enable non-

invasive optical biomass measurements based on turbidity or light scattering, as 

introduced gas bubbles created through mixing and sparging impede these optical 

measurements. As the ambr® 250 system is a completely equipped miniaturized 

bioreactor, the application possibilities range from screening experiments to down-scaled 

fermentations enabling batch and fed-batch modes. 
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Figure 9:Single-use bioreactor of the ambr® system (Sartorius Stedim Biotech, Göttingen, Germany). 

 

5.4 Challenges and considerations regarding small-scale cultivation 

systems  

Small-scale cultivation systems should ideally be easy in handling, highly parallel 

to assure high-throughput, as well as inexpensive in acquisition and use. They should 

further incorporate means for pH control and sufficient oxygenation. However, depending 

on the system and design, not all characteristics may be met. Small-scale cultivation 

systems are each uniquely developed for a certain cultivation mode or for a certain 

microorganism that inherently comes along with specific oxygen requirement, substrate 

preference, as well as physiological or morphological traits. A major challenge that most 

of the discussed small-scale cultivation systems face, in particular systems operating in 

fed-batch mode, is oxygen limitation. As there is a direct correlation between substrate 

respectively nutrient availability and cellular respiration, the substrate supply via pumps, 

diffusion or enzymatic release techniques needs to be adjusted to ensure sufficient oxygen 

transfer capacity of the cultivation system. Hence, the oxygen mass transfer coefficient 

kLa determined in the small-scale cultivation system should furthermore ideally match 

the large-scale or production-scale fermentation set-up (Micheletti et al., 2006). As high 

cell densities can be reached in fed-batch cultivations, besides oxygen limitation, 

maintaining the pH can impose another challenge in small-scale systems. Inherent 

medium acidification in the course of the cultivation can impair microbial performance 

(Buzás et al., 1989), if not corrected by the addition of acid/base or by applying a suitable 

medium with a sufficient buffer capacity. With regard to the latter, this may be difficult 
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if the microorganisms produce high quantities of a pH-modulating compound, such as 

organic acids. It is evident that certain small-scale devices are tailored to the 

characteristics of a certain microorganism. For instance, the use of a given polymer for 

the slow release of glucose is chosen based on the capability of a microorganism to utilize 

this substrate so that it can be applied as a limiting nutrient. Furthermore, the enzyme 

chosen for the degradation of the glucose polymer is temperature and pH sensitive, 

limiting its application possibilities to a defined temperature and pH range for reliable 

performance. It is further evident, that this substrate-release system is only suitable for 

microbial cultivations in the absence of microbial amylases. Also, the shape of the 

bioreactor and its stirring unit can be disadvantageous for microorganisms with a more 

complex morphology, such as for example filamentous fungi. Although various systems 

have been successfully validated for E. coli and yeast, certain aspects inevitably limit the 

use of the small-scale cultivation system for a broader range of microorganisms.  

Many of these small-scale systems described above are proprietary systems that are 

difficult to integrate into standard lab procedures with common lab equipment. 

Adaptation to standard lab equipment is tedious and often not possible, requiring the 

purchase of special (additional) devices, which may results in high costs and time-

consuming set-up procedures.  

Regarding the development of a bioprocess, the bottleneck is progressively shifting from 

strain generation to quantitative cultivation tools, simultaneously asking for appropriate 

computational tools able to analyze and interpret large high-throughput data sets. 

Technical advancements towards parallelization and automation increase the application 

spectrum of small-scale cultivation systems, but also introduce a higher complexity to the 

data sets generated. Thus, larger amounts of data sets need to be processed and compiled 

to draw conclusions based on the information obtained.  

In spite of the above-mentioned challenges, small-scale cultivation systems have 

tremendous potential, as they are constantly improved and further developed towards 

current scientific needs. Small-scale cultivation system can greatly contribute to the 

development of a faster and more robust bioprocess, thus several considerations for their 

applicability are suggested below: 
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(i) High-throughput methods paired with robust statistical evaluation should 

be applied in early development phases of the bioprocess to retrieve or 

corroborate beneficial parameters relevant for the production process 

(Micheletti & Lye, 2006). E.g. screening for the optimal pH or for the 

critical product concentration introducing toxic effects.  

(ii) With the final scaled-up bioprocess in mind, corresponding scale-down 

approaches should be implemented early to elucidate technical boundaries 

or difficulties (Noorman & Heijnen, 2017). Accordingly, their effect on 

the production capabilities of the microorganism as well as the overall 

production process should be estimated. E.g. oxygen supply. 

(iii) Industrial cultivation modes, such as fed-batch technologies, should be 

introduced in early stages of the process to gain, integrate and transfer 

valuable information into the production process. E.g. change in microbial 

physiology due to the absence of by-product formation in fed-batch 

cultures in case of S. cerevisiae. 

(iv) Data sets should be efficiently processed and combined by using 

appropriate computational tools, since the amount of data sets generated 

rapidly increased with the higher degree of high-throughput efficiency 

(Schadt et al., 2010).  

 

With the increased interest of the bioindustry to apply high-throughput techniques 

(Neubauer et al., 2013), it seems just a matter of time until small-scale cultivation devices 

find their fixed place in the development of  bioprocesses. 
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6 Paper I 

Development and scalability of a small-scale fed-batch mimicking 

cultivation system for Saccharomyces cerevisiae 

The study conducted in this paper was motivated by the need for high-throughput 

screening of microbial production strains. As strains or entire strain libraries are more and 

more rapidly generated due to efficient synthetic biology and metabolic engineering tools 

(Chapter 2), simple and robust screening systems need to be developed to meet the 

demand for reproducible and scalable physiological strain characterizations yielding 

quantitative data sets for comparable strain analysis (Unthan et al., 2015). Small-scale 

systems represent an efficient screening tool, since their degree of parallelization and 

decrease in volume utilized allow high-throughput set-ups at low costs (Lattermann & 

Büchs, 2015; Long et al., 2014).  

The challenge when using small-scale cultivation systems, however, is to achieve 

reproducible and scalable data. This means that process variables in small-scale systems 

do not only need to be controlled, but the acquired data sets must also be comparable to 

those obtained from e.g. bench-top stirred tank bioreactors. In this regard, oxygen mass 

transfer and pH maintenance were identified as important process variables (Long et al., 

2014). The pH frequently decreases over time in uncontrolled cultures due to microbial 

acidification of the medium when ammonium salts are used as nitrogen source and 

additionally when the excreted desired product is an acidic compound. This constitutes a 

discrepancy between the small-scale cultivations system and larger scale bioreactors since 

the latter generally controls the pH through base addition. A decrease of pH over time has 

a significant influence on the physiology of the cells e.g. triggers cellular stress responses, 

changes the growth kinetics (Buzás et al., 1989; Liu et al., 2015), and renders the results 

neither reproducible nor scalable. Oxygen supply is another crucial factor for aerobic 

cultures, as the solubility of oxygen in aqueous solutions is low and microbial demand 

for oxygen is high. Particularly at high cell densities, oxygen availability becomes 

limiting if no further oxygen is supplied through shaking/stirring or sparging. In case an 

insufficient amount of oxygen is transferred from the gas phase into the liquid medium, 

the culture will run into oxygen limitation, which significantly alters cellular metabolism. 

The switch from respiratory to fermentative metabolism of S. cerevisiae is clearly 

noticeable, as a different physiology and a different product spectrum can be observed 
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(Jouhten & Penttilä, 2014). Furthermore, rates and kinetics will change, resulting in 

considerably differing values obtained from oxygen limited and oxygen saturated 

cultures. As the geometry of the culture vessel and the mode of power input (shaken vs. 

stirred) influences the maximal achievable oxygen transfer rate, in small-scale systems 

generally lower maximal values are experience compared to stirred tank bioreactors (Kirk 

& Szita, 2013). Therefore, when developing a small-scale cultivation system, special 

attention needs to be paid to sufficient oxygenation and a stable pH value throughout the 

cultivation in order to obtain reproducible and scalable data. 

As the specific oxygen uptake rate of the culture is a function of the growth rate, 

it is desirable to control the growth rate of a microbial culture. One convenient way to 

achieve this in stirred tank bioreactors is by continuously supplying substrate in a 

controlled manner, which is characteristic for the so-called fed-batch process (Modak et 

al., 1986). The limiting supply of the substrate (glucose) regulates the growth rate of a 

culture and thus the physiological state of the cell, which enables this cultivation 

technique to achieve high biomass yields and to circumvent undesired phenomena, such 

as substrate inhibition or the Crabtree effect (Chapter 5.1). 

Due to the above-mentioned advantages, fed-batch is the prevalent strategy 

applied in fermentation processes for production (Modak et al., 1986; Simutis & Lübbert, 

2015). It is therefore coherent to apply this cultivation strategy in small-scale cultivation 

systems (Noorman, 2011; Noorman & Heijnen, 2017), which should ideally result in 

comparable outcomes in different scales. This reasoning has led to the development of 

various small-scale systems operating in fed-batch mode, relying on pumping techniques, 

enzymatic release of sugar monomers from polysaccharides or diffusion based substrate-

release strategies (Chapter 5.1). These systems, however, are proprietary and often 

require the acquisition of special equipment or medium.  

In order to meet the demand for simple and quantitative strain analysis in a 

cultivation mode relevant for production processes and subsequent scale-up approaches, 

small-scale fed-batch systems are a promising tool due to easy handling, high-throughput 

and cost-effectiveness. Choice and investigation of medium components to assure a stable 

pH and a constant glucose release rate resulted in the establishment of a simple, 

nonproprietary small-scale system relying on a fed-batch mimicking medium. This 

system was explored with two S. cerevisiae strains engineered for the industrially relevant 
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compound 3-hydroxypropionic acid (3-HP) and was further validated by comparing 

obtained cultivation parameters to the values achieved in stirred tank bioreactors, where 

substrate addition was realized via pumps and the pH was tightly controlled.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Paper I 

 
36 

 “Development and scalability of a small-scale fed-batch mimicking 

cultivation system for Saccharomyces cerevisiae” 

 

Alicia V. Lis1, Jesper W. Jensen1, Jost Weber1,3, Jay D. Keasling1,4,5,6,7, Michael Krogh Jensen1, Konstantin 

Schneider *1,2 

*Correspondence to: Konstantin Schneider [kosc@biosustain.dtu.dk]  

1 The Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, Denmark  

2 Current address: BASF, Ludwigshafen, Germany 

3 Current address: CureVac AG, Tübingen, Germany 

4 Joint BioEnergy Institute, Emeryville, CA, USA 

5 Biological Systems and Engineering Division, Lawrence Berkeley National Laboratory, Berkeley, CA, 

USA 

6 Department of Chemical and Biomolecular Engineering & Department of Bioengineering, University of 

California, Berkeley, CA, USA 

7 Center for Synthetic Biochemistry, Institute for Synthetic Biology, Shenzhen Institutes of Advanced 

Technologies, Shenzhen, China 

 

Manuscript in preparation. 

 

ABSTRACT 

In recent years, small-scale bioreactors became more important due to an increasing need 

in screening capacities as well as in simplified and parallelized cultivation experiments. 

Screening experiments are frequently performed in batch cultivation mode, while 

industrial production processes prefer fed-batch operating conditions allowing to control 

the delivery of substrate to the culture. The discrepancy between the initial screening in 

batch and final cultivation operation in fed-batch mode may therefore result in inadequate 

strain selection and process conditions. Here, we present a simple and easy-to-operate 

fed-batch mimicking cultivation system at microliter range tailored for yeast cultivation 

at pH 3.8 and 6.4. The system is based on the gradual enzymatic release of glucose from 

a polymer. We demonstrate the robustness and transferability of important bioprocess 

parameters from the small-scale fed-batch cultivation system to fully automated stirred 

tank bioreactors using two different Saccharomyces cerevisiae strains engineered for 3-

hydroxypropionic acid production, where product yields on glucose showed comparable 

values for the two systems.  
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INTRODUCTION 

The cultivation of microorganisms is often performed in shake-flasks or microtiter plates 

operating in batch mode due to simple handling and low-costs [1]. Comparing microbial 

screening approaches commonly performed in batch mode to fed-batch techniques 

preferred in bench-scale and industrial settings often creates a discrepancy, resulting in 

diverse complications during biotechnological production processes, such as suboptimal 

strain selection or the inability to find optimum fed-batch cultivation parameters [2, 3]. 

Therefore, the mode of cultivation should ideally remain consistent during scale-up, and 

thus should the screening approaches match with the consecutive processes in later stages 

of the biotechnological process [4 6]. Fed-batch mode is often the preferred cultivation 

strategy allowing to control the growth rate by continuously supplying substrate to the 

medium in a limiting manner [7]. Such established carbon-limited cultivation regime 

enables high biomass yields as well as the circumvention of phenomena resulting from 

high substrate concentrations often experienced in batch cultivations, such as substrate 

inhibition or overflow metabolism. The latter is a common phenomenon in various 

microbial species, such as e.g. the yeast species Saccharomyces cerevisiae, which 

responds to high substrate concentrations with the formation of by-products, such as 

ethanol [8, 9]. This behavior redirects the carbon flux from the desired product to the 

formation of by-products, ultimately reducing yields, rates and titers of the production 

process. Circumventing such undesired phenomena makes fed-batch cultivations a 

desired strategy to achieve high cultivation metrics in a bioprocess. Stirred tank 

bioreactors are the preferred tool [10], frequently operated in fed-batch mode, as substrate 

supply can be easily established through feed pumps [1]. However, stirred tank 

bioreactors are unable to keep up with the increasing demand of quantitative phenotyping 

of microbial producer strain libraries due to e.g. low turn-over times, high costs and 

laborious operational maintenance, hindering high-throughput cultivations [11]. Hence, 

the need has emerged to develop small-scale cultivation systems in fed-batch mode for 

microbial screening applications in a simple, cost-effective and high-throughput manner. 

Yet, as it is challenging to equip shake-flasks or microtiter plates with pumping systems 

for precision-feeding, the focus of small-scale systems in fed-batch mode was originally 

set on pump-independent cultivation systems with integrated substrate release for 

controlled substrate supply.   
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Several feeding systems have been developed within recent years, demonstrating fed-

batch mode by means of an enzymatic substrate release approach for various 

microorganisms. Panula-Perälä et al. (2008) developed a system with an enzyme-based 

substrate-delivery, EnBase®, for high cell density cultivations in microplates and shake-

flasks [12]. This technology relies on the enzymatic degradation of starch, which is 

supplied to the culture via steady diffusion from a storage gel. Here, the release of glucose 

is dependent on the amount and activity of the enzyme glucoamylase. Krause et al. (2010) 

improved this system by developing a liquid phase cultivation system, EnBase® Flo, 

proving, with a combination of mineral salts and complex medium additives, high cell 

densities and improved yield of soluble recombinant proteins in shaken E. coli cultures 

[13]. Grimm et al. (2012) adapted the EnBase® Flo system then for evaluating the growth 

and biotransformation performance of different yeast species in shake-flasks [14] and, 

similarly, Panula-Perälä et al. (2014) demonstrated the applicability of this technique for 

high throughput cultivations with Pichia pastoris [15]. The company m2p-labs developed 

a Feed-In-Time™ fed-batch medium that relies on a similar enzymatic glucose release 

principle [16, 17]. Hemmerich et al. (2014) evaluated an automatic microfermentation 

platform in combination with the enzymatic glucose release system, which is based upon 

degradation of a glucose polymer by a glucosidase, for fed-batch cultivation of Pichia 

pastoris producing Rhizopus oryzae lipase [18]. 

These approaches demonstrated a carbon-limited cultivation regime, suitable for various 

microorganisms. Fed-batch cultivations often necessitate apart from a controlled substrate 

supply a stable pH to allow for reproducible cultivation data [19]. A decrease or 

fluctuations in pH can be frequently observed due to inherent acidification of the medium, 

particularly when the desired product or various metabolites as part of overflow 

metabolism are acidic and subsequently secreted into the culture broth. A pH change has 

considerably effects on cell physiology, as it is e.g. triggering stress responses, influences 

growth kinetics, or promotes (by )product inhibition [20, 21]. Thus, in order to provide 

reproducible cultivation conditions, for e.g. screening approaches, it is of importance to 

control the supply of substrate as well as to maintain the pH.  In this regard, it is 

furthermore of relevance to set a feeding rate and a defined range within which the pH is 

maintained, comparable to conditions present in stirred tank reactors for scalability. 
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In this study, we developed a small-scale cultivation system for fed-batch operating 

conditions using a fed-batch mimicking medium, which relies on a polymer-based 

glucose release, inspired by aforementioned studies. Our system is tailored for the simple 

and robust cultivation of the yeast species Saccharomyces cerevisiae, disclosing a 

detailed stepwise approach towards its development. Here, we focus on robust and 

reproducible yeast cultivations at near-neutral pH of 6.4 and a low pH of 3.8. Therefore, 

the two buffering agents MES and HEPES were chosen and suitable concentrations 

thereof tested to allow for sufficient buffering capacity and for their lack of affecting 

cellular growth. Further, the effect of different inoculum sizes was tested to avoid 

overfeeding and ensure a rapid onset of the carbon-limiting phase. The system was 

developed for S. cerevisiae wild-type and its suitability further bench-marked with two 

distinct S. cerevisiae production strains, engineered for the industrially relevant chemical 

3-hydroxypropionic acid. The production strains were cultivated at a near-neutral pH of 

6.4 and a low pH of 3.8 in both deep-well plates, monitored in the Growth Profiler 960, 

and in bioreactors using the parallelized and fully automated ambr® 250 system proving 

scalability of the small-scale system to bench-top fermenters.  

 

MATERIALS AND METHODS 

Strains and maintenance 

The wild-type Saccharomyces cerevisiae CEN.PK113-7D was obtained from Peter 

Kötter, Johann Wolfgang Goethe-Universität Frankfurt am Main, Frankfurt a.M., 

Germany. All cultivation experiments involving 3-HP production were performed with 

the genetically engineered Saccharomyces cerevisiae strains ST938 and ST687 (Table 1). 

Biomass from glycerol stocks of each strain, previously stored at -80 °C, was distributed 

on a YPD agar plate and incubated for 3 days at 30 °C. A single colony from plate was 

used to inoculate 25 mL of synthetic medium in a 250-mL baffled shake flask for pre-

culture preparation. Starter cultures of the strain were grown in YPD medium (yeast 

extract, 10 g·L-1; peptone, 10 g·L-1; glucose, 20 g·L-1) and were maintained on YPD agar 

plates (yeast extract, 10 g·L-1; peptone, 10 g·L-1; glucose 20 g·L-1; agar, 20 g·L-1). 

Glycerol stocks (15 %, v/v) were stored at -80 °C and were used to begin all cultivation 

experiments. 
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Table 1: S. cerevisiae strains used in this study.   

Strain Genotype Reference 

CEN.PK113-7D 

(wild-type strain) 

MATa URA3 HIS3 LEU2 TRP1 MAL2‑

8c SUC2 

Peter Kötter, Johann Wolfgang 

Goethe-Universität Frankfurt am 

Main, Frankfurt a.M., Germany 

ST938 

(3-HP producing 

strain) 

PYC1↑PYC2↑, AAT2↑LEU2; BcBAPAT↑ 

EcYDFG↑HIS5;  TcPAND↑↑URA3 
Borodina et al., 2015 

ST687 

(3-HP producing 

strain) 

tdh3::CaGAPDH-ALD6-ACS-PDC1-

TY4MCR-ACC1** 
Kildegaard et al., 2016 

 

Media 

Pre-cultures were carried out in synthetic medium consisting of 20 g·L-1 glucose, 

14.4 g·L-1 KH2PO4, 7.5 g·L-1 (NH4)2SO4, 0.5 g·L-1 MgSO4·7H2O, with the addition of 

1 mL vitamin and 2 mL trace metal solution. The vitamin solution (pH 6.5) comprised 

50 mg·L-1 biotin, 200 mg·L-1 p-aminobenzoic acid, 1 g·L-1 nicotinic acid, 1 g·L-1 Ca-

pantotenate, 1 g·L-1 pyridoxine–HCl, 1 g·L-1 thiamine–HCl and 25 g·L-1 myo-inositol. 

The trace metal solution (pH 6.0) included 4.5 g·L-1 CaCl2·2H2O, 4.5 g·L-1 ZnSO4·7H2O, 

3 g·L-1 FeSO4·7H2O, 1 g·L-1 H3BO3, 1 g·L-1 MnCl2·4H2O, 0.4 g·L-1 Na2MoO4·2H2O, 

0.3 g·L-1 CoCl2·6H2O, 0.1 g·L-1 CuSO4·5H2O, 0.1 g·L-1 KI and 15 g·L-1 EDTA. All 

chemicals were obtained from Sigma-Aldrich. The pH of the medium was adjusted to 6.0 

using sodium hydroxide and the medium afterwards sterile filtrated. 

For testing MES and HEPES buffer tolerance on microbial growth, S. cerevisiae wild-

type was first cultivated on synthetic medium at pH 6.4 and 3.8 in the absence (0 g) of 

the buffering agents MES and HEPES. The addition of gradually increasing amounts (10-

100 g) of the respective buffer substances at a pH of either 6.4 or 3.8 were conducted on 

synthetic medium, as described above with the exception of reduced potassium 

dihydrogenphosphate of 1.2 g·L-1. 

Cultures in the polymer-based glucose release screening medium were carried out in the 

following chemically defined medium containing: 15 g·L-1 maltodextrin (DE 4-7), 

1.2 g·L-1 KH2PO4, 7 g·L-1 (NH4)2SO4, and 2.5 g·L-1 MgSO4·7H2O, as well as 1 mL of 

vitamin and 2 mL of trace metal solution. The medium was further buffered with 40 g·L-1 

of either HEPES or MES and the pH adjusted accordingly to either 3.8 or 6.4 with sulfuric 
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acid or sodium hydroxide. For standard cultivations a final concentration of 0.2 U·mL-1 

amyloglucosidase from Aspergillus niger (Sigma-10115, Sigma-Aldrich, St. Louis, 

Missouri, United States) was added to the medium immediately before the inoculation 

from a filter-sterilized 100 U·mL-1 stock solution. 

The medium for cultivations in bioreactors comprised consisted of 5 g·L-1 glucose, 

1.2 g·L-1 KH2PO4, 7 g·L-1 (NH4)2SO4 and 2.5 g·L-1 MgSO4·7H2O with the addition of 

1 mL vitamin and 2 mL trace metal solution. The medium was adjusted to pH 3.8 or 6.4 

with sodium hydroxide or sulfuric acid and afterwards sterile filtrated. The feed 

comprised 50 g·L-1 glucose, 2.4 g·L-1 KH2PO4, 14 g·L-1 (NH4)2SO4 and 5 g·L-1 

MgSO4·7H2O as well as 3 mL vitamin and 6 mL trace metal solution. 

Microtiter plate based cultivations 

All pre-cultures were performed in 250-mL baffled shake-flasks with 25 mL batch 

medium at 30 °C and 250 rpm shaking (Innova 44, New Brunswick, Edison, USA). Buffer 

tolerance and characterization of the glucose slow release screening media were carried 

out in the Growth Profiler 960 (System Duetz, Enzyscreen, Heemstede, The Netherlands) 

using 24-round well microtiter plates sealed with a gas permeable sandwich cover 

(Enzyscreen, Heemstede, The Netherlands). Cultivations were carried out in a total 

volume of 760 µL including a 10 µL inoculum at 30 °C and 250 rpm. Growth was 

monitored every 20 min by optimal image scanning through the Growth Profiler 960. 

Based on each scan, integrated green values (G-values) from each well were converted 

into equivalent OD600nm values to determine microbial growth. This was determined by 

means of calibration values fitted to a Monod function 

(G-value = a·OD600nm/(b+OD600nm); with a and b parameters determined by non-linear 

regression), where a priori the optical density of a culture at different dilutions was 

measured in a UV-1600PC spectrophotometer (VWR, Radnor, USA) and the 

corresponding images of the culture were taken in the Growth Profiler 960.  

Bioreactor cultivations  

Cultivations were performed in the fully automated ambr® 250 high throughput system 

composed of 24 single-use stirred tank bioreactor vessels arranged in a biosafety-cabinet. 

Each bioreactor is equipped with a pH glass electrode, temperature sensor, dissolved 

oxygen sensor spot, and agitator with Rushton impeller. The working volume was 

100 mL. Dissolved oxygen was PID feedback controlled using a cascade of stirring speed, 
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aeration rate and oxygen enrichment. Exhaust gas, i.e. CO2 and O2, was measured online 

by a gas analyzer. A liquid handler was set to take 2 mL culture samples at distinct time 

points and was assigned to regularly ad 50 µL of antifoam (Antifoam 204, Sigma-Aldrich, 

St. Louis, Missouri, United States) to the cultures. The pH was single-ended controlled 

by the addition of ammonia (10 %) to the bioreactors. As inoculum, a freshly grown 

S. cerevisiae strain ST938 culture was washed and accordingly adjusted to achieve a cell 

density of 1 (OD600nm) in the bioreactor. All cultivations were carried out in duplicates. 

Quantitative analytical and bioanalytical assays 

Glucose release assay 

The quantification of glucose release rates by the fungal amyloglucosidase were 

performed in 500-mL shake-flasks with 50 mL filling volume at 30 °C and 250 rpm 

shaking (Innova 44, New Brunswick, Edison, USA) in either MES or HEPES containing 

medium adjusted to the corresponding pH values. Samples were taken in 6-hour intervals 

and the amyloglucosidase was inactivated by boiling the sample for 5 min in a water bath 

and chilled on ice prior to further analysis. Glucose concentrations were quantified using 

a Yellow Line D-Glucose enzymatic assay (R-Biopharm, Darmstadt, Germany) 

following recommendations of the manufacturer against a glucose calibration curve. The 

assay was performed using an infinite200 Pro plate reader (Tecan, Männedorf, 

Switzerland). Rates were subsequently determined by linear regression of glucose over 

time. Based on the glucose release rates, glucose concentrations were determined in the 

fed-batch mimicking medium at different time points for the subsequent calculation of 

yields. 

Determination of cell concentration and biomass dry weight  

Optical cell density of cultivation samples was quantified spectrophotometrically at a 

wavelength of 600 nm (OD600nm) using a UV-1600PC spectrophotometer (VWR, Radnor, 

USA) in 1 mL plastic cuvettes, where exact dilution factors were determined 

gravimetrically. Optical cell density for cultivations performed in plates were quantified 

at 600 nm (OD600nm) using a infinite200 Pro plate reader (Tecan, Männedorf, Switzerland) 

in 96 well microtiter plates applying a volume of 200 µL at appropriate dilutions. 
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HPLC analysis of metabolites 

Concentrations of secreted metabolites and glucose from cultivation samples were 

quantified via HPLC. After centrifugation of the culture plates at 4000 rpm and 5 °C 

(5810R centrifuge, Eppendorf, Hamburg, Germany), the corresponding supernatants 

were boiled in a water bath to inactivate the amyloglucosidase and immediately cooled 

down on ice. Samples were filtrated (0.2 µm single-use syringe filter unit, Th. Geyer, 

Renningen, Germany) and with distilled water 10-fold diluted prior to HPLC analysis. 

Separation was carried out using an Aminex HPX-87H column (Bio-Rad, Hercules, 

USA) at 62 °C with a constant eluent flow rate of 0.6 mL·min 1 (5 mM H2SO4) on a 

Ultimate 3000 system (Thermo Fisher Scientific, Waltham, USA). Quantification against 

external standards was carried out by using a RI-101 refractive index detector (Dionex) 

for glucose, glycerol and ethanol, and by applying a DAD-3000 diode array detector at a 

wavelength of 210 nm for acetate and 3-hydroxypropionic acid. All compounds used as 

standards for calibration were obtained from Sigma-Aldrich, except 3-HP which was 

purchased from Tokyo Chemicals Industry Co. 

 

RESULTS AND DISCUSSION 

Media development - Buffer concentration and impact on cellular growth 

As the pH frequently decreases over the time span of the cultivation and as medium 

acidification can impair microbial growth and metabolite production [20], it is of 

importance to maintain the pH at a constant value to guarantee reproducible cultivation 

performances. The development of a fed-batch mimicking medium therefore required an 

appropriate choice of buffer, which does not affect microbial growth and which displays 

a reasonable buffering capacity. The two non-ionic Goods buffers MES (pKa 6.1, 25 °C) 

and HEPES (pKa 3.0, 25 °C) were investigated for their suitability as buffering agents of 

a fed-batch mimicking medium at a near-neutral pH of 6.4 (MES) and low pH of 3.8 

(HEPES). As S. cerevisiae strains show a robust growth performance at a wide pH range 

ranging from 2.5 to 8.5 [24], S. cerevisiae was selected for the investigation of both 

buffering agents at a near-neutral pH of 6.4 and a low pH of 3.8, respectively. Hence, the 

effect of the buffering agents on growth performance of S. cerevisiae with respect to 

growth rate was investigated. Accordingly, S. cerevisiae wild-type was cultivated in 

batch-mode in the absence as well as with the addition of different buffer concentrations 
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of MES and HEPES, respectively. The impact of a step-wise increase in buffer 

concentrations on cellular growth was estimated from growth curve analysis, correlating 

the maximum specific growth rate of S. cerevisiae wild-type determined in batch-cultures 

to the respective buffer concentrations applied (Figure 1).

 

Figure 1: Maximum specific growth rates µmax [h-1] of S. cerevisiae wild-type determined for different 

concentrations of MES (pH 6.4) and HEPES (pH 3.8) buffer at 30 °C in batch-cultures monitored in the Growth 

Profiler 960. Error bars indicate the standard deviation of four replicates. 

 

For MES buffer concentrations (pH 6.4) ranging from 0 to 60 g·L-1 the maximum specific 

growth rate was maintained at an average of approx. 0.427 ± 0.016 h-1 and decreased 

afterwards with increasing buffer concentrations of up to 100 g·L-1. For HEPES buffer 

concentrations (pH 3.8) of up to 60 g·L-1, a decrease of the maximum specific growth rate 

was observed. Starting from a maximum specific growth rate of 0.505 ± 0.020 h-1 

(0 g·L-1) and ending at 0.385 ± 0.016 h-1 (60 g·L-1), the maximum specific growth rate 

was maintained for the remaining buffer concentrations applied (70-100 g·L-1). The 

observed maximum specific growth rates are well within the reported range for S. 

cerevisiae wild-type grown on minimal media at relevant pH conditions used (Luttik, 

1998; van Hoek, 1998). 

Lower buffer concentrations of 20, 40 and 60 g·L-1 did not reveal a severe impact on the 

maximum specific growth rate in case of the buffering agent MES. Similarly, in case of 

the buffering agent HEPES, a reduction of the maximum specific growth of about 
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13-18 % was observed when comparing the maximum specific growth in the absence of 

HEPES and a HEPES concentration of 40 g·L-1. Besides the impact of the buffering agent 

on microbial growth performance, the buffer capacity was equally considered. Hence, pH 

values of 6.17 and 3.51 were determined for MES and HEPES buffer, respectively, 

corresponding to a decrease of 0.23 and 0.29 pH units at the end of the cultivation for an 

applied buffer concentration of 40 g·L-1. Ultimately, for further media development a 

buffer concentration of 40 g·L-1 was chosen for both buffering agents MES and HEPES, 

based on similar specific growth rates of 0.416 h-1 determined in both buffered media as 

well as on their comparability to growth rates values of 0.427 ± 0.016 h-1 and 0.505 ± 

0.020 h-1 obtained in MES- and HEPES-free synthetic medium.  

In summary, the choice and the concentration of the buffering agents MES and HEPES 

have an impact on the growth rate of S. cerevisiae. Applying a suitable MES and HEPES 

buffer concentration of 40 g·L-1 showed robust buffering properties and a tight 

maintenance of the pH at a set value of 6.4 and 3.8, respectively, thus representing a 

combination of satisfactory microbial growth and sufficient buffer capacity. 

Setting-up the fed-batch mimicking medium - Glucose release rates  

The principle of a fed-batch cultivation is the continuous supply of substrate, which 

commonly comprises glucose as carbon-source. The growth rate of the microbial culture 

can thereby be controlled by limiting the supply of glucose. The same concept is applied 

for the described fed-batch mimicking medium used in our study, where the 

polysaccharide maltodextrin is applied as carbon-source, gradually releasing glucose 

monomers through enzymatic cleavage. The enzyme amyloglucosidase from Aspergillus 

niger allows the constant supply of glucose to the medium during the cultivation by 

cleaving the (1,4)-glycosidic bonds between the glucose molecules of the substrate 

maltodextrin. Thus, two criteria were initially investigated for further development of the 

fed-batch mimicking medium in order to guarantee reproducible cultivation conditions: 

i) the absence of cellular growth without the addition of enzyme to the medium, and ii) the 

stable release of glucose from the polymer over an adequate amount of time. 

In this study, the polysaccharide maltodextrin (DE 4-7) was investigated as substrate at a 

concentration of 15 g·L-1 applied to the medium. In order to determine, if undesired initial 

growth occurs in the absence of the enzyme, the biomass formation on maltodextrin was 

investigated without the addition of the enzyme, thereby considering the amount and 
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effect of available sugars, that be readily metabolized by S. cerevisiae, i.e. glucose, 

maltose and maltotriose. In this study, the quantified initial amount of free glucose in both 

MES and HEPES buffered media was max. 1 g·L-1. The biomass formation of 

0.2 gCDW·L-1 observed in the absence of the enzyme amyloglucosidase can be attributed 

to growth on contained free glucose as well as on glucose polymers of lower chain length. 

According to declared substance specifications of the substrate, maltodextrin (DE 4-7) 

contains 3-4 % (m/m) of such free or short-chained sugars, which corresponds to a sugar 

concentration of approx. 0.45 to 0.6 g·L-1 contained in 15 g·L-1 of maltodextrin applied. 

These sugars can be readily metabolized by yeast, as S. cerevisiae is able to transport and 

utilize, besides glucose, also maltose and maltotriose [27, 28]. The sugar concentration 

present in the maltodextrin concentration applied, that can be readily metabolized by 

S. cerevisiae, corresponds to a biomass yield of 0.33 to 0.44 gCDW·g-1 glucose, a value 

significantly higher than the expected yield of approx. 0.12 gCDW·g-1 glucose observed 

during respiro-fermentative growth in aerobic batch cultures [29]. Maltotriose contributes 

to a greater extend to the biomass yield, as it is, in contrast to glucose and maltose, 

respired [30]. The availability of sugars, which can be readily metabolized by 

S. cerevisiae, promote initial biomass build-up in the beginning of the cultivation without 

the addition of the enzyme amyloglucosidase. 

In order to investigate the release of glucose, different enzyme concentrations (0.1, 0.2 

and 0.5 U·mL-1) were tested in a maltodextrin containing medium that is buffered with 

either MES or HEPES at their respective pH values. An enzyme concentration of 0.1 and 

0.2 U·mL-1 proved a steady release of glucose in MES or HEPES containing medium for 

a period of at least 32 h (Figure 2). Glucose release rate were subsequently calculated by 

linear regression of glucose over time (Table 2). 
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Figure 2: Glucose release from maltodextrin upon cleavage via the enzyme amyloglucosidase 

investigated at 30 °C for both buffering agents, (A) MES and (B) HEPES. Three enzyme concentrations 

(0.1, 0.2 and 0.5 U·mL-1) were evaluated for stable glucose release rates, shown in triplicates. 

 

Table 2: Volumetric glucose release rates [mg·L-1·h-1] from maltodextrin (DE 4-7) applying an 

amyloglucosidase concentration of 0.1, 0.2 or 0.5 U·mL-1. Glucose release rates were determined for the 

buffering agents MES and HEPES at 30 °C by enzymatic glucose quantification. Errors represent 

standard deviations from three replicate experiments. 

 

 

Buffering agent Enzyme concentration Glucose release rate 

 [U·mL-1] [mg·L-1·h-1] 

MES (pH 6.4) 

0.1 71 ± 0 

0.2 145 ± 2 

0.5 317 ± 12 

HEPES (pH 3.8) 

0.1 76 ± 3 

0.2 150 ± 6 

0.5 342 ± 5 

 

Stable glucose release rates could be determined for both MES and HEPES buffered 

media at all enzyme concentrations tested, with the exception of an applied enzyme 

concentration of 0.5 U·mL-1 in HEPES buffered medium (Figure 2). As an applied 

enzyme concentration of 0.5 U·mL-1 in HEPES buffered medium resulted in an unsteady 

release of glucose and as an enzyme concentration of 0.1 U·mL-1 might prolong 

cultivation time due to a comparably slow release of glucose, for further experiments an 

enzyme concentration of 0.2 U·mL-1 was chosen. This enzyme concentration 

demonstrated a stable release of glucose over time and showed furthermore comparable 

glucose release rates of 145 and 150 mg·L-1·h-1 for MES and HEPES buffered medium, 

respectively. Furthermore, comparable glucose release rates determined for MES 

buffered medium at pH 6.4 and HEPES buffered medium at pH 3.8 suggest a robust 

enzyme activity at both pH values tested.  
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In conclusion, minor initial biomass formation in the absence of the enzyme is due to 

readily available sugars, which account for 4 % of the total amount of substrate applied. 

Stable glucose release rates could be determined at an enzyme concentration of 

0.2 U·mL-1.  

In this study, the biomass formation of a carbon-limited S. cerevisiae culture was 

monitored in the Growth Profiler 960 (Figure 3). The cultivation was performed applying 

the here developed fed-batch mimicking medium containing 15 g·L-1 of maltodextrin and 

40 g·L-1 of either MES or HEPES buffer, starting the cultivation with the addition of the 

enzyme at a concentration of 0.2 U·mL-1. In order to investigate the impact of the 

inoculum size on the growth profile, S. cerevisiae wild-type was cultivated with different 

initial amounts of biomass (OD600nm).  

 

Figure 3: S. cerevisiae wild-type cultivations in triplicates (A, B, C) on MES-buffered fed-batch mimicking medium 

in 24-well plates at 30 °C and 250 rpm monitored in the Growth Profiler 960. Biomass formation (OD600nm) is shown 

over time, starting with an initial cell density (OD600nm )of (A) 0.182 and (B) 0.688. 

 

The cultivation profile of S. cerevisiae wild-type comprises four different growth phases: 

Lag-phase, initial phase, transition phase and carbon-limited phase (Figure 3). The 

lag-phase, in the beginning of the cultivation, is very short and characterized by minimal 

or no growth, as cells are adapting to the new environment. The subsequently following 

initial phase permits growth on readily available sugars from the substrate maltodextrin 

as well as on the glucose monomers gradually released into the medium as part of the 

enzymatic feeding strategy. Rapid biomass accumulation can be observed, as sugars are 

here in excess and enable cells to growth at maximum specific growth rate. Once most of 

the readily available sugars are metabolized, the glucose concentration in the medium 

decreases, which is marked by the decline in growth rate of the exponentially growing 

cells. This is characteristic for the transition phase, which is connecting the initial phase 
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and the carbon-limited phase. When only minor quantities or no glucose is present in the 

medium, microbial growth is mainly governed by the feeding rate applied. As microbial 

growth is defined by the steady supply of glucose at a certain rate, a linear biomass 

accumulation can be observed, defining the carbon-limited phase.  

All described growth phases are merging into each other, often not allowing a clear 

separation. This is clearly visible, when comparing the growth profiles of S. cerevisiae 

wild-type inoculated with two different initial cell densities (Figure 3). The S. cerevisiae 

cultivation, that started with a low initial cell density (OD600nm) of 0.182 (Figure 3A) 

showed all four above-mentioned phases. The initial phase was replaced by the transition 

phase around 15 h, which was then in turn merged with the carbon-limited phase at 

approx. 25 h. Comparing this to the growth performance displayed by a S. cerevisiae 

cultivation starting with a higher initial cell density (OD600nm) of 0.688 (Figure 3B), the 

transition phase was not distinguishable from the carbon-limiting phase, which suggested 

that readily available glucose is rapidly metabolized by the cells in the beginning of the 

cultivation and consequently lead to a quick onset of the carbon-limiting phase. Due to 

these differences in growth performance, different inoculum sizes were investigated in 

S. cerevisiae wild-type cultures grown on MES and HEPES buffered medium, 

respectively, and the transition phase and average specific growth rates under carbon-

limited conditions determined (Table 3).  

 

Table 3: Characteristic cultivation parameters of S. cerevisiae wild-type grown on fed-batch mimicking medium at 

pH 6.4 and 3.8. Cultivations were carried out at different initial ODs for 60 h applying 0.2 U·mL-1 amyloglucosidase 

for enzymatic glucose release at 30 °C and 250 rpm in the Growth Profiler 960. Errors correspond to standard 

deviations from four replicates. *Transition and carbon-limited phase are not distinguishable. 

 

Buffer 

agent 

Initial 

OD600nm 

Start 

transition 

phase 

OD600nm at 

start of 

transition 

phase 

Duration 

carbon 

limited 

phase 

Average 

specific 

growth rate 

(limitation) 

pH 

start 

 

pH 

end 

[-] [h] [-] [h] [h-1] [-] [-] 

MES 

(pH 6.4) 

0.688 6.4 ± 0.4* 1.9 ± 0.1* 17.6 ± 0.4 0.06 ± 0.00 6.45 6.22 

0.368 10.2 ± 0.2 2.4 ± 0.1 13.8 ± 0.2 0.05 ± 0.00 6.45 6.22 

0.182 14.4 ± 0.2 2.9 ± 0.0 9.6 ± 0.2 0.06 ± 0.00 6.45 6.22 

HEPES 

(pH 3.8) 

0.795 5.6 ± 0.3* 2.6 ± 0.2* 18.4 ± 0.3 0.06 ± 0.00 3.70 3.42 

0.379 8.1 ± 0.2 3.0 ± 0.1 15.9 ± 0.2 0.06 ± 0.00 3.70 3.41 

0.161 10.7 ± 0.2 3.5 ± 0.0 13.3 ± 0.2 0.06 ± 0.00 3.70 3.41 
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Varying initial cell densities had a considerable effect on the onset of the transition phase 

and duration of the carbon-limited phase as well as on the amount of biomass formed in 

the beginning of the transition phase. The higher the initial cell density, the earlier the 

transition phase started as readily available sugars were rapidly metabolized and thus less 

substrate was present in the medium. This led in turn to lower cell densities in the 

beginning of the carbon-limited phase. For the highest initial cell densities tested, the 

transition phase and the carbon-limited phase could not be distinguished. Once the 

carbon-limiting phase was entered, the average growth rate determined was approx. 

0.6 h-1 for all initial cell densities, showing that the growth rate is being set through the 

gradual enzymatic release of glucose monomers from maltodextrin and thus can provide 

controlled cultivation conditions in fed-batch mode. Also pH, measured at the beginning 

and the end of each cultivation, showed a mere decrease of 0.2 and 0.3 pH units for MES 

and HEPES buffered cultivations, respectively.  

In conclusion, different initial cell densities haven an impact on the growth performance 

of S. cerevisiae cultures, where the highest inoculum corresponding to an initial OD600nm 

of approx. 0.7 and 0.8 tested for MES and HEPES buffered medium, respectively, 

revealed the absence of the transition phase and a rapid onset of the carbon-limiting phase.  

 Validation of the fed-batch mimicking medium with S. cerevisiae wild-type 

The criteria identified for the fed-batch mimicking medium, comprising 15 g·L-1 of 

maltodextrin in combination with 40 g·L-1 of MES or HEPES buffer with an applied 

enzyme concentration of 0.2 U·mL-1 and an inoculum size of approx. 0.7 (OD600nm) had 

to be verified as suitable components for the robust growth of S. cerevisiae. Hence, S. 

cerevisiae wild-type was cultivated in triplicates and its growth performance on the fed-

batch mimicking medium subsequently analyzed. Samples taken in regular time intervals 

revealed a glucose concentration well below 0.1 g·L-1 for both buffering agents, 

indicating that glucose was limiting throughout the entire cultivation. Similarly, the 

quantification of the by-products acetate and ethanol showed values below 0.1 g·L-1 or 

were below detection, suggesting that overflow metabolism was circumvented by 

successfully creating carbon-limiting conditions. Likewise, the concentration of the by-

product glycerol fluctuated, but was maintained below 0.3 g·L-1. Furthermore, the pH was 

monitored throughout the cultivations, revealing a gradual decrease in the range between 
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0.1 and 0.2 pH units, which shows a tight maintenance of the pH during the time course 

of the cultivation.  

In summary, the validation of the fed-batch mimicking medium with S. cerevisiae wild-

type showed a carbon limited cultivation regime by the lack of high amounts of glucose 

or by-products. Furthermore, a tight control of the pH through the buffering agents MES 

and HEPES could be observed. These findings strengthened the reliable performance of 

the medium for fed-batch mimicking conditions in S. cerevisiae cultivations at both pH 

6.4 and 3.8 buffered medium.  

Bench-marking the small-scale system using 3-HP producing S. cerevisiae strains  

The small-scale fed-batch mimicking system was further validated as a robust screening 

tool by comparing its performance to stirred tank bioreactors applying the same 

cultivation conditions as previously determined for S. cerevisiae wild-type. Two 

S. cerevisiae production strains that were engineered to synthesize the industrially 

relevant compound 3-HP were therefore investigated in both cultivation systems, both 

applying a feed rate of approx. 0.145 mg·L-1·h-1 and a pH of 6.4 or 3.8, respectively. 

Hence, S. cerevisiae strain ST687 and ST938 were cultivated in 24-well plates with the 

fed-batch mimicking medium at pH 3.8 and 6.4 as well as in bioreactors in fed-batch 

mode to compare growth and production performance. The pH was determined in 

microtiter plates from samples taken in regular intervals, revealing a tight control of the 

pH during the entire cultivation lasting approx. 45 h. In both buffered media the pH was 

nearly held constant, merely dropping by 0.2 to 0.3 pH units. The cultivation of 

S. cerevisiae strains ST637 and ST938 showed robust product yields on glucose 

(Table 4).  

 

Table 4: Cultivation parameters of S. cerevisiae strains ST687 and ST938 obtained in 24-well plates, 

applying the fed-batch mimicking medium, and in bioreactors at pH 6.4 and 3.8. Abbreviations: Y – 

Yield, 3-HP – 3-Hydroxypropionic acid, S – Substrate (glucose). Errors correspond to standard 

deviations derived from triplicate cultivations in plates and duplicate cultivations in bioreactors. 

 

 

 pH Buffer S. cerevisiae 

strain 

Plates Bioreactors 

Y3-HP/S 

[g·g-1] 

6.4 
MES 687 0.052 ± 0.002 0.053 ± 0.001 

MES 938 0.160 ± 0.004 0.155 ± 0.002 

3.8 
HEPES 687 0.057 ± 0.002 0.057 ± 0.000 

HEPES 938 0.201 ± 0.007 0.205 ± 0.006 
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Product yields determined on glucose are similar in plate and bioreactor cultivations 

(Figure 4), emphasizing the reliable performance of the small-scale fed-batch mimicking 

system. At pH 6.4 and 3.8, S. cerevisiae strain ST687 showed comparably low 3-HP 

yields on glucose of approximately 0.052 and 0.057 g·g-1 in 24-well plates and in 

bioreactors, respectively. Strain ST938 revealed higher product yields on glucose of 0.160 

and 0.155 g·g-1 at pH 6.4 as well as 0.201 and 0.205 g·g-1 at pH 3.8 in plates and 

bioreactors accordingly. S. cerevisiae strain ST938 thus specifies the highest 3-HP yield 

on substrate at pH 3.8 in this study, underlining the importance of pH as an important 

process variable for product formation. A cultivation pH below the pKa of 4.5 for 

3-HP [31] might be beneficial for the synthesis or excretion of 3-HP and thus allow 

20-25 % higher yields than obtained at a pH of 6.4. Furthermore, the product yield on 

substrate of 0.160 and 0.155 g·g-1 for strain ST938 at pH 6.4 is similar to earlier findings 

specifying a value of 0.14 g·g-1 at pH 5.0 [22]. 

 

 

Figure 4: Comparison of substrate-specific 3-HP yields of S. cerevisiae strains ST687 and ST938 

cultivated at pH 6.4 and 3.8 in plates applying the fed-batch mimicking medium and in stirred tank 

bioreactors in fed-batch mode.  

 

In summary, all yields determined for both 3-HP producing S. cerevisiae strains in plates 

and bioreactors show comparable values and indicate a reliable performance of the fed-
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batch mimicking system as valuable screening tool. Furthermore, the pH could be 

identified as promising process variable for the production of 3-HP. 

Evaporation is often a critical factor in small-scale systems [32–34]. Changes in 

cultivation volume due to evaporation negatively influence substrate and (by-)product 

concentrations as well as corresponding kinetics, leading to an up-concentration of the 

cultivation broth and consequently to an overestimation of yields. In this study, 

evaporation is linked to the technical equipment used in this study, i.e. the Growth 

Profiler 960. Evaporation using the appropriate sandwich covers was determined to be 

1-2 % per day and well at 30 °C [35]. Regarding a total cultivation time of approximately 

60 h in this study, this corresponds to an evaporation of approximately 2.5-5 %, which is 

negligible. Measures in order to limit evaporation comprise the filling of microtiter plate 

wells not used for cultures with water. Furthermore, it is of importance to keep the 

cultivation times relatively short in order to reduce the effect evaporation has on the 

culture volumes, however, thereby allowing sufficiently long cultivation time to 

guarantee product concentration above the detection limit of the chosen instrument for 

analysis.  

 

CONCLUSION  

This study demonstrated the development of a fed-batch mimicking medium tailored for 

S. cerevisiae cultivations that relies on a steady glucose release from a polysaccharide 

upon enzymatic cleavage. The principle to use a polysaccharide as carbon source for 

microbial cultivation, which gradually yields glucose monomers due to enzymatic 

degradation, is per se not novel as evident from commercialized systems and protected 

intellectual property (EP2226380) [36]. However, as commercialized systems are 

proprietary, specifics on their exact composition are not disclosed. The system developed 

in this study was based on iterative steps, comprising the choice of a suitable buffer and 

enzyme concentration, as well as an appropriate inoculum size, to allow for the robust 

cultivation of S. cerevisiae in fed-batch mode. The focus was set on pH maintenance over 

the time span of the cultivation, choosing yeast-specific conditions at a near-neutral pH 

value of 6.4 and low pH of 3.8. Furthermore, 3-HP formation of two engineered S. 

cerevisiae strains was evaluated in the small-scale fed-batch mimicking system and in 

bioreactors at pH 3.8 and 6.4, revealing similar product yields on glucose and on biomass, 
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respectively. Based on product yields on glucose obtained in both systems, the highest 

3-HP yield found for strain S. cerevisiae was ST938 0.201 ± 0.007 g·g-1, identifying the 

pH as beneficial process variable for 3-HP synthesis. The small-scale fed-batch 

mimicking system described in this study proved to be a suitable and simple tool for 

various screening applications in fed-batch mode at close to neutral and acidic pH of 

S. cerevisiae producer strains under carbon limiting conditions. 
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7 Paper II 

Exploring small-scale chemostats to scale up microbial processes: 

3-Hydroxypropionic acid production in S. cerevisiae 

The study conducted in this paper was motivated by challenges occurring with 

heavily modified microbial producer strains during cultivation. Advances in genetic 

engineering tools allow more profound changes in the intricate genetic, regulatory and 

metabolic network of microbial strains to harness their capabilities to efficiently produce 

a desired compound (Chapter 2). Besides the introduction of a biosynthetic pathway, the 

energy metabolism and co-factor availability in these strains is often highly engineered, 

where for example artificial sinks or sources of energy carrying molecules like ATP and 

co-factors like NAD/NADH or NADP/NADPH are introduced (De Kok et al., 2012; Lian 

et al., 2018). These modifications disturb the natural homeostasis and consequently, it is 

expected that the physiology of these modified strains differs significantly from that of a 

wild-type strain. In comparison, conventional production organisms are usually less 

engineered as a natural pathway is frequently exploited as fundament for genetic 

alterations, which results in a rather similar physiology to the wild-type, as it is e.g. the 

case in S. cerevisiae and ethanol production. Hence, conventional strategies for early 

process development that were based on strains behaving similar to the wild-type strain 

are in many cases not adequate or beneficial for strains with a heavily perturbed 

metabolism. Optimal conditions in a production process are therefore often unknown a 

priori. This indicates that a much more detailed and extensive investigation of the 

physiology of these strains is necessary in early process development. Chemostat 

cultivations are a powerful tool for systematic physiological strain characterizations, 

since they allow the change of one single process parameter at a time while all other 

parameters are maintained constant (Bull, 2010; Winder & Lanthaler, 2011). Unlike in 

fed-batch cultivations, parameters like biomass-, product-, and substrate-concentrations 

can be kept constant in chemostats allowing to run a tightly defined process, 

systematically modifying a single parameter at a time (Hoskisson & Hobbs, 2005). One 

of the most important parameters for physiological characterization is the growth rate 

since it governs corresponding cultivation rates (e.g. substrate uptake rate and 

(by-)product formation rates). The variation of the growth rate thus reveals changes in 

yields and triggers potential overflow metabolism (Chapter 3). As growth rates can also 
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be controlled in fed-batch cultivations to some extent, an optimal growth rate found in a 

chemostat can equally be applied in a fed-batch culture and thus lead to similar results, 

given that other conditions present in the fed-batch cultivation are comparable to the ones 

applied in chemostats and are carefully controlled (Lim et al., 1977). This approach, 

however, is rarely applied due to the prolonged duration of chemostat cultures and its 

validity is frequently questioned since in many cases experimental set-ups are not 

appropriately controlled and thus do not permit comparable conditions.  

Carbon-limited cultures are usually favoring biomass formation and many efforts 

to optimize bioprocesses are frequently focused on microbial growth and not necessarily 

on product formation. In this context, the question arises, if maximal product formation 

can be generally achieved by applying optimal growth conditions (Kottmeier et al., 2010). 

A common approach to decouple growth and production is the application of secondary 

substrate limitations (Huber et al., 2011; Kottmeier et al., 2010; Shang et al., 2003), as 

secondary substrate limitations can force a microorganism into a beneficial physiological 

state for the production of a desired compound. This strategy, however, is in spite of its 

potential benefits for increased product formation less popular since it requires laborious 

media development and a tight control of the media composition.  Chemostats serve as a 

convenient tool for studying the effect of different substrates, as they allow the precise 

supply of substrate under controlled cultivation conditions.  

In order to satisfy the increased need for quantitative physiological strain 

characterization and media development in a timely and cost-effective manner 

parallelized small-scale cultivation systems that enable high-throughput are a suitable 

tool. The use of an improved small-scale chemostat system allowed the implementation 

of strategies for the detailed investigation of yeast physiology and the exploitation of these 

findings for the careful design of an optimized fed-batch process as well as the 

development of a secondary substrate limiting media beneficial for the formation of the 

desired product 3-hydroxy-propionic acid (3-HP).  
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ABSTRACT 

Background: The physiological characterization of microorganisms provides valuable 

information for bioprocess development. Chemostat cultivations are a powerful tool for 

this purpose, since they allow defined changes to one single parameter at a time while 

keeping other factors constant. We performed physiological characterizations of a 3-

hydroxypropionic acid (3-HP) producing Saccharomyces cerevisiae strain in a 

miniaturized and parallelized chemostat cultivation system. The physiological conditions 

under investigation were various growth rates controlled by different nutrient limitations 

(C, N, P). Based on the cultivation parameters obtained subsequent fed-batch cultivations 

were designed. 

Results: We report technical advancements of a small-scale chemostat cultivation system 

and its applicability for reliable strain screening under different physiological conditions, 

i.e. varying dilution rates and different substrate limitations (C, N, P). Exploring the 

performance of an engineered 3-HP producing S. cerevisiae strain under carbon-limiting 

conditions revealed the highest 3-HP yields per substrate and biomass of 16.6 ± 

1.7 %C-mol and 0.43 ± 0.04 g·gCDW-1, respectively, at the lowest set dilution rate of 

0.04 h-1. 3-HP production was further optimized by applying N- and P-limiting 
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conditions, which resulted in a further increase in 3-HP yields revealing values of 21.1 ± 

0.0 %C-mol and 0.50 ± 0.01 g·gCDW-1 under phosphate-limiting conditions. The 

corresponding parameters favoring an increased 3-HP production, i.e. dilution rate as well 

as C- and P-limiting conditions, were transferred from the small-scale chemostat 

cultivation system to 1-L bench-top fermenters, revealing 3-HP yields of 15.9 ± 1.2 %C-

mol and 0.45 ± 0.02 g·gCDW-1 under C-limiting, as well as 25.6 ± 1.7 %C-mol and 0.50 

± 0.09 g·gCDW-1 under phosphate-limiting conditions.  

Conclusions: Small-scale chemostat cultures are well suited for physiological 

characterization of microorganisms, particularly for investigating the effect on microbial 

performance by changing a selected cultivation parameter. As optimal conditions for 3-

HP production, our study found i) a low dilution rate of 0.04 h-1 under C-limiting 

conditions and ii) a secondary substrate limitation using phosphate. 3-HP yields proved 

similar for chemostat and fed-batch cultures for both C- and P-limitations, marking 

product yields as a suitable and robust parameter for process transfer. 

 

INTRODUCTION 

Besides strain engineering, the establishment of a commercially viable bioprocess 

requires multiple screening procedures, process development, and optimizations as well 

as process validation and scale-up trials. Fully equipped stirred tank reactors are 

considered to be the gold standard for quantitative strain characterizations, allowing 

versatile cultivation modes, such as batch and fed-batch, and the precise on-line 

measurement and control of various cultivation parameters, such as dissolved oxygen and 

pH levels. Novel microbioreactor (MBR) systems, ranging from down-scaled stirred tank 

reactors to advanced shaken microtiter plate cultivation devices, have been developed to 

meet the increasing need for high throughput strain screening and testing of relevant 

cultivation conditions [1]. Efforts towards designing MBR systems are reflected in robust 

cultivation devices, such as the parallelized small-scale chemostat bioreactor system 

based on Hungate tubes [2] and the microtiter plate based system for high-throughput 

temperature optimization for microbial and enzymatic systems [3]. A few MBR systems 

have been further developed, and even reached commercialization, such as the ambr 

system (Sartorius) or the BioLector (m2p-labs). Certain MBR systems allow various 

cultivation modes with the possibility to monitor and control process parameters 
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selectively, whereas other systems only support one mode of cultivation, i.e. continuous 

or fed-batch mode. Continuous cultivations provide defined and constant cultivation 

conditions, where single parameters such as temperature, pH, nutrient composition or 

concentration can be investigated in relation to the growth rate applied [4]. Industrial 

bioprocesses usually favor cultivations in fed-batch mode, as this cultivation mode has 

been found effective in circumventing undesired phenomena, such as substrate inhibition, 

catabolite repression or the Crabtree effect [5, 6]. Fed-batch cultivations are characterized 

by feeding nutrients intermittently or continuously for microbial growth. The specific 

growth rate in fed-batch cultivations can be controlled by feeding a single growth-limiting 

nutrient at a desired rate. As both chemostat and fed-batch cultivations are capable of 

tightly maintaining the specific growth rate at a set value without the accumulation of 

residual substrate, key cultivation parameters of chemostat and fed-batch cultivations can 

be compared [7]. In this study, cultivations were performed with the yeast Saccharomyces 

cerevisiae, which is well-characterized for different cultivation conditions. The S. 

cerevisiae strain used in this study was engineered for 3-hydroxypropionic acid (3-HP, 

C3H6O3) production and has previously been genetically modified to express the 

biosynthetic pathway for 3-HP via the intermediate β-alanine [8]. 

In this study, we investigated 3-HP production in an engineered S. cerevisiae strain using 

an improved small-scale parallelized continuous cultivation system. Microbial 

performance for 3-HP production at different growth rates was tested and the best growth 

rate used for further elucidation of the effect of different secondary substrate limitations 

on product yield. The parameters assessed in small-scale chemostats were transferred to 

bench-top fed-batch cultivations and the microbial performance regarding 3-HP 

production was compared subsequently. 

 

MATERIALS AND METHODS 

Strains and Maintenance 

All cultivation experiments were performed with genetically engineered Saccharomyces 

cerevisiae strain ST938, previously described for 3-HP production by Borodina et al. [8]. 

The genes encoding the following enzymes were overexpressed in this strain to enable 3-

HP production from aspartate via β–alanine: pyruvate carboxylase (PYC1, PYC2), 

aspartate aminotransferase (AAT2), aspartate decarboxylase (TcPAND), β-alanine-
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pyruvate aminotransferase (BcBAPAT), and 3-hydroxypropanoate dehydrogenase 

(EcYDFG). Biomass from the S. cerevisiae ST938 glycerol stock was distributed on a 

YPD agar plate and incubated for 3 days at 30 °C. For pre-culture preparations, a single 

colony from plate was used to inoculate 25 mL of synthetic medium in a 250-mL baffled 

shake flask. The culture was incubated in an orbital shaker at 30 °C degree and 250 rpm 

with a 2.5 cm orbit for approximately 24 h.  

Media 

Synthetic medium consisted of 7.5 g·L-1 (NH4)2SO4, 14.4 g·L-1 KH2PO4, 0.5 g·L-1 

MgSO4·7H2O and 2 % glucose with the addition of 2 mL trace metal and 1 mL vitamins 

solution. The trace metal solution (pH 6.0) comprised 4.5 g·L-1 CaCl2·2H2O, 4.5 g·L-1 

ZnSO4·7H2O, 3 g·L-1 FeSO4·7H2O, 1 g·L-1 H3BO3, 1 g·L-1 MnCl2·4H2O, 0.4 g·L-1 

Na2MoO4·2H2O, 0.3 g·L-1 CoCl2·6H2O, 0.1 g·L-1 CuSO4·5H2O, 0.1 g·L-1 KI and 

15 g·L-1 EDTA. The vitamin solution (pH 6.5) consisted of 50 mg·L-1 biotin, 200 mg·L-1 

p-aminobenzoic acid, 1 g·L-1 nicotinic acid, 1 g·L-1 Ca-pantotenate, 1 g·L-1 pyridoxine–

HCl, 1 g·L-1 thiamine–HCl and 25 g·L-1 myo-inositol. All chemicals were obtained from 

Sigma-Aldrich. The pH of the medium was adjusted to 5.0 and the medium afterwards 

sterile filtrated. 

Cultivations in small-scale continuous bioreactors 

The custom-made small-scale continuous cultivation system consisted of 24 glass 

reactors built of 10-mL standard screw cap sample vials (VWR, Radnor, Pennsylvania, 

United States) that were placed in an aluminum block connected to a water bath (Julabo, 

Seelbach, Germany) for temperature control (Figure 1). Stirring was carried out at 

1000 rpm by using a 12 mm diameter triangle stirrer bar (VWR, Radnor, Pennsylvania, 

United States) at the bottom of the bioreactors and a microplate stirrer (MIXdrive 24 

MTP, 2mag, Munich, Germany) for agitation. Besides the four ports for sampling, the lid 

housed ports for aeration, feed and broth removal, and an integrated glass tube with an 

immobilized fluorescence dye for dissolved oxygen (DO) measurements. DO was 

measured through polymer optical fibers (Presens, Regensburg, Germany), transferring 

excitation light to the sensor and the sensor response back to the multi-channel fiber optic 

oxygen meter (OXY-10 mini, Presens, Regensburg, Germany). A 24-channel peristaltic 

pump was used to supply fresh medium to the reactors (205U multichannel cassette pump 

with CA8 pump head, Watson-Marlow Pumps Group, Rommerskirchen, Germany). In 
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order to achieve different dilution rates at fixed pump rates, tubes with different inner 

diameters were incorporated into the system (Marprene tubing: 0.25, 0.38, 0.50, 0.63 mm; 

Watson-Marlow, Rommerskirchen, Germany). A second microprocessor-controlled 

tubing pump (Ismatec EcoLine VC-ground unit with cassette head MS/CA 8-6, Ismatec 

Labortechnik GmbH, Wertheim, Germany) was connected to the medium outlet-port of 

the lid, operating at higher flow rates compared to the media pump to generate under 

pressure for passively aerating the system with humidified air to prevent evaporation from 

the cultivation system. For C-limited cultivation in the small-scale continuous 

bioreactors, the medium composition was as follows: 2 g·L-1 (NH4)2SO4, 7.5 g·L-1 

glucose monohydrate, 3 g·L-1 KH2PO4, 20 g·L-1 2-(N-morpholino)ethanesulfonic acid 

(MES), 0.5 g·L-1 MgSO4·7H2O, with the addition of 2 mL trace metal and 1 mL vitamins 

solution, as described above. For N-limited cultivations the same medium composition 

was used with the exception that the glucose monohydrate concentration was 10 g·L-1 and 

the ammonium sulfate ((NH4)2SO4) concentration was 0.51 g·L-1. Correspondingly, P-

limited conditions were achieved by applying 10 g·L-1 glucose monohydrate and a 

potassium dihydrogen phosphate (KH2PO4) concentration of 0.08 g·L-1. The pH of each 

medium was adjusted to 6.0 via addition of 2 M sodium hydroxide (NaOH), where after 

the medium sterile filtrated. Each medium further contained 100 μL·L-1 Antifoam 204 

(Sigma-Aldrich, St. Louis, Missouri, United States). Inoculation of the continuous 

cultures through the sample port were performed with a syringe. The inoculum was 1 mL 

of a freshly grown S. cerevisiae strain ST938 culture adjusted to a cell density 

of 1 (OD600nm).  

Cultivations in 1L bench-top bioreactors 

Fed-batch fermentation were carried out in 1-L Biostat® Qplus bench top reactors 

(Sartorius, Goettingen, Germany). The cultivation regime comprised an initial batch 

phase, using 400 mL medium, followed by a second C- or P-limited feeding phase, adding 

another 400 mL of medium. The composition of the batch medium for C-limiting 

conditions was prepared as described above under section ‘medium’. For phosphorous 

limiting conditions the amount of potassium dihydrogen phosphate (KH2PO4) was 

reduced to 0.04 g·L-1. The reactors were equipped with pH, temperature and DO probes. 

Oxygen uptake rates and carbon dioxide production rates were quantified by mass 

spectrometric analysis of the inlet gas and exhaust, determining relative compositions 

through inert gas balancing based on the nitrogen fraction in both gas streams (Prima BT, 
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Thermo, Chesire, UK). The temperature was set to 30 °C and the pH was maintained at 

5.5 by means of base addition (2N NaOH). Oxygen limitation during the course of the 

cultivation was prevented by keeping dissolved oxygen levels above 20 % air saturation, 

which was assured by modulating the oxygen fraction of the inlet air stream. The feed 

was started 1 h after carbon or phosphorous source depletion, indicated by decreasing 

CO2 levels in the off-gas and an increase in pH. The growth rate of the exponential feed 

profile was set to 0.05 h-1. The supply of the feed was controlled by means of gravimetric 

flow controllers. The feed for C-limiting conditions consisted of 400 g·L-1 glucose 

monohydrate, 10 g·L-1 MgSO4·7H2O, 30 g·L-1 KH2PO4 as well as 6 mL trace element 

and 3 mL vitamin solution. The feed for phosphorous-limiting conditions is analogously 

prepared to the feed for C-limiting conditions with the exception of 3.2 g·L-1 KH2PO4. 

Each feed solution further contained 100 μL·L-1 Antifoam 204 (Sigma-Aldrich, St. Louis, 

Missouri, United States). All cultivations were carried out in triplicates. 

Determination of cell concentration and biomass dry weight  

The optical density (OD600nm) of culture samples was measured in duplicate using a 

spectrophotometer (UV-1600PC Spectrophotometer, VWR, Radnor, Pennsylvania, 

United States) at a wavelength of 600 nm. Exact sample dilutions in water were 

determined gravimetrically. Biomass dry weight measurements were performed in 

duplicates by preparing different dilutions of a grown batch-culture in 15 mL-glass tubes. 

The respective cultures are measured for OD600nm, then washed and afterwards placed in 

an incubator at 60 °C for drying. The weight of the dried cell mass was determined. The 

calculated conversion factor for strain S. cerevisiae ST938 was 0.423 g·L-1 per OD-unit 

at 660 nm. 

Analysis of extracellular metabolites  

The extracellular concentrations of glucose, 3-HP, glycerol and ethanol were quantified 

by HPLC as previously described [8]. All compounds used as standards for calibration 

were obtained from Sigma-Aldrich, except 3-HP which was purchased from Tokyo 

Chemicals Industry Co. Sample preparation for HPLC analysis involved the separation 

of the culture supernatant from the cells through centrifugation of the samples for 5 min 

at 13,000 rpm and 4 °C, followed by filtration (0.2 µm single-use syringe filter unit, Th. 

Geyer, Renningen, Germany) and 10x dilution in distilled water. 
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RESULTS AND DISCUSSION 

Improved small-scale continuous cultivation system 

In this study, we show further advancements and application possibilities of a small-scale 

continuous cultivation system previously developed by Klein et al. [2] for an increased 

degree of parallelization and improved handling as well as monitoring of the individual 

reactors. The key aspects of the changes made to the system comprise an increase in the 

set of parallel culture vessels from 8 to 24 reactors and a decrease in working volume 

from 10 to 6.5 mL. The present system further consists of custom-made lids housing four 

fixed ports used for aeration, media supply, broth removal as well as inoculation or 

sampling (Figure 1). Besides the four ports, an optical rod-shaped DO probe is inserted 

through the lid for DO monitoring without disturbing the cultivation process, and in this 

way replacing the oxygen fluorescent sensor spot glued on the inner surface of the tube 

wall in the previous set-up [2]. The water bath, which in the previous set-up was used to 

maintain a constant cultivation temperature, is replaced by a custom-made aluminum 

heating block, which is fused to a microplate stirrer unit. As the previous version of the 

small-scale bioreactor system was validated using the fission yeast Schizosaccharomyces 

pombe [2], we here present the improved cultivation set-up for S. cerevisiae cultivations. 

 

 

 

Basic operational steps, as well as adjustments of dilution rates by selecting the 

appropriate tube diameter and pump rate of the media influx pump, were performed as 

previously described [2]. With the present system, efflux flow rates of 7.5 mL·min-1 were 

Figure 1: (A) Schematic view of a stirred small-scale bioreactor for parallelized continuous cultivation. (B) Set-

up of the parallel small-scale cultivation system. 
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used for all cultivation experiments. The average oxygen mass transfer coefficient kLa 

achieved was 110 h-1, which allowed DO levels well above 30 % saturation throughout 

the cultivation process. The pH was not monitored online nor controlled during the 

cultivation, as the medium was a priori adjusted to a pH of 6.0. Due to metabolic activity 

of S. cerevisiae ST938, the pH dropped to 5.5 ± 0.1 and remained constant, thus allowing 

for comparable cultivation conditions even without pH control by means of sufficient 

buffering capacity of the cultivation medium and limiting the amount of biomass 

produced in the system via the feed substrate concentration. The pH of the reactor effluent 

showed a minor variation in pH within the course of the cultivation of approximately 

0.1 pH units (data not shown).  

Exploring 3-HP production in small-scale chemostats at different dilution rates 

under C-limiting conditions 

To determine maximum specific growth rate (μmax), S. cerevisiae ST938 was cultivated 

in batch conditions applying excess nutrient availability. Using glucose as sole carbon 

source, the μmax was 0.265 ± 0.007 h-1, the biomass yield was 24.9 ± 1.3 g·mol-1, and 

the 3-HP carbon yield on glucose was 0.6 ± 0.0 %C-mol (Table 1). In this cultivation 

mode, most of the carbon was metabolized to ethanol and CO2 [9], as high glycolytic 

fluxes in wild-type S. cerevisiae are strongly linked to alcoholic fermentation [10, 11]. 

Continuous chemostat cultivations are characterized by the limited and controlled supply 

of medium containing a single growth-limiting substrate through constant inflow of fresh 

medium and outflow of the broth while maintaining a constant culture volume, resulting 

in a fixed dilution rate (D [h-1]), assuming a steady state is reached after a sufficient 

number of volume changes. If D is lower than the maximum specific growth rate of the 

microorganism (D < μmax), the specific growth rate equals the dilution rate (μ = D). At 

steady state, wild-type S. cerevisiae does not produce significant quantities of overflow 

metabolites below a certain growth rate, marking the critical dilution rate (Dcrit [h-1]). At 

or above this critical dilution rate, S. cerevisiae enters overflow metabolism producing 

various by-products, such as ethanol, acetate and minor quantities of organic acids [9, 11, 

12]. Chemostats are thus well suited for physiological studies of microorganisms, since 

they allow reproducible cultivation of microorganisms under tightly defined conditions. 

Accordingly, continuous cultures were used to investigate the relationship between the 

growth rate and biomass-specific 3-HP product formation in S. cerevisiae ST938, 

cultivated at different dilution rates on C-limited medium. The four different dilutions 



Chapter 7: Paper II 

 

 
69 

rates D [h-1]: 0.04, 0.09, 0.17 and 0.21 were chosen to be below the μmax of S. cerevisiae 

strain ST938 determined in batch cultivation. The biomass yield on glucose as well as the 

3-HP yield, specific 3-HP production rate, and the specific substrate uptake rate were 

investigated (Figure 2A-D, Table 1). All relevant cultivation parameters, i.e. yields and 

rates with the respective standard deviations, are summarized in Table 1. 

 

Table 1: Cultivation parameters of S. cerevisiae ST938 grown in continuous cultures under C-limited conditions. Y 

– Yield, q – rate, X – Biomass, S – Substrate (glucose), EtOH – Ethanol, Gly – Glycerin, 3-HP – 3-hydroxypropionic 

acid, Glcres – residual glucose, n.a. – Not applicable. Errors correspond to standard deviations derived from triplicate 

cultivations. 

  Chemostat Batch 

  Dilution rate [h-1] µmax [h-1] 

  0.04 0.09 0.17 0.21 0.27 

YX/S [g·mol-1] 78.4 ± 0.6 79.7 ± 5.8 90.3 ± 6.6 102.4 ± 0.7 24.9 ± 1.3 

YEtOH/S [mol·mol-1] 0.09 ± 0.03 0.04 ± 0.02 0.04 ± 0.01 0.04 ± 0.00 1.1 ± 0.0 

YGly/S [mol·mol-1] 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.1 ± 0.0 

Y3-HP/S [mol·mol-1] 0.33 ± 0.03 0.30 ± 0.00 0.26 ± 0.00 0.23 ± 0.00 0.01 ± 0.00 

Y3-HP/S [%C-mol] 16.6 ± 1.7 15.1 ± 0.4 13.1 ± 0.4 11.7 ± 1.5 0.6 ± 0.0 

Y3-HP/X [g gCDW-1] 0.43 ± 0.04 0.34 ± 0.03 0.26 ± 0.01 0.19 ± 0.02 0.04 ± 0.00 

qS [mmol·gCDW-1·h-1] 0.51 ± 0.13 1.2 ± 0.1 1.9 ± 0.2 2.1 ± 0.0 10.7 ± 0.7 

qGly [mmol·gCDW-1·h-1] 0.01 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.06 ± 0.01 0.86 ± 0.03 

qEtOH [mmol·gCDW-1·h-1] 0.05 ± 0.02 0.05 ± 0.02 0.07 ± 0.02 0.08 ± 0.01 11.9 ± 0.5 

q3-HP [mmol·gCDW-1·h-1] 0.17 ± 0.06 0.36 ± 0.03 0.50 ± 0.03 0.49 ± 0.07 0.12 ± 0.00 

Glcres [mM] 0.07 ± 0.00 0.08 ± 0.01 0.06 ± 0.03 0.05 ± 0.02 n.a. 
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Figure 2: Selected rates and yields for C-limited aerobic chemostat cultivations of S. cerevisiae ST938 (A) 3-HP 

yield [C-mol·C-mol-1] on glucose, (B) Biomass yield on glucose [g·mol-1], (C) specific 3-HP production 

rate [mmol·gCDW-1·h-1] and (D) specific glucose uptake rate [mmol·gCDW-1·h-1] at different dilution rates for 

S. cerevisiae ST938. Cultivations were carried out in triplicates at 30 °C and pH 5.5 under C-limited conditions. 

Errors correspond to standard deviations derived from triplicate cultivations. 

 

The cultivation of S. cerevisiae ST938 under C-limiting conditions showed a switch from 

predominantly fermentative metabolism observed in batch mode to a respiratory 

metabolism in chemostats, which is reflected in higher biomass yields as well as a 

negligible formation of ethanol and glycerol (Table 1). Furthermore, minor quantities of 

residual glucose below 0.1 mM were detected in the samples taken from the efflux of the 

different reactors, verifying the cultures to be glucose-limited. Carbon-limited conditions 

found in steady-state chemostat cultures seemed to promote the formation of 3-HP, as the 

yields of this product were 20- to 25-fold higher than the yield determined in the batch 

culture (Table 1). This is most likely due to the more efficient conversion of carbon during 

respiration in comparison to fermentation in batch cultures, as more energy in the form 

of ATP is generated. Interestingly, the cultivations of S. cerevisiae ST938 under 

C-limiting conditions revealed that with declining specific growth rates a constant 

increase in 3-HP carbon yields could be observed, with the highest 3-HP yield of 16.6 ± 

1.7 %C-mol observed at a dilution rate of 0.04 h-1 (Figure 2A). The 3-HP yield on biomass 

is 10-fold higher than the yield in batch cultures and increased more than 2-fold from 0.19 
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± 0.02 to 0.43 ± 0.04 g·gCDW-1 by lowering the dilution rate from 0.21 to 0.04 h-1 

(Table 1). The maximum specific productivity for 3-HP of approximately 

0.50 mmol·gCDW-1·h-1 was seen at dilution rates of 0.17 and 0.21 h-1, which is roughly 

4-fold higher than measured in batch cultivations (Figure 2C, Table 1). As expected, the 

specific glucose uptake rate (qS) increased with higher dilution rates from 0.51 ± 0.13 to 

2.1 ± 0.0 mmol·gCDW-1·h-1 (Figure 2D). These values are up to 20-fold below the 

maximum specific glucose uptake rate of 10.7 ± 0.7 mmol·gCDW-1·h-1 observed at µmax 

under glucose-limited growth conditions in batch mode (Table 1). Values obtained for 

the specific substrate uptake rate and biomass yield at a dilution rate of 0.09 h-1 (Table 1) 

were in agreement with data from chemostat cultivations with wild-type S. cerevisiae at 

a dilution rate of 0.10 h-1, stating 1.1 ± 0.0 and 1.25 ± 0.00 mmol·gCDW-1·h-1 as well as 

0.49 ± 0.0 g·g-1, respectively [13, 14]. It has been found that the biomass yield per 

substrate increases with increasing dilution rates, for wild-type S. cerevisiae, however, 

this parameter is generally constant below Dcrit as long as maintenance does not have a 

considerable effect as carbon sink [11, 12, 15]. Reduced biomass yields on substrate at 

low dilution rates are usually attributed to the higher fraction of carbon needed for 

maintenance metabolism of the overall cellular requirements [12, 16].  In case of 

S. cerevisiae strain ST938, however, it seems that carbon that was not directed towards 

biomass formation was presumably contributing to some extent to the formation of both 

3-HP and by-products. 

 To conclude, differences experienced in continuous cultures at different dilution 

rates as well as in comparison to similar set-ups with S. cerevisiae wild-type suggest that 

the integrated biosynthetic pathway to produce 3-HP has a tremendous impact on yeast 

physiology, which is presumably amplified by adaptive stress responses. Based on the 

cultivation parameters assessed, significant changes in the physiological performance of 

engineered S. cerevisiae strain ST938 could be observed when changing the cultivation 

mode from batch to chemostat operation. Our chemostat experiments suggest a shift from 

fermentative growth in batch mode to a more respiratory metabolism with reduced 

ethanol formation and increased 3-HP production in comparison to batch cultivation. 

Finally, C-limited chemostat cultivation at the lowest dilution rate of 0.04 h-1 resulted in 

the highest 3-HP carbon yield. 
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Investigating secondary substrate limitation for increased 3-HP yields in small-scale 

chemostat cultures 

After characterizing S. cerevisiae ST938 under C-limiting conditions, cultivations under 

secondary substrate limiting conditions were performed. Secondary substrate limiting 

conditions have previously been proven to be favorable for the production of various 

native and non-native metabolites in different organisms [17–22]. Therefore, the 

performance of yeast strain ST938 for 3-HP production under limitations of the secondary 

substrates nitrogen (N) and phosphorous (P) was investigated. The corresponding 

cultivations were performed in the small-scale continuous cultivation system (Figure 1) 

with a set dilution rate of 0.04 h-1, which resulted in the highest carbon yields of 3-HP 

under C-limited conditions (Table 1). The parameters and respective standard deviations 

from the secondary substrate-limited cultivations are summarized in Table 2. 

 

Table 2: Cultivation parameters of S. cerevisiae ST938 grown in continuous cultures at a dilution rate of 0.04 h-1 

under carbon (C), nitrogen (N) and phosphorus (P) limited conditions. Errors correspond to the standard deviations 

derived from triplicate cultivations. The C-limitation data were taken from Table 1 for simplicity of comparison. Y- 

Yield, q – Rate, X – Biomass, S – Substrate (glucose), EtOH – Ethanol, Gly – Glycerin, 3-HP – 3-hydroxypropionic 

acid, Glcres – Residual glucose, PO4res – Residual phosphate, NH4res – Residual ammonium, n.a. – Not applicable, 

n.d. – Not determined, b.d. – Below detection limit. 

  Chemostat [0.04 h-1] 

  C-limitation N-limitation P-limitation 

YX/S [g·mol-1] 78.4 ± 0.6 72.4 ± 0.5 75.2 ± 1.9 

YEtOH/S [mol·mol-1] 0.09 ± 0.03 0.05 ± 0.01 0.04 ± 0.01 

YGly/S [mol·mol-1] 0.03 ± 0.01 0.09 ± 0.01 0.01 ± 0.00 

Y3-HP/S [mol·mol-1] 0.33 ± 0.03 0.36 ± 0.04 0.42 ± 0.01 

Y3-HP/S [%C-mol] 16.6 ± 1.7 17.7 ± 1.9 21.1 ± 1.8 

Y3-HP/X [g·gCDW-1] 0.43 ± 0.04 0.44 ± 0.05 0.50 ± 0.01 

qS [mmol·gCDW-1·h-1] 0.51 ± 0.13 0.61 ± 0.01 0.54 ± 0.01 

qGly [mmol·gCDW-1·h-1] 0.01 ± 0.00 0.06 ± 0.01 0.01 ± 0.00 

qEtOH [mmol·gCDW-1·h-1] 0.05 ± 0.02 0.03 ± 0.01 0.02 ± 0.01 

q3-HP [mmol·gCDW-1·h-1] 0.17 ± 0.06 0.22 ± 0.02 0.23 ± 0.01 

Glcres [mM] 0.07 ± 0.00 0.63 ± 0.13 0.19 ± 0.03 

PO4res [mM] n.a. n.a. b.d. 

NH4res [mM] n.a. b.d. n.a. 

 

For N- and P-limited cultivation conditions, no residual ammonium or phosphate was 

detected in the samples taken from the efflux of the different reactors, verifying the 
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cultures to be limited with respect to the corresponding secondary substrate (Table 2).  

However, minor quantities of residual glucose in the range of 0.63 ± 0.13 and 0.19 ± 

0.03 mM were detected under secondary substrate limitation (Table 2). During C-

limitation, as stated above, the residual glucose levels were well below 0.1 mM (Table 2). 

N- and P-limitations revealed a 3-HP yield of 17.7 ± 1.9 and 21.1 ± 1.8 %C-mol, 

respectively, displaying a significantly higher value under P-limited conditions compared 

to the 3-HP carbon yield of 16.6 ± 1.7 %C-mol calculated for C-limited cultivation 

conditions (Table 1 and 2). Similarly, the specific productivity for 3-HP was significantly 

increased for N- and P-limited cultivations revealing values of 0.22 ± 0.02 and 0.23 ± 

0.01 mmol·gCDW-1·h-1 in comparison to 0.17 ± 0.06 mmol·gCDW-1·h-1 reached in C-

limited cultures. Moreover, the 3-HP yields on biomass showed comparable values of 

0.43 ± 0.04 and 0.44 ± 0.05 g·gCDW-1 for C- and N-limiting conditions, however, in case 

of P-limitation, an increased yield of 0.50 ± 0.01 g·gCDW-1 was observed. Due to the 

overall low concentrations of by-products quantified, these are negligible (Table 2). The 

values for the specific substrate uptake rate (qS) for C- and P-limitation were comparable 

and a slightly elevated value of 0.61 ± 0.01 mmol·gCDW-1 h-1 was obtained under N-

limited conditions.  Biomass yields per substrate revealed for N- and P-limited conditions 

similar values of 72.4 ± 0.5 and 75.2 ± 1.9 g·mol-1, respectively. Compared to the biomass 

yield of 78.4 ± 0.6 g·mol-1 achieved under C-limited conditions, these values are similar. 

Our study supports the rationale that higher product yields per substrate were achieved 

under secondary substrate limiting conditions. Consequently, it appears that a higher 

specific substrate uptake rate in case of N-limitation combined with the minimal 

formation of by-products ultimately favored product formation. Under P-limiting 

conditions the least amounts of by-products were formed, which could favor product 

synthesis. It can further be speculated that some metabolic changes possibly lead to a 

lowered amount of carbon being released as CO2. 

In summary, chemostat cultivations under secondary substrate limitation revealed 

increased 3-HP yields and specific production rates compared to C-limited conditions, 

with P-limitation enabling the highest product yields.  
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Transferability of the physiological parameters measured in small-scale chemostats 

to fed-batch cultures in 1-L bench-top bioreactors under C- and P- limiting 

conditions 

Since this study further aimed at assessing transferability and comparability of the 

physiological parameters measured under different cultivation conditions, the cultivation 

parameters obtained from the C- and P-limiting conditions determined in chemostat 

cultures were transferred to 1-L stirred bench-top reactors running in fed-batch mode. The 

concept of this approach was therefore to keep key conditions and parameters constant 

for chemostat and fed-batch cultures to assure comparability. These conditions comprised 

i) the same C:P ratio as applied in P-limiting chemostat cultivations and ii) the identical 

process conditions like pH and temperature iii) the same specific growth rates as applied 

in chemostats, achieved through an exponential feed profile in fed-batch cultivations. To 

optimize the product titer, the parameters with the maximal product yield per substrate 

from the chemostat experiments (D=0.04 h-1) under C- and P-limitation were chosen for 

the transfer to the fed-batch system. Due to technical restrictions in the set-up, fed-batch 

cultivations were carried out at a growth rate of 0.05 h-1, which is slightly higher 

compared to the set dilution rate of 0.04 h-1 in chemostat cultivations. The fed-batch 

cultivation consisted of an initial batch phase to generate biomass followed by an 

exponential, nutrient limited feeding phase to control the growth rate. Only the feeding 

phase was considered relevant for the transferability assessment of the parameters 

obtained from the continuous cultivation system, since solely during this phase the 

substrate concentration is controlling and thus limiting microbial growth. The fed-batch 

cultivation profiles of S. cerevisiae ST938, applying C-limiting conditions and secondary 

substrate limitation for phosphorous, are shown in Figure 3, and the corresponding 

cultivation parameters with their respective standard deviation are summarized in 

Table 3. 
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Figure 3: Aerobic fed-batch cultivation in 1-L bench top fermenters of S. cerevisiae ST938 using an exponential 

feeding ramp at D = 0.05 h-1 with the limiting substrate A) carbon, or B) phosphorus. Black circles refer to biomass 

titer, red squares to 3-HP titer and blue dashed line to the absolute amount of glucose fed to the reactors. 

 

Table 3: Cultivation parameters of S. cerevisiae ST938 grown in fed-batch mode in 1-L bench-top bioreactors under 

carbon (C) and phosphorus (P) limiting conditions. The growth rate (µset) of the exponential feeding profile was 

0.05 h-1. Errors correspond to the standard deviations derived from triplicate cultivations.  X – Biomass, S – 

Substrate (glucose), EtOH – Ethanol, Gly – Glycerin, 3-HP – 3-hydroxypropionic acid, b.d. – below detection limit. 

  Fed-Batch 

  C-limitation P-limitation 

μ [h-1] 0.059 0.051 

YX/S          [g·mol-1] 77.9 ± 8.9 67.7 ± 6.4 

YEtOH/S   [mol·mol-1] b.d. b.d. 

YGly/S      [mol·mol-1] b.d. b.d. 

Y3-HP/S   [%C-mol] 15.9 ± 1.2 25.6 ± 1.7 

Y3-HP/X   [g·gCDW-1] 0.38 ± 0.02 0.65 ± 0.09 

qS        [mmol·gCDW-1·h-1] 0.75 ± 0.10 0.77 ± 0.05 

q3-HP     [mmol·gCDW-1·h-1] 0.24 ± 0.00 0.39 ± 0.01 

qCO2 [mmol·gCDW-1·h-1] 1.94 ± 0.48 1.88 ± 0.16 

qO2     [mmol·gCDW-1·h-1] 1.96 ± 0.45 2.42 ± 0.41 

RQ [-] 0.99 0.78 

 

The biomass yield observed in the fed-batch cultures was 77.9 ± 8.9 and 67.7 ± 

6.4 g·mol-1 for C- and P-limitation, respectively. The biomass yield for C-limited 

cultivations was comparable among chemostat and fed-batch operation. During P-

limitation, a slightly decreased biomass yield was observed during fed-batch operation 

(Table 2 and 3). However, within the standard deviations observed for both biomass 

yields, the difference was not significant.  
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The carbon yield on substrate for 3-HP was 15.9 ± 1.2 % for C-limitation, which is almost 

identical compared to the value calculated in the chemostat system (Figure 4A). It is 

further in close agreement to 14 % obtained in previous C-limited fed-batch studies at 

pH 5.0 [8]. A minor increase in 3-HP carbon yield on substrate can be attributed to 

technical factors, such as the difference in pH and feeding profile, but most likely to the 

use of the optimal growth rate beneficial for 3-HP synthesis. Our study further revealed 

a considerable increase in 3-HP carbon yield for the P-limited set-up of 25.6 ± 1.7 % 

(Figure 4A).  

The observed 3-HP yields on biomass for fed-batch were 0.38 ± 0.02 and 0.65 ± 

0.09 g·gCDW-1 for C- and P-limiting conditions, respectively. For C-limitation this 

confirmed the values observed in the chemostat set-up (Figure 4B). Due to the increase 

in yield of 3-HP per substrate under P-limiting conditions and the slight decrease in 

biomass yield per substrate at the same time, the yield of 3-HP per biomass was 

significantly increased compared to the chemostat experiment. 

In contrast to the cultivations carried out in chemostats, no significant accumulation of 

ethanol or glycerol was detected in fed-batch cultivations. This difference in byproduct 

spectrum might explain the increase in 3-HP yield per glucose. The respiratory quotient 

(RQ) calculated for both conditions in fed-batch confirms distinct differences of the 

physiologies under different limitations. For C-limited fed-batch cultures, the respiratory 

quotient (RQ) is close to unity, whereas the cultivation applying P-limitation reveals a 

value of 0.78, indicating a lower CO2 production compared to the oxygen uptake.  
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Figure 4: Comparison of cultivation parameters under different limitations determined in small-scale chemostats 

and 1-L bench-top reactors in fed-batch mode. (A) 3-HP carbon yield [%C-mol] and (B) 3-HP yield on 

biomass [g·gCDW-1]. Errors correspond to standard deviations derived from triplicate cultivations. 

 

In comparison to the cultivations conducted in chemostats, the specific glucose uptake 

rates determined in fed-batch cultures show considerably higher values of 0.75 ± 0.1 and 

0.77 ± 0.05 mmol·gCDW-1·h-1 for C- and P-limiting conditions, respectively. As 

mentioned above, the set point for the exponential factor of the feed profile was set to 

0.05 h-1 and varied up to 0.057 h-1, resulting in a specific growth rate in fed-batch 

cultivations up to 30-45 % higher compared to the chemostat experiments with 0.04 h-1 

(Table 3). Nonetheless, at least for C-limited fermentations, the biomass yield on glucose 

was comparable between chemostat and fed-batch cultivation. Similarly, the specific 

3-HP production rates were elevated in fed-batch cultivations, with 

0.24 mmol·gCDW-1·h-1 and 0.38 mmol·gCDW-1·h-1, respectively. However, yields per 

substrate were comparable between chemostat and fed-batch cultivation. No residual 

phosphate, as well as glucose, was detected in the samples taken from the different 

reactors for P-limiting conditions, confirming the cultures to be limited with respect to 

the corresponding secondary substrate. Similarly, for C-limitation no residual glucose 

was detected in the samples. As the 3-HP yield on substrate determined in fed-batch 

cultivations showed values in close agreement to the values obtained in chemostats, this 

suggests yields to be a robust cultivation parameter that is resistant to perturbations 

induced by smaller fluctuations in the cultivation set-up. This supports the assumption 

that chemostat cultivations and fed-batch cultivations are comparable considering the 

circumstances described above, as this parameter does not only match for C-limiting but 

also for P-limiting conditions. However, the transferability of physiological parameters 
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from chemostat to fed-batch deems only be feasible if no toxic or inhibiting compounds 

accumulate during the fed-batch cultivation. In case this would apply, the physiological 

parameters change during the course of the fed-batch cultivation and deviate from the 

acquired parameters in chemostats. As a general approach, chemostat experiments can 

serve as a tool for investigating the influence of a potential toxic or inhibiting compound 

by adding the substance to the feed itself. Since all other parameters are controlled and 

constant, the influence of the compound and its concentration can directly be assessed 

and evaluated. As there is no by-product formation detected in fed-batch cultivations and 

a presumably similar stress response induced due to weak acids, physiological conditions 

in small-scale chemostats resemble those in fed-batch conditions.  

In summary, this study showed that the concept of P-limitation for the improvement of 

3-HP production was identified in a novel parallelized chemostat cultivation system and 

could successfully be transferred to fed-batch cultures. Therefore, this study supports the 

conclusion, that physiological parameters acquired in chemostats can be used for the 

design and performance assessment of fed-batch cultivations. Microbial strain screening 

can therefore be performed in small-scale systems and optimal conditions subsequently 

transferred to larger scale fed-batch applications using yield-based parameters for the 

process set-up.  

 

CONCLUSION 

This study demonstrates the concept of transferring relevant cultivation parameters from 

a parallelized small-scale chemostat system to a bench-top fed-batch process to produce 

3-hydroxypropionic acid (3-HP) in engineered Saccharomyces cerevisiae, where product 

yields clearly function as a robust key parameter for process transfer. The observed 

physiological performance of engineered S. cerevisiae ST938 in chemostats under 

substrate limiting conditions revealed the highest 3-HP titer under P-limitation. This study 

showed robust and successful investigations of beneficial cultivation parameters and 

conditions in small-scale chemostats for improved 3-HP yields in a S. cerevisiae 

production strain as well as their use for process development in industrially relevant fed-

batch applications, as demonstrated in the reproducible production performances in fed-

batch conditions under C- and P-limitation. 
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8 Conclusion and Perspectives 

Bioprocesses proficiently harness the capability of microorganisms to produce 

compounds useful for society and economy (Chapter 1). Advances in synthetic biology 

tools allow purposeful changes in the intricate genetic, regulatory and metabolic network 

of microbial strains, rapidly yielding efficient microbial cell factories for the production 

of a desired compound (Chapter 2). In order to screen for best performing production 

strains as well as to gain a deeper understanding of the phenotypic effects occurring after 

profound manipulation of the metabolism, cultivation tools need to provide quantitative 

and reproducible data. The stirred tank bioreactor is traditionally regarded as cultivation 

tool of choice (Hortsch & Weuster-Botz, 2010), as it allows online monitoring and control 

of numerous relevant process parameters and consequently reproducible and well-

controlled cultivation conditions for strain characterization. However, it is unfavorable 

and often unfeasible to use stirred tank bioreactors as cultivation tools for strain screening, 

due to e.g. high costs, low turn-over times and labor-intensive operational maintenance 

resulting in comparatively low throughput (Betts & Baganz, 2006; Hemmerich et al., 

2014; Hortsch & Weuster-Botz, 2010; Puskeiler et al., 2005). Various small-scale 

cultivation systems emerged as suitable cultivation tool to fulfill the need of high-

throughput microbial phenotyping, as they offer a high degree of parallelization and 

simultaneously require fewer resources due to miniaturization (Chapter 5).  

This thesis demonstrated i) the development of a small-scale fed-batch mimicking 

system tailored for Saccharomyces cerevisiae cultivations for high-throughput screening 

in fed-batch mode (Paper I), and ii) the use of an improved small-scale cultivation system 

operating in continuous mode for the exploration of process conditions metabolically 

favorable for the synthesis of the industrially relevant chemical 3-hydroxypropionic acid 

(3-HP) in S. cerevisiae (Paper II).  

Paper I illustrates the development of a fed-batch mimicking medium tailored for 

S. cerevisiae cultivations that is based on the gradual release of glucose from a 

polysaccharide upon enzymatic cleavage. The approach to cultivate microorganisms on a 

polysaccharide source, which is enzymatically cleaved to yield glucose monomers, is per 

se not new and even commercialized and evidently IP protected (Neubauer et al., 2010 

(EP2226380)), but as these systems are proprietary, no details of their exact composition 

are disclosed. The system developed in this study was tailored for S. cerevisiae 
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cultivations at a near-neutral pH of 6.4 and at a, often in industry preferred, low pH of 

3.8. Process development for a robust cultivation in fed-batch mode required multiple 

iterations concerning the choice of a suitable buffer and enzyme concentration, as well as 

an appropriate inoculum size. The conclusive system developed in this study achieved 

constant glucose release rates and a tight maintenance of the cultivation pH of either 3.8 

or 6.4 during the time span of the cultivation, enabling robust growth performance of 

S. cerevisiae wild-type in fed-batch mode. The control of these process parameters 

allowed reproducible and comparable growth performance, leading to comparable 

conditions achieved in a stirred tank bioreactor and permitting similar cultivation data. 

Further system validation with two engineered S. cerevisiae strains showed indeed 

comparable 3-HP yields in microtiter plates and in stirred tank bioreactors. Values 

determined in bioreactors were similar to the values determined in microtiter plates, such 

as e.g. obtained for S. cerevisiae strain ST687 at pH 6.4, where a product yield on glucose 

of 0.052 ± 0.002 g·g-1 and 0.053 ± 0.001 g·g-1  was calculated for microtiter plates and 

bioreactors, respectively. The yields calculated from bioreactor cultivations deviated by 

less than 4 % from the values obtained in microtiter plates with the small-scale fed-batch 

mimicking system. Considering two different production strains cultivated at two 

different pH values, the highest 3-HP yields on glucose of 0.201 ± 0.007 g·g-1  and 0.205 

± 0.006 g·g-1 was determined for S. cerevisiae strain ST938 at pH 3.8 in the small-scale 

fed-batch mimicking system and the bioreactor, respectively. This study demonstrated 

the development of a small-scale fed-batch mimicking system tailored for the cultivation 

of S. cerevisiae as well as its robust application as high-throughput screening tool, proving 

a comparable performance to fed-batch cultivations performed in bioreactors based on 

similar cultivation parameters, such as product yields, obtained.  

Paper II presents an improved small-scale chemostat cultivation system that was 

used as a tool to identify optimal process parameters for designing a fed-batch process. 

Different growth rates and substrate limitations (carbon, nitrogen or phosphate) were 

successively tested for a 3-HP producing S. cerevisiae strain, revealing low growth rates 

and phosphate-limitation as beneficial parameters for product formation. Based on the 

cultivation data obtained from chemostat experiments, a fed-batch cultivation process 

was designed, showing that the process variables that were favorable in chemostat 

cultivations lead to similar results in stirred tank bioreactors operated in fed-batch mode. 

Especially product yields were found to be comparable in chemostat and fed-batch 
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cultivations, revealing the highest 3-HP yield on glucose of 0.026 ± 0.002 g·g-1 with 

S. cerevisiae strain ST938 at a set growth rate of 0.05 h-1 applying phosphate-limiting 

conditions. This study proved that the systematic investigation of different process 

parameters in chemostats can be beneficial for the optimization of a scaled-up fed-batch 

process, allowing maximal yields. 

Both studies presented in Paper I and II explored the physiology of S. cerevisiae 

strains and allow the comparability of 3-HP yields for S. cerevisiae strain ST938, as this 

strain has been investigated in both studies under carbon-limiting conditions. Thus, when 

comparing both studies, the pH emerged to be an important process variable for the 

production of 3-HP. This was revealed by comparing the 3-HP yield on glucose of 0.205 

± 0.006 g·g-1 in bioreactors at pH 3.8 with 0.155 ± 0.002 g·g-1 obtained at pH 6.4 (Paper I), 

and equally with 0.159 ± 0.012 g·g-1 determined in bioreactors under similar conditions, 

also at a higher pH of 5.0 (Paper II). Hence, in similar set-ups the highest 3-HP yield was 

achieved at a low pH of 3.8 and thereby reveals pH to be another key process variable to 

consider for 3-HP production. It could therefore be of relevance to investigate the effects 

of different pH values on product formation. 

In this regard, it would be of importance to implement a pH measuring device to 

the here presented chemostat and fed-batch systems, considering e.g. pH sensor spot for 

shake-flasks (Schneider et al., 2010) or fluorescent sensors integrated into 

microbioreactors (Arain et al., 2006; Gruber et al., 2017). For example, Presens 

(Regensburg, Germany) developed self-adhesive pH sensor spots operating at a range 

between pH 4.0 to 8.5 for the non-invasive measurement of pH, which could be suitable 

for yeast cultivation even at low pH. The integration of devices for the measurement of 

additional process variables describes a general trend, as various developed small-scale 

cultivation systems constantly undergo further rounds of improvement to concurrently 

allow the control and online monitoring of additional process parameters (Kreyenschulte 

et al., 2015; Ladner et al., 2016; Lladó Maldonado et al., 2018; Luchterhand et al., 2015). 

Besides the addition of more process variables, small-scale systems can also be extended 

on a technical level, allowing multiple cultivation modes. The small-scale chemostat 

system presented in this study was used as suitable tool to determine growth rates 

beneficial for product formation (Paper II). A valid alternative to scan growth rates might 

be proposed by using acceleration-stats (A-stat) (Paalme & Vilu, 1992). This technique 

is characterized by a continuously changing dilution rate enabled through a constant 
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acceleration of the pump rate of the medium supply pump. As the potential advantage of 

an A-stat is a dynamic cultivation mode, A-stats may more adequately represent the 

dynamic situation in fed-batch cultures and therefore yield better results suitable for the 

transfer of beneficial cultivation parameters from chemostat to fed-batch culture (Glauche 

et al., 2017). A-stats have been successfully applied for yeast (Paalme et al., 1997; Van 

Sluis et al., 2001) and might therefore be a valid alternative for continuous cultivations 

testing different growth rates. A-stats require, however, laborious data analysis and 

precise sampling times as A-stats are run as dynamic cultivation process where no distinct 

steady states are reached in contrast to chemostat cultivations. It would therefore be 

beneficial to equip the small-scale chemostat system with a specific pump to allow 

changing dilution rates at a constant acceleration rate enabling cultivations in A-stat 

mode.  

Concerning the improvement of small-scale systems, another focus is often set on 

the extension of the application spectrum in terms of adapting a small-scale system to a 

process with a specific microorganism or compound that requires different cultivation 

conditions. This trend can be transferred to the small-scale fed-batch mimicking system 

described in this study, which is developed and designed for the robust and reproducible 

cultivation of S. cerevisiae strains (Paper I). Although it is very likely that the application 

of a different microbial cell factory will result in less satisfactory outcomes, as another 

microorganism may require different growth rates, pH values or specific feeding rates, 

the general strategy described in this study can be adapted for other microbial cell 

factories. With the exception, however, of microbial cell factories synthesizing amylases, 

as they would interfere with the enzymatic activity present in the small-scale fed-batch 

mimicking system to enable the gradual release of glucose monomers. Another crucial 

parameter here is the chain length of the polysaccharide, which is applied as inactive 

substrate reservoir and is utilized as substrate by the microorganism once glucose 

monomers have become available. As other species may be able to use oligo- or 

polysaccharides as a substrate, this would revoke the inert properties of the reservoir, 

turning the reservoir into an additional substrate, and thereby undermining the controlled 

supply of the substrate that is characteristic for the fed-batch mimicking system. In 

principle, adapting this cultivation system to the specific needs of another microbial cell 

factory and its corresponding requirements for production is generally feasible and has 

been frequently shown for other small-scale set-ups. In any case, a successful extension 
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of the application spectrum of the small-scale fed-batch mimicking system should be 

preceded by another system validation with a broad production strain library to confirm 

its suitability as high-throughput screening tool, since only a small set of strains and 

conditions could be exemplarily tested in the here presented study. 

As mentioned above, improvements of small-scale systems on a technical level 

for measuring additional process variables or enabling additional cultivation modes 

combined with adaptation strategies to allow the cultivation of other microbial cell 

factories frequently result in a broad application spectrum of small-scale systems. This 

adaptability and flexibility of small-scale cultivation systems, paired with further progress 

in this field, will lead towards more automated cultivation processes in the future that 

could be run routinely with a high turn-around, applicable for high-throughput screening, 

and minimum supervision (Mühlmann et al., 2017; Rohe et al., 2012; Unthan et al., 2015; 

Wu & Zhou, 2014). Evidently, in the long run this would further result in the replacement 

of traditional lab-scale bioreactor, shake-flask or simple microtiter plate cultivations for 

early stages of the bioprocess as well as in the acceleration of the progress towards a 

viable bioprocess (Hemmerich, Noack, et al., 2018; Wewetzer et al., 2015). 

Regarding the rapid development of parallelized small-scale system for high-

throughput cultivations, an immediate bottleneck is envisioned with regard to metabolite 

analysis. One aspect in this regard is that cultivation samples are commonly analyzed via 

LC or LC/MS methods, which are costly, labor-intensive and time-consuming. Another 

aspect is the sample volume, as small-scale systems operate with less volume and the 

withdrawal of large amounts of culture broth impose a considerable disturbance of the 

cultivation. Furthermore, many parallelized systems do not allow frequent manual 

sampling. Considering all these aspects, alternate methods need to be developed to meet 

the need of high-throughput metabolite analysis whereby either a minimal sample volume 

or a robust online measuring technique should be used for detection and quantification of 

the desired product and related metabolite profile. A recent study by Hemmerich et al. 

(2018) addressed these challenges by developing a workflow for automated, repeated 

low-volume sampling of shaken 48-well microtiter plate cultivations of C. glutamicum. 

Without disturbing cellular growth, multiple samples of 20 μL each were taken 

automatically and important cultivation parameters such as titer, rates and yields 

determined from single cultures. This promising approach of rapid and quantitative 

microbial phenotyping, however, does not allow extensive sample analysis due to an 
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insufficient volumetric amount taken. Beneficial techniques to circumvent such 

limitations thus encompass the non- or minimal invasive, integrated analyses of 

metabolites, possibly feasible through assays or spectroscopic means (Claßen et al., 

2017).  

Consequently, it is evident that the combination of a higher number of culture 

vessels, more process variables measured and metabolites quantified, result in the 

generation of large data sets. Their analysis will ultimately represent a substantial 

bottleneck for timely analysis and interpretation of such complex data. It is thus of 

importance to have adequate approaches for e.g. multivariate data analysis (Glassey, 

2012; Nakayama et al., 2014; Tescione et al., 2015) or principal component analysis 

(Konishi, 2015; Sang et al., 2017; Yao et al., 2012) at hand to process such data-sets. 

Only this will allow to draw valid conclusions and further to make considerate decisions 

for future experiments (Mandenius, 2004; Sawatzki et al., 2018). In this regard, data 

driven approaches, such as mechanistic/numerical models (Mears et al., 2017; Wiechert 

& Noack, 2011), machine learning methods (Costello & Martin, 2018; Grys et al., 2017; 

Oyetunde et al., 2018), or Design of Experiment strategies (Kumar et al., 2014; Lee & 

Gilmore, 2006; Mandenius & Brundin, 2008), have tremendous potential as they 

contribute to a better understanding of cellular pathways or cultivation processes for 

optimization and decision-making.  

Apart from improvements, adaptations and challenges concerning small-scale 

systems as tools for microbial cultivations, cultivations strategies per se are essential for 

harnessing beneficial physiological states of a microbial cell factory for the production of 

a desired compound, such as the choice and composition of the substrate. This aspect was 

investigated in the study described in Paper II, where the limitation of secondary 

substrates and their beneficial effect on 3-HP synthesis was elucidated. The underling 

strategy of secondary substrate limitation is to redirect the carbon flux towards product 

synthesis and thereby to decouple microbial growth from product formation. This is a 

desired feature of microbial cell factories, as it would allow for the rapid buildup of 

biomass first without any inhibitory effects created through product formation. Once 

sufficient biomass is accumulated, a switch would trigger product synthesis and yet 

minimal growth would occur so that the cells would mainly catalyze substrate into the 

desired product. This switch should ideally be realized in the absence of expensive 

inducers. Secondary substrate limitations propose an interesting alternative, as they have 



Chapter 8: Conclusion and Perspectives 

 

 
89 

proven to reduce biomass buildup in favor of an enhanced product formation in various 

cases (Huber et al., 2011; Kottmeier et al., 2010; Shang et al., 2003). Although it is fairly 

labor intensive, future experiments could further explore this approach of limiting a 

secondary substrate for enhanced product formation. For this approach the switch may be 

a shift of the culture from carbon to secondary substrate limitation, possibly allowing the 

rapid accumulation of biomass first followed by solely product formation to achieve high 

product yields. Such approaches were also explored on a cellular level, where 

biosynthetic tools aim towards elucidating and constructing dynamic pathways for 

improved product formation by balancing growth and product formation, as shown with 

metabolite responsive promoters, biosensors, and quorum sensing systems (Tan & 

Prather, 2017). 

Both studies conducted in Paper I and II underline the importance of relevant 

cultivation systems for quantitative microbial phenotyping in adequate cultivation modes 

in a high-throughput manner. Furthermore, the importance of cultivation strategies is 

highlighted to achieve beneficial physiological states for microbial production of desired 

compounds. Both studies therefore equally contribute to the bigger picture of developing 

a bioprocess (Chapter 1). Regarding the holistic perspective of developing a microbial 

cell factory design process (Figure 1), studies conducted in Paper I and II relate to the 

section “Fermentation” focusing on relevant cultivation tool and strategies allowing 

quantitative strain analysis in high-throughput manner, thereby aiming at achieving high 

yields, rates and titers for a given microbial process. Furthermore, the interconnectivity 

of the section “Fermentation” and “Strain Engineering” is reflected in both studies, as 

engineered strains require quantitative phenotyping and thus appropriate cultivation tools.  
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