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CHAPTER |
INTRODUCTION

Carotenoids are a group of red, orange or yellow pigments which are
constituted by isoprene units and classed as tetraterpenes. These pigments typically
contain 40 carbon atoms with conjugated double bond. Currently, over 750
carotenoids are discovered (Rivera Vélez, 2016). In the nature, carotenoids are found
in plants, algae, yeast, some bacteria and animals. They are biosynthesized by
photosynthetic organisms, mainly in plants and algae; however, carotenoids in animals
or non-photosynthetic organisms are obtained from the dietary. The biological function
of carotenoids in photosynthetic organism is accessory pigments to absorb solar energy
at wavelengths between 400-500 nm (Erdogan et al., 2015). Besides, carotenoids also
possess antioxidant and anti-inflammatory properties (Raposo et al., 2015). Based on
their structures, carotenoids are categorized into 2 groups, ie. carotenes and
xanthophylls (Kiokias et al., 2016). Carotenes consist of only carbon and hydrogen in
their structures. The pigments in carotenes group include lycopene, y-carotene, a-
carotene and B-carotene. Xanthophylls are oxygenated hydrocarbon and may include
functional groups such as epoxy, carbonyl, hydroxy, methoxy, carbonyl and carboxyl.
The pigments in this group include lutein, zeaxanthin, astaxanthin, neoxanthin and

violaxanthin.

Green microalgae are photosynthetic organisms which is commonly found in
all habitats, such as freshwater, marine, terrestrial and extreme environments.
Therefore, green microalgae have ability to adapt well in the environments and can
survive in stress conditions, such as light, salinity stress, heat stress, drought stress and
osmotic stress (Borowitzka et al., 2016). Various environmental stresses affect to

microalgal cells. Thus, microalgae are necessary to adapt the several parts including



physiology, metabolism and the signaling system for environmental stresses
responding (Vonshak and Torzillo, 2004). Moreover, microalgae have various strategies
to alter their primary metabolite and produce secondary metabolite for cells survival
(Skjdnes et al., 2013). Accumulating evidence revealed that, green microalgae are used
as a source of bioactive compounds because they assimilate only light, carbon dioxide
and water to produce the biomass and valuable biocompounds. It has been reported
that green microalgae can also produce lipids that appropriate to use as an alternative
energy source for biodiesel production (Chisti, 2007). Moreover, some microalgal strains
rich in protein, carbohydrates and other compound such as organic acid and
carotenoids which are high value products and have potential to use in nutraceutical,

food and feed industries.

There are a number of studies to examine effects of abiotic stresses on the
changes of bioproducts. For example, light stress stimulated the production of
carotenoids and changed fatty acids metabolism in Dunaliella salina (Lamers et al.,
2010). Besides, nitrogen starvation impacted on starch and lipid synthesis in microalga
Chlorella zofingiensis (Zhu et al., 2014). In addition, it was reported that, green alga
Botryococcus braunii responded to salt stresses by carotenoids, carbohydrates and
fatty acid changing (Rao et al., 2007). These reports reveal that stresses modulate to
algal metabolism and carotenoids production. The production of carotenoids using
microalgae are of interest because of varieties, compositions and proportions (Takaichi,
2011). Nowadays, Haematococcus pluvialis, a green microalga, is used as a model for
carotenoids biosynthesis as this strain is capable of accumulating large amounts of
carotenoids astaxanthin, in particular. However, the production of carotenoids in
H. pluvialis has drawbacks by its slow growth rate, low cell density and low
temperatures requirement. Therefore, the alternative potential strains have been

increasingly explored.



Chlorococcum sp. is green microalga in family Chlorococcaceae. It is a
unicellular microalga with a round shape found in freshwater and terrestrial habitats
(Klochkova et al., 2006; Liu et al, 2000). This strain shows tolerancy to high
temperature, high light intensity and high carbon dioxide concentration (Ota et al.,
2015; Zhang and Lee, 1997) Moreover, it can produce and accumulate carotenoids and
neutral lipids (Kiran et al., 2016). Liu and Lee (1999) reported that different nitrogen
sources including ammonia, nitrates, urea, yeast and peptone extracts effected on
carotenoids composition in Chlorococcum sp. (Liu et al., 2000). In addition, it was
found that temperature, pH and oxygen concentration affected the production of
carotenoids in Chlorococcum sp. (Liu and Lee, 2000). Morphological observation and
spectrophotometric analysis revealed that Chlorococcum sp. 8367RE induced
carotenoids accumulation upon various stresses. Moreover, it can tolerate to
the environmental stress (Janchot, 2016). Thus, this study aimed to investigate
carotenoids compositions, metabolic alteration, i.e. fatty acid, amino acid, protein and
carbohydrate content including morpholosgical changing of the green microalga

Chlorococcum sp. 8367RE under stress conditions.
The objectives of this research:

1. To observe morphological changing of the green microalga Chlorococcum sp.

8367RE under stress conditions.
2. To identify and quantify carotenoids composition in this algal strain.

3. To analyze fatty acid, amino acid, protein and carbohydrate content in this

microalga.



CHAPTER Il
LITERATURE REVIEW

2.1 Carotenoids

Carotenoids are a group of fat-soluble pigments that represent in red, oranges
or yellow shading. They are classified in the group of terpenoids consisting of 8
isoprene units and also called tetraterpenoids (Forero, 2013). The structure typically
contains 40 carbon atoms in manner of polyene chain backbone structure which have
a chain of conjugated single and double bonds. Based on their structures, carotenoids
are categorized into 2 groups namely carotene and xanthophylls (Kiokias et al., 2016).
Carotenes consist of only carbon and hydrogen in their structures. Among a group of
carotenes, 3 typical structures are categorized. These are: (i) acyclic carotenes, which
is pure hydrocarbon structure, such as lycopene, phytoene and phytofluene; (ii)
monocyclic carotenes, which contain a ring at only one side of the end, such as
y-carotene and (iii) bicyclic structure of carotenes contain 2 rings at the both side of
molecules, such as a-carotene and B-carotene (Othman et al., 2017). Another class,
xanthophylls, their structures compose of hydrocarbon which are oxygenated and
contain functional groups, such as hydroxy group (ie. zeaxanthin, lutein and PB-
cryptoxanthin), keto group (i.e. canthaxanthin and astaxanthin) and epoxy group (i.e.
antheraxanthin, neoxanthin, and violaxanthin) (Bhosale and Bernstein, 2005). Chemical
structures of representative carotenoids are exemplified in Figure 1.

To date, over 750 carotenoids are found in natural sources including plant,
yeast, fungi, bacteria, algae and animal (Avalos and Limén, 2015; Khachatourians, 2017).
Carotenoids possess a wide range of functions. In photosynthetic organisms,
carotenoids act as accessory pigment which participated in light harvesting by light
absorption at wavelengths between 400-500 nm (Erdogan et al., 2015). Moreover,

these pigments show antioxidant and anti-inflammatory properties which are



interested in health care industries (Raposo et al., 2015). In recent years, many studies
of carotenoids are focused on their biological properties, particularly on human health.
Both of carotenes and xanthophylls were shown their abilities to protect cells by acting
as antioxidant. The well-known carotenoids are [-carotene, lycopene, lutein,
zeaxanthin and astaxanthin.

B-carotene is orange shade pigment, which is mainly found in plants such as
carrot, pumpkin and spinach (Figure 1). It is a precursor of vitamin A, called provitamin
A, which can be converted to retinol and offer the benefits in eye care (Rasmussen
and Johnson, 2013).

Lycopene, the red pigment that is massively produced in tomatoes. Its
structure is unsaturated hydrocarbon with no B-rings (Figure 1). These non-provitamin
A plays a vital role in many biological activities, such as antioxidant and anti-
inflammatory activities (Hazewindus et al., 2012).

Lutein and zeaxanthin are yellow pigment which are stereoisomer (Figure 1).
They are mostly synthesized by plants and microalgae. These pigments are classified
as xanthophylls group because the structure is unsaturated hydrocarbon with
cooperating by hydroxyl groups added. They play important roles in antioxidant activity
by either free radical scavenging or singlet oxygen quenching. They are also reported
to delay the development of chronic diseases (Sun et al., 2015). Moreover, they have
capability to support eye health (Nwachukwu et al., 2016).

Astaxanthin (known as the king of carotenoids) is red pigment which is found in
plants, algae, some bacteria, yeast and animal. Astaxanthin is classified as
ketocarotenoids in xanthophylls group (Figure 1). In nature, astaxanthin can be found
in three forms: free astaxanthin, astaxanthin monoester and astaxanthin diester. Certain
organisms can accumulate astaxanthin at different forms and ratios (Ambati et al,
2014). Astaxanthin possess a strong antioxidant activity due to conjugated double bond

of their structure which involve in electron donating when reacting with oxidants.



Moreover, it can act as singlet oxygen quenching and free radical scavenging. As a
result, free radicals are in the stable form and chain reaction is inhibited. Astaxanthin
is more effective in capturing oxygen, up to 550 times compared with vitamin E and
also more effective in free radical damage than vitamin C, up to 65 times. Besides, it
has anti-inflammatory properties (Capelli, 2007). The strong antioxidant property of
astaxanthin is currently being used in the pharmaceutical and food industries.

It should be noted that, carotenoids are not stable compound (Boon et al,
2010). From this reason, extraction of carotenoids from biological tissue are performed
circumspectly. During the experiment, it is necessary to prevent the exposure to light.
Alternatively, the samples should be wrapped with black fabric, aluminium foil or
paper to avoid light exposure. In addition, samples should be avoided from high

temperature exposure and need to keep at low temperatures.
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Figure 1 Structure of some well-known carotenoids. The structures were drawn by

using ChemDraw Professional program.



2.2 Analysis of carotenoids

To analyze carotenoids qualification and quantification, chromatography and
spectroscopy are commonly performed. For chromatography assay, thin layer
chromatography (TLC) and high-performance liquid chromatography (HPLC) are
suggested. TLC is an easy method to separate and quantify carotenoids from biological
samples. Silica is widely used as a stationary phase in TLC analysis and several organic
solvent are used as the mobile phase such as acetone, petroleum ether, hexane and
methanol (Zeb and Murkovic, 2010). In order to improve sensitivity of carotenoids
quantitative HPLC was performed. This technique is appropriated for the quantitative
and qualitative analysis of carotenoids. The carotenoids can be efficiently separated
and can be compared to standard compounds to determine the type of carotenoids,
including the calculation of carotenoids content. Hence, HPLC columns are important
for carotenoids separation, type and proportion of solvents also have a significant
effect on the analysis. It has been reported that several columns and solvents are
used in the analysis of carotenoids, as shown in Table 1 (Rivera Vélez, 2016). The most
commonly use is the C18 and C30 columns. The stationary phase of this column is
made of silica. C30 column is more hydrophobic than C18 and more specific to long-
structured substances as carotenoids.

For spectroscopy analysis, UV-Vis spectroscopy is a simple technique to
measure the absorbance of a substance and used for quantitative measurement.
Carotenoids can be scanned at the wavelength of 400-500 nm. However, the maximum
absorption can be different and shifted, depending on type of spectrophotometer and
solvent. In addition, accuracy of absorbances are concerned. It would be controlled
the range between 0.3 to 0.85. The absorbance under 0.3 may interfere with non-zero
baseline and cannot show the correct value. On the other hand, the absorbance over
0.85 or 0.9 may affect to the accuracy of the detector. After absorbance measurement,

the absorbance value can be calculated by using the Lambert-Beer law. It should be



noted that, the maximum absorbance of carotenoids and chlorophyll b may interfere
because both of them can absorb at the nearby wavelength. Especially, the samples
having high chlorophyll b contents, such as algal or plant extracts should be concern
to prevent the overestimation of carotenoids (Lichtenthaler and Buschmann, 2001).
Nowadays, the high sensitivity detection method, mass spectrometry is improved. This
technique is based on changing the injected substance into ion form and then ion
moves into the analysis apparatus to analyze mass based on mass-to-charge ratio
(m/z). This technique provides the information regarding the molecules of carotenoid.
It can analyze mass of molecules, isotope ratio and others. These analytical methods
can be combined with prediction program to interpret the data and suggest type of
carotenoids (Rivera et al., 2014). At present, carotenoids analysis using mass
spectrometry couple with HPLC is becoming more popular. It has reported that HPLC-
DAD-MS was perform to analyze ketocarotenoids in aquatic bacteria (Asker et al., 2018).
Likewise, three microalgae and cyanobacteria species were analyzed carotenoids
structure by using HPLC-MS/MS method (Patias et al., 2017). Nevertheless, this method
is limited by expensive instrument and the user must have the knowledge to analyze

the data.
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2.3 Microalgae as source of carotenoids

Microalgae are recognized as prolific sources of bioactive compounds with
intricate chemical structures. Moreover, microalgal cells are also rich in proteins,
carbohydrates, lipid and other biocompounds (Ordég et al., 2012). Thus, they have
potential to extract and use these compounds to supply in nutraceutical, food and
feed industries. Among these, carotenoids are particularly interesting.

The g¢reen microalga Haematococcus pluvialis is used as a model for
carotenoids production because it can accumulate large amounts of carotenoids,
especially astaxanthin. Carotenoids production in H. pluvialis under sodium chloride
and acetate stresses was investigated (Vidhyavathi et al., 2008). This research suggested
that salt stress resulted in enhanced accumulation of carotenoids. Expression of genes
associated in carotenoids biosynthetic pathway were up-regulated. Many studies
showed the effect of salinity stress and ethanol on carotenoids accumulation in H.
pluvialis (Gao et al., 2015; Wen et al., 2015). However, the production of carotenoids
in H. pluvialis was still limited by the slow growth rate, low cell density and low
temperatures requirement. Therefore, it is interesting to survey the production of
carotenoids using alternative green microalgae.

Chlorococcum sp. is green microalga in family Chlorococcaceae. It is unicellular
microalga with a round shape, found in fresh water and terrestrial environments
(Klochkova et al., 2006; Liu et al., 2000). Chlorococcum sp. grows considerably fast and
easier to handle in out-door (Zhang and Lee, 1999). This strain shows tolerancy to high
temperature and light intensity more than the green microalga Haematococcus sp.
(Zhang and Lee, 1997). Moreover, it can produce and accumulate carotenoids and
neutral lipids (Kiran et al., 2016). Thus, Chlorococcum sp. has a potential to use as an

alternative strain for carotenoids production.
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2.4 Biosynthesis pathway of carotenoids

In higher plants, carotenoids biosyntheses are extensively studied; however, in
microalgae remain elusive. Schematic model of carotenoids biosynthesis in
chlorophytes was only proposed (Figure 2) (Varela et al.,, 2015). It was found that
carotenoids are synthesized from C5 building block, the precursor of isoprene. The
biosynthesis pathway initiates with the synthesis of isopentenyl pyrophosphate (IPP)
through the MEP pathway. Then, it is transformed to geranylgeranyl pyrophosphate
(GGPP). After that, the first colorless carotenoids, phytoene, is occurred by a
condensation of 2 GGPPs through phytoene synthase (PSY) activity. Next, phytoene
desaturase (PDS) and C-carotene desaturase (ZDS) catalyze the dehydrogenation
reactions and convert phytoene to pro-lycopene and lycopene, the first color
carotenoids. After the lycopene synthesis, the pathway is divided into two pathways.
First pathway, a-carotene is occurred by cyclization through lycopene €-cyclase (LCYE)
and lycopene B-cyclase (LCYB) catalyzation. After that, lutein is synthesized from
a-carotene precursor. Second pathway, cyclization of lycopene is catalyzed by LYCB
to form B-carotene. Subsequently, B-carotene is oxygenated and zeaxanthin was
occurred by B-carotene hydroxylase (CHYB). Then zeaxanthin epoxidase (ZEP) catalyze
the epoxy groups insertion on zeaxanthin and convert to violaxanthin. In some stress
condition violaxanthin can be reconverted to zeaxanthin by violaxanthin de-epoxidase
(VDE) activity. In some organisms, zeaxanthin and violaxanthin are converted to
canthaxanthin and astaxanthin by the function of B-carotene ketolase (BKT) such as H.

pluvialis (Jin et al., 2006)
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Figure 2 Schematic model for the biosynthetic pathway of carotenoids in chlorophytes

(Varela et al., 2015).
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2.5 Effects of stresses on microalgal metabolisms and carotenoids accumulation

Microalgae can be found in several habitats including terrestrial, freshwater and
marine. It can withstand to stresses from the environment, such as salinity-, light-,
drought-, heat-, osmotic-, and oxidation stresses. These environmental stresses
impacted on the survival of the green microalgae. It was found that the adaptive
response was controlled by several parts including physiology, metabolism and the
signaling system (Vonshak and Torzillo, 2004). Moreover, microalgae have various
strategies to alter primary and secondary metabolites for their survivals (Skjdnes et al.,
2013). Therefore, green microalgae can grow among environmental changes.

There are a number of studies to examine effects of abiotic stresses on the
changes of biocompounds. For example, light stress stimulated the production of
carotenoids and changed fatty acids metabolism in Dunaliella salina (Lamers et al.,
2010). Furthermore, nitrogen stress was widely used to stimulate carotenoids
production. It was reported that the green algae Coelastrella striolata produced
canthaxanthin as the main carotenoids under nitrogen deficiency (Abe et al., 2007).
Moreover, the depletion of nitrogen induced xanthophylls accumulation in various
strains (Mulders et al., 2015; Solovchenko et al., 2008). Besides, nitrogen starvation
impacted on starch and lipid syntheses in the microalga Chlorella zofingiensis (Zhu et
al., 2014). Additionally, effects of iron, magnesium and sulfur deprivations on
carotenoids and lipid metabolism were examined (Shaker et al., 2017). For salinity
stress, it was reported that the green alga Botryococcus braunii responded to salt
stresses by carotenoids, carbohydrates and fatty acids changing (Rao et al., 2007).
Moreover, the combination of these stresses led to metabolic changing in microalgae.
For instance, the combination of nitrogen limitation and cadmium stress enhanced
lipid, carbohydrate, protein and amino acid accumulation in the green microalga
Chlorella vulgaris (Chia et al., 2015). These evidences revealed that stresses modulate

algal metabolisms and carotenoids productions.
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MATERIALS AND METHODS

3.1 Instruments

Air pump: Model XP-60, Hiblow, USA

Analytical balances: Model AG285, Mettler Toledo, USA
Autoclave: Model SS-325, TOMY Digital Biology, Japan

Autoclave: Model ES-215, TOMY Digital Biology, Japan

Automated Critical Point Dryer: Model EM CPD300, Leica, Austria
C30 Reversed phase column: Model CT99S031546WT, YMC, Japan
Centrifugal vacuum concentrator: Model 5301, Eppendorf, Germany
Disposable syringe: Nipro, Japan

Freeze dryer: FlexiDry MP, Kinetics, USA

Gas chromatography: Model Agilent 6890N, Agilent, USA

Glass cuvette: Spectronic 401, Milton Roy, USA

Glass cuvette: Starna Scientific, UK

High Resolution Mass Spectrophotometer: Model X500R QTOF system, SCIEX, USA
High speed refrigerated centrifuge: Model 6500, Kubota, Japan
HP-INNOWax GC column: Agilent, USA

Laboratory glassware: Pyrex, USA

Laminar flow: Model H1, Labmicrotech, Thailand

Magnetic stirrer: Model MMS-3000, Biosan, Latvia

Micropipette: Eppendorf Research plus, Eppendorf, Germany
Microscope: Model BX51, Olympus, Japan

Mini centrifuge: Labnet International, USA

Orbital shaker: Model TT-20: Hercuvan Lab Systems, Malaysia

Precision Balance: Model ME3002, Mettler Toledo, USA

15
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Refrigerated microcentrifuge: Model 5418 R, Eppendorf, Germany

Scanning electron microscope: Model JSM-6610LV, Jeol, Japan

Silica glass beads: Merck, Germany

Silicone tube, Dura, Thailand

Spectrophotometer: GENESYs 20, Thermo Fisher Scientific, USA

Sputter coater: Model SCD 040, Balzers, Germany

Ultra High Performance Liquid Chromatography (UHPLC): Model 1290 Infinity Il LC
Systems, Agilent Technologies, USA

Ultra High Performance Liquid Chromatography (UHPLC): Model Ultimate 3000,
Thermo Fisher Scientific, USA

Ultrasonic bath: Bandelin, Germany

Ultraviolet lamp: Model UV-36W, Atman, China

Universal refrigerated centrifuge: Model 5922, Kubota, Japan

Vortex mixer: Model G560E: Scientific Industries, USA

3.2 Chemicals

Acetone for analysis: Merck, Germany

Acetonitrile for LC-MS: Merck, Germany

Astaxanthin authentic compound, Merck, Germany
B-carotene authentic compound, Merck, Germany
Bio-Rad protein assay (dye reagent concentrate), Bio-Rad Laboratories, USA
Boric acid: Merck, Germany

Butylated hydrotoluene, USA

Calcium chloride: Merck, Germany

Citric acid: Merck, Germany

Cobalt (Il) nitrate: Ajax Finechem Pty Limited, Australia
Copper (I) sulfate: Ajax Finechem Pty Limited, Australia

Dipotassium phosphate: Ajax Finechem Pty Limited, Australia
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EDTA (Ethylenediaminetetraacetic acid): Amresco, USA
Ferric ammonium nitrate: Merck, Germany

Hexane, USA

Hydrochloric acid, USA

Lutein authentic compound, Carbosynth, UK
Magnesium chloride: Merck, Germany

Magnesium sulfate: Merck, Germany

Manganese (II) chloride: Ajax Finechem Pty Limited, Australia
Methanol for HPLC: RCl Labscan, Thailand
Methyl-t-butyl ether for HPLC: RCl Labscan, Thailand
Phenol: Amresco, USA

Potassium chloride: Merck, Germany

Sodium carbonate: Merck, Germany

Sodium chloride: Ajax Finechem Pty Limited, Australia
Sodium molybdate: Carlo Erba, Italy

Sodium nitrate: Merck, Germany

Sodium sulfate, Japan

Sulfuric acid: Merck, Germany

Zeaxanthin authentic compound, Carbosynth, UK
Zinc sulfate: Ajax Finechem Pty Limited, Australia

3.3 Membrane

Nylon syringe filter: Membrane Solutions, USA
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3.4 Microalga, culture condition and morphological observation
3.4.1 Microalga

The green microalga Chlorococcum sp. 8367RE was kindly provided
from Thailand Institute of Scientific and Technological Research (TISTR). Stock culture
was grown in Blue green medium (BG-11) (Stanier et al., 1971) and incubated at 25 °C
under light intensity of 30+5 pmoles/m?/s until the absorbance at 730 nm reached to
0.4.

3.4.2 Morphological observation

Light microscope and scanning electron microscope (SEM) analyses were
carried out to observe algal morphological changes. For light microscopic analysis,
20 pL of the cell culture was placed on to glass slide then covered with coverslip. The
slide was examined under compound light microscope (100X objective, model BX51,
Olympus, Japan). Images were captured by using the DP Controller microscope
software.

For SEM, microalgal colony was resuspended and soaked in 2.5% of
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for an hour. Cells were washed twice
in phosphate buffer and followed by distilled water. Then sample was dehydrated by
using 30%, 50%, 70%, 95% and absolute ethanol. Subsequently, sample was dried at
critical point by critical point dryer (model EM CPD300, Leica, Austria). After that, gold
coating was carried out by sputter coater (model SCD 040, Balzers, Germany) and

sample was analyzed with SEM (Jeol, model JSM-6610LV, Japan).
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3.5 Stress treatments

Stock culture from step 3.4.1 was subjected to 12-well plate under following
conditions; BG-11 (control), BG-11 with 0-500 mM NaCl (NaCl stress), BG-11 with 0-500
mM KCL (KCl stress), BG-11 without NaNOj; (nitrogen starvation), BG-11 illuminating at
50+5 and 80+5 pmoles/m?/s (light stress), BG-11 with various volume from 1 mL to 3
mL, and 10 mL of cell culture were further grown in culture plate to increase water
evaporation (drought stress). Cells were cultured in 12-well plate with 3 mL media
unless otherwise stated. Algal cultures were grown at 25 °C under continuous
illumination for 28 days. The observations under light microscope were performed at
day 0, 7, 14 and 28, respectively.

Stress condition(s) that positively impact on carotenoids accumulation in this
algae strain were selected for further experiments. Algal cultures were scaled up. For
this step, cells from stock cultured were harvested by centrifugation at 8000 x g for
20 mins. Supernatants were discarded and cell pellets were washed by fresh BG-11.
Then, the pellets were resuspended in the same original volume. Algal cultures were
grown in glass bubble tubes with continuous aeration and illumination of 30+5
umoles/m?/s at 25 °C for 28 days. Lastly, cells were harvested by centrifugation at
8000 x g for 20 mins and cell pellets were washed by fresh BG-11 again. Cells pellets

were kept at -40 °C for further analysis.
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3.6 Extraction of carotenoids

Cell pellets harvesting from various stresses (as described in step 3.5) were
extracted with 80% of acetone, acetonitrile, methanol or DMSO. Cells were broken by
using several methods. The first method, cells were crushed using the freezed motar
and pestle. The pellets were ground homogenously with solvent until cells debris
were bleached. The second disruption method was employed by using silica bead
together with vortexing. One milliliter of solvent and 0.5 mm. silica beads were added
to the cell pellets and then vortexing. Lastly, silica bead combined with ultrasonic
bath was performed. The ultrasonication was performed for 15 minutes intervals to
avoid an increase in temperature. This step was repeated until the cell pellets were
colorless. The supernatant was collected by centrifugation at 12,000 x g for 5 min.
Thereafter, the carotenoids extract was concentrated by using centrifugal vacuum
concentrator (Eppendorf, Germany). Finally, dry residue was resuspended in 1.0 mL of
acetonitrile (LC-MS grade) and prepared for the analyses; HPLC and mass spectrometry.
All procedures were carried out under dark and low temperature conditions to prevent

carotenoids degradation.
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3.7 Determination of pigment content

Five hundred microliters of the extracts were divided for pigment analysis. The
extracts were measured absorbance at 470, 647 and 663 nanometers. Chlorophyll a,
chlorophyll b and carotenoids contents were calculated as described previously
(Lichtenthaler and Buschmann, 2001).

Chlorophyll a = (12.25%Ags3) — (2.79%Ag47)
Chlorophyll b = (21.50%A¢q7) — (5.10*Agg3)

Total carotenoids = [(1000% Ag) — (1.82Chla) - (85.02Chlb)]/198

3.8 Analysis of carotenoids

Carotenoids extracts from step 3.6 were filtered through 0.22 pm nylon
syringe filters and subjected to a reversed phase ultra-higsh performance liquid
chromatography (UHPLC: Model Ultimate 3000, Thermo Fisher Scientific, USA). The
carotenoids extracts were separated on C18 and C30 reversed phase column (5 um,
ID 4.6 mm x L 250 mm) (YMC, Japan) with four gradient solvent systems consisting of
solvent A (methanol) and solvent B (Methyl-t-butyl ether). The flow rate was 0.4-0.9
mL/min, column temperature and sample chamber were maintained at 22 and 10 °C,
respectively. The injection volume was 20 pL and the absorption spectra of
carotenoids were monitored at 450, 642 and 665 nm by diode array detector.
Astaxanthin, lutein, zeaxanthin and B-carotene were used as authentic compounds.
Their contents in the extracts were calculated by comparing with standard calibration
curves.

Identification of carotenoids in algal extracts were analyzed by high
performance liquid chromatography-mass spectrophotometry (HPLC-MS/MS). To
acquire the mass spectra between 450-1800 m/z, Sciex X500R QTOF system was

equipped. Ten microliters were subjected and analyzed by Information Dependent
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Acquisition (IDA) mode. The mobile phase consisted of solvent A (methanol) and
solvent B (Methyl-t-butyl ether:methanol 50:50). The gradient system and time
program were operated with the same conditions to UHPLC analysis. Mass
spectrometry conditions followed by: ion source gas, 45 psi; source temperature, 500
°C, polarity, positive; spray voltage, 5500 V. Finally, data were processed by using Sciex
OS software. Moreover, Identification of carotenoids was interpreted by using UV-Vis

data combined with Mass spectra data.

3.9 Analysis of metabolite
3.9.1 Lipid analysis
3.9.1.1 Nile red staining

Algal cultures in step 3.5 were observed neutral lipid accumulation by
using Nile red staining method (Chen et al, 2009). Cells were harvested by
centrifugation at 12,000 rpm for 5 mins and pellets were resuspended in Nile red stain
and 15% of dimethyl sulfoxide at ratio 1:5 (v/v). Next, the mixture was spotted on glass
slide then covered with coverslip. The slide was examined under fluorescent
microscope (model BX51, Olympus, Japan). Images were captured by using the DP
Controller microscope software and the relative intensity of fluorescence was
calculated by Image J (https://imagej.nih.gov/ij/).

3.9.1.2 Fatty Acid Methyl ester analysis (FAME)

Cell pellets harvesting from 28 days of stress treatments (as described
in step 3.5) were dehydrated by using freeze dryer (FlexiDry MP, Kinetics, USA) before
fatty acid methyl ester analysis. The intracellular fatty acids were extracted from cells
powder by methanol-hydrochloric acid (95:5 V/V). After that, mixed well and incubated
at 85 °C for 90 min. Then, one milliliter of distilled water was added to the mixture.

For FAMEs extraction, hexane containing 0.01% butylated hydrotoluene was used and
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conducted at room temperature. The extracts were centrifuged and separated the
organic and aqueous phase. For remaining water absorption, sodium sulfate was added
to aqueous phase and mixed well. Next, FAMEs were evaporated and dry residues
were redissolved in hexane. The extracts were injected to HP-INNOWax column (ID
0.25 uM) and analyzed by gas chromatography (Model Agilent 6890N, Agilent, USA)
equipped with flame ionization detector (FID). The temperature of injection and
detection were maintained at 250 °C. Helium gas was used as mobile phase. Fatty

acids content in extract were calculated by comparing with authentic compound.

3.9.2 Amino acid and total protein analyses

Cell pellets that harvested from various stresses as described in step
3.5 were extracted with methanol. Cells were broken by using 0.5 mm. silica beads
and ultrasonic bath. The ultrasonication was perform for 15 minutes intervals, avoiding
an increase in temperature. This step was repeated until the cell pellets were colorless.
The supernatant was collected by centrifugation at 12,000 x g for 5 min. After that, the
extract was concentrated by using centrifugal vacuum concentrator (Eppendorf,
Germany). Dry residue was dissolve in 400 pL of mobile phase (containing acetonitrile
and methanol) and filtered through 0.22 pm nylon syringe filters. Forty microliters of
extracts were subjected to amino acids analyzer (Hitachi L-8900, Japan) as
manufacturer’s instruction. The absorption spectra of amino acids were monitored at
570 and 440 nm. The profiles were compared with 17 amino acids as authentic
compounds (aspartic acid, threonine, serine, glutamic acid, glycine, alanine, cysteine,
valine, methionine, isoleucine, leucine, tyrosine, phenylalanine, lysine, histidine,
arginine and proline) and ammonia. Amino acid analysis was done by Ms. Nozomi

Takeda, Global Facility Center, Hokkaido University.
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To analyze total protein, Bradford assay was performed. Standard curve
was prepared by diluting 1 part of Bio-Rad dye reagent concentrate (Biorad, USA) with
4 parts of deionized water. This reagent was kept at 4 °C. Next, Bovine serum albumin
(BSA) standard was prepared by diluting a range between 0-20 pg. One milliliter of
diluted dye reagent was added to each tube and vortexed. Then the mixtures were
incubated at room temperature for 5 minutes. Absorbance was measured at 595 nm.
and standard curve was plotted between BSA concentration and absorbance.

Cell pellets harvesting from various stresses as described in step 3.5
were extracted using 200 pL Tris-HCL buffer pH 8.0. Cells were broken by using 0.5 mm.
silica beads and ultrasonic bath. The ultrasonication was perform for 15 minutes
intervals, avoiding an increase in temperature. This step was repeated until the cell
pellets were colorless. The supernatant was collected by centrifugation at 12,000 x ¢
for 5 min. Various volume of extracts were mixed with one milliliter of diluted dye
reagent. Then, the mixtures were incubated at room temperature for 5 minutes.
Absorbance was measured at 595 nm. Protein contents were calculated by comparing

with standard curve (appendix 4).

3.9.3 Carbohydrate analysis

Cell pellets were hydrolyzed by using 1 mL of 2.5 M HCl and then the
mixtures were boiled at 100 °C for 3 hours. After that, 1 mL of 2.5 M NaOH was added
for neutralization. The supernatants were collected by centrifugation. Total
carbohydrate content in supernatants was analyzed by phenol-sulfuric method
(Dubois et al., 1956). Five hundred microliters of 5% (w/v) phenol and 2.5 mL of
sulfuric acid were added into 500 plL of microalgal extract. Then the reaction was
mixed and incubated at room temperature for 30 mins. After that, the absorbance of
mixture was determined at 490 nm. Total carbohydrate was calculated by compared

with glucose standard curve (appendix 5).
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Morphology of the green microalga Chlorococcum sp. 8367RE

The green microalga Chlorococcum sp. 8367RE was streaked on BG-11 agar and
kept as stock culture. The green colonies typically appeared on BG-11 agar after
incubation at room temperature (25 + 3 °C) for 3 days (Figure 3A). Its color transformed
to orange colonies after 2 months (Figure 3B). The transformation from green to orange
colonies presumably are pigments, such as carotenoids. Light microscope and SEM
were performed to examine the algal morphology and the images were showed in
Figure 3C and 3D. Under light microscope, the microalgal cells are green, unicellular
with round shape. SEM image showed round shape of cells with smooth surface, no

flagella. Cell sizes are in the range of 7-10 um.
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x1,700 10um _"

Figure 3 Chlorococcum sp. 8367RE cultured on BG-11 agar for 3 days (A) and a long
time growing (B). Morphological of Chlorococcum sp. 8367RE observed under light
microscope (C) and SEM (D).
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4.2 Morphological observation under stress treatment

The green microalga Chlorococcum sp. 8367RE was cultured in 3 mL BG-11
media that placed in 12-well plate. Cells were grown for 28 days and the
morphological observations under light microscope were performed at day 0, 7, 14
and 28, respectively. As shown in Figure 4, under control (nonstress) condition,
microalgal cells are unicellular with round shape and greenish color. Cell sizes were
slightly increased upon culturing time and remained the similar color. This is a typical
pattern during algae growth under nonstress condition and assimilate nutrients for their

growths.

0 3 5 7 14 28 Days

Control B

Figure 4 Morphological and color changes of Chlorococcum sp. 8367RE after culturing
under control (nonstress) condition. Photographs were taken using light microscope

(Olympus BX51, Japan) couples with DP controller program.
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Next, we screened the conditions were applied to induce carotenoids
accumulation in these algal cells. In this study, salts (NaCl and KCl), light, drought
stresses including nitrogen starvation were performed. For NaCl stress, the
concentrations from 100-500 mM were applied. Upon NaCl treatment, algal cell sizes
were obviously increased compared with the control ones. Interestingly, high NaCl
concentration could induce the enlargement of cells. For example, cell sizes become
approximately 4.6 + 0.5 folds increased upon 500 mM NaCl stress (Figure 5) (note:
analysis of cell size and area was performed using SemAfore program, data not shown).
It was obvious that the color of cells under NaCl stress transformed from green to

yellow or orange shade.

From the observations, NaCl stress led the cell enlargement together with the
cells color changing from green to yellow/orange colors. Based on morphological
observations here, we hypothesized that yellow or orange color was the
chromophores, carotenoids. Thus, NaCl treatment would relate to carotenoids

accumulation in algal cells.
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0 3 5 7 14 28 Days

Control

100 mM NaCl

200 mM NaCl

300 mM NaCl

400 mM NaCl

500 mM NacCl

Ok 14 10.0 pm
I

Figure 5 Morphological and color changes of Chlorococcum sp. 8367RE after culturing

under NaCl stress. Photographs were taken using light microscope (Olympus BX51,

Japan) couples with DP controller program.
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Next, KCl stress was performed. The results are the similar trends as observing
under NaCl stress. Size of cells under KCl stress increased approximately 5.1 + 0.6 folds
when compared with the control in the same period, especially at day 28, cells showed
the largest in size. Comparing between cells under a high and low KCl concentrations,
cells were observed to be larger under higher KCl concentration. The largest cell sizes
were observed under 500 mM KCl stress. It should be note that color changes under
this condition were much pronounced compared with NaCl stress (Figure 5 vs Figure
6). Additionally, algal cells were aggregated and colonized (i.e. under 300 mM KCl stress
at day 14 and 28). The enlargement of Chlorococcum sp. 8367RE cells under salt stress
(either NaCl or KCl) was similar as observing in a terrestrial green alga Chlorococcum
sp. (Klochkova et al., 2006). The authors showed the enlarged vacuoles under sea
water culturing but no detailed analysis was clarified and discussed. Since, the color
of algal cells under KCl stress transformed from green to yellow and orange faster, we
next focused on the analysis of chromophores and carotenoids under this stress

condition.
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Control

100 mM KCl

200 mM KCLl

300 mM KCL

400 mM KCLl

500 mM KCLl

7 ] 10.0 ym
e~ —T

Figure 6 Morphological and color changes of Chlorococcum sp. 8367RE after culturing

under KCl stress. Photographs were taken using light microscope (Olympus BX51,

Japan) couples with DP controller program.
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Nitrogen starvation is one of the effective conditions to induce carotenoids
accumulation because chlorophylls generally decreased under this unflavored
condition. On the contrary, nitrogen starvation resulted in accessory pigment
accumulation, such as carotenoids (Markou and Nerantzis, 2013). We therefore
examined morphological changes using nitrogen starvation condition to serve as a
positive control. The results were shown in Figure 7. Size of cells were slightly small
comparing with the control. It might cause by essential nutrient depleting because
nitrogen is macronutrient which is important for algal growth and metabolism.
Therefore, nitrogen depletion caused in morphological change (Juneja et al., 2013).
Furthermore, cell colors under nitrogen starvation seemed to be faint more than
control cells. However, cells were changed from green to orange on day 28 of
observation. Tranformed colors observing here assumed as a result from carotenoids

accumulation induced by nitrogen starvation.

0 3 5 7 14 28 Days

Control

N starvation

10.0 ym

Figure 7 Morphological and color changes of Chlorococcum sp. 8367RE after culturing
under nitrogen starvation condition. Photographs were taken using light microscope

(Olympus BX51, Japan) couples with DP controller program.
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To observe effect of light stress, cells were exposed to high light using light
intensity at 50+5 and 80+5 umoles/m?%s. For this stress, the size of cells was gradually
increased (Figure 8). This is likely due to sufficient nutrient and light for photosynthesis.
Long-term of high light exposure; however, color of cells was changed from green to
yellow on day 14 and to orange color on day 28 of treatment. Nevertheless, light
intensity at 80+5 umoles/m?/s could induce color changing in cells faster than light
intensity of 50+5 umoles/m?/s. Color changing in cells treated with high light would

occur from carotenoids accumulation as well.

0 22/ 1A \5 7 14 28 Days

505 Q
umoles/m?/s

80+5
umoles/m?/s

Figure 8 Morphological and color changes of Chlorococcum sp. 8367RE after culturing
under light stress. Photographs were taken using light microscope (Olympus BX51,

Japan) couples with DP controller program.
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Chlorococcum sp. is the species that was reported the tolerancy to drought
environment (Klochkova et al., 2006). We therefore included drought stress in this
study. To screen morphological changes under drought stress, cells were separated
into 2 groups. The first group, cells were cultured in 1 to 3 mL BG-11 that placed in
12-well plate. The second group, ten milliliters of cells culture were grown in culture
plate to increase surface area for higher water evaporation. Then cells were observed
under light microscope and compared with control after 0, 3, 7, 14 and 28 days (Figure
9). Cell sizes in 12-well plates culturing were similar to the control ones. However,
cells in 1 mL media changed from green to green-orange color at day 28. For cells that
grown in culture plate, the size of cells was increased together with color of cells were
transformed to orange on day 28 of observation. It should be noted that algal cell
walls become thicken (Figure 10). This characteristic would cause the toughness to

extract carotenoids from algal cells.

From morphological observations, all stresses led the cell colors changes from
green to yellow or orange, which is hypothesized as carotenoids shade. Salinity stress
enhanced in cell sizes together with orange shade color transformation, KCl stress in
particular. As nitrogen served as macronutrient which is important for algal metabolism;
thus, nitrogen starvation condition was also interested to examine. Taken together, KCl
stress and nitrogen starvation were further analyzed to determine carotenoids

compositions and other biocompounds in their cells.
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0 3 5 7 14 28 Days

Control

BG-11 1.5 mL
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Culture plate

Figure 9 Morphological and col | hlorococcum sp. 8367RE after culturing

e

under drought stress. Phqtogra‘b'ﬁyélwé?éﬂfékéhtQsing light microscope (Olympus BX51,

Japan) couples with DP cgﬂ ller program. 19
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Figure 10 Morphological and color changes of Chlorococcum sp. 836 7RE after culturing
under control (A) and drought stress (B) for 28 days. Photographs were taken using light

microscope (Olympus BX51, Japan) couples with DP controller program.
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4.3 Extraction of carotenoids

To extract carotenoids from the green microalga Chlorococcum sp. 836 7RE, cell
pellets harvesting from control, KCl stress and nitrogen starvation were broken by using
several disruption methods. The first disruption method, cells were crushed using the
freezed motar and pestle. The pellets were ground homogenously with solvent until
cells debris were bleached. However, this method was found a low efficacy to extract
completely. It was observed that only a half part of the pellets was broken. The second
disruption method was employed by using silica bead together with vortexing. By using
this method, the pellets were mixed with solvent and 0.5 mm. silica beads were then
added. Thereafter, the mixture was vortexed (Model G560E: Scientific Industries, USA).
The pellets were broken by this procedure; nevertheless, it took a considerably long
time to break a large amount of pellets. Thus, the ultrasonicator bath was used instead
of a vortex mixer to disrupt the cells severely. This method was effective for microalgal
cells disruption. In addition to disruption methods, various organic solvents were used
to extract carotenoids. Solvents used in this study include methanol, acetone,
acetonitrile and DMSO. It was reported that 80% acetone was selected in many studies.
Here, we compared other three solvents; methanol, acetonitrile and DMSO. The algal
pellets were extracted with these solvents by using 0.5 mm. silica beads combined
with ultrasonicator until cells debris were bleached. After that, the supernatants were
collected and filtered through syringe filter with a 0.22 um. Then the extracts were
analyzed by HPLC. Profiles were demonstrated (Figure 11). HPLC chromatograms
showed that the highest signal of carotenoids peaks was detected by using 80%
acetone extraction (Figure 11A). Thus, 80% acetone was the most effective solvent for

carotenoids extraction from Chlorococcum sp. 836 7RE.



38

A B

180-F7 Imodified by Hp3] Acetone extraction Uv_us_2 1 60_#10 [modified by Hp3] Methanol extraction uv_Vis_2
mAL & WWL:450 nmy mAU WWVL:450 nm|
¥ 1
125 125
g 100 2 1004
= E
8 8
g 75 3 g 75
2 1 2
3 g
50 o8| ¥ ‘ 50.]
g T
el |
= s = i
.l | 4 LB
| P 82 B o
A AU A A mﬂ g “
Ot e e e e e e e e . A‘MA ‘m‘ i ‘ : ‘ - - min|
00 50 100 160 200 260 300 30 400 450 00 50 100 150 200 250 300 350 400 450

Retention Time [min] Retention Time [min]

C D

18078 [modified by Hp3] Acetonitrile exracton Uv_vs_2 1609 [modified by Hp3] DMSO extraction UV VIS 2
mAU WML:450 nm) [mAU WVL:450 nm|
126 125-|
S 100 S 100
‘E e
E E
i g
8 75 g 75
g g
< )
50- 50
25 25
o
o8&
@ o
R
o e o ‘k‘\ \V‘J\ f T T T T T o
00 200 250 300 350 400 450 00 5.0 100 150 200 250 300 350 400 450

Retentien Time [min] Retention Time [min]

Figure 11 HPLC chromatograms of carotenoids extractions from Chlorococcum sp.

8367RE using 80% acetone (A), methanol (B), acetonitrile (C) and DMSO (D), respectively
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4.4 Determination of pigment content

To observed UV absorption of the algal extracts, UV-Vis spectroscopy was
performed. This method is a simple technique to measure the absorbance of
substances and used for quantitative measurement. Thus, in this experiment the algal
extracts were scanned at the wavelength in the range of 200-800 nm. The absorbance
profiles were shown in Figure 12. From the absorbance profiles, absorbance peaks at
around 400-500 nm were detected in all samples which are the range of carotenoids
absorptions. From this pattern, it could be hypothesized that all of extracts samples
contain carotenoids. In addition, the algal extracts from control and KCl stress
conditions showed high spectrum at this range. Moreover, the absorbances between
350-400 and 650-700 nm were detected which is the absorption spectrum of

chlorophylls.

To estimate chromophore contents, the absorbance value at 663, 647 and 470
nanometers were calculated by using the equations as described in Materials and
Methods. Chlorophylls and carotenoids contents were represented in Figure 13. Under
nitrogen starvation, pigment contents were dramatically reduced which is consistent
with color of cells fading. However, carotenoids/chlorophylls ratio was increased.
These results are in the similar trend as observing in Scenedesmus sp. CCNM 1077,
which was cultured under nitrogen stress. The authors reported that when nitrate
concentration in medium was reduced, pigment contents were also reduced except
carotenoids/chlorophylls ratio were increased (Pancha et al., 2014). It could explain
that under nitrogen starvation, light harvesting pigments were decreased; however,
microalgae attempt to balance all pigment for photosynthesis that result in pigment
ratio changing. Moreover, it was reported that carotenoids/chlorophylls ratio increasing
due to the antioxidative function against oxidative stress induced by nitrogen starvation
(Zhang et al., 2013). Upon KCl stress, it led to chlorophyll a reduction and
carotenoids/chlorophylls ratio acceleration, which are elucidated as same as above. In

addition, total carotenoids content equally estimated between control and KCl stress
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which are higher than that measured under nitrogen starvation. These results revealed
that pigments content, especially carotenoids in Chlorococcum sp. 8367RE were
changed under stress conditions. Further, HPLC was performed to analyze and

compare with authentic carotenoids.

0.89 — Control

==- KCl stress

------ Nitrogen starvation

Absorbance

1
800

Wavelenght (nm.)

-0.2-

Figure 12 The absorbance profiles of the algal extracts culturing under control, KCl
stress and nitrogen starvation conditions. The spectra were scanned from the

wavelength between 200-800 nm.
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Figure 13 Chlorophyll content (A), carotenoids content (B), carotenoids/chlorophylls
(Q), chlorophylls/carotenoids (D) and all pigment content (E) in chlorococcum sp.
8367RE culturing under control, nitrogen starvation and KCl stress for 28 days. (data

were shown as mean + SE)
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4.5 Analysis of carotenoids

To determine carotenoids compositions in the algal extracts, reversed-phase
high performance liquid chromatography was performed. Firstly, C18 column was used
to separate the carotenoids and the mobile phase consist of acetonitrile and methanol
(80:20); however, signals were not distinctly separated. Moreover, other mobile phase
systems were tested but the results were not improved (data not shown). It was
reported that, C30 column was employed in several studies, especially carotenoids
analysis because C30 column are capable to discriminate the long chain molecules
like carotenoids. Later, C30 YMC column was replaced for carotenoids analysis in this

study.

To separate carotenoids on C30 column, various gradient systems were
suggested as mentioned in the introduction (Table 1). In this study, methanol and
methyl-t-butyl ether (MTBE) were selected as mobile phase. The gradient systems of
these solvents were examined. Firstly, a gradient solvent system 1 was started at 5%
solvent B (MTBE) for 5 mins, followed by a linear gradient to 30% of MTBE in 30 mins.
Then, MTBE was increase to 50% in 35 mins. After 70 mins of running, MTBE was held
at 5% until the end. This time program spent 90 mins running at 0.9 mL/min of flow
rate. The algal extract profile showed the closely peaks and the sample was eluted
out of column early (Figure 14). Additionally, after 30 mins of running, no signal was
observed. It can be speculated that upon this gradient system only 30% of MTBE
eluted all of samples out of the column. Thus, the gradient of MTBE was adjusted in

the next experiment.
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Figure 14 The chromatogram of the algal extracts which separated on C30 column by

using gradient solvent system 1. The absorbance was detected at 450 nm.
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Secondly, a gradient solvent system 2 was tested. This system began with 5%
MTBE for 5 mins, followed by a linear gradient to 30% of MTBE in 30 mins. Then, 30%
of MTBE was held for 5 mins. After that, MTBE was decreased to 5% until the end of
experiment. This time program spent 45 mins running at 0.9 mL/min of flow rate. The
chromatogram of algal extract showed the fine peak separation (Figure. 15A) with

appropriate time running.

Moreover, other two gradient systems were performed. For the gradient system
3, the beginning and the last of running were adjusted to 0% MTBE replaced 5% MTBE
in the gradient system 2. In addition, time for a linear gradient of MTBE was extended
from 30 mins to 35 mins. The result showed a slight improve for separation. It should
be noted that all the signals were delayed when compared with gradient solvent
system 2 running (Figure. 15B). Lastly, a gradient solvent system 4 was determined by
linear gradient of MTBE extended to 45 mins; however, the chromatogram showed a
similar trend with gradient solvent system 3 unless peak elution was delayed (Figure
15Q). Taken together, gradient solvent system 3 was selected to separate the algal
extracts. Additionally, the flow rate was adjusted from 0.9 to 0.4 mL/min for gradually

peak separation (Figure 15D).
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Figure 15 HPLC chromatograms of the algal extracts which
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separated on C30 column

by using gradient solvent system 2 (A), 3 (B), 4 (O) at 0.9 mL/min of flow rate and

gradient solvent system 3 at 0.4 mL/min (D). The absorbance was detected at 450 nm.
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From chromatogram adjustment, the algal extracts were separated by using
gradient solvent system 3 with 0.4 mL/min of flow rate. The results showed that algal
extracts from control culturing represented six dominant peaks (Retention time (RT)
14.06, 15.89, 16.72, 22-23, 30.60 and 35.69, respectively) (detection at 450 nm.) (Figure.
16). However, chlorophylls can also absorb in this wavelength. To investigate
chlorophylls peaks, the absorbance at 642 and 665 nms. (chlorophylls absorbance
range) were investigated (Figure.17A and 17B). As shown in Figure.17, three peaks (RT
14.06, 22.53 and 35.69, respectively) were not carotenoids because these peaks could
absorb at wavelength over 500 nm. In addition, lutein standard was also run and show
the same retention time that detected in sample (RT 30.60). Thus, the highest peak of
this chromatogram would be lutein. However, mass spectrometry was performed to
further identify. For mass spectrometry, the result from IDA mode screening was shown
in Figure. 18 (raw data of the analysis was shown in appendix 7). HPLC profile and mass
spectrometry results were interpreted together and three types of carotenoids were
detected including violaxanthin (1), antheraxanthin (2) and lutein (3). Lutein content
was 2.24 pg/mg dry weight and represented as the dominant carotenoids in the algal
extracted from control culturing. It should be noted that suspected steroid which is

Cs7HgoOs was detected (appendix 7).
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Figure 16 The chromatogram of the algal extracts from control
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culturing which

separated on C30 column by using gradient solvent system 3 at 0.4 mL/min of flow

rate. The absorbance was detected at 450 nm.
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Figure 17 The chromatogram of the algal extracts from control culturing which

separated on C30 column by using gradient solvent system 3 at 0.4 mL/min of flow

rate. The absorbance was detected at 642 nm. (A) and 665 nm. (B)
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The algal extracts from KCl stress was analyzed. From HPLC profile (Figure.19),
three dominant peaks (RT= 22-23, 30.62 and 35.77) were detected under 450 nm.
Similarly with control condition, lutein (RT= 30.62) represented the dominant of
carotenoids. It should be mentioned that, low signal of astaxanthin peak was detected
(RT 27.93), when compared with astaxanthin standard. To further identify by mass
spectrometry, the result from IDA mode screening was shown in Figure. 20 (raw data
of the analysis was shown in appendix 7). HPLC profile and mass spectrometry results
were interpreted together and five types of carotenoids were detected. These are
violaxanthin (1), antheraxanthin (2), astaxanthin (3), lutein (4) and canthaxanthin (5).
When comparing with authentic standards, lutein and astaxanthin contents in these
algal extracts were 2.26 and 0.12 pg/me dry weight, respectively Here, it was clearly
elucidated that KCl stress led to carotenoids compositional changes in Chlorococcum
sp. 8367RE. Moreover, KCl stress could induce astaxanthin which is a high value
carotenoids. In Chlorella zofingiensis, astaxanthin and canthaxanthin accumulations
increased upon salt stress (NaCl stress) (Pelah et al., 2004). Furthermore, salinity stress
could induce astaxanthin content in H. pluvialis. The authors reported that genes
involve in astaxanthin synthesis were up regulated upon salinity stress (Gao et al.,
2015). From this study, KCl stress would be one of alternative ways to enhance high
value carotenoids like astaxanthin which possess strong antioxidant activity to protect
algal cells under unflavored conditions. Upon this stress also, the suspected steroid

which is Cs7HgOs was detected.
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Figure 19 The chromatogram of the algal extracts from KCl stress culturing which

separated on C30 column by using gradient solvent system 3 at 0.4 mL/min of flow

rate. The absorbance was detected at 450 nm.
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The algal extracts from nitrogen starvation condition was further analyzed.
From HPLC profile (Figure.21), the low signals were detected; however, lutein still
showed as a dominant peak (RT=30.63). Lutein content in this extract was 0.44 ug/mg
dry weight. Similary with KCl stress, astaxanthin was found. Trace amount of
astaxanthin was 0.06 pg/mg dry weight. The result showed that nitrogen starvation
affected on carotenoids and chlorophyll levels, which is agreeable with cell colors
bleaching as observed under nitrogen starvation treatment. It was reported that
nitrogen starvation effected on all photosynthetic pigments by decreasing chlorophyll
a, chlorophyll b and carotenoids in Scenedesmus sp. CCNM 1077 and Chlorella
minutissima (Ordég et al., 2012; Pancha et al., 2014) . Chlorophylls depletion would
cause by nitrogen utilization under nitrogen starvation condition. As chlorophylls
structure composed of nitrogen, it was utilized to nitrogen source for cells growth (Li
et al, 2008). Because of low carotenoids peaks, this condition was not further

investigated by mass spectrometry.

From carotenoids analysis, stress conditions (salinity stress and nitrogen
starvation) led to carotenoids composition changes in Chlorococcum sp. 8367RE
including other chromophore like chlorophylls. Upon KCl stress, secondary carotenoids
(astaxanthin and canthaxanthin) were additionally detected which possessed strong
antioxidant activity to prevent cells damages from reactive oxygen species (Abe et al.,
2007). It should be mentioned that the microalga alters their morphological and
pigments compositions for their survival under unsuitable conditions. Therefore, the

other biocompounds such as lipid, protein and carbohydrate were further investigated.
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Figure 21 The chromatogram of the algal extracts from nitrogen starvation culturing
which separated on C30 column by using gradient solvent system 3 at 0.4 mL/min of

flow rate. The absorbance was detected at 450 nm.
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4.6 Analysis of biocompounds

Microalgae are capable of producing a variety of high value products, such as
carotenoids and polyunsaturated fatty acids (PUFAs) (Spolaore et al., 2006). In addition,
amino acids which can be used as a rich source for food and feed industries. We
assumed that stress treatments would affect to biocompounds modulating in

microalgae. In this study, we therefore analyzed lipid, protein and carbohydrate.

4.6.1 Lipid analysis

To examine neutral lipid accumulation in Chlorococcum sp. 8367RE
under selected stress treatment, nile red staining method was performed and
observed under fluorescent microscope as described in Materials and Methods.
In this study, nile red was dissolved in 15% DMSO to serving as a stain carrier
into the cells. After nile red permeated into cells, it binds to the neutral lipid
droplets and exhibited a yellow fluorescence (Greenspan et al., 1985).
Nevertheless, the results from this study showed that control cells, KCl stress
and nitrogen starvation treated cell exhibited red fluorescence over whole cells
(data not shown). After 7 days of nitrogen starvation, cells exhibited low
intensity of red fluorescence when compared with other conditions. From this
point, nile red staining method seems to be low efficiency to permeate into
the Chlorococcum sp. 8367RE cells. It might cause from properties of cell wall
that effected nile red diffusion, resulting in low intensity of fluorescence (Huang

et al., 2009).
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Fatty acid methyl ester analysis was further performed instead to
analyze fatty acid composition. Cell pellets harvesting from 28 days of stress
treatments were extracted and analyzed by gas chromatography (Model Agilent
6890N, Agilent, USA) equipped with flame ionization detector (FID) as described
in Materials and Methods. Then fatty acids content in extracts were calculated
by comparing with authentic compounds. Fatty acid composition of
Chlorococcum sp. 8367RE under control, KCl stresses were summarized in

Table 2 and Figure 22.

Total fatty acid in Chlorococcum sp. 8367RE after culturing under
control, nitrogen starvation and KCl stress were 6.31 + 0.06, 28.07 + 0.79 and
12.79 + 0.03 % dry weight. The dominant of fatty acids in control cells were
linoleic acid (C18:2) (26.8 + 0.01% of total fatty acids), linolenic acid (C18:3)
(25.38 + 0.05% of total fatty acids), palmitic acid (C16:0) (24.19 + 0.02% of total
fatty acids) and oleic acid (C18:1) (20.0 + 0.08% of total fatty acids), respectively
whereas under nitrogen starvation, oleic acid was considerably increased to
45.15 + 0.01% of total fatty acids or more than 2 folds comparing with control.
While palmitic acid, linoleic acid and linolenic acid were decreased. It was
reported that fatty acids was enhanced under nitrogen starvation mainly oleic

acid in Chlorella vulgaris NIES-227 (Shen et al., 2015).

In case of KCl stress, it was similar trend with nitrogen starvation. Oleic
acid was increased to 29.73 + 0.08% of total fatty acids. In Chlamydomonas
reinhardtii, it was reported that NaCl stress led the lipid content increasing
(Hounslow et al., 2016). Stress condition effect to growth limitation and
microalgae could survive by increase accumulation of energy-rich storage

including lipid accumulation (Pal et al., 2011) .
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Table 2 Fatty acids composition in Chlorococcum sp. 8367RE cultured under control,

nitrogen starvation and 500 mM KCl stress (data were shown as mean + SD). The unit

was represented as % of total fatty acids.

Fatty acid Control Nitrogen 500 mM Ratio Ratio
(methyl ester) KCL -N/C KCUVC
starvation
Caprylic acid (C8:0) 0.05 + 0.00 ND 0.03+0.00 0.00 0.60
Capric acid (C10:0) 0.07+0.00 0.02+0.00 0.02+0.00 0.29 0.29
Lauric acid (C12:0) ND ND 0.02+0.00 ND 0.02
Myristic acid (C14:0) 192+001 039+£000 044 +002 020 0.23
Palmitic acid (C16:0) 24.19 + 0.02 20.06 + 0.04 19.26 + 0.04 0.83 0.80
Palmitoleic acid (C16:1) 0.63 £ 0.00 ~ 0.17 £ 0.00  0.46 + 0.00  0.27 0.73
Stearic acid (C18:0) 0.67 +£0.08 4.20+0.08 229+0.25 627 3.42
Oleic acid (C18:1) 20.00 £ 0.08 45.15+0.11 29.73 +0.08 2.26 1.49
Linoleic acid (C18:2) 26.80 £ 0.01 1634 +0.01 21.79+0.09 0.61 0.81
Linolenic acid (C18:3) 2538 £ 0.05 12.67 +0.05 25.01 +0.06 0.50 0.99
Arachidic acid (C20:0) 0.10 £ 0.00 0.67+£0.01 036 +0.00 6.70 3.60
Behenic acid (C22:0) 020+0.01 025+0.00 041+0.01 125 2.05
Erucic acid (C22:1) ND ND ND ND ND
Lignoceric acid (C24:0) ND 0.08 £0.00 0.18 £0.01 0.08 0.18
Total fatty acid
6.31 +0.06 28.07 +0.79 1279 £0.03 4.45 2.03

(% dry weight)

ND: not detected
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Figure 22 Fatty acid compositions in Chlorococcum sp. 8367RE cultured under control,

nitrogen starvation and 500 mM KCL stress.
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4.6.2 Amino acids and total protein analyses

For amino acid analysis, the algal cell pellets were extracted and
subjected to amino acids analyzer. The profiles were compared with 17
authentic amino acids and ammonia. The results demonstrated in Table 3
and Figure 23. Under control condition, alanine was mainly found in
Chlorococcum sp. 8367RE. Notably, methionine and histidine were not
detected. The variety of amino acids composition in microalgae depended on
strains that was reported in the literatures (Becker, 2007). Many microalgae
mainly accumulate alanine, glutamic acid, aspartic acid and arginine as the main
free amino acids. However, most of amino acids were decreased when the cells
were exposed with nitrogen starvation and salt stress. Under nitrogen
starvation, leucine was increased approximately 1.5 folds when compared with
control. In addition, valine, isoleucine and phenylalanine were no difference
between control and stress treatment. While ammonia was dramatically
increased about 4 folds of control. Upon KCl stress, most of amino acids were
decreased, except proline that was highly induced about 7.5 folds when
compared with control and nitrogen starvation treated. It has been suggested
that proline accumulation correlated with abiotic stress, especially salinity
stress in plant and microorganisms (Szabados and Savoure, 2010). Upon salinity
stress, proline acts as compatible osmolyte which assisted microalgal cells

protection (Hiremath and Mathad, 2010).
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Table 3 Amino acids composition in Chlorococcum sp. 836 7RE cultured under control,

nitrogen starvation and 500 mM KCl stress (data were shown as mean + SD). The unit

was represented as nmol/mg DW.

Amino Acid Control (C)  Nitrogen 500 mM Ratio Ratio
starvation KCl -N/C KClVC
Aspartic acid 0.28 +0.01 0.02 +0.01 0.04 0.07 0.14
Threonine 0.45+0.00 0.37 £ 0.06 0.36 0.82 0.80
Serine 0.70 £+ 0.02 0.28 £ 0.05 0.10 0.39 0.14
Glutamic acid 1.74 £ 0.05 0.36 + 0.08 0.48 0.21 0.28
Glycine 0.51+0.01 0.26 £ 0.06 0.09 0.52 0.18
Alanine 798 £ 0.25 393 +0.25 3.80 0.49 0.48
Cystine 0.07 £ 0.04  0.02 = 0.00 0.05 0.33 0.83
Valine 0.56 + 0.02  0.58 + 0.08 0.40 1.04 0.71
Methionine ND 0.01 £ 0.01 0.01 0.01 0.01
Isoleucine 0.22 +£0.01 0.28 + 0.04 0.14 1.23 0.64
Leucine 0.40 + 0.01  0.60 + 0.07 0.22 1.54 0.56
Tyrosine 0.67 +0.00 0.22 +£0.02 0.13 0.33 0.19
Phenylalanine 0.26 +0.00 0.26 + 0.03 0.10 1.00 0.38
Lysine 0.54 + 0.01 0.06 = 0.01 0.11 0.11 0.20
Histidine ND ND ND ND ND
Ammonia 3.06 +0.28 13.05+0.02 0.86 4.26 0.28
Arginine 252 +0.01 0.08+0.01 1.61 0.03 0.64
Proline 0.79 £+ 0.01 0.49 £ 0.06 5.92 0.62 7.49

ND: not detected
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Figure 23 Amino acids composition in Chlorococcum sp. 8367RE cultured under

control, nitrogen starvation and 500 mM KCl stress.
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To estimated total protein content in Chloroccocum sp. 8367RE,
Bradford assay was performed as described in Materials and Methods. The
result revealed that total protein content that obtained from control, KCl stress
and nitrogen starvation conditions were 16.73, 13.84 and 5.50% dry weight,
respectively (Figure. 24). Stress conditions led to total protein content
reduction especially under nitrogen starvation. Due to nitrogen served as a
composition of protein, lack of nitrogen in medium could affect to protein
synthesis in microalgal cells as same as Acutodesmus dimorphus (Chokshi et
al., 2017), Chlorella vulgaris (Agirman and Cetin, 2015) and Spirulina platensis
(Uslu et al., 2011). Upon KCl stress, total protein was also decreased from 16.73
to 13.84% dry weight which similar as observed in Acutodesmus obliquus and
Chlorella vulgaris. It has been reported that salinity stress (NaCl stress) affected
to protein content in both algae resulting in protein reduction from 23 to 13%
dry weight in A. obliquus and 23 to 19% dry weight in C. vulgaris as compared
between 0.06 and 0.4 M salt concentration (Pandit et al., 2017). The reduction
of protein under salinity stress was also reported in Nannochloropsis occulate

CS 179 (Gu et al., 2012).
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4.6.3 Carbohydrate analysis

Carbohydrate contents in Chloroccocum sp. 8367RE culturing under
various conditions were determined by phenol-sulfuric assay as described in
Materials and Methods. The total carbohydrate content in the algae that
obtained from control, KCl stress and nitrogen starvation condition were 38.17,
35.23 and 29.52% dry weight, respectively (Figure. 25). Total carbohydrate
contents decreased when the algal cells exposed to both stresses. It has been
reported that five strains of Chlorella grown in low-nitrogen medium showed
the difference of carbohydrate content. Four strains among these represented
carbohydrate content reductions while one strain showed the enhancement of
carbohydrate under low-nitrogen medium (Iltman et al., 2000). Hence, nitrogen
starvation effected carbohydrate content depend on species. Likewise, salinity
stress cause carbohydrate content decreasing in this study as same as
carbohydrate contents in Dunaliella salina and Dunaliella tertiolecta
decreased when growing under salt stress (Tammam et al., 2011). Although
many studies suggested that the limitation of nitrogen and salt stress could
enhanced carbohydrate in microalgae, some studies revealed that the
metabolic pathway of lipid and carbohydrate were closely linked due to the
degradation of starch served as the precursor of fatty acid synthesis like acetyl-
CoA. Thus, energy-rich molecule accumulation in microalgae depended on the
precursor supplying pathways and strains (Chen et al., 2013; Rismani-Yazdi et

al., 2011).
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Figure 25 Total carbohydrate in Chlorococcum sp. 8367RE cultured under control,

nitrogen starvation and 500 mM KCl stress. Data were shown as mean + SE.
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CHAPTER V
CONCLUSIONS

Salt, high light, drought stresses and nitrogen starvation altered the cell colors and
morphologies in Chlorococcum sp. 8367RE. Interestingly, NaCl snd KCl stresses
induced the enlargement of cells for 4.6 + 0.6 and 5.1 + 0.6 folds, respectively.
For extraction method, silica bead together with ultrasonicator bath and 80%
acetone was the most effective disruption method for carotenoids extraction from
this microalga.

For pigment analysis, total carotenoids in control, KCl stress and nitrogen
starvation extracts were 3.84 + 0.11, 3.85 + 0.11 and 1.18 + 0.01 pg/mg DW,
respectively.

Lutein was found as the majority carotenoid in Chlorococcum sp. 8367RE. Lutein
levels were 2.24, 2.26 and 0.44 pg/mg DW in control, KCl stress and nitrogen
starvation extracts, respectively.

KCl stress and nitrogen starvation enhanced accumulation of secondary
carotenoids, such as astaxanthin and canthaxanthin.

The fatty acid; oleic acid (omega-9) was dramatically increased under stress
conditions, namely KCl and nitrogen starvation stresses. Total fatty acids under
these conditions boosted for approximately 2- and 4- folds.

Proline was significantly induced upon KCl stress (7.5 times increment), suggesting

this amino acid functions as osmolyte.



67

REFERENCES

Abe, K., Hattori, H. and Hirano, M. (2007). Accumulation and antioxidant activity of
secondary carotenoids in the aerial microalga Coelastrella striolata var.
multistriata. Food Chemistry, 100: 656-661.

Agirman, N. and Cetin, A. K. (2015). Effects of Nitrogen Starvations on Cell Growth,
Protein and Lipid Amount of Chlorella vulgaris. Fresen Environ Bull, 24: 3643-
3648.

Ambati, R. R, Phang, S.-M., Ravi, S, et al. (2014). Astaxanthin: sources, extraction,
stability, biological activities and its commercial applications—a review. Marine
drugs, 12: 128-152.

Asker, D., Awad, T. S., Beppu, T, et al (2018). Screening and profiling of natural
ketocarotenoids from environmental aquatic bacterial isolates. Food Chemistry.

Avalos, J. and Limon, M. C. (2015). Biological roles of fungal carotenoids. Current
Genetics, 61: 309-324.

Becker, E. (2007). Micro-algae as a source of protein. Biotechnology advances, 25: 207-
210.

Bhosale, P. and Bernstein, P. S. (2005). Microbial xanthophylls. Applied Microbiology
and Biotechnology, 68: 445-455,

Boon, C. S., McClements, D. J., Weiss, J., et al. (2010). Factors influencing the chemical
stability of carotenoids in foods. Critical Reviews in Food Science and Nutrition,
50: 515-532.

Borowitzka, M. A., Beardall, J. and Raven, J. A. (2016). The physiology of microalgae
(Vol. 6): Springer.

Capelli, B. (2007). Natural astaxanthin: king of the carotenoids. Cyanotech Corporation.

Chen, C.-Y., Zhao, X.-Q., Yen, H.-W., et al. (2013). Microalgae-based carbohydrates for
biofuel production. Biochemical Engineering Journal, 78: 1-10.

Chen, W., Zhang, C, Song, L., et al. (2009). A high throughput Nile red method for
quantitative measurement of neutral lipids in microalgae. Journal of

Microbiological Methods, TT: 41-47.



68

Chia, M. A,, Lombardi, A. T., Melao, M. d. G. G, et al. (2015). Combined nitrogen
limitation and cadmium stress stimulate total carbohydrates, lipids, protein and
amino acid accumulation in Chlorella vulgaris (Trebouxiophyceae). Aguatic
Toxicology, 160: 87-95.

Chisti, Y. (2007). Biodiesel from microalgae. Biotechnology advances, 25: 294-306.

Chokshi, K., Pancha, I., Ghosh, A., et al. (2017). Nitrogen starvation-induced cellular
crosstalk of ROS-scavenging antioxidants and phytohormone enhanced the
biofuel potential of green microalga Acutodesmus dimorphus. Biotechnology
for Biofuels, 10: 60.

Dubois, M., Gilles, K. A., Hamilton, J. K, et al (1956). Colorimetric method for
determination of sugars and related substances. Analytical Chemistry, 28: 350-
356.

Erdogan, A., Cadr, A, Dalay, M. C, et al. (2015). Composition of carotenoids in
Scenedesmus protuberans: Application of chromatographic and spectroscopic
methods. Food Analytical Methods, 8: 1970-1978.

Forero, G. L. (2013). Carotenoids extracted from promising clones of criolla potato
(solanum  tuberosum  group  phureja) for food industry. Revista
Latinoamericana de la Papa, 17: 103-116.

Gao, Z., Meng, C,, Chen, Y. C, et al. (2015). Comparison of astaxanthin accumulation
and biosynthesis gene expression of three Haematococcus pluvialis strains
upon salinity stress. Journal of Applied Phycology, 27: 1853-1860.

Greenspan, P., Mayer, E. P. and Fowler, S. D. (1985). Nile red: a selective fluorescent
stain for intracellular lipid droplets. The Journal of Cell Biology, 100: 965-973.

Gu, N, Lin, Q., Li, G, et al. (2012). Effect of salinity on growth, biochemical composition,
and lipid productivity of Nannochloropsis oculata CS 179. Engineering in Life
Sciences, 12: 631-637.

Hazewindus, M., Haenen, G. R., Weseler, A. R, et al. (2012). The anti-inflammatory effect
of lycopene complements the antioxidant action of ascorbic acid and O-

tocopherol. Food Chemistry, 132: 954-958.



69

Hiremath, S. and Mathad, P. (2010). Impact of salinity on the physiological and
biochemical traits of Chlorella vulgaris Beijerinck. Journal of Algal Biomass
Utilization, 1: 51-59.

Hounslow, E., Vijay Kapoore, R., Vaidyanathan, S., et al. (2016). The search for a lipid
trigger: the effect of salt stress on the lipid profile of the model microalgal
species Chlamydomonas reinhardtii  for biofuels production. Current
Biotechnology, 5: 305-313.

Huang, G.-H., Chen, G. and Chen, F. (2009). Rapid screening method for lipid production
in alga based on Nile red fluorescence. Biomass and Bioenergy, 33: 1386-1392.

Ilman, A., Scragg, A. and Shales, S. (2000). Increase in Chlorella strains calorific values
when grown in low nitrogen medium. Enzyme and Microbial Technology, 2T:
631-635.

Janchot, K. (2016). Analysis of antioxidnt activity from a halotolerant cyanobacterium and green microalga.
Retrieved from

Jin, E-S., Lee, C.-G. and Polle, J. E. (2006). Secondary carotenoid accumulation in
Haematococcus (Chlorophyceae): biosynthesis, regulation, and biotechnology.
Journal of Microbiology and Biotechnology, 16: 821-831.

Juneja, A., Ceballos, R. M. and Murthy, G. S. (2013). Effects of environmental factors
and nutrient availability on the biochemical composition of algae for biofuels
production: a review. Energies, 6: 4607-4638.

Khachatourians, G. G. (2017). Carotenoids: Biotechnological Improvements for Human
Health and Sustainable Development. Phytonutritional Improvement of Crops:
259-270.

Kiokias, S., Proestos, C. and Varzakas, T. (2016). A review of the structure, biosynthesis,
absorption of carotenoids-analysis and properties of their common natural
extracts. Current Research in Nutrition and Food Science Journal, 4: 25-37.

Kiran, B., Pathak, K., Kumar, R, et al. (2016). Growth pattern and biofuel production
potential of newly isolated microalga, Chlorococcum sp. IM=03 under nitrogen
limited conditions. Journal of Chemical Technology and Biotechnology, 91:

1339-1344.



70

Klochkova, T. A, Kang, S.-H., Cho, G. Y., et al. (2006). Biology of a terrestrial green alga,
Chlorococcum sp.(Chlorococcales, Chlorophyta), collected from the Miruksazi
stupa in Korea. Phycologia, 45: 349-358.

Lamers, P. P., van de Laak, C. C., Kaasenbrood, P. S., et al. (2010). Carotenoid and fatty
acid metabolism in light=stressed Dunaliella salina. Biotechnology and
Bioengineering, 106: 638-648.

Li, Y., Horsman, M., Wang, B., et al. (2008). Effects of nitrogen sources on cell growth
and lipid accumulation of green alga Neochloris oleoabundans. Applied
Microbiology and Biotechnology, 81: 629-636.

Lichtenthaler, H. K. and Buschmann, C. (2001). Chlorophylls and carotenoids:
Measurement and characterization by UV=VIS spectroscopy. Current Protocols
in Food Analytical Chemistry.

Liu, B.-H., Haizhang, D. and Lee, Y.-K. (2000). Effects of nutrient levels on cell growth
and secondary carotenoids formation in the freshwater green alga,
Chlorococcum sp. Journal of Microbiology and Biotechnology, 10: 201-207.

Liu, B.-H. and Lee, Y.-K. (2000). Secondary carotenoids formation by the green alga
Chlorococcum sp. Journal of Applied Phycology, 12: 301-307.

Markou, G. and Nerantzis, E. (2013). Microalgae for high-value compounds and biofuels
production: a review with focus on cultivation under stress conditions.
Biotechnology advances, 31: 1532-1542.

Mulders, K. J., Weesepoel, Y., Bodenes, P., et al. (2015). Nitrogen-depleted Chlorella
zofingiensis produces astaxanthin, ketolutein and their fatty acid esters: a
carotenoid metabolism study. Journal of Applied Phycology, 27: 125-140.

Nwachukwu, I. D., Udenigwe, C. C. and Aluko, R. E. (2016). Lutein and zeaxanthin:
Production technology, bioavailability, mechanisms of action, visual function,
and health claim status. Trends in Food Science & Technology, 49: 74-84.

Ordog, V., Stirk, W. A, Balint, P., et al. (2012). Changes in lipid, protein and pigment
concentrations in nitrogen-stressed Chlorella minutissima cultures. Journal of

Applied Phycology, 24: 907-914.



71

Ota, M., Takenaka, M., Sato, Y., et al. (2015). Effects of light intensity and temperature
on photoautotrophic growth of a green microalga, Chlorococcum littorale.
Biotechnology Reports, T: 24-29.

Othman, R., Zaifuddin, F. A. M. and Hassan, N. M. (2017). Isolation and Purification of
B—Carotene from Morinda citrifolia  as HPLC Standard and Active
Pharmaceutical Ingredient. Journal of Pharmacy and Nutrition Sciences, T: 95-
99.

Pal, D., Khozin-Goldberg, I., Cohen, Z, et al. (2011). The effect of light, salinity, and
nitrogen availability on lipid production by Nannochloropsis sp. Applied
Microbiology and Biotechnology, 90: 1429-1441.

Pancha, I., Chokshi, K., George, B., et al. (2014). Nitrogen stress triggered biochemical
and morphological changes in the microalgae Scenedesmus sp. CCNM 1077.
Bioresource Technology, 156: 146-154.

Pandit, P. R., Fulekar, M. H. and Karuna, M. S. L. (2017). Effect of salinity stress on growth,
lipid productivity, fatty acid composition, and biodiesel properties in
Acutodesmus obliquus and Chlorella vulgaris. Environmental Science and
Pollution Research, 24: 13437-13451.

Patias, L. D., Fernandes, A. S., Petry, F. C, et al (2017). Carotenoid profile of three
microalgae/cyanobacteria species with peroxyl radical scavenger capacity. Food
Research International, 100: 260-266.

Pelah, D., Sintov, A. and Cohen, E. (2004). The effect of salt stress on the production
of canthaxanthin and astaxanthin by Chlorella zofingiensis grown under limited
lisht intensity. World Journal of Microbiology and Biotechnology, 20: 483-486.

Rao, A. R., Dayananda, C., Sarada, R., et al. (2007). Effect of salinity on growth of green
alga Botryococcus braunii and its constituents. Bioresource Technology, 98:
560-564.

Raposo, M. F. d. J., de Morais, A. M. M. B. and de Morais, R. M. S. C. (2015). Carotenoids
from marine microalgae: A valuable natural source for the prevention of chronic
diseases. Marine drugs, 13: 5128-5155.

Rasmussen, H. M. and Johnson, E. J. (2013). Nutrients for the aging eye. Clinical

Interventions in Aging, 8: 741.



72

Rismani-Yazdi, H., Haznedarosglu, B. Z., Bibby, K., et al. (2011). Transcriptome sequencing
and annotation of the microalgae Dunaliella tertiolecta: pathway description
and gene discovery for production of next-generation biofuels. BMC Genomics,
12: 148.

Rivera, S. M., Christou, P. and Canela-Garayoa, R. (2014). Identification of carotenoids
using mass spectrometry. Mass Spectrometry Reviews, 33: 353-372.

Rivera Vélez, S. M. (2016). Guide for carotenoid identification in biological samples.
Journal of Natural Products, 79: 1473-1484.

Shaker, S., Morowvat, M. H. and Ghasemi, Y. (2017). Effects of Sulfur, Iron and
Manganese Starvation on Growth, B—carotene Production and Lipid Profile of
Dunaliella salina. Journal of Young Pharmacists, 9.

Shen, X.-F., Chu, F.-F., Lam, P. K, et al. (2015). Biosynthesis of high yield fatty acids
from Chlorella wvulgaris NIES-227 under nitrogen starvation stress during
heterotrophic cultivation. Water Research, 81: 294-300.

Skjdnes, K., Rebours, C. and Lindblad, P. (2013). Potential for green microalgae to
produce hydrogen, pharmaceuticals and other high value products in a
combined process. Critical Reviews in Biotechnology, 33: 172-215.

Solovchenko, A., Khozin-Goldberg, 1., Didi-Cohen, S, et al. (2008). Effects of light and
nitrogen starvation on the content and composition of carotenoids of the green
microalga Parietochloris incisa. Russian Journal of Plant Physiology, 55: 455-
462.

Spolaore, P., Joannis-Cassan, C., Duran, E., et al. (2006). Commercial applications of
microalgae. Journal of Bioscience and Bioengineering, 101: 87-96.

Stanier, R., Kunisawa, R., Mandel, M., et al. (1971). Purification and properties of
unicellular blue-green algae (order Chroococcales). Bacteriological Reviews, 35:
171.

Sun, Z., Li, T., Zhou, Z.-g,, et al. (2015). Microalgae as a source of lutein: Chemistry,
biosynthesis, and carotenogenesis. In Microalgae Biotechnology (pp. 37-58):

Springer.



73

Szabados, L. and Savoure, A. (2010). Proline: a multifunctional amino acid. Trends in
Plant Science, 15: 89-97.

Takaichi, S. (2011). Carotenoids in algae: distributions, biosyntheses and functions.
Marine drugs, 9: 1101-1118.

Tammam, A. A, Fakhry, E. M. and El-Sheekh, M. (2011). Effect of salt stress on
antioxidant system and the metabolism of the reactive oxygen species in
Dunaliella salina and Dunaliella tertiolecta. African Journal of Biotechnology,
10: 3795-3808.

Uslu, L., Icik, O., Kog, K, et al. (2011). The effects of nitrogen deficiencies on the lipid
and protein contents of Spirulina platensis. African Journal of Biotechnology,
10: 386-3809.

Varela, J. C, Pereira, H., Vila, M., et al. (2015). Production of carotenoids by microalgae:
achievements and challenges. Photosynthesis Research, 125: 423-436.
Vidhyavathi, R., Venkatachalam, L., Sarada, R., et al. (2008). Regulation of carotenoid
biosynthetic genes expression and carotenoid accumulation in the green alga
Haematococcus pluvialis under nutrient stress conditions. Journal of

Experimental Botany, 59: 1409-1418.

Vonshak, A. and Torzillo, G. (2004). Environmental stress physiology. Handbook of
microalgal culture: biotechnology and applied phycology, 57.

Wen, Z., Liu, Z., Hou, Y., et al. (2015). Ethanol induced astaxanthin accumulation and
transcriptional expression of carotenogenic genes in Haematococcus pluvialis.
Enzyme and microbial technology, 78: 10-17.

Zeb, A. and Murkovic, M. (2010). Thin-layer chromatographic analysis of carotenoids in
plant and animal samples. Journal of Planar Chromatography-Modern TLC, 23:
94-103.

Zhang, D.-H. and Lee, Y.-K. (1999). Ketocarotenoid production by a mutant of
Chlorococcum sp. in an outdoor tubular photobioreactor. Biotechnology
Letters, 21: 7-10.

Zhang, D. and Lee, Y. (1997). Enhanced accumulation of secondary carotenoids in a
mutant of the green alga, Chlorococcum sp. Journal of Applied Phycology, 9:
459-463.



74

Zhang, Y.-M,, Chen, H., He, C-L,, et al. (2013). Nitrogen starvation induced oxidative
stress in an oil-producing green alga Chlorella sorokiniana C3. PLoS One, 8:
e69225.

Zhu, S., Huang, W., Xu, J.,, et al. (2014). Metabolic changes of starch and lipid triggered
by nitrogen starvation in the microalga Chlorella zofingiensis. Bioresource

Technology, 152: 292-298.



FWIAINTAUNNIINY 18D
CHuLALONGKORN UNIVERSITY

75



Appendix 1
BG-11 medium
BG-11 solution
NaNO,
KoHPO4
MgSog4-7H,O
CaClyH,0
Na,COs
EDTA*2Na
Citric acid
Ferric ammonium nitrate

Trace element

Dissilved all components with distrilled water to 1 liter.

Trace element solution

H3BO,

MnCl,-4H,0

ZnSO¢-TH,O

CuSOy-5H,0

Co(NO3),-6H,0

Dissilved all components with distrilled water to 1 liter
BG-11 agar

Agar powder

76

1.5 g
40 mg
75 mg
36 mg
200 mg
1 mg
6 mg
6 mg
1 mg
2.8 g
181 g
022 ¢
0.079 ¢
0.049 ¢
1.5 ¢/100 mL



Area (MAU*min)

3001

y = 4.7646x
R? = 0.9966

Appendix 2

Lutein standard curve

Lutein (ppm)

60

r



Area (mAU*min)

2007

Appendix 3

Astaxanthin standard curve

y = 1.2792x
Rz = 0.9966

5 10 15

Astaxanthin (ppm)
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Appendix 4

BSA standard curve

067 y=0.0348x

Rz = 0.9983

oD.,,

20

BSA (ug)
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Appendix 5

Glucose standard curve

1.0 y = 8.8685x

R? = 0.9965

O.G 1 1 T 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Glucose (mg/ml)
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