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ABSTRACT

Carotenoids are essential in light reception and photo-oxidative protection in photosynthetic
membranes. In some unicellular algae, secondary carotenoids are accumulated during cell
senescence or when cells are exposed to nutritional and/or conditions unfavourable for growth.
The carotenoids are usually B-carotene and /or its ketonic derivatives such as astaxanthin,
canthaxanthin and echinenone. Such a phenomenon has been observed in the unicellular algae
Dunaliella salina and Haematococcus pluvialis. In the present study a number of species and
strains of algae belonging to the Chlorophyta were screened to determine which were able to
produce the highest amounts of secondary carotenoids. The results identified that the strains of
H. pluvialis were the most prolific producers of secondary carotenoids of the various species
and strains tested.

Qualitative and quantitativé analysis of the secondary carotenoid composition of H.
pluvialis revealed that secondary carotenoids accounted for up to 5.4 % of the dry cell weight
of the alga. Mono and diesters of astaxanthin were found to be the major carotenoids
accumulated with smaller amounts of echinenone, canthaxanthin and adonirubin also being
present. The accumulation of these secondary carotenoids was associated with morphological
changes in the alga, including a thickening of the cell wall, a reduction in the growth rate,
loss of mobility and a reduction in the photosynthetic rate of the algal cells.

Nutritional and environmental parameters affecting the synthesis of secondary
carotenoids in H. pluvialis were investigated to determine the extent that each exerted on
carotenogenesis. The results revealed that all the nutritional and environmental parameters
investigated had some effect on inducing secondary carotenoid synthesis in the alga. These
included light intensity, nitrate, phosphate, iron and salt concentration. The optimum levels
of some of these parameters was investigated to determine which allowed for maximum rates
of algal growth (i.e. light intensity, nitrogen concentration and temperature), and which

resulted in maximum rates of secondary carotenoid synthesis (i.e. salt concentration and light

intensity). The optimum levels were defined using response surface methodology.



This data was then used for the cultivation of the alga in a 30 1 photobioreactor. A two
stage fermentation process was designed for the pilot scale production of astaxanthin from H.
pluvialis. During the first stage conditions within the reactor were optimised to achieve
maximum rates of algal growth. When algal growth had ceased the conditions were changed to
allow for maximum rates of astaxanthin production within the reactor. The results achieved
within the reactor were comparable to those obtained when the alga was cultivated under small
scale (i.e. 50 ml) laboratory conditions. The alga accumulated 40 mg of secondary carotenoid
per unit litre of liquid culture, which accounted for 2.6% of the dry cell weight of the alga.
However, 1n the 30 1 reactor the length of time required to accumulate the secondary
carotenoids was much longer under large scale culture conditions than under small scale
laboratory conditions (probably due to limitations of light).

Further work involved studies on the biosynthetic pathway leading to astaxanthin

formation in H. pluvialis using inhibitors of carotenoid synthesis. Some of the major

carotenoid precursors involved in the biosynthesis of astaxanthin (i.e. B-carotene and
lycopene) were identified and these results allowed possible pathways of astaxanthin synthesis
to be postulated. However, the reactions of the latter stages of the pathv?ay remain

unresolved.
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[1]

THE BIOCHEMISTRY OF CAROTENOIDS AND THEIR
PRODUCTION FROM MICROALGAE

1.1 INTRODUCTION

Carotenoids are ubiquitous throu ghoui natﬁre andhover 600 are known to exist in plants,
animals, bacteria and fungi (Pfander, 1987). The carotenoids are yellow, orange or red
and they are the major pigments of certain flowers, vegetables, berries, mushrooms,
insects, feathers and egg yolk. In plants they are found in leaves, together with
chlorophyll, and in animals they are dissolved in fats or combined with protein in the
aqueous phase. Animals are unable to synthesise carotenoids and therefore accumulate
them from extraneous sources in their diets. There are two main groups of carotenoids,
the carotenes and the xanthophylls. The carotenes are hydrocarbons and are few in
number. The xanthophylls are oxygenated derivatives of carotenes and make up the vast
majority of the carotenoids.

The microalgae are a diverse collection of chlorophyll a -containing organisms that
include many divisions of the plant kingdom, including seaweeds and a number of single-
celled and multicellular microscopic forms. Microalgae constitute the aquatic and marine
phytoplankton and are common inhabitants of nearly all terrestrial and sub-aenal surfaces,
including extreme environments in hot and cold deserts. Broad assemblages of microalgae

are grouped into major categories, together with macroalgae, on the basis of pigmentation,

cell wall composition, chemical constitution of food reserves, presence and type of
flagella, and features unique to different groups (Metting and Pyne, 1986).

Microalgae accumulate a variety of unusual ﬁnd characteristic carotenoids in their
chloroplasts. In most members of the Chlorophyceae, so-called secondary carotenoids
accumulate outside the chloroplast under certain adverse nutritional and environmental
conditions. These should not be confused with those pigments found in the chloroplast

which have specific functional roles in photoprotection and light-harvesting. The pigments

concerned are usually B-carotene (B,B-carotene, I) and its ketonic derivatives echinenone



(B,B-caroten-4-one, II), astaxanthin ((35,3'S)-3,3'-dihydroxy-B,B-carotene-4,4'-dione,
III), canthaxanthin (,B-carotene-4,4'-dione, IV) and adonirubin ((35)-3-hydroxy-B,3-
carotene-4,4'-dione, V). These carotenoids are of potential commercial value if they can

be produced in a highly concentrated form.

I B-Carotene
‘ NV NV NV NV NNV N NV NYT N ‘
O
I Echineneone

HO
0 4
111 Astaxanthin
O
‘ NV NV NV NV NNV N NV NY N ‘
O
IV Canthaxanthin
$
‘ NV NN NN NNV NNV Y N NYN ‘
HO

O Y Adonirubin

Astaxanthin (III) 1s the principal carotenoid pigment of salmonids and imparts
attractive pigmentation in the eggs, flesh and skin. World-wide production of farm-raised
salmon has increased rapidly in the past decade, and more than 200,000T were produced

in 1990. This figure 1s set to increase up to 460,000T by the year 2000 (Bjorndahl,
2



1990). The provision of pigments in feeds of farmed fish 1s very expensive. Currently the
only available chemically synthesised astaxanthin (IIT) on a dry basis 1s sold for >
$4000/kg (marketed as Carophyll® Pink, Hoffman-LaRoche, Inc., Basel Switzerland,
containing a minimum of 8% astaxanthin/kg). There is considerable interest within the
aquaculture industry to develop the production of astaxanthin (III) from natural sources.
Presently, the most promising recognised sources of astaxanthin (III) are crustacea (mainly
the shrimp Pandalus borealis (Torrissen et al., 1989) and the krill Euphanasia pacifica, E.
superba (Lambertsen and Brackkan, 1971)), the microalga Haematococcus (Nakayama,
1962), and the yeast Phaffia rhodozyma (Andrewes et al., 1976).

The work presented in this report is an investigation into the production of one
specific carotenoid, astaxanthin (III), by microalgae. A number of species and strains of
algae have been systematically screened to investigate which accumulates the greatest level
of astaxanthin (IIT). The alga investigated most extensively was Haematococcus pluvialis
(Flotow). A qualitative and quantitative examination of carotenoids in H. pluvialis was
performed to determine the levels of astaxanthin (IIT) and associated secondary carotenoids
within the alga. Morphological investigations of the alga revealed information concerning
the alga’s life cycle and it’s various morphological forms associated with the different
stages of the cycle. Subsequent investigations were performed to determine the
environmental factors responsible for initiating astaxanthin (III) synthesis in the alga,
Jeading to the optimisation of the production of this particular carotenoid from H. pluvialis.
The information gained from these studies was then applied to the cultivation of the alga in

a 30 litre photobioreactor for the sole purpose of astaxanthin (III) production.

1.2 STRUCTURE AND NOMENCLATURE

Carotenoids are C,, terpenoids that consist of eight isoprene units joined together so that
the linking of the units is reversed at the centre of the molecule. The most prominent
feature of the carotenoids is the polyene chain, which may extend from 3 to 15 conjugated
double bonds. This chromophore is responsible for the characteristic absorption spectrum
and colour of the molecule. Cyclization of the carbon skeleton, at one or both ends, al§o

3



occurs, while xanthophylls are formed from the hydrocarbon carotenes by the introduction
of oxygen functions. In addition, skeletal modifications involving chain elongation to (Cys
- Cs0) or degradation to apocarotenoids take place, and some carotenoids are biogenetically

Cs. The basic system of numbering carotenoids is shown in the structure of a-carotene

((6'R)-B,e-carotene, VI). Individual carotenes are named by the specific end groups which

they contain, while the xanthophylls are named according to the usual rules of organic ‘

chemical nomenclature.
1 o Y >
) 7 9 11 13 15 14 12 10° 8' ¢
2 A ¢
8 10 12 14 15 13 11’ 9 7 \\‘1'

VI a-Carotene

1.3 BIOSYNTHESIS OF CAROTENOIDS

1.3.1 Introduction
Since carotenoids are terpenoids they are related biosynthetically, and share a common

early pathway, with other biologically important isoprenoids, as shown in figure 1.1

(Britton, 1976a).



Mevalonic acid (MVA)
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Fig. 1.1 Biosynthesis of isoprenoid compounds.

The early stages in which Cs isoprenoid units are constructed and then used to build
the required prenyl diphosphate intermediates, are common stages in the biosynthesis of all

terpenoid compounds. The later stages after the formation of geranyl geranyl diphosphate

are unique in the biosynthesis of carotenoids. The formation of phytoene

(7,8,11,12,7',8',11',12"-octahydro-y,y-carotene, VII and VIII) and its subsequent
desaturation, cyclization and later modifications, are the main stages of carotenoid

biosynthesis, as outlined 1n figure 1.2.
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Fig. 1.2 Summary of the main stages of carotenoid biosynthesis.

1.3.2 Formation of phytoene

The tirst specitic precursor of all terpenoids is mevalonic acid (MVA), which is formed
from acetyl-CoA via 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). MVA is converted to
1sopentyl diphosphate (IDP), the universal isoprene unit, via a three step sequence
involving the soluble eﬁzymes MVA kinase, MVAP kinase, and diphosphomevalonate
decarboxylase. Isomerization of IDP to dimethylallyl diphosphate (DMAPP), catalysed by
IDP isomerase, is followed by a series of condensation reactions, resulting in the
formation of geranyl diphosphate (GDP), farensyl diphosphate (FDP), and geranyl
geranyl diphosphate (GGDP). These condensation reactions are catalysed by prenyl
transferases. One of six possible metabolic fates of GGDP is to undergo tail to tail
dimerization to form the first C,, carotene, phytoene (VII and VIH). This two-step

conversion via prephytoene diphosphate (PPDP) is catalysed by two enzymes and form

either 15-cis or all-trans-phytoene (VII and VIII) (Bramley, 1985).



1.3.3 Desaturation

Phytoene (VII and VIII) undergoes a series of sequential desaturation reactions (Fig. 1.3)
to give phytofluene (7,8,11,12,7',8'-hexahydro-y,y—carotene, IX), {-carotene
(7,8,7',8-tetrahydro-y,y-carotene, X) or its ‘unsymmetrical’ isomer, neurosporene (7,8-
dihydro-y,y-carotene, XII), and finally lycopene (y,y-carotene, XIII). Ateach stage,
two hydrogen atoms are removed by trans-elimination from adjacent positions to introduce
a new double bond and extend the conjugated polyene chromophore by two double bonds
(Davies and Taylor, 1976).

In organisms containing 15-cis-phytoene (VIII), the desaturation sequence must
include a cis to trans isomerization step, since the more unsaturated carotenes are all-trans
(except for tissues containing poly-cis-carotenes, e.g. tangerine tomatoes). In higher
plants this step has been shown to be at the phytofluene (IX) stage, butit may occur at the

phytoene (VI1I and VIII) level in Flavobacterium R1560 and Phycomyces (Britton, 1990).
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VII Phytoene

XIII Lycopene

Fig 1.3 Sequence of desaturation reactions.

1.3.4 Cyclization
Once a carotenoid has reached the lycopene (XIII) level of desaturation, cyclization can
take place to give a six-membered ring. Cyclization is initiated by proton attack at C-2 of
the acyclic precursor, for either lycopene (XII) or neurosporene (XII). Stabilization of
the resulting transient C-5 ‘carbonium ion’ intermediate is by the loss of a proton to form a
B-ring, e-ring, or y-ring depending on which proton is lost.

The removal of hydrogen in the cyclization reaction is stereospecific. It has been
shown that in natural €-ring carotenoids such as lactucaxanthin (35,65,3'S,65-¢,¢-

carotene-3,3'-diol, XIV), the configuration around C-6 is the R configuration. In the
formation of the B-ring, the hydrogen atom lost is that which was originally the 2-pro-S
hydrogen atom of MVA. The stereochemistry of the initial proton attack at C-2 1s the same

as in the formation of the B-ring, but the behaviour of the C-1 methyl groups has not yet

been determined (Milborrow, 1982).
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1.3.5 Hydroxylation and introduction of other O, functions

Xanthophylls commonly have hydroxyl substituents at C-3 and C-3'. It is generally
accepted that the introduction of these groups occurs late in the biosynthetic pathway, 1.e.
after dehydrogenation has occurred. It has also been shown that the presence of oxygen is
necessary for hydroxylation. In experiments using 120 it was shown that the oxygen
hydroxyl functions came from molecular oxygen and not water. Hydroxylation at C-3 of
the B-ring, e.g. in zeaxanthin (3R,3'R-B,B-carotene-3,3"-diol, XV) or lutein
((3R,3'R,6'R)-B,e-carotene-3,3'-diol, XVI), normally proceeds by the direct replacement
of the (3-pro-R)-hydrogen atom of the hydrocarbon precursor (i.e. the one which was
originally the (5-pro-R)-hydrogen of MVA) by OH. The reaction is assumed to be
catalysed by a mixed-function oxidase enzyme, involving cytochrome-P,s, (Britton,

1976D).

XVI Lutein

The ketosarotenoid astaxanthin (III) occurs naturally in different enantiomeric
forms. The form obtained in the algae is the (35,3'S)-isomer. The assumption is made
that in algae the C-3 hydroxy groups are introduced first, with normal stereochemistry, to
give (3R,3'R)-zeaxanthin (XV), into which the C-4 keto groups are then introduced
(Cooper et al., 1975). However, later workers have suggested another route for the

biosynthesis of secondary carotenoids in H. pluvialis, involving the conversion of -
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carotene (I) to astaxanthin (III) via the intermediates echinenone (1II) and canthaxanthin (IV)
(see below). Figure 1.4 outlines the proposed biosynthesis pathway of astaxanthin (I1I)

from B-carotene (I) (Donkin, 1976; Grung, etal., 1992).

II Echinenone
‘ NV NV NV NV NV SNV NN
O [O]
O

IVCam.haxanLhin
‘ NV NNV NV NV NV RN

O 1 [O] o

VAdonimbuin
‘ AN\ VN V2V \ g\ g\ g\t
HO

0 j (O] o
| OH

IIIAstaxanthin
‘ AN VN VN VN g\ N\ gD\ W\ NN

HO
O Esterification

Astaxanthin mono and diesters.

Fig. 1.4 Biosynthesis of secondary carotenoids in H. pluvialis.

1.3.6 Regulation of carotenoid biosynthesis in the Chlorophyta

The carotenoids found in the class Chlorophtya are usually those present in the chloroplasts

of higher plants, namely a-carotene (VI), B-carotene (I), lutein (XVI), violaxanthin
(XVII), neoxanthin (XX), and zeaxanthin (XV). The latter is an occasional minor
component of higher plant chloroplast carotenoids, but is widely distributed in the

Chlorophyta. In addition to the normal complement of carotenoids, some species

accumulate unusual xanthophylls. These exceptions will be discussed further in Chapter 3.
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The complement of carotenoids an organism can synthesise 1S under genetic control, but

the amount, and to some extent type, synthesised can be influenced by a number of

external factors.

1.3.6.1 Genetic control

The genetic control of carotenoid biosynthesis has been studied by the isolation and
examination of carotenoid mutants. Isolated mutants of Chlorella vulgaris have been
shown to form phytoene (VII and VIII), phytofluene (IX), and ¢{-carotene (X), or these
compounds plus proneurosporene (XII) and prolycopene (XIII), when grown in the dark
on glucose. One of these mutants also showed the disappearance of the more saturated
carotenes, proneurosporene (XII) and prolycopene (XIII) on exposure to light, and the
concomtitant appearance of trans-lycopene (XIII) and - and B-carotene (VI and I) (Bramley
and Mckenzie, 1988). A mutant strain of the green alga Scenedesmus oliquus
accumulates -carotene (X) when grown in the dark, but is able to convert this into normal

cyclic carotenoids when illuminated.

1.3.6.2 Nutritional control

Under unfavourable nutritional conditions, especially nitrogen deficiency, some green
algae may become yellow or red due to the formation of large amounts of B-carotene (1),
echinenone (II), hydroxyechinenone (II), canthaxanthin (IV) and astaxanthin (III). These
secondary carotenoids are located outside the chloroplast in globules or in the cell wall. In
salinities above 5% NaCl (w/v) Dunaliella salina accumulates large amounts of B-carotene
(I) in globules. In Ankistrodesmus spp., deficiency of PO, SO,>, Ca?* or Fe*
stimulates carotenogenesis. A low phosphate medium stimulates carotenogenesis threefold

in a bleached strain of Euglena (Goodwin, 1980).

1.3.6.3 Light
Carotenogenic organisms can be divided into three categories. In the first category are
those organisms in which light plays little or no role in the regulation of carotenoid

biosynthesis. In the second category are those organisms which can synthesise carotenoids

in the absence of light, but synthesis is enhanced in the presence of light. Finally, there
11



are those organisms in which the synthesis of carotenoids 1s totally photo-induced. Algae
generally belong the first category, however, photo-regulation of carotenoid biosynthesis
has been documented in Euglena (Goodwin and Jamikomn, 1954a). Light intensity has
been shown to be important for the accumulation of B-carotene (I) in Dunaliella;, increasing
the light intensity results in increasing amounts of p-carotene (I) per cell (Ben-Amotz and
Avron, 1983). High light intensities also increase the level of accumulation of
ketocarotenoids in H. pluvialis, however, light is not necessary for their synthesis
(Kobayashi et al., 1992). In a number of other cases light has been shown to influence
carotenoid biosynthesis, but for the most part carotenoid biosynthesis in algae 1s

independent of light (Rau, 1976).

1.3.6.4 Chemical inhibitors
Certain chemicals have been identified which are able to interfere with the normal synthesis
of carotenoids. While these are not a natural control mechanism, the use of these

inhibitors has been of great value in studies on carotenogenesis. Some of the most
effective inhibitors of normal carotenogenesis are diphenylamine (DPA), 2-
hydroxybiphenyl, 9-fluorenone, nicotine, 2-(4-chlorophenylthio)-triethylamine HCI
(CPTA) and norflurazon (Bramley and Mckenzie, 1988). The main target sites for these
chemicals are the desaturation and cyclization reactions of carotenoid biosynthesis (see Fig.
1.2). There are no-known effective inhibitors of hydroxylation. This is probably due to

the many other effects that such a chemical would produce in an algal cell.

1.3.6.5 Chemical induction

There have been few reports of the induction of carotenoid synthesis by certain chemicals
in microalgae. However, the addition of vinblastine to cultures of H. pluvialis has been
reported to increase the accumulation of secondary carotenoids in the alga (Boussiba and

Vonshak, 1991). While the chemical inhibits cell division, the ability of the alga to

assimilate carbon is not affected.
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1.4 FUNCTIONS OF CAROTENOIDS IN ALGAE

1.4.1 Location of carotenoids in the photosynthetic apparatus

The photosynthetic apparatus of algae is membrane bound, with the chlorophylls and
carotenoids representing the major pigments of photosynthetic membranes. Chlorophylls
and carotenoids are lipophilic and they can therefore be located either in hydrophobic
domains of membrane proteins or in the lipid membrane matrix. Membrane models
preferring etther location have been put forward (Kreutz, 1964; Weier and Benson,
1966). More direct experimental evidence has shown that photosynthetic pigments are
non-covalently bound to membrane proteins or membrane lipids.

For some higher plants, the protein bound nature of chlorophylls has been shown
(Thorber, 1975). Carotenoids are removed more easily from their apoproteins than the
chlorophylls when the membrane is exposed to detergent. The available data supports the
view that photosynthetic carotenoids of higher plants are protein bound in situ (Siefermann-
Harms, 1985). Only recently has 100% recovery of carotenoids during electrophoretic
separation been possible for higher plant preparations (Bassi et al., 1993; Ruban et al.,
1994). This is particularly difficult to achieve and requires the use of isoelectric focusing
techniques (IEF) and mild detergents such as dodecyl maltoside. However, evidence that
carotenoids of all photosynthetic apparati are entirely protein bound still remains to be
established. In the case of several algae, the fractionation of their photosynthetic apparatus
requires rather harsh conditions. Under such conditions up to 60% of the carotenoids have

been recovered in the ‘free pigment’ fraction, either because they have never been bound to

proteins in situ, or, more probably, because they were freed during membrane

fractionation.

Photosynthetic pigment proteins can be divided into two functional groups. First,
reaction-centre proteins containing, in addition to antenna pigments, a primary electron
donor pigment that is oxidized under illumination, and second, the light-harvesting
proteins (LHC) containing antenna pigments only. These are photochemically inactive,
but in situ they transfer absorbed light energy to the reaction-centre pigments. Although the
reaction-centre proteins are normally contained within the membranes, the light-harvesting

proteins are not always intrinsic membrane components.
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1.4.2 Carotenoids in the photosynthetic apparatus of algae

The photosynthetic apparatus of algae consists of two photosystems that drive electron
transport from water to NADPH through an electron carrier chain. This process is
illustrated in figure 1.5. Photosystem I (PSI) and photosystem II (PSII) can be isolated in
a photochemically active state. Preparations completely devoid of the major light-
harvesting complexes have been obtained. In the case of green algae such photosystem
preparations are still composed of several pigment proteins, namely, the reaction-centre
proteins that bind both the primary electron-donor pigment, and a substantial amount of
antennae pigments, and one or more light-harvesting proteins specifically associated with

the reaction-centre-proteins.

Electrode
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o, (CH,0) (VolS)) .4

| 4 0.0

PHOTOSYSTEM 1 Cytochrome b
‘4
Cytochrome f 3

) +0.4

Chlorophyll a PHOTOSYSTEM I

/ H,0
Light Chlorophyllb L +0.8
/ 2V,

Light
Fig. 1.5 Outline of the ‘Z-scheme’ indicating the two photosystems concemed with
photosynthesis in acrobic organisms.

1.4.3 Reaction-centre proteins
1.4.3.1 Photosystem I
The reaction-centre protein of PSI contains the primary electron-donor pigment P-;, and

numerous antenna pigments. It is composed of a variable number of polypeptides

depending on the isolation procedure which has been used by the various workers. The
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heaviest of these polypeptides (50 - 70 kDa) carries the pigments. In its photochemically
active pigment-bearing state this polypeptide has been named subunit I. In green algae,
two (Bengis and Nelson, 1977) or four (Vierling and Alberte, 1983) heavy polypeptides
have been proposed to participate in the assembly of one functional subunit I, together
with one P-,50. Subunit I can be associated with 3 - 6 srnail polypeptides (8 - 20 kDa) that
appear to be involved in electron transport around PSI (Lagoutte et al., 1984). Reaction-
centre I proteins have been isolated from red algae (Redlinger and Gantt, 1983),
Cryptophyceae and Xanthophyceae (Wiedemann et al., 1983), Phacophyta (Duval et al.,
1983) and Chlorophyceae (Wiedemann et al., 1983). As in the case for higher plants their
pigment content usually consists of Chl a and B-carotene (I), often with a-carotene (VI)

(especially in the Rhodophyta) in addition to P-;q,.

1.4.3.2 Photosystem II

PS I11s located 1n grana membranes where it constitutes a supramolecular complex.
Reaction-centre II proteins consist of two pigment bearing subunits designated as CPa-1
and CPa-2 (Green and Camm, 1984). Each subunit contains a single polypeptide (40 - 50
kDa). Both subunits bind Chl a and B-carotene (I). Spectroscopic evidence indicates that
the reaction-centre II pigment P-¢;, is located in CPa-1 (Nakatani et al., 1984).
Furthermore, CPa-1 appears to contain phacophytin, the primary electron acceptor of
PSII. Therefore, CPa-1 can be considered to be the core complex of PSII. CPa-2, the

lighter of the two reaction-centre II subunits, lacks photochemical activity and has been
suggested to be an internal light-harvesting protein of PSII (Green, 1988).

The carotene and Chl a ratio for reaction II proteins from many species is very
similar. When considering Chl a, reaction-centre II proteins contain more B-carotene (1)
than reaction-centre I proteins. p-Carotene (I) and a-carotene (VI) are present at similar
levels in both the reaction-centre II core protein CPa-1, and the internal light-harvesting
protein CPa-2. Minor pigment-proteins have been isolated from thylakoid extracts enriched

in PSII that, in contrast to reaction centre proteins, contain significant amounts of Chl b

(Chl a /b-ratio >3:1) (Camm and Green, 1980).
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1.4.4 Light-harvesting proteins

All O, evolving photosynthetic organisms contain extended light-harvesting systems. The
light-harvesting systems show enormous variations in the pigments present, their
organisation and location within or adjacent to the membrane. The various types of light-
harvesting pigment-protein complexes represent an important distinctive feature for the
classification of algal groups. In spite of their structural heterogeneity they agree largely on
the functional level, channelling harvested light energy predominantly in PSII (Fujimori
and Livingston, 1957).

Properties of major light-harvesting pigment-proteins isolated from algae range
from water-soluble phycobiliproteins of the dinoflagellates to hydrophobic membrane-
intrinsic Chl a/c xanthophyll-proteins, or Chl a/b xanthophyll-proteins observed in the
majority of algae. A general feature of all light-harvesting Chl-carotenoid-proteins is that,
in contrast to the reaction-centre proteins, they bind xanthophylls rather than carotenes.
Most (80%) of the total pigment composition is located in LHCII, as opposed to LHCI
(Bassi et al., 1993).

In contrast to higher plant LHC, in which the pigment composition is relatively
conserved (usually 6 major xanthophylls), the LHC of algae contain a diversity of
structures (more than 30 identified to date). This has enabled some workers to suggest that
these compounds can be used as chemotaxonomic markers (see section 1.7.1). The
Chlorophyceae, however, possess a similar pigment composition to that found in higher
plants, although some species do contain additional and often unusual xanthophylls (see

section 4.1).

1.4.5 Light-harvesting function of carotenoids

The light harvesting ability of carotenoids allows for utilization of blue-green light that is
poorly or not absorbed by the Chls. This effectively extends the range of light available for
photosynthesis and its importance has clearly been demonstrated in phototrophic bacteria.
Its role in chl /b containin g plants and algae 1s less well developed due to SORET
absorption of these chlorophylls (i.e. absorption of light in the blue region of the spectrum)

at similar wavelengths to that of the carotenoids.
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1.4.6 Energy transfer in photosynthetic structures .
The reaction sequence beginning with carotenoid excitation and leading to some

photosynthetic activity consists of several steps (Moore et al., 1980):

'Car. + hv — !Car.» (Equ. 1.1)

The absorptive act, in which the carotenoid is transferred into its excited state, 'Car.s:

ICar.» + 'Chl - !Car. + Chl (Equ. 1.2)

Singlet-singlet excitation energy transfer from excited carotenoid to ground state Chl.

'Chl;» -» - = — IChl,» (Equ. 1.3)

Singlet-singlet excitation energy transfer from Chl, to Chl,, and

IChl,* — Chl + phytochemistry (Equ. 1.4)

transfer of the excitation energy into reaction centres, where the photochemical reactions

are induced that finally drive photosynthetic activities like O, evolution or CO, fixation, or

Chl,» - !Chl, + fluorescence (Equ. 1.5)

de-excitation of excited Chl by fluorescence emission, a pathway especially favoured when

reaction (1.4) is blocked or absent, as in isolated light-harvesting pigment-proteins. In
algae, energy transfer from carotenoids to Chl a is generally observed, although efficiency

may vary for different organisms and types of carotenoids.
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1.4.7 Mechanism of singlet-singlet excitation energy transfer from
carotenoids to chlorophyll

Singlet-singlet energy transfer from an excited donor 'Don- to an acceptor in its ground

state Acc.

'Don+ + '!Acc — 'Don + 'Acc (Equ. 1.6)

may proceed via one of two basically different mechanisms:

(i) Coulombic or dipole-dipole resonance interaction between 'Don+ and 'Acc.
During energy transfer, resonance occurs between oscillations of the excited electron in
'Don- and of a ‘ground state’ electron in !Acc. The excited electron then relaxes its
oscillatory motion, while the ground state electron is set into enhanced motion of an
excited electron (Thrash et al., 1979). Thus, the dipole-dipole resonance interaction is
induced by an electromagnetic field originating in 'Don- and does not require physical
contact of the interacting partners (Forster, 1959).

(ii) Exchange resonance interaction between the excited electron of 'Don» and a
‘ground state’ electron of 'Acc. During energy transfer, the interacting partners form a
collision complex in which the electron clouds of donor and acceptor overlap. This
situation allows the excited electron to move from 'Don to 'Acc while the ground state
electron moves from 'Acc to 'Don. Thus exchange resonance interaction occurs via
overlap of electron clouds and requires physical contact between interacting partners

(Dexter, 1953).

1.4.8 Protective functions of carotenoids

For photosynthetic organisms, the presence of carotenoids in their photosynthetic
apparatus is essential for protecting the cells against harmful effects of light and molecular
oxygen (°0,). Carotenoids can protect against light-mediated damage in two ways: (i) by
preventing the formation of singlet oxygen by quenching triplet-state chlorophyll
molecules, and (ii) by scavenging any singlet oxygen (*O;") produced. Singlet oxygen is a
powerful oxidizing agent which will result in the destruction of cell components

LIVERPQOL JO=*' MOQRES UNIVERSITY
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(membranes, proteins etc.), leading ultimately, to the death of the organism (Young,
1991).

The photophysical reactions preceding Chl destruction and the mechanism of
protection by carotenoids are well established. In addition to the de-excitation pathways
(1.4) and (1.5) of 'Chl., a third pathway is observed in photosynthetic membranes, i.e.
the formation of *Chls by intersystem crossing from the lowest excited electronic state with

paired spins to that with unpaired spins (Mathis and Schenck, 1982):

IChls — 3Chls (Equ. 1.7)

This Chl species is difficult to detect in carotenoid containing membranes, since it is

rapidly converted to ground state Chl, mainly via energy transfer pathway (1.8) (Fujimori
and Livingston, 1957):

*Chl+ + 'Car — 'Chl + *Car.» . (Equ. 1.8)

The triplet-state *Car.» decays within a few microseconds via non-radiative intersystem

crossing (Moore et al., 1990):

’Car.» = 'Car (Equ. 1.9)

This decay is strongly enhanced in the presence of *0,. In the absence of carotenoids,

Chl- transfers its energy to ground state ’O,, thus generating excited singlet state oxygen

'0,":

3Chls + 30, - Chl + 10,* (Equ. 1.10)

Pathway (1.10) is significantly less efficient for de-excitation of *Chls than pathway (1.8).
Since *Chl- has a sufficiently long lifetime to interact with other compounds, and since it
readily forms reactive ions (Siefermann-Harms, 19835), it has the potential to initiate

membrane damage. More dangerous is the long lived '0,* species, that readily reacts with
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the unsaturated fatty acids of membrane lipids, with aromatic amino acids and purines
(Krinsky, 1971). All of these reactions can ultimately lead to the death of the organism
(Krinsky, 1978; Will and Scavel, 1990).

With the formation of !0,*, carotenoids have a second chance to exhibit their

protective role, by quenching 10,* (Knox and Dodge, 19835):
'0," + !Car — °0 and + *Car-. (Equ. 1.11)

While 1in photosynthetic membranes pathway (1.11) 1s of minor importance, it1s
central in‘protecting biological systems from accumulating 'O,* (Krinsky, 1979).
Carotenoids can act as protective agents only when the energy of *Car» is lower than that of
3Chls (pathways 1.8 and 1.10) or that of !O,* (pathway 1.11) (Naqvi, 1980).

Carotenoids protect against a whole range of oxidative species (‘O,;, OH~, O,~,
H,0,). In the absence of carotenoids the oxygen radicals are able to 1initiate lipid
peroxidation. Carotenoids, tocopherol, ascorbate, superoxide dismutase and catalase act
in concert to deal with the range of oxidizing species. The peroxidation of lipids leads to
the release of even more oxidative species which can initiate even further damage in the
cell. Therefore, the need for this chain reaction to be controlled is of great importance for

the effective functioning of the cell.

20



1.5 THE XANTHOPHYLL CYCLE

1.5.1 Introduction

The exposure of photosynthetic tissues to light in excess of that which can be utilized in
photosynthesis results in photoinhibition. This causes a reduction in photosynthetic
acttvity due primarily to a reduction in the photochemical efficiency of PSII. Several
mechanisms exist to ameliorate photoinhibitory damage under such conditions. These
include electron transport associated with non-photosynthetic processes such as
photorespiration (Eickmeier et al., 1993), the production of low efficiency PSII p-centres
(Weis and Berry, 1987), cyclical electron transport around PSII (Foyer et al., 1990),
dissociation of light-harvesting complex (LHC) II and energy spillover to PSI (Anderson,
1986). The presence of antioxidant systems (Larson, 1988) and the radiationless
dissipation of excess excitation energy in the chlorophyll pigment bed, 1s correlated with
the formation of the xanthophyll pigment zeaxanthin (XV) (the xanthophyll cycle) (Demmig
et al., 1988; Young, 1991).

1.5.2 Zeaxanthin (XV) formation

In the xanthophyll cycle, zeaxanthin (XV) is formed through the de-epoxidation of
violaxanthin ((35,5R,6S5,35,5'R,6'S)-5,6,5',6'-diepoxy-5,6,5',6'-tetrahydro-B, 8-
carotene-3,3'-diol, XVII) via antheraxanthin (5,6-epoxy-5,6-dihydro-B,3-carotene-3,3'-
diol, XVIII) in an enzymatic reaction catalyzed by a de-epoxidase (Hager, 1980;
Yamamoto, 1979) (Fig. 1.6). There 1s also a second énzyme, an epoxidase, which
reconverts zeaxanthin (XV) to antheraxanthin (XVIII) and violaxanthin (XVII). The de-
epoxidase has a pH-optimum of 5.2 (Rees et al., 1992), whereas the epoxidase exhibits
maximum activity at pH 7.5 (Demmig-Adams, 1990). The de-epoxidase is thought to be
located on the inner-side of the thylakoid membrane facing the acidic lumen, and the

epoxidase on the outer-side facing the alkaline stroma as indicated 1n figure 1.7 (Hager,

1980).
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Fig. 1.6 The xanthophyll cycle involving the de-epoxidation of violaxanthin (XVII)
to zeaxanthin (XV) via antheraxanthin (XVIII) and the epoxidation of zeaxanthin (XV)
to violaxanthin (XVII) via antheraxanthin (XVIII).

1.5.3 Regulation of the cycle

In addition to pH, other factors involved in the regulation of zeaxanthin (XV) formation
are the availability of (i) violaxanthin (XVII) for the de-epoxidase, which seems to depend
on the redox reactions between PSI and PSII, and (ii) ascorbate which appears to act as an
endogenous reductant for the de-epoxidation if it is reduced by PSI in the sequence
NADPH-glutathione-ascorbate, although another electron carrier maybe involved after
ascorbate (Yamamoto, 1979). Furthermore, the epoxidase requires O, and NADPH to act

asS COo-substrates.
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Fig. 1.7 Transmembrane model of the xanthophyll cycle (after Hager, 1980).

These regulating parameters are mostly measures of the balance between the rate of
photon absorption and the rate of photochemistry or electron transport, i.e. they are
indicators of whether or not light is in excess. Excessive light promotes the de-epoxidation
of violaxanthin (XVII) to zeaxanthin (XV), evidently because the resulting build up of a
pH gradient across the thylakoid membrane (Fig. 1.7) causes acidification of the lumen,
thereby activating the de-epoxidase (Hager, 1980). The epoxidase activity is promoted

under the pH and redox conditions that exist under limiting light.

1.5.4 Location

Violaxanthin (XVII) bound to thylakoid membranes seems to be mainly located in LHCII
and minor amounts are located in LHCI. Using IEF, the majority of LHCII can be split
into the bulk light harvesting complex (LHCIIb), and the minor LH complexes (CP24,
CP26, CP29). There is some disagreement as to the location of the xanthophyll cycle
carotenoids within these complexes. Bassi et al. (1993) maintain that in maize, the minor
complexes are solely responsible for the formation of zeaxanthin (XV) (i.e. LHCIIb,
which contains 80% of the pigments, cannot de-epoxidase violaxanthin (XVII)).

Contradictory results have been obtained by Ruban et al. (1994) who have shown that

spinach LHCIIb contains 60% of the zeaxanthin (XV) formed during the xanthophyll
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cycle. As similar procedures were used in both these reports, it is not clear which result is

a more accurate reflection of the in vivo organisational state.

1.5.5 Evidence for zeaxanthin (XV)-mediated photoprotection

Zeaxanthin (XV)-associated photoprotection has received considerable experimental
investigation and support. At least five lines of evidence support the hypothesis that
zeaxanthin (XV) is involved in protecting the photosynthetic membranes against the effects
of high light: (1) both non-photochemical fluorescence quenching and the rate constant for
radiationless heat dissipation vary in parallel with tissue zeaxanthin (XV) content (Gilmore
and Yamamoto, 1991; 1993; Demmig and Bjorkman, 1987); (ii) the threshold for the
onset of photoinhibitory damage coincides with the maximum zeaxanthin (XV) content
generated upon exposure to high light (Demmig et al., 1987); (iii) Dithiothreitol (DTT),
which inhibits zeaxanthin (XV) formation, also enhances photoinhibitory damage (Bilger
| etal., 1989, Demmig-Adams et al., 1990); (iv) blue-green algae and lichens (containing
blue-green algae) lack the xanthophyll cycle and more readily suffer photoinhibitory
damage than green algae and lichens (containing green algae), which along with all higher
plants possess the xanthophyll cycle (Demmig-Adams, ‘1990; Demmig-Adams and
Adams, 1990); (v) high light preconditioning significantly increases the total size 6f the
xanthophyll cycle pool, thereby increasing the concentration of zeaxanthin (XV) that can
be generated at high light intensities (Thayer and Bjérkman, 1990; Demmig-Adams et al.,
1989). However, the precise mechanism(s) of zeumﬁin (XV) photoprotection at high

light intensities are not known.

1.6 THE ROLE OF CAROTENOIDS IN PHOTORECEPTION

The most likely candidates for photoreceptors in phototaxis and phototropism in the
UV/blue region of the spectrum in higher plants are flavins and carotenoids. Flavins and
carotenoids are considered as photoreceptors when the action spectrum of the
corresponding response follows a characteristic pattern showing peaks or shoulders around

420, 450 and 480 nm. Photoreceptors in the UV/blue region with a main peak around 300
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nm are also thought to exist. However, these reactions are not considered to involve
carotenoids (Rau, 1988). The controversy over flavins or carotenoids 1s a long standing

argument, although the majority of investigators favour a flavin at present (Gualtieri,

1993).

1.7 ALGAL CAROTENOIDS: CHEMOSYSTEMATICS AND
PHYLOGENY

1.7.1 Chemosystematics

Carotenoids are generally located in chloroplasts and their use as a systematic and
phylogenic parameter is therefore restricted to photoautotrophic species (Bjgrnland and
Liaaen-Jensen, 1989). Table 1.1 shows the biosynthetic capability of algae to produce
particular structural features of their carotenoids (Liaaen-Jensen, 1977). A number of
features/trends are evident: monocyclic carotenoid glycosides are only found in the
Cyanobacteria. Bicyclic xanthophylls are found in all algal classes and are of no
chemosystematic value. 4-Keto-carotenoids are found in the Cyanobacteria,
Euglenophyceae and Chlorophyceae when the algae are grown under stress conditions.
Cyclization to e-rings is typical of certain algal classes. Acetylenic carotenoids are
encountered in several classes. Epoxide carotenoids are synthesised by all except the three
most primitive algal classes. Allenic carotenoids, 8-keto-carotenoids, and carotenol
acetates are found as indicated. Butenolide formation and C-3 expulsion in carotenoid
synthesis are unique properties of dinoflagellates. Oxidation of in-chain methyl groups and
19-0ls is effected by some classes. 5,6-Glycol formation seems to be restricted to the
Xanthophyceae and Euglenophyceae. Higher fatty acid esters of carotenoids are found in

three classes, while the 2-hydroxy-B-type is found in the Chlorophyceae (Arad et al.,
1993).
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Table 1.1 Structural features of carotenoids particular to certain algal classes
(from Liaaen-Jensen, 1977).
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1.7.2 Phylogeny

The basic biosynthetic mechanism involved in the formation of phytoene (VII and VIII)
seems to be the same in all organisms. The desaturation of phytoene (VII and VIII) to
lycopene (XIII) 1s probably the major pathway leading to cyclic carotenoids. The
subsequent metabolism of lycopene (XIII) in different phyla can be used in algal taxonomy

and contributes to theories on algal evolution. These further changes in algae can be related

to: (i) B-cyclase; (ii) e-cyclase; (iii) hydroxylase; (iv) §,6-epoxidase; (v) 5,6-epoxidase
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isomerase. This information can be used to devise the following evolutionary scheme for

algae (Fig. 1.8) (Goodwin, 1971).

Pyrrophyta
(I1I)
Xanthophyceae Eustigmatophyceae Chrysophyceae (111)
(IIT) (1) Haptophyceae (11I)
Bacillarophyceae
Chrysophyceae Py & Phaecophyta
(II1)

Prasinofhyceae (V) Bryopsidophyceae (V)
Chlorophyceae (V)
: Chryptophyta
Higher ry(II)I) —pp d Euglenophyta
Plants T (IV)
Red algae (I)
Cyanobactena (I)

|

Primitive precursors

Fig. 1.8 A proposal for algal evolution based on carotenoid distribution from
Goodwin, 1971. (Roman numerals indicate thylakoid type)

Assuming the primitive precursor can synthesise acyclic carotenoids, the first

phylum to emerge would be the Cyanobacteria. Only B-cyclase is present because only -
carotene (I) and its derivatives echinenone (II) and canthaxanthin (IV) are present. The
other major pigment is the monocyclic carotenoid glycoside myxoxanthophyll (2*-(B-L-
Rhamnopyranosyloxy)-3,4'-didehydro-1',2'-dihydro-B,y-carotene-3,1'-diol, XIX). This

type of carotenoid does not occur in other algae, but, as it contains the C-1,2 double bond
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hydrated and the resulting hydroxyl group glycosylated, it is structurally very similar to
many carotenoids of the photosynthetic bacteria. This correlation supports the evidence

that the Cyanobacteria are prokaryotes and should not be classified within the algae.

CgHp104 7

‘ ~ - “ - ~ - - - “ ~ -

HO CH
XIX Myxoxanthophyll

The red algae could have evolved from the Cyanobacteria by developing an e-
cyclase in some, but not all cases. At the same time they lost or repressed the ability to
insert oxygen at C-4 and to form the enzyme concerned with glycosylating acyclic
carotenoids. Alternatively, the Cyanobacteria may have evolved the latter enzymes after
the red algae had branched off.

The main pigment development in the evolution of the Chlorophyta from the
Rhodophyta is the development of two new enzymes, namely the 5,6-epoxidases and the
5,6-epoxidase isomerases. These would account for the consistent appearance of

antheraxanthin (XVIII), violaxanthin (XVII) and neoxanthin ((35,5R,6R,3'S,5'R,6'S)-
>',6'-epoxy-6,7-didehydro-5,6,5',6'-tetrahydro-B,B-carotene-3,5,3'-triol, XX). Within

the classes Bryopsidophyceae and Prasinophyceae, siphonoxanthin (XXI), which is more

oxygenated than normal Chlorophyte pigments is synthesised.

OH

XX Neoxanthin

XXI Siphonoxanthin

The next important evolutionary step is the appearance of the acetylenic bond in
carotenoids, and those pigments which seem to be formed as the result of direct

desaturation of pigments such as lutein (XVI) and zeaxanthin (XV). These are
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characteristic of the Cryptophyta, which can be considered as evolving directly from the

red algae. The Euglenophyceae could have evolved from the Cryptophyta in a manner
analogous to that by which the Chlorophyta developed from the Rhodophyta. The
Euglenophyceae might also have developed from the Cyanobacteria directly, since they
also cannot synthesise e-rings. They might have evolved from specific red algae which
themselves never evolved the ability to synthesise e-rings.

All the classes except Chrysophyceae synthesise acetylenic carotenoids. The
appearance of acetylenic carotenoids suggest that the Chrysophyceae evolved from the
Cryptophyceae rather than from the Chlorophyta. However, the production of
heteroxanthin ((3S5,5S,65,3'R)-7',8'-didehydro-5,6-dihydro-B,B-carotene-3,5,6,3'-tetrol,
XXII) in the Xanthophyceae, which involves in-chain methyl-oxidation characteristic of
loroxanthin (XXIII), and fucoxanthin ((35,5R,65,3'S,5'R,6'R)-5,6-epoxy-3,3'-5'-
trihydroxy-6',7'-didehydro-5,6,7,8,5',6'-hexahydro-B,B-carotene-8-one 3'-acetate,
XXIV) in the Chrysophyceae, Bacillariophyceae and Haptophyceae, involves the
formation of a conjugated keto group characteristic of siphonoxanthin (XXI).
Vaucheriaxanthin (5',6'-epoxy-6,7-didehydro-5,6,5',6'-tetrahydro-B,B-carotene-
3,5,3',19-tetrol, XXV), which accompanies heteroxanthin (XXII) in the Xanthophyceae
and Eustigmatophyceae, could have been formed by a loroxanthin-type (XXIII) oxidation
of neoxanthin (XX) rather than from lutein (XVI). These observations indicate evolution
from the Chlorophyta via the Briopsidophyceae. No e-rings are observed 1n any of the

Chrysophyceae, which would suggest that they are not evolved from the Chlorophyta.

XXII Heteroxanthin

mj;g/ HB
Z

~ ~ ~ N ~ ~ ~
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The major pigments in Phaeophyta and Pyrrophyta, fucoxanthin (XXIV) and
peridinin (XXVI), also do not make e-rings. If peridinin (5',6'-epoxy-3,5,3'-trihydroxy-
6,7-didehydro-5,6,5',6'-tetrahydro-10,11,20-trinor-B,B-caroten-19',11'-olide 3-acetate,
XXV]) 1s an oxidation product of fucoxanthin (XXIV), then the Pyrrophyta might have
evolved from fucoxanthin-producing ancestors, i.e. the Chrysophyceae or Phacophyta.
The Chloromonadophyta appear to have very similar pigments to those in the

Xanthophyceae. It is evident that the structural diversity and distribution of algal
carotenoids fall into a nice pattern useful for chemosystematics, and in predicting possible

theories for algal phylogeny.

1.8 THE HISTORY OF MICROALGAE AS SOURCES OF
CAROTENOIDS

1.8.1 Commercial uses of carotenoids

Colour is the common basic factor for the practical and industrial uses of carotenoids, and
these may further be influenced by the metabolite functions, and particularly pro-vitamin A
activity of some carotenoids. Commercial synthetic and natural carotenoids are mainly

used for food in vivo, 1.e. egg yolk and broiler pigmentation with B-apo-8'-carotenic acid

ethylester (XXVIII) and pigmentation of farm raised salmon with astaxanthin (III).
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XXVIII B-apo-8'-carotenic acid ethylester.

B-Carotene (I) is present in all chlorophyll-containing plants and is the most widely
distributed carotenoid. Carotenoids and in particular, B-carotene (I) appear to carry out
functions in animals and humans which go far beyond acting as an optical signal and
having pro-vitamin A activity (Mordi, 1993). For example B-carotene (I) enhances
immunity to disease (Jyonouchi et al., 1991) and acts as an intracellular antioxidant
helping to prevent cancer (Zeigler, 1989). These findings point to important new uses of
B-carotene (I), especially since it is non-toxic, even at very high doses. B-Carotene (I) is
already used in livestock for enhancing fertility (Jackson, 1981) and is now an ingredient
of many vitamin products for human use (Ben-Amotz, 1991).

Canthaxanthin (IV) is added to chicken feed which is deposited in the egg yolk,
giving an orange-red colour to the yolk which is desirable to the consumer. Lutein (XVI)
and zeaxanthin (XV) have also been identified as key natural pigments in poultry.
Zeaxanthin (XV) acts synergistically with lutein (XVI), in that it intensifics the egg yolk
colour obtained with the yellow base pigment. Carotenoids in the feed are deposited in the
bodies of the poultry, being evident in the comb, beak and legs. Carotenoids enhance
resistance to diseases and improve the shelf life and hatchability of the eggs (Paust, 1991).

In the early 1960’s, alga meals were extensively studied for pigmenting the skin and egg
yolk of poultry (Nelis and de Leenheer, 1989). Although Neospongiococcum spp,
Coccomyxa spp, and several other algae were recognised as good sources of lutein (XVI),
they are not presently being grown commercially. Lutein (XVI) is currently sold as a

component of feeds such as cornmeal, alfalfa meal or powdered marigold petals (Marusich
and Bauernfeind, 1981). All of these markets have potential for expansion by supplying
the carotenoids more cheaply or by supplying ‘new’ carotenoids (Borowitzka, 1988).

A large number of studies have indicated that carotenoids act as anti-carcinogenic
agents in animals treated with either ultraviolet light, ultraviolet light with chemicals, or

with chemical carcinogens alone. Although pharmacological doses of carotenoids were
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used in the early experiments, more recent evidence indicates that relatively small doses
can be effective. These studies have been complemented by investigations in bacteria and
mammalian tissues, either in cell culture or in organ culture, where it has been
demonstrated that various carotenoid pigments can prevent mutagenesis, genotoxic effects,
or malignant transformation. It would appear that these effects are intrinsic to the
carotenoid molecule, and not necessarily due to the metabolic conversion to retinoids.
Partially based on these observations, it has been suggested that carotenoids may function
as chemopreventive agents for reducing the risk of cancer in humans. Numerous studies
are underway to test this hypothesis (Mordi, 1993).

Carotenoids, notably B-carotene (I) and lycopene (XIII) as well as oxycarotenoids,
e.g. zeaxanthin (XV) and lutein (XVI), exert antioxidant functions in lipid phases by free
radical scavenging or 'O, quenching. There are pronounced differences in tissue
carotenoid patterns, extending also to the distribution between the all-frans and various cis
isomers of the respective carotenoids. Antioxidant functions are associated with lowerning
DNA damage, malignant transformation, and other parameters of cell damage in vitro, as
well as epidemiologically with lowered incidence of certain types of cancer and
degenerative diseases, such as ischemic heart disease and cataract. They are also of
importance in the process of reducing the effects of ageing. Reactive oxygen species occur
in tissues and cells and can damage DNA, proteins, carbohydrates and lipids. These
potentially deleterious reactions are controlled in part by antioxidants that eliminate pro-
oxidants and scavenge free radicals. Their ability as antioxidants with radicals and 'O, may
explain some anti-cancer properties of the carotenoids independent of their pro-vitamin A
activity, but other functions (e.g. membrane structure/organisation (A. Young and R.

Bilton pers. comm.)) may play a role as well.

1.8.2 Microalgae

The microalgae are a large and diverse group of photosynthetic micro-organisms, spanning
seven divisions and comprising several thousand species. It is therefore not surprising that
they show great metabolic diversity, possibly only matched by the bacteria and fungi. Of
this large number of species, only a few (< 50 species) have been studied in some detail
with respect to their metabolism and chemical composition. Furthermore, detals of
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to their metabolism and chemical composition. Furthermore, details of physiology,
biochemistry and potential for mass culture are known for only a few of these.

Since the 1940’s extensive research has been carried out in many countries
developing algal mass culture (Goldman, 1979; Soeder, 1980). Fundamental analyses of
microalgal growth kinetics and photobioreactor design have been published (Pohl et al.,
1986; Tredici etal.,, 1991). Despite this large governmental and private investment,
which has run into many thousands of man years and hundreds of millions of dollars,
there are few practical commercial enterprises and even fewer commercial products
(Benneman et al., 1987). The main metabolites of potential commercial interest which
have been investigated are listed in figure 1.9.

Vitamins
Carotenoids
Light Biliproteins
Amino-acids
Polysaccharides
Bioflocculants

Polyols
Antibiotics

Pharmaceuticals
Growth substances
Sterols

Lipids

Fatty acids

| Waxy esters
Nutrients Hydrocarbons

Fig. 1.9 Useful products with the potential for commercial production
from microalgae.

1.8.3 Carotenoids in fish feeds

Carotenoids play a significant role in the commercial feeds developed for shellfish and fish.
The bluish hues of many crustaceans result from carotenoproteins (Goodwin, 1984;
Klausner, 1986), and the orange and red colouring of crustaceans and of many fish are
due to xanthophylls. These animals do not synthesise carotenoids de novo, but metabolise
those they ingest. The astaxanthin (III) content of salmon varies considerably depending
on species, sex, nutrition, maturity and health of the fish (Torrisen et al., 1989). Mature
Atlantic salmon contain 3 to 8 ppm, while sock-eye salmon can have contents as high as
37 ppm. Astaxanthin (III) occurs mainly in the free form in salmonid flesh, and as the

esterified form in the skin and ovaries (Torrisen et al., 1989).
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The uptake of astaxanthin (III) and other carotenoids from feed depends on the
structure of the carotenoid, the proportion of cis-isomers, esterification and association of
the carotenoid with fats or proteins. Carotenoids are generally absorbed with poor
efficiency by animals and little is known of the uptake mechanism and of the means for
enhancing uptake. Since astaxanthin (III) has two identical chiral centres, it exists as three
configurational isomers in nature: (35,3'S), (35,3'R) and (3R,3'R). Each
configurational isomer appears to be deposited equally well in salmonids (Storebakken et
al., 1984). During reductive metabolism of astaxanthin (III) to zeaxanthin (XV),
epimerization from the 3S to 3R isomer was reported (Storebakken et al., 1987).
Rainfmw trout appeared to preferentially hydrolyze the R configurational isomers of the
palmitate esters, suggesting that the esterases have stereochemical preference for the R
configuration. The (3R,3'R) astaxanthin (III) diester was deposited in the flesh of the

rainbow trout two times more efficiently than the (3R,3'S) and four times more efficiently

than the (35,3'S) diesters (Katsuyama et al., 1987).

The provision of pigments in feeds of farmed salmon is an expensive practice.

Astaxanthin (III) is one of the most costly components of salmon feeds, accounting for 10

to 15% of total feed costs. On a dry weight basis, astaxanthin (III) is currently sold for >
$4000/kg, marketed as Carophyll® Pink (Hoffman-LaRoche, Inc, Switzerland), which

contains a minimum of 8% (by weight) astaxanthin (III) per kilogram.

1.9 THE DEVELOPMENT OF A MICROALGAL CAROTENOID
PRODUCT

1.9.1 Introduction

The first step in the development of a microalgal carotenoid product is the identification of a
suitable algal species or strain with the potential to synthesise the desired carotenoid at a
commercially viable level. Once identified, the algal species needs to fulfil certain criteria
to ensure the species is suitable for mass cultivation. These include: (i) the ability to grow
rapidly on inexpensive media (which may include effluents from industrial processes); (ii)

non-complicated life history; (iii) short lag-phase on transfer to fresh media; (iv) cells
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capable of withstanding the hydrodynamic forces and mechanical shear they will be
subjected to in both a fermenter and as a result of downstream processing.

The potential use of the carotenoid product must also be considered, i.e. if the

product 1s to be used as a feed supplement the alga must not be toxic or pathogenic (Day et

al., 1991).

1.9.2 Strain improvement

Once a suitable species has been identified which produces the desired carotenoid, the need
for this species to produce the carotenoid in a cost-effective manner is essential. Strain
improvement is a factor which can be used to improve production efficiency. Many of the
techniques mentioned in the following section have not yet been applied to algae on a

commercial basis. However, the techniques mentioned are applicable to algae and should

play a major role in the development of algal biotechnology.

1.9.2.1 Screening

Phenotypic variants may be isolated from heterogeneous cell suspension cultures using
either screening or selection. Screening is defined as the analysis of a large number of cells
to identify rare individuals with the desired trait, (in this case enhanced production of a
carotenoid), and then to clone these cells and establish stable cell lines (Rhodes et al.,
1988). Selection procedures will be discussed later in the isolation of mutants. The most

critical aspect of a screening operation is the analytical technique used, this is needed for
the rapid and sensitive analysis of the carotenoid(s). Ideally, it should be non-intrusive
allowing desirable cells to be identified and grown on. Analytical techniques used in cell

screening to improve carotenoid production include visual screening and flow cytometry

(Lister, 1988; Anetal., 1991). Having 1solated a high producing line, it is not always

possible to stabilise it. Given the heterogeneity of cultures, reversion will occur, albeit at

varying rates. This necessitates the need for carotenoid re-isolation of the high yielding

lines.
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The only means so far developed for introducing exogenous DNA into green algae is by
transformation (Rochaix and van Dillewijin, 1982). In Chlamydomonas, transformation
was achieved by the use of protoplasts. Although transformants were obtained, the
frequency was very low (10 - 107). Chlamydomonas reinhardtii was transformed with a
yeast plasmid vector carrying the complementing arg gene. The yeast gene functioned
poorly, and not all transformants were stable. However, shuttle vectors could be
developed to enable manipulations to be done in more convenient hosts. Transformation
frequencies at the level obtained are not a barrier to commercial applications, because
sufficient DNA for successful transformation could be isolated from the alternative host.

Alternatives to transformation are the micro-injection of DNA into the nucleus
(Graessman and Graessman, 1983), the encapsulation of DNA in viral envelopes and
liposomes and their subsequent introduction into the cells by fusion (Vainstein et al.,
1983). Discoveries with yeast have opened the way for a general method for developing
cloning vectors for practically any eukaryotic cell. The method involves the construction of
a vector consisting of a bacterial plasmid, a eukaryotic biosynthetic gene, a eukaryotic
chromosomal replicator sequence and a centromere sequence, the vector is called a
minichromosome (Craig et al., 1988). Despite their relative stability, artificial
minichromosomes are still significantly less stable than natural chromosomes. However,
this should not be a problem when a selective marker is present.

Other potential cloning vectors that have been developed for eukaryotes and higher
plants include modified viruses, the transforming (T:) plasmid of Agrobacterium and the
natural um plasmid of yeast. Use of such vectors requires considerable fundamental
research into the molecular biology of the parent replicon. The simplest method is simply
to rely on integration into the host chromosome for replication of the cloned genes. A more
sophisticated extension of the chromosomal integration method 1s the use of eukaryotic
transposable genetic elements (Craig et al., 1988).

Since the development of algal cloning vectors is at a very early stage, expression

vectors have not been studied. However, significant work has been done with yeast, and

many of these results are relevant. Vectors for the study of expression in yeast have been

developed based on using the expression signal sequences to direct synthesis of p-
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galactosidase. Analogous vectors would be very useful for the study and optimisation of

expression in algae.

1.9.2.3 Mutagenesis

A wide range of mutagens have been used successfully with green algae. These include
chemical mutagens such as various nitrosamines, alkylating agents, intercalating
compounds and irradiation with ultra-violet light, laser light, X-rays or gamma rays
(Kuchka and Jarvik, 1982; Nikolov et al., 1981).

The frequency of a desired mutation depends on the nature of the mutation and the
procedure used. Most mutations occur at a low frequency (106 - 10-%). Obtaining the
desired mutant generally depends on techniques to enrich or select for such mutants in a
population of wild-type cells. Enrichment techniques (indirect selection) involves the
killing of normal cells to increase the percentage of mutants in the population. With direct
selection techniques (positive selection), mutant cells are selected for under conditions
where the wild-type cells grow poorly or not at all.

The most laborious method of mutant isolation is direct analysis of colonies, the
‘random screening’ method. This is a reliable and cost-effective procedure that plays a
central role in industrial strain improvement (Rowlands, 1984). Various methods have
been developed to enhance efficiency, such as multi-level screening and the use of
automation and miniaturization. These include ﬂow cytometry to isolate high quality wild
strains as well as mutant strains (Nonomura, 1988; Mohn, 1988). Flow cytometry and
cell sorting has been used successfully to isolate hyper-producing astaxanthin (I1II) mutants
of Phaffia rhodozyma (An et al., 1991).

1.9.2.4 Potential applications of strain improvement

The techniques mentioned should play a major role in the development of algal
biotechnology. These improvements should allow for faster growth rates and better
utilization of substrates. A corollary of faster growth is improved competitive advantage
over contaminating algae. A further advantage could be gained by genetically modifying
the starting strain, so that it could grow well in conditions under which the original

organism grows poorly or not at all.
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The levels of metabolites in organisms are controlled by a variety of regulatory
mechanisms operating at the levels of transcription, translation, processing and enzyme
function. Appropriate mutations can eliminate or modify these controls, leading to
enhanced or uncontrolled synthesis. For examplé, a slight change in enzyme structure can
eliminate end-product inhibition, or a slight change in nucleotide sequence might eliminate
repression. Genetic engineering can enhance product yields in a number of ways. Cloning
a gene or genes on a multi-copy vector will increase expression stimply by increasing the
number of gene copies. If the gene is normally repressed, expression may be further
increased 1f the number of genes exceeds the number of repressor molecules. Replacing
the natural expression signals with stronger ones can lead to improved product yields.

Algae suitable for large scale cultivation can be made a more attractive proposition if
a wider, or more profitable, range of products can be isolated from them. Mutagenesis
~ canregenerate strains with improved or altered product compositions, for example by
deregulation of a minor metabolic pathway, or by blocking a major pathway, thereby
favouring side pathways or accumulating intermediates, or by affecting gene regulation,
so that compounds produced at an undesirable stage in the life cycle are synthesised at a
more convenient stage. Genetic engineering can potentially be used to add new peptide
products, new enzymatic conversion steps, or even new biosynthetic pathways leading to

the production of totally new products.

1.9.2.5 Carotenoid production using algal carotenoid genes in biological systems.

The carotenoid biosynthetic pathways in algae could be used as a genetic pool for the
production of carotenoids in various biological systems. Recently, many genes coding for
carotenoid biosynthetic enzymes have been isolated from bacteria, fungi, cyanobactetia,

green algae, and higher plants (Table 1.2).
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GGDP synthase Phytoene desaturase

Rhodobacter

cnkE (Armstrong et al,,
1989)

crtB (Armstrong et al., 1889] crtl (Bartley and Scolnik,
1989)
Erwinia
herbicola crtkE (Armstrong et al.,
1990; Ausich etal., 1991)

crtE (Misawa et al., 1990)

crtB (Armstrong et al.,, 1990} crtl (Armstrong et al., 1990;
Ausich et al., 1991) Ausich et al., 1991)

uredovora crtB (Misawa et al.,, 1990) - { Misawa et al., 1990)

Neurospora

al-3 (Carattoli et al., 1991) | al-2 Schmidhauser et al.,
1990)

al-1 (Schmidhauser et al,,
1990)

Synechocystis pds (Chamovitz et al., 1991)

Synechococcus pds (Pecker et al,, 1992)

pys (Chamovitz et al., 1992)

Dunaliella pds (Pecker et al., 1992)

Tomato pTOMS (Ray et al., 1992)

pys (Bartley et al., 1992)

Soybean pds (Bartley et al., 1991)

Pepper GGDPS (Kuntz et al.,

1992)

pys (Hugueney et al., 1992)| pds (Hugueney et al., 1992)

Maize y1 (Buckner et al.,, 1990)

desaturase " hydroxylase
Anabaena zds (Linden et al.,, 1993)
Erwinia
herbicola
uredovora

crtY {Ausich et al., 1991) ctZ (Ausich et al., 1991)
cntY (Misawa et al,, 1990) criZ (Misawa et al., 1991)

Zeaxanthin
glycosylase

Erwinia
herbicola
uredovora

crtX (Ausich et al.,, 1991)
cntX (Misawa et al., 1990)

Table 1.2 Genes isolated from different organisms coding for carotenoid biosynthetic enzymes.

Using recombinant DNA techniques, the wide variety of carotenoids produced 1n
algae could be produced in alternative biological systems. The manipulation of the
carotenoid biosynthetic pathway especially in plants which already accumulate large

amounts of carotenoid (e.g. tomatoes), could lead to new and novel ‘natural’ carotenoids

being produced on a commercial scale.

1.9.3 Optimisation for the autotrophic production of microalgae
Nutritional and physical parameters to which an alga is exposed significantly alters the
carotenoid yield (Greasham and Inamine, 1986). Development for an economical

production medium requires the selection of carbon, nitrogen, phosphorous, sulphur,
¢
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potassium and trace element sources. Equally important are the costs of the nutrients and
their availability in bulk quantitics. Other parameters important in medium optimisation
include pH, CO,, temperature and light intensity.

These parameters can then be prioritised by adopting the Plackett-Burman
experimental design (Plackett and Burman, 1946). The Plackett-Burman design allows for
the investigation of up to X-1 variables in X experiments. The next stage in optimisation 18
to determine the optimum level of each key independent variable, as identified by the
Plackett-Burman design, using response surface optimisation techniques (Bull et al.,
1992). This technique takes account of the linear interaction and quadratic effects of the
key variables (i.e. nutrients, pH, temperature etc.). Once the level of each variable for
optimal response has been determined, a confirmation experiment is performed, hopefully
indicating that the optimised media permits better algal growth than the original media. The

key elements of this technique will be discussed in Chapter 7.

1.Nutrients Optlmlse

2.Light ' 1.Biomas .
3.C-Source Blomas? 2.Primary Carotenoid 1.oecondary Carotenoid
4Temp |Production | prydyction Metabolisml_Ereduction

5.pH

Fig. 1.10 Optimisation of secondary carotenoid synthesis in microalgae.

1.9.4 System design for the autotrophic production of microalgae

Designs for microalgal mass culture systems retlect a need to balance the biological
requirements of the algae with the physical characteristics of the engineered system. Both
the productivity of algal systems and the cost of their construction and operation are
determined to a great extent by the nature of the mixing systems which are employed.
Culture mixing serves a variety of purposes, including ﬂprevention of cell settling,
elimination of thermal stratification, distribution of nutrients and carbon dioxide, removal
of photosynthetically produced oxygen and enhancement of light efficiency. There are two

major trends in microalgal mass culture, cultivation in open (outdoor) systems and

cultivation in closed systems, which can either be indoor or outdoor.
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1.9.5 Open systems

1.9.5.1 Ponds

The simplest algal mass culture system is an open pond enriched with nutrients from either
natural or artificial sources. Ponds of this type can either be constructed or make use of
natural lakes and lagoons and can be anything up to 300 ha in size (Schlipalius, 1989).
The ponds can be operated at minimum cost but due to cell settling, low yields, unstable
algal populations and the difficulty of distributing nutrients, unmixed ponds are not usually
satisfactory. Consequently, mixing systems of various sorts have been added, increasing
the capital and operating costs of these systems. Such mixing systems include the pumping
of water and CO,-enriched air and the mechanical action of paddle wheels (Fig. 1.11) and
rotary arms. However, pond systems can easily be contaminated by other micro-

organisms and still show low productivity and unstable performance.

=~ ™~

|
. l
Paddlewheel |
|
|

Separating wall

Basin

< Y

Fig. 1.11 Schematic drawing of pond in which the flow is generated by means of
a paddle wheel from (Soong, 1980).

1.9.5.2 Deep channelled systems
In deep channelled systems the culture medium is circulated slowly through channels which
in most cases form a closed, recirculating loop. The turbulence generated by the

interaction of the flowing water with the bottom and sides of the containment is responsible
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for culture mixing. The intensity of this turbulence varies with the rate of culture flow,
while its impact varies with the depth of culture (Terry and Raymond, 1985). Channelled
systems, while generally more productive than pond systems, are more costly to construct
due to the need for channel dividers and for containment lining materials which are not
eroded by the flowing culture. Pumps or other devices required to drive the circulation also
represent a significant capital cost, and the energy required for their operation substantially

Increases operating Costs.

1.9.5.3 Shallow circulating systems

These systems use the same basic design as deep channelled systems, but use shallow,
circulating, heavily mixed systems. These systems employ intense mixing of either a
turbulent or vortex nature. The shallow depths employed are required for effective
utilization of mixing energy, but offer other advantages as well. For example, the dense
cultures which are employed in shallow systems require less concentration at harvesting,
reducing costs. However, the capital costs of these systems are high reflecting costs of the
mixing devices, the culture lining materials and the more accurate grading required for the

maintenance of uniform shallow depths over large arcas.

1.9.6 Closed systems

Closed systems are complex in design and expensive. Temperature control of the culture
vessel and the accumulation of waste products are often difficult to control. However,
they allow the maintenance of axenic cultures in relatively controlled conditions, which is
particularly important when producing pharmaceuticals and other fine chemicals (Pohl et
al., 1988). Numerous closed photobioreactors ha;rc been developed and this section will

review the more successful of these bioreactors.

1.9.6.1 Vertical glass or plastic columns

The photobioreactor consists of a glass or plastic column which contains the algal
suspension. Aeration and agitation are provided by the injection of air often enriched with
CO,, through a sparge unit at the bottom of the column. Indoors the culture 1s illuminated

by fluorescent lights placed around the column (Fig. 1.12). Outdoor columns suffer a
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major setback because the reactor system is always at a large angle to the sun’s rays,
which results 1n a substantial amount of solar energy being reflected, and only a fraction

being available for biomass growth (Lee, 1986).

Glass or Plastic
Column
Fluorescent Fluorescent
tube ‘ tube
—P
Sparge unit
Pump

Fig. 1.12 Diagram of an air-lift type vertical column bioreactor.

1.9.6.2 Falling film photobioreactor

The falling film photobioreactor consists of a tank which holds the algal suspension.
Adjacent to the tank is a corrugated panel sloped at approximately 20°, with a relatively
large surface area. A centrifugal pump conveys the algal suspension from the tank to the
top of the panel. The suspension is then uniformly distributed over the top of the panel by
a weir which produces a falling film effect. This allows for the absorption of solar or
artificial 1rradiation by the algae. The algae are then returned to the tank for recirculation
(Fig. 1.13) (Kliui, 1982).
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Kig. 1.13 Diagram of a falling film bioreactor in which is irradiated by the sun.

1.9.6.3 Tubular reactors

The reactor consists of glass or clear plastic tubing of a relatively narrow diameter (0.8 - 3
cm) which contains the algal suspension. The reactor can theoretically be of an infinite
length (e.g. a 11,000 litre BIOCOIL® reactor has 3 miles of tubing (Biotechna pers.
comm.)), especially if situated outdoors making use of solar irradiaﬁon. The cultures are
circulated using a centrifugal or peristaltic pump or an air lift system, by which the cultures
are injected with CO,-enriched air. The tubing may be emerged in water to control
temperature. The tubular bioreactor is attractive for several reasons. Its construction
allows: (1) effective sterilisation of the system; (i1) better control of gas transfer; (iii)
effective illumination due to a large surface area to volume ratio; (1v) installation in any

open space (Lee and Bazin, 1990).

1.9.6.4 Fermenter-like bioreactors

The algae are grown under axenic condittons in closed cylindrical tanks made of steel or
polyethylene, with a capacity of 250 - 3000 1. The bioreactors are equipped with an
internal illumination system. Four-water tight transparent glass tubes (each holding a
fluorescent lighting tube) are inserted into the cylinder from the top of the bioreactor.
Stirring and aeration are achieved by means of a T-shaped stirrer which rotates slowly

(Pohl et al., 1986). Sterile air is injected via the central tube of the stirrer into both blades
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of the stirrer, from where the air penetrates into the culture medium through capillary holes

(Fig. 1.14).
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Fig. 1.14 Stainless steel bioreactor with intemal illumination (from Pohl ef al., 1988).

1.9.7 Harvesting microalgal biomass and carotenoid recovery

The cost of harvesting is a major hurdle for microalgal production. Harvesting of
microalgae 1s inherently expensive due to low cell densities which pose the problem of
separating small,} often motile particles from a large volume of medium. The final use of
the algal carotenoid product will influence the harvesting method to be employed. If the
algal biomass is to be extracted to produce a pure fine-chemical then toxic flocculants (e.g.
iron-based) may be used for harvesting. However, if the algal biomass is to be used as a
food or feed supplement, then other flocculation or harvesting methods must be
developed. Techniques employed to date for the harvesting of microalgae are reviewed

below.

1.9. 7 1 Centrifugation
Alrnost all types of microalgae can be separated reliably and without dxfﬁculty with the aid
of centrifuges. Centrifugation machines developed include plate separators, nozzle

centrifuges and decanters (Mohn, 1988). However, for most products, centrifugation is
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prohibitively expensive due to the high volumes of algal culture which need to be

harvested.

1.9.7.2 Chemical flocculation

Particle size may be increased by adding flocculants, chemicals which cause the individual
algal cells to agglomerate into larger particles which are easier to separate. Chemical
flocculants may be broadly divided into two groups: (i) polyvalent metal ions such as
Mg*, Al*, and Fe** which form hydrates at suitable pH; (ii) polymer flocculants, which
may themselves be anionic, cationic, and non-ionic. The type of flocculant used
ultimately depends on the final use of the algal product, i.e. the addition of metal ions to
the algal suspension is not acceptable when the biomass is to be used as a feed additive for

fish and molluscs.

1.9.7.3 Floatation
Flocs such as those including actively photosynthesising algae which are not sufficiently
heavy to settle satisfactorily, may be more effectively separated by attaching them to gas

bubbles, which will cause them to float to the surface of the medium.

1.9.7.4 Sedimentation

Algal cells may be dense enough that, in the absence of any turbulence, the cells settle on

the bottom of the pond or bioreactor. The supernatant is drawn off and the algal sediment

removed. Flocculants may be used to agglomerate the cells, the agglomerates settling

quicker than the single cells, which in any case may not be dense enough to settle.

1.9.7.5 Filtration

Various filtering devices have been developed to separate algae. "I'hese include filter
presses, vacuum band filters and sand filters. Pressure filtration employs low pressure in
a closed flowing filter system in which the free medium passes through the filter
concentrating the algae. Units consisting of hollow fibres, filter trays, porous tubing,

etc. made of different materials provide continuous filtration for the algae.
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1.9.8 Extraction
The process of extracting carotenoids from algal biomass depends in part on the harvesting
procedure employed and on the market requirements of the product. Of the extraction
procedures available, the expense of supercritical fluids used extensively in the flavour
additives industry and chromatography is currently far above commercial justification for
carotenoids. Extraction with organic solvents may result in economically feasible
concentrates. For example, solvent extraction might follow harvest with calcium
hydroxide or other chromatographic materials. The alga and flocculant can be dried and
packed directly into a column and carotenoids can then be selectively eluted. However, the
use of certain solvents may not be acceptable to customers seeking a ‘natural’ product.
Government and EU legislation also restricts the availability of certain solvents for use with
food products. More acceptable alternative extraction methods use hot vegetable oil
(Nonomura, 1987).

~ Extraction of the carotenoids is not always necessary. The harvested biomass may
be dried (e.g. spray drying) rather than extracted. The dried algal meal is marketed as a

carotenoid rich supplement for human health or animal feed.

1.10 Dunaliella - A CASE HISTORY

The genus Dunaliella belongs to the class Chlorophyceae and the order Volvocales. Itis a

unicellular, biflagellate, naked green alga. Dunaliella is probably the most halo-tolerant
eukaryotic organism known, showing a remarkable degree of adaptation to a variety of salt

concentrations from as low as ~ 0.1 M to salt saturation, about ~ 5.0 M (Curtain et al.,

1987). Dunaliella osmoregulates by varying the intracellular concentration of glycerol in

response to the extra cellular osmotic pressure (Ben-Amotz and Avron, 1980). When
grown in media containing different salt concentrations, the intracellular glycerol
concentration 1s directly proportional to the extra cellular salt concentration and is sufficient
to account for most of the required osmotic pressure. This mechanism is aided due to the

lack of a cell wall which permits the natural expansion and contraction of the cells. Under
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high osmotic pressures the cells contract. This 1s followed by the adjustment of the
glycerol levels within the cells and the cells return to their normal volume.

D. salina (D. bardawil is probably the same species) has the highest content of B-
carotene (I) of any known alga (Schlipalius, 1989), with total carotenoid concentrations of
up to 13% algal dry weight being reported (Nonomura, 1990). The extent of carotenoid
accumulation depends on high salinity, high temperature and high light intensity (Ben-
Amotz and Avron, 1983; Ben-Amotz, 1987; Borowitzka et al., 1986, 1990:; Lers et
al., 1990). The content is also enhanced under conditions of nutrient limitation, especially
nitrogen (Borowitzka and Borowitzka, 1988a). The B-carotene (I) in Dunaliella
accumulates within oily globules in the inter thylakoid spaces of the chloroplast (Ben-
Amotz, 1991) and is composed mainly of two stereoisomers, 9-cis and all-trans. Both the
amount of accumulated p-carotene (I) and the ratio of 9-cis : all-trans p-carotene (I),
depends on the amount of light absorbed by the cell during one division cycle. The higher
the light intensity and the lower the growth rate of the alga, the higher the cellular B-
carotene (I) content and the ratio of 9-cis : all-trans (Nonomura, 1987).

Commercial production of p-carotene (I) from Dunaliella requires: (i) optimisation
of both cell production and product yield; (ii) development of a reliable growth system that
can cope with the effects of weather and potential predators and competitors; (iii) a suitable
low cost harvesting method. The upper limit for algal production appears to be in the range
30 - 40 g dry weight m2 day"!, with yields of 15 - 25 g dry weight m2 day"! being the level
normally sustained for longer periods in most algal mass culture systems (Goldman,

1979).

Strain improvement of D. salina is extremely difficult and has been reported only

occasionally on a commercial scale (Nonomura, 1990). Strain improvements, both in

terms of growth characteristics and product yield, can be achieved using mutagenesis and
selection programmes. Improved strain breeding using mating strains of Chlamydomonas,
a closely related alga, is also possible (Craig et al., 1988). In the future the use of cell
fusion techniques or genetic engineering manipulations as developed for yeast cells could
be applied to D. salina (Borowitzka and Borowitzka, 1989).

D. salina 1s highly suitable for mass cultivation; its ability to thrive in media with

high salt concentrations enables it to be cultivated outdoors in relatively pure culture and
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\ with few potential predators, Its high carotene content protects it from the intense solar

irradiation in the areas where such cultivation is practicable (Ben-Amotz and Avron,
1990). Large natural populations of D. salina have recently been exploited in the Soviet
Union (Geleskul, 1982) and Australia (Moulton et al., 1987; Schlipalius, 1990). These

naturél systems have extensive biomass with up to 20 tons of B-carotene (I) in a lake
systerﬁ, but the concentration is low with 0.3 mg/1 of p-carotene (I) or less. These systems
also have high pumping energy requirements and harvesting costs.

In Israel and the USA, controlled high-density cultures have been developed. The
system 1n Israel uses a two stage process where the alga grows rapidly in the green state
and 1s then allowed to mature into the orange state (Avron and Ben-Amotz, 1980). In the
USA, the green phase has been eliminated resulting in a one-step culture process with
secondary metabolite production occurring during exponential growth (Nonomura, 1987).
The largest systems have culture capacities of 10 million litres and contain over 50 mg of
carotene per litre with cell densities of 1 g/1.

Cultures are initiated in the laboratory as axenic isolates. The alga is tested for
hardiness to secasonally harsh environments in controlled laboratory systems. Different
strains may be used for winter or summer weather, low or high salinity. Genetic
manipulations and selections are made to improve the content and productivity of B-carotene
(I). Isolates from sites around the world are used for creating mutants that are tailored for
temperate to desert habitats. Selected strains are scaled up from laboratory clones
originating from a single cell. A number of 200 - 500 litre cultures are used for initial field
inoculation. The inoculum is taken up in steps from 200 litres to the final process
bioreactors, each covering 4000 - 5000 m-2. To grow from a 20 litre laboratory culture to

a one million litre capacity field bioreactor requires approximately three months.
The design of the culture systems is basic to most photosynthetic algal field

cultures. Shallowness for exposure to light, circulation for nutrient and algal distribution,
and lines for processing. Process bioreactors are monitored carefully for B-carotene (1)
productivity and algal growth. Features of these algal bioreactors include: (1) plastic lined
containment vessels; (ii) control of contamination with NaCl; (ii1) addition of inorganic
nutrient salts; (iv) the use of free sunlight energy. Circulation is achieved by glass fibre

paddle wheels which function as vane pumps for efficient movement of large volumes of
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water with low energy input. Alternatively, the system may rely on wind to cause enough
turbulence to mix the algal suspension.

Harvesting and extraction represent the major cost areas in the commercial
production of B-carotene (I) from Dunaliella. Dunaliella is a single cell (with no protective
cell wall) approximately 20 x 30 um in size, and is naturally buoyant in a high specific
gravity, high-viscosity brine. Cell densities in large cultures tend to be about only 1 g/l
and very large volumes therefore have to be processed. Efforts to centrifuge or filter the
algae from the brine generally shear-damage the cells leading to p-carotene (1) loss by
oxidation. The cells also distort and pass through filters with pore sizes less than 10 um.
Corrosion of all metal equipment by the brine is also a major problem.

Patents 1ssued to harvest Dunaliella include high pressure filtration using
diatomaceous earth (Ruane, 1974a); exploitation of salinity-dependent buoyancy
properties in stationary and moving gradients (Bloch et al., 1982); exploitation of the
phototactic and gyrotactic responses of the alga (Kessler, 1985); salinity-dependent
hydrophobic adhesion properties of Dunaliella cells (Curtain and Snook, 1983); and
flocculation (Sammy, 1987).

The process for extraction of B-carotene (I) from the biomass depends in part on the
harvesting procedure used, and on the market requirements for the algal product.
Extraction using conventional organic solvents is efficient (Ruane, 1974b), however,
certain solvents cannot be used when the product is to be used for human or animal
consumption. A more acceptable extraction method in these cases 1s the use of hot
vegetable oil (Nonomura, 1987; Potts, 1987) or supercritical solvents (normally CO, and
organic modifiers). The flow chart depicted in figure 1.15 highlights the main stages of
Dunaliella cultivation and downstream processing involved in producing highly

concentrated B-carotene (I) products.
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Fig. 1.15 Flow chart of the Dunaliella salina B-carotene production process used
by Western Biotechnology Ltd (from Borowitzka and Borowitzka, 1989).

S1



[2]

GENERAL MATERIALS AND METHODS

2.1 METHODS FOR THE ISOLATION AND ANALYSIS OF
CAROTENOIDS

2.1.1 Isolation and purification of carotenoids

The procedures used for the extraction, purification and analysis of carotenoids are similar
to those used for other classes of isoprenoid compounds. The conjugated polyene nature of
the carotenoids makes it necessary for special and rigorous methods to be used when
handling and purifying them (Britton, 1991). Carotenoids are sensitive to oxygen, heat,
light, acids and, in some cases, alkali. Stringent precautions were observed throughout
this study in order to avoid or minimise losses of material or induce unwanted structural

changes which may be difficult to detect.

2.1.2 Protection against oxidation

Carotenoids are highly susceptible to oxidation. Oxygen in combination with light and/or
heat is particularly destructive. The presence of even trace amounts of oxygen in stored
samples, of peroxides in solvents, or of any oxidising agents in crude samples containing
carotenoids can rapidly lead to bleaching or to the formation of artifacts such as epoxides or
apocarotenoids. Carotenoid samples were therefore always stored in an inert atmosphere
(N,) in the complete absence of oxygen. Samples were sparged with O,-free N, for a few

minutes prior to storage at -20°C.

2.1.3 Protection against light and heat
Exposure of carotenoids to light and/or heat was avoided whenever possible. However,

direct isomerisation or photoisomerisation during normal manipulations usually occurs

comparatively slowly and not to any great extent. Extracts which contain chlorophylls, or

any potential sensitisers, are susceptible to photoisomerisation. This occurs via the

carotenoid triplet state and can occur very rapidly so that appreciable amounts of carotenoid
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Z-isomers can be produced. Even in the absence of a sensitiser, direct sunlight or UV-light
may cause some geometrical isomerisation and must be avoided. Light was therefore
excluded during all chromatographic procedures. Glass chromatography columns and
developing tanks for TLC were covered from light sources.

Carotenoids may also undergo isomerisation and structural modification if heated,
either as solids or in solution. Carotenoid-containing samples were not subjected to
excessive heat. Solvents with low boiling points were used whenever possible, as these

could subsequently be removed at low temperatures.

2.1.4 Avoidance of acid or alkali

Most carotenoids are susceptible to decomposition, dehydration or isomerisation if
subjected to acid conditions. Carotenoid 5,6-epoxides undergo particularly facile
isomerisation to the corresponding 5,8-epoxides if exposed to even traces of acid during

extraction and purification. Plant tissues may be sufficiently acidic to bring about their

isomerisation, although the use of neutralising agents such as NaHCO; during extraction
can prevent this. Acidic adsorbents, especially silica gel, silicic acid and acid alumina, can
cause isomerisation during chromatography. Acidic solvents such as chloroform were
avoided.

Most carotenoids are stable to alkali and are not destroyed by mild saponification.
However, those carotenoids containing the 3-hydroxy-4-oxo-B-ring, as in astaxanthin
(IIT), and the carotenoid esters are altered by treatment with even weak alkali. Normal
saponification methods were avoided if it was suspected that any such compounds were

present.

2.1.5 Purity of solvents, adsorbents and reagents
Pure solvents and reagents were used for all work with carotenoids. Solvents were dried
and redistilled, and peroxides removed from diethyl ether by distillation from reduced tron
powder. Solvents were stored in air-tight dark glass bottles.

When small samples (e.g. a few pg) of a carotenoid are being prepared for analysis
by MS (or NMR), impurities can be introduced during the purification procedure.

Rigorous purification of solvents by double distillation and filtration through an activated
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material such as alumina was required. TLC plates were pre-washed with a solvent at least
as strong in polarity as that which was to be used for elution of carotenoids.

Small amounts of plasticisers, especially phthalates, are readily dissolved by
organic solvents, and can cause a major contamination problem. All contact of samples,

solvents etc. with plastic materials was avoided.

2.2 EXTRACTION

2.2.1 Extraction of pigments from algae

Undamaged fresh biological material was always used with the carotenoids being extracted
as soon as possible in order to minimise oxidative or enzymatic degradation. Carotenoids
were usually extracted with a water-miscible solvent such as acetone, ethanol or methanol.
For unicellular algal material the algae was first separated from the suspension medium by
centrifugation (3500 rpm for five minutes). The algal pellet was then transferred to a 10 ml
bijoux glass bottle where the solvent and glass beads (2.5 - 3.5 mm dia.) were added. The
glass bijoux bottles were then placed on a tissue disintegrator where mechanical disruption
of the cells occurred. Following filtration the pigment extract was transferred to a snap-top
glass vial, the sample was blown to dryness under a steady stream of N; and stored at
-20°C.

For larger samples, the carotenoids were extracted with acetone. The mechanical
disruption of the tissues was achieved using a pestle and mortar in the presence of clean
sand. After filtration, the carotenoid-containing lipid extract was transferred to a
separating funnel and an approximately equal volume of diethyl ether added. The solution
was then thoroughly mixed and water or a saturated sodium chlonide solution was added
(to disperse emulsions), the amount added being approximately half that of the total
volume. The funnel was then swirled vigorously to ensure efficient extraction and
partition, and the two phases allowed to separate. The lower aqueous phase was run off

and the upper ethereal layer, which contained the pigments was washed a further 2 - 3

times with water.

The ethereal pigment extracts were evaporated to dryness on a rotary evaporator at a

temperature < 40°C. Once dried, the pigments were re-dissolved in a small volume of
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diethyl ether and transferred to a snap-top vial, blown to dryness and stored as described

above.

2.2.2 Saponification

The saponification of carotenoids removes large amounts of neutral lipid which can interfere
with normal chromatographic procedures. Saponification also removes chlorophylls which
may mask the presence of carotenoids, and allows for the hydrolysis of carotenoid acyl
esters. Saponification is normally achieved by saponifying the carotenoid extract in 6%
(w/v) ethanolic KOH at room temperature, in the dark, under N,. This mixture was
normally left overnight to allow for the complete saponification of the carotenoids. An equal
volume of diethyl ether was then added, followed by water, to which NaCl was sometimes
added, until two layers formed. The lower aqueous phase was re-extracted with solvent

until it was free of alkali. The extracts were then evaporated to dryness and stored 1n the
usual manner.

The traditional method for the saponification of carotenoids with KOH 1s not
satisfactory when attempting to saponify extracts containing astaxanthin (III) esters. The

problem is that normal saponification leads to the formation of astacene (3,3-dihydroxy-
2,3,2',3'-tetradehydro-B,pB-carotene-4,4'-dione, XXIX), resulting in a loss of chirality.
This can be prevented by caxrying out the saponification in the absolute absence of oxygen.
To achieve this, a special apparatus was developed (Fig. 2.1) which permitted anaerobic

saponification (after Miiller et al., 1980).

‘ OCH
‘ NNV NV NV NV NVYTNYY N NN

HO
O XXIX Astacene

The following procedure was applied: a modified glass tube, with a side-arm to
allow for the addition of alkali in an inert atmosphere, was used (Fig. 2.1). The carotenoid

extract
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Fig. 2.1. Apparatus used for the anaerobic saponification of extracts containing
astaxanthin (III) esters.

was dissolved in 1 ml of dichloromethane and transferred to the bottom of the glass tube
which contained a small magnetic flea. The side-arm contained 1 ml sodium methylate and

the whole system was flushed with nitrogen. The solutions were frozen in liquid nitrogen
under vacuum and thawed carefully in order to degas the solvent. This step was repeated
twice. The sodium methylate was pooled with the ester solution under high vacuum and
stirred. Saponification took place within 10 minutes at room temperature. The reaction
mixture was acidified with 1 ml 1M H,SO, and mixed well. The system was then opened

and after dilution with water and ethanol, the mixture was extracted with hexane/ethanol
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(1/1 v/v). The sample was then evaporated and stored in the usual manner (Miiller et al.,

1980).

2.3 SEPARATION AND PURIFICATION

2.3.1 Introduction

Extracts of photosynthetic organisms or tissues normally contain a mixture of different
carotenoids. For some purposes, particularly for all the routine quantitative determination
of carotenoid compositions, all that is necessary is to separate the individual carotenoids
from each other. The presence of colourless, non-carotenoid contaminants will not
interfere with the subsequent spectrophotometric assay. In other kinds of work, however,
especially when characterisation by MS, NMR or infrared spectroscopy is required or in
work that involves isotopic labelling, all contaminants must be removed and the purification

of carotenoids must be rigorous.

2.3.2 Non-chromatographic methods

Non-chromatographic methods are mainly used in large-scale preparative work. They allow
for the removal of major contaminants such as sterols and the partitioning of immiscible
solvents to separate polar and non-polar carotenoids (Davies, 1976). However, the
investigations presented in this report involved the analysis of small volumes of extracts,

and therefore such techniques were not needed.

2.3.3 Chromatography
Thin layer chromatography (TLC) was used extensively when separating and punfying

extracts. High performance liquid chromatography (HPLC) was used extenstvely for

qualitative and quantitative analysis of carotenoid-containing extracts.

2.3.4 Procedure

2.3.4.1 Thin-layer chromatography

S7



TIL.C was used for the preparation of carotenoids for spectroscopic analysis and partial
identification by comparison with authentic standards. Since the carotenoids are coloured
(apart from the biosynthetic intermediates phytoene (VII and VIII) and phytofluene (IX))
they can be easily seen on TLC plates. Phytoene (VII and VIII), phytofluene (IX) and
their derivatives are located by examining the chromatogram under UV light. Phytofluene
(IX) tfluoresces greenish-white, while phytoene (VII and VIII) is detected by its quenching
of the fluorescence on silica gel GF,s, plates. Carotenoids on TLC are susceptible to
oxidation, so the analysis was carried out as quickly as possible. All processes were
carried out in dim light and the chromatogram left to run in the dark. Where necessary the

chromatogram tank was flushed with N.,.

2.3.4.2 TLC on silica gel

Separation on silica gel occurs due to the polarity of the compounds, the most polar
compounds being the most strongly adsorbed. Silica gel can be acidic enough to cause
isomerisation of 5,6-epoxide groups and it is sometimes necessary to prepare the silica gel
slurry with dilute KOH (~0.05 M) or pH 7.0 buffer in place of water. Astaxanthin (1II)
and related ketocarotenoids usually separated better with the inclusion of citric acid (~pH
4.0). Some acyclic carotenes may crystallise on the TLC plate causing streaking and poor
resolution. This can be avoided by adding dichloromethane (<10%) in the developing
solvent. Diethyl ether-hexane and acetone-hexane mixtures gave good resolution of
carotenoids on TLC.

Once the carotenoids have separated, each carotenoid band was removed from the
developing chromatogram. The bands were scraped from the plate and eluted with a
solvent more polar than that used for development (usually 100% diethyl ether). The
adsorbent was removed by filtration through a sintered glass funnel or by filtering through
a small plug of non-absorbent cotton wool packed into a Pasteur pipette. Centrifugation
was also used to remove the adsorbent. The eluting solvent was eluted through the

adsorbent until the adsorbent was colourless. The solvent was then removed under a

steady stream of N, and samples stored at -20°C.

2.3.4.3 Reversed phase TLC
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Separation using reversed phase TLC as with TLC on silica gel 1s again due to the polarity
of the compounds, however, in this instance the most polar compounds are the least
strongly adsorbed. Reversed phase TLC on commercial plates (Merck) also gave good
separation of carotenoids. Once the chromatogram had developed the carotenoids were

extracted as in TLC on silica gel. Hexane and ethyl acetate mixtures gave good resolution

of carotenoids when using reversed phase TLC.

2.3.5 High performance liquid chromatography

High performance liquid chromatography (HPLC) has become the widely used technique
for the determination of the chlorophylls and carotenoids in plants and photosynthetic
organisms. The invention of diode array detection systems has led to the development of
fully computerised systems permitting simultaneous detection at several wavelengths,
instantaneously and continuously memorising spectra during the evolution of a peak and
offering convenient raw data handling after a chromatographic run (e.g. multi signal-,
signal and spectra-, ratio of signals-, 3D plots, derivative spectra etc.) (Riiedii, 1985).
Thus, optimal qualitative and quantitative information revealing the pigment composition
of a sample is achieved with one single injection.

All solvents were thoroughly de-gassed in order to minimise baseline noise by
reducing solvent out-gassing at the detector flow cell. When analysing extracts from
complex matrices, a guard column of similar pore size and chemistry as the analytical
column was incorporated between the injection valve and the column. Small bore tubing
was used in all connections from the injection valve through to the detector in order to
minimise dead volume and band broadening. Injection volumes were kept to a minimum
(~30 ul) to prolong column life and reduce band broadening. The injection solvent was

compatible with the HPLC mobile phase used.
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2.3.5.1 Algae

Due to the particularly large range of structural features found in algal carotenoids,
specialised chromato graphic systems were used. The chromatography of pigments
containing chlorophyll ¢ was greatly improved by the addition of a modifier, tricthylamine
(0.5% vlIv) to the mobile phase. The addition of this modifier proved particularly important

when analysing extracts of brown algae.

2.3.5.2 Reversed phase chromatography

Reversed phase (RP) chromatography greatly reduces the risk of decomposition or
structural modification of carotenoids during analysis. The vast majority of RP-
chromatography methods use C;; columns for the stationary phase, although not all
columns are the same. Factors such as particle size and shape, pore diameter, surface
coverage (carbon load), end capping and monomeric vs. polymeric synthesis influence the
resultant separation (Craft, 1992). Acetonitrile/water and ethyl acetate were the most
commonly used solvents in the mobile phase used in the present studies. Figure 2.2 shows
the solvent gradient used when analysing samples containing ketocarotenoids using reversed

phase HPLC. Figures 5.2 and 5.3 in Chapter 5 exhibit chromatograms obtained using

reversed phase HPLC.

100
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Fig. 2.2 Solvent gradient commonly used when using reversed phase HPLC.
A = acetonitrile/water (9/1 v/v), B = ethyl acetate.
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The recent interest in the functioning of the xanthophyll cycle in plants and algae has
resulted in improved HPLC separation of lutein (XVI) and zeaxanthin (XV) (Thayer and
Bjorkman, 1990; Juhler and Cox, 1990). In methods designed for the determination of all
the major photosynthetic pigments (Brauman and Grimme, 1981), the two peaks overlap
or are very closely related to each other and are therefore difficult to separate. Using
reversed phase HPLC and the solvent gradient shown in figure 2.2, resolution and
determination of carotenoids of the xanthophyll cycle is very reliable, even at very low

levels.

2.3.5.3 Normal phase (adsorption) chromatography

Since efficient separation of carotenoids can be achieved by TLC, many silica columns are
also extremely useful for HPLC separations. Most solvent systems employ hexane to
which increasing amounts of a more polar solvent are added (in the present study acetone
was used). The best separation was achieved by adding acetone in a stepwise manner as
shown in figure 2.3. This eluted compounds of increasing polarity. Figure 2.3 shows the
solvent gradient used to analyse extracts when using normal phase HPLC. Figure 5.4

shows a chromatogram obtained using normal phase HPLC.
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Fig. 2.3 Solvent gradient used when analysing €xtracts using normal phase HPLC,
A = hexane, B = hexane/ethyl acetate (7/3 viv).

An acid-coated column was also used to try and achieve improved resolution of

ketocarotenoid esters. The acidic nature of the column prevented the ketocarotenoids
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binding strongly to the silica stationary phase of the column. The mobile phase used an
1socratic gradient of propan-2-ol/dichloromethane/hexane (0.8/10/88.2, v/v/v). Figure 5.5

shows a chromatogram obtained using this system.

2.4 UV/VISIBLE LIGHT SPECTROSCOPY

2.4.1 Chlorophylls

The absorption maxima of chlorophylls are found in the red and blue regions of the visible
spectrum (Fig. 2.4). The position of A, of chlorophyll & lies between those of
chlorophyll a 1n all solvents. The shortest wavelength of A, in the blue and red is found
for both chlorophylis in water-free diethyl ether. The two major absorption maxima in the
red and blue of both chlorophylls shift to longer wavelengths with increasing polarity and/or

water content of the solvent.

Chlorophyll a

0.$00

Absorbance

630.0 7300

Fig. 2.4 Absorption spectrum of chlorophyll a and b.

2.4.2 Carotenoids

Due to their long conjugated double-bond systems, the carotenoids show absorption of

ultra-violet (UV) and visible light. Both the position of absorption maxima (A, ) and the
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shape or fine structure of the spectrum are characteristic of the chromophore of the

molecule.

2.4.3 SpéEtral fine structure

All chloroplast carotenoids exhibit a typical absorption spectrum which is characterised by
three absorption maxima (e.g. violaxanthin (XVII) and neoxanthin (XX) figures 2.5 and
2.6 respectively) or two maxima with one shoulder (e.g. lutein (XVI) and B-carotene (I)

Figs. 2.7 and 2.8 respectively) in the blue spectral region.

Absorbance
b a foe o b o s boaa o bogoann b s o o 1 4 o

389 400 Wavclcngth <3 %1% 600

Fig. 2.5 Absorption spectrum of violaxanthin (XVII).
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Fig. 2.6 Absorption spectrum of neoxanthin (XX).
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309 . 400 sSeo
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Fig. 2.7 Absorption spectrum of lutein (XVI).
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Fig. 2.8 Absorption spectrum of p-carotene (I).

The overall shape or degree of fine structure of the absorption spectrum of a
carotenoid 1s also diagnostic and is generally dependent on the extent of planarity that the
chromophore can achieve. The solvent used to determine the absorption spectra of

carotenoids also has an influence on the degree of fine structure observed, as well as Agqx

(Goodwin, 1980; Davies, 1976).

2.4.4 Position of the absorption maxima.

The absorption spectra of most carotenoids exhibit three maxima. Values of A, are

markedly dependent on solvent. In any given solvent A, values increase as the length of

the chromophore increases. Non-conjugated bonds do not contribute to the chromophore.

Extension of the conjugated double bond system into a ring also does not extend the

chromophore. However, because the ring double bond is not co-planar with the main
polyene chain, the A, occurs at shorter wavelengths than those of the acyclic carotenoid
with the same number of conjugated double bonds (e.g. B-carotene (I) Amax. =455 nm,
lycopene (XII) Ay =475 nm, n=11 conj'ugated double bonds).

The wavelength position of the maxima of oxygen-free carotenoids such as p-

CN :
carotene (I) are oriented to longer wavelengths than those of the oxygen bearing
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xanthophylls. With increasing amounts of hydrophilic groups in the tetraterpenoid carbon

skeleton of carotenoids the maxima (and shoulder) are shifted to shorter wavelengths.

2.4.5 ‘Geometrical isomers.

The absorption spectra of carotenoids that contain one or more cis double bonds in the
chromophore show several characteristic differences from tﬁe spectrum of the all-trans
compound. For the cis- isomers, the A, are generally 1 - 5 nm lower, the spectral fine
structure 1s decreased and a new absorption peak (cis-peak) appears at a characteristic
wavelength in the UV region, 142+ 2 nm below the longest wavelength peak in the main
visible ansorption region. These effects, especially the intensity of the ‘cis- peak’, are
greatest when the cis- double bond is located at or near the centre of the chromophore. This
effect can be seen in figure 2.9 where the cis peak of a g-carotene (I) isomer is clearly

distinguishable.

Absorbance

300 420 =1%]"% 600

Wavelength

Fig. 2.9 Absorption spectra of a cis-isomer of B-carotene (I).
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2.5 QUANTITATIVE DETERMINATION OF CHLOROPHYLL AND
CAROTENOIDS

2.5.1 Spectroscopy

Various equations exist from different authors for different solvents for the determination of
chlorophylls and carotenoids in pigment extracts. The problem with these equations is that
the pigment values obtained in one solvent are not comparable with those of another. The
discrepancies are particuarly large in the values for the ratio of chlorophyll a/b.

More recently, work based on re-determined specific absorption coefficients in
various solvents, has produced new equations for the simultaneous determination of total
carotenoids, together with chlorophyll a and & in a pigment extract solution (Lichtenthaler,
1987). The sum of the carotenoids (xanthophylls + B-carotene (I); C,+ .) was determined
in pigment extracts together with chlorophylls by measuring the absorbance not only in the
absorption maxima of chlorophyll a and b, but also at a wavelength where carotenoids
show good absorption e.g. 470 nm (Figs. 2.5 - 2.9).

The absorbance of a pigment extract measured at 470 nm is due to light absorption
by carotenoids; however, a smaller amount comes from chlorophyll b, whereas
chlorophyll a contributes very little to the absorption at this wavelength. The concentration
of total carotenoids (C, + .) is therefore determined by deduction of the relative absorption
of chlorophyll a and b from the absorbency read at 470 nm, followed by division by the
absorption coefficient of total carotenoids at 470 nm. Equations for the determination of C,
+ . in different solvents are given in equations 2.1 - 2.4,

The advantage of these new equations are that the pigment values obtained in one
solvent can be compared directly with those obtained in another solvent, including the ratio
of chlorophyll a and b, and the total amount of carotenoids in the pigment extract. The
equations are very reliable and the reproducibility of the results are high. The equations

listed below were used in the present investigations;
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Acetone, 100% (pure solvent): (Equ. 2.1)

Cﬂ= 11.24A561_5 - 2.O4A544'3
Cb= 20.13A544_3 - 4.19A651_5
Ca'l' Cb= 7.05A551_5 + 18.09A644'3

_ 1000470 = 1.90Ca - 63.14Cs
214

Cx+e

Acetone, 80% (V/v): (Equ. 2.2)

C,,: 12.25A553_2 - 2.79A645_3
Cb= 21.50A545_3 - 5'10‘4663*2
Ca+ Cb= 7.1514553‘2 + 18.71A545_3

1000470 — 1.82Ca ~ 85.02C»
198

Cx'l‘c:

Methanol, 100% (pure solvent): (Equ. 2.3)

C.= 16-72A665.2 = 9-16A552.4
Cb= 34.09A652_4 - 15.28A555_2
Ca'l" Cb= 1.44A565_2 - 24.93A652_4

1000470 = 1.63Ca—104.96Cs
221

Cx+c=

Methanol, 90% (v/v): (Equ. 2.4)

Ca= 16.82A 445, - 9.28A652.4
Cb= 36.92A652_4 - 16'54A665.2
Ca'l' p— 0'2&4665.2 + 27.64A652_4

1000470 = 1.91C2 —95.15Cs
225

Cx+c=

The equations (Equ. 2.1 - 2.4) do not allow for the accurate determination of

carotenoid levels in samples which contain astaxanthin (III). However, the equations do

allow for the relative levels of carotenoids in samples containing astaxanthin (III) to be
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ascertained. Quantitative determination of a specific carotenoid was carried out by simple
spectrophotometric techniques. The absorption value was determined in the appropriate
solvent (usually methanol, acetone or ethanol for carotenes and xanthophylls,

respectively) at the A, of the carotenoid. The specific absorption coefficient A}* (=
specific extinction coefficient E ;7)) was used to quantify the carotenoid under investigation.
The A7, is the absorbance of a 1% (w/v) solution in a 1cm path cuvette at a defined
wavelength. The accepted value of A%, = 2500 was used when no specific values were
available for an individual carotenoid or the extract contained a mixture of carotenoids. The

amount of carotenoid present (x g) in y ml of solvent was determined as;

Ay (Equ. 2.5)

" (AX100)

Tabulated values for A%, of carotenoids have been published (Britton, 1985;

Davies, 1976).

2.5.2 HPLC
HPLC provides the most sensitive, accurate and reproductive method for quantitative
analysis of carotenoids and chlorophylls, particularly when the instrumentation includes
automatic integration facilities for measuring peak areas. The relative amounts of each
component 1n the chromatogram were determined by calculating the peak area for each
component at 1ts A, by using a multi-wavelength detector. This allowed the relative
proportions of each chlorophyll/carotenoid component in a pigment extract to be
determined. Having already calculated the total amount of chlorophyll and carotenoid
present 1n the extract using equations 2.1 - 2.4, the absolute amount of each chlorophyll
and carotenoid present in an extract could then be determined.

To estimate absolute amounts or concentrations using HPLC directly calibration is
necessary using external standards. This can be achieved by injecting known amounts of
pure carotenoid, determining peak areas, and creating a calibration graph, which allows

the amount of each carotenoid to be estimated.
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2.6 MASS SPECTROMETRY

2.6.1 Introduction

Mass spectrometry (MS) is an invaluable tool for structural elucidation in carotenoids. Most
MS work on carotenoids has involved ionisation by electron impact (EI), although chemical
ionisation has also been used (Lusby et al., 1992). Carotenoids have very low volatility,

and samples were inserted by means of a direct probe, heated to 200 - 220°C.

2.6.2 Molecular mass formula
Most carotenoids give good molecular ions, from which the molecular mass can be

obtained. Unambiguous molecular formulae can be determined with a high resolution

instrument.

2.6.3 Fragmentations

Fragmentation behaviour of carotenoids allow characterisation of the various terminal
groups which is of importance for the structure elucidation of new carotenoids and to
understand the mechanisms governing the elimination of parts of the polyene chain
(Budzikiewicz, 1982). Among the types of ions produced are those resulting from in-chain
losses of toluene, xylene and dimethyl-dihydronapthalene moieties, and ions indicative of
specific functional groups, such as aldehydes, alcohols and ethers. These fragment 10nS
result from either a redistribution of excess kinetick energy deposited in the molecular 10n
during formation, or from the ionisation of thermally generated neutral species.

While for many carotenoids these mechanisms produce ions providing sufficient
information for confirmation of structure, frequently the formation of ions with less internal
energy is desirable. Reduction of the energy of electrons in the ionising beam from the
usual 70 to 12 eV imparts high-energy processes, thereby decreasing the abundance of less
massive fragments and, sometimes, accentuating otherwise obscured ions. There 1s,
however, a concomitant attenuation of the absolute abundance of all ions. An alternative
procedure for increasing the relative abundance of all ions at the upper end of the spectrum

is to place the sample on a metallic surface, as opposed to glass or ceramic, and in close
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proximity to the beam of ionising electrons, however, this was not needed in the present

investigations.

2.7 PHYCOLOGICAL GROWTH MEASUREMENTS AND CULTURE
METHODS

2.7.1 Maintenance of algal cultures

Algae can be kept under various conditions dependent upon the ecology of the algal
species. The algae used in the current investigations were cultivated at room temperature
(15 - 22°C), though growth may have be enhanced in some of the species at slightly higher
“temperatures. Temperature control was achieved by culturing the algae in a temperature
controlled room at the appropriate temperature or, in a temperature controlled growth
cabinet. The algae also needed to be illuminated, illumination was supplied by cool white
fluorescent tubes. Illumination can be constant or follow a cyclic light/dark pattern,
however, 1in the present studies the algae were illuminated continuously. The intensity of
illumination also depends on the ecology of the algae, for the algae used in the present
studies this was usually in the range 30 - 40 umol m™ s'! (PAR) to achieve good rates of
growth. The algae (~50 ml of algal suspension) were kept in 250 ml Erlenmeyer flasks
(cotton wool plugged), which were placed on a rotary shaker at 80 rpm to aid gaseous
exchange. Approximately every 4 weeks (dependent on the species) the algal cultures were
transferred to fresh media, by aseptically transferring ~5 ml of the ‘old’ culture to 40 - 50

ml of fresh media.

71



2.7.2 Media
There are numerous recipes for the cultivation of microalgae under laboratory conditions.
Most of them are modifications of previously published formulae and some are derived from
analysis of the water in the native habitat and ecological considerations (Vonshak, 198)5).
The main considerations in developing a nutrient recipe for algal cultivation are: (1) the total
salt concentration - largely dependent on the ecological origin of the alga; (ii) the
composition and concentration of major ionic components such as potassium, magnesium,
sodium, calcium, sulphate and phosphate; (iii) nitrogen sources - nitrate, ammonia and
urea are widely used as the nitrogen sources, mainly dependent on the species performance
and the pH optimum. Growth is highly dependent on the availability of nitrogen. Most
microalgae contain 7 - 9% nitrogen per dry weight. Thus, for the production of 1.0 g of
cellsin 1.0 1 of culture, a minimum of 500 - 600 mg/l KNO; will be required; (iv) carbon
sources - inorganic carbon is usually supplied as CO, gas in a 1 - 5% mixture with air.
Another means of supplying carbon is as bicarbonate. The preference is highly dependent
on the pH optimum for growth; (v) pH - usually acidic pH values are used to prevent
precipitation of calcium, magnesium and some of the trace elements; (v1) trace elements -
usually supplied in a mixture at concentrations previously found to be effective (of the order
micrograms per litre). However, the necessity of such components for growth has not
always been demonstrated. For stability of the mixture of trace elements, chelating agents
such as citrate and EDTA are used; (vii) vitamins - many algae require vitamins such as
thiamine for growth.

The media used most extensively in the present investigations to cultivate the algae
was Bold’s Basal Medium (BBM) (Nichols and Bold, 1964) modified to pH 7.0.
However, further experiments were carried out to try and modify the composition of the

media to achieve improved growth rates (see later sections). The basic constituents of the

media are detailed below;
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per 400 ml

Stock solutions:

1. NaNQO, 100 g
2. MgSO,.7H20 30¢g
3. NaCl 10g
4. K,HPO, 30¢g
5. KH,PO, 70¢g
6. CaCl,.2H,0 10g
1. Trace element solution:

ZnS0O,.7H,0 8.82 g
MnCl,.4H,0 144 ¢
MoO; 071 g
CuSO,.5H,0 1.57 g
CoNO;.6H,0 049 g
(Autoclave to dissolve)

8. H;BO;, 1142 g
9. EDTA-KOH solution:

EDTA 50.00 g
KOH 3100 g
10. FeSO,.7H,0O 498 g
+ H,SO, (conc) 1.00 ml

Stock solutions (1 - 6) 10 ml of each per litre of media.

Stock solutions (7 - 10) 1 ml of each per litre of media.

All media and equipment were sterilised by autoclaving at 121°C in pure saturated

steam at 15 1b/in? above atmospheric pressure for 20 mins. Some equipment was kept in
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sterile conditions after autoclaving (particularly pipettes), by storing the equipment at
300°C until needed.

All manipulations involving algae were carried out in a laminar air flow cabinet,
preventing contamination of the algal cultures. The cabinet was swabbed with 70% ethanol

and left for 30 minutes to reach the desired air flow rate before use.

2.7.3 Cultivation of large volumes of algal suspension
In experiments which required a large volume of algal biomass special culture methods had

to be adopted. The details of these culture procedures are outlined below.

2.7.3.1 Apparatus

Figure 2.10 depicts the apparatus used to cultivate large volumes of algal material. The

culture vessel consisted of a 5 1 Pyrex glass flask, fitted with a silicone rubber bung.

Three holes were bored through the bung to allow for glass tubing to be inserted through

the bung for the following functions: (a) effluent gas; (b) influent gas; (c) harvest siphon.
(a) Effluent gas was allowed to escape through a short glass rod inserted in the
bung. This was attached via silicone rubber tubing to a condenser to collect
moisture. Gas then escaped through the condenser, through a membrane filter and
into the atmosphere.
(b) Influent gas was delivered by an aerator, the air was filtered by a membrane
filter to avoid contamination of the culture. A glass tube 10 mm dia reached to the
bottom of the culture vessel and was connected to the aerator via silicone rubber
tubing, enabling the air to be sparged into the algal suspension at a rate of 1.0
/min.
(c) A silicone rubber tube reaching to the bottom of the culture vessel acted as a
harvest siphon. The rubber tube was connected to a glass tube 1n the rubber bung
which was connected to a 100 ml graded glass bottle. By blocking the effluent gas
tube and opening the silicone rubber tube between the glass bottle and glass tube,
the algal suspension was forced through the harvest siphon and into the graduated
glass bottle allowing a known volume of algal suspension to be siphoned from the

culture vessel.
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(d) Agitation was supplied via a magnetic flea which rested on the bottom of the

culture vessel.
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Figure 2.10 Apparatus used to cultivate large volumes of algae.

2.7.3.2 Operation
The culture vessel was filled with 5.0 ]| BBM modified to pH 7.0, a magnetc tlea was

placed inside the vessel and the mouth of the vessel plugged with cotton wool. The rubber
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bung, effluent, influent and harvest tubes were assembled and placed in an autoclave bag
which was then sealed. All parts of the assembly were autoclaved for 20 min at 15 1b/in®
Stock cultures consisting of 50 - 60 ml algal suspension in 250 ml Erlenmeyer
flasks were allowed to attain high cell densities under conditions previously described. The
entire contents of five flasks were used to inoculate the culture vessel aseptically.
Immediately following inoculation the culture vessel and silicone rubber bung with its
various fittings were assembled. The apparatus was placed in a temperature controlled
room at 22°C, and illumination supplied by cool white fluorescent tubes to give 30 - 40

umol m2s! (PAR).

2.7.4 Purification of algal cultures

Algal cultures obtained from a culture collection or old stocks were generally contaminated
by either bacteria, fungi or both. Physico-chemical and biochemical studies of microalgae
require axenic cultures. Four methods of purification are described, each which yielded
axenic cultures. However, the success of each individual method depended upon the algal

species been purified.

2.7.4.1 Sterile Pasteur-type Pipette
(1) A fine capillary pipette was obtained by heating a Pasteur pipette in a Bunsen
bumer. As the glass softened, by smoothly pulling length-wise and removing the
pipette from the flame, the pipette formed a fine ‘glass fibre’ at its centre. The
pipette was then broken off at the juncture of the pipette and glass fibre to give a
fine capillary.
(2) Three sterile watch glasses were prepared which contained sterile distilled water
(purification dishes).
(3) The algal cells were located under a stereo-microscope.
(4) The fine capillary pipette was heat sterilised in a Bunsen burner. An algal cell
was then drawn up into the capillary by gently dipping the tip of the fine capillary

into the algal suspension.
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(5) The algal cell was then transferred to a purification dish containing stenle
distilled water. The cell was ‘washed’ by transferring 1t with the capillary pipette to
the sterile distilled water in the remaining two purification dishes.

(6) The algal cell was then transferred to a 100 ml conical flask containing 25 ml of
sterile media.

(7) This process was repeated so that there were at least 20 purified cells 1n one
conical flask. The conical flask was then placed under conditions suitable for

growth.

2.74.2 Streak plating

This method was particularly effective for purifying algal cells from fungal contamination.
(1) Petri dishes were prepared with growth media which contained no carbon
source which was solidified with 1.0 - 1.5% w/v technical agar.
(2) 1-2 Drops of algal suspension were placed near the periphery of the agar. A
wire loop, or a bent glass rod was heat sterilised by dipping the implement in 70%
ethanol and flaming 1t in 2 Bunsen burner. Using either the loop or glass rod
parallel streaks of the suspension were made on the agar.
(3) The plate was covered and inverted. The plate was incubated for seven days
under suitable growth conditions.
(4) Using a stereo-microscope desired colonies were selected which were free from
fungal hyphae. The desired cells were removed aseptically using a fine wire needle
and transferred onto agar and incubated as in (3). This step was repeated a number
of times until no fungal hyphae could be observed on the plates.
(5) Ensuring the algal cells were free from fungal contamination by observation
with a stereo-microscope, the algal cells were transferred aseptically using a wire
loop to 100 ml conical flasks containing 25 ml liquid medium.

(6) The conical flasks were placed under conditions suitable for growth.

2.7.4.3 Centrifugation
Purification by washing was accomplished by repeated transfer of algal cells through a
sterile liquid medium and centrifuging.
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(1) Algal cells were placed in sterile centrifuge tubes half filled with sterile distilled

watcr.

(2) The algal cells were centrifuged at 1000 rpm for 30 seconds and the supernatant
decanted.

(3) The algal cells were suspended in fresh media and re-centrifuged. This
washing and centrifugation procedure was repeated 8 - 10 times.

(4) Using a fine capillary pipette, algal cells were aseptically transferred to 100 ml
conical flasks containing 25 ml of sterile media.

(5) The conical flasks were then placed under conditions suitable for growth.

2.7.4.4 Antibiotic treatment

Antibiqtics were used singly or in combination to establish axenic cultures (Hoshaw and
Rosowski, 1973). The particular antibiotic or combination and concentration depended on
the algal species been purified. Common antibiotics to establish axenic cultures were
penicillin G, streptomycin, chloroamphenicol and cephataxine.

(1) The antibiotic solution was prepared in sterile distilled water.

(2) The antibiotic solution was filtered using a membrane filter.

(3) 1 m! of algal suspension to be purified was placed in a 100 ml conical flask

containing 25 ml culture medium.

(4) Various amounts of the antibiotic solution were injected into the tlask.

Concentrations used gave penicillin levels ranging from approximately 20 - 500

mg/1 and corresponding levels of the other antibiotics.

(5) The conical flask was placed under conditions suitable for growth.

(6) After 24 and 48, some of the algal cells were aseptically transferred to 100 ml

conical flasks containing 25 ml sterile media

(7) The flasks were placed under conditions suitable for growth.

2.7.5 Sterility tests for axenic cultures
To determine whether the four methods of purification previously described had established
axenic cultures sterility tests were carried out. These involved aseptically transferring and

streaking samples of algal suspensions (as previously described) onto agar. At least two
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types of agar were used 1n the test, the growth medium was solidified with 1.0 - 1.5 (w/v)
agar and Nutrient agar (used as directed on package). The plates were incubated under
suttable conditions for growth for up to 2 weeks. Cultures supporting bacterial growth
appeared cloudy, usually within 24 hours. Fungal contamination was usually be observed

after 2 weeks using a stereo-microscope, with fungal hyphae protruding from the

individual algal cells

28 GROWTH MEASUREMENTS

2.8.1 Introduction

Physiological and biochemical investigations of microscopic algae are generally conducted
on cultures of algal cells as experimental objects. The obtained data reflects the activities of
a multitude of cells. Quantitatively, they are usually referred to a unit of cell mass. Cell
mass can be expressed as dry weight of cells or as packed cell volume of cells in a volume
of given microbial culture. In a growing culture, dry weight and packed cell volume of
cells per volume of cell suspension (of medium) increase with time, and this increase,
termed growth, can be the specific subject of observation. Division rates may be
determined from the time course increase in cell numbers. Division rate may be expressed
in a number of different ways, and can be computed or derived graphically from cell count
data. In turn, division ra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>