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CHAPTER |

INTRODUCTION

The Energy Independence and Security Act of 20@7eglriving force for biomass
utilization as feedstocks for biofuels. It saysttwa 2022, 36 billion gallons of bioethanol
must be used per year in the US, of which are liébigallons of ethanol produced from
cellulose while ethanol from starch is limited @ Hdillion gallons (EPA 2011). Since the
conversion of lignocellulosic materials to fermdaéasugars is still facing challenges for
commercialization, universities and research int&g are focusing on this technology.
Several funding sources are available for perfogm@search in biofuels. The US
Department of Energy (DOE), the US Department ofidgture (USDA) and the Sun Grant
Initiative, a national network of land-grant unisiies and federally funded laboratories, and
others provide funding for selected proposals.

Liquid high-density fuels are still the major soeiaf energy for transportation.
Especially in aviation, liquid fuels cannot be wEd by electric batteries or heavy fuel cells
since the energy density of liquid fuels cannoableieved (Hemighaus et al. 2006).
However, it is common knowledge that petroleumhassiource for liquid fuels will be
depleted eventually. Therefore, an early investnrefuels derived from biomass is

necessary. In case oil is depleted, not only trarapon must gain its energy from biofuel,



but also the chemical, pharmaceutical and bioproithdcistries will be dependent on
biomass as their sole feedstock. Currently, th&uble industry utilizes easily fermentable
sugars for ethanol, or plant oils for biodieseldarction. However, as it becomes clear that
many industries are dependent on biomass, whialsdslimited on an area basis, a complete
utilization of the organic matter is required tdigwe optimum efficiency.

In order to achieve a complete utilization of tmgamic matter of a plant, one must
understand the composition of a plant. As crudésaibmposed of different chemicals,
which are separated in the refinery into asphalgfied petroleum, jet fuel, diesel fuel,
heating oil, gasoline and other valuable prodymtsducts from a plant can also be separated
into several chemicals in the biorefinery. Usingncas an example, its kernel can be
separated into starch and oil. The starch can ssr¥eod or be further processed to
bioethanol. The oil can be used for cooking or t@sel production. The rest of the plant,
also known as stover, can be separated into ligellylose and hemicellulose. Lignin can be
burned for power production or used as substratthéobiopolymer industry. The cellulose
and hemicellulose can be used as feedstock fothainel production. Figure 1.1 shows a
schematic of how biomass could be processed inrafinery to produce different chemicals
with corn as an example. The same principle camsied for other common biomass
feedstocks, such as woody biomass, herbaceous sscena agricultural residues.

Where theory seems straight forward, the praxisdawajor difficulties in providing
technology that can perform these steps economid&tere the left-hand side of Figure 1.1
is already done and the base for major bioethamalyztion in the United States, the right-

hand side deals with high energy and water usageghzymatic activities and overall low
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Figure 1.1: Schematic of biorefinery with corn as xample (Cheng 2010).




efficiencies. The major difficulty is the breakdowhthe complete lignocellulosic structure
to fermentable sugars, while minimizing formatidnrthibitors and loss of sugars. Evolution
made lignocellulose, and especially lignin, highdgalcitrant. Lignocellulose gives
mechanical strength to plants and is resistantitoofial breakdown. Therefore, finding
enzymes that break down cellulose, hemicellulosklignin is rather difficult. Fortunately, a
breakdown is not impossible, which can be obsewteeh plants rot in the field. However,
some of these processes are time intensive arti®frterest for industrial purposes. The
best role models for biomass breakdown in natuzenite-rot and brown-rot fungi. White-
rot fungi excrete laccases and other enzymes tkltewn and utilize lignin, hemicellulose
and cellulose, leaving a white material (FritscB82). Brown-rot fungi are specialized in the
breakdown of cellulose by excreting cellulases laagle the brown lignin (Fritsche 2002).
Current technologies apply, compared to natureshhphysical or chemical processes to
achieve rapid lignin breakdown or dissolution. Satpeently, cellulolytic and
hemicellulolytic enzymes are applied to hydrolyze tellulose and hemicellulose to sugars.
Due to the harshness of the pretreatment, loss&sgairs and byproducts and/or inhibitors
are created. It has long been recognized that ah@rzymes containing multiple activities
towards cellulose, hemicellulose and lignin canrione the overall conversion efficiency.
Moreover, where in the past the focus for lignadeBic bioethanol was based on cellulose,
current research tries to utilize hemicelluloséegsistock too. As mentioned above, we can
face biomass shortages, so it is of highest impoe&o use as much of the organic matter for
product formation as possible.

A reason for the high cost of lignocellulosic bieksiproduction is the production of

hydrolytic enzymes with high and tailored actiwstidn ideal enzyme has high activity over



a large spectrum of pH changes, has optimum agtviambient temperatures, is not
affected by substrate or product inhibition, and &dong stability over time, while being
cheap to produce. Current enzyme production uses stibmerged fermentation (SmF) or
solid state fermentation (SSF). SSF has already pe®/en to achieve higher enzyme
productivities by reduced protease production (&gna-Gonzélez et al. 2003). However,
SSF requires a leaching step to remove the enzyomethe solid matrix, which will dilute
the enzyme concentration. Furthermore, it is véificdlt to apply continuous operation on a
SSF system. A trickle bed reactor can be the swiub the problem. It allows the culture to
grow on a solid surface by optimum oxygen and eatrsupply. When a recycle is
implemented, the substrate utilization and prodmechation can be improved. However, a
major drawback can be the uncontrolled growth ofatig, which can lead to clogging of
pipes and apparatuses. Limiting the growth of tlgaism by continuous product formation
can be a potential solution. A trickle bed reactm only achieve its full potential when the
growth of the organism can be limited while theyane production is unaffected. Then the
system could be viewed as a stationary catalystenthe recycle flow rate is chosen
appropriately high, the assumption could be madettie dissolved solids concentration is
uniform throughout the reactor, which allows thages of continuously stirred tank reactor
(CSTR) models.

Currently, literature tries to achieve zero-growdte systems in order to maintain a
constant cell mass. Zero-growth rate systems cactieved by reducing the energy and
carbon supply to a level equal to the maintenaneegy required by the organism to survive,
but without growth. It is not known if such a systean be kept active over a prolonged

period of time. A solution could be the usage otantistrains that are unable to utilize a



certain essential coenzyme. These strains neegdhisular coenzyme in the medium to
grow. By removing the coenzyme from the mediumrafie organism is grown, the growth
could be limited while the enzyme production cantowe. Such a system has not been
proposed in the literature. Different mutantsAgpergillus nidulans can be found with a
multitude of different markers. Among others, theskers can be co-enzymes and need to
be fed to the organism to allow growth.

The first part of the present study investigatessynergistic effects of enzymatic
hydrolysis of grain sorghum stover by using muéiiphzymes. Conversion of cellulose to
glucose is compared between untreated and predrgedan sorghum stover.

The second part of this study investigates thdlidig of limiting the growth by
coenzyme limitation for continuous enzyme productibhis system is then applied to a
laboratory scale trickle bed reactor to investightefeasibility of the reactor system over a

period of time.
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CHAPTER II

OBJECTIVES

1. Determine the synergistic effects of enzyme mixddog maximum enzymatic
hydrolysis of grain sorghum stover untreated amdrpated with liquid hot water

pretreatment.

2. Determine the feasibility of continuous client em®yproduction with an
Aspergillus nidulans mutant containing a pyridoxine marker by limititige

supply of pyridoxine.

3. Determine the feasibility of using the limited grbvgystem with pyridoxine

limitation in a trickle bed reactor for prolongelteat enzyme production.



CHAPTER IlI

REVIEW OF LITERATURE

3.1 Lignocellulosic substrates

Plant material that is composed mainly of cellujdsamicellulose and lignin is
considered lignocellulosic material. Lignocellulosnaterial was traditionally a by-
product of the agricultural and forest industriBlstee types of lignocellulosic material
can be identified: agricultural residues, herbasdmamass and woody biomass (Lin and
Tanaka 2006). Typical agricultural lignocellulosésidues are corn stover, wheat straw,
and rice straw. According to the Billion-Ton-Studlydate by Perlack (2011), the USA
produces 111 million metric tons of agriculturadickies in the baseline scenario in 2012.
Table 3.1 shows typical values for cellulose, hethitose and lignin contents of
agricultural residues. Using average values, a mi&44.4 million tons of cellulose could
be produced. Assuming complete cellulose convetsidmoethanol, 25 million tons (32
billion liters) of ethanol could be produced antypalVith 24 MJ/L for ethanol and 34.2
MJ/L for gasoline, the bioethanol could replaceblon liters (5 billion gallons) of
gasoline.

Herbaceous biomass is grown as feedstock for tfedis industry. Several

herbaceous feedstocks show promising fiber compasito qualify for the biofuels



industry. Among others, switchgrass, miscanthud,@oastal Bermuda grass are the
main species. Common compositions can be seenbile Bal. Optimum feedstock
characteristics for biofuel production are highweke and hemicellulose concentration
and low lignin, moisture and ash content. The cagiijmm varies greatly with the state of
plant maturity. Therefore, harvest should take @laefore lignification is initiated, since
lignification reduces biodegradability (Jung andg€éb1992). Woody biomass can be
divided into two categories: softwood and hardwdgaoftwoods are gymnosperms and
include all evergreens (Cheng 2010). Examples ffveods are pine and spruce.
Hardwoods have broad leaves and are angiosperramit@s of hardwoods are poplar,
willow and oak (Fengel and Grosser 1975). The diffee in cellulose, hemicellulose

and lignin content between softwoods and hardw@odsown in Table 3.1. It is not the
author’s intention to rank the different feedstoaksgood and bad. It is the author’s
opinion that all resources need to be considerddeaaluated in their usage as feedstock,
since different areas with different climates proenine growth of different feedstocks in
a sustainable manner. Furthermore, a mix of alssates will be needed to overcome the
future demand for the biofuels, bioproduct and dleamndustry. However, each
substrate with its unique characteristics requaresdividually optimized conversion

process.

3.1.1 Cellulose

Cellulose is the main constituent of plants angde®to give the plant structure
and mechanical strength (as opposed to starchhvgeives as an energy source)
(O'Sullivan 1997). Cellulose is a linear polymenqmsed of glucose molecules with

1,4-glycosidic bonds. Six polymorphs of celluloseé been identified (1, II, 1l IV, V,

10



Table 3.1: Typical composition (% dry basis) of ligocellulosic biomass (Cheng

2010).

Biomass Cellulose Hemicellulose Lignin

Agricultural | Corn stover 35-40 17-35 7-18

waste Wheat straw 33-50 24 — 36 9-17
Rice straw 36 — 47 19-25 10-24

Herbaceous | Switchgrass 28 - 37 24 - 27 15-18

biomass Miscanthus 38-43 24 — 27 22 -25
Coastal 26 31 20
Bermuda grass

Woody Hardwoods 40 - 50 15-20 20-25

biomass Softwoods 40 - 50 11-20 27 -30

11




and VI) (O'Sullivan 1997). Cellulose 1 is the fofound in nature. By application of heat,
mercerization, or liqguid ammonia the cellulose ferinto IV are interconverted
(O'Sullivan 1997). Since cellulose | is the natwedurring form of cellulose, it is of

main interest and described in more detail. Mudtighains off-1,4- glycosidic bound
glucose molecules together form a cellulose mibraf{Cheng 2010). Multiple
microfibrils form a cellulose fibril. Due to th&1,4-glycosidic bond, the OH group from
C6 on one chain forms a hydrogen bond with the @iig from C3 on a neighboring
chain. These intermolecular bonds together wittamblecular bonds are responsible for
the rigid structure of cellulose and its crystatiifCheng 2010). Figure 3.1 shows the H-

bonds between two strands of cellulose chains.

3.1.2 Hemicellulose

Hemicellulose is a heterogeneous branched polynteradbackbone composed
of xylose, mannose or glucose. Other main brancbedtituents are glucose, arabinose,
mannose, galactose, phenolic groups, acetyl grangsugar acids (Cheng 2010; Saha
2003). Its composition varies greatly with plare¢y Where softwoods are mainly
composed of glucomannans, hardwoods are mainly asaapof xylans (Girio et al.
2010). Six groups of major hemicelluloses can leatified: glucuronoxylans (GX),
galactoglucomannans (GGM), arabinoglucuronoxyl&gsX), xyloglucans (XG),
arabinoxylans (AX) and complex heteroxylans (CHKgble 3.2 shows an overview of
the hemicelluloses, their predominant source, baw&lstructure and side chains.

Hardwood hemicelluloses are mainly composed of T content can range

between 15% and 30% of the dry mass (Alén 2000)c@$ists of a linear backbone of
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O<6>

Figure 3.1: H-bonding of two cellulose | strands. Aapted from O’Sullivan (1997).
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Table 3.2: Main types of polysaccharides present inemicelluloses (information based mainly on (AléR000; Carpita and

Gibeaut 1993; De Vries and Visser 2001; Ebringerovat al. 2005; Pereira et al. 2003).

Polysaccharide type Abb | Biological | %db? | Backbone | Side chains Linkagd Dp®
origin S
Arabinogalactan AG | Softwoods | 1-3 | B-D-Galp | p-D-Galp, B-(1->6) | 100 —
a-L-Araf, a-(1->3) | 600
B-L-Arap B-(12>3)
Xyloglucan XG Hardwoods, 2-25 | B-D-Glcp, | B-D-Xylp, B-(1>4)
grasses B -D-Xylp | B-D-Galp, a-(1->3)
a-L-Ardaf, B-(1>2)
a-L-Fuaep, a-(12>2)
Acetyl a-(1-2>2)
Galactoglucomannan GG| Softwoods 10-25 B-D- B-D-Galp a-(1->6) | 40 — 100
M Manp, B- | Acetyl
D-Glcp
Glucomannan GM | Softwoods, 2-5 B-D- 40-70
hardwood Manp, B-
D- Glcp,
B-D-Xylp
Glucuronoxylan GX | Hardwoods 15-303-D-Xylp | 4-O-Me+w-D-GlcpA, a-(1>2) | 100 —
Acetyl 200
Arabinoglucuronoxylan| AGX | Grasses, 5-10 | B-D-Xylp | 4-O-Me-a -D-GlcpAp - | a-(1>2) | 50 — 185
cereals, L-Araf a-(1->3)
softwoods
Arabinoxylans AX | Cereals 0.15-| B-D-Xylp | a-L-ArafFeruloy a-(12>2)
30 a-(123)
GlucuronoarabinoxylansGAX | Grasses, 15-30 | B-D-Xylp | a-L-Arédf, a-(1->2)
cereals 4-O-Me-a -D-GlcpA, a-(1->3)
Acetyl
Homoxylans HX | Algae B-D-Xylp

! Abbreviation,” % of dry mass; Degree of polymerization
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B-(1,4) glycosidic linke@-D-xylopyranosyl units. One in ten xylose molecutes arnu-
1,2-linked uronic acid group and some are acefylateC2 and C3. GX may contain
small amounts of L-rhamnose and galacturonic a@sidd et al. 2010).

GGM is the main hemicellulose in softwoods with 18%25% of the dry mass
(Pereira et al. 2003). The linear backbone is caag®fB-(1,4)-glycosidic linked b-D-
glucopyranosyl and b-D-mannopyranosyl units (Gati@l. 2010). The units are partially
acetylated at C2 or C3. It was observed that GGpeapto be water soluble when the
galactose content is increased (Timell 1965).

The major component of non-wood hemicellulose iSXAGGX are also a minor
component in softwoods (Girio et al. 2010). Theld@ne is composed of xylopyranose
units with 4-O-methyk-D-glucopiranosyl uronic acid andL-arabinofuranosyl units
(Timell 1965). Compared to hardwoods, AGX may lss lacetylated.

Hardwoods are predominantly composed of XG. XG afsobe found in small
amounts in grasses. The backbone of XGs are commdgel,4-linked glucose residues
and 75% of these residues are substituted withseyé O-6. XGs form hydrogen bonds
with cellulose microfibrils and support the struetiuntegrity of the cellulose network
(Carpita and Gibeaut 1993; De Vries and Visser 204hra and Malhotra 2009). The
cellulose microfibrils are coated with XG, whichmits their aggregation. Tethers bind
the microfibrils and regulate the mechanical prtpsrof the cell wall (Johansson et al.
2004).

The major hemicellulose structures in cereal gecaihwalls are arabinoxylans.
While similar to hardwoods, AXs contain a higheroamt of arabinose (Girio et al.

2010). The linear backbone of AX is compose@-df4-xylose units and is substituted
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with a-L-arabinofuranosyl units at 2-O and/or 3-O posisioThe extractability of xylan
is restricted by physical and/or covalent intei@usiwith other cell wall components
(Girio et al. 2010).

Cereals, seed, gum exudates and mucilages caataplex heteroxylans where
the xylose backbone has single uronic acid andravayd residues as well as various

mono- and oligoglycosyl side chains (Girio et &10).

3.1.3 Lignin

Lignin is, after cellulose, the second most abubhdaganic polymer in
lignocellulosic biomass. As a compound of the walll of higher plants, lignin confers
mechanical strength and plays a vital role in viessdumansport (Martone et al. 2009).
Lignin also protects cellulose and hemicellulogarfrmicrobial breakdown, making
wood persistent and a useful building material (v@me et al. 2010). It is a three-
dimensional amorphous heteropolymer (Uzal et 8920and is composed of
hydroxycinnamyl alcohols (or monolignols), conifeajcohol and sinapyl alcohol. A
minor compound is p-coumaryl alcohol (Boerjan e2803). From the monolignols
result guaiacyl, syringyl and p-hydroxyphenyl upitdhich are incorporated into the
lignin polymer. In general, softwoods (gymnosperar®) hardwoods (angiosperms)
have different major lignin monolignol compoundsft®oods are mainly composed of
guaiacy! units (with minor p-hydroxyphenyl unitsjcahardwoods are mainly composed
of guaiacyl and syringyl units (Vanholme et al. @D1Figure 3.2 shows the lignin

structure of poplar as predicted from NMR analysis.
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Figure 3.2: NMR predicted lignin structure of poplar (Stewart et al. 2009).
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3.1.4 Grain sorghum stover

Grain sorghum is a common cereal crop in Nigeha,Wnited States, India, Mexico and
other countries. It is the third most used gramfémd in the United States, and used
second, after corn, as a feedstock for commeraaithanol production (Anonymous
2010). Kim and Dale (2004) reported that North Aiceehas a potential of producing
1.89 gigaliter (GL) bioethanol from sorghum strd¥owever, to improve the conversion
efficiency of grain sorghum to ethanol, it is nesgy to not only utilize the grain, but
also the plant residues, also known as stoversidwer is mainly composed of structural
carbohydrates (cellulose, hemicellulose, and ligrima previous study, the cellulose
and hemicellulose content was found to be 35%l§dsts (db)) and 28% (db),
respectively and the lignin content was 5.6% (@além et al. 1994). Powell et al.
(1991) compared the chemical composition of coneeat grain sorghum, intermediate
and forage sorghum stover. The cellulose contestaver varied between 31.3% (db) for
grain sorghum and 25.3% (db) for intermediate sanglstover. Hemicellulose was
highest in grain sorghum stover with 28.2% (db) krweest in intermediate sorghum

stover with 21.7% (db).

3.2 Pretreatment of lignocellulose

The ultimate compound derived from biomass for mapglications in biofuel,
bio-product and chemical industries is sugar.dmibnomeric form, it can be used for
many applications and converted to other compowMitereas the formation of sugar
from starch or sugar crops is cheap and can be\sghin high yields, the sugar

formation from lignocellulose is still costly. Hower, in order to relieve the pressure of
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starch and sugar crops’ demand for non-food appies, lignocellulose-to-sugar
technology is being researched to find pretreatraadtenzymatic hydrolysis techniques
than can reduce costs and increase vyields.

The difficulty in converting lignocellulose to sugaomes from the structure in
which the polymers are arranged within the fibetrmaA typical plant fiber is
composed of three major compounds: cellulose, hedlalose, and lignin. Cellulose,
present as a linear polymer, is surrounded by ¢#mei¢ellulose, which is present as a
branched polymer. Both, cellulose and hemicellubrgesurrounded by lignin. Lignin is
nature’s answer to rapid microbial breakdown. Ligisi highly recalcitrant and protects
cellulose and hemicellulose from enzymatic breakuolihese characteristics allow us to
use wood as a building material. However, it is tigicalcitrance that needs to be
overcome in order to convert the cellulose and beltilose to useful sugars. A dead
tree in the forest is broken down by microorganiswihkite-rot fungi degrade lignin and
brown-rot fungi hydrolyze cellulose. Unfortunatellgese processes have slow reaction
rates and are not of high interest for industry.

Several techniques are available to pretreat ligihadose. The purpose of a pretreatment
technique is to (Alvira et al. 2010):

- break and remove lignin

- de-crystallize cellulose

- increase porosity

- improve accessibility of enzymes

- enhance biodigestability
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Figure 3.3 shows a schematic of the arrangemdigroh, hemicellulose and cellulose to
each other, as well as the effect of pretreatmeerat fiber matrix. An optimized
pretreatment technique must improve the formatisugars, avoid the degradation of
sugars or loss of carbohydrates, avoid the formadfanhibitors, not require a size
reduction of biomass, be effective at low moistoatent, be cost-effective, allow lignin
recovery and have a minimum power and heat reqeé@lvira et al. 2010). No
pretreatment technique has been developed yefutfiis all requirements. Detailed
descriptions of available pretreatment techniquesagailable elsewhere (Alvira et al.
2010; Bjerre et al. 1996; Chang et al. 2001; Duff Murray 1996; Girio et al. 2010;
Kumar et al. 2009; Millet et al. 1976; Monties 198osier et al. 2005a; Playne 1984;
Sun and Cheng 2002; Zheng et al. 1998).

Liquid hot water pretreatment was found to be d efiective method to pretreat
agricultural residues and grasses and is deschibledv (Faga et al. 2010; Mosier et al.

2005b; Mosier et al. 2005a; Suryawati et al. 2008b)

3.2.1 Liquid hot water pretreatment

The main objective of liquid hot water pretreatm@ifWP) is to dissolve hemicellulose
with a reduced inhibitor formation (Alvira et aDP20). During LHWP, the material is
treated with water at high temperatures and pressiihe temperatures can vary
between 160°C and 240°C (Alvira et al. 2010). Th&wis maintained in liquid form in
a completely enclosed reactor. LHWP does not recany chemicals, besides water, for
the reaction. The pH of the material after the pssds closer to neutral compared to

other common pretreatment techniques, such a®dititl or alkaline
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Figure 3.3: Effect of pretreatment on biomass scheen Lignin gets disrupted and
hemicellulose dissolved. Adapted from Hsu et al. 80) and Mosier et al. (2005a).
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pretreatment, which simplifies the neutralizationgess required for downstream
enzymatic hydrolysis and fermentation. The lackle#micals also reduces the cost of the
process. Since no corrosive chemicals are usedpeheeactor equipment can be chosen
(Mosier et al. 2005b). For batch treatment, a stssttor is filled with an appropriate
amount of biomass and water (Suryawati et al. 2088)jds concentrations can range
between 2 and 100 (w/w) liquid-to-solid ratio (@iet al. 2010).

The reactor is equipped with a stirring devicedbiave uniform heat and mass
distribution. Temperature and pressure controlaesl to monitor the process. The
reactor is heated, which consequently leads toeease in pressure. When the desired
temperature is reached, it is held constant fartam time. The holding time can vary
between 5 and 15 minutes (Suryawati et al. 2008grAhe pretreatment, temperature
and pressure are reduced to normal. The pH ofypater drops to 5 when heated to
200°C (Weil et al. 1998).

With a high dielectric constant, ionic substanaesdassociated. Forty to sixty
percent of the biomass is dissolved (Mosier e2@Db5a). For corn stover, the optimal
conditions found by Mosier et al. (2005b) were ©®3r 15 min. Ninety percent of the
cellulose was converted to glucose after celluleessgment in that study. Suryawati et al.
(2008b) conducted a simultaneous saccharificatmhfarmentation (SimSF) of Kanlow
switchgrass pretreated with LHWP. The researchetrthe conditions to 200°C for 10
min with a 10% dry biomass loading. Under thesed@mns 43.9% of the dry solids
were solubilized. The glucan content in the solids increased from 36.6% to 56.6%.
The conversion efficiency from cellulose to ethaweak 80%. Hemicellulose can be

dissolved completely during LHWP; however, the digsd pentoses can be further
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degraded to furfural (Mosier et al. 2005a). Thedima time and temperature need to be
chosen carefully, since the degree of lignin remhaadlulose de-crystallization and
hemicellulose dissolution are positively correlatedhhibitor formation. With constant
holding time, a relatively high temperature cardléagood lignin removal and de-
crystallization, but also high inhibitor formatiowith constant temperature, an increase
of the holding time leads to higher lignin remogat de-crystallization, but also higher

inhibitor formation (Suryawati et al. 2008).

3.3 Enzymatic hydrolysis of biomass

After physico-chemical pretreatments, enzymaticralygis is necessary for
sugar formation. In general, yeast does not exmesacellular enzymes for the
degradation of polysaccharides. For biological metth@roduction, cellulose and
hemicellulose need to be hydrolyzed to simple sudaeveral manufacturers provide
enzyme cocktails for the degradation of cellulosbemicellulose. However, enzyme
production and enzymatic hydrolysis are still exgpe® and need to be optimized. The
complete degradation of cellulose to glucose ingslthree enzyme activities:
endoglucanase, exoglucanase, and beta-glucoskladeglucanases hydrolyse cellulose
to oligosaccharides. Exoglucanase converts thesdiccharides to cellobiose, which is
hydrolyzed to glucose by beta-glucosidase (Ched@pdFigure 3.4).

Hemicellulose degradation needs a variety of ensysiace hemicellulose is
composed of a variety of sugars. The main constitaEmany hemicelluloses are xylans

with a homopolymeric xylose backbone with randodesihains composed of arabinose,
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Figure 3.4: Enzymatic processes to convert cellulesnto glucose (adapted from
Cheng 2010).
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glucoronic acid, ferulic acid and acetic acid. Xdae is an endo-enzyme for xylans.
Beta-xylosidase degrades xylo-ologosaccharideylus&. Pectin, a family of
heteropolymeric and homopolymeric polysaccharidesidated by galacturonic acid
units and homogalacturonan, is another major corpoof hemicellulose and involves
pectinase for degradation (Cheng 2010). The boatigden hemicellulose and lignin can
be cleaved by ferulic acid esterase.

While the degradation of cellulose is widely undeosl and enzymes with high
activities can be obtained, the degradation of behoilose is more complex. Each
substrate has a unique hemicellulose compositiorth&more, the presence of
hemicellulose and lignin can inhibit cellulose detation simply by the fact that the
cellulose is shielded by lignin and hemicellulosef the enzymes. An ideal enzyme

cocktail hydrolyzes all cell wall components fottiopum sugar release.

3.3.1 Limiting factors involved in decreasing enzymatic hydrolysis of biomass

One major factor that decreases the enzymatic hygismf biomass as time
progresses is the formation of inhibitors. Forudele hydrolysis a main inhibitor is
cellobiose, the product of endo- and exo-glucanageish competes for the active site of
exo-glucanases (Cheng, 2010). This competitiveymbihhibition can be reduced by
using beta-glucosidase, which will hydrolyze ceitse to glucose (Cheng, 2010). The
increasing concentration of glucose over time dads to product inhibition of beta-
glucosidase, which can be avoided by using simetiaa saccharification and

fermentation (SIimSF) (Sun and Cheng, 2002).

25



A second important factor leading to a decreasegireatic hydrolysis rate is the
biomass composition and structure. As discusseadbire detail in the next paragraph,
synergistic effects were observed when using enayimaures (Banerjee et al. 2010;
Beukes et al. 2008; Beukes and Pletschke 2010s&wtik et al. 2010). This occurs since
cell wall components hinder the access of singiyees to the specific substrate. The
first hindrance is given by lignin, which can ben@ved with physico-chemical methods.
The second hindrance is hemicellulose, which istavork surrounding the cellulose
fibers. Therefore, as time progresses, less spetifistrate can be reached by the

corresponding enzymes, which reduces the hydrofgses

3.3.2 Optimization of enzymatic hydrolysis with engme mixtures

Optimization of enzymatic hydrolysis can be achdelg expressing enzymes
with higher activities, increasing the protein estwn of host organisms, or using
multiple enzymes to achieve synergistic effectsikgs et al. (2008) conducted a test on
sugarcane bagasse to see the synergistic affdetedrexylanase A, endo-glucanase E.
and mannanase A and compared the results to spgaifstrate mixtures composed of
birchwood xylan, carboxymethylcellulose and lodusan gum. The researchers
performed a factorial design with varying enzymaaamntrations but with a total enzyme
volume of 40ul in each test. The degree of synergism was cdkxlilay dividing the
resulting activity of the combination of two enzysrgy the sum of the individual activity
of each enzyme. The substrate, sugarcane bagasséreated with the enzyme mixtures
for 30 min at 50°C and pH 5.5. Using two enzyme loimrations on a birchwood

xylan/carboxymethylcellulose mix, the highest aitgiwith 1078.11 U/mg was observed
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with a xylanase/endoglucanase molar ratio of 25I'fis test also showed the highest
degree of synergism of 3.59. The same enzyme mianase/endoglucanase, in a
different molar ratio (75/25) achieved an actity sugarcane bagasse of 9.50 X 10
U/mg and the highest degree of synergism (4.65)h All three enzymes together, the
best result on a synthetic substrate mix (birchwogdn, carboxymethylcellulose, locust
bean gum) was found with a molar ratio of 25% xgsa 25% endoglucanase and 50%
mannanase. The degree of synergism was 4.46 (gctalues were not given). On
sugarcane bagasse, the same molar ratio achieatiaity of 2.97 x 1d U/mg with a
degree of synergism of 2.73. Using all three enzymereased the activity about 3 times
compared to the xylanase/endoglucanase mix. Howtheedegree of synergism was less
with all three enzymes together than with only emzymes. It could be concluded that a
mixture of enzymes is more effective for biomassalkdown than the usage of single
enzymes. The sugarcane bagasse used in the expewaenot further pretreated, and it
can be expected that an appropriate pretreatmanitidead to even higher activities and
degrees of synergism. This can also be seen igréds differences in activities achieved
on specific substrates compared to sugarcane lmdassbelieved that lignin directly
affects enzymes’ ability to reach cellulose anduced hydrolysis.

A follow up work was published (Beukes and Plet&cBR10) and incorporated a
pretreatment on sugarcane bagasse before the emziydrolysis. The treatment used
was lime pretreatment with the following conditiofs4 g lime/g dry bagasse, 70°C, for
36 h at 100 rpm. The researchers used arabinofsidase, xylananse and mannanse in
various combinations. As expected, the enzymatitrdlysis showed with all enzyme

combinations higher activities with pretreated lssgathan with non-pretreated bagasse.
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The highest activity of about 600 U sugar produeed achieved with a combination of
all three enzymes with a molar ratio of 37.5% arahiranosidase, 25% mannanase and
37.5% xylananse on pretreated sugarcane bagasi$etlvehsame enzyme mix achieved
only 60 U on un-treated sugarcane bagasse. Howteetdegree of synergism was about
2.2 lower as with a test on non-pretreated bagagkea molar ratio of 12.5%
arabinofuranosidase and 87.5% xylanase. It coultbbeluded that a mix of enzymes
leads to synergism and that incorporated pretra@thieads to better enzymatic
hydrolysis.

Another test with a synthetic enzyme mixture wasquemed on ammonia fiber
explosion (AFEX) pretreated corn stover (Banerjea.€2010). The researchers
investigated combinations of commercially availag@eymes with combinations of
different enzymes with known single activities. Thet part included the following
commercially available enzymes: Spezyme CP, Novez¥88, Accellerase 1000 and
Multifect-xylanase. The enzyme loading was basetbtal protein concentration. The
total protein loadings were 7.5, 15 and 30 mg/g&@hu Spezyme CP was tested with
Novozyme 188 and Accellerase 1000 was tested withifiglct-xylanase. The highest
glucan conversion of 64.3% was achieved with 50sfta8ccellerase 1000 and 50
mass% Multifect-xylanase, and a total protein cotregion of 30 mg/g glucan. Spezyme
CP and Novozyme 188 achieved only 57.4% with timeesprotein concentrations. These
enzyme combinations also showed the highest xydanarsion of 44.7% and 38.6%
with Accellerase/Multifect and Spezyme/Novozymepextively.

The enzymes with single activities were cellobitojasel (CBH1),

cellobiohydrolase2 (CBH2), endoglucanasel (EGIQgkicanase3 (EX3), beta-
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glucosidase (BG), and beta-xylanase (BX) (Banezjed. 2010). In terms of glucose
release, the best combination in their study wak all six enzymes with the following
proportions: 46% CBH1, and all other enzymes witholeach. The glucan conversion
was 39.3%. Xylan conversion under these conditveas 22.8%; however, the best xylan
conversion of 28.0% was achieved with followinggwdions: 5% CBH1, 28% EG1, 5%
BG, 52% EX3, 5% BX and 5% CBH2. This set was natféisient as the commercial
enzyme solutions, indicating that some enzyme iieswere missing.

Gottschalk et al. (2010) used mixtures of diffedeydrolytic enzymes expressed
by Trichoderma reesei andAspergillus awamori to hydrolyze steam-treated sugarcane
bagasse. The enzymes produced leesal were carboxymethyl cellulase, beta-
glucosidase and xylanask®.awamori expressed the same enzymes with the addition of
ferulic acid esterase. The highest glucose yieldllo1% was achieved after 72 h with
50% enzyme solution frof. reesei and 50% enzyme solution frof awamori. The
50/50 combination had the following activities W/¢: 111, carboxymethyl cellulase;
205, beta-glucosidase; 489, xylanase; and 0.7ljdeacid esterase. With this
combination a xylose yield of 91.0% was achieved.

It can be concluded that a combination of enzynti@ities can lead to an
improved breakdown of lignocellulosic biomass, véhEG, EX, BG, BX, ferulic acid

esterase, arabinofuranosidase and mannanase &eytbazymes.

3.4 Filamentous fungi
Filamentous fungi are eukaryotes belonging to tngeromycetes (Madigan and

Martinko 2006) Penicillium, Aspergillus andCandida are typical examples of this group
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(Madigan and Martinko 2006). Filamentous fungi groyvextension of cells at the end of
an existing cell. The cells divide and create binasc A single branch is called a hyphae.
These hyphae grow as a network that is called tyeeha. Filamentous fungi can also
create spores, which are resistant against dryheas, freezing and certain chemicals
(Madigan and Martinko 2006). The life cycle of filantous fungi starts at an existing
mycelium. Hyphae grow upwards (into the air) anthatends conidiospores grow. At
the end of the conidiospores, the conidias (sp@esjormed (conidiation), which get
transported by air or by being carried. When thadaoons are beneficial for growth, the
spores will sprout and become hyphae (Madigan aatinkb 2006). The growth of
filamentous fungi on solid surfaces is differerdrthn liquid medium. Unlike bacteria or
yeast, filamentous fungi are adapted to growthadil surfaces (Prosser and Tough
1991). The extension of hyphae facilitates the @gpion of the environment for new
nutrients (Prosser and Tough 1991). Young mycebadn the form of a circle, with an
initial exponential phase followed by a decelemafitase leading to a linear increase of
the colony radius (Prosser and Tough 1991). Giverugh medium surface, the linear
growth phase can continue indefinitely. The growftimycelia can be expressed by the

following equation:

K=p-w (Prosser and Tough 1991)

K is the radial growth ratey is the specific growth rate and w is the widthhed

peripheral growth zone and may be determined exwgerally.
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The branching density depends on nutrient concgortraround and underneath
the colony. Reduced nutrient concentration leadsreduced branching density, which
allows the mycelia to grow faster in length, fingliother areas with higher nutrient
concentration. With high nutrient concentratiorg branching density increases in order
to utilize more of the nutrients (Prosser and Tolig§81). Colony differentiation appears
when nutrients in the center of the colony are etepl. Then the colony has an outer ring
of vegetative hyphae and an inner center of sponglaells.

The growth of filamentous fungi in liquid mediumimssome aspects similar to
the growth characteristics of unicellular organiskvile turbidity can be used to
measure cell mass of unicellular organisms, ofteannot be used for filamentous fungi,
since growth leads to the formation of pellets 88ewv and Tough 1991). Furthermore,
since mycelia adhere to surfaces, growth in coontisistirred tank reactors can lead to
fouling of pipelines or accumulation of the organsson the agitator or tank walls,
leading to a non-uniform distribution within thenka(Prosser and Tough 1991). The
pellet formation can lead to mass transfer issuésrmentation processes, where
nutrients and oxygen need to diffuse to the middlide pellet and products need to
diffuse back into the medium (Huang and Bungay 197®&0o growth forms need to be
distinguished characterizing filamentous fungi giown liquid medium. The first form of
growth that will be discussed is the dispersed igcehich is equivalent to a
homogeneous mixed culture of unicellular organigifresser and Tough 1991). In a
batch culture, the growth is characterized by glagse, followed by exponential growth.
Linear growth can be a result of limitations inatnuously supplied nutrient, e.g.

oxygen. After the exponential growth phase, a agabn phase is initiated. The

31



deceleration phase is due to substrate limitaiooymulation of inhibitory compounds,
changes in pH and/or formation of secondary meitso{Prosser and Tough 1991).
Oxygen limitation can be a result of a change gotbgical properties. Mycelial cultures
lead to non-Newtonian fluid properties, reflectedshear thinning or pseudoplastic
behavior where the apparent viscosity decreasésimiteasing agitation (Allen and
Robinson 1990; Blakebrough et al. 1978; Pedersah £093). Nutrient and heat
transport are also affected by the rheological erigs (Prosser and Tough 1991). An
increase in viscosity also leads to reduced migifigiency and an increase in process
cost (Prosser and Tough 1991).

The second growth form is the formation of pellétss important to know that
the form of filamentous fungi in liquid medium sh®a continuous range from dispersed
mycelia to pellets (Prosser and Tough 1991). Irtreshto dispersed mycelia, a pellet
solution behaves like a Newtonian fluid (Kim et B83), which is beneficial for mixing
purposes. Furthermore, no fouling inside the reamt@iping takes place (Prosser and
Tough 1991). A pellet stained with cresyl-violebsls four distinguished layers
(Whittler et al. 1986). The outermost layer is higastained and is composed of growing
hyphae. The next layer is less heavily stainedsfnoavs signs of autolysis. When a
hollow pellet is present, a third layer can be sd®wing an irregular wall structure. The
fourth layer is a hollow center. The hollow centebelieved to be a result of limited
nutrient and oxygen transfer causing autolysisggenand Tough 1991). The formation
of pellets in liquid medium depends on a varietyaators. The most important factor is
agitation (Metz and Kossen 1977). Agitation caukesemoval of hyphae from the

pellet surface and direct rupture of pellets (Tdget al. 1968). In general increasing
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agitation rate decreases the pellet size (Prossefaugh 1991). The growth medium
composition also affects pellet formation as welkatracellular polysaccharides,
inoculum concentration, specific growth rate, aergtsurfactants, pH and suspended

solids.

3.5 Enzyme production

The production of enzymes in large scale is culygrérformed in solid state
fermentations (SSF) or submerged cultures (SmFR. @the largest cellulolytic enzyme
producers, Novozymes located in Denmark, uses siadeulture techniques that are a
well-kept secret (Novozyme 2010a). Bacteria andjifane used in fed-batch or
continuous systems.

The University of Sao Paulo conducts intense resaarxylanase production
(Betini et al. 2009; de Carvalho Peixoto-Nogueirale2009). Their main focus is in
optimizing the enzyme expression of xylanasesHermaper bleaching industry. The
researchers foundispergillus niveus andAspergillus fumigates as xylanase producers
with high enzyme activitiedA. fumigates was found to produce the highest activity
among the organisms tested with a culture mediynvdgel (1964) showing an specific
activity of 109 U/mg protein (total activity = 348) (de Carvalho Peixoto-Nogueira et al.
2009). They also compared static to agitated enzynmd@uction and found the activity
with the static culture to be 2.3-fold higher tharthe agitated culture (de Carvalho
Peixoto-Nogueira et al. 2009). Further improvenweas achieved by using SSF on
inexpensive carbon sources (wheat bran, corncod straw, triturated rice straw,
oatmeal, sugarcane bagasse, cassava Baoa)yptus grandis sawdust), and carbon

source mixtures (corncob + wheat bran, rice stramheat bran, triturated rice straw +
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wheat bran) (Betini et al. 2009). The best actiwgs achieved witA. niveus on wheat
bran (2 g solid substrate with 4 ml distilled weaei70 — 80% relative humidity at 30°C
for 96 h) with a value of 928 total U. The researstreported that the specific activity is
higher in all carbon source mixtures than in wheanh alone. Unfortunately, the values
for specific activity (U/mg protein) are not given.

Xylanase and cellulase production using mixed Srak performed by Garcia-
Kirchner et al. (2002). The researchers used 4syigrcane bagasse with 180 ml of
medium with spores frormenicillium sp. CH-TE-001 and/okpergillusterrus CH-TE-
013. The flasks were incubated at 29°C on a rathaker at 180 rpm. They found a
higher cellulase and xylanase production with tliveeh culture compared to the single
cultures. The enzyme mix, which was not furtherabgerized, showed the highest
activity on carboxymethyl cellulose (CMC) and bwatod xylan after 5 days with a
value of 1.4 U/ml and 5 U/ml, respectively. No v@8of protein concentration were
given.

A detailed description of SSF is given by Mitchetllal. (2000). This paragraph
will concentrate on the general principles. SSFieen used over centuries for food
production, namely the Koji technology, where rigéermented to produce rice wine,
also called “sake”. In SSF, microorganisms growsolid substrate particles with the
absence of visible liquid water (Mitchell et al.G®). The typical water content ranges
between 12 and 80 wt% (Cannel and Moo-Young 198Bat bran, sugarcane bagasse
and soy bran are, among others, typical substfatesizyme production (Mitchell et al.
2000). The substrate is characterized as a lomeastie material from agriculture. The

general process involves the pretreatment of thetgate including grinding and optional
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physico-chemical treatments, followed by inoculatisually with a filamentous fungi
and active or passive aeration. The reactor mawyay not be agitated and humidity may
be controlled. After completion the products nee8ée leached out (Mitchell et al. 2000).

Typical reactor types for SSF are tray, drum arzked bed bioreactors. Tray
reactors are simple to use without active agitatioaeration. The trays’ filling height is
limited, since overfilling can lead to anaerobiogesses and/or overheating (Tunga et al.
1999) with temperature and humidity as the onlyte@mparameters (Durand et al. 1997).
Due to the large area required, large scale uskgayoreactors is limited. Drum reactors
incorporate mixing and can lead to increased heéin@ass transfer. The growth can be
improved, but sheer forces can limit the final pradformation (Nigam et al. 2004).
Therefore, the handling on large scale can becditfi Packed bed reactors are columns,
where the substrate is kept in place by a perfdrpl&form. Forced aeration is applied at
the bottom of the column (Mitchell and Lonsane 19%2oduct retrieval, non-uniform
growth and limited heat and mass transfer are campnablems of packed bed reactors
(Lonsane et al. 1985; Mitchell and Lonsane 1992).

Enzyme productivity is often higher in SSF than canga to submerged
fermentation (SmF) (Viniegra-Gonzalez and Favela:d®2004). Viniegra-Gonzalez et
al. (2003) reviewed enzyme production using SSFEmé& in terms of physiological
differences that explain the higher enzyme titerS$F. In an experiment conducted by
Romero-Gomez et al. (2000), five times higher itas® concentrations were produced
with SSF compared to SmF usiAgpergillus niger due to higher biomass production.
Another experiment conducted by Diaz-Godinez €p801) for the production of

pectinase showed again higher titers using SSFShah due to higher biomass
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production. They also found that the productiorhv8SF leads to an apparent resistance
to catabolite repression, which was indicated lghlgectinase titers with SSF using high
initial substrate (in this case sucrose) conceptrat In SmF high sucrose concentrations
led to an inhibition of product formation. It wals@ observed that pectinase production
with SmF had higher breakdown of pectinase by coimant protease. An experiment
with restricted growth by introduction of a stehiodrance was performed by Aguilar et
al. (2001). For the production of tanna&eniger grew on finely ground polyurethane
foam (PUF), which had a higher density (113 g/Igntimormal sized PUF (15 g/L) with
the purpose of restricting mycelia growth. Agaiighler titers of tannase were produced
with SSF than with SmF, with values of 14,000 Und&,800 U/L, respectively. The
biomass levels were found to be 4.5 g/L and 11.9@/SSF and SmF, respectively.
Even with limited growth by physical hindrance, S&fformed better than SmF, which
was also due to a reduced protease activity in B&fease activity was found to be
eight times higher in SmF. Table 3.3 summarizesatiivantages and disadvantages of
SSF and SmF.

Biofilm reactors have been investigated for mangliaptions with many
different reactor types (Cheng et al. 2010). Typfdsiofilm reactors are: stirred-tank,
trickling filter, rotating-disk, membrane biofilnfiuidized-bed and airlift. The choice of
reactor depends on the final product, process cexitpland costs. Table 3.4 shows the
advantages and disadvantages of each reactor type.

Current production processes are too expensivélizelenzymes on a large scale

for low cost products like bioethanol. Novozymesairtis on their homepage that they
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Table 3.3: Advantages and disadvantages of SmF af&F.

Culture | Advantages Cause Disadvantage Cause
mode
Continuous production High apparent | Due to
viscosity dispersed
mycelia
Very well understood Reduced nutrient Due to high
with well established transfer apparent
models viscosity
Reduced oxygen Due to high
apparent
viscosity
LL Cell degradation| Due to
UE) reduced mass
transfer
Reduced Due to clump
productivity or pellet
formation and
elevated
protease
formation
Shear stress of | Mixing
cells
Higher biomass Intact No continuous
formation macroscopic | fermentation
mycelia
Higher productivity Intact Leaching step
macroscopic | required
L mycelia and
% h!gher
biomass
Reduced protease Mixing is not
formation possible or
reduced

Heat transfer

Due to limited

mixing
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Table 3.4: Comparison of different types of biofilmreactors. Adapted from Cheng

et al. (2010).

Reactor type

Advantages

Disadvantages

Stirred-tank

High cell concentration an
productivity; long-term
production

dShear stress of cells; more
mixing needed

Trickling filter

High cell concentration ang
productivity; low power
requirement

Cell fouling; mixing
problem; difficult to recover
products

Rotating-disk

High cell concentration;
good for aerobic strains

Semi-continuous
production; high risk of
contaminations

Membrane biofilm

High cell concentration an
productivity; easy for
product separation

dCell fouling, constraints in
scale-up applications

Fluidized-bed reactors

Uniform particle mixing
and temperature gradient;
long-term production

High energy requirement;
long biofilm establishment
time; shear stress

Airlift

High cell concentration and
productivity; relatively low
shear stress

High energy requirement;
long biofilm establishment
time
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have reduced their enzyme usage costs to $0.5§aflen ethanol produced (Novozyme
2010b). To enhance productivity, a trickling-filierproposed in this dissertation. The
macrostructure of the fungus is maintained by kegfhie mass transfer at an optimum.
The support is inert, since the substrates for mezgxpression and growth are in a

dissolved form.

3.5.1 Trickle bed reactor

Trickle bed reactors (TBR) support the growth ofmorganisms on a solid
surface with continuous or a periodic supply of med The medium that trickles down
can also be recycled to the top of the column. TB&s historically been used in the
waste water treatment industry. The medium tricll@sn the solid support without
completely submerging the organisms. The distrdrutif the medium on top of the
column must be uniform to avoid channeling througttbe column. Channeling can
lead to reduced retention time of the medium, wisighsequently leads to a non-uniform
growth of the microorganism and an inefficient ogéhe surface.

In comparison to SmF and SSF, TBR has the advartalge a continuous
process with a mycelium growth that supports higidpctivity. TBR does not require a
leaching step as is needed for SSF. TBR also alloe/fungus to grow as a mycelium,
which was found to have a higher productivity coneplato pellet growth in SmF
(Viniegra-Gonzalez et al. 2003).

Not much research has been done to investigaterenproduction with TBR.
Lenz and Hdlker (2004) used a lab scale TBR toycredaccase witRleurotus

ostreatus (a white-rot fungi). Sugar cane bagasse was usétkeasolid support. The

39



researchers achieved 30 times higher enzyme piiodueith the TBR compared to
SmF.

The use of a TBR also allows a semi-continuousgs®, where enzyme is
periodically removed and replaced with fresh med{@outo and Toca-Herrera 2007).
This technology should be investigated further alsd tested on a larger scale. This
technology helps to overcome some of the diffiegltihat occur with SmF (e.g. high
water usage) and SSF (e.g. upscaling), while sihgpttie advantages of both in terms of
easy and standardized process control while thentsm grows on a solid support with

optimized oxygen and mass transport.

3.5.2 Modeling of enzyme production from microorgaism growing on surfaces of
packing bed reactors

In order to predict enzyme production in a reacarappropriate model has to be
established. At steady state the substrate consumipta packing bed or plug flow

reactor can be modeled with the following equaf®huler and Kargi 2002):

_ % X L@,
YP/S F

S, -S (Eq. 3.1)

Where $ = initial (entering) substrate concentration [g/§]= exiting substrate
concentration [g/L]n = effectiveness factor (ratio of the rate of stdistconsumption in
the presence of diffusion limitation to the ratesabstrate consumption in the absence of
diffusion limitation), g = specific rate of product formation [g produatégl - h],X =

average dry cell concentration in g per L bed, &ess sectional area of column fgnF
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= feed flow rate [L/min], ;s = product from substrate yield, H = column heifgim], L
= biofilm thickness or the characteristic lengthlog support particle (L=VAp), where
Vp and A are the volume and surface area of the suppdrtieaand a = biofilm or
support particle surface area per unit reactormeligcnf/cm’).

The exiting substrate concentration and productentnation are constant. For
this model growth is assumed to be negligible. @thectiveness factor is a constant,
which incorporates diffusion limitation. In caseraf diffusion limitationn = 1. With
diffusion limitation,n depends on the shape of the support or partiogseeds to be
calculated with the Thiele modulus. Several equat@are available to estimate

From the substrate utilization the exiting prodtmhcentration can be obtained:

P=Y,s($-9 (Eq. 3.2)

In the start up phase, medium is continuously puhipea recycle without the addition of

fresh medium. The system is considered a batckrsyst

For growth associated products the productivity is:

dp = Yp,x [lug (Eq. 3.3)

Where Yp/x = product yield from biomass ampg = specific growth rate .
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Assuming a different scenario in which fresh medeontinuously flows in
during the growth phase, then the specific biongasa/ith rate in a plug flow reactor can
be modeled using the following equation (assumirgdecay rate is zero)

(Tchobanoglous et al. 2003):

YX/Srm(SO -9
_ S
(S S)+ksln[ Sj

The decay rate is the rate in which the cells ditia also called death rajg;). In case a

Uy = (Eq 34)

recycle is added, the equation is altered to:

:ug - YX/Srm(SO - S) (Eq 35)
(S -9+ ara| )
S = S +aS

1+a

Where Yys = biomass from substrate yield, ¥ maximum specific substrate utilization
[g substrate/g cell - h],0S influent concentration [g/L], S = effluent comteation [g/L],
S = influent concentration [g/L] to reactor aftetution with recycle flowa = recycle

ratio and k= half saturation constant [g/L].

If SSF is assumed, Luedeking and Piret (1959) nsatifle product formation of

fungi with the following relationship:
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dP dXx
—=Y,,, — +kX Eqg. 3.6
ot PIX "t (Eq )

Where P = product concentration [g/L]pX = product yield (g product/g biomass), k =
secondary coefficient of product formation or destion [H'] and X = biomass [g/L].

Viniegra-Gonzalez et al. (2003) related the celssnfrmation as a function of biomass.

Xy
1- ((XM - xo)/ xo)e_ﬂmt

X (t) = (Eq. 3.7)

Wherepy maximum specific growth rate fi X, = initial biomass concentration [g/L]

and Xy = equilibrium level of X [g/L] for which dX/dt =0

For substrate formation:

X=X mX X, =X
St)=5 - 0 "M |p M 0 Eg. 3.8
0=% Yyis Hy |:XM _X} (E )

Where m = maintenance coefficient (g S/ g X - h)

For product formation:

kX X
=R Y, (X~ Xp) In{ "

M

— XO
—X} (Eq. 3.9)
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3.6 Product formation under zero growth

Most biotechnological processes are used for thdymtion of metabolites (e.g.
organic acids, alcohols, extracellular proteins,)efThe growth of the organism and,
therefore, the accumulation of biomass is oftentinetpriority. For these processes the
biomass that is produced can be considered a bygi.obhe formation of biomass uses
carbon and energy compounds that could potentiglysed for product formation. In
many studies it was proposed to limit carbon aretggnsupply in chemostats to a level
where the supplied energy is equal to the mainmnanergy of the cell (Boender et al.
2009; Schrickx et al. 1993; Schrickx et al. 1993)en, the organism will approach a
zero growth rate when the energy consumed is heantintenance ratio (Pirt 1965). It
was shown that submerged filamentous fungi cultooesdiate when nitrogen and
carbon are limited (Broderick and Greenshields 1@#Hlbraith and Smith 1969; Ng et
al. 1972). Previous studies used retentostat @dtiar analyze product formation under
carbon and energy limited conditions. To achievetantostat, a chemostat is equipped
with a filter with a pore size smaller than theesof the organism (0.2m), which traps
the cells in the reactor. After the desired celkmi& reached, the continuously supplied
medium has limited carbon and energy content taagedhe metabolic rate. Jargensen et
al. (2010) reported a growth rateAfniger approaching zero after 6 days when grown in
a retentostat under carbon and energy limited ¢mmdi However, the growth yield was
constant, leading to an increase in biomass ow®. tAn interesting observation from the
study was how the percent of respired carbon ctthager time (Jgrgensen et al. 2010).
With decreasing specific growth rate, the percanban respired increased. After two

days conidiation was observed. This led to an ss®eof melanin that rapidly increased
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after four days. Stress on the cells, initiatecc@gbon and energy limitation, induces the
transcription obrlA (Skromne et al. 1995). The transcription fadtidA is a positive
regulator for conidiation (Adams and Timberlake @R%rom the results presented in
previous studies, (Jgrgensen et al. 2010; Schatkk 1993; Schrickx et al. 1995;
Verseveld et al. 1991), it is not conclusive ifamtnuous product formation with zero
growth rate over a prolonged period of time usiaghon and energy limitation is
feasible. The results show that over the test dahie biomass concentration increases
until the end of the experiment. Additionally, ri@tature of zero growth rate
experiments was found with filamentous fungi grawnsurfaces. Furthermore, no
literature was found initiating a zero growth rhtelimiting other essential nutrients in
the medium that do not supply the organism witlibcaror energy. Examples could be

the limitation of vitamins or coenzymes necessarycértain cell functions.

3.6.1 Coenzyme limitation for zero growth rate orA. nidulans mutants

As mentioned above, no literature was found testoenzyme limitation on
product formation using filamentous fungi. Coenzgreerve, as the name indicates, as
additional functional groups for enzymes in metaml Coenzymes link to an enzyme
covalently and activate its active catalytic sEgamples of coenzymes are pyridoxine,
biotin, thiamine and riboflavin.

A. nidulans mutants can be purchased from the Fungal Gertgtiick Center
(FGSC) with various markers. Markers are compouhdsare essential for cell growth,
which these mutants cannot synthesize for themseduece they lack a particular gene

for synthesis. Several mutants require coenzymdéseimedium for growth. A complete
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list of availableA. nidulans mutants with different markers is available onl{f&SC
2011).

In theory, when the fungus grows on normal medama is then exposed to
medium missing the marker, it will stop growing loonhtinue to produce the client
enzymes of interest. Therefore, a real zero groatihwould be achieved for continuous

enzyme production. The following sections will déise potential coenzyme limitations.

3.6.1.1 Pyridoxine limitation

Pyridoxine is a vitamin and precursor for pyridegaphosphate (PLP). PLP is
involved in many reactions in the amino acid meligbm One reaction is transamination,
where an a-amino acid is converted to an a-ketb (Moet and Voet 2004). PLP acts as a
coenzyme together with the enzyme in the form 8thiff base. It is also involved
throughout amino acid biosynthesis in the convarsitaspartate to lysine, threonine to
methionine and a-ketoisocaproate to leucine (Vodt\foet 2004). PLP is a trace
element and only needed in very low concentrati@meA. nidulans strain, FGSC# 773,
is a mutant unable to synthesize its own pyridoxience, when pyridoxine is removed
from the medium, growth is limited. nidulans expresses XynB as a client protein
induced by a maltose promoter (Segato et al. 20tLiigcame of interest to investigate
the performance of a culture previously grown ormiwme with pyridoxine, placed on
medium without pyridoxine. In theory, the limitatiof pyridoxine would reduce cell
growth to a minimum, allowing the use of the remmagpyridoxine to maintain essential
cell functions including protein secretion. Howewuerprolong cell function and protein

production, pyridoxine would need to be replenisfiequently.
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3.6.1.2 Biotin limitation

Biotin is a cofactor involved in carboxylation oti@ns. It binds covalently to
enzymes by amide linkages (Voet and Voet 2004).6Sohthe enzymes that use biotin
as a prosthetic group are pyruvate carboxylaseylaCeA carboxylase and propionyl-
CoA carboxylase. Pyruvate carboxylase is g C&rier that forms a carboxyl substituent
and catalyzes the reaction from pyruvate and fi@Ooxaloacetate, which is then used
for gluconeogenesis. Acetyl-CoA carboxylase catsythe first step in fatty acid
biosynthesis; whereas, propionyl-CoA carboxylagavslved in the oxidation of odd-
chain fatty acids (Voet and Voet 2004).

Assuming biotin would be removed from the medidtaraanA. nidulans mutant
with a biotin marker is grown, the organism woultt he able to perform fatty acid
synthesis and carboxylation of pyruvate. Fatty sieice used for cell wall formation. The
lack of building a cell wall is assumed to inhigrowth. However, it would be interesting
to analyze how the organism would react when bistmissing in the medium and if it

continues the production of client proteins.

3.6.1.3 Limitation of thiamine

Besides biotin or pyridoxing. nidulans mutants with a thiamine marker are
available. In order to achieve zero growth by lingtthiamine, it is important to
understand the function of thiamine in the metaoliThiamine, a precursor for
thiamine-pyrophosphate (TPP), is essential fortadtio fermentation. More specifically,
it is used as a coenzyme for pyruvate decarboxylatdyzing the reaction from
pyruvate to acetaldehyde (Voet and Voet 2004).e&aicoholic fermentation occurs

predominantly in anaerobic environments, it camémuimed that the limitation of
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thiamine would not have the desired effect of lingtgrowth of arA. nidulans culture

growing under aerobic conditions.
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CHAPTER IV

OPTIMIZATION OF ENZYMATIC HYDROLYSIS OF GRAIN SORGH UM

STOVER

4.1 Abstract

Agricultural residues have been identified as amdlant and renewable resource for the
biofuels, bioproducts and chemical industries. Gsairghum stover (GSS) is a potential
waste material in the US. The complex cell wallisture of agricultural residues is
composed of lignocellulosic fibers. The conversibtignocellulosic material to
fermentable sugars has proven to be an econoniliercge. Physico-chemical
pretreatment followed by enzymatic hydrolysis iguieed to produce the desired
monomers. In order to achieve optimum utilizatidoi@anic matter, multiple enzyme
activities are necessary to hydrolyze celluloseladicellulose. Cellulose requires
endo- and exoglucanase as well as beta-glucosiodiasemplete breakdown. For
hemicellulose xylanase, ferulic acid esterase aadanse, among others, have been
shown to improve enzymatic hydrolysis. The preséuindy investigated the enzymatic
hydrolysis of untreated and liquid hot water prateel GSS by using Cellic CTec?2 as the
cellulolytic enzyme combined with xylanase B (XynBrulic acid esterase (FAE) and
mannanase (Man) for hemicellulose breakdown. Thggatment improved the glucose
conversion from 25.4% with a CTec2/XynB combinatiory6.6% with CTec2 as the
only enzyme. The addition of XynB, FAE and Man dat improve the glucose
conversion of pretreated GSS. Xylose conversionveddhe same pattern for the
different enzyme mixtures. On non-pretreated G§Bse conversion was highest with
CTec2/XynB with 17.7%; while, on pretreated GS3pgg conversion was 68.1% with
CTec?2 alone. Synergistic effects on glucose coiwersere observed with a XynB/FAE
combination, with a degree of synergy (DS) of 1a88 16.2 on pretreated and non-
pretreated GSS, respectively. Milder pretreatmentltions should be investigated,
since milder conditions lead to higher hemicellelasntent. With higher hemicellulose
content, XynB and FAE could affect the glucose @sin by reducing heat and/or time
requirement for the pretreatment.
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4.2 Introduction

The utilization of biomass, such as wood residgessses, and agricultural
residues, for the production of value added pragifroim sugar fermentation (e.g.
bioethanol) is only possible when the carbohydsétecture can be hydrolyzed to sugars
in high yields in an efficient and cost effectivayw After physico-chemical
pretreatments, enzymatic hydrolysis is necessargugar formation. Enzyme production
and enzymatic hydrolysis are expensive and nebéé tiptimized.

Whereas cellulose degradation is widely understheticellulose degradation is
still under intense investigation. Hemicellulosgd&lation needs a variety of enzymes
since hemicellulose is composed of a variety ohssigThe main constituent of many
hemicelluloses are xylans with a homopolymeric gglbackbone with random side
chains composed of arabinose, glucuronic acidliéeagid and acetic acid (Cheng 2010).
Xylanase is an endo-enzyme for xylans. Beta-xybseddegrades xylo-oligosaccharides
to xylose. Pectin, a family of heteropolymeric dmmnopolymeric polysaccharides
dominated by galacturonic acid units and homogataotn, is another major component
of hemicellulose and involves pectinase for degiadgdCheng 2010). The bonds
between hemicellulose and lignin can be cleaveféhyic acid esterase (Cheng 2010).

Optimization of enzymatic hydrolysis can be achielg expressing enzymes
with higher activities, increasing the protein etwn of host organisms, or using
multiple enzymes to achieve synergistic affectsik@s et al. (2008) showed that a
mixture of enzymes is more effective for biomassakdown than the use of single
enzymes. Xylanase A, endo-glucanase E and mannanagh a molar ratio of 25%,

25%, and 50%, respectively, achieved a degreerargism of 4.46. The sugarcane
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bagasse used in the experiment was not furthenejatet, and it can be expected that an
appropriate pretreatment would lead to even highgvities and degrees of synergism.
Since lignin affects the enzymes’ ability to reaeitlulose, a pretreatment that removes
lignin would lead to improved hydrolysis.

A follow up work to Beukes et al. (2008) was pubéd (Beukes and Pletschke
2010) and incorporated a lime pretreatment (Oithg/b dry bagasse, 70°C, for 36 h at
100 rpm) on sugarcane bagasse before enzymatioliggidr The highest activity of
about 60Qumol/min sugar produced was achieved with a comianaif three enzymes
with the molar ratio of 37.5% arabinofuranosid&&% mannanase and 37.5%
xylananse; whereas, the same enzyme combinatieevachonly 60 U on non-pretreated
bagasse, showing that pretreatment improves enzymatrolysis. The degree of
synergy was also 2.2 times higher on pretreateddssgcompared to non-pretreated
bagasse with the same enzyme mixture.

Another test with a synthetic enzyme mixture wadqomed on ammonia fiber
explosion (AFEX) pretreated corn stover (Banerjea.€2010). The researchers
investigated Spezyme CP, Novozyme 188, Accellet866, and Multifect-xylanase in
various combinations, as well as various enzymds single activities. The total protein
concentrations used were 7.5, 15, and 30 mg/ggsttaér glucan. The highest glucan
conversion of 64.3% was achieved with 50 mass% lferese 1000 and 50 mass%
Multifect-xylanase, and a total protein concentmatbf 30 mg/g glucan. These conditions
also showed the highest xylan conversion of 44786.enzymes that were tested with
single activity were: cellobiohydrolasel (CBH1)llakiohydrolase2 (CBH2),

endoglucanasel (EG1), exoglucanase3 (EX3), betagilase (BG) and beta-xylanase

60



(BX). The highest glucan conversion of 39.3 % weaseved with 46% CBH1 and all
other enzymes with 11% each. Xylan conversion utitese conditions was 22.8%;
however, the best xylan conversion was achieveld thé following proportions: 5%
CBH1, 28% EG1, 5% BG, 52% EX3, 5% BX and 5% CBHRisTset of single activity
enzymes was not as efficient as the commercialmazmplutions, indicating that some
enzyme activities are missing in the set.

Gottschalk et al. (2010) used mixes of differertyenes fromrrichoderma reesel
andAspergillus awomori on steam-treated sugarcane bagasse. The enzyndesgddy
T. reesel and were carboxymethyl cellulase, beta-glucosidasiexylanaseA. awamori
expressed the same enzymes with the addition wiidexcid esterase. The highest
glucose yield of 81.1 % was achieved after 72 &% enzyme solution frofh reesei
and 50% enzyme solution frof awamori. The 50/50 combination had the following
activities in 1U/g: 111, carboxymethyl cellulas®52 beta-glucosidase; 489, xylanase;
and 0.7, ferulic acid esterase. With this comborat xylose yield of 91.0 % was
achieved.

The present study focuses on the enzymatic hysisobf raw and liquid hot water
pretreated grain sorghum stover (GSS) with Xylargag€ynB), beta-mannanase (Man),
ferulic acid esterase (FAE) and Novozymes’ Cellie€2 (Ctec2). The effect of
pretreatment on raw GSS for enzymatic hydrolysis exaluated, as well as the effect of
different enzyme combinations for glucose and xglosnversion. The degree of synergy

(DS) was calculated for enzyme mixtures.
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4.3 Materials and Methods
4.3.1 Compositional analysis

Compositional analysis of GSS was performed bedackafter liquid hot water
pretreatment according to the procedures provigdtido National Renewable Energy
Laboratory (NREL). The first step involved a susies water and ethanol extraction to
remove extractable compounds. A Dionex Acceler8@aent Extractor model 200 was
used as described by NREL/TP-510-42619 (Sluitat.ét008e). For both solvents, a
pressure of 10.34 MPa at 100°C and 3 cycles foim/each were used. The samples
were air dried until all visible liquid was evapted. To achieve a higher degree of
drying, the samples were dried in a vacuum ovelOL for 24 h. The mass of extract
was determined. Additionally, an HPLC analysishef water-extract was performed to
determine sugar composition.

The structural carbohydrates and lignin of theawted GSS were analyzed
according to NREL/TP-510-42618 (Sluiter et al. 2008 he biomass with previously
removed extractable compounds was subject to astepacid hydrolysis in 72%
sulfuric acid at 30°C for 60 min and subsequenily W% sulfuric acid at 121°C for 20
min in pressurized tubes in an autoclave. Thedidrgction was subject to HPLC
analysis to determine structural carbohydratesd Aoluble lignin was measured with
UV/VIS spectroscopy at 320 nm. The remaining solese burned in a muffle furnace
to determine the acid insoluble lignin.

Furthermore, the moisture and ash content wererdeted with NREL/TP-510-

42621 (Sluiter et al. 2008a) and NREL/TP-510-42@&Riter et al. 2008b), respectively.
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After the pretreatment, structural carbohydrateblegmin composition of the
pretreated GSS solids were determined as desait®ce. Additionally, the liquid
fraction, called the prehydrolyzate, was analyzedstigars and degradation products via
HPLC. All samples for HPLC sugar analysis were radizied with sodium carbonate and

filtered through 0.2um filters immediately after acid hydrolysis.

4.3.2 Pretreatment

The GSS was pretreated using a 1-L Parr pressactorgParr Series 4520, Parr
Instrument Company, Moline, IL). With a solid loadiof 10% (based on dry weight)
and a total mass of 600 g, the reactor was hedtdd the biomass was constantly stirred
at 500 rpm. After achieving the reaction tempegtfr190°C or 200°C, the temperature
was held for 10 min. To terminate the reaction,réactor was placed into an ice bath for
swift cooling. The valves were kept closed atiaties.

At a temperature of about 40°C, the reactor wasegpand the slurry was
removed and vacuum filtered through Whatman #érfiaper. Samples for
compositional analysis were removed from the licand solid fraction. The solids were
washed using 2 L of 60°C warm DIl-water to removealuble solids, including soluble

carbohydrates and inhibitor compounds.

4.3.3 HPLC analysis
Concentrations of cellobiose, glucose, xylose,@ake, arabinose and mannose
were analyzed on an HPX-87P column (Bio-Rad, Sualey\Ca.). The eluent was HPLC

grade DI-water with a flow of 0.6 ml/min at 85°Cdacompounds were detected by a
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refractive index detector (1100 Series Agilent,t&a@lara, CA, USA) (Sluiter et al.
2008c). For the degradation products furfural aimy&oxymethylfurfural, an HPX-87H
column (Bio-Rad, Sunnyvale, Ca.) was used with QI,SO, as solvent with a flow
rate of 0.6 ml/min at 60°C (Sluiter et al. 2008&efractive index detection was also

used to detect the degradation compounds.

4.3.4 Enzyme production for factorial design

A stainless steel tray was used for culturing. frag was filled with 500 ml
medium that contained a minimal medium with 50.0Lri20x Clutterbuck salts (120 g/L
NaNG;, 10.4 g/L KCI, 10.4 g/L MgS@ 30.4 g/L KHPQOy), 1.0 ml/L 1000x trace
elements (22 g/L ZnSO7H0, 11 g/L BBO;3, 5.0 g/L MnC}- 7H0, 5.0 g/L
FeSQ:7H,0, 1.6 g/L CoCJ-5H,0, 1.6 g/L CuS® 5H,0, 1.1 g/L NaMoO,-4H,0, 50
g/L N&-EDTA), 10.0 g/L glucose monohydrate, 50.0 g/L mosdét monohydrate and 1
ml/L of a 1 g/L pyridoxine solution. The pH of theedium was adjusted to 6.5 using 10
N NaOH. Genetically modified strains Agpergillus nidulans were used for XynB, Man
and FAE production. The modification procedurexplained elsewhere (Segato et al.
2011). Spores oA. nidulans cultured on three agar plates containing minimadiona
were manually scratched off the surface and adaldaet medium in a tray under sterile
conditions. The final spore concentration in eaaly vas 10 spores/ml. Spore count was
performed with a Reichert Bright-Line Hemacytomdtdéausser Scientific, Horsham,
PA). The trays were incubated at 50°C for 48 hc&itne fungus grew on top of the
liquid, a separation of liquid from fungus was astad by filtration through a filter paper

vacuum filtration unit. After filtration the enzyns®lution was concentrated using an
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Amicon ultrafiltration unit (Millipore, BillericaMA, USA) with a nominal molecular
weight limit of 10,000 daltons using a pressur@ o kPa and polyethersulfone
membrane (Millipore, Billerica, MA, USA) with a digeter of 76 mm. The final volume
of enzyme solution was 30 to 40 ml. The concentratezyme solution was washed to
remove residual sugar by diluting with 250 ml ammanacetate buffer (25 mM, pH 6)

and re-concentrated using the ultrafiltration unit.

4.3.5 Determination of protein concentration

The protein concentration was determined usingaard assay. Fortyl of
Bradford commassie solution was pipetted into d ofeh 96-well plate. The amount of
enzyme solution depended on the protein conceottragiceived after filtration. A typical
amount was . DI water was added to achieve a total volum2asful. The blank well
contained only 4@l Bradford solution and 160 DI water. The absorbance was
measured using a UV-Vis 96-well plate reader (Tdoéinite M200, Mannedorf,

Switzerland) at 595 nm.

4.3.6 Determination of enzyme activity

All enzyme solutions were analyzed for their sgeattivity on specified
substrates. Table 4.1 summarizes the activitiedistsdthe enzymes with the substrate.
Sigmacell cellulose and xylan from beechwood wédrtmioed from Sigma-Aldrich (St.

Louis, MO, USA). Insoluble wheat arabinoxylan andust bean gum were obtained
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Table 4.1: Overview of enzyme activity with speciéi substrates.

Enzyme Substrate Total protein Activity Volumetric
concentration [U/mg] Activity [U/ml]
[9/1]
CTec2 (10% Sigmacell 8.31 0.45 3.74
dilution) Cellulose, Typ
20
XynB Xylan from 1.09 83.82 91.36
beechwood
>90% xylose
residues
Man Locust (Carob) 1.123 0.81 0.91
bean gum
FAE Wheat 1.11 0.00079 0.00088

arabinoxylan
insoluble (gel)
form
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from Megazyme (Wicklow, Ireland) and Spectrum (Gara, CA, USA), respectively.

All substrates were dissolved/suspended in 25 mihanium acetate buffer pH 6.0 to a
final concentration of 1.0 %. The locust bean gattson was homogenized and boiled.
The mixture was allowed to cool over night with stamt stirring. To remove insoluble
material, the locust bean gum solution was cergeuat 6,000 rpm for 10 min
(Stalbrand et al. 1993). For XynB, Man, and CTei2pl of substrate solution and 1 pl
of enzyme solution were added to 1.5 ml centrifudees. The tubes were inoculated in a
water bath at 50°C for various times (dependednayrae, varied between 7 and 180
min). After inoculation, the tubes were removedirthe water bath and 50 pl of
dinitrosalicylic acid (DNS) reagent were added indma&ely to terminate the enzymatic
hydrolysis. The tubes were placed in a second virtidr at a temperature of 100°C for 5
min to achieve color formation (Miller 1959). Aftdre reaction time, 100 ul of the liquid
was transferred in a 96-well plate and analyzes¥&tnm for reducing sugar
concentration. The enzyme blank containedid& 25 mM ammonium acetate buffer
pH 6.0 and 1l of enzyme solution. The substrate blank contadfgdl of substrate
solution and 1l of 25 mM ammonium acetate buffer pH 6.0. FAE\attiwas
determined with 19@l of wheat arbinoxylans (insoluble) suspension a@dl of FAE
solution added into 1.5 ml centrifuge tubes. Theyere and substrate blanks contained
buffer instead of substrate or enzyme, respectividig solutions were incubated at 50 °C
for 2 h. After hydrolysis, the tubes were centrégddgor 5 min at 15,000 rpm. An aliquot
of 100ul was transferred into a 96-well UV-plate. The absmce of ferulic acid was
measured at 310 nm (Faulds and Williamson 1994th We following equation, the

specific activity was calculated based on the sppbbtometer values.
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With U = specific activity [umol/mg*min], A = absbance, F = calibration factor .\ay
= assay volume (200 pl), t = incubation time [menjd Rnyme= Mass protein in enzyme

used [mg].

4.3.7 Enzymatic hydrolysis of grain sorghum stover

For the enzymatic saccharification of GSS, the NREdcedure NREL/TP-510-
42629 (Selig et al. 2008a) serves as a basis éoprihcedure, but was modified for a
mixture of the provided enzymes.

A sample amount of GSS with an equivalent of Oglugan (based on dry basis)
was placed into a 20 ml glass scintillation vidieTpH was kept constant at 6.0 by
adding 5 ml of a 25 mM ammonium acetate bufferaVoid bacterial growth, 10@ of a
2% sodium azide solution were added. DI water vdaled prior to the enzyme solution.
The amount of DI water depended on the volume @ktizyme solution that was added.
The total volume was 10 ml. The volume of the engyolution depended on the protein
content. When more than one enzyme was addedpthme was divided by the number
of enzymes to achieve equal protein mass propartibable 4.2 shows the dosage for
each test in terms of mg protein of enzyme pewugajl in each test tube. A 0 h sample
was taken and served as a blank for the substndterzymes. The reaction conditions
were 50°C with a reaction time of 168 h. Samplesewaken at 0, 48, 120, and 168 h.

The samples were analyzed via HPLC as describedeabo
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Table 4.2 shows the enzyme combinations and canetspg protein
concentrations. In order to obtain the degree néryy (DS), each enzyme was tested
alone on unpretreated and pretreated GSS in diffe@centrations. The dosage was
3.75, 2.5, and 1.88 mg total protein/g glucan. Equa 2 to 4 were used to calculate DS

from the glucan conversion (GC). A value >1 measgreergistic effect is present.

GC
DS, = _— “enmymel+2 (Eq. 2)

2 375

Y. GC

1_375

With DS; = degree of synergy for two-enzyme mix andefsfme1+2= glucose conversion
with two-enzyme mix. The denominator is the sumorabf glucose conversions
achieved with the respective two enzymes with agef 3.75 mg total protein/g

glucan.

GCoarymets 2+
DS, = — =2 (Eq. 3)

ZGC

125
With DS; = degree of synergy for three-enzyme mix and/{gfee1+2+3= glucose
conversion with three-enzyme mix. The denominadhe summation of glucose

conversions achieved with the respective threerapgywith a dosage of 2.5 mg total

protein/g glucan.

GC
DS, = — Tenymed 2¢3+4 (Eq. 4)
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Table 4.2: Protein concentration levels in factoriadesign in mg protein per g glucan

and in parenthesis U/g glucan.

Test# | XynB FAE CTec2 Man
1 - - - -
2 7.5 - - -
(629)
3 - 7.5 - -
(0.006)
4 - - 7.5 -
(3.38)
5 - - - 7.5
(6.08)
6 - 3.75 3.75 -
(0.003) | (1.69)
7 - - 3.75 3.75
(1.69) (3.04)
8 3.75 3.75 - -
(315) (0.003)
9 3.75 - 3.75 -
(315) (1.69)
10 3.75 - - 3.75
(315) (3.04)
11 - 3.75 - 3.75
(0.003) (3.04)
12 - 2.5 2.5 2.5
(0.002) | (1.13) (2.03)
13 2.5 2.5 - 2.5
(210) (0.002) (2.03)
14 2.5 2.5 2.5 -
(210) (0.002) | (1.13)
15 2.5 - 2.5 2.5
(210) (1.13) (2.03)
16 1.88 1.88 1.88 1.88
(157) | (0.0015)| (0.85) (1.52)
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With DS, = degree of synergy for four-enzyme mix andefzfme1+2+3+4 glucose
conversion with four-enzyme mix. The denominatdhis summation of glucose
conversions achieved with the respective four eregymith a dosage of 1.88 mg total

protein/g glucan.

4.4 Results and Discussion
4.4.1 Chemical composition of grain sorghum stover

GSS was pretreated at 190°C and 200°C using ligpidvater pretreatment. The
chemical composition of raw and liquid hot watestpeated GSS is listed Table 4.3. The
pretreatment caused the solubilization of hemitesle, and a reduction of xylan from
16.5% in raw GSS to 3.6% in 200°C pretreated G28@B.7% in 190°C pretreated
GSS. With an increase of pretreatment temperadmcktherefore an increase in severity
of the pretreatment, more hemicellulose (represkyexylan) was solubilized. The
extractives were removed as well, leading to aregme of glucan and acid insoluble
lignin in pretreated GSS. The magnitude of glugaah @&cid insoluble lignin increase is
dependent on the pretreatment temperature. Tharmgkantent increased from 27.6% to
47.7% at 190°C and to 57.1% at 200°C. The acidui® lignin content increased from
17.5% to 31.0% at 190°C and to 35.7% at 200°C.|&mmcreases in glucan and xylan
solubilization was achieved by Faga et al. (201@) Suryawati et al (2008a). Both
studies used the same pretreatment conditions ({10200°C) on switchgrass. The

reduction in xylan was caused by degradation abseg/lto furfural,
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Table 4.3: Chemical composition of raw (dried) andiquid hot water pretreated
grain sorghum stover. Pretreatment conditions: 10%solids and 190°C and 200 °C,
10 min.

Compound Before After pretreatment
pretreatment
190°C 200°C
Glucan 27.6% 47.7% 57.1%
Xylan 16.5% 8.72% 3.6%
Extractables 25.4% - -
Lignin (AIL) 17.5% 31.0% 35.7%
Lignin (ASL) 9.5% 0.49% 3.8%
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5-hyrdoxymethylfurfural and acetic acid at high paratures, which has been shown in
the literature (Palmquist and Hahn-Hagerdal 2000¢ substrate pretreated at 190°C was
chosen for the enzymatic hydrolysis since the heltilose content is higher compared

to the substrate pretreated at 200°C.

4.4.2 Enzymatic hydrolysis of grain sorghum stover

The objective was to maximize glucose conversio@88 using liquid hot water
pretreatment and a mixture of cellulolytic and hegtiulolytic enzymes. The first
observation was that the pretreatment has a pegftiect on digestibility, which was
also demonstrated in other studies (Alvira et @L® Beukes and Pletschke 2010; Bjerre
et al. 1996; Chang et al. 2001; Kumar et al. 200iflet et al. 1976). The maximum
glucose conversion without pretreatment was 25%ereds, the maximum glucose
conversion with pretreatment was 77% (Figure 4dnd B). The lignin and
hemicellulose structure interfered with the enzymlaydrolysis of glucose. Pretreatment
leads to a partial dissolution of hemicellulose andpening of the lignin structure
(Alvira et al. 2010). Consequently, the celluloseniore exposed for enzymatic
hydrolysis compared to non-pretreated GSS, evaugtinthe AIL content is higher in
pretreated GSS compared to non-pretreated GSS.

The additional hemicellulolytic enzymes, XynB, FAEhd Man, had little effect
on the enzymatic hydrolysis of pretreated GSS. re&reated GSS was best hydrolyzed
with CTec2 alone with a dosage of 7.5 mg/g gluddre glucose conversion was 77%
and the xylose conversion was 68%. It is clearttmatommercially available enzyme

CTec2 has good hemicellulolytic activity besidebutelytic activity. The addition of
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% Conversion
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Glucose conversion = Xylose conversion

B
Figure 4.1: Comparison of glucose and xylose conwon of raw (A) and pretreated
(B) grain sorghum stover using different enzyme cobinations. Each test has a total
protein dosage of 7.5 mg/g glucan. Each test wasrfsemed in duplicates. Error

bars represent standard deviation.
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XynB did not improve xylose conversion; howevesyaergistic effect was observed
when half of the CTec2 dosage was replaced withBXyirhe resulting glucose
conversion was 68%. A combination of all four enegnted only to a glucose conversion
of 50% and a xylose conversion of 52%.

On non-pretreated GSS, XynB had a positive eftegether with CTec2 on
glucose and xylose conversion. The mixture of Xym#l CTec2 performed better than
CTec2 alone with a glucose and xylose conversidzbét and 18%, respectively, while
CTec2 alone only achieved 21% and 17% for glucasexglose conversion,
respectively. The DS was 1.5 for both glucose ayidse conversion (Figure 4.2 A and
B). The highest synergistic effect was achievedh\iynB and FAE. For glucose
conversion on pretreated GSS, the DS was 16. Fopretreated GSS, the DS was also
highest with XynB and FAE with a value of 1.8. Hoxge, a combination of CTec2,
XynB, and FAE did not improve the glucose or xylesaversion on both substrates
compared to CTec2 alone.

Tabka et al. (2006) investigated the enzymatic blydrs of wheat straw,
pretreated with diluted sulfuric acid pretreatmiatibwed by steam explosion, with a
mixture of cellulase, xylanase, and ferulic acittesse. Their best glucose conversion of
51% was achieved with a combination of cellulosgaxase and ferulic acid esterase. It
is important to note that the researchers usedteehicellulase and ferulic acid esterase
dosage than this study (CEL: 10 1U/g of cellulas¥L: 3 1U/g of xylanase, FAE A: 10
IU/g of Ferulic acid esterase). Furthermore, Tw&nwas added, which is known to

improve enzyme activity over time by preventing iotfuctive binding of enzymes to
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Figure 4.2: Comparison of degree of synergy (DS) ding enzymatic hydrolysis of

B

raw (A) and pretreated (B) grain sorghum stover forglucose and xylose conversion
with different enzyme combinations. Each test has #tal enzyme dosage of 7.5 mg/g

glucan.
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lignin. A synergistic effect between xylanase, fieracid esterase and acetyl xylan
esterase with cellobiohydrolase was reported big®¢kl. (2008b). However, their
maximum cellobiose release from liquid hot watestygated corn stover was only 25%
of the theoretical maximum (with 72.7% glucan ie Substrate and a cellobiose release
of 180 mg/g substrate). Glucose was only presesitniall amounts (10 mg/g substate).
CTec2 is a very potent enzyme for the hydrolysisediulose and hemicellulose
specifically designed for lignocellulosic materialbetter understanding of the
synergistic effects of XynB, FAE, and Man usedhis fproject could be obtained by
using pure cellulolytic enzyme activities with ordyo- and endo glucanase, as well as 13-
glucosidase. Furthermore, more tests with higheyme dosages could lead to higher
glucose conversion. Also, the temperature stgtwfithe enzymes could be improved
using surfactants, such as Tween20 or Tween80.tidddlly, a reduction in
pretreatment severity with increasing enzyme dosagétl lead to a more cost effective

process.

4.5 Conclusion

Pretreating GSS leads to improved conversion laflose to glucose, which has
been demonstrated repeatedly in other studieggondellulosic substrates. The
hemicellulolytic enzymes did not improve the enzyimhydrolysis of pretreated GSS
when combined with the commercially available eney@ellic CTec2. XynB did
improve glucose conversion with CTec2 on non-petée GSS.

Additional research with different pretreatmentditions could show improved

effects of XynB and FAE in combination with CTeé2.milder pretreatment conditions,
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the hemicellulose fraction would be higher in thentass where XynB and FAE could
have a positive effect and DS, leading to high gbecconversion yields. Milder
pretreatment conditions require less energy aroh@ and contribute to a more

economical process.

4.6 Future work

Additional research should be performed with higlrzyme dosages and with
the addition of surfactants, which have been shtmstabilize enzymes over time.
Tween 20 and Tween 80 have been shown to imprasgnatic hydrolysis of corn
stover (Kaar and Holtzapple 1998). Tween prevdrgmmal deactivation of the enzyme,
allowing a prolonged hydrolysis and higher reactemperatures. Increased enzyme
activity and stability was also observed with additof polyethylene glycol (Ouyang et
al. 2010). After 48 h more than 90% of the inigakzyme activity remained in the
solution. Sophorolipid was found to increase sugaversion from cellulose by
disrupting the cellulose structure, making it maceessible for enzymes, and by
reducing the adsorption of enzyme onto the celaultelle et al. 1993). Furthermore,
lower temperatures could be tested on the enzyrhgtimlysis. The optimum
temperature of most of the enzymes is 50°C, busthieility over time is reduced at

50°C.
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CHAPTER V

CONTINUOUS ENZYME PRODUCTION UNDER COENZYME LIMITAT ION
5.1 Abstract

The growth of the organisms in fermentation proegss usually not of primary interest.
Growth utilizes nutrients and energy that couldsady be used for product formation.
The current solution for limiting or inhibiting gndh of microorganisms is the reduction
of carbon and energy supply to a level equal torthetenance energy of the organism.
However, control of the exact supply of carbon andrgy is difficult, and often the
carbon source is used for both growth and prochrabdtion. A different approach to
limiting growth can be the limitation of co-enzymd$e present study investigated the
limitation of pyridoxine on amspergillus nidulans culture unable to synthesize its own
pyridoxine that produces xylanase B (XynB) as ¢lemmyme. It was observed that the
growth was limited when pyridoxine was absent, @/thile enzyme production was
unaffected. The enzyme production was similar ¢alture that grew on medium with
pyridoxine and achieved 1026 U after 480 h of cardus fermentation. Furthermore, the
present study investigated the growth raté.ofidulans and determined the productivity
of XynB production under pyridoxine limitation. Aaimum growth rate of 0.311*h
and a XynB productivity of 21.14 U/g-h was observed
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5.2 Introduction

Industrial scale enzyme production with filamentéwsgi uses mainly two
fermentation processes: solid state (SSF) or sujgddermentation (SmF). No other
process has proven to be applicable due to thiewiff of culturing filamentous fungi.
Filamentous fungi grow as a mycelium, which canl lEaclogging of pipelines due to
their affinity to surfaces.

Most biotechnological processes are used for thdymtion of metabolites (e.g.
organic acids, alcohols, extracellular proteins,)efThe growth of the organism and,
therefore, the accumulation of biomass, is oftentime priority. For these processes, the
cell mass that is produced can be considered abtypt. The formation of cell mass uses
carbon and energy compounds that could potenti@llysed for product formation. In
many studies it was proposed to limit carbon aretgynsupply in chemostats to a level
where the supplied energy is equal to the maintananergy of the organism (Boender
et al. 2009; Schrickx et al. 1993; Schrickx etl&95). Then, the organism will approach
a zero growth rate when the energy consumed istheanaintenance ratio (Pirt 1965). It
was shown that submerged filamentous fungi cultaoesdiate when nitrogen and
carbon are limited (Broderick and Greenshields 1@lbraith and Smith 1969; Ng et
al. 1972). Previous studies used retentostat @dtir analyze product formation under
carbon and energy limited conditions. To achievetentostat, a chemostat is equipped
with a filter with a pore size smaller than theestf the organism (0.2m), which traps
the cells in the reactor. After the desired celsms reached, the continuously supplied
medium has limited carbon and energy content taagedhe metabolic rate. Jargensen et

al. (2010) reported a growth rateAfniger approaching zero after 6 days when grown in
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a retentostat under carbon and energy limited ¢mndi However, the growth yield was
constant, leading to an increase in cell mass tawex. An interesting observation from
the study was how the percent of respired carbangdd over time (Jgrgensen et al.
2010). With decreasing specific growth rate, thecget carbon respired increased. After
two days conidiation was observed, leading to areese of melanin, which rapidly
increased after four days. Stress on the cellgaied by carbon and energy limitation,
induces the transcription bflA (Skromne et al. 1995). The transcription fadidA is a
positive regulator for conidiation (Adams and Timlake 1990). From the results
presented in previous studies, (Jgrgensen et H0; Zrhrickx et al. 1993; Schrickx et al.
1995; Verseveld et al. 1991), it is not conclush@ntinuous product formation with
zero growth rate over a prolonged period of timiegisarbon and energy limitation is
feasible. The results show that over the test gehe cell mass concentration increases
until the end of the experiment. Additionally, nietature on zero growth rate
experiments was found with filamentous fungi grawnsurfaces. Furthermore, no
literature was found initiating a zero growth rhtelimiting other essential nutrients in
the medium that do not supply the organism witlibcaror energy. Examples could be
the limitation of vitamins or coenzymes necessarycértain cell functions.

Reducing the growth rate can maximize product féionasince the substrate is
used for product formation and not for microbiabwth. A potential compound present
in the medium necessary for fungal growth is pyide. Pyridoxine is a vitamin and
precursor for pyridoxal-5’-phosphate (PLP), whishrivolved in many reactions in
amino acid metabolism. One reaction is transamanatvhere am-amino acid is

converted to an-keto acid (Voet and Voet 2004). PLP acts as azpage together with
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the enzyme in the form of a Schiff base. It is ats@lved throughout amino acid
biosynthesis in the conversion of aspartate tog;sihreonine to methionine and
ketoisocaproate to leucine. PLP is a trace elemuathionly needed in very low
concentrations. It is proposed that a limitatiorpgfidoxine on ar. nidulans culture

with a pyridoxine marker in the fermentation mediwauld lead to a shift of substrates
to protein formation. The cell matrix has enoughPRitored to perform basic reactions
and protein formation without growth. No literaturas been found where the limitation

of pyridoxine was tested on filamentous fungi.

5.3 Materials and Methods
5.3.1 Strain and spore formation

Aspergillus nidulans with the number 733 in the Fungal Genetic StockiCa
(FGSC) was used to conduct the experiment. Thendies a pyridoxine marker. The
modification ofA. nidulans to express Xylanase B as a client protein is desdr
elsewhere (Segato et al. 2011). Spores were kepR09o glycerol, 10% lactose solution
as a stock culture at -80°C. Spores were madeiby assolid medium containing 9.0 g/L
glucose, 50 ml/L 20X Clutterbuck salt solution (1§20 NaNG;, 10.4 g/L KCI, 10.4 g/L
MgSQ,, 30.4 g/L KHPQOy), 1 ml/L 1000X trace element solution (22 g/L ZnSIH,0,
11 g/L HBO3, 5.0 g/L MnCh- 7H:0, 5.0 g/L FeS@ 7H,0, 1.6 g/L CoGl-5H,0, 1.6 g/L
CuSQ-5H,0, 1.1 g/L NaMoOy- 4H,0, 50 g/L Na-EDTA), 1 ml of a 1 g/L pyridoxine
solution, and 15% agar. The pH was adjusted ta$irig 10 N NaOH. Twentyl of
stock spore solution were distributed on the ageaee. The plates were kept for 48 h at

37°C. After incubation the plates were stored @t d#til usage.
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5.3.2 Fermentation medium

The fermentation medium contained 47.6 g/L maltos®9.0 g/L glucose as
carbon sources. Maltose is necessary to activatpritimoter for Xylanase B expression.
The medium also contained 50 ml/L 20x Clutterbualk solution, 1 ml/L 1000X trace
element solution, and 1 ml of a 1 g/L pyridoxinéusion. For the maximum growth rate
experiment, maltose and glucose concentrations vated, but were kept at the same
ratio (4.7:1) according to best protein formatioithwd7 g/L maltose and 10 g/L glucose.
The pH was adjusted to 6.5 using 10 M NaOH. Theiomedvas sterilized by

autoclaving at 121°C for 20 min.

5.3.3 Determination of maximum growth rate ofA. nidulans

Before the maximum growth ratg,(s,) can be obtained, multiple experiments are
necessary to investigate the specific growth natg) @t different initial substrate (S)
concentrations. The Monod model was used as theriyimy base fofimax andpinet
determination. Fopne:it is required to measure cell mass concentratgi@r time. Since
the organism is a filamentous fungus, represemaampling is not possible. To
overcome this problem, multiple parallel tests waeated with different inoculation
times. The tests were carried out in Petri diskash dish was filled with 20 ml of
medium with identical substrate concentration.g¥tallel tests were inoculated with the
same amount of spore solution @Pwith the same spore concentration. Two dishes
were inoculated for each time interval of 12, 28 aBd 48 h. After these time intervals,
the complete cell mycelium was harvested, wash#u agionized water and dried at

50°C for one day. The protein concentration indh@h was analyzed by the Bradford

86



assay (Bradford 1976). An aliquot of broth was usedugar analysis with HPLC. The
logarithm of dry cell mass was plotted vs. timeeBtope of the linear regression in the
linear region of the plot represented: This process was repeated for different initial
maltose and glucose concentrations. The obtaipgdas plotted in a reciprocal form vs.
1/S. For this plot S represents the glucose coration plus the glucose equivalent of
maltose. A linear regression leditgax and Ks, which were 0.311hand 1.34 g/L,

respectively.

5.3.4 Evaluation of XynB production with A. nidulans under pyridoxine limitation

Two tests with different transplanting frequenc@$ h and 48 h, were chosen. To
grow a mycelium, a Petri dish was filled with 20 efilmedium and inoculated with 20
of spore solution. The culture was allowed to geiv@7°C until a mycelium covered the
surface of the medium. After inoculation part of thycelium was manually transferred
into a Petri dish previously filled with medium kaieg pyridoxine. This culture was
allowed to grow either 24 h or 48 h and then agrainsferred into medium without
pyridoxine. This was repeated until protein protuctdecreased. Then, the mycelium
previously grown on pyridoxine-free medium was $fenred into medium with
pyridoxine and after either 24 h or 48 h it wasiagensferred into medium without
pyridoxine. The cultures were transferred nine fareltimes for the 48 h and 24 h
culture, respectively. After each transfer inteytiaé protein concentration was measured
by the Bradford assay, the activity was determingd DNS reagent, the wet mass of
transferred mycelium was obtained, the pH was mredsand the sugar and organic acid

concentration were measured with HPLC. Addition&dlypoth tests, a control mycelium,
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which was always placed into medium with pyridoxinas evaluated. Both test and

control were evaluated in duplicate.

5.3.5 Determination ofA. nidulans XynB productivity under pyridoxine limitation

In order to obtain the enzyme productivity underighgxine limitation, a
mycelium had to be grown on medium with pyridoxamel then transferred into medium
without pyridoxine. A Petri dish was filled with 201 medium with pyridoxine and was
inoculated with 2Qul of spore solution. The culture was grown for 48t137°C. After 48
h the culture was transferred into medium withourigoxine and after 48 more h it was
again transferred into medium without pyridoxindtefthis second transfer, the
mycelium growth was examined based on visual corspabefore and after incubation.
After 24 h the medium was analyzed for sugar comagan with HPLC, protein
concentration with Bradford assay and xylanaseiggtivith DNS reagent. The
mycelium was washed with DI water and dried for dag at 50°C to obtain the dry cell
mass. The productivity was determined by calcutgtite total activity (U) from the
volumetric activity (U/ml) and dividing it by thetal dry cell mass (g) and 24 h. The
enzyme activity was measured to determine theaengstof XynB. The test was
performed in triplicate and compared to a contublure that grew on medium with

pyridoxine.

5.3.6 Determination of protein concentration

The protein concentration was determined usingaard assay. Fortyl of
Bradford coommassie solution was pipetted into khoiex 96-well plate. In order to stay
within the absorbance calibration curve limit d 2t 575 nm, the amount of enzyme
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solution varied depending on the protein conceioimaeceived from the test. DI water
was added to achieve a total volume of gDOrhe blank well contained only 40
Bradford solution and 160 DI water. The absorption was measured using aviB/96-

well plate reader (Tecan Infinite M200, M&nned&iitzerland) at 595 nm.

5.3.7 Determination of XynB activity

XynB was analyzed for its specific activity on xyldaom beechwood (Sigma
Aldrich). Forty-nine pl of 0.5% substrate solutijprepared with 25 mM ammonium
acetate buffer at pH 6 and 1 pl of enzyme solutiere added into a well of a 96-well
plate. The plate was incubated in a water bati®&€ Sor 15 min. After incubation, the
96-well plate was removed from the water bath ahg Bof dinitrosalicylic acid (DNS)
reagent was added immediately to terminate thereatig hydrolysis. The 96-well plate
was placed in a second water bath at a temperatd:@0°C for 5 min to achieve the
color formation. After the reaction time, 100 pltbé liquid was transferred in a 96-well
reading plate and analyzed at 575 nm for reduaiiggusconcentration. With the
following equation the specific activity was calatdd based on the spectrophotometer

values.

U :(((A— 0047)/F)x(va:wv D, D (Eq. 5.1)

With U = specific activity [umol of reducing sugang protein - min], A = absorbance at
575 nm, F = calibration factor,¥ay= assay volume (200 pl), t = incubation time [min]

and pnzyme= Mass protein in enzyme used [mg].
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The final results are given in XynB activity unfier volume, .
U, =ULC, (Eqg. 5.2)

With Cp = protein concentration in mg/ml.

5.3.8 Sugar and organic acid analysis

Concentrations of glucose and maltose were analyaesth HPX-87P column
(Bio-Rad, Sunnyvale, CA, USA). The eluent was HRJt&de DI-water with a flow rate
of 0.6 ml/min at 85°C and a refractive index dete¢1100 Series Agilent, Santa Clara,
CA, USA) (Sluiter et al. 2008c). Organic acids wamalyzed on a HPX-87H column
(Bio-Rad, Sunnyvale, CA, USA). The eluent was (NO4ulfuric acid with a flow rate of
0.6 ml/min at 60°C. A refractive index detector@@1Series Agilent, Santa Clara, CA,

USA) was used for detection (Sluiter et al. 2008c).

5.4 Results and Discussion
5.4.1 Growth rate ofA. nidulans

Most of the literature that deals with analyzingwth kinetics of filamentous
fungi either use submerged cultures or culturegvgron solid medium or surfaces.
When grown as a surface culture, the parameteigréovth rate are based on
circumferential growth, rather than on a mass péume unit. The present study uses a
surface grown culture, but applies the same metbggias for submerged cultures.
Table 5.1 shows the total cell mass, protein ahdtsate concentrations after 48 h, as
well as the specific growth rates for the corresjog initial substrate concentrations and

yields. Using parallel tests to imitate samplinglifferent time points worked well for
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Table 5.1: Total cell mass, protein concentratiorsubstrate concentration (glucose + glucose equivalfrom maltose), specific
growth rate and yields for Aspergillus nidulans at different initial substrate concentrations, with standard deviation of two
replicates.

Initial substrate| Total cell | Protein Substrate Mnet Y x/s Y pix Yepis
concentration | mass after | concentration concentration [h™] [g cells/g | [g protein/g | [g protein/g
[g/l] 48 h [mg] | after 48 h [g/L] after 48 h [g/L] substrate] | cells] substrate]
59.3 119+ 11.3| 0.019 +3.54E-5| 52.2+0.77 0.061 .8390% 0.0048 + 0.0027
0.02 9.1E-5 0.0003
29.7 93+9.90 0.009 + 0.002 20.0 +£3.43 0.063 P48 | 0.0025 = 0.0010
0.10 7.1E-5 0.0008
11.9 79 £2.83 0.018 £ 0.002 1.73+£0.31 0.095 @89 | 0.0054 + 0.0017 +
0.002 0.0003 9.4E-5
5.93 57+2.12 0.011 £ 0.0005 0.20£0.02 0.194 934 0.0058 0.0020 +
0.017 0.0007 0.0001
3.00 28+2.12 0.010 £0.001 0 0.214 0.464+ 0.0187 0.0034 +
0.012 0.0053 0.0003
1.19 14 +0.71 0.004 £+ 0.0007 0 0.146 0.611+ 0.0025 £ 0.0017 £
0.030 0.0007 0.0007
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this system and the growth curves showed the fanphkttern observed for many
microorganisms. The total cell mass after 48 heased with increasing initial substrate
concentration. However, it was found thag:does not increase with substrate
concentration. In fact, a typical substrate inldpitpattern in the double reciprocal plot
of pnet Versus S was found (Figure Al). Hence, the furggaws at a slower rate at
higher substrate concentrations.

The highestine with a value of 0.214 hwas found with initial substrate
concentrations of 2.4 g/L maltose and 0.45 g/L gbec At higher substrate
concentrations, the fungus indeed grows more sldwdycontinuously for at least 48 h.
At lower substrate concentrations, the fungus griassto exploit all nutrients, but stops
growing when the nutrients are depleted. The mamirapecific growth rate is 0.311*h
and Kswas 1.33 g/L.

It was found that the mycelia of filamentous fudgielop differently for
different substrate concentrations in the enviramm&t high substrate concentration, the
hyphae form a dense network with more branchesnga. The purpose is to utilize more
efficiently the nutrients in that area. When thbdtate concentration is low, the hyphae
branch less per area and grow longer in orderdohra location with higher substrate
concentration (Prosser and Tough 1991). This behavas also observed in the present
study. The cultures with low initial substrate centration were more like a gel
throughout the liquid; whereas, the cultures witfhhinitial substrate concentration
developed a mycelium layer on top of the surfacthefliquid at the end of the test.

For industrial applications a growth rate basednaiss mycelium per time is

more useful than a growth rate based on circumfiedegrowth. In technical applications
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it is often not practical to measure circumferdrgr@wth. Cultures that grow in nutrient
rich medium also become thicker (more mass pel,amdach would not be included in

measuring circumferential growth.

5.4.2 XynB production with inhibited growth

It was observed that the fungus produces the desiteyme, XynB, even when
growth is suppressed. Figure 5.1 shows the totalmalative XynB activity over time
for the experiment with a transplanting frequent¥®h. The average XynB activity
was 10.0 + 5.13 U/ml for the culture grown withgytidoxine. The control showed an
average XynB activity of 9.78 + 3.0 U/ml. It wassaloved that the protein concentration
drops to 0.08 g/L after 192 h when grown on medwithout pyridoxine. The 240 h and
288 h samples showed a yellow colored broth thallschsimilar to urine. In these
samples the pH dropped from 8.5 to 4.5. After 28Behculture was transferred into
medium with pyridoxine to recover. At 336 h, norsimf smell was observed and the
broth color was again the normal amber color. Ha®ueeven though the protein
concentration was low during 240 h and 288 h, ttizity was still comparable to the
previous levels. This indicates a higher proportbbmylanase B in the total protein mix.
No difference in XynB production was observed betmvthe test without pyridoxine and
the control.

With a transplanting frequency of 24 h, the averdgeB activity was 9.63 +
5.64 U/ml and 9.88 + 2.06 U/ml for the culture growithout and with pyridoxine,

respectively. Figure 5.1 shows the cumulative XwauBvity over time. The
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Figure 5.1: XynB production over time with limited pyridoxine and 48 h
transplanting frequency. The culture was initially (0-48 h) grown on medium with
pyridoxine and again at 288 h. Error bars represenstandard deviation of two
replicates.
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phenomenon of decreased protein formation with k&naous increase in activity, as
was found for both transplanting frequencies, shihas XynB formation is independent
of mycelium growth. Furthermore, it can be seeRigure 5.2, that when the culture was
transplanted with a 24 h frequency, the accumwdaXiynB production reaches the same
levels as the culture with 48 h transplanting fesmry, but at 192 h as opposed to 480 h.
Hence, it is not necessary to use a 48 h frequeanuge the same XynB activity is
already reached after 24 h. XynB production wasdridor the test without pyridoxine
compared to the control when a transplanting fraquef 24 h was used.

Substrate utilization is shown in Figure 5.3. Attehes maltose was completely
utilized for 48 h transplanting frequency. Glucesses always utilized except at 240 h
and 288 h when grown on medium without pyridox#e288 h the glucose
concentration increased to 12.99 g/L, indicatirg the metabolism still utilizes all
maltose and converts some of it to glucose, wtsdhen not used further. With a 24 h
transplanting frequency, the average residual malsmd glucose concentration was
11.39 g/L and 4.98 g/L, respectively, when growmmadium without pyridoxine (Figure
5.4). The maltose and glucose utilization was higtethe culture grown on pyridoxine
than for the culture grown on medium without pysohe. The control showed average
maltose and glucose concentrations of 5.30 g/L.2a08 g/L, respectively. Compared to
the culture grown without pyridoxine, the contrbbgved new mycelium growth, which
requires substrate and explains the faster nutmiigation. After 192 h pyridoxine
needs to be replenished for further enzyme prodaciihe moment of pyridoxine

replenishment can be monitored by measuring pid.recommended to replenish
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Figure 5.2: XynB production over time with limited pyridoxine and 24 h
transplanting frequency. The culture was initially (0-72 h) grown on medium with
pyridoxine and again at 144 h. Error bars represenstandard deviation of two
replicates.
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limited pyridoxine with 48 h transplanting frequency.
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pyridoxine before the pH drops below 6 in ordeavoid a decrease in protein production
(Figure 5.5). The positive correlation of pH to {@a production is a useful tool for
reactor control and monitoring. Whereas online rwoitig of pH is ready available,
online measurement of protein concentration is nddfeult.

No measurement of cell mass was performed duestmthossibility of taking
homogenous samples. Pictures were taken to docuheenbnstant surface area of the
fungus throughout the experiment (Figures A2A a@BA It can be seen that no visual
growth of surface area (enlargement of myceliak fglace when the fungus was kept on
medium without pyridoxine. The fungus’s color beeadarker while using medium
without pyridoxine.

The cause for the pH decrease over time underyinid limitation appears to be
linked to succinic acid production. An increasesoécinic acid from 0.06 g/L to 0.26 g/L
could be observed when the pH dropped between 241 /288 h and decreased back to
0.08 g/L at 336 h (data not shown). It is expethed pyridoxine limitation causes an
increase in organic acids and/or amino acids dtleetanvolvement of pyridoxine in
amino acid metabolism. Other organic acids ancharacids either were not observed to
increase or not detected with HPLC.

Besides of the changes that occur in the metabdiased on pyridoxine
limitation, fungal autolysis can also be the resplole for pH decrease. Pyridoxine
indirectly leads to starvation by disturbing theimonacid metabolism, which has been
shown to initiate autolysis (White et al. 2002).télysis is a process in which the fungus

enzymatically breaks down old fungal mass, in otdartilize the nutrients for fungal
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hyphae tip growth. This breakdown of fungal masdaoelease compounds responsible

for pH decrease.

5.4.3 Productivity of A. nidulans with inhibited growth

Table 5.2 shows all factors obtained from this expent. The goal was to
determine the protein productivity of Annidulans culture when initially grown on
medium with pyridoxine and then transferred ontammen without pyridoxine. The
results presented are obtained after transplattimgulture a second time. After the
second transplantation, no visual growth was olesewith the culture without
pyridoxine. The productivity was obtained and haclae of 21.14 U/g dry cell mass*h
for the culture without pyridoxine and 8.09 U/g @sll mass*h for the culture with
pyridoxine. The productivity without pyridoxine was times higher compared to the
productivity with pyridoxine over the same timeipét which is also represented in the
yields. The protein to dry cell mass yieldsgY of the culture without pyridoxine and
the culture with pyridoxine were 507.42 U/g and .P94U/g, respectively. The protein to
substrate yield (¥ was higher for the culture with pyridoxine, 21184, than the

culture without pyridoxine, 13.95 U/g.

5.5 Conclusion

It was successfully demonstrated that a fungus mhuéguiring pyridoxine for
growth can maintain enzyme production even whemwtras limited by limiting
pyridoxine. However, the continuous enzyme produrctiannot go on forever.

Pyridoxine needs to be replenished frequently.&pid correlates with pyridoxine
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Table 5.2: Factors obtained of productivity experinent. Total substrate = Gjucoset+
Cmaitosd0.947. Yo/x = protein to dry cell mass yield, ¥;s = protein to substrate yield.

Factors

w/o pyridoxine

w/ pyridoxine

Initial maltose [g/L]

47.62

47.62

Initial glucose [g/L] 10.00 10.00

Initial total substrate [g/L] 60.28 60.28

Final maltose after 24 h [g/L] 7.68 +1.30 6.02.998
Final glucose after 24 h [g/L] 8.56 +1.90 4.92.397
Final total substrate after 24 h[g/L] 16.67 11.28.40
XynB concentration after 24 h [U/ml] 17.32+3.15 | 1.27 +4.38
Dry cell mass [g] 0.68 £0.13 0.78 £0.08
Yeix [U/g] 507.42 +37.54 | 194.21 +52.81
Ypis [U/g] 21.84 +8.57 13.95+5.64
Productivity [U/g - h] 21.14 +1.56 8.09 £2.20
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depletion, monitoring the pH allows identifying tberrect moment when pyridoxine
needs to be added.

Pyridoxine limitation causes stress on the celiictvinduces conidiation and
melanin formation. The increased stress on the deié to pyridoxine limitation was
observed to have no effect on XynB formation. Vttlecrease in protein formation, the

activity increases, which keeps the volumetric\atgtirelatively constant.

5.6 Future work

The pyridoxine limitation system has shown to saecessful method of limiting
growth while the enzyme production can continuenfentioned earlier, pyridoxine is
essential for the amino acid metabolism. Poteftaire work could be the investigation
of a biotin limitation system. As pyridoxine is arker for thisA. nidulans mutant, other
coenzymes can act as a marker. Biotin is a projsd@enzyme, whose limitation could
improve the client protein formation. Biotin is mived in carboxylation reactions.
Pyruvate carboxylase, acetyl-CoA carboxylase, angdipnyl-CoA use biotin as a GO
carrier (Voet and Voet 2004). Pyruvate carboxylage&tes the first step in
gluconeogenesis by converting pyruvate to oxaléeetacetyl-CoA carboxylase is
involved in fatty acid synthesis and propionyl-CAnvolved in odd-chain fatty acid
oxidation (Voet and Voet 2004). Fatty acids areunexgl for cell membrane synthesis. It
is expected that the limitation of biotin for Annidulans mutant with a biotin marker
would limit growth; whereas, the enzyme productiayuld be unaffected. A petri dish
experiment as was used for this experiment couldsied to show within a short period
of time the feasibility of the biotin limitation pcess. Important factors to investigate are

the continuous client enzyme production and th&dition of growth over time. It is
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assumed that using this system would lead to higlrest protein productivity compared
to the system with a pyridoxine marker becausathmo acid metabolism is not
affected by the limitation of biotin.

During transplanting the medium becomes darkepiar@ver time. It is assumed
that the darker coloration is due to an elevatethnie formation. An increase in melanin
formation was reported when filamentous fungi atéiconidiation (Jgrgensen et al.
2010). Conidiation is usually a response to energyarbon starvation to conserve the
cell until it is transported to a nutritional ermiment. Stress induces the transcription of
brlA (Skromne et al. 1995) and the transcription fabtbh is a positive regulator for
conidiation (Adams and Timberlake 1990). At the neotrwhen all pyridoxine was
depleted, the protein production and the PH weeemainimum and the medium became
a light yellow. This shows that no melanin, and#fiere, no conidiation took place.
However, when the same culture was placed agamezhium with pyridoxine, the

medium became darker again and melanin was formed.
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CHAPTER VI

CONTINUOUS XYLANASE PRODUCTION WITH ASPERGILLUS NIDULANS

UNDER PYRIDOXINE LIMITATION USING A TRICKLE BED REA CTOR

6.1 Abstract

In the present study, a new reactor system wagnmksgiand tested usidgpergillus
nidulans with a pyridoxine marker and xylanase B (XynB)adient enzyme. The new
reactor system is a trickle bed reactor (TBR) wétycle, which utilizes the advantages
of solid state fermentation (SSF) and submergeddatation (SmF). The fungus is
allowed to grow on a solid inert support, while thedium containing carbon and energy
source trickles down. The uncontrolled growth ofcedia in the tubing, eventually
leading to clogging, is reduced by utilizing a gtbwmitation by pyridoxine limitation.
The fungus is unable to synthesize its own pyridexand is unable to grow when no
pyridoxine is present in the medium, while the eneyproduction is unaffected. The
current study demonstrated a successful continapesation over 18 days with high
XynB titers. The reactor achieved a XynB outpu#dfU/ml with an influent and effluent
flow rate of 0.5 ml/min and a recycle flow rate5& ml/min. Production yields were 1.4
times higher compared to a static tray culture lagtdveen 1.1 and 67 times higher
compared to SSF enzyme production stated in theatiire.
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6.2 Introduction

The production of enzymes in large scale is culyg@rformed using solid state
(SSF) or submerged fermentations (SmF). One dftigest cellulolytic enzyme
producers, Novozymes located in Denmark, uses sgadeulture techniques that are a
well-kept secret (Novozyme 2010a). Bacteria andjifane used in fed-batch or
continuous systems.

The University of Sao Paulo has conducted inteaesearch in xylanase
production (Betini et al. 2009; de Carvalho PeixBimgueira et al. 2009). Their main
focus is in optimizing the enzyme expression ofirgses for the paper bleaching
industry. The researchers fousgpergillus niveus andAspergillus fumigates as xylanase
producers with high enzyme activitiés.fumigates was found to produce the highest
xylanase activity with a culture medium by Voged§#) showing an activity of 109
U/mg protein (348 total U). De Carvalho Peixoto-Nema et al. (2009) also compared
static to agitated enzyme production and foundattivity with the static culture to be
2.3-fold higher than in the agitated culture. Farttmprovement was achieved by using
SSF on inexpensive carbon sources (wheat branc@oynice straw, triturated rice straw,
oatmeal, sugarcane bagasse, cassava Baoa)yptus grandis sawdust) (Betini et al.
2009). The best activity was achieved withmiveus on wheat bran (2 g solid substrate
with 4 ml distilled water at 70 to 80% relative hidity at 30°C for 96 h) with a value of
928 total U.

Xylanase and cellulase production using mixed subetefermentation was
performed by Garcia-Kirchner et al. (2002). Theeegshers used 4 g of sugarcane

bagasse with 180 ml of medium with spores fidaicillium sp. CH-TE-001 and/or

108



Apergillusterrus CH-TE-013. The flasks were incubated at 29°C ootary shaker at
180 rpm. They found a higher cellulase and xylamaieduction with the mixed culture
compared to the single cultures. The enzyme mix¢lwvas not further characterized,
showed the highest activity on carboxymethyl celiel (CMC) and birchwood xylan
after 5 days with a value of 1.4 U/ml and 5 U/mkpectively. No values of protein
concentration were given.

A detailed description of SSF is given by Mitchedllal. (2000). This paragraph
will concentrate on the general principles. SSFbeen used over centuries for food
production, namely the Koji technology, where ri€éermented to produce rice wine
also called “sake”. In SSF, microorganisms growsolid substrate particles with the
absence of visible liquid water (Mitchell et al.a®). The typical water content ranges
between 12 and 80 wt% (Cannel and Moo-Young 198Beat bran, sugarcane bagasse
and soy bran are, among others, typical substfatesnzyme production (Mitchell et al.
2000). The substrate is characterized as a loweastie material from agriculture. The
general process involves the pretreatment of thetsate, including grinding and
optional physico-chemical treatments, followed byaulation usually with a filamentous
fungi and active or passive aeration. The reacty ar may not be agitated, and
humidity may be controlled. After completion thegucts need to be leached out
(Mitchell et al. 2000).

Typical reactor types for SSF are tray, drum arzked bed bioreactors. Tray
reactors are simple to use without active agitatioaeration. The trays filling height is
limited, since overfilling can lead to anaerobiogesses and/or overheating (Tunga et al.

1999) with temperature and humidity as the onlyte@mparameters (Durand et al. 1997).
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Due to the large area required, large scale uskigayoreactors is limited. Drum reactors
incorporate mixing and can lead to increased heéin@ass transfer. The growth can be
improved, but sheer forces can limit the final pradformation (Nigam et al. 2004).
Therefore, the handling on large scale can becditfi Packed bed reactors are columns
where the substrate is kept in place by a perfdrak&tform. Forced aeration is applied at
the bottom of the column (Mitchell and Lonsane 19%2oduct retrieval, non-uniform
growth and limited heat and mass transfer are campnablems of packed bed reactors
(Lonsane et al. 1985; Mitchell and Lonsane 1992).

The enzyme productivity is often higher in SSFtimSmF (Viniegra-Gonzélez
and Favela-Torres 2004). Viniegra-Gonzalez et28l08) reviewed enzyme production
using SSF and SmF in terms of physiological diffiees that explain the higher enzyme
titers in SSF. In an experiment conducted by Ror@&imez et al. (2000), five times
higher invertase concentrations were produced 88F usingAspergillus niger due to
higher biomass production than with SmF. Anothgregixnent conducted by Diaz-
Goddinez et al. (2001) for the production of pec@ahowed again higher titers using
SSF due to higher biomass production than with SrhEy also found that production
with SSF leads to an apparent resistance to cakabepression, which was indicated by
high pectinase titers with SSF using high initisibstrate (in this case sucrose)
concentrations. In SmF high sucrose concentratexhto an inhibition of product
formation. It was also observed that pectinaseymrtian with SmF had higher
breakdown of pectinase by contaminant proteaseexfgeriment with restricted growth
by introduction of a steric hindrance was perforrbgdAguilar et al. (2001). For the

production of tannasé\,. niger grew on finely ground polyurethane foam (PUF), ahhi
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had a higher density (113 g/L) than normal sizedr P15 g/L) with the purpose of
restricting mycelia growth. Again, SSF producedheigtiters of tannase than SmF, with
values of 14,000 U/L and 2,800 U/L, respectivelgeTell mass levels were found to be
4.5 g/L and 11.5 g/L for SSF and SmF, respectivelen with limited growth by
physical hindrance, SSF performed better than Svhigh was also due to a reduced
protease activity in SSF. Protease activity wasifiolo be eight times higher in SmF.

Biofilm reactors have been investigated for mangliaptions, with many
different reactor types (Cheng et al. 2010). Typfdsiofilm reactors are: stirred-tank
reactor, trickling filter reactor, rotating-diskagtor, membrane biofilm reactor, fluidized-
bed reactor and airlift reactor. The choice of teadepends on the final product, process
complexity and costs.

The enzymes used for the project described inaitiisle are usually produced in
lab scale static tray fermentation cultures. Theeni production processes are too
expensive to utilize the enzymes on a large scalliv cost products like bioethanol. To
enhance enzyme productivity, a trickle bed reaCi&R) was designed. The
macrostructure of the fungus is maintained by kegfhe mass transfer at an optimum.
The support is inert and the substrates for enzxpeession and growth are in a
dissolved form. Furthermore, the system allowstiaintaining a large cell mass with a
large surface area. The reactor system is modetezbhtinuous enzyme production. No
previous literature was found on the use of a TBRHe production of enzymes by
filamentous fungi. The XynB production with the ce& was compared to a shaking

flask and static tray fermentation which were uesimulate SmF and SSF.
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Furthermore, the XynB production in the reactor vested with and without growth

limitation induced by pyridoxine limitation.

6.3 Materials and Methods
6.3.1 Culture medium

The medium was composed of 50.0 ml/L 20x Cluttekisalts (120 g/L NaN§)
10.4 g/L KCI, 10.4 g/L MgS@ 30.4 g/L KHPQOy), 1.0 ml/L 1000x trace elements (22
g/L ZnSQ- 7H:0, 11 g/L HBO;3, 5.0 g/L MnC}- 7H,0, 5.0 g/L FeS® 7H,0, 1.6 g/L
CoCh-5H,0, 1.6 g/L CuS®@5H,0, 1.1 g/L NaMoO,-4H,0, 50 g/L Na-EDTA), 10.0
g/L glucose monohydrate, 50.0 g/L maltose monohgdaiad 1 ml/L of a 1 g/L
pyridoxine solution. For the pyridoxine limitatidest, the medium did not contain
pyridoxine. The pH was adjusted to 6.5 using 10&80N. The medium was sterilized by

autoclaving at 121°C for 20 min.

6.3.2 Reactor Design

Figure 6.1 shows the schematic of the TBR desige.r€actor is composed of a
glass column with an inside diameter of 10.5 crre fibight is 60 cm. The packing were
lava rocks purchased from a local hardware storginally used for outside grills. The
diameter of the rocks varied between 3 and 4 cra.iitlets for fresh and recycled
medium were placed on top of the reactor. On th®boa stainless funnel led the
medium into a 250 ml baffled flask. The baffledsitavas placed on a magnetic stirrer.
The whole reactor was able to fit into an autoclavesterilization. A heating tape was
wrapped around the column to keep a constant textyyerof 37°C. Three peristaltic

pumps (MasterFlex 7523-20, Barnant Co., BarringibnlJSA) were
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used for medium flow. The influent and effluentfloates varied from 0.5 to 1.0 ml/min.
One pump was used to pump in fresh medium int@ BiR. The second pump took
medium out from the baffled flask at the same &até¢he first pump. The third pump was
used to pump medium from the baffled flask back the reactor. The recycling of
medium at various rates (224, 112, and 56 m/miojvald higher substrate utilization,
mixing and enhanced enzyme productivity. The tubireg connected the baffled flask
with the product reservoir had an attachment thaivad sampling. Air was pumped into
the reactor at 1.15 L/min (standard temperaturepaesisure) at the bottom through a 0.2

um sterile filter and exited the column at the top.

6.3.3 Reactor model
Several models are available to design reactomscbas unicellular organisms.
However, for filamentous fungi applied in a TBR, model has been established. Several
parameters are needed to be determined experinyeitad specific and maximum
growth rates as well as productivity Ahidulans were 0.061 1 (for 59.3 g/ total
substrate concentration), 0.311, land 21.14 U/g - h, respectively (see Chapter V).
The following assumptions were made in the devekagrof the model:
- The fungus will have the same yields(d Ypis and Yeix) in the reactor as
observed with Petri dish experiments for the samt@i substrate concentration.
- The specific growth rate found in the Petri disisesqual to the specific growth
rate in the reactor.
- The total available medium inside the reactor idekimedium to saturate the lava
rocks.

- Maltose and glucose are utilized at equal rates.
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- High recycle flow rate allowed for the assumptibattthe reactor behaved like a
continuously stirred tank reactor (CSTR).
Since it was not possible to measure the exact@dk inside the reactor, a theoretical
cell mass based ony)¥ was calculated. Assuming complete substrate atitin during
the growth phase, the cell total mass (X) coulddleulated:
X=Yxs S
with Yx;s = cell mass to substrate yield and=STotal substrate mass [g] in the reactor.
The substrate uptake rate R [g/h] could now beutatied using the specific substrate
uptake rate and the total cell mass:
R=gs- X
with gs = specific substrate uptake rate in g sabsfty cells*h.
Using the active volume, a volumetric substrateketate R [g/L*h] can be calculated:
Rv=R/V,
with V, = active volume [L].
The flow rate Q was calculated using the volumedulbstrate uptake rate and the
substrate concentration in the inlet:
Q=R//S
with S = substrate concentration [g/L]
This flow rate was determined based on the assomfitat all substrates are consumed

according to the rates and yields determined ireexgents done in Petri dishes.

6.3.4 Reactor process
The primary target of this investigation was toiagh a continuous system for

enzyme production with,e equal to zero. The reactor process was dividextind
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steps. The first step was the startup and growttelbinass. The second step initiated the
growth limitation with continuous product formatiorhis step required a change to
medium without pyridoxine.

In the first step, 600 ml of medium were pumped the reactor and recycled
until all packing material was saturated with lidiurwenty-five ml of a concentrated
spore solution (8 x TGpores/ml) containing 20.0 mg sporegAofidulans (dry weight)
was added with a syringe on top of the reactor.féngining free medium, about 60 ml,
were then continuously recycled at 224 ml/min withithe addition or extraction of
medium, until all substrates were depleted anduhgus culture was grown.

In the second step, the free medium was extracted the reactor, and replaced
with medium that had no pyridoxine. A constant flof\pyridoxine-free fresh medium
was pumped into the reactor. At the same rate,unedias extracted from the reactor
and collected. The medium in the mixing vessel,cwliiad the same composition as the
effluent, was frequently monitored for maltose,aglse and protein concentration
analysis. The pH was also monitored frequently. Mine pH started to decrease to 6.5,
indicating that pyridoxine was exhausted, a 0.&lnjuot of a 1 g/L pyridoxine solution
was added into the reactor. During step 2, the umedvas recycled at various high flow
rates (224, 112, 56 ml/min). This allowed the agstiion that at any moment and

location, the substrate concentration throughoeiréactor was equal.

6.3.5 Analysis of flow rate through reactor
The glass column was filled with a known mass oflaed lava rocks. The height
of the packing material was 50 cm with a colummuéter of 10.5 cm. Before the flow

rate could be measured, the tubing of the systesitfiled with DI water. A graduated
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cylinder was filled with 1.0 L of DI water. At vimus flow rates the remaining liquid in
the graduated cylinder was recorded after the systached steady state. At zero flow
rate the mass of water attached to the lava rdukslihg capacity) could be obtained at
steady state. The holding capacity was also medsuoi different test, where rocks were

first submerged in water and then weighed aftethallsurface water was drained.

6.3.6 Enzyme production in static tray

A stainless steel tray was used for culturing. rag was filled with 500 ml
medium, containing a minimal medium with 50.0 m2@X Clutterbuck salts (120 g/L
NaNG;, 10.4 g/L KCI, 10.4 g/L MgS@ 30.4 g/L KHPQy), 1.0 ml/L 1000X trace
elements (22 g/L ZnSO7H0, 11 g/L BBOs3, 5.0 g/L MnC}- 7H0, 5.0 g/L
FeSQ:-7H,0, 1.6 g/L CoCJ-5H,0, 1.6 g/L CuS®@5H,0, 1.1 g/L NaMoO,-4H:,0, 50
g/L Na-EDTA), 10.0 g/L glucose, 50.0 g/L maltose and 1Lnoif 1 g/L pyridoxine
solution with an adjusted pH of 6.5. Spore#\ofidulans with a pyridoxine marker
cultured on three agar plates containing minimadiom@ were manually scratched off the
surface and added to the medium in the tray untdetesconditions. The trays were
incubated at 37°C for 48 h. Since the fungus growop of the liquid, a separation of
liquid from fungus was achieved by filtration thgbua filter paper vacuum filtration

unit. After filtration the enzyme concentration waetermined.

6.3.7 Comparison of tray and shaking flask enzymerpduction
The purpose of this experiment was to determitieefprotein production was
higher using a tray in comparison to using a fl&haking was shown in the literature to

alter the growth form of filamentous fungi to p&flewhile a surface grown fungi
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develops a mycelium with hyphae directed to thes®of nutrients. The same medium
volume of 180 ml was added to a tray and a 500nehiEheyer flask. Both cultures were
inoculated with spores to a final concentratiod of 1 spores/ml and grown at 50°C.
The flask culture was agitated at 225 rpm. Sampkse taken at 0, 24, 48, 72 and 96 h
and analyzed for protein, glucose and maltose caratéon.

In order to compare the enzyme production betwieerray, flask and reactor
operation, the total mass protein over a fixedqukdf time was calculated and
standardized with dry cell mass. For the reactertdtal dry cell mass was determined
after the run was completed. The protein formatiear a steady state period of time with
a known flow rate was used to determine total pngbeoduced within that time period.

The following equation was used for the reactor:

P _ F_)TZ—T1 [Qt, -t,)

Reactor —
X

(Eg. 6.1)

With Preactor= total protein mass per dry cell mass [g/gla average protein
concentration [g/L] during the time period betwégand % [h], Q = flow rate of
continuous operation [L/h] and X = dry cell mask [g

Equation 6.2 is used to calculate the total pnoper cell mass from both, tray and
flask cultures. These systems are batch fermengtwhich simplifies the equation.

PV
P=—— (Eq. 6.2)

With P = total protein per dry cell mass:-@hd R for flask and tray, respectively) [g/g],
p = protein concentration [g/L], V = liquid volunfie] and X = dry cell mass.
The dry cell mass is obtained by filtering the medand cells through a filter

paper at the end of the experiment and drying ogbtmat 105°C.
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6.3.8 Determination of protein concentration

The protein concentration was determined usingaal®rd assay. Fortyl of
Bradford commassie solution were pipetted into H @fea 96-well plate. The amount of
enzyme solution depended on the protein conceoitraticeived. A typical amount is 40
ul. DI water was added to achieve a total volum2Gfful. The blank well contained
only 40ul Bradford solution and 16@ DI water. The absorbance was measured using a

UV-Vis 96-well plate reader (Tecan Infinite M200 Akhedorf, Switzerland) at 595 nm.

6.3.9 Determination of XynB activity

Xylanase B activity was measured on xylan from hesod (Fisher Scientific,
Pittsburgh, PA). Forty-eight pl of 1.0% substrsdéution and 2 pl of enzyme solution
were added into a 96-well plate. The plate wasutaied in a water bath at 50°C for 7
min. After inoculation, the 96-well plate was reneovfrom the water bath and 50 pl of
dinitrosalicylic acid (DNS) reagent were added indiagely to terminate enzymatic
hydrolysis. The 96-well plate was placed in a selomater bath at a temperature of
100°C for 5 min to achieve the color formation.e&kfthe reaction time, 100 pl of the
liquid was transferred in a 96-well reading platel analyzed at 575 nm for reducing
sugar concentration. With the following equatithe specific activity was calculated

based on the spectrophotometer values.

Eq. 6.3
U :(((A— 0047)/F)><(VE‘:’WN/penzyme (Fa-69)
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With U = specific activity [Lmol of reducing sugang protein - min], A = absorbance at
575 nm, F = calibration factor,.\a~= assay volume (200 pL), t = incubation time [min]
and pnzyme= Mass protein in enzyme used [mg].

The final results are given in XynB activity unger volume, .

U, =U[C, (Eq. 6.4)

With Cp = protein concentration in mg/ml.

6.3.10 Protein analysis with SDS-PAGE

Additional characterization of the proteins was elty sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Aolseparation gel was made by
mixing 1.7 ml HO, 1.25 ml 1.5 M Tris, 5Q1 10% SDS, 2.0 ml 30% acryl, 26 10%
ammonium per sulfite (APS) and gbtetramethylethylendiamin (TEMED). The
stacking gel was composed of 2.5 m3H0.38 ml 0.5 M Tris, 0.03 ml 10% SDS, 0.5 ml
30% acryl, 0.03 ml APS and 3. TEMED. Samples were concentrated using
ultrafiltration (Stirred Ultrafiltration Cell ModeB400, Millipore, Billerica, MA, USA).
An aliquot equivalent to 1Qg protein was mixed with 18 of 2x Laemmli buffer (4%
SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.0046miphenol blue, 0.125 M Tris
HCI) and boiled for 5 min for optimal band resotuti The solution was then injected
into the gel. After completion of the SDS-PAGE rtire gels were stained with Bio-

Safe™ Coomassie Stain (Bio-Rad, Hercules, CA, US#) de-stained with water.
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6.3.11 Sugar and organic acid analysis

Concentrations of glucose, maltose and urea weakyzsd on an HPX-87P
column (Bio-Rad, Sunnyvale, Ca.). The eluent wakE®Brade DI-water with a flow of
0.6 ml/min at 85°C and a refractive index dete¢1di00 Series Agilent, Santa Clara, CA,
USA) (Sluiter et al. 2008c). Organic acids werelyred on a HPX-87H column (Bio-
Rad, Sunnyvale, Ca.). The eluent was 0.1 N sulfacid with a flow rate of 0.6 ml/min
at 60°C. A refractive detector (1100 Series Agil&anta Clara, CA, USA) was used for

detection (Sluiter et al. 2008c).

6.3.12 Calculation of yields

In order to compare the different XynB productiomsthods used in this study, a
common base needs to be established. Cell madgjaittivolume may differ, which can
lead to false conclusions if just XynB concentmati® compared. Since typical enzyme
activity is given in U (umol/min), all yields arebed on the volumetric XynB activity,
Uy, in U/L. Substrate and cell mass concentratioagyaren in g/L. The product from
substrate yields, is is calculated for the tray and flask experiment a

_ U
P (SO_SQG)

[U/g]
With U = XynB activity in U, V = volume of fermentian broth after 96 h in L, 5=
initial substrate concentration in g/L angt S substrate concentration at 96 h in g/L.

Similarly can the product from substrate yielg,xy be calculated:

u/v
Yo/ x :X— [U/g]
96
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With Xg6 = cell mass concentration after 96 h in g/L. Tigal cell mass can be
neglected.
The cell mass from substrate yieldx(yJ was calculated with following equation:

YX/SZA
(50_596)

[9/g]
6.4 Results and Discussion
6.4.1 Comparison of enzyme production in static traand shaking flask

The purpose of this study was to show that a calligmown as a static tray culture
(simulating a SSF) would produce higher titershef ¢lient enzyme compared to a
shaking flask by using the same liquid volume gmafe inoculation. As it can be seen in
Figure 6.2, the XynB concentration over time waswlwo times higher with the
shaking flask culture than with the static trayeaf26 h. The SDS-PAGE analysis
revealed that the tray shows larger bands of XymBpgared to the flask, indicating a
higher purity of XynB in the total protein mix (kige 6.3). This observation confirms the
results found in previous studies comparing SSk ®inF (Viniegra-Gonzalez et al.
2003), where SSF fermentations led to higher enzyunigy. However, a comparison of
the yields shows that the shaking flask producesB<more efficiently than the static
tray. The product to substrate yields{§ was 780.72 U/g for flask fermentation and
543.16 U/g for tray fermentation after 96 h. ThesK culture also resulted in a greater
product from cell mass yield,p% = 1849.77 U/g, compared to the tray experiment wit
Y pix = 480.05 U/g. Due to the high cell mass of 50l0ggbduced in the static tray, the

cell mass from substrate yield(¥) is higher, 1.13 g/g, compared to the flask, @AR
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The fungal morphology was very different in botltares. While the static tray
showed a dense mycelium on top of the surfacestibking culture produced pellets
(Figure 6.4A) with a diameter of about 2-3 mm.dslbeen shown that the pellet size
depends on the inoculum concentration. With inéngaimoculum spore concentration,
the pellet size decreases (Znid&edi al. 2000). Other factors affecting the pellet
formation are shear stress (Fuijita et al. 1994)@hdZnidars et al. 2000). The pellet
size was found to affect the protein formation, vehe decrease in pellet size causes an
increased product formation (El-Enshasy et al. 1996wever, in order to extract the
desired protein from the fermentation broth afegnfentation, the fungal mass has to be
separated, which is more difficult with the pelietture than with the static tray culture.
The density of the pellets is similar to the dgneitthe fermentation broth (Figure 6.4B).
Settling or centrifugation are less effective ipamating the pellets while filtering
requires a high energy demand due to the viscositye broth. This was also observed
when the samples were filtered through 2 syringe filters for sample analysis. A
relatively large amount of force was required tegsrthe liquid through the filter. In this
process the pellets needed to be disrupted tootth@ liquid with the syringe. It is
believed that downstream processing of a fungd¢pseblution is more energy and

process intensive compared to the fermentatiorhldrom a static culture.

6.4.2 Flow rate through reactor

The mass of rocks used for this experiment was1265@. The packing was 50

cm high with a diameter of 10.5 cm. The rocks warealried prior to the experiment and
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Figure 6.4: (A) A. nidulans pellets grown in a shaking flask culture at 37°Cdr 96 h
rotated at 225 rpm. (B) Shaking flask fermentatiorbroth after 96 h.
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the tubing was filled with water. Figure 6.5 shals residence time over flow rate. A
logarithmic relationship can be seen. Between ehahge of flow rate, the system was
allowed to reach steady state for 30 min. It cao &le seen that when no flow was
applied, 560 ml of water stayed in the column. Emsunt of water is adsorbed to the
rock surface and in capillaries within the rocksalseparate experiment the water
holding capacity was determined on a mass of waemass of lava rocks basis. By
submerging a known mass of rocks in water and vigggtine rocks after draining the
surface water a factor of 0.214 g water/g rocks eadculated. When this factor is
applied to the mass of rocks used in this experirttenamount of water adsorbed to the
rocks would be 535 g. The volume per mass ratib@focks was determined by a
volume replacement experiment. The factor is 0BF7§. Using this factor the static

liquid holdup in the rocks was 0.370 ml water/ntks.

6.4.3 Enzyme production in reactor
6.4.3.1 Enzyme production without pyridoxine limitaion

The reactor design was tested with and withoutdaoyine limitation. After 42 h
of inoculation, a uniform fungus formation was atveel, which was when semi
continuous operation was initiated. The medium reagcled with flow rates equal or
higher than 51 ml/min to achieve a uniform substancentration throughout the
column. Every 6 h a volume of 240 ml was takenfoarh the mixing vessel into the
storage tank and replaced with fresh medium. Figusa shows the protein

concentration in the reactor, as well as in theagg® tank.
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Also shown in Figure 6.6 (B) is the glucose andtosa concentration. Between
day 2 and 3.3, a constant enzyme production was\ah However, at day 3.5, the
tubing in- and outlets were clogged and eventulkyprocess was terminated. The
zigzag pattern in protein concentration was duféosemi continuous operation. Right
before the feeding, the concentration of proteis tghest in the reactor. After feeding
the reactor with fresh medium, the protein conegitn was low due to a dilution with
fresh medium. The protein concentration in theaggertank slightly increased from 0.047
g/L at day 2 to 0.067 g/L after 3.3 days. During @h-periods, 80% of glucose and 77%
of maltose were utilized. However, as can be seéfigure 6.6B, the maltose and
glucose concentration in the storage tank was higheluding the storage container, a
maltose utilization of 53% and a glucose utilizatad 35% was achieved. The activity
was not measured during the reactor run. Usingrarage activity per protein
concentration of 575 U/g protein, obtained fronetaxperiments, an estimated average
XynB production of 31 U/ml was produced and preserle storage tank. While this
test demonstrated a possible continuous enzymeigptiod with a trickle bed reactor, the
high risk of clogging needed to be addressed ierdi@ the reactor to be operational

over a prolonged time.

6.4.3.2 Enzyme production with pyridoxine limitation

A continuous enzyme production with limited riskaddgging was achieved by
reducing growth with pyridoxine limitation. In atpiedish experiment, the feasibility to
produce protein continuously without fungal growthas demonstrated (Chapter V). This

concept was applied to the reactor design.
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In the first experiment, the reactor was fillediw,502 g of lava rocks. The
water holding capacity of the lava rocks was presip determined. A volume of 550 mi
of medium was required to saturate 2,502 g of ro&8ker autoclaving the reactor was
filled with 700 ml of medium with pyridoxine, whialas recycled at a flow rate of 224
mL/min until all rock surfaces were wetted andeasdly level of 160 ml of medium in the
mixing vessel was achieved. A fungal spores suspeii8 x 10 spores/ml) containing
20.0 mg spores (dry weight) was injected and altbwegrow for 1.7 days. After 1.7
days the medium inside the reactor was alloweddhkl¢ down into the mixing vessel
and then was pumped out. The same amount of fresglium without pyridoxine (150
ml) was added and recycled at a flow rate of 224nml until the desired level of
medium (160 ml) in the mixing vessel was reachdgknlthe system was switched to
continuous operation with an in- and effluent amtflrate of 1.0 ml/min (D = 0.0014
After 2.1 days of inoculation, a XynB activity ot 4 U/ml was reached, which was held
for 4 days (Figure 6.7A). As expected the pH drapfpem 8.08 at 2.7 d to 6.18 at 6.0 d.
The same behavior was observed during the petriediperiment in Chapter V and is an
indicator when pyridoxine needs to be replenisi¢d.0 d, 0.5 ml of 1000x pyridoxine
solution was added. As can be seen in Figure BR/AXynB activation increased again
to 13.1 U/ml and the pH increased to 7.49.

The substrate concentration can be seen in FigdR Bfter continuous
production was initiated, the concentration of wsdtwas 7.3 g/L, which is equivalent to
a substrate utilization rate of 85%. The concelatnadf glucose was 3.0 g/L, which is

equivalent to a substrate utilization rate of 75%.
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Due to contamination, the continuous product foromastopped after 7.8 days.
However, the process was allowed to continue wdnlattempt to remove the
contamination was tried by the addition of ampicilDuring this period it was observed
that the protein concentration dropped to a mininofi®.017 g/L after 9 days. The
activity measured was 1194.79 U/mg. This would lteswa volumetric activity of 20.3
U/ml. Even with reduced protein production, the Bymetabolism was unaffected.

In a second experiment, the fermentation conditiwase modified to achieve an
improved XynB production. The lava rocks from thieypous experiment were replaced
with a fresh set with a total mass of 2,353 g. fideetor was filled with 740 ml
pyridoxine containing medium and recycled to achiawniform wetting of the lava
rocks and a steady liquid level in the mixing vé$$60 ml). The same amount of spores
was added as in the previous experiment (8" sp6res/ml). After 1.9 days continuous
operation was started with an influent and effluéaw rate of 0.5 ml/min (D = 0.0007 h
1), Table 6.1 shows an overview of the most impdntasults. A continuous XynB
production was achieved for 7 days with a concéntraof 17.81 U/ml (Figure 6.8).

After day 6.9 0.5 ml of 1000x pyridoxine solutioren@ added since a decrease in XynB
and pH was observed. At day 9.3 the recycle flae weas reduced by 50% to 112
ml/min. The change of flow rate resulted in an @ase of XynB production to an average
of 28.09 U/ml and increased the productivity froré B/g cells*h to 5.7 U/g cells*h. A
decrease of recycle flow rate of 50% doubles te&lemce time. The medium is longer in
contact with the mycelium, which explains the ir@e in XynB concentration. Further
improvement of XynB production was achieved whentdmperature was increased

from 32°C to 37°C at day 13.3. The XynB concerdraincreasetb 33.36 U/ml and
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Table 6.1: Comparison of product yields at differemtime intervals with 0.5 ml/min
flow rate.

Time [d] | Average | Average Dry cell | Ypis[U/g] | Yeix [U/Q]
product sugar mass [g]
formation | concentration
[U/ml] [g/L]

2-9 17.81 21.62 n.a. 494.78 -
9-13 28.09 16.23 n.a. 678.56 -
13-17 33.36 7.48 n.a. 665.25 -
18-19 40.26 4.34 148.8 755.5§ 626.08
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productivity increased to 6.7 U/g cells*h. The impement by adjusting the temperature
to 37°C was expected since 37°C is the optimum tireemperature fof. nidulans. At
day 17.4 the flow rate was again reduced by 50%6&tml/min, which increased of XynB
production to 40.26 U/ml and a productivity of &g cells*h. Further confirmation of
XynB production was given by SDS-PAGE analysisuFég6.9 shows the XynB bands
for selected time points. The XynB bands are thetmpredominant bands in the pictures
and indicate a high purity of XynB.

The reactor produced high titers of XynB. A compani of XynB with SSF
xylanase production in the literature is not dingpossible since the present study is a
continuous process; whereas; SSF is performedtah lmaode. Typical xylanase
production results from SSF are given in U/g ofdselbstrate, while this study uses
U/ml. Azin et al. (2007) reported a xylanase pradaturcof 600 U/g substrate using
Trichoderma longibrachiatum on a mixture of wheat bran and wheat straw. Comggrt
the xylanase concentration to U/ml by incorporatimg substrate mass and volume liquid
used for enzyme extraction results in a volumetcitvity of 35.3 U/ml. Similarly, the
xylanase production achieved by Gessesse and ME#8@) was reported to be 600 U/g
using an alkaliphiliBacillus sp. on wheat bran. Conversion to volumetric activityeg
0.6 U/ml. Park et al. (2002) reported an aboutdl@-higher xylanase production of
5,000 U/g substrate compared to other literaturdirfigs. The researchers ugeadiger
on rice straw. When substrate mass and extradgtjaidlvolume are incorporated to the
result, the volumetric activity was 125 U/ml. Th&etence with other findings may be
explained by the usage of a different organism.

The current reactor design also produced higheBXxgoncentrations compared
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to the static tray culture and reached the levéhefshaking flask culture. Product from
cell mass and substrate yield were both higheth@reactor compared to the static tray.
The reactor achieved ans)¥ of 626.1 U/g and angysof 755.7 U/g (Table 6.1). By
recycling the medium and increasing the surfacengeelium growth, the reactor likely
allows improved mass transfer over the static tray.

The substrate consumption throughout the reactomereased with changes in
operation conditions. The highest maltose and glecdilization was achieved at day 18
with the lowest recycle flow rate (56 ml/min) antf@ (Figure 6.10). During the highest
product formation, 92% and 78% of maltose and glacgere consumed, respectively.
With a lower recycle flow rate, the residence tiofiédowing liquid through the packing
increased, which allowed for improved diffusionsobstrate into the fungus matrix.
However, the mass transfer in the reactor can tikeeguimproved. Channeling occurred
due to insufficient medium distribution on top bétcolumn. The channeling led to areas
in the bed where no medium or only limit amountsnefdium came into contact with the
mycelium. These issues could be addressed by aimtige diameter to height ratio of

column and with an improved medium inlet on tophaf column, such as a spray nozzle.

6.4.4 Prediction of XynB production and substrate tilization

The XynB production and substrate utilization weredeled using CSTR model
equations. CSTR modeling compared to packed-bedaremodeling leads to a more
simplified prediction of product formation. In trexperiment the recycle flow rate was
high enough, with a residence time of 22 s, to@gsa constant concentration of

substrates, product and cell mass throughout teaecolumn and the mixing vessel. It
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was not possible to measure cell mass concentrdtiong the experiment. With a
known initial cell mass concentration, the cell masuld be predicted over time. Using
this predicted cell mass, the XynB formation anelshbstrate utilization could be
predicted. The required parameters wegewhich was maltose (47.6 g/L), glucose (10
g/L), or the summation of both (57.6 g/L)g X 0.033 g/L inet= 0.061 H, Ypix = 480
U/g, Yxis, which was different for maltose (1.2), glucos8.2), and both together (1.13).
Model 1 is based on summation of both sugars astrse concentration. Figure 6.11A
shows the actual XynB production in the reactor #uaedpredicted XynB production
(Model 1). It also shows a different prediction, diéb 2, which was calculated with an
adjusted net grow rate. The adjusted growth ratelvaak calculated using the actual
XynB production at day 18 in the reactor. With km®wn product concentration at day
18 and ¥x the theoretical cell mass concentration can berdeted. With the
theoretical cell mass concentration and the knowtral cell mass, th@,e necessary to
achieve the theoretical cell mass at 48 h can loatlesed (Figure A4). As can be seen in
Figure 6.11B, which shows the total substratezatilon, Model 2 is more suitable.
Graphs predicting cell growth, maltose and gluagsization can be found in the
Appendix. The adjusted net growth rate was 0.164The previousi,e;was measured in
a Petri dish experiment at equal conditions. Tlaetg improves the growth rate of the
fungus by 270%. The reactor leads to a higher mmassfer by continuously pumping the
medium in the recycle and by actively supplying ¢hé&ure with air.

An alternative model (Model 3) could be establishsihg the XynB productivity
determined in Chapter V. The productivity for atatgé grown on medium without

pyridoxine was 21.14 U/g dry cell mass*h. The pcegtl dry cell mass was
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calculated in the same manner as in Model 2.cbneesponding XynB prediction was
calculated using the productivity and multiplyingvth the predicted cell mass and time.
The resulting predicted XynB content is given asdahcumulative XynB content in U.
The comparison of the predicted and actual accuimalXynB content can be seen in
Figure 6.12. The predicted XynB formation over tifokows a lower slope than the
actual XynB production in the reactor. After contjge of 18 days continuous
fermentation, the total cell mass inside the reavtis measured. While Model 2
predicted a cell mass 61 g, the total cell mags 48 days was 149 g. It is unknown what
percentage of the total cell mass was viable caisnFurthermore, it was observed that
the cell mass in the reactor increased over tingeiré 6.13 shows the reactor column at
different time points. At day 7 a small amount gfigoxine solution was added in order
to keep XynB production running. It is possibletttame of the pyridoxine recycled
through the reactor over a prolonged time, allovihregfungus to grow slowly but
steadily. No more pyridoxine injection was necegsdier day 7 for the rest of the test
period. The pH was relatively constant over 11 daimaling that the fungus was able to
utilize pyridoxine. A more likely explanation cae bbund in a process called autolysis. It
was shown that filamentous fungi under starvatiotigite a process where in order to
allow mycelium tip growth, old mycelia are brokeowmeh enzymatically to recycle cell
components (White et al. 2002). This recycle ofralgtelia mass could be a potential
source for recycled pyridoxine and would explainyine fungal mass, viable plus dead,
increases over time. A slow increase of cell mags tme would also explain the higher

accumulative XynB content compared to the moddflipten.
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It is proposed that af. nidulans mutant with a different marker, which is not
essential for amino acid metabolism, would prochigher amounts of protein compared
to the pyridoxine system. A potential marker cdoddbiotin. Biotin is used for
carboxylation reactions and its absence would mtetfiere with amino acid metabolism,
but limit growth. Biotin is a coenzyme for pyruvaseetyl-CoA, and propionyl-CoA
carboxylase (Voet and Voet 2004). When acetyl-Carfboxylase is inactive due to
biotin depletion, no fatty acid synthesis woulddadtace. It is assumed that growth

would be limited, since membrane wall componeragyfacids) are missing.

6.5 Conclusion

It was demonstrated that a trickle bed reactoresyss applicable in producing
enzymes byA. nidulans. Fungal mycelia favor surfaces for growth and clag pipes,
tubing tube connectors, reactor inlets and outketsolution to these problems is limiting
the growth of the organism by changing the condgid his was successfully
demonstrated by limiting the pyridoxine supply to4a nidulans mutant unable to
synthesize its own pyridoxine over a period of 49 Small amounts of pyridoxine

have to be added to the system to elongate enzyodedgdivity.

6.6 Future work

Since the prototype of the TBR was designed angtoacted from scrap parts,
multiple modifications should be incorporated thiage higher production efficiency.
The main drawback of the current design was thatiomre of channeling. The diameter of

the column was 10 cm with a column height of 50 €his narrow design, with a
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diameter to height ratio (DH) of 0.2, leads to aielimg where the trickling fluid flows
along the glass wall without touching the rock. Yalsmall amount flows down the
rocks and has contact with the fungus. Typical disiens for trickle bed reactors have a
DH between 0.5 and 1.0 (Winterbottom and King 1999)

A second improvement would be the medium distrdyudn top of the column.
Currently, four static inlets distribute the mediugince the location of the inlets does
not change over time, the impact point of mediunth@nrocks is constant, also leading to
channeling. An improvement could be a moving aritihwwiultiple outlets that rotates at
a constant speed as it is used in trickle bed feteng in the waste water industry.
Another option could be an agitator placed undemeae central inlet tube. The agitator
would rotate and spray the medium over the coludawever, in all cases large open
tubes should be used to reduce the risk of clogging

Further improvement could be achieved by usingal $asket for the solid
support. This would simplify the loading and unlwapof the solid support. After
completion of a fermentation, the used supportcttel removed like a cartridge and
replaced by a new one.

The mixing vessel could be replaced by a largetainer with means for
separating mycelia cell mass that gets washed ot the column. The product stream
would contain no visual cell mass and could be gssed directly for protein purification
and concentration.

Furthermore, a pH probe for online pH monitorimgl @ CQ sensor for indirect
cell mass measurement would simplify process cbrittonitoring the pH online would

also reduce the sampling volume. The current sysi@es not allow cell mass
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measurement. Only after the process is terminaadiee total cell mass can be
determined by measuring the mass gravimetrically.

Besides improving the reactor hardware, diffesaiid support matrices could be
tested. The lava rocks have been proven to becessitl inert support for the
filamentous fungus to grow. However, lava rockseéhawnigher density compared to
other materials that could be used and contribrgatty to the total weight of the reactor
system. Especially in up-scaling, the weight ofrbeks could lead to increased costs of
reactor equipment to accommodate the mechaniexgttr of the equipment and the
handling of the rocks. Furthermore, the reuse eflélva rocks requires an extensive
cleaning process. It was observed that the fungusgyvery persistently on the rock
surface. The chemical industry uses plastic cong®sir metals as materials for solid
support matrices, which have a high specific serfaea by keeping the weight at a
minimum.

The improvements mentioned above deal with thdvare and dimensions of
the reactor. Further improvements involve Aspergillus strain itself and its ability to
produce enzyme while its growth is limited by cogne limitation. Future work should
concentrate on the usage ofAamidulans strain with biotin as a marker, leaving the
amino acid metabolism undisturbed. It is hypothesithat with a biotin marker system

more client enzyme could be improved than withgixedoxine system.
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Growth with pyridoxine Growth without pyridoxine
1 2 1 2

After 48 h
of incubation

Transplanted

After 48 h
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96 h total
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After 48 h
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144 h total

Transplante

After 48 h
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and without pyridoxine. The visual observation show that the culture
without pyridoxine shows no mycelia formation
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Figure A2B: Continuation of figure A2A. Comparison of an A. nidulans culture
grown on medium with and without pyridoxine. The visual observation shows
that the culture without pyridoxine shows no mycela formation.
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