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ABSTRACT

The objectives of this research were to: 1) select the highest-performance yeast for
yeast oil (YO) production using xylose as a carbon source, 2) study the influence of carbon
source utilization and organic acid supplementation on YO production, 3) optimize the YO
production from rice straw hydrolysate (RSH), 4) improve the YO production performance
from RSH by fed-batch process, 5) estimate the kinetic of the YO production under various
cultural conditions using mathematical models, and 6) examine the feasibility of bio-
polyurethane (BPU) foam production using crude YO as a feedstock.

Firstly, the five yeast strains were cultured in a xylose-based oil production medium
(X-OPM) to determine the YO production efficiency and fatty acid (FA) profile using GC-
MS analysis. Then, the selected yeast strain was cultured in X-OPM at various initial xylose
concentrations between 10 and 130 g/L. The effect of co-carbon source and acid
supplementation on YO production was explored. Subsequently, the Box-Behnken Design
(BBD) was conducted to investigate the optimum condition of YO production from RSH by
varying concentrations of RSH, (NH4)2SOs, and KH2POs. Fed-batch processes were
performed in feeding modes of RSH-based medium and RSH. Afterward, mathematical
modeling was employed to simulate the YO production profile for estimating the kinetic
parameters of yeast growth, substrate consumption, YO production, and acid consumption.

Finally, the YO was converted to rigid and semi-rigid BPU foams. The BPU chemical
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structures and properties were investigated by SEM, FTIR, density (ASTM D729), and water
absorption (ASTM D570).

The study found that Pseudozyma parantarctica CHC28 was the most effective
yeast among other strains by producing 3.36 £ 0.01 g/L of YO (oil content of 28.4 + 0.5%)
at 144 h using 40 g/L of xylose as a carbon source. Additionally, the YO-producing
parameters (YO concentration, Ypss, and oil content) obtained under various glucose-xylose
mixing ratios were not significantly different (p-value > .05). Adding 1 g/L of acetic acid
enhanced YO and oil content to 4.39 £+ 0.30 g/L and 42.1 £ 2.82%, respectively. The FA
composition of P. parantarctica YO exhibited slight variations due to different cultural
conditions, with C:16 and C:18 FAs as the main components. The optimum conditions of
YO production from RSH were 10 g/L of RSH, 0.5 g/L of (NH4)2SO4, and 9 g/L of KH2POa,
resulting in biomass and YO production of 4.67 + 0.09 g/L and 1.02 + 0.05 g/L, respectively.
Moreover, the fed-batch process operated by RSH-based medium and RSH feeding could
increase the YO to 3.76 + 0.24 and 3.98 + 0.16 g/L, respectively. In addition, fed-batch
cultivation by both feeding modes could promote the Yp;s of 0.13 and oil contents exceeding
51%. The main FAs of RSH-based YO were C:16 and C:18, greater than 88.2%.
Furthermore, the unconstructed mathematical models provided goodness-of-fit adequately to
describe the oleaginous cultivation profiles. The YOs could be converted into BPU foam in
rigid and semi-rigid forms. The SEM image of BPU foam revealed that the surface of rigid
BPU was smooth with a few pores. In contrast, the semi-rigid BPU presented a rough surface
with many non-uniform pores. The FTIR analysis demonstrated that the Y O was successfully
transformed into BPU. The density and water absorption were higher than 0.86 g/cm? and
23.3%. These results summarized that converting YO to BPU provided an alternative way

for biopolymer production using xylose and RSH as primary carbon sources.

Keywords: yeast oil, Pseudozyma parantarctica, unconstructed mathematical modeling,

rice straw hydrolysate, bio-polyurethane foam
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CHAPTER 1
INTRODUCTION

1.1 Background and Statement of Problems

Industrial polymers and plastics are made using fossil fuels, which has led to
several socioeconomic and environmental issues. These include the buildup of polymers
and non-biodegradable plastics and global warming brought on by excessive carbon
dioxide emissions from burning fossil fuels [1-3]. Using bio-based plastics and polymers
reduced the impact of fossil-based chemicals on the environment. Production of
bioplastics is expected to rise annually, from 2.11 million tons in 2019 to 2.43 million
tons in 2024. The bio-based chemical industry is based on renewable feedstocks [4, 5];
however, in 2019, the production of renewable bioplastic materials occupies less than
0.02 % of the global agricultural land [6]. To avoid further environmental issues,
alternative renewable resources must be found to manufacture bioplastic and
biopolymers.

An important class of thermoplastic and thermoset polymers called polyurethanes
(PUs) are synthesized by combining polyols with poly-isocyanates [7]. Rigid foams are
utilized in domestic applications and insulation boards to give durability and cushioning
for related solutions, flexible PU foams are employed in healthcare and automotive
applications [8].

The bio-polyurethane (BPU) form of PU foam can be made from vegetable oils
such palm, soybean, canola, and sunflower oils [9-11]. However, the production of
vegetable oil for BPU necessitates a huge amount of land and compost for oil-plant
development, is climate-dependent, and affects food security through resource
competition [12, 13]. Microbial oils have so garnered interest as a potential replacement
for vegetable oils [13]. The oleaginous microorganisms (yeast, filamentous fungus,
bacteria, and microalgae) generated and stored intracellular oil at up to 20% dry weight,
according to earlier studies [14-16]. A wider range of tolerance to pH culture conditions,
inhibitors, and ionic strength, as well as a rapid growth rate and high oil accumulation,

oleaginous yeast has various benefits over other oleaginous microorganisms [16-18]. In
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comparison to filamentous fungi, oleaginous yeast is easier to grow in large fermenters,
has greater tolerance to metal ions, and uses less oxygen during metabolism of a range of
substrates [ 19]. Bacterial cells are smaller and more difficult to collect than yeast cells. As
opposed to microalgae, yeast can use a wider range of sugars and other basic carbon
sources, and it doesn't require sunlight for photosynthesis, which turns carbon dioxide into
oils [14]. Pseudozyma parantarctica CHC28 oleaginous yeast has primary intracellular oils
as C:16 and C:18 fatty acids, similar to vegetable oils, and can collect oil within cells at up
to 50% dry weight [20]. These characteristics indicate that P. parantarctica has the
potential for yeast oil (YO) production.

Lignocellulosic biomass is a common renewable resource, comprising an
organized entanglement of cellulose, hemicellulose, and lignin as the main structural
components in plant cell walls [21, 22]. After pretreatment, cellulose and hemicellulose
can be broken down into glucose and xylose units ideal for growing yeast [23-25].
Glucose is a general carbon source for oleaginous microorganisms [17]. Many yeast
strains have shown efficient xylose metabolism including Lipomyces starkeyi,
Cryptococcus albidus, Rhodosporidium toruloides, Rhodutorula toroluides, Rhodotorula
babjevae, Rhodotorula glutinis, Lipomyces tetrasporus, and Trichosporon oleaginosus
[23, 26-29]. Our preliminary study found that P. parantarctica CHC28 produced YO
from xylose.

This research aims to select the oleaginous yeast that can consume xylose
and rice straw hydrolysate (RSH) as the substrate for YO production, develop the high
cell-density cultivation to enhance the YO production efficiency and investigate the
feasibility of bio-polyurethane (BPU) foam production from crude YO on the laboratory

scale.

1.2 Purpose of the Study

1.2.1 To select the highest-performance yeast for yeast oil production using xylose
as a carbon source.

1.2.2 To study the effect of carbon sources and organic acids on yeast oil production.

1.2.3 To optimize the yeast oil production from rice straw hydrolysate.
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1.2.4 To develop yeast oil production by high cell-density cultivation using rice
straw hydrolysate as a carbon source.

1.2.5 To estimate the kinetic of the yeast oil production under various cultural
conditions using mathematical models.

1.2.6 To study the feasibility of bio-polyurethane foam production using crude

yeast oil as a feedstock in laboratory scale.

1.3 Scope of thesis

The scope of this research is the selection of the highest-performance yeast for
yeast oil (YO) production using xylose as a carbon source. Five yeast strains which use
in this study are Cryptococcus albidus TISTR 5103, Pseudozyma parantarctica CHC28,
Rhodotorula glutinis TISTR 5159, Rhodosporidium toruloides TISTR 5186, and
Yarrowia lipolytica TISTR 5212. The effect of xylose and xylose-glucose mixture on YO
production and fatty acid profiles are studied in batch fermentation. Furthermore, the
effect of organic acids supplement is investigated for enhancing YO production.
Subsequently, the rice straw hydrolysate (RSH) is applied as the main carbon source for
YO production. The optimum condition of YO production is studied by Box-Behnken
experimental design and response surface methodology. Afterwards, the high-cell density
cultivation is operated to enhance YO production using xylose, glucose, and RSH as the
main carbon sources. Finally, the feasibility of bio-polyurethane foam production from

crude YO is investigated on the laboratory scale.

1.4 Expectations of thesis

This thesis, I have the scope and limitations of studying which are concerned to
the previous works which are:

1.4.1 Obtained the highest-performance yeast for yeast oil production using
xylose as a carbon source.

1.4.2 Known the effect of carbon sources and organic acids on yeast oil production.

1.4.3 Obtained the optimum condition of yeast oil production from rice straw

hydrolysate.
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1.4.4 Received the process of yeast oil production by high cell-density
cultivation using rice straw hydrolysate as a carbon source.

1.4.5 Known the kinetic of the yeast oil production under various cultural
conditions using mathematical models.

1.4.6 Known the feasibility of bio-polyurethane foam production using crude

yeast oil as a feedstock on the laboratory scale.
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CHAPTER 2
LITERATURE REVIEWS

2.1 Fossil resources

The energy crisis is caused by the limited energy supply from existing fossil
sources. Resources that will be used for energy are rapidly declining. In contrast, fossil
resource demand is continuously increasing. This is a critical problem [30, 31]. The
disadvantage of those fossil resources is that they cannot be reconstructed, affecting the
economy and environment in all regions, increasing the carbon dioxide content, and
causing global warming. Therefore, renewable resource production is essential in this
situation [32]. The fossil-based resources have been used to synthesize polymeric
materials. However, the dependencies on their derivative resources for these productions
have several social, economic, and environmental issues. Critical problems are caused by
the long-term degradation of chemical-based materials, tarnished green resources, and
international disputes [2, 3]. Therefore, the plastics industry requires alternate green
resources as raw materials. The bio-based polymers, i.e., polymers produced from
renewable feedstock, might replace fossil sources and have environmental benefits such as

decreasing carbon dioxide emission and plastics waste [33].

2.2 Polyurethane foam

Polyurethanes (PUs) represent a significant class of thermoplastic and thermoset
polymers, as the reactions of various polyols and polyisocyanates can be tailored to
provide a variety of mechanical, thermal, and chemical properties. The PUs include those
polymers that contain many urethane groups (-HN-COO-) [34]. Polyurethane foams (PU
foams) have a cellular structure and is used in various applications such as medical,
automotive, household applications, and insulation boards. For associated solutions, PU
foams provide better flexibility, toughness, and cushioning [8], and can be produced from
plant oils reported by many authors [9, 10, 35-37]. Moreover, 50% of polymer foam
production is made up of polyurethane foam, and the global polyurethane market has

approximately 67% utilization [34].


Mobile User


2.2.1 Properties and chemical structure of PU foam

Polyurethane foam (PU foam) is a type of polymeric foam widely used
due to its advantageous properties, such as low density, thermal conductivity, mechanical
properties, and sound insulation capabilities. PU foam is commonly utilized as comfort,
structural, and noise-insulating materials. It is produced through polymerization between
the hydroxyl groups of a polyol and the isocyanate functional group associated with the
urethane linkage. This is the exothermic reaction for producing urethane groups [38,

39], as presented in Figure 2.1.

Ri(o™ N=C=0 + RponoI_OH CSrgrze= Riso_i_N_C_Ol—_Rpolyol + AH

T
'
................ 3

Isocyanate Polyol Urethane Heat

Figure 2.1 Interaction of urethane production.

Source: Tonescu, 2005 [39]

The interaction of isocyanate (-NCO) and water (H2O) is important in
producing polyurethane foams (PUFs). This interaction occurs almost simultaneously
with the polymerization of isocyanate and polyol. The interaction of -NCO with H,O
leads to the expansion of PUFs, contributing to their unique structure (flexible, rigid,
and semi-rigid PU foams). The resulting urethane groups are formed through this

exothermic reaction [40], as demonstrated in Figure 2.2
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[
Riio—N=C=0 + H,0 —» R, ,—N—C—OH + (O,

Isocyanate Water Unstable carbamic acid Carbon dioxide

H O H(ﬁH

Ri(o—N—C—OH + Riso_N:C:O —» R, N—C—N—R|,

Unstable carbamic acid Isocyanate Disubstituted urea

Figure 2.2 Interaction of the isocyanate and water.

Source: lonescu, 2005 [39]

2.2.2 Application of PU foam on different properties

1) Flexible polyurethane foam (FPUF) is a versatile material used in
soft furnishings known for its flexibility and comfort. FPUF has good thermal insulation
properties, making it suitable for applications where temperature regulation is important.
It has excellent softening and shock-absorbing properties, providing comfort and support
in mattresses, cushions, and furniture. FPUF is lightweight and has a high load-bearing
capacity, making it durable and long-lasting. It is resistant to moisture and mold growth,
contributing to its longevity and hygiene. However, FPUF is highly flammable and can
release toxic gases when exposed to fire. Flame retardant additives, such as aluminum
diethylphosphinate (ADP), can be incorporated to improve their fire safety properties
[41].

2) Rigid polyurethane foam (RPUF) is commonly applied for thermal
insulation relevant in various fields, especially construction. It offers excellent thermal
insulation performance and good mechanical properties. RPUF is used as an elastomer,
foam, coating, fiber, and plastic in many applications. Its high performance and
versatility make it suitable for construction, automotive, aerospace, and appliances. In
the construction industry, RPUF is used for insulation in walls, roofs, and floors to

improve energy efficiency and reduce heat transfer. RPUF is also used in the automotive
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industry for insulation in vehicle interiors and refrigeration and air conditioning systems.
Additionally, RPUF finds applications in furniture production, packaging materials, and

various consumer goods [42].

3) Semi-rigid polyurethane foam (SRPUF) has good mechanical
properties, making it suitable for various applications. SRPUF exhibits lower thermal
conductivities than flexible polyurethane foam (FPUF) and higher flexibility than rigid
polyurethane foam (RPUF). Due to their low thermal conductivity, SRPUF is used as
thermal insulation in constructions, ships, automotives, and tubulars. SRPUF is utilized
to absorb energy and lessen noise and vibration. Because of their open cells and
elasticity structures, SRPUF has sound-absorbing qualities. Overall, semi-rigid PU foam
has good mechanical properties, lower thermal conductivity than FPUF, and higher
flexibility than RPUF. It is a thermal insulator for various applications, including sound

absorption and vibration reduction [43].

2.3 Alternative oil resources

Various plant oils and animal fats including soybean, rapeseed, palm, and waste
cooking oils are frequently used as feedstocks to produce biodiesel and bioplastic [44,
45]. Vegetable oils are used as a replacer for fossil resources. However, the cultivation of
oil plants still has limitations, such as huge lands for cultivation, high production costs,
and uncontrolled climatic conditions. Therefore, microbial oils are interested in replacing
vegetable oils without those limitations [13].

Triglycerides, also known as fatty esters of glycerol, are the main component of
vegetable oils, which are water-insoluble compounds of both plant and animal. Figure.
2.3 depicts the general chemical composition of vegetable oils which Ri, Rz, and R3 are
the fatty acid hydrocarbon chains. Depending on the specific oil structure, the Ri, R2, and
R3 may have the same structure, but often have varied chain lengths and numbers of

double bonds [46].
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H —— C——O0H HOOC — Ry H —— C —— O0CR;
H——C——OH + HOOC—R;, —» H——C——O00CR,+ 3H,0
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H H
Glycerol Fatty acids Triglyceride

Figure 2.3 Chemical structure of triglyceride fatty acids in vegetable oil.
Source: modified from Sahoo and Das, 2009 [46]

Vegetable and waste cooking oils contain various fatty acids [47, 48]. The most
general fatty acids are stearic, palmitic, oleic, linoleic, and linolenic acids. Triglycerides
in vegetable oils comprise these fatty acids: stearic acid (C18) and palmitic acid (C16)
are saturated fatty acids, while oleic acid (C18:1), linoleic acid (C18:2), and linolenic
acid (C18:3) are unsaturated fatty acids. Ricinoleic acid, a bifunctional fatty acid with a
hydroxyl group on the fatty acid chain, is also present in some vegetable oils, such as
castor oil. Most triglyceride fatty acids are contained in vegetable oils [48], as shown in

Figure 2.4.
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Figure 2.4 Main fatty acid profiles of vegetable and castor oils.
Source: Tschan et al., 2012 [48]

2.4 Oleaginous yeast

Oleaginous microorganisms include microalgae, bacteria, mold, and yeast,
which can accumulate oil in cells up to 20% of dry weight in the form of single-cell oil
[14]. A previous study reported that some yeasts can accumulate oil droplets in cells
ranging from 20% to 70%. However, the oil accumulation efficiency of each yeast species
is different, and it has many advantages over general microorganisms, such as high
growth rate and high oil accumulation [16]. The fatty acids (FAs) profiles of oleaginous
yeast are similar to plant oils [49]. Several yeast strains, including Rhodosporidium
toruloides, Rhodotorula toroloides, Lipomyces tetrasporus, Yarrowia lipolytica,
Trichosporon oleaginosus, Lipomyces starkeyi, and Cryptococcus albidus can use the
lignocellulosic hydrolysates as a carbon source for lipid production [23, 27]. T.

oleaginosus, L. starkeyi, and C. albidus can metabolite the sorghum stalks and
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switchgrass for lipid production. Moreover, the intracellular FAs of Pseudozyma
parantarctica CHC28 have been reported. The FAs of P. parantarctica are similar to
vegetable oils and can accumulate the oil within the cells up to 50% of dry weight [20].
Therefore, oleaginous yeast offers several benefits to overcome talents related to
producing lignocellulose-based oil. [23].
2.4.1 Mechanism of carbon source consumption

Oleaginous yeast consumes different substrates using multi-metabolite
pathways, as shown in Figure 2.5. For lignocellulose sugar consumption, which contains
glucose and xylose, glucose is metabolized through glycolysis and converted into
pyruvate to produce ATP and NADH as energy carriers. The normal mechanism occurs
when cells need ATP for various cellular activities or biomass synthesis. Pyruvate can
then be transformed by different metabolic pathways, such as the tricarboxylic acid
(TCA) cycle to generate more ATP. In critical conditions, Yeast can perform the carbon
degradation pathway, depending on the type of sugar and the energy requirement. In
particular, cells require much NADPH during biosynthesis (essential for fatty acid
synthesis). The NADPHs are highly produced using glucose through the pentose
phosphate pathway (PPP) instead of the glycolysis pathway. In the PPP, glucose is
converted into D-ribose 5-phosphate (R5P), and NADPH is generated for oil synthesis.
Xylose can be metabolized by certain microorganisms, including oleaginous yeasts,
through the xylose metabolism process. Xylose metabolism involves the conversion of
xylose into xylulose, which can then enter the pentose phosphate pathway (PPP) for
further metabolism. Xylose is first converted into xylulose by the enzyme xylose
reductase (XYR), which requires NADPH as a cofactor. Xylulose is then phosphorylated
by xylulokinase (XKS) to produce xylulose-5-phosphate, which can be further
metabolized in the PPP to generate ATP and NADPH [17, 50, 51].
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Figure 2.5 Pathways for assimilation of various substrates into fatty acid

Source: Spagnuolo ef al., 2019 [17]

2.4.2 Mechanism of microbial oil accumulation

Nitrogen depletion is crucial in initiating lipogenesis, inducing substrate-
to-lipid conversion yields for storage as an energy reserve. Nitrogen starvation activates
adenosine monophosphate (AMP) deaminase, which converts AMP to inosine
monophosphate (IMP) and ammonia, increasing oil accumulation. The drop in AMP
concentration negatively impacts the TCA cycle at the level of isocitrate dehydrogenase
(IDH). Inhibition of isocitrate dehydrogenase in the mitochondria leads to citrate released
into the cytoplasm that is broken down by the ATP-citrate lyase into oxaloacetate and
acetyl-CoA, generating malonyl-CoA, which then reunifies with NADPH derived from
sugar catabolism into acyl-CoA for fatty acid synthesis in endoplasmic reticulum to
accumulate triacylglycerol (TAG) or triglyceride fatty acid droplet within cell [50, 52,
53]. The fatty acid synthesis of oleaginous yeast under nitrogen-limited conditions is

illustrated in Figure 2.6.
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Figure 2.6 Synthesis TAGs in a yeast cell.
Source: Robles-Iglesias et al., 2023 [52]

2.4.3 Factors affecting microbial oil production

1) Physical factors: these refer to the tangible and measurable
characteristics or conditions in the cultivation process that can affect the growth and oil
production of oleaginous yeasts. Key physical factors are pH, temperature, and
aeration/dissolved oxygen level. Besides, agitation speed, inoculum age and size,
operation modes, feeding strategies, and fermentation period are important [52, 54, 55].
Liu et al. [56] found that C. curvatus ATCC 20509 is inhibited at pH below 4, and
excessively high volatile fatty acids (VFAs) concentrations can suppress cell growth.
While the initial pH level of the hydrolysate medium in a pH range between 5.5 and 7.5
is optimal for the growth and oil production of Rhodotorula glutinis [54]. Additionally,
the temperature also plays a role, with most oleaginous yeasts growing best at around
30°C, although some can tolerate lower or higher temperatures [57]. Likewise, ample

aeration during cultivation was crucial for successful microbial lipid production [54].
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These physical factors need to be carefully considered and optimized to enhance
microbial oil production and make it more cost-effective.

2) Chemical factors: oil synthesis by microorganisms requires a chemical
compound in a medium with an excess of sugar compounds or related substrates (such as
glycerol, polysaccharides, etc.) and a limited amount of other nutrients, normally nitrogen
[58]. The imperfect nitrogen source in the medium-promoting yeast led to oil
accumulation within cells, which replaced protein synthesis in the enriched-nitrogen
medium [58]. The carbon and nitrogen ratio in medium culture and other parameters like
aeration, inorganic salts, etc., impacting oleaginous potential include a high C/N ratio,
which makes the sugar used for oil synthesis when nitrogen decreases [50, 58]. In
addition, one of the necessary components for microorganism cultivation is phosphorous.
It is combined into coenzymes, nucleic acids, proteins, and phospholipids [59, 60]. The
varied ratios of carbon, nitrogen, and phosphorus are the main factors that impact the
increase of sugar metabolite in the oil synthesis [61]. Therefore, finding the optimal

substrate and essential nutrient conditions is critical for YO production.

2.5 Lignocellulosic biomass
2.5.1 Chemical structure of lignocellulose composition

Lignocellulosic materials are solids comprised of cellulose,
hemicellulose, and lignin [62] ( Figure 2.4) . Cellulose and hemicellulose are
polysaccharides typically composed of glucose and xylose units. This compound is the
main structural component in plant cell walls [63]. It is found in agricultural wastes such
as RS, corncob, sugarcane bagasse, cassava pulp, woody, etc. [64-70]. Lignocellulosic
biomass is an abundant renewable resource that is not edible. The hydrolysates of
lignocellulose contain sugars, including glucose, xylose, and arabinose, which can be

utilized by microbial fermentation.
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Figure 2.7 Compositions of lignocellulose.

Source: Amin et al, 2017 [62]

2.5.2 Hydrolysis of lignocellulosic biomass

Lignocellulose has the structure of solids containing cellulose,
hemicellulose, and lignin; their utilization by microbes is naturally limited due to barriers
from the compact structures of plant cell walls. Thus, the biomass pretreatment process
was important in this case [23]. Hemicelluloses play a crucial role in binding cellulose
microfibrils, creating physical barriers that restrict cellulose accessibility. It is widely
recognized that hemicelluloses can have an adverse effect on cellulose hydrolysis [71].
Previous research has often employed methods such as dilute acid pretreatment at high
temperatures (typically > 121 °C), alkaline hydrothermal pretreatment, or steam
explosion to remove a substantial portion of the hemicelluloses before enzymatic
hydrolysis for the digestion of monosaccharides like glucose, xylose, and arabinose [68-
70]. Among these methods, alkaline pretreatment stands out as it operates at lower

temperatures, resulting in less sugar degradation compared to acid pretreatment [72].
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Notably, alkaline pretreatment using NaOH enhances the release of fermentable sugars
from rice straw, leading to higher glucose yields [73]. These sugar-rich materials can
serve as alternative resources for bio-based chemical production through microorganism
fermentation [24]. However, lignocellulosic hydrolysates contain inhibitors such as
furfural, 5-hydroxymethylfurfural (HMF), and acetic acid generated during hydrolysis.
These byproducts can significantly impact the performance of microorganisms during
fermentation, reducing microbial growth, metabolism, product yield, and overall
productivity [74, 75]. Although lignocellulosic hydrolysis produces inhibitors that affect
microbial activity, prior research has demonstrated successful oil production even in the
presence of inhibitors, provided they are present in appropriate quantities as determined
by the fatty acid profile. In such cases, these inhibitors had only a minor impact on oil
synthesis [75]. However, to achieve the highest production yields, it may still be
necessary to reduce the concentration of various inhibitors in lignocellulosic materials
through detoxification methods.
2.5.3 Cultivation of oleaginous yeast by lignocellulosic hydrolysate

In many studies, the utilization of various lignocellulosic hydrolysates for
yeast cultivation was successful for oil production as a carbon source. Previous research
investigated the potential of rice straw hydrolysates for oil production by Cryptococcus
curvatus, Geotrichum candidum, Pichia kudriavzevii, and Lipomyces starkeyi [76-78].
Moreover, L. starkeyi can use corn stover and sugarcane bagasse hydrolysate as substrates
for oil production [79, 80]. In addition, Rhodosporidium toruloides-1588 can accumulate
oil yield with cultivation in undetoxified wood hydrolysate [81, 82]. Yeast species L.
starkeyi, Rhodotorula glutinis, Rhodotorula babjevae, and Rhodotorula toruloides present
growth and oil accumulation differently on undiluted wheat straw hydrolysate [26]. Each
yeast specie has specific metabolic characteristics and differences in oil accumulation
performance under cultivation on various substrates [17]. Therefore, the selection of yeast

strains is important for oil yield.
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2.6 High cell-density cultivation

High cell-density refers to the concentration or abundance of cells in a culture
or fermentation process. It measures how many cells are present per unit volume of the
culture medium, often expressed as cells per milliliter or cells per liter. In the high cell-
density cultivation of oleaginous yeast strains, a concentration of biomass dry cell weight
(DCW) per unit volume is higher than a conventional batch process. This is achieved by
optimizing growth conditions and high-concentrated carbon sources, such as using low-
cost carbon sources like sugarcane molasses as a substrate. The aim is to enhance biomass
and oil production, which is important for applications such as biodiesel production. High
cell-density cultivation is achieved through batch and fed-batch fermentation modes,
where a suitable feeding strategy is crucial to achieve high productivity and product yield
[83, 84].

2.6.1 Batch fermentation

Batch mode is a fermentation process with a fixed volume of culture

medium, substrate, and nutrients added only at the initial process. The culture can
metabolize the nutrients and grow until the desired product is obtained or the nutrients are
depleted. Batch fermentation has some disadvantages, including limitations in scalability
and productivity, a limit on high osmotic pressure, variations in culture conditions over
time, and a lack of continuous nutrient supply. It also requires longer fermentation times
for high-efficiency product yield than continuous or fed-batch fermentation [58, 85].
Although batch fermentation is simple and widely used, however it has limitations that
make it less suitable for large-scale and high-yield production processes.

2.6.2 Fed-batch fermentation

Fed-batch mode is a strategy used in fermentation processes to increase

growth and production yields. It involves feeding mediums into the bioreactor at intervals
during the fermentation process, such as sugars and essential nutrients. It can better control
microbial growth conditions and nutrient availability, improving product yields and
reducing by-product formation. This strategy is performed to avoid high concentrations of
substrate affecting osmotic stress in the yeast cells [84, 86-88]. In addition, fed-batch mode
has also increased the cell growth and improving the production of oils and carotenoids in

various fermentation processes [89]. The advantages of fed-batch cultivation have been
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illustrated in Figure 2.6, where So represents the substrate concentration in the feed medium.
Xi, Si, and L; represent the concentrations of cells, substrate, and oil in the broth,

respectively. Fin represents the flow rate of nutrient feeding to the bioreactor [90].
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Figure 2.8 Advantages (B) of fed-batch cultivation (A) mode.
Source: Karamerou and Webb, 2019 [90]

2.6.3 Continuous fermentation

Continuous fermentation is a process in which fresh substrate is
continuously added to the culture vessel, and the product is continuously removed, allowing
for a steady-state operation. The substrate feeding and product removal are carried out
continuously, resulting in higher productivity and shorter process time. While fed-batch
fermentation implicates the periodic addition of substrate during the fermentation process
without product removal. Continuous fermentation mode offers advantages such as higher
productivity, efficient use of resources, and shorter process time compared to batch
fermentation [85, 91]. It is particularly useful for industrial-scale production of biofuels,
pharmaceuticals, and other bioproducts [92]. However, this process requires continuous

supply and removal systems, which are more complex and costly than conventional batch
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or fed-batch fermentation [85, 90]. Figure 2.7 presents the continuous mode operation,
including the advantages and disadvantages of this process [90]. Overall, each fermentation
mode provides advantages and disadvantages and depends on the specific requirements of

the process and the desired outcomes.

Advantages Disadvantages

Constant C/N ratio Optimisation required for optimal N levels
Constant production yields at steady state  Potential degradation of strain’s oil accumulating ability
Coupling with continuous processing Potential risk of contamination and blockages

Figure 2.9 Continuous cultivation mode and its advantages and disadvantages.

Source: Karamerou and Webb, 2019 [90]

2.7 Reviews of the Literature

Lee et al. studied microbial oil production from sorghum stalks and switchgrass,
which were the lignocellulose residues. Three oleaginous yeasts were cultured, including
Trichosporon oleaginosus ATCC20509, Lipomyces starkeyi ATCC 56304, and
Cryptococcus albidus ATCC10672, to investigate the efficiency. The results showed that
T. oleaginous provided the highest performance for microbial oil production from
sorghum stalk hydrolysate. The oil concentration, oil content, and oil yield were obtained
at 13.1 g/L, 60, and 0.29 g/g, respectively [23].

Bonturi et al. investigated the adaptation of the yeast Rhodosporidium
toruloides in undetoxified sugarcane bagasse hydrolysate in single-cell oil production.
The hemicellulose hydrolysates were used instead of cellulosic. The result showed that

the genes related to hydrolysate tolerance and oil accumulation were expressed differently
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in parental and adapted strains. The adapted strain could produce more oils than the
parental strain. The cultivation in a bioreactor scale could significantly improve the
productivity and oil content to 54% and 33%, respectively [93].

Osorio-Gonzalez et al. studied the utilization of woody biomass hydrolysate,
which contained C5 and C6 sugars for oil production by yeasts. The result was reported
that five different R. toruloides strains could utilize C5 and C6 sugars of hydrolysate. The
result found that sugar consumption was similar between all strains and the maximum
sugar consumption of C6 and C5 was 98 and 60%, respectively. The highest lipid
production obtained from C6 and C5 was 23.33 and 14.67 g/L at 112 h and 120 h,
respectively [29].

Chaiyaso and Manowattana studied the production of oil and carotenoid in yeast
by the addition of organic acids in the optimized medium using formic acid, acetic acid,
succinic acid, and citric acid at 0, 0.1, 0.5, and 1% (w/v), respectively. The result showed
that adding some organic acids derived from the Krebs cycle supported the biosynthesis
of the intracellular lipid. The highest oil and carotenoid production was increased to 5.39
g/L and 64.92 mg/L, respectively, by adding 0.5% (w/v) succinic acid [94].

Amza et al. studied the optimization of lipid production of Lipomyces starkeyi
D35 using high cell-density cultivation under a low C/N ratio medium. The batch
cultivation was performed using glucose and xylose as major carbon sources. The result
showed that mixed glucose and xylose as substrates achieved the highest cell yield at 96
h. In contrast, single xylose feeding provided the highest lipid yield at 120 h. Moreover,
the main FA contents were C18:1 and C16:0, likewise plant oils [95].

According to Uprety et al., crude glycerol was converted into polyols utilizing
a mix of biological and chemical methods. R. foruloides ATCC 10788, an oleaginous
yeast, transformed crude glycerol into microbial oil. The results indicated that during 7
days in a batch-bioreactor, ATCC 10788 produced the maximum oil content of 18.69 g/L.
A chemical process was used to further transform the acquired microbial oil into polyol
molecules. The creation of rigid and semi-rigid polyurethane foams was used to test the
compatibility of the polyol compound for the manufacturing of polyurethane (PU). FT-

IR and 1H NMR were used to characterize the PU foams made from microbial, canola,
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and palm oils. Canola, palm, and microbial oil polyols had hydroxyl values of 230.30,
266.86, and 222.32 mg KOH/g of a sample, respectively [96].
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CHAPTER 3

MATERIALS AND METHODS

3.1 Chemicals, Apparatus and Equipments

3.1.1
3.1.2
3.1.3
3.14
3.1.5
3.1.6
3.1.7
3.1.8
3.1.9
3.1.10
3.1.11

3.1.12

3.1.13
3.1.14
3.1.15
3.1.16
3.1.17
3.1.18
3.1.19
3.1.20
3.1.21
3.1.22
3.1.23

Acetic acid (CH;COOH)
Acetonitrile (CH3CN)
Aluminium foil

Ammonium sulfate ((NH4)2SO4)
Analytical balance

Autoclave

Beaker

Biosafety cabinet (BSC)

Boron trifluoride-methanol (CH4BF;0)

Burette, Size

di-Butyltin dilaurate

((CH3(CH2)3)2Sn(O2C(CH2)10CH3)z2)

Calcium chloride dehydrate
(CaCly-2H20)

Centrifuge

Centrifuge tube
Chloroform (CHCI»)

Citric acid powder (CsH100g-H20)
Duran bottle

Ethyl acetate (C4HsgO3)
Flask

Formic acid (CH,0»)
Glucose (CsH120¢)

Hexane (CsH14)

Hot air oven

Company / Brand
QREC

Macron Fine Chemicals™
Renolds metal
UNIVAR

OHAUS

N-BIOTEC / NB-1080
SCHOOT

ESCO
SIGMA-ALDRICH
QUALICOLOR

Alfa Aesar

UNIVAR
SIGMA / 2-16PK
Nalgene

RCI Labscan
KEMAUS
SCHOOT
QRéC
PYREX
QReC

SRL
KEMAUS
Binder
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3.1.24
3.1.25
3.1.26
3.1.27
3.1.28

3.1.29
3.1.30
3.1.31
3.1.32

3.1.33

3.1.34
3.1.35
3.1.36
3.1.37
3.1.38

3.1.39
3.1.40
3.1.41

3.1.42
3.1.43
3.1.44
3.1.45
3.1.46
3.1.47
3.1.48

Hydrochloric acid (HCI)
Hydrogen peroxide (H20»)
Incubator and shaker

Iron (III) chloride RPE (FeCls)
Magnesium sulfate heptahydrate
(MgSO4-7H20)

Malt extract powder

Methanol (CH30H) AR Grade
Methanol (CH3;OH) HPLC grade
di-Methylethanolamine
((CH3).NCH,CH20H)
di-Methypolysiloxane
(CH3(Si(CHj3)20)n-Si(CH3)3)
Microtube

Peptone

Phosphoric acid (H3POs)

Plastic plate

Potassium dihydrogen phosphate
(KH2POy)

Potassium hydroxide (KOH)
Sodium acetate (CH3COONa)
di-Sodium hydrogen phosphate

dodecahydrate (Na;HPO4-12H>0)

Sodium hydroxide (NaOH)
Spectrophotometer
Succinic acid (C4HgO4)
Test tube

Toluene di-isocyanate (CoHsN2O>)

Volumetric flask

Vortex mixture
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Company / Brand
QReEC

UNIVAR

N-BIOTEK / NB-205V
CARLO ERBA Reagents

UNIVAR
SRL
KEMAUS
RCI Labscan

Alfa Aesar
SIGMA

Nalgene
SRL
QREC
Hycon

SRL
UNIVAR
UNIVAR

KEMAUS

UNIVAR

SHIMADZU / UV-1800
KEMAUS

PYREX

Alfa Aesar

PYREX

Scientific Industries / G560E
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Company / Brand
3.1.49 Xylose (CsHi0Os) -
3.1.50 Yeast extract IYEAST
3.1.51 Zinc sulphate heptahydrate
(ZnS0O4-7H20) Ajax Finechem

3.2 Microorganism

Four yeast strains were supplied from the Thailand Institute of Scientific and
Technological Research ( TISTR), and one strain was in the stock culture of the
Biotechnology Laboratory, Division of Biology, Faculty of Science and Technology,
RMUTT, Pathum Thani, Thailand, as follows:

3.2.1 Cryptococcus albidus TISTR 5103

3.2.2 Pseudozyma parantarctica CHC28

3.2.3 Rhodotorula glutinis TISTR 5159

3.2.4 Rhodosporidium toruloides TISTR 5186

3.2.5 Yarrowia lipolytica TISTR 5212

3.3 Method
3.3.1 Stock culture preparation
The five yeast strains included Cryptococcus albidus TISTR 5103,
Pseudozyma parantarctica CHC28, Rhodotorula glutinis TISTR 5159, Rhodosporidium
toruloides TISTR 5186, Yarrowia lipolytica TISTR 5212 were cultured at 30 °C for 24 h
in YM containing 10 g/L of xylose (X-YM) as the primary carbon source. A 250 mL flask
containing one full loop of the yeast strain was inoculated with 30 mL of X-YM broth
and then cultivated for 24 hours at 30 °C in an orbital shaking incubator (NB-205V, N-
Biotek, South Korea) at 200 rpm. Then a 2 mL microtube was aseptically filled with 0.8
mL of cultivated yeast and 0.2 mL of 75% v/v glycerol. The culture was then used in this
investigation as a stock culture and kept at -80 °C.
3.3.2 Starter preparation
The stock culture was inoculated into 30 mL of X-YM to create the yeast
starter, which was then cultivated for 24 hours at 30 °C and 200 rpm. When transferring

a 5 mL aliquot of active yeast to 50 mL of yeast potato dextrose (YPD) medium, dextrose
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was replaced with xylose (20 g/L) as the primary carbon source [97] and cultured at the
above-mentioned condition. Using a hemacytometer and a microscope to determine the
viable cells in stater, containing about 8 log cells/mL.
3.3.3 Rice straw hydrolysis

The rice straw (RS, Pathum-KKO1) was rinsed and cleaned of dust and
dirt with deionized water. The cleaned RS was dried at 40 °C for 24 h. After drying, the
RS was manually cut with scissors and ground by a grinder for a size of 1-2 cm RS. They
were packaged in sealed plastic bags and kept at 4 °C until use in the following
experiment [68]. The dried RS was hydrolyzed by alkaline hydrolysis [72]. Briefly,
sieved dried RS was mixed with 2% (w/v) NaOH solution with a solid loading of 10%
(w/v) and incubated at 80 °C for 24 h. The alkaline-hydrolyzed RS was filtered using
white muslin fabric and washed with deionized water until the drained water was
colorless. Then, it was hydrolyzed with enzymes by a modified method of Lugani et al.
and Valles et al. [73, 98]. The enzymatic hydrolysis was performed at 50 °C, 72 h. with
50 mM acetate pH 5.5 as a buffer by adding the cellulase and xylanase (1:1 ratio) at 0.8%
(v/w) to alkaline-hydrolyzed RS. The rice straw hydrolysate (RSH) was concentrated by
evaporation at 60 °C and rotated 150 rpm under a carefully adjusted vacuum at 120 to 45
mbar. The residue of RS was separated from concentrated RSH by centrifugation (2-
16PK, Sigma, Germany) at 15 °C, 7,500 rpm (5,974 % g) for 10 min. The composition of
RSH was determined by HPLC.

3.3.4 Selection of the highest-performance yeast for YO production using

xylose-based medium

The 15 mL of each yeast starter were transferred to 135 mL of xylose-
based oil production medium (X-OPM) composed of 50 g xylose, 0.5 g yeast extract, 1
g (NH4)2S04, 7 g KH2PO4, 6.3 g NaoHPO4-12H20, 1.5 g MgS04-7H20, 0.15 g
CaCl>-2H»0, 0.09 g FeCls, and 0.02 g ZnSO4-7H>0 per liter. The cultures were
incubated at 30 °C with 200 rpm shaking rate. A sample was withdrawn throughout
cultivation to determine the concentration of biomass, Y O, and xylose consumption.
The experiments were performed in triplicates. Furthermore, the YO production

efficiency was expressed as the yield of biomass and YO, oil content, and growth and oil
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production rate. The yeast strain that provided the highest YO production efficiency was
selected to use in the further experiment.
3.3.5 YO production by batch fermentation
3.3.5.1 Effect of initial xylose concentration on YO production

P. parantarctica CHC2S8 yeast starter in an aliquot of 15 mL was
added to 135 mL of X-OPM, which had xylose concentrations ranging from 10 to 130
g/L. The culture was shaken at 200 rpm and incubated at 30 °C. Samples were taken at
regular intervals to measure the concentration of biomass, YO, and xylose consumption.
Three duplicates of each experiment were carried out. The biomass and YO yields, oil
content, growth rate, and YO production rate were used to express the yeast growth and
YO production efficiency. For the next trials, the ideal beginning xylose concentration

was selected.

3.3.5.2 Effect of glucose and xylose mixing ratio on YO production
This experiment used combinations of glucose and xylose as co-
carbon sources and was conducted in an oil production medium. The oil production
medium's glu:xyl ratio (glu:xyl ratio) was adjusted to be 1:0, 0:1, 1:2, 1:1, and 2:1 [99].
A sample was taken during culture at regular intervals to determine the fermentation
parameters. Measurements were taken in triplicate while the culture was incubated
under the preceding conditions.
3.3.5.3 Enhancement of YO production by organic acid supplementation
In X-OPM, the effects of adding organic acids (acetic, citric, and
succinic acid) at different concentrations (1 to 10 g/L) on the synthesis of yeast oil were
studied [94]. Under the aforementioned conditions, each experiment was carried out three
times. In accordance with the results of earlier tests, the sample was taken to assess the
fermentation parameter.
3.3.6 YO production from RSH
3.3.6.1 Optimization of YO production from RSH by response surface
methodology.
A 15 mL of P. parantarctica CHC28 inoculum was inoculated
to 150 mL of RSH-based oil production medium (RSH-OPM). The concentrations of
RSH (Xi1) at 5to 15 g/L, (NH4)2SO4 (X2) at 0.5 to 4.5 g/L, and KH,PO4 (X3) at 0 to 14 g/L
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were varied according to Table 3.1. The Box-Behnken design (BBD) was used to design
the experimental plan for 15 runs (Table 3.1). The culture was incubated at 30 °C at 200
rpm shaking speed. The biomass and YO concentration of each treatment were measured
as the response variable. The experimental data were calculated using Design Expert
version 13.0 (Stat-Ease, USA). A second-order polynomial quadratic equation established
the relationship between the independent and response variables (Eq. 1). The obtained
equation was used to predict the optimum condition for YO production from RSH. After

that, the optimum condition was validated in triplicates.
Y= Z{ilﬁﬁXiz—i_Zﬁl Zﬁlﬂlj)(l)(} Z{\ilﬂl)(l +ﬂ() (1)

Table 3.1 Box-Behnken experimental design

Run RSH (4) (g/L) (NH4):S04 (B) (g/L) KH2PO4 (C) (g/L)
1 5 0.5 7
2 15 0.5 7
3 5 45 7
4 15 45 7
5 5 2.5 0
6 15 2.5 0
7 5 25 14
8 15 2.5 14
9 10 0.5 0
10 10 45 0
11 10 0.5 14
12 10 45 14
13 10 2.5 7
14 10 2.5 7
15 10 2.5 7
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3.3.6.2 YO production from RSH under high-cell density cultivation by fed-
batch fermentation.

Fifteen milliliter of P. parantarctica CHC28 starter was transferred
to 135 mL of optimized RSH-OPM following the previous study. The culture was incubated
at 30 °C with 200 rpm shaking rate. The sample was collected to analyze the fermentation
parameters. The feeding strategies were studied in fed-batch fermentation. The culture was
supplied by RSH or RSH-OPM when the sugar concentration was almost consumed (every
72 h) and was incubated at the same condition at a time. The experiments were triplicates.
Samples were periodically collected to determine the YO production efficiency following
the previous experiment.

3.3.7 Feasibility of YO conversion into BPU foam

The process of conversion crudely extracted YO into BPU foam. The
method of Uprety et al., which was modified and used for the BPU preparation Three
distinct chemical processes were coupled in the transformation: (i) oil epoxidation; (ii)
oxirane ring opening to turn epoxidized yeast oils (EYO) into polyols; and (iii) BPU foam
generation from polyols [96].

Chemical reactions were used to carry out oil epoxidation. A 250 mL glass
screw-top container was filled with ten grams of YO. Before adding 11 mL of hydrogen
peroxide gently using a glass dropper, ethyl acetate and formic acid were added at a rate
of 11 and 0.9 g, respectively. After that, the mixture was heated for six hours at 60 °C
using a hot plate magnetic stirrer with a 900 rpm stirring rate. After that, the YO phase
and aqueous phase were separated, and a 1:1 ratio of deionized water was used twice
throughout the washing process. Hot air drying at 140 °C for 3 h removed the remaining
solvents and water from the cleaned YO phase to produce the EYO. Then, 10 g of EYO
were heated on a heating plate to 85 °C. The yeast oil-polyol was produced by adding one
gram of phosphoric acid to the warmed EYO and mixing it at 300 rpm for one hour
(YOP). The YOP was combined with 5 g of toluene di-isocyanate to create stiff and semi-
rigid BPU foams. Then, 1 g of dibutyltin dilaurate, 1 g of di-methylethanolamine, and 2
g of di-methypolysiloxane were added to the solution mixture as the primary catalyst, co-

catalyst, and surfactant, respectively. When making rigid-BPU foam, water was not
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added; however, when making semi-rigid BPU foam, 4 mL of water was added to 10 g

of polyols as a blowing agent.

3.3.8. Summary of method

Xylose

A 4

Selection of the highest-performance
yeast for YO production RSH

] l

The selected yeast strain Optimization of YO production
by response surface methodology

\ 4

YO production
by batch fermentation

RSH concentration (4)

| Effect of xylose
concentration I | (NH4)2S04 concentration (B)
\4
|| Effect of glucose and |  KH,POs concentration (C)
xylose mixture
\4 v
| | Enhancement by adding High-cell density cultivation
an organic acid by fed-batch fermentation
\ 4
High-cell density R Y
cultivation by fed-batch Feasibility of BPU foam
fermentation production

Figure 3.1 The flow chart of experiment in this research.
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3.3.9 Mathematical modeling
The growth rate of oleaginous yeast in GX-OPM was investigated, with
the yeast growth model expressed as a dynamic logistic equation. Yeast growth was
represented by a sigmoid curve restricted by maximum biomass concentration ( Eq. (2))

[100].

£t (1 - ) &

Glucose and xylose inhibitory effects (Egs. (3) and (4)) were associated
with the model of specific growth rate [101], with glucose and xylose as co-carbon
sources in GX-OPM. Yeast growth rates were described by combining the ratio of
consumed glucose () and xylose (1-7), as defined by the modified logistic equations

presented as Egs. (5) and (6) [100]:

ey e 1
Glucose inhibition = S (3)
I+
K glu
ey e 1
Xylose inhibition - XS “4)
ki,xyl
Xy _ ( \ = ) 1
dt lumax,gluXr 1 Xnax 1+ Sglu (5)
ki,glu
dXyy X 1
XY = _ —
it IL‘max,xle(1 ) (1 Xmax) T ©)

where fmaxgiu and fmaxxyl are the maximum specific growth rate (h™') on glucose and
xylose, X is the biomass concentration (g/L), Xmax is the maximum biomass concentration
(g/L), r is the biomass production ratio from consumed glucose, Sgiu and Sxy1 are the

glucose and xylose concentration (g/L), and kigu and kixy1 are the substrate inhibition

44


Mobile User


coefficient (g/L) on glucose and xylose. Total growth rate of yeast in GX-OPM over the

cultivation time was shown in Eq. (7).

X dX, dX,
X _ g | Gy (7)
dt dt dt

The glucose and xylose uptake were derived regarding utilization for
biomass growth, oil production, and cell maintenance [102]. The models for glucose and
xylose consumption rates depending on yeast growth rates (including the intracellular
product, YO) and biomass concentration were shown as Egs. (8) and (9), respectively.
The yield of oleaginous biomass and cell maintenance coefficients were estimated in the

mathematic models.

dSgly [nglu ( 1 )

Do _ _ | e s X 8
dt dt Yx/s,glu glu ( )

deyl [dXxyl ( 1 )

Dot _ |2 + msy X 9
dt dt Yx/s,xyl xyl ( )

where Yxssgiu and Yxssxy1 are the biomass yields on glucose and xylose, msg and msxy1 are
the cell maintenance coefficients (g/g h) on glucose and xylose, respectively.
The YO production rate related to biomass concentration, following the

Luedeking-Piret equation as Eq. (10).

P _ dx

— sa—+ pX (10)
In Eq. (10), a and p are the growth-associated and non-growth associated

product formation coefficients, respectively [103], If o # 0 and § # 0, the YO production

is partially associated with yeast growth; if a # 0 and f = 0, the YO production is exactly

associated with yeast growth; and if & = 0 and  # 0, the YO production is not associated

with yeast growth. In addition, the correlations between biomass yields and oil yields on
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the utilized glucose and xylose (Yp/s,glu and Ypssxy1) are represented in Eqgs. (11) and (12),

respectively.
Yp/s,glu = an/s,glu (1 1)
Yp/s,xyl = an/s,xyl (12)

The Michaelis-Menten kinetics was used to describe the acid (acetic acid,

citric acid, and succinic acid) consumption rate of P. parantarctica CHC28 following Eq.

(13).

Lo it s ™

where gamax 1s the maximum specific rate of acid consumption, k4 is the saturated constant
of acid, and # is the order of the reaction [104].

In this study, the empirical coefficients (i.e., fmax.glu, fmax,xyl, Xmax, Kiglu,
Kixyl, Yxis,glus Yxisxyls Ypisglus Ypisxyl, MSglu, MSxyl, O, By gAmax, and ka) presented in Egs. (2) to
(13) were defined as fermentation kinetic parameters, which depend on cultural
conditions. The fermentation kinetic parameters of the mathematical models were
estimated as the values required for best model fit to the experimented data. Data fitting
was conducted using the Berkeley Madonna™ program [105].

3.3.10 Statistical analysis of model fitting

The coefficient of determination (R?) is typically used to determine the
proportion of variance in the dependent variable predicted from the independent variable.
In this study, R?> was employed to investigate the best fit of a kinetic expression to the

experimental data [106], and defined as Eq. (14):

R2 _ Zf\;l (qcal_ qexp)z (14)

N — 2 N 2
ity (Geal = qexp) +Xin (Gea ~ qexp)
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In Eq. (14), g, represents the calculated data of a variable from the

kinetic model, while Dexp and ‘_]exp are the experimental data and average of all the

experimental data, respectively. The non-normalized root mean square (NRMS) was used
to investigate the actual error between the calculated experimental data at all points [107],

and expressed as Eq. (15):

Zg\il (qcal B qexp)2

NRMS = L (15)

where N is the number of paired data.
3.3.11 Calculation
3.3.11.1 Biomass yield (Yxs)
The yield efficiency of biomass was calculated as followed by

the equation below:

AX

Y. = —
x/s AS

where AX and AS were produced biomass (g/L) and consumed substrate (g/L).
3.3.11.2 Oil yield (Ypss)

AP
Yp/s - A_S

where A Pwas produced YO (g/L).
3.3.11.3 Oil content (%)

Y

AP
pix = A_)( x 100
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3.3.12 Analysis
3.3.12.1 glucose and xylose concentration
The glucose and xylose concentrations were quantified by
high-performance liquid chromatography (HPLC) using an LC-20AD (Shimadzu, Japan)
equipped with a refractive index detector (RID-20A, Shimadzu, Japan) and a Pinnacle II
Amino analytical column (3um, 150 x 4.6 mm size). The HPLC instrument was operated
at 35 °C using 75% (v/v) acetonitrile as a mobile phase at 1 mL/min.
3.3.12.2 Organic acid concentration
Acetic, citric, and succinic acids were investigated using an
Ultra Aqueous C18 column (S5pm, 150 % 4.6 mm size) and a UV-Vis detector at 210 nm
(SPD-20A, Shimadzu, Japan). The analyzed mobile phase was 50 mM potassium
phosphate (pH 2.0) and acetonitrile mixed at a 99:1 ratio with flow rate of 1 mL/min.
3.3.12.3 Oil concentration
Three milliliter of the cell suspension was separated by
centrifugation (2-16PK, Sigma, Germany) at 4 °C, 10,000 rpm (9,167 x g) for 10 min.
Next, the cells were separated and washed with deionized water. Then, the sample was
centrifuged to separate the cells pellet again. The washed cell was mixed with 1 mL of 4
N hydrochloric acid (HCl) and hydrolyzed at 60°C for 2 h. The hydrolyzed cell pellet was
mixed with 2 mL of methanol and chloroform mixing solution (mixing ratio for 1:1).
After 15-30 mins, it was layer-separated substances. The lowest layer of oil-riched
chloroform was sucked and transferred to a new test tube. The residual cell pellet was
added with 2 mL of chloroform and was gently mixed. The oil-riched chloroform layer
was transferred and pooled with the previous chloroform layer. The oil-riched chloroform
was evaporated to remove chloroform. The oil was dried at 80 °C for 24 h, placed in a
desiccant chamber, and weighed. The o1l concentration was expressed as grams of oil per
liter of fermentation broth (g/L) [108].
3.3.12.4 Biomass concentration
A 2 mL of the cell suspension was separated by centrifugation
(2-16PK, Sigma, Germany) at 4 °C, 10,000 rpm (9,167 % g) for 10 min. Next, the
supernatant was collected for measuring the sugar and organic acid by HPLC. The cell

pellets were harvested and cleaned twice with deionized water before drying at 80 °C for
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24 h until constant weight. The dried cell pellets were weighed and expressed as a gram
of biomass per liter of a sample [20].
3.3.12.5 Fatty acid composition
(1) The preparation of solution for analyzing the fatty acid form
The preparation of solution for analyzing the fatty acid
form. The internal standard was prepared from heptadecanoic acid (C17:0) with a
concentration of 20 mg/mL, conducted by 0.3 g heptadecanoic acid into 15 mL of
chloroform. Then, the 20 puL of an internal standard solution was mixed with the volume
of 1 mL solution of methanol and chloroform by 1:1 ratio. The potassium hydroxide
(KOH) and hydrochloric (HCL) in methanol solutions were prepared with 0.5 N and 0.7
N concentrations, respectively, stored at 4 °C. After that, the saturated salt solution of
sodium chloride (NaCl) was prepared by weighing sodium chloride dissolved in water
until the salt solution was saturated [49].
(2) Preparation of fatty acid methyl ester
A 0.05 g of an oil sample was mixed with 4 mL chloroform
(CHCI3) and 0.5 mL internal standard (C17:0) solution, dried the solvent with nitrogen
gas (N2), then potassium hydroxide solution was added with the volume of 2 mL and
cover the tube tightly, mixed the solution for 30 sec. The solution was immersed at 100
°C in a water bath for 10 min and chilled to stop the reaction. The solution of hydrochloric
acid (HCl) and boron trifluoride (BF3) was added for 2 mL and 3 mL, respectively. The
tube was closed tightly and mixed for 30 sec. Then, it was soaked in a water bath again
for 10 min and cooled in cold water. Then, the saturated salt solution and hexane (C¢H14)
were added with the volume of 3 mL and 2 mL, respectively. After that, it was separated
into two layers. The top layer solution was sucked and mixed with hexane. The hexane
layer containing fatty acid methyl esters was filtered via 0.2 pm polyvinylidene fluoride
(PVDF) syringe filter. The composition of FAMEs was measured by gas chromatography-
mass spectrometry (GC-MS) [49] using a GC system equipped with an MS-QP 2010 SE
mass detector (Shimadzu, Japan). Aliquots of 10 ul were injected employing an InertCap
Wax capillary column (0.25 mm LD. x 30 m, GL Science Inc., Japan). Injector
temperature was 250 °C with a split ratio of 1:80. The column temperature was operated

by temperature program as follows: 50 °C for 3 min, increasing with a rate of 10 °C/ min
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to 200 °C and increasing to 250 °C for 3 °C/min. Helium (constant flow, 1 mL/min) was
used as a carrier gas [20].
3.3.12.6 Physical properties of BPU foam
BPU density was measured following the American Standard
Test Method (ASTM) D792. The BPU sample was weighed in the air and while
submerged in 2-propanol at 23 = 1 °C. A sinker and wire were used to ensure that the

sample was completely submerged. The density (g/cm?®) was expressed in Eq. (16):

Density = | | x997.6 x 10° (16)

a
(a+w)—0>b

where a is the mass of BPU sample in air (g), b is the mass of BPU sample and sinker in 2-
propanol (g), and w is the mass of totally immersed sinker and partially immersed wire (g).

Water absorption of BPU was measured following ASTM
D570. BPU was dried in an oven, cooled in a desiccator, and weighed. The dried BPU
was then soaked in water at 23 + 1 °C for 24 h. The wet BPU was removed from the
water, patted dry with a lint-free cloth, and weighed. Water absorption (%) was expressed
following Eq. (17):

Water absorption = [(WWD;DW)] x 100 (17)

where Wy, and Dy, are the wet weight (g) and dry weight (g) of BPU.
3.3.12.7 Chemical and surface structure of BPU foam
The chemical structure of YO and BPU foam were analyzed
by Fourier transform Infrared (FT-IR) analysis [96]. The surface structure of BPU foam
was studied by scanning electron microscope (SEM) [10].
3.3.12.8 Statistical analysis
All experimental data and the fermentation kinetic parameters
were computed as mean values + standard deviation (SD). Significant differences
between values were determined by one-way ANOVA and Duncan’s multiple range test

(SPSS 15.0 software, SPSS Inc., USA) at p-value < 0.05.
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3.4 Experimental place

This study was performed at Biotechnology Laboratory, Division of Biology,
Faculty of Science and Technology, and Department of Materials and Metallurgical
Engineering, Faculty of Engineering, Rajamangala University of Technology

Thanyaburi, Thanyaburi, Pathum Thani.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Selection of the highest-performance yeast for YO production using xylose-based
medium

The different yeast strains were cultured in media containing xylose as the sole
carbon source. The xylose consumption, growth, and YO production profiles of different
yeasts were shown in Figure 4.1A to C. The result revealed that all yeast strains could
assimilate the xylose for growth excellently excluding Y. /ipolytica TISTR 5212. While
P. parantarctica CHC28 and R. toruloides TISTR 5186 could produce the YO higher
than other experimental strains.

The efficiency of biomass and oil production by yeast strains was presented in
Table 4.1. The biomass was produced ranking as 12.01 + 0.20 to 13.77 £ 0.09 g/L,
only strain TISTR 5212 provided biomass at 2.94 + 0.13 g/L. The strain CHC28 had
the highest YO (3.20+0.12 g/L), YO yield (Ys) (0.07 + 0.00), and oil content (24.78 = 0.75 %).
These results indicated that CHC28 was an oleaginous yeast strain that could efficiently
transform the xylose into YO.

In previous research, oil production by different yeast strains and main carbon
sources has been studied. The main carbon sources of oil production were generally
divided into two main groups, including pure (glucose, xylose, glycerol, etc.) [109-112]
and complex carbon source (lignocellulosic and starch-based material, agro-industrial by-
product, etc.) [28, 80, 113-116].

The oil production from biodiesel-derived crude glycerol by Rhodosporidium
fluviale DMKU-RK253 was optimized. The oil content was increased to 63.8% of dry
biomass. The crude glycerol obtained from biodiesel production was also purified and
used as the sole carbon source for oil production by P. parantarctica CHC28. The result
demonstrated that the oil was produced and accumulated within the cells up to 50% of

the dry weight [20].
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The yeast strains, including Lipomyces tetrasporus, Rhodotorula toroloides, and
Yarrowia lipolytica can utilize lignocellulose-derived sugars as carbon sources for oil
production with oil accumulations different of 62.87, 63.23, and 34.90 %, respectively [27].
Likewise, Trichosporon oleaginosus, Lipomyces starkeyi, and Cryptococcus albidus can
metabolite the sorghum stalks for oil production with oil accumulations of 60, 44, and 42 %,
respectively [23]. In addition, Osorio-Gonzalez et al. [29] reported that five strains of
R. toruloides utilized glucose and xylose sugars in wood hydrolysate similarly. However,
the oil production was different and depended on the experimental strains. Thereby,
it could be summarized that the species and main carbon source affect the oil production
of the oleaginous strain. The CHC28 was chosen to study the enhancement of oil

production efficiency in the xylose-based medium for the next experiments.
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Figure 4.1 Time profiles of (A) xylose consumption and the production of (B) biomass
and (C) YO of various oleaginous yeasts cultured in X-OPM at 144 h. Data

are represented as mean + SD bar.
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Table 4.1 Parameter of biomass and YO production by various oleaginous yeasts with xylose as the main carbon source at 50 g/L.

Yeast strains X(g/L) P(g/L) AS (g/L) Yas Yors Oil content (%)
P. parantarctica CHC28 1291 £0.08°  3.20+0.12°  44.48+0.12>  0.29+0.00°  0.07 = 0.00° 24.78 £0.75
C. albidus TISTR 5103 13.77+0.09°  0.02+£0.02¢ 36.77+0.84°  0.37+0.01°°® 0.00 =+ 0.00¢ 0.16 + 0.144

R. glutinis TISTR 5159 12.01 £020%  0.63+£0.06° 31.36+0.40° 0.38+0.01* 0.02 +0.00° 527 +0.47¢

R. toruloides TISTR 5186  12.54+0.23° 1.91+0.10°> 3824+0.26> 0.33+0.01* 0.05+0.00° 15.24 +0.97°
Y. lipolytica TISTR 5212 2.94+0.13¢ 0.04£0.07¢  7.78 £1.95¢ 0.40+0.12*  0.01+0.01¢ 1.44 +0.724

“Data are mean + SD; different superscripts in the same column indicate significant differences at p-value < .05.
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4.2 Effect of initial xylose concentration on yeast growth and YO production

The effect of P. parantarctica CHC28 cultivation in X-OPM containing different
initial xylose concentrations was investigated, with results shown in Figure 4.2A to C.
The results showed that yeast could completely uptake xylose in X-OPM containing
xylose lower than 40 g/L (Figure 4.2A). When the yeast was cultured in X-OPM
containing a carbon source ranging from 50 to 130 g/L, the xylose consumption ranged
from 28.63 + 0.52 to 44.48 £ 0.12 g/L at 144 h of cultivation. Yeast biomass increased
consistently as the carbon source increased and reached the highest level (12.91 + 0.08
g/L) at xylose content of 50 g/L.

The biomass then gradually decreased at xylose content over 60 g/L (Figure 4.2B).
At the xylose concentration increased from 10 to 40 g/L, YO was continuously enhanced
(Figure 4.2C). By contrast, at higher xylose levels, YO was dramatically reduced. It was
demonstrated that the growth and YO production of P. parantarctica influenced by
substrate inhibition of high xylose concentration. Substrate consumption, yield of
biomass and YO, and oil content at the end of cultivation are summarized in Table 4.2.

The highest Yxs and Yps were 0.43 + 0.01 and 0.10 + 0.01 at 10 and 80 g/L,
respectively. Xylose concentration of 40 g/L gave the highest YO and oil content at 3.36
+ 0.01 g/L and 28.4 £ 0.5%, respectively, with xylose thoroughly utilized. Results
suggested that increase in carbon source concentration increased the osmotic pressure of
the cultivation medium, which impacted the growth and product development of
microorganisms [27, 84, 85].

In a previous study, the effect of glucose concentration on growth and oil
production of Rhodotorula toruloides ATCC 204091 was explored. It was found that
R. toruloides ATCC 204091 had higher growth and oil production when glucose increased
from low to moderate levels (5 to 90 g/L), causing biomass and oil production increased
from 16.0 to 23.2 g/LL and 10.5 to 17.8 g/L, respectively. However, growth and oil
production decreased at glucose concentration above 120 g/L [84].

In addition, Cutaneotrichosporon oleaginosus and Yarrowia lipolytica were
cultured in the medium under various glycerol concentrations in terms of C/N ratios (30:1
to 300:1). Highest oil contents of C. oleaginosus and Y. lipolytica were obtained at 71%,
and 66% under C/N ratios 175 and 140, respectively [117]. Consequently, the influence
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of xylose on oil formation of the yeast strain Papiliotrema laurentii UFV-1 was also
studied at different C/N ratios. The results indicated that the highest oil content in a cell
was 63.5% (5.9 g/L of oil) at C/N ratio of 100:1 [118].

These results suggested that the concentration and type of carbon source are
crucial factors affecting the efficiency of oil production for microbes. Furthermore, oil
can be produced using several carbon sources at different concentrations. Especially,
P. parantarctica CHC28 is an oleaginous yeast that could consume diverse carbon

sources to form YO [18, 105].

Table 4.2 Fermentation parameters in X-OPM at different initial xylose concentrations

at 144 h.
Xylose (g/L) AS (g/L) Y Yors Oil content (%)

10 10.0+0.172 0.43 +0.01? 0.04 £ 0.0 8.6+1.24

20 20.12 +0.33" 0.35+0.01° 0.04 + 0.0° 12.7 +0.0°
40 41.95+0.17° 0.28 + 0.0¢ 0.08 + 0.0° 28.4 +0.5°
50 44.48 +£0.12° 0.29 + 0.04 0.07 + 0.0¢ 24.8+0.8°
60 33.19+1.324 0.35+0.0° 0.09 + 0.0% 26.7 +1.5%
80 29.42 +1.234 0.35+0.01°  0.10£0.01 28.4 4 1.0°
110 33.16+ 1.43¢ 0.35+0.01° 0.09 + 0.0 26.1 +0.7%
130 28.63 +0.52¢ 0.37+0.01>  0.10+0.012 26.5+1.6°

“Data are presented as mean + SD; different superscripts in the same column indicate

significant differences at p-value < .05.
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Figure 4.2 Time profiles of (A) xylose consumption and the production of (B) biomass
and (C) YO of P. parantarctica CHC28 in X-OPM containing different initial
xylose concentrations at 144 h. Data are represented as mean + SD bar. The

different superscripts indicate significant differences at p-value < .05.
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4.3 Effect of glucose and xylose mixtures as co-carbon sources on growth and YO
production

The effect of co-carbon sources in GX-OPM on yeast growth and YO production
was investigated under different glu:xyl ratios and presented in Figure 4.3, 4.4 and Table
4.3. Single and co-carbon sources were wholly utilized for growth and YO production of
P. parantarctica CHC28 in all experiments (Figure 4.3 and 4.4), with biomass and YO
concentration ranging from 10.92 + 0.08 to 11.86 = 0.23 g/L and 2.68 + 0.15 to 3.36 +
0.01 g/L, respectively. Comparing G-OPM and X-OPM, P. parantarctica CHC28
cultured in X-OPM could produce more biomass and YO than G-OPM (Table 4.3).

The Yy, Yprs, and oil content obtained from X-OPM were 0.28, 0.08, and 28.4 +
0.5%, respectively. Results in Table 4.3 demonstrated that yeast CHC28 synthesized YO
from xylose (3.36 = 0.01 g/L) more than glucose (2.70 + 0.07 g/L) by 24%. YO yield
(Yps = 0.08) was greatly increased using xylose as the main carbon source. Likewise,
mycelia cells of Cunninghamella echinulate and Mortierella isabellina showed higher oil
content derived from xylose than glucose as a carbon source [119]. Previous research
showed that pentose sugar metabolism typically occurs through the pentose phosphate
pathway (PPP) and phosphoketolase (PPK) [51]. The PPP catabolizes hexose into pentose
sugar, producing D-ribose-5-phosphate and erythrose-4-phosphate that are used to
synthesize nucleic acids and amino acids, respectively. The PPP releases NADPH which
is utilized for oil synthesis. The PPP comprises two main stages. First, hexose sugar is
oxidized and transformed to pentose sugar (D-ribulose 5-phosphate), releasing CO, and
NADPH, while in the second stage, D-ribulose S-phosphate is transformed into D-ribose-
5-phosphate, followed by xylulose-5-phosphate, D-glyceraldehyde-3-phosphate, and
erythrose-4-phosphate. The xylulose-5-phosphate is then transformed into acetyl-CoA,
while erythrose-4-phosphate is used as a substrate in the glycolysis pathway (GLP) to
generate ATP [51].

On the other hand, xylose is metabolized by the phosphorolytic reaction to
produce acetyl-CoA from xylulose-5-phosphate using PPK as the critical enzyme [120-
123]. The xylose metabolism pathway initiates from xylose, xylitol, and xylulose with
enzymes xylose reductase (XR), xylitol dehydrogenase (XDH), and xylulokinase (XLK),
respectively, according to xylulose-5-phosphate, with NADPH provided in this route
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[120, 124]. Conversion of xylose into acetyl-CoA by the PPK system yielded 2 mol of
acetyl-CoA from 1 mol of xylose, which is higher than glucose metabolism via the GLP
and PPP (1.67 mol) pathways [120]. Therefore, using xylose as the primary carbon source
during the development of oleaginous yeast resulted in high oil yield [125, 126].

A mixture of glucose and xylose could stimulate growth and YO production of
P. parantarctica CHC28 (Table 4.3). Comparing co-carbon sources, maximum biomass
concentration was recorded at a 2:1 glu:xyl ratio, with no significant difference when
xylose was mainly used (glu:xyl ratio at 0:1). The YO concentration, substrate
consumption, Yxss, Ypss, and oil content were not significantly different when cultivating
P. parantarctica CHC28 in a co-carbon source-based medium. Furthermore, the YO
production efficiency significantly reduced when a glucose and xylose mixture was
employed as the co-carbon sources compared with xylose (Table 4.3). This result
suggested that the mechanism of sugar utilization proceeded sequentially under mixed
glucose and xylose cultivation.

Glucose was consumed first, while consumption of the other sugars was inhibited
by catabolic repression or allosteric competition of sugar-transporting enzymes [109],
thereby affecting the efficiency of utilizing xylose for oil production in GX-OPM.

Oil yields at 32 and 34% of consumed glucose and xylose, respectively were
reported, according to the stoichiometry theory of oil production obtained from a
substrate [119, 125, 127]. In this study, oil yield was closely expressed according to the
stoichiometry theory as 33.34, 33.0, and 32.66% for glu:xyl ratios of 1:2, 1:1, and 2:1,
respectively. Adopting xylose as the primary carbon source rather than glucose and other
co-carbon sources greatly improved the efficiency of YO synthesis. This result concurred
with the YO production of R. toruloides BOT-A2, R. toruloides CBS 14, R. glutinis CBS
3044, L. starkeyi InaCC Y604, Cryptococcus sp. MTCC 5455, and Pseudozyma
hubeiensis BOT-O utilizing xylose as the major carbon source [28, 111, 128, 129].

Previous research demonstrated the YO production from lignocellulosic biomass
such as wheat and rice straw, sugarcane bagasse, and corncob composed of glucose and
xylose as the primary sugar following arabinose at lower concentrations [78, 79, 97, 130].
The glu:xyl ratios of those hydrolysates were different and depended on their original

compositions and hydrolysis process. Suggestion, P. parantarctica CHC28 might produce
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YO using the hydrolysate of cellulosic and hemicellulosic materials containing combined
glucose and xylose as main carbon sources. P. parantarctica CHC28 was also a potentially
suitable oleaginous yeast strain to investigate YO synthesis from lignocellulosic materials

comprising various ratios of glucose and xylose.
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Figure 4.3 Time profiles of growth and YO production under glu:xyl ratios of (A) 1:0 and

(B) 0:1 in the oil production medium. Data are represented as mean + SD bar.
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Figure 4.4 Time profiles of growth and YO production under glu:xyl ratios of (A) 1:2,

(B) 1:1, and (C) 2:1 in the oil production medium. Data are represented as

mean £+ SD bar.

62


Mobile User


€9

Table 4.3 Fermentation parameters in glucose and xylose mixtures as co-carbon sources at 144 h.

Glu: Xyl ratio X (g/L) P (g/L) AS (g/L) Ys Yoss Oil content (%)
1:0 10.92 £ 0.08° 2.70 £0.07° 43.72+0.12° 0.25+0.0° 0.06 £ 0.0° 24.7+0.7°
0:1 11.86 +0.23* 3.36+0.01° 43.09+0.17° 0.28 + 0.0° 0.08 =+ 0.0 28.4+ 0.5
1:2 11.04 £0.18° 2.68£0.15° 4427+ 027 0.25+0.0° 0.06 £ 0.0° 242+ 1.1°
1:1 11.13+£0.18° 2.89+0.18° 44.07 £ 1.20® 0.25+0.0° 0.07 £ 0.0%® 26.0 + 1.6°
2:1 11.61 +£0.122 2.84+0.13° 43.94 + 0.22% 0.26 + 0.0° 0.06 + 0.0° 245+ 1.1°

“Data are presented as mean + SD; different superscripts in the same column indicate significant differences at p-value < .05.
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4.4 Enhancement of YO production by organic acid supplementation

The influence of organic acid supplementation was investigated and shown in
Figure 4.5 and Table 4.4. Adding acetic acid significantly influenced yeast growth,
resulting in reduced oleaginous biomass with increasing acetic acid concentration.
Maximum biomass was obtained at 10.3 = 0.05 g/L (Yxs = 0.24) at 1 g/L of acetic acid
(Figure 4.5A and Table 4.4). Maximum YO concentration of 4.39 + 0.30 g/L (¥,s = 0.10)
was achieved at 1 g/L of acetic acid, and 31.5% higher than the unsupplemented condition
(Figure 4.5B and Table 4.4). Furthermore, 1 g/L of acetic acid gave the highest oil content
at 42.1 + 2.8%, higher than the unsupplemented condition by 1.4 times. This result
demonstrated that acetic acid (1 g/L) accelerated YO production and substrate assimilation
of CHC28 by triggering intracellular oil production, thereby providing a slightly shorter
conversion pathway to acetyl-CoA, a crucial precursor in oil formation [131-133].

However, excessive concentration of acetic acid (> 5 g/L) ruptured the cell
membrane, causing leakage of intracellular oil [132]. The influences of citric and succinic
acids on biomass and YO formation were also investigated and presented in Figure 4.5 and
Table 4.4. Citric and succinic acids exhibited slightly different yeast growths, the biomass
ranged from 11.17 £ 0.23 to 11.32 + 0.04 g/L and 9.63 + 0.09 to 10.18 + 0.16 g/L,
respectively. While YO spanned from 3.12 + 0.02 to 3.65 = 0.16 g/L for citric acid and
succinic acid supplementation, respectively.

These results suggested that citric and succinic acids were intermediate substances
in the TCA cycle that had minimal effects on enhancing intracellular oil. These intermediate
substances were re-generated to constantly compensate and adjust the balance of the TCA
cycle [134]. Therefore, adding citric acid and succinic acid did not affect the oil production

of CHC28.

64


Mobile User


14

12 A a a a
=) b bc cd
B 10 A d s
g :
£ g
=
5
2
g 4
)
2 4
f
0 T - -
Acetic acid Citric acid Succinic acid
Organic acid
N | /L
C5¢g/L
C—110g/L
5
B) 7
4 4 \ b
C
: cd _k')lg_ be _T_
& 5 de
£ 3
=
&
=
51
g 21
]
=
1 .
f
0 T T T
Acetic acid Citric acid Succinic acid
Organic acid
N | /L
C5gL
C—110g/L

Figure 4.5 (A) Biomass and (B) YO production of P. parantarctica CHC28 cultivation
in organic acids containing X-OPM at 144 h. Data are represented as mean +

SD bar.
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Table 4.4 Influence of organic acid supplementation on growth and oil production in

X-OPM at 144 h.

Conditions AS (g/L) Yys Yors Oil content (%)
Control 41.95£0.17° 0.28 £0.0° 0.08 £0.0° 28.4£0.5¢
Acetic acid (g/L)

1 43.70 + 0.54° 0.24+0.0°  0.10+0.01° 42.1+2.8°
5 38.07 £ 0.64° 0.22+0.01° 0.08 £ 0.0° 36.5+ 1.6
10 1.99 +0.28f 0.19 + 0.06° 0.02 +0.0° 8.3+ 0.0
Citric acid (g/L)

1 42.63 +0.24° 0.26+0.01? 0.08 + 0.0° 31.7 + 1.1
5 42.36 + 0.08" 0.27 £0.01? 0.08 + 0.0° 29.9 + 1.6¢
10 42.76 + 0.68% 0.27 +0.0? 0.08 £ 0.0 30.9 + 0.7
Succinic acid (g/L)

1 41.23 +1.234 0.23 +0.0° 0.08 + 0.0 32.4 +0.5%
5 41.55+031%  025+0.01*  0.08+0.0" 33.4+0.9°
10 41.39+0.16%  0.24+0.01%  0.08 +0.0° 36.6 £ 2.0

“Data are mean + SD; different superscripts in the same column indicate significant

differences at p-value < .05.

4.5 Compositions of rice straw hydrolysate

The rice straw was prepared and hydrolyzed by chemical and enzymatic
hydrolysis. The compositions of rice straw hydrolysate (RSH) are shown in Table 4.5.
The hydrolysis of RS released glucose, which was the major lignocellulosic sugar reached
at a concentration of 24.7 + 1.7 g/L (70.3 = 0.3%), as well as xylose and arabinose,
produced at 9.2 = 0.7 (26.1 = 0.2%) and 1.3 = 0.2 g/L (3.6 = 0.1%), respectively.
Similarly, a study by Chen et al. reported that the alkaline-pretreated process and cellulase
hydrolysis resulted in a higher glucose content compared to the acid-pretreated treatment
[135]. The glucose content from the hydrolysis of RS strains RPY GENG and RIL272
increased to 72.95 and 71.37%, respectively. In contrast, the acid-pretreated (H>SO4) and
cellulase hydrolysis of RS strains RPY GENG and RIL272 yielded the highest glucose
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content at 70.2 and 69.0%, respectively [135]. However, Rashid et al. demonstrated a
different result, showing that NaOH-pretreated RS (from Perlis, Malaysia) followed by
cellulase hydrolysis resulted in a glucose content of 66.9% [72]. It was suggested that
alkaline pre-hydrolysis successfully removed the lignin, increasing the surface area for
more enzymatic hydrolysis accessibility [135, 136]. In contrast, high acid concentration
pretreatment was found to negatively impact glucose yield, particularly in RS with a low
lignin composition [135]. Glucose derived from cellulose hydrolysis through enzymatic
processes, constitutes the primary structure within lignocellulosic plant cell walls. The
lignocellulose structure consists of cellulose (35 to 40 %), hemicellulose (25 to 40 %),
and lignin (10 to 20 %) [62]. However, the sugar composition in various plants was
different. The RS species of japonica and indica given different ratios of the cell wall
composition by cellulose, hemicellulose, and lignin ranging from 30 to 50%, 10 to 20%,
and 10 to 30%, respectively [135]. Besides, the RS PR121 contained 25.94, 17.64, and
15.82% of cellulose, hemicellulose, and lignin, respectively [137]. In addition, furfural
was not detected, while the 5-hydroxymethylfurfural (5-HMF) was generated during the
hydrolysis of RS for 0.005 + 0.001 g/L. The 5-HMF and furfural were generated when
lignocellulosic material was degraded [138]. Likewise, the acid hydrolysis of exhausted
olive pomace generated 5S-HMF and furfural at 0.11 and 1.89 g/L, respectively, yielding
glucose and xylose at 4.89 and 23.72 g/L, respectively [139]. Moreover, the diluted acid
hydrolysis of sugarcane bagasse provided 11.8 g/L glucose and 125.3 g/L xylose and
released 5S-HMF and furfural at 0.07 and 0.45 g/L, respectively [140]. The 5-HMF and
furfural released by acid-hydrolyzed corn stove ranged from 1.35 to 2.97 g/L and 1.46 to
2.98 g/L, respectively, including glucose (1.13 to 8.30 g/L) and xylose (8.44 to 45.22 g/L)
[141]. In contrast, the hydrolysis of brewers’ spent grain did not yield detectable levels
of 5-HMF and furfural under slightly releasing glucose (26.4 g/L) and xylose (6.2 g/L).
While higher glucose and xylose releasing at 50.6 to 69.1 g/L and 12.6 to 18.2 g/L,
respectively, showed 5-HMF and furfural ranged from 0.006 to 0.009 and 0.009 to 0.014
g/L, respectively, for dilute acid-pretreated and enzyme hydrolysis [142]. The furfural
and 5-HMF released during the degradation of cellulose fractions of lignocellulosic
biomass were denoted as the crucial inhibitors of microbial metabolism, influencing the

bioconversion of sugars into target product [79, 143]. Our preparation provides RSH with
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high levels of glucose and xylose as the main components, along with low furfural and 5-
HMEF content. The RSH was used as the primary carbon source for YO production in this

study.

Table 4.5 The compositions of RSH.

Compositions Concentrations (g/L)
Glucose 247+ 1.7

Xylose 92+0.7

Arabinose 1.3+0.2

Furfural Not detected

5-HMF 0.005+0.001

4.6 Optimization of yeast oil production from RSH by response surface
methodology

The optimum condition of yeast growth and YO production from P. parantarctica
CHC28 using RSH-based oil production medium (RSH-OPM) was arranged as 15 runs of
Box-Behnken design (Table 4.6). The influence of three independent variables, including
total sugar of RSH (4), (NH4)2SO04 (B), and KH2PO4 (C) on biomass (Y1) and YO
production (Y2) were investigated. The experimental results of biomass and YO ranged at
0.23 to 593 g/L and 0.19 to 1.72 g/L, respectively, at 144 h of cultivation.
The biomass and YO were maximized through BBD, accorded by second-order quadratic
model. The high biomass (4.28 to 5.93 g/L) was obtained from the experimental results
which used 10 g/L of total sugar of RSH (run 9-15). The almost biomass was decreased
when 5 and 15 g/L total sugar of RSH was used. The excess of (NH4)2SO4 (runs 3 and 4)
and KH>PO4 (runs 7 and 8) provided a negative impact on YO production. The highest
YO was achieved at 1.72 g/L (run 2) when (NH4)2SO4 and KH2PO4 were added for 0.5
and 7 g/L, respectively. Previous research has reported that the nitrogen limitation
affected the oil accumulation of oleaginous yeast. A high C/N ratio of the medium could

catabolite the sugar for oil synthesis when the nitrogen was depleted [50]. The
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incompleteness of nitrogen source in the medium promoting yeast generated oil and
accumulated within cells, replacing protein synthesis in the enriched-nitrogen medium
[58]. Amount limited-nitrogen sources impact the biosynthesis perturbation of the citric
acid cycle because of isocitrate dehydrogenase inhibition in the mitochondrial made to
citrate released into the cytoplasm, which is caused by decreasing adenosine
monophosphate (AMP) level [60] that broke down by the ATP-citrate lyase into
oxaloacetate and acetyl-CoA then reunifies with NADPH derived from the sugar
catabolism for the fatty acid synthesis [50, 51]. Phosphorus is an essential component
incorporating nucleic acids, phosphorylated proteins, phospholipids, and coenzymes [59,
60]. Previous research reported that the limitation of nitrogen and phosphorus sources
resulted in a slight decrease in biomass, while oil content increased and continually
enhanced by carbon sources metabolized [60, 61]. Therefore, the nitrogen and phosphorus
limitations and excess carbon sources are the key factors of YO production efficiency.
Our finding indicated that the RS hydrolysis process provided a lack of inhibiting by-
products (furfural and 5-HMF) from lignocellulosic biomass. It also demonstrated that
the RSH was the effective substrate as a carbon source for biomass and YO production.
The analysis of variance (ANOVA) and code regression coefficients of the
quadratic model for find the influencing factors to biomass and YO production were
shown in Table 4.6. The statistical analysis results of biomass showed that p-value of
biomass and YO production models were 0.0759 and 0.0192, respectively. It was
indicated that the biomass model was not significant at the confidence level of 95%
(p-value > .05), whereas the YO model was significantly different (p-value < .05). In
addition, the lack of fit of both models was not significant (p-values =0.1175 and 0.2934),
indicating that the regression models had suitability for experimental data. The value of
the coefficient of determination (R?) of biomass and YO models were 0.8739 and 0.9314,
respectively, indicating that the experimental findings and predicted data were well
correlated (Table 4.6). It also revealed that particular 12.61 and 6.86% of the overall
changes could not be accounted for by the biomass and YO fitted models, respectively.
For biomass generation, the total sugar of RSH had a much higher impact than (NH4)>SO4
and KH2POys. The quadratic coefficient of RSH based-total sugar (4%) was significant with
the p-value at .0042. Furthermore, the total sugar of RSH likewise had the most impact
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on YO synthesis (p-value = .0257), similar to biomass production. The results also found
that the quadratic coefficients of RSH based-total sugar (4°) and (NH4)2SO4 (B%) had
significant p-values of .0495 and .0464, respectively. Additionally, the interaction effect
of biomass and YO models between the two variables (4B, AC, and BC) was also found
to be insignificant (p-value > .05). Consequently, the second order quadratic equation for

biomass (Y1) and YO production (Y2) was described by Eqgs. (18) and (19).

Yi=-470+1.914+0.118 + 0.15C — 0.0648 + 0.02AC + 0.02BC — 0.094° +

0.05B2 - 0.02C> (18)
Ya=-0.35+0.304 — 0358 — 0.02C — 0.034B + 0.014C+ 0.01BC — 0.0142 +
0.07B2 - 0.002C> (19)
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Table 4.6 ANOVA results of BBD for biomass and YO production from RSH.

Source Biomass YO

Sum of squares df  Mean square F-value p-value Sum of squares df  Mean square F-value p-value
Model 28.31 9 3.15 3.85 0.0759 3.03 9 0.3365 7.55 0.0192%*
A-RSH 17.88 1 17.88 21.89 0.0054**  0.4396 1 0.4396 9.86 0.0257*
B—(NH4)>SO, 0.0156 1 0.0156 0.0191 0.8955 0.1554 1 0.1554 3.49 0.1209
C-KH;PO4 0.4276 1 0.4276 0.5234  0.5018 0.0060 1 0.0060 0.1340  0.7293
AB 1.42 1 1.42 1.74 0.2445 0.2500 1 0.2500 5.61 0.0641
AC 1.19 1 1.19 1.46 0.2811 0.1640 1 0.1640 3.68 0.1132
BC 0.2669 1 0.2669 0.3268  0.5923 0.0441 1 0.0441 0.9893  0.3656
A? 20.32 1 20.32 24.87 0.0042**  0.2964 1 0.2964 6.65 0.0495*
B? 0.1603 1 0.1603 0.1962  0.6763 0.3087 1 0.3087 6.93 0.0464*
(6 3.88 1 3.88 4.75 0.0812 0.0433 1 0.0433 0.9721  0.3694
Residual 4.08 5 0.8169 0.2229 5 0.0446
Lack of Fit 3.76 3 1.25 7.67 0.1175 0.1768 3 0.0589 2.56 0.2934
Pure Error 0.3267 2 0.1633 0.0461 2 0.0230
Cor Total 32.40 14 3.25 14

R*=0.8739 R*=0.9314

*p-value < .05 and **p-value < .01.
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Figure 4.6 3D surface and 2D contour graph of biomass (A), total sugar of RSH and
(NH4)2SO4; (B), total sugar of RSH and KH>PO4; and (C), (NH4)>SO4 and
KH>PO4 and YO production (D), total sugar of RSH and (NH4)2SO4; (E), total

sugar of RSH and KH>POy4; and (F), (NH4)2SO4 and KH>PO4 from RSH-medium
analyzed by RSM.
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The Egs. (18) and (19) were employed to create the three-dimensional (3D)
response surface graph and the related two-dimensional (2D) contour to determine the optimum
combination of the assessed variables (Figure 4.6A to F). The biomass increase as total sugar
of RSH rised from 5 to 10 g/L, until it entered to a saddle-shaped region (Figure 4.6A). The
biomass response decreased as total sugar of RSH increased. The contour map presented
the sligh interaction between (NH4)>SO4 and total sugar of RSH. The interaction effect of
KH2PO4 and total sugar of RSH (Figure 4.6B), increase of KH>PO4 and total sugar of RSH
from 0 to 7 g/L and 5 to 10 g/L enhance the biomass to highest contour area. The biomass also
dropped as both variables increased. The biomass slightly increased with increasing of KH2PO4
and lowering of (NH4)2SO4 (Figure 4.6C).

The combined effect of total sugar of RSH and (NH4)2SO4 on YO production
presented the weak interaction, YO rised as total sugar of RSH rised from 5 to 15 g/L (Figure
4.6D). In addition, YO gradually reached to the highest contour area as increase of KH2PO4
and total sugar of RSH (Figure 4.6E). Consequently, YO increased as KH>POj4 raised and
(NH4)2SO4 dropped (Figure 4.6F). The optimum condition which achieved from second-order
quadratic model was at 10 g/LL RSH, 0.5 g/ (NHa4)2SO4, and 9 g/. KH>2PO4. Subsequently,
CHC28 was cultured under the optimum condition by batch mode (Figure 4.7). The result
found that the biomass and YO concentration were achieved at 4.67 + 0.09 g/L and 1.02 + 0.05
g/L at 144 h. Furthermore, it was observed that xylose was completely consumed, and glucose
remained at only approximately 6.9% of the initial concentration after 72 h of yeast cultivation
(Figure 4.7). This finding highlights the suitability of the RSH, prepared in this study, as
a favorable substrate for YO production by P. parantarctica CHC28.

Our research reveals a variable response during yeast cultivation for YO
production. The total sugar content of RSH showed a positive correlation with both the
maximum biomass and YO production. However, to enhance YO production efficiency from
RSH, it is essential to consider all three studied variables and other control factors concurrently
to optimize the YO production process. This approach can lead to further improvements in YO

production by P. parantarctica CHC28 using the low 5-HMF containing RSH as a substrate.
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Figure 4.7 Schematic of oleaginous yeast cultivation for YO production from RSH-medium

under optimum condition by batch fermentation.

4.7 High cell-density cultivation by fed-batch mode for YO production from RSH

The high cell-density (HCD) cultivation has been performed to enhance biomass and
YO production and reduce the inoculum propagating time. The inoculum has only been
prepared for the initial batch mode. To completely utilize total fermentable sugars on RSH
(glucose and xylose), RSH was used to prepare the cultivation medium (RSH-OPM) and
feeding medium. RSH-based medium and RSH have been added as the main carbon sources
during shaking flask culture to improve biomass and YO production efficiency for fed-batch
mode. When the total sugar was fully consumed (every 72 h), The feeding was aseptically
transferred into culture for an increment of the total sugar at approximately 10 g/L total sugar.
The fed-batch mode was compared for biomass and YO production by feeding with RSH-based
medium and RSH. The schematic of volumetric biomass and YO production were depicted in

Figure 4.8.
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As illustrated in Figure 4.8A and B, P. parantarctica continually exhibited
a sequential consumption of glucose and xylose in RSH in the 1* to 3™ feeding batch when
both RSH-based medium and RSH were fed. In contrast, the glucose in RSH was partially
consumed in the 4™ batch. A repeating sequential utilization pattern was observed in the 1% to
3 batches of fed-batch culture process, indicating continuous catabolic repression activity
[144]. As an example, in the 1% batch of both feedings, glucose was rapidly and completely
consumed within 72 h after feeding, similar to the trend of xylose utilization (Figure 4.8A and B).
The results clearly demonstrated that the glucose uptake rate was higher than that of xylose.
Interestingly, xylose consumption was initiated only when the glucose levels were nearly depleted.

This result is comparable to the utilization of corn stover for microbial lipogenesis
[144]. It was proposed that when glucose was maintained at a low concentration, xylose and
glucose may be assimilated concurrently. In contrast, glucose was only partially used, and
xylose was entirely metabolized at 288 h of feeding in the 4 batch of RSH feeding (Figure
4.8B). As shown in Figure 4.8B, the quantity of carbon source consumption was obviously
declined at the last feeding of process. It was suggested that RSH feeding might not be enough
essential nutrients for the growing and metabolic activities of yeast cells, impacting the cell
viability and substrate consumption of carbon sources and product formation. RSH feeding
only contained carbon sources without other essential nutrients for yeast, causing shorter cell
viability than RSH-based medium feeding. Also, Rhodosporidium toruloides 32489 cultivation
by impurified crude glycerol contained various mineral salt as carbon source. It presents the
benefits for yeast growth with osmoregulation and a healthy physiological for growth and
reproduction to improve biomass and oil synthesis. It demonstrated that oil production in crude
glycerol is higher than in glucose and pure glycerol [145]. Similarly, Rhodotorula
mucilaginosa G43 and Candida tropicalis X37 synthesize YO from crude glycerol higher than
pure glycerol [146].

In addition, the result presented that the volumetric biomass and YO were consistently
enhanced throughout the fed-batch culture (Figure 4.8A and B, and Table 4.7). These values
levels reached their highest at the end of the 3™ cycle. Specifically, when fed with RSH-based
medium and RSH, the volumetric biomass attained the maximum levels at 7.36 + 0.18 and 6.61
+ 0.08 g/L, while the YO production achieved its highest levels at 3.77 £ 0.09 and 3.98 £ 0.16
g/L, respectively (Table 4.7).
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Compared to batch mode, the Yysachieved in fed-batch mode was lower (Table 4.7).
However, the fed-batch mode provided a higher Y,s than the batch mode. This result
demonstrated that the repeated feeding of the carbon source could increase the C/N ratio of
cultivation. Thereby the lipogenesis of the oleaginous yeast is highly induced. Moreover, yeast
demonstrates the ability to utilize the substrate efficiently and continuously in fed-batch
cultivation, which is the limitation of the batch cultivation [27, 84, 85].

The oil content of both feeding conditions increased to over 50% since the end of the
2" batch (Table 4.7). This value was even higher than that observed in batch mode, indicating
that RSH sugar uptake significantly contributed to YO synthesis through the fed-batch method.
The accumulated quantity of YO achieved in this study is comparable to several other research
findings that used agro-waste hydrolysate as a substrate. For instance, the oil content of
oleaginous yeast Lipomyces tetrasporus cultured in switchgrass hydrolysate was reported to be
53.4% w/w [147]. Additionally, the culture of Cryptococcus sp. using corncob hydrolysate
provided oil content of 63.5% and 59% w/w, respectively [ 148]. Similarly, R. toruloides DSMZ
4444 and Cutaneotrichosporon oleaginosum grown in corn stover hydrolysate delivered oil
content of 59% and 61.7% w/w, respectively [149, 150]. Moreover, using pasta processing
waste hydrolyzed by an enzymatic process as the sole substrate, Sporobolomyces roseus
CFGU-S00 achieved an oil content of 40% w/w [151]. These findings collectively highlight
the potential of using different agro-waste hydrolysates to produce high oil content in various
oleaginous yeast species. In conclusion, this study demonstrated that the fed-batch mode could
effectively enhance the oil content of P. parantarctica when cultured using RSH as the primary

carbon source.
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Figure 4.8 Volumetric YO production profile under high cell-density cultivation by fed-batch
fermentation feeding with (A) RSH-based medium and (B) RSH.
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Table 4.7 Parameters of volumetric yeast oil production under RSH-based medium by different cultivation modes.

Cultivation modes X (g/L) P (g/L) AS (g/L) Yus Yoss Oil content (%)
Batch mode 4.67 £ 0.09 1.02+0.05°  10.39+0.17* 045+ 0.012 0.10£0.017 21.90+ 0.69"
Fed-batch mode with RSH based-medium feeding

1t Batch 3.98 £0.078 1.38+0.04¢ 9.48+0.04" 042+0.01* 0.15+£0.0° 34.65+1.28°
2" Batch 5.82 +0.20¢ 3.10+0.22°  19.05+0.20° 0.31+0.01° 0.16+0.01° 53.34+5.22°
3" Batch 7.36+0.18? 3.77+0.09% 2926+025¢ 025+0.0% 0.13+0.0¢ 51.21+0.15°
4™ Batch 7.06 £ 0.08° 3.76 £0.24%" 3844+048 0.18+0.00 0.10£0.01° 53.21+2.73°
Fed-batch with RSH feeding

1 Batch 3.88 + 0.05¢ 1.60+0.09 9.69+028" 040+0.02" 0.17+0.01° 41.28+2.76
2" Batch 5.09 +0.10° 3.53+0.03> 19.78 +0.45° 0.26+0.0¢ 0.18+0.01* 69.46 + 2.03?
31 Batch 6.61 + 0.08° 3.98+0.16* 30.17+0.63° 0.22+0.0° 0.13+0.09 60.16+1.76°
4 Batch 4.68 +0.14" 2.93+£0.15° 36.97+0.80° 0.13+0.02 0.08=£0.017 62.71 £2.70°

X, P, and 45 were the accumulated values. Different superscripts presented a significant difference in the same column at p-value < .05.
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The total production of biomass and YO by fed-batch mode were depicted in
Figure 4.9A and B. At the 4" batch of RSH-based medium feeding, these values were
achieved at the significant highest of 1.30 = 0.04 and 0.62 £+ 0.07 g/L, respectively.
In contrast, the RSH feeding of fed-batch mode provided the maximum total biomass and
YO at 0.91 £0.02 and 0.54 + 0.01 g/L, respectively. This result showed that the fed-batch
mode with RSH-based medium feeding provided a significantly effective strategy feeding
better than RSH feeding.

The total production of biomass and YO through the fed-batch mode is
illustrated in Figure 4.9A and B, respectively. Notably, during the 4™ batch cycle with
RSH-based medium feeding, these values reached the highest significant levels at 1.30 +
0.04 and 0.62 + 0.07 g, respectively (Figure 4.9A and B). In contrast, employing RSH
feeding in the fed-batch mode resulted in a maximum total biomass and YO of 0.91 +
0.02 and 0.54 £ 0.01 g, respectively, at the 3™ batch cycle. the total production of RSH
feeding subsequently declined during the 4" batch cycle (Figure 4.9A and B). The result
suggested that the 3™ batch presented that glucose and xylose were thoroughly consumed.
While the 4" batch showed a declining carbon consumption capacity, as illustrated in
Figure 4.9B, biomass and YO production decreased together after feeding the 4™ batch
RSH. Moreover, the yeast might reuse the intracellular YO instead of other carbon
sources, affecting its accumulated YO and oleaginous biomass. Therefore, the product
decrease after the 3 batch might be caused by other essential nutrients that originated as
insufficient for cultivation in the 4™ batch of RSH feeding. This discovery is significant,
as it emphasizes the superior effectiveness of the fed-batch mode with RSH-based
medium feeding, leading to higher total biomass and YO production than RSH feeding
alone (Table 4.8). The RSH-based medium feeding strategy proved more effective in
promoting the growth and YO production of P. parantarctica CHC28 during fed-batch
mode. This approach involved the supplementation of essential nutrients to the medium
during each feeding cycle, enabling the yeast to efficiently utilize carbon sources for
sustained growth and YO production over extended cultivation periods. Similarly,
applying a nitrogen source in every feeding cycle during the fed-batch cultivation of
Sporobolomyces roseus CFGU-S005 was investigated. The results demonstrated a

twofold increase in production efficiency compared to batch mode, yielding 6.6 g/L of
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lipids and 3.4 mg/L of carotenoids at the culmination of the cultivation process [89].
Furthermore, prior research explored the utilization of double-fold essential nutrients,
including nitrogen and phosphate sources, in a fed-batch fermentation setup for
Trichosporon oleaginosus. This approach resulted in sustained growth and enhanced oil
production, with the organism exhibiting robust performance until nearly all substrate
was consumed [152]. These findings collectively underscore the significance of the RSH-

based medium feeding strategy in facilitating high-cell density cultivation.
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Figure 4.9 Total production of biomass and YO under high cell-density cultivation by
fed-batch fermentation feeding with (A) RSH-based medium and (B) RSH.
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Table 4.8 Summary parameters of yeast oil production under different optimum cultivations.

Cultivations X (g/L) P (g/L) AS (g/L) Ys Yoss Oil content (%)
Batch

Xylose (40 g/L) 11.86£0.23 3.36+£0.01 4195+0.17 028+0.0 0.08+0.0 284=+0.5
Xylose (40 g/L) and acetic acid (1 g/LL) 10.3 £0.05 439+030 43.70+0.54 024+00 0.10+£0.01 42.1+2.8
RSH (10 g/L) 4.67 +0.09 1.02+£0.05 1039+0.17 045+ 0.01 0.10£0.01 21.90+0.69
Fed-batch

RSH based-medium feeding 7.36+0.18 3.77£0.09  29.26+0.25 025+0.0 0.13+£0.0 51.21+0.15
RSH feeding 6.61 £ 0.08 398+0.16 30.17+0.63 022+0.0 0.13+£0.0 60.16+1.76

*Data are mean + SD.
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4.8 Mathematical modeling
4.8.1 Kinetics of YO production under various initial xylose concentrations

The kinetic parameters of non-linear mathematic models were estimated
by curve fitting. The experimental value was fitted with the model value by minimizing the
differences using the curve fit function of Berkeley Madonna™ (www.berkeleymadonna.com).
Under different initial xylose concentrations, Xmax and umax were estimated according to
Eq. (2). The influences of initial xylose concentration on the relative maximum biomass
(Xmax/Xmax10) and relative maximum specific growth rate (umax/tmax10) are illustrated in
Figure 4.10. These parameters were expressed by comparing the modeled Xmax and gimax
for each initial xylose concentration with 10 g/L xylose. Results showed that
enhancement of xylose concentration dramatically increased the modeled Xmax and
relative maximum biomass (Figure 4.10). By contrast, increase in xylose concentration
decreased the modeled pmax, while the relative maximum specific growth rate also
decreased (Figure 4.10). This result indicated that high initial xylose concentration in X-
OPM depressed pimax but promoted Xmax of P. parantarctica CHC28. Previous research
reported that increased initial xylose concentration impacted yeast cell growth [92, 153,
154]. High sugar concentration reduced cell membrane liquidity, with longer time
required to transport biomolecules via the transmembrane layer of yeast cells [155]. Thus,
increasing xylose concentration decreased the growth rate of yeast CHC28.

Simulation of the YO production profile was conducted at various initial
xylose concentrations, ranging from 10 to 130 g/L, using mathematical models for yeast
growth, YO production, and substrate consumption (Egs. (2) to (12)). The resulting R?
values ranged from 0.913 to 1, as shown in Figures 4.11 to 4.14. Furthermore, the NRMS
was calculated for all conditions, which ranged between 0.061 and 4.067, as indicated in
Table 4.9. These values demonstrate that the model accurately and consistently explained
the measurements, providing reliable and precise insights into YO production under
different initial xylose concentrations.

The kinetic parameters obtained from the mathematical equations are
presented in Table 4.9. The highest umax value was observed at 0.103 h! with an initial
xylose concentration of 10 g/L, followed by a declining trend as the xylose concentration

increased. For xylose concentrations of 20 and 40 g/L, umax remained relatively high at
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0.080 h™'. However, when the initial xylose concentration exceeded 60 g/L, imax dropped
to under 0.053 h'!. Conversely, Xmax increased from 4.31 to 14.63 g/L with increasing
xylose concentration (Table 4.9). The ki value decreased as the xylose concentration rose,
indicating an increased substrate inhibition effect under high substrate concentrations.
The Yy values showed slight differences and ranged from 0.30 to 0.37. The highest Yys
value was 0.12 at an initial xylose concentration of 40 g/L. (Table 4.9), and it gradually
decreased with higher xylose concentrations. The ms values were constrained to very low
across all xylose concentrations, suggesting that most xylose was minimally utilized for
cell maintenance (Table 4.9). Additionally, the a value was greater than the f value in all
experiments (Table 4.9), indicating that the entire YO product was generated together
with the yeast growth as a growth-associated product. These results provide valuable
insights into the relationship between kinetic parameters and xylose concentration,

clarifying the YO production behavior during the experiments.
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Figure 4.10 Relative maximum biomass (Xmax/Xmax10) and relative maximum specific
growth rate ((max/tmax10) of P. parantarctica CHC28 cultivation in different

xylose concentrations.
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Figure 4.11 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica

CHC28 cultured at 10 and 20 g/L xylose concentrations.
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Figure 4.12 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica

CHC28 cultured at 40 and 50 g/L xylose concentrations.
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Figure 4.13 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica

CHC28 cultured at 60 and 80 g/L xylose concentrations.
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Figure 4.14 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica

CHC28 cultured at 110 and 130 g/L xylose concentrations.
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Table 4.9 The parameter-estimated by the kinetic model of different xylose concentrations.

Xylose. Cell growth Substrate consumption YO production
concentration
(g/L) 7 KXax ki NRMS Yis my NRMS a S Yoss NRMS
10 0.103 431 857 0.246 0.34 0 0.078 0.262  0.001 0.09 0.119
20 0.080 6.59 717 0.341 0.31 0 0.609 0.270  0.001 0.08 0.100
40 0.080 11.09 445 1.418 0.37 0.009 4.067 0.324 0 0.12 0.769
50 0.060 11.70 311 1.413 0.30 0 3.109 0.274 0 0.08 0.197
60 0.041 12.31 212 0.303 0.30 0.001 0.404 0.278 0 0.08 0.142
80 0.053 10.86 120 0.280 0.31 0 0.777 0.190 0.001 0.06 0.061
110 0.048 14.34 99 0.257 0.31 0 0.669 0.139  0.002 0.04 0.153
130 0.053 14.63 74 0.280 0.32 0.001 0.707 0.105 0.003 0.03 0.133
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4.8.2 Kinetics of YO production under mixture glucose and xylose

The simulation profile of YO production by P. parantarctica CHC28 in
G-OPM and X-OPM was illustrated in Figure 4.15A and B, respectively. The R? values
of yeast growth profiles in G-OPM and X-OPM ranged from 0.949 to 0.999 and from
0.898 to 0.974, respectively. While under GX-OPM, the R? values of different glu:xyl
ratios at 1:2, 1:1, and 2:1 ranged from 0.850 to 0.968, 0.837 to 0.948, and 0.883 to 0.915,
respectively (Figure 4.16A to C). The NRMS was obtained at 0.148 to 4.067 for the above
condition (Table 4.10). The umaxxy of yeast cultured in X-OPM (0.080 h!) was higher
than gmaxeinin G-OPM (0.071 h'), while yeast cultivation in GX-OPM revealed that the
estimated fmax,glu Was higher than gmaxxy1 in all glu:xyl ratios. Yeast growth was promoted
by glucose greater than xylose in co-carbon source cultivation. Furthermore, variation of
the glu:xyl ratio in GX-OPM influenced both gmax,gluand gimaxxyl. The maxxyl accelerated
when tmax,glu dropped (Table 4.10). The yeast modulated glucose as the carbon source
supply to maintain its growth, while utilization of the other sugars was inhibited by
catabolic repression or allosteric competition of the sugar-transporting enzymes after
consuming glucose [109].

The Yxsguw and Yysxyl values were estimated by using the substrate
consumption model (Egs. (8) and (9)). Under a single carbon source, Yxssgiu (0.30) was
lower than Yysxy1 (0.37) (Table 4.10). Furthermore, when yeast was cultured in GX-OPM,
glucose repression occurred at increasing glucose levels, resulting in Yy giu decrease from
0.60 to 0.30. By contrast, Yxsxy Was increased to 0.88 with increasing glucose levels
(Table 4.10). A previous study reported that 1 mol of xylose was converted to 2 mol of
acetyl-CoA by the PPK system, while 1 mol of glucose yielded 1.67 mol of acetyl-CoA
via the GLP and PPP pathways [120]. This study showed that acetyl-CoA was obtained
from xylose utilization rather than glucose. Therefore, xylose provided biomass yield
greater than glucose [125, 126].

The msgn and msxy1 values were also relatively low (Table 4.10),
suggesting that both substrates were mainly used for growth and YO production. The o
value was higher than the f value in all experiments, indicating that YO of P.
parantarctica CHC28 was the growth-associated product. It was suggested that increased

oleaginous yeast growth also enhanced YO formation.
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Figure 4.15 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica
CHC28 cultured at different glucose and xylose mixing ratios; (A) 1:0 and
(B) 0:1.
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Figure 4.16 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica
CHC28 cultured at different glucose and xylose mixing ratios; (A) 1:2, (B)
1:1, and (C) 2:1.
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4.8.3 Kinetics of YO production under organic acid supplementation

Simulation of the YO production profile under organic acid supplementation
is presented in Figure 4.17 to 4.19. Almost all the experimental values were well-fitted with
the modeled values, giving high R?>. The models of yeast growth, YO production, and
substrate consumption when adding acetic acid at 1 and 5 g/L demonstrated that the R* values
ranged from 0.913 to 0.975 and 0.910 to 0.989, respectively (Figure 4.17A and B). The yeast
strain CHC28 did not grow and produce YO at a high acetic acid concentration (10 g/L),
R? values ranged from 0.225 to 0.671 (Figure 4.17C). The developed kinetic models
appropriately described the sigmoidal behavior under different microbial cultivation
conditions. The experimental data at 10 g/L acetic acid did not follow sigmodal behavior,
providing a low R? value. Furthermore, the R? values of yeast growth, YO production,
and substrate consumption when adding citric and succinic acid (1 to 10 g/L) ranged from
0.950 to 0.994 and 0.930 to 0.986, respectively (Figure 4.18 and 4.19A to C).

The acid consumption profile was simulated by the Michaelis-Menten
kinetic, as shown in Eq. (13). The R? values of acid consumption when adding acetic and
citricacid at 1, 5, and 10 g/L were 0.787 and 0.726, 0.993 and 0.926, and 0.492 and 0.490,
respectively (Figure 4.17 and 4.18A to C). The increase in succinic acid was an
unexpected result in this study (Figure 4.19A to C). The experimental succinic acid value
was not well-fitted by the acid consumption model, with lower R? value. Previous research
has addressed succinic acid production by yeast strains including Y. lipohtica,
Saccharomyces cerevisiae, Pichia stipites, and Pichia kudriavzevii [156-159]. However,
succinic acid production by P. parantarctica CHC28 has never been reported.

For acetic acid addition, the gmaxxy Of yeast CHC28 declined from 0.077 to
0.003 h! as acetic acid concentration increased. By contrast, the tmaxxyl slightly changed
when concentrations of citric and succinic acids increased (Table 4.10). Comparably,
the Xmax, Yxsxyl, and Ypsxyl changed and altered the pmaxxyl profiles. Acetic acid significantly
influenced yeast growth more than citric and succinic acids, achieving maximum Ypsxyl

at 0.10 with 1 g/L of acetic acid (Table 4.10).
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The msxy1 was lower under all acid supplementations indicating that xylose
was slightly utilized for cell maintenance. Additionally, YO was generated as a growth-
associated product since the a value was larger than the f value. The gamax related to acid
consumption of yeast was 0.044 at 1 g/L of acetic acid (Table 4.10), while ka represented the
highest acid value utilized in extreme-saturated concentrations. The gamax value gradually
decreased at high acid concentrations (>10 g/L) similar to YO production by R. toruloides
AS 2.1389, indicating the inhibition effect of high acid concentrations on yeast cultivation

[160].
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Figure 4.17 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica
CHC28 in X-OPM at different concentrations of acetic acid; (A) 1 g/L, (B)
5¢g/L, and (C) 10 g/L.
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Figure 4.18 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica
CHC28 in X-OPM at different concentrations of citric acid; (A) 1 g/L, (B)
5¢g/L, and (C) 10 g/L.
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Figure 4.19 Experimental results (symbols) and model predictions (lines) of substrate
consumption, cell growth, and YO production profiles of P. parantarctica
CHC28 in X-OPM at different concentrations of succinic acid; (A) 1 g/L,
(B) 5 g/L, and (C) 10 g/L.
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Table 4.10 Model-estimated kinetic parameters of P. parantarctica CHC28 cultivation in different conditions.

Model Parameter Glu:Xyl ratio Acetic acid (g/L) Citric acid (g/L) Succinic acid (g/L)
1:0 0:1 1:2 1:1 2:1 1 5 10 1 5 10 1 5 10
Cell growth Hmax,glu 0.071 0.080 0.071 0.060
HMmax xyl 0.080 0.020 0.035 0.049 0.077 0.062 0.003 0.096 0.091 0.090 0.113 0.112 0.112
Kinax 11.03 11.09 12.0 12.13 11.61 9.86  9.92 049 11.20 11.33 11.32 9.86 10.51 10.30
r 048 057 032
ki glu 409 5 12 70
ki xyl 445 87 17 28 40 29 20 35 40 30 21 26 26
NRMS 0.906 1.418 1.510 1.813 1.607 0.893 0.322 0.163 1.032 0.971 0.769 1.073 0.887 0.888
Substrate Ysgu 0.30 0.60 0.60  0.30
consumption Ysxyl 037 033 054 0.88 024 021 0.01 026 027 0.26 023 025 024
Ms glu 0.007 0.001  0.001 0
Ms xy1 0.009  0.001 0 0 0.001 0.004 0.002 0 0 0 0.004 0 0
NRMSu 3.660 2.677 3902 4.028
NRMSyy1 4.067 2.280 2.069 2427 2461 2402 1.141 1.620 2.168 2.066 2.860 2.624 2.026
YO a 0265 0.324 0.328 0.310 0.240 0.423 0431 0 0.319 0.291 0.317 0.331 0.338 0.366
production b 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ypis gl 0.08 020 0.19 0.07
Yoyl 0.12 0.14 0.17 0.21 0.10  0.09 0 0.08 0.08 0.08 0.08 0.08 0.088
NRMS 0.148 0.769 0.518 0.471 0.362 0.504 0396 0.038 0.111 0.217 0.275 0.354 0.194 0.321
Acid G Amax 0.044  0.062 0 0.003 0.002 0.001 0 0 0
consumption ka 8.33 8.33 8.33 544 544 544 1.27 127 1.27
n 0.67 0.82 044 1.07 1.05  0.80 0.66 0.66 0.81
NRMS 0.184 0.152 1.420 0.059 0.056 0.967 3512 11.62 1.470
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4.8.4 Kinetics of YO production under batch and fed-batch cultivations

of RSH-OPM

The substrate consumption, cell growth, and yeast oil (YO)
production profiles of P. parantarctica CHC28 by RSH-OPM were elucidated
under batch and fed-batch cultivation modes, as depicted in Figure 4.20 and 4.21.
The experimental data were effectively modeled using the modified logistic
equation for yeast growth, the Luedeking-Piret equation for YO production, and the
substrate consumption rate equation (Eq. (2) to (12)). The experimental values were
fitted to the model predictions using the curve fit function of Berkeley Madonna™
software, resulting in a comprehensive representation of the dynamic processes.

The simulation of YO production profiles under RSH-OPM batch
cultivation mode yielded high R? values, ranging from 0.903 to 0.994 (Figure 4.20),
indicating a strong correlation between the model and the experimental data.
R? s a crucial tool for deciding the relationship between the dependent variable and
a group of explanatory variables by defining the regression sum of squares to the
total sum of squares ratio, also known as the coefficient of determination [161]. The
R? value is generally used in predictive modeling to evaluate how well regression
models fit data or compare the efficacy of several models by matching model and
experimental data [161]. Multiple fields of previous research used R* for comparison
of the goodness of fit in mathematical modelings, such as the kinetics of hydrogen
production by Caldicellulosiruptor kronotskyensis [162], the growth kinetics of
spoilage bacteria in chilled chicken [163], optimization processes in wheat and soy
dough mixtures by bacteria fermentation [164], optimization the jatropha seed drying
[165], and improving nanomaterials for substance adsorption and desorption [166], etc.
Additionally, the NRMS values ranged from 0.184 to 1.106 (Table 4.11), signifying the
accuracy of the model in predicting the YO production dynamics. NRMS is a criterion
suitable for a wider data range to evaluate the best-fit model. It represents the actual
error between the calculated experimental data at all points by normalizing the root
mean square from the data of gca and gexp [107].

Both glucose and xylose exerted comparable effects on yeast
growth, with maxgin and gmaxxyl estimated at 0.050 and 0.049 h'!, respectively.

Moreover, the biomass yield from glucose (Yusgn) and xylose (Yxssxy1) exhibited
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comparable values of 0.41 and 0.40, respectively. Likewise, the YO yield from
glucose (Ypssein) and xylose (Ypsxy1) were consistently observed at 0.16 for both
substrates. Further, these results could be used to design the bioprocess of YO
production by using mixing or a single substrate as a carbon source. Moreover, the
inhibition constants, ki g, and ki xy1, quantifying the inhibitory effect of glucose and
xylose, were determined as 50.15 and 2.02, respectively (Table 4.11). The results
also found that the value of i gy Was higher than £; xy1, demonstrating that the growth
inhibition by glucose was lower than xylose. The yeast could utilize glucose faster
than xylose. In addition, the xylose was used after glucose was almost consumed. That
xylose consumption was depressed through sugar-transporting enzyme allosteric
competition or catabolic suppression under mixed sugar conditions [109].

These results demonstrated the successful application of the
mathematical model in capturing the YO production dynamics under RSH-OPM batch
cultivation, providing valuable insights into the substrate-dependent effects on yeast
growth and YO synthesis. The mathematical models are beneficial for performing
process simulations. They are also used to evaluate the best process conditions before
conducting them at the pilot plant or industrial scale without having to carry out a
significant number of experiments [167, 168]. Previous research has applied the
mathematical model to optimize the methods of essential oils extraction using as
antimicrobial agents in an industrial scale [168]. Nachtergaele [169] applied statistical
and mathematical modeling for biorefinery processes from bio-based feedstock to
estimate the production efficiency. Suggesting, the mathematical modeling is helpful
to evaluate the bioprocess strategies for industrial processes.

The experimental and model prediction results for YO production
of P. parantarctica CHC28 under fed-batch cultivation mode with different
feedings of RSH-based medium and RSH were illustrated in Figure 4 .21A and B.
The simulations of yeast growth and YO production under fed-batch cultivation
mode with RSH-based medium feeding (Figure 4.21A) in the 1% to 4" batch offered
R? values ranging from 0.643 to 0.955 and 0.907 to 0.957, respectively, while the
NRMS ranged from 0.130 to 0.498 and 0.114 to 0.188, respectively. Upon
considering glucose and xylose consumptions, it was found that R* values presented

were 0.905 to 0.962 and 0.904 to 0.941, respectively (Table 4.11).
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In addition, during the fed-batch mode with RSH feeding from the
1 to 3" batch, the R? values for yeast growth and YO production ranged from 0.628
to 0.904 and 0.873 to 0.942, respectively, with NRMS values at 0.377 to 0.721 and
0.113 to 0.448, respectively (Table 4.11). However, in the 4" batch of the
aforementioned mode, low R* values were obtained for yeast growth (0.411) and
YO production (0.192) (Table 4.11). This result may be attributed to the inherent
decrease in yeast growth and YO production during the 4" batch, leading to a lack
of a sigmoid curve in the data (Figure 4.21B) and causing an imperfect fit with the
model equations. Nonetheless, the simulation of glucose and xylose consumption
showed satisfactory modeling, with R? values ranging from 0.759 to 0.962 and
NRMS values ranging from 0.047 to 1.675 for all feeding periods during the fed-
batch operation (Table 4.11).

The trend of both smaxgiu and wmaxxyl gradually decreased with
repeated cultivation using RSH-based medium and RSH. Particularly, the gmaxglu
and tmax.xyt dropped more significantly with RSH feeding compared to RSH-based
medium feeding. Furthermore, during the 4" batch of RSH feeding, the smax gl and
Umaxxyl Suddenly decreased to their lowest values (0.003 and 0.005 h™!, respectively)
(Table 4.11). It was suggested that under the RSH feeding mode, the other essential
nutrients were less than in the RSH-based medium feeding mode and declined
consistency, resulting the yeast growth was decreased. Correspondingly, the kiguu
and ki xy1 values were steadily lowered with each feeding (Table 4.11). The substrate
inhibition coefficient (ki) value indicates the cell growth behavior influenced by the
substrate. A high ki value signifies that the supplied substrate slightly inhibited yeast
growth during cultivation. The ki value gradually lowers if less sugar was utilized
for growth and YO generation. The decreased 4; value demonstrated that the effect
of substrate inhibition on yeast growth was increased.

The biomass yield obtained from glucose was higher than that
from xylose, resulting in higher Yy g values than Yy xy1, as indicated by the r value.
This demonstrates that glucose was utilized to produce more biomass than xylose,
except for the 4™ batch of RSH feeding. Furthermore, the Yysgiu and Yysxy values
showed a slight reduction from the 1 to the 4™ batch for RSH-based medium
feedings (Table 4.11). Regarding YO production in the fed-batch mode with RHS-based
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medium feeding, Ypseiu and Ypssxy1 decreased slightly from 0.16 to 0.13. In contrast,
Yosselu and Ypss xy1 exhibited a significant drop in the RHS feeding condition (Table
4.11). The result denoted that the yeast growth decreased with repeated cycles of
RHS feeding mode without essential nutrients supplemented in the medium. In
comparison to the RSH-based medium, the product yield parameter decreased
considerably. According to this study, yeast may utilize the carbon source more
effectively for oil synthesis in an RSH-based medium than in RSH feeding [84,
152].

The estimated values of msgu and msxy were very low (Table
4.11), indicating that the RSH substrate was primarily utilized for growth and YO
production rather than cell maintenance. The YO production of P. parantarctica
CHC28 was identified as a growth-associated product, with the a value being higher
than the f value in all cultivations (Table 4.11). This suggests that higher YO

production was facilitated by increased yeast growth.

12 6
B Glucose (R°=0.903) ® Biomass (R°=0.921)
B Xylose (R*=0.994) =  Oil (R*=0.969)

Glucose and Xylose concentrations (g/L)
Biomass and Oil concentrations (g/L)

0 20 40 60 80 100 120 140
Time (h)

Figure 4.20 Experimental results (symbols) and model predictions (lines) of
substrate consumption, cell growth, and YO production profiles of

P. parantarctica CHC28 by batch cultivation mode in RSH-OPM.
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Figure 4.21 Experimental results (symbols) and model predictions (lines) of
substrate consumption, cell growth, and YO production profiles of
P. parantarctica CHC28 by fed-batch cultivation mode with
different feeding of (A) RSH-based medium and (B) RSH.
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Table 4.11 Model-estimated kinetic parameters of P. parantarctica CHC28 cultivation in different cultivation with RSH.

Model Parameter Cultivation mode
Batch Fed-batch mode with RSH-based medium Fed-batch mode with RSH
I**batch  2"batch 3"“batch  4™batch Ibatch  2™batch  3“batch  4"batch
Cell growth HUmax,glu 0.050 0.048 0.042 0.039 0.032 0.049 0.037 0.028 0.003
HMmax xyl 0.049 0.045 0.041 0.039 0.031 0.047 0.036 0.029 0.005
Xinax 4.67 4.70 5.88 7.89 8.04 4.80 6.88 7.97 7.19
r 0.75 0.75 0.66 0.65 0.63 0.74 0.73 0.58 0.53
ki gu 50.15 50.15 7.60 3.00 2.90 50.15 2.30 1.00 0.47
ki xy1 2.02 2.02 0.35 0.17 0.14 2.02 0.39 0.08 0.01
R? 0.921 0.914 0.643 0.752 0.955 0.904 0.628 0.634 0.411
NRMS 0.453 0.338 0.498 0.465 0.130 0.377 0.721 0.417 0.287
Substrate consumption Ysgiu 0.41 0.43 0.42 0.47 0.38 0.42 0.26 0.13 0.02
Yass xyl 0.40 0.42 0.41 0.45 0.37 0.41 0.25 0.12 0.02
M glu 0.001 0 0 0 0 0 0 0 0
M xyl 0.001 0 0.001 0.001 0.001 0 0.001 0.001 0
R2gn 0.903 0.905 0.905 0.962 0.918 0.895 0.916 0.845 0.926
Ry 0.994 0.941 0.904 0.904 0.931 0.934 0.849 0.759 0.932
NRMS1 1.106 0.941 1.176 0.666 1.051 1.049 1.071 1.675 0.577
NRMS,y1 0.184 0.224 0.307 0.310 0.246 0.243 0.460 0.640 0.047
YO production o 0.386 0.369 0.331 0.331 0.331 0.379 0.337 0.343 0.305
b 0 0 0.004 0.002 0.001 0 0.007 0.003 0
Yoss.gtu 0.16 0.16 0.14 0.16 0.13 0.16 0.09 0.04 0
Yorsxyl 0.16 0.15 0.14 0.15 0.12 0.16 0.08 0.04 0
R? 0.969 0.907 0.935 0.957 0.922 0.938 0.873 0.942 0.192

NRMS 0.386 0.132 0.188 0.117 0.114 0.113 0.448 0.173 0.128
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4.9 Fatty acid profiles of P. parantarctica CHC28 under different cultivation

The fatty acid compositions of YO were produced under different conditions,
illustrated as heat maps by the percent of peak area of GC-MS (Figure 4.22 and 4.23).
All experimented cultural conditions showed a slight effect on the fatty acid compositions of
YO. The main fatty acids were C:16 and C:18 fatty acids. The average of C:16 to C:18 fatty
acids contained in YO of P. parantarctica CHC28 was 85.3% in all xylose concentrations.
By contrast, when a co-carbon source was used, the average value of C:16 to C:18 fatty
acids decreased slightly to 72.3%. When acetic, citric, and succinic acids were
supplemented in yeast cultivation, average values of C:16 to C:18 fatty acids were enhanced
by 87.8, 89.0, and 84.8%, respectively. Considerately, the YO product of P. parantarctica
derived from RSH-based carbon source cultivations presented C:16 and C:18 fatty acids as
the main composition also with xylose-based carbon source cultivations by fatty acids of
C:16 and C:18 ranged from 88.2 to 94.6%. Likewise, several yeast strains including
Y. lipolytica, Cyberlindnera saturnus, R. toruloides, Cutaneotrichosporon curvatum, and
Lipomyces lipofer presented C:16 and C:18 as the main fatty acids at up to 87% [170],
while Apiotrichum brassicae and P. kudriavzevii accumulated C:16 and C:18 fatty acids
at more than 80% [171]. The yeast Rhodosporidium babjevae UCDFST 04-877 contained
the highest C18:1 at 62.92% [172]. Maisonneuve et al. reported on the fatty acid profiles
of vegetable oils. They found that C:16 and C:18 were the main fatty acids in soybean oil,
palm oil, and sunflower oil at 95.3, 98.4, and 100%, respectively [173]. These results were
similar to the YO of P. parantarctica CHC28 in this study.

BPU foam formation from soybean oil has been reported. The results indicated
that soybean-derived polyols could be used to substitute petroleum oil-derived polyols
and synthesize flexible PU foams [174]. The fatty acid profile of CHC28 was similar to
vegetable oil and could be converted into polyols as the substrate for making BPU foam
[175-178]. Polyol formation reactions take place at the unsaturated double bond positions
of long chain fatty acids. This epoxidizes the functional groups by opening the oxirane
ring that then reacts with diisocyanates to produce PUs [11, 179]. Therefore, YO could

be used as the substrate for BPU foam formation, similar to vegetable oils.
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Figure 4.22 Heat maps showing fatty acid compositions of P. parantarctica CHC28

cultivation in different conditions.

<C:14

Batch mode with RSH-medium
Fed-batch mode with RSH-medium feeding
Fed-batch mode with RSH feeding

Figure 4.23 Heat maps showing fatty acid compositions of P. parantarctica CHC28

cultivation in different cultivation modes under RSH-OPM.
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4.10 Structure of BPU foams

In this study, YO was first transformed to the polyol form before utilization to
produce BPU foam polymer by the reaction of YO polyol (~OH group) and isocyanate
(-NCO group) [180]. The polymer was formed as YO polyols, with excess isocyanate
(toluene di-isocyanate) to complete the polymerization process. The formation of PU
required a ratio between the NCO and OH groups (called the NCO index) of over 1.1
[7, 181]. The feasibility of polymer production was tested by preparing rigid and semi-
rigid BPU foams according to previous reports with slight adaptations [35]. Rigid and
semi-rigid BPU foams and scanning electron microscopy (SEM) analyses are shown in
Figure 4.24 to 4.25. The structure of BPU foams produced from xyl-based and RSH-
based YO of P. parantarctica CHC28 were similar (Figure 4.24A, B and 4.25A, B).
Results indicated that the surface of rigid BPU foam was smooth with a few holes,
while the semi-rigid BPU foam presented many non-uniform holes (Figure 4.24C, D and
4.25C, D). The holes were formed due to the release of CO; by the reaction between water
and di-isocyanate during BPU foam preparation [182]. Previous research reported the
application of YO produced from Cryptococcus curvatus as a bio-based polyol PU
precursor [12], while YO generated by R. toruloides ATCC 10788 has been used for both
rigid and semi-rigid BPU foam formation [182]. The bio-oil was transformed into polyols
and generated characteristics of both rigid and semi-rigid BPU foams depending on the
preparation process. The physical and chemical properties of BPU foams could also be
modified by adjusting the natural raw materials, catalyst, surfactant, and blowing agents
[183]. BPU foam has excellent thermal insulating properties, low density and thermal
conductivity, and is usually used as a heat-insulating material in refrigerator chambers
and construction [184]. Previous research reported that using bio-oil instead of fossil

polyol at up to 80% improved heat insulation properties [183, 185, 186].
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Figure 4.24 (A) Rigid BPU and (B) semi-rigid BPU foams prepared from xyl-based YO.
SEM images of (C) rigid BPU and (D) semi-rigid BPU foams.
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Figure 4.25 (A) Rigid BPU and (B) semi-rigid BPU foams prepared from RSH-based YO.
SEM images of (C) rigid BPU and (D) semi-rigid BPU foams.
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4.11 Density and water absorption properties of BPU foams

The density of rigid and semi-rigid BPU was investigated according to ASTM
D729. The results showed that rigid BPUs produced from xyl-based and RSH-based YO
did not exhibit significant differences in density (p-value > .05). However, the density of
the semi-rigid BPU produced from xylose-based YO was significantly greater than that
made from RSH-based YO (p-value < .05) (Table 4.12). It is possible to obtain various
monomers from the fatty acids in crude oil materials used in BPU synthesis from polyols
derived from xylose-based yeast oil (YO). The xylose-based YO yielded a higher
proportion of C18 fatty acids compared to C16 by 8.6%. Conversely, the proportion of
C18 was slightly higher than C16 by only 2.4% (Figure heatmap). Due to the differences
in oil derivatives, such as composition types, distribution of fatty acids, number of
distributed fatty acids, hydroxyl sites, and unsaturation within the fatty acid tri-ester
chains of polyols, these factors influence the properties of the resulting polyurethane (PU)
[187]. Previous research reported that PU derived from soybean oil decreased density
when formulated with polyols possessing lower hydroxyl numbers, requiring a lower
reactivity of isocyanates than formulations with polyols featuring higher hydroxyl
numbers [188]. Additionally, the properties of PU, including rigidity, cross-linking
density, mechanical strength, and dimensional structure, were influenced by factors like
the type of additives used, the cross-linking of urethane polymers, and the techniques
employed for PU foaming [189]. The application of PU is generally classified according
to density. Low-density PU (0.5-1.5 g/cm®) is used as corrosion barriers and body sound
absorption in the automotive industry [7].

The water absorption of BPUs produced from xyl-based YO was significantly
higher than RSH-based YO (p-value < .05) (Table 4.12). This variation in water absorption
could be attributed to differences in cell structure arising from variations in raw material
composition and foaming techniques, ultimately impacting the cell permeability [190].
The water absorption is influenced by the distribution of foam cells, with higher water
absorption linked to more open cell structures. In contrast, lower values of open cells are
associated with decreased water absorption [190]. Cztonka et al. have reported that PU
foams synthesized from linseed oils in lower-density foam reduced the water absorption

[191]. Water absorption by BPU softened the material as an advantage for medical
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applications [7]. Results demonstrated that both types of BPU formed in this study could
be considered for specific industries. However, the properties and production process of
BPU need further comprehensive investigation before considering industrial-scale

application.

Table 4.12 Density and water absorption properties of BPU.

Conditions Density (g/cm?) Water absorption (%), 24 h
Standard PU 1.12-1.24 0.1-0.6

Rigid BPU

Xyl-based YO 0.95+0.10° 30.4+5.8°

RSH-based YO 0.95+£0.07 23.3+£2.1°

Semi-rigid BPU

Xyl-based YO 0.93 £0.07* 31.4+£3.9°

RSH-based YO 0.86 £ 0.02° 242 +1.0°

*Different superscripts presented a significant difference in the same column at p-value <.05.

4.12 The FTIR infrared spectra of BPU

The FTIR spectrums of Xyl-based YO and RSH-based YO, both rigid BPU
and semi-rigid BPU foams, were presented in Figure 4.26 and 4.27A to C. Figure 4.26
and 4.27A presented the FTIR chromatogram of Xyl-based YO and RSH-based YO.
The result showed that the bands at approximately 2853 and 2923 cm'were assigned to
stretching vibrations of CH3; and CH; aliphatic chains of both YO, respectively.
This result was similar to the band of castor, soybean, sunflower, and corn oil [192-194].
FTIR presented two functional groups of absorption bands at 1465 and 1734 to 1710 cm’!
arising from carbonyl —C=0, and that C—C stretching vibration at 1076 cm! signaled by
Xyl-based YO similar to plant essential oils [195]. In contrast, C—O at 1169 cm™! shown
in RSH-based YO due to the ant-symmetric and asymmetric axial stretching (Figure
4.26 and 4.27A), which is close to Jatropha, soybean, sunflower oil [192]. In addition,
the band at 1465 cm™! corresponded to the double bonds deformation of alkene CH>
groups [194], showing in both Xyl and RSH-based YO structures (Figure 4.26 and
4.27A). The sharp band at 754 and 752 cm! of both YO were assigned to —CH out-of-
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plane bending [193, 196]. The FTIR spectrum of rigid and semi-rigid BPU foam was
used to confirm the presence of urethane linkages (Figure 4.26 and 4.27B, C). The band
at approximately 3292 and 3268 cm™ of rigid BPU foams and semi-rigid BPU foams at
3304 and 3280 cm™ were assigned to the characteristic -NH stretching vibration region
[197]. The bands at approximately 2852 and 2921 cm 'were assigned to CH, and CHj
stretching vibrations in all BPU foam (Figure 4.26 and 4.27B, C). For both semi-rigid
BPUs, the 1707 and 1740 cm™! band was presented as the urethane stretching vibration
(C=0, non-H-bonded) (Figure 4.26 and 4.27C). In addition, the band at approximately
1640 cm™! corresponded to the urethane stretching vibration (C=0, H-bonded) of all
BPU foams (Figure 4.26 and 4.27B, C). It had been reported that the band at 1640 cm!
was typical of bidentate urea that interacted through hydrogen bonds with the
surrounding molecules, indicating a hard domain ordering [197].
The presence of a band at approximately 1086 to 1088 cm ™! and 1060 to 1075 cm™! was
attributed to the N—CO—O urethane bond (Figure 4.26 and 4.27B, C). The band at 875 to
720 cm ' and 873 to 686 cm ! (Figure 4.26 and 4.27B) includes 876 to 669 cm ' and 877
to 682 cm™! (Figure 4.26 and 4.27C) assigned to the axial deformation vibrations that
are typical of the angular deformation outside the plane of the C-H bond structured in

the aromatic ring [182, 198, 199].
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Figure 4.26 FTIR spectra of (A) Xyl-based YO, (B) rigid BPU, and (C) semi-rigid BPU.
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Figure 4.27 FTIR spectra of (A) RSH-based YO, (B) rigid BPU, and (C) semi-rigid BPU.
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CHAPTER 5
CONCLUSIONS

This study focused on the selection of efficient yeast strains for xylose-based
oil production. The results identified P. parantarctica CHC28 as the most effective yeast
strain for yielding YO from xylose. The highest biomass and YO were achieved at 12.91
+ 0.08 and 3.20 + 0.12 g/L, respectively, with intracellular oil accumulation reaching
24.8 £ 0.75%. Investigating the influence of initial xylose concentrations on YO
production revealed optimal conditions at 40 g/L xylose, resulting in 3.36 + 0.01 g/L YO
and an oil content of 28.4 + 0.5%. Remarkably, xylose-based YO formation increased by
24.4% under these conditions compared to glucose-based cultivation. However, co-
cultivation using glucose-xylose as carbon sources negatively impacted YO formation
compared to single-carbon sources. The different glucose-to-xylose ratios did not
significantly affect biomass and YO production in P. parantarctica cultivation. Adding
1 g/L acetic acid, YO production from xylose was enhanced to 4.39 + 0.30 g/L, higher
than the unsupplemented condition by 30.7%. Notably, C:16 and C:18 FAs constituted
the predominant FAs in P. parantarctica CHC28-derived YO, accounting for over 84.8%

in the xylose-based medium.

Consequently, RSH was applied as the primary substrate for producing YO by
P. parantarctica CHC28 cultivation, focusing on optimizing cultural conditions and YO
production. The results exhibited the optimal parameters for YO production from RSH,
including 10 g/L RSH, 0.5 g/L (NH4)2SO4, and 9 g/l KH,PO4. Under these optimal
conditions, the biomass and YO reached 4.67 £ 0.09 and 1.02 £+ 0.05 g/L, respectively.
A high cell-density (HCD) cultivation strategy using fed-batch processes with various
feeding approaches was employed to enhance YO production efficiency further.
The outcome demonstrated that utilizing an RSH-based medium for feeding significantly
improved substrate utilization efficiency for yeast growth and YO production.
Remarkably, the highest biomass and YO production of 7.36 + 0.18 and 3.77 + 0.09 g/L

were achieved after 216 h of cultivation. In addition, the FA composition of YO produced
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with different RSH feeding modes exhibited similarity. The FA profile predominantly
comprised C:16 and C:18 FAs, constituting over 88.2%.

The mathematical modeling effectively simulated the YO production profile
by the Berkeley Madonna™ program. The kinetics of yeast growth and YO production
were modeled, yielding a best fit with R? values up to 1 for the modified Logistic and
Luedeking-Piret equations. The substrate and acid consumption rate equations explained
yeast cultivation under co-carbon and acid supplementation, showing R? values up to

0.968 and 0.993, respectively.

Subsequently, the successful conversion of xyl-based and RSH-based YOs into
rigid and semi-rigid BPU foams was achieved. BPU foam properties incorporated
density and water absorption were evaluated using ASTM D729 and ASTM D570
analysis. The observed density and water absorption of BPU foams ranged from 0.86 to
0.95 g/cm? and 23.3% to 31.4%, respectively. FTIR analysis was conducted to
investigate the chemical structure of both YO and BPUs, presenting a different chemical
spectrum between the two materials. This result demonstrated that the chemical structure

of YO was successfully transformed into BPU.

In summary, the RSH could be enhanced in value by serving as a substrate for
YO production, subsequently converted into BPU foams. The yielded YO had potential
as an alternative feedstock for biodegradable polymers. However, confirming the BPU
structure compared to commercial polymers requires NMR analysis of the chemical
structure of the synthesized BPU. Moreover, the feasibility of the YO and BPU
production processes requires comprehensive enhancement before contemplating

industrial-scale application.
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