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General introduction and thesis outline

TRANSITION FROM A PETROCHEMICAL TO A BIOBASED ECONOMY

For millennia, people have relied on natural resources such as wood for energy production,
e.g. for cooking and heating. This changed during the industrial revolution. Coal became a
popular alternative for energy derived from natural resources. During the last century, crude
fossil oil became a widely used feedstock for the production of fuels, energy and chemicals.

In recent years, with rising oil prices, decreasing oil reserves, and an increased conscious-
ness of the impact of using of fossil resources on the environment such as global warming,
the search for alternatives of oil derived products was intensified (Christensen et al. 2008,
Lashof and Ahuja 1990). Important parameters for fossil oil alternatives are renewability and
sustainability. The first steps in the transition from a petrochemical to a renewable (biobased)
economy are already being implemented. An example is the production of ethanol from
sugar cane and corn (Gray et al. 2006). Bioethanol is seen as a suitable biobased alternative
for transportation fuels, and regulations in the European union are already in place enforcing
the addition of 5% bioethanol to oil-derived gasoline (E5) (Bielaczyc et al. 2013). Renewable
energy sources which are already used are biomass, wind, solar devices and hydroelectricity.
Together, they produce 11% of the total energy consumed in the European union (EU report
2013).

Fossil oil is not only used for the production of transportation fuels and electricity, but also
for the production of chemical intermediates for the petrochemical industry (Christensen et
al. 2008). These intermediates are versatile, and can be used in numerous applications such as
the production of plastics, fibres and rubbers. Examples of oil-derived chemicals are ethylene,
acrylic acid and acrylamide (Haveren et al. 2007). To make a full transition towards a biobased
economy, alternatives for crude oil derived petrochemicals such as plastics have to be found.
Currently, around 5% of the worldwide oil production is used for the production of plastics
(Bayer 2013). Polymerized lactic acid (PLA) may be a suitable alternative to oil-derived plastics

Table 1: Different applications of lactic acid, either as final product or as feedstock for other processes. Some of
the applications of lactic acid require a food grade production process (Bayer 2013, Dusselier et al 2013, Rohan
2015, Tiwari 2014).

Lactic acid use (potential) market size Purity required
(kt/annum)
Food market 300-400 >98%, food grade
Cosmetics 200-300 85%
PLA as replacement PET 60,000-70,000 >99%, optically pure
PLA as replacement PS 20,000-30,000 >99%. Optically pure
Conversion to Acrylic acid 4,000-7,000 >99%, optically pure
Conversion to 1,2-propanediol 1,200-1,600 >99%, food grade if used as food additive
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Figure 1: Use of lactic acid as a chemical intermediate. Lactic acid can be a feedstock for many different
chemical processes. Adapted from “From the Sugar Platform to biofuels and biochemicals” (E4tech et al. 2015)

(Vennestram et al. 2011). Low-molecular weight PLA can be moulded into a bioplastic, which
may replace polymers such as polyethylene (PE), while high-molecular weight PLA may
replace polystyrene (PS) (Garlotta 2001). Furthermore, dehydration of lactic acid results in the
formation of biobased acrylic acid, which can be polymerized and used for instance in the
textile industry (Ghantani et al. 2013). Also, lactic acid can be converted to a wide range of
other chemicals such as 1,2-propanediol for resin production or food/cosmetic additive, or
to acrylic acid (Table 1 and figure 1) (Dusselier et al. 2013). Lactic acid is already produced
on a large scale, with a worldwide production of 505 kilotons in 2013. However, most of this
lactic acid is used for cosmetics and as preservative, and only a small fraction of the lactic acid
currently produced is used for the synthesis of PLA (Tiwari 2014).

LIGNOCELLULOSE AS FEEDSTOCK FOR THE PRODUCTION OF
BIOBASED CHEMICALS

First generation biobased chemicals are mainly produced from sugar or starch rich crops,
such as sugarcane bagasse, corn, potatoes and sugar beets. Although these crops are renew-
able, their availability is relatively limited, since most of them are used for food applications
(Srinivasan 2009). Second generation biobased chemicals are produced from alternative
feedstocks which are not used as food, and which are available in large quantities, for instance
lignocellulose (Fengel and Wegener 1983). Lignocellulose is the most abundant biomolecule
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General introduction and thesis outline

Table 2: Composition of lignocellulose derived from different biomass resources, and the production yield
which can be reached in tonnes of dry weight per hectare per year (van der Pol et al. 2014)

Yields Composition (%)

T DW/ha/year Cellulose Hemicellulose Lignin Ash
Bagasse 7-13 36-45 25-28 17-20 1-3
Corn stover 2-6 36-41 26-30 16-21 2-6
Softwood 5-12 40-44 19-21 25-29 0-1
Hardwood 8-15 43-49 18-24 23-29 1-2
Straw (wheat) 3-8 38-48 23-29 13-19 5-9
Miscanthus 20-60 32-38 20-27 20-26 8-12

on earth, and can therefore supply the large quantities of feedstock required for the produc-
tion of biochemicals (Claassen et al. 1999). It consists for 60-75% of polymerized sugars, which
can be fermented to chemical intermediates after depolymerization (Fengel and Wegener
1983). Interesting sources of lignocellulose that do not compete for land use are corn stover,
sugarcane bagasse and wood (waste). Other sources are wheat straw, barley straw or rice
straw, although these are already used to a large extent for other purposes such as cattle feed.
Energy crops, for example Miscanthus, may also be used as feedstock, since cultivation can
achieve very high yields of up to 60 tonnes per hectare (table 2) (Heaton et al. 2008, Hoskinson
et al. 2007).

Lignocellulose is composed on a weight basis for 30-50% of cellulose, 18-30% of hemi-
cellulose, 13-30% of lignin and up to 10% of ashes (Table 2). Cellulose is a rigid polymer of
a few hundred to several thousand glucose molecules (Klemm et al. 2005). Hemicellulose
polymers contain over 90% of sugars on a dry weight basis; mostly xylose, mannose, glucose,
arabinose and galactose (Saha 2003). Furthermore, uronic acids, acetyl groups, ferulates and
coumarins can be part of the hemicellulose structure. Lignin consists of polymerized phe-
nolic compounds, mostly guaiacyl, syringyl or p-hydroxypheny! derivatives, depending on
the origin of the biomass (Toledano et al. 2010). Sugars in cellulose and hemicellulose are
interesting as feedstock for fermentation processes, while phenolic monomers can be used as
chemical intermediate in the chemical industry (Gosselink et al. 2012). Furthermore, lignin can
be pyrolysed, creating an oil fuel which can be used to power combustion engines (Czernik
and Bridgwater 2004).

THERMO-CHEMICAL PRETREATMENT OF LIGNOCELLULOSE

Lignocellulose is a recalcitrant composite material, of which the sugars present inside the
structure cannot be directly consumed by most lactic acid producing micro-organisms.
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Chapter 1

Pretreatment of lignocellulose is therefore required to allow the conversion of lignocel-
lulosic sugars to lactic acid by micro-organisms (Hendriks and Zeeman 2009). The goal of
the pretreatment is to depolymerize sugar polymers present in the lignocellulose. Many
different processes have been developed which result in monomerization of sugar polymers
(Hendriks and Zeeman 2009, Mosier et al. 2005). Most pretreatment strategies combine a
thermo-chemical process with enzymatic hydrolysis. Thermo-chemical pretreatment can
increase the accessibility of cellulose and hemicellulose polymers, can decompose (part of)
the hemicellulose, deacetylate the hemicellulose to increase accessibility, and/or can dissolve
or decompose (part of) the lignin. Efficient decomposition of lignocellulose during chemical
pretreatment is achieved by optimizing process parameters such as temperature, pressure,
pH and addition of chemicals.

Several thermo-chemical pretreatment methods have been successfully tested on large
scale: acid pretreatment, alkaline pretreatment, autohydrolysis and steam explosion (Egge-
man and Elander 2005). Other methods which show promising results on laboratory and
pilot plant scale are wet oxidation, ammonium fibre explosion (AFEX) and the organosolv
procedure (Hendriks and Zeeman 2009). Every pretreatment method has its own specific
effect on lignocellulosic structure, and can result in removal of lignin, degradation of hemi-
cellulose, deacetylation of hemicellulose and/or substructure alteration (table 3). Due to the
harsh conditions often applied during thermo-chemical pretreatment, by-products can be
formed which can have a negative effect on other stages of the process such as enzymatic
hydrolysis, fermentation and downstream processing (Table 3) (van der Pol et al 2014). The
main inhibitory by-products observed in pretreated lignocellulose are phenolic compounds,
small organic acids and furans (Palmqvist and Hahn-Hagerdal 2000).

Table 3: effect of different pretreatment methods on the surface area, solibulisation, structure alteration of
lignocellulose and by-product formation (adapted from Hendriks and Zeeman 2009 and Van der Pol et al.
2014). ++ = major effect, + = moderate effect, - = minor/no effect. *AFEX results in the formation of acetamide
and phenolic amines, which are not taken into account in this table.

Surface Solubilisation of By-product formation
Pretreatment area Altering
method increase  Hemicellulose  Lignin  Ligninstructure  Furans  Acids ~ Phenolics
Acid ++ ++ + ++ ++ + +
Alkaline ++ - ++ ++ - ++ ++
Wet oxidation ++ - ++ ++ - ++ ++
AFEX ++ - ++ ++ - +* +*

Steam explosion ++ ++ - + n " B
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BY-PRODUCT FORMATION AND EFFECT ON FERMENTATION

By-products formed during the pretreatment of lignocellulose can have a negative effect on
the fermentability of lignocellulose derived substrates. Most of the lignocellulosic by-products
formed can inhibit growth of micro-organisms, decrease productivities and/or can induce
substantial lag phases (Palmqvist and Hahn-Hagerdal 2000). Three major types of lignocel-
lulosic by-products can be distinguished: small organic acids, furans and phenolics (Palmqvist
and Hahn-Hagerdal 2000).

Small organic acids can passively diffuse through cell walls and membranes (Axe and Bailey
1995). Since the intracellular pH has to be closely regulated for optimal intracellular enzyme
activities, these acids and/or accompanying protons that cause a drop in pH are actively
removed from the cells at the expense of ATP (Verduyn et al. 1992, Orij et al. 2011), resulting
in increased maintenance energy requirements. Due to the reduction in available energy, the
presence of organic acids limit growth rate and/or productivity of micro-organisms. However,
the production of lactic acid or other fermentation products during anaerobic fermentations
is often not reduced by moderate acid concentrations. Since the formation of fermentation
products such as lactic acid is the only process generating metabolic energy, the increased
maintenance requirements may even result in a slight increase of product yields (Taherzadeh
etal. 1997).

Furans may damage different parts of the cell. Most of these damages are related to the
aldehyde group of the furans, which is able to transform water and oxygen to potentially toxic
reactive oxygen species (ROS) such as superoxide and hydrogen peroxide (Allen et al. 2010).
ROS can cause damage to different parts of the cell, such as DNA, mitochondria, vacuole
membranes, the cytoskeleton and nuclear chromatin. The aldehyde group itself can also
damage DNA and inhibit different enzymes such as dehydrogenases (Modig et al. 2002). Cells
exposed to furans can show an extensive lag phase before growing, may have a lower growth
rate and lower productivity, and in some cases show a decrease in conversion yield of sugars
to the desired product (Palmgvist and Hahn-Hagerdal 2000).

Phenolics can change the fluidity of membranes, causing leakage of vital compounds
through the cell membrane (Fitzgerald et al. 2004). Most phenolics also contain reactive
side groups such as aldehydes, which can form ROS or interact with DNA (Feron et al. 1991).
Phenolics can induce lag phases, reduce growth rates and productivities, and can lower
production yields (Palmqvist and Hahn-Hagerdal 2000).

Three options have been proposed as a solution to overcome the problems related to by-
products, which occur during the fermentation process of pretreated lignocellulose to lactic
acid:

e Thermo-chemical pretreatment methods can be improved to reduce the formation of by-
products. This may be difficult to accomplish, since a reduction of by-product formation
should not lead to a reduction in accessibility of (hemi)cellulose by enzymes. Furthermore,
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the formation of some of the by-products cannot be prevented, since they are part of the
hemicellulosic structure, and are released when hemicellulosic sugars are monomerized.
Examples are acetic acid, ferulic acid and coumaric acid. Formation of other compounds
which are not part of the lignocellulose structure, for instance furfural, may be significantly
reduced without reducing sugar monomerization/accessibility by choosing the right
pretreatment conditions (Bustos et al. 2004)

* By-product removal can be applied directly after the thermo-chemical pretreatment of
lignocellulose. Examples are washing pretreated lignocellulose with superheated water,
extraction of by-products using active charcoal or lime, or using microbial detoxification.
By-product removal can be an effective method to reduce the amount of by-products
present in the lignocellulose derived substrates, however it adds to the complexity of the
process, thus increasing costs, and it may result in a (slight) loss of material (van der Pol et
al. 2015, Zhao et al. 2013).

* Micro-organisms can be improved to withstand higher concentrations of by-products.
This improvement can be achieved via methods such as genetic engineering, evolution-
ary engineering or mutagenesis. Although it may be difficult and time consuming to
implement genetic engineering and evolutionary engineering in some cases, and not
many targets for genetic engineering are identified, it may provide a powerful tool to
reduce the effect of by-products on the micro-organism.

Each combination of pretreatment method, lignocellulose source and microorganism used

may require a different solution to acquire an economically feasible process with sufficient

yields and productivity. Ideally, one would like to adapt the micro-organism when this does
not results in an impaired production or growth, since this method will not result in ad-
ditional process costs. A more detailed description of by-products formed during different
pretreatment, the effect of by-products on fermentation towards bioethanol, and strategies
to overcome by-product toxicity for ethanol producing micro-organisms is given in chapter 2.

ENZYMATIC HYDROLYSIS AND FERMENTATION OF PRETREATED
LIGNOCELLULOSE TO LACTIC ACID

After thermo-chemical pretreatment of lignocellulose, a solid substrate is obtained, in which
most sugars are still present in a polymerized form. Enzymatic hydrolysis is an efficient
method to depolymerize those sugars. Complex mixtures of enzymes containing for instance
cellulases, cellubiohydrolase, xylanases, endoglucanases, 3-glucosidases and glucoamylases,
are used to depolymerize the pretreated cellulose and hemicellulose (Verardi et al. 2012).
Examples of commercially available enzyme cocktails containing cellulose and hemicellulose
degrading enzymes are Accellerase 1500, GC 220 and CTEC 2/3, produced by Novozymes and
Dupont respectively. After hydrolysis of the lignocellulosic material with enzymes for 48-72h,
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most sugars are monomerized and can be converted in a fermentation process to products

such as lactic acid or ethanol.

Different bacteria, fungi and yeasts are capable of fermenting sugars to lactic acid (Abdel-
Rahman et al. 2011, Hofvendahl and Hahn-Hagerdal 2000). In this thesis, several bacillus,
lactobacillus and geobacillus strains were evaluated for their potential as lactic acid producer.
For 1 litre scale fermentation experiments, Bacillus coagulans DSM2314 was chosen as the pro-
duction strain. This strain has several benefits when compared to other lactic acid producers:
e B.coagulans produces lactic acid in a homo-fermentative fashion, both from glucose and

xylose, the two most abundant sugars found in pretreated lignocellulose. Therefore, a high
lactic acid production yield on both sugars can be achieved. Furthermore, the produced
lactic acid is optically pure L(+)-lactic acid (Otto 2004). Optical purity of lactic acid is impor-
tant for polymerization of lactic acid to PLA.

e B.coagulans has an optimal growth rate at temperatures around 50°C, where most (lacto)
bacilli show optimal growth between 30°C and 37°C (Abdel-Rahman et al. 2011, Hofven-
dahl and Hahn-Hdgerdal 2000, Maas et al. 2008). After chemical treatment, the pretreated
lignocellulose has a temperature close to 100°C. Cooling of pretreated lignocellulose is a
costly and time-consuming operation at larger scale. Moreover, most enzyme cocktails
used to hydrolyse lignocellulose show highest activities at temperatures between 40°C
and 60°C. When B. coagulans is used as production organism a combined process of
enzymatic hydrolysis and fermentation may be applied.

In this thesis, it was also found that B. coagulans was able to produce lactic acid at a maximum

productivity above 5 g/I/h, simultaneously conversion yields of glucose and xylose to lactic

acid above 90% W/W were observed. These productivities and conversion yield are high when

compared to results obtained for other other micro-organisms (Abdel-Rahman et al. 2011,

Hofvendahl and Hahn-Hagerdal 2000).

SEPARATE HYDROLYSIS AND FERMENTATION (SHF) VERSUS
SIMULTANEOUS SACCHARIFICATION AND FERMENTATION (SSF)

In most studies, the production of lactic acid from lignocellulose was performed in three
phases. In the first phase, a thermo-chemical pretreatment is performed on lignocellulose-
rich feedstock, increasing the accessibility of the cellulose. This pretreatment is followed by
an enzymatic hydrolysis, in which the sugars are released as monomers. The sugars are then
fermented into lactic acid. This process is called separate hydrolysis and fermentation (SHF).

Instead of applying enzymatic hydrolysis and fermentation separately, these process steps
may be combined in a simultaneous saccharification and fermentation (SSF) process.

When separate processes are used, enzymatic hydrolysis alone takes between 48 and 72
hours, and the enzymes are inhibited in activity by the high concentration of monomeric sug-
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Figure 2: An overview of the production process of lactic acid from sugarcane bagasse lignocellulose. The ba-
gasse is pretreated using acid pretreatment at pilot plant scale. After a solid-liquid separation, the solid fraction
is enzymatically hydrolysed and fermented, either separately (SHF) or simultaneously (SSF). The liquid fraction,
containing part of the hemicellulosic sugars, may be added during the SSF process.

ars formed (Lee et al 2004, Ouyang et al. 2013). When the enzymatic hydrolysis and fermenta-
tion are combined in an SSF process, the monomerized sugars can be directly consumed by
the micro-organism, which should allow a much faster enzymatic hydrolysis, since product
inhibition be reduced. Process time in an SSF process can therefore be strongly reduced. The
potential success of combining both steps depends on the pH and temperature optimum of
both processes. B. coagulans has temperature and pH optima close to that of enzyme cocktails
like GC220 or CTeC 2/3, making a combined process feasible.
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THESIS OUTLINE

The aim of this thesis is to identify and quantify inhibitory by-products resulting from thermo-
chemical pretreatment of lignocellulose. The inhibitory effects of both single and combined
by-products on microbial growth were determined. The obtained data were used to develop
a process in which lactic acid is produced from acid pretreated sugarcane bagasse lignocel-
lulose, reducing inhibitory effects of by products to a minimum.

In Chapter 2, a literature study is presented on lignocellulosic by-products. In this review,
the composition of lignocellulose is described, and an overview is given on the formation of
by-products using different pretreatment methods and lignocellulose sources. Furthermore,
inhibitory mechanisms of lignocellulosic by-products are described, and strategies are pro-
posed to reduce the inhibitory effect of these by-products.

Three of the main thermo-chemical pretreatment methods applicable on a large scale are
acid pretreatment, alkaline pretreatment and autohydrolysis. In Chapter 3, these pretreat-
ment methods are compared in terms of sugar monomerization and by-product formation.
Via HPLC, LC-MS/MS and HPAEC analysis, the composition of the pretreated lignocellulose
was analysed. By-products were identified which were present at high concentrations after
thermo-chemical pretreatment.

In Chapter 4, a method was developed to test the toxicity of by-products identified and
quantified in chapter 3.1n a small-scale screening performed in 48-well plates, the concentra-
tion at which a by-product becomes a growth inhibitor was determined. Both inhibition of
individual and combinations of by-products were studied.

Bacillus coagulans DSM2314 can be strongly inhibited by by-products found in acid pre-
treated lignocellulose. In Chapter 5, a method was provided to reduce inhibitory effects of
by-products. Addition of furfural to precultures of B. coagulans results in a significant improve-
ment of fermentation processes performed on media rich in lignocellulosic by-products.
When these results were compared to fermentations inoculated with control precultures,
which did not contain furfural, it was found that addition of furfural to the preculture strongly
reduces total fermentation time, while it improves lactic acid productivity and conversion
yields of sugars to lactic acid.

In Chapter 6, two efficient processes, batch SSF and two-stage SSF, are developed to
enzymatically hydrolyse sugar polymers, and ferment the depolymerised sugars simultane-
ously to lactic acid with B. coagulans. Precultures to which furfural was added were used as
inoculum for the SSF process. This resulted in a reduced lag phase compared to using control
precultures, and led to an increased lactic acid titre, lactic acid productivity and conversion
yield of sugar to lactic acid.

Lignocellulosic by-products can play an important role during fermentation of pretreated
lignocellulose to lactic acid. In Chapter 7, the role of these by-products is discussed, together
with solutions proposed in this thesis which can be used to overcome inhibition caused by
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these by-products. Furthermore, both batch SSF and two stage SSF are evaluated, and are
shown to be promising processes for an economically attractive production of lactic acid from
lignocellulose. By-products present after fermentation may not only affect the fermentation,
but may also influence the downstream processing of the lactic acid. This thesis is concluded
by evaluating the economic potential of lactic acid production using lignocellulose as feed-
stock.
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Chapter 2

ABSTRACT

Lignocellulose might become an important feedstock for the future development of the
biobased economy. Although up to 75% of the lignocellulose dry weight consists of sugar, it
is present in a polymerized state and cannot be used directly in most fermentations processes
for the production of chemicals and fuels. Several methods have been developed to depo-
lymerise the sugars present in lignocellulose, making the sugars available for fermentation.
In this review, we describe five different pretreatment methods and their effect on the sugar
and non-sugar fraction of lignocellulose. For several pretreatment methods and different
types of lignocellulosic biomass, an overview is given of by-products formed. Most unwanted
by-products present after pretreatment are dehydrated sugar monomers (furans), degraded
lignin polymers (phenols), and small organic acids. Qualitative and quantitative effects of
these by-products on fermentation processes have been studied. We conclude this review
by giving an overview of techniques and methods to decrease inhibitory effects of unwanted
by-products.
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INTRODUCTION

Crude oil is an important feedstock for the production of both fuels and chemicals. Due to
a depletion of crude oil reserves, as well as the environmental impact due to crude oil use
such as greenhouse gas emission, alternatives for crude oil use have to be found (Lashof and
Ahuja 1990). Two biobased alternatives for crude oil products have often been proposed in
literature. As a replacement for fossil fuels, (Bio)ethanol produced by (recombinant) yeast or
bacteria can be used (Gray et al. 2006). A biobased substitute for the plastic polyethylene
terephthalate (PET) and polystyrene is poly-lactic acid (PLA) (Vennestrgm et al. 2011). Lactic
acid, the building block of this polymer, can be produced by bacteria or fungi (Garlotta 2001).

Lactic acid and ethanol can be produced from either first generation or second generation
sugars. First generation sugars are directly obtained from plant crops such as sugar canes,
sugar beets, or from easily accessible starch sources such as corn or cassava which can also
be used for food or feed. Using first generation sugars increases the competition on the raw
sugar market, resulting in higher sugar prices, thus decreasing competiveness of the pro-
cesses. Besides, the use of food for chemicals is socially debatable due to the conversion of
food into chemicals (Srinivasan 2009).

Instead of using easily accessible sugars or starch present in sugar crops, second generation
polymerised sugars can be used which are present in lignocellulosic plant material. Lignocel-
lulose can be found in nearly all plants as part of the secondary cell wall, and makes up for 60-
97% of the plant cell dry weight (Fengel D and G 1983). Lignocellulose can either be acquired
from wood or agricultural residues such as corn stover, sugar cane bagasse or straw, or land
can be directly used to cultivate lignocellulose-rich plants such as Miscanthus (Heaton et al.
2008; Hoskinson et al. 2007). Lignocellulose is the most abundant renewable biomass source
and accounts for 50% of the world's biomass production, making it an interesting source to
use as bulk feedstock (Claassen et al. 1999).

Decomposition of lignocellulose to acquire monomeric sugars results in the formation of a
large amount of by-products (Klinke et al 2004). This review describes these lignocellulosic by-
products, from their origin and formation during pretreatment and the concentrations they
are present in to their effect on fermentation. At the end of this review, potential solutions to
overcome inhibitory effects of these by-products are shown.

STRUCTURE OF LIGNOCELLULOSE

Lignocellulose is not a single defined molecule, but a structure consisting of cellulose, hemi-
cellulose (also known as polyose) and lignin (Fengel D and G 1983). The amount of lignin,
cellulose, hemicellulose and inorganic solid fraction (ash) which can be found in the plant
material varies significantly (Table 1). Differences do not only occur due to the crop species
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Table 1: Composition of dry lignocellulose for different crops types on a w/w dry weight basis. Significant vari-
ances can be observed both between crop species as well as within one species.

Monocots Gymnosperm Angiosperm
Composition (%) Bagasse Wheat straw Corn stover Spruce Poplar
Cellulose 36-45 38-48 36-41 40-44 43-49
hemicellulose 25-28 23-29 26-30 19-21 18-24
Lignin 17-20 13-19 16-21 25-29 23-29
Ash 1-3 5-9 2-6 0.1-0.5 1-2

and subvariaties used, but also due to growth conditions such as climate, seasonal variations
and crop handling by the farmer (Ohgren et al. 2007; Zhang et al. 2007).

Cellulose molecules are well-defined polymers. The polymers are build up solely from D-
glucose molecules, which are 3-1-4 linked (Klemm et al. 2005). Cellulose polymers are rigid
and long, with chain lengths over 10 000 molecules. Cellulose polymers are interacting with
each other forming crystalline sheets (Fengel D and G 1983; Teeri 1997). Cellulose is of great
interest for the biobased economy since it is the most abundant polysaccharide on earth,
while depolymerisation of pure cellulose is relatively easy (Klemm et al. 2005; Teeri 1997).

Hemicellulose is a non-homogeneous polymer with significant variances in composition
between crop types (Saha 2003). Hemicellulose polymers can consist of different 5- and 6
carbon sugars, mainly xylose, mannose, arabinose, glucose and galactose. Xylose is one of the
main sugars in monocot (grass) hemicellulose, while mannose is one of the main sugars in
gymnosperm (softwood) hemicellulose (Martin et al. 2007; Shafiei et al. 2010). Not only sugars,
but also uronic acids, ferulates and coumarins can be part of the hemicellulose structure.
Furthermore, up to 70% of the xylose molecules present in the hemicellulose backbone are
acetylated (Fengel D and G 1983; Hatfield et al. 1999; Saha 2003).

Lignin is a complex structure mainly build up from phenolic compounds, with sizes ranging
from 1 to 100 kDa (Toledano et al. 2010). In a simplified model of lignin, three types of build-
ing blocks can be distinguished (figure 1) (Boerjan et al. 2003; Whetten and Sederoff 1995).
The simplest building block is p-hydroxyphenyl (H). It consists of a benzene molecule with 4’
alcohol group and a 1'side group, which can vary between different p-hydroxyphenyls. Main
1" side groups found after monomerisation are acids, alcohols and aldehydes. The second
building block is guaiacyl (G), which is a p-hydroxyphenyl with a 3" methyl ether. The third
building block is syringyl (S), which has both a 3"and 5" methyl ether. P-hydroxyphenyl is the
most abundant phenolic in monocot (grass) lignin, while guaiacyl can mainly be found in
gymnosperm (softwood) and angiosperm (hardwood) lignin, and syringy! is mainly found
in angiosperm lignin. Even though these building blocks describe lignin to some extent, the
exact composition of each lignin molecule is more complicated and still partially unknown
(Boerjan et al. 2003; Vanholme et al. 2010)
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P-hydroxyphenyl Guaiacyl Synngyl

Figure 1: The three building blocks of lignin in a simplified model. P-hydroxyphenyl is the most abundant phe-
nolic in monocot lignin, guaiacyl is found in gymnosperm and angiosperm lignin, and syringyl is mainly found
in angiosperm lignin. The 1'side group (R) can vary, from a hydroxide group to for example an ethylaldehyde.

PRETREATMENT METHODS FOR MONOMERISATION OF
LIGNOCELLULOSIC SUGAR POLYMERS

Lignocellulose conversion to chemicals often include a pretreatment, enzyme treatment,
fermentation and downstream (DSP) processing step (figure 2). The pretreatment step is
required to increase the accessibility of the carbohydrate polymers by enzymes. After this
pretreatment, enzymes are used to depolymerise sugar polymers present in the lignocel-
lulose, making them available for fermentation. During fermentation, the desired compound
is produced using micro-organisms. A DSP is used to acquire the chemicals or fuels at desired
purities. In this chapter, a selection of different methods to perform the initial chemical
pretreatment are described, based on the scalability of the pretreatment methods and the
availability of these pretreatment methods on a pilot plant scale, while taking into account
economics and effectiveness of the pretreatment. An overview based on the current situation

Chemical elionsh
Dried Lignocellulose ———» Milling > »  Washing stage /
pretreatment
removal by-products
\ 4
Product €———Downstream Process|< Fermentation < Enzymatic hydrolysis

Figure 2: Overview of a process to convert lignocellulose into biochemicals, as often proposed in literature.
Lignocellulose-rich material is milled, pretreated chemically and enzymatically to depolymerize the sugars.
The sugars are fermented to the desired product, which is purified in a downstream process.
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stated that lime (alkaline) pretreatment, AFEX and acid pretreatment had the most potential
from an economic point of view, while an overview based on the production of ethanol from
pretreated material has shown wet oxidation, sodium hydroxide (alkaline) and steam explo-
sion as methods with a high potential (Eggeman and Elander 2005; McMillan et al. 2006). It
should be noted that there are many alternative pretreatment methods including ultrasound,
microwave, supercritical water treatment, organosolve, white-rot fungi (Hendriks and Zeeman
2009); (Mosier et al. 2005).

Dilute Acid hydrolysis

Acid hydrolysis is an often proposed thermo-chemical pretreatment method for the decom-
position of lignocellulose. A combination of low pH and a high temperature (partially) hydro-
lyses the hemicellulose, increasing the enzymatic accessibility of cellulose and therefore the
conversion to monomeric glucose. Not only hemicellulose is affected, lignin and cellulose can
also be (partially) degraded (Larsson et al. 1999a). Commonly used conditions for an optimal
enzyme digestibility of cellulose and hemicellulose polymers are 0.5-4% W/DW (sulphuric)
acid at 120-210°C for 5-30 minutes.

Dilute acid pretreatment can hydrolyse 80 to 90% of the xylan to xylose (Karimi et al. 2006;
Kootstra et al. 2009; Sanchez et al. 2004), also on a larger scale of 150 liter (Roberto et al. 2003).
Furthermore, 10-25 % of the glucans are monomerized to glucose using acid pretreatment
only (Karimi et al. 2006; Sanchez et al. 2004). In combination with an enzyme hydrolysis stage,
glucan to glucose conversion efficiencies up to 85% can be achieved (Kootstra et al. 2009).
Acid hydrolysis is most efficient for lignocellulose with low lignin contents such as monocot-
type plants, due to the very moderate removal of lignin during pretreatment.

Steam explosion

The concept of steam explosion (SE) is based on explosive decompression (Foody 1984).1n a
steam explosion process, lignocellulosic material is heated up to 150-250°C by the addition
of pressurized steam while being kept at an overpressure of 5-50 bar for 1-15 minutes. Acid
can be added as a catalyst, resulting in (partial) degradation of hemicellulose via the same
mechanisms as acid hydrolysis (Kaar et al. 1998; Tucker et al. 2003). After the stationary phase,
the pressure is released within (milli) seconds, causing water to vaporize and/or become
gaseous. The force of expansion caused by the water leads to explosive decompression,
which combined with a degradation of hemicellulose in the stationary phase opens the
lignocellulose structure. Steam explosion can lead to a 5-fold increase in enzymatic glucose
conversion of lignocellulose (Kaar et al. 1998). The use of steam explosion alone results in an
enzyme digestibility of cellulose of 65%, which is significantly higher than untreated material
(Garcia-Aparicio et al. 2006).
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Ammonium fibre explosion (AFEX)

Ammonium fibre explosion (AFEX) is also based on an explosive effect. AFEX is generally
performed at a more moderate temperature up to 110°C, at a 1:1 loading of liquid ammonia
and biomass, with a residence time of 15 min to 1 hour (Dale et al. 1996; Holtzapple et al.
1991). AFEX leads to an increase in surface area of the lignocellulose and delignifies the
lignocellulose. It also alters the lignin structure, making the polycarbonates more accessible
for enzymes (Hendriks and Zeeman 2009). Using switchgrass as feedstock, a combination
of AFEX and enzyme treatment resulted in a 90% conversion of hemicellulose and cellulose
polymers to monomeric sugars. The overall sugar yield of AFEX and enzyme treatment is 5
times higher than enzyme treatment only. The ammonia used in the process can be almost
fully recovered, saving in process costs (Dale et al. 1996). AFEX treated rice straw combined
with enzyme treatment showed a glucan depolymerisation yield of 81%, and a xylan depo-
lymerisation yield of 90% (Zhong et al. 2009). For poplar, which has a higher lignin content,
an AFEX pretreatment at 180°C with a 2:1 ammonium:biomass load, followed by enzymatic
conversion led to a glucan conversion to glucose monomers of 93% and a xylan conversion
to xylose monomers of 65% (Balan et al. 2009).

Alkaline hydrolysis

Alkaline pretreatment has the potential to disrupt the lignocellulose by (partially) dissolving
hemicellulose, lignin and silica while swelling the structure due to deacetylation, making
cellulose and hemicellulose polymers more accessible for enzymes. (Chang and Holtzapple
2000; Jackson 1977). Alkaline pretreatment mechanisms are based on saponification of inter-
molecular ester bonds cross-linking xylan hemicellulose and other compounds such as lignin
(Sun and Cheng 2002).

Different conditions have been proposed for an optimal sugar accessibility by enzymes. 2%
Sodium hydroxide at 121°C for 60 min have resulted in a 5.6 times higher monomeric sugar
yield after enzyme treatment compared to a pretreatment at 60°C without alkali (McIntosh
and Vancov 2010). Using sodium hydroxide at a concentration of 12% V/W with an incubation
time of 4 hours at 70°C resulted in a 77% delignification with a cellulose yield of more than
95% and a hemicellulose hydrolysis of 44% (de Vrije et al. 2002).

Wet oxidation

Wet oxidation uses oxygen at an overpressure of 5-20 bar, with the addition of sodium hydrox-
ide, hydrogen peroxide or sodium carbonate at concentrations of 5-10 g/I. The pretreatment
is performed at a temperature of 150-200°C for 10-20 minutes (Klinke et al. 2002). Wet oxida-
tion dissolves the hemicellulose, making the hemicellulose and cellulose more accessible to
enzymes. Simultaneously it can solubilize a large fraction of the lignin.

Wet oxidation can lead to a 40-50% solubilisation of lignin, with an 85-90% solubilisation
of the hemicellulose (Martin et al. 2007). A 85% conversion of cellulose to glucose can be
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reached in combination with an enzyme pretreatment (Bjerre et al. 1996). A 96% cellulose
recovery with a 67% convertibility has been seen shown (Klinke et al. 2002). In a pilot plant
scale experiment, the addition of hydrogen peroxide resulted in the highest ethanol produc-
tion, with 208 kg ethanol per tonnes of straw, compared to 152 kg ethanol per tonnes of straw
without the addition of chemicals (McMillan et al. 2006).

Economic evaluation of pretreatment methods

Several studies have been previously performed to define the economic potential of pretreat-
ment methods in production processes towards bioethanol.

According to an NREL study performed in 2011, the cost for pretreatment using dilute-acid
hydrolysis are 0.26$ per gallon of bioethanol. In total, the production of bioethanol from lig-
nocellulose costs 2.15% per gallon including feedstock, CAPEX and OPEX, making this process
competitive with first generation bioethanol production (Humbird et al. 2011).

AFEX pretreatment in combination with enzyme hydrolysis and fermentation can poten-
tially produce ethanol at 0.81$ per gallon, while current status should allow production at
1.41$ per gallon (Sendich et al. 2008). It should be noted that most data is based on laboratory
experiments, since scaling up of the equipment has not yet been performed. Futhermore,
prices used for lignocellulose feedstock are much lower than estimated in the NREL acid
pretreatment study (0.50$ versus 0.74S$ per gallon of ethanol), and enzyme and wastewater
treatment costs are not clearly indicated.

A large study has been performed to compare different pretreatment methods. In this
study, alkaline hydrolysis using lime as alkaline resulted in a bioethanol production price of
1.62$ per gallon, AFEX pretreatment resulted in bioethanol at a production price of 1.44$ per
gallon, and dilute acid hydrolysis resulted in a bioethanol production price of 1.38$ per gallon
(Eggeman and Elander 2005).

EFFECT OF PRETREATMENT ON FORMATION OF LIGNOCELLULOSE
BY-PRODUCTS

During chemical pretreatment, numerous different by-products are formed. Differences in by-
product formation occur either due to the source of lignocellulose, or due to the pretreatment
method used to decompose the lignocellulose (Table 2). Three main groups of by-products
formed are furans, organic acids and phenolics (Palmqvist and Hahn-Hagerdal 2000).

The presence of monomeric sugars, in combination with a high temperature and low pH,
leads to the formation of furans (Kabel et al. 2007). Sugar monomers with 6 carbon atoms can
be dehydrated to 5-hydroxymethylfurfural (5-HMF), sugar monomers with 5 carbon atoms
can be dehydrated to furfural. In general, hemicellulose from a softwood source contains
a large amount of mannose, while hemicellulose from a monocot source contains mainly
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xylose (Martin et al. 2007; Shafiei et al. 2010). Therefore, furfural is the most abundant furan
pretreated monocot lignocellulose, while 5-HMF is found in high concentrations in pretreated
softwood lignocellulose.

Alkali hydrolysis, wet oxidation, and AFEX, pretreatment methods are performed at high pH
and result in relatively low furan formation under 2 gram per kg initial dry weight (DW) (Table
2). Steam explosion results in significant furan formation, although quantities are still relatively
low around 4 grams per kg initial DW. Acid pretreatment of monocot lignocellulose leads to
a furan formation of 8-25 gram per kg initial DW, while the use of softwood lignocellulose in
combination with acid pretreatment can lead to 35 grams per kg initial DW of furans. Not only
do these quantities of furans result in potential inhibition of fermentation, furan formation
also represents a large loss in sugar yields.

Hemicellulose contains a significant non-sugar fraction within its structure. Acetyl and
uronic acid groups can be present at the 2" and 3’ position of the sugar in the backbone
(Sun et al. 2004). These acids can be liberated when the polymers are hydrolysed (Saha 2003).
Acetic acid is therefore the most abundant small organic acid in most cases. In wet oxidation,
monomeric sugar molecules can be oxidized to formic acid and acetic acid (Klinke et al. 2002).
In some cases, large amounts of up to 95 gram per kg initial DW of formic acid and acetic acid
were formed.

Another organic acid found in higher quantities is lactic acid. Small amounts of lactic acid
are naturally present inside the lignocellulosic structure. Lactic acid can also be formed due to
contamination of the pretreated material with lactic acid producing organisms. In one report,
lactic acid concentrations found exceeded 35 grams per kg initial DW (Chen et al. 2006).

Dehydration of furans results in the formation of furoic acid, formic acid and levulinic acid
(Lewis Liu and Blaschek 2010). In alkaline hydrolysis, Wet oxidation and AFEX furoic acid and
levulinic acid are (nearly) absent, while the formic acid present has a different origin. Acid
pretreatment can yield between 2 and 8 gram levulinic acid per kg initial DW.

A large variety of phenolic compounds can be formed during pretreatment. Depending on
the origin of the lignocellulose, either p-hydroxybenzyls, syringyls or guaiacyls are more abun-
dant (figure 1). In monocot lignocellulose, hemicellulose and lignin are linked via coumarins
and ferulates (Hatfield et al. 1999). Degradation of these bonds is relatively easy and leads to the
formation of p-coumaric acid and ferulic acid. In softwood lignocellulose, these compounds
are nearly absent. However, in contrary to what is expected, the levels of guaiacyls such as
vanillin and vanillic acid is not elevated, resulting in a much lower overall monomeric phenol
concentration. Overall, the concentrations of phenolic monomers are much lower than the
concentrations of acids and, in case of acid pretreatment, the concentrations of furans.

When AFEX pretreatment is used, several amide containing by-products are formed. Up
to 25 gram per kg initial DW acetamide, 14 gram per kg initial DW phenolic amides, 1 gram
per kg initial DW pyrazines and imidazole, and nearly 3 gram per kg initial dry weight other
nitrogen species are formed during AFEX pretreatment (Chundawat et al. 2010).

33



Chapter 2

EFFECT OF LIGNOCELLULOSE BY-PRODUCTS ON FERMENTATION
PROCESSES

Furans

Furans can inhibit fermentations processes by reducing the specific growth rate and pro-
ductivity of cells. In Saccharomyces cerevisiae, furfural inhibits the glycolysis by inhibiting
dehydrogenase enzymes, as well as inhibiting alcohol, aldehyde and pyruvate dehydroge-
nase (Banerjee et al. 1981; Modig et al. 2002). 5-hydroxymethyl furfural (5-HMF) also inhibits
dehydrogenase enzymes, but to a lesser extent than furfural (Modig et al. 2002). Furthermore,
furfural can inhibit the assimilation of the sulphur containing amino acids cysteine and me-
thionine (Miller et al. 2009). Furfural is also linked to an increase in Reactive Oxygen Species
(ROS), due to the large dipole moment of the aldehyde group (Allen et al. 2010; Feron et al.
1991). ROS can cause damage to the mitochondria and vacuole membranes, the cytoskeleton
and nuclear chromatin.

Some micro-organisms, including the yeasts S. cerevisiae and Pichia stipitis, and the bacteria
Escherichia coli and Klebsiella oxytoca, have the ability to reduce furfural into furfuryl alcohol
(2-furanmethanol) and reduce 5-HMF to 5-hydroxymethyl furfuryl alcohol (2,5-Bis-hydroxy-
methylfuran, furan-2,5-dimethanol) (Gutiérrez et al. 2002; Laadan et al. 2008; Lewis Liu et al.
2009; Taherzadeh et al. 1999). Where furfury!l alcohol and 5-hydroxymethy! furfuryl alcohol
are less inhibitory than furfural and 5-HMF for most micro-organisms, for instance for S. cere-
visiae (Palmqvist et al. 1999), the inhibitory effect is still significant for other organisms such
as Rhodosporidium toruloides Y4 (Hu et al. 2009). The conversion of furans to furan alcohols
in S. cerevisiae is performed by alcohol and aldehyde dehydrogenases such as ARIT, ADH6,
ADH7, ALD4 and ALD7 (Almario et al. 2013; Lewis Liu et al. 2009; Park et al. 2011). Upregulation
of the alcohol and aldehyde dehydrogenases decreased growth lag phases in the presence
of furans, and increased furan tolerance (Lewis Liu et al. 2009). Most of these enzymes are
regulated by YAPT in S. cerevisiae, which is increased a 2-3 fold during lag phases induced by
HMF. Furthermore strains with a deletion of YAPT showed a 10 fold extension in lag phase,
making YAPT an interesting target for genetic engineering (Ma and Liu 2010).

The ADH and ALD enzymes use NAD(P)H as a cofactor, where they prefer NADH over
NADPH (Heer et al. 2009). Increasing the regeneration of NAD(P)H is a strategy to increase
furan tolerance. In more tolerant yeast strains, genes involved in NAD(P)H regeneration like
GND1, GND2, TDHT were found to be upregulated (Lewis Liu et al. 2009). Furthermore serine,
arginine and lysine production can be downregulated, which is linked to an increased ATP
and NADH regeneration in the TCA cycle, thereby increasing flux if NADH towards ADH and
ALD enzymes (Almario et al. 2013).

Some organisms such as the yeast Trichosporon fermentans and the fungi Coniochaeta ligni-
aria can oxidize furfural to 2-furoic acid, which is considered to be less toxic than furfural and
furfuryl alcohol (Huang et al. 2012; Nichols et al. 2008). 5-HMF can also be oxidized to 2-furoic
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acid via 2,5-furandicarboxylic acid (Koopman et al. 2010; Nichols et al. 2008). The oxidation
to furoic acid has also been observed in aerobic chemostat cultures of S. cerevisiae (Sarvari
Horvath et al. 2003). The bacteria Pseudomonas putida and Cupriavidus basilensis are also able
to oxidize the furfural to furoic acid. These bacteria can metabolize the furoic acid further to
2-oxoglutaric acid, which is a metabolite in the TCA cycle. Therefore, these micro-organism
can maintain themselves and grow on furfural, without the requirement of another carbon
source (Koopman et al. 2010).

Several other targets were identified to be beneficial for furan tolerance. Overexpression of
GRE2 and GRE3, genes which are normally expressed under stress condition and linked to DNA
replication stress, results in an increase in furan tolerance in yeast (Almario et al. 2013; Moon
and Liu 2012). By increasing fluxes through the pentose phosphate pathway (PPP), S. cerevisiae
was able to grow on furfural and HMF concentration at which the wild type was unable to
grow. Especially the upregulation of ZWF1 increased the concentration of furans at which the
yeast could grow by at least 20% (Gorsich et al. 2006). In E. coli, the expression of an NADH
dependant oxidorectase FucO, combined with the deletion of an NADPH dependant YghD,
leads to an increase in furfural reduction (Wang et al. 2011; Wang et al. 2013).

Small organic acids

Pretreated lignocellulose can contain large amounts of organic acids, including acetic acid,
formic acid, levulinic acid and lactic acid (table 2). These organic acids can inhibit cell growth
and productivities (Larsson et al. 1999a).

Most small undissociated acids are able to passively diffuse through the cell wall and cell
membrane into the intracellular cytosol, while the dissociated acids cannot passively access
the cell in large amounts, even when present at higher concentrations (Axe and Bailey 1995).
With a decrease in extracellular pH, the balance will move towards the undissociated form
of the molecule, increasing the diffusion. Diffusion of undissociated acids leads to a drop in
intracellular pH. Keeping the pH constant inside the cytosol is of great importance to many
functions of the cell, such as signalling and optimal enzyme conditions (Orij et al. 2011; Pam-
pulha and Loureiro-Dias 1989).

Active transport can help to remove the (dissociated) acids, while ATPase can remove the
free protons which are responsible for the decrease in intracellular pH (Verduyn et al. 1992).
The active transport and ATPase is at the expense of ATP, limiting other energy requiring
processes such as growth and maintenance of the cells, leading to (partial) inhibition and
eventually cell death (Pampulha and Loureiro-Dias 1989). If the diffusion is higher than the
active transport can compensate due to ATP limitation, the pH will drop permanently and the
cellular processes will stop, causing cell death.

To overcome inhibition, ATPase fluxes can be increased. In S. cerevisiae strains adapted to
acetic acid in high concentrations, upregulation of ATPases such as ATP5, PA2, and vacuolar
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ATPases VPHT and VMA3 is observed (Almario et al. 2013; P Morsomme et al. 1996). SPI1, known
for an increase in weak acid resistance, is also upregulated (Almario et al. 2013).

In the presence of acetate, accumulation of pentose phosphate pathway (PPP) metabolites
occurs, while glycerol production is decreased. Upregulation of transketolase or transaldolase,
involved in the PPP, resulted in higher ethanol productivities (Hasunuma et al. 2011).

Phenolic compounds

A large variety of phenolic compounds is formed during pretreatment, all different molecular
weights, polarity and side-groups (Table 2). The number of side groups, position of side-
groups and structure of the side group can play a major role in the inhibitory effect of the
phenolic (Ando et al. 1986; Larsson et al. 2000; Nishikawa et al. 1988).

Phenol, p-cresol and potentially other phenolic compounds can increase the fluidity of cell
membranes in E. coli and Lactobacillus plantarum, allowing more diffusion through the mem-
brane (Fitzgerald et al. 2004). Due to this membrane change, intracellular potassium levels
drop significantly (Fitzgerald et al. 2004). To compensate for this effect, £. coli can change the
fatty acid composition in the membrane towards more saturated fatty acids (Keweloh et al.
1991). Phenolics also have the potential to inhibit the activity of some enzymes within the
cell, inactivating pathways such as with the xylitol pathway in Candida athensensis (Zhang et
al. 2012). Phenolic aldehydes have the potential to cause DNA damage due to ROS formation
and the large positive charge at one side of the aldehyde group, especially if this group is
linked to the next carbon with a double bond (Feron et al. 1991). Vanillin, and possibly other
phenolic compounds, are linked to a repression of the translation in yeast cells (Iwaki et al.
2013).

As a defence mechanisms against phenolic aldehydes, S. cerevisiae can convert the phenolic
aldehydes into phenolic alcohol under oxygen limited conditions via the same mechanism
as furans (Larsson et al. 2000; Sundstrém et al. 2010). The phenolic alcohols are considerably
less toxic to the yeast cells (Larsson et al. 2000). Several fungi, including the white-rot fungi
Pleurotus erygnii, are able to secrete laccase enzymes. These enzymes degrade phenolic com-
pounds, allowing the fungi to grow on lignin (Munoz et al. 1997). S. cerevisiae which expressed
laccase genes shows an increased phenolic tolerance, being able to grow in the presence
of 1.5 mM coniferyl aldehyde, where the wild type strain shows no growth within 50 hours
(Larsson et al. 2001).

The ergosterol synthesis pathway is a potential target for vanillin tolerance, where the
downregulation of the pathway is suggested to cause a lower tolerance towards vanillin in
S. cerevisiae (Endo et al. 2008). For coniferyl aldehyde, ferulic acid and isoeugenol, S. cerevisiae
mutants lacking the genes YAPT, ATR1, and FLRT have been shown to have an increased sensi-
tivity towards these phenolic compounds, making it a potential target for genetic engineering
(Sundstrom et al. 2010).
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INHIBITORY CONCENTRATIONS OF LIGNOCELLULOSE BY-
PRODUCTS

To determine the toxicity of a pretreated substrate, both the amount of potential inhibitory
compounds present in the substrate as well as the toxicity of those compounds for micro-
organisms is of importance. The presence of potential inhibitory compounds has been shown
in table 2.

An overview of toxicity studies of several lignocellulose derived by-products is given in
table 3. Large differences are seen between microbial species, but also between different
subspecies. In general, growth is inhibited slightly stronger than productivity. Furfural con-
centrations above 5 g/l and HMF concentrations above 8 g/l are inhibitory for all strains, while
some strains are already severely inhibited at 1-2 g/l of furans. In most cases, concentrations

Table 3: Inhibitory effect of lignocellulose by-products on different micro-organisms in model studies. Inhi-
bition is displayed as relative inhibition compared to growth and ethanol productivity without any added
by-products.

Relative Relative
Concentration ethanol growth
compound (/) productivity rate Micro-organism Reference
furfural 253 52% 50% K marxianus Oliva et al. 2003
5.56 0% I. orientalis Kwon et al. 2011
1.6 50%  Z mobilis Franden et al. 2009
5 0% Z.mobilis Franden et al. 2009
4 44% 11% S cerevisiae Taherzadeh et al. 2000
34 50%  E.coli Boopathy et al. 1993
0.5 57% 53% S cerevisiae Delgenes et al. 1996
1 20% 19% S. cerevisiae Delgenes et al. 1996
1 82% 81%  Z mobilis Delgenes et al. 1996
2 56% 44%  Z mobilis Delgenes et al. 1996
5-HMF 4.01 53% 50% K. marxianus Oliva et al. 2003
7.81 0% . orientalis Kwon et al. 2011
2.8 50%  Z mobilis Franden et al. 2009
8 0% Z.mobilis Franden et al. 2009
2 81% 60% . cerevisiae Taherzadeh et al. 2000
4 59% 29% S. cerevisiae Taherzadeh et al. 2000
2.7 50% E. coli Boopathy et al. 1993
1 29% 35% S cerevisiae Delgenes et al. 1996
3 17% 17% S. cerevisiae Delgenes et al. 1996
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Table 3 (continued)

Relative Relative

Concentration ethanol growth
compound (g/L) productivity rate Micro-organism Reference

3 87% 69%  Z mobilis Delgenes et al. 1996

5 (pH) 47% 33%  Z mobilis Delgenes et al. 1996
Acetic acid 35 (5 0% P, pastoris Bellido et al. 2011

5 (56) 99% 79% S cerevisiae Delgenes et al. 1996

15 (5.6) 62% 56% S. cerevisiae Delgenes et al. 1996

5 (56) 90% 76% Z . mobilis Delgenes et al. 1996

15 (5.6) 83% 26% Z.mobilis Delgenes et al. 1996

126 (5.8) 50% Z.mobilis Franden et al. 2013

216 (5.8) Franden et al. 2013

0% Z.mobilis

35 (35) 66% . cerevisiae Taherzadeh et al. 1997

9 (5 66% S. cerevisiae Taherzadeh et al. 1997

15 (7) 79% E. coli Zaldivar and Ingram 1999

30 (7) 31% E. coli Zaldivar and Ingram 1999
Formic acid 167 (6) 84%  Z mobilis Dong et al. 2013

651 (6) 31% Z.mobilis Dong et al. 2013

391 (5.8) 50% Z.mobilis Franden et al. 2013

11.04 (5.8) 0% Z.mobilis Franden et al. 2013
Syringaldehyde 2.86 61% 50% K.marxianus Oliva et al. 2003

0.2 74% 100% S cerevisiae Delgenes et al. 1996

1.5 33% 19% S cerevisiae Delgenes et al. 1996

0.75 101% 72%  Z mobilis Delgenes et al. 1996

1.5 83% 60%  Z mobilis Delgenes et al. 1996
4-hydroxy 1.02 61% 50% K. marxianus Oliva et al. 2003
benzaldehyde 0.5 97% 75% S cerevisiae Delgenes et al. 1996

1.5 25% 13% S cerevisiae Delgenes et al. 1996

0.5 21% 16%  Z mobilis Delgenes et al. 1996

0.75 14% 8% Z.mobilis Delgenes et al. 1996
vanillin 255 52% 50% K marxianus Oliva et al. 2003

317 0% I. orientalis Kwon et al. 2011

0.5 70% 49% S cerevisiae Delgenes et al. 1996

1 17% 14% S cerevisiae Delgenes et al. 1996

0.5 86% 62%  Z mobilis Delgenes et al. 1996

2 20% 12%  Z mobilis Delgenes et al. 1996
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of 10 g/l of formic acid and 15 g/I of acetic acid severely inhibit growth rates, while no severe
inhibition in productivity was observed at these concentrations. It should be noted that the
pH is always an important factor when measuring the toxicity of acids (See chapter 5.2). At pH
3.5, the same inhibitory effect is reached with 3.5 g/l acetic acid, as with 9 g/I of acetic acid
at pH 5 (Taherzadeh et al. 1997). The most toxic phenol tested was 4-hydroxybenzaldehyde,
which can already cause significant inhibition at concentrations below 1 g/I.

Although research performed with pure compounds gives an indication of the inhibitory
effect of lignocellulose by-products, combined effects should be taken into account when
identifying the toxicity of lignocellulose substrates as a whole. Some inhibitory effects can be
increased by synergy between different compounds. In Kluyveromyces marxianus fermenta-
tion, a combination of two compounds were added in concentrations which normally induce
25% inhibition in biomass production after 24 hours as a single inhibitor. The combinations of
catechol and 4-hydroxybenzaldehyde, and catechol and furfural showed little synergy. How-
ever, vanillin and 4-HB, catechol and vanillin, and furfural and vanillin showed a large synergy,
slowing down ethanol production by 80-95% (Oliva et al. 2004). Acetic acid and furfural were
shown to interact both on growth rate inhibition and yields on biomass and ethanol, however
not on ethanol production rates (Palmqvist et al. 1999). HMF and furfural can have a strong
synergistic effect, a combination of 2 g/| HMF and 2 g/I furfural was shown to be more toxic
than either 4 g/I furfural or 4 g/l HMF (Taherzadeh et al. 2000). E. coli was shown to be sensitive
to synergies between furfural and HMF or furfural and vanillin (Zaldivar and Ingram 1999).

ACTIVE REMOVAL OF INHIBITORY COMPOUNDS

To decrease the effect of inhibitory by-products during fermentation using lignocellulose
derived substrates, an extra upstream processing step can be added. In this step, (part of ) the
inhibiting by-products is removed, resulting in better fermentability.

Alkaline treatment, such as overliming, removes up to 40% of the furaldehydes, although
it might enhance degradation of oligomeric phenolic compounds to monomers (Nilvebrant
et al. 2003; Persson et al. 2002). The use of alkali at elevated temperatures might lead to a
substantial loss of sugar due to degradation of sugars to aliphatic acids (Nilvebrant et al. 2003).
Combining overliming with activated charcoal, up to 95% of the lignin derived phenolics can
be removed (Converti et al. 1999).

A pre-fermentation with inhibitory by-product consuming micro-organisms can be used to
remove by-products from pretreated lignocellulose. C. basilensis is able to consume furfural
present in concentrations up to 1.2 g/l, with full conversion of 0.34 g/I furfural to furfuryl alco-
hol and furoic acid in 7 hours. Further conversion of furfuryl alcohol and acid to 2,5-furandicar-
boxylic acid is possible in 12 hours. C. basilensis is unable to consume the sugars present in the
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media. C. basilensis can also consume organic acids like acetic acid, and aromatic compounds
such as vanillin, guaiacol and 4-hydroxybenzaldehyde (Koopman et al. 2010).

C. ligniaria is another micro-organism which is able to fully metabolize furfural and HMF in
the absence of sugars, however it does consume small amounts of sugar when sugars are
present in the media. It also has the potential to metabolize aromatic acids, aliphatic acids and
aldehydes (Nichols et al. 2005; Nichols et al. 2008).

Resins can also be used to remove the inhibitors from the medium by binding the inhibitors.
The amino polyelectrolyte polyethyleneamine has shown the potential to remove up to 89%
of the acetic acid, 59% of the 5-HMF and 82 % of the furfural in pretreated lignocellulose (Carter
etal. 2011). Using the anion resin AG 1-X8 on pretreated lignocellulose can increase ethanol
productivities to 1.71 g/I/h, compared to 0.34 g/I/h for untreated lignocellulose media. The
ethanol productivity on lignocellulose media pretreated with non-charged resin XAD-8 also
increased substantially to 0.9 g/I/h (Nilvebrant et al. 2001). Anion exchange resin Amberlite
IRA-400 in combination with calcium hydroxide has been shown to fully resolve inhibitory
effects of lignocellulose by-products on 2,3-butanediol producing Klebsiella pneumoniae, with
yields over 90% of the theoretical maximum, while untreated material resulted in an overall
yield of only 20% of the theoretical maximum (Frazer and McCaskey 1989).

Instead of expressing laccase in micro-organisms, the enzymes can also be added directly to
the pretreated lignocellulose. Hibbert ketones can be decreased by 80% in laccase pretreated
material (Larsson et al. 1999b). Using 0.5 U/ml laccase from Trametes versicolor, most phenolic
monomers were polymerized within 24 hours, only acetophenone and 4-hydroxybenzalde-
hyde were not affected (Kolb et al. 2012). The addition of 1 uM laccase decreases the amount
of investigated phenolic compounds from 2.56 to 0.17 g/I, increasing ethanol productivity of
yeast on pretreated lignocellulose from 0.8 to 2.7 g/I/h (Jonsson et al. 1998).

Electrodialysis can be efficient to remove small organic acids. AlImost all acetic acid can be
removed with this method. However, electrodialysis has little influence on the furan concen-
tration (Lee et al. 2013).

In a study different inhibitor removal methods, namely activated charcoal, anion resin
(DIAION HPA 25), neutralization, overliming and laccase treatment, were compared. It was
found that the anion resin had the best furan removal, while laccase treatment and the anion
resin both had a good phenolic compound removal. The highest ethanol productivity and
yield was achieved with the anion resin, followed by activated charcoal (Chandel et al. 2007).
Another comparison study also shows the best fermentability of S. cerevisae is achieved with
anion exchange (AG 1-X8), followed by calcium hydroxide treatment and laccase treatment.
Anion exchange removed 70% of the furans, and more than 90% of the phenolic compounds.
Ethanol productivity on anion exchange pretreated media was comparable to the reference
with pure sugars with productivities up to 1.5 g/I/h after 6 hours, while untreated biomass
showed a productivity of 0.04 g/I/h after 6 hours (Larsson et al. 1999b).
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LIGNOCELLULOSE BY-PRODUCTS: ALWAYS A BURDEN?

In this review, the inhibitory effect of compounds present after pretreatment are shown.
Sometimes, these compounds can also have a positive effect on yields and productivity. Some
inhibitors can reduce the growth substantially, while the productivity is (almost) unaltered.
This can result in a higher yield of product per amount of carbon source (Herbert et al. 1956;
Pirt 1965).

S. cerevisiae fermentations with up to 9 g/I of acetic acid or up to 2 g/I of furfural showed
increased ethanol yields (Palmqvist et al. 1999). Concentrations of undissociated acetic acid
up to 3.3 g/l have been reported to enhance ethanol yields by 20% (Taherzadeh et al. 1997).

In steady state fermentations, an increase in ethanol yield (g ethanol/g glucose) by S. cere-
visiae has been observed when the furfural concentration was increased up to 5.8 g/l in the
inlet medium. This resulted in a furfuryl alcohol concentration of 4.2 g/l (Horvath et al. 2001).

Different phenolics at a concentration of 10 mM, including acetovanillone and 4-hydroxy-
benzaldehyde, increased the ethanol yield of S. cerevisiae compared to a reference fermenta-
tion by up to 10%, however, at the cost of a lower productivity (Klinke et al. 2003).

CONCLUDING REMARKS AND FUTURE PERSPECTIVE

In every pretreatment method, large amounts of by-products are formed (Table 2). Three
major categories of by-products have been distinguished: Phenolic compounds, furans and
small organic acids. These by-products can inhibit the fermentations towards biochemicals,
decreasing productivity, growth and in some cases the yield of micro-organisms in these
fermentations, based on quantities present and inhibitory effects. Small organic acids and
furans are most likely to be inhibitory during fermentation. However, synergy among phenolic
compounds and between furans and phenolic compounds still makes the phenolic com-
pounds important to investigate. Two strategies have been reviewed to reduce the effect of
by-products: Increasing the tolerance of micro-organisms, or actively remove the inhibitors.
In both cases, it has been reported that significant improvements have been made in the
micro-organisms productivity under inhibitory stress conditions. Using targeted approaches,
it might be possible to limit inhibitory effects of some by-products in the (near) future.
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Chapter 3

ABSTRACT

Sugarcane bagasse is an interesting feedstock for the biobased economy, since a large fraction
is polymerised sugars. Autohydrolysis, alkaline and acid pretreatment conditions combined
with enzyme hydrolysis were used on lignocellulose rich bagasse to acquire monomeric
sugars. By-products found after pretreatment included acetic, glycolyic and coumaric acid in
concentrations up to 40, 21 and 2.5 g/kg dry weight bagasse respectively. Alkaline pretreated
material contained up to 45 g/kg bagasse DW of sodium. Acid and autohydrolysis pretreatment
results in a furan formation of 14 g/kg and 25 g/kg DW bagasse respectively. Monomerization
efficiencies of pretreated solid material by enzymes after 72h were 81% for acid pretreatment,
77% for autohydrolysis and 57% for alkaline pretreatment. Solid material was washed with
superheated water to decrease the amount of by-products. Washing decreased organic acid,
phenol and furan concentrations in solid material by at least 60%, without a major sugar loss.
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Analysis of by-product formation and sugar monomerization in sugarcane bagasse pretreated at pilot plant scale

INTRODUCTION

Crude oil reserves are depleting fast, while the use of crude oil is linked to the greenhouse
gas effect (Lashof and Ahuja, 1990). Therefore, oil use should be limited. Two major oil-derived
products, plastics and fuels, can be produced using a biobased process. Bioethanol can be
used to fuel modern cars, while the poly-lactic acid (PLA) can replace the petrochemically
produced polyethylene (PE) and polystyrene (PS) (Biinger, 2010).

The most abundant biopolymer on earth is lignocellulose, making it an interesting feed-
stock for the biobased economy (Klemm et al.,, 2005; Teeri, 1997). Lignocellulose is a polymer
consisting of three substructures; cellulose, hemicellulose and lignin. Cellulose consists solely
of B-linked glucose molecules. Hemicellulose composition can vary significantly, it can contain
many different sugars, including glucose, galactose, mannose, arabinose and xylose, while it
can also contain different acids, and has phenolic interlinks with lignin (Hatfield and Grabber,
1999). Lignin is a non-sugar containing polymer mainly build up from phenolic compounds
(Fengel and Wegener, 1984).

An interesting source of lignocellulose is sugarcane bagasse. Bagasse is the leftover of sug-
arcane stalks after sugar extraction. Bagasse has the following composition: 35-45% cellulose,
20-27% hemicellulose, 17-25% lignin and 10-15% other compounds (Kurakake et al,, 2007;
Neureiter et al, 2002; Martin et al, 2007). The amount of polymerised sugars in bagasse is
between 60% and 70% on a dry weight basis.

Sugars present in lignocellulose can be used in fermentation processes towards bioethanol
and lactic acid, the building block of PLA. To make the sugars available for fermentation, a
pretreatment is required. A commonly used method for pretreatment requires the lignocel-
lulose material to be milled and soaked in water. The mixture is heated to 160-180°C for 15-45
minutes, in which the lignocellulose is partially decomposed and/or degraded. A low pH
can enhance the monomerization of hemicellulose (acid pretreatment), while a high pH can
enhance the deacetylation of hemicellulose, while the lignin can also be (partially) solubilized
(alkaline pretreatment). The pretreated bagasse can be converted to monomeric sugars using
enzymatic hydrolysis.

Acid and alkaline pretreatment are well studied and common methods to decompose
lignocellulose, which have been shown to be cost efficient and applicable on a large scale
(Mcmillan et al.,, 2006; Humbird et al,, 2011). Autohydrolysis is very interesting as an alternative
method due to the absence of chemical addition, saving on operating costs.

Many studies have been performed on the hydrolysis of bagasse using acid and alkaline pre-
treatment. However, no extensive study has been performed on the formation of by-products
during the pretreatment of sugarcane bagasse. Knowledge of the formation of by-products
from lignocellulosic material is very beneficial when the decomposed lignocellulose is used
in a fermentation process. The by-products can result in problems further downstream, since
they can inhibit the growth and production of micro-organisms during fermentation (van
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der Pol et al, 2014). Knowledge on the inhibitory compounds can provide strategies towards
efficient fermentation processes.

In this paper, by-product formation will be analysed in a process which uses a chemical
pretreatment, steam explosion and enzyme treatment. By-products are also measured in the
solid fraction after thermo-chemical pretreatment, a fraction which is often overlooked with
regard to by-products. Sugar monomerization was taken into account to compare the effi-
ciencies of the methods, showing that the pretreatment was performed at industrial relevant
conditions. The experiments were performed on a pilot plant scale, using equipment which is
comparable to large scale pretreatment facilities. A washing step was introduced as a cheap
method to remove part of the by-products in the solid phase.

MATERIAL AND METHODS

Chemicals and feedstock

All chemicals used during analysis were ordered at Sigma Aldrich (Missouri, USA) and had a
purity of at least 98%, with the exception of formic acid (purity of 95%). The enzyme Accel-
lerase 1500 was obtained from Genencor (Denmark). Sugarcane grown in the Queensland
area in Australia was harvested, milled and sugars were extracted. The bagasse material was
stored dry outside until used.

Chemical pretreatment and Washing

Pretreatment took place in the Mackay Renewable Biocommodities Pilot Plant which is owned
and operated by Queensland University, and which has been previously described (Wong et
al, 2011).The pilot plant facility consist of a first stage horizontal pre-hydrolysis reactor capable
of handling up to 22kg of biomass feedstock, solid-liquid separation via piston pressing, and
a second stage vertical reactor capable of performing steam explosion at a maximum of 26
bars.

In this research, 20 kg of bagasse with a dry weight of ~50% was loaded in the horizontal
reactor, which was pre-heated to 5°C above reaction temperature for 20 min with 50 kg of
demineralized water (Table 1 and figure 1). After the addition of bagasse and water, chemicals
were added when required. In case of acid pretreatment, sulphuric acid (H2S04) was added
to a final concentration of 0.76% W/DW bagasse. In case of alkaline pretreatment, sodium
hydroxide (NaOH) was added to a concentration of 10% W/DW bagasse. Autohydrolysis did
not involve the addition of chemicals. For acid pretreatment, the reaction took place at 170°C
for 15 minutes. For alkaline pretreatment, the reaction took place at 160 °C for 45 minutes.
Autohydrolysis was performed at 170°C for 45 minutes. The reaction was performed in trip-
licate. After pretreatment, a solid liquid separation took place by pressing the solids with a
large piston press. The liquid fraction was stored at -20°C. The solid fraction from one of the
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Table 1: Overview of the conditions used for the pretreatment of sugarcane bagasse. In total, 9 runs were

performed (see figure 1)

Autohydrolysis
Acid Acid +Wash  Autohydrolysis + Wash Alkaline +Wash
Run 1,2 3 4 56 789
Bagasse used (kg DW) 10 10 10 10 10
DW in reactor (% W/W) 16.7 16.7 16.7 16.7 16.7
Chemical used H,SO, H,SO, none none NaOH
Chemical used (% W/DW) 0.76 0.76 - - 10
Temperature (°C) 170 170 170 170 160
Pretreatment time (min) 15 15 45 45 45
Wash water (L) none 10 none 10 10
Washing time (min) - 5 - 5 5
temperature washing (°C) - 150 - 150 150
20 kg bagasse (DW 50%)
50L demi water
v
Acid treatment Autohydrolysis, Alkaline treatment
0.76% W/DW H,50, No chemicals added 10% W/DW NaOH
15 min, 1700 ) 45 min, 1700C ¥ 45 min, 1600C
Solid liquid Acid Liquid Fraction Solid liquid Autohydrolysis Solid liquid Alkaline Liquid
separation Runl 2and3 separation —> Liquid Fraction separation > Fraction
Piston Press *) ’ Piston Press Run 4,5 and 6 piston Press Run7,8and 9
Solids ‘ Solids ; l solds
Washing stage Washing stage Washing stage
Liquids + Piston Press . + Piston Press. + Piston Press Liquids
Discarded 10 L water o 1 10 L water 10 L water [ Discarded
1500C, 5 min'") 1500C, 5 min 1500C, 5 min
v v v
Steam explosion Steam explosion Steam explosion Steam explosion Steam explosion
2000°c, 5 min 2000°c, 5 min ¥ 2000, 5 min 2000, 5 min 2000c, 5 min ¥
Enzyme treatment Enzyme treatment Enzyme treatment Enzyme treatment Enzyme treatment
Accellerase 1500 Accellerase 1500 Accellerase 1500 Accellerase 1500 Accellerase 1500
2% V/V, 72h, 500C 2 2% V/V, 72h, 500C @ 2% V/V, 72h, 50°C @ 2% V/V, 72h, 500C ? 2% V/V, 72h, 50°C @

!

Acid Solid-Derived
Fraction, Run 1 and 2

}

Acid Solid-Derived
Fraction, Run 3

Autohydrolysis
Solid-Derived
Fraction, Run 4

Autohydrolysis
Solid-Derived
Fraction, Run 5 and 6

Alkaline Solid-Derived
Fraction, Run 7,8 and 9

Figure 1: Process scheme for the pretreatment of sugarcane bagasse. The pretreatment consists of a primary
thermo-chemical pretreatment, an optional washing step, steam explosion and an enzymatic hydrolysis
(more details in table 1). (1): pretreatment on 60 litre scale. (2): treatment on 50 ml scale.
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three runs performed using acid pretreatment (Run 3), the solid fraction from two of the three
runs performed using autohydrolysis (Run 5 and 6) and all solid alkaline fractions (Run 7,8
and 9) were washed with 10 litre superheated water at a temperature of 150°C for 5 minutes.
A washing step was always combined with a new solid liquid separation, where the liquid
fraction, mainly consisting of wash water, was discarded.

Steam explosion

A vertical pressure reactor was pre-heated for 5 minutes at 200°C. The 9 different solid frac-
tions, acquired after chemical pretreatment or washing, with an estimated dry weight of
20-30%, were placed without any additions in the reactor and heated for 5 minutes at 200°C.
After 5 minutes, the blow valve was immediately opened, which expelled the material with
explosive force into the solid residue blow tank. Solid samples were stored at 4°C (acid and
autohydrolysis) or at -20°C (alkaline).

Enzyme treatment at laboratory scale

Solid-derived material of all 9 runs acquired after steam explosion were brought to room
temperature prior to use. 50 ml greiner tubes were filled with 10% w/w solids and 90% w/w
water. For alkaline pretreated solid samples, 7.5% w/w DW solids was used due to swelling
of the material. 1 ml of Accellerase 1500 (Genencor, Denmark) was added to each tube.
Samples were kept at a temperature of 55°C for 72 hours. After 24 and 48 hours, the pH was
re-adjusted to pH 5,and 0.5 ml of Accellerase 1500 was added to ensure a maximal sugar yield
was reached. In total, 4% V/V Accellerase 1500 was added. The enzyme treated solid-derived
fraction was stored at -20°C until analysis.

HPAEC-PAD method for sugar analysis

Samples were brought to room temperature prior to use. Samples were centrifuged for 10
minutes at 4000 RPM and 20-200 pl of supernatant was transferred to a 15 ml greiner tube.
The supernatant was diluted 20-200 times to ensure a measurement within calibration curve.
To 4 ml of diluted sample, 40 ul of fucose was added as an internal standard. 10 ul of bromi-
nephenolblue was used to check whether the pH of the sample was above 4. If the pH below
4, the pH was adjusted with bariumcarbonate until the solution is clear-blue. Samples were
filtered prior to analysis (0.2 pm Spartan, Whatman GmbH, Dassel, Germany).

A HPAEC-PAD system was used to for analysis, using 4 different eluents (Dionex, California,
USA). Eluent A consisted of milliQ water, eluent B contained milliQ water with 150 mM NaOH,
Eluent C contained milliQ water with 600 mM NaAc, and Eluent D contained milliQ water with
500 mM NaOH. The flow of the eluent mix was set at 1 ml/min. Over time, the following eluent
mixtures were used in gradient: t=0 min: 83% A 17% B -> t= 2-30 min: 100% A -> T=33-42
min: 30% A 35% B 35% C -> T=45-50 min: 100% B. Eluent D was used as a postcolumn flow.
The column used was a Dionex CarboPac PAT (length 250 mm — 1.D. 4 mm) with precolumn.
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Column oven temperature was set at 35°C. Measurements were compared to standard runs,
and corrected based on internal standard. Duplo measurements showed a standard deviation
of less than 5 percent for all samples. Results were verified using a different sugar analysis
machine and method (Eylen et al, 2011), no major irregularities were seen, and an average
deviation between methods of 6% was observed.

HPLC method for organic acids and furan analysis

Samples were brought to room temperature prior to use. Samples were centrifuged for 7
minutes at 10000 RPM. The supernatant was diluted 5 times to ensure measurements within
the calibration curve, and filtered using a 0.2 um filter (Spartan, Whatman GmbH, Dassel,
Germany). To 400 pl diluted sample, 400 pl internal standard consisting of 0.5 g/l phthalic acid
was added. Samples were measured using HPLC equipment. The HPLC set-up consisted of a
Waters 717plus autosampler, a Waters 1515 isocratic pump and column oven, a Waters 486 UV
detector, and a waters 996 PDA (Milford, USA). Two columns were used to acquire sufficient
separation. The first column was a Grace Preveal organic acid 5um column (Length 250 mm —
1.D.4.6 mm), which was followed by a Shodex RSpak KC-811 ion exchange column (Length 300
mm - 1.D. 8 mm). Acids and furans were determined via spectrometry at a wavelength of 210
nm, where PDA analysis at a range of 210-350nm was used to check for purity of components.
As eluent, milliQ water supplemented with 250 pl/l 85% phosphoric acid (H3PO4) (3.7 mM)
was used. The oven temperature was set at 60°C, the flowrate was set at 1 ml/min. Samples
were compared to standards to determine the concentration. Sample standard deviation in
duplo measurements seen with this method did not exceed 7%.

Values for acetic acid were cross-checked using a different column in the same system.
Using a Biorad aminex HPX-87H column (Length 300 mm - 1.D. 7.8 mm), eluent 0.004M
H2504 in milli-Q water, flowrate 0.6 ml/min, average differences in measurements between
this method and double column method were less than 4%. Values for furfural and HMF were
cross checked with the same Biorad aminex column on a different wavelength (280 nm), as
well as on a different system (UPLC Dionex-3000) which was equipped with an Acquity UPLC
BEH C18 RP column (length 50 mm —1.D. 2.1 mm) using an eluent of milliQ water with 2 ml/
litre formic acid. The maximal difference observed between these three methods was 8%.

Enzymatic determination of formic acid

Due to the inability of the HPLC method to separate formic acid and pyruvic acid using HPLC,
a formic acid determination enzyme kit manufactured by R-biopharm using UV (Roche,
Switzerland) was used to determine the concentration of formic acid present in the differ-
ent samples. Samples were diluted 10 times to ensure a measurement within the calibration
curve.
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ULC/MS method to determine phenolics

Prior to use, samples were brought to room temperature, centrifuged for 10 minutes at 4000
RPM, and supernatant was transferred to a clean eppendorf tube. These samples were diluted
10 times and filtered using a 0.2um filter (Spartan, Whatman GmbH, Dassel, Germany). To
determine the concentration of phenolic compounds, 100 pul of this 10x diluted sample was
added to 900 ul milliQ water and 100 ul internal standard. ULC/MS analysis where performed
on a Dionex RSLC system with an UltiMate 3000 Rapid Separation pump and auto-sampler.
Phenolic compounds were detected at 280 nm with a Dionex Ultimate 3000 RS Diode Array
Detector in combination with a Thermo ScientificTM LCQ Fleet lon Trap Mass spectrometer.
Phenolic compounds were separated using an Waters Acquity UPLC BEH C18 reversed phase
column (length 150 mm = I.D. 2.1 mm, 1.7 um particle size) with a sample loop of 100 pL.
The guard column was a Waters VanGuard Acquity UPLC BEH C18 guard column (Length 5
mm — 1.D. 2.1 mm, 1,7 um particle size). The column temperature was maintained at 40°C.
Elution was performed at a flow rate of 0.35 mL/min, using the following gradient (expressed
as solvent B): initial composition: 4.0 % B, 0.0-1.0 min: 4.0 % B; 1.0-17.0 min: 56.0 % B; 17.0-18.0
min: 70.0 % B; 18.0-20.0 min: 70.0 % B; 20.0-21.0 min: 100 % B; 21.0-24.0 min: 100 % B;
24.0-25.0 min: 4.0 % B; 25.0-30.0 min: 4.0 % B. Eluent A consisted of Biosolve ULC/MS grade
water with 2 mL/L acetic acid (MS positive modus) or Biosolve ULC/MS grade water with 50
mM ammonium acetate buffer (MS negative modus). Eluent B consisted of Biosolve ULC/MS
grade acetonitrile. Heated electrospray ionization (HESI) mass spectrometry was performed in
both positive and negative modes. The LCQ mass spectrometer was operated with the HESI
set on 100°C and the capillary temperature at 130°C, sheath gas at 70 (arbitrary units), the
auxiliary gas at 15 (arbitrary units) and the sweep gas at 2 (arbitrary units). The electrospray
voltage was set to 3.5kV. In the positive modus the capillary voltage was set at -22V, and the
tube lens offset at —89.89V. In the negative modus the capillary voltage was set at 19V, and
the tube lens offset at 75V. The injection time was 200 ms. Mass spectra were recorded from
m/z 80-500 at unit mass resolution without in-source fragmentation. For sequential MS/MS
experiments, the normalized collision energy was 35%, with wideband activation turned off.
Several representative chromatograms are shown in the supplementary data. Concentrations
were calculated based on standards with known concentrations.

Element analysis

30 different elements, including AL, Ca, Fe, K, Mg, Na, P, S and Si, were analysed using ICP
(Varian vista PRO, Palo Alto, California, USA). Prior to analysis, the samples were centrifuged for
5 minutes at 8000 RPM. 1 gram supernatant was dissolved in 2 ml 70% nitric acid and 97 ml
milliQ water. Concentrations were calculated based on standards with a known concentration.
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RESULTS AND DISCUSSION

Bagasse has been pretreated to monomerize lignocellulosic sugars. The first step of this
pretreatment is a thermo-chemical pretreatment. This pretreatment is performed either with
the addition of acid, alkali, or without the addition of any chemicals. After this first pretreat-
ment, the whole reactor was piston-pressed to acquire a solid-liquid separation. 3 types of
liquid fractions can be distinguished (figure 1): liquid samples obtained after acid pretreat-
ment (hence called acid liquid fraction), liquid samples acquired after alkaline pretreatment
(alkaline liquid fraction), and liquid samples resulting from an autohydrolysis pretreatment
(autohydrolysis liquid fraction).

The solid fraction, acquired after the solid-liquid separation, underwent several more pro-
cessing steps. First, an (optional) washing stage was performed. Second, the solids were steam
exploded. Afterwards, on a smaller scale, the solids were treated with enzymes to monomer-
ize all sugars. The whole process acquired 5 different samples after enzyme treatment (figure
1): solid-derived samples which were initially pretreated with acid, and were washed (hence
called washed solid-derived acid fraction) or unwashed (solid-derived acid fraction), solid de-
rived samples which were initially pretreated without chemicals, and were washed (washed
solid-derived autohydrolysed fraction) or unwashed (solid-derived autohydrolysed fraction),
and solid-derived samples which were initially pretreated with alkali and washed (washed
solid-derived alkaline fraction). Both the solid-derived and liquid fraction can be added up to
form one total value of the amount of by-product formed (hence called total fraction).

Analysis were performed to determine the concentration of abundant acids, furans, phe-
nolics and ions, in combination with the amounts of sugars present in each type of sample
(Table 2). All values were recalculated to grams per kilogram initial dry weight bagasse, since
concentrations are very subjective to the amount of initial biomass used.

Quantification of sugars in different fractions of pretreated bagasse

Analysis was performed to determine the amount of sugars present in both the liquid and
solid-derived fraction (Table 2A). In the liquid fraction, acquired directly after chemical pre-
treatment, both monomeric sugars and oligomeric sugar polymers are present. In all three
types of chemical pretreatment, the amount of polymeric sugar which could be depolymer-
ized by enzymes in the liquid fraction was roughly 25 g/kg DW bagasse. The monomeric sugar
content showed large differences. Very small amounts of monomeric sugars were found in
the alkaline liquid fraction. On the other hand, a large amount of sugar monomers were found
in the acid liquid fraction, with over 125 grams of sugars per kg of DW found after chemical
pretreatment. The majority of these sugars was xylose, showing that a large monomerization
of the hemicellulose occured during acid pretreatment. In the autohydrolysed liquid fraction,
56 grams per kg DW of sugars were found.
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Table 2: Presence of different compounds after pretreatment of bagasse, expressed in gram of compound per
kilogram dry weight. Liquid fraction is acquired after the initial thermo-chemical pretreatment, Solid-derived
fraction is acquired after enzyme treatment. N.D.: Not determined. " sugar monomers are sugars present as
monomers before enzymatic treatment, depolymerized sugars are sugars depolymerized during enzymatic
treatment

Average of run(s) 1,23 1.2 3 456 4 56 789 7,89
Alkaline
Acid pretreated Autohydrolysis pretreated
Washed Washed Washed
Solid solid Solid solid solid

Liquid  derived derived Liquid  derived  derived Liquid  derived

) Fraction fraction fraction Fraction  fraction fraction Fraction fraction

A: Sugar monomers'

Galactose 2.82 N.D. N.D. 1.12 N.D. N.D. 0.00 N.D.
Glucose 727 N.D. N.D. 336 N.D. N.D. 0.00 N.D.
Xylose 79.38 N.D. N.D. 19.87 N.D. N.D. 0.16 N.D.
Mannose 0.52 N.D. N.D. 0.00 N.D. N.D. 0.00 N.D.
Arabinose 9.70 N.D. N.D. 263 N.D. N.D. 0.00 N.D.

Depolymerized sugars”

Galactose 0.00 1.18 0.66 032 0.63 0.55 0.04 0.70
Glucose 698 43809 41741 6.23 40126 43535 446 337.09
Xylose 1833 41.90 25.74 22.60 30.07 13.36 1841 111.23
Mannose 0.90 0.58 1.12 0.74 0.82 0.90 035 0.17
Arabinose 0.00 248 1.45 0.00 1.25 1.05 0.00 1.62
Total sugars 125.90 484.22 446.37 56.85 434.02 451.21 23.42 450.82
B: Furans

Furfural 773 433 0.18 18.87 279 0.09 0.07 0.00
HMF 0.98 1.30 0.00 261 1.41 0.00 0.00 0.17
Furoic acid 0.05 0.06 1.90 022 0.13 1.63 0.02 0.02
Total furans 8.76 5.69 2.08 21.70 4.34 1.72 0.08 0.19
C: Acids

Acetic acid 13.93 10.17 301 20.17 13.98 357 33.01 7.12
Glutaric acid 0.52 0.60 0.15 0.30 0.38 013 0.11 0.79
Glycolic acid 4.54 8.28 647 1242 9.94 839 753 7.31
Levulinic acid 8.37 13.02 0.69 38.82 18.24 1.16 497 1.65
Oxalic acid 0.75 0.29 0.13 0.66 0.28 0.16 127 0.24
Formic acid 1.22 2.08 0.21 3.08 1.69 0.11 712 0.19
Total acids 29.33 34.45 10.66 75.44 44.51 13.52 54.00 17.31
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Table 2: (continued)

Average of run(s) 1,23 1.2 3 456 4 56 789 7,89
Alkaline
Acid pretreated Autohydrolysis pretreated
Washed Washed Washed
Solid solid Solid solid solid

Liquid  derived derived Liquid  derived  derived Liquid  derived
Fraction fraction fraction Fraction  fraction fraction Fraction fraction

D: Phenols

Coumaric acid 1.579 1.059 0.051 0.810 0.490 0.069 2.108 0.022
ferulic acid 0.189 0152 0024 0.107 0.067 0.018 0.106 0.005
4-hydroxybenzaldehyde 0.203 0.157 0.010 0322 0.115 0.011 0479 0.006
vanillin 0386  0.135 0.020 0.212 0.088 0.015 0.094 0.002
4-hydroxyacetophenone 0.038 0.019 0.004 0.034 0.020 0.007 0.062 0016
isovanillin 0.011 0.003 0.002 0.009 0.001 0.000 0.017 0.004
acetovanillone 0000 0000  0.000 0.000 0.000 0.000 0.052 0.012
acetosyringone 0.000 0.000 0.000 0.021 0.000 0.000 0.269 0.057
4-HB-Acid 0.100  0.045 0.000 0.054 0.036 0.012 0.050 0.113
Syringic Acid 0.063 0.074 0.160 0.065 0.054 0.123 0.096 0.060
Syringaldehyde 0.183 0147 0052 0.147 0.114 0.048 0.035 0.014
Total phenols 2.753 1792 0.322 1.782 0.986 0.302 3.367 0.310
E:lons

Aluminium (Al) 0.06 0.04 0.03 0.03 0.05 0.03 0.00 0.17
Calcium (Ca) 0.54 0.18 023 0.34 0.18 0.19 0.09 1.00
Iron (Fe) 041 0.08 0.03 033 0.09 0.05 0.03 037
Potassium (K) 1.20 1.60 0.92 1.10 1.00 1.02 1.64 1.30
Magnesium (Mg) 042 0.15 0.10 0.36 0.18 0.15 0.03 0.69
Sodium (Na) 0.20 9.08 7.1 0.18 747 541 30.76 1345
Phosphor (P) 0.20 073 0.70 0.19 0.69 0.68 0.13 0.89
Sulfur (S) 237 1.93 150 0.14 1.26 1.28 0.16 1.62
Silicon (Si) 0.53 0.28 0.24 1.00 0.29 0.27 0.21 0.60
Total ions 5.93 14.04 10.86 3.68 11.21 9.08 33.05 20.11

The most abundant sugar in the solid-derived fraction is glucose. In the solid-derived
alkaline fraction, the xylose fraction is much larger than in the solid-derived autohydrolysed
and acid fraction. The amount of xylose found in the solid-derived alkaline fraction was 110 g/
kg DW bagasse, while the solid-derived autohydrolysis and acid fraction contained 30-40 g/
kg DW bagasse. It can be concluded that were most hemicellulose in acid and autohydrolysis

59



Chapter 3

pretreatment is solubilized, the hemicellulose largely remains part of the solid structure in
alkaline pretreatment. All pretreatment methods yielded around 450 gram of monomerisable
sugars per kg DW in the solid-derived fraction.

Using acid pretreatment on bagasse, combined with enzymatic hydrolysis, can result in
a sugar monomerisation yield 600 gram sugars per kg DW bagasse, where alkaline and au-
tohydrolysis pretreatment yield around 500 gram of monomeric sugars per kg DW bagasse
(igure 2 and table 3A). According to literature, the sugar fraction in bagasse is 62-73% on a
dry weight basis (Kurakake et al,, 2001; Neureiter et al,, 2002; Martin et al,, 2007). When this
data was used, it can be calculated that a combination of acid pretreatment, steam explosion
and enzyme treatment resulted in a sugar monomerization of at least 82%. The main sugar
loss in acid pretreated bagasse is in hemicellulose sugars. Using autohydrolysis and alkaline
pretreatment, at least 65% of the sugars were monomerized during the whole pretreatment
process. The main sugar loss in alkaline pretreatment is both in hemicellulose sugars as well
as in glucans, in autohydrolysis lower sugar concentration is mainly due to a loss of hemicel-
lulose sugars. The addition of a washing step led to a sugar content reduction of 8% in acid
pretreated bagasse, while in autohydolysed bagasse the sugar content with a washing step
was slightly higher, but not significantly with a difference of 3%.
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Figure 2: The amount of monomeric sugars found after pretreatment in the solid-derived fraction and liquid
fraction in grams of sugar per kg initial DW bagasse. The pretreatment consisted of a combination of chemi-
cal pretreatment, steam explosion and enzyme treatment. Standard deviations are based on multiple runs as
shownintable 1.
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Table 3: Sugar monomerization efficiencies of acid, autohydrolysis and alkaline pretreated material. A) mo-
nomeric sugars measured based on initial bagasse dry weight, including monomerization efficiency based on
estimated polymerized sugars initially present in bagasse. B) Amount of sugars present in solid fraction based
on chemical analysis, and enzymatic hydrolysis efficiency of these polymerized sugars.

Table 3A (total fraction) acid pretreatment Autohydrolysis Alkaline pretreatment
total sugars (g/kg initial DW) 597 502 474

Liquid fraction (g/kg initial DW) 126 57 23

Solid fraction (g/kg initial DW) 471 445 451
monomerized sugars (% initial

polymerized sugars) 82-96 69-81 65-76

Table 3B (solid fraction) acid pretreatment Autohydrolysis Alkaline pretreatment
Glucans present (g/kg DW) 480 480 520

% glucans monomerized 81 79 59

Xylans present (g/kg DW) 40 30 190

% Xylans monomerized 80 66 52

Total sugars (g/kg DW) 520 510 710

% total sugars monomerized 81 77 56

The solid material acquired after steam explosion was also analysed for polymeric sugar
content using compositional analysis (Table 3B). Acid and autohydrolysis solid fraction con-
tained 48% glucan and 3-4% xylan, while alkaline solid fraction contains 52% glucan and 19%
xylan. Overall, the enzyme monomerization efficiency after 72h of acid pretreated material
was 81% taking into account the weight of water required for hydrolysis, autohydrolysis has
an enzyme monomerization efficiency of 77%, while the enzyme monomerization efficiency
of alkaline pretreated material was much lower with 57%.

Presence of furans in pretreated bagasse

Furans are formed by when monomeric sugar molecules are dehydrated. The dehydration is
stimulated in environments with a low pH and a high temperature (Dunlop, 1948). Furans can
only be formed when monomeric sugars are released during the pretreatment.

After alkaline pretreatment of bagasse, only small amounts of furans are observed due to
an absence of monomeric sugars, combined with the use of a high pH (Table 2B). In auto-
hydrolysed and acid pretreatment, furans are found in a much larger quantity. Furfural and
5-Hydroxymethylfurfural (5-HMF), the two main furanic compounds, have different origins.
Where furfural is a dehydrolysed pentose sugar, 5-HMF is a degraded hexose sugar. In bagasse,
furfural is more abundant than 5-HMF, mainly due to the higher presence of monomeric
pentoses such as xylose during the initial pretreatment. In the acid liquid fraction, 10% of the
monomeric sugars are hexoses, while 90% of the monomeric sugars are pentoses.
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In total, autohydrolysis results in a furfural formation of more than 20 gram per kg of DW
bagasse, with most furfural being present in the liquid fraction. The presence of furfural in
the acid solid-derived and liquid fraction is lower, but still considerable with 4.3 and 7.7 gram
per kg DW bagasse respectively. Alkaline pretreatment did not result in significant furfural
formation.

The furfural present in the solid-derived fraction after thermo-chemical pretreatment can
be removed relatively easily by a washing step, reducing the amount of furans in solid-derived
fraction by over 95%. Apart from furfural, smaller quantities of 5-HMF are formed, up to 2
gram per kg DW in acid pretreated and up to 4 gram per kg DW in autohydrolysis pretreated
samples.

Furfural can be a main inhibitory by-product during fermentation. 1.6 gram per litre of
furfural has been shown to decrease the growth rate of Zymomonas mobilis by 50%, while
1 gram per litre can severely inhibit some Saccharomyces cerevisiae strains (Delgenes et al,,
1996; Franden et al, 2009). In fermentations performed at higher sugar concentrations ac-
quired from acid pretreated or autohydrolysed bagasse, furfural can be a major inhibiting
compound, and can therefore be seen as a major pitfall of acid and autohydrolysis pretreated
material. Alkaline pretreated material did not contain any furfural, which can be an advantage
during fermentation.

Presence of small organic acids in pretreated bagasse

Small organic acids can originate from different sources. The acids can already be present in
the structure. An example is acetic acid, which is linked to the backbone of hemicellulosic xy-
lans and arabinans (Sun et al.,, 2004). Thermo-chemical pretreatment can release these acids.
The acids can also be formed during pretreatment. Examples are levulinic acid and formic
acid, which are formed when furans are further dehydrated. Furthermore, micro-organisms
can be present as contaminants in the substrate, producing a range of different acids, for
example lactic acid.

Table 2C shows the presence of small organic acids in pretreated bagasse. The most abun-
dant organic acid in acid and alkaline pretreated material is acetic acid. Where up to 23 grams
of acetic acid per kg of DW bagasse can be present in total after acid pretreatment, over 40
grams per kg DW of acetic acid can be present in total after alkaline pretreatment. This equals
an amount of up to 10 gram of acetic acid per 100 grams of sugar after alkaline pretreatment,
while acid pretreated material contained around 4 gram of acetic acid per 100 grams of sugar.
At low pH fermentations, 3.5 gram per litre of acetic acid can reduce growth rates by 33%in S.
cerevisiae, while at higher pH 9 gram per litre of acetic acid has the same effect (Taherzadeh et
al, 1997). It has been reported earlier that alkaline pretreatment enhances the deacetylation
of hemicellulose (Kumar et al., 2009). High acetic acid concentrations can be a potential pitfall
for fermentation of alkaline pretreated material feedstocks.
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In autohydrolysis pretreated bagasse and to a lesser extent in acid pretreated bagasse, large
amounts of furans are present, as shown in table 2B.In an environment with a low pH and high
temperature, 5-HMF can dehydrate further to levulinic acid and formic acid. Autohydrolysis
results in more than 55 grams of levulinic acid per kg DW bagasse. Acid pretreatment, which
was slightly less severe, yielded 21 grams of levulinic acid per kg DW bagasse. In alkaline
pretreated material, where no furans were formed, levulinic acid was found in an amount of 6
grams per kg DW bagasse.

Another small organic acid formed in large quantities is glycolic acid. It was found in con-
centrations up to 20 grams per kg DW after autohydrolysis. In acid and alkaline pretreated
material, the formation was slightly lower with amounts measured of 12 and 15 gram per
kg DW respectively. The presence of glycolic acid in substantial concentrations is typical for
sugar-rich plants like sugarcane or sugar beets.

Lactic acid was not present in high concentrations. The presence of lactic acid was below
the detection limit of 0.5 gram per kg DW bagasse.

In total, more 12% of the initial dry weight ended up as small organic acids in the case of
autohydrolysis pretreatment. In alkaline pretreatment with a washing stage, 7% W/W of the
initial dry weight ended up as small organic acids. Since alkaline pretreated material can-
not be used without washing the material due to high sodium hydroxide addition, alkaline
pretreatment was not performed without washing. However, when the washing efficiency
of acid pretreated and autohydrolysed bagasse was used, it can be estimated that the total
amount of acids in alkaline pretreatment without washing should be just below 10% W/W.
Acid pretreated material yielded the lowest small acidic compound formation, only 6% W/W
of the initial dry weight ended up as small organic acidic compounds.

Effect of sugar degradation on autohydrolysis yields

Due to large amounts of acids released during autohydrolysis pretreatment, the behaviour
of the autohydrolysis pretreatment is expected to be similar to acid pretreatment. When
comparing autohydrolysis and acid pretreatment, a large part of the xylose is missing in the
autohydrolysed samples. The total amount of xylose found in alkaline pretreatment was 130
g/kg DW bagasse, in acid pretreatment 140 g/kg DW bagasse, while autohydrolysed bagasse
contained only 70 g/kg DW bagasse. A lower hemicellulose monomerization efficiency and
accessibility might occur due to the slightly higher pH compared to the acid pretreatment.
However, higher xylose presence has not been observed in the solid fraction (Table 3), thus it
is unlikely that this is the main reason for the missing xylose.

Degradation of sugars can also have an effect on the observed sugar concentrations. In an
environment with elevated temperatures and a low pH, sugars which are monomerized can
be dehydrated to form furfural and 5-HMF, and further dehydrated to levulinic acid, furoic acid
and formic acid. In total, more than 80 gram per kg DW of furfural, HMF and levulinic acid is
present in autohydrolysed material. The formation of these compounds is significantly lower
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in acid pretreated material, where around 20 gram per kg DW of furans and levulinic acid
are formed. The difference in furan and levulinic acid formation can explain the differences
in xylose concentrations found between autohydrolysis and acid pretreatment. Although
autohydrolysis is a cheaper method to perform due to absence of chemical addition, the
degradation of hemicellulose sugars, and the formation of large amounts of potential in-
hibiting by-products make this method less interesting to use as pretreatment method for
lignocellulose on a large scale.

Quantification and qualification of phenols in pretreated bagasse

Phenols are in quantity the smallest fraction of by-products formed during the pretreatment.
However, they are in most cases more toxic for micro-organisms than for instance small
organic acids (Klinke et al., 2003), and are therefore still important by-products of which the
formation should be limited.

Among the abundant phenols found after pretreatment are coumaric acid and ferulic
acid in total amounts up to 2.5 and 0.3 gram per kg DW bagasse respectively (Table 2D). In
monocot-type lignocellulose such as sugarcane bagasse, both coumaric acid and ferulic acid
have important structural properties in maintaining bonds between lignin and hemicellulose
(Hatfield and Grabber, 1999). The release of coumaric and ferulic acid is therefore an indication
of the degradation of the lignocellulosic structure. Besides pure ferulic acid and coumaric
acid, dimers and oligomers are formed which contain one or more ferulate and/or coumarin
subunit (table 4). In acid pretreated samples, coumarin-malic and ferulate-malic esters are
observed, in line with earlier reports (Harbaum et al,, 2007). Furthermore, coumarin-pentose

Table 4: Qualitative analysis of important phenolic compounds found after pretreatment in the liquid frac-
tion mass spectrometry (MS) combined with liquid chromatography (UHPLC).

MS modus  Retentiontime Mass fractionation pattern (MS/MS)  presentin ~ Compound

Positive 8.5 279 165;147:119 Acid-auto  Coumarin-malic ester
8.65 95 N.D. Acid-auto  Phenol
9.11 309 195177145117 Acid-auto  Ferulate-malic ester
9.58 255 237;155;140;123 alkali unknown syringate
10.78 373 249,217:173;145:117 alkali unknown ferulate
10.81 179 161;147:133:119 Acid-auto  methoxycinnamic acid
1099 209 191;177;145 Acid-auto  dimethoxycinnamic acid
11.01 343 219,147 alkali unknown coumarin
1285 387 368351,325,263;219;193 alkali Diferulic acid

Negative 575 385 313;193 alkali Diferulic acid
9.11 325 265;235;217;193:175;149;134 Acid-auto  ferulate-mono pentose ester
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sugar esters and ferulate-pentose sugar esters are observed. The pentose sugars are most
likely arabinose (Hatfield and Grabber, 1999). In alkali pretreated material, two non-defined
diferulic acids were found. One diferulic acid is likely to be 8-O-4 diferulic acid, based on earlier
MS work (Appeldoorn et al., 2010; Vismeh et al,, 2013). Also, two unknown esters of coumarin
and ferulate were found with mass 342 and 372. Combined with the amounts of coumaric and
ferulic acids formed, these observations indicate a loss of structure in the lignin-hemicellulose
interaction, thus increasing the accessibility of the cellulose.

Other phenols which were found are 4-hydroxybenzaldehyde, vanillin, 4-hydroxybenzoic
acid and syringaldehyde. 4-hydroxybenzaldehyde and syringaldehyde are building blocks of
the lignin. Although concentrations of phenolic compounds were relatively small, 4-hydroxy-
benzaldehyde was found in much higher concentrations in alkaline pretreated bagasse with
0.5 gram per kg DW bagasse, compared to 0.2 gram per kg DW bagasse in acid pretreated
bagasse. Since bagasse contains around 17-25% W/W lignin compounds (Kurakake et al,
2001; Neureiter et al., 2002; Martin et al, 2007), and the measured amounts of 4-hydroxy-
benzaldehyde and syringaldehyde are less than 0.1% W/W, it can be concluded that lignin
degradation towards monomers is relatively small.

Where autohydrolysis and acid pretreatment resulted in the formation of phenolic acids
and aldehydes, a large amount of phenolic ketones was observed in alkaline pretreated lig-
nocellulose. The effect of a different pretreatment has a large influence on syringates. Where
syringates were mainly observed as syringic acid in autohydrolysis and acid pretreatment,
they were found as acetosyringone in alkali pretreated material. Furthermore a larger syrin-
gate based structure was found in alkali pretreated material (table 4).

Overall, autohydrolysis yielded the lowest amount of phenols, with a total of 2.7 grams
phenolics per kg DW. Acid pretreated yielded in total around 4.5 gram per kg DW of phenols.
Alkaline pretreatment yielded the highest amount of phenols in the liquid fraction, nearly
twice as much as the liquid autohydrolysed fraction, and had a similar phenol concentration
in the washed solid-derived fraction.

Metal and ion analysis in pretreated bagasse

Metals and ions are often overlooked as potential inhibitory by-product during fermentation
processes. Plant material can contain large amounts of metals, especially when grown in an
area with metal-rich soil. The thermo-chemical pretreatment also adds to the amounts of
sulphur and sodium ions present in the bagasse after pretreatment.

In autohydrolysed material, a total of 15 gram of metals and ions per kg DW bagasse was
found (table 2E). The main compound observed were sodium ions. Part of these sodium ion
were added to ensure an optimal pH during enzyme treatment. Other metals and ions found
in significant concentrations are sulphur, silicon and potassium.

Sulphuric acid was added in acid pretreatment. Therefore, enhanced concentrations of 2.4
gram sulphur ions per kg DW bagasse wer found in the liquid acid fraction. However, even
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without washing the concentration sulphur ions in the solid-derived acid fraction was not
elevated.

In alkaline pretreatment sodium hydroxide is added in large quantities. The presence of
sodium ions in the liquid alkaline fraction is more than 30 gram per kg DW bagasse, which is
much higher than the 0.2 gram per kg DW bagasse observed in the other two pretreatment
methods. Even with a washing step, the amount of sodium ions is almost twice as high in the
solid-derived alkaline fraction compared to the autohydrolysis and acid pretreatment, while
much less sodium hydroxide was added during the enzymatic hydrolysis for pH control.

Effect of washing step on autohydrolysis and acid pretreated solid-derived
fraction

In this research, the addition of a washing step was shown to be a good method to lower the
amount of by-products present in the solid-derived fraction (figure 3). The concentration of
most compounds in the solid material was significantly reduced by a washing step with su-
perheated water. Furthermore the glucose yield compared to non-washed material was only
not significantly decreased. The concentration of hemicellulose sugars in the solid-derived
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Figure 3: Effect of washing with superheated water on the amount of by-products present in the solid-derived
fractions.
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autohydrolysed and acid fraction after enzyme treatment was slightly lower when a washing
step was introduced. Since most hemicellulose sugars are already present in the liquid frac-
tion, this did not result in a major loss of sugar in these samples.

The presence of most compounds was significantly reduced in presence after the solid
material was washed. These compounds include furfural, HMF, levulinic acid, acetic acid and
all phenols. However, the presence of some compounds was not significantly reduced by
a washing step, for instance glycolic acid and sodium. When samples were washed, furoic
acid and syringic acid were present in higher concentration than in the non-washed samples.
Either they are formed during the washing step, but most likely they are formed during the
steam explosion stage of the pretreatment, which occurs after washing. The washing step is
likely to cause a more neutral pH, and in combination with an elevated temperature furfural
can be auto-oxidized to furoic acid (Dunlop 1948). This has earlier been observed for corn
stover, pretreatment in a buffer of pH 7 with wet oxidation yielded high amounts of syringic
acid yield (Du et al,, 2010).

Overall, around 70% of the acids were removed. The amount of furans was reduced by 60%,
the amount of phenols was reduced by 70 to 80%. On the other hand, only 20% of the ions
were removed. In solid-derived acid fraction, washing resulted in a sugar loss of 8%, which
was mainly xylose. In the autohydrolysis pretreated samples, a large fraction of the xylose was
also removed, but the glucose yield was enhanced slightly.

CONCLUSIONS

This paper has given an overview of the strengths and weaknesses of different pretreatment
methods. When looking at sugar monomerization efficiencies, acid pretreatment is the best
choice. Acid pretreatment also shows the lowest formation of small organic acids. Where
autohydrolysis and acid pretreatment have a high furan formation, alkaline pretreatment does
not result in furan formation. Autohydrolysis has the highest acid and furan formation, but the
lowest phenol and ion formation. A washing step is beneficial. It can lower the presence of
organic acids, furans and phenols by 60-80%, while the loss of sugar is relatively small.
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Figure A: Representative ULC/MS graphs of acid and alkaline pretreated samples in positive and negative
mode. a: alkaline pretreated material, positive scan, b: alkaline pretreated material, negative scan, c: acid pre-
treated material, positive scan, d: acid pretreated material, negative scan
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Chapter 4

ABSTRACT

Sugars obtained from pretreated lignocellulose are interesting as substrate for the production
of lactic acid in fermentation processes. However, by-products formed during pretreatment of
lignocellulose can inhibit microbial growth. In this study, a small-scale rapid screening method
was used to identify inhibitory effects of single and combined by-products on growth of lactic
acid producing micro-organisms. The small-scale screening was performed in 48-well plates
using 5 bacterial species and 12 by-products. Large differences were observed in inhibitory
effects of by-products between different species. Predictions can be made for growth behav-
iour of different micro-organisms on acid pretreated or alkaline pretreated bagasse substrates
using data from the small-scale screening. Both individual and combined inhibition effects
were shown to be important parameters to predict growth. Synergy between coumaric acid,
formic acid and acetic acid is a key inhibitory parameter in alkaline pretreated lignocellulose,
while furfural is a key inhibitor in acid pretreated lignocellulose.
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INTRODUCTION

Poly-lactic acid (PLA) is a renewable alternative for petrochemically derived plastics such as
polyethylene (PE) and polystyrene (PS) (Garlotta et al., 2001). Lignocellulose is an interesting
renewable carbon source, which can be used as feedstock in lactic acid producing fermenta-
tion processes (van der Pol et al,, 2014).

Thermo-chemical pretreatment and enzymatic hydrolysis are required to depolymerize
lignocellulose to fermentable monomeric sugars. Conditions used during chemical pretreat-
ment are often severe, using temperatures up to 200°C in combination with the presence
of chemicals such as sulphuric acid or sodium hydroxide (Hendriks and Zeeman, 2009).
Although thermo-chemical pretreatment is an efficient method to increase accessibility of
lignocellulosic sugars, unwanted by-products can be formed (van der Pol et al,, 2015). These
by-products can be divided in three main categories: furans, phenols and organic acids.
Furans such as furfural, 5-hydroxymethylfurfural (HMF) and furoic acid are formed when
monomeric sugars are exposed to high temperatures in an acidic environment (Kabel et al,
2007). Phenols, ferulates and coumarins are formed when lignin is degraded, or when the
cross-links between hemicellulose and lignin are broken (Hatfield et al,, 1999; Boerjan et al,,
2003). Several organic acids are present in the hemicellulosic structure that are released when
hemicellulose is depolymerized, e.g. acetic acid (Sun et al,, 2004). Organic acids can be also
formed when furans are dehydrated to levulinic acid and formic acid. Furthermore, oxidation
of sugars can lead to the formation of formic acid and acetic acid during alkaline pretreatment
in the presence of oxygen (Klinke et al, 2003). The type and quantity of by-products found
in pretreated lignocellulose is mainly influenced by the pretreatment method and/or the
lignocellulose composition of the crop species (van der Pol et al,, 2014).

By-products can have an inhibitory effect on micro-organisms in fermentation processes,
negatively effecting overall process performance. Currently, most studies on toxicity of by-
products focus on ethanol producing yeast, using a limited amount of by-products in only
one or a few concentrations (Delgenes et al, 1996; Larsson et al, 2000; Klinke et al., 2003).
Combinations of different by-products can have synergistic inhibitory effects on growth of
yeast strains (Taherzadeh et al,, 1999; Oliva et al,, 2004).

The toxicity of by-products on lactic acid producing strains has been investigated to a lim-
ited extent (Bisschof et al, 2010, Guo et al,, 2010). More information is required to assess the
suitability of lactic acid producing strains for the conversion of lignocellulosic hydrolysates. A
complete evaluation is however not possible, since it requires toxicity analysis of a dozen by-
products, at several concentrations, in several combinations on a number of strains, requiring
billions of experiments.

In this research, a rapid screening method was used to identify inhibition effects of 12
lignocellulosic by-products, both individually and combined. Inhibition effects of individual
by-products were evaluated for 5 lactic acid producing strains. This screening was used to
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identify differences between microbial strains in their initial response towards the presence
of by-products. Two parameters were determined during this screening. First, concentra-
tions were determined, where by-products become inhibitory for the micro-organism.
Furthermore, when all results for individual inhibition were combined, an overall sensitivity of
micro-organisms towards by-products can be determined. Based on the overall sensitivity, 3
lactic acid producing strains, showing the highest potential in the individual screening, were
assessed for synergistic inhibitory effect between combinations of by-products. The concen-
trations used for this synergy experiment were determined in the individual screening, and
are the concentrations at which the by-products become inhibitory.

MATERIALS AND METHODS

Chemicals

All chemicals were ordered at Sigma-Aldrich (St. Louis, USA), and had a purity of at least
98% with the exception of formic acid, which was 95% pure. Medium components such as
peptone, glucose, yeast extract and BIS-Tris were ordered at Duchefa (The Netherlands). Pre-
mixed MRS medium was ordered at Merck chemicals (Germany). All compounds tested for
their inhibitory effect are shown in table 1.

Micro-organisms

Lactobacillus casei DSM20011, Lactobacillus delbrueckii DSM20073, Lactococcus lactis
DSM?20481, Bacillus coagulans DSM2314 and Bacillus smithii DSM4216 were obtained as freeze
dried stocks from the German collection of micro-organisms and cell cultures (DSMZ, Ger-
many). Strain selection criteria used to choose these 5 strains were maximum productivities
of lactic acid of at least 2 gram per litre per hour, capable of producing optically pure lactic
acid, and converting glucose to lactic acid with a yield of at least 80 percent on a weight basis
(Akerberg et al.,, 1998; Hofvendahl et al., 1999; Gonzélez-vara et al., 1999; Michelson et al., 2006;
Maas et al., 2008). Cells were suspended for 30 minutes in 5 ml PYPD medium, consisting of 5
g/lyeast extract, 10 g/l peptone, 20 g/l glucose and 10 g/1 BIS-Tris. After 30 min pre-incubation,
cells were transferred to 50 ml anaerobic flasks containing 45 ml fresh PYPD medium, sealed
with a rubber cap, and incubated in these flasks for 16 hours to an optical density at 660 nm
of around 2. After addition of glycerol to reach a concentration of 15% v/v in the sample, cells
were stored in 1.5 ml aliquots in cryovials at -80°C until used.

Media and solutions

L. delbrueckii was grown on MRS medium (de Man et al., 1960). All other strains were grown on
PYPD medium. Both media were autoclaved for 20 minutes at 121°C prior to use.
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Table 1: By-products often observed in higher concentrations in pretreated lignocellulosic material, as mea-
sured in a previous study (van der Pol et al, 2015). These by-products are used in the small-scale screening

experiment.
Compound Molecular weight Molecule type Structure
(g/mol)
Ferulic Acid 194 Phenol, acid o
~ OH
HO
OCHg
p-Coumaric acid 164 Phenol, acid o
o
HO
Acetosyringone 196 Phenol o
Hscoj;j)kcm
HO
OCHj
4-Hydroxybenzalde-hyde 122 Phenol g
OH
Vanillin 152 Phenol o
H
HO
OCHg
Syringaldehyde 182 Phenol o
HaCO N
seg
OCHs
5-Hydroxymethylfurfural 126 Furan wo. I\ 4
o
o)
Furfural 96 Furan i\ Y
(¢]
(0]
Levulinic acid 116 Acid o)
HsCNOH
o]
Formic acid 46 Acid o
HJJ\OH
Acetic acid 60 Acid 0
HSCJ\OH
Glycolic acid 76 Acid

»=o
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All pure lignocellulosic by-products were dissolved in milliQ water. Stock solutions to test
individual inhibitory effects were made in the following concentrations; phenols were dis-
solved in concentrations of 5 g/l, furans in concentrations of 10 g/I and small organic acids
in 20 g/I. Stock solutions used to test synergistic effects had the following concentrations:
Ferulic acid and coumaric acid 6 g/I, other phenols and furans 10 g/l, small organic acids 40
g/l. Acidic chemicals were pH adjusted to pH 6 using 4M KOH prior to use. All stock solutions
were heated for 1 hour at 85°C instead of being autoclaved to prevent thermal degradation.

Experiments in 48-well plates: cultivation and analysis

Cultivation was performed in Costar 48-well plates (Corning, New York, USA) with a working
volume of 1 ml. 500 ul of 2x concentrated sterile PYPD medium was added to each well. Stocks
solutions of pure lignocellulosic by-products were added to obtain the right concentration of
by-product in each well, and sterile milliQ water was added to reach a final working volume of
Tml.

Cultivations were performed in a Bactron Il anaerobic chamber (Sheldon, Oregon, USA) for
16-18 hours, using pressurized gas with 4% v/v H2, 15% v/v CO2 and 81% v/v N2 to create an
anaerobic chamber. To keep evaporation in the wells within 10% v/v, humidity was increased
by placing beakers with water in the incubation room of the anaerobic chamber. The 4 corner
wells experienced more than 10% v/v evaporation, and were therefore not used in the experi-
ment. Each 48-well plate contained 4 negative control wells (PYPD without micro-organism),
and 4 reference wells (PYPD with micro-organisms and without lignocellulosic by-products).
The micro-organisms in the 48-well plates were incubated at temperature optima for the
micro-organism based on literature (Gonzalez-vara et al, 1999; Michelson et al.,, 2006; Aker-
berg et al, 1998; Hofvendahl et al, 1999; Maas et al, 2008) and cultivation times based on
when the reference wells reached an OD660 of 1. The following cultivation conditions were
chosen: L. casei was grown at 37°C for 18h, L. delbrueckii was grown at 45°C for 16h, L. lactis
was grown at 30°C for 17h, B. coagulans was grown at 50 °C for 16h, and B. smithii was grown
at 50°C for 17h. Each concentration of lignocellulosic by-product was tested in triplicate, thus
12 different experiments can be performed per 48-well plate. Average standard deviations
observed between triplicate experiments were 7%.

Inoculation occurred with 0.5% v/v cell stock coming directly from thawed -80°C cryovi-
als, acquiring an initial cell optical density at 660 nm (OD660) around 0.01. The OD660 of
the 48-well plates was measured using a plate reader (Tecan, Switzerland) before and after
fermentation. Relative growth was obtained with the following formula:

(Aferm,tzend - Aferm,tzend)

relative growth (%) = (Areftmend — Aref tmend)
ref,t=en ref,t=en
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Where A is the measured OD at 660nm, t=end is time at the end of the cultivation, t=0is the
time at the start of the cultivation, ref is the average of four reference wells, and ferm is the
average of triplicate wells with a certain concentration of a pure lignocellulosic by-product.

Anaerobic flasks: cultivation and analysis

Experiments were performed in 60 ml glass anaerobic flasks with a working volume of 50 ml.
The flasks were sealed off by rubber stoppers, which was kept in place with an aluminium
crimp cap. The cultivation conditions used in the flask experiments were similar to the 48-well
plates with regard to temperature, medium and inoculum size.

All glass flasks and rubber stoppers were autoclaved at 121°C for 20 minutes prior to the
cultivation. Simultaneously, a 2x concentrated medium and milliQ water was autoclaved. The
pure lignocellulose by-product stock solutions were heated at 85°C for 1 hour.

In table 2, 4 mixtures used to simulate alkaline or acid pretreated lignocellulose, alk-75,
alk-150, acid-75 and acid-150, are shown. Every 50 ml anaerobic flask was filled with 25 of 2x
concentrated medium, 25 ml of 2x concentrated alk-75,alk-150, acid-75 or acid-150 mixture,
and inoculated with 250 pl of freezer stock (0.5% v/v).

Sampling was performed through the rubber stopper using sterile syringes and needles.
Of every sample of 1.5 ml, T ml was used for determining the OD660 using a Ultrospec 200
spectrophotometer (Pharmacia Biotech, Sweden) and 0.5 ml was used to determine lactic

Table 2: Mixtures of by-products as used in 50 ml cultivation. The composition of the mixtures resemble al-
kaline and acid pretreated sugarcane bagasse lignocellulose, in either 75 g/l sugar equivalent (Alkali-75 and
Acid-75) or 150 g/1 sugar equivalent (Alkali-150 and Acid-150) as measured previously (van der Pol et al,, 2015).

Concentration in mixture (g/L)

Lignocellulose by-product Alkali-75 Alkali-150 Acid-75 Acid-150
Acetic acid 6.75 135 2.34 4.68
Glycolic acid 249 498 1.61 321
Levulinic acid 1.11 222 1.55 3.09
Formic acid 1.24 248 0214 0428
Furfural 0 0 1.22 245
HMF 0 0 0.142 0.284
Coumaric acid 0.354 0.708 0.215 0431
Ferulic acid 0.018 0.036 0.031 0.062
4-hydroxybenzaldehyde 0.081 0.162 0.030 0.060
Vanillin 0.021 0.042 0.051 0.102
Syringaldehyde 0.023 0.045 0.031 0.062
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acid concentrations using a Waters 717 HPLC system equipped with a Shodex RS-PAK KC-811
column as previously described (van der Pol et al., 2015).

RESULTS AND DISCUSSION

Experimental set up

To determine the individual and combined effects of 12 by-products in 6 different concentra-
tions in triplicate for 5 strains, billions of fermentation experiments are required. Clearly, this
asks for a simplified approach.

When only individual effects of by-products would be studied at 6 different concentrations
in triplicate for 5 strains, 1080 experiments would still need to be performed. Preparing and
sampling over 1000 anaerobic flasks will require extensive labour. As a solution, a rapid screen-
ing for initial growth in 48-well plates can be performed. Effects of individual by-products
for 5 different strains in triplicate can be identified by using only 30 48-well plates. Therefore,
this can be seen as a suitable first step in the screening of inhibitory effects of by-products.
The concentrations at which individual by-products become inhibitory for a micro-organism
were determined during the first screening. These concentrations can be used in synergy
experiments, where inhibitory effects between combinations of by-products can be found
using only 5.5 48-well plates per strain.

Determination of lactic acid concentrations may be difficult in screening experiments, since
some by-products can interfere with enzyme assays used to determine lactic acid. Moreover,
determining lactic acid for thousands of samples by other methods such as HPLC will require
too much time. For ethanol producing micro-organisms, a correlation between by-product
inhibition on growth and on ethanol production was observed (van der Pol et al, 2014). A
similar correlation between inhibition of growth and inhibition of lactic acid production was
found for B. coagulans DSM2314 and B. smithii DSM4216 in this research (See supplementary
data). Therefore, determining only growth during a screening experiment provides a good
indication of the overall process performance. Analysis of optical density in 48-well plates
is simple and can be operated at high throughput rates. The effect of by-products on lactic
acid producing micro-organisms was therefore determined by assessing growth rates using
OD660 measurements.

Growth of lactic acid producing micro-organisms in presence of single by-
products

In total, 12 different by-products were tested in the screening experiment. Six of the lignocel-
lulosic by-products tested were phenolics, of which one was a phenolic ketone, two were
phenolic acids, and three were phenolic aldehydes (table 1). Although syringaldehyde, vanillin
and 4-hydroxybenzaldehyde are very similar in structure, their inhibitory potential differed
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significantly (Table 3). 4-hydroxybenzaldehyde was observed to be more inhibitory than vanil-
lin and syringealdehyde. The average growth inhibition for the 5 lactic acid producing micro-
organisms in the presence of 1 g/l 4-hydroxybenzaldehyde, vanillin and syringaldehyde was

Table 3: Growth of L. casei, L delbrueckii, L. lactis, B. coagulans and B. smithii in 48-well plates in the presence
of 6 concentrations of 12 lignocellulosic by-products. The percentage shown is the relative growth compared
to a fully-grown reference culture in the absence of lignocellulosic by-products.

Lignocellulose by-product (g/1) Relative growth relation to reference in %
Ferulic Acid L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.1 100% 101% 103% 102% 89%
0.25 100% 108% 109% 121% 87%
0.5 97% 101% 92% 126% 67%
0.75 93% 85% 100% 117% 27%
1 82% 15% 75% 109% 19%
25 42% 2% 7% 18% -3%
Coumaric Acid L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.1 104% 108% 109% 110% 97%
0.25 109% 106% 114% 123% 95%
0.5 105% 91% 110% 127% 78%
0.75 96% 77% 52% 115% 46%
1 91% 66% 22% 116% 26%
25 24% 5% 2% 0% 5%
4-Hydroxybenzaldehyde L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.1 94% 95% 115% 106% 104%
0.25 93% 76% 104% 114% 100%
0.5 73% 44% 111% 98% 79%
0.75 68% 18% 118% 7% 34%
1 55% 7% 129% 0% 7%
2.5 1% 3% 1% -1% 9%
Vanillin L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.1 107% 107% 118% 116% 97%
0.25 107% 109% 117% 117% 96%
05 98% 68% 121% 113% 89%
0.75 84% 21% 118% 101% 68%
1 64% 8% 121% 94% 43%
2.5 1% 4% 69% 27% 6%
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Table 3: Growth of L. casei, L delbrueckii, L. lactis, B. coagulans and B. smithii in 48-well plates in the presence
of 6 concentrations of 12 lignocellulosic by-products. The percentage shown is the relative growth compared
to a fully-grown reference culture in the absence of lignocellulosic by-products. (continued)

Lignocellulose by-product (g/1) Relative growth relation to reference in %

Syringaldehyde L. casei L. delbrueckii L. lactis B. coagulans B.smithii
0.1 97% 111% 107% 99% 103%
025 103% 111% 101% 101% 106%
0.5 94% 104% 99% 93% 104%
0.75 89% 91% 99% 88% 100%
1 85% 85% 97% 81% 99%
25 57% 49% 74% 57% 24%
Acetosyringone L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.1 95% 99% 107% 108% 105%
0.25 97% 107% 111% 101% 103%
0.5 87% 111% 107% 105% 102%
0.75 83% 105% 105% 108% 97%
1 71% 94% 110% 109% 92%
25 40% 62% 77% 103% 16%
5-HMF L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.25 95% 102% 105% 115% 89%
0.5 96% 109% 103% 115% 84%
0.75 93% 93% 89% 118% 70%
1 81% 96% 91% 111% 48%
2.5 41% 12% 39% 29% -1%
5 7% 5% 4% 3% 1%
Furfural L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.25 102% 115% 115% 103% 106%
05 99% 110% 113% 94% 107%
0.75 97% 103% 94% 20% 102%
1 84% 72% 80% 7% 47%
2.5 57% 6% 37% -1% 1%
5 11% 4% 7% 0% 2%
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Table 3: Growth of L. casei, L delbrueckii, L. lactis, B. coagulans and B. smithii in 48-well plates in the presence
of 6 concentrations of 12 lignocellulosic by-products. The percentage shown is the relative growth compared
to a fully-grown reference culture in the absence of lignocellulosic by-products. (continued)

Lignocellulose by-product (g/1)

Relative growth relation to reference in %

Formic acid L. casei L. delbrueckii L. lactis B. coagulans B.smithii
0.5 105% 133% 103% 92% 99%
1 92% 129% 100% 94% 95%
25 88% 101% 90% 71% 77%
5 75% 86% 75% 65% 31%
7.5 68% 74% 71% 57% 5%
10 51% 68% 60% 49% 5%
Acetic acid L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.5 101% 109% 124% 117% 104%
1 102% 97% 132% 107% 100%
25 103% 97% 124% 109% 86%
5 106% 89% 122% 91% 55%
7.5 99% 102% 108% 73% 19%
10 77% 115% 74% 74% -1%
Glycolic acid L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.5 71% 108% 102% 100% 77%
1 133% 105% 85% 96% 76%
2.5 92% 104% 83% 79% 66%
5 44% 95% 84% 53% 16%
7.5 24% 126% 71% 34% 7%
10 12% 109% 70% 35% 8%
Levulinic acid L. casei L. delbrueckii L. lactis B. coagulans B. smithii
0.5 103% 87% 17% 104% 110%
1 108% 86% 125% 111% 108%
2.5 92% 83% 129% 116% 108%
5 93% 67% 108% 109% 104%
7.5 88% 94% 117% 100% 92%
10 89% 98% 74% 91% 52%

83



Chapter 4

60%, 34% and 11% respectively. A higher toxicity of 4-hydroxybenzaldehyde in comparison to
vanillin and syringealdehyde has also been previously observed for ethanol producing yeast
(Delgenes et al.,, 1996; Zaldivar and Ingram, 1999; Oliva et al., 2003), and for lactic acid produc-
ing bacteria (Bisschof et al., 2010).

Large differences between micro-organisms were observed for the inhibitory effect of
phenolic aldehydes. Where L. delbrueckii was significantly inhibited by vanillin concentrations
of 0.75 g/l, L. lactis was still growing at vanillin concentrations of 2.5 g/I. Overall, L. lactis was
least inhibited by phenolic aldehydes. Although phenolic aldehydes can severely inhibit cell
growth, their individual presence in most pretreated lignocellulosic feedstocks is below 0.2 g/I
(van der Pol et al 2014, van der Pol et al 2015). At these concentrations, phenolic aldehydes are
not likely to induce significant inhibition as individual compound (table 3).

Phenolic acids such as coumaric acid and ferulic acid were significantly inhibiting growth
of most lactic acid producing micro-organisms in concentrations above 1 g/, only L. casei is
not fully inhibited at a phenolic acid concentration of 2.5 g/I. Coumaric acid can be present in
pretreated lignocellulose in concentrations up to 0.75 g/I, which can cause significant inhibi-
tion of growth for L. lactis and B. smithii as individual compound (table 2) (van der Pol et al
2014, van der Pol et al 2015).

The concentration at which furans becomes inhibitory for growth differs significantly
between the tested strains. The differences may be related to growth temperature, where
strains grown at a higher growth temperature of 50°C (B. coagulans and B. smithii) or 45°C (L.
delbreuckii) show a stronger growth inhibition in the presence of furans. In previous studies,
furfural toxicity was linked to the formation of reactive oxygen species (ROS). A high tempera-
ture accelerates the formation of ROS (Feron et al.,, 1991; Allen et al.,, 2010). Strains growing at
lower temperatures are therefore less exposed to ROS, thus it can be theorized that they may
therefore tolerate higher concentrations of furans. In contrast to what was found in previous
experiments with ethanol producing yeast strains (Delgenes et al 1996, Oliva et al 2003), most
micro-organisms tested in this research did not show a significant difference in inhibitory
effects between furfural and 5-HMF. B. coagulans was an exception, this micro-organism was
less growth-inhibited by 5-HMF.

Levulinic acid is the least inhibitory by-product out of 12 different by-products tested in this
study. At a concentration of 10 g/I, only B. smithii is significantly growth inhibited. Acetic acid
results in a minor growth inhibition at a concentration of 10 g/I. Acetic acid has previously
been described as only a minor growth inhibitor for B. coagulans (Walton et al,, 2010). Only
B. smithii was significantly growth inhibited at acetic acid concentrations of 5 g/I. Formic acid
can result in significant growth inhibition, and has the most inhibitory effect of all organic
acids tested. All strains tested show a significant inhibition of growth at formic acid concentra-
tions of 7.5 g/I. Overall, L. casei, L. delbrueckii, L. lactis and B. coagulans show a similar response
to different small organic acids when present as individual compound, while B. smithii is more
sensitive towards these organic acids.
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L. casei DSM20011, L. lactis DSM20481 and B. coagulans DSM2314 are in general less in-
hibited in growth by individual ligncellulosic by-products. L. delbrueckii DSM20073 shows
significant inhibition towards vanillin and 4-hydroxybenzaldehyde at a concentration of 0.5
g/l, and towards furans at concentrations exceeding 1 g/I. B. smithii DSM4216 is significantly
inhibited by organic acids at low concentrations, and was also growth inhibited at relatively
low concentrations of phenolic acids and phenolic aldehydes.

Growth of lactic acid producing micro-organisms in presence of
combinations of by-products

Screening for the effects of individual by-products on the growth of different lactic acid
producing bacteria showed that L. lactis, B. coagulans and L. casei were overall least sensitive
towards by-products. To further reduce the amount of experiments required, only the most
promising strains based on individual by-product screening were evaluated for combined
effects of by-products. During individual screening, concentrations were determined where
the by-product start to become inhibitory for the micro-organism. Only these concentrations
were used in combined by-products screening, reducing the amount of experiments required
even further.

Combinations of the phenolic aldehydes vanillin, syringaldehyde and p-hydroxy-benzalde-
hyde showed a large synergistic growth inhibition effect for all micro-organisms tested (table
4). The large combined growth inhibition of these compounds may be explained by their
similarity. The only difference between the phenolic aldehydes is the number of methyl ether
groups on the benzene ring (table 1). Combined growth inhibition between the phenolic
aldehydes has been observed previously for ethanol producing yeast (Oliva et al, 2004). A
large synergistic growth inhibition effect between phenolic aldehydes and phenolic acids
was observed for B. coagulans and L. lactis, while synergy between phenolic aldehydes and
phenolic acids was not observed for L. casei (table 4). The observed synergistic growth inhibi-
tion effect show that identifying individual inhibition effects only is not sufficient to determine
growth of micro-organisms on lignocellulose-derived substrates.

For all micro-organisms, combinations of formic acid and other by-products resulted in a
large synergistic growth inhibition effect (table 4). For L. lactis, acetic acid also showed a large
synergistic inhibition effect with other by-products, while for L. casei and B. coagulans most
combinations involving acetic acid did not result in synergistic growth inhibition. Therefore,
while a similar inhibition for all strains may be expected when looking at toxicity of acetic
acid as individual compound, the inhibitory effect of acetic acid can be significantly different
between micro-organisms in mixtures of by-products.

B. coagulans has a diverse response towards combinations of by-products. Cultivation of
this strain in the presence of combinations of inhibitors, for instance including by-products
such as 5-HMF and furfural, do not show additive growth inhibition effects towards any by-
products except p-hydroxybenzaldehyde. However, other combinations of by-products can
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result in a full inhibition in cell growth. For L. casei, no combination of by-products was found
which fully inhibited cell growth, but nearly all combinations showed a minor synergistic ef-
fect. A large number of combinations of by-products caused synergistic growth inhibition for
L. lactis.

Growth of lactic acid producing bacteria in mixtures of by-products
resembling acid or alkaline pretreated lignocellulose

The behaviour of the lactic acid producing micro-organisms in mixtures of many different
by-products was determined. To see whether growth can be predicted in these mixtures, and
whether key inhibitors can be identified using data from the small-scale screening, L. lactis, L.
casei, B. coagulans and B. smithii have been cultivated at 50 ml scale with simulated alkaline
or acid pretreated substrates at two different concentrations (figure 1). The lower Alkali-75
and acid-75 mixtures resemble the amount of by-products which are found in lignocellulosic
substrates containing 75 gram per litre of lignocellulosic sugar. The Alkali-150 and Acid-150
mixtures resemble the amount of by-products which are found in lignocellulosic substrates
containing 150 gram per litre of lignocellulosic sugars (table 2). Figure 1 shows growth of the
four strains on the four media in comparison to a reference grown without any by-products.

Alkaline pretreated material contains high concentrations of organic acids, with acetic
acid, glycolic, levulinic, formic acid and coumaric acid being present in a concentration of
6.8, 2.5, 1.1, 1.2 and 0.35 g/l respectively in alkali-75. In the small-scale screening, B. smithii
showed significant growth inhibition at a concentration of 7.5 gram per litre of acetic acid,
with acetic acid alone causing an significant inhibition of growth. B. smithii was significantly
growth inhibited in the presence of alkaline-75 mixture, this could be largely contributed to
the presence of acetic acid.

Large synergistic growth inhibition effects between different acids, and between acetic acid
and phenolic acids and aldehydes were seen for L. lactis during small-scale screening. None of
the individual by-products was present at a concentration in which it could cause individual
growth inhibition. However, the combination of acetic acid with formic acid, glycolic acid,
coumaric acid and phenolics causes major growth inhibition for L. lactis on the alkali-75
mixture.

For B. coagulans and L. casei, none of the individual by-products were present in a con-
centration that can significantly inhibit growth in the alkali-75 mixture. Acetic acid, glycolic,
levulinic, formic acid and coumaric acid did not show large synergistic growth inhibition for
these micro-organisms in the small-scale screening. As a result, only a small inhibition was
observed for B. coagulans and L. casei when grown on the alkali-75 mixture.

In alkali-150, L. casei was expected to be strongly, but not fully, growth inhibited based
on the small-scale screening. Strong growth inhibition was indeed observed for L. casei, but
some growth was still observed. Growth of B. coagulans on the alkali-150 mixture was the
only experiment not accurately predicted using data from the small-scale screening. Rapid
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screening predicted that B. coagulans would to be able to grow on the alkali-150 mixture,
although strongly inhibited. However, in the shake flask experiment it was observed that B.
coagulans was fully inhibited by the alkali-150 mixture.

In acid pretreated lignocellulose, one by-product found in larger quantities is furfural, with
a concentration of 1.2 g/l of furfural being present in the acid-75 mixture. Small-scale screen-
ing of individual by-products showed that 1.2 g/l of furfural is fully inhibiting growth of B.
coagulans, and significantly inhibiting B. smithii. On the other hand, L. casei and L. lactis were
only mildly inhibited by the acid-75 mixture. All other by-products in acid-75 were present in
concentrations that did not result in individual growth inhibition for these micro-organisms,
and furfural did not show large combined growth inhibition with most other by-products.
Growth for all strains observed on the acid-75 mixture is therefore very similar to growth
observed in small-scale experiments for furfural concentrations of 1.2 g/I.

Only L. casei and L. lactis were not fully growth inhibited in acid-150 mixtures, containing
2.5 g/l of furfural. The relative growth rates found for each strain in acid-150 mixtures are very
similar to the growth rates observed during the small-scale screening in the presence of 2.5
g/I furfural as individual by-product. Therefore, it can be concluded that furfural is the key
inhibitor in acid-pretreated lignocellulose.

CONCLUSION

In this study, the effects of lignocellulosic by-products on growth of lactic acid producing
micro-organisms were evaluated using a small-scale screening method. Both individual and
combined growth inhibition effects between different by-products were studied. Large differ-
ences were observed between micro-organisms with respect to the concentration where by-
products become inhibitory. Results from the rapid screening method can predict growth in
mixtures of different by-products, and can identify inhibitory by-product(s) in the mixture. This
rapid screening method can therefore help to select the most appropriate micro-organism for
a chosen combination of pretreatment method and lignocellulosic feedstock.
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SUPPLEMENTARY DATA
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Figure A: Correlation between OD measurements and lactic acid production in 50 ml anaerobic flasks. Cor-
relations were measured for different organic acids, furans and phenolics, for both B. coagulans DSM2314 and
B. smithii DSM4216.

91



Chapter 4

REFERENCES

Akerberg, C,, Hofvendahl, K., Zacchi, G,, Hahn-Hagerdal, B. 1998. Modelling the influence of pH, temperature, glucose
and lactic acid concentrations on the kinetics of lactic acid producting by Lactococcus lactis ssp. lactis ATCC
19435 in whole-weat flour. Appl. Microbiol. Biotechnol. 49, 682-690.

Allen S, Clark W., McCaffery JM,, Cai Z, Lanctot A, Slininger P, Liu Z.L. 2010. Furfural induces reactive oxygen species
accumulation and cellular damage in Saccharomyces cerevisiae. Biotechnol. Biofuels. 3,2, 1-10.

Bisschof, KM, Liu, S, Hughes, S.R,, Rich, J.O. 2010. Fermentation of corn fiber hydrolysate to lactic acid by moderate
thermophile Bacillus coagulans. Biotechnol. Lett. 32,823-828.

Boerjan, W,, Ralph, J.,, Baucher, M. 2003. Lignin biosynthesis. Annu. Rev. Plant Biol. 54, 519-546.

De Man, J.C, Rogosa, M., Sharpe, M.E. 1960. A medium for the cultivation of lactobacilli. J. appl. Bact. 23, 130-135

Delgenes J.P, Moletta R., Navarro J.M. 1996. Effects of lignocellulose degradation products on ethanol fermentations
of glucose and xylose by Saccharomyces cerevisiae, Zymomonas mobilis, Pichia stipitis. Enzyme Microb. Tech. 19,
220-225.

Feron V.J, Til H.P, de Vrijer F, Woutersen R.A,, Cassee FR, van Bladeren PJ. 1991. Aldehydes: occurrence, carcinogenic
potential, mechanism of action and risk assessment. Mutat. Res-Genet. Tox. 259,363-38

Garlotta D. 2001. A Literature Review of Poly(Lactic Acid). J. Polym. Environ. 9, 63-84 .

Gonzdlez-Vara, A, Vaccari, G, Dosi, E, Trilli, A, Rossi, M., Matteuzzi, D. 1999. Ehanced production of L-(+)-Lactic Acid
in Chemostat by Lactobacillus casei DSM 20011 using lon-Exchange Resins and Cross-Flow Filtration in a Fully
Automated Pilot Plant Controlled via NIR. Biotechnol. Bioeng. 67, 147-156

Guo W, JiaW., Chen S. 2010. Performances of Lactobacillus brevis for producing lactic acid from hydrolysate of ligno-
cellulosics. Appl. Biochem. Biotechnol. 161, 124-136.

Hatfield, R.D.R, John., Grabber, JH. 1999. Cell wall cross-linking by ferulates and diferulates in grasses. J. Sci. Food Agr.
79, 403-407.

Hendriks, ATW.M,, Zeeman, G. 2009. Pretreatments to enhance the digestibility of lignocellulosic biomass. Biore-
source Technol. 100, 10-18.

Hofvendahl, K., Akerberg, C,, Zacchi, G, Hahn-Hagerdal, B. 1999. Simultaneous enzymatic wheat starch saccharifica-
tion and fermentation to lactic acid by Lactococcus lactis. Appl. Microbiol. Biotechnol. 52, 163-169.

Kabel, M.A,, Bos, G., Zeevalking, J., Voragen, A.G.J., Schols, H.A. 2007. Effect of pretreatment severity on xylan solubility
and enzymatic breakdown of the remaining cellulose from wheat straw. Bioresource Technol. 98, 2034-2042.

Klinke, H.B., Olsson, L, Thomsen, A.B.,, Ahring, BK. 2003. Potential inhibitors from wet oxidation of wheat straw and
their effect on ethanol production of Saccharomyces cerevisiae: Wet oxidation and fermentation by yeast.
Biotechnol. Bioeng. 81, 738-747.

Larsson S., Quintana-Sainz A, Reimann A, Nilvebrant N.-O., Jénsson L. 2000. Influence of lignocellulose-derived aro-
matic compounds on oxygen-limited growth and ethanolic fermentation by Saccharomyces cerevisiae. Appl.
Biochem. Biotechnol. 84-86, 617-632.

Maas, RH.W, Bakker, RR, Jansen, M.LA, Visser, D., de Jong, E., Eggink, G., Weusthuis, R.A. 2008. Lactic acid production
from lime treated wheat straw by Bacillus coagulans: neutralization of acid by fed-batch addition of alkaline
substrate. Appl. Microbiol. Biotechnol. 78, 751-758.

Michelson, T, Kask, K., J6gi, K, Talpsep, E., Suitso, I, Nurk, A. 2006. L(+)-lactic acid producer Bacillus coagulans SIM-7
DSM 14043 and its comparison with Lactobacillus delbrueckii spp. Lactis DSM20073. Enzyme microb. Technol.
39,861-867.

Oliva J,, Sdez F, Ballesteros I, Gonzélez A, Negro M., Manzanares P, Ballesteros M. 2003. Effect of lignocellulosic deg-
radation compounds from steam explosion pretreatment on ethanol fermentation by thermotolerant yeast
Kluyveromyces marxianus. Appl. Biochem. Biotechnol. 105, 141-153.

92



Identifying inhibitory effects of by-products on micro-organisms using rapid small scale screening

Oliva, JM,, Ballesteros, I, Negro, M.J,, Manzanares, P, Cabanas, A, Ballesteros, M. 2004. Effect of binary combinations
of selected toxic compounds on growth and fermentation of Kluyveromyces marxianus. Biotechnol. Prog. 20,
715-720.

Sun, JX, Sun, X.F, Sun, R.C, Su, Y.Q. 2004. Fractional extraction and structural characterization of sugarcane bagasse
hemicelluloses. Carbohydr. Polym. 56, 195-204.

Taherzadeh M.J, Gustafsson L, Niklasson C, Lidén G. 1999. Conversion of furfural in aerobic and anaerobic batch
fermentation of glucose by Saccharomyces cerevisiae. J. Biosci. Bioeng. 87, 169-174.

Van der Pol, E.C, Bakker, RR, Baets, P, Eggink, G. 2014. By-products resulting from lignocellulose pretreatment and
their inhibitory effect on fermentations for (bio)chemicals and fuels. Appl. Microbiol. Biotechnol. 98, 9579-9593.

Van der Pol, E.C, Bakker, RR, van Zeeland, AN.T, Sanchez Garcia, D., Punt, A, Eggink, G. 2015. Analysis of by-product
formation and sugar monomerization in sugarcane bagasse pretreated at pilot plant scale: Differences be-
tween autohydrolysis, alkaline and acid pretreatment. Bioresource Technol. 181, 114-123.

Walton, S.L, Bisschoff, KM, van Heiningen, AR, van Walsum, G.P. 2010. Production of lactic acid from hemicellulose
extracts by Bacillus coagulans MXL-9. J. Ind. Microbiol. Biotechnol. 37, 823-830.

Zaldivar J, Ingram L.O. 1999. Effect of organic acids on the growth and fermentation of ethanologenic Escherichia coli
LYO1. Biotechnol. Bioeng. 6, 203-210.

93






CHAPTER 5

Precultivation of Bacillus coagulans DSM2314 in

presence of furfural decreases inhibitory effects

of lignocellulosic by-products during L(+)-lactic
acid fermentation

This chapter will be submitted as:
van der Pol E.C,, Springer J., Vriesendorp B., Weusthuis R.A., Eggink G.



Chapter 5

ABSTRACT

By-products resulting from thermo-chemical pretreatment of lignocellulose can inhibit
fermentation of lignocellulosic sugars to lactic acid. Furfural is such a by-product, which is
formed during acid pretreatment. pH controlled fermentations with 1 litre starting volume,
containing YP medium and a mixture of lignocellulosic by-products, were inoculated with
precultures of B.coagulans DSM2314 to which 1 g/I furfural was added. The addition of furfural
resulted in an increase in L(+)-lactic acid productivity by a factor 2 to 1.39 g/I/h, increase in lac-
tic acid production from 54 to 71 gram, and increase in conversion yields of sugar to lactic acid
from 68% to 88% W/W. The improved performance was not caused by furfural consumption
or conversion, indicating that the cells acquired a higher tolerance to furfural. This adaptation
coincided with a significant elongation of B. coagulans cells, and upregulation of pathways
involved in the synthesis of cell wall components such as bacillosamine, peptidoglycan and
spermidine. Furthermore, an upregulation was observed for SigB, and genes promoted by
SigB such as NhaX and YsnF. These genes are involved in stress responses in bacilli.
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INTRODUCTION

Lignocellulose is the most abundant biomaterial on earth. It consists for 60-75% W/W of
sugars, which can be used in fermentation processes to produce biobased chemicals such as
lactic acid (van der Pol et al 2014). Polymerized lactic acid (PLA) can be moulded into bioplas-
tics, which may be a suitable alternative to oil-derived plastics such as polystyrene (PS) and
polyethylene (PE) (Garlotta 2001).

Lignocellulosic sugars are polymerized, strongly condensed and covered by lignin, mak-
ing it difficult for lactic acid producing bacteria to directly consume these sugars (Fengel
and Wegener 1983). A thermo-chemical pretreatment process combined with enzymatic
hydrolysis releases the sugars as fermentable monomers or oligomers (Hendriks and Zeeman
2009). However, thermo-chemical pretreatment also leads to the formation of unwanted by-
products such as phenolic aldehydes, organic acids and furans, which by-products can inhibit
growth and product formation of micro-organisms during fermentation processes (Palmqvist
and Hahn-Hagerdal 20003, Palmqvist and Hahn-Hagerdal 2000b, van der Pol et al. 2014). The
presence of different by-products in pretreated lignocellulose depends on both the type of
thermo-chemical pretreatment used, as well as the source of lignocellulose (van der Pol et al.
2014, van der Pol et al. 2015). Furfural is such a by-product, formed by dehydration of xylose
during pretreatment at low pH and high temperature. The presence of furfural can generate
reactive oxygen species (ROS), which can damage DNA and membranes (Allen et al. 2010,
Feron et al. 1991).

Bacillus coagulans DSM2314 has been studied as microbial cell factory for the production of
lactic acid (Maas et al. 2008). It is a moderate thermophilic bacterium able to grow in slightly
acidic environments. B. coagulans can consume both glucose and xylose homofermentatively,
with a conversion yield of glucose and xylose to lactic acid of over 90% on a weight basis and
a high lactic acid productivity up to 5 g/I/h (Maas et al. 2008). Although B. coagulans may be a
suitable candidate for the production of lactic acid from lignocellulosic sugars, earlier experi-
ments have shown that B. coagulans is relatively sensitive towards lignocellulosic by-products
(van der Pol et al 2016, Walton et al 2010).

Bacilli like B. coagulans are able to adapt to different environmental conditions (Wiegeshoff
et al. 2006). Sigma factors play an important role in this adaptation. One of the sigma factors
involved in responses towards stress is SigB. This gene is upregulated when cells are exposed
to stress conditions, and tightly regulates expression of around 150 genes (Hecker et al. 2007,
Price et al. 2001). Adaptation has not only been observed in environments with suboptimal
pH and temperature, but has also been observed to play a role in resistance towards toxic
compounds (Price et al. 2001).

In this research, we examined whether B. coagulans can adapt to environments rich in
potentially inhibiting lignocellulosic by-products. Adaptation was accomplished by addition
of non-lethal amounts of lignocellulosic by-products to precultures. These precultures were
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used as inoculum for fermentation processes with medium resembling acid pretreated sugar-
cane bagasse, rich in furfural, phenolics and small organic acids.

MATERIAL AND METHODS

Chemicals

Glucose, xylose, galactose were ordered at Duchefa (The Netherlands), and had a purity of at
least 99% W/W. yeast extract, peptone and BIS-Tris were also ordered at Duchefa (The Nether-
lands). Other chemicals were ordered at Sigma-Aldrich (United States), and had a purity of at
least 98% W/W, with the exception of formic acid, which was 95% W/W pure.

Micro-organism

Bacillus coagulans DSM2314 was acquired as freeze dried stock from the German collection of
micro-organisms and cell cultures (DSMZ, Germany). Cells were suspended for 30 minutes in
5 ml PYPD medium, consisting of 5 g/l yeast extract, 10 g/l peptone, 20 g/l glucose and 10 g/
BIS-Tris, which was pre-sterilized for 20 minutes at 121°C. After 30 minutes of pre-incubation,
the cell suspension was transferred to 50 ml anaerobic flasks containing 45 ml fresh PYPD
medium, sealed with a rubber cap, and incubated for 16 hours at 50°C to an optical density at
660 nm of around 2. After addition of 15% v/v glycerol, cells were stored in 1.5 ml aliquots in
cryovials at -80°C until used.

Cultivation in anaerobic flasks at 50 ml scale

Cultivation was performed in 50 ml glass anaerobic flasks, sealed with a rubber stopper and
aluminium crimp cap, in an incubator set at 50°C without shaking, starting at a pH of 7.2.

All glass flasks and rubber stoppers, 2x concentrated PYPD medium and milliQ water were
autoclaved at 121°C for 20 minutes prior to cultivation. Lignocellulosic by-product mixture
solutions and single by-product solutions were heated at 85°C for 1 hour. An acid-150 lig-
nocellulosic by-product mixture was used in this experiment, which resembles an acid pre-
treated bagasse lignocellulose substrate containing 150 g/l monomeric lignocellulosic sugars
(table 1) (van der Pol et al 2015). Not only by-product mixtures were tested, but also single
by-products examined in 50 ml shake flasks. Individual by-products tested were furfural, vanil-
lin, syringaldehyde, acetic acid and formic acid.

The initial flasks used to adapt the micro-organism were inoculated with 250 pl of freezer
stock to obtain a starting OD660 of 0.01, and contained 25 ml of 2x concentrated PYPD
medium, to which 25 MilliQ water, a 2x concentrated single by-product solution, or a 2x
concentrated acid-150 mixture was added. New flasks, which evaluated adaptation effects,
contained 25 ml 2x concentrated PYPD medium and 25 ml of either 2x concentrated single
by-product solution, 2x concentrated acid-150 mixture or 6 g/l furfural . These flasks were
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Table 1: Composition of acid-100 and acid-150 by-product mixtures, as measured after acid pretreatment of
bagasse lignocellulose in a previous study (van der Pol et al 2015). The compositions were used to prepare the
model substrate resembling acid pretreated sugarcane bagasse.

Amount (g/1) Acid-100 Acid-150
Acetic acid 313 468
glycolic acid 2.15 3.21
levulinic acid 2.06 3.08
formic acid 0.29 043
furfural 1.63 244
5-HMF 0.19 0.28
coumaric acid 0.29 043
ferulic acid 0.04 0.06
4-hydroxybenzaldehyde 0.04 0.06
vanillin 0.07 0.10
syringealdehyde 0.04 0.06

inoculated with culture taken from previous anaerobic shake flasks, using amounts between
200 and 500 pl to obtain a starting OD660 in the new flask of 0.01.

Sterile syringes and needles were used to take samples through the rubber stopper of the
anaerobic flasks. Growth was monitored using a spectrophotometer (Ultrospec 2000, Phar-
macia Biotech, Sweden) at an optical density wavelength of 660nm. Furthermore, at different
time points microscope images were taken to follow morphological changes. The microscope
(Axioplan, Carl Zeiss, Germany) was equipped with a camera (Axiocam ICc3, Zeiss, Germany),
and a Zeiss plan Neofluar 40x lens (Zeiss, Germany) was used.

Preculture cultivation in 50 ml anaerobic flasks, used as inoculum for
fermentations

50 ml sterile anaerobic flasks were filled with 25 ml 2x concentrated PYPD medium, and 25 ml
of either milliQ water (reference preculture) or 2 g/ furfural dissolved in milliQ water (furfural
containing preculture), resulting in a final furfural concentration of 1 g/l in the anaerobic flask.
The anaerobic flasks were inoculated with 250 ul B. coagulans freezer stock to obtain a start-
ing OD at 660 nm of 0.01, and cultivated in an incubator at 50°C without shaking. When the
preculture reached an OD660 of 1, which occurs around 15 hours for reference precultures,
and around 24 hours for furfural containing precultures, the preculture was used as inoculum
for 1 litre pH controlled fermentations.

99



Chapter 5

Cultivation in 1 litre pH controlled fermentations

Fermentations were performed in 1.5 litre Multifors reactors (Infors, Switzerland). Each fermen-
tation started with 100 g/I of sugar mixture, containing of 3.3 g/l galactose, 24.2 g/l xylose and
72.5 g/l glucose, unless stated otherwise. Fermentations performed using peptone medium
contain 10 g/l yeast extract and 10 or 20 g/I peptone as nitrogen source (YP10 / YP20 me-
dium). Fermentations performed using ammonium medium contain 10 g/l yeast extract, 2 g/I
(NH,),PO,4 and 3.5 g/l (NH,),PO, as nitrogen source (YA medium). The medium components
were dissolved in 500 ml of milliQ water in a pre-sterilised fermentation vessel, the pH was
set below 5.5 with citric acid to reduce Maillard reactions, and the fermenter including 500
ml medium was sterilized for 12 minutes at 121°C. After sterilization, 500 ml of either sterile
MilliQ water or 500 ml of 2x concentrated by-product mixture, which was pre-heated at 85°C
for 1 hour (table 1), was added to the fermenter. The fermenter was inoculated with 50 ml (5%
V/V) of a preculture to which 1 g/I of furfural was added, or a reference preculture without
furfural addition, which served as a control. The temperature was controlled at 50°C, the pH
was maintained at pH 6 with 4N KOH, and stirring was controlled at 100 RPM. No active aera-
tion was applied during fermentation. At regular intervals during fermentation, samples of 10
ml were taken, the OD at 660 nm was determined, and the remainder of sample was frozen
at-20°C for HPLC analysis.

Analysis of lactic acid, monomeric sugars and furans

Analysis of lactic acid, sugars and other fermentation products of B. coagulans which may oc-
cursuch as ethanol and acetic acid was performed using a Waters e2695 HPLC system (Milford
USA) equipped with Waters RI2414 and Waters UV/Vis 2489 (measuring at 210 nm) detectors.
The column used was a Shodex RS pak KC-811 ion exchange column (length 300 mm - 1.D. 8
mm), controlled at 65°C. As eluent, 3mM H,SO, in milliQ water was used. The flow used was 1
ml/min. Samples obtained during fermentation were de-frozen prior to analysis. 250 pl of this
sample was mixed with 250 pl of internal standard, containing 0.25 g/I phthalic acid, and 500
ul of milliQ water. Samples were filtered using 0.2 um Spartan filters, and supernatants were
measured using HPLC.

To determine furan concentrations, UPLC-MS/MS measurements were performed using a
Dionex Ultimate 3000 RSLC system, equipped with a Waters Acquity BEH C18 RP column, in
combination with a Thermo ScientificTM LCQ Fleet lon Trap Mass spectrometer, as previously
described (van der Pol et al. 2015).

Isolation of RNA and DNA

4 reference and 4 furfural-containing cultures were prepared in 50 ml anaerobic flasks as
described previously for precultivation. When the cultures reached an OD of 1, the cultures
were transferred to 50 ml Greiner tubes and directly frozen using liquid nitrogen. After
overnight storage at -80°C, samples were thawed and vortexed for 5 seconds. 10 ml sample
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of each culture was placed in 15 ml Greiner tubes, together with one extra sample from a
reference culture for DNA extraction. The 9 tubes were centrifuged at 4°C for 15 minutes at
4700 RPM. After centrifugation, the tubes were kept on ice whenever possible. Supernatant
was removed, cells were resuspended in 0.5 mlice cold TE buffer (pH 8) and transferred to 2
ml tubes containing specialized Lysing matrix E beads (Lysing matrix E, MP Biomedicals, Ohio,
USA). After addition of 500 ul extraction buffer (0.6% SDS and 0.2M sodium acetate (pH 5.2)),
samples were vigorously shaken using a Precellys 24 homogenizer (Bertin Technology, France)
for 2x 30 seconds at 5500 RPM, with a 60 second interval. 500 ul of phenol-choloroform (50%-
50% V/V) was added, tubes were vortexed for 5 seconds, and kept for 10 minutes on ice. Tubes
were then centrifuged for 5 minutes at 10000 rpm and 4°C. 400 ul of the liquid fraction was
transferred to a fresh RNA-free Eppendorf vial, 400 ul of chloroform was added, and samples
were centrifuged for 3 minutes at 12000 RPM and 4°C.

After washing with chloroform, either a RNA or DNA kit was used for the purification RNA
and gDNA respectively. For RNA, 300 pl of the water phase was transferred to a clean Ep-
pendorf vial, and 300 pl of lysis buffer was added from an RNA extraction kit. The protocol
of the extraction kit (Roche High Pure RNA isolation kit v12, Roche, Switzerland) was fol-
lowed, with the exception that a DNAse incubation time of 45 minutes was used. For DNA
purification, a Sigma-Aldrich Bacterial gDNA kit was used according to protocol (NA2110-1KT,
Sigma-Aldrich, United States). The extraction resulted in 4 purified RNA samples containing
biological replicates of the reference culture, 4 purified RNA samples containing biological
replicates of the furfural containing culture, and 1 purified gDNA sample.

DNA analysis and assembly

gDNA quantities in the purified gDNA sample was estimated using a Nanodrop Lite system
(Thermo Scientific, DE, USA). The integrity of the DNA was observed using gel electrophoresis.
Samples were sent to Baseclear (The Netherlands), which sequenced the gDNA via paired-
end sequencing using an Illumina HiSeq 2500 system. The obtained FASTQ file was filtered
for reads containing adapters and/or PhiX control signals, and for reads that did not pass the
lllumina Chastity filtering. A second filtering was performed using FASTQC quality control tool
version 0.10.0.

For DNA assembly, the raw lllumina data, containing paired ends of 126 bp reads, was used
as input for de-novo assembly via IDBA (idba-1.1.1, Peng et al. 2012) using a K-mer range from
20 to 120, with steps of 3, and via Ray (Ray 2.3.1, Boisvert et al. 2010) with K-mers ranging from
15 to 81, selecting for low scaffold runs. Both runs gave comparable results, while the output
from Ray with a K-mer of 61 was chosen for final assembly, since it contained less contigs, and
protein prediction was of slightly higher quality compared to IDBA run. The final assembly
contained 3 569 489 bp, and a GC content of 46.3%. Genes were annotated using PROKKA
v1.11 (Seemann 2014) which predicted a total of 3402 coding sequences, 11 rRNAs and 60
tRNAs.
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RNA-seq analysis and assembly

RNA quantities in the purified RNA samples was estimated using a Nanodrop Lite system
(Thermo Scientific, DE, USA). The integrity of the RNA was observed using gel electrophoresis.
Samples were sent to Baseclear (The Netherlands), which analysed the RNA samples using
deep sequencing on an lllumina HiSeq 2500 system. This resulted in raw sequence data con-
taining single-end reads of 50 bp. A FASTQ file was generated using lllumina Casava v1.8.3.
This file was filtered by lllumina chastity filtering, removal of adapters, and quality assessment
based in FASTQC quality control tool v0.10.0.

RNA sequences were mapped to the reference sequence using BWA (Burrows-Wheeler
Aligner) (Li 2013) run with default settings. RNA-seq analysis was performed using DESeq
method (Mortazavi et al. 2008), and was used to compute differential expression and estimate
p-values (Anders and Huber 2010). p-Values were adjusted for multiple testing with Benjamini
and Hochberg (1995) approach for adjusting the false discovery rate (FDR). A cut-off p-value
of 0.05 was used.

RESULTS

Effect of pre-cultivation in presence of lignocellulosic by-products on
growth of B. coagulans in 50 ml anaerobic flasks

B. coagulans was precultivated in the presence of either organic acids (formic acid, acetic
acid), phenolic aldehydes (vanillin, syringaldehyde), or furfural. These precultures were used
to inoculate 50 ml anaerobic flasks containing the same by-products (table 2). Pre-cultivation
in the presence of organic acids increased fermentation time required to reach maximum OD
by 20-40%. Pre-cultivation of B. coagulans in the presence of vanillin did not have an effect on
fermentation time. The presence of syringaldehyde resulted in a small reduction of fermenta-
tion time by 6 hours (a reduction of 23 %) (Table 2). When the cells were pre-cultivated in the
presence of furfural, a reduction of approximately 50% in fermentation time was observed,
mainly due to a reduction in lag phase (figure 1a). By-product concentrations did not change
significantly during the anaerobic flask experiments (data not shown), indicating that they
were not consumed or converted by B. coagulans. Cells grown in the presence of furfural
showed a change in morphology: the cell length increased drastically (figure 2). When these
cells were used as inoculum for a new 50 ml flask which did not contain by-products, cell
morphology changed to a non-elongated state within 7 generations, a morphology silimar to
what is observed in a reference preculture.

To optimize adaptation, different furfural concentrations were tested during precultivation.
These precultures were used as inocula for flasks containing either 3 g/I furfural, or acid-150
mixture of by-products (table 1). For both situations, it was found that fastest growth occurred
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Table 2: Effect of presence of lignocellulosic by-products during precultivation on growth of B. coagulans
in presence of the same by-product. Batch time of cultivation was the time required to reach maximum OD.

By-product concentration during By-product concentration Batch time of
precultivation During cultivation cultivation

g/l g/l h

Control 0 0 16
Furfural 0 2 40
1 2 23

2 2 25

0 3 60

1 3 27

2 3 32

Vanillin 0 4 20
2 4 19

3 4 20

Syringaldehyde 0 5 26
2.5 5 20

Acetic acid 0 20 23
10 20 28

Formic acid 0 75 16
7.5 7.5 23

when 1 g/l furfural was added to the preculture (figure 1). Therefore, a furfural concentration
of 1 g/l was used during pre-cultivation in the next experiments.

Although sufficient substrate was still available at the end of these fermentations, the re-
duction of pH due to the production of lactic acid stopped growth in the anaerobic flasks. To
accurately assess lactic acid productivity, yield and titre, pH controlled fermenter experiments
were performed.

Studies in pH-controlled fermentations

pH-controlled fermenters with a start volume of 1 litre were either inoculated with a furfural
containing preculture, or a reference preculture to which no by-products were added. Two
different media were used. The first medium was similar to the medium used at 50 ml scale,
and contained 100 g/l sugars (72.6% glucose, 24.2% xylose, 3.2% galactose), yeast extract and
10 or 20 g/I peptone (YP10/YP20 medium). In the second medium, peptone was replaced by
ammonium salts (YA medium).
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Figure 1: Effect of furfural presence and concentration during adaptational growth on the growth of Bacillus
coagulans DSM2314 in a second 50 ml anaerobic flasks containing (a) 3 g/I furfural, (b) acid-150 mixture of
by-products. The following furfural concentrations were tested during precultivation: ®:0g/;, O:0.1g/1, ¥:
025g9/1:05g/ 19/, 4:1.59/1.

Addition of furfural to precultures, used as inocula in fermenters containing YP10 medium
and acid-100 mixture of by-products, reduced the total fermentation time by 50% (table 3,
figure 3a). This resulted in an increase in average lactic acid productivity from 0.56 g/I/h to
1.39 g/I/h. Furthermore, total lactic acid production increased from 54.0 gram to 71.5 gram.

A similar result was obtained in fermenters containing YP20 medium and acid-150 by-
product mixture. Addition of furfural to precultures increased the lactic acid productivity from
042 g/I/ht0 0.93 g/I/h, and the yield from 68% (w/w) to 81% (w/w). The total amount of lactic
acid produced increased by 25% to 65.3 g (table 3,figure 3b).
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c) d)

Figure 2: Effect of growth in the presence of by-products on the morphology of B. coagulans. a: reference pre-
culture, no by-products present; b:furfural-containing preculture, 1 g/l furfural present; c: Fermentation con-
taining YA medium and acid-100 mixture, cultivated for 24h, inoculated with furfural-containing preculture.
D: Fermentation containing YP20 medium and acid-150 mixture, cultivated for 40h, inoculated with furfural
containing preculture.

The morphological changes that occurred in anaerobic flasks as a response to precultiva-
tion in presence of furfural were also observed in these fermenter experiments: In the late-
exponential phase of the fermentation, all cells were strongly elongated (figure 2).

Using furfural-containing inocula instead of reference inocula in fermenters containing YA
medium and acid-100 by product mixture did not result in an increased lactic acid titre (table
3,figure 4). However, the total fermentation time was reduced by 60%, resulting in an increase
in lactic acid productivity from 0.8 g/I/h to 2.1 g/I/h.

In fermentations containing lignocellulosic by-products, xylose was only partially consumed
(figure 5). At the start of the fermentation 24.2 gram of xylose was present. In both reference
fermentations using YA medium and reference fermentations using YP20 medium, a final
residual xylose amount of around 3 gram was measured. On the other hand, a final residual
xylose amount of 21 gram was observed in acid-100 containing fermentation processes on
YA medium, and 16.6 gram of xylose was residual when YP10 medium was used. Addition of
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Figure 3: Effect of precultivation in the presence of furfural on lactic acid production during fermentation by
B. coagulans growing in the presence of a mixture of by-products. Either YP10 medium (a) or YP20 medium (b)
was used during fermentation. Lactic acid production was measured by HPLC (symbols) or calculated based
on KOH addition (lines). B and (-—--): reference preculture without addition of by-products, ® and (———):
furfural-containing preculture, addition of by-product mixture acid-100 (a) or acid-150 (b), ¥ and (--): refer-
ence preculture, addition of by-product mixture acid-100 (a) or acid-150 (b).

furfural to the preculture did not influence the total xylose consumption in the subsequent
fermentation process.

The lactic acid production potential on glucose was determined for B. coagulans, pregrown
in the presence of furfural, in YA medium, containing 125 gram of glucose as carbon source
(table 3, figure 4). These fermentations resulted in a total lactic acid production of 103 gram in

52 hours with an average productivity of 1.68 g/I/h, and a conversion yield of glucose to lactic
acid of 919% W/W.
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Table 3: Effect of precultivation on pH controlled fermentations with a start volume of 1 litre using different
media, with or without the addition of acid-100/acid-150 by-product mixture. As inoculum, 5% V//V B. coagu-
lans culture was used, either precultivated in the presence of 1 g/l furfural (furfural preculture) or in the absence
of furfural (reference preculture).

Preculture prozyxlcts (gSIS_)A Medurm ( gC/T)B AL Q) Qua (@)’ (S/Vl/m;*)E Yo T('}:;] i
Reference None 100 YP10 529 742 2.23 4.6 90% 29
Furfural Acid-100 100 YP10 504 71.5 1.39 30 88% 44
Reference Acid-100 100 YP10 40.5 54.0 0.56 14 68% 85
Reference None 100 YP20 59.3 83.0 2.50 5.1 92% 29
Furfural Acid-150 100 YP20 46.6 65.3 093 1.6 81% 60
Reference Acid-150 100 YP20 396 524 042 12 68% 110
Reference None 100 YA 55.6 786 240 390 86% 28
Furfural Acid-100 100 YA 474 68.4 2.06 2.96 84% 28
Reference Acid-100 100 YA 473 66.4 0.81 143 76% 70
Furfural Acid-100 125 YA 70.8 1039 1.68 3.80 91% 52

A: C: concentration of sugar at the start of the fermentation, 100 g/l is a mix of 72.5% glucose, 24.2% xylose and 3.3%
galactose, while medium with 125 g/l sugars is solely glucose

B: Ci.: concentration of lactic acid at the end of the fermentation in g/I

C: A, Total lactic acid produced in g

D: Q, . average volumetric lactic acid productivity in g/I/h

E: Qumae maximum volumetric lactic acid productivity in g/I/h

F: Y5/, conversion yield of consumed sugars to lactic acid in W/W

G: total fermentation time, from inoculation to reaching final lactic acid concentration

RNA-seq analysis of B. coagulans grown in the presence or absence of
furfural

RNA-seq analysis was performed to identify possible mechanisms behind the reduction in
toxicity of by-products when cells are precultivated in the presence of furfural. mRNA ex-
pression levels in cultures grown in the presence and absence of furfural, with cultivation
conditions similar to precultivation, were compared (Table 5). Suprisingly, genes involved in
detoxification of ROS were downregulated 3 fold in the presence of furfural. Peptidoglycans
and spermidine are part of the cell wall structure of bacillus strains. The pathway leading from
peptidoglycan precursor UDP-N-Acetylglucosamine to more complicated peptidoglycan
structures was upregulated by a factor 1.4-2.3 when furfural was present. The pathway also
requires the presence of UDP-GIcNAc, another precursor necessary for the production of
peptidoglycans. Genes involved in UDP-GIcNAc production were upregulated by 1.3-3.2 fold.
Other genes involved in the production of more complicated peptidoglycans such as UDP-
N-acetylgalactosamine-undecaprenyl-phosphate N-acetylgalactosaminephosphotransferase
were upregulated 3.2-5.3 fold. Genes involved in spermidine production, another molecule
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Figure 4: Effect of precultivation in the presence of furfural on lactic acid production during fermentation by
B. coagulans growing in the presence of a mixture of by-products. In the fermentation phase, YA medium was
used. Lactic acid production was measured via HPLC (squares, circles, triangles and diamonds) or calculated
based on KOH addition (Lines). B and (-----): reference preculture without addition of by-products, 100 g/!
mixed sugars, ® and (- ):furfural preculture in presence of acid-100 by-product mixture, 100 g/l mixed
sugars, ¥ and (-): reference preculture in presence of acid-100 by-product mixture, 100 g/ mixed sugars, ®
and (———=): furfural preculture in presence of acid-100 by-product mixture, 125 g/l glucose.

which can be part of the cell wall, were upregulated by 2.2-4.4 fold, while genes involved in
the conversion of glutamate to ornithine, a precursor of spermidine, were upregulated 2.8-
13.5 fold, and pathways leading from ornithine to proline were downregulated 2 fold.

Most genes in B. coagulans are tightly regulated by sigma factors (Price et al. 2001, Schmidt
et al. 1990). Two sigma factors were observed to be upregulated in the presence of furfural,
namely SigF by 4 fold, and SigB by 2.5 fold. For both SigF and SigB, anti-sigma factor antago-
nists, required for the activation of the sigma factors, were upregulated in the presence of
furfural. SigB controls the expression of other genes such as Ysnf and NhaX, which were found
to be upregulated by 3.7-4.0 fold.

The pyrimidine synthesis pathway, leading from aspartate and carbomoyl phosphate to
UDP, was downregulated by 20 to 50 fold in the presence of furfural, with actual expression
values close to zero. An alternative in B. coagulans for the synthesis of UMP/UDP is forming
them from compounds present in the rich YP medium used during cultivation. A 1.8-2.5
fold upregulation was observed for genes involved in the conversion of cytosine to UMP via
cytidine, and from uracil to UMP, while a transporter involved in cytosine uptake was found to
be upregulated 10-fold.
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figure 5: Glucose (closed symbols) and xylose (open symbols) amount present in 1 liter controlled fermen-
tations. Either YP10 medium (a), YP20 medium (b) or YA medium (c) was used. B and (-----): Control with
reference preculture, absence of by-products. ® and (———): Furfural preculture with addition of by-product
mixture acid-100 (a, c) or acid-150 (b), ¥ and (--): Reference preculture with addition of by-product mixture
acid-100 (a, ¢) or acid-150 (b). ® and (——-—): Furfural preculture, 125 g/l glucose as only carbon source, addi-
tion of by-product mixture acid 100 (c).
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DISCUSSION

Addition of furfural during precultivation of B. coagulans DSM2314 results in an improved fer-
mentation on substrates rich in lignocellulosic by-products. This effect has to our knowledge
not been described before. Addition of other by-products during precultivation had no or a
less significant impact.

This improvement was observed in lactic acid yield, titres and productivity, both on YP me-
dia and YA media. On YP medium, also a strong reduction of the lag phase was also observed.
whereas The reason for this difference is unknown. Elongation of cells, which appeared dur-
ing precultivation in the presence of furfural, seemed to be related to the improvement of
fermentation using by-product rich substrates. This elongation was reversed when cells were
transferred back to original medium, suggesting that the effects of precultivation are adapta-
tion effects, and not based on changes in the genotype.

When reference precultures were used in by-product rich medium, the adaptation may
also occur during the long lag phase. This adaptation most likely occurs since furfural was
also present in the acid-100 and acid-150 mixture (table 1). However, since the fermentation
medium also contains numerous other by-products, the adaptation takes 30h (acid-100) to
60h (acid-150) to occur. By allowing the cells to adapt during preculture, the adaptation can
be accelerated. It was observed that the amount of furfural added had a significant impact
on the performance during the actual fermentation (figure 1). Furthermore, it was observed
that when the adaptation already occured during precultivation, it also had a positive effect
on yield and maximum productivity.

Conversion of xylose to lactic acid was decreased in the presence of by-products, resulting
in a high residual xylose concentration at the end of fermentation (figure 5). In reference fer-
mentations, when cells switched from co-consumption of glucose and xylose to consumption
of xylose as sole carbon source, lactic acid production immediately decreased from 1.9 g/I/h
to 1.2 g/I/h. It may be speculated that capacity of pathways involved in xylose fermentation
is too low to produce the amount of energy required for the high maintenance in media rich
in by-products.

94% of the sugars present in acid-pretreated sugarcane bagasse fibres is glucose, while
most hemicellulose sugars such as xylose are present in the liquid fraction (van der Pol et al.
2015). B. coagulans precultivated in the presence of furfural can be used to efficiently produce
lactic acid from glucose present in bagasse fibres, as shown in figure 4. However, fermentation
of the liquid fraction containing mostly xylose may not be efficient. A possible solution is to
ferment this fraction in a separate process by a different micro-organism.

Micro-organisms are able to reduce furfural toxicity by either converting the furfural, or by
increasing its tolerance to this inhibitor. Escherichia coli, Cupriavidus basilensis, Saccharomyces
cerevisiae were previously shown to be able to convert furfural, either into furfuryl alcohol
(Gutiérrez et al. 2002, Laadan et al. 2008) or into 2-furoic acid/2,5-furandicarboxylic acid
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(Koopman et al. 2010, Nichols et al. 2008), compounds that are less toxic for these micro-
organisms. No changes in furfural concentration or formation of furfuryl alcohol or furoic acid
was observed during precultivation of B. coagulans in the presence of furfural. Both genomic
data and RNA-seq data were screened for the presence of genes known to convert furfural
to less toxic compounds, however no genes were found with similarities to known furfural
converting genes. This makes it likely that the beneficial effect of furfural addition is caused
by increased tolerance.

Previous studies suggested that furfural toxicity is mainly caused by the formation of Reac-
tive Oxygen Species (ROS), which are created by the large dipole moment of the aldehyde
group in furfural molecules (Allen et al. 2010, Feron et al. 1992). Several genes are present
in B. coagulans which are known to decrease the toxicity of ROS, including superoxide dis-
mutase, thioredoxin reductase and catalase (Cabiscol et al. 2000). However, all these genes
were downregulated in cultures to which furfural was added. It is therefore unlikely that these
enzymes are involved in the furfural adaptation.

The presence of furfural had the largest impact on genes involved in de novo pyrimidine
pathway, used for the synthesis of uracil. Uracil can also be produced from compounds pres-
ent in yeast extract like cytosine. It was found that a cytosine transporter gene was strongly
upregulated in precultures grown in the presence of furfural, while genes involved in the
conversion of cytosine to uracil and cytidine were slightly upregulated. Since significant uracil
and cytosine concentrations are present in yeast extract, de novo pyrimidine synthesis may
not be required. The relevance of these changes in increasing furfural tolerance is unclear.

Elongation of cells was observed when grown in the presence of furfural (figure 2).
Their length increased up to a factor 3 during precultivation, and up to a factor 8 during
fermentation. RNA-seq analysis showed that several pathways related to the production of
cell wall compounds like peptidoglycans, bacillosamines and spermidines were found to be
upregulated in the presence of furfural (Table 5). An earlier study has shown that heat stress
resulted in a similar elongation of bacillus cells. This also led to a shift in cell wall peptidoglycan
composition. As a result, the cells showing elongation during heat stress were less vulnerable
for autolysis (Novitsky et al. 1974). Another study showed that peptidoglycans and spermidine
can covalently bind in cell walls, stabilizing bacillus cells during osmotic stress (Wortham et al.
2007, Yokoyama et al. 1989). Apparently, elongated cell morphology and cell wall composition
are related to stress response in bacilli and as such also play a role in the observed adaptation
to furfural.

Sigma factors tightly regulate the expression of many genes in bacilli. One sigma factor
found to be upregulated in the presence of furfural is Sigk (Schmidt et al. 1990). SigF is be-
lieved to be involved in the first stage of sporulation. However, the culture used in RNA-seq
analysis was in the (late) exponential growth phase, which is confirmed by high presence of
SigA, a sigma factor only expressed during exponential growth (Qi and Doi. 1990). Expression
of Sigk, involved in the second stage of sporulation, was also not observed. It can be theorized
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that SigF may have a role apart from sporulation, and may be involved in increasing cell wall
strength normally required for the formation of forespores.

Another sigma factor that was upregulated in the presence of furfural is SigB (van Schaik et
al. 2005). Previous research showed that SigB expression is induced by various stress factors,
varying from temperature stress to acid stress to oxygen stress (Hecker et al. 2007, Price et al.
2001). SigB is estimated to control the expression of up to 150 genes (Price et al. 2001). How-
ever, the function of most of these genes is unknown (Price 2001). During RNA-Seq analysis,
several genes were found to be upregulated which are promoted by SigB, such as Ysnf, NHaX,
DPS/ general stress factor 20U, the APP/OPP transport gene cluster, and GsiC,

According to Hecker et al (2007), inducing a mild stress to bacilli can activate SigB. When
SigB is activated, a cross protection against different stress conditions which are otherwise
lethal was observed. This cross protection may also be triggered in B. coagulans cells exposed
to 1 g/l of furfural during preculture. Gaidenko and Price (1998) showed that a knockout of
SigB in Bacillus subtilis decreased cellular tolerance against inhibitory conditions by 10-fold. It
may be interesting to investigate whether upregulation of SigB, Ysnf and/or NhaX via genetic
engineering will increase the viability of B. coagulans, when grown directly in the presence of
potentially inhibiting by-products.
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Chapter 6

ABSTRACT

Sugars derived from lignocellulose-rich sugarcane bagasse can be used as feedstock for
production of L(+)-lactic acid, a precursor for renewable bioplastics. In our research, acid
pretreated bagasse was hydrolysed with the enzyme cocktail GC220 and fermented by the
moderate thermophilic bacterium Bacillus coagulans DSM2314. Saccharification and fermen-
tation were performed simultaneously (SSF), adding acid pretreated bagasse either in one
batch or in two stages. SSF was performed at low enzyme dosages of 10.5-15.8 FPU/g DW
bagasse.

The first batch SSF resulted in an average productivity of 0.78 g/I/h, which is not sufficient
to compete with lactic acid production processes using high-grade sugars. Addition of 1 g/I
furfural to precultures can increase B. coagulans resistance towards by-products present in
pretreated lignocellulose. Using furfural-containing precultures increased productivities to
0.92 g/I/h, with a total lactic acid production of 91.7 gram in a reactor with 1 litre starting
volume, containing 20% W/W DW bagasse. Bagasse in these processes was solubilised with
a liquid fraction, obtained directly after acid pretreatment, to increase sugar concentrations.
Solubilising the bagasse fibres with water increased the average productivity to 1.14 g/I/h,
with a total lactic acid production of 84.2 gram in a reactor with 1 liter starting volume. Due
to fast accumulation of lactic acid, enzyme activity was repressed during two-stage SSF. This
resulted in a slightly lower total lactic acid production of 75.6 gram. However, the two-stage
SSF resulted in an average lactic acid productivity of 1.81 g/I/h. The average productivity in the
first 23h of 2.54 g/I/h was similar to productivities obtained in fermentations with high-grade
sugars.
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INTRODUCTION

Lactic acid is conventionally used as natural preservative in food and cosmetics. A relatively
new application is its utilization as intermediate for the production of chemicals and poly-
mers . Polymerized lactic acid (PLA) can be used as bioplastic, serving as a biobased alterna-
tive to oil-derived plastics such as polyethylene and polystyrene '. Lactic acid can be further
converted into acrylic acid, an intermediate used in the plastic and textile industry *.

Lactic acid is commonly produced in bacterial fermentation processes, using high-grade
sugar or sugar-rich resources such as molasses or starch as feedstock *. However, due to the
limited availability of sugar-rich crops, exploration of alternative feedstocks is a main target of
current research *. Lignocellulose, consisting of 60-75% polymerized sugar on weight basis, is
an interesting alternative feedstock °.

A combination of thermo-chemical pretreatment and enzymatic hydrolysis can be used
to obtain fermentable monomeric sugars from lignocellulose ®’. However, thermo-chemical
pretreatment also results in the formation of by-products such as organic acids, phenolics and
furans. These compounds can negatively influence microbial growth and product formation
during fermentation .

After thermo-chemical pretreatment, a solid liquid separation is performed (figure 1). This
results in a solid fraction in which bagasse fibres are present consisting mainly of cellulose,
whereas it can also contain part of the hemicellulose and lignin *’. The liquid fraction contains
some hemicellulose-derived oligomeric and monomeric sugars, but also a part of the lignin
is present.

Pretreated bagasse fibres have a high water holding capacity, resulting in a viscous broth
at high dry weight (DW) concentrations ’ Therefore, a maximum of 20% can be added to
the fermentation before the broth becomes too viscous. Since bagasse has a DW of 31%
W/W after thermo-chemical pretreatment, it has to be diluted before it can be hydrolysed and
fermented. Sugar concentrations can be increased by solubilising the bagasse fibres with the
liquid fraction, resulting from solid-liquid separation of pretreated biomass (figure 1).

Separate Hydrolysis and Fermentation (SHF) is an often described process to monomerize
(hemi)cellulosic sugars, and to ferment those sugars to lactic acid in two separate steps °.
During enzymatic hydrolysis, increasing concentrations of sugars inhibit enzymatic activity,
making it difficult to efficiently obtain high sugar concentrations '°. In simultaneous sacchari-
fication and fermentation processes (SSF), enzymes and micro-organisms are simultaneously
active in the same reactor. This reduces product inhibition on enzymatic activity, since released
monomeric sugars are directly consumed by the micro-organism ''. Conditions applied in SSF
processes such as pH and temperature should be suitable for both the enzyme cocktail and
micro-organism.

Bacillus coagulans is an interesting strain for the production of lactic acid from lignocellulose
inan SSF process " It can ferment both glucose and xylose homo-fermentatively with conver-
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Figure 1: Process overview for the production of lactic acid from sugarcane bagasse, either using a Batch or
Two-Stage Simultaneous Saccharification and Fermentation (SSF). 1: acid pretreatment on pilot plant scale as
shown in described research (van der Pol et al. 2015). 2: SSF of the solid pretreated bagasse fraction obtained
after solid-liquid separation (This work). The liquid fraction can either be co-fermented during the SSF, or it can
be used in a separate fermentation.

sion efficiencies of over 90% W/W. Furthermore, B. coagulans produces lactic acid with a high
productivity of 2.5-3 g/I/h '*"*'*. Itis able to grow in slightly acidic environments while it is also
a moderate thermophile with an optimum growth temperature of approximately 50°C, similar
to optimal conditions for commercial enzyme cocktails such as GC220 (Genencor, Denmark)
and CTeC2 (Novozymes, Denmark). However, growth of B. coagulans can be inhibited by by-
products present in pretreated lignocellulose °. A previous study has shown that the inhibitory
effects of by-products can be reduced by adding low concentrations of furfural, one of the
inhibitory by-products found in acid pretreated bagasse, to the preculture of B. coagulans .
Using B. coagulans pre-cultures to which 1 g/l furfural was added as inoculum increased lactic
acid productivity, yield and titre in fermentation processes with substrates resembling the
composition of acid pretreated bagasse . In this paper, it is investigated whether furfural
addition to precultures of B. coagulans also has a beneficial effect on fermentation processes
using acid-pretreated bagasse as substrate. Furthermore, other challenges of the SSF process
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such as viscosity are tackled in this study. To obtain an SSF process which is economically at-
tractive, and which can compete with lactic acid production on high-grade sugars, lactic acid
productivities and yields similar to fermentations on high-grade sugars should be reached.

MATERIAL AND METHODS

Chemicals, enzymes and biomass

All chemicals used as well as ammonium phosphate and calcium hydroxide were ordered at
Sigma-Aldrich (St. Louis, USA), and had a purity of at least 98%. Yeast extract, peptone, glucose
and BIS-Tris were ordered at Duchefa (The Netherlands).

The enzyme cocktail used in most processes was Genencor GC220, which had an activity of
105 FPU/ml (Genencor, Denmark) '°. In one experiment, Novozymes CTeC 2 was used, which
had an activity of 168 FPU/ml (Novozymes, Denmark).

Sugarcane was harvested in Queensland, Australia. The bagasse residue after sugar extrac-
tion was pretreated for 15 minutes at 170°C using 0.72% sulphuric acid, followed by steam
explosion, as described previously ”. The final solid material contained 47 % glucan and 3%
xylan.

Micro-organism

Bacillus coagulans DSM 2314 was acquired as freeze dried stock at the German collection of
micro-organisms and cell cultures (DSMZ, Germany). Cells were suspended for 30 minutes in
5 ml PYPD medium, consisting of 5 g/l yeast extract, 10 g/l peptone, 20 g/l glucose and 10 g/
BIS-Tris, pre-sterilized for 20 minutes at 121°C. Cells were transferred to 60 ml anaerobic flasks
containing 50 ml PYPD medium, and grown for 16 hours to an optical density measured at
660 nm (OD660) of approximately 2. After addition of glycerol to reach a concentration of 15%
v/v in the sample, cells were stored in 1.5 ml aliquots in cryovials at -80°C until used.

Preculture preparation

60 ml sterile anaerobic flasks were filled with either 50 ml PYPD medium for control pre-
cultures, or 25 ml 2x concentrated PYPD medium sterilized at 121°C for 20 minutes, and 25
ml of 2 g/I furfural dissolved in milliQ water, which was pasteurized for 1 hour at 85°C, for
furfural containing precultures. The anaerobic flasks were inoculated with 250 ul B. coagulans
freezer stock to obtain a starting OD660 of 0.01, and cultivated in an incubator at 50°C without
shaking. When an OD660 of 1 was reached, which occurs after approximately 15 hours for
control precultures, and after approximately 25 hours for furfural containing precultures, the
preculture was used as inoculum for SSF.
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Batch Simultaneous Saccharification and Fermentation (SSF)

Fermentations were performed in Multifors reactors (Infors, Switzerland), which were pre-
sterilized empty for 20 minutes at 121°C. The SSF consisted of two phases, a pre-hydrolysis
phase of 4-6 hours and a fermentation phase. During the pre-hydrolysis phase, 645 gram of
pretreated solid bagasse (31% W/W dry weight), corresponding to 200 grams of dry weight,
was added to the fermenter, together with 245 ml of sterile water or simulated liquid frac-
tion, of which the composition was based on previous findings ” (table 1). Also, 25% of the
total amount of enzymes was added. The pH was set to 5.0 and controlled by addition of 4N
Ca(OH), (14.8% W/V). The temperature of the fermenter was set at 50°C, the stirrer speed was
initially started at 40 RPM, and increased to 100 RPM during the first hour when the viscos-
ity of the biomass was sufficiently decreased, and no active aeration was applied. After the
pre-hydrolysis phase, 100 ml of 100 g/I of yeast extract was added and the fermenters were
inoculated with 50 ml of preculture (5% V/V).

Table 1: composition of the liquid fraction acquired after solid liquid separation of acid pretreated sugarcane
bagasse, as determined in a previous study (van der Pol 2015). The presence of different compounds is shown
in gram per 245 ml of liquid fraction.

by-product Presence (g)
Acetic acid 0.521
Formic acid 0.052
Glycolic acid 0.165
furfural 0.272
coumaric acid 0.064
vanillin 0.016
xylose 3.98
glucose 1.15

B. coagulans has an optimal growth at a temperature of 54°C and a pH of 6.5, but can
grow at a broad temperature range between 30-58°C, and pH range of 4.8-7.5. Hydrolysis
of pretreated bagasse was achieved by the enzyme cocktail Genencor GC220, which has a
temperature optimum of 50°C and a pH optimum at 5.0. At pH 5.8 the conversion rate of
glucan to glucose by GC220 is at 85% of the conversion rate at pH 5. As conditions for the SSF
processes, 50°C and pH 5.8 were chosen.

During fermentation, the stirrer speed was set at 100 RPM, the temperature was controlled
at 50°C and the pH was controlled at 5.8 by the addition of 4N Ca(OH), (14.8% W/V). The total
amount of GC220 enzyme cocktail added during SSF was 10% V/DW / 10.5 FPU per g DW
material, 12.5% V/DW / 13.1 FPU per g DW material or 15 % V/DW / 15.8 FPU per g DW mate-
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rial. At regular intervals during all SSF experiments, samples of 10 ml were taken and stored at
-20°C until analysis was performed.

Two-stage Simultaneous Saccharification and Fermentation (SSF)

The pre-hydrolysis phase of two-stage SSF was started with the addition of 322.5 gram of
pretreated bagasse, equivalent to 100 gram dry weight, 245 ml of 20.4 g/I (NH,)sPO, in sterile
water, and 25% of the total enzymes used. The pH was initially set to pH 5 by addition of 4N
H,SO, or 4N Ca(OH),, and was controlled afterwards by addition of 4N Ca(OH),. Temperature
was kept at 50°C, and stirring was kept at 100 RPM. The inoculation procedure after pre-
hydrolysis was similar to the batch SSF. At 4.5h or 9.5h, 322.5 gram of additional pretreated
bagasse was added gradually over the time span of 1.5 hours, while the stirring speed was
increased to 150 RPM. In total, 15% V/DW enzymes was added, corresponding to 15.8 FPU/g
DW pretreated bagasse.

Analysis of lactic acid, monomeric sugars and lignocellulosic by-products

Analysis of lactic acid and sugars was performed using a Waters 2695 HPLC system (Milford,
USA) equipped with a Waters Refractive index RI2414 and a Waters 2489 UV/Vis spectropho-
tometer measuring at 210 nm. The column used was a Shodex RS pak KC-811 ion exchange
column (length 300 mm —1.D. 8 mm), controlled at 65°C. As eluent, 3mM H,SO, in milliQ water
was used. The flow used was 1 ml/min.

Samples taken during SSF were thawed and vortexed. 1.5 ml of sample was transferred
to a 2 ml eppendorf tube and placed in a heating block for 15 minutes at 70°C, ensuring all
calcium lactate was dissolved. Samples were centrifuged for 4 minutes at 13,200 RPM. 250 pl
of supernatant was mixed with 250 pl of water and 500 ul of 1M H,SO.,/ TmM phthalic acid
(which was used as internal standard) in milliQ water. Samples were heated again to 70°C for
15 minutes, cooled down for 2 hours, filtered using 0.2 um Spartan filters to ensure all calcium
was precipitated and removed, and supernatants were measured using HPLC.

Glucan, xylan and uronic acid analysis
The neutral sugar content and composition was determined in duplicate according to Englyst
and Cummings 7 After pre-hydrolysis with 72% (w/w) H,SO, for 1 h at 30°C, the samples were
hydrolysed with 1T M H,SO, at 100°C for 3 h. The monosaccharides were derivatised to their
alditol acetates and analysed by gas chromatography (Focus-GC, Thermo Scientific, Waltham,
MA, USA). Inositol was used as internal standard.

The uronic acid content was determined in duplicate according to the automated colori-
metric m-hydroxydiphenyl assay '®, using an auto-analyser (Skalar Analytical B.V, Breda, The
Netherlands). Galacturonic acid was used for calibration.
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Effect of lactic acid concentration on enzymatic hydrolysis

150 ml shake flasks were filled with 6.5 grams of acid pretreated bagasse, corresponding to 2
gram of DW. To these shake flasks, 15 ml 0.1M citric acid and 23 ml 0.2 M Na,HPO4.12H,0 was
added to obtain a buffer at pH 5.8.To these flasks, 0, 1.25, 2.5 and 5 ml of (D/L)-lactic acid solu-
tion (80% in H,0, density 1.2 g/ml) was added. MilliQ water was used to set the final working
volume at 50 ml. The pH was reset to 5.8 using KOH pellets when required. The shake flasks
were incubated for 15 minutes at 50°C and 100 RPM. After addition of 100 pl of the enzyme
cocktail GC220, the flasks ware shaken at 50°C and 200 RPM. After 1 and 2 hours, samples were
taken, immediately heated to 98°C for 10 minutes to inactivate the enzymes, cooled on ice,
filtered using 0.2 um Spartan filters, and stored at 4°C. Glucose concentrations were measured
using the previously described HPLC method.

Calculations determining lactic acid production, yields and sugar
monomerization

Due to a large increase in volume during the SSF, values were recalculated to gram per batch
instead of gram per litre to determine yields and total lactic acid produced. Volume of the re-
actor at time point t (Vg,) was calculated based on the amount of base added in percentage of
the total amount of base added at time point t (By), volumes of the reactor at T=0 in litre (Vi)
determined volume of the reactor at the end of the SSF in litre (Veeng), and the total volume of
sample taken at time point tin litre (Vs). The amount of lactic acid in gram at time point t (Aia,)
was calculated based on the concentration of lactic acid in gram per litre determined via HPLC
at time point t (Cay), the volume of the reactor at time point t(Vg,), and a correction factor for
the amount of lactic acid taken out by sampling at sample n (CF4,.).
Aua=Cua Vi CFra, With v,?,r:vﬁ(,+i*(vw—vm)—v5
o end
and CFua= ) CuasVs,
i=1

The solid fraction contained 47% glucans and 3% xylans when added to the reactor. Due
to the monomerization reaction being a hydrolysis reaction, the molecular weight increases
from 162 gram per mol of subunit glucan to 180 gram/mol glucose, and from 132 gram per
mol of subunit xylan to 150 g/mol xylose, thus the maximum amount of monomeric sugars
which can be formed from 200 gram of dry weight solid material is 110.2 gram of sugars.

During earlier experiments ’, and by residual glucan/xylan analysis at the end of the SSF
(table 3), it was observed that from 200 grams of pretreated solid biomass, 92 gram of sugars
were monomerizable by the enzyme cocktail and were thus available for fermentation.

Lactic acid production can be estimated based on the amount of Ca(OH), added to the
reactor. Lactic acid concentration at a certain time (A.,) was calculated by taken the amount
of base added at a certain timepoint (B, divided by the total amount of base added (B_cnq),
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and multiplied by the final lactic acid titre (A —enq) Measured in triplo via HPLC. The overall
calculation is:

B:

Ap= Al t=end

t=end
No difference in lactic acid production larger than 2 gram was observed between the calcula-
tions based on the Ca(OH), addition, and HPLC analysis of samples taken at different time
points during the SSF.

RESULTS AND DISCUSSION

Batch SSF, solubilising bagasse fibres with liquid fraction

Since lactic acid is a bulk chemical with low added value, it requires an efficient conversion
of lignocellulosic material into lactic acid with high productivities, yields and titres '°. The dry
matter content of bagasse fibres after pretreatment and solid liquid separation was 31% W/W.
A bagasse fibre concentration over 20% (W/W, dry weight basis) results in too high viscosities
in the fermenter. Therefore, the fibre fraction was diluted by adding 245 ml of liquid fraction,
acquired during solid-liquid separation performed directly after thermo-chemical pretreat-
ment.

In this batch SSF process, a total lactic acid production of 77.6 gram was obtained in a
fermenter with 1 litre starting volume, with a final lactic acid concentration of 64.1 g/I. The
average lactic acid productivity was 0.78 g/I/h, which is low compared to the 2.5-3 g/I/h
observed for lactic acid fermentation processes using pure sugars'”'*'* (table 2b). The con-
version yield of lignocellulose to lactic acid was 74% W/W, whereas the conversion yield on
monomerizable sugars was 80% W/W. Since both the average productivity and yield are not
sufficient to compete with processes using pure sugars, the SSF process should be optimised
to increase lactic acid productivity on the lignocellulosic material.

Batch SSF inoculated with B. coagulans preculture containing furfural

In earlier research, it was found that the addition of furfural to precultures of B. coagulans im-
proved growth and lactic acid production on substrates rich in lignocellulosic by-products .
However, this research was performed using a model substrate. Although the composition
of this substrate resembles acid pretreated bagasse with regard to presence of by-products,
other process parameter such as increased viscosity during SSF, and the presence of com-
pounds like lignin are not taken into account. The effect of furfural addition to precultures
was therefore also investigated in an SSF set-up using bagasse fibres solubilised with liquid
fraction.

Addition of 1 g/l furfural to the preculture, used as inoculum for the batch SSF experiment,
reduced the initial lag phase by 20 hours (Table 23, figure 2). Besides the reduction in lag
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phase, the yield of lactic acid on total lignocellulosic sugars was 87% W/W when a furfural
preculture was used, which is significantly higher than the 74% W/W observed when a nor-
mal preculture was used. Furfural addition increased total lactic acid production produced
in the fermenter with 1 litre starting volume by 18% to 91.7 grams, while average lactic acid
productivity increased with 0.14 g/I/h to 0.92 g/I/h. The maximum lactic acid productivity was

Table 2: a: SSF experiments performed with 20% DW pretreated bagasse using the enzyme cocktail GC220 at
different enzyme dosages to monomerize sugars, and B. coagulans DSM2314 for fermentation to lactic acid.
Either liquid fraction acquired after acid pretreatment or MilliQ water is used to solibulise the solids. As inocu-
lum, either a preculture to which furfural was added was used, or a control preculture was used which did not
contain furfural. Addition of 20% DV bagasse fibres was either done as batch at the start of fermentation, or
in two stages of 10% DW. b: different fermentation processes containing high-grade sugars, inoculated with
B. coagulans. Different nitrogen sources were used: YE=yeast extract, PE= peptone

2a
Enzyme
oo Biomass added Pre- Co AL Quav Qurax Yoo Yt Time
liquefied with %/ culture (/)" @°  (@W/h)° (@//hP % % O
DW
Batch Liquid fraction 125  control  64.1 776 0.78 4.2 80 74 90
Batch Liquid fraction 125  furfural 746 91.7 092 42 94 87 90
Batch Water 10 furfural 70.6 84.2 0.92 44 92 83 84
Batch Water 15 furfural 704 838 1.14 42 91 83 68
;@E’Stage Water 15 fufural 582 759 181 43 90 73 37
2b
) Carbon C N-source Ca AL Qo Qurax Yoo Time Source
Strain A 3 ¢ I G
source (g/1) (g/1) (9/1) (9) (g/I/h)- (g/I/h) % (h)
B.coagulans  Glucose 10 YE Van der Pol
DSM2374 +xylose 72424 20 PE 593 83 2.50 5.1 92 29 2016 '
B.coagulans  Glucose 107E Van der Pol
. 72+24 2NH,PO, 556 786 240 39 86 28 15
DSM2314 +xylose 3 NH.SO, 2016
B. coagulans Michelson
SIV-7 glucose 126 25YE 89.3 - 2.8 58 90 31 2006 2

A: Ci,: concentration of lactic acid at the end of the SSF in g/I

B: AL Total lactic acid production in g

C: Qv average volumetric lactic acid productivity in g/I/h

D: Qymae maximum volumetric lactic acid productivity in g/I/h

E: Yy, estimated conversion efficiency of sugar monomers to lactic acid in W/W

F: Y lactic acid production yield on total lignocellulosic sugars in W/W

G: total fermentation time from inoculation of SSF to reaching final lactic acid concentration
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4.2 g/I/h, which is to our knowledge not yet observed in SSF processes using acid pretreated
lignocellulosic material.

It was found that precultivation in the presence of furfural was beneficial for fermentation
processes using acid pretreated bagasse fibres in an SSF set-up. Therefore, all subsequent SSF
experiments were inoculated with B. coagulans precultivated in the presence of furfural.

100

80

60

40

Lactic acid (g)

20 +

time (h)

Figure 2: Simultaneous Saccharification and Fermentation (SSF) experiments performed using 200 g/I acid
pretreated bagasse DW and 10.5-15.8 FPU/g DW bagasse GC220 enzyme cocktail in pH controlled fermenta-
tions with a start volume of 1 litre. As inoculum, either furfural containing or reference preculture was used.
The bagasse was either added in one batch or in two stages. Lactic acid production was followed by calcium
hydroxide addition, and verified with HPLC measurements. The following experiments were performed: batch
SSF solubilised with liquid fraction, inoculated with reference preculture (—-—--), batch SSF solubilised with lig-
uid fraction, inoculated with furfural preculture (), batch SSF solubilised with water, inoculated with furfural
preculture (- ), two-stage SSF solubilised with water, inoculated with furfural preculture (- — - -).

Batch SSF, solubilising bagasse fibres with water

Although sufficient lactic acid production, and a high conversion yield of lignocellulose to
lactic acid was observed in the batch SSF solubilised with liquid fraction, the average pro-
ductivity was not yet competitive with the productivity reached on high-grade sugars. This
is mainly caused by a long lag phase of approximately 40 hours. The liquid fraction contains
approximately 20 gram of sugar per litre, but it also contains 2 g/I of acetic acid, 1 g/I gram of
furfural and some other by-products in minor concentrations (Table 1). These by-products add
up to those present in the pretreated bagasse fibres, and are one of the main challenges when
using pretreated lignocellulose in fermentation processes . While the addition of a small extra
amount of sugars may be interesting to slightly increase total lactic acid production, there is
a risk that the additional amount of inhibiting by-products result in a decrease in productivity.
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Therefore, experiments were performed where the solid fraction was solubilised with milliQ
water instead of liquid fraction.

Similar to results observed for batch SSF solubilised with liquid fraction, using furfural
containing precultures as inoculum for batch SSF solubilised with water led to a lag phase
reduction of 15 hours compared to using a control preculture (data not shown). Still, an
extensive lag phase of approximately 32h was observed at the beginning of the batch SSF
solubilised with water. The production phase however showed a high lactic acid productivity,
with a maximum lactic acid productivity of 4.2 g/I/h, similar to batch SSF solubilised with
liquid fraction.

Batch SSF using solid fraction solubilised with water was performed with two different
enzyme concentrations, 7.5% V/DW and 15% V/DW (Figure 2 and table 2a). In both fer-
mentations the sugar concentrations decreased during the production phase and reached
levels below 5 g/I after 52 and 55 hours for the fermentation with 7.5% V/DW and 15% V/
DW enzyme cocktail respectively. The fermenter in which 7.5% V/DW of enzymes was used
showed a sharp decrease in lactic acid productivity after 52 hours to only 0.51 g/I/h, whereas
the SSF containing 15% V/DW showed an average productivity of 1.44 g/I/h between 55
and 62 hours. At 66 hours, 5ml (2.5% V/DW) additional enzyme cocktail was administered
to increase enzyme concentrations to 10% V/DW. Immediately, the glucose concentration
increased, reaching a maximum concentration of 5 g/, and lactic acid production resumed in
a similar fashion as was observed for fermentations using 15% \V//DW enzymes. This shows that
enzymatic hydrolysis of sugars was the rate limiting step of the fermentation containing 7.5%
V/DW enzyme cocktail, while 10% V/DW enzymes was a sufficiently high enzyme dosage.

After 68 hours, the process with the 15% V/DW enzyme cocktail reached a lactic acid
concentration of 70.4 g/l, equivalent to a total lactic acid production of 83.8 gram. This cor-
responds to a lactic acid production yield on total lignocellulosic sugars of 83% W/W and a
conversion efficiency for B. coagulans of monomeric sugar to lactic acid of 92% W/W. Overall,
an average lactic acid productivity of 1.14 g/I/h was reached, which is significantly higher
than the average productivity of 0.92 g/I/h observed for batch SSF solubilised with liquid
fraction. However, average productivity during batch SSF solubilised with water was still low
compared to lactic production on high-grade sugars.

Compared to SHF however, the process time of 68 hours during batch SSF is short. Where
enzyme hydrolysis alone during SSF can take between 48-72hours, and the subsequent
fermentation requires another 40-60 hours . Therefore, although batch SSF cannot compete
with high-grade sugar processes, it is already an interesting alternative to SHF. The enzyme
dosage of 10.5-15.8 FPU/g DW that was administered to the batch SSF is relatively low, in
most other studies an enzyme dosage of 20-40 FPU/g DW material was used ''*°*" . Enzymatic
hydrolysis is considered to be an expensive process step in the conversion of lignocellulose
to chemicals due to the high costs of enzyme cocktails combined with high addition. In an
earlier study, in which ethanol was produced from lignocellulose at commercial scale, it was
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calculated that an enzyme dosage of 18 FPU/g DW material contributes to 19% of the total
costs of the ethanol production ©.

Two-stage Simultaneous Saccharification and Fermentation (SSF)

Although the maximum productivity in batch SSF was in a similar range as observed for
fermentations using high-grade sugars, the overall productivity was still low because of the
long lag phase. The end of the lag phase coincided with a reduced viscosity of the culture due
to enzymatic hydrolysis, suggesting that the long lag phase was caused by the high viscosity
of the broth.

A decrease in viscosity can be achieved by adding the lignocellulosic material in two stages,
instead of adding all lignocellulose as batch at the start of the SSF.

Using this approach, the micro-organisms directly started to grow without a visible lag phase
after inoculation, and a significant lactic acid production was observed within 3 hours. After
37 hours, a total lactic acid production of 75.9 gram was reached with an average lactic acid
productivity of 1.81 g/I/h, and a maximum productivity of 4.3 g/I/h (table 2a, figure 2). During
the first 23 hours of the two-stage SSF, an average productivity of 2.54 g/I/h was observed.
This productivity is close to the average productivity of 2.5-3 g/I/h "*"*' (table 2b) which is
often seen during fermentation of B. coagulans using high-grade sugars as carbon source.

The average lactic acid in two-stage SSF is much higher than for batch SSF, but total lactic
acid production and lactic acid production yields on lignocellulose were slightly lower for
two-stage SSF experiments. In previous studies, it is suggested that activity of enzymes pres-
ent in the cocktail can be repressed by increasing lactic acid concentrations ***>. The activity
of GC220 was tested in the presence of high lactic acid concentrations. An experiment to
determine initial enzyme activity showed that the presence of 50 g/!I of lactic acid resulted
in a 51% reduction in glucan monomerization by the enzyme cocktail GC220, whereas the
presence of 100 g/I lactic acid results in a full inhibition of the enzymes.

It was also found that 11% more residual glucans and xylans were present at the end of the
two-stage SSF compared to the end of the batch SSF (table 3). In the batch SSF, a total of 93.4
grams of sugar polymers were monomerized, while in the two-stage SSF, 83.2 grams of sugar
polymers were monomerized (table 3). Since the batch SSF shows an extensive lag phase

Table 3: Glucan and xylan monomerization during batch SSF and two-stage SSF, the average lactic acid
produced in Batch SSF and Two-Stage SSF, and the conversion yield of lactic acid on monomerized sugars

Monomerized sugars (g) " La ()" .
Batch SSF 15% V/DW enzymes 934 83.8 90.1%
two-stage SSF 2" batch T=9.5 842 759 90.0%

A: sugars: total monomerization of glucan and xylan polymers during SSF.
B: La: lactic acid production at the end of the fermentation in g
C: Yg12: conversion efficiency of sugar monomers to lactic acid in W/W
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where lactic acid concentrations are low, it can be suggested that the enzymes in batch SSF
are less inhibited, leading to an increased monomerization compared to two-stage SSF. Both
the batch SSF and the two-stage SSF resulted in similar conversion yield of monomeric sugars
to lactic acid of approximately 90% W/W. Therefore the lower lactic acid titre observed in the
two-stage SSF is probably caused by a decreased enzymatic hydrolysis of the lignocellulosic
polymers.

CONCLUSION

Production of lactic acid from acid pretreated sugarcane bagasse was performed with two
different processes, a batch SSF and a two-stage SSF. In these processes, enzyme hydrolysis
and fermentation were combined for shorter process times compared to SHF. The objective
of this study was to reach a lactic acid productivity in SSF experiments using lignocellulose
similar to fermentations using high-grade sugars as feedstock.

It was shown that addition of furfural to the preculture reduced the initial growth lag phase
and increased lactic acid production. In batch SSF, up to 91.7 gram of lactic acid could be
produced, with a conversion yield of monomeric sugars to lactic acid of 94% W/W, and a lactic
acid production yield on total sugars present in pretreated bagasse of 87% W/W. Productivities
during batch SSF of 0.78-1.14 g/I/h still low compared to productivities of 2.5-3 g/I/h reached
on high-grade sugars.

In two-stage SSF, viscosity of the fermentation broth was reduced. This results in an average
productivity over the total process of 1.81 g/I/h. During the first 23 hours of fermentation, an
average lactic acid productivity of 2.54 g/I/h was observed. This productivity is similar to the
productivity obtained in fermentation process using high-grade sugars as feedstock.

It can be concluded that adequate production of lactic acid from lignocellulose was success-
fully accomplished by an SSF process which uses a combination of acid pretreated bagasse, B.
coagulans as micro-organism and GC220 as enzyme cocktail. Furthermore, an improvement
of enzymatic hydrolysis at high lactic acid concentrations will increase the competitiveness of
the SSF process in comparison to using high-grade sugars.
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Figure A: Simultaneous Saccharification and Fermentation (SSF) experiments performed using 200 g/I acid
pretreated bagasse DW and 10.5-15.8 FPU/g DW bagasse GC220 enzyme cocktail in pH controlled fermenta-
tions with a start volume of 1 litre. As inoculum, either furfural containing or reference preculture was used. The
bagasse was either added in one batch or in two stages. Glucose was measured using HPLC. The following ex-
periments were performed: ®: batch SSF solubilised with liquid fraction, inoculated with reference preculture,
B batch SSF solubilised with liquid fraction, inoculated with furfural preculture, ¥ : batch SSF solubilised with
water, inoculated with furfural preculture, ®: two-stage SSF solubilised with water, inoculated with furfural
preculture.
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INTRODUCTION

Lignocellulose is the most abundant renewable biomaterial on earth, and its dry weight
consists for up to 75% of polymerized sugars (Claassen et al. 1999). Therefore, lignocellulose
is often proposed as potential feedstock for the production of chemicals and fuels. One such
renewable chemical intermediate is lactic acid. Polymerized lactic acid (PLA) can be moulded
into a bioplastic, which can be used as an alternative for petrochemically produced polysty-
rene (PS) and polyethylene (PE) (Garlotta 2001).

A pretreatment process is required to obtain monomeric sugars from lignocellulose, which
can be used in fermentation processes for the production of lactic acid (van der Pol et al.
2014). Pretreatment of lignocellulose does not only result in formation of monomeric sugar,
but also in the generation of potentially inhibiting by-products. In this thesis, by-products
formed during pretreatment were identified, quantified, and their inhibitory effect on lactic
acid producing bacteria was determined. This information was used to develop a process in
which pretreated lignocellulose was efficiently fermented to lactic acid.

FORMATION OF BY-PRODUCTS DURING THERMO-CHEMICAL
PRETREATMENT OF LIGNOCELLULOSE-RICH SUGARCANE BAGASSE

Thermo-chemical pretreatment is a process method which can be applied to increase the
accessibility of polymeric sugars and/or (partially) monomerize sugar polymers present in
lignocellulose-rich biomass (Hendriks and Zeeman 2009, Mosier et al. 2005). However, this
pretreatment process can also result in the generation of unwanted by-products, most of
them being furans, phenolics and organic acids (Larsson et al. 1999). The concentration of by-
products found after thermo-chemical pretreatment is influenced by both the lignocellulose
source used, and pretreatment method applied. Chapter 2 summarizes differences in by-
product concentrations found in pretreated lignocellulose originating from different sources
and pretreated by different methods. For an efficient use of lignocellulose-rich biomass as
feedstock for fermentation, the pretreatment has to be optimized to achieve both a high
sugar monomerization and/or accessibility of the polymerised sugars, while minimizing the
generation of by-products (Hendriks and Zeeman 2009, Mosier et al. 2005).

The formation of furans, phenols and some of the organic acids can be (partially) prevented
by optimizing process conditions applied during pretreatment. Other by-products such
as acetic acid, coumaric acid and ferulic acid are part of the hemicellulosic structure, thus
depolymerization of hemicellulose will lead to the release of these by-products (Hatfield et al.
1999, Sun et al. 2004).

In table 2 of chapter 2, by-product concentrations are shown for lignocellulose originat-
ing from different sources and pretreated using various methods. Furthermore, Chapter 3
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describes the pretreatment of lignocellulose-rich sugarcane bagasse in more detail, including
differences between in by-product formation and sugar depolymerization between acid
pretreatment, alkaline pretreatment and autohydrolysis. In chapter 2 and 3 it is shown that
it can be difficult to reduce overall by-product formation by choosing different pretreatment
methods. As an example, acid pretreatment and alkaline pretreatment can be compared.
Acid pretreatment results in high furan concentrations, where furans can be considered as a
key inhibitory by-product during fermentation of pretreated lignocellulose (Heer and Sauer
2008, Taherzadeh et al. 1999). Furans were not present after alkaline pretreatment, however
a much higher concentration of acetic acid and phenolic compounds was found in alkaline
pretreated lignocellulose. In chapter 4, it is shown that alkaline pretreated lignocellulose and
acid pretreated lignocellulose have a similar inhibitory effect on growth of lactic acid produc-
ing bacteria, despite the absence of furans in alkaline pretreated lignocellulose.

The conditions chosen during thermo-chemical pretreatment can have a significant influ-
ence on the amount of by-products formed. In a study performed by Bustos et al in 2004
using experimental design software, it was shown that both acid pretreatment with 2% W/
DW H,SO, for 120 minutes and 5% W/DW H,SO, for 15 minutes result in sugar concentrations
of around 35 g/I (Bustos et al. 2004). However, whereas the first method resulted in a furfural
concentration of 4.7 g/|, furfural formation in the second method was only 1.0 g/I (Bustos
et al. 2004). Even while treatment with 2% H,SO, during 120 minutes leads to a 3% higher
sugar monomerization, treatment with 5% H,SO, for 15 minutes may be the preferred process
condition for pretreatment.

INHIBITORY EFFECT OF LIGNOCELLULOSIC BY-PRODUCTS ON THE
GROWTH AND PRODUCTIVITY OF MICRO-ORGANISMS

By-products resulting from thermo-chemical pretreatment of lignocellulose may have an
inhibitory effect on growth and productivity of micro-organisms. In chapter 2, the effects
of different furans, acids and phenolics on ethanol producing micro-organisms is described.
Most of the tested micro-organisms were yeasts strains like Saccharomyces cerevisiae and
Kluyveromyces marxianus, but ethanol producing bacteria such as Escherichia coli and Zy-
momonas mobilis were also evaluated. In general, by-products have a slightly larger inhibitory
effect on growth than on ethanol productivity and yield. 4-Hydroxybenzaldehyde was found
to be the most toxic of all evaluated by-products for ethanol producing micro-organisms,
closely followed by furfural and vanillin.

Chapter 4 evaluates the inhibitory effect of lignocellulosic by-products on growth of 5
different lactic acid producing micro-organisms. This research showed that 4-hydroxybenz-
aldehyde was the most toxic by-product for Lactobacillus casei, Lactobacillus delbrueckii and
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Bacillus coagulans. For Bacillus smithii and Lactococcus lactis, coumaric acid was the most toxic
by-product.

Besides toxicity of a by-product, two other parameters should be taken into account when
determining the level of inhibition: the by-product concentration after thermo-chemical pre-
treatment, and the synergistic inhibition effect between different by-products present. Since
pretreated lignocellulose contains a mixture of by-products, synergistic effects between dif-
ferent by-products may play a major role in toxicity in these mixtures. Most studies previously
performed on inhibitory effects of by-products on micro-organisms do not consider synergis-
tic effects (Bisschof et al. 2010, Franden et al. 2009, Zaldivar and Ingram 1999,). Studies that do
describe synergistic effects between by-products, for instance between phenolic compounds
(Olivia et al. 2004), and between furans (Taherzadeh et al. 2000), show that synergy can play a
major role in mixtures of by-products. However, the work executed on synergistic effects has
only been performed with a limited number of by-products, and S. cerevisiae was the only
micro-organism tested. The synergistic effect between different by-products on the growth of
lactic acid producing micro-organisms was studied in chapter 4. When these micro-organism
were grown on a medium resembling alkaline pretreated lignocellulose, no by-product is
present in concentrations where it can inhibit growth based on individual effects. However,
the synergistic inhibition effects between acetic acid, levulinic acid, glycolic acid, formic acid
and coumaric acid resulted in a significant inhibition of growth for all strains. These observa-
tions, combined with measurements observed for synergistic effects of by-products on S.
cerevisiae (Oliva et al. 2004, Taherzadeh et al. 2000) demonstrate the importance of synergistic
inhibitory effects between different by-products, and show that studying individual effects is
not sufficient to determine the toxicity of lignocellulosic by-products.

DECREASING INHIBITORY EFFECTS OF LIGNOCELLULOSIC BY-
PRODUCTS

Several methods have been proposed in literature to decrease inhibitory effects of by-products
during fermentation of pretreated lignocellulose. Two different methods can be distinguished
to decrease this inhibitory effect; either the by-products can be removed (detoxification), or
micro-organisms can be improved to withstand higher concentrations of by-products.
Detoxification can be done either chemically or biologically. Chemical detoxification meth-
ods that have been studied include addition of alkaline material, activated charcoal and anion
resins. Although addition of an alkali can help to remove furans and phenols, sugar loss may
occur due to degradation of sugars to aliphatic acids (Nilvebrant et al. 2003, Persson et al.
2002). Activated charcoal can bind up to 40% of the furans and 75% of the phenolics, thereby
reducing their presence during fermentation (Chandel et al 2007). Anion resins can remove
90% of the acetic acid and 60-80% of the furans (Carter et al. 2011). Detoxification using anion
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resins was shown to have a large beneficial effect on productivity during fermentation towards
ethanol (Carter et al. 2011, Frazer and McCaskey 1989, Nilvebrant et al. 2001,). A comparison
study showed that treating lignocellulose with anion resions resulted in the highest ethanol
productivity during fermentation, closely followed by activated charcoal.

Biological detoxification involves a pre-fermentation of the pretreated lignocellulosic mate-
rial with a micro-organism which is able to consume furans, organic acids and/or phenals,
but does not consume any sugars. Koopman showed that Cupriavidus basilensis is able to
metabolise furfural, organic acids and phenolics without consuming sugars present in de
substrate (Koopman et al. 2010). Coniochaeta ligniaria and Amorphotheca resinae have similar
detoxification capabilities, although these strains co-consume limited amounts of sugars
(Nichols et al. 2005, Nichols et al 2008, Zhao et al. 2013).

Although detoxification can significantly increase productivity of micro-organisms on pre-
treated lignocellulose, its use is not preferred. The costs of detoxification can be substantial,
both in operating costs such as addition of charcoal, replacing/cleaning ion resins, heating,
mixing, as well as in capital costs. Furthermore, the extra process stage can result in a loss
of sugars. Since lactic acid production is a process with little added value (John et al. 2007),
process costs should be limited, thus detoxification should be avoided.

In S. cerevisiae, several targets have been found for genetic engineering, increasing resis-
tance of the cells towards inhibitory effects of by-products. These targets are specific for yeast
strains, and are not present in bacilli. Sigma factors regulate the expression of different genetic
domains in bacilli, making genetic engineering more difficult (Price et al. 2001). Furthermore,
genetic tools for thermophilic bacilli are still in their infancy (Bosma et al. 2015). It is therefore
very challenging to apply genetic engineering on B. coagulans to increase its resistance to-
wards inhibitory effects of by-products.

A solution is to adapt B. coagulans cells to lignocellulosic by-products during pre-cultivation.
In chapter 5, it was shown that precultivation of B. coagulans in the presence of 1 g/l furfural
improves productivity, titres and yield during a subsequent fermentation in the presence of
a mixture of by-products. Furthermore, fermentation times could be decreased by over 50%
when furfural was added during precultivation. A large benefit of this adaptation method is
that it does not increase process costs as would occur when detoxification is used, and it does
not require extensive laboratory experiments to identify and modify genetic expression levels
in the micro-organism.

ENZYMATIC HYDROLYSIS AND FERMENTATION OF ACID
PRETREATED SUGARCANE BAGASSE

Chapter 6 describes the optimization of an SSF process for the conversion of acid pretreated
sugarcane bagasse into lactic acid. The objective was to develop a process, in which lactic

140



General discussion

Table 1: Production of lactic acid from pretreated lignocellulosic material using either a separate enzymatic
hydrolysis and fermentation process (SHF), or a combined process (SSF). LF = Liquid fraction. RT = Room Tem-
perature. EH=enzymatic hydrolysis. Acc = Accelerase. Cell = Cellulast. Novo = Novozymes. n.d. = not deter-

mined
Micro- Chemical Enzymatic
organism Feedstock pretreatment  SSF/SHF  Detoxification hydrolysis EH" (h)
P, Acidilatici 2.5% H2504, Acc 1000 15
1 DQ2 Cornstover ~ 3m, 190C SSF Biological 5d FPU/g DW 8
Cell 1.5L 15 FPU/
Bacillus sp. 3% H2S04 2h Centrifugation g DW + Novo 188
2 NLOT Cornstover  RT,5m 170C, SE  SHF after EH 30 CBU/ g DW 48
B. coagulans 10% NaOH, GC220 14 FPU/
3 DSM2314 Wheat straw  16h, 85C SSF none g DW 2
Cell 1.5L 15 FPU/
E. faecalis 0.5%H2504 24h Centrifugation g DW + Novo 188
4 RKY1 Oak wood RT,5m 215C, SE SHF after EH 30 CBU/ g DW 48
B.coagulans  Sugarcane 0.72% H2504, GC220 134 FPU/
5 DSM2314 bagasse + LF  15m, 170C, SE  SSF none g DW 5
B.coagulans  Sugarcane 0.72% H2504, GC220 134 FPU/
6 DSM2314 bagasse + LF  15m, 170C,SE ~ SSF none g DW 5
B.coagulans  Sugarcane 0.72% H2504, GC22015.2 FPU/
7 DSM2314 bagasse 15m, 170C,SE SSF none g DW 4
B.coagulans  Sugarcane 0.72% H2504, GC220 15.2 FPU/
8 DSM2314 bagasse 15m, 170C,SE SSF none g DW 7
Inoculum Qi Quo Source
Micro-organism OvA) QLA Yt %) Yo® (%) (g//h) (/i)
1 PAcdidilatici DQ2 20 101.6 772 nd. 1.06 045 Zhaoetal 2013
2 Bacillus sp. NLOT 8 61.3 nd. 70 146 0.67 Ouyangetal 2013
3 B coagulans DSM2314 20 40.7 43 81 0.74 0.56  Maas et al 2008
4 E faecalis RKY1 ? 93 nd. 80 1.7 0.74  Wee et al 2004
5 B.coagulans DSM2314 5 64.1 74 80 0.78 0.72  Chapter6
6  B.coagulans DSM2314 5 74.6 87 94 0.92 0.79 Chapter6
7 B.coagulans DSM2314 5 704 83 90 1.14 098 Chapter6
8  B.coagulans DSM2314 5 587 73 90 1.81 133 Chapter6

A: Enzymatic hydrolysis time required during SHF, or pre-hydrolysis time prior to inoculation during SSF
B: Ci.: concentration of lactic acid at the end of the SSFin g/I
C:Y 12 lactic acid production yield on total lignocellulosic sugars in W/W

DY,..: estimated conversion efficiency of sugar monomers to lactic acid in W/W

E: Quar average volumetric lactic acid productivity during fermentation phase in g/I/h

F: Qua0: average volumetric lactic acid productivity over the total process in g/I/h
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acid could be produced from bagasse with productivities similar to fermentations using first
generation sugars such as glucose, sugarcane juice or starch. Whereas the production of lactic
acid from lignocellulosic biomass has been shown technically feasible in previous studies,
the overall lactic acid productivity was relatively low, and the processes were therefore not
competitive with first generation fermentation processes (Table 1). Where an average lactic
acid productivity of 2.5-3 g/I/h can be reached on first generation sugars (Hofvendahl et al.
2000, Abdel-Rahman et al. 2011), fermentations on pretreated lignocellulose resulted in an
average lactic acid productivity of 0.45-0.75 g/I/h (Table 1).

In most studies pretreated lignocellulose is used in a separate hydrolysis and fermentation
(SHF) process, in which enzymatic hydrolysis is performed prior to fermentation in a separate
reactor. Although lactic acid concentrations of 90 g/I can be achieved using SHF at labora-
tory scale, the separate enzymatic hydrolysis process step can be disadvantageous for overall
process productivity and yield. Accumulation of monomeric sugars can repress enzyme activ-
ity, resulting in long process times for enzymatic hydrolysis of 48-72 hours. (Wee et al. 2004,
Ouyang et al. 2013).

Simultaneous Saccharification and Fermentation (SSF) is an alternative to SHF, in which
enzymatic hydrolysis and fermentation is performed simultaneously in one reactor. Com-
pared to SSF, SHF has a higher energy consumption due to the extra process time required
for enzymatic hydrolysis, SHF uses larger equipment due to longer residence times, and SHF
shows reduced activity of enzymes during later stages of the enzymatic hydrolysis (Ojeda
et al. 2011). Maas et al used an SSF approach for fermentation towards lactic acid, but they
observed a low lactic acid productivity over the total process of only 0.56 g/L/h, and a low final
lactic acid concentration of 40.8 g/l (Maas et al. 2008). Zhoa et al achieved a high lactic acid
concentration of 101.6 g/I, with a lactic acid productivity of 1.06 g/I/h during the SSF process
(Zhao et al. 2013). However, the lactic acid productivity of the overall process was only 0.45
g/l/h when including the time required for a biodetoxification process step used prior to SSF
was included. In this biodetoxification, the pretreated lignocellulosic material was fermented
with fungi which consume small organic acids and furans, but do not convert sugars. This
biodetoxification requires significant amounts of extra resources such as energy and equip-
ment, and after the non-sterile biodetoxification, autoclaving of the substrate was needed to
reduce the risk of infections (Zhao et al. 2013).

In chapter 6, two SSF processes, batch SSF and two-stage SSF, were used for the produc-
tion of lactic acid from sugarcane bagasse. Reactors in these experiments were inoculated
with B. coagulans DSM2314, which was pre-cultivated in the presence of furfural. Addition of
furfural was shown to reduce the growth lag phase and increase lactic acid productivity, titres
and production yields during SSF. A benchmark batch SSF process, using micro-organisms
pre-cultivated without the presence of furfural, resulted in an average lactic acid productivity
including pre-hydrolysis of 0.73 g/I/h, comparable to the productivity described for SSF in
literature (table 1). When furfural precultures were used as inoculum, both batch SSF and
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two-stage SSF show a higher lactic acid productivity over the total process of 0.98 g/I/h and
1.33 g/I/h respectively, which is 1.5-3 fold higher than overall lactic acid productivities in other
studies (table 1). Batch SSF also reached a high yield on lignocellulosic sugars between 83 and
87% W/W, and a conversion of monomeric sugar to lactic acid of over 90% W/W. In two-stage
SSF, a similarly high conversion of monomeric sugars to lactic acid was obtained. However,
lactic acid production yield on lignocellulosic sugars was lower in two-stage SSF, although this
yield was still comparable to yields described in literature (table 1). The lower yield on lignocel-
lulosic sugars during two-stage SSF was found to be caused by a decreased depolymerization
of (hemi)cellulose by the enzymatic cocktail, resulting in the presence of around 20 g/l residual
glucan and xylan at the end of two-stage SSF (Chapter 6). Rapid accumulation of lactic acid
during two-stage SSF could be the cause of the reduced enzyme activity (Chapter 6, lyer et
al 1999, Moldes et al 2001). Another advantage of batch SSF and two-stage SSF over the other
processes described in table 1 is the inoculum size. Since precultures use high-grade sugars
and rich medium components, a decrease of inoculum volume can significantly reduce costs
of the fermentation process.

Further optimization of the proposed SSF processes may be realized by reducing the amount
of yeast extract used, and/or by (partially) replacing this nitrogen source with a cheaper alter-
native such as corn steep liquor, cotton nitrogen or mineral salts. In conclusion, both batch
SSF and two-stage SSF are good methods for the conversion of pretreated lignocellulose to
lactic acid, with several distinct benefits over other processes performed in previous studies.

SCALE UP OF PRODUCTION PROCESSES FOR LACTICACID
PRODUCTION FROM LIGNOCELLULOSE-RICH BIOMASS

Scale up of thermo-chemical pretreatment process

In chapter 3 and 6, the production of monomeric sugars from pretreated lignocellulosic
biomass, and fermentation towards lactic acid, is demonstrated at laboratory and small pilot-
plant scale. A further scale up of this process is required to produce adequate amounts of
lactic acid.

DSM, in cooperation with Poét, is currently constructing and evaluating a pretreatment and
fermentation plant, which produces bioethanol from acid pretreated corn stover. The thermo-
chemical pretreatment process is followed by separate enzymatic hydrolysis and fermenta-
tion (Project liberty 2015). The production target of this plant is 80.000 tonnes of bioethanol
per year, which means that at least 200.000 tonnes of DW corn stover has to be pretreated
and processed. This process plant, which is now in operation, uses acid pretreatment on a
large scale to increase the accessibility of cellulose and hemicellulose for enzymatic hydro-
lysis. Several other studies also report successful pilot-plant trials using acid pretreatment on
lignocellulose-rich biomass. In this thesis, a batch process using 10 kg of dry weight biomass
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was performed in the Queensland pilot plant facility. Over 80% of the sugars in this pretreated
lignocellulose can be monomerized by enzymes, results similar to laboratory experiments
performed at 100 g scale (Wong et al. 2011, chapter 3). In larger scale pretreatment facilities,
a continuous process is preferred, since it can have a higher throughput of material due to
an optimised heat transfer, and potentially lower operating cost can be achieved due to the
more efficient heating and cooling of the material (Jgergensen et al. 2006, Kim et al. 2013,).
Several studies have evaluated continuous pretreatment processes which can handle up to
1000 kg of lignocellulosic material per hour, equivalent to up to 7200 metric tonnes per year.
(Jorgensen et al. 2006, Petersen et al. 2009, Thomsen et al. 2008). In continuous processes at
larger scale, up to 85% of the hemicelluloses and up to 94% of the celluloses could be recov-
ered, whereas a cellulose conversion efficiency to monomeric sugars of 91% was reached
when the pretreatment was combined with enzymatic hydrolysis. It can be concluded that
processes which combine a low pH and elevated temperature (up to 180°C) can be efficiently
used in large-scale continuous pretreatment processes.

Scale up of enzymatic hydrolysis and fermentation process

The two-stage SSF process as proposed in chapter 6 may be further improved by scaling
up. Instead of adding additional pretreated lignocellulose in a second batch, it can be added
as continuous feed at a larger scale. This can result in both an improved viscosity of the fer-
mentation broth, as well as an increase in average residence time of the pretreated material
in the fermentation reactor. With an extended residence time, the enzymatic hydrolysis of the
pretreated lignocellulose may be increased. A screw feeder has been successfully used for
continuous feeding of pretreated lignocellulose (Maas et al. 2008).

One of the challenges in large-scale fermentation using lignocellulosic material is mixing.
The fermentation broth contains a high dry matter content to provide a sufficient amount
of sugars. A high DM content results in an increased viscosity, thus a higher energy input is
required for mixing of the broth. Increased mixing can also result in a significant amount of
shear stress in the reactor, which can decrease the viability of the microbial culture. Zhang
et al describe a SSF experiment at a high DM content of 30% using a Rushton impellor for
mixing. Even when applying a high mixing power input of 40 W/kg DW lignocellulose, mix-
ing was still a limiting factor during the SSF process (Zhang et al. 2009). To produce 1 kg of
ethanol, an energy input of 6 kWh was required for mixing only using a Rushton impeller
(Zhang et al. 2009). In the research of Zhang et al, a helical stirring system was shown to be
a promising alternative to Rushton impellers for fermentation of pretreated lignocellulose at
high dry matter content. Helical stirring required a much lower power input, while it results in
higher mixing efficiencies in fermentation broths with high dry matter content. (Ouyang et al.
2013, Zhang et al. 2009).
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DOWNSTREAM PROCESSING OF LACTIC ACID PRODUCED FROM
LIGNOCELLULOSIC MATERIAL

A downstream process (DSP) is required to purify the lactic acid from the fermentation broth.
Purification of lactic acid produced from lignocellulosic material is to our knowledge not well
investigated, whereas the effectiveness of downstream processing is an important parameter
for the feasibility of producing polymer-grade lactic acid from sugarcane bagasse.

When conventional sugar sources such as sugar beet syrup, sugarcane juice or cassava
starch are used for the production of lactic acid, downstream processing involves calcium
carbonate precipitation at high pH, filtration, and re-acidification with sulphuric acid towards
lactic acid (Schopmeyer and Arnold 1944) (figure 1). Although this is an efficient method to
purify lactic acid, the re-acidification results in the formation of a large quantity of gypsum
(calcium sulphate). Where gypsum is traditionally used in small quantities in hospitals and
similar niche markets, and may be used as material for the construction of buildings, it is
expected that large surplus of gypsum will be formed when PLA will be produced on such
a large scale. Therefore, gypsum is seen as an unwanted by-product (Datta and Henry 2006).
Several studies have investigated the possibility of recycling gypsum towards elemental
sulphur and calcium carbonate (de Beer et al. 2015, Song et al. 2012). However, the recycling
process itself is costly, and additional chemical compounds such as hydrogen sulphide or
ammonium carbonate are required.

As an alternative to calcium carbonate, magnesium hydroxide can be used in combination
with organic amines to sediment lactic acid. Magnesium hydroxide has the benefit of being
easier to recycle than calcium carbonate (van Krieken 2011).

Acquiring a high purity of lactic acid after DSP is important for PLA production, since impuri-
ties can deteriorate the properties of the PLA polymer (Inkinen et al. 2011). Examples of com-
pounds present in fermentation broth when using conventional sugar sources are organic
acids, alcohols, nutrients and cell debris. Besides these impurities, lignocellulosic biomass
itself contains different impurities after pretreatment, such as organic acids, phenolics, furans,
lignin, extractives, ions and sand (Inkinen et al. 2011) (Chapter 3). The impurities present in
lignocellulose-rich biomass can add to the complexity of the downstream process to obtain
an efficient purification of lactic acid, and thus for the production of a high quality PLA bio-
plastic. To our knowledge, it has not been evaluated whether high purities of lactic acid can
be achieved when calcium precipitation or magnesium precipitation is used as downstream
process method for lignocellulose derived fermentation broths.

Other alternative downstream processes for lactic acid purification use the isoelectric point
of the acid group. One such process is electro dialysis (Madzingaidzo. et al 2002). Although
this method is efficient in concentrating lactic acid and separating it from non-ionizable mol-
ecules, Madzingaidzo et al found that acetic acid, and potentially other acids or impurities,
are also concentrated, and are present in the fraction containing lactic acid (Madzingaidzo et
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Figure 1: Classical downstream processing method for the purification of lactic acid. Fermentation broth
containing calcium lactate is acidified, and the gypsum formed is filtered out.

al. 2002). Since the fermentation broth after SSF may contain up to 5 g/l of acetic acid, 3 g/I
of levulinic acid and glycolic acid, and 1 g/l of formic acid, using an ion separation method
is not likely to be efficient when lactic acid is produced from lignocellulosic material. lon
exchange resins such as PVP can also be used to recover lactic acid, however problems similar
to electro dialysis may occur when separating lactic acid and other acids (Joglekar et al. 2006).
Although these processes cannot purify lactic acid in a single stage, they may still be used
when a combination of methods is applied. Also, ion separation methods may be used to
remove organic acids before SSF, potentially simplifying the DSP. More experiments should be
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performed to investigate the potential of these purification methods for lactic acid produced
from pretreated lignocellulose.

AVAILABILITY OF LIGNOCELLULOSE-RICH BIOMASS

Lignocellulose-rich biomass is considered to be a nearly unlimited and unused source of
carbon. However, some types of lignocellulose which are frequently proposed as potential
feedstock for fermentation, for instance wheat straw, are already used for other purposes.
Bakker et al estimated that more than 50% of the wheat straw produced worldwide is already
used, mainly in cattle farming (Bakker 2013). With an increasing demand for meat, wheat straw
availability is expected to decrease further in the (near) future. Increasing straw harvest is not
recommended, since it can decrease soil nutrients such as nitrogen and phosphate (Scarlat
etal. 2010).

A lignocellulose source that is largely unused is corn stover. Most corn fields in the United
States are centralized around first generation ethanol plants, making transport distances to
lignocellulose processing plants short and therefore cheaper. It is estimated that in the US
alone, up to 100 Mt of corn stover can be collected in a sustainable and economically viable
manner. Around 20 Mt of this corn stover may be required for other purposes, thus up to 80
Mt of corn stover can become available for fermentation processes (Kadam and McMillan
2003).

Sugarcane bagasse is another interesting source of lignocellulose-rich biomass. To produce
sugarcane juice, the sugar canes are transported to sugar mills. Since sugarcane bagasse is
the left-over of the sugar extraction process, the biomass is present at centralized locations,
and is available without transportation costs. However, approximately 50% of this bagasse is
currently used for heat and power generation. This amount may be reduced to 36% by more
efficient modes of operation, such as more efficient heating boilers (Lavarack et al. 2002).
Another solution to power the sugarcane mills while acquiring fermentable sugars present
in the lignocellulose is by extracting the lignin from the lignocellulose. Lignin does not only
have a high energy density, it also contains less water than the original biomass due to its
hydrophobicity, and may therefore be burned more efficiently. The concept of sedimentation
and burning lignin is already applied in the paper and pulp industry (Glasser and Sarkanen
1989).

Currently, 1500 Mt DW of sugarcane bagasse is produced by sugarcane mills on an annual
basis (Cerqueira et al. 2007), which should be more than sufficient to produce the estimated
90 million tonnes of PE and PS which is produced in the petrochemical industry (Bakker 2013).
Sugarcane bagasse can therefore be seen as a suitable feedstock for biobased production
of chemicals. Besides sugarcane bagasse, sugar cane leaves and tops also represent a good
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source of lignocellulose (Bakker 2013). This material is not yet collected, thus transportation
costs should be considered when using this material.

Similar to sugarcane bagasse, empty fruit bunches (EFB), a leftover residue from palm oil
production, is collected at the palm oil mills. In Malaysia, one of the main palm oil produc-
ing countries, 7Mt of DW EFB is not used for other purposes and thus available as feedstock
(Bakker 2013). Although this is a relatively small amount of biomass compared to sugarcane
bagasse, the presence in a centralised location makes EFB a potentially interesting feedstock
for fermentation.

PRODUCTION OF LACTIC ACID VERSUS PRODUCTION OF ETHANOL
FROM SUGARCANE BAGASSE

In chapter 2, it is estimated that 125 gram of monomeric sugars per kilogram dry weight
bagasse can be found in the liquid fraction after acid pretreatment. Furthermore, 520 gram of
sugar polymers per kilogram of initial dry weight can be found in the solid fraction after acid
pretreatment.

When using the efficiencies as observed in chapter 6, 520 gram of polymers can be
converted into 432 gram of lactic acid in the batch SSF, or to 380 gram of lactic acid in the
two-stage SSF. When batch SSF is used with partial addition of the liquid fraction, which
contains part of the hemicellulosic sugars, 470 grams of lactic acid can be produced from 1
kg of bagasse dry weight.

Ethanol fermentations using lignocellulosic biomass are reported to produce around 220-
270 kg of ethanol per ton of dry weight biomass (Humbird et al. 2011). The low productivity
per tonnes of dry weightin comparison to lactic acid is mainly due to the coproduction of CO,,
which results in a low maximum theoretical yield on a weight basis. A maximum theoretical
yield of 1 gram of lactic acid per gram of glucose or xylose can be achieved when B. coagulans
is used as production organism. However, a maximum theoretical yield of only 0.51 gram of
ethanol per gram of glucose or xylose can be achieved by S. cerevisiae (Kuyper et al. 2004).
Theoretically, a maximum ethanol production of 314 kg per tonnes of sugarcane bagasse can
therefore be achieved.

Current ethanol selling prices are estimated at approximately 2.8 dollar per gallon, equiva-
lent to 600 dollar per tonnes (Sdnchez-Segado et al. 2012). Lactic acid selling price is estimated
at 1300-5000 dollar per tonnes, depending on the quality and purity of the lactic acid (Cellulac
2015). It should be noted that downstream processing of lactic acid may be more expensive.
Whereas bioethanol can be distilled from the broth, leaving most impurities in the water
phase, lactic acid purification requires different process stages, and calcium carbonate pre-
Cipitation leads to gypsum formation as by-products. If the purification of lactic acid can be
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optimized, producing lactic acid from lignocellulosic material can be an economically more
interesting process than the production of ethanol from lignocellulosic material.

CONCLUSIONS

In this thesis, a thermo-chemical pretreatment of sugarcane bagasse, using sulphuric acid as
catalyst, was combined with a simultaneous saccharification and fermentation (SSF) process
for the production of lactic acid. Bacillus coagulans DSM2314 was used for the fermentation
of lignocellulosic sugars to lactic acid, since its cultivation conditions are similar to condi-
tions at which (hemi)cellulose degrading enzymes are active. Although the thermo-chemical
pretreatment resulted in the formation of numerous by-products, inhibition of B. coagulans by
these by-products could be overcome by pre-growing the micro-organism in the presence of
furfural. During SSF, lignocellulosic material was added in two stages to decrease viscosity of
the broth. The combination of two-stage SSF inoculated with a pre-culture grown in the pres-
ence of 1 g/l furfural resulted in an average productivity of 2.4 g/I/h during the first 23 hours
of fermentation, similar to average productivities observed in fermentations using high-grade
sugars. During SSF, conversion yields of monomeric sugars to lactic acid above 90% W/W were
observed. These results show that an SSF process using acid pretreated sugarcane bagasse
can be an economically attractive alternative to fermentation using high-grade sugars.

Scaling up of both the chemical pretreatment and SSF process is not expected to result in
major challenges, while it may even allow for an optimized and thus more efficient process.
Sugarcane bagasse is the most interesting agricultural waste residue to use as feedstock for
the process, due to its large and centralized availability, while empty fruit bunches, corn stover
and rice straw may also be suitable sources of lignocellulose. Optimizing the downstream
process for the production of high-grade lactic acid from pretreated lignocellulose, required
for the production of PLA with a high quality, should be investigated in more depth. When the
downstream processing is optimised, a large scale lignocellulose based production process of
lactic acid as bulk chemical can become economically attractive.
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Summary

SUMMARY

Lignocellulose is the most abundant biomaterial on earth, making it an interesting feedstock
for the production of bulk chemicals. Lignocellulose consists for 60-75% W/W of sugars, which
can be used in fermentation processes to produce chemicals such as lactic acid, a building
block for PLA (Poly-Lactic acid). PLA can be moulded into a bioplastic, which is a suitable
alternative to oil-derived plastics like polystyrene (PS) and polyethylene (PE). In this thesis, lig-
nocellulose was thermo-chemically pretreated and enzymatically hydrolysed to monomeric
sugars. These sugars are used as feedstock for lactic acid producing micro-organisms.

In Chapter 2, a literature study was performed which focusses on the formation of un-
wanted by-products, such as furans, phenols and organic acids, during the thermo-chemical
pretreatment of lignocellulose. The effect of pretreatment and source of lignocellulose on the
formation of by-products is evaluated. By-products formed during pretreatment are shown to
inhibit growth and productivity of micro-organisms used for the production of biochemicals.
In this chapter, strategies are provided which can help to reduce the inhibitory effect of ligno-
cellulosic by-products.

In chapter 3, the effect of autohydrolysis, acid and alkaline pretreatment on sugarcane ba-
gasse is described. It was found that acid pretreatment, combined with enzymatic hydrolysis
of the pretreated bagasse, resulted in a high monomeric sugar formation of 610 gram per kg
initial dry weight bagasse. This pretreatment also showed a limited formation of small organic
acids of 6.4% W/DW, while a relatively high amount of furans (1.4% W/DW) was measured.
Alkaline pretreatment did not result in the formation of furans, but compared to acid pre-
treatment, higher amounts of small organic acids (10% W/DW) and phenolics (0.47% W/DW)
were found in the pretreated bagasse. Also, the sugar monomerization efficiency of alkaline
pretreated bagasse was slightly lower. A high amount of both furans (2.6% W/DW) and small
organic acids (12% W/DW) were found after autohydrolysis.

The inhibitory effect of by-products resulting from thermo-chemical pretreatment of
lignocellulose was evaluated in chapter 4. Using a rapid small-scale screening method in
48-well plates, both individual and combined effects of by-products present in pretreated
lignocellulose were determined. Large differences in the sensitivity for by-products were
found for 5 different lactic acid producing bacteria tested in this study. Results from the rapid
screening, combined with the quantification of by-products, can be used to predict whether
by-products will be inhibitory for growth, Furthermore, the most inhibitory by-product can
be identified. The rapid screening method can therefore help to select the most appropri-
ate micro-organism for a chosen combination of pretreatment method and lignocellulosic
feedstock.

Bacillus coagulans DSM2314 is an interesting micro-organism to ferment lignocellulosic
material, since it can consume both glucose and xylose, and it can convert these to lactic acid
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with a high productivity and yield. Furthermore, its optimal growth conditions are similar to
optimal conditions of enzymes used to hydrolyse pretreated lignocellulose, allowing a simul-
taneous saccharification and fermentation process (SSF). However, B. coagulans was shown in
chapter 4 to be sensitive for several by-products found after pretreatment.

In chapter 5, it was shown that the inhibitory effects of by-products on B. coagulans can be
substantially reduced when it was precultivated in the presence of 1 g/l furfural. Inoculating
fermenters rich in lignocellulosic by-products with furfural-containing precultures increased
lactic acid vyield, titre and productivity. The adaptation effect was not caused by consump-
tion or conversion of furfural by the cells. Using RNA-Seq analysis, it was observed that genes
involved in the production of cell wall components such as peptidoglycans, bacillosamine
and spermidine were upregulated in the presence of furfural. Furthermore, the sigma factor
SigB was found to be upregulated. SigB regulates gene expression of up to 150 genes, most of
them being related to enhanced protection of the cells in stress environments.

In chapter 6, It was evaluated whether inoculation with furfural-containing precultures of
B. coagulans also had a positive effect on simultaneous saccharification and fermentation of
pretreated lignocellulosic material. When 1 litre pH controlled fermentations were inoculated
with a reference preculture, a total lactic acid production of 77.6 gram was obtained, with an
average productivity of 0.78 g/I/h. Using the same amount of lignocellulosic biomass, SSF
experiments inoculated with a furfural-containing preculture showed a total lactic acid pro-
duction of 91.7 gram, with a productivity of 0.92 g/I/h. When the lignocellulosic biomass was
added in two stages, 75.9 grams of lactic acid was produced, while the average productivity
was increased to 1.81 g/I/h. An average productivity of 2.54 g/I/h was observed during the
first 23h of two-stage SSF. This productivity is similar to fermentations using high-grade sugars.

Lignocellulosic by-products play an important role during fermentation of pretreated
lignocellulose to lactic acid. In Chapter 7, the work of this thesis is discussed, more specifi-
cally the role of by-products. Solutions are presented to reduce the inhibitory effects of these
by-products. Overall, it was shown that both batch SSF and two-stage SSF, inoculated with
furfural-containing preculture, are efficient processes for the production of lactic acid. It can
be concluded that using lignocellulose as feedstock for the production of lactic acid as bulk
chemical can become economically attractive.
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SAMENVATTING

Lignocellulose is het meest voorkomende biomateriaal op aarde. Mede hierdoor is het een
zeer interessante grondstof voor de productie van bulk chemicalién. Lignocellulose bestaat
voor 60-75% op gewichtsbasis uit suikers. Deze suikers kunnen gebruikt worden in fermen-
tatie processen waarin chemicalién zoals melkzuur, een bouwstof voor PLA (poly-melkzuur),
worden geproduceerd. PLA kan verwerkt worden in bioplastics, welke een goed alternatief
vormen voor uit aardolie geproduceerde plastics zoals polystyreen (PS) en polyethyleen (PE).
In deze thesis wordt beschreven hoe lignocellulose thermo-chemisch kan worden voorbe-
handeld en enzymatisch gehydrolyseerd kan worden. Hierbij worden suikers als monomeren
vrijgemaakt, die kunnen worden gebruikt als grondstof voor melkzuur fermentaties.

Allereerst is er een literatuurstudie uitgevoerd, deze is te vinden in hoofdstuk 2. Hierin
wordt beschreven hoe de formatie van ongewenste bijproducten zoals furanen, phenolen en
organische zuren plaats vind tijdens de thermo-chemische voorbehandeling van lignocellu-
lose. Het effect van verschillende voorbehandelingsmethoden en lignocellulose bronnen op
de formatie van ongewenste bijproducten is hierbij geévalueerd. De gevormde bijproducten
kunnen de groei en productiviteit remmen van micro-organismen die worden gebruikt voor
de productie van bulk chemicalién. In dit hoofdstuk worden strategieén beschreven die kun-
nen helpen om deze ongewenste effecten van de lignocellulose bijproducten te verminderen.

In hoofdstuk 3 wordt beschreven welke bijproducten worden gevormd tijdens neutrale,
zure en alkalische voorbehandeling van suikerriet bagasse. Daarnaast is er ook gekeken naar
de effectiviteit van deze voorbehandelingen, in combinatie met enzymatische hydrolyse,
in het vrijmaken van suikers als monomeren. Een zure voorbehandeling resulteerde in een
hoge monomerische suiker opbrengst van 610 gram per kilogram initiéle biomassa. Verder
werden er ook organische zuren gevormd, hoewel dit in mindere mate was dan bij de andere
voorbehandelingsmethoden (6.4% W/DW). Er werd echter wel een hoge concentratie aan
furanen gemeten na de pretreatment (1.4% W/DW).

Tijdens alkalische voorbehandeling van bagasse werden geen furanen gevormd, maar
werd na afloop wel een hoge concentratie organische zuren (10% W/DW) en phenolische
verbindingen (0.47% W/DW) waargenomen. Met een monomerische suiker opbrengst van
475 gram per kilogram initiele droge biomassa was de opbrengst van alkalische voorbehan-
deling lager dan zure voorbehandeling. Na neutrale voorbehandeling werd zowel een hoge
concentratie furanen (2.6% W/DW) als organische zuren (12% W/DW) gemeten.

De toxische effecten van bijproducten, welke zijn ontstaan na de thermo-chemische be-
handeling van lignocellulose, op lactaatproducerende micro-organismen zijn beschreven in
hoofdstuk 4. Zowel individuele als gecombineerde effecten van bijproducten kunnen wor-
den geidentificeerd door gebruik te maken van een snelle kleine schaal screening methode.
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Voor de 5 geteste stammen in deze studie zijn grote verschillen gevonden in sensitiviteit voor
verschillende bijproducten. Deze resultaten kunnen, samen met de resultaten van de gecom-
bineerde effecten, worden gebruikt om te voorspellen of bijproducten in voorbehandelde
lignocellulose kunnen zorgen voor remming van de groei van micro-organismen. Daarnaast
kunnen met deze resultaten de meest toxische bijproducten worden geidentificeerd. Deze
snelle screening methode kan daarom helpen om het meest geschikte micro-organisme te
vinden voor een gekozen combinatie van voorbehandelingsmethode en lignocellulose bron.

B. coagulans DSM2314 is een interessant micro-organisme voor de fermentatie van lig-
nocellulose suikers, omdat dit micro-organisme zowel glucose als xylose kan consumeren.
Daarnaast kan dit micro-organisme met een hoge productiviteit en efficiéntie melkzuur pro-
duceren. De groeicondities van deze stam zijn vergelijkbaar met de ideale condities waarbij
enzymatische hydrolyse van voorbehandelde lignocellulose plaats vind, waardoor hydrolyse
en fermentatie tegelijk kan worden uitgevoerd (SSF proces). In hoofdstuk 4 is echter geob-
serveerd dat B. coagulans relatief gevoelig is voor lignocellulose bijproducten, wat mogelijk
nadelig kan werken tijdens de fermentatie van lignocellulose suikers.

In hoofdstuk 5 wordt aangetoond dat het toxische effect van bijproducten op de groei
en productiviteit van B. coagulans sterk kan worden gereduceerd door 1 g/ furfural toe te
voegen aan het begin van de voorcultuur. Om het effect van furfural toevoeging te zien zijn
fermentatie experimenten uitgevoerd met een medium waaraan verschillende bijproducten
zijn toegevoegd. Fermentoren, welke zijn geént met voorcultures waaraan furfural is toege-
voeqd, laten een verbeterde melkzuur productie, productiviteit en yield zien. Het adaptatie
effect van de cellen in aanwezigheid van furfural kon niet worden toegeschreven aan de
consumptie of omzetting van furfural door de cellen. RNA-Seq analyse was uitgevoerd om
te bekijken welke genen meer of minder tot expressie kwamen. Genen welke betrokken zijn
bij het produceren van celwand componenten, zoals peptidogylcanen, bacillosamines en
spermidines, kwamen meer tot expressie in de aanwezigheid van furfural. Ook SigB8 kwam
meer tot expressie in de aanwezigheid van furfural. Dit gen reguleert de expressie van 150
genen die de cel beschermen tegen stress condities.

In hoofdstuk 6 is onderzocht of de toevoeging van furfural aan de voorculturen van B.
coagulans ook een positief effect heeft tijdens simultane saccharificatie en fermentatie (SSF
proces) van voorbehandelde bagasse. In een 1 liter fermentor, geént met een voorcultuur
zonder furfural, kan een totale melkzuurproductie van 77.6 gram worden bereikt, met een
productiesnelheid van 0.78 g/I/h. Wanneer dezelfde reactor wordt geént met een voorcultuur
waaraan furfural is toegevoegd, dan kan totale melkzuurproductie van 91.7 gram worden
gehaald, met een productiesnelheid van 0.92 g/I/h. Wanneer de bagasse niet in een maar
in twee delen wordt toegevoegd aan de reactor, dan kan een productiesnelheid van 1.81
g/l/h worden bereikt, met een productiesnelheid van 2.54 g/I/h over de eerste 23 uur. De
productiviteit in de eerste 23 uur is vergelijkbaar met de productiviteit zoals wordt gemeten
in fermentaties op pure suikers.
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In hoofdstuk 7 wordt het werk van deze thesis bediscussieerd, waarbij vooral aandacht
wordt gegeven aan de rol die lignocellulose bijproducten tijdens fermentatie hebben. Verschil-
lende oplossingen worden aangedragen om de effecten van bijproducten op fermentaties
te minimaliseren. Er kan worden geconcludeerd dat zowel batch SSF als Fed-Batch SSF, welke
worden geént met furfural voorgegroeide cellen, interessante en efficiénte processen zijn om
melkzuur te produceren. Het gebruik van lignocellulose als grondstof voor de productie van
melkzuur als bulk chemicalie kan daarom een economisch interessant proces zijn.
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een HPLC in en uit elkaar schroeft, en wat er allemaal bij analytische chemie komt kijken. Ook
vond ik het altijd leuk en leerzaam om samen koffie te drinken, jij hebt mij zeker geholpen
mij blik op de wereld te verbreden! Truus, ik vond het altijd erg leuk en leerzaam om met je
te praten. Emil, jij maakte het altijd gezellig op het lab en in koffiepauzes. Jan, ik wil je enorm
bedanken voor je hulp met mijn RNA sequencing! Lonneke, ik vond het altijd heel gezellig
als jij er was, en ik vond het erg jammer dat je naar het Zodiac verhuisde. Book, it was very
nice to meet you, | wish you all the best in Thailand! Ellen, eerst collega, later ook buurvrouw,
dankje voor alle hulp en gezellige momenten! Verder wil ik alle andere mensen bedanken die
mij hebben geholpen tijdens mijn PhD, en die mijn PhD een mooie periode van mijn leven

161



Dankwoord

hebben gemaakt: Paulien, Hans, Jacqueline, Jacinta, Steef, Hetty, Bwee, Astrid, Ana,
Marc, Odette, Yvonne, Hadrien, Florent, Noon, Pang en natuurlijk alle anderen!

Het laatste jaar ben ik verhuisd naar BPE in het Radix om mijn thesis the schrijven. llse, ik
ben heel blij dat jij mijn kamergenoot was. Jij maakte het laatste jaar heel gezellig, en was
bovendien altijd bereid the luisteren als ik weer eens schrijffrustratie had ;). Mitsue, it a great
pleasure to be your officemate, | really enjoyed your presence and our conversations J! Edgar,
although | nearly finished in the lab, it was nice to have you around in the office! Marjon, het
was erg fijn om je als kantoorgenoot te hebben, en ik heb enorm veel bewondering voor je
doorzettingsvermogen.

Gerard, je interesse in mij heeft mij erg goed gedaan! Daarnaast maakte je het tijdens de
koffie en lunchpauzes altijd een stuk gezelliger met je aanwezigheid en mooie verhalen. Kiira,
we had a lot of fun during the PhD-trip, | will never forget how people though we were a
couple those days.

The coffee and breaks were always the best time of the day. Rupali, Tim, Richard, Bregje,
Wendy, Agi, Ward, Jorijn, Joao, Youri, Douwe, Miranda, Marina, Mark, Dirk, Marcel,
Sebastiaan, Hans, Packo, Lenneke, Guido, and of course all the others, thanks for making
the breaks and my stay at BPE awesome!

Een van de mooie dingen aan een PhD is het mogen begeleiden van studenten. Evelien,
dankzij jou scherpe en kritische blik, en uitmuntend inzicht, heb ik chapter 4 tot een goed
mooi chapter weten te maken. De cum laude voor je bachelor had je dan ook volledig
verdiend! Jorrit, ondanks dat ik je een eindeloze hoeveelheid flesjesexperimenten liet doen,
bleef je altijd vrolijk en altijd doorgaan! Dank voor al je hulp!

Al vrij snel werd woensdagavond de ‘mannenavond;, samen met Jan, Wolf en Stefan. Deze
avonden werden snel een van de hoogtepunten van de week, en ik ben heel blij dat we ze
hebben kunnen voortzetten ondanks mijn verhuizing. Verder waren de gameweekenden en
de trip naar Berlijn geweldig! Ook hebben jullie me enorm geholpen met ontspannen tijdens
mijn PhD, en gesteund als ik het wat moeilijker had.

Marit, je was een van de eerste mensen die ik goed leerde kennen. Ik heb enorm genoten
van alle gezellige avonden, aan het begin vaak met zn 2en, later vaak met Jan erbij. Ook
heel erg bedankt voor al jullie gastvrijheid, als ik weer eens een experiment had wat tot laat
duurde, of als ik een keer een gezellige avond wilde hebben, kon ik vaak bij jullie terecht. Hier-
door hebben jullie mijn verhuizing naar Zwolle een stuk makkelijker gemaakt, de waardering
hiervoor is zo groot dat ik hem moeilijk kan verwoorden. | owe youl!

Wolf, je humor maakte elke laboratiumdag bij FBR weer een stuk leuker! En petje af voor
alle kookkunsten die je aan mij helpt laten zien. Ik ben heel blij dat jij mijn Paranimf wil zijn!
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Lieve llse, Een jaar nadat ik was begonnen leerde ik je kennen toen ik actief begon te tennis-
sen. Al vrij snel voelde het alsof je altijd in mijn leven bent geweest. Je vrolijkheid en gezel-
ligheid maakte de dag altijd goed. Het is lastig in woorden te beschrijven hoe ontzettend
veel je mijn leven verrijkt hebt. Jou steun heeft mij altijd fantastisch geholpen, ik hoop dat ik
hetzelfde kan doen in tijdens jou PhD project. Sorry dat je soms mijn eindeloze gezeur hebt
moeten aanhoren, maar mede dankzij jou is het gelukt ;)!

Inge, ik weet nog dat we elkaar vroeger nogal vaak in de haren viogen. Wat ben ik blij dat dat
nu anders is! Alle leuke dingen, of het nu een dagje Rotterdam is, of de reizen naar Boedapest
en Antwerpen, heb ik enorm goede herinneringen aan! Enorm leuk dat je me nu wilt steunen
als paranimf bij deze mijlpaal.

Pap en Mam, bedankt voor al jullie liefde en steun! Ik ben ontzettend trots dat jullie mijn
ouders zijn. Jullie hebben altijd voor mij klaar gestaan, of het was voor verhuizing nummer 7,
of om mij te verwennen als ik een weekendje thuis kwam! Zonder jullie goede opvoeding was
ik waarschijnlijk nooit zo ver gekomen!

Age, Alberta, Nynke, Arianna, ik vind het fijn dat ik jullie heb leren kennen, en ik ben heel
blij met alle steun die jullie mij geven! Ik vind het heel leuk dat jullie altijd interesse hebben
gehad in mij en mijn PhD, en dat jullie aanwezig zijn op de defense.

-Edwin-
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CURRICULUM VITAE

Edwin Christiaan van der Pol was born in Schiedam, the Netherlands on the 13™ of October
1988. He went to the Stedelijk Gymnasium in Schiedam, where he received his VWO diploma
in 2006.

In the same year, he started to study Life Science & Technology at both the University of
Leiden and Delft University of Technology. The bachelor degree of this study was successfully
obtained in 2010.1n 2011 a Master thesis project was successfully performed at the Industrial
Microbiology group of Delft University of Technology, focussing on 2™ generation biofuel
production. After an Internship at DSM nutritional products in Switzerland, he obtained his
MSc degree, specialization biochemical engineering, in 2011.

The work on 2" generation biosubstrates was continued in his PhD project, which was
performed within the Bioprocess Engineering group of Wageningen University. The project
focussed on the production of lactic acid from lignocellulose-rich material. This project was
performed in collaboration with BE-Basic. Currently, he is working as Concept Developer
within AVEBE, a company which processes potatoes to starch and other valuable compounds.
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Overview of completed training activities

OVERVIEW OF COMPLETED TRAINING ACTIVITIES

Disciplince specific activities

Courses

European Biorefining Training School 2014 (Climate-KIC, Budapest, Hungary)
Design of experiments for Bioprocess Optimization (MBI, London, UK)
Metabolic Engineering (VLAG, Wageningen, The Netherlands)

Food and Biorefinery enzymology (Vlag, Wageningen, The Netherlands)

Symposia and meetings

BE-Basic symposia and flagship meetings (BE-Basic, The Netherlands)

CLIB conference (CLIB2020, Germany)

Symposium on Biotechnology for Food and Chemicals (SIMB, California, USA)

General courses

Scientific publishing (WGS, Wageningen, The Netherlands)

Scientific writing (WGS, Wageningen, The Netherlands)

Teaching and supervising thesis students (DO, Wageningen, The Netherlands)
Project and time management (WGS, Wageningen, The Netherlands)
Networking course as introduction for PhD trip (Wageningen, The Netherlands)
Business awareness workshop (BE-BIC, Delft, The Netherlands)

VLAG PhD week (VLAG, Wageningen, The Netherlands)

Optionals

Preparation research proposal (Wageningen, The Netherlands)

PhD trip 2012 (Spain)

Team meetings BE-Basic (Gorinchem, The Netherlands)

Bioprocess Engineering Brainstorm (AiO) days (Wageningen, The Netherlands)
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