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Abstract  I 

Abstract 

Corynebacterium glutamicum is a microorganism which is highly relevant for industrial large scale 

applications. Nowadays, it is mainly used for amino acid production in the food and feed industry in a 

scale of several hundred cubic meters. Furthermore, it is a promising candidate for the production of 

bulk chemicals such as the biopolymer precursor Cadaverine. Gradient formation occurs in industrial 

bioprocesses, due to a limited power input in these large scale reactors. Multi compartment reactors 

are used to mimic zone formation in the laboratory and study the impact on the process performance. 

In this thesis the physiological response of C. glutamicum was studied in a Two- and novel Three-

compartment reactor, consisting of a stirred tank reactor connected to either one (Two-CR) or two 

plug flow reactor modules (Three-CR). This enables the observation of distinct zones which appear in 

aerobic nutrient limited fed-batch processes. In the Three-CR cultivation a third zone is studied 

additionally to zones of substrate excess/oxygen limitation and substrate limitation/oxygen excess, 

which is characterized by substrate and oxygen limitation. In both plug flow reactor modules L-lactate 

and succinate were synthesized under oxygen limitation. While these byproducts were completely re-

assimilated in the aerated STR in the Two-CR cultivation, the concentration in the Three-CR cultivation 

was increasing. However, growth was not influenced and product formation was only slightly 

decreased, so that C. glutamicum seemed to be robust against the oscillations of oxygen and substrate 

availability. While these experiments were performed in mineral salt media, a second set of 

experiments was performed in complex media based on sucrose, beet molasses and corn steep liquor, 

based on a formulation which is applied in industry. There, drastic changes in growth, product and 

byproduct formation were observed in scale-down cultivations. Growth was accelerated and product 

accumulation was reduced after 10 hours of feeding time, while several organic acids were 

accumulated, among them pyruvate, succinate, L-lactate, and acetate. Possibly nitrate respiration 

occurred which lead to an accumulation of nitrite. The protein and metabolite concentrations in the 

heterogeneous cultivations indicate the induction of stringent response and catabolite repression. 

Furthermore, the cell size distribution of C. glutamicum was changed and increased agglomeration was 

observed off line and additionally in situ using a laser light based back-reflection sensor.  
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Zusammenfassung  II 

Zusammenfassung 

Corynebacterium glutamicum wird heutzutage vorwiegend für die Aminosäuresynthese in der Lebens- 

und Futtermittelindustrie verwendet. Zudem ist C. glutamicum ein vielversprechender Kandidat für die 

Herstellung von Chemikalien wie des Biopolymervorläufers Cadaverin. Die Aminosäuren L-Lysin und L-

Glutamat werden in biotechnologischen Prozessen in Reaktoren von mehreren hundert Kubikmetern 

industriell produziert. Erhöhte Mischzeiten in diesen Großreaktoren verglichen zum Labormaßstab 

führen zu einer heterogenen Verteilung von beispielsweise Sauerstoff und Substrat, es entsteht ein 

Gradient im Reaktor. Verschaltete Reaktoren mit unterschiedlichen Kompartimenten werden 

verwendet, um diese Zonenbildung im Labor zu imitieren und die Auswirkungen auf den Prozess zu 

untersuchen. In der vorliegenden Arbeit wurde die physiologische Antwort von C. glutamicum in einem 

Zwei- und Drei-Kompartimenten-Reaktor untersucht. Dieser besteht  aus einem Rührkesselreaktor, 

der entweder mit einem (Zwei-KR) oder zwei Strömungsrohrreaktormodulen (Drei-KR) verbunden ist. 

Der Reaktoraufbau ermöglicht die Beobachtung von verschiedenen Zonen, die in aeroben Fed-Batch-

Verfahren auftreten. Im Rührkesselreaktor entsteht eine Zone mit Substratlimitierung und 

Sauerstoffüberschuss, im Strömungsrohrreaktor eine Zone mit Substratüberschuss und 

Sauerstofflimitierung. Dazu kommt im Drei-KR eine dritte Zone in dem zweiten Strömungsrohrreaktor, 

welche durch Substrat- und Sauerstofflimitierung gekennzeichnet ist. In beiden 

Strömungsrohrreaktoren wurden L-Laktat und Succinat unter Sauerstofflimitierung synthetisiert. 

Während diese Nebenprodukte in dem belüfteten Rührkesselreaktor des  Zwei-KR wieder 

aufgenommen wurden, nahm die Konzentration in der Drei-KR-Kultivierung zu. Allerdings war das 

Wachstum der Bakterien nicht beeinflusst und die Produktbildung wurde nur geringfügig verringert, 

so dass C. glutamicum gegen Oszillationen der Sauerstoff- und Substratverfügbarkeit robust zu sein 

schien. Für weitere Experimente wurde von Mineralsalzmedium auf komplexes Medium auf der Basis 

von Saccharose, Rübenmelasse und Maisquellwasser gewechselt, wie es in der Industrie Anwendung 

findet. Bei diesen Experimenten wurden Veränderungen im Wachstum und bei der Produktausbeute 

festgestellt. Die Wachstumsrate und die Produktbildung brachen nach 10 Stunden Fütterungszeit ein, 

während organische Säuren akkumulierten, darunter Pyruvat, Succinat, L-Lactat und Acetat. Eine 

mögliche Ursache ist die Umstellung des Organismus auf Nitrat-Atmung, welche zur Erhöhung der 

Nitritkonzentration im Medium führt. In Proteom- und Metabolomstudien wurden zudem Hinweise 

auf Stressantworten im Zusammenhang mit Nährstofflimitierung und Katabolitrepression beobachtet. 

Des Weiteren konnte die Agglomeration von Zellen unter oszillierenden Bedingungen festgestellt 

werden. Diese wurde durch die Veränderung der Zellgrößenverteilung off line und in situ, unter 

Verwendung eines Laser basierten Sensors, beobachtet. 
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Introduction – Corynebacterium glutamicum  1 

1 Introduction 

1.1 The bacterium Corynebacterium glutamicum  

Corynebacterium glutamicum was first isolated in Japan in the late 1950s by S. Kinoshita, S. Udaka, and 

M. Shimono while searching for an organism, which produces glutamate (Yukawa and Inui 2013). After 

glutamate was described as a flavour enhancer by K. Inui at the University of Tokyo, it was produced 

from konbu, soyabean or gluten in high quantities. A drawback was the need for large amounts of 

hydrochloric acid for production. Therefore, a natural microbial glutamate producer was required. 

During a screening program C. glutamicum was isolated from soil and described as Micrococcus 

glutamicus No. 534 by S. Kinoshita (Kinoshita et al. 1958). C. glutamicum belongs to the phylum 

Actinobacteria, more specific to the order of Actinomycetales, suborder of Corynebacterineae and 

family of Corynebacterinaceae. The organism is non-endotoxic, non-sporulating, easily and fast 

growing and generally regarded to be safe (GRAS). Therefore, C. glutamicum is a platform organism 

for biotechnological applications.  

1.1.1 Cell envelope and cellular morphology 

C. glutamicum is a Gram-positive microorganism. The suborder Corynebacterineae comprises 

mycobacteria, nocardia, rhodococci and other bacteria, all synthesizing mycolic acids as cell wall 

components (Daffé 2005). These long chain fatty acids form a second lipid layer (Puech et al. 2001). 

Hence, in comparison to other Gram-positive organisms, they have a plasma membrane and a 

peptidoglycan-based cell wall (Sutcliffe and Shaw 1991). The outer layer is composed of a bilayer, 

which consists of mycoloyl residues covalently linked to the cell wall arabinogalactan and other lipids. 

A schematic is shown in Figure 1. Disruption of genes, which encode for mycoloyltransferases causes 

a decrease of wall-bound mycolates and highly affects cell permeability. When a cop1 deficient strain 

(encoding for corynomycoloyltransferase) was cultivated, a depletion of trehalose dicorynomycolate 

(TDCM) and accumulation of trehalose monocorynomycolate (TMCM) was detected in the membrane 

(Takeshita et al. 2010). Furthermore, two major extracellular proteins, Cmt1 and Cmt2, show 

mycoloyltransferase activity, too. Deletion mutants, which are able to synthesize only one of the 

proteins, still exhibited an intact cell wall. Nevertheless, if the genes cop1, cmt1, and cmt2 were 

knocked out together, cells were not able to form TDCM and agglomeration occurred (Brand et al. 

2003).  
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Introduction – Corynebacterium glutamicum  2 

Moreover, C. glutamicum has the ability to develop a crystalline layer, the surface-layer (s-layer). The 

s-layer consists of glycans, arabinomannans, proteins and lipids (Puech et al. 2001). The ability to 

develop the s-layer can get lost over generations when C. glutamicum is cultivated in laboratory.  

C. glutamicum has an asymmetric rod shape with a length between 1.6 and 2.5 µm (Neumeyer et al. 

2013). It often grows in v-shape cell pairs, as cells exhibit a snapping division. The cells show rod-to-

coccoid pleomorphism during cell growth. Shape and size can vary depending on the phase and stress 

conditions, e.g. it is proposed that cells tend be of smaller size when stress conditions are present 

(Letek et al. 2008).  

 

Figure 1. Cell wall of C. glutamicum according to (Daffé 2005). The outer layer is composed of 
glycolipids, which are linked to either one or two mycolic acids, trehalose monocorynomycolate 
(TMCM) or trehalose dicorynomycolate (TDCM), respectively. An electron dense layer, consisting of an 
arabinogalactan and peptidoglycan layer and a lipid plasma membrane, compose the inner layers. 

 

1.1.2 Metabolism of Corynebacterium glutamicum 

The metabolism of C. glutamicum has been described extensively in literature (Eggeling and Bott 2005; 

Liebl 2006; Yukawa and Inui 2013). Although C. glutamicum is mostly applied in aerobic processes, it is 

able to grow anaerobically in the presence of nitrate, as it possesses a respiratory nitrate chain 

(Matsushita 2013; Nishimura et al. 2007). Recently, it has been shown that marginal growth occurs 

also under anaerobic conditions, besides the well-known production of several carboxylic acids like L-

lactate, succinate and acetate using glucose, fructose, sucrose, or ribose as a carbon source (Michel et 

al. 2015). The central metabolic network and transcriptional regulators involved are depicted in Figure 

2 and Figure 3. 
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Carbon sources 

Mostly cane or beet molasses and starch hydrolysates of maize, cassava, or wheat, as well as raw 

sugars are used as feedstock for the production of amino acids in bulk processes. C. glutamicum is able 

to utilize carbon sources including e.g. the monosaccharides glucose, fructose and ribose as well as the 

disaccharides sucrose and maltose (Blombach and Seibold 2010; Wendisch et al. 2000). As nitrogen 

source, ammonia is added either as ammonia salts, urea solutions or gaseous ammonia (Ault 2004; 

Kawakita 2000). Various minerals are essential for the growth of C. glutamicum including ferrous and 

potassium ions (Liebl 2006). Molasses contain biotin, which stabilizes the cell wall and strongly effects 

the secretion of metabolites (Gutmann et al. 1992; Kimura et al. 1999). In contrast to many engineered 

strains, neither the C. glutamicum wild type is able to catabolize a number of polymeric carbon sources 

(e.g. starch, cellulose, hemicellulose, lignocellulose or chitin) nor their monomeric constituents such 

as xylose, arabinose, or N-acetylglucosamine (Wendisch et al. 2016). Nowadays, there are attempts to 

engineer C. glutamicum in order to utilize efficiently a broader substrate range, including starch, 

xylose, arabinose, glycerol or levoglucosan (Wendisch et al. 2016; Zahoor et al. 2012). 

Carbohydrate uptake of fructose, glucose and sucrose 

The sugars fructose, glucose and sucrose are imported and phosphorylated by the 

phosphoenolpyruvate-dependent phosphotransferase carbohydrate uptake system (PTS), which 

catalyzes the carbohydrates across the cytoplasmic membrane (Teramoto and Inui 2013). Two 

cytoplasmic enzymes, Enzyme I and HPr, and an array of the membrane bound Enzyme II complex 

represent the PTS system (Moon et al. 2006). The Enzyme II cluster binds specifically to a carbon 

source. Three types have been identified so far for glucose, fructose and sucrose, respectively. These 

PTS systems are expressed constitutively and enable the co-uptake of various substrates (Yokota and 

Lindley 2005). Sucrose is phosphorylated to sucrose-6-phosphate and further metabolized to glucose-

6-phosphate and fructose. Fructose is exported and subsequently phosphorylated by the fructose 

specific Enzyme II complex (Ikeda 2012). Two genes, sugR and fruR, are located on the fructose-PTS 

cluster, encoding for the DeoR-type regulators SugR and FruR. The global transcriptional regulator 

SugR mediates the expression of various genes, including the PTS genes, ptsI and ptsH encoding for 

Enzyme I and HPr, which are required for the phosphoenolpyruvate-dependent phosphorylation of 

sugars. Additionally, ptsG expression is mediated by SugR. The expression of SugR depends on the 

concentration of phosphorylated sugar intermediates, mainly fructose-1-phosphate and fructose-

bisphosphate (Teramoto et al. 2011). Recently, two alternative routes for glucose uptake were 

identified, which are PTS-independent: The myo-inositol transporters encoded by iolT1 and iolT. C. 

glutamicum WTΔptsH showed growth on glucose, but neither on fructose nor sucrose (Ikeda et al. 

2011). Furthermore, C. glutamicum strains utilizing glucose via an inositol permease showed increased 
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L-lysine production and reduced formation of by-products (Ikeda et al. 2011). The third route for 

glucose uptake is connected to the bglF-specified Enzyme II permease and native glucokinases (Ikeda 

et al. 2015) 

Glycolysis and pentose phosphate pathway 

Phosphorylated sugars are converted via two routes: glycolysis and pentose phosphate pathway. 

Glycolysis is the main pathway for degradation of C6-sugars. The sigma factor SigB is mediating the 

gene expression of several genes encoding enzymes of the glycolysis. However, also the global 

regulator GlxR, the DeoR type regulator SugR and the transcription regulator proteins GntR and RamA 

are involved in the regulation of glycogenic gene expression. SugR represses several genes of the 

glycolysis e.g. glyceraldehyde-3-phosphate dehydrogenases encoded by gapA. The repression is 

relieved when sugar phosphates are accumulating. Interestingly, the two glyceraldehyde-3-phosphate 

dehydrogenases encoded by gapA and gapB have different co-factors of energetic relevance, NAD+ 

and NADP+, respectively (Yokota and Lindley 2005). 

The pentose phosphate pathway (PPP) forms a bypass to glycolysis, from glucose-6-phosphate to 

fructose-6-phosphate or glyceraldehyde-3-phosphate. For the first enzymatic steps, NADP+ is required 

as a co-factor, specifically for glycose-6-phosphate dehydrogenase and 6-phosphoglyconate 

dehydrogenase. While  NADPH+H+ is converted, this pathway exhibits anabolic reducing power as well 

as important precursor metabolites for the biosynthesis of building blocks (Yokota and Lindley 2005). 

NADPH is an important cofactor for the production of several amino acids e.g. L-lysine. Expression of 

genes involved in the PPP are mainly regulated by the transcriptional regulators GntR1 and GntR2, this 

regulation depends on the gluconate concentration (Teramoto et al. 2011) 
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Figure 2. Central carbon metabolism in C. glutamicum and L-lysine and cadaverine pathway including gene names and energetic co-factors; dashed arrows 
indicate multiple reactions; the figure is based on literature cited in the main text.
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Lactate and acetate synthesis 

L-lactate is synthesized from pyruvate by L-lactate dehydrogenase (ldhA) accompanied with the 

oxidation of NADH. SugR (Dietrich et al. 2009; Toyoda et al. 2009) and L-ldR (Georgi et al. 2008) act as 

transcriptional repressors of ldhA. The induction of ldhA expression is described to be related to a 

decrease in oxygen tension (Inui et al. 2007) and the availability of sugars (Toyoda et al. 2009). The 

utilization of L-lactate is catalyzed by a menaquinone (MQ) dependent lactate dehydrogenase encoded 

by lldh. SugR repression is released in the presence of sugars. Furthermore, L-ldR is described to be a 

repressor of lldhA in the absence of L-lactate (Georgi et al. 2008). However, an elevated concentration 

of L-lactate alleviates the repression of ldhA and lldh mediated by L-ldR. Hence,  a futile cycle between 

pyruvate and L-lactate is formed (Toyoda and Inui 2016).  

Acetate uptake is catalyzed by acetate kinase (ackA). In this adenosine triphosphate (ATP) dependent 

reaction, acetate is metabolized to acetyl phosphate, which subsequently is converted to acetyl-CoA 

by phosphotransacetylase (pta) (Gerstmeir et al. 2003). This pathway has been described to operate 

in the opposite direction as well: acetyl-CoA is converted to acetate via acetyl phosphate. However, 

futile cycling as described for E. coli is unlikely, as the acetyl-synthetase (acs), which catalyzes the 

reaction from acetate to acetyl-CoA, has not been identified in C. glutamicum. Additionally, acetate 

can be metabolized from acetyl-CoA by acetyl-CoA:CoA transferase (act) accompanied with the 

conversion of succinate to succinyl-CoA. Another pathway is the menaquinone dependent pathway 

from pyruvate catalyzed by pyruvate:quinoneoxido reductase (pqo) (Michel et al. 2015). The proteins 

RamA and RamB are involved in the transcriptional regulation of genes of the acetate metabolism 

(Cramer et al. 2006; Sorger-Herrmann et al. 2015). The presence of acetate has a strong elevating 

effect on the specific activity of the enzymes acetate kinase (ackA) and phosphotransacetylase (pta) 

(Wendisch et al. 1997). 

Tricarboxylic acid cycle (TCA) 

The TCA cycle is an amphibolic pathway. In a catabolic reaction, acetyl-CoA is oxidized to CO2, 

generating reducing equivalents (NADH,MQH2) for respiration, and ATP (Bott and Eikmanns 2012). In 

an anabolic reaction, the TCA cycle produces 2-oxoglutarate and oxaloacetate as precursors of several 

amino acids, and other important intermediates, e.g. succinyl-CoA. Furthermore, NADPH is produced 

when isocitrate is converted to oxoglutarate catalyzed by isocitrate dehydrogenase (icd) (Bott 2007).  

 

 

L-lysine and cadaverine synthesis 
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The L-lysine synthesis pathway is depicted in Figure 2. L-lysine is synthesized starting from L-aspartate. 

The first reaction, the conversion of L-aspartate to 4-L-aspartylphosphate, catalyzed by aspartate 

kinase encoded by LysC, is the main regulation step, since the activity of aspartate kinase is highly 

influenced by feedback inhibition of L-threonine and L-lysine (Cremer et al. 1991). L-4-asparte 4-

semialdehyde is the next intermediate in the biosynthetic pathway. It is a precursor for homoserine 

and further for L-methionine and L-threonine, and for dihydrodipicolinate synthesis in the L-lysine 

producing pathway, respectively. L-piperidine 2,6-dicarboxylate can be either converted directly to 

meso-2,6-diaminopimelate catalyzed by diaminopimelate dehydrogenase or in a multi-enzymatic 

reaction via the succinylase pathway. Meso-2,6-diaminopimelate is further converted to L-lysine 

catalyzed by diaminopimelate decarboxylase (Wehrmann et al. 1998). Overproduction of L-lysine is 

achieved by mutations that reduce the expression or activity of homoserine dehydrogenase, increase 

the carbon flux into the pathway for L-lysine biosynthesis and/or desensitize the enzyme aspartokinase 

with regard to feedback inhibition by L-lysine (Blombach et al. 2009). A further improvement of L-lysine 

yields was achieved by the knock-out of the undesired pathway towards n-acetyl-diaminopentane 

(Kind et al. 2010). Furthermore, overexpression of genes encoding enzymes responsible for the 

conversion of aspartate to L-lysine led to increased product yields (Cremer et al. 1991). Increased 

secretion of L-lysine by overexpression of the responsible exporter (lysE) showed a positive effect on 

the production of L-lysine (Vrljic et al. 1996). The reaction pathway to L-lysine has a demand of 4 moles 

of NADPH per mole of L-lysine. Hence, an efficient regeneration of NADPH by a redirection of the 

carbon flux from glycolysis in the PPP is desired, as it provokes NADPH production (Marx et al. 1996). 

The strain that is used in this thesis for L-lysine production was constructed by Bott and coworkers at 

the research institute Jülich. At C. glutamicum DM1800 pEKEx2cadA (kanR) point mutations were 

introduced at pyc and lysC encoding for the enzymes pyruvate carboxylase and aspartate kinase 

(Georgi et al. 2005). A point mutation in the promoter region hindered expression of cadA. A detailed 

description was made in Chapter 3.1.2. 

Cadaverine (1,5-Diaminopentane) is synthesized from L-lysine in a single enzymatic step. Hence, all 

modifications leading to higher intracellular concentrations of L-lysine should also be beneficial for 

cadaverine production. For the carboxylation of L-lysine catalyzed by lysine decarboxylase encoded by 

cadA (Mimitsuka et al. 2007) and IdCc (Kind et al. 2010) originated from E. coli has to be inserted. For 

this genetic modification, LdcC is regarded as favorable, as the enzyme has a pH-optimum of 7.6 close 

to the optimal pH of around 7.0 for C. glutamicum. In contrast, L-lysine decarboxylase encoded by cadA 

has a pH-optimum at 5.5 (Kind and Wittmann 2011). 

The strain, which is used for cadaverine production, was constructed by Bott and coworkers. At C. 

glutamicum DM1945∆act3:Ptuf-ldcCOPT, the gene act3 that encodes for diaminopentane acetyl 
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transferase was deleted, which disabled the pathway to acetyl-diaminopentane and redirected the 

carbon flux toward cadaverine. The codon optimized ldcC, encoding a L-lysine decarboxylase from 

Escherichia coli, was integrated into the genome under control of Ptuf. The L-lysine decarboxylase 

encoded by IdcC catalyzes the decarboxylation of L-lysine to cadaverine. A detailed description can be 

found in Chapter 3.2.2. 

 

Figure 3. Model of selected transcriptional regulation in C. glutamicum. Arrows indicate activation, 
while T-bars indicate repression of gene expression. The figure is based on (Toyoda and Inui 2016). 
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Respiratory chain 

Different co-factors have been identified in C. glutamicum that are involved in the energy transport 

and respiration. Reducing equivalents are generated by different dehydrogenases, i.e. NADH 

dehydrogenase (ndh), succinate dehydrogenase (sdhABC), malate:quinone oxidoreductase (mqo), 

pyruvate:quinone oxidoreductase (pqo), D-lactate dehydrogenase (dld), L-lactate dehydrogenase (ldh) 

and glycerol-3-phosphate dehydrogenase (gapA) (Bott and Niebisch 2003). D-lactate dehydrogenase, 

L-lactate dehydrogenase, malate:quinone oxidoreductase, pyruvate:quinone oxidoreductase and 

NADH dehydrogenase II are single subunit peripheral membrane proteins with flavin adenine 

dinucleotide (FAD) as a prosthetic group. They transfer electrons directly to the MQ to produce 

menaquinol (MQH2). Succinate dehydrogenase encoded by sdhABC contains three subunits, a 

flavoprotein, an iron sulfur protein, and a membrane anchor. In contrast to the single subunit enzymes, 

succinate dehydrogenase (sdhABC) takes up the protons outside the cell and releases the protons into 

the cytoplasm, during reduction in the respiratory chain, while they induce a negative membrane 

potential (Matsushita 2013).  

In 2007, Nishimura and coworkers showed that C. glutamicum is able to grow anaerobically in an 

anaerobic chamber with a controlled gas atmosphere. Nitrate was used as a terminal electron acceptor 

(Nishimura et al. 2007). The narKGHJI gene cluster of C. glutamicum encodes a nitrate/nitrite 

transporter (narK) and a respiratory nitrate reductase (narGHJI). Nitrate reductase uses reduced MQH2 

as an electron donor, thereby nitrate is reduced to nitrite (Bott and Niebisch 2003). In micro-aerobic 

conditions, nitrite can be oxidized to nitrate by flavohemoglobin. In strictly anaerobic cultivation 

conditions this enzyme reduces nitrate to nitrous oxide (Platzen et al. 2014). However, growth is poor 

and oxygen respiration has priority over nitrate respiration (Takeno et al. 2007). 

Metabolic pathways at aerobic and oxygen limiting cultivation conditions 

The flux in the metabolic network is highly depending on the strain, substrate, and cultivation 

conditions. At aerobic cultivation conditions, metabolic flux analysis with 13C labeled carbon revealed 

large differences in the net flux at anaplerotic reactions in the TCA cycle in different strains. The flux 

distribution in the glycolysis and PPP showed distinct differences in strains, which synthesized L-

glutamate and L-lysine, respectively, if grown on glucose (Marx et al. 1999; Wittmann and De Graaf 

2005). Also the carbon source effects the metabolic net fluxes, as it was shown for C. glutamicum 

AC13032 grown on acetate and glucose (Wendisch et al. 2000).  

At oxygen deprivation conditions, the carbohydrates glucose, fructose, sucrose, and ribose are 

catabolized via glycolysis and PPP. L-alanine is synthesized besides L-lactate, succinate and acetate. 

The carbon flux into the “reductive arm” of the TCA cycle derives mainly from phosphoenolpyruvate 
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catalyzed by phosphoenolpyruvate carboxylase (ppc) and pyruvate catalyzed by pyruvate carboxylase 

(pyc) and enters the TCA at oxaloacetate with the end product succinate (Inui et al. 2004; Michel et al. 

2015).  

1.1.3 Industrial relevance of C. glutamicum  

Nowadays, C. glutamicum is used as a workhorse in industrially relevant processes. The market of 

amino acids produced by bacteria has doubled to 5 million tons during the last decade and half of the 

amount is produced by C. glutamicum (Eggeling and Bott 2015). Besides amino acid production, C. 

glutamicum is used in many biotechnological processes for the production of commodity chemicals, 

fuels and alcohols as well as organic acids. Furthermore, biotechnological processes for the production 

of biopolymers gain increasing attention during the last years. As C. glutamicum has GRAS status and 

is already extensively used in many biotechnological processes, it is a promising candidate for the 

application in bioeconomy concepts. These concepts describe the transformation of the oil-based 

industry to an industry using renewable feed stock, which should contribute to a more sustainable 

industrial development. In this context biorefineries, in which chemicals and energy are produced from 

natural raw material, gain increasing attention during the last decades. Bozell and Petersen identified 

14 chemical compounds from carbohydrates as promising candidates for the production in biorefinery 

concepts, among them several carboxylic acids e.g. succinate and amino acids e.g. L-glutamate (Bozell 

and Petersen 2010). As C. glutamicum is a natural producer of some of these products, it could 

eventually be applied in the production processes. These days, oil is the primary feedstock for the 

chemical industry. 13.5 mil m3 of oil have been used every day in 2010, and the consumption is 

expected to increase to 18.5 mil m3 per day in 2030 (Cherubini 2010). Geographical issues concerning 

the allocation and availability of oil and the emission of climate relevant gases during production 

processes raised the sensibility for alternative, biotechnological processes (Vertès et al. 2006). The 

utilization of renewable carbohydrate sources however, is also opposed to criticism due to the 

competition of land use for feedstock either for biotechnological processes or for food production. 

Therefore, cellulose containing materials and other organic residuals gain increasing attention as 

feedstock for bioprocesses (Katzen and Schell 2006; Tilman et al. 2009). Organisms used in biorefinery 

concepts need the ability to utilize efficiently sugar mixtures, to tolerate a large variety of impurities 

in the feedstock and to secrete compounds of interest at high titers. Lignocellulose is the mayor 

component of wooden dry matter. Lignocellulose comprises cellulose and hemicellulose and lignin. 

These carbohydrates contain different sugar monomers (six and five carbon sugars), which are tightly 

bound to lignin (Rasmussen et al. 2014). Lignin is an aromatic polymer, and with a content of 15 to 

40 % (w/w) one of the main components of plants. It provides plants and trees structural rigidity. Lignin 

is a byproduct when cellulosic material is converted into products, e.g. biofuels. However, metabolic 
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engineering enables the use of lignin as a substrate for valuable products (Ragauskas et al. 2014). 

Among the sugars typically found in lignocellulose, C. glutamicum is able to utilize glucose and 

mannose, but not arabinose, galactose, or xylose as carbon sources (Collins and Cummins 1986). And 

C. glutamicum showed sensitivity regarding typical byproducts of lignocellulose as phenolic 

compounds and furans (Pienkos and Zhang 2009). However, metabolic engineering strategies enable 

C. glutamicum to consume efficiently pentoses e.g. arabinose and xylose, and hexoses e.g. galactoses 

(Fernandes et al. 2011; Kawaguchi et al. 2006; Sakai et al. 2007). 

Amino acid production 

The most important industrial application of C. glutamicum is the production of amino acids, especially 

L-lysine and L-glutamate for the feed and food industry. These amino acids are produced in fed-batch 

processes in reactor volumes of up to 500 m3 (Eggeling and Bott 2015). Industrial amino acid 

production is usually performed in aerated stirred tank reactors or airlift fermenters in fed-batch mode 

(Ikeda 2003). Furthermore, continuous cultivation was tested successfully with a L-lysine producing 

strain at lab scale (Hirao et al. 1989). Nowadays, cane or beet molasses and starch hydrolysates are 

commonly used for the conversion to carbohydrates, vitamins, minerals and amino acids required for 

growth. C. glutamicum wild type strains secret L-glutamate in the absence of biotin under standard 

cultivation conditions. If stress conditions were applied such as biotin limitation, addition of penicillin 

or detergents that destabilize the cell wall, L-glutamate is produced. L-glutamate production annually 

exceeds 3 mil tons (Wendisch et al. 2016), which are almost exclusively produced by C. glutamicum. 

Classical production strains are able to synthesize L-glutamate at titers of 100 g L-1 and with yields 

around 0.6 g g-1 glc (Ault 2004). L-lysine together with other amino acids like L-threonine, L-tryptophan, 

and methionine enhance the utilization of nutrients in animal feed and are therefore used as feed 

additives. Since 2015 the production capacities for L-lysine exhibit 2.2 mil tons per year with a fast 

growing tendency. Its world market price is about 1.5 $ per kg (Eggeling and Bott 2015). Classical 

production strains are able to synthesize L-lysine at titers of 100 g L-1 at a productivity of 2.1 g L-1 h-1 

(Hirao et al. 1989). Beside L-glutamate and L-lysine, L-threonine, L-tryptophan, L-arginine, L-histidine, 

L-valine, L-alanine, L-cysteine, L-proline, L-serine, L-tyrosine, L-citrulline, and L-ornithine can be 

synthesized by C. glutamicum. 

Strain improvement for amino acid production is conducted by modifications of the several reactions, 

including 

(i) Metabolic engineering of the terminal pathways e.g. by modification of aspartokinase 

(lysC) to feedback inhibition or by disabling the competing pathway to homoserine 
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dehydrogenase (homh); both strategies increased L-lysine production (Pfefferle et al. 

2003) 

(ii) Synthetic pathway engineering of the central carbon metabolism e.g. by overexpression 

of the pyruvate carboxylase gene (pyc) or by deletion of the phosphenolpyruvate 

carboxylase gene (ppc) (Petersen et al. 2001). 

(iii) Improving cofactor-regeneration e.g. by increasing the flux into the PPP for NADPH 

regeneration (Becker et al. 2007; Becker et al. 2005). 

(iv) Increasing substrate utilization, e.g. by enabling metabolization of starch with surface-

bound or extracellularly released α-amylase on the cell surface (Tateno et al. 2007).  

(v) Improvement of transporter systems e.g. by introduction of LysE or ThrE for improved L-

lysine and L-threonine export (Vrljic et al. 1996; Zhou and Zeng 2015).  

(vi) Increasing the effectivity of respiration e.g. by disruption of the inefficient cytochrome bd 

branch (Kabus et al. 2007).  

(vii) Reduction of stress responses e.g. by increasing the robustness against heterogeneous 

cultivation conditions. This strategy has not been evolved so far (Ikeda and Takeno 2013), 

however scale-down studies should be used to identify targets for strain engineering. 

Organic acid production 

Under oxygen deprivation conditions, C. glutamicum produces organic acids from glucose, such as L-

lactate, succinate and small amounts of acetate (Inui et al. 2007; Okino et al. 2005). Commonly, the 

process is divided in two phases, a growing phase under aerobic conditions and a production phase at 

high cell densities of over 60 g L-1 with dissolved oxygen concentrations of 0.01 ppm or lower. It has 

been reported that L-lactate can be produced at rates of 43 gL-1h-1 at a cell density of 60 gL-1 in fed-

batch mode (Okino et al. 2005). L-lactate is used in the beverage and food industry and for poly-L-lactic 

acid (PLLA) production, a biodegradable biopolymer. PLLA has been approved recently for the food 

packaging industry in USA, EU and Japan. Nevertheless, the low melting temperature of 170-190 °C 

hinders the application for many purposes. In contrast, PLLA derived from D-lactate has a higher 

melting point above 200 °C. Wild-type C. glutamicum strains do not express enzymes to synthesize 

metabolites in D- stereo description. However, engineered strains expressing ldh-D from Lactobacillus 

delbrueckii were able to produce D-lactate at high yields (1.73 mol molglc
-1) and showed only a slight 

accumulation of the typical byproducts succinate and acetate (Okino et al. 2008). Succinic acid has 

potential to serve as a building block for several chemicals and biopolymers e.g. -butyrolactone, 

tetrahydrofuran, butylene succinate, 1,4-butandiol, and pyrolidones (Vertes et al. 2013). These 

products represent a market volume of 270.000 tons per year (Kurzrock and Weuster-Botz 2010). The 

succinate production is depending on the dicarbonate concentration in the cultivation media, as the 
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enzymes phosphoenol pyruvate carboxylase and pyruvate carboxylase use dicarbonate to form C4 

dicarboxylic acids (Vertes et al. 2013). Production rates of 1.4 mol molglc
-1 were achieved with an 

optimized media (Okino et al. 2008).  

Biofuel production 

Furthermore, biofuels such as ethanol, isobutanol and butanol can be produced by C. glutamicum 

under oxygen deprivation conditions. Engineered strains were constructed, which express genes 

encoding for pyruvate decarboxylase (pyc) and alcohol dehydrogenase (adh) and repress genes 

encoding for lactate dehydrogenase (ldh). With this approach, they were able to produce 

0.62 g ethanol per g glucose (Inui et al. 2004). Moreover, 0.25 g isobutanol per g glucose (Blombach et 

al. 2011) was produced by an engineered C. glutamicum strain. Furthermore, C. glutamicum shows 

increased tolerance to isobutanol compared to Escherichia coli (Smith et al. 2010). 

Polyamine production 

Polyamines consisting of monomeric diamines and dicarboxylic acids are currently produced on the 

basis of oil. Kind and coworkers stated that 3.5 mil tons of polyamines are produced annually for the 

production of polymers e.g. nylon (Kind et al. 2010). However, alternatively they could be produced 

using raw material out of bioprocesses. The diamines cadaverine (1,5-diaminopentane) and putrescine 

(1,4-diaminobutane) are promising candidates for the production of bio-based polymers. Bio-nylon 

can be produced by copolymerization of cadaverine, sebacic acid and succinate (Kind et al. 2014). 

Engineered C. glutamicum strains are promising candidates for the large-scale production of these 

compounds, as cadaverine directly is formed from L-lysine (the pathway for cadaverine synthesis is 

described in detail in Chapter 1.1.2). Hence, strains which exhibit high L-lysine productivity were 

further engineered to produce cadaverine. By this approach a strain was engineered that exhibits a 

cadaverine yield of 0.5 g gglc
-1 (Kind et al. 2014). Cadaverine production is carried out as a growth-

coupled aerobic process similar to that of L-lysine production (Kind and Wittmann 2011). 
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1.2 Scale-up and scale-down of bioprocesses 

Bioprocesses for the production of commodity chemicals are only economically feasible in large scale 

bioreactors of several hundred cubic meters. However, usually the development of these bioprocesses 

is performed in lab-scale in a volume of milliliters to a few liters (Enfors et al. 2001; Schmidt 2005). 

Thereby, many process parameters are not kept constant between the lab and industrial production 

scale. Scale-down approaches try to mimic the conditions of the large scale already at laboratory scale. 

Recently an overview of scale up and down related challenges in bioprocesses has been published by 

Neubauer and Junne (Neubauer and Junne 2016). The following subchapters represent a brief 

summary of the current state of the scale up and down of bioprocesses. 

1.2.1 Challenges during scale up 

Criteria for scale up are typically the maintenance of the oxygen mass transfer coefficient (kLa-value) 

or the volumetric power (P/V) input in aerobic bioprocesses from the lab to the production scale 

(Sweere et al. 1987). The oxygen transfer depends on the gas liquid surface area, which is increased at 

elevated stirring speeds and gas flow rates (stirring speed and gas flow rate have to be selected 

carefully, as the relation of both to each other is very important to avoid flooding etc.). The relation 

between volumetric power input and the oxygen mass transfer rate seems to be important in order to 

achieve a sufficient dissolved oxygen (DO) concentration (Gill et al. 2008). Furthermore, geometric 

similarity (constant height to diameter ratio), mixing number, stirrer tip speed, volumetric gas flow 

rate, ratio of the local to the mean specific energy dissipation rate, and maximum shear stress, 

respectively, can be used as scale up criteria (Lara et al. 2006; Neubauer and Junne 2016). 

Nevertheless, as energetic expanses increase drastically with scale, if the specific power input is kept 

constant, decreased power to volume ratios and increased mixing times are usually tolerated. Ten 

times higher mixing times are reported for a 20 m3 bioreactor compared to laboratory scale (Hewitt et 

al. 2000) and the mixing time exhibits several minutes at a scale of 150 m3 (Namdev et al. 1992). Thus, 

mass transfer and distribution is often reduced in these large scale processes and gradient formation 

appears. Depending on the bioreactor and the bioprocess design, gradients of dissolved gases, 

temperature, nutrients and pH reagents appear. In nutrient-limited fed-batch cultivations, where a 

highly concentrated feed solution is added to the culture broth, gradient formation is further increased 

(George et al. 1993). The assumed dissolved oxygen and substrate concentration in large scale 

fermenters with feed addition from the top and at the bottom are depicted in Figure 4. The 

concentration gradients depend on the location of the feed addition. The cultivated cells are oscillating 

between zones of different characteristics, thus experiencing frequent concentration changes in their 

environment. Often, substrate excess and oxygen limitation are coupled, as the cells metabolize the 

substrate close to the point of feed addition in nutrient limited high cell density fed-batch cultivations. 



Anja Lemoine              Impact of oscillations in substrate and oxygen availability on Corynebacterium glutamicum cultivations 

Introduction – Scale-up and scale-down of bioprocesses  15 

In order to overcome gradient formation, changed stirrer geometries and positions have been studied 

in literature (Vrabel et al. 2000). In industry, new concepts and stirrers have raised attention, as they 

likely decrease zoning phenomena and increase the gas mass transfer. To overcome zones of high 

substrate concentration, a variation of the point of feed addition or even multiple feeding points were 

considered (Larsson and Eliasson 1996). Nevertheless, these changes evoke other challenges like 

inexact feeding, pipe blockage, mechanical instability or an increased risk of contamination. Thus, in 

many industrial processes, surface feeding into the headspace is still applied (Hewitt and Nienow 

2007).  

 

Figure 4. Suggested distribution of substrate and dissolved oxygen (DO) concentration in large scale 
bioreactors during a nutrient-limited fed-batch process (Lemoine et al. 2015b)  
 

1.2.2 Detection of gradient formation in large scale bioreactors 

Devices for the on line determination of several parameters are available, but the application in large 

scale cultivations is hindered due to difficult operability of these measurements or restrictions of the 

respective industry. DO gradients were measured in a Streptomyces cultivation process with a flexible 

DO and temperature probe in a 112 m3 bioreactor (Manfredini et al. 1983). A similar approach has 

been carried out by Oosterhuis et al. in a cultivation volume of 19 m³. Here, DO concentrations from 

5 % to 90 % were detected under industrial production conditions (Oosterhuis 1984). Larsson et al. 

investigated glucose gradients by sampling at three positions along the reactor height in a cultivation 

volume of 30 m3 (Larsson et al. 1996). In a 22 m3 E. coli fed-batch cultivation, measurements at three 

different sampling points along the height of the reactor indicated a 400 times higher glucose 

concentration close to the feed point (Enfors et al. 2001). Nevertheless, little data is available that 

describes gradients in the course of an industrial cultivation process.  
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In order to overcome the lack of available data of the industrial scale, model approaches are used to 

describe the concentrations in these reactors. For the description of the fluid flow and mass transfer 

in the reactor, computational fluid dynamic (CFD) models can be applied. However, these models 

usually do not account for the cellular reactions and have to be coupled to a kinetic model for the 

description of growth, oxygen consumption, carbon dioxide production, substrate uptake, product, 

byproduct formation and others in order to predict the concentrations in a time and spacial resolved 

manner. Population balance models help to discriminate between subpopulations with different 

characteristics, which enable the description of populations with simple models under a wide range of 

environmental conditions, as present in large scale bioreactors. 

The glucose concentration gradient was studied in an E. coli fed-batch cultivation of 900 L by using a 

kinetic model coupled to an Euler-Lagrange model for the description of the fluid and gas phase. The 

variation of glucose availability influences the glucose uptake rate and eventually the ratio of 

phosphoenolpyruvate to pyruvate (Lapin et al. 2006). With a very similar approach, the “Lifeline” of a 

cell inside an industrial scale Penicillium chrysogenum fermentation was investigated (Haringa et al. 

2016). In a 22 m3 bioreactor, three designed zones of varying substrate uptake and ethanol production 

were identified by a model approach and proved experimentally (Haringa et al. 2017). The stimulations 

caused by reactor inhomogeneity, when cells are exposed to the different reactor zones, can be 

followed by this approach. The adaptation to these environmental conditions can lead to a wide range 

of physiologic and morphologic changes. Gene expression profiles and metabolic shunts are believed 

to change in the oscillating conditions. Hence, specific rates of fluxes might be different from non-

oscillating steady-state cultures (Neubauer and Junne 2010). Morchain et al. investigated the cell 

growth and substrate uptake in a 70 m3 bioreactor. The specific growth rate in the zone close to the 

feed addition was nearly twice the average value in the top fed bioreactor (Morchain et al. 2014). Chris 

Rielly and coworkers used a two phase CFD study coupled to a simple kinetic model. It consists of four 

differential equations: Cell concentration, DO concentration, substrate and product concentration. The 

batch and fed-batch phases of a L-lysine production process with C. glutamicum in a 450 m3 bioreactor 

were investigated. Figure 5 shows the distribution of the dissolved oxygen tension along the cultivation 

time (internal SCILS-Project data, kindly provided by Chris Rielly, Loughborough University, UK). 
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Figure 5. Dissolved oxygen tension in a 450 m3 bioreactor at an oxygen transfer rate (kLa) of 410 h-1. 
Simulation with a hybrid model approach. Data were kindly provided by Chris Rielly, Loughborough 
University, UK. 

 

An interdisciplinary European consortium investigated scale up related effects on the bioprocess 

performance, byproduct formation, vitality and viability in E. coli W3110 cultivations at a scale of 

20 m3. They found that the size of zones, as well as the residence time and the response of the bacteria 

in these zones effect the process performance. The biomass yield was reduced and the byproduct 

formate was accumulated (Enfors et al. 2001; Lin et al. 2001). Furthermore, they found indications for 

the assimilation and re-assimilation of carboxylic acids in zones with oxygen limitation and elevated 

oxygen levels, respectively. However, the cell viability was not negatively influenced by the oscillations 

(Hewitt et al. 2000). In an earlier study, the biomass yield and maximum cell density was diminished 

by 20 % when scaling up from 3 L to 9 m3 (Bylund et al. 1999). In a baker's yeast process, the biomass 

yield on molasses decreased by about 7 % when the process was scaled up from 10 L to 120 m3 (George 

et al. 1998). 

1.2.3 Scale-down bioreactors 

For the investigation of the cellular response to gradients in the large scale cultivations, scale-down 

experiments are performed. Several different experimental set-ups have been proposed (Neubauer 

and Junne 2010; Takors 2012). The combination of substrate pulses followed by sampling with a high 

frequency are applied frequently. However, very often these experiments are focused on an improved 

understanding of the cellular reactions rather than to imitate the large scale realistically. Hence, 

substrate concentrations and durations of theses pulses are set rather randomly. In our investigations 
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(Lemoine et al. 2015b) we comprised the requirements for suitable scale-down systems: (i) an exact 

dosage of metabolites for achieving defined concentration gradients, (ii) a flexible adjustment of 

cultivation settings due to the various processes that exist (e.g. feed rate, aeration rate), (iii) the 

availability of a certain sampling volume (at least in the mL range) in order to perform a suitable off 

line analysis, and (iv) the achievement of reproducibility by a controlled environment (pH, 

temperature, etc.) as it is usually the case in bioreactors. Multi-compartment reactors have been used 

for about 30 years. The liquid phase is divided in different parts in these bioreactors in order to describe 

different zones, which occur in large scale fermenters. The most common concepts are two-

compartment reactors (two-CR) consisting of either two stirred tank reactors (STRs) or one STR 

coupled to a plug flow reactor (PFR) as shown in Figure 6 B and D. Coupled STRs show a broad residence 

time distribution in both compartments, whereas the residence time in the PFR is determined by the 

experimental set-up. PFRs can be equipped with static mixers to provide efficient mixing of gas and 

liquid and enable a certain gas transfer to the liquid, while maintaining plug flow characteristics (Hewitt 

and Nienow 2007). Sample and sensor-ports along the PFR module can be applied, to follow gradient 

formation and enable multiple sampling at various residence times in the same experiment (Junne et 

al. 2011). Coupled STRs were used to study the impact of fluctuating oxygen concentrations 

(Oosterhuis et al. 1985; Sandoval-Basurto et al. 2005), pH-value  (Amanullah et al. 2003) and substrate 

availability (Limberg et al. 2016b). In the latter study, oxygen limitation and feeding is applied in one 

STR with a lower volume fraction, which is supposed to simulate the feeding zone of a large scale 

fermenter. Similar observations have been performed mainly with STR-PFR scale-down reactors, 

where the feeding zone is typically represented by the PFR, while the STR mimics the bulk zone of the 

fluid phase in the reactor (Amanullah et al. 2003). Hence, the feed is applied at the entrance of the 

non-aerated PFR module. The volumetric ratio between the two compartments is equal to the ratio of 

the feeding zone to the bulk zone in the large scale reactor (Enfors et al. 2001). In such a concept, many 

organisms have been studied e.g. Saccharomyces cerevisiae (George et al. 1993), E. coli (Bylund et al. 

2000; Xu et al. 1999), Bacillus subtilis (Junne et al. 2011) and C. glutamicum (Käß et al. 2014). However, 

the response of organisms have also been studied when applying an aerated PFR and investigating the 

effect of high substrate concentrations in zones of high DO concentration (Neubauer et al. 1995). 

Beside oxygen and substrate availability, CO2 and pH-inhomogeneity (Amanullah et al. 2001) was 

investigated with a STR-PFR scale-down reactor. 

Only recently, both two-CR concepts have been extended by coupling a third bioreactor, denoted as 

three-CR in the following. In this PFR-STR-PFR scale-down reactor, three different zones were 

simulated: one zone with substrate excess and oxygen depletion in one non-aerated PFR with feed 

addition (PFR-F), one zone with substrate limitation and oxygen excess in the aerated STR, and one 

zone characterized by substrate and oxygen depletion in a non-aerated PFR without feed addition 
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(PFR-S). These three zones are expected to exist when the feed is introduced at the bottom part of an 

industrial scale fermenter. Close to this point of feed addition, substrate excess and oxygen depletion 

occur, whereas at the top part of the fermenter oxygen and substrate is depleted. E. coli was cultivated 

in such a scale-down reactor concept. In this case, different responses were observed compared to a 

two-CR cultivation (Marba-Ardebol et al. 2016).  

 

Figure 6. Scale-down reactors. Part A shows a reactor with installations in order to increase mixing and 
circulation time, Part B and Part C showing scale-down reactors consisting of a stirred tank reactor 
(STR) coupled to either one plug flow reactor (PFR) or two PFRs, respectively. Part D and Part E showing 
scale-down reactors consisting of either two coupled STRs or three coupled STRs in series, respectively.  

 

1.2.4 Consistent Bioprocess development for improved scale up 

When designing an industrial bioprocess, the process conditions assumed at the final process scale 

shall be considered in every step of the development phase to ensure a successful scale up. Therefore, 

miniaturization of scale-down experiments is important. Novel techniques were developed recently to 

enhance transferability from the screening phase in microwell plates to the final industrial scale. The 

cultivation mode is one important parameter to realize fed-batch already at microliter scale. Enzymatic 

as well as mechanical release systems are used. A carbohydrate polymer can be degraded to sugars, 

the amount and enzymatic activity is adjusted to realize the desired substrate provision (Panula-Perälä 

et al. 2008). Furthermore, microfluidic devices can be used for feed control of cultivation processes in 

volumes below 1 mL (Funke et al. 2010). On line determination of pH, DO, and dissolved CO2 (PreSens 

Precision Sensing GmbH, Regensburg, Germany) and biomass concentration, metabolites and reporter 
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proteins (m2p-labs GmbH, Germany) becomes possible with fluorescence techniques. However, lower 

oxygen transfer rates at the shaken plates compared to STRs still hinder comparability. The gas transfer 

can be realized with a magnetic stirrer or with a pipe supplying the gas directly to the liquid phase in 

mini-bioreactors (Lamping et al. 2003). Furthermore, DO concentration and pH can be controlled (Tang 

et al. 2006), and a feeding strategy can be applied by using hydrogel channels as bridge between a feed 

reservoir and each well (Wilming et al. 2014), micro-valves driven dosage of the feed solution or 

feeding and sampling are driven by miniaturized peristaltic pumps (Bower DM 2012). These systems 

were coupled to a liquid handling system, which allows pulse-wise feeding. These recently developed 

systems and techniques enable e.g. strain selection with regard to conditions present at industrial 

production processes. Nevertheless, the whole culture is simultaneously exposed to a concentration 

shift (Bareither and Pollard 2011). As larger reactor size enables a more enhanced adjustment of 

gradients and frequent measurements of the physiologic and morphologic state of the cell off line, 

scale-down reactors are often applied in the liter scale. At industrial scale, gradients are evaluated and 

physiologic and morphologic changes are compared to what have been observed at the previous 

experimental steps. Hence, the cultivation conditions shall be arranged that they are similar to what 

has been found in the industrial scale, so that the scheme shown in Figure 7 is valid in both directions. 

Nevertheless, still scale-up is usually performed on the basis of experimental results, which do not 

consider specifications of the final scale, but rely more on the available infrastructure (Neubauer and 

Junne 2016). Nevertheless, for a successful scale up, the pilot and production scale process should be 

reproducible (Gernaey et al. 2014). This is true regardless whether the process performance in 

industrial scale is worse or even better. 

 

Figure 7. Strategy for consistent bioprocess development (Lemoine et al. 2015b). From screening in 
deep-well plates to process development in mini-bioreactors and scale-down experiments in pilot 
scale, to large scale cultivations, realizing cultivation conditions similar to the final scale.  

1.2.5 Scale-down studies of C. glutamicum 

Various scale-down experiments have been performed with C. glutamicum in different reactor designs 

in order to observe the response in the production scale. The first scale-down reactor experiment was 

published by Schilling and coworkers in 1999 (Schilling et al. 1999). They used a 42 L STR equipped with 

disk installations (as shown in Figure 6A), which increased the mixing time from 10 to 130 sec. L-leucine 
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was fed as a limiting substrate to the L-leucine-auxotrophic L-lysine-producing strain C. glutamicum 

DSM 5715 (DSMZ GmbH, Germany). The cultivation was conducted with complex media, which 

consisted of sucrose, molasses and protein hydrolysate. A reduced sugar and ammonium uptake, and 

reduced biomass formation was observed, as well as a diminished L-lysine accumulation. Citrate 

synthase, phosphoenolpyruvate carboxylase and aspartate kinase showed reduced specific activity 

(Schilling et al. 1999). Recently, several scale-down studies have been published, which described 

experiments that applied a Two-CR consisting of an aerated STR coupled to a non-aerated PFR module, 

where the feed was introduced at the entrance of the PFR (Figure 6 B). The residence time in the PFR 

varied between 45 and 87 sec when the wild-type strain C. glutamicum ATCC13032 was cultivated. No 

significant growth reduction or byproduct formation was observed, when samples from the aerated 

STR compartment of the scale-down and the reference cultivations were compared, however samples 

of the non-aerated PFR compartment showed increased L-lactate accumulation and acidification (pH 

drop) along the reactor module. Consequently, the secreted L-lactate was re-assimilated in the aerated 

STR compartment (Käß et al. 2014). In the same scale-down reactor concept, an L-lysine producing C. 

glutamicum strain was cultivated with a residence time of up to 3 min in the non-aerated zone. The 

product yield, maximum glucose uptake capacity, specific oxygen uptake, nucleotide and main carbon 

metabolite concentration, mRNA transcription for genes of the glycolysis and the TCA-cycle and 

protein expression of C. glutamicum DM 1933 were studied. Changes in growth characteristics were 

not detected. Concentrations of L-lactate, succinate and pyruvate were increasing, but remained at a 

low level in the aerated STR compartment, whereas in the non-aerated PFR the concentration of L-

lactate and succinate was rising: L-lactate to 2.4 mM and succinate to 0.6 mM 13 hours after feed start 

at a residence time of 168 sec in the PFR (Käß et al. 2013). Buchholz and coworkers investigated the 

metabolomic and transcriptomic response of oscillating CO2/HCO3
− levels on the C. glutamicum wild-

type strain ATCC13032 as well as the L-lysine producing strain C. glutamicum DM1933 for L-lysine 

production in a batch process. A three-compartment cascade bioreactor system (as shown in Figure 6) 

and pCO2 gradients of 75-315 mbar were applied at residence times of around 3.6 min. Growth and 

product formation were similar to control conditions, however, 66 genes were differently expressed 

in dependent on the dCO2 gradient intensity and the residence time of the cells in the oscillatory 

environment (Buchholz et al. 2014). 

Within the same ER-IB framework project within this thesis is conducted, Limberg and coworkers 

performed several scale-down experiments with C. glutamicum. The study first published aimed to 

describe the process performance of the L-lysine production strain C. glutamicum DM1800 in different 

scale-down systems. They applied STR-PFR and STR-STR Two-CRs (similar to Figure 6 B, D) and 

performed batch experiments with CGXII media. In both setups, the induced inhomogeneity resulted 

in a reduction of growth rate but similar biomass and product yields as in the reference system. The 
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amino acid L-glutamine was accumulated besides L-lactate as main product, and succinate and 

pyruvate as minor side-products under oxygen deprivation and glucose excess. Similar L-lactate 

accumulation was observed for the non-aerated reactor in both scale-down concepts, which increased 

during growth phase. Apart from differing side-product levels, very similar results were observed when 

comparing the metabolic phenotype and bioprocess performance of the STR–PFR and STR–STR 

configuration (Limberg et al. 2016a). In a second study, the cadaverine producing strain C. glutamicum 

DM 1945 strain was cultivated in a Two-CR, consisting of Two STRs, here key enzymes for the non-

oxygen dependent fermentative NAD+ regeneration were significantly up-regulated e.g. L-lactate 

dehydrogenase and malate dehydrogenase, while parts of non-essential pathways were down-

regulated. Cells in the aerated zones showed an up-regulation of genes coding for the quinone 

dependent L-lactate dehydrogenase, enabling the re-assimilation of the formed side product under 

oxygen deprivation (Limberg et al. 2016b). 
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1.3 Analytical tools  

For the investigation of physiologic and morphologic changes, several analytical tools can be used. 

Beside proteome and metabolome analysis, flow cytometry and the measurement of cell polarisability 

can give insides on the physiologic state of the cell. As inhomogeneity in large scale bioprocesses likely 

influences population homogeneity, culture analysis at the single cell level is important. Recently, 

analytical tools for the single cell analysis in bioreactors were reviewed in (Lemoine et al. 2017). 

Process analytical tools (PAT) can be used to determine morphological characteristics of cells. For the 

implementation in control strategies, in situ and on line tools are of special interest. The cell size 

distribution is an important parameter for the evaluation of the state of a culture. With regard to scale-

up and down, this characteristics are easy accessible and could be used in order to enhance 

comparability in process development, by adjustment of a similar state of the cell in every 

development phase. Nevertheless, concentration gradients need to be measured in the large scale to 

adjust scale-down experiments and evaluate model approaches.  

1.3.1 Flow cytometry 

Flow cytometry is an analytical tool, which is used frequently in bioprocesses. It is a laser- based 

technique for the determination of morphological features for each single cell. The cells are 

singularized and suspended in the flow when they pass a laser light beam. Exogenous dyes can be used 

to determine e.g. viability, vitality, respiration activity, and intracellular product accumulation. On the 

basis of genetically-encoded biosensors the expression, synthesis and concentration levels of 

promoters, proteins and metabolites can be determined, respectively (DeLisa 1999; Zaslaver et al. 

2004). Often, flow cytometry is still performed off line with fixed samples or at line with washed or 

diluted samples. However, at low cell density some flow cytometers can be adapted directly on 

bioreactors for providing on-line data (Besmer et al. 2014; Hammes et al. 2012) or the sample is diluted 

in a flow cell (Abu-Absi et al. 2003; Broger et al. 2011; Kacmar et al. 2004; Newman et al. 2006). At line 

flow cytometry has been used to study effects of oscillatory cultivation conditions (Hewitt et al. 2000; 

Marba-Ardebol et al. 2016).  

1.3.2 Electrooptical determination of cell polarisability  

The cell polarisability is electrooptically measured based on the change in orientation of an organism, 

when an electrical field is applied. Orthogonal located light beams enable the measurement of optical 

density at random and alignment allocation. The timespan cells re-arrange in the electrical field is 

proportional to their polarisability (Maxwell-Wagner polarisability). The polarisability depends on 

dielectric properties of the cell. However, only non-round cells can be measured with that technique, 

since the re-orientation of round cells in the electrical field do not cause a change in light absorption 
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characteristics. The change in optical density depends on the dimension and shape of the cell. The 

measurement have been conducted in E. coli and Clostridium acetobutylicum (Junne et al. 2008) 

cultivations and were successfully linked to different growth stages in batch cultivations and 

production of acids or solvents, respectively. Cell polarisability can be determined in an in line 

measurement, using a flow cell device (Angersbach et al. 2016).  

1.3.3 Particle detection with laser light back reflection measurement 

A single cell based analytical tool is the measurement of back reflection from laser light, which was 

transmitted into a suspension. The laser light is projected into the suspension and a circular path is 

scanned in a defined distance to the probe window. The back reflection of the light is detected in the 

probe. The size and shape of particles correlate with the duration of the backscattered light when it 

passes the detector (Kumar et al. 2013; Whelan et al. 2012). Laser light back reflection measurements 

have been applied in situ for the investigation of aggregates and chain lengths in plant cell cultures 

(Jeffers et al. 2003; McDonald et al. 2001), and for filamentous bacteria (Pearson et al. 2004), 

respectively. Furthermore, the flocculation of yeast cells and the size distribution in high density E. coli 

cultivations was measured (Whelan et al. 2012). The device, which is used in this study, is the single 

mode fiber in line particle analytical system BioCellAnalyzer (IPAS-BCA). At this device, the focus area 

is adjustable manually in front of a sapphire window. Furthermore, the wavelength and laser energy 

can be adjusted manually, which allows the determination of particles in a wide range of particle sizes 

and shapes (Helmdach et al. 2014). This system was used for the investigation of cell density and cell 

viability in an E. coli scale-down cultivation. However, a direct correlation of established off line 

techniques with measurements of the IPAS-BCA sensor were not successful (Brognaux et al. 2013). 

1.3.4 Digital 3-D Holographic Interferometric Microscopy 

3-D holographic microscopy (DHM) enables to take a holographic picture, when measuring a phase 

and intensity shift caused by a sample. Coherent light from a LED is split inside an interferometer into 

a reference and an object beam. The reference beam remains unaffected, while the object beam 

interferes with the sample. The phase shift depends on the object thickness and the ratio of the 

refractive index between the object and surrounding material, while the amplitude is mostly 

dependent on scattering and absorption effects (Cuche et al. 1999; Rappaz et al. 2005). This technique 

is applied at line or off line. However, a flow cell or microfluidic devices allow for in line applications 

(Garcia-Sucerquia et al. 2006; Mathuis and Jooris 2015). Nadeau published a study of measurements 

in E. coli, B. subtilis and Vibrio alginolyticus cultures (Nadeau et al. 2016). Nevertheless, the 

development of suitable software for analysis of cell size and volume is challenging, thereby 

considering the three-dimensional orientation and position of the particles (Wang et al. 2016).  
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1.3.5 Multi position sensors for gradient detection 

Sensors for the experimental gradient detection are needed, which can be placed at various positions 

inside a bioreactor and provide stable data throughout a cultivation process. Some sensor designs have 

been proposed to measure gradients at multi positions: A sensor ball was created, which aimed to 

freely follow the flow field inside the bioreactor while monitoring process parameters (former 

SmartINST, Lyon, France). A multi parameter-sensor with miniaturized electrodes for pH, temperature, 

redox potential, DO and carbon dioxide concentration (Sachse et al. 2015), was installed in brewing 

reactors (Bockisch et al. 2014) and biogas digesters (Kielhorn et al. 2015). Well established sensors, 

e.g. optical DO probes, which ensure stable measurements over long periods were applied as well. 

These probes can be mounted in a waterproof dip housing and applied in cultivation processes. 

However, not only on line parameters differ depending on the respective zone or environment, but 

also substrate concentration, cell density, cellular population, product and byproduct concentrations, 

which are mostly detected off line. Novel sampling devices allow for multiple samples at a defined time 

point (Kielhorn et al. 2015).  

Nevertheless, publications dealing with the experimental evaluation of gradients in industrial 

processes are rare. One reason are the regulations when producing pharmaceuticals, foods and feeds, 

another is the risk of contamination. In industrial bulk processes, the culture broth has many 

undissolved particles and biofilm formation may occur, which make the application of sensors difficult. 
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2 Aim  

In this study, process strains of Corynebacterim glutamicum engineered for L-lysine and cadaverine 

production are used. Both products are highly relevant with regard to a bio-based economy. L-lysine 

is already produced for the feed industry in high quantities from C. glutamicum and cadaverine, a 

building block for the biopolymer industry, has also the potential to be produced in large amounts. A 

multi position sensor for the detection of the dissolved oxygen tension gradients is tested in a fed-

batch cultivation. Applying such a measurement device in a production process highly increases the 

knowledge about actual gradient formation and provides the basis for scale-down and modelling 

approaches.  

In this thesis, the impact of the scale-down reactor design is studied using a Two- and a Three-CR set 

up. The well described Two-CR, consisting of a STR coupled to a PFR is extended by a second PFR, 

enabling the formation of three distinct zones occurring in industrial cultivation processes: a zone of 

substrate excess and oxygen depletion, a homogeneous bulk zone and a zone with oxygen and 

substrate limitation. Furthermore, the impact of the media composition is investigated. Scale-down 

studies using mineral salt media are compared to experiments applying complex media, as it is used in 

large scale bioprocesses for the production of bulk chemicals. The physiologic and morphologic 

response of C. glutamicum is investigated using well-established methods as e.g. metabolomics, 

proteomics, flow cytometry and new techniques for the investigation of population heterogeneity. An 

in situ sensor for the detection of the cell size distribution is tested and applied for a single cell based 

measurement. The application of such devices in industrial processes shall be used on the one hand 

for improvement of scale-down experiments by the achievement of a similar cellular state, and on the 

other hand for process monitoring. Ideally, all these findings are used for strain and process 

improvement. Finally, based on all the observations, the robustness of C. glutamicum to oscillatory 

conditions shall be described under the consideration of different scenarios and potential targets for 

strain and process improvement shall be identified. A methodological workflow of the whole project 

is shown in Figure 8. 
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Figure 8. Schematic scheme of main activities in the thesis and related topics. From gradient detection 
in industrial scale cultivations to hybrid model approaches for the detailed description of concentration 
distributions. Scale-down experiments and evaluation of the physiological response, as well as the 
description of the cell size distribution in the scale-down systems. The outcome of these experiments 
shall be used for process optimization, including strain engineering, process management and 
bioreactor design.  
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3 Experimental part  

3.1 Cultivation of C. glutamicum in a Two- and a novel Three-compartment scale-

down bioreactor 

The chapter is directly adopted from “Response of Corynebacterium glutamicum exposed to oscillating 

cultivation conditions in a two- and novel three-compartment bioreactor” published in Biotechnology 

and Bioengineering 2015 (Lemoine et al. 2015a) and , same adaptations have been made to avoid 

repetitions.  

3.1.1 Motivation 

Cultivations with a L-lysine producing C. glutamicum strain in a Two- and Three-CR were performed 

and compared to Single-CR cultivations in a STR using glucose based mineral salt media. The Three-CR 

enables the investigation of a zone far away from the feed addition, which is low in both, substrate 

and oxygen availability. This zone was identified in a computational fluid dynamic (CFD) study of an ap. 

450 m3 scale reactor at the industrial partner. This zone can appear at the top part of the liquid phase, 

provided that the feed is added in the lower part of the reactor. The physiological response in the 

different scale-down reactors with regard to cellular growth, product formation, and metabolite 

concentration, as well as the cell viability, vitality and polarisability were investigated. 

3.1.2 Material and Methods 

Characterization of the Three-CR system 

In order to characterize the PFR modules with respect to its mean residence times and the proof of the 

plug flow behaviour, pulse experiments with 1 M KI were performed. Conductivity was measured with 

a Conducell 4USF AR C PG-120 sensor (Hamilton Bonaduz, Bonaduz, Switzerland) and the data were 

recorded with LabVIEW 8.6 (National Instruments, Austin, TX). The mean residence time for each port 

(τ) was calculated with the function for the residence time destribution E(t) and the summation F(t) as 

previously described (Junne et al. 2011). 

Strain  

C. glutamicum DM 1800, which contains two point mutations in pycP458S and lysCT311L (Georgi et al. 

2005) and carries a plasmid pEKEx2cadA and a kanamycin resistance gene (Eikmanns et al. 1991), was 

applied for the cultivations.  
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Media 

The LB media for initial pre-cultivation consisted of 10 g L-1 bacto-peptone, 10 g L-1 yeast extract, 5 g L-1 

NaCl, 22 g L-1 glucose × H2O and 25 μg L-1 kanamycin. 

The minimal media CGXII (Keilhauer et al. 1993) consists of 20  gL-1 (NH4)2SO4, 5  g L-1 urea, 0.25  g L-1 

MgSO4 × 7 H2O, 1  g L-1 KH2PO4, 1  g L-1 K2HPO4, 42  g L-1 MOPS (at shake flask cultivations only), 

13.25 g L-1 CaCl2 × 2 H2O, 0.2 mg L-1 biotin, 30 mg L-1 protocatechuic acid, 25 mg L-1 kanamycin, and 

trace elements (10 mg L-1 FeSO4 × 7H2O, 10 mg L-1 MnSO4 × H2O, 1 mg L-1 ZnSO4 × 7H2O, 0.313 mg L-1 

CuSO4 × 5H2O, 0.02 mg L-1 NiCl2 × 6H2O). 

Procedure of pre-cultivation 

Pre-cultures were carried out in Ultra Yield FlasksTM (UYF) sealed with AirOtopfi Enhanced Seals 

(Thomson Instrument Company, Oceanside, US-CA). Conditions for all shake flask cultivations were 

30 ◦C and 250 rpm, conducted on a Multitron Standard rotary shaker (Infors AG, Switzerland). 50 mL 

of LB culture inoculated with 200 µL of cryoculture were incubated for 4 hours at 30 °C and 200 rpm. 

Subsequently, 15 mL of this culture were mixed with 85 mL of CGXII media containing 20 g L-1 glucose. 

These shake flask cultures were incubated for 20 hours at 30 °C and 200 rpm. 250 mL of GCXII media 

for bioreactor cultivations containing 5 g L-1 glucose × H2O were mixed with a defined volume of the 

pre-culture 5 hours prior to the reactor inoculation and cultivated at the same conditions as the 

previously performed flask cultivations. The applied inoculation volume of the pre-culture was 

calculated as follows: 

 Vinoc =
42.5

2∗OD600
mL.  

Bioreactor cultivation 

A 10 L Biostat E stirred tank bioreactor (B. Braun Biotech, Melsungen, Germany) equipped with three 

blade stirrers was used. For scale-down cultivations, one or two PFR modules were connected to the 

STR. The total working volume of the PFR part was 1.2 L [1.8 L including the transfer from the STR to 

the PFR (0.15 L) and backwards (0.45 L)]. The PFR part consisted of four static mixer modules, each 

with a working volume of 0.25 L and a diameter of 25 mm. The parts and features of the plug flow 

module have been described previously in more detail in (Junne et al. 2012). 

500 mL of pre-culture were added to the bioreactor filled with 9.5 L of CGXII containing 5 gL-1 glc × H2O. 

After a batch phase of 19 hours, the feed was started. The feed consisted of CGXII media containing 

300 gL-1 glc × H2O. The feed was added to the top gas phase of the bioreactor for the single 
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compartment reactor (single-CR) cultivation. For the scale-down cultivations, the feed was connected 

to the inlet tube of the corresponding PFR module. The feed rate was set to 

 F = 0.0017 h−1 × 𝑉𝐿 × 𝑒0.2×𝑡×ℎ−1
.  

The circulation rate in the PFR modules was set to V̇ =1.3 L min-1at all cultivations. The pH value was 

controlled at pH = 7.0, the temperature was set to 30 °C, the aeration rate to 0.5 vvm and the stirrer 

speed to 350 rpm. When an optical density of OD600 = 6 was reached, the stirrer speed was changed 

to 800 rpm. If the dissolved oxygen tension (DO) decreased below 20%, the stirrer speed was increased 

to 1,000 rpm. Data of the single-CR are shown from two independent cultivations. 

Analysis 

Cell growth was monitored with spectrophotometer measurements at a wavelength of 600 nm (OD600) 

(Novaspec III by Amersham Biosciences, UK). For dry cell weight (DCW) determination, 2 mL of cell 

suspension were pipetted into a dried and weighted 2 mL Eppendorf tube. The cells were centrifuged 

for 10 min at 21,500 × g. The supernatant was discarded and the cells were washed with 1 mL of 0.9 % 

NaCl solution. After a repeated step of centrifugation, the tube containing the washed cells was dried 

at 75°°C over night.  

Samples for extracellular metabolite and free amino acid concentration were filtered through a 

membrane filter with a pore size of 0.8 µm (Carl Roth, Karlsruhe, Germany) directly at the sampling 

port of the bioreactor. The supernatant was transferred to 1.5 mL tubes and immediately stored at -

80 °C.  

For the analysis of intracellular main carbon metabolites, organic acids, nucleotides and glucose, 4 mL 

of cell suspension were harvested into a syringe containing 1 mL of precooled HCLO4  and 0.5 gL-1 

butanol as an internal standard. The further treatment mainly follows the description in (Theobald et 

al. 1997). Briefly, the syringe containing the quenched cell suspension was shaken on a horizontal 

shaker for 15 min. Afterwards, the sample was transferred to a 50 mL falcon tube and 845 µL 5 M 

K2CO3 were added for neutralization. The cell fragments were separated with a cellulose mixed ester 

membrane filter of a pore size of 0.45 µm (Carl Roth, Germany). All steps were performed on ice, all 

plastic parts were precooled prior to their use. 

For analysis of the total free amino acid concentration, 3 mL of cell suspension were quenched with 

2 mL pre-chilled methanol and immediately stored at -80 °C. Prior to analysis, samples were diluted to 

OD600 = 2.5, and homogenized with ultrasound. The sonotrode (UP200, Dr. Hielscher, Germany) had a 

diameter of 1 mm, an amplitude of 40 % was applied at 3 cycles for 30 sec with an interruption of 
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30 sec. Afterwards, cells were separated with centrifugation (21,500 × g, 10 min, 4 C) and stored at -

80 °C prior to quantification. 

Quantification of metabolites 

Quantification of free amino acids was performed with an Agilent 1260 Infinity HPLC system (Agilent 

Technologies, Germany), an Agilent 1200 system fluorescence detector (excitation wavelength: 

340 nm, emission wavelength: 450 nm), a C18 Gemini® column (5 µ, 100 Å, 150 × 4.6 mm) and a 

SecurityGuard™ guard column (Phenomenex®, Germany). For derivatization, ortho-phthaldialdehyde 

was applied as described previously (Kromer et al. 2004). Separation is achieved using a 40 mM 

NaH2PO4 (pH = 7.8) polar phase and 45 % MeOH, 45 % CH3CN, 10 % H2O as nonpolar phase at a flow 

rate of 1 mL min-1 and a temperature of 40 °C. 

Organic acids and glucose were quantified with an Agilent 1200 system equipped with a refractive 

index detector and a HyperRezTM XP Carbohydrate H+ column (300 × 7.7 mm, 8 µm) (Fisher Scientific, 

Germany) using 0.1 M H2SO4 at a flow rate of 0.5 mL min-1 and a temperature of 15 °C.  

Nucleotides were quantified using an Agilent 1200 HPLC system equipped with a diode-array detector, 

and a SupelcosilTM LC-18T column (150 mm × 4.6 mm I.D., 3 µm particle size) connected to a guard 

column cartridge (particle size of 5 µm) (Supelco, PA). Chromatographic conditions have been applied 

as described earlier (Ryll and Wagner 1991), whereas the flow rate was set to 1.0 mL min-1. The energy 

charge (EC) was calculated as 

 EC =
[ATP]+

1

2
[ADP]

[ATP]+[ADP]+[AMP]
 (Atkinson and Walton 1967). 

On line measurement of the cell polarisability 

The polarisability of cells was measured with the device EloTrace (Elosystems version 2.0, Germany) at 

line every 15 min. EloTrace consists of a sample preparation unit and a measuring unit. The 

reorientation of cells under the influence of an external electrical field is determined by following the 

change of the optical densities in two directions. The cell suspension was pumped via a tube from the 

bottom part of the STR and diluted with deionized water prior to the measurement. Subsequently, 

cells were washed with deionized water and suspended at a defined optical density and conductivity 

automatically. Then cells were opposed to an electric field. The reorientation of the rod-shaped cells 

in dependence of several frequencies was monitored spectrophotometrically (Bunin 2002). The 

spectrum of the polarisability was recorded for this study at four frequencies of 240 kHz, 480 kHz, 

960 kHz, and 2.4 MHz, respectively. The frequencies of 200-400 kHz correspond to the range, in which 

the so-called Maxwell-Wagner polarization of the charge carriers (mobile ions) appears distinctly at 
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the inner side of the cell membrane of bacterial cells. Accordingly, the maximum effect of the 

electrooptical phenomenon occurs at this range. The polarization phenomena decrease at higher 

frequencies. This decrease depends on the constitution of the cell membrane and is affected by the 

accumulation of metabolites as revealed in previous studies (Junne et al. 2010; Junne et al. 2008). 

Flow cytometry 

For flow cytometric analysis, the MACSQuant® analyser (Miltenyi Biotec, Germany) was applied. A 

488/10 bandpass filter for forward scatter (FSC) and side scatter (SSC) measures, a 525/50 bandpass 

filter for bis-(1.3-dibutylbarbituric acid) trimethine oxonol (BOX) stained samples and a 655-730 

longpass filter for propidium iodide (PI) stained cells were applied. MACSQuant® calibration beads 

were used for calibration. The cells were separated via vacuum filtration with a vacuum pump KNF LAB 

(Neuberger, Germany). Thereafter, 2 mL of cell suspension sample were poured on a moisturized 

cellulose nitrate filter with a pore size of 0.2 µm (Satorius Germany), 5 mL of phosphate buffered saline 

(PBS) were used to wash the cells. Remaining cells on the filter were resuspended in 10 mL PBS. The 

cell suspension was diluted to an OD600 of 0.05 with PBS. A concentration of 5 gL-1 BOX or 1 gL-1 PI 

(both supplied by Sigma Aldrich, Germany), respectively, were used for staining. The stock solutions 

were diluted with PBS. For BOX staining, ethylenediaminetetraacetic acid (EDTA) was added to a final 

concentration of 4 mM.  

The measurements were performed in 1.5 mL tubes, which contained 200 µL of cell suspension. The 

applied concentration of BOX was 1 µM, cells were stained for 4 min at room temperature. The applied 

concentration of PI for staining was 1.5 µM, cells were stained for 2 min at 4 °C. In order to obtain a 

positive control, the cell suspension was heated in a heating block (Thermomixer comfort, Eppendorf, 

Germany) for 10 min and stained following the aforementioned procedures. 

Hydrolysis of amino acids 

For the determination of the total amount of amino acids, MeOH quenched samples were sonicated, 

centrifuged and subsequently hydrolyzed with 6 M HCl at 80 °C for 24 h. Analysis was performed with 

an Agilent 5975 C GC-EI-MS using a DB-5MS-column after drying in a speed vacuum concentrator 

(Bachhofer, Germany) and n-tert-butyldimethylsilyl-n-methyltrifluoroacetamide (MTBSTFA, supplied 

by Fluka® Analytical, Switzerland) derivatization. Α-aminobutyric acid was applied as internal standard. 

 

 

Data fitting and visualization 
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Data were fitted with the fitting toolbox of MATLAB R2013b (MathWorks, MA). For the derivation of 

the intracellular concentrations, the concentration of the cell suspension samples was fitted as well as 

the concentrations of the supernatant samples and subsequently subtracted from each other. All data 

plots were created with SigmaPlot version 12.0 (Systat Software, CA). 

3.1.3 Results 

Scale-down reactors 

In this chapter, two different scale-down reactors were compared to a Single-CR cultivation in a STR. 

The Two-CR consisted of an aerated STR combined with a non-aerated plug-flow reactor (PFR-F), into 

which the feed was added at the entrance of the PFR compartment. The novel Three-CR reactor 

consisted of the STR and PFR-F components of the Two-CR, together with an additional non-aerated 

PFR module into which no feed was added (PFR-S). The mean residence times (τ) were 120 sec in each 

of the PFR modules. The mean residence times in each PFR module at the various sample ports are 

depicted in Figure 9. The plug-flow characteristics of both PFR modules were characterized by a 

Bodenstein number below 17, as described previously for PFR F (Junne et al. 2012; Junne et al. 2011).  

 

Figure 9. Mean residence time (τ) determined at the 10 sampling ports of the Three-compartment 
scale-down reactor. Plug flow module 1 (PFR-F) is also used at the Two-compartment scale-down 
reactor concept. The feed solution is added at the bottom part of the PFR-F. No feed is added at the 
plug flow module 2 (PFR-S). Both plug flow modules are not aerated. 

 

 

Oxygen supply and bacterial growth 
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The available dissolved oxygen (DO) in PFR-F of the Two- and Three-CR cultivations decreased during 

the course of the cultivation due to a steadily increasing cell density (Figure 10 A, B). For the Two-CR 

cultivation, DO depletion in PFR-F was measured on line at port 1 at a cell concentration of 4 g L-1. By 

contrast, in the Three-CR cultivation, DO depletion at the first port of PFR-F begin to be seen after six 

hours of feeding time at a cell concentration of 3 g L-1. The earlier depletion of DO in PFR-F in the 

Three-CR cultivation was caused by the overall lower liquid level in the STR module, which occurred 

as a result of the inclusion of the additional PFR module in this reactor concept. The arrangement of 

the stirrers necessitated by the lower liquid level in the Three-CR reactor led to a lower oxygen 

transfer, and thus a lower DO level. As seen in 

Figure 10 oxygen was completely depleted 

throughout the PFR-S module at least eight hours 

after the feed started. Hence, cells were exposed 

to oxygen depletion for at least 4 out of 10 min in 

the Three-CR system.  

 

 

 

 

 

Figure 10. Dry cell weight concentration as 
measured in the STR module and dissolved 
oxygen concentration as monitored in the plug 
flow reactor modules of the scale-down 
experiments are shown. In part A, the dry cell 
weight of Single-CR ( , ), the Two-CR ( ), and the 
Three-CR cultivation ( ) are shown. In Part B, the 
dissolved oxygen concentration in the plug flow 
reactor F (PFR-F) of the Two-CR cultivation is 
shown. The oxygen concentration in the PFR-F 
and PFR-S of the Three-CR cultivation are shown 
in Part C and D, respectively. Cultivations were 
performed using C. glutamicum DM1800 and 
glucose based mineral salt media.   

The biomass yield, which is achieved during the 

growth phase, was very similar in all cultivations 

about YX/S = 0.4 g gDCW
-1 (Single-CR cultivation at 



Anja Lemoine              Impact of oscillations in substrate and oxygen availability on Corynebacterium glutamicum cultivations 

Experimental part - Cultivation of C. glutamicum in a Two- and novel Three compartment scale-down bioreactor 35 

YX/S = 0.4, Two-CR cultivation at YX/S = 0.42 and Three-CR cultivation at YX/S = 0.37 g gDCW
-1). Thus, no 

remarkable impact of the oscillations on overall growth was detected. However, when the biomass 

yields for each sampling interval are compared, a tendency towards lower values can be seen in the 

Three-CR cultivation after ten hours of the fed-batch phase.  

Accumulation of main carbon metabolites in the STR 

 

Figure 11. Intracellular pyruvate concentra-tion in C. glutamicum DM 1800 cultivations using glucose 
based mineral salt media. Single-CR ( , ), the Two-CR ( ), and the Three-CR cultivation ( ).All samples 

were collected from the sample port of the 
STR. 

 

The concentrations of pyruvate (Figure 12 A), 

L-lactate and formate (Figure 12 B) differed 

among the cultivations. The extracellular 

pyruvate concentration was more than twice 

as high in the Two-CR cultivation in 

comparison to the single-CR and Three-CR 

cultivations. Conspicuously, elevated 

intracellular concentrations of pyruvate were 

also observed in the Two-CR cultivation 

(Figure 11). Interestingly, the extended exposure to oxygen limitation or even depletion in the Three-

CR did not lead to a further accumulation of pyruvate. Instead, a greater portion of the main carbon 

flux was directed to L-lactate, which accumulated in a concentration of up to 0.18 mM. This 

corresponds to a 3.5-fold increase over the concentrations obtained in the other cultivations. 

Among the intermediates of the tricarboxylic acid (TCA) cycle, succinate and malate concentrations 

were most notably affected. Both components were detected at an increased level in the Two-CR 

cultivation and at a further increased level in the Three-CR cultivation. Comparatively higher 

intracellular concentrations of L-lactate (0.06 mmol gCDW)and fumarate (0.1 mmol gCDW) were detected 

in both scale-down cultivation modes, while malate accumulation increased only during the Three-CR 

cultivation. These results indicate a bottleneck within the TCA cycle of cells grown in the Three-CR. No 

remarkable changes were detected in the intracellular concentrations of other main carbon 

metabolites. Furthermore, no difference in the substrate uptake rate was observed among the three 

cultivations. 
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Figure 12. Metabolic network and metabolite concentration of C. glutamicum DM1800 using glucose 
based mineral salt media in the scale-down reactor cultivations. In figure A-F, the extracellular 
metabolite concentration after 12 hours of fed-batch mode as measured in the stirred tank 
compartment of the Single- ( ), Two- ( ), and Three-CR  cultivation ( ) are shown. 

 

Accumulation of amino acids in the STR 

A change in the concentration of some extracellular free amino acids was observed in the Three-CR 

cultivation. L-serine, L-glycine and L-alanine concentrations (Figure 12 D) were twice as high as in the 

Single-CR cultivation. The intracellular concentration of free L-alanine (Figure 13 A) increased 

throughout the Three-CR cultivation; however, L-glycine underwent the most profound change in its 

intracellular accumulation profile (Figure 13 B). The total amino acid concentration of L-alanine was 

0.35 mmol gCDW in the Three-CR and 0.2 mmol gCDW in the Two- and Single-CR cultivation, respectively, 
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twelve hours after feed onset. The total intracellular L-glycine concentration was four times higher in 

the Three-CR cultivation than in the two other cultivation modes. These results show that L-glycine 

was incorporated in proteins to an exceptionally high extent in the Three-CR cultivation. 

The extracellular free amino acid concentrations of L-glutamate, L-glutamine (Figure 12 F), and L-

threonine (Figure 12 E) increased in the Three-CR cultivation as well, as did the intracellular 

concentration of L-glutamine (Figure 13 D). This indicates a strong redirection of carbon fluxes towards 

L-glutamine and L-glutamate within the TCA cycle. However, the total intracellular concentrations of 

L-glycine, L-glutamate, L-glutamine, and L-

threonine were not affected at scale-down 

conditions. A Table with all amino acid 

concentration is provided in the appendix 

(Table S1). 

 

 

 

 

Figure 13. Intracellular free amino acid 
concentration of L-alanine, L-glutamate, L-
glutamine, and L-glycine in C. glutamicum 
DM1800 cultivations using glucose based 
mineral salt media. For the Single-CR ( , ), 
the Two-CR ( ), and the Three-CR 
cultivations ( ). 

The concentration of L-lysine decreased in 

the scale-down cultivations compared to the 

reference cultivation (Figure 12 E): the L-

lysine yield was YLys/S = 0.1 g gDCW
-1 in the 

Single-CR cultivation, YLys/S = 0.08 g gDCW
-1 in 

the Two-CR cultivation, and 

YLys/S = 0.07 g gDCW
-1 in the Three-CR 

cultivation. The intracellular free L-lysine 

concentrations were difficult to estimate, 

since the differential method is not suitable 
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for compounds, which undergo a very high degree of extracellular accumulation. The final total 

intracellular L-lysine contents were 1.4 mmol gCDW in the scale-down cultivations and 1.8 mmol gCDW in 

the Single-CR cultivation. 

Metabolite concentration profiles in the PFR modules 

It is only feasible to compare intracellular concentrations between samples taken in the PFR and in the 

STR when they accumulate or are synthesized distinctly within a single module. An overview of relative 

metabolite concentrations in the PFR modules compared to the STR module is shown in Figure 14. Part 

A, B and C illustrate the situation at nine hours of the fed-batch mode, and part D, E and F depict the 

situation at twelve hours of the fed-batch mode. The pyruvate concentration in PFR F decreased in the 

Two- and Three-CR cultivations (Figure 14 A, D), while pyruvate accumulated extracellularly in the STR 

module. The concentration of formate (Figure 14 B, E) decreased in the PFR modules in comparison to 

the STR module at most measurements.  

In general, the oxygen limiting conditions occurs 2 hours earlier in the PFR-F module in the Three-CR 

than in the Two-CR cultivation. Hence, differences in the metabolite concentrations could arise from 

the different oxygen availability. Therefore, it is worth to compare the results after 9 hours in the 

Three-CR with results after 12 hours of feeding in the Two-CR at a similar oxygen availability. When 

comparing the measurements in this way for L-lactate and succinate, which are accumulating in PFR-F 

in both scale-down cultivations, a distinctly higher increase as in the Two-CR cultivation are detected 

in the Three-CR cultivation (0.1 vs. 0.06 mmol gCDW
-1 L-lactate and 0.04 vs. 0.02 mmol gCDW

-1 succinate). 

At both sampling points in PFR-S and PFR-F of the Three-CR cultivation, malate and succinate (Figure 

14 C, F) were found to have accumulated, providing further evidence of insufficient turnover rates 

within the TCA cycle. Fumarate concentrations decreased in PFR-F and PFR-S; this decrease might have 

occurred due to (i) a reduced flux to the citric acid cycle, and (ii) a reduced flux to fumarate as a result 

of the accumulation of malate and succinate. 
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Figure 14. Relative metabolite concentration measured in cell suspension samples in the PFR modules 
of the Two-CR and Three-CR cultivation at 9 hours after feed start in A,B, and C and at 12 hours after 
feed start in D,E, and F. All bars represent the difference between the mean concentration of the last 
three ports of the PFR and the concentration in the STR. Measurements of the PFR-F of the Two-CR (  
) and Three-CR (  ) and the PFR-S of the Three-CR cultivation(  ). All cultivations were performed with 
C. glutamicum DM1800 using glucose based mineral salt media. 

 

Energy charge 

The energy charge (EC) of the Single-CR cultivation was 0.24; by comparison, the ECs for the Two- and 

Three-CR cultivations were higher (0.48 and 0.43, respectively). Furthermore, a steady increase of 13 % 

was observed in the EC along PFR-F in the Three-CR cultivation. These results indicate that the EC 

increase of cells, which are cultivated in an oscillating environment.  

Flow cytometry analysis 

PI staining was applied to each cultivation to analyze the cellular viability. When deficiencies within 

the structure of the cell membrane occur, PI can enter the cell and bind to DNA. The concentration of 

PI-stained cells in all cultivations was below 1.6 % (Figure 15 A), which clearly indicates that the cells 

were not harmed by the oscillating conditions. The shift from the regular batch to the fed-batch phase 

did not appear to harm the cells either, regardless of the cells' exposure to an oscillating environment.  

BOX stain was applied to the cultivations as well. BOX stains regions of low polarity, thereby indicating 

insufficient penetration of ions. Thus, it might be expected that cells exposed to stress should 

experience greater staining with BOX. Surprisingly, the opposite effect was observed during the course 
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of the three cultivations: although the degree of BOX staining at the end of each batch phase was 

similar for each cultivation, a distinctly lower portion of cells was stained with BOX in the Three-CR 

cultivation. Phases of exposure to high substrate availability seem to decrease the occurrence of 

cellular regions characterized by a low ion content.  

 

Figure 15. Flow cytometric analysis in C. glutamicum DM1800 cultivations using glucose based mineral 
salt media ( PI- and BOX-staining), for the Single-CR ( , ), the Two-CR ( ), and the Three-CR cultivations 
( ). 

 

Electrooptical monitoring of the cell polarisability 

The observations made during BOX-staining receive partly support from the electrooptical 

measurements. During this portion of the analysis, cells were exposed to an electric field; the time 

needed for the reorientation of the cells is a direct measure of the transmembrane potential. The cell 

polarisability decreased following feed onset in the Single- and Two-CR cultivations (Figure 16). In 

contrast, the cell polarisability in the Three-CR cultivation increased throughout the course of the fed-

batch phase. Obviously, a higher degree of inhomogeneity is not harmful. In all cases, the polarisability 

of cells was similar at all applied frequencies. 
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Figure 16 Frequency-dependent electrooptical 
measurement of the cell polarisability. The 
course of the anisotropy during the course of the 
cultivations at various frequencies is shown for 
the Single-CR in A, for the Two-CR in B, and for 
the Three-CR cultivation in C. Cultivations were 
performed using C. glutamicum DM1800 and 
glucose based mineral salt media.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.4 Conclusion 

C. glutamicum is robust against oscillations in substrate and oxygen concentration, as applied in the 

Two-, and Three-CR with GCXII mineral salt media: growth was not influenced and the cells show high 

cell viability and vitality. However, product accumulation was reduced in both scale-down reactor set-

ups. Differences in the concentrations of several metabolites show a higher byproduct formation in 

the Three-CR concept. 
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3.2 Scale-down cultivations of C. glutamicum using complex media 

The chapter is directly adopted from “Performance loss of Corynebacterium glutamicum cultivations 

under scale-down conditions using complex media” published in Engineering in Life Sciences 2016 

(Lemoine et al. 2016), same additional information is provided and adaptations have been made to 

avoid repetitions.  

3.2.1 Motivation 

Scale-down experiments are usually performed with mineral salt media, as this supports 

reproducibility, comparability and makes analysis easier. However, one major disadvantage of this 

established procedure is the lack of relevance for the industrial case, as these processes are conducted 

with complex media due to costs and operational issues (see Chapter 1.1.3). It is very likely that a 

broader range of carbohydrate substrates as they are present in many complex media, an altered 

availability of amino acids and other nutrient sources might have an impact on the cell behavior under 

oscillating cultivation conditions. In this chapter, effects of environmental perturbations on a 

cadaverine producing C. glutamicum strain are investigated in a Three-compartment scale-down 

bioreactor. The media composition is based on sucrose, corn steep liquor and molasses as proposed 

by an industrial L-lysine producer. 

3.2.2 Material and Methods 

Strain and cultivation conditions 

The strain used in this study is the cadaverine producing C. glutamicum DM1945∆act3:Ptuf-ldcCOPT 

which is a derivative of L-lysine producing strain C. glutamicum DM1945 (pycP458S homV59A lysCT311I 2x 

lysC 2x lysE 2x (asd, dapA, dapB, ddh, lysA)). It was kindly provided by Prof. Michael Bott from Institute 

of Bio- and Geosciences – IBG-1: Biotechnology. C. glutamicum DM1945 is identical to C. glutamicum 

DM1933 (Blombach et al. 2009) with the exception that pck is not deleted in strain DM1945. The 

construction of deletion mutants was done by allelic exchange (Schäfer et al. 1994). The codon 

optimized ldcC, encoding a L-lysine decarboxylase from Escherichia coli, was integrated into the 

genome under control of Ptuf. More information about the codon-optimized gene can be found in 

literature (Kind et al. 2010). The insertion replaced the duplicated synthetic lysOP7 operon (dapA-

dapB-asd-lysA-ddh) that originally had been inserted in this gene region (Blombach et al. 2009) 
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Media 

All chemicals were purchased from either Carl Roth GmbH, Germany, or Sigma Aldrich Chemie GmbH, 

Germany, if not otherwise stated. The modified LB media for initial pre-cultivation consists of 10 g L-1 

bacto-peptone (Merck Fermtech GmbH, Germany), 5 g L-1 meat extract (Serva GmbH, Germany), 5 g L-1 

yeast extract (Ohly GmbH, Germany), 2.5 g L-1 NaCl, 2 g L-1 urea, 16 g L-1 sucrose and 16 g L-1 beet 

molasses (Assmannmühlen GmbH, Austria). The complex cultivation media consists of 35 mL L1 corn 

steep liquor, 36 g L-1 (NH4)2SO4, 5 g L-1 urea, 0.27 g L-1 MgSO4 × 7 H2O, 0.25 g L-1, KH2PO4, 0.225 g L-1, 

H3PO4, 4 g L-1 sucrose, 4 g L-1  beet molasses, 7 mL L1 vitamin solution (0.3 g L-1 biotin, 0.5 g L-1 thiamine 

HCl, 2 g L-1  pantothenic acid Ca-salt and 0.6 g L-1  nicotinamide) and 0.55 mL L1 FeSO4 citrate solution 

(20 g L-1 FeSO4 7 H2O and 20 g L-1  citrate H2O). 

Procedure of pre-cultivation 

50 mL of pre-pre-culture inoculated with 200 µL of glycerol cryoculture were incubated for 4 hours at 

30 °C and 200 rpm on a rotary shaker. 200 µL of antifoam 204 (Sigma Aldrich Chemie GmbH, Germany) 

was added to each culture. Subsequently, 15 mL of this culture were mixed with 85 mL of complex 

media containing 16 g L-1 sucrose and 16 g L-1 beet molasses (Assmannmühlen GmbH, Austria). These 

shake flask cultures were incubated for 20 hours at 30 °C and 200 rpm. 250 mL of complex media for 

bioreactor cultivations containing 4 g L-1 sucrose and 4 g L-1 beet molasses were mixed with a defined 

volume of the pre-culture 5 hours prior to reactor inoculation and cultivated further under same 

conditions as described before. The initial cell concentration was 0.01 g L-1. 

Bioreactor cultivation 

A 15 L Infors Techfors-S stirred tank bioreactor (Infors AG, Switzerland) equipped with three Rushton 

turbines was used. The Three-CR consisted of two plug flow reactor (PFR) modules connected to the 

stirred tank reactor (STR). The residence time in the PFR modules was set to 120 sec. The set up was 

similar to the previous study described in Chapter 3.1.2. The pH value was controlled at pH 7.0 by 

addition of 25 % (v/v) NH4OH and 25 % (v/v) HNO3. 4 g L-1 sucrose and 4 g L-1 beet molasses and all 

other compounds as described in the previous section was used for the initial batch cultivation, which 

was inoculated with 5 % (v/v) of pre-culture. After substrate depletion, addition of the feed solution 

was started. The feed rate was similar to the previous experiments, to ensure similar provision of the 

carbohydrate source, the sugar content of molasses and sucrose were considered. The feed solution 

consisted of 70 g L-1 molasses, 250 g L-1 sucrose, 40 g L-1 (NH4)2SO4 and 0.4 mLL−1  vitamin solution. 

When an optical density of OD600 = 6 was reached, the stirrer speed was changed to 800 rpm. If the 

dissolved oxygen tension (DO) decreased below 20 %, the stirrer speed was increased to 1,000 rpm. 

Bioreactor cultivations were performed in biological duplicates. 
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Quantification of carbohydrates 

Quantification of carbohydrates was performed with an enzymatic test set (r-biopharm GmbH, Cat. Nr. 

10716260035, Germany) according to the supplier’s protocol. NADH concentration was determined 

via measurement at 340 nm.  

Quantification and analysis of metabolites 

Quantification of free amino acids, organic acids and nucleotides were performed as described in 

Chapter 3.1. 

Nitrate and nitrite analysis 

Nitrate and nitrite were analyzed according to the AutoAnalyzer methods (method no. MT7A/MT8A, 

Seal Analytics GmbH, Germany). Nitrate is reduced to nitrite in a cadmium column (116-0536-18, Seal 

Analytics GmbH, Germany). Nitrate reacts with sulfanilamide and subsequently couples with N(1-

Naphthyl)ethylendiamine. The formation leads to a red color. The absorption is determined 

photometrically at 550 nm. 

Analysis of protein concentrations 

Samples for proteome analysis were processed as described by Voges et al .(Voges and Noack 2012). 

The required biomass was harvested by centrifugation (10 min, 4 C˚, 21,500 x g) and immediately 

frozen and stored at -20 C˚. After mechanical cell disruption, 15N labeled internal standard was added 

to the cell extract and tryptically digested. Tryptic samples were analyzed by LC-MS/MS using an 

Infinity 1260 HPLC system (Agilent, Germany) hyphenated to a Q-ToF 6600 mass spectrometer (AB 

Sciex, Germany). Data analysis and peak integration was carried out using the software package 

PeakView® (AB Sciex, Germany) while protein identification and quantitation was performed with the 

software ProteinPilot™ (AB Sciex, Germany). Relative quantification of protein levels was performed 

from two biological replicate cultivations with three technical replicate samples per time point. For 

comparability reasons, samples from reference and scale-down cultivation experiments were taken at 

equivalent sampling time points. The samples were taken from the STR module. The resulting fold 

change values of protein levels between reference and scale-down cultivation were finally calculated 

and corresponding statistical analysis was performed via MarkerView™ (AB Sciex, Germany). The 

analysis was performed at Forschungszentrum Jülich. 

3.2.3 Results 

Firstly, the growth and product accumulation of the L-lysine producing strain applied in Chapter 3.1 

are compared to the cadaverine producing strain using mineral salt media as described in Chapter 
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3.1.2. Then, scale-down experiments with complex media performed in a Three-CR are further 

compared to Single-CR cultivations with the same settings as described in Chapter 3.1.2.  

Comparison of growth and product accumulation of the L-lysine and cadaverine producing strain 

 

Figure 17. Comparison of growth and product accumulation of L-lysine producing strain C. glutamicum 
DM 1800 ( , , ) and the cadaverine producing strain C. glutamicum DM1945 using mineral salt media 
( ). 

 

The growth of the L-lysine producing strain C. glutamicum DM 1800 applied in Chapter 3.1 and the 

cadaverine producing strain C. glutamicum DM 1945 used in this chapter were similar. The molar 

product accumulation of cadaverine is 40 % higher after 15 hours of feeding compared to the L-lysine 

accumulation using mineral salt media.  

Cultivation characteristics 

The growth profile showed a distinct difference between the Single-CR cultivation and the scale-down 

cultivation in the Three-CR reactor. Within the first hours, the growth rate was similar, but suddenly 

growth ceased after 10 hours of feeding in the Three-CR cultivation (Figure 18 A).  

The growth rate (µ) was increasing in the first hours of cultivation. At 4 hours after feed start, a growth 

rate of µ=0.13 h-1 was achieved and remained constant for the Single-CR cultivation, while it started to 

decrease in the Three-CR cultivation 8 hours after feed start. Thereafter, carbohydrates accumulated 

under inhomogeneous conditions; 65 % (w/w) of sucrose was consumed between 11 and 13 hours 

after feed start. The consumption decreased further when the growth rate was µ =0 h-1 to 50 % (w/w) 
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between hour 13 and 15, so that final concentrations of sucrose rose to 9 g L-1, glucose to 0.2 g L-1, and 

fructose to 0.1 g L-1, respectively (Figure 18, data of fructose concentration not shown).  

The substrate uptake of sucrose (𝑞𝑆) was increasing until hour 9 of the feeding phase at both cultivation 

conditions, from 0.2 to 0.5 g gDCW
-1 h-1 at hour 14 after feed start, qS was 0.7 g gDCW

-1 h-1, in the Single-

CR cultivations and 0.56 g gDCW
-1 h-1, in the Three-CR cultivations. In contrast, sucrose, glucose and 

fructose concentration remained below 0.05 g L-1 in the Single-CR cultivations. The cessation of growth 

was also seen at the oxygen consumption. The dissolved oxygen concentration had decreased during 

the cultivation time in parallel to the increased cell number (Figure 19). 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Dry cell weight concentration and 
extracellular sucrose and glucose concentrations 
as measured in the STR module. Part A depicts 
the dry cell weight, part B the sucrose 
concentration, and Part C the glucose 
concentration of the Single-CR cultivations ( , ) 
and Three-CR cultivations ( , ). Lines represent 
curve-fits of measured values for the Single-CR     (

) and the Three-CR cultivations ( ). 
Cultivations were performed with C. glutamicum 
DM1945 using complex media. 
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Figure 19. DO concentrations in the STR and in the PFR modules of the Single-CR and Three-CR 
cultivation and the specific oxygen uptake rate, specific carbon dioxide production rate and respiratory 
quotient in the STR module of the scale-down and reference cultivations are shown. In part A, the 
dissolved oxygen concentrations in the STR module of the Single-CR cultivation ( ) and the Three-CR 
cultivation ( ) are shown. In part B, the DO concentration measured at port 1 ( ) and port 5 (
), which corresponds to 35 sec and 95 sec of residence time in PFR-F are shown. In part C, the DO 
concentration measured at port 1 ( ) and port 5 ( ), which also correspond to 35 sec and 95 sec 
of residence time in the PFR-S are shown. Part D shows the specific oxygen uptake rate in the STR 
module of the Single-CR cultivation ( , ) and the Three-CR cultivation ( , ). Part E shows 
the specific carbon dioxide production rate in the STR module of the Single-CR cultivation (  , ) 
and the Three-CR cultivation (  , ). Part F shows the respiratory quotient in the STR module of 
the Single-CR cultivation (  , ) and Three-CR cultivation (  , ). Cultivations were performed 
with C. glutamicum DM1945 using complex media. 
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The DO was depleted 2 hours earlier (6 hours after feed start) in the PFR-F with feed addition compared 

to the PFR-S without feed addition. In general, oxygen limiting conditions were achieved at the top 

part of both PFR modules throughout the fed-batch phase. After 10 hours of feeding in the Three-CR 

cultivation, the DO value started to increase in the STR. Subsequently, the DO was rising in both PFR 

modules after 12 hours. The specific oxygen uptake rate (qO2) rose in the Single-CR cultivation 

throughout the observation period, whereas qO2 was reduced from 8 hours on after feed start under 

inhomogeneous conditions (Figure 19 D). The specific production of carbon dioxide (qCO2) was 

increased in the Three-CR cultivation between hour 5 and 10. A decline thereafter was observed in the 

Three-CR after 8 hours of feeding. The decline in qO2 and qCO2 is occurring in the same quantity, thus 

the respiratory quotient (RQ) remains unchanged between 8 and 13 hours of feeding. Thereafter, the 

RQ shows a sharp drop. 

Amino acid concentrations 

The main product cadaverine was accumulated up to 10 mM prior to the feed phase (Figure 20 C). The 

complex media contained already several amino acids, like L-glutamate, L-serine, L-alanine, L-aspartate 

and L-glycine, which were barely consumed in the batch phase and did not change their concentrations 

profoundly during the fed-batch phase (Table 2, Chapter 3.3). L-lysine, which is the precursor for the 

main product cadaverine, was accumulated in the scale-down cultivation up to 2.5 mM, whereas the 

volumetric cadaverine production was diminished by half 15 hours after feed start in the Three-CR 

cultivation (Figure 20 B and C). As the specific cadaverine production remains the same, L-lysine 

accumulation is not caused by a reduced product synthesis. Beside L-lysine, the only amino acid, which 

is accumulated under inhomogeneous conditions, is L-alanine.    
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Figure 20. Course of extracellular L-
alanine, L-lysine and cadaverine 
concentration in the STR module of the 
Single-CR ( , ) and the Three-CR 
cultivations ( ,  ). Lines represent curve-
fits of measured values of the Single-CR     (

) and the Three-CR cultivations             (
).Cultivations were performed with C. 

glutamicum DM1945 using complex 
media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organic acid concentrations 

The complex media initially contained some carboxylic acids, which typically accumulate under oxygen 
deprivation in C. glutamicum as L-lactate and pyruvate. Initial concentrations of these compounds 
were quantified as 20 mM and 13 mM, respectively. However, these organic acids were consumed 
during the batch phase. Thereafter, L-lactate accumulated 8 hours after feed start extra-, and 
intracellularly in the STR module (Figure 21 C and Figure 22 A) 2 hours prior to the extracellular 
accumulation of pyruvate and acetate (Figure 23 B and C). The synthesis for acetate, L-lactate, 
pyruvate, and succinate increased until the end of cultivation; the highest rates were 0.3, 0.25, 0.9  and 
0.15 mmol gCDW-1 h-1, respectively. The intracellular concentration of succinate increased at both 
cultivation conditions, but to a higher extend up to 0.1 mmol gCDW-1 in the Three-CR compared to 
0.3 mmol gCDW-1 in the Single-CR cultivation (Figure 22). 
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Figure 21. Course of extracellular carboxylic acid concentrations measured in the STR module of the 
Three-CR cultivations ( , ). Lines represent curve-fits of measured values of the Single-CR cultivations 
( ) and the Three-CR cultivations ( ).Cultivations were performed with C. glutamicum DM1945 
using complex media. 

 

Organic acid concentrations 

The complex media initially contained some carboxylic acids, which typically accumulate under oxygen 

deprivation in C. glutamicum as L-lactate and pyruvate. Initial concentrations of these compounds 

were quantified as 20 mM and 13 mM, respectively. However, these organic acids were consumed 

during the batch phase. Thereafter, L-lactate accumulated 8 hours after feed start extra-, and 

intracellularly in the STR module (Figure 21 C and Figure 22) 2 hours prior to the extracellular 

accumulation of pyruvate and acetate (Figure 23 B and C). The synthesis for acetate, L-lactate, 

pyruvate, and succinate increased until the end of cultivation; the highest rates were 0.3, 0.25, 0.9, 

and 0.15 mmol gCDW-1 h-1, respectively. The intracellular concentration of succinate increased at both 

cultivation conditions, but to a higher extend up to 0.1 mmol gCDW-1 in the Three-CR compared to 

0.3 mmol gCDW-1 in the Single-CR cultivation (Figure 22). 
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 Figure 22. Intracellular carboxylic carbon acid 
concentration in the STR-compartment 
determined with fitted values of the 
extracellular concentration and the 
suspension concentration of two experiments 
respectively. The intracellular concentration 
of the Single-CR ( ) and the Three-CR 
cultivations ( ) and the corresponding curve-
fits of the Single-CR ( ) and the Three-CR     (

) are depicted. Cultivations were 
performed with C. glutamicum DM1945 using 
complex media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 23, the concentration of the cell suspension in connection to the residence time is depicted 

at two different sample points, 10 hours and 12 hours after feed start, in both PFRs. 10 hours after 

feed start, the main substrate sucrose was consumed within the PFR-F. Between the feed addition and 

the first sample point, L-lactate, acetate and succinate concentration increased. L-lactate and acetate 

were partly re-consumed by the cells already in the PFR-F and in the STR. Acetate, which accumulated 

in either PFR-F or PFR-S under oxygen limiting conditions, was completely assimilated in the STR 

module under oxygen excess. At the later sample point, 1 hour after feed start, the substrate was only 

partly consumed, leading to substrate accumulation even in the STR and PFR-S module. Additionally, 

L-lactate and succinate were finally accumulating in both PFR modules.  
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Figure 23. Course of extracellular sucrose and carboxylic acid concentrations of samples taken at 
sampling ports of the STR (τ = 0) and both PFR modules. Part A-D shows the course of concentrations 
in the PFR modules at residence times of τ=35 sec, 51 sec, 64 sec, 82 sec, and 95 sec. The concentration 

of suspension samples in the STR-module 10 hours ( ) and 12 hours ( ) after feed start are shown. 

In Part A-D, the concentration of suspension samples in the PFR-F module 10 hours  ( ) and 12 hours 
( ) after feed start and in part E-H the concentration of suspension samples in the PFR-S module 

10 hours ( ) and 12 hours ( ) after feed start are depicted. Cultivations were performed with C. 
glutamicum DM1945 using complex media. 
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Nitrate and nitrite concentrations 

The nitrate concentration reached 100 mM at the end of the batch phase. It originated from molasses 

and HNO3. Nitrite was not detected in the cultivations before feed start.;. During the cultivation in the 

Three-CR, nitrate concentration decreased by half, while nitrite concentration increased to 60 mM 10 

hours after feed start, and subsequently to 80 mM until the end of the cultivation. In the Single-CR, 

nitrate concentration was slightly increasing in the fed-batch phase, from 100 mM to 120 mM, while 

the nitrite concentration remained under the detection limit throughout the end of the cultivation.  

Protein concentration 

Protein concentration of 1039 proteins were analyzed (Table 1) an overview of protein concentration 

alterations in the main carbon metabolism is schematically shown in Figure 24. At the earlier time point 

of 10 hours after feed start, levels of 518 proteins were increased under oscillatory conditions in 

comparison to the STR control cultivation. Among all proteins, 119 showed significantly differential 

concentration when considering a p-value of < 0.05, 59 when considering a p-value of < 0.01. At the 

later time point of 12 hours after feed start, 620 proteins were detected at a higher expression level 

under inhomogeneous conditions. This time, 163 proteins showed a differential concentration when 

applying a p-value of < 0.05, and 68 when considering a p-value of < 0.01. Among these 68 proteins, 

only 16 had a lower concentration under inhomogeneous conditions. 

Energy charge and physiological state 

The energy charge (EC) remained at a value of 0.6 until 10 hours after feed start in both cultivation 

modes, but increased to 0.8 in the Three-CR cultivation afterwards (see Appendix Figure S2). Flow 

cytometry analysis with propidium iodide (PI) did not indicate any loss in cell viability (see Appendix 

Figure S3). 
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Table 1. Comparison of enzyme concentrations of the Three-CR cultivation and the Single-CR 
cultivation, 10 and 12 hours after feed start. Cultivations were performed with C. glutamicum DM1945 
using complex media. 

Abbreviation 
log10 fold 
change,10 

hours 

log10 fold 
change,12 hours 

Abbreviation 
log10 fold 
change,10 

hours 

log10 fold 
change,12 

hours 

Sugar uptake Heat and oxidative stress response 

PtsG -0.12 -0.09 CatA1 -0.16 -0.25 

PtsI -0.07 -0.07 ClpC -  0.06 

Glycolyse and PPP ClpX 0.16 - 

Eno - 0.09 DnaK - 0.09 

GapA 0.50 - Dps - 0.45 

PckA 0.11 - Fmo -0.57 -0.62 

PfkA 0.07 0.13 GroEL - 0.17 

PfkB -0.20 -0.14 GroES - 0.17 

Carbon acid synthesis GrpE - 0.11 

Ldh 0.20 0.17 SufB 0.40 0.45 

LldD - 0.20 SufC 0.31 0.52 

Pta 0.10 - SufD 0.33 0.48 

TCA-cycle und glyoxylate shunt SufU 0.44 0.54 

Acn 0.10 0.20 SufS 0.08 - 

FumC 0.07 0.12 Energy household 

GltA 0.18 0.17 FprA 0.12 0.19 

Mdh 0.13 0.16 Ndh -0.09 -0.07 

Mqo 0.15 0.19 SsuE - -0.98 

MalE -0.31 -0.41 Regulatory proteins 

SucC -0.52 - OxyR - 0.30 

SucD -0.58 -0.36 SigB - 0.13 
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Figure 24. Overview of relative expression levels of selected proteins of the main carbon metabolism 
in C. glutamicum. Proteins of higher expression in samples of the Three-CR cultivations and 
corresponding reactions are indicated in red and underlined with a dotted line ( ), proteins of lower 
expression in samples of the Three-CR cultivations and corresponding reactions are indicated in blue 
and underlined with a straight line ( ).Cultivations were performed with C. glutamicum DM1945 
using complex media. 

 

3.2.4 Conclusion 

C. glutamicum shows drastic changes in process performance in the Three-CR compared to the 

homogeneous Single-CR cultivation, when complex media is applied. Growth depleted after several 

hours of cultivation. The volumetric product yield of the caderverine producing strain was decreased, 

while several carboxylic acids accumulated, among them L-lactate and acetate.   
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3.3 Influence of the media composition on the process performance of C. 

glutamicum cultivations 

3.3.1 Motivation 

As C. glutamicum shows different response to oscillations in substrate and oxygen availability 

depending on the media composition, this paragraph aims to address changes when comparing the C. 

glutamicum cultivated in GCXII media (Chapter 3.1) and complex media (Chapter 3.2). In this chapter, 

the batch phase in both media was directly compared. The impact of elevated acid concentration, as 

present in the scale-down cultivations using complex media was investigated by adding acetate and L-

lactate to C. glutamicum culture. Furthermore, the influence of the main carbohydrate source was 

examined; when scale-down experiments using CGXII media with sucrose instead of glucose as a main 

carbon source was used. Finally, in elevated stress conditions, at reduced oxygen availability, the 

robustness of C. glutamicum was tested in fed-batch experiments. 

3.3.2 Material and Methods 

Strain 

The cultivations were carried out with the bacterium C. glutamicum DM1945∆ act3:PtufldcCOPT as 

described in Chapter 3.2.2  

Media 

For the experiments mineral salt media CGXII as described in Chapter 3.1.2 was used. For shake 

flask experiments 42 g L−1 3-(N-morpholino) propane sulfonic acid (MOPS) buffer was added and 

either glucose or sucrose solution was added. The composition of the complex media was as 

described in Chapter 3.2.2.  

Bioreactor cultivation 

Bioreactor cultivations were conducted in KLF 2000 bioreactor (Bioengineering AG, Switzerland) 

equipped with two Rushton turbines and baffles. Temperature and pH measured in the STR were 

controlled on line. The pH value was controlled by addition of 5 % (v/v) ammonia solution and 

5 % (vv−1) sulfuric acid (both VWR, Leuven, Belgium). The DO was measured with a polarographic 

oxygen sensor (Mettler-Toledo, OH). The stirring speed was controlled manually. Data were 

recorded with LabVIEW 8.6 (National Instruments, TX). Concentrations of exhaust O2 and CO2 were 

recorded by the on line gas analyzer BlueInOne Ferm and monitored on line by the BlueVis software 

(both BlueSens, Germany). 
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Cultivations were started in batch mode by inoculating the STR, containing 2 L CGXII bioreactor media 

(4.32 g L−1 sucrose) with 5% inoculation volume. The temperature was 30 °C, aeration rate was 0.5 vvm 

and the pH-value was 7.0 with NH4OH. The initial stirring speed was set to 500 rpm and increased 

manually to 800 rpm during the batch cultivation. A subsequent fed-batch phase was started after 

17.8 hours of batch cultivation at an OD600 of 5. The feed solution, CGXII bioreactor media with a 

sucrose concentration of 260 g L−1, was applied. The feed rate was set to F = 0.0017  h−1 × 𝑉𝐿 ×

𝑒0.2×𝑡×ℎ−1
. The first two hours of fed-batch cultivation were identical for all cultivations. Then, for two 

cultivations, the stirring speed was lowered to 200 rpm, primarily even to zero, and subsequently 

increased to the initial value (800 rpm). This was done periodically and resulted in an oscillating oxygen 

profile. At the reference cultivation, stirring speed was kept constant. Scale-down experiments in the 

Single- and Three-CR were performed as described in Chapter 3.1.2. 

Shake flask cultures 

Pre-cultivation for shake flask experiments was carried out with LB media using 250 mL flasks 

containing 25 mL media and 125 mL flasks containing 12.5 mL media, inoculated with 100 L and 5 L of 

C. glutamicum cryoculture respectively. The precultivation was incubated for 3.5 hours at 30 ◦C and 

200 rpm or 250 rpm, conducted on a Kuhner rotary shaker (Kuhner, Switzerland) or a Multitron 

Standard rotary shaker (Infors AG, Switzerland). 

Shake flask cultivations were either performed on CGXII containing 20 g L−1 glucose or on complex 

media with 16 g L−1 sucrose and 16 g L−1 beet molasses. Cultivations with CGXII were initiated by 

transferring 4 mL of corresponding LB culture to 100 mL CGXII media. Either 50 mL UYFs or 500 mL 

baffled PreSens Sensor Flasks (PreSens, Germany) were used. When using PreSens flasks, the DO and 

pH were measured non-invasively by an SFR Shake Flask Reader (PreSens) mounted on a Kuhner rotary 

shaker. Data was transferred via Bluetooth to a PC running the Shake Flask Reader Software (PreSens, 

Germany) to monitor DO, pH and temperature. 

Addition of carboxylic acids 

Investigation on the effect of carboxylic acids on C. glutamicum was conducted by additions of acetate, 

L-lactate, citrate, succinate and fumarate to cultivations performed on CGXII. The final concentration 

in the culture was 20 mM. Additions were made after approximately 13.5 – 16 hours of cultivation 

time with corresponding OD600 values of 5 – 7. Reference cultivations were carried out under the same 

conditions but with the addition of CGXII media. 

Stock solutions were prepared with a concentration of 216 mM of the respective carboxylic acids in 

42 g L−1 MOPS. Stock solutions were made with sodium acetate (Roth, Gemany), lactic acid (Merck, 

Darmstadt, Germany), fumaric acid (SigmaAldrich, MO), citric acid (Fluka, Switzerland) and succinic 
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acid disodium salt (Sigma-Aldrich) were prepared in a concentration of 216 mM in MOPS. The pH was 

adjusted to 7.26 – 7.29 with NaOH 

Analysis 

Cell growth, metabolites, carbohydrates were quantified as described in Chapter 3.1.2 and 3.2.2. 

3.3.3 Results 

Firstly, Single-CR using glucose based mineral salt media (CGXII) and complex media were directly 

compared. In shake flask experiments, the impact of elevated acid concentration, as present in the 

scale-down cultivations using complex media was investigated by adding acetate and L-lactate to C. 

glutamicum culture. Furthermore, the influence of the main carbohydrate source was examined; when 

scale-down experiments using CGXII media with sucrose instead of glucose as a main carbon source 

was used. Finally, in elevated stress conditions, at reduced oxygen availability, the robustness of C. 

glutamicum was tested in fed-batch experiments. 

Single-CR cultivations using glucose based mineral salt media (GCXII) and complex media 

The growth rates in Single-CR experiments using GCXII and complex media were 0.15 h-1 and 0.13 h-1, 

respectively. Cadaverine was accumulated to higher amounts in the cultivation when complex media 

was applied. Cadaverine accumulated to 10 mM already in the batch phase, when applying complex 

media. In the feeding phase, the specific formation rates were 0.33 mmol gDCW
-1 h-1, when mineral salt 

media, and 0.4 mmol gDCW
-1 h-1, when complex media was applied (Figure 25).  

 

Figure 25. Comparison of growth and product accumulation of C. glutamicum DM 1945 cultivated in 
glucose based mineral salt media CGXII ( ) and complex media ( ,  ).  
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The media for the initial batch cultivation contained several amino acids and carboxylic acids as shown 

in Table 2. L-Alanine, L-phenylalanine, L-serine and L-leucine were taken up during batch-phase, during 

which cadaverine, L-alanine and small amounts of L-glycine and L-tryptophan were accumulated. The 

media further contained acetate, L-lactate, pyruvate, and succinate, and pyruvate in concentrations of 

20 mM and 16.36 mM, respectively. However, 18 hours after the batch was started, the carboxylic 

acids were consumed. 

Table 2. Concentration of amino acid and carboxylic acid in complex media and uptake/ synthesis 
during batch-phase. Cultivations were performed with C. glutamicum DM1945 using complex media. 

 Media before 
inocculation 

     End of batch phase Uptake/ Synthesis 

Amino acids [mM] 
Alanine 1.60 1.49 -0.11 
Aspartate 0.20 0.22 0.02 
Cadaverine 0.00 10.01 10.01 
Glutamate 0.11 0.10 -0.01 
Glutamine 0.05 0.06 0.01 
Glycine 0.38 0.56 0.18 
Leucine 0.28 0.00 -0.28 
Lysine 0.03 0.04 0.01 
Phenylalanine 0.08 0.02 -0.07 
Serine 0.13 0.03 -0.10 
Thryptophan 1.20 1.78 0.58 
Carboxylic acids [mM] 
Acetate 0.10 0.00 -0.10 
Lactate 20.00 0.11 20.00 
Pyruvate 16.36 0.97 -15.39 
Succinate 0.23 0.07 -0.16 

Batch cultivation applying CGXII and complex media 
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Figure 26. Comparison of shake flask cultivations of C. glutamicum DM1945 with complex media         (

, ) and glucose based mineral salt media ( , ). The dotted lines mark the cultivation time, when 

the dissolved oxygen concentration was depleted.  

 

The growth rates were 0.36 h-1 and 0.35 h-1 at substrate uptake rates of 0.6 gGlc gDCW
-1 h-1 and 

0.65 gSuc gDCW
-1 h-1, when applying CGXII and complex media, respectively. The DO depleted in the first 

2 or rather 4 hours after inoculation. The final cell concentration was similar in both media. Cadaverine 

production was similar in both cultivations. Acetate was consumed with a rate of 0.15 mmol gDCW
-1 h-1 

in homogeneous conditions in between 2 hours after feed start in the batch cultivation with complex 
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media. Interestingly, L-lactate (initial concentration of 20 mM) was not consumed in the homogeneous 

cultivation phase. When oxygen was limited after 2 and 4 hours respectively, an accumulation 

occurred in both media: Acetate with a rate of 0.3 and 0.27 mmol gDCW
-1 h-1, L-lactate with a rate of 

0.6 and 3 mmol gDCW
-1 h-1 and succinate 0.05 mmol gDCW

-1 h-1, in mineral salt and complex media, 

respectively.  

The concentration of 1124 proteins were analyzed. The complete table of results is provided in the 

supplementary material, an overview of protein concentration alterations in the main carbon 

metabolism is shown in Table 3, 155 proteins showed significant differential concentration when 

considering a fold change between 0.5 and 2. 77 when additionally a p-value of < 0.05 was precondition 

for significance. The concentration of several proteins of the glycolysis pathway were elevated in the 

batch culture grown on complex media, e.g. Enolase (eno). Furthermore, the concentration levels of 

enzymes involved in acetate synthesis and uptake acetyl-CoA:CoA transferase (acn), pyruvate:quinone 

oxidoreductase (pqo) and phosphotransacetylase (pta) were lower, whereas the concentration of the 

lactate dehydrogenase (ldhA) was elevated in the batch cultivation applying complex media. 

Concentration levels of citrate synthase (gltA) and succinyl-CoA synthetase (scs) were reduced in the 

cultivation with complex media compared to the cultivation with CGXII media (Table 3). 

 

Table 3. Log10 fold change when comparing enzyme concentrations in homogeneous shake flask 
cultivations of C. glutamicum DM1945 using complex media compared to mineral salt media (CGXII). 

Sugar uptake TCA-cycle und glyoxylate shunt 

PtsG - AceB -0.52 

PtsI 0.18 GltA -0.22 

Glycolyse and PPP MalE -0.47 

DevB 0.32 SucC -0.39 

Eno 0.46 SucD -0.39 

Pdh -0.59 SdhB 0.22 

PfkB 0.51 Regulartory proteins 

Pgk 0.33 AcnR -0.27 

Carboxylic acid synthesis GlxR -0.34 

Act -0.58   

Ldh 0.76     

Pta -0.63     

Pqo -0.59     

 

 

 

Influence of acetate and L-lactate addition 
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Same carboxylic acids were accumulated, among them acetate and L-lactate, when scale-down 

experiments in the Three-CR were performed applying complex media. The influence of these 

substances on the outcome of experiments with C. glutamicum applying mineral salt media was 

investigated. Acetate was consumed simultaneously with glucose with an uptake rate of 

5 mmol gDCW
-1 h-1 2 hours after acetate addition, 20 mM were consumed completely (Figure 27). 

Furthermore, the growth rate was 0.36 h-1, and hence not effected by the addition of acetate.  

 

Figure 27. Comparison of shake flask cultivations of C. glutamicum DM1945 cultivated with glucose 
based mineral salt media CGXII ( , ) and CGXII media with addition of acetate ( ,  ). 

In Figure 28, batch experiments with addition of L-lactate are compared with a reference cultivation 

supplemented with glucose only. L-lactate was consumed in the first three hours after addition with a 
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rate of 4 mmol gDCW
-1 h-1. The glucose uptake was slightly reduced to 0.32 h-1 and acetate concentration 

increased in the first hours, after L-lactate addition.  

 

Figure 28. Comparison of shake flask cultivations of C. glutamicum DM1945 cultivated in glucose based 
mineral salt media ( ,  ) and with addition of L-lactate ( ,  ). 

 

 

 

Scale-down cultivation using GCXII with sucrose  
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In order to evaluate the impact of the main carbohydrate source on scale-down cultivations, 

cultivations in the Single-CR and Three-CR were conducted applying CGXII with sucrose. Growth, 

substrate uptake, cadaverine production showed no influence regarding the cultivation mode. 

Nevertheless, an accumulation of L-lactate and succinate to 0.14 mM and 0.3 mM, respectively, was 

observed 14 hours after feed start in the Three-CR (Figure 29). 

 

Figure 29. Scale-down cultivation of C. glutamicum DM 1945 cultivated in mineral salt media CGXII 
using sucrose as carbohydrate source in a Single-CR ( ) and Three-CR ( ). The growth (Part A), 
substrate concentration (Part B), product accumulation (Part C), and accumulation acetate (Part D), L-
lactate (Part E), and succinate (Part F) are shown. 

Oscillations in oxygen supply on C. glutamicum cultivated in mineral salt media 
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Figure 30. Comparison of STR cultivations of C. glutamicum DM1945 under homogeneous oxygen 

supply ( ) and with interrupted stirring ( , ) using mineral salt media. The DO in both cultivations is 

shown ( ). Growth, product accumulation, as well as accumulation of acetate, L-lactate, and 

succinate are shown.  
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In Figure 30, two cultivations with interrupted stirring are depicted and compared to a homogeneous 

cultivation in an STR. In Part A- E, results are shown when C. glutamicum was cultivated from 2 to 

13 hours after feed start with oscillations in oxygen supply. The stirring speed was reduced every 

15 min for 15 min to 100 rpm to disperse the fed substrate, but ensure low DO concentrations during 

these periods. In Part F-J, the oscillations were applied for 7 hours only, starting 2 hours after feed 

start. Growth decreased 6 hours after the oscillations started (Figure 30 Part A) and cadaverine 

accumulation was reduced (Figure 30 Part B). Furthermore, L-lactate (Figure 30 Part D, I) and succinate 

(Figure 30 Part E,J) started to accumulate 2 hours after feed start, prior to acetate accumulation (Figure 

30 Part C,H). L-lactate concentration increased with a rate of 3 mmol gDCW
-1 h-1. Interestingly, acetate 

was consumed very fast in the phase with sufficient oxygen supply; samples which were taken at the 

end of a phase with high oxygen concentrations showed very low acetate concentrations, which was 

consumed with a rate of 0.15 mmol gDCW
-1 h-1. When the cultivation was operated in homogeneous 

cultivation conditions afterwards, growth continued with a similar growth rate and product 

accumulation rate as in completely homogeneous cultivation conditions. Acetate, L-lactate and 

succinate were consumed simultaneously. The substrate uptake rate increased from 0.3 h-1 to 0.5 h-1 

under homogeneous conditions. After seven hours of interrupted stirring, the substrate uptake rate 

was reduced to a maximum of 0.4 h-1, however when oscillations were stopped, the substrate uptake 

rate increased immediately.  

 

Table 4. Log10 fold change when comparing enzyme concentrations in STR cultivations of C. glutamicum 
DM 1945 cultivated in mineral salt media with interrupted shaking to cultures in homogeneous oxygen 
supply. 

Sugar uptake Carboxylic acid synthesis 

PtsI 0.19 Act 0.51 

Glycolyse and PPP Ldh 0.91 

GapA 0.50 Pqo 0.48 

Gnd 0.39 TCA-cycle und glyoxylate shunt 

Pc 0.09 Acn 0.65 

PckA -0.58 FumC 0.38 

Pdh 0.48 GltA 0.46 

PfkA 0.72 Idc 0.38 

Pk 0.84 Mdh 0.37 

Pgi 0.86 Mqo 0.38 

Pgk 0.18 MalE 0.24 

Pk 0.84 SucC 0.15 

PepC 0.80 SucD -0.32 

Rpi 0.20 Regulatory proteins 

Tal -0.39 OxyR 0.30 

Tkt 0.40 L-ldR 0.15 

Zwf 0.41   
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The concentration of 1124 proteins were analyzed. The complete table of results is provided in the 

supplementary material, an overview of protein concentration alterations in the main carbon 

metabolism is shown in Table 4. 318 proteins showed significantly different concentrations when 

considering a fold change between 0.5 and 2. 140 when a p-value of < 0.05 was a pre-condition for 

significance. The regulatory proteins OxyR and L-ldR were elevated, when oscillations in oxygen supply 

were applied. Enzyme concentrations catalyzing reactions of the glycolysis e.g. phosphoglycerate 

dehydrogenase (pgk) and of the PPP e.g.glucose-6-phosphate dehydrogenase (zwf) and transketolase 

(tkt) were higher. Furthermore, the lactate dehydrogenase (ldhA) concentration, and several 

concentrations of proteins involved in acetate synthesis and uptake, e.g. acetyl-CoA:CoA transferase 

(act), pyruvate:quinone oxidoreductase (pqo) and phosphotransacetylase (pta) were elevated under 

oxygen oscillations. In the TCA, several protein concentrations were elevated, as malate 

dehydrogenase (mdh), citrate synthase (gltA) etc. Nevertheless, isocitrate lyase (aceA) and malate 

synthase (aceB) showed no significant change compared to homogeneous conditions, which indicates 

no change in the glyoxylate shunt.  

3.3.4 Conclusion 

In a worst case scenario, C. glutamicum was cultivated in a STR with mineral salt media with 

interrupted stirring. Growth and product accumulation was reduced after several hours. Lactate and 

small amounts of succinate were accumulated in the inhomogeneous cultivations. However, when 

stirring was started again and oxygen was available to a greater extent at the same time, the 

accumulated byproducts were re-assimilated and growth continued. When acetate or lactate were 

supplemented to a batch culture of C. glutamicum, no negative influence on the product yield and 

growth was observed at concentrations up to 20 mM.  
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3.4 Gradient detection in a 100 L fed-batch bioreactor cultivation 

3.4.1 Motivation 

A DO-sensor for multi position analysis was applied to follow the gradient formation in a time and 

spacial resolved manner in a 100 L bioreactor cultivation. The suitability of the sensor probe for 

gradient analysis in C. glutamicum fed-batch cultivations using complex media was evaluated. 

Furthermore, the process performance with regard to growth and metabolite accumulation was 

compared to the homogeneous Single-CR cultivation and the scale-down cultivation using the Three-

CR as described in Chapter 3.2.2.  

3.4.2 Material and Methods 

Strain 

The strain C. glutamicum DM1945 was used (see Chapter 3.2). 

Media  

For batch cultivation, pre-culture preparation and feeding solution the same media composition is 

used as in Chapter 3.2.2. 

Bioreactor cultivation 

A 150 L reactor P150 (Bioengineering AG, Switzerland) equipped with three Rushton turbines was used.  

4 g L-1 sucrose and 4  g L-1  beet molasses and all other compounds as described in the section above 

was used for the initial batch cultivation, which was inoculated with 5 % (v/v) of pre-culture.  

After substrate depletion, addition of the feed solution was started. The feed solution was added to 

the top gas phase, above the liquid level of the bioreactor for the single compartment cultivation. The 

feed solution, as well as the batch media were the same as described in Chapter 3.2.2. 

Determination of mixing time and mass gas transfer coefficient (kLA) 

The kLA was determined with the gassing in/out method. The liquid was flushed with nitrogen, when 

the DO concentration was zero, oxygen was sparged in the fermenter. For DO measurements the 

Visiferm DO ARC sensor (Hamilton Messtechnik, Germany) was used. Data were acquired and analyzed 

with the Hamilton Device manager software (Hamilton Messtechnik, Germany). The response time of 

the sensor was 19 sec. The OD curve was calculated from the DO displayed (DODis) and the response 

time of the DO-sensor (τ). 
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DO(t) = DODis ∗ (1 + e−
t
τ ) 

The slope of the ln (DO(t)-DO(t0)) to (t-t0)determines the kLA (Kensy 2010). 

kLA=
Ln (DO(t)−DO(t0))

(t−t0)
 

The mixing time was determined, with the 95 % criteria at a pH-shift, H3NO4 was used to provoke the 

pH shift. The pH ARC sensor EasyFerm Bio (Hamilton Messtechnik, Germany) was used. For data 

acquisition and analysis the Hamilton device manager software (Hamilton Messtechnik, Germany) was 

used. 

Settings for the pilot scale bioreactor 

The stirring speed is varied during the fed-batch cultivation from 150 rpm to 300 rpm to 450 rpm to 

ensure a DO concentration above 20 % at the bottom of the pilot bioreactor, close to the aeration 

system. The volumetric power input is calculated based on the parameters given in Table 5. 

Table 5. Dimensions of the biopilot reactor (Pilotreactor P150 (Bioengineering AG, Switzerland)) 

 Volume 
[m3] 

Stirring 
speed  

 [rpm] 

Diameter 
stirrer 

[m] 

Newton 
number 

[-] 

Media 
density 
[kgm-3] 

Media 
viscosity 
[kgm-1s-1] 

Number 
of 

stirrers 

Abbreviations V n D Ne ρ η N 

Pilot reactor 0.1 - 0.15 6 1.1∙ 103 2.7∙ 10−3 3 

 

Determination of the volumetric power input: 

PV= 
n3Ne∙Nst.∙ρmedia∙d5

V
 

Multiposition sensor 

The multiposition sensor has been constructed integrating commercially available sensor technique, 

the dissolved oxygen sensor DO ARC Visiferm (Hamilton Messtechnik, Germany) into a waterproof dip 

housing provided by Exner Process Equipment (Germany). ARC sensors have the transformer 

integrated in the sensor head. Labview (National Instruments, USA) is used for the visualization and 

data acquisition. The sensor was placed at three different positions in the pilot reactor. Position 1 was 

located at the upper Rushton turbine, close to the feed addition in the upper third of the bioreactor, 

position 2 was located at the middle Rushton turbine, and position 3 was located close at the third 

Rushton turbine nearby the ring sparger. The DO value is determined for 5 min. at every position.  
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Figure 31. Multiposition sensor as applied in the pilot scale bioreactor. Part A shows sensors in a 
housing provided by Exner Process Equipment (Germany). Part B shows the experimental set-up in the 
100 L bioreactor 

Analysis 

Analysis of growth characteristics, carbohydrates, and metabolites were analyzed as described in 

Chapter 3.1.2 and 3.2.1. 

3.4.3 Results 

In this chapter, the detection of DO concentration during an aerated fed-batch cultivation was 

examined. At three different positions the DO concentration was measured. The volumetric power 

input, the mass gas transfer coefficient and the mixing time were changed during cultivation, when 

the stirring speed was increased. The results of the cultivation were compared to the Single- and Three-

CR cultivations described in Chapter 3.2.3. 

Volumetric power input, mixing time, and mass transfer coefficient during cultivation 

The stirring speed was changed during cultivation to ensure oxygen availability in the bottom part of 

the pilot reactor. When the DO decreased drastically (between hour 0-0.9 after feed start) or the DO 

concentration decreased below 20 % of saturation, the stirring speed was increased from 150 rpm to 

300 rpm and finally to 450 rpm. Consequently, the PV and kLA was increased, whereas the mixing time 

decreased during the cultivation. When the stirring speed was tripled, the PV was 27 fold increased, 

the kLA more than tripled and the mixing time by half (Table 6). 

Table 6. Stirring speed, volumetric power input (PV), gas mass transfer coefficent (kLA), and mixing time 
in a reactor with 100 L cultivation volume 

Stirring speed [rpm] PV [kWm-3] KLA [h-1] Mixing time [s] 

150 0.213 175 56∓3 
300 1.71 580 30∓2 
450 5.77 755 27∓3 
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Figure 32. DO ( ) and stirring speed ( ) 

in the 100 L reactor at the bottom of the 

vessel close to position 3. 

 

 

 

 

 

 

 

Detection of DO concentration during bioreactor cultivation 

The DO concentration showed dependency of the position in the 100 L bioreactor. At a cell 

concentration of 5.3 g L-1, 5.9 hours after feed start, the DO concentration was decreased in the top 

part of the bioreactor at position 1 compared to position 2 and position 3, which were closer to the 

aeration (Figure 33 A). The oxygen transfer into the liquid phase occurs mainly at the stirrer blades, so 

that at low cellular concentrations, the DO concentration is increased in the upper part of the 

bioreactor. With increased cultivation time and elevated cell concentration the DO concentration 

depleted along the height of the bioreactor and the cells experienced oxygen concentrations below 

20 % in the top part of the bioreactor. 10 hours after feed start, at a cell concentration of 8.5 g L-1, the 

stirring speed was increased to 450 rpm, as the dissolved oxygen concentration at all three positions 

in the 100 L bioreactor was below 20 % of saturation. At a cell concentration of 11.75 g L-1, 13 hours 

after feed start, DO was deleted in the top part of the bioreactor at position 1. 
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Figure 33. Dissolved oxygen concentration during the course of a bioreactor cultivation. Position 1     (
) is at the top part of the bioreactor close to the point of feed addition, position 2 ( ) is in the middle 

zone of the bioreactor and position 3 is in the bottom part of the bioreactor ( ) close to the aeration 
system of the pilot bioreactor. The DO concentration at a cell concentration of 5.3 g L-1, 5.9 hours after 
feed start (Part A); at a cell concentration of 7.9 g L-1, 10 hours after feed start (Part B), at a cell 
concentration of 9.8 g L-1, 12 hours after feed start (Part C), and at a cell concentration of 11.75 g L-1, 
13 hours after feed start (Part D) are shown. Cultivations were performed with C. glutamicum DM1945 
applying complex media. 

 

Cultivation characteristics  

The growth in the 100 L bioreactor cultivation was similar to the homogeneous cultivation in the Single-

CR with a growth rate of 0.13 h-1 (A). The fed substrates sucrose, fructose and glucose did not 

accumulate in the 100 L bioreactor cultivation (Figure 34 B, C). In contrast, the growth in the scale-

down Three-CR cultivation ceased after 10 hours of feeding, followed by accumulation of the supplied 

substrates. 
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Figure 34. Course of cell concentration (Part A), 
sucrose and glucose concentrations (Part B and 
C) measured in the 100 L bioreactor ( ), Single-
CR ( , ) and in the STR module of the Three-CR 
cultivations ( , ). Lines represent curve-fits of 
measured values of the pilot bioreactor ( ), 
Single-CR ( ) and the Three-CR cultivations     (

).Cultivations were performed with C. 
glutamicum DM1945 applying complex media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organic acid concentrations  

The concentration of carboxylic acids in the 100 L bioreactor remained at low levels (Figure 35) similar 

to the reference cultivation in the Single-CR. However, the sample port of the 100 L bioreactor is in the 

lower part of the bioreactor, where relatively high oxygen concentrations were present during the 

cultivation.  
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Figure 35. Course of extracellular carboxylic acid concentrations measured in the 100 L bioreactor      (
), Single-CR ( , ) and in the STR module of the Three-CR cultivations ( , ). Lines represent curve-

fits of measured values of the pilot bioreactor ( ), Single-CR ( ) and the Three-CR cultivations       (
). Cultivations were performed with C. glutamicum DM1945 applying complex media. 

 

Amino acid concentrations 

The accumulation of cadaverine is similar to the reference cultivation in the Single-CR, however the 

accumulation is decreased between 8 to 10 hours after feed start compared to the homogeneous 

Single-CR cultivation. 10 hours after feed start the volumetric power input was increased due to the 

increased stirring speed. Thereafter, the cadaverine production was increased and reached 58 mM 

14 hours after feed start, similar to what has been observed in the Single-CR cultivation. The 

extracellular concentration of L-aspartate and L-phenylalanine increased during the feeding phase in 

the 100 L bioreactor and are in good agreement to the reference cultivation. 
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Figure 36. Cadaverine concentration 
measured in the 100 L bioreactor ( ), Single-
CR ( , ) and in the STR module of the Three-
CR cultivations ( , ). Lines represent curve-
fits of measured values of the pilot bioreactor 
( ), Single-CR ( ) and the Three-CR 
cultivations ( ). Cultivations were 
performed with C. glutamicum DM1945 
applying complex media. 

 

 

 

 

 

3.4.4 Conclusion 

The scale-down cultivation of C. glutamicum in the 100 L bioreactor shows different characteristics 

compared to the cultivation in the Three-CR although the same media composition was applied. The 

cultivation characteristics, e.g. growth, cadaverine production and carboxylic acid formation, are 

similar to the homogeneous Single-CR cultivation. The mixing time in the 100 L bioreactor cultivation 

was increased during the experiment, in order to realize a gradient formation of DO. However, by this 

approach, typical parameters used for scale-up and down as the volumetric power input, mixing time, 

and mass transfer coefficient had to be increased during feed time in comparison to the industrial 

scale. Otherwise, overall and strong dissolved oxygen limitation would have occurred.  
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3.5 Agglomeration under heterogeneous cultivation conditions 

Some parts of the chapter are directly adopted from “Tools for the investigation of population 

heterogeneity caused by inhomogeneous cultivation conditions” published in Journal of Biotechnology 

(Lemoine et al. 2017). 

3.5.1 Motivation 

In this paragraph, the cell size distribution in C. glutamicum cultivations is investigated with an in situ 

laser-based back reflection method. The culture was investigated under heterogeneous cultivation 

conditions for morphological stress response. Furthermore, 3-D holographic microscopy is used for the 

validation of the new single cell analytical sensor. All shown measurements were performed in 

complex media, in order to enhance the transferability with industrial scale cultivations. 

3.5.2 Material and Methods 

Strain and Media composition 

The cultivations were carried out with the bacterium C. glutamicum DM1945∆ act3:PtufldcCOPT as 

described in Chapter 3.2.2  

For the experiments complex media as described in Chapter 3.2.2 was used.  

Dilution series 

For the dilution series, cells were separated by centrifugation for 10 min at 21,500 × g. Thereafter, 

the cells were resuspended to a defined OD with supernatant. OD was monitored with 

spectrophotometer measurements at a wavelength of 600 nm (OD600) (Novaspec III by Amersham 

Biosciences, UK). 

Bioreactor cultivation 

All bioreactor cultivations were performed in a Single-CR or a Three-CR as described in Chapter 3.2. 

Light microscopy 

Samples were diluted using saline solution and pipetted onto a microscopic slide. A Hertel and Reuss 

light microscope (Hertel und Reuss, Germany) was used with a magnification of 1,000-factor. Pictures 

were recorded with the Canon Powershot G1 digital camera (Canon, Tokyo, Japan).  
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3-dimensional holographic microscopy 

For off line analysis of the cell size distribution, the holographic interferometric microscope oLine 

D3HM v1.0 (Ovizio Imaging Systems, Belgium) was used. The method uses a coherent light beam, 

which is split by a Mach-Zehnder inferferometer in an object and a reference beam. The sample 

interferes with the light beam while the reference beam remains unaffected. Accordingly, the 

interference in optical phase and intensity of the light beam are leading to a hologram-like image. 

Sample preparation is required for the measurement. The cell suspension is diluted with saline solution 

and pipetted on a counting chamber of 0.0025 mm3 volume (Fein-Optik, Germany). At least six pictures 

were taken for every sample point. The pictures were analyzed with the software OsOne (Ovizio 

Imaging Systems, Belgium).  

 

Figure 37. IPAS-MCA sensor of Sequip S+E, 
Germany, was mounted directly to the bioreactor 
for the in situ investigation of the particle quantity 
and cell size distribution. 

 

 

 

 

Laser-based back reflection measurement 

A probe for laser light back reflection 

measurement projects a focused laser beam into a 

suspension. The measurement is conducted at a 

tight spot inside the suspension nearby the probe window. When the light hits a particle, it is reflected 

and detected inside the probe. The measurement is conducted with a pulsed laser light. The single 

mode fiber in line particle analytical system BioCellAnalyzer (IPAS-BCA, Sequip S+E, Germany) was 

used. The laser energy was set to 2.5 mW and the focus area was adjusted to a distance of app. 125 µm. 

The MCSA-software (Sequip S+E, Germany) displays the equivalent circle, as the detected area. The 

length correlates to the diameter of the circle. In bioreactor cultivations, the sensor probe was 

mounted at the bioreactor for in situ measurements. When the dilution series were performed, the 

cells were filled in a glass beaker and mixed with a magnetic stirrer.  
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3.5.3 Results 

In this chapter, the suitability of the IPAS-BCA sensor for the determination of the cell size distribution 

and quantity of C. glutamicum was tested. In the second part, the cell size distribution in C. glutamicum 

cultivations with heterogeneous oxygen and substrate supply was investigated in situ.  

Suitability of on line particle measurement in microbial cultivations 

The quantitative detection with the IPAS-BCA sensor of cells was investigated by comparing the 

detected cell counts with the OD of C. glutamicum cultivated in complex media. A linear correlation 

describes the correlation up to a cell density of OD=80.  

 

Figure 38. Dilution series of the particle 
quantity measured with the IPAS-BCA sensor 
compared to the cell density of C. glutamicum 
(OD). Cultivation were performed with C. 
glutamicum DM1945 applying complex 
media. 

 

 

 

 

 

Influence of the media on the cell detection 

The media influences the particle quantity detected by the IPAS-BCA. In Figure 39 A, the particle size 

distribution in a C. glutamicum cultivation grown on complex media and complex media only was 

measured. The cell size distribution was in the same range comparing both measurements. The 

detected particle quantity varied during the cultivation time, when only complex media is measured. 

Hence, the media composition has an impact on the detected cell size distribution, especially at low 

cell densities, when the particle count of cells is low. 
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Figure 39. Part A shows the particle size distribution measuring complex media (  ) and C. glutamicum 
cultivated in complex media (  ). Part B shows the detected Particle quantity ( ) and D50 diameter 
( ) of complex media only in a bioreactor. 
 

Particle detection during fed-batch cultivations 

During cultivation, several parameters change, caused by a changed cell concentration, media uptake, 

substrate addition, stirring speed etc. The influence of these parameters on the particle count and cell 

size distribution were investigated during a test cultivation (Figure 40). At feed start the media was 

diluted and the CDW decreased as well as the detected particle count. Antifoam addition did not 

influence the cell count or size distribution. Neither did the change in stirring speed. The stirring speed 

was increased from 200 to 400 rpm 28 hours and 400 to 600 rpm 43 hours after cultivation start. Cells 

with a size between 1-3 and 3-5 μm were detected in the highest quantity. The relative percentage of 

cell size in relation to the particle 

quantity were constant in the cultivation 

over the cultivation time.  

Figure 40. Particle quantity and Particle 
size distribution in a bioreactor 
cultivation. Part A shows the particle 
quantity measured with the IPAS-BCA, 
the DCW ( ) and OD ( ) of C. glutamicum 
DM1945 applying complex media. Part B 
shows the particle between 0-1 ( ), 1-
3 ( ), 3-5 ( ), 5-15 ( ), and 15-30 
μm (  ). The feed-start and stop are 

indicated, as well as the stirring speed (
). 
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In Figure 41 the particle quantity and cell size distribution in a batch phase and fed-batch phase of a 

Single-CR experiment were investigated. The particle count and cell size distribution were constant in 

the batch phase of the bioreactor cultivation and increased during the feed phase.  

 

Figure 41. Part A and B show the measured particle quantity by IPAS-BCA ( ) and CDW ( ) in a batch 
and fed-batch cultivation. Part C and D shows the particle quantity between 0-1 ( ), 1-3( ), 3-5 
μm ( ), 5-15 ( ), and 15-30 μm (  ). Cultivations were performed with C. glutamicum DM1945 
applying complex media. 

 

Agglomeration under heterogeneous cultivation conditions 

The cell size distribution in Single-CR and Three-CR cultivations using complex media were compared. 

The percentage of cells from 0-3 μm increased during the feed time in the Single-CR cultivation, while 

the percentage of cells between 3-15 μm and 15-30 μm decreased from 6 hours after feed start. In the 

Three-CR cultivation, the fraction of particles between 0-3 μm increased in the first 2 hours after feed 

start and remained constant during the following hours. When comparing the cell size distribution of 

the Single- and Three-CR cultivation at feed start (Figure 44), a decrease in the cell size distribution 

during the feeding phase of the Single-CR cultivation was observed (Figure 42) while in the Three-CR 

cultivation a broader cell size distribution and a higher percentage of larger cells (or agglomerated 

cells) were observed. The cell size distribution detected with the 3-D holographic microscope showed 

a similar difference between the Single-CR and Three-CR cultivation. The detection of bigger cell size 

is connected to an agglomeration of cells under heterogeneous oxygen supply (Figure 43). 
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Figure 42. Particle quantity in the fraction from 
0-3 μm ( ), 3-15 μm ( ) and 15-30 μm (
) in the Single- CR (Part A) and Three-CR (Part 
B) cultivation. Cultivations were performed 
with C. glutamicum DM1945 applying complex 
media. 

 

 

 

 

 

 

 

 

 

 

Microscopic measurements were conducted to investigate the reason for increased cell sizes under 

oscillatory cultivation conditions. When C. glutamicum was cultivated under oxygen limitation, 

increased agglomeration occurred (Figure 43), which can be seen in an increased particle size 

distribution. 

 

Figure 43. Microscopic pictures (100 x magnification) of C. glutamicum cultivated under homogeneous 
oxygen supply (Part A) and in oxygen limiting conditions (Part B and Part C). Cultivations were 
performed in shake flasks with C. glutamicum DM1945 applying complex media. 
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Figure 44. Particle size distribution in the Single-CR (  ) and Three-CR (  ) cultivation at feed start (Part 
A and C) and 12 hours after feed start (Part B and D) measured with the IPAS-BCA (Part A and B) and 
the 3-dimensional holographic microscope (Part C and D). Cultivations were performed with      C. 
glutamicum DM1945 applying complex media. 
 

3.5.4 Conclusion 

Agglomeration occurred, if C. glutamicum was cultivated under oscillatory oxygen supply. Increased 

particle size and a broader cell size distribution were detected with microscopic measurement 

techniques and a laser-based back-reflection measurement. The laser-based method enables the in 

situ determination of the bacterial cell size distribution and quantity. This method might serve as a 

physiological scale-down parameter, as the population heterogeneity, based on agglomerate size, can 

be measured easily in all relevant scales. It shall be maintained at suitable scale-down conditions.  
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4 Discussion 

Firstly, the question will be addressed, what influence the reactor concept has concerning the outcome 

of scale-down experiments. Two different scale-down reactors were used, namely a Two- and Three-

CR in order to address the influence of zones, which occur in industrial bioprocesses (Lemoine et al. 

2015a). Additional experiments were considered, in which a STR with interrupted stirring was applied. 

In this case, the response of C. glutamicum to oscillating oxygen availability was examined in a “worst 

case” scenario. However, zones of changed substrate availability are not created. Secondly, a scale-

down experiment was performed in a 100 L bioreactor. Besides the cellular response, the oxygen 

gradient formation was investigated along the height of the bioreactor during fed-batch cultivations. 

The second part of the discussion describes the impact of a changed media composition. Therefore, 

scale-down experiments using industrial relevant complex media were compared with experiments 

using glucose based mineral salt media. It is further investigated, in which conditions C. glutamicum 

looses it’s robustness against the applied oscillations. This part includes results, which have been 

published already in (Lemoine et al. 2015a) and in (Lemoine et al. 2016) as well as additional 

experiments. They address differences in the response of C. glutamicum, if the media composition is 

changed. Furthermore, the cell size distribution was investigated under oscillatory oxygen supply. In 

this context, agglomeration of C. glutamicum under heterogeneous cultivation conditions was 

determined, as previously published in (Lemoine et al. 2017). It was further shown that the laser based 

reflection measurement generally enables to monitor changes in the size distribution in situ, which can 

be used to further improve scale-down experiments, by the achievement of a similar population 

heterogeneity in the different scales. 

4.1 Scale-down reactor design 

Scale-down approaches are useful to evaluate the response of an organism to production conditions 

in industry. However, cultivation conditions in biotechnological production vary, as different types of 

bioreactors and feeding methods exist. Hence, zones, which occur in these processes differ and are 

hardly predictable, if the physiology of the culture changes. Frequently, a Two-CR, in which a STR is 

coupled to a PFR, is used to study scale-up effects. Sampling along the height of the PFR enables the 

investigation of concentration changes caused by the developing gradient. In aerobic nutrient limited 

fed-batch processes, despite a zone of substrate excess and oxygen limitation, a zone of both, 

substrate and oxygen limitation, might occur, which was mimicked in a second PFR compartment in 

this study. It is believed that this eventually represents the conditions, if bottom feeding is applied. 

Then, substrate and oxygen is depleted far away from the point of feed addition and aeration, namely 
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at the top part of the liquid phase. Recently, Haringa et al. suggested a three compartment scale-down 

approach to describe zoning phenomena in large scale cultivations, divided in sections with different 

substrate uptake. The study was based on a CFD approach and validated with experimental data of an 

aerobic S. cerevisiae cultivation in a scale of 22 m3 (Haringa et al. 2017).  

Generally, C. glutamicum showed high robustness against oscillations of substrate and oxygen supply 

in mineral salt media. An overview of all scale-down experiments published so far about C. glutamicum 

is provided in Table 7. No difference of growth performance was observed in the Two- and Three-CR 

compared to the reference cultivation. Nevertheless, the concentration of the main product L-lysine 

was lower in the scale-down cultivations. In the Two-CR, barely any change in L-lactate and succinate 

concentrations were detected in the aerated STR module at mean PFR residence times of 120 sec. 

Nevertheless, L-lactate and succinate concentrations were rising in the PFR reactor. Hence, the 

accumulated carboxylic acids were re-assimilated in the aerated STR. These findings are in accordance 

to earlier studies of Käß and coworkers applying residence times of 75, 90 and 180 sec in the PFR (Käß 

et al. 2013). In contrast, L-lactate and succinate were accumulated in the STR compartment of the 

Three-CR cultivation. Notably, the metabolite syntheses in the PFR-F, at substrate excess and oxygen 

limitation, differ between the Two- and Three-CR cultivations. L-lactate was accumulated earlier, when 

the cells were exposed to increased oscillations in the Three-CR cultivation. Under substrate and 

oxygen limitation in the PFR-S, L-lactate, succinate, and acetate were synthesized, too. Similar findings 

were published in literature. When oscillations in oxygen availability were studied in two different 

scale-down reactor systems, applying a Two-CR of either two coupled STRs or a STR coupled to a PFR 

in batch cultivations, C. glutamicum showed very similar response in both scale-down systems, only 

the magnitude of side product accumulation was different. Growth showed a reduction of 25% and 

product synthesis rates were reduced, however final yields remained unaffected (Limberg et al. 

2016a). No influence of oscillating oxygen and substrate availability on the formation of L-lysine (Käß 

et al. 2013; Käß et al. 2014) and cadaverine (Limberg et al. 2016b) was found in many scale-down 

studies with C. glutamicum using mineral salt media. In a “worst case scenario”, the effects of stronger 

oxygen limitations on C. glutamicum were studied. Interrupted stirring was applied in a STR fed-batch 

cultivation, so that oxygen was provided to the culture every 15 min for a 15 min period. This 

experimental setup led to a drastic decrease of growth and cadaverine accumulation. L-lactate, 

succinate and small amounts of acetate were accumulating. The accumulation of these acids was 

reported for oxygen downshift experiments earlier (Inui et al. 2004; Michel et al. 2015). Under the 

frequent oscillations in oxygen availability during the fed-batch experiment with mineral salt media 

(CGXII), L-lactate was accumulating with a rate of 3 mmol gDCW
-1 h-1. Nevertheless, L-lactate 

accumulation per cell was below 10 % per hour, ten times lower than what was reported for oxygen 
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deprivation conditions of C. glutamicum, which were cultivated in shake flasks with glucose based 

mineral salt media (Okino et al. 2008).  

In the 100 L bioreactor cultivation performed in this thesis, a total different response to the applied 

oxygen gradients was observed in comparison to the Three-CR scale-down cultivations. Although 

distinct oxygen gradients were present in the cultivation, a similar growth and product yield as in the 

homogeneous Single-CR experiment was observed. Dissolved oxygen was detected between 2 % and 

95 %. This gradient is in accordance to literature, in which DO concentrations between 5 % and 90 % 

were detected under industrial production conditions in a 19 m3 bioreactor (Oosterhuis 1984). In a 

22 m3 vessel, in which the DO-probe was mounted in the middle of the bioreactor, DO concentrations 

below 20 % were detected in E. coli cultivations (Enfors et al. 2001). In contrast to these conditions, 

mixing and circulation times were much lower in the pilot bioreactor of 100 L, and thus conditions are 

not directly comparable. Here, the mixing time was between 27 and 57 sec. In industry, at a scale of 

150 m3 and 130 m3, mixing time exhibited several minutes (Junker 2004; Namdev et al. 1992). As a 

consequence the residence time of cells in the different zones was much lower, than in large scale 

bioprocesses with cultivation volumes of several hundred m3. Nevertheless, the multi position probe 

was suitable for the detection of gradients in the pilot bioreactor experiment.  

Typical parameters used for scale-up and down of bioprocesses, as the gas mass transfer coefficient, 

mixing time, and power input do not correlate linearly. Hence, they cannot be kept constant during 

scale-up and down (Lara et al. 2006; Neubauer and Junne 2016). In practice, scalability is very limited 

beyond the single digit m³ scale. Therefore, multi compartment reactors are a suitable tool for scale-

down, while zones in reactor modules can be mimicked rather accurately compared to a Single-CR. The 

impact of a parallel exposure to oscillations for all cells at the same time in a pulsed Single-CR versus 

the distinguished exposure of cells to gradients in a multi compartment reactor has to be further 

investigated for C. glutamicum under conditions, in which robustness against oscillatory conditions is 

lost. Up to now, this has not been subject to research. 

Differences within scale-down reactor designs might have an impact on the experimental outcome. 

They should therefore be tailored individually to the industrial process, which is under investigation. 

Nevertheless, changes observed under oscillatory conditions in scale down reactors were rather weak, 

if mineral salt media was applied. So far, little reliable data about bioreactor design, operation 

procedures, and process modes, not to mention the physiological response of organisms in large scale 

processes has been published.  
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Table 7. Overview of published scale-down reactor experiments with C. glutamicum 

Strain Reactor type Cultivation mode and media Growth effect Product and Byproduct formation Literature 

C. glutamicum DSM 5715; L-
leucine auxotroph strain 
engineered for L-lysine production  

STR scale-down 
reactor with disk 
installations 

Fed-batch mode with L-leucine; 
complex media based on sucrose, 
molasses, protein hydrolysate 

Diminished growth, 
reduced substrate and 
ammonia uptake 

L-lysine accumulation was reduced (Schilling et al. 
1999) 

C. glutamicum DM 1933 
engineered for L-lysine production 

Two-CR (STR-PFR) Fed-batch mode; glucose based 
mineral salt media (CGXII) 

No changes of growth 
characteristics  

L-lysine yield was not affected; 
accumulation of L-lactate and succinate 
in the PFR, but re-assimilation in the 
aerated STR 

(Käß et al. 2013) 

C. glutamicum ATCC13032 Two-CR (STR-PFR) Fed batch mode; glucose based 
mineral salt media (CGXII) 

No changes of growth 
characteristics  

Synthesis of L-lactate in the PFR, but 
re-assimilation in the aerated STR 

(Käß et al. 2014) 

C. glutamicum ATCC13032 wild 
type and C. glutamicum DM1933 
engineered for L-lysine production 

Three-CR (STR-STR-
STR) cascade 
reactor  

Batch mode, glucose based 
mineral salt media (CGXII)  

No changes of growth 
or final cell 
concentration 

No changes in L-lysine production; 
several genes were expressed 
differently  

(Buchholz et al. 
2014) 

C. glutamicum DM 1800 
engineered for L-lysine production 

Two-CR (STR-PFR) 
and Three-CR (PFR-
STR-PFR) 

Fed-batch mode; glucose based 
mineral salt media (CGXII)  

No changes of growth Reduction of L-lysine yield; L-lysine 
accumulation in the STR of the Three-
CR cultivation 

(Lemoine et al. 
2015a) 

C. glutamicum DM 1800 
engineered for L-lysine production 

Two-CR (STR-STR 
and PFR-STR)  

Batch mode ; glucose based 
mineral salt media (CGXII) 

Growth rate reduction, 
final biomass yield 
constant 

L-lactate, L-glutamate accumulation, 
and small amounts of succinate, 
pyruvate 

(Limberg et al. 
2016a) 

C. glutamicum DM 1945 
engineered for cadaverine 
production 

Three-CR (PFR-STR-
PFR) 

Fed-batch mode; complex media 
based on molasses, corn steep 
liquor, feed solution based on 
sucrose and molasses  

Growth acceleration 
after 9 hours of feeding 

Diminished cadaverine production; 
accumulation of L-lactate, acetate, 
succinate and pyruvate 

(Lemoine et al. 
2016) 

C. glutamicum DM 1945 
engineered for cadaverine 
production 

Two-CR (STR-STR) Batch-and fed-batch mode; 
glucose based mineral salt media 
(GCXII). 

No growth reduction Cadaverine production was not 
effected; gene expression and protein 
concentration of Mdh and LdhA were 
increased 

(Limberg et al. 
2016b) 
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4.2 Influence of the media composition in heterogeneous cultivation conditions 

Although it is known that the media composition has an effect on the outcome of experiments, mineral 

salt media is used frequently in scale-down studies, which is not in accordance to industrial practice 

(Eggeling and Bott 2015). Nevertheless, the composition of complex media varies in every batch and 

even the components are not always of the same chemical composition; not to mention the variation 

of feedstock applied in different regions of the world. Therefore, the selection of media for 

experiments is random and analysis of the samples difficult, but still, the observation of differences in 

process performance applying industrial media is of high relevance in order to mimic production 

conditions precisely. Here, cultivations of C. glutamicum in a Two- and Three-CR applying mineral salt 

media were compared to scale-down experiments in the Three-CR using complex media. 

Many compounds differ in mineral salt and complex media; the carbohydrate source, nitrate 

availability for a possible nitrate respiration at oxygen limiting conditions; the availability of amino 

acids, and further the availability of formed byproducts are addressed in this paragraph. No difference 

in the cellular response of C. glutamicum to oscillations in the Three-CR was observed using either 

sucrose or glucose as the major carbon source in combination with mineral salt media (CGXII). When 

mineral salt media was used, growth was not influenced by oscillations in both scale-down reactor 

concepts. In contrast, the application of complex media led to significant changes of the growth rate 

and substrate uptake capacity in the Three-CR. After 9 hours of feeding, cells showed decelerated 

growth, while substrate accumulated and the respiratory quotient (RQ) dropped. Similar findings were 

reported by Schilling et al., they described a reduction in biomass production and carbohydrate 

consumption at inhomogeneous cultivation conditions in a scale-down cultivation using complex 

media. The media consisted of sucrose, molasses, and protein hydrolysate, L-leucine was fed to the 

auxotroph strain as a limiting substrate (Schilling et al. 1999).  

When C. glutamicum was cultivated in complex media, the nitrate concentration decreased in scale-

down cultivations, whereas the concentration remained constant in the reference cultivation. 

Simultaneously, nitrite accumulated up to 80 mM in the Three-CR cultivations using complex media. 

Nitrite and NO both have antimicrobial properties, as they cause DNA defects in the cell. In shake flask 

experiments of C. glutamicum, nitrite had a growth reducing effect, but did not lead to growth 

depletion below a concentration of 100 mM (Platzen et al. 2014). Scale-down cultivations using 

complex media did not show clear differential concentrations of proteins belonging to narKGHJI genes. 

However, transcriptome analysis showed increased narI and narK expressions under nitrate respiring 

conditions compared with aerobic growth conditions (Nishimura et al. 2011) and deletion of narG or 

narH (Nishimura et al. 2007) or narJ (Takeno et al. 2007) genes abolished nitrate depended growth. 
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The hemoprotein, a sulfite reductase cysl, was increased by two fold at growth under oscillatory 

conditions when complex media was applied. This hemoprotein catalysis the re-oxidation of nitrite to 

nitrate under aerobic conditions and the reduction of nitrite to NO under oxygen deprived conditions. 

It was highly upregulated in the presence of nitrate in aerobic conditions (Platzen et al. 2014) and other 

NO-donating compounds under anaerobic conditions (Nishimura et al. 2011). This prevents the 

accumulation of nitrite, when oxygen is present, as it catalyzes the oxidation of nitrite to nitrate. In 

anoxic cultivation conditions, it catalyzes the reaction from nitrite to nitrogen oxide. It was further 

suggested that cyclic nitrate-nitrite conversion takes place in C. glutamicum under microaerobic 

conditions (Platzen et al. 2014). Following this idea, probably nitrate is converted to nitrite for 

anaerobic respiration in the PFR modules of the Three-CR cultivation, which is partly reconverted to 

nitrate in the aerobic STR module. Therefore it is difficult to estimate the nitrate consumption rate in 

heterogeneous cultivation conditions. Furthermore, the induction of SOS response due nitrate 

respiration has been discussed in literature. The expression of the repressors LexA and RecA plays an 

important role to activate or deactivate DNA repair mechanisms. LexA is assumed to play a key role as 

regulator for SOS response so that cells can cope with DNA damage during nitrite accumulation 

(Jochmann et al. 2009; Nishimura et al. 2011). Nevertheless, proteins, which belong to the SOS gene 

cluster, showed no clear concentration pattern in scale-down cultivations using complex media. Similar 

findings were published by Nishimura and coworkers. They reported about a transcriptome analyses 

that showed upregulated SOS genes during anaerobic nitrate respiration. However, exposure to NO-

donating compounds under anaerobic conditions markedly induced expression of the hmp gene, but 

not that of the SOS genes. In order to study nitrate respiration further, scale-down experiments using 

a deletion mutant unable to express narKGHJI genes in the presence of complex media, would help to 

get a better understanding of the role of nitrite.  

Proteome analysis showed higher concentrations of citrate synthase (glta), lactate dehydrogenase 

(ldhA), and glyceraldehyde-3-phosphate dehydrogenase (gapA) in scale-down cultivations when 

complex media was applied. In anaerobic nitrate respiration conditions, the genes ldhA and gapA 

encoding for the before mentioned enzymes were all overexpressed (Nishimura et al. 2011). In the 

cultivation with interrupted stirring applying mineral salt media without any nitrate source, besides 

lactate dehydrogenase (ldhA), and glyceraldehyde-3-phosphate dehydrogenase (gapA), 

concentrations of phosphoglycerate dehydrogenase (pgk) and phosphoenolpyruvate carboxylase (ppc) 

were increased. Elevated expression for gapA, pgk, ppc, tpi (Inui et al. 2007) were determined in 

transcriptome studies previously, furthermore the activity of Pgk, Lldh, PepC, Mdh were shown to be 

increased at oxygen deprived conditions without nitrate (Inui et al. 2007; Yamamoto et al. 2011). 

However, concentrations of proteins involved in the TCA-cycle as citrate synthase (glta), acetocinase 

(acn), malate dehydrogenase (mdh) and fumarase (fum) were not reduced. The shortcut from pyruvate 
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to oxaloacetate catalyzed by phosphoenolpyruvate carboxylase (ppc) showed a 6 fold increase in the 

cultivation with interrupted stirring, when mineral salt media was applied, whereas the protein 

concentration in the Three-CR cultivation compared to the Single-CR cultivation was not effected when 

complex media was applied. This is possibly due to nitrate respiration; several reactions of the main 

carbon metabolism remain active as the cell still gains oxygen from nitrate. 

In homogeneous cultivation conditions, the product synthesis was higher, when complex media was 

used. This is probably due to an increased availability of amino acids, which do not need to be 

synthesized for proteins. Supplementation of amino acids is widely described as beneficial for growth 

and amino acid production in aerobic (Peebo et al. 2015) and under oxygen deprivation conditions 

(Michel et al. 2015). Several amino acids as well as acetate, L-lactate, pyruvate and succinate were 

consumed directly from the media. 

When complex media was applied, twofold higher EC values were detected compared to mineral salt 

media cultivations. This might be caused by a reduced synthesis of amino acids by the cells, as they 

can consume them out of the media. Hence, less ATP is required for protein synthesis. The uptake of 

amino acids from the media might be interrupted under oscillatory cultivation conditions, thus leading 

to crucial conditions inside the cell. As a result, stringent response might be increased when complex 

media is applied. An elevated concentration of Dps, many Fe-S repair-related proteins and the ClpC 

protease were observed in scale-down cultivations when using complex media. The transcription of 

genes involved in oxidative stress response (katA encoding catalase, dps encoding a DNA protection 

protein) were described to be increased at the onset of the stationary phase, when starvation occurred 

in shake flask cultivations. The dps gene was found to be upregulated during the stringent response in 

C. glutamicum, when ppGpp was detectable and mediated the global regulation (Brockmann-Gretza 

and Kalinowski 2006). Stringent response is not necessarily limited to cultivations using complex 

media. In contrast, Limberg and coworkers detected lower concentrations of proteins of the Fe-S 

cluster in a multi-compartment scale-down cultivation using mineral salt media. Nevertheless, a direct 

comparison of the studies remains difficult, as in scale-down experiments of this report, the PFR-S 

represented a zone of starvation, which was likely absent in the corresponding study of the partners 

(Limberg et al. 2016b). Different experiments might be conducted to study these effects. Among them 

is the investigation of cellular responses, when the feed is added pulse-wise to the STR. Such a study 

may yield a better understanding of effects caused by oscillating substrate limitation (starvation 

conditions). 

Apart from the similar growth performance in the scale-down reactors, differences regarding intra- 

and extracellular metabolite concentrations were observed in the Two-CR and the Three-CR 

cultivations using CGXII media. Re-assimilation of carboxylic acids prevents accumulation in the Two-
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CR. In case of the Three-CR, when cells spend more time under oxygen limitation, re-assimilation of 

acids remains incomplete. Thus, acids were accumulating in the homogeneous STR compartment. L-

lactate was accumulating 7 hours after feed start, which was 2 hours prior to pyruvate and acetate and 

4 hours prior to succinate accumulation in the Three-CR cultivation using complex media. 

Concentrations of L-lactate and acetate were 40-fold and 50-fold higher in comparison to the Three-

CR cultivation using mineral salt media after 12 hours of feeding. The uptake capacity of L-lactate 

seems to be reduced in complex media. Own studies showed that no uptake of L-lactate was observed, 

when 20 mM were present in the complex batch media in shake flask cultures. In contrast, L-lactate 

was consumed with a rate of 4 mmol gDCW
-1 h-1 in shake flask cultivations with mineral salt media. 

Proteomic studies revealed that the two L-lactate dehydrogenases’ concentrations were higher under 

scale-down conditions in the complex media cultivation, the fermentative route encoded by ldhA and 

the respiratory route encoded by lldh. The elevated expression of ldhA was previously described in a 

scale-down study under oscillating oxygen availability (Limberg et al. 2016b) and in oxygen deprivation 

conditions (Inui et al. 2007).  

In literature, the robustness of C. glutamicum is often linked to L-lactate and succinate accumulation 

in oxygen limitation, as both reactions towards these metabolites catalyzed by L-lactate 

dehydrogenase (ldhA) and malate dehydrogenase (mdh) decrease the redox ratio NADH/NAD+ (Käß et 

al. 2013; Limberg et al. 2016b). It was observed that a decreased NADH/NAD+ ratio increases substrate 

uptake and growth under oxygen deprivation (Hasegawa et al. 2012; Tsuge et al. 2015). This is mainly 

attributed to the inhibition of glyceraldehyde-3-phosphate dehydrogenase (gapA) by increased NADH 

levels under oxygen deprived conditions (Jojima et al. 2010).The redox balance is neutral from the 

carbon uptake to the synthesis of L-lactate. The synthesis of succinate in the reductive arm of the TCA-

cycle even produces 1 mole of NAD+ per mole converted substrate. Hence, L-lactate and succinate 

synthesis is beneficial for a stable process under oxygen limitation, as an increased NADH/NAD+ ratio 

triggers carbon catabolite repression and other related response mechanisms. Nevertheless, it remains 

unclear, if succinate accumulation is connected to the reductive pathway of the TCA. The occurrence 

of nitrate respiration might increase the carbon flux through the TCA as MQH2 can be oxidized in the 

respiratory chain.  

The observed accumulation of pyruvate and acetate at the scale-down cultivation allying complex 

media indicates a bottleneck in the carbon metabolism. In the scale-down experiments using complex 

media, high amounts of pyruvate and acetate were detected. This accumulation influences ATP 

generation and increases the NADH/NAD+ ratio (Yasuda et al. 2007).  
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Co-metabolisation of accumulated acids might be a reason for the reduced product accumulation 

when mineral salt media was applied. Neuner and coworkers showed that L-lysine accumulation was 

reduced if L-lactate and glucose were added as substrate (Neuner and Heinzle 2011). Furthermore, the 

flux split ratio at oxaloacetate changed under oxygen limited conditions: A higher percentage of the 

carbon flux was directed to the TCA cycle rather than to L-aspartate, which is further metabolized to 

L-lysine (Hua et al. 1998).  

The stress responses mentioned above may occur simultaneously and are connected to each other as 

it has been shown for E. coli (Shimizu 2014). This may cause growth retardation and reduced product 

formation. However, flow cytometry analyses showed no significant impact of the oscillatory 

conditions on the overall viability and vitality of the cells. Furthermore, no indication of cell lysis was 

observable at light microscopy analysis and no increased foam formation occurred in the scale-down 

cultivations using mineral salt and complex media.  

4.3 Agglomeration of C. glutamicum under heterogeneous cultivation conditions 

Agglomeration of cells was detected in scale-down cultivations, when complex media was applied. The 

agglomeration of cells in heterogeneous cultivation conditions is frequently described in literature 

(Danese et al. 2000; Kos et al. 2003; Lemoine et al. 2017; Schembri et al. 2003; Sorroche et al. 2012). 

Mycobacterium tuberculosis and E. coli aggregation was described in connection to oxidative stress 

(Nachin et al. 2005; Trivedi et al. 2016). The formation of aggregates increases the adhesion to the 

ground and can help to cope in suboptimal cultivation conditions (Sorroche et al. 2012). Proteome 

analysis revealed changes in the concentration of glycosyltransferases involved in cell wall biogenesis 

under stress conditions due to addition of 2,4 dichlorophenoxy acetic acid in C. glutamicum cultivations 

(Fanous et al. 2007). A possible reason for the agglomeration is the accumulation of trehalose 

dicorynomycolate or trehalose monocorynomycolate (Bou Raad et al. 2014), which both can disturb 

the planar structure of the cells and destabilize the membrane lipid layer, leading to the exposure of 

the mycolic acids at the cell surface. These are highly hydrophobic molecules, which increase 

aggregation of cells (Yoo and Cui 2009) as a response to unfavorable growth conditions.  

Cell elongation was observed during nitrate respiration in anaerobic cultivation, by which the cell 

length is about twice of the length under favorable aerobic growth conditions (Jochmann et al. 2009; 

Nishimura et al. 2011). Indeed, longer particles were measured under oscillatory cultivation conditions 

with the in situ laser light back-reflection measurement probe and 3-dimensional holographic 

microscopy. A higher portion of cells were detected from 4 µm on, including also agglomerates, which 

were formed with multiple cells. Further investigation is required, but it seems that the elongation, a 

potential signal for DNA damage due to nitrite accumulation and other factors, was observable in the 
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scale-down experiments. Hence, the cell size distribution might be a suitable parameter to rapidly 

recognize harmful growth conditions. Thus, agglomeration seems to be an indicator for severe cell 

stress and could be applied as scale-down parameter: if agglomeration is seen in the large scale, it 

should be visible also in scale-down experiments, otherwise they do not mimic conditions in the large 

scale closely.  

The detection of the cell size distribution in bacterial cultivations, with organisms of a few micrometers, 

remains challenging. The in situ detection of morphological features is of high relevance, since manual 

handling of samples has great effects on the results. However, only a few tools are suitable for the 

investigation of the cell size distribution in bacterial cultures. Here, the laser light back reflection 

method was applied, which enabled the detection of a changed cell size distribution when results in 

homogeneous and heterogeneous cultivation conditions were directly compared. However, the media 

composition has a great effect on the results. And it is difficult to exclude this influence, as the cell size 

distribution of the media varies within the cultivation, too. In high cell density cultivations, the 

influence is relatively low due to an increased particle count. Hence, the application of laser light 

reflection is a suitable tool for the investigation of the cell size distribution of C. glutamicum.   
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5 Conclusions and outlook 

Corynebacterium glutamicum shows robustness against oscillations in oxygen and substrate 

availability when cultivated in mineral salt media. Nevertheless, the scale-down reactor design has an 

impact on the outcome of experiments. Scale-down studies in the Two- and novel Three-CR showed 

an increased extracellular accumulation of L-lactate and succinate in the Three-CR cultivation, 

however, a loss of robustness was only seen in the three-CR using complex media. Increased 

concentration of enzymes involved in the synthesis of L-lactate dehydrogenase (ldhA) and malate 

dehydrogenase (mdh) indicate non-oxidative NAD+ regeneration under scale-down conditions. Re-

assimilation of these carboxylic acids prevented accumulation in the Two-CR. In the Three-CR, the time 

cells spend in oxygen limitation is increased, while the time in the aerated STR is decreased, leading to 

higher accumulation and a reduced uptake. Hence, it is important to avoid large zones of oxygen 

limitation in industrial reactors.  

The media composition showed a much greater impact on the physiological response to oscillations in 

oxygen and substrate availability in C. glutamicum cultivations compared to the scale-down reactor 

design. Applying complex media, with a composition proposed by the industrial partner, C. glutamicum 

loose its robustness with regard to growth and product accumulation, while L-Lactate, pyruvate, 

acetate, and succinate were accumulated. Possible reasons for the drastic decrease of process 

performance are stress responses connected to nitrate respiration, stringent response and carbon 

catabolite repression, as indicated by proteome and metabolome analysis. A useful strategy might be 

the reduction of the cellular stress responses by deletion of target genes alone or in combination to 

see if a reduced proteome expression could lead to strains with increased robustness. Thus, the 

combination of a Three-CR with the application of industrial relevant media led to similar observations 

as in an industrial amino acid production process, in which reduced growth and product accumulation 

was reported in the last phase of the fed-batch process. These experiments show, that true scale down 

approaches, which mimic closely the industrial conditions are required. Otherwise, only limited or even 

false conclusion about the process performance in the large scale can be drawn from experiments. 

Under oscillating oxygen supply and in unfavorable growth conditions, C. glutamicum forms 

aggregates. The alternation in the cell size distribution can be detected in situ with the newly applied 

laser light back reflection. Thus, agglomeration can be used as an additional scale-down parameter in 

future, as this characteristic of cells should be maintained in production and scale-down experiments 

as a proof of precise process simulation.  
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Abbreviation list 

Genes and corresponding proteins 

aceA AceA Isocitrate lyase 

aceB AceA Malate synthase 

aceF aceF Part of 2-oxoglutarate dehydrogenase complex 

ackA  AckA  Acetate kinase 

acn Acn Aconitase 

act Act Acetyl-CoA:CoA transferase 

asd Asd Aspartate semialdehyde dehydrogenase 

aspB AspB Aspartate ammonia-lyase 

cadA  CadA  Lysine decarboxylase 

catA1 CatA1 catechol 1,2-dioxygenase 

clpC ClpC ATP dependent protease 

clpX ClpX ATP dependent protease 

cop1, cmt1,cmt2 Cop1, Cmt1, 

Cmt2 

Trehalose corynomycolyl transferase 

dapA DapA Dihydrodipicolinate synthetase 

dapB DapB Tetrahydrodipicolinate reductase 

dapC DapC Succinyl-diaminopenlate aminotransferase 

dapD DapD Tetrahydrodipicolinate succinylase 

dapE DapE Succinyl-L-diaminopenlate desuccinylase 

dapF DapF Diaminopimelate epimerase 

ddh Ddh Diaminopimelate dehydrogenase 

devB DevB 6-phosphogluconollactonase 

dnaK DnaK molecular chaperone 

dps Dps starvation ind. DNA protecting protein 

eno Eno Enolase 
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fba Fba Fructrose-bisphosphate aldolase 

fbp Fbp 6-Phosphofructo-2-kinase 

fmo Fmo flavin-containing monooxygenase 

fprA FprA NADP-ferredoxin reductase 

fum Fum Fumarase 

gapA GapA Glyceraldehyde-3-phosphate dehydrogenase 

gapB GapB Glyceraldehyde-3-phosphate dehydrogenase (phosphoryl.) 

gdh Gdh Glutamate dehydrogenase 

glk Glk Glucokinase 

gltA GltA Citrate synthase 

gnd Gnd 6-phosphoglyconate dehydrogenase 

gpm Gpm Phosphoglycerate mutase 

groEL GroEL molecular chaperone 

groES GroES molecular chaperone 

grpE GrpE molecular chaperone 

IdcC  IdcC  Lysine decarboxylase 

icd Icd Isocitrate dehydrogenase 

ldh Ldh  L-lactate dehydrogenase 

 lldh Lldh Quinone dependened l-lactate dehydrogenase 

lpd Lpd Part of 2-oxoglutarate dehydrogenase complex 

lysA LysA Diaminopimelate decarboxylase 

lysC LysC Aspartate kinase 

malE MalE Malic enzyme 

mdh Mdh Malate dehydrogenase 

mqo Mqo Malate:menaquinoneoxidoreductase 

ndh Ndh NADH-dehydrogenase 

odhA OdhA Part of 2-oxoglutarate dehydrogenase complex 

pyc Pc Pyruvate carboxylase 
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PckA  PckA Phosphoenolpyruvate carboxykinase 

pdh Pdh Pyruvate dehydrogenase complex 

ppc PepC Phosphoenolpyruvate carboxylase 

pfk Pfk 6-Phosphofructokinase 

pgi Pgi Glucose-6-phosphate isomerase 

pgk Pgk Phosphoglycerate dehydrogenase 

pnd Pnd NADPH dehydrogenase 

pyk Pk  Pyruvate kinase 

ppsA PpsA Pyruvate water dikinase 

pqo Pqo Pyruvate:quinone oxidoreductase 

pta Pta Phosphotransacetylase 

ptsF PtsF Fructose EII of PTS 

ptsG PtsG Glucose EII of PTS 

ptsS PtsS Sucrose EII of PTS 

rpe Rpe Ribulose-phosphate-3-epimerase 

rpi Rpi Ribose-5-phosphate-isomerase  

sdhA SdhA Part of Succinate dehydrogenase 

sdhB SdhB Part of Succinate dehydrogenase 

sucCD SucCD Succinyl-CoA synthetase 

sufB SufB Fe-S cluster assembly protein 

sufC SufC Fe-S cluster assembly ATPase 

sufD SufD Fe-S cluster assembly protein 

sufU SufU scaffold protein 

sufS SufS cysteine desulfurase 

ssuE SsuE NADPH-dependent FMN reductase 

tal Tal Transaldolase 

tkt Tkt Transketolase 

tpi Tpi Triosephosphate isomerase 
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zwf Zwf Glucose-6-phosphate dehydrogenase 

Regulatory proteins 

AcnR TetR type transcriptional regulator 

GlxR Crp type transcriptional regulator 

GntR Transcriptional regulator 

L-ldR FadR-type regulator 

OxyR Lys-type transcriptional regulato 

RamA LuxR family, dual regulator, carbon metabolism genes, transcription regulator 

RamB transcription regulator 

RipA AraC-type transcriptional regulator 

SugR DeoR-type transcriptional regulator 

SigB Sigma factor, transcription regulator 

SigH Sigma factor, transcription regulator 

 

Metabolites 

1,3BPG 1,3-Bisphosphoglycerate 

DHAP Dihydroxyacetone phosphate 

E4P Erithrose-4-phosphate 

F6P Fructose-6-phosphate 

F1,6BP Fructose-6-bisphosphate 

GA3P Glyceraldehyde-3-phosphate 

G6P Glucose-6-phosphate 

G1,3BP Glucose-1,3-bisphosphate 

PEP Phosphoenolpyruvate 

6PG 6-phosphogluconate 

6PGL 6-phosphoglucono-1,5-lactone 
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PEP Phosphoenolpyruvate 

Pyr Pyruvate 

R5P Ribose-5-phosphate 

Ru5P Ribulose-5-phosphate 

S7P Sedoheptulose-7-phosphate 

Xu5P Xylulose-5-phosphate 

 

Nucleotides 

ADP/ATP Adenosine phosphate 

FAD/FADH2 Flavin adenine dinucleotide 

MQ/MQH2 Menaquinone 

NAD+/NADH Nicotinamide adenine dinucleotide 

NADP+/NADPH Nicotinamide adenine dinucleotide phosphate 



Anja Lemoine              Impact of oscillations in substrate and oxygen availability on Corynebacterium glutamicum cultivations 

Appendix 110 

Appendix 

 

Paragraph 3.1 

Table S1: Intracellular free and total amino acid concentration in C. glutamicum DM 1800 Single-CR 

(homogeneous conditions), Two-CR and Three-CR fed-batch cultivations (Lemoine et al. 2015b) 

 Single-CR Two-CR Three-CR 

 
free amino acid 
conc. 
[mmol gDCW

−1] 

total amino  
acid conc. 
[mmol gDCW

−1] 

free amino  
acid conc. 
[mmol gDCW

−1] 

total amino  
acid conc. 
[mmol gDCW

−1] 

free amino  
acid conc. 
[mmol gDCW

−1] 

total amino  
acid conc. 
[mmol gDCW

−1] 

Ala 0.018 0.214 0.0160 0.228 0.025 0.345 
Asp 0.013 0.137 0.0120 0.135 0.012 0.091 
Cys n.d. 0.002 n.d. 0.003 n.d. 0.003 
Glu 0.575 1.023 0.4570 1.141 0.459 1.335 
Gln 0.034 n.d. 0.0300 n.d. 0.033 n.d. 
Gly 0.023 0.101 0.0198 0.132 0.089 0.113 
Hom n.d. 0.008 n.d. 0.008 n.d. 0.011 
Iso n.d. 0.053 n.d. 0.048 n.d. 0.051 
Leu n.d. 0.112 n.d. 0.115 n.d. 0.079 
Lys n.d. 1.974 n.d. 1.682 n.d. 1.617 
Phe n.d. 0.039 n.d. 0.043 n.d. 0.025 
Pro n.m. 0.038 n.m. 0.036 n.m. 0.042 
Ser 0.009 0.078 0.008 0.075 0.009 0.080 
Thr n.m. 0.107 n.m. 0.107 n.m. 0.093 
Val n.m. 0.081 n.m. 0.084 n.m. 0.094 

 

Paragraph 3.2 
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Figure S2. PI and BOX staining of C. glutamicumin DM 1945 cultivated with complex media in a Single-
CR ( , ) and Three-CR ( , ). 
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Figure S3. Concentration of AMP, ADP, ATP and Energy chare (EC); cultivations of C. glutamicum DM 

1945 using complex media, measurements of the Single- (black bars) and Three-CR (white bars)
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I. Response of Corynebacterium glutamicum exposed to oscillating cultivation conditions in 

a two- and a novel three-compartment scale-down bioreactor 

II. Scale-down studies of Corynebacterium glutamicum cultivations for a consistent 

bioprocess development 

III. Performance loss of Corynebacterium glutamicum cultivations under scale-down 

conditions using complex media 

IV. Tools for the determination of population heterogeneity caused by inhomogeneous 

cultivation conditions 
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Abstract 

The oscillatory conditions in substrate and oxygen supply that typically occur on a large (industrial) 

scale are usually simulated in two-compartment scale-down reactors. In this study, the performance 

of nutrient-limited fed-batch cultivations of Corynebacterium glutamicum in a standard two-

compartment reactor (two-CR) is compared to the performance of the same cultivations in a novel 

three-compartment reactor (three-CR). The three-CR is designed to mimic three distinct zones of an 

industrial scale bioreactor that occur if the feed addition is installed at the bottom of the fluid phase.  

Our findings show that lactate and succinate appear in concentrations two-fold higher in the three-CR 

cultivation than in the two-CR cultivation. Similar results are revealed for the amino acids glycine, 

threonine, glutamate, and glutamine. In contrast to the two-CR cultivation, no intracellular 

accumulation of pyruvate is observed in the three-CR cultivation, since the carbon fluxes are directed 

towards lactate. As previously reported, the expression of lactate dehydrogenase (LDH) is increased in 

the context of oxygen deprivation. Thus, C. glutamicum adapts to the oscillating environment in the 

three-CR. This successful adaptation is revealed by a flow cytometric analysis of BOX-stained cells and 

a series of electrooptical at line measurements of cell polarisability. Both methods indicate a higher 

polarisability of cells in the three-CR cultivation. PI-staining does not indicate any membrane damage 

or accelerated cell death in either system. However, although the strain shows robustness, the product 

yield of lysine is reduced in scale-down cultivations as compared to cultivations at homogeneous 

conditions, which underlines the relevance of process optimization. 
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Introduction 

The uneven distribution of substrate, dissolved oxygen and other relevant liquid-phase components in 

industrial fed-batch cultivations is a known issue. The impact of these heterogeneities on cellular 

physiology has been the subject of many publications; in particular, a considerable amount of research 

has focused on the dynamic metabolic response of Escherichia coli and other microbial production 

hosts in this context (Enfors et al. 2001; Neubauer and Junne 2010; Takors 2012). One of the important 

industrial host organisms is Corynebacterium glutamicum, which is used in the production of amino 

acids, especially L-glutamate (Hermann 2003) and L-lysine (Kromer et al. 2004), diamines such as 

cadaverine (Kind et al. 2011), organic acids (Wendisch et al. 2006), ethanol (Inui et al. 2004), and 

butanol (Smith et al. 2010). As these compounds are produced on a scale of up to several hundred 

cubic meters in nutrient-limited, high-cell-density fed-batch processes, cells are likely to face oscillating 

environmental conditions once a critical cell mass is achieved. Insufficient mixing leads to gradient 

formation. Therefore, it is important to study the impact of liquid heterogeneities on the microbial 

cells under laboratory conditions in scale-down approaches that mimic the industrial (large-scale) 

conditions as closely as possible. 

Among the scale-down reactor designs, two-compartment reactors (two-CR) have been widely 

employed to simulate the cyclic environmental perturbations that cells are exposed to in the different 

zones of an industrial bioreactor (Neubauer and Junne 2010). Within the two-CR design, either two 

coupled stirred-tank reactors can be used, or a stirred-tank reactor (STR) coupled with a plug-flow 

reactor (PFR) can be employed. The latter concept is preferable, since it makes it possible to resolve 

the time profile of the microbial response. This design has been applied to investigate a number of 

microorganisms, including Saccharomyces cerevisiae (George et al. 1993), E. coli (Xu et al. 1999), 

Bacillus subtilis (Junne et al. 2011), and recently C. glutamicum (Käß et al. 2013; Käß et al. 2014).  

Käß et al. connected an aerated STR to a non-aerated PFR. The feed was added at the entrance of the 

plug-flow module. This experimental set-up was intended to simulate top-fed nutrient-limited 

industrial-scale cultivations that are characterized by: (i) a zone of the bioreactor with high substrate 

availability and low dissolved oxygen concentration (simulated in the PFR), and (ii) a bulk zone of the 

bioreactor, in which the substrate concentration is limited (simulated in the STR). This corresponds to 

distributions of substrate in a top-fed bioreactor as estimated with a combined mechanistic and fluid 

flow model of industrial scale processes (Lapin et al. 2006). 

In addition to the system studied by Käß et al., there exists a wide range of geometries of reactors and 

combinations of stirrer positions and designs, baffles, aeration systems and feed tubes. The variation 

in available systems, in turn, causes variation in the degree of homogeneity in the fluid phase and the 

microenvironments to which the cells are exposed. Aside from the feed zone, another area, far away 

from the feed addition, may be present; this area is low in both, substrate and oxygen availability. This 

assumption is supported by a recent computational fluid dynamic study conducted on an industrial 

reactor with a liquid volume capacity above 200 m³ (internal data). This zone can appear at the top 

part of the liquid phase, provided that the feed is added in the lower part of the reactor (Figure 1). In 

this study, we introduce an innovative three-compartment reactor (three-CR) to simulate these 

conditions; the three-CR model is created by adding a non-aerated PFR to the standard two-CR, which 

consists of a STR and a PFR. 

The physiological response of C. glutamicum is investigated using the new three-CR. In particular, we 

investigate whether the physiological response differs in a relevant manner from previous results 
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obtained using the well-established two-CR reactor (Käß et al. 2014). Käß et al.’s study revealed that 

the measures of cellular growth, product formation, and metabolite concentration in the STR of a two-

CR system were all similar to those found in the homogeneous reference cultivation (single-CR). 

Differences in metabolite concentrations were observed primarily in samples collected along the PFR 

module: lactate and succinate concentrations increased under oscillating substrate excess and 

concomitant oxygen depletion. In the STR module of the two-CR, however, these metabolites were 

consumed and consequently they did not accumulate. Thus, the question arises whether the 

robustness of C. glutamicum remains present when the cells are cultivated in the novel three-CR 

concept, allowing them to be additionally exposed to substrate depletion and concomitant oxygen 

depletion. 

Materials and Methods 

Characterization of the three-CR reactor system 

In order to characterize the PFR modules with respect to its mean residence times and the proof of the 

plug flow behaviour, pulse experiments with 1 M KI were performed. Conductivity was measured with 

a Conducell 4USF AR C PG-120 sensor (Hamilton Bonaduz, Bonaduz, Switzerland) and the data were 

recorded with LabVIEW 8.6 (National Instruments, Austin, TX). The mean residence time for each port 

(τ) was calculated with the function for the residence time destribution E(t) and the summation F(t) as 

previously described (Junne et al. 2011). 

Strain and cultivation conditions 

C. glutamicum DM 1800, which contained two point mutations in pycP458S and lysCT311L (Georgi et 

al. 2005) and carried a plasmid pEKEx2cadA and a kanamycin resistance gene (Eikmanns et al. 1991), 

was applied for all cultivations.  

Media 

The LB medium for initial precultivation consisted of 10 g L−1 bacto-peptone, 10 g L−1 yeast extract, 5 

g L−1 NaCl, 22 g L−1 glucose × H2O and 25 µg L−1 kanamycin. 

The minimal medium CGXII (Keilhauer et al. 1993) consists of 20 g L−1 (NH4)2SO4, 5 g L−1 urea, 0.25 

g L−1 MgSO4 × 7 H2O, 1 g L−1 KH2PO4, 1 g L−1 K2HPO4, 42 g L−1 MOPS (at shake flask cultivations only), 

13.25 µg L−1 CaCl2 × 2 H2O, 0.2 µg L−1  biotin, 30 µg L−1 protocatechuic acid, 25 µg L−1  kanamycin, 

and trace elements (10 µg L−1  FeSO4 × 7H2O, 10 µg L−1 MnSO4 × H2O, 1 µg L−1  ZnSO4 × 7H2O, 0.313 

µg L−1  CuSO4 × 5H2O, 0.02 µg L−1  NiCl2 × 6H2O). 

Procedure of precultivation 

50 mL of LB culture inoculated with 200 µL of cryoculture were incubated for 4 hours at 30 °C and 200 

rpm. Subsequently, 15 mL of this culture were mixed with 85 mL of CGXII medium containing 22 g L−1 

glucose × H2O. These shake flask cultures were incubated for 20 hours at 30 °C and 200 rpm. 250 mL 

of GCXII medium for bioreactor cultivations containing 5 g L−1  glucose × H2O were mixed with a 

defined volume of the preculture 5 hours prior to the reactor inoculation and cultivated at the same 

conditions as the previously performed flask cultivations. The applied inoculation volume of the 

preculture was calculated as follows: Vinoc =
42.5

2∗OD600
mL.  
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Bioreactor cultivation 

A 10 L Biostat E stirred tank bioreactor (B. Braun Biotech, Melsungen, Germany) equipped with three 

blade stirrers was used. For scale-down cultivations, one or two PFR modules were connected to the 

STR. The total working volume of the PFR part was 1.2 L [1.8 L including the transfer from the STR to 

the PFR (0.15 L) and backwards (0.45 L)]. The PFR part consisted of four static mixer modules, each 

with a working volume of 0.25 L and a diameter of 25 mm. The parts and features of the plug flow 

module have been described previously in more detail in (Junne et al. 2012). 

500 mL of preculture were added to the bioreactor filled with 9.5 L of CGXII containing 5 g L−1 glucose 

× H2O. After a batch phase of 19 hours, the feed was started. The feed consisted of CGXII medium 

containing 300 g L−1 glucose × H2O. The feed was added to the top gas phase of the bioreactor for the 

single compartment reactor (single-CR) cultivation. For the scale-down cultivations, the feed was 

connected to the inlet tube of the corresponding PFR module. The feed rate was set to F = 

0.0017 h−1 × 𝑉𝐿 × 𝑒0.2×𝑡×ℎ−1
. The circulation rate in the PFR modules was set to V̇ = 1.3 Lmin−1 at 

all cultivations. The pH value was controlled at pH = 7.0, the temperature was set to 30 °C, the aeration 

rate to 0.5 vvm and the stirrer speed to 350 rpm. When an optical density of OD600 = 6 was reached, 

the stirrer speed was changed to 800 rpm. If the dissolved oxygen tension (DO) decreased below 20%, 

the stirrer speed was increased to 1,000 rpm. Data of the single-CR are shown from two independent 

cultivations. 

Analysis 

Cell growth was monitored with spectrophotometer measurements at a wavelength of 600 nm (OD600) 

(Novaspec III by Amersham Biosciences, Amersham, UK). For dry cell weight (DCW) determination, 2 

mL of cell suspension were pipetted into a dried and weighted 2 mL Eppendorf tube. The cells were 

centrifuged for 10 min at 21,500 × g. The supernatant was discarded and the cells were washed with 1 

mL of 0.9 % NaCl solution. After a repeated step of centrifugation, the tube containing the washed cells 

was dried at 75 °C over night.  

Samples for extracellular metabolite and free amino acid concentration were filtered through a 

membrane filter with a pore size of 0.8 µm (Carl Roth, Karlsruhe, Germany) directly at the sampling 

port of the bioreactor. The supernatant was transferred to 1.5 mL tubes and immediately stored at -

80 °C.  

For the analysis of intracellular main carbon metabolites, organic acids, nucleotides and glucose, 4 mL 

of cell suspension were harvested into a syringe containing 1 mL of precooled HCLO4 and 0.5 g L−1 

butanol as an internal standard. The further treatment mainly follows the description in (Theobald et 

al. 1997). Briefly, the syringe containing the quenched cell suspension was shaken on a horizontal 

shaker for 15 min. Afterwards, the sample was transferred to a 50 mL falcon tube and 845 µL 5 M 

K2CO3 were added for neutralization. The cell fragments were separated with a cellulose mixed ester 

membrane filter of a pore size of 0.45 µm (Carl Roth, Karlsruhe, Germany). All steps were performed 

on ice, all plastic parts were precooled prior to their use. 

For analysis of the total free amino acid concentration, 3 mL of cell suspension were quenched with 2 

mL prechilled methanol and immediately stored at -80 °C. Prior to analysis, samples were diluted to 

OD600 = 2.5, and homogenized with ultrasound. The sonotrode (UP200, Dr. Hielscher, Teltow, 

Germany) had a diameter of 1 mm, an amplitude of 40 % was applied at 3 cycles for 30 sec with an 



Anja Lemoine              Impact of oscillations in substrate and oxygen availability on Corynebacterium glutamicum cultivations 
 

Articles 118 

interruption of 30 sec. Afterwards, cells were separated with centrifugation (21,500 × g, 10 min, 4 °C) 

and stored at -80 °C prior to quantification. 

Quantification of metabolites 

Quantification of free amino acids was performed with an Agilent 1260 Infinity HPLC system (Agilent 

Technologies, Waldbronn, Germany), an Agilent 1200 system fluorescence detector (excitation 

wavelength: 340 nm, emission wavelength: 450 nm), a C18 Gemini® column (5 µ, 100 Å, 150 × 4.6 mm) 

and a SecurityGuard™ precolumn (both columns supplied by Phenomenex®, Aschaffenburg, Germany). 

For derivatization, ortho-phthaldialdehyde was applied as described previously (Kromer et al. 2004). 

Separation is achieved using a 40 mM NaH2PO4 (pH = 7.8) polar phase and 45 % MeOH, 45 % CH3CN, 

10 % H2O as nonpolar phase at a flow rate of 1 mL min-1 and a temperature of 40 °C. 

Organic acids and glucose were quantified with an Agilent 1200 system equipped with a refractive 

index detector and a HyperRezTM XP Carbohydrate H+ column (300 × 7.7 mm, 8 µm) (Fisher Scientific, 

Schwerte, Germany) using 0.1 M H2SO4 at a flow rate of 0.5 mL min-1 and a temperature of 15 °C.  

Nucleotides were quantified using an Agilent 1200 HPLC system equipped with a diode-array detector, 

and a SupelcosilTM LC-18T column (150 mm × 4.6 mm I.D., 3 µm particle size) connected to a guard 

column cartridge (particle size of 5 µm) (Supelco, Bellefonte, PA). Chromatographic conditions have 

been applied as described earlier (Ryll and Wagner 1991), whereas the flow rate was set to 1.0 mL min-

1. The energy charge (EC) was calculated as 𝐸𝐶 =
[𝐴𝑇𝑃]+

1

2
[𝐴𝐷𝑃]

[𝐴𝑇𝑃]+[𝐴𝐷𝑃]+[𝐴𝑀𝑃]
 (Atkinson and Walton 1967). 

On line measurement of the cell polarisability 

The polarisability of cells was measured with the device EloTrace (Elosystems version 2.0, Berlin, 

Germany) at line every 15 min. EloTrace consists of a sample preparation unit and a measuring unit. 

The reorientation of cells under the influence of an external electrical field is determined by following 

the change of the optical densities in two directions. The cell suspension was pumped via a tube from 

the bottom part of the STR and diluted with deionized water prior to the measurement. Subsequently, 

cells were washed with deionized water and suspended at a defined optical density and conductivity 

automatically. Then cells were opposed to an electric field. The reorientation of the rod-shaped cells 

in dependence of several frequencies was monitored spectrophotometrically (Bunin 2002). The 

spectrum of the polarisability was recorded for this study at four frequencies of 240 kHz, 480 kHz, 960 

kHz, and 2.4 MHz, respectively. The frequencies of 200-400 kHz correspond to the range, in which the 

so-called Maxwell-Wagner polarization of the charge carriers (mobile ions) appears distinctly at the 

inner side of the cell membrane of bacterial cells. Accordingly, the maximum effect of the 

electrooptical phenomenon occurs at this range. The polarization phenomena decrease at higher 

frequencies. This decrease depends on the constitution of the cell membrane and is affected by the 

accumulation of metabolites as revealed in previous studies (Junne et al. 2010; Junne et al. 2008). 

Flow cytometry 

For flow cytometric analysis, the MACSQuant®  analyser (Miltenyi Biotec, Bergisch Gladbach, 

Germany) was applied. A 488/10 bandpass filter for forward scatter (FSC) and side scatter (SSC) 

measures, a 525/50 bandpass filter for bis-(1.3-dibutylbarbituric acid) trimethine oxonol (BOX) stained 

samples and a 655-730 longpass filter for propidium iodide (PI) stained cells were applied. 

MACSQuant®  calibration beads were used for calibration. The cells were separated via vacuum 
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filtration with a vacuum pump KNF LAB (Neuberger, Freiburg, Germany). Thereafter, 2 mL of cell 

suspension sample were poured on a moisturized cellulose nitrate filter with a pore size of 0.2 µm 

(Satorius Stedim, Göttingen, Germany), 5 mL of phosphate buffered saline (PBS) were used to wash 

the cells. Remaining cells on the filter were resuspended in 10 mL PBS. The cell suspension was diluted 

to an OD600 of 0.05 with PBS. A concentration of 5 mg mL−1 BOX or 1 mg mL−1 PI (both supplied by 

Sigma Aldrich, Munich, Germany), respectively, were used for staining. The stock solutions were 

diluted with PBS. For BOX staining, ethylenediaminetetraacetic acid (EDTA) was added to a final 

concentration of 4 mM.  

The measurements were performed in 1.5 mL tubes, which contained 200 µL of cell suspension. The 

applied concentration of BOX was 1 µM, cells were stained for 4 min at room temperature. The applied 

concentration of PI for staining was 1.5 µM, cells were stained for 2 min at 4 °C. In order to obtain a 

positive control, the cell suspension was heated in a heating block (Thermomixer comfort, Eppendorf, 

Hamburg, Germany) for 10 min and stained following the aforementioned procedures. 

Hydrolysis of amino acids 

For the determination of the total amount of amino acids, MeOH quenched samples were sonicated, 

centrifuged and subsequently hydrolyzed with 6 M HCl at 80 °C for 24 h. Analysis was performed with 

an Agilent 5975 C GC-EI-MS using a DB-5MS-column after drying in a speed vacuum concentrator 

(Bachofer, Reutlingen, Germany) and n-tert-butyldimethylsilyl-n-methyltrifluoroacetamide (MTBSTFA, 

supplied by Fluka® Analytical, Buchs, Switzerland) derivatization. Α-aminobutyric acid was applied as 

internal standard. 

Data fitting and visualisation 

Data were fitted with the fitting toolbox of MATLAB R2013b (The MathWorks, Natick, MA). For the 

derivation of the intracellular concentrations, the concentration of the cell suspension samples was 

fitted as well as the concentrations of the supernatant samples and subsequently subtracted from each 

other. All data plots were created with SigmaPlot version 12.0 (Systat Software, San Jose, CA). 

Results 

Scale-down reactors 

In this study, we compared cultivations in two different scale-down reactors to a single-CR cultivation 

in a STR. The two-CR consisted of an aerated STR combined with a non-aerated plug-flow reactor (PFR 

1), into which the feed was added at the entrance of the PFR compartment. The novel three-CR reactor 

consisted of the STR and PFR 1 components of the two-CR, together with an additional non-aerated 

PFR module into which no feed was added (PFR 2). The mean residence times (τ) were 120 s in each of 

the PFR modules. The mean residence times in each PFR module at the various sample ports are 

depicted in Figure 2. The plug-flow characteristics of both PFR modules were characterized by a 

Bodenstein number below 17, as described previously for PFR 1 (Junne et al. 2012; Junne et al. 2011).  

Oxygen supply and bacterial growth 

The available dissolved oxygen (DO) in PFR 1 of the two- and three-CR cultivations decreased during 

the course of the cultivation due to a steadily increasing cell density (Figure 3 A, B). For the two-CR 

cultivation, DO depletion in PFR 1 was measured on line at port 1 at a cell concentration of 4 g L−1. By 
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contrast, in the three-CR cultivation, DO depletion at the first port of PFR 1 begin to be seen after six 

hours of feeding time at a cell concentration of 3 gL−1. The earlier depletion of DO in PFR 1 in the 

three-CR cultivation was caused by the overall lower liquid level in the STR module, which occurred as 

a result of the inclusion of the additional PFR module in this reactor concept. The arrangement of the 

stirrers necessitated by the lower liquid level in the three-CR reactor led to a lower oxygen transfer, 

and thus a lower DO level. As seen in figure 3, oxygen was completely depleted throughout the PFR 2 

module at least eight hours after the feed started. Hence, cells were exposed to oxygen depletion for 

at least 4 out of 10 minutes in the three-CR system.  

In order to identify differences due to the experimental set-up, we compared data from hour 9 after 

feed-start in the three-CR cultivation with data of hour 12 after feed start in the two-CR cultivation 

(that is at a similar degree of oxygen availability in the PFR1) in the following sections.  

The biomass yield, which is achieved during the growth phase, was very similar in all cultivations 

around YX/S = 0.4 gg−1  (single-CR cultivation at YX/S = 0.4 gg−1 , two-CR cultivation at YX/S =

 0.42  gg−1 , and three-CR cultivation at YX/S = 0.37  gg−1 ). Thus, no remarkable impact of the 

oscillations on overall growth was detected. However, when the biomass yields for each sampling 

interval are compared, a tendency towards lower values can be seen in the three-CR cultivation after 

ten hours of the fed-batch phase, which suggests that a greater degree of side product synthesis is 

taking place.  

Accumulation of main carbon metabolites in the STR 

A summary of main reaction steps of the metabolism of C. glutamicum including co-factors effected 

by the respiratory activity (Bott and Niebisch 2003) is shown in Figure 4. The concentrations of 

pyruvate (Figure 4 A), lactate and formate (Figure 4 B) differed among the cultivations. The 

extracellular pyruvate concentration was more than twice as high in the two-CR cultivation in 

comparison to the single-CR and three-CR cultivations. Conspicuously, elevated intracellular 

concentrations of pyruvate were also observed in the two-CR cultivation (Figure 5). Interestingly, the 

extended exposure to oxygen limitation or even depletion in the three-CR did not lead to a further 

accumulation of pyruvate. Instead, a greater portion of the main carbon flux was directed to lactate, 

which accumulated in a concentration of up to 0.18 mM. This corresponds to a 3.5-fold increase over 

the concentrations obtained in the other cultivations. 

Among the intermediates of the tricarboxylic acid (TCA) cycle, succinate and malate concentrations 

were most notably affected. Both components were detected at an increased level in the two-CR 

cultivation and at a further increased level in the three-CR cultivation. Comparatively higher 

intracellular concentrations of lactate (0.06 mmolgDCW
−1 ) and fumarate (0.1 mmolgDCW

−1 ) were 

detected in both scale-down cultivation modes, while malate accumulation increased only during the 

three-CR cultivation. These results indicate a bottleneck within the TCA cycle of cells grown in the 

three-CR. No remarkable changes were detected in the intracellular concentrations of other main 

carbon metabolites. Furthermore, no difference in the substrate uptake rate was observed among the 

three cultivations. 

Accumulation of amino acids in the STR 

A change in the concentration of some extracellular free amino acids was observed in the three-CR 

cultivation. Serine, glycine and alanine concentrations (Figure 4 D) were twice as high as in the single-
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CR cultivation. The intracellular concentration of free alanine (Figure 6 A) increased throughout the 

three-CR cultivation; however, glycine underwent the most profound change in its intracellular 

accumulation profile (Figure 6 B). The total amino acid concentration of alanine was 0.35 mmol gDCW
−1  

in the three-CR and 0.2 mmol gDCW
−1  in the two- and single-CR cultivation, respectively, twelve hours 

after feed onset. The total intracellular glycine concentration was four times higher in the three-CR 

cultivation than in the two other cultivation modes. These results show that glycine was incorporated 

in proteins to an exceptionally high extent in the three-CR cultivation. 

The extracellular free amino acid concentrations of glutamate (Figure 4 F), glutamine (Figure 4 F), and 

threonine (Figure 4 E) increased in the three-CR cultivation as well, as did the intracellular 

concentration of glutamine (Figure 6D). This indicates a strong redirection of carbon fluxes towards 

glutamine and glutamate within the TCA cycle. However, the total intracellular concentrations of 

glycine, glutamate, glutamine, and threonine were not affected at scale-down conditions. 

The concentration of lysine decreased in the scale-down cultivations compared to the reference 

cultivation (Figure 4 E): the lysine yield was YLys/S = 0.1 g g−1 in the single-CR cultivation, YLys/S =

0.08 g g−1  in the two-CR cultivation, and YLys/S = 0.07 g g−1  in the three-CR cultivation. The 

intracellular free lysine concentrations were difficult to estimate, since the differential method is not 

suitable for compounds, which undergo a very high degree of extracellular accumulation. The final 

total intracellular lysine contents were 1.4 mmol gDCW
−1  in the scale-down cultivations and 1.8 

mmol gDCW
−1  in the single-CR cultivation. 

Metabolite concentration profiles in the PFR modules 

It is only feasible to compare intracellular concentrations between samples taken in the PFR and in the 

STR when they accumulate or are synthesized distinctly within a single module. An overview of relative 

metabolite concentrations in the PFR modules compared to the STR module is shown in Figure 7. Part 

A, B and C illustrate the situation at nine hours of the fed-batch mode, and part D, E and F depict the 

situation at twelve hours of the fed-batch mode. The pyruvate concentration in PFR 1 decreased in the 

two- and three-CR cultivations (Figure 7 A, D), while pyruvate accumulated extracellularly in the STR 

module. The concentration of formate (Figure 7 B, E) decreased in the PFR modules in comparison to 

the STR module at most measurements. This is surprising, since oxygen depletion in the PFR should 

support the synthesis of formate. Lactate, on the other hand, accumulated in the PFR 1 module in both 

scale-down cultivation modes. When comparing the accumulation of lactate The results suggest that, 

in PFR 2, lactate is synthesized despite low substrate availability, probably due to a strong expression 

of the lactate dehydrogenase (LDH) in this cultivation. 

At both sampling points in PFR 1and PFR 2 of the three-CR cultivation, malate and succinate (Figure 7 

C, F) were found to have accumulated, providing further evidence of insufficient turnover rates within 

the TCA cycle. Fumarate concentrations decreased in PFR 1 and PFR 2; this decrease might have 

occurred due to (i) a reduced flux to the citric acid cycle, and (ii) a reduced flux to the fumarate as a 

result of the accumulation of malate and succinate. 

Energy charge 

The energy charge (EC) of the single-CR cultivation was 0.24; by comparison, the ECs for the two- and 

three-CR cultivations were higher (0.48 and 0.43, respectively). Furthermore, a steady increase of 13% 
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was observed in the EC along PFR 1 in the three-CR cultivation (data not shown). These results indicate 

that the EC increase of cells, which are cultivated in an oscillating environment.  

Flow cytometric analysis 

PI staining was applied to each cultivation to analyze the cellular viability. When deficiencies within 

the structure of the cell membrane occur, PI can enter the cell and bind to DNA. The concentration of 

PI-stained cells in all cultivations was below 1.6 % (Figure 8 A), which clearly indicates that the cells 

were not harmed by the oscillating conditions. The shift from the regular batch to the fed-batch phase 

did not appear to harm the cells either, regardless of the cells' exposure to an oscillating environment. 

A BOX stain was applied to the cultivations as well. BOX stains regions of low polarity, thereby 

indicating insufficient penetration of ions. Thus, it might be expected that cells exposed to stress 

should experience greater staining with BOX. Surprisingly, the opposite effect was observed during the 

course of the three cultivations: although the degree of BOX staining at the end of each batch phase 

was similar for each cultivation, a distinctly lower portion of cells was stained with BOX in the three-

CR cultivation. Phases of exposure to high substrate availability seem to decrease the occurrence of 

cellular regions characterized by a low ion content. Thus, we can conclude that oscillating conditions 

support the incorporation of polar compounds into the cell membrane. 

Electrooptical monitoring of the cell polarisability 

The observations made during BOX-staining receive partly support from the electrooptical 

measurements. During this portion of the analysis, cells were exposed to an electric field; the time 

needed for the reorientation of the cells is a direct measure of the transmembrane potential. The cell 

polarisability decreased following feed onset in the single- and two-CR cultivations (Figure 9). In 

contrast, the cell polarisability in the three-CR cultivation increased throughout the course of the fed-

batch phase. Obviously, a higher degree of inhomogeneity is not harmful. In all cases, the polarisability 

of cells was similar at all applied frequencies. 

Discussion 

Several issues that arise during the scale up of bioprocesses occur because the mixing times in 

industrial-scale bioreactors are elongated. This leads to an uneven distribution of substrate and DO 

(Neubauer and Junne 2010). This problem has been known for a long time, and many attempts have 

been made to mimic appropriately large-scale conditions in a laboratory setting. However, this transfer 

remains challenging. The main difficulties arise from the fact that numerous types of bioreactors and 

feed addition methods exist. Additions may be performed into the gas or liquid phase, and are 

sometimes even delivered in poorly mixed zones. Scale-down approaches are useful, since they permit 

conditions to be set specifically according to the conditions in the industrial scale. Previous studies 

have utilized a two-compartment reactor concept, comprising a stirred-tank reactor and plug-flow 

reactor, in order to investigate the impact of an uneven distribution of substrate and oxygen 

availability on C. glutamicum cells (Käß et al. 2013; Käß et al. 2014). The surplus of scale-down 

experiments using a STR and PFRs instead of STRs only is the achievement of specific gradients and 

well-defined residence times in the PFR part. Samples taken from the PFR module in scale-down 

cultivations of C. glutamicum indicated a distinct accumulation of lactate and an increase in energy 

charge, although no changes were observed at the STR module compared to the single-CR cultivation 

(Käß et al. 2013). 
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A possible drawback of the two-CR approach is its inability to simulate more than one heterogenic 

zone. This might mimic the situation in some bioprocesses or at a certain stage of the bioprocess, but 

it will not necessarily account for the most critical stages of a typical fed-batch bioprocess. To address 

this perceived limitation, the present study investigated whether an expansion from a two-CR reactor 

to a three-CR reactor could better mimic the conditions in the industrial scale. Although the full-scale 

conditions cannot be reflected absolutely precise we conclude that the three-CR model provides the 

most accurate available simulation of the conditions of an industrial-scale cultivation in which the feed 

is introduced at the bottom part of the liquid core. 

A comparison of the two-CR and three-CR cultivations allows us to differentiate between effects 

caused by (i) oxygen depletion and glucose excess and (ii) limitation of oxygen and substrate. In our 

study, exposure to oscillating conditions in the three-CR led to alterations in extra- and intracellular 

metabolite concentrations. In contrast, barely any change in lactate and succinate concentrations were 

observed in the STR module of the two-CR cultivation at mean PFR residence times of 120 s (applied 

in this study), 75 s, 90 s and 180 s (Käß et al. 2013). The accumulation of lactate and succinate observed 

under oxygen limitation in the PFR module has been widely described in the literature (Inui et al. 2004; 

Käß et al. 2013; Okino et al. 2008). It has been observed that the expression of LDH is elevated in 

oxygen deprivation conditions (Inui et al. 2004). The conversion of the NAD+ to reduced NADH by the 

reaction of LDH is favorable for the cell when it is exposed to oxygen limitation, since the regeneration 

of NAD(P)+, and menaquinone (MK) in the respiratory chain is reduced in this circumstance. 

Furthermore, the limitation of these co-factors is the reason for the inhibition of several reactions in 

the glycolytic pathway as well as in the TCA cycle.  

The extracellular free amino acid concentration of “early” synthesized amino acids, including glycine, 

serine, and alanine, increased during the three-CR cultivation; a similar finding has previously been 

reported for alanine (Dominguez et al. 1993; Jojima et al. 2010). Glutamate, glutamine and threonine 

accumulation is related to the conversion of NADH to NAD+ during the associated kinetic reactions. 

Lysine production was reduced in both scale-down conditions. Similar observations have been made 

previously in two scenarios; first, when either cells were exposed to oxygen depletion by alternating 

the inlet gas composition or when the mixing time was increased thirteen fold (Sassi et al. 1996; 

Schilling et al. 1999). This reduction in lysine production may be caused by the missing co-factor 

regeneration of succinyl-CoA, which is involved in the succinylase variant of the D,L-diaminopimelate 

synthesis, a precursor of lysine and peptidoglycan. The alternative pathway catalyzed by the 

diaminopimelate dehydrogenase (DDH), which is constitutively expressed, but exhibits a low affinity, 

contributes to a greater portion to the D,L-diaminopimelate formation due to restricted energy 

regeneration under oxygen limitation (Wehrmann et al. 1998). However, no reduction of the lysine 

yield was observed in two-CR cultivations of C. glutamicum DM1933 (Käß et al. 2013). 

EC values found in the single-CR cultivation correspond to values reported for other C. glutamicum fed-

batch cultivations and the increase of EC in the PFR module also matches previously published findings 

(Käß et al. 2013; Käß et al. 2014). The EC for the scale-down cultivations was higher than for the single-

CR cultivation, an observation, which supports the hypothesis that the late reaction steps of the main 

carbon metabolism are reduced under oscillating conditions. The EC is likely higher under oscillatory 

conditions, since the cells are exposed steadily to substrate excess in the PFR 1 compartment. The 

similar growth rate and a similar reduction in lysine production in both scale-down cultivations causes 
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the similar EC-values. A Co-factor for the lysine production is ATP, thus its consumption is very likely 

reduced in scale-down cultivations. 

However, although the lysine yield was reduced under environmental oscillations, the applied strain 

showed a generally high robustness against uneven substrate and oxygen supply. The flow cytometry 

analyses showed no significant impact of the oscillatory conditions on the overall viability and vitality 

of the cells. Triplicate analysis determined that the C. glutamicum cultivation population was very 

homogeneous. Again, these results reflect those of previous studies, which showed no impact of 

oxygen limitation or shear stress on the portion of PI-stained C. glutamicum cells (Chamsartra et al. 

2005). In contrast, an increased percentage of cells in scaled-down E. coli cultivations were found to 

be PI-stained when the cells were exposed to conditions in the three-CR concept (unpublished data). 

As revealed by at line electrooptical measurements, the inducible polarisability of the cells remains 

very low in the fed-batch phase. As discussed earlier, a low inducible cell polarisability arises when 

nutrient supply is limited, e.g. at the end of a batch cultivation in E. coli (Junne et al. 2010). Since the 

fed-batch cultivation exhibits limited substrate supply throughout the process, weak cells cannot 

overgrow the culture, and thus, population homogeneity is maintained.  

BOX-staining revealed that oscillating conditions led to a higher proportion of polar regions in the cells, 

especially in the three-CR cultivation. Thus, we can conclude that oscillating conditions do not 

necessarily reduce cell viability, as already observed for E. coli (Onyeaka et al. 2003). The electrooptical 

measurement of the inducible cell polarisability showed a decrease among all applied frequencies once 

the feed addition had begun in the single- and two-CR cultivation; concomitantly, the portion of BOX-

stained cells was reduced as well. This finding contradicts our expectation that a similar trend would 

be observed in both measurements. However, the amount of charged, loosely bound particles in the 

membrane might be lower in the fed-batch phase than in the batch phase, thus leading to a slower 

reorientation in an electrical field. Thus, the polarisability, as measured electrooptically, decreases. 

Although the overall content of charged particles per cell remains low, the charged particles are likely 

to be evenly distributed in cells after the feed addition started. Thus, the BOX-staining intensity is low, 

too. The increase in cell polarisability in the two-CR and the overall higher values in the three-CR 

corresponds to recent results obtained for E. coli cultivations with respect to membrane permeability 

and protein leakage (Brognaux et al. 2014): the leakage rate for several proteins was reduced at scale-

down conditions when compared to well-mixed nutrient-limited fed-batch cultivations. Deficiencies in 

the cell membrane structure usually lead to a low cell polarisability, as it was the case in this study for 

the single-CR and, partially, for the two-CR cultivation. 

Outlook 

It is important that the specific design of scale-down concepts has to be tailored to the corresponding 

conditions of the industrial process; as this study shows, the cellular response can be quite diverse 

depending on the degree of oscillation. Thus, there is a need to combine more intensively 

computational fluid dynamics and scale-down reactor design in order to properly mimic the 

heterogeneity of individual processes. Additionally, the application of non-traditional engineering 

scale-up criteria, including similar morphological and physiological cell features in both scales, is 

recommended. Therefore, state-of-the-art high resolution measurements, like the electrooptical 

determination of the cell polarisability developed in this study or on line particle analysis (Brognaux et 

al. 2013a) and (on line) flow cytometry (Brognaux et al. 2013b), should be considered to ensure the 

achievement of similar conditions in industrial and laboratory scale. 
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Figure 1 

 

Anticipated distribution of substrate and dissolved oxygen concentrations in an industrial scale 

nutrient-limited fed-batch cultivation, when the feed is added at the bottom part of the liquid phase.  

 

Figure 2 

 

Mean residence time (τ) determined at the 10 sampling ports of the three-compartment scale-down 

reactor. Plug flow module 1 (PFR 1) is also used at the two-compartment scale-down reactor concept. 

The feed solution is added at the bottom part of the PFR 1. No feed is added at the plug flow module 

2 (PFR 2). Both plug flow modules are not aerated.  
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Figure 3 

 

Dry cell weight concentration as measured in the STR module and dissolved oxygen concentration as 

monitored in the plug flow reactor modules of the scale-down experiments are shown. In part A, the 

dry cell weight of the single-CR cultivation (black circles, black upwarded triangles and black squares), 

two-CR cultivation (grey diamonds) and three-CR cultivation (white downwarded triangles) is shown. 

In part B, the dissolved oxygen concentration in the plug flow reactor 1 (PFR 1) of the two-CR cultivation 

is shown. Measurements obtained at port 1 are shown with a black line, at port 2 are shown with a 

dark grey line, and at port 3 are shown with a lite grey line. No oxygen was detectable at port 4 and 5. 

The oxygen concentration in the PFR 1 of the three-CR cultivation is shown in part C. Measurements 

obtained at port 1are shown with a black line, and at port 5 are shown with a grey line. The dissolved 

oxygen concentration in the plug flow reactor 2 (PFR 2) of the three-CR cultivation is shown in part D. 

Measurements obtained in the STR are shown with a black line and measurements obtained at port 

10 is depicted with a grey line. 
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Figure 4 

 

Metabolic network and metabolite concentration of C. glutamicum in the scale-down reactor 

cultivations. An aperture of the metabolic network is shown including co-factors affected by the 

respiratory activity as earlier described (Bott and Niebisch 2003). In figure A-F, the extracellular 

metabolite concentration after 12.2 hours of fed-batch mode as measured in the stirred tank 

compartment of the single- (black bars), two- (grey bars), and three-CR  cultivation (white bars) are 

shown. 
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Figure 5 

 

Intracellular metabolite concentration of pyruvate. Measurements of samples from the single-CR are 

shown with black circles and black triangles up, the two-CR  are shown with grey diamonds, and the 

three-CR cultivation are shown with white downwarded triangles. All samples were collected from the 

sample port of the STR.  

 

Figure 6 

 

Intracellular free amino acid concentration of alanine, glutamate, glutamine, and glycine. 

Measurements of samples from the single-CR are shown with black circles and black upwarded 

triangles, the two-CR are shown with grey diamonds, and the three-CR cultivation are shown with 

white downwarded triangles. 
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Figure 7 

 

Relative metabolite concentration measured in cell suspension samples in the PFR modules of the two-

CR and three-CR cultivation at 9 hours after feed start in A,B, and C and at 12 hours after feed start in 

D,E, and F. All bars represent the difference between the mean concentration of the last three ports 

of the PFR and the concentration in the STR. Measurements of the PFR 1 of the two-CR are depicted 

in grey, striped bars, the PFR 1 of the three-CR are depicted in white, striped bars, and the PFR 2 of the 

three-CR cultivation are shown in white, tetragon bars. 

 

Figure 8 

 

Flow cytometric analysis ( PI- and BOX-staining). Measurements of the single-CR are shown with black 

circles and black upwarded triangles, the two-CR are shown with grey diamonds, and the three-CR 

cultivation are shown with white downwarded triangles.  
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Figure 9 

 

Frequency-dependent electrooptical measurement of the cell polarisability. The course of the 

anisotropy during the course of the cultivations at various frequencies is shown for the single-CR in A, 

for the two-CR in B, and for the three-CR cultivation in C. 
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ABSTRACT 

 

Due to the wide industrial application of Corynebacterium glutamicum, scale-down studies of this 

organism have gained more interest recently. Cells are steadily exposed to a changed environment in 

these studies, while the reactor concept is orientated on the heterogeneities, which appear in 

industrial scale fed-batch cultivations. Mixing times usually exceed the substrate uptake rates in these 

scales, thus leading to zones of excess substrate at the zone near to the feed addition. Incontrast, 

substrate depletion occurs in zones far away from the feeding. Hence, cells are steadily exposed to an 

oscillating environment, which is mimicked with the combination of different reactor designs and 

cultivation conditions. In the present chapter the overall response of C. glutamicum main carbon 

metabolite synthesis, amino acid accumulation and the energy charge as well as the viability and 

polarisability of cells are described and comparisons with other microbes are made. The potential 

intensification of investigations of the cellular response to oscillating conditions for strain engineering 

and process development is discussed with respect to recently introduced novel on line monitoring 

tools and micro-bioreactors.  

The response of C. glutamicum to the oscillating conditions varies significantly from those of other 

organisms: the cells show quite a robustness, as the growth rate is hardly affected. However, the lysine 

production is reduced. Since the oscillating substrate appears along with different dissolved oxygen 

availability, also zones of oxygen depletion are occurring in the large scale. Oxygen limitation indicates 

a great influence on the metabolite fluxes, when corresponding zones are mimicked in scale-down 

cultivations. Especially the lactate synthesis plays a pivotal role in the redirection of carbon when 

energy regeneration is reduced due to the absence of oxygen. 
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INTRODUCTION 

 

Inhomogeneities in industrial nutrient-limited fed-batch processes 

 

A step-wise scale-up from milliliter to cubic meter scale is usually applied to select the optimum 

parameters, operating modes and reactor types during process optimization. However, conditions in 

laboratory scale are usually not transferable to the production scale (Enfors et al. 2001; Schmidt 2005). 

This situation often leads to an unwanted accumulation of byproducts in the large scale, accompanied 

with a change of the biomass yield and product selectivity due to inhomogeneities (Bylund et al. 2000; 

Enfors et al. 2001; Neubauer et al. 1995b).  

Gradients are intensified when the typical nutrient limited fed-batch procedure is applied due to 

the addition of a highly concentrated and often viscous nutrient solution and its 10,000-fold or even 

greater dilution in the bioreactor’s liquid phase (George et al. 1993). When the limiting nutrient is 

added to the headspace or liquid core of the reactor, a zone of excess nutrient supply is created. Mixing 

times increase to the order of minutes from the lab to the industrial scale, thus substrate gradients 

appear above a certain scale. It has been reported that mixing times of a stirred tank reactor (STR) are 

50 s at a scale of 20 m3 instead of 5 s at laboratory scale (Hewitt et al. 2000). At a scale of 150 m3, the 

mixing time can rise to several minutes (Namdev et al. 1992). With respect to many catabolic reactions 

that expose turnover rates in the range of 1.5 - 2.0 s-1 (Buchholz et al. 2002; Hoque et al. 2005), 

significant impacts on the substrate uptake rate and concomitant intracellular fluxes in cells can be 

assumed. 

Furthermore, increased mixing times lead to severe concentration gradients of dissolved gases, 

temperature, acids and bases. The existence of limitations of oxygen transfer rates at different 

locations in the fluid phase in industrial bioreactors are known for several decades (Bryant 1977; 

Vardar and Lilly 1982). Insufficient mixing leads to the formation of axial and radial gradients in the 

oxygen distribution. Substrate and oxygen gradients are often opposed to each other along the height 

of the reactor (figure 1), generated e.g. by feeding substrates from the top while the air is sparged 

from the bottom. The conduction of high-cell density cultivations increases the gradients. A larger 

volume leads to a lower volumetric power input, which is usually caused by longer distances from the 

stirrer blades to the wall. Hydrostatic pressure can also support the formation of gradients of dissolved 

gases (Hewitt and Nienow 2007; Schmidt 2005). 

Due to the complex gradient formation, on line determination of representative concentrations of 

a limiting substrate or dissolved oxygen is challenging. Various effects on the process performance due 

to scale-up effects have been described in literature. It has been shown that the size of these zones as 

well as the residence time and the response of the bacteria in these zones influences the outcome of 

a bioprocess (Enfors et al. 2001; Lin et al. 2001) and frequently yields in a heterogeneous cell 

population (Hewitt et al. 2000). Cells experience these gradients as frequent stimulations while they 

are exposed steadily to the different zones of the reactor. The adaptation to this environmental stress 

provokes a large amount of cellular resources. It includes general stress adaptation to guarantee the 

survival of at least some parts of the population. However, a crucial part of this adaptation strategy is 
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not necessarily beneficial for a successful bioprocess, where adaptation to all eventualities does not 

provide a benefit. 

Spatial gradients of oxygen concentrations at Escherichia coli cultivations support acetic acid 

accumulation and lowers process productivity (Phue and Shiloach 2005). Investigations of cultivations 

at different scales revealed that temporal changes in glucose concentrations and dissolved oxygen 

(DO) extensively affected the cell physiology of E. coli W3110. Insufficient mixing at a scale of 20 m3 

led to a decrease of the biomass yield of 35.0 %. Interestingly, the cell viability was not affected 

negatively when compared to a well-mixed 5.0 x 10-3 m3 bench-scale cultivation (Hewitt et al. 2000). 

When a kinetic model approach of the main carbon metabolism was connected to computational fluid 

dynamics, the impact of environmental changes could be predicted. Lapin et al. investigated the impact 

of glucose concentration gradients in a fluid volume of 900 L. It was shown that the intracellular ratio 

of phosphoenolpyruvic acid (PEP) to pyruvic acid (PYR) in E. coli cells depended on the location of the 

cells in the fluid phase of the bioreactor. This ratio plays a pivotal role in the sugar uptake mechanism 

driven by the phosphotransferase system (PTS) (Lapin et al. 2006). 

In order to resolve these issues, which occur during scale-up, attempts to improve the reactor 

design and power input have been made. An extensive study regarding the effects of stirrer types and 

their position in the liquid phase on mixing times were performed by Vrábel et al. (Vrabel et al. 2000). 

They found that a considerable reduction of mixing time can be achieved if the upper impellers were 

axial instead of radial blade stirrers. In order to improve the substrate distribution at fed-batch 

cultivations, the feed input can be located near to an impeller in the fluid phase. However, own studies 

showed that gradients still exist when the pipe is not reaching very close to the stirrers. Zones far away 

from the glucose addition still exhibit gradients, since these regions are also poorly mixed in large scale.  

Larsson et al. (Larsson and Eliasson 1996) suggested to apply multiple feeding points located in well-

mixed zones to reduce mixing problems. The requirement of a very sophisticated regulation 

mechanism to ensure exact feeding volumes basically hindered any application. With regard to pipe 

blockage, contamination and mechanical stability, many industrial scale fed-batch cultivations apply 

surface feeding, which is typically used during scale-up as well (Hewitt and Nienow 2007). Thus, the 

appearance of inhomogeneities is not easy to counteract by altered reactor designs. The examination 

of the cellular response to the oscillating environmental conditions and the conclusions of it for strain 

and bioprocess optimization remain the crucial part for reducing negative effects on yield and 

selectivity during scale-up. 

SCALE-DOWN BIOREACTOR CONCEPTS AND ANALYTICAL METHODS 

 

The investigation of regulatory responses of cells in a perturbed environment is a frequently applied 

experiment to identify metabolic bottlenecks and targets for strain optimization. A classical approach 

is the combination of a substrate pulse and sampling with a high frequency thereafter as applied in 

systems biology. However, these pulse experiments are performed with random settings of 

concentration steps and durations, as they focus on a better understanding of the biological system, 

but not an improved process optimization. In order to include the multiple tools for analyzing cell 

regulation and issues that arise from scale-up, suitable scale-down reactor and experimental designs 

have to be applied. Multi compartment scale-down reactors (figure 2) have been wildly used to study 

scaling effects. In this paragraph two-compartment and three-compartment reactor are described.  
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Beside several approaches, which have been designed during the last 20 years, novel miniaturized 

approaches allow a higher throughput and a higher degree of optimization within process 

development in order to investigate regulatory responses to oscillating environments like in industrial 

scale fed-batch cultivations. The requirements for suitable scale-down systems are (i) an exact dosage 

of metabolites for achieving defined concentration gradients, (ii) a flexible adjustment of cultivation 

settings due to the various processes that exist (e.g. feed rate, aeration rate), (iii) the availability of a 

certain sampling volume (at least in the mL range) in order to perform a suitable off line analysis, and 

(iv) the achievement of reproducibility by a controlled environment (pH, temperature, etc.) as it is 

usually the case in bioreactors. Hence, the application of common shake flasks is critical for the 

achievement of suitable and precisely defined scale-down conditions. Therefore, several reactor 

concepts have been developed earlier, e.g. multi-compartment reactor systems. Additionally, in recent 

times, multi-bioreactor systems, which are connected to a liquid handling platform, allow the parallel 

investigation of multiple situations as they occur during the course of an industrial fed-batch 

cultivation (figure 3). A parallel approach enables to mimic different situations caused by the increased 

cell density. The experimental conditions, which are crucial for the process, can be selected in the 

parallel approach and investigated in more detail in larger scale-down concepts, which are usually 

better equipped in terms of on line and at line monitoring tools. 

Monitoring devices, which are able to qualitatively and quantitatively report the population 

heterogeneity based on a physiologic or morphologic analysis, can increase the relevance of scale-

down experiments significantly. Firstly, the comparison of such parameters with the industrial scale 

allows a more precise scale-down, since the conditions of cells should be very similar in both scales 

applied. Secondly, these parameters provide a valuable picture of the impact of stress due to the 

environmental oscillations on the cells (e.g. osmolality and cell size, fluctuating substrate 

concentration and polarisability). In some cases, direct correlations between the monitored 

parameters and the process performance can be found, which helps to identify possible targets for 

strain improvements (e.g. in order to counteract deficiencies in membranes). Hence, a suitable concept 

consists of a first screening phase for the identification of crucial conditions, which might be performed 

in a parallel cultivation system, and a second experimental design phase, where as many parameters 

are measured as possible when the (relevant) crucial conditions are applied in a larger scale-down 

bioreactor concept. A statistical (and model-based) data analysis procedure is able to identify sensitive 

parameters for process-relevant features like yield and selectivity. In the forthcoming subchapters, 

several scale-down reactor concepts, partly applicable in parallel, and recently developed monitoring 

tools suitable for scale-down experiments are described. 

Analytical methods applied in scale-down experiments 

Numerous studies of various organisms have been performed since the introduction of scale down 

reactor systems. Many of them used state-of-the-art metabolome analysis methods in order to 

describe the response of cells to environmental perturbation. Beyond this, many attempts have been 

made to gain a broader understanding of the cellular response by either on line or off line methods as 

summarized in figure 4. In parallel to the progress in the -omics technologies, proteome and 

transcriptome studies were included in the analysis of scale-down experiments (Schweder et al. 

1999b).  

Since the overall impact of stress on the physiology, but also morphology, was a major question, 

flow cytometry studies were performed already a decade ago, accompanying scale down experiments 

(Enfors et al. 2001; Hewitt et al. 2000). The outcomes gave insight into the robustness of E. coli against 

a heterogeneous environment. In order to gain a more detailed knowledge about the cell status with 
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a high time-resolution, novel on line tools are currently applied, which are sometimes referred to as 

on line flow cytometry. These methods have in common that they are able to track the particle size 

and distribution or the polarisability of the cell membrane directly in or at the bioreactor in an 

automated way. Since the degree of homogeneity of a culture matters for the achievement of a high 

productivity in a production process, these methods are highly interesting for process improvement, 

if the data is suitable to obtain time-point specific histograms. This allows for a conclusion whether the 

formation of subpopulations is related to certain events in the cultivation, or at which certain 

conditions they appear under dynamic changes of the cultivation environment. The data also allows 

for more accurate (hybrid) models which are simulating large scale environment under the 

consideration of cellular dynamics. One example among these process analytical tools is the cell biocell 

vitality analyzer (Sequip GmbH, Germany), which is based on particle tracking in a field generated by a 

laser-light beam. The particles, which flow through this field, are reflecting light, which is measured. 

The shape of the reflectance allows to draw conclusions about the particle size and shape, and its 

intensity about the cell structure (Brognaux et al. 2013a). The particle detecting sensor of SOPAT 

(Germany) is based on photooptical detection and has an integrated software for the analysis of 

pictures shot in situ in bioreactor cultivations. These two examples show that the tracking of cellular 

particles based on their optical properties is feasible. Another promising approach is the tracking of 

fluorescent markers in the cells. This concept was successfully applied to investigate the effect of 

heterogeneities on the cell viability and protein leakage (Brognaux et al. 2013b; Brognaux et al. 2013c; 

Delvigne et al. 2011). Thus, a real-time resolution of the morphological and physiological status can be 

used for a suitable scale-down approach if classical process parameters like the power input to volume 

ratio failed. Then, the achievement of the same cellular status and particle distribution in the large and 

lab scale would prove the correctness of the scale down approach. 

Two-compartment reactor concepts 

One established technique for simulating the heterogeneity at the large scale is based on the 

division of the liquid phase into different parts, each characterized by distinctly different conditions. 

For example, one zone reflects the bulk zone of the fluid phase and the other one the top zone when 

the feed is added to the headspace. The reactor systems based on this principle either consist of two 

coupled stirred tank reactors (STR-STR), or of a STR coupled with a plug flow reactor (STR-PFR) as 

shown in figure 2. The advantage of the STR-STR system is the distinct separation of conditions in two 

cultivation vessels, the miniaturization is facilitated.  

One of the first studies using a two-compartment system was performed by Oosterhuis et. al. The 

authors used two STRs in order to study the impact of fluctuating oxygen concentrations in a gluconic 

acid fermentation (Oosterhuis et al. 1985). Such systems with two coupled STRs were used in further 

studies, mostly to investigate the effect of oxygen fluctuations (Sandoval-Basurto et al. 2005), but also 

the effect of oscillations of the pH-value (Amanullah et al. 2003). Oxygen oscillations have been 

simulated in a single well-mixed STR, either by using time pulsed mixtures of nitrogen and oxygen 

(Namdev et al. 1991; Oosterhuis and Kossen 1984) or by the variation of the reactor head pressure.  

An advantage of the PFR-STR system is the achievement of a gradient, to which cells are exposed 

in a defined residence time. From the early 1990s on, STR-PFR scale-down reactors have been used to 

study different zones in large scale bioreactors. The response of the cells to these gradients can be 

observed along the height of the PFR. Beside standard PFRs, the application of PFRs equipped with 

static mixers is common, as these provide efficient mixing of gas and liquid, while maintaining plug 

flow characteristics (Hewitt and Nienow 2007). Thus, the static mixers enable a certain gas transfer in 
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the PFR and the adjustment of a distinct volumetric oxygen transfer rate (Neubauer and Junne 2010). 

Furthermore, ports along the PFR module enable sampling and the application of sensors, so that the 

conditions in the PFR can be monitored and samples can be taken for analysis at various residence 

times in the same experiment (Junne et al. 2011). 

The conditions in each compartment depend on the type of zone or mixing situation that shall be 

simulated. Typically, the feeding zone is represented by the PFR, while the STR mimics the bulk zone 

of the fluid phase in the reactor (Amanullah et al. 2003). The volumetric ratio between the two 

compartments is equal to the ratio of the feeding zone to the bulk zone in the large scale reactor, 

which can be estimated using computational fluid dynamics (Enfors et al. 2001). 

Among the first studies was the investigation of the response of the yeast Saccharomyces cerevisiae 

when exposed to high glucose concentrations (George et al. 1993). Scale-down studies beside S. 

cerevisiae were performed with E. coli (Neubauer et al. 1995a; Neubauer et al. 1995b), applying an 

aerated PFR, in which the feed was introduced at the entrance. Many investigations have been 

performed with a non-aerated plug flow module with E. coli (Bylund et al. 2000; Xu et al. 1999a), 

Bacillus subtilis (Junne et al. 2011) and Corynebacterium glutamicum (Käß et al. 2014). The feeding 

zone in a large scale bioreactor, where substrate and oxygen limitation occur simultaneously, was 

mimicked in these studies in the PFR module. Furthermore, the STR-PFR scale-down reactor was 

suitable to study the effect of pH-inhomogeneities, e.g. on E. coli (Onyeaka et al. 2003) and B. subtilis 

(Amanullah et al. 2001). In each case differences compared to the well-mixed situation were found, 

depending on the size of the two zones and the circulation rate between them. Although the STR-PFR 

system is very useful to study the behaviour in large scale reactors in the lab scale, it is rarely applied, 

perhaps as it is not commercially available. 

Three-compartment reactor concept 

Recently, a three-compartment reactor has been introduced, which consists of a stirred tank 

reactor with two coupled plug flow modules. Consequently three characteristic zones in a large scale 

cultivation can be simulated, and thus the cellular response can be monitored. In a top-fed cultivation, 

three different zones were identified as (i) the top zone, characterized by substrate excess and oxygen 

depletion, (ii) the bulk zone of the fermenter, characterized by substrate limitation and oxygen excess, 

and (iii) the bottom zone, characterized by substrate depletion and oxygen excess (figure 1 and 2).  

However, not only top-fed reactors are used in industry. Another location for the feed addition is 

the liquid core in the bottom of the reactor. In this case, three zones occur, too. The first is located 

near the feed addition in the bottom part of the reactor, which is characterized by substrate excess 

and oxygen depletion, a second one in the bulk zone, characterized by substrate limitation and oxygen 

excess, and a third one in the top part of the reactor, where oxygen and substrate is depleted. A scale-

down reactor with a non-aerated plug flow reactor, where the feed is introduced at the entrance of 

the PFR is simulating the first zone, an aerated STR the second zone, and a non-aerated second PFR 

the third zone, respectively. This concept has been evolved by coupling an existing STR-PFR two-

compartment reactor (Junne et al. 2011) with another PFR module, which is identical to the previously 

established one. It also consists of static mixers, five sampling and ten sensor ports. It is sterilizable 

and comprises of the same residence times as the first PFR module. It can be aerated and an addition 

of any compound can be realized at the entrance of it. 

The concept has been used to conduct cultivations, in which the second PFR module represented a 

bottom zone of a top-fed nutrient-limited E. coli fed-batch cultivation. While substrate was added to 
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the first PFR module, in which a concomitant oxygen limitation occurred, no substrate was added to 

the second PFR module. Due to the starvation, which occurred in this module, oxygen from the STR 

module was not consumed, leading to oxygen excess. The exposure of the cells to these perturbations 

led to a greater portion of non-viable cells in E.coli cultivations as revealed by flow cytometry (own 

data). The cultivation exhibited a distinctly different behavior than in the two-compartment reactor. 

The cell stress led to a diminished growth rate and biomass yield. Furthermore, C. glutamicum 

cultivations were performed as well in this reactor concept. Again, different response patterns were 

observed in comparison to the two-compartment reactor. Thus, the choice of the scale-down 

conditions is essential for the outcome of a scale-down experiment.  

Miniaturization of scale-down approaches 

In order to miniaturize scale-down reactor concepts, as many features of a usual lab-scale or 

industrial-scale bioreactor should be maintained, as the correct setting of conditions is crucial for the 

experimental outcome. Miniaturization for the purpose of parallelization is considered to be of a scale 

of several milliliters of liquid volume.  

Parallel cultivation is usually performed in microwell plates. However, the plates applied are usually 

not suited for the application in bioprocess optimization, since they are not equipped with any on line 

measurement tools. The achievable gas transfer rates are also much lower than the ones obtained in 

stirred tank bioreactors. When in situ fluorescence sensor technology is coupled to microwell plates, 

the pH-value, DO and dissolved CO2 can be measured on line (PreSens Precision Sensing GmbH, 

Regensburg, Germany). The BioLector® (m2p-labs GmbH, Aachen, Germany) allows to follow the time 

courses of biomass concentration, metabolites and reporter proteins by measuring the intensities of 

fluorescence and scattered light on line in microwell plates (Kensy et al. 2009). The cavities of the wells 

have a specific flower shape, which provides higher oxygen transfer rates. The integration of a fed-

batch procedure realized with hidrogel channels as bridge between a feed reservoir and each well. The 

so-called fed-batch microtiter plate (FB-MTP) enables 44 parallel experiments. The feed rate can be 

adjusted by the geometries of and the concentration gradient between the two ports of the hydrogel 

channel (Wilming et al. 2014). In the µ-24 MicroReactor (distributed by Pall Inc., Port Washington, NY), 

the pH-value and DO is controlled with on line measurements applying the MicroReactor® software 

(Tang et al. 2006). A high well-to-well reproducibility was proven (Isett et al. 2007).  

A micro-bioreactor system was developed in a polymer block, comprising of a cultivation volume of 

150 µL at each cultivation chamber. It is mixed with a magnetic stirrer. The cultivation chamber is 

mounted on a platform equipped with sensors for the on line measurement of pH, DO and the optical 

density. A micro-valves driven dosage of the feed solution is applied (Zhang et al. 2007). BioProcessors’ 

SimCell system (BioProcessor, Woburn MA) comprises of an array of 210 micro-bioreactors, 

segregated in 6 gas-permeable bioreactors of a working volumen of up to 800 µL. Lamping et al. 

(Lamping et al. 2003) designed a bioreactor that comprises of a working volume of 10 mL. The STR is 

equipped with pH, temperature, DO and cell density monitoring devices. The BioReactor 48 system 

(2mag AG, München, Germany) enables the parallel cultivation in 48 stirred tanks, which comprise of 

a volume of 8 to 12 mL. Monitoring of pH and DO and defined aeration is feasible. The system is 

coupled to a liquid handling robot and allows pulse-wise feeding. Bower et al. (Bower DM 2012) 

described a micro-bioreactor for a working volume of 1 mL. The growth chamber is connected to a 

sampling port and to three liquid reservoirs. Feeding and sampling are driven by miniaturized 

peristaltic pumps. The ambr 24 reactor system (distributed by Sartorius Stedim, Germany) consists of 
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24 or 48 single-use bioreactors, which are equipped with an impeller and a sparging device. The 

reactors are equipped with sensor spots for dissolved oxygen and the pH-value (Moses et al. 2012). 

All the presented systems basically possess the necessary features to consider scale-up issues 

already in very small cultivation volumes at a very early screening and process optimization stage. 

However, up to now, the recently developed micro-bioreactor systems had been applied only rarely 

for scale-down experiments. Nevertheless, research is initiated to include parallel systems as initial 

step into scale-down strategies for the identification of crucial conditions and sensitive oscillating 

parameters.  

CORNEBACTERIUM GLUTAMICUM SCALE-DOWN EXPERIMENTS 

Various scale-down experiments have been performed in order to observe the response of C. 

glutamicum in the production scale. Schilling et al. published the first scale-down reactor cultivation 

in 1999 (Schilling et al. 1999). It described the effect of a prolonged mixing time from 10 to 130 sec on 

a lysine-producing C. glutamicum DSM 5715 strain (DSMZ GmbH, Braunschweig, Germany). Leucine 

was fed as the limiting substrate into the headspace of the 42 L STR. The biomass and lysine formation, 

as well as the specific oxygen uptake rate and carbon dioxide production rate, have been determined. 

Furthermore, the enzyme activity of aspartate kinase, citrate synthase, dihydrodipicolinate synthase, 

and phosphoenolpyruvate carboxylase were determined (Schilling et al. 1999). Käß and co-authors 

(Käß et al. 2013; Käß et al. 2014) performed scale-down experiments in a two-compartment reactor 

system consisting of an aerated STR coupled to a non-aerated PFR module. Moreover, Käß et al. 

applied different residence times in the PFR-module up to 3 min and investigated two strains C. 

glutamicum DM 1933 (Käß et al. 2013) and ATCC13032 (Käß et al. 2014). The strain C. glutamicum DM 

1933 is a lysine overproducing strain, in which the pep-carboxykinase (pck) gene is deleted and which 

contains a point mutation of the aspartate kinase and a chromosomal integration of the lysine exporter 

lysE, the dihydropicolinate synthase (dapA), the dihydropicolinate reductase (dapB), the aspartate 

semialdehyde dehydrogenase (asd), the diaminopimelat dehydrogenase (ddh) and the diaminopimelat 

decarboxylase (lysA) in a two-fold copy. C. glutamicum ATCC13032 is a wildtype strain. The product 

(lysine) yield, maximum glucose uptake capacity, specific oxygen uptake, nucleotide and main carbon 

metabolite concentration, mRNA transcription for genes of the glycolysis and the TCA-cycle and 

protein expression of C. glutamicum DM 1933 were studied. 

Recently, a three-CR cultivation with C. glutamicum DM 1800 (pycP458S and lysCT3111 point 

mutations (Georgi et al. 2005), carrying plasmid pEKEx2cadA (Eikmanns et al. 1991)) was conducted 

with an aerated STR and two non-aerated coupled PFRs, one with and the second without feed 

addition (Lemoine et al. 2014 submitted). Furthermore, a two-CR experiment was performed and the 

measurements were compared to a single-CR cultivation in the aerated STR. Biomass concentration, 

main carbon metabolite, amino acid and nucleotide concentrations. Moreover, effects on the cell 

structure were observed, including morphology and cell polarisability. Recently, Bucholz et al. 

investigated the effect of oscillating 𝐶𝑂2 𝐻𝐶𝑂3
−⁄  levels in a three-compartment cascade bioreactor on 

the biomass yield, as well as the metabolome and transcriptional response of the wild type strain C. 

glutamicum ATCC13032 and the lysine producer C. glutamicum DM1933 (Buchholz et al. 2014). The 

residence time in the 𝐶𝑂2 𝐻𝐶𝑂3
−⁄  elevated environment was adjusted to 3.6 min at a volume ratio of 

8.4 %, which is recognized as relevant in industrial scale. Pressure gradients of pCO2 of 75-315 mbar 

were applied. No remarkable changes could be detected in the biomass and product concentration 

compared to the reference batch cultivation. However, 66 genes were either up- or down regulated 
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under these conditions in dependence of the pressure gradient and residence time. These findings 

indicate the broad response to oscillating CO2 availability, although detailed mechanisms remain to be 

resolved. 

Experimental setup of C. glutamicum scale-down cultivations at oscillating oxygen and substrate 

availability 

Recently, a study was presented, which describes a methodology to evaluate the importance of 

oxygen transfer rates for the biomass and product yield in C. glutamicum cultures by applying a parallel 

cultivation procedure (Kass et al. 2014). The oxygen-dependency of cellular turnover rates was 

investigated on the microwell-based cultivation system BioLector. The threshold value of 14 mmol L-1 

h-1 was identified for affecting the strains’ productivity. The method is suitable to identify conditions 

of scale-down investigations, which lead to a sensitive response of the cell.  

In other recent reports, a scale-down reactor concept was applied, which consisted of a STR and 

one or two PFR modules. PFR module(s) equipped with several DO sensors for the adjustment of the 

dissolved oxygen concentration were applied for the cultivation under distinct areas of oxygen 

depletion (Käß et al. 2013; Käß et al. 2014; Lemoine et al. 2014 submitted). At increased cell 

concentration, the oxygen uptake is increased, leading to greater areas of oxygen depletion. A similar 

development always occurs in the scale-down bioreactor: the residence time within the PFR, during 

which cells are confronted with oxygen depletion, becomes greater at an increased cell concentration. 

Oxygen depletion occurs only in a small part of the PFR at low cell densities. This is not only true for 

the PFR1, where the oxygen consumption depends mainly on the volumetric substrate consumption 

at the feed addition at the entrance of the PFR module, but also in the PFR 2 of the three-CR cultivation, 

although no substrate is applied. Nevertheless, the oxygen consumption is reduced compared to the 

PFR1, hence anaerobic zones appear during a later time point in the course of the cultivation.  

Käß et al. (Käß et al. 2013) showed that the total oxygen uptake in the two-CR cultivation is similar 

as in the reference cultivation. The reduced oxygen uptake in the PFR part is compensated with an 

increased uptake in the aerated STR module.  

The cellular growth for the scale-down experiments in the two-, and three-CR cultivation with C. 

glutamicum DM 1800 measured in the stirred tank reactor showed biomass yields of  0.4 g∙ gDCW
−1  in 

the single-CR, 0.42 g∙ gDCW
−1  in the two-CR and 0.37 g∙ gDCW

−1  in the three-CR cultivation.Cultivations 

with C. glutamicum DM 1933 and DM ATCC13032 exhibited similar biomass yields in the scale-down 

as well as in the reference cultivations, too (Käß et al. 2013; Käß et al. 2014). Schilling et al. (Schilling 

et al. 1999) observed a reduced biomass production of 7% after 53 hours of feeding, while the 

substrate uptake was diminished by 14% in C. glutamicum DSM 5715 cultivations. 

Metabolite concentrations  

The concentration measured in cell-free supernatant samples of scale-down cultivations with C. 

glutamicum DM 1800 of pyruvate, lactate, succinate and malate are shown in figure 5. 

The concentration in cell suspension samples of the plug flow reactor modules in scale-down 

cultivations of C. glutamicum DM 1800 of pyruvate, lactate, succinate and malate are shown in Figure 

6. Part A shows results of PFR 1 of the two-CR cultivation (fed PFR), part B and C the PFR 1 and PFR 2 

(no feed addition) of the three-CR cultivation, respectively, and the black and grey bar the results 

measured at 9 and 12 hours after feed start. The pyruvate concentration decreased in the PFR 1 of the 
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two-CR cultivation as well as in the PFR 1 and PFR 2 of the three-CR cultivation under oxygen limitation. 

Most distinct is the decrease in the two-CR cultivation, where the concentration was reduced by 50%. 

Earlier, Käß et al. (Käß et al. 2013) showed an slight decrease of extracellular pyruvate concentration 

in the PFR module at a residence time of 3 min, too. In contrast, measurements of the extracellular 

pyruvate concentration in the aerated STR compartment showed an accumulation in the two-CR 

cultivation up to 0.1 mM 12.2 hours after feed start. 

The lactate concentration is increasing in the PFR 1 of the two-CR cultivation. The accumulation of 

lactate is most significant in the PFR 1 of the three-CR. The concentration rises from 0.5 mM in the STR 

to 1.8 mM at the fifth port of PFR 1 with an applied residence time of 2 min 12 hours after feed start. 

Käß et al. (Käß et al. 2013) measured an extracellular lactate concentration of 2.3 mM 12 hours after 

feed start (residence time of 3 min) in a two-compartment cultivation.  

The increased residence time for the cells in oxygen limited zones in the three-CR cultivation 

resulted in an increased lactate accumulation already in the earlier sample point where the cell 

concentration is 5 g L-1. These findings can be explained with an up-regulation of the IdhA gene and 

therefore increased expression of lactate dehydrogenase (LDH) under oxygen limitation (Enfors et al. 

2001). In the aerated STR compartment the extracellular lactate concentration is 0.18 mM in the three-

CR and 0.05 mM in the single-, and two-CR 12.2 hours after feed start. Käß et al. (Käß et al. 2013) had 

the same findings in the two-CR cultivation for C. glutamicum DM 1933 (Käß et al. 2013) and DM 

ATCC13032 (Käß et al. 2014). This indicates a re-uptake of extracellular lactate, following the 

conversion to pyruvate in the two-CR. Lactate accumulation is increased due to the prolonged time in 

the non-aerated plug flow modules and cannot be completely consumed in the aerated STR in the 

three-CR experiment. Due to the oxygen limitation, the regeneration of energetic co-factors is 

inhibited and therefore reactions are preferred, which recover these co-factors. Hence, the reaction 

from pyruvate to lactate might be beneficial for the cell since MK or NAD are recovered in this reaction. 

Succinate accumulation is detected in the second sample point at a cell concentration of 10 g L-1 in 

the PFR 1 of the two-CR cultivation. In contrast the succinate concentration in the PFR 1 of the three-

CR cultivation decreases. In the PFR 2 of the three-CR experiment, succinate is accumulated to similar 

amounts as in the PFR 1 module. This indicates that succinate accumulated mainly due to anaerobic 

conditions within the plug flow modules. Käß et al. (Käß et al. 2013) found an increase of extracellular 

succinate concentration in the two-CR cultivation up to 0.5 mM in the last port. In the STR 

compartment of the three-CR succinate was accumulated 2-fold higher compared to the single-CR 

cultivation. 

In the two-, and three-CR cultivation malate is accumulated slightly in PFR 1, whereas malate is 

increased 3-fold in the PFR 2 at the first sample point 9 hours after feed-start. The increase is 

observable within the first seconds under substrate and oxygen depletion in the PFR 2, which might 

indicate a retarded TCA-cycle. The carbon flux in the TCA is reduced at the later time point, so that the 

accumulation of succinate and malate was much less pronounced. Schilling et al. (Schilling et al. 1999) 

found that the enzyme activity of citrate synthetase, and phosphenol pyruvate carboxylase is reduced 

in the scale-down reactor concept, which indicates a decreased turnover rate in the TCA-cycle and the 

carbon flux into the TCA-cycle, respectively. Extracellular malate accumulated two-fold higher in the 

two-CR and 3-fold higher in the three-CR compared to the single-CR experiment. 

Free Amino acid synthesis 
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The extracellular amino acid concentration at 12 hours feed-time in single-, two-, and three-CR 

cultivations with C. glutamicum DM 1800 are shown in table 1. The extracellular amino acid 

concentration of serine was increased under oscillatory conditions, whereas glycine only accumulated 

under conditions in the three-CR system. The total glycine content is increased in the three-CR 

cultivation, too. Alanine is accumulating in both cultivations, but to higher amounts in three-CR 

compared to both other cultivation conditions. The total alanine content is increased under 

oscillations. Glutamate and glutamine accumulate much more in the three-CR cultivation. Threonine 

is only accumulated extracellularly in the three-CR cultivation. Furthermore, aspartate is accumulating 

to the same amount in both scale-down cultivations. Most interestingly, lysine production is reduced 

under oscillatory conditions in the two-, and three-CR, in detail the lysine yield is 0.1 g∙ gDCW
−1  for the 

single-CR, 0.8 g∙ gDCW
−1  for the two-CR and 0.7 g∙ gDCW

−1  for the three-CR cultivation. Schilling et al. 

(Schilling et al. 1999) observed a reduced lysine production of 12% in the scale-down reactor 

cultivation of C. glutamicum DSM 5715 after 53 hours of feeding compared to the reference. However 

the substrate consumption was reduced, too. 

No reduction in the lysine yield in the two-CR set-up compared to the single-CR reference was found 

at C. glutamicum DM 1933 cultivations (Käß et al. 2013). In summary, early synthesized amino acids 

are accumulated in the scale-down cultivations. Several later synthesized amino acids are incorporated 

to a minor portion, which indicates bottlenecks of the conversion of the corresponding amino acids. 

Cell size and viability 

The cell size and granularity distribution of C. glutamicum DM 1800 population in scale-down 

cultivations as shown in figure 7 did not indicate any shift during the experiment. The cell size differed 

only marginal, whereas the results of cultivations in different reactor types (single-, two-, and three-

CR) were similar.  

Propodium iodide (PI) staining was applied for the investigation of viability of the cell population. 

PI is widely used as an indicator for the cellular membrane integrity, as the dye is not detected in a cell 

with an intact cell membrane. Results of PI staining at homogeneous and inhomogeneous conditions 

obtained in scale-down cultivations are shown in figure 8. In general, the percentage of PI stained cells 

remained beneath 1.5%. The viability of the cells was not affected by the applied oscillations. These 

findings prove the general robustness of C. glutamicum to oscillations although the synthesis of several 

metabolites is altered as described in the previous sections. 

Bis-(1,3-dibutylbarbituric acid) trimethine oxonol (BOX) staining is used to evaluate the membrane 

potential. BOX enters the cell in unpolar regions, therefore a higher membrane potential decreases 

the percentage of stained cells. In the scale-down as well as in the reference cultivation, the percentage 

of BOX- stained cells decreased from the onset of feed start (figure 9). The percentage of BOX-stained 

cells remained similar throughout the cultivation in a single-, and two-CR cultivation. In a three-CR 

cultivation, a decreased number of BOX-stained cells was detected compared to the two-, and single-

CR cultivation.  

RESPONSES TO HETEROGENEITIES OF OTHER MICROBIOLS 

Gradients of dissolved oxygen were among the first parameters considered for scale-down 

experiments (Oosterhuis and Kossen 1984). Gluconobacter oxidans ATCC 621H was cultivated in two 

equal stirred tank reactors (STR-STR), in which the DO control was set to 30% of saturation in one 
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vessel. In the other one, dissolved oxygen was nearly depleted. The gluconic acid production rate was 

four times lower compared to experiments when the concentration of DO was maintained at 30.0 % 

at both reactors. Oosterhuis et al. (Oosterhuis et al. 1985) concluded that the application of oscillating 

gas compositions is a less suitable method to scale-down a gluconic acid cultivation compared to a 

circulation of cells between two cultivation vessels, which are sparged with different rates. It was found 

that time intervals of at least 180 s, in which the cells are exposed to oxygen depletion, are required 

to determine a reduction of the specific oxygen uptake rate of G. oxidans. The utilization of pure 

oxygen was found to be critical during a scale-down experiment, because the occurrence of peak 

oxygen concentrations above 0.6 mmol L-1 resulted in a decreased gluconic acid production and finally 

cessation of growth. A Monte Carlo method approach was applied in order to simulate fluctuations of 

the aeration and feeding. A higher biomass yield compared to continuous feeding or periodic cycling 

(STR-PFR) was achieved with this approach in S. cerevisiae cultivations (Namdev et al. 1991). Similar 

fluctuations of the supply of dissolved oxygen led to a prolonged growth phase in a cultivation of a 

recombinant E. coli strain (Namdev et al. 1993). 

Among the earliest applications of STR-PFR scale-down reactors were investigations of S. cerevisiae 

cultivations (George et al. 1993; Namdev et al. 1993). The volume of the PFR was 10 % of the total 

volume and therefore equal to the volumetric part of the feeding zone at large scale reactors, 

estimated by CFD simulations of a 30.0 m3 STR fed-batch cultivation (George et al. 1998). These 

cultivations exhibited a biomass yield reduction of 6 %, but also an increase of product selectivity under 

inhomogeneic conditions. E.coli K12 W3110 cultivations where characterized by an increase of glucose 

consumption and acetic acid formation as response to the exposure to repeated short-term glucose 

excess in combination with oxygen depletion (Neubauer et al. 1995a; Neubauer et al. 1995b). The 

biomass yield decreased by approx. 20 %. Acetic acid formation, as it occurred in the anaerobic PFR 

module, is assumed to be a metabolic response to oxygen limitation, which finally results in metabolic 

overflow due to a reduction of the conversion rates in the TCR cycle (Enfors et al. 2001; Soini et al. 

2008a). Formic acid accumulates significantly in the culture broth as the most preferred short cut of 

the cell to convert carbon to a stable and excretable metabolite. Acetic and formic acid are re-

assimilated at oxygen sufficient conditions in the STR part – at least partially. Addition of the trace 

elements selenium, nickel and molybdenum, necessary for the function of formate hydrogen lyase 

(FHL), prevents the accumulation of formic acid, norvaline and norleucine (Biermann et al. 2013; Soini 

et al. 2008b). The investigation of the stress response of E.coli K12 W3110 revealed that different 

mRNA levels increased significantly after entering a high-glucose and low-oxygen zone in the PFR part 

(Schweder et al. 1999a). The mRNA level of pfl, the oxygen starvation induced pyruvate formate lyase, 

increased up to threefold within 42 seconds. The mRNA level of the oxygen sensitive gene ackA 

revealed a similar increase after 27 seconds. Multi-parameter flow cytometric analysis revealed that 

E. coli cells show a higher viability at oscillating conditions (Enfors et al. 2001). These results confirm 

findings from large scale multi-parameter flow cytometric analysis reported by Hewitt et al. (Hewitt et 

al. 2000).  

A different approach to investigate variations in the environment on the production of recombinant 

protein by E. coli was performed by Jazini and Herwig (Jazini and Herwig 2011). Post-induction 

oscillatory feeding led to a higher yield of protein per substrate (0.027 C-mol C-mol-1) and higher 

activity per protein (0.79 U mg-1) when compared to a constant feeding rate (0.011 C-mol C-mol-1 and 

0.11 U mg-1). However, the impact of oscillatory conditions on the recombinant protein production 

varied depending on the strain and target protein. Sandoval-Basurto et al. (Sandoval-Basurto et al. 

2005) showed that the productivity is reduced substantially in E. coli W3110 cultivations. Bylund et al. 
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(Bylund et al. 2000) found that oscillations can result in a higher product yield of recombinant protein. 

A ratio of 0.5 and 16 (v/v) between aerobic and anaerobic zones were applied in this study. Research 

was also focused on the intracellular accumulation of branched-chain amino acids in E. coli. Norvaline, 

norleucine, and -methylnorleucine (βMNL) can accumulate and are secreted under certain cultivation 

conditions, especially during cultivation in mineral salt media. Several articles have been published in 

recent years, e.g. describing the incorporation of βMNL in a recombinant hirudine (Muramatsu et al. 

2003; Muramatsu et al. 2002), norleucine in recombinant human brain derived neurotrophic factor 

(Sunasara et al. 1999) and interleukin 2 (Lu et al. 1988; Tsai et al. 1988), and norvaline in recombinant 

hemoglobin (Apostol et al. 1997). Since the production of heterologous proteins is often desired, 

additional stress is imposed on microorganisms while foreign proteins are expressed in a host (Borth 

et al. 1998). It was found that the detrimental effect of AP50 production on the cell was reduced in 

recombinant E. coli by the effect of heterogeneities. This can be related to the induced stress 

responses, which drive the cells into a dormant state (Hewitt and Nienow 2007). It has also been 

revealed that rapid glucose oscillations favour the plasmid stability and recombinant protein 

production rate (Lin and Neubauer 2000). Thus, the stress imposed on the cells can also support the 

protein production process. Therefore, a case-sensitive observation of scale-up effects is necessary. 

Accumulation of short chain fatty acids can lead to an acidification of the surrounding. This could 

enforce the cells to spend energy on maintaining the intracellular pH (Onyeaka et al. 2003). In a study 

in a scale-down reactor, a changing pH-value was shown to induce changes in the metabolism of B. 

subtilis, probably linked to the activity of metabolic enzymes (Amanullah et al. 2003). 

In addition to the stress responses to high substrate concentrations or temperatures, cells also react 

to low substrate or oxygen concentrations. Low oxygen concentrations in combination with a 

concomitant high substrate concentration force the cell to switch to different metabolic pathways. The 

conditions lead to an induction of fermentative pathways and byproduct synthesis. It was shown for 

E. coli in large scale fermentations (Lara et al. 2009) as well as in small scale experiments (Xu et al. 

1999a; Xu et al. 1999b). In B. subtilis cultures, the growth rate is reduced and byproduct concentrations 

increase when DO oscillations are present (Amanullah et al. 2003; Junne et al. 2011). Similar results 

were obtained in S. cerevisiae cultivations (Abel et al. 1994).  

Besides the oxygen starvation, the response to carbon source starvation is essential. One of the 

main reactions of a cell exposed to glucose starvation is the increased synthesis of guanosine 

tetraphosphate (ppGpp), an alarmone that induces the ‘stringent control’. In a study using a scale-

down reactor, an increase of the intracellular ppGpp concentration was observed in response to short-

time glucose starvation (Neubauer et al. 1995a). The expression of signaling molecules like ppGpp 

involve the expression of stress proteins. In consequence, the DNA replication is inhibited, the rRNA 

synthesis is decreased and the protein production is diminished. Furthermore, the glycolytic activity, 

DNA metabolism and the synthesis of structural components is reduced (Hewitt and Nienow 2007). 

Hence the response of the cells to glucose starvation is a survival strategy, as the cells save energy by 

entering a dormant status, in which less proteins are expressed (Andersson et al. 1996; Teich et al. 

1999). As a consequence, the product formation is reduced. While lactate production under anaerobic 

conditions was observed at C. glutamicum cultivations as a response to oxygen depletion, no indication 

for a starvation response was noticed. In this case, C. glutamicum seems to be robust against short-

term substrate depletion.  

CONCLUSION 
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C. glutamicum is an organism widely used in large scale bioprocesses. Therefore, the response to 

an oscillating environment is of high interest. Scale-down studies should be performed for the 

systematic investigation of strain performance and productivity, but already in the screening stage. 

Thereby conditions, which are relevant in the industrial scale, can be considered in order to identify 

their sensitivity on the cellular response mechanisms. Automated parallel bioreactor systems, in which 

a screening for crucial cultivation conditions is performed, can be combined not only with strain 

selection and optimization, but multi-compartment scale-down approaches. The consideration of cell-

wide physiological and morphological responses to oscillating conditions, including novel tools for on 

line measurements of higher resolution (Delvigne and Goffin 2014) provides data that allow the 

integration of systems biology approaches into bioprocess scale up. The combination of scale-down 

cultivations and microfluidic devices will allow the identification and separation of more robust cells 

(Grunberger et al. 2014) and a general evaluation of the population heterogeneity caused by 

oscillations. 

C. glutamicum indicated a comparably high robustness against oscillating conditions, which might 

be one reason for the quite successful industrial application. However, large scale effects should be 

considered as early as possible during strain development in order to ensure a successful application 

as production strain. This relies not only on single product synthesis features, but includes the way the 

organisms react to an oscillating environment.  

Finally, the collection and consideration of data from computational fluid dynamics and higher 

resolved (multi-position) monitoring in industrial bioreactors will allow a case-wise adjustment of 

gradients in scale-down systems. Since conditions vary a lot among production sites due to different 

reactor and stirrer geometries as well as feed line positions, which are barely considered yet, a further 

improve of the specific simulation of the large scale in the lab scale becomes feasible. 
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Figure 1.  

 

Distribution of substrate and dissolved oxygen (DO) in large scale bioprocesses and scale-down 
reactors for the investigation of responses caused by these inhomogeneities. Distribution of substrate 
and dissolved oxygen (DO) when fed from the top (A) or from the bottom (B).  

 

Figure 2. 

 

Two-compartment scale-down reactor concepts, comprising of two stirred-tank reactors (A) or one 
stirred-tank and one plug-flow reactor (B). Three-compartment reactor concept comprising of one 
stirred-tank and two plug-flow reactors (C). 
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Figure 3. 

 
 

Consistent process development including the application of micro-bioreactor systems coupled to 
automated liquid handling platforms and suitable scale-down conditions, which differ depending on 
the cultivation vessel size and degree of parallelization. The final scale-down concept will be set up 
based on the data gained about sensitive parameters and crucial conditions in parallel and automated 
cultivation experiments. 

 

Figure 4. 

 

 
Overview of analytical methods, which have been applied to observe the response of cells to 
oscillating environmental conditions in scale-down cultivations.  
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Figure 5. 

 

 

Main carbon metabolism and extracellular metabolite concentrations of a single-CR cultivation (black 
bar), a two-CR cultivation (grey bar) and a three-CR cultivation (white bar) of C. glutamicum DM 1800. 
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Figure 6. 

 

Metabolite concentration of the cell suspension measured in the PFR in scale-down experiments with 
C. glutamicum DM 1800 in two sampling times: samples taken 9 hours after feed start are shown with 
black bars, samples taken after 12 hours after feed start are shown with grey bars. Part A shows the 
PFR1 (with feed addition at the entrance of the PFR and without oxygen supply) of the two-CR 
cultivation, part B shows the PFR1 of the three-CR cultivation and part C shows the PFR2 (without 
substrate and oxygen supply) of the three-CR cultivation. 
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Figure 7. 

 

Comparison of unstained samples, taken from the STR compartment, in single-, two-, and three-CR 
cultivations of C. glutamicum DM 1800. Part A shows results after 14 hours of the batch-phase, part B 
shows results after 18 hours of the batch-phase (right before feed start), part C shows results after 4 
hours, part D after 8 hours and part E after 12 hours of feeding.  
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Figure 8 

 

Comparison of samples taken from the STR compartment, stained by PI in single-, two-, and three-CR 
cultivations of C. glutamicum DM 1800. Part A shows results after 14 hours of the batch-phase, part B 
shows results after 18 hours  of the batch-phase (right before feed start), part C shows results after 4 
hours, part D after 8 hours and part E after 12 hours of feeding. 

Figure 9. 

 

 Comparison of samples, taken from the STR compartment, stained by BOX in single-, two-, and three-
CR cultivations of C. glutamicum DM 1800. Part A shows results after 14 hours of the batch-phase, part 
B shows results after 18 hours of the batch-phase (right before feed start), part C shows results after 
4 hours, part D after 8 hours and part E after 12 hours of feeding. 
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Table 1: Intracellular free and total amino acid concentration in C. glutamicum DM 1800 single-CR 
(homogeneous conditions), two-CR and three-CR fed-batch cultivations (both heterogenous 
conditions).  

 Single-CR Two-CR Three-CR 

 
free 

amino acid 

total 
amino 
acid 

free 
amino 
acid 

total 
amino 
acid 

free 
amino 
acid 

total 
amino 
acid 

Ala 0.018 0.214 0.016 0.228 0.025 0.345 

Asp 0.013 0.137 0.012 0.135 0.012 0.091 

Cys n.d. 0.002 n.d. 0.003 n.d. 0.003 

Glu 0.575 1.023 0.457 1.141 0.459 1.335 

Gln 0.034 n.d. 0.030 n.d. 0.033 n.d. 

Gly 0.023 0.101 0.020 0.132 0.089 0.113 

Hom n.d. 0.008 n.d. 0.008 n.d. 0.011 

Iso n.d. 0.053 n.d. 0.048 n.d. 0.051 

Leu n.d. 0.112 n.d. 0.115 n.d. 0.079 

Lys n.d. 1.974 n.d. 1.682 n.d. 1.617 

Phe n.d. 0.039 n.d. 0.043 n.d. 0.025 

Pro n.m. 0.038 n.m. 0.036 n.m. 0.042 

Ser 0.009 0.078 0.008 0.075 0.009 0.08 

Thr n.m. 0.107 n.m. 0.107 n.m. 0.093 

Val n.m. 0.081 n.m. 0.084 n.m. 0.094 

n.m.: not measured compounds; n.d.: not detected compounds 
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Abstract 

Substrate and oxygen gradients appear in industrial scale fed-batch processes due to limitations in the 

achievable power input and concomitantly increased mixing times. In order to mimic these gradients 

in lab-scale, scale-down reactors are applied. Previous studies in such reactor systems suggest that 

Corynebacterium glutamicum is robust against oscillatory oxygen and substrate availability in relation 

to growth and side product accumulation. Usually, defined mineral salt media are applied contrary to 

the industrial case, in which complex media containing different carbon sources are used. Therefore, 

this study investigates the cultivation performance using complex medium based on sucrose, molasses 

and corn steep liquor in a three compartment scale-down reactor. It consists of a stirred tank and two 

plug flow reactor modules. This approach is applied based on assumptions of gradient distributions in 

bottom-fed bioreactors. A drastic reduction of growth and volumetric product yield of a cadaverine 

producing strain was observed while several short chain fatty  acids accumulated, among them L-

lactate and acetate. Growth depleted after several hours of cultivation, while the substrate uptake rate 

was reduced by 20%. Hence, the concentration of the main carbon source sucrose accumulated after 

10 hours of fed-batch cultivation. Despite growth cessation, neither a reduction of cell vitality nor 

increased cell lysis were observable.  
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1 Introduction 

Although progress has been made in the field of parallel automated bioprocess development, which 

includes several on, at and off line analyses and model-based strategies to identify the best strain and 

cultivation conditions, scale-up of a bioprocess still remains a challenge. The process characteristics 

often cannot be maintained throughout the enlargement of scales due to changed environmental 

conditions. One of the phenomena related to large scale nutrient-limited fed-batch processes is 

insufficient mixing, and thus the formation of gradients in the liquid phase. Among the first reports of 

this issue, Oosterhuis and Kossen described the impact on different engineering parameters like the 

power input , the oxygen transfer with a two-compartment model (Oosterhuis and Kossen 1983) and 

a five-compartment model (Oosterhuis 1984) in relation to scale-up. The latter study indicated that 

the oxygen transfer rate differs greatly in various zones. Liquid circulation and mixing time were 

determined with a radio pill in a 19 m³ scale fermenter (Vanbarneveld, Smit et al. 1987; Vanbarneveld, 

Smit et al. 1987). These studies provided first data for scale-down approaches, in which these gradients 

were mimicked at lab scale. From the beginning on, either a combination of stirred tank reactors or a 

combination of stirred tank and a plug flow reactor was applied for such investigations. The first 

approach is beneficial in terms of scalability and parallelization, while the latter concept allows 

observing the time-dependent reaction of cells when exposed to a certain zone. Subject to 

examination is usually the response of the cells to substrate excess (as it appears near the feed zone) 

and strong starvation far away from it. Generally, oxygen availability develops contrary to substrate 

concentration, if this substrate is the growth-limiting component in aerobic cultivations (George, 

Larsson et al. 1993). An overview of research using scale-down reactors can be found in literature 

reviews (Enfors, Jahic et al. 2001; Neubauer and Junne 2010; Takors 2012). 

Several scale-down approaches have been applied to Corynebacterium glutamicum cultures. 

Schilling et al. published the first scale-down study of C. glutamicum in 1999 using a 42 L stirred tank 

reactor equipped with five cylindrical disks for a 13 fold increased mixing time (Schilling, Pfefferle et 

al. 1999). Leucine was fed as limiting substrate to a lysine-producing culture. Growth, sugar 

consumption and L-lysine production was decreased at elevated mixing times. Furthermore, enzyme 

activities of aspartate kinase, citrate synthase, and phosphoenolpyruvate carboxylase were lower 

under these conditions (Schilling, Pfefferle et al. 1999). Käß and co-authors (Käß, Hariskos et al. 2013; 

Käß, Junne et al. 2014) performed various scale-down experiments in a two-compartment reactor 

system consisting of an aerated stirred tank reactor (STR) and a non-aerated plug flow reactor (PFR) 

module. It was found that C. glutamicum shows robustness against oscillations, while L-lactate 

accumulates up to 2 mmolL-1 under oxygen depletion in the PFR compartment (Käß, Junne et al. 2014). 

L-lactate is partly consumed thereafter in the STR compartment. Effects are increased when a Three-

compartment cultivation was applied, in which not only a feed zone, but a zone characterized by 

substrate depletion and parallel oxygen limitation was applied (Lemoine, Martίnez-Iturralde et al. 

2015). The reactor set up was mimicked based on an industrial case. There, L-lactate and succinate 

accumulation, reduction of L-lysine synthesis and changed amino acid concentrations were measured. 

However, profound changes in vitality and viability were not detected. In another approach, gradients 

were achieved in the mL scale in plate cultivations (Käß, Prasad et al. 2014). The oxygen-dependency 

of cellular turnover rates was investigated on the microplate-based cultivation system BioLector®. The 

threshold value of oxygen transfer of 14 mmolL-1h-1 was identified for affecting the strains’ 

productivity. Based on this knowledge, scale-down cultivations can be set accordingly. 
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Beside the variations of substrate and oxygen availability, impacts of altered CO2 concentrations in the 

liquid phase were investigated in a Three-compartment cascade bioreactor (Buchholz, Graf et al. 

2014). Pressure gradients of pCO2 of 75-315 mbar were applied. Growth performance was barely 

altered under these scale-down conditions. However, up to 66 transcripts of genes were either up- or 

down-regulated in dependence of the pressure gradient and residence time.  

Many of the various scale-down experiments are performed with mineral salt media, as this usually 

supports reproducibility, comparability and makes analysis easier. However, one major disadvantage 

of this established procedure is the lack of relevance for the industrial case, as these processes are 

conducted with complex media due to costs and operational issues. It is very likely that a broader range 

of carbohydrate substrates as they are present in many complex media, an altered availability of amino 

acids and other nutrient sources might have an impact on the cell behavior under oscillating cultivation 

conditions.  

This study aims to investigate the response to cyclic perturbations of a C. glutamicum strain, which 

produces cadaverine (1,5-diaminopentane) from precursor L-lysine, which is a biopolymer building 

block. Compounds like biopolymers can only be produced in large scale to achieve profitability. Any 

loss in yield and productivity due to scale-up issues has a great impact on the economic feasibility of 

such processes. Effects of environmental perturbations are investigated in a Three-compartment scale-

down bioreactor as previously published (Lemoine, Martίnez-Iturralde et al. 2015). Two non-aerated 

PFR modules are connected to a STR. The feed is added to one of the PFR modules, in which a zone of 

high substrate availability is mimicked. In the second PFR module without substrate addition, a zone 

far away from the feed addition is simulated. In order to achieve cultivation conditions similar as in 

industrial applications, complex media is used this time.  

 

2 Materials and Methods 

2.1 Strain and cultivation conditions 

The strain used in this study is the cadaverine producing C. glutamicum DM1945∆act3:Ptuf-ldcCOPT 

which is a derivative of lysine producing strain C. glutamicum DM1945 (pycP458S homV59A lysCT311I 2x lysC 

2x lysE 2x (asd, dapA, dapB, ddh, lysA)) and has been kindly provided by Prof. Michael Bott from 

Institute of Bio- and Geosciences – IBG-1: Biotechnology. C. glutamicum DM1945 is identical to C. 

glutamicum DM1933 (Blombach, Hans et al. 2009) with the exception that pck is not deleted in strain 

DM1945. The construction of deletion mutants was done by allelic exchange (Schäfer, Tauch et al. 

1994). For the deletion of act3 (cg1722), encoding a diaminopentane acetyltransferase (Kind, Jeong et 

al. 2010) in the DM1945 background flanking regions of act3 were amplified with primers ∆act3_A_fw 

5’-CTGCAGTTCTGTTTCTCCTACGGCTGCTC-3’ and ∆act3_A_rv 

5’-GGAATGGAGTATGGAAGTTGGAGGATGGAGAGCTCAAACGATGTC-3’ for the flanking region upstream 

and ∆act3_B_fw 5’-CCAACTTCCATACTCCATTCCTGGGACTCATGGGTCAGATGTG-3’ and ∆act3_B_rv 

5’-GGATCCAACTCTGGCATCCACCAACAATCAC-3’ for the downstream region. Both regions were fused 

by overlap extension PCR using primers ∆act3_A_fw and ∆act3_B_rv. The resulting PCR product and 

vector pK19mobsacB (Schäfer, Tauch et al. 1994) were digested with BamHI and PstI and ligated. The 

successful deletion was confirmed by colony PCR using primers ∆act3_test_fw 

5’-GCCAAGGGCAATAAGC-3’ and ∆act3_test_rv 5’-ACCTCGCTTCTGCACTC-3’.  
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The codon optimized ldcC, encoding a lysine decarboxylase from Escherichia coli, was integrated into 

the genome under control of Ptuf (covering the first 180 bp upstream of the translational start site of 

tuf). For information about the codon optimized gene refer to (Kind, Jeong et al. 2010). The Ptuf-ldcCOPT 

fragment was obtained by gene synthesis (Geneart, Regensburg). For the genomic insertion the Ptuf-

ldcCOPT fragment was amplified with primer pair Ptuf-ldcC-XhoI-fw 

5’-TATACTCGAGTCCACAGGGTAGCTGGTAG-3’ and Ptuf-ldcC-EcoRI-rv 

5’-TATAGAATTCTTAGCCTGCCATCTTAAGG-3’ and cloned into the plasmid pK18mobsacB-Ptuf-

leuA_B018 (Vogt, Haas et al. 2014) through the restriction sites XhoI and EcoRI. The fragment was then 

inserted into the intergenic region between cg1121 and cg1122 and the insertion was confirmed via 

colony PCR using the primers cg1121in_fw 5’-CGGCCTCGGAATGATCTTG-3’ and cg1121in_rv 

5’-AAGAGGCCCGCATCAAG-3’. The insertion replaced the duplicated synthetic lysOP7 operon (dapA-

dapB-asd-lysA-ddh) that had originally been inserted in this gene region (Blombach, Hans et al. 2009). 

2.2 Media 

All chemicals were purchased from either Carl Roth GmbH, Karlsruhe, Germany, or Sigma Aldrich 

Chemie GmbH, Munich, Germany, if not otherwise stated. The modified LB medium for initial pre-

cultivation consists of 10 gL−1 bacto-peptone (Merck Fermtech GmbH, Darmstadt, Germany), 5 gL−1 

meat extract (Serva GmbH, Heidelberg, Germany), 5 g L−1  yeast extract (Ohly GmbH, Hamburg, 

Germany), 2.5 gL−1 NaCl, 2 gL−1 urea, 16 gL−1 sucrose and 16 gL−1  beet molasses (Assmannmühlen 

GmbH, Ebergassing, Austria). 

The complex cultivation medium consists of 35 mLL−1 corn steep liquor, 36 gL−1 (NH4)2SO4, 5 gL−1 

urea, 0.27 gL−1  MgSO4 × 7 H2O, 0.25 gL−1  KH2PO4, 0.225 gL−1  H3PO4, 4 gL−1  sucrose, 4 gL−1  beet 

molasses, 7 mLL−1 vitamin solution (0.3 gL−1 biotin, 0.5 gL−1 thiamine HCl, 2 gL−1 pantothenic acid 

Ca-salt and 0.6 gL−1 nicotinamide) and 0.55 mLL−1 FeSO4 citrate solution (20 gL−1 FeSO4 7 H2O and 20 

gL−1 citrate H2O). 

2.3 Procedure of pre-cultivation 

50 mL of pre-pre-culture inoculated with 200 µL of glycerol cryoculture were incubated for 4 hours at 

30 °C and 200 rpm on a rotary shaker. 200 µL of antifoam 204 (Sigma Aldrich Chemie GmbH, Munich, 

Germany) was added to each culture. Subsequently, 15 mL of this culture were mixed with 85 mL of 

complex media containing 16 gL−1  sucrose and 16 gL−1  beet molasses (Assmannmühlen GmbH, 

Ebergassing, Austria). These shake flask cultures were incubated for 20 hours at 30 °C and 200 rpm. 

250 mL of complex media for bioreactor cultivations containing 4 gL−1  sucrose and 4 gL−1  beet 

molasses were mixed with a defined volume of the pre-culture 5 hours prior to reactor inoculation and 

cultivated further under same conditions as described before. The initial cell concentration was 0.01 

gL−1.  

2.4 Bioreactor cultivation 

A 15 L Infors Techfors-S stirred tank bioreactor (Infors AG, Switzerland) equipped with three Rushton 

turbines was used. The Three-CR consisted of two plug flow reactor (PFR) modules connected to the 

stirred tank reactor (STR). The residence time in the PFR modules was set to 120 sec. Five sample points 

along the PFR modules were used at the following mean residence times of: 35 sec, 51 sec, 64 sec, 82 

sec, and 95 sec, respectively. The set-up of the Three-CR has been previously described in (Lemoine, 

Martίnez-Iturralde et al. 2015). 
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4 gL−1 sucrose and 4 gL−1 beet molasses and all other compounds as described in section 2.2 was used 

for the initial batch cultivation, which was inoculated with 5% (v/v) of pre-culture.  

After substrate depletion, addition of the feed solution was started. The feed solution consisted of 70 

gL−1  molasses, 250 gL−1   sucrose, 40 gL−1  (NH4)2SO4 and 0.4 mLL−1  vitamin solution. The feed 

solution was added to the top gas phase, above the liquid level of the bioreactor for the single 

compartment cultivation. For the scale-down cultivations, the feed was connected to the inlet tube of 

the corresponding PFR module. An exponential feed profile was applied, of which the actual feed rate 

was calculated as follows  

F(t) = 0.0017 × VL × e0.2×t  [Lh-1].  

The flow rate in the PFR modules was set to dV/dt= 1.3 Lmin−1. The pH-value was controlled at pH = 

7.0 by addition of 25% (v/v) NH4OH and 25% (v/v) HNO3 to the STR. The temperature was set to 30 

°C, the aeration rate to 0.5 vvm and the stirrer speed to 600 rpm. When an optical density of OD600 = 

6 was reached, the stirrer speed was changed to 800 rpm. If the dissolved oxygen tension (DO) 

decreased below 20%, the stirrer speed was increased to 1,000 rpm. 

Bioreactor cultivations were performed in biological duplicates. 

2.3 Analysis 

Cell growth was monitored with spectrophotometer measurements at a wavelength of 600 nm 

(Novaspec III by Amersham Biosciences, Amersham, UK). For dry cell weight determination, 2 mL of 

cell suspension were pipetted into a dried and weighted 2 mL Eppendorf tube. The cells were 

centrifuged for 10 min at 21,500 × g. The supernatant was discarded and cells were washed with 1 mL 

of 0.9% (v/v) NaCl solution. After a repeated step of centrifugation, the tube containing the washed 

cells was dried at 75 °C for 24 hours.  

Samples for the detection of substrates and extracellular metabolite were filtered through a 

membrane filter with a pore size of 0.8 µm (Carl Roth, Karlsruhe, Germany) directly at the sampling 

port of the bioreactor. The supernatant was transferred to 1.5 mL tubes and immediately stored at -

80 °C.  

For the analysis of intracellular main carbon metabolites, organic acids, and nucleotides, 4 mL of cell 

suspension were sucked into a syringe containing 1 mL of pre-cooled HClO4 and 0.5 gL−1 butanol as 

an internal standard. The further treatment follows the description in (Lemoine, Martίnez-Iturralde et 

al. 2015). 

Quantification of carbohydrates 

Quantification of carbohydrates was performed with an enzymatic test set (r-biopharm GmbH, Cat. Nr. 

10716260035, Darmstadt, Germany) according to the supplier’s protocol. NADH concentration was 

determined via measurement at 340 nm.  

Quantification of metabolites 

Quantification of free amino acids was performed with a C18 Gemini® column (5 µ, 100 Å, 150 × 4.6 

mm) and a SecurityGuard™ precolumn (both columns supplied by Phenomenex®, Aschaffenburg, 
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Germany) using ortho-phthaldialdehyde pre-column derivatization as described previously (Lemoine, 

Martίnez-Iturralde et al. 2015). 

Organic acids were quantified with an Agilent 1200 system (Waldbronn, Germany) equipped with a 

refractive index detector and a HyperRezTM XP Carbohydrate H+ column (300 ×7.7 mm, 8 µm) (Fisher 

Scientific, Schwerte, Germany) using 0.1 molL-1 H2SO4 at a flow rate of 0.5 mLmin-1 and a temperature 

of 15 °C.  

Nucleotides were quantified using an Agilent 1200 HPLC system equipped with a diode-array detector, 

a SupelcosilTM LC-18T column (150 mm × 4.6 mm I.D., 3µm particle size) equipped with a guard column 

cartridge (particle size of 5 µm) (Supelco, Bellefonte, PA). Chromatographic conditions are described 

in (Ryll and Wagner 1991), whereas the flow rate was set to 1.0 mLmin−1 . The energy charge (EC) was 

calculated as follows:  

𝐸𝐶 =
[𝐴𝑇𝑃]+

1

2
[𝐴𝐷𝑃]

[𝐴𝑇𝑃]+[𝐴𝐷𝑃]+[𝐴𝑀𝑃]
 (Atkinson and Walton 1967). 

Analysis of protein concentration 

Samples for proteome analysis were processed as described by Voges et al.(Voges and Noack 2012). 

The required biomass was harvested by centrifugation (10 min, 4 C˚, 21,500 × g) and immediately 

frozen and stored at -20 C˚. After mechanical cell disruption, 15N labeled internal standard was added 

to the cell extract and tryptically digested. Tryptic samples were analysed by LC-MS/MS using an 

Infinity 1260 HPLC system (Agilent, Waldbronn, Germany) hyphenated to a Q-ToF 6600 mass 

spectrometer (AB Sciex, Darmstadt, Germany). Data analysis and peak integration was carried out 

using the software package PeakView® (AB Sciex, Darmstadt, Germany) while protein identification and 

quantitation was performed with the software ProteinPilot™ (AB Sciex, Darmstadt, Germany). Relative 

quantification of protein levels was performed from two biological replicate cultivations with three 

technical replicate samples per time point. For comparability reasons, samples from reference and 

scale-down cultivation experiments were taken at equivalent sampling time points. The samples were 

taken from the STR module. The resulting fold change values of protein levels between reference and 

scale-down cultivation were finally calculated and corresponding statistical analysis was performed via 

MarkerView™ (AB Sciex, Darmstadt, Germany). 

 

3 Results and Discussion 

In this study, scale-down experiments with complex medium performed in a Three-CR are compared 

to Single-CR cultivations in a typical lab-scale STR. The Three-CR consisted of an aerated STR connected 

to two non-aerated plug flow reactors (PFRs). Feed is introduced at one PFR, denoted as PFR-F, which 

simulates the feeding zone. A second PFR with no feed addition, denoted as PFR-S, was applied to 

simulate a zone in the top part of the liquid phase far away from the feed zone. The mean residence 

times in each of the PFR modules were set to 120 sec. For more information about the reactor settings 

see (Lemoine, Martίnez-Iturralde et al. 2015). 

Cultivation characteristics 
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The growth profile showed a distinct difference between the Single-CR cultivation and the scale-down 

cultivation in the Three-CR reactor. Within the first hours, the growth rate was similar, but suddenly 

growth ceased after 10 hours of feeding in the Three-CR cultivation (fig. 1A).  

The growth rate (µ) was increasing in the first hours of cultivation. At 4 hours after feed start, a growth 

rate of µ=0.13 h−1 was achieved and remained constant for the Single-CR cultivation, while it started 

to decrease in the Three-CR cultivation 8 hours after feed start. Thereafter, carbohydrates 

accumulated under inhomogeneous conditions; 65% (w/w) of sucrose was consumed between 11 and 

13 hours after feed start. The consumption decreased further when the growth rate was µ =0 h−1, to 

50% (w/w) between hour 13 and 15, so that final concentrations of sucrose rose to 9 gL−1, glucose to 

0.2 gL−1, and fructose to 0.1 gL−1 respectively (fig. 1B, data of fructose concentration not shown).  

The substrate uptake of sucrose (𝑞𝑆) was increasing until hour 9 of the feeding phase at both cultivation 

conditions, from 0.2 to 0.5 gg−1h−1. At hour 14 after feed start, 𝑞𝑆 was 0.7 gg−1h−1 in the Single-CR 

cultivations and 0.56 gg−1h−1 in the Three-CR cultivations. In contrast, sucrose, glucose and fructose 

concentration remained below 0.05 gL−1 in the Single-CR cultivations. The cessation of growth was 

also seen at the oxygen consumption. The dissolved oxygen concentration (DO) had decreased during 

the cultivation time in parallel to the increased cell number (fig. 2). 

The DO was depleted 2 hours earlier (6 hours after feed start) in the PFR-F with feed addition compared 

to the PFR-S without feed addition. In general, oxygen limiting conditions were achieved at the top 

part of both PFR modules throughout the fed-batch phase. After 10 hours of feeding in the Three-CR 

cultivation, the DO value started to increase in the STR. Subsequently, the DO was rising in both PFR 

modules after 12 hours. The specific oxygen uptake rate (qO2) rose in the Single-CR cultivation 

throughout the observation period, whereas qO2 was reduced from 8 hours on after feed start under 

inhomogeneous conditions (fig. 3). The specific production of carbon dioxide (qCO2) was increased in 

the Three-CR cultivation between hour 5 and 10. A decline thereafter was observed in the Three-CR 

after 8 hours of feeding. The decline in qO2 and qCO2 is firstly occurring in the same quantity, as seen 

at the respiratory quotient (RQ), which remains unchanged between 8 and 13 hours of feeding. 

Thereafter, a sharp drop in the RQ rather indicates that cells entered a kind of maintenance state. 

This drastic changes in growth behavior and respiratory activity have not been reported for any scale-

down studies with C. glutamicum using mineral salt media, even when similar reactor set-ups have 

been applied (Käß, Hariskos et al. 2013; Käß, Junne et al. 2014; Lemoine, Martίnez-Iturralde et al. 

2015). Only the work reported by Schilling et al. described a reduction in biomass production and 

carbohydrate consumption at inhomogeneous conditions applying complex media compounds 

(Schilling, Pfefferle et al. 1999). 

Amino acid concentrations 

In the initial batch phase, the main product cadaverine was accumulated up to 10 mmolL−1 prior to 

the feed phase (fig. 4C). The complex medium contained already several amino acids, like glutamate, 

serine, alanine, aspartate and glycine, which were barely consumed in the batch phase and did not 

change their concentrations profoundly during the fed-batch phase (data not shown). L-lysine, which 

is the precursor for the main product cadaverine, was accumulated in the scale-down cultivation up to 

2.5 mmolL−1, whereas the volumetric cadaverine production was diminished about 50% 15 hours 

after feed start in the Three-CR cultivation (fig. 4B and 4C). As the specific cadaverine production 

remains the same, L-lysine accumulation is not caused by a reduced product synthesis. Beside L-lysine, 
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the only amino acid, which is accumulated under inhomogeneous conditions, is alanine. The increase 

in alanine concentration under oxygen deprivation conditions has been reported previously 

(Dominguez, Nezondet et al. 1993; Jojima, Fujii et al. 2010). In own studies with a L-lysine 

overproducing strain using mineral salt media, an accumulation of early amino acids like alanine, 

glycine and serine, as well as glutamate, glutamine and threonine was detected in the Three-CR 

cultivation (Lemoine, Martίnez-Iturralde et al. 2015).  

Organic acid concentrations 

The complex medium initially contained some short chain fatty acids, which typically accumulate under 

oxygen deprivation in C. glutamicum as L-lactate and pyruvate. Initial of concentrations of these 

compounds were quantified as 12 mmolL−1 and 13 mmolL−1, respectively. However, these organic 

acids were consumed during the batch phase. Thereafter, L-lactate accumulated 8 hours after feed 

start extra-, and intracellularly in the STR module (fig. 5 C and 6 A) 2 hours prior to the extracellular 

accumulation of pyruvate and acetate, and later on succinate (fig. 5B and 5C). The intracellular 

concentration of succinate increased at both cultivation conditions, but to a higher extend up to 

0.1 mmolgDCW
−1 in the Three-CR compared to 0.03 mmolgDCW

−1 in the Single-CR cultivation (fig. 6). 

In Figure 7, the concentration of the cell suspension in connection to the residence time is depicted at 

two different sample points, 10 hours and 12 hours after feed start, in both PFRs. 10 hours after feed 

start, the main substrate sucrose was consumed within the PFR-F. Between the feed addition and the 

first sample point, L-lactate, acetate and succinate concentration increased. However, L-lactate and 

acetate were partly re-consumed by the cells already in the PFR-F and in the STR. Acetate, which 

accumulated in either PFR-F or PFR-S under oxygen limiting conditions, was completely assimilated in 

the STR module under oxygen excess. At the later sample point, 12 hours after feed start, the substrate 

was only partly consumed, leading to substrate accumulation even in the STR and PFR-S module. 

Additionally, L-lactate and succinate were finally accumulating in both PFR modules. Acetate was 

accumulated to a greater extent than in previous scale-down studies (Käß, Hariskos et al. 2013; Käß, 

Junne et al. 2014; Lemoine, Martίnez-Iturralde et al. 2015). Mixed acid fermentation seems to prevent 

an accumulation of short chain fatty acids at the earlier time point, while the overall reduction of 

metabolic activity at the later time point 12 hours after feed start prevents the re-assimilation in the 

STR. It was shown previously that L-lactate and succinate accumulated whenever low amounts of 

oxygen were available in C. glutamicum scale-down cultivations, but re-assimilation occurred in well 

aerated zones in a Two-CR set-up (Käß, Junne et al. 2014). A sustainable increase of L-lactate and 

succinate concentrations in the STR was only observed when the same Three-CR as described in this 

study, was operated with mineral salt media (Lemoine, Martίnez-Iturralde et al. 2015). It was shown 

that under oxygen deprivation, an exergonic fermentation pathway is active, in which the conversion 

of pyruvate to acetate and L-lactate occurred in parallel. By this, the NADH formed in the synthesis of 

acetate is re-oxidized in the formation of L-lactate (Michel, Koch-Koerfges et al. 2015). 

Energy charge and physiological state 

The energy charge (EC) remained at a value of 0.6 until 10 hours after feed start in both cultivation 

modes, but increased to 0.8 in the Three-CR cultivation afterwards. In C. glutamicum cultivations 

applying mineral salt media, EC values of 0.24 (Lemoine, Martίnez-Iturralde et al. 2015) and 0.4 (Käß, 

Hariskos et al. 2013) were detected. It was suggested that the energy charge is diminished under 

sufficient oxygen supply in exponentially fed nutrient limited cultivations (Käß, Hariskos et al. 2013; 

Lemoine, Martίnez-Iturralde et al. 2015). The overall relatively high values in comparison to previous 
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studies are likely caused by the application of complex media. An increase of the energy charge in the 

Three-CR cultivation might be the result of growth reduction.  

Flow cytometry analysis with propidium iodide did not indicate any loss in cell viability. This findings 

are similar to the ones in Two-CR and Three-CR experiments with mineral salt media (Lemoine, 

Neubauer et al. 2015).  Furthermore, no indication of cell lysis was observable at light microscopy 

analysis and no increased foam formation occurred in the scale-down cultivations, which would have 

been a sign for accelerated cell lysis. 

Protein concentration 

Protein concentration of 1039 proteins were analyzed. The complete table of results is provided in the 

supplementary material (Table S1), an overview of protein concentration alterations in the main 

carbon metabolism is schematically shown in fig. 8. At the earlier time point of 10 h after feed start, 

levels of 518 proteins were increased under oscillatory conditions in comparison to the STR control 

cultivation. Among all proteins, 119 showed significantly differential concentration when considering 

a p-value of < 0.05, 59 when considering a p-value of < 0.01. At the later time point of 12 h after feed 

start, 620 proteins were detected at a higher expression level under inhomogeneous conditions. This 

time, 163 proteins showed a differential concentration when applying a p-value of < 0.05, and 68 when 

considering a p-value of < 0.01. Among these 68 proteins, only 16 had a lower concentration under 

inhomogeneous conditions. 

Among the main regulatory proteins of the central carbon metabolism, the DeoR-type regulator of 

several phosphotransferase system compounds SugR had a higher concentration under oscillatory 

cultivation conditions. This is likely the reason for a reduction in the expression of transport proteins 

of the carbohydrate specific uptake systems for glucose (PtsG and PtsI). This led finally to a reduced 

substrate uptake capacity and accumulation of sugars in the scale-down cultivations at both time 

points. Disturbances caused by diauxic growth are uncertain, as the presents of glucose does not 

reduce the uptake of other carbohydrates (Teramoto and Inui 2013). Amino acids and other organic 

compounds could also affect substrate uptake. The presence of glutamate showed rather an increased 

substrate uptake capacity (Oosterhuis and Kossen 1981). A stronger regulatory activity of SugR is 

reported for gluconeogenic carbon sources including pyruvate and acetate (Ikeda 2012). When a C. 

glutamicum wild-type strain was grown on glucose and acetate simultaneously, the growth rate was 

reduced by nearly 50%, although these both mayor carbon sources were taken up simultaneously 

(Engels and Wendisch 2007). Similar results have been observed earlier (Wendisch, de Graaf et al. 

2000). Engels and Wendisch (Engels and Wendisch 2007) investigated the consequences of SugR 

overexpression on carbon source utilization: the proportion of glucose and acetate co-utilization was 

shifted towards acetate while growth was decreased. A reduction of glucose uptake in presence of 

acetate was also seen for a valine overproducing strain (Blombach, Arndt et al. 2009). The NADH-

dehydrogenase had a lower concentration under oscillatory conditions (tab. 1). It was shown that the 

higher expression of this enzyme accelerates glucose consumption under oxygen deprivation, while 

the intracellular NADH/NAD+ ratio decreases (Tsuge, Uematsu et al. 2015). It has been further shown 

that both regulators, the repressor of the LldD lactate operon LldR and SugR act as transcriptional 

repressors of L-lactate dehydrogenase (Ldh) (Teramoto and Inui 2013). However, in this study the 

overexpression of SugR did not negatively affect the expression of Ldh. It has been shown that sugar 

phosphate accumulation represses SugR regulation on Ldh expression (Toyoda, Teramoto et al. 2009). 

The sigma factor SigB had a lower concentration under scale-down cultivation conditions. It has been 
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described that sigB disruption lowered glucose uptake in C. glutamicum (Ehira, Shirai et al. 2008). A 

significantly reduced expression is also seen for one of the two phosphofructokinases (PfkB) at the 

early time point. Hence, C. glutamicum reacts differently to other organisms like Escherichia coli to 

oscillating conditions, as it was observed that the substrate uptake capacity increased in E.coli cells 

when exposed to gradients in a Two-CR (Neubauer, Häggström et al. 1995; Hewitt, Nebe-von Caron et 

al. 1999). Other enzymes levels involved in phosphorylation of carbohydrates were barely changed, 

thus the carbon flux is primarily reduced at the early phosphorylation steps when carbohydrates 

penetrate to the cell interior. Higher concentrations of all proteins belonging to the gapA-pgk-tpi 

operon were measured in the Three-CR cultivation. Furthermore, the glyceraldehyde-3-phosphate 

dehydrogenase (GapA) level was elevated under oscillatory cultivation cultivations. It was identified as 

being essential for growth on glycolytic carbon sources (Teramoto and Inui 2013). 

Two L-lactate dehydrogenases concentrations were higher under scale-down conditions, namely the 

fermentative Ldh encoded by ldhA and the respiratory LdhD encoded by lldD. 

Accordingly to the higher concentration of Ldh, the level of the repressor LldR (Toyoda, Teramoto et 

al. 2009) is lower at heterogeneous cultivation conditions. Stronger ldh expression was previously 

observed under oxygen deprivation conditions (Inui, Suda et al. 2007). The enzyme concentration 

driving the reaction from acetyl-CoA to acetyl-phosphate and vice versa, the phosphate 

acetyltransferase (PckA) is increased in the Three-CR cultivations. RamA was identified as a positive 

transcriptional regulator of genes involved in acetate consumption (Cramer, Gerstmeir et al. 2006). 

Although no distinct increase of levels of the regulatory protein RamA was observed, the concentration 

pattern of many enzymes followed that of carbon catabolite repression. The aconitase protein (Acn) 

concentration was elevated under scale-down conditions, which is a typical indicator for acetate 

assimilation (Emer, Krug et al. 2009) as seen in the STR module. Wendisch et al. showed that acetate 

is utilized mainly via the glyoxylate shunt, however we did not find significant higher levels of isocitrate 

lyase (AceA) and malate synthase (AceB) (Wendisch, de Graaf et al. 2000). 

Within the TCA cycle, the enzymes concentrations involved in the conversion of fumarate from 

oxaloacetate (Mqo, Fum) were higher. The succinyl-CoA synthetases (SucCD) concentrations were 

lower as reported earlier for oxygen deprivation conditions (Inui, Kawaguchi et al. 2004; Bott and 

Eikmanns 2012). 

Several protein concentrations indicating a heat-shock response and oxidative stress (tab.1) were 

elevated in the Three-CR C. glutamicum cultivations. It has been shown that oxidative stress is caused 

by alternating redox state in growing bacteria (Imlay 2008). It can be assumed that the redox state 

differs greatly in the PFR modules under oxygen limitation from the redox potential in the STR under 

oxygen excess. These conditions can cause elevated levels of H2O2 accumulating inside the cell. The 

concentration of the main regulator of responses to H2O2 stress,OxyR, is increased under oscillatory 

conditions. OxyR induces the Suf operone (Outten, Djaman et al. 2004), which play a role in repair 

processes in the cellular defense to oxidative stress.  

The iron-sulfur cluster is mediated either by iron starvation or by oxidative stress. The latter seems to 

be a more reasonable cause as the changing oxygen availability between the different modules of the 

Three-CR and the concomitant appearance of large gradients might induce a response to oxidative 

stress.  
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In summary, the most profound effect is the reduction of substrate uptake in the scale-down 

cultivations. The accumulation of short chain fatty acids, especially acetate, probably leads to carbon 

catabolite repression of the pts genes mediated by the global regulator SugR and NADH concentration 

dependent reduction of glycolysis fluxes. The determination of the importance of each regulatory 

interaction to the observed effects certainly requires further investigation.  

 

4 Concluding remarks 

The combination of substrate excess and oxygen limitation coupled with the utilization of complex 

media led to drastic changes in process performance. Carbon catabolite repression causes a reduced 

carbon uptake. Usually, the consideration of gradients calculated with hybrid models (coupled fluid 

flow and kinetic models) is regarded as important for the correct set-up of scale-down experiments. 

However, the application of media similar to the industrial case seems to be as significant for a suitable 

simulation of the large scale in lab scale. 
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Table 1: Summary of protein concentrations in C. glutamicum DM1945 as measured in samples from 

the Three-CR experiments compared to samples of the Single-CR experiments at two different time 

points 10 and 12 hours after feed start 

 

Abbreviation Enzyme name cg number EC number 
𝐋𝐨𝐠𝟏𝟎  fold 
change,  
10 hours 

𝐋𝐨𝐠𝟏𝟎  fold 
change, 12 
hours 

Sugar uptake      
PtsG glucose phosphotransferase system 1537 2.7.1.69 -0.12 -0.09 
PtsI sugar phosphotransferase system 2117 2.7.3.9 -0.07 -0.07 
Glycolyse      
PfkA 6-phosphofructokinase 1409 2.7.1.11 0.07 0.13 
GapA glyceraldehyde-3-phosphate dehydrogenase 1791 1.2.1.12 0.50 - 
PfkB 1-phosphofructokinase 2119 2.7.1.11 -0.20 -0.14 
Short chain fatty acid synthesis     
Ldh L-lactate dehydrogenase 3219 1.1.1.27 0.20 0.17 
LldD quinone-dependent L-lactate dehydrogenase 3327 1.1.2.3 - 0.20 
Pta phosphate acetyltransferase 3048 2.3.1.8 0.10 - 
PckA phosphoenolpyruvate carboxykinase 3169 4.1.1.32 0.11 - 
TCA-cycle      
Acn aconitate hydratase 1737 4.2.1.3 0.10 0.20 
FumC fumarate hydratase 1145 4.2.1.2 0.07 0.12 
GltA citrate synthase 0949 1.4.1.13 0.18 0.17 
Mdh malate dehydrogenase 2613 1.1.1.37 0.13 0.16 
Mqo malate:quinone oxidoreductase 2192 1.1.5.4 0.15 0.19 
MalE malic enzyme 3335 1.1.1.40 -0.31 -0.41 
SucC succinyl-CoA synthetase beta subunit 2837 6.1.2.5 -0.52 - 
SucD succinyl-CoA synthetase alpha subunit 2836 6.1.2.5 -0.58 -0.36 
SdhB succinate dehydrogenase 0447 1.3.5.1 -0.44 -0.49 
Heat and oxidative stress response     
CatA1 catechol 1,2-dioxygenase 2636 1.13.11.1 -0.16 -0.25 
ClpC ATP dependent protease 2963 3.4.21.92 - 0.06 
ClpX ATP dependent protease 2620 3.4.21.92 0.16 - 
DnaK molecular chaperone 3100 1.3.1.74 - 0.09 
Dps starvation ind. DNA protecting protein 3327  - 0.45 
Fmo flavin-containing monooxygenase 3195 1.14.13.8 -0.57 -0.62 
GroEL molecular chaperone 3011  - 0.17 
GroES molecular chaperone 0690  - 0.17 
GrpE molecular chaperone 3099  - 0.11 
SufB Fe-S cluster assembly protein 1764 2.8.1.7 0.40 0.45 
SufC Fe-S cluster assembly ATPase 1762 2.8.1.7 0.31 0.52 
SufD Fe-S cluster assembly protein 1763 2.8.1.7 0.33 0.48 
SufU scaffold protein 1760 2.8.1.7 0.44 0.54 
SufS cysteine desulfurase 1761 2.8.1.7 0.08 - 
Energy household 
FprA NADP-ferredoxin reductase 3049 1.18.1.2 0.12 0.19 
Ndh NADH-dehydrogenase 1256 1.6.99.3 -0.09 -0.07 
SsuE NADPH-dependent FMN reductase 1150 1.5.1.38 - -0.98 
Regulatory proteins     
OxyR hydrogen sensing regulator 2109  - 0.30 
SigB sigma factor B 2102  - 0.13 
SugR DeoR-type transcriptional regulator 2115  0.2 0.37 
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Figure 1.  

 

Dry cell weight concentration and extracellular sucrose and glucose concentrations as measured in the 

STR module. Part A depicts the dry cell weight, part B the sucrose concentration, and Part C the glucose 

concentration of the Single-CR cultivations ( , ) and Three-CR cultivations ( , ). Lines represent 

curve-fits of measured values for the Single-CR cultivations ( ) and the Three-CR cultivations ( ). 
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Figure 2.  

 

DO concentrations in the STR and in the PFR modules of the Single-CR and Three-CR cultivation are 

shown. In part A, the dissolved oxygen concentrations in the STR module of the Single-CR cultivation (

) and the Three-CR cultivation ( ) are shown. In part B, the DO concentration measured at port 1 

( ) and port 5 ( ), which corresponds to 35 sec and 95 sec of residence time in PFR-F are shown. In 

part C, the DO concentration measured at port 1 ( ) and port 5 ( ), which also correspond to 35 sec 

and 95 sec of residence time in the PFR-S are shown. 
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Figure 3. and Figure 4 

 

Figure 3. Specific oxygen uptake rate, specific carbon dioxide production rate and respiratory quotient 

in the STR module of the scale-down and reference cultivations. Part A shows the specific oxygen 

uptake rate in the STR module of the Single-CR cultivation (  ,  ) and the Three-CR cultivation (

, ). Part B shows the specific carbon dioxide production rate in the STR module of the Single-CR 

cultivation (  , ) and the Three-CR cultivation (  , ). Part C shows the respiratory quotient in 

the STR module of the Single-CR cultivation (  , ) and Three-CR cultivation (  , ). 

 

Figure 4. Course of extracellular alanine, L-lysine and cadaverine concentration in the STR module of 

the Single-CR ( , ) and the Three-CR cultivations ( , ). Lines represent curve-fits of measured values 

of the Single-CR cultivations ( ) and the Three-CR cultivations ( ).  
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Figure 5. 

  

Course of extracellular short chain fatty acid concentrations measured in the STR module of the Three-

CR cultivations ( , ). Lines represent curve-fits of measured values of the Single-CR cultivations (

) and the Three-CR cultivations ( ). 
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Figure 6.  

 

Intracellular short chain fatty acid concentration in the STR-compartment determined with fitted 

values of the extracellular concentration and the suspension concentration of two experiments 

respectively. The intracellular concentration of the Single-CR ( ) and the Three-CR cultivations ( ) and 

the corresponding curve-fits of the Single-CR ( ) and the Three-CR cultivations ( ) are depicted.  
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Figure 7.  

 

Course of extracellular sucrose and short chain fatty acid concentrations of samples taken at sampling 

ports of the STR (τ = 0) and both PFR modules. Part A-D shows the course of concentrations in the PFR 

modules at residence times of τ=35 sec, 51 sec, 64 sec, 82 sec, and 95 sec. The concentration of 

suspension samples in the STR-module 10 hours ( ) and 12 hours ( ) after feed start are shown. In 

Part A-D, the concentration of suspension samples in the PFR-F module 10 hours ( ) and 12 hours (

) after feed start and in part E-H the concentration of suspension samples in the PFR-S module 10 hours 

( ) and 12 hours ( ) after feed start are depicted. 
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Figure 8.  

 

Overview of relative expression levels of selected proteins of the main carbon metabolism in C. 

glutamicum. Proteins of higher expression in samples of the Three-CR cultivations and corresponding 

reactions are indicated in red and underlined with a dotted line ( ), proteins of lower expression in 

samples of the Three-CR cultivations and corresponding reactions are indicated in blue and underlined 

with a straight line ( ). Abbreviations: AceA, isocitrate lyase; AceB, malate synthase; AceF, Lpd, OdhA, 

2-oxoglutarate dehydrogenase complex; Acn, aconitate hydratase; AckA, acetate kinase; Fum, 

fumarase; GapAdh, glyceraldehyde-3-phosphate dehydrogenase; GltA, Citrate synthase; Icd, isocitrate 

dehydrogenase; Ldh, l-lactate dehydrogenase; MalE, malic enzyme Mdh, malate dehydrogenase; Mqo, 

malate quinone oxidoreductase ; Pc, Pyruvate carboxylase, PckA, phosphenolpyruvate carboxykinase; 

PfkA, 6-Phosphofructokinase; PfkB, 1-Phosphofructokinase; PepC, phosphenolpyruvate carboxylase, 

Pta, phosphotransacetylase; PtsG, Glucose phosphortransferase System, PtsI, sugar 

phosphortransferase System, Pk, Pyruvate kinase; Pqo, pyruvate:quinone oxidoreductase; SdhA, 

succinate dehydrogenase flavoprotein subunit, SdhB, succinate dehydrogenase iron sulfur subunit; 

SucCD, Succinyl-CoA alpha and beta chain. 
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Abstract 

Population heterogeneity among a microbial culture can occur in various stages of a bioprocess. When 

a nutrient-limited fed-batch process is applied in the large scale, gradient formation (e.g. at the 

substrate concentration or the pH-value) can have a tremendous impact on the process performance. 

It might also have an impact on population heterogeneity, as the cells are opposed to stressful 

conditions that is an oscillating environment, when they pass the different zones evolved in the liquid 

phase. Nevertheless, the question whether these conditions support heterogeneity of a culture has 

not been clearly answered so far. Furthermore, if such a heterogeneity affects product formation, the 

usual analysis tools, which do not rely on a single-cell basis, certainly do not gain sufficiently suitable 

information for process optimization. This overview on the one hand provides information about the 

contribution of an oscillating environment to the formation of heterogeneities within a population and 

on the other hand a summary of tools, which can be used to investigate physiologic and morphologic 

heterogeneity during process development, scale up and production. If these techniques are 

considered, the identification of targets for accelerated process optimization on a single-cell basis 

becomes easier and faster. 

  



Anja Lemoine              Impact of oscillations in substrate and oxygen availability on Corynebacterium glutamicum cultivations 
 

Articles 185 

1. Introduction 

1.1 Environmental stress in industrial scale bioprocesses  

Mixing times increase drastically in industrial bioprocesses of cultivation volumes of several hundred 

cubic meters compared to the laboratory scale (Namdev, Thompson et al. 1992; Hewitt, Nebe-Von 

Caron et al. 2000). Therefore, conditions in laboratory scale are usually not transferable to the 

production scale (Schmidt 2005; Lapin, Schmid et al. 2006). For example, increased mixing times result 

in severe concentration gradients of substrate, dissolved gases, temperature, base and acid 

concentration in nutrient-limited fed-batch cultivations (Bryant 1977; Vardar and Lilly 1982; Schmidt 

2005; Hewitt and Nienow 2007). Cells experience these gradients as frequent stimulations while they 

are exposed steadily to the different environmental conditions in the various zones of the reactor. The 

adaptation to this environmental stress provokes a large amount of cellular resources. It includes 

general stress adaptation, and significant impacts on the substrate uptake rate and concomitantly on 

intracellular fluxes. The accumulation of byproducts in large scale is often accompanied with a change 

of the biomass concentration and product yield (Neubauer, Häggström et al. 1995; Bylund, Castan et 

al. 2000).  

Gradients, which appear in the large scale, are usually mimicked in scale down bioreactors (Neubauer 

and Junne 2010; Takors 2012; Lara, Palomares et al. 2016). These can consist of one compartment, 

which is sufficient to create temporal gradients, or multi-compartment reactors to mimic also spatial 

gradients. Cells, which circulate between the various compartments, are faced to step changes of the 

environmental conditions, e.g. concerning substrate concentration, dissolved oxygen, dissolved 

carbon dioxide, pH-value and a combination of them. Such a strategy should accelerate process 

improvement or strain engineering tailored to the requirements of industrial production.  

The physiological response of the cells under consideration of the transcriptome, proteome and 

metabolome have been studied already for several organisms and product syntheses (Sweere, Mesters 

et al. 1988; Blombach, Buchholz et al. 2013; Lemoine, Martίnez-Iturralde et al. 2015). Usually, a sample 

reflects an average value of the population. As data of these samples are valuable to understand 

cellular responses to environmental stresses - like concentration gradients - they don’t provide any 

information about the population homogeneity or heterogeneity of a culture. Since the proper 

detection of influences of heterogeneities on morphological and physiological features is still crucial, 

this paper aims to describe the current state in research and technology development of single-cell 

based measurements for the application in microbial cultivations. This overview includes several 

examples that show the suitability of several tools for real-time measurements in accordance to each 

purpose and the corresponding experimental conditions. The question is addressed, whether 

population homogeneity is affected by typical gradient formation as it appears in industrial scale, and 

if so, whether it matters for the experimental outcome: “Is there any relationship between bioreactor 

heterogeneity and microbial population heterogeneity?” 

This question requires a dedicated formalism among the different components involved in the study 

of cell population heterogeneity. The first one is the different mechanisms involved in population 

heterogeneity (also termed as biological noise) in the context of bioprocess optimization.  

1.2 Different components of biological noise lead to cell population heterogeneity 
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Cell population heterogeneity is driven by the stochasticity of the intracellular biochemical reactions. 

This phenomenon can be also termed biological noise and comprises two components, i.e. extrinsic 

noise and intrinsic noise (Silva-Rocha and de Lorenzo 2010). The intrinsic component of noise results 

from the low abundance of reacting molecules in the cell (such as transcription factors and ribosomes), 

lowering the probability of collision between reacting species. The extrinsic component of noise is 

driven by cell-to-cell variation in the number of the reacting species due to external factors. This last 

component is particularly affected by the environmental conditions, which are highly influenced by 

the design of the cultivation device and the mode of operation of bioreactor (i.e., batch, fed-batch or 

continuous). Noise can be easily acquired by time-lapse imaging or flow cytometry, pending the use of 

appropriate fluorescent reporter (some of them will be described further). Biological noise can be 

derived from the ratio between standard deviation and mean fluorescent protein expression of the 

examined population. Several fundamental research studies have been dedicated to the investigation 

of phenotypic noise for several microbial cell factories (e.g., Escherichia coli, Bacillus subtilis and 

Saccharomyces cerevisiae), and most of the results are available as genome-scale databases (Newman, 

Ghaemmaghami et al. 2006; Taniguchi, Choi et al. 2010; Silander, Nikolic et al. 2012; Sanchez and 

Golding 2013). In order to clarify the factors affecting the evolution of noise in bioreactor conditions, 

the dynamics of several E. coli green fluorescence protein (GFP) strains have been characterized during 

the course of bioprocesses on the basis of a scaling law linking mean GFP expression level to noise 

(Baert, Kinet et al. 2015). According to this law, gene expression noise is inversely proportional to the 

gene expression level. Hence, highly expressed genes generate a low noise compared to the low level 

expressed genes, that yield increased noise (Taniguchi, Choi et al. 2010; Silander, Nikolic et al. 2012). 

This law could be a good basis for estimating the respective contribution of intrinsic and extrinsic noise 

in bioprocesses. Indeed, microbial processes are intrinsically stochastic according to the low amount 

of intracellular components involved in biochemical reactions. Correcting intrinsic noise is challenging 

and involves a significant refactoring of the host genomes. On the other hand, extrinsic components 

of noise are influenced by variation in copies of the intracellular biochemical species driven by cell 

cycle and division, but also by the environmental conditions. Extrinsic noise can thus be modulated by 

more affordable engineering approaches involving metabolic engineering and bioreactor engineering. 

As stated previously, the characterization of the impact of cultivation conditions on cell population 

heterogeneity is a hot topic that can only be addressed if techniques allowing the distinction between 

intrinsic and extrinsic noise are available. 

1.3 Effect of environmental stress on population heterogeneity 

Culture conditions in intensive bioprocess are known to affect the global behavior of the microbial 

population and its ability to exhibit phenotypic heterogeneity. Among them, growth rate and growth 

phase, as well as heterogeneous substrate and oxygen supply in high cell density cultivations trigger 

phenotypic diversification strategies and are often encountered in real bioprocessing conditions (Ryall, 

Eydallin et al. 2012). It has been demonstrated that genes involved in adaptive processes (e.g., ptsG 

involved in substrate uptake), display a wide variation from the scaling-law during the course of a 

bioprocess. Thus, dynamic analysis is very important for a better understanding of the impact of cell 

population heterogeneity on bioprocess performance. It has also been shown, that in fed-batch 

conditions, noise is mostly driven by extrinsic factors, considering the multiple extracellular stimuli 

arising in cultivation mode (high cell density, nutrient limitation, local substrate fluctuations etc.).  

Mutation rates are affected by unfavourable cultivation conditions. Many experiments have been 

conducted, in which mutation rates have been observed in dependence on stress factors. However, 
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not many have considered the specific conditions in large scale nutrient-limited fed-batch cultivations. 

Nevertheless, the fast identification of subpopulations or single mutants that exhibit a higher 

resistance to a particular stress offers the possibility to gain strains of higher resistance (MacLean, 

Torres-Barceló et al. 2013; Lennen and Herrgård 2014). Once these mutants were isolated, they can 

be observed further to understand intracellular mechanisms that lead to a higher stress tolerance. 

Unfortunately, not many studies have been published, which show experimental data of population 

heterogeneity in large scale bioprocesses. One is a multi-parameter flow cytometry study, where 

samples of a production reactor scale of 20 m3 and a two-compartment scale down reactor with a few 

L of working volume have been examined at line. Flow cytometric results showed higher cytoplasmic 

membrane potential, which indicates even higher cell viability under oscillatory environmental 

conditions (Hewitt, Nebe-Von Caron et al. 2000). . At own studies, the cell population homogeneity 

was investigated during the course of a brewing process in a cylindroconical fermentation tank of 3 m 
3 and about 142 h fermentation time in a craft brewery. During the fermentation, gradients in pH-value 

and redox potential were measured at different positions along the height of the fermentation vessel. 

Gradients in pH of 0.11 – 0.17 pH units were measured in the middle part of the course of the 

fermentation at 70 h until the end (140 h). Gradients in the redox potential up to 20 mV were observed 

already at the beginning of the fermentation at 26 h and even larger gradients of about 40 mV between 

90 h and 140 h. However, only minor concentration variation occurred in the main fermentation phase 

(28 h – 70h). This can be explained by an enhanced convection caused by an increased yeast activity 

and CO2 production. Two subpopulations were observed at this time. A bigger portion of cells were 

viable and showed higher polarisability, indicated by propidium iodide and DiBAC4(3) staining 

measured by at line flow cytometry (Figure 1A). The cells were shifting during the course of 

fermentation from a homogeneous population of higher cell size to two subpopulations in the main 

fermentation phase to a population with a lower cell size later on. The two subpopulations indicated 

the presence of smaller daughter cells and larger mother cells, showing lower maturation rates. 

Lieder and coworkers investigated Pseudomonas putida KT2440 cultivations under different 

environmental conditions (Lieder, Jahn et al. 2016).The DNA content was quantified via flow 

cytometric analysis at various dilution rates in chemostat experiments, ensuing data-driven modeling 

for the evaluation of different stress conditions, such as oxygen deprivation, solvent exposure and iron 

availability. Accelerated DNA replication and transcriptional upregulation was shown under the 

oscillatory conditions whereas cell growth remained unaffected.  

For the strains Ralstonia metallidurans, E. coli, Shewanella oneidensis, and Deinococcus radiodurans 

the effect of oxidative stress on the cellular population was evaluated by flow cytometry studies. It 

was observed that the bacterial strains exhibit alternating sensitivities to the applied stress conditions. 

While the cell size remained rather unchanged, the membrane potential was decreased (Baatout, De 

Boever et al. 2006). Recently, a study was published of scale down cultivations with an E. coli W3110 

K-12 strain, performed in a three compartment reactor, inducing oxygen and substrate oscillations in 

a fed-batch process. A reduction of the polarity of the cell membrane and the viability was observed 

using flow cytometry. Nevertheless, the population cultivated in a two-compartment scale down 

reactor under moderate environmental oscillations showed only weak decreases in polarity and 

viability during the course of the bioreactor cultivation (Marba-Ardebol, Turon et al. 2016). Moreover, 

the different evolution of the respiratory capacity of the two-scale down approaches can be seen in 

Figure 1C, where the three-compartment reactor cultivation conditions reduced the respiratory 

capacity after 6 hours to the half.  
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A morphologic response of cells to unsuitable cultivation conditions can lead to agglomeration of cells 

(Figure 1B). C. glutamicum was cultivated under oscillatory oxygen supply, either in a scale down 

reactor concept (three-compartment reactor) or in a shake flask with interrupted shaking. Cells 

clumped after several hours of cultivation in fed-batch mode. Under oscillatory conditions growth was 

strongly diminished, byproduct formation and agglomeration occurred (Lemoine, Limberg et al. 2016) 

in scale down experiments with C. glutamicum. The agglomeration of cells in heterogeneous 

cultivation conditions was described previously. Mycobacterium tuberculosis and E. coli aggregation 

was described in connection to oxidative stress (Nachin, Nannmark et al. 2005; Trivedi, Mavi et al. 

2016). The formation of aggregates increases the adhesion to the ground and can help to cope in 

suboptimal cultivation conditions (Sorroche, Spesia et al. 2012). Hence, physiologic and morphologic 

responses are linked to each other and the investigation of agglomerate formation provides valuable 

information about the status of the cell.  

Lactic acid bacteria are confronted with pH gradients when grown in industrial scale for probiotic 

applications, while the volumetric power input for these non-aerated processes is comparably low. In 

own scale down studies, these bacteria were opposed to pH-gradients. Under these conditions, the 

chain length increased in comparison to cells grown under homogeneous conditions (Figure 1E). The 

cellular mechanisms behind the phenomena are not fully understood so far, but the chain length might 

be a good indicator for stress conditions. At another experiment, Streptomyces clavuligerus was 

cultivated in lab scale, either at continuous or discontinuous stirring. The latter experiment was 

performed in order to mimic the oscillatory provision of oxygen into the culture. A higher stirrer speed 

was applied for rapidly dissolving oxygen each time after the stirrer speed was switched on. Clumping 

of filaments was observed (Figure 1F) and the production of clavulanic acid was affected by these 

oscillatory conditions. The formation of clumps probably has a negative effect on substrate uptake and 

product release, especially for the cells, which are located in the center of the clump (pellet). A 

restriction of transport of oxygen has been reported when clumping formation occurred, i.e., cells in 

the surface of the clump have further oxygen and substrate availability than cells in inside the clump, 

leading to a poor yield of the produced antibiotics (Moore and Bushell 1997). Further investigations 

are required to quantify scale up effects on morphological characteristics and the concomitant impact 

on product titers. These investigations, once coupled to engineering strategies, will allow to investigate 

tolerable boundaries, in which stress has no considerable impact on the population heterogeneity. 

Nevertheless, in this case, the knowledge of true values of gradients in large scale are mandatory in 

order to prove the relation between environmental stress and population heterogeneity and to reduce 

these impacts by means of a re-engineering of the reactor. 

Computational fluid dynamic (CFD) models coupled to kinetic models can be used to study growth, 

oxygen consumption, carbon dioxide production or consumption, substrate uptake, product synthesis, 

byproduct formation and others. Moreover, the concentrations of dissolved gases, chemicals, 

substrates, metabolites in a time and spatial resolved manner can be estimated within a bioreactor 

(Wang, Tang et al. 2015; McClure, Kavanagh et al. 2016). The exposure of cells to alternating 

environmental conditions, e.g. if gradient formation occurs, can be determined to describe a so-called 

“Lifeline” of a cell. Recently, this was investigated in an industrial scale Penicillium chrysogenum 

cultivation in a stirred tank reactor of a size of 54 m3 (Haringa, Tang et al. 2016). Modeling techniques 

for the description of population heterogeneity were reviewed in (Fernandes, Nierychlo et al. 2011). 

The adaptation to environmental conditions can lead to a wide range of physiologic and morphologic 

changes. Gene expression profiles and the use of metabolic shunts are altered at oscillating conditions. 

Hence, specific rates of fluxes differ from non-oscillating cultures (Neubauer and Junne 2010). Lapin et 
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al. found a changed ratio of phosphoenolpyruvate and pyruvate caused by fluctuating substrate 

availability and consequently substrate uptake in a large scale bioreactor (Lapin, Schmid et al. 2006). 

Nevertheless, a systematic approach to investigate these effects under consideration of population 

heterogeneity is missing so far. The following sections aim to provide an overview of the relevance of 

these investigations and state-of-the-art tools available for them. 

2. Flow cytometry for analyzing physiologic heterogeneities 

Biological processes cover a wide range of timescales as shown at Figure 2. Current single-cell 

technologies are restricted to the characterization of the upper range of timescales, which means the 

actual state of the technology processes within time constants above 10-100 seconds only. Thus, 

populations can be investigated at a single-cell resolution during this period, but not for longer. 

Nevertheless, this time range is sufficient to analyze the most important physiological processes 

involved in typical environmental perturbations present in heterogeneous bioreactors. These are 

protein and mRNA differential expression, as well as metabolic shifts and turnover. However, the 

quantification of the physiologic state on a single-cell basis is not straightforward. Most of the 

techniques involve the use of fluorescent signals. In this case, the physiologic parameter is correlated 

to the concentration of intracellular fluorescent molecules. Based on this principle, exogenous dyes or 

genetically-encoded biosensors have been thoroughly used for the characterization of microbial cell 

population heterogeneity. Exogenous dyes are used to determine various cellular characteristics, such 

as membrane permeability (based on the use of propidium iodide), membrane potential (based on the 

use of charged fluorescent compounds, e.g. DiBAC(4)3) or the activity of the electron transport chain 

(based on the use of Redox Sensor Green (RSG)). Furthermore, cell physiology can be characterized on 

the basis of genetically-encoded biosensors. These reporters are used for the determination of the 

expression level of a particular promoter, the synthesis of a specific protein, and the content of 

intracellular metabolites, respectively.  

The impact of scale down conditions has also been assessed on E. coli populations by the use of flow 

cytometry and exogenous dyes or endogenous biosensors (i.e., genetically-encoded fluorescent 

reporter). In a study involving the use of an E. coli transcriptional reporter, it has been shown that the 

rpoS promoter, involved in the synthesis of the alternative sigma factor governing the general stress 

response, is activated in a well-mixed fed-batch reactor, whereas a significant part of the population 

show no rpoS activity in an equivalent scale down version of the reactor (Figure 1G) (Delvigne, Ingels 

et al. 2009). This result is in frame with a previous study based on a computational fluid dynamics 

model coupled to a reduced metabolic flux balance model (Lapin, Schmid et al. 2006). It is known that 

under fluctuating nutrient conditions, two alarmones are actively synthesized in E. coli, i.e. cAMP and 

ppGpp. The alarmone cAMP is involved in the carbon catabolite repression and allows E. coli to cope 

with nutrient depletion by adapting to alternative carbon sources. On the other hand, the alarmone 

ppGpp is involved in the stringent response and is known to down-regulate the anabolic activities of 

the cells. Interestingly, cAMP and ppGpp compete for the repression/induction of rpoS. In scale down 

conditions, where the cells can meet conditions of high sugar concentration, it has been shown that 

cAMP is the main alarmone leading to a down-regulation of the rpoS activity. However, cAMP and 

ppGpp level inside the cells are subjected to stochasticity, considering the low intracellular 

concentration of these two species. This noise induce phenotypic diversification at the level of the rpoS 

expression among the population (Delvigne, Ingels et al. 2009). Another related effect that has been 

reported in the literature is the permeability of E. coli to propidium iodide (PI) in different bioreactor 

configurations. Indeed, it has been shown that population of E. coli tends to exhibit lower 
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permeabilities when cultivated in heterogeneous reactors  (Enfors 2001). When cultivated in nutrient 

limiting conditions, E. coli exhibit a partial permeabilization, probably due to the remodeling of the 

porins composition at the level of the outer membrane (Delvigne, Brognaux et al. 2011). Indeed, under 

nutrient limitation small porins (OmpC) tend to be replaced by larger ones (LamB and OmpF) for 

increasing substrate uptake (Ferenci 1996) . However, under scale down conditions, this phenomenon 

is attenuated considering local nutrient excess. Comparative analysis of the extracellular proteome 

between a well-mixed and a scale down reactor has allowed to assess this hypothesis (Brognaux, 

Francis et al. 2014). However, all the results acquired in this context have shown that the occurrence 

of partially permeabilized cells is always accompanied by the presence of non-permeabilized cells, like 

a backup subpopulation suggested by the bet-hedging theory (Martins and Locke 2015). These results 

justify the use of single-cell technologies for the study of heterogeneous cultivation conditions. In the 

same order of ideas, double labeling experiments have been performed on fed-batch yeast culture, 

with PI as an exogenous marker of membrane quality and GFP as a genetically-encoded marker linked 

to the expression of ribosomal promoter. Here, heterogeneous behavior among the population was 

observed, with clear differences in population structure between well-mixed and scale down 

conditions (Figure 1D). 

The use of a transcriptional reporter, i.e. a promoter linked to the sequence of a fluorescent protein, 

allows a rapid and non-invasive characterization of the strength of an expression vector and the protein 

synthesis rate with respect to the time (DeLisa 1999; Zaslaver, Mayo et al. 2004). This type of 

information is very useful during process optimization. Monitoring is greatly facilitated by the 

fluorescent signal that can be detected on line. Translational reporters, which are tagged with a 

fluorescent protein facilitating the detection of the whole chimeric protein, can be used for bioprocess 

optimization, i.e. by adjusting the induction profile of an inducible promoter (DeLisa 1999; Abu-Absi, 

Zamamiri et al. 2003). The main drawback of these technologies is that the signal accumulates 

intracellularly. Thus, it is theoretically not possible to achieve information about the quantity of the 

secreted product, which is an important limitation since most of the biotechnological applications are 

oriented towards product secretion. Based on this observation, alternative biosensing strategies have 

been designed for the detection of intracellular metabolites (Delvigne, Brognaux et al. 2011). Among 

them, technologies based on the use transcriptional factors (TF) have been successful (Eggeling, Bott 

et al. 2015). This specific technology is based on the interaction between the targeted metabolite and 

its corresponding transcriptional factor, triggering the synthesis of fluorescent molecules. This strategy 

has notably been used for the high-throughput selection of L-lysine hyper producers among a library 

of C. glutamicum mutants generated by chemical mutagenesis (Binder 2012; Binder 2013). The 

fluorescent biosensor facilitated the high-throughput detection and isolation of the best producers by 

fluorescence activated cell sorting (FACS). A similar workflow has been applied to other relevant cell 

factories, such as S. cerevisiae and E. coli (Delvigne and Goffin 2014). Surprisingly, TF-based fluorescent 

reporters have not been applied so far for the investigation of metabolite production in heterogeneous 

conditions.   

Actually, some flow cytometry (FC) devices can be adapted directly on bioreactors for providing on line 

data. This implementation has been particularly successful in environmental biotechnology for 

monitoring drinking water facilities (Hammes, Broger et al. 2012; Besmer, Weissbrodt et al. 2014). 

Indeed, FC is particularly well-suited for the monitoring of aquatic systems where cell density is quite 

low (Smith, Cho et al. 2010).  

On line flow cytometry has also been adapted for monitoring high-cell density cultivations, but more 

sophisticated interfaces are needed in this case, notably for diluting cell suspension before FC analysis 
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(Abu-Absi, Zamamiri et al. 2003; Kacmar, Zamamiri et al. 2004; Newman, Ghaemmaghami et al. 2006; 

Broger, Odermatt et al. 2011). Additionally, a low-cost and simplified interface have been developed 

for monitoring fed-batch bioreactors (Brognaux, Han et al. 2013). However, when combined with 

either exogenous markers or genetically encoded biosensors, on line flow cytometry leads to very 

reliable parameters (e.g., cell metabolic activity and productivity in recombinant protein production), 

with potential for enhanced process control (Delvigne and Goffin 2014; Polizzi and Kontoravdi 2014). 

However, examples of the usage of on line FC for process control are rare, probably due to a lack for 

an efficient analysis of FC-based data. A key issue for the optimal exploitation of FC based data relies 

on the proper parameterization of population structure/heterogeneity (Fernandes, Nierychlo et al. 

2011). Indeed, it is quite easy to express the mean population statistics by using classical inference 

methods, but the proper characterization of population heterogeneity is more challenging. A quick and 

easy way for capturing the cell population heterogeneity is to compute the mean to median ratio 

(Brognaux, Bugge et al. 2013; Delvigne, Baert et al. 2015) or cumulative cell density distribution (Heins, 

Lencastre Fernandes et al. 2015). However, these approaches present two main drawbacks, such as 

the lack of biological meaning behind the expression of heterogeneity or difficulties for interpreting 

data when bimodal or multimodal distributions arise. In this context, FC fingerprinting methods are 

very promising (Koch, Harnisch et al. 2014). These methods are based on the exploitation of the full FC 

data. With these methods, cells distribution parameters (i.e., membrane permeability, GFP content, 

DNA content…) are classified according to a predefined mesh, and further data reduction methods (like 

principal component analysis) leads to a fingerprint of the whole population at a given time and in 

given conditions. By this way, the full set of FC-based data is used in order to describe the state of the 

population. This state can then be further compared, in order to describe the evolution of the cell 

population genotypic/phenotypic structure during bioreactor experiments (Koch, Müller et al. 2014; 

Kinet, Dzaomuho et al. 2016). However, these FC fingerprinting techniques have been applied only to 

mixed cultures up to know, but their application to single species are of great potential in the future. 

Also the coupling of cell separation to other techniques, like Raman spectroscopy, leading to single-

cell imaging (Li, Xu et al. 2012), or fast Raman spectra collection of cell samples (Teng, Wang et al. 

2016) can be promising to gain more relevant data concerning phenotypic heterogeneity. 

In summary, the results and experimental approaches as described are suitable to provide answers to 

the initial question raised at the beginning of this review, i.e. “Is there any relationship between 

bioreactor heterogeneity and microbial population heterogeneity?”. Indeed, most of the experimental 

tools are able to provide answers, however no clear correlation has been made due to the fact that 

the interpretation of biological noise is difficult. A schematic example of potential evolutions of the 

population heterogeneity is shown in Figure 3. Population heterogeneity is often increased in 

heterogeneous environmental conditions, mainly due to the extrinsic component of biological noise. 

This increase is caused by an expansion of the distribution’s standard deviation. This effect has notably 

been observed for promoter-based biosensors responsive to substrate limitation in a comparative 

study, which involved well-mixed and scale-down reactors (Delvigne, Brognaux et al. 2011). This 

increase can be originated also by the appearance of several subpopulations with therespective mean 

and standard deviations. This effect was observed in case of the described Prpos::gfp biosensor 

(Delvigne, Ingels et al. 2009). The consideration of the last case is more difficult, because it imposes to 

treat each subpopulation separately. Thus, a general mathematical framework for expressing 

biological noise and the resulting cell population heterogeneity is needed. This can be found in studies 

dealing with the impact of noise on the system biology of microorganisms (Silander, Nikolic et al. 2012; 

Baert, Kinet et al. 2015). As shown in Figure 3, negative correlation between cell population 

heterogeneity and bioreactor heterogeneity can also be noticed. A nice example of this effect is the 
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reduction of membrane permeability in heterogeneous cultivation conditions as explained before 

(Brognaux, Francis et al. 2014). This point out that the interpretation of single-cell data is context-

dependent. Another important point explaining the lack of experimental data linking biological noise 

to bioreactor heterogeneity has to be attributed to the fact that actual single-cell technologies are 

based on global physiological parameters, such as viability or the induction of stress regulons. 

However, with the expand of the single-cell toolbox and the many possibilities offered by synthetic 

biology, new biosensing strategies, like the application of transcriptional factor-based fluorescent 

biosensors, will allow for the direct quantification of metabolite productivity at the single-cell level 

(Schallmey, Frunzke et al. 2014; Rogers, Guzman et al. 2015; Rogers and Church 2016).  

3. Recently developed methods for the quantification of morphologic population heterogeneity 

Whenever distinguishing features of strains related to product synthesis are accompanied with 

morphological changes, they could theoretically be assessed by photo-optical methods. However, even 

sampling influences these morphological features of cells, which lead to the requirement of methods 

applicable directly inside the cell suspension, ideally in the production scale itself. The challenge to 

realize this for microbial systems is the cell size: Measurements of particles in a range of a few µm, and 

rod-shaped cells at diameters of less than one µm, within a culture suspension in a mostly turbulent 

flow regime, including gas bubbles, is often hardly feasible. Such a measurement becomes even more 

challenging, if work is conducted at accelerated cell densities, which becomes necessary, when the real 

cultivation conditions of many industrial processes are considered. One way to overcome such 

challenges is the application of in situ measurements, or at least the achievement of automated and 

reliable sampling and fast quenching of the morphological state during the sample procedure for in 

line measurements. Many efforts have been made in this field concerning the capture of the 

physiological state for systems biology studies, in which the rapid and automated quenching after a 

pulse experiment is a basis to identify regulation mechanisms properly. Some methods might be 

applicable for the capture of the morphological state as well, but most are certainly unsuitable, as they 

harm the cell wall structure. Nevertheless, rapid and automated sampling, which is coupled to the 

appropriate analytical device, is among the most promising tools towards a reliable measurement of 

population heterogeneities at the morphological level. 

3.1 Particle detection with laser-light back reflection measurement 

A probe for laser-light back reflection measurement usually projects a focused laser beam into a 

suspension. The measurement is conducted at a tight spot inside the suspension nearby the probe 

window. Rotating optics inside the probe guide the laser beam in such a way, that it follows a circular 

path in a defined distance close to a sapphire window. When the light hits a particle, it is reflected and 

detected inside the probe. The duration of the backscattered light to pass to the detector is related to 

the size and shape of the particle, the measured length is specified as chord length. If the focus area 

was set correctly, the number of measured chords can be correlated to the concentration in a 

suspension sample. Moreover, a histogram with the quantitative analysis of the chord length 

distribution can be edited (Whelan, Murphy et al. 2012; Kumar, Taylor et al. 2013). 

This technique is widely applied in the chemical industry at crystallization, granulation and flocculation 

processes (Beck and Andreassen 2012). It has been shown recently that it is also suitable for the 

investigation of aggregates and chain lengths in plant cell cultures (McDonald, Jackman et al. 2001; 

Jeffers, Raposo et al. 2003), and for filamentous bacteria (Pearson, Glennon et al. 2004), respectively. 
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The flocculation of yeast cells was monitored with the FBRM (model M400L Lasentec, WA) working 

with multimode fibers to determine the floc chord distribution in a continuous ethanol fermentation. 

Measurements were weighted in order to overcome failures caused by gas bubbles. The productivity 

was correlated with a weighted cord size distribution (Ge, Zhao et al. 2005). Even smaller cells were 

detected with a similar device in high cell density E. coli cultivations. The cell concentration and particle 

count showed a linear correlation up to a cell dry weight of 45 gL-1 (Whelan, Murphy et al. 2012).  

Another laser-based reflection measurement device is the single mode fiber “in line particle analytical 

system” (IPAS). The focus area is adjustable manually in front of the sapphire window. The variation of 

wavelength and laser energy for single mode light transmission allows the determination of particles 

in a wide range of particle sizes and shapes (Helmdach, Schwartz et al. 2014). Two parameters, which 

were measured with the IPAS-BioCellAnalyzer (IPAS-BCA, Sequip S+E, Germany), namely the 

obscuration factor (OBF) and the confidence probability (COP), were correlated with off line 

measurements of cell density and flow cytometry with propidium iodide (PI) staining in an E. coli scale 

down cultivation. Here, E. coli was cultivated in a two-compartment reactor, which consisted of an 

aerated stirred tank reactor connected to a non-aerated plug flow reactor module. Averaged values 

over the whole population were used to determine differences in growth and cell viability at 

inhomogeneous cultivation conditions (Brognaux, Bugge et al. 2013). 

In other own studies, a similar probe was used to measure the cell size distribution in C. glutamicum 

scale down cultivations. The particle count and cell size distribution was investigated. Cells were 

opposed to stress conditions, in this case oscillating oxygen starvation and substrate excess/starvation, 

in a three-compartment scale down reactor (Lemoine, Martίnez-Iturralde et al. 2015). Cell populations, 

which were cultivated under unfavorable growth conditions in the scale down reactor, exhibited a 

broader cell size distribution. In general, bigger particles were detected (Figure 4). As seen with light 

microscopy, the elevated cell size is caused by agglomeration, which can be monitored in situ with 

laser-light back reflection.  

3.2 In situ microscopy 

Theoretically, the easiest way to gain captures of morphological features of single cells is the 

application of light microscopy. Nevertheless, great challenges have to be overcome in order to apply 

in situ microscopy: the pictures contain bubbles in aerated cultivations; the sharpness of pictures is 

affected by insoluble media compounds or just by an elevated cell density. Antifoam and foam 

structures might disturb measurements as well as biofilm formation. Bypass solutions might be an 

alternative if the conditions in the bypass do not lead to changes in morphological features. 

Microscopy either conducted in situ or in a bypass has been described in several literature reports 

(Bluma, Hopfner et al. 2010; Belini, Wiedemann et al. 2013). So far, the rigidity of the available devices 

has been investigated with the measurement of the correlation of detected cells and cell dry weight 

or manual cell count. However, if the detection algorithm of cells works properly, cell boundaries can 

be identified, and the cell diameter can be calculated. Hence, in situ microscopy can provide much 

more data than just the cell concentration, e.g. the cell size of the algae Cryptecodinium cohnii was 

directly related to the intracellular fatty acid accumulation. Thus, it was monitored w/o off line analysis 

(Marbà-Ardébol, Emmerich et al. 2017). Some technological approaches consist of a stop-flow device 

included in the measurement shaft in order to arrest the sample before an image is generated. This 

leads to sharper edges and easier boundary detection, while the overlapping of cells is reduced. Other 

technological approaches allow to capture directly the free-flowing cell suspension, e.g. when 

immersion lenses are applied. The immersion lenses allow a higher resolution as the portion of 
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uncaptured scattered light is smaller due to the shape of the lenses and the concomitant guidance of 

the light. Nevertheless, also this technology has not been applied for further characterization of cell 

size distributions so far.  

Rare reports show the potential to draw conclusions on the process performance based on the 

morphological features of a population captured with in situ microscopy. Sometimes, even the 

physiological state (in this case viability) of S. cerevisiae cells can be related to morphological 

characteristics (Baicu, Ifrim et al. 2015). Buddying yeast appears with a somewhat irregular shape 

different to an ideal bowl shape. This requires a detection algorithm that is able to deal with non-

uniform structures. Their appearance in captures varies in dependence to their angle to the optical 

plain. A rigid detection algorithm is required that neglects all uncertain cell shapes while a sufficient 

amount of images still ensures that enough cells were detected. This is the reason why it is often not 

possible to apply the same or even very similar parameters for cell detection as used for off line 

microscopy. However, own data obtained in S. cerevisiae cultures, grown under homogenous 

conditions in a lab scale stirred tank bioreactor or under inhomogeneous conditions in a two- and 

three-compartment scale down bioreactor showed a shift towards higher cell diameters in the 

heterogenic environment. When cells passed from a well-aerated nutrient-limited fed-batch 

cultivation into plug flow reactors, in which severe oxygen limitation occurred, growth retarded and 

side metabolite accumulation was measured. The decreased maturation velocity probably led to larger 

cells, but also osmotic effects may play a role.  In this case, a higher cell diameter (as measured surface 

area) was detected: the average diameter ranged between 4.5 and 5.0 µm, while it was about 4.0 µm 

under homogeneous conditions. Usually, the effect of larger cell diameters is increased in a microscope 

capture, as the volume changes by 60% if the diameter just changes from 3.0 to 3.5 µm. Then the larger 

cells appear even bigger, however there is not a considerable influence on the cell size distribution 

itself, but just the difference in the cell sizes (numbers of each fraction) is estimated to be higher than 

in reality. Hence, for cell sizes of those of yeast or larger, in situ microscopy might be a suitable tool for 

the investigation of morphological features.  

Ongoing developments in cheap and reliable production of glasses might lead to focus areas closer to 

the probe. This would allow to gain sharper pictures w/o the requirement of sample dilution. 

Nevertheless, the advantages of a high measurement frequency and no sample preparation, and the 

possibility to obtain a tool for process control when applied in situ, have to be traded compared with 

the traditional off line method, at which background noise often does not play any role. 

3.3 Digital 3-D holographic interferometric microscopy 

In 3-D holographic microscopy (DHM), the laser or LED provides coherent (monochromatic) light, which 

is split inside a Mach Zehnder interferometer into a reference and an object beam. The object 

interferes with the light, whereas the reference beam remains unaffected. Both beams are sidetracked 

and interfere with each pattern as a hologram. Hence, the optical phase and intensity are recorded 

digitally. The phase is shifted in dependence on the refractive index. This shift corresponds to the 

object thickness and the ratio of the refractive index between the object and surrounding material, 

while the amplitude is mostly dependent on scattering and absorption effects (Cuche, Marquet et al. 

1999; Rappaz, Marquet et al. 2005). Moreover, this technique has been used to record movements of 

particles, particularly those of living organisms. In line measurements can be realized by a flow cell 

(Mathuis and Jooris 2015), or directly due to the application of microfluidic devices (Garcia-Sucerquia, 

Xu et al. 2006). In situ measurements of marine organisms have been realized in tailwater (Garcia-

Sucerquia, Xu et al. 2006; Jericho, Garcia-Sucerquia et al. 2006). Furthermore, the detection of the 
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malaria parasite Plasmodium falciparum was achieved in red blood cells using a microscopic chip 

(Bishara, Sikora et al. 2011). 

In cell culture experiments, DHM has been used extensively as high quality imaging can be realized at 

this particle size. Morphological changes were detected using labeling techniques (Dubois, 

Yourassowsky et al. 2011) and without (Chalut, Ekpenyong et al. 2012; Kawase, Okuda et al. 2016), 

including the detection of lipid accumulation in the algae C. cohnii and in yeast (Marbà-Ardébol, 

Emmerich et al. 2017).  

Nadeau published a study of measurements in E. coli, B. subtilis and Vibrio alginolyticus cultures. 

Challenges in recording bacteria were due to their low contrast, small cell size and rapid movements 

(Nadeau, Cho et al. 2016). The orientation of non-spherical cells has to be determined before the 

length can be quantified. Hence, pattern recognition is a basic requirement for future investigations, 

as unspecific object detection leads to wrong size measurements (Wu, Wu et al. 2013). Wang et al. 

were able to track the bacterial movement including the three-dimensional orientation and position 

in line with a light scattering model applied to E. coli (Wang, Garmann et al. 2016). Algorithms 

developed in order to de-noise the holographic data were developed and demonstrated to enhance 

the data quality in a dense suspension of E. coli (Molaei and Sheng 2014). The optical characteristics 

of E. coli and Staphylococcus intermedius colonies were evaluated by using DHM (Buzalewicz, 

Kujawińska et al. 2016). The production rate and dry mass surface density of a wild type strain and 

fission of Schizosaccharomyces pombe was observed using DHM.  As yeast cells have no constant 

refractive index, cell thickness cannot be calculated from a phase shift. However, a mechanistic model 

was applied to correlate phase to dry mass and cell area (Rappaz, Cano et al. 2009).  

In own studies, the oLine D3HM v1.0 (Ovizio Imaging Systems NV/SA, Brussels, Belgium) was used. 

Data evaluation was performed with the OsOne version 3.4.0.8593 software to determine the cell size 

distribution of C. glutamicum in scale down cultivations. Cells were measured off line at a defined cell 

density of OD600 = 0.5. The higher cell size is caused by cellular aggregation, as confirmed by off line 

light microscopy (Figure 3). Although the detailed mechanisms for the agglomeration are unclear up 

to now, on line applicable tools would allow to determine the exact time point, at which the cultivation 

conditions lead to the onset of the formation of agglomerates at any bioreactor. This information can 

be used to either scale down a process (agglomeration should be detectable also in the properly 

mimicked small scale) or to define the time of sampling and deeper investigation at the production 

scale. 

4. Conclusions 

As described, the degree of heterogeneity is affected by gradients, which are based on the process 

mode, reactor design and operation. Nevertheless, their impact on the process yield remains unclear. 

Several observations point out the fact that bioreactor heterogeneities are able to drive phenotypic 

diversification of cell population. However, cell population heterogeneity can also be observed in 

homogenous cultivation conditions.  

In parallel to the advances in devices to study these heterogeneities within a population, tools are 

given that allow monitoring the development of such population heterogeneities. While many of these 

tools have not been thoroughly tested and widely applied so far, some of them are promising like 

confocal Raman microscopy for monitoring phenotypic heterogeneity (Hermelink, Brauer et al. 2009). 

Nevertheless, they are not applicable at line or on line so far and further evaluation is needed. The 

currently available tools and methods, however, allow already a fast collection of data, which allows a 

directed strain engineering. Some of the tools can be applied also to parallel systems (e.g. well plates), 

but most of them will be more suitable for the application in L-scale bioreactors. Then, depending on 
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the purpose of the study, the drawback of a lack of parallelization is more than equalized by the value 

of data gained with superior analytical technology. Further tools (experimental and mathematical) are 

thus required for better characterizing the component of noise really affected by extrinsic conditions. 

Indeed, microbial cells are intrinsically noisy and this component has to be removed from the analysis 

in order to evaluate the real impact of cultivation conditions on cell population. 
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Figures 1. 

 

Impact of environmental stress conditions on morphological features – Examples from yeast and 

bacteria  

 

Figure 2. 

 

Timescale of important biological processes. Compatible single-cell technologies are placed in front of 

the corresponding biological process and on line or at line potentialities are highlighted. Most of the 

values related to timescales have been extracted from data of the Bionumbers project (Milo and 

Phillips 2016).   
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Figure 3 

  

 Correlation between cell population heterogeneity and bioreactor heterogeneity can be either 

positive or negative according to different factors including the biosensing technologies used for 

detecting phenotypic changes and the ratio between intrinsic (not affected by bioreactor 

environmental conditions) and extrinsic component of biological noise  (affected by bioreactor 

environmental conditions). Cell population heterogeneity can be computed based on the mean and 

standard deviation (std) of cell distribution, but the picture is more complicated when subpopulations 

of cells occur (biomodal or multi-modal distributions).  

 

Figure 4. 

 

Detection of the cell size distribution in scale down experiments of C. glutamicum 
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