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Abstract

Lignocellulose is a renewable source of fixed carbon and a promising substrate for the produc-
tion of chemicals and fuels in second generation biorefineries. In this thesis, we engineered
artificial microbial consortia for consolidated bioprocessing (CBP) of lignocellulose to carboxylic
acids and ethanol. Inspired by natural ecosystems following the principle of labor division, we
distributed the required metabolic capabilities among different specialized microorganisms. As
a vast majority of product-forming microorganisms is non-cellulolytic the fungus Trichoderma
reesei was employed to produce cellulolytic enzymes.

For the production of lactic acid from steam-pretreated beech wood, the aerobic fungus T. reesei
was co-cultivated with the non-cellulolytic facultative anaerobic bacterium Lactobacillus pentosus.
The known instability problem of such a cooperator-cheater community was overcome by
enforced niche differentiation. To this end, a novel stirred tank bioreactor was engineered that
was equipped with a continuously aerated, oxygen permeable membrane that locally provided
oxygen for the aerobic fungus in an otherwise anaerobic bioreactor. The success of this strategy
was shown by the formation of a fungal biofilm on the membrane’s surface and a lactic acid
concentration of 19.8 gL−1 (85.2 % of theoretical maximum).

For the production of various carboxylic acids, obligate and strict anaerobic bacteria were added
to the community of T. reesei and L. pentosus. The lactic acid bacterium metabolically funneled
the heterogeneous lignocellulosic carbohydrates to lactate as central intermediate in synthetic
food chains and with that, compensated for missing metabolic capabilities of the anaerobic
secondary fermenters. The feasibility and modularity of the lactate platform was shown by
the direct production of acetic, propionic, butyric, valeric and hexanoic acid from beech wood.
Integration of the obligate anaerobes Clostridium tyrobutyricum or Veillonella criceti resulted in
196.5 kg butyric acid or 113.6 kg propionic and 133.3 kg acetic acid, respectively, per ton beech
wood. For the production of mixtures of volatile fatty acids (VFAs) with up to six carbon atoms
from beech wood the non-cellulolytic strict anaerobe Megasphaera elsdenii was integrated into
the lactate platform and 220 kg total VFAs per ton beech wood were produced. By adding
C. tyrobutyricum or V. criceti to a three-member microbial community it was shown that the
ratio of odd- and even-numbered VFAs can be tuned through intra-consortium competition.
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For the production of ethanol from lignocellulose, T. reesei and Saccharomyces cerevisiae were
co-cultivated. They formed a two-layered biofilm on the aerated membrane. The in situ
degradation of ethanol was dedicated to aerobic metabolism and strategies to tune the oxygen
supply were provided.

An advanced bioreactor was engineered and applied that provided multiple niches for the
co-cultivation of microorganisms with highly diverse requirements for abiotic parameters (e.g.
oxygen, light) to widen the product range. The demonstrated co-cultivation of T. reesei and
the microalgae Chlamydomonas reinhardtii in a two-layered biofilm is an important milestone
towards the direct production of lipids from lignocellulose.

The results of this thesis illustrate the potential of community-based CBP of renewable lig-
nocellulosic biomass to fuels and chemicals in second generation biorefineries in tomorrow’s
bioeconomy.

Keywords: Artificial food chain, biofilm, carboxylic acids, consolidated bioprocessing, cooperator-
cheater, lignocellulose, microalgae, niche differentiation, synthetic microbial consortium, Tricho-
derma reesei.



Zusammenfassung

Lignocellulose als erneuerbare Quelle für gebundenen Kohlenstoff ist ein vielversprechendes
Substrat für die Produktion von Chemikalien und Treibstoffen in Bioraffinerien der zweiten
Generation. In dieser Dissertation wurden künstliche, mikrobielle Konsortien entwickelt, um
Lignocellulose mittels konsolidierten Bioprozessen in Carbonsäuren und Ethanol umzuwan-
deln. Inspiriert von natürlichen Ökosystemen folgend dem Prinzip der Arbeitsteilung wurden
metabolische Fähigkeiten auf spezialisierte Mikroorganismen aufgeteilt. Da viele Produktbild-
ner nicht-cellulolytisch sind, wurde der Pilz Trichoderma reesei zur Produktion von cellulolytis-
chen Enzymen genutzt.

Zur Milchsäureproduktion aus mit Dampf vorbehandeltem Buchenholz wurde T. reesei mit dem
nicht-cellulolytischen, fakultativ anaeroben Bakterium Lactobacillus pentosus co-kultiviert. Das
bekannte Instabilitätsproblem solcher Kooperation-Defektion Gemeinschaften wurde durch
erzwungene Nischendifferenzierung überwunden. Dafür wurde ein Rührkessel mit einer
Membran ausgestattet, welche dem aeroben Pilz lokal Sauerstoff in einem sonst anaeroben
Reaktor bereitstellte. Der pilzliche Biofilm auf der Membran und die Produktion von 19.8 gL−1

Milchsäure (85 % des theoretischen Maximums) zeigten den Erfolg dieser Herangehensweise.

Zur Produktion verschiedener Carbonsäuren wurden Anaerobier zu T. reesei und L. pentosus
hinzugefügt. Das Milchsäurebakterium tunnelt heterogene Kohlenhydrate von Lignocellulose
metabolisch zu Lactat als zentrales Zwischenprodukt in einer künstlichen Nahrungskette.
Damit kompensiert das Bakterium fehlende metabolische Fähigkeiten anaerober, sekundärer
Gärer. Die Realisierbarkeit und Modularität der Lactat-Plattform konnte durch Produktion
von Essig-, Propion-, Butter-, Valerian- und Capronsäure aus Buchenholz gezeigt werden. Die
Integration der obligaten Anaerobier Clostridium tyrobutyricum oder Veillonella criceti resultierte
in 196.5 kg Buttersäure oder 113.6 kg Propion- und 133.3 kg Essigsäure pro Tonne Holz. Für
die Produktion von volatilen Fettsäuren (VFAs) mit bis zu sechs Kohlenstoffatomen in einer
Kette wurde das nicht-cellulolytische, strikt anaerobe Bakterium Megasphaera elsdenii in die
Lactat-Plattform integriert (220 kg VFAs pro Tonne Holz). Das Verhältnis von ungeraden zu
geraden VFAs konnte durch gezielte Konkurrenz innerhalb der Gemeinschaft durch Integration
der obligaten Anaerobier V. criceti oder C. tyrobutyricum manipuliert werden.
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Zur Ethanolproduktion wurden T. reesei und Saccharomyces cerevisiae co-kultiviert und bildeten
einen zweischichtigen Biofilm auf der begasten Membran. Der in situ Ethanolabbau wurde
einem aeroben Metabolismus zugeschrieben und Strategien zur Regulierung des Sauerstoffein-
trags wurden aufgezeigt.

Ein verbesserter Bioreaktor wurde entwickelt und angewendet, welcher mehrere Nischen
für die Co-Kultivierung von Mikroorganismen mit höchst unterschiedlichen Ansprüchen
an abiotische Faktoren (z.B. Sauerstoffgehalt, Licht) bereitstellt. T. reesei und die Mikroalge
Chlamydomonas reinhardtii formten einen zweischichtigen Biofilm - ein wichtiger Meilenstein
Richtung direkter Lipidproduktion aus Lignocellulose.

Die Ergebnisse dieser Dissertation zeigen das Potential von konsolidierten Bioprozessen
mittels zusammengestellter, mikrobieller Gemeinschaften zur Produktion von Treibstoffen und
Chemikalien aus erneuerbarer, lignocellulosehaltiger Biomasse als Grundstein der Bioökonomie
von Morgen.

Schlüsselwörter: Künstliche Nahrungskette, Biofilm, Carbonsäuren, konsolidierter Bioprozess,
Kooperation-Defektion, Lignocellulose, Mikroalgen, Nichendifferenzierung, synthetisches
mikrobielles Konsortium, Trichoderma reesei.
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CHAPTER 1

Introduction

To date, humans are highly dependent on fossil resources to satisfy their carbon needs for the
production of fuels and chemicals for transportation, industry and housing. In petrochemical
refineries fossil crude oil is converted to hundreds of different products using chemical
processes developed over the last century. However, the use of fossil resources results in
emission of greenhouse gases which accumulate in the atmosphere (Fig. 1.1). These gases are
to a great extent responsible for the climate change [1] and its detrimental impact on life on
Earth. Combined with their finite nature it is of highest priority to replace fossil resources
with renewable resources and replace conventional refineries with biorefineries that allow for
the production of bio-based fuels and chemicals which are potentially carbon neutral and
renewable.

Electricity can be obtained by conversion of renewable energies using well-developed tech-
nologies such as photovoltaics, wind turbines or geothermal power plants. For the production
of chemicals carbon is required. On Earth, two natural sources of renewable carbon exist:
the atmosphere and biomass. In the Earth’s atmosphere on ground level the average carbon
dioxide concentration in 2017 was 405 ppm [2, 3]. Such highly diluted carbon dioxide streams
are challenging for industrial carbon capture processes. Thus, these processes are complex,
energy-intensive and even require supplementation of carbon from fossil sources [4]. With an
efficiency of 1 to 2 %, plants are able to exploit carbon dioxide available in the atmosphere to
grow and thus, to build up biomass.

Biomass as renewable carbon source is practically available and harvesting techniques are
well established [5–7]. In contrast to e.g. fossil crude oil whose deposits are limited to
few spots world-wide the resource biomass is widely available, including in Europe [8].
Biomass can be processed into chemicals, food, materials and fuels in biorefineries [9]. These
elaborated industries cover multiple processing steps which might include physical treatments

1
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Figure 1.1: Evolution of the carbon dioxide concentration in the Earth’s atmosphere from 1980 to
2018. Data taken from [3].

(e.g. milling to reduce the particle size), biochemical process steps (e.g. degradation of the
biomass by enzymes and further microbial conversions [10]), chemical/catalytic processes
(e.g. hydrogenation/dehydration [11]) and thermochemical steps (e.g. gasification [12] or
pyrolysis [13]).

Biorefineries which use easily digestible substrates such as corn, wheat or sugar cane (sugar
platform) are called first generation biorefineries. A prominent example is the biochemical con-
version of carbohydrates from corn or sugar cane into bioethanol using the yeast Saccharomyces
cerevisiae. The major challenge of first generation biorefineries is the competition with food
and feed industry [14]. Thus, it is highly desirable to find an alternative, sustainable source of
biomass.

1.1 Lignocellulosic biomass as renewable substrate for biorefineries

Lignocellulosic biomass is an attractive substrate for biorefineries to produce chemicals and
fuels. Taking the example of Switzerland, the sustainable, annual domestic potential for
energetic use is 3.3 million tons dry weight (in million tons dry weight: waste wood, 0.7;
wood residues, 0.5; forest wood, 1.8; wood from landscape maintenance, 0.3) [15]. Please note
that a fraction of this potential is already used for energetic purposes. The primary energy
content of 3.3 million tons dry weight woody biomass is 50.2 PJ/a [15] which is approximately
20 times lower compared to the Swiss primary energy consumption in 2017 (1080 PJ) [16]. This
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highlights the necessity to use biomass efficiently, thoroughly and targeted and to provide
added value [17, 18] despite the fact that it is the most abundant source of fixed renewable
carbon.

Lignocellulose is composed of cellulose, hemicellulose and lignin that form a highly recalcitrant
composite structure. The biological degradation of lignocellulose is therefore more complex
than that of sugar-based substrates. Thus, degradation is substantially slower which is an
obstacle for the use of lignocellulosic biomass in industrial processes. In addition, only a few
microorganisms evolved all metabolic capabilities to depolymerize it. The big advantage of
lignocellulose as waste material from agriculture and forestry is that it is neither practical as
food nor feed.

Biorefineries that exploit lignocellulosic biomass to produce a variety of fuels and chemicals
are called second generation biorefineries. A second generation biorefinery that focuses
on biochemical processes follows four main process steps: pretreatment of lignocellulosic
biomass to improve the enzymatic digestibility and to reduce the crystallinity of cellulose,
production of enzymes such as cellulases and hemicelluloses, enzymatic hydrolysis to hydrolyze
the polymeric substrate to fermentable saccharides and lastly, fermentation to the target
product. The major obstacle of second generation biorefineries in comparison to first generation
biorefineries that rely on the sugar platform is the high conversion cost which is caused by the
recalcitrant structure of the substrate used in the former. The cost for the pretreatment process
can be as high as 27 % of the total cost [19, 20] and thus, it is a significant cost driver. Another
major cost factor is attributed to the external production of cellulolytic enzymes which makes
up about 10 to 20 % [21, 22] to even half of the total costs [23] in case of cellulosic ethanol
production.

Several strategies were developed to reduce costs by merging the aforementioned biological
process steps. These approaches can be classified according to the degree of consolidation. The
combination of the enzymatic hydrolysis and the fermentation of hexoses is called simultaneous
saccharification and fermentation (SSF). If pentoses are fermented as well, the process is called
simultaneous saccharification and co-fermentation (SSCF). However, both processes, SSF and
SSCF, require the addition of external enzymes. Consolidated bioprocessing (CBP) which
combines all biological process steps in one process unit allows the in situ production of
enzymes from the low-cost lignocellulosic substrate. As only one vessel is required for the
CBP capital costs are reduced in comparison to strategies with lower level of consolidation.
Considering these advantages it becomes clear why CBP attracted considerable attention in the
past decade [23, 24].

CBP of lignocellulose can be realized with microorganisms that are genetically modified to
have the metabolic capabilities to produce on the one hand cellulolytic enzymes and on the
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other hand the target product. Inspired by natural ecosystems another approach relies on
microbial communities. Following the concept of labor division the metabolic capabilities are
distributed among multiple members of the community which together enable the desired
biotransformation.

In order to replace fossil-based refineries second generation biorefineries must overcome
multiple challenges. They must offer a wide range of possible target products that can be easily
adapted to fluctuating demands. Such requirement is a hurdle for the CBP strategy based on
the genetically modified superbug because sophisticated cloning is required for the production
of each individual target product. A common challenge that evolves when lignocellulosic
substrates are used is the inability of many microorganisms to efficiently use pentoses for
the product formation. This results in the formation of unwanted side-products and reduced
product yields. With an increase in degree of process consolidation it becomes also challenging
to provide the abiotic conditions for pH, temperature or dissolved oxygen content that are
necessary for optimized sub-processes. Another challenge for second generation biorefineries
is the production of chemicals that are highly toxic for microorganisms or enzymes or that
cannot be produced straightforwardly via biochemical routes. An attractive interdisciplinary
route towards these products would be to combine biochemical conversions of lignocellulose
with subsequent catalytic upgrading. This scheme was followed in a joint project of the
National Research Program 70 Energy Turnaround. A community-based CBP was developed to
funnel the heterogeneous substrate lignocellulose to volatile fatty acids as intermediate product
for the subsequent catalytic upgrading to olefins as bulk chemical or alkanes and aromatic
hydrocarbons as blends for jetfuel.

1.2 Thesis objectives

This thesis reports on labor division in engineered cross-kingdom consortia for the success-
ful production of selected carboxylic acids and ethanol by community-based consolidated
bioprocessing of lignocellulosic biomass. The following objectives were defined.

1. Co-cultivation of an aerobic cellulolytic fungus and a facultative anaerobic bacterium
for the direct production of lactic acid from lignocellulosic biomass. Engineering
of a membrane-aerated bioreactor with ecological niches for the fungus Trichoderma
reesei and the lactic acid bacterium Lactobacillus pentosus to stabilize the cooperator-
cheater community. Metabolic funneling of hexoses and pentoses from cellulose and
hemicellulose, respectively, to the target product lactic acid.
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2. Establishment of the lactate platform as community-based consolidated bioprocess-
ing strategy for the production of volatile fatty acids from lignocellulosic biomass.
Co-cultivation of Trichoderma reesei, lactic acid bacteria and the obligate anaerobic bac-
terium Clostridium tyrobutyricum for the production of butyric acid or Veillonella criceti
for the production of propionic and acetic acid. Engineering of spatial niches to create
compartments with suitable dissolved oxygen content and redox potential for aerobes
and anaerobes without addition of nitrogen or reducing agents.

3. Targeted production of odd- and even-numbered medium-chain volatile fatty acids
from lignocellulosic biomass using the lactate platform. Integration of the strict anaer-
obic bacterium Megasphaera elsdenii into the lactate platform for the production of volatile
fatty acids with two to six carbon atoms in a chain. Exploitation of intra-consortium
competition to tune the share of volatile fatty acids towards even-numbered carbon
atoms by integration of Clostridium tyrobutyricum and odd-numbered carbon atoms by
integration of Veillonella criceti.

4. Scale-up of the consolidated bioprocessing of lignocellulosic biomass to ethanol from
32 mL to 2.7 L. Co-cultivation of Trichoderma reesei and Saccharomyces cerevisiae in the
scaled-up membrane-aerated bioreactor for the production of ethanol. Variation of oxygen
transfer rate to determine the effect on the production of ethanol.

5. Engineering and application of an advanced membrane-aerated bioreactor towards a
wider product range and an increased productivity. Design of advanced bioreactor with
multiple gradients for the abiotic parameters oxygen, temperature, pH and light. Allow
the formation of a multispecies biofilm composed of Trichoderma reesei and the microalgae
Chlamydomonas reinhardtii on microcrystalline cellulose.

In chapter 2, the fundamental background for biochemical conversion of lignocellulosic biomass
to chemicals is addressed. The recalcitrant structure of lignocellulose is described and methods
for its pretreatment are summarized. Strategies for the consolidation of required biochemical
process steps are described and ecological interactions in microbial communities are highlighted.
Chapter 3 focuses on the direct production of lactic acid from steam-pretreated biomass using a
designed synthetic cross-kingdom community. The concept of the lactate platform is established
as modular, community-based CBP strategy and applied in chapter 4 for the production of
butyric acid or propionic acid and acetic acid. In chapter 5, the production of targeted mixtures
of volatile fatty acids from lignocellulosic biomass is demonstrated. The production of ethanol
using a scaled-up membrane-aerated bioreactor is addressed in chapter 6. Finally, the features
of the developed advanced membrane-aerated bioreactor are described in chapter 7 and their
functionality is experimentally verified by e.g. the successful co-cultivation of Trichoderma reesei
and the microalgae Chlamydomonas reinhardtii in a two-layered biofilm.
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CHAPTER 2

Fundamentals

In this chapter, the theoretical aspects that are most relevant for the biochemical conversion
of lignocellulosic biomass into platform chemicals is provided. Section 2.1 describes the
composition and structure of lignocellulosic biomass and the challenges in using it as a
substrate in biorefineries. Various pretreatment procedures are described in section 2.2 that are
employed to overcome the recalcitrance of lignocellulose and to increase the rate of enzymatic
hydrolysis. Section 2.3 describes the biochemical conversion steps of pretreated lignocellulosic
biomass to various target products: the production of cellulolytic enzymes, the enzymatic
hydrolysis of cellulose and hemicellulose to soluble saccharides and their fermentation to target
products. Various levels of process integration together with related challenges are presented.
Natural and synthetic microbial communities are addressed in section 2.4 whereby a focus is
on intra-consortium ecological dependencies and factors which enhance the stability of the
community. In section 2.5 biofilms are discussed as natural strategy of microorganisms to
organize themselves in microenvironments with spatial niches.

2.1 Composition and structure of lignocellulosic biomass

The cell wall of higher plants is made of lignocellulose which is mainly composed of the three
polymers cellulose (40 to 50 % of the cell wall), hemicellulose (20 to 40 %) and lignin (around
20 to 35 %) (Fig. 2.1). Cellulose is the most abundant organic compound on Earth. It is a linear
homopolysaccharide which is composed of β-(1-4)-linked D-glucose units [25]. The repetitive
unit is cellobiose. One end of the cellulose chain has a hydroxyl group on the C1 atom which
makes this end a reducing end. The other end has a hydroxyl group on the C4 position which
makes this end non-reducing. Cellulose chains have the intrinsic tendency to align side by
side and to form bundles stabilized via hydrogen bridge bonds which are called elementary

7
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fibrils [25]. Multiple elementary fibrils congregate to microfibrils having a diameter between
2 to 20 nm [25] which in turn tend to arrange themselves in macrofibrils with a diameter
between 60 to 400 nm. Neighbouring microfibrils are held together by hydrogen bridge bonds
that form between the hydroxyl group of glucose of one of the fibrils and the oxygen atom
of the other fibril. Such structure has a high organization degree and it can withstand tensile
stress to a certain extent (Fig. 2.1). Aside from these crystalline regions cellulose has amorphous
zones with a lower level of order. Enzymes can access amorphous sites easier than crystalline
sites and thus, chemical or biological degradation processes preferentially occur in amorphous
regions [25].

Hemicellulose is mainly composed of monosaccharides such as glucose, xylose, galactose,
arabinose and mannose [26]. The composition of these monosaccharides is specific to each
plant species. In hardwood, the dominant hemicellulose is xylan. Hemicellulose in hardwood is
based on glucuronoxylan with a xylopyranose backbone [26]. It has a predominantly branched
structure which is in contrast to the linear character of cellulose [25]. The branched structure in
combination with acetyl or uronic side chains prohibits the formation of crystalline regions
which makes hemicellulose easier biologically hydrolyzable than cellulose.

The most common monomeric building blocks of lignins are three monolignols, i.e. p-coumaryl
alcohol, coniferyl alcohol and synapyl alcohol [26]. For polymerization, the monolignols
are oxidized to radicals by enzymes, namely peroxidases or laccases. The free radicals then
form dehydrogenative polymers with carbon-carbon and ether linkages. This rather random
polymerization process led to the assumption that the structure of lignins does not exhibit any
long-range order. However, recent findings point towards certain regularities in the structure of
lignins [25]. The heterogenous molecular structure in combination with strong carbon-carbon
and ether bonds makes cleavage of lignin challenging.

In lignocellulose, hemicellulose encloses the macrofibrils of cellulose and the two are connected
via hydrogen bridge bonds which makes the structure highly flexible (Fig. 2.1). On the other
hand, hemicellulose is connected to lignins via covalent ester bonds. Lignins make the structure
more rigid and better protected against biological attacks because they serve as a hydrophobic
defense barrier. Taken together, this amazing composite system of lignocellulose provides
structural stability against tensile and compressive stress and acts as barrier for diseases and
insects. In addition, its capillary structure enables the transport of liquids and nutrients from
roots to leaves and vice verca.
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Figure 2.1: Components and structure of lignocellulosic biomass. Lignocellulosic biomass is the
most abundant raw material on Earth and forms the cell wall of plants. It is composed of cellulose,
hemicellulose and lignin forming a recalcitrant structure by cross-linking the polysaccharides (cellulose
and hemicellulose) and lignin. The structure of lignin is adapted from [27]. Please note that the structure
of the lignocellulosic cell wall is simplified for better visualization and not to scale. For example, in
reality the number of elementary fibers which congregate to micro- and macrofibrils is significantly
higher.

2.2 Pretreatment - making lignocellulosic biomass accessible for bio-
chemical conversions

Lignocellulosic biomass is abundant and renewable which makes it a valuable substrate for
biochemical processes for the production of various products. However, the biochemical
conversion of lignocellulose is challenging due to its recalcitrant structure as described in
section 2.1. As a result, processes on untreated lignocellulose have low productivities and
hydrolysis yields below 20 % [28, 29]. In order to make lignocellulose competitive with
alternative substrates such as glucose or starch it is essential to increase the hydrolyzibility
of lignocellulose. To this end, lignocellulose is pretreated to break its geometrical structure
to reduce the crystallinity of cellulose, to improve the accessibility for enzymes [30] and to
increase the porosity of the feedstock by solubilizing lignin [31]. Pretreatment is of highest
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importance in the biorefinery context as it affects all downstream processes such as enzymatic
hydrolysis, microbial fermentation, product recovery and handling of waste residues [32].

A wide range of pretreatment methods has been developed over the last decades. Some of
the techniques use physical means, others rely on chemical, biological or thermal principles
or a combination of those. All of these approaches aim for a high recovery of cellulose and
hemicellulose in a biochemically usable form. The recovery of lignins is also highly desirable
because they contain polymeric polyphenols. These compounds should be used chemically
instead of thermally because of their broad applicability in various industrial processes.

As lignocellulose combines three main compounds with different properties the conditions
under which pretreatment is performed have to be chosen carefully. In particular, hemicellulose
should be recovered under milder conditions as compared to cellulose. If process conditions
are too harsh hemicellulose would depolymerize into pentoses which could further react
to furfural. Cellulose would be cleaved to hexoses which would be further converted into
hydroxymethylfurfural (HMF), levulinic acid or formic acid. Lignin would release various
phenolic compounds [33]. All of these degradation products which would result from inap-
propriate pretreatment conditions are highly potent inhibitors that hinder desired biochemical
conversions. The formation of inhibitory degradation products which alter subsequent process
steps should be avoided. In addition, all pretreatment methods should be suitable for high
solid loadings to enable high product titers. Furthermore, it is crucial that the total cost of
the pretreatment step justifies its application and thus, energy and investment costs should be
economically feasible. Typically, 16 to 19 % of the total capital investment costs are attributed
to the pretreatment step [34, 35].

Physical pretreatment methods aim for the reduction of the particle size to increase the surface
to volume ratio of the biomass. To this end, mechanical stress is applied for example by
mechanical chipping or grinding of the lignocellulosic biomass. Physical methods can be
applied to all kinds of biomass but they are often not sufficient to significantly improve
biochemical conversions [32]. Therefore, they are often combined with other subsequent
pretreatment methods which need small particles for efficient operation [32].

The pretreatment of lignocellulosic biomass by steam explosion is of commercial relevance [36].
Thereby, the biomass is inserted into a vessel, pressurized and heated using direct injection of
saturated steam. The steam penetrates into the fibers and condenses. As a result, acetyl groups
in hemicellulose autohydrolyze and form acetic acid which lowers the pH. Acidic conditions
catalyze the hydrolysis of hemicellulose and mainly xylooligomers are solubilized in a liquid
phase called prehydrolyzate. When the pressure is explosively discharged the water abruptly
evaporates. This disrupts the structure of the fibers and reduces the size of the biomass
particles [37]. The effect of steam-pretreatment on the biomass is most critically influenced
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by the used temperature and process duration. In general, the higher the temperature and
the longer the treatment the better the enzymatic hydrolysibility of the cellulose fraction. If a
temperature below around 180 ◦C is applied lignin and cellulose are rather unaffected by the
treatment and remain solid. In order to reach an optimal hydrolysibility of cellulose harsher
process conditions, e.g. higher temperatures of up to 230 ◦C or longer retention times, are
required. As hemicellulose is temperature-sensitive the prehydrolyzate should be removed
from the reactor vessel before such a harsher treatment is performed. Pretreatment with steam
has the advantage that chemicals can be avoided, that the particle size is reduced and that high
biomass loadings can be used. The latter is of particular interest to obtain high concentrations
of target products after subsequent biochemical conversions. The degradation of hemicellulose
with the accompanied formation of inhibitors is problematic and washing steps are usually
required.

Chemical pretreatment methods employ alkaline or acidic chemicals to prepare lignocellulose
for further biochemical processes. Alkaline chemicals include hydroxyl derivatives of sodium
salts or potassium, calcium and ammonium salts. These chemicals degrade the side chains
of esters and glycosides which results in cellulose swelling, decrystallization of cellulose
and solubilization of hemicellulose. A neutralization step with subsequent washing steps is
required to remove the salts which increases process costs. The pretreatment with diluted
acidic chemicals is one of the most commonly used chemical methods. The process takes
place either at high temperature above 180 ◦C for 1 to 5 min or at lower temperature below
120 ◦C for 30 to 90 min [38]. Disadvantages include the need for special equipment which is
resistant against corrosion, the formation of a high amount of inhibitory products and the need
of washing steps to remove them and the costly recovery of the acid as well as the need for a
neutralization step [19].

Optimal hydrolysis rates close to the theoretical yields can be achieved when alkaline pre-
treatment and steam pretreatment are merged in a process called Ammonia Fiber Explosion
(AFEX) [39]. Ammonia is added to the biomass, heated to elevated temperatures up to 180 ◦C
which increases the pressure in the vessel. After a retention time of up to one hour the pressure
is explosively discharged which leads to evaporation of ammonia. Aqueous ammonia cleaves
the lignin-carbohydrate linkages [39] and modifies the structure of lignins by depolymerization
which increases their capacity to capture water [38]. AFEX causes swelling of cellulose and a
reduction of the crystallinity. The process is relatively cheap, no washing steps are required,
and no inhibitors are formed.

Biological pretreatment methods rely on microorganisms that evolved a sophisticated enzymatic
system to degrade lignins. For example, white-rot fungi such as Ceriporiopsis subvermispora or
Trametes versicolor belonging to the divisions of Basidiomycota developed multiple enzymes
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such as lignin peroxidases, manganese peroxidases and laccases to solubilize lignins. The
degradation of lignins increases the surface area and median pore volume [40] and increases
enzyme accessibility to cellulose [41]. It should be noted that the solubilization of lignins is
challenging since the extensive size of the polymers requires the use of extracellular ligninolytic
systems. The internal carbon-carbon and ether bonds require an oxidative rather than a
hydrolytic degradation mechanism. In addition, lignins are highly stereoirregular and a
variable mechanism is required for their degradation which is in contrast to the hydrolytic
degradation of cellulose [42]. These lignin-degrading enzymes generate free radicals that enable
spontaneous cleavage reactions [43]. The lignin content strongly affects the digestibility of
lignocellulose. Such a biological pretreatment approach is energy-efficient and environmentally
benign, no chemicals are required, and treatment conditions are mild [44]. However, biological
pretreatment processes are long due to slow conversion rates and do not allow high process
yields. Furthermore, hemicellulose might be lost due to degradation by the fungus.

Balch et al. developed a process that combines mechanical milling with biological degradation
to enhance the biological solubilization of lignocellulose [45]. A stirred tank bioreactor was
equipped with stainless steel balls to continuously mill the biomass to increase the accessibility
of lignocellulose for enzymatic attacks. The thermophilic anaerobic bacterium Clostridium
thermocellum solubilized 88 % of the total carbohydrates of switchgrass in the presence of
milling which is nearly twice as much as in the absence of milling (45 %). Despite the efficient
degradation of the senescent switchgrass the concentration of ethanol and acetate reached only
0.7 and 1.3 gL−1, respectively [45].

2.3 Biochemical conversion of pretreated lignocellulosic biomass to
target products

Pretreatment processes increase the enzymatic digestibility of lignocellulosic biomass as dis-
cussed in section 2.2 and make it accessible for biochemical conversions to obtain the target
product. Biochemical conversions involve four process steps: the production of cellulolytic
enzymes, the enzymatic hydrolysis of polymers to soluble carbohydrates and the fermentation
of the hexoses and pentoses to the target product (Fig. 2.2). These steps can be performed
independent of each other (called separated hydrolysis and fermentation (SHF)) or they can
be combined. The degree of consolidation increases from the three-step process simultaneous
saccharification and fermentation (SSF) to the two-step process simultaneous saccharification
and co-fermentation (SSCF) and to consolidated bioprocessing (CBP) which combines all four
process steps (Fig. 2.2). In the following, each process step is described in detail.
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Figure 2.2: Configurations of biologically mediated processes to convert pretreated lignocellulosic
biomass to target products. Separated hydrolysis and fermentation (SHF), simultaneous saccharification
and fermentation (SSF), simultaneous saccharification and co-fermentation (SSCF) and consolidated
bioprocessing (CBP).

2.3.1 Production of cellulolytic enzymes and enzymatic hydrolysis

The conversion of pretreated lignocellulosic biomass to target products begins with the pro-
duction of cellulolytic enzymes which catalyze the hydrolysis of cellulose and hemicellulose
to soluble hexoses and pentoses. Multiple enzymes act both complementarily and synergis-
tically enabling the efficient degradation of lignocellulose. Glycosidases that belong to the
enzyme class of hydrolases cleave glycosidic linkages in hemicellulose and cellulose. There are
mainly three types of hydrolases: cellobiohydrolases, endoglucanases und beta-glucosidases
(Fig. 2.3) [46]. Cellobiohydrolases cleave the glucosidic linkages in cellulose at the reducing
(CBH type I) and non-reducing (CBH type II) end of the cellulose chain. Cellobiose units are
released. Endoglucanases cleave the internal glucosidic bonds favourably in amorphous regions
of cellulose [47] at random positions [48]. This step increases the access of cellobiohydrolases to
act on the opened chain ends. Beta-glucosidases hydrolyze the final step of cellulose hydrolysis
by the conversion of cellobiose to two glucose monomers (Fig. 2.3) [49]. The heteropolymer
hemicellulose requires a higher number of enzymes for its hydrolysis compared to cellulose.
The xylan backbone is hydrolysed by endoxylanases which catalyze the release of shorter
xylooligosaccharides which are further cleaved by the beta-xylosidases into xylose [30]. The
substituents which are linked to the xylan backbone include acetyl groups, glucose, arabinose
or galactose are released by the action of various types of esterases [50]. This increases the
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access of the enzymes to degrade the main xylan backbone [30]. Other enzymes such as
peroxidases or laccases modify lignin.

The production of such enzymes relies on only a few microorganisms that have evolved the
complete sophisticated enzymatic system required for the degradation of lignocellulose. The
microorganisms produce the enzymes intracellularly and may secrete them. For example,
fungi produce non-complexed enzymes. In contrast, anaerobic bacteria produce multi-enzyme
complexes, which are bound to their outer cell wall (Fig. 2.3). Free cellulases produced by
fungi are independent catalytic units, not bound to the fungus and diffuse unrestrictedly in the
system (Fig. 2.3A) [51]. An important industrial relevant microorganism for the production
of cellulolytic enzymes is the aerobic fungus Trichoderma reesei. The mesophilic, filamentous
fungus was first isolated during the Second World War and denoted T. reesei QM6a [52].
It was discovered that this strain produced extraordinary high amounts of cellulases [53]
which motivated the further strain development in multiple mutagenesis programs. The goal
was to develop a catabolite derepressed strain with increased production of cellulases [52].
A three-stage process which included a first mutagenesis step with UV light to screen for
catabolite derepression, a subsequent N-nitroguanidine mutagenesis step which targeted the
increase of the cellulolytic enzyme production and another UV mutagenesis treatment to screen
for increased cellulase activity. This process resulted in the hyperproducing strain T. reesei
RUT-C30 [54–56]. However, T. reesei RUT-C30 is deficient in beta-glucosidase production [57].
This lack of beta-glucosidase in the enzyme cocktail leads to the accumulation of cellobiose
which inhibits the enzymes cellobiohydrolases and endoglucanases [48, 49, 58].

Anaerobic bacteria such as Clostridium thermocellum and Clostridium cellulovorans produce multi-
enzyme complexes termed cellulosomes for the decomposition of cellulose and hemicellulose.
Cellulosomes combine various catalytic subunits e.g. cellobiohydrolases and endoglucases [51]
and are in most cases directly attached to the cell wall (Fig. 2.3B). The structure of cellulosomes
is defined by cohesin containing proteins termed scaffoldins. The enzymatic subunits are bound
via dockerin to cohesin molecules of the scaffoldin which serve as backbone of the cellulosome.
The bonds are based on non-covalent protein-protein interactions. The scaffolding subunit also
contains a cellulose binding module which allows the attachment of the cellulosome to the
cellulose chain. The whole complex is bound to the bacterial cell wall by anchoring proteins.
Taken together, during the hydrolysis ternary cellulose-enzyme-microbe complexes are formed.
In addition, the bacterial cell serves as sink for soluble products such as cellobiose, glucose
or xylose formed during the enzymatic hydrolysis which are known to inhibit the enzymatic
hydrolysis (Fig. 2.3B).
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Figure 2.3: Schematic overview of the enzymatic hydrolysis of cellulose: Free fungal cellulases and
cell-bound bacterial cellulosomes. (A) A cellulolytic fungus produces and secrets cellobiohydrolases,
endoglucanases and beta-glucosidase which move freely. The endoglucase cleaves the internal β-1-4-
glycosidic bonds which makes the open ends of the cellulose chain accessible for cellobiohydrolases.
Cellobiohydrolases release soluble short-chain glucooligomers such as cellobiose or cellotriose. Beta-
glucosidases hydrolyze cellobiose to glucose monomers which is the carbon source for the fungus. (B) A
multi-enzyme complex termed cellulosome bound to the cell wall of an anaerobic cellulolytic bacterium.
A scaffoldin subunit serves as backbone of the cellulosome and is attached to an anchoring protein
bound to the bacterial cell wall. The cellulose binding module as part of the scaffoldin subunit binds
to a cellulose fiber. Multiple cellulolytic enzymes are connected to cohesins present in the scaffoldin
subunit via dockerin domains.
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In the context of the overall biochemical conversion process it is highly desirable to obtain
high final product concentrations to reduce downstream costs for product recovery. This
requires elevated solid loadings during the enzymatic hydrolysis [59]. There are two major
challenges related to increased solid loadings: the inhibition of cellulolytic enzymes by the
end-products and the ’high solid effect’. In the former case, beta-glucosidases are inhibited
by glucose while cellulases are inhibited by glucose, cellobiose and monomers released from
hydrolysis of hemicellulose such as xylose, mannose and galactose [60]. Accordingly, Lu et al.
performed experiments which demonstrated the beneficial effect on the hydrolysis rate when
lowering the concentration of inhibitory carbohydrates on the surface of cellulose. They used
metabolically active, cellulosome producing bacterial cells and compared them to purified
cellulosome preparations from C. thermocellum [61]. The other challenge termed ’high solid
effect’ describes the observation that the yield of the enzymatic hydrolysis is reduced with
increased solid loading [62]. This phenomenon was explained in literature by a combinatory
effect of a mass transfer limitation [63] and reduced availability of water as important reactant
of the enzymatic hydrolysis at high concentrations of soluble end-products [59].

2.3.2 Fermentation of hexoses and pentoses

In a fermentation process microorganisms convert energy-rich organic compounds to com-
pounds with less energy to gain energy. Normally, the process happens under anaerobic
conditions or in situations when an external electron acceptor for anaerobic respiration is not
available. Organic substrates such as carbohydrates or lipids are converted to organic acids,
alcohols, carbon dioxide or/and hydrogen in a process called ‘primary fermentation’. This
step can be the first in an anaerobic food chain. In a ‘secondary fermentation’ the primary
fermentation products are converted into secondary fermentation products such as acetic acid,
carbon dioxide or/and hydrogen. Fermentations are classified with respect to the fermented
end product which is secreted to the environment. Typical fermentation products include
various alcohols (ethanol, butanol, acetone) and acids (lactic acid, propionic acid, butyric acid,
caproic acid, succinic acid).

Fermentation is applied in a variety of industrial processes that aim for the production of food
(e.g. wine, beer and yogurt) or the production of energy carriers (e.g. biogas and bioethanol).
For most of these processes easily digestible substrates such as glucose and starch are used
which allow for a high productivity. The fermentation of carbohydrates from hydrolysates of
lignocellulosic biomass is more challenging because the substrate contains inhibitors originating
from the pretreatment and a heterogeneous mixture of hexoses and pentoses. The complete
exploitation of the substrate is desired to achieve a high product yield. However, in particular
the fermentation of pentose is critical for many microbial fermenters. As one example, the
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ethanol-producing yeast S. cerevisiae is a standard strain in industry which is not able to utilize
the pentose xylose [64]. Aside from a high product yield from hexoses and pentoses a high
tolerance for the target product is desired. This would allow for higher product concentrations
without harming the fermenting strain and with that, would lower the downstream processing
costs.

2.3.3 Consolidated bioprocessing

As stated above and as depicted in figure 2.2, four process steps are required to biologically
convert biomass into target products. In the four-step procedure SHF each step is operated
under optimal conditions (e.g. temperature, pH). However, soluble carbohydrates accumulate
during the enzymatic hydrolysis due to missing microbial consumers and inhibit cellulolytic
enzymes which decreases the enzymatic activity. Lack of consolidation results in relatively
high operational and investment costs. In order to omit the inhibition of cellulolytic enzymes
by accumulation of soluble carbohydrates and to reduce process costs [65] the enzymatic
hydrolysis and the fermentation step are combined in one process step (SSF strategy, Fig. 2.2).
A major disadvantage of increased level of consolidation is that the process parameters have to
be chosen such that they enable all biochemical subprocesses. For example, the production of
ethanol with the yeast Saccharomyces cerevisiae is optimum around 30 to 35 ◦C which is not in
line with the optimum temperature of the enzymatic hydrolysis using cellulolytic enzymes
from T. reesei which is typically at 50 to 55 ◦C. Although the enzymatic hydrolysis is commonly
recognized as major rate limiting process step, the SSF process is performed below the optimum
temperature of the enzymatic hydrolysis because S. cerevisiae does not withstand temperatures
as high as 50 ◦C. Another drawback is the inhibition of cellulolytic enzymes by various target
products such as acetic acid, butyric acid, ethanol or butanol [66].

All four biologically mediated processes are merged in one process step referred to as con-
solidated bioprocessing (CBP). The highest level of process integration offers the potential to
reduce enzyme and capital costs [21, 23]. By using the CBP approach to produce ethanol from
lignocellulose cost savings of up to 40 % in comparison to the SSF process have been calcu-
lated [67]. However, the choice of appropriate process parameters that enable all biologically
mediated process steps in one vessel is a great challenge and requires compromises.

Multiple strategies were developed for CBP of lignocellulose to various target products. The
most common approach is based on the creation of such a single microbial superbug which
is capable to catalyze all biological process steps. The creation of a superbug typically starts
with a native cellulolytic microorganism or a native product-forming microorganism whose
missing metabolic capabilities are introduced by genetic engineering (Fig. 2.4A). Despite
intensive research for decades only very few reports describe commercially attractive product
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Figure 2.4: Strategies for CBP of lignocellulose to target products. (A) Genetic engineering of a supe-
rior superbug capable of all biological processes. This strategy can be based on a native cellulolytic or a
native product-forming microorganism. In both cases the missing metabolic capabilities are compen-
sated by insertion of genes. (B) Metabolic compartmentalization involving multiple microorganisms.
The microbial community has both the native cellulolytic capabilities and the ability to form the target
product.

yields, titers or productivities and difficulties in engineering a superior superbug remain [68].
In particular, no CBP strain viable for industral applications has been created [69]. Axenic
cultivations are often used in industrial bioprocesses but are not common in nature. They tend
to instability, are dependent on sterilization processes and have a high risk of contamination.

An alternative approach is based on metabolic compartmentalization involving multiple
microorganisms whereby each member of the community is specialized in a subtask (principle
of labor division) and occupies its ecological niche (Fig. 2.4B). Microbial communities are
ubiquitous in natural ecosystems [70] and catalyze complex biotransformations such as the
degradation of lignocellulosic biomass [51]. Taken together, the consortium in the CBP
approach owns all required metabolic capabilities to decompose the recalcitrant structure of
lignocellulosic biomass and to form target products [71].

Natural microbial communities are industrally approved in waste water treatement [72], biogas
production [73], production of foods such as cheese, meat products e.g. salami [74], sourdough
bread [75] or Kombucha [76]. A remarkable biological multi-component system which combines
physical pretreatment in the form of chewing and rumination with biological decomposition
of cellulosic biomass evolved in ruminants such as the cow. It is impressive that the cow
controls the rate of rumination and the retention time of up to 72 hours in dependence of the
hydrolysability and the particle size of the feed material. Ruminants convert the biomass at high
solid loadings under non-aseptic conditions, with minimal nutrient requirements and without
the need for external heating or pressurization efficiently to high value products [77]. The
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system ’cow’ runs at a constant temperature of 39 ◦C, keeps the oxidation-reduction potential
stable at -400 mV and efficiently holds the pH without addition of pH control agents at around
7. In addition, anaerobic conditions are obtained by the interaction of facultative anaerobic and
strict anaerobic microorganisms [77]. Remarkably, the natural undefined microbial consortium
evolved pathways which maximizes the ATP production and microbial growth [78]. These
communities produce volatile fatty acids (VFAs) such as acetic acid, propionic acid and butyric
acid which serve as energy source for the cow. The evolution evolved the epithelial cells in the
rumen wall which allow separation of the VFAs [77] although the maximum VFA concentration
is typically 0.1 M [78].

The carboxylate platform as part of the MixAlco process applies an undefined community of
different anaerobic partly cellulolytic and/or acid-forming bacteria to produce a mixture of
carboxylic acids with up to seven carbon atoms from lignocellulose [79–81]. A major advantage
using undefined communities is the elimination of aseptic process conditions [80]. However, the
high complexity of natural consortia including the large number of partially uncharacterized
species with unknown microbial pathways reduces the level of process control and makes the
targeted production of chemicals difficult. Mixed fermentation end-products and relatively
low yields are common challenges in natural consortia-based processes.

If the community is artificially constructed with carefully selected, well-characterized, special-
ized microorganisms the community-based CBP becomes controllable. Such engineering of
microbial consortia for consortium-based CBP recently gained attention [10, 71]. In literature
synthetic CBP targeting various products can be found. Xu and Tschirner [82] showed an
improved ethanol production through an anaerobic co-culture of Clostridium thermocellum and
Clostridium thermolacticum which are both cellulolytic and able to produce ethanol from cellulose
and microcrystalline cellulose. Zuroff et al. [83] demonstrated a consortia-mediated bioprocess-
ing of cellulose to ethanol with a cross-kingdom symbiotic Clostridium phytofermentans/yeast
co-culture. Brethauer and Studer [10] demonstrated a synthetic microbial community of the
fungus T. reesei and two yeasts for the direct conversion of lignocellulose to ethanol in a batch
reactor. Minty et al. [84] established a consortium of the fungus T. reesei and a genetically
modified bacterium Escherichia coli for conversion of microcrystalline cellulose to isobutanol.
Wen et al. [85] reported an artificial symbiotic system of Clostridium cellulovorans and Clostridium
beijerinckii to produce acetone, butanol and ethanol from alkali extracted deshelled corn cobs.

2.4 Microbial communities

A great number of single step biotransformations was successfully realized in genetically
modified microorganisms. The realization of more complex transformations which require
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Figure 2.5: Ecological interactions in microbial communities. The wheel shows the possible interac-
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positively, (-) negatively or (0) not affected by the interaction. Adapted from [89] and initially introduced
by [90].

a higher number of steps and multiple pathways are more difficult and partly impossible to
be performed in a single cell [86]. One possibility to enable such a complex transformation
is to split the biological process steps in multiple microorganisms following the principle of
division of labor where each member of the community catalyzes only a part of the whole
conversion and the intermediate metabolites are exchanged [87]. The microbial community
as a whole enables the desired biotransformation. The greater number of microorganisms
leads to a larger pool of genes compared to monocultures and a higher diversity of metabolic
pathways [88]. The co-cultivation of microorganisms results in multiple possible ecological
interactions between the individual organisms. Such interactions might have a positive effect,
e.g. in a food chain, where the metabolic end product of one microorganisms is the substrate
for another microorganism, a negative effect, e.g. in a competition of both microorganisms for
a substrate, or a neutral effect, e.g. if no metabolites are shared among both microorganisms
(Fig. 2.5) [89, 90].
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Natural communities contain up to thousands of species [91] which makes the decoding of
the tasks of each member in the community difficult. The microorganisms form multicellular
aggregates which create chemical gradients and spatial compartments in natural ecosystems.
In order to elucidate and study the tasks and interactions in artificial communities, commu-
nities with only two species were constructed [88] to reduce the complexity. Most of such
designed systems are characterized by shared medium and homogeneous abiotic factors such
as temperature, pH or dissolved oxygen [88]. This might limit the selection of microorganisms
and can change their phenotype compared to natural ecosystem.

Multiple microbial communities were developed to enable the efficient co-fermentation of
hexoses and pentoses released from lignocellulose. In various bacteria, yeasts and other
microorganisms the catabolism of hexoses and pentoses is regulated by carbon catabolite
repression. This regulatory phenomenon represses in the presence of a preferred carbon source,
e.g. glucose, the expression and activity of catabolic enzymes to use an alternative secondary
substrate, e.g. xylose [92]. The co-cultivation of a hexose specialist and a pentose specialist to
utilize both monomers simultaneously was performed by multiple research groups [93–96].
For instance, Fu et al. co-cultivated the glucose fermenting bacterium Zymomonas mobilis and
the xylose fermenting yeast Pichia stipites for the production of ethanol [93].

Minty et al. designed and characterized a synthetic two-member consortium of the cellulase-
secreting fungus T. reesei and a genetically engineered product-forming E. coli to produce
isobutanol from cellulosic biomass [84]. The authors state that the designed microbial com-
munity is based on cooperator-cheater dependencies [84] 1. The production and secretion of
cellulases by T. reesei is metabolically costly and the released carbohydrates are not solely con-
sumed by T. reesei. The non-cellulolytic bacterium E. coli acts as cheater and benefits from the
enzymatic hydrolysis by consuming a share of the released carbohydrates [84]. The presented
system is fully aerated and allows in contrast to natural ecosystems no spatial niche differentia-
tion which stabilizes natural ecosystems. First, these homogeneous, aerated conditions seem
inappropriate to produce anaerobic metabolites. The proposed circumvention could be based
on sophisticated cloning to remove all active cytochrome oxidases in the product-forming
host as performed by Portnoy et al. [99]. The selection of such a knock-out strain deficient in
all active cytochrome oxidases showed strongly reduced oxygen uptake rates and as a result
the accumulation of anaerobic metabolites under aerobic conditions [99]. Second, following
the law of competitive exclusion which states that two species with similar ecological niches

1The terms cooperator and cheater are used inconsistently across various biological systems [97]. Following
Ghoul et al., in this thesis cooperation is a behaviour with a beneficial effect on the recipient and cheating is "(...) (i) a
trait that is beneficial to a cheat and costly to a cooperator in terms of inclusive fitness (ii) when these benefits and
costs arise from the actor directing a cooperative behavior toward the cheat, rather than the intended recipient" [97].
This is also in line with Gore et al. [98] and Minty et al. [84] who used the terms to describe interactions within
microbial communities.
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exclude each other [89] such non-compartmentalized communities tend to instability. One
possible solution was proposed based on microfluidic devices which provide growth chambers
separated by a membrane thereby allowing the interaction between the microorganisms by
diffusion of soluble, low-molecular-mass metabolites [100]. Similar approaches based on two
compartments separated by a dialysis membrane were published [101–103].

The environmental conditions such as media components and abiotic factors are in all the
presented approaches uniform for all microorganisms. This limits the selection of microorgan-
isms since overlapping tolerance ranges of e.g. abiotic factors is mandatory for a successful
co-cultivation. A more complex artificial ecological system to mimic natural ecosystems could
be based on the integration of compartmentalization. Different local conditions caused by
chemical gradients could allow niche formation for each microorganism. It must be assumed
that the level of process control increases since in the extreme example each niche is only
occupied by one species. Controlling the process conditions in this spatial niche allows for the
regulation of the metabolic activity or the growth of the microorganism.

Said and Or proposed a modular process with multiple compartments arranged along a
process flow where the microorganisms are ordered for their chronological order in the desired
biotransformation [88]. The cells are immobilized in specific compartments by micro- or
macromembranes. Each compartment is adapted for the specific abiotic parameters for each
microorganism. This concept requires a high instrument-based effort with high costs.

2.5 Biofilms

Biofilms are a natural strategy of microorganisms to self-create a microenvironment and to
occupy spatial niches. The formation of biofilms is tracked back to ancient times and they are
seen as an essential component of the prokaryotic life cycle [104] which indicates their success.
It has been hypothized that biofilms may be the default mode of growth [105]. In the following
paragraphs biofilms are addressed: What is a biofilm? Where, how and why does it form?

A biofilm is a three-dimensional aggregation of microorganisms which are embedded in a
matrix of hydrated extracellular polymeric substances (EPS), in particular natural polymers of
high molecular weight. The major components of biofilms apart from microorganisms and EPS
are water, proteins, lipids and extracellular DNA. The macroscopic appearance of biofilms can
be slimy, high-viscous and wet but also smooth, rough, filamentous or fluffy [106].

Biofilms are found ubiquitously in natural habitats e.g. they can be attached to solid surfaces
or they can float on liquids. Inorganic substrates e.g. mineral surfaces of rocks on the bottom
of streams of flowing waters are colonized by microbes which serves as nourishment for fish.
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Biofilms can also form on metal surfaces such as boat hulls. This so-called marine biofouling
can negatively impact the hydrodynamic performance of the boat which results in increased
fuel consumption. Microorganisms are capable of forming biofilms on ceramic surfaces such as
replacement joints, on biological tissues or teeth in the human body. This is a severe problem
in medicine because antibiotics and the immune system cannot attack the microorganisms in a
biofilm as efficiently as submerged cells which may cause chronic infections [107]. Biofilms are
also found on organic substrates such as plant materials.

Both prokaryotic and eukaryotic microorganisms are able to form self-organized biofilms.
Planktonic, free-swimming cells can undergo a physiological transition towards the biofilm
mode of growth. In the initial attachment phase submerged cells, e.g. bacteria, approach
a surface with the help of pili or flagella. Simultaneously the production of adhesives is
up-regulated. After the initial attachment of the cells various EPS are produced by the cells
which strengthen the bonds between the cells and the substrate [108]. The next stage allows the
formation of sophisticated three-dimensional structures followed by a maturation phase. Finally,
cells undergo another physiological transition back to planktonic cells which are released to
the environment [108]. This allows the formation of new biofilms at other sites [109].

The driving forces for the formation of biofilms are manifold. Natural environments are often
deficient in nutrients and can exhibit strong spatial gradients of different abiotic parameters
such as light, carbon and oxygen [110]. The firm binding to beneficial habitats enables
homeostasis, e.g. if microorganisms bind to a nutrient source in flowing waters they are
not washed away and may profit from the nutrient source over a long time. In contrast to
submerged cells, cells in the bulk of the biofilm are organized in a sessile and permanent
manner [111]. Biofilms may also protect the microorganisms therein from harsh and life-
hostile conditions such as biological attacks and toxins. Compared to an axenic single-celled
planktonic organism cells growing in a biofilm act physiologically distinct as multicellular
organism [104, 110]. Biofilm formation allows the development of high cell densities in a
well-defined structure with cell-cell recognition and cell-cell communication [106]. The close
proximity of the cells compared to planktonic growth enables the horizontal gene transfer and
the exchange of signaling molecules [105, 112]. The biofilm can host a larger subpopulation
of persisters which are dormant, non-dividing cells in comparison to submerged growing
cells [113]. Their presence is problematic for treatments of infections with antibiotics because
persisters tolerate them.

The formation of a biofilm allows the microorganisms to self-create a microenvironment.
This environment is characterized by multiple gradients of substrates, metabolic products
or metabolic intermediates caused by the metabolic activity of the cells in combination with
their diffusion. This allows a higher level of differentiation in the community in contrast to
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Figure 2.6: Heterogeneities in microbial biofilms on an inert surface. The depicted concentration of
(A) a substrate which diffuses from the fluid into the biofilm and is consumed by the microorganisms,
(B) a metabolic product which is produced in the biofilm and diffuses towards the fluid and (C) a
metabolic intermediate which is produced and consumed in the biofilm which can result in a local
maximum of the concentration. Inspired by [110].

homogeneous planktonic cultures. If a biofilm grows on an inert surface and if a substrate
such as a soluble carbohydrate or a gas is present in the fluid adjacent to the biofilm it diffuses
into the biofilm. If the microorganisms in the biofilm consume this substrate, its concentration
will drop with increasing depth of the biofilm (Fig. 2.6A). As the biofilm becomes thicker
the cells located close to the inert surface will be excluded from the substrate. The secreted
metabolic products of the microorganisms such as acids, methane or carbon dioxide diffuse
into the fluid and their concentration decreases from the maximum at the inert surface towards
the biofilm/fluid interface and reaches its minimum in the fluid (Fig. 2.6B). If a metabolic
intermediate is produced and consumed within the biofilm its concentration in the biofilm can
form a local maximum which is above the concentration in the bulk fluid (Fig. 2.6C). As a result
of such spatial inhomogeneities, multiple physiological states of microorganisms can exist
in biofilms [110]. The EPS matrix can also bind and stabilize secreted extracellular enzymes,
keep them in close distance to the cells which benefit from the catalytic action of the enzymes.
As a result, the biofilm matrix can serve as external digestive system for microorganisms
incorperated in the biofilm [106]. The majority of biofilm research was performed on bacterial
biofilms in axenic in vitro studies [112]. In contrast, natural biofilms are mostly multispecies
communities including bacteria, fungi and microalge which are examined to a lower extend.

Taken together, microbial biofilms are concentrated aggregates of cells surrounded by a
hydrated EPS matrix most often adhered to a surface which are characterized by various
gradients of e.g. pH, oxygen, nutrients and metabolites which allow the presence of multiple
physiological states of one species in close approximation but also strongly favoring biodiversity
in mixed communities.



CHAPTER 3

Lactic acid

3.1 Abstract

Consolidated bioprocessing (CBP) of lignocellulosic feedstocks to platform chemicals requires
complex metabolic processes, which are commonly executed by single genetically engineered
microorganisms. Alternatively, synthetic consortia can be employed to compartmentalize the
required metabolic functions among different specialized microorganisms as demonstrated in
this chapter for the direct production of lactic acid from lignocellulosic biomass. We composed
an artificial cross-kingdom consortium and co-cultivated the aerobic fungus Trichoderma reesei
for the secretion of cellulolytic enzymes with facultative anaerobic lactic acid bacteria. We
engineered ecological niches to enable the formation of a spatially structured biofilm. Up
to 34.7 gL−1 lactic acid could be produced from 5 % (w/w) microcrystalline cellulose. Chal-
lenges in converting pretreated lignocellulosic biomass include the presence of inhibitors, the
formation of acetic acid and carbon catabolite repression. In the CBP consortium hexoses
and pentoses were simultaneously consumed and metabolic cross-feeding enabled the in situ
degradation of acetic acid. As a result, superior product purities were achieved and 19.8 gL−1

(85.2 % of the theoretical maximum) of lactic acid could be produced from non-detoxified
steam-pretreated beech wood. These results demonstrate the potential of consortium-based
CBP technologies for the production of high value chemicals from pretreated lignocellulosic
biomass in a single step.

This chapter is based on published work (reprinted with permission, license no. 4501861424984):
R. L. Shahab, J. S. Luterbacher, S. Brethauer, M. H. Studer Consolidated bioprocessing of ligno-
cellulosic biomass to lactic acid by a synthetic fungal-bacterial consortium. Biotechnology and
Bioengineering, 115(5):1207–1215 [2018]. doi: 10.1002/bit.26541.

25



26 3.2 Introduction

3.2 Introduction

Lactic acid and its derivatives are versatile sustainable platform molecules for the food and
chemical industries [114] and are mainly produced in anaerobic batch fermentations of feed-
stocks rich in starch or sugar. However, the high costs of these raw materials and their
competitive use as food and feed ingredients remain major drawbacks of the fermentative pro-
duction of lactic acid, which limits the large-scale development of poly-lactic acid as renewable
alternative to fossil-based plastics. Alternatively, lignocellulosic biomass - the most abundant
form of fixed renewable carbon on earth - is a promising feedstock for producing sustainable
chemicals at low cost [21].

Generally, the biotechnological processing of lignocellulose can be divided in four main steps:
pretreatment to enhance enzymatic digestibility, production of saccharifying enzymes (cellu-
lases and hemicellulases), enzymatic hydrolysis to depolymerize cellulose and hemicellulose to
fermentable saccharides and fermentation of soluble saccharides to the target product [10, 84].
Central barriers of the industrial-scale conversion of lignocellulosic biomass to biochemicals
are the high capital costs due to the complex process and the high cost of cellulolytic en-
zymes [115, 116]. The simplification of the process by integrating all biochemical process steps
into one single unit operation, an approach termed consolidated bioprocessing (CBP), has
attracted considerable attention for the production of biochemicals, due to its anticipated
favorable economic performance [23, 116]. The engineering and the optimization of multiple
capabilities, e.g. the production of cellulolytic enzymes, the co-fermentation of hexoses and
pentoses and the tolerance to inhibitory degradation products derived from biomass pretreate-
ment, in one single strain has proven to be challenging [69, 71, 84]. Thus, consortium-based
bioprocesses, where different specialized microorganisms can efficiently combine various
pathways and processes required for the degradation of complex substrates, are developed and
investigated as an alternative approach for CBP [71].

Successful consortium-based conversions of cellulosic feedstocks to a variety of different
compounds including ethanol [10, 82, 83], isobutanol [84] or acetone, butanol and ethanol [85]
have been reported. However, improved strategies to control intercellular interactions and to
enable stable microbial communities are required [86, 117, 118]. Furthermore, any biological
production of lactic acid from lignocellulosic biomass is especially challenging as recently
described due to three major limitations specifically associated with its fermentation from
heterogeneous saccharides (e.g. glucose, xylose): (i) The heterofermentation of xylose via the
phosphoketolase (PK) pathway leads to the accumulation of high amounts of by-products such
as acetic acid which increases the downstream cost and reduces the profitability. (ii) Carbon
catabolite repression (CCR) of the non-favorable sugars such as xylose lowers the productivity
of the process. (iii) Lactic acid bacteria are sensitive to inhibitory compounds released during
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Table 3.1: Reported and own data on the production of lactic acid from pretreated lignocellulosic
material or microcrystalline cellulose either in SSF processes or by CBP.

Microorganisms Feedstock Process CLA,max Productivity References
[gL−1] [gL−1h−1]

L. rhamnosus +
L. brevis

Corn stover SSF 20.95 0.58 [120]

B. coagulans Solka Floc
crystalline cellulose

SSF 80 0.30 [121]

L. rhamnosus Cellulosic biosludge SSF 39.4 0.82 [122]
B. coagulans Sugarcane bagasse SSF 58.7 1.33 [123]
B. coagulans Wheat straw SSF 40.7 0.74 [124]
T. reesei RUT-C30 +
L. pentosus

Microcrystalline
cellulose

CBP 34.7 0.16 This chapter

T. reesei RUT-C30 +
L. pentosus

Beech wood CBP 19.8 0.10 This chapter

pretreatment of the biomass [119]. Table 3.1 summarizes recently published results for the
production of lactic acid from lignocellulosic biomass. To the best of our knowledge, only
simultaneous saccharification and fermentation (SSF) processes which require the addition
of costly, externally produced cellulolytic enzymes were developed, but no consolidated
bioprocesses targeting lactic acid were reported.

In this chapter, we designed and characterized artificial cross-kingdom microbial consortia of
Trichoderma reesei and different lactic acid bacteria for the production of lactic acid from ligno-
cellulosic biomass. We demonstrate their ability to directly convert non-detoxified pretreated
biomass containing pentoses and hexoses to lactic acid without carbon catabolite repression
and to concomitantly remove the unwanted side product acetic acid.

3.3 Results and discussion

3.3.1 Design and implementation of a microbial consortium for CBP of
lignocellulose to lactic acid

Consortium-based CBP of lignocellulosic biomass to lactic acid requires at least one microorgan-
ism for the production of cellulolytic enzymes and one strain that converts the sugars released
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Figure 3.1: Schematic representation of the consortium composed of T. reesei and L. pentosus. T. reesei
grows immobilized in an aerobic biofilm directly on the surface of an oxygen permeable, dense
membrane. The locally defined aeration through the membrane enables the production of cellulases
and hemicellulases (EGI: endoglucanase I, CBHI: cellobiohydrolase I, CBHII: cellobiohydrolase II,
BXL: beta-xylosidase, XLN: beta-endoxylanase) under aerobic conditions. The enzymes are secreted
to the fermentation slurry where the hydrolysis of cellulose and xylooligomers to soluble saccharides
is taking place. L. pentosus produces lactic and acetic acid under anaerobic conditions, whereby the
latter inhibits the growth of T. reesei (amensalism). Acetic acid, however, can be degraded by T. reesei
(commensalism), with the effect that lactic acid is purified in situ in the mixed culture. The dissolved
oxygen concentration in the reactor is depicted in the lower part of the illustration.

to lactic acid. Many lactic acid bacteria (LAB) are known for microaerophilic or anaerobic
fermentations [125]. In contrast aerobic fungi such as T. reesei are primarily used for the
industrial production of cellulolytic enzymes [115, 126]. In order to concomitantly meet these
contrary oxygen requirements in one reactor, we developed a membrane reactor that enables
locally defined aeration through an oxygen permeable membrane. Here, the aerobic fungus
T. reesei forms a biofilm directly on the surface of the tubular membrane, which is continuously
flushed with air (Fig. B.1). Oxygen diffuses through the membrane into the fungal biofilm
that produces and secretes cellulolytic enzymes into the fermentation broth. As all oxygen is
consumed in the biofilm, anaerobic conditions prevail in the bulk phase where the enzymatic
hydrolysis is taking place and LAB ferment the saccharides released to the target product lactic
acid (Fig. 3.1). Taken together, the process concept enables the compartmentalization of the
metabolic functions between different microorganisms and the creation of an ecological niche
for each member of the consortium by spatial structuring of the bioreactor.
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3.3.2 Conversion of cellulose to lactic acid in batch processes

In order to prove the functionality of the synthetic consortia, we first studied the conversion
of different amounts and types of carbon sources (microcrystalline cellulose (Avicel) and
steam-pretreated beech wood) to lactic acid by a co-culture of T. reesei and L. pentosus. A
sequential inoculation scheme with a two-day delay between the inoculation of the fungus and
the bacterium was applied to enable the formation of a fungal biofilm and to ensure anaerobic
conditions in the bulk phase at the time of inoculation with the product forming strain. In
effect, the dissolved oxygen concentration dropped below the detection limit 12 hours after
fungal inoculation indicating that growth of T. reesei was oxygen limited and not nutrient
limited (further details, chapter 4 and Fig. 4.4). With microcrystalline cellulose as the substrate,
the maximum lactic acid yield increased from 0.45 gg−1 (45.9 % of the theoretical maximum) at
1.75 % (w/w) Avicel to 0.62 gg−1 (62.4 % at 5.00 % (w/w) Avicel) (Tab. 3.2). The latter corre-
sponds to a maximum lactic acid concentration of 34.7±0.2 gL−1 (Fig. 3.2) and a productivity
of 0.16 gL−1h−1. Due to the chosen sequential inoculation scheme, T. reesei had during the
first two days exclusive access to the substrate. The increasing lactic acid yield suggested that
the amount of the carbon source that was consumed for fungal growth remained constant
and was independent of the solid loading, i.e. the fraction of carbon source that remained for
the conversion to lactic acid increased with increasing carbon loading. Next, we switched to
one-stage steam-pretreated washed beech wood (containing mainly cellulose and lignin) as a
substrate and investigated three different solid loadings (1.93, 2.21 and 3.86 % (w/w)). Due to
stirring limitations in the reactor, higher solid loadings could not be tested. Up to 15.1 gL−1

lactic acid (65.6 % yield) were produced after 134 hours without any detectable amounts of
acetic acid as a side product. The highest yield of 78.1 % lactic acid (10.3 gL−1) was reached
with an initial solid loading of 2.21 % (w/w) (Fig. 3.2C, Tab. 3.2).

The activity of cellobiohydrolase (CBH), beta-glucosidase (BG) and endoglucanase (EG) in the
supernatant of the fermentation slurry during various stages of the fermentation is shown for
1.75 % (w/w) Avicel in figure 3.2B and different pretreated beech wood loadings in figure 3.2D.
The enzymatic activity of CBH and EG on Avicel increased over two days after inoculation
of L. pentosus and reached 289 mIU mL−1 and 9.48 IU mL−1, respectively. In comparison to
the CBP on Avicel the enzymatic activities in the supernatant using pretreated beech wood
were lower and reached a maximum CBH activity of 127 mIU mL−1 (Fig. 3.2D). Although the
initial lactic acid accumulation was similar for all tested beech wood loadings which indicates
comparative enzymatic hydrolysis rates in the sugar-limited system the CBH activity was
reduced with increasing solid loading. This was presumably caused by a higher non-productive
binding of CBH with increasing lignin content in the reactor [127] and might explain the lower
yield in comparison to 2.21 % (w/w).
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Figure 3.2: Batch CBP of lignocellulosic biomass to lactic acid using a synthetic microbial consortium
of T. reesei and a lactic acid bacterium. Conversion of (A) microcrystalline cellulose (Avicel) and (C) one-
stage steam-pretreated washed beech wood to lactic acid using L. pentosus as the fermenting strain. Error
bars represent the standard deviation from two independent batch experiments. (B,D) Corresponding
activities of cellobiohydrolase (CBH), beta-glucosidase (BG) and endoglucanase (EG) in the supernatant
of the fermentation slurry during various stages of the fermentation: (B) Avicel (as shown in (A))
or (D) different solid loadings of pretreated beech wood (as shown in (C)). Error bars represent the
standard deviation from duplicates.

We also studied the reuse of the immobilized fungal cells in a semi continuous experiment
and exchanged every 72 hours one quarter of the fermentation slurry (Fig. B.6). Although
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we measured a decrease of CBH and EG activity during the course of the experiment, the
immobilization of the fungal biomass in the biofilm prevented its washout. An increase of CBH
and EG after the dilution indicates the possible reuse and stability of the fungal biofilm.

3.3.3 Co-fermentation of pentoses and hexoses and in situ acetic acid degradation
by the synthetic consortium

The co-fermentation of hexoses and pentoses is a prerequisite for the cost-effective conversion
process of heterogeneous lignocellulosic feedstocks containing both types of sugars in polymeric
form. Generally, several LAB can consume pentoses that are converted by heterofermentation
via the Phosphoketolase (PK) pathway to lactic acid, acetic acid and ethanol with a theoretical
lactic acid yield of 0.6 gg−1 xylose [128]. Furthermore, it is known that L. pentosus controls the
utilization of carbohydrates by carbon catabolite repression (CCR) [129]. Glucose represses the
xylAB operon encoding D-xylose isomerase and D-xylulose kinase which are both required
for xylose fermentation [130]. To study the co-fermentation abilities of the consortium and the
possible presence of CCR, mixtures of Avicel and xylose were used as the carbon source. A
co-culture of T. reesei and L. pentosus - a facultative heterofermentative strain - on 1.75 % (w/w)
Avicel and 9.32 gL−1 xylose resulted in 11.3±0.3 gL−1 lactic acid (45.0 % yield) and 0.4±0.3 gL−1

acetic acid after 117 hours. Xylose was consumed from the beginning of the fermentation,
while more acetic acid was accumulating compared to when only Avicel was fermented.
This indicated that Avicel and xylose were simultaneously co-degraded without active CCR.
Generally, the amounts of acetic acid measured in the co-cultures were very low, up to ten times
lower than the values detected in monoseptic cultures of only L. pentosus (Tab. 3.2, Fig. B.4)
were detected. Furthermore, acetic acid degradation was observed in some experiments (see
for example Fig. 3.3A, where only up to 1.0 gL−1 acetic acid accumulated temporarily). Thus,
we investigated the apparent in situ acetic acid degradation of the consortia in more detail.
Degradation experiments confirmed the ability of T. reesei to co-degrade acetic acid, glucose
and xylose (Fig. B.3). However, acetic acid mineralization to presumably carbon dioxide
was not associated with growth [131] and above 0.3 gL−1, acetic acid inhibited the metabolic
activity of T. reesei. In order to test the limits of the in situ acetic acid degradation, L. pentosus
was replaced with L. brevis - an obligate heterofermenative strain that utilizes pentoses and
hexoses exclusively via the PK pathways - which leads to a higher production of acetic acid.
Under these conditions, 9.3 gL−1 lactic acid (60.4 % yield) and 4.4±0.3 gL−1 acetic acid were
measured after 185 hours (Fig. 3.3B, Tab. 3.2). The high accumulation of acetic acid indicated
that the purification potential of T. reesei was exceeded in this case. As the degradation of
acetic acid required oxygen, the oxygen transfer rate presumably determined the limits of the
in situ purification rate. This assumption was confirmed by a mono-culture of T. reesei in the
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Figure 3.3: Batch CBP of Avicel and xylose to lactic acid using a synthetic microbial consortium of
T. reesei and a lactic acid bacterium. 1.75 % (w/w) Avicel and 9.32 gL−1 xylose were co-fermented
by T. reesei and (A) L. pentosus or (B) L. brevis. Error bars represent the standard deviation from two
independent batch experiments.

biofilm-membrane reactor with acetic acid as the sole carbon source, which showed a constant
acetic acid degradation rate of 0.01 gL−1h−1 (data not shown).

In order to simulate the continuous release of xylose from the enzymatic hydrolysis of soluble
xylooligosaccharides, we also performed fed-batch experiments with Avicel and xylose as
model substrates. While 1.75 % (w/w) Avicel was added all at once, xylose was fed linearly
with a constant feeding rate to the reactor to an accumulated theoretical concentration of
9.32 gL−1. This led to a lactic acid concentration of 14.5±0.7 gL−1 after 146 hours (Fig. 3.4A,
Tab. 3.2). The highest xylose concentration of 1.1 gL−1 was measured after 103 hours and
dropped below the detection limit after 139 hours. The amount of xylose measured at any
sampling point in the fed-batch experiments was below the theoretical amount calculated
from the feeding rate. The highest acetic acid concentration of 1.1 gL−1 was measured after
126 hours fermentation time and dropped below the detection limit after 215 hours, due to
in situ acetic acid degradation by T. reesei.

The lactic acid yield in the fed-batch experiments was 28 % higher than in the batch experiment
at identical substrate levels (Fig. 3.3A, Tab. 3.2). This could be explained by the exclusive
access of T. reesei to xylose prior to inoculation of LAB in the batch experiment. Feeding is
known to influence the microbial interactions and can increase the stability of the microbial
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community [132]. We reduced the interactions between the species by feeding xylose as
an additional alternative carbon source. While L. pentosus – as non-cellulolytic bacterium
– was previously on Avicel as sole carbon source dependent on the secretome of T. reesei,
the additional xylose feed reduced this level of dependency because L. pentosus was able
to metabolize xylose directly. Therefore L. pentosus was only extrinsically limited by the
feed and not exclusively dependent on the secretome of T. reesei, which might explain the
higher lactic acid yields in fed-batch mode. In order to converge to industrially achievable
lactic acid concentrations, the substrate loading was increased to 5.00 % (w/w) Avicel and a
feed of accumulated 26.7 gL−1 xylose over a period of 200 hours. Under these conditions, a
concentration of 54.6±2.1 gL−1 lactic acid was measured after 398 hours (Fig. 3.4B, Tab. 3.2).

3.3.4 Conversion of whole-slurry pretreated beech wood in fed-batch experiments

Finally, we aimed to directly convert whole-slurry steam-pretreated beech wood (i.e. the unpro-
cessed liquid and the solid phase after pretreatment) to lactic acid. In the pretreatment process,
a liquid phase - called prehydrolyzate - is formed by condensation of steam, which contains
soluble xylooligosaccharides, acetic acid derived from deacetylation of the hemicellulose and
other inhibitory substances such as formic acid, phenolics, furfural and hydroxymethylfur-
fural [133,134]. The composition of the prehydrolyzate depends on the pretreatment conditions.
When beech wood was steam-pretreated at 230 ◦C for 15 min (the conditions that allowed
maximal glucose release by enzymatic hydrolysis with commercial cellulase cocktails, but led
to complete degradation of xylan (data not shown)), the resulting slurry could not directly be
converted to lactic acid by the consortium, due to the high concentration inhibitors such as
acetic acid (Fig. B.5), which inhibited T. reesei. Thus, in order to enable growth on the inhibitory
substrates and to benefit from the in situ detoxification potential of T. reesei at moderate acetic
acid concentrations, we chose to feed the prehydrolyzate to the membrane biofilm reactor,
which initially only contained the pretreated beech wood solids. Since acetic acid degradation
occurs at a constant rate due to being limited by the oxygen transfer rate, we chose a constant
feeding profile. Under these conditions, whole-slurry pretreated beech wood could success-
fully be converted to lactic acid resulting in a concentration of 15.7±0.2 gL−1 after 250 hours
(Fig. 3.4C, Tab. 3.2). This amount corresponded to a similar lactic acid yield compared to the
experiment where only pretreated solids were used.

In order to investigate the co-fermentation abilities of the consortium in the presence of
inhibitors, we used two-stage pretreated beech wood as the substrate. Here, beech wood was
first pretreated under moderate conditions (180 ◦C, 25 min) that were optimized for maximal
hemicellulose recovery in the liquid phase. After removal of the liquid phase, a second
pretreatment of the remaining solids was performed under harsher conditions that allowed
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Figure 3.4: Fed-batch CBP of heterogeneous substrates containing hexose and pentose to lactic acid
using a consortium of T. reesei and L. pentosus. (A) Co-fermentation of 1.75 % (w/w) Avicel added at
t=0 and xylose fed over a period of 100 hours to a total concentration of 9.32 gL−1. (B) Co-fermentation
of 5.0 % (w/w) Avicel added at t=0 and xylose fed over a period of 200 hours to a total concentration
of 26.63 gL−1. (C) Conversion of 3.86 % (w/w) one-stage steam-pretreated beech wood solids with
a feed of the prehydrolyzate over a period of 100 hours. The dashed red line shows the amount of
acetic acid added through the prehydrolyzate feed. (D) Co-fermentation of 3.86 % (w/w) two-stage
steam-pretreated beech wood solids added at t=0 and xylooligomer containing first stage prehydrolyzate
fed over a period of 100 hours. The dashed green lines show the amount of xylose (A,B) or xylose
recalculated from xylooligomers (D), respectively, added through the substrate feed. Error bars represent
standard deviation from two independent fed-batch experiments. (E) Activity of cellobiohydrolase
(CBH), beta-glucosidase (BG), endoglucanase (EG) and xylanase in the supernatant of the fermentation
slurry during various stages of the fermentation shown in figure 3.4D. Error bars represent the standard
deviation from duplicates.

maximal glucose release by subsequent enzymatic hydrolysis. Fed-batch experiments on two-
stage pretreated beech wood were performed with a linear feed of the 180 ◦C prehydrolyzate
which contained, among others, 25.8 gL−1 of soluble xylooligosaccharides. The feeding of
soluble xylooligosaccharides, instead of monomeric saccharides such as xylose, changed the
metabolic dependencies in the consortium.

Although putative orthologs of the xylosidase xynB2 of L. brevis were found in the genome of
L. pentosus, which has a high catalytic efficiency for xylobiose, LAB depend on the secretome
of T. reesei for both longer xylooligomers and cellulose conversion [135]. The feeding of the
prehydrolyzate seems to be beneficial for fungal enzyme production as it resulted in an increase
of the CBH and EG activities by a factor of two (Fig. 3.4E) compared to the experiment where
only pretreated solids were used (Fig. 3.2D). Despite the heterogeneous and metabolically
challenging mixture only 0.5±0.1 gL−1 acetic acid accumulated and 19.8±0.7 gL−1 lactic acid
was produced after 200 hours (Fig. 3.2D, Tab. 3.2). This corresponds to a productivity of
0.1 gL−1h−1 (Tab. 3.1) and a yield of 85.2 %, which is the highest yield achieved with the
synthetic microbial consortium. Future work will include the optimization of the in situ enzyme
production in order to increase lactic acid productivity to a level comparable to state of the art
SSF approaches (Tab. 3.1).

Taken together, the fed batch experiments showed the potential of the synthetic consortium to
utilize unprocessed inhibitory process streams that are detoxified in situ without any detectable
carbon loss. In contrast, significant carbon loss has been reported, when separate biological
detoxification was performed [136].
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3.3.5 Interactions between the members of the consortium

The results presented show that the synthetic consortium of T. reesei RUT-C30 and L. pentosus
(DSM-20314) is highly functional. The stable coexistence of the two strains over 250 hours
is mainly based on competitive cheater-cooperator interactions. Secretion of cellulases by
T. reesei is a cooperative feature because it is metabolically costly and the sugars released by
enzymatic hydrolysis are available as public goods for both strains. L. pentosus consumes the
released soluble saccharides as a cheater without contributing energy to enzyme production.
However, T. reesei also benefits from the presence of L. pentosus. T. reesei is deficient in beta-
glucosidase production [57], which leads to an accumulation of cellobiose - a potent inhibitor
of endoglucanase and of cellobiohydrolases I and II [48]. For example, in a monoseptic
cultivation of T. reesei growing on microcrystalline cellulose, a cellobiose concentration above
0.7 gL−1 was measured after 48 hours throughout the experiment (Fig. B.2) which is in the
inhibitory concentration range of several cellulases, including CBHI [48,137]. Upon inoculation
with L. pentosus, the cellobiose concentration dropped below the detection limit (Fig. B.2),
because the LAB were able to metabolize the disaccharide [138]. Thus, L. pentosus reduces
the negative product inhibition on the cellulolytic system and facilitates the faster release of
glucose. Furthermore, L. pentosus produces acetic acid as a by-product, which can be consumed
by T. reesei by metabolic cross feeding (commensalism). These beneficial effects of LAB for
the fungus lead to microbial mutualism. Simultaneously, an inhibitory effect of acetic acid on
the metabolic activity of T. reesei was observed (amensalism). It has been suggested that such
unilateral interactions greatly enhance community stability [139].

3.4 Conclusions

We successfully established a consolidated bioprocess for the direct production of lactic
acid from lignocellulosic biomass using a synthetic consortium of T. reesei and a lactic acid
bacterium growing in a membrane-aerated biofilm reactor. In particular, we demonstrated
the ability of the consortium to co-ferment hexoses and pentoses from non-detoxified whole-
slurry pretreated beech wood without carbon catabolite repression. Furthermore, superior
product purities were achieved by in situ acetic acid degradation by T. reesei. We applied
metabolic compartmentalization and spatial structuring to stabilize the cooperator-cheater
community. Our results establish the potential of engineering microbial consortia for the CBP
of lignocellulosic biomass to high value biochemicals.
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CHAPTER 4

Butyric acid and propionic acid

4.1 Abstract

We engineered artificial ecosystems to metabolically funnel heterogeneous lignocellulosic
carbohydrates to lactate as central intermediate in synthetic food chains producing carboxylic
acids. This lactate platform is based on defined microbial cooperator-cheater consortia, with up
to four microorganisms, stabilized and controlled by enforced niche differentiation. A spatial
niche enabled in situ cellulolytic enzyme production using the aerobic fungus Trichoderma reesei
next to an obligate anaerobe. Lactic acid bacteria (LAB) compensated for the missing metabolic
capabilities of anaerobic secondary fermenters. Intra-consortium competition directed the
metabolic flux to LAB which increased product selectivity. The feasibility and modularity of
the lactate platform was exemplified by integrating Clostridium tyrobutyricum or Veillonella criceti
to produce 196.5 kg butyric acid or 113.6 kg propionic and 133.3 kg acetic acid, respectively
per ton beech wood. With the lactate platform, the theoretical yield of butyric acid increased to
131 % of its equivalent theoretical yield for direct carbohydrate conversion.

This chapter is based on a manuscript under review in Nature Biotechnology: R. L. Shahab,
S. Brethauer, M. Davey, J. S. Luterbacher, A. Smith, S. Vignolini, M. H. Studer The lactate platform
– a consortium based consolidated bioprocessing strategy for the yield-optimized production of volatile
fatty acids from lignocellulose.

4.2 Introduction

Lignocellulosic biomass is the most abundant source of fixed, renewable carbon and is a
promising alternative to fossil petroleum. Biorefining of this heterogeneous, recalcitrant
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feedstock aims to produce a range of chemicals, materials, fuels and power to maximize the
value derived from the feedstock and minimize waste streams. Volatile fatty acids (VFAs) such
as propionic and butyric acid are important target products which are currently produced from
fossil resources and have been suggested as potential bio-derived platform molecules [140].
However, the combination of the heterogeneous carbohydrate composition of lignocellulose
and the limited metabolic flexibility of many VFA producers leads to low product yields and
undesired by-product formation (Fig. 4.1A). In order to provide a more homogeneous carbon
source for the VFA producers, the heterogeneous mixture of carbohydrates in the biomass can
be metabolically funneled to a central platform molecule in a primary fermentation followed
by a secondary conversion to the desired product (Fig. 4.1B).

Ideally, the primary and secondary fermentation, as well as the depolymerization of the
carbohydrates by cellulolytic enzymes, can be performed in one processing step which is termed
consolidated bioprocessing (CBP). The engineering of such complex reaction cascades into one
microbial host can create a substantial metabolic burden that limits the overall productivity of
the system [141]. Consequently, low carbon fluxes remain a major challenge [46, 142] for CBP
approaches based on genetically engineered microorganisms, which are often characterized
by metabolic imbalances [143–145]. This limitation could be overcome by metabolic division
of labor [141] which is also observed in natural consortia, where complex reaction cascades
are common and biochemically difficult tasks are catalyzed by multiple species according
to the principle of metabolic compartmentalization [86]. Each member of the community
occupies its ecological niche and is specialized in a subtask or metabolizes different beneficial
exchange molecules such as vitamins, amino acids, etc. However, the high complexity of
natural consortia makes the targeted engineering of the desired trait difficult and limits their
industrial application for the production of biochemicals. Alternatively, less complex and
more defined synthetic consortia can be engineered [146] and have been applied for CBP of
lignocellulose to produce isobutanol [84], ethanol [82, 83], or acetone, butanol and ethanol [85].
A major challenge of such bottom-up consortia is their stability and control [71, 86, 132, 147],
which fundamentally require overlapping tolerance ranges of several abiotic process parameters
such as pH, temperature and oxygen concentration. Thus, the majority of co-culture studies
reported to date were carried out using only two species [146] with similar abiotic requirements.
However, few examples of artificial consortia with more than two populations have been
reported. Artificial tricultures were used to convert glucose to electrical power [148] or to
demonstrate the importance of defined spatial structures for the stable co-existence of soil
bacteria [100]. Larger artificial consortia containing more than three species were either
mimicking existing natural consortia useful for e.g. bioremediation [149–154] or medical
purposes [155].
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If cooperator-cheater dependencies are present in such communities, e.g. if one strain secretes
cellulolytic enzymes to provide carbohydrates as a public good [118], a sufficient niche differen-
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Figure 4.1: Caption next page.
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Figure 4.1: Comparison of the sugar platform and the lactate platform. (A) Schematic illustration of
the common sugar platform. The polymeric compounds glucan and xylan are hydrolyzed by cellulases
and hemicellulases added from an external source to yield a heterogeneous mixture of glucose and
xylose together with acetic acid which is released from the xylopuranose backbone of xylan. Many
natural product-forming microorganisms lack the metabolic flexibility to efficiently and selectively
convert this heterogeneous carbohydrate mixture to the target products, and usually acetic acid is not
utilized as carbon source. Increased by-product formation and reduced product yield and concentration
are the major challenges. (B) Schematic illustration of the lactate platform. T. reesei is introduced as
in situ producer of cellulolytic enzymes. The heterogeneous mixture of carbohydrates is metabolically
funneled to lactic acid, which is further converted to the target products. This reduces the required
metabolic flexibility of the target product-forming microorganisms. Furthermore, some product forming
strains are able to co-consume lactic and acetic acid which results in lower by-product formation.
(C) CBP of pretreated beech wood via the lactate platform to selected target products. The thickness of
the lines corresponds to calculated theoretical mass fluxes based on pathways shown in table C.6 and
C.7. Side products such as water, carbon dioxide and hydrogen are not illustrated. The tables next to
the products display the theoretical yields for bioconversion of glucose, xylose, acetic acid or 2-stage
pretreated beech wood (glucose+xylose+acetic acid) via the lactate platform compared to alternative
direct fermentations (Tab. C.5, C.6 and C.7).

tiation has to be guaranteed to create a stable community. This differentiation must exist despite
mutual resource utilization and a sufficiently high net benefit for the cooperator [98]. The latter
is supported in biofilms by low diffusion and decay rates of the cooperative enzymes that are
secreted, flat colony structures [118, 156] and spatial heterogeneities in the form of nutrient
microgradients [118, 157]. Oxygen gradients stabilize communities by promoting community
diversification to the detriment of pure growth competition [10, 158, 159]. Additionally, spatial
structuring in biofilms stabilizes natural cooperator-cheater communities [157] and positively
influences the local productivity and fitness of cooperators.

In this study, we introduce a CBP strategy for the direct production of different VFAs from
lignocellulose. Our approach enables an enhanced metabolic flux to the target product by
distributing the pathway among different microorganisms of an adaptable artificial ecosystem.
By funneling the heterogeneous sugar mixture derived from lignocellulosic biomass to lactic
acid as the central intermediate, which can be further converted to the desired product by
several VFA producers, their missing metabolic flexibility to utilize different carbohydrates can
be compensated (Fig. 4.1B). Furthermore, many VFA producing strains have the ability or even
depend on the co-consumption of lactic and acetic acid thereby making the latter compound,
which is a generally unused fraction of lignocellulosic biomass, available for product formation.
As the acid producing strains are non-cellulolytic, the lactate platform consists (1) of the aerobic
fungus T. reesei for the cooperative secretion of cellulolytic enzymes, which provide soluble
sugars, and (2) of facultative anaerobic lactic acid bacteria (LAB) that are able to convert
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Figure 4.2: CBP of lignocellulosic biomass to butyric and propionic acid by a synthetic microbial
consortium. (A) Approximate tolerance ranges for external pH and temperature of T. reesei, LAB and
C. tyrobutyricum. The dark grey area shows the overlap of the tolerance ranges. (B) Requirements
of T. reesei, LAB, C. tyrobutyricumand V. criceti for the dissolved oxygen concentration. (C) Capability
of the involved strains to metabolize polymers (cellulose and hemicellulose), oligomers (gluco- and
xylooligosaccharides), C5/C6 sugars, lactate (LA) and acetate (AA): extracellular degradation (check in
brackets), intracellular utilization (check) and no utilization (cross). (D) Schematic representation of the
membrane-aerated reactor for CBP of lignocellulosic biomass to butyric acid. An oxygen permeable
tubular polydimethylsiloxane membrane is installed in the stirred tank reactor and continuously
flushed with air. T. reesei forms an aerobic biofilm on top of the membrane and secretes cellulases and
hemicellulases (EGI: endoglucanase I, CBHI: cellobiohydrolase I, CBHII: cellobiohydrolase II, BXL: beta-
xylosidase, XLN: beta-endoxylanase). The enzymatic hydrolysis takes place in the fermentation slurry
under anaerobic conditions created by the metabolic activity of the microbial consortium. L. pentosus (and
L. brevis) metabolically funnel the released saccharides to lactic and acetic acid. Lactic and acetic acid
(partly from deacetylation of the xylopuranose backbone) are selectively converted by C. tyrobutyricum
to butyric acid. The dissolved oxygen concentration is depicted below the diagram. (E) Reactor cross-
section with different gradients of abiotic factors as measures to stabilize communities composed of
microorganisms that have non-overlapping tolerance ranges for abiotic parameters.
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A

Mature biofilm of T. reesei 
co-cultivated with L. pentosus 
and C. tyrobutyricum on Avicel

Mature biofilm of T. reesei co-cultivated 
with L. pentosus and C. tyrobutyricum on
two-stage steam-pretreated beech wood

Biofilm removed

B

Figure 4.3: Photographs of mature fungal biofilms formed on an aerated membrane in a stirred tank
bioreactor. The community of T. reesei, L. pentosus and C. tyrobutyricum was grown on (A) Avicel or
(B) steam-pretreated beech wood.

all types of the solubilized sugars to lactic acid. In contrast to other abiotic factors such
as temperature or pH (Fig. 4.2A), the oxygen requirements of T. reesei and C. tyrobutyricum
do not overlap at all (Fig. 4.2B). Oxygen is essential for the aerobic fungus, but it is highly
toxic for the VFA-producing anaerobic bacteria. By employing a membrane-aerated biofilm
reactor in combination with the facultative anaerobic LAB, an oxygen gradient is generated
that allows fulfilling the redox potential requirements of all strains (Fig. 4.2D). Specifically,
the feasibility and the modularity of the lactate platform was exemplified by using either
Clostridium tyrobutyricum to produce butyric acid, or Veillonella criceti for the production of
propionic and acetic acid.

4.3 Results

4.3.1 Direct production of butyric acid from cellulose and xylose via the lactate
platform using a synthetic consortium

In order to prove the feasibility of the lactate platform concept, we first aimed to produce
butyric acid from a mixture of cellulose (17.5 gL−1) and xylose (9.32 gL−1) as a model substrate
for lignocellulose. The synthetic consortium consisted of T. reesei for cellulolytic enzyme
secretion, L. pentosus for lactic acid production and C. tyrobutyricum for the production of the
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target product butyric acid. L. pentosus converts glucose to lactic acid via the homofermentative
pathway while xylose is metabolized heterofermentatively to lactic and acetic acid (Fig. C.1).
We followed a three-step inoculation scheme: First, the reactor was inoculated with T. reesei
to allow the formation of a fungal biofilm on top of the membrane (Fig. 4.3). After 48 hours,
L. pentosus was inoculated followed by the subsequent inoculation of C. tyrobutyricum after
waiting another 48 hours. While all cellulose was added to the reactor at the time of the fungal
inoculation, xylose was fed to the reactor over a time span of 75 hours after inoculation with
L. pentosus. The metabolic activity of T. reesei reduced the dissolved oxygen content below the
detection limit within eight to twelve hours after fungal inoculation and lowered the redox
potential to values between +20 and -20 mV (Fig. 4.4). The inoculation of L. pentosus (beginning
of phase I in Fig. 4.5A) led to an accumulation of lactic acid with a simultaneous drop of the
redox potential to less than -300 mV which is suitable for the cultivation of obligate anaerobes.
After inoculation of C. tyrobutyricum (beginning of phase II in Fig. 4.5A), the redox potential
decreased further to values below -450 mV, probably due to hydrogen by-product formation
by C. tyrobutyricum. Butyric acid production began after 100 hours and was accompanied by
a decrease of lactic and acetic acid. A maximum concentration of 4.1 gL−1 (0.14 g butyric
acid per g total fermentable sugars, 93.1 % selectivity) was reached at the end of phase II
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Figure 4.4: Redox potential and dissolved oxygen concentration during the two-stage inoculation of
T. reesei and L. pentosus in the membrane-aerated bioreactor. T. reesei was inoculated at time zero.
The dissolved oxygen concentration dropped below the detection limit after eight hours in the low
oxygen transfer rate (OTR) approach (0.34 h−1) and after 12 hours in the high OTR approach (3.24 h−1).
Due to the metabolic activity of T. reesei, the redox potential was lowered to approximately +40 mV
(high OTR) and -20 mV (low OTR). After approximately 40 hours, L. pentosus was inoculated and the
redox potential dropped below -300 mV (high OTR) and -400 mV (low OTR) approach.
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(Tab. C.1). At the beginning of phase III, acetic acid was depleted and lactic acid utilization
by C. tyrobutyricum stopped because lactic acid cannot serve as a sole carbon source but must
be co-consumed with either glucose or acetic acid (Fig. 4.6A-E) [160]. Because of the reduced
metabolic activities of the consortium members due to substrate depletion, the redox potential
in phase III increased as oxygen was still fed to the reactor via the membrane. The successful
production of butyric acid proved the validity of the lactate platform where a cross-kingdom
consortium of aerobic and anaerobic microorganisms was employed.

4.3.2 Strategies to improve butyric acid production

In order to allow the complete conversion of lactic acid to butyric acid, the amount of acetic
acid had to be increased. We investigated four strategies to improve the lactic to acetic acid
ratio: (i) adding acetic acid, (ii) converting a fraction of lactic acid to acetic acid with a homoace-
togenic strain, (iii) expanding the microbial consortium with an obligate heterofermentative
lactic acid bacterium to enhance the metabolic flux from carbohydrates to acetic acid via the
phosphoketolase (PK) pathway and (iv) reducing the oxygen transfer rate (OTR) to decrease
the acetic acid consumption of T. reesei. These strategies are discussed in detail below.

Supplementation of acetic acid

In contrast to the model substrate (cellulose and xylose), lignocellulosic biomass contains acetic
acid which is bound to the xylopuranose backbone and is solubilized during pretreatment
[26,136]. Prior to using real biomass hydrolysates as an acetic acid source, we tested the external
supplementation of pure acetate. In comparison to the base case (Fig. 4.5A), the additional
feed of 2 gL−1 acetic acid resulted in an increased acetate and xylose concentration at the
end of phase I (Fig. 4.5B) and enabled the complete utilization of the lactic acid to produce a
concentration of 10.7 gL−1 butyric acid (0.37 gg−1, 77.6 % selectivity, Tab. C.1).

Integration of the homoacetogen Acetobacterium woodii for carbon optimized acetate pro-
duction

In order to avoid the addition of externally produced acetic acid, we used the homoacetogen
Acetobacterium woodii to convert part of the lactate to acetate. To this end, we first produced a
lactate broth using a co-culture of T. reesei and L. pentosus, then we converted a fraction of the
lactate to acetate using A. woodii and finally we blended the two streams to the target lactic to
acetic acid ratio to produce butyrate (Fig. 4.7B). With this subsequent fermentation strategy,
12.2 gL−1 butyric acid (0.41 gg−1, 97.6 % selectivity) was produced (Fig. C.2). The next step
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Figure 4.5: CBP of cellulose to butyric acid using a cross-kingdom microbial consortium. A three-
step inoculation scheme was followed: For the first two days, only T. reesei grew in the reactors. Then,
L. pentosus and if mentioned L. brevis were inoculated at the beginning of phase I, followed by the
addition of C. tyrobutyricum at the beginning of phase II. (A) In the base case, 17.5 gL−1 Avicel and
9.32 gL−1 xylose (fed over a time period of 75 hours, dashed blue line) were converted to butyric acid at
a high OTR of 3.24 h−1. Differences from the base case: (B) Addition of acetic acid feed to 2.00 gL−1

over a time period of 75 hours (dashed red), (C) addition of L. brevis to the consortium, (D) reduction of
OTR to 0.34 h−1 (mono-lumen tubing 1.58 mm×3.18 mm×0.80 mm). Error bars represent the standard
deviation from two independent experiments.



48 4.3 Results

would be to integrate A. woodii into the CBP consortium (Fig. 4.7A). However, A. woodii requires
a carbonated medium realized by e.g. a carbon dioxide overpressure. As the current reactor
setup does not withstand overpressure, these experiments remain to be accomplished.

Enhanced acetic acid production by integration of the obligate heterofermentative strain
Lactobacillus brevis

As an alternative to the addition or external production of acetic acid, we aimed to enhance
the metabolic flux from carbohydrates to acetic acid by extending the microbial consortium
with the obligate heterofermentative strain Lactobacillus brevis which produces lactic and acetic
acid from both hexoses and pentoses (Fig. C.1). In comparison with the base case consortium
containing only L. pentosus as the lactic acid producer (Fig. 4.5A), the extended microbial
consortium produced a higher amount of acetic acid in phase I and II (Fig. 4.5C). This enabled
the complete re-utilization of lactic acid leading to 9.5 gL−1 butyric acid being accumulated
(0.33 gg−1, 77.9 % selectivity, Tab. C.1). However, in comparison to the base case the selectivity
for butyric acid was smaller, as too much acetic acid was produced.

Reduced oxygen transfer rate to decrease acetic acid consumption by T. reesei

As shown in chapter 3 T. reesei is able to aerobically degrade acetic acid. While this is helpful to
detoxify pretreatment hydrolysates, it is a disadvantage if acetic acid is the limiting co-substrate.
As the degradation rate is limited by the amount of oxygen entering the reactor, we decreased
the oxygen transfer rate (OTR) by a factor of about ten using a siloxane membrane with a
thicker wall. With this measure, a higher concentration of acetic acid accumulated in phase II
compared to the base case (Fig. 4.5A and D) and lactic acid could be completely converted to
10.2 gL−1 butyric acid after 372 hours (0.35 gg−1, 96.7 % selectivity, Tab. C.1).
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Figure 4.6: Caption next page.
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Figure 4.6: Fermentations of lactate broth with supplementation of sodium acetate or glucose using
C. tyrobutyricum. (A-E) The lactate broth was obtained using the consolidated bioprocess (CBP) with
35 gL−1 microcrystalline cellulose and 18.64 gL−1 xylose as substrates. C. tyrobutyricum is unable to
use lactic acid as its sole carbon source and is therefore unable to grow in the lactate broth without
supplementation. Since C. tyrobutyricum co-utilizes lactic acid and acetic acid, the lactate broth was
supplemented with different concentrations of sodium acetate (i) to test if C. tyrobutyricum required
additional nutritional supplementation and (ii) to determine the required lactic to acetic acid ratio to
completely utilize both carbon sources (A-E). The addition of only sodium acetate already enabled
its co-utilization with lactate and the production of butyrate (A-E), so no further complex medium
supplementation was tested. C. tyrobutyricum stopped consuming lactic acid when the acetic acid was
exhausted. In order to determine the required lactic to acetic acid ratio, the lactic acid consumed by
subtracting the final lactic acid concentration from the initial one was calculated, and divided by the
concentration of acetic acid obtained by subtracting the final acetic acid concentration from the initial
one. A lactic to acetic acid ratio of 4.50±0.07 gg−1 or 3.01±0.05 molmol−1 was determined, averaged
from experiments shown in (A-E), which is similar to literature data [161]. Due to the re-utilization of
lactic and acetic acid and the formation of butyric acid by C. tyrobutyricum, the molar concentration
of acids was halved. The pH increased and the addition of hydrochloric acid at 53.7 and 63.2 hours
was necessary to lower it again. (F-J) In order to avoid the external addition of sodium acetate, the
ability of C. tyrobutyricum to co-utilize lactate and glucose was studied. By adding glucose in increments
of 10 gL−1, up to a maximum of 60 gL−1 (F-J), we showed that 10 gL−1 were required for complete
utilization of the lactate without accumulation of acetic acid (0.42 g glucose/g consumed lactic acid).
The utilization of lactic acid suggests the ability of C. tyrobutyricum to convert glucose to acetic acid
with its subsequent co-consumption with lactic acid to butyric acid. Since the most energy efficient
electron bifurcation pathway does not result in sufficiently high amounts of acetic acid, we suggest that
a self-regulated metabolic shift towards a less energy efficient pathway for production of acetic acid
is occurring (Fig. C.1). While the pH increased slightly with 10 gL−1 glucose, it remained constant at
20 gL−1, which indicates a dynamic equilibrium of the molarity of the acids. Higher levels of glucose
supplementation resulted in a drop of the pH after the concentration of lactic acid fell below the
detection limit. The remaining glucose was mainly converted to butyric acid. The pH was not adjusted
externally during the experiments shown in (F-J).
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Comparison of different options for butyric acid production

In order to evaluate different options for producing butyric acid from lignocellulosic biomass
and model substrates, we analyzed the theoretical yields and the necessary amount of pH
control and reducing reagents. C. tyrobutyricum can convert glucose, xylose or lactic and
acetic acid to butyric acid according to the stoichiometric equations summarized in figure C.1.
To calculate the theoretical yields of the lactate platform we assumed that all hexoses are
fermented by lactic acid bacteria through the Embden-Meyerhof-Parnas pathway to lactic
acid, while xylose is metabolized through the PK pathway to lactic and acetic acid (Fig. C.1).
These products as well as the acetic acid present in the feedstock are then converted by
C. tyrobutyricum to butyric acid. As only very little information could be found for the latter
pathway, we experimentally determined the required ratio of lactic to acetic acid. We found
that 3 moles lactic acid and 1 mol of acetic acid are converted to 2 moles of butyric acid
(Fig. 4.6A-E). With this information, we calculated the theoretical yields of the direct sugar
conversion route and the lactate platform route for feedstocks consisting of varying fractions
of glucan, xylan and acetic acid. While the theoretical butyric acid yield for the direct sugar
conversion varies only slightly between 0.486 and 0.493 gg−1 fermentable carbohydrates, it
ranges from 0 gg−1 (for pure glucan) up to 0.635 gg−1 (81 % glucan, 19 % acetic acid) for the
lactate platform (Fig. 4.7F, left). If for the latter case also acetic acid is accounted as a carbon
source, the theoretical butyric acid yield of the lactate platform is 0.52 gg−1 substrate which is
7 % higher than the theoretical yield of the direct sugar conversion. For a feedstock composition
corresponding to that of pretreated beech wood (68.5 % glucan, 24.3 % xylan, 7.2 % acetic acid),
the theoretical yield of butyric acid produced via the lactate platform is 0.525 gg−1 fermentable
carbohydrates, which is 7.5 % higher than the theoretical yield of 0.488 gg−1 for the direct
fermentation of the carbohydrates by C. tyrobutyricum. To underpin this theoretical framework
with experimental data, we determined the butyric acid yield of the lactate platform using
the optimal mixture of glucose and acetic acid. To this end, glucose was first metabolized to
lactic acid using L. pentosus, followed by the addition of C. tyrobutyricum and acetic acid in the
second phase of the fermentation. A butyric acid yield of 0.53 gL−1 glucose could be achieved,
which corresponds to 109.4±2.7 % of the theoretical yield for the direct glucose conversion by
C. tyrobutyricum (Fig. 4.7G-H).

We also compared the microbial strategies presented above with the sugar platform to improve
the butyric acid yield if acetate is the limiting factor, e.g. if the feedstock contains only
glucan. The direct fermentation of cellulose and xylose by C. tyrobutyricum in a simultaneous
saccharification and fermentation (SSF) approach resulted in the formation of acetic acid as
an undesired side product with a molar butyric to acetic acid ratio of 3:1 (Fig. C.3). This can
be explained by the higher ATP gain for C. tyrobutyricum using electron bifurcation (Fig. C.1).
Overall the carbon efficiency of the direct sugar conversion expressed as the ratio of carbon
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present in the target product to total carbon present in the feedstock was 57 % (Fig. 4.7E). If
the CBP consortium of the lactate platform is extended with an obligate heterofermentative
LAB, such as L. brevis, which also converts glucose via the PK pathway to lactic acid and
acetic acid (Fig. C.1), no acetic acid is formed as a side product by C. tyrobutyricum. The
carbon efficiency in this pathway is 66 % (Fig. 4.7E), which is higher than for the direct sugar
conversion although some carbon is lost in the heterofermentative conversion of glucose. To
further improve the carbon efficiency, we proposed to convert part of the lactic acid to acetic
acid with the homoacetogen A. woodii (Fig. 4.7A and B), which employs a pathway where no
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Figure 4.7: Different production routes from cellulose to butyric acid including theoretical and prac-
tical yields using the lactate platform in comparison to the sugar platform. Schematic representation
of metabolic fluxes in different production routes for butyric acid: (A) CBP base case extended with
A. woodii, (B) subsequent production of butyric acid from cellulose using T. reesei, L. pentosus, A. woodii
and C. tyrobutyricum, (C) CBP base case extended with L. brevis and (D) simultaneous saccharification
and fermentation (SSF) sugar platform using C. tyrobutyricum. (E) Comparison of acid and base con-
sumption (expressed in mol per mol of produced butyric acid) and carbon efficiency (expressed as ratio
of carbon present in target product to total carbon present in the carbohydrates of the feedstock) for
production routes (A-D). (F) Ternary plots of modelled theoretical butyric acid yield (g butyric acid
per g fermentable sugars) for feedstocks containing different fractions of glucan, xylan and acetic acid.
(F, left) L. pentosus assimilate hexose through the Embden-Meyerhof-Parnas pathway and xylose through
the PK pathway to lactic and acetic acid. C. tyrobutyricum forms 2 moles of butyric acid using 3 moles of
lactic acid and 1 mol of acetic acid. C. tyrobutyricum can convert sugars directly to butyric acid with
a theoretical yield of 0.486 gg−1 for glucose and 0.493 gg−1 for xylose. The glucan to xylan ratio of
pretreated beech wood was 2.82 resulting in a maximal yield of 0.488 gg−1. The application of the lactate
platform concept increased the theoretical yield by 7.5 % to 0.525 gg−1 fermentable carbohydrates.
The maximum yield of 0.635 gg−1 was found for a glucan/xylan/acetic acid ratio of 81/0/19, which
corresponds to an increase of 31 %. When not only the carbohydrates, but also acetic acid is counted as
carbon source for the lactate platform, the theoretical yield of the latter case is 0.52 gg−1 and 107 % of
the theoretical yield for direct sugar conversion. If the feedstock contains low fractions of acetic acid and
xylan (e.g. Monterey pine) acetic acid limits butyric acid production. The extension of the consortium
composed of L. pentosus and C. tyrobutyricum with A. woodii (F, right) increases the theoretical yield
by conversion of lactic to acetic acid by A. woodii. Calculations are based on the assumption that
A. woodii converts lactic to acetic acid until the required LA:AA ratio is reached. (G) Fermentation of
19.425 gL−1 glucose by L. pentosus in Mandel’s medium. After complete consumption of glucose at the
beginning of phase II, 4.375 gL−1 acetic acid and 0.5 gL−1 L-cysteine HCl · H2O were added and the
reactor was inoculated with C. tyrobutyricum. The glucose/acetic acid ratio corresponded to the optimal
theoretical yield for the lactate platform. Nitrogen was not added at any time. (H) The final butyric
acid concentration reached 10.3±0.2 gL−1 as shown in (G), which is 1.094±0.027 times the theoretical
butyric acid yield of C. tyrobutyricum from glucose and 83.7±1.9 % of the theoretical yield of the lactate
platform. The experiment was done in quadruplicate. Error bars represent the standard deviation of the
mean in (G). The box represents the standard deviation of the mean and error bars the 99 % confidence
interval in (H). Abbreviations: LA = Lactic acid, AA = acetic acid, Glu = glucose, (C12H20O10)n= n
cellobiose repeating units that are β-1,4-glycosidically linked.

carbon is lost (Fig. C.1). Thus, it is the most efficient way (carbon efficiency of 72 %) to produce
butyric acid form cellulose (Fig. 4.7E). Using this approach, the theoretical yields for mixed
feedstocks low in xylan or acetic acid can be improved considerably as presented in figure 4.7F,
right.
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Increasing the butyric acid titer

In order to increase butyric acid concentrations using the consortium extended with L. brevis,
we doubled the substrate loading. Under these conditions, 14.7 gL−1 butyric acid (0.26 gg−1,
83.6 % selectivity) were produced (Fig. C.4, Tab. C.1). The lower yield observed with increased
substrate loading could be caused by the inhibitory effect of butyric acid on the microbial
community and the cellulolytic enzymes [66].

4.3.3 CBP of cellulose and xylose to propionic and acetic acid by integration of
Veillonella criceti into the lactate platform

To demonstrate the modularity of the lactate platform we replaced C. tyrobutyricum with
V. criceti to produce propionic and acetic acid. V. criceti is an obligate anaerobic bacterium
which is unable to utilize carbohydrates but converts lactic acid to propionic and acetic acid
(Fig. 4.8A). Thus, the lactate platform approach compensates for the missing metabolic flexibility
of the strain. CBP of 1.75 % (w/w) microcrystalline cellulose and 9.32 gL−1 xylose (fed over a
period of 75 hours) yielded 8.9 gL−1 total carboxylic acids (Fig. C.5, Tab. C.2). When doubling
both carbon sources 13.7 gL−1 acetic acid and 9.3 gL−1 propionic acid were produced (Fig. 4.8B,
Tab. C.2).

4.3.4 CBP of pretreated beech wood

Finally, we targeted the direct conversion of beech wood to butyric acid or propionic and acetic
acid. We applied a two-stage steam pretreatment procedure developed in our laboratory to
recover temperature sensitive xylooligomers and acetic acid in a moderately inhibitory process
stream. Beech wood was first pretreated at 180 ◦C for 25 minutes. Acetic acid bound as an
acetyl side chain to the xylopuranose backbone in hardwood [26] was solubilized during the
treatment when steam condensation formed a prehydrolyzate, which can be withdrawn from
the reactor under pressure. The prehydrolyzate contained 46 % of the xylan in the form of
xylooligomers, 5 % xylan degraded to formic acid and furfural, 41 % of the acetic acid and
some solubilized phenolic compounds from lignin. The remaining solids were pretreated
again under harsher conditions (230 ◦C, 14.1 minutes) in order to increase the enzymatic
digestibility of the glucan fraction. The solids, that were separated from the prehydrolyzate
by filtration, contained 88 % of the original glucan, 9 % of the original xylan, 15 % of the
original acetate and 78 % of the total lignin (Fig. 4.9A and C.6). For CBP of beech wood, we
added 3 % (w/w) pretreated solids at the beginning of the fermentation and started the first
stage prehydrolyzate feed with the inoculation of L. pentosus. A consortium composed of
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Figure 4.8: CBP of microcrystalline cellulose and xylose to propionic and acetic acid using a cross-
kingdom microbial consortium. (A) Schematic representation of the synthetic microbial consortium
for the production of propionic and acetic acid with the lactate platform. A three-step inoculation
scheme was followed: For the first two days, only T. reesei grew in the reactors. Then, L. pentosus was
inoculated at the beginning of phase I, followed by the addition of V. criceti at the beginning of phase II.
(B) CBP of 35 gL−1 Avicel and 18.64 gL−1 xylose (fed over a time period of 150 hours) to propionic
and acetic acid. The experiments were performed with a low OTR of 0.34 h−1 (mono-lumen tubing
1.58 mm×3.18 mm×0.80 mm). Error bars represent the standard deviation from two independent
experiments.

T. reesei, L. pentosus and C. tyrobutyricum produced 9.5 gL−1 butyric acid (0.38 gg−1, 91.5 %
selectivity, Fig. 4.9B, Tab. C.1), which corresponded to an overall yield of 196.5 kg butyric acid
per ton of dry raw beech wood (217.1 kg total VFAs/t) (Fig. 4.9A). A consortium composed of
T. reesei, L. pentosus and V. criceti produced 6.7 gL−1 acetic acid and 5.6 gL−1 propionic acid
(0.49 gg−1, Fig. 4.9C, Tab. C.2) from pretreated beech wood. This corresponds to 133.3 kg acetic
acid and 113.6 kg propionic acid per ton of raw biomass (Fig. 4.9A). In these batches, we also
determined the activity of hydrolytic enzymes. We confirmed that T. reesei was active also after
inoculation of LAB and product forming strains as was indicated by the increasing activities
of cellobiohydrolases, endoglucanases, beta-glucosidases and xylanases in the supernatants
(Fig. C.7).
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4.4 Discussion

In this study, we merged synthetic microbial ecology with process engineering to realize
and control artificial food chains distributed over up to four highly diverse microorganisms.
Our goal was to provide a platform that minimizes the required metabolic capabilities of
product forming microorganisms to facilitate their integration into an artificial ecosystem
utilizing all biomass fractions. To this end, we developed the lactate platform concept to
metabolically funnel the heterogeneous lignocellulosic carbohydrates to lactate as the central
intermediate by employing LAB. The non-cellulolytic nature of LAB necessitated the integration
of a cellulolytic strain. We chose the aerobic fungus T. reesei as it is one of the most common
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Figure 4.9: Mass fluxes of glucan, xylan, acetic acid and lignin for the two-stage steam-pretreatment
of beech wood and CBP of pretreated beech wood to butyric acid or propionic and acetic acid,
respectively. (A) A two-stage pretreatment procedure was applied to (i) partially recover dissolved
acetic acid and xylan (as xylooligomers) in a prehydrolyzate and (ii) alter the structure of the solids to
allow maximum glucose yields during enzymatic hydrolysis. First, beech wood was steam-pretreated at
180 ◦C for 24.8 minutes. Steam condensation formed a prehydrolyzate which contained 46 % of the
raw xylan as xylooligomers, 5 % of the xylan as formic acid, and 41 % of acetate. The prehydrolyzate
was separated under pressure through a nozzle. Subsequently, the pressure was slowly released and
the recovered solids were treated at 230 ◦C for 14.1 minutes, followed by an abrupt pressure release
to disrupt the structure of the biomass. A filtration step separated the inhibitory filtrate from the wet
solids which contained 88 % of the raw glucan, 9 % of the xylan, 15 % of the acetic acid and 78 % of the
lignin. The solids and the prehydrolyzate were utilized in the CBP processes with T. reesei, L. pentosus
and C. tyrobutyricum, yielding 196.5 kg butyric acid per ton of raw beech wood (217.2 kg total VFA/t),
T. reesei, L. pentosus and V. criceti, yielding 113.6 kg propionic acid per ton and 133.3 kg acetic acid per ton.
Further details of recovery percentages can be found in (Fig. C.6). (B-C) CBP of 3 % (w/w) two-stage
steam-pretreated beech wood solids with a feed of the corresponding prehydrolyzate over a period of
200 hours to (B) butyric acid and (C) propionic and acetic acid. The dashed blue line shows the amount
of xylose in the form of xylooligomers and the dashed red line the amount of acetic acid added with the
prehydrolyzate. A low OTR (0.34 h−1) was applied (mono-lumen tubing 1.58 mm×3.18 mm×0.80 mm).
Error bars represent the standard deviation from two independent experiments.

hosts for industrial enzyme production. Inspired by natural ecosystems, we stabilized the
composed cooperator-cheater communities by using sufficient niche differentiation despite
partly mutual resource utilization. In order to allow the integration of the anaerobic product
forming strains besides T. reesei, we developed a membrane-aerated biofilm reactor to create
stable spatial niches for aerobes and anaerobes. However, in this system a mono-culture of the
fungus lowered the redox potential to only -20 mV (Fig. 4.4) which is not suitable for obligate
anaerobes. Consequently, the co-cultivation of the aerobe T. reesei and the obligate anaerobe
C. tyrobutyricum failed (Fig. C.8). In contrast, the LAB L. pentosus lowers the redox potential
to -300 mV (Fig. 4.4) by reducing molecular oxygen to either hydrogen peroxide or water for
the regeneration of NAD+ by NADH oxidases (Fig. C.1) [162]. Overall, the lactate platform
facilitates the creation of an ecological niche for anaerobes without addition of reducing agents
or purging with nitrogen.

Aside from spatial niches we stabilized our consortium using metabolic niche differentiation.
For example, V. criceti is unable to utilize lignocellulosic sugars [103, 170] and thus did not
compete with L. pentosus (Fig. 4.2C). Contrarily, C. tyrobutyricum is able to consume monomeric
sugars and thus can compete with LAB for the available carbohydrates. However, the particular
ability of L. pentosus to use oligomers intracellularly favored the metabolic flux to lactic and
acetic acid (Fig. 4.2C) [171]. Low concentrations of monomeric sugars were present (below
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0.05 gL−1 in our experiments) and it is assumed that C. tyrobutyricum grew on lactic and acetic
acid forming butyric acid (Fig. C.1). When acetic acid was exhausted, we observed that C. ty-
robutyricum could not deplete lactic acid (Fig. 4.5A) although we proved that C. tyrobutyricum is
able to utilize lactic acid when glucose is present (Fig. 4.6F-J). This is an indication that glucose
or its oligomers are indeed consumed by LAB and are not available for C. tyrobutyricum. The
low sugar flux to C. tyrobutyricum in the lactate platform is very favorable because, as a result,
product selectivity and theoretical yield are enhanced. Under the assumption of an exclusive
sugar flux to LAB, the theoretical butyric acid yield based on fermentable carbohydrates –
depending on the feedstock composition – was up to 1.31 times the theoretical yield of the
sugar platform. In practice, we reached a 1.09 times higher yield in a subsequent fermentation
of glucose and acetate by L. pentosus and C. tyrobutyricum compared to the theoretical yield
of the sugar platform (Fig. 4.7G and H). The achieved yield (0.53 gg−1 glucose or 0.43 gg−1

carbon source, respectively) also outperforms published data for fermentations of the same
substrates employing natural or genetically engineered fermentation strains (Tab. 4.1). Yields
for butyric acid production by CBP of lignocellulosic feedstocks are generally lower than the
yields achieved on monomeric substrates, as the hydrolysis yields of recalcitrant polymeric
carbohydrates are generally below the optimum. Also in this processing mode, the lactate plat-
form outperforms alternative fermentation systems: the butyric acid yields were approximately
twice as high as the reported yields of a natural consortium [163], an anaerobic co-culture [164]
or a natural single cellulolytic strain [165]. They were even comparable to yields achieved on
lignocellulosic hydrolysates [168, 169] although we did not add external enzymes (Fig. 4.1B
and Tab. 4.1).

The theoretical yields that can be achieved with the lactate platform triculture employing
T. reesei, L. pentosus and C. tyrobutyricum depend on the feedstock composition. For feedstocks
low in xylan or acetate, butyric acid yields are lower than in the sugar platform because the
lactic acid conversion is incomplete due to missing acetate. For these cases, we presented
and compared several strategies to tune the lactic to acetic acid ratio (Fig. 4.5 and 4.7). The
utilization of A. woodii for acetic acid production in a subsequent three-step lactate platform
process showed the highest carbon efficiency but also required the highest amount of pH
control agents (Fig. 4.7B). However, if the homoacetogen would be integrated in the consortium
(Fig. 4.7A), the amount of pH control agents could be reduced considerably while maintaining
the excellent carbon efficiency (Fig. 4.7E). On the other hand, the latter approach requires a
pressure reactor and the addition of vitamins and trace elements (Tab. C.3). Thus, the CBP
lactate platform including L. brevis is likely the most sustainable route if acetate is limiting, as
the yield is only slightly lower, but no costly medium additives are required, and the same
amount of base is needed (Fig. 4.7C and E).
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The modularity of the lactate platform was exemplarily demonstrated by the successful
production of propionic acid. To the best of our knowledge, this is the first report of targeted
production of this acid using CBP. Besides propionic and butyric acid, we identified several
other bulk or fine chemicals including acetic and hexanoic acid, different alcohols (ethanol,
propanol, butanol, 1,2-propanediol), polyhydroxybutyrate and lipids which can be produced
through this platform (Fig. 4.1C). An analysis of the required pathways revealed, that for
the production of acetic acid, polyhydroxybutyrate, ethanol and butanol, the lactate platform
boosts the carbon flux from lignocellulose to the target product compared to the alternative
direct sugar fermentation routes (Fig. 4.1C, Tab. C.5, C.6 and C.7). Furthermore, metabolic
funneling through lactate and acetate might especially facilitate the production of lipids from
lignocellulosic feedstocks using microalgae which are usually deficient in effective utilization of
carbohydrates. However, the switch to another target product requires the exchange of the lactic
acid fermenting strain(s) and with that, different abiotic requirements such as pH, temperature
or presence co-substrates will likely have to be fulfilled. For some products the artificial food
chain must be extended, i.e. consortia containing at least four different microorganisms are
necessary.

Based on the presented promising results with the application of cell immobilization and
oxygen gradients to create and control stable consortia, the creation of additional spatial
and/or metabolic niches is thus desirable to fully harness the potential of the lactate platform.
To this end, the membrane reactor could be adapted in several ways (Fig. 4.2E). For instance,
temperature gradients could be created by installing local heat sinks or sources in the reactor or
pH gradients could be formed by introducing carbon dioxide or ammonia through a membrane
to the reactor. In the same way, co-substrates such as hydrogen or carbon monoxide could
be fed to the consortium. Such a hydrogen niche could be used to reduce the carbon loss
through carbon dioxide formation by converting it in situ to acetic acid which would improve
the carbon efficiency of a range of aerobic and anaerobic bioprocesses.

4.5 Conclusions

Taken together, we are the first reporting the engineering of stable cross-kingdom cooperator-
cheater communities of up to four aerobic and obligate anaerobic microorganisms for metabolic
funneling of heterogeneous lignocellulosic carbohydrates to lactate as the central intermediate
in the synthetic food chains producing butyric or propionic and acetic acid. The lactate platform
boosts the theoretical carbon flux to several additionally possible target products and it is
adaptable to the varying compositions in lignocellulosic feedstocks making it a promising
concept to further pursue on the way to a more sustainable chemical industry.



CHAPTER 5

Mixed volatile fatty acids

5.1 Abstract

We employed synthetic microbial communities with up to four microorganisms to produce
targeted mixtures of volatile fatty acids (VFAs) from steam-pretreated beech wood. A specif-
ically designed membrane-aerated bioreactor was used to co-cultivate the strict anaerobic,
non-cellulolytic, VFA-producing bacterium Megasphaera elsdenii next to the aerobic, cellulolytic
fungus Trichoderma reesei. The metabolic activity of the facultative anaerobic lactic acid bac-
terium Lactobacillus pentosus allowed the formation of an ecological niche for M. elsdenii and the
production of lactic acid as central intermediate for the chain elongation. We tuned the ratio of
produced odd- and even-numbered VFAs by adding the obligate anaerobes Veillonella criceti or
Clostridium tyrobutyricum to alter intra-consortium competition. The obtained yield of up to
0.455 g total VFAs per g total fermentable sugars or 0.24 g VFAs per g raw beech wood as well
as the modularity of the microbial community demonstrates the potential of consortium-based
CBP for the production of various valuable biochemicals from lignocellulosic feedstocks.

This chapter is based on a manuscript under review in Nature Biotechnology: R. L. Shahab,
S. Brethauer, M. Davey, J. S. Luterbacher, A. Smith, S. Vignolini, M. H. Studer The lactate platform
– a consortium based consolidated bioprocessing strategy for the yield-optimized production of volatile
fatty acids from lignocellulose.

5.2 Introduction

Medium-chain carboxylic acids find various applications as platform chemicals in food industry
and as fuel precursors in the aviation sector [172]. To date the commercial production of
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these chemicals is restricted to petrochemical routes. A sustainable route could be based on
biochemical pathways such as the reversed beta-oxidation which offers a metabolic platform
for the synthesis of fatty acids with varying functionalities [173]. Only a few strict anaerobic
microorganisms are capable to follow this chain elongation pathway. Clostridium kluyveri
[174, 175] and Eubacterium pyruvativorans [176] ferments ethanol and acetate to VFAs such as
butyrate and caproate. Megasphaera elsdenii is capable to metabolize monomeric carbohydrates
and organic acids [177, 178] to a mixture of odd- and even-numbered VFAs. The control of the
chain lengths is to date a major challenge [179]. In particular, the biochemical production of
odd-numbered VFAs is valuable because they occur less frequent in natural pathways and are
industrially usefully as plasticizers, herbicides or scents [180].

Toward a bio-based economy the production of medium-chain carboxylic acids from ligno-
cellulose would be highly favorable because it is a renewable low-cost source of fixed carbon.
However, C. kluyveri, E. pyruvativorans and M. elsdenii are non-cellulolytic and multiple process
steps are required to make the polymeric substrate accessible for them. The steps include an
initial pretreatment to increases the enzymatic hydrolizability of the recalcitrant substrate and
multiple biochemical conversions. Cellulolytic and hemicellulolytic enzymes are produced
and hydrolyze cellulose and hemicellulose to monomeric carbohydrates which are converted
to volatile fatty acids in a one or two step fermentation. Consolidated bioprocessing (CBP)
merges all biochemical processes a single process. This approach offers strongly reduced costs
as compared to other techniques that require external cellulolytic enzymes [23].

CBP can be based on a single microorganism that has been genetically modified to possess
all required metabolic capabilities. An alternative approach relies on a microbial community
based on the principle of labor division which attracted the increased attention of researchers
worldwide [10, 70, 87, 141, 158]. It was shown that undefined communities can be used for the
production of medium-chain VFAs e.g. based on the carboxylate platform [140,181]. Undefined
communities benefit from stability [182] and reduced costs (e.g. no sterilization needed).
However, the control of complex natural consortia remains a major challenge.

Another approach relies on defined communities. The long-term co-cultivation of multi-
ple, selected microorganisms and the prediction of the targeted metabolic output of such
communities require a high level of process control and knowledge on the ecological dependen-
cies [71,86,132,147,183]. However, similar to natural ecosystems different microorganisms with
highly diverse abiotic requirements can be stabilized by sufficiently high niche differentiation.
As shown in chapter 3, a community composed of the aerobic fungus T. reesei and the facultative
anaerobic bacterium L. pentosus funnels the metabolic flux of the heterogenous carbohydrate
mixture of lignocellulose to lactate. This can compensate missing metabolic capabilities of
subsequent microorganisms in an artificial food chain. We extended the synthetic ecosystem
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with obligate anaerobes and were able to broaden the product palette to acetic, propionic
and butyric acid, see chapter 4. In this chapter, we aim for the production of medium-chain
VFAs from lignocellulosic biomass using the chain elongation pathway. We selected M. elsdenii
as it is the only bacterium known to utilize lactate as substrate for chain elongation. The
successful co-cultivation of up to four microorganisms including a strict anaerobe and an
aerobe in a CBP is demonstrated whereby the share of VFA end-products can be controlled
through intra-consortium competition.

5.3 Results and discussion

5.3.1 Co-cultivation of aerobic and strict anaerobic microorganisms

We have designed a microbial community composed of three microorganisms to establish an
artificial food chain based on lignocellulosic biomass to produce mixtures of medium-chain
VFAs. The aerobic fungus T. reesei produces cellulases and hemicellulases. The enzymatic
hydrolysis releases heterogeneous mixtures of soluble carbohydrates. The facultative anaerobic
bacterium L. pentosus metabolically funnels the carbohydrates to lactic and acetic acid which
serve as feedstock for the subsequent biochemical conversion [158]. The strict anaerobic
bacterium M. elsdenii converts lactic and acetic acid to a mixture of medium-chain VFAs.

The stable co-cultivation of microorganisms with different abiotic requirements is challenging.
In order to enable growth of the aerobic fungus T. reesei and the strict anaerobic bacterium M. els-
denii together in one bioreactor an oxygen gradient across a polydimethylsiloxane membrane
was established to allow niche differentiation (Fig. 5.1A). The fungus forms a spatially confined
aerated biofilm on the surface of the membrane while M. elsdenii grows under anaerobic
conditions in the fermentation slurry.

We tested the co-cultivation of T. reesei, L. pentosus, M. elsdenii in our bioreactor by subsequent
inoculation (Fig. 5.1B). Microcrystalline cellulose (Avicel) and xylose were used as model
substrates for lignocellulosic biomass. The presence of T. reesei and L. pentosus (t=0 h to t=48 h)
resulted in the accumulation of 3.4 gL−1 lactic acid. As previously shown the dissolved oxygen
concentration in the slurry drops below the detection limit of the oxygen sensor of 4 ppb after
biofilm formation (Fig. 4.4). Anaerobic metabolism usually takes place at redox potential of -250
to -300 mV [184,185]. In our membrane aerated reactor a drop of the redox potential to -430 mV
was observed which indicates anaerobic conditions without the need for application of costly
nitrogen and reducing agents. After inoculation with M. elsdenii the lactic acid concentration
was reduced to below the detection limit of 0.05 gL−1 and we recorded the simultaneous
accumulation of 4.3 gL−1 acetic acid, 1.2 gL−1 propionic acid, 5.0 gL−1 butyric acid, 1.5 gL−1
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valeric and 1.3 gL−1 caproic acid. The presence of medium-chain VFAs in the bioreactor prove
the metabolic activity of M. elsdenii and we conclude that we have successfully co-cultivated an
aerobic and strict-anaerobic microorganism in a CBP. This demonstrates the functionality of the
artificial ecosystem composed of T. reesei and L. pentosus to compensate the limited capabilities
of M. elsdenii to metabolize carbon from xylose [186] and cellulose. However, after inoculation
of M. elsdenii the redox potential rapidly increased (around 1.5 mV h−1 from t=50 h to t=200 h)
indicating that the metabolic activity of T. reesei and L. pentosus is not sufficient to maintain a
sufficiently low redox potential. The obtained VFA yields were around 0.46±0.07 g VFA per g
fermentable sugars (Fig. 5.1B).

In order to enable long-term conditions suitable for anaerobic metabolism we reduced the
oxygen transfer into the reactor by using a membrane with thicker walls. For the experiments
pretreated beech wood was used as substrate. A two-stage procedure was applied to increase
the enzymatic digestibility of the wood. Temperature sensitive hemicellulose was recovered
in a liquid phase called prehydrolyzate in a first process step at 180 ◦C for 25 minutes. The
remaining solid fraction was treated at 230 ◦C for 14 minutes to maximize glucose release in
the subsequent enzymatic hydrolysis. The solids were introduced at once at the beginning
of the experiment and the corresponding prehydrolyzate was fed with a constant rate within
200 hours. Within 1080 hours our designed community composed of T. reesei, L. pentosus,
M. elsdenii produced 6.8 gL−1 of acetic acid, 4.2 gL−1 of butyric acid, 2.4 gL−1 of caproic
acid and small amounts of propionic and valeric acid (each around 1 gL−1) (Fig. 5.1C). The
process yielded 0.42 g total VFAs per g total fermentable sugars and 0.22 g total VFAs per
g of raw beech wood. Even after more than 600 hours after inoculation of M. elsdenii the
accumulation of metabolic end-products of the anaerobic pathways such as caproic acid were
recorded indicating that the reduced oxygen transfer rate prolonged the metabolic activity
of the strict anaerobic strain (Fig. 5.1C). This is in line with the measured smaller slope of
the redox potential (around 0.23 mV h−1 from t=400 h to t=1094 h) in comparison to the
approach with the thinner membrane. Throughout the experiment, enzymatic activities of
cellobiohydrolases, beta-glucosidases, endo-glucanases and xylanases were detected (Fig. 5.1D).

5.3.2 Targeted production of odd- and even-numbered medium-chain VFAs

M. elsdenii produced a mixture of odd- and even-numbered medium-chain VFAs in a consortium-
based CBP with lignocellulose as substrate as shown above (Fig. 5.1C). Our aim is to control
the share of produced odd- or even-numbered VFAs.

We extended the community composed of T. reesei, L. pentosus and M. elsdenii with the obligate
anaerobic bacterium V. criceti (Fig. 5.2A). Two-stage pretreated beech wood was used as
substrate and V. criceti and M. elsdenii were added together to T. reesei and L. pentosus. After
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Figure 5.1: CBP for the conversion of lignocellulose into medium-chain volatile fatty acids using
T. reesei, L. pentosus and M. elsdenii. (A) Illustration of membrane bioreactor and schematic visual-
ization of the membrane/fermentation slurry interface and fermentation slurry. The aerobic fungus
T. reesei forms a biofilm on the surface of an oxygen permeable, dense membrane and secretes cellobio-
hydrolases (CBHI and II), endoglucanases (EGI), beta-xylosidase (BXL) and beta-endoxylanase (XLN) to
the fermentation slurry. The enzymatic hydrolysis releases a mixture of soluble carbohydrates which
are metabolized by L. pentosus to lactic and acetic acid. M. elsdenii uses the metabolic end-products of
L. pentosus and carbohydrates to produce various medium-chain VFAs. The dissolved oxygen profile is
indicated below the sketch. Time-resolved redox potential and concentration of dissolved medium-chain
VFAs, lactic acid and xylose produced from (B) 1.75 % (w/w) microcrystalline cellulose (Avicel) and
9.32 gL−1 xylose fed over a period of 75 hours and (C) 3.86 % (w/w) two-stage steam-pretreated beech
wood (solid) and xylooligomers containing first stage prehydrolyzate (liquid) fed over a period of 200
hours. The amount of xylose calculated from xylooligomers (dashed blue line) and amount of acetic
acid (dashed red line), added through the prehydrolyzate feed. The experiments were performed with
an OTR of 0.34 h−1 (mono-lumen tubing 1.58 mm×3.18 mm×0.80 mm). (D) Activity of CBH, BG, EG
and xylanase in the supernatant of the fermentation slurry at various stages of the fermentation. Error
bars represent the standard deviation from duplicates.
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958 hours the microbial community produced 2.6 gL−1 of acetic acid, 0.8 gL−1 of propionic
acid, 6.7 gL−1 butyric acid, 3.5 gL−1 valeric acid and 2.1 gL−1 of caproic acid (Fig. 5.2B). The
integration of the V. criceti to the community resulted in a higher valeric acid concentration
(almost factor 3) as compared to the CBP based on the community without V. criceti. The
process yield is with 0.42 g total VFAs per g total fermentable sugars and 0.22 g total VFAs per
g of raw beech wood similar to the community without V. criceti. When we added the anaerobe
C. tyrobutyricum instead of V. criceti to the community (Fig. 5.2C), we measured a different ratio
of medium-chain VFAs, i.e. 4.6 gL−1 of acetic acid, 1.0 gL−1 of propionic acid, 7.4 gL−1 butyric
acid, 1.4 gL−1 valeric acid and 2.5 gL−1 of caproic acid 5.2D). The yield of the community
extended with C. tyrobutyricum increased to 0.455 g total VFAs per g total fermentable sugars
and 0.24 g VFAs per g raw beech wood.

M. elsdenii is capable to elongate acetate and butyrate with acetyl-CoA to medium-chain VFAs
with four, six or more even-numbered carbon atoms via the reverse beta-oxidation (Fig. 5.3)
[46, 187]. Furthermore, M. elsdenii uses the acrylate pathway which provides intracellular
propionyl-CoA from lactate (Fig. 5.3). Propionyl-CoA serves as precursor for the chain
elongation of e.g. acetic acid to odd-numbered VFAs such as valeric acid.

The metabolism of organic acids in M. elsdenii depends on the concentration of lactic acid in
the surrounding [188]. The excess of lactic acid results in the accumulation of acetate and
propionate in the growth medium. Lactic acid limited conditions result in a mixture of acetate
and butyrate [188]. In our CBP the measured lactic acid concentration was below the detection
limit of 0.05 gL−1 after inoculation of M. elsdenii (Fig. 5.1B, 5.2B). This indicated lactic acid
limited growth of M. elsdenii and is in line with the observation of a low share of odd-numbered
VFAs (Fig. 5.1B).

V. criceti follows the Methyl-Malonyl-CoA pathway to metabolize lactate to propionic and
acetic acid (Fig. 5.3). Therefore, by addition of V. criceti to the community M. elsdenii and
V. criceti compete for lactic acid and the amount of formed propionic and acetic acid is
increased. M. elsdenii can take up extracellular propionic acid which is activated intracellularly
to propionyl-CoA by a propionyl-CoA transferase (PCT) (Fig. 5.2). Due to the broad substrate
spectrum of the PCT the functional group CoA can be swapped between acetyl-CoA and short-
chain VFAs [186,189,190]. This is essential for the chain elongation process. In our experiments
the concentration of propionic and acetic acid remained constant between 100 and 800 hours
after inoculation. This indicates that M. elsdenii consumes both acids instantaneously which is
in line with the observed increase of the butyric, valeric acid and caproic acid concentrations
(Fig. 5.2A and B versus Fig. 5.1C). Our results demonstrate that a defined natural microbial
community by itself can produce propionate from lignocellulose as intermediate for the chain
elongation in M. elsdenii. So far, the synthesis of odd-chain alcohols and VFAs relied on the
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Figure 5.2: CBP for the conversion of lignocellulose to odd- and even-chained volatile fatty acids.
Community of T. reesei, L. pentosus, M. elsdenii and (A,B) V. criceti or (C,D) C. tyrobutyricum. (A,C)
Schematic visualization of the artificial food chains. (B,D) Time-resolved redox potential and concentra-
tion of dissolved medium-chain VFAs, lactic acid and xylose produced from 3.86 % (w/w) two-stage
steam-pretreated beech wood (solid) and xylooligomers containing first stage prehydrolyzate (liquid)
fed over a period of 200 hours. The amount of xylose calculated from xylooligomers (dashed blue line)
and amount of acetic acid (dashed red line), added through the prehydrolyzate feed. The experiments
were performed with an OTR of 0.34 h−1 (mono-lumen tubing 1.58 mm×3.18 mm×0.80 mm).

supplementation of propionate [172] or glucose [180, 191] and genetic modification of E. coli.
The substrates are either costly or in competition with food and feed markets.

C. tyrobutyricum can convert lactic and acetic acid in a molar ratio of 3:1 to butyric acid as
sole VFA. As a result, M. elsdenii and C. tyrobutyricum compete for lactic and acetic acid and
the amount of formed butyric acid is increased in comparison to the community without
C. tyrobutyricum. The metabolism of M. elsdenii would allow the reverse beta-oxidation of
butyric acid (electron acceptor) taken from the environment to hexanoic acid if an electron
donor such as lactate is available (Fig. 5.3) measured a higher butyric acid concentration (factor
1.75) and lower acetic acid concentration (factor 0.66) with C. tyrobutyricum in comparison to
without C. tyrobutyricum (Fig. 5.2C and D versus Fig. 5.1C). On the other hand, the caproic
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acid concentration was unchanged which indicates the lack of electron donors for M. elsdenii
which prevented the continuation of chain elongation [192]. In our experiments M. elsdenii
produced 2.5 gL−1 of caproic acid which is above the concentration which is usually reached
under axenic conditions (< 1.0 gL−1) [186, 187].

5.4 Conclusions

In this chapter, we designed artificial microbial communities for the production of targeted
mixtures of VFAs from steam-pretreated beech wood. We showed that in a specifically designed
membrane-aerated bioreactor the metabolic activity of the aerobic fungus T. reesei and the
facultative anaerobic bacterium L. pentosus enabled the formation of an ecological niche for the
strict anaerobic bacterium M. elsdenii. The developed community enabled the use of pentoses
and hexoses from the heterogenous mixed lignocellulosic substrate for chain elongation by
metabolic funneling by the lactic acid bacterium. In order to control the share of odd- and
even-numbered VFAs in the product mixture intra-consortium competition was applied and
the community extended with the obligate anaerobes V. criceti or C. tyrobutyricum. Our results
demonstrate the strong potential of a CBP based on a defined microbial community for the
production of industrially relevant biochemicals from sustainable low-cost carbon sources and
paves the way towards a bio-based economy.
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Figure 5.3: Overview of selected metabolic pathways in the community-based CBP following the
artificial food chain from lignocellulose via lactate and acetate as intermediates to medium-chain
volatile fatty acids. Colored areas represent microbial cells of L. pentosus (grey), V. criceti (blue),
C. tyrobutyricum (yellow) and M. elsdenii (purple).
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CHAPTER 6

Ethanol

6.1 Introduction

Ethanol is a chemical compound which finds wide-spread applications. Aside from its use as a
fine-chemical ethanol became a prominent biofuel [193]. On the roadmap to a carbon-neutral
transportation sector the production of bioethanol from sustainable carbon sources is highly
desired. To date, bioethanol is mainly produced from plants with a high sugar or starch content
such as sugar cane, corn, wheat and sugar beets. However, to avoid competition with food
and feed industry, it is of highest interest to replace these substrates with lignocellulosic waste
materials from agriculture and forestry.

In recent years, much progress was made to establish biochemical production routes for
the conversion of lignocellulose to ethanol. The most commonly applied ethanol-producing
microorganism is the baker’s yeast Saccharomyces cerevisiae. Using industrially proven strains
of S. cerevisiae and easily digestible carbohydrates as substrate ethanol yields close to the
theoretical maximum can be achieved. Unfortunately, S. cerevisiae is non-cellulolytic and much
effort has been undertaken to introduce cellulolytic and hemicellulolytic capabilities into the
yeast [193]. Table 6.1 shows selected literature on the CBP of cellulose and lignocellulose
to ethanol. So far, CBP based on genetically modified S. cerevisiae face multiple challenges
such as low levels of enzyme production, incomplete conversion of the substrate, in particular
pentoses, and low ethanol titers [69]. Aside from yeasts, anaerobic bacteria or filamentous
fungi can produce ethanol under anaerobic conditions. Some of them are even cellulolytic.
The fungus Fusarium oxysporum is a prominent example and 0.43 g ethanol were achieved per
g fermentable carbohydrates [194]. This is comparable to yields observed with S. cerevisiae.
In contrast to the classical CBP approach based on a single, genetically engineered superbug,
microbial communities may be employed for the production of ethanol [10].
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Table 6.1: Selected literature on biochemical conversion of lignocellulose to ethanol using CBP.

Microorganism(s) Substrate, conc. Product, conc. References
[gL−1] [gL−1]

Clostridium thermocellum M1570 and
Thermoanaerobacterium saccharolyticum
ALK2

Cellulose, 92 Ethanol, 38 [195]

Fusarium oxysporum F3 Cellulose, 50 Ethanol, 14.5 [194]

Clostridium thermocellum LL1210 Cellulose, 60 Ethanol, 22.4 [196]

Trichoderma reesei, Saccharomyces
cerevisiae, Scheffersomyces stipites

Dilute acid pretreated
wheat straw, 1

Ethanol, 9.8 [10]

Trichoderma reesei, Saccharomyces
cerevisiae

Microcrystalline
cellulose, 35

Ethanol, 12 This
chapter

1 Initially containing 17.5 gL−1 cellulose.

Brethauer and Studer developed a consortium-based CBP of undetoxified whole slurry dilute
acid pretreated wheat straw to produce ethanol [10]. A yield of 67 % of the theoretical
maximum was achieved. Trichoderma reesei was employed as producer of cellulolytic enzymes.
The yeasts S. cerevisiae and Pichia stipites were inserted as ethanol-producing strains, whereby
the latter is mainly responsible for the utilization of pentoses. The three microorganisms were
cultivated in a flat-sheet, 32 mL membrane bioreactor [10].

In this chapter, it is demonstrated that the CBP of lignocellulose to ethanol using a micro-
bial community of T. reesei and S. cerevisiae is also successful when a scaled-up stirred tank
membrane-aerated bioreactor is used. The in situ degradation of ethanol by aerobic respira-
tion was identified as a challenge and possible approaches are discussed to circumvent such
unwanted effects.

6.2 Scaled-up membrane-aerated stirred tank bioreactor

The bioreactors that are used for the community-based CBP of lignocellulose are based on
commercially available Labfors 5 bioreactors (Infors, Bottmingen, Switzerland). A stirred tank
reactor was selected as it is the most prominent reactor type in industrial applications. The
supply of oxygen through a flat-sheet membrane located at one side of the reactor as used
in [10] would not be an appropriate geometry for the scaled-up 2.7 liter stirred tank reactors.
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Instead of the flat membrane, a tubular membrane made of polydimethylsiloxane (PDMS) was
used which was helically coiled around a metal structure (Fig. 6.1). One end of the membrane
is connected to a mass flow controller which is connected to a source of compressed air while
the other end is open to the environment (’open end approach’). The oxygen permeable
membrane is continuously flushed with air to locally introduce oxygen to the fermentation
slurry. The reactor is equipped with a helical stirrer suitable to stir media with high-solid
loadings (Fig. 6.1). In order to control the biochemical processes probes are installed that
monitor pH and the dissolved oxygen content in the fermentation slurry.

The online monitoring of the dissolved oxygen concentration in the liquid phase of the reactor
can be used for the determination of the volumetric mass transfer coefficient (kLa). The kLa
is the proportionality constant that relates the oxygen transfer rate (OTR) to the difference
between the maximum concentration of dissolved oxygen (C∗O2

) in a given media and the actual
concentration of oxygen (CO2) in this media at a given temperature.

OTR = kLa · (C∗O2
− CO2) (6.1)

Three characteristics of the membrane, i.e. its chemical properties, length and wall thickness,
affect the kLa and with that, the OTR. At constant partial pressure of oxygen in the membrane,
the kLa is lower when the membrane is made thicker or shorter (Tab. 6.2). Another parameter

1
4

2
4

3
4

Tubular membrane

Feed-through for
aeration of membrane

Helical stirrer

Figure 6.1: Photograph of the scaled-up membrane-aerated stirred tank bioreactor. The length of the
tubular membrane can be varied as one method to influence the supply of oxygen to the reactor. 1

4 , 2
4

and 3
4 correspond to a membrane length of 2.71 m, 5.42 m and 8.13 m, respectively.
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Table 6.2: Volumetric mass transfer coefficients for different properties of the membrane (length,
wall thickness) and different oxygen concentrations in air flushed through the membrane. The
reactor was filled to a working volume of 2.7 liter with water and with 0.02 % (w/v) sodium azide to
prevent microbial growth. The liquid was stirred at 50 rpm. The maximal oxygen solubility in water was
taken from literature (C∗O2

=7.53 mgL−1 at 30 ◦C) [197]. The mono-lumen tubing had an outer diameter
of 3.18 mm. The fluid was flushed with 140 mLmin−1 per liter reactor volume through the membrane.
Error bars represent the standard deviation of n=3 to n=7 independent replicates.

Length, wall thickness
of membrane

Oxygen concentration
in membrane

kLa Nomenclature

[h−1]

8.13 m, 0.61 mm 21.0 vol. % 1.08±0.01 3
4 , thin, 21 % O2

5.42 m, 0.61 mm 21.0 vol. % 0.46±0.01 2
4 , thin, 21 % O2

2.71 m, 0.61 mm 21.0 vol. % 0.28±0.01 1
4 , thin, 21 % O2

8.13 m, 0.81 mm 21.0 vol. % 0.57±0.01 3
4 , thick, 21 % O2

5.42 m, 0.81 mm 21.0 vol. % 0.34±0.01 2
4 , thick, 21 % O2

2.71 m, 0.81 mm 21.0 vol. % 0.20±0.01 1
4 , thick, 21 % O2

8.13 m, 0.61 mm 5.3 vol. % 0.28±0.05 3
4 , thin, 5.3 % O2

8.13 m, 0.61 mm 10.5 vol. % 0.51±0.08 3
4 , thin, 10.5 % O2

5.42 m, 0.61 mm 1 21.0 vol. % 1.25±0.35 Backpressure

7.02 m, 0.28 mm 2 21.0 vol. % 3.37±0.05 500 mL reactor

1 Artifical backpressure of 1.1 bar realized with a pressure holding valve mounted to the end of the membrane.
2 500 mL membrane-aerated bioreactor, length of membrane: 7.02 m, outer diameter of 1.19 mm.

which affects the kLa is the partial pressure of oxygen in the membrane. The increase of the
partial pressure of oxygen results in an increased kLa (Tab. 6.2). The partial pressure can be
influenced either by changing the concentration of oxygen in the fluid flushed through the
membrane or by increasing the pressure in the membrane. The former can be achieved by
addition of oxygen or by dilution with e.g. nitrogen. The kLa was increased from 0.46 h−1

( 2
4 , thin, without backpressure) to 1.25 h−1 ( 2

4 , thin, with backpressure of about 1.1 bar) by
increasing the pressure in the membrane artificially using a pressure holding valve. In order to
ensure the same oxygen transfer rate over the length of the membrane the pressure drop over
the length of the membrane must be negligible. This requirement is fulfilled in the 2.7 liter
bioreactor when a flow rate of approximately 140 mLmin−1 per liter reactor volume is used
(data not shown).
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6.3 Community-based consolidated bioprocessing of lignocellulose
to ethanol

For the direct production of ethanol from microcrystalline cellulose as model substrate or from
steam-pretreated beech wood via consolidated bioprocessing a two-member community was
employed. The aerobic fungus T. reesei RUT-C30 was used as producer of cellulolytic enzymes
and the facultative anaerobic yeast S. cerevisiae VTT C-79095 was used as ethanol-producer.
T. reesei is deficient in beta-glucosidase production [57]. As demonstrated in the appendix,
figure B.2, 0.6 gL−1 of cellobiose accumulated when T. reesei grew under axenic conditions
in a membrane-aerated reactor. S. cerevisiae is unable to use cellobiose, a known inhibitor for
cellulolytic enzymes. In order to avoid accumulation of cellobiose 30 CBU of beta-glucoside
per g cellulose was added from an external source.

As demonstrated in figure 6.2, the bioreactor is suitable for the co-cultivation of the aerobic
fungus T. reesei next to the facultative anaerobic yeast S. cerevisiae. If the membrane was flushed
with air and 17.5 gL−1 microcrystalline cellulose (Avicel) was used as substrate, a concentration
of about 5.3 gL−1 ethanol, i.e. 53 % of the theoretical yield, was produced 500 hours after
inoculation. If the concentration of the substrate was increased to 35 gL−1, a concentration
of up to about 12 gL−1 was achieved 500 hours after inoculation (61 % of the theoretical
yield). Ethanol produced in the reactor partially diffused through the membrane and left the
reactor via the gas flushed through the membrane. An at-line gas chromatograph allowed
the quantification of ethanol that left the system. All ethanol concentrations displayed in this
chapter refer to a total concentration in the liquid phase which includes the concentration in
the fermentation slurry and the amount of ethanol that left through the membrane [10]. The
concentrations of cellobiose and glucose as products of the enzymatic hydrolysis of cellulose
were below the detection limit of 0.05 gL−1 throughout the experiment.

The model substrate Avicel was replaced by steam-pretreated beech wood. In both cases an
accumulation of ethanol was observed (Fig. 6.2A). After approximately 200 hours, a concen-
tration of about 4.0 gL−1 was demonstrated. Note that the beech wood employed in this
experiment was pretreated under sub-optimal conditions, i.e. 1-stage at 230 ◦C, pretreatment
time of 4.7 min. Thus, the result on lignocellulose serves the purpose of proving a concept.

The fungus and the yeast formed a two-layered biofilm on the surface of the aerated membrane
with the fungus being in direct contact to the membrane (Fig. 6.2B). The formation of such
a biofilm is in line with observations in [10]. The question arises why the yeast forms such
high-cell densities close to the local source of oxygen in an otherwise anaerobic environment?
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It is known from literature that S. cerevisiae is capable to perform both, aerobic respiration and
anaerobic fermentation. When the yeast aerobically respires, it regenerates about eight times
more ATP and builds up significantly more biomass compared to when it ferments [198]. In
such aerobic situations, S. cerevisiae can degrade ethanol to water and carbon dioxide. In case of
fermentation, the major metabolic end-product is ethanol. One phenomenon in the catabolism
of the yeast, called the Crabtree effect [199], is remarkable: S. cerevisiae ferments carbon sources
in the presence of oxygen if the glucose concentration is above a certain threshold (around
0.15 gL−1) [200,201]. This is because glucose represses the expression of respiratory genes [202].

The measured dissolved oxygen concentration in the fermentation slurry revealed anaerobic
conditions despite of continuous supply of oxygen through the membrane. On the other hand,
the concentration of glucose was below 0.05 gL−1 in the reactor. The accumulation of yeast

Membrane FungusYeast

Helical stirrerA B

Figure 6.2: Community-based CBP of microcrystalline cellulose for the production of ethanol using
the membrane-aerated stirred tank bioreactor. (A) Ethanol concentration as a function of time for
different substrate loadings of microcrystalline cellulose and 1-stage, steam-pretreated beech wood.
Beech wood was pretreated under non-optimal conditions (230 ◦C, pretreatment time of 4.7 min). The
solids were washed and inserted with a solid loading of 3.35 % beech wood which corresponds to
a cellulose loading of 1.75 % (w/w). The fungus T. reesei was inoculated two days before the yeast
was inoculated. If not otherwise stated the 2.7 liter membrane-aerated bioreactor was used with the
conditions 2

4 , thick, 21 % O2 (Tab. 6.2) (solid lines). The 0.5 liter membrane-aerated bioreactor was
equipped with an around three times thinner membrane (Tab. 6.2) (dashed line). Error bars represent
the standard deviation of two independent experiments. (B) Photograph of the two-layered fungal-yeast
biofilm which covered the oxygen permeable membrane in the 2.7 liter bioreactor.
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cells in a biofilm on top of the fungal biofilm (Fig. 6.2B) could point towards aerobic respiration
of S. cerevisiae and with that, degradation of ethanol. The in situ degradation of ethanol would
lower the yields. Thus, towards industrial application our CBP has to be developed further
with respect to technological and biological aspects. In the following, a first attempt is made by
studying the degradation of ethanol in detail.

A first indication that ethanol can be degraded in situ by microbial aerobic respiration was made
when a 0.5 liter bioreactor with a 0.28 mm thin, 7.02 m long membrane was used to provide a
niche for oxygen. With a kLa of 3.4 h−1 the OTR is about ten times higher as compared to the
2.7 liter setup. A maximum of only 2 gL−1 ethanol accumulated and a decrease in the ethanol
concentration was observed after 100 hours (Fig 6.2A).

In further experiments with T. reesei and S. cerevisiae the oxygen transfer rate across the
membrane into the reactor was varied and the concentration of ethanol was recorded (Fig. 6.3A).
Results indicate that a lower concentration of oxygen in the fluid flushed through the membrane
leads to a higher total concentration of ethanol. With 21.0 vol. % oxygen (highest concentration
tested), the maximum concentration of ethanol seems to be reached about 150 hours after
inoculation while with lower concentrations of oxygen the concentration of ethanol still
increases slightly (Fig. 6.3A). It seems that the rate of production increases with increasing OTR
which could be explained by a higher activity of the cellulolytic enzymes. In order to verify this
assumption the enzymatic activity must be measured in a future experiment. When the oxygen
transfer rate was varied by changing the thickness of the membrane wall, it was demonstrated
that with thicker membrane, a slightly higher ethanol concentration of maximum 6.3 gL−1

was reached compared to a thinner membrane (maximum at 6.0 gL−1). It is assumed that
ethanol is degraded throughout both experiments whereby the rate of degradation is higher
in the case of the thin membrane. In both cases, a decrease of the total ethanol concentration
was observed starting about 200 hours after inoculation (Fig. 6.3B). These results underline
the hypothesis that aerobic in situ degradation of ethanol occurs. Please note that the results
shown in figure 6.3B represent single runs only, except for 3

4 , thin, 21.0 % O2.

In order to study the degradation of ethanol by the yeast, simultaneous saccharification and
fermentation (SSF) experiments were performed. The production of ethanol from microcrys-
talline cellulose by either the petite yeast S. cerevisiae FYdelta pet191::KanMX4 1 (incapable for
aerobic respiration and thus, no degradation of ethanol is expected) or the Crabtree-positive
yeast S. cerevisiae VTT C-79095 (capable of aerobic metabolism) was examined. In order to test
the influence of the oxygen transfer rate on the accumulation of ethanol, experiments with and
without aeration using the membrane were performed.

1Generously provided by Professor Stephen G. Oliver, University of Cambridge [203].
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With both yeasts, ethanol accumulated (Fig. 6.4A). However, there is a clear difference in the
ethanol concentration. The petite yeast produced similar amounts of ethanol under aerobic
and anaerobic conditions. If the Crabtree-positive yeast was cultivated in an anaerobic environ-
ment the concentration of ethanol was in a similar range as with the petite yeast. However,
under aerobic conditions the ethanol concentration was reduced. These results underpin the
assumption that in situ degradation of ethanol can be attributed to aerobic metabolism of the
Crabtree-positive yeast. As shown in figure 6.4A, degradation of ethanol (difference between
the ethanol concentration obtained with the petite yeast and the concentration obtained with
the Crabtree-positive yeast) under aerobic conditions happens during the entire experiment
with an average rate of ethanol degradation of 0.012±0.001 gL−1h−1. According to figure 6.4A,
3.31 g of ethanol was degraded 310 hours after inoculation. Considering the chemical reaction
of aerobic ethanol degradation C2H5OH + 3 O2 2 CO2 + 3 H2O, it becomes clear that 2.084 g
of oxygen is required to degrade one gram of ethanol and with that, 6.9 g of oxygen is required
to degrade 3.31 g of ethanol. In this case, a kLa of about 3 h−1 would be required, but the
measured kLa for the employed membrane is lower (0.46 h−1, Tab. 6.2). This discrepancy could
be partly attributed to parasitic oxygen input from sampling and the sterile filter located on
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Figure 6.3: Variation of the oxygen transfer rate and its effect on the consolidated bioprocessing of
microcrystalline cellulose to ethanol. (A) T. reesei and S. cerevisiae were cultivated in the membrane-
aerated bioreactor with a working volume of 2.7 liter. Measured ethanol concentration over time for (A)
different oxygen concentrations in the fluid flushed through the membrane using the 3

4 , thin membrane
and (B) two different thicknesses of the membrane wall (Tab. 6.2).
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top of the lid. As such reasoning does not explain such large difference, further investigations
must conducted in the future to clarify this point. Comparing the ethanol production in a
CBP using T. reesei in a co-culture with either the Crabtree-positive yeast or the petite yeast
an obvious degradation of ethanol was observed only in case of the Crabtree-positive yeast
(Fig. 6.4B). This is in line with the results shown in figure 6.3B.
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Figure 6.4: Comparison of ethanol production using the Crabtree-positive yeast S. cerevisiae VTT C-
79095 and the petite yeast S. cerevisiae FYdelta pet191::KanMX4 in SSF and CBP of microcrystalline
cellulose. (A) SSF process on 1.75 % (w/w) microcrystalline cellulose with 15 FPU per g of cellulose
Accellerase © 1500 kindly provided from DuPont (Wilmington, United States of America). The Crabtree-
positive S. cerevisiae yeast and the petite yeast were cultivated under aerobic and anaerobic conditions
using the 2

4 , thin, 21 % O2 setup. The shown degradation rate of ethanol was calculated for aerobic
conditions by subtracting the ethanol concentration obtained with the petite yeast from the concentration
obtained with the Crabtree-positive yeast. (B) Consolidated bioprocess of two different concentrations
of microcrystalline cellulose to ethanol using T. reesei and either the Crabtree-positive yeast S. cerevisiae
or the petite yeast.

6.4 Conclusions

The results discussed in this chapter demonstrate that ethanol can be produced from lignocel-
lulose using community-based consolidated bioprocessing in 2.7 liter stirred tank membrane-
aerated bioreactors. The use of reactors that are commonly used in industrial processes is
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beneficial for further scale-up. However, the observed in situ degradation of ethanol is one
major challenge aside from productivity and product concentration on the way to industrial ap-
plications. It was shown that the degradation process could be attributed to aerobic metabolism
of the yeast S. cerevisiae. Several strategies were demonstrated to alter the volumetric mass
transfer coefficient (kLa) and with that, the oxygen transfer rate across the membrane into the
reactor. Preliminary experiments point towards a higher ethanol concentration with decreasing
kLa when employing the Crabtree-positive yeast, achieved either with increased wall thickness
of the membrane or lower concentration of oxygen in the fluid flushed through the membrane.
It was demonstrated that another option to omit degradation by the yeast is to employ a
petite yeast, which is not capable of aerobic degradation of ethanol. When it can be verified in
future experiments that a higher rate of hydrolysis can be achieved by increasing the oxygen
transfer rate, it is suggested to use the petite yeast in a high OTR approach to overcome low
productivities and to improve ethanol concentrations.

In order to omit addition of costly beta-glucosidase it is suggested that S. cerevisiae is replaced
with a yeast that is able to utilize cellobiose. Another option would be to add another fungus
such as Aspergillus phoenicis to compensate the lack of beta-glucosidases in the enzymatic
cocktail produced by T. reesei RUT-C30 [204].



CHAPTER 7

Towards a wider product range with an advanced membrane-aerated
bioreactor

In this chapter a novel membrane-aerated bioreactor is motivated that tackles limitations of
the reactors used in all experiments described in previous chapters for the production of
carboxylic acids and ethanol. The advanced reactor setup is described and the feasibility of
add-ons is demonstrated in preliminary experiments. The advanced bioreactor is applied to
co-cultivate the fungus T. reesei and the microalgae Chlamydomonas reinhardtii. On the long term,
this could pave the way for lipid production from lignocellulosic biomass via a cost-efficient
community-based CBP.

Parts of this chapter are included in a patent application: R. L. Shahab, M. H. Studer A method
for the microbial production of short chain fatty acids and lipids (DE 10 2018 206 987.5).

7.1 Motivation to engineer an advanced membrane-aerated
bioreactor

In the beginning of this PhD a commercially available stirred tank bioreactor was purchased
and equipped with a membrane. This reactor was employed to produce various carboxylic
acids and ethanol in a CBP of lignocellulosic biomass using defined microbial communities
(chapter 3-6). It is highly desirable to widen the product range which requires engineering of the
microbial community. In order to co-cultivate multiple microorganisms with non-overlapping
requirements for abiotic parameters in one vessel and to avoid the law of competitive exclusion
sufficient spatial or metabolic niche differentiation must be provided. In nature, thousands of
microorganisms co-exist and form complex ecosystems. These ecosystems are characterized
by a variety of gradients of different abiotic parameters which enable the growth of different
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microorganisms in spatial closeness. The reactor used so far enabled the co-cultivation of
aerobes and strict anaerobes in one vessel by providing a local source of oxygen via the
aerated membrane. The novel reactor concept is based on inhomogeneities which is in
contrast to the common trend of homogeneous conditions in stirred tank reactors used in other
processes. Relevant abiotic parameters for niche differentiation are nutrients (e.g. oxygen),
temperature, pH and light. Gradients of those would allow the cultivation of e.g. thermophilic
microorganisms next to psychrophilic microorganisms or alkaliphilic microorganisms next to
acidophilic microorganisms.

A temperature gradient does not only provide a niche for microorganisms with non-overlapping
temperature tolerances but could also be beneficial to tackle the identified challenge of a low
productivity and long process times of up to 1000 hours which is a key challenge on the way
towards industrial applications (e.g. Fig. 5.1 or 5.2). The rate limiting step in the consortium-
based CBP was identified to be the enzymatic hydrolysis as after the inoculation of L. pentosus
in all experiments the concentration of glucose and cellobiose was below the detection limit of
0.05 gL−1 (e.g. Fig. B.2). The activity of the secreted enzymes by T. reesei is highest at about
50 ◦C. The growth rate of the mesophilic fungus T. reesei peaks at a temperature of about
30 ◦C. Since the fungus does not tolerate 50 ◦C, the consolidated bioprocess using T. reesei is
performed under conditions which are suboptimal for the enzymatic hydrolysis. A temperature
gradient could allow to overcome this hurdle.

With the reactor design used so far, it was required to harvest the entire reactor to analyze the
biofilm which formed on the surface of the aerated membrane (Fig. 4.3). The procedure is not
only time-consuming but also limits insights into the development of the biofilm over time. It
would be desirable to take multiple samples of the biofilm from one reactor throughout the
course of one experiment. The novel reactor should be based on standardized components
such as fittings, ports and magnetic couplings to facilitate and reduce maintenance and to
provide flexibility with respect to design configurations. Furthermore, commercially available
sterile sampling devices are not compatible with high solid loadings because the particles tend
to clog the widely used unidirectional valves, which allow fluids to flow through only in one
direction. The novel reactor should allow sampling at high solid loadings. Finally, in case of a
power outage, the system should be able to automatically reboot and in contrast to the various
commercially available bioreactor systems to continue to control the bioprocess.

As shown in chapters 4 and 6, the oxygen transfer rate (OTR) greatly affects the formation
of butyric acid or ethanol in the CBP of lignocellulose (Fig. 4.5 or 6.3). According to the first
Fick’s law diffusion is proportional to a concentration gradient with the diffusion coefficient
as proportionality constant. Diffusion of oxygen across the polydimethylsiloxane membrane
flushed with air depends on the membrane thickness and length. The drawback is that these
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properties are selected at the beginning of each experiment and are fixed hereafter. This
prevents in situ control of the OTR.

A major limitation of the bioreactor used so far is that air is flushed through the membrane
once and released to the environment. Furthermore, in order to enable a constant OTR over
the entire length of the membrane, a high gas flow rate of 140 to 160 mLmin−1 per liter liquid
phase was chosen in previous experiments (Fig. B.1). This is costly, because compressed air is a
major cost driver in aerobic processes. It would be desirable to reuse the gaseous fluid and
provide online control of the OTR.

7.2 Overview of setup of advanced membrane-aerated bioreactor

In the framework of this PhD work a membrane-aerated bioreactor was designed and con-
structed that solves limitations of the reactors used in chapter 3 to 6. The entire setup is
displayed in figure 7.1.

Sampling devices

Pressure holding
valves to pressurize
the reactor

UV lamp as 
contamination 
barrier

Circulation pumps

Acid/base and
fed-batch pumps

Membrane 
bioreactors

A

Probes (pH, 
dissolved oxygen, 
redox potential)
Liquid sampling
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Electric stirring motor

Magnetic coupling

Tubular membrane

Stirring blade

B

Figure 7.1: Schematic representation of advanced membrane-aerated bioreactor. (A) Overview of
bioreactor rack with periphery. Tubes are not displayed for visibility. (B) Single bioreactor with labeled
components. The shown configuration is to a great extend modular. For example the stirrer can be
exchanged with a helical stirrer for high solid loadings.

In total, four identical bioreactors were fabricated to enable several experiments in parallel. The
basic design of the engineered bioreactor follows the design of standard bioreactors for sterile
cultivations. The working volume of each glass vessel is one liter. The tubular membrane is
helically coiled onto a metal structure and flushed with an oxygen-containing fluid. Multiple
membrane sampling loops are installed in the lid which are connected in series with the main
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membrane mounted to the metal structure in the center (Fig. 7.2). These loops can be removed
under sterile conditions in a laminar flow cabinet to allow for a time-resolved characterization
of the biofilm. Each reactor is equipped with a stirrer that is moved by an electric motor located
above the lid. Aside from the port for the stirrer, the lid is equipped with other uniform ports
for probes for measurement of pH, redox potential and dissolved oxygen concentration. Acid-,
base- and fed-batch pumps are mounted onto the back plate of the setup and controlled. The
pumps are used to control pH and nutrient supply in the reactor and are controlled with a
computer. All components are chosen such that they withstand the autoclave temperature of
121 ◦C.

A B

Figure 7.2: Schematic representation and photograph of membrane sampling loop. (A) Schematic
representation of reactor lid with integrated membrane sampling loop (red). (B) Photograph of sampling
loop covered with mature biofilm of T. reesei 23 days after inoculation grown on microcrystalline cellulose
and Mandel’s medium.

In order to collect samples from the fermentation slurry a UV sampling device was designed
(Fig. 7.3). A UV lamp emitting at 200 to 300 nm acts as barrier for microbial contaminations of
the fermentation broth. The tubing inside the lamp is made of UV transparent quartz glass.
The device also contains a dip tube, a three-way plug valve, a sterile filter and a sampling
loop. This setup allows sampling of solutions that contain biomass particles with a size in the
millimeter range without blockage of sampling tubes. The sampling procedure is as follows:
The sampling loop is filled with two to four milliliter of fermentation slurry. The three-way
plug valve is turned and sterile gases are used to push the liquid in the tubing between the
valve and the reactor back into the reactor. The valve is turned again and the sampled slurry
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in the loop is extracted by passing the UV barrier. The slurry which is simultaneously pulled
again into the tubing before the valve is pushed back with gas a second time. Then the UV-lamp
is turned back on.
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Figure 7.3: Piping and instrumentation diagram of UV sampling device for sterile extraction of the
fermentation slurry. All components are autoclavable. Figure can also be found in [205].

7.3 Circulation of fluid for in situ control of oxygen transfer rate and
cooling of biofilm

In the advanced bioreactor, the gaseous fluid which is flushed through the membrane is
circulated in a closed system with a pump (Fig. 7.4). Oxygen is lost through diffusion into
the reactor where it is consumed by the fungus acting as oxygen sink. An expansion vessel
(oxygen-impermeable bag (Convar Europe, Rochester, United Kingdom)) is integrated into
the circuit to buffer volume changes of the gas. The oxygen level in the expansion vessel
is monitored with an oxygen meter. Oxygen from an external source (air or gas bottle) can
be added on demand which is regulated by an electromagnetic valve. By circulation of the
gaseous fluid, costs for compressed air and other gases can be reduced compared to the ’open
end approach’ without circulation. The oxygen concentration in the fluid can be adjusted
online which affects the OTR and with that, the metabolic activity of oxygen-consuming
microorganisms in the reactor can be controlled.

To demonstrate the feasibility of the circulation approach for online control of the OTR a test
setup was built according to figure 7.4A. In order to quantify the diffusion of oxygen across
the membrane into the reactor (from gas phase into liquid phase) the volumetric mass transfer
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Figure 7.4: Piping and instrumentation diagram of circulation approach. Circulation of fluids in the
advanced bioreactor for (A) in situ control of oxygen transfer rate and (B) additional cooling of biofilm.
Parts of this figure can also be found in [205].

coefficient (kLa) was determined for different conditions. When the circulation pump was
used to purge the thick membrane (length 3

4 ) with air the kLa was similar (0.53±0.01 h−1) as
compared to the setup without circulation pump and with compressed air (Tab. 6.2, 3

4 , thick,
21 % O2) which shows that the influence of the pump on the kLa is neglectable. As can be
seen in figure 7.5, circulating a gas with increased oxygen concentration increases the kLa
(31.5 vol. %: 0.68±0.02 h−1, 42 vol. %: 0.95±0.02 h−1). A similar effect can be achieved when a
backpressure is applied to the open end of the membrane to increase the partial pressure of
oxygen (Tab. 6.2). In another version of the circulation system the expansion bag is replaced
by a pressure resistant vessel which allows to pressurize the entire circulation loop. This is in
particular essential if the bioreactor is set under pressure as discussed below.

The circulation approach offers another possibility: it can be used to cool the biofilm when heat
is locally discharged from the reactor or to heat the biofilm when heat is locally charged to the
biofilm in both cases using the fluid flushed through the membrane (Fig. 7.4B). Such an add-on
would allow the co-cultivation of psychrophilic and mesophilic microorganisms as exemplified
in figure 7.6A. For the implementation, the gaseous fluid (e.g. air) should be replaced by a
liquid (e.g. water) because the specific heat capacity of air is more than four times lower than
that of water [206]. The liquid must be selected such that it provides oxygen for T. reesei, i.e.
oxygen must be soluble in the liquid to some extend. To insert oxygen into the liquid a sparger
is installed in the expansion vessel (Fig. 7.4B). In order to control the temperature in the biofilm,
a heat exchanger is placed in the expansions vessel to cool the circulating fluid. Pt100 devices
are installed at different depths of the biofilm and a computer-controlled electromagnetic
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Figure 7.5: Measured kLa values in circulation system. The kLa value can be influenced by the oxygen
concentration in the membrane in the circulation approach. Two values correspond to the ’open
end’ approach discussed in section 6.2. The reactor was filled to the working volume with water.
Sodium azide (0.02 % (w/w)) was added to prevent microbial growth. The helical stirrer was used at
50 rpm. The temperature was set to 30 ◦C and the maximal oxygen solubility in water was assumed
to be 7.53 mgL−1 [197]. The flow rate was 140 mLmin−1 per liter liquid phase. Mono-lumen tubing
1.98 mm×3.18 mm×0.61 mm with a length of approximately 5.4 meters was used. Error bars represent
the standard deviation of n=3 to n=7 independent replicates.

valve opens on demand to discharge heat to the secondary cooling circuit. The temperature
gradient realized by cooling of the membrane provides a local niche for e.g. psychrophilic
and mesophilic microorganisms. When the biofilm is cooled locally, the fermentation broth
can be heated to e.g. 50 ◦C for improved rate of enzymatic hydrolysis without harming e.g.
the mesophilic fungus T. reesei. To this end, heat jackets are wrapped around the reactor
vessels. The temperature in the fermentation slurry is monitored with Pt100 devices and
adjusted to reach the desired set point. If, for example, the thermophilic genetic modified
microorganism P. furiosus [207] is inserted into the lactate platform developed in this thesis,
the CBP of lignocellulose and carbon monoxide via butyric acid to butanol would be possible.
Another promising community that would profit from the temperature gradient is composed of
T. reesei, a thermophilic homoacetogen and a psychrophilic, acetic acid consuming microalgae or
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bacterium. As last example, in order to enhance the productivity for the production of ethanol
from ligocellulosic biomass the temperature-sensitive yeast S. cerevisiae could be replaced with
the thermotolerant yeast Kluyveromyces marxianus [208].
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Figure 7.6: Schematic representations of temperature tolerances of microorganisms and cellulolytic
enzymes and formation of a temperature gradient in the membrane-aerated bioreactor. (A) Approx-
imated microbial growth curves of psychrophilic, mesophilic and thermophilic microorganisms and the
activity of cellulolytic and hemicellulolytic enzymes as function of the temperature. (B) Formation of an
oxygen and temperature gradient by flushing the membrane with an oxygen containing, cooled fluid
and creation of spatial niches for psychrophilic, mesophilic and thermophilic microorganisms.

7.4 pH gradients

In order to integrate alkaliphiles such as Bacillus strains and/or acidophiles next to neutrophiles
in a community-based CBP of lignocellulose it is necessary to create pH niches. As demon-
strated in the following the membrane-aerated bioreactor offers the possibility to alter the
pH locally. One strategy is based on purging a fluid through the membrane which contains
molecules which can pass the membrane and affect the pH of aqueous solutions in the reactor.
Another approach is based on electrolysis of water.

In order to show the feasibility of the former approach two experiments were performed
in a stirred tank reactor with an uncovered membrane to locally increase and decrease the
pH, respectively. The pH can be increased by circulating an ammonia solution through the
membrane using the circulation setup. Using a 10 % (w/w) NH3 solution the pH in the liquid



Towards a wider product range with an advanced membrane-aerated bioreactor 89

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 05 . 5
6 . 0
6 . 5
7 . 0
7 . 5
8 . 0
8 . 5
9 . 0
9 . 5

pH

T i m e  [ h ]
 N H 3   C O 2

Figure 7.7: Tuning the pH in the membrane bioreactor by flushing NH3 solution or CO2 through
the membrane. Time-resolved pH in 200 mL aqueous solution stirred at 300 rpm with a magnetic
stir bar at room temperature. Three meters of the tubular polydimethylsiloxane membrane (inner
diameter 1.58 mm, outer diameter 3.18 mm, wall thickness 0.81 mm) were located in the liquid. A
10 % (w/w) NH3 solution was continuously flushed through the membrane at 368 mLmin−1 to achieve
alkaline conditions (red, solid) or the membrane was pressurized with carbon dioxide to 1.2 bar to
achieve acidic conditions (blue, dashed).

phase of the reactor increased steadily from slightly acidic (pH 6.8) to alkaline (pH 9.0) in
approximately 2.5 hours which indicates that NH3 molecules passed the membrane (Fig. 7.7).
NH3 molecules acquire hydrogen ions from water and produce ammonium ions (NH+

4 ) and a
hydroxide ion (OH−). As a result, the pH increases.

In order to lower the pH in the reactor the membrane was pressurized with carbon dioxide to
1.2 bar in a dead-end approach (one end of the membrane closed). The pH decreased from
slightly acidic (pH 6.8) to acidic (pH 5.5) after about 1.5 hours (Fig. 7.7). This indicates that
CO2 molecules passed the membrane and formed carbonic acid in the aqueous solution.

Another option to alter the pH locally in the reactor is based on the principle of electrolysis
of water. Electric energy can be used to split water whereby the following reactions take
place at the electrodes. Two water molecules react at the anode and form four protons, one
oxygen molecule and four electrons (Eq. (7.1)). At the cathode four water molecules react with
four electrons and form two hydrogen molecules and four hydroxide ions (Eq. (7.2)). The
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formed protons and hydroxide ions affect the pH in the vicinity of the anode and the cathode,
respectively.

Anode 2 H2O⇒ 4 H+ + O2(g) + 4 e− (7.1)

Cathode 4 H2O + 4 e− ⇒ 2 H2(g) + 4 OH− (7.2)

A test setup was built to demonstrate the feasibility to use electricity to create a spatial pH
gradient in the bioreactor. To this end, a test vessel which is identical to the one used in the
advanced bioreactor was equipped with two electrodes. The aqueous 15 gL−1 agarose solution
was used to mimic the biofilm as both have a high content of water and are highly viscous.
In order to increase the electric conductivity 1 gL−1 sodium chloride was added to deionized
water. Such a salt concentration is typical for standard cultivation media. The pH indicator
bromothymol blue was added to visualize pH changes (Fig. 7.8). The pH was set to either
pH 4.0 (Fig. 7.8A) or pH 9.0 (Fig. 7.8C). When a constant voltage of 3 V was applied across the
electrodes bubbles appeared at the electrodes which indicated the process of the electrolysis. As
expected, the pH at the anode decreased while it increased at the cathode in both experiments
(Fig. 7.8). With time, circular areas around the electrodes indicate the expansion of the formed
hydroxide ions and hydrogen ions, respectively. A wide range of pH was realized ranging
from highly acidic (below pH 4) to highly alkaline (above pH 12).
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Figure 7.8: Time-resolved formation of a spatial pH gradient in a solid water/agarose/sodium chlo-
ride mixture in a bioreactor exploiting electrolysis of water at two electrodes. Two experiments with
different starting pH of 4.0 (A,B) and 9.0 (C,D) were performed. Electrodes made of V4A stainless steel
tubes (outer diameter: 8 mm, inner diameter: 6 mm) are installed in the bioreactor 8 cm apart from each
other. A constant voltage of 3.0 V is applied across the electrodes and the current is limited to 0.1 A.
After (B) 65 minutes and (D) 399 minutes of applied voltage the pH was measured at various spots.
Bromothymol blue was used as pH indicator. Agarose 15 gL−1, sodium chloride 1 gL−1.

After forming successfully a pH gradient in the whole reactor the next test experiment targeted
the formation of a pH gradient locally in a biofilm-mimicking agarose gel (15 gL−1 agarose)
which covered the cathode. The test vessel was filled with bromothymol blue stained water
with 1 gL−1 sodium chloride (without agarose) and the pH was set to 4.1. Two electrodes were
located in the fermenter, but only the cathode was covered with the biofilm-mimicking mixture
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(Fig. 7.9). The uncovered anode was located 8 cm apart from the cathode in the bioreactor.
A magnetic stirrer was used to continuously stir at 300 rpm. As can be seen in figure 7.9
the biofilm-mimicking bromothymol blue located in the agarose matrix covering the cathode
experienced a color change indicating a gradual change in pH starting at 4.1 and increasing
to 11.0 with time. The change of the pH in the liquid is neglectable. As the same amount
of H+ and OH− was formed at anode and cathode (Eq. (7.1) and (7.2)), respectively, but the
volume of the ’biofilm’ (about 50 mL) was much smaller than the volume of the liquid (about
1 L), the change in pH is stronger in the ’biofilm’ than in the stirred liquid. The next step
would be to enable online control of the pH in the biofilm by embedding microsensors for
pH measurements in the biofilm and to process the signal to regulate the voltage across the
electrodes. Furthermore, both electrodes could be covered with a biofilm to provide two niches
with extreme pH values at the electrodes and an intermediate pH value in the stirred liquid
between the electrodes.

Summarizing, both approaches to locally alter the pH in the bioreactor, either by flushing the
membrane with fluids such as CO2 or NH3 solution or by using electricity to split water, appear
to be promising strategies to create local pH niches and with that, to widen the microbial
community and extend the product range.
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Figure 7.9: Time-resolved formation of a pH gradient in a biofilm-mimicking agarose coating on
the cathode. The cathode was covered with an agar layer made of bromothymol blue stained wa-
ter/agarose/sodium chloride mixture, the anode was uncovered. Both electrodes are located in a
water/sodium choride solution stained with bromothymol blue with an initial pH of 4.1. The electrodes
are made of V4A stainless steel tubes (outer diameter: 8 mm, inner diameter: 6 mm) which are installed
8 cm apart from each other. A constant voltage of 3.0 V is applied across the electrodes and the current
is limited to 0.1 A. The reactor was stirred at 300 rpm using a magnetic stirrer. 15 gL−1 agarose, 1.0 gL−1

sodium chloride. The pH-dependent color schema of bromothymol blue can be seen in figure 7.8.
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7.5 Towards lipids from cellulose: Light for co-cultivation of mi-
croalgae and fungus

Microalgae can produce lipids in form of triacylglycerides (TAG) which have various ap-
plications e.g. as source of polyunsaturated fatty acids for human nutrition and feed for
aquacultures or as precursors for the production of biodiesel. Most microalgae grow autotroph-
ically, which means that light provides the required energy to fix carbon from carbon dioxide.
However, in scaled-up photo-bioreactors it is challenging to efficiently illuminate microalgae
and to prevent self-shading which results in low cell densities and reduced volumetric pro-
ductivities [209]. It is valuable that microalgae can also grow on organic carbon sources such
as acetic acid or carbohydrates in the absence of light when oxygen is present (heterotrophic
growth). When microalgae grow on light and carbohydrates or acetic acid the mode of growth
is called mixotrophic. Heterotrophic and, in particular, mixotrophic metabolism allows for
higher growth rates, higher biomass density and higher lipid content compared to autotrophic
growth [210]. Furthermore, the fitness of microalgae that grow heterotrophically in darkness
is lower than that of microalgae that grow mixotrophically because light, in particular wave-
lengths between 420 to 470 nm (blue) and 660 to 680 nm (red), induces cell division and gene
expression among others [211, 212].

It would be highly desirable to cultivate microalgae mixotrophically on renewable lignocel-
lulosic waste materials from agriculture and forestry. However, the use of lignocellulose as
substrate for microalgal growth is challenging as a majority of microalgae is non-cellulolytic.
One possibility to address this challenge is to incorporate microalgae into the lactate platform to
allow the production of microalgal metabolites from lignocellulose using the community-based
CBP approach (Fig. 7.10). A promising implementation would be as follows. In line with
the principle of labor division a fungus produces cellulolytic enzymes for the community
which catalyzes the enzymatic hydrolysis of cellulose and hemicellulose to monomeric hexoses
and pentoses. These monomers are used by lactic acid bacteria to produce lactic acid (chap-
ter 3). Homoacetogens such as A. woodii or M. thermoacetica (section 7.3) convert lactic acid to
acetic acid which is an excellent and wide-spread substrate for the heterotrophic growth of
microalgae.

In order to co-cultivate microalgae together with a fungus and bacteria niches must be engi-
neered in the reactor. In order to profit from mixotrophic growth the niche for the microalgae
must provide oxygen and organic carbon (e.g. acetic acid) as well as light and carbon dioxide.
In the membrane-aerated bioreactor oxygen is supplied locally through the membrane. The
measured dissolved oxygen content in the liquid phase is below the detection limit of 4 ppb
when the membrane is covered with the biofilm formed by T. reesei (Fig. 4.4 and section 5.3.1).
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Figure 7.10: Schematic representation of the CBP of lignocellulosic waste materials from agriculture
and forestry to lipids using the lactate platform together with microalgae.

Thus, light must be provided in physical closeness to the membrane. In contrast to the commu-
nities studied so far, the fungus has a competitor for oxygen, i.e. the microalgae. Thus, the
formation of a mixed fungal-microalgal biofilm is essential to achieve the desired community-
based CBP. Literature on biofilms based on cellulolytic fungi and microalgae is rare which
motivates the investigation of the properties of the biofilm formed in the advanced bioreactor.
An interesting question is whether the biofilm is a single, homogeneous layer or a two-layered
structure as observed for fungal-yeast CBP for the production of ethanol (Fig. 6.2B).

The products formed by microalgae are located intracellularly which requires the harvest
of the cells to obtain the target product. If microalgae grow submerged the harvest is a
major challenge and results in high capital costs and operational energy costs for pumps and
centrifuges [213]. For autotrophically grown microalgae, 21 % of the total costs are dedicated
to capital costs for the harvest of the biomass [214]. Alternative harvesting techniques such as
cross-flow membrane filtration and flocculation are currently under development. Biofilms also
allow for the efficient harvest of the microalgal biomass as they contain high cell densities with
solid contents of up to 10 to 20 % [215]. Thus, it would be highly beneficial if the microalgae in
the community-based CBP would adhere to the surface of a membrane and form a biofilm.

In the framework of this thesis the co-cultivation of the fungus T. reesei and the microalgae
C. reinhardtii wild-type 12 (WT12) is studied as a first step towards the production of lipids
from lignocellulose. It is described how an artificial light niche for the microalgae is realized
in the advanced bioreactor (subsection 7.5.1). The engineered setup is then employed to
cultivate C. reinhardtii in a single culture and, later, in a co-culture together with T. reesei
(subsection 7.5.2).
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7.5.1 Engineering and realization of artificial light niche

The advanced bioreactor described in section 7.2 is equipped with a light source to provide a
niche for microalgae. As light source, 3000 K high power LEDs were chosen with an emission
spectrum suitable for photosynthesis (Fig. 7.12A). The spectrum peaks at 442.5 nm (blue) and
615 nm (red) whereby the power density is higher in the red region. Flexible fibers with an
outer diameter of 1.5 mm are used to direct the light of the LED into the reactor’s interior
(Fig. 7.11). The physical properties of the fiber allow radial light emission by internal scattering.
An exponential decay of light was measured over the length of the fiber (200 to 2000 mm)
(Fig. 7.12B). Approximately 80 % of the light coupled into the fiber is emitted through radial
emission at a fiber length of about one meter. In order to increase the amount of light emitted in
the reactor even more both ends of the fiber instead of only one are connected to one LED. The
number of photons in the 400 to 700 nm range emitted from the fiber (called photosynthetically
active radiation (PAR)) was quantified using a Sky light meter with a SKL 215 PAR ’Quantum’
sensor (Skye Instruments, Llandrindod Wells, United Kingdom). While about 5 µmolm−2s−1

was measured in the upper part closer to the lid, at the bottom about 1 µmolm−2s−1 was
measured. These values are small in comparison to 80 to 90 µmolm−2s−1 which are typically
used for autotrophic or mixotrophic growth of microalgae. The heat produced by the LEDs is
discharged with a heat sink with enforced convection on which the LEDs are glued (Fig. 7.11).

Bioreactor
with local
light source

FiberLED

Heat sink with
enforced convectionPower supply

Figure 7.11: External light source with radially emitting light fibers connected to the advanced
bioreactor. LEDs are glued on top of a heat sink with enforced convection. The light is coupled into
both ends of a side-emitting light fiber which is helically coiled around the membrane holding structure
in the interior of the reactor.
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Figure 7.12: Properties of LED light source: Emission spectrum and light intensity at the end of the
fiber for various fiber lengths. (A) Emission spectrum of Cree XLAMP XHP 70.2 - 3000 K 80 CRI
used as light source to illuminate the advanced bioreactor. Data taken from [216]. (B) Light intensity
measured at one end of the fiber while the other was connect to the LED. The measurement was repeated
for different fiber lengths between 200 and 2000 mm. As an example, at about 1000 mm fiber length
around 20 % of light coupled into the fiber was emitted at the open end of the fiber. The remaining
80 % were emitted over the length of the fiber.

7.5.2 Study of fungal-microalgal biofilm

Prior to the study of the microalgal-fungal co-culture, the axenic growth of C. reinhardtii WT12
was studied in the advanced bioreactor. It was analyzed if C. reinhardtii forms a biofilm
on the aerated-membrane and if it benefits from mixotrophic growth conditions (unshaded
bioreactors) in comparison to heterotrophic growth conditions (shaded bioreactors). The results
show that C. reinhardtii WT12 did not form a biofilm but instead, it grew submerged on acetate.
In darkness a maximum optical density at 600 nm (OD600) of 0.30 was obtained which is
lower than in the unshaded reactor where a maximum OD600 of about 0.55 was measured
(Fig. 7.13A). These results indicate that the aeration through the membrane enables growth
of C. reinhardtii and that the microorganism tolerates the shear forces from stirring. With and
without shading a slight accumulation of cells was visible in the spacing between the tubular
shaped membrane, 262 hours after inoculation (Fig. 7.13B). However, in contrast to the fungus
T. reesei the microalgae C. reinhardtii did not form a biofilm on the surface of the membrane
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which indicates that C. reinhardtii does not produce extracellular polymeric substances (EPS)
under these conditions which would allow adhesion to the membrane.

A B

Figure 7.13: Axenic cultivation of C. reinhardtii WT12 using TAP medium in the darkness. C. rein-
hardtii grows submerged but forms no biofilm on membrane. Optical density measured at 600 and
750 nm. Photograph of C. reinhardtii WT12 after 267 hours after inoculation.

The observation that C. reinhardtii grows submerged but not in a biofilm under the studied
conditions raises the question whether C. reinhardtii has access to oxygen when T. reesei covers
the aerated membrane because the fungus consumes the oxygen which enters the reactor
through the membrane. If C. reinhardtii is not able to penetrate the fungal biofilm, it cannot
grow hetero- or mixotrophically and one could not profit from the benefits of these modes of
growth over autotrophic growth as listed above.

In order to co-cultivate T. reesei and C. reinhardtii a suitable substrate would be microcrystalline
cellulose (Fig. 7.14). T. reesei is capable to produce cellulolytic enzymes and to consume glucose
as end-product of the enzymatic hydrolysis of cellulose. In contrast to a vast majority of
microalgae C. reinhardtii is able to consume cellobiose and the species C. reinhardtii cc124
and cw10 were identified as producers of endoglucanases [217]. However, the activity of
endoglucanases is approximately 200 times lower as compared to the activity measured for
T. reesei [217]. C. reinhardtii is incapable to use glucose in the darkness [218] due to lack of
glucose transporters in the plasma membrane [219]. As T. reesei secrets only a limited amount of
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beta-glucosidases (BG) [57] it is expected that a share of cellobiose is available for C. reinhardtii.
In order to boost growth of C. reinhardtii light is locally provided in the reactor as described
in section 7.5.1 which would allow C. reinhardtii to use carbon dioxide autotrophically. This
potentially also increases the carbon efficiency of the entire bioprocess.

Trichoderma
reesei

Chlamydomonas
reinhardtii

Cellulose

Cellulolytic 
enzymes

Cellulolytic 
enzymes

Light

Cellobiose

Oxygen

Carbon
dioxide

Glucose
BG

Figure 7.14: Overview of pathways in a co-culture of T. reesei and C. reinhardtii using cellulose as
carbon source and light as energy source. The thickness of the arrows indicates increased production
of cellulolytic enzymes by T. reesei compared to C. reinhardtii and increased cellobiose consumption of
C. reinhardtii compared to T. reesei, respectively. Beta-glucosidase (BG).

In order to study the co-cultivation of T. reesei and C. reinhardtii in the advanced membrane-
aerated bioreactor both microorganisms were inoculated simultaneously using 17.5 gL−1

microcrystalline cellulose as substrate. In one experiment the reactor was in darkness while it
was illuminated with the LED setup in another experiment. In both cases the formation of a
biofilm on the surface of the aerated-membrane was observed. The evolution of this biofilm
was analyzed using the developed membrane-sampling loops (Fig. 7.2).

A chlorophyll fluorescence imager was used to measure the Fv to Fm ratio which is an indicator
for the maximum quantum yield of the photosystem II. A confocal laser scanning microscope
(CLSM) was employed to study the presence and spatial distribution of microalgae and fungal
hyphae in the biofilm. The microscope detects the autofluorescence of chlorophyll produced
by microalgae which appear red in the images. Fluorescein diacetate was used for live staining.
Fluorescein was detected between 510 and 520 nm and appear green in the images. The content
of chlorophyll a and b in the biofilms was determined as an indirect measure of the amount of
microalgae.
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In order to analyze whether C. reinhardtii can exist in the membrane-aerated bioreactor next to
T. reesei three biofilms were studied using a chlorophyll fluorescence imager (Fig. 7.15): Two
biofilms were based on co-cultures of T. reesei and C. reinhardtii, whereby one was without
and one with illumination. The third biofilm was based on an axenic cultivation of T. reesei
as a control. No counts were detected for any Fv to Fm ratios for the axenic fungal biofilm
(Fig. 7.15A). This demonstrates the absence of microalgae which was expected. Both biofilms of
the co-cultivation of T. reesei and C. reinhardtii without and with light showed counts whereby
in both cases the maximum number of counts was at Fv to Fm ratios of around 0.3 (Fig. 7.15B
and C). These values are lower compared to Fv to Fm ratios obtained with plant materials such
as leaves (up to 0.83 [220]). It could be that the microalgae in the biofilm were buried under a
layer of EPS which would have masked the cells and would have lowered their photochemical
activity. The results indicate fluorescence activity and therefore the presence of microalgae in
the biofilm. Please note, that the results do not provide quantitative information about the
number of microalgae in the biofilms.

A B C T. reesei + C. reinhardtii WT12 
with light

T. reesei + C. reinhardtii WT12 
without light

T. reesei
without light

0.440 0.04 0.08 0.16 0.20 0.24 0.28 0.32 0.36 0.400.12
Fv/Fm

Figure 7.15: Chlorophyll fluorescence images of biofilms of T. reesei and C. reinhardtii. (A) Biofilm
of T. reesei grown in darkness. Biofilm of T. reesei and C. reinhardtii grown (B) in darkness and (C) under
illumination. Biofilms were dark-adapted for 15 min to measure the maximum of photosystem II. The
saturation pulse was 6172 µmolm−2s−1. Please note that the horizontal diameter of the metal structure
which holds the membrane is about 9 cm.
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CLSM images of biofilm samples from the co-cultivation of T. reesei and C. reinhardtii without
illumination confirmed the presence of both species five days after inoculation (Fig. 7.16A).
It is observed, that the signal in the channel that detects the autofluorescence of chlorophyll
decreases with time and two weeks after inoculation almost no autofluorescence of chlorophyll
was detected (data not shown). A possible explanation would be that the microalgae cannot
grow due to oxygen limitations. The comparison of CLSM images of biofilm samples taken
five days after inoculation from the reactor without and with illumination indicates that more
microalgae are present in the illuminated biofilm (Fig. 7.16A versus B). This result shows that
the addition of light supports the growth of C. reinhardtii despite the relatively low PAR below

Microalgae (red, 
autofluorescence of 

chlorophyll)

Fungal hyphae 
(green)

Light fiber

Second layer

Basic layer

A B

C D

Figure 7.16: Confocal laser scanning microscopy images and photograph of fungal-microalgal
biofilm grown on the surface of the membrane in the advanced bioreactor with and without il-
lumination. (A,B) CLSM z-stack images about five days after inoculation of T. reesei and C. reinhardtii:
(A) without illumination, (B) with illumination. (C,D) Microalgal-fungal biofilm about one week after
inoculation. (C) Photograph of the biofilm attached to the membrane which is helically coiled around
the membrane-holding structure next to the light fiber. A slightly green second layer in the upper part
of the biofilm is on top of a basic layer. (D) CLSM z-stack of biofilm shown in (C). Higher z-values
indicate an increased distance from the surface of the membrane (source of oxygen).
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5 µmolm−2s−1. It might be that the illuminated microalgae is able to conduct photosynthesis
which would provide oxygen. Taking into account that the enzymatic hydrolysis provides
carbohydrates such as cellobiose it is assumed that the microalgae can grow either hetero- or
mixotrophically. In the liquid phase of the reactor, the dissolved oxygen concentration was
below the detection limit. Seven days after inoculation the macroscopic appearance of the
biofilm with light is similar to the biofilm of T. reesei under axenic conditions except of a slightly
green second layer on top of a basic layer (Fig. 7.16C). A corresponding CLSM image indicates
that the top layer is mainly composed of microalgae whereby the basic layer is primarily
composed of fungal hyphae (Fig. 7.16D). Measurements of the concentration of chlorophyll a
and b confirm the conclusion that the top layer contains more chlorophyll, i.e. more microalgae,
as compared to the basic layer (Fig. 7.17).

Xavier et al. performed simulations of the co-cultivation of two bacteria which differ in their
ability to produce EPS and discuss the effect of an oxygen gradient [159]. Their results show
that the EPS producer and the non-EPS producer can co-exist. In the absence of an oxygen
gradient the non-EPS producer dominates over the microorganism that can produce EPS. In
the presence of an oxygen gradient the EPS producer dominates. This is in line with the
experimental results presented above for the biofilm composed of the EPS producer T. reesei
and C. reinhardtii which is assumed to be not capable to produce EPS.

7.6 Conclusions

An advanced membrane-aerated bioreactor was designed to enable co-cultivation of microor-
ganisms with highly diverse requirements for abiotic parameters and with that to widen the
range of products accomplishable with community-based CBP. To this end, artificial habitats
were engineered with controlled oxygen, pH, temperature and light conditions to mimic
complex natural ecosystems that are built on inhomogeneities. Preliminary results demonstrate
that a pH gradient can be realized either by electrolysis of water or by purging ammonia
solution or carbon dioxide through the membrane. The option to cool the biofilm paves the
way towards increased rates of enzymatic hydrolysis in CBP of lignocellulose. This would
allow higher productivities of the entire CBP which would be an important step towards an
industrial application. We conclude that the concepts which are implemented in the advanced
membrane-aerated bioreactor are suitable to cultivate modular consortia which include e.g.
psychrophiles next to thermophiles or acidophiles next to alkaliphiles.

By applying the advanced reactor we demonstrated the successful creation of an ecological
niche for C. reinhardtii next to T. reesei despite potential competition for space, oxygen and
organic carbon. The observed formation of a two-layered biofilm is very promising for the
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Figure 7.17: Chlorophyll concentration in biofilm samples from cultivations of T. reesei and C. rein-
hardtii with and without light. Pigments from biofilm samples are extracted using the solvent dimethyl-
formamide. A spectrophotometric determination is performed at 480, 647 and 664.5 nm. Chlorophyll a
(Chl a), chlorophyll b (Chl b) and total chlorophyll (Total Chl) are calculated using the equations from
Inskeep and Bloom [221]. The total amount or carotenoids (Chl x) is calculated using the equation from
Wellburn [222].

efficient harvest of microalgal biomass. After the demonstration that C. reinhardtii finds an
ecological niche to grow in the biofilm next to the fungus T. reesei an interesting next target
would be to apply the lactate platform and produce acetic acid, propionic acid or butyric
acid (with e.g. the secondary fermenters C. tyrobutyricum or V. criceti, chapter 4) which are all
accepted carbon sources for heterotrophic growth of C. reinhardtii [223]. Another option would
be to use a homoacetogen for the production of only acetic acid from lactic acid with a high
carbon efficiency. Acetic acid is a widely accepted substrate for a variety of different microalgae
that can produce e.g. omega-3 fatty acids. Overall, with the presented approach the product
range of the community-based CBP could be extended to lipids and other high-valuable
products from lignocellulose using microalgae.
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CHAPTER 8

Summary and conclusions

Lignocellulosic biomass is the most abundant source of fixed, renewable carbon. Despite its
highly recalcitrant nature it is a promising feedstock for the production of platform chemicals
in a second generation biorefinery. In this PhD thesis it was experimentally demonstrated
that defined microbial communities can be engineered to enable the consolidated bioprocess-
ing (CBP) of steam-pretreated lignocellulosic biomass into a wide range of products including
carboxylic acids and ethanol. Following the principle of labor division, each member of the
community fulfills a specific task in a given biochemical process. The modularity of the
synthetic community allows the variation of the product-forming microorganisms to direct
the bioprocess towards the desired target product. Up to four different microorganisms with
in part non-overlapping tolerance ranges for e.g. oxygen were successfully co-cultivated in a
bioreactor that was carefully engineered to allow sufficient niche differentiation.

For the direct production of lactic acid from lignocellulosic biomass a consolidated bioprocess-
ing based on a synthetic cross-kingdom community was developed as presented in chapter 3.
Lactic acid producing bacteria are non-cellulolytic. Thus, the aerobic fungus Trichoderma reesei
was added for the in situ production of cellulolytic enzymes which is a cooperative feature. In
contrast to the cooperator T. reesei, lactic acid bacteria act as cheater as they benefit from the
carbohydrates released by the enzymatic hydrolysis without ‘paying’ the metabolic cost. Com-
munities that rely on such cooperator-cheater dependencies tend to instability. The community
was stabilized by spatial compartmentalization. The 500 mL stirred tank bioreactor used in this
thesis was equipped with an aerated-membrane which locally supplied oxygen. This spatial
niche allowed T. reesei to form a biofilm on the surface of the membrane. The community of
T. reesei and Lactobacillus pentosus produced 19.8 gL−1 lactic acid from steam-pretreated beech
wood without carbon catabolite repression. Despite the heterogeneous substrate a high purity
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of lactic acid was observed which was dedicated to the in situ degradation of side products by
T. reesei.

After biofilm formation the dissolved oxygen concentration in the fermentation slurry was
below 4 ppb despite continuous aeration via the membrane. The metabolic activity of T. reesei
and L. pentosus lowered the redox potential to a value below -300 mV. It is concluded that the
two-member community is able to create a spatial niche where anaerobes can exist without
the need for sparging with nitrogen or addition of costly reducing agents. The possibility to
integrate anaerobes into the membrane-aerated bioreactor significantly widens the range of
products that can be obtained with the community-based CBP.

Anaerobic, product-forming microorganisms are often characterized by limited metabolic
flexibilities. This leads to low product yields due to side-product formation and low carbon
efficiencies due to incomplete usage of the substrate lignocellulose, in particular xylose and
acetic acid. In this thesis the lactate platform was established to circumvent these problems.
The heterogeneous lignocellulosic carbohydrates are metabolically funneled to lactate as the
central intermediate in artificial food chains. The production of various chemicals from steam-
pretreated beech wood via the lactate platform was evaluated in terms of product yields and
compared to corresponding sugar-based fermentation routes. The results reveal that pathways
via lactate are known for a variety of industrially relevant chemicals and that the lactate
platform route can outcompete conventional pathways.

The lactate platform was exemplified by co-cultivation of T. reesei and L. pentosus together with
the obligate anaerobes Clostridium tyrobutyricum or Veillonella criceti in a scaled-up 2.7 liter
membrane-aerated bioreactor as described in chapter 4. These secondary fermenters utilize
lactic acid (and acetic acid) to produce 196.5 kg butyric acid or 113.6 kg propionic acid and
133.3 kg acetic acid, respectively, per ton of beech wood. The fact that C. tyrobutyricum can co-
ferment lactic acid together with acetic acid exclusively to butyric acid resulted in an increased
theoretical butyric acid yield of up to 1.31 times of its equivalent theoretical yield for direct
carbohydrate conversion. On the roadmap towards production of jetfuels and olefins from
lignocellulose butyric acid can be used as substrate. In the framework of the National Research
Program 70 Energy Turnaround the developed microbial community of T. reesei, L. pentosus and
C. tyrobutyricum was employed to provide butyric acid which was subsequently catalytically
upgraded to linear olefins [11] or aromatic hydrocarbons.

The number of carbon atoms in the end products of the catalytic upgrading process is affected
by the chain length of the carboxylic acids used as substrate. To this end, the production of
volatile fatty acids (VFA) with up to six carbon atoms from lignocellulose was targeted in
this thesis (chapter 5). The strict anaerobe Megasphaera elsdenii which is capable to elongate
carboxylic acids using the reverse beta-oxidation pathway was added to the lactate platform
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and successfully co-cultivated with the aerobic fungus in one vessel. It was demonstrated that
the ratio of odd- and even-numbered VFAs can be tuned by intra-consortium competition in the
community-based CBP. A four-member community composed of T. reesei, L. pentosus, M. elsdenii
and V. criceti was established. The competition between M. elsdenii and V. criceti for lactic
acid increased the share of odd-numbered valeric acid in comparison to the product mixture
obtained with the three-member community without V. criceti. This is remarkable as none of
the used substrates was a molecule with three-carbon atoms such as propionic acid. In contrast,
when V. criceti was replaced with C. tyrobutyricum the share of the even-numbered VFA butyric
acid was increased while the share of acetic acid was decreased. This was attributed to the
competition between M. elsdenii and C. tyrobutyricum for lactic acid and acetic acid.

The 2.7 liter membrane-aerated bioreactor is suitable to produce ethanol from microcrystalline
cellulose using a two-member community of T. reesei and the yeast S. cerevisiae. However,
our results indicate that the yeast aerobically degrades ethanol which results in reduced
ethanol yields. In order to circumvent this problem the oxygen transfer rate can be varied as
demonstrated by changing the properties of the membrane and the concentration of oxygen in
the fluid purged through the membrane.

In the course of the thesis several limitations of the developed membrane-aerated bioreactor
were identified. An advanced bioreactor was designed and built to tackle these problems.
The advanced bioreactor is equipped with several niches for abiotic parameters (oxygen,
temperature, pH, light). It was demonstrated that pH gradients form by flushing the membrane
with gaseous carbon dioxide or liquidous ammonia. Another route is based on the electrolysis
of water. Independent of the initial pH in the medium 3.0 V applied across two electrodes
resulted in a wide spread of pH ranging from about 3 to 12. A local light niche was implemented
based on LEDs and radially emitting light fibers to enhance the growth of microalgae in the
reactor. It was shown that microalgae profit from the light and co-exist in a two-layered biofilm
next to the fungus T. reesei despite of potential competition for space, oxygen and organic
carbon. The formation of a biofilm containing microalgae facilitates the harvest of microalgal
products such as lipids or pigments which are located in the cells. Another feature of the
advanced bioreactor is that it exhibits membrane loops that can be independently removed
from the bioreactor throughout one experiment.

Today, biotechnological whole-cell processes are to a great extend dominated by monocultures
grown in homogeneous reactors. However, the increasing number of publications addressing
microbial co-cultures highlights the paradigm shift from axenic to mixed cultures. Thus, it
would be of highest interest to further study complex co-cultures in defined environments
using the advanced bioreactor of inhomogeneities developed in this thesis.
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The productivity of the CBP is a key parameter towards industrial application. It would be
interesting to quantify the productivity of bioprocesses with temperature gradients as it is
expected that these are significantly higher as compared to the ones at mesophilic conditions
where the enzymatic hydrolysis limits the overall process. Another promising idea is to benefit
from synergistic interactions of the free cellulolytic enzymes produced by an aerobic fungus
and cellulosomes attached to an anaerobic bacterium. It is expected that their integration into
the lactate platform is rather uncomplicated because a suitable niche for the growth of a strict
anaerobe was demonstrated.

More technical directions relate to the extraction of toxic target products such as butyric acid
from the bioreactor with the circulation system. This is expected to increase the product
yield because high concentrations of inhibitory products in the reactor are prevented. The
implementation of the membrane into a stirred tank bioreactor which is a standard reactor
design in industry was a first step towards industrialization. Now it is required to scale-up the
reactor volume progressively. We hope that the reader is convinced that the consortium-based
consolidated bioprocessing of lignocellulose has the potential to contribute to a sustainable
chemical industry in a future bioeconomy.



APPENDIX A

Materials and methods

A.1 Bacterial, fungal and microalgal strains and cultivation methods

L. pentosus (DSM-20314), L. brevis (DSM-20054), C. tyrobutyricum (DSM-2637), V. criceti (DSM-
20734) and A. woodii (DSM-1030) were purchased from Leibniz Institute DSMZ-German Collec-
tion of Microorganisms and Cell Cultures (Braunschweig, Germany).

One mL of glycerol stock was inoculated to MRS medium for precultures of Lactobacillus in
500 mL Erlenmeyer flasks and incubated for 48 hours at 150 rpm at 33 ◦C. The MRS medium
contained (in gL−1): peptone from casein, 10; meat extract, 10; yeast extract, 5; glucose, 20;
Tween 80, 1; K2HPO4, 2; sodium acetate, 5; ammonium citrate, 2 and MgSO4 · 7 H2O, 0.2. The
pH was adjusted to 6.2-6.5 with hydrochloric acid.

C. tyrobutyricum precultures were cultivated in a reinforced clostridial medium (RCM). Compo-
sition of the RCM medium (in gL−1): yeast extract, 13; peptone, 10; glucose, 5; soluble starch, 1;
sodium chloride, 5; sodium acetate, 3; L-cysteine-HCl, 0.5; agar, 0.5.

V. criceti precultures were cultivated in medium containing (in gL−1): trypticase (BBL), 5;
yeast extract, 3.0; Na-(DL)-lactate, 7.5; Na-thioglycolate, 0.75; Tween 80, 1.0; Glucose, 1.0;
Na-resazurin solution (0.1 % (w/v)), 0.5 mL. The medium for C. tyrobutyricum and V. criceti was
boiled under continuous flushing with nitrogen and the pH was adjusted to 6.8 before it was
aliquoted to 100 mL serum bottles (50 mL in each) and autoclaved at 121 ◦C for 20 minutes.

A. woodii precultures were cultured in DSMZ-medium 135: 1.0 g NH4Cl, 0.33 g KH2PO4, 0.45 g
K2HPO4, 0.1 g MgSO4 · 7 H2O, 20 mL Acetobacterium trace element solution (DSMZ-medium
141), 2.0 g yeast extract, 0.5 mL Na-resazurin solution (0.1 % (w/v)) and 1000 mL water were
boiled and cooled to room temperature under a 80 % N2 and 20 % CO2 gas mixture. Solid
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sodium bicarbonate (10 g) was added and the pH was equilibrated by aeration with the gas
mixture until a value of 7.4 was reached. The medium was aliquoted into serum bottles (60 mL
in each) under anaerobic conditions and autoclaved at 121 ◦C for 20 minutes. Before inoculation,
the pH was adjusted to 8.2 by addition of a sterile anoxic stock solution of potassium carbonate
(5 % (w/v)) prepared under a 80 % nitrogen and 20 % carbon dioxide gas mixture (0.25 mL
per 10 mL medium) and the following stock solutions were added: fructose (10 gL−1 final
concentration, sterile filtrated), L-cysteine-HCl · H2O (0.5 gL−1, anoxic and autoclaved), and
Na2S · 9 H2O (0.5 gL−1, anoxic and autoclaved). Composition of the Acetobacterium trace
element solution (in gL−1): nitrilotriacetic acid, 1.5; MgSO4 · 7 H2O, 3.0; MnSO4 · H2O, 0.5;
NaCl, 1.0; FeSO4 · 7 H2O, 0.1; CoSO4 · 7 H2O, 0.18; CaCl2 · 2 H2O, 0.1; ZnSO4 · 7 H2O,
0.18; CuSO4 · 5 H2O, 0.01; KAl(SO4)2 · 12 H2O, 0.02; H3BO3, 0.01; Na2MoO4 · 2 H2O, 0.01;
NiCl2 · 6 H2O, 0.03; Na2SeO3 · 5 H2O, 0.0003 and Na2WO4 · 2 H2O, 0.0004. Nitrilotriacetic acid
was dissolved in distilled water, the pH adjusted to 6.5 with KOH, the minerals added and the
final pH adjusted to 7.0 with KOH. The composition of the vitamin solution was as follows (in
mgL−1): biotin, 2.0; folic acid, 2.0; pyridoxine-HCl, 10.0; thiamine-HCl · 2 H2O, 5.0; riboflavin,
5.0; nicotinic acid, 5.0; D-Ca-pantothenate, 5.0; vitamin B12, 0.1; p-aminobenzoic acid, 5.0 and
lipoic acid 5.0. All serum bottles were inoculated from a two-day liquid culture stored at 4 ◦C
and incubated on an orbital shaker at 140 rpm at 37 ◦C (expect A. woodii at 30 ◦C).

T. reesei RUT-C30 (ATCC 56765) was purchased from VTT, Finland. Spores from a seven-day old
potato dextrose agar slant culture were incubated at 28 ◦C and stored at 4 ◦C. For precultures
Mandel’s medium containing 7.5 gL−1 microcrystalline cellulose (Avicel PH-101, Sigma Aldrich,
Buchs, Switzerland) was inoculated with spores from the agar slant in an Erlenmeyer flask
for four days at 28 ◦C and 150 rpm. Mandel’s medium contained the following ingredients
(in gL−1): KH2PO4, 2; (NH4)2SO4, 1.4; MgSO4 · 7 H2O, 0.3; CaCl2 · 6 H2O, 0.4; urea, 0.3;
peptone, 0.75; yeast extract, 0.25 and trace element stock, 1 mLL−1. The trace element stock
contained (in gL−1): FeSO4 · 7 H2O, 5; MnSO4 · H2O, 1.6; ZnSO4 · 7 H2O, 1.4; CoCl2 · 6 H2O, 3.7
and 10 mLL−1 concentrated hydrochloric acid and was sterile filtered. To avoid precipitation,
100x CaCl2 and 100x MgSO4 solutions were autoclaved separately before merging with the
remaining ingredients.

Saccharomyces cerevisiae VTT C-79095 was purchased from VTT, Finland. The petite yeast Sac-
charomyes cerevisiae FYdelta pet191::KanMX4 was generously provided by Professor Stephen G.
Oliver, University of Cambridge [203]. Precultures of both S. cerevisiae strains were cultivated in
YPD medium containing (in gL−1): yeast extract, 10; peptone, 20 and dextrose, 10. Erlenmeyer
flasks were incubated overnight at 28 ◦C and 200 rpm. Kryostocks were prepared by mixing
overnight cultures with glycerol to a final concentration of glycerol of 20 % (v/v).
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C. reinhardtii wild-type strain (WT12) was generously provided from Prof. Alison Smith
(University of Cambridge). Stocks of C. reinhardtii were stored at room temperature in TAP
medium. TAP medium contained per liter: TRIS, 2.42 g, TAP salt stock, 25 mL; phosphate
solution, 0.375 mL, six Kropat’s trace element stock solutions, 1 mL each and glacial acetic
acid, 1 mL. The medium was autoclaved for 20 minutes at 121 ◦C. TAP salt stock solution
contained (in gL−1): NH4Cl, 15.0; MgSO4 · 7 H2O, 4.0; CaCl2 · 2 H2O, 2.0. The phosphate
solution contained 28.8 g K2HPO4 and 14.4 g KH2PO4 and water was added to a volume of
100 mL. Kropat’s trace element stock solutions contained: 1) 25 mM EDTA-Na2; 2) 28.5 µM
(NH4)6MO7O24; 3) 2 mM CuCl2 · 2 H2O and 2 mM EDTA; 4) 2.5 mM ZnSO4 · 7 H2O and
2.75 mM EDTA; 5) 6 mM MnCl2 · 4 H2O and 6 mM EDTA; 6) 20 mM FeCl3 · 6 H2O, 22 mM
EDTA and 22 mM Na2CO3. For liquid precultures of C. reinhardtii Erlenmeyer flasks were filled
with fresh TAP medium and inoculated with 5 % (v/v) stock solution and incubated at 25 ◦C
with a 18 hour light to 6 hour dark cycle with 120 molm−2s−1 for five days under shaking at
120 rpm.

A.2 Membrane-aerated bioreactors

Throughout the thesis three different membrane-aerated bioreactors were used for community-
based CBP of lignocellulose to carboxylic acids and ethanol. Two of them were based on
commercially available reactors modified with a custom-made metal structure to support
the membrane. The advanced reactor was developed from scratch. Their specifications are
provided in the following.

The membrane bioreactors were based on Multifors 2 and Labfors 5 bioreactors (Infors HT,
Bottmingen/Basel, Switzerland) with 0.5 and 2.7 liter working volume, respectively. The
0.5 liter reactor (Fig. B.1A) was used in chapters 3 and4 and the 2.7 liter reactor (Fig. 6.1) was
used in chapters 4, 5 and 6. Both reactors were modified with a tubular polydimethylsiloxane
(PDMS) membrane. The membrane area to volume ratio was 0.3 cm2mL−1 at 0.5 liter scale. A
mono-lumen tubing 0.64 mm×1.19 mm×0.28 mm (Dow Corning, Midland, United States of
America) gave a kLa value of 3.24 h−1 in the Multifors reactors. The membrane area to volume
ratio was 0.3 cm2mL−1 in the Labfors. A mono-lumen tubing 1.58 mm×3.18 mm×0.80 mm
(Dow Corning, Midland, United States of America) gave a kLa value of 0.34 h−1 in the
2.7 liter reactor if not otherwise stated. The membrane was continuously flushed with air at
140 mLmin−1 per liter liquid phase. The temperature in the liquid phase of the reactor was
set to 30 ◦C and the pH to 6.0 using 4 N phosphoric acid and 4 M sodium hydroxide. The
redox potential and the pH were measured using EasyFerm Plus ORP Arc and EasyFerm
Plus PHI Arc probes (Hamilton, Bonaduz, Switzerland). Liquid samples were collected using
a UV lamp as the contamination barrier (Fig. 7.3). Neither mixtures of external cellulolytic
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enzymes nor purging with nitrogen was applied. The reactor was autoclaved for 20 minutes
at 121 ◦C with microcrystalline cellulose or steam-pretreated beech wood. The remaining
medium components were added when the reactor was inoculated with 5 % (v/v) T. reesei.
After 48 hours, the lactic acid bacteria (LAB) were inoculated to an optical density measured
at 600 nm (OD600) of 0.5 by centrifuging the cells at 3000 rpm for 10 minutes and suspending
them in fresh Mandel’s medium. This time was defined as time zero. 48 hours after inoculation
of the LAB, the anaerobic bacteria C. tyrobutyricum, V. criceti or M. elsdenii were inoculated to
5 % (v/v) from a two-day old pre-culture. For fed-batch experiments, the feed solution was
sterile filtered and fed at a constant feeding rate. For co-culture experiments Mandel’s medium
was used.

For the production of ethanol 2.7 liter Labfors 5 bioreactors were prepared as described above.
48 hours after inoculation of the fungus the yeast was inoculated to an optical density at 600 nm
(OD600) of 0.5. Beta-glucosidase was added together with the yeast. The enzyme loading was
30 CBU per g of cellulose. The outlet of the membrane was connected to a custom-made in-line
sampling tray which allowed the automated sampling of a gas chromatograph.

The advanced membrane-aerated bioreactor which was used in chapter 7 was based on a
1 liter glass vessel enclosed with a custom-made reactor lid (Fig. 7.1). In the center of the lid
the autoclavable magnetic coupling MRK 60 Ncm (Premex Reactor, Lengnau, Switzerland)
was installed. The reactor was equipped with an electric stepper motor QSH6018-45-28-110
(1.10 Nm, 2.8 A) (Tri-Matic, Hünenberg, Germany). The motor was controlled by the stepper
motor driver TMCM-6110 via RS-485 using the software TMCL-IDE 3.0 (V3.0.21.0) (Tri-Matic,
Hünenberg, Germany). A pitched blade stirrer with fixed pitch of 45 ◦ was mounted to the
bottom end of the stirring shaft. The reactor was equipped with metal structure to support
a tubular membrane with an outer diameter of 3.18 mm as used for the modified Labfors 5
bioreactors described above. The membrane was continuously flushed using NFB30 twin head
pumps (PML013335-NFB30 IP 30 24 V, KNF, Balterswil, Switzerland). The four connections
of the pump were connected in a suction-pressure configuration to the membrane in- and
outlet and in case of the circulation approach to the expansion vessel. In one configuration the
expansion vessel was an oxygen-impermeable bag with custom-made in- and outlets for the
pump, the oxygen inlet and the oxygen probe. The oxygen probe was a SP-PSt3-YAU-D10-YOP
spot glued to a quartz glass (Fig. 7.4). The optical fiber POF-L2.5-2SMA was attached to
the glass plate using a stick-on adapter. The other side of the optical fiber was connected
to the EOM-tO2-mini-180-T4D-v3 electro-optical module for oxygen measurements (Presens,
Regensburg, Germany). The oxygen inlet was controlled by a direct-acting 2/2 way plunger
valve type 0255 (Bürkert, Ingelfingen, Germany) operated at 24 V. In another configuration of
the expansion vessel a GL45 pressure plus 1 liter bottle (Duran, Wertheim, Germany) was used.
A pressure holding valve (AP100-F01B-X201, SMC Switzerland, Weisslingen, Switzerland)
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was connected to both the expansion vessel and the reactor. The probes for dissolved oxygen
and pH were the same as used for the Infors reactors described above. Peristaltic pumps
with 24 V operating voltage (Kamoer, Shanghai, China) were used for fed-batch experiments
and for the regulation of pH by addition of 4 N phosphoric acid and 4 M sodium hydroxide.
The temperature in the stirred liquid phase of the bioreactor was tapped from the pH probe.
Heating of the bioreactor was realized by an electric heat jacket which was wrapped around
the glass vessel. The heating power was limited using a phase control dimmer and the on-off
state was controlled by a relay. The reactor was equipped with up to four fully encapsulated,
waterproof, autoclavable Pt100 sensors which allowed temperature measurements in the biofilm
at defined distances from the surface of the membrane. The Pt100 probes were soldered to
autoclavable FGG.0B.304.CLAD22 plugs and connected to the control unit via EGG.0B.304.CLL
sockets (Lemo, Écublens, Switzerland). The measured signal of the Pt100 sensors was used
to control an electromagnetic valve (Sirai L121B02, ZA19AF1m G1/4, 2/2 way plunger valve,
ASCO Numatics Sirai Srl, Bussero, Italy) to allow cool water to flow through a copper tube
inserted in the expansion vessel. This setup allowed the cooling of the biofilm if e.g. water
was used as circulated fluid. The system was powered by 24 V power supplies. Labview
was used for all control loops and recorded relevant process parameters. The reactor was
autoclaved for 20 minutes at 121 ◦C with water and if stated in the caption of a given figure
with microcrystalline cellulose. The remaining medium components were added when the
reactor was inoculated with 5 % (v/v) T. reesei and/or 5 % (v/v) Chlamydomonas reinhardtii. For
co-culture experiments Mandel’s medium was used.

A.3 Steam pretreatment and analysis of beech wood

Beech wood chips (Fagua sylvatica) from a local forest were air-dried (dry matter 94 %) and
milled to <1.5 mm. The raw biomass was composed of (% (w/w)) glucan 39.95±1.25, xylan
19.0±0.5, acetic acid 7.3±0.2, acid-insoluble lignin 25.6±0.7, acid-soluble lignin 5.3±0.1, ash 0.5
and extractives 0.9. A two-stage steam pretreatment was applied with a custom-built steam gun
(Industrieanlagen Planungsgesellschaft m.b.H., Austria) to target the partial recovery of soluble
xylooligosaccharides from hemicellulose in the prehydrolyzate and simultaneously maximize
the glucose yield in the enzymatic hydrolysis of the solids. Beech wood was heated to 180 ◦C by
the injection of saturated steam and pretreated for a residence time of 24.8 minutes. At constant
pressure and temperature, the liquid phase was removed through a circular nozzle located
slightly above the lower ball valve. Subsequently, the pressure was slowly released to 2.0 bar,
which is below the known pressure needed to see an effect of the explosion [37]. At 2.0 bar, the
lower ball valve opened, and the solids were removed from the reactor. The solids composed of
(% (w/w)) 49.0±0.62 glucan, 7.55±0.1 xylan, 4.2±0.1 acetic acid, 29.9±0.73 acid-insoluble lignin
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and 3.68±0.37 acid-soluble lignin. The recovered solids were treated a second time at 230 ◦C
for 14.1 minutes and the pressure was abruptly released. The solids contained (in % (w/w))
55.0±1.4 glucan, 2.1±0.1 xylan, 1.2±0.2 acetic acid, 35.4±0.8 acid-insoluble lignin and 2.5±0.1
acid-insoluble. The 180 ◦ liquid fraction contained (in gL−1): acetic acid, 2.13; formic acid,
0.4; xylose, 1.1; xylooligosaccharides calculated as xylan, 22.35. During acid-hydrolysis, an
additional 5.57 gL−1 acetic acid was released from deacetylation of xylooligomers.

A.4 Enzyme assays

Endoglucanase (EG), beta-glucosidase (BG), cellobiohydrolases (CBH) and xylanase activity
assays were performed at pH 5.0 in the presence of 50 mM citrate buffer, 0.02 % (w/v) sodium
azide at 50 ◦C in duplicates. The enzymatic activity was expressed in International Units (IU).
One IU is defined as the amount of enzyme that catalyzes the conversion of one micro-mole of
substrate per minute. EG, BG and CBH assays were performed accordingly to [204]. Ultra-low
viscosity carboxymethylcellulose (2 % (w/w)) was used as substrate for EG assays, Avicel
(2 % (w/w)) for CBH and 4-Nitrophenyl α-D-glucopyranoside (1 mM) for BG. Birch wood
xylan (1 % (w/w)) was used as substrate for xylanase activity measurements (12.5 µL sample
in 125 µL total reaction volume). Reducing sugars were quantified using the 3,5-Dinitrosalicylic
acid (DNS) method [224].

A.5 Analytical methods

Acetic acid, lactic acid, propionic acid, butyric acid, formic acid, glucose, cellobiose, xylose,
ethanol hydroxymethylfurfural and furfural were quantified by high performance liquid
chromatography (Waters 2695 Separation Module, Waters Corporation, Milford, United States
of America), using an Aminex HPX-87H column (Bio-Rad, Hercules, United States of America)
at 65 ◦C with 5 mM H2SO4 as the mobile phase a flow at 0.6 mLmin−1, a refractive index
detector (Waters 410) at 40 ◦C and a photo diode array detector (Waters 2998) at 210 nm. The
detection limit was 0.05 gL−1. Structural carbohydrates and lignin were measured according to
standard methods [225].

Ethanol in the off-gas of the membrane was quantified using a gas chromatograph (7890A with
C506 Controller, Agilent Technologies, Santa Clara, United States of America) equipped with
a MultiPurpose sampler (Gerstel, Mülheim an der Ruhr, Germany). Polyether ether ketone
(PEEK) tubing (outer diameter 1.59 cm, inner diameter 1.00 mm, BGB Analytics, Boeckten,
Switzerland) was used to connect the outlet of the membrane to the gas chromatograph. The
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tubing was heated to 35 ◦C to prevent condensation of water. A self-regulating electric heating
line (HW-R, 9 W/m, purchased from Peter Heizungen, Reinach, Switzerland) as well as Pt100
probes were connected to an electronic microstat (eTRON M, JUMO, Fulda, Germany). 470 ppm
ethanol gas (PanGas, Dagmersellen, Switzerland) was used to calibrate the gas chromatograph.

A spectrophotometer (Thermo Spectronic UV-1 (Thermo Fisher Scientific, Waltham, United
States of America)) was used to measure the optical density at 480, 647 and 664.5 nm to quantify
chlorophyll a, chlorophyll b, total chlorophyll and total carotenoids. Prior to the measurement
the pigmets were extracted using dimethylformamide (DMF). The preparation of the samples
is as follows. Samples with a specific volume or mass were centrifuged in a 1.5 mL Eppendorf
vial. In a fume hood 1 mL DMF was added to the pellet and the vials were agitated using
a vortex at room temperature for 15 minutes. The vials were centrifuged at 10.000 rpm on a
benchtop centrifuge. Ideally, the pellet should be white or colorless and the DMF light green.
When the pellet was still green another vortex step for 5 to 10 minutes with recentrifugation
was performed. The supernatant was transferred to another vial to measure the optical density.
If the measured optical density was not in the linear absorbance range of the spectrophotometer
a dilution with DMF was performed. The measurments were performed in DMF resistant
cuvettes. The chlorophyll a, chlorophyll b and total chlorophyll were calculated using the
equations from Inskeep and Bloom [221] and the amount of carotenoids using the equation
from Wellburn [222].

The chlorophyll fluorescence (CF) imager (Technologica, Colchester, United Kingdom) was
used for Fv to Fm measurements. The resolution of the camera was 696 pixels×519 pixels.
Biofilms were dark-adapted for 15 minutes to measure the maximum of photosystem II. The
saturation pulse was 6172 µmolm−2s−1.

A confocal laser scanning microscope from Leica SP8 (Leica Microsystems, Germany) was
used to analyze stained biofilm samples. The setup was equipped with a white light laser set
to 30 % laser power to excite the sample. The scan speed was 400 Hz and the objective HC
PL APO CS2 40x/1.30 oil with a magnification of 40 was installed. Autofluorescence from
photosynthetic pigments was detected in the red channel (excitation at 650 nm and emission
at 680 to 700 nm). Fluorescein diacetate was used as viability stain. Fluorescein was detected
in the green channel (excitation 495 nm and emission at 514 to 521 nm). The fluorescence
projections of the biofilm were generated using the Leica LAS software.
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Figure B.1: Photographs of the development of a fungal biofilm in the membrane-aerated 500 mL
bioreactor and the measured dissolved oxygen concentration as a function of time for various flow
rates. (A) Pictures of the biofilm of T. reesei grown on microcrystalline cellulose 24 and 72 hours after
inoculation. The membrane was partially covered after 24 hours (left), completely after 48 hours (not
shown) as well as 72 hours (right) with the fungal biofilm. Membrane fouling is not observed in
the consolidated bioprocess since a non-porous membrane was used. We were able to use the same
membrane per reactor for all experiments shown in this chapter. (B) Measured dissolved oxygen
concentration as a function of time in the membrane bioreactor without microorganisms. Dissolved
oxygen was removed prior to each measurement by flushing the reactor with nitrogen. The effect of
different air flow rates (0.035 to 0.146 NL/min) on the dissolved oxygen concentration was studied. The
temperature was set to 30 ◦C. The dissolved oxygen probe was calibrated to 100 % air saturation. As
can be seen the dissolved oxygen concentration is independent of the air flow rate for rates equal to or
above 0.08 NL/min. This means that no oxygen gradient over the length of the membrane is present.
Thus, for all experiments in the 0.5 L scale an air flow rate of 0.08 NL/min was selected.
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Figure B.2: Concentration of cellobiose in the membrane-aerated bioreactor with and without inoc-
ulation of L. pentosus using microcrystalline cellulose as substrate. Cellobiose concentration during
consolidated bioprocessing of 1.75 % (w/w) (triangle), 3.50 % (w/w) (square) and 5.00 % (w/w) (circle)
Avicel to lactic acid by T. reesei and L. pentosus. A two-stage inoculation scheme was applied. L. pentosus
was inoculated two days after T. reesei at time zero. After inoculation of L. pentosus the concentration of
glucose (not shown) was below the detection limit of 0.05 gL−1. For comparison, also the cellobiose
concentration during an experiment without L. pentosus inoculation is shown.
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Figure B.3: Axenic cultivation of T. reesei in the membrane-aerated bioreactor on multiple carbon
sources. Batch process on 2.5 gL−1 glucose, 2.5 gL−1 lactic acid, 0.55 gL−1 acetic acid and 0.4 gL−1

xylose. T. reesei slowly consumes acetic acid. The slower decrease of the dissolved oxygen concentration
in comparison to the case without acetic acid (low OTR approach in Fig. 4.4) indicates that the fungal
metabolism is inhibited. The change of the slope of the dissolved oxygen concentration at about 80 hours
indicates the point at which the acetic acid concentration dropped below the inhibitory threshold of
approximately 0.3 gL−1 and allowed for simultaneous consumption of glucose, xylose and acetic acid.
Error bars represent standard deviation from two independent experiments.
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Figure B.4: Axenic cultivation of L. pentosus on glucose and in a SSF process on microcrystalline
cellulose. (A) 55.5 gL−1 glucose and (B) 5.00 % (w/w) Avicel with 15 FPU per g of cellulose Accellerase©
1500 purchased from DuPont (Wilmington, United States of America).
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Figure B.5: Consolidated bioprocessing of whole slurry one-stage pretreated beech wood using
T. reesei and L. pentosus. The solid loading was 3.86 % (w/w). Error bars represent standard deviation
from two independent experiments.
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Figure B.6: Semi-continuous CBP of microcrystalline cellulose to lactic acid using T. reesei and
L. pentosus. After a batch phase of 160 hours every 72 hours one quarter of the fermentation slurry was
removed and replaced with fresh Mandel’s medium containing 35 gL−1 Avicel. (A) shows the lactic
acid concentration and (B) the activity of cellobiohydrolase (CBH) and endoglucanase (EG). Although
the dilution rate was set too high for the release rate of CBH and EG which resulted in a decrease of the
activity, the increase of the activity between the replacements indicates the feasibility of the reuse of the
fungal biofilm.
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APPENDIX C

Supplementary for chapter 4: Butyric acid and propionic acid

Lactobacillus pentosus and Lactobacillus brevis:
Homofermentative glucose fermentation to lactic acid
C6H12O6 + 2 ADP + 2Pi         2 C3H6O3 + 2 H2O + 2 ATP          ΔrG'° = -135.8 [kJ/mol] 

Heterofermentative glucose fermentation to lactic and acetic acid
C6H12O6 + O2 + 2 ADP + 2 Pi           C3H6O3 + CH3COOH + CO2 + 3 H2O + 2 ATP     ΔrG'° = -633.5 [kJ/mol] 

Heterofermentative pentose fermentation to lactic and acetic acid
C5H10O5 + 2 ADP + 2 Pi          C3H6O3+ CH3COOH + 2 H2O + 2 ATP       ΔrG'° = -158.5 [kJ/mol] 

Veillonella criceti:
Lactic acid fermentation to propionic and acetic acid
3 C3H6O3 + ADP + Pi          2 C2H5COOH + CH3COOH + CO2 + 2 H2O + ATP     ΔrG'° = -158.1 [kJ/mol]  

Clostridium tyrobutyricum:
Glucose fermentation to butyric acid
C6H12O6 + 3 ADP + 3 Pi          C4H8O2 + 2 CO2 + 2 H2 + 3 H2O + 3 ATP      ΔrG'° = -135.1 [kJ/mol]  

Glucose fermentation to butyric and acetic acid fermentation with electron bifurcation 
C6H12O6 + 3.25 ADP + 3.25 Pi         0.75 C4H8O2 + 0.5 CH3COOH + 2 CO2 + 2.5 H2 + 3.25 H2O + 3.25 ATP ΔrG'° = -106.4 [kJ/mol]  

Lactic and acetic acid co-fermentation to butyric acid 
3 C3H6O3 + CH3COOH + ADP + Pi         2 C4H8O2 + H2O + 3 CO2 + 2 H2 + 2 H2O + ATP    ΔrG'° = -56.2 [kJ/mol]  

Acetobacterium woodii:
Homofermentative lactic acid fermentation to acetic acid
4 C3H6O3 + 4 CO2 + 1.5 ADP + 1.5 Pi         6 CH3COOH + 4 CO2 + 1.5 H2O + 1.5 ATP    ΔrG'° = -205.0 [kJ/mol]  

Figure C.1: Caption next page.
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Figure C.1: Overview of metabolic pathways of L. pentosus, L. brevis, V. criceti, C. tyrobutyricum and
A. woodii. Lactobacillus pentosus assimilates hexoses through the Embden-Meyerhof-Parnas pathway
(1 mol glucose to 2 mol lactate) and pentoses through the phosphoketolase (PK) pathway (1 mol xylose
to 1 mol lactic acid and 1 mol acetic acid). Lactobacillus brevis assimilates both hexoses (1 mol glucose to
1 mol lactic acid, 1 mol of acetic acid and 1 mol of carbon dioxide) and pentoses through the PK pathway.
Veillonella criceti assimilates lactic acid to propionic and acetic acid. Clostridium tyrobutyricum can
assimilate glucose to butyric acid and carbon dioxide. If C. tyrobutyricum co-produces butyric and acetic
acid from glucose using electron bifurcation, the energy gain is with 3.25 mol ATP per mol glucose
higher in comparison to sole butyric acid formation (3.0 mol ATP per mol glucose). C. tyrobutyricum
assimilates 3 mol lactate and 1 mol of acetate to 2 mol butyric acid with carbon dioxide and hydrogen
formation. Acetobacterium woodii can utilize 4 mol lactate and 4 mol carbon dioxide to produce 6 mol
acetate and 4 mol carbon dioxide. ∆rG’◦ values indicating the Gibbs free energy change in the forward
direction at neutral pH and standard state conditions, which were obtained from the eQuilibrator
website [226].
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Figure C.2: Schematic representation of the process flow for the subsequent secondary fermentation
of lactate to acetate, propionate and butyrate, respectively. In a consolidated bioprocess, microcrys-
talline cellulose was converted by T. reesei and L. pentosus to a model lactate broth. The model lactate
broth was subsequently fermented in (A) to acetate and propionate by V. criceti. V. criceti is known
for its high nutrient requirements [103, 170], but we could show, that it is still active on Mandel’s
medium containing only 1.0 gL−1 complex media components. We found that the fermentation time
was prolonged by a factor of about three without further supplementation of complex nutrients, while
the yields remained the same (Tab. C.4). Therefore, we used Mandel’s medium in the CBP experiments
with V. criceti (section 4.3.3 and 4.3.4). (B) The model lactate broth was used for the subsequent sec-
ondary fermentation to butyrate by C. tyrobutyricum using sodium acetate as supplement. In order
to avoid this supplementation of non-lignocellulosic acetic acid (Fig. 4.6A-E) or glucose (Fig. 4.6F-J),
the homoacetogene A. woodii was implemented, which converted a part of the produced lactic acid to
acetic acid without carbon loss (C). Since A. woodii showed no metabolic activity neither on Mandel’s
medium (data not shown), nor on lactic acid broth, we screened different media supplementations
(results shown in table C.3). We blended the acetic acid broth produced with the CBP lactate broth to
obtain a lactic to acetic acid ratio of 4.50 gg−1 (D). Using this mixture, we produced 12.2 gL−1 butyric
acid after 135.2 hours (0.41 g butyric acid per g fermentable sugars, selectivity 97.6 %). The subsequent
production of butyric acid using A. woodii and C. tyrobutyricum was successful and external acetic acid
sources were omitted. However, more pH control agents were required compared to a consolidated
bioprocess (Fig. 4.7E).
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Figure C.3: SSF of microcrystalline cellulose and xylose using C. tyrobutyricum in a fed-batch
experiment. 17.5 gL−1 Avicel, 4.7 gL−1 xylose and cellulase (15 FPU per gram of cellulose, Accellerase
©1500 DuPont (Wilmington, United States of America) was introduced in one portion. Xylose was fed
at a constant rate to an accumulated concentration of 9.32 gL−1 in 37.8 hours (dashed blue line). The
temperature was set to 30 ◦C, the pH to 6.0 and the culture was continuously sparged with nitrogen,
until C. tyrobutyricum showed metabolic activity (A) 200 hours, (B) 250 hours). The reactor volume was
2.7 liter. The final butyric acid to acetic acid ratio was 4.33±0.60. (A) and (B) represent two duplicates
of two independent experiments.
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Figure C.4: Fed-batch experiment for CBP of microcrystalline cellulose and xylose to butyric acid,
using T. reesei, L. pentosus, L. brevis and C. tyrobutyricum. 35 gL−1 Avicel was introduced in
one portion and xylose (dashed blue line) was fed at a constant rate to an accumulated concen-
tration of 18.64 gL−1 in 150 hours. The low OTR (0.34 h−1) approach was used (mono-lumen tubing
1.58 mm×3.18 mm×0.80 mm). Error bars represent the standard deviation from two independent
fed-batch experiments.
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Figure C.5: Fed-batch experiment for CBP of microcrystalline cellulose and xylose to propionic
and acetic acid using T. reesei, L. pentosus and V. criceti. 17.5 gL−1 Avicel was introduced in one
portion and xylose (dashed blue line) was fed at a constant rate to an accumulated concentration
of 9.32 gL−1 in 75 hours in the low OTR approach with a kLa of 0.34 h−1 (mono-lumen tubing
1.58 mm×3.18 mm×0.80 mm). Error bars represent the standard deviation from two independent
fed-batch experiments.
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Figure C.6: Steam pretreatment of beech wood: Recovery of lignin, acetic acid, xylan and glucan
after the first stage at 180 ◦C and the second stage at 230 ◦C. (A) 180 ◦C and (B) 230 ◦C. The recovery
is quantified as a mass percent of input (raw) biomass. Detected degradation products were expressed
as glucan or xylan using the following pathways: formic acid is the degradation product of furfural
(hydrolytic fission of the aldehyde group [227, 228]), which itself is the degradation product of xylose.
Hydroxymethyl furfural is the degradation product of glucose.
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Figure C.7: Activity of cellobiohydrolase (CBH), beta-glucosidase (BG), endoglucanase (EG) and
xylanase in the supernatant of the fermentation slurry during various stages of the CBP of pretreated
beech wood to butyric acid or propionic acid and acetic acid. (A) CBP using T. reesei, L. pentosus and
C. tyrobutyriucm as shown in Fig. 4.9B. (B) CBP using T. reesei, L. pentosus and V. criceti as shown in
Fig. 4.9C. Error bars represent the standard deviation from duplicate assays.
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Figure C.8: CBP for direct production of butyric acid from microcrystalline cellulose and xylose
using a co-culture of T. reesei and C. tyrobutyricum. In the high OTR approach (3.24 h−1), C. tyrobu-
tyricum was inoculated at time zero, 48 hours after T. reesei. In phase I, a linear xylose feed was applied
to an accumulated concentration of 9.32 gL−1. The redox potential dropped temporarily due to the
presence of reducing agents from the pre-culture of C. tyrobutyricum, but increased rapidly to a level
unsuitable for the cultivation of the obligate anaerobe C. tyrobutyricum, which therefore exhibited only
temporary metabolic activity.



132Table C.1: CBP of different substrates in fed-batch mode using T. reesei, different lactic acid bacteria and C. tyrobutyricum.

Microbial
consortium

Fig. OTR Substrate Ferm.
time1

Acetic
acid1

Propionic
acid1

Butyric
acid

Total car-
boxylic
acids1

Butyric
acid
yield

Product
selec-
tivity2

Carbox.
acids
yield

[h] [gL−1] [gL−1] [gL−1] [gL−1]
[gg−1

ferment.
sugars]

[%]
[gg−1

ferment.
sugars]

T. reesei,
L. pentosus,
C. tyrobutyricum

4.5A high 1.75 % (w/w)
Avicel +
9.32 gL−1 xylose3

166.92 0.3±0.1 0.0±0.0 4.1±0.8 4.4±0.8 0.14±0.03 93.1±0.8 0.15±0.03

4.5B high 1.75 % (w/w)
Avicel +
9.32 gL−1 xylose +
2 gL−1 acetic acid3

216.92 3.1±0.1 0.0±0.0 10.7±0.2 13.8±0.2 0.37±0.01 77.6±0.3 0.41±0.014

4.5D low 1.75 % (w/w)
Avicel +
9.32 gL−1 xylose3

371.67 0.4±0.1 0.0±0.0 10.2±0.5 10.5±0.5 0.35±0.02 96.7±0.1 0.37±0.02

T. reesei,
L. pentosus,
L. brevis,
C. tyrobutyricum

4.5C high 1.75 % (w/w)
Avicel +
9.32 gL−1 xylose3

202.00 2.7±0.1 0.0±0.0 9.5±0.3 12.2±0.3 0.33±0.01 77.9±10.3 0.42±0.01

C.4 low 3.50 % (w/w)
Avicel +
18.64 gL−1 xylose5

500.00 2.5±0.1 0.3±0.0 14.7±0.7 17.6±0.6 0.26±0.01 83.6±0.7 0.31±0.01

Continued on next page.

1At highest butyric acid concentration.
2Percent (w/w) of butyric acid from total carboxylic acids.
3Xylose or xylose/acetic acid fed at a constant rate over 75 hours.
4Fed acetic acid subtracted.
5Xylose fed at a constant feeding rate over 150 hours.
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Table C.1: CBP of different substrates in fed-batch mode by T. reesei, different LAB and C. tyrobutyricum (continued).

Microbial
consortium

Fig. OTR Substrate Ferm.
time1

Acetic
acid1

Propionic
acid1

Butyric
acid

Total car-
boxylic
acids1

Butyric
acid
yield

Product
selec-
tivity2

Carbox.
acids
yield

[h] [gL−1] [gL−1] [gL−1] [gL−1]
[gg−1

ferment.
sugars]

[%]
[gg−1

ferment.
sugars]

T. reesei,
L. pentosus,
C. tyrobutyricum

4.9B low 3 % (w/w)
pretreated beech
wood with
prehydrolyzate6

765.00 0.7±0.1 0.2±0.1 9.5±0.2 10.4±0.1 0.38±0.01 91.5±0.8 0.42±0.01

C. tyrobutyricum
SSF, 15 FPU,
Accellerase©,
1500/g cellulose

C.3 - 1.75 % (w/w)
Avicel +
9.32 gL−1 xylose7

447.5 1.9±0.2 0.0±0.0 8.0±0.4 9.9±0.3 0.28±0.01 81.0±2.1 0.34±0.01

6Prehydrolyzate fed at a constant feeding rate over 200 hours.
7Avicel and 4.7 gL−1 xylose introduced at the beginning and the remaining xylose fed at a constant rate over 37.2 hours.



134Table C.2: CBP of different substrates in fed-batch mode using T. reesei, L. pentosus and V. criceti.

Microbial
consortium

Fig. OTR Substrate Ferm.
time

Acetic
acid

Propionic
acid

Total
car-
boxylic
acids

Acetic
acid
yield

Propionic
acid
yield

Carbox.
acids
yield

[h] [gL−1] [gL−1] [gL−1]
[gg−1

ferment.
sugars]

[gg−1

ferment.
sugars]

[gg−1

ferment.
sugars]

T. reesei,
L. pentosus,
V. criceti

C.5 low 1.75 % (w/w) Avicel +
9.32 gL−1 xylose1

371.67 4.5±0.2 4.4±0.2 8.9±0.1 0.16±0.01 0.15±0.01 0.31±0.01

4.8B low 3.50 % (w/w) Avicel +
18.64 gL−1 xylose2

342.50 13.7±0.3 9.3±0.2 23.0±0.1 0.24±0.01 0.16±0.01 0.40±0.01

4.9C low 3 % (w/w)
pretreated beech
wood with
prehydrolyzate3

406.00 6.7±0.2 5.6±0.1 12.4±0.1 0.27±0.01 0.35±0.02 0.50±0.01

1Xylose fed at a constant rate over 75 hours.
2Xylose fed at a constant rate over 150 hours.
3Prehydrolyzate fed at a constant feeding rate over 200 hours.
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Table C.3: Cultivations of A. woodii on CBP lactate broths for various media supplements. Lactate
broth (273 mM lactic acid), NaHCO3 (10 gL−1), Na2CO3 (0.25 mL 5 % (w/v) per 10 mL of medium),
vitamin mix (0.1 mL per 10 mL of medium), trace elements mix (0.2 mL per 10 mL of medium). A ’+’
indicates supplementation. A. woodii was cultivation at 30 ◦C for 217.8 hours under anoxic conditions.
We found that the supplementation of various vitamins and high bicarbonate concentrations were
essential for metabolic activity. When a mixture of trace elements was added in addition to the essential
supplements, we reached a conversion of 22.9 gL−1 lactic acid to 21.3 gL−1 acetic acid after 150.5 hours
(92 % of the theoretical yield).

Lactate
broth

NaHCO3 Na2CO3 Vitamin
mix-
ture

Trace
mix-
ture

Lactic
acid
utilized

Acetic
acid
produced

[mM] [mM]

CBP lactate broth
from Avicel

+ - - - - 34.0±9.1 46.0±11.1
+ + - - - 116.9±10.4 137.4±8.5
+ + + - - 75.4±15.6 95.1±13.2
+ - - + - 28.3±27.9 35.9±30.8
+ + - + - 127.0±21.0 142.6±16.9
+ + + + - 97.9±25.8 115.0±28.2
+ - - - + 15.3±1.6 24.3±1.5
+ + - - + 130.4±30.1 145.7±32.3
+ + + - + 105.7±22.7 123.8±29.3
+ - - + + 2.1±2.0 8.7±1.4
+ + - + + 159.5±5.9 190.1±1.6
+ + + + + 256.2±46.4 299.0±50.1

CBP lactate broth
from steam-
pretreated
beech wood

+ + + + + - -
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Table C.4: Cultivations of V. criceti on CBP lactate broths for various media supplements. V. criceti
is known for its high nutrient requirements, such as yeast extract and peptone. Since these complex
nutrients are expensive and hamper a potential industrial application for the production of bulk
chemicals, we tested if V. criceti grew on Mandels medium with only 0.75 gL−1 peptone and 0.25 gL−1

yeast extract as complex components. Metabolic activity could be measured (data not shown). The
projected integration of the obligate anaerobe in the consortium would result in a nutritional competition.
We added complex media components to the CBP lactate broth and tested their effect on the metabolic
activity of V. criceti. The bacterium V. criceti grew on the lactate broth and converted 22.7±0.4 gL−1

lactic acid to 9.2±0.2 gL−1 propionic acid and 6.3±0.2 gL−1 acetic acid after 222.3 hours. Nevertheless,
a beneficial impact of the supplementation, especially of trypticase peptone, was observed, reducing
the fermentation time from 222.3 to 72.1 hours. Concentrations used: lactate broth, 274 mM; tryticase
peptone, 5 gL−1; yeast extract, 3 gL−1. A ’+’ indicates supplementation. For all experiments, 0.75 gL−1

sodium thioglycolate was added. All cultivations were performed at 37 ◦C under anoxic conditions.

Lactate
broth

Trypticase
peptone

Yeast
extract

Lactic acid
utilized

Acetic acid
produced

Propionic acid
produced

[mM] [mM] [mM]

72.1 hours

+ - - 175.0±67.8 44.8±31.3 70.0±33.0
+ + - 253.6±2.1 88.3±2.0 115.0±3.8
+ - + 174.9±4.9 46.8±4.8 64.8±1.2
+ + + 266.1±6.1 98.6±4.3 124.7±0.1

222.3 hours

+ - - 252.1±4.8 79.9±1.0 121.2±2.9
+ + - 253.6±2.1 86.2±1.2 122.8±3.3
+ - + 222.8±3.3 71.2±2.1 121.3±6.3
+ + + 266.1±6.1 93.0±0.3 129.2±2.5
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138Table C.6: Overview of microorganisms and pathways used for the calculation of the theoretical yield of the lactate platform and
conventional production routes using glucose as substrate.

Route Microbial pathways: (A) lactate platform, (B) conventional approach Microorganism(s) Ref.

1A
I) Glucose→ 2 Lactic acid I) L. pentosus
II) 2 Lactic acid→ 3 Acetic acid II) A. woodii
I-II): Glucose→ 3 Acetic acid

1B
I) Glucose→ 2 EtOH + 2 CO2 I) S. cerevisiae
II) 2 EtOH + 2 O2 → 2 Acetic acid + 2 H2O II) Gluconobacter oxydans
I-II): Glucose + 2 O2 → 2 Acetic acid + 2 CO2 + 2 H2O

2A
I) 1.5 Glucose→ 3 Lactic acid I) L. pentosus
II) 3 Lactic acid→ 2 Propionic acid + Acetic acid + CO2 + H2O II) V. criceti
I-II): 1.5 Glucose→ 2 Propionic acid + Acetic acid + CO2 + H2O

2B 1.5 Glucose→ 2 Propionic acid + Acetic acid + CO2 + H2O Propionibacterium spp.

3A

I) 11 Glucose→ 22 Lactic acid I) L. pentosus
II) 4 Lactic acid→ 6 Acetic acid II) A. woodii
III) 18 Lactic acid + 6 Acetic acid→ 12 Butyric acid + 18 CO2 + 12 H2 + 6 H2O III) C. tyrobutyricum
I-III): 11 Glucose→ 12 Butyric acid + 18 CO2 + 12 H2 + 6 H2O

3B Glucose→ Butyric acid + 2 CO2 + 2 H2 C. tyrobutyricum

4A

I) 11 Glucose→ 22 Lactic acid I) L. pentosus
II) 4 Lactic acid→ 6 Acetic acid II) A. woodii
III) 18 Lactic acid + 6 Acetic acid→ 12 Butyric acid + 18 CO2 + 12 H2 + 6 H2O III) C. tyrobutyricum
IV) 12 Butyric acid + 6 O2 + 12 H2O→ 12 Polyhydroxybutyrate + 24 H2O IV) Rhodospirillum rubrum [229]
I-IV): 11 Glucose + 6 O2 + 12 H2O→ 12 Polyhydroxybutyrate + 18 CO2 + 12 H2 + 30 H2O

4B Glucose + 1.5 O2 → Polyhydroxybutyrate + 2 CO2 + 3 H2O Rhodospirillum rubrum [229]

Continued on next page.
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Table C.6: Overview of microorganisms and pathways used for the calculation of the theoretical yield of the lactate platform and
conventional production routes using glucose as substrate (continued).

Route Microbial pathways: (A) lactate platform, (B) conventional approach Microorganism(s) Ref.

5A
I) 3 Glucose→ 6 Lactic acid I) L. pentosus
II) 6 Lactic acid→ 2 Hexanoic acid + 6 CO2 + 2 H2O + 4 H2 II) M. elsdenii
I-II): 3 Glucose→ 2 Hexanoic acid + 6 CO2 + 2 H2O + 4 H2

5B 3 Glucose→ 2 Hexanoic acid + 6 CO2 + 2 H2O + 4 H2 M. elsdenii [230]

6A

I) 16.33 Glucose→ 32.67 Lactic acid I) L. pentosus
II) 32.67 Lactic acid→ 49 Acetic acid II) A. woodii
III) 49 Acetic acid + 13.5 O2 → C51H98O6 + 47 CO2

1 III) Yarrowia lipolytica [231, 232]
I-III): 16.33 Glucose + 13.5 O2 → C51H98O6 + 47 CO2

6B 16.33 Glucose + 13.5 O2 → C51H98O6 + 47 CO2
1 Yarrowia lipolytica

7A

I) Glucose→ 2 Lactic acid I) L. pentosus
II) 2 Lactic acid→ 3 Acetic acid II) A. woodii
III) 3 Acetic acid + 6 CO + 3 H2O→ 3 EtOH + 6 CO2 III) P. furiosus2 [207]
I-III): Glucose + 6 CO + 3 H2O→ 3 EtOH + 6 CO2

7B Glucose→ 2 EtOH + 2 CO2 S. cerevisiae

8A

I) 11 Glucose→ 22 Lactic acid I) L. pentosus
II) 4 Lactic acid→ 6 Acetic acid II) A. woodii
III) 12 Lactic acid + 6 Acetic acid→ 12 Butyric acid + 18 CO2 + 12 H2 + 6 H2O III) C. tyrobutyricum
IV) 12 Butyric acid + 24 CO + 12 H2O→ 12 n-Butanol + 24 CO2 IV) P. furiosus2 [207]
I-IV): 11 Glucose + 24 CO + 12 H2O→ 12 n-Butanol + 42 CO2 + 12 H2 + 6 H2O

8B Glucose→ n-Butanol + 2 CO2 + H2O C. acetobutyricum

Continued on next page.

1Tripalmitin used as model lipid.
2P. furiosus engineered.



140Table C.6: Overview of microorganisms and pathways used for the calculation of the theoretical yield of the lactate platform and
conventional production routes using glucose as substrate (continued).

Route Microbial pathways: (A) lactate platform, (B) conventional approach Microorganism(s) Ref.

9A
I) Glucose→ 2 Lactic acid I) L. pentosus
II) 2 Lactic acid→ 1,2-Propanediol + Acetic acid + CO2 II) Lactobacillus buchneri [233]
I-II): Glucose→ 1,2-Propanediol + Acetic acid + CO2

9B Glucose→ 1,2-Propanediol + Acetic acid + CO2 C. thermosaccharolyticum [234]

10A

I) Glucose→ 2 Lactic acid I) L. pentosus
II) 2 Lactic acid→ 1,2-Propanediol + Acetic acid + CO2 II) L. bucheri [233]
III) 1,2-Propanediol→ 0.5 1-Propanol + 0.5 Propionic acid + 0.5 H2O III) Lactobacillus diolivorans [235]
I-III): Glucose→ 0.5 1-Propanol + 0.5 Propionic acid + Acetic acid + 0.5 H2O + CO2

10B unknown
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Table C.7: Overview of microorganisms and pathways used for the calculation of the theoretical yield of the lactate platform and
conventional production routes using xylose as substrate.

Route Microbial pathways: (A) lactate platform, (B) conventional approach Microorganism(s) Ref.

1A
I) Xylose→ Lactic acid + Acetic acid I) L. pentosus
II) Lactic acid→ 1.5 Acetic acid II) A. woodii
I-II): Xylose→ 2.5 Acetic acid

1B
I) 3 Xylose→ 5 EtOH + 5 CO2 I) Pichia stipitis
II) 5 EtOH + 5 O2 → 5 Acetic acid + 5 H2O II) G. oxydans
I-II): 3 Xylose + 5 O2 → 5 Acetic acid + 5 H2O

2A
I) 3 Xylose→ 3 Lactic acid + 3 Acetic acid I) L. pentosus
II) 3 Lactic acid→ 2 Propionic acid + Acetic acid + CO2 + H2O II) V. criceti
I-II): 3 Xylose→ 2 Propionic acid + 4 Acetic acid + CO2 + H2O

2B 3 Xylose→ 2 Propionic acid + 4 Acetic acid + CO2 + H2O Propionibacterium spp.

3A
I) 3 Xylose→ 3 Lactic acid + 3 Acetic acid I) L. pentosus
II) 3 Lactic acid + Acetic acid→ 2 Butyric acid + 3 CO2 + 2 H2 + H2O II) C. tyrobutyricum
I-II): 3 Xylose→ 2 Butyric acid + 2 Acetic acid + 3 CO2 + 2 H2 + H2O

3B 3 Xylose→ 2.5 Butyric acid + 5 CO2 + 5 H2 C. tyrobutyricum

4A

I) 3 Xylose→ 3 Lactic acid + 3 Acetic acid I) L. pentosus
II) 3 Lactic acid + Acetic acid→ 2 Butyric acid + 3 CO2 + 2 H2 + H2O II) C. tyrobutyricum
III) 2 Butyric acid + O2 + 2 H2O→ 2 Polyhydroxybutyrate + 4 H2O III) R. rubrum [229]
IV) 2 Acetic acid + O2 → 0.667 Polyhydroxybutyrate + 1.33 CO2 + 2 H2O IV) R. rubrum
I-IV): 3 Xylose + 2 O2 + 2 H2O→ 2.667 Polyhydroxybutyrate + 4.33 CO2 + 2 H2 + 7 H2O

4B 1.2 Xylose + 1.5 O2 → Polyhydroxybutyrate + 2 CO2 + 3 H2O Burkholderia sacchari [236]

Continued on next page.



142Table C.7: Overview of microorganisms and pathways used for the calculation of the theoretical yield of the lactate platform and
conventional production routes using xylose as substrate (continued).

Route Microbial pathways: (A) lactate platform, (B) conventional approach Microorganism(s) Ref.

5A

I) 2 Xylose→ 2 Lactic acid + 2 Acetic acid I) L. pentosus
II) Lactic acid + Acetic acid→ Butyric acid + H2O + CO2 II) M. elsdenii
III) Lactic acid + Butyric acid→ Hexanoic acid + H2O + CO2 III) M. elsdenii
I-III): 2 Xylose→ Hexanoic acid + Acetic acid + 2 H2O + 2 CO2

5B 2 Xylose→ Hexanoic acid + Acetic acid + 2 H2O + 2 CO2 M. elsdenii

6A

I) 19.6 Xylose→ 19.6 Lactic acid + 19.6 Acetic acid I) L. pentosus
II) 19.6 Lactic acid→ 29.4 Acetic acid II) A. woodii
III) 49 Acetic acid + 13.5 O2 → C51H98O6 + 47 CO2 III) e.g. Y. lipolytica [231, 232]
I-III): 19.6 Xylose + 13.5 O2 → C51H98O6 + 47 CO2

1

6B 19.6 Xylose + 13.5 O2 → C51H98O6 + 47 CO2
1 Y. lipolytica

7A

I) 2 Xylose→ 2 Lactic acid + 2 Acetic acid I) L. pentosus
II) 2 Lactic acid→ 3 Acetic acid II) A. woodii
III) 5 Acetic acid + 10 CO + 5 H2O→ 5 EtOH + 10 CO2

2 III) P. furiosus [207]
I-III): 2 Xylose + 10 CO + 5 H2O→ 5 EtOH + 10 CO2

7B 3 Xylose→ 5 EtOH + 5 CO2
2 S. cerevisiae

8A

I) 3 Xylose→ 3 Lactic acid + 3 Acetic acid I) L. pentosus
II) 3 Lactic acid + Acetic acid→ 2 Butyric acid + 3 CO2 + 2 H2 + H2O II) C. tyrobutyricum
III) 2 Butyric acid + 4 CO + 2 H2O→ 2 n-Butanol + 4 CO2 III) P. furiosus [207]
I-III): 3 Xylose + 4 CO + 2 H2O→ 2 n-Butanol + 2 Acetic acid + 7 CO2 + 2 H2 + H2O

8B 1.2 Xylose→ n-Butanol + 2 CO2 + H2O C. acetobutyricum

Continued on next page.

1Tripalmitin used as model lipid.
2P. furiosus engineered.
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Table C.7: Overview of microorganisms and pathways used for the calculation of the theoretical yield of the lactate platform and
conventional production routes using xylose as substrate (continued).

Route Microbial pathways: (A) lactate platform, (B) conventional approach Microorganism(s) Ref.

9A
I) 2 Xylose→ 2 Lactic acid + 2 Acetic acid I) L. pentosus
II) 2 Lactic acid→ 1,2-Propanediol + Acetic acid + CO2 II) L. buchneri [233]
I-II): 2 Xylose→ 1,2-Propanediol + 3 Acetic acid + CO2

9B 1.2 Xylose→ 1,2-Propanediol + Acetic acid + CO2 C. thermosaccharolyticum [234]

10A

I) 2 Xylose→ 2 Lactic acid + 2 Acetic acid I) L. pentosus
II) 2 Lactic acid→ 1,2-Propanediol + Acetic acid + CO2 II) L. bucheri [233]
III) 1,2-Propanediol→ 0.5 1-Propanol + 0.5 Propionic acid + 0.5 H2O III) L. diolivorans [235]
I-III): 2 Xylose→ 0.5 1-Propanol + 0.5 Propionic acid + 3 Acetic acid + 0.5 H2O + CO2

10B unknown
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