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ABSTRACT

This study focused on bioprospecting of microalgae species with
commercial potential and their potential to be cultured under outdoor
conditions, with the main focus on lipids/fatty acids and carotenoids.
Species and strain selection was done by isolation of algal species from
highly selective environments (hypersaline microalgae) and by selection of
potential species from the Murdoch University culture collection. Three
algae species have been isolated from hypersaline environments (the
coccoid red, Amphora sp. MUR 258 and Navicula sp) and only one species,
Botryococcus braunii 807/2, was from our culture collection. Through the
initial selection processes, two promising species, Amphora sp. MUR 258
and Botryococcus braunii 807/2 were chosen for further study.
Amphora sp. MUR 258 is a newly isolated hypersaline pennate diatom
(Bacillariophyceae) that contaminated and took over a Dunaliella salina
culture grown in a 10m2 raceway pond at Murdoch University and
showed promise as a lipid producer. Limits to growth factors, lipids and
fatty acids profiles and the feasibility for outdoor long-term cultivation in
open raceway ponds were studied. This strain was able to grow well over
a wide range of temperatures (19-36oC) and salinities (6-12% NaCl). The
optimum specific growth rates occurred at 25 and 35o C at 9 and 7% NaCl
salinity, respectively. The cells accumulated more lipids in the exponential
phase except, when cultured at the highest salinity (12% NaCl) when more
lipids accumulated in the stationary phase. The highest lipid productivity
(41.5 mg.L-1.d-1) was achieved at 9% salinity and 25oC. When grown under
different N and P ratios, Amphora sp. MUR 258 achieved its highest
biomass

productivity

(84.74

mg.L-1.d-1)

at

the

lowest

nutrient

concentrations (1N:1P), whereas the highest lipid productivity (40 mg.Liii

.d-1) was observed at the highest nitrogen concentration (3N:1P). Cultures
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grown at high phosphorus concentration (1N:2P) had the lowest growth
rate, biomass and lipid productivity.

When grown under different N

sources (sodium nitrate, ammonium nitrate, ammonium chloride or urea),
Amphora sp. MUR 258 achieved its highest cell density (67X104 cells.mL-1),
growth rate (0.33 d-1) and biomass productivity (74.1 mg.L-1.d-1) with urea.
Irrespective of the growing conditions, the predominant fatty acids of the
Amphora sp. MUR 258 were palmitic acid (C16:0), stearic acid (C18:0),
palmitoleic acid (C16:1), and oleic acid (C18:1), as well as low quantities of
eicosapentaenoic acid (C20:5). The fatty acid profile of this strain makes it
a suitable species for biodiesel production.
Investigation on the reliability and performance of the long term growth
of Amphora sp. MUR 258 in outdoor paddle-wheel driven raceway ponds
in Perth, Western Australia showed that the alga can be grown
successfully in semi-continuous culture outdoor raceway ponds for 13
months when culture salinity was kept between 8.6 and 14.9% NaCl. The
highest cell density (167x104 cells.mL-1), specific growth rate (0.3 d-1),
biomass (24 g.m-2.d-1) and lipid productivity (6.8 g.m-2.d-1) were achieved
in summer. There was no contamination by other algae during the first
three months of culturing, but after this some contamination by Navicula
sp, Tetraselmis sp and Dunaliella sp were observed.
Botryococcus braunii strain 807/2 has been studied intensively in relation to
its hydrocarbon production and its ability to grow outdoors in raceway
ponds. However, B. braunii 807/2 also is a potential strain for carotenoid
production. Carotenoid production of B. braunii 807/2 was studied under
different growing conditions expected to favour carotenogenesis (nitrogen
limitation, high iron concentration at low and high light). The rate of
iv

carotenoid production of B. braunii 807/2 was faster under nitrogen
deprivation, high iron concentration at high light intensity than other
growing conditions. Lutein was the predominant carotenoid (43-55% of
total carotenoids) under optimum growing conditions (green cells),
whereas canthaxanthin (6-13% of total carotenoids) and astaxanthin (3.228% of total carotenoids) were the major carotenoids of red cells grown
indoors and outdoors, respectively.
In summary, this study suggests that the Amphora sp. MUR 258 and B.
braunii 807/2 are promising strains for the production of lipids/fatty acids
and carotenoids, respectively. However, further studies are still needed to
optimize the growth and the production of the product of interest.
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CHAPTER 1. INTRODUCTION

1.1

Microalgae and their current commercial applications and
potential application

Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms
that can be found in all ecosystems both aquatic and terrestrial (Richmond
2004; Mata et al. 2010).

According to Brennan and Owende (2013),

microalgae are categorized mainly based on their pigmentation, life cycle
and basic cellular structures. Borowitzka (2012) lists one Division of
prokaryotic microalgae, the Cyanophyta (Cyanobacteria), and eight
Divisions of eukaryotic algae with microalgal species: the Glaucophyta,
Rhodophyta, Cryptophyta, Heterokontophyta, Dinophyta, Haptophyta,
Euglenophyta and Chlorophyta.
Microalgae are an extremely heterogeneous group of microorganisms
which are potentially rich source of important chemicals with potential
application in the feed, food, nutritional, cosmetics, pharmaceuticals and
even in fuel industries (Olaizola 2003). Some of the important chemicals
from microalgae and their applications are discussed below.
1.1.1

Lipids/fatty acids

Microalgae can produce many different classes of lipids. Lipids produced
by microalgae can be grouped into two categories, structural lipids (polar
lipids) with a high content of polyunsaturated fatty acids (PUFAs) and
storage lipids (non-polar lipids) mainly in the form of TAG made of
predominantly saturated fatty acids and some unsaturated fatty acids
(Sharma et al. 2012).
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Polar lipids (phospholipids) and sterols are important structural
components of cell membranes which act as a selective permeable barrier
for cells and organelles.

These lipids maintain specific membrane

functions, providing the matrix for a wide variety of metabolic processes
and participate directly in membrane fusion events. In addition to a
structural function, some polar lipids may act as key intermediates (or
precursors of intermediates) in cell signalling pathways (e.g., inositol
lipids, sphingolipids, oxidative products) and play a role in responding to
changes in the environment. Of the non-polar lipids, TAGs are abundant
storage products which can be easily catabolized to provide metabolic
energy (Gurr et al. 2002). In general, TAGs are mostly synthesized in the
light, stored in cytosolic lipid bodies, and then reutilized for polar lipid
synthesis in the dark (Thompson 1996). Microalgal TAGs are generally
characterized by both, saturated and monounsaturated FAs. However,
some oil-rich species have demonstrated a capacity to accumulate high
levels of long-chain polyunsaturated fatty acids (PUFA) as TAG (Alonso et
al. 1998; Bigogno et al. 2002).
Compared to terrestrial crops, yields of microalgal lipids are higher.
Depending on the lipid content, microalgae can produce about 58,700 –
136,900 L oil ha-1 year-1 compared to that of soybean (636 L oil ha-1 year-1),
jatropha (741 L oil ha-1 year-1), canola (974 L oil ha-1 year-1) and palm oil
(5366 L oil ha-1 year-1) (Ahmad et al. 2011). Furthermore, microalgae can
be grown on non-arable land and can utilise sea water so that they will not
compete with food crops for habitats and for limited source of fresh water
(Borowitzka and Moheimani 2013b). They also can use industrial flue gas
as carbon source (Chisti 2007). Therefore, microalgae are more sustainable
to grow for lipid production.

2

Lipids and fatty acids content of microalgae are species specific and varied
widely among different species. Lipid content of thousands of microalgae
species studied showed huge variation ranging from 1 – 85% of dry cell
weight (Spolaore et al. 2006; Chisti 2007; Li et al. 2008). Nannochloropsis
spp and Botryococcus braunii can accumulate up to 80% of lipid (Larkum et
al. 2012). Similarly, Chlorella pyrenoidosa was able to accumulate up to 85%
lipid under nitrogen starvation (Rodolfi et al. 2009). There are some
potential applications of microalgal lipids. For example, in the cosmetic
industry, ethanolic or supercritical CO2 extract derived from microalgae
are used for lipid-based cosmetics such as cremes or lotions due to their
provision of both nourishing and protecting effects to the skin (Pulz and
Gross 2004).

In addition, other lipid classes such as glycol- and

phospholipid are also considered for future developments in skin care.
The algae are used for the preparation of anti-wrinkle cream due to its
great concentration in long chain fatty acids with great regenerative
capacities of the skin (Satyanarayana et al. 2011). Squalene is another type
of lipid that widely used in cosmetic and skin care preparation (Spanova
and Daum 2011). Some species of microalgae are reported to accumulate
high levels of squalene including Botryococcus (Achitouv et al. 2004) and
Aurantiochytrium (Kaya et al. 2011).
Microalgae have been suggested as a potential feedstock for the
production of bioenergy and biofuels (Ndimba et al. 2013).

Biofuel

products from microalgae include biodiesel, bioethanol and biomethane
(Sing and Gu 2010).

Biodiesel from microalgae has been reviewed

extensively by some authors (Chisti 2007; Hu et al. 2008b; Mata et al. 2010).
The potential of microalgae as biodiesel feedstock is due their capability to
accumulate high quantity of lipid that can be converted to biodiesel
(Parmar et al. 2011).
3

Recent interest in microalgal lipids has really focussed on their potential
for PUFAs production (Harwood and Guschina 2009). Many algae
produce lipids as storage products which can be seen as oil droplets in
cells (Andersen 2013). These lipids contain mainly polyunsaturated fatty
acids (PUFAs) including arachidonic acid (AA), docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA). For example, the green alga
Parietochloris incisa can accumulate high amount of AA (33.6% of total fatty
acids) at logarithmic phase and 42.5% AA of the total fatty acids at the
stationary phase of growth (Bigogno et al. 2002).

The marine

eustigmatophyte Nannochloropsis oculata, a marine unicellular alga with
high EPA content up to 68% at the end of stationary phase (Tonon et al.
2002) has been used in many mariculture hatcheries since the late 1980s
(Cheng-Wu et al. 2001). However, these microalgae species accumulate
high amount of PUFAs at stationary phase where the growth is slowing
down which in turn led to much lower productivity. In order to achieve
high productivity, the species should be able to produce high amount of
lipid/PUFAs at exponential phase.

Therefore, screening and selecting

species/strains that can accumulate high amount of lipids/PUFAs at
exponential phase

are extremely important as to achieve high

productivity.
Large quantities of EPA are also produced by the Pinguiophyceae
(Kawachi

et

al.

2002).

The

marine

microalga

Pavlova

viridis

(Prymnesiophyceae) is extensively used in marine aquaculture industries
of China for feeding bivalves at all stages of growth, mainly for its
richness in EPA (Hu et al. 2008a). Meireles et al. (2003) found significant
quantities of DHA in TAG (27%) of P. viridis.

Several species of

thraustochytrids produce substantial amounts of DHA including
Schizochytrium spp (35.6% of total fatty acids) (Yaguchi et al. 1997) and
4

Thraustochytrium aureum (40% of total fatty acids) (Iida et al. 1996).
However, currently, the only commercial production of microalgal
lipids/fatty acids especially for the production of DHA is derived from
Crypthecodinium cohnii(Wynn et al. 2010). This alga can produce up to 50%
of fatty acids as DHA (De Swaaf et al. 1999) and is marketed by Martek in
more than 60 countries (Harwood and Guschina 2009). This oil is mainly
used in infant formula (Borowitzka 2013b).

According to Frost and

Sullivan (2010), the global market for EPA and DHA was estimated to
exceed 85,000 t in 2009 and to grow to 135,000-190,000 t by 2015.
Therefore, bioprospecting of microalgae species for the production of high
value PUFAs such as AA, DHA and EPA is important.
In relation to lipids/PUFAs production, diatoms are particularly
interesting due to their well-known ability to accumulate high amount of
lipids/PUFAs (Table1 and Table2). Diatoms are highly productive source
of long-chain polyunsaturated fatty acids that are nutritionally and
therapeutically important as food additives and pharmaceuticals.
example,

Phaeodactylum

or

Nitzschia

are

a

potential

source

For
of

eicosapentaenoic acid (EPA) (Gong et al. 2011). Phaeodactylum tricornutum
can accumulate up to 30% of total fatty acids as EPA and it has been
widely used as a food in aquaculture (Jiang and Gao 2004). Kitano et al.
(1997) studied EPA production of two diatom species, Navicula saprophila
and Nitzschia sp and they found that N. saprophila and Nitzschia sp
produced 20.1 and 24.7 % EPA under photoautotrophic condition,
respectively. However, most diatoms especially pennate diatoms have a
tendency to stick to a substrate and therefore are not suitable for
cultivation in low cost open pond system such as raceway ponds. A study
done by Fon Sing (2010) found a pennate diatom Amphora coffeaeformis
MUR 158 that contain remarkably high lipid content up to 70% and has an
5

ability to grow at hypersaline condition. However, this diatom has a
tendency to adhere strongly to a substrate making it unsuitable for
outdoor mass cultivation in raceway ponds.

Microalgae species with

sticky behaviour are unreliable to grow inraceway ponds because mixing
facilitated by the paddle wheels is unable to suspend the cells to get access
to light resulted in much lower productivity. This diatom is probably
suitable to grow in biofilms.

Therefore, it is a challenging task to find a

diatom species that can be grown reliably for a long period in an outdoor
open pond system i.e. raceway ponds for the production of lipids/PUFAs
or for other applications.
Table 1. Lipid content of various diatom species
Diatom species
Amphora exigua
Amphora bigibba
Amphora sp
Amphora coffeaeformis MUR 158
Caloneis platycephala
Chaetoceros muelleri
Chaetoceros muelleri F&M-M43
Chaetoceros calcitrans CS178
Cocconeis scutellum
Cylindrotheca sp
Cymbella sp
Melosira nummuloides
Navicula lyra
Navicula sp
Nitzschia panduriformis
Nitzschia grossestriata
Phaeodactylum tricornutum
Phaeodactylum tricornutum F&M-M40
Seminavis gracilenta
Skeletonema costatum
Skeletonema costatum
Skeletonema costatum CS181
Skeletonema sp. CS252
Thalassiosira pseudonana C5173

Lipid content
(% Dry weight)
32.21-44.95
34.30-39.16
20 - 23
70
38.39-45.05
30.39-35.15
33.6
39.8
30.24-33.37
31.34-34.99
20 - 25
32.84-33.18
37.59-42.09
19 – 24
32.56-39.88
33.19-41.49
10.6-16.1
18.7
34.99-42.96
36.90-41.42
11.8-13.1
21.1
31.8
20.6

References
Chen 2012
Chen 2012
Khatoon et al. 2010
Fon Sing 2010
Chen 2012
Chen 2012
Rodolfi et al. 2008
Rodolfi et al. 2008
Chen 2012
Chen 2012
Khatoon et al. 2010
Chen 2012
Chen 2012
Khatoon et al. 2010
Chen 2012
Chen 2012
Laurenco et al. 2002
Rodolfi et al. 2008
Chen 2012
Chen 2012
Laurenco et al. 2002
Rodolfi et al. 2008
Rodolfi et al. 2008
Rodolfi et al. 2008
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Table 2. Fatty acid profiles (as % of total fatty acids) of various diatom species
Diatom species
Chaetoceros calcitrans
Chaetoceros
gracilis
no 1
Chaetoceros
gracilis
no 2
Skeletonema costatum
Thalasissira
pseudonana
Phaeodactylum
tricornutum
Skeletonema costatum

C12:0
-

C14:0
17.5
8.8

C15:0
0.8
1.0

C16:0
10.7
23.3

C16:1
30.8
34.7

C16:2
4.1
4.6

C16:3
8
2.3

C18:0
0.8
4.1

C18:1
3.0
5.3

C18:2
1.6
2.5

C18:3
-

C20:0
0.6

C20:1
-

C20:5
11.1
4.6

C22:1
-

C22:5
-

C24:0
-

-

11.6

1.2

17.8

28.6

3.1

2.2

3.1

9.9

4.9

-

0.6

-

5.7

-

-

-

-

20.1
14.3

1.2
0.8

16.5
11.2

30.5
18.7

6.8
7.2

3.7
12.7

0.8
0.7

1.5
0.6

-

-

-

-

6.0
19.3

-

-

-

0.3

0.5

1.9

1.4

-

-

1.92.7
0.43
1.2
0.83
0.51
0.62

-

-

2.12.5
1.82
2.53
4.9
3.47
1.16
5.39

-

-

6.78.6
2.28
5.94
17.04
15.77
3.81
18.23

0.22
0.75

0.54
-

9.51
3.38
0.74

1.01.2
2.62.8
-

-

-

21.223.2
1.21.7
8.6
13.14
3.68
3.98
4.84
3.59

-

-

4.57.0
3.13.5
2.25
1.75
8.09
6.70
3.77
15.21

2.4

32.18
-

11.111.7
14.018.1
15.52
16.07
2.70
2.55
6.75
4.70

-

1.71.9
-

9.710.3
13.814.6
11.78
2.21
9.81
12.89
8.75
15.66

-

Amphora exigua*
Amphora exigua**
Amphora bigibba*
Amphora bigibba**
Caloneis platycephala*
Caloneis
platycephala**
Chaetoceros
muelleri*
Chaetoceros
muelleri**
Cocconeis

20.325.4
7.18.0
51.39
3.2
32.33
37.98
62.09
23.24

-

65.10

-

7.40

3.03

-

-

9.01

4.44

2.86

0.64

-

0.95

3.64

-

-

1.23

8.92

77.41

-

2.56

2.11

-

-

3.18

2.63

0.54

0.1

0.05

-

1.61

-

-

0.15

-

44.82

-

11.49

3.12

-

-

5.37

16.06

3.43

1.50

-

2.08

2.47

1.36

-

1.9

0.8

-

0.61
1.31
7.56
4.41
0.34
3.48
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scutellum*
Cocconeis
scutellum**
Cylindrotheca sp*
Cylindrotheca sp**
Melosira
nummuloides*
Melosira
nummuloides**
Navicula lyra*
Navicula lyra**
Nitzschia
panduriformis*
Nitzschia
panduriformis**
Nitzschia
grossestriata*
Nitzschia
grossestriata**
Seminavis gracilenta*
Seminavis gracilenta**
Skeletonema costatum*
Skeletonema
costatum**

6.03

51.10

-

8.12

3.82

-

-

8.58

3.94

1.88

0.36

0.69

0.55

0.74

-

-

9.92

10.55
36.64
1.46

66.71
3.12
28.14

-

3.26
18.68
11.45

1.55
9.25
1.96

-

-

9.33
8.64
10.66

3.59
7.81
17.38

0.45
2.08
5.57

0.22
1.87
1.45

0.22
-

-

0.94
5.31
6.51

1.55

-

0.08
0.57
1.96

0.36

14.73

-

10.48

2.63

-

-

8.51

14.89

4.74

2.20

-

-

12.10

3.91

-

2.81

5.23
6.68
1.43

65.67
45.41
7.12

-

8.84
12.25
10.86

6.12
9.78
4.89

-

-

2.18
5.25
7.81

1.69
3.27
15.59

1.76
2.96
6.02

0.37
0.61
2.36

0.34
5.29

0.08
0.39
3.55

5.51
9.26
8.61

-

-

5.37

8.95

49.20

-

10.39

6.13

-

-

9.91

4.60

2.30

0.71

0.61

0.25

2.18

-

-

2.03

-

4.91

-

15.07

4.61

-

-

32.24

18.86

8.39

0.53

0.68

-

2.84

-

-

0.91

3.85

15.24

-

16.29

6.48

-

-

19.06

12.74

5.78

3.66

2.28

-

3.37

-

-

1.78

4.17
3.73
5.52

4.27
15.25
30.69
21.33

-

10.02
15.53
11.84
15.69

3.88
13.75
4.45
6.33

-

-

14.36
10.51
15.16
22.37

13.17
9.56
20.13
14.57

4.78
2.15
2.92
4.57

3.05
0.71
1.45
1.37

1.65
1.01
2.42

0.19
0.68
0.68

15.72
10.65
0.47
0.31

-

-

5.60
2.99
0.58
0.19

* in summer
**in winter
Modified from Volkman et al. 1989; Laurenco et al. 2002; Chen 2012;
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1.1.2

Carotenoids

Carotenoids are lipid soluble pigments that give yellow, orange or red
colours of plant leaves, fruit, flowers, feathers, crustacean shells, flesh and
skin of fish (Negro and Garrido-Fernandez 2000; Del Campo et al. 2007).
They are produced de novo by all photosynthetic organisms including
microalgae (Goodwin 1980).
Natural carotenoids can be divided into two classes: oxygen-free
hydrocarbons, the carotenes which are few in number and their
oxygenated derivatives, the xanthophylls which make up the vast majority
of carotenoids (Nakayama 1962; Rowan 1989). The xanthophylls can be
present as OH groups as in lutein, as oxi-group as in canthaxanthin or in a
combination of both as in astaxanthin (Higuera-Ciapara et al. 2006).
There are two major functions of carotenoids in microalgae, light
harvesting and photoprotection (Liaaen-Jensen and Egeland 1999).

The

role of carotenoids in photosynthesis is due to the occurrence of
carotenoids as integral part of the photosynthetic apparatus (Nakayama
1962) which involved in the energy transfer to chlorophylls.

As

photoprotection, carotenoids play role in quenching chlorophyll triplet
states, scavenging reactive oxygen species and dissipating excess energy
(Demming-Adams and Adams 2002).
There are over 600 naturally occurring carotenoids that have been
structurally identified to date. Amongst them, more than one hundred
carotenoids are found in microalgae (Liaaen-Jensen and Egeland 1999),
but only a few are used and produced commercially, the two main
compounds being β-carotene and astaxanthin. Increasing demand for βcarotene is due to its extensive applications as colouring agents, feed
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additive, antioxidant, anti-cancer agent and heart disease preventive in the
food, aquaculture, cosmetics and pharmaceutical and nutraceutical
industries (Edge et al. 1997; Del Campo et al. 2007; Prieto et al. 2011). βcarotene produced by microalgae stimulates the immune system via
facilitating the monocyte's function to increase the number of surface
molecules expressed while protecting cellular damage from oxidative
stress.

Coupled with its strong antioxidant properties, β-carotene can

extend its activity against several disease conditions, including cancer,
cardiovascular

disease,

rheumatoid

arthritis

and

several

β-carotene

available

neurodegenerative diseases (Dembinska-Kiec 2005).
According

to

Gomez

and Gonzalez

(2005),

commercially in the markets is dominated by chemically synthesized βcarotene. However, there has been considerable interest in the production
of natural β-carotene due to its superior bioavailability, antioxidant
capacity and physiological effects over its synthetic counterparts (Becker
1994).

Therefore, searching for novel sources of natural β-carotene is

necessary.
Currently, the main producer of natural β-carotene is the halophilic green
microalga Dunaliella salina(Ben-Amotz and Avron 1990). The extracted βcarotene is valued between US$300-1,500 kg-1 depending on formulation
with the total market value of about US$ 270 million in 2010 (Figure 1)
(Borowitzka 2013b).
Astaxanthin
commercially

is

another
from

the

important
fresh

carotenoid currently

water

pluvialis(Olaizola and Huntley 2003).

green

alga

produced

Haematococcus

It has many applications in

nutraceuticals, cosmetics, food and feed industries with the major use for
pigmentation of fish flesh, primarily salmon, trout and red sea bream (Del
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Campo et al. 2007).

The addition of the astaxanthin derived from

microalgae into the fish food of salmonids enhances the colour of the fish
muscles (Pulz and Gross 2004). Natural astaxanthin from Haematococcus
shows pharmaceutical efficacies, such as protecting against chemically
induced cancers, increasing high-density lipoproteins, and enhancing the
immune system (Lorenz and Cysewski 2000). It is valued at US$ 2.500 kg-1
with an annual worldwide aquaculture market of about US$ 200 million in
2004 and about US$ 257 million in 2009 (Del Campo et al. 2007).

Figure 1. Global market value of both synthetic and natural
carotenoids in 2010 (Borowitzka 2013b)
Another important carotenoid is lutein which is present in leafy green
vegetables, in corn, egg yolk and other foods with yellow colour (Del
Campo et al. 2007).

Lutein is used as food colouring, as feed additives in

aquaculture and poultry farming (Lorenz and Cysewski 2000; George et
11

al. 2001).

In the US, sales of lutein as additive valued to about US$ 150

million per year (Sanchez et al. 2008).

Emerging evidence of the human

health benefits of lutein has also been reported. For example, MaresPerlman et al. (2002) reported a protective role of lutein in delaying
chronic disease. Lutein seems to hamper the development of cataracts and
muscular degeneration and the progression of atherosclerosis (Dwyer et
al. 2001; Olmedilla et al. 2003; Koh et al. 2004).
Some microalgae are known to accumulate lutein.

For example,

Muriellopsis sp is able to produce 4.3 mg lutein g-1 dry weight, with the
lutein productivity of about 180 mg.m-2.d-1 when grown in a tubular
photobioreactor outdoors (Del Campo et al. 2001). Chlorella protothecoides
accumulated lutein of about 4.6 mg g-1 dry weigh in batch heterotrophic
growth at laboratory scale (Shi et al. 2006).

Chlorella zofingiensis also

accumulated 3.4 mg lutein g-1Dry weight when grown in bath
photoautotrophic growth at laboratory scale (Del Campo et al. 2004).
However, none of these algae are produced commercially as yet.
Currently, the main source of lutein for the market is derived from
marigold flowers (Piccaglia et al. 1998). One of the important factor that
need to be considered for bioprospecting microalgal species for any
commercial application including for the production of high value
carotenoids is the ability of the algal species to grow reliably for longperiod in a low cost production system (i.e raceway ponds).

The

Muriellopsis sp was grown in a closed system which is difficult and costly
to scaled-up whereas the Chlorella species were cultured in small scales in
indoor. It is necessary that the algal species could be able to grow at largescale in oudoor open pond systems for long-period to determine their
reliability and productivity.

Therefore searching for new lutein source

from microalgae is important. The target species is not only the one with
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greater lutein productivity than marigold flowers, but also should be able
to grow outdoors for more economical and sustainable production.
Yet another important carotenoid is fucoxanthin.

Fucoxanthin is a

yellowish brown xanthophyll found in the chloroplast of brown algae
(macroalgae) (Fung et al. 2013) and is the major carotenoid found in
diatoms (Foo et al. 2015). Although fucoxanthin is mainly reported from
macroalgae (Nomura et al. 2013; Rajauria and Abu-Ghannam 2013; Conde
et al. 2015; Fariman et al. 2015), some microalgae mainly diatom are also
known to accumulate high amount of fucoxanthin. According to Xia et al.
(2013), microalgae contain more fucoxanthin (about one to three order of
magnitude) than that found in macroalgae.

For example, the diatom

Phaeodactylum tricornutum extracted with ethanol contained about 15.71
mg.g-1Dry weight (Kim et al. 2012a). Kim et al. (2012b) also studied five
species of fucoxanthin-containing microalgae and found that Isochrysis
galbana had the highest fucoxanthin content of about 18.23±0.54 mg.g-1 dry
weight sample followed by Phaeodactylum tricornutum at about 8.55±1.89
mg.g-1 dry weight sample.

Xia et al. (2013) reported fucoxanthin

production of Odontella aurita (Bacillariophyceae) of about 14-15 mg
The marine diatom Chaetoceros calcitrans

fucoxanthin.g-1 dry weight.
(UPMC-A0010)

extracted

with

Dichloromethane

fraction

(DCMF)

contained 5.25 ±0.03 mg fucoxanthin.g-1 dry weight (Foo et al. 2015).
Growing interest in fucoxanthin is mainly due to its potential as
therapeutic agents as reported in many studies. For instance, fucoxanthin
isolated from the brown algae, Hijikia fusiforme showed anti-tumor activity
through inhibiting the growth of GOTO cells, human neuroblastoma cell
line (Okuzumi et al. 1990).

Fucoxanthin extracted from Sargassum

siliquastrum showed antioxidant activity by inhibiting intracellular ROS
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formation, DNA damage and apoptosis induced by H2O2 (Heo et al. 2008).
Fucoxanthin derived from the edible brown alga Saccharina japonica has
inhibitory effect on the invasion, migration, arrangement, adhesion of
metastatic cancer cells to endothelia cells by down-regulating the
expression of MMP-9, CD44 and CXCR4 (Chung et al. 2013). Fucoxanthin
and its metabolite fucoxanthinol showed anticancer effects on leukaemia,
lung, prostate, gastrointestinal, liver, bladder, skin, cervical, and breast
cancers via several mechanisms including cell proliferation inhibition,
apoptosis induction, cell cycle arrest and anti-angiogenesis (Martin 2015).
Liu et al. (2015) studied the effect of fucoxanthin extracted from Laminaria
japonica against visible light-induced retinal damaged and found that

fucoxanthin is more superior than lutein in suppressing overexpression of
vascular endothelial growth factor, resisting senescence, improving
phagocytic function, and clearing intracellular reactive oxygen species in
retinal pigment epithelium cells in vitro as well as in protecting retina
against photoinduced damage in vivo. Fucoxanthin also has potential in
terms of anti-obesity activity due to its ability to stimulate lipolysis and to
inhibit lipogenesis (Muradian et al. 2015).
Although both macro and microalgae are potential sources of fucoxanthin,
commercial production of carotenoids from macroalgae is still not feasible
due to low yields and slow growing calli which in turn lead to low
productivity (Reddy et al. 2008). In contrast, microalgae are fast growing
organisms due to their simple growth requirements and structures so that
energy is directed into growth and reproduction instead of the
maintenance of the differentiated structures (Walker et al. 2005).
Moreover, industrial production of microalgae for the production of other
high value carotenoids i.e. astaxanthin from Haematococcus pluvialis and βcarotene from Dunaliella salina is on-going, raising the possibility of
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commercial production of fucoxanthin from microalgae.

Therefore,

screening for microalgae species with high fucoxanthin content as well as
their potential for low cost production in outdoor system is thus an
important task.
Other carotenoids of interest are also found in microalgae including
echinenone from Botryococcus braunii (Matsuura et al. 2012), canthaxanthin
from Scenedesmus komareckii (Hanagata 1999) and zeaxanthin from
Dunaliella salina mutants (Jin et al. 2003).
Considering the potential market value as well as huge range of potential
applications of carotenoids especially β-carotene, astaxanthin, lutein and
fucoxanthin, searching for new sources of carotenoids from microalgae
with commercial potential is an important and challenging task.
1.1.3

Phycobiliproteins

Phycobiliproteins are a protein family covalently attached to linear
tetrapyrole prosthetic groups known as bilins due their close relationship
to the well-known humans bile pigments, biliverdin and bilirubin (Glazer
1999).

Phycobiliproteins

are

pigments

generally

found

in

the

Cyanophyceae, Rhodophyceae and Cryptophyceae (Rowan 1989) where
they function as photosynthetic accessory proteins that absorb light at a
wide range of wavelength in the visible part of the spectrum and transfer
the excited energy in to the reaction centres of the photosynthetic
membranes for conversion to chemical energy (Glazer 1999).
There are four major types of phycobiliproteins namely phycocyanin,
phycoerythrin, allophycocyanin and phycoerythrocyanin (Rowan 1989).
The classification of these pigments is based on their absorption spectra.
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For example, phycobiliproteins in cyanobacteria and Rhodophyta can be
divided into three classes on the basis of their major absorbance maxima.
Phycoerythrin absorption maxima are ~ 550-565 nm, phycocyanin is ~ 610625 nm and allophycocyanin is 650 nm. Visually, phycoerythrins appear
red,

phycocyanins

range

from

purple

(phycoerythrocyanin,

R-

phycocyanin) to deep blue (C-phycocyanin) whereas allophycocyanins
appear blue with a hint of green. Originally, the prefixes, C-, R-, and Bdesignated the pigments extracted from Cyanophyceae, Rhodophyceae
and Bangiales, respectively. However, further investigation showed that
the pigments from these groups do not entirely match; Cyanophyceae
sometimes contain R-phycoerythrin or B-phycoerythrin (Heocha 1962) and
the prefixes now refer to the pigments on the basis of absorption spectra
characteristic (Rowan 1989).
The phycobilin pigments have a wide range potential application
including as food colouring agents and cosmetics such as lipstick and
eyeliners in Japan, China and Thailand (Dainippom Ink and Chemicals
1985), as fluorescent conjugates in activated cell sorting, flow cytometry,
immunoassay and microscopy (Glazer and Stryer 1984) and as probes for
immunodiagnostics (Kronick and Grossman 1983).

Depending on the

purity, the C-phycocyanin is valued between US$500-100,000 kg-1(RitoPalomares et al. 2001). The global market for phycobiliproteins has been
increasing.

In 1997, the global market value was estimated at US$50

million (Spolaore et al. 2006) and the current total market value for
phycobiliprotein products is estimated to exceed US$60 million
(Borowitzka 2013b).
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1.1.4

Other chemicals

Some species of microalgae contain high protein content that sometimes is
even superior to that of conventional plant protein making them a good
source of protein for exploitation as food supplements (Chacon-Lee and
Gonzales-Marino 2010). Species of interest include Spirulina platensis and
Arthrospira maxima with protein content over 60% of dry matter, Chlorella
vulgaris (48-58% of dry weight) (Tokusoglu and Unal 2003; Becker 2007),
and Porphyridium cruentum(34%) (Rebolloso-Fuentes et al. 2000).
Microalgae are also a good source of carbohydrate found in the form of
starch, cellulose, sugars and other polysaccharides (Chacon-Lee and
Gonzales-Marino 2010).

According to Borowitzka (2013b), a few

polysaccharides derived from microalgae have found niche market for use
in cosmetics. Polysaccharides can also be used as bio-flocculants, as an
agent for emulsion stabilization, as thickening agent for alteration of water
rheological characteristics and as heavy metal removal agents for
treatment of polluted water (Markou and Nerantzis 2013).
microalgae

are

known

to

produce

relatively

high

Several

amount

of

polysaccharides including Botryococcus sp (Lupi et al. 1994), Dunaliella sp
(Mishra and Jha 2009), Cyanospira capsulate (De Philippis et al. 2001), and
Cyanothece sp (Philippis et al. 1993; Chi et al. 2007).
Carbohydrates are also a preferable feedstock for several biological
biomass conversion technologies and especially for the technology of
fermentation of sugars for the production of bioethanol (Markou and
Nerantzis 2013).

In contrast to biodiesel production, bioethanol

production from microalgae by fermentation has not been reported
extensively.

Microalgae are suitable for bioethanol production due to

their high carbohydrate and protein content that can be used as carbon
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sources for fermentation carried out by bacteria, yeast or fungi under
anaerobic conditions. Ethanol production from microalgae has been
reported by several authors. For example, Harun et al. (2010) reported
bioethanol production from fermentation of Chlorococcum sp using yeast.
Ueda et al. (1996) have patented ethanol production by fermentation in
anaerobic and dark environment and then used the remaining algal
biomass after fermentation to produce methane. In relation to biomethane
production from microalgae, biogas produced from anaerobic digestion of
microorganisms consists mainly of methane (55-75%) and CO2 (25-45%)
(Sing and Gu 2010) and that methane can be used as fuel gas and to
generate electricity (Holm-Nielsen et al. 2009).Microalgae with high
carbohydrate content include Porphyridium cruentum (40-57% of dry
weight) and Spirogyra sp (33-64% of dry weight) (Becker 2007), and
Nannochloropsis spp (36%) (Rebolloso-Fuentes et al. 2001).
Microalgae also have the ability to produce other biologically active
compounds including antimicrobial (antibacterial, antifungal, antialgal
and antiprotozoal), antiviral, toxins and other pharmacologically active
compounds (Borowitzka 1995; Singh et al. 2005). Antiviral substances
found in cyanobacteria, diatoms and the conjugatophyte Spirogyra,
antifungal from cyanobacteria extract, anthelmintic from Spirogyra and
Oedogonium (Pulz and Gross 2004) and the algacides (cyanobacterin and γlactone) from cyanobacteria (Gleason et al. 1986).
Many microalgae especially the cyanobacteria and the dinoflagellates are
known to produce toxins (Borowitzka 1995; Singh et al. 2005).

For

example, saxitoxin found in a number of dinoflagellates has been used as
an aid in microsurgical procedures and as an experimental treatment for
short-sightedness.

Other

toxins

including

okadaic

acid

and
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dinophysistoxin-1 produced by dinoflagellates and microcystin, nodularin
and hepatotoxins produced by cyanobacteria are useful tools in studies of
cellular regulation (Borowitzka 1995).

Some other toxins including

hepatotoxin, kalkitoxin, antillatoxin, barbamide and anatoxin, have been
isolated from cyanobacteria (Singh et al. 2005).
Other pharmacologically active compounds derived from microalgae
include anti-hypertensive agents from Dunaliella tertiolecta, nicotine block
from Phaeodactylum tricornutum and neuromuscular block from Navicula sp
(Borowitzka

1995),

anticancer

(Sirenko

et

al.

1999),

and

anti-

inflammatoryagents(Baker 1984). High value metabolites such as
cyanovirin-N (anti HIV), borophysin (potent cytotoxicity against human
epidermoid carcinoma and human colorectal adenocarcinoma cell lines),
cryptophycin (antifungal), lipopeptides (anticancer, antibiotic, antiviral,
enzyme

inhibitor),

and

protease

inhibitor

have

been

found

in

cyanobacteria (Singh et al. 2005).
1.1.5

Other potential applications of microalgae

Apart from the important products produced by microalgae, they also
have some other important uses/application including animal feed, CO2
fixation and waste water treatments (Pulz and Gross 2004).
Microalgae are considered to be the best food source and feed additive for
aquaculture (Milledge 2011). They are a food source for early stage of
many species of molluscs, crustaceans and fish (Lavens and Sorgeloos
1996). In addition to direct feed, they serve as food source forzooplankton
including rotifers and copepods used as feed for rearing fish larvae (Raja
et al. 2008). Microalgae species such as Spirulina/Arthrospira and Dunaliella
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are often added to common fish feed to enhance the colour of the
ornamental fish (Pulz and Gross 2004).
There are over 40 species of microalgae used in aquaculture worldwide
including Skeletonema, Chaetoceros, Phaeodactylum, Nitzschia, Thalassiosira
(Bacillariophyta), Isochrysis and Pavlova (Prymnesiophyceae), Tetraselmis
(Prasinophyceae), Chlorella, Scenedesmus, Dunaliella (Chlorophyceae) and
Spirulina/Arthrospira (Cyanobacteria). The production of microalgae used
in aquaculture reached 1000 t in 1999 (Spolaore et al. 2006).
Microalgae are also included in pet food which affect not only the health
but also the external appearance of the pets such as shiny hair and
beautiful feathers (Pulz and Gross 2004). Feeding poultry with algae (510%) enhances the colour of the skin and egg yolk due to the carotenoids
(Milledge 2011). However, too much algae in the feed may lead to adverse
effects (Spolaore et al. 2006).
The ability of microalgae to utilize CO2 and to convert it to biomass
containing various important chemical substances with various important
applications has led to the exploitation of microalgae for CO2 fixation from
industrial exhaust gases (Moheimani et al. 2012; Lara-Gil et al. 2014). This
is an emerging microalgal application which has been explored in many
countries including Germany, Norway, Japan, Italy and the United States
(Pulz and Gross 2004).
Some species of microalgae are considered to be suitable for CO2 fixation
from flue gases due to their ability to tolerate high levels of CO2. A study
done by Zeiler et al. (1995) demonstrated the ability of the green alga
Monoraphidium minutum to efficiently utilise simulated flue gas containing
high concentration of CO2, sulphur and nitrogen oxides to generate
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substantial biomass. Chlorococcum littorale can tolerate high CO2 levels up
to 60% using step wise adaptation technique (Kodama et al. 1993).
Chlorella sp. and Scenedesmus sp. can be grown under 40 and 80% CO2
conditions, respectively

(Hanagata et al. 1992).

The coccolithophorid

algae such as Pleurochrysis carterae and Emiliania huxleyi havepotential for
biological CO2 fixation and recycling (Moheimani and Borowitzka 2006;
Moheimani et al. 2012).
Another potential application of microalgae is for wastewater treatments,
producing clean water sources for various uses as well as preventing
water pollution and health hazards (Brenner and Abeliovich 2013).
According to Wu et al. (2014), domestic effluents and livestock and
agricultural wastewaters are types of wastewater recently used by
researchers for microalgal cultivation. In addition, wastewater can contain
high concentration of ammonia, other chemicals or growth inhibitors,
organic matters that stimulate the growth of other microorganisms i.e.
bacteria, and toxins such as heavy metals (cadmium, mercury or zinc).
The most commonly used microalgal species for wastewater treatments
are unicellular green microalgae because they seems to be more tolerant to
many wastewater conditions (Sydney et al. 2011; Park et al. 2012) being
Chlorella and Scenedesmus as the predominant species of the microalgal
communities in waste stabilization ponds (Powell et al. 2008) or high-rate
algal ponds (Canovas et al. 1996; Craggs et al. 2012).
1.2

Large scale outdoor systems

Generally, there are two major systems of mass cultivation of microalgae:
(1) open systems where the culture is directly exposed to the environment
and (2) closed systems where the culture is totally enclosed within the
21

culture vessels commonly called photobioreactors (PBRs) (Borowitzka and
Moheimani 2013a).
1.2.1

Open pond culture systems

Open pond culture systems can be classified as shallow ponds, circular
ponds, raceway ponds, inclined systems and mixed ponds (Borowitzka
and Moheimani 2013a).
Shallow ponds (lagoons)
Large ponds greater than 200 ha with an average depth of about 0.3 m
used for cultivation of D. salina at Hutt Lagoon in Australia is an example
of shallow big ponds (Borowitzka 2013a). Mixing of the ponds is by wind
and convection (Borowitzka 1999a; Tredici 2004).
Raceway ponds
Raceway ponds are the most common type of culture system used for
commercial production of microalgae. The systems consist of a circuit of
parallel channels equipped with a paddle wheel used for circulating the
microalgal culture (Zittelli et al. 2013).

Raceway ponds can be built in

concrete or dug in the ground and may be covered with a plastic liner.
These systems are used to produce Arthrospira by Earthrise Nutritionals,
LLC (California, USA) and Hainan DIC Microalgae (China) and to
produce astaxanthin from Haematococcus pluvialis by Cyanotech Co.
(Hawaii, USA) and Parry Agro Industries Ltd (India) (Zittelli et al. 2013)
and for commercial Dunaliella production (Borowitzka 2013a).
Circular ponds
Circular ponds with a centrally pivoted rotating agitator are still widely
used in Japan, Taiwan and Indonesia (Lee 2001; Zittelli et al. 2013).
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However, the size of the pond is limited to about 10,000 m2 due to the
nonhomogeneous mixing and mechanical problems of a long rotating arm
(Tredici 2004). The largest pond reported is 50 m diameter (Lee 1997).
Inclined systems (cascades)
These systems allow the alga culture to flow down a sloping surface and
end in a retention tank from where it is pumped back to the top of the
incline (Borowitzka and Moheimani 2013a; Zittelli et al. 2013).

The

advantages of these systems include efficient use of light due to short
optical path (< 10 mm) of the flowing algal culture thus giving high
biomass density and ease/cheaper harvesting (Masojidek et al. 2011) and
the possibility to quickly secure the culture in case of emergency
(accidents

or

unfavourable

culture

conditions)

(Borowitzka

and

Moheimani 2013a; Zittelli et al. 2013).
Mixed ponds
These systems are mainly used for the production of microalgae for
aquaculture feed (Borowitzka 1997).

The pond/tank is about 50-80 cm

deep. Mixing of the culture is provided from aeration from the bottom of
the pond/tank thus giving low productivity (Borowitzka and Moheimani
2013a).
The most successful commercial algal strains grown in outdoor open
ponds have the ability to thrive in extreme environments that inhibit
competition (Lee 2001). For example, Dunaliella, Spirulina and Chlorella
strains grow in environments with extremely high salinity, alkalinity and
nutrients, respectively (Borowitzka 1999a).
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1.2.2

Closed systems (PBRs)

In these systems, the light as the source of energy does not directly
impinge on the surface of the culture but needs to pass through the
transparent walls of the vessels before reaching the algal cells (Tredici
2004). In addition, direct exchange of gases, liquids and particles between
the cultures and atmosphere is very limited (Zittelli et al. 2013).
Closed photobioreactors can be tubes, plates or bags made of plastics,
glass or other transparent materials, in which the algae are supplied with
light, nutrients and carbon dioxide (Carvalho et al. 2006). In general, there
are two major types of enclosed photobioreactors; tubular and flat plate
photobioreactors (Lee 2001).
Tubular photobioreactors
These reactors are the most common design available and the preferred
ones in commercial algae production (Tredici et al. 2010) and they are
usually constructed from with either glass or plastic tubes in which the
culture is circulated with pumps or by means of airlift systems. Various
forms of tubular reactors have been proposed including horizontal
straight tubes connected by U-bends (Tredici and Materassi 1992), flexible
tubing coiled around a vertical cylindrical frame work (Borowitzka 1999a),
a type of photobioreactors with cross tubes arranged at an angle with the
horizontal(Lee et al. 1995), vertical (Pirt et al. 1983) and inclined
arrangement (Ugwu et al. 2002).
Flat (plate) photobioreactors
Several studies have investigated the growth of algae in different types of
plate photobioreactors. For example, Nedbal et al. (2008) designed a flatcuvette photobioreactor that can accurately control culture irradiance,
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temperature, pH and gas composition combined with real-time
monitoring by a build-in fluorometer and densitometer and demonstrated
the performance of the reactor using the nitrogen fixing cyanobacterium
Cyanothece sp. ATCC51142.

Moheimani et al. (2011) have successfully

grown Pleurochrysis carterae in a specially designed flat reactor with the Vshape of the base of the reactor. Flat plate photobioreactors were also
used for growing Spirulina platensis(Hu et al. 1998), Isochrysis sp (Liu and
Lin 2001; Zhang and Richmond 2003), Nannochloropsis sp (Zittelli et al.
2000; Richmond and Wu 2001), Porphyridium sp (Singh et al. 2000), and
Chaetoceros muelleri var. subsalsum(Zhang and Richmond 2003).
Compared to open systems, closed systems have higher productivity due
to a greater degree of control regarding process parameters and protection
against invading species (Table 3). However, high capital and operating
costs of PBRs have limited their commercial use for the production of high
value products (Tredici 2010).
Table 3. Biomass productivity of several microalgal species cultured in
outdoors
Microalgal
Species
Chaetoceros
muelleri var.
subsalsum
Chlorella sp

Biomass
productivity
8.7-15.4 g.m-2.d-1

Cyclotella sp

12 g.m-2.d-1

Dunaliella salina

1.65 g.m-2.d-1
(average annual
productivity)
3.5 g.m-2.d-1

Haematococcus

25 g.m-2.d-1

Culture systems

References

Vertical plate-glass
reactors

Zhang and
Richmond 2003

Thin-layer high
density microalgal
culture system
Raceway ponds

Doucha and
Livansky 1995

Open tanks

Vertical panel

Huesemann et
al.2009
GarciaGonzalez et al.
2003
Imamoglu et
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pluvialis
Isochrysis
galbana
Nannochloropsis
oculata

photobioreactors
Vertical plate-glass
reactors
Outdoor
photobioreactors

al.2008
Zhang and
Richmond 2003
Quinn et al.
2012

Raceway ponds

Payer et al.
1978

11.7 g.m-2.d-1

Tubular
photobioreactors
Open ponds

33.68 g.m-2.d-1

Raceway ponds

Spirulina
platensis
Spirulina
platensis
Spirulina
platensis
Spirulina
maxima
Spirulina sp

27 g.m-2.d-1

Raceway ponds

33 g.m-2.d-1

Tetraselmis

5-40 g.m-2.d-1

Flat-plate
photobioreactors
Flat-plate
photobioreactors
Tubular
photobioreactors
Tubular
photobioreactors
Raceway ponds

Benavides et al.
2013
Benavides et al.
2013
Moheimani and
Borowitzka
2006
Richmond et al.
1990
Hu et al. 1996

Amphora sp.
MUR 258

24 g.m-2.d-1 (max
productivity)
7 g.m-2.d-1 (the
annual average
productivity)

Scenedesmus
obliquus
Phaeodactylum
tricornutum
Phaeodactylum
tricornutum
Pleurochrysis
carterae

7.9-13.3 g.m .d
-2

-1

0.37 g.L-1.d-1
(max
productivity)
0.16 g.L-1.d-1
(annual average
productivity)
15 g.m-2.d-1
(average annual
productivity)
13.1 g.m-2.d-1

24 g.m-2.d-1
25 g.m-2.d-1
27.8 g.m-2.d-1

Raceway ponds

Tredici et al.
1991
Torzillo et
al.1986
Torzillo et
al.1986
Matsumoto et
al. 1995
In this study
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1.3

Screening methods and key criteria microalgae should meet their
use to produce specific products in large scale outdoor culture

Species or strain selection is the first and critical step in bioprospecting of
microalgae for any commercial application (Borowitzka 2013c).

In

addition, the selected species/strain must have high productivities of the
target products when mass cultivated in the preferred culture system.
Screening of microalgae of microalgae species involves a series of steps
including

sample

collection,

isolation,

purification,

identification,

maintenance and characterization of potential products (Gong and Jiang
2011). There are two possible sources of selecting/screening microalgae;
from microalgae culture collections and from natural environments.
Species selection through microalgae culture collections can be accessed
easily although the number of microalgae species kept in the culture
collection is only a small fraction of microalgae species that exist in nature
(Borowitzka 2013c). On the other hand, untapped resources of microalgae
species can be isolated from natural environments. Isolating and selecting
of local microalgae species/strains has a competitive advantage especially
for microalgae species intending to be mass produced in outdoor as they
are well adapted to the local climatic environment (Larkum et al. 2012).
Isolation of microalgae from a wide range of environments can be done
through

a

variety

of

techniques

including

traditional

and

automated/advanced processes. Traditional methods include single-cell
isolation using micropipette, isolation using agar media, dilution
techniques and gravity separation using centrifugation and settling and
media enrichment (Andersen and Kawachi 2005; Mutanda et al. 2011).
Automated techniques of microalgal isolation have been developed to
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reduce the time required to collect and isolate new algae species including
flow cytometry (Sieracki et al. 2005; Mutanda et al. 2011).
Apart from the productivity of the product of interest, there are some
other criteria that need to be considered to improve the reliability of the
cultures in outdoors for long periods as well as to reduce the production
cost. Some of the important criteria are discussed below.
1.3.1

Wide temperature tolerance

When grown in outdoor open pond systems, cultures will expose to
varying environmental conditions i.e. temperature and irradiance.
Depending on location, temperature can vary during the day and with
season (Borowitzka 2013c). In an area with high insulation i.e. Perth,
Western Australia, temperature can reach up to 42oC in summer and can
drop to -1oC in winter (Bureau meteorology 2012).

Therefore, it is

important that the selected species/strain is able to tolerate a wide range of
temperature so that algal biomass can be produced at all times of the year.
Dunaliella salina can be grown at the production plants in Australia for the
whole year due to its very broad temperature tolerance (Borowitzka,
2015). Monoraphidium minutum was grown in outdoor raceway ponds in
Roswell, New Mexico, USA throughout the year although the productivity
was markedly lower in winter (Weissman et al. 1989).

A similar study

done by (Moheimani and Borowitzka 2006)who found that the
coccolithophore Pleurochrysis carterae could be grown in outdoor raceway
ponds over a period of 13 months in Perth, Western Australia.
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1.3.2

Wide salinity tolerance

Tolerance to a wide range of salinity is one of the important criteria for
growing microalgae at large scale in outdoor open pond systems because
salinity variation is most likely to occur due to extensive evaporation and
dilution caused by high temperature and rain, respectively (Khatoon et al.
2010).

To make up for evaporation losses, freshwater is added to the

culture to maintain constant salinity. Alternatively, saline water is used
leading to increase in salinity over time (Borowitzka 2013c). Therefore, if
the latter option is used, microalgae species with a wide salinity tolerance
is preferred to obtain reliable cultures for long period.

In addition,

microalgae species that are tolerant of a wide range of salinity will
potentially less prone to contamination in large-scale culture for long
period.
Several microalgal species have beenreported to have a wide salinity
tolerance. For example, Fon Sing and Borowitzka (2015) have isolated and
screened microalgae species from hypersaline environments in Western
Australia for outdoor large scale culture in hypersaline media for biodiesel
production.

They found several strains that can grow at high wide

salinity ranging from 3-11% NaCl with high productivity. However, both
biomass and lipid productivity were higher at low salinity (3% NaCl) as a
result of high growth rate and much lower productivities at the highest
salinity (11% NaCl) due lower growth rate. If the strains are grown at low
salinity as to achieve high productivities, the contamination issues would
likely to be encountered resulted in the difficulty to obtain reliable culture
for long-period.

On the other hand, strains that can grow well at

hypersaline media with high productivity would be more reliable and
sustainable to be cultured in outdoor open pond systems i.e. raceway
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ponds as the contamination issues would be less likely to have occurred
and the gradual increase in salinity due to the use of sea water to make up
evaporation loss would not be a problem. It is therefore, important to
isolate and screen for microalgae species capable to grow well at a wide
range of salinity specifically in hypersaline environments as to achieve
more reliable culture for long period.
1.3.3

Ease of harvesting

Harvesting of microalgal biomass is a costly process accounting for about
20-30% of the total cost (Molina Grima et al. 2003). One of the main
considerations in selecting cost-effective and high recovery efficiency of
harvesting techniques is the morphology of the algae (Gong and Jiang
2011; Borowitzka 2013c).

For example, heavy cells of diatoms and

coccolithophorid algae settle easily allowing simplification of the
harvesting process by settling the cells whereas filtration is effective for
large, filamentous and colonial species such as Spirulina, Skeletonema or
Botryococcus(Borowitzka 2013c).
1.3.4

Outcompete other contamination

One of the major limitations of sustainable production of microalgae
culture in outdoor open pond systems is contamination by other
microorganisms (Richmond 2013). Contamination is unavoidable due to
the impossibility to maintain sterile and axenic conditions in outdoor open
pond systems (Packer 2009).
To be successfully grown in outdoor for long periods, species of
microalgae must have the ability to grow at highly selective environments
to enable them to grow and to outcompete other contaminants (other
algae and protozoa) (Borowitzka 1999a). Some species of microalgae
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currently produced commercially in outdoor open pond systems include
Dunaliella salina that requires very high salinity to grow (optimum at 22%
NaCl) (Borowitzka 2013a), Chlorella that grow well at higher nutrient
concentration (Liu and Hu 2013) and Arthrospira (Spirulina) that requires
high carbonate and bicarbonate alkalinity and high pH (Belay 2013). Sing
et al. (2011) proposed an alternative strategy to guarantee the dominance
of the target species by inoculating high concentration of the starter
cultures.
Hypersaline environmentsare one of the ideal extreme environments for
screening purposes as the isolates from this environment are robust with
unusual characteristics adapted to high salt concentration (Mutanda et al.
2011) allowing them to outcompete other contaminating algae and
protozoa as not many microorganisms can withstand high salt
concentration.
1.4

Key factors affecting growth and productivity (both biomass and
products) in outdoor large-scale cultures

1.4.1

Light

Light is the source of energy which drives photosynthesis (Masojídek et al.
2013) and the quantity and quality of light are the major factors controlling
the productivity of photosynthetic cultures (Pulz and Scheinbenbogen
1998). However, too much light can lead to reduced productivity due to
photoinhibition and photodamage (Borowitzka, 2015)
Microalgae cultivation systems can be illuminated by sunlight or artificial
light. The use of sunlight as a light source in algal cultivation has several
advantages.

First, it is abundant and can provide the highest light

intensity at ~1100 W m-2 at mid-day (≈5000µmol photons m-2 s-1), exceeding
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the required irradiance for efficient production of microalgae (Miyake et
al. 1999). Second, it is free compared to the costly artificial light and
thirdly, sunlight provides full spectrum of light energy to support the
growth of microalgae and the production of the target products (Chen et
al. 2008). In addition, most commercial cultivation of microalgae carried
out in open ponds utilizes solar energy as the light source (Pulz 2001).
However, the impossibility to control the fluctuations of light intensity
(diurnal and seasonal variation) and day-night cycles which are locationspecific is the main drawback of the use of sunlight (Blanken et al. 2013).
Fluctuations in irradiance can be managed by applying artificial lighting
(Blanken et al. 2013). There are three promising types of artificial light
sources for microalgae cultivation which are of interest for indoor
cultivation systems. The first type are fluorescent tubes which exhibit a
PAR efficiency of 1.25 μmol photons s−1W−1 (µmol PAR photons per
second per watt of energy) and are mostly exploited in laboratories and
plant growth chambers. The second type are the HIDs from which the
high pressure sodium lamp with a PAR efficiency of 1.87 is the most
commonly employed in horticulture. The third type are LEDs, which are
continuously being improved. Currently, commercially available LEDs
exhibit a PAR efficiency of 1.91 μmol-photons s−1W−1(Blanken et al. 2013).
However, the use of artificial light has some drawbacks. The first
disadvantage is the increase of the overall costs. Gordon and Polle (2007)
pointed out that the extensive exploitation of artificial light results in
investment and electricity costs which in turn led to the increase in the
final production costs.

The second disadvantage is the negative energy

balance caused by energy losses in luminaries and during energy fixation
into microalgae biomass. These disadvantages might be acceptable in the
production of high value products but should in general be avoided
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(Blanken et al. 2013). Therefore, the use of sunlight as the energy source is
the best option for large scale microalgal cultivation.
Algae cultures growing in outdoors are exposed to varying light intensity
during the day and with seasons and the photosynthetic productivity of
algae cultures at any given irradiance is influenced several factors
including cells concentration, culture depth, turbulence, nutrient supply,
temperature and oxygen concentration (Borowitzka 2016).

Several

strategies can be applied to deal with irradiance fluctuation in outdoors as
to achieve higher productivity including managing cell density and
mixing. In the very dense cultures, the irradiance decreases rapidly from
the surface of the culture and cells deeper within the culture may actually
be in the dark (Oswald 1988).

Hence, mixing is needed to enhance

photosynthesis (Richmond 2013) as mixing facilitates

the algal cells

movement from unilluminated/low light regions to the high-light upper
layer so that the cells are exposed to an alternating light/dark pattern
(Richmond 1986a; Borowitzka 2016). However, mixing cannot be applied
to all cultures due shear sensitivity of many algae species (Sulivan and
Swift 2003; Sulivan et al. 2003). It is therefore important to select shear
resistance species for outdoor mass cultivation.
Maintaining cell density at or near the optimum cell density (OCD) will
sustain maximum productivity. Increased in cell density beyond OCD
will reduce productivity due to shelf-shading of the algal cells
(Borowitzka 2016).Hu et al. (1996) studied the relationships between
different cell density (much below the OCD, around OCD and well above
OCD) and the extent of photoinhibition of Spirulina sp. They found that
the PS II efficiency was greatly reduced at lower cell density. At OCD,
alittle decrease in Fv/Fm was observed in midday. Conversely, at high cell
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density above OCD, the availability of the light was very limited due to
mutual shading which in turn reduced productivity. Hence, cell density
should be maintained at the OCD range.

If regular harvesting and

topping up of the cultures is done, harvesting the cultures at late
afternoon or evening may be more practical and may improve the overall
productivity of outdoor algal cultures (Richmond 2013) as harvesting
during the day will expose the remaining cells to high irradiances which
in turn can lead to photo-inhibition and even photo-damage resulting in
reduced productivity (Borowitzka 2016).
Light intensity affects the biochemical composition of microalgae (De la
Pena 2007).

Lamers et al. (2010) studied the effect of light on both

carotenoids and fatty acid levels in Dunaliella salina using a plate panel
photobioreactor.

They observed a massive increased in β-carotene

production (one or two orders of magnitude larger than the average
production rate obtained at commercial β-carotene production plant)
upon the shift to an increase light intensity. In addition, accumulation of
cellular β-carotene correlates with accumulation of specific fatty acids
(C16:0 and C18:1) rather than with total fatty acid content. The effect of
different light intensity on astaxanthin accumulation of Haematococcus
pluvialis was studied by (Imamoglu et al. 2009).

They found that the

astaxanthin content increased up to 25% as the light intensity increased
from 445 to 546 µmol photons m-2 s-1. In addition, the cells grown at high
light intensity (546 µmol photons m-2 s-1) appeared brighter red
demonstrating that high light intensity had better influence on astaxanthin
accumulation.

When Chlorella zofingiensis cells exposed to 460 or 920

μmol photons m−2 s−1, the lutein level in the cells was less than half of that
maintained at low light intensity (90 μmol photons m−2 s−1). In contrast,
the astaxanthin level was about 3 times higher at high irradiance than that
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at low irradiance (Del Campo et al. 2004). In Muriellopsis sp, lutein was
enhanced up to 40% as light intensity increased from 184-460µmol
photons m-2 s-1but decreased by about the same proportion at higher
irradiance (Del Campo et al. 2000).

In contrast, astaxanthin and

canthaxanthin production exhibited an opposite trend reaching maximal
at the highest irradiance assayed (1725 µmol photons m-2 s-1).

The effects of different light intensities (75, 150 and 300 µmol photons m-2s) on the fatty acids compositions of two strains of Spirulina were studied

1

by Cohen et al. (1987). They found that the fatty acid content of both
strains at high light intensity (300 µmol photons m-2s-1) was much lower
than at low light intensity (150 and 75 µmol photons m-2s-1). An opposite
effect was observed in Nannochloropsis sp (Pal et al. 2011), where the total
fatty acids content was higher at high light intensity (700 µmol photons m2

s-1) compared to that at low light intensity (170 µmol photons m-2 s-1).

Exposure to high light intensity (300 µmol photons m-2 s-1) increased the
level of TAG and decreased the total phospholipid content of the
filamentous green alga Cladophora sp (Napolitano 1994). Similarly, Brown
et al. (1996) observed an increased percentage of TAG concomitant with a
reduced percentage of the total polar lipids in the cells of the diatom
Thalassiosira pseudonana grown under 100 µmol photons m-2 s-1 compared
to 50 µmol photons m-2 s-1.
1.4.2

Temperature

Temperature is the most important limiting factor, after light, for culturing
microalgae in any outdoor cultivation systems, since exceeding the
optimum temperature may result in the total culture loss (Zeiler et al.
1995).

The influence of temperature on living organisms may be
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considered from the ecologist and physiologist points of view.

The

ecologist is interested in this factor primarily because it affects the
distribution

of

species

whereas

physiologist

strives

towards

an

understanding of the biochemical and biophysical mechanisms which
permit certain species to prosper under conditions incompatible with the
survival of others (Marre 1962).
In relation to temperature, microalgae are particularly interesting because
of the extremely wide range of thermal environments which they occupy
and the high degree of adaptation shown by various species to their
particular environments (Marre 1962). For example, some algal species
known to thrive on the surface of snow include Ancylonema nordenskioldii,
Ancylonema meridionale, Chlamydomonas nivalis, Chlamydomonas flavo-virens
(Fritsch 1935) and many species of Stichococcus (Broady 1996; Hughes
2006; Chen et al. 2012). The ability to survive at such a low temperature
can be attributed to the frost resistance which is an abnormal capacity of
the protoplasm to survive mechanical damage caused by the freezing and
thawing of intracellular liquids (Levitt 1956; Kanwisher 1957). Chen et al.
(2012) pointed out that elevated nitrate reductase activity and
photosynthetic rates at low temperatures together with the high
proportion of unsaturated fatty acids allow the two Stichococcus species (S.
bacillaris and S. minutus) to thrive in Antarctica.

Another defence

mechanism against low temperatures may lie in a high osmotic pressure
of the cell which is correlated with a lowering of its freezing point as
observed in Dunaliella salina which can survive without freezing and even
maintain some motility at temperature as low as -15oC (Marre 1962).
Some other algae have been reported to grow at extremely high
temperature from hot springs including Cyanidium caldarium which can be
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cultured at temperatures as high as 50oC (Allen 1959) and Oscillatoria
geminata which can carry out photosynthesis efficiently and continuously
at 40oC (Bunning and Herdtle 1946). The ability of the hot spring algae to
tolerate the heat is a consequence of the capacity of their proteins to
endure without denaturation at abnormally high temperatures, thereby
enabling them to grow in environments which tend to exclude
competition from other species (Marre 1962). With the exception of coldwater stenothermic and thermophilic species, most of the microalgae
including cyanobacteria tested achieved their maximum specific growth
rate in the temperature range 25-35oC (Reynolds 2006).
Temperature is one of the most important and well-studied factors
influencing the chemical composition of algae, particularly lipids and fatty
acids (Guschina and Harwood 2013). Variations in lipid composition were
studied in Isochrysis galbana exposed to two different temperatures, 15 and
30oC (Zhu et al. 1997). The lipid content was higher at 30oC than at 15oC
(regardless of the growth phase) with neutral lipids as the predominant
lipid class accounting for more than 45% of total lipids. Whilst the
phospholipid content remained constant at the two temperatures,
glycolipids increased with increasing temperature. Higher proportion of
18:3 (n–3) and 22:6 (n–3) concomitant with a decrease in 18:2 (n–6),
monounsaturated and saturated fatty acids were observed in the cells
grown at 15oC.
Renaud et al. (2002)also studied the effect of five different temperatures
(25, 27, 30, 33 and 35oC) on fatty acid composition of four tropical
Australian microalgae species, a diatom Chaetoceros sp. (CS256), two
cryptomonads, Rhodomonas sp. (NT15) and Cryptomonas sp. (CRFI01) and
unidentified prymnesiophyte (NT19) and found that total highly
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unsaturated fatty acids (HUFA) of all species decreased with increasing
growth temperatures.
The temperature also affected lipid composition in Chaetoceros muelleri and
Navicula lyra (Chen 2012). C. muelleri accumulated more PUFAs when
cultured at higher temperature in a summer greenhouse (30-32oC).
However, when cultured at lower temperature in the incubator (17-18oC),
the cells accumulated more saturated fatty acids (SFAs). An opposite
trend was observed in N. lyra, where the cells produced more SFAs at
higher temperature and PUFAs at lower temperature.
In Nitzschia laevis, TAG was the predominant lipid fraction which
decreased along with the decrease of temperature. The largest polar lipid
component was phosphatidylcholine which increased at low temperature.
Moreover, polar lipids, especially phospholipids (PLs) contained high
percentage of PUFA and low temperature favoured the distribution of
PUFAs in PLs (Chen et al. 2008)
A shift in temperature from 25 to 10oC increased the proportion of oleate
and ergosterol in the green alga Selenastrum capricornutum (McLarnonRiches et al. 1998).

Similarly, Jiang and Chen (2000) employed

temperatures as a shift strategy on DHA production of the marine
microalgae Crypthecodinium cohnii ATCC 30556. They found that a shift in
temperature from 25oC for 48 h followed by to 15oCfor 24 h resulted in the
19.9% increase in cellular DHA content and a 6.5% increase in DHA
productivity as compared to that at 25oC for 72 h demonstrating the
capability of C. cohnii to rapidly modify its fatty acid composition in
response to the temperature decrease. These results further support the
idea that low temperature was necessary for the synthesis of DHA and the
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DHA might be a temperature-dependant fatty acid (Hamamoto et al.
1994).
Temperature also affects the carotenoid composition of microalgae. Lutein
and astaxanthin accumulation in Chlorella zofingiensis enhanced within the
temperature range 20-28oC with lutein reaching a maximum at 28oC.
Increase in temperature to 32oC resulted in decrease in cellular levels of
lutein and total carotenoids to less than one-half of those recorded at 28oC
(Del Campo et al. 2004).
1.4.3

CO2 and pH

In addition to light and water, CO2 is required for photosynthesis to occur.
However, high CO2 concentration can be detrimental to photosynthesis
and cell growth whereas limited supply of CO2 will restrict photosynthesis
and growth (Kunjapur and Eldridge 2010).
In relation to carbon uptake, species that can utilize HCO3- as an inorganic
carbon source when CO2 is limited can still continue to photosynthesise at
high pH (Korb et al. 1997; Giordano et al. 2005). Diatoms are known to
actively take up HCO3- and convert it into intracellular CO2 by the enzyme
carbonic anhydrase (Reuter and Muller 1993) and can also utilize HCO3directly for carbon fixation through C4 photosynthesis (Tortell et al. 1997;
Reinfelder et al. 2000).
pH is one of the important factors affecting the aqueous chemistry of polar
compounds and the nutrient availability including iron, organic acids and
CO2 (Coleman and Colman 1981; Lee and Pirt 1984)and also directly and
indirectly influences the metabolism of the algae (Becker 1994). Each algal
species has a narrow optimal pH range (Kunjapur and Eldridge 2010).
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According to Coutteau (1996), the vast majority of cultured microalgae
species has pH range between 7 and 9 with pH range optimum being 8.28.7. A study done by Søgaard et al. (2011)found that the two diatoms
(Fragilariopsis nana and Fragilariopsis sp.) exhibited maximal growth rate at
pH 8.0 and/or 8.5 and they stopped growing at pH 9.5. However, some
microalgae have been reported to grow well at extremely high and low
pH. For example, the pH optimum for the growth of Spirulina is between
9-10 (Belay 2013) whereas Chlorella sp.KR-1 can tolerate pH below 4.0
(Sung et al. 1998) and Cyanidium grew well at pH 2 (Venkataraman and
Becker 1982).

Garbayo et al. (2012) have isolated a microalga species

belonging to the genus Coccomyxa from an acidic river in Huelva, Spain
that exhibits extremely low pH (1.7-3.1).
Several studies have reported the effect of CO2on the chemical
composition of microalgae. For example, Pronina et al. (1998) studied the
effect of CO2 concentration on the fatty acid composition of wild-type
Chlamydomonas reinhardtii and a mutant strain. They found that there was
an increased in the total PUFA content in both strains as the CO2
concentration was decreased from 2% to 0.03%.

Muradyan et al.

(2004)also studied the effect of CO2 on the lipid content and fatty acid
composition in Dunaliella salina and found an increase in the total fatty
acids by 30% as well as the ratio of ω-3/ω-6 fatty acid and the proportion
of trans-16:1∆3 in phosphatidylglycerol as the CO2 concentration was
increased from 2 to 10%.
1.4.4

Salinity

Salinity is a primary factor influencing the growth of marine microalgae as
algae often have a negative response in morphology and physiology with
fluctuating salinity (Aizdaicher and Markina 2010).

Biochemical
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compositions of microalgae have been reported to change in response to
salinity changes. For example, Al observed an increase in the lipid content
and the carotene to chlorophyll ratio of Navicula sp as the salinity increase.
The gross chemical and fatty acid composition of Isochrysis sp.,
Nannochloropsis oculata and Nitzschia were significantly different at
different salinities (Renaud and Parry 1994).

The hydrocarbon,

carbohydrate and carotenoids contents of Botryococcus braunii are also
influenced by different levels of salinity (Zhila et al. 2005; Ranga Rao et al.
2007a).

Specific growth rate of Nannochloropsis oculata decreased

significantly at higher salinity and the fatty acid methyl esters (FAME)
content increased with increasing salinity (Gu et al. 2012). Increase of
NaCl concentration from 0.5 to 1.0 M increased the lipid content of
Dunaliella tertiolecta up to 10% (Takagi et al. 2006).
Diatoms are known to thrive in water containing a wide range of
dissolved salts, from fresh water to marine and hypersaline water.
Hypersaline environments contain higher salt concentrations than
seawater (4% to over 30% of salinity) (Clavero et al. 2000). In addition,
about thirty-four benthic diatoms have been isolated from the thalassic
hypersaline marine environments in which most of them (31 of 34 strains)
were able to grow at more than twice seawater salinities. Amongst them,
only 5 species (Nitzschia fusiformis strains MPI97D5 and Ni203, Amphora
sp. strain MPI97D4, Amphora cf. subacutiuscula strain MPI97D6 and
Entomoneis sp strain MPI97D8) could grow at 15% salinity (the upper limit
of salinity for diatom growth).

Similarly, Rince and Robert (1983)

observed upper limits of diatom distribution at 15%-16.5% total salts.
Beyond the upper limits of salinity tolerance, growth may be stopped to
maintain osmotic adjustment that guarantees survival for short periods
(Clavero et al. 2000). However, in response to salinity changes, microalgae
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have evolved certain mechanisms of adaptation. For example, Dunaliella
salina synthesizes the compatible solute glycerol in response to osmotic
stress (Borowitzka 1981; DasSarma and Arora 2001).

The amino acid

proline is used by most studied diatom for controlling internal osmolarity
whatever the extent of their salinity tolerance in the range of oligohaline to
highly hypersaline environments (Liu and Hellebust 1975; Ben-Amotz and
Avron 1983; Fujii et al. 1995).
1.4.5

O2

High concentration of dissolved oxygen is a sign of a healthy
photoautotrophic culture with high photosynthesis. However, high
oxygen concentration in algal cultures at high light intensity is undesirable
because combination of both high oxygen and high light intensity will
promote photorespiration and will lead to photooxidative damage of
photosynthesis (Hu and Richmond 1994).
Photorespiration is the light stimulated oxidation of the products of
photosynthesis to CO2 and is due to the oxygenase activity of Rubisco
(ribulose-1,5-bisphosphate carboxylase/oxygenase) (Beardall et al. 2003).
As Rubiscos have competitive carboxylase and oxygenation function, high
O2concentration promotes the oxygenase activity of Rubisco resulting in
the preferential uptake of O2 rather than CO2and converts ribulose-1,5bisphosphate to 3-phosphoglyceric acid and 2-phosphoglycolate (Hough
and Wetzel 1978; Beardall et al. 2003). The effect photorespiration is even
worse at high O2, light and temperature, resulting in a significant loss of
fixed carbon and indisputably results in appreciable declines in biomass
productivities (Hartig et al. 1988).
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In terms of photo-damaged caused by high O2 concentration at high light
intensity, Asada and Takahashi (1987) pointed out that persistent high
dissolved oxygen concentration will lead to the formation of harmful
oxygen radicals through multiple mechanisms which in turn lead to a
potentially deleterious effect on photosynthetic structures. Torzillo et al.
(1984) reported oxygen inhibition on the growth of Arthrospira maxima.
They found a 40% decrease in growth of the cultures grown under 0.7 atm
of O2 compared to the culture grown at 0.2 atm of O2. Sing et al. (1995)
investigated oxygen species that involved in the oxidative damage of
Arthrospira cells and they found that the singlet oxygen generated at high
light played a major role in the photooxidative damage of Arthrospira cells
compared to that of superoxide and hydroxyl radicals.
The effect of high O2 is even worse in closed reactors as it cannot be
outgassed as efficiently as in open systems (Camacho Rubio et al. 1999).
The negative effects of high O2 concentration can be reduced by
maintaining a high CO2:O2 ratio in the cultures through improving
techniques of oxygen stripping/degassing and through enhancing carbon
concentrating mechanisms activity in order to promote the carboxylase
activity of RuBisCO (Fon Sing 2010).
1.4.6

Nutrients

In addition to light, temperature and carbon, microalgae need nutrients
for the assembly of photoautotrophic biomass (Reynolds 2006). The key
nutrients of microalgal growth are nitrogen, phosphorus, iron, trace
elements and vitamins as well as silicate which are required by diatoms
for growth.
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Nitrogen
Nitrogen is the most important nutrient for biomass production
(Grobbelaar 2013). It accounts for not less than 3% of the ash-free dry
weight of living cells. In N-replete cells, the nitrogen increases to 10-12%
in cells storing condensed proteins (Reynolds 2006).
Nitrate (NO3-) is the most common nitrogen source for growing algae but
ammonia (NH4+) and urea are also used with similar growth performances
(Kaplan et al. 1986).

Microalgae preferentially take up ammonium if

concentrations exceed 0.15-0.5 µM because the initial intracellular of
nitrogen assimilation proceeds through a reductive amination forming
glutamate and subsequent transamination to form other amino acids and
the substrate is apparently always ammonium (Owens and Esaias 1976).
Therefore, the algae should use ammonium first as nitrate and nitrite
have to be reduced prior to assimilation in reaction catalysed by nitrate
and nitrite reductase, respectively, so adding to the energetic cost of
nitrogen metabolism.
The capability of microalgae to utilize different source of nitrogen is
species specific. Some cyanobacteria, especially the nostocalean genera,
have the ability to fix nitrogen from the atmosphere (Reynolds 2006).
Fixation is confined to the heterocysts, which are specialised cells
differentiated along the vegetative filaments (Fay et al. 1968)
Nitrogen is probably the most important nutrient affecting lipid
metabolism in algae and nutritional stress caused by nitrogen deprivation
might be an efficient way to increase lipid content of microalgae (Sharma
et al. 2012).

Many studies have shown that a number of microalgae

accumulate more lipids when grown under nitrogen deficiency (Hu 2004)
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includingTetraselmis subcordiformis, Nannochloropsis oculata and Pavlova
viridis (Huang et al. 2012), Nannochloropsis oculata(Jiang 2002; Huang et al.
2003), Chlorella (Illman et al. 2000; Tang et al. 2011; Yeh and Chang 2011;
Praveenkumar et al. 2012) and Phaeodactylum tricornutum (Alonso et al.
2000). However, nitrogen deficiency is not always linked to lipid
accumulation. Some species, including Achnanthes brevipes (Guerrini et al.
2000) and Tetraselmis sp (Gladue and Maxey 1994), accumulate more
carbohydrates

under

nitrogen

limitation

indicating

that

lipid

accumulation induced by nitrogen limitation is species specific.
There have been several hypotheses explaining the biosynthesis and lipid
accumulation of microalgae under nitrogen depletion. Under nitrogen
limitation, photosynthetically-derived energy, which is normally directed
to produce more cells and therefore more proteins, is in part diverted to
make storage products (i.e. carbohydrates and lipids) which lack of
nitrogen (D´Souza and Kelly 2000). The conversion of glucose into lipids
is triggered when nitrogen is exhausted caused by the presence of highenergy charge ratio of ATP/AMP(Botham and Ratledge 1979).

Lipid

accumulation might also be related not only to higher levels of lipidsynthesising enzymes under nitrogen starvation, but also to the cessation
of other enzymes associated with cell growth and proliferation and the
operation of enzymes specifically related to the accumulation of lipid
(Ganuza et al. 2008). According to (Takagi et al. 2000), three things would
change under nitrogen starvation: decreasing of the cellular content of
thylakoid membrane, activation of acyl hydrolase and stimulation of the
phospholipid hydrolysis, which in turn lead to increase of the intracellular
content of fatty acid acyl-coA. In addition, diacylglycerol acyltransferase
which converts acyl-coA to triglyceride (TAG) could also be activated
under nitrogen deprivation.
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Nitrogen availability also influences carotenoid accumulation in some
microalgae. For example, the level of lutein in the culture of Muriellopsis
sp increased up to two fold when nitrate concentration was increased
from 10 to 20 mM (Del Campo et al. 2000).

Haematococcus pluvialis

accumulated maximum amount of total carotenoids of 67.49 μgmL-1 at
0.2M NaNO3 on 27th day

(more than 15% to that of control (0.3M

NaNO3))(Nagaraja et al. 2012).
pluvialis,

In the flagellated cells Haematococcus

nitrogen limitation played a greater effect than high light

intensity on astaxanthin production (Fabregas et al. 1998).

An

enhancement of astaxanthin production in the H. pluvialis cells under
combination of nitrogen and phosphate limitation was also observed by
Brinda et al. (2004).
Phosphorus
Phosphorus is an essential requirement of living, functional microalgae
because it is a component of nucleic acids governing the synthesis of
protein and of the adenosine phosphate transformations that power
intracellular transport (Reynolds 2006). In addition, it is one of the most
important limiting factors to growth in algal biotechnology due to its
ability to easily bind to other ions such as CO32- and iron resulting in its
precipitation making it impossible to be taken up by the algae (Grobbelaar
2013).

Chisti (2007)suggested that phosphorus be supplied in excess

because phosphates react with metal ions.

However, the phosphorus

requirement for optimum growth vary considerably from species to
species, even if no other external factor is limiting, and the majority of
algae can grow at low to medium phosphorus concentration (Kaplan et al.
1986).
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The preferred form of phosphorus supplied to algae is as orthophosphate
(PO42-) (Grobbelaar 2013). According to Round (1965) and Lund (1965), in
healthy and actively growing microalgal cells, the phosphorus content is
about 1-2% of ash-free dry mass with a molecular ratio to carbon of
around 0.0094 (106 C:P).
The effect of phosphorus on chemical composition of microalgae has been
reported in several studies. For example, Reitan et al. (1994) reported an
increase in the total lipid content in Chaetoceros sp, Phaeodactylum
tricornutum and Pavlova lutheri, but a decrease in the total lipid content in
Tetraselmis sp and Nannochloris atomus, when the algae were grown under
phosphorus limitation condition. Scenedesmus sp. LX1 could accumulate
lipid to as high as 53% of dry weight at low phosphorus concentration (0.1
mg.L-1), whereas at high phosphorus concentration (0.2 to 2.0 mg.L-1), the
lipid content was about 23-28% of dry weight (Xin et al. 2010). In Chlorella
sp, the lipid content and lipid productivity increased under low
phosphorus conditions (Liang et al. 2012).

In addition, the lipid

accumulation in cells decreased by supplementing the growth media with
K2HPO4 in the late growth phase.

In Arthrospira (Spirulina) platensis,

however, the lipid content was not affected by the phosphorus
concentration (10, 50, 250 and 500 mg L-1 K2HPO4) (Markou et al. 2012).
Silicate
Silicate is needed for the formation of the diatom cell walls/frustules.
Diatoms have the ability to take up silicic acid from their environment (at
low concentration < 1 µM) and transport it through the lipid bilayer of the
cell membrane, resulting in accumulation of over 1000-fold higher
concentration inside the cell (Hildebrand et al. 1997; Hildebrand et al.
1998). However, when the silicate is limited, cells cannot complete their
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growth cycle which in turn led to the failure of new frustule formation
(Reynolds 2006).
Iron
Iron plays an important role in photosynthetic carbon reduction and
nitrogen reduction through its participation in electron transport (such as
ferredoxin and nitrogenase) and pigment biosynthesis (Reynolds 2006).
Iron deficiency symptoms can be recognize by low cytochrome f level
(Glover 1977), the blockage of chlorophyll and possibly phycobilin
synthesis (Spiller et al. 1982), impaired the structure of thylakoid
membranes and the restriction of the nitrite reductase synthesis (Guikema
and Sherman 1984).
The effect of iron on the growth and biochemical composition of
microalgae is not well documented (Liu et al. 2008). Liu et al (2008) then
studied the effects of different iron concentrations (1.2x10-5, 1.2x10-6,
1.2x10-7, 1.2x10-8 and 0 mol.L-1 FeCl3.6H2O/EDTA) on the growth and lipid
content in marine strain Chlorella vulgaris. They found that the total lipid
content in cultures supplemented with the highest iron concentration
(1.2x10-5 ) was up to 56.6% of dry weight (3-7 fold that of lower iron
concentration). Effects of iron on fatty acid and astaxanthin production in
mixotrophic Chromochloris zofingiensis were studied by Wang et al. (2013).
They observed an enhancement of both total fatty acids and astaxanthin
production in C. zofingiensis with addition of iron reaching maximum at
0.2 mM Fe2+concentration (41.8% of dry weight for total fatty acids and 1.6
mg.L-1 for astaxanthin). However, further increase in iron concentration
resulted in decrease in both total fatty acids and astaxanthin content.
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Trace elements and vitamins
Trace elements are nutrients needed in minute quantities including boron,
manganese, copper, molybdenum, cobalt, nickel and selenium (Suh and
Lee 2003) whereas thiamine (vitamin B1), biotin and cyanocobalamin
(vitamin B12) are some of the vitamins commonly supplemented at low
concentration in a microalgal culture medium. Thiamine and biotin are cofactors in the decarboxylation of pyruvic acid and in the carboxylation and
transcarboxylation reaction of photosynthesis, respectively whereas
vitamin B12 mediates reactions involving intramolecular combinations
involving C-C bond cleavage (Swift 1980). The vitamins are integrated in
a culture medium singly or in combination of two or three vitamins.
Vitamin B12 is required for centric diatom and several pennate diatoms
and most of the dinoflagellates.

A majority of Haptophyceae require

thiamine, sometimes with B12, whereas most species of Chrysophyceae
require the supplementation of two or three vitamins (Reynolds 2006).
1.4.7

Mixing/turbulence

Mixing is the most influential factor affecting algal growth rates when
environmental conditions do not limit the growth rates (Suh and Lee
2003). The aim of mixing of the culture is to facilitate cells movement from
illuminated upper layer of the photic zone to the unilluminated lower
strata in the pond and then move back again to the surface (Richmond
1986a).

Mixing plays an important role in algal cultivation to keep the

cells in suspension in the water column so that they are exposed to light
and to optimise gas exchange and nutrient uptake.

Mixing creates

turbulence and shear (Camacho et al. 2000) which in turn enhance nutrient
supply to the cells, however strong turbulence may damage the cells of
shear sensitive algae (Thomas and Gibson 1990; Thomas et al. 1995;
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Sulivan et al. 2003). In addition, the shear sensitivity of microalgae is
related to the presence or absence of flagellates as the strong
turbulence/shear can damage the fragile flagella which in turn reduce the
growth rate (Sulivan and Swift 2003).
1.4.8

Contaminants

Contaminants are inevitable especially in outdoor algal cultures where
neither the medium nor the surroundings are sterile.

Types of

contaminants include other algae, zooplankton, protozoa, bacteria,
viruses, fungi and insects (Becker 1986). In addition, the types and the
extent of contamination may vary according to geographic location,
climate condition and the cultivation systems.
Although contamination in outdoor algal cultures cannot be avoided,
early detection of the presence of the contaminants can help minimise the
potential of culture crashes.

Growth measurements should be

accompanied by detailed microscopic observation to trace the possible
growth of the foreign algal species as well as grazers and predators (i.e.
amoebae, ciliates, rotifers and fungi) that can grow quickly and take over
the cultivated species causing culture collapse (Richmond 2013).
Furthermore, the presence of the contaminants in the culture should be
regarded as a warning signal indicating that the cultured species is most
probably stressed.
1.4.9

Auto-inhibition/Inhibitory substances

Many microalgae could release substances which inhibit their own growth
and the growth of others (Hellebust 1974).

The growth of Chlorella

vulgaris was depressed by a kind of compound named chlorellin which
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was produced and excreted into the cultural liquid (Pratt 1942).

Harris

(1970) observed Platydorina caudata (a colonial green flagellate) produced a
heat-labile extra cellular autoinhibitory substance. Haematococcus pluvialis
and Skeletonema costatum also produce substances that inhibit their own
growth (Imada et al. 1991; Sun et al. 2001). Some microalgae also produce
inhibitory substances that could affect the growth of other microalgae cells
such as Chlamydomonas reinhardtii, Peridinium bipes, Peridinium polonicum,
Nitzschia frustulum, Scrippsiella trochoidea, Prorocentrum donghaiense and
Nannochloropsis oculata (Proctor 1957; Wu et al. 1998; Arzul et al. 1999;
Perez et al. 1999).
Free fatty acids are also known to inhibit the growth of a variety
organisms (McCracken et al. 1980).

Furthermore, Chlamydomonas

unsaturated fatty acids can be toxic to other organisms (i.e. Chlorella).
Nieman (1954) and Okamoto and Katoh (1977) proposed the mode of
action of fatty acids as inhibitory by altering membrane function. Sun et
al. (2008) found a growth inhibitor isolated and purified from the death
phase of Isochrysis galbana culture identified as 1-[hydroxyl-diethyl
malonate]-isopropyl dodecanoic acid strongly suppressed the growth of I.
galbana, D. salina, C. vulgaris, N. closterium, C. muelleri, C. gracilis and P.
tricornutum.
In conclusion, microalgae are a potential source of important chemicals
including carotenoids and lipids/fatty acids with a huge range of potential
application.

Although, there are over thousands or even millions of

microalgae species exist in nature.

Only a few of them have been

successfully produced commercially for the production of high value
products (i.e. Dunaliella salina for β-carotene, Haematococcus pluvialis for
astaxanthin and Crypthecodinium cohnii for EPA production).

Hence,
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bioprospecting of microalgae species with commercial potential is thus an
important and challenging task. The target algal species is not only the
one with high product of interest production but also the one that can
thrive over a wide-range of environmental condition so that they can be
easily cultured and maintained at a low cost production system i.e.
raceway ponds.

1.5

Aims of this thesis

The main aim of this study was to isolate and characterise new microalgae
species/strains suitable for large-scale cultures and with commercial
potential, with the main interests being in algae suitable for the
production of lipids/fatty acids and/or carotenoids which are of interest
due to their high values and wide range of potential applications. To
achieve this aim the following tasks were undertaken:
1. Species isolation and strain selection
The focus was on the isolation of algal species from a selective
environment although screening of potential species from the Murdoch
University Microalgal culture collection was also undertaken.

For

isolation of algal species, the focus was mostly on microalgae capable of
growth in halotolerant and hypersaline environments, as hypersaline
microalgae are more likely to be successful when grown in outdoors
2. Characterization of microalgae products with the main focus in
lipids/fatty acids and carotenoids.
3. Study of the limits to the growth, biomass production and product
formation.
4.

Achieving reliable cultivation of the target species under outdoor

condition.
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Isolation and characterization of microalgae with commercial
potential

Isolation and preliminary screening of
potential species/strains for lipid/fatty acids
and carotenoid production

Isolation From hypersaline environments

Selection from the Algae R&D culture
collection, Murdoch University

Characterization of biochemical
compositions focusing on lipid/FAs and
carotenoids

Study on limits to growth factors on
selected species/strains in indoors
(laboratory)

Outdoor studies (i.e. long-term culture and
growth optimization in outdoors)

Figure 2. The outline of the experimental approach used in this study
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CHAPTER 2. GENERAL MATERIALS AND METHODS
2.1 Media and culture maintenance
For marine algae, seawater used for media preparation was collected from
Hillary’s Beach (Perth, Western Australia) and stored in 10,000 L holding
tanks at the Algae R & D Centre at Murdoch University. Prior to use for
indoor cultures, the sea water was filtered through a filter tank filled with
stacks of charcoal and cotton. The salinity of the media was adjusted to
desired salinity before adding nutrients, trace elements and vitamins. For
outdoor culture, the seawater from a holding tank was transferred into
2200 L tanks.

Sea salt was then added into the tanks to the desired

salinity before adding nutrients. For fresh water algae, deionised water
was used as the basis of the media for indoor cultures and tap water was
used for outdoor cultivation.
Several media compositions were used for culturing the different species F+Si medium (Guillard and Ryther 1962 ) was used for growing Amphora
sp. MUR 258 and modified CHU 13 medium (Yamaguchi et al. 1987) was
used for B. braunii.
Working solution for F+Si medium was prepared according to the recipe
shown in Table 4. Autoclaved Na2H2PO4.H2O stock and filtered vitamin
solution was added aseptically after autoclaving the medium.
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Table 4. . Stock solution of F+Si medium
Component

NaNO3
Na2H2PO4.H2O
Na2SiO3.9H2O
Trace metal
solution
Vitamin solution

Stock solution

150 g L-1 dH2O
10 g L-1 dH2O
60 g L-1 dH2O
(see recipe below)

Quantity
per 1 L of
medium
1 mL
1 mL
1 mL
1 mL

Molar
concentration in
final medium
17.64x10-4 M
7.24x10-5 M
2.12x10-4 M
-

(see recipe below)

0.5 mL

-

Trace metal solutions was prepared by firstly dissolving the EDTA in 950
mL of dH2O, followed by the iron chloride and then adding the amount of
the other components as indicated in the quantity column in Table 5 and
the final volume was brought to 1 L with distilled H2O.
Table 5. Trace metal solution of F medium
Components
FeCl2.6H2O
Na2EDTA.2H2O
CuSO4.5H2O
NaMoO4.2H2O
ZnSO4.7H2O
CoCl2.6H2O
MnCl2.4H2O

Primary stock
solution
9.8 g L-1 dH2O
6.3 g L-1 dH2O
22 g L-1 dH2O
10 g L-1 dH2O
180 g L-1 dH2O

Quantity Molar concentration in
final medium
3.15 g
1.17x10-5 M
4.36 g
1.17x10-5 M
1 mL
3.93x10-8 M
1 mL
2.60x10-8 M
1 mL
7.65x10-8 M
1 mL
4.20x10-8 M
1 mL
9.10x10-7 M

F vitamin solution was prepared by firstly dissolving the thiamine HCl in
950 mL of dH2O and then adding the amounts of the primary stock
solutions as indicated in the quantity column in Table 6 and the final
volume was brought to 1 L with dH2O. The vitamin solution was then
filter sterilised through a 50 mm GF/C Whatman filter paper and then
stored in the fridge.
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Table 6. The vitamin solution of F medium
Components
Thiamine HCl
Biotin
Cyanocobalamin

Primary stock
solution
1 g L-1 dH2O
1 g L-1 dH2O

Quantity
200 mg
1 mL
1 mL

Molar concentration
in final medium
2.96x10-7 M
2.05x10-9 M
3.69x10-10 M

Modified CHU 13 medium was prepared by adding the amounts of the
stock solutions as indicated in Table 7. The pH of the media was adjusted
to 7.5 with 1 M KOH solution (5.6 g (100 mL)-1) prior to autoclaving.
Table 7. Modified CHU 13 medium
Compounds

Stock solution
(g.L-1)

Quantity

Final concentration
in the medium
(mg.L-1)

KNO3
K2HPO4
CaCl2.2H2O
MgSO4.7H2O

400
80
107
200

1 mL
1 mL
1 mL
1 mL

400
80
107
200

Ferric citrate
Citric acid

20
100

1 mL
1 mL

20
100

Trace elements

(see recipe below)

1 mL

The trace elements stock solution was prepared by adding 0.02 g.L-1 of
CoCl2, 5.72 g.L-1 of H3BO3, 3.62 g.L-1 of MnCl2.4H2O, 0.44 g.L-1 of
ZnSO4.7H2O, 0.16 g.L-1 of CuSO4.5H2O and 0.084 g.L-1 of Na2MoO4.2H2O
into 1 L of dH2O.
Stock cultures of all species were maintained in 250 mL conical flasks
containing 100 mL of medium at growth temperature of 25±1oC
illuminated with cool white fluorescence lights that provide an irradiance
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of 100 µmol photons.m-2.s-1 with a 12h: 12 h light: dark cycle. The stocks
were sub-cultured every 2 weeks.

Amphora sp MUR 258 was also

maintained on agar plates (1% agar) which were sub-cultured every 6
months.
All glassware and polycarbonate containers used for stock cultures,
experimental cultures and media preparation were thoroughly cleaned by
soaking in Decon/bleach overnight, brushed, rinsed well with tap water
and with deionised water and then dried.

All glassware used for

culturing was autoclaved prior to use.
2.2 Analytical Methods
2.2.1 Cell counting
The growth of the cultures was monitored by counting the numbers of
microalgae cells using a Neubauer haemocytometer (Moheimani et al.
2013a).

About 1 mL of the culture was homogenized thoroughly using

homogenizer before loading the counting chamber.
2.2.2 Specific growth rate
The specific growth rate (μ) was calculated using the following equation:

𝝁=

𝑳𝑳 (𝑵𝟐 /𝑵𝟏 )
𝒕𝟐 − 𝒕 𝟏

Where N1 and N2 are the cell density at time 1 (t1) and 2 (t2) within the
exponential phase
2.2.3 Dry weight (DW) and ash free dry weight (AFDW) determination
Five mL of culture was filtered through pre-weighed and pre-combusted
Whatman GF/C, 25 mm filter paper. The filtered cells were washed with 5
57

mL of 0.65 M of ammonium formate for cultures at salinity ≤ 7% NaCl and
2.6 M of ammonium formate for cultures at salinity ≥ 7 % NaCl
(Moheimani et al., 2013). The filters were removed from the Millipore
filter apparatus, folded and patted dry with a paper towel. Then, the
filters were dried in an oven at 75oC for 5 hours. Dry weight (DW) was
determined by the following equation:
𝑫𝑫𝑫 𝒘𝒘𝒘𝒘𝒘𝒘 �𝒈. 𝑳−𝟏 � = (𝒘𝒘𝒘𝒘𝒘𝒘 𝒐𝒐 𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒑𝒑𝒑𝒑 𝒂𝒂𝒂𝒂𝒂) − (𝒘𝒘𝒘𝒘𝒘𝒘 𝒐𝒐 𝒇𝒇𝒇𝒇𝒇𝒇𝒇)

The filters were then transferred to a furnace at 450oC and ashed for 5
hours. Organic dry weight (Ash-free dry weight) was calculated by the
following equation:
𝑨𝑨𝑨 − 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇(𝒈. 𝑳−𝟏 ) = 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 − 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘

2.2.4 Total protein determination

Total protein analysis was using a modified Lowry method based on
(Doresey et al. 1978). Briefly, about 5 mL of cultures was filtered through
2.5 cm Whatman GF/C filters and the saline algae were rinsed with
isotonic ammonium formate solution. The filters were folded and patted
dry and stored in the freezer for further analysis.
For extraction, the filter containing algae was put in a 4 mL glass test tube.
About 1 table spoon (5 mL) of liquid N2 was added into the tube and left
for 30 minutes. Then, the filter was crushed with a glass rod. About 1 mL
of Biuret reagent (Table 8) was added into the test tube and mixed well
with the glass rod before transferring into a 10 mL centrifuge tube.
Another 1 mL of Biuret reagent was added into the test tube to clean all
the remaining cell debris and then transferred it into the centrifuge tube
before toping up to 5 mL with another 3 mL of biuret reagent.

Another 5
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mL of Biuret reagent was added into each centrifuge tube. The samples
and the protein standard were put in a water bath at 100oC for 60 minutes.
After removing the centrifuge tubes from the water bath, about 0.5 mL of
the folin-phenol reagent was added immediately while mixing in a vortex
stirrer. The samples and the protein standard were then placed in a cold
water bath (10-15oC) for about 20 minutes to cool them and then
equilibrated them to room temperature for another 15 minutes before
centrifugation at 1107xg for 10 minutes. The supernatant was carefully
transferred into a clean tube before reading the absorbance at 660 nm. The
protein content was determined using the standard curve from protein
standard using the equation below:
𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷(𝒎𝒎. 𝑳−𝟏 ) =

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷
𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 × 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

Table 8. Reagents used for protein analysis
Components

Concentration
(g L-1 dH2O)
2.5

Protein standard (Bovine
serum albumin fraction V)
Biuret reagent
Na2CO3
NaOH
NaK tartrate
CuSO4.4H2O
dH2O
Folin-phenol reagent
Folin-phenol
dH2O
Note: the biuret reagent was prepared by

Quantity
(mL)
100

612
200
60
40
60
200
6
50
6
480
50
25
25
adding the Na2CO3 and NaOH

together with dH2O, well mixing before adding NaK tartrate solution and
CuSO4 solution
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The protein standard curve (Table 9) was prepared in triplicate for each
protein concentration in a 10 mL centrifuge tube from the protein stock
solution.
Table 9. Set of the protein standard curve samples
Protein
(µg) 0
50
100 150
BSA V*
(mL) 0.00 0.02 0.04 0.06
dH2O
(mL) 0.14 0.12 0.10 0.08
Biuret reagent (mL) 5
5
5
5
* Bovine Serum Albumin Fraction V

200
0.08
0.06
5

250
0.10
0.04
5

300
0.12
0.02
5

350
0.14
0.00
5

2.2.5 Total carbohydrate determination
Total carbohydrate analysis measured by the phenol-sulphuric acid based
on method of Kochert (1978) as modified by Ben-Amotz et al. (1985) and
updated by (Mercz 1994). Reagents used for carbohydrate analysis was
freshly prepared including glucose standard stock solution (40 mg glucose
(40 mL)-1), glucose standard (1 mg glucose (10 mL)-1), phenol stock
solution (5 g (100 mL)-1), 1 M H2SO4 (AR grade) and concentrated H2SO4
(AR grade).

Briefly, 5 mL of culture was filtered through 2.5 cm Whatman GF/C filters
and then saline microalgae were rinsed with isotonic ammonium formate
solution. The filters were folded and patted dry and stored in the freezer
for further analysis.

For extraction, the filter containing algae was put in a 4 mL glass test tube.
About 1 table spoon of liquid N2 was added into the tube and leaved for
30 minutes. Then, the filter was crushed with a glass rod. About 1 mL of
1 M H2SO4 was added to homogenise the sample which was then
transferred into a plastic centrifuge tube with screw cap. Another 1 mL of
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1 M H2SO4 was added into the glass tube to wash and clean all the
remaining cell debris then transferred in the centrifuge tube.

The

centrifuge tube was topped up to 5 mL by adding another 3 mL of 1 M
H2SO4. The lid of the centrifuge tube was tightly screwed on to prevent
solvent vapour loss then the tube was incubated in a water bath at 100oC
for 60 min. The samples were then cooled to room temperature (approx.
30 min) and centrifuged at 1107xg for 10 min. Two mL of the supernatant
was transferred into a clean acid-resistant plastic test tube. 1 mL of 5%
(w/v) phenol solution was added and rapidly mixed with a vortex. Then,
5 mL of concentrated H2SO4 was added, and then shaken 3 times by hand.
The samples were let to cool at room temperature for about 30 minutes
and then shaken again 3 times manually before the absorbance was read at
485 nm.

The carbohydrate content was calculated from the standard curve using
the following equation:

𝑪𝑪𝒓𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒄𝒄𝒄𝒄𝒄𝒄𝒄(𝒎𝒎. 𝑳−𝟏 ) =

𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 × 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

The glucose standard curve (Table10) was prepared by preparing a set of
tubes containing 0, 40, 80, 120, 160 and 200 µg glucose as standards and
then topped up to 2 mL with dH2O. The standards were the analysed in
the same way as the samples.
Table 10. Set of the glucose standard curve samples
Final glucose amount (µg)
Standard solution (mL)
dH2O (mL)

0
0
2

40
0.4
1.6

80
0.8
1.2

120
1.2
0.8

160
1.6
0.4

200
2.0
0
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2.2.6 Lipid Extraction
Lipid extraction was performed following the method of Bligh and Dyer
(1959) as modified by Kates and Volcani (1966), adapted by (Mercz 1994).
Five mL of cultures was filtered through Whatman GF/C, 25 mm filters.
Filters were removed, folded and patted dry with paper towel then stored
in a freezer for further analysis.

The filters containing cells were put in 4 mL glass test tubes. About 1 table
spoon of liquid N2 was added into each tube and left for 30 minutes. The
cells were then crushed with a glass rod until a smooth green paste of
about 0.5 mL was obtained.

One mL of solvent mixture (methanol:

chloroform: DI water in the ratio of 2:1:0.8 v/v/v) was added into the tubes,
mixed well with the glass rod and then transferred into a plastic centrifuge
tube with screw cap. Another 1 mL of the solvent mixture was added into
the glass tube to wash and clean all the remaining cells debris then
transferred in the centrifuge tube. An extra 3.7 mL of the solvent mixture
was added. The cap was then tightly screwed to prevent solvent vapour
loss and the sample was centrifuged at 1107xg for 10 minutes.

After

centrifugation, the supernatant was transferred to a 20 mL glass tube with
screw cap. For the second extraction, 5.7 mL of the solvent mixture were
added to pellet in the centrifuge tube, vortexed to re-suspend the pellet
and then centrifuged again at 1107xg for 10 minutes. The supernatants
were combined in the 20 mL glass tube. Three mL of DI water and 3 mL
of chloroform were added to the 20 mL tubes and mixed well by
vortexing. The samples were then stored in the fridge undisturbed for 24
h for complete phase separation. After phase separation the upper layer
was removed carefully with a very fine Pasteur pipette connected to a
syringe and discarded. About 6-8 drops of toluene were added to the
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chloroform layer containing the lipids, shaken by hand and then
transferred to a dry and pre-weighed 10 mL vial. Any residual traces of
water floating on the chloroform layer were removed using a very fine
Pasteur pipette. The solvents were evaporated under a stream of pure N2
gas on heating plates at 38oC until complete dryness.

After complete

evaporation, the vials containing lipids were carefully weight using
analytical balance (Mettler Toledo AB135-S).

Weight of lipids was

calculated by subtracting the weight of vials containing lipids with the
weight of the vials.

2.2.7 Fatty acid analysis
Lipid samples extracted using the Bligh and Dyer method were used for
fatty acid analysis following the method adapted from Christie (1989).
Briefly, 1 mL of toluene was added to the lipid sample before adding 2 mL
of 1.5% sulphuric acid in methanol. The samples were then incubated in a
water bath at 50oC overnight. After incubation, about 5 mL of 5% NaCl in
deionised water was added to the sample to dissolve water soluble
compounds. The top organic phase was transferred into a clean vial and
the bottom aqueous phase was washed twice with 5 mL of hexane. The
organic phase and the two hexane washes were combined in the vial then
washed with 4 mL of 2% NaHCO3 in deionised water. The top layer was
then transferred into a clean and dry vial. The samples were evaporated
under nitrogen gas at 38oC until the sample volume was about 300 µL.
The sample was then transferred into a smaller insert ready for analysis
using gas chromatography.
Fatty acid components were analysed with a Varian CP3800 Gas
Chromatograph. The instrument was equipped with a split/split less
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injector and a Flame Ionisation Detector (FID) with analysis performed
using an Agilent VF-5MS (30m, 0.32mm ID) fused silica column coated
with a 0.1 μm film of phenyl. Samples (1 μL) were injected via a split/split
less (5:1) injector held at 280°C. The oven temperature was initially held at
80°C then heated at 7°C min-1 until 310°C and held isothermally for 3
minutes. The carrier gas was hydrogen at 1.2 mL.min-1 and the detector
was held at 280°C with a hydrogen flow rate of 30 mL.min-1 and air flow
rate of 300mL.min-1. The total run time was 35.86 min. The fatty acid
profile was determined by dividing the area of the fatty acid of interest by
the sum of all fatty acid areas present in the sample. All analyses were
done in duplicate.
FAME identification was performed on a HP 6890 GC-MS using the same
column and conditions as outlined above. Component identification was
by residence time and MS data. A handful of samples (60 μL) were spiked
with alkane mix (5 μL dodecane, pentadecane, nonadecane, docosane,
octacosane, and dotriacontane) to calculate the Kovats Retention Index
(KRI) of the FAMES identified on the GC-MS. The KRI was then used to
identify the residence time of the FAMES in the GC-FID data.
2.2.8 Observation of neutral lipids with Nile red
Five µl of Nile Red stock (1 mg mL-1 acetone) were added to 5 mL cell
suspension and gently mixed (Greenspan et al. 1985).

Samples were

observed after 5 minutes staining using an Olympus fluorescence
microscope at 475 nm excitation wave length.
2.2.9 Chlorophyll determination
Chlorophyll concentration determined using the method of Jeffrey and
Humphrey (1975).

5 mL of the cultures was filtered through GF/C
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(Whatman) filters. The filters were folded with algae side inwards and
patted dry with paper towel. The samples could be stored in a freezer for
further analysis. For extraction, the filters containing cells were put in 4
mL glass test tubes. About 1 table spoon of liquid N2 was added into each
of the tube and incubated for 30 minutes. The cells were then crushed
with a glass rod until a smooth paste of about 0.5 mL was obtained. One
mL of 90% cold acetone was added into the tube, mixed well with the
glass rod then poured into a centrifuge tube. Another 1 mL of the cold
acetone was added to clean the vial then poured into the tube. Another 2
mL of the cold acetone was added into the tube to make up 4 mL extract.
The samples were then centrifuged for 10 minutes at 1107xg.

The

supernatant was transferred into a clean centrifuge tube. For the second
extraction, about 2 mL of 90% of cold acetone was added into each tube,
vortexed and then centrifuged again at 1107xg for 10 minutes.

The

supernatant was combined with the supernatant from the first extraction
giving the final extract volume of about 6 mL. The volume of the
supernatant was measured before measuring absorbance at 664 and 647
nm using the UV spectrophotometer (UV-1601 Visible spectrophotometer,
Shimadzu).
As general precautions, all the processes were performed under dim light
as pigments are easily bleached by lights.

The pigment extracts and the

solvent were kept in an ice-bath at all times to prevent pigment
breakdown. A pinch of MgCO3 was added to the acetone to remove any
traces of acids from the algae or from the glassware as the acids remove
the Mg2+ from chlorophylls, forming phaeophytin (Moheimani et al.
2013a).
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The concentrations of chlorophylls a and b for green algae were calculated
using the following equations (Jeffrey and Humphrey 1975):
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪(𝝁𝝁. 𝒎𝑳−𝟏 ) = 𝟏𝟏. 𝟗𝟗 𝑨𝟔𝟔𝟔 − 𝟏. 𝟗𝟗 𝑨𝟔𝟔𝟔
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪(𝝁𝝁. 𝒎𝑳−𝟏 ) = 𝟐𝟐. 𝟑𝟑 𝑨𝟔𝟔𝟔 − 𝟓. 𝟓𝟓 𝑨𝟔𝟔𝟔

2.2.10 Phycobilin determination
Phycobilin extraction was performed following the lab standard method
of phycobilin determination modified by Borowitzka (1995). Five mL of
cultures of the coccoid red alga were filtered through Whatman GF/C, 25
mm filter papers secured in a Millipore filter apparatus.

Filters were

removed, folded and patted dry with paper towel then put into the glass
vials or stored in a freezer for further analysis. One tablespoon of liquid
Nitrogen was added into the vials then left for about 30 minutes. The cells
were then crushed with a glass rod before extracted with 2 mL of 0.2 M
cold 0.1 M phosphate buffer (pH 6.8). Samples were frozen overnight and
repeatedly thawing and freezing (3x) to enhance extractability.

The

samples were then centrifuged at 1107xg for 10 minutes. Carefully the
supernatant was transferred into clean tubes and made up to known
volume with the buffer.

1 mL of the sample were put into

thequartzcuvette and read the absorbance at the appropriate wavelengths
(scanning range 350-700 nm) using a spectrophotometer.
The pigment concentration was calculated from the following equation
(results in mg.mL-1) (MacColl and Guard-Friar 1987) :
Blue-green algae/Cyanobacteria
C-Phycoerythrin = 0.00251 A650 – 0.0321 A620 + 0.0787 A565
C-Phycocyanin = -0.0911 A650 + 0.166 A620
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Allophycocyanin= 0.159 A650 – 0.0410 A620

2.3 Data Analysis
All indoor experiments were done in at least duplicates.

Significant

differences between treatments (temperatures and salinities, nitrogen
sources and N:P ratios) were analysed with a one-way analysis of variance
(ANOVA). When normality and equal variance test failed, the HolmSidak pairwise comparison method based on ranks was applied.

All

statistical analyses were performed using Sigma-Plot 12.5 package.
For outdoor experiments, significant differences between treatments
(different depths, heated and heated, continuous and intermittent mixing)
were analysed with Wilcoxon signed-ranks test using SPSS 22.
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CHAPTER 3. ISOLATION, PRELIMINARY SCREENING AND
SELECTION OF SPECIES
3.1

Introduction

Species and strain selection is the first and most important aspect in bioprospecting of microalgae for any commercial application (Borowitzka
2013c). The search for algae species with potential commercial application
was not focussed on any particular final product, although high-value
products such as long-chain polyunsaturated fatty acids and carotenoids
were of particular interest. New species with potential for biofuel
production were also considered potentially interesting. Species capable
of growth in a hypersaline environment were considered particularly
attractive due to the fact these species are more likely to succeed when
grown in outdoors. Three potential target species were initially identified;
(1) a contaminant in a Tetraselmis sp. pond culture in Adelaide (salinity
7.8% NaCl). The purpose of the Tetraselmis culture was for biofuels and
high value products production. (2) a contaminant from a Dunaliella salina
pond culture in Perth (salinity 14% NaCl). The purpose of the Dunaliella
salina culture was for a research project. (3) a contaminant from an
Amphora sp. pond culture in Perth (salinity 12% NaCl). The Amphora sp.
MUR 258 was cultured for research purposes.

These algae were

interesting due to their ability to grow at hypersaline environments and
their ability to contaminate and take over well-established cultures.
The main aim of this chapter was to isolate and screen potential
species/strains for the production of high value products, focusing on
lipid/fatty acids and carotenoids and their potential for mass cultivation in
outdoors open systems.
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3.2

Materials and methods

3.2.1 Isolation of the Adelaide sample (Tetraselmis contaminant)
This alga was chosen due to its red colour and its ability to grow well in
outdoors in a hypersaline environment at 7.8% NaCl.

The algal species

were isolated using the agar plating technique (Andersen and Kawachi
2005) using F, 2Fand 2Fe with 2xFe agar medium at salinity 7.8 and 9%
NaCl. The reason for adding extra nutrients and Fe was because the
contaminant had appeared in these cultures after inadvertent addition of
excess nutrients and Fe.
Agar medium was prepared by adding 1% of agar into the liquid medium
prior to autoclaving. After autoclaving, the medium was let to cool for
about 30 minutes or until it warmed enough to hold. Then, vitamins and
phosphate were added into the autoclaved medium under aseptic
condition and gently mixed by hand.

Immediately, the medium was

poured into petri dishes (9 mm diameter) of about 20 mL or 3/4 of the
plate volume.
About 0.1 mL of sample was spotted on the middle of the agar plates and
spread evenly on the surface using L-shaped glass spreader. The plates
were labelled and sealed with parafilm to avoid drying out. The plates
were then incubated in the culture room at 25±1oC, under dim light with
12 h light and 12 h dark cycle.
Colonies that emerged on the agar plates were picked up and re-streaked
onto fresh agar medium using standard microbiology agar streaking
technique. Pure unialgal colonies were obtained after repeated streaking
on fresh agar media and confirmed by microscopic observation.
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Following successful establishment of the pure colonies, liquid cultures
were gradually prepared by inoculating a single colony into each well of
the 24-wells microtiter plate containing 2 mL of the specified medium.
From the microtiter plate, cultures were then gradually scaled up to 10
mL, 50 mL, 100 mL, and 250 mL and to 1L.
3.2.2 Isolation of the Perth sample 1 (Dunaliella contaminant)
This was a pennate diatom that contaminated and took over a culture of
Dunaliella salina cultivated in 10m2 paddle wheel driven race way pond at
the Algae R & D Centre at Murdoch University, Western Australia. The
salinity of this culture was 14% NaCl. Agar plating technique was also
used for the isolation of this alga. The sample was plated on F +Si agar
medium at 3 different salinities (10, 12 and 15% NaCl).
3.2.3 Isolation of the Perth sample 2 (Amphora contaminant)
This was a pennate diatom that contaminated Amphora sp. MUR 258
cultures in a 1m2 raceway pond at the Algae R & D Centre at Murdoch
University during winter months with the salinity around 12% NaCl.
Similar to the previous alga, this alga was also plated on F+Si agar media
at salinity 7, 12 and 15% NaCl.
3.2.4 Identification of the algae
Identification of the target species was based on pigmentation,
morphology (coccoid, filamentous), size, the presence or absence of
flagella/cell organelles and other distinctive features (Kumar 1990; John
2012a, b).
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3.3

Results

3.3.1 Isolation and identification of Adelaide sample
Isolation of this alga took some time before unialgal colonies were
successfully established. After two weeks plating on agar, some red and
green colonies emerged on all plates. It was difficult to find clear red
colonies as they were all mixed up/contaminated with the green ones.
Under the microscope, it was observed that the green colonies were
Tetraselmis sp and the red colonies were the target species.

More red

colonies appeared on the plate containing 2F with two times iron
concentration medium. Unialgal colonies were successfully established
after repeated streaking on the fresh agar 2F with 2x iron concentration
medium at 7% salinity.
Microscopic observation revealed that this alga is a coccoid alga with
reddish/purple colour sized about 5-10 μm.

It was identified as a

cyanobacterium due to its small size, the absence of the cell organelles and
its pigmentation (Figure3).

Figure 3. Photomicrograph of the coccoid red cyanobacterium
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This species originally was interesting due to the red colour of the cells
which was assumed as being due to possible high value carotenoids (i.e.
β-carotene, astaxanthin etc.).

However, as the alga appeared to be a

cyanobacterium which produce phycobilins rather than significant
amounts of carotenoids (Heocha 1962; Mulders et al. 2014), phycobilin
determination was then carried out (Table 11). This analysis confirmed
that the water soluble pigments responsible for the red/purple colours was
c-phycoerythrin which has the absorption maxima at 550 nm (Rowan
1989). Moreover, this alga grew slowly and tended to adhere strongly to
the glass surface. Therefore, this alga was considered unsuitable for
further study. There may be potential to grow this alga in biofilm for
phycoerythrin production. However, further studies will be required.
Table 11. The absoption spectra of the phycobilin pigment of the
coccoid red

Wave length
(nm)
400
450
500
550
600
650
700

1
0.0297
0.0255
0.0276
0.0356
0.0168
0.0125
0.0121

Absorbance reading
2
0.0281
0.022
0.0247
0.0341
0.0135
0.0089
0.0061

3
0.0383
0.0291
0.033
0.0463
0.0179
0.0122
0.0095

Average
Absorbance
0.0320
0.0255
0.0284
0.0387
0.0161
0.0112
0.0092

3.3.2 Isolation and identification of the Perth Dunaliella culture
contaminant
After two weeks of inoculation, some colonies appeared on agar plates at
10% salinity. Colonies emerged on agar plates at 12% and 15% NaCl a few
days later. Visually, all colonies on the plates at 10 and 12% NaCl were
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brown in colour and the ones at 15% were only green colonies.
Microscopic observation revealed that the brown colonies were the target
species, a pennate diatom, and the green ones were Dunaliella salina. The
diatom colonies were repeatedly plated on fresh agar medium at 10 and
12% salinity in order to establish the unialgal colonies.
Microscopic observation showed that this diatom is a small pennate
diatom with a bilaterally asymmetrical valve, sized about 15-20 µm in
length and about 4-6 µm in width (Figure 4).

It is believed to belong to

the Cymbella group characterized by asymmetrical valves (John 2012a).
Within Cymbelloids group, there are two genera; Cymbella and Amphora.
The two genera are difficult to differentiate morphologically. Whilst
Cymbella is a fresh water genus, Amphora species have a wide
distribution, from fresh water to sea water and even at very high salinity
up to 100 ppt or 10% NaCl (Jacob John, personal communication 2014).
The fact that this diatom grew at very high salinity, means that it could not
be Cymbella, but must be an Amphora sp characterized by a smooth, arched
valve on the dorsal side with almost straight to slightly concave ventral
margin. This alga was therefore identified as Amphora sp. MUR 258.

Figure 4. Photomicrograph of the diatom, Amphora sp. MUR 258
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Prior to the establishment of the monoalgal culture and in order to obtain
a rough idea about biochemical composition of this diatom, samples from
the outdoor pond which was dominated by the diatom with very minor
contamination by the Dunaliella sp (2%) were taken for determination of
the total lipids, protein and carbohydrate. The results showed that the
diatom contained predominantly lipids up to 61% of AFDW, followed by
protein up to 26% of AFDW and carbohydrate up to 11% of AFDW
(Figure 5).

Figure 5. Biochemical composition of samples from the original pond
culture consisting mainly of Amphora sp MUR 258. Values represent
mean±range (n=3)
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3.3.3 Isolation and identification of the Perth Amphora contaminant
sample
This diatom grew well in F+Si agar media. After about three weeks of
inoculation on the agar plates, some brown colonies appeared on all plates
at 7, 12 and 15% NaCl salinity.

The colonies on the agar plate at 7%

salinity contained not only the target species but also the Amphora sp.
colonies. The colonies on the agar plates at 12% salinity were mainly the
target species, with a few colonies of Amphora sp., and at 15% salinity, all
colonies were the target species. It is important to note that this diatom
grew very well at 15% salinity compared to 7 and 12% NaCl.
Microscopic observation revealed that this alga is a pennate diatom sized
about 20-30 µm in length and about 6-8 µm in width having bilaterally
symmetrical valve (Figure 6). Nile Red staining of the cells showed some
globules stained in yellow indicating the presence of the lipid bodies
(Figure 6C).

Figure 6. Navicula sp (Bacillariophyceae) under microscope; Bright field
(A & B) Nile Red staining (C). The scale mark applies to all pictures
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This is a potential strain to be developed in outdoors at hypersaline
conditions (7-15% NaCl) and at low temperature due to the fact that this
alga flourished during winter months and gradually disappeared towards
summer. Moreover, Nile Red staining showed the presence of some lipid
globules making it potential for exploitation as lipid/PUFA producer.
3.4

Discussion and Conclusion

This study focused on bio-prospecting for new microalgae species with
potential for commercial applications, especially as sources of lipid/fatty
acids or carotenoids.

As pointed out by Borowitzka (2013c), species and

strain selection are the first and critical step in bio-prospecting of
microalgae species for producing targeted compounds in a reliable and
commercially viable process.

Furthermore, for the success of any

commercial microalgal process, the chosen species should be able to
demonstrate high productivity of the product of interest when grown in
the preferred culture system (i.e. raceway pond).
The screening strategy employed in this study was based on isolating
microalgae

from

extreme

environments

particularly

hypersaline

environment and focused on the targeted products (lipid/fatty acids and
carotenoids).

Hypersaline environments are unique environments that

can keep out most other microalgae strains and many zooplankton and
protozoan grazers of microalgae so that monoalgal culture can be possibly
maintained outdoors for long periods (Barclay and Apt 2013); this is one
of the important factors contribute to the successful establishment of
commercial cultivation of Dunaliella salina that grow at hypersaline
condition (>2M NaCl = 30% NaCl).
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Out of three potential species isolated, I decided to only focus on the
Amphora sp. MUR 258 in the next stage of this study, due to its high lipid
content, the higher temperature tolerance than the other diatom isolated,
and also its potential to be developed for outdoor culture due to its ability
to take over D. salina culture at hypersaline conditions. The coccoid red
cyanobacterium was interesting, but as the focus was on lipids/fatty acids
and carotenoids production and not on phycobilins.

Also, the slow

growth and the stickiness of the coccoid cyanobacterium made it
unsuitable for further study.

With the Navicula sp, this alga seems

promising for bioprospecting for lipid/PUFAs production, but time
limitation precluded further work. Therefore, the Amphora sp. MUR 258
was selected for further detailed study of its potential for lipids/fatty acids
production.
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CHAPTER 4. AMPHORA SP. MUR 258 – A LIPID PRODUCER
4.1 Introduction
The high lipid content and the ability of the Amphora sp. MUR 258 to take
over a culture of Dunaliella salina in a 10m2 raceway pond could potentially
make this species a - candidate for lipid/PUFAs production in outdoor
open pond system i.e. raceway ponds. However, as a newly isolated
species, there was no information available regarding limits to growth
factors of the Amphora sp. MUR 258. Therefore, the main aims of the
experiments described in this chapter were to determine limits to growth
factors, lipid and fatty acids composition of the Amphora sp. MUR 258
under various growth conditions indoors and to investigate the reliability
and performance of the Amphora sp. MUR 258 grown in 1 m2 outdoor
paddle wheel driven raceway pond for long periods.
4.2

Materials and methods

4.2.1 Indoor Studies
4.2.1.1 Effects of different temperatures and salinities on the growth of
Amphora sp. MUR 258
Before the establishment of the monoculture, a preliminary experiment
was conducted to evaluate the optimum salinity and temperature for
growth. The mixed culture from the outdoor pond containing
predominantly Amphora (about 98%) with minor presence of D. salina and
Tetraselmis was used as the inoculum. The cultures were grown under
different temperatures (20±1oC, 25±1oC and 35±1oC) and salinities (6, 9 and
12% NaCl) in 250 mL Erlenmeyer flasks containing 150 mL of F+Si
medium and illuminated with fluorescent lamps at light intensity of 65±5
µmol photons.m-2.s-1 with a 12 h light: 12 h dark cycle. The initial Amphora
cell density was about 10x104 cells.mL-1.

The cultures were mixed
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manually by hand twice a day (morning and afternoon) to re-suspend the
cells and to avoid clumping. The experiment was run in batch mode for
about 4 weeks. Sampling for cell counting and DW/AFDW were carried
out every two days.
The experiment was then repeated upon the establishment of the
monoculture.

The cultures were grown

in 500 mL Schott bottles

containing 300 mL of F+Si medium at three different salinities (7, 9 and
12%) and two different temperatures (25±1oC and 35oC) under the same
light: dark cycle (12 h:12 h) and irradiance (65±5 µmol photons.m-2.s-1)in
triplicates.

The initial cell concentration was 10x104cells.mL-1 and the

culture was grown in batch mode for two weeks. To make sure that the
cultures were receiving the same amount of light, the culture flasks were
rotated randomly every day according to a random number table. Cell
counting was carried out every two days, whereas dry weight (DW) and
ash free dry weight (AFDW) were measured on day 2 (logarithmic phase)
and day 9 (early stationary phase).
4.2.1.2 Effects of different nitrogen and phosphorous ratios on the
growth of Amphora sp. MUR 258
To study the effects of various nitrogen to phosphorous ratios on the
growth of the Amphora sp. MUR 258, four different N:P molar ratios were
tested (1N:1P, 2N:1P, 3N:1P and 1N:2P). 1N:1P ratio was defined as the
ratio in the original F+Si medium.

The cultures were grown at 10%

salinity at 25±1oC. Light cycle and light intensity were as in the previous
study (section 4.2.1.1). The culture was grown in batch mode for two
weeks starting at an initial cell concentration of 10x104 cells.mL-1 and in
duplicates. The cultures were continuously mixed using a shaker set at
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100 rpm and culture flasks were rotated randomly every day to minimise
any small differences in irradiance.
4.2.1.3 Effects of different nitrogen sources on the growth of Amphora
sp.MUR 258
This experiment was carried out using F+Si medium with different
nitrogen sources (NH4NO3, NH4Cl, NaNO3 and urea).

They were

incorporated in the culture medium at the same nitrogen concentrations
(molar ratio of “N”) as in the original F+Si medium. The cultures were
grown in 250 mL conical flasks with a working volume of 150 mL culture
medium at the same salinity, temperature, light cycle and light intensity as
in the previous experiment (Section 4.2.1.1).

The cultures grown on

different N sources were not buffered. The experiment was carried out for
two weeks in batch mode with an initial cell concentration of 10x104
cells.mL-1 in duplicates. The cultures were continuously mixed using a
shaker set at 100 rpm and the culture flasks were randomly rotated every
day.
4.2.2 Outdoor Studies
All outdoor trials were conducted using 1m2 raceway ponds at a paddle
wheel speed of about 28 rpm generating an average flow rate of 20 cm.s-1.
The growth of the cultures was monitored by cell counting every second
day using a Neubauer haemocytometer (Section 2.2.1).

Samples for

DW/AFDW (Section 2.2.3) and total lipids (Section 2.2.6) were taken prior
to each harvesting (dilution).
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4.2.2.1 The long-term culture of Amphora sp. MUR 258 in a 1m2
outdoor raceway pond
Inoculum cultures were prepared in indoor using 2 x 20 L and 1 x 10 L
carboys. They were cultured at the same growth condition (temperature,
salinity and light and dark cycle) as the previous experiments (Section
4.2.1) but with much higher light intensity (200-250 µmol photons.m-2.s-1).
These cultures were then used as inoculum for the outdoor cultivation
giving an initial cell concentration of about 20x104 cells.mL-1.
The outdoor culture was conducted at the Algae R & D Centre at Murdoch
University using 1 m2 fibreglass paddle wheel-driven raceway pond at 15
– 20 cm depth.

Natural seawater adjusted to 10% NaCl salinity by the

addition of NaCl and enriched with nitrate, phosphate, silicate and iron
concentration as for the F+Si medium. The culture was initially operated
in a batch mode.

As the culture reached stationary phase, a semi-

continuous regime was initiated by harvesting a certain amount of the
culture and replacing the harvested volume with the same amount of
fresh medium. The culture was run for about 13 months.
Air temperature, rainfall and irradiance data were obtained from the
Bureau of Meteorology of Western Australia.
4.2.2.2 Effects of different pond depth on the growth of Amphora sp.
MUR 258
The experiment was carried using 1m2 paddle-wheel driven raceway
ponds at 15 cm and 20 cm depth. The culture from the outdoor pond
(section 4.2.2.1) was used to inoculate the ponds at initial cell
concentrations of 50x104 cells.mL-1. Both ponds were run under identical
conditions, except for the depth, for three weeks under semi-continuous
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regimes. Salinity was maintained at 11±1% NaCl. Salinity was adjusted at
that range by topping up with tap water to replace evaporated water or
adding more salt when diluted.
4.2.2.3 Effect of un-heated and heated pond on the growth of Amphora
sp. MUR 258
This experiment was carried out in order to study the effects of
temperature, especially morning temperature, on the algae. One pond
was heated with an aquarium heater set at 28oC whereas the other pond
was left unheated. The cultures were operated at 15 cm depth and at
salinity 11±1% run for about 4 weeks under semi-continuous culture
mode.
4.2.2.4 Effect of daytime only mixing and continuous mixing on the
growth of Amphora sp. MUR 258
This experiment was carried out to study the effect of continuous mixing
and daytime only mixing on the growth of the alga. Two 1m2 raceway
ponds were used. One pond was continuously mixed for 24 h and the
other pond was only mixed during the day. The paddle wheel was turned
off in the afternoon at around 6 pm and it was turned on again in the
following morning at around 8 am. The cultures were maintained in
semicontinuous culture mode, at the same depth 15 cm, salinity 11±1%
NaCl for 4 weeks

82

4.3

Results

4.3.1 Indoor studies
4.3.1.1 Effects of different temperature and salinity on the growth, lipid
and fatty acid composition of Amphora sp. MUR 258
Growth
The preliminary experiment showed that the Amphora sp. MUR 258 grew
well at all temperatures (20±1oC, 25±1oC and 35±1oC) and salinities (6, 9
and 12% NaCl) tested. The highest maximum cell density (291x104
cells.mL-1) was obtained from the cultures grown at 9% salinity and 35oC,
whereas the lowest maximum cell density (102.5x104 cells.mL-1) was
achieved at the lowest salinity and temperature (6% and 20oC).

It is

interesting to note that the cell numbers of the cultures at 9% and 35oC and
the ones at 12% and 25oC continued to increase towards the end of the
culture period. In contrast, all cultures grown at 6% salinity reached their
maximum cell density early on day 9 and then the cell number decreased
until the culture was terminated on day 19 due to heavy contamination
with Tetraselmis sp (about 30% of total cells). Although the cultures were
contaminated with other algae (Tetraselmis sp and Navicula sp), none of
these was able to take over the Amphora cultures over the three weeks of
culturing and the presence of protozoans was not an issue since they did
not feed on the diatom.
The specific growth rate of the Amphora sp. MUR 258 was not affected by
the temperatures and salinities tested (One Way ANOVA, P> 0.05). The
average specific growth rate ranged from 0.33 d-1 (cultures at 6% salinity
and 20oC) to 0.41 d-1 (cultures at 9% salinity and 35oC) (Figure 7).
Similarly, the biomass productivity was not affected by the temperature
and salinity tested (One Way ANOVA, P> 0.05).

The average biomass
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productivity ranged from 0.063 g.L-1.d-1 obtained at 12% salinity and 20oC
to 0.088 g.L-1.d-1 achieved at 9% salinity and 25oC (Figure 7).

Figure 7. Growth curves (top panel), specific growth rates (centre
panel), and biomass productivities (bottom panel) of Amphora sp. MUR
258 (preliminary study) grown under different temperatures (20, 25 and
35oC) and salinities (6% NaCl (circle), 9% NaCl (triangle) and 12% NaCl
(square). Values represent mean ± range (n=3). There is no significant
difference in the specific growth rate and biomass productivity between
treatments (One Way ANOVA, P> 0.05)
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After the establishment of the monoculture, the experiment was repeated.
The growth of Amphora sp. MUR 258 cultured at 25±1oC and 35±1oC and
various salinities (7, 9 and 12% w/v NaCl) was tested (Figure 8). In all
culture conditions tested, no lag phases were observed following initial
inoculation, showing that the cells were well adapted to their new
environments. Amphora sp. MUR 258 showed positive growth in the first
week of culturing except for the cultures grown at 9% salinity and 25°C
and at 12% salinity and 35oC which showed negative/no growth after
reaching their maximum cell density on day 4. All the cultures grown at
the higher temperature (35oC) grew rapidly in the first 2 days, reaching
their maximum cell density at around 39-41x104 cells.mL-1 by day 6, except
for the cultures grown at 12% salinity and 35oC which reached maximum
cell density (32x104 cells.mL-1) by day 4. It is important to note that the
cultures grown at 9% salinity and 25oC reached their maximum cell
density (41x104 cells.mL-1) two days earlier than the other cultures.
There was no significant difference in the specific growth among different
treatments (One Way ANOVA, P> 0.05). The average specific growth rate
ranged from 0.29 d-1 (12% salinity and 25oC) to 0.35 d-1 (9% salinity and
25oC) (Figure 8).
The biomass yield (g.L-1) of Amphora was not affected over the temperature
and salinity ranges tested (One Way ANOVA, p > 0.05). However, cell
weight (pg) was significantly affected by temperature and salinity (HolmSidak, P < 0.05).

The highest cell weight (AFDW) at exponential phase

was achieved by the cultures grown at 9% salinity and 25oC, and the
lowest cell weight was at 6% salinity and 35oC (Figure 9).

At stationary

phase, the cultures grown at 12% salinity and 35oC had the highest cell
weight and the ones cultured at 9% salinity and 25oC had the lowest
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(Holm-Sidak, P<0.05). It is important to note that the biomass per cell at
12% and 35oC increased by nearly two fold at stationary phase (Figure 9).

Figure 8. Growth curves (top panel) and specific growth rates (bottom
panel) of Amphora sp MUR 258 growing under different temperatures
(25 and 35oC) and salinities (6% NaCl (circle), 9% NaCl (triangle), 12%
NaCl (square). Values represent mean±range (n=3). There is no
significant difference in the specific growth rate between different
treatments (One Way ANOVA, p > 0.05)
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Figure 9. Biomass yield (g.L-1) (top panel) and biomass per cell (pg)
(bottom panel) of different growth phases (exponential phase =day 2
and stationary phase= day 9) of Amphora sp MUR 258 grown under
different temperatures and salinities. Error bars represent
mean±standard deviation (n=9). There was no significant difference in
the biomass yield (g.L-1) between different treatments (One Way
ANOVA, P > 0.05) but significant differences in the biomass per cell
(pg) was found between different treatments (Holm-Sidak, P< 0.05). For
each growth phase, different letters (lower case for exponential phase
and upper case for stationary phase) indicate significant difference
between treatments
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The biomass productivities (mg AFDW.L-1.d-1) were not affected by the
temperatures or salinities tested (One Way ANOVA, P>0.05). The average
biomass productivities ranged from 63 to 75.3 mg AFDW.L-1.d-1 (Table 12).

Table 12. Biomass productivity of Amphora sp. MUR 258 growing under
different salinities and temperatures. There was no significant different
in biomass productivity between treatments (One Way ANOVA,
p>0.05). The numbers in the brackets indicate the range of values
Temp (oC)
25

35

Salinity (%
NaCl)
7

Biomass productivity
(mg AFDW.L-1.d-1)
67.7 (63-72)

9

73.6 (71.4-77.2)

12

75.3 (73.1-79.4)

7

72.1(65.1-76.3)

9

63 (57.8-66.8)

12

74.1(71.9-77.6)

Lipid content
Determination of the total lipid content of the preliminary experiment was
only performed on the samples with minor contaminants (less than 5%)
(Cultures at 20±1oC and 35±1oC, both at 9% salinity). The results showed
that the total lipid content of the Amphora sp. MUR 258 was higher at
exponential phase than that at stationary phase.Growth temperatures did
not affect the lipid content at exponential phase, however, a significant
difference in the lipid content was observed at stationary phase (Figure
10).
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Figure 10. Total lipid content (% AFDW) of Amphora sp. MUR 258
(preliminary experiment) at different growth phases grown at 9%
salinity with two different temperatures (20±1oC and 35±1oC). Error bars
represent mean ± standard deviation (n=6)
The total lipid content of Amphora sp. MUR 258 (monoculture) was higher
at lower temperature (25oC) than at higher temperature (35oC) (Figure11).
The lipid content was higher in log phase than in stationary phase, except
for the cultures grown at 12% salinity at both 25 and 35oC, in which the
lipid content increased at stationary phase.

The cultures grown at 7%

salinity and 25oC had the highest lipid content at exponential phase, and
the lowest lipid content was obtained at 12% salinity and 35oC (HolmSidak, P < 0.05). The highest cellular lipid content was obtained when
grown at 25oC with 9% salinity. At stationary phase, the cultures grown at
12% salinity and 35oC had the highest lipid yield and cellular lipid content
whereas the lowest one was obtained from the cultures grown at 9%
salinity and 35oC (Holm-Sidak, P < 0.05). It is important to note that the
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cellular lipid content of the cultures grown at 12% salinity and 35oC was
more than double in stationary phase, whereas their counterparts grown
at 12% salinity and 25oC showed only a slight increase. On the other hand,
the cellular lipid content of the cultures grown at 9% salinity and 25oC
decreased dramatically in the stationary phase, whereas their counterparts
grown at 9% and 35oC showed only a small decrease in stationary phase
(Figure11).

The lipid productivity of Amphora sp. MUR 258 was significantly affected
by temperature and salinity (Table13). The highest lipid productivity was
achieved at 25oC at 9% salinity and the lowest one was at 35oC and 12%
salinity (Holm-Sidak, P < 0.05).
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Figure 11. Lipid content of Amphora sp. MUR 258 growing under
different temperatures (oC) and salinities (%NaCl) at different growth
phases (■ exponential phase = day 2 and □ stationary phase = day 9).
Error bars represented mean±standard deviation (n=9). There was a
statistically significant difference in lipid yield (g.L-1) and lipid content
per cell (pg.cell-1) between the different treatments (Holm-Sidak,
P<0.05). For each growth phase (lower case for exponential phase, upper
case for stationary phase), different letters indicate significant
differences between treatments
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Table 13. Lipid productivity of the Amphora sp. MUR 258 growing
atdifferent salinities and temperatures.
There was a significant
difference in lipid productivity between different treatments (HolmSidak, P<0.05). Different superscripts indicate statistically significant
differences among treatments
Temp
(oC)
25

35

Salinity
(% NaCl)
7

Lipid productivity
(mg.L-1.d-1)
39.1 (35-42.9) a

9

41.5 (39.5-44.9) a

12

31 (30.5-31.3) b

7

30.8 (28.1-33.5) b

9

27 (24.9-28.9) b

12

25.7(23.3-27.4) b

Fatty acid composition
The fatty acid composition of Amphora sp. MUR 258 grown at different
temperatures (25 and 35oC) and salinities (7, 9 and 12% NaCl) was
analysed during exponential and stationary phases (Table 14). The fatty
acid profiles of Amphora sp MUR 258 consisted of saturated fatty acids
(SFAs) (67.2-79.5% of total FAMEs), monounsaturated fatty acids
(MUFAs) (17.3-28.3% of FAMEs) and polyunsaturated fatty acids (PUFAs)
(3-4.5% FAMEs). The total SFAs tended to decrease as the temperature
increased from 25 to 350C, whereas total MUFAs and PUFAs were higher
at the higher temperature (Table 14).
Irrespective of temperature, salinity, and growth phase, the predominant
fatty acids of Amphora sp. MUR were palmitic acid C16:0 (35.8-42.1% of
total FAMEs), followed by stearic acid C18:0 (21.6-32.2% of total FAMEs),
palmitoleic acid C16:1 (6.4-18.9% of total FAMEs) and oleic acid C18:1 (7.892

10.2% of total FAMEs). In addition, the contents of the major fatty acids
were higher at exponential phase than in stationary phase, with the
exception of palmitoleic acid (C16:1), myristic acid (C14:0) and EPA
(C20:5) whose content was higher at the stationary phase. It is noted that
the EPA (C20:5) content of Amphora sp MUR 258 cultured at 9% salinity at
35oC increased nearly threefold, from 0.6% at exponential phase to 1.7% of
total FAMEs at stationary phase, whereas the EPA content of the cultures
grown at 25oC remained the same at around 0.5% at both exponential and
stationary phase.
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Table 14. Fatty acid profiles (% of total FAMEs) of Amphora sp MUR
258 sp growing under different temperatures (oC), salinities (%NaCl) at
different growth phases (exponential phase (EP) and stationary phase
(SP)
Temperature (25±1oC)
Fatty acids

Temperature (35±1oC)

7% NaCl

9% NaCl

12% NaCl

7% NaCl

9% NaCl

12% NaCl

EP

SP

EP

SP

EP

SP

EP

SP

EP

SP

EP

SP

Saturated fatty acids
(SFAs)
Methyl Laurate (C12:0)

0.6

0.5

0.7

0.5

0.7

0.5

0.0

0.5

0.7

0.5

0.7

0.5

Methyl Myristate (C14:0)

4.2

4.4

4.4

4.8

4.2

5.0

4.8

5.2

4.4

5.6

4.2

5.2

Methyl Pentadecanoate (C15:0)

0.6

1.0

0.7

0.8

0.3

0.8

0.8

1.7

0.4

1.8

0.4

1.6

Methyl Palmitate (C16:0)

40.3

37.6

42.1

40.0

39.9

37.7

39.1

35.8

37.0

37.4

38.2

37.5

Methyl Stearate (C18:0)

32.2

30.3

31.6

28.9

32.0

29.1

27.8

26.0

29.7

21.6

29.4

23.1

Arachnic acid methl ester
(C20:0)

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.4

0.0

0.0

0.0

0.0

0.5

0.6

0.0

0.3

0.0

0.5

0.0

0.5

0.0

0.3

0.0

0.0

78.4

74.4

79.5

75.3

77.1

73.6

72.5

70

72.2

67.2

72.9

67.9

7.7

12.6

7.2

12.1

6.4

12.6

14.1

16.7

12.5

18.9

11.2

18.2

9.1

8.4

8.5

7.9

10.2

8.3

8.7

7.9

9.5

7.8

9.9

8.0

0.8

0.7

0.8

0.7

1.0

0.7

0.0

0.5

0.8

0.6

0.7

0.5

1.1

1.0

0.8

1.1

2.3

1.0

1.1

0.8

1.4

1.0

1.1

1.0

18.7

22.7

17.3

21.8

19.9

22.6

23.9

25.9

24.2

28.3

22.9

27.7

Methyl Linoleate (C18:2)

2.8

2.5

2.8

2.5

3

2.7

2.7

2.7

3.2

2.8

3.4

2.9

Methyl 5,8,11,14,17
eicosapatene (C20:5)

0.2

0.4

0.5

0.5

0.0

1.0

0.9

1.5

0.6

1.7

0.9

1.5

3

2.9

3.3

3

3

3.7

3.6

4.2

3.8

4.5

4.3

4.4

100

100

100

100

100

100

100

100

100

100

100

100

Methyl Lignocerate (C24:0)
Total SFA
Monounsaturated fatty acids
MUFAs)
Methyl Palmitoleate (C16:1)
Methyl Oleate (C18:1)
Methyl Eicosanoate (C20:1)
Methyl Erucate (C22:1)
Total MFAs
Polyunsaturated fatty acids
(PUFAs)

Total PUFAs
Total FAs
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4.3.1.2 Effects of different nitrogen to phosphorous ratios on the
growth of Amphora sp. MUR 258
Growth
The effects of different N and P ratios on the growth of the Amphora sp
MUR 258 are shown in Figure 10. The Amphora sp. MUR 258 grew well at
all N:P ratios tested.

The highest cell density (87 x 104 cells.mL-1) was

achieved from the cultures grown at the lowest nutrient concentration
ratio (1N:1P) (Figure 12).

The specific growth rates were affected by the

N:P ratios tested (One Way ANOVA, P < 0.05).

The highest specific

growth rate was achieved from the culture grown at the highest N
concentration (3N:1P) whereas the lowest specific growth rate was
obtained from the cultures grown at the highest P concentration (1N:2P).

Figure 12. 1Growth curves and specific growth rates (d-1) of Amphora sp.
MUR 258 growing under different N: P ratios (values represent
mean±range, n=2). There was a significant difference in the specific
growth rate among different conditions (One Way ANOVA, p < 0.05)
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The highest biomass yield (g AFDW.L-1) at exponential phase was
obtained from the cultures grown with 2N:1P and the lowest was achieved
from the cultures grown at 1N:2P (Holm-Sidak, P < 0.05) (Figure 13).
Interestingly, the cultures grown at 2N:1P had lowest biomass yield at
stationary phase compared to other cultures (Holm-Sidak, P < 0.05).
There was no significant difference in the cell weight (pg AFDW cell-1)
among different treatments at logarithmic phase (One Way ANOVA,
P>0.05).

However, a significant difference was observed between

treatments at stationary phase (One Way ANOVA, P<0.05). The highest
cell weight was in the cultures grown with 2N:1P and 3N:1P, whereas the
lowest cellular weight was observed in the cultures with IN:1P (Figure 13).
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Figure 13. 2AFDW biomass yield (g.L-1) and cell weight (pg cell-1) of
Amphora sp. MUR 258 grown under different N and P ratios
(exponential phase = day 2 and stationary phase = day 11). Error bars
represent mean±standard deviation, n=2. There was a significant
difference between different treatments (Holm-Sidak, P < 0.05). For
each growth phase (lower case for exponential phase and upper case for
stationary phase), different letters indicate significant differences
between treatments
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In terms of biomass productivity, no significant difference was observed
among different treatments (One Way ANOVA, P<0.05).

The average

biomass productivity ranged from 54.9 (1N:2P) to 84.78 (1N:1P) (Table 15).
Table 15. Biomass productivity of Amphora sp. MUR 258 cultured under
different N:P ratios. Values represent mean (n=2) with the range in
brackets. There was no statistically significant difference in the biomass
productivity between different treatments (One Way ANOVA, P > 0.05)
N & P ratios
1N:1P
2N:1P
3N:1P
1N:2P

Biomass Productivity (mg.L-1.d-1)
84.78 (78.91-90.63)
84.66 (78.1-90.67)
75.45 (70.28-80.61)
54.9(61.1-48.74)

Lipid content
When grown under different N:P ratios, significant differences in the lipid
content of Amphora sp. MUR 258 were observed at exponential phase
(Figure 14). The highest lipid content (% AFDW) was observed in the
cultures grown at the highest nitrogen concentration (3N:1P), and the
lowest lipid content was obtained at the highest phosphorus concentration
(1N:2P) (Holm-Sidak, P < 0.05).

However, at stationary phase, no

significant differences in the lipid yield (g AFDW.L-1) and lipid content (%
AFDW) was observed, but a significant difference was observed in the
lipid content per cell (pg cell-1). The highest lipid content per cell was
found at 2N:1P whereas the lowest lipid was observed at 1N:1P (HolmSidak, P < 0.05).
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Figure 14. Lipid yield (top panel) and content (lower two panels) of
Amphora sp. MUR 258 growing at different N:P ratios (■ exponential
phase = day 4 and □ stationary phase = day 11). Error bars represente
mean±standard deviation (n=6). There was a statistically significant
difference in lipid content among different treatments (Holm-Sidak,
p<0.05) except for the lipid yield in g.L-1 and content in % AFDW at
exponential phase. For each growth phase (lower case for exponential
phase and upper case for stationary phase), different letters indicate
significant differences between treatments
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The lipid productivity of Amphora sp MUR 258 was not affected by the N:P
ratio tested. The highest lipid productivity was achieved at the highest N
concentration (3N:1P) and the lowest one was obtained at the highest P
concentration (1N:2P) (Table 16)
Tabel 16. Lipid productivity (n=2) of Amphora sp. MUR 258 growing at
different N:P ratios. There was no significant different in lipid
productivity (One Way ANOVA, p>0.05) between different treatments
N and P ratio
1N:1P

Lipid productivity
(mg.L-1.d-1)
36.3 (31.8-40.8)

2N:1P

29.6 (25.7-33.6)

3N:1P

41 (38.9-43.2)

1N:2P

20 (18-22)

4.3.1.3 Effects of different nitrogen sources on the growth, lipid and
fatty acid composition of Amphora sp. MUR 258

Growth
To study the effect of different nitrogen sources on the growth of Amphora
sp. MUR 258, four different N sources were used namely sodium nitrate
(NaNO3), ammonium nitrate (NH4NO3), ammonium chloride (NH4Cl) and
urea. The results showed that the Amphora sp. MUR 258 was able to grow
on all culture medium tested (Figure 15).
Cultures with NaNO3 reached their maximum cell density at around
46x104 cells.mL-1 on day 9. When Amphora was grown using NH4Cl and
NH4NO3, the culture reached maximum cell density on day 7 at around
100

39x104 cells.mL-1.

Interestingly, the cultures with urea entered early

stationary phase later on day 9 (Figure 15).
Statistically, the specific growth rate of Amphora sp. MUR 258 was not
significantly affected by different N sources tested (One Way ANOVA, P >

0,34

100

Specific growth rate (d-1)

cell density (104 cells.mL-1)

0.05) (Figure 15).

NH4Cl
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Figure 15. Growth curves andspecific growth rate (d-1) of Amphora sp.
MUR 258 grown under different N sources (values represent
mean±range, n=2). There was no significant difference in the specific
growth rate between different treatments (One Way ANOVA, p > 0.05)
The yield of Amphora sp. MUR 258 was significantly affected by the
different N sources tested. The cultures grown in ammonium nitrate had
the highest yield at exponential phase and the lowest one was obtained
from the cultures grown with ammonium chloride (Holm-Sidak, P< 0.05).
At stationary phase, the highest yield was achieved in urea medium and
the lowest one was obtained from the cultures grown with ammonium
chloride (Holm-Sidak, P< 0.05) (Figure 16).
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There were no significant different in cell weight (pg cell-1) of the Amphora
sp. MUR 258 at exponential phase when grown under different N sources
(One Way ANOVA, P>0.05). However, significant different in the cell
weight was observed at stationary phase.

The cultures grown in

ammonium chloride had the highest cell weight and the lowest one was
achieved from the cultures grown with urea (One Way ANOVA, P<0.05)
(Figure 16).

Figure 16. Biomass of Amphora sp. MUR 258 at different growth phases
under different N sources (Error bars represent mean ± standard
deviation, n=2). There was a statistically significant difference among
different treatments (p < 0.05). For each growth phase (lower case for
exponential phase and upper case for stationary phase), different letters
indicate significant difference between treatments
102

Biomass productivity of the Amphora sp. MUR 258 was not significantly
affected by the different N sources tested (One Way ANOVA, P > 0.05).
The average biomass productivity ranged between 40.53-65.26 mg.L-1.d-1
(Table 17).
Table 17. Biomass productivity of Amphora sp. MUR 258 under
different N sources. There was no significant different among different
treatments (One Way ANOVA, P > 0.05). Values represent mean (n=2).
The range is shown in brackets)
N Sources
NH4Cl
NaNO3
NH4NO3
Urea

Biomass Productivity
(mgAFDW.L-1.d-1)
40.53 (39.02-42.03)
45.62 (37.57-53.65)
64.36 (62.32-66.4)
65.26(56.42-74.1)

Lipid content

The lipid yield of the Amphora sp. MUR 258 at exponential phase was not
significantly different when grown under different N sources. However,
at stationary phase, significant differences between treatments were
observed. The highest lipid yield was achieved from the cultures grown
with urea and the lowest one was from the cultures grown with NaNO3
(Holm-Sidak, P < 0.05) (Figure 17). The lipid yield decreased with growth
phase when cultured with NH4NO3 and NaNO3. In contrast, the lipid
yield increased with growth phase when cultured with NH4Cl and urea.

If we look at the lipid content (% AFDW), the lipid content of all cultures
was higher at exponential phase than that at stationary phase except when
cultured with NH4NO3 (Figure 17). There was no significant difference in
the lipid content among different inorganic nitrogen growth treatments at
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exponential phase (One Way ANOVA, P > 0.05. However, at stationary
phase, a significant difference in the lipid content was observed (HolmSidak, P < 0.05). The highest lipid content was achieved when grown with
NH4NO3 and the lowest lipid content was obtained with NaNO3 (Figure
17).

Amphora cellular lipid content (pg.cell-1) followed similar pattern as lipid
content in % AFDW in which the cellular lipid content of all cultures was
higher at exponential phase than at stationary phase except when cultured
with NH4NO3 (Figure 17).

There was no significant difference in the

cellular lipid content and lipid content in % AFDW among treatments at
exponential phase but significant difference was observed at stationary
phase. The highest cellular lipid content was achieved in the cultures
grown with ammonium nitrate and the lowest lipid content in % AFDW
was obtained with urea (Holm-Sidak, P<0.05).
The lipid productivity of Amphora sp. MUR 258 was not affected by the
different N sources tested. The lipid productivity ranged from 23.69 –
36.83 mg.L-1.d-1) (Table 18).
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Figure 17. Lipid content of Amphora sp. MUR 258 growing under
differentN sources(■ exponential phase = day 4 and □ stationary phase =
day 11). Error bars represente mean±standard deviation (n=6). There
was a statistically significant difference in lipid content at stationary
phase among different treatments (Holm-Sidak, P<0.05). For each
growth phase (lower case for exponential phase and upper case for
stationary phase), different letters and superscripts indicate significant
difference between treatments
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Table 18. Lipid productivity of Amphora sp. MUR 258 growing under
different N sources. There was no significant difference in lipid
productivity (One Way ANOVA, P>0.05) among different treatments
N Sources
NH4CL

Lipid productivity
(mgAFDW.L-1.d-1)
23.69 (23.23-24.15)

NaNO3

26.11 (20.63-31.59)

NH4NO3

36.83 (34.74-38.9)

Urea

30.68(30.56-30.79)

Fatty acid composition
The fatty acid profile of Amphora sp. MUR 258 under different nitrogen
sources was similar to the fatty acid composition under different
temperatures and salinities in terms of the fatty acid components and the
major fatty acids (Table 19). The fatty acid composition of Amphora sp.
MUR 258 when grown with urea and NaNO3 was similar. For example,
the total saturated fatty acids (SFAs) when grown with urea and NaNO3 at
exponential phase were about 67.8 and 68.9%, respectively, and the total
SFAs decreased at stationary phase to about 62.9% for urea and 62.7% for
NaNO3 whereas the total SFAs of Amphora sp. when grown with NH4Cl
were slightly higher of about 72.1%. The most striking difference was the
methyl laurate (C12:0) content which was 2.5 times higher in the NH4Cl
culture. Also, the EPA (C20:5) content was slightly higher in ammonium
media at exponential phase. It is important to note that the EPA content
increased up to fourfold in exponential phase when the alga was grown
with NaNO3.
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Table 19. Fatty acid profiles (% FAMEs) of Amphora sp. MUR 258
growing under different N Sources (Exponential phase = day 5,
Stationary phase = day 12)

Fatty acids
Saturated Fatty Acids (SFAs)
Methyl Laurate (C12:0)
Methyl Myristate (C14:0)
Methyl Pentadecanoate (C15:0)
Methyl Palmitate (C16:0)
Methyl Stearate (C18:0)
Arachnic acid methl ester (C20:0)
Tetacosanic methyl ester (C24:0)
Total SFAs
Monounsaturated Fatty Acids
(MUFAs)
Methyl Palmitoleate (C16:1)
Methyl Oleate (C18:1)
Methyl Eicosanoate (C20:1)
Methyl Erucate (C22:1)
Total MUFAs
Polyunsaturated Fatty acids
(PUFAs)
Methyl Linoleate (C18:2)
Methyl 5,8,11,14,17 eicosapatene
(C20:5)
Total PUFAs

Urea
Exp
phase

Stat
phase

NaNO3
Exp
Stat
phase phase

NH4Cl
Exp
phase

0.4
7.2
1.8
33.9
23.7
0.2
0.6
67.8

0.4
8.5
1.7
35.1
16.8
0.4
0.0
62.9

0.4
6.2
1.8
32.4
27.5
0.0
0.6
68.9

0.4
7.7
1.7
34.0
18.5
0.4
0.0
62.7

1
6.4
0.9
34.1
28.3
0.7
0.7
72.1

16.6
10.8
0.6
0.6
28.6

25.1
7.4
0.3
0.4
33.2

17.5
9.7
0.3
0.7
28.2

24.3
7.0
0.5
0.5
32.3

14.1
8.6
0.6
0.5
23.8

2.4
1.1

2.5
1.5

2.3
0.6

2.7
2.4

2.9
1.3

3.5

4.0

2.9

5.1

4.2

4.3.2 Outdoor Studies
4.3.2.1 The long-term growth of the Amphora sp. MUR 258 in a 1m2
outdoor raceway pond
Growth and productivity
Following the successful culture of Amphora sp. MUR 258 under controlled
conditions indoors, coupled with the understanding of some of its limits
to growth (i.e. temperatures, salinity and nutrient requirements), the next
step was to test if the alga can be grown reliably in outdoor for long
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periods with good productivity. The results of this study showed that
semicontinuous Amphora sp. MUR 258 culture could be grown reliably
outdoor using raceway pondsfor over one year period between 5/Dec/2011
and 8/Jan/2013 (Figure 18e).

The culture was operated under conditions prevailing outdoors with the
daily solar irradiance ranging between 2.5 MJ m-2.d-1 (on a cloudy day in
early winter) to 34 MJ m-2.d-1 (on a clear sunny day in summer) (Figure
18a). The daily air temperature ranged from -0.7 oC in winter (July 2012)
to 42.2oC in summer (December 2012) (Figure 18b). The highest (134.4
mm) and lowest (0.0 mm) monthly total rainfalls were observed in June
and March 2012, respectively (Figure 18c). Salinity range of the culture
was between 8.6-14.9%. The salinity was adjusted to about 10% after each
harvest. However, the salinity dropped to below 9% due to dilution on
rainy days and increased to over 14% on hot sunny days during summer
due to evaporation. It is to be noted that the use of seawater for replacing
the evaporation losses resulting in increase in the salinity (Figure 18d).

The culture was initially operated in batch mode for about two weeks
until the culture reached maximum cell density (160x104 cells.mL-1) before
initiating the regular operation under semicontinuous regime(Figure 18e).
Amphora sp. MUR 258 grew over the whole cultivation period although its
growth was very slow during winter (June-August). The cell density was
higher in summer except for the short period from 17/Jan/12 to 10/Feb/12
(summer). During this 23 days period, the culture was operated at a very
low cell density (30±20x104 cells.mL-1) in order to study how Amphora sp
MUR 258 responds to elevation in light intensity. From 13/Feb/2012, the
culture was operated at higher cell density and the harvesting rate was
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adjusted to maintain a constant cell density of about 50x104 cells.mL-1.With
the advent of winter, the maximum cell density decreased from about
60x104 cell.mL-1 on 5/June/2012 to just below 10x104 cells.mL-1 on
7/Sep/2012.

However, the cell density increased gradually and again

reached its maximum at 167x104 cells.mL-1 in the following summer (early
January 2013).
Dry weight, ash-free dry weight and lipid content per cell of Amphora sp.
MUR 258 throughout the year showed a similar trend reaching the highest
values in winter (Figure 19). The highest dry weight and ash free-dry
weight of 3.6 and 2 ng.cell-1, respectively were achieved on 30/July/2012,
whereas lipid content was highest at 0.45 ng.cell-1 (49.39% of ash-free dry
weight) on 13/August/2012.
Overall, the specific growth rates, biomass and lipid productivities
showed the same patterns being higher in summer and lower in winter
(Figure 20). The highest monthly average specific growth rate (0.279 ±
0.015 d-1), biomass productivity (18.018 ± 5.895 g.m-2.d-1) and lipid
productivity (5.9 ± 0.9 g.m-2.d-1) were achieved in summer (December
2011) and the lowest monthly average specific growth rate (0.015 ± 0.012 d1

), biomass (0.778 ± 0.612 g.m-2.d-1) and lipid productivity

(0.195 ± 0.143

g.m-2.d-1) occurred in winter (July 2012). The annual average biomass and
lipid productivity were 6.99 and 2.21 g ash-free dry weight.m-2.d-1,
respectively.
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Figure 18. Environmental conditions and growth characteristics of
Amphora sp. MUR 258 cultured in a 1m2 paddle-wheel driven outdoor
raceway pond over one year period : (a). Daily solar exposure ; (b).
temperature; (c). Daily rainfall; (d). Salinity ; (e). Cell density of
Amphora sp MUR 258 and (f). Cell density of contaminants
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Figure 19. Cell weight (dry weight and ash free dry weight)and lipid
content of Amphora sp. MUR 258 cultured in a 1m2 outdoor fibreglass
paddlewheel-driven raceway pond over one year period (December
2011-January 2013)
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Figure 20. Monthly average of specific growth rate, biomass and lipid
productivity of Amphora sp. MUR 258 cultured in a 1m2 outdoor
fibreglass paddle wheel-driven raceway pond over one year period
(December 2011-January 2013). Values represent mean ± SD
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The specific growth rate of Amphora sp. was positively correlated with
temperature and irradiance (Figure 21).

Figure 21. Correlation of mean temperature and solar irradiance with
the specific growth rate of Amphora sp. MUR 258 cultured in a 1m2
outdoor raceway pond over one year period (December 2011-January
2013)
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Contaminants
There was no contamination by foreign organisms during the first 3
months of Amphora sp cultivation, but after this contamination by other
algae (D. salina, Tetraselmis and a pennate diatom, Navicula sp) was
observed (Figure 18f). Very minor contamination by protozoans was also
observed (winter months). In parallel with the Amphora sp culture, D.
salina and Tetraselmis sp were being grown in adjacent ponds. Therefore,
cross contamination is more likely to have occurred. Contamination by
Dunaliella was first recorded on 1/Mar/2012, followed by the Tetraselmis sp
on 16/Mar/2012. The highest Dunaliella sp cell density was 6x104 cells.mL-1
(about 5% of the Amphora population) recorded on 7/May/2012. From
15/June/2012 onwards, Dunaliella cell density decreased to below 1x104
cells.mL-1

before

it

completely

disappeared

by

the

end

of

August.Tetraselmis sp reached its highest cell density at 16.8x104 cells.mL-1
(28% of theAmphora population) on 25/Jun/2012. This was the time when
the salinity dropped to below 10% due to heavy rainfall periods. From
30/Aug/2012 onwards, the Tetraselmis sp concentration decreased to below
5x104 cells.mL-1 before completely disappearing in mid of October toward
the end of the period (culture salinity between 11-13%).

Another

contaminant, Navicula sp, started to appear at the end of July (23/Jul/2012)
and reached its highest cell density of 61x104 cells.mL-1 (about 75% of the
total population) on 20/9/2012. Interestingly, with the presence of the
latter, the growth of the former contaminants continued to decrease before
completely disappearing by mid October 2012. However, as the summer
approached, Navicula sp cell density gradually decreased whereas the
Amphora sp population continued to increase and again dominated the
culture. By the end of the culture period, Navicula sp cell density was
about 37x104 cells.mL-1 (22% of the Amphora sp. population).
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Fatty acids composition
Table 20 displays the fatty acids profile of Amphora sp. MUR 258 in
different seasons when cultured in outdoors. The total SFAs were higher
in summer and autumn than that in winter and spring, whereas the total
MUFAs and PUFAs were higher in winter and spring. The fatty acid
components and the predominant fatty acid under outdoor condition
were consistent with the previous results in indoor cultures under
different temperature and salinity (Table 14) and nitrogen sources (Table
19), but the amount of each fatty acid at different seasons varied
considerably.

For example, methyl myristate (C14:0) was two times

higher in summer than that in autumn and methyl sterate (C18:0) was
three times higher in autumn than that in spring.

Methyl oleate and

methyl linoleate were higher in winter and methyl palmitoleate (C16:1)
was nearly 5 fold higher in spring than in autumn. Similarly, much higher
EPA (more than 5 fold) was observed in spring than in autumn.
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Table 20.Fatty acids composition of Amphora sp. MUR cultured in a 1m2
raceway pond at different seasons (values represent mean ±SD)
Fatty acids
Saturated Fatty Acids (SFAs)
Methyl Laurate (C12:0)
Methyl Myristate (C14:0)
Methyl Pentadecanoate
(C15:0)
Methyl Palmitate (C16:0)
Methyl Sterate (C18:0)
Arachnic acid methyl ester
(C20:0)
Methyl lignocerate (C24:0)
Total SFAs
Monounsaturated Fatty
Acids (MUFAs)
Methyl Palmitoleate (C16:1)
Methyl Oleate (C18:1)
Methyl Eicosanoate (C20:1)
Methyl Erucate (C22:1)
Total MUFAs
Polyunsaturated Fatty Acids
(PUFAs)
Methyl Linoleate (C18:2)
Methyl 5,8,11,14,17
eicosapatene(C20:5)
Total PUFAs

Summer

Autumn

Winter

Spring

0.5 ± 0.00
7.7 ± 0.03
1.5 ± 0.01

0.6 ± 0.00
3.8 ± 0.01
0.7 ± 0.00

0.9 ± 0.01
6.4 ± 0.03
1.3 ± 0.01

0.4 ± 0.00
4.9 ± 0.01
1.2 ± 0.00

34.6± 0.04
25.7 ± 0.06
0.4 ± 0.01

40.1± 0.00
36.6±0.00
0.1 ± 0.00

36.6± 0.01
19.9± 0.06
0.003±0.00

34.6± 0.04
12.5± 0.02
0.2 ± 0.00

0.6 ± 0.00
71

0.2 ± 0.00
82.1

0.3 ± 0.00
65.4

0.2 ± 0.00
54

16.2 ± 0.07
7.0 ± 0.01
0.8 ± 0.00
0.6 ± 0.00
24.6

6.0 ± 0.01
7.4 ± 0.02
0.8 ± 0.00
0.5 ± 0.00
14.7

11.5± 0.04
15.1± 0.02
0.5 ± 0.00
0.7 ± 0.01
27.8

28.7± 0.04
8.3 ± 0.02
0.3 ± 0.00
0.5 ± 0.00
37.8

2.0 ± 0.01
2.4 ± 0.03

1.9 ± 0.00
1.2 ± 0.00

3.0 ± 0.00
3.7 ± 0.01

1.7 ± 0.00
6.4 ± 0.02

4.4

3.1

6.7

8.1

4.3.2.2 Effect of different pond depth on the growth of Amphora sp.
MUR 258
The growth of Amphora sp. MUR 258 at two different depths, 15 cm and 20
cm was studied in outdoor paddle wheel-driven raceway ponds under
semicontinuous culture operation (Figure 22). This study was run at the
end of Autumn/early winter in order to determine the optimum depth
during the period with consideration that the irradiance is very low
during that time.

Overall, the culture grown at 20 cm grew better than
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that at 15 cm depth, except after the last harvest in which the growth of the
culture at 15 cm depth continued to increase whereas the one at 20 cm
depth decreased before increasing again at the end of the experiment.

Figure 22. The growth of Amphora sp MUR 258 cultured in 1 m2
outdoor raceway ponds at two different depths (● 15 cm and ○ 20 cm)

The specific growth rates, biomass yield and biomass productivity of
Amphora sp. MUR 258 grown in 1m2 outdoor raceway ponds were not
affected by the two different depths tested (Wilcoxon signed-rank test, P >
0.05) (Figure 23). The specific growth rate of the culture grown at 15 cm
depth ranged from 0.088-0.124 d-1 and the specific growth rate at 20 cm
depth ranged from 0.088-0.141 d-1. The biomass yield at 15 and 20 cm
depth ranged between 0.24-0.722 g.L-1 and 0.237-0.666 g.L-1, respectively,
whereas the biomass productivity of the culture at 15 cm depth ranged
between 8.27-10.83 g.m-2.d-1 and the biomass productivity at 20 cm depth
ranged between 9.04-13.24 g.m-2.d-1.

117

0,16

a

Specific growth rate
-1
(d )

0,14
0,12
0,10
0,08
0,06
0,04
0,02
0,00
-0,02

b

Biomass Yield
-1
(g.L )

0,7
0,6
0,5
0,4
0,3
0,2

Biomass productivity
-2 -1
(g.m .d )

c
20
15
10
5
0
-5
15/5

/12 6/5/12 7/5/12 8/5/12 9/5/12 0/5/12 1/5/12 2/5/12 3/5/12 4/5/12 5/5/12 6/5/12
1
1
1
1
2
2
2
2
2
2
2

Date

Figure 233. Specific growth rate (a) Biomass yield (b) and biomass
productivity (c) of Amphora sp. MUR 258 cultured in 1 m2 outdoor
raceway ponds at two different depths (● 15 cm and ○ 20 cm)
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4.3.2.3 Effect of heated and unheated ponds on the growth of Amphora
sp. MUR 258
The cultures of the Amphora sp. MUR 258 under heated and unheated
conditions were compared in outdoor using 1 m2 raceway ponds during
winter months.

The cultures were operated under semi-continuous

regimes for about 4 weeks. The early morning temperature during the
cultivation period of the unheated pond ranged from 2.9-16oC and the
morning temperature of the heated pond was about 9-11oC higher than
that of the unheated pond (Figure 24).
The growth pattern of the Amphora sp. MUR 258 under heated and
unheated condition followed the same pattern except in the first and the
last weeks when the cell density of the heated culture was higher than that
of the unheated culture (Figure 24).
The specific growth rates and biomass productivity of Amphora sp. MUR
258 were not affected by the two different condition tested (heated and
unheated culture) (Wilcoxon signed-rank test, P > 0.05).

However,

significant difference was observed in the biomass yield (Wilcoxon signedrank test, P < 0.05) (Figure 25).
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Figure 24. Effect of early morning temperature of the ponds (9.00 am)
and the growth of Amphora sp. MUR 258 in 1 m2 outdoor raceway ponds
in unheated (●) and heated pond (o)
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Figure 25. Specific growth rate (a) biomass yield (b) and the biomass
productivity (c) of Amphora sp. MUR 258 in 1 m2 outdoor raceway ponds
under heated (○) and unheated (●) conditions. There was no significant
difference in the specific growth rates and biomass productivity
between treatments (Wilcoxon signed-rank test, P > 0.05) but significant
difference was observed in the biomass yield (Wilcoxon signed-rank
test, P<0.05).
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4.3.2.4 Effect of intermittent mixing on the growth of Amphora sp.
MUR 258
The performance of the culture with 24 hours mixing and mixing only
during the day was compared with the assumption that the cultures do
not need mixing at night as they do not photosynthesise at night so that
energy used for mixing can be greatly reduced by not mixing during the
night. The culture grown under 24 hours mixing grew better compared to
the one mixed only during the day. The continuously mixed culture grew
rapidly following initial inoculation, reaching the maximum cell density at
around 68x104 cells.mL-1 on day 2, whereas the culture grown with only
daytime mixing showed only slight increase in cell density on day 1 at
around 53x104 cells.mL-1. Afterwards, the cell density of the intermittently
mixed culture continued to decrease due very low solar irradiance before
increasing gradually on day 7 (28/May/12).

After partial harvesting on

day 15 (6/June/12), both cultures showed a similar pattern where the cell
density decreased due to heavy rainfall before increasing again on
11/June/12. The cell density continued to decrease again due to a further
period of rainfall until day 29 (19/June/12) before increasing again at the
end of the culture period.

Overall, the continuously mixed pond

performed better than the intermittently mixed pond, even with rain
(Figure 26).
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Figure 26. The growth of Amphora sp. MUR 258 in 1 m2 outdoor raceway
ponds under mixed (○) and un-mixed (●) conditions
The specific growth rates of the Amphora sp cultures were affected by
mixing. The specific growth rates were higher with continuous mixing
than with intermittent mixing (Wilcoxon signed-rank test, P < 0.05).
However, there was no statistically significant difference in the biomass
yield and biomass productivity between the treatments (Wilcoxon signedrank test, P > 0.05) (Figure 27).
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Figure 27. Specific growth rate (a) biomass yield (b) and the biomass
productivity (c) of Amphora sp. MUR 258 in 1 m2 outdoor raceway ponds
with continuous mixing (○) and daytime mixing (●)
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4.4

Discussion

4.4.1 Indoor Studies
4.4.1.1 Growth and biomass productivity of Amphora sp. MUR 258
under different growth conditions
Temperature
Temperature is one of the key environmental factors affecting the growth
of algae (Borowitzka 2013c).

Considering the environmental changes

outdoor, the ability to tolerate a wide range of temperatures is a
prerequisite characteristic of microalgae to be successfully cultured
outdoors. In this study, it was found that Amphora sp. MUR 258 can grow
well over a wide range of temperatures (19-36oC).

However, some

differences were observed between the first and the second experiment.
These differences can be attributed to the different source of the starter
cultures. In the first experiment, the inoculum cultures came from the
outdoor pond which had adapted to varying temperatures (especially
high temperatures) and the light intensity encountered outdoors. It is to
be noted that the Amphora sp. was originally isolated when it had taken
over a D. salina culture in an outdoor raceway pond in February-March
2011 (summer conditions).

In the second experiment, the inoculum

cultures came from a single colony that had been gradually scaled-up
indoors under constant temperature (25oC) and light intensity (60-80 µmol
photons.m-2.s-1).

Therefore, the outdoor inoculum culture had already

been adapted to high temperature whereas the indoor inoculum was no
longer adapted to varying and high temperatures and irradiances. This
study clearly showed that the optimum growth temperature of Amphora
sp. MUR 258 can be associated with the origin and the temperature range
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from which the inoculum culture was obtained. In addition, the much
higher maximum cell density achieved in the first experiment can be
attributed to the fact that the culture had already adapted to varying light
intensity outdoors so that the cells grew very well to a very dense culture,
even at a very low irradiance (65±5 µmol photons.m-2.s-1). As pointed out
by Rivkin and Putt (1987), benthic diatoms can efficiently utilize low
irradiance for inorganic assimilation and have distinct photoadaptations
to enhance their growth (Morris 1981). In addition, the ability of diatoms
to grow and photosynthesize over a wide range of light intensity is most
likely due to the presence of specific light sensing and acclimation
mechanisms which are now beginning to be elucidated at the molecular
level (Bowler et al. 2010; Zhu and Green 2010). De la Pena (2007) also
studied an Amphora sp isolated from abalone hatchery tanks and found
that this species attained its highest specific growth rate (0.3 d-1) and a
higher cell density at a lower photosynthetic photon flux density (11.4
μmol photons. m-2.s-1).
The capability to grow at higher temperature up to 36oC is unusual for
many diatoms (McGinnis et al. 1997). High temperature tolerance has
been reported only in a few diatoms including Chaetoceros muelleri (up to
35oC) with the optimum growth occurring at 30oC (McGinnis et al. 1997).
Coscinodiscus granii also achieved the maximum growth rate and cell yield
at 30oC (Fukao et al. 2012). In this study, it was found that Amphora sp.
MUR 258 can grow very well at much higher temperatures up to 36oC.
Yun et al. (2010) studied the photosynthetic activity of benthic diatoms in
response to different temperatures and they found that small diatom cells
which have large surface area per volume (SA/V) ratios can be
disadvantaged under extreme conditions (high temperature and light
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intensity), whereas larger cells with smaller SA/V ratios are less vulnerable
to higher temperature. However, our results showed that the Amphora sp.
MUR 258 which has relatively small cells can grow well at higher
temperature. Although the diatom Amphora sp. can grow well at high
temperature, long-term exposure to constant warm temperature for 24
hours during two weeks of culturing, as observed in the second
experiment, had a detrimental effect on the cultures.

The most affected

were the ones at 12% salinity in which no growth observed after day 4.
Apart from adaptation issues, this lack of growth can also be attributed to
the fact that CO2 is less soluble at high temperatures and high salt
concentrations (Duan et al. 2006), so that deficiency of CO2 at high
temperature might be a cause of additional stress. Furthermore, long-term
exposure to high temperature affects photosynthetic processes due to the
low recovery rates at high temperature (Salleh and McMinn 2011). In
addition, when encountering extreme temperature, the enzymes or
proteins involved in the recovery process may not function properly or
may have been damaged. Salleh and McMinn (2011) also found that longterm exposure of the two temperate benthic diatoms, Amphora coffeaeformis
and

Cocconeis

sublittoralis,

to

high

temperature

affected

their

photosynthetic processes due to the low recovery rates at high
temperature (30oC). Another possible reason for reduced growth may be
that high temperature affects the dark respiration rate which increases
exponentially

with

temperature

(Richmond

1986a).

Thus,

when

temperature is high at night, the cultures will experience intensive
respiration which in turn leads to biomass loss (Grobbelaar and Soeder
1985). The result may differ if the temperature is decreased at night to
mimic the ambient temperatures in outdoors where temperature at night
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is much lower than temperature during the day so that the cultures have a
chance to recover and the biomass loss can be minimised.
Temperature also seems to affect the morphology of the Amphora cells.
After one week of culturing, an interesting feature was observed in the
cultures growing at 35oC. The cells were noticeably bigger than their
counterparts growing at 20 and 25oC. Also, many of the cells were nearly
round in shape. These characteristics were quite similar to auxospores, a
sexual reproduction stage of diatoms (Trobajo et al. 2006; Mouget et al.
2009).

This may explain the bigger size of the cells found at high

temperature as the cells size of the diatom returns to the normal size
following sexual reproduction.

Montagnes and Franklin (2001) also

observed an enlargement of diatom size with increasing temperature. The
big and round cells are also similar to dormant resting cells which have
been observed in many algae including diatoms under unfavourable
conditions (Ishikawa et al. 2011). However, further studies are still needed
to see whether high temperature did indeed trigger sexual reproduction in
Amphora sp. MUR 258.
Salinity
In this study, the newly isolated diatom Amphorasp.MUR 258 showed its
capability to grow well over a very wide range of high salinities (6-12%
NaCl) indicating that it is a hypersaline alga requiring a hypersaline
environment with salt concentration higher than seawater of at least 6% of
NaCl for optimum growth.
Salinity is an important factor influencing the growth of marine
microalgae. Microalgae respond to salinity fluctuation morphologically
and physiologically (Al-Hasan et al. 1987; Aizdaicher and Markina 2010).
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Marine microalgae are generally considered to be tolerant and adaptable
to a wide range of salinities (Fabregas et al. 1984) but the Amphora sp.
MUR 258 is a rare diatom that can grow well at high salinity up to 12%
salinity. Herbst and Blinn (1998) have reported several diatoms including
Nitzschia frustulum, Nitzschia communis, Nitzschia palea, and Navicula
crucialis as the dominant diatom species at salinity 75-125 g.L-1 (7.5 –
12.5%) at Mono Lake in eastern California, USA. However, it is unknown
if those diatoms can grow well in that hypersaline environment as this
was an ecological study and the existence of the live cells in situ is not an
indication of growth at the time of sampling (Clavero et al. 2000),
especially with diatoms that have the ability to undergo dormant cells
(resting stage) under unfavourable conditions (Ishikawa et al. 2011).
Clavero et al. (2000) also investigated the salinity tolerance of diatoms
from thalassic hypersaline environments and found some halotolerant
diatoms including 3 species of Amphora that can grow at a wide range of
salinity (0.5 to 15%). However, the salinity optimum for growth ranged
from 1.5 to 7.5% which is much lower than the salinity optimum of the
Amphora sp. MUR 258 (6 to 12% salinity).
Microalgae capable of adapting to high salt concentration have certain
osmotic adjustment mechanisms. For example, Dunaliella salina, the most
salt-tolerant microalga, can grow over a wide range of salinity from about
10 to 35% NaCl with the salinity optimum for growth is about 22% NaCl
(Borowitzka and Borowitzka 1988). Dunaliella spp maintain their osmotic
balance by changing the intracellular concentration of the compatible
solute glycerol (Borowitzka et al. 1977; Borowitzka 1981) and salt-induced
genes expression (Chen and Jian 2009). However, no information is
available regarding the mechanisms of osmotic adjustment in hypersaline
diatoms (Bacillariophyceae) and very limited information is available
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regarding the mechanisms of osmotic adjustment of diatoms overall (BenAmotz and Avron 1983). For example, the diatoms Cyclotella cryptica and
Cyclotella meneghiniana respond to high and low osmotic changes by
producing and eliminating proline (Schobert 1974; Liu and Hellebust
1975).

In Cylindrotheca fusiformis, mannose is produced to balance its

internal osmotic environment (Peterfi and Manton 1968) whereas in
Navicula sp, proline and an oligosaccharide play an important role in
osmotic adaptation (Ben-Amotz and Avron 1983). Therefore, studies on
the mechanisms of osmoregulation of Amphorasp.MUR 258 are needed in
order to better understand its ability to thrive under high salinity
conditions.
Nutrients
Nitrogen and phosphorus are the major limiting nutrients for algal
growth. Both nutrients are used as a sink for the photosynthetically fixed
organic carbon in anabolic reactions and to provide building blocks for
cell components (Wilhelm et al. 2006). In addition, the requirements of
structural N:P ratio of phytoplankton is species-specific (Klausmeier et al.
2004) depending on nutrient uptake kinetics, assimilation and storage
capacities of species (Tilman et al. 1982).
In the present study, it was found that Amphora sp. MUR 258 achieved its
highest cell density, ash-free dry weight and biomass productivity at the
lowest nutrient concentration (1N:1P ratio of f-based medium). Increasing
the nitrate concentration caused no further improvement in the ash-free
dry weight and biomass productivity. In addition, Amphora grew poorly
in the medium with higher phosphorus concentration (1N:2P). This study
suggests that high phosphorus concentration was more detrimental to
growth of Amphora sp. MUR 258 than high nitrate concentration.
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Nutrient requirements can also be correlated to cell size. Algae with large
cell size need more nutrients for growth due the fact that relatively low
surface to ratios of diatoms limit an exploitation of

low nutrient

concentrations (Wilhelm et al. 2006). The diatom Thalassiosira weissflogii
with large cell volume of 1362 µm3 was strongly affected with nitrogen
deprivation in contrast to the chlorophyte Dunaliella tertiolecta with a cell
volume of 391 µm3(Atkinson et al. 2003). In agreement with this study,
Amphora sp. with a relatively small size of about 10-20 µm grew better at
the lowest nutrient concentrations tested.
Less nutrients requirement for optimum growth of Amphora sp. offers a
competitive advantage for its mass cultivation in outdoor since spending
on nutrients contribute to the significant portion of the production cost. In
addition, the ability to efficiently use phosphorous at low concentration is
an important issue since phosphorous is a non-renewable resource that is
predicted to be depleted within 50-100 years (Steen 1998; Cordell et al.
2009).
Nitrate is commonly used as the sole nitrogen source for growing algae
due to the fact that pH shift in the medium is less likely to occur than with
of other N sources (Yongmanitchai and Ward 1991). However, compared
to ammonium, nitrate requires more energy to assimilate and majority of
the algae utilize nitrate only when ammonium has been depleted because
nitrate needs to be transformed into ammonium prior to utilization (Flores
et al. 1980).

As the cultures grown on different N sources were not

buffered, the pH tended to increase in the cultures grown on nitrate and
urea and it tended to decrease in the cultures grown on both ammonium
nitrate and ammonium chloride.
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The capability of the diatom Amphora sp.MUR 258 to grow well under
different N sources (ammonium, nitrate and urea) indicated that this alga
can utilize and assimilate all of these N sources.

The diatoms

Phaeodactylum tricornutum and Skeletonema costatum were also able to grow
on all three different N sources and no significant effect of N source on the
growth of the cultures was detected (Laurenco et al. 2002).
Although the Amphora sp. MUR 258 can grow well using different N
sources, it seems to grow best when using urea as nitrogen source. The
ability of the Amphora sp. MUR 258 to grow well using urea is a positive
outcome when considering that this species is to be mass-cultivated in
large-scale outdoor ponds. The production cost can be greatly reduced
due to the fact that urea is the cheapest form of N commonly used for
growing algae (Zhou et al. 2013). However, the choice of N source should
be considered carefully depending on the purposes and the products of
interest due to the fact that the chemical form of N source also affects the
proximate composition of the alga (Laurenco et al. 2002) and the pH of the
medium (Xu et al. 2001). Therefore, information on biochemical
composition of a particular alga species growing under different N
sources need to be determined before choosing N sources for growing the
alga.

4.4.1.2 Lipid and Fatty acids composition of Amphora sp. MUR 258
under different growth conditions
It is important to determine lipid and fatty acids composition of algae
when considering them as aquaculture feeds, nutraceuticals and biodiesel
feedstocks.

Many studies have evaluated the lipid and fatty acids

compositions of algae but almost no information available regarding fatty
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acids profiles of hypersaline diatoms. The lipid content of the Amphora sp.
MUR 258 ranged between 23-67% AFDW or 0.05-0.132 g.L-1 which is
comparable with other diatoms reported in the literatures as summarized
in Table 1 and also with other two microalgal species considered as
potential species for biodiesel, namely Botryococcus braunii with the lipid
content ranging from 25-75%dry weight and Nannochloropsis with lipid
content ranging between 31-68% dry weight (Chisti 2007). In terms of
fatty acid composition, the fatty acids profile of the Amphora sp. MUR 258
is unique. Unlike the fatty acids profiles of other diatoms as summarized
in Table 2, the fatty acids of the Amphora sp. MUR 258

contains

remarkably high saturated fatty acids accounted for about 62.7-82% of
total fatty acids and very low PUFAs ranging from 2.9-8.1% of total fatty
acids. It is well known that the fatty acids composition of microalgae is
species specific and it is affected by the growing conditions. It is possible
that the unique fatty acid composition of the Amphora is related to its
physiological adaptation to the hypersaline environment. The quantity
and quality of microalgal lipids are influenced by environmental
conditions including temperature (McGinnis et al. 1997; Renaud et al.
2002; Chen 2012) and salinity (Al-Hasan et al. 1990; Khatoon et al. 2010).
In the present study, the lipid content of Amphora sp MUR 258 was
significantly decreased at higher growth temperatures which is in
agreement with previous studies on other diatoms; i.e. Chaetoceros
calcitrans and C. simplex (Thompson et al. 1992), Nitzschia spp. (Renaud et
al. 1995) and Chaetoceros sp (Renaud et al. 2002). In relation to salinity, the
only real comparison of the present study is the study done by Al-Hasan
et al. (1990) who studied the effect of different salinity (0.5, 1.7 and 2.5 M)
on the lipids and fatty acids composition of marine diatom Navicula sp.
They found that the lipid content increased with increasing salinity from
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0.5 M or 2.9% NaCl (5.3 % of DW) to 1.7 M or 9.9% NaCl (13.4% of DW)
but then declined at 2.5 M or 14.5% NaCl (4.3% DW). The lipid content of
the Amphora sp. MUR 258 in the present study was very high up to 67%
AFDW) with the tendency to decrease as salinity increases.
Unlike many studies reported high lipid accumulation in the stationary
phase (Ong et al. 2010; Su et al. 2011), the results of this study suggested
that the Amphora sp. MUR 258 accumulated more lipids during
exponential phase when grown at lower salinity (7 and 9%) and at lower
temperature (25oC). However, when grown at higher salinity (12% NaCl)
and higher temperature (35oC), the cells accumulated more lipids at
stationary phase. Long-term continuous exposure to high salinity and to
constant high temperature negatively affected the growth of the
Amphorasp which in turn led to the stimulation and formation of the
lipids. As pointed out by Hu et al. (2008b), many algae modify their lipid
biosynthetic pathways towards neutral lipid accumulation that serve as a
storage material under unfavourable conditions for growth. Besides
strains and growth condition variations, another possible explanation for
the discrepancy is due to the complex evolutionary history of diatoms that
differ substantially from many other photosynthetic organisms in terms of
intracellular compartmentation and organization of carbon partitioning
pathways that play a substantial role in the regulation of carbon flux into
lipid/fatty acids biosynthesis (Smith et al. 2012).

However, the exact

mechanisms underlying the lipid pathways under combination of two
stressors (temperature and salinity) in Amphora sp. MUR 258 are
unknown.
This is a very positive outcome considering that high lipid content at the
exponential phase will lead to the high lipid productivity and that the
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lipids content can be further increased through manipulation of the
culture conditions. In the case of Amphora sp., this is potentially useful as
the culture conditions can be manipulated to optimize lipid productivity
by employing a temperature and/or salinity shift strategy. A possible
strategy is outlined in the following steps; first, the alga is grown at 9%
NaCl and 25oC to achieve the maximum growth rate and the highest lipid
content in the exponential phase. Secondly, when Amphora sp. enters the
stationary phase the salinity should be increased to 12% NaCl and the
temperature to 35oC for continuing lipid accumulation within the cells. By
this two stage method, we could possibly increase the lipid productivity
up to twofold based on the fact that the lipid content increased more than
two fold at stationary phase when the alga grew at high salinity and
temperature. However, the above strategy is difficult to do in a large-scale
pond although a change in salinity is theoretically possible, but it is
possibly a good strategy for small-scale cultures indoors (i.e. for
hatchery/aquaculture purposes). Takagi et al. (2006) reported that the
lipid content of Dunaliella increased from 60 to 67% when the salinity
increased from 0.5 M (2.9% NaCl) to 1 M (5.8% NaCl) and a further
increase to 70% after the addition of 0.5 or 1 M NaCl at mid or end of the
log phase with initial NaCl concentration of 1 M. Similarly, Zhou et al.
(2013) found that the lipid content of Chlorella sp. (FACHB-1748) increased
with increasing salt concentration. However, the exact mechanisms of the
increase in lipid content of Amphora sp. MUR 258 at high NaCl
concentration is unknown, but it may be related to the adaptive response
of the alga to high salt concentration
In terms of the fatty acid composition, the types and the predominant fatty
acids of Amphora sp. MUR 258 were similar irrespective of the growing
conditions. However, the amount of individual fatty acids varied between
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treatments. It has been observed in many microalgae that saturated fatty
acids increase with increasing temperature and unsaturated fatty acids
increase with decreasing temperature (Chapman et al. 1983; Raison and
Orr 1986; Renaud et al. 2002; Rousch et al. 2003).

Furthermore, at low

temperature, algae tend to produce more PUFAs to maintain membrane
fluidity in a state necessary for biological functioning (Richmond 1986a).
Contrary to their findings, the total saturated fatty acids of Amphora sp.
MUR 258 tended to decrease as the temperature increased, whereas the
unsaturated fatty acids, both mono- and polyunsaturated fatty acids,
increased as the temperature increased. This may be attributed to the fact
that lipid modification and fatty acid content of microalgae growing under
different temperatures are species-specific and vary depending on their
habitats (Harwood and Jones 1989; Chen 2012). For instance, subtropical
diatom species tended to accumulate PUFAs at lower temperature and
SFAs at higher temperature, whereas temperate diatom species showed
opposite trends (Chen 2012). Polar diatoms contain high levels of PUFAs
to help maintain membrane fluidity at low temperatures (Ramachandra et
al. 2009). Also, the temperature range employed in this study (25-35oC) is
still within the optimum temperature for the growth of the alga as the
statistical analysis showed no significant difference in the growth rate of
the Amphora sp MUR 258 under different temperature tested (see section
3.2.1.2).

As pointed out by Piepho et al. (2012), changes in biochemical

composition of microalgae are less likely to occur under optimum growth
conditions. Renaud et al (2002) also studied the effect of temperature on
the fatty acids composition of Australian tropical microalgae and found
that there was no significant difference in the fatty acids composition of
diatom Chaetoceros sp. over the range of temperature tested (25-35oC). The
Chaetoceros sp. is a tropical alga and the temperature tested was the typical
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temperature range encountered in outdoors in tropical areas so that the
temperatures tested were possibly still within the optimum temperature
range for growth. The story would probably be different if the
temperature dropped too far below the optimum temperature for its
growth i.e. less than 10oC. Jiang and Chen (2000) reported that changing
the temperature from 25°C (for 48 h) to 15°C (for 24 h) resulted in an 19.9%
increase in cellular DHA content and 6.5% increase in productivity of
Crypthecodinium cohnii compared to that maintained at 25°C (for 72 h).
Rousch et al (2003) also studied the effect of heat stress on the fatty acid
composition of a thermo-intolerant (Phaeodactylum tricornutum) and a
thermo-tolerant (Chaetoceros muelleri) marine diatom under laboratory
conditions. They found that both short duration (2 h) and long duration
heat-treatments (24 h) affected the levels of fatty acids to a greater degree
in C. muelleri than P. tricornutum. In addition, irrespective of the
treatments, saturated fatty acids of both diatom species increased with
increasing temperature whereas the polyunsaturated fatty acids decreased
with increasing temperature.
It is well known that nutrient status affects the quantity and quality of
microalgal lipid fractions (Harrison et al. 1977; Enright et al. 1986) and
among nutrients, the source and concentration of nitrogen has a strong
influence on lipid and fatty acid metabolism in microalgae (Piorreck et al.
1984; Fidalgo et al. 1995). Changes in cellular composition (e.g. lipids and
fatty acids) in response to difference N sources have also been reported in
some microalgae including Phaeodactylum tricornutum (Fidalgo et al. 1995),
Isochrysis galbana (Fidalgo et al. 1998) and Dunaliella tertiolecta (Fa´bregas et
al. 1989).

Wen and Chen (2001) investigated the effects of various N

sources on the fatty acids composition of Nitzschia laevis and found no
differences in the fatty acids composition of all cultures except slightly
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large proportion of saturated fatty acids (C14:0 and C16:0) and smaller
proportion of PUFAs (C20:4 and C20:5) in ammonium media.

In the

present study, Amphora sp. MUR 258 grown in urea, nitrate and
ammonium media showed very similar fatty acid composition except
higher amount of saturated fatty acids (C14:0 and C18:0) and PUFAs in
ammonium media. This study suggests that ammonium could be a good
source of nitrogen for culturing Amphora sp. MUR 258 to maximise PUFAs
production. This information is particularly important if the alga is to be
used for aquaculture purposes or for the production of high value PUFAs.
However, if we considered the alga for lipid production, urea is probably
the best choice due to the fact that Amphora sp. MUR 258 achieved its
highest biomass and lipid productivity when grown in urea media and
also urea is the cheapest N source for growing microalgae (Fidalgo et al.
1998).
In this study, it was found that C16 and C18 were the predominant fatty
acids of Amphora sp, with the C16:0 and C18:0 accounting for a maximum
of 42.1 % and 32.2% of total fatty acids, respectively. This is in agreement
with the previous studies on diatoms. For example, Al-Hasan et al. (1990)
reported the fatty acid compositions of halophyte diatom, Navicula sp
which contained predominantly palmitoleic acid (C16:1) (26.7-30.1% of
total fatty acids) and palmitic acid (C16:0) (15.8-26.0 %). Laurenco et al.
(2002) reported the predominant fatty acids of Skeletonema costatum were
oleic, palmitic and palmitoleic acid. The main fatty acids in Navicula
gregaria were palmitic and palmitoleic acids and the main ones in
Skeletonema costatum were myristic, palmitic, palmitoleic and oleic acids
(Popovich et al. 2012). In addition, the Amphora sp. MUR 258 contains
greater amount of palmitic (35.8-42.1%) and stearic acids (21.6-32.2%) than
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soybeans which contain 10-11% and 4-5%, respectively but relatively has
the same amount of palmitic acid of palm oil (40-47%) (Knothe 2008).
Diatoms are well known as potential sources for polyunsaturated fatty
acids (PUFAs) especially eicosapentaenoic acid (EPA) (Renaud and Parry
1994).

Some diatoms are known to produce high amount of EPA

including Chaetoceros calcitrans (11.1%), Thalassiosira pseudonana (19.3%)
(Volkman et al. 1989), Navicula sp (7.9-9.3% of total fatty acids) (Al-Hasan
et al. 1990), Phaeodactylum tricornutum (28.4 mg.g-1 of dry weight) (Patil et
al. 2007), Skeletonema costatum (15.4%), Chaetoceros muelleri (12.8%),
Chaetoceros constrictus (18.8%) (Zhukova and Aizdaicher 1995).

In this

study, it was found that the Amphora sp MUR 258 produced a small
amount of EPA (maximum 2.4 % of total fatty acids under indoor
condition) compared to other diatoms. However, when grown outdoors,
Amphora sp. MUR 258 produced more EPA (up to 6.4% of total fatty acids)
during winter and spring (see section 4.3.2.1.3), adding to its potential for
EPA production outdoors . High variation in the EPA content in diatoms
can be attributed to several factors including silica availability, light,
temperature and culture age (Mortensen et al. 1988; Zhukova and
Aizdaicher 1995). Therefore, there is still room for optimization of EPA
production of Amphora sp. MUR 258.
The fact that C16 and C18 were the major fatty acids in Amphora sp. MUR
258 which is similar to that of vegetable oils, coupled with a low amount
of PUFAs, it is therefore reasonably to consider the Amphora sp. MUR 258
as a biodiesel feedstock since these kinds of fatty acids are recognized as
the most common fatty acids contained in biodiesel (Knothe 2008). In
addition, this strain can produce high biomass and lipid in a short time
due to its high growth rate and lipid content at exponential phase.
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Moreover, the hypersaline Amphora sp. has another competitive advantage
in limiting contaminants since not many microorganisms can tolerate high
salt concentration (Ben-Amotz and Avron 1983) making it potential for
outdoor cultivation.

However, more studies are still needed before

commercialisation of this alga as a biodiesel feedstock or PUFAs
production. Optimisations of the biomass and lipid productivity as well
as the suitability of the Amphora sp. fatty acids to suit its purposes still
need to be improved.

For example, shifts of temperature and salinity

strategies are worth to be explored to maximize the productivity and to
tailor the desired fatty acids compositions.
4.4.2 Outdoor Studies
4.4.2.1 The long-term culture of the Amphora sp. MUR 258 in a 1m2
outdoor raceway pond
The ability of microalgae to grow in a continuous or semi-continuous
culture for long periods is the most important aspect of commercially
successful microalgal culture (Moheimani and Borowitzka 2006).

The

present study has shown that the newly isolated hypersaline Amphorasp
can be grown reliably under outdoor conditions for a period of at least 13
months (December 2011 to January 2013). To my knowledge, this is the
first study on the long-term growth of a hypersaline diatom under
outdoor conditions.
To grow in open ponds outdoors, microalgae must be able to tolerate a
wide range of environmental conditions. Temperature and light are
environmental factors to which the alga respond continuously and these
factors are changing throughout the day and along the seasons (Richmond
1986b). Amphora sp MUR 258 is considered to be a mesophilic strain that
could tolerate a wide range of temperatures prevailing outdoor conditions
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throughout summer and winter seasons and its optimum temperature for
growth is relatively high.

When grown outdoors, an increase in air

temperature up to 42oC in hot sunny days during summer did not cause
any harmful effects to the culture. Amphora sp achieved its maximum cell
density, specific growth rate and biomass productivity in summer.
Amphora sp is not the only alga able to grow at high temperatures. Some
diatoms are also known to thrive at high temperature.

For instance,

Chaetoceros muelleri showed its capacity to grow over a wide range of
temperature up to 35oC on a thermal gradient plate (McGinnis et al. 1997),
Chaetoceros muelleri, Seminavis gracilenta and Cylindrotheca sp also grew
well in a summer greenhouse cultured in 20-L transparent plastic carboys
where the temperature reached up to 38oC at noon (Chen 2012).
In response to light, Amphora sp seems to adapt well to high light intensity
based on the fact that there was no lag phase observed when the culture
was operated under low cell density for about three weeks during
summer and the specific growth rates of the alga during this period were
still high.It seems that the Amphora sp has high light intensity saturation
coefficient. As pointed out by Fon Sing et al. (2013) microalgae with a high
intensity saturation coefficient are less likely to experience photoinhibition
when exposed to high irradiance and this is one of the desirable
characteristics of strains best suited to be cultured commercially on a large
scale outdoors. The reason for this can be attributed to the fact that the
Amphora sp has already adapted to high light intensity considering that
the culture had been exposed to high irradiance for about two months
during summer.
The results also indicated that the culture of Amphora sp was better to
operate at higher cell density during summer and autumn resulted in
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higher biomass and lipid productivity. During winter, the maximum cell
density of the Amphora sp was about three times or more less than that in
summer, so that the specific growth rate and biomass productivity were
greatly reduced. Maintaining the culture at cell density around 30-50x104
cells.mL-1 with dilution rate of about 20-25% still showed good growth.
However, as the cell density dropped to below 20x104 cells.mL-1 from the
end of July, the growth of Amphora sp slowed due to a combination of the
effects of low light, heavy rainfall, short days and very cold temperatures.

Amphora sp MUR 258 is considered as a euryhaline and hypersaline alga
due to its ability to tolerate wide range of high salt concentration. Some
species of diatoms can also be found in hypersaline environments
including Amphora coffeaeformis, Nitzschia and Navicula species (DasSarma
and Arora 2001). However, no information is available regarding their
growth performance over a wide range of hypersaline conditions.
In terms of salinity tolerance, the culture of Amphora sp MUR 258 in
outdoors could grow up to 15% NaCl. In a separate study indoors (data
not shown), Amphora sp showed no growth at a salinity of 14% NaCl. This
suggests that long-term exposure to high salinity has led to adaptation
allowing the Amphora to grow at higher salinity. In addition, outdoor
conditions are a complex environment in which many factors interact
simultaneously at any one time. The interaction between various factors
including

temperature,

salinity,

and

irradiance

are

changing

simultaneously from time to time and how this interaction affected the
growth of the Amphora sp are still not well understood. Therefore, more
studies are required to better understand the adaptation mechanisms of
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Amphora sp MUR 258 in response to salinity changes as well as the
interaction between salinity and other factors limiting growth. .
Long-term data on productivity of microalgae cultured in open ponds are
very limited (Borowitzka and Moheimani 2013b). Among them are the
productivity of Pleurochrysis carterae cultured in 1m2 raceway ponds in
Perth, Australia over 12 months period ranged from 16 to 33.5 g dry
weight.m-2.d-1 (Moheimani and Borowitzka 2006). Tetraselmis sp cultured
in a raceway pond in Japan for 12 months period achieved the
productivity range of 5-40 g dry weight.m-2.d-1(Matsumoto et al. 1995). An
annual average productivity of 15 g dry weight.m-2.d-1 of Scenedesmus
obliquus was achieved in a raceway pond in Bangkok, Thailand (Payer et
al. 1978).

In the present study, the productivity ranged from 3-24 g

AFDW.m-2.d-1 (annual average of 7 g ash free dry weight.m-2.d-1). It is to be
noted that that in here I aimed to study the reliability of Amphora longterm cultivation under real outdoors conditions. No CO2 was added to the
culture for the duration of the cultivation. If CO2 was added, the
productivity can potentially be increased as observed by Moheimani and
Borowitzka (2011) who studied the effects of increased CO2 on the growth
of Pleurochrysis carterae in open raceway pond and found that CO2
addition increased the biomass productivity.
Based on this study, high growth and productivity of the Amphora sp
culture can be consistently maintained throughout the year if the alga is
developed in the best suited areas (note that the average biomass and lipid
productivity during summer excluding the three weeks period when the
culture was run at very low cell density were about 18.3 g ash-free dry
weight.m-2.d-1 and 4.5 g ash-free dry.m-2.d-1, respectively).

Since the

specific growth rate of Amphora sp was positively correlated with both
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temperature and solar irradiance, it is therefore important to consider
developing the alga in places with high average solar irradiance and high
daily air temperature. There are some locations in Australia with these
conditions (i.e. Karratha in North of Western Australia) (Moheimani 2013;
Boruff et al. 2015).

If we develop this alga in Karratha, the biomass

productivity could possibly be increased to over 20 g ash-free dry
weight.m-2.d-1 considering that the solar irradiance and daily air
temperature in this area are higher and relatively stable throughout the
year compared to Perth. Furthermore, regular harvesting every 1-2 days
with removal rate of 50% will maximize the productivity considering that
the doubling time of the alga is about two days and the higher
productivity is achieved at that renewal rate in summer.
One of the major challenge of algal cultivation in outdoor open system is
maintaining monoalgal culture (Borowitzka and Moheimani 2013a).
Contamination by other algae, bacteria, protozoa, zooplankton and fungi
is unavoidable and may reduce the yield/productivity. In the worst case
scenario, contaminants may take over the culture and become the
dominant species or cause culture collapse (Richmond 1986b). The main
reason for the absence of the contaminants in the first three months of the
cultivation was that the culture conditions during summer (high
temperature and irradiance) appear to be optimal for Amphora sp. MUR
258.

Contamination by Dunaliella sp and Tetraselmis was unavoidable

because the two species were cultured at the neighbouring ponds
whereas, another contaminant, Navicula sp seems to favour winter
conditions.

Interestingly, in the presence of the latter, the growth of

Dunaliella sp and Tetraselmis decreased gradually before they were
completely eliminated by the end of October 2012. The Navicula sp seems
to out-compete the other species in terms of low temperature tolerance
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and ability to optimize use of low light. It is also possible that the Navicula
sp might release inhibitory substances/toxins that inhibit the growth of
other microalgae. Some algae are known to produce inhibitory substances
including P. carterae (Moheimani and Borowitzka 2006), Nitzschia palea
(Jorgensen 1956) and, Skeletonema costatum (Imada et al. 1991).
Some strategies were applied to control the contaminants. Maintaining
the salinity in the pond at around salinity optimum for the Amphora sp
(10±1% NaCl) but sub-optimal for the growth of the Dunaliella and
Tetraselmis

was

successful

to

inhibit/supress

the

growth

these

contaminants. Also, with a fast growing alga like Amphora sp, regular
harvesting washed out the contaminants from the pond. However, the
presence of a cold-loving contaminant (Navicula sp) that appeared to have
similar salinity optimum with Amphora sp changed the whole story.
Navicula sp became the dominant species for about two months before the
Amphora sp recovered by the end of October 2012.
Although contamination by other algae is a problem, it can also be a good
starting point for future studies. The ability of a contaminant to dominate
an algal culture show its superiority over the target species and if the
superior characteristics are combined with other desirable characteristics
for commercial applications (i.e. high lipid content and PUFAs); the
contaminant can be a considered as a potential candidate for future
development.

Furthermore, understanding the contaminants will help

dealing with their reoccurrence. We decided to isolate the Navicula sp
contaminant with the consideration that the species grew fast in the cold
weather at low irradiance. Most importantly, it is a hypersaline alga that
can grow up to at 15% NaCl with relatively high lipid content making it a
potential candidate to be developed in outdoor open pond system in the
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places with low daily air temperature and irradiance. Alternatively, the
Amphora sp and Navicula sp can be co-cultivated so that the annual
productivity can be maximized consistently throughout the year.
Lipids are the main storage product in diatoms due to the fact that oil
droplets are present in the cells (Lewin and Guillard 1963). Diatoms also
use the polysaccharide chrysolaminarin as a

sometimes significant

storage product (instead of starch) (Myklestad 1977).

Diatom lipid

accumulation is affected by numerous factors including salinity (Khatoon
et al. 2010), silicon deficiency (Roessler 1990), nitrogen depletion (Collyer
and Fogg 1955; Badour and Gergis 1965), drying or desiccation (Evans
1958), culture age (Lombardi and Wangersky 1995; Popovich et al. 2012).
In the present study, I found that the Amphora sp lipid content per cell was
higher in winter than summer. On the other hand, very low specific
growth rate and biomass yield contributed to the low lipid productivity of
Amphora in winter. Higher lipid accumulation within the cells resulted
from the continued accumulation of the lipids as the storage products
while cell division was inhibited during winter when the temperatures
dropped far below the optimal temperature range for growth. As pointed
out by Ramachandra et al. (2009), storage lipids are used for long-term
survival under unfavourable environmental conditions.
The fatty acid composition of the Amphora sp. MUR 258 under outdoor
conditions is similar to that for the alga grown indoors. However, the
amount of the each fatty acid varied between seasons. That differences
can be attributed to the varying environmental conditions (i.e.
temperature,

salinity

and

light

intensity)

encountered

outdoors.

According to Chen (2012), diatoms response to their environmental
changes by changing their lipid/fatty acids composition. A study done by
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De la Pena (2007) also found that the lipid and fatty acids composition of
Amphora sp did not vary between indoor and outdoor except for the SFA
which was higher under outdoor condition.
In summary, Amphora sp. MUR 258 showed an ability to grow in outdoors
over one year period (13 months).

The highest cell density, specific

growth rate and biomass and lipid productivity were achieved in summer.
Biomass and lipid productivities can be further increased since the
growing conditions of the alga in this study have not been optimized.
Therefore, further studies aiming to maximize the productivities are
needed including CO2 addition, determination of optimum depth and
harvesting rate at different seasons as well as interaction of limits to
growth factors.
4.4.2.2 Effect of different pond depth on the growth of Amphora sp.
MUR 258
One of the important parameters affecting the productivity of raceway
ponds in outdoors is pond depth (Abeliovich 1980; Azov et al. 1980). At
very dense cultures in ponds outdoors, light can only penetrate up to a
depth of about 5 cm (Oswald 1988) and to no more than 7 cm in less dense
cultures (Richmond 1986b). In this study it was found that the alga had
higher specific growth rate and biomass productivity at 20 cm depth than
at 15 cm.

This suggest that Amphora sp MUR 258 has the ability to

optimise the use of light at low irradiance in winter so that higher
productivity can still be achieved even at a higher depth which is also in
agreement with the indoor studies in which the cells grew very well to a
very dense culture

(maximum cell density 291x104 cells.mL-1) at a very

low irradiance (65±5 µmol photons.m-2.s-1) (see section 4.4.1.1).
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Higher growth rate and biomass productivity at the beginning of the
culture period can be attributed to the relatively higher irradiance,
temperature and no rainfall.

However, lower growth rate and

productivity recorded at the end of the culture period possibly due
combination effects of much lower irradiance and temperature during that
time. Based on this study, the biomass productivity can potentially be
increased during summer at much higher pond depth (>20 cm).
Moheimani and Borowitzka (2007) studied the effect of different pond
depth on the productivity of Pleurochrysis carterae under semi-continuous
mode during autumn and summer. They found that the productivity was
markedly higher in summer than autumn and the maximum productivity
in autumn was achieved at 16 cm, whereas in summer the maximum
productivity was achieved at 21 cm depth. Based on the previous study at
the same location (Algae R and D centre at Murdoch University) and
considering the variation of irradiance throughout the year, it is therefore
important to further study the optimum pond depth for optimum growth
of the Amphora sp MUR 258 in outdoor raceway pond at different seasons
so that maximum productivity can be achieved throughout the year by
managing the pond depth.
4.4.2.3 Effect of heated and unheated ponds on the growth of Amphora
sp. MUR 258
This experiment was done in winter due to the fact the Amphora sp. MUR
258 grow better at high temperatures and thus heating up the cultures
would be expected to show a greater effect on productivity. In this study,
it was found that the heated culture performed better than the unheated
culture. Lower productivity at both conditions in the early culture period
coincided with very low temperatures during the first few days of
culturing (3.7-5.3oC, Bureau of Meteorology data 2012).

Heating the
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culture resulted in an average 10oC increase in temperature which in turn
supported the growth of the Amphora culture. Low morning temperature
has been shown to decrease the productivity of Spirulina and Chlorella up
to 30% (Richmond et al. 1980). Laws et al. (1988) found a significant
increase in the yield of Chlorella grown in outdoor raceway pond when the
culture temperature was increased by 10-15oC during winter. Vonshak et
al (2001) reported a larger decrease in almost all photosynthetic
parameters when cultures exposed to suboptimal low temperature even
for a short time. They found a large increase (60%) in productivity of the
heated culture compared to that of the unheated one. Moheimani and
Borowitzka (2006) also observed a significant increase in the daily biomass
production of Pleurochrysis carterae by 11 – 21% and the lipid productivity
by 14-25% when the morning temperature was increased artificially (35oC) by adding pre-heated medium to a pond compared to an unheated
culture during winter.
4.4.2.4 Effect of intermittent mixing on the growth of Amphora sp.
MUR 258
In this study it was found that the growth of Amphora sp. MUR 258 was
greatly improved under continuous mixing although biomass yield and
biomass

productivity

showed

no

significant

difference

between

treatments. This study suggest that continuous mixing is required to get
the optimum growth especially with the Amphora sp. MUR 258 which has
a tendency to sink under unmixed condition due to heavy silicified cell
walls. The development of nutritional, gaseous and thermal gradients can
also be minimised through mixing by reducing the boundary layer around
the cells which in turn leads to better nutrient and cellular metabolites (i.e.
oxygen) mass transfer (Grobbelaar 1994). Moreover, continuous mixing
also reduces cell sticking and the formation of biofilms on the pond’s wall.
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A similar study done by Cuello et al. (2015) investigated the growth of
halophilic green alga Tetraselmis suecica in outdoor raceway ponds under
three different mixing regimes (continuous mixing, stopped overnight and
restarted 1 h after sunrise, and stopped overnight and restarted 1 h before
sunrise). They found that there was no significant different in the growth
rate, biomass productivity and cell weight between treatments hence
saving power (37%) and energy-related cost by up to 33%.
It is noted that this experiment was run in winter when the Amphora sp.
MUR 258 has a tendency to stick to a substrate under the suboptimal
temperature during winter. Therefore, mixing continuously is required
for optimum growth during winter months. The results will probably
different if the experiment is run in summer/spring/autumn (optimum
growth condition for the Amphora sp. MUR 258) as the algal cells do not
stick to a substrate at higher temperatures. However, time limitation
precluded similar studies in other seasons.

Therefore, further study is

needed to test the same experiment at different seasons.
4.5

Conclusion

It is evident that the newly isolated halophilic diatom, the Amphora sp.
MUR 258, is a very potential strain to be mass cultivated outdoors as lipid
producer due to its ability to accumulate high lipid content at exponential
phase allowing high lipid productivity, its ability to grow well over a wide
range of temperatures, its ability to grow on seawater at hypersaline
condition with minimal/no dilution with freshwater, its efficient use of
nutrients, its unusual non-sticky behavior allowing growth in raceway
ponds and thus being suitable for large-scale production and most
importantly its ability to grow reliably in outdoors for long period.
Moreover, this diatom has a fatty acid profile potentially suitable for
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biodiesel.

However, further studies are still needed to optimise the

culture conditions in order to maximise biomass and lipid productivity
and possibly also to tailor the fatty acid composition to best suit a
particular application (i.e biodiesel feedstock, aquaculture feeds, PUFAs
production etc).
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CHAPTER 5. BOTRYOCOCCUS BRAUNII 807/2 – A CAROTENOID
PRODUCER
5.1

Introduction

Carotenoids are one of the potential high-value products from microalgae
and also the focused of my study. As one of the newly isolated species
(the coccoid red) which was isolated from a hypersaline pond and initially
considered as potential species for carotenoid production failed to meet
the basic criteria (see section 3.1.3), I then went through our culture
collection at Algae R & D centre to search for a potential strain as
carotenoid producer.

Another potential candidate for carotenoid

production identified was Botryococcus braunii 807/2. A very interesting
feature of this strain was that the colour of the culture changes from green
to deep red/orange under certain conditions (i.e. high light, stationary
phase).

Some very old cultures (more than one year old) still preserved

their bright red/orange colours. Preliminary investigation on the
carotenoids content using TLC identified some orange and yellow
pigments

as

astaxanthin.

β-carotene,

echinenone,

lutein,

canthaxanthin

and

In addition, the B. braunii strain 807/2 has been studied

intensively at the Murdoch University Algae R&D Centre in relation to its
hydrocarbon production.

For example, Ngoon (2011) studied the B.

braunii strain 807/2 for its potential for biofuel production and concluded
that this strain is a potential strain for biofuel production due its
remarkably high hydrocarbon content. Moheimani et al (2013b) studied
the possibility to extract the external hydrocarbon of the B. braunii strain
807/2 using non-destructive methods and found that the external
hydrocarbon can be non-destructively extracted and recovered almost all
the hydrocarbon produced. Zhang (2015) had also studied the B. braunii
807/2. He particularly focused on the long-term reliable cultivation of the
strain in both open ponds and closed photobioreactors and also on the
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limits to growth factors of the strain. He found that this strains could be
grown reliably in outdoor raceway ponds for over 5 months (the longest
cultivation period reported for this strain) compared to that of biocoil
which was difficult to manage due to biofilm formation. Hence, we have
lots of important information about the strain specifically related to its
limits to growth factors making the cultivation processes easy. Therefore,
the aim of the experiments reported in this chapter was to analyse
carotenoid types and the rate of carotenoid production of B. braunii 807/2
under different growth conditions. The carotenoid composition between
green, intermediately pigmented and red B. braunii grown under different
growth conditions was also examined
5.2

Materials and methods

5.2.1 The source of the strain
Botryococcus braunii CCAP 807/2 which was isolated by Jaworski in 1984
from lake Grasmere, Cumbria, England (Hilton et al. 1988) was obtained
from the Culture Collection of Algae and Protozoa (CCAP) and
maintained at the Murdoch University Algae R&D Centre.
5.2.2 Carotenoid production of B. braunii 807/2 under different growing
conditions
5.2.2.1 Culture conditions
Botryococcus braunii 807/2 was cultured in 6 x 1 L Schott bottles containing
750 mL of medium.

The cultures were grown at two different light

intensities (100 and 500 µmol photons m-2 s-1) and three different media
compositions: a) control with complete modified CHU 13 medium (see
section 2.1 for more details), b) modified CHU 13 without N, and c)
modified CHU13 without N + 2Fe). The inoculum was centrifuged and
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the supernatant was discarded before adding the fresh medium (CHU 13
with N, CHU 13 without N and CHU 13 without N+2fe). All cultures
were grown at 25oC with 12h: 12h light:dark cycle and were mixed with
magnetic stirrers. The experiment was run in batch mode for 5 weeks.
5.2.2.2 Sampling
Sampling for DW/AFDW, lipids, chlorophyll and carotenoids was carried
out on weekly basis (see section 2.2 for more details).
5.2.2.3

Carotenoid

analysis

using

quantitative

Thin

Layer

Chromatography (TLC)
5 mL of the cultures were filtered through GF/C (Whatman) filters. The
filters containing cells were put in 4 mL glass test tubes. About 1 table
spoon of liquid N2 was added into each of the tube and incubated for 30
min. The cells were then crushed with a glass rod until a smooth red paste
of about 0.5 mL was obtained. 1 mL of 90% ice-cold acetone was added
into the tubes, homogenized well with a glass rod and then transferred in
a plastic centrifuge tube with screw cap. Another 1 mL of acetone was
added into the glass tube to wash and clean all the remaining cell debris
which was also transferred into the centrifuge tubes and then centrifuged
at 1107xg for 10 minutes.

After centrifugation, the supernatant was

transferred to a 10 mL graduated glass centrifuge tube. For the second
and third extraction, 2 mL of acetone were added to pellet in the
centrifuge tube, vortexed to resuspend the pellets and then centrifuged
again at 1107xg for 10 minutes. The supernatants were combined in the
glass tube. The samples were then evaporated with a stream of N2 gas to
about 2 mL. The same amount of petroleum spirit (boiling range point 4060oC) (about 2 mL) was added and then left for partition to occur. The top
phase was transferred into a vial and evaporated to complete dryness
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under a stream of N2 gas. The dried pigment was stored in a freezer in a
tightly sealed container until further analysis.
The separation of the carotenoids in the extract was performed using thin
layer chromatography. The dried pigment was dissolved in 1 mL acetone.
The pigment extract was applied/loaded as a 150 mm wide band to an
activated silica gel plate (standard 20x20 cm aluminium-backed TLC
plate/Merck TLC Silica Gel 60F254). Activation of the plate was done by
heating the plate for 1 h at 120oC. The loaded TLC plate was transferred
into a saturated developing chamber containing 100 mLsolvent mixture of
acetone: hexane: petroleum spirit (boiling point range 40-60oC) (20 mL: 10
mL: 70 mL).

The plate was then removed and dried once the

chromatogram was complete. The pigment bands were identified based
on the calculated Rf values and then compared them with the Rf values in
literatures. The pigment bands with yellow, red and orange colours were
recovered by carefully scraping off using a plastic blade. Each individual
pigment powder was eluted with 2 mLethanol and then centrifuged at
1107xg for 10 minutes.

The volume of the samples/supernatant was

recorded and then the absorption spectrum was measured between 400700 nm. Concentration of the carotenoids was calculated according to the
below equation(Howieson 2001):
𝑪 =

Where:
C

𝑨 × 𝟏𝟏
𝑬𝟏%
𝟏 𝒄𝒄

= concentration of carotenoid in mg.mL-1

A = measured absorbance at wavelength of maximum absorbance
E1%1cm = 2600 for β-carotene
E1%1cm= 2500 for xanthophyll (zeaxanthin, lutein, violaxanthin,
neoxanthin)
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E1%1cm = 2200 for keto-carotenoids (astaxanthin, canthaxanthin)

The total carotenoid content was determined by summing all the
individual carotenoid concentrations.

As a general precaution, all the

processes were done under dim light and the pigment extracts were kept
cool at all times by placing them in a cool box on ice.
5.2.3 Comparison of carotenoid composition of green, intermediate and
red cells of B. braunii 807/2 cultured in indoors and outdoors
5.2.3.1 Sample collection
For indoor cultures, the green/intermediate green cells were collected from
a 2 months culture grown at 25oC, 150-200 µmol photons m-2 s-1 in a 20 L
carboy containing about 15 L culture. The intermediate red and red cells
grown at 25oC, 150-200 µmol photons m-2 s-1 in several 1L flasks containing
about 500 mL culture per flask were collected from old cultures about 6
and 8 months old, respectively.

The cells were collected by filtering the

culture throughWhatman GF/C filter papers.
For the outdoor cultures, the green/intermediate green cells of B. braunii
collected from a 1m2 raceway pond (2-3 months old) were concentrated by
first settling the cultures in a bucket, decanting the water then filtering the
colonies throughWhatman GF/C filter papers. The intermediate half green
and half red cells were collected from a 1m2 raceway pond (about 6
months old). To obtain the red cells, the intermediate half green and half
red culture from the 1 m2 raceway pond was transferred into a 10 m2
raceway pond and then topped up the pond with tap water only. The
culture turned red after 1-2 weeks (note that this occurred in summer).
The red cells were harvested by just scraping them off the wall of the pond
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as these cells stick to the pond’s wall. The samples were then lyophilized
and stored in the freezer until further analysis.
5.2.3.2 Carotenoid determination by HPLC
In the previous experiment (section 5.2.2), I aimed to determine the rate of
carotenoid production under different conditions quantitatively using
TLC.

This experiment was then carried out to obtain more detailed

information about the types and the amount of individual pigments by the
means of HPLC and to see how these pigments change as the cells change
from the green to the red stage.

This experiment was done in

collaboration with Prof. Einar Skarstad Egeland from Dobo University
College (Norway).
To obtain the best possible extraction solvent/procedure, several extraction
methods were tested.

All extractions were performed at room

temperature in darkness (wrapped in a thick black cloth). A tip of a
spatula with red or green cells was transferred into separate test tubes
(test tubes with screw cap). Approximately 2 mL of solvent was added
into the tube and then flushed with nitrogen gas to prevent oxidation. The
following solvents or solvent mixtures were tested:
A. 30 % methanol, 70 % acetone (Grung et al. 1994a; 1994b)
B. benzene
C. methanol
D. ethanol
E. ethyl acetate
F. acetonitrile
G. acetone
H. 90 % acetone, 10 % water
I.

isopropyl acetate
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J. pyridine
K. chloroform
L. 50 % chloroform, 50 % methanol
M. hexane
N. the freeze dried cells were first moisturised by addition of a few drops

of DI water and after 5 minutes approx. 2 mL of a mixture of 50 %
chloroform, 50 % methanol was added

Upon comparison of the extraction methods, the treatment L and N
showed the best results, although still a bit of colour was seen in the cells
indicating that not all pigments were completely extracted from the cells.
Treatment N was efficient for green cells. For red cells, treatment L was
better. Because some samples contained a mixture of red and green cells,
extraction method N was selected for the analysis of all samples. The
lyophilised cells were soaked in solvent for three days at room
temperature under nitrogen in darkness. After extraction, the cells were
filtered and the residue flushed with a small amount of acetone followed
by evaporation to dryness under reduced pressure with some absolute
ethanol added before evaporation to remove the water. The dried
pigments were immediately re- dissolved in acetone (approximately 1 mL)
and analysed by HPLC.

For all the above treatments, the cells with

solvent were kept in a refrigerator, in darkness at approx. 2°C.

The HPLC separation was performed using an Agilent 1100 HPLC
instrument with vacuum degasser, thermostatted autosampler with
enlarged injection loop, quaternary pump, thermostatted column
compartment, and diode array detector on a reversed phase C18 column
(ACE 5 C18 part no. ACE-121-2546, 4.6_250 mm each, with 5 mm packing)
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as describe in Egeland (2012). The identity of the pigments was checked on
a normal phase silica column (Grung et al. 1994a).

All pigments were

identified on the basis of retention time compared with an external
standard and their visible spectra. Quantification was done on the basis of
the calibration performed just before analyzing the samples. Pigments
used for calibration were either donated or purchased from a commercial
entity (CaroteNature, DHI, DSM, Sigma-Aldrich, and VWR), or isolated
from a known source. The HPLC was calibrated for chlorophylls and
carotenoids using the absorption coefficients (Egeland 2011; Egeland
2012).
5.3

Results

5.3.1 Carotenoid production of B. braunii 807/2 under different growth
conditions
5.3.1.1 Growth
The growth of B. braunii was followed by determining its biomass because
it was difficult to follow the growth based on the cell numbers as this
strain was colonial. This study showed that the alga grew very slow. The
biomass of the cultures grown at low light intensity increased gradually
from 0.35-0.4 g.L-1 on day 2 to 0.55-0.6 g.L-1 on day 30. The cultures grown
without N and without N with 2 x Fe concentration had higher biomass
and continued to increase towards the end of the culture period, whereas
the biomass of the control remained steady after day 23. On the other
hand, the biomass of the cultures grown at high light increased from 0.4
g.L-1 on day 2 to a maximum of about 0.6 g.L-1 on day 16 and entered
stationary phase towards the end of the culture period, except for the
control culture which continued to increase to around 0.7 g.L-1 on day 30
(Figure28).
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Figure 28. Biomass of B. braunii at low light (100 µmol photons m-2 s-1)
and high light (500 µmol photons m-2 s-1) under different growing
conditions (● = control, ○ = without nitrogen and ▼= without
nitrogen+2Fe). Data represent mean±range, n=3
5.3.1.2 Lipid content
The total lipid yield of B. braunii grown under different condition showed
a different pattern.

In low light, the lipid content on day 2 and 30 was

about the same, whereas in high light there seems to be a gradual increase
in lipid over time (Figure29).

Figure 29. Total lipid yield of B.braunii at low light (100 µmol photons
m-2 s-1) and high light (500 µmol photons m-2 s-1) under different growth
conditions. Data represent mean±range, n=3
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5.3.1.3 Chlorophyll and carotenoid content
The culture colour changed greatly with culture age, especially at high
light intensity. The culture grown without nitrogen and with two times
iron showed a dramatic change from green to yellow-orange colour on
day 2 and stayed the same colour until about day 16 before changing
colour to pale yellow. The culture grown without nitrogen also changed
from green to yellowish colour on day 5, whereas the control culture
remained green. In low light, the colour of the cultures did not change
very much. The cultures grown under nitrogen limitation changed colour
from green to brownish/yellowish after one week of culturing whereas the
control culture stayed green over the whole culture period (Figure30).
A

B

Figure 30. The colour of the B. braunii cultures (A). Cultures at low light
(100 µmol photons m-2 s-1) after one week; control, without N, without
N+2Fe. (B) Cultures at high light (500 µmol photons m-2 s-1) after one
week; control (CHU 13), without N (-N), without N+2Fe (-N+2xFe).
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Chlorophyll a and b content of B. braunii grown under low and high light
is shown in Figure 31. The chlorophyll a content of the control cultures
under low and high light followed a similar upward trend reaching a
maximum on day 23. The chlorophyll a content of the nitrogen limited
cultures was remained stable at around 4-6 mg.L-1 under low light,
whereas under high light, the chlorophyll a content of nitrogen limited
cultures decreased to below 2 mg.L-1 from day 9.

The chlorophyll b

content of the control cultures under low and high light reached
maximum on day 9 at around 3 mg.L-1. The chlorophyll b content of
nitrogen limited cultures at low light remained steady at around 2 mg.L-1
whereas their counterparts at high light decreased with time, reaching
about 0.3 mg.L-1 on day 30.

Figure 31. Chlorophyll a and b content of B. braunii at low light (100
µmol photons m-2 s-1)and high light (500 µmol photons m-2 s-1) in three
different media. Data represent mean±range, n=3
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The carotenoid production of B. braunii 807/2 at high light intensity was
faster than that al low light intensity. After two days of cultivation, the
cultures grown under high light had 50-100% more carotenoids than their
counterparts grown at low light (Figure 32). Irrespective of the growth
conditions, the maximum carotenoid content at low light was achieved on
day 9. At high light, the highest total carotenoid was also achieved on day
9 from the culture grown without N and with 2xFe concentration whereas
the control culture and the one without N had about 50% less carotenoid
content than the one cultured with 2xFe concentration. From the results
presented in Figure 32, the total carotenoid productivity and the total
carotenoid content in % AFDW were calculated. The carotenoid content of
B. braunii 807/2 ranged from 0.03-0.12% AFDW and the productivity of
total carotenoid ranged from 0.01-0.04 mg.L-1.d-1.

Figure 32. Total carotenoid content of B. braunii at low light (100 µmol
photons m-2 s-1) and high light (500 µmol photons m-2 s-1) in three
different media
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Botryococcus braunii 807/2 grown in three different media displayed
different pigment bands (Figure 33).

At low light intensity, several

pigment bands appeared including yellow pigments (β-carotene and
lutein),

olive

green

pigment

(pheophytin),

red/orange

pigments

(canthaxanthin and neoxanthin) and the most prominent green pigments
(chl a and b). However, at high light intensity, more yellow/red/orange
pigments appeared as the culture age with no more chlorophylls observed
on day 16 from N-free medium and medium with extra iron.
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A (Low Light, day 2)

B (Low Light, day 16)

C (High Light, day 2)

Lane 1

2

D (High Light, day 16)

3

1

2

3

Figure 33. TLC of the pigment extracts of B. braunii under low light (100
µmol photons m-2 s-1) on day 2 (A), day 16 (B) and under high light (500
µmol photons m-2 s-1) on day 2 (C) and day 16 (D). Lane 1, 2 and 3
represent control, without N and without N+2Fe, respectively. Labels
represent a (β-carotene), b (canthaxanthin), c (pheophytin), d
(neoxanthin), e (Chl a), f (chl b), g (lutein), h (keto-carotenoids)
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5.3.2 Comparison of carotenoid composition of green, intermediate and
red cells of Botryococcus braunii807/2 cultured indoors and outdoors
The carotenoid composition of green, intermediate and red cells of indoor
and outdoor cultures was compared to see how the carotenoid
composition changes over time.

The green cells represented actively

growing cells under optimal condition (i.e. nutrient sufficient).

The

intermediate cells were the cells that started to change colour from green
to red. These types of cells were mostly found at late stationary phase
whereas red cells were the cells that accumulated high amount of
carotenoids accompanied by chlorophyll breakdown. The results for each
pigment could not be given on a cell basis, only as % of total carotenoids
as even the best extraction methods gave no complete extraction (see
section 4.2 for more details).
The results showed that B. braunii 807/2 accumulates lutein, canthaxanthin
and astaxanthin as the main carotenoids. Whilst lutein was the major
carotenoids of the green/intermediate cells, canthaxanthin and astaxanthin
were the predominant carotenoid of the red cells under indoor and
outdoor culture, respectively (Figure 34).

As the cells change from the

green to the red stage, major changes of some carotenoids were observed.
The most striking feature was the changes in lutein and astaxanthin
content. The lutein content of intermediate cells decreased dramatically
from 55% to 12% in the outdoor culture and from 43% to 5% in the indoor
culture.

In contrast, astaxanthin content increased significantly from

undetected in the green cells (both indoor and outdoor) to about 7%
(indoor) and 28% (outdoor) (Table21).
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Figure 34. The HPLC histograms of the green cells (top panel), the red
cells indoor (centrepanel), and the cells outdoor (bottom panel)
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Table 21. Carotenoid composition of green, intermediate and red cells
of B. braunii807/2 grown indoors and outdoors

Types of
carotenoids

β,ε-carotene
Lutein
β, β-Carotene
Violaxanthin
Neoxanthin
(cis+trans)
Echinenone
Canthaxanthin
Adonixanthin
Idoxanthin
Astaxanthin
Total
carotenoids
with known
identity (%)
Total of
minor+degrad
ed + unknown
carotenoids
(%)

Intermediate
red cells
(indoor)

Red
cells
(indoor)

Red
cells
(outdoor)

0.5
55
7
1.8
10

% of total carotenoids
Green/
Intermediate
intermediate
half red and
green cells
half green cells
(indoor)
(outdoor)
0.6
43
33
8
2.1
3.7
1.1
9
5

0.2
30
2.9
2.0
2.1

0.2
5
4
0.4
0.5

0.1
12
0.9
0.6
2.3

1.2
3.4
0.8
0.1
79.8

1.7
3.2
1.2
3.6
74

0.7
6
6
0.8
9
63.7

2.1
17
6
3.2
65.5

9
16
7
7
7
56.1

0.7
13
13
0.3
28
70.9

20.2

26

36.3

34.5

43.9

29.1

Green/
intermediate
cells (outdoor)

Not all carotenoids could be identified. The total of minor, degraded and
unknown carotenoids ranged from 20.2% (green cells indoor) to 43.9%
(red cells indoor). The inability to accurately identify all the carotenoids
was due limitation of available reference standards. For example, we did
not have available botryoxanthins or braunixanthins as reference
standards, so we could not indicate their presence in the algal cells.
However, if they are present, they are only present in minor amounts.
Some minor pigments could also be 3/3’/4’-hydroxyechinenone and
adonirubin (metabolic intermediates in the biosynthesis of astaxanthin), as
also here, no reference standard was available. Many of the minor
carotenoids were assumed to be cis isomers, often present in extracts of
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lyophilised cells, despite not being present in intact cells (Egeland, pers
communication).
5.4

Discussion

5.4.1 Carotenoid production of Botryococcus braunii 807/2 under
different growing conditions
5.4.1.1 Growth
Botryococcus braunii is a slow growing alga (Wolf 1983).

In the present

study, it took about 16 days for the cultures to double their biomass under
high light intensity and over 30 days under low light intensity. The slow
growth rate of B. braunii can be attributed to its unusual morphology. As
suggested by Belcher (1968), the slow growth may be due to the colonial
matrix of the alga that hinders cellular gas exchange and also due to the
ability of the alga to direct metabolism into metabolically expensive lipids.
Another possible explanation as pointed out by Murray and Thomson
(1977) is that the abundance of the carotenoid matrix reduced the light
reaching the chloroplasts of the cells.
Zhang (2015) also studied the same strain of B. braunii 807/2 and found
that the highest specific growth rate was about 0.45 d-1 between day 0 and
2 but afterwards, the specific growth rate declined to an average of
0.04±0.03 d-1 or doubling time of about 17 days. Largeau et al. (1980)
reported the generation time of B. braunii grown in unshaken and
unaerated batch cultures at 20oC was about 1 week on average. However,
when the cultures were grown with shaking and aeration with 1% CO2
and by increasing the temperature to 26oC, the generation time was
reduced to about 2.5 d-1. Li and Qin (2005) reported the specific growth
rate of B. braunii NIES-836 (0.09 d-1), B. braunii UK 807-2 (0.18 d-1) and B.
braunii CHN 357 (0.2 d-1). The specific growth rate of B. braunii LB-257 was
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0.07 d-1(Ranga Rao et al. 2007b), 0.13 d-1 for B. braunii 765 (Ge et al. 2011),
0.15 d-1 for B. braunii IPE 001 (Xu et al. 2012) and 0.17 d-1 for B. braunii B70
(Tanoi et al. 2011).
At higher irradiance the cultures grew better.

The control culture

continued to grow towards the end of the culture period presumably as
nutrients were still available to support cell growth, whereas the growth
of the nutrient limited cultures remained steady day 16 concomitant with
the decrease in chlorophyll and carotenoid content.

In the nutrient

limited cultures (-N and –N+2Fe), the biomass continued to increase
possibly due to accumulation of lipids in response to nutrient limitation as
the nutrient limited cultures had a higher lipid content than the control
culture from day 23 onwards. An enhancement in the lipid content under
nitrogen limitation in Botryococcus braunii has also been observed by Choi
et al. (2011) and Zhila et al. (2005).
5.4.1.2 Lipid content
Carotenoids are hydrophobic compounds that are dissolved in oil.
Therefore, accumulated lipid/fatty acids may serve as a matrix to
solubilize the pigments allowing astaxanthin esters to float accumulate in
the cytoplasm (Santos and Mesquita 1984).Boussiba and Vonshak (1991)
observed an increase in lipid content of Haematococcus pluvialis correlated
with the pigment accumulation as the pigments need to be accommodated
in the lipid globules. Ben-Amotz et al. (1982) also observed the same
phenomenon with Dunaliella bardawil (= D. salina).

In the present study

with B. braunii 807/2, the correlation between lipid and carotenoid
accumulation was not clear as under low light irrespective of the culture
conditions, the lipid content followed the same trend as the carotenoid
content until day 16, but afterwards the lipid content increased more than
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the carotenoid content. Under high light, the lipid content showed an
upward trend whereas the carotenoids content showed tendency to
decrease at the end of the culture period. This can be attributed to the
complexity of the fatty acids and carotenoid biosynthesis of microalgae
which are species-specific.
5.4.1.3 Chlorophyll and carotenoid content
The pigment composition of B. braunii was examined under different
growth conditions. The reason for using N-free medium and medium
with extra iron was because these conditions are known to induce
carotenogenesis in several algae species (Kobayashi et al. 1991; Boussiba et
al. 1999; Pirastru et al. 2012; Wang et al. 2013). In this study, B. braunii
807/2 synthesized chlorophyll a and b as well as primary carotenoids (i.e.
β-carotene, lutein, neoxanthin) under favourable conditions (nutrient
sufficient and low light).

However, under unfavourable condition

(nutrient limitation, extra iron and high light intensity), the strain
accumulated more secondary carotenoids e.g. canthaxanthin and
astaxanthin, concomitant with reduced chlorophylls and primary
carotenoids. Grung et al. (1994b) also found that carotenoid production of
B. braunii is enhanced at high light intensity and nitrogen deficiency.
Pirastru et al. (2012) discovered that Scenedesmus sp accumulated high
amounts of carotenoids, including astaxanthin and canthaxanthin, when
exposed to low concentration of nitrogen, whereas Chlorella zofingiensis
increased its astaxanthin levels at high irradiance (Del Campo et al. 2004).
Iron can also trigger the synthesis of carotenoids.

Wang et al. (2013)

reported that Fe2+ played a strong role in promoting astaxanthin formation
in Chromochloris zofingiensis. Similarly, Choi et al. (2002) and Kobayashi et
al.

(1991)

reported

enhancement

of

astaxanthin

production

in
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Haematococcus pluvialis with the addition of Fe2+ plus acetate.

Fe2+ can

work as hydroxyl radial (HO.) generator through the Fenton reaction to
enhance carotenogenesis in cyst cells of H. pluvialis (Kobayashi et al. 1991).
In addition, carotenogenesis is a complicated metabolism network in
which various co-factors of the related enzymes such as Fe2+, Mg2+ and
Mn2+ are essential for regulation of gene expression in higher plants and
some algae (Raman and Ravi 2011). Misawa et al. (1995) pointed out that
Fe2+ is a cofactor involved in the catalysis performed by hydroxylases and
oxidases required for astaxanthin synthesis.

In agreement with these

previous studies, this study also found that high iron concentration
stimulates carotenoid accumulation in B. braunii 807/2.
The total carotenoid content of the B. braunii 807/2 presented in this study
was relatively low (0.17-0.6 mg.L-1 or 0.3-1.2 mg.g-1AFDW or 0.03-0.12%
AFDW) compared to other studies on carotenoid production of B. braunii
or other microalgal species. For example, Ranga Rao et al. (2010) reported
the total carotenoid content of B. braunii CFTRI-K was about 0.35±0.06%
biomass. The carotenoid content of Nannochloropsis gaditana ranged from
0.8-6.9 µg.mg-1 dry weight, Synechococcus sp ranged from 0.3-3.3 µg.mg-1
dry weight and Dunaliella salina ranged from 0.5-27.7 µg.mg-1(MaciasSanchez et al. 2008).

Besides strain and growth conditions, the

methodology used for carotenoid determination can also be responsible
for the diversity of results. For example, Ranga Rao et al. (2010) analysed
Botryococcus braunii (CFTRI-K) using HPLC and LC-MS and found much
higher carotenoids content than that of the B. braunii 807/2. In this study,
the total carotenoid content was determined from chlorophyll-free
samples by determining carotenoid content of each individual carotenoid
recovered from TLC using UV-vis spectrophotometry and then
summarising them all as total carotenoid content. This method seems to
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be more reliable in terms of the accuracy by excluding all chlorophylls that
interfere with carotenoids absorbance when using UV spectrophotometry.
However, the calculated values were probably much lower compared to
other fast methods i.e. HPLC or UV spectrophotometry. This was because
the method employed in this study took longer time to get into the final
results. The samples had to follow series steps from pigment extraction,
partition, evaporation, separation on a TLC followed by quantification of
the individual carotenoid pigment using UV spectrophotometry which
took about 4-5 hours to complete depending on the number of samples.
During the long process, the pigments are potentially exposed to oxidation
which would gradually degrade the pigments which in turn led to the
much lower values. Macias-Sanchez et al. (2008)also found that different
extraction methods and extraction condition i.e. temperature and pressure
affected the yield of carotenoids and chlorophylls of three species of
microalgae (Nannochloropsis gaditana, Synechococcus sp. and Dunaliella
salina).
5.4.2 Comparison of carotenoid composition of green, intermediate and
red cells of Botryococcus braunii 807/2 cultured indoors and outdoors
Microalgae are one of the main sources of natural carotenoids. They
combine the fast and easy growth of bacteria and other unicellular
microorganisms with an active isoprenoid metabolism, which ensures
enough precursors for the carotenogenic pathway, and adequate storage
capacity. All these reasons make microalgae ideal cell factories for the
biotechnological production of high added-value carotenoids (Leon et al.
2004).
The carotenoid composition of B. braunii in this study is comparable with
the results of an early study of B. braunii in terms of the main carotenoids
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under optimum growing conditions i.e. low light and nutrient sufficiency
in which lutein as the predominant carotenoid of the green cells. For
example, B. braunii Kawaguchi-1 synthesized 76.2% of lutein of the total
carotenoids(Tonegawa et al. 1998). Similarly, both B. braunii race B and
race L synthesised lutein as the major carotenoid in the linear phase of
growth (Grung et al. 1989). However, B. braunii BOT-20 is different from
other B. braunii strains in terms of the main carotenoid and the colour of
the cells. It produced echinenone as the predominant carotenoid (73% of
total carotenoids) and instead of green, the cells appeared dark red during
linear phase of growth (Matsuura et al. 2012).
The red cells of B. braunii 807/2 contained keto-carotenoids as major
pigments. The bright red colouration of the cells was due to a masking of
the chlorophylls by the astaxanthin/canthaxanthin accumulation or may in
part due to chlorophyll breakdown after long exposure to high light
intensity under N-limitation. Interestingly, there was a major difference in
the carotenoids between the indoor and outdoor red cultures. Compared
to other B. braunii strains (Grung et al. 1989; Tonegawa et al. 1998;
Matsuura et al. 2012), the carotenoid composition of B. braunii 807/2 is
unique since astaxanthin is the major carotenoid (28% of total carotenoids)
of the red cells grown outdoors, whereas the red cells grown indoors
contained predominantly canthaxanthin (16% of total carotenoids).

It

appears that the much higher irradiance outdoors stimulates massive
accumulation of astaxanthin.
The biosynthesis of astaxanthin in B. braunii 807/2 is apparently similar to
Haematococcus pluvialis due to the presence of β-carotene, echinenone and
canthaxanthin which are the preferred route in astaxanthin biosynthesis in
H. pluvialis (Margalith 1999). However, Grung et al. (1989) found that
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canthaxanthin and echinenone were the dominating carotenoids in the
stationary phase of B. braunii race B (originating from Martinique)and
race L (isolated from Ivory coast) with no trace of astaxanthin.
Lutein and astaxanthin are pigments with commercial interests (Pulz and
Gross 2004; Del Campo et al. 2007; Borowitzka 2013b).

The fact that

Botryococcus braunii 807/2 accumulate these pigments under different
culture conditions means the production of either carotenoid can be
achieved through the management of culture conditions.
5.5

Conclusion

Botryococcus braunii 807/2 can be considered as a potential candidate for
carotenoid production of lutein and/or astaxanthin.

It showed its

capability to accumulate high amount of carotenoids under nitrogen
limitation, high iron concentration and high light intensity. It accumulates
a high amount of lutein when grown under optimum conditions and a
relatively high amount of astaxanthin when grown under sub-optimum
conditions (i.e. nutrient deficiency and high light intensity) outdoors.
Most importantly, B. braunii can be cultured outdoors. However, the main
problem is the slow grow growth and low carotenoid productivity of B.
braunii compared to carotenoid producer algae such as Dunaliella salina
and Haematococcus pluvialis. Therefore, further studies are still needed to
optimise the production of the potential carotenoids (i.e. lutein and
astaxanthin) including determination of the best growing conditions
(indoor and outdoor), the best harvesting time and the best extraction
method for optimum production of the carotenoids. The possibility of coproduction of carotenoids and hydrocarbon especially in combination
with hydrocarbon production by milking (Moheimani et al. 2013b) is also
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worth exploring -i.e. the ‘old’ biomass after several round of ‘milking’
might be a source of carotenoids.
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CHAPTER

6.

GENERAL

CONCLUSIONS

AND

FUTURE

DIRECTIONS
Microalgae have gained enormous attention from researchers, industries
and governments across the globe due their ability to produce a wide
range of important chemicals with various potential applications.
Moreover, microalgae with a great diversity serve as untapped resources
waiting to be discovered for more new exciting compounds. To date only
a limited number of microalgae such as Dunaliella, Spirulina, Chlorella and
Haematococcus have been successfully produced commercially (Barclay
and Apt 2013; Borowitzka 2013b).

Bioprospecting and screening of a

potential new species for a producing a targeted compound is thus an
important aspect of any potential future microalgae industry. This study
focused on bioprospecting for new microalgae species/strains with
commercial potential, with the main interests being in algae suitable for
the production of lipids/fatty acids and carotenoids.

Following series

tasks including species isolation and strain selection, characterization of
microalgae products, limits to the growth studies, and outdoor studies
(long-term growth and growth optimization), two commercial potential
microalgae strains namely Amphora sp. MUR 258 and B. braunii 807/2 and
Amphora sp MUR 258 and are recommended for lipid and carotenoid
production, respectively.
The Amphora sp. MUR 258 has the greatest potential for future commercial
applications of all the strains studied.

The Amphora sp. MUR 258 is

considered to be a commercial potential strain for lipid production for
several reasons. It is a hypersaline diatom that can tolerate a wide range
of salinity (3-15% NaCl) and grow well at a wide range of hypersaline
conditions (6-12% NaCl).

This is a very desirable characteristic when
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considering the species to be mass produced in outdoor system
(Borowitzka 2013c).

Species that can grow at hypersaline environment

are less likely to be over grown by other algae/contaminants as not many
microorganisms can tolerate hypersaline conditions thus enhancing the
reliability of long-term outdoor culture.
Amphora sp. MUR 258 is tolerant to a wide range of temperatures from
about 5-42oC, and prefers warm temperatures.

This is also a very

important criterion when considering the alga to be commercially grown
outdoors in a location with high solar irradiance and high daily air
temperature (i.e. Karratha in North of Western Australia). Furthermore,
indoor and outdoor study showed that the optimum growth temperature
ranged from 25-35oC. This is important because that temperature range is
mostly encountered in outdoors during day time.
The Amphora sp. MUR 258 is a lipid-rich microalgal strain contained up to
60% lipid (as % ash-free dry weight). Moreover, unlike many algae that
accumulate high level of lipid at stationary phase, this alga has the ability
to accumulate high amount of lipids/fatty acids in the exponential phase
when grown under optimum conditions. This is important because high
lipid content in the exponential phase will lead to the high lipid
productivity. The lipids content can be further increased through further
manipulation of the culture conditions.
Another important finding is that this pennate diatom does not normally
stick to surfaces as almost all pennates do, thus allowing the high
productivity culture in raceway ponds.

To the best of our knowledge,

only two pennate diatoms have been studied for large-scale cultivation
outdoors. One is the hypersaline Amphora coffeaeformis MUR158 studied
by Mercz (1994) and Fon-Sing and Borowitzka (2016).

However, the
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newly isolated hypersaline Amphora sp. MUR 258 in this study grows
better at even much higher salinity and sticks even less. The other species
is Phaeodactylum tricornutum which grows very well outdoors at seawater
salinity, but it is not a hypersaline species (Raymont and Adams 1958;
Ansell et al. 1963; Acién Fernández et al. 2003).
The Amphora sp. MUR 258 is reliable for long-term culture in outdoor
open pond systems (raceway ponds).

The ability of the alga to be

cultured in outdoor open-air system for long periods is one of the most
important aspect of commercially successful alga culture as it minimises
capital and labour costs (Borowitzka 1999b; Moheimani and Borowitzka
2006). Moreover, most current commercially produced microalgae use
open-air culture systems (Borowitzka and Moheimani 2013a).
In addition, this strain grew best at lower nutrient concentration and when
using urea as N-source (cheapest form of nitrogen sources). Therefore, it
is more economical to grow because nutrient costs represents a major cost
for microalgae cultivation (Borowitzka 2013d). Furthermore, it is more
sustainable to grow as it requires saline/hypersaline water which is
abundant, compared to the use of freshwater which is a limited resource
around the globe (Borowitzka and Moheimani 2013b).
The fatty acid profile of this alga indicated its suitability as a source of
lipids for biodiesel production. The high content of C16 and C18 of the
Amphora sp. MUR 258 is similar to that of vegetable oils and it is the most
common fatty acids contained in biodiesel (Knothe 2008). The low PUFAs
of the Amphora is an advantage as it is less susceptible to oxidation during
storage thus improving the acceptability as biodiesel (Sing et al. 2011).
However, more studies are still needed to optimise the productivity of the
biomass and product of interest. This includes growth optimization
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especially in outdoor culture (i.e. CO2 addition, the best harvesting rate
and harvesting time, optimum depth at different seasons, and interaction
between limits to growth factors).

This alga also has potential to be used as aquaculture feed especially for
abalone larvae due its small cell size which is suitable for the
larvae(Norman-Boudreau et al. 1986), its higher level of saturated fatty
acids which provide extra energy for growing larvae (Thompson et al.
1993) and its ability to stick to a substrate (at low temperature) making it
more accessible for the abalone larva. For this purpose, studies on feeding
trials on abalones are needed.
Another potential uses/application of this alga is for saline wastewater
treatment. Saline effluents generated by seafood processing industries,
aquaculture and tourism activities are conventionally treated through
costly physico-chemical treatments as biological treatment is difficult to
carry out due to salt-inhibition (Intrasungkha et al. 1999; Cristovao et al.
2015; Ferrer-Polonio et al. 2015; Jemly et al. 2015). Therefore, the use of
salt-tolerant microorganisms (i.e. halophilic microalgae) is one of the
potential options for treating hypersaline effluents.
Yet another commercial potential of Amphora sp. MUR 258 that need to be
further explored is as a fucoxanthin producer.

Diatoms are well known

as good sources of fucoxanthin (Kim et al. 2012b; Xia et al. 2013; Foo et al.
2015) compared to that of microalgae(Xia et al. 2013). The fact that the
Amphora sp MUR 258 can be grown reliably in outdoor for long period
make this strain a promising candidate for commercial production of
fucoxanthin at a low cost production system i.e. raceway ponds.
Moreover, if this alga is considered as lipids/biofuel feedstocks,
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fucoxanthin can be produced as a co-product so that the production costs
will be greatly reduced.
The second most potential strain studied for commercial application is the
Botryococcus braunii 807/2, a potential strain as a carotenoid producer. To
the best of our knowledge, this is the first study on carotenoid production
of B.braunii 807/2 focusing on the rate of the carotenoid production under
different growing conditions (i.e. nitrogen deprivation, high iron
concentration

and

different

light

intensity)

and

the

carotenoid

composition of green, intermediate and red cells of B. braunii.
This study found that the rate of carotenoid production of B. braunii 807/2
was faster under nitrogen deprivation, high iron concentration at high
light intensity than other growing conditions.

One of the important

finding is that this strain accumulated high value carotenoids such as
lutein and astaxanthin which are commercial interest (Borowitzka 2013b).
Lutein was the major carotenoid of the green cells whereas astaxanthin
was the major carotenoids of the red cells grown outdoors. However, the
carotenoid content reported herein was rather low compared to that of
other carotenoid producers (i.e. Dunaliella salina for β-carotene and
Haematococcus pluvialis for astaxanthin). Therefore, more studies are still
needed to optimise the productivity of the carotenoids.
Despite the low astaxanthin productivity of the B.braunii 807/2, the
astaxanthin might be a suitable co-product of the hydrocarbon production.
If using the ‘milking’ strategy (Moheimani et al. 2013b; Moheimani et al.
2014) then the ‘old’ colonies following extended milking could also be
used to extract the astaxanthin which have a much higher value than the
algal oils.
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The other two halophilic species studied, the coccoid cyanobacteria and
the Navicula sp., are also potential strains for commercial applications.
The coccoid cyanobacteria showed potential as a phycoerythrin producer.
However, as the focus of the study was on lipid/fatty acids and
carotenoids, this strain was precluded for detailed study.

With the

Navicula sp, this strain also showed promise as a lipid/fatty acid producer
but time limitation hindered further studies of this strain.
Finally, while the outcomes of this study indicate the potential of the
Amphora sp. MUR 258 for large-scale production of lipids and B. Braunii
807/2 for the production of carotenoids, substantially more work needs to
be done to optimise the productivity of the product of interest as well as
further investigation of other potential uses/application of the strains.
Microalgae are untapped resources for unlimited potent biologically active
compounds and for various uses/application and therefore screening for
new species with commercial potential is one of the useful approaches for
the successful development of algae-based technologies.
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