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Abstract 

Environmental concerns and limited fossil resources are driving the development of 

biorefinery technologies with the aim of gradually replacing petrochemical production of 

fuels and chemicals. However, the lignocellulose utilization process faces major techno-

economic challenges. The recalcitrance of the lignocellulose requires the pretreatment of the 

raw material in order to facilitate efficient depolymerization of the structural carbohydrates 

cellulose and hemicellulose by enzymatic hydrolysis. The cost for the hemicellulolytic and 

cellulolytic enzymes thereby has a substantial impact on the overall process costs, 

necessitating intensification of the enzyme production process.  

Trichoderma reesei is the principal enzyme producer but the complex morphology of the 

filamentous fungi presents a major challenge in the process development. We have developed 

a novel method for the analysis of the micromorphology of T. reesei in cultivations on 

lignocellulosic substrates, which, based on the solid loadings, precludes application of 

conventional light microscopy. Confocal laser scanning microscopy and computer-aided 

image analysis enabled the quantification of the dimensions of single cells and the degree of 

branching in cultivations on wheat straw and lactose. This study showed that the 

micromorphology of T. reesei was strongly dependent on the strain background, the employed 

substrate and the process conditions. The micromorphological changes were correlated with 

the efficiency of enzyme production. By providing a tool for the evaluation of the enzyme 

production by T. reesei on lignocellulosic substrate, this study has relevance for 

characterization and optimization of the critical step in the overall lignocellulose 

saccharification process. 

In the second part of the biorefinery process the soluble sugars are converted to biofuels, e.g. 

bioethanol, or platform chemicals, e.g. lactic acid. The lignocellulosic hydrolyzates, however, 

present difficult substrates for the most commonly applied microorganism of the fermentation 

industries Saccharomyces cerevisiae. Secondary decomposition processes during pretreatment 



of the raw material lead to the formation of toxic compounds such as furans, phenolic 

compounds and organic acids. The hydrolyzates further contain, besides the cellulose-derived 

sugar glucose, significant amounts of xylose, which is released from the hemicellulosic xylan. 

For efficient conversion of the sugars in the hydrolyzates to the desired product, strain 

development has to target at high inhibitor tolerance as well as efficient co-utilization of 

glucose and xylose. The herein presented S. cerevisiae strain IBB10B05 was enabled to 

xylose fermentation by the introduction of a NADH-dependent oxidoreductive xylose 

assimilation pathway within a CEN.PK113-7D background. Strain IBB10B05 was further 

evolved to accelerate xylose conversion rates and to promote anaerobic growth on xylose. The 

evolved strain IBB10B05 showed excellent xylose-to-ethanol conversion capabilities in 

fermentations of wheat straw hydrolyzates at high solid loadings. Compared to its parent 

strain BP10001, the specific uptake rate of strain IBB10B05 was up to 17.5-fold improved at 

complete perpetuation of the fermentation capabilities on glucose. Strain IBB10B05 therefore 

proved to be sturdy candidate for intensification of lignocellulose-to-bioethanol processes.  

Based on the high robustness and the efficient xylose conversion, strain IBB10B05 was a 

promising host for recombinant L-lactic acid (LA) production. Selecting the Plasmodium 

falciparum L-lactate dehydrogenase (pfLDH) for its high kinetic efficiency, strain 

IBB14LA1_5 was derived from IBB10B05 by placing the pfldh gene at the pdc1 locus under 

control of the pdc1 promotor. By removing the pdc5 gene, the pyruvate-to-ethanol pathway 

was disrupted. Strain IBB14LA1_5 was capable of continued LA formation under anaerobic 

conditions, provided that the pH was stabilized with added CaCO3. The yields on both sugars 

were thereby advancing towards homolactate fermentation. With the aim of accelerating the 

xylose-to-LA conversion, cultivations by strain IBB14LA1_5 were further conducted under 

microaerophilic conditions, which increased the LA productivities significantly.  

In recent years much research effort has been spent to optimize single unit operations and 

parameters in the biorefinery process. However, single parameters and process configurations 



are heavily interrelated and can affect the overall process efficiency in a multitude of ways. 

Studies on process integration are therefore essential to render large scale biorefinery plants 

commercially viable. Despite this, comprehensive studies on process integration at an early 

stage of strain and process development, i.e. at laboratory scale, are lacking. We conducted an 

integrative analysis of a separate hydrolysis and co-fermentation process for the production of 

bioethanol on wheat straw. The process relied on the cultivation of a T. reesei mutant strain 

on the pretreated feedstock for the production of the hemicellulolytic and cellulolytic 

enzymes, and the efficient mixed glucose-xylose fermentation by S. cerevisiae strain 

IBB10B05. Process configurations were varied and evaluated with respect to the overall 

process ethanol yield (YEthanol-process). The study generated a fundamental understanding of the 

process and allowed the identification of key process parameters with pronounced impact on 

YEthanol-process. The highest YEthanol-process obtained was 71.2 g ethanol per kg raw material, which 

is comparable to data available from pilot scale plants. This study proved that benchtop-

process analysis can be useful to for process optimization. 

The herein presented strategies for strain and process development have a high relevance for 

the optimization of key steps in the biorefinery processes. The strategies advance the potential 

for lignocellulose as carbon source for the sustainable production of biofuels and chemicals. 



Zusammenfassung 

Das zunehmende Umweltbewusstsein und die Verknappung fossiler Ressourcen fördern 

die Entwicklung von Bioraffineriekonzepten mit dem Ziel, die petrochemische 

Herstellung von Kraftstoffen und Plattformchemikalien sukzessive durch nachhaltigere 

und umweltfreundlichere Alternativen zu ersetzen. Die Realisierung großtechnischer 

Prozesse zur Verwertung von Lignozellulose steht dabei weiterhin vor großen 

prozesstechnischen und ökonomischen Herausforderungen. Eine Problemstellung ist die 

hohe Resistenz von Lignozellulose gegenüber chemischer oder enzymatischer Hydrolyse. 

Um eine effiziente Depolymerisierung der strukturgebenden Naturpolymere Zellulose und 

Hemizellulose zu gewährleisten, muss das Rohmaterial vorbehandelt werden. Die 

Zellulasen und Hemizellulasen stellen einen signifikanten Anteil der Prozesskosten dar, 

weshalb eine Prozessintensivierung der Enzymproduktion notwendig ist. Zur Herstellung 

dieser Enzyme wird meist der filamentöse Pilz Trichoderma reesei  eingesetzt. Die 

komplexe Morphologie dieses Pilzes stellt jedoch eine Herausforderung für die 

Prozessentwicklung dar. In dieser Studie wird eine neue Methode zur Untersuchung der 

Mikromorphologie von T. reesei während der Kultivierung auf lignozellulose-haltigen 

Substraten präsentiert. Konfokale Laser-Scanning-Mikroskopie und die Bildanalyse mit 

einem am Institut entwickelten Programm ermöglichten die quantitative Analyse der 

Geometrie einzelner Zellen in der Hyphe und des Verästelungsgrads während der 

Kultivierung von T. reesei auf Weizenstroh oder Laktose. Die Mikromorphologie änderte 

sich signifikant in Abhängigkeit von der verwendeten T. reesei-Mutante, dem Substrat 

und der Prozessführung. Weiterhin konnte die Änderungen der Mikromorphologie mit der 

Effizienz der Enzymproduktion korreliert werden. Mit dieser neuen Analysemethode ist es 

möglich, die Mikromorphologie von T. reesei während der Kultivierung auf 

Lignozellulose zu charakterisieren. Diese Studie ist daher von Relevanz für die 



Optimierung der Enzymproduktion, die einen kritischen Prozessschritt in der 

Verzuckerung von Lignozellulose darstellt. 

Im zweiten Teil des Bioraffinerieprozesses werden die löslichen Zuckermonomere zu 

Biotreibstoffen, z.B. Bioethanol, oder Plattformchemikalien, z.B. Milchsäure, 

umgewandelt. Die verzuckerten Lignozellulose-Hydrolysate stellen dabei besondere 

Anforderungen an den am meisten verwendeten Mikroorganismus Saccharomyces 

cerevisiae. Aufgrund von Abbauprozessen während der Vorbehandlung des Rohstoffes 

werden toxische Stoffe wie Furane, Phenole und organische Säuren gebildet. Die 

Hydrolysate enthalten neben der Glukose, die durch die Verzuckerung von Zellulose 

entsteht, auch hohe Mengen an Xylose, welches durch die Hydrolyse des Hemizellulose-

Polymers Xylan entsteht. Um eine effiziente Umsetzung des Hydrolysates zu dem 

gewünschten Produkt zu gewährleisten muss also ein robuster Stamm mit der Fähigkeit 

zur Co-Fermentation von Glukose und Xylose entwickelt werden. Der hier präsentierte S. 

cerevisiae-Stamm IBB10B05 basiert auf dem CEN.PK113-7D-Wildtypstamm, dem der 

NADH-abhängige oxidoreduktive Xylose-Abbauweg eingefügt wurde. Mit gerichteter 

Evolution wurde der Stamm weiter modifiziert, um eine schnellerer Xylose-Konversion 

und anaerobes Wachstum auf Xylose zu ermöglichen. Der evolvierte Stamm zeigte dabei 

eine ausgezeichnete Xylose-Aufnahmerate und Ethanol-Produktion auf Weizenstroh-

Hydrolysaten mit hohem Festoffanteil. Im Vergleich zu dem Ausgangsstamm BP10001 

konnte die spezifische Xylose-Aufnahmerate um das 17,5-fache gesteigert werden. Die 

Fermentationskapazität auf Glukose blieb dabei unverändert. IBB10B05 stellt einen 

robusten Stamm für die Intensivierung der Bioethanol-Produktion dar. 

Die hohe Stabilität macht IBB10B05 zu einem vielversprechenden Ausgangsstamm für 

die rekombinante Herstellung von L-Laktat. Dabei wurde – aufgrund der hohen 

kinetischen Effizienz – die L-Laktat Dehydrogenase von Plasmodium falciparum (pfLDH) 

verwendet. Die pfLDH wurde an den pdc1-Lokus unter der Kontrolle des nativen pdc1-



Promotors in den Stamm IBB10B05 kloniert. Um die Ethanol-Produktion zu eliminieren 

wurde das für die pdc5 kodierende Gen deletiert. Der entstehende Stamm IBB14LA1_5 

zeigte kontinuierliche anaerobe L-Laktat Produktion in gepufferten Glukose- und Xylose-

Fermentationen. Der L-Laktat Ertrag auf beiden Zuckern war dabei fast so hoch wie der 

Homofermentativen Milchsäuregärung. Mit dem Ziel, die Fermentationsraten auf Xylose 

zu steigern, wurden die Fermentationen unter mikroaerophilen Bedingungen ausgeführt. 

Dies führte zu einer signifikanten Beschleunigung der L-Laktat Produktivität von 

IBB14LA1_5. 

In den letzten Jahren hat sich die Forschung auf die Optimierung einzelner Prozessschritte 

oder Prozessparameter fokussiert. Da die einzelnen Prozesskonfigurationen aber stark 

miteinander vernetzt sind, wirkt sich die Veränderung eines Parameters in vielfacher 

Weise direkt oder indirekt auf die Effizienz des gesamten Prozesses aus. Um die 

großtechnische Umsetzung von Bioraffineriekonzepten zu realisieren, wären Studien zur 

Integration der einzelnen Schritte zu einem gesamten Prozess essentiell. Trotzdem sind 

umfassende Studien im frühen Stadium der Stamm- und Prozessentwicklung, das heißt im 

Labormaßstab, die Ausnahme. Wir präsentieren in dieser Studie eine integrative Analyse 

eines „Seperate Hydrolysis and Co-Fermentation (SHCF)“-Prozesses zur Bioethanol-

Herstellung aus Weizenstroh. Der Prozess beinhaltet die Herstellung der Zellulasen und 

Hemizellulasen durch die Kultivierung einer T. reesei-Mutante auf vorbehandelte, 

Weizenstroh und die effiziente Co-Fermentation von Glukose und Xylose mit dem S. 

cerevisiae-Stamm IBB10B05. Die Prozesskonfigurationen wurden variiert und mit 

Hinsicht auf den Ethanol-Ertrag des gesamten Prozesses evaluiert. Das dadurch 

entstandene Verständnis für den Prozess ermöglichte es jene Prozessparameter 

herauszufinden, welche den stärksten Einfluss auf die Prozesseffizienz ausüben. Die 

höchste Prozessausbeute – 71.2 g Ethanol pro kg unbehandeltem Weizenstroh – war dabei 



vergleichbar mit der Effizienz von Pilotanlagen. Prozessanalyse im Labormaßstab stellt 

daher ein sinnvolles Instrument zur Prozessoptimierung da. 

Die in dieser Arbeit präsentierten Strategien zur Stamm- und Prozessentwicklung tragen 

zur Optimierung der kritischen Schritte im Bioraffinerieprozess bei. Die erzielten 

Verbesserungen von Schlüsselparametern sind ein wichtiger Schritt, um dem Ziel einer 

großtechnischen Verwertung von Lignozellulose als erneuerbarem Rohstoff 

entgegenzugehen. 
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Abstract 

Background 

Trichoderma reesei is the principal producer of cellulolytic enzymes. Because of the 

strong influence on the enzyme production, the morphology of the filamentous fungi 

is a key parameter for process optimization. For efficient and cost-effective 

production of cellulolytic enzymes, cultivation of T. reesei is performed on 

lignocellulosic waste streams. These insoluble substrates prevent the application of 

conventional light microscopy for the analysis of fungal morphology. In this study we 

present a novel method for micromorphological analysis based on confocal laser 

scanning microscopy (CLSM) and computer-aided image analysis. This method 

enabled the quantification of the dimensions of the single cell (intercalary length and 

cell width) and the degree of branching in cultivations on the industrially relevant 

substrates wheat straw and lactose. The micromorphology of 2 T. reesei strains, 

QM9414 and a carbon catabolite derepressed cre1 knockout mutant (Δcre), was 

analyzed in dependence of substrate, inoculation method, and agitation velocity.  

Results 

T. reesei strain Δcre formed shorter cells (10.09 µm) on average and developed more 

ramified mycelia (0.36 branches/cell) than strain QM9414 (12.03 µm, 0.22 

branches/cell). Cultivated on wheat straw, the average cell length of QM9414 (10.87 

µm) and Δcre (9.74 µm) was 10% and 26% shorter as compared to reference 

cultivations on lactose. When inoculation was done with spores as compared to 

hyphal biomass, the cell lengths of QM9414 (10.97 µm) and Δcre (9.10 µm) were on 

average about 20% shorter. Strain performance was evaluated in protein concentration 
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and total cellulase activity, which varied between 0.69 and 2.31 FPU mL-1 for Δcre 

and between 0.84 and 1.64 FPU mL-1 for QM9414. The cell length negatively 

correlated with the protein (regression coefficient -0.04 g L-1 µm-1, R2 0.33) and the 

cellulase (-0.30 FPU mL-1 µm-1, R2 0.53) production. 

Conclusions 

The dimensions of the single cell of T. reesei were dependent on the strain 

background, the substrate used and the process conditions applied. 

Micromorphological changes were correlated semi-quantitatively with the efficiency 

of enzyme production. In providing an analytical tool for process analysis for enzyme 

production by T. reesei on lignocellulosic substrate, this study has relevance for 

characterization and optimization of a key critical step in the overall lignocellulose 

saccharification process. 

Keywords: Trichoderma reesei, morphology, cellulase production, lignocellulose, 

wheat straw, lactose 
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1. Background 

The commercial viability of biorefinery processes is heavily dependent on the costs of 

cellulolytic enzymes [1]. To successfully utilize lignocellulose as carbon source, it is 

therefore necessary to intensify the enzyme production process [1, 2]. Based on the 

fast biomass growth and the ability to secrete high amounts of proteins, the 

filamentous fungi Trichoderma reesei (anamorph of Hypocrea jecorina) has become 

the principal producer of cellulolytic enzymes [3]. However, the complex morphology 

of the fungus presents a major challenge in process development [4-6]. T. reesei, like 

other filamentous fungi such as Aspergillus spp., can develop into various micro- and 

macromorphologic states [4-6]. The micromorphology describes the dimensions of 

the cells and the hyphae, as well as the degree of branching and the total number of 

tips [4, 6]. The macromorphology of the fungi can be broadly classified into pellets 

and freely dispersed mycelia [5, 6]. By employing wide-field light microscopy, it has 

been shown that the micro- and the macromorphology of cellulase-producing T. reesei 

is dependent on the carbon source [7-9], the composition of the culture medium [7, 8], 

the pH [10], the size of the inoculum [8], and the intensity of agitation [7, 11]. With 

the aim of quantifying morphological changes, the acquired images were analyzed 

towards the projected area of free and entangled mycelia, as well as the dimensions of 

the hyphae and the level of branching [7, 11-13]. This enabled the correlation of the 

micromorphology with the cellulase productivity [7, 11, 12], and proved that the 

micromorphology is a key factor for process analysis and optimization. However, 

there are limitations with this approach. Firstly, efficient and cost-effective production 

of enzymes often requires the cultivations of T. reesei on hemicellulosic and 

cellulosic waste streams with high solid loadings [14]. These substrates are insoluble 
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and often bulky or fibrous, and preclude the application of wide-field light 

microscopy. Consequently, studies have been exclusively conducted on model 

substrates, e.g. avicel or solca flocs [7-9, 12, 13, 15, 16]. Secondly, the fungal hyphae 

form filamentous 3-dimensional networks. Wide-field light microscopy, however, 

only provides images representing a 2-dimensional projection of this network. Only a 

thin section of the sample, corresponding to the depth of focus, is imaged sharply; the 

regions above and below this section are unsharp. This complicates quantitative image 

analysis. Furthermore, as all structures are projections into the image plane no axial 

distances can be measured. 

In this study we present a new quantitative method for the analysis of fungal 

micromorphology. By using confocal laser scanning microscopy (CLSM) and 

computer-aided image analysis, it was possible to analyze and quantify the 

dimensions of the single cells and the degree of branching in cultivations on wheat 

straw and lactose. Based on its abundance and low price, wheat straw constitutes a 

promising renewable carbon source in Europe [10]. Lactose also induces expression 

of the complete set of hemicellulases and cellulases in T. reesei [17], although the 

level of expression is much lower as compared to wheat straw [18]. Lactose is the 

preferred carbon source when a soluble substrate is required [19]. The 

micromorphology was analyzed in 2 different T. reesei strains; the reference strain 

QM9414 [20] and strain Δcre. The latter has the cre1 transcription factor removed 

from its genome and is therefore incapable of carbon catabolite repression. Based on 

the higher cellulase productivity, cre1 knockout mutants are the preferred strains for 

efficient enzyme production [20-23]. By applying the developed CLSM-based method 

the dimensions of the single cells were analyzed in dependence of strain, carbon 
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source, inoculation method, and agitation velocity. The micromorphological changes 

were then correlated with the protein secretion and the enzyme production.  

2. Results and Discussion

2.1. Macromorphology of strains QM9414 and Δcre

When T. reesei strains QM9414 and Δcre were cultivated on lactose, a distinct 

difference in the macromorphology was observed (Additional file 1). Whereas Δcre 

developed into small and dense pellets, QM9414 formed larger and loose pellets 

(Additional file 1). On wheat straw both strains showed dispersed growth. The straw 

fibers likely prevented the aggregation of hyphae and spores, which is the initial step 

in pellet formation [24]. A similar effect has been described for the addition of micro-

particles to cultivations by filamentous fungi [25, 26]. As expected, the high solid 

content of the cultivations precluded analysis of fungal morphology in wheat straw 

cultivations by light microscopy (Additional file 1). 

2.2. Analysis of fungal micromorphology by CLSM 

QM9414 and Δcre were cultivated on wheat straw and lactose. Samples were taken 

after 2 and 8 days of cultivations and analyzed by CLSM. An example of the resulting 

images is depicted in Additional file 2. All images were of high resolution, and 

hyphae walls, branching points, and the septa (which divide the hyphae into cells) 

were clearly visible (Additional file 2). In cultivations on wheat straw, it was possible 

to distinguish the wheat straw fibers from the fungal mycelia (Additional file 3). 

Samples were also taken and analyzed after 14 days of incubation. An example of the 

resulting CLSM image and the comparison to the respective 8-day sample is depicted 

in Additional file 4. The images lost contrast with incubation time, leading to a lower 
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image quality and resolution. The probable reason for this was the induction of 

autophagy [27] and the resulting accumulation of cell wall fragments and the 

unspecific straining thereof.

2.3. Protein production and biomass growth 

The protein concentrations were analyzed over time in lactose and wheat straw 

cultivations by T. reesei strains QM9414 and Δcre (Additional file 5). Regardless of 

the cultivation conditions, both strains showed a lag phase of approximately 50 h. 

Afterwards the protein concentrations started to increase until it plateaued at 

approximately ~200 h of cultivation. After ~250 h the protein concentrations 

increased again. The final increase was probably caused by cell proteins being 

liberated by autophagy [27].  

As exemplified by the CLSM images in Additional file 2, both strains formed long 

unbranched hyphae after 2 days and developed into a highly ramified and interwoven 

hyphae network after 8 days of incubation (Additional file 2).  

The protein time courses and the observed changes in micromorphology were 

comparable to the model described in Velkovska et al. (1997). The authors suggested 

that biomass growth in T. reesei proceeds in 2 phases, resulting in a moderately 

branched primary mycelium and highly ramified secondary mycelium, where only the 

secondary mycelium actively secretes enzymes [28].  

Biomass growth of strains QM9414 and Δcre was further analyzed in lactose 

cultivations inoculated with spores and a piece of overgrown agar (Additional file 5). 

After 8 days of cultivations, the wet weight of Δcre was approximately 1.3-fold higher 

as compared to QM9414. Further, both strains produced 1.7-fold more biomass when 
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cultivations were inoculated with a piece of overgrown agar than with spores 

(Additional file 5).  

2.4. CLSM image acquisition and analysis for quantification of fungal 

micromorphology 

CLSM features many advantages over wide-field microscopy, which are essential for 

the analysis and accurate quantification of the fungal micromorphology in cultivations 

on insoluble and soluble substrates. Firstly, based on the specific pattern of the 

staining and the resulting fluorescence signal, structural differences between the 

fungal biomass and the plant material can be discerned. This made it possible to 

differentiate the hyphae from the wheat straw fibers, which would not be possible in 

conventional light microscope images (Additional file 3). Secondly, CLSM yields an 

image of a thin sample section coinciding with the objective focal plane, without 

unfocused contributions from other regions of the sample. The absence of out-of-

focus light results in a higher contrast and sharper images, facilitating quantitative 

analysis. Thirdly, by recording images at a range of axial (z) positions, a set of xy 

images is obtained which contains full 3-dimensional information (xyz). This set of 

images (“z-stack”) allows length measurements of cells oriented not only 

horizontally, but also at any angle with respect to the focal plane. In contrast to wide-

field light microcopy studies, where only the projected hyphal dimensions could be 

measured [7, 11-13, 15, 29], CLSM therefore enables the quantification of the actual

dimensions of the cells.  

A MATLAB program has been developed for quantification of the geometry of the 

fungal network from the CLSM images. The program interactively displays the 

images of different z sections and allows the user to identify the fungal cells in 3-
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dimensions. Based on the septa positions identified by the user and on the 

fluorescence intensity of the cell walls, the program automatically calculates the 

intercalary length and the cell width, respectively. This semiautomated approach 

facilitated highly accurate length and width measurements. An example of the 

interface and the 3-dimensional hyphae skeleton is given in Additional file 6. 

2.5. Analysis and quantification of fungal micromorphology in dependence of 

strain, carbon source and cultivation conditions and its correlation to enzyme 

production 

Because of the observed differences in biomass growth between the strains and the 

inoculation methods (Additional file 5), precultures were performed in glucose media 

to equalize the starting conditions. Results presented below are from the main 

cultures, which were inoculated from the precultures. Samples for analysis of the 

micromorphology and enzyme production were taken after 8 days of incubation, when 

the protein concentration was highest and before induction of autophagy (Additional 

file 4 and 5). Table 1 summarizes the cell lengths and widths, the numbers of 

branches formed per cell, the protein concentrations and the volumetric cellulase 

activities from the presented cultivation conditions. 

2.5.1. T. reesei strains QM9414 and Δcre 

When cultivated on wheat straw, T. reesei strains QM9414 and Δcre produced 

between 0.69 and 2.31 FPU mL-1 in 8 days (Table 1). Both strains showed significant 

variations in the secreted total cellulase activity. Under the same cultivation 

conditions Δcre always produced a higher volumetric cellulase activity than QM9414 

(Table 1). Because QM9414, in contrast to Δcre, is carbon catabolite repressed this 

result was as expected [20-23]. On lactose, both strains only produced basal amounts 
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of cellulases, and the resulting volumetric activity did not reach the lower detection 

limit of the FPU assay. Therefore the total protein concentration was measured in the 

cultivation supernatant. Within the different experimental setups no significant 

variations between strain QM9414 and Δcre could be observed (Table 1), 

The CLSM images depicted in Figure 1 and 2 show distinct micromorphological 

differences between strains QM9414 and Δcre. To enable comparison of the 2 strains, 

the average cell length, cell width and number of branches per septa were calculated 

for wheat straw and lactose cultivations, respectively. The results are summarized in 

Table 2. Independent of the carbon source, Δcre formed shorter and wider cells than 

QM9414. Δcre further developed a more ramified mycelia with up to 2.25-fold more 

branches per cell (Table 2). In filamentous fungi, glucose is a precursor for the major 

cell wall components chitin and glucan [30, 31]. It therefore seems likely that 

manipulation of glucose catabolism does not only influence biomass growth and 

protein productivity but also the fungal morphology. Removal or mutation of the cre1 

transcription factor in T. reesei has been shown to result in severe distortion of colony 

morphology [22]. Similar to observations made in this study, removal of the cre1

analog creA also resulted in an increased degree of branching in submerged cultures 

by A. niger [31].  

2.5.2. Wheat straw and lactose cultivations 

In cultivations on lactose both strains produced 50% less proteins on average than on 

wheat straw (Table 1, Additional file 2), and only basal amounts of filter paper 

activity were detected. This was in accordance with proteome studies, where it has 

been shown that although lactose induces expression of the complete set of 
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hemicellulases and cellulases [17], the level of expression is much lower as compared 

to wheat straw [18].  

In cultivations on wheat straw, strains QM9414 and Δcre developed 9% and 27% 

shorter cells on average as compared to lactose cultivations. The cells of Δcre were 

further 12% wider (Table 1 and 2). QM9414 also tended to form wider cells on wheat 

straw (Table 1). However, the changes were less pronounced.  

When cultivated on cellulase-inducing substrates, T. reesei has been shown to develop 

an extensive extracellular fibrous layer [16]. This layer consists of a heteroglycan, 

which captures and activates hemicellulolytic and cellulolytic enzymes [32-34]. 

Because wheat straw induces cellulase production much stronger than lactose does 

[18], it seems likely that the increase in cell diameter was at least partially caused by a 

more extensive development of this heteroglycan layer.  

In an early work on Geotrichum candidum it has been shown that the length of the 

non-apical cells is dependent on the glucose concentration [35]. An increase from 0 to 

10 g/L resulted in an up to 2-fold increase in the intercalary length [35]. In 

cultivations on wheat straw by T. reesei, the availability of sugar monomers is 

dependent on the rate of cellulose and hemicellulose hydrolysis by the secreted 

enzymes. It therefore seems likely that the concentration of free sugars in cultivations 

on wheat straw is much lower as compared to lactose cultivations. In accordance to 

observations made for G. candidum [35], this might explain the decreased cell length 

in wheat straw as compared to lactose cultivations. 

2.5.3. Inoculation method 

Cultivations were either started by adding a piece of overgrown agar or by adding 

spores to a final concentration of 105 spores per mL. With the piece of overgrown 
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agar, preexisting hyphal biomass was added to the cultivations. Because the fungus 

does not have to develop from the spores, this method results in faster onset of 

biomass formation. Consequently, 1.7-fold more biomass was obtained in agar- as 

compared to spore-inoculated cultivations (Additional file 3). In literature, however, 

inoculation with spores has been the method of choice [8, 36-38]. To analyze the 

impact on the micromorphology, the cell length was compared in dependence of the 

inoculation method and the results are depicted in Figure 3 (panel A1 and A2). 

Independent of substrate, agitation velocity and strain, agar-inoculated cultivations 

resulted in longer septa as compared to spore-inoculated cultures (Figure 3, panel A1 

and A2). It is noteworthy that the micromorphological analysis was conducted from 

samples of the main cultures. Thus, the shift in micromorphology caused by the 

inoculation method was sustained over the precultures and was still detectable in the 

main cultivations.  

The inoculation method further affected the degree of branching (Figure 1 and 2), as 

well as the cellulase production (Table 1). Thus, in spore-inoculated cultivations, 

QM9414 and Δcre formed averagely 5% and 8% more branches per cell as compared 

to agar-inoculated cultivations. When wheat straw cultivations were inoculated with 

spores, QM9414 and Δcre produced 1.4 FPU mL-1 and 2 FPU mL-1 on average (Table 

1). This is 1.7-fold and 1.4-fold higher as compared to agar-inoculated cultivations by 

QM9414 (0.8 FPU mL-1) and Δcre (1.4 FPU mL-1), respectively. Protein secretion has 

been suggested to primarily happen at the tip of the apical compartment [39, 40]. The 

higher degree of branching and the corresponding increase in freshly formed tips 

therefore likely caused the observed increase in enzyme production.  
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2.5.4. Agitation velocity  

Because of its impact on oxygen input, morphology and fragmentation, the type and 

intensity of agitation is a key parameter for cultivations by filamentous fungi [11, 12, 

41-45]. To analyze the impact of the agitation velocity on the micromorphology of 

strains QM9414 and Δcre, cultivations were incubated at 190 rpm and 150 rpm. The 

resulting cell lengths are compared in Figure 3 (panel B1 and B2). In cultivations on 

wheat straw no clear effect of the agitation velocity on the cell length was observed. 

On lactose, however, incubation at 190 rpm seemingly resulted in longer cells as 

compared to 150 rpm (Figure 3).  

It has been shown that the length of the apical compartment increases with increasing 

biomass growth rates [46]. The longer cells observed at 190 rpm might therefore be a 

result of the increased oxygen transfer rate and the resulting higher biomass growth. 

An increase in the intercalary cell length with higher stirring rates has been also 

described for A. nidulans strains [47]. 

Wheat straw cultivations showed a much higher viscosity because of the solids load 

and the dispersed macromorphology (Additional file 1). The difference between 150 

rpm and 190 rpm was therefore probably not enough to influence the oxygen transfer 

rate to the extent necessary to induce changes in the cell length (Figure 3).   

2.5.5. Tween80  

The influence of the surface-active agent Tween80 on the micromorphology and 

enzyme production was analyzed in wheat straw cultivations. In agar-inoculated 

cultivations, both strains tended to develop longer cells and a lower filter paper 

activity when Tween80 was added to the culture media (Table 1). In spore-inoculated 

cultivations, Δcre developed shorter cells and produced more FPU mL-1 when 
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Tween80 was added. QM9414 developed longer cells in spore-inoculated cultivations 

with supplemented Tween80, and a higher cellulase activity (Table 1). It has been 

described that Tween80 increases the permeability of the cell membrane. This 

facilitates protein secretion, and thus positively influences the cellulase production by 

T. reesei [7, 8, 48]. In this study, however, no clear effect of Tween80 on the 

micromorphology or the enzyme production could be observed (Table 1).  

2.6. Micromorphological changes at single cell level affect the protein and 

cellulase production  

As presented above, the dimensions of the cells were varying in dependence of strain, 

substrate and process conditions. In Figure 4 (panel A) the cell length and the total 

cellulase activity (FPU mL-1) of all presented wheat straw cultivations are compared. 

The results were sorted according to the measured cell lengths, and it appeared as 

both strains tended to produce more cellulases in cultivations when shorter cells were 

formed. The cellulase activity (FPU mL-1) was also plotted over the corresponding 

cell length and the regressed change in filter paper activity with increasing cell length 

was -0.30 FPU mL-1 µm-1 (R2 0.53). To include lactose cultivations, where low 

protein expression precluded measurement of the filter paper activity, the protein 

concentration of all experimental setups was plotted against the cell length. The 

results are depicted in Figure 4 (panel B). Regardless of strain, carbon source, 

agitation velocity or inoculation method used, the protein concentrations were higher 

in cultivations that elicited shorter cells. The protein concentration correlates with the 

cell length with a regression coefficient of -0.04 g L-1 µm-1 (R2 0.33). This was in 

accordance with the observed trend for cultivations on wheat straw (Figure 1, panel 
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A), and it can be concluded that there was a negative correlation between the cell 

length and the protein secretion. 

Filamentous fungi grow highly polarized by extension of the apical compartment [6]. 

The extension proceeds until the cell is through an active mitotic cell cycle in which 

the multiple nuclei duplicate, and stops with the septation of the compartment [46, 

49]. The size of the apical compartment is thereby variable and dependent on the 

maximal growth rate, where faster growth is linked to a longer apical cell [46]. It has 

been further observed that, with an increase in biomass growth, the hyphae diameter 

is also increasing [46, 47, 50]. A higher biomass growth rate, in turn, can result in 

higher protein productivities [50]. A positive correlation between cellulase 

productivity and hyphae diameter has been described for cultivations by T. reesei [7]. 

In this study, a decrease in cell lengths was accompanied by an increase in cell 

diameter (Figure 5, regression coefficient -0.11 µm µm-1, R2 0.42). The shorter, and 

consequently wider cells, observed in cultivations where cellulase production was 

high (Figure 4) might therefore indicate that the fungal strains grew at faster rates, 

which resulted in increased protein productivities [7, 50]. It has been further shown 

that the branching mainly occurs at the first subapical compartment [40]. The shorter 

cells and the corresponding faster septation might therefore have induced the 

formation of more branches [40]. A higher degree of branching that is accompanied 

by an increase in freshly formed hyphae tips has been described to increase protein 

secretion [39, 40].  

3. Conclusions 

In this study, we present for the first time the analysis and quantification of the 

micromorphology of T. reesei growing on a solid lignocellulosic substrate. CLSM 
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image acquisition and computer-aided image analysis enabled the quantification of 

the dimensions of single cells and the degree of branching in cultivations on wheat 

straw and lactose. The micromorphology was strongly dependent on strain, carbon 

source and inoculation method. Changes in cell length were correlated with the 

protein (0.04 mg mL-1 µm-1; R2 0.33) and cellulase production (-0.30 FPU mL-1 µm-1,

R2 0.53). This study shows for the first time that the micromorphology at single cell 

level affects the enzyme productivity in T. reesei. The herein presented method 

therefore provides a useful tool to analyze and optimize cultivations of T. reseei on 

lignocellulosic feedstocks. 

4. Methods

4.1. Chemicals and media 

Unless stated otherwise, all chemicals were from Carl Roth + Co KG (Karlsruhe, 

Germany). Potato-dextrose-agar (PDA) plates were prepared as described by the 

manufacturer. Mineral media (MM) contained 5 g/L yeast extract, 5 g/L KH2PO4, 

3.75 g/L (NH4)2SO4, 0.3 g/L MgSO4 × 7H2O, 0.3 g/L CaCl2 × 2H2O, 100 µL/L 

Antifoam 204 (Sigma-Aldrich, St. Louis, MO, USA), 0.5 g/L rapeseed oil and 1 mL/L 

trace elements (5 g/L FeSO4 × 7H2O, 1.6 g/L MnSO4 × H2O, 1.4 g/L ZnSO4 × 7H2O, 2 

g/L CoCl2 × 6H2O, 15 g/L EDTA disodium chloride salt). Tween80 supplemented 

cultivations additionally contained 0.1 % (w/w) Tween80. As carbon source 10 g/L 

glucose, 14 g/L lactose or 14 g dry mass/L wheat straw was used as indicated. The 

wheat straw was pretreated by steam explosion. A detailed description of the 

pretreatment method and the composition of the feedstock can be found elsewhere 

[2]. 
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4.2. Strains and maintenance 

The T. reesei mutant strains QM9414 and Δcre were utilized. Both strains were kindly 

provided by Bernhardt Seiboth (Vienna University of Technology, Wien, Austria) and 

stored as spores in 15% glycerol at -80°C.  

4.3. Shaken flak cultivations 

All cultivations were conducted in 300 mL wide mouth Erlenmeyer flasks closed with 

cotton wool stoppers. Incubation was at 28°C and 190 rpm or 150 rpm in a Certomat 

BS-1 orbital incubator shaker (Sartorius AG, Göttingen, Germany). 2 different 

inoculation methods were applied in this study, either with a piece of overgrown agar 

or with spores. For the former, 100 µL of glycerol stock was streaked on PDA plates 

and incubated at 30°C for 3 days. Subsequently a piece (~ 2 cm2) of overgrown agar 

was cut out and transferred to the cultivation medium. For the inoculation with spores, 

PDA plates were incubated until sporulation occurred (12 to 24 days). Spores were 

then harvested by washing the plates with a Triton X-100 solution (0.1 % (w/v), 

Sigma). The spore concentration was determined with a Neubauer counting chamber. 

The spore solution was added to the cultivation medium to final concentration of 105

spores per mL. Cultivations were either inoculated directly or from a preculture. 

Precultures were performed in glucose-based MM. Inoculation was with the 2 

methods described above. Incubation of the precultures was at 28°C and 190 rpm 

(Certomat) for 48 h. The biomass was harvested by centrifugation (15,700g, 4°C for 

10 min, Eppendorf 5415 R, Eppendorf, Hamburg, Germany) and 40 mg wet weight of 

biomass was used to inoculate the main cultivation.  
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4.4. Sampling, determination of protein concentration and cellulase activity 

Samples were taken for analysis of micromorphology and enzyme production. For 

image analysis the fungal mycelia was fixated with 10 % (v/v) formaldehyde solution 

(100 g/L) and stored at 4°C. For analysis of total cellulase activity (FPU mL-1) and 

protein concentration, samples were centrifuged (15,700 g, 4°C for 10 min, Eppendorf 

5415 R, Eppendorf, Hamburg, Germany) and the supernatant stored at 4°C. For 

determination of protein concentration, proteins were precipitated and quantified 

against a BSA standard utilizing the Roti-Quant kit (Roth) and following the 

manufacturer’s instructions. FPU activity was measured following International 

Union of Pure and Applied Chemistry (IUPAC) recommendations [51].  

4.5. CLSM image acquisition and analysis 

For CLSM analysis the samples were prepared as follows. The fixated biomass was 

washed with 50 mM sodium carbonate-bicarbonate buffer (pH 9.2) and then 

transferred to an object slide. The samples were immersed with a Calcoflour White 

solution (0.01 g/L, Sigma) and incubated for 5 min. The samples were imaged on a 

Leica TCS SPE confocal laser-scanning microscope (Leica Microsystems, Wetzlar 

Germany) using a 40x/1.15 oil objective. The excitation wavelength was 405 nm, the 

emission was detected in the spectral range 420-530 nm, matching the spectral 

characteristics of the dye Calcofluor White. Typically, a series of 60-100 confocal 

images at different axial positions (z-stack) was recorded, yielding a 3-dimensional 

representation of the sample. The spacing between neighboring images in the axial 

direction (z) was 0.46 µm, resulting in the total imaged volume depth of 28-46 µm. 

The lateral size of the images was 183×183 µm (1024×1024 pixels). An interactive 

program with a graphical user interface was written in MATLAB (MathWorks, 
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Natick, MA, USA) to analyze the morphology of the fungi from the 3-dimensional 

confocal images. The software displays the images and allows scrolling through the 

3rd (axial) dimension. The user is required to identify the center positions of the septa 

between the cells by a mouse click, to connect the pairs of septa defining a cell, and to 

mark branching cells. In this way, a 3-dimensional skeleton of the fungal hyphae is 

defined. The software then automatically calculates the cell lengths and, on basis of 

the fluorescence intensity of cell walls, the cell widths. The results are saved in a text 

file for further analysis. An example of the interface is given in Additional file 6. 

Examples of the cell length distribution are depicted in Additional file 7.  
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Tables

Table 1  - Fungal micromorphology, protein concentration and cellulase 
activity obtained in cultivations on lactose and wheat straw by T. reesei strains 
Δcre and QM9414a)

Cell length 
[µm]

Cell width 
[µm]

Branches/cell 
[-] FPU mL-1 Protein 

[g L-1]
T. reesei Δcre

Wheat straw
agar-190 10.21 ± 3.43 3.29 ± 1.34 0.40 1.74 0.59
agar-150 10.08 ± 3.17 2.80 ± 0.80 0.41 0.69 0.33
spore-190 8.82 ± 4.18 3.85 ± 0.89 0.38 1.88 0.57
spore-150 9.75 ± 2.92 3.47 ± 1.06 0.48 1.82 0.30

agar-190-Tw 11.73 ± 3.81 3.60 ± 1.51 0.40 1.27 0.38
spore-190-Tw 7.87 ± 2.21 3.98 ± 1.09 0.08 2.31 0.59

Lactose
agar-190 11.75 ± 4.12 3.01 ± 0.77 0.43 n.d. 0.27
agar-150 11.67 ± 4.64 3.20 ± 0.56 0.25 n.d. 0.26
spore-190 10.51 ± 3.20 3.42 ± 0.97 0.28 n.d. 0.30
spore-150 8.55 ± 3.32 2.91 ± 1.01 0.50 n.d. 0.26

T. reesei QM9414
Wheat straw

agar-190 11.84 ± 3.43 3.05 ± 0.94 0.05 0.88 0.64
agar-150 10.21 ± 2.92 3.04 ± 1.03 0.40 0.84 0.31
spore-190 10.42 ± 3.15 3.32 ± 1.23 0.01 1.45 0.58
spore-150 10.20 ± 3.21 2.35 ± 0.95 0.26 1.64 0.26

agar-190-Tw 12.47 ± 3.83 2.67 ± 1.27 0.06 0.77 0.43
spore-190-Tw 10.09 ± 2.67 3.30 ± 1.41 0.15 1.14 0.44

Lactose
agar-190 16.74 ± 5.40 2.59 ± 0.69 0.25 n.d. 0.09
agar-150 14.24 ± 4.11 3.03 ± 1.20 0.31 n.d. 0.25
spore-190 13.53 ± 4.82 2.82 ± 0.64 0.23 n.d. 0.09
spore-150 10.59 ± 3.47 3.32 ± 0.53 0.49 n.d. 0.26

n.d. - not detectable 
a) Volumetric cellulase activity (FPU mL-1) and protein concentration represent mean values 
of 2 experiments. Dimensions of the cells represent mean values and the spread from 40 cells 
analyzed from 1 representative CLSM image. The branches per cell were analyzed in the 
same image and represent the value of 60 to 100 cells.  
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Table 2  - Average cell length and width and the number of branches per cell 
obtained in wheat straw and lactose cultivations by T. reesei strains Δcre and 
QM9414a) 

a) Data represent mean values and standard deviations. Data were taken from Table 1.  

Cell length 
[µm]

Cell width 
[µm]

Branches/cell
[-] 

T. reesei Δcre
Wheat straw 9.74 ± 1.32 3.50 ± 0.42 0.36 ± 0.14

Lactose 10.62 ± 1.49 3.13 ± 0.23 0.36 ± 0.12
T. reesei QM9414

Wheat straw 10.87 ± 1.02 2.95 ± 0.38 0.16 ± 0.15
Lactose 13.77± 2.19 2.94 ± 0.31 0.32 ± 0.09
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Figures

Figure 1  - CLSM images of wheat straw cultivations by T. reesei strains 

QM9414 (A1 and A2) and Δcre (B1 and B2)

Precultures were inoculated with 105 spores/mL (A1 and B1) or with a piece of 

overgrown agar (A2 and B2). All cultivations were incubated at 190 rpm. 
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Figure 2  - CLSM images of lactose cultivations by T. reesei strains QM9414 (A1 

and A2) and Δcre (B1 and B2)

Precultures were inoculated with 105 spores/mL (A1 and B1) or with a piece of 

overgrown agar (A2 and B2). All cultivations were incubated at 190 rpm. 
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Figure 3  - The influence of the inoculation method (A1 and A2) and the 

agitation velocity (B1 and B2) on cell length 

Cell length was analyzed in wheat straw (A1 and B1) and lactose (A2 and B2) 

cultivations. A: Precultures were inoculated with a piece of overgrown agar (black 

bars) or 105 spores/mL (grey bars). B: The agitation velocity was 150 rpm (black 

bars) or 190 rpm (grey bars) in an orbital incubator shaker. Cultivations were 

accomplished with T. reesei strain Δcre (“cre”) or QM9414 (“QM”). Incubation was 

at 150 rpm or 190 rpm, as indicated. Addition of Tween80 is marked with “Tw”. Data 

were taken from Table 1, where bars indicate the mean length and error bars show the 
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spread. Data sets with 1, 2 or 3 stars mark significance in a 95%, 99 % and 99.9 % 

confidence level, respectively.

Figure 4  - Correlation between cell length and total cellulase activity in wheat 

straw cultivations (A) and total protein concentration in wheat straw and 

lactose cultivations (B) 

A: Depicted are cell length (grey bars) and total cellulase activity (empty circles). 

Cultivations were accomplished with T. reesei strain Δcre (“cre”) or QM9414 

(“QM”). Inoculation was with a piece of overgrown agar (“agar”) or 105 spores/mL 

(“spores”). Incubation was at 150 rpm and 190 rpm, as indicated. Addition of 

Tween80 is marked with “Tw”. B: Depicted are cell length and the corresponding 

protein concentration in the supernatant of all experimental setups. Data are taken 

from Table 1. 
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Figure 5  - Correlation between cell length and cell width  

Figures include all data points as presented in Table 1.
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Chapter 1 

Supplementary information 

Additional file 1:

Differences in macromorphology in cultivations on lactose and wheat straw 

SI-1 

Additional file 2:

CLSM images of T. reesei strain Δcre after 2 and 8 days of lactose 

cultivation

SI-2 

Additional file 3:

CLSM image of fungal growth on wheat straw

SI-3 

Additional file 4

CLSM images of T. reesei strain QM9414 after 8 and 14 days of lactose 

cultivation

SI-4 

Additional file 5

Protein and biomass production in cultivations by T. reesei strains Δcre and 

QM9414

SI-5 

Additional file 6

The interface of the MATLAB program and an example of the resulting 3-

dimensional hyphae skeleton

SI-6 

Additional file 7

Cell length distribution

SI-7 
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Additional file 1  - Differences in macromorphology in cultivations on lactose 

(A1 and B1) and wheat straw (A2 and B2)

Depicted are cultivations by T. reesei strains Δcre (A1 and A2) and QM9414 (B1 and 

B2), directly inoculated with 105 spores/mL and incubated at 190 rpm. 

SI-1 
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Additional file 2  - CLSM images of T. reesei strain Δcre after 2 and 8 days of 

lactose cultivation

Cultivations were directly inoculated with a piece of overgrown agar (panels A1 and 

A2) or 105 spores/mL (panels B1 and B2). Samples were taken after 2 days (panels 

A1 and B1) and 8 days (panels A2 and B2) of cultivation. Incubation was at 190 rpm. 

SI-2 



Chapter 1: Elucidation of the micromorphology of Trichoderma reesei mutant strains in 
wheat straw and lactose cultivations and its relationship to enzyme production 

38 

Additional file 3  - CLSM image of fungal growth on wheat straw

Cultivations on wheat straw by T. reesei strain QM9414. The culture was directly 

inoculated with a piece of overgrown agar and incubated at 190 rpm. 

SI-3 
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Additional file 4  - CLSM images of T. reesei strain QM9414 after 8 (A) and 14 

(B) days of lactose cultivation 

Cultivations were directly inoculated with a piece of overgrown agar and were 

incubated at 190 rpm. 

SI-4 
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Additional file 5  - Protein (A and B) and biomass (C) production in cultivations 

by T. reesei strains Δcre and QM9414.

A and B: Depicted are the protein concentrations over time in wheat straw (A) and 

lactose (B) cultivations by T. reesei strains Δcre (circles) and QM9414 (triangles). 

Cultures were directly inoculated with 105 spores/mL (open symbols) or a piece of 

overgrown agar (close symbols). C: The final biomass (wet weight) concentration 

was measured in lactose cultivations after 200 h of incubation. Cultivations were 

directly inoculated with a piece of overgrown agar (black bars) or 105 spores/mL 

(grey bars). Incubation for all experiments was at 190 rpm.  

SI-5 
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Additional file 6  - The interface of the MATLAB program (A) and an example of 

the resulting 3-dimensional hyphae skeleton (B)

A: A screenshot of the MATLAB program for processing the CLSM images with a 

short description of the control elements. B: A 3-dimensional representation of the 

hyphae skeleton after the image processing with the MATLAB program. 

SI-6 
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Additional file 7  - Cell length distribution

Examples of the normal distribution of the cell lengths in wheat straw and lactose 

cultivations as indicated. 

SI-7 
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Chapter 2 

Supplementary information 

Additional file 1:

Fermentation of YX media using strains BP10001, IBB10A02 and IBB10B05

SI-1 

Additional file 2: 

Product yields obtained in fermentations of YX media utilizing strains BP10001, 

IBB10A02 and IBB10B05

SI-2 

Additional file 3: 

‘Glucose phase’ of mixed glucose-xylose fermentation in 5% hydrolyzateX

SI-3 

Additional file 4:

Product yields obtained in the ‘xylose phase’ in fermentations of 5% hydrolyzateX

and 15% hydrolyzate utilizing strains BP10001, IBB10A02 and IBB10B05

SI-4 

Additional file 5:

qXylose is decreasing with fermentation time

SI-5 
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Additional file 1: Fermentation of YX media using strains (A) BP10001, (B) IBB10A02 and 

(C) IBB10B05. Full diamonds, xylose; empty triangles, glycerol; empty squares, xylitol; 

empty circles, ethanol; crosses, OD600. 

      SI-1 
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Additional file 2: Product yields obtained in fermentations of YX media utilizing strains 

BP10001, IBB10A02 and IBB10B05 

      SI-2 
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Additional file 3:‘Glucose phase’ of mixed glucose-xylose fermentation in 5% hydrolyzateX

Depicted are the first 8 h of fermentation using strains (A) BP10001, (B) IBB10A02 and (C)

IBB10B05. Full time courses are depicted in Figure 2. Full diamonds, xylose; crosses, 

glucose; empty triangles, glycerol; empty squares, xylitol; empty circles, ethanol.  

      SI-3 
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Additional file 4: Product yields obtained in the ‘xylose phase’ in fermentations of 5% 

hydrolyzateX and 15% hydrolyzate utilizing strains BP10001, IBB10A02 and IBB10B05. 

      SI-4 
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Additional file 5: qXylose is decreasing with fermentation time. Depicted is the qXylose over 

fermentation time in fermentation of (A) YX, (B) 5% hydrolyzateX and (C) 15% hydrolyzate 

using strains BP10001 (empty triangles), IBB10A02 (filled squares) and IBB10B05 (filled 

circles). 

      SI-5 
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Graphical abstract 

Highlights 

 Metabolically and evolutionary engineered, XR/XDH containing S. cerevisiae strain 

 Kinetically efficient L-lactate dehydrogenase from Plasmodium falciparum (pfLDH) 

 Excellent aerobic productivities (~1.8 g/L/h) and yields (0.7 g/g) on glucose 

 Anaerobic homofermentative lactic acid production on glucose and xylose 
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Abstract 

L-Lactic acid is an important platform chemical and its production from the lignocellulosic sugars 

glucose and xylose is therefore of high interest. Tolerance to low pH and a generally high 

robustness make Saccharomyces cerevisiae a promising host for L-lactic acid fermentation but 

strain development for effective utilization of both sugars is an unsolved problem. The herein 

used S. cerevisiae strain IBB10B05 incorporates a NADH-dependent pathway for oxidoreductive 

xylose assimilation within CEN.PK113-7D background and was additionally evolved for 

accelerated xylose-to-ethanol fermentation. Selecting the Plasmodium falciparum L-lactate 

dehydrogenase (pfLDH) for its high kinetic efficiency, strain IBB14LA1 was derived from 

IBB10B05 by placing the pfldh gene at the pdc1 locus under control of the pdc1 promotor. Strain 

IBB14LA1_5 additionally had the pdc5 gene disrupted. With both strains, continued L-lactic acid 

formation from glucose or xylose, each at 50 g/L, necessitated stabilization of pH. Using calcium 

carbonate (11 g/L), anaerobic shaken bottle fermentations at pH ≥ 5 resulted in L-lactic acid 

yields (YLA) of 0.67 g/g glucose and 0.80 g/g xylose for strain IBB14LA1_5. Only little xylitol 

was formed (≤ 0.08 g/g) and no ethanol. In pH stabilized aerobic conversions of glucose, strain 

IBB14LA1_5 further showed excellent L-lactic acid productivities (1.8 g/L/h) without losses in 

YLA (0.69 g/g glucose). In strain IBB14LA1, the YLA was lower (≤ 0.18 g/g glucose; ≤ 0.27 g/g 

xylose) due to ethanol as well as xylitol formation. Therefore, this study shows that a S. 

cerevisiae strain originally optimized for xylose-to-ethanol fermentation was useful to implement 

L-lactic acid production from glucose and xylose; and with the metabolic engineering strategy 

applied, advance towards homolactic fermentation of both sugars was made. 

Keywords: Homolactic; Lactic acid; Lactate dehydrogenase; Xylose fermentation, Anaerobic; 

Saccharomyces cerevisiae
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1. Introduction 

Environmental concerns and limited fossil resources are driving the development of biorefinery 

technologies with the aim of gradually replacing petrochemical production of bulk chemicals 

(Choi et al., 2015). With the rapid increase in annual plastic production, key focus is set on the 

sustainable manufacturing of precursors for bioplastic polymers (Chen and Patel, 2012), amongst 

which poly-lactic acid has outstanding potential (Chen and Nielsen, 2016). For large scale 

biotechnological production of lactic acid, lignocellulose could constitute a cost effective and 

sustainable feedstock (Chen and Nielsen, 2016). To utilize lignocellulose effectively, this 

however necessitates the development of a robust fermentation strain capable of efficient 

conversion of the main lignocellulosic sugars glucose and xylose into lactic acid (Chen and 

Nielsen, 2016), requirements which are not met by the currently applied microorganisms, e.g. 

lactic acid bacteria (Abbott et al., 2009b; Benninga, 1990).  

Its excellent low-pH tolerance in combination with the high operational stability and the 

availability of a well-established genetic engineering toolbox made the yeast Saccharomyces 

cerevisiae the chiefly applied host organism for further strain development by metabolic 

engineering (Abbott et al., 2009b; Chen and Nielsen, 2016; Sauer et al., 2010). Lactic acid 

production, which is not possible in "natural" strains of S. cerevisiae, was achieved through the 

introduction of a lactate dehydrogenase (LDH), catalyzing the reduction of pyruvate by NADH. 

However, the resulting strains still showed high ethanol formation and their consequently low 

lactic acid yield and productivity required further strain engineering to be done (Adachi et al., 

1998; Ishida et al., 2005; Sauer et al., 2010; Skory, 2003; Song et al., 2016; Tokuhiro et al., 

2009). To channel the metabolic fluxes towards lactic acid formation, there are two metabolic 

engineering alternatives at the pyruvate branching point. Firstly, by increasing the kinetic pull 
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from the LDH catalyzed reaction and, secondly, by down regulation or disruption of the 

competing pyruvate-to-ethanol pathway. Augmentation of the pyruvate-to-lactic acid fluxes was 

attained by optimization of the ldh gene expression (Ishida et al., 2006a; Ishida et al., 2005; Lee 

et al., 2015), and it was also attempted by utilizing a series of LDHs differing in their catalytic 

efficiency (Branduardi et al., 2006). However, despite the diverse properties that LDHs from 

different sources have in regard to kinetics and regulation (Table 1; Garvie (1980), the choice of 

enzyme for efficient conversion of pyruvate to lactate under in vivo boundary conditions has been 

only sparsely addressed to date (Branduardi et al., 2006; Sauer et al., 2010).  

Table 1: Catalytic efficiencies of L-LDHs used for recombinant L-lactic acid production in yeast 

KM Pyruvate

[mM]

KM NADH 

[mM]

kcat

[s-1]

kcat/KM
a)

[s-1 mM-1]
Reference

pfLDH 0.03 0.01 450 15000 Gomez et al. (1997)

roLDHd) 1.30 - 320 246 Skory et al. (2009)

lhLDHc) 0.25 - 643 2593 Savijoki and Palva (1997)

lcLDHc) 1 0.01 5042 5040 Gordon and Doelle (1976)

lpLDH 0.5 0.02 5740 11480 Hensel et al. (1977)

hLDH-A 0.17 0.01 300 1833 Gomez et al. (1997)

Abbreviations: pf – Plasmodium falciparum; ro – Rhizopus oryzae; lh – Lactobacillus helveticus; 
lc – lactobacillus casei; lp – Lactobacillus plantarum; h - human
a) Catalytic efficiency for the reduction of pyruvate to lactic acid 
b) Inhibited by fructose-1,6-bisphosphate 
c) Dependent on fructose-1,6-bisphosphate 
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Elimination of the pyruvate-to-ethanol pathway was mainly accomplished by removing one or 

more genes encoding the pyruvate decarboxylases (PDC). This approach resulted in substantially 

improved lactic acid yields (Adachi et al., 1998; Ishida et al., 2006b; Skory, 2003), but the PDC 

deficient strains displayed reduced growth and viability (Pronk et al., 1996; van Maris et al., 

2004b).  

With the improvement in recombinant glucose-to-lactic acid conversion, strain engineering has to 

also go one step further and focus on the utilization of hemicellulose-derived pentose sugars 

(Chen and Nielsen, 2016). To enable xylose-to-lactic acid conversion, various non-conventional 

yeasts, e.g. Candida utilis, C. sonorensis and Pichia stipitis, which unlike S. cerevisiae are 

naturally capable of xylose utilization, were used as hosts for the strain engineering, which 

usually settled for just the heterologous expression of LDH (Ilmen et al., 2013; Ilmen et al., 2007; 

Koivuranta et al., 2014; Tamakawa et al., 2012). An engineered strain of S. cerevisiae, enabled to 

xylose utilization through the integration of the canonical oxidoreductive pathway from the 

yeasts just mentioned above, in which xylose reductase (XR) and xylitol dehydrogenase (XDH) 

catalyze a two-step isomerization of xylose into xylulose via xylitol, was also applied for lactic 

acid production from xylose (Turner et al., 2015; Turner et al., 2016). Remarkably, despite 

having a fully intact pyruvate-to-ethanol pathway because none of the pyruvate decarboxylase 

and alcohol dehydrogenase genes had been deleted, the S. cerevisiae strain of Turner and 

colleagues showed a lactic acid yield of up to 0.7 g/g in xylose conversions under aerobic 

conditions. Under anaerobic conditions or when glucose was utilized instead of xylose, however, 

mixed ethanol and lactic acid fermentation was obtained (Turner et al., 2015; Turner et al., 2016). 

In fermentation processes at large scale, generally, the continuous supply of oxygen is 

undesirable because it significantly adds to process complexity and costs. Despite that, studies on 
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lactic acid production in recombinant yeasts were mainly performed aerobically (Ilmen et al., 

2007; Ishida et al., 2006b; Tamakawa et al., 2012; Turner et al., 2015). Only a few studies 

conducted anaerobic fermentations, however, with limited success due to low yields (≤ 0.4 g/g) 

and productivities (≤ 0.1 g/L/h) (Adachi et al., 1998; Koivuranta et al., 2014; Turner et al., 2015).  

Aim of this study therefore was to develop a S. cerevisiae strain capable of efficient L-lactic acid 

(LA) production from both glucose and xylose under anaerobic conditions. As host, the strain 

IBB10B05 was chosen. This strain harbors within CEN.PK113-7D genomic background a 

heterologous XR/XDH pathway, which has the specific feature that due to the engineered XR 

used, not NADPH, as would be the case when using the wildtype enzyme, but NADH is 

primarily used for xylose reduction. This offers the advantage that conversion of xylose into 

xylulose does not create imbalances at the level of the nicotinamide coenzymes in the yeast cell, 

which affect the distribution of fermentation products formed from xylose. The strain IBB10B05 

further comprised a targeted optimization by evolutionary engineering for anaerobic growth 

during xylose-to-ethanol fermentation (Klimacek et al., 2014). Because of the robust and efficient 

performance of IBB10B05 under harsh fermentation conditions that included different 

lignocellulose hydrolyzates (Novy et al., 2013; Novy et al., 2014), this strain was a promising 

starting point for a metabolic engineering for LA production. To channel metabolic fluxes at the 

pyruvate branching point towards LA formation, the L-LDH from Plasmodium falciparum 

(pfLDH) was utilized. This enzyme was selected for its excellent catalytic efficiency (Table 1) 

and the fructose-1,6-biphosphate independency of its activity (Berwal et al., 2008; Bzik et al., 

1993; Shoemark et al., 2007). Further, the pfLDH has a KM for pyruvate, which is significantly 

lower than KM values reported for the PDC enzymes present in S. cerevisiae (~2 mM; Agarwal et 

al. (2013)). The pfldh was placed at the pdc1 locus under control of the native pdc1 promotor. LA 
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formation on glucose and xylose was analyzed in a pdc1 and pdc1-pdc5 deletion background of 

IBB10B05.  

2. Materials and Methods 

2.1. Strains, genes and plasmids 

Saccharomyces cerevisiae strain IBB10B05 was used. IBB10B05 has CEN.PK113-7D genomic 

background and its development was reported elsewhere (Klimacek et al., 2014; Novy et al., 

2014; Petschacher and Nidetzky, 2008). The pfldh gene (kindly provided by David K. Wilson, 

University of California, Davis, USA) was cloned into the multiple cloning site of a p427TEF 

plasmid (“pLA”). The nourseothricin resistance gene (natR) was amplified from the pUG74 

plasmid (kindly provided by Euroscarf-EUROpean, Institute for Molecular Bioscience, Johann 

Wolfgang Goethe-University, Frankfurt, Germany). 

2.2. Yeast strain construction  

In the first step of IBB10B05 strain engineering, the pdc1 gene was replaced with the pfldh gene. 

The replacement cassette was assembled by PCR, amplifying the pfldh gene and the adjacent 

region coding for the G418 resistance gene (kanR) from the “pLA” plasmid. The oligonucleotide 

primers integ_fwd and integ_rev were used (Table S1, Supplementary Information). Correct 

insertion was verified by sequencing and the resulting strain was denoted IBB14LA1. Strain 

IBB14LA1 was further engineered by replacing the pdc5 gene with the natR gene. The knock-out 

cassette was amplified from the pUG74 plasmid in a PCR that used pdc5_k.o._fwd and 

pdc5_k.o._rev oligonucleotide primers (Table S1). The resulting double-deletion strain was 

verified by sequencing and denoted IBB14LA1_5. Transformation of yeast strains was performed 
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with the lithium acetate method (Gietz and Schiestl, 2007). Selected yeast clones were stored in 

15% (v/v) glycerol at -80°C.  

2.3. Physiological characterization of the different yeast strains 

2.3.1. Chemicals and media used 

Unless otherwise stated, all chemicals were from Carl Roth + Co KG (Karlsruhe, Germany). 

Strains IBB10B05 and IBB14LA1 were cultivated in YPD medium containing 10 g/L yeast 

extract, 20 g/L casein peptone and 20 g/L glucose. YPE medium (10 g/L yeast extract, 20 g/L 

peptone and 10 g/L ethanol) was used for cultivation of strain IBB14LA1_5. YPD and YPE agar 

plates contained 15 g/L agar additionally. Aerobic shaken flask and anaerobic shaken bottle 

fermentations were performed with yeast extract (10 g/L) as sole media supplement. The carbon 

source was 50 g/L glucose (YG) or xylose (YX). Acetate-supplemented media contained 47.5 g/L 

of glucose and 2.5 g/L of acetate (YG+Ac). The pH stabilized fermentations were conducted with 

11 g/L CaCO3 (YG+C, YG+Ac+C and YX+C). CaCO3 was autoclaved separately and added to 

the media prior to inoculation. 

2.3.2. Measurement of pfLDH activity in the crude cell extract 

Cells were cultivated aerobically using YPD (IBB14LA1) or YPE (IBB14LA1_5) media in 

shaken flask cultures. Harvested cells were disrupted mechanically with glass beads in 0.1 M 

sodium phosphate buffer, pH 7.5, with “cOmplete” protease inhibitor (Roche, Basel, 

Switzerland) added according recommendations of the supplier. Protein concentration in cell-free 

extract was measured with the Roti-Quant assay (Roth) referenced against BSA. The pfLDH 

activity was measured by mixing the extract with 1 mM sodium pyruvate and 0.4 mM NADH 

solution (both in sodium phosphate buffer) and reading the change of absorbance at 340 nm 

(25°C, DU800 spectrophotometer, Beckman Coulter Inc., Fullerton, USA). Activity is given in 
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Units (U)/mg total protein in the cell-free extract, with 1 U being defined as the conversion of 1 

μmol of NADH per minute. The activity assay was also performed in cell-free extract of the 

parent strain IBB10B05. Since no drop in NADH concentration was detected, unspecific NADH 

consumption could be excluded. 

2.3.3. Shaken flask und shaken bottle experiments 

Seed cultures were prepared with 50 mL YPD (IBB14LA1) or YPE (IBB14LA1_5) medium in 

300 mL shaken flasks. Incubation was at 30°C overnight. Cells were used to inoculate 300 mL of 

YPD or YPE media in 1000 mL baffled shaken flasks to an OD600 of 0.05. Incubation was at 

30°C until an OD600 of 5 was reached. Cells were harvested by centrifugation (4,420 g, 4°C, 20 

min, Sorvall RC-5B) and the cell pellet was washed and resuspended in 0.9 % (w/v) NaCl 

solution. The starting OD600 of all experiments was 5.  

Aerobic conversions were performed in 300 mL baffled shaken flasks with 50 mL of media. 

Incubation was at 30°C with gentle agitation (~110 rpm). Anaerobic fermentations were 

performed in glass bottles with 90 mL working volume. A detailed description can be found in 

Krahulec et al. (2012), who also confirmed the essentially anoxic reaction conditions of this set 

up. Incubation was at 30°C and 180 rpm (CERTOMAT BS-1, Sartorius AG, Göttingen, 

Germany).  

2.3.4. Sampling, quantitative analysis of metabolites and data evaluations 

The OD600 and pH were measured in the cell suspension of the withdrawn samples. The samples 

were centrifuged (15,700 g, 4°C, 10 min, 5415 R; Eppendorf, Hamburg, Germany) and the 

supernatant stored at -20°C for HPLC analysis. External fermentation products (lactic acid, 

ethanol, glycerol, acetic acid, xylitol and pyruvic acid) and sugars (xylose and glucose) were 

analyzed by HPLC (Merck-Hitachi LaChrom system, L-7250 autosampler, L-7490 RI detector, 
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L-7400 UV detector; Merck, Whitehouse Station, NJ, USA). The system was equipped with an 

Aminex HPX-87H column and an Aminex Cation H guard column (both Bio-Rad, Hercules, CA, 

USA). The operation temperature was 65°C and the flow rate of the mobile phase (5 mM sulfuric 

acid) was 0.6 mL/min. Reported yield coefficients were based on mass. Carbon balances were 

calculated with the assumption that 1 mol CO2 was formed per mol acetate and ethanol. For 

biomass yields a value of 26.4 g/Cmol was applied (Lange and Heijnen, 2001). QGlc, QXyl and 

QLA were calculated by plotting glucose, xylose or LA concentration against fermentation time. 

The resulting scatter plot was fitted with a suitable equation and the first derivative equals the 

volumetric uptake and production rate, which is given in g/L/h. Because fermentation rates 

decrease with reaction time (Novy et al., 2013; Novy et al., 2014), the values of QGlc, QXyl and 

QLA reported later represent arithmetic means of the three first sample points. 

3. Results 

3.1. Verification of pfLDH activity in strains IBB14LA1 and IBB14LA1_5 

Functional expression of the pfldh gene in strains IBB14LA1 and IBB14LA1_5 was verified by 

measuring pfLDH activity in the cell extract of aerobic shaken flask cultivations. Due to the lack 

of the pdc1 and pdc5 genes, biomass growth of strain IBB14LA1_5 on glucose was impaired, as 

expected (Hohmann, 1991; Pronk et al., 1996), and it was therefore cultivated in YPE medium. 

Strain IBB14LA1 was cultivated in YPD medium and the pfLDH activity was determined to be 

1.62 ± 0.14 U/mg protein (N = 3). In strain IBB14LA1_5 a 1.5-fold higher activity of 2.43 ± 0.19 

U/mg protein (N = 3) was measured. Since the activity was similar to the recombinant pfLDH 

activity measured in Escherichia coli (Berwal et al., 2008; Bzik et al., 1993) and the reported 

activities of other LDH enzymes expressed in S. cerevisiae (Ishida et al., 2005; Skory, 2003; 
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Turner et al., 2015), we concluded that the pfldh was successfully expressed from the pdc1

promotor in both of the S. cerevisiae strains used.  

3.2. Characterization of strains IBB14LA1_5 IBB14LA1 in aerobic glucose conversions 

Most of the published studies on LA production in engineered yeasts were conducted under 

aerobic conditions with glucose as carbon source (Sauer et al., 2010). For the sake of comparison, 

time course analyses of strains IBB14LA1 and IBB14LA1_5 were firstly performed in aerobic 

shaken flask cultivations on glucose under uncontrolled (YG) and pH stabilized (YG+C) 

conditions (Figure S1, Supplementary Information). Considering the reported importance of C2

bodies for growth and viability of pdc deficient strains (Flikweert et al., 1999; van Maris et al., 

2004b), strain IBB14LA1_5 was also analyzed for glucose conversion in acetate-supplemented 

media (YG+Ac and YG+Ac+C). The physiological parameters determined from these 

conversions are summarized in Table S2 (Supplementary Information). A comparison of YLA, 

YEthanol and QLA is depicted in Figure 1.  

In conversions of glucose under uncontrolled conditions (YG), strain IBB14LA1 consumed the 

50 g/L of glucose within 48 h. The final LA titer was 4.8 g/L and the resulting YLA was 0.10 

g/gGlc. Ethanol was the main product with a final titer of 12.2 g/L (YEthanol 0.26 g/gGlc). The pH 

dropped gradually to a value of 3.4 (Figure S1). Conversions were therefore also conducted under 

pH buffered conditions (YG+C), which stabilized the pH at around 5. As a result the glucose 

uptake rate (QGlc) was 1.6-fold increased as compared to the uncontrolled conditions (YG) and 

the conversion was complete already within 24 h. The final LA titer (10 g/L) and the YLA were 

approximately doubled as compared to the uncontrolled conversions (Figure 1). Consequently, 

ethanol formation was decreased (11 g/L, YEthanol 0.23 g/gGlc).  
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In shaken flask conversions of glucose under uncontrolled conditions, strain IBB14LA1_5 

consumed 18.8 g/L of glucose in 48 h, representing a QGlc of 0.87 g/L/h. LA was the main 

product (6 g/L), pyruvate (YPyruvate 0.17 g/gGlc) was the major by-product, and no ethanol was 

produced within this time. The pH dropped below 3 (Figure S1). As observed for strain 

IBB14LA1, addition of CaCO3 improved the conversion rates significantly (YG+C, Figure 1). 

Thus, QLA and QGlc were increased 6.3-fold and 2.8-fold, respectively. The glucose was depleted 

within 24 h, and ~34 g/L of LA was produced, representing a YLA of 0.69 g/gGlc. The pH dropped 

to 3.6. Pyruvate was still the main by-product, but the yield was significantly decreased (YPyruvate

0.09 g/gGlc). 

Figure 1: Comparison of YLA (black bars), YEthanol (grey bars) and QLA (empty circles) in aerobic 

shaken bottle conversions of 50 g/L glucose (YG) under pH controlled (11 g/L CaCO3; + C) or 

uncontrolled conditions in the absence and presence of acetate (+ Ac). Depicted are mean values 

from 2 independent experiments.  
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Uncontrolled glucose conversions in acetate-supplemented media (YG+Ac) gave highly similar 

results to experiments in YG media without acetate (Figure 1, Table S2). Under pH stabilized 

conditions, the addition of acetate resulted in a slightly increased YLA (0.73 g/gGlc) but the QLA

(~1.3 g/L/h) was decreased 1.4-fold (YG+Ac+C, Figure 1). Based on these results we concluded 

that acetate was not a critical supplement for LA production from glucose by strain 

IBB14LA1_5.  

Xylose conversion was also analyzed under aerobic conditions (data not shown). The only 

detectable products with both IBB strains were LA (YLA ≤ 0.25 g/gXyl) and biomass (YBM ≤ 0.52 

g/gXyl). In a separate publication we will show that providing low amounts of oxygen (pO2 ~2 % 

air) enhances the LA productivity of strain IBB14LA1_5. The results of the current study suggest 

that xylose, in contrast to glucose, does not lead to repression of respiration in IBB14LA1_5 to 

the extent necessary for an efficient LA fermentation under aerobic conditions. This behavior of 

strain IBB14LA1_5 appears consistent with the findings of Jeffries and co-workers who 

characterized at different levels of the cellular physiology the sugar substrate recognition for 

ethanol fermentation in xylose-fermenting S. cerevisiae (Jin and Jeffries, 2004; Jin et al., 2004). 

A main conclusion of their study was that xylose, in sharp contrast to glucose, failed to elicit a 

global "fermentative response" in S. cerevisiae. However, since the aim here was to develop a 

strain capable of converting glucose and xylose to LA under anaerobic conditions, the lack of 

aerobic xylose conversion was not considered to restrict the relevance of this study. 

3.2. Time course analysis for anaerobic fermentations of glucose and xylose by strains 

IBB14LA1 and IBB14LA1_5  

Strain IBB14LA1 was first to be analyzed in anaerobic glucose and xylose fermentations under 

uncontrolled (YG, YX) and pH stabilized (YG+C, YX+C) conditions. The resulting time courses 
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are depicted in Figure 2. The physiological parameters determined from the pH stabilized 

fermentations are summarized in Table 1; those determined from uncontrolled fermentations are 

summarized in Table S3 (Supplementary Information). Under conditions without pH 

stabilization, strain IBB14LA1 consumed ~17 g/L of xylose within 140 h (YX, Figure 2, Table 

S3). The xylose uptake rate (QXyl) was 0.16 g/L/h. The final LA titer was ~2.7 g/L and the YLA

was 0.18 g/gXyl, representing a QLA of 0.04 g/L/h. Despite the elimination of the pdc1 gene, a 

significant amount of ethanol was formed (YEthanol 0.20 g/gXyl). Xylitol was the third major 

metabolite formed and YXylitol was 0.21 g/gXyl (Table S3).  
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Figure 2: Time courses of anaerobic fermentations by strain IBB14LA1. Reactions were 

conducted in glucose- (YG and YG+C) and xylose-based (YX and YX+C) media. Addition of 

CaCO3 is indicated with “+C”. Data represent mean values from 2 independent experiments. 

Symbols: Lactic acid – empty diamonds; ethanol – filled circles; glycerol – empty triangles; 

xylitol – empty squares; pH – dotted lines. 

Addition of CaCO3 to xylose fermentations succeeded in stabilizing the pH at ~5.4 (YX+C, 

Figure 2). As a result, LA formation was sustained over a longer period of time as compared to 

the fermentations without added CaCO3. LA was the main product (6 g/L) and YLA (0.27 g/gXyl)
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was improved 1.5-fold. Consequently, less ethanol was formed (YEthanol 0.15 g/gXyl). About 22 g/L 

of xylose was consumed within 140 h, representing a QXyl of 0.20 g/L/h.  

Table 2: Physiological parameters of strains IBB14LA1 and IBB14LA1_5 in anaerobic 

fermentations under pH stabilized conditions

IBB14LA1 IBB14LA1_5

YG+C YX+C YG+C YX+C

QGlc/Xyl [g/L/h] 2.06 ± 0.01 0.20 ± 0.00 0.07 ± 0.01 0.03 ± 0.01

QLA [g/L/h] 0.38 ± 0.01 0.06 ± 0.01 0.05 ± 0.00 0.03 ± 0.00

YLA [g/g] 0.18 ± 0.00 0.27 ± 0.02 0.67 ± 0.04 0.80 ± 0.05

YEthanol [g/g] 0.32 ± 0.01 0.15 ± 0.02 0.04 ± 0.01 0.04 ± 0.01

YGlycerol [g/g] 0.06 ± 0.0 0.02 ± 0.00 0.10 ± 0.00 n.d.

YXylitol [g/g] n.d. 0.19 ± 0.01 0.02 ± 0.00 0.08 ± 0.01

YAcetate [g/g] n.d. 0.03 ± 0.01 n.d. 0.04 ± 0.00

YPyruvate [g/g] n.d. n.d. n.d. n.d.

C-recoverya) [%] 86.1 ± 1.9 80.7 ± 5.3 90.3 ± 6.1 100.8 ± 7.0

n.d. – not detectable 
a) C-recoveries exclude biomass yields because addition of CaCO3 precluded OD600 measurement 

Under conditions without added CaCO3, glucose conversion was fast for strain IBB14LA1 (QGlc

2.86 g/L/h). The glucose was consumed within 24 h (YG, Figure 2, Table S3) and 6.3 g/L of LA 

were produced (YLA 0.12 g/gGlc). Ethanol was the main product with a final concentration of ~21 

g/L (YEthanol 0.39 g/gGlc). In pH stabilized glucose fermentations, the final LA titer was 10.8 g/L, 

representing a YLA of 0.18 g/gGlc (YG+C, Figure 2, Table 2). Although this presents a ~1.6-fold 
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improvement in yield as compared to the uncontrolled fermentations, the supplementation of 

CaCO3 had the additional effects of decreased fermentation rates (QGlc ~2.0 g/L/h) and increased 

glycerol formation (YGlycerol 0.06 g/gGlc). 

The results of anaerobic fermentations by strain IBB14LA1_5 are shown in Figure 3. The 

physiological parameters determined from uncontrolled and pH stabilized fermentations are 

summarized in Table S3 and Table 2, respectively.  

Figure 3: Time courses of anaerobic fermentations by strain IBB14LA1_5. Reactions were 

conducted in glucose- (YG and YG+C) and xylose-based (YX and YX+C) media. Addition of 

CaCO3 is indicated with “+C”. Data represent mean values from 2 independent experiments. 

Symbols: Lactic acid – empty diamonds; ethanol – filled circles; glycerol – empty triangles; 

xylitol – empty squares; pH – dotted lines.  
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In uncontrolled fermentations, independent of the sugar substrate used, LA was the major product 

(YG and YX, Figure 3, Table S3). The resulting yields were 0.82 g/gGlc and 0.80 g/gXyl, 

respectively, representing ~80% of the theoretical maximum in metabolic yield. Ethanol was only 

produced in minor amounts (≤ 0.10 g/L) and glycerol (YGlycerol 0.04 g/gGlc) and xylitol (YXylitol

0.05 g/gXyl) were the main by-products in glucose and xylose fermentations, respectively. The pH 

dropped to approximately 4. Despite the excellent LA yields, time courses show that LA 

production stopped after the first 24 h (Figure 3). Under pH stabilized conditions, the LA 

production progressed well over 140 h of fermentation time. About 3.5 g/L and 4.5 g/L of LA 

were released within these 140 h in YX+C and YG+C media, respectively. The corresponding 

YLA was 67% and 80% of the theoretical maximum (Table 2). Addition of CaCO3 did not 

influence the distribution of by-products from the xylose fermentation. On glucose, however, 

glycerol formation was more pronounced (YGlycerol ~0.10 g/gGlc, Table 2) under the conditions 

when CaCO3 was present. 
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4. Discussion 

4.1. Advancing towards anaerobic homolactic fermentation of glucose and xylose through a 

novel strategy of S. cerevisiae strain engineering 

To approach a large-scale lactic acid biorefinery, strain development has to target at the efficient 

conversion of the lignocellulose-derived sugars under the most basic process conditions (Chen 

and Nielsen, 2016; Sauer et al., 2010). Aim of this study therefore was to develop a recombinant 

strain of S. cerevisiae capable of forming LA in high yields from both glucose and xylose, and of 

doing so under true fermentation conditions, in which oxygen is absent. An engineered yeast 

strain exhibiting these desired characteristics has, to our knowledge, not been described so far. In 

this study, a "minimal" metabolic engineering strategy was pursued, which was novel because it 

employed the background of a S. cerevisiae strain originally optimized for robust xylose-to-

ethanol fermentation. It further was designed to effectively redirect the flux at the pyruvate 

branching point not only canonically, by serial pdc1 and pdc5 gene deletions, but also by 

specifically choosing a LDH, from Plasmodium falciparum and new in this context, which 

excelled in its high kinetic efficiency (Table 1). The evidence presented, and its comparison with 

literature, indicates the importance of individual elements of the metabolic engineering strategy 

used for an efficient sugar-to-LA conversion in S. cerevisiae.  

Strain IBB14LA1, which expressed the pfLDH gene and had only the pdc1 gene deleted, showed 

a QLA of up to 0.38 g/L/h and 0.06 g/L/h in anaerobic conversions of glucose and xylose, 

respectively. The YLA reached between 12% and 27% of the theoretical maximum. The main 

drawback of IBB14LA1 was high by-product formation, mainly ethanol. The pdc5 gene was 

therefore additionally knocked out from the IBB14LA1 genome and the resulting strain 

IBB14LA1_5 was capable of converting up to 82% of the consumed glucose and xylose to LA 
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under anaerobic conditions. In aerobic glucose conversions, IBB14LA1_5 achieved a QLA of ~1.8 

g/L/h without substantial loss in YLA (0.69 g/gGlc). A beneficial impact of increased oxygen 

supply on QLA has also been reported for a pdc1/adh1 deficient S. cerevisiae strain in the study of 

Tokuhiro et al. (2009). In contrast to strain IBB14LA1_5, however, the increase in QLA was 

accompanied by a decrease in YLA (Tokuhiro et al., 2009).  

In previous studies of LA production by engineered yeasts, the strain evaluation was mostly done 

aerobically. However, considering the importance for large-scale process operation, the use of 

truly anaerobic conditions is of particular interest. Anaerobic conversion of glucose was analyzed 

using S. cerevisiae expressing the bovine LDH within wildtype strain background (Adachi et al., 

1998). It was also examined using a strain deficient in ethanol and glycerol formation and 

expressing hLDH-A (Ida et al., 2013). In the study of Turner et al. (2015), anaerobic conversion 

of glucose and xylose was analyzed using a S. cerevisiae that harbored the XR/XDH pathway and 

expressed the roLDH. Anaerobic xylose fermentation was further reported for a C. sonorensis

strain that expressed a xylose isomerase (converting xylose directly into xylulose) and the lhLDH 

(Koivuranta et al., 2014). Table 3 lists the values of YLA and QLA for the different yeast strains, 

reported directly in the papers or calculated from the data given there, and compares them to the 

corresponding parameters obtained for strain IBB14LA1_5. Table 3 further states the 

fermentation performance obtained under aerobic conditions.  

In the absence of oxygen, strain IBB14LA1_5 showed the highest YLA from xylose among the 

series of strains compared (Table 3). Using glucose as the substrate, the YLA of strain 

IBB14LA1_5 was only surpassed by the S. cerevisiae strain reported in Ida et al. (2013), which 

gave the maximum theoretically possible yield of 1.0. Combined disruption of the ethanol and 

glycerol pathways in the strain of Ida et al. appeared to have suppressed by-product formation 
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completely. However, the resulting conversion rates were considerably lower as compared to 

strain IBB14LA1_5 (Table 3). Interestingly, under aerobic conditions the Ida et al. strain showed 

a sharply deteriorated performance with YLA of only 0.27 g/gGlc (Ida et al., 2013). It is worth 

noting therefore that in aerobic glucose conversions, strain IBB14LA1_5 gave the highest YLA

among the strains reported (Table 3). Furthermore, although a direct comparison is difficult due 

to different biomass concentrations applied in the experiments, strain IBB14LA1 surpassed the 

other strains regarding the LA production rate (QLA) from glucose under aerobic conditions 

(Table 3). Anaerobic conversion of both glucose and xylose for LA production was only 

described in one study, namely that of Turner et al. (2015). In contrast to strain IBB14LA1_5, 

strain SR8L lacks manipulation of the pdc and adh genes. Retention of the native pyruvate-to-

ethanol pathway probably explains the relatively high LA production rates of strain SR8L (Table 

3). Strain IBB14LA1, which due to the intact pdc5 gene is still capable of ethanol formation, also 

showed higher QLA on both glucose and xylose than strain IBB14LA1_5 (Table 2, Table S3). 

However, the fermentation performance of strains IBB14LA1 and SR8L was strongly restricted 

by the low YLA (Table 2, 3 and S3). s 
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Table 3: Comparison of YLA and QLA in anaerobic glucose or xylose conversions by different 

engineered yeast strainsa) 

Strain/

Background/ LDH source

Conditionsb) YLA 

[g/gGlc/Xyl]

QLA [g/L/h] Reference

S. cerevisiae “SR8L“/

XR, XDH, XK/ roLDH

Glc 40 g/L

Xyl 40 g/L

OD600 1

0.21 (0.22)

0.43 (0.69)

0.39 (1.32)

0.10 (0.52)

Turner et al. 

(2015)

C. sonorensis “C29”

- / lhLDH

Xyl 50 g/L

OD600 12

0.56*(0.53) 0.01* (0.16*) Koivuranta et al. 

(2014)

S. cerevisiae “Alt2”/

- / bovine LDH

Glc 10 g/L

OD600 0.2

0.13 (0.09) 0.07* (0.04*) Adachi et al. 

(1998)

S. cerevisiae ”S252”/

Δadh1-5, Δsfa1, Δpdc1, 

Δgpd1/2 / hLDH-A 

Glc: 2 g/L

OD600 4 (0.1)

1.0 (0.21) 0.01* (0.01*) Ida et al. (2013)

S. cerevisiae “IBB14LA1_5”/

XR, XDH, XK, Δpdc1, Δpdc5/

pfLDH

Glc 50 g/L

Xyl 50 g/L

OD600 5

0.67 (0.69)

0.80 (n.a.)

0.05 (1.77)

0.03 (n.a.)

This study

n.a. – not analyzed; * – values are not directly reported in the paper but are calculated from 
published data  
a) Data from aerobic experiments are in brackets. 
b) All data are from experiments involving pH stabilization by CaCO3. 

As highlighted by Table 3, strain IBB14LA1_5 features notable overall improvements in LA 

production under aerobic and anaerobic conditions. Further, IBB14LA1_5 is to date the only 
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strain capable of glucose and xylose fermentation at yields, which for both sugars are advancing 

towards homolactic fermentation.  

4.2. Use of the kinetically efficient pfLDH facilitates high aerobic LA productivities and fast 

onset of anaerobic LA production 

As discussed above, strain IBB14LA1_5 excelled in its high QLA (1.8 g/L/h) and YLA (0.7 g/gGlc) 

during aerobic conversion of glucose. Although accumulation of significant amounts of pyruvate 

(≤ 3.5 g/L) was observed, mass balance analysis showed that YPyruvate was 1.9-fold lower under 

conditions of stabilized pH as compared to uncontrolled conditions (Table S2). However, when 

CaCO3 was supplemented for pH stabilization, the QLA and QGlc were higher, 6.3-fold and 2.8-

fold higher, respectively, as compared to the conversions under uncontrolled conditions. This 

result clearly demonstrates that the pfLDH was able to convert pyruvate very efficiently into LA, 

even at these high rates of substrate consumption in strain IBB14LA1_5. The importance of a 

highly efficient pfLDH is further highlighted by the fast onset of LA production observed in 

anaerobic fermentations, independent of the experimental set up or strain used (Figure 2 and 3). 

In strain IBB14LA1, LA was the predominant product initially and ethanol formation started only 

after approximately 5 h and 20 h in glucose and xylose fermentations, respectively (Figure 2). In 

strain IBB14LA1, where the pfLDH is in competition with the PDC5 for utilization of pyruvate, 

the initial “burst” of LA formation was probably facilitated by the much higher catalytic 

efficiency of the pfLDH as compared to the PDC5. Thus, the KM, kcat and kcat /KM values for the 

PDC5 are 2.9 mM, 145 s-1 and 71.4 s-1 mM-1, respectively (Agarwal et al., 2013). Assuming 

intracellular pyruvate and NADH concentrations of 0.6 mM and 0.3 mM (Klimacek et al., 2010; 

Wiebe et al., 2008), respectively, the specific catalytic rate, v/[E]=kcat×[S]/(KM+[S]), of the 

pfLDH was calculated to be ~418 s-1. This was 17-fold faster than the PDC5 catalyzed reaction 
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(~25 s-1). This indicates that a large increase in the concentration of PDC5 relative to the 

concentration of pfLDH would be needed, to enable pyruvate-to-ethanol conversion to compete 

strongly with LA formation. 

Evidence that ethanol was formed by strain IBB14LA1 on glucose as well as on xylose, delayed 

in time but nonetheless, might be ascribed to the autoregulative nature of the pdc gene 

expression. Lack of the PDC1 protein was shown in earlier studies of S. cerevisiae to promote an 

enhanced expression of the pdc5 gene (Eberhardt et al., 1999; Hohmann and Cederberg, 1990). 

This effect may have allowed the PDC activity in strain IBB14LA1 to catch up with the LDH 

activity, compensating low enzyme efficiency by high enzyme amount. It is interesting that, 

when xylose was used as carbon source, strain IBB14LA1 did not only show a later onset of 

ethanol formation (~20 h) as compared to conversions of glucose (~5 h; Figure 2). The xylose 

fermentation also exhibited a 1.5-fold higher YLA than the corresponding glucose fermentation, 

irrespective of whether CaCO3 was supplemented for pH control (Table 2, Table S3). A higher 

YLA on xylose as compared to glucose was also observed by Turner et al. (2015). To explain 

effect of sugar substrate on LA yield, the authors suggested that the slower rate of xylose as 

compared to glucose utilization could have resulted in comparably lower levels of pyruvate in the 

cell. Based on the smaller KM of the roLDH as compared to the PDC, this would favor the LDH 

over the PDC catalyzed reaction, resulting in increased YLA and a decreased YEthanol (Turner et al., 

2015). Based on the kinetic arguments for strain IBB14LA1 presented above, however, it seems 

extremely unlikely that, at a constant ratio of pfLDH and PDC5 in the cell, the change in the 

intracellular pyruvate concentration could have influenced the relative specific rates of the two 

enzymes to the extent of which YLA was affected by ethanol formation  
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Since besides pyruvate the pfLDH also requires NADH for activity, the specific rate of LA 

formation might as well be limited by the coenzyme. The study of Lee et al. (2015) suggested 

that enhancement of the NADH availability due to perturbation of the intracellular NADH/NAD+

ratio could be useful to improve LA production from glucose by S. cerevisiae. However, the 

NADH KM of pfLDH is only 0.01 mM, suggesting that the specific catalytic rate of the enzyme 

should be rather insensitive, even to a 10-fold decrease in the NADH concentration (0.3 mM 

0.03 mM).  

Since limitations at the level of the specific rate of pfLDH are unlikely, the observed change in 

LA and ethanol formation on glucose and xylose probably arose due to variation in LDH/PDC 

enzyme amount in dependence on the sugar substrate consumed. Supported by the much later 

onset of ethanol formation in xylose as compared to glucose fermentations (Table 2), it is likely 

that xylose affects the pdc gene expression not as strongly as glucose does. Differential gene 

expression on xylose as compared to glucose in S. cerevisiae has been described before (Jin and 

Jeffries, 2004; Jin et al., 2004), the autoregulative pdc gene expression, however, has not been 

included in these studies. 

4.3. Continued anaerobic LA formation at controlled pH – the importance of a robust 

strain background

In anaerobic sugar conversions by strains IBB14LA1 and IBB14LA1_5 without pH stabilization, 

the LA formation stopped after about 50 h and 20 h, respectively. As shown in Figures 2 and 3, 

the LA-time-curve mirrored the pH-time-curve and the LA production ceased when the pH 

reached the pKa of LA (~3.8; Sauer et al. (2010)). The deceleration of LA formation in 

uncontrolled conversions was probably caused by accumulation of undissociated LA in the 

fermentation media. The protonated form of the acid can freely diffuse into the cell, where the 
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neutral pH in the cytosol leads to dissociation. To prevent acidification, an ATP dependent proton 

export is initiated (Thomas et al., 2002). It has been further suggested that LA production in S. 

cereviae does not yield net ATP and that the demand of ATP for the export of LA is the likely 

reason for it (Abbott et al., 2009a; van Maris et al., 2004a; van Maris et al., 2004b). This implies 

that a homofermentative strain of S. cerevisiae would be incapable of meeting the ATP 

requirements for maintenance under anaerobic conditions (Abbott et al., 2009a; van Maris et al., 

2004b). The halt in anaerobic fermentations without pH stabilization using the pdc1-pdc5

deficient strain IBB14LA1_5 was therefore likely a result of ATP depletion in the cell, caused by 

the energy intensive out-ward pumping of protons as well as lactate export (Abbott et al., 2009a; 

Thomas et al., 2002; van Maris et al., 2004b). In support of this, Song et al. (2016) have recently 

shown that LA productivities in ethanol-deficient strains of S. cerevisiae can be improved by 

introducing a recombinant ATP-independent pathway for acetyl-CoA production from 

acetaldehyde. Manipulation of the acetyl-CoA pathway has been identified as useful engineering 

strategy for establishing efficient cell factories (Nielsen, 2014). In this study, however, strain 

IBB14LA1_5 was capable of continued LA production over 140 h of fermentation when the pH 

was stabilized, with yields approaching "homolactic" fermentation on glucose and also xylose. 

We believe that this excellent performance of strain IBB14LA1_5 must be ascribed to a large 

extent to the already high robustness of the evolved progenitor strain IBB10B05. Following 

laboratory evolution, strain IBB10B05 was capable of efficient mixed glucose-xylose 

fermentation even under the harsh conditions presented by technological substrates such as sulfite 

liquor and lignocellulose hydrolyzates (Novy et al., 2013; Novy et al., 2014). Therefore, strains 

of S. cerevisiae developed for effective alcoholic fermentation might generally be useful starting 

points for metabolic engineering for LA production. The capability of strain IBB14LA1_5 is 
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underlined by its high efficiency of aerobic glucose conversion. Despite the comparably low 

CaCO3 concentration of 11 g/L used in our experiments (cf. (Ishida et al., 2006b; Koivuranta et 

al., 2014; Turner et al., 2015; Turner et al., 2016), which made the pH drop to a value as low as 

3.6 during the reactions, strain IBB14LA1_5 could still convert 80% of the offered glucose into 

LA (Figure S1). By way of comparison, Ilmen et al. (2013) studied the impact of varying CaCO3

concentrations on the conversion efficiency of a recombinant C. sonorensis strain. When a 

similar CaCO3 concentration was used as in the study here, the C. sonorensis strain showed a low 

YLA of only ~0.35 g/gGlc. 

5. Conclusions 

To advance homolactic fermentation on lignocellulose-derived glucose and xylose, this study 

presents for the first time a S. cerevisiae strain capable of converting both sugars at high YLA (≥ 

0.7 g/g). By choosing a robust xylose-fermenting strain background, the pdc1-pdc5 deficient 

strain IBB14LA1_5 was capable of continued LA formation under anaerobic conditions provided 

that the pH was stabilized with added CaCO3. Selection of the kinetically efficient pfLDH 

appeared to have been decisive for high LA yields, high aerobic conversion rates and fast onset of 

anaerobic LA production. This study therefore shows that by applying a suitable metabolic 

engineering strategy, pdc-deletion strains of S. cerevisiae can constitute promising hosts for 

anaerobic LA production on glucose and xylose.  
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Supplementary Figure S4: Aerobic shaken flaks cultivations of strain IBB14LA1 (panels A-

1/2) and IBB14LA1_5 (panels B-1/2) under uncontrolled (panels A/B-1) and pH stabilized (A/B-

2) conditions. Data represent mean values from 2 experiments. Symbols: Glucose – crosses; 

lactic acid – empty diamonds; ethanol – filled circles; glycerol – empty triangles; xylitol – empty 

squares; acetate – filled diamonds; pyruvate – empty circles; OD600 – dashed lines; pH – dotted 

lines. 
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Abstract 

To advance towards a lactic acid biorefinery, strain development has to target at efficient 

and robust conversion of the lignocellulose-derived sugar xylose. We have recently 

presented a xylose-fermenting Saccharomyces cerevisiae strain expressing the L-lactate 

dehydrogenase from Plasmodium falciparum in a pdc1-pdc5 deletion background. Under 

anaerobic conditions, strain IBB14LA1_5 converted glucose and xylose to L-lactic acid at 

high yields (YLA ≥0.7 g/g), but showed low productivities (QLA ≤0.07 g/L/h). Providing 

oxygen to glucose conversions significantly increased QLA (1.8 g/L/h) at constant YLA (0.7 

g/g), but decreased efficiencies on xylose (YLA 0.15 g/g; QLA 0.04 g/L/h). With the aim of 

accelerating xylose-to-lactic acid conversions in strain IBB14LA1_5, experiments in this 

study were conducted under microaerophilic conditions (pO2 2 % air), which increased 

QLA (0.11 g/L/h) significantly. The YLA (≤0.38 g/g) was higher as compared to fully aerobic 

conditions, partially recovering the high YLA obtained in anaerobic conversions. 

Comparison of anaerobic, aerobic and microaerophilic conversions suggested that xylose, 

unlike glucose, does not repress the respiratory response in lactic acid producing S. 

cerevisiae. This study shows that elucidation of the role of oxygen in xylose-to-lactic acid 

conversions is essential for process optimization, which is required to render large scale 

lactic acid production feasible. 

.   
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1 Introduction

Lactic acid is an industrially important bulk chemical and has received increasing 

attention as a precursor for the production of the bioplastic polymer poly-lactic acid [1-3]. 

To meet the growing demand sustainably and environmentally compatible, production of 

lactic acid from renewable resources, ideally from lignocellulosic waste streams, must be 

facilitated [2]. This necessitates the development of a robust fermentation organism 

capable of efficient conversion of the lignocellulose-derived sugars glucose and xylose [1-

4], requirements which are not met by native lactic acid producing organisms [1-3]. Based 

on the pH tolerance and the operational stability, Saccharomyces cerevisiae was the 

preferred host strain [1, 3], but efficient conversion of glucose and xylose still remains an 

unsolved problem [1, 3, 5]. To aim at this bottleneck, we have recently developed the L-

lactic acid (LA) producing S. cerevisiae strain IBB14LA1_5 [6]. It is a descendant of strain 

IBB10B05, which harbors the xylose reductase and xylitol dehydrogenase catalyzed xylose 

assimilation pathway. Strain IBB10B05 was further evolutionary engineered for 

acceleration of xylose-to-ethanol fermentation [7]. Strain IBB14LA1_5 was derived from 

strain IBB10B05 by introduction of the L-lactate dehydrogenase from Plasmodium 

falciparum, an enzyme selected for its excellent kinetic properties (kcat/KM for pyruvate 

15000 s-1 mM-1 [8]). The pfldh gene was placed at the pdc1 locus under control of the 

native pdc1 promotor. By removing the pdc5 gene, the pyruvate-to-ethanol pathway was 

disrupted [6]. Under anaerobic conditions, strain IBB14LA1_5 showed excellent LA yields 

(YLA) on glucose and xylose (>0.7 g/g), but LA productivities (QLA) did not exceed 0.07 

g/L/h [6]. Reasons were considered to be found in insufficient ATP production and the 

resulting decrease in cell viability [6, 9]. Consequently, providing oxygen increased QLA 26-

fold to ~1.8 g/L/h in glucose conversions, without losses in YLA [6]. On xylose however, 

aerobic conditions did not increase QLA but significantly decreased YLA (this study; [6]).  
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The aim of this study was to increase LA productivities in xylose conversions by providing 

microaerophilic conditions. Further the role of oxygen in xylose-to-LA conversions was 

elucidated by comparing the performance of strain IBB14LA1_5 in anaerobic, fully aerobic 

and microaerophilic conversion experiments.  

2 Materials and methods 

2.1 Strain and media 

The S. cerevisiae strain IBB14LA1_5 (pdc1::pfldh, Δpdc5) was utilized and a detailed 

description of strain construction has been published elsewhere [6]. Seed and starter 

cultures were prepared in YPE media (10 g/L yeast extract, 20 g/L peptone from casein, 

10 g/L ethanol). Conversion experiments were conducted in YX media (10 g/L yeast 

extract, 50 g/L xylose). All chemicals were from Carl Roth + Co KG (Karlsruhe, Germany). 

2.2 Anaerobic and aerobic cultivations 

Anaerobic fermentations were performed in glass bottles with 90 mL working volume. A 

detailed description of this setup can be found in Krahulec et al. (2012), who also 

confirmed the essentially anaerobic conditions [10]. Incubation was at 30°C and 190 rpm 

(CERTOMAT BS-1, Sartorius AG, Göttingen, Germany). Aerobic conversions were 

conducted in 300 mL baffled shaken flasks filled with 50 mL media and closed with cotton 

foam stoppers. Incubation was at 30°C and ~110 rpm. Starting OD600 was 5 in all 

experiments. The laboratory procedure has been described in detail elsewhere [6]. 

2.2.1 Microaerophilic bioreactor fermentations 

Microaerophilic conversions were conducted in 2 L Labfors III bioreactors (Infors AG, 

Bottmingen, Switzerland), equipped with off-gas ethanol and CO2 analyzers (Innova 1313, 

LumaSense Technologies A/S, Frankfurt am Main, Germany). The conversions were run in 

two phases. An aerobic biomass production phase with YPE media (1 L working volume) 

and a microaerophilic conversion phase with YX media (2 L). The conditions were 30°C 
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and pH 6.8, continuously adjusted with 5 M NaOH. The dissolved oxygen concentration 

(pO2) was 50 % for the biomass production phase and 2 % for the conversion phase. pO2

was controlled online with an agitation (100 to 1000 rpm) and aeration (0.16 to 2 L/min 

pressurized air) cascade. Starter cultures were prepared in YPE medium and added to the 

bioreactor to an OD600 of 0.5. When an OD600 of ~10 was reached, the conversion phase 

was initiated by adding 1 L of YX media and reducing the pO2 to 2%.  

2.3. Sampling, analysis of metabolites and data evaluation 

Samples were taken from all cultivations, centrifuged and the supernatant used for HPLC 

analysis of xylose and metabolites (LA, ethanol, xylitol, glycerol, acetate and pyruvate). 

Reported yield coefficients were based on mass. For carbon recoveries it was assumed 

that 1 mol CO2 was formed per mol acetate and ethanol.  For biomass yields a value of 26.4 

g/Cmol was applied [11]. QXyl and QLA are given in g/L/h. A detailed description of the 

HPLC setup and the data evaluation can be found elsewhere [6].  

3 Results and Discussion 

3.1 Xylose-to-LA conversions under different aeration conditions 

Time course analysis of strain IBB14LA1_5 in xylose-to-LA conversions under anaerobic, 

aerobic and microaerophilic conditions was performed, and results are depicted in Figure 

1. The physiological parameters are summarized in Table 1. Under anaerobic conditions, 

~3.5 g/L of LA was produced in 140 h of fermentation, corresponding to a YLA of 0.80 

g/gXyl and a QLA of 0.03 g/L/h. The main by-product was xylitol (YXylitol 0.08 g/gXyl) (Table 1 

and [6]). In aerobic cultivations, strain IBB14LA1_5 produced 1 g/L LA in 24 h of 

fermentation. Since LA started to decrease again (Figure 1), cultivations were stopped 

after 42 h. Under aerobic conditions, S. cerevisiae is able to take up and metabolize lactic 

acid [12]. The YLA determined for the first 24 h of conversion was 0.15 g/gXyl. The main 

product was biomass, and the high biomass yield (YBiomass 0.44 g/gXyl) shows that shaken 
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flask cultivations provided fully aerobic conditions [13]. In microaerophilic xylose 

conversions, 7.1 g/L LA were produced in 140 h of fermentation time. As it can be seen in 

Figure 1, the reaction proceeded in 2 phases. A transition phase (“phase I”; 0 to 27 h) 

where a residual amount of ethanol (2.8 g/L) was still present and a second phase (“phase 
II”; 27 to 140 h) in which xylose was the only remaining carbon source (Table 1, Figure 1). 

In phase I, QLA was fastest (QLA ~0.11 g/L/h) and biomass growth was observed (YBiomass

0.31 g/gXyl). YLA based on xylose and ethanol was 0.24 g/gXyl+Ethanol. The YLA based on 

consumed xylose only was ~0.33 g/gXyl. One of the primarily formed by-products was 

acetate (YAcetate 0.18 g/gXyl), which is an intermediate of ethanol catabolism. In phase II 

(27 to 140 h), the conversion slowed down (QXylose ~0.04 g/L/h) and the YLA was ~0.38 

g/gXylose.  Carbon was majorly lost in CO2 production (YCO2 0.58 g/gXyl). 

3.2 Oxygen supply for optimization of LA yields and productivities 

In glucose-to-LA conversions by strain IBB14LA1_5, the QLA increased from 0.03 g/L/h to 

1.8 g/L/h at constant YLA (0.7 g/gGlc), when cultivations were conducted under aerobic as 

compared an anaerobic conditions [6]. On xylose, however, changing from anaerobic to 

aerobic conversions did not show an improvement in QLA but decreased YLA 5.3-fold (Table 

1). Supported by the the high biomass yield, it seems likely that under fully aerobic 

conditions, fluxes at the pyruvate branching point are channeled away from LA formation 

towards the respiratory pathways. This observation is in line with metabolic flux analyses 

in xylose-to-ethanol converting S. cerevisiae strains, where it was shown that xylose does 

not repress respiratory responses in the same way as glucose does [14]. To still use 

oxygen as boost for fermentation rates, but reduce the metabolic “pull” towards the TCA 
cycle, the process set up was changed.  Online regulation of the bioreactors facilitated 

adjustment of low oxygen levels (pO2 2% air) without changing the experimental setup e.g. 

the starting OD600. Under microaerophilic conditions, strain IBB14LA1_5 showed an up to 
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2.8-fold increased QLA (phase 1, Table 1) as compared to aerobic and anaerobic conditions. 

The YLA was ~2.5-fold increased, recovering the high YLA observed in anaerobic 

fermentations to some extent (Table 1). Interestingly, the xylitol yield in microaerophilic 

conversions was 4-fold lower as compared to anaerobic conditions, despite the 4- to 10-

fold increased xylose conversion rate (Phase I and II, Table 1). Oxygen probably helped to 

resolve redox imbalances by NADH oxidation by the electron transport chain [13]. Since 

pyruvate-to-LA reduction is NADH-dependent, an increased pool of NADH further can be 

useful to improve YLA [15]. Potential optimization of ethanol production by adjusting 

aeration has been also been suggested in the study of Jin and Jeffries [13].  

4 Concluding remarks 

This study shows that low amounts of oxygen can facilitate continuous LA production over 

140 h of cultivation by the pdc1-pdc5 deficient S. cerevisiae strain IBB14LA1_5. The QLA (≤ 
0.11 g/L/h) was up to 2.8-fold improved as compared to anaerobic conditions. Results of 

strain performances in aerobic, anaerobic and microaerophilic conversions suggest that 

xylose, in contrast to glucose, does not suppress the respiratory response in strain 

IBB14LA1_5. Oxygen seems to be essential for high xylose-to-LA conversion efficiencies 

and thus, represents a clear target for strain development and process optimization.  
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Tables and Figures 

Table 1. Physiological parameters of strain IBB14LA1_5 in anaerobic, aerobic and 

microaerophilic xylose-to-LA conversion experimentsa)

n.d. – not detectable; n.a. – not analyzed 

a) Time courses are depicted in Figure 1. Time frame of data analysis was 24 for the aerobic and 

140 h for the anaerobic and microaerophilic conversion experiments. Data for the anaerobic 

fermentations were taken from [6] 

b) Consumed xylose and final LA titers  

c) Yields and mass balance are calculated on consumed xylose and ethanol 

Conditions anaerobic aerobic microaerophilic

cXylose [g/L]b) 4.0 6.3 15.5

cLA [g/L]b) 3.5 1.0 7.1

Phase I (0-27h) Phase II (27-143h)

QXyl [g/L/h] 0.03 ± 0.01 0.21 ± 0.01 0.31 ± 0.07 0.12 ± 0.00

QLA [g/L/h] 0.03 ± 0.00 0.04 ± 0.01 0.11 ± 0.00 0.04 ± 0.01

YLA [g/gXyl] 0.80 ± 0.05 0.15 ± 0.03 0.24 ± 0.04c)/0.33 ± 0.03 0.38 ± 0.01

YEthanol [g/gXyl] 0.04 ± 0.01 n.d. n.d. n.d.

YGlycerol [g/gXyl] n.d. n.d. n.d. n.d.

YXylitol [g/gXyl] 0.08 ± 0.01 n.d. n.d. 0.02 ± 0.00

YAcetate [g/gXyl] 0.04 ± 0.01 n.d. 0.18 ± 0.04c) 0.10 ± 0.01

YBiomass [g/gXyl] n.d. 0.44 ± 0.01 0.31 ± 0.03c) n.d.

YCO2 [g/gXyl] n.a.d) n.a. 0.25 ± 0.02c) 0.58 ± 0.01

C-recovery [%] 100.8 ± 7.0 63 ± 6.5 94.6 ±  2.2c) 99.6 ± 4.9
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Figure 1. Xylose-to-LA conversions under anaerobic, aerobic and microaerophilic 

conditions. Data for anaerobic fermentations are taken from [6]. Data points are mean 

values from two experiments. Symbols: Xylose – filled triangles; lactic acid – empty 

diamonds; ethanol – filled circles; glycerol – empty triangles; xylitol – empty squares; 

acetate – filled diamonds; pH – dotted lines; OD600 – dashed lines. 
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Additional file 1: Mixed glucose-xylose fermentation in 15% hydrolyzate utilizing S. 

cerevisiae strain IBB10B05. Time course was derived from a previous publication [19]. 

Symbols: glucose (crosses), xylose (full diamonds), glycerol (empty triangles), xylitol (empty 

squares), ethanol (empty circles).

SI-1 
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Additional file 2: Summary of in- and output parameters and mass balance analyses of the 

different process configurations. 
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