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Chapter I. General introduction

1.1. Introduction

Unsaturated fatty acids are the essential components of higher eukaryotic
cells (Ward and Singh, 2005). The unsaturated fatty acid omega-3 (w-3)
consists of a-linolenic acid (C;sH300,, ALA), eicosapentaenoic acid (C,oH300,,
EPA), and docosahexaenoic acid (C;H3,0,, DHA). ALA can lower blood
cholesterol levels and thus reduce the risk of cardiovascular diseases and
protect the function of the arteries (Brenna et al., 2009). EPA promotes blood
cholesterol and triglyceride levels to decrease and suppresses blood clot
formation while also stimulating brain function. It is effective in the
prevention of diseases, such as arteriosclerosis and lung diseases (Simopoulos,
1991). DHA is one of the major components of the membranes of all cell
types and is primarily found in the brain and retina. Additionally, it is one
of the important components of the brain (Swanson et al.,, 2012). Currently,
the major source of EPA and DHA is marine fish, such as mullet, salmon,
and mackerel (Adarme-Vega et al, 2012). However, overfishing has
exponentially increased since the 1980s worldwide. Therefore, the use of fish
as the unsaturated fatty acid resource is no longer a sustainable option
(Ryckebosch et al, 2014). Consequently, microalgae have increasingly
attracted attention due to their EPA and DHA contents.

Microalgae are unicellular photosynthetic organisms that grow by using sun
light and carbon dioxide and produce lipids that can be applied as biofuels,
food, feed, and high value bioactive agents based on nutrient sources such as

nitrogen, phosphorus, and gallium (Wu et al, 2017; Hoekman., 2012;



Shimizu., 1996). Microalgae grow rapidly fix carbon dioxide 10-50 times
more efficiently than land plants (Tredici.,, 2010; Li et al., 2008; Lam et al.,
2012). Among different microalgal species, Paviova lutheri, Chlorella vulgaris,
and Porphyridium cruentum were used in this study. P. [lutheri and C.
vulgaris have a high lipid content of 30%-40% per dry cell weight and are
suitable for commercial use with lipids (Ryckebosch et al., 2014; Liang et
al., 2009). In addition, P. [lutheri and P. cruentum produce high content of
unsaturated fatty acid and contain omega-3 fatty acids such as EPA and
DHA (Ryckebosch et al., 2014).

Microalgal growth and lipid production are affected by various physical
and chemical stresses as well as environmental conditions. Temperature
(Renaud et al., 2002), nutrients (Yang et al., 2011), light intensity (Cheiirsilp
et al, 2012), salt concentration (Takagi et al, 2006), L/D photoperiod cycle
(Wahidin et al., 2013), and LED wavelengths (Ra et al., 2016) affect the
biomass and lipid production of microalgae. When C. vulgaris was cultured
under LED light emitted at appropriate wavelengths, the biomass yields
increased when light was emitted at red (660 nm) wavelength (Yan et al.,
2013).

Optimum light wavelength using light emitting diodes (LEDs) in the
narrow spectrum band is essential for microalgal culture (Teo et al., 2014).
The advantage of LEDs is low energy consumption and low heat generation
with sufficient light emission to facilitate maximum growth of heat sensitive
microalgae. LEDs have a longer life than fluorescent lamps and has high
conversion efficiency (Chen et al.,, 2011). The lifetime of LEDs is 500% and

941% longer than that of a fluorescent light. LEDs can emit uniform light to



the bioreactor owing to the dispersion of lights, and microalgae can be
cultured by adjusting light intensity (Teo et al.,, 2014).

Most microalga strains have been isolated and cultured under controlled
conditions for efficient cultivation. Photobioreactors (PBRs) can adjust the
culture conditions for microalga strains and control the metabolism of
microalgae (Sierra et al., 2008). Bioreactors with light-emitting diodes (LEDs)
have been used for the efficient cultivation of microalgae. However, it is not
clear whether the LED chip can supply enough light energy that can
penetrate the 20-mm thick bioreactor wall and enter into the chamber (Taisir
et al., 2016; Sirisuk et al., 2018b). To solve this issue, an internal light
illumination source was installed in this study. Optimization of the LED light
intensity and photoperiod improve lipid accumulation as well as the growth
of microalgae (Jung et al., 2019).

In chapter 2 study, cell growth and lipid production were improved
through two-phase culture system using wavelength stress. Two-phase culture
system produced the highest biomass in the first phase culture and provide
light that can not be absorbed by wavelength stress when reaching the
stationary phase, leading to high lipid production and efficient results (Ra et
al., 2016). In the following two-phase culture system, microalgaec grew to
blue (465 nm), red (625 nm), and green (520 nm) LED wavelengths to
produce maximum biomass. In the second phase, yellow (590 nm), green
(520 nm), and red (625 nm) LED wavelengths stresses were applied to
increased lipid production. This study aimed to improve cell biomass
production in the first phase and lipid production in the second phase by

applying a two-phase culture system, and ultimately increase the content of



unsaturated fatty acid. The first trial of culture was performed to determine
optimum nitrate concentrations for the three microalgae, namely as P. lutheri,
C. vulgaris and P. cruentum. After optimizing the nitrate concentration, the
first phase of the second experiment was carried out, by employing the
wavelengths of the LED light determined during the first trial, in order to
increase cell biomass. This experiment facilitates an increase in lipid
production during the second phase of culture when the microalgae could not
absorb LED light stress. Therefore, when microalgae are cultured in a
two-phase culture system, lipid production can be increased in second phase
culture compared with the lipid production in the first phase culture (Figure
1).

In this study, a two-phase culture system involving 14-L PBRs was used
for the cultivation of P. cruentum. The first phase comprised the green (520
nm) LED to increase the biomass production, and then the LED wavelength
was switched to red (625 nm) during the second phase to stimulate lipid
accumulation. The optimization of the aeration rate, light intensity, and
photoperiod increased the biomass production, while the optimization of the
light intensity, photoperiod, and pH increased the lipid accumulation. Finally,

the effect of pH on the accumulation of ®-3 fatty acids was evaluated.



First phase culture for the production of biomass

0 Air filter Air filter

Aeration pump Aeration pump Aeration pump

Paviova lutheri Chlorella vulgaris Porphyridium cruentum

Second phase culture for the accumulation of lipid
0 Alir filter ) Air filter

2 Air filter

Aeration pump Aeration pump Aeration pump

Paviova lutheri Chlorella vulgaris Porphyridium cruentum

Figure 1. Graphical views of two-phase culture system setting. LED panels with
dimensions of 28.5x38.6 x4.4 cm’ (Luxpia Co. Ltd., Suwon, Korea) were arranged
in strips in this experiment. Each LED strip comprised 10 diodes spaced vertically
and 20 diodes spaced horizontally at I-cm intervals. The LED light panel is
composed of red, yellow, green, blue, and purple. (A)-(C) first phase cultures and
(D)-(F) second phase culture system. (A) and (D), (B) and (E), and (C) and (F) are

Paviova lutheri, Chlorella vulgaris, and Porphyridium cruentum, respectively.
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Chapter II. Lipid and unsaturated fatty acid productions
from three microalgae using nitrate and light emitting diodes
with complementary LED wavelength in a two-phase culture

system

2.1. Materials & methods

2.1.1. Microalgae and culture conditions

Paviova lutheri, Chlorella vulgaris, and Porphyridium cruentum were
obtained from the Korea Institute of Ocean Science & Technology (Southern
Sea Research Institute of Korean Institute of Ocean Science and Technology
(KIOST), Geoge-si, Korea) and cultured under LED light emitted at various
wavelengths, as shown in Figure 2. The algae were pre-cultured for 12 days
in sterilized seawater supplemented with a modified F/2 medium containing
75 mg NaNOs;, 5 mg NaH,PO4H,O, 436 mg NaEDTA, 3.15 mg
FeCl;-6H,O, 0.02 mg MnCl-4H,O, 0.02 mg ZnSO47H,O, 0.01 mg
CoCl,-6H,0, 0.01 mg CuSO45H,O, 0.006 mg NaMoOs2H,O, 30 mg
Na,Si0;, 0.2 mg thiamine-HCI, 0.01 mg vitamin B;,, and 0.1 mg biotin per
liter (Guillard and Ryther., 1962). The initial cell density was 1x 10°cells/mL.
The three abovementioned strains were cultured at a temperature of 20C and,
light intensity of 100 pmol/m*/s under a photoperiod cycle of 12:12h L/D
(Ra et al, 2016). Sodium nitrate was used as the nitrate (Rananan et al,
2013) and concentration were set at 80 mg/L, 160 mg/L, 240 mg/L, and 320

mg/L.
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©) D) =

(E) B (F)

C. valgaris (CV) P. lutheri (PL) P cruentum (PC)

Figure 1. Photographs of microalgae cultured under different wavelengths; C. vulgaris
(CV), P. lutheri (PL), and P. cruentum (PC), respectively. Cell culture was
carried out under (A) fluorescent light as a control, (B) purple (400 nm),
(C) blue (465 nm), (D) green (520 nm), (E) yellow (590 nm), and (F) red
(625 nm) LED wavelengths.
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2.1.2. LED wavelengths for microalgal culture

LED panels with dimensions of 28.5x38.6x4.4 cm’ (Luxpia Co. Ltd,
Suwon, Korea) were arranged in strips in this experiment. Each LED strip
comprised 20 diodes spaced vertically and horizontally at 1-cm intervals. LED
wavelengths used for the growth of microalgae were purple (400 nm), blue
(465 nm), green (520 nm), yellow (590 nm), and red (625 nm). The light
intensity was measured using a light sensor (TES-1339; UINS Ins., Busan,
Korea) at the centerline of the flask filled with culture medium. The control
culture was maintained for 17 days under fluorescent light, not natural solar
light. Natural solar light is more economical than fluorescent light. However,
since the light intensity and the photoperiod are not controllable, the
reproducibility of the experiment is degraded and can not be performed in

comparison to other conditions such as LED wavelength (Borowitzka., 1999).

2.1.3. Measurement of microalgal biomass growth

Dry cell weight was determined wusing  an ultraviolet - visible
spectrophotometer (Ultrospec 6300 Pro; Biochrom Ltd., Cambridge, UK) at an
optical density of 680 nm (ODsgs) and 540 nm (ODs4) (Collos et al., 1999;
Maksimova et al., 2000).

The correlation between the optical densities (680 nm and 540 nm) of the

three microalgae and their dry cell weights was determined by Eq. (1 - 3);

Dry cell weight of P. lutheri (g dew/L) = 0.35(0Dggo) (R*=0.99) Eq.(1)
Dry cell weight of C. vulgaris (g dew/L) = 0.41(ODgso) (R*=0.98) Eq.(2)
Dry cell weight of P. cruentum (g dew/L) = 0.77(ODsy) (R*=0.99) Eq.(3)

-12 -



2.1.4. Total lipid measurement

Cell harvesting was carried out by centrifuging (Supra R22; Hanil Scientific
Inc., Gimpo, Korea) at 9,946 x g for 10 min and washed twice using
distilled water. The cell biomass was dried using a freeze dryer
(SFDSM-24L; SamWon Industry, Seoul, Korea). Subsequently, 5 mL of
distilled water was added to 10 mg of the dried cell biomass, and cells were
sonicated for 10 min wusing a sonicator (100 W, 20 kHz, 550 Sonic
Dismembrator; Fisher Scientific Inc., Pittsburgh, PA, USA). The total lipid
content was determined using methanol and chloroform following a modified

solvent-based method (Blight and Dyer., 1959), as shown in Eq. (4);

(W, — W,) %100
Lipidcontent (% of dew) = DOW Eq. (4)

where lipid content is the cellular lipid content of the microalgae (% of
DCW). W, (g) is the weight of an empty 20-mL glass tube and W, (g) is
the weight of a 20-mL glass tube containing the extracted lipid. DCW (g) is

the dried microalgal cell biomass.

2.1.5. Fatty acid methyl ester measurement

The direct transesterification method (Dhup and Dhawan., 2014) was used
to convert extracted lipids to FAMEs. FAMEs were then analyzed using gas
chromatography (GC, YL 6100; Young Lin Inc.,, Anyang, Korea) by
employing a flame ionization detector (FID) and a silica capillary column (30
m x 0.32 mm x 0.5 um; HP-INNOWAX; Agilent Technologies, Santa Clara,

CA, USA). The column temperature adjustments were as follows: 140C for
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5 min followed by a temperature increase to 240C at 5C/min, which was
subsequently maintained for 10 min. The injector and FID temperatures were
set at 250C. FAMEs were identified by comparing their retention times

against those of authentic standards.

2.1.6. Statistical analyses

Each experiment was conducted in triplicate. The statistical significance of
cell biomass and lipid content was evaluated by one-way analysis of variance
(ANOVA) and Duncan’s multiple range test (P < 0.05) using SPSS software
(ver. 23.0; SPSS Inc., Chicago, IL, USA).
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2.2. Results and Discussion

2.2.1. Effect of nitrate concentration on cell growth

P. lutheri, C. vulgaris, and P. cruentum were cultured in 2-L flasks with a
1-L working volume at 20C and at an aeration rate of 2.5 L/min. Nitrate
concentration of microalgae was controlled to determine optimal biomass
production. Nitrate concentrations of 80 mg/L, 160 mg/L, 240 mg/L, and 320
mg/L were prepared for cultures with a fluorescent light intensity of 100 n
mol/m%s. Figure 2(A), (B), and (C) demonstrates that P. [utheri, C. vulgaris
and P. cruentum cultured at nitrate concentration of 160 mg/L, 240 mg/L,
and 160 mg/LL showed maximum biomass production levels of 0.93 g dcw/L,
1.13 g dew/L, and 1.25 g dew/L, respectively, over 15 days. Increase in
nitrate concentration resulted in higher cell biomass production. For the
cultures of Phaeodactylum tricornutum, Dunaliella tertiolecta, and Isochrysis
galbana, nitrate concentration contributing to generation of maximum biomass
were different (Jung et al., 2018). Here, P. lutheri and P. cruentum showed
maximum biomass production at the same nitrate concentration of 160 mg/L,
whereas the nitrate concentration required for facilitating. Maximum biomass
production by C. vulgaris was different, i.e., 240 mg/L. A further increase in
nitrate concentration to 160 mg/L for P. [lutheri and P. cruentum led to a
reduction in biomass production levels; C. wvulgaris also showed the same
trend for nitrate concentration exceeding 240 mg/L, as shown in Figure 2
(A), (B), and (C). This indicates that high concentrations of nitrate have an
inhibitory effect on algal growth. Microalgae increase the activity of nitrate
reductase at high concentrations of nitrate, leading to an enhanced production

of nitrite and ammonia; thus, the accumulated nitrite and ammonia may act
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as inhibitory compounds in biomass production (Jeanfils et al, 1993; Ra et

al., 2016).
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Figure 2. Biomass production by various initial nitrate concentrations and fluorescent
light intensity of 100 pumol/m?%s. (A) P. lutheri, (B) C. vulgaris, and (C)

P. cruentum.
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2.2.2. Effects of LED wavelengths on cell growth and lipid
accumulation in the first phase of culture

Figure 3 show the complementary LED wavelengths. The complementary
wavelength was based on complementary color. A complementary color is a
pair of colors that make up the color contrast. It is a complementary color to
each other in the color wheel. Using complementary colors, the difference
between the two colors is called complementary color contract (Bruno et al.,
2005).

An important factor in determining the optimal photosynthetic activity of
microalgae is the wavelength. Cell growth and lipid production in microalgae
are affected by LED wavelengths. The LED lights were emitted at the
following wavelengths: purple (400 nm), blue (465 nm), green (520 nm),
yellow (590 nm), and red (625 nm). Fluorescent light was used for the
control culture.

Figure 4 shows dry cell weight achieved using the purple (400 nm) to red
(625 nm) wavelengths at optimal nitrate concentrations of 160 mg/L for P.
lutheri and P. cruentum, and 240 mg/L nitrate for C. vulgaris. Figure 4(A)
show that among these wavelengths, blue LED wavelength facilitated P.
lutheri to produce the highest biomass of 1.09 g dcw/L on day 14, followed
by purple LED (0.99 g dcw/L), red LED (0.98 g dcw/L), fluorescent light
(0.89 g dcw/L), green LED (0.86 g dcw/L), and yellow LED (0.62 g dcw/L).
These results indicated that the use of blue LED wavelength as a light
source could enhance the biomass production by P. [lutheri. Phaeodactylum
tricornutum, a brown-colored microalgae similar to P. [utheri, showed the

highest biomass production under blue LED (Costa et al, 2013). This is
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because P. tricornutum possesses chlorophyll a, chlorophyll cl+c2 and
fucoxanthin as primary pigments and some carotenoids that absorb blue light
(Kosakowska et al., 2004). Thus, for P. [utheri, blue LED wavelength was
chosen as the wavelength for biomass production in the first phase of culture.

Figure 4(B) shows that C. vulgaris produced maximum biomass at 1.23 g
dew/L on day 14 under red LED wavelength, followed by blue LED (1.15 g
dew/L), fluorescent light (1.10 g dew/L), purple LED (1.06 g dcw/L), yellow
LED (1.04 g dcw/L) and green LED (0.88g dcw/L). Therefore, red LED
wavelength was used to increase the biomass production of C. vulgaris. This
result is consistent with that reported (Yan et al, 2013). When C. vulgaris
was cultured at various wavelengths of red, white, yellow, purple, blue and
green LEDs, C. vulgaris generated the highest biomass under red LED. The
reason for this is that C. vulgaris, green microalgae, possesses chlorophyll a,
chlorophyll b and the accessory pigment carotenoid for photosynthesis and
that all chlorophylls have a maximum absorption band at red (600-700 nm)
and blue (400-500 nm) wavelengths (Kubin et al, 1983). Thus, red LED
wavelength was a suitable wavelength for biomass production of C. vulgaris
in the first phase of culture.

The main carotenoids of microalgae with various LED wavelength
produced different amounts of biomass. The supply of undesired wavelengths
to carotenoids caused in photo-oxidation, reduction of photosynthesis, and
decrease of cell division leading to a reduction of biomass production
(Severes et al.,, 2017). However, proper light with desired wavelengths to
main carotenoids of microalgae increases the activity of cell and biomass

production (Duarte et al., 2019).
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Figure 4(C) shows that P. cruentum yielded the highest biomass at 1.28 g
dew/L under green LED wavelength, following by purple LED (1.23 g
dew/L), blue LED (1.23 g dcw/L), fluorescent light (1.22 g dew/L), yellow
LED (1.20 g dew/L) and red LED (1.17 g dcw/L). Similar biomass
production levels were also achieved by Porphyridium purpureum at the
abovementioned wavelengths (Coward et al., 2016). P. purpureum is a red
microalga belonging to the same genus as P. cruentum. P. purpureum showed
the highest biomass production under green LED among red, green, blue
wavelengths as well as on being exposed to a combination of red, green, and
blue. According to these results, P. cruentum was cultured for increasing
biomass production at green LED wavelengths. Phycobiliprotein has been
reported to be a major harvest pigment of red microalgae. Phycobiliprotein is
mainly composed of phycoerythrin and small amounts of phycocyanin and
allophycocyanin (Guiheneuf and Stengel., 2015). Phycoerythrin absorbs light
efficiently at green wavelength with a range of absorption bands of 450-600
nm (Coward et al., 2016). Thus, green LED wavelength was selected as a
suitable wavelength for biomass production of P. cruentum in the first phase
of culture.

According to the results of Figure 4, the brown microalgae P. lutheri, the
green microalgae C. vulgaris, and the red microalgae P. cruentum generate
the highest biomass yields in complementary LED wavelength to the
microalgae color blue (465 nm), red (625 nm) and green (520 nm) LEDs,
respectively. This indicates that the microalgae were able to increase

absorption of light at complementary LED wavelengths.
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565 - 590 nm

Figure 3. Complementary wavelength of LED lights. When complementary lights with
opposite light colors are overlapped, the light color becomes white (Bruno

et al., 2005).
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Figure 4. Biomass productions under different LED wavelengths during the first phase

of culture (A) P. lutheri, (B) C. vulgaris and (C) P. cruentum.
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Figure 5 shows the lipid content on day 14 of the first phase of culture.
P lutheri showed the highest lipid content at 52.0% (w/w) under yellow
wavelength as same wavelength of the cell color. C. vulgaris showed the
highest lipid content at 50.5% (w/w) under green LED wavelength. P
cruentum showed the highest lipid content at 36.7% (w/w) under red LED
wavelength. The highest lipid production can be obtained at the wavelength
that generates the lowest biomass. Lipid production is occurred by protein
and carotenoid biodegradation. As a results, photosynthesis does not occur
and the biomass production is low (Chen et al., 2017). Microalgae
accumulates lipids under stress condition because they reflect light without
absorbing it (Jung et al., 2019). Lipid accumulation is induced by energy
imbalance of microalgae and the exposure to stress factor. In addition, cells
produced lipid from self-defense mechanisms by photo-oxidation of light
(Shin et al., 2018). The lipid production was carried out by the enzymatic
synthesis of ' ribulose bisphosphate carboxylase/oxygenase (RuBPCase) and
carbonic anhydrase (Roscher and Zetsche., 1986). Thus, yellow, green, and
red LEDs were selected as optimal wavelengths for lipid production in the
second phase of culture of P [lutheri, C. vulgaris and P cruentum,

respectively.

_23_



60

[ Fluorescent light
—_ a A [ Purple
= bT il [ Blue
D 50 4 b I B [ Green
2 Trc c C T 1 Yellow
= T CDy DE [ Red
= i J- e
o 1
Q 40+ I -
E. 23 % 3 I
237 T3
(=] e AF I
s ir
O 30
&
‘.2 Il
@ 20
=2
=
Q
Q
-c =
= 10
-
0 T T g T
P.lutheri C.vulgaris P.cruentum

Figure 5. Lipid production at different LED wavelengths during the end of the first
phase of culture to enable wavelength selection during the second phase of
culture. Different letters and numbers indicate significant differences (P <
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2.2.3. Biomass and lipid production by two-phase culture

The two-phase cultures of microalgae were carried out under optimal nitrate
concentrations and LED wavelengths as shown in Figure 6.

Figure 6(A) shows the two-phase culture for biomass and lipid production
by P. lutheri. P. lutheri used blue (465 nm) LED wavelength in the first
phase of culture for biomass production and yellow (590 nm) LED
wavelength in the second phase of culture for lipid production. The second
phase of culture was started on day 14. Red (625 nm) LED wavelength was
used for the first phase of culture of C. vulgaris for biomass production and
green (520 nm) LED wavelength was used for the second phase of culture
for lipid production. Green (520 nm) LED wavelength was used for biomass
production by P. cruentum in the first phase of culture, while red (625 nm)
LED wavelength was used in the second phase for lipid production.

LED light stress in the second phase of culture was exerted for 3 days to
determine the optimum culture time to obtain maximum lipid content. The
lipid content of P. lutheri cultured in two-phase culture was shown in Figure
6(B). On day 2 of the second phase of culture, P. [utheri generated the
highest lipid content at 49.1% under yellow LED, while C. vulgaris and P.
cruentum generated the highest lipid content at 46.2% and 37.8%under green
and red LED wavelengths, respectively. Under stress-induced conditions, lipid
content was highest on day 2 and slightly decreased on day 3. Day 3 is
associated with excessive and prolonged stresses that decrease lipid
production. Stress is required to generate high lipid content. However, the
duration of light exposure increases, the lipid production decreases due to

oxidative stress (Lucas et al., 2013). Similar results were reported regarding
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the effect of green wavelength stress on lipid synthesis in Nannochloropsis
oculata, Nannochloropsis salina, and Nannochloropsis oceanica (Ra et al.,
2016). The results revealed that lipid production could be improved in the
second phase of culture when LED light under stress-induced condition was
employed in the two-phase culture. According to these results, the
abovementioned condition is critical to increase lipid production in the

two-phase culture.
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Figure 6. Microalgal culture under blue, red, and green LED wavelengths for biomass
production and under yellow, green, and red LED wavelengths for lipid
production by P. lutheri, C. vulgaris, and P. cruentum, respectively. (A)
Two-phase cultures of P. lutheri, C. vulgaris, and P. cruentum involving
biomass production in the first phase and lipid production in the second
phase and (B) lipid production by the three microalgae under LED
wavelength-induced stress at the stationary phase of the second phase of
culture. The vertical line in (A) indicates the start of the second phase of
the cultures. Different letters indicate significant differences in lipid content

(P < 0.05, Duncan’s test).
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2.2.4. Effect of LED wavelength on fatty acid composition in lipids
produced from 3 microalgae

Table 1. presents fatty acid composition of P. [lutheri, C. vulgaris, and P.
cruentum cultures. Table 1(A) shows the fatty acid composition at the end of
the first phase of culture, and Table 1(B) shows the fatty acid composition
on day 2 of the second phase of culture. As shown in Table 1(A), all three
microalgae contain the highest stearic (C18:0) acid content, ranging from
34.25% (w/w) to 43.77% (w/w) for P. lutheri, 47.26% (w/w) to 63.47%
(w/w), C. vulgaris; and 45.64% (w/w) to 56.76% (w/w), P. cruentum. The
most common components of biodiesels are palmitic acid (C16:0), palmitoleic
acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2)
methyl esters (Ramos et al, 2009). Stearic acid (C18:0) could be used as a
biodiesel because of its high cetane number (Knothe et al., 2003). As shown
in Table 1(B), the content of unsaturated fatty acids in the three microalgae
after the second phase of culture was higher than that in the first phase of
culture. In the second phase of culture, the highest unsaturated fatty acid
content of P. lutheri, C. vulgaris, and P. cruentum was determined to be
55.64% (w/w), 45.91% (w/w), and 43.38% (w/w) on being exposed to
yellow, green, and red LED wavelengths, respectively. This suggests that
unsaturated fatty acid content was increased wunder stress-induced by

wavelength radiation during the second phase of culture.
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Table 1. Composition of fatty acid methyl esters (FAMEs) as fatty acids in P. [utheri,
C. vulgaris, and P. cruentum cultured under purple, blue, green, yellow, and red LED
wavelengths and under fluorescent light.

(A) First phase in which the three microalgae were cultured under purple (400 nm),
blue (465 nm), green (520 nm), yellow (590 nm), and red (625 nm) LED
wavelengths as well as under fluorescent light for 14 days.

(B) Second phase in which the three microalgae were cultured under purple (400
nm), blue (465 nm), green (520 nm), yellow (590 nm), and red (625 nm) LED
wavelengths as well as under fluorescent light on day 2 of the second phase. The
LED wavelengths used during the first phase of culture of P lutheri, C. vulgaris,

and P. cruentum were blue, red, and green, respectively.

A)

Free fatty acid Pavieva Iutheri Chiorella vulgaris Porphyridinm cruentum
(% of total fatty acid)
Purple Blue Green Yellow Red Flu Purple Blue Green Yellow Red Flu Purple Blue Green Yellow Red Flu
Miyristic acid (C14:0) 619 693 370 357 682 432 014 016 006 015 012 022 010 025 043 021 043 030
Palmitic acid (C16:0) 1686 1689 1661 9.89 1745 1514 680 611 988 978 671 7.08 1128 1464 1526 1232 1432 1924
Palmitoleic acid (C16:1) 294 363 312 231 533 342 068 036 048 160 032 066 087 301 208 202 054 038
Stearic acid (C18:0) 4188 4377 4224 3425 3541 4140 6007 5856 4726 6030 6347 5707 5676 5380 5638 5485 4564 3620
Oleic acid (C18:1) 1314 1147 1383 2168 1856 1236 1336 2060 1062 1180 1408 1444 1281 854 815 8502 916 666
Linoleic acid (C18:2) 400 376 260 457 336 302 216 210 398 209 092 183 256 233 m 327 233
Linolenic acid (C18:3) 320 218 465 500, 213 607 892 551 166 48 878 1068 167 130 197 127 205
Arachidic acid (C20:0) 033 028 034 048 028 079 011 009 232 035 009 011 018 017 0.09 012 016 022
Eicosapentaenoic acid (C20:5) 509 348 471 884 511 622 410 326 1145 371 199 406 462 562 426 733 1261 489
Behenic acid (C22:0) 112, 085, 130 201 123 27 065 080 390 08 066 041 035 164 203 462 231 115
Docosahexaenaic acid (C22:6) 524 6750 629 640 431 451 300 243 840 446 286 344 879 803 664 1022 638
Unsaturated fatty acid 3362 3128 3521 4981 3879 3560 3222 3427 3658 2853 2896 3511 3133 2938 2582 3713 2280
Saturated fatty acid 6638 6872 6479 5019 6121 6440 6778 6573 6342 7147 TLO4 6489 6867 7061 7418 7215 6287 7710
(B) Tree fatty acid Pavlova Intheri Chlorella vulgaris Porphyridium cruentum
(% of total fatty acid)
Purple Blue Green Yellow Red Flu Purple Blue Green Yellow Red Flu Purple Blue Green Yellow Red Flu
Miyristic acid (C14:0) 416 319 257 326 01l 012 006 012 01l 012 01l 012 013 012 014 013
Palmitic acid (C16:0) 1226 1144 854 12.15 502 308 536 681 630 68l 1046 1214 1316 1232 1131 17.24
Palmitoleic acid (C16:1) 485 410 513 438 068 034 077 097 076 001 301 205 202 221 284
Stearic acid (C18:0) 3428 3605 32.32 36.23 3844 3663 4826 3706 3801 3569 3401 3344 5412 3427 4413 3378
Oleic acid (C18:1) 18.70 1890 2097 17.45 1461 1260 1620 1464 1562 1538 1310 1004 833 1108 10.09 7.66
Linoleic acid (C18:2) 636 640 681 398 359 318 410 320 224 337 213 214 234 241 291 217
Linolenic acid (C18:3) 341 573 629 6.2 720 406 575 485 607 887 266 220 247 252 227 221
Arachidic acid (C20:0) 0.88 061 082 059 01l 01l 032 023 018 01l 012 012 008 011 01z 012
Eicosapentaenoic acid (C20:3) 643 620 1035 704 610 326 1014 371 590 3.06 362 722 726 763 1461 389
Behenic acid (C22:0) 024 048 o011 057 013 018 010 010 017 012 013 043 003 016 092 0I5
Docosahexaenoic acid (C22:6) 643 638 609 6.11 400 545 895 529 454 444 879 903 864 736 1129 T80
Unsaturated fatty acid 48.18 4821 5564 4724 4719 3617 3788 4591 3566 3323 3714 3517 3374 3249 3303 4338 2857
Saturated fatty acid 3182 5179 4436 3276 3281 6383 6212 54.09 6434 6477 6286 6483 6626 6732 6697 5662 7143
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2.3. Conclusion

Microalgal culture using two-phase culture system increases biomass and lipid
production. In the first phase, the growth of P. lutheri, C. vulgaris, and P
cruentum was increased by selecting the complementary LED wavelength of
microalgae colors, blue (465 nm), red (625 nm) and green (520 nm),
respectively. The lipid content was increased in the second phase of culture.
P lutheri, C. vulgaris, and P. cruentum produced 31.3% (w/w), 29.0% (w/w),
and 25.8% (w/w) of unsaturated fatty acids in the first phase, which
increased to 42.7% (w/w), 35.2% (w/w), and 32.5% (w/w) during the second
phase by exposing microalgae to the same color LED wavelength as a stress

condition, respectively.
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Chapter III. Improvement of unsaturated fatty acid, and
biomass productivity from Porphyridium cruentum
using a pH-controlled two phase system in a bioreactor

with light emitting diodes

3.1. Materials & methods

3.1.1. Microalga strain and culture conditions

P. cruentum was obtained from the Korea Institute of Ocean Science &
Technology (KIOST, Geoge-si, Gyeongsangnam-do, Korea) and pre-cultured
for 10 days in sterilized seawater with modified F/2 medium containing 75
mg NaNOs;, 5 mg NaH,PO4H,O, 4.36 mg NaEDTA, 3.15 mg FeCl;-6H,0,
0.02 mg MnCl,-4H,0O, 0.02 mg ZnSO4 7H,0, 0.01 mg CoCl,:6H,O, 0.01 mg
CuSO45H,0, 0.006 mg NaMoO,2H,O, 30 mg Na,SiO;, 0.2 mg
thiamine-HCl, 0.01 mg vitamin Bi,, and 0.1 mg biotin per liter (Guillard and
Ryther, 1962). The experiment was carried out with a working volume of 10
L in 14-L PBRs at 20 °C and 150 rpm. The initial cell density was 1 x 10
cells/ml. The cultivation process was aimed at maximum biomass production
in the first phase of the culture, and maximum lipid production and

polyunsaturated fatty acid (PUFA) synthesis in the second phase.
3.1.2. PBR and illumination system

Each PBR was made of Pyrex glass with an internal diameter and height

of 200 mm and 450 mm, respectively (FMT ST series, Fermentec Co. Ltd.,
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Chungbuk, South Korea) as shown in Figure.l (A). Filtered air was supplied
through a ring sparger at the bottom of the tank, and the aeration rate was
controlled by a rotameter. The agitation system consisted of 2-disk turbine
impellers and a foam breaker. To enhance mixing, three baffles were set at
the bottom of the PBR. The external LED panels used in this experiment had
a size of 28.5 x 386 x 44 cm’ (Luxpia Co. Ltd., Suwon, Korea) and
arranged in strips as shown in Figure. 1 (B) and (C). Each LED strip
comprised 20 diodes spaced at 1-cm intervals vertically and horizontally.
Additionally, three LED sticks in a glass tube were installed inside the PBR
for internal illumination as shown in Figure. 1 (D). The green LED
wavelength (520 nm) was used during the first phase for biomass production
[Figure. 1 (E)], and the red LED wavelength (625 nm) during the second
phase for lipid production [Figure. 1(F)]. Light intensity was measured at the
center of the PBR by a light sensor (HD2102.2; Delta Ohm S.R.L., Padova,

Italy).
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(E) (F)

Figure 1. Application of three 14-L LED bioreactors. (A) Graphical photographs
of the 14-L LED bioreactors. Photographs of the microalgae grown
with external (B) green (520 nm) and (C) red LED (625 nm) panels
and (D) internal LED light during the (E) first phase under the green
LED wavelength for biomass culture and the (F) second phase under

the red LED wavelength for lipid accumulation
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3.1.3. Experimental design

A two-phase culture system was used to enhance the biomass, lipid, and
PUFA yields from P cruentum. Toward this end, culture conditions were
separately optimized for the two phases. In the first phase, various growth
conditions, including the aeration rate (0.25, 0.50, and 0.75 wvvm), light
intensity (100, 200, 300, 400, 500, and 600 pmol/m%/s), and photoperiod
cycle (12:12, 18:6, and 24:0 h) based on the green LED wavelength (520
nm) were evaluated for the maximum cell growth. After determining the
optimal aeration rate, light intensity, and photoperiod cycle for the cell
growth in the first phase of the culture, the conditions for the lipid
production were optimized in the second phase by controlling the light
intensity (100, 200, 300, 400, 500, and 600 umol/m’s), pH (5.0, 6.0, 7.0,
8.0, 9.0), and photoperiod cycle (12:12, 18:6, and 24:0 h) using the red LED
wavelength (625 nm). The pH was adjusted to 5.0 using the citrate buffer, to
6.0, 7.0, or 8.0 using the potassium phosphate buffer, and to 9.0 using the
tris hydroxymethyl aminomethane buffer as previously described (Sakarika and

Kornaros, 2016). Untreated in culture is defined as the control.

3.1.4. Assessment of microalgal growth

Dry cell weight was determined by an ultraviolet - visible spectrophotometer
(Ultrospec 6300 Pro; Biochrom Ltd., Cambridge, UK) at an optical density of
540 nm (ODss) (Maksimova et al., 2000).

The correlation equation (R* = 0.99) for P. cruentum dcw at ODsy was as

follows as shown in Eq. (1).
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Dry cell weight of P. cruentum (g dcw/L)
= 0.77(0ODs4) (R*=0.99) Eq.(1)

3.1.5. Assessment of total lipid content

Cell harvesting was carried out using a centrifuge (Supra R22; Hanil
Scientific Inc., Gimpo, Korea) at 8000rpm for 10 min. The precipitated
biomass was washed twice using distilled water. Then, the biomass was dried
using a freeze dryer (SFDSM-24L; SamWon Industry, Seoul, Korea). Then 5
mL of distilled water was added to 10 mg of dried cell biomass, and the
cell were sonicated for 10 min using a sonicator (100 W, 20 kHz, 550 Sonic
Dismembrator; - Fisher Scientific Inc., Pittsburgh, PA, USA). Total lipid
content was determined using methanol and chloroform following a modified

solvent-based method (Bligh and Dyer, 1959) as shown in Eq. 2;

(W, —W,) <100

Lipidcontent (% of dew) = DCW

Eq.(2)

where lipid content is the cellular lipid content of the microalgae (% of
DCW). W, (g) is the weight of the empty glass tube of 20-mL, and W, (g)
is the glass tube weight of the 20-mL with extracted lipid. DCW (g) is the

dried microalgae cell biomass.

3.1.6. Fatty acid methyl ester (FAME) measurement
The direct transesterification method of Dhup and Dhawan (2014) was used

to convert extracted lipids to FAMEs. FAMEs were then analyzed using gas
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chromatography (YL 6100, Young Lin Inc., Anyang, Korea) by employing a
flame ionization detector (FID) and a silica capillary column (30 m x 0.32
mm X 0.5 pm, HP-INNOWAX; Agilent Technologies, Santa Clara, CA,
USA). The column temperature adjustments were as follows; 140°C for 5
min, followed by a temperature increase to 240°C at 5°C/min with
subsequently maintained for 10 min. The injector and FID temperatures were
set at 250°C. FAMEs were identified by comparing their retention times

against those of authentic standards.

3.1.7. Statistical analyses

Each experiment was conducted in triplicate. The statistical significance of
cell biomass and lipid content was evaluated by one-way analysis of variance
(ANOVA) and Duncan’s multiple range test (P < 0.05) using SPSS software
(ver. 23.0; SPSS Inc., Chicago, IL, USA).
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3.2. Results and discussion

3.2.1. Optimization of the first phase culture conditions to improve

biomass generation from P. cruentum

3.2.1.1. Effect of aeration rate

The photoperiod was set at a 12:12 h L/D cycle. The aeration rates of
0.25, 0.50, and 0.75 vvm were tested with a green LED wavelength (520
nm) and light intensity of 100 wmol/m*/s. Figure. 2 (A) shows that 0.75 vvm
facilitated P. cruentum to produce the highest biomass of 0.40 g dcw/L by
day 14 among the aeration rates tested, followed by 0.50 vvm (0.38 g
dew/L) and then 0.25 vvm (0.20 g dcw/L). The results indicated that CO,
supply and culture should be well mixed. Microalgal biomass production is
enhanced by sufficient CO, supply and aeration (Sanchez Mirén et al., 2000).
Sirisuk et al. (2018 b) have shown that increasing the aeration rate from 0.25
vvm to 0.50 vvm increases the amount of cellular biomass from 0.33 g
dew/L to 0.38 g dew/L in Nannochloropsis oceanica cultures. To obtain large
microalgal biomasses, high levels of CO, are required, necessitating high
aeration rates (Ugwu et al., 2008). The maximum biomass in this study was
achieved with a 0.75 vvm aeration rate, and thus the CO, aeration rate was
set to this optimal value to obtain the largest microalgal biomass from our

culture.
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3.2.1.2 Effect of green LED light intensity

After determining the optimal aeration rate, the effect of light intensity on
biomass production was evaluated. P. cruentum was cultured at the optimum
aeration rate of 0.75 vvm with the green LED wavelength. The light
intensities of 100, 200, 300, 400, 500, and 600 urno]/rnz/s were tested in this
study. Figure 2(B) showed that P. cruentum produced the maximum biomass
of 0.75 g dew/L by day 12 with 300 pmol/m?%s of light intensity, followed
by 0.74, 0.73, 0.72, 0.50, and 0.40 g dcw/L of biomass with 400, 500, 600,
200, and 100 pmol/m%s of light intensities, respectively. Wahidin et al.
(2013) have reported a correlation between light intensity and microalgal
biomass. Nannochloropsis sp. produces the largest biomass with 100 p
mol/m*/s of light intensity than with 50 or 200 pmol/m*/s. Thus, microalgae
produce large biomass at high light intensities; however, when the intensity
increases above the saturated levels, the light inhibits cell growth, thus
decreasing biomass production. In the current study, the highest biomass was
achieved with 300 pmol/m?%s light intensity. This light intensity was
determined optimal because the growth rate decreased at the higher as well

as lower intensities.

3.2.1.3 Effect of photoperiod under the green LED wavelength

After determining the optimal aeration rate of 0.75 vvm and light intensity
of 300 pmol/m%s, the photoperiod was optimized. Photoperiods of 12:12,
18:6, and 24:0 h L/D cycle were used under the green LED wavelength.
Figure 2(C) shows that P cruentum vyielded the largest biomass of 0.91 g
dew/L by day 8 with the photoperiod of 24:0 h L/D cycle, followed by 18:6
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h (0.79 g dew/L) and then 12:12 h (0.63 g dcw/L). The biomass productivity
of P cruentum was 0.0625 g/L/day at day 12 of cultivation when light
intensity was optimized. However, by optimizing the light intensity and
photoperiod, it reached 0.113 g/L/day on the day 8 of culture to have high
biomass productivity. In addition, the incubation time with the 24:0 h L/D
cycle was shorter than with the 12:12 h L/D cycle. The stationary phase was
reached by days 12, 9, and 8 with the 12:12 h, 18:6 h, and 24:0 h L/D
cycles, respectively. The growth rate changed according to photoperiod.
Sirisuk et al. (2018 a) have reported that Phaedactylum tricornutum and
Nannochloropsis salina grow faster with a 24:0 h L/D cycle than with a
12:12 h L/D cycle. However, Isochrysis galbana proliferate the most with an
18:6 h L/D cycle versus 12:12, and 24:0 h L/D cycles. Although excess light
has an inhibitory effect on cell growth, P. cruentum was not negatively
affected by the 24:0 h L/D cycle in this study. Therefore, the 24:0 h L/D

cycle was selected to be optimal to produce the highest biomass yield.
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Figure 2. Optimization of maximum biomass production of P. cruentum cultured in
14-L LED bioreactors under the green LED wavelength with various (A)
aeration rates, (B) light intensities alongside 0.75 vvm aeration rate, and (C)
photoperiods alongside 0.75 vvm aeration rate and 300 pmol/m?/s light

intensity
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3.2.2. Optimization of the second-phase culture conditions for lipid

accumulation in P. cruentum

3.2.2.1. Effect of red LED light intensity in the second phase of culture

The optimal conditions for the biomass production in the first phase of the
culture were set as 0.75 vvm aeration rate, 300 umol/m?/s light intensity, and
a photoperiod of 24:0 h L/D cycle under the green LED wavelength. Lipid
synthesis of P cruentum was induced with the red LED wavelength in the
second phase. Light intensities of 100, 200, 300, 400, 500, and 600 p
mol/m*/s were used under red LED wavelength. The light intensity in the
second phase of the culture was evaluated for 3 days to determine the
optimal culture time for the maximum lipid production. Figure 3(A) shows
that the lipid content increased under various light intensities. P cruentum
showed the highest lipid production of 43.3% (w/w) with 400 pmol/m*/s of
light intensity. Maximum total lipid productions of 38.0, 39.6, 41.3, and
43.3% (w/w) were obtained at the light intensities of 100, 200, 300, and 400
umol/m?/s, respectively. However, light intensities above 500 pmol/m%/s
suppressed lipid production. The increase in lipid production upon adjustment
of the light intensity is mediated by fatty acid biosynthesis enzymes, such as
acetyl CoA carboxylase and ATP/citrate lyase, which are highly active at high
light-energy levels. However, the lipid biosynthesis pathway is inhibited when
the light energy exceeds the saturation intensity, thus decreasing lipid
synthesis (Mondal et al., 2017). In addition, Dunstan (1973) has reported a

direct correlation between light intensity and lipid accumulation in microalgae
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and indicated that the relationship between the light intensity and

photosynthesis depends on the chlorophyll type and content of microalgae.

3.2.2.2. Effect of photoperiod under the red LED wavelength in second phase
of the culture

After determining the optimal light intensity of 400 pmol/m%s in the
second phase of the culture, the photoperiod was optimized for the highest
lipid production. Photoperiods of 12:12, 18:6, and 24:0 h L/D cycles were
used under the red LED wavelength. The microalgae were cultured up to 3
days during the second phase to determine the optimal culture time for the
maximum lipid production. The lipid production of P cruentum using the
two-phase culture is shown in Figure 3 (B). By day 2 of the second phase
of the culture, P cruentum generated the highest lipid production of 49.1%
(w/w) and lipid productivity of 0.0447 g/L/day with the 18:6 h L/D cycle
photoperiod. This result showed a similar trend with that of Wahidin et al.
(2013). Nannochloropsis sp. has the highest lipid content of 31.3% with an
18:6 h L/D cycle among 12:12, 18:6, and 24:0 h L/D cycles. Photoperiods
have been reported to induce significant changes in the total chemical
compositions, pigment contents, and photosynthetic activities of microalgae
(Richardson et al.,, 1983). A light source is an essential requirement for the
production of triacylglycerides. The required light intensity and photoperiod

vary from species to species (Harwood, 1998).
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3.2.2.3. Effect of pH on the lipid content of P. cruentum

The two-phase culture system was performed following the optimization of
aeration rate, light intensity, and photoperiod. P cruentum was cultured under
green LED wavelength at 0.75 vvm aeration rate, 300 pmol/m%s light
intensity, and a photoperiod of 24:0 h L/D cycle for 8 days in the first
phase of the culture. Subsequently, the LED wavelength was switched from
green to red light at the intensity of 400 pmol/m%/s, and the cells were
cultured with a photoperiod of 18:6 h L/D cycle for 2 days in the second
phase of the culture to obtain the highest total lipid production as shown in
Figure 4 (A). Control culture conditions were not treated for pH changes and
pH ranged from 8.3 to 8.5. Various pH values (5.0, 6.0, 7.0, 8.0, and 9.0)
were tested for the maximum lipid production alongside the control for 3
days in the second phase. Figure 4 (B) shows that the highest lipid
production of 51.8% (w/w) was obtained by day 2 of the second phase of
the P cruentum culture at pH 6.0. P. cruentum lipid content increased from
33.5% to 51.8%, also lipid productivity increased from 0.0381 g/L/day on
day 0 to 0.0471 g/L/day on day 2 of second phase culture at pH 6.0 by
optimizing the light intensity, photoperiod, and pH.

The pH of the culture affects the lipid synthesis of microalgae, which
increases lipid synthesis under pH stress (Mandotra et al.,, 2016). This
outcome is most likely because the activity of ACCase, one of the key
enzymes in lipid biosynthesis, is known to be pH-dependent (Thampy and
Wakil, 1985) and inhibited at pH 5.0. In line with this data, adjusting the pH
from the control’s pH of 8.5 to pH 6.0 increased the lipid accumulation in

this study.
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Figure 4. (A) Time course profile of P. cruentum biomass production (line) versus
pH (dotted line) in the second phase. The green and red shades represent
the first and second phases of the culture, respectively, and the culture pH
was set to 5.0, 6.0, 7.0, 8.0, or 9.0. (B) The total lipid content during the
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the significant differences (P < .05, Duncan’s test)
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3.2.3. Effect of pH change on the fatty acid composition of P.
cruentum

The effect of the pH during the second-phase culture on the fatty acid
composition of P. cruentum biomass was studied. The fatty acid compositions
of P cruentum cultured at different pHs (5.0, 6.0, 7.0, 8.0, and 9.0)
alongside the control for up to 3 days are shown in Table 1. Relative to the
control, there was no significant change for 3 days at pH 5.0 in the fatty
acid composition [Table 1 (A) and (B)]. However, the unsaturated fatty acid
levels at pHs 6.0 and 7.0 were higher than that of the control, and the
saturated fatty acid levels, such as that of stearic acid (C18:0), were lower
[Table 1 (C) and (D)]. The unsaturated fatty acid level reached approximately
50% (w/w). At pH 6.0, the total unsaturated and saturated fatty acid levels
were estimated to be 56.2% (w/w) and 43.85% (w/w), respectively [Table 1
(C)]. Additionally, the EPA level was found to be 30.63% (w/w). At pH 7.0,
the saturated fatty acid level decreased to 51.64% (w/w) as shown in Table 1
(D), while the unsaturated fatty acid level increased to 48.36% (w/w). In
addition, compared to the day 0 of the second phase culture, the EPA level
increased from 8.45 % to 23.58% (w/w) as shown in Table 1 (D). When the
culture pH was increased to 8.0, the total saturated fatty acid level decreased
from 66.78% to 53.46% (w/w), and the unsaturated fatty acid level increased
from 33.22% to 46.24% (w/w) as shown in Table 1 (E). Similar results have
been reported for Isochrysis galbana at pHs 6.0, 7.0, and 8.0 (Molina Grima
et al., 1992). Isochrysis galbana produces high levels of polyunsaturated fatty
acids, such as EPA, and DHA at pH 6.0 than at pH 7.0 or 8.0. Changes in

pH affect the properties of the cell surface, such as adhesion onto the
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substrata and biomass aggregation (Jiang and Chen, 2000). As the pH
decreases, the carboxylate ions receive protons and can be converted to
neutral carboxyl groups, whereby the negative charge of the cells is
neutralized and the cell dispersion stability is destroyed, causing the
aggregation and sedimentation of the cells (Liu et al., 2013). Such effects
alter permeation of ions, acids, and bases into the cell, and affect the
biochemical metabolism and conformation of macromolecules, as well as Ky
values of enzymes (Jiang and Chen, 2000). Microalgal cell membranes are
damaged at rapid pH changes. To prevent this damage, microalgae further
accumulates unsaturated fatty acids to increase cell membrane fluidity. Under
these cell-membrane—damaging  stresses, the three desaturase  genes
D5-desaturase,  plastid acyl-ACP D9  desaturase, and = microsomal
Dl12-desaturase are upregulated to increase the wunsaturated fatty acid
composition (Shekh et al, 2016). Therefore, unsaturated fatty acid

composition changes according to the pH of the environment.
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Table 1. Fatty acid methyl ester (FAMEs) contents of P cruentum during the second
phase of the culture at (A) control pH, (B) pH 5, (C) pH 6, (D) pH 7, (E) pH 8

and (F) pH 9
Free fatty acid (A) Control (B) pH 5 (C) pH 6
(% of total fatty acid) Day  Day Day Day Day Day Day Day Day Day Day Day
8 9 10 11 8 9 10 11 8 9 10 11
Myristic acid (C14:0) 059 024 0.27 0.10 0.82 0.68 0.92 1.05 108 1.84 011 0.1
Palmitic acid (C16:0) 657  6.70 7.00 456 5.75 5.75 6.36 7.29 653 297 245 288
Palmitoleic acid (C16:1) 0.58 037 0.31 1.15 0.95 0.60 0.06 0.07 090 229 136 133
Stearic acid (C18:0) 56.84 4782 4391 4848 5577 5532 5860  59.61 5324 4681 3624 3896
Oleic acid (C18:1) 11.83 1246 1296 523 1230 1145 1011  1L64 1220 429 291  6.07
Linoleic acid (C18:2) 071  3.08 3.40 6.76 0.73 0.69 0.35 0.07 078 429 160 573
Linolenic acid (C18:3) 086  0.07 0.08 0.46 0.89 0.80 1.02 1.17 077 032 014 053
Arachicidic acid (C200) 236 2.77 2.89 5.06 2.46 2.72 293 3.42 235 485 516 587
fc‘“z%fgf)’e"‘“""‘“ wcid g8 1148 1219 - 1056 9.08 1040 935 9.11 9.99 1751 3063 21.12
Behenic acid (C22:0) 237 332 3.50 6.14 220 1.83 1.72 1.09 321 218 487 711
(ypiohexaencieacid 901 1170 1348 1150 9.06 978 857 547 894 1265 1454 10.28
Saturated fatty acid 6723 5815 5476  59.73 6542 6438  68.63 7022 6453 5412 4380 49.59
Unsaturated fatty acid 3277 4185 4524 4027 3458 3562 3137 2978 3517 4588 5620  50.41
Free fatty acid (D) pH 7 (E) pH 8 (F) pH 9
0% of total fatty acid) = Y Day  Day Day  Day Day  Day Day  Day Day  Day
8 9 10 11 8 9 10 11 8 9 10 11

Myristic acid (C14:0) 0.61  2.03 0.19 0.83 0.63 0.15 0.17 0.09 051 030 018 0.3
Palmitic acid (C16:0) 6.66 3.8 2.84 4.66 6.97 5.92 6.78 458 661 698 7175 445
Palmitoleic acid (C16:1) 0.65 277 1.24 1.36 0.62 0.43 0.07 1.28 057 049 007 130
Stearic acid (C18:0) 5530 5021 4346 41.07 56.04 5260 4320 4724 5898 4642 4290 47.98
Oleic acid (C18:1) 1244 480 2.70 3.74 1196 1039 1244  4.98 1139 1284 1224 492
Linoleic acid (C18:2) 0.64  3.85 2.78 2.78 0.72 243 2.90 7.13 067 284 307 691
Linolenic acid (C18:3) 092 029 0.19 0.46 0.88 0.02 0.13 0.43 084 012 007 044
Arachicidic acid (C20:0) 271 459 5.87 5.39 232 231 3.29 5.03 224 272 279 498
fc‘“z%fgf)’e"‘“""‘“ wd 845 1457 2358 2354 834 1218  3.03 1097 713 1190 1254 1024
Behenic acid (C22:0) 243 212 4.96 3.96 226 225 3.49 5.93 226 336 354 650
(%’2“2";"‘)‘““‘3""‘“ wdd 920 1150 1220 1242 927 1131 1451 1234 8.80 1202 1485 12.15
Saturated fatty acid 6592 5792 5164 5097 66.78 6095 5376 5827 6920 5719 5444  59.50
Unsaturated fatty acid 3408 4208 4836  49.03 3322 39.05 4624 4173 3080  42.81 4556  40.50
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According to these results, the optimal culture conditions for the maximum
biomass yield during the first phase was determined to be 0.75 vvm aeration
rate, 300 umol/m*/s light intensity, and 24:0 h photoperiod under green (520
nm) LED light, achieving maximum biomass of 0.91 g/L. The second phase
culture aimed to increase the lipid content, and the optimal conditions were
obtained with the red LED wavelength (625 nm), 400 pmol/m?*s light
intensity, 18:6 h photoperiod, and pH 6.0. The maximum lipid content
reached 51.8% (w/w). In addition, the EPA and DHA contents were increased
to 30.6% (w/w) and 14.5% (w/w) at pH 6.0, and the unsaturated fatty acid

content reached 56.2% (w/w).
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3.3. Conclusion

Optimal aeration rate, light intensity, and photoperiod of green and red
wavelengths under a two-phase culture system were found to be the most
important determinants for improved cell growth and lipid accumulation in P.
cruentum. Low pH conditions exhibited a positive effect on the EPA
synthesis in P. cruentum. With the optimized conditions, the two-phase culture
system provides up to 091 g dew/L P cruentum biomass and 51.8% (w/w)
lipids with the EPA and DHA contents reaching to 30.6% and 14.6%,

respectively.
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