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ABSTRACT

HIGH-PRESSURE METHODS FOR EXTRACTION OF LIPIDS FROM
RHODOSPORIDIUM TORULOIDES

Erdir Kolcu, Melis
Master of Science, Food Engineering
Supervisor: Prof. Dr. Hami Alpas
Co-Supervisor: Prof. Dr. Deniz Cekmecelioglu

July 2023, 143 pages

Oleaginous microorganisms are known to accumulate lipids ranging from 20 to 80%.
In this study, the lipid producing yeast was Rhodosporidium toruloides DSM 4444
was grown in enzymatically hydrolyzed cheese whey was used for 8 days and
obtained biomass was disrupted by high pressure homogenizer (HPH) and high
hydrostatic pressure (HHP) methods. For HPH, spent fermentation medium was
directly used, applying pressures between 50-200 MPa with 3-13 passes. Response
surface methodology (RSM) was used to design experimental conditions. For HHP,
two different procedures were followed pressurizing dried biomass slurry and direct
pressurization of the fermentation medium. High-speed homogenization (HSH) was

chosen as the control for comparative evaluation.

The optimal conditions for HPH were determined as 125 MPa pressure and 5 passes,

resulting in a lipid yield of 32.4%. In experiments conducted with the HHP method,



the optimum conditions were 230 MPa pressure, 15 minutes duration, and 1 ¢
biomass/25 mL organic solvent. For experiments conducted with direct
pressurization of the fermentation medium, the optimum conditions were determined
as 300 MPa pressure, 5 minutes duration, and 30°C. In repeated experiments for the
HHP method, lipid yields of 20% and 27.6% were obtained for different

experimental procedures.

Fatty acid methyl ester analysis demonstrated that microbial oils derived from R.
toruloides contained significant amounts of palmitic, stearic, oleic, and linoleic
acids. Based on the results, it can be inferred that the HPH method provided more
efficient outcomes for cell disruption and subsequent lipid extraction compared to
the HHP method.

Keywords: yeast lipid, Rhodosporidium toruloides, high pressure homogenizer, high

hydrostatic pressure, whey
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0z

RHODOSPORIDIUM TORULOIDES'TEN LIPITLERIN
EKSTRAKSIYONUNA YONELIK YUKSEK BASINC YONTEMLERI

Erdir Kolcu, Melis
Yiiksek Lisans, Gida Miihendisligi
Tez Yoneticisi: Prof. Dr. Hami Alpas
Ortak Tez Yoneticisi: Prof. Dr. Deniz Cekmecelioglu

Temmuz 2023, 143 sayfa

Yagl mikroorganizmalarin %20 ile 80 arasinda yag biriktirebildigi bilinmektedir.
Bu ¢alismada, yag iireten bir maya tiirii olan Rhodosporidium toruloides DSM 4444,
enzimatik olarak hidrolize edilmis peynir alt1 suyunda 8 giin boyunca yetistirildi ve
elde edilen biyokiitle yiiksek basingli homojenizatdr (YBH) ve yiiksek hidrostatik
basing (YHB) yontemleri ile parcalandi. YBH yonteminde, harcanmis fermentasyon
ortami dogrudan kullanilarak, 50-200 MPa basing araliginda ve 3-13 gecis sayisiyla
calisilmistir. YHB yoOntemi icin ise kurutulmus biyokiitle organik ¢oziicii ile
siispansiyon seklinde basinglandirma veya fermentasyon ortaminin dogrudan
basinglandirilmast kullanilmastir. Y ontemlerin goreceli basarisini
degerlendirebilmek icin kontrol olarak yiiksek hizli homojenizatér yontemi

secilmisgtir.

vii



Elde edilen optimum kosullar, YBH i¢in 125 MPa basing ve 5 gegis sayisidir ve bu
kosulda yag verimi %32.4 olarak 6l¢iilmiistiir. YHB yontemiyle yapilan deneylerde,
kuru biyokiitle kullanilarak gergeklestirilen deneylerde optimum kosullar 230 MPa
basing, 15 dakika siire ve 1 g biyokiitle/25 mL organik ¢6ziicli olarak belirlenirken,
fermentasyon ortammin dogrudan basinglandirilmasiyla yapilan deneylerde
optimum kosullar 300 MPa basing, 5 dakika siire ve 30 °C olarak bulunmustur. YHB
icin tekrarlanan deneylerde, farkli deney prosediirleri igin sirasiyla %20 ve %27.6

yag verimi elde edilmistir.

Elde edilen yag asidi metil ester analiz sonuglarina gore, R. toruloides'ten elde edilen
mikrobiyal yaglarin yiiksek miktarda palmitik, stearik, oleik ve linoleik asit
icerdigini gostermistir. Elde edilen sonuglara gore, hiicre parcalanmasi ve sonraki
yag ekstraksiyonu i¢in YBH yonteminin YHB yontemine gore daha verimli sonuglar

verdigi goriilmektedir.

Anahtar Kelimeler: Maya Yagi, Rhodosporidium toruloides, yiiksek basingh
homojenizator, yiliksek hidrostatik basing, peynir alt1 suyu
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CHAPTER 1

INTRODUCTION

In current years, due to on-going environmental concerns, generation of biofuels
from recyclable sources has been still an issue. For biofuel production, microbial oils
were found to be a good alternative as some microorganisms such as yeasts, bacteria,
fungi, and microalgae can produce oils in particular growing conditions (Patel et al.,
2018). These microorganisms that can produce microbial oil are called oleaginous
microorganisms and they can produce up to 80 % lipids based on their dry biomass
(Dias et al., 2022). The oleaginous microorganisms accumulate single cell oil (SCO)
in media, containing low amount of nitrogen sources and high amount of carbon
sources (Alakraa et al., 2020). These edible oils can be a good option to commercial
palm oil, cocoa butter, and soybean oil due to their similar fatty acid profile
(Tuhanioglu, 2021).

There are more than 70 oleaginous yeast species, but the most described oleaginous
yeast genera are Yarrowia, Candida, Rhodotorula, Rhodosporidium, Cryptococcus,
Trichosporon, and Lipomyces (Bettencourt et al., 2020). Rhodosporidium toruloides
can produce lipids at almost 60 % (w/w) among these microorganisms. It can use
different carbon sources such as glucose, fructose, xylose, and glycerol
(Bommareddy et al., 2015).

To extract lipids from oleaginous yeasts, conventional and novel methods are being
used. In conventional method, lipid extractions are conducted by using organic
solvents such as hexane, methanol, and chloroform. Because using conventional
solvent extraction methods need relatively cheap equipment, they are mostly

preferred. Soxhlet apparatus extraction, Folch method, and Blight & Dyer method



are some of these conventional methods. Nevertheless, cell wall destruction forms
the main idea of novel extraction methods (Patel et al., 2018). Applying these
methods with solvent extraction methods gives higher lipid yield. Some mostly
known novel extraction methods are high-pressure homogenizer (HPH), microwave
irradiation, enzymatic lysis, ultrasonication, and pulsed electric field (Tuhanioglu,
2021).

High pressure homogenization (HPH) relies on the reduction of particle size and
mechanical disruption of the microorganisms by using high pressure (50-400 MPa)
(Kruszewski et al., 2021). HPH can easily be adjustable and accepted as one of the
most environmentally safe methods. After harvesting the biomass, HPH can be
carried out instantaneously and this method does not need any chemical use. By
using different solvents that are capable of penetrating the cell, lipids and other

cellular components can be extracted through the process of HPH (Dias et al., 2022).

High hydrostatic pressure (HHP) is a non-thermal technique employed to enhance
food safety and extend shelf life through the disruption of microorganisms. Thus,
HHP can be used for cell component extraction. Its pressure range changes between
100 to 800 MPa and process temperature changes up to 50 °C, depending on the
targeted aim (Rendueles et al., 2011).

In this study, hydrolyzed whey was chosen as the fermentation medium, while R.
toruloides was selected as the oleaginous yeast for producing microbial oil in
hydrolyzed whey. Before initiating the fermentation process, the composition of
whey was analyzed using HPLC, followed by hydrolysis of whey using the beta-
galactosidase enzyme.

The main objective of this study was to compare the efficiency of two novel methods
for extracting microbial oil from R. toruloides. For this purpose, HPH and HHP

methods were employed. Different parameters were employed to determine the



highest lipid yield and identify the optimum conditions for HPH and HHP methods.
Besides, viable cell count, SEM analysis, fatty acid methyl ester, and peroxide value

analysis were performed.

Within this scope, a literature review was conducted to provide brief summaries on
microbial oil and its synthesis mechanism, factors influencing microbial oil
production, oleaginous microorganisms, as well as HPH and HHP methods (Chapter
2). Subsequently, the materials and methods used in this study were briefly described
(Chapter 3). The results obtained from this study are presented in detail and
explicitly, analyzing the effects of HPH and HHP methods on microbial oil
production by R. toruloides in hydrolyzed whey (Chapter 4). Additionally,
recommendations are provided for the outcomes of this study and future experiments
(Chapter 5).






CHAPTER 2

LITERATURE REVIEW

2.1 Microbial QOil

In recent years, the rise in energy expenses and increasing environmental awareness
have sparked significant interest in the search for renewable biofuels as a substitute
for petroleum-derived fuels (Meng et al., 2009). Their significant renewable and
clean energy alternative is biodiesel. Biodiesel can be derived from plant and animal
sources, however there are some challenges such as rising prices of key feedstocks
and need for large lands for diesel plants. On the other hand, one other biodiesel
source is microorganisms (Ye et al., 2021). On the contrary of animal and plant
sources, microbial sources do not need large spaces, have shorter cultivation time
than plant sources (Bonturi et al., 2015) and they can be more productive by using
some genetic techniques to produce the desired compounds (Lin et al., 2013). Also,
obtaining microbial oil from microorganisms is not dependent on geographical or
climatic changes, and various substrates such as industrial wastes and by-products
from several industries can be utilized for production (Ochsenreither et al., 2016).

In the late 19th century and throughout the mid-20th century, German scientists
conducted extensive pilot-scale studies about microbial oil production, specifically
focusing on Trichosporon pulluland and Torula utilis. However, the difficulties
faced in scaling up production and extracting the lipid led to the failure of
commercial microbial oil projects. In the early 1940s, Harder and Witsch reported
the production of microalgal oil by Pennales spp., which exhibited the capability to
accumulate up to 50% lipid (w/w dry basis) in their cells (Ghazani & Marangoni,



2022). During the 1940s to 1950s, numerous countries carried out additional studies
to explore the potential commercial applications of microbial oils. However, the
large-scale production of agricultural products, such as plant seed oils, and the
widespread availability of inexpensive vegetable oils like soybean oil, caused the
edible oil market to become oversaturated and prices to decline, making microbial
oils economically unviable (Ratledge, 2010). In 1964, Professor F. Lynen from
Munich University in Germany received the Nobel Prize in Chemistry for his
groundbreaking research on fatty acid biosynthesis in yeast, which marked a

significant milestone in the field of microbial oils (Ghazani & Marangoni, 2022).

Microbial oils, also known as single cell oils (SCOs) which refer to edible oils that
can be obtained from single-celled microorganisms, with yeasts, fungi, and algae
being the primary sources (Ratledge, 2010). These microorganisms, known as
oleaginous microorganisms, have the ability to accumulate lipids up to 80% of their
dry biomass (Dias et al., 2022). Microbial oils have emerged as a promising
alternative in the biofuel industry due to their similar compositions to traditional
vegetable oils (Gurel, 2019). Single cell oils reserves consist of various components
including triacylglycerols (TAGS), free fatty acids, polar lipids, hydrocarbons, and
pigments (Mhlongo et al., 2021) Additionally, their composition makes microbial
oils suitable for various applications in the food and chemistry industries (Darcan &
Sarigiil, 2016). Microbial oils can be used to enrich infant foods (Ratledge, 2013),

and meat products and it can be used as milk emulsions (Ochsenreither et al. 2016).

Mostly available fatty acids in microbial oil are omega-3 (alpha linolenic acid, ALA
(C18:3); eicosatetraenoic acid, EPA (C20:5); docosahexaenoic acid, DHA (C22:6)),
omega-6 (linoleic acid, LA (C18:2); gamma linoleic acid, GLA (C18:3); arachidonic
acid, ARA (C20:4)) and omega-9 (oleic acid (C18:1), OA) (Kannan et al., 2021).
These are unsaturated fatty acids and have numerous benefits for human health
(Farag & Gad, 2022).
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2.2 Microbial Oil Production Mechanism

Microbial oil production from oleaginous microorganisms is focused on two
different pathways; ex novo and de novo processes. While in the ex novo
fermentation process from hydrophobic substrates such as oils, alkanes are used, the
fermentation process from hydrophilic substrates such as sugars and amino acids is
called de novo. (Huang et al., 2017). Lipid accumulation in de novo process begins
when there is an abundance of carbon source and a scarcity of nitrogen source present
in the substrate. The excess carbon source is no longer used for cellular expansion
due to limited nitrogen availability, which inhibits both rapid cell growth and protein

production. This results in the accumulation of lipids. On the other hand, ex novo

Omega-9 Fatty Acids
(©-9)

process does not depend on nitrogen concentration (Sutanto et al., 2018).




In lipid synthesis pathway, the first step is to metabolize carbon source to for
generation of acetyl-CoA. This is achieved through the process of glycolysis, where
the carbon source is converted to pyruvate. When pyruvate is transported to
mitochondria, it is converted to acetyl-CoA with the help of pyruvate decarboxylative
dehydrogenase enzyme (Gurel, 2019). Because of limited concentration of nitrogen
source, the adenosine mono phosphate (AMP) deaminase activity increases in the cell.
This enzyme causes breaking down AMP and generation of ammonia which is used as
nitrogen source. When AMP level reduces, isocitrate dehydrogenase enzyme activity
stops since its activity depends on AMP concentration. Consequently, isocitrate
accumulation increases and it converts into citrate by the enzyme aconitase. The
accumulated citrate is then transferred to cytoplasm through citrate / malate export
system to exchange citrate with malate. ATP citrate lyase (ACL), cleaves the citrate to
generate acetyl-CoA and oxaloacetate. The acetyl-CoA carboxylate 1 (ACC1)
carboxylate converts the formed acetyl-CoA into malonyl-CoA. These two compounds,
acetyl-CoA and malonyl-CoA are the starter of fatty acid synthesis. Then, the formed
fatty acids are connected to glycerol molecules which is generated by glycerol-3
phosphate dehydrogenase, to form triglycerides (TAGs) (Ratledge, 2004; Sutanto et
al., 2018; Tuhanioglu, 2021). A simplified illustration of this process is shown in Figure
2.2.
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Figure 2.2. A simplified diagram illustrating the process of lipid synthesis in

oleaginous microorganisms (Ratledge, 2004)

23 Factors Affecting Microbial Oil Synthesis

2.3.1 Carbon and Nitrogen Sources

Carbon is the most essential element for the synthesis of microbial lipids.
Microorganisms need an enough supply of carbon sources to increase their growth
and accumulation of lipid. Sugars, carbohydrates, and organic acids are mostly used
in microbial oil production. Carbon source quality can affect the yield of microbial

oil. The most used carbon sources are glucose and xylose. Other than these carbon



sources, fructose, arabinose, mannose, galactose and sometimes glycerol are used
(Caporusso et al., 2021).

Another important nutrient for microbial oil production is nitrogen. It is needed for
protein synthesis and different metabolic processes in microorganisms. Availability
of nitrogen source affects growth of cells, production of biomass and accumulation
of microbial oils. Organic and inorganic nitrogen sources are commonly used
compounds for microbial oil production. Organic nitrogen sources include yeast
extract, tryptone, peptone, and urea, while inorganic nitrogen sources include
ammonium chloride (NH4ClI), ammonium sulfate ((NH4")2S04), and sodium nitrate
(NaNO:s). These compounds provide a nitrogen source necessary for the growth of
microorganisms and lipid accumulation. In this way, microbial oil production can be
optimized by increasing the lipid production potential of microorganisms (Caporusso
etal., 2021).

Carbon to nitrogen (C/N) ratio is thus critical for microbial oil production. Generally,
high C/N ratio promotes lipid accumulation while minimizing the biomass
production. Since cells cannot use nitrogen for growth in medium that contains
limited amount of nitrogen, they start to accumulate lipids. To obtain maximum lipid
yield the ratio of carbon to nitrogen must be kept under control (Gurel, 2019).
However, it is important to consider that the optimal carbon-to-nitrogen ratio can
vary depending on the specific microorganism and cultivation conditions. For
example, Wang et al. (2014) conducted a study on Lipomyces starkeyi and reported
that the maximum lipid yield was achieved at a C/N of 200/1, resulting in a lipid
yield of 48.6%. In addition, maximum lipid yield for Rhodosporidium toruloides was
found as 60 % at C/N=120/1 when xylose used as a carbon source (Caporusso et al.,
2021), for Rhodotorula glutinis was found as 50% at C/N=70/1 when using glucose
as a carbon source (Braunwald et al., 2013).
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Moreover, C/N ratio affects the biomass production. According to Kraisintu, et al.

(2010), when C/N ratio decreases the biomass production increases.

2.3.2 Metal Ions

Some ions such as Mg*?, Ca*?, Mn*?, Fe*3, Cu*? and Zn*? that are used in microbial
oil production can affect the biomass amount and lipid content (Caporusso et al.,
2021). By adjusting the concentration of manganese sulfate (MnSOa), zinc sulfate
(ZnS0O4), magnesium sulfate (MgSOs), cobalt chloride (CoClz), copper (l1) sulfate
(CuSO0a), and iron (1) sulfate (FeSO.), it is possible to enhance cell growth and lipid
accumulation (Zhao et al., 2008). According to a study conducted by Kraisintu et al.
(2010) it was reported that lipid yield and biomass accumulation vary when different
salts and their different concentrations were used. In that study Rhodosporidium
toruloides was used and the highest lipid yield of 69 % was obtained when 2 g/L
MgS0O4.H,0 was used and highest biomass of 13.82 g/L was obtained when 0.5 g/L
MgS0O4.H,0 was used. (Kraisintu et al., 2010)

2.3.3 Temperature

Temperature plays a critical role on cell growth and microbial oil production. It
shows an important effect on several aspects of microbial metabolism, including
enzyme activity, cell growth rate, and pathways included in lipid biosynthesis
(Tuhanioglu, 2021). Usually, microorganisms that has ability to grow at high
temperatures are preferred because working at high temperatures reduces the cooling
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cost. Most oleaginous yeasts’ optimum temperature for growth is around 30 °C
(Gong et al., 2013).

Lamers et al. (2016) conducted a study for several oleaginous yeast strains to
understand temperature effect on microbial oil and biomass production. In this study
there were two different types of yeast, which have a small temperature range and
broad temperature range, were used. According to results, for Saccharomyces
cerevisiae optimum temperature was 29 °C and its optimum temperature range was
5 °C. Any deviation from this temperature can have a negative effect on cell growth
and microbial oil production. On the other hand, Pichia anomala, Waltomyces
lipofer, and Torulaspora delbrueckii had an optimum temperature range of 9°C and
within these temperatures they do not have a negative effect on microbial growth
and lipid production. In another study, it was found that increase in temperature
decreases the biomass and lipid yields (Abeln & Chuck, 2020).

2.34 pH

In order to achieve optimal cell growth and microbial oil production, it is important
to determine the optimum pH value of the growth and fermentation media. This is
because pH directly influences the surface properties of the cell membrane, which in

turn affects the process of carbon assimilation (Caporusso, 2021).

Different microorganisms have different optimum pH values for their best growth
and microbial oil production. Oleaginous yeast can grow and produce microbial oil
in a wide range of pH levels, including low pH values, which can inhibit the growth

of other microorganisms (Mohammed et al., 2018). This feature presents the
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advantage of minimizing the contamination risk by pathogenic microorganisms
(Gurel, 2019).

According to Jach and Malm (2022), the pH range of Yarrowia lipolytica in which
it can grow 2-8 but its optimum pH range for lipid production is 6-6.5 (Papanikolaou
et al., 2002). For another oleaginous yeasts Rhodosporidium toruloides and
Lipomyces starkeyi, it was found that although they are capable of surviving in
challenging environments, they exhibit optimal growth in pH range of 5 to 7 (Giirel,
2019). On the other hand, it was found that Rhodosporidium toruloides lipid
production did not change in different pH values of 3, 4.5 and 6 (Sitepu et al., 2014).

2.3.5 Other Factors

Oxygenation rate, aeration rate, agitation rate, incubation period, and fermentation
type also affect the microbial oil and biomass production.

The presence of oxygen in the culture medium is often positively correlated with
yeast biomass concentration and lipid productivity. Also, oxygen availability affects
composition of fatty acid (Bento et al., 2019). For each specific microorganism the
aeration rate must be optimized and to achieve the desired lipid yield and
compositions oxygen concentration, aeration rate and agitation speed should be
controlled carefully. Oxygen could be toxic for some microorganisms at excessive
oxygen concentrations (Zhou et al., 2018). Saenge et al. (2011) found aeration rate
between 0-2 vvm, which increased the lipid production in Rhodotorula glutinis. In
another study, it was observed that decreasing aeration rate increased the saturated

fatty acids for Lipomyces starkeyi and C. curvatus (Calvey et al., 2016).
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Also, agitation rate affects the oxygen level in the medium when it increases,
oxygenation increases, and it enhances the biomass and lipid productions (Suryawati
& llmi, 2023). Optimum agitation rate depends on experimental conditions and
microorganism used. For example, the optimum agitation rate for Rhodotorula
glutinis was reported as 180 rpm (Elfeky et al., 2020), for Rhodotorula dibovata 200
rpm was found and for Rhodotorula kratochvilovae it was found as 225 rpm. (Osman
et al., 2022). Moreover, in the study that conducted for Rhodosporidium toruloides
it was found that oxygen demand increased after decreasing nitrogen source in the
medium then it was declined (Sitepu et al., 2014).

Other than the factors mentioned, incubation period also plays a critical role for the
biomass production and microbial oil accumulation. Generally, at the stationary
phase of microbial growth microbial oil content reaches to its highest value. Thus, it
is recommended that harvesting should be done at an early stage of stationary phase

for preventing lipid deterioration (Jiru et al., 2017).

Fermentation type is another factor that plays an important role in microbial oil
production. Different fermenter types influence oleaginous microorganisms'
productibility of oil and biomass by providing various levels of oxygen transfer,
efficiency of mixing, and nutrient distribution. Moreover, changing in fermentation
medium amount can change the lipid and biomass yields. According to Tuhanioglu
(2021), for Rhodosporidium toruloides the maximum lipid yield was obtained as
45.7, 40.1 and 50. 9% when 500 mL Erlenmeyer flasks, 1 L batch bioreactor and 10
L batch bioreactor were used, respectively. On the other hand, different studies were
conducted by using fed-batch bioreactor for obtaining microbial oil from
Rhodosporidium toruloides. Some of the obtained results of lipid yields are 40.0 %
Afonso et al., 2018), 61.3 % (Diaz er.al., 2018) and 43.3 % (Chen et al., 2018).
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24 Oleaginous Microorganisms

Oleaginous microorganisms have been defined as oily species that have the ability
to accumulate lipid content exceeding 20 % of their total dry biomass. Some of the
yeast, algae, bacteria, and fungi are considered as oleaginous microorganisms
(Kumar et al., 2019).

Oleaginous bacteria can store specific type of lipids compared to other microbial oils
under some specific conditions and compositions (Li et al., 2008). However, their
lipid compositions are different from other oleaginous microorganisms. The
accumulated lipid by bacteria is not suitable for human consumption (Abeln &
Chuck, 2021), it is a good source of TAGs which serve as the primary components
necessary for biodiesel production (Patel et al., 2020). The most significant genera
of oleaginous bacteria include Mycobacterium sp., Nocardia sp., Streptomyces sp.,
Bacillus sp., Rhodococcus sp., and Gordonia sp. Among these microorganisms for
Rhodococcus sp., and Gordonia sp., it was found that they can accumulate lipid
almost 80 % with a very low biomass concentration under some specific conditions
(Liang & Jiang, 2013).

Oleaginous microalgae can produce polyunsaturated fatty acids (PUFAS) such as
EPA, DHA, and ARA which are necessary for human health. (Ochsenreither et al,
2016). Most species can accumulate between 20-50 % lipid in their cells. Species
such as Botryococcus, Chlorella, Scenedesmus, and Monoraphidium have been
extensively studied for their ability to accumulate significant quantities of lipids
(Caporusso et al, 2021). They can use sunlight as an energy source and CO> as a
carbon source when growing (Li et al., 2008). Despite oleaginous bacteria and yeast
species, oleaginous microalgae need large surface area and longer growth time to

produce desired level of lipid (Kumar et al., 2019).
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Some oleaginous fungal species can accumulate lipids, reaching 70% of their dry
biomass, under suitable conditions (Ratledge, 2002). Mortierella alpina, Umbelopsis
isabellina, Mucor circinelloide, and Cunninghamella echinulate are some examples
of oleaginous fungal species. These oleaginous microorganisms are of great interest
due to their ability to produce significant quantities of long-chain polyunsaturated
fatty acids (LC-PUFASs) like DHA, GLA, EPA and ARA (Zhu et al., 2021). For
instance, Umbelopsis isabellina produces lipid containing around 50 % oleic acid
(Economou et al., 2010), Aspergillus tubingensis can accumulate almost 50%
unsaturated fatty acids which contain 36 % oleic acid (Cheirsilp & Kitcha, 2014).

Oleaginous yeasts are comprising approximately 5 % of the total population of yeast
species (Kamineni & Shaw, 2020). Using yeasts in microbial oil production is easier
than other oleaginous microorganisms since their cultivation is easier, they have high
cell density and their lipid yield is more than the others (Salvador Lopez et al., 2022).
According to Abeln & Chuck (2021) there are more than 160 oleaginous yeast
species, and this number will increase in the future. Oleaginous yeast can accumulate
lipid from 20 to 80% under suitable conditions. Their fatty acid content is similar to
the compositions found in several plant oil seeds oils, with up to 80% TAGs
composition. (Poontawee et al., 2017). Some of the oleaginous yeast species are
Yarrowia, Candida, Rhodotorula, Rhodosporidium, Cryptococcus, Trichosporon,
Myxozyma, Sporidiobolus, Sporobolomyces, Apiotrichum and Lipomyces (Sitepu et
al., 2014).

Some oleaginous bacteria, microalgae, fungi and yeasts examples, and their obtained

lipid yields are shown in Table 2.1.
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Table 2.1. Some examples of oleaginous microorganisms and their lipid yields (w/w

%).
Oleaginous Lipid Yield
Microorganisms (w/w%) Reference
Bacteria
Arthrobacter sp. >40 (Subramaniam et al., 2010)
Nocardia globerula 432 >49.7 (Alvarez & Steinbiichel, 2002)
Rhodococcus opacus PD630 33 (Saisriyoot et al., 2019)
Bacillus alcalophilus 18-24 (Subramaniam et al., 2010)
Rhodococcus jostii 602 60-70 (Alvarez et al., 2021)
Gordonia sp. DG 72 (Gouda et al., 2008)
Microalgae
Botryococcus braunii 25-75 (Subramaniam et al., 2010)
Chlorella protothecoides 49 (Lietal., 2007)
Scenedesmus sp 34 (Srinuanpan et al., 2018)
Monorahidium sp. 19-35 (Diaz et al., 2015)
Auxenochlorella protothecoides 63 (Patel et al., 2018)
Nitzshia sp. 45-47 (Subramaniam et al., 2010)
Phaeodactylum tricornutum 23 (Ova Ozcan & Ovez, 2022)
Chlorella zofingienesis 52 (Liu et al., 2010)
Fungi
Umbelopsis isabellina 41.8 (Hussain et al., 2014)
Cunninghamella echinulata 46 (Fakas et al., 2009)
Colletotrichum sp. 36-49.1 (Dey etal., 2011)
Alternaria sp. 40.1-58.1 (Dey et al., 2011)
Fusarium oxysporum 42.6 (Matsakas et al., 2017)
Mortierella alpina 25.Eyl (Chen et al., 2022)

17



Table 2.1 (continued)

Yeast
Lipomyces starkeyi 61 (Zhao et al., 2008)
Rhodosporidium toruloides Y4 67.5 (Lietal., 2007)
Yarrowia lipolytica 67 (Niehus et al., 2018)
Trichosporon fermentans 40.1 (Huang et al., 2009)
Candida sp. 56 (Duarte et al., 2013)
Rhodotorula glutinis 53.23 (Vermaet al., 2019)
Cryptococcus curvatus 56.7 (Gong et al., 2015)
Sporidiobolus pararoseus 47.1 (Wang et al., 2020)
Sporobolomyces carnicolor 50 (Matsui et al., 2011)
Apiotrichum porosum 36.2 (Qian et al., 2021)
2.4.1 Oleaginous Yeast: Rhodosporidium toruloides

Rhodosporidium toruloides is the most researched oleaginous yeast apart from
Yarrowia lipolytica (Chattopadhyay & Maiti, 2021). This eukaryotic, unicellular, red
basidiomycete, and oleaginous yeast is one of the members of four genera,
Rhodotorula, Sporobolomyces and Sporidiobolus (Tuhanioglu, 2021). Its cell wall
has a higher amount of glucose, galactose, mannose, and glucosamine (Bonturi et al.
2015). R. toruloides can be found in different environments such as water, air,
animals, and plants. It also has the capability of surviving in extreme conditions like
arctic ice sheets. But R. toruloides are mostly found in soil (Dinh et al., 2019).
Rhodosporidium toruloides has the remarkable ability to accumulate lipids

(specifically, single-cell oils or SCOs), which can account for over 70% of its dry
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biomass. Additionally, this yeast species has the capacity to produce various
beneficial compounds, including carotenoids, essential enzymes like cephalosporin
esterase and epoxide hydrolase, as well as sugar alcohols such as arabitol and
galactitol. (Park & Ledesma-Amaro, 2018; Jagtap et al., 2019). All these produced
compounds can be used by various industries; carotenoids can be used as colorants,
antioxidants and precursors of vitamin A, lipids can be used as nutritional
supplements and produced sugar alcohols can be used as low-calorie sweeteners
(Park & Ledesma-Amaro, 2018; Chattopadhyay & Maiti, 2021).

R. toruloides can use different carbon sources such as glucose, xylose, fructose, and
glycerol to accumulate lipids (Bommareddy et al., 2015). Different carbon sources
give different lipid yields. The other factors that affect lipid yield of R. toruloides
are C/N ratio, nitrogen source, temperature, extraction method, and process type.
There are many studies on R. toruloides yeast in literature. In Table 2.2, the effect of

some parameters on lipid yield was shown.

Moreover, produced microbial lipid by R. toruloides mostly composed of long chain
fatty acids (C14 to C18), the percentage of these are more than 90 %. (Zhang et al.,
2022). The most produced fatty acids by R. toruloides are myristic (14:0), palmitic
(16:0), stearic (18:0), oleic (18:1), linoleic (18:2) and linolenic acids (18:3) (Fei et
al., 2016).

19



Table 2.2. Factors affecting lipid yield in Rhodosporidium toruloides and
corresponding lipid yields.

Lipid Yield
Parameters References
(w/w %)
Different C/N ratio
R. toruloides 1588 70 43 (Saini et al., 2021)
R. toruloides CCT 0783 120 60 (Lopes et al., 2020)
R. toruloides AS 2.1389 200 48.2 (Huang et al., 2016)

Different carbon source

R. toruloides CBS14 Glucose 75 (Wiebe et al., 2012)
R. toruloides NRRL Y- )
Xylose 57 (Michou et al., 2022)
27012
R. toruloides CCT 0783 Glycerol 67.4 (Lopes et al., 2020)
Table 2.2 (continued)
Different nitrogen source
] ~ Ammonium
R. toruloides R-ZL2 strain 59 (Yeetal., 2021)
Sulfate
) ~ Ammonium
R. toruloides R-ZL2 strain ) 65 (Yeetal., 2021)
Nitrate
R. toruloides DEBB 5533 Urea 41 (Soccol et al., 2017)
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2.5 Microbial Oil Extraction Methods

Yeast cells are an important source of single cell oils, proteins, vitamins, enzymes,
antioxidants, and several other bioactive compounds (Ganeva et al., 2020). Most of
the cell disruption and microbial oil extraction methods include breakage of these
cell walls and extract the oil with organic solvents like hexane, chloroform and
methanol mixture, toluene, water etc. (Tuhanioglu, 2021; Bonturi et al., 2015).
Similar to other microorganisms, yeast cells possess a sturdy cell wall that needs to
be disrupted in order to access the cellular contents (Liu et al., 2016). Obtaining
lipids from yeast cells can be challenging due to certain features, such as the high
density of the yeast cell wall. In general, oleaginous yeast cell wall is composed of
B (1 — 3)-D-glucan, B (1 — 6)-D-glucan, mannoproteins, and chitin (Figure 2.3).
Glucans and chitin complex provide the shape and cell elasticity while
mannoproteins play an important role in cell permeability. Having high amount of
mannan and chitin in oleaginous yeast cell walls, make disruption of cell wall more
difficult (Khot et al., 2020).
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Figure 2.3. Cell wall structure of oleaginous yeast (Anwar et al., 2017)
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There are conventional and novel methods used to disrupt cell wall and extract

microbial lipid.

2.5.1 Conventional Methods to Extract Microbial Qil

Conventional methods mostly rely on organic solvents for extraction of lipid from
microorganisms. Mostly used methods are solvent extraction methods are Folch
method, Bligh & Dyer method, and Soxhlet method.

In Folch method, chloroform-methanol mixture with a volume ratio of 2:1 is used
with the disrupted cells to obtain homogenous mixture. The Bligh & Dyer method is
similar to the Folch method, but it has some differences. The variations between the
protocols of Folch and Bligh and Dyer methods include differences not only in the
solvent system volume relative to the sample but also in the solvent ratios and the
presence or absence of salt in the added water phase, affecting the selectivity and
efficiency of lipid extraction. In the Soxhlet method, another commonly used
technique, hexane or petroleum ether is typically used. The Soxhlet method employs
a repetitive process of extraction and solvent evaporation in order to achieve

effective and efficient extraction (Meullemiestre et al., 2015).

2.5.2 Novel Methods to Extract Microbial Oil

Extraction of microbial oils by using novel methods primarily concentrate on
achieving cell wall degradation. There are some obstacles to their commercialization

due to high cost despite their proven effectiveness (Tuhanioglu, 2021). Some of the
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novel extraction methods for cell disruption are ultrasound assisted extraction,
pulsed electric field extraction, microwave-assisted extraction, high speed
homogenizer, super critical fluid extraction, enzyme-assisted extraction and high-
pressure homogenizer, which have been widely studied over the years
(Meullemiestre et al., 2015; Patel et al., 2018)

Ultrasound-assisted extraction is conducted by using high frequency sonic waves
(ultrasound). High frequency ultrasound cause cell disruption, cell size reduction by
creating and collapsing of microscopic bubbles, known as cavitation (Sanchez-
Camargo et al., 2020). Collapsing cavitations generate high temperature and
pressure, thus cell wall of microorganisms destroyed, and lipids are released to the
medium (Liu et al., 2016). This method is cost friendly, simple and time efficient.
Also, it can be performed without any chemicals. However, a significant weakness
of this method is the emergence of harmful free radicals that can have a detrimental
impact on the quality of extracted lipids after a long process time (Patel et al., 2018b).
Also, Zhao et al. (2006) found that applying ultrasound method can cause pigment
degradation of the compounds (Zhao et al., 2006).

Pulsed electric field extraction is a non-thermal, environmentally friendly, and
minimally invasive method (Bocker & Silva, 2022), and its principles relies on
applying a short pulses of high intensity electric fields for a short duration
(Meullemiestre et al., 2015). Cell walls include dielectric compounds and these
materials within the cells undergo a conversion into charged entities, which then
migrate towards the electrode with opposite charge when the electric field is applied
(Arshad et al., 2020). Movement of ions creates an electro-mechanical stress within
the cell walls. This causes an increase in permeability of cell and cellular compounds
(Bocker & Silva, 2022). Using this method, it is possible to achieve high extraction

efficiency in a short time and with low energy consumption. However, the
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application of this method relies on the concentration of the medium and is sensitive

to the conductivity of the medium (Karim et al., 2019).

Microwave assisted extraction principle causes the dielectric heating, which is
primarily by absorption of energy in the solvent to be available in wet biomass or a
given sample. As a result, microwave increases the temperature of the cell
intercellular fluids leading to evaporation of water, exerting pressure on cell walls
and eventually causing cell disruption (Kapoore et al., 2018). Advantages of this
method is reduced time of extraction and consumption of solvent (Llompart et al.,
2018). Moreover, this method is safe and relatively cheap, and it can be easily scaled
up (Wang et al., 2012; Karim et al, 2019). Conversely, the high energy that occurs
may cause lipid oxidation (Danlami et al., 2014).

High-speed homogenization is the method that disrupts the cells by creating high
shear force with stirring at high rpm between 10,000 to 20,000 (Hua et al., 2017).
According to a study conducted by Chen et al., (2014), in long term use high-speed
homogenizer can cause disintegration of fiber structure and degradation of
polysaccharide chains. The main advantage of this method is that it can be used
directly for samples with high humidity (Patel et al, 2018). Generating high heat and
consumption of high energy during process are the disadvantages of this method
(Karim et al, 2019).

Supercritical fluid extraction method is widely used in lipid extraction from
oleaginous microorganisms. This method has more advantages and is ecofriendly
compared to other extraction methods, especially the solvent and enzyme extraction
methods (Sahena et al., 2009). This method relies on employing solvents at pressures
and temperatures that exceed their critical points (Sanchez-Camargo et al., 2020).
The most used supercritical fluid is CO2. The underlying principle of this method is

to apply pressure to supercritical fluid to convert it into liquid form, which can be

24



easily separated from the polar constituents. Subsequently, by reducing the pressure
and temperature of the scavenger, the CO2 returns to the gaseous state, leaving the
lipid fraction without the scavenger (Hewavitharana et al., 2020). CO2 has several
advantages such as it is inert, not expensive, environmentally friendly, not flammable

and its availability is high (Meullemiestre et al., 2015).

Enzyme assisted extraction method depends on the characteristic of cell wall of the
microorganisms (Nadar et al., 2018). To disrupt cell wall different enzymes such as
cellulase, amylase, pectinase and xylanase are used (Patel et al, 2019). Enzymes are
employed to selectively bind to specific molecules within the cell wall components,
such as the mannoprotein complex and glucan backbone, and hydrolyze the chemical
bonds present (Karim et al, 2019; Liu et al., 2016). While the use of enzymes in
extraction offers advantages such as specificity, low energy requirements, high
extraction efficiency, and non-toxicity, there are also several disadvantages to
consider. These include the time-consuming nature of the process, the need for sterile
conditions, the cost of enzymes, and the selection of appropriate enzymes for the

desired extraction target (Karim et al, 2019).

2.6 High Pressure Homogenizer (HPH)

High-pressure homogenization (HPH) is a non-thermal technique that involves
reduction of particle size and mechanical disruption of microorganisms through the
application of high pressure, ranging from 50 to 400 MPa. This technology utilizes
a narrow gap in the disruption valve, where the product is forced under high pressure,
leading to the occurrence of various physical phenomena such as cavitation,
turbulence, friction, temperature, and shear forces (Figure 2.4) (Kruszewski et al.,

2021). The control parameters of HPH are pass numbers, operating temperature, and
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pressure (Karim et al, 2019; Che et al., 2007). According to Samarasinghe (2012),
increasing the number of passes and the applied pressure during high-pressure

homogenization results in a higher level of cell disruption.

Sample

Impact Shear force Cavitation

Ay [\

High
pressure

Nanoparticles / Microparticles

Figure 2.4. Schematic illustration of a HPH equipment (Rajendran et al., 2016).

There are different industries, in which HPH is widely used such as chemical,
pharmaceutical, biotechnology and food for emulsions and suspensions stabilization
(Comuzzo & Calligaris, 2019; Diels & Michiels, 2006). Also, this method is used
comprehensively for yeast, bacteria as well as microalgae cell degradation (Patel et
al, 2018). To enhance the extraction of several compounds like proteins and lipids,
HPH is used as a pretreatment method for extraction of cellular components
(Plazzotta & Manzocco, 2018). HPH can easily be adjustable and since this method
is solvent free, it is accepted as one of the most environmentally safe methods (Dias
et al., 2022; Karim et al, 2019). After harvesting the biomass, HPH can be carried

out instantaneously and this method does not need any chemical use. By using
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different solvents that can easily access into the cell, lipids, carotenoids, and other
cellular components can be extracted after performing HPH (Dias et al., 2022). On
the other hand, temperature of the product increases by about 2-2.5 °C with every 10
MPa (Diels & Michiels, 2006). This temperature increase should be taken into

account for heat sensitive products (Rendueles et al., 2011).

High pressure homogenizer is mostly used as pre-treatment method to extract lipid
from microorganisms. In the literature, there are several studies about cellular
component extraction from microorganisms but from oleaginous microorganisms
there are limited studies. Some of the obtained lipid yields from conducted studies

and their pressure and pass number conditions are shown in Table 2.3.

Table 2.3. Some oleaginous microorganisms are treated with HPH.

Lipid
. Pressure Pass Yield
. . Extraction
Microorganism Method Ref.
(MPa) Number (w/w
%)
Saitozyma HPH with
podzolica DSM Folch 200 15 37.8 éfoégezgt)
27192 method °
Yarrowia lipolytica (Drévillon
IMY5578 HPH 150 20 839  etal,
2019)
Yarrowia lipolytica HPH with (Drévillon
IMY5289 Solvent 150 5 76 etal.,
Extraction 2018)
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Table 2.3 (continued)

HPH with .
Cryptococcus Solvent 80 5 48 (Thiru et
curvatus . al., 2011)
Extraction
Pichia HPH with
kudriavzevii MTCC Solvent 80 5 23 ;ISar;l(()qg)t
5493 Extraction "
Rhodosporidium HPH with (Dias et
toruloides NCYC Solvent 60 3 55.9 al., 2022)
921 Extraction "
Nannochloronsis HPH with (Olmstead
. P Solvent 120 1 70 etal.,
P- Extraction 2013)

2.7 High Hydrostatic Pressure (HHP)

High hydrostatic pressure (HHP) is a non-thermal technique, like HPH, that is used
for increasing shelf life and food safety improvement by microbial disruption. In this
treatment the food product is exposed to high levels of pressure, generally in a
container filled with water (Salazar et al., 2021). The widespread pressure range
changes between 100 to 800 MPa, depending on the targeted aim (Rendueles et al.,
2011). The HHP process is isostatic since the transmission of pressure is uniform
and instant, and it is adiabatic, meaning that there is a little change in temperature
(about 3 °C increase for 100 MPa) as pressure increases, independent of the shape or

size of the food (Rendueles et al., 2011).
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Figure 2.5. Schematic illustration of a HHP equipment (Zhang et al., 2022).

It is assumed that HHP kills cells by affecting permeability of cell membrane,
altering cell morphology, changing reactions and biochemical processes in the cells,
and disrupting the genetic mechanisms of cells. The simultaneous occurrence of
multiple effects, involving both less critical components as well as critical
parameters, is of critical importance for cell death (Sehrawat et al., 2020). Although
the exact mechanism responsible for triggering cell death is not fully understood, it
is hypothesized that the simultaneous action of proteins, ribosomes, and DNA may

play a role in this process (Manas & Pagan, 2005).

HHP has several advantages such as simple handling, short operation time and
optimal preservation of the nutritional value of food (Zhang et al., 2022). Besides,
when it is used for food products, they must have at least 40 % free water to obtain
desired results. Also, when used for food products, they must have at least 40% free
water to achieve the desired results and some spores have a high resistance to

pressure, so very high pressures are needed to inactivate these microorganisms. Thus,
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these factors can be considered as drawbacks of HHP treatment (Naveena &
Nagaraju, 2020).

Since high hydrostatic pressure treatment is mostly used for food safety and shelf-
life enhancement, there are not enough studies using oleaginous microorganisms,
although it has been used on a variety of pathogenic microorganisms. On the other
hand, there are studies using it for other microorganisms for the extraction of
different bioactive compounds.

Recently, total lipid yield for Lipomyces starkeyi DSM 70295 by using high
hydrostatic pressure (HHP) was studied, where apple pomace was used as carbon
source and the maximum lipid yield was obtained as 45.8 % (w/w) at 200 MPa, 40°C

operation temperature and 15 minutes of duration (Tuhanioglu et al, 2022).

2.8 Cheese Whey

Cheese whey, which has a yellow-green color is the by-product of cheese production
obtained after the coagulation and removal of the curds. Around 85% of the milk
utilized in the process of cheese production is extracted as whey during the process
(Yiiksel et al., 2019). It contains water, lactose as a milk sugar, proteins, minerals,
and low amount of fat (Gutiérrez-Hernandez et al., 2022). Also, it has leucine,
isoleucine and valine, which cannot be produced in human body, thus consumption

of whey is very important for human health (Soltani et al, 2017).

Whey can cause significant environmental problems if not evaluated. Approximately
180-190 million tons of whey waste are generated annually, and this amount is
increasing due to the rising demand for coagulated milk products (Chandrapala,

2015). When whey, an organic waste product, is disposed of without undergoing any
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treatment, it undergoes fermentation and poses a substantial risk of environmental
pollution. The dumping of such waste into water bodies poses a grave threat to the

organisms inhabiting those ecosystems (Yiiksel et al., 2019).

The content of whey varies depending on how it is obtained (Table 2.4). Whey is
divided into two categories depending on how it is produced. One of them is sweet
whey which has a higher pH, and it is coagulated by using enzyme without any
acidifications. The other one is acid (sour) whey which is formed by increasing
acidity and it has a lower pH. (Bleoussi et al., 2020).

Table 2.4. The composition of sweet and acid whey. (Soltani et al, 2017).

Component Sweet Whey (w/w %) Acid Whey (w/w %)
Water 93-94 94-95
Dry matter 5.0-6.0 5.0-6.0
Lactose 4.5-5.0 3.8-4.3
Lactic Acid Traces Upto 0.8
Total protein 0.8-1.0 0.8-1.0
Whey protein 0.60-0.65 0.6-0.65
Citric acid 0.1 0.1
Minerals 0.5-0.7 0.5-0.7
pH 6.2-6.4 4.6-5.0
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Whey can be used in various industries such as agriculture, food, dairy, animal feed,
cosmetics, and pharmaceutical industries. In the food industry, whey serves multiple
purposes. It can be used to enhance nutritional value of products and as an ingredient
in functional beverages like sports drinks. Additionally, whey proteins find extensive
use in the food industry due to their physicochemical and nutritional properties,
which include acting as emulsifiers, water binders, and foaming agents. (Pires et al.,
2021). In pharmaceutical industry, infant milk formulation is enhanced by using
whey proteins (Gutiérrez-Hernandez et al., 2022). On the other hand, whey finds
applications in the dairy industry, such as enhancing the texture in cheese production
and providing stability during freeze-thaw cycles in ice cream production. Whey
components are used to modify the characteristics of these dairy products, ensuring
desirable texture and quality (de Castro et al., 2017). Since whey has a high content
of lactose and essential minerals, it is a suitable choice for animal feed (Schingoethe,
1976). Besides these industries, it has an industrial application. For instance, whey
not only provides an optimal growth environment for various microorganisms but
also serves as an ideal substrate in biotechnological processes. Its utilization as a
low-cost substrate in fermentations supports microbial growth and enables the

synthesis of value-added compounds. (Buchanan et al., 2023).

2.9  Aim of the Study

This study aims to be the first research in the scientific literature to investigate the
application of high-pressure homogenizer (HPH) and high hydrostatic pressure
(HHP) techniques for extraction of microbial oil produced by Rhodosporidium
toruloides using whey hydrolysate, processed by the beta galactosidase enzyme, as

a carbon source for the growth and lipid accumulation.
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To achieve this goal following objectives were targeted:

e Determining the optimal fermentation conditions for Rhodosporidium
toruloides in synthetic medium.

e Utilizing whey enzymatically hydrolysed for microbial oil production by
Rhodosporidium toruloides.

e Disrupting the cells by using HPH and HHP methods.

e Employing response surface method (RSM) for optimization.

e Analyzing the results by conducting fatty acid composition analysis,

measuring the peroxide value, and performing living cell counting.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

All the analytic grade chemicals and other materials utilized in this study were

acquired from Sigma Aldrich and Merck, Turkey.

3.2 Microorganism activation and inoculum medium preparation

In this study, Rhodosporidium toruloides DMS 4444 was used, and this yeast were
obtained in freeze dried form from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany. To activate R.
toruloides, a liquid medium containing 30.0 g/L of malt extract and 3.0 g/L of
peptone was employed ("German Collection of Microorganisms and Cell Cultures
GmbH: Details”). To preserve the cells at -80 °C, the activated cells were mixed with
a solution consisting of 25 % glycerol and 25 % distilled water in 1.5 mL Eppendorf

tubes. The preserved cells were periodically renewed.

After activation, cells were grown in yeast peptone dextrose (YPD) medium that
contained 20.0 g/L glucose, 10.0 g/L peptone and 10.0 g/L yeast extract (Lyu et al.,
2021).

Once the initial pH was adjusted to 5, the growth of R. toruloides was initiated by
placing the culture on an orbital shaker (INFORS AG CH-4103, Bottmingen,
Switzerland) set at 130 rpm and 30°C (Tuhanioglu, 2021) for a duration of 24 hours
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in 50 mL of YPD medium in 250 mL Erlenmeyer flasks. For measuring cell growth,
a spectrophotometric method at a wavelength of 600 nm (Shimadzu UV-1280
spectrophotometer, manufactured by Shimadzu Corp. in Kyoto, Japan). Once the
cells reached the desired optical density (OD) of 0.7 for R. toruloides, 3 mL of cell

suspensions for 100 mL were added to the fermentation medium.

All the prepared media were sterilized using an autoclave (Autoclave, 56 MaXterile
60, Wisd Laboratory Instruments) at a temperature of 121 °C for a duration of 15

minutes.

3.3 Fermentation Medium

In this study, synthetic and hydrolyzed whey media were used. For starting
fermentation process, 3 mL of culture from YPD medium was transferred to both
100 mL synthetic and hydrolyzed whey media in 500 mL Erlenmeyer flasks. The
fermentation process was conducted for a duration of 8 days on an orbital shaker at

agitation of 130 rpm and a temperature of 30 °C.

3.3.1 Synthetic Medium

The fermentation medium compositions with a C/N ratio of 55/1 included the
following components: 1 g/L of di-sodium phosphate (Na2HPOs), 0.5 g/L of
ammonium sulfate ((NH4)2SOs), 2.5 g/L of magnesium sulfate heptahydrate
(MgS04.7H20), 12.5 g/L of potassium dihydrogen phosphate (KH2PQs), 0.25 g/L of
calcium chloride dihydrate (CaCl2.2H20), 1.9 g/L of yeast extract, and 40 g/L of
carbon source (Gurel, 2019; Tuhanioglu, 2021)
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As a carbon source, glucose, galactose, lactose, and glucose galactose mixture were
used. Also, media that had different C/N ratios were prepared and they were obtained
by adjusting the amount of nitrogen sources. Fermentation was done with 100 mL
fermentation volume in 500 mL in Erlenmeyer flasks. In addition to using

Erlenmeyer flasks for the fermentation process, a 2 L fermenter was also used.

3.3.2 Hydrolyzed Whey Medium

In this experiment, hydrolyzed whey was used as the fermentation medium. For the
small-scale experiments, 100 mL of fermentation medium was prepared in 500 mL
Erlenmeyer flasks, while for the larger-scale experiments, 2 L of fermentation

medium was used in a fermenter.

3.3.2.1 Hydrolyzed Whey Medium Preparation

For this study, whey was obtained from a local producer named as Ataturk Orman
Ciftligi (AOC), Ankara. Obtained whey was sterilized in an autoclave and stored at

a cold room to prevent microbial activity.

The p-galactosidase enzyme used in the experiment was sourced from
Kluyveromyces lactis (Lactozyme®, liquid form, > 3600 U.ml-1) and was purchased
from Sigma-Aldrich (Darmstadt, Germany). This enzyme was employed to
hydrolyze the lactose present in the whey. The pH was set to 7, and the 100 mL
samples in 500 mL Erlenmeyer flasks were subjected to a 3-hour incubation at 50°C

and 150 rpm on an orbital shaker, resulting in an efficiency of 98%. After hydrolysis,
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hydrolyzed whey was autoclaved at 121 °C for 15 minutes to stop the enzyme

activity.

3.3.2.2  Content of Whey

Elemental analysis was performed at the METU Central Laboratory to determine the
concentrations of Potassium (K), Carbon (C), Magnesium (Mg), Nitrogen (N),
Calcium (Ca), Phosphate (P), and Sulphur (S) in the samples, both before and after

autoclaving.

The lactose concentration in the whey was determined using High Performance
Liquid Chromatography (HPLC) at the METU-GAL laboratory. For calibration of
HPLC, lactose standard solutions with concentrations of 10, 20, 30, 40, 50, and 60
g/L were used.

3.3.2.3  Culturing and Conditioning of Hydrolyzed Whey

Before autoclaving, pH of the medium was adjusted to 5.0 by using 10 molar NaOH
and 10 molar H2SQOg4. Then, 3 % (v/v) of inoculum was added to 100 mL hydrolyzed
whey medium in 500 mL Erlenmeyer flasks from YPD medium. Orbital shaker was

used at 130 rpm and 30 °C with the initial pH 5 and this process took 8 days.
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3.33 Fermenter Conditions and Preparation

Two liters of synthetic medium and hydrolyzed whey medium were put into 2-liter
fermenter (Sartorius Stedim Systems GmbH, Schwarzenberger, Weg 73-79, DE-
34212 Melsungen, Germany) and the samples were sterilized at a temperature of 121
°C for a duration of 30 minutes using an autoclave. For initiating the fermentation
process, a 3 % (v/v) inoculum was transferred from YPD medium to the fermenter
and this process was carried out at 130 rpm, 25 °C and 1 vvm aeration for 8 days.
Besides, by using 10 M H>SO4 and 10 M NaOH, pH was kept at 5. To prevent
excessive foaming and minimize the loss of the medium, a diluted solution of

antifoam was employed.

3.4  Harvesting of Biomass

After an 8-day fermentation period, the biomass was separated from the fermentation
medium by centrifugation. The remaining liquid medium from the fermenter and
Erlenmeyer flasks were transferred to Falcon tubes, which have a volume of 50 mL.
The tubes were then centrifuged at 8000 rpm for 10 minutes and rinsed two times
with distilled water to eliminate the supernatant (Zhao et.al, 2008). Obtained biomass
at bottom of the Falcon tubes was put into glass petri dishes and dried in an oven at
40 °C for one day.
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3.5  Extraction of Lipid

The R. toruloides cells were disrupted using methods High-Pressure Homogenizer
(HPH) and High Hydrostatic Pressure (HHP). Subsequently, the extraction of lipids
was carried out using the HSH-assisted Bligh & Dyer method.

3.5.1 High Pressure Homogenizer (HPH)

The yeast cell disruption process was carried out using the domestically sourced
GEA PandaPlus Lab Homogenizer 2000, which has a minimum sample volume of
100 mL and a minimum pressure value of 7 MPa, and a maximum pressure value of
200 MPa. Also, at its highest pressure, its flow rate is 9 L/s. Due to the homogenizer's
unsuitability for flammable, volatile, or organic solvent usage, a synthetic
fermentation medium and hydrolyzed whey fermentation medium were used without

any additional solutions.

In one experimental series, cell disruption was performed using slurry of dry yeast,
while in the other series, it was performed directly using the spent fermentation
medium. For both series, different pass numbers (3, 5, 7, 9, 11, and 13) and pressure
values (50, 100, 150, and 200) were applied to disrupt the cells. A 25 mL sample
volume was used for each experiment, and the pressure values were manually
adjusted. After each pass, the obtained samples were returned to the machine funnel.
The samples that reached the desired number of passes were transferred to 50 mL

Falcon tubes for subsequent steps.
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3.5.2 High Hydrostatic Pressure (HHP)

A pressure equipment of type 760.0118 provided by SITEC-Sieber Engineering AG,
Zurich, Switzerland, was used for the high hydrostatic pressure process. The pressure
vessel had a capacity of 50 mL, an inner diameter of 24 mm, and a length of 153
mm. The pressure vessel was equipped with a built-in heating and cooling system,
specifically the Huber Circulation Thermostat from Offenburg, Germany. A K-type
thermocouple was employed to accurately measure and regulate the initial and
processing temperatures during the experiment. The pressure vessel was filled with

distilled water to transmit the pressure (Tuhanioglu, 2021).

For cell disruption, two different experimental designs were used by applying high
hydrostatic pressure. In one of them, the cells to be disrupted along with the
fermentation medium were transferred to 25 mL polyethylene cryotubes. The other
one involving dry yeast biomass, dried R. toruloides cells were mixed with a
chloroform-methanol solution (2:1 v/v) in 25 mL polyethylene cryotubes. After the
HHP treatment, the samples were transferred to Falcon tubes for lipid extraction.

Three different parameters were used which were pressure, time, and amount of
biomass when the dry biomass was used. On the other hand, when the fermentation
medium was directly used, the parameters were pressure, temperature, and time. The
experimental design for this study was developed using response surface
methodology (RSM) with the assistance of Minitab 13 software (Minitab Inc., State
College, PA, USA). The specific details of the RSM design can be found under the
Experimental Design section (Chapter 3-3.9).
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3.5.3 High Speed Homogenizer (HSH)

By utilizing the HSH method along with the Bligh and Dyer method, a comparative
analysis was conducted to assess the differences between the HPH and HHP
methods. The dry biomass was placed into 50 mL Falcon tubes with the chloroform-
methanol (2:1 v/v) mixture in a ratio of 1:10 (w/v). This means that for every unit
weight of the dry biomass, 10 units of chloroform-methanol solution were added.
The mixture was processed for 6 minutes at a rotational speed of 12000 rpm using
the IKA T18 digital ULTRA TURRAX high-speed homogenizer (HSH). This step
was performed to disrupt the cell wall and enhance the extraction of lipids. To
prevent excessive heating, homogenization was carried out in intervals of 25 seconds
with 5-second breaks. Following the HSH process, 2.5 mL of 1 M NaCl was added
to the mixture according to the instructions provided by the Bligh and Dyer method
and the mixture was centrifuged at 8000 rpm for 10 minutes at temperature 4 °C in

order to observe separation of the phases.

3.54 Bligh & Dyer Method

Following the HPH procedure, the samples collected in 50 mL Falcon tubes were
combined with a mixture of chloroform-methanol (2:1 v/v) and 2.5 mL of 1 M NaCl.
On the other hand, the samples obtained after HHP were only supplemented with 2.5
mL of 1 M NaCl solution (Bligh & Dyer, 1959). Subsequently, these mixtures
underwent centrifugation at 8000 rpm for 15 minutes at 4°C using a centrifuge
machine to facilitate phase separation which can be seen in Appendix A. The lower
layer (red-orange color), which contained the chloroform and lipid solution, was
carefully collected in glass petri dishes, and then these petri dishes were put into the
drying oven to evaporate the chloroform from the chloroform-oil phase at 40°C and

for a duration of 4 hours.
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3.6  Measurement of Total Reducing Sugar

In order to measure the total reducing sugar, after every fermentation process
residual sugar analysis was performed. To achieve this, a traditional method called
the dinitro salicylic acid (DNS) residual sugar assay was conducted through a
colorimetric approach. This technique relies on the presence of free carbonyl groups

as indicators of reducing sugars (Miller, 1959).

DNS solution was prepared just before measurement. To prepare this solution, 10
g/L 3-5 dinitro salicylic acid, 10 g/L sodium hydroxide (NaOH), 2 g/L phenol, 0.5
g/L sodium sulfite (Na;SO3) and 256 g/L Rochelle salt (KNaCsH406.4H20) was
mixed. For analysis, 3 mL DNS solution, 2.8 mL distilled water and 0.2 mL cell free
media that was centrifuged and diluted with the ratio of 1:100 (v/v) mixed in the
glass tubes and for blank sample 3 mL DNS and 3 mL distilled water was used.
These tubes were put into the water bath (Simsek Laborteknik Ltd. Sti. 5SBD-313) at
95 °C for 15 minutes. Then, tubes were cooled to room temperature and after cooling
at a wavelength of 575 nm optical densities were measured. The obtained absorbance
data from the samples were subsequently compared to a standard curve (Appendix
B) that had been previously generated using known concentrations of a glucose stock

solution.

3.7  Visual Analysis

3.7.1 Viable Yeast Cell Count

First of all, 9 mL of peptone water was prepared by mixing 1 g of peptone with 1
liter of distilled water. The sample was diluted by adding 1 mL of the sample to 9

mL of the prepared peptone water, and this dilution process was repeated until a
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dilution rate of up to 10 was achieved. On the other hand, potato dextrose agar
(PDA) was prepared. For preparation of it, 39 g PDA was suspended in 1 liter of
distilled water. Then, this mixture was boiled until the all solute was dissolved. Both
PDA and prepared peptone water were sterilized by autoclave at 121 °C for the
duration of 15 minutes. After sterilization, PDA (Potato Dextrose Agar) was
supplemented with ten percent sterilized tartaric acid to inhibit bacterial growth by
reducing the pH (Potato dextrose agar 2014). This mixture was poured into sterile
petri dishes. From every diluted sample 0.1 mL was taken and spread on PDA by
using spread plate technique. The Petri dishes were incubated at 30°C for 5 days, and
after incubation, the colonies were counted. The results were reported as colony

forming units (CFU) per mL.

3.7.2 Scanning Electron Microscope (SEM)

Samples collected from the optimal conditions based on the experimental design for
both HHP and HPH methods were subjected to scanning electron microscope (SEM)
analysis. The SEM analysis was conducted by the Central Laboratory of Middle East
Technical University (METU).

Prior to the SEM analysis, samples were prepared by retrieving the biomass from the
layer separated from their lipids using the Bligh & Dyer method. Distilled water was
used to dissolve the biomass. Before being subjected to freeze drying, the diluted
biomass was kept at -20 °C for one day. The cells were subsequently subjected to
freeze-drying (Christ, Alpha 2-4 LD Plus) at a temperature of -85°C and a vacuum
pressure of 0.15 mbar for a duration of 24 hours. Freeze dried cells were covered
with thin gold layer at METU Central Lab and SEM images were taken at 10000

times magnification.
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3.8  Lipid Analysis

3.8.1 Yield of Lipid

The lipid yield () obtained after performing all these processes was calculated as

the ratio of grams of lipid to grams of dry biomass.

gram lipid

100 1)

- gram dry biomass

3.8.2 Peroxide Value

Peroxide value (POV) was determined based on the findings of Low and Ng (1987)
with some minor changes. 25 mL chloroform-acetic acid (CHCI3-CH3COOH) with
the ratio of 2:3 (v/v) was used for dissolving 0.5 grams of microbial oil. Ten grams
of potassium iodide crystals (KI) were dissolved in 100 mL of distilled water, and
then 5 grams of iodine were added to the solution. The solution was vigorously
stirred. By using a Pasteur pipette one single drop of iodine solution was added to
oil and chloroform-acetic acid solution and this mixture was kept at dark for 10
minutes to release iodine present in the solution. After 10 minutes, 1.5 % starch
solution and 75 mL distilled water was added and titrated with 0.01 M sodium
thiosulfate (Na2S203) until colorless solution. The peroxide value was calculated by

using the equation given below.

(Vg—Vg)*Nx100
w

POV = (2)
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Where Vs; Volume of consumed Na>S.03 for sample (mL),
Vg; Volume of consumed NazS»0s for blank (mL)
N; Normality of Na2S203

W; Weight of oil in the volume of extract.

3.8.3 Fatty Acid Composition

The yeast oil samples were prepared for the purpose of determining the fatty acid
composition and this fatty acid methyl ester analysis was performed at Middle East
Technical University Food Engineering GAL laboratory by using gas
chromatography (GC).

For this analysis 80 mg dry oil sample was put into Eppendorf tubes and 800 uL
isooctane was added to tubes to dissolve the samples. Then, 500 pL 2 molar
methanolic potassium hydroxide was added to the tubes and tubes were centrifuged
for 6 minutes. After the phase separation occurred and for the GC analysis sample

was collected from the upper phase and injected to the GC.

The GC instrument used in the analysis was equipped with a CP-Sil 88 capillary
column (50m x 0.25mm ID, 0.20 um film), an FID detector, and an automatic
injection system. The analysis was performed using a flow rate of 1 mL/min of
helium gas as the carrier gas. The injector temperature was adjusted to 225 °C, and

the detector temperature was set to 285 °C. The total analysis time was 15 minutes.

46



3.9  Experimental Design

The experiments conducted in the study were designed using the MINITAB 13
software. MINITAB 13 is a statistical software package that offers various tools and
features for experimental design and data analysis. Response Surface Methodology
(RSM) is a statistical technique used for optimizing and modeling the relationship

between multiple independent variables and a response variable of interest.

To create a model for lipid extraction using the HHP (High Hydrostatic Pressure)
technique, the Box-Behnken response surface method was employed. The model
incorporated the following parameters: pressure, time, dry biomass amount (when
dry biomass was used), and pressure, temperature, and time (when the fermentation
medium was directly used). The Box-Behnken design is a widely used response
surface methodology that allows for the efficient exploration and optimization of
multiple factors and their interactions. Table 3.1 displays the parameters and their
maximum and minimum values used for the dry biomass experiment, while Table
3.2 illustrates the parameters used for the experiment where the fermentation
medium was directly employed. On the other hand, using these parameters in the
MINITAB 13 software, 13 different combinations were generated, and a total of 30
runs were conducted separately for each of the two experiments (Table 3.4 and Table
3.5). The response variable measured in both experiments was the lipid yield on a
dry biomass basis. Also, the custom-determined parameters for HPH were illustrated
in Table 3.3 and according to these parameters conducted 24 runs were displayed at
Table 3.6.
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Table 3.1. Parameters used in dry biomass experiment in Box-Behnken design for

HHP assisted lipid extraction.

Parameter Low (-1) High (+1)
Pressure 100 300
Time 5 15
Dry biomass 1 3

Table 3.2. Parameters for spent fermentation medium in the Box-Behnken design
for HHP assisted lipid extraction.

Parameter Low (-1) High (+1)
Pressure 100 300
Time 5 15
Temperature 30 50

Table 3.3. Parameters for HPH assisted lipid extraction.

Parameter Low (-1) High (+1)
Pressure 50 200
Pass Number 3 13
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Table 3.4. The Box-Behnken response design for dry biomass experiment of HHP

assisted lipid extraction.

Run Pressure (MPa) Time (min) Dry biomass (g)
1 200 5 3
2 100 5 2
3 300 5 2
4 100 10 1
5 300 15 2
6 200 15 1
7 100 15 2
8 200 10 2
9 300 10 3
10 300 10 1
11 200 10 2
12 100 10 3
13 200 15 3
14 200 5 1
15 200 10 2
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Table 3.5. The Box-Behnken response design for spent fermentation medium

experiment of HHP assisted lipid extraction.

Run Pressure (MPa) Time (min) Temperature (°C)
1 200 5 30
2 300 10 30
3 300 10 50
4 200 15 50
5 200 10 40
6 300 5 40
7 200 5 50
8 300 15 40
9 200 10 40
10 200 15 30
11 100 15 40
12 100 5 40
13 200 10 40
14 100 10 50
15 100 10 30
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Table 3.6. Experimental design for HPH assisted lipid extraction.

Run Pressure (MPa) Time (min)
1 50 3
2 50 5
3 50 7
4 50 9
5 50 11
6 50 13
7 100 3
8 100 5
9 100 7
10 100 9
11 100 11
12 100 13
13 150 3
14 150 5
15 150 7
16 150 9
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Table 3.6 (continued)

17 150 11
18 150 13
19 200 3
20 200 5
21 200 7
22 200 9
23 200 11
24 200 13

In order to develop a predictive model for the impact of HHP on lipid yield, the
experimental data was fitted to a quadratic polynomial equation, which can be
expressed as follows:

Y =Bo + Xy BiXi + i BiXF + X2, Zj2=1 BiiXiX; (3)

The equation relates the response variable, denoted as Y, to the independent variables
were represented by i and X;. The coefficients in the equation, Bo, i, Bij, and B,
represent the constant term, linear coefficients, cross-product coefficients, and

quadratic coefficients, respectively.
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For analyzing error between predicted and experimental data, root mean square error

(RMSE) and mean absolute error (MAE) were calculated by following equations.

1
2

RMSE = [ ?=1@] (4)

MAE = (1) « ZIL, Iyi - |

n

()

In the equation, N represents the number of data points. y;i refers to the predicted

values, while yp represents the experimental values.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Growth Curve and Sugar Consumption of Rhodosporidium toruloides
DSM 4444 in Fermentation Medium

4.1.1 Growth in Synthetic Medium

Different synthetic media were prepared to determine the optimum conditions for
maximum lipid yields. Therefore, obtained results were used as a guide for

fermentation conditions for hydrolyzed whey.

4.1.1.1 Different Carbon Sources

As mentioned before, Rhodosporidium toruloides can grow on various carbon
sources, including glucose, galactose, fructose, xylose, and glycerol (Bommareddy
et al., 2015). R. toruloides showed different growing behavior in different synthetic
sugars. Results of growth rate and sugar consumption of R. toruloides in different
fermentation media are shown in the following figures. These media contained

glucose, galactose, lactose and the mixture of glucose and galactose (ratio of 1:1).

As seen in the Figure 4.1, the growth rate of R. toruloides increased rapidly from 4%
day and 6th days, and then continued to rise with a decreasing rate until the 8th day.
At the end of the 8" day obtained ODeoo value was 18.1+0.5. Sugar consumption rate
was proportional to increase in growth rate. Between days 2 and 4, sugar content of
medium slightly decreased but at day 4 it was decreased dramatically until the end
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of fermentation. Glucose concentration was initially set at 40 g/L, and it was
measured as 4.9 + 0.5 g/L at the 8" day by using DNS assay. The reduction in sugar
concentration shows R. toruloides can utilize almost 88% of glucose within 192
hours fermentation. According to Osorio-Gonzalez et al. (2022), the maximum
consumption of glucose utilization was achieved as 99.7% after 144 hours when 50
g/L glucose was used. In the same study, for 75 g/L and 100 g/L glucose, the
consumption was found as 97 and 86.5% at 144 hours, respectively while for 120
g/L glucose, 80% consumption was observed at 96 hours. This study clearly
demonstrated that the initial glucose concentration and fermentation time directly
affect the consumption rate of glucose. The mentioned study supports the result

obtained from this study.
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Figure 4.1. Growth and glucose consumption of R. toruloides in synthetic medium.
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In the galactose medium, cell growth and sugar consumption showed almost the
same pattern to in glucose medium. However, different from the other medium in
this medium cell growth rate experienced a notable increase from 2nd day until 6th
day of fermentation. After day 6, the growth rate almost came to stop and showed
minimal increase until the day 8. At the end of the process, ODsoo Value and sugar
concentration were found to be 17.9+0.03 and 1.9+0.05 g/L, respectively (Figure
4.2). In the study conducted by Jagtap et al., (2019), it was reported that R. toruloides
has an ability to produce sugar alcohol, galactitol via conversion of galactose.
Therefore, the reason for increasing sugar consumption rate after 6th day even not
too much change in growth could be attributed to the galactitol production in the

medium.
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Figure 4.2. Growth and galactose consumption of R. toruloides in synthetic medium.
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Unlike the noticeable growth observed in media that contained glucose and
galactose, there was minimal growth observed in media that contained lactose. As
shown in Figure 4.3, growth of R. toruloides displayed a gradual and slight increase
until day 2. However, after reaching its peak, the growth started to decline steadily.
In proportion to this, not much change was observed in sugar consumption. The
maximum and final ODeoo values and final sugar concentration were found as
5.8+1.0, 4.2+0.9 and 31.6+0.7 g/L, respectively (Figure 4.3). There is a scarcity of
consumption of lactose by R. toruloides in the literature. In one study, it was reported
that R. toruloides cannot consume lactose (Sampaio, 2011). Nevertheless, the
decrease in the growth declines and the increase in sugar consumption after the 6th
day could potentially serve as indicators of an ongoing adaptation process.
Therefore, it was recommended to investigate this phenomenon in further studies.
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Figure 4.3. Growth and lactose consumption of R. toruloides in synthetic medium.
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Since lactose was not utilized by R. toruloides, the medium contained glucose and
galactose mixture (1:1) was prepared to mimic lactose hydrolysate. It was observed
that the growth and sugar consumption had similar patterns in the medium containing
glucose and galactose. In this experiment, growth increased from the 2" day to 6™
day gradually then its increase accelerated. On the other hand, sugar consumption
was dramatically increased from day 2 to 4 and 6 to 8. The final optical density was

18.6+0.3 and sugar concentration was 3.8+0.2 g/L (Figure 4.4).
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Figure 4.4. Growth and glucose + galactose consumption of R. toruloides in

synthetic medium.
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4.1.1.2 Different Nitrogen Sources

Nitrogen source is one of the important factors for growth of oleaginous
microorganisms. Therefore, different nitrogen sources were tested. According to
results, the maximum optical density was obtained when only yeast extract was used
in the medium as a N source. The values of OD at the end of the 8 days were found
as 16.3+2.6, 12.7+0.9, and 17.8+=1.1 when ammonium sulfate + yeast extract,

ammonium sulfate and yeast extract was used, respectively (Figure 4.5).
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Figure 4.5. Growth of R. toruloides by using different nitrogen sources in synthetic

medium.
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4.1.1.3 Different C/N Ratios

C/N ratio is an important and critical factor for cell growth. To understand the effect
of C/N ratio on growth of R. toruloides, different experiments were conducted at C/N
ratio of 30/1, 55/1, 100/1, and 170/1 with glucose, galactose, and glucose + galactose

mixture (1:1 w/w) as carbon sources.

The results revealed that the best growth was consistently observed at C/N=55/1 for
all carbon sources tested. Furthermore, the final optical density values were
measured as 18.1+0.5 for the glucose medium, 17.9+0.03 for the galactose medium,
and 18.6+0.03 for the glucose + galactose medium. These results indicate that C/N
55 provides an optimal environment for growth across various carbon sources, with
glucose + galactose medium showing the highest final optical density value among
the tested conditions. In contrast, the lowest growth was consistently observed at
C/N=170/1 for all carbon sources investigated. The final optical density values were
measured as 14.8+0.7 for the glucose medium, 11.5+0.4 for the galactose medium,
and 15.2+0.2 for the glucose + galactose medium (Figure 4.6). These findings
highlight the inhibitory effect of a high C/N ratio on microbial growth. Gurel (2019)
studied the effects of C/N ratios of 50/1, and 110/1 for R. toruloides and reported the
optical density values at C/N=50/1 to be significantly higher than those obtained at
a C/N ratio of 110/1.
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Figure 4.6. Growth of R. toruloides at different C/N ratios in (a) glucose, (b)
galactose, and (c) glucose + galactose media.
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4.1.14

Besides the factors mentioned above, different inoculum amount and fermentation
duration also affect growth of R. toruloides. The obtained results are illustrated in
Figures 4.7-4.8. When fermentation was initiated with different amounts of inoculum
almost the same tendency in growth and final optical density values were observed.
According to results the final optical density values were 14.6+0.5, 15.2+0.1, 15.5
and 16.5+0.6 for inoculation amount of 3 mL, 4 mL, 5 mL, and 6 mL, respectively.

On the other hand, when fermentation time was considered, the same trend was
observed. Between days 2 and 6, there were significant rises and after 6 days a

decrease was observed. The determined optical densities were 13.5+0.9, 14.7+0.5

Different Inoculum Amount and Fermentation Duration

and 15.1+0.7 for fermentation durations of 6,8, and 10-days, respectively.
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Figure 4.8. Growth of R. toruloides with different fermentation times in synthetic

medium.

4.1.2 Growth in Hydrolyzed Whey Media

With the light of previous experiments for growth of R. toruloides under different
medium and environmental conditions, the yeast was grown in hydrolyzed whey
media. For that experiment, other than mentioned factors also temperature and initial
pH effects on growth, biomass, and lipid production were evaluated. According to
results, it is obvious that growth is much lower at 35 °C than the other investigated
factors. While at 30 °C and at the initial pH 5.0 growth dramatically increased
between days 2 and 4, this increase was observed at days 2 to 6 and 6 to 8 for the
experiments of 35 °C and initial pH of 5.5, respectively. For all conditions, the
maximum optical density was observed as 16.58+0.8 for 30 °C, 12.85+1.6 for 35 °C,
16.35+0.8 for initial pH 5.0 and 15.55+1.2 for initial pH 5.5 (Figure 4.9).
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Singh (2021) studied the effect of different temperatures and different pH values for
R. toruloides. In that study, similar results were obtained and the best temperature
for growth found as 27 °C over the temperatures 33 °C and 37 °C. Also, in that study
the highest optical density was obtained at pH 6.5 and the lower one was found at
pH 4.0. Although the temperature results are similar to this study, pH experiment
results show differences. Using different strains of R. toruloides could be one reason

for obtaining different results.
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Figure 4.9. Growth of R. toruloides with different fermentation temperature and

initial pH values in hydrolyzed whey medium.
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4.2 Biomass Production and Lipid Yield

4.2.1 Synthetic Medium

After fermentation process, dry biomass of R. toruloides was obtained by using
centrifuge and dry oven. Lipid yields for all conditions were calculated and these
results were used for determining the conditions of fermentation process in whey
hydrolyzed medium. In this step, to extract lipid from yeast high speed homogenizer
(HSH) was used.

R. toruloides demonstrates enhanced growth in a medium containing galactose when
the C/N ratio is 30. Conversely, there is a decline in biomass accumulation when the
C/N ratio is 55/1, 100/1, and 170/1. The obtained value of maximum biomass is
13.7+0.25 g/L. On the other hand, the biomass accumulation in lactose medium is
remarkably low compared to others, (3.4+0.12 g/L) at C/N=55. The maximum and
minimum biomass contents in glucose medium were found as 11.44+0.23 g/L and
9.02+1.87, respectively at C/N=30/1 and C/N=170/1.

In the study of Kraisintu et al. (2010), different C/N ratios (65/1, 90/1, 115/1, 140/1)
were examined to optimize lipid and biomass accumulation. The study reported a
direct impact of C/N ratio on biomass production, as evidenced by varying biomass
production at different C/N ratios. Biomass production decreased from 10.52 to 6.79
g/L at C/N 65/1 and 140/1, respectively. Consequently, increasing C/N ratio resulted
in a decrease in biomass production. This mentioned study confirms that biomass
production is reduced in media containing glucose and galactose at high C/N ratio,
as depicted in Table 4.1.
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Table 4.1. Biomass and lipid content of R. toruloides by utilizing different carbon

sources at different C/N ratios in synthetic medium.

Carbon Source C/N Ratio  Biomass (g/L) Lipid Yield (w/w %)

Glucose 30 11.44 17.37
Glucose 55 10.83 41.38
Glucose 100 10.06 41.63
Glucose 170 9.02 43.50
Galactose 30 13.68 11.62
Galactose 55 12.07 27.25
Galactose 100 6.14 13.98
Galactose 170 4.43 17.12
Glucose+Galactose 30 9.52 10.75
Glucose+Galactose 55 11.24 35.62
Glucose+Galactose 100 9.70 26.38
Glucose+Galactose 170 8.13 33.25
Lactose 55 3.36 9.20

The maximum lipid yield (w/w %) was found as 43.5+5.3 % for glucose containing

medium at the C/N ratio of 170/1. In the other media containing galactose, and
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glucose-galactose mixture lipid yields were determined as 17.12+3.85, and
35.62+6.72% at C/N=170/1 and C/N=55/1, respectively. On the other hand, for the
lactose-containing medium, only the C/N ratio of 55/1 was tested, and the oil yield
was found to be 9.2+3.12%.

In the literature, the impact of C/N ratio on lipid production was also investigated,
revealing that an increase in C/N ratio resulted in an increase in lipid yield. In one
study, when the ratios were 65/1 and 140/1, the lipid yields were determined as 25.84
and 62.3 (w/w %), respectively (Kraisintu et al. 2010). The results of this study are
supported by previous findings as they show that maximum lipid yield is observed

at the highest C/N ratios for media containing glucose and glucose-galactose media.

The study also examined the influence of nitrogen sources on biomass and lipid
accumulation. The highest lipid yield of 38.7+4.3% (w/w) was achieved when both
yeast extract and (NH4)SO. were used. Meanwhile, the lipid yields for other nitrogen
sources were determined as 34.6+4.9% for only yeast extract and 32.7+5.6% for only
(NH4)2SO4 containing media. Regarding biomass production, the values at the end
of the fermentation were found to be 10.02+1.1 g/L, 10.64+0.4 g/L, and 6.44+1.0
g/L for (NH4).SO4tyeast extract, yeast extract, and (NH4).SO4 containing media,
respectively (Figure 4.10).

There are several studies in the literature about the effect of nitrogen sources on
biomass and lipid productions in oleaginous microorganisms. Alakraa et. al (2020)
also conducted a similar study by using R. toruloides and in this study the highest
biomass and lipid yield were obtained as 35.4+1.28 and 44.8+5.42, respectively,

when yeast extract was used.
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Figure 4.10. Biomass and lipid content for R. toruloides by using different nitrogen

Sources.

Although fermentation duration seems to have an insignificant effect on biomass
production, it was observed that increasing time, also increases the lipid
accumulation in the cell at some point. Moreover, after that point, lipid accumulation
decreases (Figure 4.11). The maximum biomass production of 7.6+1.02 g/L and lipid
yield of 44.3+0.35% were obtained on day 8. Ye et al., (2021) also reported similar
results by changing process time and stated day 8" to be the optimum duration for
lipid yield of R. toruloides.
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Figure 4.11. Biomass and lipid content of R. toruloides at different fermentation

durations.

To complete this study on determining the optimal fermentation conditions, the
inoculum size was also investigated. According to results, biomass production did
not exhibit a significant increase across different inoculum amounts. However, the
maximum lipid yield was obtained with 3 mL giving 41.9£2.92% lipid yield. It is
noteworthy that the highest biomass value observed was 9.2+1.13 g/L for a 6 mL
inoculation amount, but this value did not show a substantial difference compared to

the other inoculation amounts tested (Figure 4.12).
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Figure 4.12. Biomass and lipid content of R. toruloides with different inoculum

amounts.

4.2.2 Hydrolyzed Whey Medium

In this step, temperature and initial pH effects on biomass and lipid yield were
investigated. For this purpose, hydrolyzed whey medium at 30°C, 35°C, and at initial
pH values 5 and 5.5 media were prepared. For the temperature experiments initial
pH was not arrange and pH value experiments temperature was set at 30°C. As an
extraction method, high speed homogenizer (HSH) was used. Regarding biomass
production and lipid accumulation it was found that at the temperature of 30°C,
higher biomass was obtained than that of 35°C (Figure 4.13). Likewise, when initial
pH was set to 5.0 biomass production was higher than when pH was 5.5. Moreover,

the results for lipid yield also showed the same trend with biomass production. The
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maximum biomass and lipid production was found as 12.6+0.9 g/L and 34.3+0.5 %
for 30 °C, 12.9+1.2 g/L and 43.9+4.4 % for initial pH 5.0.
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Figure 4.13. Biomass and lipid content of R. toruloides at different temperatures and
initial pH values.

Moreover, to compare the lipid yield results obtained from HPH and HHP assisted
extraction method. The HSH assisted method was also used as a control in

hydrolyzed whey as a fermentation medium.
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4.3 HPH Assisted Microbial Oil Extraction and Lipid Yields

4.3.1 Lipid Extraction from Synthetic Media

In this experiment, microbial lipid production was achieved by combining two
approaches: mixing the dry biomass obtained from yeast cultivated in a synthetic
medium with an organic solvent, and direct pressurization of the spent fermentation

medium.

Both approaches resulted in the production of microbial lipids, with the extraction
and yield depending on the specific experimental conditions, such as the pressure
applied and the number of passes. These methods allowed for the efficient extraction
of lipids from R. toruloides cultivated in synthetic media, providing alternative
strategies for microbial lipid production.

According to the results (Figure 4.14) of which fermentation medium was directly
pressurized, the highest lipid yield of 52% was observed at a pressure of 200 MPa,
with 7 passes. At a lower pressure of 50 MPa, the lipid yield showed an increase
from 20 to 32% when 3 to 9 pass numbers were used. At a pressure of 100 MPa, the

lipid yield changed between 28 to 40%.

Further experiments were conducted at a pressure of 150 MPa, where all passes
resulted in a lipid yield ranging from 40 to 47 %. Finally, at a pressure of 200 MPa,
all passes consistently yielded a lipid yield greater than 44%, with the maximum
lipid yield of 52% achieved with 7 passes.

These results highlight the influence of pressure and the number of passes on the
lipid yield of R. toruloides. Higher pressures, particularly at 200 MPa, and a greater
number of passes, such as 7, proved to be favorable conditions for obtaining higher
lipid yields.
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Figure 4.14. Lipid yield (w/w %) of HPH experiment (using spent fermentation
medium)
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On the other hand, after culturing in a synthetic medium for 8 days, the biomass of
Rhodosporidium toruloides was dried, and for each experiment, a solution of 200
mL of pure water and 1.6 grams of dried biomass was used in the HPH device. The
optical density (ODeoo) of the yeast represented the solid-liquid ratio, and the OD
value for R. toruloides was determined as 12.8. In this experimental design, pressures
ranging from 50-200 MPa and passage numbers ranging from 3 to 13 were applied

and lipid yield was calculated.

The highest lipid yield of 40% for R. toruloides was obtained at a pressure of 200
MPa with 9 passes (Figure 4.15). Sequentially, at 50 MPa pressure, a decrease in
lipid yield was observed after 3 passes (26%), but it reached 30 % at 13 passes. At
100 MPa pressure, the number of passes did not lead to a significant increase, and
the lipid yields varied between 10 and 26 %. At 150 MPa pressure, a lipid yield of
33.3% was obtained at 9 passes, while the lipid yield ranged from 16.7 to 33.3 %.
Lastly, at 200 MPa pressure, the lipid yield varied between 25 and 40 %, with a
maximum lipid yield of 40% achieved at 9 passes. In the HPH experiment conducted
using the fermentation medium, the highest lipid yield was 52.2 % at 200 MPa and
7 passes, whereas in the HPH experiments conducted using the solution of dried
biomass with pure water, the highest lipid yield of 40 % was observed at 200 MPa

and 9 passes.
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Figure 4.15. Lipid yield (w/w %) of HPH experiment (using dry biomass slurry)
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4.3.2 Lipid Extraction from Spent Hydrolyzed Whey Medium

Due to lower results of the lipid extraction from the dry biomass of yeast grown in
synthetic medium, the lipid extraction from hydrolyzed whey-based biomass was

performed solely using the spent fermentation medium.

For this experiment, the same parameters, pressure (50-200 MPa) and pass number
(3-13), were used. Also, the C/N ratio of hydrolyzed whey medium was calculated
as 40. The results depicted in Figure 4.16 represent the average values obtained from
two repetitions for R. toruloides. The figure demonstrates the impact of applying
yeast cell disruption using whey hydrolysate combined with HPH on lipid yield

under various pressure conditions and pass numbers.

According to the results displayed in Figure 4.16, it is evident that the highest lipid
yield of 39.5+1.8% was achieved when the process was conducted at 150 MPa
pressure and with 7 passes. At this condition, the lipid yield reached its peak value.
In contrast, at the lowest pressure of 50 MPa, the lipid yield exhibited a range
between approximately 18.7 and 24.5%. As the pressure increased to 100 MPa, the
number of passes did not significantly affect the yield, which remained within the
range of 28.2 to 30.0%. When the maximum pressure of 200 MPa was applied, the
lipid yield ranged between 23 and 36.2%. Although this range indicates a relatively
lower yield compared to the maximum yield condition, it still demonstrates the

potential of lipid extraction at higher pressures.
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Figure 4.16. Lipid yield (w/w %) of HPH experiment (using hydrolyzed whey
medium)

78



A similar study was carried out by Dias et al, (2022) for the extraction of lipids from
R. toruloides cultivated in a broth medium. In this study growth cells were disrupted
by using high pressure homogenizer, applying 60 MPa pressure for 3 passes. Before
and after HPH treatment, Soxhlet method was employed to obtain lipid from the
cells. The results indicated that lipid yield was found as 34.7% before performing
HPH while lipid yield was increased to 46.4% after HPH. In another study, biomass
of Y. lipolytica was used to extract microbial oil and by using HPH the cells were
disrupted, and it was found that the maximum lipid yield after applying 150 MPa for
5 passes was almost 80% (Drévillon et al., 2018). These results and obtained results
in our study show the efficiency of HPH assisted microbial oil extraction. However,
it is important to note that lipid yield can change in different studies due to some
other factors that can alter the lipid accumulations in the cell.

To investigate the effect of C/N ratio on lipid production of R. toruloides when
hydrolyzed whey medium was used as fermentation medium, different whey media
with different C/N ratios (40/1, 80/1 and 120/1) were prepared. To obtain different
C/N ratios, glucose and galactose were added externally to the hydrolyzed whey
media. The obtained results from optimal conditions of HPH (125 MPa, 5 passes)
were compared with the high speed homogenizer method results. After HPH, the
lipid yields obtained for different carbon/nitrogen ratios were 32.4+1.0, 33.7+3.3,
and 42.2+0.4% for the respective ratios of 40, 80, and 120/1. In contrast, the lipid
yields for the HSH method were 41.9+3.3, 44.5+1.4, and 49+0.4% for the same
carbon/nitrogen ratios (Figure 4.17). It is seen that the values obtained from HSH for
each C/N ratio are higher than the HPH values and the differences of yield are about

the same. This can show the consistency of HPH assisted extraction.
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Figure 4.17. Lipid yields of R. toruloides at different C/N ratios in hydrolyzed whey

medium.

4.3.3 Optimization of HPH Assisted Extraction from Synthetic Medium

Based Biomass

4.3.3.1 Optimization Using the Spent Fermentation Medium

Optimization was done by using response surface methodology (RSM) with the
results shown in Table 4.2. Some results were removed since they were

incompatible.
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Table 4.2. Experimental plan for HPH optimization with customized RSM and lipid

results for R. toruloides on a dry cell basis (% w/w) (using spent fermentation

medium)
Pressure (MPa) Pass Number Lipid Yield (w/w%)
1 50 3 18.5+£2.7
2 50 5 19.7£1.7
3 50 7 24.4+0.2
4 50 9 29.3+14.4
5 50 11 32.9+7.7
6 50 13 28.9+£5.7
7 100 3 35.0+0.4
8 100 5 40.0+£5.2
9 100 7 34.2+1.6
10 100 9 32.7+0.3
11 100 11 29.84£5.2
12 100 13 28.8+10.1
13 150 3 41.6+£2.9
14 150 5 40.3+£5.6
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Table 4.2 (continued)

15 150 7 41.6+6.4
16 150 9 46.9+2.3
17 150 11 40.7+4.3
18 150 13 42.6x15.1
19 200 3 46.6+0
20 200 5 48.5+0
21 200 7 52.2+1.0
22 200 9 47.842.7
23 200 11 44.7+2.8
24 200 13 47.0+1.2
HSH - - 49.5+1.9

According to conducted statistical analysis, the coefficient of determination (R?)
value was found to be 0.848, while the adjusted value (adj-R?) was 0.826. The model
lack-of-fit value was found to be 0.099 (Table 4.3). Thus, adequacy of the model was
confirmed by the insignificant result of the lack-of-fit (P=0.099 > 0.05). This implies
that there is no significant lack of fit in the model, supporting its suitability for

explaining the data (Ekpenyong et al., 2017).
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Table 4.3. ANOVA results of R. toruloides lipid yields extracted with HPH (using

spent fermentation medium)

Source Coded Coefficient P

Regression 38.39 0.000
Linear 30.39 0.000
Square 11.31 0.000
Interaction 11.40 0.002
Lack-of-Fit 1.87 0.099
Constant 0.08042 0.000
Pressure -0.00507 0.000
Pass Number -0.00316 0.008
Pressure*Pressure 0.000001 0.000
Pass Number*Pass Number  0.000077 0.238
Pressure*Pass Number 0.000011 0.001

P<0.05 values show significant results.

This analysis demonstrated that the linear effect (P=0.000<0.05), square effect
(P=0.000<0.05), and interaction effect (P=0.002<0.05) were statistically significant.

While the interaction between pressure and pass number was significant, interaction
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of pass number with itself (pass number with pass number) was found to be

insignificant.

To achieve a better fit. the response values (lipid yield) were transformed using the
reciprocal function (1/Y). For R. toruloides, the regression model developed as a

result of the modeling was found as;

% =8.04%1072—=507*107**P —317*103+« X +1.0* 107® x P2 + 7.7 %

1075 %P+ X +1.1% 1075 % X2 (6)

In this equation, Y, P and X represent lipid yield (% w/w), pressure (MPa) and pass

number, respectively.

In order to evaluate the interaction effects visually for HPH method, a three-

dimensional response surface plot was depicted (Figure 4.18).
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Figure 4.18. Response surface plot showing the effects of pressure and pass number

on lipid yield.

According to the figure, it is observed that the optimum conditions for lipid yield are
200 MPa for applied pressure and nearly 8 for the pass number. Also, considering
this figure it can be assumed that increasing the pressure would lead to an increase
in lipid yield. However, due to limitations of the device used in this study,

experiments could not be conducted at pressures higher than 200 MPa.

Optimum conditions were then determined as 200 MPa and 7 pass number. Under
these conditions, the oil yield was predicted to be 0.019 (Y= 52.6%) with the
desirability of 0.95. After making verification experiment under determined
optimum conditions, the lipid yield was found as 45.7+4.4%. Error analysis was also
performed, and the root mean square error (RMSE) was calculated as 0.004, while
the mean absolute error (MAE) was determined to be 0.05. These small error values
indicate that the model is accurate and suitable for the given data (Uzuner &
Cekmecelioglu, 2014).
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4.3.3.2 Optimization Using Dry Biomass Slurry

Optimization was performed using response surface methodology (RSM), and the

used data are presented in Table 4.4.

Table 4.4. Experimental plan for HPH optimization with customized RSM and

results of lipid results for R. toruloides on a dry cell basis (% w/w) (using dry

biomass)
Pressure (MPa) Pass Number Lipid Yield (w/w%)
1 50 3 26.7
2 50 5 23.3
3 50 7 20.0
4 50 9 13.3
5 50 11 21.7
6 50 13 30.0
7 100 3 13.3
8 100 5 26.7
9 100 7 20.0
10 100 9 23.3
11 100 11 23.3
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Table 4.4 (continued)

12 100 13 10.0
13 150 3 16.7
14 150 5 23.3
15 150 7 16.7
16 150 9 33.3
17 150 11 30.0
18 150 13 26.7
19 200 3 36.7
20 200 5 30.0
21 200 7 33.3
22 200 9 40.0
23 200 11 26.7
24 200 13 25.0
HSH - - 40.88

According to the results obtained from the statistical analysis, the coefficient of
determination (R?) value is 0.549, and the adjusted value (adj-R?) is 0.361. The low
R? value suggests that the model does not effectively fit the data. This analysis
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demonstrated that the linear (P=0.167>0.05), square (P=0.088>0.05), and interaction
terms (P=0.406>0.05) were statistically insignificant. While the squared of pressure
term (P=0.04<0.05) was found significant, the other parameters and their interactions
were found to be insignificant (Table 4.5).

Table 4.5. ANOVA results of R. toruloides lipid yields extracted with HPH (using

dry biomass)

Source Coded Coefficient P

Regression 440.160 0.059
Linear 236.677 0.167
Square 181.089 0.088
Interaction 22.394 0.406
Constant 19.1743 0.116
Pressure -0.1930 0.195
Pass Number 3.0482 0.180
Pressure*Pressure 0.0012 0.040
Pass Number*Pass Number -0.1336 0.308
Pressure*Pass Number -0.0055 0.406
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Due to insufficient R? results (0.549), slurries of dry biomass were not used

furthermore.

4.3.4 Optimization of HPH Assisted Extraction from Spent Whey
Hydrolysate Based Biomass

RSM was used to optimize the results obtained from HPH assisted extraction and

used data are shown in Table 4.6.

Table 4.6. Experimental plan for HPH optimization with customized RSM and lipid
results for R. toruloides on a dry cell basis (w/w %) (using spent whey hydrolysate

medium)
Pressure (MPa) Pass Number Lipid Yield (w/w %)
1 50 3 23.2+2.0
2 50 5 245+3.0
3 50 7 24.3+0.0
4 50 9 22.4+0.8
5 50 11 223+1.0
6 50 13 18.8 1.1
7 100 3 30.1+£1.1
8 100 5 28.7+£1.5
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Table 4.6 (continued)

9 100 7 28.2+0.6
10 100 9 30.5+6.2
11 100 11 292+2.0
12 100 13 283+4.9
13 150 3 299+2.1
14 150 5 36.3+0.0
15 150 7 395+ 1.8
16 150 9 27.8+5.5
17 150 11 246+ 1.3
18 150 13 23.1+£2.0
19 200 3 36.3+4.9
20 200 5 30.8+5.7
21 200 7 27.8+6.1
22 200 9 27.5+0.9
23 200 11 253+0.7
24 200 13 23.0+0.4
HSH - - 43.5+£3.5
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According to statistical analysis results, the coefficient of determination (R?) value
and adjusted R? value (adj-R?) were found as 0.783, and 0.746, respectively. The lack
of fit value of the model was determined as 0.051, which proved the model adequate.

Table 4.7. ANOVA results of R. toruloides lipid yields extracted with HPH (using

spent whey hydrolysate medium)

Source Coded Coefficient P

Regression 0.001075 0.000
Linear 0.000850 0.043
Square 0,000211 0.000
Interaction 0.000013 0.265
Lack-of-Fit 0.000242 0.051
Constant 0.044090 0.000
Pressure -0.000145 0.028
Pass Number -0.001671 0.089
Pressure*Pressure 0.000001 0.015
Pass Number*Pass Number  0.000208 0.001
Pressure*Pass Number -0.000003 0.265
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The statistically significant effects according to ANOVA results (Table 4.7) were
linear, and square effects. Also, pressure, pass number and interaction of pressure
with pass number showed significant effect. However, interaction between pressure
and pass number and squared pressure and pass number terms showed insignificant

effect on lipid yield.

The reciprocal transformation (1/Y) was used to obtain a better fit, and the response
values (lipid yield) were modelled. The regression model developed modeling

process for R. toruloides is as follows:

% —441%1072—1.45%10"**P —1.67 * 1073 * X+ 1.0 * 1076 % P2 4 2.08 *

1074« X2 +3.4%10"«P«N (7)

In this equation, Y, P and X represent lipid yield (% w/w), pressure (MPa) and pass

number, respectively.

Three-dimensional response surface plot was generated (Figure 4.19). This plot
ensures a visual representation of the multiple variables and to visualize response

relationships.
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Figure 4.19. Response surface plot showing the effects of pressure and pass number

on lipid yield.

According to Figure 4.19, the optimum pressure for lipid extraction seems to be 150
MPa pressure while the optimum pass number is between 3 to 8 passes.

Optimum conditions were then determined as 125 MPa and 5 passes. Under these
conditions, lipid yield was predicted to be 0.03 (Y= 33.3%) with the desirability of
1.0. According to determined optimum conditions verification experiments were
performed and the lipid yield was found 32.4+3.3%. After performing error analysis
and the root mean square error (RMSE) and mean absolute error (MAE) were
determined to be 0.01 and 0.05, respectively. The small values obtained show that
the model is accurate and fit the well to data.
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4.4  HHP Assisted Microbial Oil Extraction and Lipid Yields

4.4.1 Lipid Extraction from Slurry of Dry Biomass of R. toruloides

R. toruloides was grown for 8 days in hydrolyzed whey (medium C/N=40/1), then
cells were collected to extract lipids by using HHP. In this experiment the
temperature was set at 40 °C. The aim was to investigate the effect of pressure,
biomass/solvent ratio, and duration on lipid yields. The lipid yields are shown in
Figure 4.20.

Lipid yields were between 5.1+0.2 and 10.1+0.9% at the lowest pressure of 100 MPa
and between 7.44+0.2 and 17.8+1.3% at 200 MPa. At the maximum pressure of 300
MPa, the lowest and the highest lipid yields were measured as 8.4+0.2 and
14.9+0.9%, respectively. For varying biomass content, lipid yields ranged between
9.0+0.2-17.8+1.3%, 7.1+1.9-14.9+0.9% and, 5.1+0.2-9.3+0.2% for 1,2 and 3 grams
of dry biomass used, respectively. Lipid yield also changed from 5.9+0.6 to
11.74£2.6% for 5 minutes pressurization duration, from 5.1+0.2 to 10.1+0.9% for 10
minutes process while lipid yield after HHP applied for 15 minutes varied from
7.1£1.9 to 17.8+1/3%. According to these results, the highest lipid yield was
obtained when used 1 g dry biomass/25 mL chloroform: methanol solution (2:1 v/v)
at 200 MPa and duration of 15 minutes (Figure 4.20). As a result, longer periods with
lower biomass increases the oil yield, but pressure was not clearly distinct.
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Figure 4.20. Lipid yields from R. toruloides dry biomass after HHP assisted
extraction.

4.4.2 Lipid Extraction from Spent Hydrolyzed Whey Medium with R.

toruloides.

The lipid was extracted by using HHP without separating the R. toruloides from the
spent fermentation medium and the variables for this experiment were temperature
(30, 40, and 50°C), duration (5, 10, and 15 min) and pressure (100, 200, and 300

MPa). Obtained results are shown in Figure 4.21.
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According to results, the highest oil yield was achieved at 300 MPa, 10 min and 30
°C, while the lowest oil yield was obtained at 100 MPa, 10 min and 50 °C. These
results show that the increase in temperature decreases the lipid yield. It was
conducted that exposure to sudden high temperature like 50 °C causes yeast cells to
exhibit inherent tolerance and this results in the yeast more resistant to HHP
(Catarine Tosi-Costa et al., 2019). For 100 MPa, the lowest yield was found to be
11.4% at 50 °C and 10 minutes, and the lowest yield when pressure was doubled was
11.9% at 50 °C and 15 minutes, and for highest pressure (300 MPa), this value was
found as 14.7% at 50 °C and 10 minutes duration. The highest lipid yields were
measured at 20.4% for 100 MPa, 40 °C and 5 minutes, and 20.5% at 200 MPa, 40
°C and 10 min, while the highest yield for 300 MPa was 22.8+3.7%, at 30 °C and 10

minutes.
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Figure 4.21. Lipid yield of R. toruloides by using spent fermentation medium.
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4.4.3 Optimization of HHP Assisted Extraction from Whey

4.4.3.1 Optimization of Experiment Using Biomass Slurry

The data used for the optimization of the HHP assisted extraction for the dry biomass
experiment are shown in Table 4.8.

Table 4.8. Experimental plan for HHP optimization with customized RSM and lipid

results for R. toruloides on a dry cell basis (w/w %) (dry biomass)

Pressure (MPa) Dry Biomass (g) Time (min) Lipid Yield (w/w %)

100 2 15 7.1+£1.9
100 1 10 10.1+0.9
100 2 5 5.9+0.6
100 3 10 5.1£0.2
200 3 5 7.9+2.2
200 1 5 11.742.6
200 3 15 9.3+0.2
200 2 10 7.4+0.2
200 1 15 17.8+1.3
300 2 5 10.6+1.0
300 3 10 8.4+0.2
300 2 15 14.9+0.9
300 1 10 9.0+0.2
HSH - - 45.5+3.18
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The statistical analysis results showed determination coefficient (R?) value and
adjusted determination coefficient (adj-R?) value were 0.841 and 0.77, respectively
while the lack of fit value was 0.098, which confirms the suitability of the model
(P=0.098>0.05).

Table 4.9. ANOVA results of R. toruloides lipid yields extracted with HHP (using

dry biomass)

Source Coded Coefficient P

Regression 0.036624 0.000
Linear 0.025269 0.002
Square 0.007323 0.002
Interaction 0.004033 0.024
Lack-of-Fit 0.002094 0.098
Constant -0.03900 0.558
Pressure -0.00020 0.551
Biomass 0.12419 0.001
Time 0.01761 0.016
Pressure*Pressure 0.00000 0.175
Biomass*Biomass -0.01450 0.047
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Table 4.9 (continued)

Time*Time -0.00104 0.001
Pressure*Biomass -0.00022 0.003
Pressure*Time -0.00000 0.925
Biomass*Time 0.00035 0.793

While pressure, pressure-pressure interaction, pressure-time interaction, and
biomass-time interaction were insignificant, the others showed significant effects on
lipid yield (Table 4.9).

To fit the model, reciprocal (1/Y) transformation was used. The model equation is

provided in the following equation.

$= —339%1072—2x10"**P—1.24% 1071« B+ 1.76 * 1072 x t — 1.45 *

1072 B2 —1.04 %1073 %t2—22%10"*xP*B (8)

In this equation Y, P, B and t represent lipid yield (w/w%), pressure (MPa), dry

biomass (g) and time (min), respectively.

The response surface plots were generated to understand the effect of variables on
lipid yield and determine the optimum conditions for HHP assisted extraction
experiment for dry biomass with chloroform: methanol mixture (2:1 v/v). These plots

are shown in Figure 4.22.
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Figure 4.22. For R. toruloides effect of (a) dry biomass and time, (b) pressure and

time, (c) pressure and dry biomass.

According to Figure 4.22 (a), at same pressure if the used dry biomass amount
decreased to 1 gram and process time increased to 15 minutes, the yield increased.
On the other hand, when using the same amount of dry biomass, the lipid yield
increased sharply up to the highest pressure (300 MPa), while considering the time,
the yield decreased from 5 minutes to 10 minutes and increased again from 10
minutes to 15 minutes. (Figure 4.22 (b)). Moreover, in Figure 4.22, (c) it can be seen
that at 100 MPa, while the dry biomass amount increases, lipid yield dramatically
decreases and also the same thing is acceptable for using 3 g dry biomass at different

pressures.
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From ANOVA results, the optimum conditions were determined as 230 MPa, 1 g
dry biomass/25 mL solvent and 15 minutes, and the lipid yield under these conditions
was estimated as 20% (w/w) with a desirability value of 0.98. The lipid yield was
determined as 20+0.7% under optimum conditions. Root mean square error (RSME)
and mean absolute error (MAE) values of the model were calculated as 0.05 and 0.2,

respectively.

4.43.2  Optimization of Experiment Spent Hydrolyzed Whey Medium

To optimize the results from HHP assisted extraction for biomass in spent

hydrolyzed whey medium are shown in Table 4.10

Table 4.10. Experimental plan for HHP optimization with customized RSM and
results of lipid results for R. toruloides on a dry cell basis (w/w %) (using hydrolyzed

whey medium)

Pressure (MPa) Temperature (°C) Time (min) Lipid Yield (w/w %)

200 50 15 11.9+1.8
200 50 5 14.6+£3.9
100 50 10 11.4+4.8
300 50 10 14.7+4.1
100 40 5 20.4+3.2
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Table 4.10 (continued)

300 40 5 15.8+5.9
100 40 15 16.1+8.2
200 40 10 20.5+4.0
300 40 15 17.1+£3.1
200 30 15 15.6+1.1
300 30 10 22.8+2.2
200 30 5 20.445.3
100 30 10 15.3+3.7
HSH - - 47.6+2.7

According to results of statistical analysis, the coefficient of determination (R?) value
and adjusted R? value (adj-R?) were found as 0.86, and 0.755, respectively. The lack
of fit value of the model was found as 0.533. The lack of fit value confirms the fit of
the model (P=0.533 > 0.05).
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Table 4.11. ANOVA results of R. toruloides lipid yields extracted with HHP (using
hydrolyzed whey medium)

Source Coded Coefficient P

Regression 2.90345 0.001
Linear 0.40586 0.000
Square 0.40586 0.019
Interaction 1.41690 0.001
Lack-of-Fit 0.05574 0.553
Constant -5.956 0.006
Pressure 0.037 0.000
Time -0.150 0.146
Temperature 0.321 0.001
Pressure*Pressure -0.000 0.013
Time*Time 0.005 0.177
Temperature*Temperature  -0.003 0.012
Pressure*Time -0.000 0.620
Pressure*Temperature -0.001 0.000
Time*Temperature 0.002 0.315
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The time, time-time interaction, pressure-time, and time-temperature showed
insignificant effect on lipid yield while the other effects were significant for lipid
yield according to ANOVA results (Table 4.11).

In order to improve the fit of the model obtained based in these results, the natural

logarithm of lipid yield (InY) was taken and shown the following equation:

In(Y) = —5.956 + 0.037 * P — 0.150 * t + 0.321 * T + 0.005 * t2 — 0.003
T2 — 0.001 *P* T+ 0.02%t*T 9)

In this equation Y, P, T and t represent lipid yield (w/w%), pressure (MPa),

temperature (°C) and time (min), respectively.

In order to investigate the factors in pairs for HHP assisted extraction experiment for
biomass in spent fermentation medium, three-dimensional response surface plots
were generated (Figure 4.23). This plot provides a visual depiction of the
relationships between multiple variables and their corresponding responses in the
HHP treatment.
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Figure 4.23. Effect of (a) time and pressure, (b) pressure and temperature, (c) time

and temperature on lipid yields.

According to Figure 4.23 (a) the maximum lipid yield obtained at 300 MPa for 5 and
15 minutes when temperature at 30°C and the lipid yield dramatically decreased as
pressure decreased. On the other hand, highest lipid yield was observed at 300 MPa,
30°C and 100 MPa, 50°C for the duration 5 min (b). Moreover, the maximum lipid
yield was at 30°C for all durations (5, 10, and 15 min) but yield sharply decreased
until the temperature 50°C when the pressure 300 MPa (c).

The optimum conditions from this modelling were determined as 300 MPa, 5
minutes and 30 °C with the lipid yield 27.6 % and desirability of 1.0. The
experimental result for 300 MPa, 5 minutes and 30°C, the lipid yield was found
23.4+2.7%. Following an error analysis, the root mean square error (RSME) and
mean absolute error (MAE) were computed as 1.73 and 1.23, respectively.
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4.5  Visual Analysis

4.5.1 Viable Cell Count

After HPH and HHP treatments of R. toruloides grown in hydrolyzed whey medium
viable cell counts were performed in potato dextrose agar to understand the effect of
pressurization methods on cells. After 5 days of incubation in petri dishes, viable

cells colonies were counted, and the results are shown in the Tables 4.12-4.13.

As evident in Table 4.12 which shows cell count after HPH, R. toruloides was
inactivated for 5 to13 passes at 150 MPa and from 3 to 13 passes at 200 MPa with
high pressure homogenizer. Although there was a decrease in viable cell numbers at
50 and 100 MPa pressures, inactivation was not observed. According to the results,
an increase in applied pressure leads to a decrease in alive yeast cell counts.
Additionally, even when the pressure remains constant, an increase in pass numbers
also results in a decrease in viable yeast cell counts. Therefore, both pressure and
pass numbers are important factors in yeast inactivation through high-pressure
homogenization (HPH). In the HPP method, due to an approximate temperature
increase of 2-2.5 °C for every 10 MPa pressure increment (Diels & Michiels, 2006),
temperature can be also considered an important factor in cell disruption along with

the two mentioned factors.
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Table 4.12. Viable cell count of R. toruloides after HPH treatment.

Run Pressure (MPa) Pass Number Viable Cell Count
1 50 3 18x10°
2 50 5 11x10°
3 50 7 9x10°
4 50 9 155 x10*
5 50 11 69x10°
6 50 13 17x10*
7 100 3 258x10*
8 100 5 193x10*
9 100 7 84x10*
10 100 9 22x10%
11 100 11 13x10°
12 100 13 8x10°
13 150 3 48x102
14 150 5 X
15 150 7 X
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Table 4.12 (continued)

16 150 9 X
17 150 11 X
18 150 13 X
19 200 3 X
20 200 5 X
21 200 7 X
22 200 9 X
23 200 11 X
24 200 13 X

*X refers to the counted number is less than 30.

To observe the effect of HHP on cells, cell counts were made only for the spent
fermentation medium, since a chloroform: methanol mixture was used in the dry
biomass experiment. Based on the data in Table 4.13, it was observed that R.
toruloides was inactivated at 300 MPa, 40 °C after 5 and 15 minutes, and 30 °C after
10 minutes. While yeast inactivation was not observed at 50 °C, viable cell counts
did not decrease at 100 and 200 MPa pressures at 30 and 40 °C. In HHP, pressure
was the dominant factor affecting cell fragmentation the most, among temperature,
pressure, and time. The reason for decreasing viability of cells after HHP treatment

is mostly due to delay or inhibition of some cellular activities, such as enzymatic
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activities (Catarine Tosi-Costa et al., 2019). On the other hand, although not as
significant as pressure, the duration of the process also played an important role in

cell disruption, while temperature was considered a critical factor.

Table 4.13. Viable cell count of R. toruloides after HHP treatment.

Run Temperature (°C) Pressure (MPa) Time (min) Viable Cell

Count
1 50 100 10 23x10°
2 50 200 5 293x10°
3 50 200 15 298
4 50 300 10 >300
5 40 100 5 125x10°
6 40 100 15 33x10*
7 40 200 10 2x10°
8 40 300 5 X
9 40 300 15 X
10 30 100 10 13x10°
11 30 200 15 59x10°
12 30 200 5 62x10*
13 30 300 10 X

*X refers to the counted number is less than 30.
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4.5.2 SEM Analysis

Figures 4.24-4.25 demonstrate the SEM images of R. toruloides cells after the
treatments of HPH and HHP. SEM analysis was performed only for samples treated
under the optimum experiment conditions (125 MPa, 5 passes for HPH and 230MPa,
40°C, 15 mins for HHP) at METU Central Laboratory, Ankara, Turkey.

There is no specific study about R. toruloides cell size, but Shakeri (2021) reported
size of Rhodosporidium sp. DR37 between 2-8 um. Since they are the same genus,
it was considered as they have similar cell sizes. Thus, the size of the displayed cells

can be considered consistent (Shakeri et al., 2021).

Cell fragments

Damaged cells

i AA e - N ‘ Sy ;
5/11/2023 | det | HV ’ mag |spot| WD —20 ym ————
11:55:29 AM |ETD|20.00 kV|5 000 x| 3.0 |[11.1 mm METU CENTRAL LAB

Figure 4.24. SEM image of R. toruloides after HPH (125 MPa and 5 passes)
treatment (5000x).
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Figure 4.25. SEM image of R. toruloides cells after HHP (230 MPa, 40°C, 15 min,
1 g dry biomass) treatment (10000x).

Although applied pressure in HPH (125 MPa) is much lower than the pressure in
HHP (230 MPa), it is clear that HPH is more effective than HHP treatment on cells
since HHP is more effective to inactivate the cell activities but not destroys cell
morphology up to pressure of 200 MPa. However, when applied pressure is increased
over the 200 MPa the disruption of cell wall can be observed (Catarine Tosi-Costa
et al., 2019). While both methods result in cell damage, the sample that was obtained
after HHP method exhibits a higher number of intact cells compared to the HPH

method. In addition, obtained microbial oils under optimum conditions for HPH and
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HHP assisted extraction were found as 32.4 and 20%. The provided figures (Figure

4.24-4.25) offer supportive evidence for the variations among obtained lipids.

Apart from SEM imaging of the optimum conditions, SEM analysis was also
performed with 13 passes at the optimum pressure of 125 MPa and at the highest
pressure of 200 MPa with an optimum 5 passes. While Figure 4.26-4.27 show the
SEM image of the processes at 125 MPa with 13 passes and 200 MPa with 5 passes,

respectively.

Cell fragments

e

Damaged eel 05

I i

5/11/2023 | det| HV | mag |spot| WD YT p——
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Figure 4.26. SEM image of R. toruloides cells after HPH (125 MPa, and 13 passes)
treatment (5000x).
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Figure 4.27. SEM image of R. toruloides cells after HPH (200 MPa, and 5 passes)
treatment (10000x).

It is clear from Figures 4.26-4.27 that applying high pressure and high number of
passes almost have same effect on cell morphology. Obtained lipid yields from these
conditions and viable cell count after the disruption of cells by high pressure and

passes, show consistency with SEM images.
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4.6  Lipid Analysis

4.6.1 Peroxide Value (PV) Determination

For the determination of peroxide value, the lipid samples were collected from
optimal conditions of HPH and HHP. Peroxide values were determined as 20
milliequivalents of active oxygen/kg oil (meq O2/kg) for extracted microbial lipid
from R. toruloides undergone HPH and HHP assisted extractions. In literature there
are upper limits. For example, the upper limits for corn oil and sunflower oil are 10
meq O2/kg, and for extra virgin oil and virgin oil are 15 meq Ox/kg Codex
Alimentarius, 2017). On the other hand, according to Gilbraith et al., (2021), the
peroxide values of fresh oils are generally below 10 meq O2/kg and when this number
exceeds 30 meq O./kg oils become rancid (Gilbraith et al., 2021). Therefore, the
obtained peroxide values are on the edge of rancidity.

4.6.2 Fatty Acid Compositions of R. toruloides Lipids

The most abundant components are palmitic acid (C16:0), stearic acid (C18:0), oleic
acid (C18:1) and linoleic acid (C18:2) for all applications of HPH and HHP. Also, a
very low amount (less than 1 %) of several types of fatty acid components were
detected. Saturated and unsaturated fatty acid content changed with different applied
parameters. For lipids extracted by HPH assisted treatment, while saturated fatty acid
amount decreased, unsaturated fatty acid content increased. Also, lipids from HHP
assisted treatment have the highest amount of unsaturated fatty acids. This is the

main reason for lipid to be liquid at room temperature.

According to Wen et al. (2020), lipid of R. toruloides contains 23-30% palmitic acid,
30-37% oleic acid, 32-33.7% stearic acid, and 2-4% linoleic acid. Besides this study,
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in another study 22% palmitic acid, 11% linoleic acid and 50% oleic acid were found
for lipid of R. toruloides (Wiebe et al., 2012). Therefore, reported results in Table
4.14 are consistent with the mentioned findings. There are minor differences that

may result from fluctuation in culture medium or fermentation conditions.

Table 4.14. FAME analysis of microbial oils obtained from R. toruloides.

HPH HHP
Fatty 230 MPa,
Acids  125MPa  125MPa  125MPa 200 MPa  1gdry
3 Passes 5 Passes 13 Passes 5 Passes biomass,
15 min
10:0 0.15 0.96 0.99 0.94 -
12:0 0.31 1.34 1.31 1.27 0.14
14:0 1.64 5.45 5.35 5.22 1.45
14:1 0.27 0.64 0.64 0.62 -
15:0 0.28 0.69 0.67 0.66 0.13
16:0 36.84 26.97 26.66 27.40 24.38
16:1 3.74 4.00 4.10 3.99 2.30
18:0 15.53 10.87 10.89 11.04 9.25
18:1cis  38.19 41.68 43.12 42.12 56.38
18:2cis 1.38 5.18 4.89 4.95 4.62
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Table 4.14 (continued)

20:0 0.49 0.41
20:1 0.96 0.53
18:3 cis 0.12 -
SFA? 55.2 47.7
UFAP 44.8 52.3
MUFA¢ 432 46.9
PUFAY 16 54

0.43

0.55

46.7

53.3

48.4

4.9

0.42

0.59

47.7

52.3

47.3

5.0

0.37

0.41

0.27

36.0

64.0

59.1

4.9

4SFA: Saturated Fatty Acids
b UFA: Unsaturated fatty acids
¢ MUFA: Monounsaturated fatty acids

dPUFA: Polyunsaturated fatty acids
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CHAPTER 5

CONCLUSION AND RECCOMENDATION

In this study, two extraction methods were used as pretreatment methods to extract
microbial oil from oleaginous yeast biomass. These methods were high pressure
homogenizer (HPH) and high hydrostatic pressure (HHP). Rhodosporidium
toruloides DSM 4444 was used for microbial oil production in whey, hydrolyzed by
beta galactosidase enzyme. Moreover, synthetic medium with varying composition
and fermentation conditions was used to investigate optimal conditions for growth

of R. toruloides.

Firstly, synthetic medium was used as cultivation medium for R. toruloides, and this
yeast was cultivated in this medium for 192 hours (8 days). According to results, it
was found that lactose contained medium was not suitable for R. toruloides thus it

was hydrolyzed before using as a carbon source.

HPH assisted extraction was conducted with biomass suspended in spent
fermentation medium and the maximum lipid yield was found to be 39.5+£1.8% at
150 MPa and 7 passes. On the other hand, for HHP assisted extraction two different
experimental designs were conducted. In the first experiment, collected cells were
dried and mixed with solvent mixture, then HHP was applied to extract lipid. In the
other experiment, a spent fermentation medium containing biomass was subjected to
HHP for lipid extraction. The maximum lipid yields were 17.8+1.3% for dry biomass
experiment at 200 MPa, 1-gram dry biomass and 15 minutes and for the spent
fermentation medium experiment 22.8+3.7% at 300 MPa, 30 °C and with the
duration of 10 minutes. Also, HSH method applied as a control method yielded
47.6£2.6%.

After pressurization, fatty acid content of the lipid was examined, and it was

observed that fatty acid content changed with pressure and the applied method. Oleic
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acid (C18:1) and palmitic acid (C16:0) were the most abundant fatty acids for both
HPH and HHP treatments.

According to results, it was concluded that R. toruloides can grow in hydrolyzed
whey medium and produce high amounts of biomass and lipid. Moreover, during

this study HPH assisted extraction was found to be more efficient than HHP method.

In future studies, it would be beneficial to investigate the lactose utilization
mechanism of R. toruloides. The observed variations in beta-carotene production
under different conditions in this study suggest its potential for various industries.
While this study focused on a single oleaginous yeast species, exploring the use of
different yeast species for lipid production may result in higher lipid yields.
Furthermore, the study demonstrated that utilizing hydrolyzed whey resulted in a
significant lipid yield for R. toruloides, indicating the potential use of this waste
material for biomass and lipid production by other microorganisms as well. Finally,
both HPH and HHP methods can be employed as pre-treatment methods for lipid

extraction from whey-based biomass.
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APPENDICES

A. PHASE SEPERATION OF R. TORULOIDES

e —
-

Figure A.1l. Phase separation of R. toruloides after centrifuge. Upper phase:

Methanol + medium, Interphase: Biomass, Lower Phase: Chloroform + microbial oil
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B. STANDARD CURVE FOR SUGAR ANALYSIS

3,5
3 y = 3,5745x
R2=0,9938 ..

5 29
= 2
8 °
g 15
o]
S
8 1
< o~

0,5 e

.
0
0 0,2 0,4 0,6 0,8 1

Concentration (g/L)

Figure B. 1. Standard curve for sugar analysis

The equation derived from this curve is used to convert absorbance values into

corresponding concentrations.
y = 3.5745x (10)

Total reducing sugar was calculated by the following equation.

y
3.5745

Total reducing sugar = [ ] * Dilution rate (11)

Where the y and x represent absorbance and concentration, respectively.
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C. VERIFICATION OF OPTIMUM HPH AND HHP CONDITIONS
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Figure C. 1. Comparison of predicted and experimental values from HPH assisted
extraction for reciprocal of lipid yield from synthetic medium.

141



3,00

2,50

2,00 y =2,5921x - 6,0995 °
R>=0,8656

= Llan

o o1

o o
$e

o
a1
(@)

Experimental Values (InY)

0,00

-0,50

-1,00

Predicted Values (InY)

Figure C. 2. Comparison of predicted and experimental values from HHP assisted

extraction for natural logarithms of lipid yield from spent hydrolyzed whey medium.

142



0,20

o
y = 1,3085x - 0,0833

0,15 2=0,7631 o
Z
83
= o
S
s 0,10 o -
qc) [ J .',.'.
=
>
o
X R
L

&
0,05 ° -
[ ]
o [ X J
0,00
0,00 0,05 0,10 0,15 0,20 0,25

Predicted Values (1/Y)

Figure C. 3. Comparison of predicted and experimental values from HHP assisted
extraction for reciprocal of lipid yield from dry biomass slurry.
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