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ABSTRACT

Natural carotenoid pigments from green microalgae are known to exhibit beneficial effects in
the treatment of cardiovascular diseases, high blood pressure, gastrointestinal discomfort, and
even specific types of cancer. This is mostly due to their antioxidant capacity, which is able
to neutralize reactive radical species involved in such diseases. Green algae such as
Parachlorella spp., Haematococcus spp., and Scenedesmus spp. are known producers of such
carotenoids, among which astaxanthin is one of the best known. Therefore, the isolation and
characterization of carotenoid producing microalgae was conducted using environmental
samples collected in Pietermaritzburg, KwaZulu-Natal, as inocula. Algal isolates were
obtained using three different media under strictly photoautotrophic conditions. Three
selected purified axenic isolates were analyzed via light and electron microscopy, and the 18S
rRNA gene sequence for two of these isolates was analyzed as they show lesser
morphological features enabling taxonomic assignment. In addition, growth rates of isolates
were determined under photoautotrophic and photoheterotrophic conditions. Moreover, the
production of pigments was analyzed using thin layer chromatography (TLC), UV-VIS
spectrometry and antioxidant capacity measurements using the diphenylpicrylhydrazyl
(DPPH) organic radical based assay. Based on the cell morphology and cytological
structures, the three isolates were provisionally identified as Parachlorella sp., Scenedesmus
sp. and Haematococcus sp. The analysis of the 18S rRNA sequence confirmed that isolate
AA2 belongs to the genus Scenedesmus while for isolate AAl the best match was
Parachlorella. Light and electron microscopy indicated pigment accumulation in the three
strains. Using acetone extracts and TLC analysis, in addition to chlorophyll a, four major
carotenoids were detected from the Haematococcus sp. cells namely; astaxanthin, lutein,
echinenone and [-carotene. Two major carotenoids were identified for Scenedesmus sp.
(hydroxyechinenone and (-carotene), while only B-carotene was identified in Parachlorella
sp. The Rt values and spectral properties matched those reported in the literature for the
identified carotenoids. The DPPH assay showed that methanol extracts of all three isolates as
well as individual carotenoids isolated via preparative TLC, were able to reduce the organic
radical DPPH, thereby confirming the antioxidant activity of carotenoids present in these
isolates. To establish whether sufficient cell numbers can be generated under
photoautotrophic and photoheterotrophic conditions, growth kinetics were established for all

three isolates in batch experiments. Parachlorella sp strain AA1 showed the highest growth



rate of 0.020 h™ with a generation time of about 35 h when grown photoheterotrophically
with acetate (25 mM), followed by Scenedesmus sp. at a growth rate of 0.019 h™ and a
generation time of 36 h, while the same applied to Haematococcus sp. (growth rate = 0.016 h°
! and generation time = 43 h) with glucose (50mM). However, for the production of the

carotenoid astaxanthin by Haematococcus sp. photoautotrophic conditions were better.
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CHAPTER 1

Literature Review

1.1. Introduction

Algae are a major group of eukaryotes present in almost every habitat on our planet
(Schlichting, 1974; Weiss, 1983). Most algae are capable of performing oxygenic
photosynthesis as a means to generate biomass. However, many of these can utilize simple
organic acids or sugars in addition to carbon dioxide as their source of carbon and energy in
the presence or absence of light. The dimensions of algae range from 1um in the case of the
microscopic picoeukaryote Micromonas pusilla to 50m in the case of Macrocystis pyrifera
(Joint et al., 1986). Microscopic algae are single-celled microorganisms that occur as discrete
individual cells alone, some in pairs, in small groups or in sheets of individuals that have the
same resemblance. The most abundant green microalgae present in the phytoplankton
freshwater are single-celled drifters such as Chlorella spp., Euglena spp., and Scenedesmus
spp. (Fitzgerald, 1964; Andersen, 2005). Microalgae are highly diverse as they maybe
irregular, non-motile or motile by flagella, they might undergo complex lifecycles, may be

naked, have a cell wall, or a cell covered with silica or proteinaceous plates.

Pulz and Gross (2004) stated that microalgae represent a distinct group of
microorganisms of great ecological benefits, the spread of which is enormous since they live
in all major natural habitats, from cold, arctic regions, through highly alkaline or saline
habitats, to hot springs and arid soils. Microalgae play a significant role in the global primary
biomass production and form the source of the food chain in the aquatic environment
(Sunrek, 2008). Microalgae are naturally divided into five classes based on the different
photosynthetic assimilatory pigments (Chlorophyceae, Euglenophyceae, Xanthophyceae,
Bacillariophyceae, Rhodophyceae) and were also additionally categorized by their
developmental life cycle, and cell structure. However, many species are highly variable in
their physiology and morphology, which can make this differentiation difficult and

undependable (Krienitz, 2003; Sunrek, 2008). Currently, algae consist of nine eukaryotic



phyla, the Rhodophyta, Cryptophyta, Heterokontophyta, Haptophyta, Dinophyta,
Apicomplexa, Chlorophyta, Euglenophyta, and Chlorarachniophyta (Croft et al., 2006;
Leliaert et al., 2012). The most ubiquitous algae found in natural environments are the
diatoms, golden-algae (Heterokontophyta), and green-algae (Chlorophyta) (Long, 1980; Luo
et al., 2011; Krienitz and Bock, 2012). Microalgae are an incredibly distinct group of
organisms (Croft et al, 2006). Although between 200 000-800 000 species are believed to
exist, so far only limited numbers are kept in collections and a handful are cultivated on a

large commercial scale (Parmar et al, 2011).

PLANTS

B, e oA
e '\i\. -/' . - _'.I'i_l.’l'-:.
CHLOROPHYCEAE 7%
ULVOPHYCEAE il CHAROPHYCEAE |

TREBOUXIOPHYCEAE

ZYGNEMOPHYCEAE &~

v .
Chlorodendrales
E S S KLEBSORMIDIOPHYCEA:E;m- -
= | Coccoid prasinophytes CHLOROKYBOPHYCEAE L{l{%
Z Mamiellales =
E Pyramimonadales MESOSTIGMATOPHYCEAE e
& Y
Sz
Ancestral
CHLOROPHYTA Ancestral STREPTOPHYTA

Figure 1.1 Phylogenetic overview of the green-algae (left) and other phylogenetically
related eukaryotes (right). Source: Rindi et al. (2011).

Microalgae play an important ecological role in global chemical cycles. They contribute to
the global CO, fixation due to their high photosynthetic conversion efficiency and ability to
thrive in diverse ecosystems (Zeng et al., 2011). Their bioactive compounds and extracellular
polymers for example can affect soil particle adherence, plant growth and water storage (Pulz
and Gross, 2004). They have carbon concentrating mechanisms that suppress
photorespiration and increase biomass production rates. It was long believed that microalgae
only required CO, light, and inorganic nutrients to enable high growth rates. However, many
algae species have lineages found to be dependent on vitamins for growth. Interestingly,

those microalgae dependent on external sources of vitamins frequently form mutual



relationships with bacteria capable of synthesizing B-type vitamins (Croft et al, 2006). The
green algae consist of more than 7000 different species growing in a variety of habitats and
are especially abundant in fresh water. Most green algae are unicellular and microscopic,
forming the slimy green scum found in freshwater environments especially in the case of
Chlorella spp (Parachlorella). Others are bigger and more complex, forming spherical
colonies composed of many cells as in the case of Volvox spp. (Elliot, 1934; Kim et al. 2015).
Green algae cells contain high-value molecules that are of interest in biotechnology, such as
lipids, proteins, carbohydrates and numerous pigments (Mendes et al., 2003; Batista et al.,
2013). These pigments can help to improve gastrointestinal health and protect against free
radical damage to preserve immune-system defences. For instance, carotenoid pigments such
as astaxanthin serve as a therapeutic agent against atherosclerotic cardiovascular diseases and
inhibit the growth of fibrosarcoma cancer cells. This is mostly due to their super antioxidant
capacity to scavenge reactive radical species involved in such diseases (Cuellar-Bermudez et
al. 2015; Shah et al. 2016). The high-protein content of some green-algal species is one of the
major reasons why they are considered as a non-conventional source of proteins. Members of
the genus Chlorella and Scenedesmus are known to contain between 50-60 percent crude
protein while Haematococcus spp. contains up to 60 percent crude protein (Kofrany and
Jekat, 1967; Soeder and Binsack, 1978). For example, Chlorella spp. was early on
commercialised as a health food in Japan, Taiwan and Mexico (Garcia Sanchez et al., 2003;
Borowitzka, 2013). Carotenoid pigments such as astaxanthin, echinenone, lutein,
canthaxanthin, B-carotene and lycopene are synthesized by green algae (Ambati et al., 2014).
Of all the pigments, astaxanthin has the widest range of applications in nutraceuticals,
pharmaceuticals, cosmetics, chemicals and aquaculture due to its strong antioxidant activity
and pigmentation (Borowitzka, 2013; Perez-Lopez et al., 2014).

The freshwater green algae Haematococcus pluvialis and Chlorella zofingiensis are
generally beneficial as a natural source of astaxanthin, Chlorella vulgaris as a supplementary
food byproduct and the algal genera Dunaliella and Scenedesmus as a so uce o ff-
carotenoids. The nutritional value of proteins from these green-algae compares favourably to
egg, soy, and wheat protein as well as to WHO/FAQ protein requirements (Becker, 2007;
Chacon-Lee et al., 2010).



1.2. Haematococcus spp.

The freshwater unicellular biflagellate green-algae Haematococcus pluvialis
belonging to the class Chlorophyceae, order Volvocales and the family Haematococcaceae
(Elliot, 1934; Eom et al., 2006). Haematococcus pluvialis is ubiquitous in fresh natural or
artificial water environment and naturally present in many habitats globally (Genitsaris et al.,
2016). Knowledge of the unique developmental life cycle and morphology of Haematococcus
pluvialis has become increasingly important due to the interest in this organism as a
biotechnological natural source of cellular astaxanthin. The developmental life cycle of
Haematococcus pluvialis is divided into four types of unique and distinguishable stages,
these are motile zoospores (macrozooids), an immature cyst (microzooids), the resting
(palmella) stage, and an immotile spore (aplanosporic) stage (Elliot, 1934; Klochkova et al.
2013). The macrozooids of Haematococcus pluvialis are spherical, oval shaped, or pear-
shaped cells, biflagellate with a cup-shaped chloroplast. Due to the swift developmental
stages and cell division leading to 2-8 daughter cells, zoospores are mostly common in the
early vegetative biflagellate developmental stage of a batch experimental culture under
favourable cultivation conditions. When the zoospores are subjected to unfavourable or
adverse cultivation conditions, they change into an immotile ‘palmella’ form by losing their
two swimmining flagella while the cell size increases (Triki et al., 1997). This stage is
referred to as encystment. As the adverse condition persist, the so called palmella develops
into the immotile asexual aplanospore with rigid and thick cell walls. At the maturation of the
aplanospore, a high quantity of the carotenoid astaxanthin accumulate, resulting into intense
reddish colour of the cells while the green pigmented vegetative stage contains mostly lutein
(75-80%) and 10-20% of B-carotene, violaxanthin, neoxanthin and zeaxanthin (Harker et al.,
1996). It has been reported that the flagellate stage of some Haematococcus pluvialis strains
are competent of accumulating natural astaxanthin and related pigments without the
formation of aplanospores (Hagen et al., 2002; Brinda et al., 2004). When the adverse
cultivation conditions become favourable, the aplanosporic cells will develop into active
swimming zoospores with two flagella and begin a new vegetative developmental growth

stage, however aplanospores can alternatively divide into aplanospores as well.
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Figure 1.2 Schematic diagram of the morphological changes in the life cycle of

Haematococcus pluvialis.

1.3. Chlorella spp.

Higher plants cannot supply all animal nutritional requirements; some of them contain
anti-nutritive or toxic components that make them unsuitable for the aquaculture industry.
The use of microalgae could therefore be a solution. One of the early ideas for the use of
microalgae was their introduction into human or animal food as a protein source. The protein
content of microalgae is very high compared to higher plants (Guerin et al., 2003). It is
known that Chlorella spp. due to the presence of carotenoids possesses immunomodulating
activity and can act as a preventive agent against several tumours, can decrease systematic

high blood pressure or high serum cholesterol levels (Baker, 2002).

Chlorella beijerinck, a member of the genus Chlorella, is one of the best known
microalgae species worldwide. Notwithstanding, members of the genus generally lack
morphological characters, more than 100 Chlorella species have been named since the
description of the type species Chlorella vulgaris by Beinjerinck in 1890. Their habitats vary
from fresh water, marine to edaphic habitats (Luo, et al., 2010; Khaybullina et al., 2010).
Pyrenoids, starch grains, and a nucleus can readily be seen in some species, with the absence
of flagella. Chlorella, a broad oval green microscopical alga belongs to the large group of
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algae in the order Chlorellaceae. However, recent approaches (Bock et al., 2011), have
reclassified Chlorella based on ultrastructure of the cell wall, (Atkinson et al., 1972; Yamada
and Sakaguchi, 1982), pyrenoid ultrastructure (lkeda and Takeda, 1995; Nemkova and
Kalina, 2000), chemical composition of cell walls, biochemical and physiological characters,
(Kessler and Huss, 1992; Hegewald and Kneifel, 1982), sequence analyses of the 18S rRNA
gene (Huss et al., 1989; Huss and Sogin, 1990), and numerical classification strategies
(DaSilva and Gyllenberg, 1972). True Chlorella species according to Huss et al. (1999), have
to be divided as follows: Chlorella vulgaris, Chlorella lobophora and Chlorella sorokiniana
belong to the Chlorella—clade, whereas Chlorella kessleri (now Parachlorella kessleri)
belongs to the Parachlorella-clade. The distinction of the new genus Parachlorella from the
true Chlorella species is based on sequence analysis of the 18S rRNA gene. However, more
recent work has reclassified Chlorella species on the basis of biochemical and molecular
data, the genus currently consists of five “true” Chlorella species: Chlorella vulgaris, C.
lobophora andreyeva, C. sorokiniana shihira et Krauss, C. heliozoae Préschold et Darienko
and C. variabilis shihira et Krauss (Krienitz et al. 2004; Proschold et al. 2011).

Chlorella zofingiensis, current standing as C. variabilis shihira et Krauss, was
grouped within the Chlorophyceae (Hegewald and Kneifel, 1982), it is an aerobic heterotroph
that utilizes mannose and glucose and is also able to accumulate copious quantities of
carotenoids. It has a rigid cell wall, whereas other species such as Chlorella vulgaris have a
glucosamine containing cell wall without the ability to accumulate secondary carotenoids,
similarly they possess a double thylakoid bisecting the pyrenoid matrix (Takeda, 1991; Ikeda,
1995). Under adverse conditions such as high light irradiance, nitrogen deprivation,
canthaxanthin and astaxanthin are produced in their free form or as monoesters and diesters
with concomitant degradation of chloroplast membranes (Rise et al., 1994; Bar et al., 1995;
Del Campo et al., 2004). Strains of Chlorella zofingiens have been cultivated
photoautotrophically, mixotrophically and photoheterotrophically, with highest carotenoid
concentrations per biomass of 0.72g x L™ and 15mg x L™ under photoautotrophic conditions,
which makes it a promising potent producer of natural astaxanthin (Del campo et al., 2007).
However, Haematococcus pluvialis has the highest intracellular astaxanthin content (Zhang
et al., 1997; Oncel et al. 2011). Chlorella zofingiens accumulates over 80% of astaxanthin
during the late exponential phase and up to 20% of lutein, f-carotene, canthaxanthin and
violaxanthin (Del Campo et al., 2004). Chlorella vulgaris and Chlorella protothecoides

synthesize primary carotenoids such as lutein. However, they are mostly selected by



researchers for lipid production due to their high lipid content and rates of growth (Singh and
Gu, 2010).

1.4. Scenedesmus spp.

The genus Scenedesmus (Chlorophyceae) is ubiquitous in fresh water environments in
the temperate world (Vincent 1980; Trainor 1963; Keller et al., 2008). About 1300
Scenedesmus taxonomies have been described using morphological characters (Hegewald et
al., 1994; Hegewald and Silva, 1988), and only between 13-30 species are recognised (Egan
and Trainor, 1990).

Trainor (1998) is of the opinion that a single-celled isolate of Scenedesmus spp. could
show a variety of morphology that spans the characteristic morphology of two genera. It was
therefore the understanding of phenotypic plasticity in Scenedesmus spp. that led to the
assumption that only about 30 species occur in the genus, in comparison to the over 300
stated. It was the revision of this class- the Scenedesmaceae- that brings about the suggestion
that morphologically differentiated subgenera should be upgraded to genetic status. As a
result, the genus Desmodesmus was separated from Scenedesmus by An et al. (1999).
According to Hegewald et al. (2010), 13 species of the genus Scenedesmus are presently
phylogenetically and morphologically well defined. Scenedesmus spp. is a common part of
the phytoplankton in nutrient rich waters (Krienitz and Bock, 2012). Its ability to grow in
eutrophic media makes it desirable for use in high rate oxidation ponds for wastewater
treatment to remove nitrogen and phosphorus for the production of algal biomass (Nair et al.,
1981; Fingerhut et al., 1984).

Scenedesmus spp. also serves as food source for herbivorous zooplankton like
copepods (Boersma and Vijverberg, 1995). Scenedesmus vacuolatus accumulates secondary
carotenoids such as B-carotene, canthaxanthin, lutein, echinenone, and adonirubin (Qin et al.
2008). Orosa et al. (2000) and Qin et al (2008) reported a low concentration of astaxanthin at
0.041mg x L™ using a two stage culture, with astaxanthin accumulation recorded under
induction conditions (incubation at 30°C with illumination at 180pmol m? x s* for 48h).
Lewis and Flechtner (2004) also reported that Scenedesmus deserticola changes color during
early growth stages from olive to bright orange, then turns reddish during pigment
accumulation signifying astaxanthin accumulation. The additionally produced lutein is part of

the pigments recommended for the prevention of some specific types of cancer and retinal
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degeneration (Del Campo, 2004). Maximal biomass and lutein productivities of 0.87g x L™
and 4.77 mg x L™ day™ were measured in Scenedesmus almeriensis under high irradiances of
1625 PE m? x s and an optimal growth temperature of 35°C. Scenedesmus biomass contains
between 50-60% crude proteins (Kofranyi and Jekat, 1967; Muller-Wecker and Kofranyi,
1973). The systematic German studies on the nutritional value of Scenedesmus spp. revealed
that the biological value, digestibility and wholesomeness of green microalgae depend on
processing technology (Kraut et al., 1966; Pabst, 1975). Soeder et al (1970) stated that the
protein content in Scenedesmus acutus is higher than that of fruits and vegetables. Lipids are
also part of algal nutritional value and so are many pigments (Deventer and Heckman, 1996;
Borowitzka, 2013).

The size of Scenedesmus spp. ranges from 2-20um, with a smooth, non-ornamented
cell wall (Hegewald, 2000). This wall is layered with cellulose, sporopollenin, and mucilage
(Hegewald, 1997). This size makes them consumable for protozoa, fish, bivalves, rotifers,
and copepods (Boing et al, 1998). Since the experiments of Egan and Trainor (1989) and
Hegewald (1997), Scenedesmus spp. is known to reproduce by asexual reproduction. This
involves the production of autospores by means of two successive, non-vegetative cell
divisions, each Scenedesmus spp. cell is capable of producing either a single colony or a new

4-celled colonies.
1.5 Algal cultivation systems

Laboratory scale batch cultivation systems have been implemented for the cultivation
of microalgae since the 1940s. Naturally, they are designed to suit a typical strain, product or
purpose. Essentially, two methods of large scale cultivation of microalgae for the benefit of
higher biomass productivity exist: firstly, by culturing in a large uncontrolled open reservoir
(ponds and raceways) while the second stage involves the use of controled closed vessels i.e.
fermentors or photobioreactors (Pulz, 2001). Microalgae are cultured in properly illuminated
environments naturally or artificially, and they use CO, as a carbon source. Additional
chemicals are required for the large scale cultivation of microalgae, such chemicals help
either in regulating biosynthetic pathways, inducing oxidative stress responses, microalgal
metabolism or as metabolic precursors. Yu et al. (2015) recommended the use of propyl
gallate and butylated hydroxyanisole as enhancers on the large scale cultivation of microalgae
due to low cost of purchase. However, to increase the productivity of the carotenoid

astaxanthin, the report of Gao et al (2015) indicated that jasmonic acid (JA), salicylic acid
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(SA), gibberellic acid (GA3) and 2, 4 epibrassinolide (EBR) stimulated astaxanthin
productivity to 1.458mg x L*, 2.74mg x L™, 2.39mg x L™, 2.26mg x L™*, respectively,
depending on the concentrations used. Biofouling and biofilms of microalgae that are often
seen as obstacles for suspended culture have recently been examined as cultivation methods
for commercial-scale microalgal biomass production (Bendy and Sureshkumar, 2017).
Interestingly, diverse microalgae also produced valuable fine chemicals such as propylene
glycol, poly-3-hydroxy butyrate, glycerol-tert-butyl ether, and the omega-3 and omega-6
polyunsaturated fatty acids (PUFAS) (Leu and Boussiba, 2014). Autotrophic cultivation takes
more time, with low biomass production because it uses sunlight as the energy source and
carbondioxide as the only source of carbon to form chemical energy via photosynthesis.
Under autotrophic cultivation, Chlorella spp. gave the highest lipid yield of 54mg x L™*d™
compared to 23mg xL*xd ™ in Scenedesmus spp. (Chiu et al., 2009).

1.5.1 Heterotrophic and photoheterotrophic cultivation

Some selected microalgae can use organic carbon compounds as both energy and carbon
source in the nonexistence of light illumination, this condition is referred to as heterotrophic
cultivation (Chojnacka and Marquez-Rocha, 2004). The heterotrophic growth of microalgae
was reported to record high cell biomass on a commercial scale (Chen and John, 1994) and
can increase the saturation of storage lipids and associated natural pigments in comparison to
autotrophic conditions (Perez-Garcia et al., 2011). Photoheterotrophic conditions are
described by the presence of two carbon and energy sources (CO; and another reduced carbon
compound), and light. Simultaneous assimilation of organic carbon and CO, via
photosynthesis was reported to result in higher growth yield and biomass production (Orus et
al., 1991). Strains such as Euglena spp., Haematococcus pluvialis, and Chlorella regularis
have been reported to grow photoheterotrophically (Martinez and Orus, 1991; Takeyama et
al.,, 1997). The most generally used carbon source for the photoheterotrophic and
heterotrophic culture of microalgae is glucose. Respiration and increased rates of growth are
established with glucose compared to other substrate such as fructose, acetate, organic acids
and other monohydric alcohols. This is mainly because glucose has higher energy content per
mol than other carbon sources (Boyle and Morgan, 2009). Glucose enhances changes in
Chlorella vulgaris physiology, which firmly affect the metabolic pathways of carbon
assimilation, the cell volume, size of the cells, as well as size of storage materials such as

carotenoids, chlorophyll, lipids, RNA, proteins, starch and vitamins (Martinez et al., 1991). In



some open pond systems, organic carbon sources such as glucose, acetate and fructose are
supplied continuously in low dose. This is done to enhance higher microbial biomass,
however, it might lead to excessive bacterial growth. Lee (2001) is of the opinion that organic
carbon should be added during the day time hours, as the light would control fast growing
bacteria. Below are some of the limitations to the use of heterotrophic and photoheterotrophic

algal cultivation systems.

e Only a minimal number of microalgae species can develop under heterotrophic
conditions.

e High energy demand and costs by supplying organic substrates.

e Competition and contamination with other microorganisms such as bacteria.

e Reduction of cell growth by surplus organic substrates.

e Incapability to produce light-induced metabolites in case of heterotrophic growth
(Chen, 1996).

Nevertheless, many current studies indicate that heterotrophic and photoheterotrophic
cultures are gaining increasing interest for producing various kinds of microalgae metabolites
including pigments at various levels, from bench scale experiments to large commercial scale
(Brennan and Owende, 2010). The use of new, better suited strains is required due to their
ability of producing increased biomass and to accumulate pigments as well as lowering risk

of contamination.
1.5.2 Closed systems

There are different types of closed control systems used for the cultivation of
microalgae. The controlled closed system hinders contact between the immediate
environment and the enclosed algae. For collection, pre and post harvesting, precautions
measures must be put in place to reduce the interaction with the immediate environment.
Fermentor-type reactors, flat-plate reactors, tubular systems, and even bags are used in the
closed system cultivation of greenalgae (Borowitzka, 1999). Recently, biodomes and floating
bags have been used (Carvalho et al., 2006). Closed control systems are generally known as
photobioreactors (PBRS). They can be located outdoors, however in special situations, they
are located inside greenhouses to accommodate more controlled environments at the value of

increased running cost. Closed photobioreactors remain the best cultivation system for
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Haematococcus spp. with haematochrome content at 1.5-3% of dry biomass at the
aplanosporic stage (Olaizola, 2000; Guerin et al., 2003). However, of all the bioreactor types,
biofilm photobioreactors (PBRs) have the highest light distribution rate and direct gas
exchange between gas phase and biofilm (Podola et al., 2016). Generally, photobioreactors

have the following benefits over open ponds:

e Hindered or reduced contamination thereby allowing the culturing of algal species
that cannot be cultivated in open ponds.

e Provide better control over cultivation conditions (pH, temperature, nutrient supply).

e Stop evaporation and minimize the amount of used water.

e Reduced CO; losses due to outgassing.

e Achieve higher cell concentrations and, therefore, higher pigment per volume

productivity.

Disadvantages of photobioreactors:

e Production is capital intensive. This is parts of the challenges hindering the use of
photobioreactors for pigment production.

e Regardless of higher biomass concentration recorded and better control of cultivation
conditions, the production cost and productivity in some enclosed photobioreactor
systems are only slightly higher than those attainable in uncontrolled open-pond
cultures.

e The technical challenge in sterilizing these photobioreactors has limited their uses for
green-algae cultures for targeted high valued products such as chemical and

pharmaceutical products.

1.5.2.1 Horizontal tubular bioreactors

Tubular bioreactors appear in 3 forms: (i) The simple airlift and bubble columns
consist of vertical tubing that is transparent to allow light circulation: (ii) helical tubular
bioreactors, consist of a flexible plastic tube coiled in a circular framework (Lee et al., 1995).
(iii) In horizontal tubular reactors, exchange of gas takes place in the tube connection or
through a dedicated gas exchange unit, and the angle towards sunlight is specifically adequate

for efficient light harvesting. Such cultivation systems can control high volumes of culture
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because they are not liable to easy contamination (Richmond et al., 2001). Gudin and
Chaumont (1984) and Venkataraman et al. (1985), have been designing tubular bioreactor
configurations as early as 1984. They reported a bioreactor system bearing a capacity of
7000L in total, in which a productivity of 36g x m? x d* of lipids was recorded in the
cultivation of Phorphyridium cruentum (Chaumont et al., 1988). The major challenge to this
bioreactor was its capital intensity, along with the essential fragility of its glass components.
Richmond (1993) reported similar layouts of horizontal tubular reactors, which resulted in
productivities as high as 1.5g x L™*xd™" of protein with Spirullina platensis and 0.32g x L™ x
d™ ! with Isochrysis galbana. These controlled systems were based on an external unit
designed for light circulation, connected to a gas exchange tower through an airlift pump.
Garcia et al (2009) reported that the highest yield of 0.7g x L™ x d* of biomass was recorded
when Haematococcus pluvialis was cultivated in a tubular photobioreactor with astaxanthin
productivity of 8mg x L™ x d™. However, recent work by Park et al. (2014) recorded a much
higher astaxanthin productivity of 602mg x L™ x d* using a photobioreactor in a two stage
perfusion cultivation method. The airlift tubular photobioreactor was reported to have the
ability of stimulating astaxanthin pigments better than the bubble column, due to better liquid
circulation (460mg x L™ astaxanthin in the airlift and 390mg x L™ in the bubble column)
(Poonkum et al., 2015).

1.5.2.2 Flat plate bioreactors

Flat plate bioreactors (FPR) are naturally built to make proper use of natural light
such as sun, hence, narrow panels are mostly designed to achieve a high surface area to
volume ratio. In the early 1980s, FPR reactors were costly and showed limitation in culture
circulation (Pirt, 1983). A 500l FPR bioreactor was designed by Pulz (1992), in which the
culture flow from an open gas exchange unit through several parallel panels placed in
horizontal position. The cell flow rate increased at a high linear speed (1.2m xs~ 1). The
greatest benefits of this system are its provision of a closed gas transfer unit, which has
proven its efficiency in overcoming the problems of oxygen build up. Nevertheless, such a
closed zone limits the effect of contamination (Richmond, 2001). Fermenter type (FPR)
bioreactors are scarcely in use due to low area-to-volume ratio and poor sunlight harvesting
capacity, however Pohl, et al.(1988) provided a solution to this problem by building a 2501
FTR with stainless steel and internally illuminated by fluorescent lamps. With these

parameters, axenic cultures can be maintained for long periods and used for pigment
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production. Poonkum et al. (2015) recently reported the use of flat panel airlift
photobioreactors (FP-APBRs) which enhanced astaxanthin production to 26.63mg/m?® (5.34%

wet weight).
1.5.3 Open air system

Open ponds systems were the oldest configuration proposed for microalgae
cultivation and are currently in use in large scale-commercial processes. Borowitzka (1992)
stated several factors to be considered in using the open air system, some of these factors are
strain types, land procurement, manpower, water, nutrient types, climatic conditions, energy
source and the type of final product. There are four different kinds of open air systems
available presently, the raceway ponds, the shallow big ponds, circular ponds, and tanks.
There are two major benefits of culturing microalgae using the open pond cultivation system.
Firstly, the open pond uncontrolled system is not difficult to design and requires a limited
technical knowhow (Richmond, 1986). Secondly, an open pond is affordable and cheaper
than closed bioreactors because closed bioreactors require a cooling system, proper
monitoring and expensive materials. Although cheaper and easy to build, they are not
commonly used because of factors such as light intensity, temperature conditions,
evaporation, and protection from contamination are very difficult to maintain if intended to

be used for supplement production, and therefore it has a limited use for pure cultures.

Kawaguchi (1980) and Belays (1997) suggested the use of a raceway system for the
cultivation of Chlorella spp. to attain higher growth rates and to reduce the tendency of
overgrowth by related microalgae. Open ponds also lack room for development as well as
improvement compared to closed photobioreactor systems (Pulz, 2001). The only
uncontrolled open air cultivation system which attained significantly sustainable cell densities
is the cascade system designed by Masojidek and Prasil (2010), which is currently in use in
Trebon, the Czech Republic for the culture of Chlorella spp. However, the largest algal
cultivation systems currently in use are open ponds, due to their minimal capital and
managing cost (Morweiser et al., 2010). In addition, open pond remains the conventional
method used for pigment production for such as -carotene, astaxanthin, lutein, violaxanthin
from Dunaliella spp, Chlorococcum spp, Chlorella spp, Haematococcus spp, and

Scenedesmus spp, with an estimated yield value of 1200t per year (Ben-Amotz, 2004).
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1.5.3.1 Raceway pond

The raceway pond system is a unique type of an open system designed as a shallow
closed loop channel that permits the free flow of water. Raceway ponds are not difficult to
construct and, for this purpose, they are mostly used for the large scale cultivation of
microalgae. They are generally constructed in compacted or cemented earth. Their sizes and
shapes may differ, but for a bigger size area with several raceways, long stretched ponds with
180° curves on either ends are the most efficient and compactable. For circulation and
mixing, a paddle wheel is usually in use. It operates uninterruptedly to prevent sedimentation
(Venkataraman, 1985). The temperature condition in an open raceway varies within a diurnal
cycle and the season thereby limiting its use to temperate regions. Temperature is very hard
to manage. Cooling takes place by evaporation. Evaporative water loss can be important,
causing an increase in salt concentration and other compounds (Burlew, 1953). However,
raceway ponds allowed the induction of pigment production such as astaxanthin and its
accumulation in short periods of time (Milledge, 2011). Haematococcus pluvialis was
cultivated photoautotrophically in a raceway pond with optimum pigment production
(Olaziola, 2000).
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1.5.4. Harvesting and product formation

Proper harvesting remains part of the challenge in microalgae biomass production. For
the commercial scale harvest of pigments, centrifugation is the most commonly used method.
In a recent study, Shah et al. (2016) describe the use of floatation and disk-stack
centrifugation achieving 95% biomass recovery. Bead milling and expeller pressing remains
the most appropriate method for cell disruption of algae cells (Mendes-Pinto et al, 2001,
Olaizola, 2000). In commercial pigment production, spray drying is considered as the most
suitable method to dry algal biomass containing high value carotenoids such as astaxanthin,
compared to solar and freeze drying. The recovery efficiency of dry biomass (powder) using
this method exceeds 95% (Leach et al., 1998). The extraction of desired pigments from dried
biomass can be done by dissolving the powder in solvents and oils. Microwave-assisted,
enzyme-assisted approaches and increasingly supercritical carbon dioxide (SC-CO,)
extraction can also be used. Supercritical carbon dioxide (SC-CO,) extraction provides
shorter extraction time and reduces the use of toxic organic solvents, it is the most compatible
and efficient method for pigment extraction (Guedes et al. 2011).

1.6. Beneficial carotenoids from microalgae

Many natural carotenoids are synthesized by microorganisms such as yeasts, bacteria,
algae, fungi and even higher plants (Van den Berg, et al, 2000). Up to date, more than 600
carotenoids have been isolated and detected from natural habitats (Straub, 1987).
Carotenoids are known for their potential to prevent serious human health disorders such as
some specific types of cancer, heart disease, and macular degeneration, which are usually
linked to their potential antioxidant scavenging capacity (Krinsky, 1989; Maoka et al., 2001).
Xanthophylls for example have been shown to be the most effective free radical neutralizer
and scavengers (Krinsky, 1994; Mortensen et al., 2001). Minhas et al. (2016) reported that
lutein enhanced pigmentation in poultry and aquaculture, thereby qualifying lutein as one of
the fastest growing natural carotenoids on the commercial market with a value worth of $150
million per year in the USA (Borowitzka, 2013). In 2010, the poultry industry reported the
use of $233 million of lutein, however lutein productivity is estimated to grow up to $309
million by 2018 but cannot still compete with $1 billion market worth of astaxanthin which is
projected to double before 2018. In addition, the carotenoid canthaxanthin also enhanced egg
yolk pigmentation in poultry farming and is used as a feed additive. It is also widely used as a
colorant in food industries and as a tanning agent in the cosmetic industry (Higuera-Ciapara,
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2006). Canthaxanthin was reported by Vachali et al. (2012) to prevent UV-induced immune
suppression in mice, being protective against skin cancer in experimental animals and to be
of importance in the treatment of skin infections such as photodermatosis. The super
antioxidant activities of natural carotenoids have been reported to reflect not only the rates of
free radical neutralization and scavenging but also the reaction of the resultant natural
carotenoid derived radicals. The natural carotenoid radical-cations have shown to be
stabilised and presumed to be unreactive, they may further undergo bimolecular decay to
produce non-radical products or, in the case of carotene radical-adducts, may destroy radical
reactions by binding to the attacking free radicals thereby neutralizing the radicals (Krinsky,
1989; Everett et al., 1996). Astaxanthin for example has higher radical scavenging capacity
than canthaxantin, p-carotene, zeaxanthin, and lutein and 100 times more than a-tocopherol
(Shah et al.,, 2016). Due to the super antioxidant capacity of astaxanthin, its use as
supplement has been ascribed with potential properties against a considerable number of
diseases. Li et al. (2015) demonstrated the use of astaxanthin as a safe treatment for
autoimmune hepatitis by down regulation of c-Jun N-terminal Kinase (JNK/phosphorylated-
JNK) mediated apoptosis and autophagy. Zeaxanthin and astaxanthin can inhibit the growth
of breast, fibrosarcoma, prostate cancer cells and embryonic fibroblasts by suppressing the
tumor growth and stimulating the immune response against the antigen (Palozza et al., 2009).
These two carotenoids prevent skin thickening, collagen reduction and prevent ultraviolet
induced skin damage (Rao et al., 2013). Astaxanthin supplementation inhibits oxidation of
low density lipoprotein (LDL), it is carried by (very low density lipoprotein (VLDL), LDL
and high density lipoprotein (HDL) in human blood and protects LDL-cholesterol against
oxidation (lwamoto et al., 2000). Carotenoids are known to be reactive towards singlet
oxygen, with lycopene being the most effective quencher in vitro (Di Mascio et al., 1989; Di
Mascio et al., 1991). p-Carotene is an important natural antioxidant compound and a
precursor of vitamin A in food and feed products. Minhas et al. (2016) estimated the market
worth of B-carotene to be $261 million in 2010 and predicted it to grow up to $334 million in
2018. Since hydrogen production also depends on photosynthesis like pigment production, as
an alternative to improve the production of the bioproduct, stress induced by sulfur
deprivation has been proposed and applied in a two stage process for hydrogen production
under anaerobic conditions (Kari Skjanes et al., 2013; Chen et al., 2015). Batch experimental
cultures are grown aerobically in the first growth phase, followed immediately by a second
phase where the algae are denied of sulfur and produce hydrogen anaerobically (Melis et al.,
2000). The algae can be collected from the growth phase via centrifugation and then
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transferred to a different bioreactor for hydrogen production. Chlorella spp., Scenedesmus
spp. and Haematococcus spp. are among the 30 genera of green-algae considered as most
competent of producing hydrogen and related valuable products in the same process (Kari
Skjanes et al., 2013). However, two newly isolated strains of Chlorella vulgaris have
demonstrated the ability to produce hydrogen under atmospheric oxygen concentrations
(Hwang et al., 2014). The use of anaerobiosis induction method, avoiding the competition for
electrons from other pathways and increasing the sources of electrons, and increasing
hydrogenase activity (or decreasing its oxygen sensitivity), are major steps that could be
improved through genetic engineering for hydrogen production (Dubini and Ghirardi, 2014;
Gimpel et al., 2015; Bajhaiya et al., 2016).
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Astaxanthin (3,3'-dihyroxy-f,p'-carotene-4,4-dione) is one of the high-value carotenoids from
microalgae that is achieving commercial success (Bajhaiya et al., 2016; Klochkova et al.,
2013). Astaxanthin is ubiquitous in nature, particularly in the freshwater and marine habitat,
and is possibly best known for eliciting the pinkish-red color to the flesh of salmonids, as
well as shrimps, crayfish, croaker fish and lobsters (Bowen et al., 2002). Because these
animals cannot synthesize astaxanthin de novo, natural pigments must be supplied to their
food menu. In the marine and freshwater environment, astaxanthin is biosynthesized in the

food chain, with microalgae as the major production source (Guerin et al., 2003).
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Figure 1.3. Selected carotenoids produced by green algae that are of beneficial
importance. (A) B-Carotene (B) Lutein (C) Canthaxanthin (D) Echinenone (E)
Adonirubin, and (F) Astaxanthin.

22



According to Ma and Chen (2001), astaxanthin can be produced synthetically from
petrochemical sources or obtained from natural sources such as Haematococsus pluvialis, and
Chlorella zofingiensis (Guerin et al., 2003). It has special chemical properties due to its
molecular structure. The presence of the hydroxyl (-OH) and keto [C=0] moieties on each
ionone ring explains some of its special features, such as the ability to be esterified, ability to
posess higher antioxidant capacity due to stable radical scavenging and more polar nature
than other natural carotenoids such as [B-carotene, lutein, canthaxanthin and lycopene.
Hussein et al (2006) stated that astaxanthin in its free form is considerably unstable and easily
affected by oxidation. Thus, 4% were oxidized under high irradiance, salinity and high
temperature condition. However, free astaxanthin is commercially more beneficial than
astaxanthin esters (Ma and Chen, 2001). Synthetic astaxanthin is identical to that produced in
living organisms but it consists of a 1:2:1 mixture of three isomers (3S, 3'S), (3R, 3'S) and
(3R, 3'R) respectively (Danxiang Han et al., 2013). Currently, only a minimal number of
natural astaxanthin producers from the microbial origin can compete profitably with synthetic
astaxanthin, this include the green microalgae Haematococcus pluvialis, Chlorella
zofingiensis and the red yeast Phaffia rhodozyma (Johnson and An, 1991). The 3S, 3'S
astaxanthin isomer is the most valuable and predominantly synthesized by the green

microalgae (Barbosa et al., 1999).

The process of accumulation of astaxanthin in Haematococcus spp. has been analysed
by optical and electron microscopy (Lang, 1968; Fatima Santos and Mesquita, 1984). In the
motile biflagellate cells, astaxanthin pigment first appears in small round inclusions in the
perinuclear cytoplasm, the pigment granules are not within any organelle or vesicle. In
maturing cysts (encystment stage), the pigment accumulation increases in number and takes
on different kinds of shapes. Coalescence of the globular granules results from increasing
quantities of astaxanthin formed as the cell matures. In mature cysts (aplanosporic stage), the
cytoplasm is almost completely reddish with no natural pigment in the nucleus or chloroplast.
Astaxanthin disperses towards the periphery of Haematococcus spp. cells under continuous
light illumination and moves back towards the centre after illumination is stopped (Yong and
Lee, 1991). No measurable changes occur during this migration. The red aplanosporic cysts
are more resistant to photoinhibition than the green biflagellate cells, strongly signifying a
photoprotective role for astaxanthin (Yong and Lee, 1991). The specific rate of astaxanthin
accumulation is a function of the photon flux density. Continuous illumination and nutrient

deprivation are most favourable for astaxanthin accumulation, and the carotenoid content is
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correlated proportionally to light intensity (Lee and Ding, 1994). Salinity is another intricate
environmental factor affecting pigment accumulation in green algae. Salama et al. (2013)
reported that NaCl inhibits photosynthesis in the freshwater alga Scenedesmus sp. to
stimulate higher pigment accumulation. Dunaliella salina and Haematococcus pluvialis are
among the green-algae that can tolerate high salinity stress in the cultivation medium to
produce large quantities of pigments (Minhas et al., 2016). To increase astaxanthin
productivity, Gao et al. (2015) employed salicyclic acid and jasmonic acid to induce higher
expression levels of genes involved in carotenogenesis (ipi-1, ipi-2, psy, pds, lyc, bkt2, crtR-
B and crtO), which resulted higher astaxanthin productivity of 2.74mg x L™ and 1.458mg x

L™ as compared to 1.25mg x L™ without inducer in Haematococcus pluvialis.

Astaxanthin can be produced quantitatively as percentage of dry weight from the
following microalgae species; Botryococcus braunii 0.01% (Grung, 1994), Chlamydocaps
spp. 0.04% (Leya et al.,, 2009), Chlorella zofingiensis 0.7% (Orosa et al., 2000),
Chlorococcum sp. 0.7% (Liu and Lee, 2000), Neochloris wimmeri 1.9% (Orosa et al., 2000),
Scenedesmus sp. 0.3% (Qin et al., 2008), and Haematococcus pluvialis 4% (Lee and Ding,
1994). Out of all the above mentioned microalgae, Haematococcus pluvialis is recognised as
one of the promising producers of natural astaxanthin pigments due to its outstanding ability
to accumulate significant quantities of astaxanthin pigment under adverse conditions
(Boussiba, 2000). The production of astaxanthin by Haematococcus pluvialis has been
examined intensively (Harker et al., 1996; Cordero et al., 1996). However, efficient
astaxanthin production by Haematococcus pluvialis is difficult because of the slow growth
rate, changes in cell cytology under various environmental conditions and the sensitivity to
hydrodynamic stress. Under ideal cultivation conditions, most cells are actively swimming
and biflagellate and accumulate only low concentrations of astaxanthin. Thus, the pigment
accumulation stage differs from those of vegetative cell growth under which astaxanthin
pigment is synthesized. The separation of the astaxanthin production phase from the cell
growth phase is therefore necessary to obtain high cell biomass with high pigment content.
Kobayashi et al. (1997) reported that the potential of obtaining high cell concentrations in
heterotrophic culture is high because the cells can be maintained in the vegetative form for a
relatively long time. However, astaxanthin accumulation is relatively low under heterotrophic
conditions due to the absence of light (Kobayashi et al., 1992). To address the issue of
astaxanthin production, Park et al. (2014) established a two-stage perfusion cultivation

system for Haematococcus pluvialis with proper increased light illumination (150 - 450 puE x
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m? x s). The first step promotes algal growth under favourable culture conditions, in the
second stage reddish cells were subjected to high stress conditions (high light intensity,
excess acetate, high salinity, cell division inhibitors) with an astaxanthin productivity of
602mg x L™ (Park et al., 2014).

Column and thin layer chromatography were originally used and are well established
for the analysis of pigments. Preparative and analytical TLC enables separation, identification
and easy recovery of pigments, the separation is based on the interaction of the compound
with the mobile and the stationary phase, thus the lipophilicity of the carotenoid influences
the retention factor (Rf). However, recovery of pigments from thin layer chromatography
plates can be a challenge (Steinberg, 1989; Mercadante and Rodriguez-Amaya, 1989).
Sturzenegger et al. (1980) classified carotenoids into essential conservative, intermediate, or
essentially non- conservative using circular dichroism (CD) based on their temperature
dependence. Carotenoids with the absorbance maxima between 200-500nm were categorized
has essentially conservative due to low temperature requirement and their tendency to invert
upon all-trans to mono-cis isomerisation. As an alternative method, column chromatography
such as high-performance liquid chromatography (HPLC) can be used to separate
carotenoids. In HPLC analysis of carotenoids, detection takes place via a UV-VIS detector
using an appropriate wavelength or a photodiode array detector (DAD), which allows a
continuous collection of spectrophotometric data during the analysis (Huck et al., 2000).

Liquid chromatography-mass spectrometry is another analytical tool for the
identification of carotenoids. Electrospray ionization (ESI) and atmospheric pressure
chemical ionization mass spectrometry (APCI/MS) provide information about the carotenoid
structure via mass spectral analysis of fragments (Rivera and Canela-Garayoa, 2012). LC-MS
in the APCI mode was developed for the separation and identification of carotenoids in
mixtures containing zeaxanthin, B-carotene, canthaxanthin, echinenone, and astaxanthin, as
well as cis-trans isomers of P-carotene (Lacker et al, 1999). Mass spectra are typically
obtained by scanning the mass range from m/z 200-700. The limit of detection for B-carotene
determined in positive ion APCI-MS was apparently 1pmol (Lacker et al., 1999). Even
though most mass spectra of carotenoid pigments have been acquired using positive ion
mode, negative ion mode has also been reported (Van Breeman et al., 2012).
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1.7. Conclusion

The use of microalgae in vivo and in vitro is receiving special attention due to the high
valued pigments produced by them. These pigments are of importance in nutraceuticals,
pharmaceuticals, chemical formulations, poultry and aquaculture industries. Newly improved
technologies are implemented continuously to improve natural pigment production over the
synthetic route. The antioxidant and radical scavenging properties exhibited by pigments such
as astaxanthin, lutein, or B-carotene qualifies them to be used in treatment of diseases such as
cancer, gastrointestinal ulcer as well as eye and skin diseases. The green microalgae have
been  cultivated  photoautotrophically,  heterotrophically,  mixotrophically  and
photoheterotrophically, even under two stage perfusion. However, factors such as light,
medium composition, temperature, pH, cost of microalgae production, cultivation practice,
contamination control, market demand, pigment isolation and characterization still limit the
production of natural pigments from microalgae. This in particular has affected the aspiration
relating to the use of green algae pigments in pharmaceuticals, nutraceuticals, biotechnology
and as supplementary food for animal and human consumption. Technology improvements
and screening for new producer strains is still required to enable laboratory to large scale

commercial production in order to overcome the use of synthetic products.

The aim of this research was to isolate and characterize green-algae from
environmental samples in KwaZulu-Natal (South Africa), capable of producing carotenoid

pigments (such as astaxanthin).

The main objectives of this study were:

- To isolate, purify and characterize microalgae from environmental samples able to produce
carotenoid pigments.

- To determine growth kinetics and to analyze pigments in extracts from algal biomass

produced under photoautotrophic and photoheterotrophic conditions.
- To detect carotenoids by Thin Layer Chromatograhy (TLC) and UV-VIS spectrometry.
- To determine the antioxidant capacity of algal cell extracts and pigments using an organic

radical based assay.

26



1.8 References

Ambati, R.R., Phang, S.-M., Ravi, S., Aswathanarayana, R.G. 2014. Astaxanthin: sources,
extraction, stability, biological activities and its commercial applications—A review.
Marine Drugs, 12(1), 128-152.

An, S., Friedl, T., Hegewald, E. 1999. Phylogenetic relationships of Scenedesmus and
Scenedesmus-like coccoid green algae as inferred from ITS-2 rDNA sequence

comparisons. Plant Biology, 1(4), 418-428.

Andersen, R.A. 2005. Algal culturing techniques. Journal of Applied Phycology, 41, 906-
908.

Armstrong, G.A. 1997. Genetics of eubacterial carotenoid biosynthesis: a colorful tale.
Annual Reviews in Microbiology, 51(1), 629-659.

Atkinson Jr, A., Gunning, B., John, P. 1972. Sporopollenin in the cell wall of Chlorella and
other algae: ultrastructure, chemistry, and incorporation of 14C-acetate, studied in

synchronous cultures. Planta, 107(1), 1-32.

Bajhaiya, A.K., Moreira, J.Z., Pittman, J.K. 2016. Transcriptional Engineering of Microalgae:
Prospects for High-Value Chemicals. Trends in Biotechnology, 35(2), 95-99.

Baker, R.T.M. 2001. Canthaxanthin in aquafeed applications: is there any risk? Trends in
Food Science & Technology, 12(7), 240-243.

Bar, E., Rise, M., Vishkautsan, M., Arad, S.M. 1995. Pigment and structural changes in
Chlorella zofingiensis upon light and nitrogen stress. Journal of Plant Physiology,
146(4), 527-534.

Barbosa, M., Morais, R., Choubert, G. 1999. Effect of carotenoid source and dietary lipid
content on blood astaxanthin concentration in rainbow trout (Oncorhynchus mykiss).
Aquaculture, 176(3), 331-341.

Batista, A.P., Gouveia, L., Bandarra, N.M., Franco, J.M., Raymundo, A. 2013. Comparison
of microalgal biomass profiles as novel functional ingredient for food products. Algal
Research, 2(2), 164-173.

27



Becker, E. 2007. Micro-algae as a source of protein. Biotechnology Advances, 25(2), 207-
210.

Belay, A. 1997. Mass culture of Spirulina outdoors. The earthrise farms experience. A
Vonshak (ed.), Spirulina platensis (Arthrospira): Physiology, cell-biology and
biotechnology, Taylor and Francis, London, pp. 131-158.

Ben-Amotz, A., Avron, M. 1989. The biotechnology of mass culturing Dunaliella for
products of commercial interest. In: Cresswell RC, Rees TAV, Shah N (eds) Algal
and Cyanobacterial biotechnology. Longman Scientific & Technical, Harlow, pp 91—
114.

Ben-Amotz, A. 2004. Industrial production of microalgal cell-mass and secondary products-
Major industrial species. In: Handbook of microalgal culture Biotechnology and

Applied Phycology, (eds) A. Richmond. Blackwell Publishing Ltd, Oxford, 273-280.

Bendy Estime, D.R., Sureshkumar, R. 2017. Cultivation and energy efficient harvesting of
microalgae using thermoreversible sol-gel transition. Scientific Reports, 7(40725), 1-
9.

Bock, C., Krienitz, L., Proeschold, T. 2011. Taxonomic reassessment of the genus Chlorella
(Trebouxiophyceae) using molecular signatures (barcodes), including description of
seven new species. Fottea, 11(2), 293-312.

Boersma, M., Vijverberg, J. 1995. Synergistic effects of different food species on life-history
traits of Daphnia galeata. Hydrobiologia, 307(1-3), 109-115.

Boing, W.J., Wagner, A., Voigt, H., Deppe, T., Benndorf, J. 1998. Phytoplankton responses
to grazing by Daphnia galeata in the biomanipulated Bautzen reservoir.
Hydrobiologia, 389(1-3), 101-114.

Borowitzka, L., Borowitzka, M. 1989. Industrial production: Methods and economics. In
algal and Cyanobacterial biotechnology, ed. R.C. Cresswell, T.A.V.Rees and N.Shah.
Longman Scientific and Technical, London, pp. 294-316.

28



Borowitzka, M.A. 1992. Algal biotechnology products and processes—matching science and

economics. Journal of Applied Phycology, 4(3), 267-279.

Borowitzka, M.A. 1999. Commercial production of microalgae: ponds, tanks, tubes and

fermenters. Journal of Biotechnology, 70(1), 313-321.

Borowitzka, M.A. 2013. High-value products from microalgae—their development and

commercialisation. Journal of Applied Phycology, 25(3), 743-756.

Borowitzka, M.A. 1997. Microalgae for aquaculture: opportunities and constraints. Journal
of Applied Phycology, 9(5), 393-401.

Borowitzka, M.A., Siva, C.J. 2007. The taxonomy of the genus Dunaliella (Chlorophyta,
Dunaliellales) with emphasis on the marine and halophilic species. Journal of Applied
Phycology, 19(5), 567-590.

Boussiba, S. 2000. Carotenogenesis in the green alga Haematococcus pluvialis: cellular
physiology and stress response. Physiologia Plantarum, 108(2), 111-117.

Bowen, J., Soutar, C., Serwata, R., Lagocki, S., White, D., Davies, S., Young, A. 2002.
Utilization of (3S, '3S) -astaxanthin acyl esters in pigmentation of rainbow trout

(Oncorhynchus mykiss). Aquaculture Nutrition, 8(1), 59-68.

Boyle, N.R., Morgan, J.A. 2009. Flux balance analysis of primary metabolism in

Chlamydomonas reinhardtii. Biomedical Central Systems Biology, 3(1), 1-10.

Brennan, L., Owende, P. 2010. Biofuels from microalgae—a review of technologies for
production, processing, and extractions of biofuels and co-products. Renewable and
Sustainable Energy Reviews, 14(2), 557-577.

Brinda, B., Sarada, R., Kamath, B.S., Ravishankar, G. 2004. Accumulation of astaxanthin in
flagellated cells of Haematococcus pluvialis-cultural and regulatory aspects. Current
Science, 87(9), 1290-1294.

Burlew, J.S. 1953. Algal culture. From laboratory to pilot plant, Carnegie Institution of
Publication, Washington, 600(1).

29



Carvalho, A.P., Meireles, L.A., Malcata, F.X. 2006. Microalgal reactors: a review of enclosed

system designs and performances. Biotechnology Progress, 22(6), 1490-1506.

Chacon-Lee, T., Gonzalez-Marifio, G. 2010. Microalgae for “healthy” foods—possibilities
and challenges. Comprehensive Reviews in Food Science and Food Safety, 9(6), 655-
675.

Chaumont, D., Thepenier, C., Gudin, C., Junjas, C. 1988. Scaling up a tubular photoreactor
for continuous culture of Porphyridium cruentum from laboratory to pilot plant. In
Stadler T, Morillson J, Verdus M.C, Karamanos W, Morvan, H, Christiaen, D (eds),
Algal Biotechnology. Elsevier Applied Science, London, 199-208.

Chen, G., Wang, B., Han, D., Sommerfeld, M., Lu, Y., Chen, F., Hu, Q. 2015. Molecular
mechanisms of the coordination between astaxanthin and fatty acid biosynthesis in
Haematococcus pluvialis (Chlorophyceae). The Plant Journal, 81(1), 95-107.

Chen, F. 1996. High cell density culture of microalgae in heterotrophic growth. Trends in
Biotechnology, 14(11), 421-426.

Chen, F., Johns, M.R. 1994. Substrate inhibition of Chlamydomonas reinhardtii by acetate in
heterotrophic culture. Process Biochemistry, 29(4), 245-252.

Chiu, S.Y., Kao, C.Y., Tsai, M.T., Ong, S.C., Chen, C.H., Lin, C.S. 2009. Lipid
accumulation and CO 2 utilization of Nannochloropsis oculata in response to CO,
aeration. Bioresource Technology, 100(2), 833-838.

Chojnacka, K., Marquez-Rocha, F.-J. 2004. Kinetic and stoichiometric relationships of the
energy and carbon metabolism in the culture of microalgae. Biotechnology, 3(1), 21-
34,

Christenson, L., Sims, R. 2011. Production and harvesting of microalgae for wastewater
treatment, biofuels, and bioproducts. Biotechnology Advances, 29(6), 686-702.

Cordero, B., Otero, A., Patifio, M., Arredondo, B.O., Fabregas, J. 1996. Astaxanthin
production from the green alga Haematococcus pluvialis with different stress
conditions. Biotechnology Letters, 18(2), 213-218.

30



Crawford, R. 1978. A new forma and a new species of the genera Scenedesmus and
Siderocelis (Chlorophyceae) from the nannoplankton of a brackish-water coastal pool.
Protoplasma, 96(3-4), 351-360.

Croft, M.T., Warren, M.J., Smith, A.G. 2006. Algae need their vitamins. Eukaryotic cell,
5(8), 1175-1183.

Cuellar-Bermudez, S.P., Aguilar-Hernandez, 1., Cardenas-Chavez, D.L., Ornelas-Soto, N.,
Romero-Ogawa, M.A., Parra-Saldivar, R. 2015. Extraction and purification of
high-value metabolites from microalgae: essential lipids, astaxanthin and

phycobiliproteins. Microbial Biotechnology, 8(2), 190-209.

DaSilva, E.J., Gyllenberg, H.G. 1972. A taxonomic treatment of the genus Chlorella by the
technique of continuous classification. Archiv fir Mikrobiologie, 87(2), 99-117.

Del Campo, J., Rodriguez, H., Moreno, J., Vargas, M., Rivas, J., Guerrero, M. 2004.
Accumulation of astaxanthin and lutein in Chlorella zofingiensis (Chlorophyta).
Applied Microbiology and Biotechnology, 64(6), 848-854.

Del Campo, J.A., Garcia-Gonzélez, M., Guerrero, M.G. 2007. Outdoor cultivation of
microalgae for carotenoid production: current state and perspectives. Applied
Microbiology and Biotechnology, 74(6), 1163-1174.

Deventer, B., Heckman, C.W. 1996. Effects of prolonged darkness on the relative pigment
content of cultured diatoms and green algae. Aquatic Sciences-Research Across
Boundaries, 58(3), 241-252.

Di Mascio, P., Kaiser, S., Sies, H. 1989. Lycopene as the most efficient biological carotenoid

singlet oxygen quencher. Archives of Biochemistry and Biophysics, 274(2), 532-538.

Di Mascio, P., Murphy, M.E., Sies, H. 1991. Antioxidant defense systems: the role of
carotenoids, tocopherols, and thiols. The American Journal of Clinical Nutrition,
53(1), 194S-200S.

31



Dominguez-Bocanegra, A., Ponce-Noyola, T., Torres-Mufioz, J. 2007. Astaxanthin
production by Phaffia rhodozyma and Haematococcus pluvialis: a comparative study.
Applied Microbiology and Biotechnology, 75(4), 783-791.

Dubini, A., Ghirardi, M.L. 2015. Engineering photosynthetic organisms for the production of
biohydrogen. Photosynthesis Research, 123(3), 241-253.

Durand-Chastel, H. 1980. Production and use of Spirulina in Mexico. Algae biomass:
production and use/[sponsored by the National Council for Research and
Development, Israel and the Gesellschaft fur Strahlen-und Umweltforschung (GSF),
Munich, Germany]; editors, Gedaliah Shelef, Carl J. Soeder. Elsevier Holland
Biomedical Press, Amsterdam, pp.51-64.

Egan, P.F., Trainor, F.R. 1989. Low cell density: the unifying principle for unicell
development in Scenedesmus (Chlorophyceae). British Phycological Journal, 24(3),
271-283.

Elliot, A. 1934. Morphology and life history of Haematococcus pluvialis. Archiv fir
Protistenkunde, 82, 250-272.

Eom, H., Lee, C.-G., Jin, E. 2006. Gene expression profile analysis in astaxanthin-induced
Haematococcus pluvialis using a cDNA microarray. Planta, 223(6), 1231-1242.

Everett, S.A., Dennis, M.F., Patel, K.B., Maddix, S., Kundu, S.C., Willson, R.L. 1996.
Scavenging of nitrogen dioxide, thiyl, and sulfonyl free radicals by the nutritional
antioxidant-carotene. Journal of Biological Chemistry, 271(8), 3988-3994.

Fatima Santos, M., Mesquita, J. 1984. Ultrastructural study of Haematococcus lacustris
(Girod.) Rostafinski (Volvocales). 1. Some aspects of carotenogenesis. Cytologia,
49(1), 215-228.

Fingerhut, U., Soeder, J.C. 1984. Growth and acetate utilization of Scenedesmus falcatus and
Pseudomonas aeruginosa in axenic and mixed continuous cultures. Archiv flr
Hydrobiologie Beih. Limnologie, 19, 281-287.

32



Fitzgerald, G.P. 1964. The biotic relationships within water blooms. In: J.R. Rosowski and

B.C, Parker (eds) Algae and man, Plenum Press, Springer. pp. 300-306.

Gao, Z., Li, Y., Wu, G,, Li, G, Sun, H., Deng, S., Shen, Y., Chen, G., Zhang, R., Meng, C.
2015. Transcriptome analysis in Haematococcus pluvialis: astaxanthin induction by
salicylic acid (SA) and jasmonic acid (JA). PloS One, 10(10), e0140609.

Garcia Sanchez, J., Berenguel, M., Rodriguez, F., Fernandez Sevilla, J., Brindley Alias, C.,
Acién Fernandez, F. 2003. Minimization of carbon losses in pilot-scale outdoor
photobioreactors by model-based predictive control. Biotechnology and
Bioengineering, 84(5), 533-543.

Genitsaris, S., Stefanidou, N., Katsiapi, M., Vardaka, E., Kormas, K.A., Sommer, U.,
Moustaka-Gouni, M. 2016. Haematococcus: a successful air-dispersed colonist in
ephemeral waters is rarely found in phytoplankton communities. Turkish Journal of
Botany, 40(4), 427-438.

Gimpel, J.A., Henriquez, V., Mayfield, S.P. 2015. In metabolic engineering of eukaryotic
microalgae: potential and challenges come with great diversity. Frontiers in
Microbiology, 6(1376), 1-14.

Grung, M., Metzger, P. 1994. Algal carotenoids 53; Secondary carotenoids of algae 4;
Secondary carotenoids in the green alga Botryococcus braunii, race L, new strain.
Biochemical Systematics and Ecology, 22(1), 25-29.

Gudin, C., Chaumont, D. 1980. A biotechnology of photosynthetic cells based on the use of
solar energy. Biochemical Society Transactions, 8(4), 481-482.

Guedes, A.C., Amaro, H.M., Malcata, F.X. 2011. Microalgae as sources of carotenoids.
Marine Drugs, 9(4), 625-644.

Guerin, M., Huntley, M.E., Olaizola, M. 2003. Haematococcus astaxanthin: applications for
human health and nutrition. Trends in Biotechnology, 21(5), 210-216.

33



Hagen, C., Siegmund, S., Braune, W. 2002. Ultrastructural and chemical changes in the cell
wall of Haematococcus pluvialis (Volvocales, Chlorophyta) during aplanospore

formation. European Journal of Phycology, 37(2), 217-226.

Han, D., Li, Y. Hu, Q. 2013. Astaxanthin in microalgae: pathways, functions and
biotechnological implications. Algae, 28(2), 131-147.

Harker, M., Tsavalos, A.J., Young, A.J. 1996. Autotrophic growth and carotenoid production
of Haematococcus pluvialis in a 30 liter air-lift photobioreactor. Journal of

Fermentation and Bioengineering, 82(2), 113-118.

Hegewald, E., Silva, P.C (1988): Annotated catalogue of Scenedesmus and nomenclaturally
related genera, including original descriptions and figures. Bibliotheca Phycologica,
60, 1-587.

Hegewald, E. 1997. Taxonomy and phylogeny of Scenedesmus. Algae, 12(4), 235-246.

Hegewald, E. 2000. New combinations in the genus, Desmodesmus (Chlorophyceae,

Scenedesmaceae). Algological Studies, 96, 1-18.

Hegewald, E., Kneifel, H. 1982. Amines in algae. VI. The occurrence of polyamines in the
genus Chlorella. Archiv fir Hydrobiologie Supplement, 60(4), 489-4909.

Hegewald, E., Krienitz, L., Schnepf, E. 1994. Studies on Scenedesmus costato-granulatus
Skuja. Nova Hedwigia, 59(1), 97-128.

Hegewald, E., Wolf, M., Keller, A., Friedl, T., Krienitz, L. 2010. ITS2 sequence-structure
phylogeny in the Scenedesmaceae with special reference to Coelastrum (Chlorophyta,
Chlorophyceae), including the new genera Comasiella and Pectinodesmus.
Phycologia, 49(4), 325-335.

Higuera-Ciapara, I., Felix-Valenzuela, L., Goycoolea, F. 2006. Astaxanthin: a review of its
chemistry and applications. Critical Reviews in Food Science and Nutrition, 46(2),
185-196.

34



Huck, C.W., Popp, M., Scherz, H., Bonn, G. 2000. Development and evaluation of a new
method for the determination of the carotenoid content in selected vegetables by
HPLC and HPLC—MS. Journal of Chromatographic Science, 38(10), 441-449.

Huss, V., Scharpf, T., Kessler, E. 1989. Deoxyribonucleic acid reassociation in the taxonomy
of the genus Chlorella. Archives of Microbiology, 152(5), 512-514.

Huss, V., Sogin, M. 1990. Phylogenetic position of some Chlorella species within the
Chlorococcales based upon complete small-subunit ribosomal RNA sequences.
Journal of Molecular Evolution, 31(5), 432-442.

Huss, V.A., Frank, C., Hartmann, E.C., Hirmer, M., Kloboucek, A., Seidel, B.M., Wenzeler,
P., Kessler, E. 1999. Biochemical taxonomy and molecular phylogeny of the genus
Chlorella sensu lato (Chlorophyta). Journal of Phycology, 35(3), 587-598.

Hussein, G., Sankawa, U., Goto, H., Matsumoto, K., Watanabe, H. 2006. Astaxanthin, a
carotenoid with potential in human health and nutrition. Journal of Natural Products,
69(3), 443-449.

Hwang, J.H., Kim, H.C., Choi, J.A., Abou-Shanab, R., Dempsey, B.A., Regan, J.M., Kim,
J.R., Song, H., Nam, I.H., Kim, S.N. 2014. Photoautotrophic hydrogen production by
eukaryotic microalgae under aerobic conditions. Nature Communications, 5:3234.
doi: 10.1038/ncomms4234

Ilkeda, T., Takeda, H. 1995. Species-specific differences of pyrenoids in Chlorella
(Chlorophyta). Journal of Phycology, 31(5), 813-818.

Iwamoto, T., Hosoda, K., Hirano, R., Kurata, H., Matsumoto, A., Miki, W., Kamiyama, M.,
Itakura, H., Yamamoto, S., Kondo, K. 2000. Inhibition of low-density lipoprotein

oxidation by astaxanthin. Journal of Atherosclerosis and Thrombosis, 7(4), 216-222.

Johnson, E.A., An, G.H. 1991. Astaxanthin from microbial sources. Critical Reviews in
Biotechnology,11(4), 297-326.

35



Johnson, E.A., Schroeder, W.A. 1995. Microbial carotenoids. In: Downstream processing
biosurfactants carotenoids. Advances in Biochemical Engineering Biotechnology, 53,
119-178.

Johnston, H. 1970. The biological and economic importance of algae, Part 3. Edible algae of
fresh and brackish waters. Tuatara, 18(1), 19-35.

Joint, 1., Owens, N., Pomroy, A. 1986. Seasonal production of photosynthetic picoplankton

and nanoplankton in the Celtic Sea. Marine Ecology Progress Series, 28, 251-258.

Kawaguchi, K. 1980. Microalgae production systems in Asia. Algae biomass: production and
use/[sponsored by the National Council for Research and Development, Israel and the
Gesellschaft fur Strahlen-und Umweltforschung (GSF), Munich, Germany]; editors,
Gedaliah Shelef, Carl J. Soeder. Biomedical Press.

Keller, A., Schleicher, T., Forster, F., Ruderisch, B., Dandekar, T., Maller, T., Wolf, M.
2008. ITS2 data corroborate a monophyletic Chlorophycean DO-group
(Sphaeropleales). BMC Evolutionary Biology, 8(1), 1.

Kessler, E., Huss, V.A. 1992. Comparative physiology and biochemistry and taxonomic
assignment of the Chlorella (Chlorophyceae) strains of the culture collection of the
University of Texas at Austin 1. Journal of Phycology, 28(4), 550-553.

Khaybullina, L.S., Gaysina, L.A., Johansen, J.R., Krautova, M. 2010. Examination of the
terrestrial algae of the Great Smoky Mountains National Park, USA. Fottea, 10(2),
201-215.

Kim, J.H., Affan, M.A., Jang, J., Kang, M.H., Ko, A.R., Jeon, S.M., Oh, C., Heo, S.J., Lee,
Y.H., Ju, S.J. 2015. Morphological, molecular, and biochemical characterization of
astaxanthin-producing  green  microalga  Haematococcus  sp.  KordiO3
Haematococcaceae, Chlorophyta) isolated from Korea. Journal of Microbiology
Biotechnology, 25(2), 238-246.

Klochkova, T.A., Kwak, M.S., Han, JW., Motomura, T., Nagasato, C., Kim, G.H. 2013.
Cold-tolerant strain of Haematococcus pluvialis (Haematococcaceae, Chlorophyta)
from Blomstrandhalvaya (Svalbard). Algae, 28(2), 185-192.

36



Kobayashi, M., Kurimura, Y., Tsuji, Y. 1997. Light-independent, astaxanthin production by
the green microalga Haematococcus pluvialis under salt stress. Biotechnology Letters,
19(6), 507-509.

Kofranyi, E., Jekat, F. 1967. Estimation of the biological value of food proteins. 12. Mixing
of egg with rice, maize, soya and algae. Hoppe-Seyler's Zeitschrift Fur Physiologische
Chemie, 348, 84-88.

Kraut, H., Jekat, F., Pabst, W. 1966. Ausnutzungsgrad und biologischer wert des proteins der
einzelligen griinalge Scenedesmus obliquus, ermittelt im Ratten—Bilanz—Versuch.
Annals of Nutrition and Metabolism, 8(2), 130-144.

Krienszl, L., Hegewaldg, D.H. 2003. The systematics of coccoid green algae: 188 rRNA gene
sequence data versus morphology. Biologia Bratislava, 58(4), 437-446.

Krienitz, L., Hegewald, E.H., Hepperle, D., Huss, V.A., Rohr, T., Wolf, M. 2004.
Phylogenetic relationship of Chlorella and Parachlorella gen. nov.(Chlorophyta,
Trebouxiophyceae). Phycologia, 43(5), 529-542.

Krienitz, L., Bock, C. 2012. Present state of the systematics of planktonic coccoid green
algae of inland waters. Hydrobiologia, 698(1), 295-326.

Krinsky, N.I. 1994. The biological properties of carotenoids. Pure and Applied Chemistry,
66(5), 1003-1010.

Krinsky, N.I. 1989. Carotenoids and cancer in animal models. The Journal of Nutrition,
119(1), 123-126.

Lacker, T., Strohschein, S., Albert, K. 1999. Separation and identification of various
carotenoids by C 30 reversed-phase high-performance liquid chromatography coupled
to UV and atmospheric pressure chemical ionization mass spectrometric detection.
Journal of Chromatography A, 854(1), 37-44.

Lang, N.J. 1968. Electron microscopic studies of extraplasidic astaxanthin in Haematococus
12. Journal of Phycology, 4(1), 12-19.

37



Leach, M., Hamilton, L.C., Olbrich, A., Wray, G.M., Thiemermann, C. 1998. Effects of
inhibitors of the activity of cyclo-oxygenase-2 on the hypotension and multiple organ

dysfunction caused by endotoxin: A comparison with dexamethasone. British Journal
of Pharmacology, 124(3), 586-592.

Lee, Y.K. 2001. Microalgal mass culture systems and methods: their limitation and potential.
Journal of Applied Phycology, 13(4), 307-315.

Lee, Y.K,, Ding, S.Y., Low, C.S., Chang, Y.C., Forday, W.L., Chew, P.C. 1995. Design and
performance of an a-type tubular photobioreactor for mass cultivation of microalgae.
Journal of Applied Phycology, 7(1), 47-51.

Lee, Y.K., Ding, S.Y. 1994. Cell cycle and accumulation of astaxanthin in Haematococcus
lacustris (Chlorophyta) 1. Journal of Phycology, 30(3), 445-449.

Leliaert, F., Smith, D.R., Moreau, H., Herron, M.D., Verbruggen, H., Delwiche, C.F., De
Clerck, O. 2012. Phylogeny and molecular evolution of the green algae. Critical
Reviews in Plant Sciences, 31(1), 1-46.

Leu, S., Boussiba, S. 2014. Advances in the production of high-value products by
microalgae. Industrial Biotechnology, 10(3), 169-183.

Lewis, L.A., Flechtner, V.R. 2004. Cryptic species of Scenedesmus (Chlorophyta) from
desert soil communities of Western North America 1. Journal of Phycology, 40(6),
1127-1137.

Leya, T., Rahn, A., Litz, C., Remias, D. 2009. Response of arctic snow and permafrost algae
to high light and nitrogen stress by changes in pigment composition and applied
aspects for biotechnology. FEMS Microbiology Ecology, 67(3), 432-443.

Li, J., Xia, Y., Liu, T., Wang, J., Dai, W., Wang, F., Zheng, Y., Chen, K., Li, S., Abudumijiti,
H. 2015. Protective effects of astaxanthin on ConA-induced autoimmune hepatitis by
the JINK/p-JNK pathway-mediated inhibition of autophagy and apoptosis. PLoS One,
10(3), e0120440.

38



Liu, B.H., Lee, Y.K. 2000. Secondary carotenoids formation by the green alga Chlorococcum
sp. Journal of Applied Phycology, 12(3-5), 301-307.

Long, E.O., Dawid, I.B. 1980. Repeated genes in eukaryotes. Annual Review of Biochemistry,
49(1), 727-764.

Lorenz, R.T., Cysewski, G.R. 2000. Commercial potential for Haematococcus microalgae as

a natural source of astaxanthin. Trends in Biotechnology, 18(4), 160-167.

Luo, W., Bock, C., Li, H., Padisék, J., Krienitz, L. 2011. Molecular and microscopic diversity
of planktonic eukaryotes in the oligotrophic Lake Stechlin (Germany). Hydrobiologia,
661(1), 133-143.

Luo, W., Proschold, T., Bock, C., Krienitz, L. 2010. Generic concept in Chlorella-related
coccoid green algae (Chlorophyta, Trebouxiophyceae). Plant Biology, 12(3), 545-553.

Ma, R.Y.N., Chen, F. 2001. Enhanced production of free trans-astaxanthin by oxidative stress
in the cultures of the green microalga Chlorococcum sp. Process Biochemistry,
36(12), 1175-1179.

Machmudah, S., Shotipruk, A., Goto, M., Sasaki, M., Hirose, T. 2006. Extraction of
Astaxanthin from Haematococcus pluvialis Using Supercritical CO2 and Ethanol as
Entrainer. Industrial and Engineering Chemistry Research, 45(10), 3652-3657.

Maoka, T., Mochida, K., Kozuka, M., Ito, Y., Fujiwara, Y., Hashimoto, K., Enjo, F., Ogata,
M., Nobukuni, Y., Tokuda, H. 2001. Cancer chemopreventive activity of carotenoids

in the fruits of red paprika Capsicum annuum L. Cancer Letters, 172(2), 103-109.

Martinez, F., Orus, M.I. 1991. Interactions between glucose and inorganic carbon metabolism
in Chlorella vulgaris strain UAM 101. Plant Physiology, 95(4), 1150-1155.

Masojidek, J., Présil, O. 2010. The development of microalgal biotechnology in the Czech
Republic. Journal of Industrial Microbiology and Biotechnology, 37(12), 1307-1317.

Melis, A., Zhang, L., Forestier, M., Ghirardi, M.L., Seibert, M. 2000. Sustained
photobiological hydrogen gas production upon reversible inactivation of oxygen

39



evolution in the green Alga Chlamydomonas reinhardtii. Plant Physiology, 122(1),
127-136.

Mendes-Pinto, M., Raposo, M., Bowen, J., Young, A., Morais, R. 2001. Evaluation of
different cell disruption processes on encysted cells of Haematococcus pluvialis:
effects on astaxanthin recovery and implications for bio-availability. Journal of
Applied Phycology, 13(1), 19-24.

Mendes, R.L., Nobre, B.P., Cardoso, M.T., Pereira, A.P., Palavra, A.F. 2003. Supercritical
carbon dioxide extraction of compounds with pharmaceutical importance from

microalgae. Inorganica Chimica Acta, 356, 328-334.

Mercadante, A.Z., Rodriguez-Amaya, D.B. 1989. Comparison of normal-phase and reversed-
phase gravity-flow column methods for provitamin A determination.
Chromatographia, 28(5-6), 249-252.

Milledge, J.J. 2011. Commercial application of microalgae other than as biofuels: a brief

review. Reviews in Environmental Science and Biotechnology, 10(1), 31-41.

Minhas, A.K., Hodgson, P., Barrow, C.J., Adholeya, A. 2016. A review on the assessment of
stress conditions for simultaneous production of microalgal lipids and carotenoids.
Frontiers in Microbiology, 546(7), 1-19.

Mortensen, A., Skibsted, L.H., Truscott, T. 2001. The interaction of dietary carotenoids with
radical species. Archives of Biochemistry and Biophysics, 385(1), 13-19.

Morweiser, M., Kruse, O., Hankamer, B., Posten, C. 2010. Developments and perspectives of
photobioreactors for biofuel production. Applied Microbiology and Biotechnology,
87(4), 1291-1301.

Miller-Wecker, H., Kofranyi, E. 1973. Zur Bestimmung der biologischen Wertigkeit von
Nahrungsproteinen, XVIII. Einzeller als zusétzliche Nahrungsquelle. Hoppe-Seylers
Zeitschrift fur Physiologische Chemie, 354(2), 1034-1042.

40



Mutanda, T., Ramesh, D., Karthikeyan, S., Kumari, S., Anandraj, A., Bux, F. 2011.
Bioprospecting for hyper-lipid producing microalgal strains for sustainable biofuel

production. Bioresource Technology, 102(1), 57-70.

Naguib, Y.M. 2000. Antioxidant activities of astaxanthin and related carotenoids. Journal of
Agricultural and Food Chemistry, 48(4), 1150-1154.

Nair, K., Kannan, V., Sebastian, S. 1981. Nutrient removal from sewage effluents using

Scenedesmus obliquus. Indian Journal of Environmental Health, 23, 53-59.

Nemcova, Y., Kalina, T. 2000. Cell wall development, microfibril and pyrenoid structure in
type strains of Chlorella vulgaris, C. kessleri, C. sorokiniana compared with C.
luteoviridis (Trebouxiophyceae, Chlorophyta).(With 14 figures in the text). Archiv fur
Hydrobiologie-Supplementation, 136, 95-106.

Olaizola, M. 2000. Commercial production of astaxanthin from Haematococcus pluvialis
using 25,000-liter outdoor photobioreactors. Journal of Applied Phycology, 12(3-5),
499-506.

Olaizola, M. 2003. Commercial development of microalgal biotechnology: from the test tube

to the marketplace. Biomolecular Engineering, 20(4), 459-466.

Oncel, S.S., Imamoglu, E., Gunerken, E., Sukan, F.V. 2011. Comparison of different
cultivation modes and light intensities using mono-cultures and co-cultures of
Haematococcus pluvialis and Chlorella zofingiensis. Journal of Chemical Technology
and Biotechnology, 86(3), 414-420.

Orosa, M., Torres, E., Fidalgo, P., Abalde, J. 2000. Production and analysis of secondary
carotenoids in green algae. Journal of Applied Phycology, 12(3-5), 553-556.

Pabst, W. 1975. Ernahrungsversuche zur bestimmung der proteinqualitat von mikroalgen.
Symposium: Mikrobielle Proteingewinnung. Verlag Chemie GmbH Weinheim,
Bergstralie, pp. 173-178.

41



Palozza, P., Torelli, C., Boninsegna, A., Simone, R., Catalano, A., Mele, M.C., Picci, N.
2009. Growth-inhibitory effects of the astaxanthin-rich alga Haematococcus pluvialis

in human colon cancer cells. Cancer Letters, 283(1), 108-117.

Park, J.C., Choi, S.P., Hong, M.-E., Sim, S.J. 2014. Enhanced astaxanthin production from
microalga, Haematococcus pluvialis by two-stage perfusion culture with stepwise
light irradiation. Bioprocess and Biosystems Engineering, 37(10), 2039-2047.

Parmar, A., Singh, N.K., Pandey, A., Gnansounou, E., Madamwar, D. 2011. Cyanobacteria
and microalgae: a positive prospect for biofuels. Bioresource Technology, 102(22),
10163-10172.

Perez-Garcia, O., Escalante, F.M., de-Bashan, L.E., Bashan, Y. 2011. Heterotrophic cultures
of microalgae: metabolism and potential products. Water Research, 45(1), 11-36.

Pérez-Lopez, P., Gonzalez-Garcia, S., Jeffryes, C., Agathos, S.N., McHugh, E., Walsh, D.,
Murray, P., Moane, S., Feijoo, G., Moreira, M.T. 2014. Life cycle assessment of the
production of the red antioxidant carotenoid astaxanthin by microalgae: from
laboratory to pilot scale. Journal of Cleaner Production, 64, 332-344.

Pirt, S.J., Lee, Y.K., Walach, M.R., Pirt, M.W., Balyuzi, H.H., Bazin, M.J. 1983. A tubular
bioreactor for photosynthetic production of biomass from carbon dioxide: design and

performance. Journal of Chemical Technology and Biotechnology, 33(1), 35-58.

Podola, B., Li, T., Melkonian, M. 2016. Porous Substrate Bioreactors: A Paradigm Shift in
Microalgal Biotechnology? Trends in Biotechnology, 35(2), 121-132.

Pohl, P., Kohlhase, M., Martin, M. 1988. Photobioreactors for the axenic mass cultivation of
microalgae. Algal biotechnology/edited by Stadler, T., Molloion, J., Verdus, M.C.,
Karamanose, Y., Morvan, H., Christiaen, D., eds. Elsevier: New York, pp 209-218.

Poonkum, W., Powtongsook, S., Pavasant, P. 2015. Astaxanthin induction in microalga
Haematococcus pluvialis with flat panel airlift photobioreactors under indoor and
outdoor conditions. Preparative Biochemistry and Biotechnology, 45(1), 1-17.

42



Proschold, T., Darienko, T., Silva, P.C., Reisser, W., Krienitz, L. 2011. The systematics of
Zoochlorella revisited employing an integrative approach. Environmental
Microbiology, 13(2), 350-364.

Pulz, O. 1992. Cultivation techniques for microalgae in open and closed systems. 1st

European Workshop on Microalgal Biotechnology, Potsdam—-Rehbriicke.

Pulz, O. 1994. Open-air and semi-closed cultivation systems for the mass cultivation of
microalgae. Algal Biotechnology in the Asia-Pasific Region. Institute of Advanced

Studies, University of Malaya, Kuala Lumpur, 113-117.

Pulz, O. 2001. Photobioreactors: production systems for phototrophic microorganisms.
Applied Microbiology and Biotechnology, 57(3), 287-293.

Pulz, O., Gross, W. 2004. Valuable products from biotechnology of microalgae. Applied
Microbiology and Biotechnology, 65(6), 635-648.

Qin, S., Liu, G.-X., Hu, Z.-Y. 2008. The accumulation and metabolism of astaxanthin in

Scenedesmus obliquus (Chlorophyceae). Process Biochemistry, 43(8), 795-802.

Rao, A.R., Sindhuja, H., Dharmesh, S.M., Sankar, K.U., Sarada, R., Ravishankar, G.A. 2013.
Effective inhibition of skin cancer, tyrosinase, and antioxidative properties by
astaxanthin and astaxanthin esters from the green alga Haematococcus pluvialis.
Journal of Agricultural and Food Chemistry, 61(16), 3842-3851.

Richmond, A. 1986. CRC Handbook of microalgal mass culture. CRC press. ISBN 0-8493-
3240-0.

Richmond, A., Boussiba, S., Vonshak, A., Kopel, R. 1993. A new tubular reactor for mass

production of microalgae outdoors. Journal of Applied Phycology, 5(3), 327-332.

Richmond, A., Cheng-Wu, Z. 2001. Optimization of a flat plate glass reactor for mass
production of Nannochloropsis sp. outdoors. Journal of Biotechnology, 85(3), 259-
269.

43



Rindi, F., Hodkinson, T., Jones, M. 2011. Terrestrial green algae: systematics, biogeography
and expected responses to climate change. Climate Change, Ecology and Systematics,
9, 201-227.

Rise, M., Cohen, E., Vishkautsan, M., Cojocaru, M., Gottlieb, H.E., Arad, S.M. 1994.
Accumulation of secondary carotenoids in Chlorella zofingiensis. Journal of Plant
Physiology, 144(3), 287-292.

Rivera, S., Canela-Garayoa, R. 2012. Analytical tools for the analysis of carotenoids in

diverse materials. Journal of Chromatography A, 1224, 1-10.

Salama, E.S., Kim, H.C., Abou-Shanab, R.A., Ji, M.K., Oh, Y.K., Kim, S.H., Jeon, B.H.
2013. Biomass, lipid content, and fatty acid composition of freshwater
Chlamydomonas mexicana and Scenedesmus obliquus grown under salt stress.

Bioprocess and Biosystems Engineering, 36(6), 827-833.

Schlichting, H.E.J. 1974. Survival of some fresh-water algae under extreme environmental

conditions. Transactions of the American Microscopical Society, 93(4), 610-613.

Shah, M.M.R., Liang, Y., Cheng, J.J., Daroch, M. 2016. Astaxanthin-producing green
microalga Haematococcus pluvialis: from single cell to high value commercial
products. Frontiers in Plant Science, 7(531), 1-28.

Shimidzu, N., Goto, M., Miki, W. 1996. Carotenoids as singlet oxygen quenchers in marine

organisms. Fisheries Science, 62(1), 134-137.

Singh, J., Gu, S. 2010. Commercialization potential of microalgae for biofuels production.
Renewable and Sustainable Energy Reviews, 14(9), 2596-2610.

Skjanes, K., Rebours, C., 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(2), 172-215.

Soeder, C.J. 1980. Massive cultivation of microalgae: results and prospects. Hydrobiologia,
72(1-2), 197-2009.

44



Soeder, C.J., Binsack, R. 1978. Microalgae for food and feed. Ergebnisse der Limnologie,
11(4), 300.

Soeder, C.J., Hegewald, E., Pabst, W., Payer, H.D., Rolle, 1., Stengel, E. 1970. Zwanzig
Jahre angewandte Mikroalgenforschung in Nordrhein Westfalen jahrbuch des
Landesamtes fur Forschung des Landes Nordrhein Westfalen, pp. 419-445.

Steinberg, P.D. 1989. Biogeographical variation in brown algal polyphenolics and other
secondary metabolites: comparison between temperate Australasia and North
America. Oecologia, 78(3), 373-382.

Stewart, W.D.P. 1974. Algal physiology and biochemistry. University of California Press,
Oxford, United Kingdom, pp. 530-559.

Sturzenegger, V., Buchecker, R., Wagniére, G. 1980. Classification of the CD. Spectra of
carotenoids. Helvetica Chimica Acta, 63(4), 1074-1092.

Straub, O. 1987. Key to carotenoids. In; Pfander, H., Gerspacher, M., Rychener, M.,
Schwabe, R. (2" Eds.), Keys to carotenoids. Birkhauser Verlag, Basel, 296.
ISBN 3764318600, 9783764318604.

Surek, B. 2008. Meeting Report: Algal Culture Collections 2008.: An international meeting at
the culture collection of algae and protozoa (CCAP), Dunstaffnage Marine
Laboratory, Dunbeg, Oban, United Kingdom; June 8-11, 2008. Protist, 159(4), 509-
517.

Takeda, H. 1991. Sugar composition of the cell wall and the taxonomy of Chlorella
(Chlorophyceae) 1. Journal of Phycology, 27(2), 224-232.

Trainor, F.R. 1963. Zoospores in Scenedesmus obliquus. Science, 142(3600), 1673-1674.

Trainor, F.R. 1998. Biological aspects of Scenedesmus (Chlorophyceae). Phenotypic
plasticity. Nova Hedwigia Beihefte, 117, 367-372.

45



Tredici, M., Materassi, R. 1992. From open ponds to vertical alveolar panels: the Italian
experience in the development of reactors for the mass cultivation of phototrophic

microorganisms. Journal of Applied Phycology, 4(3), 221-231.

Triki, A., Maillard, P., Gudin, C. 1997. Gametogenesis in Haematococcus pluvialis Flotow
(Volvocales, Chlorophyta). Phycologia, 36(3), 190-194.

Vachali, P., Bhosale, P., Bernstein, P.S. 2012. Microbial carotenoids. Microbial carotenoids
from fungi: Methods and Protocols, 68, 41-59.

van Breemen, R.B., Dong, L., Pajkovic, N.D. 2012. Atmospheric pressure chemical
ionization tandem mass spectrometry of carotenoids. International Journal of Mass
Spectrometry, 312, 163-172.

Van den Berg, H., Faulks, R., Granado, H.F., Hirschberg, J., Olmedilla, B., Sandmann, G.,
Southon, S., Stahl, W. 2000. The potential for the improvement of carotenoid levels in
foods and the likely systemic effects. Journal of the Science of Food and Agriculture,
80(7), 880-912.

Venkataraman, L.V., Becker, E.W. 1985. Biotechnology and utilization of algae: The Indian
experience. Department of Science & Technology and Central Food Technological
Research Institute, Mysore, India.

Vincent, W.F. 1980. The physiological ecology of a Scenedesmus population in the
hypolimnion of a hypertrophic pond. Il. Heterotrophy. British Phycological Journal,
15(1), 35-41.

Weiss, R.L. 1983. Fine structure of the snow alga (Chlamydomonas nivalis) and associated
bacteria. Journal of Phycology, 19(2), 200-204.

Yamada, T., Sakaguchi, K. 1982. Comparative studies on Chlorella cell walls: Induction of

protoplast formation. Archives of Microbiology, 132(1), 10-13.

Yong, Y., Lee, Y.K. 1991. Do carotenoids play a photoprotective role in the cytoplasm of
Haematococcus lacustris (Chlorophyta)? Phycologia, 30(3), 257-261.

46



Yu, X., Chen, L., Zhang, W. 2015. Chemicals to enhance microalgal growth and

accumulation of high-value bioproducts. Frontiers in Microbiology, 6(56), 1-10.

Zeng, X., Danquah, M.K., Chen, X.D., Lu, Y. 2011. Microalgae bioengineering: from CO,
fixation to biofuel production. Renewable and Sustainable Energy Reviews, 15(6),
3252-3260.

Zhang, D., Lee, Y. 1997. Enhanced accumulation of secondary carotenoids in a mutant of the

green alga, Chlorococcum sp. Journal of Applied Phycology, 9(5), 459-463.

47



CHAPTER 2

Isolation and characterization of microalgae from KwaZulu-Natal (South Africa)

2.1. Introduction

Microalgae have been extensively studied for various purposes, such as for the production of
biomass, as source of valuable chemicals such as pigments or as health food supplement
(Guerin et al., 2003). They are used in environmental biotechnology for biofuel production,
waste water treatment and lipid production (Glombitza and Koch, 1989; Chen et al., 2011).
These microorganisms are commonly found in freshwater, soil and marine habitats and are
classified as unicellular, eukaryotic organisms (Henley et al., 2004; Krienitz et al., 2004).
Chlorella spp., Scenedesmus spp., and Haematococcus spp. are examples for commercially
important microalgae that can produce carotenoids, which are fat soluble pigments that are
associated with lipid fractions. Examples of such pigments are astaxanthin, B-carotene, and
lutein, which have all attracted commercial interest for medicinal and neutraceutical uses
(Miki, 1991; Ruiz et al., 2016). Among the microalgal producers for astaxanthin, Chlorella
zofingiensis and Scenedesmus vacuolatus have been reported to achieve high vyields of
astaxanthin under mixotrophic conditions, although Haematococcus pluvialis is considered
the most potent producer (Johnson and An, 2008). The intracellular changes during the
accumulation of astaxanthin in this microalga differ from those of Chlorella spp. and
Scenedesmus spp. (Hanagata and Dubinsky, 1999; Klochkova et al., 2013). Under favourable
growth conditions, Haematococcus pluvialis appears as green motile biflagellate cells, but as
conditions become unfavourable, the cells loose their motility, increase cell size, and form
non-motile red cysts with a thick cell wall. These aplanospores of Haematococcus spp.
accumulate copious quantity of the secondary natural carotenoid astaxanthin, mostly in the
form of fatty acid mono and diesters (Kobayashi et al., 1991). The subjection of Scenedesmus
spp. to varying growth conditions such as light intensity, nitrogen starvation, and redox stress
brings about a color change in the cells, from green to brick red (Fatima and Mesquita, 1984;
Hanagata and Dubinsky, 1999). Scenedesmus komarekii synthesizes secondary carotenoids
such as astaxanthin when growing under high light irradiance and nitrogen limitation. The
synthesized carotenoids protect the photosynthetic apparatus against photo-oxidative damage
under high irradiance (Lee and Ding, 1992; Lee and Ding, 1994; Hagen et al., 1994).
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Scenedemus spp., and Chlorella spp., additionally served as food supplements in countries
like Japan, Mexico, and Taiwan, due to lipids, proteins, vitamins, and carotenoids present in
the algal biomass. Chlorella spp. contains up to 0.7% dry weight, Scenedesmus spp. contains
up to 0.3% dry weight while over 4% dry weight of astaxanthin was recorded in
Haematococcus pluvialis (Orosa et al., 2000; Qin et al.,, 2008; Wayama et al., 2013).
Photosynthetic microalgae can be cultivated autotrophically using CO, as a carbon source and
light as energy source in open or closed photobioreactors (Chen et al., 2009). However, the
photoautotrophic culture mode has both disadvantages, such as slow growth, and advantages,
such as lower risk of contamination, while carbon sources present in heterotrophic conditions
enhance the growth of bacteria and fungi. In contrast to photoautotrophic cultivation,
heterotrophic cultivation can be experimented in conventional microbial bioreactors, which
makes it convenient to alter conditions to increase the quantities of biomass and minimize the
production cost of microalgal biomass (Borowitzka, 1999). The mixotrophic culture differs
slightly from the heterotrophic culture, where CO, and organic carbon are simultaneously
absorbed and both photosynthetic metabolism and respiration operate concurrently (Lee,
2004). Many microalgae can grow  mixotrophically, heterotrophically or
photoheterotrophically and photoautotrophically.  Photoheterotrophic  cultures are
characterized by the presence of two carbon sources (CO, and another carbon compound), in
addition to light. Simultaneous assimilation of organic carbon and CO, via photosynthesis
was reported to result in higher growth yield and biomass production (Orus et al., 1991).
Strains such as Euglena spp., Haematococcus pluvialis, and Chlorella regularis have been

reported to grow photoheterotrophically (Martinez and Orus, 1991; Takeyama et al., 1997).

Most research on microalgae centered on the selection of photoautotrophic strains and
cultivation conditions that lead to the highest yield in the shortest possible time. Cultivation
conditions such as light intensity, temperature and carbon sources are major factors that
determine the growth rate of microalgae, which are cultivated under photoheterotrophic
conditions. Thus far, knowledge about the isolation of green microalgae for the production of
carotenoids such as astaxanthin is limited in South Africa. Therefore, this study aimed to
isolate and characterize microalgae from environmental samples in KwaZulu-Natal, South

Africa, that are able to produce carotenoids such as p-carotene and astaxanthin.
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2.2. Materials and Methods
2.2.1. Media
Bourrelly medium

The medium according to Bourrelly (1968) was used for the isolation and purification of
microalgae. It was generated by dissolving KNO3 0.2 g K;HPO, 0.04 g MgSO, x7H,0
0.03g, Ca(NO3), 0.03g, and FeCl; 0.001g, in 1L of demineralized millipore water, adjusting
the pH to 7.0 using HCI. 10 ml of soil extract was added to 990ml medium. Preparation of
soil extract was done by adding 50ml of Millipore water to 40g of soil sample collected from
botanical garden, with boiling for 1 hour on a hot plate with stirring. Slurry was allowed to
settle at room temperature, followed by filtration (Whatman, number 1001240). It was then
autoclaved at 121°C for 20 minutes. For solid media, 15 g/L of bacteriological agar was

added to the medium prior to autoclaving.

Chu medium

The medium according to Chu (1942) was prepared by dissolving Ca(NO3), 0.04g, K;HPO,
0.01g, MgSO,4 x7H,0 0.025g, Na,CO3 0.02g, and FeCl; 0.0008g, in 1L of demineralized
millipore water adjusting the pH to 7.4 using HCI. It was autoclaved at 121°C for 20 minutes.

For solid media, 15 g/L of bacteriological agar was added to the medium prior to autoclaving.

Bristol medium

The medium according Bristol (1919) was generated by preparing stock solutions each of
NaNO; 10g, CaCl;, 1g, MgSO,4 x7H,0 1g, KoHPO, 3g, KH,PO, 7g, NaCl 1g, and FeCls 1%
dissolved in 400ml of millipore water. To obtain 1L medium, 10ml of each of the above first
six stock solutions and 50ul of the FeCls stock solution was added to 940ml of demineralized
millipore water. The pH of the medium was adjusted to 7.2 with HCI. It was autoclaved at
121°C for 20 minutes. For solid media, 15 g/L of bacteriological agar was added to the

medium prior to autoclaving.
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2.2.2. Isolation and purification of microalgae
Sample collection, enrichment and isolation

Water samples were collected in sterile Schott glass bottles from the Msunduzi River (S
29°37'27.40", E 30°22'22.49") in the city of Pietermaritzburg (KwaZulu-Natal, South Africa).
Samples were transported to the laboratory on ice to inoculate Bristol, Chu and Bourrelly
medium. Additional samples were collected from a bird bath showing red coloration
indicating the presence of Haematococcus spp. in Hayfields, Pietermaritzburg (KwaZulu-
Natal).

Enrichment and isolation

Serially diluted samples (in a range of 10" ~10"®) in sterile Chu, Bourrelly, and Bristol liquid
medium were spread plated on the matching solidified medium and incubated at 21+1°C with
24 hour light cycles at 40 pmol photons x m? x s™* for 10 days. After regular subculturing
under the above conditions, axenic cultures of three green algal strains were established. To
ascertain purity, samples culture were routinely streaked on to nutrient agar (Merck) and

regularly examined by phase contrast microscopy.

To preserve the microalgae cultures, the isolated strains were grown in their preferred liquid
medium for 10 days and then stored in 20% (v/v) glycerol (200uL glycerol and 800uL
culture sample) at -80°C. In addition, working cultures were maintained on Bristol, Chu and

Bourrelly medium.

2.2.3. Microbiological characterization

The characterization of the isolates was carried out by examining the cell morphology of
isolates and by analysis of the 18S rRNA gene sequences of two out of the three isolates
selected for further analysis showing insufficient morphological characteristics for reliable

taxonomic assignment.
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Light Microscopy

Wet mounts of all the three isolates were examined by bright field and phase contrast
microscopy (Motic BA 310 and Axioscope, Carl Zeiss, Germany). Images were obtained
using an AxioCam ICC 3 (Carl Zeiss GmbH, Germany). To determine the presence and
number of pyrenoids in microalgal isolates, cells were stained with 0.2 % (w/v) aqueous
potassium iodide in an Eppendorf tube for 30 mins according to Lang (1963). After 30 mins,
stained cells were examined by bright field microscopy and images were captured as stated

above.

Electron Microscopy
TEM

The cytology of isolates was analyzed using Transmission electron microscopy (TEM). The
cells collected from individual colonies from agar plates were suspended in sterile water and
fixed in 3% glutaraldehyde and washed twice in 50mM Sodium cacodylate (pH= 7.4), then
post-fixed in 2% osmium tetroxide, dehydrated in an ethanol series (10%, 30%, 50%, 70%,
90%, and 100%), followed by 100% propylene oxide, and finally embedded in 50:50 Spurr
resin (Spurr, 1969). The samples were sectioned using an ultra-microtome (EM UC7: Leica
Microsystems) and stained with 2% uranyl acetate and examined using a JEOL 1400

Transmission Electron Microscope (Jeol, Japan).

SEM

For the scanning electron microscopy (SEM), microalgal cells were fixed in 3%
glutaraldehyde, then dehydrated in an ethanol series (10%, 30%, 50%, 70%, 90%, and
100%), dried using critical point drying (Quorum K850) and then sputter coated with gold

and examined with a Zeiss EVOLS15 Scanning Electron Microscope (Carl Zeiss, Germany).
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2.2.4. Phylogenetic analysis of isolates

Genomic DNA of the microalgal isolates strain AALl and AA2 was extracted from individual
colonies collected from axenic cultures grown for 10 days on Chu and Bourrelly agar at
21+1°C with 24 hours light cycles at 40 umol photons x m? x s, using a ZR fungal/Bacterial
DNA Microprep kit (Zymo Research, USA) according to the manufacturer's instructions. The
DNA extracts were immediately frozen and stored at -20°C.

Amplification of the 18S rRNA gene

Previously reported primers were used for the amplification of the partial eukaryotic 18S
rRNA gene (Katana et al., 2001). These primers were synthesized by Ingaba, South Africa.

Forward primer S3F24 5 -AACCTGGTTGATCCTGCCAGT- 3’

Reverse primer S3F25 5’- TGATCCTTCTGCAGGTTCACCTACG- 3’

Table 2.1. Composition of the PCR reaction mix used for the amplification of the 18S
rRNA gene for strain AAl and AA2.

Reagents per reaction(uL)
Forward primer S3F24 (10uM) 0.5
Reverse primer S3F25 (10uM) 0.5
Master Mix 12.5
Nuclease free water 10
DNA Template 1.5
Total Volume 25

The following PCR parameters were employed: Initial denaturation at 94°C for 2 mins
followed immediately by 35 cycles of denaturation at 94°C for 30 seconds, annealing at 60°C
for 1min and extension at 72°C for 1 min. The final extension was for 7 mins at 72°C and the

holding temperature at 4°C indefinitely.
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The size of the amplification products (expected size= 1800bp) was verified on 1.5% (w/v)
agarose gels using 1X Tris, Borate, EDTA buffer (pH=8.3) at 120V for 45 mins. Gels were
stained using Novel juice DNA gel stain (GenedireX, USA). Prior to loading of the gel, 5uL
PCR product was mixed with 8uL/well orange green loading dye (GenedireX). For

comparison, a size marker was used (100bp DNA ladder, GenedireX).

Sequencing

The amplification products were sequenced by the Centre for Analytical Facilities,
Stellenbosch University (South Africa). Sequences obtained were trimmed to the same
threshold quality level and sequence not shorter than to match 1300 bp. The resulting
sequences obtained were then compared with those published in GenBank using the BLAST
search algorithm from the National Centre for Biotechnology Information

(www.ncbi.nim.nih.qgov).

Phylogenetic analysis

The partial 18S rRNA gene sequences of the isolated strains were aligned with 18S rRNA
gene sequences of type strains and environmental isolates obtained from the National Centre

Biotechnology Information (www.ncbi.nim.nih.gov) for 18S rRNA gene. The sequence

alignment was done using ClustalW; phylogenetic trees were then generated using the
neighbour joining method with resampling for 1000 bootstrap replicates. This was conducted
using MEGA (Molecular Evolutionary Genetic Analysis) version 7.0 (Kumar et al., 2016).
The 18S rRNA gene sequences of Ochromonas danica SAG 933.7 GU 935657.1 and
Chlamydomonas reinhardtii CC- 849 KR 904894.1 were used as out-group for strain AAl
and strain AA2, respectively. The tree topology was verified by applying the Maximum
Likelihood phylogeny method.
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2.3. Results
2.3.1. Characterization of the isolated strains
Phenotypic Characteristics

A provisional characterization of the three selected microalgal isolates was performed, based
on light and electron microscopy of cells (morphology, size and shape) and appearance of
colonies after growth on solid medium. Three isolates that could be clearly distinguished via

colony and cell morphology were selected for further analysis.
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The light microscopy analysis of the three selected purified isolates revealed that Chu and Bristol
medium (liquid and solidified), supported the growth of strain AAL, (ovoidal shaped non-motile
cells, presumptive Parachlorella sp.) (Figure 2.1a) and strain AA2 (spindle shaped, non-motile
cells, presumptive Scenedesmus sp.) (Figure 2.1b) but only enabled poor growth of strain AA3
(spherical shaped motile biflagellate cell, presumptive Haematococcus sp.). However,
Haematococcus sp. strain AA3 grew well using Bourrelly liquid and solidified medium,
undergoing the developmental life cycle showing the different cellular stages expected for this
genus (Figure 2.1c, Figure 2.4 and 2.5). Between 3-5days, motile biflagellated cells were
observed, followed by encystment with increase in cell size and colonies showing greenish-
reddish color, indicating pigment accumulation (Figure 2.4-2.5). As stress conditions such as
continuous illumination persisted, the palmelloid stages lost their flagella, with thicker cell walls
being formed.

Figure 2.1. Growth of isolated strains on solid media.
(A) Growth of Parachlorella sp. strain AA1 on Chu medium.
(B) Growth of Scenedesmus sp. strain AA2 on Chu medium.

(C) Growth of Haematococcus sp. strain AA3 on Bourrelly medium.
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Culture samples of Parachlorella sp. strain AAL, Scenedesmus sp. strain AA2, and
Haematococcus sp. strain AA3 grown in their preferred medium were further examined by bright

field and phase contrast microscopy for morphological characterization.

e

Figure 2.2. The cells of Parachlorella sp. strain AA1 during the exponential stage.

(A) Bright field microscopy of Parachlorella sp. strain AAL during the exponential
stage. The arrow highlights the presence of a pyrenoid.

(B) Phase contrast microscopy of Parachlorella sp. strain AA1 during the exponential
stage. The arrow highlights the presence of a pyrenoid.

Vegetative cells with a pot shaped chloroplast in a size range of 3—10um (Figure 2.2) were
observed in strain AAL. The cells are planktonic, non-motile, and ovoidal shaped with a single

pyrenoid.
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Figure 2.3. The cells of Scenedesmus sp. strain AA2 during the exponential stage.

(A) Bright field microscopy of Scenedesmus sp. strain AA2 during the early exponential
stage. The arrow highlights the presence of some general cytology.

(B) Phase contrast microscopy of Scenedesmus sp. strain AA2 during the late exponential
stage. The arrow highlights the presence of a pyrenoid.

As demonstrated by bright field and phase contrast microscopy (Figure 2.3), the cells of
Scenedesmus sp. strain AA2 were non-motile, spindle- shaped (8—15um) and planktonic with a
cup shaped chloroplast and a single pyrenoid. Cells were typically attached side by side with
nipple-shaped projections on the obtuse apices of the cells.
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Figure 2.4. A zoospores of Haematococcus sp. strain AA3 from a liquid culture in the

exponential growth phase.

Figure 2.5. An aplanospore of Haematococcus sp. strain AA3 showing pigment accumulation

in the late life cycle stage. The arrow highlights accumulated pigment.
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Motility was observed in Haematococcus sp. strain AA3, with flagellate stages showing two
flagella (Figure 2.4). The flagellate vegetative cells were spherical in shape and typically between
10 =15 pm in diameter and surrounded with a capsule (plasma strands). Pigment accumulation
was observed closed to the protoplast, with the protoplast not reaching the capsule. In addition, in
the late stage of the life cycle haematochrome in thick-walled red cysts > 50um was observed

with an apparent gelatinous extracellular matrix (Figure 2.5).

Pyrenoid staining

The number and shape of pyrenoids is a useful taxonomic marker. Therefore, pyrenoid staining
using iodine was performed. The presence of oval cells, with one pyrenoid present in mucilage
was observed in Parachlorella sp. strain AALl (Figure 2.6). Flat, spindle- shaped cells with a
single oval, angular shaped pyrenoid were detected in Scenedesmus sp. strain AA2 (Figure 2.7). A
single spherical, centrally located pyrenoid was observed in Haematococcus sp. strain AA3
(Figure 2.8).

Figure 2.6. Phase contrast microscopy of cells of Parachlorella sp. strain AA1 stained with
0.2% (w/v) aqueous potassium iodide. The arrow highlights the presence of a stained

pyrenoid.
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Figure 2.7. Phase contrast microscopy of cells of Scenedesmus sp strain AA2 stained with 0.2
% (w/v) aqueous potassium iodide. The arrow highlights the presence of a stained pyrenoid.

Figure 2.8. Phase contrast microscopy of a Haematococcus sp. strain AA3 cell stained with
0.2 % (w/v) aqueous potassium iodide. The arrow highlights the presence of a stained
pyrenoid.
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Transmission electron microscopy confirmed the presence of a double layered single pyrenoid in
the isolated Parachlorella sp. strain AAL (Figure 2.9b). Figure 2.9a revealed that isolate AAl
undergoes asexual reproduction by cell division. Pigment accumulation was observed (figure
2.9¢) with a double layered cell wall shown in figure 2.9d. Clusters of cells are shown in the SEM
micrograph in Figure 2.10b. The SEM analysis further confirmed that Parachlorella sp. strain
AAL reproduced by binary fission (Figure 2.10a).

Figure 2.9. TEM analysis of cells of Parachlorella sp. strain AAL.

(A) Thin section of a dividing cell of strain AA1 during asexual reproduction at the
exponential stage.

(B) General cytology of a single cell with a single pyrenoid during the exponential stage.

(C) Section of cytoplasm with pigment accumulation.

(D) Cell section with double layered cell wall and chloroplast (AS= Asexual
reproduction, P= pyrenoids, Pi= pigment accumulation, CW= cell wall, S= starch,

C= chloroplast).
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Figure 2.10. SEM analysis of cells of Parachlorella sp. strain AAL.

(A) Cell reproduction by binary fission during the exponential phase. The arrow highlights
binary dividing cell.

(B) Clusters of cells during the exponential phase.

Analysis by transmission electron microscopy of thin sections of Scenedesmus sp. strain AA2
showed that the cell wall had an outer trilaminar layer and an inner polysaccharide layer (Figure
2.11a). The pyrenoid was surrounded by starch grains and the chloroplast was observed at the
periphery of the cell close to the pyrenoid (Figure 2.11b and c). Lipid bodies containing pigment
were seen almost in the center. The scanning electron micrographs (Figure. 2.12) show a single
cell from the exponential phase and asexual reproduction by multiple fission as a coenobium of
Scenedesmus sp. strain AA2 formed (Figure 2.12A).
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Figure 2.11. TEM analysis of cells of Scenedesmus sp. strain AA2.

(A) Thin section showing a single cell during the exponential phase. The arrow highlights
thin section of a single cell.

(B) Pyrenoid surrounded by starch granules during the exponential phase. The arrow
highlights the presence of a pyrenoid.

(C) Cell section with double layered cell wall, pigment accumulation and chloroplast.

(CW= cell wall, P=Pyrenoids, Pi =pigments accumulation, C= chloroplast).
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Figure 2.12. SEM analysis of cells of Scenedesmus sp. strain AA2.

(A) Asexual production by multiple fission forming a coenobium during the exponential
phase.

(B) Single parental cell during the exponential phase.

Ultrastructural analysis of thin sections of Haematococcus sp. strain AA3 by transmission electron
microscopy revealed zoospores of Haematococcus sp. strain AA3 undergoing asexual
reproduction by binary fission (Figure 2.13a). In thin sections, a thick electron dense cell wall
surrounding the cells, and two layers of extracellular matrix were observed near the cell wall in
addition to pigment accumulation (Figure 2.13b). Mitochondria are located close to the
chloroplast and the nucleus during the early stage (Figure 2.13c). The nucleus was located in the
centre of the cells during the early growth stage (Figure 2.13c) but more developed with a
nucleolus during the late growth stage (Figure 2.13d). A highly developed chloroplast was located
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at the periphery of the cells in figure 2.13d, and lipid droplets containing astaxanthin were
observed, which build up due to stress conditions during the late growth stage (Figure 2.13e and
2.13f). Starch grains were located around the pyrenoids in figure 2.13g. The SEM micrographs
show individual and cell groups of Haematococcus sp. strain AA3 which may lead to asexual
reproduction by gametogenesis (Figure 2.14). The surface of the outer cell sheath was irregularly

wavy and protuberates

(Matching legend on page 69).
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(Matching legend on page 69).
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Figure 2. 13. TEM analysis of thin sections of cells of Haematococcus sp. strain AA3.

(A) Asexual reproduction during the early vegetative stage.
(B) Thin section of a single cell with pigment accumulation during the early stage.

(C) Cell wall with plasmalemma and some intermediate tripartite crystalline layers at
the early stage.

(D) Nucleus containing nucleolus at the late stage.
(E) Astaxanthin containing lipid droplet during the late stage.
(F) Section of chloroplast at the late stage.
(G) Thin section of the pyrenoids with starch. (N= Nucleus, Nu= Nucleolus, P =
Pyrenoid, S = Starch, M = Mitochondrion, CW= Cell wall, C= Chloroplast, PI= Pigment

accumulation).
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Figure 2.14. SEM analysis of the cell morphology of Haematococcus sp. strain AA3 from the
exponential stage.

(A) Cluster of cells.

(B) Single cell revealing the wavy surface of the cell.

2.3.2. Phylogenetic analysis of two isolates

The 18S rRNA gene sequences are most widely used for the phylogenetic analysis of green algae
as they are suitable for identifying even distantly related species (Buchheim et al., 2013). To
determine the phylogenetic relationship of the two isolates, the nucleotide sequences of the 18S
rRNA gene were compared with those published in GenBank using the Basic Local Alignment

Search Tool (BLAST, www.nchi.nim.nih.gov). The best matches based on the sequences and the

E-value from the database are listed in Table 2.2-2.3.
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Table 2.3. Best three matching sequences obtained from NCBI using blast for strain AAL.

Accession No Description Max score E Identity
Value
KX021356.1 Parachlorella kessleri strain TY02 18S 1304 0.0 100%
ribosomal RNA gene, partial sequence
KMO020114.1  Parachlorella kessleri strain SAG 211-11c 1304 0.0 100%
18S ribosomal RNA gene, partial sequence
KM020113.1  Parachlorella kessleri strain SAG 27.87 1304 0.0 100%

18S ribosomal RNA gene, partial sequence

Accession date= 11/10/2016.

Table 2.4. Best three matching sequences obtained from NCBI using blast for strain AA2.

Accession No Description Max score E value Identity

X81966.1 Scenedesmus ovalternus 18S ribosomal 1825 0.0 99%
RNA gene

KP726264.1 Desmodesmus denticulatus strain KLL- 1820 0.0 99%
G003 18S ribosomal RNA gene, partial
sequence

FR865716.1 Scenedesmus bacillaris genomic CCAP 1812 0.0 99%

276/29 18S ribosomal RNA

Accession date= 11/10/2016.

Comparison of the 18S rRNA gene sequence of the isolated strains AAl1 and AA2 to the

sequences contained in GenBank gave an apparent similarity level of more than 98% for strain

AAL and strain AA2; this is a similarity level regarded as sufficient to assign isolates to genus

level (Bock et al. 2011). Accordingly, strain AALl can be assigned provisionally to the genus

Parachlorella with 100% similarity to Parachlorella kessleri, while strain AA2 can be assigned

provisionally to genus Scenedesmus with 99% similarity to Scenedesmus ovalternus. The high

score between strain AA2 and Desmodesmus spp. indicated the level of similarity between the two

genera, which can only be distinguished by their ultrastructural cell wall (An et al., 1999). Based

on the observed cytological and distinctive features and the lifecycle, isolate AA3 was assigned to

the genus Haematococcus. Haematococcus pluvialis zoospores are characterized by long flagella
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tubes at right angles to each other, a separation of cell wall and protoplast that are connected only

by thin cytoplasmic threads thereby matching the characteristics observed for isolate AA3.

Phylogenetic trees using the 18S rRNA sequences of strain AALl and strain AA2 and the 18S
rRNA sequences for type strains obtained from the GenBank were constructed using MEGA
version 7.0. The phylogenetic relatedness of the isolated strains AA1 and AA2 with type strain

sequences are demonstrated in figure 2.15 to 2.16.
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Figure 2.15. Phylogenetic assignment of strain AA1l (e) using the neighbour joining method
based on its 185 rRNA gene sequence in comparison with 185 rRNA gene sequences of
selected type strains of Chlorella, Compactochlorella, Leptochlorella, Planktochlorella and
Parachlorella (o). The 18S rRNA gene sequence of Ochromonas danica (V) was used as out-
group. The scale bar represents 10 estimated change per 100 nucleotides. Only bootstrap

values > 50 are shown.
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Figure 2.16. Phylogenetic assignment of strain AA2 €) using the neighbour joining method

based on its 185 rRNA gene sequence in comparison with 185 rRNA gene sequences of
selected type strains of Scenedesmus (o). The 18S rRNA gene sequence of Chlamydomonas
reinhardtii (e) was used as out-group. The scale bar represents 1 estimated change per 100

nucleotides. Only bootstrap values > 50 are shown.

The phylogenetic trees illustrate the relationship of the isolated strains AA1 and strain AA2 with
selected type strains (Figure 2.15 to 2.16). The phylogenetic analysis revealed that strain AA1 was
closely related to the species within the family Chlorellaceae. Strain AA2 clustered with the

species of genus Scenedesmus, and was most closely related to Scenedesmus raciborskii.
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2.4. Discussion
Isolation and characterization

Algae are the major group of eukaryotes present in almost every habitat on our planet
(Schlicthting, 1974; Weiss, 1983). However, not all of these algae can produce beneficial
pigments at sufficient quantities for use by humans and animals. Some of these are truly
Chlorophyceae most commonly belonging to families such as the Chlorellaceae, Scenedesmaceae
and the Haematococaceae (Elliot, 1934; Atkinson et al., 1972; Hegewald et al., 1994).

The following well established media were used for the isolation and purification of pigment
producing microalgae, Bourrelly medium, Chu medium and Bristol medium (Bristol, 1919; Chu,
1942; Bourrelly, 1968), with the pH of the media ranging between 7.0—-7.4. Only an appropriate
culture medium enables pigment production. Isolation of axenic cultures from mixed populations
IS a necessity in the study of microalgae as only this allows for the proper physiological analysis
of the organisms (Krienitz et al, 1996). While Chu and Bristol medium (liquid and solidified)
supported the growth of Parachlorella sp. strain AALl (with high similarity to Chlorella) and
Scenedesmus sp. strain AA2, they enabled only poor growth of Haematococcus sp. strain AA3.
However, Haematococcus sp. strain AA3 grew well on Bourrelly medium. It has been previously
reported that the composition of Chu and Bristol medium provides required mineral salts for the
growth of freshwater microalgae and enhances the typical cell morphology in Chlorella spp. and
Scenedesmus spp. (Bristol, 1919; Chu, 1942). This corresponded with Fabregas et al. (2000),
reporting that to maximize the growth of Haematococcus pluvialis, only Bourrelly medium

enabled both high growth rates and increased pigment yields.

The microscopy analysis of strain AA1 allowed the preliminary identification of the isolate as a
presumptive member of the genus Parachlorella. The morphological features corresponded to
those of a typical Parachlorella spp. (Bock et al., 2011; Skaloud et al., 2014). The cells of strain
AAL were light green in color, non-motile, of ovoidal shape and ranged in size between 3-10 pum.
The cell walls were smooth and double layered and cells possessed a parietal pot shaped
chloroplast (Table 2.1).
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The transmission electron microscopy of thin sections of cells of Parachlorella sp. strain AAl
confirmed the presence of very thick gelatinous cell walls comprising of at least two layers. This
is a typical feature of the genus Chlorella and Parachlorella. The cytological observations
corresponded to previous observations of Krienitz et al. (2004) and Bock et al. (2011) for
Chlorella spp. Asexual reproduction occurred in Parachlorella spp. strain AAL1 at the exponential
phase and a single pyrenoid structure was observed under photoautotrophic conditions, matching
the result for Parachlorella spp. (Figure 2.9a and 2.10a). However, Hase et al. (1957) reported
that Chlorella spp. can produce spores under heterotrophic and mixotrophic conditions, which

were not detected for strain AA1L.

Strain AA2 showed light microscopic features typical of Scenedesmus spp., when compared to
previous studies of Trainor (1998) and Hegewald et al. (1994). The cells of strain AA2 are
parallel, spindle shaped with light green color, and ranged in size between 8 - 15 um. They
possessed a smooth cell wall with a nippled-shaped projection on the obtuse apices of cells, a cup-
shaped parietal chloroplast and a single pyrenoid (Table 2.1), which was reported for
Scenedesmus spp. by Lewis and Flechtner (2004).

Scenedesmus is a genus known to reproduce through multiple fission. This was evident for isolate
AAZ2 (Figure 2.12a) according to Rading et al. (2011). This helps in maximizing light exploitation
for photosynthesis and permitting higher growth rates compared with species that undergo only
the binary fission The TEM analysis of strain AA2 showed a cell wall with an outer trilaminar and
an inner polysaccharide layer (Figure 2.11a), which is typical for Scenedesmus spp. (Hegewald et
al. 1994). The curlyness of the cell wall is typical of the genus Scenedesmus and is due to
sporopollenin and corresponded to previous observations of Krienitz et al. (1996). The detection
of coenobia (Figure 2.12a) was in agreement with the report of Egan and Trainor (1989) and
Hegewald et al. (1994) whereby a single mother cell can give rise to daughter cells ranging from 2

—16 coenobia.

The morphological analysis of strain AA3 via light microscopy matched reports for
Haematococcus pluvialis (Pocock, 1960; Lee and Ding, 1994; Triki et al., 1997; Klochkova et al.,
2013). The zoospores are biflagellate, dark green in color with a spherical shape and ranged
between 10.6 —15.4 um (Figure 2.4 and table 2.2). The lifecycle of Haematococcus sp. strain AA3
was characterized by four different cellular stages, starting with the macrozooid, which was
spherical, ellipsoidal with two flagella and a cup-shaped chloroplast (Figure 2.4), and present in
the early vegetative stage under favourable conditions. When the conditions become
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unfavourable, these zoospores develop into immotile “Palmella stages” by losing their two
flagella along with increasing the cell size (encystment). When stress persists, the pamella
develops into the non-motile asexual aplanospore with a rigid and thick cell wall (Figure 2.5).
Large quantities of astaxanthin pigment accumulate giving rise to a bright red color during the
maturation stage (Gong and Chen, 1997; Brinda et al., 2004). Cytological analysis of strain AA3
agreed with previous reports of Fatima and Santo (1984) and Kim et al. (2015) on carotenogenesis
and pigment accumulation in Haematococcus pluvialis and that when the conditions become
favourable, gametocysts can give rise to zoospores depending on the culture condition. Figure
2.13a revealed that the vegetative stage of Haematococcus sp. strain AA3, with cells undergoing
asexual reproduction by cell division with the protoplast separated from the capsule in the
zoospores (Figure 2.4). Motile stage diversity in the green algae, type and number of flagella,
insertion and general morphology has been accorded substantial weight in making taxonomic and
phylogenetic pronouncements (Bold and Wyne, 1985; Thompson and Wujek, 1989; Pegg et al.,
2015). The thick cell wall, pigment accumulation and protoplast observed in strain AA3 are
unique and are typical only of Haematococcus pluvialis at the akinetes stage (Pegg et. al., 2015).
According to Buchheim et al. (2013), only Haematococcus pluvialis accumulates the natural

carotenoid astaxanthin at the vegetative stage thereby matching isolate strain AA3.

Pyrenoids as taxonomic markers

Chloroplasts of most algae are known to contain large bodies termed pyrenoids (Fritsch, 1935).
According to Drawert and Mix (1962), algal pyrenoids consist of finely granular, densely packed,
homogeneous material. Staining with iodine can help distinguish some algal groups based on the
number and types of pyrenoids present. The stain showed for strain AAL the presence of one
pyrenoid covered in mucilage (Figure 2.6). This corresponded to the previous report of Nemcova
and Kalina (2000) of a typical Chlorella pyrenoid and that a pyrenoid bisected by four thylakoids
has never been observed in C. vulgaris, C. sorokiniana and C. kessleri now reassigned to
Parachlorella kessleri. According to Atkinson et al. (1972), Corre et al. (1996), and Huss et al.
(1999), Chlorella species with a glucan-type cell wall exhibit quite diverse pyrenoid structures,
which may indicate that the different Chlorella species are not closely related. Nevertheless, some
ultrastructural features of Chlorella luteoviridis such as thin electron dense layer, microfibrillar
structure and cell wall remnants persisting in the medium resembles that of glucosamine-type
Chlorella spp. Species with a glucosamine cell wall such as Chlorella kessleri, Chlorella

sorokiniana, and Chlorella vulgaris are virtually identical in pyrenoid morphology, indicating a
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closer evolutionary relationship. In the species with glucosamine cell walls, the thylakoid that
penetrates into the pyrenoid matrix is uniformly double layered (Kapaun et al., 1992: lkeda and

Takeda, 1995), which was similar to the pyrenoid present in the isolated strain AA1.

Flat, spindle - shaped cells with a single oval, angular shaped pyrenoid were observed in
Scenedesmus sp. strain AA2 (Figure 2.7), which is similar to the pyrenoids observed by Bisalputra
and Weier (1964) in Scenedesmus quadricauda. Gibbs (1962) described that the pyrenoid of
Scenedesmus quadricauda in old cultures has large starch plates around the fibrillar matrix and no
lamellar structures within the pyrenoid. Smith (1914) and Bisalputra and Weier (1964) reported,
that pyrenoids of Scenedesmus spp. which are very large before the beginning of cell division,
disappear during cell cleavage and a new pyrenoid is formed in each of the daughter cells,
indicating that new starch platelets can be formed in Scenedesmus spp. without any interaction

with the chloroplast thylakoids.

A single spherical centrally located pyrenoid was observed in Haematococcus sp. strain AA3
(Figure 2.8 and 2.11b). This observation was in accordance with the previous findings of
Thompson and Wujek (1989) and Wayama et al. (2013) that the structure and shape of pyrenoids
in Haematococcus pluvialis does not change at the exponential stage and that a single pyrenoid is
present at the late stage. When the algal cells are under suitable nutritional conditions, amino acids
form a substantial proportion of the early product of photosynthesis and as a result, pyrenoids of
green algae could be referred to as a temporary storage region of the early products of
photosynthesis, which under overproduction conditions could be easily changed into more
permanent storage material in the form of the starch sheath (Holm-Hansen et al., 1959; Syrett,
1962).

Taxonomic identification of microalgal isolates involves a combination of morphological
examination and increasingly genetic characterization of taxonomic marker genes (Huss et al.
1999; Bock et al. 2011; Buchheim et al., 2013), as many closely related species lack distinct
morphological features, making them difficult to identify (Pulz and Gross, 2004). As microalgal
cells can also structurally change (size and cell shape) during their developmental lifecycle and

under certain cultivation conditions, morphology can be misleading (Surek, 2008).

18S rRNA gene sequencing has become the reference method for algae classification as it can
provide and confirm identification at genus and even species level (Bucheim et al., 2013). The

homology search using the Basic Logical Alignment Search Tool (BLAST) showed that isolates
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strain AA1 and strain AA2 had sequence similarity scores = 99% when compared to sequences
deposited in GenBank for type strains of Parachlorella and Scenedesmus which enabled
assignment at genus level for the two isolates (Table 2.3 — 2.4). The 18S rRNA gene of strain
AA1 had a highest similarity score of 100% to the 18S rRNA gene sequence from a species of the
genus Parachlorella (Parachlorella kessleri formerly Chlorella kessleri), strain AA2 had a
similarity value of 99% to the 18S rRNA gene sequence from a species of the genus Scenedesmus

(Scenedesmus ovalternus).

The phylogenetic trees based on the 18S rRNA gene sequences reveal the phylogenetic
relationship between the strains AALl and AA2 with selected representatives of closely related
genera. It is evident from the phylogenetic analysis that strain AAl belongs to the genus
Parachlorella-clade in the family Chlorellaceae (Skaloud et al., 2014). Strain AA2 forms a
cluster with Scenedesmus raciborski in the family Scenedesmaceae (An et al., 1999; Lewis and
Flechtner, 2004).

2.5. Conclusion

This research aimed at isolating and characterizing pigment producing microalgae that are of
potential benefit to humans and animals. The media and culture conditions used enabled the
isolation of three different isolates that produced pigments, which was confirmed by light
microscopy and TEM analysis revealing pigment accumulation in the three isolates. The three
isolates were provisionally assigned based on the analysis to the family level Parachlorellaceae,

Scenedesmaceae and Haematococeae.
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CHAPTER 3

Growth and carotenoid production by isolated microalgae

3.1. Introduction

The need for alternate sources of valuable bioproducts such as pigments has drawn the attention of
many researchers to microalgae. Scenedesmus spp. (Class Chlorophyceae, order Chlorococcales)
for example is considered as a potent producer of carotenoids and other high value products.
Pigments from Scenedesmus spp. are known to possess antioxidant properties, and hence are used
in disease protection and prevention, for example (eye diseases) and other health related ailments,
as they inhibit the development of cataracts and macular degeneration (Krinsky, 1989; Guerin et
al., 2003). In additional studies, lutein was recommended for the prevention of specific types of
cancer (Del Campo et al., 2000; Eisenhauer et al., 2017). Marigold (Tagetes erecta L.) is the
commercially known source of lutein. However, microalgae such as Chlorella protothecoides and
Chlorella zofingensis (Class Trebouxiophyceae, order Chlorellales) are also considered as potent
producers of lutein (Del Campo et al. 2004, 2007) and Scenedesmus almeriensis has been
discovered to contain high lutein quantities (Sanchez et al., 2008). Del Campo et al. (2001)
reported up to 0.03% dry weight of lutein in Scenedesmus almeriensis cells compared to only
0.01% dry weight in marigold flowers. Scenedesmus almeriensis was reported to attain a lutein
productivity of 8.5 mg x L™ x day™, which makes it attractive for commercial purposes (Molina et
al., 2005; Lin et al., 2015).

Haematococcus pluvialis (Class Chlorophyceae, order Volvocales) is one of the numerous well
known microalgal species that can synthesize high value compounds naturally (Elliot, 1934;
Klochkova et al., 2013). It is known to accumulate and synthesize high levels of the natural
antioxidant astaxanthin (3,3'-dihydroxy-p,p'-carotene-4,4'-dione) under adverse conditions such as
nutrient deprivation, temperature variation, increased salinity, or chemical induction (such as by
salicylic acid) and combinations of other types of stress (Kobayashi et al.,1992; Kakizono et
al.,1992; Fan et al.,1994; Li et al., 2008; Lemoine and Shoefs, 2010). As the unfavourable
conditions persist, the Haematococcus cell loses its motility (biflagellate stage), the cell size
increases, and orange-red colored cysts with thick cell walls are formed. The antioxidative effect
makes astaxanthin useful in pharmaceutical, cosmetic, food, and aquaculture industries and
generates a vast demand in the world market. The global market of astaxanthin is estimated to be
over U$1 billion and projected to double before 2018 (De Holanda and Netto, 2006; Minhas et al.,

2016). Carotenoids such as astaxanthin help in protecting skin and eye cells from UV-light
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mediated photoxidation, inhibit the growth of fibrosarcoma and selected cancer cells and hepatitis,
prevent high cholesterol, age-related macular degeneration and high blood pressure due to their
effectiveness in scavenging free radicals, which in case of astaxnthin is exceeding that of other
carotenoids and vitamin E (Guerin et al., 2003; Rao et al., 2013; Li et al., 2015). Of all the species
producing astaxanthin, Haematococcus pluvialis is known to be able to accumulate up to 65% of
carotenoids in the form of astaxanthin and over 4% by dry weight as astaxanthin, which makes it
the richest source of natural astaxanthin among astaxanthin producing microorganisms like
Chlorella zofingiensis or Phaffia rhodozyma (Lee and Ding, 1994; Del Campo, 2004; Kim et al.,
2015). This is due to its potential to synthesize and accumulate high quantities of astaxanthin
pigment under adverse conditions (Boussiba 2000; Lemoine and Schoefs, 2010). As animals
cannot synthesize carotenoids de novo, they have to get natural carotenoids via their feeds or food
(Bowen et al., 2002). Nowadays, the industrial astaxanthin pigment for aquaculture is mostly
chemically synthesized from petrochemical sources, whereas natural astaxanthin contributes only
to a small fraction of this market (Guerin et al., 2003). Astaxanthin is also preferred over other
carotenoids such as canthaxanthin due to better assimilation by the digestive tract of salmonids
and its higher colour intensity (Storebakken and No, 1992). Its red pigmentation makes it
beneficial for use in marine industry for pigmenting ornamental fish (Ako and Tamaru, 1999;
Bowen et al., 2002). Being globally used in aquaculture farming as a feed additive and colorant,
the astaxanthin pigment market in the United State was calculated to be over US$200 million per
year at a price of about US$2,500 per kg (Minhas et al., 2016). The increasing demand of
customers for natural foods has therefore increased the production of astaxanthin pigment from
natural sources such as crustacean by-products, microalgae, and transgenic plants (Misawa, 2009;
Lietal., 2011).

The beneficial importance of carotenoids as the main dietary source of vitamin A has been known
for many years. Carotenoids in foods are usually less well assimilated from the intestinal system
than preformed Vitamin A. As the quantity of carotenoids in the diet increases, the absorption
efficiency decreases (Olson et al.,, 1996). A low plasma level of B-carotene has also been
associated with cardiovascular diseases (Gey, 1993; Kontush et al., 1999). Dugas et al. (1998)
reported that B-carotene functions as antioxidant in protecting low-density lipoprotein from cell-
mediated oxidation. Over 90% of commercially produced p-carotene is chemically synthesized.
Only a few selected countries like Israel, China, Australia, and Mexico produced natural (-
carotene at large commercial scale from microalgae of the genus Dunaliella (Johnson and
Schroeder, 1995; Ye et al., 2008).
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Growth conditions are one of the factors that determine the yield of carotenoid pigments such as
astaxanthin from microalgae. In this study, the growth of three microalgal isolates, Parachlorella
sp. strain AA1, Scenedesmus sp. strain AA2, and Haematococcus sp. strain AA3 under
photoautotrophic and photoheterotrophic conditions using glucose and acetate as organic carbon
sources was examined. Carotenoid production was confirmed via thin-layer chromatography
(TLC) and UV-VIS spectrometry. The antioxidant potential of algal cell extracts and isolated

pigments was determined using a stable organic radical based assay.
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3.2. Materials and Methods
3.2.1. Chlorophyll extraction

Different methods have been recommended for the routine assay of chlorophyll (a, b, ¢ and total
chlorophyll) content in algal cells using acetone, methanol, and ethanol as solvents. However, of
all the solvents, ethanol is the most preferable due to safety reasons, cost considerations and
because it can give sharp chlorophyll absorption maxima like acetone. Chlorophyll a was
extracted from algal cells harvested in the exponential growth phase (1x10’ cells/ml) of all the
three strains thrice by using 100% ethanol, glass beads and centrifugation (10,000 x g for 5 mins)
at varying extraction time intervals (0, 5, 10, 20, 30, 60, and 120mins) to establish the optimum
conditions. The chlorophyll a content in ethanol extracts was estimated spectrophotometrically
using a UV-VIS spectrophotometer (Shimadzu, 1240, Japan) at 665nm as reported by
Winthermans and Demots (1965).

3.2.2. Growth Kinetics of isolates

The growth of microalgae depends on the salt composition of the mineral media, organic
substrates if applicable, and cultivation conditions such as light intensity. For biomass production,
growth rates under photoautotrophic and photoheterotrophic conditions using glucose and acetate

as supplements were compared.

Photoautotrophic growth

100ml Erlenmeyer flasks containing 10ml of sterile mineral salts medium without carbon source
were inoculated to an initial cell density of about 8 x 10° cells/ml. For Parachlorella sp. strain
AALl and Scenedesmus sp. strain AA2, the medium according to Chu (1942) was used while
Haematococcus sp. strain AA3 was cultivated in the medium according to Bourrelly (1968). The
cultures were incubated at 20 + 1 °C under 40pmol photons x m x s continuous illumination for
up to 14 days while shaking at 100 rpm. The cell counts were estimated in 20pL culture sample at
12 hour intervals with a Neubauer counting chamber (Wertheim, Germany) using a light
microscope (Zeiss Primo Star). The chlorophyll a (100uL culture sample) content in ethanol
extracts (30mins, procedure 3.2.1) was estimated spectrophotometrically using a UV-VIS
spectrophotometer (Shimadzu, 1240, Japan) at 665nm as reported by Winthermans and Demots
(1965).
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Photoheterotrophic growth

Photoheterotrophic growth of the microalgae was performed on an orbital shaker (100 rpm) under
40pmol photon x m™x s light intensity at 20 + 1°C. 100ml Erlenmeyer flasks containing 10ml of
sterile medium as for the photoautotrophic growth experiments supplemented with 0.025M of
acetate as carbon source were inoculated to an initial cell density of about 7 x 10° cells/ml. For
Parachlorella sp. strain AAl and Scenedesmus sp. strain AA2, the medium according to Chu
(1942) was used while Haematococcus sp. strain AA3 was cultivated in the medium according to
Bourrelly (1968). In an alternate approach, acetate was substituted by using 0.05M of glucose.
The cell counts and the chlorophyll a content in ethanol extracts were estimated as stated above
(Section 3.2.1).

3.2.3. Large scale growth of Haematococcus sp. strain AA3 for pigment production

A 30ml portion of 7 days old Haematococcus sp. strain AA3 culture (4x10° cells/ml) was
inoculated into 200ml of fresh sterile Bourrelly medium into each of three 1L flasks, each of the
flasks were incubated photoautotrophically at 20 + 1°C, with 24 hour illumination at 40pumol
photon x m? x s ! until the very late stationary phase. The flasks were shaken manually at once
per day. Cell counts, chlorophyll a content and pigment accumulation were estimated at 48 hours
intervals. Biomass comprising of encysted cells from all three flasks at the aplanosporic stage with
deep reddish coloration has confirmed by phase contrast light microscopy was harvested by
centrifugation at 10,000 x g for 15 mins, pigment was extracted in the dark with acetone with the
aid of 0.3mm sterile glass beads over 30 mins. Extraction was repeated three times until debris
became colorless. The cell debris was removed by centrifugation prior to analysis. Astaxanthin
content was determined spectrophotometrically using a UV-VIS spectrophotometer (Shimadzu,
1800) at 474nm according to Dragos et al. (2010)
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Pigment extraction and analysis using Parachlorella sp. strain AAl and Scenedesmus sp
strain AA2

Stationary cells (5.58 x 10° cells/ml) of Parachlorella sp. strain AA1 grown photoautotrophically
were harvested from 200ml culture by centrifugation (10,000 x g for 15 mins). Pigments were
isolated from cell pellets by 30 mins of extraction in acetone in the dark using sterile glass beads
(0.3mm diameter) to crush cells. The extraction procedure was repeated three times until cell
debris became colorless. The presence of pigments in the combined acetone extract was
determined spectrophotometrically (UV-VIS spectrophotometer, Shimadzu, 1800, Japan) between
400-700nm according to Cho (1970).

Exponential phase cells of Scenedesmus sp. strain AA2 (1.83 x 10° cells/ml) were inoculated into
three 1000ml conical flasks each containing 200ml of fresh sterile Chu medium (Chu, 1942). The
culture was incubated photoautotrophically under 40pmol photon x m? x s continuous
illumination until the late stationary phase. The three flasks were manually shaken once a day.
Cells were harvested by centrifugation at 10,000 x g for 15 mins after microscopy and visible
inspection revealed color change indicating carotenoid accumulation in cultures. The cell
pigments were extracted repeatedly with acetone in the dark, after disrupting cells with 0.3mm
glass beads. Pigments were analyzed spectrophotometrically as above (Section 3.2.3).

3.2.4. Chromatographic detection of pigments

Analytical-TLC was carried out on silica gel 60 TLC plates (5 cm x 10 cm, Merck, Germany).
Acetone extracts (10 ul) of Parachlorella sp. strain AA1, Scenedesmus sp. strain AA2 and
Haematococcus sp. strain AA3 were applied at 1 cm of the base of the TLC plate and allowed to
dry for a few minutes in the dark. Afterwards, the plates were developed in a closed glass chamber
using acetone/n-hexane (30% /70%) (v/v) or acetone /petroleum ether (25%/75%) (v/v) as the
mobile phase according to Khanafari et al. (2007) and Jaime et al. (2010). Authentic B-carotene
(Sigma Aldrich, U.S.A) was used as a standard.

For preparative TLC, pre-coated silica gel H60 thin layer chromatography plates (20 cm x 20 cm
Merck, Germany) were used for the isolation of pigments at larger quantities. Acetone and n-
hexane in the ratio 30%/70% (v/v) was used as mobile phase. 50 pl of highly concentrated
pigment extracts (Parachlorella sp. AA1, Scenedesmus sp. AA2, Haematococcus sp. AA3) were
spotted on the TLC plate. All separations were carried out in a closed glass chamber in the dark
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according to Kobayashi et al. (1991). For the isolation of different carotenoids, distinct individual
bands were scrapped from the TLC plate, eluted into 1.5ml acetone followed by centrifugation
(10,000 x g for 15 mins). Absorption spectra of pigments extracted from individual bands were
determined spectrophotometrically between 400nm-700nm using a UV-VIS spectrophotometer
(Shimadzu, 1800, Japan) according to Dragos et al. (2010).

3.2.5. Antioxidant capacity of methanolic extracts of algae cells and of isolated pigments
Antioxidant capacity of Vitamin C

Radical scavenging ability of the known antioxidant vitamin C using 2,2-Diphenyl-1-
picrylhydrazyl was determined according to the method of Blois et al. (1958). A 5mM stock
solution of 2,2-diphenyl-1-picrylhydrazyl was prepared in methanol. Ascorbic acid was used as a
reference antioxidant and dissolved to 10mM in methanol. In a total volume of 1ml, the assay
cuvette contained 100uM DPPH and varying concentrations of ascorbic acid (0-2.5mM). A
mixture of methanol (980uL) and 20uL of DPPH (5mM) was used as control and methanol served
as blank. After 30 mins incubation in the dark, a violet to yellow color change was observed
visually and the absorbance was measured at 517nm using a UV-VIS spectrophotometer
(Shimadzu, 1800, Japan).

Antioxidant capacity of -carotene

B-carotene was dissolved to 10mM in methanol. Precipitate was removed by centrifugation
(10,000 x g for 5 mins). In a total volume of 1ml, the assay cuvette contained 100uM DPPH and
varying concentrations of f-carotene (0-900puM). A mixture of 980uL of methanol and 20uL of
DPPH (5mM) was used as control. The absorbance of the reaction mixture was measured at
517nm against a methanol blank using a UV-VIS spectrophotometer (Shimadzu, 1800, Japan)
after 30 mins of incubation in the dark according to Blois et al (1958). The molar extinction
coefficient of B-carotene at 450nm in methanol was taken as 136 400 L x mol * x cm * (Craft and
Soares, 1992).
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Antioxidant capacity of cell extracts

Cells of Parachlorella sp. strain AA1, Scenedesmus sp. strain AA2, and Haematococcus sp. strain
AA3 after being grown photoautotrophically under continuous illumination were harvested from
10 day old plates and extracted using methanol. After 30 mins of extraction in methanol in the
dark using sterile glass beads (0.3mm diameter) to crush cells, supernatants were recovered by
centrifugation (10,000 x g for 5 mins). Extraction was repeated thrice until cell debris became
colorless. In a total volume of 1ml, the assay cuvette contained 100uM DPPH and varying
concentrations of cell extracts of strains AA1l, AA2, AA3 in a range of 0-900uM based on [3-

carotene using the reported molar extinction at 136 400 L x mol * x cm *

(Craft and Soares,
1992). The reaction mixtures were incubated for 30 mins in the dark. A mixture of 980uL of
methanol and 20uL of DPPH (5mM) was used as control. The absorbance of the reaction mixtures
was measured at 517nm against a methanol blank using a UV-VIS spectrophotometer (Shimadzu,

1800, Japan) according to Blois et al. (1958).
Antioxidant capacity of TLC purified astaxanthin

Varying concentrations of TLC purified astaxanthin in methanol (0-900uM) from Haematococcus
sp. strain AA3 was added to a 1ml assay cuvette containing 100uM DPPH. A mixture of 980uL
of methanol and 20uL of DPPH (5mM) was used as control. The mixtures were incubated in the
dark for 30 mins. The absorbance of the reaction mixture was measured at 517nm against a
methanol blank using a UV-VIS spectrophotometer (Shimadzu, 1800, Japan) according to Blois et
al (1958). The molar extinction coefficient of astaxanthin at 474nm in methanol (12300 L x mol™

x cm™) was used to quantify astaxanthin (Buchwald and Jencks, 1968).
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3.3. Results
3.3.1. Optimium time for chlorophyll a extraction

For the quantification of chlorophyll a in algal biomass, 30 mins was established as optimum
extraction time using an identical number of algal cells (1x107 cells) of all the three strains (Figure
3.1).
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Figure 3.1. Optimum time for chlorophyll a extraction from photoautotrophically produced
algal biomass of all three strains using ethanol. The bar indicates the standard error of the

mean.
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3.3.2. Photoautotrophic and photoheterotrophic growth of microalgal isolates

To determine the best cultivation condition for the isolated strains AAl, AA2, and AA3, the
growth under photoautotrophic and photoheterotrophic conditions using glucose and acetate as
substrates was analyzed over time by determining total microscopic cell counts along with

chlorophyll a content. Results are shown in figures 3.2-3.5.
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Figure 3.2. The growth of Parachlorella sp. strain AA1 (A), Scenedesmus sp. strain AA2 (B),
and Haematococcus sp. strain AA3 (C) under photoautotrophic conditions in Chu (A, B) and

Bourrelly medium (C).
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Based on the cell counts, three to four growth phases were observed (Figure 3.2a -3.2c). A lag
phase for about 12-24 hours in strains AAL, and AA2, an exponential phase lasting for about 132
hours in strain AA1, 144 hours in strain AA2 and 252 hours in strain AA3, followed by a
stationary phase of about 50 hours in strain AAl and 40 hours in strain AA2. A visible death
phase started at 204 hours in strain AA1, at 192 hours in AA2 and at 288 hours for strain AA3.

Strain AA1 had a growth rate (i) of 0.015 h™%, a generation time of 46 hours, and a doubling time
of 210 hours (based on chlorophyll a content), strain AA2 had a growth rate () of 0.011 h™* with a
generation time of 63 hours, and a doubling time of 187 hours (based on chlorophyll a content).
For strain AA3, the growth rate (i) was 0.009 h™ with a generation time of 72 hours, and a
doubling time of 203 hours (based on chlorophyll a content). Low growth rates were recorded
under photoautotrophic conditions for all the three isolates, indicating the need for carbon sources

to improve growth rates.

Effect of acetate on the growth of the three isolated strains

The effect of 0.025M of acetate as additional carbon source on growth rates and on chlorophyll a
content was determined in the three isolated strains.

99



1.2x107 0.8

107 i
~ L 0.6 ~
£ sox10° | g
8 (3]
T 6.0x10° | r04 >
= 3
o -
% 40X106 r %
o i —e— Hours vs Cells/ml r 0.2
2.0x10° 1 —s— Hours vs Chlorophyll a
0 0.0
B
— 06~
£ 4.0x10° 2
8 @«
= L 0.4 E
= S
S 2.0x106 - =
= )
Q B 02 O
q
0 0.0
1.6x107 -
~ 1.4x107 A L 0.6 —
£ 12xq07] 2
8 107 _ (_6
e L 04 =
£ 8.0x10° | s
3 S
= 6.0x10° | =
L (@)
© 4.0x106 | 02
2.0x108
O T T T T T T 0.0

0 50 100 150 200 250 300 350

Time (Hours)

Figure 3.3. Photoheterotrophic growth of Parachlorella sp. strain AA1 (A), Scenedesmus sp.
strain AA2 (B), and Haematococcus sp. strain AA3 (C), with 0.025M acetate as the carbon

source in Chu (A, B) and Bourrelly medium (C).
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As expected, the cell numbers increased for all three algal strains (Figure. 3.3A-C). However, in
case of chlorophyll a content, a decreasing chlorophyll a concentration was observed in
Haematococcus sp. strain AA3 from about 80 hours. The exponential phase in strain AAl lasted
until about 168 hours followed by a stationary phase. Strain AA1 had a specific growth rate (u) of
0.020 h™, a generation time of about 35 hours with a doubling time of 210 hours based on

chlorophyll a content.

For Parachlorella sp. strain AAl and Scenedesmus sp. strain AA2, cell counts increased
concomitant with the increase in chlorophyll a content over time in the presence of acetate (Figure
3.3 A and B). Scenedesmus sp. strain AA2 grew with 0.025M acetate as carbon source at a growth
rate (1) of 0.019h™, generation time of about 36 hours with a doubling time of 216 hours based on

chlorophyll a content.

20pm

Figure 3.4. Cells of Haematococcus sp. strain AA3 from the late growth stage (276 hours)
when grown with 0.025M acetate as the carbon source photoheterotrophically in Bourrelly

medium.

As for strain AAl and AA2, growth of isolate AA3 with acetate represented a typical growth
curve, the lag phase lasted for about 24 hours, followed by an exponential phase of about 264
hours, a stationary phase that started at about 276 hours and was directly followed by death phase
starting after about 288 hours (Figure 3.3C). While cell numbers increased, the chlorophyll a

content already decreased after about 80 hours, indicating inhibition of chlorophyll a synthesis
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which was not observed in the other two strains analyzed. Greenish-orange color indicating
carotenoid accumulation was observed in the aplanosporic cells from the stationary phase (Figure
3.4). A specific growth rate (i) of 0.015 h™* with a generation time of 46 hours, and a doubling

time of 256 hour (based on chlorophyll a content) was recorded.

Effect of glucose on the growth rate of the three isolated strains

To determine the effects of glucose when present as additional carbon source, the isolated strains

were grown photoheterotrophically in the presence of 0.05M of glucose.
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Figure 3.5. Photoheterotrophic growth of Parachlorella sp. strain AA1 (A), Scenedesmus sp.
strain AA2 (B), and Haematococcus sp. strain AA3 (C) with 0.05M glucose as the carbon
source in Chu (A, B) and Bourrelly medium (C).
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In the presence of glucose, cell counts and chlorophyll a content increased overtime for all three
microalgal strains. However, for strain AA1, chlorophyll a content apparently increased even

though cell counts decreased after about 216 hours (Figure 3.5A).

With 0.05M of glucose, under photoheterotrophic conditions strain AA1 had a growth rate () of
0.017 h™ and a generation time of about 41 hours. The doubling time was established as 223 hours
based on the chlorophyll a content. The photoheterotrophic growth rate of Parachlorella sp. strain
AA1 was lower with glucose (0.017 h™) than with acetate (0.020 h™) but higher than under
photoautotrophic conditions with no carbon source (0.015 h™%). This implies that glucose enhanced

growth for strain AAL1 to a lesser degree than acetate.

Strain AA2 had a growth rate (i) of 0.012 h™, a generation time of about 58 hours with a doubling
time of 266 hours based on chlorophyll a content. This showed that glucose enabled only a
slightly faster increase in cell number over time under photoheterotrophic conditions when

compared to photoautotrophic growth conditions.

When strain AA3 was grown in Bourrelly medium with 0.05M glucose, cell numbers increased
along with chlorophyll a content overtime (Figure 3.5C), which is different from
photoheterotrophic growth with acetate, where chlorophyll a biosynthesis was clearly inhibited
after about 80 hours. Strain AA3 had a growth rate () of 0.016h™, a generation time of about 43
hours and a doubling time of 266 hours based on chlorophyll a content.
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Table 3.1. Growth kinetic data for all three isolates under photoautotrophic and

photoheterotrophic conditions using acetate and glucose supplemented medium based on

cell counts.

Isolate No Generation Acetate Generation Glucose Generation
supplement time supplemented time supplemented time
uh™ (Hrs) media (Hrs) media (Hrs)

uh™ uh™

Parachlorella  0.015 46.20 0.020 34.65 0.017 40.70

sp. AAl

Scenedesmus 0.011 63.01 0.019 36.48 0.012 57.76

sp. AA2

Haematococcus 0.009 72.20 0.015 46.20 0.016 43.32

sp. AA3

In summary, slower growth was recorded for Parachlorella sp. strain AAl under
photoautotrophic conditions in comparism to photoheterotrophic with acetate and growth with
glucose. Acetate enhanced growth in Scenedesmus sp. strain AA2 compared to glucose, and
glucose in turn enabled better growth than no carbon supplement. Glucose, however, enhanced
growth of Haematococcus sp. strain AA3 more than acetate, which in turn enabled higher growth

than photoautotrophic conditions.

3.3.3. Pigment production

Carotenoid detection in cells of Parachlorella sp. strain AA1, Scenedesmus sp. strain AA2

and Haematococcus sp. strain AA3

To verify the presence of carotenoids in Parachlorella sp. strain AA1, Scenedesmus sp. strain
AAZ2, and Haematococcus sp. strain AA3, pigments were extracted in the dark with acetone from
about 32mg and 20mg wet weight of cell biomass, respectively collected after photoautotrophic
growth (late growth phase), as photoautotrophically grown cells enabled higher carotenoid
accumulation. The extracts were analyzed with UV-VIS spectroscopy over a range of 400 to
700nm. Maxima were detected at a wavelength of 450nm (shoulder at 437nm, 475nm) and

665nm, indicating the presence of carotenoids and chlorophyll a.
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Figure 3.6. The visible absorption spectrum of diluted Parachlorella sp. strain AAl1 (A),
Scenedesmus sp. strain AA2 (B), and Haematococcus sp. strain AA3 (C) acetone extracts of
cell biomass grown photoautotrophically and harvested in the late stationary phase. The

inserts D and E shows the region of chlorophyll a absorbance.
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Figure 3.6A shows an absorbance maximum at 450nm plus shoulders at about 437nm and 475nm,
indicating the presence of p-carotene in addition to the presence of chlorophyll a indicated by the
maximum at 665nm. These spectral properties match the literature spectroscopic data for p-
carotene and chlorophyll a in acetone. The visible spectrum of acetone extract from Scenedesmus
sp. strain AA2 (Figure.3.6B) indicated a higher ratio of p-carotene (A450nm) to chlorophyll a
(665nm) content than in strain AALl. Based on the absorbance at 450nm (B-carotene) and at
665nm (chlorophyll a), the apparent pB-carotene to chlorophylla ratio was about 30 in strain AA2
and only about 3 in strain AAL. The spectrum for Haematococcus sp. strain AA3 (Figure 3.6C)
indicated low chlorophyll a content at 665nm and a maximum at 474nm, indicating astaxanthin
accumulation. To verify the presence of pigments in acetone extracts, analytical TLC was

performed.
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Figure 3.7. Analytical thin layer chromatography of Parachlorella sp. strain AAL cell

pigment extract in acetone using two different solvent systems.
(A) Mobile phase = Acetone and n-hexane (30/70%) (v/v).
(Band 1= Pheophytin like compound, band 2= Chlorophyll a, band 3= Possible
canthaxanthin isomer, band 4= B-carotene, band 5= Authentic - carotene)
(B) Mobile phase = Acetone and petroleum ether (25/75%) (v/v).

(Band 1= Pheophytin like compound, band 2= Chlorophyll a, band 3= Possible

canthaxanthin isomer, band 4= B-carotene, band 5= Authentic - carotene)

Figure 3.7 shows major pigments detected by TLC in Parachlorella sp. strain AA1l acetone
extracts subsequently characterized by their R¢ values and spectral properties after isolation from
preparative TLC using an acetone/n-hexane solvent systems. Authentic B-carotene served as
standard. Two major carotenoids were detected, band 4 with the yellow coloration was identified
as B-carotene with a R¢ value of 0.95 in the two solvent systems while band 3 matched literature
data for canthaxanthin isomers with a R¢value of 0.60 and 0.65 in acetone/ n-hexane and acetone/
petroleum ether respectively. Band 2 with greenish colouration was identified as chlorophyll a (R¢
= 0.53) in acetone /n-hexane mobile phase and (R¢ = 0.56) in petroleum ether/ acetone solvent, as
identical R values were established for authentic chlorophyll a from spinach. The first band (R¢ =
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0.42) in acetone/n- hexane and (Rf = 0.45) in petroleum ether/ acetone as mobile phase
corresponded to pheophytin-like compounds that result from the partial degradation of chlorophyll

a (Cho, 1970).
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Figure 3.8. The visible absorption spectrum of the major pigment isolated by preparative
TLC from Parachlorella sp. strain AA1 acetone extract with an R value of 0.95 in acetone/n-

hexane (30/70%)(v/v). Spectra were measured in acetone.
(A) p-carotene (maximum at 450nm, shoulder at 437nm and 475nm)

(B) Authentic p-carotene (maximum at 450nm, shoulder at 435nm and 475nm).

Scenedesmus sp. strain AA2 cells from the late stationary phase showed by light microscopy that
carotenoids had accumulated in the cells. A change of cultures from green to light orange at the
end of the stationary phase in cultures of Scenedesmus sp. strain AA2 was therefore regarded as
an indicator for the accumulation of carotenoids. This was also shown by the increased A450nm/

A665nm ratio in the late stationary phase (Figure 3.6B).
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Figure 3.9. Analytical thin layer chromatography of Scenedesmus sp. strain AA2 cell

pigment extract in acetone using two different solvent systems.
(A) Mobile phase = Acetone and n-hexane (30/70%0) (v/v).

(Band 1= Pheophytin like compound, band 2= unknown carotenoid, band 3= f-carotene,

band 4= Authentic -carotene).
(B) Mobile phase = Acetone and petroleum ether (25/75%) (V/v).

(Band 1= Pheophytin like compound, band 2= unknown carotenoid, band 3= p-carotene,

band 4= Authentic p-carotene).

Three distinct bands were detected chromatographically when using acetone/n-hexane (30/70%)
as mobile phase (figure 3.9A). Band 1 (Rf = 0.42) was probably a pheophytin-like compound
resulting from the partial degradation of chlorophyll a, while the second band showed a Ry of 0.58.
The third yellowish band was identified as p-carotene (R = 0.95). However, when using acetone
and petroleum ether as mobile phase (25/75%). The first band matches with R; = 0.40 while the
second band showed a R¢ of 0.53. The third band was identified as p-carotene (R¢ = 0.95). To
obtain further information about the pigments produced, the major bands eluted from acetone
were analyzed with UV- VIS spectroscopy after isolating these using preparative TLC and

acetone and n-hexane as mobile phase.
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Figure 3.10. The visible absorption spectrum of two major pigments isolated by preparative
TLC from Scenedesmus sp. strain AA2 acetone extract with R¢ values of 0.95 and 0.58 using

acetone and n-hexane (30/70%) as mobile phase. Spectra were measured in acetone.

(A) p-carotene (maximum at 450nm, shoulder at 437 and 475nm).
(B) Authentic p-carotene (maximum at 450nm, shoulder at 435nm and 475nm).

(C) Unknown carotenoid (maximum at about 469nm).
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The visible absorption spectrum and retention values of pigments obtained from acetone extracts
confirmed the presence of B-carotene and indicated the presence of one additional carotenoid,
which might represent hydroxyechinenone based on the R¢ value (figure 3.9) in Scenedesmus sp.
strain AA2.

N

20pm

Figure 3.11. Bright field light microscopy of pigmented aplanosporic cells from the late
stationary growth phase of Haematococcus sp. strain AA3 grown photoautotrophically in

Bourrelly medium.

Cells from the late stationary phase of the large scale cultivation experiment with Haematococcus
sp. strain AA3 showed by light microscopy that carotenoids had accumulated (Figure 3.11). The
aplanosporic cells of strain AA3 appeared orange/reddish and had an average diameter of about
25um in the late stationary growth phase. This indicates the ability of strain AA3 to produce and
to accumulate carotenoids of beneficial importance for human and animals use. Figure 3.12

reveals pigment ratio accumulation for 3 weeks.
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Figure 3.12. Pigment ratio comparison between Haematococcus sp. strain AA3 cell extracts

from the mid exponential growth phase to the late stationary growth phase.

The analysis of Haematococcus sp. strain AA3 acetone extracts indicated a shift in the ratio of
chlorophyll a content based on the maximum at 665nm to carotenoids based on the maximum at
450nm representing [B-carotene. An increased ratio of B-carotene to chlorophyll a content was
recorded at the late stationary phase under 40pmol photon x m™ x s™ continuous illumination. In
addition, figure 3.12 was mainly for large scale pigment production that requires high volume of
biomass reflecting the hydrophobicity of strain AA3 cells in comparison to figure 3.6 that was
majorly for growth rate determination and higher pigment ratio was recorded due to low volume

of biomass used.
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Figure 3.13. Visible carotenoid accumulation in cell suspensions of Haematococcus sp. strain
AA3 grown photoautotrophically under continuous illumination in Bourrelly medium.

(A) Early growth phase culture sample of Haematococcus sp. strain AA3.

(B) Stationary phase culture sample of Haematococcus sp. strain AA3.

(C) Late stationary phase culture sample of Haematococcus sp. strain AA3.

(D) Late stationary culture sample of Haematococcus sp. strain AA3 at time of
harvesting.

The shift in the pigment ratio shown in figure 3.12 was evident in the coloration of cultures as
well (Figure 3.13). In the early growth stages with mostly biflagellated cells, cultures appeared
green due to higher chlorophyll a content while older cultures showed a strong orange-red
coloration, highlighting the accumulation of carotenoids in the aplanospores.

Preparative thin layer chromatography revealed the presence of five distinct pigment bands in
Haematococcus sp. strain AA3 acetone extract obtained from cells at the late stationary growth
phase (Figure 3.14).
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Figure 3.14. Preparative thin layer chromatography showing five major carotenoids present
in Haematococcus sp. strain AA3 acetone extract. Acetone and n-hexane (30/70) (v/v) were

used as the mobile phase.

(band 1=lutein, band 2 = unknown carotenoid, band 3= astaxanthin, band 4= unknown

carotenoid, band 5= p-carotene).

Pigments from Haematococcus sp. strain AA3 were further analyzed via analytical thin layer
chromatography for efficient separation and detection of carotenoids via their retention values (Rs)

in two different solvent systems (Figure 3.15).
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Figure 3.15. Analytical thin layer chromatography of Haematococcus sp strain AA3

extracts using two different solvent systems. Authentic B-carotene served as standard.
(A) Mobile phase = Acetone and n-hexane (30/70%0) (v/v).

(band 1=lutein, band 2= unknown carotenoid, band 3= astaxanthin, band 4 = unknown

carotenoid, band 5= p-carotene, band 6= authentic p-carotene).

(B) Mobile phase = Acetone and petroleum ether (25/75%) (v/v).

(band 1=lutein, band 2= unknown carotenoid, band 3= astaxanthin, band 4= unknown
carotenoid, band 5= B-carotene, band 6= authentic §-carotene).

Using acetone/n-hexane as mobile phase (30/70%), lutein was identified using analytical TLC
with a Rs value of 0.54, the second band had a R¢ value of 0.56. The strong third reddish band was
identified as astaxanthin (Rf value of 0.71) while the fourth band matched R value of 0.91. The
fifth band was assigned to p-carotene (R = 0.95). Using the acetone and petroleum ether mobile
phase, the first yellow band was identified as lutein with a R¢ value of 0.42 while the second band
had a Rt value of 0.46. Based on the R values and spectroscopic properties the third band was
identified as astaxanthin (Rf = 0.52). The fourth band had a R = 0.76 while the fifth band was
identified as B-carotene (Rf= 0.95).

116



Table 3.2. Retention value and absorption maximum (Amax, nm) of the major carotenoid in
Parachlorella sp. strain AAL acetone extracts using two different solvent systems. Standard
R+ values were obtained by using authentic reference material (B-carotene) and literature
values. Solvent a; acetone/n-hexane (30:70%, v/v), solvent b; acetone/petroleum ether
(25:75%, VIV).

Carotenoid Retention  Literature  Retention  Literature Amax Literature
value (Rf) (Rf) value value (Rf) (Rf) wvalue (nm)in Amax (nm) in
solvent a +solventa solventb =xsolventb  acetone acetone xxx*

Authentic 0.98 0.98 0.95 0.95 450 450

[-carotene

B-carotene  0.95 0.98 0.95 0.95 450 450

x. Qinetal. (2008). Process Biochemistry, 43(8), 795-802.
«%. Jaime et al. (2010). Food Science and Technology, 43(1), 105-112.
«#x Cho, (1970). Biochimica et Biophysica Acta (BBA)-Bioenergetics, 216(1), 139-150.
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Table 3.3. Retention value and absorption maximum (Amax, nm) of two major carotenoids
in Scenedesmus sp. strain AA2 acetone extracts using two different solvent systems.
Standard Ry values were obtained by using authentic reference material (B-carotene) and
literature values. Solvent a; acetone/n-hexane (30:70%, v/v), solvent b; acetone/petroleum
ether (25:75%, V/v).

Carotenoid  Retention Literature Retention Literature Amax Literature
value (Rf) (Rf) value value (Rf) (Rf) value (nm)in Amax (nm) in
solvent a xsolvent a solvent b =xsolventb acetone  acetone s

Authentic 0.98 0.98 0.95 0.95 450 450

[-carotene

B-carotene  0.95 0.98 0.95 0.95 450 450

Unknown 0.58 0.58" 0.53 0.54"" 469 463"

carotenoid

x Qin etal. (2008). Process Biochemistry, 43(8), 795-802.

«% Jaime et al. (2010). Food Science and Technology, 43(1), 105-112.

=% Dragos et al. (2010). Romanian Society for Cell Biology, 15(2), 353-361.

+ Qinetal. (2008). Process Biochemistry, 43(8), 795-802, reported this R; value for
hydroxyechinenone.

++ Krinsky et al. (1964). Plant Physiology, 49(3), 441- 447, reported this R¢ value for
hydroxyechinenone.

+++ Dragos et al. (2010). Romanian Society for Cell Biology, 15(2), 353-361, reported this

absorbance maximum for hydroxyechinenone.
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Table 3.4. Retention value and absorption maximum (Amax, nm) of four major carotenoids
identified in Haematococcus sp. strain AA3 acetone extracts using two different solvent
systems. Standard R; values were obtained by using authentic reference material (f-
carotene) and literature values. Solvent a; acetone/n-hexane (30:70%, v/v), solvent b;

acetone/petroleum ether (25:75%, v/v).

Carotenoid Retention  Literature Retention Literature Amax Literature
value (Rf) (Rf) value value (Rf) (Rf) wvalue (nm) in Amax (nm)
solvent a % solventa solventb =% solventb acetone in acetone

skeksk
Authentic  0.98 0.98 0.95 0.95 450 450
[-carotene
B-carotene  0.95 0.98 0.95 0.95 450 450
Astaxanthin  0.71 0.75 0.52 0.50 474 474
Lutein 0.54 0.55 0.42 0.47 446 446
Unknown  0.91 0.87" 0.76 0.76"" 475 462"
carotenoid

x Khanafari et al. (2007). Journal of Environmental Health Science and Engineering, 4(2), 93-98.

«x Jaime et al. (2010). Food Science and Technology, 43(1), 105-112,

«#% Dragos et al. (2010). Romanian Society for Cell Biology, 15(2), 353-361.

+ Khanafari et al. (2007). Journal of Environmental Health Science and Engineering, 4(2), 93-98
reported this R¢value for echinenone.

++ Jaime et al. (2010). Food Science and Technology, 43(1), 105-112, reported this Rt value for
echinenone

+++ Dragos et al. (2010). Romanian Society for Cell Biology, 15(2), 353-361, reported this

absorbance maximum for echinenone.

From above tables 3.2- 3.4, B-carotene was identified has the major common carotenoid pigment

in the three isolated microalgal strains at a retention value (Rf) value of 0.98 and 0.95 in

acetone/petroleum ether (25/75) and acetone/n-hexane (30/70). Lutein and astaxanthin were

detected in strain AA3 in the two different solvent systems while the unknown carotenoid

identified in strain AA2 was possibly hydroxyechinenone based on the R value albeit its spectral

data did not match exactly. The R value of the unknown carotenoid in strain AA3 corresponded

with echinenone although its 2 max differed from the values reported in literature. The absorption
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spectrum of B-carotene isolated from the three strains showed a maximum at 450nm, while lutein

from strain AA3 showed an absorbance maximum at 446nm and astaxanthin at 474nm.
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Figure 3.16. The absorption spectra of pigments isolated using preparative TLC and

Haematococcus sp. strain AA3 acetone extract. Spectra were measured in acetone

(A) p-carotene (maximum at 450nm, shoulder at 437nm and 475nm).

(B) Authentic p-carotene (maximum at 450nm, shoulder at 435nm and 475nm).
(C) Unknown carotenoid, (maximum at about 475nm).

(D) Astaxanthin (maximum at 474nm).

(E) Lutein (maximum at 446nm, shoulder at 475nm).
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The detection of carotenoids in cell extracts of all three strains confirmed their potential to
produce value compounds (Table 3.2 - 3.4). The visible absorption spectra of the four major
pigments detected in Haematococcus sp. strain AA3 are evidence of the strains ability to produce

beneficial natural carotenoid pigments.

3.3.4. Evaluation of antioxidant activity

All three microalgal strains are a natural source of bioactive compounds such as carotenoids,
which are known antioxidants. Therefore, the antioxidant capacity of isolated pigments and cell

extracts was assessed using the DPPH assay.

Figure 3.17. Demonstration of the antioxidant capacity of varying concentrations of vitamin
C in the DPPH assay causing decolorization of the stable organic radical after 30 mins of
incubation in the dark. Left cuvette (OmM vitamin C) to right cuvette (2mM vitamin C).

The antioxidant capacity was further determined using UV-VIS spectrometry at an absorbance of
517nm (Figure 3.18).
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Figure 3.18. Spectrophotometric demonstration of the antioxidant capacity of Vitamin C by
using the stable organic radical DPPH.

The reduction of the stable radical DPPH in the presence of varying concentrations of vitamin C
compared to the control without vitamin C indicated hydrogen atom donation causing a decrease
in absorbance at 517nm. The ECs value for vitamin C was established as 150uM based on assay

results.

Similarly, the antioxidant effect of authentic f-carotene was determined by its ability to scavenge
the stable DPPH radical. After 30 mins of incubation in the dark, decolorization was observed
when compared to the control without B-carotene, showing that the antioxidant had scavenged the
radical. The ECsp was established as the concentration of B-carotene required to scavenge 50%
DPPH as determined at Asy7 relative to a control mixture to which only methanol was added,
resulting in an ECs, value of 225uM. For Parachlorella sp. strain AA1, Scenedesmus sp. strain
AA2, and Haematococcus sp. strain AA3, algae cells grown photoautotrophically to the

exponential phase were extracted with methanol over 30 mins, particular matter was removed by
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centrifugation and the supernatant used in the DPPH assay. Non-diluted methanolic extracts of
Parachlorella sp. strain AA1l were able to completely decolourize 100uM of DPPH within 30
mins of incubation in the dark. This indicates that Parachlorella strain AAl methanolic cell

extracts possess antioxidant capacity.

The ECso was established as the concentration of Parachlorella sp. strain AA1 extract based on f3-
carotene required to produce 50% reduction at As;; relative to the control (only methanol) using
the reported molar extinction coefficient for B-carotene at 450nm in methanol taken as 136 400 L
x mol *xcm ! (Craft and Soares, 1992). This resulted in an ECso value of 330uM. For
Scenedesmus sp. strain AA2 extract an ECsy value of 280uM was recorded while for
Haematococcus sp. strain AA3 extract an ECsy value of 264uM was determined for DPPH
reduction (Table 3.5).

Similarly, the antioxidant capacity of the isolated pigment astaxanthin was determined via UV-
VIS spectral analysis using DPPH. Loss of violet color was observed in the presence of
astaxanthin compared to the control after 30mins of incubation in the dark, demonstrating that
astaxanthin scavenged the stable free radical. An estimated ECs, value of 249uM was established
using the reported molar extinction coefficient at 474nm reported for astaxanthin in methanol
(Buchwald and Jencks, 1968).

Table 3.5. Effect concentration values of standards (Vitamin C and p-carotene) and

microalgal samples causing a 50% reduction in DPPH.

Antioxidants EC sovalue (uM)  Literature value (UM)
Vitamin C 150 165"
B-carotene 225 250°
Chlorella sp. strain AAlextract* 330 340°
Scenedesmus sp. strain AA2 extract* 280 312*
Haematococcus sp. strain AA3 extract” 264 300°
Astaxanthin (Purified TLC band) 249 275°

Literature values were selected based on ECsq values reported for the same antioxidants in similar
strains.

! Liu et al. 2008. Food Science and Technology, 41(7), 1344-1349.

2 Jimenez et al. 2000. Journal of the Science of Food Agriculture, 80(11), 1686-1690.
¥ Hajimahmoodi et al. 2010. Journal of Applied Phycology, 22(1), 43-50.

% Natrah et al. 2007. Journal of Applied Phycology, 19(6), 711-718.

®Cerdn, et al. 2007. Applied Microbiology and Biotechnology, 74(5), 1112-1119.

® Liu and Osawa, 2007. Biochemical and Biophysical Research Communications, 357(1),
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187-193.
xBased on [-carotene concentration.
The above table 3.5 demonstrated the antioxidant capacity of pigments from all the three isolated
strains as they all scavenged the organic radical DPPH.
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3.4. Discussion
Growth analysis

Different methods have been recommended for the routine assay of chlorophyll (a,b, and c)
content in algae. As a low extraction efficiency for chlorophyll has been recorded using acetone
for many green algae and cyanobacteria (Riemann, 1982), ethanol can be used instead for both
freshwater and marine algae. The extract optimization results for three different microalgae
corresponded with Winthermans and Demots (1965), where chlorophyll a content was extracted

most efficiently using ethanol, and 30mins of extraction time (figure 3.1).

Cultivation conditions, light intensity, salinity and temperature are some of the factors that affect
microalgal growth (Chen et al., 2011). Growth kinetic studies on photoheterotrophic cultures of
various microalgae such as Chlorella spp., Chlorococcum spp., Scenedesmus spp. and
Haematococcus spp. have shown that the growth response depends on both the light intensity and
the strain (Follmann et al., 1978; Ogawa and Aiba, 1981; Kobayashi et al., 1992; Marquez et al,
1995; Sansawa and Endo, 2004). The use of a counting chamber is a simple, reliable and fast
method of quantifying cell growth. Under photoautotrophic conditions, Parachlorella sp. strain
AAL1 showed the highest growth rate at 0.015 h™ and a generation time of 46 hours, followed by
Scenedesmus sp. strain AA2 at 0.011 h™ and generation time of 63 hours, while Haematococcus
sp. strain AA3 grew at 0.009 h™ and a generation time of 72 hours (Table 3.1). For all three
microalgae strains, an increase in chlorophyll a content was detected. The highest growth rate
(0.015 h™) recorded under photoautotrophic conditions for strain AA1 agrees well with an earlier
report of Liang et al. (2009), where a similar growth rate was recorded for a Parachlorella strain
under photoautotrophic conditions (Figure. 3.2a). However, Farooq et al. (2013) recently reported
a two stage cultivation method for Parachlorella, which enhances biomass and lipid production.
During the photoautotrophic growth stage, microalgal biomass was produced, while in the second
stage (photoheterotrophic conditions), lipid is produced using organic carbon sources such as
glucose and acetate at high concentrations. The combination of photoautotrophic-
photoheterotrophic conditions enabled a biomass yield of 2.74g x L™ and a lipid productivity of
50.23mg x L™ x day™. The growth rate of Scenedesmus sp. strain AA2 (0.011 h™) is consistent
with that reported by Xin et al. (2011), where the optimum temperature range of 20-25°C
supported moderate growth of Scenedesmus sp. The low growth rate recorded for Haematococcus
sp. strain AA3 (0.009 h™) was in agreement with that of Hata et al. (2001) who found that high
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illumination and an additional carbon source are required to achieve high cell numbers and

pigment production in Haematococcus sp.

Under photoheterotrophic conditions with 0.025M of acetate, higher growth rates were recorded
for all three strains compared to photoautotrophic growth (Table 3.1). Among the three strains
tested, Parachlorella sp. strain AA1 recorded the highest growth rate of 0.020 h™ and shortest
generation time of about 35 hours, followed by Scenedesmus sp. strain AA2 with a growth rate of
0.019 h™ and a generation time of 36 hours. However, similar to photoautotrophic condition,
morphological changes were observed in cells of Haematococcus sp. strain AA3 with a growth
rate 0.015 h™' and a generation time of 46 hours but with a decrease in chlorophyll a content. This
implies that acetate enhances cell growth under moderate illumination when compared to
photoautotrophic growth. This finding is similar to Killam and Meyers (1956) and Martinez et al.
(1997), who reported that organic carbon stimulates cell growth under light saturating conditions
although some reports showed that the stimulatory effects of organic carbon was observed only
under minimal light conditions (Kobayashi et al., 1991). On the other hand, Ogawa and Aiba
(1981) reported that the growth rate of Scenedesmus acutus was lower under photoheterotrophic
conditions using acetate as carbon source than under photoautotrophic conditions even at a
moderate light intensity of 60pmol photons x m™ x s, this is in contrast to the results for strain
AAZ2. Chlorophyll a content increased under photoautotrophic and photoheterotrophic conditions
using acetate as carbon source in strain AA2, indicating that acetate did not inhibit chlorophyll a
biosynthesis (Martinez and Orus, 1991).

Light microscopy of Haematococcus sp. strain AA3 cells grown under photoheterotrophic
conditions with acetate revealed a gradual change from the green motile biflagellate stage to the
aplanosporic stage (figure 3.4). This observation corresponded to the reports by Kobayashi et al.
(1992, 1993), which showed that acetate as substrate induced quicker morphological changes in
Haematococcus sp. from the green vegetative stage to the aplanosporic stage than under
photoautotrophic conditions. The spectrophotometric analysis revealed a reduction in chlorophyll
a content with simultaneous accumulation of carotenoid pigments. The result for AA3 agreed with
the report of Lebedeva et al. (2005), Ryu et al. (2004), and Kobayashi et al. (1992), that
chlorophyll a increases or decreases depending on the species and the culture conditions in
glucose and acetate supplemented medium. Kobayashi et al. (1992a, b) and Kakizono et al. (1992)
reported that the concentration of sodium acetate in a culture medium, together with a high light

illumination, inhibited growth and photosynthesis, thus stimulating cyst formation, which, in the
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presence of a high C/N ratio, induced the synthesis of astaxanthin and similar pigments. In acetate
supplemented medium, Haematococcus sp. strain AA3 cells entered the encystment stage within a
shorter period (5-7 days) compared to about 14 days required under photoautotrophic conditions
(figure 3.3c and 3.4).

Various types of organic carbon sources such as acetate, fructose, and glucose can be used to
enhance growth of green algae (Zheng et al., 2012). The growth rate in Parachlorella sp. strain
AAL in glucose supplemented medium (0.017 h™') was higher than that in Scenedesmus sp. strain
AA2 (0.012 h™) and Haematococcus sp. strain AA3 (0.016 h™) (Table 3.1). This suggested that
acetate and glucose stimulated the vegetative growth of all three strains, and possibly stimulated
carotenoid accumulation at the expense of chlorophyll a (Liang et al., 2009). This also implies that
in the presence of an organic substrate cell growth was not strictly dependent on photosynthesis.
The onset of a light yellow coloration of cultures was observed at the late exponential growth
phase of strain AAL in glucose supplemented medium. The color change was related to the
production of carotenoids, presenting an advantage of carbon supplementation for pigment
production. Ogawa and Aiba (1981) noted that the effect of glucose depends on the concentration.
Low glucose concentrations (5g/L) did not have any effect on photosynthetic activity, but at
higher glucose concentrations (50g/L) the rate of photosynthesis decreased. The results obtained
in this study were opposite to the findings of Lewitus and Kana (1995), where glucose caused a
decrease in chlorophyll a content as the Parachlorella sp. strain AAl and Scenedesmus sp. strain
AA2 algal cells grew. However, the results for strain AA1 are consistent with those of Farooq et
al. (2013) who reported that photoheterotrophic cultures of Chlorella vulgaris grew better than

photoautotrophic cultures.

Scenedesmus sp. strain AA2 grew better with acetate than glucose. However, growth of strain
AA2 with higher concentrations of acetate should be monitored to avoid acetate inhibition. A
green to light yellowish color change was observed in Scenedesmus sp. strain AA2 supplemented
with glucose at the late exponential phase. This agrees with Heredia-Arroyo et al. (2010) reporting
that the color of photoautotrophic cultures remained green while that of photoheterotrophic
cultures turned vyellowish during cultivation. The (highest) growth rate recorded for
Haematococcus sp. strain AA3 (0.016 h™ and with a generation time of 43 hours) with 50mM of
glucose matched the study of Oncel et al. (2011), where 50mM of glucose was reported to

enhance growth yields of Chlorella zofingiensis and Haematococcus pluvialis. Glucose similarly,
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supported better growth of Haematococcus sp. strain AA3 better than for Scenedesmus sp. strain
AA2.

According to Wang et al. (2012), microalgae can be cultivated with glucose concentrations up to
50g/L, however, it needs to be monitored because a high glucose supplement can inhibit
microalgal growth and enable bacterial or fungal growth. Glucose is the most commonly used
carbon source due to its ability to produce ~ 2.8KJ/mol of energy compared to only ~ 0.8KJ/mol
for acetate (Boyle and Morgan, 2009). Chlorella protothecoides and Scenedesmus sp. were
reported to give the highest lipid productivity of 54mg x L™ x day™ and 37mg x L™ x day™ when
grown with 1% and 1.5% glucose supplemented medium (Liang et al, 2009; Mandal and Mallick,
2009). Carbon sources such as acetate, glucose, or glycerol are known to give optimal yields
under photoheterotrophic conditions, hence when these carbon sources are combined with optimal
light intensity, higher yields are obtained as seen in the case of strain AA1 to 1.8 x10’ cells/ml,
strain AA2 to 1.2 x10" cells/ml and strain AA3 that increased up to 1.8x10" cells/ml under
photoheterotrophic conditions (Figure 3.5).

However, photoheterotrophic cultures are known to be more sensitive to photoinhibition than
photoautotrophic cultures (Chonjnacka and Marquez- Rocha, 2004). Therefore, moderate light
intensity (40-60 pmol photon x m™?x s™) is recommended for the growth of green algae. Liang et
al. (2009) reported that when a Chlorella vulgaris strain was grown on 1% glucose with
continuous day and night illumination (photoheterotrophic conditions), the highest biomass
production (2g/1) and lipid productivity (540mg x L™*x d™) was achieved, superior to yields
obtained under heterotrophic conditions with the same glucose concentration. Marquez et al.
(1993; 1995) observed that the growth of Chlorella sp. under mixotrophic conditions
supplemented with glucose was much better than under photoautotrophic conditions. This report
corresponds with results for strain AAl supplemented with glucose, as higher growth was
recorded photoheterophically compared to photoautotrophic conditions. Thus, to optimize
microalgal growth, both light intensity and duration, and the use organic carbon source should be

taken into account simultaneously.

Microalgae are known to accumulate large quantities of carotenoids (Godwin and Britton, 1988).
To detect carotenoid accumulation over time, UV-VIS spectroscopy was employed. When
Haematococcus strain AA3 was grown photoautotrophically for up to 3 weeks, a decrease in
chlorophyll a content was observed spectrophotometrically from the late stationary growth phase
as cells grew and stress persisted causing orange/reddish color change of cultures matching the
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cell morphological observation by Hata et al. (2001) who reported that when photoautotrophically
grown cells of Haematococcus sp. are appropriately illuminated, they accumulate high
concentrations of natural carotenoid pigments (3.11-3.12). Thus, the separation of cell growth
phases from carotenoid production phases is necessary to obtain cell with high carotenoid content.
Carotenoid biosynthesis in Haematococcus pluvialis is due to nutrient deprivation, high
irradiance, environmental oxidative stress, and other cultivation conditions inducing stress
(Kobayashi et al., 1992a, b; 1993, Fan et al., 1994; Hagen et al., 1993; Tan et al., 1995). The
higher carotenoid pigment accumulation recorded at the very late stage under the 40umol photon

x m? x s illumination was in agreement with the previous findings of Oncel et al (2011) and

ZXS-l

Zhang et al. (2016) who found that higher irradiance from about 40umol photonx m -
enabled higher carotenoid pigment accumulation in Haematococcus pluvialis and Chlorella
zofingiensis (figure 3.12). As reported by Boussiba and Vonshak (1991) and Hagen et al. (2000),
astaxanthin production by Haematococcus pluvialis can be induced by modifying the

environmental conditions.
Pigment production

To determine carotenoid accumulation in Parachlorella sp. strain AAL, UV-VIS spectroscopy of
acetone extracts was used and two maxima at 450 and 665nm were detected (Figure 3.6A). B-
carotene exhibits an absorption maximum at 450nm in acetone with shoulders at 437nm and
475nm, while 665nm is the absorption maximum for chlorophyll a (Cho, 1970). B-carotene
isolated from Parachlorella strain AAL, for Chlorella vulgaris and Chlorella zofingiensis, as
previously reported by Del Campo et al. (2007) and Gors et al. (2010) can serve as active
immunostimulator, reducer of blood lipids and free-radical scavenger. Other health beneficial
effects of Chlorella spp. carotenoids are the lowering of cholesterol (Zhao et al. 2015), preventive
action against artherosclerosis or antitumor action (Panahi et al., 2016). Increasing light intensity
enhances lipid accumulation in Chlorella species, according to Anderson (2005), optimal light
and dark regimes have been found to vary from 12:12 hour to 16:08 hour for most cultures. Light
intensity above the saturation point causes light inhibition, which can be counterbalanced by
exposing microalgal cells to very short cyclic periods of light and dark conditions (Imamoglu et
al., 2009).

Light microscopy of Scenedesmus sp. strain AA2 cells from the late stationary stage revealed a
faint orange color change overtime due to light intensity and stress conditions. The cell wall of the
orange cells was observed to be thick. This matches the recommendation by Boussiba and
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Vonshak (1991) and Zlotnik et al. (1993), that culturing conditions and high irradiance can induce
and enhance natural carotenoid accumulation in Scenedesmus spp. Hanagata and Dubinsky (1999)
reported that secondary carotenoids accumulate in the chloroplastidal plastoglobuli of
Haematococcus pluvialis while in Scenedesmus komarekii they appeared in lipoidal globules. Bar
et al. (1995) concluded that Chlorella zofingiensis accumulates secondary carotenoids both in
lipoidal globules and in the chloroplast. UV-VIS spectroscopy of Scenedesmus sp. strain AA2
acetone extracts between 400-700nm revealed a low concentration of chlorophyll a and the
presence of B-carotene due to a maximum at 450nm in the apparent ratio of 30 (A450/A665)
(Figure 3.6B), resembling absorption spectra of acetone cell extracts described by Qin et al.
(2008) for Scenedesmus spp. The absorption spectrum for Haematococcus sp strain AA3 acetone
extracts revealed the presence of an astaxanthin maximum at 474nm in a ratio 10 to chlorophyll a
at 665nm. This is similar to that described by Minguez et al. (1992); Buchwald and Jencks (1968);
Kim et al. (2015) of a typical astaxanthin and chlorophyll a (Figure 3.6C). As expected,
dominancy of the aplanosporic stage was observed with the light microscope at the late stationary
phase. Haematocysts became increasingly reddish (Figure 3.11) due to accumulation of
carotenoids in the synthesized thick cell wall and chloroplasts. This corresponds to the
morphological changes observed by Kobayashi (1991); Han et al. (2013); and Klochkova et al.
(2013) for species in the genus Haematococcus. Continuous illumination with high light intensity
resulted in mature cysts leading to maximal pigment productivity. The pigment ratio (A450/A665)
in strain AA3 matches that of Kobayashi et al. (2007) where pigments ratio of 7.0 was recorded

for Haematococcus pluvialis at the late stationary phase.
Thin layer chromatography.

The R¢ values for B-carotene from Parachlorella sp. strain AA1 were similar to those of the
standard f-carotene and those reported by Qin et al. (2008) and Jaime et al. (2010) using the same
mobile phase as done in the present study. The identification of B-carotene (Figure. 3.8) was based
on the spectral properties that matched authentic p-carotene and correlated to data reported by
Cho (1970), where B-carotene had a maximum at 450nm plus shoulders at 435nm and 475nm.

In the case of Scenedesmus sp. strain AA2, two major pigments were chromatographically
detected based on spectral properties and R¢ values. The first pigment was assigned to [3-carotene.
The second carotene was possibly hydroxyechinenone based on the R¢ values that was similar to
that of hydroxyechinenone, although the maxima in the UV-Vis spectra characteristics differ
slightly (Figure 3.9 and 3.10). This observation is in accordance with the previous findings of Qin
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et al. (2008), where seven carotenoids were identified in Scenedesmus obliquus using three
different solvent systems, with p-carotene showing a maximum at 450nm in acetone and R; value
at 0.95 in acetone/ n-hexane (30/70%) solvent while hydroxyechinenone had maximum at 463nm
different from strain AA2 and a Rf value 0.45 in acetone/petroleum ether (20/80%) solvent

system.

Four major carotenoids were detected using TLC and UV spectroscopy in acetone extracts of
Haematococcus sp. strain AA3 (figure 3.15 and 3.16). The R¢ values (0.95, 0.91, 0.71, 0.54) of the
four major carotenoids using acetone and n-hexane (30/70%) as mobile phase matched with
previously reported data by Khanafari et al. (2007), while the R values (0.98, 0.87, 0.75, 0.55) of
the major carotenoids identified using acetone/petroleum ether (25/75%) as mobile phase was in
agreement to Jaime et al. (2010). The UV-VIS characteristics of strain AA3 are in accordance
with the previous findings of Jaime et al. (2010) and Dragos et al. (2010) where astaxanthin had
an absorption maximum of 474nm, f-carotene at 450nm, lutein at 446nm, echinenone at 462nm,
although the absorption maximum of strain AA3 at 475nm was slightly higher by 13nm but
showing similar spectrum characteristics. According to Khanafari et al. (2007), R¢ values for
astaxanthin monoesters are in a range of (0.50-0.58), while those for diesters range from (0.73-
0.75) in acetone/n-hexane (30/70%) as mobile phase. However, Jaime et al. (2010) reported a
range of (0.37-0.50) for astaxanthin monoesters and (0.79-0.91) for diesters using
acetone/petroleum ether (25/75) as mobile phase, indicating that the extract of strain AA3 is
probably a mixture of mono and diesters. B-carotene had been previously isolated from Chlorella
zofingiensi by Del Campo et al. (2007). Both B-carotene and hydroxyechinenone detected in
Scenedesmus sp. strain AA2 were previously reported by Qin et al. (2008) to be synthesized by
Scenedesmus obliquus, exhibiting maxima at 450nm and 463nm respectively. Based on the
chemical structures of carotenoids idenfied from Haematococcus sp. strain AA3 and previous
reports on the biosynthesis of astaxanthin by Han et al. (2013), two pathways of carotenogenesis

are proposed for this organism.
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Figure 3.19. Possible pathways for astaxanthin biosynthesis from p-carotene proposed in the
literature (Han et al., 2013). The signs |’ and ‘—’ indicate the enzymatic reactions that

ellipticine and cerulenin inhibit, respectively.

As shown in Figure 3.19, echinenone can be synthesized by a direct oxidation of B-carotene by -
carotenoid ketolase (BKT), then acting as a substrate for hydroxylation or oxidation to produce
hydroxyechinenone and canthaxanthin. Hydroxylation of canthaxanthin and hydroxyechinenone
can be catalyzed by B-carotenoid hydroxylase (CrtR-b) to produce adonirubin and adonixanthin.
Adonirubin and adonixanthin are converted to astaxanthin by hydroxylation, followed by
oxidation. This biosynthetic pathway has been detected in strains such as Chlorella zofingiensis,
Chlorococcum sp., Scenedesmus obliquus and Haematococcus pluvialis (Kobayashi, 2003; Han et
al., 2013). In acetone extracts of Haematococcus sp. strain AA3, B-carotene, and echinenone were
detected in addition to astaxanthin, indicating that astaxanthin was possibly synthesized from (-
carotene via echinenone and adonirubin. The characterization by TLC and UV-Vis spectral
analysis showed that the major natural carotenoid pigment isolated from strain AA2 was [3-
carotene while in strain AA3 it was p-carotene and astaxanthin. Other carotenoids were only
detected as minor pigments. Strain AA3 achieved a carotenoid pigment productivity of 26 mg x L

1 x d™* which is not sufficient to make this organism a realistic candidate for the production of
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natural astaxanthin. Wang et al. (2012) reported yields of 602 mg x L™ x d™ for astaxanthin when
produced on an industrial scale. Commercial production on a large scale is therefore required,
possibly by using a two stage cultivation method to enhance pigment productivity and to obtain
higher growth yields.

Antioxidant properties

2, 2 -Diphenyl-1-picrylhydrazyl (DPPH) is a well established stable free organic radical that can
be used for antioxidant assays (Blois, 1958). It is a simple, rapid, and convenient method for
screening (many) biological samples with regards to their antioxidant and radical scavenging
ability (Molyneux, 2004).

The antioxidant capacity of extracts of the isolates Parachlorella sp. strain AA1, Scenedesmus sp.
strain AA2 and Haematococcus sp. strain AA3 was analyzed based on their radical scavenging
potentials. Antioxidants are classified based on their mode of action, as oxygen scavengers,
chelators of metal ions capable of catalysing lipid oxidation and as free radical terminators
(Shahidi et al., 1992). Carotenoids are substances that protect humans and animals against
oxidative damage, this qualifies them to be used as food supplements and in neutraceuticals (Sies
and Stahl, 1995). Decolorization of DPPH was observed for the antioxidant reference compound
vitamin C, resulting in an ECs value of 150uM. A similar result with vitamin C was previously
reported by Liu et al. 2008, where the DPPH radical method was used to evaluate antioxidant
activity resulting in an ECs value for vitamin C of 165uM. An ECso of 225uM was recorded for
[-carotene. This observation is in agreement with the reported value of Jimenez et al. (2000) on
the reaction of B-carotene with free radicals reporting an ECs of 250uM. Hence, B-carotene and
vitamin C are potentially beneficial to human health by scavenging harmful free radicals causing
degenerative diseases such as cardiovascular diseases or cancer (Gey et al., 1991; Ames et al.,
1993). B-carotene quenches singlet oxygen (*O.) by electron transfer and free radicals by donating
hydrogen. The carotenoid then changes from the ground state to a triplet state. After electron
exchange the carotenoid triplet state ((CAR) can turn to the ground state by dissipating the energy
as heat. This quenching reaction is responsible for carotenoid photoprotection against ‘O,
(Krinsky, 1993; Edge and Truscot, 1999). Methanolic extracts of all three strains exhibited similar
antioxidant activity when compared with the reference antioxidants (Vitamin C) and (-carotene.
Methanolic cell extracts of Parachlorella sp. strain AAl gave an ECs value of 330uM based on

its B-carotene content. This result is in agreement with previous studies of Hajimahmoodi et al.

134



(2010), where Parachlorella sp. extracts exhibited DPPH radical scavenging ability with an ECs
value of 340uM. The Parachlorella sp. strain AAL extract exhibited good antioxidant activity,

which may be expected mainly due to the presence of large quantities of lipophilic carotenoids.

Similarly, Scenedesmus sp. strain AA2 extracts had a good scavenging ability against DPPH with
an ECsp value of 280uM based on the P-carotene content. The antioxidant capacities of
Scenedesmus spp. extracts have been examined by Natrah et al. (2007) and EIl Baky et al. (2014),

where Scenedesmus extracts showed high antioxidant capacity with an ECsg value of 312uM.

Haematococcus sp. strain AA3 extracts reacted quickly with DPPH to scavenge it, resulting in an
ECso of 264uM based on B-carotene content. This observation is in accordance with reports of
Kobayashi and Sakamoto, (1999) and Ceron et al. (2007), where Haematococcus pluvialis extract
was reported to possess high antioxidative capacity. The composition and concentration of
microalgae pigments may vary depending on the species analyzed, thus illustrating why the
antioxidant activities of (certain) microalgae (may) also differ from one another (Metting and
Pyne, 1986). However, for the TLC purified astaxanthin from strain AA3, an ECs, value of
249uM was established, indicating the radical scavenger ability of this carotenoid. This value
corresponds to the previous findings of Liu and Osawa (2007), where the antioxidative
ketocarotenoid, astaxanthin, exhibited a high antioxidative capacity. Numerous findings have
demonstrated the antioxidant capacity of carotenoids in reducing free radicals and neutralizing
oxidative effects to help the body maintain a healthy state. Of all the natural carotenoids, natural
astaxanthin was shown to possess high antioxidative capacity, thus surpassing the antioxidative
benefits of B-carotene, lutein, canthaxanthin, and zeaxanthin (Shah et al., 2016). The protection
against oxidation by astaxanthin is due to the quenching of singlet oxygen and scavenging of free
radicals, thereby terminating chain reactions (Kobayashi et al., 1997; Kobayashi and sakamoto,
1999). Foods ingredients of plant source not only provide certain significant antioxidant vitamins,
such as vitamin C (ascorbic acid), provitamin A (B-carotene) and vitamin E (a-tocopherol), but
also a complex mixture of other natural materials with antioxidant potential. These antioxidants
are beneficial to human health and serve as food preservatives by retarding deterioration, rancidity

and discolouration caused by oxidation (Dziezak, 1986).

This study investigated the effects of certain growth conditions on biomass and carotenoid
production by three green microalgae, Parachlorella sp. strain AA1, Scenedesmus sp. strain AA2
and Haematococcus sp. strain AA3. Photoheterotrophic growth with acetate led to the highest cell
yield in Parachlorella sp. strain AALl, while glucose led to the highest cell yield in
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Haematococcus sp. strain AA3. In addition, the detection of carotenoids by TLC and UV-VIS
spectrometry showed that these isolates are capable of producing natural carotenoid pigments for
human beneficial purposes. The DPPH organic radical assay revealed the beneficial antioxidant
potential of these isolates, making them promising sources for the production of natural

carotenoid pigments particularly astaxanthin and potential food additives.
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CHAPTER 4

CONCLUSION AND OUTLOOK

Green microalgae are ubiquitous in nature as they are commonly found in freshwater, marine and
terrestrial habitats (Aslam et al., 2007; Leliaert et al., 2012). Three green microalgae strains were
isolated by selective enrichment from environmental samples. Based on morphological and
molecular characteristics, strain AA1, forming small unicellular, ovoidal, non-motile cells, was
assigned to the genus Parachlorella, while strain AA2, a colonial, irregular, non-motile shaped
alga was assigned to the genus Scenedesmus. Strain AA3 showing spherical cells with a unique
developmental life cycle including motile biflagellate stage, immature stage, encystment stage,
and mature stage was assigned to the genus Haematococcus. Interest in studying Haematococcus
spp. has increased in recent years due to its ability to accumulate the high value antioxidant
ketocarotenoid astaxanthin (3,3'-dihydroxy-p,B-carotene-4,4'-dione), which is of great beneficial
importance to humans and animals (Higuera-Ciapara et al., 2006; Shah et al., 2016). All three
isolates grew well with acetate and glucose as source of carbon and energy under
photoheterotrophic growth conditions compared to photoautotrophic growth condition. Glucose
enabled higher growth rates (0.016 h™) in Haematococcus sp. when grown photoheterotrophically
and so acetate did in Chlorella sp. (0.020 h™). Glucose can promote physiological changes in
cells, which affect the metabolic pathways of carbon absorption, volume of storage materials,
such as lipids grains, starch, (Martinez and Orus, 1991) protein, chlorophyll, RNA, vitamin
content, growth rates, as well as size of the cells (Yeh and Chang, 2012). Oxidative assimilation
of glucose begins with a phosphorylation of hexose, yielding glucose-6-phosphate, which is
readily available for storage, biosynthesis, and respiration. Chlorella spp. possess an inducible
hexose transport systems that allows them to utilize glucose for growth even at low
concentrations. The metabolism of acetate starts with formation of acetyl-CoA by the enzyme
acetyl-CoA synthetase. Acetate is metabolized through two pathways; the glyoxlylate cycle in
glyoxysomes or the tricarboxylic acid cycle (TCA) (Boyle and Morgan, 2009).

B-carotene was identified in Parachlorella sp strain AAl as the major carotenoid pigment in
accordance to the report of Del Campo et al. (2007). Two distinct natural carotenoid pigments
were present in Scenedesmus sp strain AA2. extracts, as was reported by Qin et al. (2008) and
Guedes et al. (2011). Four major different natural carotenoid pigments were identified in
Haematococcus pluvialis extract using thin layer chromatography and UV-VIS spectroscopy, as

was reported by Khanafari et al. (2007) and Jaime et al. (2010). Synthetic astaxanthin is currently
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dominating the carotenoid market. The successful isolation of astaxanthin and similar carotenoid
producing microorganisms from terrestrial and freshwater environments indicates that natural
astaxanthin producing microalgae are present in KwaZulu-Natal. Natural astaxanthin is more
stable, has greater antioxidative capacity and shelf-life than synthetic astaxanthin (Perez-Lopez et
al., 2014), and provides a stronger pigmentation to shrimps than the synthetic form (Bowen et al.,
2002). The biosynthetic pathways of astaxanthin accumulation were analysed in Chlorococcum
sp., Coelastrella sp., Phaffia rhodozyma, and Chlorella zofingiensis (Liu et al., 2014). Besides
echinenone and canthaxanthin that are involved in Chlorococcum sp. and Chlorella zofingiensis,
the alga Haematococcus sp. strain AA3 in the present study accumulated pigment indicating that
astaxanthin was probably synthesized from [- carotene to adonirubin via echinenone and
canthaxanthin (Han et al., 2013). The current increasing demand for natural antioxidants as
alternative to synthetic products requires the production of astaxanthin and similar carotenoids
from natural sources, although the high cost of production and low productivity of astaxanthin
hinders the large scale production of natural astaxanthin. However, the use of astaxanthin as an
antioxidant and its high marked value will boost the commercial production once optimized with
lowered costs (Leu and Boussiba, 2014; Minhas et al., 2016). The knowledge of astaxanthin
producing Haematococcus species from South Africa is limited (Pocock, 1960), therefore,
research should be carried out on how natural astaxanthin can be produced from South African
isolates on a large scale to provide food additives and drive the biotechnology economy
(Pringsheim, 1966; Klochkova et al., 2013). However, all the three microalgae isolates
demonstrated the ability to scavenge radicals, signifying their antioxidant capacity and potentially
beneficial role that they can play in treating health degenerative diseases, gastrointestinal
discomforts, and in aquaculture as part of animal meals and also as food additives (Palozza et al.,
2009; Rao et al., 2013; Li et al., 2015).
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The results obtained from this study indicate that additional work is required in the following

areas:

e Growth and pigment production should be determined under varying light intensities and
cycles to assess the impacts of light exposure on pigment accumulation. In addition, the
carotenoid biosynthesis should be investigated to identify metabolic bottle necks.
Carotenoids should be analyzed using additional methods such as High-performance liquid

chromatography and liquid chromatography mass spectrometry.

e The effects of varying concentrations of different carbon sources on the pigment

production under photoheterotrophic conditions.

Glucose and acetate (0.05M and 0.025M) enhanced the growth of all three isolates. Higher
concentrations of substrates should be tested to determine if higher growth yields will be recorded
and to assess at which concentrations growth will be inhibited. Fructose, glycerol and urea can be
tested as alternative carbon sources to analyse their impact on growth rates and pigment

production.

e The semi-pilot scale production of natural carotenoid pigments should be established by

using the raceway pond method and photobioreactors.

Two stage cultivation methods should be further investigated as a means to enhance biomass

production and carotenoid productivity.

e Determining the antioxidant capacity of isolates and their pigments using other assays.

The antioxidant capacity of the strains and their pigments should be evaluated by using additional
assays such as ABTS (2,2'-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid), TRAP (total radical
trapping antioxidant parameter), and electron spin resonance spectroscopy (ESR).
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APPENDIX A

Gene sequencing for strain AAl and AA2

The partial 18S rRNA gene sequence established for strain AAl

57-GAAAGCATTTGCCAAGGAGGTCTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGATATTG
ATACCGTCCTAGTCTCAACCATAACACGATGCCGTATAGGGATCGGCTGATGTTTCTTCGATGAC
TCCGCCGGCACATTATGAGAAATCAAAGTTTTTGGGTTCCGGGGGGAGTACGGTCGCAAGGCTGA
AACTTAAAGGAATCTACGGAAGGGCACCACCAGGCGTGGAGCATGCGGCTTAATTCACTCAACAC
GGGAAAACTTACCAGGTCCAGACATAGTGAGGATTGTCAGATTGAGAGCTCTTTCTTGATTATAT
GGGTGGTGGTGCATGGCCTTTATTAGTTGCAGGGATGCCTCGTCAGGTTGATTCCGGTAACGAAC
TAGACCTCATCCTGCTAAATAGTCACGGCCTCCTCGGGGGCCGGCAGACTTCTTAGAGGGACTAT
TGGCGACTAGCCAATGGAAGCATGAGGCAATAACAGGTCTGTGATGCCCTTAGATGATCGGGCCG
CACGCGCGCTTCATTGAAGCAATCAACGAGCCTAGCCTTGGCCGAGAGGCCCGGGTAATCTTCAA
AACTGCATCGTGATGGGGATAGATTATAGCAATTACTAATCTTCAACGAGGAATTCCTAGTAAGC
GCAAGTCATCACCTTGCGTTGATTACGTCCCTTCCCTTTGTACACACCGCCCGTCGCTCCTACCG
ATTGGGTGTGCTGGTGAAGTGTTCGGATTGGCAACCCGGGGCGGTTTCCGCCCTGGGCTGCCGAG
AAGTTCATTAAACCCTCCCACCTAG-3~

The partial 18S rRNA gene sequence established for strain AA2

57 -GTATAAACTGCTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTATTTGG
TGGTACCTTACTATTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGTAAATCCCGACTCC
TGGAAGGGACGTATATATTAGATAAAAGGCCGACCGGACTTTGTCCGACCCGCGGTGAATCATGA
TATCTTCACGAAGCGCATGGCCTCGCGCCGGCGCTGTTCCATTCAAATTTCTGCCCTATCAACTT
TCGATGGTAGGATAGAGGCCTACCATGGTGGTAACGGGTGACGGCAGGATTAGGGTTCGATTCCGG
AGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCC
TGATACGGGGAGGTAGTGACAATAAATAACAATATCGGGCATTTAATGTCTGGTAATTGGAATGA
GTACAATCTAAATCCCTTAACGAGGATCCATTGGAGGGCAAGTCCCTGGTGCCAGCAGCCGCGGT
AATTCCAGTTCCAATAGCGTGATATTTAAGTTGTTGCAGTTGAAAAAAGCTCGTAGTTGGATTTC
GGGTGGGTTCTAGCGGTCCGCCTTATGGTTGAGTACTGCTATGGCCTTCCTTATCTGTCGGGGAC
GGGCTTCTGGGACTGCATCTGTCCGGGCACTCGGAGTCGACGTGGTTACTTTTAGTAAATTAAGA
AGTCGTTCAAAGCAGGCTTACGCCAGAATACTTTATGCATGGAATAACACGATAGGACTCTGGCC
TATCTTGTTGGTCTGTAGGACCGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTCGTATTTCA
TTGTCAGAGGTGAAATTCTTGGATTTATGAAAGACGAACCTACTGCGAAAGCATTTGCCAAGGAT
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GTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAAC
CATAAACGATGCCGACTAGGGATTGGCGAATGTTTTTTTTAATGACTTCGCCAGCACCTTATGAG
AAATCAAAGTTTTTGGGTTCCGGGGGCAGTATGGTCGCAAGGCTGAAACTTAAAGGAATTGACGG
AAGGGCACCACCAGGCGTGGAGCTTGCGGCTTAATTTGACTCAACACGGGAAAACTTACCAGGTC
CAGACATAGTGAGGATTAACTGATTGAGAACTCTTTCTTGTTTCTATGGGTGGTGGTGCATGGCC
GTTTTTAGTTGGTTGGTTTCCTTGTCAGGTTGATTCCGGTAACGAACGAGACCTCAGCCTGCTAA
ATAGTCTCAGTTGCTTTTTGCAGCTGGCTGACTTCTTAGAGGGACTATTGGCGTTTAGTCAATGG
AAGTATGAGGCAATAACAGGTTTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTTCACTG
ATGCATTCAACAAGCCTATCCTTGACCGAAAGGTCCGGGTAATCTTTTAAACTGCATCGTGATGG
GGATAGATTATTGCAATTTTTAGTCTTCAACGAGGAATACCTAGTAGGCGCAAGTCATCATCTTG
CGTCGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTCCTACCGATTGGGTGTGCTGGTA
TATTTTTCGGATTGGCAGCTTAGGGTGGCAACTCCTCATGTCTGCCTAGAAGTTCTTTAAACCCT
CCCACCTAGAGGAAGAGAAGTCTAGAATGCAC-3~
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