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SUMMARY

Docosahexaenoic acid (DHA; 22:6 n-3), a polyunsdaad fatty acid (PUFA), is linked to

various health benefits in humans including cogaithind visual development of infants
and reduced risk of cancer, cardiovascular diseasdsmental illnesses of adults. Fish
oil, with an annual production of about 600,000stas at present the major source of
DHA. However, the production of fish oils is expettto become inadequate for
supplying an expanding market within few years. alistochytrids are marine

heterotrophic producers of PUFA-rich triacylglydsravhich represent an alternative
source of DHA.

The focus of this thesis has been split betweeasictstudy of the osmolyte system of
traustochytrids and work towards an understandintheir growth kinetics, effects of
nutrient depletion, and lipid and DHA accumulatiothree new osmotolerant
thraustochytrid isolates (T65, T66, and T67) arel pheviously knowrchizochytrium
sp. strain S8 (ATCC 20889) were assigned to theigarantiochytrium based on 18S
ribosomal DNA phylogeny, morphology and PUFA predil(approximately 80% DHA).
Strains T66 and S8 displayed a nearly linear irs@éa cellular content of endogenously
synthesized (-proto-quercitol and glycine betaine with increasing osmstrength. This
represented the first demonstration of accumulatibprincipal compatible solutes in
thraustochytrids. A less osmotolerant isolate (Tistachytriidae sp. strain T29), which
was closely phylogenetically related Toraustochytrium aureum (ATCC 34304) did not
accumulate glycine betaine or eto-quercitol, illustrating a variation in osmolyte
systems and osmotolerance levels among thraustatshyt

To study the effects of nutrient limitatiom&uyrantiochytrium sp. strain T66 was grown in
batch bioreactor cultures in a defined glutamaté glgcerol containing medium with
various medium limitations. N and P starvation a@gd limitation initiated lipid
accumulation. N starvation alone or in combinatiotih O, limitation yielded the highest
lipid contents obtained in this study, i.e., 54 G8% of cell dry weight with a
corresponding cell density of 90 to 100'gdry biomass. The DHA-content of N starved
cells was 29% of total fatty acids, while @mitation increased the DHA-content up to
52%. Simultaneously, Llimitation abolished accumulation of monounsateudatatty
acids. We inferred that the biological explanai®that Q limitation hindered activity of



the Q-dependent desaturase(s) responsible for producfomonounsaturated fatty
acids, and favored the@hdependent PUFA synthase. The highest DHA-prodtict
observed was 93 mg h', obtained during sequential N starvation andiitation. This
productivity approaches the highest values preWoreported for thraustochytrids, and
indicates that T66 may become a candidate orgafosra future large-scale microbial
PUFA production process.
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INTRODUCTION

1 INTRODUCTION

1.1 n-3 oils and their market

There is increasing evidence that the long-chailyunsaturated fatty acids (PUFA)

docosahexaenoic acid (DHA; 22:6 n-3) and eicosagewic acid (EPA; 20:5 n-3)

display beneficial effects for human health, raggfnom prevention of cancer and

cardiovascular diseases to treatment of mentaésfias (12). Furthermore, DHA is
regarded essential for cognitive and visual devakmt of fetuses and infants (63). Plant
oils do not contain long-chain n-3 PUFA (see secfi®) (54). The major source of EPA
and DHA is therefore oily fish such as salmon, ingrand sardines, as well as their
processed oils.

Due to the beneficial effects for human healtls &n increasing trend to include n-3 oils
in infant formula and for enrichment of food prothusuch as bread, eggs, spreadable
fats, milk and dairy products. It is also an insiag demand for high-quality food-grade
PUFA-oils for use as pharmaceuticals and nutracaisti The use as pharmaceutical
products includes both fish oils and individuatyadcids (12, 60).

The world’s increasing demand for n-3 PUFA is maidue to the growth of the
aquaculture industry (86). As n-3 fatty acids ofrima fish originate from the fish’s diet,
fish oil (up to 40%) has traditionally been addedarmed Atlantic salmon feed (78). In
2005, the aquaculture feed industry consumed muaa half of the world’s fish oil
supply and by 2010 this number is expected to asdo 80 to 100% of total supply (12,
86), indicating a future inadequate supply and ssiite need for alternative sources. In
2006, the global production of fish oil was 594,@08s. In the beginning of 2007 the
price reached USD 890 per ton and the price isaggddo increase further (36).

1.1.1 Single cell oils as an alternative to fish oils
Qils from the fish industry are often processednfiftsh by-products, resulting in varying

oil quality (e.g., due to rancidity). Furthermorapplication of fish oil to human
consumption can cause problems due to a typichl f@mell and unpleasant taste,
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concerns by vegetarians, and possible contamindyoheavy metals, polychlorinated
biphenyls or dioxins (86, 104, 117).

Microbial oils or single cell oils, is a relativelgew concept, but they are now a
commercial reality and constitute alternative searof n-3 and n-6 PUFA (97).

However, only a relatively small number of eukaryahicroorganisms are capable of
accumulating triacylglycerols rich in C20-C22 PUFXeasts were the first such

microorganisms described (100), but PUFA-produsipgcies have since been identified
among marine microalgae (26, 109), thraustochy{ids 22, 126) and fungi (24, 116 and
references therein). The PUFA profile and the petidity of these microorganisms

depend on the selected strain and the growth dondit The microorganisms are
considered to be oleaginous if they accumulate lipia level of above 20-25% of their
cell dry weight (97, 99).

Certain marine bacteria have PUFA-containing phoBpids in their cell membrane, but
the PUFA account for only a small part of the ably weight (12, 87). Bacteria that
accumulate triacylglycerols are rare, but examples found among the actinomycetes
group, particularly species Mycobacterium, Nocardia, Rhodococcus and Streptomyces

(5, 125). Triacylglycerols from these bacteria evenposed of even- and odd-numbered
saturated and monounsaturated fatty acids and liedrfatty acids (4, 5). For these lipids
to become suitable for nutritional purposes meialmigineering will be required to alter
their fatty acid profile.

The main focus in the single cell oil research $@m$ar beery-linolenic acid (GLA; 18:3
n-6), arachidonic acid (AA; 20:4 n-6), DHA and ERfar reviews confer references 23,
26, 43, 100, 116). Several genera of the fuMgrtierella, Mucor and Cunninghamella
have been identified to produce GLA at concentratiof 15-25% of total fatty acids
(116). In fermentations with a mutant Mbrtierella ramannia, a biomass concentration
above 50 gt and a GLA concentration above 5fHave been achieved (49). Several
species ofMortierella are producers of AA. Hwang et al. (53) developeftdibatch
process for high-level production of AA Iy. alpina, achieving 45.8 g lipid and 18.8

g AA I* after 12.5 days of cultivatiorM. alpina strains are used in industrial AA
production by Martek Biosciences Corporation, USA. (Several heterotrophic algae
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produce EPA and a productivity of 0.175'gh* has been obtained by using the diatom
Nitzschia laevis (121 and references therein). EPA has been fouradwide variety of
autophototrophic marine microalgae; however thedpetivities are low due to low
specific growth rates and low cell densities in¢bdures (116, 121).

A variety of microorganisms have been evaluatedD&$A producers (105). The
dinoflagellate Crypthecodinium cohnii and the thraustochytri@chizochytrium sp. are
heterotrophic marine microorganisms used for corarakeproduction of DHA by Martek
Biosciences Corporation, USA (7). Both types ofamigms accumulate large amounts of
triacylglycerols. DHA is the only PUFA represeniadil from C. cohnii (104), whereas
the PUFA profile of thraustochytrids varies betwefierent genera/strains. DHA is
however, the dominant PUFA in most cases (22, G@nmercially, oil fromC. cohnii is
used mainly in infant formula and food, and oilnfreéhraustochytrids is used in the adult
nutritional market (97, 116). Dried products of ahstochytrids have also been
commercialized as feed for rotifers used in maageaculture and as feed supplement to
egg-laying hens (12). It is believed that thrausytéds have the potential to become
important production organisms for the commerciaHD market (12, 68). The
exploitation of C. cohnii and thraustochytrids for production of DHA is hat
considered in section 1.7.

1.2 Nomenclature of fatty acids

Fatty acids are composed of a hydrocarbon chainaateminal carboxyl group. Most
naturally occurring fatty acids (Table 1) consittn even number of carbon atoms (4 to
24) and they may have various degrees of unsatargfl to 6 double bonds). The
configuration of most double bonds in naturally wreimg fatty acids i<is. Fatty acids
are described in short by x:y, where x represeatnilimber of carbon atoms and y the
number of double bonds. Unsaturated fatty acidsramaddition classified according to
the position of the first double bond: nwras counted from the methyl terminusfoif
counted from the carboxyl terminus. For exam@lé, A7, A10, A13, A16, A19 22:6
denotes a fatty acid composed of 22 carbon atortis Gvdouble bonds at position 4, 7,
10, 13, 16 and 19 as counted from the carboxylitersn As counted from the methyl
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terminus this fatty acid has the first double bangosition 3 and it is therefore an n-3 or

w-3 fatty acid (Figure 1).

18 15 12 9 6 3 o/n

HO - - - - - -
A 4 7 10 13 16 19
Figure 1. The structure of docosahexaenoic acid (DHA; 22:6 n-3). The fatty acid has the
first double bond at carbon 3 as counted from the methyl terminus and is therefore an n-3

or w3 fatty acid. Alternatively, if counted from the carboxyl terminus, the fatty acid is
denoted A4, A7, A10, A13, A16, A19 22:6.

Table 1. Common, systematic and short names of selected fatty acids (Based on 25, 85).

)

Common name Systematic name ® Short name
Saturated fatty acids

Palmitic acid Hexadecanoic acid 16:0
Stearic acid Octadecanoic acid 18:0
Monounsaturated fatty acids

Palmitoleic acid 9-Hexadecenoic acid 16:1 n-7
Oleic acid 9-Octadecenoic acid 18:1 n-9
n-6 Polyunsaturated fatty acids

Linoleic acid (LA) 9,12-Octadecadienoic acid 18:2 n-6
y-linolenic acid (GLA) 6,9,12-Octadecatrienoic acid 18:3 n-6
Arachidonic acid (AA) 5,8,11,14-Eicosatetraenoic acid 20:4 n-6
Docosapentaenoic acid (DPA)  4,7,10,13,16-Docosapentaenoic acid 22:5n-6
n-3 Polyunsaturated fatty acid

a-linolenic acid (ALA) 9,12,15-Octadecatrienoic acid 18:3 n-3
Eicosapentaenoic acid (EPA) 5,8,11,14,17-Eicosapentaenoic acid 20:5n-3
Docosahexaenoic acid (DHA) 4,7,10,13,16,19-Docosahexaenoic acid 22:6 n-3

a) All double bonds are in cis-configuration

Polyunsaturated fatty acids are composed of 18arernarbon atoms and have two or
more double bonds in the carbon chain. PUFA canldssified into two major groups;
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the n-6 and the n-3 family. Several PUFA are listedable 1 and the syntheses of the
two major groups are illustrated in Figure 4.

1.3 PUFA in human nutrition

PUFA are essential components in higher eukaryd@s PUFA of both the n-6 and n-3
families are important structural components of gotmlipids in cell membranes of
animal tissues, where they affect important fumdicsuch as membrane fluidity,
flexibility and permeability (82).

The position of the double bond in the PUFA strgngffects the properties of its
derivates. Linoleic acid (LA; 18:2 n-6, precursdrtioe n-6 family) andx-linolenic acid
(ALA; 18:3 n-3, precursor of the n-3 family) areetlparent essential fatty acids for
humans. The term essential implies that humansareble to synthesize these fatty
acids in sufficient amounts; and they are therefodéspensable components of our diet
(83). LA and ALA compete for the rate-limiting6-desaturase (Figure 4). The resulting
PUFA AA, dihomo-gamma-linolenic acid (20:3 n-6) ar€PA are precursors of
eicosanoids (12, 43, 82). Eicosanoids are signdécutes containing 20 carbon atoms.
The eicosanoids derived from n-6 PUFA have strarilammatory properties; whereas
those produced from n-3 PUFA have anti-inflammagogperties (43, 82). An imbalance
in intake of n-6 and n-3 PUFA are linked to manysedises including cancer,
cardiovascular diseases and mental illnesses (d2ederences therein). It appears to be
important to sustain a balanced dietary intake betwn-6 and n-3 PUFA to ensure
homeostasis and normal development. In the literatind in recommendations by
several scientific authorities, the optimal ratime/n-3 PUFA varies from 1/1 to 4/1 (12
and references therein).

DHA and AA are major structural components of tleamtcal nervous system, and are
important for foetal growth and development of mtfa(63). DHA comprises up to 60%
of the fatty acids of the retina and 15-20% of ¢leeebral cortex. Infants are capable of
converting LA into AA and ALA into DHA, but the ras of these endogenous syntheses
are considered to be too low to keep up to the ddnf@3, 82, 83). Evidence for potential
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benefits of dietary supplement of PUFA during peewy, lactation and early childhood
are promising, but not yet conclusive (32, 63,83,

1.4 General characteristics and classification of
Thraustochytrids

Thraustochytrids are unicellular eukaryotic pratistommonly found in coastal and
oceanic waters and sediments (95, 96). Dependinbeonutrient conditions, the number
of thraustochytrids in the water column varies frobetow detection level to f@ells I*
(95 and references therein). Dense populationdwafustochytrids have been detected
even at depth of 2000 meter (96) and at their maximeir biomass concentration in the
water column can be similar to that of bacteria)(9Bue to their high content of
triacylglycerols rich in PUFA, particularly DHA, #dy are believed to be important
primary producers of PUFA for the marine food ckdi@b).

1.4.1 Morphological features of thraustochytrids are the basis of

classic taxonomy
In classic taxonomy based on morphology, the thoatigtrids have been characterized
by the presence of an ectoplasmic net (FigurgeXgept for the genu#lthornia)
produced by a unique organelle termed the sageetm®me (sagenogen) or
bothrosome. The elements of the ectoplasmic net farbranched network of plasma
membrane extensions. Thus, it contributes to irserdhe cell surface area and help to
absorb nutrients and to attach vegetative cellsotml substrates. When grown in rich
liquid media the ectoplasmatic net is mostly abs@®). Thraustochytrids produce
extracellular enzymes (19), often secreted fromettteplasmic net (95), that are capable
of breaking down several complex organic compoyt83%. They are believed to play an
important role in mineralization of organic matériauch as plant, algae and
phytoplankton detritus (95, 96). In their amoebodl form, they can feed on bacteria
(94).
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Figure 2. lllustrations of the two groups of Labyrinthulomycetes®. Left: Labyrinthulids,
represented by Labyrinthula sp. with a spindle-shaped vegetative cells enrobed by the
ectoplasmic net. Right: Thraustochytrids, represented by a non-proliferous
Thraustochytrium sp. with unilateral non-motile ectoplasmic net.

In the vegetative stages, thraustochytrids ardesiogjls with a diameter of 4 to 20m
(95). The cell wall is composed of sulfated polydarides and proteins. Most
thraustochytrids reproduce by means of biflagellhtterokont zoospores. Historically,
the mode of zoospore production forms the majooriarnic criterion to distinguish the
different genera of thraustochytrids. Species ef genusThraustochytrium have been
characterized by their globose sporangia, with @hout proliferous bodies (a part of
cytoplasm that remains behind after release of pmes). They divide directly into
zoospores caused by partial dissolution of the well. Strains assigned to the genus
Schizochytrium undergo repeated binary division of vegetativésceésulting in a cluster
of cells, each of which develops into a zoosponamgor zoospores. The genutkenia

! This illustration was published in (65). Copyright Elsevier (2004). Reproduced with
permission from Elsevier GmbH.



INTRODUCTION

has been described by its release of amoeboidhmdfiise forming sporangia (95, 131 and
references therein). Several authors have listegenous morphological features useful
to characterize and distinguish thraustochytridshsas the presence of amoeboid cells or
proliferous bodies, repeated binary cell divisitme number and size of zoospores and
the condition of the cell wall after zoospore rele@35, 51, 131).

1.4.2 Classification of thraustochytrids based on 18S ribosomal DNA
taxonomy and PUFA profiles
Adl et al. (2) rank thraustochytrids under Labymiibmycetes which again are ranked
under Stramenopiles (Chromista). Labyrinthulomysetee divided into two groups:
Thraustochytriaceae (thraustochytrids) comprisiegea genera and Labyrinthulaceae
(labyrinthulids) with only one genusabyrinthula. The two groups are separated based
on their 18S ribosomal RNA gene sequences. The ri@&omal RNA genes of
thraustochytrids carry a variable insert of appmately 14 to 28 bp which is reported to
be absent in all other organisms, including theytiathulaceae (51). Labyrinthulids are
morphologically distinguished from thraustochytriolg their spindle-shaped cell bodies
which are enrobed by and glide through the ectafiaset (95) (Figure 2). The seven
genera of Thraustochytriaceae listed by Adl et @) are: Thraustochytrium,
Schizochytrium, Ulkenia, Althornia, Elnia, Japonochytrium, and Aplanochytrium (2).
Aplanochytrium has by others been ranked directly under Labyuiothycetes (64).

However, the genus-level classification of thraakyarids is problematic due to a poor
correlation between the classic taxonomy based ompmological features and the
taxonomy based on molecular phylogenetic analyses, (2, 131). Recently,
thraustochytrids have been divided into two subgsdoased on molecular 18S ribosomal
DNA taxonomy (61). Huang et al. (52) found five idefl PUFA profiles among
thraustochytrids isolated from the coast of JapahHiji (Profile type A to E of Table 2).
Because strains with the same PUFA profile cludterethe same 18S ribosomal DNA—
based phylogenetic branch they proposed to use RWé&iing as criterion for grouping
of thraustochytrids.
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Table 2. PUFA profiles of thraustochytrids isolated from coastal water of Japan and Fiji
(52).

Profile type PUFA @
A DHA, DPA
B DHA, DPA, EPA
C DHA, EPA
D DHA, DPA, EPA, AA
E DHA, DPA, EPA, AA, DTA

a) Abbreviations: DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic acid (22:5 n-6);
EPA, eicosapentaenoic acid (20:5 n-3); AA, arachidonic acid (20:4 n-6) and DTA, docosatetraenoic
acid (22:4 n-6).

Burja et al. (22) screened thraustochytrid isoldtesn 19 different collection sites

throughout Atlantic Canada and determined four C2@- PUFA profiles. Three were

identical to the profiles described by Huang et(32), namely type B, C and D. PUFA
profile of type D was the dominant profile, compris 74% of the isolates. The fourth
profile consisting of DHA, EPA and AA, was observied 5.6% of the isolates. It is

noteworthy that most thraustochytrids accumulatdapentaenoic acid (DPA; 22:5 n-6)
(constitutes up to 10% of the total fatty acids)jelhotherwise is a minor PUFA in nature
(61).

Yokoyama and Honda (131) have recently evaluateel thassification of the
Schizochytrium-like thraustochytrids and proposed a taxonomicraegement of the
genusSchizochytrium. The rearrangement appears appropriate sinceespassigned to
Schizochytrium occur in three separate lineages based on 18Sorited DNA phylogeny
(51, 52, 131). Apparently, the characteristic seste binary division of vegetative cells
has been gained in several lineages (131). Basedammbination of morphology, 18S
ribosomal DNA taxonomy and PUFA and carotenoid ifgsf the genuschizochytrium
has been proposed divided into three gene@ahizochytrium sensu stricto,
Aurantiochytrium gen. nov., andOoblongichytrium gen. nov. Strains belonging to the
monophyletic group oAurantiochytrium are characterized by a PUFA profile composed
of approximately 80% DHA and less than 5% AA, aculation of astaxanthin and
growth phase cells that do not form large colomiegevelop ectoplasmic net elements.
Characteristics of the geneB&ahizochytrium sensu stricto an@®blongichytrium, have
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been discussed by Yokayama and Honda (131). Thebera pointed out that further
taxonomic rearrangements of thraustochytrid gemenabe necessary.

In this thesis, strains reported to be members haf genusAurantiochytrium by
Yokoyama and Honda (131) are referred toAasantiochytrium regardless of their
original genus assignments.

1.5 The function of lipids in eukaryotic microorganisms

Lipids have two major physiological roles in eukaig microorganisms; as components
of cell membranes and as storage material. Thetdapserves as a source of building
blocks of lipophilic components and as a reserveadbon and energy (29, 133).

1.5.1 Structural lipids

Phospholipids, sterols and glycolipids are esskestiactural and functional components
of eukaryotic cell membranes (11, 1Zhese lipids are amphipathic, which make them
ideal as building blocks of the lipid bilayers tHatm the boundaries of all living cells.
Eukaryotic cells, as distinct from prokaryotic selltypically possess intracellular
organelles and nucleus enclosed by lipid membraimesddition to the lipid bilayer,
biological membranes contain proteins and carbatedr(11)

Phospholipids are the major class of membranedipitd are abundant in all biological
membranes. A phospholipid is composed of fatty (ati@ttached to a glycerol or a
sphingosine molecule which further binds a phosplgabup attached to an alcohol such
as ethanolamine, serine choline, inositol or glgteiThe fatty acids represent the
hydrophobic interior of the membranes, while phatphand groups linked to it are
hydrophilic and are oriented towards the water ebaat both sides of the membrane.
Phospholipids derived from glycerol are called gaglycerids (11).

Steroids are lipids built from four linked hydroban rings. A hydrocarbon tail is

attached at one end of the molecule and a hydrgsadip is linked at the other end.
Sterols are rigid, planar molecules and their presestabilizes the cell membrane (71).

10
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Eukaryotic microorganisms produce a variety ofadgens reviewed by Volkman (115).
Ergosteroal is typically found in cell membranesyefists and fungi (132). Studies have
demonstrated that cholesterol is the dominant Isitetevo Thraustochytrium species (69,
118).

1.5.2 Depot fat

Several yeasts (29), marine microalgae (109) andtisgs (126) accumulate
triacylglycerols and/or steryl esters as storagéerias (80, 133). Triacylglycerols are
composed of three fatty acids linked to a glycenolecule. Triacylglycerols are highly
reduced and are therefore concentrated storagesetabolic energy (11). Steryl esters
are particularly found in non-oleaginous yeasthwtgosterol as the main sterol (29).
The depot lipids are stored in cytosolic lipid bexdi(8, 79, 80, 118, 133). Lipid bodies
contain a hydrophobic matrix of neutral lipids whis surrounded by a monolayer of
phospholipids, glycolipids and/or sterols and a lk@&ount of proteins (29, 80, 133).
The proteins are proposed to have a structura) nadentaining the integrity of the lipid
body and avoiding coalescence with neighboringllimdbdies (100). In eukaryotes, lipid
bodies are assumed to arise from the endoplastibcitan (81). In for instance yeasts
and microalgae, accumulation of lipid bodies seeémbe induced by environmental
stress such as N limitation or osmotic stress (89}osolic lipid bodies vary in size,
composition and numbers. In yeasts, the diamettreomajority of lipid bodies is 0.3-0.4
pm (80). In the thraustochytrid straf limacinum SR21, lipid bodies with diameter less
than 1um are reported for zoospores. The lipid bodiesease in both size (1 to8n)
and numbers in vegetative cells as they grow @&)dies imply that lipid bodies are not
only an inert storage of lipid, but they also pkayole in biosynthesis, mobilization and
trafficking of intracellular neutral lipids (80, 81

1.6 Fatty acid biosynthesis

1.6.1 Fatty acid synthase

Fatty acid biosynthesis is usually carried out iy tibiquitous fatty acid synthase (FAS)
system with palmitic acid (16:0) or stearic aci®:() as the major end product, but the
chain length may vary, depending on the particatganism and its FAS system (103).

11
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The principal reaction mechanism of FAS is esstytihe same in all organisms (Table
3); although the FAS variants may be divided im0 tlasses. In the type Il system of
most bacteria, protozoa and eukaryotic organelfegrakaryotic descent (chloroplasts
and mitochondria), the FAS enzymes, including tlegl acarrier protein (ACP), are
localized on separate proteins which are encode@ Isgries of separate genes. The
system is therefore also termed “dissociated FA®), (103). In contrast, the FAS
enzymes of the type | system are highly integratedtienzymes which consist of a
single (animal FAS) or two (fungal FAS) large padmpide(s) composed of several
distinct functional domains. The type | FAS aretigatarly found in the eukaryotic
cytoplasm, but a prokaryotic exception is found mgloa subgroup of the
Actionomycetales (103 and references therein).

The first step in fatty acid synthesis (Tablei8)the carboxylation of acetyl-CoA to
malonyl-CoA, an ATP-dependent irreversible reactibat is catalysed by acetyl-CoA
carboxylase. Acetyl transacylase catalyses thefieanf the acetyl-group of acetyl-CoA
to an acyl carrier protein (ACP), creating acet@fA (Step 2). Similarly, malonyl
transacylase catalyses the transfer of the malgnylp of malonyl-CoA to ACP,
creating malonyl-ACP (Step 3). Fatty acids with add number of carbons are
synthesized starting with propionyl-ACP (insteadaoétyl-ACP), which is formed from
propionyl-CoA by acetyl transacylase. Acetyl-malsAZP condensing enzyme
catalyses the condensation reaction of acetyl-AG® raalonyl-ACP into acetoacetyl-
ACP (step 4). The CQnvolved in the first step of the fatty acid syasis is released in
this condensation reaction, thus all carbon atofrfatty acids with an even number of
carbons are derived from acetyl-CoA. In the thngesequent reactions, acetoacetyl-ACP
is reduced to butyryl-ACP by a reduction (step &)dehydration (step 6) and second
reduction (step 7). The reductant in fatty acidtlsgnais is NADPH.

12
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Table 3. Principal reactions in fatty acid synthesis (11).

Step Reaction Enzyme
B . Acetyl-CoA

1 Acetyl-CoA + HCO3 + ATP — Malonyl-CoA + ADP + P; +H Y
carboxylase

2 Acetyl-CoA + ACP « Acetyl-ACP + CoA Acetyl transacylase
Malonyl

3 Malonyl-CoA + ACP < Malonyl-ACP + CoA
transacylase

Acyl-malonyl-ACP

4 Acetyl-ACP + Malonyl-ACP — Acetoacetyl-ACP + ACP + CO; .
condensing enzyme

B-Ketoacyl-ACP

5  Acetoacetyl-ACP + NADPH + H" < D-3-Hydroxybutyryl-ACP + NADP"
reductase

3-Hydroxyacyl-ACP

6 D-3-hydroxybutyryl-ACP < Crotonyl-ACP + H,O dehydratase

Enoyl-ACP

7 Crotonyl-ACP + NADPH + H" — Butyryl-ACP+ NADP"
reductase

The formation of butyryl-ACP completes the firsbmgation cycle. The growing fatty
acid chain is elongated by the sequential additbriwo-carbon units derived from
acetyl-CoA. The activated donor of the two-carbaitaiis malonyl-ACP. The elongation
process continues until the acyl chain reache1¥8tC-atoms. The enzyme acyl-ACP
thioesterase then removes ACP from the fatty aeidd,thus determines the chain length
of the fatty acid. Overall stoichiometry for thenslyesis of palmitic acid is:

8 Acetyl-CoA + 7 ATP + 14 NADPH + 6 H'

— palmitic acid + 14 NADP" + 8 CoA + 6 H,O + 7 ADP + 7 P,

The synthesis of fatty acids in eukaryotic celleetaplace in the cytoplasm with acetyl-
CoA as the basic building block. However, acetylACis primarily found in the
mitochondrion, formed from pyruvate, the end prddufcthe glycolysis. Hence, acetyl-
CoA must be transferred to the cytoplasm, but titeahondrial membrane is relatively
impermeable to acetyl-CoA (11, 97). How oil-accuatinlg microorganisms supply the
cytoplasm with sufficient acetyl-CoA and NADPH isclssed in section 1.6.4.

13
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1.6.2 The conventional aerobe desaturase/elongase route for
biosynthesis of PUFA

In most eukaryotes, synthesis of PUFA occurs by ¢baventional aerobic route
catalyzed by sequential desaturation and elongati@actions of fatty acids at the
cytoplasmic face of the endoplasmic reticulum. Deuionds are introduced to the fatty
acid chain by an @dependent desaturase system composed of at least tiypes of
enzymes: NAD(P)H-cytochrome; leductase, cytochrome bBnd the terminal fatty acid
desaturase as illustrated in Figure 3 (11, 23, .1TB¢ various desaturases are named
according to the position at which they introduce tlouble bond in the fatty acyl chain,
counted from the carboxyl terminus. Most of theseyees are membrane-bound, but
desaturases can be soluble (114).

NADPH FAD X Fe** Fe* X -CH=CH- + 2H,0
NADP* X FADH Fe* X Fe* -CHx-CHy- + O3
NADPH-Cytochrome

bs reductase Cytochrome bs Desaturase

Figure 3. Formation of unsaturated fatty acids by the aerobic desaturation complex.
Modified from Ratledge (98).

In the aerobic pathway, the first double bond isoituced by th&9-desaturase in thi9
position of palmitic acid (16:0) forming palmitoteacid (16:1, n-7) or in th&9 position

of stearic acid (18:0), forming oleic acid (18:19n-Those are the most common
monounsaturated fatty acids in microorganisms (23)eic acid is then further
desaturated bf12 desaturase to yield linoleic acid (LA; 18:2 na)ich is the precursor
for the PUFA n-6 family. LA can be convertedddinolenic acid (ALA; 18:3 n-3), the
precursor of the PUFA n-3 family. The latter corsien is catalysed bx15 desaturase.
Mammals lack the\12 desaturase ambll5 desaturase enzymes, thus LA and ALA are
considered as dietary essential fatty acids fordns{Figure 4) (67).
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Elongation of fatty acids involves the same fowpstas seen for fatty acid synthesis by
the FAS system (Table 3): condensation of a lorgjrclacetyl-primer to malonyl-CoA,
reduction of the/-keto group, dehydration and a second reducticultiag in elongation

of the fatty acid with a two carbon unit. The elaags are essential multiunit membrane-
associated enzymes for synthesis of PUFA (116,. 1 formation of DHA from EPA
occurs via two different mechanisms in the aerghithway of eukaryotes. Identification
of A4 desaturase (93) in lower eukaryotes [ikeaustochytrium sp. indicates that n-3
DPA can be directly converted to DHA (Figure 4)isTenzyme has not been detected in
higher eukaryotes like mammals. The synthesis oABidm EPA in mammals has been
reported to follow the “Sprecher” pathway: elongatof n-3 DPA to tetracosapentaenoic
acid (24:5 n-3) followed by A6 desaturation and an oxidation of tetracosahexaeac
(24:6 n-3) to form DHA (see Figure 4) (67, 117).

1.6.3 Anaerobe route for biosynthesis of PUFA

The existence of an anaerobic pathway for PUFAI®S8i$ in bacteria was previously
known, but poorly characterized until Metz and eafjues (76) described a novel,
polyketid synthase-like (PKS) system in 2001. Astén of five genes (designatpthA,
pfaB, pfaC, pfaD, and pfaE) is reported to be responsible for EPA production
Shewanella sp. strain SCRC-2738. Four of these genes represbninits of an enzyme
complex capable of EPA synthesis (88 and referetloeein). This PUFA synthase
enzyme possesses multiple domains, eight of whielsi@ongly related to PKS proteins,
whereas three are homologs of bacterial FAS (7@&)e Tifth gene encodes a
phosphopantetheinyl transferase that activateadiecarrier protein (ACP) domain (88
and references therein). Expression of the gensterlun E. coli under anaerobic
conditions resulted in EPA production, demonstmatimat its synthesis is independent of
the “conventional” aerobic desaturase/elongase wagth(76). The PUFA synthase
complex is termed anaerobic because double boedstanduced to the fatty acid chain
by an Q-independent mechanism. However, the term doesnmuy that this pathway
only occurs in anaerobic organisms, the organisrhichwdisplay anaerobic PUFA
synthesis are in fact obligate aerobes (97).
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Acetyl Malonyl
CoA CoA

" A
1B Dy 182n6 O3 183n3
(LA) (ALA)
lABDS AGDSL
¥ 4
A15DS
20:2n-6 18:3n-6 e » 18:4 n-3 20:3 n-3
A oy
O@ l EL E Ll K
4 X
A7DS
203n-6 e > 20:4 n-3

lAst A5DSl

20:4 n-6 A17DS 20:5 n-3

(AA) (EPA)
lEL ELl
22:5 n-6 A4 , 22:6 n-3
(DPA) D S 22:4 n-6 22:5n-3 - (DHA)
r s
pathway
A6
24:5 n-6 D 24:4 n-6 24:5n-3 24:6 n-3
n-6 series n-3 series

Figure 4. Biosynthesis of polyunsaturated fatty acids by the conventional aerobic route.
Enzymatic reactions represented by solid line arrows (—) are found in mammals and
lower eukaryotes, those represented by dotted line arrows (- are exclusively reported
in lower eukaryotes and those represented by heavy weight arrows (=) are exclusive
for mammals (based on 12, 67, 97, 117). The abbreviations DS and EL indicate reactions
catalyzed by desaturases and elongases, respectively. The common names of several
fatty acids are indicated (see Table 1).
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Genes with homology to thafa genes have been cloned from various EPA- and DHA-
producing marine bacteria, indicating that mostalbr PUFA producing bacteria utilize
this PUFA synthase complex (48, 88). Among euka&ayosuch PUFA synthase appears
to be unique to thraustochytrids. It has therefwgen suggested th&thizochytrium has
obtained the PUFA synthase genes from bacteriaalsral gene transfer (48, 76).
Recently, three genes encoding the PUFA synthaSehifochytrium sp. was expressed
in E. coli, together with a gene for phosphopantetheinylstienase. Accumulation of
both DPA and DHA confirmed that production of bd#tty acids occur by the PUFA
synthase complex (48). Synthesis of short-chaiaratgd fatty acids (14:0 and 16:0) in
Schizochytrium sp. has recently been proposed to occur by a deffadés system of type

I which resembles a fusion of the two fungal FA®uits (48). Thus, the combined
action of the PUFA and fatty acid synthases caowtcfor the simple fatty acid profile
of Schizochytrium sp. (48) which lacks the 18-, 20-, and 22-carbdermediates seen in
eukaryotes that synthesize PUFA by an desaturasgéte pathway.

The PUFA synthase complex carries out the same vaactions as FAS. It uses the
same acyl carrier protein (ACP) as a covalent httent site for the growing carbon

chain and acetyl-CoA and malonyl-CoA are the essdmtilding blocks (97, 116). There

is, however, one significant difference; whereda®aryme activities in FAS are utilized

repeatedly until the desired chain length is redctiee PUFA synthase complex can omit
steps resulting in intermediates with many ketajrbyyl and carbon double bonds (97,
116). An isomeriase activity can determine the tiocaand configuration of the double

bonds of the PUFA. The exact mechanism of DHA sssithby the PKS route remains to
be defined.

There is a disagreement in the literature whethietheaustochytrids utilize the PUFA
synthase complex for synthesis of PUFA (92, 97). pheviously mentioned, many
thraustochytrids have a rather complex PUFA profdection 1.4.2) and an aerobic
desaturase/elongase pathway for synthesis of DHA IHeeen proposed for
Thraustochytrium sp. (92). A key enzyme in this pathway isAd desaturase that
catalyzes the synthesis of DHA from 22:5 (n-3)yfaitid and also n-6 DPA from 22:4 (n-
6) fatty acid (93). Additionally, aA6 elongase fronThraustochytrium sp. has been
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described that shows activity against both C18@2d fatty acids, but prefers the shorter
ones (124). Thus, different pathways for syntheSRBUFA may exist in thraustochytrids.

1.6.4 Regulation of lipid accumulation in oleaginous yeasts and fungi

Accumulation of storage lipid in oleaginous filameus fungi and yeasts is generally
induced by a nutrient imbalance in the culture med{97). Thus, batch fermentations
for lipid production can be considered as a biphgsiocess, where the first phase
involves biomass production and the second involigid accumulation with excess
carbon and limited amount of N (or another key ieat) (66, 100). Non-oleaginous
yeasts do not accumulate lipid even when they Eeed in the same N-limited growth
medium. However, the biosynthesis of lipids in batleaginous and non-oleaginous
species occurs by the same biosynthetic pathwaled®g (97) has reviewed the possible
reasons for oleaginicity to be twofold, i.e., th®lity to supply sufficient amounts of the
precursor molecules of fatty acid biosynthesis yWg@bA and NADPH to the cell
cytoplasm.

Ratledge (97) suggested that N-limited growth @faginous yeasts and fungi induces a
cascade of reactions (Figure 5) which lead to dimoous supply of cytosolic acetyl-
CoA:

* N exhaustion induces increased AMP deaminase @ctivorder to release extra
ammonium ions (reaction catalyzed by AMP deaminas&P—inosine 5'-
monophosphate + Njj

* Increased AMP deaminase activity decreases thalaxetiontent of AMP.

» The activity of isocitrate dehydrogenase (enzyméheftricarboxylic acid cycle)
is inhibited because its activity is strictly dedent on AMP in oleaginous
species (no such dependency occurs with the enZyome non-oleaginous
species).

» Thus, isocitrate accumulates in the mitochondriaa ia readily equilibrated with
citrate (via aconitase).

» Citrate is transported across the mitochondrial brame to the cytoplasm (in
exchange for malate) where it is cleaved by ATRatgtlyase to form acetyl-CoA
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and oxaloacetate at the expense of one ATP. Thiioa does not occur in the
majority of non-oleaginous species.
 Oxaloacetate is converted to malate, which re-erter mitochondrion.

Glucose

Glycolysis CO,
ATP ADP

Pyruvate <
y D w A—Z» Oxaloacetate
CO, </lPDH NADH

Trans-
Pyruvate hydrogenase

cycle NAD"

Acetyl CoA K
L Malate

7N

( cs \ Lipid bio- NADPH NADP*
synthesis Acetyl CoA
/y Oxaloacetate Citrate n
-m ) Citrate J} Oxaloacetate
a-Ketoglutarate Isocitrate ACL
K ICDH ) Citrate/malate
cycle MDH
@ AvP
K Malate <« Malate
MDH

Mitochondrion Cytoplasm

Figure 5. A suggested model for how oil accumulating filamentous fungi supply their
cytoplasm with sufficient precursors of acetyl-CoA and NADPH for lipid biosynthesis
(modified from 97). Key enzymes are: ME, malic enzyme; ACL, ATP:citrate lyase; MDH,
malate dehydrogenase; ICDH, isocitrate dehydrogenase; PDH, pyruvate dehydrogenase;
CS, citrate synthase. Abbreviation: TCA cycle, tricarboxylic acid cycle.

In most oleaginous species the majority of NADPHasisidered to be provided be the
following reaction catalyzed by the malic enzymay(ife 5) (97):

Malate + NADP" — pyruvate + CO, + NADPH.

Ratledge and Wynn (100) hypothesized that the nesdizyme, the ATP:citate lyase and
FAS combine in a complex to ensure a direct champeldf acetyl-CoA into fatty acids
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which are further esterified to triacylglycerolsdamcorporated via the endoplasmic
reticulum into lipid droplets.

1.7 Microbial heterotrophic production of DHA

The dinoflagellate C. cohnii and species of thraustochytrids are heterotrophic
microorganisms used for commercial production ofAD§97). C. cohnii accumulates up

to 60% (of dry biomass) triacylglycerols with DH2H to 60% of total fatty acids) as the
only PUFA present (104). The highest volumetricduativity of DHA reported for this
alga is 53 mg DHAth?, obtained in fed-batch cultivation with pure etblas feed. The
cultivation resulted in a production of 83 g drpimasst, 35 g lipid I' and 11.7 g DHA

It in 220 h (Table 4).

Strains of thraustochytrids have been reported douraulate large amounts of
triacylglycerols (e.g., 50 to 80% of dry biomassjlma high fraction of PUFA. DHA
commonly account for 20-40% of total fatty acid?)(1Depending on the strain,
thraustochytrids accumulate one or several othdiA($ection 1.4.2). Lipid and DHA
production by thraustochytrids is further consideie section 1.7.1. Examples of fatty
acid profiles of some selected thraustochytridsairss; other PUFA-producing
microorganisms and fish oil are given in TabletShould be pointed out that, depending
on growth conditions, the percentage of each fattgl in the profiles presented in Table
5 may vary considerably.

1.7.1 Lipid and DHA production by thraustochytrids

Accumulation of storage lipid in oleaginous yeastsl filamentous fungi is generally
induced by a nutrient imbalance in the culture med{section 1.6.4). However, it has
not been clear whether a nutrient imbalance isireduo induce lipid accumulation in
thraustochytrids. Previous reports have claimedt thi@id accumulation in
thraustochytrids occurs at non-limiting conditiongrowth phase (41, 100). On the other
hand, several studies have demonstrated that highNCratio is favorable for high-level
lipid accumulation in thraustochytrids grown in qaex media, presumably caused by N
starvation (17, 22, 113, 126). However, the kireetitcell growth, nutrient limitation and
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high-level lipid accumulation have not been studiedsufficient detail to decide the
modes of lipid accumulation in thraustochytrids.

The highest volumetric productivity of DHA reportetbr thraustochytrids is
138 mg 1* h*, obtained withA. limacinum SR21 (126). When grown in a bioreactor in a
glucose (12%) containing media and corn steep tigmo ammonium sulfate as sources
of N, this strain was able to produce 48.1 g donizss T of which the total fatty acids
comprised 77.5% and DHA accounted for 35.6% ofdia fatty acids. This resulted in a
volumetric DHA concentration of 13.3 @.1In early growth phase, the lipid content of the
cells was approximately 20% of cell dry weight aedually divided by neutral
(triacylglycerol) and polar (phospholipids) lipidhe share of triacylglycerols increased
to about 95% as the total lipid content increasedts maximum level in late growth
phase. Reduced dissolved|€vel in the fermentation broth (e.g., below 3%jidg late
growth phase was found to promote DHA production Sthizochytrium sp. (9).
Production data of selected thraustochytrid straresgiven in Table 4.

The most dominant triacylglycerol in SR21 is repdrto be 1,3-dipalmitoyl-2-DHA-
triacylglycerol and it constituted 27% of the trdglycerols (84). The polar lipids are
mainly composed of phosphatidylcholine (74%), pimagilylethanolamine (11%) and
phosphatidylinositol (5%). 70% of the phosphatitigiine were 1-palmiotyl-2-DHA-
phosphatidylcholine and 1,2-di-DHA- phosphatidyliihe (126). Phosphatidylcholine is
reported as the major phospholipid also in otheasiustochytrids (34, 55, 118). Besides
triacylglycerols and phospholipids, small amounts sterols, squalene, mono-and
diacylglycerols, free fatty acids and glycolipidsvie been detected in thraustochytids (34,
56, 69, 118).
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Table 4. Biomass, lipid and DHA production of selected heterotrophic marine microorganisms 3,

Strain Device Time Biomass Lipid DHA DHA cons. Ref.
(h) (g™ (% of d.w) (% of TFA) (g™
A. limacinum SR21 B 96 48 78" 36 13.3 (126)
A. limacinum SR21 S 120 36 39" 35 4.2 (130)
ONC-T18 B 120 25 70" 21 3.7 (22)
S. mangrovei Sk-02 S 48 24 55 ") 42 5.5 (113)
S. mangrovei KF2 S 52 13 - 35 2.8 (33)
Thraustochytrium G13 B 41 14 78 189 2.2 17)
T. aureum (ATCC 34304) S 144 5 20 51 0.5 (10)
C.cohnii B 220 83 42 339 11.7 (109)
C.cohnii B 400 109 56 329 19.0 (108)

a) Abbreviations: B, bioreactor; S, shake flasks; d.w., dry weight; TFA, total fatty acids.

b) Total fatty acids in % of d.w.
c) DHA value given in % of total lipid.



Table 5. Fatty acid profiles (%, (w W'l) of total fatty acids) of some selected microorganisms used for heterotrophic production of
PUFA. The fatty acid profile of oil from herring is included as an example of marine fish oil 3,

Strain 14:0 15:0 16:0 16:1 18:0 18:1 18:2 20:4 20:5 22:5 22:6 Ref.
n-7 n-9 n-6 n-6 n-3 n-6 n-3

DHA producers

A. limacinum SR21 3 6 49 t 1 0 0 t 1 6 33 (130)

ONC-T18 10 0 40 15 1 7" 0 0 1 5 20 (22)

S. mangrovei Sk-02 4 3 43 0 1 0 0 0 0 8 41 (113)

S. mangrovei KF2 3 48 1 0 0 0 t t 7 39 (33)

KH105 © 7 7 32 0 t t t t 2 10 35 (3)

T. aureum 0 21 1 9 15" 3 1 1 6 43 (10)

C. cohnii ¥ 17 0 17 1 2 10” 0 0 0 0 44 (110)

AA producer

M. alpina 9 0 0 18 0 6 7 9 42 2 0 12 (53)

EPA producer

N. laevis 11 0 23 27 0 4" 3.2 2 24 0 0 (122)

Fish oil

Herring © 5-8 0 10-19  6-12 1-2 9-25 0 0 4-15 0 2-8 (12)

a) Abbreviation: t, trace.

b) The report does not state whether the fatty acid is 18:1 n-9 or n-7.

¢) The fatty acid profile contains in addition 6% of the fatty acid 17:0.

d) The fatty acid content is given in percent of total lipid (w w'l).

e) The fatty acid profile contains in addition 7-20% of the fatty acid 20:1 n-9 and 7-30% of 22:1 n-11.
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1.8 Microbial osmoadaptation

1.8.1 Positive turgor pressure is essential for growth

The ranges of osmolality of natural microbial hatsitdiffer greatly: from freshwater
environment to hypersaline lakes. Drought, freeznd rainfall can rapidly change the
osmolality of the microorganism’s niches. The ggliof the open ocean salinity varies
between 33 and 37%. (ca. 097-1.06 osmdl)kgradually decreasing from the tropics
towards the polar sea. In near-shore waters asériti-enclosed seas, the seawater may
be diluted by river water, and the salinity is udhced by seasons and by tidal actions. In
these environments, the salinity may range frono 7% (58). In many industrial
fermentation processes, cells are exposed to bmth and fluctuating osmolality,
primarily due to medium components and product medation, particularly in
production processes of low-molecular-weight praglucThe ability to adapt to
fluctuations in environmental osmolality is of fuaxdental importance for the growth and
survival of microorganisms, as a positive turgoegsure (outward-directed pressure) is
regarded as the driving force for cell division (37, 120).

1.8.2 Strategies of osmoadaptation

Changes in the external osmolality direct watewxdhi along the osmotic gradient.
Swelling (and subsequent lysis) may occur if micganisms are exposed to a sudden
decrease (osmotic downshock) in environmental isaliblowever, the result is most
often only a minor increase in cell volume (28),tlas organism adapts to the osmotic
change. In bacteria, mechanosensitive ion chaiméfe cytoplasmic membrane respond
to membrane tension due to excessive turgor, apllyarelease solutes from the
cytoplasm to reduce its osmolality (72). Mechaneg®&@ ion channels are also found in
eukaryotic membranes, for instance in plastids ianfission yeasts (46), but little is
known about their physiological function (72). Anciease in external osmolality
(osmotic upshock) causes efflux of water from th@glasm, and a resulting decrease in
turgor pressure and cell shrinkage is observed.

The extreme halophilic Archaea, some anaerobic datative or sulfate reducing
Bacteria (40 and references therein) and the dbligaaerobicSalinibacter ruber (89)
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balance the osmotic pressure by active uptakegtf boncentrations of inorganic ions,
mainly K" and Cl (40, 57). The cytoplasm of these organisms is sagdo high ionic
strength. They have enzymes that not only toletatealso require high ionic conditions
compared to their non-halophilic counterparts (6ahd they can only grow in
environments of high salt concentrations (106).

In current literature, all other organisms testedpond to osmotic stress by adjusting
their cytoplasmic osmolality by synthesis or uptaék certain organic osmolytes

commonly called compatible solutes. The term ingisathat accumulation of these
solutes occurs without perturbing cellular macrceoales performing vital cellular

processes, even when the solutes exist at higheatmations in the cytoplasm (20, 39,
129).

1.8.3 Compatible solutes and their function

Osmoadaptation by accumulation of compatible seligeised in all three domains of life
(101, 102, 119, 127, 129). Accumulation of comgatdolutes after an osmotic upshock
increases the osmolality of the cytoplasm to theelleor above the level of the

surroundings. This prevents further dehydration ianirn makes free water to re-enter
the cell and restore cell volume within the limitst allow growth. Compatible solutes
are either synthesized endogenously or taken up fine environment (57).

In general, effective compatible solutes are urgdrmolecules (such as polyols) or
zwitterions that are neutral at physiological pHcfs as glycine betaine). They have high
solubility in water, and they exert a stabilizinffeet on macromolecules. Thus, high
intracellular concentrations can be reached witliisturbing cellular functions (39, 128,
129). Osmotolerant organisms have been reportdtteagh evolution select compatible
solutes that stabilize intracellular proteins (129he protein-stabilizing effect of
compatible solutes is often explained in termshefpreferential exclusion model; i.e. the
solutes are preferentially excluded from the hydratlayer of proteins and other
cytoplasmic macromolecules (6) (Figure 6). Accogdin this theory, the preferential
exclusion pushes the proteins towards their compatite state which have the smallest
amount of bound water. In contrast to the stalifizsolutes, denaturing solutes such as
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inorganic ions and urea tend to enter the hydrdfger, bind to proteins and thereby
causing them to unfold (Figure 6).

An alternative explanation that does not involve giroperties of bound water is that

compatible solutes or denaturing solutes are pFafmlly excluded or accumulated,

respectively, around the protein backbone (107usTFor stabilizing compatible solutes,

the repulsion from the protein backbone is gretitan the combined attraction by the

amino acid side groups. The thermodynamic effed¢héssame as describe above, the
proteins will tend to fold up more compactly ane #quilibrium between the unfolded

and the native protein is pushed towards the natate (16, 107).

Because of the protein-stabilizing effect of corigatsolutes, they can protect proteins
and organisms against many adverse conditions (20, Some examples of protective
properties are polyols, taurine and hypotaurinevisgr as antioxidants, trehalose
contributing to increased thermostability, sugard polyols increasing freeze tolerance
and carbohydrates protecting against desiccationudulated compatible solutes might
also function as an intracellular storage mateifaarbon, energy and nitrogen (120).

Figure 6. lllustration of the effect of stabilizing compatible solutes or denaturing solutes
on protein conformation and stability. A: Protein in its native conformation; B: denatured
protein in an environment of denaturing (binding) solutes such as urea; C: stabilized form
of protein in the presence of compatible solutes which are preferentially excluded from
the hydration layer of proteins (Modified from 39).
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1.8.4 Osmoadaptation in eukaryotic microorganisms

All eukaryotic microorganisms analyzed to date amnglate compatible solutes to provide
osmotic balance and turgor in response to increasdidity in the environment. The
compatible solutes of eukaryotic microorganisms mose a few major chemical
categories, as listed in Table 6.

Table 6. Examples of compatible solutes accumulated in eukaryotic microorganisms by
de novo synthesis or active uptake from the surroundings (Based on 15, 59, 119, 120).

Chemical category Examples of eukaryotic microorganisms
Example of solute that accumulate the solute
Polyols
Glycerol Microalgae, fungi
Sorbitol Microalgae, fungi
Mannitol Microalgae, fungi
Arabitol Fungi
Sugars
Sucrose Microalgae
Trehalose Fungi
Heteroside
Floridoside Microalgae
Cyclitols
D-(+)-1,4/2,5-Cyclohexanetetrol Microalgae
1,3,5/1,4-Cyclohexanepentol Microalgae
Amino acids and derivates
Proline Microalgae
Methylated tertiary N compounds
Glycine betaine Microalgae
Methylated S-compound
Dimethylsulphoniopropionate (DMSP) Microalgae

In marine microalgae exposed to an osmotic upsheckpid uptake of ions, mainly"K
often precedes accumulation of compatible solut8s 30, 31, 38, 58). Accumulation of
compatible solutes then partially replaces the worible high concentration of ions (13).
Many microalgae species are able to accumulate thareone compatible solute (13, 37,
58, 119). The known compatible solutes of microaldselong to several chemical
categories; sugars (such as sucrose and trehapmdedls (such as glycerol, mannitol,
sorbitol), heterosides (such as floridoside andldsdoside), methylated tertiary N-
compounds (such as glycine betaine and homarinedthylated S-compound
(dimethylsulphoniopropionate) and amino acids (saglproline and glutamate) (13, 119,
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120). In addition, some microalgae accumulate gsecf cyclitols, such asbi1,4/2,5-
cyclohexanetetrol (27, 37, 38) and 1,3,5/2,4-cyek@mepentol (59). Halotolerant fungi
often accumulate glycerol or other polyols sucmasnitol, arabitol and sorbitol (15, 50)

1.8.5 Osmoadaptation in thraustochytrids

Thraustochytrids have a wide distribution in cobatad oceanic waters and sediments
and can be subjected to rapid changes in envirotainesmolality (95). Several strains
that are capable of growth in a wide range of #glihave been described (22, 130),
while other strains, such asaureum (ATCC 34304) have been reported to be rather salt
sensitive (55). The proline content Bfaureum andT. roseum has been reported to rise
linearly with the external salt concentration inlcgrown in 50 to 100% seawater, but
proline and other free amino acids provided onlgnaall contribution to the osmotic
pressure of the cytoplasm (123). It was proposed Ki and Na® ions are major
cytoplasm osmolytes in these organisms (123), istdroposal was later retracted (42).
No further reports on the osmolyte system of thi@als/trids have previously been
published.
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2 AIMS OF THE STUDY

The aim of this thesis was to achieve a better tst@eding of the basic physiology of
thraustochytrids. In addition to an increased ustaeding of their biology, these
investigations were motivated by the potential lidsie organisms to represent a larger
share of the future commercial production of n-3FRUWiIthin few years, marine fish
oils may become a limiting factor for marine fighrrhing (86). Additionally, the demand
for n-3 PUFA for human consumption is increasing)(1At present, microbial oil is
consumed mainly as high-quality food-grade PUFA-&dr use in infant formula and in
pharmaceutical and neutraceutical products dukeio high price compared to fish oils.
To become or remain competitive and to enlargeatglication area, the volumetric
productivity of microbial DHA has to increase inder to lower the production costs
(104).

This thesis includes studies of the fundamentalpg@mies of growth kinetics and
accumulation of lipid and DHA in thraustochytrids,addition to an investigation of their
osmolyte system. Findings within these areas shouitribute to the basic understanding
of the biology of thraustochytrids. Additionallyrom an applied point-of-view, this
knowledge may contribute towards high volumetriodurctivities of n-3 PUFA from
microbial systems. Future industrial fermentatiomcgsses are dependent on rapid
growth and lipid accumulation in addition to staiwith high osmotolerance that can
withstand the high osmotic pressures of the cultwcbroth.
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3 SUMMARY OF RESULTS AND DISCUSSION

3.1 Isolation and preliminary screening of new
thraustochytrids

More than 70 new strains of thraustochytrids wemated by using the so-called pine
pollen baiting method (18, 59). The isolates weodlected from near-shore marine
sediments and seawater, mainly from the coast ofvBlp but also from more distant
areas such as Portugal and France. A preliminaggesimg in order to select strains with
high growth rate and high lipid- and DHA- conterdsaperformed on solid medium, in
shake flasks and in bioreactors in various compiedia. Based on the preliminary
screening, further work was concentrated on foolates designated T29, T65, T66 and
T67. Strains T65, T66 and T67 were isolated fromigture of marine sediment and
seawater sampled from the coast of Madeira, Pdrtugzile T29 was isolated from
seawater sampled from the south coast of Norwar Késtiansand.

3.2 Endogenously synthesized (-)-proto-quercitol and glycine
betaine are principal compatible solutes of
Schizochytrium sp. strain S8 (ATCC20889) and three new
isolates of phylogenetically related thraustochytrids
(PaperI)

3.2.1 Classification of thraustochytrids

We investigated the taxonomy of the previously knoSezhizochytrium sp. strain S8
(ATCC 20889), and our four new isolates (T29, T8®6 and T67) based on 18S
ribosomal DNA phylogeny. Pair-wise comparison oé th8S ribosomal RNA gene
sequences of the strains S8, T65, T66 and T67 shtive¢ they are closely related (99%
identity), and that they belong to the previoussdibed thraustochytrid group 1 (61)
(see Figure 1 of Paper I). The strains formed atetuwith several previously known
strains such aSchizochytrium sp. strain N1-27 (52, 112), Thraustochytriidae spain
FJIN-10 (accession number AY773276) &futhizochytrium sp. strain KH105 (52) and
they displayed 89% identity witls. limacinum SR21 (84). These strains were later
reassigned téwrantiochytrium (see below).
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An earlier report (52) suggested the use of PUFHilps for taxonomic classification of
thraustochytrids. We therefore characterized th&€Aprofile of S8, T65, T66 and T67
and demonstrated that the strains displayed a sipngffile consisting of DHA (approx.
80%) and DPA, previously described as PUFA prafilee A (52), indicating a close
taxonomic relationship to strains KH105 and SR21).(%Ve furthermore observed that
strains with PUFA profile type A (DHA and DPA) amgpe B (DHA, DPA and EPA)
were scattered in the same phylogenetic branchiemdfore proposed that for taxonomic
purposes, strains with PUFA profiles type A ancetipshould be joined.

Due to the uncertainty of the genus-level clasaifon of Schizochytrium spp. and other
thraustochytrids, S8, T65, T66 and T67 were notgassl to any genus in Paper I.
However, a rearrangement of the gerSishizochytrium has recently been proposed,
erecting two new generdurantiochytrium and Oblongichytrium (131). The 18S
ribosomal DNA-based monophyletic group Afirantiochytrium now includes strains
KH105, N1-27, FIN-10 and SR21 which all are cledatives of S8, T65, T66 and T67.
Furthermore, the genusurantiochytrium is suggested to beharacterized by a PUFA
profile consisting of approximately 80% DHA (13Based on the results above, we
concluded that strain T66 (see Paper Il) and a6 T67, and S8 should be classified in
the genu®wurantiochytrium.

The 18S ribosomal RNA gene sequence of T29 andegubst pair-wise alignments with
those of previously known thraustochytrids demaistt 85% identity with the other four
strains characterized by us and an almost 100%itgeompared to the 18S ribosomal
RNA gene sequence dhraustochytrium aureum (ATCC 34304) (10, 44). The close
relationship between these two strains was aldectefl by their similar PUFA profile
consisting of DHA, DPA, AA and EPA. The PUFA prefibf T29 contained in addition a
small amount of eicosatrienoic acid (20:3 n-6).
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3.2.2 Identification of (-)-proto-quercitol and glycine betaine acting

as compatible solutes
Even though several salt tolerant strains of thomgytrids have been described
previously (22, 130), their main osmolyte systerasehremained unknown (see section
1.8.5). We showed th@&turantiochytrium sp. strain S8 (ATCC 20889) and the three new
isolates T65, T66 and T67 adapted well to definedlian of elevated osmotic strength.
Cell extracts of the osmotically stressed cellsenenalyzed qualitatively by NMRH
and *C). Two-dimensional’H-'H correlated spectroscopy showed two dominating
compounds. These were identified as glycine betamproto-quercitol based on the
obtained NMR spectra combined with literature deasnd accurate molecular mass
determination. Measurement of specific optical iotashowed that theroto-quercitol
species of strain T66 was levorotatory; that is-p(gto-quercitol (D-1,3,4/2,5-
cyclohexanepentol).

S8 and T66 displayed a nearly linear increasearcéllular content of the glycine betaine
and (-)proto-quercitol with increasing osmotic pressure. Thépresents the first
identification of the principal compatible solute$ thraustochytrids. Both organisms
accumulated about 5Q@mol (-)proto-quercitol and 10Qumol glycine betaine per gram
dry weight when stressed with 1.0 M NaCl (2.1 oskwt'), and (-)proto-quercitol was
shown to be the dominating solute at all NaCl caotregions tested (0.25 to 1.0 M).
Phosphatidylinositol and phosphatidylcholine harevipusly been detected in the related
organismA. limacinum SR21 (126) and we speculated thatp(9to-quercitol was
synthesized de novo frommyo-inositol (70, 111) and glycine betaine from chol#v,
102).

When this investigation started, @)eto-quercitol had previously been detected only in
eucalyptus (1, 74, 75) and no cyclohexanepentalsbie®n shown to act as compatible
solutes in any microorganism. Interestingly, at time of our discovery, an optically

inactive cyclohexanpentol species (1,3,5/2,4-cyekaimepentol) was reported to be a
compatible solute of the microalg&aviova (59), indicating that cyclohexanepentols in
fact represent a group of compatible solutes tisatused by several eukaryotic
microorganisms. It is noteworthy that Kobayashiakt(59) concluded that externally
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supplied myo-inositol was taken up by the cells but not incogbed into 1,3,5/2,4-
cyclohexanepentol.

T66 tolerated at least 2.0 M NacCl, but its doubltige increased considerably above
1 M NacCl (see Figure 5 of Paper I). The more galisgive isolate, T29 (a close relative
to T. aureum), did not accumulate (Hroto-quercitol or glycine betaine. This is in good
agreement with earlier reports on the failure tentify any Dragendorff-positive
guaternary ammonium compound such as glycine leetaifi aureum (123).

The results summarized above show that the osmatwle and the osmolyte systems
vary among thraustochytrids and that endogenousiyhesized (-proto-quercitol and
glycine betaine constitute a potent osmolyte sysammong the members of the genus
Aurantiochytrium.

3.3 Accumulation of docosahexaenoic acid-rich lipid in

thraustochytrid Aurantiochytrium sp. strain T66: Effects

of N and P starvation and O, limitation (Paper II)
Accumulation of storage lipid in oleaginous filameums fungi and yeasts is generally
induced by a nutrient imbalance in the culture med{(97). However, previous reports
have claimed that lipid accumulation in thraustdddg occurs at non-limiting conditions
in growth phase (41, 100). In this study, we caliiéd the strairhurantiochytrium sp.
T66 in high-cell density batch bioreactors in definglutamate and glycerol containing
medium with various medium limitations. While glyokat all times was fed in excess,
batch concentrations of FOand glutamate were varied in order to obtain PNor
starvation. At non-limiting @conditions, dissolved Qwas kept at 20% of saturation by
automatic control of the stirring rate, while; @mitation was introduced by manually
adjusting the stirring rate, thereby limiting theygen transfer rate.

3.3.1 Improved protocol for lipid extraction from thraustochytrids

To study the effects of nutrient limitations onidi@ccumulation, an accurate protocol for
lipid extraction from cells with a wide range ofili content was required. We initially
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used a modified Bligh and Dyer extraction protoal, 45), essentially as a previously
described version reported to give the highestdyief lipids from freeze-dried
thraustochytrids (21). However, we demonstrated thia protocol yielded incomplete
lipid extraction from freeze-dried T66 cells. Sirmecumulated lipids of thraustochytrid
strainA. limacinum SR21 are stored in lipid bodies (79), we suspeittatiproteins in the
lipid bodies represented the major reason forrhemplete extraction. We demonstrated
that heat and protease treatment prior to lipidaetion resulted in a complete extraction.
This treatment increased the yield of extracteili$iup to 2.5-fold for cells harvested in
exponential growth phase, while the yields fromated and untreated cells were
essentially the same for stationary phase cells high lipid content. Our new protocol
for lipid extraction from thraustochytrids may bgpecially important for determination
of lipid classes which requires complete lipid axtion.

3.3.2 N starvation induces lipid accumulation

We demonstrated that growth conditions can modulegdipid content and the fatty acid
composition ofAurantiochytrium sp. T66. The lipid content of the cells remained |
(13%) during exponential growth and increased t& 58 dry biomass after glutamate
exhaustion. Thus, T66 behaved as a typical oleagimucroorganism with respect to N
starvation. This result is in agreement with obatons that high C-to-N ratio of
complex growth media is required to obtain higheleMipid accumulation in
thraustochytrids (17, 22, 113, 126). The only PUfedected in T66 were DHA and DPA.
The maximum DHA content in the N starved cultures\@ag I*, achieved after 182 h of
cultivation at a dry biomass concentration of 90*gwhich to our knowledge is the
highest biomass concentration reported for thrabhstods in laboratory-scale
experiments.

3.3.3 O, limitation induces lipid accumulation and increases relative
PUFA-content

The lipid content of T66 increased from 13% to 38fary biomass after Qimitation
(dissolved @ below 1% of saturation) was introduced. Thus, wendnstrated that O
limitation per se induced lipid accumulation I@nitation strongly affected the fatty acid
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composition of T66 and was shown to be advantagému®UFA accumulation. The
relative content of DHA and DPA increased from 28l @% in growth phase, to 52 and
13% at Q limitation, respectively. Simultaneously; [Bnitation abolished accumulation
of monounsaturated C16 and C18 fatty acids. Thsruthinating effect of @limitation
indicated that © dependent desaturase(s) responsible for the producof
monounsaturated C16 and C18 fatty acids did nattiom under these conditions while
DHA and DPA both where synthesized by the PUFA Isgs¢, which is known to
function both in the presence and absence,d76).

To increase the total amount of DHA, we hypotheasitkat a combination of O
limitation and N starvation could bring togethee thigh lipid level of N starvation and
the high DHA level of @ limitaiton. By introducing @ limitation after glutamate was
exhausted we demonstrated our highest volumetmeeamdration and productivity of
DHA for strain T66, reaching 13.7 g DHA knd 93 mg DHA'T h, respectively. The
biomass concentration and the maximum lipid contétihe cells were about the same as
for the N starved culture, combined with a highelesf DHA, reaching 39% of the fatty
acids. Although it was not the primary aim of thiady to optimize DHA production, it is
noteworthy that the achieved DHA productivity apmbes some of the highest
previously reported DHA productivities, i.e., 138 it h™* for A. limacinum, (126), 115
mg I h* for S mangrovei Sk-02, (113)and 117 mg't h* for thraustochytrid strain 12B
(92).

3.3.4 Sequential P and N exhaustion induces lipid accumulation and
increases the relative content of PUFA
Sequential P and N starvation resulted in a maxintigpid content of 40% of dry
biomass. Compared with N starvation, an elevateB/Atontent was achieved (DHA,
40% and DPA, 16% of total fatty acids). As expectbe increase in the PUFA content
was not accompanied by a reduction of the amounhafiounsaturated C16 and C18
fatty acids as seen for,dimited cells (see above). We furthermore obseryed lipid
accumulation was induced from the time of phospldspletion (in the presence of
excess glutamate), demonstrating that P starvpgose induces lipid accumulation.

35



CONCLUDING REMARKS

4 CONCLUDING REMARKS

Work described in this study constituted the fregport on accumulation of compatible
solutes in thraustochytrids. (gjoto-Quercitol and glycine betaine comprise a potent
osmolyte system of four members of the geAusantiochytrium. Several other strains
within this genus have been reported to tolerateda range of salinities, and it may be
tempting to speculate that the osmotolerance l@vedlosmolyte system of species within
the Aurantiochytrium genus may be phenotypical characteristics of tamon value.
From an applied point-of-view, strains with highnasolerance is advantageous for
industrial fermentation processes, due to high dienpressure in the cultivation broth
caused by e.g., high substrate concentrations.

Work described in this thesis expands the currewkedge of lipid accumulation in
thraustochytridsAurantiochytrium sp. strain T66 displayed lipid accumulation priityar
in the post-exponential growth phase, initiated éather N- or P-starvation or ;O
limitation. In oleaginous eukaryotic microorganism starvation leads to activation of
AMP deaminase that reduces the cellular AMP lelkis leads to a cascade of reactions
that supply the cytoplasm with acetyl-CoA (seeisect.6.4). The mechanism for AMP
deaminase activation is unknown, but our findingdidate that the activation may be a
general stress or starvation response rather thaactvation to scavenge additional
ammonia ions as previously proposed.

Additionally, we demonstrated that the fatty acidfije of T66 could be modulated by
growth conditions resulting in a variation of DHArgent from 25 to 52% of total fatty
acids. The opportunity to strongly modulate theyfaicid profile is advantageous since
different applications of the oil may need differeamounts of DHA. @ limitation
increased the relative level of PUFA in T66, whit®nounsaturated fatty acids were
abolished, indicating that long-chain polyunsatdatatty acids of T66 are synthesized
by an Q-independent PUFA synthase, further implying thatli@itation represents a
simple experimental method for deciding the rodtBldFA synthesis in thraustochytrids.
Although it was not the primary aim of this studg optimize DHA and lipid
productivity, the maximum DHA-productivity obtainespproached the highest values
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previously reported for thraustochytrids. Thus,hwiiirther optimization of fermentation
conditions, T66 may be a good candidate for scaland commercialization.

An improved protocol for lipid extraction from dthraustochytrid cell mass involving
heat and protease treatment prior to extraction dea®loped. This method secures an
accurate total lipid determination from cells wittda wide range of lipid content, and may
be especially important for determination of ligithsses which require complete lipid
extraction.
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