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The cultivation of Haematococcus pluvialis NEIS-144 under controlled conditions
was carried out in a two-stage culture svstem. In the first stage, the cells were maintained
in the growth stage in the airlift photobioreactor systems, whereas the second stage was
the cultivation under stress conditions in the raceway pond to induce the accumulation of
astaxanthin and the cells grew in cyst form. In the first stage, a comparison between the
growth of the green vegetative cells was investigated in the airlift systems of two sizes,
i.e. 3L with AJ/A, of 2.78 and 17 L. with Ag/A; of 3.2. The two airlift photobioreactors
gave the maximum cell density of 41x10" and 21 x10* cell mL"', respectively. The optimal
conditions for the cultivation of H. pluvialis in the 3 and 17 L airlift photobioreactor were:
using F1 medium with pH of 7, illuminated with normal fluorescence lamps at 20 and 30
umol photon m™ s and aeration at 0.4 and 1 em s, respectively. A semi-continuous
culture of vegetative cells could be achieved where the harvest could be performed at
every 4 days. The specific growth rate and productivity in these semi-continuous cultures
were 0.179 d”' and 5.25 cell mL."'d” and 0.268 d"' and 4.75 cell mL™'d" in the 3 L and 17
L airlift photobioreactors, respectively. In the second stage, the harvested vegetative
cultures were transferred (o the high light-intensity at 35-60 pmol photon m™ s and high
salinity at 1-3%wt batch outdoor pond for the induction of astaxanthin. At this stage. H.
pluvialis changed from green vegetative cells to non-motile and finally to cysts within 8-9
days. The astaxanthin formation in /L pluvialis seemed to be more rapid at high light
intensity whilst the effect of salinity level on astaxanthin induction under the range of
salinity employed in this work seemed fo be insignificant.
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CHAPTER 1
INTRODUCTION

1.1Motivation

Microalgae have a large biotechnological potential for productions of a
variety of compounds such as carotenoids, pigments, pharmaceuticals, and other
chemicals, as well as hydrogen, hydrocarbons, and biofuels [Borowitzka, 1997].
Among these algal products, astaxanthin attracts a great commercial interest due
primarily to its versatile applications and high price (approximately 2,500-3,000
US$/kg) [Lorenz and Cysewski, 2000]. H. pluvialis has been widely studied as one of
the best sources of astaxanthin (3,3’-dihydroxy-3,3’-carotene-4,4’-dione) pigment
with potential effects of cancer prevention, enhancer of immune response, and a free
radial quencher. H. pluvialis is reported to be capable of accumulating the most
superior amount of astaxanthin [Harker et al., 1996a]. It is generally known that
astaxanthin production by microalgal H. pluvialis has distinctive advantages over
other methods (such as extraction from a shell of crustaceans etc.) in that (1)
astaxanthin accumulated in H. pluvialis i1s mainly esterified forms with higher
antioxidant activity than free form [Margalith, 1999; Lorenz and Cysewski, 2000]; (2)
the amount of astaxanthin accumulation per unit cell mass is much higher than that in
other strain [Lorenz and Cysewski, 2000 ; Boussiba and Vonshak, 1991]; (3)
microalgae has much larger industrial potential than other microorganisms. H.
pluvialis accumulates astaxanthin in the transition between green vegetative cell and
cyst which is a resting stage of cells as a result of stress condition such as high salt
concentration, high light intensity and depletion of nitrogen or phosphorus [Cordero et
al., 1996; Fabregas et al., 1998; Orosa et al., 2005]. Since different culture conditions
are required for the production of green vegetative cells of H. pluvialis and the
accumulation of astaxanthin in the red aplanospores, a two-stage production process
has been proposed [Kobayashi et al., 1991; Harker et al., 1996b].



Open systems are the oldest and simplest from the culturing pond. They have a
number of advantages including minimal costs of construction and operation.
However, this mode of cultivation possesses a number of drawbacks including low
cell densities, potential contamination by other microorganisms and the inability to
control the culture environment such as light irradiation and temperature. Since H.
pluvialis is susceptible to easy contamination, slow growth and preference for low
growth temperature [Harker et al., 1996b], outdoor cultivation practice has not been

made possible.

Due to a large change in cell morphology and biochemical composition of H.
pluvialis during outdoor culture, a new, faster methodology has been developed for
their cultivation. Flat panel, bubble column, airlift and tubular photobioreactor have
been extensively proposed as outdoor closed photobioreactors for the industrial
production of microalgae [Tredici and Materassi, 1992; Richmond et al., 1993;
Molina et al., 1997; Acien et al., 1998; Garcia et al., 1999]. Airlift bioreactors are
being applied to a variety of biotechnological processes including the culture of
H.pluvialis. The main advantages of airlift bioreactors are: simple construction, well
defined fluid flow pattern and relatively high gas-liquid mass transfer rate. In
addition, the mixing in airlift bioreactor could be obtained without causing too much
shear force in liquid phase, which could inhibit the growth of algae. Recently,
Kaewpintong [2004] studied the effects of the configurations and operating variables
on the cultivation of vegetative cells H. pluvialis in a small scale airlift
photobioreactor, and demonstrated that high productivity of semi-continuous culture.
However, due to time constrain, this work was only limited to a small laboratory scale
airlift of 3L. There is therefore a clear need for the investigation on the up-scale of

such culture.

This work aims to continue the work of Kaewpintong [2004] and focuses on
the cultivation of H. pluvialis for the production of astaxanthin in a larger airlift
photobioreactors. Due to the difference in the culture requirements of the alga during
the various stages of algal life cycle, it is essential to cultivate the microorganism
under controlled conditions in a two-stage culture system. In the first stage, green

vegetative cells are produced in airlift photobioreactor. In the second stage, the



harvest culture from the reactor is tranfered to high light (outdoor) raceway pond

under semi-batch condition for the accumulation of astaxanthin.

1.2 Objectives

121

1.2.2

To compare the performance of the 3L with 17L airlift photobioreactors in the
cultivation of H. Pluvialis

To primary test for astaxanthin production from H. pluvialis in an outdoor
raceway pond.

1.3 Scopes of this work

13.1

1.3.2

1.3.3

1.3.4

1.35

The 3L and 17L Air-lift photobioreactors have dimensions as stated in Table
3.2.

The ratio between the downcomer and riser cross section area (Ad/A;) are
fixed at 2.78. (as proposed by Kaewpintong [2004])

The superficial gas velocity is approximately controlled at 0.4 cm s™ during
the growth stage. (as proposed by Kaewpintong [2004])

The light intensity is approximately controlled at 20 pmol photon m?s™ during
the growth stage. (as proposed by Kaewpintong [2004])

The raceway pond for the astaxanthin accumulation stage has dimensions as
stated in Figure 3.2.



CHAPTER 2
BACKGROUNDS AND LITERATURE REVIEWS

2.1 Haematococcus pluvialis

Before Haematococcus became commercially available, natural sources of
astaxanthin included krill oil and meal, crawfish oil and Phaffia yeast. However, these
sources have low astaxanthin concentrations ranging from 0.15% in the oils to 0.40% in
Phaffia yeast. As a result, the quantities required in the feeds for efficient pigmentation
requires a large amount of materials which leeds to a bulky of quantity ash in the final
feeds. By contrast, Haematococcus contains between 1.5-3.0% astaxanthin and has
gained acceptance in aquaculture and other markets as a concentrated form of natural

astaxanthin.
2.1.1 Biological information
Haematococcus pluvialis 1s a fresh water unicellular alga. H. pluvialis
reproduces asexually by division from a single cell into two and/or four motile cell

[Droop, 1995]. Smith [1950] defined the taxonomy of H. pluvialis as follows:

Division Chlorophyta

Class Chlorophyceae

Order Volvocales

Family Chlamydomonadaceae
Genus Haematococcus

Species Haematococcus pluvialis

The cell morphology of H. pluvialis falls into one of the two forms: vegetative
cell (Figure 2.1) and cyst (Figure 2.2). Under suitable growth condition, most cells

remain in vegetative cell form that produces chlorophylls a and b and primary carotenoid,



especially B-carotene and lutein [rickette, 1970]. These cells are green, spherical or

ellipsoid in shape, with a diameter of approximately 10-20 um.

The cells are enclosed by cell wall and are motile with two flagellates. Under
stress conditions, such as depletion of nutrients, e.g. phosphate or nutrient, and/or light
induction, the cells convert to cyst, which is still spherical in shape. Cysts lose flagella
and their motility and form new thick cell wall. The volume of alga increases
dramatically from 10-20 um to 40-50 pum in diameter. Moreover, these cells produce
secondary carotenoid such as echinenone, canthaxanthin and astaxanthin following a
decrease in chlorophyll and primary dérotenoids [Droop, 1955: Lee and Soh, 1991].
Growth rate of H. pluwalls in this stage (ﬂecrease cells begin the massive accumulation of
astaxanthin. Astaxanthin deposmon is flrstly noticed around nucleus and proceeds
radically until the entlre protoplast is red [Lee and Soh, 1991]. Fully encysted cells
contain up to 1.5-3% astaxanthin [Lorenz éjnd Cysewski, 2000; Olaizola, 2000].

4

/
f

i/ N

Figure 2.1 Vegetative cells of Haematococcus pluvialis
[Lorenz and Cysewski, 2000]



Figure 2.2 Accummulation of astaxanthin in cyst of Haematococcus pluvialis
[Lorenz and Cysewski, 2000]

2.1.2 Life cycle of Haematococcus pluvialis

Vegetatilfe Cell
Stage 1V

[Germination] /v \ L

Mature Life Cycle u{J
Cyst ’3'1'1‘.”’"5‘”“’“?

N\ g =

lmmatm-e Cyst

Figure 2.3 Life cycle of Haematococcus pluvialis [Kobayashi et al., 1997]



Life cycle of H. pluvialis is divided into four stages (Figure2.3) as described
below [Kobayashi et al., 1997]:

Q) Vegetative cell growth

At this stage, cells remain in a vegetative form. Ellipsoidal vegetative cells are
capable of swimming with two flagella and are capable of increasing in number.
These cells contain high level of chlorophyll and protein but very low carotenoid
contents.
(i) Encystment

At this stage, vegetative cells transform into immature cyst, which have brown
spherical shape. During the encystment stage, chlorophyll and protein decrease
whereas, the level of carotenoid biosynthesis and protein production increase.
(iii)  Maturation

At this stage, immature cyst transform into mature, immotile cyst. The maturation
of cyst cells is accompanied by enhanced carotenoid biosynthesis and accelerate
protein degradation.
(iv)  Germination

At this stage, chlorophyll.and protein synthesis, and caroteniod degradation occur.

2.2 Astaxanthin

Carotenoids are a group of over 700 natural lipid soluble pigments that are
primarily produced within phytoplankton, algae and plants. These pigments are

responsible for the broad variety of colours seen in nature; the most conspicuous are the



brilliant yellow, orange and red colours of fruits, leaves and aquatic animals. Among all
of the numerous classes of natural colours, the carotenoids are the most widespread and

structurally diverse pigmenting agents.

Astaxanthin is the main carotenoid pigment found in aquatic animals and is
present in many of our favorite seafoods including salmon, trout, red seabream, shrimp,
lobster and fish eggs. It is also present in birds such as flamingoes and quails. In many of
the aquatic animals in which it is found, astaxanthin has several essential biological
functions including protection against oxidation of essential poly-unsaturated fatty acids,
protection against UV light effects, immune response, pigmentation, communication,
reproductive behavior and improved reproduction [Lorenz and Cysewski, 2000]. Some
microorganisms are rich in astaxanthin, the Chlorophyte alga Haematococcus pluvialis is
reported to accumulate the highest levels of astaxanthin in nature. Commercially grown
H. pluvialis can accumulate 1.5-3% of astaxanthin [Lorenz and Cysewski, 2000;
Olaizola, 2000].

2.2.1 Chemical Properties of Astaxanthin

Astaxanthin is closely related to other well-known carotenoids, such as -
carotene, zeaxanthin and lutein, thus they share many of metabolic and physiological
functions attributed to carotenoids. The presence of the hydroxyl and keto endings
(Figure 2.4) on each ionone ring, explains some unique features, such as the ability to be
esterified, a higher anti-oxidant activity and a more polar configuration than other
carotenoids. Free astaxanthin is particularly sensitive to oxidation. In nature, it is found
either .conjugated to. proteins, such as- in -salmon -muscle- or.lobster-exoskeleton, or
esterified with one or two fatty acids, which stabilize the molecule. In H. pluvialis, the
esterified form predominates, mostly as astaxanthin monoester [Lorenz and Cysewski,
2000]. Various astaxanthin stereoisomers are found in nature that differ in the
configuration of the two hydroxyl groups on the molecule (Figure 2.4). The 3S, 3’S

stereoisomer is the main form found in H. pluvialis and in wild salmon [Turujman, 1997].



The astaxanthin molecule has two asymmetric carbons located at the 3 and 3’
position of benzenoid rings on either end of molecule. There have three configurations of
astaxanthin; free astaxanthin, astaxanthin monoesters and astaxanthin diesters (Figure
2.5).

2.2.2 Sources of Astaxanthin

There are two major sources of astaxanthin; chemical (synthetic) and

biological (Natural) sources.

1) Synthetic source

Synthetic astaxanthin is presently the principle source used for coloration in
aquaculture industry with more than 95% of the market supply. However, synthetic
astaxanthin is expensive, unnatural configurational and involves potentially harmful

process [Lorenz and Cysewski, 2000].

2) Natural source

a) Algae

Astaxanthin can be produced from other strains of algae such as Ankistrodesmus
branuii, Chlorella zofingiensis and-Dunaliella salina, Euglena rubida [Borowitzka and
Borowitzka, 1989]. However, the quantity of astaxanthin generated from these
microorganisms-is relatively low and not suitable for mass production. The green alga, H.
pluvialis, has received much attention due to its capacity to accumulate high amount of

astaxanthin [Lorenz and Cysewski, 2000].
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b) Yeast

Yeast under genus Phaffa is characterized by synthesis of astaxanthin. However,
it contents of astaxanthin is only 200 to 300 ng g yeast™ (0.02-0.03%). The content of

astaxanthin depends on strain and method of culture.

¢) Crustaceans by product

Crustacean wastes have been used as natural pigment sources for trout and salmon
but they have relatively low contents of astaxanthin and high levels of moisture, ash and
other nutrient, which cause several practical problems in feed formation that limits their

usefulness in animal feed [Bubrick, 1991].

d) Other microorganisms

Some bacteria such as Mycobacterium lacticola and Brevibacterium sp. and fungi
in genus Peniophora were also reported to be able to accumulate astaxanthin [Borowitzka
and Borowitzka, 1989]. Carotenoid level of these microorganisms is low and growth is

slow. Sources of astaxanthin produced by microorganisms are shown in Table 2.1.

2.3 Production of astaxanthin by H. pluvialis

It is reported that a morphological change of H. pluvialis from the green
vegetative cells moving with flagella to red resting cyst without flagella enhances
astaxanthin production, and that astaxanthin accumulation could be induced by high
temperature, deficiency of nutrients [Fabregas et al., 2000], high light intensity
[Kobayashi et al., 1992b], supplemental blue light [Park and Lee, 2000] and the addition
of oxidative supplements to media [Kobayashi et al., 1993]. These results show that
astaxanthin production by H. pluvialis was enhanced under conditions of stress. Since
different culture conditions were required for the production of green vegetative cells of

Haematococcus and the accumulation of astaxanthin in the red aplanospores, a two-stage
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production process has generally been proposed [Kobayashi et al., 1991; Harker et al.,
1996a; Olaizola, 2000]. These two steps are controlled by two different sets of conditions

as detailed below.

2.3.1 Optimum environmental condition for H. pluvialis culture

Several physiological parameters such as light and temperature, as well as
nutritional and other environmental factors could potentially affect the growth of H.
pluvialis. Each factor is described below.

1) Light
Light is an essential factor for the growth of a variety of organisms. According
to literature (as summarized in Table 2.2), the optimal light intensities for the growth of
H. pluvialis ranges between 2 and 24 kLux.
2) Temperature
Temperature is one of the major factors controlling the rate of photosynthesis
in all plants. In general, growth increases with temperature up to an optimum temperature

then declines rapidly as the temperature exceeds its optimum. Table 2.2 showed that the

optimum temperature for growth in H. pluvialis lies in the range of 15 and 27°C.

3) pH

Table 2.2 shows that the optimum pH range for growth in H. pluvialis is
between 6.5 and 8.
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4) Nutrients

Essential elements are usually divided into macronutrients and micronutrients.
Macronutrients are required in relatively quantity. Examples of macronutrients are
carbon, nitrogen, phosphate, calcium, etc. H. pluvialis was generally found to grow
rapidly at high nitrogen and phosphate concentrations [Borowitzka, 1991; Borowitzka
1992]. Protor [1997] found that N-nitrate was more preferable to N-ammonium for the
growth of H. pluvialis. Micronutrients are required in relatively low quantities, within the
concentration range of mg L™ to pg LY. Examples of micronutrients needed for algal

growth are iron, boron, manganese, copper and vitamin.

5) Other conditions

Some microalgae can grow heterotrophically in the dark using organic substrates
as carbon and energy sources. For example, many species in the genus Haematococcus
can grow not only autotrophically using CO; in the light, but also heterotrophically using
organic carbons such as acetate, ethanol and glucose in the dark. However, exceptions
have been reported in H. pluvialis, in which both the photoassimilation of CO, and the
oxidative assimilation proceed concomitantly under the mixotrophic condition. Recently,
Tripathi et al. [1999] demonstrated that much higher cell densities and productivities can
be achieved for H. pluvialis in bioreactors under heterotrophic (3x10°cells mL™,
0.25x10°cells mL™* d*) and mixotrophic (4.2x10°cells mL™, 0.35x10°cells mL™ d)
conditions than in conventional photoautotrophic(1.5x10° cells mL™, 0.125x10°cells mL™

d™) systems.

Note: The summary of Environment growth factors for H. pluvialis is given in
Table 2.2.
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2.3.2 Effect of environment factors on astaxanthin accumulation in H. pluvialis

Astaxanthin synthesis in cyst of H. pluvialis increases under oxidative stress
caused by active oxygen species, intense light, drought, high salinity, and high
temperatures. The summary of environment factors on Astaxanthin accumulation in H.

pluvialis is provided in Table 2.3.

1) Light

Light is important for the regulation of carotenogenesis in a wide variety of
organisms. Light is known to stimulate astaxanthin formation in H. pluvialis [Bussiba and
Vonshak, 1991]. Goodwin and Jamikorn (1954) showed that low carotenoid content was
obtained if H. pluvialis cultures were placed in the dark. The range of light intensity for
the production of astaxanthin was found to be quite large. For instance, the optimum light
intensities for astaxanthin accumulation of H. pluvialis ranged between 75 and 100 klux
[Fan et al., 1994]. On the other hand, Kobayashi et al. (1992a) showed that the range in
light intensity of as low as 3.4-14.05 klux could also result in the algal morphology
changed from vegetative to cyst. This occurred simultaneously with the carotenoid
formation. Note that carotenoid formation was more efficiently enhanced under blue light
than under red light [Katsuda et al., 2004; Lababpour et al., 2005]. In the work by
Kaewpintong (2004), cyst was already formed at the light intensity of as low as 7 klux.
The difference in the reported light intensity for the induction of astaxanthin could be due
to several other environmental conditions which were- location specific, for instance,

temperature, and the difference in the medium used in the cultivation.

2) Temperature

Astaxanthin accumulation gradually increased with temperature. Optimal

temperature for astaxanthin synthesis was reported to be higher than 30°C [Tjahjono et
al., 1994; Fan et al., 1994].
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3) Nutrients

The nutritional factors inducing astaxanthin synthesis in green algae are

described below.

(1) Nitrogen and Carbon

In H. pluvialis cultures, nitrogen limitation is a key factor for the accumulation
of astaxanthin [Kobayashi et al., 1991]. Acetate and glycine were demonstrated to

stimulate astaxanthin formation in H. pluvialis.

(i) Phosphorus

Phosphorus is one of the important nutrients for astaxanthin synthesis.
Astaxanthin accumulation could be induced by altering phosphate content. Under the
phosphate deficiency condition, H. pluvialis could accumulate high amount of
astaxanthin [Harker et al., 1996a; Bussiba and VVonshak, 1991].

(i) lron

The astaxanthin formation of H. pluvialis was enhanced in Fe** rich medium
[Kobayashi et al., 19923].

4) Salt stress

The accumulation of ‘astaxanthin in cyst under salt stress condition was reported
both in the dark [Kobayashi et al., 1997] and in the light [Spencer, 1989; Borowitzka,
1991; Bussiba and Vonshak, 1991; Cordero et al., 1996]. In addition Sarada et al. (2002)
found that the age of the culture was crucial in triggering astaxanthin production in the

salt stress induced culture. Cordero et al. (1996) demonstrated that H. pluvialis could
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accumulate high amount of astaxanthin when they were subject to the solution with 0.2%
sodium chloride.

2.4 Culture Systems

Several types of culture systems have been reported for the growth of microalgae.
The selection of culture system depends on several factors, e.g. biology of the algae,
energy, the cost of land, nutrient and the type of final product [Borowitzka et al., 1992].
In brief, culture systems can be categorized into two groups: open and close systems.

Table 2.4 summarizes advantages and disadvantages of various types of culture systems.

2.4.1 Open systems

Open systems are the oldest and simplest form of culture systems for algal
cultivation. In this system, algae are cultivated under cultivations identical to the external
environment. Since microalgae are very efficient in converting solar energy, many
attempts have been made to cultivate them in this simple manner such as shallow open

ponds. However, pure cultivation of microalgae has so far found only limited success.

Open systems for mass cultivation of microalgae have been succeeded for
only a few species. These algae are usually achieved by maintaining extreme culture
environments such as high salinity, high alkalinity and high nutrition. To date, only
Dunaliella, Spirulina and ‘Chlorella have been successfully mass cultured and marketed
commercially [Lee and Soh, 1991]. However, Cynotech Coorporation has reported
commercial - production: of astaxanthin by H. -pluvialis for reddering stage in open

cultivation ponds, but detail has not been disclosed.

A few achievements in the cultivation of astaxanthin in open system were
reported. This included the work of Harker et al. (1996b) who studied the cultivation of
astaxanthin of H. pluvialis in 250 L open raceway pond and found that the culture was

subject to high level of Cyanobacteria contamination and predation by protozoa, which
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resulted in poor alga growth. In addition, the cultivation of H. pluvialis in 25,000 L
raceway pond was achieved with an average growth rate of approximately 0.14 d™. This
level was still far lower than those obtained in the closed system as elucidated in the next

section.

2.4.2 Close systems

Not all alga species are suitable for the culture in an open system, particularly
those that are easily contaminated. Common close systems consist of flask and
bioreactors such as stirred tank and airlift reactor etc. Flask is the simplest type and is the
easiest to control the environmental conditions, which often show higher biomass
productivity than other type of bioreactors [Kobayashi et al., 1992a; Kaewpintong et al.,
2006]. However, this is only limited to small scale systems. Stirred tanks often involves
high energy consumption and harsh environmental conditions, e.g. high shear stress,
which could deteriorate the quality of the cells. Therefore, the assumptions that high cell
concentration is necessary to achieve higher biomass productivity, and the need to
maintain monoculture for microalgae that grow in mild culture conditions have led to the

development of enclosed photobioreactor.

Previous studies on close systems of H. pluvialis [Bubrick, 1991] showed that H.
pluvialis might be cultivated in close systems due to a decrease in contamination
problems and the ease of control of factors that could affect cell growth and accumulation
of astaxanthin.-In addition, the  highest. growth rate was obtained from the work of
Kobayashi et al. (1992a) who could achieve 0.58 d*. This was performed in a small flask,

close system where the environmental condition could be well controlled.
2.5 Airlift photobioreactor systems
For microbial culture, many bioreactor systems are available. Generally they may

be classified into two types; (1) mechanically agitated systems such as stirred tank

reactor, and (2) pneumatically agitated systems such as bubble column and airlift reactor
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(Figure 2.6). Table 2.5 summarizes advantages and disadvantages of each type of

bioreactor.

One of the most common types of aerobic bioreactor employed today is the stirred
tank reactor. The agitator provides adequate heat and mass transfer, mixing, for several

proposes, e.g. the uniformity of suspension (Figure 2.6).

Pneumatic reactors acquire the mixing from the aeration alone which helps lessen
the shear effect caused by mechanical agitation. Airlift reactor is one example of this type
of pneumatic reactors. Airlift reactors are a relatively new type of fermenter, offering
several advantages for large-scale bioprocesses, for animal and plant cell culture in

particular.

Airlift bioreactors can be divided into two main types on the basis of their
structure (Fig. 2.7):

(1) external loop vessels, where the circulation takes place through separate and
distinct conduits,

(2) baffled vessels or internal loop, where the addition of appropriate baffles

creates the channels required for the circulation.

The design of airlift systems can be modified to permit variation in direction of
circulation, extent of bubble disengagement from the fluid and flow rate of the various
phases. All airlift bioreactors, regardless of the basic configuration (external loop or
baffled vessel), comprise four distinct sections with different flow characteristics.

(1) Riser- gas is. injected at the base of this section; the flow is predominantly
upwards.

(2) Downcomer- parallel to the riser and connected to it at the bottom and at the
top; the flow is downwards. The driving force of this recirculation is the difference in
mean density or hydrostatic pressure between this section and the riser.

(3) Base - in the vast majority of airlift designs, the bottom connection zone

between the riser and downcomer is very simple and usually not considered as significant
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factor affecting overall reactor behavior. However, the design of this section can
influence gas holdup, liquid velocity and solid phase flow.

(4) Gas separator- this section is at the top of the fermenter, connecting the riser to
the downcomer, allowing liquid recirculation and gas disengagement. A design that
allows for gas residence time in the separator substantially longer than the time required
by the bubbles to disengage will ensure that a minimal fraction of the gas will circulate in
the fluid through the downcomer (Figure 2.7).

2.6 Airlift photobioreactor for the cultivation of H. pluvialis

The key factors for the efficiency of the process are the continuous production of
green vegetative cells and the application of a separate induction process under
conditions that could avoid cell death. A summary of previous studies on factors
controlling the growth and factors controlling astaxanthin induction are given in Tables
2.2 and 2.3, respectively. It can be seen that most of the cultivation could only achieve a
low level of growth rate, i.e. in the range of 0.09 to 0.32 d*, and the productivity is
showed in the range of 0.0003 to 1.3 x 10° cell L™ d™*. The cultivation in flask has been
the most employed method, because the environmental conditions could be well
controlled. The astaxanthin productivity is in the range of 0.02 to 9.6 mg L™ d*. An
increase in light intensity and nutrient stress methods are mostly used to induce

astaxanthin.

Airlift bioreactors have been employed for the production of astaxanthin from H.
pluvialis by Harker et al. (1996b). The mass cultivation of H. pluvialis in the 30 L airlift
bioreactor-was reported with the specific growth rate of approximate 0.1 d™*. However,
this work concentrated more on astaxanthin induction by the presence of NaCl and
therefore the condition of the reaction might not be suitable for the growth of the alga. On
the other hand, Kaewpintong et al. (2006) reported that the F1 medium suggested by
Fabregas et al. (1998) with a modified 12 ug L™ of vitamin By, operated with mixture of
air and 1% (by volume) CO; at superficial gas velocity of 0.4 cm s™ provided the highest

cell growth. The harvest of semi-continuous culture conditions was performed at every 4
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days giving the specific growth rate and productivity in 3L airlift bioreactor with 1 KLux
of light intensity at 0.31 d™ and 5.52 x 10 cell mL™ d™, respectively. This is by far the
highest reported growth rate in the bioreactor, not including those that performed the
cultivation in flasks. Table 2.3 indicates that the highest productivity (0.875 x 10° cell
mL™ d*) was obtained from Kobayashi et al. (1998) who operated the cultivation in 200
mL flask under mixotrophic condition at 20°C and pH of 6.8. In this work, H. pluvialis
was grown in basal medium and the cultures submitted to light intensity at 1.5 kLux to
give the productivity at 0.875 x 10° cell mLL™* d* but this was performed in a small flask

where the environmental conditions could be well controlled.

2.7 Induction of astaxanthin

Often, astaxanthin has been achieved under salt stress, elevated temperature, and
light, where the summary of environment factors on astaxanthin accumulation in H.
pluvialis is given in Table 2.3. The highest productivity of astaxanthin is obtained from
the work of Fabragas et al. (2001) who could achieve 9.6 mg L™ d*. This system was
operated in a two-stage small scale system (70 mL test tube) and employed the high light
intensity to induce astaxanthin. Zhang et al. (1999) also employed a two-stage system in
the production of astaxanthin and reported that astaxanthin productivity in fed-batch

condition of stirred tank reactor was 3.22 mg L™ d.
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Table 2.1 Biological sources of astaxanthin

Source Astaxanthin Astaxanthin Reference

(nggtofcell) (% dry cell)

Bacteria: Brevibacterium 30 Lorenz and Cysewski, 2000
Mycobacterium 30 Lorenz and Cysewski, 2000
Yeast: Phaffia rhodozyma 200-300 0.02-0.03 Borowizka et al., 1989
Algae: Chlamydomonas <50 Harker et al., 1996
Euglena rubida <50 Harker et al., 1996

Haematococcus 1.5-3 Lorenz and Cysewski, 2000




Table 2.2 Environmental growth factors on growth of H. pluvialis.
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Reference Reactor Volume Medium Condition Light Light source ~ Aeration rate Agitation pH Temp Cell number Dry cell Productivity of cell
intensity (Lh) rate o) (*10°cell mL") weight (®10°cell mL'd™)
(kLux) (rpm) (g LY
Tjahjono Flask 2 step mixotropic cool white
etal., 1994 1.Basal+45mMSA 1.5 fluorescent 6.8 20 5.13 1.28
2.Basal+45mMSA 8.6 522 1.30
+450mMFe’”
Harker Stirred 250 1. Bold’s Basal+ autotropic 1.75 cool white 80 225 0.075
etal, tank 18uMFeso,7H,0 fluorescent
1996a 2. Bold’s Basal+ 1.98 0.066
36uMFeso,7H,0
3. Bold’s Basal+ 1.65 0.055
72uMFeso,7H,0
Stirred 250 1. Bold’s Basal+ autotropic 1.75 cool white 80 1.83 0.061
tank 0.8uMK,HPO, fluorescent
2. Bold’s Basal+ 2.70 0.09
1.4uM K,HPO,
3. Bold’s Basal+ 2.94 0.098
3.4uM K,HPO,
Stirred 250 1. Bold’s Basal+ autotropic 1.75 cool white 80 2.81 0.093
tank 2. Bold’s Basal+ fluorescent 0.41 0.013
40uMKCl
3. Bold’s Basal+ 0.23 0.01
70uMKCl
4. Bold’s Basal+ 0.18 0.006

100uMKCl

154
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Reference Reactor Volume Medium Condition Light Light source ~ Aeration rate Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity (Lhh) rate o) (*10°cell mL") weight (®10°cell mL'd™)
(kLux) (rpm) gL
Harker Stirred 250 1. Bold’s Basal+ autotropic 1.75 cool white 80 22 0.33 0.011
etal., tank 2. Bold’s Basal+ fluorescent 0.81 0.07
1996a 0.75uM NaNO;,
3. Bold’s Basal+ 0.90 0.030
1.5uM NaNO,
4. Bold’s Basal+ 2.55 0.085
3.0uM NaNO,
5. Bold’s Basal+ 2.4 0.080
6.0uM NaNO,
Stirred 250 1. Bold’s Basal+ autotropic 1.75 cool white 80 22 2.90 0.09
tank 2. Bold’s Basal+ fluorescent 1.20 0.04
40uMNaCl
3. Bold’s Basal+ 1.10 0.03
70uMNaCl
3. Bold’s Basal+ 0.36 0.01
100uMNacCl
Airlift 300 2 step autotropic 25 cool white 14-27 2.50 1.57 0.114
1. Bold’s Basal+ fluorescent
2. Bold’s Basal
+ NaCl
Grunewald Flask 100 2 step autotropic
etal., 1997 1. Bold’s basal 1 white light 2042 2.9 0414
2. Bold’s basal 1.75 lamp

(no Nitrate)

144
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Reference Reactor Volume Medium Condition Light Light source ~ Aeration rate Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity @Lhh) rate Co) (*10°cell mL™) weight (®10°cell mL"d")
(kLux) (rpm) (g LY

Chen etal., Stirred tank 3710 mixotrophic 8.5 fluorescent 100 400 7 25 0.7 1.52 0.088

1997 Stirred tank 3710 heterotrophic 85 lamp 100 400 7 25 1.45 0.50 0.181

Frabregas Tube 70 2 step Mixotrophic 2 day light 15+ 8 25 3.77 0.775

etal., 1998 1. OHM 12Dark:12Light ~flyorescent CO, 1.20 0.240
2. BBM lamp 0.58 0.116
3.CHU

Tube 70 1. Control mixotrophic 2 day light 15+ 7.2-7.8 25 6.25 0.446
2. Control 12Dark: L2t fluorescent Co, 1.83 0.131
(no KMnO,) lamp
3. Control 2.65 0.189
(no MgSO,)
4. Control 1.58 0.113
(no KMn,-MgSO,
Tube 70 1. Control mixotrophic 1.15 day light 15+ 7.2-7.8 25 4.75 0.337

2. Control fluorescent Co, 1.15 0.082
(no KMnO,) lamp
3. Control 3.25 0.232
(no MgSO,)
4. Control 1.28 0.091

(no KMn,-MgSO,)

4
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Reference Reactor Volume Medium Condition Light Light source Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity o) (*10°cell mL") weight (®10°cell mL'd")
(KLux), (rpm) (L)
Kobayashi Flask 200 Modified mixotrophic 1.5 fluorescent 6.8 20 7.00 0.875
etal.,, 1998 Flask 200 Basal 4.5 7 20 3.20 0.388
Tripathi Flask KMI heterotrophic 5 25+1 0.3 0.025
etal., 1999 Flask 1. BBM autotropic 1.5 25+1 0.15 0.0125
Flask 1. MM2 mixotrophic 1.5 25+1 0.323 0.027
2. KM2 0.42 0.035
Fabregas Tube 70 OHM 2 step cool white
etal., 2001 1. mixotrophic 2 fluorescent 15+ 2-7.8 25+1 0.381
(semicontinuous) lamp Co, control by
2. mixotrophic 12 15+ Co, 25+1 0.446
(batch) Co,
Hata et al., Flask 500 Basal heterotrophic 25+1 0.87
2001 Flask 500 Basal+10mMSA heterotrophic 25+1 0.667
( fed-batch)
Mirash et Glass 600 BG-11 3.75 25 200 4.7 25
al., 2002 column BG-11 (no 17.5 25 20 1.5 2.5
Nitrogen)

9¢
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Reference Reactor Volume Medium Condition Light Light source ~ Aeration rate Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity Lhh rate o) (*10°cell mL") weight (®10°cell mL'd™)
(KLux) (rpm) (gL
Tripathi Flask 100 1.Basal+ Calcium mixotrophic 5 6.5 0.06 0.015¢ L'd"
etal., 2002 Nitrate
2.Basal+ Potascium 5 6.5 0.62 0.115¢ LMa!
Nitrate
3.Basal+Ammoniun 5 6.5 25 03 075 ¢ L'
Nitrate
4.Basal+Sodi 5 a1 -
asarrsodim 6.5 0.78 0.195gL"d"
Nitrate
5.Basal 5 a1
6.5 0.64 0.16gL d
Choi etal., Bubble 2000 FBBM mixotrophic 2 fluorescent 0.2+0.5%CO, 7 0.17 0.009
2003 colimn 4.5 lamp 7 25 0.2 0.011
7 7 0.16 0.008
Katsuda et Flask 200 Basal mixotrophic 0.15 blue LED 6.8 0.04
al., 2004 0.4 blue LED 6.8 0.04
0.6 blue LED 6.8 0.03
0.15 red LED 6. 0.036
0.4 red LED 20 0.44
6.8
0.6 red LED 0.04
6.8
0.15 fluorescent 0.03
6.8
0.4 fluorescent 0.56
0.6 fluorescent 6.8 0.02

LT
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Reference Reactor Volume Medium Condition Light Light source ~ Aeration rate Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity (Lhh) rate o) (*10°cell mL") weight (®10°cell mL'd™)
(kLux) (rpm) gL

Dong and Flask 250 BBM mixotrophic 0.65-4.5 top cool 110 110 23.8 5.7 l.14g L'd’

Chao., 12Dark: 12Light lite

2004 fluorescent

Orosaetal., Aerate 400 Bold’s basal + mixotrophic 3.415 fluorescent 18 1.2 0.08

2005 reactor ALGAL-1 + nitrate lamp+LED

Garcia et Tubular 55,000 Inorganic free of mixotrophic ~ 2.5-100 20 7 041gL"'d"

al., 2005 Bubble 55,000 acetrate mixotrophic 20 1.4 055gL'd"

column

Jeonetal,  Flask 250 1.OHM +40mM 4 0.133 gL Day”

2005 sodium acetrate
2.0HM +40mM 6 0.144 gL Day”
sodium acetrate
3.0HM +70mM mixotrophic 4 warm white 25 0.104 gL' Day"
sodium acetrate fluorescent
4.0HM +70mM 6 0.103 gL' Day"
sodium acetrate
5.0HM +55mM 5 0.130 gL' Day'

sodium acetrate

8¢C
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Reference Reactor Volume Medium Condition Light Light source = Aeration rate Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity @Lhh) rate Co) (*10°cell mL™) weight (®10°cell mL"d")
(kLux) (rpm) (g LY
Jeonetal,  Flask 1.OHM +10mM 25 0.062 gL Day”
2005 sodium acetrate
2.0HM +10mM 7.5 0210 gL Day”
sodium acetrate
3.0HM +50mM 25 0.096 gL Day”
sodium acetrate mixotrophic warm white 25
4.0HM +50mM 7.5 fluorescent 0.210 gL Day”
sodium acetrate
5.0HM +30mM 1.5 0.840 gL' Day”
sodium acetrate
6.0HM +30mM 8.5 0.243 gL Day”
sodium acetrate
7.0HM +1.7mM 5 0.7000 gL Day”
Kim et al., bubble 2,000 MBBM mixotrophic 11.03 fluorescent 6.5 23 76 10 1.73
2005 column 11.03 fluorescent + 6.5 23 70 18 1.566
flashing
light
3.28 flashing 6:5 23 68 12 0.14
light

6¢C
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Reference Reactor Volume Medium Condition Light Light source Aeration rate Agitation pH Temp Cell number Productivity of cell
(mL) intensity (Lh rate o) (*10°cell mL") (®10°cell mL"d")
(kLux) (rpm)
Kaewpintong  Flask 1,000 Fl1 autotropic F 0.55
et al., 2006 Hongkong 0.3
BG-11 1 luorescent 0.73 27%1 0.38
Basal 0.1
Ml 0.03
M6 0.04
Flask 1,000 Fl+4|lgL 'B12 autotropic 0.059
F1+8LlgL 'B12 0.06
F1+12MgL71B12 1 fluorescent 0.73 27%1 0.081
F1+16lgL"B12 0.082
F1+20LLgL 'B12 0.083
Bubble 3,000 Fl1 autotropic 1 fluorescent 0.73 27%1 0.42 0.151
column
Airlift 3,000 F1 autotropic 1 fluorescen 0.73 27%1 0.795 0.357
Airlift 3,000 F1 autotropic 1 fluorescen 0.73+0.5%CO0, 27+1 0.44 0.140
0.73+1%CO, 0.8 0.376
0.73+1.5%CO, 0.69 0.370
0.73+2%CO0, 0.32 0.083

0¢
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Reference Reactor Volume Medium Condition Light Light source Aeration Agitation pH Temp Cell number Dry cell Productivity of cell
(mL) intensity rate rate o) (*10°cell mL") weight (®10%ell mL'd")
(KLux) @h) (rpm) @Lh
Kaewpintong  Airlift 3,000 Fl1 autotropic 0.6 fluorescen 0.73 27+1 0.55 0.19
et al., 2006 1 0.75 0.337
2 0.7 0.28
28 0.2 0.068
3 0.1 0.02
Airlift 3,000 F1+12 LLgL'lB 12 autotropic 1 fluorescen 0.73+1%CO, 2741 0.0552

3
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Table 2.3 Effect of environment factors on induction of astaxanthin.

Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source rate rate o) conc. conc. conc. of astaxanthin induce
(kLux) @hh (rpm) (mg LY (mg LY (mg LY (mg L'dh astaxanthin
Kobayashi Flask 200 1. Basal+SA mixotrophic 8.6 6.8 20 5.5 0.687 Iron stress
etal., 1991 2. Basalt+SA+ 13.5 1.687
Fe’' 150um
3. Basal+SA+ 20.0 2.5
Fe’' 300um
4. Basal+SA+ 23.7 2.962
Fe'' 450um
5. Basal+SA+ 3.7 0.462
Fe'' 600um
Flask 200 1. modified mixotrophic 4.5 7 20 2.692 0.33 Acetrate stress
2. modified + 15.00 1.87
20mMSA
3. modified + 12.923 1.615
40mMSA
4. modified + 8.462 1.057
60mMSA
Flask 200 1. modified mixotrophic 4.5 7 20 2.692 0.336 Pyruvate stress
2. modified + 3.846 0.490
10mMPyruvate
3. modified + 9.231 1.153
20mMPyruvate

Note: The concentration of each astaxanthin form was calculated based on the proportion of the carotenoid composition.

[43
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Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source rate rate o) conc. conc. conc. of astaxanthin induce
(kLux) (Lh') (rpm) (mgL") (mgL") (mgL") (mgL'd") astaxanthin

Kobayashi 4. modified + 20.385 11.153
etal., 1991 30mMPyruvate

5. modified + 17.692 2.211

40mMPyruvate

1. modified mixotrophic 4.5 16.538 2.06

2. modified + 15.769 1.971

3mMPyruvate

3. modified + 17.692 2211

6mMPyruvate

4. modified + 20.769 2.596

9mMPyruvate

5. modified + 21.538 2.692

12mMPyruvate

1. modified mixotrophic 4.5 14.8 3.5 1.85

2. modified + 18.2 5.6 2275

3mM Mevalonate
3. modified + 15.3 4.4 1.912
3mM [Isopenthyl

4. modified + 20.6 0.8 2.575
12mM Pyruvate

133
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Reference Reactor ~ Volume Medium Condition Light Light source Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity rate rate (OC) conc. conc. conc. of astaxanthin induce
(kLux) @wnh (rpm) (mg LY (mg Lh (mg L (mg L'dh astaxanthin
Kobayashi 5. modified + 17.7 23 2215
etal., 1991 3mM molanate
6. modified + 11.2 2.4 1.4 Nutrient stress

3mM L-Leucine
7. modified+

3mM Dimethyl 16.9 3.0 2.112
lacryrate
Harker et Stirred 250 . Bold’s Basal+ autotrophic 1.75 cool white 80 5.13 -Iron stress
al., 1996a tank 18uMFeso,7H,0 fluorescent
2. Bold’s Basal+ 3.03
36uMFeso,7H,0
3. Bold’s Basal+ 0.68
72uMFeso,7H,0
Stirred 250 . Bold’s Basal+ autotrophic 1.75 cool white 80 32.0 Phosphate stress
tank 0.8uMK,HPO, fluorescent
2. Bold’s Basal+ 19.8
1.4uM K,HPO,
3. Bold’s Basal+ 19.5
3.4uM K,HPO,

143
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Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitatio pH Temp Astaxanthin Caroteniod ~ Chlorophyl Productivity Method to
(mL) intensity source n rate o) conc. conc. 1 conc. of astaxanthin induce
(kLux) (tpm) (mgL") (mgL") (mgL™) (mgL'd") astaxanthin
Harker et Stirred 1. Bold’s Basal+ autotrophic 1.75 cool white 80 36.8 1.23 Salt stress
al., 1996a tank 2. Bold’s Basal+ fluorescent 16.6 0.54
40uMKCl
3. Bold’s Basal+ 5.8 0.19
70uMKCl
4. Bold’s Basal+ 1.8 0.06
100uMKCl
Stirred 1. Bold’s Basal+ autotrophic 1.75 80 22 11.7 0.39 -Nitrate stress
tank 2. Bold’s Basal+ 10.8 0.36
0.75uM NaNO,
3. Bold’s Basal+ 16.4 0.57
1.5uM NaNO,
4. Bold’s Basal+ 11.8 0.39
3.0uM NaNO,
5. Bold’s Basal+ 9.7 0.32
6.0uM NaNO,
Stirred 1. Bold’s Basal+ mixotrophic 1.75 80 22 1.45 Salt stress
tank 2. Bold’s Basal+ 1.71
40uMNaCl
3. Bold’s Basal+ 1.47
70uMNaCl
0.67

3. Bold’s Basal+

100uMNaCl

93
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Reference Reactor ~ Volume Medium Condition Light Light pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source o) conc. conc. conc. of astaxanthin induce
(kLux) (mgL") (mgL") (mgL") (mgL'd") astaxanthin
Cordero 1. Control mixotrophic 1.3 22 6.7 13.4 -Salts tress
etal., 1996 2. Control + 12Dark: 13.6 2.72
12Light
0.025 g/l SA
3. Control + 13.3 2.66
0.05 g/l SA
4. Control + 6.4 1.28
0.01 g/l SA
1. Control + mixotrophic 1.3 22 6.57 1.14 -Salts tress
0.1%NaCl 12Dark:
12Light
2. Control + 18.6 3.72
0.2%NaCl
3. Control + 7.0 1.40
0.4%NaCl
1. Control + mixotrophic 1.3 7.5 25 9.7 1.94 -Salts tress
0.1%NaCl + 12Dark:
12Light
0.025 g/l SA
2. Control + 10.4 2.08
0.2%NaCl+
0.05 g/l SA
3. Control + 15 3.00
0.4%NaCl+
0.1 g/l SA

9¢
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Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source rate rate o) conc. conc. conc. of astaxanthin induce
(kLux) (Lh') (rpm) (mgL") (mgL") (mgL") (mgL'd") astaxanthin
Cordero 1. Control + mixotrophic 9.0 1.80 -Salts tress
etal., 1996 0.2%NaCl +
0.025 g/l SA
2. Control + 6.3 1.26
0.2%NaCl+
0.05 g/l SA
3. Control + 11.7 2.34
0.2%NaCl+
0.1 g/l SA
1. Control + mixotrophic 1.3 7.5 25 7.3 1.46
0.4% 12Dark:
12Light
2. Control + 3.6 1.52
NaCl +
0.025 g/l SA
0.4%NaCl+
0.05 g/l SA
3. Control + 3.0 0.6
0.4%NaCl+
0.1 g/l SA

LE
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Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source rate rate o) conc. conc. conc. of astaxanthin induce
(kLux) (Lh') (rpm) (mgL") (mgL") (mgL") (mgL'd") astaxanthin
Frabregas Tube 70 1. Control mixotrophic 2 15+ e 25 0 0 -Effect of
etal., 1998 2. Control 12Dark: Co, 7.8 23.5 1.679 nutrient on
12Light
(no KMnO,) astaxanthin
3. Control 6.7 0.479 accumulation
(no MgSO,)
4. Control 15.6 1.114
(no KMn,-MgSO,)
1. Control mixotrophic 11.5 15+ 7.2- 25 37.5 2.679
2. Control 12Dark: Co, 7.8 49.5 3.536
12Light
(no KMnO,)
3. Control 25.7 1.836
(no MgSO,)
4. Control 28.8 2.057
(no KMn,-MgSO,)
Kobayasi Flask 200 Modified mixotrophic 1.5 6.8 20 8.40 1.05 -Effect of
etal., 1998 12Dark: 13.35 nutrient on
12Light
Flask 200 Basal 7 20 1.669 astaxanthin
4.5

accumulation

8¢
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Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source rate rate o) conc. conc. conc. of astaxanthin induce
(kLux) ') (rpm) (mgL") (mgL") (mgL™) (mgL'd") astaxanthin
Zhang et Stirred 3700 Hong Kong+ Mixotrophic 2.25-9 100 350 7 30 64.40 3.22 - Salt stress
al., 1999 tank SA (fed-batch)
- Increase light
Stirred 3700 Hong Mixotrophic 100 350 7 30 53.43 2.67 intensity
tank (batch) - Nutrient stress
Fabregas Tube 70 OHM 2 step 2 15+ 25 -Increase light
etal., 2001 1. mixotrophic 12Dark: Co, 7.2- 9.6 intensity
(semicontinuous) 12Light 78
2. mixotrophic 12 49 326
(batch)
Sarada Flask Basal+SA+ mixotrophic 1. 5-9 25 10.93 12.25 6.2 0.683 - Increase pH
etal., 2001 NaCl - Nitrate stress
- Salt stress
1. Basal mixotrophic 1.5 2.32 2.05 6.50 0.18 - Nitrate stress
2. Basal+Ca)NO, 2.52 2.23 6.50 0.19
3. BasaltKNO, 1.25 1.88 497 0.10
# BasalINHNO, 1.16 1.34 358 0.09
5 BasalNano: 321 4.19 12.40 0.25
1.72 2.24 13.4 0.07
2.24 4.66 4.03 0.10

6¢
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Reference Reactor ~ Volume Medium Condition Light Light Aeration pH Temp Astaxanthin Caroteniod ~ Chlorophyll Productivity Method to
(mL) intensity source rate (OC) conc. conc. conc. of astaxanthin induce
(kLux) @hh (mg Lh (mg LY (mg LY (mg L'dh astaxanthin
Sarada 1. Basal+Nacl+SA mixotrophic 1.5 1.72 2.24 1.34 0.07 - Nitrate stress
etal., 2001 2. Basal+Nacl+SA 224 4.66 4.03 0.10
+Ca,NO,
3 BasatNackeSA 121 1.55 022 0.05
+KNO,
4. Basal+Nacl+SA
FNHNO, 1.03 1.03 0.22 0.04
5. Basal+Nacl+SA
+NaNo, 1.27 2.59 1.56 0.07
Mirash et Glass 600 BG-11 3.75 0.04 0.068 0.005 Nitrogen
al., 2002 column starvation
BG-11 (no 3.75 0.064 0.008
Nitrogen) 17.5 0.16 0.068 0.002 increase light
intensity
Choi et al., Bubble 2000 FBBM mixotrophic 2 sz e 25 35 2.05 - Increase light
2003 colimn 4.5 +CO, 0.5 30 1.76 intensity
7 20 1.17
Katsuda et Flask 200 Basal mixotrophic 0.15 6.8 20 0.8 -Effect of
al., 2004 0.4 1.2 wavwlength.
0.6 2 A= 380-
625nm

114
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Reference Reactor ~ Volume Medium Condition Light Light Aeration Agitation pH Temp Astaxanthin Caroteniod Chlorophyll Productivity Method to
(mL) intensity source rate rate o) conc. conc. conc. of astaxanthin induce
(kLux) (Lh') (rpm) (mgL") (mgL") (mgL") (mgL'd") astaxanthin
Katsuda et 0.15 6.8 20 0.4
al., 2004 0.4 0.8
0.6 0.84
0.15 6.8 20 0.2
0.4 0.021
0.6 1.2
Dong and Flask 250 BBM mixotrophic 0.65-4.5 110 110 6.8 23.8 11.9 2.39 - Increase light
Chao., 200 12Dark: intensity
12Light
Orosa et Mini- 400 1Modified mixotrophic 3.415 7 18%1 3.7 0.37
al., 2005 reactor 2Modified+ 5 0.5
0.25%SA
3Modified+ 7.6 0.69
0.5SA
4Modified+1SA 6 0.6
5Modified+2SA 1.2 0.12
Garcia Tubular 55,000 Inorganic free mixotrophic 2.5-100 8 20 1.1%d.wt. 1.7%d.wt. 1.7%d.wt. 0.4 -Induce by
et al., 2005 of acetrate move culture to
Bubble 55,000 mixotrophic 8 20 0.25%d.wt. 0.65 1.9 0.2 raceway pound
column

It



Table 2.4 Advantages and disadvantages of open and closed algal cultivation systems
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Parameter Open pond Closed system
contamination risk extremely high low

space requirement high low

water losses extremely height almost none
CO; losses high almost none
weather dependence High/significant insignificant

species dependence

biomass concentration

efficiency of treatment process

restricted to a few algal
varieties
low

low

many algal varieties

high
high




Table 2.5 Comparison of properties of different large scale algal culture systems
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Reactor type Mixing Light utilization =~ Temperature Gas transfer Hydrodynamic  Species control Scale up
efficiency control stress on algae
unstirred very poor Poor none poor very low difficult very difficult
shallow ponds
tank
poor very poor none poor very low difficult very difficult
circular stirred
pond fair fair good none poor low difficult very difficult
stirred tank
reactor largely uniform  fair good excellent low high high easy difficult
airlift reactor generally
uniform good excellent high low easy difficult
tubular reactor  uniform
excellent excellent low high low-high easy easy
flat plate
reactor uniform
excellent excellent high low-high easy difficult

197
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CHAPTER 3
MATERIALS AND METHODS

3.1 Experimental Setup

The experiment in this work was divided into two parts:
Q) Growth experiment

(i) Astaxanthin production experiment

3.1.1 Growth experiment (in airlift photobioreactor)

For the first part, H. pluvialis was cultivated in 3L airlift photobioreactor
compared with 17L Airlift photobioreactor. The 3L and 17L airlift photobioreactors were
made from clear acrylic plastic and had dimensions as shown in Table 3.1. The internal
circulation in the airlift systems was induced by installing the draft tube centrally inside
the outer column which resulted in the ratio between the downcomer and riser cross
section areas (A4/A;) of 3.2 and 2.78, respectively [see Kaewpintog, 2004 for detail on
the determinater of optimal growth conditions for H. pluvialis]. These ratios were
controlled to be as close as possible to each other by the availability of the commercial
draft tube sizes. The schematic diagrams of experimental setup in airlift photobioreactor

are shown in Figure 3.1.

The superficial gas velocity was controlled at approximately 0.4 cm s™ and the
light intensity was_approximately 20 pmol photon m™s™. The liquid culture in the airlift
photobioreactor was agitated by rising air bubbles. Ambient air from an-aquarium pump
was metered through a flowmeter, sterilized with a 0.45 um Gelman autoclave filter, and
passed into the culture at the base of the reactor. The CO, enriched air was introduced
and was metered through a flowmeter, sterilized with a 0.45 um Gelman autoclave filter,
passed into the culture, mixed with air, before entering the system at the base of the

reactor.
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Light for the airlift photobioreactor was supplied from the vertical 18W
fluorescent lamps. The illumination intensity incident to the airlift photobioreactor outer
surface was measured with a digital LX-5 Lux meter, where photon flux density and

irradiance may be readily interconverted as:

1 pmol(m?s™) = 1pE m%s™* = 119.7/x Wm™® = 50 Lux (3.1)

where A = the wave length of the light in nanometer

3.1.2 Astaxanthin production experiment (in design reactor)

For this experiment, astaxanthin was induced by changing cell environments to
promote stress condition (outdoor condition). The schematic diagram of experimental
setup in the outdoor raceway reactor is shown in Figures 3.2. The 17 L raceway pond
with a surface area of 0.22 m? was made from PVVC. The dimensions of the raceway pond

reactors are shown in Table 3.2.

This system was washed with sterile distilled water before starting the batch
culture. The light intensity was approximately 35 umol photon m?s™ from the vertical
18W fluorescent lamps. The movement of the liquid culture in the raceway pond was
induced by 4 impellers at 60 rpm. Locations and dimensions of the raceway and the

impellers are depicted in Figure 3.2 and Table 3.2

3.2 Preparation of Medium and Innoculum

3.2.1 Preparation of the bioreactor

1) setup the bioreactor as described in Section 3.1.1

2) fill the tap water into the bioreactor
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3) sparge 200 L min™ of ozone through the 0.45 um Gelman autoclave filter and
a flow meter into the water at the base of the bioreactor for 1h in order to clean the whole
system

4) sparge the air through the 0.45 um Gelman autoclave filter and a flow meter

into the water at the base of the bioreactor for 3-4 h to remove residual ozone in the water

3.2.2 Experimental procedure for growth experiment

1) obtain a green alga, H. pluvialis strain NIES-144 from National Institute for
Environmental Studies, Tsukuba, Japan

2) prepare F1 medium which chemical compositions indicated in Table 3.2

3) sterilize the medium in autoclave at 121°C for 20 min

4) innoculate 10% by volume of cell into 600 mL sterilized fresh F1 medium in
1,000 mL Erlenmeyer flask

5) incubate the flask at 27°C and supply continuous light intensity of 20 pumol
photon m™s™ to the surface of the culture vessel

6) manually shake the flask daily

7) harvest the active green motile cells on the 7" day and use as innoculum for
other experiments

8) culture cells in airlift photobioreactor where air is sparged through the reactor
at superficial gas velocity of 0.4 cm s™

9) illuminate the bioreactor with the fluorescent lamp (18W) at continuous light
intensity of 20 umolphoton m™s™ to the surface of the bioreactor. The temperature is
controlled in the range o f 27+1°C.

10) measure cell growth as described in Section 3.4.

Note: The sample is collected from the sampling point at the side of the reactor as

indicated in Figures 3.1.
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3.3 Astaxanthin Production Experiment

1) prepare the reactor as described in Section 3.1.2

2) when algal cells reach the stationary phase, move them to the design reactor in
outdoor condition and increase the aeration (in terms of superficial gas velocity) from 0.4
t00.2cms™

3) take 3-5 mL of sample for the determination of chlorophylls a and b, and

astaxanthin content

3.4 Determination of Growth

Alga cell growth was determined by cell density, dry weight and specific growth

rate.

3.4.1 Determination of cell density

Cell density was measured by microscope and the counting of cells was

performed using an improved Neubauer haemacytometer.

1) take two 25 pL drops of culture and place them on a clean haemacytometer
side with cover slip already in place, where the drop is evenly dispersed under the cover
slip

2) count cells under.a microscope (objective 10X) (see in Figure 3.3)

3) calculate the number of cells as follows:

N = nx10* (3.2)
where N = Cell number (cell mL™)
n = number of cells count in grid (cells)
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3.4.2 Determination of dry weight

1) dry Whatman GF/C filter (47mm in diameter) in the oven at 70 °C for 24h and
record the weight of the dry filter

2) filter 30 mL of algal suspension using Bunchner setup connected to a vacuum
pump through Whatman GF/C filter

3) wash the algal twice with distilled water in order to free the alga from solution

4) dry the filter containing alga in oven under the above condition

5) cool the dried filter containing alga in a desiccator for 20 min

6) weigh the dried filter containing alga with 210S Sartorius electronic balance

7) calculate the dry weight from:

DW = ——Wl\_/WZ %1,000 (3.3)
where DW = Dry weight (g L™)

W, = weight of filter plus algae (g)

W, = weight of filter (g)

Vv = volume of sampling (mL)

3.4.3 Determination of specific growth rate

The specific growth rate is calculated from the following equation:

In(N,) —In(N,)

= 3.4
H N (3.4)
where u = Specific growth rate (d)
Nz and N, = cells density at t; and t, (cell mL™)

t = time (d)
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3.4.4 Determination of Productivity

The specific productivity rate is calculated by the following equation:

Specific productivity = (3.5)

cells density at t; and t, (cell mL™)
time (d)

where C; and C,
t

3.5 Error of measurement

Error of measurement is presented in the form of standard deviation. The
experimental data were reported with one standard deviation as error and this is

calculated from:

izn: yii

S = - (3.6)
(n, =1)(n,)
where S = standard error
S = series number
i = point numbering series s
m = number of series for pointy in chart
n = number of point in each series
Yis = data value of series s at the i point

Ny = total number of data values in series
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Table 3.1 Geometric details of airlift bioreactor

Geometric details 3 L Airlift photobioreactor 17 L Airlift photobioreactor
Total volume, V. (L) 3.6 18.85

Working volume, V (L) 3 17

Reactor diameter, D, (cm) 10 14

Column height, H, (cm) 60 115

Liquid height, H. (cm) 46 110.4

Draft tube height, H, (cm) 50 96.5

Diameter of draft tube, D, (cm) 4.4 7.2

Bottom clearance, Hy, (cm) 4 10

Table 3.2 Geometric details of raceway pond

Geometric details 17 L Raceway pond reactor
Total volume , V(L) 33
Working volume, V (L) 17
Reactor diameter, W (cm) 15
Reactor height, H (cm) 15

Diameter of impeller, D (cm) 10




Table 3.3 Formulation of F1 media [Fabregas et al., 1998]

Formula Composition (per liter)
CaCl,-2H,0 9.87 mg
KNO, 04l g
Na,HPO, 0.03g
C H,Fe0,-5H,0 2.22 mg
MgSO,*7H,0 16.41 mg
CuS0,*5H,0 0.008 mg
Na,MoO,-2H,0 —C
MoO, 0.66 mg
Cr,0, 0.05 mg
Se0, 0.036 mg
CoCL-6H,0 0.0078 mg
6 mg

NH,Fe(C,H,0.)




—
H,
Hr Hc H
WY
Hs $ \v /
g Air rotameter
LT 1 airfilter
04cms* XK
1% CO»,
Dt 7l
CO,
GAS Air pump

Figure 3.1 Experimental setup and schematic diagram of airlift photobioreactor
Symbol: Hg, column height; H,, draft tube height; Hg, clearlance
height; Hc, culture broth height; H, sampling port height
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Figure 3.2 Experimental setup and schematic diagram of design reactor (in outdoor)
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Figure 3.3 (a) Side view of the cell counting chamber showing the cover glass and the
space beneath it that holds a microalgae suspension. (b) Top view of the chamber. The
chamber has two grids located in the center of the side. (c) An enlarged view of the
grid. The microalgae in the squares 1, 2, 3 and 4 are used for cell count
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Cultivation of H. pluvialis in airlift photobioreactors

The cultivation of H pluvialis for astaxanthin production was achieved in two
growth stages. The first stage is the growth phase which aimed at the production of
high cell density without the synthesis of the required product astaxanthin. Cell
growth in this stage is called vegetative cells. Astaxanthin only accumulates during
the second stage or the process of transformation of green vegetative cells to cyst
(aplanospore stage). In the following discussion, each of the cultivation stage will be

discussed in detail.

4.1.1 Effect of medium concentration on the cultivation in 3L airlift system

The medium is always important for an effective cultivation of micro-
organisms. Specifically, this section was set out to investigate whether there were
differences in using the various concentration of culture medium in growing H.
pluvialis. Figure 4.1 shows the Growth curves of H. pluvialis in 3L airlift
photobioreactor containing F1 medium at its original concentration (1x) and half
strength medium (0.5x) and double strength medium (2x) under the illumination at 20
pmolphoton m? s™ with fluorescent lamps at superficial gas velocity of 0.4 cm s™.
The pH of this experiment was controlled at 7 by the addition of 1%CO,. The
maximum cell densities obtained from the' cultivation at 0.5x, 1x, and 2x of F1
medium were 35x10% 41x10% and 39x10* cell mL™, respectively. The number of
green vegetative cells started to decrease after around 8 days at which the experiments

were ceased.

The results suggested that, in the low range of nutrient concentration, the cell
growth of Haematococcus pluvialis depended on the concentration of the medium,
and an increase of the medium concentration from 0.5x to 1x resulted in an increase in
the specific growth rate (as seen in Figure 4.1 (b)). However, a further increase in

nutrient concentration from 1x to 2x did not have significant effect on the specific
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growth rate which indicated that the growth no longer depended on the cell
concentration. This type of growth kinetics agreed well with the well known Monod

kinetics.

However, it was observed that cell growth ceased after 8 days of cultivation,
and the maximum cell attained from these systems was around 35-41x10* cell mL™,
This was slightly lower than the maximum cell density obtained from the work of
Kaewpintong (2004) who achieved the level of 55x10 cell mL™ (also after 8 days of
operation). It could be that cells at this density started to exhibit shading effect where
the light penetration was reduced greatly by the dense cell culture. At this stage, the

morphology change from vegetative to non-motile cells started to appear.

Alternatively, it was also possible that cells excreted some unwanted
metabolite products which could inhibit the growth of the cells. Therefore, as the three
systems were having similar levels of the cell at the end of Day 8, the level of excrete
concentration should be about the same and the effect of the cell growth started to be

visible at about the same time period.

4.1.2 Effect of light intensity in small and large scale systems

Light energy is essential for phototropic growth of algae, which is a particular
concern for industrial applications. The exposure of the cells to inadequate or
excessive light often leads to a decline of algal growth rates. On the other hand, the
mutual shading effect at high cell concentrations can cause a decrease in productivity
even when the total light energy input is enough for the entire population inside the

photobioreactors.

The experiment with light intensity was carried out in the batch cultivation
mode using 3 L and 17 L airlift photobioreactors with Ag/A; of 3.2 (in 3L) and 2.78
(in 17L) with superficial gas velocity of 0.4 cm s™* and pH of 7. Three different
surface light intensities were tested and the results on growth profiles are shown in
Figures 4.2 and 4.3.
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In Figure 4.2, the optimal light intensity for the cultivation in the 3L airlift
system was found to be 20 umol photon m? s, This was exactly the intensity
reported by Kaewpintong (2004) and indicated the repeatability of this cultivation
system. The maximum cell density obtained after 8 days of cultivation was around
41x10* cell mL™. The cultivation in a large scale system showed a clear inferior
performance, and Figure 4.3 demonstrates that the maximum cell density achievable
in this system was only 21x10* cell mL™. However, the 17L airlift required a stronger
light intensity and Figure 4.3 illustrates that the optimal light intensity for the
cultivation in this system was about 30 pmol photon m? s™. In large scale systems,
the thickness of the reactor was larger than the small one and therefore it was possible
that a stronger light intensity was required for an effective light penetration through

the culture.

Figures 4.2 and 4.3 also show that there was a morphological change in the
cell structure, i.e. from green vegetative to non-motile cells. This change occurred at
all range of light intensity but became more significant at higher light intensity. For
instance, in the 17L airlift system, the number of non-motile cells increased from 2
x10* cell mL™ to 4 x10* cell mL™ as the light intensity increased from 20 to 40 umol
photon m? s™*. Although this finding proved that astaxanthin accummulation in H.
pluvialis could be induced at high ligh intensity, this phenomenon was, in fact, not
desired in the cultivation stage where the culture was targeted to grow as vegetative

cells without the morphological changes.

4.1.3 Effect of pH in large scale system

Chemical analysis showed that-algal biomass consisted of 40-50% carbon.
Hence, the growth rate of photoautotrophic cultures essentially depended on a
sufficient supply of carbon source for photosynthesis. Several studies have recently
been conducted to increase the growth rate of H. pluvialis, and reported that this alga
could grow mixotrophically as well as photoautotrophically. For the autotrophic
culture, CO, was proven to be a good carbon source [Kawepintong et al., 2006].
Although the heterotrophic culture of this alga is also possible, its growth rate was
proven too slow for its culture to be applied to commercial production. There were

evidences that the specific growth rate of vegetative cells under heterotrophic
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condition was considerably lower than that obtained under photoautotrophic condition
(0.22 d* compared to 3.2 d*) [Kobayashi et al., 1991]. In addition, contamination

problems could also be important issue for the heterotrophic culture.

Adding CO; into the culture is one of the possible methods for enhancing the
inorganic carbon source for the cell. However, such method affected the pH of the
culture and could therefore affect the cell growth. Therefore the effect of pH was
directly related to the availability of carbon source in the system. In this work, H.
pluvialis was grown in photoautotrophic condition with CO, as the main carbon
source. To investigate the effect of pH on the algal growth, experiment were
performed in 3 and 17 L airlift photobioreactors, where pH was controlled by
controlling the addition of CO, into the air stream supplied to the bottom of the
system. Both airlift photobioreactors were operated with superficial gas velocities of
0.4 cm s and illuminated at 20 pulmol photon m™ s™.

The results in Figures 4.4 and 4.5 showed that the maximum cell density of
airlift photobioreactors (3 L and 17 L, respectively) were 41 and 16x10* cell mL",
respectively, and these were obtained at the pH of 7. Both cell concentration and
specific growth rate decreased with pH which indicated that Haematococcus pluvialis
grew bestat pH =7.

4.1.4 Effect of aeration in large scale system

During the vegetative growth stage of H. pluvialis, cells have two flagella and
can move around by themselves. Hence, even though there was no mixing provided,
the cells should be able to move around by themselves to the location suitable for their
growth (perhaps in the region of high light and nutrient concentration). This is why it
was important to initially check whether the mixing is beneficial for the growth of
such microorganism. The experiment was performed in the 3 and 17 L airlift

photobioreactors illuminated at 20 umol photon m™? s with pH =7.

Figures 4.6 and 4.7 illustrate the growth of H. pluvialis in the two airlift photo-
bioreactors running at different levels of aeration rate (which was measured in terms

of superficial gas velocity). The 3 L airlift could achieve a higher cell density (41x10*
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cell mL™) and a higher specific growth rate (0.38 d*) than those from the 17 L (max.
cell density = 15.87x10* cell mL™ and specific growth rate = 0.28 d™). It was
observed clearly that the optimal aeration rates for the 3L and 17L were quite
different but the effect of aeration rate for both system exhibited similar trend. There
seemed to exist optimal aeration rate for the growth, below and above which the cell
growth declined. For the 3L system, the optimal was at 0.4 cm s™ whereas for the
17L, the optimal was 1 cm s™. A low aeration rate did not provide enough circulation
for the cell and this was proven to be inadequate for the growth of the cell.
Kaewpintong (2004) proved that the growth in the the system without aeration was
much slower than that with aeration. On the other hand, a much too high aeration rate
did not show benefits for the growth. Although an increase in aeration rate gave rise
to the mass transfer which facilitated the removal of gases such as oxygen, preventing
the accumulation of such gas, which might cause adverse effect on the growth, growth
seemed to be drastically slowed down by excessive aeration. This might be due to the
shear force which was induced at high aeration. This indicated that the cell of H.
pluvialis was highly shear sensitive and even the shear caused by aeration could
deteriorate the growth. This explanation was supported by several past reports. For
instance, Gudin and Chaumont (1991) stated that the key problem in the cultivation of
microalgae in photobioreactors was cell damage due to shear stress. Hata et al. (2001)
illustrated that the culture of green vegetative cell in exponential phase of growth

required a low liquid velocity due to its fragility.

For the large scale system (17L), the optimal superficial velocity was higher
than that in the 3L. From visual observation, the circulation in the 3L was much better
than that in the 17L at the same aeration level. Therefore it was necessary for the 17L
system to be operated at higher aeration rate to ensure that adequate mixing was
provided for cell circulation.

4.1.5 Comparison between overall performance of 17L and 3L airlift

Few studies have, however, considered the practical aspects concerning with
the scale-up of the bioreactor to cultivate microalga such as H. pluvialis. Recently,
Kaewpintong [2004] studied the effects of the configurations and operating variables

on the cultivation of vegetative cells H. pluvialis in a small scale airlift
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photobioreactor, and demonstrated that high productivity of semi-continuous culture
could be achieved. There was therefore a clear need for the investigation on the up-

scale of such culture.

In this experiment, the cultivations of H. pluvialis in 3 and 17 L of airlift
bioreactor are shown in Figure 4.8 were investigated using the optimal conditions as
found from the previous experiments as described above, i.e. for the 3L airlift:
superficial gas velocity = 0.4 cm s, light intensity = 20 pmol photon m™ s, for the
17L airlift, superficial gas velocity = 1 cm s, light intensity = 30 umol photon m?s™,
both at pH = 7. Figure 4.9 shows the comparison between the performance of these
two systems which illustrated that the cell density of H. pluvialis in 3 L airlift
bioreactor (41x10* cell mL™) was better than that in 17 L airlift bioreactor (21x10*
cell mL™). It was clear that the requirements for both aeration and light intensity were
higher in the 17 L than in the 3 L airlift bioreactors. This could be due to several
reasons, one of which was that the circulation in the larger airlift had to be maintained
using higher flow than in the smaller system. Also in the large scale system, the flow
of liquid could be subject to internal circulation, particularly in the riser section
[Wongsuchoto and Pavasant, 2004], and therefore cell circulation was partially
suppressed with this effect. Hence, a higher level of aeration was required to
overcome this problem. A higher light intensity was also required for the larger
system, this was to make sure that light penetration was at the same level as the
smaller ones.

In addition, a major problem encountered when operating this large system is
the contamination of the airlift bioreactor by bacteria, fungi and other faster growing
algae, as well as protozoan predators which have been reported to eliminate 90% of
the algal biomass within 72 h [Spencer, 1989].

4.1.6 Semi-continuous culture of H.pluvialis in airlift bioreactor

photobioreactors

Semi-continuous cultivation was conducted in order to examine the potential
of having a large-scale culture system that could operate economically. This

cultivation of H.pluvialis in 3 and 17 L airlift photobioreactor were carried out under
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the most suitable conditions obtained from the aforementioned experiments, i.e. Ag/A,
= 3.2, U = 0.4 cm s, light intensity = 20 umol photon m™s™, pH = 7 (Fig. 4.10) and
AdA; = 2.78, ugg = 1 cm s, light intensity = 30 umol photon m™ s™, pH = 7 (Fig.
4.11), respectively. In the batch culture, the cell density was allowed to increase until
it reached a maximum of 21x10* cells mL*and 41x10* cells mL™ in 3 and 17 L airlift
photobioreactor, which occurred at about days 6-8 of cultivation. For the semi-
continuous culture, the cultivation of 3 and 17 L airlift photobioreactor were started as
a batch culture with the initial cell density of 2x10* cells mL™. The cell was grown in
the system until it reached the exponential growth phase after which the volume of
culture broth was replaced with a fresh culture medium to initial cell density. The
harvest cell density of 3 and 17 L airlift photobioreactor were approximately 10x10*
cells mL™and 35x10” cells mL™*, respectively. It was proven that with this harvesting
cycle, the cell could maintain its vegetative form and in each 4 day cycle, cell density
increased up to the level obtained in the previous cycle. The productivity of semi-
continuous culture in 3 and 17 L airlift photobioreactor were 5.25x10* cells mL™ d™
and 5.25x10* cells mL™ d™, respectively. This result was comparable to that reported
by Hata et al. (2001) who successfully achieved the semi-continuous culture, but only
in the small scale (in 500 mL Erlenmeyer flask) with a productivity of 6.8 cells mL™
d™.

4.2 Preliminary examination of astaxanthin production

Several environmental stress conditions have been demonstrated to induce
astaxanthin accumulation, among the most frequently used were: high irradiance,
nutrient deficiency, high salinity, and high temperature [Kobayashi et al. 19923,
Tjahjono et al. 1994, Harker et al. 1996a, Boussiba 1991, Sarada et al. 2002]. This
section intended to provide preliminary results on the stimulation of astaxanthin by
changing two environmental factors, i.e. light intensity and salinity for H.pluvialis
cultivated in the airlift systems as described in Section 4.1. In this Section, figure 4.12
is shown the 17 L raceway pond with 4 impellers (60 rpm) was use to cultivated H.
pluvialis to induced astaxanthin. Vegetative cells of H.pluvialis were firstly prepared
and as the cells entered their stationary phase (often at Day 9 in the airlift

photobioreactor), they were transferred into the raceway pond which was prepared to
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operate at different inducing conditions as described below.
4.2.1 Effect of light intensity on astaxanthin production

The ability to accumulate astaxanthin in H. pluvialis is an adaptation to
habitats with strong radiation [Hagen et al. 1994] along with the formation of cysts
having rigid cell walls [Montsant et al. 2001, Hagen et al. 2002]. In most studies, light
was required continuously to sustain the production of astaxanthin, although in a few
cases it was reported to also accumulate in the dark, but at a much lower rate [Droop
1955, Kobayashi et al. 1997].

In the first experiment, the effect of light intensity on the astaxanthin
production was tested. In this part, the harvest culture from the 17 L airlift
photobioreactor was transferred to the raceway pond illuminated with light intensity
of 35-60 umol photon m?s* . The results of cell densities are shown in Figure 4.13.
Note that the cell culture was from the 17L airlift system running at the light intensity
of 20 umol photon m? s™ and superficial gas velocity of 0.4 cm s™ and pH = 7 where
the maximum cell density was only around 12x10° cell mL™. Three types of cells
were found to exist in the raceway pond at different time period. During the first 4
days, the vegetative started to transform into the non-motile or immature cyst, and
after 4 days, the vegetative cell disappeared whereas the number of immature cyst
became larger. As soon as the green motile cells disappeared, the cyst started to
appear. The number of cyst increased from Day 3 towards the end of the experiment
whilst the number of immature cyst declined after reaching its highest level at around
Days 5 or 6. These results agreed with that of Harker et.al (1996a) i.e. light of one of
the most important factors for astaxanthin formation in H. pluvialis as cells responded

to stress with high light intensity by generating astaxanthin.
4.2.2 Effect of salt in astaxanthin production
The second parameter of concern for the induction of astaxanthin from H.

pluvialis was the salt stress [Cordero et.al, 1996]. Again, the cell culture was obtained

from the cultivation in the 17L airlift system, however, running at 0.4 cm s* of
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superficial velocity and light intensity of 20 umol photon m?s™. The raceway pond
was illuminated, this time, with light intensity of 35 umol photon m? s™. To clarify
the effect of salinity on induction of astaxanthin, H. pluvialis was cultivated in
medium mixed with 1%, 2% and 3% by weight of salt in the culture medium. The
results of cell densities were shown in Figure 4.14. A similar result with the effect of
light intensity was found here where the green motile cells started to decline during
the first 4-5 days of cultivation. During this time, the non-motile or immature cyst
began to form. After Day 5, the non-motile cells started to change form to cyst. It took
about 8-9 days for the induction process to complete. However, in all cases, the cell
densities were not drastically influenced by the salt. Hence, it might be concluded that

the effect of salinity in this range could be neglected.
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Figure 4.12 Cultivation of H.pluvialis in raceway pond: induce astaxanthin stage
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

Major findings from this work can be summarized as follows:

1. High cell density of H.pluvialis NIES-144 was accomplished by culturing cells in 3
L airlift photobioreactor. The cell density of up to 41x10* cells mL™ was obtained.

2. H. pluvialis cultured in large scale (17L) airlift photobioreactor and obtained 21

x10* cells mL™.

3. In 1x of F1 medium, the maximum cell concentration of H. pluvialis that cultured
in airlift bioreactor was higher than that in 0.5x and 2x medium (41x10* cell mL™,
35x10” cell mL™, 39x10* cell mL™ respectively).

4. The suitable light intensity for the growth of H. pluvialis in 3 and 17 L of

25t respectively.

airlift photobioreactor were 20 and 30 pimol photon m
5. The cell concentration was decrease with pH decrease because at pH lower than 7
might not be the suitable condition to cultivated H. pluvialis.

6. Aeration in the airlift photobioreactor was crucial for a proper growth of the alga,
but the aeration rate should be gentled, the most appropriate aeration velocities
(superficial velocity) were found at lower limit of the pump which were 0.4 and 1

cms ™ in 3 and 17 L of airlift photobioreactor, respectively.

7. The semi-continuous culture was successfully implemented where the harvest

could be performed every 4 days with the productivity of 2.5 x10* cell mL™ day™.
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8. The raceway pond could be used for inducing astaxanthin accumulation of H.
pluvialis. The accumulation of astaxanthin could be induced by increasing the light

intensity and/or add salt in the raceway pond system.

5.2 Contributions

This work continued from the previous work of Kaewpintong (2004) who was
among the first and deeply investigated the cultivation of Haematococcus pluvialis in
the airlift photobioreactor. In the previous work, the success of using the 3L airlift
photobioreactor was reported which opened up the research question as to whether
this system could be cultivated in a larger scale system. This work demonstrated
further that it was possible to design and scale up the airlift system for a semi-
continuous production of H. pluvialis. However, it was evidenced in this work that,
with the operating constraints employed in this work, the small airlift
photobioreactors were preferable to the large airlift photobioreactors columns for the
production of biomass. This Is not uncommon for the design of reactors as small ones
usually had better performance in terms of mixing and mass transfer than the larger
scale systems. However, the large scale system could be still attractive as it was easier
to operate particularly if ones wanted to mass-produce the cell culture product. Table
5.1 demonstrates that the productivity of the large scale system (17L) was only about
half of the smaller one (3L). The maximum attainable productivity from this work
was still lower than that from Kaewpintong (2004) although the cultivation system
was similar. This could be due to the effects of other environmental conditions such
as temperature and level of contamination. However, the level of productivity
obtained from this-work was still far lower than that obtained from Harker (1996a),
and this is left as the future work.

The attempt to induce astaxanthin was also exercised in this work, but due to

time constraint, this part was only included in smaller extent.
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Table 5.1 Comparison between the cultivation of Haematococcus pluvialis in airlift
photobioreactors

Reference  Volume of Airlift  Maximum cell density Maximum Productivity

bioreactor (L) (cell mL™) (cellmL™ dy

This study 3 0.41 x 10° 0.048 x 10°

17 0.21 x 10° 0.023 x 10°

Harker et al., 30 2.50 x 10° 0.114 x 10°
1996a

Kaewpintong, 3 0.80 x 10° 0.097 x 10°
2004

5.3 Recommendation

Due to a serious time constraint of the experiment work, several parameters
could not be tested for their optimality in the cultivation of H.pluvialis . Therefore the

following future works regarding the cultivation of the alga are recommended:

1. The interaction of nutrient and light intensity should be investigated in more
detail. For instance, this is to make sure that the cells are not nutrient limited
or controlled by light limitation.

2. The schedule for harvest in the semi-continuous culture should be determined
to ensure the highest biomass productivity.

3. The upscale of the-bioreactor should be investigated.
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The green microalga Haematococcus pluvialis is reported to be capable of accumulating the most superior
amount of astaxanthin. The microalga has been reported that its production is still limited by the low cell concentration
achievable in the bioreactor. To improve the efficiency, it is essential to cultivate the microorganism under controlled
conditions in a two-stage culture system. In the first stage, green vegetative cells are produced in illuminated airlift
photobioreactor, whereas in the second stage, the harvested cultures are transferred to the high light-intensity (outdoor)
semi-batch pond for the induction of astaxanthin. The objective of the present study is to cultivate Haematococcus
pluvialis in the 17L airlift photobioreactor. This airlift photobioreactor is designed to have the ratio between downcomer
and riser cross sectional area (Ad/Ar) of 2.78. The green motile cells are then transferred to a new designed raceway pond
for the examination of the induction of astaxanthin in outdoor conditions. It was found that optimum condition for the
cultivation of H. pluvialis in photobioreactor was using F1 medium with 20 pmol photon/mz/s illumination and 1%
carbondioxide aeration at 0.4 cm/s. However, growth and productivity of A. pluvialis was decreased after scaling up the
photobioreactor from 3 L to 17 L. Semi-continuous cultivation was performed in 17 L photobioreactor. Green vegetative
cells produced from 17 L photobioreactor was transferred to outdoor raceway tank in order to induce astaxanthin
accumulation. At this stage, H. pluvialis changed from green vegetative cells to green cysts and finally red cysts in 9
days.

Keywords Airliff photobioreactor, Haematococcus, Astaxanthin
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