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The highest ethanol concentrations produiceth either glucose or xyloday wild type strains

of native pentoséermentingyeastsypically do not exceed 5%w/v) in defined mediaCandida
guilliermondii FTI 20037 is a naturally occurring yeast known for its ability to produce xylitol
from xylose.This researchconducted ire defined medim, showedthat strainFTl 20037 can
ferment 14.96 7 25.9% (w/v) ofhexcse sugarsglucose, mannose or galactpsalividually to
ethanol ranging in concentrations frofb 6 9.3% (w/v). This is thefirst report ofa native non
modified xylosefermenting yeastthat canproduce such high levels of ethanol from any
monomeric sugain a defined mediumThe straintoleratel the inhibitors better than several
otherpentosefermenting yeasts a nondetoxifiedlodgepolepine Pinus contortg hydrolysate.
StrainFTI 20037 fermergd the sugarso 2% (w/v) ethanolwithin 24 h in this hgrolysate when

it wasdiluted to 70% (v/v).
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Chapter 1 Literature reviews

1.1 Pentosefermenting yeasti lignocellulosc biomass conversion

Lignocellulosic materials are beirgsearcheds potential feedstocks for production of
green fuels andhemicals through biochemical conversion proceg3assson et al. 201.3The
annual global production of lignocellulosic biomasshew 200 billion tons(Chandel and Singh
2011). Although the type and quantity vary, every country possesses some form-fafodon
lignocellulosic biomassvhich includes woody and newoody materials from croplands and
forested areas, from both the residential and industrial s€&apser 2012) The bioconversion
process can be used to unlock the value in this biomass in three majorFsgeps {.]. The
pretreatment process increases accessibility of biomass to hydrolytic enzymes that break down
the @mplex carbohydrates to monomesiegarswhich are subsequently fermented to fuels such
as ethanol or other high value products. Bioethanol derived from lignocellulosic biomass
conversion has received the most attention as a potential alternative ligligsit can be
blended with gasoline in proportions ranging frdf% i 85%, depending on the type of
automobile engine being usedSolomon et al. 2007)One of the main benefits of using
bioethanol derived fromon-food lignocellulosic biomass is the process is carbon neutral as the
biomass utilizes the carbon dioxide emitted upon the combustion of théDwedt al. 2011;
Kuhad et al. 2011; Pimentel and Patzek 2008) addition, there is a potential to reduce
transportation cost for fuel delivery as biom&s®thanol production may be less depamidon
geography and locaticcompared to crude oil and gasoline extracti@tephen et al. 2010 he
use of bioethanol also reduces the reliance omproiiucing nations outside Catsmwhere in

many cases there cée political unrestBadger 2002; Solomon et al. 200K)ost importantly,

1



the production of bioethanol from lignocellulosic biomass can make use of waste materials as
feedstoks. In Canada, there is a unigogportunity to use mountain pine beatiéested wood
assubstrates for bioconversion. For example, in 2012, it was estimated that 8 million hectares of
Canadian forests were damaged by major ing&asadian Council of Forest Ministers 2014)

The resllting lumber from these infestations is usually of low quality bt suitable for use

in structural applicationfEwanick 2006)

Lignocellulosic biomass is an attractive feedstock for manufactuangus valueadded
products, including organic acids such as succinic acid, fuel products such as bioethanol,
polymers such as cellulose acetate and microfilbrilated cellulose, and chemidatiing
methane, and butanolhe available biomass feedstecgresent a significant opportunity for
biochemical conversion but their utilization is hindered by the high costs associated with
converting recalcitrant lignocellulose to etiod This challenge has beerdaving force for the
increase in research on proving pretreatment, enzymatic hydrolysis and fermentation steps of
the bioconversion process. The main fermentative microorganism currently utilized for sugar
conversion to ethanol Baccharomyces cerevisiagich can efficiently ferment hexoses such as
glucose and mannose but nah ferment pentoses.oTimprove biochemical conversion, an
efficient conversion of both hexoses and pentoses in lignocellulosic biomass is needed to
maximize the production of fuel and chemicals from biomass. The compositimoradmeric
sugars varies depending on the type and source of the biomass. Softwoods are rich in hexoses
with pentoses making up to 10% of total dry weight (DW), while hardwoods and agricultural
residues have a greater amount of pentoses. The xylose daritezge biomass can be up to 35%
of total DW (Table 1.1), with the pentoses comprising a major proportiérthe hemicellulose

component.
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Figure 1.1 Schematic overview of production of bioethanol and high value products from lignocellulosic biomass.
Lignocellulosic polymer structure was adapted fronu et al.(2013.



Table 1.1 Composition of monomeric sugarsin selectedignocellulosic biomass.

Carbohydrates (% dry weight basig

Lignocellulosic References

biomass Glucose Mannose Galactose Xylose Arabinose

Hardwood

Aspen 48.6-51.0 0.0-2.1 2.0-3.7 17.0-273 0.5-4.0 (Girio etal. 2010; Olsson and Hakt&gerdal
1996; Wayman and Parekh 1990)

Black locust 49.4 1.0-2.2 0.0-0.8 16.2-18.4 0.4-0.5 (das Neves et al. 2007; Girio et al. 2010;
McMillan and Boynton 1994)

Birch 40.0 1.8-3.2 0.7-1.3 185-249 0.3-0.5 (Girioetal. 2010; Olsson and Hahtégerdal
1996)

Maple 45.9 1.2-3.3 0.0-1.0 17.1-194 0.7-1.0 (Girio etal. 2010; McMillan and Boynton
1994)

Oak 43.3-43.7 1.0-2.3 15-19 20.3-255 1.0-2.1 (Girioetal. 2010; Kim et al. 2008)

Poplar 48.6-51.8 0.3-35 0.3-1.1 11.3-21.2 0.3-1.4 (Neves etal. 2007; Girio et al. 2010;

Sweet gum 49.5 0.4 0.3 17.5-19.9 0.4-0.5 McMillan and Boynton 1994)

Sycamore 44.0 0.9-1.0 0.0 16.3-18.5 0.6-0.7

Willow 37.0-43.0 1.8-3.3 1.6-23 11.7-17.0 1.2-2.1 (Girioetal. 2010; Olsson and Hahtigerdal
1996; Sassner et al. 2006; Wayman and
Parekh 1990)

Softwood

Douglas fir 46.1-50.0 12.0-14.0 1.3-37 3.4-6.0 1.1-3.0 (Girio et al. 2010; Lee 1997; Robinson et al

wood 2002)

Pine 44.8 56-13.3 14-38 53-10.6 2.0-4.2 (Girioetal 2010; Wayman and Parekh 19¢

Spruce 41.9-50.0 9.4-150 1.0-43 53-10.2 1.0-1.7 (Girioetal. 2010; Hayn et al. 1993;
Soderstrom etla2003)

Herbaceous species and agricultural waste

Barley Straw 33.8 1.9 0.6 30.5 6.1 (Girio et al. 2010)
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36.7-36.9

31.50

33.4-43.0

24.1
31.0-45.0

36.7

32.1- 36.6

40.0-64.4

0.0

0.0-0.6

11-21

0.1
0.0

3.0
0.1-0.2

0.0

0.0-0.6

4.6
0.0-0.3

0.0

0.0-0.8

16.6

0.0-1.2

0.0-1.6

0.1-2.4

0.1
0.1

0.1
0.7

0.0-0.9

04-16

0.9
0.0-14

1.7

0.8-24

0.0

28.0-35.3

14.8-21.5

4.6-9.4

7.4
9.8

14.0
21.5-21.6

14.5

20.5-26.0

18.2
0.4-22.8

17.6

192-21.0

4.6

3.2-5.0

1.8-3.2

2.3

2.0
24

2.6
2.2

1.6

1.5-6.3

15
2.2-31

2.6

2.4-3.8

0.5

(Girio et al. 2010; Howard et al. 2003;
McMillan and Boynton 1994)

(Lee 1997; McMillan and Boynton 1994;
Ohgren et al. 2006; Ohgren et al. 2007; var
Maris et al. 2006)

(Lee 1997; van Maris et al. 2006)

(Neves et al. 2007; McMillan and Boynton
1994)

(Lee 1997)
(Scordia et al. 2010)

(Neves et al. 2007; McMillan and Boynton
1994)

(Girio et al. 2010; Howard et al. 2003;
Neureiter et al. 2002; Rudolf 2007; van Mal
et al. 2006)

(van Maris et al. 2006)

(Howard et al. 2003; Mani et al. 2006;
McMillan and Boynton 1994; van Maris et ¢
2006)

(das Neves et al. 2007; McMillan and
Boynton 1994)

(Girio et al. 2010; Mani et al. 2006; van Ma
et al. 2006)

(Howard et al. 2003; Lee 1997)

Note: NAT No data available



The cost of the biomass feedstock and bioconversion processing requires the maximal
utilization of each biomass component, in particular the carbohyditesefore, the use &.
cerevisiaeas a fermenting strain has disadvantages as native strains of this yeast lack pentose
fermenting capability. Searching for a robust yeast capable of fermenting both hexoses and
pentoses is one of the top priorities fenabling the widespread commercialization of
lignocellulosic bioethanol, whether through screening of new isolates from natural environments
or through metabolic engineering of existing yeasts that ferment both hexose and pentose sugars.

Pentosdermentirg yeasts are eukaryotic microorganisms that have been isolated from
varioussample including exudates, in the guts of weaaring insectsand on the surface of
decaying wood. In addition to their hexeeementing ability, these yeastanferment xylose
and, in some instances, arabinose into ethanol underaszobic conditiongJeffries 1983;
Jeffries 1985; Jeffries and Jin 2008efore 1980, some yeastere known to utilize pentoses,
however, these yeasts wesbown to lack thehlity to ferment pentoses to ethar({@arnett
1976) As a result, schemes to ferment xylose generally involve two steps includling: i
isomerization of xylose to xyluloga vitro by xylose isomerase and ii) fermentation of xylulose
to ethanol by yeast&hiang et al. 1981; Maleszka 198Puring the years B1-82, pentose
fermenting yeasts were discovered by Canadian and US resedfgébegset al. 1981Harner et
al. 2Q14; Jeffries 1981a; Margaritis and Bajpai 1982; Schneider et al. 1981; Slininger et al. 1982)
and this opened up the possibility for more efficient utilization of all the sugars of lignocellulose
for bioconversionSince then, many yeasts were discovehed exhibited the ability to ferment
xylose as well as hexoses to ethanol. Since their discovery, pdetomnting yeasts have
gathered significant interest in academic, governmental and industrial research due to the

abundance of pentoses presenthie hemicellulose portion of lignocellulosic biomass (up to 40%



in hardwood and agricultural bioma3sble 1.1). However, these pento$ermenting yeasts do

not ferment hexoses and pentoses as efficient as theerdmnal fermentative yeass.
cerevisiae.In addition to efficient mixed sugar fermentation, a robust yeast must be able to
maintain efficient fermentation in lignocellulosic hydrolysat@he hydrolysatecontain a
complex mixture of inhibitory compoundisat are either naturally occurring or produced during
the pretreatment step.

This researchfocuses on the characterization of one such peifiGwegenting yeast,
Candida guilliermondiiFTI 20037, which iswvell known for its ability to produce xylitol from
xylose (Barbosa et al. 1988; Silva and Chandel 20TR)s yeasthas beemsed infermentation
of lignocellulosic hydrolysates that are xylose ritbr its excellent xylitol poducing ability
(Arruda et al. 2011; Silva andhandel 2012; Felipe et al. 1995; Mussatto et al. 2006; Rodrigues
et al. 2003; Silva and Roberto 2001; Silva et al. 2083jne preliminary results indicated this
yeast had excellent hexose fermentation capabilities compared to other {lentesging
yeasts (data not shown), which ledaseries of characterization experimenise other yeast
strains listed in setton 1.1.2,served as a comparison@andida guilliermondiFTIl 20037 with

regard to both hexose and pentose fermentation capabilitieshabitor tolerance.

1.1.1 Candida quilliermondii

The yeastC. guilliermondiiFTI 20037 (ATCC 201935, NRC 5578) was initiaikplated
in Brazil. It wasbrought to Canada in 1985 by Maria de F. S. Barbosa who deposited it in the
National Research Council 6ada (NRCC) culture collectiorC. guilliermondii is known

primarily for its efficient xylitol production from xylose. The ability to produce xylitol is



particularly important in the food and pharmaceutical industry since it has a low caloric content
(2.4 cal/g) despite exhibiting the same perceigaeetness as sucroge((cal/g). Xylitol is also
non-cariogenic(Hayes 2001anda sweetener choice fdiabetic patientsor its independence in
insulin-related metabolisrBar 1991; Barbosa et al. 1988; Silva and Chandel 2012; Ferreira et al.
2011b)

The excellent xylitol production(yield: 0.69- 0.78 g/g)capability ofC. guilliermondiiis
not only found indefined mediabut also inxyloserich hydrolysates in the presence of
fermentation inhibitors including: organic acids, furans, phenolic compounds and lignin
degradation productsThe hydrolpates aremainly agricultural biomass includingorn cob
extract, rice bran extract, rice straw and sugarcane baf@aséha et al. 2003; Felipe et al.
1995; Pereira et al. 2011; Rodrigues et al. 1998; Rodrigues et al. 2003; Silva and Roberto 2001,
Silva et al. 1997)Due to the complexity of hydrolysatehibitors, the mechanism of inhibitor
tolerance is not understood. However, sagsearchndicated thatC. guilliermondiihas higher
inhibitor tolerance compared to other pentém®nenting yeasts. For example, Pereira et al.
(2011) showed that xylitol pduction (65.5 g/L) from 80 g/L xylose in diluted rice bran extract
[20% (v/v)] by C. guilliermondiiwas not affected by 0.8 g/L syringaldehyde (SYG) while the
ethanol production (6.2 g/L) in red oak hydrolysate fermentation &isgpitiswas reducedyp
72% from 21.7 g/L xylose in the presence of 0.21 g/L S(P@reira et al. 2011; Tran and
Chambers 1986)In another study, cell growth of. guilliermondii on 40 g/L xylose was
unaffected inthe presence of furfural or syringaldehyde at a concentration of (Kelly et al.
2008) whereas furfural at this level caused a 47% reduction in the cell grov@&h siipitison
xylose(Martin et al. 1992)To obtain a high ethanol yield in toxic lignocellulosic hydrolysate, it

is critical for a strainto have high inhibitor toleranc&Vhile most studies witle. guilliermondii



have focused on its ability to produce xylitboom xylose or xyloseich hydrolysates, little

attention has been paid to its ability to produce ethanol from hexoses, which are the major
monosaccharides found in softwood (SW) hydrolysates. In addition, hydrolysates derived from
hardwoods and agricuital residues also contain high hexose contents if the cellulose fraction is
hydrolyzed as part of the sugar stream. Despite the strong inter€stguilliermondii FTI
200376s ability to ferment xyl oeticemanpulatios arg e n o mi

unavailable.

1.1.2 Other pentoséermenting yeasts

Of the native pentosefermenting yeasts, somare considered to be efficient at
fermenting xylose to ethanol. These incliRBchysolen tannophilus, Spathaspora passalidarum,
Scheffersomyces shathe and Scheffersomyces stipit{slou 2012; Jeffries 1985; Long et al.
2012; Schneider et al. 1981; Slininger et al. 1985jannophiluswas the first yeast discovered
to be able to convert xylose to etha®thneider et al. 1981}t can ferment both pentoses and
hexosesn lignocellulosic hydrolysates with the exception of galactddaleszka et al. 1982;
Slininger et al. 1987)P. tannophilushas been isolated from various locations including leather
tanning fluids and extracts of sweet chestnut tr&msstanea vesga(Blackwell et al. 2006;
Slininger et al. 1987)Previous studies have also shown tRattannophilushas a higher
tolerance to the inhibitors derived from acid hydrolysis of carbohydratesiral, HMF and
acetate) compared ®. stipitis(LohmeierVogel et al. 1998)another pentoskermenting yeast
investigated extensively for its potential to ferment lignocellulosic hydrolysates.

Morphologicaly, colonies ofP. tannophilusappear white or creamy hahaped and are about



onethird the size of5. cerevisiaeThe genome oP. tannophilushas been sequencédu et al.
2012)and this information can be foufidm NCBI

(http://www.ncbi.nlm.nih.gov/assembly?LinkName=genome assembly&from uid=10379

Candida shehatagvas recently regrouped into tt&cheffersomycedade (Urbina and
Blackwell 2012)and renamed aScheffersomyces shehat& shehatadas been isolateflom
diverse locations including soil in South Africa, the surface of dead pine trees that were invaded
by wood boringnsects, the surface of rebgs in British Columbiai nsi de beet | es o
rotten wood in ChiléUrbina and Blackwell 2012)The xylosefermenting ability ofS. shehatae
was first described in the early 198@ong et al. 1981Preez and Walt 1983yith most of the
research ors. shehatae onducted in the | ate 80 to 8arly
shehataeis not yet available. Similato S. shehatae, Scheffersomyces stipites recently
renamed fronPichia stipitis(Urbina and Blackwell 2012%. stipitisstrains have been found in
different locations such as on the surface and in the gut of laseaton fruit trees, in wet areas
that are rich in organic matter such as agricultural waste land or hardwood Biaektvell et al.
2006) The raploid yeast growas white or creamy colonig¢Barnett 1983)S. stipitisis one of
the moststudied pentoséermenting strainsperhaps due to its capability to solely produce
ethanol from xylosdJeffries et al. 2007; Roberto et al. 199The genomic sequence &f
stipitis is available(http://genome.jgi.doe.gov/Picst3/Picst3.home.hii@effries et al. 2007and
several metabolic pathwamodels are available for this yeg&alagurunathan et al. 2012;
Caspeta et al. 2012; Unrean and Nguyen 20I2ese models aid in the prediction of
metabolismm cells and gene manipulation strategiesSostipitis

Although the yeasts described thus far are known as pefetosenting yeasts, one of

the attractive properties of these yeasts is their ability to ferment both the hexose and pentose
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sugars foundn lignocellulosic hydrolysate§.he monomeric carbohydrate components found in
lignocellulosic biomass are determined by the type of lignocellulose (agricultural, hardwood, or
softwood). Therefore, for developing improved bioconversion strategies, ititisalcrto
understand lignocellulosic structure and the differences in chemical composition among different

types of biomass.

1.2 The structure of lignocellulose

Lignocellulose is comprised of cellulose [255% of dry weight (DW)], hemicellulose
(2071 50% of DW), and lignin (530% of DW) (Zaldivar et al. 2001)Figure 1.}. Cellulose
(MW ~100,000 DaFigurel.2), the most abundant biopolymer on earth, is linear and made up of
glucose monomerdéinked by b-1, 4glycosidic bonds which form multiple crystalline and
amorphous regiond-engel and Wegener 1984; Singh 1994; Sjostrom 19%8ké&N2011) The
crystalline structure of the molecule renders it virtually insoluble in water due to the orientation
of hydrophilic portions of crystalline regions away from the agueous environiMeagiee and
Kosaric 1985) Hemicellulose (MW ~30,000 DaFigure 1.2), a branched, amorphous
heteropolymer, consists of pentoses)((D-xylose and tarabinose), hexose {Csugars (B
galactose, Eplucose, Dmannose) and some acids -@ucuronic acid and acetic acid
substituents in xylan)Fengel and Wegener 1984; Singh 1994; Sjostrom 199%%) smaller size
and amorphous nature of hemicellulose facilitatesdlubilization during biomass pretreatment.
During pretreatment and enzyme hydrolysis, cellulose and hemicellulose are broken down to
fermentable sugars that can be used for bioethanol production by yeasts. Lignin is a tough

amorphous polymer made uparbmatic phenypropane units including sinapyl, conferyl gnd
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coumaryl alcohols connected by various linkages. Although lignin can be degraded by various
microorganisms such as whitet fungi (Jonsson et al. 1998} is a norfermentable component
providing structurakupport, rigidity and water resistance in plafiiengel and Wegener 1984;
Singh 1994; Sj6strom 1993Phenakc compounds, derived from lignin, as well as from wood
extractives commonly found in softwood, can be inhibitory to ethanol production by yeast cells

(Fengel and Wegener 1984; Magee amdadtic 1985)
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Figure 1.2 Chemical structures ofcelluloseand hemicellulose
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1.3 Conversion of lignocellulosic biomass sugars

The content of fermentable sugars in lignocellulosic biomass varipant pecies, as
well as agricultural and wood types as described eaflal€1.1). Hexoses are the predominant
sugars in softwood species with only 7%2% of their total sugars being pentof€¢gmar et al.
2010; Singh 1994)Softwoods also contain a greater amount of lignin ranging fro3020. In
contrast, the pentose content of hardwoods and agricultural residues may be upit@%5o
whereas the lignitontent ranges from 15%25% (Du et al. 2011; Hahiagerdal et al. 2006;
Magee and Kosaric 1985)

During biochemical conversion, the fermentable sugars (hexoses erdsgs) of
lignocellulosic biomass are released upon pretreatment and enzymatic hydieiysie (.).
Pretreatment increases the accessibility of biomass carbohydrates to hydrolytic enzymes by
solubilizing hemicellulose and removing/rearranging ligiwireduce its recalcitrand€handra
et al. 2007; Galbe and Zacchi 200d)ypes of pretreatment can include physical, thermal,
chemical treatment, and biological enzymatic treatroeiat combinatn of thes€Chandel et al.
2011; Chandra et al. 2007; Saha 20@&eam explosion in conjunction with and without acid
catalysis has been adopted by mesarcommercal facilities such as POET, Abeng@hemtex
and logen(Brown and Brown 2013; van Maris et al. 200This methogused to prepare the
hydrolysate in this studyhasthe benefits D maximizing sugar recovery in a water soluble
stream and to hydrolyze the oligosacchariflesandra et al. 2007; Galbe and Zacchi 2012)
Applying deam pretreatment is usuallybalance betweebeing sufficiently harsh to allow
enzymatic breakdown of carbohydrates to sugars but not so severe as to cause degradation of
sugars andignin, which generates fermentationhibitors. Inhibitorsreduce and/or cease cell

growth, viability and fermentatio Inhibitory compounds can be naturally occurring as part of
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the biomass or released upon pretreatment. These compounds are heterogeneous but can be
classified into soluble phenols and polyaromatic compounds from lignin degradation, alcohols,
aromatic compounds, and terpenes from wood extractives; acetic acid, aliphatic acids (formic
acids, and levulinic acids), furfural aBehydroxymethyl furfural (HMF¥rom sugar degradation

and metal ions from equipment erosion after being immersed in harsh condnmbrslditives

such asH>SOQy (Magee and Kosaric 1985; Olsson and Hétdgerdal 1996; Richardson et al.
2011; Saha 2003)The hydrolysis perfored after pretreatment using either a cocktail of
enzymes or mild acid treatment further depolymerizes the long chains of polysaccharides to
release monomeric sugd#heng et al. 2009a; Zheng et a800®b) The utilization of enzymes at
milder conditions limits carbohydrate degradation and generates lower amounts of fermentation
inhibitors such as furans. The monomeric sugars are then fermented to the compound(s) of

interest.

1.3.1 Fermentation

Ethanol fermentation involves the oxidation of a cofactor (NADH) used in pyruvate
synthesis and the production of ethanol or other chemicals as byprodHet(sgr et al. 208;
Walker 1998) The biochemical pathways iolved in ethanol productioffom both hexose and
xylose sugars found in lignocellulosee detailed irFigure 1.3 and described in the following

sections.
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Figure 1.3 Fermentation of biomass sugars in a pentogermenting yeast.The hexose sugars are transporte@tyartransporters

(Sud, xylose is taken up by specialized activansportersKed) (Weierstall et al. 199), and no data has been reported for arabinose in
pentosefermenting yeastsSut/Pe). The major hexose metalzohg pathway is EmbdeMeyerhotParnas (EMP) pathway (Step 2

10). Galactose undergoes Leloir pathway before joining EMP pathway. The pexjtmse and arabinose undergo oxidative
reductive pathway (step Z&) and pentosphosphate pathway (step 29) before joining the EMP for ethanol production. The red
underlining chemicals are the major products from fermentation of biomass sugars. EmxAptvesl in pathways are numbered in

green: 1. Hexokinase, 2. Phosphoglucose isomerase, 3. Phosphofructokinase, 4. Aldolase, 5. Triospheophate isomerase, 6.
Glceraldehyde8-phosphate dehydrogenase, 7. Phosphoglycerate kinase, 8. Phosphoglycerate .nfirtakssed 10. Pyruvate kinase,

11. Pyruvatedecarboxylase, 12. Alcohol dehydrogenase, 13. Glycerol phosphate dehydrogenase, 14. Glycerol phosphatase, 15.
Acetaldehyde dehydrogenase, l1@&hosphomannomutasel7. Phosphomannose isomerase, 18. Manhgaeosplate
guannylyltransferase, 19. Galactokinase, 20. Galadtqgesphate uridylyltransferase, 21.phosphoglucomutase, 22-gd@etose
4-epimerase, 23.Xylose reductase, 24. Xylitol dehydrogenase, 25. Xylulokinase, 26. Arabinose isomerase, 27. Ribufbkinase, 2
Ribulose5-phosphatet-epimerase, 29. Transketolase; transaldolase, 30. Arabitol dehydrogenase, 31. Xylulose reductase. Schemes
were adapted frorfMadhavan et al. 2012; Walker 1998)
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1.3.1.1Fermentation of hexoses

Ethanol fermentationni yeasts has been studied mostyng S. cerevisiaas a model
organism. Glucose is transported through sugar transporters across the cell membrane and
subsequently channeled through glycolysis (Embdegerhof-Parnas pathway) where pyruvate
is generated as a precursor for ethanol production through pyruvate decarboxylakelard a
dehydrogenase. ol ferment galactose, it must be phosphorylated and converted to glicose
phosphate in the Leloir pathway pritm entering glycolysis as gluce$ephosphate. Mannose
must first be phosphorylated and converted to frueGsgbosphate before entering glycolysis
(Figure 1.3) (Madhavan et al. 2012; Singh 1994; Walker 1998)e stoichiometric formula for

ethanol production from hexosesstsown inequation 1.1

F1 O FA FR R

Tme Vel e o Ny

Equation1.1

Based on the general stoichiometric formula, the theoretical yield of ethanol is 0.51 g
ethanol/g hexose sugar consun{&rnett and Barnett 2011; Madhavan et al. 2012; Walker
1998) However, during fermentation, some of the sugars are diverted toward cell growth,
maintenance or formation of byproduct(s), hence the yie&dt@nol is typically lower. Some of
the measures of the fermentative performance of a yeast strain include peak ethanol
concentration produced by strains, ethanol yield as a percent of the theoretical, fermentation time
and the extent and rate of sugar smption.When considering hexose fermentation by a yeast

known for its ability to ferment pentosd3, tannophiluNRRL Y-2460was reported to produce
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a yield of 0.4 g ethanol/g of glucose consum@dblel.2, Jdfries et al. 198k P. tannophilus

was shown to completely consume 12% (w/v) glucose in 60 h, resultingpealaethanol
concentration ofibout 5.5% (w/v)Jeffries et al. 1985)Most of the other xyloséermentng

yeasts have not been tested with hexoses at such high concentrations, but yeasts, tested in
previous studies, were able to completely utilize glucose ugstd 2w/v) (Agbogbo et al. 2006;

Ligthelm et al. 1988; Slininger et al. 1987)
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Table 1.2 Ethanol production from glucose by wildtype xylosefermenting yeasts.

[Glucose] Max. Yield
Yeast Strain [EtOH] Media References
0
CowWh)  wny (@9
Pachysolen tannophilus
1771 2.2 0.7 0.31 Rich  (Zhao et al. 2010)
ATCC 32691 2.5 NA 0.41 Rich  (Sanchez et al. 1999)
NRRL Y-2460 4.0 NA 0.43 Defined (Ligthelm et al. 1988)
45 2.0 0.44 Rich  (Jeffries et al. 1985)
5.0 NA 0.38 Defined (Slininger et al. 1987)
120 55 0.45 Defined (Jeffries et al1985)
Scheffersomyces shehatae
ATCC 34887 2.5 NA 0.38 Rich  (Sanchez et al. 1999)
CBS 2779 4.0 NA 0.42 Defined (Ligthelm et al. 1988)
S. stipitis
CBS 6®%4 5.02 NA 0.33 Defined (Skoog et al. 1992)
6.0 2.3 0.42 Rich  (Agbogbo et al. 2006)
CBS 7126 4.0 NA 0.38 Defined (Ligthelm d al. 1988)
NRRL Y-7124 25 NA 0.42 Rich  (Sanchez et al. 1999)
Spathaspora arborariae
UFMGHM191 2.0 0.7 0.35 Rich  (Cadete et al. 2009)
A
S. passalidarm
ATCCMYAA43 3.0 1.4 0.43 Rich  (Hou 2012)
45
NN245 10.0 31 0.31 Defined (Long etal. 2012)

Note:

a8 Fermentation was conductedfermentemith air controled.

NA T No data avdable
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1.3.1.2Fermentation of pentoses

The efficient conversion of pentose sugars is crucial for improving ethanol yiefds fro
lignocellulosic hydrolysatesThe first stepin pentose fermentatiors ithe transport of pentose
sugars across the cell membrane. Xylode main pentose sugar found in lignocellulosic
biomass, is processed through the stepsof an oxidereductive pentose pathway where it is
first reduced to xylitol followed by oxidation to xylulose. Phosphorylated xylulose then enters
the pentose phpbate pathway (PPP), where glyceraldek$g#osphate is converted to
pyruvate through the EMP pathway. Ethanol production then follows the same route as glucose
described above. Arabinose on the other hand is converted to xylulose or riybbsesphate
before being channeled into the pentose phosphate pa{Rvgaye 1.3) (Madhavan et al. 2012;

Singh 1994; Walker 1998)

F1 FA Fa k1 #

fms <= ymels- rarf®:-0o Wy

Equation1.2

Based on the general stoicmetric formula, the theoretical yield of ethanol from
pentoses is also 0.51 g ethanol/g pentose sugar consumed. Depending on the efficiency of
assimilation, the diversion of sugars and the balance of cofactors, the yield of ethanol from
pentose fermentan by yeasts is usually lower than the theoretical v&Wledhavan et al. 2012;

Singh 1994; Walker 1998Among the pentosermenting yeastsS. shehatae, S. stifgiandP.
tannophilushave been reported to be among the best for ethanol prodgéstines and Jin

2004;Preez and Walt 1983; Preez et H986; Toivola et al. 1984ps the yield ofthese strains
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can be as high as 0:30.48 g/g xylose depending on the fermentation conditibablé1.3). In
contrast,C. guilliermondii has been referred to as one of the besttotyiroducing strains,
achievingxylitol yields of up to 0.69 0.78 g/g xylose dependiran the fermentation conditions
(Table 1.4). The overall performance of these yeasts depends on the rate of sugar utilization,
diversion of @arbon resources toward byproduct(s) formation (underlined régyure 1.3), the
supply of nutrients, tolerance to osmotic shock and the fermentation conditions such as
temperature and substrate concentratiors,pitesence of hexose sugars as well as inhibitors
(Wyman 1996)

When fermenting sugars in a pretreated lignocellulosic hydrolysate, there are several
desirable traits that characterize a robust fermenting sifagse include the ability to utilize
both hexose and pentose sugars efficiently with hexose derepressed feature, minimal nutrient
supplementations for low input costs, high tolerance to the inhibitors in lignocellulosic
hydrolysates as well as the produidemed during fermentation such as ethanol and acetic acid
(Chandel et al. 2011; HaH#&gerdal et al. 2007)For example, in the case of xylose
fermentationxylose is first redued to xylitol by an NAD(P)Fdependent xylose reductase (XR),
then oxidized to xylulose by an NABependent xylitol dehydrogenase (XDH) before joining the
pentose phosphate pathw@yadhavan et al. 2012; Singh 1994; Walker 198)me yeast XRs
strictly require NADPH(Kavanagh et al. 2003while most have a duabfactor dependence
with either NADH or NADPH, but prefereedowards NADPHLee 1998) Two exceptions are
the XRs fromCandida parapsilosi¢Lee et al. 2003andS. passalidarunfHou 2012; Long et al.
2012) that prefer NADH over NADPH. During xylose metabolism, this different coenzyme
requirement by XR and XDH causes ismbalancein cofactorsresulting in an accumulation of

NADP and NADH from the first and second reactions, respagtivOxygen is required for
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regeneration of NADThis cofactor requirement difference by the first two xylosstabolizing
enzymes can slow xylose utilization and potentially result in an accumulation of intermediates
during xylose fermentatiortHarner etal. 205). In addition to having xylose metabolizing
enzymes that have the same preference for cofactors, a yeast with high xylulokinase (XK)
enzyme activity can be beneficialr efficient xylose metabolisnRegardless of these factoits,
remains gop piority for the search foarobust strain suitable for lignocellulosic biomass sugar

conversion.
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Table 1.3 Ethanol production from xylose by wild-type xylosefermenting yeasts.

[Xylose] Max. Yield
[EtOH]
Yeast Strain (g/L) (g/L) (9/9) Media References
Brettanomyces naardenensis
CBS 6042 2.0 0.18 NA Rich (Toivola et al.
CBS 6043 20 0.09 NA Rich  1984)
CBS 6117 20 0.1 NA Rich
Candida blankii
ATCC 18735 5.0 0.51 0.1 Rich (Gong et al. 1983)
C. famata
838443 2.0 0.9 0.2 Rich (Nigam et al.
1985a)
C. fructus
JCM-1513 2.0 0.47 0.24 NA (Olsson and Hahn
Hagerdal 1996)
C. guilliermondii
ATCC 22017 4.0 0.45 0.11 Defined (Maleszka 1982)
KY 5013 2.0 0.25 NA Rich (Morikawa et al.
1985)
C. lignosa
CBS 4075 5.0 1.45 0.4 Rich (Cadete et al.
2012)
C. sp.
CSIR- 62 A/2 5.0 201 0.4 Defined (Preez and Prior
1985
XF217 10.0 3.0 0.42 Rich (Gong et al. 1981)
C. tenuis
CBS 615 2.0 0.03 NA Rich (Toivola et al.
CBS 4113 2.0 052 NA Rich 1984)
CBS 4285 2.0 052 NA Rich
CBS 4435 2.0 0.64 0.32 Rich
CSIR-Y566 5.0 1.33 0.25 Defined (Preezetal.
1989b)
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C. tropicalis
ATCC 1369 7.5
KY 5014 2.0

Clavispora sp.

UWO(PS) 2.0

838771
Ogataeapolymorpha

KT2 2.0

Kluyveromyces cellobiovorus
KY 5199 100

K. marxianus
SUB-80-S 2.0

Pachysolen tannophilus
CBS 4044 2.0

NRRL Y-2460 2.0

2.0
5.0
115
RL 171 5.0
Pichia segobiensis
CBS 6857 2.0

0.55
0.28

0.59

0.34

3.0

0.56

0.2

0.53

0.62

16

2.3
1.3

05

Scheffersanyces (Candida) shehatae

CBS 5813 2.0
CBS 4705 2.0
CBS 4705 5.0
CSIR-Y492 4.0

0.66
0.65
0.24

0.15

0.07
0.14

0.3

0.034

0.31

0.28

NA
0.27
0.31
0.32

0.3
0.28

0.25

NA
NA
0.48

0.37

Defined
Rich

Rich

Rich

Rich

Rich

Rich

Defined

NA

Rich

Rich
Rich

Rich

Rich
Rich
Rich

Rich

(Jeffries 1981b)
(Morikawa et al.
1985)

(Nigam et al.
1985b)

(Ryabova et al.
2003)

(Morikawa et al.
1985)

(Margaritis and
Bajpai 1982)

(Toivola et al.
1984)
(Schneider et al.
1981)
(Delgenes et al.
1986)

(Slininger et al.
1985)

(Dekker 1982)
(Woods and Millis
1985)

(Toivola et al.
1984)

(Toivola et al.
1984)
(Slininger et al.
1985)
(Ligthelm et al.
1988)
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CSIRY492 9.0

CSIRY497 5.0
NRRL 150
Y-12856

S. (Pichia) stipitis

CBS 5773 2.0
CBS 5776 5.0
CBS 6054 2.0
CBS 6054 5.0
CBS 6054 6.0
CSIR-Y633 4.0
CSIR-Y633 5.0
UFMG-IMH 5.3
432

NRRL Y-7124 10.0

Schizosaccharomyces pombe
ATCC 2478 5.0

Spathasporaarborariae
UFMG- 2.0
HM19.1A

S. passalidarum

ATCC 3.0
MYA -4345

UFMG- 50
HMD-1.1

NN245 10.0

2.62

1.8

3.0

0.9

2.23

0.45

NA

2.43

19

2.15

0.91

3.9

05

1.0

1.3

18

3.74

0.29

0.37

0.42

0.3

0.45

NA

0.25

0.44

0.47

0.45

0.17

0.42

0.1

0.37

0.4

0.36

0.41

Defined

Rich

Rich

Rich

Rich

Rich

Defined

Rich

Rich

Rich

Rich

Rich

Rich

Rich

Rich

Rich

Defined

(Preez and Walt
1983)

(Preez ad Prior
1985a)
(Slininger et al.
1985)

(Toivola et al.
1984)

(Tran and
Chambers 1986)
(Toivola et al.
1984)

(Skoog and and
HahnHéagerdal
1990)

(Agbogbo et al.
2006)

(Ligthelm et al.
1988)

(Preez and Prior
1985a)

(Ferreira et al.
2011a)
(Slininger et al.
1985)

(Gong et al. 1983)

(Cadete et al.
2009)

(Hou 2011)
(Cadete et al.

2012)
(Long et al. 2012)

Note: NAT No data available
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Table 1.4 Xylitol production by wild -type xylosefermenting yeasts.

[Xylose];

Xylitol yield

Productivity

Yeast  Strain (% wWiv) (9/0) (g/ LAh Reference
Candida guilliermondii
FTI 20037 30.0 0.69 0.163 (Nolleau et al.
1993)
25.0 0.78 NA (Ojamo 1994)
6.2 0.73 0.52 (Roberto et al.
1999)
2.0 0.73 0.33 (Barbosa et al.
1988)
4.3 0.74 0.66 (Silva et al. 1994)
C. parapsilosis
ATCC 28474 10.0 0.74 0.14 (Nolleau et al.
1993)
C. tropicalis
ATCC 13803 75.0 0.82 4.94 (Choi et al. 2000)
CT-OMV5 10.0 0.69 5.7 (Granstrom and
Leisola 2002)
ATCC 13803 100 0.75 3.9 (Kim et al. 2002)
KCTC 10457 214 0.85 12 (Kwon et al. 2006)
P. tannophilus
NRRL 2.0 0.11 0.046 (Barbosa et al.
Y-2460 1988)
ATCC 32691 5.0 0.27 0.06 (Furlan etal. 1994)
S. shehatae
NRRL 5.0 0.04 0.1 (Furlan et al. 1994)
Y-17024
S. stipitis
79261 20 0 0 (Barbosa et al.
1988)
NRRL 50 0 0 (Furlan et al. 1994
Y-7124

Note: NAT No data available
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14 Hypothesis and objectives

Native pentosdermenting yeasts generally have lower ethanol production rates and
yields from either hexoses or pentoses when compared tosgldermentation b$3. cerevisiae
(Table 1.2 and Table 1.3). In addition, native xyloséermenting yeasts typically exhibit low
ethanol toleranceT@ble 1.5) (Barbosa et al. 199@yhich can limit the efficient fermentation of
sugars in lignocellulosic hydrolysates to ethanol. For example, the peak ethanol concentrations
reported forSpathaspora passalidarumhen fermenting 10% (w/v) of either xylose or glucose
in a defined medium were 3.7% and 3.1% (w/v), respectively (Table S2, Long et a. 2012
Similarly, in another studyS. stipitisSNRRL Y-7124 was reported to ptace a peak ethanol
concentration of 5.7% (w/v) ethanol from 20% (w/v) xylose in a medium containing yeast
extract, while most of the other pentdsementing yeasts could not completely utilize the sugars
at this high initial concentration and producedédo peak ethanol leve(Slininger et al. 1985)

The yeastS. cerevisiagmay be outstanding in hexose fermentation compared to the
more recently discovered pentesementing yeastsn whichthere is still a linted experimental
data andunderstanding of the metabolomics and genortBesbosa et al. 1988; Cadete et al.
2012; Hou 2012; divola et al. 1984; Wang et al. 198B)owever, nativestrains ofS. cerevisiae
arenot capable of fermenting xyloski preliminary studies by our groupn ainexpectelg high
level of ethanol, greater than 5% (w/v), was produced rapidI¢.bguilliermordii FTI 20037
from a hexoseich hydrolysate. This levelvas considered to be the high end of peak ethanol
concentrations that can be produced by other-kvallvn native pentoskermenting yeasts such
as S. stipitisand S. shehatag¢Delgenes et al. 1988; Preez et al. 198&a) P. tannophilus

(Jeffries et al. 1985)
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C. guilliermondiiFTI 20037 is well known for its ability to produce high levels ofitayl
from xylose.lIt is not surprising that most previous studies conducted with this strain focused
exclusively on its ability to produce xylitoC. guilliermondiiis usually not employed for the
fermentation of hexose enriched hydrolysates such as tiased from the pretreatmeot
softwoods,and thus toour knowledge no previous studies have reported its hefepseenting
ability both in defined media and hydrolysatdsis led to theobjectives andexperiments
designedin this study that focusednodefined mediafermentation using high hexose sugar
(glucose, galactose, and mannosecentrations (up to 26.6% w/fgr C. guilliermondiiand
seleced pentosefermentingyeaststrains

These studies are particularly useful considering that most giréwous studies that
have assessed the fermentative performance of pefietosenting strains were performed at
lower glucose carentrations (20 120 g/L) (Table1.2), with inconsistency between the studies
in the selection of media and the fermentation conditions employed. There have also yet to be
fermentationstudies onhigh levels ofsugarsincluding mannoseand galactose that may be
present in significant quantities in lignocellulosic hydrolysates. The bilityafound in all of
these previous studies presents challenges when attempting to make comparison Getween
guilliermondii FTI 20037 and all other pentefsrmenting yeast strains. Based on the
unexpectely high ethanol concentrations produced@ygulliermondii FTI-20037,this study
was conducteth defined mediawith the three commonly studied pentdeementing yeasts™(
tannophilusNRRL Y-246Q S. shehatadTCC 34887 and S. stipitisNRRL Y-7124) and the
xylitol-producing C. guilliermondii FTI 20037, along with a hexodermenting strainS.

cerevisiaer 2.
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The main hypothesis of this thesiasthatC. guilliermondiiwould be able to utilize high
concentrations of all the hexose (glucose, galactose, and mannose) and pentose (xylose and
arabinose) ggars derived from lignocellulosic biomasswhs also hypothesized that FT1 20037
couldferment these sugars into high valaded products (ethanol or xylitol) in both chemically
defined medimand in the presence of inhibitarsa lignocellulosic hydslysate.

Given the above considerations, the objectives for this thesis pregect

i) To assess the fermentation ability ©f guilliermondiiin defined medim with high
concentrations ofeach of five monomeric sugars (10 25% w/v) found in
lignocellulost biomass.

i)  To compare the fermentative ability of three penti@smenting yeastd?( tannophilus,

S. shehataeand S. stipiti§ and a hexos&ermenting yeast . cerevisiag to C.
guilliermondii for their ability to ferment high concentrations of hexo&Es%6 i 25%
w/v) and pentose sugars (10% w/v) in defined nmexi

iii) To qualitatively assess and compare the inhibitor tolerance of these strais to
guilliermondii.

iv) To assess the fermentation ability ©f guilliermondiiin a hexoseich hydrolysate
producel from softwood that is anticipated to also contain high concentrations of
fermentation inhibitors both originating from the biomass and generated during the

pretreatment process.
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Table 1.5 Ethanol toleranceof wild-type yeasts.

Inhibitory [EtOH] (g/L)

Yeast Strain No No .CI.: ultivation Reference
. emp (*C)
growth fermentation
Pachysolen tannophilus
NRRL Y-2460 44 NA 30 (Preez et al. 1987)
41.43 NA NA (Slininger et al. 1987)
60° NA 30 (Barbosa et al. 1990)
40 NA 35 (Barbosa et al. 1990)
NA 242 30 (Barbosa and Lee
1991)
Scheffersomyces shehatae
CSIRY978 30.5 38.92 30 (Preez et al. 1989a)
R-strain 34.72 34.12 30 (Preez et al. 1989a)
CBS 2779 58 NA 13-17  (Preez et al. 1987)
(CSIRY981) 30 NA 30 (Preez et al. 1987)
3.2 45.4 30 (Preez et al. 1989a)
34.9 44.8 30 (Preez et al. 1989a)
Scheffersomyces stipitis
CBS 5773 64.3 NA 16-22  (Slininger et al. 1991)
CBS 7126 60 NA 30 (Preez et al. 1987)
(CSIR Y633) 37.5 NA 30 (Preez et al. 1987)
35.18 47.° 30 (Preez et al. 1989a)
34.9 43.8 30 (Preez et al. 198)
NRRL Y-7124 30 34 30 (Meyrial et al. 1995)
Saccharomyces cerevisiae
NCYC 479 120 300 23 (Brown et al. 1981)
T2 574 +7 NA NA (Helle et al. 2003)

Note:
2Value for xylose growth/fermentation
bValue for glucose growth/fermentation
¢Calculated value based on Luong's mdtabng 1985)
NA i no data available
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Table 1.6 Fermentation of sugars in lignocellulosic hydrolysates byvild -type xylosefermenting yeasts.

- " . Total Max  EtOH
Yeast Strain  Biomass Dett(i)é'rflca- C(lerllllt(la}L) NSquleInt [(x Bllll_])l [F?E)]' [Sugar] t(h) [EtOH] vyield Ref
’ bRy 9P 9P i@ @V (9/9)
Candida guilliermondii
NRRL Acid pH 1-1.5 None 1556 8.52 24.12 48 5.66 0.46 (Schir
Y-2075  treated adjustment mer
Soybean Miche
Hull | et al.
2008)
Pachysolen tannophilus
NRRL Acid Overliming 1 Yeast 435 157 62.1 120 18 0.25 (Pereg
Y2460 treated  with Ca(OH)» extract, oetal.
Hardwood and pH CO(NH) 1990)
adjustment 2, and
KH2POy
CBS Acid pH 11 Yeast 3.8 2.4 7.8 30 1.5 0.33 (Deve
4044 treated adjustment extract rell
Pinus and NaSGs and 1983)
radiata treatment peptone
Scheffersomyces shehatae
ATCC Acid pH 3.4 YNB 88.7 47.8 1426 NA 12 0.1 (Jeffri
22984 treated adjustment es and
Southern Sreena
Red Oak th
1988)
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S. stipitis

NRRL Rice straw
Y-7124

CBS
6054

CBS
7126

CBS
5773

Acid
treated
Corn
Stover

Bagasse

Acid
treated

Hardwood

Acid
treated
Wheat

Straw

pH
adjustment

pH
adjustment

Overliming
with NaeSOz
and pH
adjustment

Activated

charcoal and

pH
adjustment
Ether
treatment,
overliming

with Ca(OH)

and pH
adjustment

none 33.54

Amino 40.9
acids,
vitamins
and trace
elements
Yeas 43.5
extract,
CO(NH)
2, and
KH2POQy
Yeast 49.5
extract

Yeast 45
extract,

trace
elements
and salts

8.19

3.1

15.7

7.5

6.4

42

48.5

62.1

65.5

60.4

72

79

192

NA

80°

15

15

NA

NA

12.9

0.37

0.38

NA

0.37

0.36

(Agbo
gbo
and
Weng
er
2007)
(Zyl et
al.
1988)

(Pereg
o et al.
1990)

(Silva
et al.

2010)
(Niga

2001)

Note: All experiments were conducted in pH 5.6.5
[Xyl]i T initial xylose concentration, [Heix]initial hexose sugar concentration, NAo data available

2 Fermentation was carried out in fermenter with controlled aeration and pH
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Chapter 2 Materials and Methods

2.1 Yeast strns and chemicals

Candida guilliermondii FTI 20037 (NRC 5578; ATCC201935, Scheffersomyces
shehataeATCC 34887 (NRC 2886; NRRL ¥12858) andScheffersomyces stipitSRRL Y-
7124 (NRC 2548; ATCC 58376) were obtained from the National Research Council &anad
Culture Collection (Ottawa, ON, CanadBachysolen tannophilUSRRL Y-2460 (ATCC 32691)
was kindly provided by Cletus Kurtzman from US Department of Agriculture (USDA, Peoria, IL,
US). Saccharomyces cerevisid@, which was adapted to spent sulfite bqSSL) and used in
SSL fermentation at the Tembec Alcohol Plant, was kindly providedubsj Strmer(formerly

of Tembec,TémiscamingQC, Canada).

All sugars were obtained from Sigmddrich chemical (Oakville, ON Canada). All

media and other chemicalgre obtained from Fish&cientific (Ottawa, ON Canada).

2.2 Media

Yeast strains were maintained individually on YEPD (yeast expreygtonedextrose)
[(in % wi/v) glucose (2), peptone (2), yeast extract (1) and agar (1.5)] agar plates at 4 ‘€@eand w
sulrultured regularly. The cultures were stored in 50% (v/v) glycere8@t°C for longterm

storage.

All fermentation experiments were conducted in defined medium YNBmU containing

0.67% (w/v) YNB without amino acids or ammonium sulfate (YNBmM) supplememthd).225%

33



(w/v) urea (U) and one of the sugarsdtabinose, Epyalactose, Bylucose, Bmannose and D

xylose) added to 10%26.9% (w/v).

2.3 High-cell density yeast inoculum preparation

For inoculum preparation, a colony of yeast from the YEPD plate s&s @ inoculate
100 mL of YNBmMU and 2% (w/v) of either xylose for pentdeamenting yeastsr glucose foiS.
cerevisiael2 in 250mL Erlenmeyer flasks. The culture was incubated at 28 + 2 °C for 48 h with
gyratory shaking at 18(m in a SteadyShake 758hakernncubatoras described by Bajwa et al.
(2009) The ODxos, Measured using an UV/Visible spectrophotometer (Biochrom Ltd., England,

UK), was about 8 (1.7 1.9 g/L dry cell weight).

2.4 Defined medhfermentaibn conditions

The methods used for fermentation studies were described by Bajwa(2@08) and
(2010) Briefly, cells from the 48 inoculum culture were centrifuged 3700xg for 15 min at
21 £ 2 °C in a Sorvall Legend RT+ centrifuge (Thermo Fisher Scientific Inc., Ottawa, Canada).
As P. tannophiluscells did not settle well, this centrifugation step was prolonged to 30 min for
this yeast. The highell density innoala were used to minimize growth and allow for better
assessment of the fermentation ability of the yeast cells. The cell pellet was washed with
sterilized deionized water and resuspended in 100 ml of definedim¢@i67% (w/v) YNBmM
supplemented with 0.226 (w/v) urea] with varying concentrations of one of the following
sugars: glucose, mannose, galactose, arabinose and xylose, inmd. ZsEnmeyer flaskFor

each sugar tested, the init@ncentrations of each sugar tested ranged from about 10% % 26.9
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(w/v). Xylose and arabinose fermentasamere conducted as controls. Some experiments were
conducted using 0.17% (w/v) YNBm, whicre stated inthe figurecaptions. The flasks were
incubated at 28 + 2 °C with gyratory shaking at 180 rpm. Samples ifiLy 3vere withdrawn
periodically for sugar, xylitol and ethanol analysis. Samples were centrifuged at ¥g,6605

min; the supernatant was collected and store@@t’C before analysis. The collected samples
were analyzed by HPLC for sugar and ethamwicentrations agreviouslydescribedBajwa et

al. 2009) Sugar samples were diluted before analysis when the initial sugar concentrations were
above 10% (w/v). Each fermentation experiment was conducted at le&iste8 using
independently grown inocula/alues shown in the fermentation prodilare the means

standard errors of the means (SEM).

2.5 Assessment of toxicity of softwood hydrolysate by gradient plates

A hexoserich wood hydrolysate was generously prodde by Dr . Saddl er 0 ¢
University of British Columbia (Vancouver, BC, Canada). Tougepole pineRinus contorta)
softwood hydrolysate was pretreated by steam explosion using 1.5% {&) & 200 °C for 5
min. The pretreatment and inhibitor contation determination were conducted by Dr.
Saddl erd6s group from @@ 28l1d) The UBG hydiolysate ginitial e s ¢ r |
pH 1.39) contained the following sugars (in % w/v): arabinose (1.2), ga&ac0.7), glucose
(3.5), mannose (2.1), and xylose (0.9). The inhibitor concentrations were (in % w/v): acetic acid
(0.9), furfural (0.2), HMF (0.2), and total phenolics (0.6).

The relative toxicity of the wood hydrolysate was assessed by growth otydasts on

gradient plates prepared with the hydrolysate detailed previgBajywa et al. 2009; Syzbalski
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and Bryson 1952)Briefly, the hydrolysate (150 mL) was adjusted to pH 4.5 + 0.2pkitl5 +

0.2 with 10 N NaOH. The hydrolysate was boiled for about 5 min after addition of aayBnab
concentration of 2% (w/v). The gradient plates were prepared with 25 mL of hydredgsate
mixture in a Fishebrand square petdish (120 mmx120 mnix¥ mm) placed at an angle ~ 15°
from horizontal using -InL sized serological pipette. Upon solidificationtloé hydrolysateagar

layer, another layer of warm agar (1.5% w/v, 30 mL) was added to the top of the solidified
hydrolysateagar layer. The Petriigh was then placed on a flat surface without slanting. After
the agar had solidified, the plates were inverted for48th at 21 + 2 °C to facilitate diffusion of

hydrolysate and agar layer.

A colony of pentosdermenting yeast from a YEPD agar plataswnoculated in 10 ml of
defined medium YNBmMU containing 0.67% (w/v) YNBm, supplemented with 0.225% (w/v)
urea (U) and 2% (w/v) xylos&. cerevisiaavas inoculated in the same way as other pentose
fermenting yeasts but in 2% (w/v) glucose. The culturesevincubated at 28 + 2 °C for 2 days
with shaking at 180 rpm. This was accomplished by adjusting thgo@Deach culture to 1 and
with 100 pL of each culture subsequently streaked onto the gradient plate surface in a gradient
from low to high concentrain of hydrolysatgBajwa et al. 2009; Syzbalski and Bryson 1952)
Plates were incubated fori710 days at 28 + 2 °C depending on visibility of cell growth as

captured by digital photographimages.

2.6 Hydrolysate fermentation conditions

The lodgepole pine hydrolysate was used for fermentation due to its high hexose contents

even without cellulase hydrolysifience itwas considered to be suitable in this studiie
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hydrolysate used in fermemitzn studies was adjusted to pH 5.5 £ 0.2 using 10 N NaOH and
boiled for 5 min. The higlilensity inoculum culture was centrifuged at 3%@0for 15 min. The

cell pellet was washed with sterile deionized water and resuspended nm 50 diluted
hydrolysatemediumwith sterile water but supplemented with 0.225% (w/v) urea and sugars
(glucose, mannose, galactose, arabinose and xylose) to concentrations found in the undiluted
hydrolysate. The hydrolysate was diluted to alleviate some of the toxic effects dausiee
inhibitors found in hydrolysates. The flasks were incubated at 28 + 2 °C with shaking at 180 rpm
Samples (1.75 mL) were withdrawn periodically for sugar, xylitol and ethanol analysis. Samples
were centrifuged at 17,000g for 5 min; the supernath was collected and stored -aR0 °C

before analysis. The collected samples were analyzed byIBClor sugar and ethanol
concentrations as describedsiection2.7.2below. Valuesshown in the fermentation qiile are

the means calculated from three independent fermentation runs. Standard errors of the means

(SEM) were calculated and shown as error bars.

2.7 Analvtical Methods

2.7.1 Defined medim fermentation samples

Sugar and ethanoloacentrations from defimemediumexperiments were analyzed by
HPLC as describe(Bajwa et al. 2009)Sugar samples were diluteeBZold for HPLC analysis
if the initial sugar concentrations were above 10% (w/v). Internal standards glyoetol
isopropanol, for sugar and ethanol analysis, respectively, were added to samples to final

concentration of 1% (w/v) prior to analysis. All samples were analyzed by an Agient
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HPLC system equipped with a BioRad Aminex HBXH (300x7.8mm) column wit5 mM
sulphuric acid as the mobile phase running at 0.6 mL/min at 40 @easusly described
(Barbosa et al. 199Q;arsson et al1999)

Ethanol yields were calculatdased on the following equation:

®0Qa Mo L0 YO "Qugd Y'Y

where [EtOH}ax is the maximum (peak) ethanol concentration in % (w/v) produced during the
course of fermentation; [Sugai$ total initial sugar concentration in % (w/v) at the start of
fermentation; [RS] is remaining or residual sugar concentration in % (w/v) at the time when

[EtOH]maxis reached

2.7.2 Hydrolysate medim fermentation samples

Samples from hydrolysate fermentation were analyzed by ShimadZ20GLfor sugar
and ethanol concentians as previously describg@ajwa et al. 2009; Bajwa et al. 2011;
Richardson 2013)Sugars were subjected to alditol acetate derivatization before analysis as
de<ribed (Theander 1991)Briefly, 40 pL of 10% (w/v) mannitol as internal standard were
added to every hydrolysate fermentation sample (200 pL) collected. Concentrai@tH N#D
pL) and KBH; (2.8 M dissolved in corentrated NHOH, 100 pL) were added for reduction of
straight forms of monomeric aldose sugars to alditols. The reduction process proceeded at 40 °C
for 90 min. At the end of incubation, glacial acetic acid (100 uL) was added for removal of
excess borate.-Methylimidazole (500 pL) and acetic anhydride (2 mL) were added to the
mixture to acetylate all the hydroxyl groups on alditols and the mixture incubated for 10 min.
The acetylation of alditols forms alditol acetates. Distilled water (5 mL) was then &olded

sequester any unreacted acetic anhydride. Dichloromethane (2 mL) was added for extraction of
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alditol acetates derived from each monomeric sugar forF@®C analysis. For xylitol

guantification, the reduction reaction was not necessary, but acetytatexuired.

Sugar and xylitol samples (after aditol acetate derivitization) (5 uL) were injected into a
capillary column BP10 (length: 30 m, inner diameter: 0.25 mm, film thickness: 0.25 um) in the
GC. Separation was achieved by ¢das running at 30 cm/3he GC conditions were: column
temperature at 220 °C, flame ionization detector temperature at 240 °C and split injection at 1:25

on Shimadzu G&014.

For ethanol analysis, the internal standautinol[10% (w/v), 50 uL] was added to each
sample (450 p) from hydrolysate fermentation. The sample mixture was analyzed bFIBC
(Shimadzu G€014) through the BP1 column (length: 30 m, inner diameter: 0.25 mm, film
thickness: 0.25 um) which was eluted with gds running at 28.3 cm/s. The column temperature
was held at 40 °C for 3 min andcreasedo 150 °C at a rate of 15 °C /min. The injector and

detector temperatures were 250 °C and 275 °C, respectively.

2.8 Statistical analysis

Each experiment wasonductedat least 3 times, with independgngrown inoala. The
peak ethanol concentratiopsoducedin various YNBm conditionsby C. guilliermondii and
produced by different strains wemmpared andanalyzed using analysis of covariance
(ANCOVA) with Bonferroni multiple comparisoadjustmenttestby IBM SPSSStatistics 22

(NY, USA) with a type | error rate gt= 0.05.
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Chapter 3Results and Discussion

3.1 Fermentation in defined media

As indicated in sectiorl.3.], the overall fermentation performance of yeasts not only
depends on their physiological differences, but alsdl@fermentation conditions which include
the supply of nutrients, temperature, other incubation conditions and substrate concentrations
(Wyman 1996) Thetype aml concentrations afugarare one of the dependent variables in this
study Thehexose and pentosermentation profilegan be found in sectiohi12 to 3.1.6for all
5 tested strains. The companisand discussioof fermentation trends of all strains aji@enin
section 3.1.7 The fermentation temperature, an independent variable, has already been
established for xyloséermentation(HahnHagerdal et al. 1994Preez et al. 1987Nutrient
supplementation, another independent variable for fermentation in defined media, can be
investigated to further improve product yields during fermentation by yeéststs require
vitamins, trace elements and salts supplied in yeast nitrogen base without amino acids or
ammonium sulphate (YNBm) for various critical cell functions including coenzyme components,
protein functions, maintenance of cell membrane integrtg aignal transductiorfHahn
Hagerdal et al. 1994; Walker 1998he following section (3.1.1) was intended to establish a
appropriate dosage of YNBm for aiding ethanol production f@rguilliermondiiFTI1-20037 in

defined media fermentations.
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3.1.1 Effect of changing concentrations of YNB without amino acids or ammonium sulphate

on sugar utilization and ethanol vields ®yquilliermondii

A recommended dosage for YNB with ammonium satphbut without amino acids
(YNBAS) used in fermentation is 0.67% (w/v), and the dosage for YNB without amino acids and
ammonium sulphate (YNBm) is 0.17% (W/NESH protocols 2006)The YNBm provides
vitamins, saltsand some trace elements for essential biological functions during fermentation
(Guthrie and Fink 2004)The nutritional components provided in 0.67% (w/v) YNBm would be
about fourtimes higher than the advisetbsage. This section was intended to assess the
fermentation performance @f. guilliermondiiFTI 20037 using these two concentrations [0.17%
and 0.67% (w/v)] of YNBm without modifications to other parametdise fermentation
mediumwas YNBm (0.17% or0.67% wi/v), supplemented with urea (0.225 % w/@lucose
and mannose are the most abundant among the 5 sugars commonly found in softwood
hydrolysates, hence, fermentation of these two sugars was tested in two different concentrations
of YNBm. The resultstsowed that fermentation in 0.67% (w/v) was better than fermentation in

0.17% (w/v) YNBm using both sugars test@dlfle3.1).
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Figure 3.1 Fermentation of mannose in 0.17% and 0.67%w/v) YNBm by C. guilliermondii
FTI 20037. Initial mannose concentrations were about 16% (w/v). Symbol& { -) 15.6%
(w/v) mannosen 0.67% (w/v) YNBm, { -3- -) ethanol production in 0.67% (w/v) YNBmM (
Z 0 ) 16.6% (w/v)mannosen 0.17% (w/v) YNBm,and @ 30 ) ethanol production in 0.17%
(w/v) YNBm. Values shown are the means+SEM of three independent experiments.

Mannose [15.6% (w/v)] in 0.67% (w/v) YNBmM was completely utilized in about 21 h by
C. guilliermondii (Figure 3.}, which was 9 h earlier &m the fermentation with 16.6% (w/v)
mannose in 0.17% (w/v) YNBm. The maximum ethanol concentrations produced. by
guilliermondii in both conditions were about 5.3% (w/v) with theak ethanolconcentration

produced 6 h earlier in 0.67% (w/v) compare@ b7% (w/v) YNBm.
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Figure 3.2 Fermentation of glucose in 0.17% and 0.67% (w/v) YNBm by. guilliermondii
FTI 20037. Initial glucose concdmations were about 21% (wA\$ymbols: { -Z - -) 20.9% (w/v)
glucose in 0.67% (w/v) YNBm;- (z- -) ethanol production in 0.67% (w/v) YNBmM (@ ) 21.0%
(w/v) glucose 0.17% (w/v) YNBm, and (36 ) ethanol production in 0.17% (w/v) YNBm.
Values shown are the meanstSEM of three independent experiments.

In fermentation with 21% (w/v) glucose in both 0.17% and 0.67% (w/v) YNBm,
guilliermondii producel a maximum concentration of 7.6% (w/v) etharfeib(re 3.2. The same
peak ethanol concentrationwas achieved, but the peak was produced 18 h earlien wige
concentration of YNBm was raised to 0.67% (w/v) compared to the fermentation conducted in
0.17% (w/v) YNBm. Complete sugar utilization occurred at the same time gedhkethanol

concentratiorwere produced.
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Figure 3.3 Fermentation of glucose in 0.17% and 0.67% (w/v) YNBm b¢. guilliermondii
FTI 20037. Initial glucose concdmations were about 26% (wA\$ymbols: { -Z - -) 25.9% (w/v)
glucose in 0.67% (w/v) YNBm; (z- -) ethanol production i0.67% (w/v) YNBm, § ¢ ) 27%
(w/v) glucose 0.17% (w/v) YNBm, and (20 ) ethanol production in 0.17% (w/v) YNBm.
Values shown are the meanstSEM of three independent experiments.

Unlike the fermentation performed using lower sugar concentrations [15% and 20%
(w/v)], raising the glucose concentration to 26% (w/v) and above greatly affected not only
ethanol production, but also sugar utilization@yguilliermondii At the higher glucos&vel,
peakethanolconcentrationsichieved were 9.3% and 8.2% (w/v) fréenmentation conducted in
0.67% and 0.17% (w/v) YNBm, respectively. These results corresponded to a 16% reduction in
ethanol yield produced in 0.17% (w/v) YNBmM when compared to fermentation in 0.67% (w/v)

YNBm (Table3.1). The raidual glucose level also persisted beyond 192 h at about 2.6% (w/v)
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at the lower concentration of YNBm whereas glucose was completely consumed in 36 h at the
higher concentration of YNBnt{gure 3.3. The reason for the unused glucosaeas known, but
it is hypotheizedthe depletion of component(s) in 0.17% (w/v) YNBm become limiting factor

for further fermentation.

Overall, the effects observed when changing the concentrations of YNBm were more
substantial at the higher concentrations of glucose testhdre it was evident that ethanol
production, ethanol yield anderimentation time were affected.erdmentatios with lower
concentrations of sugat5% (w/v) mannose and 21% (w/v) glucobg C. guilliermondii FTI
20037 producedaimilar ethanol yield regardless of therNBm concentrationHowever, when
conductinga fermentation in 0.17% (w/v) YNBm, the fermentation duration was extended for
another 9 and 18 h when using 15% (w/v) mannbsgite 3.) and 21% (w/v) glucosd-{gure

3.2), respectively.

Table 3.1 Effect of varying YNB concentrations on glucose and mannose fermentation I6y.
guilliermondii.

0.17 % (w/v) YNBm 0.67 % (w/v) YNBm
Sugar source  [EtOH] max  Yield t () [EtOH] max  Yield t (h) p-\_/aluea
(wWiv) (% wiv) (9/9) (% wiv) (9/9) (Yields)
Mannose 15% 55+1.1 0.333 30 53+0.0 0.338 24 0.341
Glucose 20% 7.7+0.0 0.366 48 7.3+0.1 0.363 24 0.515

Glucose 25% 8.2+ 0.2 0.304 192 93+0.1 0.360 36 0.004

Note:
[EtOH]max- Maximum ethanol cacentration or peak ethanol concentration
t 7 Time required for complete sugar utilization exceptwitd 25% (w/v) glucose in 0.17 %
(w/v) YNBm
2p-values ofANCOVA tests orpeakethanol concentrations.
b2.4% (w/Vv) glucose remained unutilized in théture.
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An analysis of variance test was conductecevaluatethe peak ethanolconcentration
from the experiments using different YNBm concentrations. Onlpth&lues are showrTable
3.1), but the other mathematical parameteesy be found inAppendix The experiments
conductedwith the two concentrations of YNBm 15% (w/v) mannose and 20% (w/v) glucose
experimentsshowed no significant differences between the ethanol concentraiions95%
confidence level. However, expemmis conductedith thetwo YNBmM concentrationand26%
(w/v) glucose indicated a significant difference betweenptakethanolconcentratios. Based
on this study, the higher YNBm supplementation was beneficial to all fermentatidg. by
guilliermondii, especially at higher initial sugar concentrations in terms of ethanol production
and yield. The effect was less pronounced at lower initial sugar concentrations. Regardless of the
sugar concentration, increasing YNBm supplementation resulted in increabesrate of sugar
consumption during fermentation, thereby resulting in shorter fermentation Base=d on thse
resuls, the fermentation studies described in following sections were all conducted using YNBm

at 0.67% (w/v).

Several pentoséermentingyeastsC. guilliermondii, P. tannophilus, S. shehataedS.
stipitis, and the hexosdermenting yeass. cerevisiaavere assessddr their ability to ferment
the five major biomass sugars (glucose, mannose, galactose, xylose and arabinose) in
concentrdons ranging from 1% 1 27% (w/v). Xylose fermentation was conducted to confirm
the pemosefermenting ability of thesgeasts.The fermentation mediunrwas YNBm (0.67%
w/v), supplemented with urea (0.225 % w/Mithough using 0.67% (w/v) YNBm has been
shown previously to benefi€. guilliermondiiFTI1-20037 butit was unclear whether this media
formulation would enhance the ethanol production for the other strains tested. However, several

previous studies hauvdlustratedthe beneficial effects of elevat levels of ingredient found in
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YNBmM on the fermentation performance&fcerevisia@andS. shehataéChi et al. 1999; Krause

et al. 2007; Lee et al. 1988yreenath and Jeffries 2000herefore, it was assumed that similar
beneficial effects could also be observed with the other strains used in this study. Ultimately,
favorable parameters were chosen@omuilliermondiibased on the objectives listedsaction

1.4 The objectiveof the following sectionwas to demonstrate thexcellen ability of C.
guilliermondii FTI 20037in fermenting hexoses in defined media. In addition, its fermentation
performance was comparéd other pentosefermenting yeasts in terms ethanol production

and yields time required to produce the ethanol, time required to utilize all sugdrigimgugar
toleranceunder identical conditiondDescriptiors of fermentation profiles for all five strains
were provided in sectioB.1.2to 3.1.6 The fermentation profiles contain detailed information
including the type of sugar being fermented, the peak ethanol concentration being produced, and
the time required for cessation of sugar consumption and ethanol production. The profile also
indicated SEM in trends of sugar utilization and ethanol production between triplicates. The
capability of a given strain to completely utilize a given sugar can alBmibd in these profiles.

All of the performance data between the straimdescribed compared and discussed in section

3.1.7.

3.1.2 Fermentatn of various hexose and pentose sugar€agdida guilliermondii

The fermentatiorexperiments byC. guilliermondii FT1 20037 was conducted until the
sugar concentration either dropped to a steady level evere completely consumed which
occurred between 24192 h depending on the sugar used and its initial concentration. The time

requiredfor C. guilliermondiito completely utilize the hexose sugars waserved to occun
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the following order from shortest to longest: glucose < mannose < galactose. It was apparent that
C. guilliermondii fermented hexoses efficiently to ethandlith regad to the pentose sugars
xylose was convertedo xylitol while the utilization of arabinose did not result in ethanol

productionas expected
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Figure 3.4 Glucose fermentation in defined medim by C. guilliermondii FTI 20037.

Symbols: { -Z - -) glucose 15.3%w/v), (- -2 - -) ethanol produced from glucose 15.3iv);

(¢ Z ©) glucose 20.1%w/v), (¢ 3¢) ethanol produced from glucose 20.1%/Vv); (8 Z 6 )

glucose 25.9%w/v), and ¢ 20 ) ethanol produced from glucose 25.9%4v). Values shown
arethe means+SEM of three independent experiments.

At initial concentrations of 15.3%, 20.1% and 25.9% (w/v) gluc@seguilliermondii

completely consumed all the sugars in 21, 27 and 36 h, respectiuglyg 3.4. The peak
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ethanol concentrations producerere 5.3%, 7.3% and 9.3% (w/v), respectively. The yields were

0.35, 0.36 and 0.36 g ethanol/g glucose, respectively.
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Figure 3.5 Mannose fermentation in defined medium by C. guilliermondii FTI 20037.
Symbols: ¢ -Z - -) mannose 15.6%w/v), (- -3- -) ethanol production from mannose 15.6%

(whv), (0 Z 0 ) mannose 20.3%w/v), and { 30 ) ethanol production from mannose 20.3%
(w/v). Values shown are the means+SEM of three independent experiments.

In the fermerdtion of 15.6% and 20.3% (w/v) mannos$g, guilliermondii completely
consumed all sugars in 24 and 78 h, respectively. The yeast produced maximum concentrations
of 5.3% and 6.7% (w/v) ethanol, respectivéygure 3.5. The corresponding yields were 0.35

and 0.33 g ethanol/g sugar, respectively.
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Figure 3.6 Galactose fermentation in defined medium by C. guilliermondii FTI
20037Symbols: { -Z - -) galactose 14.4%wl/v), (- -3- -) ethanol production from galactose
14.4% (w/v), (0 Z 0 ) galactose 19.6%w/v), and ¢ 30 ) ethanol production from galactose
19.6%(w/v). Values shown are the meanstSEM of three independent experiments.

Galactose was cenmed slowly byC. guilliermondiicompared to glucose and mannose.
Galactose at 14.4% (w/v) was completely utilized within 78 h. In contrast, only 84% of the 19.6%
(w/v) galactose was consumed after 144 h of fermenta@ioguilliermondiiproduced maximum
concentrations of 4.7% and 4.4% (w/v) ethanol from 14.4% and 19.6% (w/v) galactose,
respectively Figure 3.§. The corresponding yields were 0.32 and 0.27 g ethanol/g galactose

consumed, respectively.
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Figure 3.7 Xylose fermentation indefined medium by C. guilliermondii FTI 20037.Symbols:
(- -Z - -) xylose 10.5%wl/v), (- -z- -) ethanol production from xylose 10.5684/v), and { -z= -)
xylitol production from xylose 10.5%w/v). Values shown are the meatSEM of three
independent experiments.

Xylose was fermented b@. guilliermondii.Xylitol was produced without any detectable
ethanolduring xylose fermentatiorby C. guilliermondii (Figure 3.7, resulting in a maximum

concentration of 6.4% (w/v) xylitavith a yield of 0.62 g xylitol / g xylose consumed in 96 h.
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Figure 3.8 Arabinose utilization in defined medium by C. guilliermondii FTI 20037.
Symbols: § y0 ) arabinose 9.8 %w/v), and { 30 ) ethanol trend.

Arabinose was consumed slowly 8y guilliermondii only about 20% was utilized after

114 h Figure 3.8. No ethanol was produced during the 114 h of incubation.

While conducting fermentation studiesith C. guilliermondii, a distinct trait was
observed during vortex steps for cell mixing before culture inoculation, and during agitation in
high-cell density fermentatian A significant amount of foaming occurred in these stages
compared to other yeastested. The extent of foaming was greater with a higher level22%

w/v) of glucose or nanose inthe fermentation mediunfFigure 3.9. In fermentatios using 25%

(w/v) glucose, the foam would rise to come in contact with the foam plug placed oh ttop
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Erlenmeyer flask after approximately 18 h. Hence, the shaking speed was lowered from 180 rpm
to 100 rpm to minimize foam formation. No foaming was observed in experiments involving
pentose sugars and galactose, but a ring of cells would depogie @ide of the flask after

prolonged incubation (> 48 h). In addition to foaming, upon sample collection, the supernatant of

culturesamples had an oily appearance which was distinct compared to other yeasts.

Figure 3.9 Foaming in C. guilliermondii FTI 20037 cultures during high initial cell density
fermentation. (A) glucose 15%, 20% and 25% (w/v); (B) galactose 20% and 15% (w/v); (C)
xylose 10%.
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3.1.3 Fermentabn of various hexose and pentose sugarBéshysolen tannophilus

Most of the fermentation experiments employifgtannophilusNRRL Y-2460 were
performed until the suga@oncentratioadropped to a steadgvel or were completely consumed,
which occurred between 36192 h depending on the sugamsldhe initial concentrations tested.
The time required folP. tannophilusto utilize sugars was in the following order from the
shortest to longest: glucose < mannose < galactose. Similarguilliermondii, P. tannophilus
fermented glucose andamnoseefficiently to ethanol. Howeveixylose was fermented to both
ethanol and xylitol, while galactose and arabinose were utilized slbwtynot fermented into

ethanol.
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Figure 3.10 Glucose fermentation indefined medium by P. tannophilus NRRL Y -2460.
Symbols: { ) glucose 15.9%w/v), ( ) ethanol production from glucose 15.994v), (
) glucose 20.5%w/v), ( ) ethanol production from glucose 20.5%/v), (0 Z 0 )

glucose 26.6%w/v), and @ 30 ) ethanol production of glucose 26.6%/v). Values shown are
the means+SEM of three independent experiments.

P. tannophiluswvas also able to completely consume high concentrations of glucose and
ferment it to ethanol, but fermentation occurred at sloatsrcompared t6. guilliermondiior
S. cerevisiadto be described, see Sectidri.§. Complete consumption of 15.9%, 20.5% and
26.6% (w/v) glucose required 36, 66 and 120 h, respectivetuie 3.10, and gak ethanol
concentrations of 5.9%, 7.8% and 8.9% (w/v), respectively, were produced. These corresponded

to ethanol yields of 0.37, 0.38 and 0.35 g/g, respectively.
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Figure 3.11 Mannose fermentation in déined medium by P. tannophilusNRRL Y -2460.
Symbols: { -) mannose 15.0%w/v), ( ) ethanol production from mannose 15.0%
(whv), (0 Z 0 ) mannose 20.5%w/v), and 6 30 ) ethanol production from mannose 20.5%
(w/v). Values shown are the means+SEM of three independent experiments.

In fermentation of 1% and 20.5% (w/v) mannosé®. tannophilusproduced a
maximum concentration of 38 and 7.8% (w/v) of ethanoFigure 3.1}, respectively, which
corresponded to yields of 0.39 and 0.38 g ethanol/g sugar consumed, respectively. The time

taken to completelytilize 15.0% and 20.5% (w/v) mannose were 48 and 78 h, respectively.

56



z =
3 E
< S
v =
£ Q
g i
©
O,
5 5
0 o————o—o—b6—o—o6——a— —— e = —— 0
0O 12 24 36 48 60 72 84 96 108 120
Time (h)

Figure 3.12 Galactose utilization in defined medium by P. tannophilus NRRL Y -2460.
Symbols: { ) galactose 15.7%w/v), ( ) ethanol production from galactose 15.¢#4v),
(0 Z 0 ) galactose 20.8%w/v), and ¢ 30 ) ethanol production from galactose 20.884v).
Values shown are the means=SEM of three independent experiments.

P. tannophilusproduceda small amount oéthanol (0.2% wi/v) from 15.7% and 20.8%
(w/v) galactose(Figure 3.12. P. tannophilusutilized galactose very slowly. Over 168 h of
fermentation, 41% and 45% of 15.8% (w/v) and 20.8% (wifvalactose remained unused,

respectively (dataot shown)
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Figure 3.13 Xylose fermentation in defined medium by P. tannophilus NRRL Y -2460.
Symbols: ( ) xylose 10.3%(wi/v), ( ) ethanol production from xylose 10.30&/v),
and ( ) xylitol production from xylose 10.3%w/v). Values shown are the meanstSEM of
three independent experiments.

Similar amounts of xylitol and ethanol were produced fron8%0(w/v) xylose byP.
tannophiluscultures Figure 3.13. The maximum xylitol concentration achieved was 2.5% (w/v)
which corresponded to a yield of 0.25 g xylitol/g xylose consumed [27% of the theoretical yield
calculated as 0.917 gfdBarbosa et al. 198B)The maximum ethanol concentration of 2.1%

(w/v), obtained in 96 h, corresponded to a yield of 0.21 g ethanol/g xylose consumed.
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Figure 3.14 Arabinose utilization in defined medium by P. tannophilus NRRL Y -2460.
Symbols: ) arabinose 10.1 %w/v), and { ) ethanol trend. Values shown are the

\

means+SEM of three independent experiments.

Similar to C. guilliermondii, arabinose was utilized but not fermetitNo ethanol was
produced from arabinosé-igure 3.14, despite a slow consumption of this sugar (57% was

consumed after 120 h).

3.1.4 Fermentathnof various hexose and pentose sugarSdyeffersomyces shehatae

Most of the fermentation experiments emphayiS. shehataeATCC 34887 were

conducted until the sugadropped to a steady concentrationveere completely consumed
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which required 54 216 h depending on the sugars and their initial concentrations. The time
required forS. shehata#o utilize the hegse sugars in the order from the shortest to longest was
glucose < mannose < galactoSe shehatagas unable to completely utilize any of the sugars at
concentrations above 20% (wWN\§. shehataéermented all hexoses to ethandlith regard to
pentose érmentation, ylose was fermented mostly to ethanol and small amounts of xylitol.
Arabinose was slowly utilized without any ethanol production, simil&.tguilliermondiiandP.

tannophiluscultures described above.
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Figure 3.15 Glucose fermentation in definedmedium by S. shehataéddTCC 34887.Symbols:
( ) glucose 15.7%w/v), ( ) ethanol production from glucose 15.4%/v), (- - Z - -)
glucose 20.0%w/v), (- -3- -) ethanol production from glucose @& (w/v), (0 Z 0 ) utilization
of glucose 25.6%w/v), and § 20 ) ethanol production of glucose 25.6%/v). Values shown
are the means=SEM of three independent experiments.
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S. shehataecompletely consumed 15.7% (w/v) glucose within 48 h. Howeer,
shehataecould utilize only95% and 89% of the glucose when the concentrations were increased
to 20.0% and 25.6% (w/v), respectivelidure3.15). Maximum ethanol concentrations of 4.5%,
4.9% and 5.7% (w/v) which corresped to ethanol yields of 0.29, 0.26 and 0.25 g/g were

obtained from initial glucose concentrations of 15.7%, 20.0% and 25.7% (w/v), respectively.
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Figure 3.16 Mannose fermentation in defined medium by S. shehatae ATCC 34887.
Symbols: { ) mannose 15.2%w/v), ( ) ethanol production from mannose 15.9%v),
(0 Z 0 ) mannose 21.1%wl/v), and { 20 ) ethanol production from mannose 21.194v).
Values shown are the means+SEM of three independent experiments.
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Mannose at an initial concentration of 15.2% (w/v) was completely consumed within 60
h by S. shehataebut the consumption was incomplete with about 1.6% (w/v) of the sugar
remaining after 168 h when initial mannose concentration was raised to 21.1%datA/not
shown).S. shehatasvas able to produce maximum ethanol concentrations of 4.3% and 4.6%
(w/v) from 15.2% and 21.1% (w/v) mannog$adgure 3.16 which corresponded to yields of 0.28

and 0.24 g ethanol/g sugar consumed, respectively.

[Galactose] (% wiv)
[EtOH] (% wi/v)

Time (h)

Figure 3.17 Galactose fermentation in definedmedium by S. shehataeATCC 34887.
Symbols: { ) galactose 15.0%w/v), ( ) ethanol production from galactose 15.084v),
(0 Z 0 ) galactose 20.3%w/v), and ¢ 30 ) ethand production from galactose 20.3%/v).
Values graphs are the means+=SEM of three independent experiments.
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In the fermentation of galactose at initial concentrations of 15.0% and 20.3% 3w/v),
shehataevas able to produce maximum concentrations of 3a#%3.2% (w/v) ethanoF{gure
3.17 which corresponded to yields of 0.23 and 0.18 g ethanol/g galactose consumed,
respectively. At an initial concentration of 15.0% (w/v), galactose was completely utilized within
96 h, but when the concentration was raise 20.3% (w/v), the consumption was incomplete

and about 11% of the initial galactose remained in the medium after 216 h of fermentation (data

not shown).
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Figure 3.18 Xylose fermentation in definedmedium by S. shehataeATCC 34887.Symbols:

( ) xylose 10.1%w/v), ( ) ethanol production from xylose 10.184/v), and ( )
xylitol production from xylose 10.1%w/v). Values shown are the meanstSEM of three
independent experiments.
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During xylose fermentatior§. shehataproduced a greater aunt of ethanol compared

to xylitol (Figure 3.18. A maximum ethanol concentration of 2.9% (w/v) was achieved in 48 h

from an initial concentration of 10.1% (w/v) xylose which corresponded to a yield of 0.29 g

ethanol/g xylose consumed (57% of the theoattyield). In contrast, the maximum xylitol

concentration obtained was 0.8% (w/v) corresponding to a yield of 0.08 g xylitol/g xylose

consumed.
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Figure 3.19 Arabinose utilization in defined medium by S.shehataeATCC 34887.Symbols:
) ethanol trend. Values shown are the meanstSEM of

( ) arabinose 9.4 %w/v), and (

three independent experiments.
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Similar to two yeasts described in section 3.1.2 and 3.1.3, arabinose was utilized but not
fermentedNo ethanol was produced during the consumption of arabitogaré 3.19, despite

a slow consumption rate (76% arabinose was remained in culture after 144 h).

Similar tootheryeasts described thus f&, shehatadTCC 34887 was also unique as it
formed alight orange yellowcoloured culture regardless of the sugar source. In addition to its
unique colour, as the fermentation was carried out with glucose and manmbst#ncismell
resembling the aroma of sweet ripen fruits emanated from the shakemayimdicate some
byproduct(s) were produced along with ethanol during the fermentation. The identity of the
potential byproduct(s) was not determined, however, this yeast was known to have the ability to
synthesize volatile compounds including ethyl aeethat resemble the sweet fruit scent that

attracted insectdNout et al. 1997)

3.1.5 Fermentabn of various hexose and pentose sugarSdyeffersomyces stipitis

Most of the fermentation experiments usiigstipitisNRRL Y7124 were conducted until
sugar concendtion became steady indicatirggssation ofsugar consumption. This usually
required 72 216 h depending on the sugars and initial concentrations. The times requiged for
stipitis to utilize the hexose sugamere in the following order from the shottés longest:
mannose < glucose 8 shphkalag 8.tstpiisas unadble ticompletelyt o
utilize most of the sugars when the initial concentrations were raised above 20%S(vetipitis

fermented all the hexoses to etharinlterms ofpentose fermentationybose was fermented
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mostly to ethanol along with small amounts of xylitol. Arabinose was utilized without producing

detectable amounts of ethanol.

[Glucose] (% wiv)
[EtOH] (% wiv)

Figure 3.20 Glucose fermentation n defined medium by S. stipitisNRRL Y -7124.Symbols:

( ) glucose 16%wi/v), ( ) ethanol production from glucose 16%/V), (- -Z - -) glucose
20.8% (w/v), (- -2- -) ethanol production from glucose 20.8%/v), (0 Z 0 ) glucose 25.7%
(w/v), and 0 30 ) ethanol production of glucose 25.7%w/v). Values shown arehé

means+SEM of three independent experiments.

Glucose at three initial concentrations [16.0%, 20.8%, and 25.7% (w/v)] was subjected to
fermentation bys. stipitis(Figure3.20). Glucose at 16.0% (w/v) was completely utilized’ihh.
However, as glucose concentrations were incretss20.8% and 25.7% (w/v), the consumption

was incomplete and about 5% and 10% (w/v) of glucose remained after 192 h (data not shown).
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Maximum ethanol concentrations of 4.6%, 4.3% and 4.3% (w/v) wbtained from initial

glucose concentrations of 16.0%, 20.8% and 25.7% (w/v); and these corresponded to yields of

0.29, 0.27 and 0.26 g ethanol/g glucose consumed, respectively.
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Figure 3.21 Mannose fermenation in defined medium by S. stipitisNRRL Y -7124.Symbols:
( ) mannose 14.9%w/v), (" z° ) ethanol production from mannose 14.9%v), (0 Z 0 )
mannose 19.8%wi/v), and ¢ 30 ) ethanol production from mannose 19.§%/v). Values
shown are the means=SEM of three independent experiments.

Mannose at an initial concentiat of 14.9% (w/v) was completely utilized within 72 h
by S. stipitis When the initial mannose concentration was raised to 19.8% (w/v), the
consumption was incomplete with about 5% (w/v) mannose remaining after 168 h fermentation.
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Maximum ethanol concerations of 4.9% and 4.3% (w/v) were obtained from initial mannose
concentrations of 14.9% and 19.8% (w/¥)gure 3.2}, corresponding to yields of 0.33 and 0.28

g ethanol/g sugar consumed, respectively.
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[Galactose] (% wiv)
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Figure 3.22 Galactose fermentation in definedmedium by S. stipitisNRRL Y -7124.Symbols:
( ) galactose 15.1%wi/v), ( ) ethanol production from galactose 15.1#4év), (0 Z 0 )
galactose 20.2%w/v), and @ 30 ) ethanol production from galactose 20.Z%¢'v). Values
shown are the means=SEM of three independent experiments.

At an initial concentration of 15.1% (w/v), galactose was completely consumed within 78
h. However, when the galactose concentration was raised to 20.2% (w/v), the consumption was
incomplee and 6.7% (w/v) galactose remained in culture after 168 h fermentation (data not

shown). Maximum ethanol concentrations of 4.7% and 3.9% (w/v) were obtained from initial
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galactose concentrations of 15.1% and 20.2% (WAQufe 3.22), corresponding to yields of

0.31 and 0.29 g ethanol/g galactose consumed, respectively.
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Figure 3.23 Xylose fermentation in definedmedium by S. stipitisSNRRL Y -7124.Symbols:

(6 Z 6) xylose 10%(w/v), (6 20 ) ethanol production from xylose 10@w/v), and ¢ & )
xylitol production from xylose 10 %w/v). Values shown are the meanszSEM of three
independent experiments.

In addition to ethanolS. stipitis produced small amounts of xylitoludng xylose
fermentation Figure 3.23. A maximum ethanol concentration of 3.3% (w/v) was achieved from

10% (w/v) xylose in 48 h, corresponding to a yield of 0.33 g ethanol/g xylose consumed (65% of
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the theoretical yield)S. stipitisalso produced a maxium xylitol concentration of 0.6% (w/v)

resulting in a yield of 0.06 g xylitol/g xylose consumed.
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Figure 3.24 Arabinose utilization in defined medium by S. stipitisNRRL Y -7124.Symbols:
(0 Z 0 ) arabinose 9.7 %w/v), and { 30 ) ethanol trend. Values shown are the means+SEM
of three independent experiments.

Similar to the other yeasts tested, although 59% of the arabinose was slowly consumed
during the 144h of fermentation, there was no datde ethanol production I&. stipitis(Figure

3.24).
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3.1.6 Fermentathnof various hexose sugars Baccharomyces cerevisiae

Fermentation was performed until the hexose sugars were completely utiliz8d by
cerevisiae T2, which usually required 18 96 h cepending on the sugar type and initial
concentrations. The time required f®r cerevisiago completely utilize the hexoseigars was
arranged in the following order from $Shortes

cerevisiaefermented all hexoses to ethanol, while xylose and arabinose were not fereented

expected
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Figure 3.25 Glucose fermentation in definedmedium by S. cerevisiael2. Symbols: { )
glucose 14.4%wl/v), ( ) ethanol production from glucose 14.4%/v), ( ) glucose
18.3% (w/hv), ( ) ethanol production from glucose 18.3%/v), (0 Z & ) glucose 24.9%
(wiv), and 0 30 ) ethanol production of glucose 24.9%/v). Values shown are the
means+SEM of three independent experiments.
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Three initial concentrations of glucose [14.4%, 18.3%, and 24.9% (w/v)] were
completely utilized byS. cerevisiaeT2 within 18, 18 and 24 h, respectivelfidure 3.25).
Maximum ethanol concentrations of 6.3%, 8.5% and 9.9% (w/v) were obtained from 14.4%,
18.3% and 24.9% (w/v) of glucose; and these corresponded to yields of 0814nd.49.40 g

ethanol/g glucose consumed, respectively.
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Figure 3.26 Mannose fermentation in definedmedium by S. cerevisiad 2. Symbols: { )
mannose 15.4%w/v), ( = ) ethanol production from mannose 15.4&4v), ( ) mannose
20.6%(wl/v), and ( ) ethanol production from mannose 20.684v). Values shown are the
meanstSEM of three independent experiments.

Mannose at initial concentratisrof 15.4 and 20.6% (w/v) was completely utilizedSay

cerevisiae within 18 and 24 h, respectivelyS. cerevisia produced maximum ethanol
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concentrations of 5.9% and 7.7% (w/v) from 15.4% and 20.6% (w/v) manRagedq 3.2,
which corresponded to a yiklof 0.38 g ethanol/g mannose consumed at both mannose

concentrations.
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Figure 3.27 Galactose fermentation in definedmedium by S. cerevisiad 2. Symbols: { /")
galactose 17.7%w/v), ( ) ethanol production from galactose 17.764/v), ( )
galactose 22.6%w/v), and ( ) ethanol production from galactose 22.¢%v). Values
shown are the means=SEM of three independent experiments.

S. cerevisiaeconsumed glactose more slowly than the other two hexose sugars.
cerevisiaerequired 60 and 108 h to completely utilize galactose at initial concentrations of 17.7%
and 22.6% (w/v), respectivelyS. cerevisiaewas able to produce maximum ethanol

concentrations 06.3% = 0.1% and 7.3% % 0.1% (w/v) from 18% and 23% (w/v) galactose,
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respectively FFigure 3.27. The resulting yields were 0.30 and 0.82ethanol/g galactose

consumed which was about 65% of the theoretical yield.
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Figure 3.28 Xylose utilization in defined medium by S. cerevisiael2. Symbols: )
xylose 9.9% (w/v), ( ) ethanol trend from xylose 9.9%w/v), and ( ) xylitol

production from xylose 9.9%w/v). Values shown are the means+SEM of three peddent
experiments.

As expectedthere was no production of ethanol or xylitol during the attempted xylose

fermentation due to the inability &. cerevisia¢o utilize xylose Figure 3.28.
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Figure 3.29 Arabinose utilization in defined medium by S. cerevisiad'2. Symbols: { )
arabinose 9.7%w/v), and { ) ethanol trend from arabinose 9.7{%v). Values shown are

the means+SEM of three independent experiments.

Similar to the xylose fermentatior§. cerevisiaewas unable to consume arabinose

(Figure3.29), thus further confirming the inability &. cerevisia¢o utilize pentoses.
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3.1.7 Discussion of definechedum fermentation results

A robust yeast strain is required to achieve high ethanol yields when fermenting typical
lignocellulosic hydrolysates which are anticipated to contain both hexoses and pentoses and a
diverse set of inhibitors including furans, organic acids and phenolic compounds. The desirable
characteristics of a robust yeast strain would include the ability to pridyiceields of ethanol
from the mixture of monosaccharides found in lignocellulosic hydrolysates with minimal
nutrient supplementation, tolerance to high sugar and inhibitor concentrations, and highly
efficient sugar utilization. Searching for this robystast remains one of the top priorities for
improving the economic feasibility of lignocellulosic bioethanol, whether through screening of
new isolates from natural environments or through metabolic engineering of existing yeasts that

ferment both hexosand pentose sugars.

Pentosdermenting yeasts have been studedensivelysince their discovery in the
early 1980s. Many studies have been carried out on the fermentation performance of native
pentosefermenting yeasts such & tannophilus, S. shehatamd S. stipitis,both in rich and
defined media. These earlier experiments were conducted mostly at low glucose concentrations
ranging from 1%i 6% (w/v) while some studies have been performed with slightly higher
xylose concentrations [2% 15% (w/v)] (Table 1.2 and Table 1.3) (Preez and Prior 1985;
Ligthelm et al. 1988; Sanchez et al. 1§9Bhese studies focused mainly on the ability of the
strains to ferment xylose to ethanol, but few considered hexose fermentation, especially
performance on mannose and galactose. Of the few studies that have assessed hexose
fermentation capabilitiegTable 1.2), none of the native pente$ermenting yeasts tested

produced over 6% (w/v) ethandl. guilliermondiiFTI 20037 is wellknown for its ability to
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produce xylitol(Silva and Chandel 2012Many studies have also examined the ability of this
yeast to produce xylitol from xylosgch hydrolysate¢Arruda et al. 2011; Rodrigues et al. 2003;
Silva and Roberto 2001; Silva et al. 200But only few studies have noted the abilityf
guilliermondii FTI 20037 to utilize low concentrations of glucose efficienfgomplete
utilization of glucose8% (w/v) in defined medim within 10 h](Gurgel et al. 19983nd produce
ethanol(Silva et al. 2007) However, topreviousknowledge, there has been no previous fspor
on the ability ofC. guilliermondii FTI 20037 to produce ethanol from high concentrations of
hexoses. The results from the current study demonstrated the abiliy guilliermondii to
efficiently ferment several hexose sugars commonly found in a tmdtdignocellulosic
hydrolysate, to ethanol. Comparisons were made in the following sections be@veen
guilliermondii and several other native xylefamenting yeast strains in terms of sugar
conversion efficiency, sugar conversion time, peak ethanaerdrations during fermentations

in chemically defied mediumwith focus on highest tested concentrations from each sugar.
Capability of a strain to completely utilize tiighest tested hexose concentratidittatesa
strainds sugar bé¢eantailedidatercparagraphs af tifellowing dection. The
peak ethanol concentrations from fermentation of hexose with the highest tested concentrations
were analyzed by AROVA and thep-values can be found in Appendix(Table A2.1 Table

A2.2 andTable A2.3.

Each fermentation experiment in this study was conducted at least three times for each
yeast strain using each of the 5 biomass sugars. The results described in3sg@&iton3.1.6
were fairly consistent with most of the values showing only small standard error of the mean
(SEM). As mentioned in sectioB.1.], defined medim were chosen for these fermentation

studies to avoid the variation in composition experienced when using undefined chemical
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compositions provided by components such as y@dsict or peptone based media. In an
industrial fermentation setting, costs related to the supplementation of additigirients are
usually minimized, hence defined media is often chosen. This study offers benchmark

comparisons between the strains in such oradi

3.1.7.1Comparing the fermentation capability@f guilliermondiito other pentoséermenting

yeasts

Other tha the inability of P. tannophilusto ferment galactose, alhe testedxylose
fermenting yeasts were able to ferment hexose sugars to ethanol. Although the ethanol yields
from glucose and mannose were high when fermente®.kannophilusNRRL Y-246Q C.
guilliermondii FTI 20037 were the most effective hexdsementing strain compared to the
other xylosefermenting yeasts in terms of sugar fermentation duration, ethanol production
efficiency and the ability to utilize a broad range of carbon sources

Glucose is the major carbohydrate found in lignocellulosic hydrolys@able 1.1).
Hence, it is critical for the yeast to efficiently utilize glucog&. guilliermondii and P.
tannophiluswere the best at producinghahol from glucose at 25.99626.6% (w/v) amongst
the xylosefermenting yeasts teste@gble 3.2). The maximum ethanol concentrations produced
by S. shehataandsS. stipitis[5.7% + 0.6% and 4.3% + 0.2% (w/v), respively] were about half
of the values produced ly. guilliermondiiandP. tannophilug9.3% + 0.3% and 8.9% + 0.3%
(w/v), respectively] The ethanol yields from 25% - 26.6% (w/v) glucose were about 71% and
68% of theoretical yields by. guilliermondi and P. tannophilus,respectively. These two

ethanol yields (0.36 to 0.35 g/g) were aboutfbld higher than ethanol yields (0.25 and 0.26
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g/g, respectively) byp. shehataandS. stipitisfrom glucose at concentrations of 2&6 25.7%

(w/v). In additon, the poor fermentation capabilities $f shehata@and S. stipitiswere also

demonstrated by their inability to completely consume glucose at concentrations above 20%

(Wiv).

Table 3.2 Fermentation performance in high concentrationsof glucoseby yeasts in defined

medium
Glucose Glucose EtOH Ye (g/
Yeast | % w/v)] [ % W/v)}s [ % w}\;n) (%Eé? Y t)) t(h)
C. guilliermondii
15.3+0.2 0.0 53%+0.1 0.35 (68%) 210
20.1+0.4 0.0 7.3+0.3 0.36 (71%) 27 +1
25.9+0.9 0.0 9.3+0.3 0.36 (71%) 360
P. tannophilus
159+04 0.0 59+0.2 0.37 (72%) 363
20.5+0.8 0.0 7.8+0.1 0.38 (74%) 66 +2
26.6 + 0.7 0.3 8.9+0.3 0.35 (68%) 120 0
S. shehatae
15.7+0.9 0.0 45+ 03 0.29 (56%) 48 +9
20.0+0.2 1.2 49+0.0 0.26 (51%) INC
25.6+0.9 2.8 5.7+0.6 0.25 (49%) INC
S. stipitis
16.0+ 0.7 0.2 46+0.0 0.29 (57%) 72 +13
20.8+0.5 4.9 43+0.1 0.27 (53%) INC
25.7+15 9.5 43+0.2 0.26 (52%) INC
S. cerevisiae
14.4+£0.5 0.0 6.3+0.0 0.44 (86%) 18 +3
18.3+0.1 0.0 85+0.1 0.46 (91%) 18 +3
249+0.1 0.0 99+04 0.40 (78%) 24 +4
Note:

[ ]i - initial sugar concentration, [s]- remaining sugar concentration, [EtGH)] - peak
ethanol concentration, /- ethanol yield, Yt theoretical yield of ethanol is 0.51g/g; time
required for complete sugar utilization, IN@hcomplete sugar utilization
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To our knowledge,it is rare for studiesto examinehexose fermentation by penéos
fermenting yeasts at initial glucose concentrations as highosgreported hergTable 1.2).
Thus, it is difficult to compare previous studies with our current work. However, only two
studies were conductea defined medimwith 12% and 10% (w/v) glucose with tannophilus
NRRL Y-2460(Jeffries et al. 1985ndS. passalidarumNN245 (Long et al. 2012)respectively.

P. tannophiluswas able to produce up to 5.5% (w/v) ethanol (yeid.45 g/g), wherea$.
passalidarunonly produced geakethanolconcentration 08.1% (w/v) (yieldof 0.31 g/g). An
ethanol concentration of 9.3% + 0.3% (w/v) producedChyguilliermondiifrom 25.9% (w/v)
glucose is higher than any previously reported valliablg1.2) (Jeffries et al. 1985; Long et al.
2012) This studyshowedC. guilliermondiiwas the best at glucose fermentation amongst the
pentosefermenting yeastsested not only based on its amount of ethanol produgedalues
indicated significant differeze from the amounts produced I8/ shehataandS. stipitis Table
A2.1), but also forits efficiency at this productionAlthough statistically, therewas no
significant difference betweenC. guilliermondii and P. tannophilusin the peak ethanol
concentrations producethe time required for such high ethanol producbgrC. guilliermondi

was 36 h, which was about 84 h shorter ttertime requirement foP. tannophilus.

Mannose is another hexose sugar commonly found in lignocellulosic hydrolysates,
especially those derived from softwoods. Compared to glucose, mannose constitutdgsra smal
portion of lignocellulosic biomass, comprising 15% of the total carbohydrate component of
softwood and up to 5% in hardwood and agricultural biomasbl¢ 1.1). Fermentation of
mannose generally takes slightlgnger than glucose, likely due to the isomerization and
phosphorylation of mannose required for mannose to join the EMP as indicated in section 1.3.1.1

The longer fermentation could albedue to mannose sharing sugar transporters with glucose as
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obseved previously withS. cerevisiaewhere the transporters have a lower affinity towards
mannose(Reijenga et al. 2001)Similar to the patterns seen during glucose fermenta@on,
guilliermondii and P. tannophus were the best mannose fermenters amongst the pentose
fermenting yeasts T@ble 3.3. The maximal ethanol concentrations produced ®y
guilliermondii andP. tannophilusvere 6.7% % 0.0% and 7.8% + 0.2% (w/v), respectively from
20% (w/v) mannose. The geathanol produced from mannosemytannophilusvas about 1.8

fold higher than that produced Wy. shehataeand S. stipitis. In the few defined media
fermentation studies conducted by others with mannose, different straBissbEhataccBS
2779 andS. stipitis CSIR Y633 also showed poor fermentation ability with a much lower initial
mannose concentration (2% w/v). The peak ethanol produced were about 0.6% and 0.7% (w/v)
with corresponding ethanol yields of 0.32 and 0.36 g/g Sorshehataeand S. stipits,
respectively(Preez et al. 1986)The yeastsS. shehata@and S. stipitiswere relatively poor at
fermentng mannosein this studyas theylacked the ability to completely utilize mannose
initial concentratios greater than 20% (w/v), as well as exhibiting lower ethanol production
when compared to other yeashe ethanol yields by these two yeasts were aboutdnd 1.5

fold lower than those o€. guilliermondiiandP. tannophilus respectively. The ethanoleyds

from mannose by. tannophiluswas about 75% of the theoretical. Despite a slightly lower
amount of ethanol produced 6. guilliermondiiin mannose (20.3% w/v) fermentation, this
yeast was able to produce the peak ethanol in F&dure 3.5) which was twice as fast &
tannophiluswhen fermenting a similar concentration of mannoBeere was no significant
difference betweerthese two yeasts ithe peak ethanol concentrations producgedalue =

0.613, 95%confidence intervals, Tabk2.2). Thisis the first report of a nemodified pentose
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fermenting yeast to produce such a high amount of ethanol from these two hexoses (glucose and

mannose) in defined medn.

Table 3.3 Fermentation performance in high concentrationsof mannoseby yeasts in
defined medium.

Mannose Mannose}s EtOH] max Ye (g/
Yeast | (% wiv) : [ (% W/v)} [ % w]/v) % é?\?t)) t(h)

C. guilliermondii

156+0.1 0.1 5.3+0.1 0.35 (69%) 24 +0

20.3+0.1 0.2 6.7+ 0.0 0.33 (65%) 78 £0
P. tannophilus

15.0+£0.1 0.0 5.8+0.2 0.39 (76%) 48 +3

20.5+0.2 0.0 7.8+0.2 0.38 (75%) 78 £5
S. shehatae

15.2+0.2 0.0 43+0.1 0.28 (55%) 60 +7

21.1+0.9 1.6 46+0.1 0.24 (46%) INC
S. stipitis

14.9+0.3 0.0 49+0.1 0.33 (65%) 72 +3

19.8+0.8 4.6 43+0.1 0.28 (55%) INC
S. cerevisiae

15.4+0.2 0.0 59+0.0 0.38 (75%) 18 +3

20.6 £ 0.0 0.0 7.7+0.0 0.38 (75%) 24 +6
Note:

[ ]i - initial sugar concentration ]s - remaining sugar concentration, [EtQH)] - peak
ethanol concentration, eY- ethanol yield, Yt theoretical yield of ethanol is 0.51g/g; time
required for complete sugar utilization, IN@hcomplete sugar utilization
Galactose is anotherekose sugar in lignocellulosic hydrolysates, in particular those
derived from softwood biomass. Compared to glucose and mannose, galactose constitutes a
smaller proportion of the overall sugar composition ranging from- @% in agricultural and
softwood lomass and less than 2% of the total carbohydrate found in hardteyds 2013,

van Maris et al. 2006; Wyman 1996} was apparent that the utilization ofla@ose was
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considerably less efficienas lower peak ethanol concentrations were produced by the xylose
fermenting yeasts from galactosearge amounts of residual galactose also remained in
fermentation culture of all xyloskermenting yeasts at the eafifermentation periodRigure 3.6,

Figure 3.12, Figure 3.17 and Figure 3,22specially in the case d¢*. tannophilus In S.
cerevisiag galactose must be phosphorylated and converted into glliqasesphate in the
Leloir pathway prior to joining glydgsis as glucos€-phosphat§Madhavan et al. 2012 he

step involving the transfer of phosphate groups between phosphorylated galactose and
phosphorylated glucose monomers in the Leloir pathway performed byemzgme
phosphoglucomutase is a rate limiting step for galactose utilization before entering the EMP
pathway (Bro et al. 2005) Bro et al. (2005) observed a 70% increase in galactose uptake
compared to the refaree strain when the gene encoding phosphoglucomutase was
overexpressed in the mutant strain. A similar scenario for galactose utilization might be operative
in the xylosefermenting yeasts which was indicated by the large amount of residual galactose
deteted. After 144 h fermentation in 20% (w/v) galactose, the residual galactose [3.1 % (w/v)]
found in the fermentation culture wi@ guilliermondiiwas 2 and 3fold less than that found in

the fermentation cultures with. stipitisandP. tannophilusregectively.

Amongst all of the xyloséermenting yeasts teste@,. guilliermondiiwas the best at
galactose fermentation. A peak ethanol concentration of 4.4% + 0.1% (w/v) was prod€ed by
guilliermondii from 19.6% (w/v) galactosdhe corresponding ethal yield was 0.27 g/g which
was 53% of the ethanol theoretical yield from galactdsdble 3.4). Despite the poor galactose
utilization at high concentrations (20% wAg,. guilliermondii and S. stipitis were ableto
completely utilize the galactose at 15% (w/v). The two yeasts produced 4.7% = 0.1% (w/v)

ethanol, corresponding to an ethanol yield of 0.32 g/g in both cases. These values were the
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highest compared to the other xyldsementing yeasts tested. As mentd previously,
galactose is one of the minor hexoses found in lignocellulosic biomass, and in rare cases
galactose concentrations could exceed 15% (w/v) in hydrolysates without concentrating process
(Table 1.1, Girio et al. 2010) henceC. guilliermondii should be sufficient at fermenting the
galactose present in lignocellulosic hydrolysates. However, it has been shown that the adaptation
through cell recycling can further improve galactose fermentation perfoef@nearious yeasts
including P. tannophilusandS. cerevisiagKavanagh and Whittaker 1994; Maleszka et al. 1982;
Schneider et al. 1983)This technique could be usedr further improvements t@alactose

fermentation performandgy C. guilliermondii
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Table 3.4 Fermentation performance in high concentrationsof galactoseby yeasts in
defined medium.

[Galactose] [Galactosels®  [EtOH] max Ye (9/9)

Yeast (% wiv) (% Wiv) (% wiv) (% of Y1) t(h)

C. guilliermondii

144 +£0.1 0.0 47+0.1 0.32 (63%) 78 +3

19.6 £ 0.1 3.1 44+0.1 0.27 (53%) INC
P. tannophilus

15.7+£0.3 6.4 0.2+0.0 0.01 (2%) INC

20.8+0.8 9.3 0.1+0.0 0.01 (2%) INC
S. shehatae

15.0+0.1 0.0 3.4+£0.3 0.23 (45%) 96 + 14

20.3+1.6 2.3 3.2+0.2 0.18 (35%) INC
S. stipitis

15.1+£0.3 0.0 4.7 +0.1 0.31 (61%) 78 £ 0

20.2+0.6 6.7 39+0.2 0.29 (57%) INC
S. cerevisiae

17.7+1.6 0.0 53+0.1 0.30 (59%) 60 =5

22.6+1.6 0.0 7.3+£0.1 0.32 (63%) 108 +6
Note:

[ ]i - initial sugar concentration, [s]- remaining sugar concentration, [EtQH)] - peak
ethanol concentration, eY- ethanol yield, Yt theoretical yield of ethamds 0.51g/g, t time
required for complete sugar utilization, IN@hcomplete sugar utilization

.- residual galactose concentratioiotainedat 144 h of fermentation

In terms of the ethanol production, the two commonly studied y8astisehataand S.
stipitis, wererelatively inefficientin hexose fermentatiomnder theconditions used in this study.
In comparison, with thexcepton of poor galactoséermentationP. tannophilusvas similar to

C. guilliermondiiin terms ofpeak ethanotoncentratias produced from glucose and mannose

and better thanC. guilliermondiiin mannose fermentatioflowever, the timgrequiredby P.
tannophilusto fermentthe hexose were much longerthan those ofC. guilliermondii. Thus, it
was apparent thak. guilliermordii exhibited the ability to efficiently produce ethanol relatively

quickly from hexoses typically found in ligoellulosic hydrolysates.
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As the concentration of hexoses was increased, the differengaeak ethanol
concentrationsbetween S. shehataeand S. stipitis compared toC. guilliermondii and P.
tannophilusbecame more appare(ifable A2.1 Table A2.2 andTable A2.3. At a mannose
concentration of 15% (w/v)C. guilliermondiihad a fermentation yield of 0.35 g/g, which was
comparable t&. stipits (0.33 g/g) and slightly higher the& shehata€0.28 g/g). Howevera
higher osmotic pressureone of the factors affect fermentation adversely, is expected when
increasing the mannose concentration to 20% (WNfien S. shehataend S. stipitiswere
Subjected to fermentation in this concentratidre éthanolyields of decreased to 0.24 and 0.28
g/g, respectively Increasing the concentration of sugars during fermentation raises the osmotic
pressure exerted on cells, thereby compromising yeast metabohgch results in decreased
viability and reduced ethanol yield®ratt et al. 2003; Slininger et al. 1987; Walker 1998)
Similar phenomena have been obserdeding glucose fermentations 8. shehataeand S.
stipitis, with ethanol yields decreasing slightly as the sugar concentrations increased. However,
this was not observed during hexose fermentation€.bguilliermondiinor P. tannophilusin
addition to #ecting ethanobproduction raising sugar concentrations also influences the ability
of the strains to completely consume the sugars. This was particularly appar8ntstguitis
(Figure 3.20 Figure 3.21 andFigure 3.22), where a greater amount of sugar remained in the
fermentation medim with increasing initial hexose concentrations. In conti@sguilliermondii
was capable of withstanding the high osmotic presandeother inhibiting factorsnparted by
increasing hexose concentrations, as complete consumption of all of the glucose and mannose
with ethanol yields (0.35 to 0.36 g/g) were unaffected when sugar concentration were raised

from 15% to 25% (w/v).
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One of the common phenomena observed with Bo#thehataeand S. stipitiswas the
cessation of ethanol production and sugar utilization once etlhmmaentrabns reached
approximately 4.3% 4.9% (w/v) during all hexose fermentatjaxcept that of glucose (25%

w/v) fermentation withS. shehataeThis ethanol range may be detrimental to cell viability,

growth, and fermentation as it has been shown to be near the upper limit of peak ethanol
concentrations that can be produced by these two yEstgenes et al. 1988a; Preez et al. 1989)
(Table 1.6). The peak ethanol concentrationsdid not increase as eéhsugar concentrations
increaseghence there were other factors limiting ethanol production @gpat sitilization. These

issues may include the synergistic effects of elevated osmotic shock with an elevation in sugar
and ethanol concentrations. Ethanol is also known to affect the cell membrane and disrupt
protonnmotive force. A functional cell membramand protormotive force are critical for cell

functions such as respiration and cofactor regeneration through the electron transport chain
(Agbogbo and Cowartelly 2008; HahrHagerdal et al. 1994; Madhavan et al. 2012l
viability has been shown to have a p(@aseyti ve ¢
and Ingledew 1985) which can be further assess in future studiesto confirm C.
guiliermondi® s t ol erance to both et hanmacompaisodwite| ev at
other yeasts.

Although the tolerance d. guilliermondiitowardselevated levels of sugar and ethanol
is likely to be highethan other xyloséermenting yeasts, other factors should be considered for
improving ethanol yield during the fermentation of sugars in lignocellulosic hydrolysates.
Depending on the goal(s) of fermentation, a mixture of products formed from both lExbse
pentose sugars can be considered as a critical issue compromising product yields. For example in

the work reported here, the goal of the fermentation was to produce ethanol exclusively, thus the
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possible production of bgroducts such as xylitol, redes ethanobverall productionif C.
guilliermondii was used as a fermenting straim.addition to the possibility of producing by
products during hydrolysate fermentation, there is also the potential for product yield loss as a
result ofsubstantiaffoam formation during the fermentation of high concentrations of glucose
and mannose, which was observed duthguilliermondiifermentation as described in section
3.1.2 Foams are usually formed by the gatheraigbubbles that become stabilized in the
presence of amphiphilic substances found in the surface air/liquid interface of the fermentation
mixture (Delvigne et al. 2010; Etoc et al. 200&everalproblems have been associated with
foam formation including compromising gas exchange due to the presence of extra layers of
bubbles, cell damage as a result of mechanical shear generated by bubbles breaking. A loss of
contact with the fermentation mixeidue to cells deposited on the flagéll may also likely
compromiseoverall productivity(Holmes et al. 2006; Routledge et al. 201Although it was

not known if the foam formation reed in a reduction in ethanol productivity, further studies
could be conducted by adding antifoaming reagents that reduce the surface tension of the bubbles
and assist the bubble film disruptigRoutledge 2012)Previous work has shown that the
addition of antifoam at a carefully selected concentration (0.6% w/v) not only decreased foam
without affecting cell viability and amount of dissolved oxygen, but also benefitted protein
production byPichia pastoris(Routledge et al. 2011; Routledge 2Q12would be beneficial to
assess the effect of add antifoaming agents duringermentation byC. guilliermondii
However, sugars found in hydrogtes derived from lignocellulose usually do not reach the
concentrations tested in this studyble1.1). Thus foamformation may not be an issa¢ this

time for lignocellulosic biomass conversion
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Fermentationof pentose sugars was tested with these yeasts along with hexose
fermentation. As expected, all pentdsementing yeasts were able to utilize xylose and ferment
it to either ethanol and/or xylitdllable 3.5). The xylosefermenting yeasts can be grouped into
three categories based on the produlcesy producefrom xylose.S. shehata@and S. stipitis
predominantly produced ethan@. guilliermondii produced xylitol predominantly where&s
tannophilusgenerated &&nol and xylitol insimilar proportiors. In terms of the time required for
utilizing 10% (w/v)xylose,S. shehataandS. stipitiswerethe mostefficient, as these two yeasts
completely utilized xyloseavithin 48 h. Thepeakethanolconcentrationsvere 29% + 0.2% and
3.3% = 0.1% by&. shehataandsS. stipitis,respectively. Tie corresponding ethanol yields were
57% and 65% of théheoreticalyield. Thereforethese two strains can lbegarded asaluable
strainswhen fermenting xyloserich stream derived from hardwood and agricultural biomass)

if product of interest is ethanol.
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Table 3.5 Fermentation performance in xylose by yeasts in defineghedium.

Ye Yt
[Xylose]  [Xylosels  [EtOH] max (g/g) [Xylitol] max  (9/Q)

Yeast  “opwn)  @wh)  (%wh)  (of  (%wh)  (of (M
Yt) Yt)
C. guilliermondii
0.0 0.62
10.5+£0.0 0.0 0+£0.0 (0%) 6.4+0.1 (68%) 96 +0
P. tannophilus
0.21 0.25
10.3+£0.2 0.1 2.1+0.2 (41%) 25+0.2 (27%) 96 +18
S. shehatae
0.29 0.08
10.1+£05 0.0 29+0.2 (57%) 0.8+0.2 (9%) 48 +14
S. stipitis
0.33 0.06
10.0+£0.2 0.0 3.3+x0.1 (65%) 0.6+0.2 (7%) 48 +0
S. cerevisiae
0.0 0.0
9.7++0.1 8.8 0+0.0 (0%) 0+£0.0 (0%) INC

Note:
[ ]i - initial sugar concenttn, [ ]s - remaining sugar concentration, [EtQH)] - peak
ethanol concentration, [Xylitalkx T peak xylitol concentration, & - ethanol yield, Yx-
xylitol yield, Yt - theoretical yield of ethanol is 0.51g/g & theoretical yield of xylitol is
0.92g/g.t - time required for complete sugar utilization, IN@complete sugar utilization

As anticipated, arabinose was assimilated but not fermented to ethanol by any of the
xylosefermenting yeasts tested. This characteristic has been described previouslyetsy
(Delgenes et al. 1988b; Jeffries and Sreenath 1BB&:z et al. 1986Schneider et al. 1983)
Arabinose utilization was more @fent with S. stipitisandP. tannophilusas just over 60% of
the initial sugar concentration of 9.7% and 10.1% (w/v) was utilized over 144 h, respe@ively.
guilliermondii was the least efficient at utilizing arabinose amongst all of the xfjéoseerting

yeasts tested, utilizing. Only 20% of the total arabinose sugar bseupver the course of 114
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h. Arabinose utilization may be of value, as hydrolysates usually contain a low amount of

arabinosetherefore inefficient arabinose utilization is natancern.

Table 3.6 Arabinose utilization by yeasts in definednedium.

Yeast [Arabinose]i (% w/v) Remaining percent (%)
C. guilliermondii 9.8+0.0 80%
P. tannophilus 10.1+£0.2 39%
S. shehatae 9.4+£0.7 76%
S. stipitis 9.7£ 0.3 41%
S. cerevisiae 9.7+0.1 93%

Note:
2 All values were measured at 144 h of fermentation excepCfaguilliermondii whose
measurement was done at 114 h.

The results from pentose fermentation confirmed the abilit€.ofuilliermondii FTI
20037 to ferment pentoses as expected, but this is the first report ofraoddied pentose
fermenting yeast producing such a high level of ethanol in defineduméddim glucose and
mannose, the two main hexose sugar constituents ftwosml derived lignocellulosic
hydrolysates.Compared to the other yeast strains tested in this study and those reported
previously(Long et al. 2012; Slininger et al. 198®e ability ofC. guilliermondii FTI1 20037 to
ferment hexoses remarkable Table 1.2). Other desired traits exhibited & guilliermondii
included a short time required for hexose fermentation, high etipaodlctionandyield with
minimal nutritional supplementation, and the ability to utilize diverse carbon sources and tolerate

elevated sugar and ethanol concentrations.
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3.1.7.2Comparing the fermentation capabilitiesfguilliermondiito S. cerevisiae

Although C. guilliermondii was demonstrated to be an efficient hexose fermefer,
cerevisiaeT2 remained as better strain for fermenting hexose sugars, resulting in the highest
ethanol yields from both glucose and mannose at all concentrations t8stegrevisiae
produced ethangields up to 90% of theoretical from glucoSeable 3.2), 75% from mannose
(Table 3.3 and 63% from galactos&4ble3.4). However, amongst the native xylose fermenters,
C. guilliermondii and P. tannophiluscould produce ethanol from gluco25% (w/v) and
mannose20% (w/v) at concentrations and yields that are similar to tBatcerevisiage
respectively C. guilliermondiican produce up to 9.3% 0.3% (w/v) ethanol from gicose at a
concentration of 25.9% (w/v). Thigeakethanolconcentration was similar t8. cerevisiaghat
can produce up to 9.9% 0.4% (w/v) ethanol from 24.9% (w/vjTable 3.2). There vas no
significant differeice i value =1.00Q0 95% confidence intervals) between these two peak
ethanol concentrationproducedby C. guilliermondii and S. cerevisiag(Table A2.). The
corresponding ethanol yield (0.36 g/g) By guilliermondii was just slightly lower than the
ethanol yield (0.40 g/g) produced k. cerevisiadrom 24.9% (w/v) glucoseBoth yeasts were
able to completely consume all the glucose at this high concentrationCwahilliermondii
only requiring an additional 12 h for consuming the glucdsble 3.2). During fermentation of
20.5% (w/v) mannoseT@ble 3.3), the same ethanol yield (0.38 g/g) was achieved by Both
tannophilusandS. cerevisiagwith a corresponding peak ethanol productat 7.8%t 0.2%and
7.7% = 0.0% (w/v), respectively.There was no significant differencepfvalue =1.00Q 95%
confidence intervals) between these two peak ethanol concentrghimukiced by C.

guilliermondii and S. cerevisiagTable A2.3. However, thedisadvantage with. tannophilus
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was its slower rate ofugar utilization andthanol conversion aB. tannophilusrequired an
additional 54 h to achieve the peak ethanol concentrafioguilliermondii,on the other hand,
was able to achieve a slightlgwer peakethanol concentration of 6.7%0.0% (w/v) (ethanol
yield 0.33 g/g) within 36 h during the fermentation of 20.3% (w/v) man(féigere3.5). When
fermenting galactose&. cerevisiaavas the only tested get that was able to completely utilize
galactose at an initial concentration at 22.6% (w/v) (yield 0.32 g/g), resulting in a peak ethanol
concentration of 7.3% + 0.1% (w/v) within 108 hable 3.4). As described alier in section
3.1.7.1 C. guilliermondiiwas one of the two xylosiermenting yeasts that were able to utilize
over 80% of the galactose to achieve an ethanol yield of 0.27 g/g wikak ethanol
concentrabn of 4.4% £ 0.1% (w/v). It is interesting to note that despite the slower consumption
of galactose byC. guilliermondii, the fermentation commenced almost immediately as the
culture was exposed to galactose. In contrast, the utilization of 15% (w/\gtageabysS.
cerevisiaedid not commence until after 24 h and the utilization did not start until 60 h when the
initial galactose concentration was raised to 23% (w/v). The reason for this delay is unclear,
however it is potentially due to galactose utifiaa being known to be repressed by glucose
(Gancedo and Gancedo 19886) cerevisiaavas primed with glucose in the pealture media
but this was not the case f@Gr guilliermondii Therefore, it is likely tha&. cerevisiad2 was
limited by the time required for the synthesis of the galaetesibolizing enzymes after
switching the carbon source from glucose to galactose may be one of the reasons of delay, as
glucose is known to repress galactose utilizationilar to what has been observed previously
with P. tannophilugSlininger and Bothast 1988)

S. cerevisia€l'2 is an industrial strain that has been adapted to ferment spent sulphite

liquors. Therefore, it maygssess the ability to tolerate the inhibitors found in lignocellulosic
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hydrolysates. Together with its efficient hexose fermentation ability thteipreferred yeast for
ethanol production, especially from hydrolysates containing high levels of hexméeassthose

derived from softwoods. @e of the major shortcomings 8f cerevisiags its inability to ferment

xylose, which is a major sugar found in hydrolysates derived from hardwoods and agricultural
biomass(Jeffries and Shi 1999; Jeffries and Jin 2004; van Maris et al. 2B0@hitors can be
present either as part of the original lignocellulosic biomass or produced by the pretreatment
process thawould be used in biochemical conversion. The formation of inhibitors during
pretreatment can be due to the liberation of natural chemicals present in the biomass such as
acetic acid and wood extractives, and those predesged inhibitors that are geraged through

the application of high temperature and chemicals to the biomass during a pretreatment process
that can result in the breakdown of components such as lignin and carbohydrates to inhibitory
chemical species such as phenols, furans and orgeids(Palmqvist and Hahiagerdal 2000a,;
Palmqvist and Hahilagerdal 2000b; Richardson et al. 201Therefore, the next section will
discuss the differences in itiior tolerance betwee8. cerevisiaeand the pentoskermenting

yeasts on a lignocellulosic hydrolysate focusing in particular on the hydrolysate fermentation

performance o€. guilliermondii.
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3.2 Assessment of inhibitor tolerance®f quilliermondiion gadient plates

In addition to being proficient at fermentation in defined msaglia robust yeast must be
able to contend with the complex mixture of inhibitors present in lignocellulosic hydrolysates.
Therefore, the yeast strains were assessed forttilerance to the complex mixture of toxic
compounds present in a steam pretreated softwood hydrolysate, a nkedwmto contain an
abundance of inhibitors of yeast growth, viability and fermentai@abe and Zacchi2).
Over the past decade the mountain pine beetle epidemic has ravaged the west coast of British
Columbia. It has been estimated that 723 milliohahpine forest were infested as of 2012
(NRC 2014) The beetle infectetimber are usually weaker structurally and not suitable for-long
term structural materials but can serve as a feedstock for conversion into bioéHveaaick
2006) The lodgepole pine softwood hydrolysst generously provided by Dr. Saddler, are rich
in hexose suganwithout cellulase treatmemindrich in inhibitors. For this reason, they make a
suitable medium for assessing the hexose fermentation capability and inhibitor(s) tolet@nce of
guilliermordii (Table1.1), especially with the excellent fermenting abilities in defined omredi
observed by. guilliermondiiFTI 20037(section 3.1.7)

Using gradient plates containing lignocellulosic hydrolysates is gecoent method to
assess the inhibitor tolerance of yeast strains. In this study, the tolerahcguafiermondiiFTI
20037 was tested with a hexeaseh hydrolysate derived from softwood, and compared to the
other four yeast strains. This method isualgative measure, as the tolerance of a given strain is
marked by the areas covered by yeast colonies. A strain with higher tolerance was identified by a
longer strip of cell colonies that cover regions with not only low but also high concentration of

hydrolysates on the gradient plates
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Figure 3.30 Growth of pentosefermenting yeasts on a gradient plate prepared with a
lodgepole pine (softwood)hydrolysate (pH 4.5 + 0.2)provided by Dr. Saddler from
University of British Columbia. The plate was incubated at 28 °C for 10 days. Symils:
cerevisiae T2 (S9, P. tannophilusNRRL Y-2460 ft), S. stipitis NRRL Y-7124 &9, C.
guilliermondii FTI 20037 Cg), andS. shehataATCC 34887 &si).
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