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ABSTRACT

Biodiesel is a renewable, biodegradable and a promising substitute for the
conventional fossil fuels used in our daily lives. Recently, yeast-derived lipids produced
from oleaginous yeast Rhodotorula toruloides have drawn much attention and are now
considered attractive alternatives to the dominant feedstocks of plant-derived oils
presently used in biodiesel industries. However, the lack of a robust strain that can
produce lipids under the multiple  stresses that occur during industrial-scale
fermentation limits the usefulness of R. toruloides for mass lipid production. To produce
lipids that are economically competitive with conventional plant-derived oils, it is
essential to enhance lipid production and robustness for practical fermentation in
industrial-scale production. In this work, I chose oleaginous yeast R. toruloides
DMKU3-TK16 (TK16) as a platform for microbial lipid production because this strain
natively produces lipids at high content levels (nearly 70% of dry biomass) under
optimized conditions. To further explore the tolerances against various physical and
chemical stresses that may occur during fermentation processes, first I successfully
isolated a novel thermotolerant strain, L1-1, from TK16 by adaptive breeding at 37°C.
L1-1 produced more lipids, and those lipids had high oleic acid content (86%) at 37°C,
which 1s desirable in feedstock for biodiesel industries. Additionally, this
thermotolerant L1-1 exhibited multiple-stress tolerances as well as enhanced lipid
production under oxidative stresses induced by ethanol and H>O». Lastly, I also aimed
to enhance lipid productivity in the L1-1 strain by overexpressing two native R.
toruloides genes, RtFADI and RtFAD?2, encoding C18 fatty acid desaturases. In
summary, in this dissertation I isolated L1-1, a novel thermotolerant strain showing
multiple-stress tolerances, and improved its lipid-producing ability by manipulating the

C18 fatty acid desaturase pathway in order to further explore the competitiveness of



L1-1 as a promising platform for biodiesel production.
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CHAPTER 1

General introduction

1.1 Background: Urgent demands for renewable lipids for biodiesel

Demand for fossil fuels has been increasing vastly in recent decades. World fossil
fuel production rose to 50,938 terawatt hours (TWh) in 2017 from 18,231 TWh in 1965
(BP’s Statistical Review of World Energy 2019). In recent years, concerns over the
sustainability and renewability of fossil oils for energy have been increasing due to the
decline of the earth’s petroleum reserves. The world reserves of petroleum are predicted
to be exhausted in 2030 (BP’s Statistical Review of World Energy 2019). As a
consequence, global crude oil prices have increased drastically, from 20.67 U.S. dollars
per barrel (1998) to 71.67 U.S. dollars per barrel (2018) (BP’s Statistical Review of
World Energy 2019). Also, fossil fuels impact the environment by causing air pollution
and greenhouse effects through excessive emission of carbon dioxide COg,
hydrocarbons (HC), nitrogen oxides (NOx) (x = 1, 2), and sulfur oxides (SOx) (x =2, 3)
(Lapuerta et al. 2008). Therefore, many countries have implemented policies to
decrease the emissions of pollutant gases by increasing the production and utilization
of biofuels while reducing the use of conventional fossil fuels (e.g. Energy
Independence and Security Act of 2007) (Vicente et al., 2009). This fact has encouraged
research toward the development of new alternatives for producing biofuels, with a
major interest in transportation fuels.

Renewable biodiesel is perceived as a sustainable and renewable energy to replace
conventional fossil diesel. Currently, biodiesel is converted primarily from renewable
plant oils, animal fats, and cooking wastes (Vicente et al., 2009). Biodiesel made from
palm oil has demonstrated a 73% reduction in HC emissions and a 46% reduction in
CO emission in diesel engine operation. Therefore, biodiesel is proposed to be an

7



environmentally friendly fuel.

1.2 Current issues: Plant oil as a dominant feedstock for renewable lipid

The main feedstocks for biodiesel production are neutral lipids (triacylglycerols,
TAGs) from plant oils, animal fats, waste cooking oils, and certain microbial lipids (Ma
and Liu 2019: Selvaraj et al. 2019). A triacylglycerol contains three acyl-chains
attached to a glycerol backbone. Presently, refined lipids from feedstocks are not
utilizable for engine combustion owing to their lower volatility and higher viscosity,
density, and molecular weight compared to fossil diesel (Makareviciene et al. 2020).
To overcome the operational problems, transesterification has been employed to
produce biodiesel. Transesterification is carried out by mixing TAGs, alcohols (ethanols
or methanols), and catalysts (strong acids or bases) under heat treatments. In the
transesterification reaction, the alcohols (methanol or ethanol) are used as acyl
receptors to generate the end products of fatty acid methyl esters (FAMEs) or fatty acid
ethyl esters (FAEEs) with crude glycerols (Hassan and Kalam 2013). The end products
of a mixture of raw biodiesel and raw glycerol finally undergo a cleaning step with
water to generate refined biodiesel (Tan et al. 2019; Shomal ef al. 2019).

Presently, biodiesel is produced primarily by the transesterification of vegetable
oils. In the United States, it is produced primarily from soybeans. It is estimated that,
in order to meet all demand for transport fuels in the United States, 0.53 billion m* of
biodiesel would need to be produced (Bhatia 2014). However, plant-based oils cannot
realistically meet the demand for biodiesel due to their long growth cycles and vast
acreage requirements. Moreover, the production yields of plant-based feedstocks are
heavily restricted, geographically and seasonally, crop-producing areas (Arous et al.

2019). Therefore, an alternative source for biodiesel production will be indispensable.



1.3 Alternative and promising feedstocks: Oleaginous yeast-derived lipids

Due to the limitations of the plant-based production system, much attention has
been paid to the development of microbial lipids. Compared with plant-based oil
production, microbial cells have much more competitive features, such as short
production cycles and less dependence on large venues, seasons, or climates; they are
also easy to scale up (Patel et al. 2020). So far, it has been found that several oleaginous
microorganisms, such as algae, yeasts, bacteria, and fungi, accumulate lipids to more
than 20% of dry cellular weight (DCW) under optimized culture conditions (Patel ef al.
2020). Therefore, microbial lipids are perceived as potential and alternative feedstocks
to replace currently used plant oils.

However, not all oleaginous microbes are suitable as feedstocks for biodiesel
production due to the qualities of their lipids. Most oleaginous bacteria produce TAGs
together with complex polyesters like polyhydroxyalkanoates (PHAs). This means it is
difficult to extract and separate TAGs and complex polyesters from oleaginous bacteria
(Indest et al. 2016; Mahan et al. 2017). Additionally, although several autotrophic
microalgae can produce lipid content to nearly 50% of DCW (Chen and Jiang 2017),
the lipid production of microalgae depends mainly on the climate, sunlight, and
largeness of venue (Aratboni ef al. 2019). These drawbacks confine the development
of microalgae-based biodiesel production. On the other hand, the lipids produced by
microalgae and fungi usually contain high amounts of very-long-chain fatty acids (over
20 carbons) and polyunsaturated fatty acids, which are not ideal feedstocks for biodiesel
production because of their high ignition temperatures and instability of oxidation
during long-term storage (Patel et al. 2020). During long-term storage, polyunsaturated
fatty acids are prone to auto-oxidation, which then causes acidification and
polymerization, further leading to gel formation and damage to vehicle engines

(Rizwanul Fattah et al. 2014). Recently, oleaginous yeasts are considered emerging
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platforms for lipid production because of their outstanding lipogenicity and ability to
utilize a wide range of carbon sources and industrial wastes (Kaminen et al. 2020;
Vasconcelos et al. 2019; Lamers et al. 2016). The reported genera of oleaginous yeasts
include Rhodotorula, Rhodosporidium, Yarrowia, Candida, Cryptococcus,
Trichosporon, and Lipomyces (Sreeharsha and Mohan 2020). These yeasts are well
known to be able to convert carbon flux into TAGs under nitrogen-limited conditions
(Spagnuolo et al. 2019). Typically, the lipid contents among these oleaginous yeasts
range from 20% to 70% of DCW depending on the species and culture conditions
(Karamerou and Webb 2019). Moreover, the majority of fatty acids from yeast cells are
similar to plant-derived oils (mainly C16 and C18 fatty acids), which means the current
biodiesel production processes based on plant oils can be applied to yeast-derived lipids
(Christophe ef al. 2012; Liu et al. 2020). Recent attempts to produce low-cost yeast
lipids have succeeded by using cheap materials in oleaginous yeasts (Polburee and
Savitree 2020; Soccol et al. 2017). Therefore, oleaginous yeasts have high potential to

become alternative platforms to replace plant-derived oils used in biodiesel industries.

1.4 Prospects of oleaginous yeast Rhodotorula toruloides

Rhodotorula toruloides (formerly Rhodosporidium toruloides), an oleaginous
yeast, belongs to the subphylum Pucciniomycotina in phylum Basidiomycota, and it is
known to be an outstanding producer of microbial-derived lipids and carotenoids. R.
toruloides naturally accumulates a large amount of lipids by utilizing a broad range of
sugars and cheap industrial substrates such as glucose (hexose), xylose, and arabinose
(pentoses), acetic acid, crude glycerol, and biomass hydrolysates (Wiebe et al. 2012;
Uprety et al. 2017; Huang et al. 2013; Papanikolaou et al. 2017; Fei et al. 2016). In
addition, this strain can assimilate pentoses and hexoses, such as glucose, xylose, and

arabinose, simultaneously to produce lipid. Although this strain displayed reduced lipid
10
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production in cultures containing both pentoses and hexoses, it may have the potential
to utilize biomass hydrolysates including pentoses and hexoses as cheap carbon sources
(Wiebe et al. 2012). After lipid extraction and purification to remove unfavorable
compounds, the purified lipids derived from R. toruloides could be used as a feedstock
for biodiesel (Dong et al. 2016). One recent report successfully produced economically
competitive biodiesel (US$ 0.76/L) in R. toruloides compared to the standard biodiesel
made from soybean (US$ 0.81/L) by using pilot-scale fermentation with sugarcane
juice and urea as a medium (Soccol et al. 2017).

Furthermore, several sets of biomolecular tools for genetic engineering have been
established, such as transformation systems and gene expression and disruption
systems,and these techniques have bolstered the engineering capacity to improve lipid
productivity in R. toruloides (Park et al. 2018). Within the past 10 years, the genome
sequences of several R. toruloides strains, such as MTCC457, NP11, and 1IFO0880,
have also been reported and widely used as gene information for the design of different
metabolic engineering strategies (Kumar et al. 2012; Zhu et al. 2012; Dinh et al. 2019).

Other than these standard strains, R. toruloides DMKU3-TK16 (TK16), isolated
from a soil sample in Thailand, can accumulate high lipid amounts up to 71.3% of DCW
under nitrogen-limited conditions. Because of TK16’s high lipid production ability, it
is believed to be a potential platform for microbial lipid production (Kraisintu et al.
2010). Aside from its excellent lipid production ability, the lipid produced by TK16
contains high amounts of oleic acid (OA) (40-60% of total lipids) (Kraisintu et a/, 2010;
Wu et al, 2018). OA-rich lipid is an ideal feedstock for biodiesel production owing to
its oxidative stability and proper flow fluidity at low temperatures during long-term
storage. Therefore, this strain is a promising producer of desirable lipids for biodiesel

manufacturing.
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1.5 Objectives: Isolation of a robust thermotolerant strain from R. toruloides for
enhanced lipid production under stress conditions

During industrial fermentation, temperature increases in the fermenter result
from the metabolic activities of cultured microorganisms and ambient temperatures.
However, the increased temperatures in the fermenter cannot be efficiently dispersed
due to the limited specific surface area of the fermenter vessel, particularly at larger
scales (Qazizada 2016). Therefore, a cooling system is needed in most industrial
fermentation processes (Abdel-Banat et al., 2009). However, a cooling system
consumes a lot of energy, which further increases the production cost. As a result,
thermotolerant strains are frequently used to the heat problem. Although the oleaginous
yeast R. toruloides has promising potential for lipid production toward economically
competitive biodiesels, there is no report of a thermotolerant strain in the Rhotorula
genus. A robust thermotolerant strain will be needed for the practical production of
large-scale fermenters in the future. Thermotolerant strains offer advantage such as
avoiding the costs of cooling systems and reducing contamination by other
microorganisms. Therefore, the main objective of this thesis is to isolate a
thermotolerant strain from TK16 and to further enhance the lipid production of the
isolated strain by stress exposure and metabolic engineering strategies for biodiesel
generation. In this dissertation, I first aimed to isolate a thermotolerant L1-1 strain from
the parental strain TK16 by adaptive breeding at 37°C, and then analyzed the strain’s
thermotolerance, lipid production, and fatty acid composition under heat stress (Chapter
2). I then explored the strain’s multiple-stress tolerances and lipid-producing abilities
by assessing the phenotypes and lipid production under various stress conditions

(Chapter 3). Finally, I tried to increase the strain’s lipid production by overexpressing

12



two native genes encoding fatty acid desaturases involving in C18 fatty acid

desaturation (Chapter 4).
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CHAPTER 2

Isolation of a thermotolerant strain from R. toruloides for lipid
production at high temperatures

2.1 Background: Lack of a thermotolerant R. toruloides strain confines the
application of R. foruloides in industrial-scale fermentation

The optimal temperatures for most industrial microorganisms range from 25°C to
37°C (Abdel-Banat et al. 2010). Controlling temperatures to within an optimal growth
range is required during fermentation processes where microorganisms produce heat
during the process through metabolic activities, or where ambient heat is input from the
environment. Without a cooling system, the fermentation process eventually induces
thermal stress in cells, reducing growth and production yield. Therefore, a cooling
system is indispensable in most industrial fermentation processes (Abdel-Banat et al.
2010). However, the high energy input required for the fermentation system increases
the production cost during the fermentation process, especially in the summer or in
tropical areas. Hence, thermotolerant strains are frequently employed. For example,
thermotolerant strains of the genus Kluyveromyces were used for ethanol production
over 40°C (Anderson et al. 1986; Banat ef al. 1992). In another example, Wallace-
Salinas and Gorwa-Grauslund (2013) successfully improved the thermotolerance of
one industrial S. cerevisiae strain, Ethanol Red, to produce ethanol by applying a long-
term adaptation strategy. These cases showed that thermotolerant strains are favorable
for industrial fermentation at higher temperatures.

The optimal lipid-producing temperature of 30°C was widely used in most
scientific reports on R. foruloides. Although there has been no report of thermotolerant
Rhodotorula strains, the urgent need for a robust Rhodotorula strain has been discussed

for future application in industries (Qi et al. 2014; Uprety et al. 2017; Diaz et al, 2018).
14



Toward expanding the competitiveness of R. foruloides and the possibility of practically
using it in industrial-scale production, a thermotolerant R. toruloides strain will be

indispensable.

2.2 Objectives: Isolation of a robust thermotolerant strain in R. foruloides
Thermotolerant yeasts offer potential advantages in the industries by reducing
cooling costs during the fermentation process, thereby making the process
economically competitive to other platforms. Thus the aim of this chapter is to isolate
a thermotolerant from the high lipid producing yeast TK16 by adaptive breeding
strategy. Moreover, the lipid productivity and fatty acid profile of produced lipids would
be examined. Although there is no report of isolating thermotolerant strains from
Rhodotorula yeasts, several successful reports have been published in S. cerevisiae.
Satomura et al. (2013) isolated one thermotolerant strain from S. cerevisiae by breeding
with stepwise adaptation which possessed faster growth than wild-type at 39°C.
Caspeta et al. (2015) also isolated 7 thermotolerant strains from S. cerevisiae, which
displayed improved growth at 40°C, by adaptive breeding. These studies showed
adaptive breeding could be one feasible strategy to obtain a thermotolerant strain from

R. toruloides.

2.3 Results: Isolated thermotolerant L1-1 is a potential strain for lipid
production at high temperatures
2.3.1 Assessment of the effects of temperatures on the growth of the wild-type
Rhodotorula toruloides DMKU3-TK16

To examine the effects of temperatures on the growth of TK 16, the spot assay was
performed. The temperatures ranging from 30°C, 32°C, 34°C, 36°C and 38°C were

being testified. Based on the results of spot assay in Fig. 2.3.1, cells incubated at 30°C
15



and 32°C showed normal growth, and cell grown at 34°C exhibited suppressed growth.
Contracting with cells grown at 30°C, cell grown over 36°C showed strongly reduced
growth. These results indicated that temperatures over 36°C could strongly suppress

the growth of TK16.

Fig. 2.3.1 Spot assay of TK16 at various
temperatures. Cells with an ODgoo of 1.0 were
adjusted into ODgoo of 1, 107, 102, 103 and 107
The diluted culture were spotted on YM plate.
Cells were incubated at various temperatures for
2—5 days.

0Dy 1 101 102 103 10+

2.3.2 Isolation of a thermotolerant L1-1 from TK16 by adaptive breeding

To isolate a thermotolerant from TK 16, a breeding strategy was applied. The wild-
type TK16 was used as the parental strain. According to the previous results of spot
assay, TK16 could not grow over 36°C, hence the selective temperature of the adaptive
strategy was chosen to be 37°C. Firstly, the wild-type TK16 was cultured at 37°C and
recovered at 30°C repeatedly with a simultaneous mutation rate (Fig. 2.3.2A). During
the repeats of the selective procedures, the population of the thermotolerant mutants
would become dominant in the mixed cultures. Finally, the stable mutants were
examined on YM plates at 37°C. After 41 cycles of the selections, a stable
thermotolerant strain L1-1 was successfully obtained. Based on the growth phenotype
on YM plates at 37°C, L1-1 could form colonies at 37°C in comparison to wild-type
TK16 which could not form colonies at 37°C (Fig. 2.3.2B). These results indicated that

one thermotolerant candidate L1-1 was successfully isolated.
16
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Fig. 2.3.2 Spot assay of parental TK16 and thermotolerant L1-1. Cells with an
ODsoo of 1.0 were adjusted into ODgoo of 1, 107, 102, 107> and 10, The diluted cultures
were spotted on the YM plate. The spotted cells were incubated at 30°C and 37°C for 2
days and 5 days, respectively.

2.3.3 Growth performance of thermotolerance L1-1 in liquid broth

To examine if the thermotolerant L1-1 could maintain its growth in liquid medium,
L1-1 was grown in YM broth at 37°C. The ODsoo of L1-1 were measured at each time
point. The results (Fig. 2.3.3) indicated that L1-1 cultivated at 30°C had a similar
growth pattern with the parental TK16. However, compared to the results at 37°C (Fig.
2.3.3), L1-1 exhibited better growth than parental TK16. The ODgoo of L1-1 could reach
6.33 £0.23 after a 28-h cultivation while the ODsoo of wild-type was 0.85 = 0.20. These
results clearly demonstrated that L1-1 possessed improved thermotolerance and growth
at 37°C. These results also confirmed that 37°C reduced the growth of TK16 in liquid

medium.
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Fig. 2.3.3 Growth curve of thermotolerant L1-1 in liquid medium. Growth curves
of yeast strains in the YM medium at 30°C and 37°C were measured by ODsoo. White
boxes indicate wild-type TK16, and black boxes indicate thermotolerant L1-1. The
error bars are shown as £ standard error mean (SEM) based on three independent

measurements. *** p <(0.001 were determined by Student’s #-test.

2.3.4 Cell morphology of L1-1 grown in liquid medium

To further confirm the suppression effect of high temperatures on cell shape, the
cell morphology of wild-type TK16 and L1-1 grown at 37°C were examined under a
bright-field microscope. The cell morphology of TK16 and L1-1 cultivated at 30°C in
liquid YM medium had no difference in cell shape (Fig. 2.3.4). However, the cell
morphology of TK16 grown at 37°C showed abnormally elongated shape and enlarged
cell size. Compared to the cell morphology of TK16 at 37°C, the cell morphology of
L1-1 was as same as those grown at 30°C. Accordingly, the L1-1 maintained the cell

morphology at 37°C in YM medium.
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2.3.5 Growth performance of L1-1 in nitrogen-limited medium (lipid producing
conditions)

The final goal of this study is to isolate a thermotolerant strain to produce lipid at
high temperatures. Therefore, the lipid production of the thermotolerant L1-1 was
investigated in the nitrogen-limited medium. Although nitrogen-limited media could be
used for inducing lipid accumulation in cells, recent studies also demonstrated that
high-glucose concentration in media could also impose hyperosmotic stress on yeast
cells. To evaluate the growth of the L1-1 in nitrogen-limited medium, I observed the
cell growth under nitrogen-limited conditions at 30°C and 37°C for a 120-h cultivation.
The results indicated that L1-1 still could maintain the ODsoo at 37°C as the same level
at 30°C under nitrogen-limited condition, and generate higher ODgoo than the TK16 at

37°C (Fig. 2.3.5).
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2.3.6 Lipid production of thermotolerant L1-1 at 37°C

To evaluate the lipid production of L1-1 at 37°C, I measured the DCW, lipid
content, and titer. Lipid content indicates the percentage of total lipids in the dry
biomass, and lipid titer indicates the total lipid amount in culture media. According to
the results (Fig. 2.3.6A), the DCW of wild-type TK 16 at 37°C was significantly reduced,
but L1-1 produced similar level of DCW to that produced at 30°C. These results
demonstrated L1-1 could maintain its biomass in nitrogen-limited condition at 37°C.
Additionally, L1-1 also had increased lipid content and lipid titer at 37°C (13.42 +
0.04% of DCW and 1.71 + 0.06 mg/mL) (Fig. 2.3.6B and C). Notably, the lipid
production of L1-1 was further enhanced at 37°C. Conversely, the 37°C decreased the
lipid production of wild-type TK16. Taken these data together (Fig. 2.3.6), the isolated

thermotolerant L1-1 displayed improved the lipid production at 37°C.
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Fig. 2.3.6 Dry biomass and lipid production of L1-1. Yeast cells were cultured at
30°C or 37°C for 120 h in nitrogen-limited conditions. A: Dry biomass. B: Lipid content.
C: Lipid titer. Error bars: SEM based on three independent measurements. *p<0.05 and
*#p<0.01 by Student’s #-test.

2.3.7 Cell morphology of thermotolerant L1-1 strain in nitrogen-limited medium

Thermal and osmotic stresses could lead to the morphological alterations of S.
cerevisiae and Schizosaccharomyces pombe by affecting the cell surface (Adya et al.
2006). To confirm if thermotolerant L1-1 could maintain its cell shape under thermal
stress and high-osmotic stress of nitrogen-limited medium, I examined the cell
morphology of L1-1 cells at the end-point of lipid production at 37°C. The wild-type
TK16 showed morphological defects at 37°C, whereas the thermotolerant L1-1
exhibited normal cell shape at 37°C (Fig. 2.3.7). These results indicated thermotolerant

L1-1 also had better resistances against the hyperosmotic pressure than the TK16 at

37°C.
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L1-1

Fig. 2.3.7 Cell morphology of the wild-type TK16 and thermotolerant L.1-1 grown
at 30°C or 37°C in nitrogen-limited medium for 120 h. Scale bars: 5 um.

2.3.8 Fatty acid composition and titer of thermotolerant L1-1

Lipids rich in monounsaturated fatty acids, such as palmitoleic acid (PA, C16:1)
and oleic acid (OA, C18:1), are ideal feedstocks for biodiesel production because of
their oxidative stability and proper fluidity at low temperatures (Joshi et al. 2007;
Knothe 2005; Verma et al. 2006). To determine the fatty acid profile of L1-11 for
biodiesel production, I analyzed the lipids of L1-1. The results revealed that the
produced lipids of L1-1 at 37°C consisted mainly of PA (7.5%), stearic acids (SA, C18:0)
(4.1%), and OA (86%). Compared with the OA content of wild-type TK16 at 37°C
(60%), the thermotolerant L1-1 had a much higher amount of OA (86%) (Table 2.3.8A).
Furthermore, L1-1 grown at 37°C accumulated a greater OA titer compared to wild-
type TK16 at 37°C (1,400 pug/mL versus 78.50 ng/mL) (Table 2.3.8B). These results
demonstrated that L1-1 could produce high content and titer of OA at 37°C as an ideal

feedstock for biodiesel.
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Table 2.3.8A Fatty acid profile of the wild-type TK16 and thermotolerant L.1-1 in nitrogen-limited medium. Yeast cells were grown in the
nitrogen-limited medium at 30°C or 37°C for 120 h. The relative fatty acid profile is shown as a percentage (%) of total fatty acid. Myristic acid
(MA, C14:0); Palmitic acid (PA, C16:0); Palmitoleic acid (POA, C16:1); Stearic acid (SA, C18:0); Oleic acid (OA, C18:1); Linoleic acid (LA,
C18:2); a-linolenic acid (ALA, C18:3).

Relative fatty acid composition (%0)

Strains Temperature (°C)

C14:0 C16:0 C16:1 C18:0 C18:1 Ci18:2 (C18:3
Wild-type 30 0.4 16.1 0.3 17.0 59.7 6.1 0.3
37 1.5 22.3 0.4 16.6 57.5 1.6 0.0
L1-1 30 0.2 13.2 0.2 13.4 42.5 26.6 3.9
37 0.5 7.5 0.6 4.1 86.0 1.4 0.0
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Table 2.3.8B Fatty acid titer of the wild-type TK16 and thermotolerant L.1-1 in nitrogen-limited medium. The titer of fatty acid is shown as
the fatty acid weight (ng) per liquid culture (mL). Myristic acid (MA, C14:0); Palmitic acid (PA, C16:0); Palmitoleic acid (POA, C16:1); Stearic
acid (SA, C18:0); Oleic acid (OA, C18:1); Linoleic acid (LA, C18:2); a-linolenic acid (ALA, C18:3).

. Fatty acid titer (ug/mL)
Strains Temperature (°C)
C14:0 C16:0 C16:1 C18:0 Ci18:1 C18:2 C18:3
) 30 1.200 24.20 0.700 21.10 88.00 10.80 0.200
Wild-type
37 1.500 28.30 0.600 19.60 78.50 2.400 0.000
L11 30 1.100 25.70 0.300 19.60 77.10 42.20 5.700

37 8.000 110.7 18.40 56.80 1400 26.10 0.000
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2.4 Discussion
2.4.1 Effects of high temperatures on the growth of wild-type TK16 and
thermotolerant L.1-1

The normal growth condition of TK16 is 28°C (Kraisintu et al. 2010), and the
results of a spot dilution assay (Fig. 2.3.1) indicated that TK16 could not grow above
36°C. Reduced growth and an abnormal growth shape of TK16 were also observed
during cultivation in the YM liquid culture at 37°C (Fig. 2.3.4). These results
demonstrated that increased temperatures influenced the growth of the wild-type TK16.
For industrial fermentation, thermotolerant strains have several important advantages,
one of which is to lower the cost of cooling to optimal temperatures in large fermenters
(Abdel-Banat et al. 2010). To explore the thermotolerance of the original TK 16, I aimed
to isolate a novel thermotolerant strain by adaptive breeding. In this chapter, I isolated
thermotolerant strain L1-1, which showed better growth performance in YM broth at
37°C compared to the wild-type TK16, which could not grow well at this temperature
(ODsoo < 1.0) (Fig. 2.3.3). In addition, I observed that higher temperature damaged the
morphology of the wild-type TK 16 cultivated in YM broth at 37°C. In contrast, the L1-
1 strain at 37°C showed only the normal cell shape (Fig. 2.3.4). The defective cell shape
of TK16 may have been caused by the increased sensitivity toward osmotic pressure at
37°C or by a defect in cell division. Therefore, L1-1 may possess improved tolerance
against osmotic pressure. These results implied that the isolated L1-1 not only has

enhanced thermotolerance but also better resistance to osmotic stress at 37°C.

2.4.2 Increased lipid production resulted from an increased amount of OA in the
thermotolerant L.1-1

The performance of lipid production in thermotolerant L1-1 was further induced
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at 37°C (Fig. 2.3.7). The large amount of induced lipids came mainly from the increased
amount of OA (Table 2.3.8B). In yeast and fungi, A9-desaturase (A9-Fad) introduces a
double bond at the position of C9 of SA to synthesize OA, and the OA would be further
used as a substrate for LA synthesis. In S. cerevisiae, Gonzalez and Martin (1996)
demonstrated that LA may serve as a regulator to control 49-FAD (ScOLE1) expression
by rapidly degrading the mRNA with a 5’-exoribonuclease (encoded by the XRNI).
Research into S. cerevisiae implied that intracellular LA might serve as feedback
inhibition to control the A9-FAD expression levels and eventually control the
intracellular levels of OA. Based on our data (Fig. 2.3.8A), the cultivation temperature
of 37°C would greatly decrease the LA content in cells. Therefore, the increased OA
amount in the thermotolerant L1-1 may result from the decrease in LA, which could
not suppress the expression of 49-FAD in L1-1, in turn leading to the increase in the

amount of OA.

2.4.4 Increased OA along with decreased LA and ALA content may be linked to
enhanced thermotolerance in thermotolerant L1-1

Swan and Watson (1999) reported a 49-FADdefective mutant in S. cerevisiae that
could not synthesize OA and become sensitive to high temperatures, and the
supplementation with OA recovered its heat tolerance. Furthermore, a study of the
dimorphic fungus Histoplasma capsulatum also demonstrated that cells supplemented
with OA (C18:1) were less sensitive to increased temperatures and drastically decreased
their expression levels of heat shock genes involved in heat stress responses (Maresca
et al. 1992). These results implied that OA may be involved in the thermotolerance of
yeast and fungi. Although how OA affects the heat-shock response in yeast is unknown,
Glatz et al. (2016) provided evidence that small heatshock proteins (Hsp15.8 and Hsp16)

directly interact with membrane lipids in S. pombe, and they suggested that the cell
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membrane lipid might be involved in the signal transduction of the heatshock response.

Previous studies have revealed that microbial cells change their membrane
properties in order to adapt to various temperatures (Beney et al. 2001). The fluidity of
membrane properties could be altered by the components of fatty acids attached to
phospholipids. The elevated content of unsaturation in membrane fatty acids would
increase membrane fluidity (Quinn et al. 1989). Under high temperatures, the fluidity
of the membrane would be increased. To sustain membrane integrity in microbial cells,
the ratio of unsaturated fatty acid would be strictly regulated. One report (Swan and
Watson, 1999) suggested that yeast cells enriched with AL A were more sensitive to heat
owing to membrane damage associated with the increased membrane fluidity.
Therefore, the decreased contents of LA and ALA found in TK16 and L1-1 may be
considered as mechanisms by which cells sustain membrane rigidity in response to heat
stress. Although the correlation between the enhanced thermotolerance of L1-1 and
increased OA is still not clear, the increased OA along with the decreased LA and ALA

in L1-1 may be attributable to the thermotolerance of L1-1.

2.4.5 High OA content in L1-1 at 37°C

OA-rich oils and lipids are preferable feedstocks for biodiesel production due to
their stability in long-term storage. To produce OA-rich oils and lipids for biodiesel
production, several efforts have been made in plant and yeast. Recently, standard
biodiesel is made from soybean oils. The OA content of Glycine max (soybean) is
around 25% of total lipid (Thapa et al. 2016). One trial increased OA content to 40%
by selecting the A472-fad mutant in Glycine max which could not produce LA. In
addition, recent research in the oleaginous yeast Yarrowia lipolytica also successfully
enhanced the OA content from 58% to 90% of total lipid by overexpressing 49-FAD

and disrupting 412-FAD (Tsakraklides et al. 2018). In this chapter, the thermotolerant
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L1-1 produced 86% OA of total lipid at 37°C. The OA content of L1-1 exceeded the
record for soybean and is comparable to the record for an engineered Y. lipolytica strain.
Therefore, the L1-1 stain could be a potential platform to produce high-OA lipid for

biodiesel production.

2.4.6 Comparison of lipid production with other microbial strains at high
temperatures

Although there is no report on lipid production of R. foruloides at high
temperatures, one report on another oleaginous yeast, Y. lipolytica, showed that three Y.
lipolytica strains accumulated 10% to 25% lipid content at 35°C (Hackenschmidt et al.
2019). In that report, which was published after my publication in 2017, the engineered
strain H222pox1-6 and nonengineered strain 1889 accumulated 25% lipid content in
cells, and another strain, 63, produced only 10% lipid content. Those data implied that
different strains may have different thermotolerances to heat and different lipid-
producing abilities under heat stress. Furthermore, genetic engineering may help us to
improve the lipid production of yeast strains to produce more lipids under heat stress.
In this chapter, the thermotolerant L1-1 produced lipid content of 13.42 + 0.04% and
lipid titer of 1.71 = 0.06 g/L at 37°C. In the future, other genetic engineering strategies,
such as the disruption of the fatty acid degradation pathway, may be employed to

enhance lipid production in the L1-1 strain.

2.4.7 Future perspectives

Thermotolerant L1-1 is the first reported thermotolerant strain in R. toruloides
yeast, and it exhibited improved performance of lipid production and enhanced
thermotolerance at 37°C. Therefore, L1-1 have a promising potential for lipid

production at high temperatures which could reduce the production cost from
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temperature maintenance. Aside from improved thermotolerance, L1-1 was also able to
produce high content of OA (86%) in total lipids, which are favorable feedstocks for
biodiesel industries. Furthermore, R. foruloides have also been receiving much interest
in the production of high-valuable oleochemicals, such as polyunsaturated fatty acids
(PUFAs) which could be used in the food industries due to their health benefits. The
current sources of PUFAs are from fish oils, which has significant concerns in terms of
over-fishing and ocean pollutions. Hence harnessing R. foruloides as a new platform
for generating PUFAs is also appealing (Athenaki er al. 2018; Papanikolaou and
Aggelis 2011; Bellou ef al. 2016). In this chapter, I showed that an increased culture
temperature affected the composition of the mono-unsaturated of C18 fatty acids, which
may serve as the building blocks for PUFA synthesis in yeast cells. The information
gained in this chapter could thus assist in the design of a rational fermentation strategy

and further metabolic engineering for PUFA production in R. toruloides.

2.5 Summary: a potential thermotolerant strain, L1-1, for OA-rich lipid
production at high temperatures

The results of this chapter revealed that the thermotolerant L1-1, isolated from R.
toruloides DMKU3-TK16, has the potential to be an alternative lipid producer for
biodiesel production at higher temperatures. L1-1 exhibited improved growth
performance and lipid productivity versus the wild type at 37°C. The fatty acid profiles
of L1-1 revealed that its OA (C18:1) content, which was 86%, was much higher than
that of the wild type when both were cultured at 37°C. Besides, the results of the
alteration of fatty acid composition at high temperature also provided information
regarding how R. toruloides DMKU3-TK16 adapts and responds to high
temperature.L1-1 responded to heat by increasing the OA content (C18:1) while

decreasing the contents of LA (C18:2) and ALA (C18:3) at 37°C.
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CHAPTER 3

Multiple-stress tolerances in thermotolerant R. toruloides L1-1

3.1 Background: Multiple-stress tolerant strains are competitive and desired for
industrial applications

Yeast cells encounter chemical and physical stresses such as heat, osmotic pressure,
and inhibitory compounds during fermentation (Auesukaree 2017; Guan ef al. 2017,
Gibson et al. 2007). Thermal stress generated during fermentation results in protein
denaturation and cell membrane disorder (Los and Murata 2004). Moreover, industrial
media with high concentrations of glucose, sorbitol, and NaCl increase hyper-
osmolarity, leading to a loss of intracellular water, shrinkage of cells, and cytoskeletal
collapse, eventually inducing mitochondrial dysfunction (Hohmann 2002). Highly
permeable compounds such as ethanol, H»O,, and DMSO, generated from the
decomposition of media or from the metabolism of yeast cells, also act on the
mitochondrial membrane and lead to leakage of reactive oxygen species (ROS) from
the electron transport chain (Anness 1980; Lahtvee ef al. 2016; Sadowska-Bartosz et
al. 2013). These stress factors reduce production yield by interrupting the intracellular
physiology. Therefore, yeast strains showing resistance to multiple stresses are
desirable for practical industrial applications. Studies of S. cerevisiae have described
strains displaying multiple-stress resistance. Mutant strains isolated by an adaptive
strategy in laboratory environments exhibited enhanced tolerances to various stresses
(Cakar et al. 2005; Caspeta and Nielsen 2015). Although many multiple-stress-tolerant
strains have been reported in model yeast S. cerevisiae, multiple-stress-tolerant strains
of R. toruloides have not yet been reported. Consequently, to broaden the advantages

and competitiveness of R. toruloides thermotolerant L1-1, it is necessary to determine
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whether this strain could be resistant to other stresses.

3.2 Objectives: Characterization of stress response and lipid production of L1-1
under various stress conditions

In Chapter 2, thermotolerant strain L1-1 was successfully isolated from R.
toruloides DMKU3-TK 16 by an adaptive breeding strategy, and this strain previously
displayed greater thermotolerance to parental strain TK16 (Wu et al. 2018).
Accordingly, I speculated that this strain may also possess enhanced tolerances to other
stresses. In the present chapter, [ investigated the the multi-stress tolerances of L1-1 and
aimed to elucidate the cell responses corresponding to enhanced stress resistance.
Finally, I examined the lipid-producing ability of the thermotolerant strain under

various stress conditions.

3.3 Results: Thermotolerant L1-1 displayed multiple-stress tolerances and had
enhanced lipid production under oxidative stresses (ethanol and H20:)
3.3.1 Growth responses of L.1-1 against various stresses

To investigate the resistance of L1-1 under the stresses which may occur during
fermentation, the growth of L1-1 on YM agar plates containing 30 g/L ethanol, 1.5 mM
H202, 250 g/L glucose, and 40 g/LL DMSO was assessed. According to the results of the
spot assay (Fig. 3.3.1), the L1-1 strain not only displayed better thermotolerance than
the wild-type but also showed obvious tolerances to 30 g/L ethanol, 1.5 mM H>0O; and
40 g/L DMSO. There was no significant difference between the growth of the wild-type
TK16 and L1-1 strains under the osmotic stresses (250 g/L glucose, 180 g/L sorbitol,
and 60 g/L NaCl). Ethanol, H,O>, and DMSO have all been shown to increase
intracellular ROS levels, resulting in oxidative stresses, in the model Saccharomyces

yeasts (Lahtvee et al. 2016; Pedroso et al. 2009; Anness 1980). Ethanol and H>O»
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primarily impact the cellular membranes by increasing the fluidity and permeability
and thereby disrupting the normal membrane structures. Penetration of ethanol and
H>O> acting on mitochondria causes mitochondria dysfunction and further induces
oxidative stress (Lahtvee et al. 2016; Pedroso et al. 2009). DMSO, a polar solvent and
cell perturbant generated from the decomposition of methionine into S-methyl
methionine in malt-based media or metabolism of yeasts (Anness 1980), caused the
disruption of mitochondria by cell membrane thinning, increased the fluidity of the
membrane's hydrophobic core, and elevated the ROS levels (Sadowska-Bartosz ef al.
2013). Based on these discoveries in Saccharomyces yeasts, 1 speculated that the
improved tolerance to ethanol, H> O, and DMSO found in the thermotolerant L1-1
might be linked to the enhanced resistance against oxidative stress.

Agitation affects the physiological activity of the cells and alter their abilities to
tolerate stressors (Pina et al. 2004). To further confirm the stress tolerances of L1-1 in
agitated liquid medium, the maximum specific growth rate and maximum cell density
of cells grown in agitated YM broth containing 30 g/L ethanol, 4 mM H>0,, 250 g/L
glucose, and 40 g/L DMSO were quantitated. The thermotolerant strain exhibited faster
growth and higher cell density under the thermal (37°C) and oxidative (ethanol and
H>0») stress conditions than the wild-type strain (Table 3.3.1). These growth results
corresponded to the spot assay results under the thermal and oxidative stress conditions.
Moreover, the L1-1 strain showed a higher maximum cell density when cultured in YM
broth containing 250 g/L. glucose, although the L1-1 strain did not show a similar
performance on the YM agar plate containing the same concentration of glucose. It is
also worth noting that the wild-type strain could grow in liquid broth containing a
higher concentration of H>O> (4 mM) than the concentration of H>O> (1.5 mM) present
on the agar plate. Combining the results of the spot assay and the growth performance

in liquid culture, the thermotolerant L1-1 exhibited greater tolerance to multiple
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stressors—i.e., heat stress (37°C), oxidative stress (ethanol, H,O>, and DMSO) and

osmotic stress (glucose)—than the original strain.

Control 37°C

1.5 mM H,0,

250 g/L Glucose

& ,

@@

Fig. 3.3.1 Spot dilution assay of the thermotolerant strain and wild-type. The
cells were spotted and grown to YM plates or YM plates containing 30 g/L ethanol, 1.5
mM H202, 250 g/L glucose, or 40 g/L DMSO. Plates were incubated at 30°C for 2—4
days.
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Table 3.3.1 Growth response of thermotolerant and wild-type strains under stress conditions. The cells were inoculated in 5 mL of YM
medium or YM medium with 30 g/L ethanol, 4 mM H>0., 320 g/L glucose, or 40 g/ DMSO to an ODeoo of 0.1. The cultures were cultivated at
30°C or 37°C. The value of ODgsoo was measured at 3-h intervals until the growth reached the maximum ODgoo. The maximum specific growth
rate (n) was determined. Error bars: SD of the mean based on three independent measurements. P values were determined by Student’s #-test. “ns”
represents no significant difference. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. The standard deviation of each data point was based on three

independent measurements.

Maximum specific growth rate (u, h')

Maximum cell density (ODg,,)

Conditions
WT L1-1 P-value WT L1-1 P-value
YM 0.06 £0.01 0.16 £0.02 * 6.04 £0.07 7.75 £ 0.12 Hodeok
37°C 0.02 £ 0.00 0.08 £0.01 * 37 1 0.33 5.94 £0.33 skt ke
Ethanol 0.05 £0.02 0.14 £0.03 * 2.72 £0.68 6.43 £0.23 *k
H202 0.02 £ 0.00 025 1+0.02 * 0.13 +0.00 6.18 +0.38 * %k
Glucose 0.13 £ 0.01 0.13 £ 0.00 ns 4861048 33+0.26 *
DMSO 0.07 £0.02 0.10 £ 0.03 ns 324 +0.10 6.50+0.22 kawck
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3.3.2 Cell wall lytic enzyme sensitivity of the L1-1 strain

The yeast cell wall plays a vital role as the primary line against external stresses
and is critical for supporting the cell structure. To cope with external damages which
can compromise it, the cell wall must exhibit high strength under stress conditions; this
quality is indispensable for cell survival. Cell wall stress signals are transmitted through
the cell wall integrity (CWI)-mitogen-activated protein kinase (MAPK) cascade to
activate the expression of a set of genes involved in cell wall biogenesiss when cell wall
is disrupted, hence contributing to thickening and condensing at the affected portions
of the cell wall (Levin 2011). Generally, the yeast cell wall is composed of chitins,
glucans, mannans, and glycoproteins (Klis et al. 2006). To assess whether the
thermotolerant L1-1 maintains a more rigid cell wall against various stresses than the
wild-type, I examined the susceptibility of thermotolerant cells to the cell wall lytic
enzyme Uzukizyme under various conditions. Uzukizyme is a fungal cell wall lysis
enzyme from the Trichoderma sp. (OMI 5074) and is mainly consist of B-1,3-glucanase,
chitinase, and protease activities. The results of the cell wall lytic enzyme treatment
(Fig. 3.3.2) demonstrated that, the thermotolerant L1-1 had better resistance to the cell
wall lytic enzyme while growing under thermal stress (37°C), oxidative stresses (30 g/L
ethanol and 4 mM H>0.), high osmotic stress (250 g/L glucose) and exposure to a cell
wall and membrane-disturbing agent (40 g/L DMSO). These findings demonstrated that
the L1-1 strain possessed a rigid cell wall to defend itself against each of the external
stresses studied in Fig 3.3.1. Moreover, under 250 g/L glucose stress, the resistance to
Uzukizyme of L1-1 was enhanced in comparison to that of L1-1 cells grown under the
control condition (Fig. 3.3.2A). The results also suggested that high glucose in medium

might contribute to a rigid cell wall in R. toruloides.
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Fig. 3.3.2 Cell wall rigidity under various stress conditions. The cells cultivated
under various stress condition (A: YM, control; B: 37°C; C: 30 g/L ethanol; D: 4 mM
H202; E: 250 g/L glucose; F: 40 g/ DMSO) in the tubes at 30°C or 37°C were collected
and treated with Uzukizyme. The cell density is shown as the ratio of ODgoo compared
to that at time zero. Error bars: standard error of the mean based on three independent
measurements. The p values were determined by Student’s #-test. *p<0.05; **p<0.01;
*Hkx%p<0.0001. The SD of each data point was based on three independent

measurements.

3.3.3 Alteration of cell membrane properties in response to environmental stresses

Stresses have been shown to alter the composition of lipids in cell membrane,
which are participated in the physical functions of microbial cells (Stanley et al. 2010;
Bravim et al. 2010; de Freitas ef al. 2012). Alterations of membrane lipid composition

change the physical cell surface properties, including phase transition temperature and
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viscosity (Bloom ef al. 1991). A higher ratio of unsaturated fatty acids in the cell
membrane lipid matrix has been correlated with an increment of the membrane fluidity
under various stresses such as temperature, salt, and pressure (Bravim et al. 2010; de
Freitas et al. 2012). To determine whether unsaturated fatty acids contributed to the
stress resistance in the thermotolerant L1-1 strain, I analyzed the membrane fatty acid
compositions of the cells grown under various stress conditions in YM broth. Based on
the fatty acid profile results (Table 3.3.3), the percentage of unsaturated fatty acids in
membrane lipids growing under heat stress (82.0 + 1.2%) and DMSO-induced stress
(85.4 = 0.8%) was higher than in the wild-type TK16 (67.3 £ 1.0% in heat stress,
p<0.0001; 76.1 +2.2% in DMSO-induced stress, p<0.05) (Table 3.3.3). Moreover, there
was no difference in unsaturated fatty acid content between the wild-type TK16 and
thermotolerant strain L1-1 under the conditions of oxidative stress, or hyperosmotic
stress induced by 250 g/L glucose. These results implied that the changes in unsaturated
content in the cells were not a major cause of the multiple-stress tolerance. Although
the regulation of unsaturated fatty acid has been shown to involve in oxidative and
osmotic stress tolerances in yeasts (Navarro-Tapia ef al. 2018; Vazquez et al. 2019), the
data (Table 3.3.3) indicated that the proportions of unsaturated fatty acid were only
slightly decreased in L1-1 cells, while they were much decreased in TK-16 exposed to
heat stress. Therefore, I concluded that altering the fatty acid profiles of cell membrane
was not the main reason contributing to the enhanced stress tolerances against oxidative

stresses (ethanol and H>O») and hyperosmotic stress (glucose) in L1-1.
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Table 3.3.3 Membrane fatty acid profile under stress conditions.

The thermotolerant strain and wild-type cells were grown in 5 mL of YM medium or YM medium with 30 g/L ethanol, 4 mM H,O», 250 g/L
glucose, or 40 g/L DMSO at 30°C or 37°C. The relative fatty acid composition is shown as a percentage (%) of total fatty acids. C14:0: myristic
acid; C16:0: palmitic acid; C16:1 palmitoleic acid; C18:0: stearic acid; C18:1: oleic acid; C18:2: linoleic acid; C18:3: a-linolenic acid; FA: fatty
acid; SFA: saturated fatty acid; UFA: unsaturated fatty acid. The standard deviation of each data point was based on three independent

measurements.

Growth % of total FA

condition Ui SFA UFA SFA (%) UFA (%)
C14:0 Ci16:0 C18:0 Cl6:1 C18:1 C18:2 C18:3

WT  23+09 151+11 22401 45+15 61.2+54 119450 27408 197+22 80.3%0.2
Control 1, 08+02 80402 15+10 0604 631+12 22012 40+08 103+13 89.7+08
3 WT  21+03 241+05 65+09 86+08 527+07 57+09 04+02 327+17 67310
37°C L11  1.0+07 146+07 24+07 10+05 753+20 52+19 05+04 180+21 820+12
WT 14+14 156+48 84+60 32+03 588+79 117+17 09+02 254+123 746+95
Ethanol 11 20409 146+02 35:05 25:08 633449 133+29 10401 200+16 80.0+ 12
WT 15+14 150450 42+23 160+50 514+129 17.7+41 86+25 208+87 792+8.1
H20: L1-1  11+06 94+17 24+18 11+09 485+128 288+65 87+30 129+41 87.1+31
WT  09+05 19.0+22 40+05 28+21 444+19 240+17 49405 239+31 761422
DMSO |11 06404 121406 19+00 2024 521445 269+57 44404 146+10 854+08
WT 05+01 96+21 12+06 29+34 798+50 50+40 10+08 11.3+27 887%22
Glucose 1, 05:03 103+05 06+00 13%13 708%86 14787 18+13 11408 83.6+03
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3.3.4 Intracellular ROS levels of thermotolerant L1-1 under various
environmental stresses

Thermal, oxidative, high-osmotic and DMSO-induced stresses might induce an
elevation of intracellular ROS content in yeast cells, which in turn causes cell damages.
These environmental factors have been known to induce intracellular reactive oxygen
species (ROS), such as *O?, *OH and H»0,, by causing the dysfunction of mitochondria
and leakage of proton and electron from electron transport chain. Hence, reducing ROS
generation and maintaining a non-toxic steady-state of intracellular ROS level is a
critical mechanism to reduce cell damage after stress exposure (Kitichantaropas et al.
2016; Herrero et al. 2008). Heat, ethanol, H>O2, DMSO, and high-concentration of
glucose have been proved to the trigger intracellular ROS accumulations (Zhang ef al.
2015; Semchyshyn and Lozinska 2012; Pérez-Gallardo et al. 2013; Pastor et al. 2009).
Therefore, I surmised that the thermotolerant L1-1 might have an improved ability to
maintain ROS homeostasis compared to the original strain under not only thermal stress
but also other stress conditions. To investigate the ability of the thermotolerant strain to
maintain ROS homeostasis, the ROS levels were determined under different stress
conditions. The results indicated that the thermotolerant L1-1 strain maintained the
lower ROS levels under almost all the stress conditions (heat, ethanol, H,O, and DMSO)
except glucose (Fig. 3.3.4). Accordingly, these results indicated that the thermotolerant
L1-1 strain had greater redox homeostasis under stress conditions, and the abilities to
maintain ROS homeostasis appeared to be the major mechanism contributing to the
multiple-stress tolerances. The ROS levels of the wild-type TK16 and thermotolerant
L1-1 strains cultivated with 250 g/L glucose were also not significantly different (Fig.
3.3.4). Consequently, I surmised that there were other cell responses that promoted the
enhanced growth of the thermotolerant strain under glucose-induced stress in liquid

broth.
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Fig. 3.3.4 Intracellular ROS levels under various stress conditions. The cells were
cultivated under various stress conditions (YM, control; 37°C; 30 g/L ethanol; 4 mM
H>0»; 250 g/L glucose; 40 g/L DMSO) in the tubes at 30°C or 37°C. The log-phase
cells were collected and treated with 50 uM DCFH-DA to determine the intracellular
ROS levels. The ROS levels were evaluated by measuring the absorbance at 500 nm.
The relative ROS level represents the ratio of the ROS level to that of the wild-type
grown at 30°C in YM medium. Error bars: standard error of the mean based on three
independent measurements. The p values were determined by Student’s #-test. *p<0.05;
*#p<0.01; ***p<0.001; ****p<0.0001. The standard deviation of each data point was

based on three independent measurements.

3.3.5 Lipid production of thermotolerant L1-1 under single-stress conditions in
nitrogen-limited broth
3.3.5.1 Biomass, lipid content and lipid titer of L1-1 under various single-stress
conditions
Although the thermotolerant L1-1 displayed resistances to various stresses under
the aforementioned conditions, the lipid-producing ability under these stresses
remained unknown. To further investigate the production of the thermotolerant L1-1

under those stress conditions, the L1-1 cells were grown in the nitrogen-limited broth
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with different stress-inducing reagents for 120 h. Compared to the dry biomass
produced by the wild-type under the stress conditions, the thermotolerant L1-1
generated a significantly higher dry biomass level at each of 37°C (p<0.01), 4 mM H20:
(»<0.05) and 4% (w/w) DMSO (p<0.01) (Fig. 3.3.5.1A). Additionally, the dry biomass
data of the thermotolerant L1-1 cultivated at 30°C and 37°C in the standard nitrogen-
limited medium and cultivated in the standard medium with 4 mM H>O; were not
significantly different. These results demonstrated that the thermotolerant L1-1 could
withstand the stresses induced by heat and 4 mM H>O; in nitrogen-limited broth and
maintain its biomass.

Based on the results of lipid content (Fig. 3.3.5.1B), there was no significant
difference between the wild-type TK16 and the L1-1 strain cultivated under the stresses
induced by 4 mM H203, 40 g/L DMSO and 320 g/L glucose (p>0.05). On the other
hand, the L1-1 accumulated higher lipid content than the wild-type TK16 under the
stress conditions induced by 37°C and 30 g/L ethanol (p<0.05; p<0.0001). Notably, the
lipid content of the thermotolerant L1-1 under 30 g/L ethanol-stress significantly
increased to 37.1 £ 0.6% of dry biomass in comparison to that at 30°C (12.2 + 0.9% of
dry biomass, p<0.001). Based on the lipid-titer data, there were no significant
differences in lipid production between the thermotolerant and wild-type strains under
exposure to 40 g/L DMSO and 320 g/L glucose. However, when compared to the lipid
titer of the wild-type strain under the conditions of 37°C, 4 mM H>O», or 30 g/L ethanol
(0.3 £0.0; 0.3 £0.2; 0.3 £0.0 g/L), the thermotolerant L1-1 strain produced a greater
amount of lipid than the wild-type (1.4 £ 0.0 g/L, p<0.001; 1.4 £ 0.4 g/L, p<0.05; 2.5 +
0.6 g/L, p<0.05) (Fig. 3.3.5.1C). The thermotolerant L.1-1 cells produced the greatest
amount of lipid (2.5 = 0.6 g/L) under ethanol-induced stress, based on the results of the

lipid-production analysis under single-stress conditions.
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Fig. 3.3.5.1 Lipid production under single-stress conditions. The cells were
cultivated under various single-stress conditions (30°C, non-stress control; 37°C; 4 mM
H>02; 40 g/L DMSO; 30 g/L ethanol; 320 g/L glucose) in the nitrogen-limited broth at
30°C or 37°C for 120 h. Dry biomass (A) was shown in gram per liter of culture liquid,
lipid content (B) was shown in a percentage of dry biomass, and lipid titer (C) was
presented in gram per liter of culture liquid. The SD of each data point was based on
three independent measurements. The p values were determined by Student’s #-test.
*p<0.05; **p<0.01; ****p<0.0001.

3.3.5.2 Lipid droplets of L.1-1 under ethanol-induced stress condition

Examining the lipid droplets in the thermotolerant L1-1 at 120 h under non-stress
conditions by Sudan 1V, the size of lipid droplets were larger than that in the L1-1
cultivated under non-stress condition (Fig. 3.3.5.2). Under ethanol stress, the size of

lipid droplets increased to 58.1 + 3.3%, while the size of droplets shrunk from 21.5 +
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2.6% in the absence of stress to 13.7 = 7.0% at 120 h under ethanol stress (Fig. 3.3.5.2).
These semi-quantitative data from microscopic images indicated that the
thermotolerant L1-1 could tolerate 30 g/L ethanol and generated a larger size of lipid
droplets. Collectively, these findings demonstrated that ethanol-induced stress elevate

lipid production in the nitrogen-limited broth.
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Fig. 3.3.5.2 Lipid staining of L1-1 under ethanol-induced stress conditions. The
cells were cultivated under various single-stress conditions (YM, control; 30 g/L
ethanol) in the nitrogen-limited broth at 30°C for 120 h. The grown cells were harvested
at 0 and 120 h for lipid staining. Red color indicates the stained neutral lipids. Scale bar:
10 pm. WT, wild-type.

3.3.6 Lipid staining of thermotolerant L1-1 under dual-stress conditions
3.3.6.1 Lipid droplets of L1-1 under various ethanol-induced stress conditions

To further investigate whether ethanol stress could further increase the lipid
productivity of the thermotolerant L1-1 under other stresses, the lipid-producing ability
of thermotolerant L1-1 cells grown under ethanol combined with other stresses were
assessed. The cells of the wild-type TK16 and the thermotolerant LL.1-1 strain grown

under dual stresses (30 g/L ethanol at 37°C, E+37°C; 30 g/L ethanol and 4 mM H»0O,,
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E+H; 30 g/L ethanol with 40 g/LL DMSO, E+D; 30 g/L ethanol with 320 g/L glucose,
E+G) in the nitrogen-limited broth were harvested and stained by Sudan IV for the
observation of lipid droplets. Under bright-field microscopic observation, the
thermotolerant L1-1 at 120 h possessed clear lipid droplets in cells under all the stress
conditions, with the size of the lipid droplets accounting for 14.3 * 3.1% of the total
cell size at E+37°C, 55.2 * 3.5% at E+H, 30.9 * 3.6% at E+D and 42.1 + 7.1% at
E+G (Fig. 3.3.6.1). These results indicated that the thermotolerant L.1-1 could
accumulate lipids under most of the dual stresses including ethanol. On the other hand,
the wild-type TK 16 only formed obvious lipid droplets under the conditions of ethanol
combined with glucose (E+G: 18.1 £ 5.2%) (Fig. 3.3.6.1). The data indicated that
ethanol combined with H>O, or DMSO affected the lipid accumulation of the wild-type

TK 16 rather than the thermotolerant L1-1 strain.
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Fig. 3.3.6.1 Lipid staining of L1-1 under dual-stress conditions. The cells were
cultivated under dual stress (E+37°C: 30 g/L at 37°C; E+H: 30 g/L with 4 mM H>O»;
E+D: 30 g/L with 40 g/L DMSO; E+G: 30 g/L with 320 g/L glucose) in the nitrogen-
limited broth at 30°C or 37°C with reciprocal shaking at 220 spm for 120 h. The grown
cells were harvested for lipid staining and fatty acid quantification by GC-FID.
Observation of intracellular neutral lipids in the wild-type and thermotolerant L1-1 under

dual stress conditions in nitrogen-limited broth by microscopy. The neutral lipids were
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stained by Sudan IV, and the cell images were observed at 120 h from a bright-field scope.
Red color indicates the stained neutral lipids. Scale bar: 10 pm. WT, wild type.

3.3.6.2 Biomass, lipid content and lipid titer of L1-1 under dual-stress conditions.

To quantitatively evaluate the lipid production of the thermotolerant L1-1 under
dual stresses in the nitrogen-broth, the yeast cells were cultivated under dual-stress
conditions in the nitrogen-limited conditions with ethanol combining other stress
inducers. Comparing with the wild-type TK16, the thermotolerant L1-1 displayed
higher cell mass than the wild-type under the E+H and E+G stresses. Moreover, the dry
biomass of thermotolerant L1-1 produced under E+H stress was significantly greater
than that of cells grown under the non-stress condition (30°C) (16.2+ 0.2 vs. 12.2+0.9
g/L; p<0.01) (Fig. 3.3.6.2). The data demonstrated that E+H stress increased the
biomass amount in cells.

The lipid content results showed that the thermotolerant L1-1 possessed higher
lipid content than the wild-type TK16 under all the dual stresses (Fig. 3.3.6.2).
Combining the results of lipid content of the thermotolerant L1-1 under single stresses
and dual stresses (Fig. 3.3.5.1 and Fig. 3.3.6.2), I found that the thermotolerant L.1-1
accumulated greater lipid content under the stress conditions combined with ethanol
than under any of the individual single-stresses. This phenomenon confirmed that the
ethanol stress could induce the lipid accumulation in cells. Examining the lipid titer of
the thermotolerant L1-1 under dual stresses, it can be seen that the thermotolerant L1-
1 showed a significantly higher lipid titer than the wild-type under all stress conditions
except E+37°C (Fig. 3.3.6.2). The highest lipid titer of the thermotolerant L1-1 was
observed under the E+H condition, which reached 3.0 + 0.2 g/L. Although the lipid
content of the thermotolerant L1-1 under the E+H condition was significantly lower

than that under ethanol stress alone (18.4 + 1.1% vs. 37.1 + 0.6%; p<0.05), the lipid
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titer of the thermotolerant L1-1 cells was not significantly different between the culture

under ethanol stress and that under the E+H condition (2.5 + 0.9 g/L vs. 3.0 £ 0.2 g/L;

p>0.05) (Fig. 3.3.5.1 and 3.3.6.2) because of the higher dry biomass produced by the

thermotolerant L1-1 cells under E+H stress in comparison to that generated under

ethanol stress alone (16.1 £ 0.2 g/l vs. 6.9 £ 1.7 g/L; p<0.05).
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Fig. 3.3.6.2 Lipid production under dual-stress conditions. The cells were cultivated
under dual stress (E+37°C: 30 g/L at 37°C; E+H: 30 g/L with 4 mM H>0»; E+D: 30 g/L
with 40 g/ DMSO; E+G: 30 g/L with 320 g/L glucose) in the nitrogen-limited broth at
30°C or 37°C for 120 h. Dry biomass was presented in gram per liter of culture liquid,

lipid content was present in a percentage of dry biomass, and lipid titer was presented

in gram per liter of culture liquid. The SD of each data point was based on three

independent measurements. The p values were determined by Student’s #-test. *p<0.05;

*8%1<0.001.

3.4 Discussion

3.4.1 Maintaining ROS levels under stress conditions contributing to multiple-

stress tolerances in thermotolerant L1-1

Heat, ethanol, H>O», and DMSO have all been shown to increase intracellular ROS

levels, resulting in oxidative stresses, in model Saccharomyces yeasts (Lahtvee et al.

2016; Pedroso et al. 2009; Anness 1980; Kitichantaropas et al. 2016; Herrero et al.

2008). Hence, reducing ROS accumulation and maintaining a nontoxic steady-state
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level of ROS are important physical responses to reduce cell damage after stress
exposure (Kitichantaropas et al. 2016; Herrero et al. 2008). In this chapter, the
thermotolerant L1-1 exhibited greater tolerances to not only 37°C but also ethanol,
H>0,, and DMSO compared to the wild-type TK16 (Fig. 3.3.1 and Table 3.3.1). By
assessing cell wall rigidity, alterations of fatty acids in cell membranes, and the
intracellular ROS levels of the L1-1 strain under the various stress conditions, I
concluded that maintaining intracellular ROS levels was the main contributor to the
enhancement of stress tolerances to heat (37°C), ethanol, H,O>, and DMSO (Fig. 3.3.4).
These data also suggested that isolation of the thermotolerant L1-1 from heat stress
might enhance its ability to maintain ROS levels at a nontoxic state, thus resistance to

thermal (37°C), oxidative (ethanol and H>0»), and DMSO-induced stresses.

3.4.2 Oxidative stresses induce L1-1 to produce lipid

According to the lipid production data in this chapter, oxidative stress induced by
ethanol significantly induced lipid production by L1-1 to nearly 40% of DCW, and
ethanol combined with H,O» further increased lipid titer up to 3 g/L from 2.5 g/L
(ethanol stress only). Collectively, these findings demonstrated that various oxidative
stresses elevated lipid production in the nitrogen-limited broth.

Guo et al. (2019) isolated two R. toruloides strains (R-ZL2 and R-ZY13),
displaying enhanced lipid production compared to the original strain, from osmotic
stress (LiCl) and oxidative stress (ethanol-H>02) by UV mutagenesis. Compared to the
R-ZL2 mutant isolated from osmotic stress, the R-ZY 13 mutant isolated from oxidative
stress displayed higher expression levels of FAS/ (encoding fatty acid synthase 1), FAS?2
(encoding fatty acid synthase 2), GPD1 (encoding glycerol-3-phosphate dehydrogenase
1), and GUT?2 (encoding glycerol-3-phosphate dehydrogenase 2). These genes are well

known to involve lipid synthesis pathways and to enhance lipid production in
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oleaginous yeasts (Dulermo and Nicaud 2011). Therefore, I assumed that the enhanced
lipid production of L1-1 under ethanol stress may result from the aforementioned genes
involved in lipid synthesis. Oxidative stress may also alter the carbon metabolic flux
from glycolysis to the pentose phosphate pathway by the post-translational
modification of enzymes involved in the glycolytic pathway, leading to the increase in
NADPH (Shi et al. 2017). NADPH is the major energy source for lipid synthesis in S.
cerevisiae (Ralser et al. 2009). Therefore, oxidative stress may enhance lipid
accumulation by inducing NADPH generation from the pentose phosphate pathway.
Additionally, as there is no report of ethanol assimilation in R. toruloides, 1 also
examined whether R. toruloides can assimilate ethanol as a carbon source for lipid
synthesis. Zhang et al. (2018) reported that R. glutinis was able to utilize cellulosic
ethanol wastewater as a substrate for lipid production. Therefore, the present findings
may provide new clues for the enhancement of lipid production with an ethanol-
containing medium in Rhodotorula yeast, which would have practical applications. In
our results, the enhanced lipid production by LI1-1 also implied a possibility that
Rhodotorula yeast may assimilate ethanol as a carbon source. Although there is no
direct evidence indicating that Rhodotorula yeast can synthesize lipid with ethanol as a
carbon source, ethanol consumption by Rhodotorula yeast should be examined to assess

this possibility.

3.4.4 Future perspectives

R. toruloides has a highly promising role for industrial applications. Unveiling the
stress responses in the wild-type and thermotolerant strain will thus be important for
designing a rational fermentation process and developing appropriate industrial media.
Collectively, the information provided here could lead to a molecular engineering

strategy to realize R. foruloides yeasts with multiple-stress tolerances. Such strains
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would be useful in large-scale fermentation and fermentation based on industrially
inhibitory components such as lignocellulosic biomass, crude glycerol and ethanol

containing wastes.

3.5 Summary: Oxidative stresses (ethanol and H20:) induced lipid production in
multiple-stress tolerant strain L1-1

In this chapter, I demonstrated that L1-1 strain is tolerant to multiple stressors and
conducted a primary phenotypic analysis of the strain by determining its end-point
biomass and lipid production. I found that the strain was resistant to heat, ethanol, H>O»,
glucose, and DMSO stressors. These results also demonstrated that the redox balance,
the strengthening of the cell wall, and the composition of membrane fatty acids were
all correlated with protection against various stresses. Nevertheless, redox homeostasis
seems to be a major mechanism underlying the various stress tolerances of L1-1.
Notably, our data also indicated that ethanol stress served to further enhance lipid

production in this strain under nitrogen-limited conditions.
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CHAPTER 4

Enhancing L1-1’s lipid production of by overexpression of fatty acid

desaturase genes

4.1 Background: Metabolic engineering in R. toruloides to further enhance lipid
production

Although oleaginous yeasts produce more lipid than most yeasts, their yields and
titers are still not enough for industrial demands (Zhang et al. 2016). Many efforts have
been made to increase the amounts of lipids in oleaginous yeasts. Toward this end,
several designs have been adapted, especially in the model yeast Y. lipolytica
(Spagnuolo et al. 2019; Wong et al. 2019). These metabolic strategies have principally
centered on increasing lipid production by overexpressing enzymes involved in the
lipid synthesis pathways or by deleting those involved in lipid catabolism. For example,
Zhang et al. (2016) doubled lipid production by overexpressing two native enzymes,
acetyl-CoA carboxylase (ACCI) and diacylglycerol acyltransferase (DGAI), in R.
toruloides strain IFO0880. In addition, Zhang et al. (2016) demonstrated that
overexpressing native malic enzyme (ME) and stearoyl-CoA desaturase (SCD) from
mammalians slightly enhanced the lipid titers in [IFO0880 strains (1.2-fold and 1.3-fold
compared to the wild type). Tsai et al. (2019) also demonstrated that overexpressing a
native enzyme of A9-fatty acid desaturase (49-FAD) successfully quadrupled lipid
production in R. toruloides strain NP11. Therefore, metabolic engineering is considered

a promising way to enhance lipid production in R. foruloides.

4.2 Objectives: Enhancing lipid production in L1-1 by overexpressing fatty acid
desaturases

Recent studies have revealed that overexpressing fatty acid desaturases can
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effectively elevate the levels of intracellular lipids in oleaginous yeast Y. lipolytica (Yan
et al. 2020). Fatty acid desaturases are membrane-bound proteins that catalyze the
desaturation reaction to introduce a double bond into hydrocarbon chains of fatty acids
to produce unsaturated and polyunsaturated fatty acids (Bai et al, 2016; Diaz et al,
2018). They act specifically on the location and stereochemistry of double bonds in the
fatty acids (Fickers et al. 2003). For example, A9-Fad is an endoplasmic reticulum-
bound enzyme that catalyzes a double bond between carbons 9 and 10 of SA (C18:0)
to generate OA (C18:1). A12 fatty acid desaturase (A12-Fad) introduces a double bond
between carbons 12 and 13 of OA to synthesize LA (C18:2). Al2-Fad primarily
regulates the synthesis and content of OA (C18:1) and LA (C18:2) in yeast cells
(Ledesma-Amaro and Nicaud 2015). These two fatty acid desaturases play vital roles
in the unsaturation of C18 fatty acids, which are the main fatty acid components in
oleaginous yeast cells. Yan et al. (2020) demonstrated co-overexpression of mammalian
A9-FAD (stearoyl-CoA desaturase, SCD), and native Yi412-FAD in model Y. lipolytica
showed a 10% increase in lipid content. On the basis of their results, I assumed that
harnessing the expression of these two Fads might further improve lipid production in
L1-1. Although Tsai et al. (2019) functionally characterized and overexpressed R.
toruloides A9-Fad (RtFADI) in R. toruloides strains to enhance lipid yield, the functions
of R. toruloides A12-Fad (RtFAD?2) have remained unknown. Therefore, in this chapter
I began attempting to identify and characterize the function of RtFAD?2 from R.
toruloides NBRC8766 and to examine the effects of expressing RtFAD2 and its co-

overexpressing RtFADI in L1-1.

4.3 Results: Overexpression of RtFAD2 and its co-expression of RtFADI and
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RtFAD?2 enhanced lipid production in R. toruloides
4.3.1 Identification of putative RtFAD2 in R. toruloides NBRC8766
4.3.1.1 Phylogenetic analysis of putative RtFAD2 in R. toruloides NBRC8766
There is only one annotated putative RtF4D?2 in the open-genome database of R.
toruloides NP11 (a haploid strain of R. toruloides NBRC8766) in the NCBI protein
database (GenBank accession no. XP 016269356.1, Zhu et al. 2012). The putative
coding sequence of RtFAD2 (1,353 bp) encodes a deduced polypeptide consisting of
451 amino acids with a predicted molecular mass of 50.6 kDa. Therefore, the RfFad2
sequence was BLAST searched against the NCBI database, and 16 homologs of A12-
Fad and 2 homologs of A9-Fad were used for the phylogenetic tree construction (Fig.
4.3.1.1). The phylogenetic relationship illustrated the distinguishable clusters among
Ascomycota, Basidiomycota and plant A12-Fads and the outgroup of yeast A9-Fad (Fig.
4.3.1.1). The phylogenetic tree also indicated that RfFad?2 is most close to A12-Fad from

R. kratochvilovae and R. glutinis.

4.3.1.2 Conserved protein region analysis of putative Al12-Fad in R. toruloides
NP11

The conserved domain analysis compared the fatty acid desaturases from M.
alpina, Y. lipolytica, Trichophyton asahii, Ogataea parapolymorpha, C. parapsilosis
and L. starkeyi. The deduced amino acid sequence of Al2-Fad demonstrated two
regions of transmembrane domains are similar to conserved Al12-Fad-like domain (bold
line) containing 4 highly conserved histidine sequences (boxed) (HXXXH,
HXX(X)HH, and HXXHH) (Fig. 4.3.1.2). Accordingly, the putative R. toruloides A12-
Fad obtained from NCBI protein database was used for functional identification to

produce LA in S. cerevisiae.
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IOO'I Kluyveromyces marxianus DMKU3-1042 (XP022674718.1)

Candida parapsilosis (CAY39362.1)
10pf 100 Ogataea parapolymorpha DL-1 (ESW99590.1)

100 Histoplasma capsulatum G186AR (EEH08402.1)

Ascomycota

100 Lipomyces starkeyi NRRL Y-11557 (0DQ75830.1)
[ 100 Yarrowia lipolytica (VBB85517.1)
Lachnellula suecica (TVY73420.1)

— Cutaneotrichosporen curvatim (AAS78627.1) Al12-Fad

100 100 b— o Trichonsporon asahii var. asahii CBS 2479 (ET49610.1)
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Rhodotorula toruloides NP11(XP016269356.1) @
100 _I:Rhodoforula glutinis (-AH213214.1)
100 100 100 Rhodetorula kratochilovae (AHz13213.1)
Mortierella alpina (BAA81754.1)

[ Oryza sativa japonica (ACN87220.1)
100 l—— Nicotiana tabacum (NP001313042.1)

I Saccharomyces cerevisiae (AAA34826.1)
] A9-Fad
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Basidiomycota

100 | Rhodotorula toruloides NP11 (EM519868.1)

20

Fig. 4.3.1.1 Phylogenetic analysis of A12-Fads from yeast R. toruloides NBRC8766. The phylogenetic tree was constructed by the characterized
and deduced A12-Fad protein homologs with A9-Fads as an outgroup. The species’ names are followed by GenBank protein accession number.
Branch lengths are proportional to the phylogenetic distances. Arrow indicates the position of RrFad?2.
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A12Fad-like conserved region

R. toruloides NP11 BsHADEAFSFDGGKVLSGWAGFR 114
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Y. lipolytica YAYLHL ----------- IPSAS 96
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L. starkeyi NRRL Y-11557 420

Fig. 4.3.1.2 Protein conserved domain analys1s of A12-Fads from yeast R. toruloides NBRC8766. Amino acid sequence alignment of A12-Fad
orthologs. Amino acid sequences of various species were compared using the multiple sequence alignment web server T-Coffee
(http://tcoffee.crg.cat). Identical amino acid residues are labeled in black boxes, and the conservative regions are indicated in gray. The conservative
histidine-rich motifs (H-box) are boxed. Putative transmembrane motifs of RtFad2 are barred.
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4.3.2 Functional analysis of RfFad2 by using a heterologous expression system in
S. cerevisiae

To identify the function of RfFad2, the protein was expressed in S. cerevisiae. The
mainly produced fatty acids in the wild-type S. cerevisiae are PA (C16:0), POA (C16:1),
SA (C18:0) and OA (C18:1) (Fig. 4.3.2). Linoleic acid (LA, C18:2) was not detected in
control cells (Fig. 4.3.2). The results of GC-FID analysis of the total fatty acids revealed
that one apparent fatty acid peak was detected (indicated by arrow), which was absent
in the yeast transformed with empty vector pYES2 (Fig. 4.3.2). Comparing the retention
time of commercial fatty acid standard, the apparent peak was identified as LA (C18:2).
Accordingly, the results demonstrated that RfFad2 had the enzymatic activity to

produce LA from OA.
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Fig. 4.3.2 Identification of linoleic acid in S. cerevisiae expressing RtFAD2 by GC-
FID. The peak of LA was identified by a comparison with the commercially available
fatty acid methyl ester standard. Myristic acid, MA (C14:0); palmitic acid, PA (C16:0);
palmitoleic acid, POA (C16:1); stearic acid, SA (C18:0); Oleic acid, OA (C18:1);
linoleic acid, LA (C18:2); a-linolenic acid, ALA (C18:3).

4.3.3 Growth characteristics of RtFAD2 and RtFADI+RtFAD?2 overexpressing R.

toruloides strains under nutrient conditions

4.3.3.1 Overexpression of RtFAD?2 in R. toruloudes strains affected the cell growth
To characterize the growth effects of overexpressing RtFAD?2 in R. toruloides, 1

next introduced the genomic sequence of RtFAD2 into two strains (TK16 and

thermotolerant L1-1). The spot assay results indicated that overexpressing RtFAD2 in
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the TK and L1-1 strain displayed the defect growth at 30°C comparing to the wild-type
TK16 (Fig. 4.3.3.1A). The results indicated three individual transformants of TK 16 and
L1-1 showed the same reduced growth comparing to the wild-type TK16 and L1-1.
These results (Fig. 4.3.3.1A) demonstrated the reduced growth of transformants were
resulted from the RtFAD2 overexpression in cells rather than the effects of random
insertion of introduced cassettes in the genome. The thermotolerant L1-1 strain was
evolutionarily isolated from TK16 strain and considered to be more resistant to heat
than TK16. To investigate whether overexpressing RtFAD2 would affect the
thermotolerance of L1-1, the L1-1 transformants were cultivated at 30°C, 33°C, 35°C
and 37°C. The results indicated the thermotolerance of L1-1 transformants recovered
their growth at 37°C (Fig. 4.3.3.1B). In addition, the recovery of cell growth was
dependent on the increased temperatures (35°C and 37°C) (Fig. 4.3.3.1B). Accordingly,
I assumed that increased temperatures decreased the enzyme activity of RrFad2.
Although the enzyme stability of RfFad2 has not been reported, Esteban et al. (2004)
revealed the enzyme activity of A12-Fad dropped to 40% at 40°C compared to the 100%
activity at 25°C in plant Carthamus tinctorius. Hence, I reckoned the recovery of
defected growth in the RtFAD?2 expressing L1-1 at 37°C was due to the suppression of

A12-Fad enzyme activity which led to the decreased LA content in cells.
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Fig.4.3.3.1 Spot assay of R. toruloides strains grown under various temperatures.
Spot assay of RtFAD2 overexpressing transformants in R. foruloides TK16 and
thermotolerant L1-1. A. Three different RtFAD?2 overexpressing transformants of TK16
or L1-1 grown at 30°C. B. RtFAD2 overexpressing transformants of TK16 and L1-1

grown under various temperatures.

4.3.3.2 Overexpressing RtFAD?2 increased LA content in cells.
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Overexpression of Al2-Fads has been shown to increase the intracellular LA
content in oleaginous yeasts (Tezaki et al. 2017; He et al. 2015; Wang et al. 2017). The
intracellular LA also has been shown to increase the fluidity of the cell membrane and
further affect the membrane integrity (Rodriguez-Vargas et al. 2007). Accordingly, I
considered that overexpressing RtFAD2 in the strains might lead to the increase of
intracellular LA content and eventually increase the fluidity of cell membranes resulting
in growth defect. Therefore, the intracellular LA contents of the RtFAD?2 overexpressing
strains were measured. According to the results (Fig. 4.3.3.2), the RtFAD?2
overexpressing strains of TK16 and L1-1 had higher levels of LA contents than the
wild-type TK16 and L1-1. Therefore, the results suggested the increased LA content in

cells may link to the reduced growth of the RtFAD?2 transformants.
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Fig.4.3.3.2 LA content of the wild-type and RtFAD?2 transformants in R. toruloides
strains. The average and SD of each data point was based on three independent

measurements.

4.3.3.3 Recovery of the growth of RtFAD2 transformants by co-overexpressing Rt

FADI in R. toruloides strains.
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4.3.3.3.1 Co-overexpressing RtFADI reduced intracellular LA content

Next, to recover the growth of RtFAD2 transformants, the RtFADI was co-
expressed in the TK16 and L1-1. Expressing RtFADI has been shown to increase the
OA content in R. foruloides cells (Tsai et al. 2019). Therefore, I assumed that increased
OA level may recover the cell growth by reducing the intracellular LA content during
cell growth hence maintain the cell integrity in the nutrient medium. Fig. 4.3.3.3.1
indicated that co-overexpressing RtFAD1 and RtFAD?2 reduced the intracellular LA ratio

in the nutrient medium.

57 B TK16
= 1
O TK16 + RtFAD2
20 1
N 1 O TK16+ REFADI+RtFAD2
Y =
,E ﬁ L1-1
S & @ L1-1+ RtFAD2
T
2 F O L1-1+ RtFADI+RtFAD2
j 8
=

V&
>
S
>
\)\

Fig. 4.3.3.3.1 LA content among RtFAD2 and RtFADI+RtFAD? strains.

4.3.3.3.2 Recovery of cell morphology by co-overexpressing RtFADI in RtFAD?2
transformants

To examine the effects of co-overexpressing RtFADI in RtFAD?2 strains on lipid
accumulation, the transformant cells were collected from the YPD medium and stained
with Sudan IV for lipid droplet examination. The results of cell morphology (Fig.

4.3.3.3A) indicated the RtFADI+RtFAD?2 co-overexpressing strains in TK16 and L1-1
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recovered the round shape of cells as same as the wild-type. On the contrary, the
RtFAD?2 transformants only showed an elongated cell shape. These data suggested that
reducing the LA content in cells could recover the cell morphology by changing the cell

membrane fluidity in R. toruloides.
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Fig.4.3.3.3.2 Cell morphology of all transformants. Scale bar: 5 um.

4.3.3.3.3 Overexpressing RtFADI in RtFAD?2 transformants recovers cell growth
Aside from the cell morphology, I next confirmed the cell growth of the co-
expressing strains in the nutrient medium. All the strains were inoculated into the YPD
medium and ODgoo was measured every 6 h. The results (Fig. 4.3.3.3.3) showed that
the RtFADI+RtFAD?2 co-overexpressing strain of TK16 slightly recovered the cell
growth comparing the RtFAD2 overexpressing strain. However, the RtFADI+RtFAD?2
co-overexpressing strain of L1-1 displayed the recovery of growth than the RtFAD?2
overexpressing strain. According to these data (Fig. 4.3.3.3.3 and Fig. 4.3.3.3.2),
reducing the LA content by co-overexpressing RtFADI1 in RtFAD? strains could recover

the cell morphology and cell growth.
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Fig. 4.3.3.3.3 Growth curve of RtFAD2 and RtFADI+RtFAD2 overexpressing
transformants in R. toruloides TK16 and thermotolerant R. toruloides 1.1-1. The
cells were cultured in YPD medium at 30°C and the ODegoo values were measured at
each 6 h-interval. The average and SD of each data point was based on three

independent measurements.

4.3.4 Expression of RtFAD2 and co-overexpression of RtFAD1and RtFAD?2 gene
increased lipid production in R. toruloides strains
4.3.4.1 Growth of engineered strains in the nitrogen-limited medium

To investigate the effects of RtFAD2 expression and RtFADI+RtFAD?2 co-
overexpression on lipid production in all the studied strains. According to Fig. 4.3.3.1B,
the enzyme activity of RfFad2 may be decreased by temperatures over 30°C. Hence,
the 30°C was chosen for lipid production. The ODgoo and dry biomass were determined
to evaluate the cell growth in the nitrogen-limited medium. The RtFAD2 and
RtFAD1+RtFAD? transformants of L1-1 showed lower ODgoo value (172 + 1, 165 + 2)
than the wild-type L1-1 (200 = 6) at 120 h (Fig. 4.3.4.1A). However, the RtFAD?2
expressing TK16 transformants showed higher ODgoo value than the wild-type TK16
(140 £ 5, 109 £ 6), and there was no difference of ODgoo between the wild-type TK16

and its RtFAD1+RtFAD? transformant (109 + 6, 102 + 2) at 120 h. The TK16 and L1-1
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engineered strains did not displayed reduced biomass comparing to their wild-types in
the nitrogen-limited medium (Fig. 4.3.4.1B). These data indicated that overexpression
of RtFAD?2 and co-overexpression of RtFADI and RtFAD?2 did not affect the cell mass

in the nitrogen-limited
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Fig. 4.3.4.1 Effects of RtFAD2 overexpression and RtFADI+RtFAD2 co-
overexpression on the growth in R. foruloides strains under nitrogen-limited
conditions. Cell density was determined by ODsoo. The dry biomass was freeze-dried
and measured gravimetrically. A. Growth curve of the wild-type and all transformants.
B. Dry biomass of the wild-type and all transformants. The present average and error
bars were based on three independent measurements. The p values were determined by
Student’s #-test. *p<0.05.

4.3.4.2 Lipid droplets of engineered strains in the nitrogen-limited medium
Next, the yeast cells were collected and stained with Sudan IV for lipid droplet

examination at 0 and 120 h. After al20-h cultivation, the cells of all strains accumulated
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apparent lipid droplets. Additionally, the RtFAD?2 overexpressing and RtFAD [+RtFAD?2
co-overexpressing strains of TK16 and L1-1 displayed larger lipid droplets than the
wild-type (Fig. 4.3.4.2). Therefore, these data demonstrated that the overexpression of
RtFAD?2 and co-overexpression of RtFADI+RtFAD?2 could increase lipid accumulation

in R. toruloides.

A
Control (TK16) RtFAD2 RtFADI + RtFAD2
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Fig. 4.3.4.2 Lipid droplets of the R. toruloides strains under nitrogen-limited
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conditions. A and B. Observation of lipid droplet in the wild-type TK16, L1-1, and
corresponding transformants. The lipid droplets were stained by Sudan IV, and the cells
were observed at 0 and 120 h during the cultivation by a bright-field microscope. Scale

bar: 5 pm.

4.3.4.3 Lipid titers of the engineered strains in the nitrogen-limited medium

To evaluate the lipid production of each strain, the lipid titers were measured. The
lipid titers of TK 16, L1-1, and their transformants showed a stable phase from 72 h after
inoculation. The RtFAD2-overexpressing TK16 produced the highest lipid titer (5.9 +
0.9 g/L) among RtFADI+RtFAD?2 and the TK16 wild-type (3.5+0.2,2.5+0.2) at 120
h. The RtFAD?2 transformant in L1-1 also generated the highest lipid titer (6.7 £ 0.7 g/L)
among RtFADI+RtFAD? strain and the L1-1 wild-type (6.0 £ 0.6 g/L, 4.5 £ 0.5 g/L) at
120 h. According to these data, although expressing RtFAD2 and co-overexpressing
RtFADI+RtFAD2 both enhanced the lipid titers, overexpressing RtFAD2 gave the

highest lipid titers in R. foruloides (Fig. 4.3.4.2).

—0— TKl16 —o— L1-1
-0- TK16 + RtFAD2 -m- L1-1+ RtFAD2
g . -~o- TKI16+RtFADI + RtFAD2 g — % L1-1+RtFADI + RtFAD2
30 I
5 6 - _ 1
E 5 4 p,,/ﬁ[r , 5 1
= 47 / 4 +
= 3 - & 3+
202 2+
- 14 1+
0 0
0 24 48 72 96 120 0 24 48 72 96 120
Cultivation time (h) Cultivation time (h)

Fig. 4.3.4.3 Lipid titers of RtFAD2 gene overexpression and RtFADI+RtFAD?2 co-
overexpression in R. toruloides strains under nitrogen-limited conditions. The lipid
titer was presented as gram per liter of liquid culture. The present average and error
bars of each data point were based on three independent measurements. The p values

were determined by Student’s #-test. *p<0.05.
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4.3.4.4 Lipid content of the engineered strains in the nitrogen-limited medium
Next, the lipid content of all the strains at each time point was further investigated.
The RtFAD?2 overexpressing and RtFADI+RtFAD2 co-overexpressing strains of TK16
had similar lipid content (27 + 2.8% of DCW; 26.0 =+ 0.6% of DCW) and were higher
than that in the wild-type TK16 (16.1 = 1.7% of DCW) at 120 h (Fig. 4.3.4.4). The
RtFAD?2 overexpressing L1-1 accumulated the highest lipid content (24.2 + 2.0% of
DCW) than the L1-1 and RtFAD1+RtFAD?2 co-overexpressing strain (14.8 + 0.8%, 20.4
+ 2.0% of DCW) at 120 h (Fig. 4.3.4.4). These results suggested that expressing
RtFAD?2 and co-overexpressing RtFAD1+RtFAD?2 elevated the lipid accumulation in the
studied strains. The RtFAD2 overexpressing transformants of TK16 and L1-1 gave the

highest lipid content (27 + 2.8% and 24.2 + 2.0% of DCW).
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Fig. 4.3.4.4 Lipid content of RtFAD2 gene overexpression and RtFADI+RtFAD?2
co-expression in R. toruloides strains under nitrogen-limited conditions. The lipid
content was presented as percent of dry biomass. The present average and error bars of
each data point were based on three independent measurements. The p values were
determined by Student’s #-test. *p<0.05.

4.3.5 RtFAD2 overexpression significantly increased the LA production in R.
toruloides strains

To assess the RtFAD?2 overexpressing and RtFADI+RtFAD?2 co-overexpressing
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effects on the fatty acid composition in total lipids in R. foruloides, 1 thus examined the
fatty acid profile at the 120-h time point. The results of fatty acid analysis (Fig. 4.3.5A)
revealed that the lipid produced in the RtFAD?2 overexpressing TK16 and L1-1 strains
contained 28.1 + 0.9% and 24.3 + 1.8% LA of the total lipid which were higher than
the wild-type TK16 and L1-1 (14 + 2.7%, 18.8 + 1.3% of total lipids) (Table 4.3.5 and
Fig. 4.3.5 A). The OA contents of the RtFAD2 overexpressing TK16 and L1-1 strains
were decreased to 48.1 + 1.9% and 47.5 + 1.9% comparing to their corresponding wild-
types (TK16, 57.2 = 4.7%; L1-1, 53.5 £ 1.8%) (Table 4.3.5 and Fig. 4.3.5 A). These
results indicated that the overexpression of RtFAD2 increased the LA content by
converting OA into LA.

Although co-overexpressing RtFADI and RtFAD2? in TK16 and LI1-1 also
contained higher LA percentage (23.7 £0.9%, 21.1 = 1.0% of total lipids) than the wild-
type (TK16, 14 +2.7%; L1-1, 18.8 = 1.3% of total lipids), the LA contents were slightly
decreased in comparison to the RtFAD?2 expressing strains (TK16 + RtFAD2, 28.1 +
0.9%; L1-1 + RtFAD2; 24.3 + 1.8%) (Table 4.3.5 and Fig. 4.3.5). According to Fig.
4.3.5, the decreases of OA content with the increases of LA content in the
RtFADI+RtFAD? transformants were also observed in comparison to their original
wild-types. RtFADI+RtFAD?2 transformants were expected to have the higher LA
content than the RtFAD2 transformants because RfFadl could synthesize OA as
substrate for LA synthesis by RfFad2. However, the data (Table 4.3.5 and Fig. 4.3.5A)
demonstrated that the LA contents of RtFADI+RtFAD?2 transformants were slightly
lower than those in RtFAD?2 transformants.

The LA titers of RtFAD?2 overexpressing TK16 and L1-1 were at the same levels
(1.7£ 03 g/L, 1.6 £ 0.0 g/L), and 4.3-fold and 2-fold higher than those in the TK16
and L1-1 wild-type (0.4 = 0.1 g/L, 0.8 = 0.0 g/L). The LA titers of RtFADI+RtFAD?2

co-overexpressing TK16 and L1-1 produced were also slightly decreased in comparison
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to the RtFAD?2 overexpressing strains in TK16 and L1-1 (0.8 £ 0.0 g/L, 1.3 +£ 0.3 g/L)
(Fig. 4.3.5B). To sum up all the data of Table 4.3.5 and Fig. 4.3.5, overexpressing

RtFAD? gave the best effects on enhancing LA production in this study.

A
O TK16 L1-1
70 __ O TK16 + RtFAD?2 70 + B 1.1-1 4+ RtFAD?2
= W TK16 + RtFADI + RtFAD2 L1-1+ RtFADI + RtFAD?2
S 60 + 1 60 +
= \ \
£ 50 + 50 + g
— I8
Z 40 1 40 + 7N
g 7\
=30 L A 30 + 2N
P 1
- -+ m L ™
20 20 Al A ol
= 7N B 78
B0t O 11
5, fram (el fa gl B e ot A e
MA PA POA SA OA LA ALA MA PA POA SA OA LA ALA
Fatty acid composition Fatty acid composition
B
8 T 8 —
_ 1.7 g/L
3 7t 0.8 gL 7T 1.6 g/L
E,n 6 + 6 L
 sL o4l <l
s L1 il 13 g/L
= 4 4 g
3 3 31 08gL
:? 2 T 2 T
s 1+ 14
0 0
S o o N N A
N I\ > N N QY S
€ T vy
¢ RS ¢ RS
! \
Y Y
& &
§ ¢

Fig. 4.3.5 Fatty acid profile and linoleic acid production in the RtFAD?2
overexpressing and RtFADI+RtFAD2 co-overexpressing transformants in R.
toruloides strains under nitrogen-limited conditions. (A) Fatty acid composition of
the wild-type TK16, L1-1 and corresponding transformants. The fatty acid composition
is presented in the percentage in total lipids. Myristic acid, MA (C14:0); palmitic acid,
PA (C16:0); palmitoleic acid, POA (C16:1); stearic acid, SA (C18:0); Oleic acid, OA
(C18:1); linoleic acid, LA (C18:2); a-linolenic acid, ALA (C18:3). (B) LA titer in the
total lipid at 120-h culture. The number with bar indicated the LA titers of each
corresponding transformants. The present average and error bars were based on three

independent measurements.
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Table 4.3.5 Fatty acid composition of the transformants and wild-type strains after
a 120 h-cultivation under nitrogen-limited conditions. The fatty acid composition is
shown as a percentage (%) of total lipids. Myristic acid, MA (C14:0); palmitic acid, PA
(C16:0); palmitoleic acid, POA (C16:1); stearic acid, SA (C18:0); Oleic acid, OA
(C18:1); linoleic acid, LA (C18:2); a-linolenic acid, ALA (C18:3). The standard

deviation of each data point was based on three independent measurements.

Fatty acid composition of total lipids (%)

Strain

MA PA POA SA OA LA ALA
TK16 07102 184144 33%12 52420 572147 14+27 1.210.0
TK16 + RtFAD2 03101 159+15 13411 24+02 481%19 281+09 39101
TK16+ RtFADI+RtFAD2 04101 201%06 1900 69+18 450+16 237109 19%04
Li-1 05400 181%01 26%02 35403 535+18 188+13 29%05
L1-1+ RtFAD2 03100 205%02 2104 27102 475119 243+18 24105
L1-1+ RIFADI + RtFAD2 05101 218+20 24%05 51+11 455410 21.1+10 35+14

4.3.6 RtFADI expression levels were suppressed in the RtFADI+RtFAD?2 co-
overexpressing transformants

I expected the co-expressing RtFAD1 with RtFAD?2 would further enhance the LA
production by elevating the precursor OA in cells. However, the co-expressing
transformants did not show enhanced LA production in comparison to the RtFAD?2
expressing strains. I suspected that the enhanced LA might suppress the expression of
RtFADI. Bossie and Martin (1989) suggested that the LA could serve as a regulator to
control the A49-FAD expression levels in S. cerevisiae. Gonzalez and Martin (1996)
clearly demonstrated a supplement of LA in growth medium rapidly decreased the half-
life of 49-FAD (ScOLET) from 10 min to 2.5 min, and a 5’-exoribonuclease encoded
by the XRNI was required for the rapid degradation of the ScOLE] transcript in S.
cerevisiae. To elucidate the mechanism, the expression levels of introduced RtFADI
and RtFAD? in the co-expressing strains were examined by real-time PCR. The results
indicated the RtFADI levels were significantly decreased at the 120 h comparing to

those at 0 h in the nitrogen-limited medium (Fig. 4.3.6). On the contrary, the expression
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levels of RtFAD2 were not significantly changed during the cultivations. These
phenomena were observed in the TK16 and L1-1 transformants. Accordingly, co-
overexpressing RtFADI did not further increase the LA production which was due to
the suppression of gene expression or mRNA instability. These results also suggested

increased LA content may regulate the RtFADI expression in R. toruloides.
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Fig. 4.3.6 Gene expression levels of introduced RtFADI and RtFAD2 in
RtFADI+RtFAD?2 co-expressing transformants under nitrogen-limited conditions.
The gene expression levels of introduced co-expressed RtFADI and RtFAD?2 in TK16
and L1-1 were examined by real-time PCR. The mRNA expression level was
normalized with the internal control RtURA3 gene. The average and SD of each data
point was based on three independent measurements. The p values were determined by
Student’s t-test. *p<0.05.

4.4 Discussion
4.4.1 Functions of RfFad2

RtFad2 of R. toruloides shared high identity and highly conserved A12-Fad-like
protein motifs among yeasts and fungi (Fig. 4.3.1.2). Notably, I also found that RrFad2
shared 83.2% identity with the characterized RkFad2 in R. kratochvilovae (Cui et al.
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2016). RkFad2 in R. kratochvilovae was shown to be a bifunctional A12/A15Fad and
can catalyze the synthesis reactions of LA and ALA. However, according to the results
of heterologous expression in S. cerevisiae (Fig. 4.3.2), I found only the LA signal and
did not observe a corresponding ALA signal. Furthermore, overexpressing the RtFAD?2
did not significantly increase ALA production in our R. toruloides strains (Table 4.3.5).
As a consequence, my unambiguous results indicated that our target A12-Fad from the
R. toruloides NBRC8766 strain possessed the function of synthesizing only LA from

the OA precursor.

4.4.2 Intracellular LA content affects the cell growth in R. foruloides
Overexpression of RtFAD2 decreased the growth and changed the cell shapes of
my two strains (Fig. 4.3.3.1 and Fig. 4.3.3.3.3.2). The same growth effects of expressing
RtFAD?2 were also observed in different transformants (Fig. 4.3.3.1). Although the
growth defect of RtFAD?2 overexpression in R. foruloides has not been reported, several
studies have demonstrated that A12-Fads, which controls polyunsaturated fatty acid
levels in cells, affected cell growth at low temperature (below 20°C) in Y. lipolytica and
Rhodotorula yeasts (Tezaki et al. 2018; He et al. 2015; Wang et al. 2017).
Polyunsaturated fatty acids have been shown to increase the fluidity of the cell
membrane and to affect cell integrity (Rodriguez-Vargas et al. 2007). Expression of
RtFads in a recombinant S. cerevisiae strain has also been known to have a reduced
growth rate (Rodriguez-Vargas et al. 2007). Accordingly I surmised that, although LA
increased the membrane fluidity contributing to the adaptation to low temperature, the
increased membrane fluidity resulted in difficulty maintaining cell shape and growth at
room temperature. As Fig. 4.3.3.3.2 shows, in cells cultivated in YPD medium, we
observed RtFAD?2 overexpressing TK16 and L1-1 strains displaying an elongated cell

shape. To recover the growth of RtFAD2-overexpressing strains, RtFADI was co-
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overexpressed to lower the LA levels by elevating the OA ratio (Fig. 4.3.3.3.1).
Lowering the LA levels by expression of RtFAD] slightly recovered the growth and cell
shape of RtFAD2-overexpressing strains in TK16 and L1-1 (Fig. 4.3.3.3.3 and 4.3.3.3.2).
Therefore, the present data implied that increased LA levels in Rhodotorula cells may

affect cell growth by changing the membrane integrity.

4.4.3 Enzyme activity of RfFad2

Interestingly, as the culturing temperature was raised to 37°C, the defective growth
in RtFAD2overexpressing L1-1 recovered (Fig. 4.3.3.1B). Compared to wild-type
TK16, L1-1 can tolerate and grow at temperatures up to 37°C. Esteban et al. (2004)
revealed that 40°C affected the enzyme activity of CrFad2 in the plant C. tinctorius.
Therefore, I considered that the recovery of defective growth in RtFAD?2 expressing L1-
1 at 37°C resulted from the suppression of RfFad2 enzyme activity. In addition, LA was
rarely detected in TK16 or L1-1 at 37°C (Table 2.3.8B). These data indicated that 37°C
indeed inhibited RfFad2 activity. The present data may imply that elevated temperatures
decreased the enzyme activity of RtFad2 (Fig. 4.3.3.1B). Cui et al. (2016) demonstrated
threefold expression levels of RkFAD?2 in R. kratochvilovae at 15°C compared to the
control group at 28°C, hence the LA content was further increased from 14.7% to 24.5%.
Cordova and Alper (2018) showed that expressing Y/IFAD2 in Y. lipolytica under the
control of a high-strength Y. lipolytica promoter slightly increased the LA content at
20°C compared to a control group at 28°C. Their results also implied that Y/Fad?
probably has higher activity below 30°C. In the present study, RtFAD2 was driven by
constitutive promoter sequence GPDI and the transformants were cultivated at 30°C
for lipid production. To further enhance LA content in R. toruloides, a low-temperature

strategy may be implemented in the future.
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4.4.4 Enhancement of lipid production by overexpression of C18 fatty acid
desaturases

In the present study, overexpression of RtFAD?2 led to an increase in lipid contents
and titers in R. toruloides strains (Fig. 4.3.4.3 and Fig. 4.3.4.4). A recent study by Yan
et al. (2020) also discovered that overexpressing Y/FAD?2 significantly increased the
lipid contents and titers in model oleaginous yeast strain Y. lipolytica. 1 surmised that
the overexpressed RfFad2 further converted the OA precursor into LA, resulting in the
enhancement of C18 fatty acid synthesis. Tsai ef al. (2019) showed the highest lipid
titer and content produced in the RtFAD-expressing TK16 transformant were 3.2 g/L
and 15%, respectively, but in the present study the RtFAD2-overexpressing TK16
transformant produced 5.8 g/L lipid titer and accumulated 27.5% lipid content.
Accordingly, our results suggested that overexpressing RtFAD2 increased lipid
production in R. toruloides than did the expression of RtFADI. The present study
provides a metabolic engineering strategy for enhancing lipid production in R.

toruloides.

4.4.5 Enhancement of LA production in R. toruloides

LAs were considered not only as alternative sources of oleochemical feedstocks
for the production of biodegradable products such as lubricants and painting materials
instead of petroleum-based products, but also as potential nutraceuticals for food
industries (Ménégaut et al. 2019; Abdullah et al. 2016). However, the conventional
sources for LA production from plant platforms are confined by long production cycles
(Owuna et al. 2020). To satisfy the rising demand for LA, oleaginous yeast R. foruloides
is perceived as a potentially promising host for competitive LA-rich lipid production
from plant-based platforms due to its outstanding lipogenicity and ability to assimilate

various cheap industrial by-products (Huang et al. 2013; Papanikolaou et al. 2017,
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Tchakouteu et al. 2017). In recent years, several attempts have been made to explore
the potential of LA production in R. toruloides. Wang et al. (2016) successfully
enhanced the LA content and titer in the AS 2.1389 strain (27.5% in total lipids, 1.3 g/L)
by introducing a heterologous FvFAD?2 from the fungus F. verticillioides. Herein, 1
achieved the elevation of LA contents and titers in two R. toruloides strains (TK16 and
L1-1) by overexpression of RtFAD2. The LA contents of the TK16 and L1-1 strains
were enhanced to nearly 2-fold and 1.3-fold (28% and 24% in total lipids), respectively,
and the LA titers of TK16 and L1-1 were enhanced to nearly 4-fold and 2-fold (1.7 g/L
and 1.6 g/L), respectively (Fig. 4.3.5). Therefore, the expression of native RtFAD?2 can
not only increase lipid production but also generate LA-rich lipid. These findings could
be applied to the engineering of R. toruloides for LA and PUFA production for food

industries and other oleochemical industries.

4.4.6 Regulation of C18 fatty acid unsaturation pathway in R. toruloides

The highest production levels of lipid and LA were observed in the RtFAD2-
expressing strains. In the LA synthesis pathway, OA is the precursor to LA production.
Hence, we expected that co-overexpressing RtFAD 1 and RtFAD?2 would further enhance
the lipid titer and LA production. Yan et al. (2020) co-expressed a mammalian SCD
encoding a A9-Fad with native Y/FAD?2 in Y. lipolytica and successfully increased the
lipid titer from 25% to 34% compared to the Y/FADZ2-expressing control. Their work
showed opposite results to the present data. I suspected that LA negatively regulated
the expression of native RtFADI. Bossie and Martin (1989) suggested that LA could
serve as a regulator of 49-FAD (ScOLEI) expression levels in S. cerevisiae. Gonzalez
and Martin (1996) clearly demonstrated that elevated LA content in cells decreased the
stability of ScOLE] mRNA with a 5’-exoribonuclease encoded by the XRN/ gene in S.

cerevisiae. Therefore, the ratio of LA in yeast may be strictly regulated by tuning the
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expression of A9-FAD.

In the real-time PCR results (Fig. 4.3.6), the expression levels of RfFAD1 were
drastically decreased in the RtFAD1+RtFAD2—co-expressing strains in TK16 and L1-1
under lipid-accumulating conditions. This implied that LA may trigger the instability
or degradation of RtFADI mRNA in R. toruloides. Taking the previous and present
results together (Fig. 4.3.6), I suggest that RtFAD1 expression levels may be regulated
by the LA content, leading to the suppression of LA production in R. foruloides. Yan et
al. (2020) employed a mammalian 49-FAD (SCD) rather than the native yeast gene,
causing a further increase in lipid accumulation from 27.5% to 33.6% in SCD and the
YiA12-FAD—expressing strain compared to the Y/FADZ2-expressing strain. Tsai ef al.
(2019) reported that overexpressing RtFADI in the R. foruloides NP11 strain only
slightly enhanced OA content to 62% in R. toruloides. However, my previous study
(Wu et al. 2018) indicated that OA content of nearly 90% could be achieved in L1-1 at
37°C. So I hypothesized that 37°C could decrease RfFad2 activity and lead to the
reduction of LA content. Therefore, low LA content could not inhibit the expression
levels of RtFADI and high OA content could be achieved as described in Chapter 2.
Therefore, Fig. 4.3.6 suggests that a cell’s LA content may be regulated by decreasing
the precursor OA via tuning the RtFAD?2 expression level (Fig. 4.4.5). In conclusion, I
suggest that co-overexpressing RtFAD2 with a heterologous 49-FAD can probably

further expand the limitation of LA production in R. toruloides.
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Regulation of C18 FA synthesis
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Fig. 4.4.5 Scheme of the putative mechanism of regulation of OA and LA ratio in

R. toruloides.

4.4.6 Future perspectives

In this chapter, I successfully increased lipid production in two R. toruloides
strains, TK16 and L1-1, by overexpressing RtFAD?2 and co-expressing RtFADI and
RtFAD?2. Additionally, increased LA contents were also found in the strains
overexpressing and co-overexpressing RtFAD?2. Therefore, 1 considered that
overexpressing RtFAD2 may also be used to improve lipid production and LA-rich lipid
production. Although LA-rich lipids are not ideal feedstocks for biodiesel production
because they are prone to oxidation and thus can diminish the performance of biodiesel
during long-term storage, LA-rich lipids are considered value-added feedstocks in food
industries. Long-chain PUFAs (Lc-PUFAs), such as docosahexaenoic acid (DHA, 22:6,
n-3) and eicosapentaenoic acid (EPA, 20:5, n-3), have beneficial effects on human
health and are valuable FAs as nutraceuticals. These Lc-PUFAs can be synthesized from
-3 fatty acids such as ALAs by a series of desaturation and elongation reactions (Patel

et al. 2020). LA is the indispensable building block for ALA production and Lc-PUFA
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synthesis. Fillet ef al. (2017) successfully produced long-chain monounsaturated fatty
acids by introducing plant-derived fatty acid elongases (3-ketoacyl-CoA synthases,
KCS) in R. toruloides. Therefore, in the future it will be possible to harness R.
toruloides for Lc-PUFA production by expressing other desaturases and elongases. The
present work provides hints for metabolic engineering strategies to enhance LA as an

indispensable block for Lc-PUCA production.

4.5 Summary: Overexpression of RtFAD?2 increased lipid production and LA
content in thermotolerant L1-1

In this chapter, I sought to explore the lipid production of thermotolerant L1-1 by
the overexpression of two genes that encode C18 fatty acid desaturases (RtFADI and
RtFAD?2) from genome-open R. foruloides NBRC8766. Although the functions of
RtFADI have been identified, those of RtFAD?2 have been barely studied. Therefore, I
first performed bioinformatics analysis and identified the functions of the RtFAD?2 gene
by heterologous expression in S. cerevisiae. By overexpressing RtFAD2 or co-
overexpressing RtFADI+RtFAD?2, 1 increased the lipid production of thermotolerant
L1-1. The metabolic engineering strategy of overexpressing RtFAD2 in the studied
strains (TK16 and L1-1) gave the highest lipid titer and lipid content. The real-time
PCR results also suggested that enhanced LA amounts in cells might lead to the

suppression of RtFAD1 expression levels and result in the reduction of lipid production.
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CHAPTER 5

General conclusions and discussion

The central goal of this dissertation was to establish and explore the utility of novel
thermotolerant strain L1-1 of R. ftoruloides to overcome the limitations of lipid
production under heat and multi-stress conditions. Additionally, the possibilities for
increasing lipid production were further explored by the strategies of stress induction

and metabolic engineering.

5.1 Summary of the work

I began by isolating a thermotolerant strain from oleaginous yeast R. toruloides
DMKU3-TK16 by adaptive breeding at 37°C. In Chapter 2, I successfully isolated
stable thermotolerant strain L1-1 from TK16. It was the first report of a thermotolerant
R. toruloides strain. L1-1 exhibited improved thermotolerance compared to the wild-
type strain TK16 at 37°C. The most important discovery is that L1-1 maintained its
lipid-producing abilities at 37°C. The lipid titer of L1-1 at 37°C was 4.8-fold higher
than that of wild-type TK16. Notably, the lipids produced by L1-1 at 37°C contained
86% OA, which is a preferable fatty acid for biodiesel production. Therefore, the
thermotolerant L1-1 is a robust strain with strong potential. To date, the highest OA
content was reported in an engineered Y. lipolytica that produced 90% OA of total lipid
(Tsakraklides et al. 2018). Compared to the data of Tsakraklides’s group, the natural
L1-1 produced OA content (86%) comparable to that of their engineered Y. lipolytica
strain. Therefore, L1-1 could be a potential platform to produce high-OA lipid for
biodiesel production. Recently, a study of Y. lipolytica also tried to examine the lipid

production of three Y. lipolytica strains at 35°C. In that research, the strains accumulated
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10% to 25% lipid content in cells (Hackenschmidt ez al. 2019). However, that study did
not assess lipid production at higher temperatures. Therefore, L1-1 is the first reported
oleaginous yeast strain that can produce lipid over 35°C.

To further explore the resistances and lipid production of L1-1 under other stresses,
L1-1 stress responses and lipid production were examined under thermal (37°C),
oxidative (ethanol and H>O,), high-osmotic (glucose and sorbitol), and DMSO-induced
stress conditions. L1-1 displayed elevated resistances to thermal (37°C), oxidative
(ethanol and H»0;), osmotic (glucose) and DMSO. By assessing L1-1’s stress
responses, I found that its abilities to maintain intracellular ROS were linked mainly to
its multiple-stress tolerances. Ethanol-induced oxidative stress also increased lipid
accumulation in L1-1; the lipid content of L1-1 reached nearly 40% of DCW under
ethanol stress. The highest lipid titer in L1-1, 3 g/L, was induced by ethanol combined
with H»0,. Aside from the elevated lipid production, the dual stresses of ethanol
combined with DMSO or glucose stress conditions further induced the OA content in
L1-1. In Chapter 3 I identified L1-1 as a multiple-stress-tolerant strain. Ethanol-induced
oxidative stressescould trigger lipid accumulation and enhance OA content in L1-1.

In Chapter 4, I aimed to increase the lipid production of L1-1 by expressing two
native C18 fatty acid desaturases, RtFADI (encoding A9-fatty acid desaturase) and
RtFAD?2 (encoding A12-fatty acid desaturase), from genome-opened strain R. toruloides
NBRC8766. The functions of RtFad? were unknown in R. foruloides, so 1 first
identified the encoding gene of RtFAD?2 in the genome database by bioinformatic
analysis and its functions by heterologous expression in S. cerevisiae. The identified
RtFAD?2 generated LA in S. cerevisiae. Overexpressing RtFAD? in the wild-type TK16
and L1-1 affected growth performance in nutrient medium for both strains, and the
enzyme activity in both strains was reduced by raising the temperature to 37°C.

Expressing RtFAD?2 in L1-1 had the strongest effect on increasing the lipid content (26.0
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+ 0.6% of DCW) and titer (6.7 + 0.7 g/L) compared to the non-engineered L1-1 strain
(lipid content: 14.8 + 0.8% of DCW; lipid titer: 4.5 £ 0.5 g/L). In addition, the LA
content of RtFAD?2 in L1-1 was elevated (2.4 g/L of total lipids) in comparison to the
non-engineered L1-1 strain (19% of total lipids). To sum up the results in Chapter 4,
the functions of RtFad2 in R. toruloides NBRC8766 were identified and characterized,
and its overexpression enhanced lipid production in the thermotolerant L1-1. Aside
from lipid production, the enriched LA content in the lipids produced in L1-1 may imply
that L1-1 could also produce polyunsaturated fatty acids that are potentially useful in

the food and oleochemical industries.

5.2 Suggestions and future works
5.2.1 Revealing the stress-response genes by comparative analysis of genome
sequencing, transcriptome and metabolomics in thermotolerant L.1-1

The isolated novel L1-1 is the first report of thermotolerant strain in oleaginous
yeast R. toruloides. Therefore, this strain is an ideal model to elucidate the stress-
responses and lipid production under stress conditions. In this work, although the
enhanced multi-stress tolerances and lipid production in thermotolerant L1-1 was
discussed with the references of model yeast S. cerevisiae, the detailed mechanisms of
gene-level and metabolomics level largely remained unknown in R. toruloides. R.
toruloides 1is perceived as a potential strain for lipid production for biofuel and
oleochemical industries. However, the basic and detailed studies of stress responses and
lipid synthesis are largely lacking in R. toruloides. Therefore, it is necessary to further
reveal the unknown relationships of stress responses and lipid synthesis to broaden the
understanding in this yeast. So I suggest the comparative studies by examining the
alteration of genome structure, gene expression and metabolomics in L1-1 should be

performed in the future. The future studies may help us to design rational fermentation
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strategies such as controlling the fatty acid profile of produced lipids or utilization of
inhibitory carbon sources from industrial wastes, and make R. toruloides applicable in

the practically industrial purposes.

5.2.2 Lipid production with industrial wastes in L1-1

The medium for lipid production by yeast accounts for 60—70% of the total
production cost (Diaz et al. 2018). To lower the production cost of yeast-derived lipids
from R. toruloides enough to compete economically with conventional plant oils or
even petroleum oil, a large number of attempts have been made to use industrial wastes
such as lignocellulosic biomass, crude glycerol, and waste water containing ethanol or
acetic acid to produce low-cost lipids in R. toruloides. Although it has been proved that
R. toruloides can use these cheap carbon sources, these industrial wastes were shown
to inhibit the growth of R. foruloides strains. Consequently, I suggest that the utilization
of these industrial wastes in L1-1 should be assessed, especially ethanol-containing
wastes such as Sakekasu, which is a waste product from the fermentation of sake, a

Japanese liquor. Future studies should strengthen the advantages of the L1-1 strain.

5.2.3 Expression of thermos-stable enzyme in the thermotolerant strain

In Chapter 4, I attempted to increase the lipid producing ability by overexpressing
native R. toruloides desaturase encoding genes (RtFADI and RtFAD?2). Although I was
considering to produce the lipids in L1-1 at 37°C, the enzyme activity of RfFad2 were
sensitive to elevated temperature at 37°C. As a consequence, the activity features of the
expressed target enzyme confined the applications of thermotolerant L1-1 in industries.
To explore the L1-1 as a platform used in industry to produce value-added compounds,
the temperature ranges of the expressed enzymes in L1-1 should be considered. In the

future, thermostable enzymes or enzymes with high activities at high temperatures
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would be the promising targets for enhancing lipid producing abilities at high

temperatures.

5.3 Future perspectives

Oleaginous yeast R. toruloides has been drawing much attention for its outstanding
lipid-producing abilities and broad utilization of carbon sources and industrial wastes.
Consequently, the lipids produced by R. toruloides are considered as alternative and
sustainable feedstocks to replace the dominant plant oils and petroleum used in the fuel,
food, and oleochemical industries. In this thesis, I isolated a robust and thermotolerant
L1-1 strain that showed enhanced tolerances against various stresses and induced lipid
production under heat (37°C) and oxidative (ethanol and H>0O,) stresses. Metabolic
engineering strategies were also employed to further increase lipid accumulation in the
thermotolerant L1-1 strain. This work also discussed the stress responses of alterations
of lipid synthesis in LI-1. The results could be applied to rational designs of
fermentation processes. OA (C18 fatty acid) is the dominant fatty acid produced in R.
toruloides, and it is a preferable feedstock for biodiesel production and a vital
component in the synthesis of other valuable substances used in industries. This work
also provided clues about the regulatory mechanisms in C18 fatty acid synthesis in R.
toruloides. The knowledge gained here could be applied to rational designs in metabolic
engineering for tailored lipid production in R. foruloides. Such efforts based on the
present results would be beneficial for the development of green energy and renewable

materials for a sustainable world.
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6. MATERIALS AND METHODS

6.1 Strains and culture medium

R. toruloides DMKU3-TK 16 was derived from the stock culture at the Department
of Microbiology, Faculty of Science, Kasetsart University, Thailand (Kraisintu et al.
2010). The TK16 derived thermotolerant R. toruloides L1-1 was isolated in our lab by
adaptive breeding (Wu et al. 2018). R. toruloides NBRC8766 obtained from the
National Bioresource Research Center, NITE (Chiba, Japan) was used for gene
isolation. Yeast strains were all freshened in 15% glycerol at —80°C as stocks. The yeast
cells were routinely grown on yeast extract/malt extract (YM) agar plates (3 g/L yeast
extract, 3 g/L malt extract, 5 g/L. peptone, 10g /L dextrose, and 20 g/L agar) or
extract/peptone/dextrose (YPD) medium (10 g/L yeast extract, 10 g/L peptone, 20 g/L
dextrose) at 30°C for 3 days. The grown cells on plates were kept at 4°C for the
following experiments. The R. toruloides strains were pre-cultured in YM or YPD
medium and transferred into the nitrogen-limited broth (0.75 g/L yeast extract, 0.55 g/L
(NH4)2SO04, 0.4 g/L KH,POs, 2 g/ MgSO4¢7H20 and 70 g/L dextrose) for the
experiments of lipid production. YPD agar plates and broth with 150 pg/mL Zeocin or
100 pg/mL hygromycin B were employed for transformant selection.

The auxotrophic strain S. cerevisiae BY23849 (MATa, leu2A0, ura3A0, his3-Al,
met15A0) strain from the National Bioresource Project-Yeast (NBRP-Yeast) was used
for functional identification of 472-FAD gene from R. toruloides NBRC8766 (RtFAD?2).
S. cerevisiae transformants carrying pY ES2 plasmid (Invitrogen, Massachusetts, USA)
were grown on synthetic defined medium (SD) and SD agar plate (2% dextrose, 6.7 g/LL
yeast nitrogen base w/o amino acids, 3% agar, 20 mg/L histidine, 120 mg/L leucine, 60

mg/L lysine, 20 mg/L arginine, 20 mg/L tryptophan, 20 mg/L tyrosine, 40 mg/L
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threonine, 20 mg/L methionine 50 mg/L phenylalanine, 20 mg/L uracil, and 20 mg/L
adenine) without uracil supplement (SC-Ura) and selected on SD-Ura agar plates.
Resultant transformants were grown in SD medium with 2% raffinose and 0.5%
galactose for target protein expression in the heterologous expression experiments.
Escherichia coli DH5a was used for all the cloning and plasmid construction

experiments.

6.2 Isolation of thermotolerant mutants from R. toruloides DMKU3-TK16

The wild-type TK16 was pre-cultured in 5 mL of YM broth at 30°C for 3 days
with reciprocal shaking at 170 strokes per minute (spm) until stationary phase. The
cultured cells were inoculated into 5 mL of YM broth cell dilution (ODgoo = 0.5) in a
20 mL-test tube and further cultivated at 37°C for another 3 days with reciprocal
shaking at 170 spm as a selection step. The cultures from 37°C were re-inoculated into
a fresh 5 mL of YM medium 30°C and grown for 3 days with reciprocal shaking at 170
spm as a recovery step. The repetition of the incubation at 37°C and recovery at 30°C
were then repeated to allow the thermotolerant mutants to become dominant in the
population. To evaluate the candidate mutants, the cells were serially diluted and
spotted on YM plates, then incubated at 37°C for 4—5 days. The cultures that could form
colonies on the YM plate at 37°C were considered as thermotolerant candidates. The
single colony from the cultures of the candidate thermotolerants were preserved in 15%
glycerol and stored at —80°C. The cultures which could not form colonies at 37°C on
YM agar plates were diluted and re-inoculated into fresh YM broth and proceeded to

the next round of selection until colonies could be observed after selection at 37°C.

6.3 Spot assay

Yeast cells were pre-cultivated in 5 mL of YM broth in a 20 mL test tube at 30°C
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for 2 days with reciprocal shaking at 170 spm. Pre-cultured cells at log-phase were
diluted and adjusted to ODgoo values of 1, 107!, 1072, 1073, and 10~* with sterilized water.
Four microliters of diluted sample was spotted on YM plates containing 30 g/L ethanol,
1.5 mM H>O», 250 g/L glucose, 180 g/L sorbitol, 60 g/L NaCl, or 40 g/L. dimethyl
sulfoxide (DMSO). The plates were incubated at assessed temperatures for 2—3 days.

The YM plates for heat challenge were incubated at 37°C for 4-5 days.

6.4 Cell growth analysis in liquid medium

The cells were pre-cultivated in 5 mL of YPD or YM broth at 30°C for 24 h with
reciprocal shaking at 220 spm. Then, the cell dilution [ODgoo = 0.1] was inoculated into
25 mL of YPD or YM broth in a 100 mL Erlenmeyer flask. The cells were pre-cultured
in YM broth and then inoculated in YM broth in Chapter 2 and 3. In Chapter 4, the cells
were pre-cultured in YPD broth and then inoculated in YPD broth. Afterward, the
cultures were incubated at 30°C for 48 h with reciprocal shaking at 170 spm. The value
of ODeoo was measured at set intervals until the growth reached the maximum ODsoo
value. In Chapter 3, the cell dilution [ODgoo = 0.1] was inoculated into 5 mL of YM
broth with 30 g/L ethanol, 4 mM H>0,, 250 g/L dextrose, 180 g/L sorbitol, 60 g/L. NaCl,
or 40 g/ DMSO in a 20 mL test tube. The cultures were incubated at 30°C for 48 h
with orbital shaking at 240 rpm. The 37°C cultivation temperature was applied for the

heat challenge samples.

6.5 Measurement of intracellular ROS

The intracellular ROS levels were evaluated by 2',7'— dichlorodihydrofluorescein
diacetate (DCFH-DA) (Cayman Chemical, Ann Arbor, MI, USA). The cells cultivated
under various stress conditions were collected and washed with distilled water twice.

The cells were then suspended in PBS (pH 7.4) with 50 uM of DCFH-DA to an ODsoo
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of 1.0 and incubated at 30°C for 1 h. Cells without DCFH-DA treatment were used as
background controls. After a 1 h incubation, the DCFH-DA-treated cells were collected
and washed with PBS twice. The cells were then suspended in PBS to an ODggo of 1.0.
A 150 pL aliquot of the cell suspension was loaded onto a 96-well microtitration plate
used for absorbance determination at a wavelength of 500 nm (Chen et al. 2010). The
absorbance values were determined by using an iMark™ Microplate Reader (BioRad,
Hercules, CA, USA). The absorbance values of the DCFH-DA-treated cells were

subtracted from those of the background controls without DCFH-DA treatment.

6.6 Cell wall lytic enzyme susceptibility

The cell wall rigidity was evaluated by the susceptibility of cells to Uzukizyme
(Wako, Osaka, Japan). The log-phase cells cultivated in YM broth at 30°C or 37°C after
stress treatments were diluted to an ODgoo of 1.0. One milliliter of diluted culture was
collected and washed with distilled water. The washed cells were then suspended in 1
mL of phosphate-buffered saline (PBS; 137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO4,
1.8 mM KH>POs) (pH 5.0). The same volumes of suspended cells and Uzukizyme (22.7
mg/mL in PBS buffer) were mixed and incubated at 40°C. The cells of control groups
without enzyme treatments in each experiment was incubated at 40°C. The value of
ODeoo was measured at 1-h intervals for 4 h. The cell density is shown as the ratio of

the ODeoo to that at time zero.

6.7 Lipid production

For lipid production, cells were firstly cultivated at nutrient medium for increase
cell number, the cultivated cells were then transferred into the nitrogen-limited medium
for lipid production. The detailed conditions of each experiments used in Chapter 2, 3,

4 were described below.
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In Chapter 2, the cells were pre-cultivated into 50 mL of YM broth in a 300-mL
flask and cultured at 30°C for 48 h with shaking at 170 rpm. The pre-cultivated cells
were harvested and washed once with sterilized water. The washed pellets were
transferred into 100 mL of nitrogen-limited medium in a 300-mL flask and incubated
at various temperatures with shaking at 150 rpm. In Chapter 3, nitrogen-limited broth
containing 30 g/L ethanol, 4 mM H>0., 320 g/L glucose, 180 g/L sorbitol, 60 g/L. NaCl,
or 40 g/L DMSO was used for lipid production under different stress conditions.
Evaluation of the lipid production of cells grown under dual and multiple-stress
conditions was conducted in nitrogen-limited broth containing 30 g/L ethanol combined
with 4 mM Hx0z, 320 g/L dextrose, 180 g/L sorbitol, 60 g/L NaCl, or 40 g/ DMSO.
The cells for the lipid production evaluation were pre-cultured in 5 mL of YPD broth
with shaking at 220 spm for 24 h until the early stationary phase, and then the pre-
cultured cells were harvested and resuspended in 5 mL of nitrogen-limited broth. The
resuspended cells were cultivated at 30°C or 37°C with shaking at 220 spm for 120 h.
In Chaper 4, the R. toruloides cells were pre-cultured cultivated in 5 mL of YM broth
with shaking at 220 spm for 24 h until the early-stationary phase. All the cells were then
transferred to 25 mL of YM medium and incubated at 30°C with agitation at 220 spm
for 24 h. The cultured cells were then collected and washed with sterilized water once.
Afterward, the washed cells were transferred into 25 mL of nitrogen-limited broth in a
100 mL e-flask at 30°C with reciprocal shaking at 220 spm for 120 h.

After being cultivated in nitrogen-limited medium, the grown cells were then
harvested and washed with distilled water twice, and the cell pellets were freeze-dried
until a constant weight was obtained. The dry biomass was determined gravimetrically,
and cell density was measured by ODeoo. The total lipids were extracted from the freeze-
dried samples and quantified by a gas chromatograph equipped with a flame ionization

detector (GC-FID).
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6.8 Analysis of fatty acid composition

For fatty acid analysis, the freeze-dried cells were firstly rehydrated and suspended
in 200 pL of distilled water, and then 3.75 ml of a chloroform-methanol mixture (1:2
volume) was mixed with suspended cells. 1.25 mL of chloroform with internal standard
haptadecanoic acid (C17:0) was then added to the mixture. Lastly, 1.25 mL of
chloroform was mixed. The lipids in the chloroform layer were separated by mixing
1.25 mL distilled water and centrifugation. The chloroform was removed by vacuum.
Extracted lipids were converted into fatty acid methyl esters by incubation with 1 mL
of methanol with 6% (v/v) H2SO4 at 80°C for 3 h. The fatty acid methyl esters (FAMEs)
were extracted by mixing 1 mL of petroleum ether. Lastly, the fatty acid methyl ester
samples were obtained by evaporation of the added petroleum ether.

The detailed conditions for FAME analysis are described as follows. In Chapter 2
and 3, the FAME samples were analyzed by a GC-353B gas chromatograph (GL
Sciences, Tokyo) equipped with a flame ionization detector and a capillary column (60
m X 0.25 mm x 0.25 um, TC-70; GL Sciences). The constant pressure of carries gas
helium was at 20 kPa. The injection and detection temperature were set to be 250 °C.
The column temperature started at 120°C for 2 min and then increased by 20°C/min up
to 160°C, where it remained for 2 min. The column temperature was then increased by
6°C/min until it reached 190°C for 1 min. At the last stage, the column temperature was
increased to 220°C by 20°C/min, and it remained at 220°C for 2 min. The injector
temperature was 250°C and the detector temperature was 250°C. The fatty acids were
identified and quantified by comparing their retention times with the fatty acid methyl
ester standard mixture. In Chapter 4, the FAME samples were analyzed by using a
GC2014 system (Shimadzu, Kyoto, Japan) with a TC-70 capillary column (0.25 mm

ID x 60 m, film thickness 0.25 pm; GL Sciences). Nitrogen was used as the carrier gas
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with the constant pressure at 20 kPa. The column temperature was set to start at 120°C
(2 min) then increased by 20°C /min up to 190°C (1 min) and 10°C/min up to 230°C (3

min). The temperature of the injector and the detector was set to be 250°C.

6.9 Lipid staining

The intracellular neutral lipids were stained by Sudan IV (Wako, Osaka, Japan),
and the Sudan IV stock solution (2 mg/mL in isopropanol) was prepared for later
experiments. The cells collected from the nitrogen-limited medium were washed with
phosphate-buftered saline (PBS) (pH 7.4), and resuspended with 200 pL of Sudan IV
staining mixture (Sudan IV stock solution, PBS and DMSO in a ratio of 10:9:1,
respectively). The samples were then incubated at 30°C for 40 min. Stained cells were
collected and washed twice with 500 uL of PBS. The washed cell pellets were then
resuspended in 10% formaldehyde-PBS solution and incubated at 30°C for 30 min for
fixation. The fixed cells were collected and washed with 500 uL of PBS again and then
resuspended in PBS buffer. The fixed cells were placed on a glass slide for further
microscopy observation. Microscopy images were obtained with an Axioskop 2

microscope (Zeiss, Oberkochen, Germany).

6.10 Bioinformatics analysis

The amino acid sequences of A9-Fads and A12-Fads were retrieved from GenBank
(National Center for Biotechnology Information, Bethesda, MD, USA). The phylogeny
was reconstructed with MEGA X software (Kumar ef al. 2018) by a neighbor-joining
algorithm with bootstrap support from 1,000 replicates as a measure of statistical
reliability. The retrieved amino acid sequences of various species were compared using

multiple sequence alignment web server T-Coffee (http://tcoffee.crg.cat).
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6.11 Plasmid construction

The genomic and gene coding sequence (CDS) of RtFAD2 from R. toruloides
NBRC8766 was cloned into pGEM T-Easy vectors from extracted genomic DNA and
cDNA samples for the following experiments. The CDS of RtFAD2 was amplified with
the primers (RtFAD2-HindIII-F and RtFAD2-EcoRI-R) (Table 6.17) by PCR using
KOD-Plus-NEO DNA polymerase (Toyobo, Osaka, Japan), and cloned into pYES2
vector under the control of GALI promoter. The constructed plasmid was then named
pYES2- RtFAD? for functional identification in S. cerevisie (Fig. 6.11 A and Table 6.17).

The expression cassette for target gene overexpression in R. foruloides strains was
obtained from the previous study (Tsai ef al. 2019). The genomic sequence of RtFAD?2
was prepared by the aforementioned PCR method with the primer pairs (RtFAD2-BglII-
F and RtFAD2-Ndel-R) (Table 6.17) and ligated into the overexpression cassette in
plasmid after restrictive enzyme digestion. The prepared plasmid was named pPGPD-
ShBle-PGPD-genomic RtFAD2-TGPD (Table 6.17). For the RtFADI and RtFAD?2 co-
expression experiments, the PGPD-ShBle selective marker was replaced with a codon-
optimized hygromyecin resistant gene (/yg) in a retrieved plasmid with overexpression
cassette of genomic RtFADI (pPGPD-ShBle-PGPD-gRtFAD1-TGPD). Briefly, the Hyg
and GPDI promoter fragments were amplified by two primer pairs respectively (Hyg-
NEB-F and Hyg-NEB-R; RtGPDI-NEB-F and RtGPD1-NEB-R) (Table 6.17), and
assembly with a commercial NEBuilder® HiFi DNA Assembly Cloning Kit (NED,
Massachusetts, United State). The resultant PGPD- SeHyg fragment was then cloned
into pPGPD-ShBle-PGPD-gRtFAD1-TGPD to replace the PGPD-ShBIe by EcoRI site.
The resultant plasmid was then named pPGPD-Hyg-PGPD-gRtFAD1-TGPD (Table

6.17). The pPGPD-ShBle-PGPD-gRtFAD1-TGPD and pPGPD-Hyg-PGPD-gRtFAD1-
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TGPD were used for preparing overexpression cassettes for target gene expression in

R. tourloides strains (Fig. 6.11B).

RtFAD2-pYES2 overexpression plasmid

Hindlll EcoRI

RtFADZ2 CDS sequence CYClter j
URA3

GAL1: S. cerevisiae galactokinase 1;

CYC1: S. cerevisiae cytochrome b-c1 complex subunit 4;
RtFAD2: R. toruloides A12-fatty acid desaturase;

URA3: S. cerevisiae orotidine 5'-phosphate decarboxylase

PYES2 backbone

Fig. 6.11A Construction of RtFAD?2 overexpression vector in pYES2 plasmid for

heterologous expression in S. cerevisiae
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RtFAD1overexpression cassette in pGEM T-Easy plasmid

T7 promoter
direction EcoRl EcoRl BamH]| Ndel

—_—
—l- Hyg J-- RtFAD1 gDNA sequence GPDIter

pGEM T-Easy backbone

RtFAD2 overexpression cassette in pGEM T-Easy plasmid

T7 promoter
direction Bglll/BamHl scar Ndel

—- ShBle —- RtFAD2 gDNA sequence GPDiter |

pPGEM T-Easy backbone

GPD1: R. toruloides glycerol-3-phosphate dehydrogenase 1; RtFAD1: R. toruloides A9-fatty acid desaturase;
ShBle:S. hindustanus Bleomycin resistant gene; RtFAD2: R. toruloides A12-fatty acid desaturase;
Hyg: codon optimized hygromycin B resistant gene;

Fig. 6.11B 11 Constructions of RtFADI and RtFAD2 overexpression cassettes in

pGEM T-easy vector for gene expression in R. foruloides.

6.12 Functional expression in S. cerevisiae

The S. cerevisiae BY23849 was transformed by a lithium acetate method (Kawai
et al. 2010). Successful transformants were selected on SD-Ura agar plates and verified
by PCR with extracted genome. All the resultant transformants were listed in Table 6.17.
The yeast transformants were grown in 5 mL SD-Ura liquid medium at 30°C for 24 h
with shaking at 170 spm and then transfer to 5 mL SD-Ura liquid medium containing
20 g/L raftinose and 5 g/L glactose for further 72 h with shaking at 170 spm at 30°C.
The cultured yeast cells were harvested and washed twice using sterilized water. Total

lipids of yeast cells were extracted, esterified and analyzed by GC-FID system.
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6.13 Yeast transformation

The transformation method of R. foruloides stains was performed by a modified
lithium acetate method (Tsai et al. 2018). Briefly, yeast cells were pre-cultured in 5 mL
of YM broth at 30°C for 16 h at 170 spm, and then the cell dilution [ODsoo = 1.0] was
inoculated into 25 mL of YM broth with 50 uM of hydroxyl urea at 30°C for 3 h at 170
spm. After 3 h-incubation, 4.5 mL of cultured cells were harvested and washed with
Tris-EDTA (TE) bufter (10 mM Tris—HCI, pH 8.0, and 1 mM EDTA) once. The washed
cells were then resuspended in 100 pL of transformation mixture (35% polyethylene
glycol-4000, 100 mM lithium acetate, 10 mM Tris—HCI at pH 4.9, and 1 mM EDTA)
with a linear DNA fragment and 10% (v/v) DMSO. The transformation mixture was
incubated without agitation at 30°C for 3 h and treated by heat shock at 37°C for 5 min.
The treated mixture was cooled down to room temperature and recovered by the
addition of 900 pL of YPD broth. The recovered cells were cultured at 30°C for 16 h at
170 spm. The 200 pL of yeast cells were spread onto YPD agar plates containing 150
pug/mL of Zeocin or 100 pg/mL hygromycin B and incubated at 30°C for 2—-3 days until
the visible colonies appeared. Successful transformants were selected on agar plates

with corresponding antibiotics and verified by PCR with extracted genome.

6.14 Real-time PCR analysis

The cells cultivated in nitrogen-limited medium at 30°C with shaking at 220 spm
were collected at 0 and 120 h. The total RNA was extracted by the phenol/chloroform
method (Collart et al. 1993). cDNA was synthesized from extracted RNA by using a
SuperScript IV VILO Master Mix (Invitrogen, Massachusetts, USA). Real-time
quantitative PCR (qQRT-PCR) was performed using Thunderbird SYBR qPCR Mix
(Toyobo, Osaka, Japan) and StepOne™ Real-Time PCR System (Applied Biosystems,

California, U.S.A.). All the primers used for qRT-PCR are listed in Table 6.17. Gene
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expression data were analyzed using the comparative Ct (AACt) method (Livak et al.
2001). Gene expression ratios were normalized to internal control RtURA3 gene using
the 2722 method and determined by the following equations: ACt = Ct (target gene) —

Ct (RtURA3).
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Table 6.17 Strains for lipid production and primers for plasmid construction and real-time PCR

Strain or primer

Description (genotype/feature) or sequence (5'-3")

Source or feature

Strains
NBRC8766
BY23849
BY 23849 + vector
BY23849 + RtFAD2
TK16
TK16 + RtFAD2
TK16 + RtFAD1 + RtFAD2
L1-1
L1-1 + RtFAD2
L1-1 + RtFAD1 + RtFAD2

Primers
RtFAD2-HindllI-F
RtFAD2-EcoRI-R
RtFAD2-Bglll-F
RtFAD2-Ndel-R
Hyg-NEB-F
Hyg-NEB-R
RtGPD1-NEB-F

R. touloides NBRC8766 (diploid)

S. cerevisiae BY23849 (MATa., leu240 ura340 his341 metl540)
BY23849/pYES2 empty vector

BY23849/pYES2-RtFAD2

R. touloides DMKU3-TK16

TK16/Pcpp-ShBle-Pgpp-gRtFAD2-Tepp
TK16/Pcpp-Hyg-Pepo-gRtFAD1-Tepo/Pero-ShBle-Pepp-gRtFAD2-Tepp
R. touloides L1-1

L1-1/Pgpp-Ble-Ppo-gRtFAD2-Teep
L1-1/Pgpp-Hyg-Peero-gRtFAD1-Tepo/Pero-ShBle-Pepo-gRtFAD2-Teerp

GTTTTAAGC TTATGG CCG CCACCCTCCGCCA
GTTTTG AAT TCC TAG AGT CCC TCG ACG CCC GAG
GTTTTAGAT CTATGG CCG CCACCCTCCGCCA
GTTTTC ATATGC TAG AGT CCC TCG ACG CCC GAG
CCA GAT CAC TCA CAA ATG AAG AAG CCG GAG CTC
GAATTC ACT AGT GAT CTACTC CTT GGC GCG

ATC ACT AGT GAATTC GCG GCG

95

NBRC collection
NBRP-Yeast collection
This study

This study

Kraisintu et al., 2010
This study

This study

Wou et al., 2018

This study

This study

Plasmid construction
Plasmid construction
Plasmid construction
Plasmid construction
Plasmid construction
Plasmid construction
Plasmid construction



RtGPD1-NEB-R

RtURA3-gqPCR-F
RtURA3-gPCR-R
RtFAD1-gqPCR-F
RtFAD1-gPCR-R
RtFAD2-gPCR-F
RtFAD2-gPCR-R

TTGTGAGTGATCTGG TGT TGT TC

ACG CAATAATGC TTG TGC AG

AGC GAT CTCTCT CCC TCT CC
CCGGTTTCATCC ACGATGTCAGC

CTG AGACCGCCCAAGAGGTTGGTTTC
GTC GTT CCG CAACCCCAAG

CCA AAG GCG ACG AGG AGG

Plasmid construction
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
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