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Preface
The diversely branched field of biotechnology is more often lead by the primordial

roots of our evolution. A fact generally overlooked within modem life, yet our
ancestral lungs remain ubiquitous throughout nature. As with many parents they
remain a continuing source of guidance. The following poem by Lewin (1987)
poignantly summarises the founding role played by microalgae from Earth’s fruition
to our present day advances in biotechnology:

In the beginning

In the beginning the earth was all wet;
We hadn’t got life- or ecology- yet.
There were larva and rocks- quite a lot of them both-
And oceans of nutrient Oparin broth.
But then there arose, at the edge of the sea,
Where sugars and organic acids were free,
A sort of a blob in a kind of coat-
The earliest protero- prokaryote.
It grew and divided: it flourished and fed;

From puddle to puddle it rapidly spread.
Until it depleted the ocean’s store

And nary an acid was found any more.

Now, if one considered that terrible trend
One might have predicted that that was the end-
But no! In some sunny wee lochan or slough
Appeared a new creature- we cannot say how.
By some strange transition that nobody knows,
A photosynthetical alga arose.

It grew and it flourished where nothing had been
Till much of the land was a blue shade of green
And bubbles of oxygen started to rise
Throughout the world’s oceans, and filled up the skies,
While, off in the antediluvian mists,

Arose a few species with heterocysts
Which, by a procedure which no-one can tell,
Fixed gaseous nitrogen into the cell.

As the gases turned on and the gases turned off,

There emerged a respiring young heterotroph.
It grew in it’s turn, and it lived and it throve,
Creating fine structure, genetics and love,

And using its enzymes and oxygen-2,
Produced such fine creatures as coli and you.

This, then is the story of life’s evolution
From Oparin broth to the final solution.
So, prokaryologists, dinna forget:
We 've come a long way since the world was all wet.
We owe a great deal- you can see from these notes-
To photosynthetical prokaryotes.
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ABSTRACT

A helical tubular photobioreactor design was investigated to determine the
productivity of two algal strains (Isochrysis galbana and Nannochloropsis oculata)

both rich in PUFAs (mainly DHA and EPA, respectively). The photobioreactor
occupied a footprint area of 1.13 m* with a working volume of 70 L, 61 % (43 L) of

which was attributed to the photostage (with an i1.d. of 24 mm). The ratio of cross-
sectional area between the downcomer and riser of the air-lift (Ar:Ad) was 0.82, and
light intermittency ratio of the recirculating cultures was 9 : 1 (light to dark zones).
Cultures grown in the photobioreactor were recirculated using an air-lift at 15 L/min,
giving cells a linear fluid velocity of 0.47 m/sec around the photostage and a total
system recirculation time of 136 sec (90 % of which was in the photostage), when
using a ‘standard sparge plate’ (69 x 1 mm pores). This sparge plate configuration
was found to be the optimum when measuring mass transfer (Kya 19 Hr'). Reducing
pore size was statistically shown to increase fluid flow rates and consequently
Reynolds number (~28000 at 15 L/min, air flow), whereas changing pore density had
no significant effect. It is estimated that during fed-batch growth of 1. galbana and N.

oculata (with average daily harvest volumes of 7.06 and 6.19 L/m’/day, respectively)
in the photobioreactor produced an areal volumetric PUFA yield of 2.87 (27 % DHA)

and 2.62 (65 % EPA) mg/L/m°/day, respectively.
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CHAPTER 1: INTRODUCTION

1.1: MICROALGAE OR PHYTOPLANKTON?
The terms microalgae and phytoplankton are generally used interchangeably, but

typically refer to microscopic organisms able to harvest light energy using pigments
to provide chemical energy for the building blocks of life (proteins, carbohydrates and
lipids). The word - ‘algae’ refers to plant-like organisms that inhabit aquatic
environments, lacking any true vascular or root systems, which are still able to
convert light into chemical energy via photosynthesis. In fact, because they lack any
photosynthetically inactive cells such as roots and trunks, algae are more efficient at
utilizing light energy than higher plants (Pulz and Scheibenbogen, 1998). Although
algae vary in size they can be generally placed into two distinct groups, known as the
seaweeds (macroalgae) and the phytoplankton (microalgae). The word *“plankton”
originates from a Greek word (mlavkrol, pronounced plun-oonk-tosd) meaning
‘wanderers’ or ‘drifters’ which was first coined in 1887 by the German scientist
Victor Heusen, with reference to the microscopic organisms found within any natural
body of water (Ghosal et al., 2000). These planktonic micro-organisms were divided
into two distinct groups- phytoplankton and zooplankton. The former contain
pigments which allows them to photosynthesise, whilst the latter are unable to

photosynthesise and instead sustain themselves by ‘grazing’ directly upon
phytoplankton.

The term ‘phytoplankton’ is a generic name used to encompass the numerous sub-
species of dinoflagellates, diatoms and microalgae, all of which can usually be found
within the top 200 mm of the waters surface. Collectively covering over 70 % of the
Earth's surface they act as the primary producers of the world's rivers and oceans and
include more than 40,000 separate species of floating or swimming organisms (using
simple flagella), responsible for more than 90 % of the total photosynthetic activity in
the seas (Pulz and Scheibenbogen, 1998). Phytoplankton have also been estimated to
contribute some 40 % of the planets total annual primary (photosynthetic) production
(Pileke, 1995), accounting for 30 — 60 % of the global fixation of carbon
(approximately 35 - 45 gigatonnes/ year according to Sakshaug et al., 1997). By
converting sunlight into vital nutrients they in-turn support the progressive trophic
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levels of zooplankton, developing fish larvae, invertebrates, molluscs and coral reefs

(Benemann, 1990). These organisms take many forms (unicellular, undifferentiated
multicellular filaments or colonies) and yet are individually invisible to the human
eye (each being typically less than 30 pm), making-up only 1 — 2 % of the total global
biomass (Sakshaug et al., 1997). Yet, in high enough cell densities they can change
the colour of the water, which in the case of large algal blooms can become visible

1 from space (Ghosal et al., 2000). The reason for this colouration is due to the

pigments contained within the cells chromoplast (see Section 1.9.2), which are used

to harvest light energy (photons). Colours can vary from greens, browns, and reds

(e.g. Section 4.1, Plate 6).

Although small microalgae represent perhaps the longest living ecosystem on the
planet, having been dated as far back as 3.7 billion years ago, in the form of

filamentous prokaryotic microalgac (Cyanobacteria) which have been helping to
support life on Earth ever since (Graham and Wilcox, 2000; Schopt, 1996).:
Microalgae go through various morphological changes as a result of both their natural

life-cycle, but also in response to abiotic factors. Actively motile cells during
exponential growth are called ‘zooids’. Cells entering the stationary phase period of
their life-cycle become slightly larger and less motile and are often referred to as
‘palmella cells’. During periods of adverse conditions or towards cell death cells can

form cysts, whereby the cell wall becomes hardened allowing cells to survive

extremes. However, perhaps the clearest evidence within the fossil record can be

seen in the remnants of calcium carbonate scales called coccoliths (Kokkos = berry;

lithos = rock) produced by some algal strains (Haptophytes) which date back to the
late Triassic era (220 million years ago) (Graham and Wilcox, 2000).
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1.2: GENERAL HISTORY AND TRENDS OF MICROALGAL PRODUCTS

Whilst alga products, such as the humble agar Plate, have long been used by many
scientists (most historically by Alexander Fleming in 1929, in isolating Penicillin),
Interest in microalgal biotechnology truly began as a means of treating sewage
(Oswald, 1963). The application of microalgal products has become increasingly
varied (Tramper et al., 2003), from waste treatment to renewable fuel sources
(biofuels) (Pulz and Scheibenbogen, 1998; NREL, 1996; Bonalberti and Croatto,
1985). However, the majority of applications today involve human health food
supplements (preventative) and pharmaceutical (curative) treatments. Reviews of
various microalgal metabolites and their uses have been highlighted by many authors
(Olaizola, 2003; Tramper, et al., 2003; Duerr et al., 1998; Borowitzka, 1997;
Yamaguchi, 1997; Benemann, 1990; Watanabe ef al., 1983). The four main current

markets of microalgal products include single-cell protein, food colourings, human

health food supplements and as aquaculture feeds.

1.2.1: From single-cell proteins to human health food supplements
Interest in microalage as a potential food source had begun in the late 1800s but

ground to a virtual halt during the World War I and II (Pulz and Scheibenbogen,
1998). Post-war Japan, as much of the world, faced a serious food shortage and
established non-profit organisations to extensively research and produce the protein-

rich Chlorella (Yamaguchi, 1997). Certain strains of Chlorella are known to

accumulate upto 60 % (dry weight) protein and the term ‘single-cell protein’ was
coined (Pulz and Scheibenbogen, 1998). Although cultures could be mass produced
in simple ponds or lakes, it was soon realised that the tough cell wall is highly
indigestible and so rice and wheat crops were used to solve the post-war global food
shortages instead. Subsequently, in 1975, U.S. funded projects finally developed a
means of breaking down the tough cell wall in order to allow cells to undergo
digestion in the gut (Benemann, 1990), but many considered this too late and an

opportunity to establish microalgal biotechnology missed. However, Germany and

Czechoslovakia continued research into Chlorella as a human food source through the
late 1970s, and process developments designed to increase productivities (algal

raceways- see Section 1.6.2) were subsequently exported to India, Thailand and Peru

as part of a foreign aid program (Benemann, 1990). A major and persistent drawback
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with cultivating Chlorella, however, was species control, often suffering from
predation or competition from other micro-organisms under ‘open’ conditions (refer
to Section 1.6). As a result of which, attention instead switched to a prokaryotic
microalga, Spirulina, as an alternative source of single-cell protein, since it is fast
growing and less prone to contamination due to it’s preference for alkaline conditions.

Spirulina has become an established food source throughout several countries due to

it’s nutritional composition, 5 g of which is equivalent in terms of vitamin and mineral

content to 100 g of vegeTables (Borowitzka, 1994).

As a by-product of Spirulina production, water extraction allowed for the recovery of
phycocyanin (a blue pigment). As a result of which a new market opened for
microalgae pigments, to be used as natural food colourants. Carotenoids are a family
of pigments found ubiquitously throughout nature including microalgae, where they
act as light harvesting structures in addition to the dominant chlorophylls. There are

estimated to be over 600 known carotenoids (Tsavalos et al, 1993; Young and
Britton, 1993; Sinnott, 1988) covering a myriad of colours, yet their appearance
becomes more apparent during the degradation of chlorophylls (e.g. changes in
colouration of autumn leaves (Eugster, 1995)), which normally masks their presence.
For many aquatic and terrestrial species, the ingestion and bioaccumulation of these
pigments can result in changes in flesh pigmentation (Nickel and Bromage, 1997;
Sinnott, 1988). Pigmentation in some marine invertebrates is also the result of
carofenoprotein complexes. For example, a lobster becomes red when it is boiled
because astaxanthin (a red carotenoid pigment) becomes free from the denatured
protein (Eugster, 1995). Another example is the pink plumage of flamingos which 1s
directly related to their dietary intake of microalgal carotenoids, the absence of which
results in the loss of their colourful plumage (Eugster, 1995; Olson et al., 1989). Even

the pigmentation of ornamental fish, such as Koi carp, can be enhanced by the
addition of Spirulina to their feed (Borowitzka, 1997; Borowitzka, 1994; Shaish et al.,

1992). Furthermore, the colouration of egg yolks can be altered by the addition of
lutein (a yellow pigment) to poultry-feed supplements in order to meet with consumer
preferences which can vary between countries (A. Young, pers. com). Dunaliella, a
well document microalgal source of B-carotene (Yamaguchi, 1997; Borowitzka, 1994;

Shaish et al., 1992), is used as a colourant in a variety of foodstuffs, but mainly
orange squash (Pulz and Scheibenbogen, 1998). Whilst synthetic pigments have been
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used in foods, there have been allegations that some have carcinogenic properties and

have been linked with various allergic reactions in humans (Bernhard, 1990).

European Union legislation states that synthetically pigmented produce be labelled as
‘artificially coloured’ (Sinnott, 1988). Because microalgae are a natural source

pigments, labeling of such products will simply state ‘natural ingredients’. The use

and demand of microalgal pigments as food colourants has therefore increased

substantially.

Aside from their aesthetic roles, pigments have additional properties as anti-oxidants.

Photosynthesis can generate highly reactive free radicals (atoms or molecules with

unpaired electrons) such as oxygen, as a result of over excitation of chlorophyll (1.e.
under high light intensities). These free radicals can damage cell organelles, by a
process of lipid peroxidation (Das, et al., 2001; Olson et al., 1989), unless quenched
by carotenoids, which act as buffers against photodamage (Wozniak and Dera, 2000;
Tsavalos, 1995). Consequently, whilst being used as natural food colourants

carotenoids also act to increase the shelf-life of certain foods, slowing down the

process of cellular decay. This also demonstrates that pigments have an inherent
ability to aid health. Indeed, certain carotenoids are also understood to act as vitamin
pre-cursors (Borowitzka, 1991), which regulate immune responses (increasing T and
B lymphocyte proliferation). Vitamin A deficiency alone can be responsible for poor
growth and high mortality rates, as seen in many third-world countries. Furthermore,
conditions such as anaemia, night blindness, reduced haematopoiesis and immuno-
suppression, can all result from a reduction of vitamin A within the metabolism. The
dietary intake of carotenoids, such as p-carotene and canthaxanthin, which are known
to undergo intestinal enzymatic cleavage into vitamin A, are therefore of particular
pharmaceutical interest. In fact, the consumption of the microalga Dunaliella salina
(as powders or pastes) has been linked to vitamin A biosynthesis (from the natural 9-

cis isomer of B-carotene as the pre-cursor) in humans, and is a known oral source of

treatment for conditions leading to immuno-suppression and photosensitivity in the

skin (Olsen, et al., 1989). In addition, the therapeutic properties of Spirulina have
been used to alleviate hyperlipidemia, hypertension suppression, prevention of renal

failure and regulation of serum glucose levels (Yamaguchi, 1997).
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1.2.2: Aquaculture
Ecological damage caused by over fishing and the consequences of entrapment of

protected species in nets, combined with modern pollution catastrophes within the
world’s oceans is of growing concern regarding wild fish farming. Furthermore, wild
fish farming is time-consuming and the nutritional value of the fish caught can vary
depending upon species, season and geographical factors. For example northern
waters are known to produce fish richer in monounsaturated fatty acids (MUFAs-
refer to Secfion 1.4.2) compared to thosé in the southemn hemisphere' (Bryhn, 2001).
A difference that is echoed through the progressive trophic levels, as found when
comparing Atlantic and Antarctic baleen whale oils (Ackman and Tocher, 1968).
Consequently, there is increasing commercial interest in the field of aquaculture,

where fish can be captively ‘farmed’ under controlled conditions with the additional

benefits of quality control, in terms of consistency. Such aquaculture farms however,
despite their ideology, bring with them their own inherent problems. Captive bred

marine animals, which include molluscs, crustaceans and fish, become isolated from

their natural prey (phytoplankton and zooplankton), which can reduce nutritional

quality. For example, commercial farming of salmon, can leave the flesh of the

salmon grey and discoloured, due to the lack of natural carotenoid rich microalgae
from their diet, compared to wild caught salmon (Young and Britton, 1993). Salmon
farmers will typically supplement salmon feeds with high levels of astaxanthin (a
specific carotenoid pigment) to regain a more natural tone to the flesh of farmed
salmon, making it more attractive to the consumer. Whilst artificial supplements do
exist (rich in frans isomers) they tend to be less soluble and harder to digest than
microalgae sources such as Haematococcus pluvialis (also contain cis isomers) which
are often more favourable. Of the 14.5 million metric tons of aquacultured fish and
shell-fish (22 % of the world harvest) in 1993, ~90 % were reared on phytoplankton
(Duerr et al., 1998). Various feed supplements are added to replace vital components,
which would otherwise be missing from their artificial diets, resulting in increased
pathologies and possible mortality of livestock (Morris, 2000). Live phytoplankton
can be fed directly to fish larvae or indirectly via zooplankton (such as the rotifer,
Brachionus plicatilis or the brine shrimp, Artemia salina) to larger juveniles.

Microalgal feeds are also available as either pastes, freeze-dried or spray-dried

formulas.
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1.3: MICROALGAL POLYUNSATURATED FATTY ACIDS
In 1980 the US Solar Energy Research Institute (SERI, later becoming the National

Renewable Energy Laboratory (NREL) in 1990) launched their Aquatic Species
Program (ASP), which sought to develop rencwable sources of lipids as an alternative

combustible fuel (biofuel). This government ran venture, which sponsored both
internal and external contracts, aimed to mass produce microalgal triacylglycerols
~ (Behrens and Kyle, 1996), but was setback due to insufficient productivities. Whilst.
the fruits of this research are still subject to more long-term development, the ASP
study had also revealed the fatty acid composition of those microalgal lipids.
Showing them to be a source of several essential fatty acids (EFAs) and in particular

polyunsaturated fatty acids (PUFAs), a spin-off of this research has been it’s
application to trends in health food supplements and the growing industry of

aquaculture.

1.3.1: Historic discoveries o
The beneficial properties of fish oil (lipid) can be dated as far back in history as

medieval times, when pregnant women in Nordic coastal regions were deliberately
fed cod liver oil. In 1895 a Norwegian scientist (Heyerdahl, P.M.) revealed that the
health benefits of cod liver oil was linked to “Therapic acid”. This was later isolated/
identified in the 1950 - 60s as Docosahexaenoic acid (DHA) by Professor Notevarp,
and was linked with the treatment of cardiovascular disease (Bryhn, 2001). During
the 1970°s a group of Danish scientists (namely, Drs Hans Olaf Bang and Jorn
Dyerberg) discovered that cardiovascular disease amongst native Inuit Eskimos was
extremely rare (Bryhn, 2001; GISSI, 1999), which was later attributed to their unique
diet of fish (Connor, 1999). Whilst both Eskimo and Danish populations in
Greenland both ate high fat diets, the Eskimo diet of oily fish was a richer source of
PUFAs, specifically DHA and Eicosapentaenoic acid (EPA) (Connor, 1999), resulting

in lower serum cholesterol levels (Harris, 2001). Despite earlier preconceptions of
cod liver oil, it was not until the 1970s that pharmaceutical interest gave rise to

numerous dietary studies (GISSI, 1999), which continue to highlight the roles of
PUFAs in our diets in terms of neurological (linked to EPA) and cardiovascular
(linked to DHA) development and maintenance. However, it is now known that fish,
like humans, cannot biosynthesise fatty acids longer than 18 carbon atoms and that the
presence of DHA and EPA in fish oils (lipids) is simply a result of bioaccumulation
from their own diet of microalgae and zooplankton (Sargent et al., 1999b).
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1.3.2: Pharmaceutical roles
Fatty acids can be devided into ‘families’, referred to as omega (or n-) series, on

the basis of their molecular structure (more detail is given in Section 1.4.2). Whilst
the human body is able to synthesis n-9 fatty acids it is unable to place double bonds
in the n-6 or n-3 positions (Stuchlik and Zak, 2002; Parrish, 1999), which are
considered to be EFAs required by the body as dietary fats (Bryhn, 2001). EFAs help
form important structural components of the brain and myelin sheaths of the central
Nervous systeﬁl (Uauy et al., 2001). DHA, an n-3 polyunsaturated EFA, 1s the main
fatty acyl component of electrically active tissues such as the phosphatidyl serine (PS)
and phosphatidyl ethanolamine (PE) in both the retina (as much as 50 — 60 %), and in
brain’s grey matter (20 — 25 %) (Jeffery et al., 2001; Kyle, 1996). It is estimated that
an average human brain contains as much as 20 g of DHA (Bryhn, 2001). The body’s
demand for DHA during certain periods (mainly perinatal growth) is such that our
endogenous biosynthesis is unable to supply enough without dietary sustenance.
Studies have shown that n-3 fatty acid deficiencies can affect retinal and auditory
development in children (Uauy et al., 2001). Feeding of n-3 enriched formula
supplements to preterm (premature) human infants have proved to enhance visual
acuity, specifically by increasing integrity of the neural pathway from the retina to the
occipital cortex (GISSI, 1999). DHA is found in the outer segments of rod cells
(highly sensitive to low light) of the retina (Jeffery et al., 2001), where it increases
opsin/ thodopsin expression and mitochondrial activity, preventing photoreceptors
from apoptosis (cell death) (Politi ef al., 2001). Furthermore, ten-month-old children
fed PUFA supplemented feeds were found to score higher in cognitive behavioural
tests, measured through simple problem-solving tasks (Uauy et al., 2001). DHA is
also responsible for regulating serotonin, the feel-good neurotransmitter, helping to
alleviate depression and aggressive behaviour in children (Medev, 2002). Research
has also shown low activity/ loss of desaturases within biosynthetic pathways as a
result of aging (Kyle, 1997). Furthermore, it has been suggested that the presence of
high levels of DHA may in fact help prevent the onset of Alzheimer’s disease
(Cederholm, 2004), also reflecting the dietary importance of PUFAs for the elderly.
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PUFAs are also responsible for regulating a specific group of hormones in humans

referred to as eicosanoids. The eicosanoids (produced in almost all tissue types in
trace amounts) include a range of C20 paracrine hormones, specifically prostaglandins
(PGs); thromboxanes and leukotrienes (LT), produced in response to stress conditions
on a cellular and whole body level (Tapiero et al., 2002). Both Arachidonic acid
(ARA- an n-6 PUFA) and EPA (an n-3 PUFA) are EFAs which actively compete as
precursors for the eicosanoids metabolites (Sargent et al., 1999a; 1999b). Due to the
chemical similarities of these two key PUFAs there is significant competition between
them for cellular uptake, since they undergo chain elongation and cleavage from the
same enzyme complexes (see Figure 1.6). Whilst ARA- derived eicosandoids are
pro-inflammatory, EPA has anti-inflammatory effects. EPA, by reducing the presence
of pro-inflammatory cytokines, can indirectly help inhibit joint erosion, which can
otherwise lead to rheumatoid arthritis (Venkatraman and Mceksawan, 2002).
Additionally, the presence of dietary PUFAs have been linked with reducing auto-
immune diseases (Venkatraman and Meksawan, 2002, Denys et al., 2001), glomerular
(kidney) disorders (Das, et al., 2001) and fatal myocardial infarction (Medev, 2002;

GISSI, 1999).

The so-called modern ‘Western diet’ of North America, which has gradually spread

across much of Europe, has resulted in a rise in coronary heart disease, now believed

to be directly related to the absence of n-3 PUFAs (Connor, 1999). The
recommended daily intake of n-3 fatty acids is 0.6 — 1 g/day (Bryhn, 2001), however
the ‘Western diet’ contains only about 0.08 — 0.12 g/day of PUFAs (Kyle, 1997).

Whilst n-6 fatty acids are also EFAs (see Table 1.1), the ‘Western diet’ can also
contain up to 30 times more omega-6 than omega-3 fatty acids. Thus the dietary

balance is heavily tipped in favour of n-6 fatty acids- three times higher than
recommended for a balanced diet. In comparison, the Mediterranean diet has become
recognised as ‘healthy’ since it limits the use of red meats (high in n-6 fatty acids).

Consequently, there more dietary awareness and interest in C18 - 20 PUFAs with

three or more double bonds (Stuchlik and Z4ak, 2002).

CHAPTER 1: INTRODUCTION



PUFA forn{ula Systemic name
omega series

18:3 (n-6) v-linolenic acid (GLA)
20:4 (n-6) Arachidonic acid (ARA)
18:4 (n-3) Octadecatetraenoic acid (OTA)
20:5 (n-3) Eicosapentaenoic acid (EPA)

22:6 (n-3) Docosahexaenoic acid (DHA)

TABLE 1.1: Major PUFAs for human nutrition. As given by Ratledge
(1998), shows both n-6 and n-3 fatty acids to be essential dietary fatty
acids. However, a balanced ratio of 4:1 (n-6:n-3) is important. Refer to

Section 1.4.2 for explanation of PUFA formulae.

Most dietary n-6 fatty acids can be obtained from red meats, soybean, rape seed and
corn oil. Whereas, n-3 fatty acids can be found in fresh fruits, walnuts, garlic,

flaxseed or olive oil, whole grain and fatty fish such as herring, mackerel, sardines
and salmon (Bryhn, 2001). Diets lacking such foods can be supplemented with a
variety of commercially available health foods. The first commercial n-3 supplement
to be sold in the 1970s was MaxEPA, which contained 18 % EPA; 12 % DHA, as
well as non-essential fatty acids (Bryhn, 2001). With the continuing evidence

gathered by medical studies and increasing public awareness, pharmaceutical

companies have been driven to produce more PUFA health food supplements. Today
refined production has led to microalgal products containing as much as 95 % EPA
(EPADEL, sold in Japan) (Bryhn, 2001). Pronova Biocare Omacor™ is marketed

throughout the world, also named Esapent or Seacor in Italy, containing an 85 %
blend of EPA and DHA (Bryhn, 2001; Harris, 2001). DHASCO (Kyle, 1996) is

triacylglycerol oil enriched with 40 % DHA (Behrens and Kyle, 1996) produced from
a marine microalga called Crypthecodinium cohnii (Kyle, 1997).
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1.3.3: Polyunsaturated fatty acids in aquaculture
With continuing legislation against the farming of wild fish, the field of

aquaculture (captive bred fish farms) is becoming increasingly commercial. The
captive breeding of fish does however bring with it various constraints, with over
intensive farming (overcrowding) resulting in increased BOD (biological oxygen
demand), causing minor deformities of fins and gills. Perhaps more significant
however, 1s the reduced level of survival rates in fish larvae (Evjemo and Olsen, 1999;
Kﬁreshy et al., 1999; Lu and Blake, 1997; Lubzens et al. 1-985). A model for such
conditions can be seen in the marine fish hobbyist sector (home aquariums), where
breeders of the common clown fish (Amphiprion percula, or the ‘false clown’,
A.ocellaris) have reported incidents of ‘sudden shock syndrome’, now thought to be
the result of underdeveloped nervous systems due to a lack of EFAs in their diet
leading to hypersensitivity. This has been ascribed to a lack of neurological and
cardiac development, resulting from an insufficient supply of DHA and EPA in the
diet (Rimmer, 2000; Duray e al., 1997), ultimately impacting upon growth and
mortality rates (Reitan ef al., 1997; Yamaguchi, 1997). Furthermore, a lack of DHA
in rod cells (of the eyes) can impair their ability to capture prey, ultimately affecting
growth and survival (Sargent, ef al., 1999b). Consequently, much commercial interest
in the field of phytoplankton has arisen, specifically focusing on strains high in EPA
and DHA, since marine fish specialists and hobbyists alike are becoming increasing
educated in the nutritional quality of fish-feeds. Dietary needs are species specific
and must also consider the age of the stocks, but provided these needs are met

aquaculture can offer greater nutritional consistency over wild-farmed fish (which are

subject to geographical and seasonal variations).

Whilst larger juvenile or adult fish may be fed zooplankton or large pellets, smaller
fish larvae and fry are unable to ingest and/ or catabolise such foods due to both prey
size and underdeveloped digestive tracts (Fernandez-Reiriz and Labarta, 1996). Their
natural prey item at such early stages, phytoplankton, must therefore meet the highly
demanding nutritional requirements of active growth. Although adult fish may feed
upon larger zooplankton, they too indirectly benefit from the bioaccumulation of
microalgal nutrients, since phytoplankton are known to trigger digestive enzymes at
pancreatic and intestinal level (Kureshy et al., 1999; Sargent et al., 1999). In this
respect, zooplankton act as ‘pack-horses’ for nutrient transport and so should be
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equally well nourished with phytoplankton (Ben-Amotz et al., 1987). Whilst

zooplankton can be grown on low-cost diets of common baker’s yeast
(Saccharomyces cerevisiae) alone, juvenile fish can suffer from poor survival rates.
For example, Watanabe et al. (1983) reports survival rates of black sea bream to be as
low as 3 %, when reared solely on bakers yeast. Enrichment of rotifers fed with
Nannochloropsis (see Section 1.5.2) has reported to increase survival rates of juvenile

fish towards 70.% (Watanabe et al., 1983). Although phytoplankton feeds are

comparatively more expensive (Borowitzka, 1997; Rainuzzo et al.,, 1994),

zooplankton are often ‘enriched’ with phytoplankton as late as 24 hr prior to harvest
(Reitan et al., 1997; Fernandez-Reiriz and Labarta, 1996)- a method referred to as
short-term (ST) enrichment (Lavens and Sorgeloos, 1996). Perhaps the most common
zooplankton cultures used are rotifers (specifically Brachionus plicatilis), which were

first used over 40 years ago in Japan and are used in the hatchery production of more

than 60 species of marine finfish and 18 species of crustaceans (Sargent ez al., 1999b;

Lavens and Sorgeloos, 1996).

Much of the research into human health (especially with respect to polyunsaturated

fatty acids) is now being applied retrospectively within aquaculture as a means of

maintaining our natural food chain supply of essential fatty acids. Since wild fish
farming is seen as ecologically damaging, it is in our own interest, in terms of dietary

requirements, to increase the captive welfare of animals entering our food chain via

commercial aquaculture.
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1.4: AN OVERVIEW OF LIPID & FATTY ACID BIOCHEMISTRY

Depending upon the lipid class, lipids can be hydrolysed (broken down) into their
components of glycerols, phosphates, saccharides and fatty acids. The hydrocarbon

tails of fatty acids can vary considerably in both length and desaturation (Gill and
Valivety, 1997). The nutritional profile, and likewise lipid content (including fatty
acids), of various microalgal strains is fairly unique with regard to their major groups,
as highlighted by Behrens and Kyle (1996). Changes in lipid profile within a species
can also reflect the stage within the life cycle of the organism. In addition to which,
prevailing environmental parameters (such as nutrient levels, temperature, pH, salinity
and irradiance) can play a significant role in regulating lipid class, as well as the fatty
acid composition of lipids (Renaud et al., 2002; 1999; Behrens and Kyle, 1996).
Regulation of cellular lipid (and inherent fatty acid) profiles is therefore highly

dynamic unless environmental conditions can be controlled in order to produce

consistency within a species.

1.4.1: Lipid classification
The term lipid (which includes fats, oils and waxes) refers to compounds that are

insoluble in water but soluble in organic solvents. Lipids can generally divided as
either simple (Figure 1.1) or complex structures (Figures 1.2 — 1.4). ‘Simple lipids’
include two subclasses, the terpenes and the steroids, which remain unbound (in a free
state). Terpene hydrocarbons therefore have molecular formulas (CsHs)a. Terpenes
are found in essential oils, and include Vitamin A, E and K along with various
secondary plant metabolites such as gibberellic acid, B-carotene and phytol. Phytol 1s
a diterpene, comprising of four isoprene units (CH,=C(CH;)-CH=CH.). Steroids are
much more distinctive, and are easily identified by the presence of a cyclic four-ring

hydrocarbon nucleus (e.g. hormones, vitamin D, cholesterol).
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Figure 1.1: Simple lipid structures. Examples include the isoprenoid-based structure
of phytol (a terpene lipid) and the cyclic structure of cholesterol (a steroid lipid).

In contrast, ‘complex lipids’ rarely exist in a free state, and instead have a tendency to
interact with proteins (lipoproteins) or carbohydrates (lipopolysaccharides). On a
molecular level the complex lipids are constructed primarily from a glycerol or a

sphingosine backbone, onto which the various end groups become esterified. These
include, phosphates in the case of phospholipids (PLs) and saccharides in the case of
glycolipids (GLs), along with fatty acids. Fatty acid hydrocarbon groups can vary in
size from 1 to 30 carbon atoms, and are capable of undergoing desaturation. Water

solubility of a lipid decreases and melting point is raised as fatty acid chain length

increases. The three major classes of complex lipids are as follows:

(1) Triacylglycerols (TAGs) (also known as triglycerides) are non-polar
(neutral) lipids, which accumulate within cellular vacuoles and generally act as
energy stores. TAGs consist of a glycerol molecule in which all three hydroxyl
groups have been esterified with a fatty acid. Fatty acid chain length and
saturation can vary. Simple TAGs are formed from three identical fatty acids,

whereas this can vary amongst the fatty acid composition of complex TAGs.

CHAPTER 1; INTRODUCTION 14



Figure 1.2: Triacylglycerol structure. A simple triacylglycerol consisting of glycerol
covalently bonded via ester linkages to 3 x Palmitic acid (PAL), a saturated fatty acid (refer
to Section 1.4.2)

(2) Phospholipids (PLs) act as key molecules in the structure of cell
membranes due to their unique polarity. Phospholipids are formed from a
glycerol backbone, onto which two fatty acid and a phosphoric acid molecule are
bound via ester linkages. Two hydrophobic fatty acid chains act as ‘tails’, whilst
the hydrophilic phosphate acts as a head, as commonly established in principles
of the lipid bilayer and fluid mosaic model (Guttman, 1999). There are eight
phospholipid sub-classes (depending upon the phosphate ‘head group’), which
can form complexes within membranes responsible for intracellular transport of
various metabolites. The introduction of a double bond (unsaturation) in the
fatty acid tails causes a kink in the tertiary structure producing gaps between
phospholipids within a membrane giving them a degree of fluidity. Heat energy

promotes desaturation and so membrane fluidity can increase with temperature.
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Figure 1.3: Phospholipid structure. Phosphatidylcholine contains two fatty acids: undecanoic
(SAT) and undecylenic acid (MUFA) branching from a central glycerol molecule (refer to
Section 1.4.2).

(3) Glycolipids (GL) are comprised of a sphingosine backbone (a long chain
amino alcohol that bears an approximate similarity to glycerol) with a
hydrophilic saccharide ‘head’ and two hydrophobic fatty acid chains.
Glycolipids are highly associated with thylakoid membranes, although their
specific function remains largely unknown (Minoda et al., 2002). There are four
main classes of glycerolipids: monogalactosyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG), phosphatidylglycerol (PtdG) and
sulfoquinovosyldiacylglycerol (SQDG) (Minoda et al., 2002). Both MGDG and

DGDG form the dominant components of thylakoid membranes (Alonso et al.,
1998).
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Figure 14: Glycolipid structure. Molecular structure of the glycolipid,

monogalactosyldiacylglycerol ~ (MGDG), comprising of a hydrophilic saccharide head
(galactose), sphingosine and two hydrophobic monounsaturated fatty acids (MUFAs- refer to

Section 1.4.2), Oleic acid.

CHAPTER 1: INTRODUCTION 17



1.4.2: Fatty acid structure and nomenclature
When any lipid undergoes hydrolysis fatty acids are released, where they may

undergo enzymatic cleavage back into the cells metabolism, acting as pre-cursors for
various functions (see Section 1.3.2). Complex lipids, as already described, all
typically comprise of at least two fatty acid components, three in the case of TAG
lipids. The fatty acids themselves can vary in terms of carbon chain length and the
degree of desaturation. Saturated fatty acids (SATs- those without double bonds) tend
to be solids and waxes; whereas unsaturated fatty acids are olls or liquids. The most
common saturated fatty acids found within algae are those with hydrocarbon chain
lengths of 12, 14, 16 and 18 carbon atoms. Fatty acids containing a single double
bond within their structure (regardless of chain length) are referred to as
monounsaturated fatty acids (MUFA). Further desaturation of the hydrocarbon chain
leads to the classification of polyunsaturated fatty acids (PUFAs), as shown in Figure
1.5. With regard to unsaturated fatty acids, these can range from 16 - 22 carbon

atoms, which can contain up to six double bonds (in the cis-configuration).

Unsaturated fatty acids have greater fluidity, in relation to number of double bonds,

becoming less viscous with increasing chain length. Animal fat mainly comprise of

saturates whilst plants and fish predominantly contain unsaturated oils (Tapiero ef al.,
2002). Marine microalgae are renowned for have a greater degree of unsaturation

compared to freshwater species, particularly with respect to C20 and C22 fatty acids,

and are therefore considered as dominant producers of PUFAs, particularly omega-3

fatty acids (including DHA and EPA) (Behrens and Kyle, 1996).

Systemic nomenclature of fatty acids can be expressed various ways in the literature,
however the most accurate way can be expressed as L:B (b;). Where, L is the length
of the hydrocarbon tail; B is the number of double bonds, b; = position of the first
double bond (with successive bonds by, b3, etc) from the terminal methyl (CH3) group.
Fatty acids fall into three main omega (n-) series (9, 6 and 3), which is often defined
within the nomenclature as a suffix. The omega classification is used to reflect the
distance (number of carbon atoms) between the last double bond and the terminal
methyl carbon in the hydrocarbon tail. For example, the PUFAs ARA, (20:4 (5, 8, 11,
14)) and eicosapentaenoic acid EPA (20:5 (5, 8, 11, 14, 17)) fall into the n-6 and n-3

series, respectively. The position of the last double bond ultimately alters the three-

dimensional shape of the molecule affecting it’s recognition and binding to cell
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receptors and key enzymes (Bryhn, 2001), hence the necessity of the omega series
classification. A simplified form of notation (trivial nomenclature) which denotes the
omega series as a suffix (n-x, where x = omega series) can also be expressed, without
specific location of the double bonds, as L:B (n-x). In this form of nomenclature
ARA can be described as 20:4 (n-6), and EPA written as 20:5 (n-3). Further
generalisation can be made with reference to fatty acid chain length (regardless of
saturation/ desaturation or position of double bonds) can be expressed as Cn, where C

represents the element carbon and n = number of carbon atoms in the chain length

(e.g. both ARA and EPA are C20 fatty acids).

Eicosapentaenoic acld (EPA) 20:5n«3 s.s.11.14.10

0
'c|1 5 6 8 9 1 _12 14 15 T8 2
R 7 TSR S

Arachidonic acid (ARA) 20:4n=6 ¢.8.11. 14
O

HO ~ : 4 7 10 13 16 18 20

Docosahexaenolc acld (DHA) 22:6n=3 «.7.10.13, 18, 19)
O
3 6 9 12 15 13 21

1
s 4 S 7 8 10 1% 13 44 1 17 19 20 22

Figure 1.5: Polyunsaturated fatty acids (PUFAs). Basic examples of the hydrocarbon structure

which form polyunsaturated fatty acids. Examples include C20 fatty acids: cicosapenta?noic acid
(EPA) and arachidonic acid (ARA), as well as the C22 fatty acid docosahexaenoic acid (DHA).

Carbon atoms are numbered away from the acyl end group; red numbers signify a double bond.
Omega series are also denoted as either n-3 or n-6 depending upon the location of the last double bond

from the terminal methyl end group. For further detail, refer to text.
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1.4.3: Biosynthesis of polyunsaturated fatty acids (PUFAs)
PUFAs are synthesised using a successive series of enzymes, which elongate and

desaturate the hydrocarbon chain (Figure 1.6). Fatty acid synthesis begins with
ACCase (a nuclear encoded protein, containing biotin) which induces carboxylation
of acetyl CoA to malonyl CoA (NREL, 1996). Acetyl CoA, seen more as a precursor,
1s found in chloroplasts where it is produced from pyruvate (catalysed by pyruvate
dehydrogenase). However, both acetyl CoA and malonyl CoA can be used as carbon
donors for chain elongatl;on. The metabolic activity 6f ACCase can be increased in
light and alkaline pH conditions. The absence of ACCase can therefore act as a rate-
limiting step responsible for allocation of carbon into lipid pathways (Livne and
Sukenik, 1992). The presence of malonyl CoA is the primary substrate for fatty acid
synthase and the first step in fatty acid synthesis (Wen and Chen, 2003). The
desaturation of bonds within the hydrocarbon tail of stearic acid (a saturate) results in
the initial desaturation and successive formation of the n-9, n-6 and n-3 series of
PUFAs (see Figure 1.6). Addition of site-specific desaturases, and chain elongation
from carbon donors undergo active competition between series. Desaturation occurs
at the carboxyl (COOH) end of the hydrocarbon tail (Kyle, 1997). Thus the first

double bond is counted from the carboxyl end, with further desaturation continuing

towards the terminal methyl end group.
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1.5: OLEAGINOUS MICROALGAL SPECIES

Since the ASP was launched in 1990 (see Section 1.3), numerous oleaginous (oil
producing, i.e. lipid-rich) species of microalgac have been investigated for their
commercial potential towards producing PUFAs. In general, marine species are the
dominant lipid producers over their freshwater relations. The fatty acid composition
of these lipids is however independently varied. On the whole (not accounting for
- changes to environmental variables), lipid accumulation increases within the TAG.
lipid fraction as cells age. A review by Behrens and Kyle (1996) summarises the

work done by others with regard to the effect of altering specific growth conditions

(or parameters), in relation to fatty acid content of various microalgac.

1.5.1: ISOCHRYSIS GALBANA _ _
When I galbana was originally isolated by Parke in 1949 it was described

physically for phylogeny, as a dinoflagellate with a cell size of 3 — 6 pm. Parke
(1949) outlined the morphological changes taking place during the cell cycle.
Although no details of its growth conditions or specific biochemical make-up were
given, lipid globules described as containing Leucosin (or Chrysolaminarin- an oily
carbohydrate) were observed. Later analysis of the ‘Parke clone’ showed the presence
of both DHA and EPA (Fidalgo et al., 1998; Parrish et al., 1998; Perez, 1994; Molina
Grima et al., 1992). The ‘Tahiti’ (T-iso) strain of Isochrysis is distinguished from I
galbana by some authors as lacking EPA, with a higher optimum growth temperature
of 27.5 °C (Liu and Lin, 2001; Molina Grima et al., 1992). Whilst lacking EPA, the
T-iso strain generally has higher levels of DHA compared to I galbana. Whilst other
authors, claiming to be growing the T-iso variant, report the presence of EPA amongst
it’s fatty acid profile (Babarro et al., 2001; Renaud et al., 1995; Brown et al., 1993).
Even strains of Isochrysis containing both EPA and DHA still proved a comparatively
higher source of DHA against other oleaginous species of microalgae (Renaud et al.,
1999). Table 1.2 compares the various strains of Isochrysis used in their studies. This
reveals some degree of confusion between authors as to the strain of Isochrysis used
in their studies, since the presence of EPA or optimal growth temperature (as stated by
authors) shows little consistency. Indeed, a high degree of clonal variation (Tzovenis

et al., 1997; NREL, 1996) has been noted amongst Isochrysis cultures in general.
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Details according to author Author Growth EPA

ooy | | s
Eny | E
Fabreas et al., 1985 N/A
CIESNE Gl — e Sl B

Sevilla et al 1998
Molina Gnma etal., 1997b

CCAP 927/15 (AL11-4) (E::"?b"gge Molina Grima et al., 1996 20
glan Molina Grima et al., 1994b 20
Molina Grima et al., 1994c 20

Parrish et al,, 1998 25.5 yes

l. galbana Fidalgo et al., 1998 18 yes

(Parke clone, T-iso) Unknown Perez, 1994 20 yes

Molina Grima et al., 1992 27.5 es

Liu and Lin, 2001

463
Liu and Lin, 2001
1924 Cho et al,, 1999

“
CCMP 11324 ol
(I. aff. galbana Maine, USA Valenzuela-Espinoza ef a
2002
clone T-iso

Oban, UK Sanchez et al., 2000

I - albana
22
'“322:}3:5 '::::.;ma ﬂ
27

l nalbana Kaplan etal 1986

I galbana
[T Y erzig and Dubinsky, 1062

<D
>

'PEMBS | I. galbana (isolate l) |Isle ofMan ] Parke, 1949 - NA | NA
T-ISO Colorado, USA | Livhe and Sukenik, 1892

SIISOCH- Colorado, USA | Qiang and Richmond, 1994
Liu and Lin, 2001 25
- |. galbana TK1 ?;E?: 9 Zhu et al., 1997a <35 yes
Zhuetal,1997b 30 no
Liu and Lin, 2001 25 no
l. galbana Unknown Phatarpekar et al., 2000 N/A
Whyte, 1987 20—28 N/A
Darwin
UNENOWR NT13 harbour, Renaud et al., 1999 --
Australia
Port smith,
m W Australia Renaud et al., 1995

Table 1.2: Comparison of Isochrysis strains used by various authors. Listed based upon origin of strain and type
as described by authors. Comparisons of optimal growth temperature used and detection of EPA. Refer to appendices

for abbreviations of collection facilities.
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1.5.2: NANNOCHLOROPSIS OCULATA
N. oculata 1s a marine microalga, which was first isolated by Droop in 1955. It is

perhaps one of the smallest microalga, being a slightly ovoid shape no bigger than

between 2 — 4 pm. Because of it’s small size (even amongst other microalgae) it is
also sometimes referred to as a ‘picoplankton’ (Hibberd and Leedale, 1972). N.
oculata is known to tolerate a wide range of temperatures, from 15 to 30 °C (Zittelli et
ql.., 1999). Growth 1s however phosphate limited (Graha_m and Wilcox, 2000). N.
oculata is referred to in aqua;:ulture as ‘marine Chlorella’ it has often been confused
with the freshwater species (Fisher ef al., 1998). Ultrastructure analysis of the cells
organelles later revealed it to be a separate species altogether, despite sharing similar

physical characteristics with Chlorella (Maruyama et al., 1986). The major difference
being the accumulation of lipid globules rich in EPA by N. oculata (Maruyama et al.,

1997; 1986). N. oculata is very delicate with only a thin cell wall, which makes 1t
easy to readily digest by zooplankton and other prey (Kureshy ef al., 1999; Duerr ef

al., 1998).
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1.6: ‘OPEN’ MICROALGAL CULTIVATION SYSTEMS

Microalgae have been grown commercially for over 50 years with varying degrees of
success. The major problem is providing an adequate (efficient) lighting regime to
maximise photosynthetic potentials of cultures. Whilst heterotrophic growth (using
carbon based media to bypass photosynthetic pathways) can eliminate this
requirement, media are expensive (Pulz and Scheibenbogen, 1998), can often lead to
reduced growth rates (Benemann, 1990) and increase susceptibility to contamination
(R. Bowles, pers. com). The methods employed to cultivate microalgae should take
into account the physiology of the species being grown (e.g. easily prone to

sedimentation and cell damage) and be cost-effective in relation to the value of the

end product.

1.6.1: Lakes and ponds
The most common type of open cultures for microalgae are lakes, ponds (either

natural or artificial) which are normally no deeper than 20 cm (Pulz and
Scheibenbogen, 1998; Qiang and Richmond, 1994; Benemann, 1990). Therefore,

large volumes require large plots of land, meaning that productivity in terms of area

(arcal productivity, L/m*/day) is low. Mixing of these cultures is poor, unless
manually managed, since natural tidal currents and winds alone are often insufficient
and result in sedimentation. Despite being labour intensive, the technical knowledge
needed is basic and therefore open culture systems are sometimes grown in third-
world countries where weather conditions are also favourable and the labour costs
low. Locations, must also provide a relatively consistent level of irradiance, however
cultures can suffer high levels of evaporative loses as a consequence (up to 10
L/m*/day) (Becker, 1994). Yet perhaps the major constraint of such large open ponds
and lakes is contamination. Many algal strains are unable to grow successfully in
open environments due to predation by zooplankton or competition from other algae
and/ or bacteria indigenous to the location (Pulz and Scheibenbogen, 1998). In order
to overcome this problem, microalgal strains must ideally be fast growing in order to
compete for nutrients or able to grow under highly selective conditions. D. salina and
Spirulina are two such examples for their ability to grow in hyper-haline and alkaline
conditions, respectively (Richnomd, 2000). Typical locations for open pond/ lake
cultures include: La Paz (Mexico), the Dead Sea (Israel), the Great Salt Lake (Utah)
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and the Pink Lake (Western Australia) (Borowitzka, 1999; Pulz and Scheibenbogen,

1998; Benemann, 1990). Spirulina is commercially grown in Lake Texcoco

(Mexico), which has been modified by pumping water through a series of dykes to

resemble a caracol shape (‘caracol’, the Spanish word for snail) (see Plate 1, below),

3200 m in diameter (Borowitzka, 1999). Aztec Indians are also believed to have

harvested Spirulina for food from this very lake prior to the arrival of the Spanish
explorer, Hernando Cortez in 1513 (Becker, 1994). Meanwhile, one of the largest

open lakes for Dunaliella cultivation is Hutt lagoon in western Australia (Borowitzka,
1999; Pulz and Scheibenbogen, 1998) which is a highly visible feature of the

landscape due to 1t’s accumlation of -carotene (see Plate 1).

Plate 1: Aerial views of natural microalgal lake cultures. Lake Texcpco.
Mexico (top) was originally used by Aztec Indians i1s now commercnal!y
farmed for the production of Spirulina. Hutt Lagoon, Western Australia

(bottom) is used to produce B-carotene rich Dunaliella.
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1.6.2: Raceways
During the 1950°s microalgal cultivation methods were developed as a means of

waste treatment, a result of which was the development of the ‘high-rate pond’ by
Oswald (1963). By essentially using a motorised paddle-wheel, cell productivity was
increased as a result of improved nutrient mixing and re-suspension of the culture

(Markl and Mather, 1985). This basic principle has lead to the development of

elongated ponds featuring a central division from which a paddlewheel extends
halfway to re-circulate cultures in a circuit, which coined the term ‘raceways’ (see
Plate 2). Since an area can be devised into separate plots, raceway cultures can also
be covered with plastic sheets in order to prevent evaporative loss (Becker, 1994), as
commonly suffered with large lake cultures. Alternatively, raceway cultures can also
be grown indoors (i.e. greenhouses, which still provide natural light) where
temperature can be regulated. Although a relative simple development, this has
allowed for better manageability and improved consistency in performance. Such
cultures can easily cover an area of 5000 m” (0.5 hectare) (Parrish e al., 1998) due to
the relative ease with which they can be scaled-up, although a potential size limit of

~5 hectares (given various design considerations) exists due to hydraulic problems,

according to Benemann (1990).

Plate 2: Ariel views of microalgal raceway ponds. Cyanotech, Kailua-kona in Hawaii (left).
tarthrise farms in Southern California (right) occupies a total area of 100,000 m".
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1.6.3: ‘Poly-bag’ cultures
T'he use of polyethylene bags is seen as the more modern approach for open

culturing, allowing cultures to be stored upright (see Plate 3). These consist of
vertically draped polyethylene bags filled with culture, capable of holding volumes of
up to 500 L each (Fidalgo er al., 1998). Wire cages can be used to support larger
volumes, or alternatively transparent fibreglass can be used instead for rigidity. Tubes
are inserted from top to bottom to provide aeration, using pumps to keep cells in
suspension. Air can also be enriched with CO, to aid photosynthesis (i.e. preventing
photorespiration- refer to Section 1.9.3). Poly-bag cultures, as with raceways, can be
grown indoor to allow for more control over environmental variables. A very simple
and effective solution, predominantly used by marine hatcheries (Borowitzka, 1997
W. Hartley, pers.com), that requires little or no maintenance. In fact once cultures are
harvested; the poly-bags can be easily disposed of, foregoing post-operative cleaning
(or ‘decommissioning’), being relatively inexpensive to replace (Martinez-Jeronimo
and Espinosa-Chavez, 1994). The most significant aspect of the vertical arrangement

is that more volume can held per unit area of floor space (1.e. a smaller ‘footprint’).

However, these cultures still remain largely open and are at risk from contamination

(Lin er al. 1976).

Plate 3: ‘Poly-bag’ cultures. Polyethylene bags filled with culture hung from a beam (left). Cultures

can be grown indoors although artificial lighting is required (left). A tube is inserted from top to
bottom in order to mix and aerate cultures. Larger bags (right) can hold up to 500 L, and are supported

using a plastic base and wire mesh.

o S e, SR S g 8
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1.7: ‘CLOSED’ MICROALGAL CULTIVATION SYSTEMS
The progressive development of open cultures (Section 1.6) helped bring microalgal

cultivation into the laboratory (particularly poly-bag cultures), and closer to the
microscope of scrutiny. Under which, the susceptibility of cultures to contamination
was all too clear. Growing cultures in sealable vessels was the first logical step,
however, unlike traditional and well established microbial bioreactor designs;
microalgal cultivation must .also apply methods to maximise photosynthesis
(Benemann, 1990). Having adopted knowledge normally applied to aerobic
fermentation systems, microalga growth has improved by controlled manipulation of
environmental parameters. This hybrid mix of expertise has led to a variety of closed
microalgal systems, to fall under the generically titled umbrella of ‘photobioreactors’.
Yet whilst algologists may have developed a growing awareness of basic
hydrodynamics and mass transfer principles, the solution to fully maximise their vast
potential remains largely in the dark. The main draw-back being cost efficiency of
such technologically advanced systems, which are comparatively more expensive to
run than open cultures. However, the application of photobioreactor cultures can be
justified by the production of high-value/ low volume products, such as
pharmaceutical health foods. Furthermore, whilst sceptical views may be held by
more traditional marine hatcheries (where open cultivation is common practice) a

review by Pulz ef al. (1998) suggests that closed systems can outperform raceways by

as much as 300%, in terms of daily productivity.
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1.7.1: Conventional stirred tank reactors
Conventional stirred tank reactors (CSTRs) are one of the most common types of

reactor used in many areas of microbial fermentation (see Figure 1.7). Their
hydrodynamic characteristics are well established, and are a familiar tool within
biotechnology laboratories. Sparge lines can be introduced, providing filtered
aeration, although these primary serve to oxygenate aerobic cultures and are not
themselves a direct means of agitation. Mixing within these systems is strictly
mechanical by way of impeller blades within the culture, which are usually propelled
by an external motor capable of high speeds (Molina Grima er al., 1996). The
geometric arrangement of the impellers can be conFigured in many ways, although

the most common type used are referred to as ‘Rushton turbines’ (Merchuk, 1988).

CSTRs are more commonly associated with the growth of yeast or filamentous fungi

for production of artificial meat substitutes (e.g, mycoprotein). Certain filamentous

strains of algae can be grown in CSTRs (Benemann, 1990), however the majority of

microalgae do not generally have the physical tolerance to cope with the pressures
(shearing force caused by spatial gradients between two stream of flow) exerted as a

consequences of the impeller rotation producing vortices (Acheson, 1990; Merchuk,
1988). Many microalga do not possess a tough outer cell wall, thus causing the cell

membrane to rupture as a result of mechanical stress (Benemann, 1990).

Glass lube
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1.7.2: Bubble columns and Air-lift reactors (ALRs)
Bubble columns are similar in principle to open poly-bag cultures (see Section

1.6.3), although this cylindrical photobioreactor is normally constructed of glass, and
is fully sealed for increased sterility. The basic design consists of a large aspect ratio
(height: diameter) in order to maximise mass transfer time between the gas and liquid
phase (Acheson, 1990). This has the advantage of reducing the overall ‘footprint
area’ in which cultures are grown, but also consequently limits scale-up as height
increases relative to maintaining aspect ratio. Mixing is provided solely by acration at
the base of the column, which has a lower shearing impact on the cells unlike impeller
blades (Hebrard er al., 1996). Bubble size and dispersal is regulated by the use of a
sparger (a hollow perforated device) bar or Plate, which can be used to regulate
heterogeneous (turbulent) or homogeneous flow regime (refer to Section 4.3.1.ii).
Sparger configuration can vary in shape, pores size, pore number, and even
fabrication can influence the hydrodynamic properties of a culture (Hebrard, et al.,
1996). The main advantage of bubble columns is the lack of moving parts, thus
making them easy to construct and maintain in comparison to CSTRs (Otero ef al.,
1997). Due to a relatively low mass transfer rate, compared to CSTRs, the bubble
column has been developed over the years by introduction of baffles (similar in
principle to raceway cultures- refer to Section 1.6.2) in order to control re-circulation
(an internal-loop) and increase mixing efficiencies (Reitan et al., 1997). Such systems
are distinguished from bubble columns as air-lift reactors (ALRs). Sections of
directional flow are often referred to as ‘risers’ and ‘downcomers’. The top Section of
the photobioreactor is also widened to facilitate gas hold-up within the system. ALRSs

have essentially evolved in design (see Figure 1.8), with riser Sections wider than the
downcomer and the removal of a mid-Section altogether, giving rise to external-loop

ALRs.
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Figure 1.8: Comparative patterns of fluid flow between aerated photobioreactors.
Bubble column (a); (b; c¢) baffled internal-loop air-lift reactors; (d) an external-loop air-lift
reactor. Refer to text for details.

1.7.3: Laminar photobioreactors
Laminar photobioreactors are in essence based upon the simple solution evolved

by plants over millions of years, that of a flat ‘photostage’. Consisting of two parallel
pieces of sealed glass or plastic, usually no deeper than 10 cm (Cheng-Wu et al.,
2001) in order to reduce the light path (distance needed for light to penetrate through a
culture). This helps to maintain ‘optically thin’ (translucent) cultures, which
minimises the effect of self-shading which can be limiting to achieving high cell
densities (Richmond et al., 2003). Typically rectangular in shape, they are also
referred to as ‘Plate-type reactors’ (Borowitzka, 1999; Pulz et al., 1995). Outdoor

systems can be arranged vertically to hold upto 6000 litres and their orientation
automated to track the movement of the sun (Pulz et al., 1995). Whilst, indoor

cultures can be illuminated on both sides in order to further minimise effects of self-
shading (Plate 4).

CHAPTER 1: INTRODUCTION 32



Plate 4: Laminar photobioreactor Wageningen university, Netherlands

1.7.4: Tubular photobioreactors
Tubular photobioreactors are based upon external-loop ALRs (see Section 1.7.2),

in that the downcomer has become extended, functioning instead as the photostage,
serving to increase the surface area to volume ratio available for light absorption
(Chrismadha and Borowitzka, 1992) (Figure 1.9). Manifolds at the end of the
downcomer can also be used to disperse cultures through separate channels or
‘windings’ (Plate 5), which is less energetically demanding for the pump and also aids

nutrient mixing (N. Clarkson, pers. com). The arrangement of photostage windings

can also vary in geometry such as; vertical (Richmond and Zou, 1999), horizontal
(Molina Grima et al., 1999), a-type (Zhu et al., 1997), or helical (Perez, 1994)
configurations. Tubular photobioreactors have a number of advantages over other
closed systems (Renaud ef al., 1999), but most importantly is the comparative ease in

which these systems can be potentially scaled-up (Borowitzka, 1997; 1994).

—
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Airlift system

Solar

Figure 1.9: Schematic diagram of a horizontal tubular photobioreactor.
Downcomer of the air-lift Section leads out into a weaved horizontal photostage (solar
receiver), providing a large surface area to volume ratio for light absorption (diagram

taken from Molina Grima ez al., 2001).

Plate 5: A horizontal tubular photobioreactor with manifolds. This system based In

Sede Boger, Israel. Developed by the Jacob Blaustein Institute for Desert Research, the
downcomer is devised into parallel rows, which are more energetically efficient for

recirculation.
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1.8: MICROALGAL PRODUCTION METHODS
Commercial ventures can focus heavily upon production time-scales. Production

methods can significantly influence daily harvest volumes, cell density and culture

quality. Four main production methods are available:

1.8.1: Batch cultures
A method regularly employed for small-scale experiments or for the step-wise

‘scale-up’ of cultures into larger volumes. As a production method this approach 1s
more traditionally associated with open microalgal cultures. Harvesting takes place
when maximum cell density and/ or product accumulation has been achieved. The
entire working volume is extracted and photobioreactor sterilised and re-inoculated.
Batch cultures are highly labour intensive and requires adequate timing to ensure the
media and inoculum for the next batch is ready in time to replace one which has just
been harvested. Several batches can be run in a staggered cycle to each other to
ensure continuous harvesting. However, productivity can be compromised as
harvesting more often becomes a result of timing rather than ensuring culture
optimisation. Monitoring of cell number and quality can become secondary to

achieving the time-scales involved in maintaining a set production rota.

1.8.2: Semi-continuous cultures
A known volume is manually harvested, typically no greater than 40 %, and

replaced in one bulk amount with fresh medium once every 24 hrs. This provides a
high impact in regards to diluting the culture (creating a ‘wash-out’ effect), but also
allows the longest possible period of recovery (cell growth) before the next harvest.
As with the batch cultures, this production method is also a labour intensive approach,
requiring daily maintenance, although full sterilisation and re-inoculation can
potentially be delayed since the daily replenishment of media should prolong
operational lifespan. Since there is a daily harvest, unlike batch cultures, maintaining
a staggered rotational culture regime is less of a priority. However, if the renewal

volume is too great, cell density can be quickly lost and difficult to recover.
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1.8.3: Continuous cultures
Continuous cultures feature an outlet or overflow which is level with the cultures

working volume. Media is continuously pumped at a fixed rate in order to drip-feed
the culture with fresh nutrients. The displacement volume is automatically harvested
from the overflow, and thus a constant working volume is maintained. Since media
renewal 1s automated, it is essential that pumps be accurately calibrated. Providing
the cultures growth rate is equal to the rate of daily renewal, cell density can reach an

equ1llbr1um referred to as steady-state growth’. Because the media is supplied

continuously, once cultures are running such a production is less labour intensive and

can be potentially ran for years before needing to re-inoculate. This allows for more
time to monitor culture performance and quality. Continuous cultures were first

applied to microalgal cultivation in 1951 (Goldman et al., 1982) as a means of

producing increased biomass levels of Chlorella as a source of SCP.

1.8.4: Fed-batch cultures
Fed-batch production acts almost as an intermediate between continuous (in that a

constant working volume is maintained) and semi-continuous methods (in that media
renewal only takes place at a set time of day). Rather than pumping media 24 hrs/
day, timers are used to set a fixed period over which media is added. For example,
the same volume, which would otherwise be provided continuously, becomes
condensed into a set time-frame (i.e. pumps are set to run for 12 hrs/day). Media
rencwal rate (L/hr) for that period is increased causing a heightened dilution effect
similar to semi-continuous production (which is an instant renewal), but over a longer
period. Whilst this means the recovery periods may be comparatively shorter, this can
be justified in that the initial impact is less intensive towards cell density than that of a
semi-continuous system. Another strategy to increase daily harvest volumes is to
increase the dilution rate still further for set periods of media renewal, but allows for

longer recovery periods by setting timers to run only every other day as opposed to

daily. As with continuous cultures, pumps must be well calibrated.
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1.9: LIGHT AND PHOTOSYNTHESIS

1.9.1: The light spectrum and pigments
The electromagnetic spectrum of light is measured in terms of wavelength (1)

expressed as nanometres (nm) with a holistic range of 10” to 10,000 nm (Ryer, 1997).
T'he pigmentation (colour) of photosynthetic organisms is such that they generally

absorb light at a wavelength range between 400 — 700 nm, known as the
photosynthetically active region (PAR- as defined by SCOR/ UNESCO (Sakshaug et

al., 1997)) of the visible light spectrum (380 — 770 nm). The PAR constitutes the
absorption of light by over 600 known individual pigments, primarily consisting of
chlorophylls and secondary carotenoids (sub classed carotenes- cyclic derivatives; and
xanthophylls- oxygenated derivatives), each with individually specific absorption
spectra (Young and Britton, 1993). For example, chlorophyll a has absorption peaks
within the blue and red light ends of the visible spectrum, which to the human eye
appears as a green pigment since this region of the light spectrum (500 — 600 nm) is
reflected (Ryer, 1997) (see Figure 1.10). Chlorophyll a is the primary pigment of

most algae, the presence of which has been used to distinguish cyanobacteria from

photosynthetic bacteria (Graham and Wilcox, 2000).
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Figure 1.10: An action absorption spectrum. Showing the light absorption ranges across
the visible light spectrum of various types pigments used in microalga for photosynthesis.
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1.9.2: Cellular light absorption
Any single microalga will contain not just one, but often several pigments with

one dominant (primary) and the others (secondary) acting in a supplementary role
quenching any excess light energy (along with non-photosynthetic functions). Under
adverse (stress) environmental conditions secondary pigments can become more
concentrated causing a visible change in colour. Pigments are found within the
photosynthetic organelles (collective termed chromoplasts) of a cell, bound by a
double membrane (Graham and Wilcox, 2000). The majority of a chromoplast’s

volume is occupied by an extensive third membrane (the thylakoid membrane) which

1s folded/ stacked into disc-shaped vesicles called grana, with series of granum

connected to each other by irregular Sections of the same membrane (Graham and
Wilcox, 2000; Guttman, 1999). The thylakoid divides the chromoplast into an
internal (the lumen) and an external space (the stroma). Chromoplasts whose

thylakoids comprise primarily of chlorophylls and are specifically referred to as

chloroplasts (see Figure 1.11).

Thylakoid
membrane

Granum Stroma

Figure 1.11: Cross-Sectional view of a chloroplast. A chromoplast consisting primarily of
chlorophylls. A third internal membrane structure called the thylakoid forms dlsc-lnkg stacks
(granum), creating a partion between the stroma thylakoid lumen. Refer to text for details.
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The division of the plastid into thylakoid and stroma is significant in that together
they perform two separate phases of photosynthesis termed the light and dark cycles.
Light-dependent reactions take place within the thylakoid whilst light-independent (or
dark) reactions occur in the stroma. These two phases of photosynthesis are

summarised below (see Table 1.3). Photosynthetic pigments contained within the
thylakoid membrane bind with proteins to form complexes called photosystems (PS).

Chloroplasts feature two photosystems (PS I and PS II). Each photosystem consists
of 200 — 300 chlorophyll molecules packed with proteins and act as a light harvesting
chlorophyll protein antennae (LHCP) complex, and a reaction centre (Jeffrey et al.,
1997; Walker, 1988) (see Figure 1.12). The LHCP is arranged so that any chlorophyll
molecule can absorb a photon of light causing excitation of electrons (excitons) and

transfer this energy to another, almost like a funnel, until eventually becoming

channelled towards the reaction centre (or trap). The electrons excited state is
unsTable and eventually returns to it’s natural ‘ground state’, as it loses energy it
gives out light as fluorescence. The reaction centres of the two photosystems are
identified as P700 in PS I, and P680 in PS II (reflecting their light absorption peaks).
Each comprise of a special pair of chlorophyll molecules associated with proteins and
electron carriers. Both synthesising chemical energy in the form of adenosine

triphosphate (ATP) by a process called photophosphorylation. The LHCP together
with the reaction centres of PS I and PS II are collectively referred to a photosynthetic

unit (PSU) (Guttman, 1999).
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Figure 1.12: Pigments harvesting light. A simplified representation of how light
harvesting complexes act as funnels to transfer photon (light) energy, shown by yellow

arrows, to the reaction centres of photosystems I (b) and II (b). The molecular structure of

chlorophyll a (C) consists of porphyrin ring, bound to a phytol (an alcohol) tail. The green
region of the porphyrin ring highlights the area where delocalised electrons are formed

upon reacting with a photon. Molecular weight = 893.50 (Jeffrey et al., 1997).
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1.9.3: Basic photosynthetic pathways
Photosystem I is primarily concerned with generating chemical energy, in the form

of adenosine triphosphate (ATP), by a process referred to as cyclic
photophosphorylation (Graham and Wilcox, 2000; Guttman, 1999). This begins with
the transfer of light energy to the reaction centre of P700 (ground sate) resulting 1n
excitation of an electron to a higher energy level, as the reaction centre becomes
ox1dlsed (P700*). A proton gradlent is generated along a chaln of intermediates
within the thylakoid membrane, effectively pumping three protons (H') from the
chloroplasts stroma into the thylakoid lumen. This results in phosphorylation of
adenosine diphosphate (ADP) to ATP which is then transported back into the stroma,
whilst PS I returns to it’s ground state (Walker, 1988). During oxidation of PS I, an
intermediate in the proton gradient, ferredoxin (having been reduced), can either pass
along the cyclic path again (as described above) or be used to synthesise NADPH
(nicotinamide adenine dinucleotide phosphate hydrogenase) from NADP". Having
taken this secondary route, PS I remains oxidised and temporarily inactive since the
cyclic pathway becomes broken. Meanwhile, PS II also oxidised by light energy,
donates an electron along a non-cyclic chain of electron carriers (a process called ‘the
Z scheme”), finally reaching PS I which then reverts back to its ground state. During
this electron transport towards PS I, a proton gradient is generated across the
thylakoid membrane, which serves to aid ATP synthesis. ATP synthesis via this
pathway is referred to as non-cyclic photophosphorylation. However, PS II remains

oxidised (P680°) and is reduced back to its ground state as a result of electron released

from the splitting of water molecules (photolysis) by an enzyme (Guttman, 1999;
Walker, 1988).

Whilst cyclic and non-cyclic photophosporylation, concerned with ATP and NADPH
synthesis, both taking place within the chloroplast’s thylakoid, carbon fixation occurs
in the stroma (see Table 1.3). The pathway of carbon fixation was discovered by
Calvin’s ‘lollipop’ experiments (name used to describe the photobioreactor) with
Chlorella, using the radioisotope carbon-14 (**C) (Guttman, 1999). The cycle begins

by using ATP to phosphorylate ribulose 5-phosphate being into ribulose bisphosphate

(RuBP) which enters a pathway called ‘the Calvin cycle’: This SC sugar becomes

carboxylated in the presence of CO,, to form RuBP carboxylase (a C6 enzyme),
which is unsTable and breaks down into two molecules of phosphglyceric acid
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(PGA). Additional energy from ATP is used by NADPH; to eventually reduce PGA
into glyceraldehydes 3-phosphate (GTP, a 3C sugar). Six molecules of GTP are

produced for every three molecules of CO, that enter the cycle. Five molecules of
GTP are then used to regenerate RuBP, which re-enters the Calvin cycle, the

remainder is used in other metabolic processes (e.g. proteins, lipids and

carbohydrates). The metabolic cost of which is nine ATP and six NADPH molecules,
produced from both .cyclic and non-cyclic photophosphorylation. The integral
pathways of photosynthesis are also illustrated in Table 1.3.

It is important to also note that in the presence of oxygen, RuBP can also form RuBP
oxygenase (Guttman, 1999). This is thought to be an evolutionary defect, since
photosynthesis evolved when oxygen levels on Earth were minimal (Walker, 1988).
A by-product of this is the build-up of carbon-rich glycolate. This in turn is broken
down by a process called ‘photorespiration’ in order to recover some carbon.
However, this is done at a greater metabolic cost (using NADPH; and ATP) and CO>
is also released (Graham and Wilcox, 2000). Ultimately, oxygen 1s a competitive
inhibitor for RuBP and can make - photosynthesis energetically inefficient, if

concentrations are greater than carbon dioxide.
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Location in
chloroplast

LIGHT REACTIONS

DARK REACTIONS

Thylakoid

Photochemical (light requiring)

Stroma

Do not require light (can occur in light)

Carbon dioxide is fixed when it 1s

Reactions Light energy causes the flow of electrons
from electron ‘donors’ to electron accepted by a 5C compound- Ribulose
‘acceptors’, along non-cyclic or cyclic bisphosphate (RuBP), to form two
pathway. Two photosystems (I and II) molecules _C"f B 3C-compound
are involved. These contain chlorophylls phosphoglyceric acid (PGA), the first
which emit electrons when they absorb product of photosynthesis. A series of
light. Water acts as an electron donor to reactions (Calvin cycle) occur in which
the non-cyclic pathway. Non-cyclic RuBP (the carbon d!omdc acceptor) 1s
electron flow results in production of regenerated and PGA is reduced to sugar
ATP and NADPH,

PS I: Cyclic photophosporylation:
ADP + P} == ATP

(producing ATP for the dark cycle) 3ATP 3ADP + 3P;

Overall CO, + H,0O [CH,0] + 2H,0

equation or 2NADPH, 2NADP -
PS II: Non-cyclic photophosporylation:
2H,0 + 2NADP —* 0, + 2NADPH,

photolysis of water producing oxygen

Results Light energy is converted to chemical Carbon dioxide is reduced to carbon
energy (ATP and NADPH,). Water is compounds such as carbohydrates and
split into hydrogen and oxygen lipids, using the chemical energy in ATP
(photolysis). Hydrogen is carried to and hydrogen in NADPH,
NADP and oxygen is a waste product

Combined _I;'ght } 2,0 yn [CH:O]

equations  chiorophyll 0:4" % 210, 7N (0, +H,0

Net equation CO; + Hy0 iy [CH,0] + 0,

Table 1.3: A summary of the metabolic pathways involved in photosynthesis. Refer to text for
details.
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1.10: AIMS

A series flask culture experiments (100 ml working volume) of both I galbana and N.
oculata were preliminary used in order to assess how various abiotic factors affected
performance in terms of cell density and linear growth rates. Oxygen evolution rates
were examined as means of assessing photosynthetic efficiency, whilst semi-
continuous cultures helped determine cellular yields under a range of dilution rates.
Analysis of total lipid and FAME content of cells was also conducted which, coupled
with semi-continuous data, was later used to estimate productivity targets for larger

volume cultures grown in a tubular photobioreactor.

Having standardised abiotic factors based upon flask culture experiments, I galbana
and N. oculata were later grown in a 70 L tubular photobioreactor to initially
determine maximum cell density when 