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Abstract

There is a wealth of scientific evidence assowathe dietary intake of omega 3
long-chain polyunsaturated fatty acids with benafibealth properties. In this study,
alternative natural sources of these polyunsatdréttty acids are sought from novel
low temperature isolated fungi. Over 100 low tenapae isolated fungi were screened
for very long chain polyunsaturated fatty acids GRUFAS), such asdfgsn3 and G,
n3. Of those screened, only ten fungi were capabl§¥LCPUFA production, with
Mortierella the predominant VLCPUFA producing species. Foum§uete species
were also capable of VLCPUFA production. It is tgbu that only basal fungal
lineages, such as species from the Chytridiomyeoth Zygomycota, are capable of
VLCPUFA production. It was also found that VLCPUFA® not essential for growth
at low temperatures, a@enicillium rugulosum, capable of producing fatty acids no
longer or more unsaturated thags.€n3, demonstrated over 2 g of biomass per 100 mi
of broth when grown at 5°C. This indicates thatrdic fatty acids are sufficient for
maintaining membrane fluidity, although other fastomay play a role inP.
rugulosum's low temperature growth. Comparatively, VLCPUFArogucing
Mortierella species produced 200-250 mg of biomass, wheream#jerity of non-
VLCPUFA producing isolates produced 106-115 mg iofiass per 100 ml of broth.
The total lipid unsaturation indices of nine isektgrown under three temperature
regimes showed that the lowest growth temperat6f€, produced the highest
unsaturation index value in six of the organism&°Cl produced the highest
unsaturation index value in two of the isolatesisTduggests that temperature has an
effect on fungal lipid composition, and that lowemperatures may increase lipid
unsaturation levels. It was also found that #& elongase, initially identified from
Mortierella alpina, is indicative for VLCPUFA producing fungi. The rmgmmic
conserved sequence found withi® elongases was used to develop primer sets that
could be used with a PCR based methodology to isdreegal isolates for VLCPUFA
production. The method successfully identified VWA producingMortierella and
Allomyces species, and was not found to amplify noh- elongases. Finally,
recombinanPhaffia rhodozyma strains were developed using th® desaturase antb
elongase fromMortierella alpina. The fatty acid profiles of the recombinant stgain
displayed novel fatty acids such ag.€n6 and Go.3 n3, and putatively, g2 A5, 9 and
Cis:3A5, 9, 12 which correlated with the inserted genes.
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Nomenclature used

In regards to nomenclature of fatty acidgg @enotes an acid containing 20 carbons,
with Cyo:5 denoting an acid containing 20 carbon atoms adduble bonds. The and
n nomenclature of fatty acids are interchangeadtbpugh the n nomenclature is the
widely accepted standard to define the class @ittty ficid. When specific fatty acids
are stated, i.e. {g3n3, the n nomenclature will be used. Within the ky¢tUFA shall
refer to all polyunsaturated fatty acids, LCPUFAalshiefer to polyunsaturated fatty
acids containing up to 18 carbon atoms i.@s.s(h3. VLCPUFA shall refer to
polyunsaturated fatty acids containing 20 or greeaebon atoms i.e.fgsn3.

In regards to nomenclature of organisms, the falgveapitalisations will be used:
Ascomycota(Phylum)
ascomycetés (colloquial)
Basidiomycota(Phylum)
basidiomycetés (colloquial)
Chromista (Kingdom)
chromist/s (colloquial)
Chytridiomycota (Phylum)
chytrid /s (colloquial)
Oomycota (Phylum)
Oomycetes(Class)
Zygomycota (Phylum)

zygomycetegqwhilst this term is a Class name, it shall beduse a colloquial form of

Zygomycota, hence the use of a lowercase z)
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1 Introduction

A wealth of scientific evidence now exists linkihgalth benefits to the dietary intake
of polyunsaturated acids in the human diet to naandverall good health (Beardsell
al., 2002). The western diet has seen an increadeeitetels of saturated fatty acids
and trans-fatty acids, and a reduction in polyunsaturatettl facids (Bulliyya, 2002)
(Bateset al., 2010). More recently as the consumer has demahdtdr quality and
more nutritious foodstuffs, manufacturers have ceduthe content of saturated fatty
acids and replaced them with mono- and polyunsidifats. This drive to increase the
health “credentials” in food has meant that manuwi@rs are now including
polyunsaturated fatty acids, such as omega3n3) fatty acids in their products. In
addition to food, the market for polyunsaturates haslth supplements is rapidly
growing. Aquaculture is another area where polyturages are utilised to mimic the
feed available in the wild. The increasing demand folyunsaturated fatty acids
coupled with the currently declining fish stocksshasulted in the use of microbial
based sources. Microbial production of these silsat a new idea, as algal sources are
already available as alternative sources to fistu@manret al., 2007). Fungi are also
used to produce certain polyunsaturated oils, sagharachidonic acid. Further, the
isolation of fungi from cold environments such ks Antarctic could yield novel fatty
acid profiles from these organisms. Whilst the o&ry of w6/n6 fatty acids is
commercialy less attractive, the mechanism by whidy are produced and induced
would advance our understanding of VLCPUFA fornmatithin the fungi. The
discovery of VLCPUFAs within fungal species is Its® novel discovery in its own

right, as VLCPUFAs are a rarity among true fungi.

The aim of this work is to identify novel VLCPUFAdquucing fungi isolated from
low temperature environments as an alternativeceota the non-sustainable oily fish
and phototrophic algae. Low temperature isolatel$ g studied as it is thought
temperature plays a key role in microbial fattydacbmposition and as such the effects
of temperature on the fatty acid profiles of selaalates will also be studied. Finally,
a more efficient PCR based screen for VLCPUFA peoty fungi will be described
which saves time and solvent usage. A key elongaskescribed which allows the
detection of VLCPUFA producing fungi.
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1.1 Structure and nomenclature

Polyunsaturated fatty acids (PUFAS), such as tlieged in fish oils are becoming
widely recognised as having a positive impact om&o health (Ruxtoet al., 2005,
Tapieroet al., 2002). These health benefits have stimulatecballygagrowing market
for PUFAs as health supplements, additives and fieedquaculture. There are several
important polyunsaturates, which can be divided it n3 and the n6 families. The
long chain n3 polyunsaturates are found predomiyant fish oils, accumulated
through a diet of algae. The most important n3 P8RAth known nutraceutical
properties are eicosapentaenoic acith.§@3) and docosahexaenoic acid,,{&n6).
The other class, the n6s are typically found in tnaad can be synthesised by plants,
with notable fatty acids beinglinolenic acid, (Gs.:3 n6) and arachidonic acid, 46
n6). The polyunsaturated fatty acids are aliphdticg chain hydrocarbons, containing
greater than one carbon-carbon double bond. Theysurally 18 or more carbons long,
and the position of the first carbon-carbon dodied when counted from the methyl
end gives the fatty acid it®/n- nomenclature (figure 1-1). Therefore the fasuble
bond appears between carbons 3 and 4, countedtfrernerminal methyl group in an
n3 fatty acid, whilst the first double bond appelbetween carbons 6 and 7 in an n6
fatty acid. The naming schemes for elongases asatuises however are derived from
the carboxylic end and are given thenomenclature (figure 1-2). This indicates the
position of a double bond counting from the carthoxgnd. Hence, &17 desaturase
inserts a double bond between carbons 17 and 18 wahenting from the carboxylic
end. Go:s N3, when using the commakx nomenclature becomess-5, 8, 11, 14, 17-

eicosapentaenoic acid.
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Figure 1-1. Thew/n nomenclature of the fatty acids. The carbon adjeent to the functional
group is referred to as thew carbon, whilst the terminal methyl carbon is refered to as
the @ carbon. Counting from the » carbon, if a double bond is found between carboriz-4
then the n3 nomenclature is given. If a double bonis localised between carbons 6-7 then
the n6 nomenclature is given. The examples abovenfn top to bottom areal A (C 15.3n3),
EPA (Cy:5n3) and DHA (C,,6 n3) which are all n3 fatty acids. Next igLA (C 15.3 n6) and
ARA (C,.4n6) which are both n6 fatty acids. The majority offatty acids within the fungi
are in thecis configuration.

NS s TN NN
N = N = IS

1 5 8 11 14 17

Figure 1-2. TheA nomenclature of the fatty acids. This method coustfrom the carboxyl
carbon and is the preferred system for naming fattyacids. The example above is s n3
(cis- 5, 8, 11, 14, 17- eicosapentaenoic acid). In ttese of the desaturases and elongases,
the mode of action is usually referenced using thee nomenclature.

1.2 Therole of PUFASs in health and disease

Polyunsaturated fatty acids play a role in humaaltheprimarily due to their close
association with the signalling molecules the eacmsds. The word eicosanoid is
derived from the word eicosa- meaning twenty, drabimes as no surprise that two of
the major precursors to the eicosanoids aggs 63 and Go4 n6 (figure 1-3). The
production of eicosanoids is primarily found in qaex multi-cellular organisms to
instigate inflammatory and anti-inflammatory respes, with the membrane lipids
liberated by calcium regulated cytoplasmic phosiplaskes. Following physical or
receptor induced calcium influxes, phospholipasegrate to the phospholipid

membrane, whereby they cleave the acyl chainsarsti2 position (Clarkt al., 1991).
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Using Go.4 N6 as an example, the free fatty acids can beerte initially into two
products; leukotrienes, named after their threejugated double bonds, or the
prostaglandins, which are modified from the fattgida by the cyclisation and
subsequent formation of a 5 member ring. Prostagiancan then be further modified

by the appropriate synthases to prostacyclinsrontbhoxanes.

The eicosanoids are produced locally within thé eeérting their effects on the cell
that synthesised them and adjacent cells. Thisispposition to hormones where
production is usually at a localised site, usualithin an organ, and distribution occurs
throughout the body targeting various cell typeg.4@6 is predominantly linked to the
inflammatory pathway, with platelets and other cdglpes converting £.4 n6 to
thromboxanes, which have strong vasoconstrictiofecef and induce platelet
activation. In the leukocytes 6. n6 is converted to leukotrienes, which again exhib
strong vaso- broncho- constriction effects anddase endothelial permeability (De
Caterina & Basta, 2001). According to De Catemhal. Cy.5 n3 in the endothelia is
converted to prostaglandins, as iso&£ N6 with the derived compounds strong
vasodilators and platelet activation inhibitors,thwileukotriene and thromboxane

derivatives from Gy:5 N3 much weaker than those frorph&n6.

Other modes of action include products derived fidphA (C,o.3 N6), such as 15-
hydroxyDyLA, which inhibits lipoxygenases, in turn reducimgoduction of pro-
inflammatory Gp4 n6 based leukotrienes (Zurier, 1993).,.£ n3 regulating
cyclooxygenase transcriptionally and the role ef{h3 as a poor substrate fos,G n6
metabolising enzymes, which reduces the net guyawfiteicosanoid product (De
Caterina & Basta, 2001) are some of the ways tHannmmatory pathway is kept in
check. Fatty acids can also have a direct effeth Wo.3 N6 and Go.4 N6 inhibiting
interleukin-2 production (Santoli & Zurier, 1989} onditions that are thought to have
underlying inflammatory causes are rheumatoid gighmwith Cy.5s N3 and Gg.3 N6
supplementation shown to subjectively ease the itond(Belch et al., 1988),
inflammatory bowel disease with,§s n3 showing in several studies beneficial effects
(Belluzzi et al., 2000) and atherosclerosis, withg@n3 having been shown to increase
plaque stability resulting in decreased incidenfcelaque rupturing, possibly leading to
myocardial infarction (Cawooet al., 2010). It is therefore thought that many human
conditions are linked to eicosanoid biosynthesisictv directly stems from fatty acid
consumption and biosynthesis. The imbalance of fatids through the change in the

Western diet, specifically the increased intake nff, which can lead to the
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overproduction of eicosanoids from the precurs@claidonic acid, is one potential

mechanism.

Figure 1-3. The eicosanoids. The n6 fatty acid aratonic acid (Cyo.4 N6), is converted into
several eicosanoid classes which are generally thghi to be pro-inflammatory.
Arachidonic acid can be converted to the leukotrieas (LTA,) through
hydroperoxyeicosatetraenoic acid (HPETE) through tle action of a lipoxygenase.
Prostaglandins (PGH) are formed through the action of cyclooxygenas@lowed by
subsequent conversion to either the thromboxanes XA ,) or the prostacyclins (PG)).

The role diet plays in our health is profound, misticeably in Western societies,
with easy access to high calorie and high fat fotd$he case of lipids it is not just the
amount of lipid but the composition that is thougghbe affecting our health. Precursors
to the VLCPUFAs and their uptake from the diet daectly impact the biosynthesis of
VLCPUFAs. This in turn has an effect for example emosanoid biosynthesis,
although not all health related claims may be aasedt with eicosanoid formation. The
relationship between diet and health is more cormplean just fuelling eicosanoid
biosynthesis directly. As in most organisms, manmnafatty acid synthesis occurs
through a series of elongation and desaturatiopsstelowever, humans along with
other mammals lack the ability to desaturate;@9 further, and thus must obtaingG

n6 and Gg:z N3 from their diet (Burr & Burr, 1930). The fattyids synthesised by
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mammalian cells are predominantelys&s and are synthesised within the cytoplasm
(Leonardet al., 2004) utilising the fatty acid synthase (FAS) @bex, with Gg.o formed
within the endoplasmic reticulum (ER) and;gs€ formed through a subsequent
desaturation. The n3s and n6s are derived fromwbeaforementioned essential fatty
acids,a-linolenic acid (n3 synthesis) and linoleic aci® @ynthesis). These can then be
convertedin vivo into their long chain counter partsXg n3 and Go.4 N6 respectively.
The conversion of {g.3n3 to G, N3 however is inefficient (Ruxton & Reed, 2004) in
part due to two steps in the pathway. Firstly, lberaative Go.s n3 to G,.6 N3 synthesis
route in mammals exists, in whichh4gn3 undergoeg-oxidation to form G,n3 in a
process known as Sprecher’s shunt (Veisd., 1991). Secondly, g A6 desaturase is
required for both n3 and n6 pathways, for the cosiga of Gg.on6 to Gg.3n6 as well
as Gg:3n3 to Gg.4Nn3, with increased consumption of linoleic acidg£h6) resulting in
the n6 route taking precedence over the n3 pathmedycing the synthesis of n3
VLCPUFAs.

Therefore to counteract this lowered biosynthetadpction, n3 VLCPUFASs such as
Co0:5 N3 and Gy.6 N3 need to be contained in the diet either thrdogiification of food,
consumption of oily fish or diet supplementatiomthhe western world the ratio of n3:n6
contained within the diet is out of proportion, lwithe ratio being as low as 1:10
(Horrocks & Yeo, 1999), with the recommended r&igong 1:2.3 (Kris-Ethertost al .,
2000). This is quite clearly an issue, with fattyids such as linoleic acid {§, n6)
reducing the throughput of n3 biosynthesis andeasing the production of the n6
series, whilst direct consumption opgz N6 allows greater 5.4 N6 incorporation into
membranes followed by modification and utilisatidater as pro-inflammatory
eicosanoids. .4 N6 however does have commercial applications agpaaies such as
Martek, using the fungudortierella alpina have shown by producing this fatty acid for
infant replacement milk. However, agyGn6 can be produced within the body from the
more abundant precursors and is consumed in théraiie animal products, its value is
not as great as the n3 class VLCPUFAs. The ideatitin of fungal isolates capable of
Co0:4 N6 production would be useful as the genes redpentor the n6 VLCPUFA
biosynthesis would aid our understanding of VLCPUféAnation. The discovery of
C.0:4 N6 producing fungi would also be of interest taxmircally due to the lack of fungi
capable of producing this and other VLCPUFAs. Tfweethe commercial value of
C20:4 N6 is lower than that of the n3 VLCPUFAs.
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Polyunsaturated fatty acids, especially the longjrcin3 class have an integral role in
health due to their close association with inflartomaregulation. VLCPUFAs are also
associated with other health benefits, which maynidependent of the inflammatory
response. It has been shown that{h3 and Go.4 N6 are required for the development
of the infant brain (Horrocks & Yeo, 1999) and imfasight, and that the developing
brain is highly influenced by the fatty acids comad in the diet (Anderson, 1994).
VLCPUFAs consumed by the mother benefit the childewin utero and whilst
lactating. Therefore the mother should endeavoundrease her £ n3 intake whilst
lactating. However, after a certain point duringelepment, dietary fatty acids do not
significantly affect the grey matter fatty acid neakp, presumably due to the ability of
the organism to synthesise the VLCPUFAs, and duthéodecreased production of
neurones. Studies suggest infants fed on an omegp@emented diet, of which breast
milk is a key source of £, n3 (Helland & Saarem, 1998), have a higher 1Q tihase
fed on a G,.¢ n3-deficient diet (Helland & Smith, 2003). It hasen found that children
suffering from conditions such as attention-defigyperactivity disorder (ADHD) and
dyslexia and adults suffering from depression havelower concentration of
VLCPUFAs in their tissues (Ruxton & Reed, 2004)pflementing the diet of children
suffering from dyslexia has in some cases been showhelp alleviate the symptoms
(Stordy, 2000). Supplementation with,2G N3 may also help in the treatment of
conditions such as ADHD (Richardson, 2004), cyfbimsis and depression (Nemets &
Stahl, 2002).

It has been shown that consumption of oily fistst fobserved in populations whose
diet contain primarily fish, which are rich in n8specially G,.6 N3 and Go.5 N3 benefit
from a lower incidence of chronic heart disease disgdlay lower serum triacylglycerol
(TAG) and cholesterol levels (Simopoulos, 2002) dmak increased levels of high-
density lipoprotein (HDL) cholesterol and a highatio to low-density lipoprotein
(LDL) may be partially responsible (Bulliyya, 2008)ther factors thought to be jointly
responsible for chronic heart disease, of which@PUFAs are thought beneficial, is
the lowering of blood TAG levels (Simopoulos, 200R)wering chemoattractants
(Sperlinget al., 1993), growth factors (Baumamhal., 1999) and adhesion molecules
in the elderly (Mileset al., 2001). n3 VLCPUFAs are also thought to have anti-
arrhythmic effects (Calder, 2004). Coupled with tpeeviously mentioned anti-
inflammatory effects of n3 VLCPUFASs, arteriosclasoss slowed or prevented,
reducing the incidence of chronic heart diseaséoi@d by death by myocardial
infarction or stroke caused by thrombosis (Mclengaiowe, 1996). However, the



Chapter 1 24
benefits of fish oils may be reversed, if consuniedarge enough quantities by
pollutants such as mercury, which may negate thextsfof VLCPUFAs (Rissanen &
Voutilainen, 2000). It is now recommended to consu@ss n6, and increase n3 through
an estimated weekly intake of 2-4 portions of fisér week for non-pregnant and
lactating women (FSA, 2004), which constitutes ab®.45-0.9 g & N3 per day.
Cx26 N3 has also been shown to correlate with a reslucin the incidence of
Alzheimer’s disease by up to 60%, by the regularscoption of oily fish or €. n3
supplements (Morris & Evans, 2003). It can be st®t these fatty acids have a
profound role on our health and that increased wopsion of n3 fatty acids through

natural or enriched foods may help reduce andialiecertain conditions.

1.3 Introduction to fungi

Man’s exploitation of fungi dates back thousandsyefrs with the process of
fermentation yielding ethanol and gQitilised in baking and brewing. The most direct
application of the fungi has been as a food souatthough many are harmful to
humans when consumed due to the presence of myestokhe fungal kingdom has
provided us with a wealth of compounds, with Flegrsndiscovery of antibiotics
initially from the genudenicillium propelling medical science forward in the treatmen
of bacterial infection. Other compounds of use udel fatty acids, carotenoids
(Frengova & Beshkova, 2009) and organic acids sisctitric acid (Traret al., 1998),
and cholesterol-lowering statins (Manzoni & RolligD02). Other uses of fungi include
the production of specialist cheeses such as Caeremising the specidenicillium
camemberti, the use of organisms suchTaschoderma sp. as biocontrol agents (Viniale
& Marra, 2006), plant growth enhancers (Naseby &dbal, 2000) and a source of
enzymes (Chand & Aruna, 2005). The wealth of enzymikich can be obtained from
fungi is large and diverse, ranging from amylaseljutase, proteases and lipases.
Enzymes involved in the degradation of insect émitiwalls, as found in the fungus
Metarhizium anisopliae are a key component in its insecticidal role (Sreital., 2001),
which is now used to control locusts. The enzymelfitdoes not directly kill the insect,
rather the colonisation of the host insect by tbhegfis. Therefore fungi as insect
biocontrol agents have been studied to protectcalipral crops from herbivorous
insects. The Entomophthorales are one of the modiesl fungal classes in regards to
insect biocontrol, with fungi such d@ntomophthora and Zoophthora pathogens of
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gypsy moths and alfafa aphids for example, whiddfen oak trees and legume plants
respectively (Shah & Pell, 2003).

It is estimated that there are around 1.5 millioiffecent species of fungi
(Hawksworth, 2001) although this estimate is covetre, with figures ranging up to
several million species. Many of these are classifis saprotrophs, which utilise dead
organic matter as a nutrient source, which is degesxtracellularly. Others parasitise
plants and animals, with fungi forming the majornitfyplant infections with organisms
from the genudluccinia and clasdJstilaginomycete causing common plant diseases,
which are commonly known as rusts and smuts reispéct In fungi, the vegetative
cells which propagate throughout the substratecgoare referred to as hyphae, which
increase the surface area by which secreted digestnizymes may act upon the
complex substrate followed by the subsequent abisarpf the digested material. It is
these hyphae which form the visible mycelium, tressof fibrous cells which usually
permeate into the growth substrate. The hyphalveall is composed of chitin with the
hypha itself composed of multiple cells. With theception of the zygomycetes, the
hyphal cells are divided by septa which allow tragBular movement of nutrients and
organelles through multiple pores present in tigasélhe hyphae elongate from the tip
through the polymerisation of the cell wall preaursas well as the expansion of the
cell membrane. With respect to reproduction, furag propagate though two modes of
reproduction; the asexual form (anamorph), or thaual form (teleomorph). The spore
forming structures and the spores themselves aiksedt to morphologically
characterise the species. A brief overview of gacylum will be given. According to
the dictionary of the fungi (Kirlet al., 2008), the Kingdom fungi is split into six phyla;
Chytridiomycota, Glomeromycota, Microsporidia, Zyggcota, Ascomycota and
Basidiomycota of which the last two are sometimassified within the sub-Kingdom
Dikarya. The Microsporidia are specialised orgamsismhich were once classified as
protozoa and are largely parasitic. As they werteshadied in the work, they shall not

be described further.

1.3.1 Oomycota

The Oomycetes are classified within the Chromista dave several differing
biochemical pathways compared with the fungi, haavebefore detailed molecular
analysis, species from the Oomycota were classiiad fungi due to similar
morphological features (Kendrick, 2001). Organisnsich as the genus
Thraustochytrium whilst residing in the Chromista under the phykbyrinthista were
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not classified by Kendrick and the majority of athas fungi however. The Oomycota
are differentiated from the fungi as they contatiutose in their cell wall as opposed to
chitin, and are diploid as oppose to haploid d@eascase with most fungi. Like chytrids,
the Oomycetes have coenocytic hyphae and prodsmomangium (Linket al.). The
Oomycota are also known to be parasitic with thfanmous Phytophthora infestans
causing the Irish potato famine a8aprolegnia species causing saprolegniasis in fish.
The Oomycota produce flagellate zoospores simildhé chytrids and are also capable
of VLCPUFA production withSaprolegnia and Pythium species capable of producing
up to Go:s n3.

1.3.2 Chytridiomycota

The Chytridiomycota are thought to be the ancestbtie other phyla of terrestrial
fungi (Jamest al., 2006) (figure 1-4), and are found to be the pneidant species in
the Devonian period along with the zygomycetes (dra& Taylor, 1997). One of the
defining features of these organisms is the prodnadf motile zoospores which are
flagellate, which allow the organism to sexuallpnauce in the aqueous environment
in which they are predominantly found. In some anses they have been known to
infect hosts such as amphibians, which has beemdfte be the case with the chytrid
Batrachochytrium dendrobatidis (Bergeret al., 1998). The fact that these organisms
posses flagella alludes to the fact that the nigjofithese organisms spend a portion of
their life cycle in an agueous environment, whiaglggests that these organisms predate
the terrestrial fungi. The Chytridiomycota unlikbet other phyla of fungi do not
produce hyphae, but produce supportive structuededc rhizoids, which may be
extensive enough to be called a rhizomycelium (Kiekd2001). This in turn supports
the differentiated sporangia, which produce theldidpor diploid zoospores. The
Chytridiomycota are also known for producing loriiain polyunsaturated fatty acids,
producing up to &.4n6 fromAllomyces, as discussed later.

1.3.3 Zygomycota

The zygomycetes are thought to be the closesiwvesabf the Chytridioycota (James
et al., 2006, van de Peeat al., 1993). This is due to molecular data as well as
morphological similarities such as the presence spbrangia in chytrids and
zygomycetes as well as zygomycetes being coeno@@tonnellet al., 2001). The
Zygomycota can reproduce both sexually and asexuéih the asexual form the most
prevalent form of reproduction. In this form of reguction, the hyphae bearing the



Chapter 1 27
reproductive structure are called sporangiophoris thie spore producing structures
called mitosporangia from which are produced halp$piores called mitospores. Sexual
reproduction occurs through the fusion of two cotitgh@ hyphae as well as the nuclei,
which in turn produce gametangia. This then matumes a diploid zygosporangium
which under goes meiosis returning the cells toapldid state. Germination of the
zygosporangium results in the formation of a mitwapgium containing haploid spores
formed through mitosis (Kendrick, 2001). It is alsmown that some of the organisms
residing in the Zygomycota, such Ertierella can produce VLCPUFAS up t0ox63
n3. Some Zygomycota infect insects, other fungi a@matodes, as well as colonising

mammal dung.

1.3.4 Glomeromycota

Species within the Glomeromycota were formerly fbumithin the Zygomycota,
however have relatively recently, been elevated ®hylum. It was shown that those
species found within the Glomeromycota were in fachophyletic and are thought to
share common ancestry with the Dikarya, as opptsd¢kde Zygomycota (Sclifler et
al., 2001). Species from within the Glomeromycota predominantly arbuscular
mycorrhizal fungi. The fungi form a symbiotic retatship with vascular plants to
obtain macronutrients such as carbohydrates, wthstplant benefits from labilised
phosphate ions (Helgason & Fitter, 2009). Fungnfithis Phylum typically inhabit soll
and form close associations with plant roots. Tigeyerally reproduce asexually,
producing chlamydospores at hyphal tips. Like thgafnycota however, they are

predominantly coenocytic.

1.3.5 Ascomycota and Basidiomycota; the sub-Kingdom Dikarya

The Dikaryomycota contain two phyla, the Ascomycata the Basidiomycota. The
term Dikaryomycota comes from the fact that botkl@liproduce dikaryotes, which is a
cell containing two individual haploid nuclei. Ing Ascomycota this occurs through the
fusion of two compatible haploid hyphae in a preceslled anastomosis. This produces
a diploid dikaryotic zygote which then produces mdiploid dikaryotic hyphae. After
the hyphae have reached specific positions theragpauclei fuse and meiosis occurs,
leading to the formation of ascospores within theua. The asci may also be contained
within an ascocarp, a fruiting body sometimes disgic of the species. A round of
mitosis then occurs within the ascus leading toftmmation of around eight spores,
which are haploid (Deacon, 1997). The spores aea,tin a large proportion of
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Ascomycota ejected from the top of the ascus dt Bpged, also leading to the ejection
from the ascocarp. In the Basidiomycota the segpafe forming structure is called the
basidium with the meiotically formed haploid sporeterred to as basidiospores (Kirk
et al., 2008). The sexual form of propagation in the Basnycota is similar to that of
the Ascomycota, however after the merging of theleitand the subsequent meiosis
only four basidiospores are formed as opposedgiut @scospores which occurs due to
the extra round of mitosis in ascomycetes. Alsaait, ascospores are found inside the
ascus as opposed to basidiospores which migratkete@xterior of the basidia. The
spores of the anamorphic phase of the Ascomycoga catled conidia and are
mitospores, in reference to their mitotic origirhel'spores themselves are produced
from hyphal cells and the aggregation of sporesacaur on a conidiophore, a hyphal
cell which supports the spores. The spores maylssenclosed in a conidioma which
typically occurs within a host plant. The Dikaryarnia also constitute the vast
majority of extant fungal species, with 64000 spsanithin the Ascomycota known
(Kirk et al., 2008).

Protozoa

Common ancestor

| !

Fungi Animalia Chromista

A 4

Chytridiomycota

A4

Oomycota

— Current Phyla

___, Proposed Evolution of the Fungi

Figure 1-4. The proposed evolution of the fungi frm a common ancestofCarr & Baldauf,
2011, Cavalier-Smith, 2009 he fungi are thought to have evolved from the pmarily
aquatic Chytridiomycota, losing their flagella to kecome terrestrial Zygomycota followed
by morphological and biochemical adaptations to bemme the Dikarya. The fungi are also
thought to be more closely related to the Animalighan the Plantae.

1.3.6 The role of PUFAs within the fungi
In regard to the role PUFAs play within fungi itbslieved that one of their functions
may be the maintenance of membrane fluidity in oasp to temperature. This is

because these PUFAs are usually incorporated imtmsgholipids. Due to their
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amphipathic properties they form the cell and ogfjarmembranes, with the fluidity of
the membrane regulated by the attached fatty atmisg chain, saturated fatty acids
have a higher melting point than shorter chainrased fatty acids due to the greater
interaction experienced by the larger carbon chainvgo forms of interaction are
present within the membrane, adjacent fatty adieraction and overlapping fatty acid
interaction. Adjacent interaction occurs betweettyfacids next to one another in the
membrane, with long saturated chains providing nieximum area for interaction.
Overlapping interaction occurs between fatty actiached to opposing sides of the
membrane with interaction occurring across a pribgorof the carbon chain. A long
saturated chain, as oppose to a shorter chaingxpérience greater interaction due to
increased overlap with opposite chains. Interactuith adjacent chains also increases
due to the greater charge separation experiencddngger acyl chains, resulting in a
higher melting point. This increases order withiie inembrane creating a more rigid
structure (Mykytczuket al., 2007). The introduction afis double bonds leads to the
disruption of membrane fatty acid organisation aesults in a less ordered system.
This occurs because of the natureisfdouble bonds, as they add a “kink” to the chain.
Each double bond in effect changes the directiath@tthain in essence curving it. This
leads to less interaction with neighbouring chadoe to the multitude of different
shaped chains in the membrane, which in turn lowersmelting point. This system of
altering the melting point of the fatty acids iskay aspect to the maintenance of

membrane fluidity during cold conditions.

Several studies seem to indicate that lower teny@s do indeed induce the
formation of a more unsaturated membrane. Maimgimembrane fluidity is essential
for organisms such as bacteria (Waallaal., 1990), algae and for the more complex
fungi, as well as plants as demonstratedAbgbidopsis (Miquel et al., 1993), which
demonstrated low temperature induction and the exptent transcription of a n3
desaturase at 20°C growth (Gibsenal., 1994). Even mammals, whilst capable of
maintaining a constant core temperature demondeteeased melting points of fats in
tissues which are more exposed, such as snoutbawks (Irvinget al., 1957). The
fluidity of the membrane is essential for processesh as endo- and exo-cytosis, the
formation of vesicles, the turnover of the phosghd$, the movement of protein
receptors as well as enzyme activity (Sandermanst@minger, 1972) and their
stabilisation (Dowhan, 1997) as well as conferrangertain amount of flexibility and
tolerance to physical and osmotic strains. Theegforganisms without the ability to
regulate their temperature would need a mechanisavhich their membrane fluidity
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could be controlled when external temperatures fdiis is why organisms isolated
from cold locations, such as the Antarctic, areugid to be more likely to produce
PUFAs. In the subsequently discussed studies, Iogethe growth temperature
generally results in an increase in fatty acid turséion, and it is thought that
organisms adapted to live in temperatures beloezing will display fatty acids with a

greater degree of unsaturation, which allow thesutwive the harsh climate.

Fungi from the Antarctic are relatively unstudiasith little work having been
published on profiling large numbers of fungi fréne region. When organisms such as
bacteria were isolated and screened from the Atitarnany were wrongly classified to
the species level and grouped with known speciggn ehough they exhibited
VLCPUFA production when other species in the gedigsnot. This led to the re-
classification of these organisms, with the discgpwef new species within the genus
(Nichols et al., 1999). In these bacteria, VLCPUFAs such agsG3 (Nichols &
Nichols, 1993) and £ n3 were observed. Those organisms isolated from lo
temperature environments which survive in cold abies are usually designated
psychrophilic, i.e. cold loving and therefore hagewth maxima <15°C, whereas
psychrotolerant organism have the ability to graw<a5°C, however their growth
maximum is usually >20°C (Robinson, 2001). In relgar other bacterial studies, when
subjected to a temperature change of 42°C to 24&Ccoli responded with the
desaturation of the fatty acids in the membran&iwiB0 seconds, with an increase in
cisvaccenic acid (.1 All) (Garwin & Cronan, 1980). The mesophilic bacteri
Arthobacter when exposed to cold stress with a decrease ipasture from 37°C to
2°C increased unsaturated fatty acids by 19% (irfgeret al., 1998).

Several studies have shown the effects of temperatufatty acid profiles. In certain
bacteria such ad.isteria monocytogenes, low temperature growth promotes the
formation of anteiso-¢.o (Annouset al., 1997), a branched chain saturated fatty acid,
as well as the formation of short chain saturat&swyever, increases in unsaturation
levels were negligible. Fungal culture temperat@negperiments have also been
conducted. Three Antarctic fungal isolates wergestibd to two culture conditions at 5
and 15°C (Weinsteiret al., 2000). It was found for all three organisntfymicola
marvinii, Geomyces pannorum andMortierella elongata that when grown at the lowest
temperature of 5°C, the most unsaturated fatty, &Bigls N3 or Go.5n3 in the case of
Mortierella were produced at the highest levels. It was alsod, withMortierella that

the second most highly unsaturated fatty acigh,@6 had the highest abundance at
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15°C. The unsaturation indices for b&komyces and theHumicola showed increasing
unsaturation with the decrease in temperature @dfind/ortierella showed a small
counter trend, experiencing slightly greater unsditon at 15°C. The explanation for
this was the increased levels of trehalose at 5hitlwacted to maintain separation
between polar head groups, and maintain the steictd the membrane during
desiccation or freezing events. At the other endhef spectrum, thermophilic fungi
when compared to their mesophilic counterparts chestnated a lack of {g.3n3/n6 in a
majority of cases (Mummet al., 1971). Whilst not all the mesophiles demonstraled
capability to produce the trienoic fatty acids, tthords were able to produce LCPUFAS
whilst only 28% of thermophiles demonstrated thapability. When the unsaturation
levels were studied, it was found that the meseghilemonstrated unsaturation indices
in the region of 1.01-1.61 for polar lipids, whildtermophiles showed consistently
lower indices in the range of 0.75-1.04, with higlesaturation indices representing
greater levels of unsaturation. Neutral lipids witgcally found to be more saturated
than the corresponding polar fraction, althoughesavexceptions were noted. In
general the neutral fraction was also more unstadnaithin the mesophiles than in the
thermophiles. However, the study used only one grdemperature for the mesophiles,
and a higher temperature for thermophiles. Thisnwdhat direct comparison of the
unsaturation indices is misleading as the profdéshermophiles may become more
unsaturated as the temperature is lowered. Intif@ctmophiles may not grow at all in
colder temperatures, in part due to their inabitbymodify their fatty acid profile

sufficiently.

Several exponentially growing fungi were studied relation to the effect of
temperature on the total fatty acid profile (Suvytd®95). The temperature range used
was 10-35°C. For one of the organisrsnicillium chrysogenum, the lowest culture
temperature of 10°C produced the greatest abundainCes.3 (class not known), with
Aspergillus niger showing elevated levels at 15°Trichoderma reesei showed that
20°C culture produced the highest levels ef.4£-whilst Neurospora crassa produced
the largest quantity at 20°C. Unsaturation levetsndnstrated a large degree of
variance, withA. niger having the highest unsaturation levels at 15°Q, dsapping
suddenly with the lowest unsaturation at 10PCchrysogenum almost demonstrated a
bell shaped curve for unsaturation index when @tbtigainst culture temperature, with
20°C growth yielding the greatest unsaturatibnreesei demonstrated a similar trend,
with a gradual rise in unsaturation from 10 to 2@ftGwth, with the fatty acid profile
reaching its maximum unsaturation level at 26°CJo¥eed by a sharp drop in
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unsaturation levels when grown at 30 and 35°C. Ikin&l. crassa demonstrated a
relatively constant unsaturation index regardlebdemperature. All the organisms
studied however were mesophilic, with none dematisty optimal growth below
20°C. The fact that none of the organisms demaestridne greatest unsaturation index
at 10°C would imply that the organisms are incapaiblunsaturation levels beyond that
observed at warmer culture temperatures. This neggiply be due to low temperature
inactivation of enzymes. Therefore if we assume tm@sophiles exposed to low
temperature are not adapted sufficiently in othheas, such as protein function at low
temperature, we can see that the organisms thabrddrate optimal growth at
temperatures in the region of 20-35°C demonstnateeased unsaturation when the
culture temperature is lowered from 35°C to 20°@wdver, at temperatures below
20°C the organisms seem unable to grow in an optimanner, with substantially

decreased growth rates and declining unsaturagiceld.

Whilst little fatty acid profiling of fungi fromAntarctica has been carried out,
studies looking at lowering growth temperaturesnafsophiles to increase VLCPUFA
production, lead to the belief that low temperatureduce desaturation. The species
Mortierella verticillata produces &5 N3 at around 7.7% TFA (Shinmen & Shimizu,
1989) as well as othédortierella species, which produced lesser amounts. The sesult
also showed that culture at the lower temperattil??C induced the formation of,6:
n3, at the expense of,§4 n6. This gives an indication that lower temperesunduce
the formation of VLCPUFAsMortierella alpina was found to produce 1.88g/l obds
n3 (Shimizu & Kawashima, 1989), and it was suggesiat two routes were used to
accumulate gps n3. The first was the conversion oboG N6 to Go.s N3 when the
culture was incubated at low temperatures and #wrgl route was through the
supplementation of a precursor tgpen3, such as fg:3 n3. By combining both these

routes it was speculated that thg.£n3 yield would increase.

The response to cold is an attempt to retain thidify of the organism’s membrane
with the mechanism explored by Mikamtial. (Mikami & Murata, 2003). Whilst the
mechanism for this response was studied in a pyokar the general principle of
modifying the membrane to maintain fluidity stiblds true. The author suggested that
desaturases are switched on at low temperaturdghahdecreasing temperatures do in
fact cause the membrane to rigidify, as shown bwriEo transform infrared
spectroscopy (FTIR). It was also shown that deatitig desaturases resulted in

increased rigidification, with the FTIR frequencyodping considerably, demonstrating
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the need for PUFAs during cold conditions. This waswn for the cyanobacterium
Synechocystis, although similar principles are likely to affeftingi as well. Another
point noted by Mikamet al. is that whilst cold temperatures increased unstturaf
the lipids in the membrane, fatty acid synthesisref@sed. This is possibly to stop the
introduction of saturated fatty acids into the meanie, as well as the possibility of the
cell being metabolically less active at low tempems. It was also shown how
influential temperature is on membrane fluidityttwseveral examples of reduction in
the external temperature leading to the rigidifaratof the membrane, with the reverse
occurring during temperature increases. It is thougat the cold may not directly
influence the fatty acid profile, but rather thgidity of the membrane, through the
decrease in temperature. Again, Mikagnal. mentions that once a fluidity equilibrium
is reached, that is, the membrane reaches an aptiitnidity, the genes transcribing the
desaturases become down regulated or cease t@rszribed. Therefore this would
indicate that the membrane itself contains some ofagietecting fluidity or rigidity.
The studies by Mikami also show there to be a prptdik33 (histidine kinase 33) that
regulates desaturation of the membrane. This ism@simembrane protein which is
speculated to respond to the change in membraidityltand regulate several cold
induced proteins by dimerising during the rigidifion of the membrane. This
dimerisation would lead to a phosphorylation reactwhich in turn would instigate a
signal cascade, initiating the transcription ofdcshock genes, such as desaturases. This
again is found in bacteria, although a similar htwmgand mechanism may be present

in fungi.
1.3.7 Fatty acid biosynthesis within the fungi

1.3.7.1 Elongation

Fatty acid biosynthesis is a highly conserved mscm terms of the reactions
involved. The specific enzymes vary between proéi@®y and eukaryotes, however
their functions remain similar. The process ofyfaitid biosynthesis occurs via two sets
of reactions, elongation and desaturation. Thegaton process up toi6xis referred
to as fatty acid synthesis, whilst the process dhatgates fatty acids after this point is
referred to asle novo elongation. The process of fatty acid synthesisaisied out by
the fatty acid synthase complex, whilst elongai®iarried out by specific elongases.
Fatty acid synthesis in fungi occurs within theopfasm whilst fatty acid elongation

occurs on the endoplasmic reticulum (Jakobs#a., 2006). The fatty acid synthesis
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pathway is shown in figure 1-5. During the elongatprocess the acyl chain to be
elongated is combined with a malonyl subunig)(@ a condensation reaction. This
subunit is added to the carboxyl end of the grovangl chain through the action of
either thef-ketoacyl synthase domain or an elongase. Followhiggis a reduction step
followed by a decarboxylation step, which remove®,.CA final reduction step
completes the elongation of the chain by two casbdmore specifically, in fatty acid
synthesis the acetyl-CoA and malonyl-CoA both kimdhe acyl carrier protein (ACP)
domain of the FAS complex forming thioester bora#hough the acetyl/acyl chain
attaches to th@-ketoacyl synthase subunit once the malonyl-CoAcatts to the ACP
domain. This allows both acyl chains to be attadioeitie FAS complex permitting the
condensation reaction to occur, which results m doyl group being attached to the
malonyl group, with the release of @@t this point the elongated chain is attached to
the ACP domain, although during the next roundlohgation the growing chain will
again be transferred to thgketoacyl synthase arm. The fatty acidesfis the
predominant product of fatty acid synthesis, butrsr chain FAs such as;£ and
Ci4.0 may be released from the FAS complex but requinerean acyl-transferase or an
acyl-ACP-thioesterase (Bonaventetal., 2003).

Unlike fatty acid synthesis whereby the reactioreslacalised to the FAS complex,
fatty acid elongation involves four independentyenes not associated as a complex,
which are associated with the ER membrane andei@cyl-CoA substrates exclusively
(Ohnoet al. 2010), (Domerguet al., 2003). The elongation after fatty acid synthésis
shown in Figure 1-8. When referring to elongasess iimportant to note that the
condensing enzyme, or tigeketoacyl CoA, the enzyme responsible for the nmeygif
the acyl chain and the malonyl-CoA is in scientifierature referred to as the elongase.
This is because the condensing enzyme is the stdspecific step, recognising the
chain length as well as the number and positiodaafble bonds, and is also the rate
limiting step (Venegas-Calerést al., 2010). The other three components, when
recombinant technology is utilised, are not cloffiesn the target organism and are
produced endogenously by the host cell and can letenghe further elongation steps
regardless of the condensing enzyme used. It has foeind that engineering non-
endogenous elongases (condensing enzymes onlyimdars (Parker-Barnest al.,
2000) and dissimilar (Paset al., 2006) classes leads to the initial condensatation
carried out by the cloned elongase being finishethb native complement of enzymes
within the ER. Therefore it is believed that difat elongases are synonymous with

different condensing enzymes.
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Figure 1-5. The fatty acid synthase pathway whictsiresponsible for generating fatty acids up to (.o. The FAS complex is capable of catalysing all four
reactions; condensation, reduction, dehydration andeduction. The FAS complex is found within the cyaplasm and binds to the acyl substrates using an
acyl carrier protein (ACP). The elongation itself alds two carbons to the acyl chain at the carboxylre with the two carbons taken from malonyl-CoA.
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As mentioned earlier there are different classesl@igases. In fungi and mammals,
the ELO class of elongase is used, found first iwitthe yeastSaccharomyces
cerevisiae, whilst in plants the FAE class of elongases isspnt. The ELO class of
elongases are also present in plants, althougRAleclass is not found within fungi or
mammals. In yeast there have been several elongdsesfied, ELO1, ELO2 and
ELOS. It is found thaBGaccharomyces cerevisiae produces mainly saturated fatty acids
up to Gg:o with the longest unsaturated fatty acid beingi@&s produced by the strain
used by Paukt al. (Paulet al., 2006). This work concluded that the elongase ELO1
elongates €. to Cis that ELO2 elongates sequentiallys@ to G although
elongation to @40 was possible and that ELO3 elongates again seaillgn@yo.o to
Cx0 It has also been shown that ELO2 and ELO3 camgel® the respective
monounsaturated fatty acids as well (@hal., 1997). Structurally the ELO class
contains 5-7 trans-membrane domains, a conserv&tlihe motif (Pereiraet al.,
2004, Taret al., 2011), with the amino acid sequence F-L-H-V-Y-Hds well as an ER
retrieval motif (Jakobssoet al., 2006). This is in contrast to the evolutionadigtinct
FAE class, which contain 1-2 transmembrane dom@lnsbéset al., 2008), do not
contain the conserved histadine motif, but ratheatalytic triad of amino acids and are
are around 500 amino acids long, compared withrat@00 amino acids for the ELO
class (Venegas-Calercat al., 2010). The review by Leonard al. (Leonardet al.,
2004) states the majority of ELO class elongasssodiered so far and it can be seen

that the majority of the characterised elongasesamd within the mammals.

Within fungi, only the yeast ELO andlortierella vy linolenic acid elongase
(GLELO), Mortierella alpina elongase (MAELO) andMortierella alpina long chain
elongase (MALCE1l) have been characterised, althotigh A6 elongase in
Conidiobolus obscurus has been recently elucidated (Teral., 2011). The yeast ELOs
and their function have been described previoubklygh it would seem likely that the
majority of fungi contain similar homologs for thpeoduction of Gg,4Saturates and
monounsaturates. The ELO1 elongase’s main roleaapp® complement the FAS
complex by elongating fatty acids greater than®aas to Gs.q, Wwhich the FAS cannot
utilise (Dittrich et al., 1998). ELO2 as well as the functionally simildorgase
MALCEL1 from Mortierella alpina carry out the predominant formation ofsG though
both elongases have been shown to act on longaatad fatty acids producing up to

Ca00 and Gy from MALCE1 and ELO2 respectivelygs well as their equivalent
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monounsaturated fatty acids (Sakuradetnal., 2008). MAELO appears functionally
equivalent to ELO3 as both catalyse the elongatiosaturated fatty acids up tods
(Sakuradanet al., 2008). The final rare elongase found within fursga A6 elongase
named GLELO characterised by Parker-Bareiest. (Parker-Barnest al., 2000). This
elongase predominantly catalyseg.£n6 and STA from the 18 carbon precursors to

C20:3n6 and Gp.4n3 respectively.

The Thraustochytriaceae, which comprise of orgasisapable of producing,g:s n3
and G2.s n3 have been found not to follow the same mechamwisfatty acid synthesis.
Polyketide synthesis, which is a bacterial, fur@miwell as a chromist process for the
production of secondary metabolites can also bd tmethe production of fatty acids.
The process is outlined in Figure 1-6. The proadsssimilar to that of fatty acid
synthesis, namely the addition of the acetyl amdntlalonyl subunits. However, instead
of removing the double bond from the intermediatesy are isomerised and the chain
continues to grow with the double bond intact (Bdgle, 2004). This process is then
speculated to continue with more double bonds bémmmed and isomerised. The
process takes place on a polyketide synthase,asittul the fatty acid synthase in as
much as they are both polypeptides containing mialtdomains with enzymatic

activity.
1.3.7.2 Desaturation

The other major modification of fatty acids is desation, the process of introducing
double bonds into the chemical structure of thg/fatid through an oxidative process,
involving an electron transfer system. The combiraction of elongases and
desaturases results in the biosynthesis of thedbam unsaturated fatty acids as shown
in Figure 1-8. There are two types of desaturaselsible and membrane associated
with three substrate specificities; acyl-ACP, aCgA and acyl-glycerolipid (Pereirgt
al., 2003). Soluble desaturases can be found witlaistipls in plants, which catalyse the
first desaturation to £g; (Shanklin & Cahoon, 1998). Membrane bound desatsras
then further desaturate FAs within the plastidplants (Gibsoret al., 1994), or in the
ER in plants (McCartnegt al., 2004) and mammals.
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Figure 1-6. The polyketide synthesis pathway. Thd@ngation reaction occurs through the
addition of malonyl-CoA to acetyl-CoA or the growirg polyketide chain. The condensation
reaction is catalysed by a keto-synthase with théamgated polyketide product growing by
two carbon units with the loss of CQ. Continuous elongation results in a carbon chain
with keto functional groups every two carbons. In he example above, the first elongated
polyketide product (C4) undergoes reduction, dehydration and hydrogenatio by an enoyl
reductase followed by an additional elongation todrm Cs. The keto-reductase and
dehydratase are required to remove the keto groupgrém the elongated chain. The double
bond can be removed using a enoyl-reductase and NARBI or the trans- double bond can
be relocated and converted to ais- bond through the action of an isomerase. This
synthesis pathway is thought to be responsible f@,,.s N3 production in
Thraustochytrium.

The desaturases found within the endoplasmic detitcuin animals and plastid
membranes in plants utilise acyl-CoA as a substthtaigh soluble, plastid localised
desaturases utilise ACP substrates. However somm&Rbrane localised fungal and
plant desaturases can use acyl moieties attachgigiderolipids (Kendrick & Ratledge,
1992c¢), (Talamat al., 1973), (Domerguet al., 2003) and it was found by Kendriek
al. that desaturation within phospholipids is regsmpecific. It was found that n3
synthesis occurred at position one, whereas nthegist occurred at position two on the
glycerol backbone. This means that specific deaaas may only desaturate correctly
positioned acyl substrates. Also of note are thatesdesaturases are referred to as front

end desaturases. This is due to the fact thatititeyduce a double bond between an
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existing double bond and the carboxyl group (Parial., 2003). The mechanism by
which fatty acids are desaturated is similar betwaslular localisations, although there
are differences in reducing agent and electron ddnahe ER associated system, the
reducing agent is usually NADH. This provides tweceons to the desaturase, as well
as two protons for the water formation. The othso telectrons and protons are
produced from the formation of the double bond he fatty acid. Hence, NADH
oxidises and passes electrons to the FAD contaioytgchrome b5 reductase, which
then reduces cytochrome b5. The cytochrome b5 doiedound to be fused to the N-
terminus of front end desaturases (Sperling & He©®01). The cytochrome b5 then
reduces the desaturase, which in turn removes yamfben and two electrons from the
fatty acid at a specific carbon number along theckAin, introducing a carbon-carbon
double bond (Shanklin & Cahoon, 1998). The pathisahown in Figure 1-7.

2e + 2H* >
\
N Cyt b5 Desaturase /5\\ _ +2H0
@g\ [ (Red) (0x) f
\ 0
H H T
NAD FAD
| 2e + 2H"
+ H
N Cyt b5 Desaturase c?
AN - \C/ + O
w (Ox) (Red) H, 2
Cytochrome b5 reductase Cytochrome b5 Desaturase

Figure 1-7. The mechanism of desaturation. Desatusas utilise an electron transfer chain
to convey electrons from a reducing agent, NADH, toxygen to remove two hydrogen
from the acyl chain to create a double bond and wat.

Fatty acids have to undergo several desaturatiepsstwithin fungi to become
polyunsaturated fatty acids. Firstly within mosndiy Cyg is desaturated by A9
desaturase to g1 This desaturase was previously thought to haveeparate
cytochrome b5, although several organisms suc8 asrevisiae and M. alpina have
1999).

Other features typical of this desaturase, as a®lthe majority of other membrane

demonstrated a fused C-terminal cytochrome b5 don(@akuradaniet al.,

bound desaturases, is the presence of typical rieatifires such as three histidine-box
motifs and two hydrophobic trans-membrane domdPeseiraet al., 2003). Next a\12
desaturase convertsdz to Gg.on6. This desaturase is lacking within mammals, tvhic
explains the necessity of incorporating:en6 into the human diet. This desaturase has

been characterised from tweusarium species as well as fromilagneporthe grisea
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(Damude & Zhang, 2006). It was also found that desaturase had weak substrate
affinity for C15.,n6 and could convert it intos1g;3 N3 and was thought to be the ancestor
of theA15 desaturase, which is also present within theiguely mentioned species. In
fact it was shown that th&l5 desaturase had substrate specificity fgr;@nd could
form Cig.2n6. This overlap in desaturase specificity alluttiethe common ancestry of
the two enzymes. The role of thel5 desaturase is to converiggn6 to Gg.3 n3,
allowing for further fatty acid elongation and desation along the n3 route if

subsequent enzymes are present.

A further two desaturases are involved in bothnB@nd n6 PUFA pathways. Thé
desaturase is responsible for the formation gf;@6 from Gg.,n6, as well as {g.4n3
from Cig.3n3. TheAS5 desaturase is responsible for the formation g6 and Go.5n3
from Cy.3n6 and Go.4 N3 respectively (Domerguet al., 2002, Parker-Barnest al.,
2000). The two enzymes have also been characteinsdte fungusThamnidium
elegans (A6) (Wang & Li, 2007) and the oomyceRhytophthora megasperma (A5)
(Hornunget al., 2005). The last desaturase that is known to owadliin the fungi is a
A17 desaturase, which is responsible for the cormrers Gyo.4n6 to Gosn3 and has
been found withinMortierella alpina (Shimizu & Kawashima, 1989) as well as the
OomyceteSaprolegnia diclina (Pereira & Huang, 2004) with the production gh.€n3
only occurring inM. alpina at low temperature growth. & diclina it was found that
the desaturase only desaturated @lyunsaturated fatty acids and had no activity on
C,g fatty acids. The enzyme was found to display #e trans-membrane domains and
three histidine motifs thought to be involved witbn binding. It was also shown to be
separate from the cytochrome b5 domain as wellewsgbable to utilise acyl-CoA

substrate.
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Figure 1-8. The fatty acid elongation and desaturadn pathway. Once Gg.chas been released from the FAS complex the fatty idachain may be further
elongated and desaturated. Both processes occurtae ER membrane in fungi, however elongation reques four separate enzymes to carry out the
individual steps. The rate limiting condensation emyme is referred to as an elongase.
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1.3.8 Oleaginicity

A fungus is described as oleaginous if the lipidoamts for 20% or more of the dry
weight, where most of the lipid is stored as triglycerides (Zhang & Ratledge, 2007).
The synthesis of fatty acids in most fungi requiaesustainable production of acetyl-
CoA and NADPH, as both are required for fatty agohgation. Increased production
of these two products can lead to a fungus becomlegginous. The method for
differentiating oleaginous fungi is to grow them atigh carbon, low nitrogen media,
which will induce oleaginous organisms to increéiseir fatty acid production. The
pathway which leads to the accumulation revolvesid three key enzymes; the first
two are ATP : citrate lyase, and isocitrate dehgdrase. Isocitrate dehydrogenase is
found in the citric acid cycle which converts idoaie to oxalosuccinate followed by
conversion toa-ketoglutarate. A difference between oleaginous and-oleaginous
organisms is the regulation of isocitrate dehydnage by adenosine monophosphate
(AMP). By restricting nitrogen levels in the med@MP is degraded by the enzyme
AMP deaminase, with its gene up regulated. Thisumm releases NHallowing the
organism to survive, which also leads to the ivation of isocitrate dehydrogenase
due to it's regulation by AMP, resulting in an ascwuation of isocitrate. This is
converted back to citrate, which is transported ithte cytoplasm via a citrate/malate
transporter. Citrate is then acted upon by ATRrat@ lyase converting citrate to acetyl-
CoA and oxaloacetate (Ratledge, 2004) as shownguré- 1-9. This acetyl-CoA can
then be used for fatty acid biosynthesis.

The third enzyme responsible for oleaginicity ddssmt by Kendrick and Ratledge is
malic enzyme (malate dehydrogenase decarboxylatsgjt releases NADPH from
malate (Kendrick & Ratledge, 1992a), which is alsquired for fatty acid synthesis as
a reducing agent. The cycle was originally thoughiccur in the cytoplasm, although a
second, membrane bound malic enzyme was also @isehvThe cytoplasmic enzyme
was postulated to provide NADPH for fatty acid lyithesis, whilst the membrane
bound enzyme was thought to supply NADPH for dea#sitn and elongation. It was
thought that the acyl-lipid\6, A12 andAl15 desaturases utilised NADPH for their
reducing agent. The mechanism of action involves ¢bnversion of pyruvate to
oxaloacetate through the addition of £@nd ATP, followed by hydrogenation by
NADH to malate. Malate is subsequently converteghyouvate with the loss of GO
and NADPH. The addition of non-endogenous NADPHnglavith other NADPH

producing enzymes does not increase the yieldtof &cids according to Kendriodt
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al. However, if malic enzyme is expressed constialyivfatty production can increase
by up to two and a half fold (Zhang & Ratledge, 200The oleaginicity pathway is
shown in Figure 1-9. Therefore oleaginous organiaresdefined by their regulation of
isocitrate dehydrogenase by AMP, the presence ¢ AGitrate lyase and an NADPH
generating enzyme such as malic enzyme. Under ioagen conditions this results in
the accumulation of acetyl-CoA and NADPH, whichfesl predominantly to the FAS
complex increasing fatty acid biosynthesis. ItIsahought by Ratledge that a general
NADPH pool does not exist in oleaginous organisarg] that NADPH production is
integrated with the fatty acid production machin@Rgatledge, 2004).
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Figure 1-9. The pathways associated with oil accunation in oleaginous fungi(Ratledge, 2004)The regulation of AMP deaminase by AMP and the
presence of ATP : citrate lyase and malic enzyme arthought to be indicative of oleaginous organisne&ding to the accumulation of acetyl-CoA and
NADPH, which is funnelled predominantly into the FAS complex.
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1.3.9 Genetic engineering

Several attempts have been made to introducecogase PUFA levels within plants
and fungi, utilising genes from known fungal angahlsources. Initially, to identify and
characterise the desaturases and elongases, imalidmultiple genes were expressed
in organisms which were simple to grow and onlydoiced a limited fatty acid profile,
such asSaccharomyces cerevisiae. The next step was to express genes of interest in
more relevant and commercially viable hosts. Asplails such as palm, soy and
rapeseed account for around 75% of the global abgetoil production (Damude &
Kinney, 2008), and in the case of palm oil, contaihigh proportion of saturated fatty
acids, creating healthier oils from these plantdasirable. Attempts have been made
with Brassica juncea (rapeseed) to modify the fatty acid profile. Rajgeseil contains
Ci1s:3n3 as the most unsaturated fatty acid, howevédr thi addition of &A6 desaturase
from Pythium irregulare it was found that ¢.3 n6, the n6 counterpart of;£3 N3 was
produced at levels ranging from 25-40% of the te&d oil (Hong & Datla, 2002).
Ci1s:4n3 was also produced in smaller quantities at 2-0%e total fatty acids (TFA).
Tobacco has also been modified with& desaturase fromorago officinalis (borage)
which resulted in the formation of;£3 n6 and Gg..n3, which was formed due to the
presence of ¢.3n3 in the wild type plant (Sayanoegal., 1997). The presence of both
n3 and n6 products was due to the presenceAdbadesaturase, which converteg.£
n6 to Gg.3 N3 which was then acted upon by the inset@diesaturase. Knocking out
enzymes such as th®l5 desaturase gene can be beneficial if a desiredugt is
required, as it allows for greater availability epecific substrate and prevents
competition for enzyme activity, as n3 and n6 patysvcompete for desaturases and
elongases (Chest al., 2006).

The next step was the insertion of two desaturagesa host plant, with 46 and a
A15 desaturase inserted in@lycine max (soybean). The host plant was capable of
producing Ggs:3 n3 and therefore contained\é desaturase, however the addition of the
A6 desaturase from borage and th&5 desaturase fromi\rabidopsis led to the
formation of Gg.4n3, with levels greater than 29% of the TFA (Ecletrdl., 2006). It
was found that the increased levels of LCPUFAs vggmmarily incorporated into the
TAG fraction, although some were attached to pholgpids. Because of this, levels of
Ci6:0 and Ggo were found to increase within the phospholipid ticag which was
thought to compensate for the increased fluidityseal by the increased LCPUFA
abundance. Soybean has also been modified withhadeyenes to produce,g4 n6. The
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three genes used were all isolated from the fuursierella alpina and consisted of a
A5 andA6 desaturase as well as\@ elongase known as GLELO (Chetnal., 2006).
The control plant was able to synthesise small gties of Gg.3 n3 however, the
insertion of the 3 aforementioned genes allowedpiteeluction of VLCPUFAs up to

C0:4 N6, albeit in low abundance with¢z n6 constituting around 2.1% of the TFA.

The modification of microorganisms is also an inmaot consideration as a large
proportion of genes utilised for plant modificatiame of microbial origin. Several
attempts have been made to modify organisms frenfuhgi. A similar transformation
to that undertaken in tobacco and rapeseed wasrtakde in the yeasHansenula
polymorpha, which normally producesigs n3. With the insertion of A6 desaturase, it
was capable of producing§z n6 as well as {g:3 N3 and Gg.4nN3 (Laoteng & Ruenwai,
2005). The fungusAspergillus oryzae was modified with aA9 desaturase from
Mortierella alpina which resulted in greater quantities ak&and Gg.; being produced
within A. oryzae (Sakuradanét al., 1999). As mentioned previously, certain organisms
are classified as oleaginous and their potential hat gone unnoticed. The yeast
Yarrowia lipolytica has been utilised for VLCPUFA production becauisisoability to
accumulate large quantities of lipid as TAG withis cells. However, many of these
modifications have subsequently been covered benpmatby companies such as
DuPont, with the wild type fatty acid profile &f lipolytica, with fatty acids up to (.,
n6, being elongated and desaturated further up,i@ @3 utilising a myriad of genes
(Beopoulost al., 2010).

It is noticeable that transformations utilise gersedated from the same organisms,
one of them beindMortierella alpina. One recent method involved transformikg
alpina itself using Agrobacterium tumefaciens, which is primarily used for plant
transformation. This is in contrast to the usu# f Mortierella whereby its genes are
cloned into other hosts. Anddal. (Andoet al., 2009) showed that the over expression
of aAl7 desaturase iNl. alpina resulted in a dry weight yield of,gs n3 of just under
six times that of the wild type. The method/ftumefaciens is also applicable to other
filamentous fungi as was demonstrated by de Gebat. (de Groot, M. J. Aet al.,
1998) and such transformations of VLCPUFA containgpecies could become more
common as recombinant strategies for fungi becormee raffective and widespread as
seen in plant biotechnology. In general, crop gare a viable, as well as economic
source of polyunsaturated fatty acids due in pacahbse of their ubiquitous use in food.

Crop modification appears to have predominantlyu$sed on increasing the yields of
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Cis:3 N3 and &g, N3 namely because achieving yields @6.£n3 would require large
numbers of genes and many years of optimisatioretidén plants can accumulate large
guantities of VLCPUFAs such asdz n6 and Go.s n3 is another consideration, as it is
possible they could disrupt plant growth makingnaunsuitable for large scale
VLCPUFA production, as plants try to compensatethfa increase in fluidity in their
membranes. However if the n3 pathway up t@.sGh3 is achieved commercially in
plants, then even small amounts may have a profoupdct on our health due to the
large number of products these crops find themsatveHowever, it would seem likely
that microorganism transformation and optimisatigh provide a more cost effective
and efficient solution to longer chain polyunsatedafatty acid production. This is due
to the greater efficiency with which they are proed and the natural ability of certain
species to produce and accumulate them, as welhegleveloping technology to
modify these species. The next section will brieflgver the considerations for
industrial production of VLCPUFAs as well as cutigrknown fungal producers of
these compounds.

1.4 Fungal PUFA producers

1.4.1 Market

In the past there have been industrial attemptsréate microbial oil, from the
production of Gg.3 N6 fromMucor circinelloides (Ratledge, 2004) to the production of
cocoa butter substitutes (Ward & Singh, 2005). énatty companies such as Martek
market Go.4 N6 from the organisnMortierella alpina. It is estimated that in 2005 the
infant formula market, of which companies such astk supply VLCPUFA, is worth
approximately $10 billion per year (Ward & Singl®08). It was suggested by Waad
al. that the addition of microbial VLCPUFA to infaftrmula added an extra 10-20% to
the retail price, which is thought to dissuade s@mesumers from purchase due to the
high price. Markets that are expected to show gregtowth are the health food
(nutraceutical), aquaculture and animal feed imtksst Direct inclusion of VLCPUFA
into food and liquid products is thought to be peohatic due to lipid oxidation,
although technologies such as micro-encapsulatiag arcumnavigate this problem
(Jimenezet al., 2004). In regards to industry and lipid productibhe cost associated
with producing these desirable fatty acids deteemiwhether a specific organism is a

viable lipid producer. The environmental impacttloé lipid producing process is also
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worth considering due to the energy intensive psese required. Ideally, VLCPUFA
producers need to accumulate large percentagespiof and produce substantial
biomass with a high rate of growth according to &\aral. In oleaginous organisms,
the percentage composition of the oil is also irtgrdr with oils containing one
predominant fatty acid desirable. The VLCPUFA skoalso be in a TAG form for

human consumption.

Algae are one of the currently exploited groups oofjanisms for VLCPUFA
production due to their high accumulation of ligidd relatively large biomass. Algae
however are predominantly phototrophic, requiriight and CQ to photosynthesise,
which in turn produces NADPH from the light depemideaction and acetyl-CoA from
the action of pyruvate dehydrogenase on pyruvatioon B-oxidation of lipids. The
requirement for light however, drives costs up dffi@al lighting is expensive to
continually run, and scaling of algal cultures ifficllt and expensive due to this
requirement (Liet al., 2008). According to Let al., natural sunlight can be used in
conjunction with photo-bioreactors, which captuoéas energy in a similar manner to
photovoltaic panels to reduce costs. However, ahlighting is not controllable and
therefore variations in light level are a consisfgoblem. Another algal culture method
is the raceway pond, which are also naturallyHawever both methods require energy
to continually pump algal broth around the systeemove oxygen produced from
photosynthesis and harvest the algal culture. Lgtgentities of water are also required
for the circulating algal culture. With increasefficgency, algae could be a viable
source of VLCPUFA and in the future may act astacaebon sink as oppose to a £O
emitter. Fungi and several Oomycetes are heterotraphich reduces the cost of their
growth. They can also be grown on waste produath as glycerol i.e. from biodiesel
production (Papanikolaou & Aggelis, 2002), food tea&Zhuet al., 2008) (Xueet al.,
2006) and sewage (Angerbaeerl., 2008).

Other benefits of microbial production are thatréhis no requirement for arable land,
can be used directly as aquaculture feed and drgemerally affected by the season or
climate. However, organisms requiring artificialigaintained temperatures require
increased energy, resulting in increased costs.rddiganisms are also liable to
contamination, which would result in the decontaattion and destruction of the current
batch due to quality control. Plants however aablé to infection, which is remedied
by pesticides, but drives up costs and are asgociatth detrimental environmental

effects. This may be remedied by crops geneticalbdified to resist infection and
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insect attack, with the pesticide usage estimatedrap by 14.5 million kg per year if
50% of all maize, oil seed rape, sugar beet antratere GM within the EU (Phipps
& Park, 2002). Plants are generally not capablé/lbEPUFA production, however
several mosses such Ekrchantia polymorpha are capable of £.4n6 and Go:s N3
production (Shinmeset al., 1991), however production of these VLCPUFAs igally

very low, with slow growth rates and low biomasgter reducing their usefulness.

Therefore in crop plants recombinant technologyre@aghes are often used, however
VLCPUFA vyields are often low (Cheet al., 2006, Damude & Kinney, 2007) which
make them uneconomical for VLCPUFA extraction. Bators for microbial growth
require a substantial capital investment compargh traditional farming practices. In
the long term, the availability of land to grow psoon is the limiting factor, with both
food crops and relatively recently, fuel crops cetnmg for arable land. If all soybean
and corn production in the USA were reallocatedbimdiesel production, it would
provide 6% of the country’s diesel (Hikt al., 2006). This small percentage
demonstrates the required amount of plant mategatied to sustain an industry, with
VLCPUFA production in direct competition with bi@diel production. Biodiesel
according to Hillet al. is also much less energy intensive to producssipty leading to
a reduction of crops grown for bio-ethanol prodmeti Developing a crop solely to
produce VLCPUFAs at high levels seems unecononaisaduch crops cannot be used
for biodiesel and vice versa and reduces the laadadble for food crops. However, it
does seem feasible that food crops will be modified increase levels of
monounsaturated and polyunsaturated fats, alth@iglevels much lower than that
found in microorganisms, which most likely will beeveloped for high purity
VLCPUFA containing oils.

One of the targeted markets for microorganism tha&4eCPUFAs is the aquaculture
sector, which has the potential for sustainable aadtrolled production of fish.
Overfishing is foreseen in lowering natural stook®ily fish such as salmon and tuna,
with open water fish stocks being at increased ridk contamination from
polychlorinated biphenyls and methyl mercury, whichhigh enough quantities can be
detrimental to health (Yokoet al., 2003). This puts greater pressure on farm fisiseri
to produce increased numbers of high quality fisbmparable to their natural open
water counterparts. The problem with sustainabiten fisheries is that the feed used
usually derives from smaller pelagic fish such esihg and sardine (Paugyal., 2005)

(Hannesson, 2003). This practice is therefore ustiagnable and an alternative fish feed
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which can supply VLCPUFAs such asogn3 and G, n3 is desirable (Haredt al.,
2002). The state of the aquaculture industry adogrdo the Food and Agriculture
Organization of the UN (FAQO) was in 2007 expandwgh levels of fish produced by
aquaculture reaching 50.3 million tonnes. Humarsaamption of fish reached a high of
113.7 million tonnes, with trade in fish again slmgvgrowth at $98.1 and $93.5 billion
dollars for the world import and export respectw@FAO, 2007). Alternative sources
of VLCPUFAs have been found in algal species such Caypthecodinium,
Phaeodactylum tricornutum andTetrahymena pyriformis (Conner & Stewart, 1976) and
some of these are used commercially to producedhmble VLCPUFA oils. Algae are
responsible for the VLCPUFAs found in open watdy @gh, as they are consumed by
smaller prey fish which leads to the subsequent dwoumulation within larger
predatory fish. The aquaculture sector is a viabbrket for high value VLCPUFA
containing oils due to the high nutritional valué aily fish. Aquaculture and

supplementation of fish stocks with fungal souraesdiscussed further in chapter 6.

1.4.2 Currently known producers

In respect to fungal producers of PUFAs, it is fduhat the majority of fungi have
the capability of producing trienoic acids. Thesehowever a distinct divide between
the phyla in relation to fatty acid class. Figurdd outlines the trends in fatty acid
production within the fungi. It appears that forethmost part, the majority of
ascomycetes and basidiomycetes produgg 63 as their most unsaturated fatty acid
whereas zygomycetes are characterised by theiuptiotd of Gg.3 n6 bar the few &
VLCPUFA forming species (Kock & Botha, 1998). There however a few species
capable of further elongation and desaturatiomjoalgh such known VLCPUFA
producers are located within the Zygomycota, CHigmycota and the chromistan
Oomycota. The majority of fungi however terminasgtyf acid production at {g;3 N6
and Gg:3 n3. Therefore in regards to producers f{h6 nearly all literature points to
zygomycetes as the primary producers of the fatig. aThe genusMucor contains
many species capable of producings.£n6. Mucor circinelloides, M. rouxii and M.
mucedo are just some of the species able to produgg 1&65. M. circinelloides has been
found to produce 0.25 g/l (Jackson & Fraser, 199&) 0.8 g/l (Shimizu & Certik,
1999) of Gg:3 n6. M. mucedo was found to have a myceliakd3 n6 content of 28.4
mg/g (Certik & Sereke, 1993) amd. rouxii was found to produce;g:; n6 up to 18.1%
of the total fatty acids (Jeennor & Laoteng, 2006yas also found by Jeenneiral.
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that different life cycle stages of the organisime tyeast and filamentous form had
different fatty acid compositions. These morphadsgivere induced through the use of
culture conditions, such as limiting oxygen or #ition of phenethyl alcohol. The
zygomyceteRhizopus has also been found to produces.£n6, which produced 4.37
mg/g of dry substrate (Conti & Stredansky, 2001).

The Mortierellaceae family contains the gemisrtierella, which is well studied for
the production of VLCPUFAs. Th#&lortierella genus was once split into two sub-
genera, théicromucor and theMortierella, with each sub-genus characterised by their
differing fatty acid profiles, with th&licromucor only producing up to ¢g.3 n6 and the
Mortierella sub-genus producing ;¢ VLCPUFAs (Amano & Shinmen, 1992). The
Micromucor were raised to the genus level (Arx, 1982), whiohtained the species
Mortierella isabellina andMortierella ramanniana. However, it was shown that species
within the Micromucor were more related to the Mucoraceae and theseespe@re
transferred toUmbelopsis (Meyer & Gams, 2003). Henc#l. isabellina and M.
ramanniana are nowUJmbelopsis isabellina andU. ramanniana respectively. Literature
predating this change in taxonomy uses hhertierella genus and as such will be

referred to by that genus name in this work wheapplies.

The old Micromucor species ofMortierella are found to produce up toigz n6.
Mortierella isabellina has been shown to produce 2.44 mg/ml gf;@6 (Xian & Yan,
2001) on a media containing 2% hexadecanol. Theshwyo was incubated at 5°C for
15 days, which increased thes@n6 concentration. This incubation step indicates t
low temperatures can increase the level of dedaiard. isabellina strains have also
been shown to accumulate up to 22.9% of the TFA@sg n6, with the specieb.
elongata, M. alpina and M. ramanniana having been shown to produce 7.4%, 10.9%
and up to 31.4% of the TFA asidz n6 respectively (Amano & Shinmen, 1992) in
liquid medium. AM. ramanniana isolate was found to producedz n6 by Hanssoset
al. (Hansson & Dostalek, 1988) and the levels cowdrizreased by decreasing the
culture temperature to 20°C. It was also found thatoverall unsaturation index of the
fatty acids increased with the decrease in temperatTotal lipid levels however

decreased whe. ramanniana was subjected to low temperature growth.
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Figure 1-10. Fungal and chromistal producers of pglunsaturated fatty acids. The vast majority of VLCRUFA producers are found within the Chromista,
Chytridiomycota and Zygomycota. The Ascomycota an@asidiomycota are thought to be capable of producmup to Cig3n3 only, having acquired aA15

desaturase whilst losing a6 elongase and A6 desaturase. Those organisms not in coloured boxa® profiled within this study. Several species in

coloured boxes were also profiled within this study



Chapter 1 53

Another family in the Zygomycota is Cunninghame#lae. Cunninghamella
echinulata has been shown to produce 25.1 mg/g gf;@6 in the mycelial biomass
(Certik & Sereke, 1993), with the specfagnninghamella elegans producing 9.26 mg/g
of Cig:3 N6 when grown on dry substrate (Conti & Stredan2k¥1). The cultures were
grown directly on varied grains, which could sintalan industrial process for culturing
the organisms. It was found that greater yieldsCef3s n6 could be produced by
lowering culture temperature with the optimum tenapgre for Gg.z n6 being 21°C.
Finally, Thamnidium elegans was found to contain {g3 n6 at 30% of the total fatty
acids (Wang & Li, 2007) when cultured on PDA contiag 15% glucose and at 10°C.
The strain ofT. elegans studied by Stredanskst al. (Stredansky & Conti, 2000) was
found to produce varying quantities ofsGn6 depending on the culture conditions. The
vast majority of fungi within the Ascomycota andsBiomycota are only capable of
trienoic fatty acid production, producing the n3 RIGFA Gg3 n3 (Kock & Botha,
1998). Examples are the fung@&sisarium moniliforme, which has been shown to
contain the enzyme required for the production gfs®3, aAl5 desaturase (Damude
& Zhang, 2006). It was found by Laotaegal. (Laoteng & Ruenwai, 2005) that the
yeastPichia (Hansenula polymorpha) produced Gs.3n3 at 10.9% of the total fatty acids
(TFA). It would be expected that unknown organiss@ated from cold conditions
would produce at leasti163 N6 or Gg.3 n3. This is due to both fatty acids’ 3 double

bonds, and their potential fluidising effect wittiire membrane.

Longer chain g and G, VLCPUFAs are predominantly produced by organisms
within the Zygomycota, Chytridiomycota and the Oamip. Starting with the
zygomycetes, & VLCPUFAs are produced by the genuwortierella. These
Mortierella species are found to produce large quantities @ MhCPUFA Go.4 N6,
which is demonstrated WOy. alliacea, with the fatty acid comprising 44% of the TFA
(Aki et al., 2001). Shimizuet al. (Shimizuet al., 1988) demonstrated with several
Mortierella species the capability of the genus to produgsy @6 and Gos n3. The
species studied weld. alpina, M. hygrophila, M. zychae, M. elongata, M. parvispora
and M. schmuckeri. The Goss N3 and Go.4 N6 content was also studied in relation to
temperature, with £5.5 N3 levels increasing with decreasing temperatace Gg.4 N6
increasing with increased temperaturge4{n3 was found not to be produced at the
highest temperature of 28°C. Rising levels g§.fh6 with increased temperature were
attributed to the linked biosynthetic pathway ¢§.£n6 and Go.5 N3, whereby &5 N3
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is formed from the desaturation ofdz n6. Mortierella alpina was found to produce
1.88 g/l of Go:5 N3 (Shimizu & Kawashima, 1989), and it was sugggeshat two routes
were used to accumulate£s n3. Whilst Mortierella does not appear to contain an
endogenousAl5 desaturase, supplementation withg.£n3 allowed for greater
accumulation of gy.s n3. This would suggest that thé/5 desaturases as well as tte
elongase are capable of acting upon n6 as well3asubstrates. Other documented
zygomycetes capable of producing VLCPUFAs dhetomophthora exitalis and
Conidiobolus nanodes which were found to produce up toE n3, albeit in small
quantities, up to 3 and 0.8% respectively withia siphingolipids and glycolipids, up to
1.2 and 2.3% within the neutral lipids and up t6%.for C. nanodes within the
phospholipids (Kendrick & Ratledge, 1992b,Kendriék Ratledge, 1992c). The
formation of these VLCPUFAs within these two organs however, could be the result
of already known enzymes acting ony& n3 for example, further elongating and
desaturating the product as oppose to being thdupte of novel desaturases and
elongases. Within the Chytridiomycota two organismese identified as producing up
to Cyo:4 N6, Allomyces macrogynus and Monoblepharella sp. with Go.4 N6 comprising
13.8% and 9.4% respectively (Southall al., 1977). Another parasitic chytrid
Zygorhizidium was found to be capable of producingy.£n6 within its zoospores at
around 8% of the total fatty acids (Kagaehal., 2007).

The chromists contain a large proportion of VLCPUp#Wducing organisms. Those
that were once classified as true fungi are locatgtin the Oomycota. Within this
phylum is the genu®ythium, which has been shown to produce)£n3, with the
speciesP. ultimum producing around 0.4 g/l (Shimizu & Certik, 199%nother
Pythium strain was shown to elongateo@ n3 to G5 n3 (Singh & Ward, 1998),
however it is most likely, as witGonidiobolus that a non-specific reaction has occurred
with a A6 elongase predominantly responsible fag£ elongation. The paper also
showed thatSaprolegnia species were also capable ofp&£n6 production, although
only Saprolegnia diclina was capable of £5 n3 formation at 8.6% of the TFA.
Saprolegnia diclina has also been noted for its n3 desaturase (P&ditaang, 2004).

A paper by Akiet al. (Aki et al., 1998) shows thachlya is capable of producing up to
Coo:5 N3. The effect temperature had on the fatty aoadilp of Achlya was also studied.
The lowest growth temperature of 15°C promotedgifeatest production of s n3 at
14% of the TFA, whilst .4 n6 levels were found to be greater at the higher
temperatures of 20 and 28°C. It was found that wh#g acids were split into neutral
and polar lipids, g5 n3 was in greater abundance in the neutral lipidthe lowest
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temperature of 15°C whilstJg:, n6 was found to be greatest at 20°C. In regardkeo
polar lipids, phosphatidylcholine (PC) was the prachant phospholipid class at all
temperatures with the greatest percentage absCn3 found within the
phosphatidylethanolamine (PE) fraction at 20°Chaigh 15°C growth produced the
greatest combined total ohgx n3 within the PE and PC fractions; oG n6 was found
as the greatest percentage at 20°C growth in thdrdHon. Finally, the organism
Haliphthoros philippinensis has been found to produceo@n6 and Go.s n3, as well as
trace quantities of £.5 N3 (Kimet al., 1998).

The final group to produce VLCPUFAs are those omgas found within the
Chromista but within the phylum Labyrinthulomycoté&/ithin this phylum reside
species such aghraustochytrium aureum which has been found to producg,€n3 at
levels of 9.1% w/w (Bajpai & Bajpai, 1991). Othdwrdustochytrid strains have been
found to produce £.s N3 up to 8.19% of the TFA (Bowles & Hunt, 199%wever the
percentage of this fatty acid when compared tes@3 was low. It is within this
phylum that several s N3 producers reside with the most well studied.s(h3
producer being the previously mention&btraustochytrium, with Thraustochytrium
aureum being shown to produce 0.166 g/b.@ n3 (lida & Nakahara, 1996). Other
cultivations have produced values of,&n3 at 48.5% of the TFA (Bajpai & Bajpai,
1991) andT. roseum was found to producets N3 at 48% of the TFA (Shimizu &
Certik, 1999). Another genus related to ffreaustochytrium is Schizochytrium, with
these organisms also having been shown to prodpeen@. A similar quantity of &
n3 compared withThraustochytrium was obtained from an isolate which resembled
Schizochytrium mangrovei, producing 2.17 g/l of £ N3 (Bowles & Hunt, 1999).
Other isolates ofchizochytrium, S. SR21, were found to produce 15.5 g/l (Shimizu &
Certik, 1999), with others shown to have the fattyd comprising 36.1% of the TFA
(Kamlangdee & Fan, 2003).
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1.5 Objectives and strategy

1.5.1 Objectives

To identify novel fungal or chromistal producers of VLCPUFA from the CABI
and BAS collection.

Over 100 low temperature isolated fungi and sevehnabmist species to be grown
using two culture media at 15°C to induce VLCPUIAiation. Fatty acid profiles of
isolates to be analysed using GC-FID and GC-MS. T&t¢y acids extraction,
derivitisation and analysis protocols to be conédsuitable for lipid analysis.

To investigate whether low temperature induces grear lipid unsaturation

within fungi.

Several psychrophilic/psychrotolerant fungi, aslvasl mesophilic isolates are to be
grown at 3 temperatures and the total lipid prefd@alysed by GC-FID and GC-MS. A
preliminary investigation into which glycerolipidaictions primarily experience lipid
modification in response to temperature in the &lingplateMortierella alpina will be

explored using TLC and subsequent fatty acid arsalygng GC-FID and GC-MS.

To develop a novel PCR based screening methodology identify VLCPUFA
producing fungi. Further to this, to utilise the genes identified for the screen to

create a recombinant VLCPUFA producingPhaffia rhodozyma strain.

A PCR methodology using primers designed fromABeclongase fronMortierella
alpina will be developed and tested on both VLCPUFA paidg and non-VLCPUFA
producing fungi. The\6 elongase, as well as th® andA6 desaturases identified as
potential PCR targets for the screen, will be ctbaed inserted int®haffia rhodozyma
to create a &:5n3 producing strain. The fatty acid profiles of tieeombinant strains
will be analysed by GC-FID and GC-MS.
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1.5.2 Strategy
Table 1-1. The overall strategy of the project, wh the priority indicating the order in
which the objectives where to be met.

Objectives Strategy Priority

Fatty acid analysis usingGC-FID and GC-MS platform analysis w

GC-FID and GC-MSand

refinement of extraction andascertain suitability. The extraction a

derivitisation.

be carried out prior to fatty acid screening

derivitisation procedures will be refine
based on the results obtained from the

screen of low temperature isolates.

to

o |
FA

Investigation into the role g

temperature on fatty acidnesophilic organisms with

profile and localisation of

lipid modification in

response to temperature.

fAnalysis of several low temperature g
respect
be

Localisation studies will

temperature  will undertaken
be carried o

subsequently.

first.

nd

The development of a nov
PCR based screeand the
creation of recombinar
Co0:5 N3 producingPhaffia

rhodozyma strains.

P

q

cThe PCR based

recombinant Phaffia both require share

novel screen

tprimer development and gene cloning &

will be undertaken in parallel.

and

and 3
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and Kits

The majority of chemicals were sourced from Sigmdrgh Ltd, UK. All other

compounds were purchased from the following conmgmni

2.1.1.1 Media

Potato dextrose agar, yeast extract, tryptone gadre. 3 were from Oxoide, Potato

dextrose broth was from Difco.

2.1.1.2 Biochemical reagents

No. 3 filters were from Whatmann, Silica gel 6@tps were from Sigma-Aldrich,
30% acrylamide was from Protogel, Sepharose gelfigas Amersham, Comassie blue
G250 was from Biorad, antibodies were from Prom&§2$-PAGE running buffer was
from National Diagnostics, Molecular rainbow markier SDS-PAGE was from

Amersham.

2.1.1.3 Molecular biology reagents

Plant and fungal DNA extraction kit, blood and tisSDNA extraction kit and plant
tissue RNA kit were from Qiagen, DNA loading buffeadder and agarose were from
Bioline, reverse transcription kit was from Prome@aq polymerase beads were from
GE Healthcare, KOD polymerase was from Novagen,aBdIPCR purification kit and
mini-prep kits were from Promega, restriction enegmvere from Promega, TOPO 2.1
vector was from Invitrogen, pET23-b vector was frblmvagen, primers were ordered
from Operon MWG, TOP1@&.coli cells were from Invitrogen, BL21(DE3)pLysi€.

coli cells were from Novagen.

2.1.2 Fungal isolates

All isolates used within this work were provided GBI (Bakeham lane, Egham,
Surrey, UK, TW20 9TY) except isolates NCYC 874, &%l 1464, which were from
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the National Collection of Yeast Cultures (Ins#tubf Food Research, Norwich

Research Park, Colney, Norwich, UK, NR4 7UA).
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Table 2-1. List of organisms used for fatty acid seening with their isolation location and
isolation substrate where available.

IMI No. ID Location Isolation substrate
403002 Herpotrichia sp. gmﬁﬁﬁﬁz ; Sls"’:tnedz Colobanthus quitensis
403004 Ascomycota/Sarcosomatacea¢e Kl:i)r;%gegg%gylzli?en g Colobanthus quitensis
403008 Ascomycota/Sarcosomataceaé Léonie Island, site 1| Colobanthus quitensis
403010 Ascomycota/Sarcosomataceaé Léonie Island, site 1| Colobanthus quitensis
403011 Leptodontidium sp. Léonie Island, site 1| Colobanthus quitensis
403012 Leptodontidium sp. Léonie Island, site 1| Colobanthus quitensis
403014 Herpotrichia sp. South Georgia Colobanthus quitensis
403015 Herpotrichia sp. South Georgia Colobanthus quitensis
403016 Herpotrichia sp. South Georgia Colobanthus quitensis
403017 Ascomycota/Sarcosomataceaée HL;\éiggﬁtggi:illa;?e’ 1 Dﬁgra::rtrilgsaia
403019 Ascomycota/Sarcosomataceag¢ Coronation Island | Colobanthus quitensis
403020 Ascomycota/Sarcosomataceag¢ Coronation Island | Colobanthus quitensis
403021 Ascomycota/Sarcosomataceaée HL;\éiggﬁtggi:illa;?e’ 1 Colobanthus quitensis
403023 Ascomycota/Sarcosomataceaée Hb:\éir;ges;?nnsbslzns?t’e 2 Colobanthus quitensis
403024 Ascomycota/Sarcosomatacea¢e Ht:\éiggesé?nnsfl‘:ns?t’e 2 Colobanthus quitensis
403025 Ascomycota/Sarcosomatacea¢e Hb:\éir;gesrt]?nnsfl‘:ns?t’ o2 Colobanthus quitensis
403026 Pleosporales sp. Ht:\éi %gesé?nnsbsl‘:ns?t’ o2 Colobanthus quitensis
403027 Pleosporales sp. Hb :\é' %ges;?nns:;slzns?f o2 Colobanthus quitensis
403028 Pleosporales sp. Hb :\é' %ges;?nns:;slzns?f o2 Colobanthus quitensis
403029 Pleosporales sp. Ht :\é' rILgeSr:?nns:Jsl‘:ns?f . Colobanthus quitensis
403030 Pleosporales sp. gmﬁﬁﬁﬁz ; Sls"’:tnedl Colobanthus quitensis
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403032 Pleosporales sp. gg;gﬁf\g:gz S! slsa:?edl Colobanthus quitensis
403033 Pleosporales sp. gg;ﬁt(.srﬁggz SI s!sa:?edl Colobanthus quitensis
403037 Herpotrichia sp. gg;ﬁt(.srﬁggz SI s!sa:?edl Colobanthus quitensis
403038 Pleosporales sp. ggﬁﬁf\gﬁgs's'sal{‘edz Colobanthus quitensis
403040 Pleosporales sp. gg}ﬁﬁﬁﬁﬁz ; slsaltnedz Colobanthus quitensis
403041 Pleosporales sp. gg;ﬁt%ﬁg:g; Slsa:?edz Colobanthus quitensis
403042 Pleosporales sp. gg;ﬁt(.srﬁggz SI Sflltnedz Colobanthus quitensis
403043 Pleosporales sp. gg;ﬁt(.srﬁggz SI Sflltnedz Colobanthus quitensis
403045 Pleosporales sp. gg}ﬁﬁﬁﬁﬁz ; slsaltnedz Colobanthus quitensis
403046 Pleosporales sp. Kl:i)r;%tgegg%glzli?en g Colobanthus quitensis
w3019 | Pleosporalessp KngSeorge sena | Destarpda

w3051 | Lepowomaumsp. | ‘g Seoseisans|  Destarpsa

403058 Cadophora/polyscytalum South Georgia Colobanthus quitensis
403059 Cadophor a/polyscytalum Léonie Island, site 1| Colobanthus quitensis
403060 Leptodontidium sp. Léonie Island, site 1| Colobanthus quitensis
403061 Leptodontidium sp. South Georgia Colobanthus quitensis
403061 Leptodontidium sp. Lynch Island Colobanthus quitensis
403062 Leptodontidium sp. Lynch Island Colobanthus quitensis
403063 Leptodontidium sp. Lynch Island Colobanthus quitensis
403065 Leptodontidium sp. Lynch Island Colobanthus quitensis
403066 Leptodontidium sp. Lynch Island Colobanthus quitensis
403067 Leptodontidium sp. Lynch Island Colobanthus quitensis
403069 Leptodontidium sp. Lynch Island Colobanthus quitensis
403070 Leptodontidium sp. Léonie Island, site 1 D:i;i?ﬁia

403072 Leptodontidium sp. Kl:i,g%tgeg gglglzli?; g Colobanthus quitensis
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- King George Island, . .
403073 Leptodontidium sp. Potter Cove, site 3 Colobanthus quitensis
- King George Island, . .
403074 Leptodontidium sp. Potter Cove, site 3 Colobanthus quitensis
- King George Island, . .
403075 Leptodontidium sp. Potter Cove, site 3 Colobanthus quitensis
403077 Leptodontidium sp. Léonie Island, site 2| Colobanthus quitensis
403078 Leptodontidium sp. Léonie Island, site 2| Colobanthus quitensis
403079 Leptodontidium sp. Léonie Island, site 2| Colobanthus quitensis
403080 Leptodontidium sp. Léonie Island, site 2| Colobanthus quitensis
403082 Leptodontidium sp. Léonie Island, site 2| Colobanthus quitensis
. Anchorage Island, sité Deschampsia
403087 Mollisia sp. 1 antarciica
403088 Mollisia sp. Anchoragi Island, site Deschampsa
antarctica
403090 Mollisia sp. Signy Island, site 3 Deschampsa
antarctica
403091 Mollisia sp. Signy Island, site 3 DeSChampsa
antarctica
. - : Deschampsia
403092 Mollisia sp. Léonie Island, site 2 antarcica
403093 Mollisia sp. Léonie Island, site 2| Colobanthus quitensis
403094 Mollisia sp. Léonie Island, site 2| Colobanthus quitensis
403099 Mollisia sp. Signy Island, site 2 DeSChampsa
antarctica
403100 Mollisia sp. Signy Island, site 2 DeSChampS'a
antarctica
. . . King George Island, . .
403102 Rhizoscyphus ericae strain Point Thomas, site 1 Colobanthus quitensis
. Livingston Island, Deschampsia
403104 Helotiaceae Hannah Point, site 1 antarctica
403109 Gyoerffyella sp. Anchoragg Island, site Deschampsa
antarctica
403110 Penicillium rugulosum Coronation Island, H| Colobanthus quitensis
403111 Gyoerffyella sp. Anchoragg Island, site Deschampsa
antarctica
403112 Gyoerffyella sp. Coronation Island, H| Colobanthus quitensis
403116 Coronation Island, H Deschampsa
antarctica
403119 Coronation Island, H| Colobanthus quitensis
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King George Island, Deschampsia
403123 Ascomycota Point Thomas, site 1 antarctica
King George Island, Deschampsia
403124 Ascomycota Point Thomas, site 1 antarctica
King George Island, Deschampsia
403125 Ascomycota Point Thomas, site 1 antarctica
King George Island, Deschampsia
403127 Ascomycota Point Thomas, site 1 antarctica
403129 Signy Island, site 3 Deschampsa
antarctica
403131 Signy Island, site 3 DeSChampsa
antarctica
403133 Mollisia sp. Signy Island, site 3 DeSChampsa
antarctica
403134 Mollisia sp. Signy Island, site 3 DeSChampS'a
antarctica
King George Island, . .
403135 Point Thomas, site 1 Colobanthus quitensis
403136 King George Island, Colobanthus quitensis
Point Thomas, site 1 q
Coronation Island, Deschampsia
403142 Mansfield point antarctica
403143 Léonie Island, site 2 Deschampsa
antarctica
. : Deschampsia
403145 Signy Island, site 2 antarctica
Livingston Island, . .
403147 Byers Peninsula, site 3Colobanthus quitensis
Livingston Island, . .
403151 Byers Peninsula, site 3Colobanthus quitensis
Livingston Island, Deschampsia
403158 Hurd Peninsula, site 2 antarctica
403159 Signy Island, site 2 DeSChampS'a
antarctica
403177 South Georgia Deschampsa
antarctica
403178 South Georgia Colobanthus quitensis
Adalaide Island,
403302 Geomyces sp. Rothera Point, Wood Bait
Honeybucket
Adalaide Island,
403303 Geomyces sp. Rothera Point, Wood Bait
Honeybucket
403306 Anar ctomyces psychrotrophicus Adelaide Island, Sediment
MyCES psy! P Rothera, South Cove
403307 Anar ctomyces psychrotrophicus Adelaide Island, Sediment
MyCES py! P Rothera, South Cove
Adalaide Island,
403308 Thelebolaceae Rothera Point, North Drift Wood
Cove




Chapter 2 63
Adalaide Island,
403310 Rothera Point, Ash Bait
Honeybucket
403310
Adalaide Island,
403316 Cadophora malorum Rothera Point, Ash Bait
Honeybucket
Adalaide Island,
403318 Geomyces sp. Rothera Point, Pine Bait
Honeybucket
Adalaide Island,
403321 Pleospora/ulocladium Rothera Point, Pine Bait
Honeybucket
Adalaide Island,
403323 Tetracladium sp. Rothera Point, Beech Bait
Honeybucket
Adalaide Island,
403330 Ascomycota Rothera Point, Eucalyptus Bark Bait
Honeybucket
Adalaide Island,
403332 Rothera Point, Sepele Bait
Honeybucket
Adalaide Island,
403333 Geomyces sp. Rothera Point, Sepele Bait
Honeybucket
NCYC , Exudate ofFagus
874 Phaffia rhodozyma NCYC crenata
NCYC - :
805 Yarrowia lipolytica NCYC
Nligg Sporobolomyces roseus NCYC Solanum tuberosum
Dis 206 Umbelopsisisabellina
Dis 195 Umbelopsis sp.
Dis 169 Clavicipitaceae
89319 Trichosphaeria pilosa Antarctica, South Construction materia
Orkney
396413
378423 Alternaria alternata AmarCti;%iEtdmonsor Soil
377828 Cladosporium sp. Antarculc:)zz,irlidmonsor Soil
369800 Chrysosporium Antarctica Air
369795 Thelbolus microsporus Antarctica, Signy Air
Island
369790 Geomyces pannorum Antarlc tica, Signy Air
sland
369788 | Leptodontidium elatius var. elatius Antaretica, Signy Air

Island
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340093 Thelebolus Antarctic
312277 Aureobasidium Antarctica Soil
312275 Acremonium Antarctica Soil
256351 Penicillium echinulatum Anta(r;céic():%izfouth Festuca contracta
215092 Embellisia sp. Antaretica, Antarctic Soil
82072 Mortierella alpina Great Britain Senecio squalidus
330997 Mortierella alpina Cucumis sativus
196057 Mortierella alpina Australia Eucalyptus
403530 Bjerkandera adusta Antarctic
17313 Mucor racemosus UK Meat in cold storage
403341 Penicillium sp. Antarctica
398213 Mortierella sp. Antarctica
398216 Mortierella sp. Antarctica
398217 Mortierella sp. Antarctica
398220 Mortierella sp. Antarctica
398111 Mortierella sp. Antarctica
344320 Achlya americana Canada Sall
340618 Phytophthora richardiae Netherlands Zantedeschia
328662 Daedal eopsis confragosa
332398 Allomyces macrogynus Myanmar
308259 Saprolegnia diclina
308153 Pythiumirregulare
140468 Mortierella polycephala Great Britain
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2.1.3 Media

For sterilisation, all media was autoclaved at 213r 20 minutes unless otherwise

stated.

2.1.3.1 Potato dextrose (PD) media

Potato dextrose agar (CM0139) from Oxoid was pegharsing the manufacturer’s
instructions. Potato dextrose from Difco (254920)asw prepared using the

manufacturer’s instructions.

2.1.3.2 Malt extract (MA) broth media

Table 2-2. Malt extract broth media composition.

Component Amount

Amber malt extract

(Thomas Coopers, Coopers

209
Brewery, Southern
Australia)
dH,O 1 litre
pH 6.0 +/- 0.5

2.1.3.3 Yeast extract sucrose (YES) broth media

Table 2-3. Yeast extract sucrose broth media compaisn.

Component Amount
Yeast extract, Oxoid
2049
(LP0021)
Sucrose, Fisher
150 g
(S/8560/64)
dH20 1 litre

pH 7.0 +/-0.2
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2.1.3.4 Lysogeny broth (LB) media

Table 2-4. Lysogeny broth media composition.

Component Amount
Yeast extract, Oxoid .
(LP0O021) J
Tryptone 10g
NacCl 10g
dH,O 1 litre
Agar, Oxoid No.3 (for
159
plates)

2.1.3.5 Antibiotic media additions

Antibiotics were purchased from Sigma-Aldrich aneregmade up as stock solutions
in the appropriate solvent as detailed in Table Z¥e ampicillin stock solution was

filter sterilised using 0.4am filters before use.

Table 2-5. List of antibiotics and concentrations ged within the study.

Antibiotic Stock concentration Media concentration

Ampicillin 50 mg/ml in water 10Qug/ml

Chloramphenicol 34 mg/ml in ethano gd/ml
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2.1.4 Buffers and Solutions

2.1.4.1 DNA gel electrophoresis buffers and solutions

TAE buffer:

Table 2-6. 50x TAE buffer composition

Compound Amount
Tris base 242 g
Glacial acetic acid 57.1 ml
0.5M EDTA pH 8.0 100 ml
dH,O Made up to 1 litre

e Agarose gels were run with a 1x TAE buffer solutiaising a 1:50 (v/v)
dilution with distilled water.

TBE buffer:

Table 2-7. 5x TBE buffer composition

Compound Amount

Tris base 54 g

Boric acid 275¢

0.5M EDTA pH 8.0 20 ml
dH,O Made up to 1 litre

e Agarose gels were run with a 0.5x TBE buffer solotiusing a 1:10 (v/v)

dilution with distilled water.
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Bioline molecular markers:

Table 2-8. The base pair sizes of the componentshtyper ladder 1 and 2 used in this
study.

Hyper ladder |

bp bp
10,000 2,000
8,000 1,500
6,000 1,000
5,000 800
4,000 600
3,000 400
2,500 200

Hyper ladder
Il

bp bp
2,000 600
1,800 500
1,600 400
1,400 300
1,200 200
1,000 100
800 50

700
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2.1.4.2 Primers
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Table 2-9. Primer names and associated sequencesdsvithin the study. Red text
indicates a restriction site.

Egr;n:r Description Sequence

Uni 1 ;ffpﬁfﬁ’faﬁig:ﬁr}gf;grgonserved region | TACTTCTCCAAGVTCAT

Uni 2 ;%Spﬁf?faiig:]o,”rge‘:"lzfs‘éonser"ed fegioN | 1GACCAACCACCAGATGGT

Uni 3 ;ffpﬁfﬁ’faﬁig:ﬁr}gf;grgonserved region | TACTTCTCCAARVTCAT

Uni 4 ;%Spﬁf?faiig:]o,”rge‘:"lzfs‘éonser"ed fegiON | 1GACVAACCACCAGATGKT

F1 Allomyces elongase amplification, forward ATGGAGGCGACGACCGACCT

F2 Allomyces elongase amplification, forward CTACCTGTCTAAGATCCTCG

F3 Allomyces elongase amplification, forward TTACGACGACTTCTTGGCCAC

R1 Allomyces elongase amplification, reverse¢ CTCAACTCGGGCATCCAT

1 A6 desaturase amplification, forward ATGGCTGCTGCTCCCAGTGTG

2 A6 desaturase amplification, reverse TTACTGTGCCTTGCCCATC

3 A5 desaturase amplification, forward ATGGGTGCGGACACAGGAAAAAC

4 A5 desaturase amplification, reverse TTACTCTTCCTTGGGACGAAG

5 GLELO amplification, forward ATGGAGTCGATTGCGCCATTC

6 GLELO amplification, reverse TTACTGCAACTTCCTTGCC

P1 %'r‘vli;od amplification, Nde1 restriction, | 55 a0 ATATGGAGTCGATTGCGCCATTC
P> GLELO amplification, Hind 11l restriction, CGGAAAGCTTCTGCAACTTCCTTGCS

reverse

2.1.4.3 His-tagged protein purification buffers

Table 2-10. Buffers utilised for His-tagged colummurification. All buffers are made up in

dH20.
Solution Compound Concentration
Charging Buffer NiSO, 100 mM
Binding Buffer Tris-HCI pH 7.5 50 mM
NaCl 05M
Imidazole 5mM
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Wash Buffer 50 mM Tris-HCI pH 7.5 50 mM
NaCl 0.5M
Imidazole 50 mM
Wash Buffer 100 mM Tris-HCI pH 7.5 50 mM
NaCl 0.5M
Imidazole 100 mM
Eluting Buffer Tris-HCI pH 7.5 50 mM
NaCl 0.5M
Imidazole 400 mM
Strip Buffer EDTA 100 mM
Tris-HCl pH 7.5 50 mM
NacCl 0.5M
SDS Sample Buffer | 0.5 M Tris-HCI pH 6.8 6 ml
Glycerol 4.8 mi
10% SDS (w/v) 9.6 ml
0.05% Bromphenol
blue (W/v) 1.2 ml
deO 24 ml
B-Mercaptoethanol 14 plfmi i(i(ied before

2.1.4.4 SDS-PAGE buffers and solutions

Table 2-11. Composition of polyacrylamide gels usadlithin the study.

Solution Compound Amount

12% separating gel dHO 7.9 ml
24 m| 30% acrylamide 9.6 mi

1.5 M Tris HCI pH 8.8 6 mi

10% SDS (w/v) 240
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0 i h
10% Ammonium persulphate 240l
(Wiv)
TEMED 24l
6% stacking gel dH,O 7.9 ml
15 ml 30% acrylamide 3 mi
0.5 M Tris HCI pH 6.8 3.75ml
10% SDS (w/v) 15Ql
0, i h
10% Ammonium persulphate 150l
(wiv)
TEMED 15l

Amersham Rainbow marker:

Table 2-12. Size and colour of components within Aersham polypeptide rainbow
markers.

KDa Colour
225 Blue
150 Pink
102 Green
76 Yellow
52 Purple
38 Blue
31 Orange
24 Beige/green
17 Blue
12 Pink
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2.1.4.5 Western blot buffers and solutions

Table 2-13. Composition of buffers used for Westerblotting within the study.

Solution Compound Amount
Transfer Buffer Tris 3.03 g (25 mM)
Glycine 14.41 g (192 mM)
Methanol 200 ml (20% v/v)
dH,O 800 ml
pH 8.1-8.4
TBS Tris 6.055 g (50 mM)
Tris buffered saline NacCl 8.76 g (150 mM)
pH 7.4
TBST Tris 6.055 g (50 mM)
Tris buffered saline tween NaCl 8.76 g (150 mM)
Tween 20 0.05% (v/v)
pH 7.4

Table 2-14. Accession numbers of protein sequenagsed for elongase comparison.

Elongase ID Accession no.

3 ketoacyl CoA synthasi&rabidopsis NP 199189.1
A6 elongasé\llomyces macrogynus WGS | ACDU01000340
A6 elongasé&aprolegnia parasiticaWGS | ADCG01000825

ELO1 Saccharomyces cerevisiae NP 012339.1

ELO2 Saccharomyces cerevisiae NP 009963.1

ELO3 Saccharomyces cerevisiae NP 013476.1
ELO2 Candida dubliniensis XP 002417837.1

A6 elongaséhaeodactylum tricornutum ABQ18315.1

A6 elongasé®yramimonas cordata ACR53359.1

A6 elongaséarietochlorisincisa ACK99719.1
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A6 elongasé/larchantia polymorpha AAT85662.1
GLELO Mortierella alpina AAF70417
GLELO Mortierella alpina BAF97073.1
MAELO Mortierella alpina AAF71789.1

MALCE1L Mortierella alpina BAI40363.1
Elongase&Physcomitrella patens XP 001789388.1
ELOVL1 Mus musculus NP 062295.1
ELOVL2 Mus musculus NP 062296.1
ELOVL3 Mus musculus NP 031729.1
ELOVL4 Mus musculus NP 683743.2
ELOVL5 Mus musculus NP 599016.2
ELOVL6 Mus musculus NP 569717.1
ELOVL5 Salmo salar NP 001130024.1
ELOVLS Capra hircus BAF49682.1

2.1.4.6 Software used

Table 2-15. Software used within the study.

Program Source
AMDIS NIST
Clustalw?2 EMBL-EBI
TMHMM Technical University of
Denmark
BLAST NCBI
CLC sequence viewer CLC Bio
Genome workbench NCBI
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2.2 Methods

2.2.1 Fungal growth for fatty acid and genomic screening

2.2.1.1 Plate growth

Fungal cultures were resuscitated from cryopresemva lyophilisation and oil.
Cryopreserved samples were immersed in a 30°C \iattey, followed by plating the
spore suspension or mycelial plugs onto PD platdiand.yophilised samples were re-
hydrated in sterile, distilled water for 30 minutesd the suspension then plated on PD
plate media. Oil sample plugs were washed in Tw@05% v/v Tween 80), then
washed in sterile, distilled water, with the plupen plated on suitable plate media.
Culture plates were inoculated using a tri-poirdgculum on suitable media. After a
week, the organisms were re-cultured using a tinfponoculum by taking small
portions of mycelia with a sterile needle and pigtonto fresh plates. The organisms
were grown for a minimum of week prior to broth culture, and were re-culture@-4

week intervals.

2.2.1.2 Broth inoculation for fatty acid screening

Broth culture was carried out in 250 ml Erlemeflasks, with a media volume of
100 ml, with organisms being grown in MA, YES anD Broth. All cultures were
inoculated into broth using agar plugs. This wasedprimarily due to the unreliability
of propagation when a spore suspension was usesl.mAn cork borer was used to
extract 10 agar/mycelium plugs per broth, whichevdren inoculated into the broth.
Broths were incubated in the dark in a rotary irataobat 15°C, with a rotation speed of
110 rpm, with an incubation period of one to thmeeks depending on mycelial
growth.

2.2.1.3 Mycelial broth extraction

The mycelial mass was extracted after 1-3 weekger#ing on the growth of the
organism.The aqueous extract from the mycelium was sepatatedgh a Whatmann
No. 3 filter paper, using a Buchner filter vacuuamical flask and a vacuum pump. The

mycelium was washed with distilled, sterile waterdahe mycelium removed and
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frozen at -20°C for a period of 24 hours, followsdfreeze drying over a period of 24
hours. The dry weight was then taken, and the negyéelzen until needed at -20°C.

2.2.2 Fungal growth for temperature and its effect on fatty acids

The organisms were grown and maintained on PD gldt#lowed by culture in
triplicate into PD broth for up to 3 weeks at 3 paratures, 5, 15 and either 20 or 25°C.
For two organisms, both of which wekéerpotrichia, 25°C resulted in no growth.
Therefore the organisms were re-grown at 20°C. Bszaf the slow growth of most
organisms at 5°C, all were given an additional lekvéo allow sufficient biomass
formation. After harvesting the mycelia from brotihe samples were freeze-dried
followed by chloroform/methanol extraction and saesterification stated in section
2.2.3.1. Samples were then analysed by GC-FID &MS to confirm the identities of
the fatty acids.

Table 2-16. List of organisms grown at three tempeatures and their respective length of
growth before broth harvest.

Organism Growth temperature °C Days of broth growth
S 14
Mucor racemosus (17313) 15 7
25 7
5 21
Herpotrichia sp.(403016) 15 14
20 14
5 21
Herpotrichia sp.(403002) 15 14
20 14
5 7
Penicillium rugulosum
15 7
(403110)
25 7
5 14
Bjerkandera adusta
15 7
(403530)
25 7
Mortierella alpina (82072) 5 14
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15 7
25 7
5 14
Mortierella alpina

15 7

(330997)
25 7
5 14

Umbelopsisisabellina

_ 15 7

(Dis 206)
25 7
5 14
Umbelopsis sp.(Dis 195) 15 7
25 7

2.2.3 Analytical methods

2.2.3.1 Fatty acid extraction

A 2:1 (v/v) chloroform/methanol (C/M) solution (2nivas added to 65 mg dry
weight of mycelia. The sample was also labelledhidOul of 1 mg/ml heptadecanoic
acid methyl ester in hexane. The sample was s@udat 3 minutes and then agitation
on a rotary shaker for 30 minutes. The samples Were centrifuged at 3500 rpm to
pellet the sediment, and the supernatant removezhlédroform/methanol re-extraction
of the pellet was carried out, with the supernagarttied with the first extraction. 0.9%
(w/v) KCI solution (800ul) was added to each sample, followed by centriiogaat
3500 rpm to partition phases. The upper methandrlavas removed and the lower
chloroform layer dried down under nitrogen. Bothtyfaacid extraction and trans-

methylation were carried out in Pyrex reaction gibe

2.2.3.2 Fatty acid trans-methylation

The dried chloroform extract was dissolved in hexéh ml) and 1% (v/v) sulphuric
acid in methanol (4 ml). The mixture was heate8=(C for 2 hours, cooled, followed
by the addition of hexane (2 ml) and 5% (w/v) K@lwion in water (1 ml). The
samples were centrifuged at 3500 rpm to separatphhses. The upper hexane phase
was removed using a Pasteur pipette. A further iexxtraction was carried out on the
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methanol phase with 2 ml of hexane per sample, with hexane phases pooled

together. The samples were dried under nitrogerstordd at -20°C (Christie, 1989).

2.2.4 TLC purification procedure

2.2.4.1 Separation of phospholipid fractions

Mortierella alpina strain 330997 was grown at 5, 15 and 25°C for lkwegtracted
from broth and then freeze dried. 25 mg of mycekas extracted using the
chloroform/methanol procedure, dried under nitrogea re-suspended in 1Q0 of
chloroform. 25ul (6.25 mg of sample) were loaded onto a precoomitil, glass backed
Silica gel (25@l thickness), 20 cm x 20 cm plate. The plate wasdidmned and
developed using the following solvent system; 58t387:0.9 by volume of chloroform
: methanol : acetic acid : water (Kendrick & Rated 1992c), and developed for 1.5
hours. A standard mix of the four phospholipid gemls was used to localise the
phospholipids. After drying the plate, the phosghdl standards were stained using
molybdenum blue stain (Sigma). Areas correspontbirtge standards were scraped off
from the sample runs.

1 Rf Compound
.
0.71 Phosphatidyl ethanolamine
y 0.49 Phosphatidyl inositol
A
,j 0.34 Phosphatidyl serine
1
‘ 0.17 Phosphatidyl choline
|
& s

Figure 2-1. TLC separation of phospholipid componets and their respective Rf values.
Visualised using molybdenum blue stain.

2.2.4.2 Elution of TLC fractions

1 ml of 1:1 (v/v) chloroform : methanol solution svadded to the scraped silica

fractions, and extracted for 30 minutes at roompimature. The samples were then
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centrifuged at 3500 rpm and the solvent layer readoWhe silica was re-extracted with
the same solvent mixture, with the extracts theolgub The extracts were dried under

nitrogen, and then trans-methylated prior to GC-MS.

2.2.5 GC-FID analysis

The samples were analysed on a Varian 8400 GCwitD,an 1177 injector, a flow
rate of 0.8 ml/min of helium, and a 50 m Varian 8iP88 column. Running conditions
were as follows; injector set at 250°C, FID at 2Z80fvith a column oven program of
140°C initially, ramped to 225°C at 4°/min and hétdt 20 minutes, for a total 45
minutes. The split ratio was 1:50, with aullinjection. Samples were run with a blank
(n-hexane) and standard (heptadecanoic acid mesitgt at 1000 ngl) preceding the
sample runs, with a wash step between each sai@fdadards were obtained from
Sigma, UK.

Fatty acid identification was carried out usingatide retention times, calculated
using a 37 FAME component mix spiked with indivilBEAME standards. Quantitative
data analysis was carried out, as response faetere calculated using known

quantities of internal standard and fatty acid déads.

2.2.6 GC-MS analysis

The samples were analysed on an Agilent 7890A GG an Agilent 5975C MS, a
flow rate of 1 ml/min of helium and a 30 meter DBKS+DG column. The running
conditions used were: injector at 250°C, sourc@31°C, quadrapole at 150°C. The
column oven temperature program was 100°C initiabynped to 240°C at 4°C/min.
The split ratio was 1:50, with a 1 pl injection.eT®C-MS was operated using Chem
station. Automated mass spectral deconvolutionidewtification system (AMDIS) and
the NIST 05 libraries were used to de-convolute idedtify peaks. The AMDIS library
was created using the 37 FAME component mix andlesiRA standards. A retention
index and mass spectral database was establisheshtnce identification of peaks.
Quantification of peaks was carried out using AMDMth extracted ion areas used to

resolve co-eluting compounds and improve quantibca
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2.2.7 Molecular biology methods

2.2.7.1 DNA and RNA extraction

DNA was extracted from fungal samples using the g@m plant tissue DNA
extraction kit, following the manufacturer’s insttions. Mouse DNA was extracted
using the Qiagen blood and tissue DNA extractidn feillowing the manufacturer’s
instructions. Extracted DNA was stored at -20°C.ADWas quantified using a Nano
drop (Thermo Scientific) at 260 and 280 nm. FunghalA was extracted using the
Qiagen plant tissue RNA extraction kit, followirgetmanufacturer’s instructions. RNA

was stored at -80°C.

2.2.7.2 Reverse transcription

Reverse transcription of RNA was carried out usihg following method, with

reagents from Promega:

Attachment of oligo dT primers to RNA:

* RNA (36 ngful) =13 pl
e oligodT = 1ul

* water = 1yl

The reaction was incubated at 70°C for 5 minuted,then placed on ice.

Reverse Transcription reaction:

e Water = 2.251

* Nucleotides = 1.2kl

*  M-MLV buffer =5 pl

* RNAase inhibitor = 0.5

¢ M-MLV Reverse transcriptase =i

The reaction was incubated at 42°C for 1 hounul5df sterile water was added after the
reaction. The cDNA product was stored at -20°C.
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2.2.7.3 PCR

PCRs were carried out using two polymerases, Tddk&D. The actual PCR varied
with the product to be amplified and will be dissed in the relevant sections. All
primers were at a stock value of 100 pmbknd at a working concentration of 10

pmol/ul.
Taqg polymerase:

Taq polymerisation was carried using the Taq beadGE& Healthcare). One Taq
bead was used for each reaction, which containeddime measure of polymerase per
bead. Water, primers and DNA were added to thetiaenix, followed by briefly
mixing and centrifuging. The PCR was then thermtagycthe conditions of which
depended on the product being amplified. A standaad PCR reaction mixture is

shown in Table 2-17 with a standard thermocyclegmm shown in Table 2-18.

Table 2-17. Standard PCR mixture using Taqg polymerse beads from GE Healthcare.
Values are subject to change depending on the apgdition. However, modifications to the
standard procedure are noted.

Reagent Amount
Taqg bead (GE healthcare) 1 bead
Primer 1 1ul at 10 pmolgl
Primer 2 1ul at 10 pmolgl
DNA template ul
dH,O 224l

Table 2-18. Standard PCR thermocycler temperature pgram. Any modifications to the
procedure are mentioned.

Temperature Time Function
95°C 2 minutes Initial melting step
94°C 30 seconds Melting step
50-56°C 30 seconds Annealing step
72°C 30 seconds Elongation step
72°C 5 minutes Final elongation step

e Number of cycles =

o Uni primers 1-4 = 35
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o Primers 1-6 and P1 and P2 =30

o Fl-3and R1=35
KOD polymerase:

KOD polymerisation was carried out using the sanethod throughout the study.

The reaction mixture was as follows:

Table 2-19. PCR reaction mix utilising KOD polymerae.

Reagent Amount

10x buffer 2.5l
MgSOy 3l
dNTPs 2.5u
Primer 1 1ul at 10 pmolgl

Primer 2 1ul at 10 pmolgl
cDNA 3yl

KOD polymerase 0.qnl

dH,O 22yl

The thermocycler conditions were as follows:

Table 2-20. PCR thermocycler temperature program foKOD polymerase reaction.

Temperature Time Function
95°C 2 minutes Initial melting step
94°C 20 seconds Melting step
55°C 1 minute Annealing step
70°C 30 seconds Elongation step
70°C 5 minutes Final elongation step
e 20 cycles

2.2.7.4 Agarose gel electrophoresis

Agarose gels (1 to 3%) (w/v) were prepared dependin the size of the PCR
product. 15 ml of agarose solution was used for@oe8 well gel. Agarose was added
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to 1x TAE buffer and heated in a commercial micregvéor 45 seconds on full power.
The solution was allowed to cool slightly beforhidium bromide was added to a final
concentration of 0.;ng/ml. The solution was poured into a mould with ar@ finger
comb and allowed to set. The electrophoresis t&nkb{ Tec) was filled with 1x TAE

buffer, and the solidified agarose gel placed endbrrect orientation.

2 ul of loading buffer was added tou8 of PCR reaction, mixed and then centrifuged.
All 10 pl of solution was added to one well. 5 of DNA ladder was added for
reference. The tank was run at 100 V for 20 minutdbwed by UV visualisation and

image capture at 312 nm.

2.2.7.5 Gel purification of PCR products

PCR bands were separated using agarose gel eleatesis. The gel was visualised
on an open gel imager, with a UV shield. The bahidterest was excised using a clean
scalpel, and the weight of the agar piece noteé. HGR and gel purification kit from
Promega was used to extract the DNA from the agafoBowing the instructions from

the manufacturer. The extracted DNA was store@GftC.

2.2.7.6 DNA restriction reaction

DNA restriction reactions were carried out usingtmietion enzymes from Promega.
The restriction enzymes used depended on the DNduat. The reaction protocol used

for the restriction reaction is as follows:

« DNA=54l

« BSA=1pl (0.1 mg/ml)

+ Hindlll+Ndel = 0.5 + 0.5l
e Multicore buffer = 1yl

e  Water = 2ul

The reaction was left for 2 hours at 37°C, followsdthe reaction mix being purified
by the PCR and gel purification kit from PromegaeTestricted DNA was stored at -
20°C.

2.2.7.7 TOPO-DNA ligation reaction

The TOPO 2.1 kit from Invitrogen was used usingftil®wing reaction mix:
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Table 2-21. TOPO 2.1 ligation reaction mixture.

Reagent Amount
PCR insert Al
Salt solution (MgGland 1 pl
NacCl)
TOPO 2,1 vector u

* The ligation reaction was shaken gently and incedbat room temperature for 5
minutes. The reaction was then left on ice fordfarmation into chemically

competent cells.

2.2.7.8 pET-23b ligation reaction

pET-23b ligation calculation:
pET-23b : GLELO = vector to insert is 4.8x larger
Using 100 ng of vector pET-23b gives:
100 ng/4600 bp = 0.022
0.022x950 bp = 20.7 ng GLELO

pPET-23b : GLELO ratios of 1:1 and 1:3 were used.
1:1 = 100:20.7 ng
3:1 =100:62.0 ng

Table 2-22. pET-23b ligation reaction mix.

Reagent Amount
Vector at 37.4 ngd 3.79ul
Insert at 37.4 ngl 0.56ul
10x buffer (?) Iul
Ligase 1ul
dH,O 3.65ul
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* The ligation reaction was incubated at 37°C foro8rs and then kept on ice for

transformation into chemically competent cells.

2.2.7.9 Transformation of TOP10 E. coli cells

TOPO 2.1 and pET23b vectors were transformed i@® 10 chemically competent
E. coli cells by heat shock. Chemically competent cellsewigst thawed on ice, and
then 5ul of ligation reaction mix was added to the celtgl ancubated on ice for 5-30
minutes. The cells were then heat shocked at 48f@Q@ seconds, then placed on ice
for 2 minutes, followed by the addition of SOC nee¢250ul) to the cells. The culture
was then incubated at 37°C for 1 hour on a rotacybator, then plated onto ampicillin
LB plates with 50ul and 200ul of culture used for inoculation. Plates were inated
overnight at 37°C. Four colonies were selected gnosvn overnight in ampicillin LB
broth (5 ml) at 37°C in a rotary incubator. Aftereonight growth, 1 ml of culture was
taken and added to glycerol solution (500, mixed and then stored at -80°C as a
glycerol backup. The remaining 4 ml of LB culturaswcentrifuged and DNA extracted
using the mini-prep kit from Promega, following theanufacturer’s instructions. The
extracted DNA was stored at -20°C.

2.2.7.10 Colony PCR

Colony PCR was used to determine whetecoli colonies had up taken plasmids
containing the gene of interest. Transformed ce®mere grown overnight on LB agar
plates at 37°C. A colony was selected using alst&ilson tip, gently removing the
colony from the plate. The tip with colony was thetroduced into the following PCR

reaction mixture:

* Reaction bead (Taq) from GE healthcare
e Water = 23ul

e Primers = 1+1u

The reaction was thermocycled using the followinggpam:

e 95°C initial melting step, 2 minutes
e 94°C melting step, 30 seconds

» 54°C annealing step, 30 seconds
e 72°C elongation step, 30 seconds

e 72°C final elongation step, 5 minutes
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« 30 cycles

The tip was then deposited into LB broth (5 ml)thathe appropriate antibiotic added
and cultured overnight in a rotary incubator atG7The PCR reaction was then run on
an agarose gel and visualised as described iroee2i2.7.4. Several colonies from one
plate were screened, with those displaying theecbrsize insert being utilised for

further study.

2.2.7.11 Growth of E. coli BL21(DE3)pLysis* cells for expression

An initial cell culture of BL21(DE3)pLysis* cellsNovagen) were first streaked out
onto LB plates with chloramphenicol at a concerdrabf 34 ug/ml. The plates were
incubated overnight at 37°C. One colony was thekqa and inoculated into 5 ml of
LB broth with chloramphenicol. The culture was ibated overnight at 37°C in a rotary
incubator. 20 ml of fresh LB broth, containing thgame concentration of
chloramphenicol, was inoculated with 2Q0 of the 5 ml starter culture. The broth
culture was grown at 37°C in a rotary incubatoriluah ODs7g nmof 0.3-0.8 was
achieved. The culture was then transferred to mbPalcon tube, where the cells were
cooled on ice for 10 minutes. The cells were thentrifuged at 3000 rpm for 10

minutes at 4°C.

The LB media supernatant was decanted and 4 mlcald, filter sterilised
CaClb/glycerol (0.1 M/10% v/v) was added to the cell$ieh were re-suspended and
kept on ice for 20-60 minutes. The cells were tbentrifuged at 3000 rpm at 4°C for
10 minutes followed by the removal of the supemiatdhe cells were again re-
suspended in 400l ice cold CaClglycerol solution. 25ul aliquots were taken and
dispensed into 1.5 ml Eppendorf tubes, and stareBDaC.

2.2.7.12 Transformation of BL21(DE3)pLysis* cells with pET23b-

GLELO

The pET23b vector containing GLELO (pET23b-GLELOpsvtransformed into
BL21(DE3)pLysis* cells. The transformation proceeluwas the same as previously
mentioned for the transformation of TOP10 cellsyéeer the following changes were
made. Agar plates and LB broth media contained hatpicillin and chloramphenicol
as selection antibiotics, at the concentration®dtaarlier. Glycerol backups of the 5 mi

LB media liquid culture colonies were made, ancbnglPCR of the plated cells was
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also performed to check for gene insertion. Howetlee overnight 5 ml LB broth
culture was not harvested the following day for DEbraction. Instead, fresh LB broth
(400 ml) with corresponding amounts of ampicillimdachloramphenicol were made up
in 2 litre flasks, and 2 ml of overnight broth $éarculture was inoculated into these
broths. These broths were cultured at 37°C forrmaiid@ihours in a rotary incubator until
an ODy7s nmof 0.6-1.0 was observed. 160(stock 1 M) of the inducer IPTG was added
to the culture flasks to a final concentration af M. The flasks were then transferred
to rotary shakers at 25°C overnight. The brothsewdren transferred to 500 ml
centrifuge tubes, and centrifuged at 4000 rpm fomiinutes at 4°C. The supernatant
broth was decanted off, and the pellet re-suspemdptbtein binding solution (10 ml).
The re-suspended cell suspension was then froz&0&€. An aliquot of re-suspended
cell pellet was then taken. SDS sample buffer{3@nixed with f-mercaptoethanol (14
ul) was added to 3@l of cell suspension, and then boiled for 5 minutesealed

Eppendorf tubes. The samples were then frozerDac-2

2.2.8 Protein Analysis

2.2.8.1 Purification of His-tagged GLELO from BL21(DE3)pLysis* cells

BL21(DE3)pLysis* cells suspended in protein bindisgution were defrosted and
lysed by sonication. The sonicator was 20 - 25 0¢¢ower). Samples were kept cool
by placing them into ice water whilst sonicatingniles were sonicated 5 times for 30
seconds, with a 30 second break between each sonicA 30ul aliquot was taken of
the sonicated lysed cells and boiled with SDS by#6 ul) (table 2-10). The lysate was
aliquoted in 2 ml fractions and centrifuged for thuates at 14000 rpm at 4°C. A 30
aliquot of the supernatant from the centrifugedicaed cell solution was taken, and

boiled with SDS buffer (3@l) (pre-column supernatant).

Columns containing approximately 4 ml of resin (lakiag Sepharose Fast Flow,
Amersham) were used to purify His-tag proteins frioBhcultures. The resin was first
cleaned by running distilled water through the omhuand resin. The column was then
loaded with charge buffer and equilibrated withdimg buffer. The supernatant of the
sonicated extract was applied to the column, aedethent collected. 30l of eluent
was removed and boiled with SDS buffer (80 The cell pellet from the centrifugation
of lysed cell material was re-suspended in of wigdiuffer (2 ml), and a 30l aliquot
taken and boiled with SDS buffer. The column wasntvashed with several buffer

solutions to elute unbound proteins. The first buffised was binding buffer (20 ml),
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followed by 50 mM (20 ml) wash buffer, finally folved by 100 mM (20 ml) wash
buffer. The fractions were collected in falcon tspand 3Qul of each eluent was boiled
with SDS buffer. The bound protein was eluted ipragimately 2 ml fractions in
separate Eppendorfs with eluting buffer. Each foactvas tested using comassie blue
G250 dye (BioRad). Drops (1) of distilled water were applied to a parafilnrigt
with 5ul of comassie added to each drop. AdSaliquot of each eluted fraction was
mixed with a comassie spot, with the formation afistinct blue colour indicating the
presence of protein. Any fraction eluted with edgtbuffer and found to contain protein
had a 30ul aliquot removed and boiled with SDS buffer (8). The resin was
regenerated by applying a 1:5 dilution of stripfbuto the column, and collecting the
nickel eluent. Protein containing fractions weralgsed by SDS PAGE.

2.2.8.2 SDS PAGE

The separating gel was loaded into the gel appaater first adding TEMED (24
ul). A thin layer of water saturated butanol was ngouon top of the gel, which was
allowed to set. Once set, the butanol was pourtdnaf the top of the gel rinsed with
distilled water. The stacking gel was then addeith the addition of TEMED (1%u)
shortly beforehand, to the already set lower séjpgrgel. Combs were then placed into
the stacking gel and the gel allowed to set. THevgs then transferred to the running
tank, which was filled with 1x running buffer (Natial Diagnostics). Samples were
then loaded onto the gel, withubof molecular rainbow marker (Amersham) loaded, 10
ul of all other samples except those eluted withti@tubuffer, of which 20ul was
loaded. The gel was run for 2 hours at 100 V. Télengs then stained using the silver

staining kit from Sigma Aldrich, following the mafagturer’s instructions.

2.2.8.3 Western blotting

The cooling block used in the Western blotting appe was filled with distilled
water and frozen overnight. The following day tHeSSPAGE gel was run. Whilst the
gel was running, a polyvinylidine fluoride (PDVF)embrane was cut to the size of the
gel, and then equilibrated in methanol for 10 sedsoifThe membrane was then rinsed in
distilled water, followed by equilibrating in trafies buffer at 4°C. Any visible air
bubbles were removed. Two pieces of filter papehwi thickness greater than 3mm
were cut to the size of the gel. These as welhadibre pads were emerged in the cold
transfer buffer, with visible air bubbles remove@lhe blotting equipment was
thoroughly washed with distilled water. The buffenk was filled half way with
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transfer buffer, and a magnetic stirrer placechatliottom. The frozen Bio-ice cooling
unit was inserted to cool the buffer. The gel fritra SDS PAGE was rinsed in transfer
buffer, and the stacking gel removed with a scalpbe holder cassette was removed
from the trans-blot electrode casing. The casse#i® opened and membrane and gel
loaded. Briefly, a pre-soaked fibre pad was plasedhe cathode plate, followed by a
piece of saturated filter paper on the top. Aro@nohl of transfer buffer was poured
onto the surface and the pad and paper compresseshove air bubbles from the
apparatus. The gel was aligned in the centre offiltee paper and the surface again
flooded with transfer buffer. The other pre-soakeeimbrane was placed on top, with
light compression to remove any air bubbles. Théasa was flooded with transfer
buffer, with the last piece of saturated filter pafollowed by the second pre-soaked
fibre pad placed on top. Finally, pressure was iadpio remove trapped air bubbles.
The cassette was carefully closed, and insertedtimg electrode housing in the correct
orientation. The electrode housing was then indeiriéo the buffer tank, which was
then filled with transfer buffer and run at 100/ fL hour.

After the transfer procedure, the membrane was vethand placed into a clean box.
The membrane was placed so that the side in cowidtthe gel was facing upwards.
0.1 ml of blocking solution (TBST with 1% BSA w/per cnf of membrane was added
and incubated for 1-2 hours at room temperaturewarnight at 4°C with gentle

agitation.

After incubation, the blocking solution was disceild The membrane was then
immediately incubated with the primary antibody t(&fis). The membrane was
incubated in 15 ml TBST with a 1:3000 dilution aftiaHis antibody, as well as 1%
(w/v) BSA. The blot was incubated for 1 hour at modemperature with gentle
agitation. After incubation, the solution was disted and the membrane rinsed 3 times
for 10 minutes with TBST. The membrane was thenbated in 15 ml of TBST with a
1:5000 dilution of anti-mouse peroxidase and 1%v)\VBSA for 1 hour with gentle
agitation. The membrane was rinsed 3 times for ifutes in TBST buffer, followed
by rinsing in TBS twice for a minute each. The meanmle was visualised using
BCIP/NBT stain (Sigma). Briefly, a tablet was disped into 20 ml of distilled water
and vortex thoroughly for 2-5 minutes. The solutismas then poured over the
membrane and the stain allowed to develop for Balrutes. The staining was stopped

using copious amounts of distilled water, followby rinsing the membrane with
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distilled water. The membrane was then air driedaimark, dry environment for

visualising.
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3 Fatty acid profiling of novel fungal strains

iIsolated from psychrophilic environments

3.1 Introduction

Alternative producers of fatty acids are soughsupplement the primary source of
VLCPUFA production, oily fish. Algal fermentatiors ian alternative source of these
polyunsaturates although the high energy cost reduio culture algae is a major
consideration for any company wishing to exploisthource. Alternative organisms
which have been studied derive from the fungi dmel €hromista. Fungi offer the
attraction that they are not phototrophic, can @vg on waste material due to their
saprotrophic nature and can be grown in liquidaidsculture. The main issue is that
only a handful of true fungi are capable of prodgcihese VLCPUFAs. Fungi such as
Mortierella have been studied extensively because of theiityalto produce the
VLCPUFAs arachidonic acid and eicosapentaenoic. ddahy parameters have been
studied in relation to increasing the yield of #héatty acids, and this Fungus is utilised
in the industrial production of &4 N6. The migration from an aqueous to a terrestrial
habitat led to the formation of the zygomycetesjcihretained several features that
highlight their ancestry to the chytrids such as ldck of septate hyphae, the presence
of sporangia as well as the prevalence of the & tive n3 pathway. The Dikarya
evolved predominantly from the zygomycetes but hasge the n6 pathway as well as
the A6 elongase. Therefore these organisms primarilgiyme up to &s.3 n3. It has been
found that low temperatures stimulate the productd unsaturated fatty acids to
increase the fluidity of the membrane. It was reasiathat organisms isolated from low
temperatures may have adapted to the conditionsughr selection. Therefore,
organisms were studied which were isolated from #rearctic, which endures
constantly low temperatures. It was thought théteziorganisms such as zygomycetes
or chytrids would predominate due to the presente &6 elongase capable of
producing VLCPUFAs, or that if ascomycetes or basiycetes were isolated, they
would have retained th&6 elongase or developed a similar elongation oatdestion
mechanism. One of the themes within this chaptén wagard to fungi is the role of
taxonomy as an indicator of VLCPUFA production antiether temperature is a
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selection factor for VLCPUFAs, or whether othertéas are responsible for the
presence of these novel fatty acids. Organisms ftieenrecently deposited British
Antarctic Survey (BAS) collection and those orgamssisolated from low temperature
environments will be studied utilising a lipid sereng methodology using GC-FID and

GC-MS as the analysis platforms.

3.1.1 Aim

The aim of this part of the study is the fattydaprofiling of a novel collection of
Antarctic and low temperature isolated fungi uitigs GC-FID and GC-MS as the
analysis platforms, with the initial aim of idewiiig long chain polyunsaturated fatty

acids from novel fungal producers.

3.2 Results

3.2.1 GC-FID and GC-MS fatty acid screening development

3.2.1.1 Extraction efficiency and reproducibility

The extraction and derivitisation procedure wassssd by studying the extraction
recovery efficiency and the quantification repra@iity on four isolates using three
technical repetitions per sample (table 3-1). Theovery and quantification were
carried out using the internal standard (IS) hegptadoic acid. The recovery was
calculated by spiking a known amount of heptadeicaacid into the sample matrix and
comparing it to the value a 100% conversion woule @f heptadecanoic acid methyl
ester. The majority of instances saw recovery \&ateer 100% indicating that error had
been introduced during the procedure. Likely sasiroé error could come from
increased dilution of the heptadecanoic acid metjér stock solution or from pipette
error when spiking samples. Slight sample concgatramay have occurred prior to
autosampler injection. The high values of IS spkenpared with the control would
indicate an efficient method for the analysis dfyfaacids even though the current data
cannot be quantified. The reproducibility data faneml using the IS to eliminate
technical repetitions as standard error betweemteal replicates was low. The high
error associated with sample 398111 was due tateQ although for the purposes of
screening only one technical repetition was deenexssary as the internal standard
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compensates for the majority of error associatdti te extraction, derivitisation and

analysis methodology.

Table 3-1. Reproducibility between three technicalepetitions using GC-FID as the
analysis platform. The use of the internal standarcheptadecanoic acid when used for fatty
acid extraction and derivitisation negates the neetb perform technical repetitions due to
the proportionally low standard error of the mean SE). The error associated with isolate
398111 was due to an outlier. Fatty acid values ane mg/g of biomass.

FA |sos111| s | NEYC | sE | 330007| SE | 82072| SE
Cwo | 084 | 008| o000| 000 000 000 000 0.4o
Cuo | 654 | 059 | o019| 001 127 o001 08 003
Cso | 000 | 000| o018| 000 o060 002 o064 040
Cio | 3285| 339| 2387 o051 2128 o021 812 o011
Ce: | 028 | 003| 1160 o011 o000 000 o000 0.0
Cia | 000 | 000| 1277 003] o011 o001 030 o001
Ciso | 2409 | 290| 1697 045 1308 024 417  0.06

Cisacis | 76.65| 9.78| 10768 171 479 058 611 005
CisoCis | 1028 | 076| 4470 025 084 02k 082  0.07
Cwo | 086 | 010 | 107| 004 097 005 028 001
Cwsn6 | 822 | 067| o000 000 o050 015 051 002
Cwn | 197 | 027 o025| 001 o040 003 040 0.do
Cuo | 000 | 000| o000| o000 o014 002 000 0.do
Cuon6 | 026 | 004| 024 004 03] 005 033 004
Cwo | 148 | 021 108| 004 235 005 o054 002
Cwsn6 | 11.09| 133| o000| o000 113 o046 030 001
Cwand | 024 | 003| o000 000 00d 000 000 000
Cwan6 | 871 | 084 000 000 147 052 051 003
Cuo | 161 | 022 261| 010 277 o006 045 007
Cws | 095 | 007 o000| 000 032 003 00p 040
Couand | 207 | 020| o000 000 044 004 022 o001
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3.2.1.2 GC-FID and GC-MS parameters

Fatty acids were identified using a 37 fatty acidtimyl ester (FAME) standard to
calculate the relative retention time compared i internal standard heptadecanoic
acid methyl ester on the GC-FID as shown in figBt® The 37 FAME standard was
also utilised for creating a fatty acid mass sdibrary with associated retention
indices for more accurate identification using tB€-MS. Response factors for both
GC-FID and GC-MS in relation to heptadecanoic awcathyl ester were also calculated
using the 37 FAME standard. The response factarderrective factor to account for
the differing response of the detector to differeatnpounds relative to the internal
standard, i.e. the same amount of internal stanaladdcompound of interest may result
in different integrated areas. The resolution @& @P-Sil 88 column used in the GC-
FID is sufficient for resolvingis-trans isomerism as well as;&3 n3 from Gg.3 n6. This
column is more polar in nature and hence elutday &atids with a greater numbers of

double bonds after those that are more saturated.
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Figure 3-1. GC-FID trace of 37 FAME standard usinghe CP-Sil 88 column. Good
resolution is achieved using the column and oven pgram specified in the materials and
methods section. For compound identification, the wst accurate method is to calculate
relative retention times (RRT) to the internal stadard, methylated heptadecanoic acid.
The RRTSs are calculated as the ratio of the elutedompound’s retention time over the
retention time of the internal standard. Absolute etention times can lead to false
identifications as compounds may elute slightly edier or later although RRTs can help

minimise this.
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Table 3-2. Table showing the parameters used for dgghtification and quantification using
the GC-FID. RRT = relative retention time, MQ = minimum quantifiable limit in ng, RF =
response factor, SE = standard error of the respoesfactor. The minimal quantifiable
amount for Cy4.0, Cq,0 and Cgo resulted in values that were negative due to thdallow slope
of the response vs. amount in ng plot.

FA RRT | MQ/ng | RF | SE FA RRT | MQ/ng | RF | SE
Cao 0.31 N/A | 0.21] 0.07 Cigpcis | 1.218] 0.86 | 1.06 0.0

Cs0 0.34 N/A | 0.57] 0.0 Cxo | 1.248] 091 | 1.08 0.0

Cio0 0.459| 0.65 | 0.87 0.0 Cypi1 |1.295| 085 | 1.08 0.0

2
3
Cso 0.38 N/A | 0.76] 0.0 Cig3n6 | 1.277 0.97 | 1.04 0.03
3
2

Ci10 0.514| 0.86 | 090 0.0] Cig3n3 | 1.311] 0.88 | 1.05 0.0

Ci20 0.58 0.89 | 0.94 0.0] Coyo 1.33 0.87 | 1.09 0.08
Cizo 0.656| 0.89 | 0.99 0.0f Cxo2n6 | 1.378] 0.82 | 1.05 0.04
Cia0 0.739| 091 | 1.01 0.0f Cypo |1.408| 0.89 | 1.08 0.08
Cia1 0.812| 0.84 | 1.00 0.0f Cxo3n6 | 1.44 092 | 1.04 0.038
Cis0 0.825| 0.89 | 1.02 0.0] Cxn1n9 | 1.46 0.58 | 1.0 0.08
Cis1 0.903| 0.93 | 1.00 0.0f Cxo3n3 | 1.474) 092 | 0.99 0.08
Cis0 0.914) 0.92 | 1.0 0.0f Cy4n6 | 1.486] 0.96 | 1.46 0.04
Cie1 0976 0.85 | 099 0.0 Cu | 1.497 117 | 0.64 0.1D
Ci70 1 1.01 | 1.00 O | Cxp2n6 | 1.55 0.78 | 0.99 0.0b
Ci71 1.062] 095 | 1.04 0.0 Cuo | 1583 0.84 | 1.04 0.04
Ciso 1.086| 1.00 | 1.06 0.0] Cxsn3 | 1.603] 097 | 1.083 0.02
Cigatrans| 1.123 0.85| 1.1 0. Cxuin9 | 1.648) 0.78 | 1.12 0.04

CigaCis | 1.142) 098 | 1.06 0.0 Cx»sn3 | 1.841 N/A | 1.00 N/A

Cigotrans| 1.183  0.93 1.08 0.0 Cxpsn3 | 1.91 0.77 | 0.92 0.0p

For the GC-FID the response factors for most fattigls are around 1, as shown in
table 3-2, indicating that the fatty acids prodtlve same area as the IS when the same
amount is introduced into the detector. The respdastors were calculated over five
concentrations and the standard error of theseonsgis was taken. The generally low
standard error indicates that the response factuislittle over the concentration range.

The minimum quantifiable amount was calculated logting amount against integrated
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area and using y = mx + ¢ for each compound, whéehe integrated area and x is the
amount. The GC-FID would not integrate any compowitd an area less than 1000, so
x was calculated when y = 1000. In general the mahiquantifiable amount by the GC-
FID was just under 1 ng. The plots (figures 3-314) were also used to determine the
detector linearity over several concentrationsgémeral the Rvalue for most of the
compounds was around 0.99 indicating that there wastrong linear correlation
between area and amount. The saturated fatty a@dsin higher abundance within the
standard mixture and still maintained good lingamiter the concentration range.
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| z
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Figure 3-2. GC-FID detector linearity of saturates.The detector linearity with regards to
area and concentration with the saturated fatty ads is high with the exception of g
although Cg.oand Cppalso exhibit lower responses when compared to théher saturated
fatty acids. The saturated fatty acids were in higar abundance within the standard
mixture, up to twice the concentration of the remaiing fatty acids although good linearity
was maintained throughout the range.
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Figure 3-3. GC-FID detector linearity of unsaturates. Lower abundance saturates and
unsaturates also demonstrated good detector lineayi with all values excluding Gg.3n6
having R?values above 0.99. The deviation in the points atahd 8ng is possibly due to
error in sample preparation.
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Figure 3-4. GC-FID detector linearity of PUFAs. TheGC-FID detector linearity is again
high for predominantly VLCPUFAs with the majority o f compounds displaying Rvalues

around 0.99. Gy.4,n6 demonstrates an erroneous point at 1ng althoughas found to

partially co-elute with C,s.q, which could explain the larger than average area.
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The GC-MS was equipped with a DB-5MS+DG columnuyifeg 3-5) which is more
non-polar than the CP-Sil 88 column, which resultethe elution of unsaturated fatty
acids prior to saturates. The column had adeqest@ution for fatty acid separation,
however the fatty acidsigsn3, Gg.; andcis-Cig.» co-eluted. This meant that total ion
count (TIC) integrated areas were inaccurate fesahfatty acids if in high abundance.
Therefore extracted ions (EIl) as oppose to TIC weesl to quantify fatty acids, as they
allow single ions which distinguish between co-elgtfatty acids to be selected and
provide greater accuracy. The fatty acid mass gpeast were added to a custom
AMDIS library to allow accurate identification oheé compounds as were retention
indices (RI). Retention indices allow for more aeta identification of compounds by
attributing an index value to that compound. Theéei values are based on a
homologous series such as the n-alkanes, or inctse the saturated fatty acidg-C
Ca4:0 With values of 1000-2400 given to the homologoeses. These can be plotted
against retention time and the remaining compowadsbe assigned RIs. If the column
or running conditions are changed, a calibratiam loa performed to readjust the RI vs.

retention time plot. The Els and RIs are showrabig 3-3.
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Figure 3-5. GC-MS trace using the DB-5MS+DG columiand the 37 FAME standard.
Resolution between most fatty acids was high howeavihe Cyg series suffers from co-
elution due to the large abundance of these compods within fungi. Extracted ions were
used to quantify all compounds and this increasede accuracy of quantification of co-
eluting fatty acids. The saturated fatty acid serie were used to calculate the RI values due
to the strong correlation of fatty acid length andretention time.




Chapter 3

98

Table 3-3. GC-MS parameters used throughout the wér m/z = ion selected for El
quantification, El RF = extracted ion response faair, SE = standard error of El RF, Rl =
retention index. The ElI RF are more variable than vith the GC-FID as individual ions are
used. To prevent co-elution from other peaks influecing quantification, unique ions were

selected which where not present in the co-elutingompound. These ions in some instances

are in low abundance, resulting in a large correctin factor needing to be used when
compared to an abundant ion, as found in the interal standard. The response factors are
slightly more variable than with the GC-FID as is gen by the standard error over the
range of concentrations.

FA m/z | EIRF | SE RI FA m/z | EIRF | SE RI
Cio0 74 1.05 | 0.04 1000 C200 74 1.06 | 0.04 2000
Ci10 74 1.07 | 0.05 1100 | Cyg3n6| 79 0.25 | 0.03 1750.4
Ci20 74 1.15 | 0.09 1200 Coo1 74 0.14 | 0.0Y 1974.8
Cizo 74 1.12 | 0.03 1300 | Cyg3n3| 79 0.35| 0.083 1776.8
Cia0 74 1.26 | 0.08§ 1400 Co1o 67 0.76 | 0.04 2100
Cia1 55 0.43 | 0.0) 1386.6| Cy:2n6 | 98 0.31| 0.02 1967.9
Ciso 74 1.19 | 0.0§ 1500 Ca20 74 0.74 | 0.04 2200
Cisa 55 0.45 | 0.04 1487.7| Cy3n6 | 81 0.21 | 0.01 1949.1
Cis0 74 1.17 | 0.04 1600 | C2qn9 | 74 0.33 | 0.02 2172.6
Ci61 55 0.31 | 0.0 1577.2| Cyu4n6 | 119| 0.03| 0.01 1930.3
Ci70 74 1 0 1700 | Cazo 74 0.47 | 0.0)f 2300
Ci7a 55 0.35 | 0.04 1678.5| Cxn6 | 74 0.26 | 0.02 2167.9
Ciso 74 1.14 | 0.09 1800 Caa0 74 0.13 | 0.0Z2 2400
Cigatrans| 55 0.43| 0.041781.1| Cy:5n3 | 80 0.07 | 0.02 1936.8
Cig:1Cis 84 0.20 | 0.08 1775.5| Cos1n9 | 74 0.17 | 0.03 2367.5
Cigotrans| 67 0.34| 0.041777.2| Cx5n3 | TIC| 0.47 | N/A| 2137.4
Cig2Cis 67 0.38 | 0.02 1766.8| Cy6n3 | 55 0.20 | 0.04 2121.9




Chapter 3 99

4500000

#Cl0:0 R?=0.9947
C11:0 |R?=0.9852
4000000 { ®C12:0 |RZ=p9928
C13:0 |R?=0.9926
C14:0 |R*=0.9993
3500000 { w150 |R? = 09851
C16:0 |R®=0.9994
AC170 |R?=
3000000 R’ =0.0788
XC18:0 |R®=0.9892
@ C20:0 |R*=0.9677
2500000 1 +C22:0 |R®=0.9257
8 | -C24:0 |R*=0.9977
<
2000000
4
1500000 Z /
1000000
'y / /
0 g— | |
0 5 10 15 20
Amount ng

Figure 3-6. GC-MS detector linearity of saturatesThe saturates show good detector
linearity up to an area of 4x10, however beyond this point detector linearity isdst.
Saturates were quantified using the major ion m/z Z which accounts for the large
detector response with low amounts of compound. Theelection of a less abundant ion
may allow for greater linearity over a greater conentration range. The R scores of Gy,
Ci7.0, Ciso, Coo:0 and Cyygare lower then that found for the GC-FID scores.
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Figure 3-7. GC-MS detector linearity for mono, di aad polyunsaturates. In general the
linearity for most fatty acids was high, although Gg., cis showed an unusually low R
score. Comparable quantities of fatty acid resultedn lower area values compared to the
saturates due to less abundant ions being selected quantification. C g, CiS, Gg: CIS,
Cig:3n3 and Cig.» trans were found to have a higher linearity when usinghte GC-FID.
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Figure 3-8. GC-MS detector linearity. The linearity of the remaining compounds is
relatively high however R scores for the GC-FID for Gg1, Coo:2 Co1:0and Cyz- are slightly
higher. It is to be noted that higher concentratios of fatty acids are used on the GC-MS,
and this is due to the final concentration being ddeved through decreasing the split value.
The GC-FID was not capable of this and so the higlseconcentration was not achieved.

3.2.2 Screening of BAS and low temperature isolated fungi.

In total 142 organisms were screened for novel VUERs. All were initially
screened using GC-FID, and those that demonstratedtion times in accordance with
fatty acids of interest were run on GC-MS for canfition. All BAS isolates were
screened utilising two media, PD and YES or MASftCL Cultures such ddortierella
were only grown on PD after it became apparent thist media was sufficient for
production of VLCPUFAs and that different media weaunlikely to result in the
production of VLCPUFAs from ascomycetes and basmwicetes. Cork bores of plate
mycelia were utilised for broth culture throughttu¢ entire study as broth growth using
spore suspensions of several isolates resultedoor pr no growth. Organism

identification remains putative due to the lack sgfore forming structures which
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prevented morphological identification. The lack gore forming structures may
partially explain the difficulty in broth culturesing spore suspensions. Initial molecular
identification was obtained from BAS and CABI, haxgein a large proportion of cases
identities were made only to the phylum, order emug levels. In multiple instances no
identity was achieved at all. More detailed molacwanalysis is currently underway to
determine isolates to genus or species levels. Mmgs were grown at 15°C as a
compromise between mycelial growth and possible RUEA production, with
temperatures above 15°C inhibitingo@n3 production irMortierella alpina as will be

shown in the next chapter.

In all but 13 organisms the primary long chain polyaturated fatty acids detected
were Gg.3n3 or Gg3nb6. In general the fatty acid profiles of the origams contained
Ci6:00 Ci6:1, Cis:00 Cis:1, Crg:oand in the majority of cases§zn3. Gg.3n6 was detected
exclusively in organisms found within the ZygomyaotChytridiomycota and
Oomycota whilst the n3 £ LCPUFA was found within organisms distributed withi
the Ascomycota and Basidiomycota. Table 3-4 shinstajority of fatty acid profiles,
many of which are BAS isolates as well as seveom-BAS organisms. All these
organisms however share the inability to elongat& @s.s Small amounts of £.0and
Ca20 as well as the monounsaturated forms where alsadfovithin isolates. It is
probable that more samples contain these longen dadurates and monounsaturates,
although due to a period of poor column resolutaing to column degradation on the
GC-FID, the shift in retention times resulted indemtified compounds or were merely

hidden within the much larger;g£peaks due to poor resolution.

The initial hypothesis that stated low temperateresironments would promote
organisms to produce a greater complement of uragatlifatty acids appears not to be
the case within the ascomycetes and basidiomyc&egeral samples though were
found to produce VLCPUFASs up to,£5n3. These are identified in table 3-5. A large
number of these are AntarctiMortierella species. Other organisms capable of
producing VLCPUFAs are those located within the @oota such asSaprolegnia
diclina, Pythium irregulare and Achlya americana. The chytridAllomyces macrogynus
is also capable of producing the VLCPUFA.&Nn6. Several organisms were studied
which were found to produce uncharacteristic fadiyid profiles and on isolate
sequencing, it was found that three organisms wetehe initially isolated organisms.

The first was identified when two strains Bhytophthora richardiae demonstrated
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strikingly different fatty acid profiles which apgeed linked to their isolation location,
with one isolated from Antarctica whilst the otlieym a warmer climate (figure 3-9).
The Antarctic strain showed the ability to produdeCPUFAs such as £.4,n6 and
C.0:5 N3 whereas the mesophilic strain clearly showedatheence of these long chain
unsaturated fatty acids. The Antarctic strain gismduced elevated quantities of,G It
was also noted that the Antarctic isolate was dapabproducing both ¢.3 n3 and
Cis:3 N6, with this n6 LCPUFA the most likely precurdor the Gy VLCPUFAS. The
mesophilic strain however lacked;gz n6, instead producing 63 n3 as the most
unsaturated fatty acid. The lack of VLCPUFAs and #dole presence of63 n3
indicated that the mesophilic isolate may not b&amycete and sequencing confirmed
the isolate aPaedaleopsis confragosa. The other two identified contaminants will be

discussed shortly.

TIC: 328662 11 ¥8.Dhdata.ms
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10000 15.00 2000 2500 30,00 .00 000 4500 5000

Figure 3-9. Comparison of two strains, 328662 and8418, thought to bePhytophthora
richardiae. The upper trace shows a strain thought to be a mephilic isolate whilst the
lower trace shows a strain isolated from a psychrdplic environment. The low
temperature isolated strain (bottom) clearly demonsates the ability to produce fatty
acids up to G5 n3 (35-38 minutes) whereas the contaminant orgamsdoes not produce
PUFAs beyond Gg3 n3.

The genus Mortierella provided some notable resalis least its ability to produce
long chain polyunsaturates. It was found tMadrtierella alpina strain 330997 was
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capable of producing trace amounts g €LCPUFA such as &5 n3 (up to 0.1 mg/g
of dry biomass, 0.18% of total lipid) shown in figu3-10. Due to the low levels of
these fatty acids, it was thought that their foioratvas a side reaction of an already
known elongase enzyme utilising;gCVLCPUFAs such as %4 n6 and Gos n3.
However the discovery of this side reaction prordpharther investigation into the
biosynthesis of VLCPUFAs within the fungi, whichlwbe elaborated upon in the
discussion. Two of thedmbelopsis isolates demonstrated s n3 production as oppose
to the commonly observed £z n6 and it was these isolates which were also densil

to not be the original identified organism. Thelases that demonstrated this preference
were Dis 169, a mesophilic organism, and 40334 Atarctic isolated organism. On
returning to the original cultures it was foundttti@ey produced the same fatty acid
profiles. This indicated that during the initialolation or transfer to the culture
collection contamination had occurred, or the iolaad been outgrown by a co-isolate
which now replaced the original strain. These i®davere molecularly identified and
found to be aPenicillium isolate (403341) and an unknown species from withe
Clavicipitaceae (Dis 169). The analysis of theyfatid profiles, as will be described
shortly, also acted as a quality control screeicatuohg that in this case contamination
had occurred. The othéfortierella species studied all contained the fatty acig;@6
either as the most unsaturated fatty acid or aseeupsor for the synthesis obgz n6
and Go:s n3. In regards to the production of VLCPUFAs sashGo.4 n6, Mortierella
strain 398216 accumulated the fatty acid at 67.84%s total lipid, with the second
highest accumulation being 34.92% frdvtortierella alpina strain 196057. &.4 N6
levels were subsequently between 8-14% of totald lifor the other strains of
Mortierella. Production of .5 n3 was at a much lower level, ranging from 1.44%

of the total lipid with production in the highyé4 n6 strain reaching 3.18%. The greatest
proportional producer of 45 N3 wasSaprolegnia diclina at 19.9% of the total lipid,
with the majority of the Oomycetes producingy€n3 in the range of 12.09-14.3% of
the total lipid. In absolute value ternmRythium irregulare produced the greatesbds

n3 quantity at 20 mg/g of dry biomagshlya americana at 12 mg/g an&aprolegnia at

4 mg/g. Comparativeliortierella alpina, strain 196057, produced§s n3 at 6.9 mg/g
of the dry biomass. The sole chytrl)omyces macrogynus was capable of producing
Co04 N6 at 11.2% of the total lipid although was indapaof further desaturation to
Cao0:5 N3.
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Figure 3-10. Mortierella alpina strain 330997 is cpable of producing G, VLCPUFAS up
to Coo:5 N3. However it can be clearly seen that they aredce fatty acids. G,¢ N3 and G5
n3 were spiked to confirm the identity of the fattyacid.

Table 3-4. Fatty acid profiles of 128 low temperatte isolated fungi incapable of elongation
beyond Gg.s. The majority of the organisms are ascomycetes, thiseveral zygomycetes
such asMortierella and Mucor species and a few basidiomycetes, suchRisffia and
Sporobolomyces. Those isolates with IMI numbers starting 403xxx ge from the BAS
collection. Fatty acid values are stated as the %ww) of the total lipid fraction.
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Organism IMI C14:0 | C15:0 | C16:0 | C16:1 | C17:1 | C18:0 | C18:1 | C18:2 | C20:0 | C18:3n6 | C20:1 | C18:3n3 | C22:0 | C22:1 | C24:0 | C24:1 |Total lipid mg/g
Mucor racemosus 17313 6.7 0.0 21.2 0.0 0.0 133 18.7 13.7 0.4 175 0.0 0.0 0.0 0.0 1.9 0.0 52.8
Mucor hiemalis 17363 1.7 0.0 16.7 3.0 0.0 9.4 25.0 26.4 0.0 141 0.0 0.0 0.0 0.6 0.0 11 48.3
Trichosphaeria pilosa 89319 0.0 0.0 20.5 1.0 0.0 6.8 37.0 26.1 0.5 0.0 0.0 75 0.3 0.0 04 0.0 194.0

Curvularia inaequalis 114060 0.0 0.0 18.3 0.0 0.0 10.7 125 35.8 0.0 0.0 0.0 17.9 0.0 1.0 0.0 17 9.5

Thielavia peruviana 135024 0.0 0.0 151 1.2 0.0 3.0 8.2 65.3 0.0 0.0 0.0 7.2 0.0 0.0 0.0 0.0 34.4
Mucor hiemalis 138261 3.7 0.3 18.9 3.7 0.2 53 23.2 18.7 0.0 20.4 0.0 0.4 0.0 0.5 0.0 1.2 68.7
Embellisia sp. 215092 0.0 0.0 20.6 0.5 0.0 7.1 31.3 31.8 0.0 0.0 0.0 8.3 0.0 0.0 0.3 0.0 218.2
Penicillium echinulatum 256351 0.0 0.0 123 0.9 0.0 5.6 10.0 56.6 0.0 0.0 0.0 13.6 0.0 0.0 1.0 0.0 50.5
Acremonium sp. 312275 0.7 0.0 26.7 3.9 0.0 1.9 40.0 251 0.0 0.0 0.0 15 0.0 0.0 0.2 0.0 361.6
Aureobasidium sp. 312277 0.3 0.0 0.0 2.8 0.1 1.2 54.4 25.0 0.1 0.0 0.2 0.5 0.1 0.0 0.0 0.0 695.1
Thelebolus sp. 340093 0.4 0.0 20.6 11 0.0 5.8 45.1 18.6 0.5 0.0 0.0 6.2 0.6 0.0 1.2 0.0 192.0
Leptodontidium elatius var. elatius | 369788 0.0 0.0 235 0.0 0.0 4.9 205 30.7 0.0 0.0 0.0 18.7 0.0 0.0 0.9 0.0 122.7
Thelebolus microsporus 369795 05 0.0 235 35 0.0 2.8 35.9 28.6 0.0 0.0 0.0 4.4 0.0 0.0 0.5 0.3 191.4
Chrysosporium sp. 369800 0.3 0.3 18.8 0.6 0.0 5.4 36.0 35.0 0.4 0.0 0.0 29 0.3 0.0 0.0 0.0 288.6
Cladosporium cladosporioides 377828 0.0 0.0 15.0 1.0 0.0 5.7 42.7 325 0.3 0.0 0.0 2.7 0.0 0.0 0.0 0.0 171.2
Alternaria alternata 378423 0.5 0.0 20.7 0.6 0.0 18.1 12.9 42.8 0.5 0.0 0.0 3.7 0.0 0.0 0.0 0.0 209.7
396413 0.0 0.0 16.3 0.8 0.0 8.1 194 31.9 04 0.5 0.0 219 0.0 0.0 0.0 0.0 2113
Cladosporium cladosporioides 396505 0.0 0.0 19.8 0.6 0.3 5.6 18.9 42.4 0.0 0.0 0.0 12.2 0.0 0.0 0.0 0.0 294
Herpotrichia sp. 403002 0.0 0.0 12.2 0.7 0.2 45 133 38.7 0.2 0.0 0.1 14.3 1.1 0.0 0.2 04 42.1
Ascomycota 403004 0.0 0.0 16.3 1.6 0.0 5.4 213 49.9 0.0 0.0 0.0 4.2 0.7 0.4 0.0 0.0 34.9
Ascomycota 403008 0.0 0.0 16.5 1.8 0.0 7.8 26.8 39.7 0.0 0.0 0.0 6.2 0.7 0.0 0.0 0.0 49.9
Ascomycota 403010 0.0 0.0 141 11 0.0 6.1 18.7 42.7 0.0 0.0 0.0 11.8 1.1 0.6 0.6 0.2 35.0
Leptodontidium sp. 403011 0.4 0.3 16.8 0.9 0.3 3.5 33.0 32.0 0.0 0.0 0.1 10.1 0.0 0.4 0.0 0.2 59.2
Leptodontidium sp. 403012 0.0 0.0 13.8 0.5 0.0 0.4 19.9 28.1 0.0 0.0 0.6 33.6 0.0 0.3 0.0 0.4 38.0
Herpotrichia 403014 0.0 0.0 14.2 0.5 0.0 4.7 16.8 50.9 0.0 0.0 0.0 9.8 1.2 0.0 0.0 0.0 37.3
Herpotrichia 403015 0.0 0.0 14.2 0.8 0.0 3.8 15.9 55.1 0.0 0.0 0.0 10.1 0.0 0.0 0.0 0.0 23.9
Herpotrichia 403016 0.0 0.0 155 0.3 0.1 8.4 22.6 42.0 0.1 0.0 0.0 9.9 0.5 0.0 0.0 0.0 39.3
Ascomycota 403017 0.0 0.0 17.8 3.3 0.2 4.8 22.0 43.3 0.0 0.0 0.0 7.8 0.0 0.0 0.0 0.0 38.5
Ascomycota 403019 0.0 0.0 14.4 14 0.3 7.6 17.8 46.2 0.0 0.0 0.0 111 0.0 0.5 0.0 0.0 32.9
Ascomycota 403020 0.3 0.0 20.9 0.8 0.0 4.1 31.9 329 0.4 0.0 0.0 7.6 0.5 0.0 0.0 0.0 87.2
Ascomycota 403021 0.0 0.0 18.3 0.9 0.0 6.9 36.5 31.6 0.3 0.0 0.0 5.2 0.2 0.0 0.0 0.0 76.6
Ascomycota 403023 0.0 0.0 18.8 1.0 0.0 7.0 40.9 30.0 0.0 0.0 0.0 1.8 04 0.0 0.0 0.0 442
Ascomycota 403024 0.0 0.0 13.2 0.6 0.0 6.4 32.9 37.9 0.3 0.0 0.0 8.1 04 0.0 0.0 0.0 61.2
Ascomycota 403025 0.0 0.0 13.9 0.4 0.0 7.7 32.7 38.2 0.0 0.0 0.0 7.1 0.0 0.0 0.0 0.0 524
Pleosporales 403026 0.0 0.0 175 14 0.0 7.6 23.2 41.3 0.0 0.0 0.0 8.0 0.6 0.0 0.0 0.5 49.9
Pleosporales 403027 0.0 0.0 141 1.0 0.0 25 25.6 52.2 0.0 0.0 0.0 45 0.0 0.0 0.0 0.0 38.1
Pleosporales 403028 0.0 0.7 153 0.8 0.9 4.6 244 36.1 0.0 0.0 0.7 16.0 0.0 0.0 0.0 0.0 15.7
Pleosporales 403029 0.0 0.0 13.8 0.6 0.0 6.0 435 31.9 0.0 0.0 0.0 3.7 0.2 0.0 0.0 0.0 74.0
Pleosporales 403030 0.0 0.0 16.1 1.0 0.0 5.2 38.8 345 0.2 0.0 0.0 4.0 0.3 0.0 0.0 0.0 82.4
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Organism IMI C14:0 | C15:0 | C16:0 | C16:1 | C17:1 | C18:0 | C18:1 | C18:2 C20:0 C18:3 n6 C20:1 C18:3n3 C22:0 C22:1 C24:0 C24:1 [Total lipid mg/g
Pleosporales 403032 0.0 0.0 13.4 1.2 0.0 4.3 39.0 38.3 0.0 0.0 0.0 3.4 0.0 0.0 0.0 0.0 27.8
Pleosporales 403033 0.0 0.0 13.9 0.7 0.0 8.0 31.0 42.2 0.0 0.0 0.0 3.4 0.0 0.4 0.0 0.0 31.1
Herpotrichia sp. 403037 0.0 0.0 15.3 1.3 0.0 3.8 25.0 45.0 0.0 0.0 0.0 8.8 0.3 0.0 0.0 0.0 57.2
Pleosporales 403038 0.0 0.0 13.4 1.0 0.0 4.2 23.9 51.1 0.0 0.0 0.0 5.3 0.0 0.0 0.0 0.0 25.4
Pleosporales 403040 0.0 0.0 16.2 0.5 0.0 7.3 21.0 47.0 0.0 0.0 0.0 6.2 0.7 0.0 0.0 0.0 34.5
Pleosporales 403041 0.4 0.6 19.0 0.6 0.4 3.1 14.6 38.9 0.0 0.0 0.0 14.7 2.9 1.5 0.0 0.0 22.1
Pleosporales 403042 0.0 0.0 125 1.7 0.3 2.7 43.3 36.5 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 26.2
Herpotrichia juniperi 403043 0.0 0.0 13.9 1.2 0.9 6.0 22.3 49.8 0.0 0.0 0.0 5.9 0.0 0.0 0.0 0.0 29.5
Pleosporales 403045 0.0 0.0 13.3 2.4 0.4 5.6 22.1 36.5 0.0 0.0 0.0 14.0 1.4 0.8 0.6 0.0 59.7
Pleosporales 403046 0.0 0.0 16.6 2.5 0.0 6.5 25.3 44.5 0.0 0.0 0.0 4.6 0.0 0.0 0.0 0.0 33.2
Pleosporales 403049 0.0 0.6 13.3 0.7 0.0 4.1 15.6 49.0 0.8 0.0 0.0 10.7 0.7 0.0 0.0 0.0 36.8
Leptodontidium sp. 403051 0.4 0.3 24.1 1.1 0.1 6.8 34.5 26.5 0.0 0.0 0.3 3.9 0.0 0.0 0.0 0.0 99.6
Cadophora/polyscytalum 403058 0.0 0.0 19.8 1.1 0.0 3.6 30.9 34.7 0.0 0.0 0.0 9.2 0.0 0.0 0.0 0.0 20.3
Cadophora/polyscytalum 403059 0.3 0.0 18.2 0.8 0.5 4.9 41.0 21.5 0.0 0.0 0.0 11.7 0.6 0.0 0.0 0.0 76.2
Leptodontidium sp. 403060 0.0 0.3 19.8 1.0 0.3 7.5 25.4 36.1 0.0 0.0 0.0 8.1 0.5 0.0 0.0 0.0 6.7
Leptodontidium sp. 403061 0.0 0.3 14.8 0.4 0.4 3.8 34.7 36.9 0.0 0.0 0.0 5.9 0.0 0.5 0.0 0.0 32.2
Leptodontidium sp. 403061 0.3 0.0 20.7 0.5 0.4 8.4 37.0 24.2 0.0 0.0 0.0 6.5 0.9 0.0 0.0 0.0 53.9
Leptodontidium sp. 403062 0.0 0.0 15.7 0.0 0.0 4.1 36.4 35.4 0.0 0.0 0.0 8.5 0.0 0.0 0.0 0.0 29.3
Leptodontidium sp. 403063 0.0 0.3 22.0 0.7 0.3 5.6 35.6 21.3 0.0 0.0 0.0 10.8 0.0 0.0 0.0 0.0 69.5
Leptodontidium sp. 403065 0.0 0.0 15.9 0.6 0.4 3.8 36.1 31.4 0.0 0.0 0.0 9.7 0.0 0.5 0.0 1.0 29.7
Leptodontidium sp. 403066 0.0 0.0 19.7 0.0 2.3 4.5 33.4 28.8 0.0 0.0 0.0 11.3 0.0 0.0 0.0 0.0 10.6
Leptodontidium sp. 403067 0.0 0.0 16.1 0.4 0.0 4.8 36.7 27.9 0.0 0.0 0.0 12.3 0.0 0.0 0.0 0.0 48.9
Leptodontidium sp. 403069 0.0 0.3 16.2 0.6 0.6 4.4 34.7 31.1 0.0 0.0 0.0 10.2 0.0 0.5 0.0 0.3 31.9
Leptodontidium sp. 403070 0.0 0.2 15.9 0.6 0.2 1.9 16.2 38.7 0.0 0.0 0.7 22.9 0.0 0.4 0.0 0.3 41.1
Leptodontidium sp. 403072 0.0 0.0 19.2 0.0 0.0 4.9 31.1 32.3 0.0 0.0 0.0 12.5 0.0 0.0 0.0 0.0 30.9
Leptodontidium sp. 403073 0.0 0.0 24.7 0.9 0.0 4.6 40.7 27.5 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 54.4
Leptodontidium sp. 403074 0.0 0.0 23.8 0.7 0.0 4.9 39.8 29.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 48.0
Leptodontidium sp. 403075 0.0 0.0 16.1 0.0 0.0 3.2 22.7 32.2 0.0 0.0 0.0 25.9 0.0 0.0 0.0 0.0 17.2
Leptodontidium sp. 403077 0.0 0.0 22.3 0.0 0.0 6.7 14.3 45.5 0.0 0.0 0.0 11.2 0.0 0.0 0.0 0.0 17.1
Leptodontidium sp. 403078 0.0 0.0 16.0 0.0 0.0 3.3 16.1 57.9 0.0 0.0 0.0 6.8 0.0 0.0 0.0 0.0 24.4
Leptodontidium sp. 403079 0.3 0.0 22.0 0.6 0.0 5.5 36.1 26.2 0.3 0.0 0.0 8.7 0.0 0.0 0.0 0.0 68.2
Rhexocercosporidium sp. 403080 0.0 0.0 17.8 0.0 0.0 2.6 31.5 31.7 0.0 0.0 0.0 16.5 0.0 0.0 0.0 0.0 23.1
Thelebolus microsporus 403082 0.0 0.0 15.4 0.0 0.0 2.9 22.5 31.1 0.0 0.0 0.0 28.1 0.0 0.0 0.0 0.0 15.7
Mollisia sp. 403087 0.0 0.0 19.1 0.6 0.0 3.9 16.7 36.9 0.0 0.0 0.0 22.7 0.0 0.0 0.0 0.0 20.9
Geomyces sp. 403088 0.5 0.0 26.2 0.6 0.0 5.7 30.8 31.2 0.0 0.0 0.0 4.7 0.0 0.0 0.0 0.0 63.6
Mollisia sp. 403090 0.0 0.0 28.2 0.0 0.0 6.1 21.4 36.0 0.0 0.0 0.0 4.5 0.0 0.0 0.0 0.0 18.8
Mollisia sp. 403091 0.5 0.0 29.1 0.6 0.0 5.2 29.0 30.6 0.0 0.0 0.0 5.1 0.0 0.0 0.0 0.0 37.0
Mollisia sp. 403092 0.8 0.0 32.0 0.5 0.0 5.3 26.2 29.7 0.0 0.0 0.0 4.8 0.0 0.0 0.0 0.0 38.9
Mollisia sp. 403093 0.0 0.0 20.4 2.3 0.3 9.0 27.5 32.5 0.0 0.0 0.0 6.5 0.0 0.0 0.0 0.0 63.9
Ophiostoma stenoceras 403094 0.0 0.0 14.7 6.2 0.8 2.1 27.0 36.3 0.0 0.0 0.0 6.2 0.5 0.3 0.0 0.0 28.5
Mollisia sp. 403099 0.3 0.0 23.0 0.4 0.0 4.4 28.8 34.8 0.0 0.0 0.0 6.7 0.0 0.4 0.0 0.4 40.4
Mollisia sp. 403100 0.5 0.0 28.5 0.4 0.0 7.5 33.1 24.6 0.0 0.0 0.0 4.9 0.0 0.0 0.0 0.0 102.6
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Organism IMI C14:0 | C15:0 | C16:0 | C16:1 | C17:1| C18:0 | C18:1 | C18:2 C20:0 C18:3 n6 C20:1 C18:3n3 C22:0 C22:1 C24.0 C24:1 |Total lipid mgl/g
Rhizoscyphus ericae strain 403102 0.0 0.0 18.3 0.0 0.0 3.8 26.3 43.6 0.0 0.0 0.0 6.6 0.0 0.0 0.0 0.0 28.9
Helotiaceae 403104 0.0 0.0 19.3 1.0 0.0 3.3 17.8 36.1 0.0 0.0 0.0 22.0 0.0 0.0 0.0 0.0 46.0
Gyoerffyella sp. 403109 0.0 0.0 18.4 0.7 0.6 3.4 27.0 44.2 0.0 0.9 0.0 1.8 0.0 0.0 0.0 0.0 31.4
Penicillium rugulosum 403110 0.0 0.0 13.6 0.9 1.4 5.2 24.3 29.3 0.0 0.0 0.0 23.5 0.0 0.0 0.0 0.8 19.6
Gyoerffyella sp. 403111 0.0 0.0 18.4 0.6 0.0 5.8 22.1 38.5 0.4 0.0 0.0 8.3 0.6 0.0 0.0 0.0 40.6
Gyoerffyella sp. 403112 0.0 0.0 14.9 0.9 0.5 7.7 8.7 45.1 0.6 0.0 0.6 21.0 0.0 0.0 0.0 0.0 17.2
403116 0.0 0.0 0.0 2.0 0.0 9.6 30.6 27.7 0.5 0.0 0.0 2.2 0.0 0.0 0.0 0.4 62.1
403119 0.0 1.0 12.9 0.8 0.0 10.4 9.7 47.5 1.8 0.0 0.0 11.8 0.0 0.7 0.0 1.2 11.7
Ascomycota 403123 0.0 0.0 21.2 0.4 0.0 0.6 14.5 41.3 0.0 0.0 0.0 17.4 0.0 0.5 0.0 0.0 22.6
Ascomycota 403124 0.0 0.4 15.8 0.0 1.0 4.1 28.1 33.1 0.0 0.0 0.0 9.4 0.0 0.5 0.0 0.0 19.8
Ascomycota 403125 0.0 0.0 21.1 0.4 0.0 0.5 11.9 39.8 0.0 0.0 0.4 20.0 0.0 0.6 0.0 0.0 24.2
Ascomycota 403127 0.0 0.7 18.9 0.5 0.9 5.0 21.7 40.7 0.0 0.0 0.0 7.9 0.0 0.5 0.0 0.0 20.9
403129 0.6 0.0 27.2 0.6 0.0 5.4 28.4 32.1 0.0 0.0 0.0 5.3 0.0 0.0 0.0 0.0 45.0
403131 0.4 0.0 23.6 0.4 0.0 5.9 29.6 32.2 0.0 0.0 0.0 6.8 0.4 0.0 0.7 0.0 50.2
Mollisia sp. 403133 0.4 0.0 225 0.0 0.0 6.8 20.6 27.5 0.0 0.0 0.0 9.9 0.6 0.0 0.9 0.0 53.8
Mollisia sp. 403134 0.3 0.0 19.5 0.3 0.0 5.9 22.6 27.3 0.3 0.0 0.0 12.0 0.5 0.0 1.1 0.0 62.7
403135 0.0 0.0 19.3 0.0 0.0 6.1 21.8 27.3 0.3 0.0 0.0 12.3 0.5 0.0 1.1 0.0 53.9
403136 0.0 0.0 21.9 0.0 0.0 5.9 31.3 30.6 0.0 0.0 0.0 6.6 0.0 0.0 0.0 0.0 12.5
403142 0.0 0.0 12.5 0.0 0.0 1.9 9.4 26.0 0.0 0.0 0.0 11.6 0.0 0.0 0.0 0.0 41.1
403143 0.0 0.0 19.7 0.3 0.0 5.4 23.2 36.9 0.0 0.0 0.0 12.7 0.5 0.0 1.4 0.0 52.7
403145 0.0 0.0 17.3 0.5 0.0 3.9 25.4 29.3 0.3 0.0 0.0 2.6 0.4 0.2 1.0 0.0 77.9
403147 0.0 0.0 4.6 0.0 0.0 0.0 7.1 7.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.9
403151 0.0 0.0 10.4 0.0 1.0 3.7 11.9 27.8 0.0 0.0 0.0 12.7 0.0 0.0 0.0 0.0 20.0
403158 0.0 0.0 11.0 0.0 1.0 3.5 11.6 27.0 0.0 0.0 0.0 19.7 0.0 0.0 0.0 0.0 19.8
403159 0.0 0.0 15.8 0.0 0.9 3.8 23.2 31.7 0.0 0.0 0.0 24.6 0.0 0.0 0.0 0.0 17.9
403177 0.0 0.0 21.0 1.3 0.0 4.9 20.3 36.4 0.0 0.0 0.0 16.1 0.0 0.0 0.0 0.0 34.1
403178 0.0 0.0 11.2 0.0 0.0 2.8 14.3 23.7 0.0 0.0 0.0 14.1 0.0 0.0 0.0 0.0 41.3
Geomyces sp. 403302 0.3 0.2 22.7 1.3 0.0 4.9 52.3 16.5 0.0 0.0 0.6 0.5 0.0 0.0 0.0 0.0 101.6
Geomyces sp. 403303 0.0 0.2 21.6 1.4 0.0 3.5 53.4 17.8 0.0 0.0 0.5 0.6 0.0 0.0 0.0 0.0 67.2
Anarctomyces psychrotrophicus 403306 0.4 0.0 18.1 1.1 0.3 3.7 40.7 23.5 0.0 0.0 0.2 10.1 0.0 0.6 0.0 0.0 47.5
Anarctomyces psychrotrophicus 403307 0.5 0.0 21.7 0.9 0.8 4.0 39.7 23.8 0.0 0.0 0.0 7.7 0.0 0.0 0.0 0.0 32.8
Thelebolus microsporus 403308 0.0 0.0 17.4 2.3 0.0 3.3 31.1 34.7 0.0 0.0 0.0 10.2 0.0 0.0 0.0 0.4 20.7
403310 0.0 0.0 14.3 0.4 0.2 10.9 11.4 43.2 0.0 0.0 0.0 18.4 0.0 0.3 0.0 0.0 36.4
Cadophora malorum 403316 0.2 0.1 21.2 0.4 0.0 10.8 41.5 19.9 0.0 0.0 0.7 1.7 0.0 0.0 0.0 0.0 77.0
Geomyces sp. 403318 0.2 0.2 19.0 0.7 0.1 6.5 44.2 26.9 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 111.9
Pleospora/ulocladium 403321 0.3 0.0 26.5 0.8 0.2 8.8 37.3 21.8 0.0 0.0 0.0 3.5 0.3 0.0 0.0 0.0 55.0
Tetracladium sp. 403323 0.0 0.0 19.9 1.0 0.0 5.3 25.8 31.6 0.0 0.0 0.0 16.5 0.0 0.0 0.0 0.0 22.7
Ascomycota 403330 0.3 0.2 22.0 1.2 0.0 55 51.6 17.1 0.0 0.0 0.0 1.0 0.6 0.0 0.0 0.0 176.8
Geomyces sp. 403333 0.0 0.0 20.2 1.4 0.0 3.4 44.4 28.6 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 70.9
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Organism IMI C14:0 | C15:0 | C16:0 | C16:1 | C17:1| C18:0 | C18:1 | C18:2 C20:0 C18:3n6 C20:1 C18:3n3 C22:0 C22:1 C24:0 C24:1 |Total lipid mg/g
Penicillium sp. 403341 0.0 0.0 11.7 0.5 0.0 8.9 8.9 40.8 0.0 0.0 0.0 27.1 0.0 0.0 0.5 0.0 25.8
Bjerkandera adusta 403530 0.0 0.0 20.0 0.0 0.0 1.3 3.5 69.5 0.0 0.0 1.0 0.0 0.0 0.0 1.0 0.3 9.7
Clavicipitaceae dis 169 0.2 0.0 20.4 1.8 0.2 6.4 24.5 34.1 0.9 0.0 0.0 8.7 0.2 0.0 0.6 0.0 84.7
Umbelopsis isabellina dis 195 0.6 0.0 19.1 1.9 0.0 3.9 52.1 11.2 0.5 10.3 0.0 0.0 0.0 0.0 0.4 0.0 135.3
Umbelopsis sp. dis 206 0.7 0.0 22.3 2.4 0.0 3.8 46.6 10.8 1.0 11.0 0.3 0.0 0.3 0.0 0.3 0.3 224.0
Sporobolomyces roseus ncyc 1464 0.9 0.0 13.5 0.8 0.0 3.5 43.5 20.9 0.0 0.0 0.0 14.7 0.0 0.0 0.9 0.0 39.5
Yarrowia lipolytica ncyc 825 0.0 0.0 16.8 11.3 0.9 5.6 34.6 27.7 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 46.3
Phaffia rhodozyma ncyc 874 0.0 0.0 14.0 0.8 0.0 2.6 46.0 30.5 0.4 0.0 0.0 4.5 0.5 0.0 0.7 0.0 140.9
Daedaleopsis confragosa 328662 0.40 0.19 12.46 0.27 0.00 1.91 7.81 68.83 0.23 0.00 0.00 5.71 0.25 0.0 0.51 0.0 54.3
Table 3-5. The fatty acid profiles of 14 isolatesrom both the fungi and Oomycetes capable of VLCPUK production. In general Mortierella species
produce the greatest proportion of Go.4n6 whilst species from the Oomycetes produce theeaatest proportion of Gg.sn3.
Organism IMI C14:0 C15:0 C16:0 C16:1 C17:1 C18:0 C18:1 C18:2 C20:0 C18:3 n6 C20:1 C18:3n3
Mortierella alpina 82072 | 1.43 0.00 17.61 0.08 0.05 11.47 23.55 7.59 1.94 4.03 1.67 0.00
Mortierella polycephala 140468 1.45 0.68 15.96 0.40 0.75 5.69 42.57 3.73 0.75 3.31 1.22 0.26
Mortierella alpina 196057 | 1.42 0.15 15.21 0.14 0.00 7.34 11.75 4.65 0.40 7.60 0.41 0.16
Pythium irregulare 308153 [ 5.47 0.00 13.39 1151 0.58 1.97 23.45 9.15 0.55 1.38 4.60 0.00
Saprolegnia diclina 308259 [ 11.20 0.65 15.86 3.64 0.00 5.10 11.97 10.04 0.99 2.28 0.00 0.00
Mortierella alpina 330997 | 0.69 0.00 21.47 0.30 0.26 9.50 20.48 6.60 1.73 3.64 0.97 0.00
Allomyces macrogynus 332398 1.17 0.00 17.83 0.00 0.00 3.78 5.81 13.87 2.33 19.13 1.57 0.00
Phytophthora richardiae | 340618 | 11.41 0.00 17.71 2.79 0.00 5.15 16.24 17.05 1.38 1.31 1.31 1.14
Achlya americana 344320 | 13.55 0.00 21.11 2.58 0.00 5.36 15.92 6.59 1.21 1.82 0.00 0.00
Mortierella sp. 398213 | 1.99 1.11 23.63 0.85 1.14 4.12 48.18 3.42 0.29 1.84 1.26 0.00
Mortierella sp. 398216 | 0.32 0.08 4.02 0.05 0.00 4.16 2.94 3.36 0.52 4.33 0.53 0.00
Mortierella sp. 398217 | 4.34 0.48 17.21 0.45 0.30 8.42 37.03 3.08 0.30 5.17 0.98 0.00
Mortierella sp. 398220 | 1.46 0.59 14.52 0.36 0.25 7.93 47.70 212 0.55 3.17 2.06 0.00
Mortierella sp. 398111 | 3.38 0.00 16.76 0.15 0.00 12.00 37.80 5.53 0.39 4.40 0.97 0.00
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Organism IMI C21:0 C20:2 n6 C22:0 C20:3 n6 Cc22:1 C20:4 n6 C22:2 n6 C24:0 C20:5n3 C24:1 C22:5n3 |Total lipid mg/g
Mortierella alpina 82072 0.00 0.00 2.58 8.46 0.34 13.00 0.00 2.13 1.40 0.86 0.00 133.9
Mortierella polycephala 140468 | 0.09 0.16 0.83 5.18 0.12 6.81 0.05 0.64 4.11 0.78 0.00 57.0
Mortierella alpina 196057 0.00 0.33 0.88 5.98 0.00 34.92 0.27 1.79 5.04 0.64 0.00 137.8
Pythium irregulare 308153 0.00 0.55 1.19 1.36 0.80 3.81 0.00 0.00 14.30 0.00 0.15 144.5
Saprolegnia diclina 308259 0.00 0.00 0.00 2.26 0.00 9.87 0.00 0.00 19.90 0.00 0.00 41.4
Mortierella alpina 330997 0.00 0.00 1.86 9.84 0.00 14.43 0.00 2.77 1.55 0.42 0.18 53.8
Allomyces macrogynus 332398 0.00 2.24 0.00 16.60 0.00 11.20 0.00 0.00 0.00 0.00 0.00 34.4
Phytophthora richardiae | 340618 0.00 0.33 1.93 4.17 0.92 2.71 0.00 0.00 12.09 0.00 0.00 36.3
Achlya americana 344320 0.00 0.00 0.00 3.43 0.00 8.51 0.00 0.00 13.35 0.00 0.00 93.6
Mortierella sp. 398213 0.08 0.08 0.57 1.40 0.19 6.16 0.06 0.52 1.14 1.01 0.00 72.8
Mortierella sp. 398216 0.00 0.80 0.00 3.57 0.00 67.84 0.05 2.85 3.18 0.33 0.00 231.0
Mortierella sp. 398217 0.00 0.08 0.62 3.81 0.00 13.57 0.08 0.90 151 1.20 0.00 106.4
Mortierella sp. 398220 0.03 0.18 0.80 3.25 0.13 7.93 0.04 0.72 4.34 0.76 0.00 135.7
Mortierella sp. 398111 0.00 0.10 0.72 5.59 0.11 4.60 0.00 0.78 0.50 1.01 0.00 173.7
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The above data are presented as the percentathe d@btal lipid as a means of
normalisation, as well as allowing for direct compan between isolates. Other fatty
acid profiling studies of fungi have also utilistet same methodology (Stahl & Klug,
1996). The aim of the work by Stahl & Klug was notidentify fungi, but rather to
characterise and differentiate them. In the caghisfstudy, the data collected was not
intended for taxonomic classification, but the fsg data were used to identify trends
within groups of isolates, e.g. within genera faample. The analysis of large sets of
data containing multiple variables can be more ihgagtudied in a visual format,
whereby the multiple variances in variables cancbedensed into several variables
which express the majority of the variance withine tdata. The analysis of multiple
variables such as metabolites can be visualisedguai technique called principle
component analysis (PCA). A similar study was earmut in the fungublistoplasma
capsulatum (Zarnowskiet al., 2007), whereby strains were grouped by theiy fattid
profiles. By utilising this type of analysis, samgpldisplaying similar trends within their
multiple variables will be clustered together. Suehechnique can be used in an
exploratory or predictive fashion, with exploratioallowing for example, the
identification of the fatty acids which contribuie the clustering of organisms. In the
predictive sense it can be used as a taxonomicttoplace organisms based on their
metabolite profile. Due to the relatively unspecitilassification of isolates coupled
with the lack of replication, PCA failed to providay clear separation of isolates into
clear groupings. However, a related technique,iglafeast squares discriminant
analysis (PLS-DA) was used which provided much releseparation between the
groups of organisms. The technique effectively pbas the separation between groups
of observations by utilizing class information, hewer the ability of this method to
accurately predict further classifications baseduoknown data has been called into
guestion (Westerhuig al., 2008). Due to this limitation and the lack of lregtion and
detailed taxonomic information regarding the BA®lases the presented cluster
analysis cannot be utilised for taxonomic idengifion, but rather the differentiation of

a large number of isolates into similar groupingsdsdl upon characteristic trends.

A PLS-DA was performed utilising the major knowrogpings of organisms using 6
fatty acid components, 1o, Cis:o, Cie:1, Cis:1, Cisz @and Gg:3n3 shown in figure 3-11.
Ci1s:3n6 wasn'’t used for the initial PLS-DA as the mdjpof organisms contained; £

n3 and excluding {g.3 N6 resulted in clearer separation. The organiserg wplit into
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Pleosporales]eptodontidium sp., Mollisia sp., Oomycota, zygomycetes capable of
producing Gs.3 N6 only andMortierella species. Longer chain fatty acids were not
utilised for the analysis due to the spurious aadet quantities present in the majority
of organisms. The cluster analysis discriminatesvéen the VLCPUFA producing
organisms and those incapable of elongating pasi 3. Mortierella, Oomycete and
the majority of zygomycete isolates effectively fioran out group from what is
effectively an Ascomycota cluster, with the fattgids Gg. Cis2 and Gss n3
contributing largely to component 1, which predoamtty segregate the two groupings.

The PLS-DA loading plots are found in the appensdection 7.3.

The Gg.3 n3 producing contaminant isolate 328662, initiathyought to be a
Phytophthora isolate, was removed to improve the clustering & groups. It was
shown to lie outside both clusters although apmktrdoe an outlier of the Ascomycota
cluster rather than the Oomycéteftierella cluster. The twdJmbelopsis isolates Dis
206 and 195, from the zygomycetes were shown tsteduoward the fringes of the
Ascomycota grouping separated primarily by thet fecemponent. TheJmbelopsis
isolates do group in proximity to thducor hiemalis isolates,suggesting that similar
fatty acid profiles are shared by zygomycet®iicor racemosus and M. hiemalis
however group more definitively within thdortierella/Chromista cluster, with the two
M. hiemalis isolates grouping closer together than to Bheracemosus isolate. The
inter-species and intra-species separation basetatgnacid profiles highlights the
potentially large variation found in fatty acid cpasition between organisms. This
inter/intra-species variation is found within thertierella, as the specieBlortierella
alpina shows some intra-species variation with isolate8993 and 82072 clustering
together, whilst 196057 groups away. The relatiletse clustering of th®lortierella
indicates differing species, especially for isolag8216, which produces highdz n6
levels. This large degree of variation is also fbumithin the ascomycete isolates
studied, as most species level identities are motvk. It is this level of variation
between multiple species which prevents PCA froostelring these organisms. The
Cis:3 N3 producing isolates Dis 169 and 403341, initiatlentified asUmbelopsis
isolates are seen embedded in the centre of themf\smota cluster. This correlates with
the DNA identification of the isolates, as an iselérom the Clavicipitaceae and a
Penicillium sp. which confirms their grouping within this clestThe Pleosporales can
be seen to form a distinct grouping away from thiermingledLeptodontidium and

Mollisia species suggesting a set of fatty acid profileégueto the Pleosporales. The
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intermingled nature of thieeptodontidium andMollisia species indicates that they share

similar fatty acid profiles.
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Figure 3-11. PLS-DA of fatty acid profiles grown inPD media.ll = Pleosporale® =
Leptodontidium sp. € =Mollisia sp. M = Oomycetes Hmbelopsisand Mucor sp. + =
Mortierella. The PLS-DA generated 3 components which explain&g0% of the variance
and had a cumulative fit to the Y-data (R2Y) of 0.3.

A second PLS-DA was run using only the three mdmtndant organism classes
identified from BAS, the Pleosporaldsgptodontidium andMollisia species as shown
in figure 3-12. The analysis was run using onlyohponents as {g3 n6 is not present
in any of the isolates. It was found that seveeahgles, particularly_eptodontidium
isolates overlapped or in some cases were signtficaemoved from their grouping.
This is possibly due to the fact that multiple specmay have been studied as
identification was made only to the genus levelmiay also suggest that several
organisms may be incorrectly identified, as theittyf acid profiles more closely
resemble that of the other species. Variation amsiodifferent strains may also account
for some of the variability. ThBleosporales group which contained several identified
Herpotrichia sp. isolates formed the most cohesive group, wihiletlisia isolates
predominantly clustered together. The fatty acigso@nd Gg.> primarily explained the
separation along component 1, whilgt.¢ Cis.0, Cis.1and Gg:3 n3 explain the majority
of the separation along componentVbllisia segregation was found to be associated

with Cye.0levels, Pleosporales with;£5 levels and_eptodontidium isolates with Gg.1
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and Gg.3n3 levels. However, the variation within theseyattids was exemplified by

class information which allowed for greater segtiegathan PCA provided alone.
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Figure 3-12. PLS-DA of BASLeptodontidium, Mollisia and Pleosporales isolates grown in
PD broth. ll = Pleosporaled® + eptodontidium sp. € =Moallisiasp. The PLD-DA
generated 3 components which accounted for 73% dfe variation and had a cumulative
fit to the Y-data (R2Y) of 0.46.

A further analysis was undertaken using the fatig arofiles from isolates grown on
YES media shown in figure 3-13. The table of MA afieiS fatty acid profiles is given
in the appendix, section 7.3. Fewer organisms walised for this analysis as several
were grown in MA media and weren’t included in IeS-DA. TheMollisia clustering
is relatively tight separated by & levels, whereas Pleosporales isolates form andtsti
but looser cluster separated bys.€and Gs:2levels. Theleptodontidium isolates again
coalesce to form a grouping separated hyoCCis.1 and Gg3n3. Their wide spread
however indicates variation within the fatty acrbfdes, and several isolates lay within
the Pleosporales anMollisia clusters indicating that these isolates share g@reat

similarity in fatty acid profiles to these organisithan to their actual class.
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Figure 3-13. PLS-DA of BASLeptodontidium, Mollisia and Pleosporales isolates grown in
YES broth. Il = Leptodontidium sp. ® = Pleosporale® Mollisiasp. The PLS-DA
generated 2 components which explained 57% of therance and had a cumulative fit to
the Y-data (R2Y) of 0.49.

Finally, a PLS-DA was run using Oomycet&jortierella and representative
zygomycete isolate fatty acid profiles shown irufig -3-14. The number of fatty acids
components was increased to 16 including the VLCRIJSuch as &.4n6 and Go:sn3,
as the majority of compounds were common to a grgabportion of organisms and in
higher abundance. The Oomycetes clustered loosghther, predominantly because
the isolates were of different species but appeaohntain enough similarity within their
fatty acid profiles to distinguish them from théet groupings. Th&lortierella form a
tight grouping indicating their similar fatty acidrofiles, with the non-VLCPUFA
producing zygomycete isolates clustered away basdds.,and Gg:3 n6 levels. Within
the zygomycete cluster, in contrast to the iniB&lS-DA, fatty acid profiles between
Umbelopsis and Mucor hiemalis appear to be substantially different wiNucor
racemosus displaying much greater similarity to thimbelopsisisolates. The separation
between the twdMucor species is again due to;d; levels as well as g1 The
Oomycetes cluster due to their levels @b.¢ Co.2n6, Ge:1, Coa:1 and Go:sn3 with the
genusMortierella forming a cluster based upon the levels gf{06 and Gy.4n6. It
comes as little surprise thisltortierella species segregate due to theis.{h6 levels as
values as high as 67.8% have been observed whibsetisolates. Oomycete isolates
also display a higher percentage gh.6n3 than that produced byortierella strains
justifying their segregation by this fatty acid.
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Figure 3-14. PLS-DA of VLCPUFA producing organismsll =Mortierellasp. @ =
Umbelopsis and Mucor sp. € = Oomycetes. The PLS-DA generated 2 componemthich
explained 40% of the variance and had a cumulativét to the Y-data (R2Y) of 0.79.

The majority of BAS isolates were grown in two nmed?D and YES, with organisms
thought to be of the same species analysed togtilgive an indication of the effect
media plays on the major fatty acid components.rédges were taken between different
isolates of the same species due to the lack dicagpn. Organisms from the
Pleosporales were found to produce on averagerlgmportions of G0, Cis.0 and
Cis.1when grown on PD media (Figure 3-15) whereas YEBianen average induced a

slight increase in {g.;production and a more significant increase jp403.
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Figure 3-15. The major fatty acid components of 9uingi from within the Pleosporales,
most likely Herpotrichia species grown in two media YES and PD. The averagare
calculated between different isolates.

Isolates from the speciegptodontidium showed increased production ofsg Cis:»
and Gg.3n3 when grown in PD broth, whilst YES media in gahéncreased ¢.oand
Cis1 levels (figure 3-16)Leptodontidium appears to demonstrate opposite FA trends
compared with the Pleosporales isolates in reg&dsulture media, with the only
consistency between the two groups of organismsgltbie elevated level of;6owhen

grown in PD media.
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Figure 3-16. The major fatty acid components in 1&eptodontidium species grown in two
media YES and PD.
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Mollisia species demonstrated lower percentages for alinéger components when
grown in YES media (Figure 3-17) althoughsgand Gs:3n3 level differences were
much smaller. The reason for this was a peak whlgted around the same time point
as G7.1 which comprised up to 16.8% of the TFAs in sevefahe isolates. This peak
was not found when the organisms were grown in Rddia) and explains the overall
lower values found with YES media. The identity tbE peak was not pursued. In
general Pleosporales cultures demonstrated theéegtgaoportion of ¢.,, which is in
contrast to the lowest levels found on average iwitfiollisia isolates. G levels
conversely were highest Mollisia species but found to be lowest in Pleosporale$y wit
these two fatty acids primarily segregating theae ¢lusters in PLS-DA when grown in
PD media. Leptodontidium isolates are found to group away froltollisia and
Pleosporales isolates based on.{Gand Gg.3n3 levels, which are found to be highest
within Leptodontidium isolates. Lower levels of 1&; and Gg.o although small, are also
responsible for the grouping ®flollisia species away fronieptodontidium species
along the second PLS-DA component, wilhollisia isolates containing higher
proportions of both fatty acids compared with Lejmotidium. Leptodontidium and
Mollisia cultures produce roughly equal amounts of both;@nd Ggp, which in
Leptodontidium are the predominant FAdMollisa cultures also produced equal
amounts of Gs.q, making Ge.o, Cis:1 and Gs:2the three most abundant FAs,sgwas
found to be the third most abundant FA within bBleosporales anddeptodontidium
cultures. Levels of ¢g.3n3 and Gg.pareconsistently lower in level, usually comprising

the 4" and the % most abundant FAs within the studied groups oépigms.
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Figure 3-17. The major fatty acid components in Mollisia species grown in two media
YES and PD.

3.3 Discussion

3.3.1 GC-FID and GC-MS conditions

The methodology used for fatty acid analysis waslietl to ascertain whether the
analysis platform was suitable. The extraction vecy values whilst higher than 100%,
which are most likely attributed to dilution error pipetting error, still indicate a high
recovery rate. It is to be noted that the intestahdard is likely easier to extract and
derivatise as it is not highly associated with mptex matrix such as fatty acids within
the membrane or within the cell. Whilst the recgviggure could not be quantified the
introduction of an appropriate internal standard;.gGvas used to account for loss
during the procedure. It follows that as the 18 fatty acid which resides roughly in the
middle of the fatty acid series any loss affecting sample will equally affect the IS.
Any loss occurring through extraction, derivitisaiti and machine error should be
reflected by the internal standard, in essenceciaduhe need for technical repetition.
Quantification without an internal standard regsiiegther fold difference as compared
to a control or calibration curves. Fluctuationsthii the integrated area however
cannot be normalised and hence lead to intrinsar,ewhich would be shown between
technical repetitions. The reproducibility betwetthnical repetitions when spiked
with an IS, demonstrates that only one technicpétison needs to be used for fatty
acid analysis. The benefits of this include lesea preparation and less solvent use.
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The removal of technical replicates means thattgreaumbers of biological replicates
could be used, where the greater extent of compeandtion exists. Factors which
enable technical replicates to be removed in tluikvalso include total homogenisation
of samples which allows for fatty acid homogendfiyoughout the sample. Another
factor to consider is that only one compound clasbeing studied as oppose to a
complete metabolomics approach, whereby severapound classes are studied. In
such a case, each compound class may experiersa@nadsdifferential derivitisation
leading to fluctuation within technical repetitioria such a scenario multiple internal
standards may be utilised to compensate, whichatiay for the removal of technical
replicates. The majority of the work was also feadsas a screening approach for the
identification of VLCPUFAs and as such did not veartrtechnical replication.

The GC-FID and GC-MS response factors show litdeiation between different
concentrations however, response factors on théviSGising TIC were more variable
and subsequently showed greater standard erroauBef this El was used for GC-
MS quantification. Linearity for both machines wagh; however the linearity of the
GC-MS response was reduced and started to plateave &5x16 area units. TIC
measurements showed the least linearity predomynbetause they had the greatest
area and hence detector saturation was noticedwadr lconcentrations. As El only
focuses on one ion, saturation occurred at higbecentrations leading to a more linear
response. GC-FID provided a linear response oweetitire range tested. However, the
GC-FID was only tested with lower concentration® da the lack of the ability to
change the split ratio, whereas the GC-MS was dapzatballowing more analyte into
the detector increasing the concentration. Dud¢dchigh abundance of saturates within
the FAME standards, these compounds were usuadlynibst affected by detector
saturation. Whilst a greater range was looked aitguthe GC-MS, when comparable
guantities of saturates were studied between theMiSCand GC-FID, the GC-FID
maintained linearity up to 50 ng whereas equivalamounts run on the GC-MS
resulted in areas greater than 5%did resulted in detector saturation. It is reaslenab
assume that all the fatty acids on the GC-FID waliggphlay high linearity up to 35-45
ng as shown with the saturates. Saturation of #dtectbr and the subsequent decline in
detector response to analyte at higher concentigtican to a degree, be mitigated by
selecting less prominent ions to quantify, whichtum leads to lower area counts and
subsequently greater linearity. Selecting an apypatgpion depends largely on whether
many closely co-eluting compounds are present akemsonstrated by the 6 fatty
acid series. An ion needs to be selected whichigue to each compound and allows
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for reliable quantification. In summary, GC-MS largéy is lost above a certain
integrated area which makes TIC the most inaccuyasatification method and El the
most accurate, with the ion selection dependentmelution and the concentration
range being studied. The GC-FID however showed uah saturation effects at the
concentrations studied. GC-FID however lacks de¥i@iidentification of compounds
due to time being the only identifying measure, kghs a custom mass spectrum library
provides reliable identification.

3.3.2 Fatty acid profiling of novel low temperature fungal isolates.

After screening over 100 organisms isolated from temperature environments it
was found that only zygomycetes, Oomycetes andidsyivere capable of producing
VLCPUFAs, with those within the Ascomycota foundyoto produce up to {g.3n3. It
has to be noted that a large proportion of the masgas studied were from several
distinct groups and although 102 BAS isolates watuglied, several hundred isolates
remain unstudied. A large proportion of the BASlection are not identified to the
species or genus level, though it is thought neecigs may be present within this
collection. Whilst the use of uncharacterised aoigptially novel samples for screening
can provide unexpected results, it can however caitie consequences. The lack of
highly characterised organisms for example leads iooad and non-targeted approach
to organism selection as well as the possibilitymihtentional redundancy. If a broader
range of Antarctic ascomycetes and basidiomycet#s wtudied and it was found that
none were capable of VLCPUFA production then oneld/@assume that the taxonomic
ranking of the organism would play a greater rote aa marker for VLCPUFA
production as oppose to environment alone. Heridarther screening were to occur
utilising a fatty acid screening technique thenamigm selection from the collection
would focus predominantly on Oomycetes, chytridsl aygomycetes due to the
increased prevalence of VLCPUFA production withiage organisms. Even though the
screen itself did not describe any new specieshbtapd producing VLCPUFAS, it does
raise some interesting questions. Firstly why dhe higher fungi lose their ability to
produce VLCPUFAs and switch to the n3 route, andlfg to that what function do
long chain n3/6 fatty acids play in the basal lgesof fungi? It also highlights that in
low temperature environments, specifically thosedntact with air, G 3fatty acids are
sufficient for maintaining membrane fluidity andoaVing growth at 15°C, and in some
cases growth at 5°C, although the growth of theontsj of organisms was slow
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requiring 2 to 3 weeks before sufficient myceliabrbass was produced. Whilst no
growth rate studies were carried out some incidefata would indicate that several of
these organisms are psychrophilic, which shalligklighted in the next chapter.

The use of two media was to ensure growth of tigarisms as well as ascertaining
whether cultures were capable of VLCPUFA productiinappears that the BAS
isolated organisms studied, which were predomigaamsicomycetes, are incapable of
producing fatty acids longer and more unsaturdtad Gg.3n3. There were some fatty
acid compositional changes when different mediaeweéilised, with organisms from
the Pleosporales showing greater production;gh@nd Gg.; on PD media, whilst YES
stimulated a slight increase imds and a more substantial increase ig.£n3. The
elevated levels of {g.oare most likely responsible for the increase igs@3 due to its
role as a substrate, as well as depleting leveG &fwhich itself is a substrate for£.
Leptodontidium species demonstrated higher production of moraturated fatty acids
with PD media with elevated levels ofig; and Gs.3 n3, in contrast to Pleosporales.
Levels of Ggpand Gg.oremain around 15% and 5% respectively between dpathps,
however the FAs (5.1 and Gg.» are the main components which distinguish the two
groups. This is confirmed by PLS-DA, figure 3-12jieh clusters the Pleosporales and
Leptodontidium by Gg.1and Gg., with the Pleosporales demonstrating on averasfe ju
under 27.0% and 43.6%:&3 and Gg.» respectively whereakeptodontidium species
show Gg.1 and Gg:zlevels of 30.1% and 32.9% respectively, with theiea used from
PD media. TheMollisia species were found to produce an unknown peak hwhic
comprised a large proportion of the fatty acid ppeofvhen grown on YES media,
however only a few of these isolates demonstrdiesdiigh abundance peak. However
this was one of the principle reasons why the othajor peaks were lower than their
PD media counterparts. Comparison Mbllisia species with the other two groups
shows increased production ofeGat 26.6% of the TFA compared with 18.8% and
14.9% forLeptodontidium and Pleosporales respectively. Again, PLS-DA ehest the
Mollisia species away from the other two groupings basethisncharacter. {g.3 n3
levels are also noticeably lower Mollisia species when grown on both media with
Leptodontidium species producing the highest TFA percentage &% hlthough this
value drops to 8.9% when grown on YES media. Tigh I@;s.3 n3 production on PD
media therefore distinguishdseptodontidium species from the other two groups.
However, values are much closer when grown on YES8ianwhere Pleosporales shows
the highest production at 10.1%. The differencesfatty acid composition are
predominantly due to the carbon source used in riedia. All three media
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predominantly use monosaccharides (glucose) occhisaides (sucrose) as the carbon
source with little lipid present within the medih.fatty acids are present within the
media, they may be transferred to the acyl-CoA pdwoéreby they are acted upon by
elongases or desaturases. As sugars and statble, éase of PD media, are the primary
components, it can be assumed that lipid produgsgredominantlyde novo. It was
found that inMortierella ramanniana glucose produced the lowestig@ n6 value (%
w/w) whilst sucrose resulted in both highegis€ n6 levels and overall increased
unsaturation levels of lipid. Starch however resdilin the highest values for boths@

n6 and total lipid unsaturation levels (Hansson &sfalek, 1988). Another study by
Janget al. (Janget al., 2005) found that varying the concentration ofhbglucose and
starch in the media resulted in differing composiail fatty acid profiles. It was found
that the concentration of the carbon source gredfgcted the absolute values of fatty
acids, however this is likely due to the oleaginmasure of theMortierella species.
Yeast extract was found to lower the overall unsdion of the lipids when compared
with media lacking this component.

Whilst the hypothesis of low temperature environtaeinducing VLCPUFA
formation seems to be untrue in light of the préskta, subsequent data discussed in
the next chapter reinforces the validity of the dityyesis that low temperatures increase
FA unsaturation levels. What can be stated accgrtlinthe presented data is that
ascomycetes and basidiomycetes are no more liketpntain fatty acids longer than
Cis and with more than three double bonds when isdldtem low temperature
environments than if they were isolated from warwclenates. However what was not
taken into account in this study are the numerahbsranodifications that the organisms
may have undergone such as protein modificaticalltav for enzyme function at low

temperatures, which play an equally large rolerganism survival.

During the analysis several isolates demonstrateidus fatty acid profiles, which if
taken with their taxonomy would have illustrated waxknown fatty acid biosynthesis
pathway within the zygomycetes. However on DNA sge analysis the
identifications of the organisms were found towighin the Ascomycota cluster, which
correlates with the observed fatty acid profilesilt the PLS-DA was not intended for
taxonomic inference, the analysis highlighted theuging to which the contaminant
organisms belonged. Isolates 403341 and Dis Péficillium sp. and an organism
from the Clavicipitaceae respectively, were fourmd duster centrally within the

Ascomycota cluster alluding to their actual ideest Isolate 328662, found to be
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Daedaleopsis confragosa, whilst not shown on the PLS-DA due to it beingaurtlier
and its removal improved clustering lay further &ods the Ascomycota cluster than to
the Zygomycota and Oomycete cluster. The fact @llathree contaminant organisms
produced G@g.3 N3 as oppose to16:3 N6 was one of the key issues which highlighted the
possibility that these organisms were in fact conmtants, although the presence of
Ci1s:3 N3 within aMortierella species has been described albeit in low levelsiasdco-
produced with Gg.3 n6 in Mortierella polycephala (Weete & Gandhi, 1999). It also
highlights that fatty acid profiles may still beegsto taxonomically identify fungi, with
basic yet fundamental checks such as the preferemc€.s.; N3 or Gg.3 N6 and the
presence or absence of VLCPUFAs confirming or mgisioubt on the initial taxonomic
classification. Going further, by creating an aeterfatty acid database coupled to
proven taxonomic identities would allow for multiate techniques such as PCA to
classify unknown isolates. Such a model howeverlavoaquire multiple biological
replications as well as a model for each media typeto the variation which can occur
when grown on various media. It also highlights da@gers of accepting the taxonomy
of isolates at face value, even from well estaklisbulture collections, especially if one

is unfamiliar with the organism, or if multiple ved isolates are being studied.

Of the organisms capable of producing VLCPUFAs,gbeusMortierella was one of
the few fungal species capable of producing suttly &cids. This genus whilst being
well studied does present some interesting findikgsstly, the production of small
quantities of G5 N3 and associated,£VLCPUFAs hinted at an unspecific reaction,
with the most likely target being A6 elongase referred to aslinolenic elongase
(GLELO). The role of this elongase is to elongate fidlyunsaturated fatty acids te,C
VLCPUFAs. The subsequent elongation ofp @ G, VLCPUFAs was therefore
thought to be a small unspecific reaction. The ather organism to produce£sn3
was Pythium irregulare, which again was most likely a secondary reacbbra A6
elongase. Whilst the £VLCPUFA production of this enzyme is relatively figtple,
its role as a recombinant gene has already stadedbe appreciated, with its
recombination intoGlycine max (Damude & Kinney, 2008). Its use as a staple
recombinant gene is not its only further use howesas the gene itself is most likely
indicative of the presence of VLCPUFAs such ag,@6 and Go.5s n3. Hence designing
a specific genomic screen for this gene to prediscEPUFA formation is yet another
way in which this gene may assist in discoveringrehoVLCPUFA producing
organisms, as well as the characterisation of thpegential homologs. Both these

strategies will be pursued in the following chaptédf theMortierella isolates, 398216
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is notable for its sizeable production ofo@n6, which comprises 67.84% of the total
fatty acids. In fact, alMortierella isolates, regardless of isolation location wengatée

of VLCPUFA production. It was found for the majgribf Mortierella isolates that
proportionally, Go.4n6 and Go.s n3 levels varied little in respect to isolatiorcdtion.
The Antarctic isolate 398216 however was foundrdpce the greatest proportion of
Co0.4 N6 by a substantial degree, although isolate 1B68&lated from Australia, still
produced Go.4 N6 at 34.9%. Whilst temperature did not appeanfioence fatty acid
complement within the Ascomycota and Basidiomycdit@, fact that no other BAS
zygomycetes were studied, other thifortierella may still partially validate the
hypothesis that low temperatures select for VLCPFéducers, due to the more basal
nature of the Zygomycota. Isolates capable of tpghcentages of VLCPUFAs are
valuable in industrial applications due to the dased cost associated with producing
marketable oil. Modification of such a highdz n6 producing organism could yield
substantial quantities ofxgs N3 through the addition of more efficient or acial A17
desaturases. However, it appears only select zyget@yspecies such dortierella,
the Chytridiomycota and Oomycetes are capable adyming these VLCPUFAs. The
majority of the zygomycetes, as representedUngbelopsis and Mucor species are

incapable of producing fatty acids beyong.€h6.

The retention of, or gain of a functional elongasgpable of elongating &
polyunsaturated fatty acids does not appear to loaeered within low temperature
isolated ascomycetes and basidiomycetes, althdwgipears the loss of the VLCPUFA
pathway occurred during the evolution of the zygoetgs. The majority of
zygomycetes are capable of elongation only up 1§; @6, as demonstrated by the
Umbelopsis andMucor isolates. When plotted on a PLS-DA tdebelopsis isolates are
found to sit on the outside of the Ascomycota gmogpndicating that they share
similarities in fatty acid profile with both the@anycetes and zygomycetes/Oomycetes.
The Mucor isolates sit further in the zygomycete/Oomycetstely with the twdviucor
hiemalis isolates grouping closer togeth®&fucor racemosus segregates based on its
heightened .o levels and lowered fg.zlevels compared with the othBtucor species.
The separation of thegmbelopsis andMucor isolates from zygomycetes and Oomycetes
is explained by their lack of VLCPUFAs, which inrtuleads to greater percentages of
other fatty acids such asigz and Gg.3n6, which are used as substrateMartierella
and Oomycete species. The lack of VLCPUFAs withi& Ascomycota also results in
increased &> levels when compared with the zygomycetes and Oetagc The
Oomycetes and/lortierella segregate into separate clusters basedgg 13 for the
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Oomycetes and £5.4n6 for theMortierella. Fatty acids such as; £ and Go.2n6 help

define the Oomycetes with,§3n6 levels shaping thdortierella clustering as well.

The production of fatty acids longer and more wnsaéd than ¢.3 appears to be a
trait of the basal fungal lineages, suchAl®myces macrogynus from the most basal
lineage the ChytridiomycotaMortierella, Conidiobolus and Entomophthora (Kendrick
& Ratledge, 1992b) are from the second divergence from the fungatage, the
Zygomycota. In the transition from the Chytridiotoya to the Zygomycota the loss of
the flagella is thought to have occurred severaés (Jamest al., 2006) indicating that
several ancestors may have existed for the Zygotayddose zygomycetes capable of
VLCPUFA production could be considered basal tordst of the phyla due to their
shared trait with the ancestral Chytridiomycotaeyhmay represent an intermediary
stage where certain morphological and biochemicaigsses are retained but others are
lost, such as flagella. The unique fatty acid peotf Mortierella species appears to
support this, with the loss of VLCPUFA productioeparating them from the vast
majority of the phyla. The fatty acid profile théyee appears to follow the evolution of
the fungi, with the Chytridiomycota and early zygarates capable of £ VLCPUFA
production. The establishment of the zygomycetsslied in the loss of A6 elongase,
with the majority of organisms capable of produconmdy up to Gs.3n6. The next step
was the divergence to the Dikarya (Gehaical., 1996), which resulted in the shift to
the n3 pathway. This was most likely through thange in function of a desaturase,
which enabled the insertion of double bond betwesbons 15 and 16. The ancestral
protein to theAl5 desaturase may have been Mi@ desaturase (Damude & Zhang,
2006), as it was found that td 2 desaturase could catalyse the formation g @3
from Cy5.2n6, and that the opposite was true, thatAhB desaturase could catalyse the
formation of Gg.», N6 from Gg.;. Therefore, it is possible through gene duplicatibat
the A12 gradually changed function and became Mi® desaturase found in the
Dikarya. During the evolution of the Dikarya, thé desaturase responsible foen6
formation appears to have also been lost. The Rékarrther demonstrate this trend of
fatty acid loss with multiple species incapabletriénoic and even dienoic fatty acid
production (Kock & Botha, 1998).

It is quite clear from the acquired data as welkaisting literature regarding higher
fungi and their lack of VLCPUFASs that at some pdh basal fungal lineages lost key
enzymes involved with the biosynthesis of fattydadonger and more unsaturated than

Cis:3 The loss of enzymes and change in function dweicburse of evolution suggests
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that changes in fatty acid composition must havenbdriven by, or lack of external
pressures. This returns then to the question ofrtree function of VLCPUFAs within
fungi, and possibly within the earlier ancestorsabbfthese organisms. Several roles of
VLCPUFAs have been put forward although the majorif them have been
demonstrated within organisms other than true fuSgveral of them rely on the key
property of highly unsaturated fatty acids and rtleeintribution to the fluidity of the
membrane. One suggestion is that flagella requirnel imembranes (Thomashow &
Rittenberg, 1985) and that incorporation of VLCPWFAIch as £.5 n3 would maintain
the fluidity of the membrane to allow for the mosfficient flagella operation.
Zoospores have also been documented to contain VEBR such as .4 N6 (Kagami

et al., 2007) as have Human spermatozoa which have besordtrated to show a
greater fatty acid unsaturation at later develogalestages, which in turn is thought to
enable sperm motility (Haidl & Opper, 1997). Spezarly in development which had
lower levels of unsaturation were immobile. Speomat show similar fatty acid
profiles with that found within the Chytridiomycotand Oomycetes, with chytrids and
spermatozoa sharing striking similarities physiatally. It was therefore thought that
fungi and the Animalia were more closely relatednttonce thought and have been
grouped together as the Opisthokonts, literally mmega posterior flagellum. It is also
thought that both the fungi and Animalia sharedoenmon ancestor with the motile

sperm cells the remnants of our ancient evolutypaacestors (Cavalier-Smith, 1998).

The correlation between flagellated cells and VUER production is also seen
within the plant Kingdom. The Kingdom Plantae isitspto two, the Chlorophyta and
the Charophyta (Lewis & McCourt, 2004), with thenf@r comprising the majority of
the green algae and the latter leading to the &wolwf the terrestrial embryophytes
(Kenrick & Crane, 1997). The most basal terrestpddnts are those from the
Liverworts, followed by the Mosses with the highascular plants evolving last (Qéti
al., 2006). Like the chytrids, the most basal terralsfrlants still produce flagellated
reproductive cells (Renzaglet al., 2000,Shimamurat al., 2008) indicating their algal
ancestry. The ability of the Liverwokarchantia polymorpha to produce up to £5.5n3
(Kajikawa et al., 2004) reinforces the idea that VLCPUFA productienlinked to
flagellated cell production. As is the case in furige higher vascular plants, to our
knowledge, are incapable of VLCPUFA production alzdnot produce a flagellated
cell type during their lifecycle. Fungi do howeveppear to demonstrate an
intermediary stage, as seen Mortierella species, the production of VLCPUFAS
without producing a flagellated cell type.
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Flagella are not the only mechanism by which zoospalisperse, with amoeboid
spores having been documented from the phylum &ikstiomycota (Hoffmaret al.,
2008). It is thought that locomotion involving cravg or gliding also requires a fluid
membrane to permit efficient movement (Johns & Yet977) with the bacterium
Flexibacter polymorphus being documented as producingo©€n3. Chytrid zoospores
demonstrate a varied degree of cell coat mateualultimately they are not thought of
as rigid structures (Powell, 1994). Because of, tthie plasma membrane is thought to
regulate osmotic control through its permeabilifigh salinity solutions have been
shown to lower the fluidity of membranes (Fontandl&ug, 1982) as well as increase
levels of saturated and mono-unsaturated fatty sasidhilst lowering levels of
polyunsaturated fatty acids (Xu & Beardall, 199his mechanism of lowering fluidity
is thought to rigidify the membrane and reduce pésmeability to N4 ions. The
expansion and shrinkage of the membrane due to tasmp@ssure may also act as a
turgor sensor and in some cases increase intrigelévels of glycerol to counter the
elevated external solute levels. In regards to Ghgtrids, the majority of them are
found within fresh water, low salinity environmer{tSleasonet al., 2008) indicating
that the VLCPUFAs may play a role in these envirenta. As it can be seen, the
aqueous environment in which the zoospores exisst nikely contributes to the
presence of VLCPUFAs. These fatty acids theref@ear essential for the motility
and survival of the spore stage. In regards toealgad some Chromista, it is well
known that these organisms thrive in saline seamahich would appear to contradict
the previous statement that high salinity condgiampair unsaturated fatty acid
production. There are two possible reasons foregfgaduction of VLCPUFAs that will
be briefly mentioned. The first is the productidratgal pheromones, whereby the fatty
acids Go.4 N6 and Gy n3 are utilised for the formation of;Csignalling molecules
(Pohnert & Boland, 2002) utilised in part for m@amete chemotaxis. Shorter chain
fatty acids such as g3 n3 were found not to be utilised in the formatiohthese
pheromone molecules suggesting the importance VIEZRU play in algal
reproduction. Another role VLCPUFAs may play withphotosynthesising marine
microorganisms is the protection of photosystemltllis thought that VLCPUFASs
provide protection by acting directly in the thybatk membrane to protect the oxygen
evolving machinery, as well as providing sufficidhtidity for the N&/H" anti-porter

pump which reduces cytoplasmic Navels (Allakhverdiewet al., 1999).

It is most likely then that several of these exptéons account for the differentiation
in fatty acid profile between the higher fungi, Ogmates, Zygomycota and



Chapter 3 128
Chytridiomycota. The shift from an aqueous habitat terrestrial one is a probable
cause for the shift in fatty acid profile. Once ¢and other factors may have
compounded the loss of VLCPUFAs from the newly ldghed terrestrial fungi. It is
known that the fatty acid &4 n6 is a plant elicitor found within the plant pagjen
Phytophthora. An elicitor is a compound which triggers a resgomwithin the plant,
with the aim of the response to prevent microbrappgation and host cell damage. In
the case of théPhytophthora-potato interaction, §.4 N6 is converted by potato
lipoxygenase (LOX) into compounds such as hydropesicosatetraenoic acid (Ricker
& Bostock, 1994) which are thought to mediate ttapresponse to the pathogen. The
loss of Go.4 N6 from plant pathogens would have most likelyrbe@ advantage,
however Gg.3 N3 has been shown to increase transcription okjigenase in tobacco
and is also converted by LOX and several subseqeeantions to jasmonic acid, which
is also involved in plant wounding and defence oesps (Veronest al., 1996). The
source of G@g.3 N3 however could come from either plant membrameshe fungal
pathogen themselves, as the large majority of fuggacies studied contain this fatty
acid. As to why fungi contain g3 n3 is most likely due to its role as the precutsor
the fungal oxylipins, which modulate diverse funos such as cell growth and
proliferation, apoptosis and spore differentiati@hristensen & Kolomiets, 2010).
Whilst the majority of terrestrial fungi have laste ability to produce VLCPUFAs it
hasn’'t stopped them from benefitting from them,ubyising host VLCPUFAs instead
to biosynthesise oxylipin mediators. This ironic angnism by which compounds
intended to provide resistance against pathogdtackaare turned against the host by
modulating and increasing the growth of the pathagevader, would provide another
reason for the redundancy of VLCPUFA responsibleege This mechanism by which
fungi utilise host fatty acids is observed withinve tHuman pathoge@andida albicans,
with the Fungus utilising host,g:4 n6 to produce carbohydrates and fungal eicosanoids
such as 3,18-dihydroxy-5,8,11,14-eicosatetranoid, awith 3(R)-hydroxy-oxylipins
thought to regulate morphogenesis and reproducisnwell as modulating cell
signalling in neutrophils (Dewet al., 2000).

3.4 Conclusion

Low temperatures do not appear to increase théinded of finding VLCPUFA
producing ascomycetes, as it appears that triefalty acids are sufficient for
maintaining membrane fluidity under low temperataonditions. Whilst temperature

was not shown to be a sufficient driving factorregain key genes for VLCPUFA
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synthesis it is likely that temperature will leadl the modulation of the fatty acid
profile. Organisms capable of producing VLCPUFAs ravéMortierella species,
Allomyces macrogynus and organisms from the Oomycetes. Both Antarctd a
mesophilic isolatedMortierella species were all found to producg,&n6 and Go.sn3.
Fatty acid composition between the isolates wadlainhowever the Antarctic isolate
398216 was found to containdx n6 at 67.8% of the total lipid profile whereas the
mesophilic isolate 196057 was found to producddttg acid at 34.9% of the total lipid
profile. The fatty acid &.4 N6 was proportionally higher iNortierella species, which
distinguishes them from the Oomycetes which cortanhighest proportional s n3
levels. TheMucor and Umbelopsis isolates were distinguished from tihvortierella
isolates based partially on highegfs@n6 levels as well as&; and Gg:; levels. The
ascomycetes primarily group together away from zlggomycetes and Oomycetes

based on high {g.; levels.

As it can be seen, there are many roles that PUswithin fungi as well as other
microorganisms. The fact that the higher fungi kbt ability to produce VLCPUFAS
can possibly be attributed to the transition fréma &queous to terrestrial environment.
The loss of flagella and reliance on aerial spaspatsal, as well as the lack of osmotic
potentials most likely resulted in the gradual lasskey enzymes responsible for
VLCPUFA production. To date, the vast majority of PUFA producing organisms
such as algae, plants, chromists and fungi ardlysaassociated with water and produce
a flagellated cell type. Therefore VLCPUFA prodaoatiappears to be correlated with
flagella production, which to a large degree cates with the organism’s habitat. This
generalisation however does include exceptions aadhe zygomycetdortierella and
VLCPUFA producing plantsMortierella does not produce a flagellated form and
neither is intrinsically linked to an aqueous eamiment however, both reside in basal
phyla which evolved from a flagellated ancestors lihese conditions which seem to be
most indicative in regards to VLCPUFAs formatiorddherefore any further screening
of novel fungi should focus on the Zygomycota anayt@diomycota initially. The
taxonomy of the organism in regards to VLCPUFA picitcbn appears to be crucial in

screening for novel producers of these high vadtiy ficids.
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4 Fatty acid analysis of total lipid under three

temperature regimes

4.1 Introduction

Maintaining a constant membrane fluidity in respots differing external conditions
is referred to as homeoviscous adaptation (Sinerigkg4). The role of fatty acids and
their modification within the membrane are essémtianaintaining the viscosity of the
membrane. Cell damage may be experienced whernabm@a membrane undergoes the
transition from the liquid crystalline state to thel state, which alters the permeability
of the membrane, allowing osmotic induced damagectur (Croweet al., 1987). The
membrane is also required for other roles inclugngtein function, of which a large
proportion are membrane bound. It is generallyevekl that to maintain membrane
viscosity, several modifications can be made toftigy acid composition including
incorporation of short chain saturates, branchesinchaturates or the desaturation of
fatty acids (Suutari & Laakso, 1994). In additiather compounds are responsible for
the resilience against low temperatures. Polyalcetigars such as trehalose have been
shown to act as cryoprotectants (Weinsttial., 2000) as well as glycerol, which are
routinely used in the process of cryopreservatmprevent osmotic and freeze related
damage (Smitlet al., 1986). Other membrane associated compounds suetyasterol,
in the case of the fungi, or the lack of it may leeneficial to the survival of the
organism at low temperature, due to the rigidifyaffgct of the sterol on the membrane
(Weinsteinet al., 2000).

Due to previous studies suggesting that low temperacan lead to the production of
elevated levels of the most unsaturated fatty gedtion 1.3.5), as well as increasing
the overall unsaturation index of the cell, it vdexided that several psychrophilic fungi
were to be studied and their fatty acid respongertgperature analysed. Psychrophilic
organisms were studied for two reasons; firstifelitesearch has been carried out on
psychrophilic fungi in relation to fatty acid modgtion in response to temperature.
Secondly, it was thought that culture at 15°C mat lmave induced the formation of
VLCPUFASs such as 4.5 n3 within these psychrophilic organisms. Therefarkure at

5°C was hoped to induce expression of polyunsawekingases and desaturases. This
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was be done by analysing the total extractabley fatids under three temperature
growth regimes. In total nine organisms were suidigth regard to the temperature
effects on fatty acid profiles. Fungi from the gemierpotrichia, Mucor, Penicillium
and Mortierella were studied, predominantly as these organisme associated with
low temperature environments, except tMortierella isolates which were mesophilic.

Fatty acid unsaturation indices were calculatedgithe following formula:

Amol™ = 3(% monoene + (2 x % diene) + (3 x % triene) + @ xetraene) + (5 X %
pentene))/100 (Suutari, 1995)

The unsaturation index takes into account the fatigd composition and attributes a
higher value the greater the level of unsaturati€aity acid such as;gs, for example,
are more heavily weighted than a monoene such ;gs Eence, higher levels of
polyunsaturates and lower levels of monounsaturaibdead to an increased index
score. Saturates are accounted for as the pereewfagach fatty acid is used to
calculate the index, so high saturate levels wdbkult in decreased unsaturate
percentages, which in turn give a lower index scArkst of organisms studied, culture
temperature and period of growth are given in tlagenmals and methods section, table
2-18.

4.1.1 Aim

The aim of this study was to explore the effecttahperature on the fatty acid
complement of seven Antarctic or low temperatusdaied fungi and two mesophilic
fungi. The hypothesis was that low temperature ¢gnoiwduces greater unsaturation
within the fatty acids. The experiment set outdafem this postulation. Further to this,
Mortierella alpina strain 330997 was analysed further with individpalbspholipid
components studied to determine whether membraswciased lipids showed greater

unsaturation under low temperature conditions.
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4.2 Results

4.2.1 Total fatty acid analysis

4.2.1.1 Mucor racemosus

Mucor racemosus (17313) was capable of producing a variety ofyfattids (figure 4-
1). At 5°C it was apparent that all fatty acidsreased in content with the exception of
C.s0 This is clear when the total fatty acid as a petage of dry weight is plotted
(Figure 4-11), with the total fatty acid productitavels highest at 5°C, although total
dry biomass at this temperature was not noticediffgrent from that observed at the
two other temperatures (Figure 4-12). The lowesitaiss level was found at 15°C, with
25°C producing the greatest biomass. Upon incrgaia temperature to 15°C, TFA
production declined from 8.4% to 4.6% of the dryigi®, with 25°C demonstrating a
marginally higher value of 5.5%. The majority oetbompounds were produced at the
lowest concentrations at 15°C with the exceptiorCgfs n6. The levels of (.3 n6
showed a negative correlation, with increasing terajure resulting in decreased
abundance of this LCPUFA, with growth at 25°C praddg 8.3 mg/g compared with
the highest value at 5°C of 14.9 mg/g.

The majority of the other fatty acids, which areimha saturated FAs, decreased
initially with the lowering of the temperature fro25-15°C, but then showed a
subsequent rise at 5°C;43, the second most unsaturated FA witkiacor, produced a
similar quantity at 15°C to that at 25°C, with 5§&@wth producing almost a two fold
increase from 5.4 mg/g to 10 mg/g. It is also warbhing that short chain saturates can
confer fluidity due to their lower melting point.;& levels were highest at 5°C (0.6
mg/g) as observed with all fatty acids at this temapure, although levels appear to stay
constant between 15 and 25°C. The negative cdoelaeen with g3 n6 was also
observed with &.o, with decreasing FA level seen with increasinggerature. G.o
showed a similar trend toi16o, with the highest levels at 5°C but with 15 and@5
cultures showing similarly lower levels. By applgithe unsaturation index calculation
to the data (figure 4-10), growth at 15°C produtkd greatest unsaturation levels
followed by 5°C growth. This elevated unsaturat&ii5°C is due to the high;§3 n6
TFA percentage and lower saturate and monounsatuidA percentage. Even though
5°C growth produced a higher total level ofs€n6, increased levels of all the FAs

were also observed with;63 n6 representing 17.6% of the total fatty acids parad
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with 22.6% at 15°C. Results were subjected to glsifiactor analysis of variance
(ANOVA) statistical test to ascertain whether indival fatty acid components were
significantly different from one another. A p valwd p < 0.05 was considered

statistically significant.

25 gs<

Bi5C
W25

=

20 A

15 A

10 1

FA mg/g dry biomass

953
6:1
885

HHHHHHHH

c18:0
Cl8:1cis

c200
c20:1
c20:2
1.441
c23:0
C24:1
1.658

717400102 |

> = 8 o

C
C
C
C
C
C
C
C
0.
C

o o
r
4:014 ’
B
i fo*
c220 [
c24:0 [

c
1.067854563
1.172790754
C18:2 cis
C18:3GLA
1537683602 [
73749007 ff
45388876 [
68215748
91057621
950204671
975583915
008235011

1.03289

~N 9~ KO~

Fatty acid

Figure 4-1. The fatty acid profiles ofMucor racemosus grown under three culture
temperatures. * = p< 0.05, n = 3 and error bars are standard error oftie mean.

4.2.1.2 Penicillium rugulosum

Penicillium rugulosum produced the greatest biomass of any of the sanffirire 4-
12); with a mycelial dry weight of 2.4 g per 100 ail 15°C. With the definition of a
psychrophile being an organism displaying maximunowgh below 20°C, this
Penicillium strain appears to be classified as a true psybieopGrowth at 5°C
promoted the greatest production qg.€n3 comprising 47.6% of the fatty acid profile
(figure 4-2) making it the predominant FA with |évef other unsaturates such as.C
andC,g.» and saturates such agegat their lowest levels. Culture at 15°C produced
elevated levels of {g.;and Gs.,, as well as significant amounts ofgGn3, at 24.4% of
the total fatty acids. The levels of saturates sédgtively unchanged with the increase
in temperature, although saturates witRenicillium make up a small fraction of the
total FAs. At25°C, a marked increase ingzis observed although the lowest levels of
Cis3n3 at 8.3% and the highest levels ofs.6are also found, with {g.; levels also
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slightly increased. The unsaturation index showex Highest value at 5°C (figure 4-
10), which can be attributed to the highs&n3 levels relative to the lower saturate,
mono and di-unsaturate levels. As the temperatuceeased, a negative correlation
between the unsaturation index and temperaturessreed, with increased temperature
leading to decreased unsaturation within the fatigs. Although total FA levels in this
organism are comparatively low, a positive correfatis seen with the increase in

temperature leading to an increase in lipid contigguire 4-11).
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Figure 4-2. The fatty acid profiles ofPenicillium rugulosum grown under three culture
temperatures. * = p< 0.05, n = 3 and error bars are standard error oftie mean.

4.2.1.3 Herpotrichia sp.

Both Herpotrichia species contained small quantities of trace comg@suwhich
were thought to be sterols. These low abundanceconds appear to be characteristic
of these two organisms, although have little affeat regulation in response to
temperature. Biomass levels for 403016 showed @&song biomass with increased
temperature although 403002 produced its maximwmass at 15°C. Strain 403016
produced elevated levels ofidz n3 at 5°C, producing more than twice the absolute
value as that found at 15°C, which corresponds @Gd% and 11.4% of the TFA
respectively (figure 4-3). With the increase in parature all the fatty acids decreased
except Gs, which maintained a relatively constant level reigss of temperature.

Cis:3 N3 experienced the sharpest drop with the incraaselture temperature. When
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the unsaturation index was calculated as showigurd 4-10, culture at 20°C showed
the highest unsaturation level, due partly to tigh Hevel of Gg., compared to the
relatively low levels of other fatty acids. Cultueg 5°C showed the second most
unsaturated index, bolstered by the high level€gf; n3. Levels of saturates were
highest at 5°C, with {g0and Gs.o peaking at this low temperatutderpotrichia strain
403002 also showed a temperature driven trend fgg 63. Gs.3 N3 comprised the
greatest percentage of the total fatty acids at&°9.1%, whilst making up 15.6% of
the TFA at 15°C (figure 4-4). The two speciesHzf potrichia do differ in their fatty
acid profiles in regards to temperature. StrainO023produced the greatest saturate,
mono- and di-unsaturate levels at 20°C, with treosé highest levels produced at 5°C.
This is in contrast to strain 403016 which dispthylee greatest fatty acid production at
5°C. 15°C produced the lowest fatty acid levelsegtdor Gg.3 3 in 403002 whereas
this temperature promoted the second highest levedgain 403016. The unsaturation
index for strain 403002 reveals that 5 and 15°Qucell produce similar unsaturation
indices, due to high levels ofi§sn3and Gg.owith reduced levels of saturates. The total
FA content in strain 403016 shows a counter tremdrelation to biomass, with
increasing temperature resulting in increased bssmaoduction, however this also
results in a decrease in total fatty acid productiBtrain 403002 does not display a
clear trend, although the highest biomass prodnaiol5°C produced the lowest total

fatty acid level.
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4.2.1.4 Bjerkandera adusta

Bjerkandera adusta produced only two measurable fatty acidse.dCand Gg:,
although Gs.1, Cig.o, Cig1, Coo:r @and Gy are present although as minor compounds
(figure 4-5). No trienoic acids were detected. Giowt 5°C resulted in the highest
levels of Gg.,, comprising 79.6% of the TFA compared with 71.604%°C. Levels of
Ci6:0 and Gg.1 also decreased slightly with the increase in teatpee. Total FA levels
showed an increase with the decrease in temperatitie the unsaturation index
highest at 5°C growth presumably because of thadthrepertoire of fatty acids at the
organism’s disposal, forcing an increase in they aulbstantial unsaturated fatty acid
produced by this organism. The unsaturation indieds/een 15 and 25°C are marginal,
in part because so few fatty acids constitute ttodilp of this organism. The biomass
was found to be at its lowest at 5°C with a stedadyease observed with the increase in

temperature.
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4.2.1.5 Mortierella spp.

Two organisms from the geniddortierella, were studied, both speciesf alpina.
The Mortierella alpina species were studied as they are one of the fee fuingi
capable of producing VLCPUFAs such ag.£n3 (section 1.4.2). Strains Dis 195 and
206 are from the former sub-genMscromucor, now classified a®mbelopsis and are
therefore incapable of producing VLCPUFAs. They avanitially studied as a
comparison to the VLCPUFA producihprtierella species as both are capable of-L
n6 production. TwdJmbelopsis species were studied in respect to culture tenynera
and fatty acid profile. IMortierella alpina strain 82072 the most unsaturated fatty acid
Coo:5 N3 is present at both 5 and 15°C growth (figu®).4Growth at 15°C produced
increased levels at 3.1 mg/g compared with 2.9 nag/§°C growth, with &ys n3
production at 25°C resulting in trace levels of thtty acid. Growth at 5°C resulted in
Co0:5 N3 TFA levels of 4.7% whereas at 15°C it represgrz.6%. In absolute value
terms, Gos n3 values remain relatively constant although propnally, levels
decreased. Due to the presence ofsdlouble bonds it would be expected that this FA
would have a substantial role in fluidising the nbeame. The second most unsaturated
fatty acid, Go.4n6, was at its lowest level at 5°C at 5.3 mg/ghw#0.1 mg/g produced
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at 15°C growth and 20.3 mg/g produced at 25°C. Isewé Cyg.3 N6 and Gg» were
highest at 15 and 25°C growth, with marked decreas®°C. The saturate FA&pis

at the lowest level at 5°C, as is the FA.& Ci6.0 IS produced to the greatest extent at
15°C, although .0 shows an intermediary value &g levels drop slightly at 25°C
whereas &g levels increased with the subsequent rise in teatpe. The two
saturated FAs g.0and Gg.o are the predominant saturates within this straith Cyo.0,
Co1.00 Cozi0and Gy forming much smaller fractions. All the saturatedisFoar Gi.o
showed an increase with temperature, with.c@ot produced at 5°C. The increase in
saturates as well as mono-unsaturates should pgrenembrane fluidity from increasing
with the elevation in temperature. The most appldei monounsaturated fatty acid
Cis:1 Is produced in the highest quantity at 25°C widtlohing production observed
with declining temperature. s production increases with the increase in tempezatu
although to a much lesser extentg.glevels peak at 15°C, though 25°C growth results
in slightly lower levels, with 5°C significantly decing Gs., production. Total fatty
acid levels show 25°C culture followed by 15°C uatdt produced the highest
accumulation of lipid, with levels higher than tHaund within strain 330997. The
unsaturation index at 15°C showed the fatty acidmasition of the cell was at its most
fluid, with 5 and 25°C growth demonstrating neaglgual unsaturation indices. The
increased unsaturation at 15°C is likely the cafdggh levels of Go.4 N6, Go.3n6 and
Cis:3n6, and lower levels of {g; at this temperature. It would seem therefore thiét 5
growth is not optimal for this strain dflortierella alpina due to the low fatty acid

content and low biomass production.

Mortierella strain 330997 demonstrates a nearly identicay fatid complement,
although the levels between strains 330997 and B2&# distinct. The most
unsaturated fatty acid,gsn3 is only produced at the lower two temperatafes and
15°C, with 5°C growth promoting the greatest prdoucat 2.2 mg/g (8.1% of the
TFA) and 15°C producing 1.1 mg/g (2.1% of the THAyure 4-7). Unlike strain
82072, both absolute and proportional values dseredth the decrease in temperature
although both strains show negligible productio%iC. The FA Gy.4n6 is produced
at elevated levels at 25°C followed by a markedekese with the drop in temperature
which is not observed within strain 82072. Thisntteoccurs with all the fatty acids
except Go:s N3, with levels of all FAs decreasing sharply wiitle drop in temperature.
When compared to strain 82072, it is noticeabldé tha previous strain produces a

similar profile at both 15 and 25°C, with exceptitinCs.o and Gs.1, whereas strain



Chapter 4 139
330997 produces distinctive profiles at both the=saperatures. The total fatty acid
levels are highest at 25°C, followed by the expaecline with the drop in culture
temperature. The unsaturation indices for strai@©33 are highest at 5°C followed by
15 and 25°C growth respectively. The high indexeobsd at 5°C is in part due to the
relatively high Go.sn3 level. The biomass for strain 330997 showedeadst increase
with the increase in temperature, which was inlwith the total fatty acid level, with

both values lowest at 5°C.
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4.2.1.6 Umbelopsis spp.

The Umbelopsis isolateswere studied as representatives of the zygomycetash
are typically non-VLCPUFA producing and charactisaly produced Gg.3 n6 as
oppose to .3 n3. Several of thé&Jmbelopsis isolates were until relatively recently
classified within theMortierella genus. Therefore, these two isolates were used to
compare mesophiles with psychrophiles, and to etsopare trueMortierella species
with representatives of the majority of the zygoetgs. The twdJmbelopsis species
did not produce polyunsaturates beyond.{06. These organisms were also isolated
from mesophilic environments, so initial predicsowould point to these organisms
being ill suited to low temperature growth. Strédms 206 Umbelopsis isabellina)
produced the greatest level ofsGn6 when cultured at 5°C, with an absolute value of
31.4 mg/g (13.9% of the TFA) which subsequently rdased with increasing
temperature to 13.2 mg/g and 8.2 mg/g at 15 an@ 2&Spectively (figure 4-8). Levels
of the Gg.1 unsaturate also increased with the decrease ipeieture, although -
levels showed little change when grown under theethemperature conditions. The
other major fatty acid present wagsgand this showed an increase in abundance with
the decrease in temperature, as did..CThe unsaturation index showed a negative
correlation, with decreasing temperature leadingrtoncrease in FA unsaturation, due
to the elevated {g.1 and Gg.3n6 levels. The total fatty acid level showed thigamism
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to contain the highest content of lipid of any loé torganisms studied reaching 22.4%

lipid content at 5°C culture.

Isolate Dis 195 mbelopsis sp.) demonstrated the same complement of fattysacid
although different ratios were observed. Howeveagh Hevels of Gg.3n6 at 5°C, 15.6
mg/g (21.4% of the TFA) were similar, followed bsduced quantities at 15 and 25°C
with 7.2 mg/g (10.0% of the TFA) and 7.4 mg/g (7.8%he TFA) respectively (figure
4-9). The negative correlation betweefs.€h6 and temperature was not as evident here,
as levels between 15 and 25°C remained relativahgistent. This strain demonstrated
a reversal in .1 and Gglevels, with the lowest quantities produced at $ftGwth
and the highest at 25°C;4;displayed a similar pattern to strain Dis 260, vatevated
levels at 5 and 25°C compared with 15°C cultures Tihsaturation index shows clearly
that 5°C growth results in the most unsaturatety &atid production, predominantly due
to the relatively low Gg.1levels and high ¢.3n6 level. The differences between 15 and
25°C growth in regards to fatty acid unsaturatiomwéver are minimal. Whilst {g3n6
at 15°C has the same absolute concentration, iesepts a greater percentage of the

TFA, which in turn offsets the increasegs@in the 25°C samples.

The differing strategies to coping with temperatwagiation would lead to the
conclusion that these twdmbelopsis isolates are in fact differing species. It is
surprising to see these mesophilic organisms cople tivese low temperatures, as
previous studies which looked at several mesopbiiganism such aBenicillium and
Aspergillus, found that they had difficulty adapting to thewlademperature with
fluctuating unsaturation indices and low growtresatThe biomass of botbmbel opsis
isolatesshow a clear response to temperature, with low tjroexperienced at 5°C
whilst subsequent increases in temperature seeechamkreases in biomass. Strain Dis
195 showed an increase from 164.3 mg at 5°C to3408) at 15°C, peaking at 626.0
mg at 25°C. Strain Dis 206 produced 111.3 mg ofaiss at 5°C, with an increase to
340.3 mg at 15°C with a maximum biomass of 654.6 ah@5°C. The response of

growth to temperature is more substantial Withbel opsis than withMortierella.
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culture temperatures. * = p< 0.05, n = 3 and error bars are standard error oflhe mean.
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Figure 4-9. The fatty acid profiles ofUmbelopsis sp. (Dis 195) grown under three culture
temperatures. p< 0.05, n = 3 and error bars are standard error oftie mean.
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Figure 4-10. Fatty acid unsaturation indices of isates when cultured under three
temperatures. In general 5 or 15°C growth producethe greatest unsaturation, with

several isolates 403110, 403002, 403530, 330993 ,2D6 and Dis 195 producing the most
unsaturated fatty acid profile at 5°C. Isolates 1783 and 82072 produced the greatest
degree of unsaturation at 15°C althoughderpotrichia sp. isolate 403016 was found to
produce the greatest unsaturation at 20°C. The isates 17313 and 82072 which show 15°C
as producing the highest unsaturation levels are s known to produce large quantities of
storage lipid which may result in lower Uls due tahe unknown localisation of the fatty
acids. * = p< 0.05, n = 3 and error bars are standard error oflhe mean.
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Figure 4-11. The percentage total lipid produced bysolates when grown under three
temperature regimes. Two main trends are seen witthe percentage composition of lipid

in regards to temperature. Several isolates such 45313, 403016, 403530 and Dis 206
produce the highest percentage of lipid at 5°C. Isates 403110, 403002, 82072, 330997 and
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Dis 195 produce an opposite trend by showing elewat lipid levels at 25°C. * = p< 0.05, n
= 3 and error bars are standard error of the mean.
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Figure 4-12. Biomass production of isolates when gwn under three temperature regimes.
Biomass production is found to be highest in the njarity of isolates at 25°C. Biomass was
highest at 15°C for 403110 and significantly highethan that found in any other isolate
indicating that P. rugulosum is a true psychrophile. p< 0.05, n = 3 and error bars are
standard error of the mean.

4.2.2 Fatty acid analysis of phospholipid fractions under different growth

temperature regimes in Mortierella alpina strain 330997

4.2.2.1 Phosphatidylcholine fraction

The most unsaturated fatty acido@n3was produced in the greatest quantity at 5°C
in the phosphatidylcholine (PC) fraction (figureld), as was seen with the total fatty
acid extract (Figure 4-7). Again thedg n3 abundance decreased with the increase in
temperature, a trend observed in the total FA ektraevels of the second most
unsaturated fatty acid, 64 n6 were found to be highest at 25°C, followingasipve
correlation with the rise in temperature. Leveldhs third most unsaturated fatty acid,

Ci1s:3n6 were found to be highest at 5°C followed by $keond greatest production at
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25°C. The fatty acid {g.; was found to be highest at 25°C, with lower but@dtrequal
levels found at 15 and 5°C..& levels were found to be relatively even between all
three temperatures. The trends encountered inRepfofile are represented in the PC
fraction for several of the compounds such ag,CCis.0, Coo.aand Go.s however most

of the trends are somewhat subdued, as level @iféers between temperatures are far
less prominent. The PC fraction contains a balapcefile of saturates and unsaturates,
with the majority of compounds found in the TFA fie present in the PC fraction.
Temperature variation seems to a have a lessdedfgct on this phospholipid fraction,
with the majority of FAs experiencing a moderatarae in level with change in
temperature. Saturates experience an increaseahviéh rise in temperature, possibly
due to their rigidifying effect on the membrane eTMLCPUFA Gg.s n3 experiences a
large level increase when temperatures reach 5SR@ough the levels of £.4 n6
experience a similarly large increase when 25°Ce&ched. When the unsaturation
index is calculated (figure 4-19), 5°C culture gtbwpromotes the most unsaturated
membrane fatty acid composition, although 25°C destrates the second greatest

unsaturation index in part due to the elevateg,@6 and Gs.1levels.
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Figure 4-13. The PC fraction ofMortierella alpina grown under three temperatures. The
PC fraction contains a similar fatty acid profile to that seen within the total lipid fraction.
*=p <0.05, n =3 and error bars are standard error oftie mean.
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4.2.2.2 Phosphatidylinositol fraction

The phosphatidylinositol fraction (PI) containedwéw fatty acids, and at relatively
low levels (figure 4-14). The predominant fatty dscipresent were 1goand Gg.oand
they showed a slight increase in abundance withirtbeease from 5 to 15°C. 6%
experienced a large decrease at 25°C growth wigla&xperiencing a smaller decrease
with the increase in temperature. Minor componetthis PL fraction were G.oand
Cis:1, With Cig.1 showing little significant change with temperattin@ugh Gs.0 levels
decrease at 25°C. The fraction lacks the majofithe VLCPUFAs as ¢:3n6 and the
majority of the Gy VLCPUFAs are either absent or in trace quantifidee fatty acid
Co0.4 N6 is present however, albeit at low quantitied3fC, showing an increase in
level with the increase to 25°C. When the unsatumaindex was calculated for the
fraction it was found that 25°C displayed the gestiunsaturation value (figure 4-19).
However, the values calculated were comparatively, lwith the increased level of
Co0:4 N6 and substantially decreaseg.§in the 25°C culture contributing to the higher
Ul. It would seem that this fraction contributetldi to the fluidity of the membrane due
to the limited fatty acid complement, of which tm@in components are saturated. The
relatively small profile changes, excludings@in response to temperature also appear
to confirm this idea, although the rise ipo@n6 will be discussed shortly.
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4.2.2.3 Phosphatidylserine fraction

The phosphatidylserine fraction (PS) is similarthe Pl fraction, due to its large
percentage of {50 and Gg and limited unsaturate content (figure 4-15). Biik
aforementioned saturate levels increase with tbiease in temperature from 5 to 15°C,
however decrease with the further rise to 25°Chaoaigh levels remain above that
observed at 5°C. All forms of PUFA within this ftem at 5°C are absent, although
small traces of ¢.1 are present. Levels of163 N6 and Goss are found in small
quantities although levels stay relatively consttnt5 and 25°C growth. g4 n6 is the
predominant PUFA within this fraction, although éév are relatively low, they
experience a small increase with the rise in teatpes from 15 to 25°C. When the
unsaturation indices are calculated, 5°C demorstrite lowest Ul. This is due to the
absence of any major unsaturates within this Pttifsa at this temperature. A modest
increase in unsaturation index is seen with theesse in temperature, due in part to the
Cis:3n6 and Gp.4 N6 fatty acids. This fraction seems to resemide o the previous Pl
fraction, in that the complement of fatty acidswasl as the variation in the profiles is
relatively minor. Although the Ul is contrary to wath would be expected, the
contribution to total phospholipid fluidity of tHeS fraction is probably relatively minor
due to the low absolute values of polyunsaturates.
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Figure 4-15. The PS fraction oMortierella alpina grown under three temperatures. All
peaks gave p values > 0.05, n = 3 and error barseastandard error of the mean.
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4.2.2.4 Phosphatidylethanolamine fraction

The phosphatidylethanolamine (PE) fraction dematetr the greatest diversity in
fatty acid levels (figure 4-16). However it is sasfed that the PE fraction also contains
a large proportion of the neutral lipid fractiorhig is evident from the increase in lipid
observed with the increase in temperature, whickeen with the total lipid extract in
Mortierella. The increase in lipid was not as extensive withimy of the other
phospholipid fractions. A subsequent TLC to segathe neutral and the PE fraction
was run, although the results were inconclusivee Tdtk of separation between the
neutral lipid and PE fraction is due to the largeumtities of neutral lipid found within
Mortierella species. Therefore any subsequent separationsdwegjuire a silicic
column separation of phospholipids from neutraldsp followed by TLC of the eluted
polar lipid fraction. In the combined fraction, 5%Zowth results in much lower fatty
acid abundances than at 15 and 25°C. The compleohdatty acids is similar to that
observed within the TFA extract with VLCPUFASs sueth Gosn3 and Go.4n6 found
within this combined fraction. 5°C growth resultsthe lowest fatty acid levels and is
most likely the most representative of the PE famgtdue to the decreased total lipid at
this temperature as shown with the total lipid a&atiion, indicating low neutral lipid
levels. Go:5n3 is not produced to the greatest extent at 5°@3 asen within the PC
fraction or in the TFA extraction, indicating theime Go.s N3 may be found within the
neutral lipids due to the large increase obserteti5aC, when PE and neutral lipid

fractions appear to merge.

Long chain saturates such ag.§ Cy.0 and Gaoappear to be mainly absent at 5°C
growth, but experience rapid increases at bothntb2®°C growth again indicating the
amalgamation of the two fractions. The rapid riseCho.4 N6 levels at 15 and 25°C
growth resembles that seen with the TFA fractiodjdating that both PE and neutral
lipid fractions contain this highly unsaturatedtyatcid, although the neutral lipid
appears to contain the majority of this fatty adice to the highly elevated levels. The
third most unsaturated fatty acid;sG n6 demonstrates a similar trend tg.£n6, with
increasing temperature resulting in greater pradncOther unsaturated,£s such as
Coo:1213Were absent or in low abundance in 5°C culturdoalgh warmer temperature
growth resulted in low levels ofJ2but higher abundances ofdzn6 for both 15 and
25°C growth. The increased quantity ghen6 comes as no surprise as this fatty acid is

the precursor to £.4n6. The localisation of £.3n6 appears to be in both the neutral
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and PE fraction, as it is present albeit at low ngitias at 5°C growth with the
substantial increase at 15 and 25°C indicating ahfsaiction may reside in the neutral
lipids. The saturates 60 and Gg.o do not appear to be as prominent as in the TFA
extract indicating that the neutral lipids may @nta large proportion of unsaturated
fatty acids. Using a solvent system of hexane,i@eeid and water, it was found that
polyunsaturated fatty acids had lower Rf than saésr;, which would explain the lack of
the saturates {go and Ggo detected in the PE fraction. The fatty acids.LCalso
demonstrates lower levels, as the TFA show aburdasonilar to Go.4 N6 at 25°C
growth.

The unsaturation index of the PE fraction therefergkewed due to the fact that it is
thought to contain a large proportion of neutrpidi 25°C growth produced the most
unsaturated fatty acid profile, whereas 5°C gropsibduced the least unsaturated FA
profile. The large error associated with the 5°Gwgh index was caused by several
highly unsaturated fatty acids not being deteatednie of the biological replicates. This
resulted in a lower unsaturation index for the Rietfon at 5°C. This demonstrates that
the TLC separation of phospholipid components carptone to error. This error is
carried forward to the total phospholipid unsatioraindex, which shows 5°C growth
producing the most saturated fatty acid profile vehs 25°C growth produces the most
unsaturated fatty acid profile. If the PE fractisnremoved from the calculation then
5°C and 25°C growth produce similar unsaturatiaidges around 0.8, although 25°C
growth still produces the higher unsaturation ingexdominantly because of theqG
n6 found in the PS fraction. It appears that theaR& PC fractions are responsible for
the majority of fatty acid regulation withiMortierella alpina as these fractions contain
the majority of the VLCPUFA, with the PC fractioerdonstrating greater unsaturation
with the decrease in temperature. However, it ajgoears that neutral lipid within the
species comprises a large proportion ef ZLCPUFA such as .4 N6, especially at
25°C growth.
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Figure 4-16. The PE fraction ofMortierella alpina grown under three temperatures. The
PE fraction appears to be an amalgamation of the P&nd neutral lipid fractions due to

the high lipid production at 15 and 25°C. n = 3 ancerror bars are standard error of the
mean. ANOVA was not performed on the data, due tde suspected mixing of the PE and
neutral lipid fraction.

4.000

EPC
|PI
3.500 T opPe
arps
3.000 1
=
Ry
[}
g 2500
fal
°
g
£ 2000 l
=]
€
3
£
E 1.500
g
1.000
0.500 I ﬂ i T
0'0001-iﬁ1ﬁ~= lﬁl:i_l ti-hl m Y. ) - = -
o o ©o o = o = v u w <= o = o wvw ®™» ®m ™~ = o o mnuw <= o o = o
S & § 8 8 & & £ § %8 & & & &§ S © & 5§ 3 & 4 & § & & § 0%
< &S <@ 34 @+ =€ < ™o S N «€ = € =€ < »uw N N § «§ N mw N N N N
8 8 8 8 888 § & § 0 8 8 v F 5§88 08 o0 ¢ 8 § o o o 8 8
0 & O o 0 o
5}

Fatty acid

Figure 4-17. Comparison of phospholipid classes ung a culture temperature of 5°C. The
comparable lipid levels of the PE fraction indicats that 5°C growth results in minimal
neutral lipid production and therefore the PE fatty acid profile suffers little contamination
from the neutral lipid fraction. It can be clearly seen at the lowest growth temperature, the
PE and PC fractions ofMortierella alpina appear to be responsible for membrane fluidity
regulation. n = 3 and error bars are standard errorof the mean.
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Figure 4-18. Comparison of phospholipid classes ug a culture temperature of 25°C. The
significantly increased levels of fatty acid assaafed with the PE fraction at 25°C growth
indicate that neutral lipid has been incorporated nto the TLC fraction. The large
abundance of Gy.4n6 indicates that this VLCPUFA is found as a majoicomponent of the
neutral lipids. The greatly elevated levels of ¢.3n6 and the saturates Gy, Coo.0and Cos
compared with the other phospholipid fractions woudl indicate their predominant
localisation within the neutral lipids as well. n =3 and error bars are standard error of the
mean.
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Figure 4-19. The unsaturation indices for the indildual phospholipid components
predominantly show an increase in desaturation withincreasing temperature. The PC
fraction however shows the greatest unsaturation &°C growth, and this phospholipid
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fraction is thought to be one of the modulators ofnembrane fluidity within Mortierella.
The increase seen in the PI fraction is due to a sth quantity of C,y.4n6 which is also
responsible for the increase in desaturation found the PS fraction. The small levels of
precursors to Gy.4n6 may indicate that this VLCPUFA may be a contamiant due to its
high levels at higher temperatures. The PE fractiotis proposed to contain neutral lipid,
and as such demonstrates the highest unsaturation 25°C due to the high proportion of
C,0.4 N6. The total unsaturation index for all the fracions shows 25°C producing the
greatest unsaturation. This is in contrast to the FA extract, indicating that a large
proportion of saturated lipid was not extracted. n= 3 and error bars are standard error of
the mean. ANOVA was not performed, due to the suspted contamination with neutral
lipid.

4.3 Discussion

In Mucor racemosus one of the primary responses to low temperatuteireuis to
increase the quantity of fatty acids, with the m@joof classes experiencing a
substantial rise in abundance at 5°C. Culture 4C18howed a decrease in a large
number of fatty acids compared with 5°C and 25°@uce, specifically Ge:o, C1s.0and
Cis:1, although G40 and Gg.odemonstrated this trend albeit with levels muclsetao
25°C growth. The second response to low temperatultare was the high abundance
of Ci5.3n6, with levels peaking at 5°C culture and thenssgloently declining with the
increase in temperature. For all the organismsesuekceptM. alpina strain 82072, the
highest absolute amount of the most unsaturatéy datds Gs.3n3/6 or Go:s N3 was
produced at the lowest culture temperature. Howeainough strain 82072 did not
contain the greatest absolute concentration ffs @3, it did contain the greatest
proportion of Gos N3 as a percentage of the total fatty acids. Thosllav appear to
reinforce the theory that a mechanism exists tlaatstates the rigidity of the membrane
into the production of the most unsaturated fatig ahrough the expression of several
desaturases. In several of the cases examinede Wsn3/6 is the most unsaturated
fatty acid, it could be inferred that 5°C cultuggpaars to promote increased expression
of either aA1l5 or aA6 desaturase. In the case Mficor racemosus for example,
increased .3 N6 may partially be the result of increased lewél€,5.,n6, the substrate
for the A6 desaturase. In the case ofp.£n3, cold temperature growth appears to
stimulate the expression of &l7 desaturase. The reason for incorporating the mos
highly unsaturated fatty acids is predominantlyn@aintain the fluidity of the membrane
during cold conditions. The rise in the entire céenpent of fatty acids withirM.
racemosus during cold temperature growth indicates that BAsbeing sent for storage.
The logical conclusion would be the conversion xdess fatty acids into TAG lipids.

When the unsaturation index values were studiedforacemosus, it revealed that
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culture at 15°C produced the most unsaturated &iitys. What is not evident from the
unsaturation index, as will be applicable to athpées, is the localisation of the FAs. If
saturates were localised as storage lipids, thenay be found that the majority of
unsaturates are localised within the membrane, iwtiould increase the unsaturation
index of these functional lipids. However, theiadiextraction procedure used assessed
total cellular lipids and therefore, no definitenctusion can be drawn as to where the
unsaturation occurs or whether neutral lipids iaseewith the decrease in temperature.
The most efficient growth oMucor racemosus in terms of fatty acid and biomass
production would be achieved by culture at 5°C, tlu¢he minimal loss of biomass
coupled with the substantial increase in total Fédpiction as well as increases i
n6, the most unsaturated FA produced by this osgani

Penicillium rugulosum demonstrates the highest unsaturation index of @nthe
organisms studied when grown at 5°C. It also predube greatest biomass with over 2
g of per 100 ml of PD broth. This is quite remaikabs this organism contains the
same fatty acid complement as the majority of ttieelofungi studied, but has fewer
unsaturated fatty acids when compared with Nfagtierella alpina strains. It appears
that possessing the ability to produce fatty atmdger and more unsaturated thags.£
n3/6 is not a requisite for optimal low temperatgrewth. This highlights two points;
firstly P. rugulosum contained the highest percentage gf{D3 at 5°C, accounting for
47.6% of the total fatty acids. When the othernivie values are studied, values of
17.6% Mucor), 20.1% and 19.1%Hgrpotrichia strains 403016 and 403002), 13.9%
and 21.4% Umbelopsis strains Dis 260 and 195) are produced. Whilsttiadise
organisms can produce the same fatty acids, theepi&rge composition of the most
unsaturated seems to play an important role inatteptation of the organism to low
temperature environmentBjerkandera adusta produced its most unsaturated fatty acid
Cis2at 79.6%at 5°C. The unsaturation index of 1.65 is still émwhan that observed for
Penicillium which produced a value of 1.95. The predominarttesgy forB. adusta,
which only produced two major fatty acids, is teriease production of;g,under low
temperature conditions, again supporting the thebat cold temperatures favour
unsaturated fatty acid production. Due to the leangh and low lipid levels it could be
assumed that{g»0n its own is not sufficient to maintain optimal migrane fluidity.

The second point is that whil&enicillium demonstrates the highest percentage of

Ci1s:3n3, is most likely adapted in other ways. Theigbdf proteins to function at such



Chapter 4 154
low temperatures is also critical for the survigéthe organism, withPenicillium most
likely having evolved these adaptations, comparét the other organisms studied,
which show relatively slow growth at low temperasircompared witlPenicillium
biomass production. Further, the low lipid levealicates low neutral lipid abundance.
Another point in regards to cold adaptation is fdet that several organisms exhibited
increases in lipid levels with decreasing tempeeatit is thought that this may be a
feature of restrictive protein synthesis wherebgarmlow temperature conditions the
inability to regulate fatty acid production leadsihcreased production (Suutari, 1995)
(Benschet al., 1961). Protein malfunction at low temperaturesyraso explain the
lower biomass levels for these organisms at lowpenature P. rugulosum compared
with the other studied isolates appears to be e grychrophile, indicating that a high
proportional value of ¢.3n3/6 is important for optimal growth at low temperas.
Whilst the majority of isolates studied were alspable of producing trienoic fatty
acids they did so to a lesser degree. It also stggdhat trienoic fatty acids can be
equally or more effective than tetra- and pentaeramids at maintaining membrane
fluidity at low temperatures. In regards to tBgerkandera isolate, the importance of
unsaturated fatty acids in relation to cold tempegasurvival is again highlighted, with
the correlation between the most unsaturated &ty and the growth temperature. As
to why only two fatty acids are predominantly masl@nknown, although the fact that
very low levels of precursors to:4; are present would indicate either very efficient
synthesis of g, 0r a novel synthesis route. The low biomass at &3apled with the
predominantly unsaturated fatty acid profile sug¢gdbat other factors may also be
responsible for low growth at 5°C.

The unsaturation indices and fatty acid profileggast that thélerpotrichia strains
employ different strategies to survive low tempearas. One of the common features
between the two strains is thaiggn3 abundance is directly linked with the growth
temperature, with peak levels achieved at 5°C drowthilst strain 403016 shows
elevated fatty acid levels at 5°C, strain 403002 thee most abundant lipid levels at
25°C. The elevated lipid levels at low temperatucesild again be the result of
restricted protein synthesis as discussed prevwiods.» levels in strain 403016 remain
relatively constant throughout the temperature eamghich is not found within any of
the other samples. This fatty acid is probablyisegd to maintain sufficient fluidity to
counter the decrease ingzn3 levels at warmer temperatures, but it may aésetbred

as a non-membrane associated fatty acid due twmitstantly high levels. In regards to



Chapter 4 155
unsaturation index strain 403002 achieves a slighifjher unsaturation index than
strain 403016, with strain 403002 showing the hlgpsised decrease in Ul with
increase in temperature. Strain 403016 opposesbthidemonstrating a marginally
higher Ul value at 25°C compared with 5°C. The oea®r the high index is due to the
lowering of all the fatty acid levels excepisG which remains at a consistently high
level. Why this fatty acid remains at such a camstavel whilst all other fatty acids
decline is unknown. The variation between the tamates ofHerpotrichia could be
attributed to intraspecific variation, however tmsay lead to the classification of a new
strain which is biochemically distinct. This can hecertained through the use of
multiple isolates and data analysis techniques asdPCA, as described in the previous
chapter, whereby strains cluster together andspéefic variation is observed by the
scatter of the points making up the cluster. Is tase, as no species identification was

made it is impossible to deduce whether the vamas inter- of intra- species variation.

The genusMiortierella is worthy of note due to several factors. Firstig capability
of Mortierella spp. to accumulate large quantities of lipid, lapgeportions of which
are thought to be stored as TAG in lipid dropl&srfer & Daum, 2003) (Beopoules
al., 2010). The abundance of neutral lipids may iererfvith accurate Ul estimates due
to the much larger ratio of neutral to polar liphk neutral lipid in storage is less likely
to play a role in membrane fluidity the Ul value yrize lower than expected, as it is
generally thought that neutral lipid is more satedahan in polar lipids (Mummet al.,
1971) (Kendrick & Ratledge, 1992b) (Tonehal., 2002). High levels of saturates and
monounsaturates would decrease the total fatty @icentage of polyunsaturates such
as Ggs3 n6, which in turn would lead to a lower unsatunatiodex. This lack of
knowledge regarding localisation in high lipid puathg organisms such &éortierella
may account for the 15°C culture in strain 82072dpcing the most unsaturated
profile. The unsaturation profile of strain 3309&atrelated with other works (Jamy
al., 2005) and the proposed hypothesis. In regardgitb accumulation,Umbelopsis
strain Dis 206 produced the most lipid at 5°C wite greatest constituent beings@
This negative correlation of increased temperailesling to decreased fatty acid
production appears to differentiate this strainmfrdooth Mortierella isolates and
Umbelopsis strain 195. As to why such large lipid quantitiee paroduced at 5°C are
unknown, although it is possible that protein regjoh at low temperature growth may
have a role as this strain is mesophilt. alpina strains are thought to be adapted to

low temperature environments due to their prodactbVLCPUFAs such as &5n3,
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however the mesophilidJmbelopsis isolates demonstrated that growth is possible
without VLCPUFASs, although lesser unsaturation @edi were achieved by both Dis
206 and 195 strains. This is in comparison to othesophilic organisms, such as those
studied by Suutari (Suutari, 1995), where mesopt#enicillium, Aspergillus and
Trichoderma demonstrated either bell shaped unsaturation imdexes in relation to
temperature, with an average temperature of 268@ywming the greatest unsaturation,
or with sudden drops in unsaturation from 15°C @3C growth. This indicated that
these mesophiles were unable to cope with low teatpe growth, whereas in this
study the unsaturation indices of the mesophliobelopsis isolates seem to
demonstrate the ability to cope with low tempemtwrith 5°C producing the greatest

unsaturation indices.

Mortierella alpina is one of the few true fungi capable of producingCVPUFAs. As
has been demonstrated with the previously discusaegbles, trienoic fatty acids seem
to provide enough fluidity to allow survival in lotemperature environments. In the
case ofPenicillium rugulosum, it affords more than adequate membrane fluiditlyigh
proportional values. The VLCPUFA producihg alpina at 5°C growth still showed
reduced growth at low temperatures which subsebuentreased with increasing
temperature. It could be hypothesised that if satlorganism possessed the ability to
produce greatly unsaturated fatty acids, especialljght of the capabilities of fatty
acid production within the majority of the fungt, would thrive in low temperature
environments. One can then only assume that o#tetors limit the growth of such an
organism at low temperatures. Whilgt alpina isolates 330997 and 82072 do not
thrive as doedPenicillium, when compared with th&mbelopsis isolates, biomass
production at 5°C is enhanced. Compared with th¢omiya of the other isolates
biomass production at 5°C is also greater. At 15tWever any benefits that were
attributed to VLCPUFAs in regards to membrane flyidcare lost asUmbelopsis
isolates show a substantial increase in growth Wibmass production higher than in
the Mortierella. The final point to consider is;64n6 and the high levels detected at the
warmer growth conditions of 15 and 25°C. As to velagh an unsaturated fatty acid is
produced at warmer temperatures is unclear. Iffétey acid was localised to the
membrane then one would assume that the membraunld W in a very fluid state, and
if localised to neutral lipids what role does iaplo warrant its accumulation, as so few
true fungi have this capability. The fact thdortierella are oleaginous organisms,

would provide fatty acid biosynthesis with increseibstrate, however depending on
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the expression of specific elongases and desatjraseumulation of specific fatty
acids could occur anywhere within the pathway. Tiaises the question as to the
function of VLCPUFAs withinMortierella alpina. It can be seen that the presence of
VLCPUFAs correlate with an increase in biomass’&t, &lthough when compared with
Penicillium the apparent benefit they provide is small. Howgelav temperatures do
induce Go:5 N3 production indicating low temperature growttaifrigger forA17 gene
expression. The roles of VLCPUFAs were discusseth@nprevious chapter but the
relationship between thdortierella and Chytridiomycota may indicate that VLCPUFA
production may be a remnant, possibly vestigialnplype from the Zygomycota
ancestry. The fact that the majority of the Zygootgchave lost the ability to produce
VLCPUFAs also indicates the redundant roles thds€RUFAs may play in these true
fungi. Counter to this is the fact that VLCPUFA guation is still selected for and
would indicate that some environmental pressureetsena benefit, leading to their

perpetuation within thortierella.

Total fatty acid analysis provides a good indmatithat temperature affects the
composition of the fatty acids within the cell. Tinesaturation indices in some isolates
demonstrated that the lowest temperature did netayd induce the greatest
unsaturation. This is possibly due to the increiaséotal fatty acid levels, with the
unknown localisation of the unsaturated fatty acidse segregation of lipids allows for
a more definite conclusion on the role that fattiga play within membrane lipids. The
fungusMortierella alpina was studied further as it is capable of productyfacids
such as arachidonic acid and eicosapentaenoic &bigl. TLC separation procedure
alone failed to separate the neutral lipid fromRfefraction although in other cases the
TLC method alone has been sufficient (Domerguel., 2003, Tanet al., 2011).
However the large increase in neutral lipid prorddig the increase in temperature led
to insufficient separation and further analysis ldotequire the prior separation of
neutral lipids from polar lipids using a siliciclamn. On analysis of the phospholipid
fractions, only the PC fraction produced the gr&tatensaturation index value at the
lowest culture temperature. When the total unstiturandex from all phospholipids
fractions was analysed, a positive correlation wéflation to temperature was observed.
The low value of the 5°C unsaturation index wasceraated primarily by the lack of
detection of several PUFASs in the PE fraction giks. Even with the removal of the
merged PE fraction from the total phospholipid akdton, growth at 25°C still yielded
the greatest unsaturation index. This is in oppwsito the hypothesis that decreasing
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culture temperature results in greater unsaturatitinin the phospholipids. Whilst the
phospholipid fraction is thought to contain the ondy of the polyunsaturated fatty
acids, theMortierella species studied contained a large proportion ofutheaturated
fatty acids, specifically £&.4n6 within the neutral lipids, which was also shownAki

et al., who showed that withiMortierella alliacea around 86% the total arachidonic
acid was stored in neutral lipids. They also showed VLCPUFAs were localised to
the PC and PE fractions (A& al., 2001) which was also found to be the case wigh th
studied Mortierella isolate. The localisation to the PE and PC fractiovas also
described by Taret al. (Tan et al., 2011) on their study of the Zygomycete
Conidiobolus obscurus which contains ¢y, N6 and Go.s N3 and like the majority of
fungi, the phospholipids were the most unsaturétaction. PC and PE localisation of
VLCPUFASs has also been documentedAthlya species (Akiet al., 1998) and the
ZygomycetesConidiobolus and Entomophthora spp. (Kendrick & Ratledge, 1992c)
although they also contained VLCPUFA within theffaction. The PC fraction is also
thought to be the substrate for fungsh, A6 (Domergueet al., 2003) andA12
desaturases (Jackson & Fraser, 1998) and the @dksérerease in desaturation with
decreased temperature seems to correlate witfindiag. The low unsaturation at 5°C
observed within both the Pl and PS fractions wantticate these phospholipids play
little role in membrane fluidity regulation, althglu the PS fraction shows a linear
increase in unsaturation with increasing tempeeatwhilst the Pl fraction only
experiences a large increase in unsaturation &.ZBfe lack of substrate for,§4n6,
as well as the small quantities found of this FAWm these two fractions, alludes to the
fact that the presence of this fatty acid is pdgdile to the large proportion of neutral
lipid contaminating other fractions, or that it waansferred from PC via an acyl-
transferase. As such both the PS and PI fractimnsiradikely to be heavily involved in

membrane fluidity regulation and likely containdarproportions of ¢.cand Gg.o.

If PC is indeed the substrate for th& desaturase, then the high levels gf.{6
found within the neutral lipids must be the resfliefficient transfer between the two
lipid fractions. It would also imply that the PEaétion is enriched with VLCPUFA
from the PC fraction. Another point raised by Dogwer et al. was the presence of
bottlenecks which appeared in recombinant organtsamsformed to produce,g4 n6.

It was thought the differing substrate requiremdats§ungal and algal desaturases and
elongases, acyl-PC and acyl-CoA respectively, teduh inefficient conversion past

Cis:3 N6 due to the requisite of elongases requiring-@o substrate Mortierella



Chapter 4 159
alpina appears to have an efficient method by which wdpce sufficient gy.3 n6
through elongation, followed by transfer to the R&ction, which then drives the
substantial y.4n6 production due to desaturation, followed by sgpent transfers to
the PE/neutral lipid fraction. Again, why.§4n6 is produced in such large quantities
when grown at temperatures above 15°C and substyjstored in neutral lipid is
unknown. What is noticeable within the PE and Paetfon is the lack of production of
Coo0:5 N3 at 25°C, mimicking the TFA profile. This woulddicate the down regulation
of the A17 desaturase at temperatures at or below 25°C. RAtefraction also
demonstrated a lack of,60, Coz.0and Ga.0 at 5°C growth, which was also shown in the
TFA profile at 5°C growth. This would indicate tli®wn regulation or complete
cessation of MALCE1 and MAELO, the elongases inedlvin these saturate’s
production. A small increase in total fatty acids@dated with the phospholipid
fractions, excluding the merged PE fraction, wasnseetween growth at 5 and 15°C,
which then showed a small decline at 25°C growtmpmared with 15°C. This is
possibly due to the increase in neutral lipid padn which is usually stored in
vesicles surrounded by phospholipid mono-layersiddeby increasing the number and

size of vesicles, the more phospholipid is requiceencapsulate these storage vesicles.

The reason as to whMortierella alpina produces &y.4n6 to such a large degree is
unknown, however the attachment of VLCPUFAs to Bt and PE phospholipids is
possibly due to the physical properties of the hgamips. Both PC and PE exhibit
significantly higher melting temperatures than Rt &S with values on average of
230°C and 196°C compared with 160°C and 136°C (@faayp 1975). However it is not
just the melting points that determine the fluidafythe phospholipids, but rather the
endothermic transition state, a mesomorphic stétereby the acyl chains “melt” and
display greater molecular motion as described bgp@Gtan. The transition to this state
within the PE and PC lipids is directly correlatedthe attached acyl chains, with
shorter and more unsaturated chains resulting wedotransition temperatures, in
essence increasing fluidity. PC demonstrates a mwicter degree of transition
temperatures with respect to attached acyl chaitith, Ci,.15 acyl chains affording
transition temperatures from 0-50°C. This in effeoeans that fluidity can be
maintained over a wide temperature range by afjevinly the chain length. This gives
the organism much finer control over membrane ftyidThe PE fraction however
demonstrates for acyl chaing4Gs a transition temperature range of around 70-80°C.

This range is much smaller and higher than thahfRC, therefore highly unsaturated
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fatty acids such as 4 n6 and Gos n3 would allow lower transition temperatures.
Therefore, the PC fraction provides tight contreéiothe membrane fluidity due to its
large transition range achieved through acyl clhemgth and unsaturation. This would
explain the specificity oA5 andA6 desaturases for the PC fraction as this fradtes
the greatest impact on fluidity. The PE fractiors lsasmall transition range which sits
above ambient temperature and therefore necessiteeneed for polyunsaturated fatty
acids to maintain its fluidity. Once the acyl chaimave passed through the transition
temperature, the phospholipids are then in a liguydtalline state. The significance of
maintaining this liquid crystalline state is thatylhchains passing back through the
transition temperature return to the phospholimti gjate. It is thought that during the
transition between liquid crystal and gel statesngorary defects occur within the
membrane resulting in membrane leakage (Cretval., 1987), potentially causing
cellular damage. To prevent leakage therefore, ghagpids must be prevented from
transitioning to the gel state and is achievedughoacyl chain modification, which
maintains the phospholipids above their transitemperature. In the case of the PE
fraction, which has a narrow but high transitiomperature range, a high degree of

unsaturation is required to maintain the liquidstajline state.

4.4 Conclusion

It was found that low temperature growth resultedhe greatest formation of the
most unsaturated fatty acid, in most cases thedigeacid Gg.3 or Go.5n3. Mortierella
alpina strain 82071 however displayed equal proportion€%n3 when grown at 5
and 15°C. Six of the nine isolates studied dematesirthe greatest unsaturation index
at 5°C, with two out of the nine isolates displayitihe greatest unsaturation at 15°C
growth. Herpotrichia sp. strain 403016 produced the greatest unsaturatic25&t,
which was marginally greater than that found at $tGwth. Penicillium rugulosum
demonstrated that trienoic acids are sufficient &urvival in low temperature
environments with the isolate demonstrating prolgiowth at 5°C. The large degree of
growth shown by th@enicillium isolate would indicate that other non-fatty aadtbrs
also play a role in optimal growth under low tengtere conditions, as isolates
displaying the same fatty acid complement did natam the growth ofPenicillium.
Two of the isolatesMucor racemosus and Herpotrichia sp. strain 403002, which
produce trienoic fatty acids as their most unségrzomponent, showed comparable

biomass taViortierella alpina isolates at 5°C growth. Other trienoic containisgjates
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such as thé&Jmbelopsis species showed noticeable lack of growth when coetpto
VLCPUFA producingMortierella alpina isolates at 5°C growth, indicating VLCPUFAS
confer some benefit at very low temperature grouithvas suggested that due to the
lack of Go:s n3 production at 25°C in botMortierella alpina strains thatA17
desaturase transcription or translation was dovgulagéed. The lack of long chain
saturate production at 5°C growth in bd#tortierella alpina strains suggested that
either MAELO or MALCEL production was down reguldteas both elongases are

responsible for long chain saturate formation.

Whilst the PE and neutral lipid fractions fraviortierella alpina strain 330997 were
not resolved the resulting data supports the rél®®© as a major modulator of the
membrane fluidity withirMortierella alpina due to the increased unsaturation observed
with decreased temperature. This highlights POs as a key modulator of membrane
fluidity due to its wide transition temperature garwhich makes it a suitable substrate
for A5 and A6 desaturases. The 5°C profile of the PE fractisnmost likely
representative of the fraction and correspondeponts of both PC and PE containing
elevated levels of PUFAs, with those PUFAs locatgithin the PE fraction lowering
the transition temperature. As to how the PE foactcquires PUFAs, as PC is the
proposed major substrate for desaturation is unknalthough it is likely that PUFA
from the PC fraction is transferred to the PE lig@onidiobolus obscurus is known to
contain the majority of PUFA within the phosphatipiraction, althoughMortierella
displays a different strategy by placing large dii@s of Go.,n6 and Go.3 n6 into the
storage lipids. Again, it is proposed that PUFAnirthe PC fraction is transferred to the
neutral lipid fraction either through a phosphaoipaoute or acyl-transferase route. It
also appears thaortierella alpina is highly efficient in producing VLCPUFA, due to
the proposed differential specificities of fungébregyases and desaturaskkrtierella
alpina appears to have developed, by current elongatidrdasaturation mechanics, an
efficient transfer system between the acyl-CoA paad PC bound lipid to sustain the

high production of gy.4 n6.
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5 Development of a novel genetic screen for the
detection of long chain polyunsaturated fatty

acids within the fungi

5.1 Introduction

The favoured analysis of PUFAs from fungi, as vagiler organisms such as algae, is
to extract and derivatise the fatty acids, followey their separation on a suitable
analytical platform such as GC-FID or GC-MS. Thisthod is relatively simple and
sensitive and enables a fatty acid profile of thganism to be acquired, which can be
utilised in taxonomical classification. Howeveryesning for a particular set of high
value fatty acids such as the omega 3s, the relgtleng growth and processing time,
as well as the expense incurred from solvent usebeasignificant, especially when
hundreds of samples are to be analysed. Typicldlyan organism isolated from a
hostile environment such as the Antarctic, growthptates and in broth is slow and
growth conditions are usually un-optimised. In &ddi, under sub-optimal growth
conditions certain fatty acids may not be produ@dshown witiMortierella alpina
and the lack of g5 n3 production during 25°C culture. To complemerdtabolic
analysis, DNA based approaches can be used fatéargcreening, which can then be
complemented by analytical technologies to valigateluction of the compound. This
requires a specific DNA based target, which cafedbhtiate the presence or absence,
of a target gene. For poorly studied organisms etabolic pathways this is not always
possible, due to the lack of information availalbegarding the genome of that
organism. Another problem, when analysing a widecspm of organisms is the lack
of homology at the nucleotide level which may pravefficient PCR based analysis.
With the careful selection of gene and primerss possible to reduce the incidence of
missing a novel producer of a desirable metabditeners must be specific enough to
bind only to the gene of interest but be lenierdugyh to allow polymorphisms within
the sequence. Benefits of PCR based methods inclndeer sample analysis times,
due in part because broth culture is not requaed, solvent use is also greatly reduced.
The method also allows for the detection of theainelites regardless of the culture

conditions, due to the fact that genomic DNA idisgd for the screen, and not mMRNA.
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The aim of this section of work was to develop @RPbased screen to detect the
presence of VLCPUFAs within fungal populations. Tiaeget gene utilised for the
screen was GLELO, as it is responsible for thegdtion of Gg.3 N6 to Go.3n6 as well
as having been shown to have activity on the n3tsates. The\6 elongase GLELO
was selected due to its essential role in the foomaf G0 VLCPUFAS such as £5.3n6
which are then subsequently desaturated\byandA17 desaturases to formydz n6
and Gos n3 respectively. The elongase can also be utilisedooth the n3 and n6
pathways, although GLELO has only been documentebet involved with the n6
pathway. Using &5 or A17 desaturase as foundNMuortierella may result in producers
of VLCPUFAs not being detected due to the naturethaiir biosynthesis. AA17
desaturase as a genomic marker for VLCPUFAs iswmaltle due to the lack of
organisms capable of producingoe& n3. Organisms that producedg n6 would be
missed, as A17 desaturase is not required for its formations Bmgument cannot be
applied to theA5 desaturase, as many organisms are capable ofiqgangdGy.4 N6
limiting the incidence of missing VLCPUFA produceisowever theA5 desaturase
gene cannot be used because analysis of the gemvAicrevealed that there was no
conserved region to develop primers for. There alas a lack of fungah5 desaturase
DNA sequences indicating that this enzyme is presefew fungi or in those that do
contain it, has not been characterised. Neeelongase, GLELO, whilst only being
documented withiMortierella contains a conserved genomic region when compared
similar A6 elongases. This meant that primers could be dediground the conserved
region of GLELO, which would allow for the detectiof VLCPUFAs at the genomic
level. The conserved genomic region and primer ldgweent are discussed in detail in

section 5.2.1.
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5.1.1 Aims

The aim of this study is to determine whether dakle gene marker is present by
which VLCPUFA production can be inferred. Once itifeed, suitable primers will be
developed to allow amplification across a wide yaowhorganisms within the fungi. The
primers will then be tested to determine the catreh of the gene product and the fatty
acids Go:3 N6, Go.4n6 and Go.s n3.

5.2 Results

5.2.1 The identification of conserved regions of homology within A6

elongases from diverse species

The interrogation of known and putatix® elongase sequences present in the public
databases revealed conserved sequences unigh® &ongases. The GLELO PCR
primer pairs were based on the conserved regiondfauthin multiple A6 elongase
sequences. For example GLELO cDNA frivortierella alpina was BLAST searched,
shown in figure 5-1. These sequences when aligaedated an apparent 123-125 bp
conserved region with othe6 type elongases from other organisms. Therefonas
hypothesised that this conserved region could bd tsdevelop a PCR based screen to
detect elongases from unstudied fungi, vitbrtierella alpina the only true Fungus to

have aA6 elongase characterised.
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Figure 5-1. TheA6 elongase (GLELO, top sequence) cDNA sequence frovtortierela
alpina strain 330997 was BLAST searched. Within the sequee lies a 123-125 bp
conserved region shared b6 and ELOVLS5 class elongases from other organismshich
indicated that this region may correlate with VLCPUFA production. Red areas denote
base pair differences from GLELO.

The design of these primers took into account ottlesely relatedA6 elongase

sequences. The 123-125 bp conserved fragment nenéthin it nucleotide variations
between organisms, although the first and last f@8were sufficiently conserved
throughout different species to enable the germratil efficient degenerate primers.
There were several base pairs however that varexdeen Mortierella and other

species consistently, shown in figure 5-2. Thes@ants were taken into consideration
when designing several sets of robust primers.eéxample set two differed from set
one due to the presence of 4 degenerate basewddlss the first set contained only
one. The first set of primers, designated Uni 1 &md 2 were more specific for
Mortierella, whilst the second pair, designated Uni 3 and Umiere less specific but

adapted for a wider range of organisms. The preeguences are shown in table 5-1.
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CTACTITCTCCAAGET CAT
CTACTTIT CAANET CAT
CTACTTCTCCAANBT CAT
CTACTTCTCCAACET CAT
CTACTT CTCCANACET CAT
CTACTITEICCAANNT CAT
CTAMT T CTCCAA GETEET
CTACTIMTCHAANET CAT
CTACTTIY CHAANET CAT
CTACTIETCEAANETCAT
CTACTTETCCAACGET CAT
CTACTTICTCCAACET CAT
CTACTTCTCCAACET CAT
CIACTTRTCHAAGET CAT
CTACTTCTCCAAGET CAT
CTACTT CTCCAAGET CAT
CTACTTCTECAACGET CAT
CTACTT ST CCAACET CAT

TACTTCTCCAANBT CAT

TACTTCTCCAACETCAT

TACTTETCCAAGET CAT

TACTTCTCCAACET CAT
CTACTTCTCCAANRT CAT
CTACTTCTCCAAGET CAT
CTACTTCTCCAACET CAT
CTACTT CTCCAANBT CAT
CTACTT CTCCAAGETCAT
CTACTTCTCOCAANET CAT
CTACTTETCCAANYT CAT
CTACTTCTCCAANMT CAT
CTACTICTCCAANBT CAT

CTACTTETCCAAGAT CATIOOAGT TTOT COACACCAT GATCAT OGT CCT .Ah&hﬁﬂ&dﬂhk CCOCCAQATCT COTTCTTOCACDTCTACE .kcl.."..ﬁ.c.ﬁ. GCTCCATCTTY
CTACTTETCOAROAT CATIOOAST T TOTCOACACOAT OAT CAT GOTCCTAACAAGAACANCCOCCABATCT COTTCT TGCACGTET AEGAQEABIA BCICCATCIT
CTACTTCTCCAAGATCATIOOAGT T TOTCOACACCAT GATCAT OOTCOCT CAADAAQGAACAACCOCCAGATCT CETTCT TOCACGTIMT ACCACCACAGCT CCATCTT

GAGT THTEGACACCETENT CTENT CCTIMGAAGAACAACCCCAGAT CICET TClT GCACGTIT ACCACCA CHE AT T
GANTT VI TIG A O O T O T T TG T G A A GAACAACCECC AGAT N O T CE T GCAMGT CT ACC ACT

GAGT T ECA CA T T CRT TGl A A G AAC AN CCCCAGAT CRCOE T CET OCACGTET ACCACOA
CAGTTETRCACACCETENTCHETERT CCTEENCAACAACAACTEICACATCECOT NCHTECACETCT ACCARICA
GAGTTERTECACACCHTENTCRTERTCCTEENCAACAACAACCEICACAT CECOTTCRINCACERTICTACCANCA
GANT THEER T IOACACCETEEN T CHETI TIC T I A CAACAACCICCACATCCEE T CETOCACOTCT ACCACC
GAGT THCTEGACACCETERNT CHNTENTNCTENGAANAACAANCECC ANATCECETTENTECACOT CT ACCACCA
GARMTT TENT MG A C A O T T T G A A GAACAATTICCAGAT CIl Ol T CllT GCAMGT CTACCACT
GANTT TRTEGACACENTENT CHTENECTEEEGAACLACAACOECCAGAT CHCE T CETGCANGT CT ACCACCACH
CABTT TETEGACACERTENT CHTENRTECTEENCAACAACAACCECCACAT CHCERT CHTOCANO T CTACCACCACENERT CCA THIRT
CAGT THENTENGA CACCETEERT CHET N TINCT A CAARAACECC ANATCHOET TE TCACETCT ACC Accacl_nar-r

GAGTT TTHGACACCHTENTCRTENTCCTEENCAAGAACAACTENIC ACATCECOT TET OCACEMTCT ACC Aﬁﬂacl-_ﬂﬁ CATHERT
GAGTTTIRTEGACACCHTENT CHTENT CCTHENCAACAACAACCENC ACATCICOT TET GCACMTCT ACCACCAC “BCTECA THEET
GANT THEETEGACACCHETENET CHITHENT NN A CAAMEAACCECTAGAT f.:.iﬂl TCT OCANMOTCTACCANCA CTCHATEERT
CAGT T TRTEGACACCETENT CHTEET CCTHEEGAAGAACAACCEICAGAT CMCGT TET GCACEMT CT ACCACCA MoC CATEERT
GAGTT THRTEOACACCHTERT CRTERT CCTHENOAAGCAACAACCECACATCEHCOT TEET OCACETCT ACCACCA WMOC CATHEEET
CAGTT TRTECANACCHTENT CHTENTCCTEENCAAGAACAACCEICAGAT CNCOT TERTOCACHTCTACCACCA-OCIMCA THIRT
GAGT T TRTEHGCANACCHTENT CETEET CCTHENCAACAACAACCENC ABATCECOT TERT OCACEMTCTACCACCA OCTICA THIET
GAGTTTIRTEGACACENTEN CETERTCCTHABGCAAGAACAACCEICCACATCINCET TCTGCANGTCT ACC AMICA CECCATEEET
CAGT THETECACACCHTENT CRTEETCCTHABCAARAACAACCECCAGATCICOT TCETOCACOTIT ANIC AEICA ClcCATENT
GAGT THRTHOCACACCHTEN CETERT CCTHABOAARAACAACCECC ACATCCOT TCET OCACOTET ANIC AEICA CECCATENRT

GAGT TEETEOACACCHTENT CETENTCCITHABGAANAACAACCHCCASAT CHCOT TCHT GCACC THT AlC ASCACEE G CCA THIRT
GAGTTITRTEGCACACCET NN T T DT T DA CAACAANCENC ACATCHCENT CETOCANG TET ACCACC CTCHATEERT
CAGTTHENTEGACACCHTEN ' CETENTCCT CHEAAGAACAACCECCACATCEHCOET CETOCACOTIIT ACCACCA CHEENC A THEET
GAGTTERIECACACCETENT CETENTCCT CEElAAGAACAACCECC ANATCECENT ClT GCANGTIT ACCACCA CElCCATEEET
CANTT TRTEOACACCETEET CETENT CC7 A ACAACAACCECCAGAT CCOET-CIT GCACGTCT ACCACE CTCllA THERT
GAGTTERTECACACCETEET ClT TCoT CHAAGAACAACCHCCAGAT CICOET CllT OCARNG TINT ANIC ACCA CHIN CHNC A THERT
CANT T THRTEHCACACCHTEN CETENTCCTEEEEAACAACAACCHCCACATCHCOET CRTOCACOTCT ACCACT CTClA THEEEY
AT TR TEoscAcEE EN T clEiENTccT A ACALCAACCECC AGAT CllcolT cBlT GCACOGTCTACC ACE ¢t ol T
GANTT TRTEGACACENTENT CHTENTCCTEEN:ACAACAACCECCACATCHNCCOET CRTGCACOTCT ACCACE : CT ClA THEET
GANTT TR TEcACACEN N cETENT cOTEEEN: A GAACAACCECCAGAT CCGET CBT GCACOTCT ACCACT crclA 1T
IGCACGTCTACCACE

ACCATET GOTGOT TOOT C
ACCATET 00T 0T TIO0T D
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Figure 5-2. Two sets of primers were designed fohe relatively conserved end regions of the 125 bprserved region, highlighted by the two blue boxes.
When the conserved region was compared betwefortierella and other organisms, several consistent base paihanges were evident in the primer design

regions
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Table 5-1. Primer sequences for pairs Uni 1 and 2Ini 3 and 4. The primer pairs are
designed to amplify the 125 bp region. Primer set+2 (Uni 1 and Uni 2) were designed to
be more specific for theMortierella sequence and contained only one degenerate base,
whereas primers 3+4 (Uni 3 and Uni 4) contained faudegenerate bases to account for the
consistent base pair variations.

Primer name Primer sequence
Uni 1 CTACTTCTCCAAGVTCAT
Uni 2 TGACCAACCACCAGATGGT
Uni 3 CTACTTCTCCAARVTCAT
Uni 4 TGACVAACCACCAGATGKT

The conditions for the PCR were established udieggolated GLELO gene inserted
into TOPO 2.1, as described in Materials and Methedction 2.2.7.7, with this
construct used as a positive control. Further &b, Mortierella cDNA was used as well
as mouse genomic DNA, isolated from mouse livestasvn in figure 5-4. Mouse DNA
was utilised as a\6 elongase exists in mice and no other true furagiehbeen
documented to contain/6 elongase. The PCR reaction and conditions wermiged
as shown in figure 5-3, utilising several reactioonditions. It was found that the

optimal reaction mix was:
« 1plDNA
e 2+2yul primers at 10pmojil
e 20ul DNA free water
e 1taq bead (GE healthcare)

It was also found that a 3% agarose gel was redjuoeresolve the 125 bp band
sufficiently. The optimal PCR conditions were foubgl running the PCR reaction
stated above, with an annealing temperature gradidre optimal PCR thermocycler

conditions are described in table 5-2.
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Table 5-2. Thermocycler conditions for amplifying he 125 bp region using primers Uni 1
+2and Uni 3 +4.

Temperature Length Role
95°C 2 minutes Initial melting
94°C 30 seconds Melting step
52°C 30 seconds  Annealing step
72°C 1 minute Elongation step
35 cycles
72°C 5 minutes | Final elongatign

Figure 5-3. Optimisation of theA6 elongase PCR screen reaction mix for Uni primera =
1 pl TOPO positive control DNA, 1+1pl primers, 22ul dH,0, 1 Taq bead. b = Addition of 1
pl 4% DMSO. ¢ = Increase to 2+3u primers. d = Increase to 2ul of TOPO positive

control DNA. The initial trial conditions indicated 2 pl of primer produced the best
amplification. The thermocycler conditions for Unil and 2 primers were; Melting step -
94°C for 30 seconds, Annealing step — 50°C for 38c®nds, Elongation step — 72°C for 1
minute, 30 cycles. For primers Uni 3 and 4; Anneatig — 48.5°C for 30 seconds. All other
parameters kept the same. Thermocycler parametersave subsequently changed to an
annealing temperature of 52°C and increased the nuber of cycles to 35.
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200bp

100bp

Figure 5-4. Amplification of A6 like elongase fromMus musculus using both sets of Uni
primers. a = Blank primer Uni 1 and Uni 2, b = TOPOpositive control Uni 1 and Uni 2, ¢
= Mortierella alpina 330997 GLELO cDNA Uni 3 and Uni 4, d sMus musculus DNA Uni 1
and Uni 2, e =Mus musculus Uni 3 and Uni 4. Mus musculus DNA at 296.9 ngpl. The
annealing temperature was set to 52°C with the nundy of cycles set to 35. The mouse
genomic DNA was only amplified using the non-speaif primers Uni 3 and 4. This
indicated that the strategy to include four degeneate bases into the primers was effective
at detecting the conserved region in an organism heelated to the fungi.

5.2.2 Mortierella GLELO screen

In total, 9 Mortierella species were screened and compared with two midisoph
Umbelopsis isolates. The Umbelopsis isolates were used to represent typical
zygomycetes with most species incapable of elonggiast Gg.3 N6 unlikeMortierella
species. It was therefore thought thhahbelopsis spp. would not display the 125 bp
band, whereas those from tMortierella would. Another two isolates were studied
which were initially thought to bMortierella species, but were subsequently identified
as aPenicillium sp. and an isolate from the Clavicipitaceae, baimfthe Ascomycota.
The fatty acid profiles were confirmed using GC-Mf3, described in materials and
methods, section 2.2.7. The first PCR utilised éhviortierella alpina species, IMI
330997, 82072 and 196057, tvidmbelopsis species, Dis 195 and Dis 206 and an
isolate from the Clavicipitaceae, Dis 169. Figuses and 5-6 show the absence of the
125 bp band from botkumbelopsis species and the isolate from the Clavicipitaceae,
which correlates with the lack of fatty acids longigan Gg.3found with GC-MS. All
threeM. alpina species demonstrated fatty acids up 19s@3 which correlated with the
presence of the 125 bp fragmeh. polycephala (140468)and two uncharacterised
Antarctic Mortierella strains were also studied. Strain 403341 was thiotm be a
Mortierella strain but was subsequently found to be contamihadth Penicillium. The
Penicillium species demonstrated fatty acids up t9s@3, correlating with the lack of
the 125 bp band. This was in contrastMopolycephala, which clearly demonstrated
the 125 bp band as well as producingy ¥LCPUFAs as did the uncharacterised
Antarctic Mortierella strain 398111. The 125 bp fragments from 33099¥ E6057

were sequenced to confirm the identity of the fragi Three other fragments from
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82072 (approx. 200 bp), 140468 (approx. 200 bp) 20kiL11 (approx. 300 bp) were
sequenced which were larger than the GLELO fragmamd in the case of sample
82072, had a much greater concentration than thgettal25 bp fragment. The
sequencing results did not determine the identidfethese larger fragments. It would
therefore appear that in some cases the primenrs aayreater affinity for unknown
genomic sequences rather than the conserved regpdim.sets of primers were capable
of amplifying the conserved region fromortierella although primer set Uni 1 and 2
produce stronger bands indicating greater ampliioa This is in line with the greater

sequence similar between primer and target incthse.

w XX XV LS FA>Cs3

present?

Figure 5-5.A6 elongase PCR screen of fungal isolates using pemset Uni 1 and 2. a =
Blank, b = TOPO positive control, ¢ = Dis 206, d ®is 195, e = Dis 169, f = 330997, g =
196057, h = 82072, i = 140468, j = 398111. DNA centration = 11 ngpl excluding TOPO
control. The amplification was performed using primers Uni 1+2.
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200bp
100bp

Figure 5-6. A6 elongase PCR screen of fungal isolates using pemset Uni 3 and 4. a =
Blank, b = TOPO positive control, ¢ = Dis 206, d ®is 195, e = Dis 169, f = 330997, g =
82072, h = 196057, i = 140468, j = 398111, k = 40B3DNA concentration = 11 ngil
excluding TOPO control. The amplification was perfemed using primers Uni 3+4.

The remaining four uncharacterised Antardtlortierella isolates, and an additional
Allomyces macrogynus (332398) andGeomyces sp. (140037) were also screened as
shown in figure 5-7A. macrogynus is reported as producingzgx n6 (Go.4 N6) and the
Geomyces isolate was isolated from the Antarctic. The féuntarctic Mortierella were
found to produce & VLCPUFAs and were also found to produce the 12%apd,
again indicating the role GLELO plays in VLCPUFAtmation.Allomyces macrogynus
was also found to produce fatty acids up t®.{h6 and clearly demonstrates the
presence of the 125 bp band, however only with @rénuni 1 and 2. Subsequent PCR
allowed amplification utilising Uni primers 3 and@eomyces did not possess any fatty
acids beyond ¢.3 n3, and the lack of the 125 bp fragment correlatgs this.
Mortierella isolate 398217 was found with both sets of primerdisplay a much
brighter 125 bp band compared with the other isslaiven though DNA concentrations
between isolates were kept constant. This brightard did not correlate with any

significant increase in &£ VLCPUFA production.
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Uni primers 1+2 Uni primers 3+4
e 2
a b ¢’ d e W g h ta B c d e f g h
200bp : »
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mec03s —of f f f S/ X a4 4
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present?

Figure 5-7.A6 elongase PCR screen of AntarctiMortierellaisolates. a = Blank, b = TOPO
positive control, ¢ = 398216, d = 398220, e = 33839= 398213, g = 398217, h = 140037.
DNA concentration = 8.4 ngpal excluding TOPO control. Both sets of primers ampfied

the 125 bp conserved region in all the uncharactesedMortierella species

5.2.3 Identification and elucidation of A6 elongase in Allomyces

macrogynus and Saprolegnia parasitica

The GLELO like enzyme detected Alomyces was initially localised in the genome
by searching the translated GLELO sequence fkbortierella with the whole genome
shotgun sequence (WGS) éllomyces. The search identified two possible contig
sequences. The highest match sequence (accessixCbiJ01000340) was studied

and was deemed to be the most likely candidatéalae intact open reading frame.

The 125 bp conserved region also aligned withins tbpen reading frame,
corresponding to the PCR product observed in tm@mé screen. However the entire
conserved region was not matched, with 64 nuclestichatched out of 125. The
matching nucleotides were located at the end of ¢baserved sequence. The
explanation for this will be explored subsequenfigur primers were then developed to
allow for the sequencing of the gene; primers R, F3 and R1. Primer F1 when
coupled to the primer R1 was designed to ampligy ¢ntire gene, F2 when coupled
with the primer R1 was designed to amplify rougRIg’ of the gene, whilst the F3
and R1 primers where designed to amplify a thirdhef gene. The primer sequences
have been described in the Materials and Methodisose2.1.4.2. The PCR reaction

was modified to;
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e 1taqbead

* 3 ul DNA at 8.4 ngil

e 1l primers F1, F2, F3 at 10 pmpl/
e 1ulprimerR1 at 10 pmaM

e 20ul dH,0

The temperature program was modified with a 54A@ealing step for 30 seconds
and still included 35 cycles. The F1xR1 fragmeiietato amplify, the F2xR1 fragment
produced a weak band and the F3xR1 fragment prddactrong 400 bp band (figure
5-8).

400bp
200bp

Figure 5-8. Amplification of the Allomyces A6 elongase. a = blank, b = F1xR1 primers, ¢ =
F2xR1 primers, d = F3xR1 primers. Amplification usng primers F1 and R1 resulted in no
band however, primers F2 and R1 produced a very wéaband approximately 700 bp in
size with primers F3 and R1 producing two bands, vl the approximately 400 bp band
the strongest. The amplified F2xR1 and 400 bp F3xRdands were excised from the gel
and purified for sequencing.

The F2xR1 fragment failed to insert into the ved¢towever the F3xR1 fragment was
sequenced successfully. The 467 bp F3xR1 fragmeldeg a high percentage match
with the contig sequence (figure 5-9), indicatirigatt this position on the contig

sequence was indeed the location forAHemyces A6 elongase.

RORE
01 N Gl Fopieed

I Alignments - Mixed sequence alignments, 4 entries: BLAST Sequences, 1olal 4 objects shaws I
I (RIS B I

Figure 5-9. Alignment of the putativeAllomyces A6 elongase with the F3xR1 fragment.
The suspecteddllomyces A6 elongase within the contig 3-340 (highlighted iblue) matched
with; in orange, the 125 bp conserved region, in b the sequenced F3xR1 fragment which
is 467 bp. The open reading frame within the contigequence is shown highlighted in



Chapter 5 174

purple. Only part of the conserved region matchedtte genomic sequence when BLAST
searched. This was found to be because of an insadtintron as shown in figure 5-12.

The translated/ortierella GLELO sequence when matched with the contig sempjen
demonstrated a non-continuous alignment, indicatiag introns were present within
the contig sequence. Merging the exons yieldedptitative cDNA for theAllomyces
A6 elongase, whereas the entire ORF on the contigesee is thought to be the
putative genomic sequence. The putative intronsexods are shown in Figure 5-12. It
was noted that the conserved genomic region cadaan intron, which accounted for
the incomplete BLAST search. The PCR amplificatidrthe conserved region should
produce a 220 bp band. This however, was foundmbe the case with the genomic
DNA producing a 125 bp band upon amplification. TRENA sequence was translated,
as shown in Figure 5-10, followed by protein BLAS@arching to establish the closest
match for the putative protein. The closest matas irom aMortierella GLELO
(BAF97073.1, score 266), and long chain polyunsdaéurelongases from other
organisms. This leads to the conclusion that timetfan of this protein is indeed &6

elongase.

20 40 60
| | |
MEATTDL | ISAFAALEGRIAPI TAPYEAHAVAFLADKFPEATTATKTFLASIRSPYADQLPLMN

80 100 120
| I I

PAHVLFLVTAYLAL IGGGRL IMSQVPFKLQVKTYALLNNVVLTSLSLFMAVEVLRQAFLGRYSL

140 160 180
| I |

FGNPLVTPEQGGTGMAKIVAVFYLSKILEFNDTI| IMVLKSTRLSENFHQISFLHVYHHASIFMI

200 20 240
| I I

WWLVTLWAPTGESYFSAFLNSGIHVIMYGYYFLVRLSALGFKQVTFIKKY ITSAQMTQFMLMMYV

260 280 300 20
| I I I

QATYNLIDGYVLRPEKAKAPNAYPLELSVLLWVYMVTMLALFGNFYRQSYKNKARAGKGAAVPV

AKKSS*

Figure 5-10. The putative translatedA6 elongase fromAllomyces macrogynus strain
332398.

It was found that the cDNA of th&llomyces A6 elongase had the highest match to a
Mortierella GLELO. When BLAST compared, a region comprising 2d#4¢he total
gene had a similarity of 76% to the closddortierella GLELO (Accession
AF206662.1). When the amino acid sequences agé#mestbest matchMortierella
GLELO (BAF97073.10) were BLAST searched, it wasnduhat 198 residues matched
out of 319 (62%), although the first two residuasefd to match when NCBI BLAST

searched, shown in figure 5-11.
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Figure 5-11. Comparison of theAllomyces and Mortierella A6 elongase sequences. The top
sequence is the translateM. alpina GLELO and the bottom sequence is the translated
Allomyces macrogynus A6 elongase. When the sequences were aligned it iasnd that

198 out of 319 residues matched giving a similaritgf 62%.
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Figure 5-12. Comparison of the putative genomiéllomyces A6 elongase with the cDNA.
Black boxes indicate the putative location of intras whilst red boxes indicate the location
of the conserved region. It can be seen that in trease ofAllomyces an intron sequence is

found to separate the genomic conserved region.
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Other organisms were also studied to identify whethey contained A6 elongase.
One of these organisms w&aprolegnia, which is a well known VLCPUFA producer.
The translated GLELO sequence was found to mateckgaon on a WGS contig
(accession no. ADCG01000825) and the open readiagef was located. The
conserved region was found to partially bind witkinis ORF, with 69 bp matching.
However, it was found that PCR would not amplifystihegion due to the lack of

binding of the reverse primer. Introns were notiddy comparison to thortierella
GLELO and so the sequence was converted to theoaatid sequence. When the
amino acid sequence was BLAST searched, the nragasprotein was a putative long
chain fatty acid elongase fronPhytophthora infestans. A A6 elongase from
Phaeodactylum tricornutum was also highly similar suggesting that this proteiaA6

elongase.
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Figure 5-13. The translated putative sequence &aprolegnia parasitica A6 elongase. No
introns were detected whilst matching theMiortierella alpina GLELO sequence with the
Saprolegnia parasitica WGS sequence.

5.2.4 Location of the conserved region

The conserved region amino acid sequence was atedidn the correct frame from
Mortierella alpina strain 330997, which is shown in Figure 5-14. Theicsure of
severalA6 elongases was studied further to see if a raléhi conserved region could
be found. TheA6 elongases fronMortierella alpina, Allomyces macrogynus and
Saprolegnia parasitica were found to share structural similarities furtlvenfirming
their role as VLCPUFA elongases. The amino aciduseges were analysed using
SMART from EMBL to elucidate functional domains,dafMHMM from CBS was
used to generate probability graphs for trans-mamdmregions. All three elongases
were found to contain the ELO domain, which in teontained 6-7 trans-membrane
regions, as shown in Figures 5-15 to 5-17. It issgude that theSaprolegnia A6
elongase contains seven trans-membrane region®dbe elevated probability around
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residues 220-245. The conserved region for alleflb@gases contained the third and

fourth trans-membrane regions and a small extiaeeliegion 6-21 residues long.

20 40
| |

YFSKIMEFVDTMIMVLKKNNRQISFLHVYHHSSIFT IWWLYV

Figure 5-14. The amino acid sequence of the consed/region found within Mortierella
alpina strain 330997. The conserved DNA was translated the correct frame resulting in
the removal of the first and last base pairs.
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Figure 5-15. Probability plot of the trans-membranedomains found within the Mortierella
GLELO. Trans-membrane domains are found between radues; 75-92, 105-127, 154-173,
180-202, 207-229, 241-263, 273-295. The ELO domaitetween residues 69-307 and the
conserved region between residues 158-198. The cemved region contains within it two
trans-membrane domains and a small 6 amino acid hydphilic region.
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Figure 5-16. Probability plot of the trans-membranedomains in theAllomyces A6
elongase. Domains are found between residues; 65-800-122, 137-159, 180-199, 209-231,
251-268, 283-302. The ELO domain is located betwesssidues 60-314 and the conserved
region between residues 151-196. The conserved @yis found within two trans-

membrane domains and an external hydrophilic domain
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Figure 5-17. Probability plot of the trans-membranedomains in theSaprolegnia parasitica
A6 elongase. Domains are found between residues; 80-95-117, 137-159, 166-183, 193-
215 and 254-276. A seventh trans-membrane domain ghit be found around residues 220-
245 due to the elevated probability calculated byhe algorithm. The ELO domain is

located between residues 55-287 and the conservemrdhin between residues 144-183. The
conserved region again is found to contain two trastmembrane domains and a small 6
residue hydrophilic region.

The amino acid sequence similarity was studied éetwA6 elongases and other
elongases, such as those responsible for satueatgdmono-unsaturated fatty acid
elongation using the UPGMA method (Figure 5-18)uaces from NCBI were used
for the analysis as well as the putati&® elongase sequences discussed previously.
Interestingly, elongases responsible for saturaied mono-unsaturated fatty acid
elongation grouped together, with the exceptioreb©VL1 from Mus musculus and
MALCEL. The MALCEL1 elongase froortierella alpina shares greater similarity to
the polyunsaturate accepting elongases, thoughsitbleen shown to elongatesgn6
its main function is the elongation oi&sto Cis.0. The elongases from yeast, ELO1-3 as
well as MAELO fromMortierella alpina form a clade distinguished by the fact that
they are all saturate and mono-unsaturate acceplimgases, as well as being isolated
from fungi. The basal nature of MAELO to the ELOomjjases may indicate its
ancestral nature. The next closest set of elongase&LOVL3 and 6, again saturate
and mono-unsaturate elongases fiidios musculus, alluding to the role of amino acid
sequence and function. Several of these elongasesdhared functionality in that they
catalyse similar reactions. ELO1 catalyses a simsi of reactions to ELOVL6, ELO2
shares functional similarities to ELOVL3 and MALCE4And ELO3 shares functional
similarities to ELOVL1 and MAELO. It might be exged that elongases with similar



Chapter 5 180
functions would cluster together, however it appdhat the organism from which they
are isolated plays an equally large role in thkistering. ELOVL1 demonstrates this to
a large degree by grouping with LCPUFA acceptingnghses and not saturate and
mono-unsaturate accepting elongases. It does howshiew greater similarity to
elongases from vertebrates. Elongases that uttidéAs as their substrate cluster
together, but several internal clades are obsermaharily there are those isolated from
vertebrates such the ELOVL2, ELOVL4 and ELOVL5 gases which cluster
together, with those from the same class showiegtgr similarity. The Plantae also
demonstrate a defined PUFA elongating elongaseecladh members from terrestrial
plants and algae. The putatiéomyces macrogynus A6 elongase falls into the fungal
A6 elongase grouping indicating that the elongasmtified is indeed a PUFA
elongating enzyme. Finally, the putatiSaprolegnia parasitica A6 elongase is found to
group with the algaPhaeodactylum tricornutum A6 elongase, adding support for its
function as well as illustrating the separationtled Chromista from the fungi. These
two A6 elongases are the most distinct, as they sepauatieom the main grouping of

PUFA accepting elongases.

Analysis of sequences with ClustalW?2 (Figure 54t&n EMBL-EBI, then displayed
as a phylogram, showed similar trends. Predomipattiree clades are visible; one
comprising saturate and mono-unsaturate fatty aéhgases from both fungi and
vertebrates, one comprising PUFA accepting elorggisen fungi and the Plantae and
the final clade included PUFA accepting elongasemfvertebrates. Théllomyces
macrogynus A6 groups with GLELO and th8aprolegnia parasitica putative A6 falls
into the fungal and plant PUFA accepting elongdadec Also of interest is the early
branching of the MALCE1 and MAELO elongases frora tither fungal saturated and
mono-unsaturated elongases. ELOVLL1 frivtus musculus groups closer to the PUFA

accepting ELOVL class of elongases.
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Figure 5-18. UPGMA sequence similarity analysis d?UFA and non-PUFA accepting elongases. The UPGMA i1timd was run in CLC sequence viewer.

There appear to be two major clades, with the polyusaturate accepting elongases grouping together arlde saturated/mono-unsaturated accepting

elongases grouping together. Within the polyunsatate clade, the ELOVL class form a grouping with ELO/L1 clustering on family rather than function.

The Mortierella and Allomyces A6 elongases cluster together indicating their funddineage, however they are more similar to planA6 elongases than
animal elongases. The putativ&aprolegnia A6 elongase is most similar to the algal elongasem Phaeodactylum tricornutum. The 3-Ketoacyl-CoA

synthase fromArabidopsis was added to the analysis due to its similar funicin and in this analytical method, roots the tree.
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Figure 5-19. ClustalW2 sequence similarity analysisf PUFA and non-PUFA accepting elongases. The dbgram was created using ClustalW2 from

EMBL-EBI. Three major clades are visible; Saturateand mono-unsaturate accepting elongases from fungnd vertebrates, PUFA accepting elongases
from fungi and Plantae and PUFA accepting elongasésom vertebrae. Both the putativeAllomyces macrogynus and Saprolegnia parasitica A6 elongases

cluster within the PUFA accepting elongase clade.
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In order to identify the key parameters that ddfarate polyunsaturate and
saturate/monounsaturate accepting elongases, & ¢bak at the amino acid sequence
is necessary. When the sequences are alignead ltecaeen that several residues appear
conserved within the polyunsaturate accepting elsag. Within the conserved region,
which contains highly conserved residues commonbdth classes of elongases,
position 229 in the aligned sequence shows a ceedeglutamine residue whilst at
position 235 a conserved valine residue is found.pAsition 245 and 246, two
conserved tryptophan residues are found. PUFA #iogeplongases also display in
general two extra residues located in positions-226 whilst the Saprolegnia
parasitica and Phaeodactylum tricornutum display an addition residue at position 224.
Allomyces macrogynus displays an additional five residues when compoetie other
PUFA excepting elongases. It is found tBaprolegnia parasitica and Phaeodactylum
tricornutum do not always display the conserved amino acidedowithin the PUFA
elongating enzymes, which is one reason why thiesgjases find themselves grouped
away from the main body of this class of elong&milarly, ELOVL1 displays several
conserved amino acids found within the PUFA eloagadass, which partially led to its
grouping with the other ELOVL PUFA elongating enagn Other residue changes
outside of the conserved region can be found attipos 161 and 162, where a
conserved tyrosine and methionine residue areddc#&osition 255 shows a conserved
glycine residue, whilst at position 273 a consergedine is found. Finally, three
conserved residues are found at positions 412 aatl3422 with the amino acids being
tyrosine, methionine and asparagine, respectivEliyese conserved amino acids are
shown in Figures 5-20 to 5-23.
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Figure 5-20. Sequence alignment of several ELO ckslongases within the conserved
region with the green boxes highlighting PUFA accdpng elongases and the orange boxes
highlighting saturated/mono-unsaturated accepting lengases. Arrows indicates residues
which differ between PUFA accepting and saturate/mmounsaturated accepting elongases.
Notable distinguishing residue changes are located positions 229, 235, 245 and 246
where the conserved amino acid residue is differemmetween saturated and
polyunsaturated substrate elongases. At residue numar 225-226 there are extra amino
acids present consistently within PUFA accepting ehgases, which are absent from
saturated/mono-unsaturated elongases. The conserveshion contains two highly
conserved amino acid regions indicated in red fron203-218 and 232-238, with the first
region permeated with non-conserved amino acids.
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GLELO-330997 - FEVKTFSEF HNFELvVS 1EA YMEEBGIL¥EA
GLELO-BAF97073.1 - FEVKTFSEF HNFEBLVSI18A YMCEBGIL¥EA
GLELO-AAF70417 - FEVKTFSEL HNFELVSI18A YMECGGILYEA
d6-elongase-Allomyces-macrogynus - LAVKTYAEL NNVMLTSLEL FMAMEVLRQA
d6-elongase-Pyramimonas-cordata PFELKALMEA HNVEL IGLSL YMCLKLV¥EA
d6-elongase-Parietochloris-incisa PAWLRLELVBA HNLELISLSA YMSSARE¥YA
d6-elongase-Marchantia-polymorpha PABILNLFVIEF HNFMCFALSL ymEMGiVRQa
Elongase-Physcomitrella-patens PFELQALVEV HNLECFALSL YMCNGIAYQA
ELOVL5-Capra-hircus PFECRE | YNLELTLLEL YMFEELVTGV
ELOVLS-Mus-musculus PFECRG ILAL YNLBLETLLSL YMEYELVTGV
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ELOVL2-Mus-musculus ALELRGILFL YMLAITLLSA YMLMELIESS

ELOVLY PF ¢
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dﬁ—alungasa Sapro!egmaaparasntlca Al I EILE‘V YW]ALIE
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ELO3-Saccharomyces-cerevisiae PLEFKELFEI HNLELTS I18L vLWELMLEGQL
ELO1-Saccharomyces-cerevisiae PLELRF IS8V HNLMLTSVSF LWLILMVEGw LEUNY
MAELO-Mortierella-alpina - FELKPLFIL HNFELTIASG SLLELFIENL VPULEARNC
ELOVL3 - FSLAQRPLIL WEFELAIFS! LGTERMWKFM ARMMETVC
ELOVLG - FELRKPLML WSLELAVFS! FGIIRIII?H LYNEMTKC
MALCE 1-Mortierella-alpina GARMTAFVEV HNLELCVYSG 1T
3-Ketoacyl-CoA G I ETEDNLAF QBKWLERSEBL qulvlllnL LRVEENPC
Consensus PFSLRGLLLL HNLFLTSLSL YMCLEMVXQA YPGGYSLC
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Figure 5-21. Sequence alignment of several ELO ckslongases. Several changes to
conserved amino acid residues occur at residue nurats 161 and 162, with the changes
differentiating PUFA substrate from saturated/monounsaturate substrate elongases.
ELOVL4 does not however have the amino acid residsecommon to PUFA elongating
elongases. The green boxes highlight PUFA acceptiatpngases and the orange boxes
highlight saturated/mono-unsaturated accepting elogases. Arrows indicates residues
which differ between PUFA accepting and saturate/mmounsaturated accepting elongases.
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dﬁﬂlongase Saprolegnla-parﬂsmca IR VLYHGIVY LT

ELozﬁamharanyaas cerevisiae LE HG THSISWVP
Candida-dubliniensis-ELO2-like Ll VGTTSHSwWvP
ELO3-Saccharomyces-ceravisiae LH I GRTSMEWVV
ELO1-Saccharomyces-cerevisiae Lf MGYTAMTWVP
MAELO-Mortierella-alpina Ll GGYTSMSWVP
ELOVL ¥E NKVPSBGWF -

ELOVLE MK nuvﬁllmF-

MALCE 1-Mortierella-alpina | AT-PIWIF
3-Ketoacyl-CoA LE Guaﬂslm 18
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Figure 5-22. Two more distinguishing residue changeare detected at residue numbers
255 and 273 which separate PUFA and saturate/monasaturate elongating elongases.
ELOVL1 contains the same residue however as PUFA eepting elongases at position 255
whilst Saprolegnia and Phaeodactylum do not display the conserved amino acid residue at
position 273 common to PUFA accepting elongases. dwighly conserved amino acid
residues are present which are found within all thelongase, except residue number 277
which is not present within the FAE class 3-KetoadyCoA. The green boxes highlight
PUFA accepting elongases and the orange boxes hight saturated/mono-unsaturated
accepting elongases. Arrows indicates residues whidiffer between PUFA accepting and
saturate/monounsaturated accepting elongases.
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Figure 5-23. The final three distinguishing amino eid residues are detected at positions
412, 413 and 422. The first residue, 412, is aldwased by ELOVL1 with residue 413 not
shared by Saprolegnia, Phaeodactylum or ELOVL4. The final residue 422 is shared by
ELOVL1 again but not Saprolegnia and Phaeodactylum. The region also contains three
highly conserved amino acid residues found withinlathe elongases bar the FAE class 3-
ketoacyl-CoA elongase. The green boxes highlight&JPA accepting elongases and the
orange boxes highlights saturated/mono-unsaturatedccepting elongases. Arrows
indicates residue changes.
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It is interesting to note that a highly conservedre acid sequence is found within
the conserved nucleotide region for both substheses of elongase, with two regions
of conserved amino acids present within the comskeregion with the sequences Y-X-
S-K-X-X-E-F-X-D-T and F-L-H-V-Y-H-H. The conservediucleotide sequence
however, only appears to apply to PUFA acceptimypgdses and not saturate/mono-
unsaturate accepting elongases. There are sulffdzedices in the conserved region
amino acid sequence which distinguish the two elgdsut it is possible that this region
has some functional role within the elongase etendh it is speculated to be within a
trans-membrane domain. The conserved nucleotideaeseg was sequence aligned
using ELOVL1-6 class elongases fravius musculus, ELO1-3 from Saccharomyces
cerevisae, MAELO and MALCE1 fromMortierella alpina to determine whether the
conserved nucleotide sequence was present with@sethmainly saturate/mono-

unsaturate accepting elongases (figure 5-24). ®hearved sequence was also aligned
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with the fourA6 elongases from the Plantae. It was found that BhODVL2, ELOVL5
and theA6 elongases fronPyramimonas cordata and Parietochloris incisa displayed
any significant sequence alignment with the coresrgequence fronMortierella
alpina. MAELO showed limited sequence alignment and ELOVa3d ELOVL4
showed similarity in a small fragment. ELOVL1, ELGland MALCE1 showed no
sequence similarity. This would indicate that tbeserved region primers are unlikely
to amplify genes coding for saturated and mono4umated accepting elongases. It also
indicates that the conserved nucleotide sequengesigalent within vertebrates as well
as the Kingdom fungi. The Oomyce$aprolegnia parasitica demonstrated a fragment
of the conserved region however sequence similavag lost at the primer binding
region leading to the conclusion that the sequé&naelikely to be amplifiable using the
current primer set. In regards to amplificatiortted conserved region, it is possible that
ELOVL2 class elongases may not be amplified duhéoloss of similarity toward the
3’ end. The ELOVL4 class, which is thought of asedongase capable of producing
C.2:6 N3, does not show a significant proportion of thesleotide conserved region.
When the elongases from the Plantae were analipséll,organisms that demonstrated
the conserved region were algae, whemsschantia and Physcomitrella are both
terrestrial plants. Whilst all four elongases h#we same function it appears that some
amino acid residue and genomic changes have talee fpbetween the algal and
terrestrial Plantae. The terrestrigh elongases are more similar to one another than to
the algal elongases and this is true genomicallle tb their lack of the genomic
conserved region. The algal elongases are moredvariregards to amino acid residues
however both contain the genomic conserved region.

| Sequence GLELO: conserved sequence

| alignments, Subtracks: 5 on, 0 off
- GLELO x ELOWLZ, 1 entry [blastn], total 1 nbject shown
CTACTTCTCCAANMETENET GoAGT THEE TG caCHEAT T C.T.GT.CT—.‘.GAA.AA_.‘\CFCAGAT CECET T CETECAEGTCT AlC ACCACHEEET cCcATTTCABCATCT GOTGGT

- GLELD x ELOWL3, 1 entry [hlastn], total 1 ohject shown
TACCACCACAGC

- GLELD % ELOVLA, 1 entry [blastn], total 1 object shown
TACCACCACAG

- GLELD »x ELOVLS, 2 entries [blastn], total 2 objects shown
CTACTT T CCAAMMET CATIEGAMT THEE TG A CACCHTINNT COlTENET CCTMMEE A CAACASCOBCC ACAT CIFll CHENT S TREC AN T CT ACCACCAC—GCTICCA THIET CABMCATCT GOT GoT THIGT
ATCTGGTGGT TGHTC
- GLELD = MAELD, 1 entry [blazin], total 1 ohject shown
CoAGT THGECGACACCHTEMTEET GOTCCT CAAGAAGAA

Figure 5-24. The genomic GLELO conserved region frm Mortierella alpina was aligned
with all ELOVL and ELO class elongase sequences agll as MAELO and MALCE. It
was found that the sequence would only align with EDVL2 and ELOVL5 sequences and
partially aligned with the MAELO sequence. ELOVL3 and ELOVL4 showed a small
fragment which aligned. This indicates that the pnmers will only bind with ELOVL2 and
ELOVLS5 class sequences which are PUFA elongatingagigases.
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5.3 Discussion

The ability to screen fungal samples for VLCPUFAiising a PCR based screen as
oppose to a fatty acid GC-FID/MS screen at leastramitial exploratory probe seems
feasible. The method has been shown to work fogreusMortierella as well as for
Allomyces, which is a chytrid. The fact that the PCR metleodelated with the fatty
acid profiles of all the isolates studied indicatest new, untested organisms will not be
falsely flagged as containing VLCPUFASs. In gendinain it would be expected that this
PCR approach would be successful in identifying YLEA producing organisms
from the Zygomycota as well as those from withie hytridiomycota. The method
has also been shown to work on mouse genomic rahteith the possibility of two
PUFA accepting elongases being amplified, ELOVLZ &LOVL5. This method in
theory could be applied to invertebrates, howekeractual application of such a probe
for ELOVL2 and ELOVLS is unclear. The primers disbtnamplify any genomic
material from organisms within the Ascomycota, Whoorrelated with the fatty acid
profiles. Whilst only two organisms from this phgiuvere studied it is more than likely
that the majority of ascomycetes and basidiomycetksiot containA6 elongases due
to their proposed evolutionary loss of such geigkilst not all organisms contain a
PUFA elongating enzyme, all contain a complemerglohgases capable of producing

saturated and mono-unsaturated fatty acids.

The amino acid sequences show how similar the ekegyare, especially within the
conserved region, and this similarity could leade do think that the nucleotide
sequence would follow suit for all elongases. Hosvewon aligning the genomic
conserved region with elongases capable of elomgataturated and mono-unsaturated
fatty acids it was found that no significant simiia existed, leading to the conclusion
that the conserved primers will not amplify non-PUElongating elongase genes and
that the region is specific fak6, ELOVL2 and ELOVL5 class elongases. What is
interesting is that even though the conserved otide sequence similarity is lost
between classes, the amino acid sequences stit shaigh proportion of sequence
similarity, which may have arisen because of pefeal codon usage. Because of this,
the conserved nucleotide region can be used asfaromational probe to deduce the
function of the elongase, especially of putativeniity. This was demonstrated when
attempting to identify the\6 elongase fronAllomyces macrogynus and Saprolegnia
parasitica, that whilst arachidonic acid and eicosapentaeraw production in

Allomyces andSaprolegnia has been documented respectively, the genes isbjmfor
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this biosynthetic pathway have yet to be charaszdrito our knowledge. The
elucidation of the sequence of the putath& elongases was primarily possible due to
whole genome shotgun reads. This allowed for aratid sequence matching, followed
by confirmation by the identification of the nuclel® conserved region. Whilst this
does not provide certain functional identificatidndoes however provide further
evidence that functional characterisation will likgield a PUFA elongating elongase.
It has to be noted however that there is a cutpaiht by which the conserved
nucleotide region is deemed non-confirmatory. Tisisdemonstrated with MAELO
which does not display PUFA elongating capabilibes still contains a fragment of the

genomic conserved fragment.

Regarding the conserved nucleotide sequeAt®myces demonstrated a 125 bp
fragment however, the whole genome shotgun readatet! that an intron was present
between the two halves of the sequence. This wbale lead to a noticeably larger
fragment, but this was not the case. Explanationshis finding could be inaccuracies
within the WGS sequence data or that the gene nvitie Allomyces macrogynus strain
studied was different. It is also noticed that AbBmyces conserved region contained
several extra amino acid residues, which mostylikeintributed to the larger internal
region predicted by TMHMM. These extra residuesladoe spliced out with the
conserved region intron and the fact that they virckided may have been due to the
algorithm used when the translatdtbrtierella GLELO and Allomyces WGS were
aligned. The most definitive way to determine thequence of theAllomyces
macrogynus A6 elongase is through sequencing. The initial giteto sequence the
whole gene failed. This would indicate either ttieg PCR conditions need optimising
or that the WGS sequence is not entirely accu@téhie Allomyces strain in question
and therefore revised primers may be needed. Betth &f primers were capable of
amplifying the conserved region from all thtertierella strains, however primers Uni 1
and 2 failed to amplify the conserved region fromuse DNA whilst primer set Uni 3
and 4 initially failed to amplify the conserved i@y from Allomyces macrogynus.
When screening fungal isolates for VLCPUFASs, prisetr Uni 1 and 2 appear to be the
best choice as they detected all fungal conserggms. Whilst Uni primers 3 and 4
detected the conserved region in mouse DNA, ikedy that fungi will contaimA6 class
elongases as oppose to ELOVL2 and 5 class elongadesind within mouse and other
animals. In conclusion, the discovery of new el@gga would allow greater
diversification in biotechnological applicationss aurrently theMortierella GLELO
has been used to transform crop plants such agaonyln conclusion, it can be seen
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that this screening method is effective at idemgyproducers of VLCPUFAs, with it's
detection of a putativa6 elongase illomyces andSaprolegnia. This detection across
phyla makes the screen useful for a wide rangarajdl species, not jubortierella.

5.3.1 The A6 elongase GLELO distinguishes Mortierella from the rest of

the Zygomycota

One of the characteristic features of Mertierella genus since the reassignment of
Mortierella isabellina and related species tldmbelopsis is the unique capability to
elongate fatty acids beyondidz n6. Umbelopsis isolates were used as a comparison
againstMortierella isolates as they represent the typical fatty acadilp exhibited by
the majority of the zygomycetes; a preference frr;@6 over Gg.3 N3 and the inability
to elongate past g3 n6. Whilst testing the functionality of the conssdt region
primers the phenotypic trait which separatéartierella spp.from the majority of the
zygomycetes was confirmed genetically. Thabelopsis strains Dis 195 and 206 were
found not to contain the 125 bp fragment, whichigated the lack of GLELO. The
ascomycetePenicillium sp.,Geomyces sp. and isolate from the Clavicipitaceae also did
not contain the 125 bp band which correlated whih fack of fatty acids longer and
more unsaturated thanigz n3. On amplification of the genomic material from
Mortierella alpina isolates 330997, 82072 and 196057 it was found &Hathree
isolates demonstrated the 125 bp band, which edeelwith the production of fatty
acids longer and more unsaturated thags;@6. This was also found to be the case for
Mortierella polymorpha, as well as the five Antarctic isolat®dortierella spp. studied.

It can be assumed that the presence of the comséragment is indicative of A6
elongase. The conclusion therefore is that the gBtautierella is distinct from the rest
of the zygomycetes due to the presence o\thelongase, GLELO. This allows for the
production of fatty acids such as¢@ n6 and Go.s N3 not common in the zygomycetes.
Exceptions to this however aEntomophthora sp. andConidiobolus sp. (Kendrick &
Ratledge, 1992b) which are capable of VLCPUFA pobidn and reside within the
Entomophthorales. The Entomophthorales have rgceetn classified within the sub
phylum Entomophthoromycotina (Hibbedt al., 2007), which groups these organisms
away from theMortierella sp. which can be seen in figure 5-25. Also of eseis the
formation of the new phylum, the Blastocladiomycotarmally part of the

Chytridiomycota, which contains withinAtlomyces spp.
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Mucuromycotina Endogonales

Mucorales

—— Mortierellales

Entomophthoromycotina
— Asellariales

Kickxellomycotina —— Kickxellales

—— Dimargaritales

—— Harpellates

Zoopagomycotina

Figure 5-25. The formation of the new zygomycete byphyla Entomophthoromycotina as
set out by Hibbetet al. (Hibbettet al., 2007) Diagram adapted from the Tree of Life Web
Program (James & Kerry)

It is also postulated that in fact the Entomophales are more related to the
Blastocladiales (Tanabet al., 2004) with bothAllomyces sp. andConidiobolus
coronatus clustering together based on the DNA dependent Riglymerase Il
largest subunit sequence homology (RPB1) (Figu2zé)s4t has been recognised that
both the Zygomycota and Chytridiomycota are polyetiyc (Jamest al., 2006) and
the creation of new phyla and sub-phyla may befitbe step to resolving this. The
separation of the Blastocladiales and creation bk tnew sub-phylum
Entomophthoromycotina, coupled with species fromhbgroupings clustering
together when analysed using RPB1 sequence homalogld indicate that the
Blastocladiales led to the evolution of the Entoimtbprales. The loss of flagella is
most likely the result of exploitation of a termst niche by the newly evolved
Entomophthorales. Therefore based on similaritycatld be postulated that the
Blastocladiales diverged separating them from thgti@iomycota. The move to a
terrestrial environment resulted in flagellum loasd the evolution of the first
zygomycetes, as evidenced by the apparent singilagtweenAllomyces sp. and
Conidiobolus coronatus. Of note is the grouping of the two organisms advayn the
chytrids and the bulk of the zygomycetes, possibtlicating the transitional stage
from chytrid to zygomycete. BothAllomyces and Conidiobolus (Tan et al., 2011) are
capable of VLCPUFA production, and both contail\@ elongase not present in
higher fungi suggesting gene retention betweengpMartierella spp.are also found
to have aA6 elongase, unlike the majority of the zygomycetdsich are capable of
only Cig:3n6 production, indicating the basal nature of M tierella species. Based

on these data, it is possible that the Entomophtésrare progenitors to some of the
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zygomycetes. The fact thaMortierella elongata appears basal to the rest of the
Mucorales and has &6 elongase may lead to the conclusion thitoatierella like
organismwas a progenitor of the Mucorales. The same carspeeulated about
Basidiobolus ranarum from the Entomophthorales, that such an organism lmeahe
progenitor to the rest of the zygomycete sub-phylia.probable that there are several
ancestral organisms to the zygomycetes, as ibiggift that the loss of the flagellum
occurred independently several times from the ttiansfrom the Chytridiomycota to
the Zygomycota (Jamesal., 2006).

- Schizophyllum commune

87195 Rhodosporidum toruloides Basidiomycota
Saccharomyces cerevisiae
8a/87 Schizosaccharomyces pombe
Emericella nidul Ascomycota
—— Emericella nidulans

100/98 L Aspergillus oryzae
Rhizophydium sp. | chytridiales o+
Rhizophlyctis sp. | Spizellomycetales O

Monoblepharis macrandra
Monoblepharidales o«

54

Monoblepharella sp.

99/99 Smittium culisetag

99/98 Capniomyces stellatus

98/96 L Furculomyces boomerangus
Coemansia mojavensis | Kickxellales
Dimargaris cristalligena

Dimargaris bacillispora
Basidiobolus ranarum | Entomophthorales

Mucor mucedo

Cokeromyces recurvatus (host)

Harpellales

Dimargaritales

Mucorales

Martiarella ef. elongata
100/88 Piptocephalis freseniana
BIT Kuzuhaea maniliformis ‘pragales
Syncephalis depressa
}  Conidiobolus coronatus I Entomophthorales
56/78 | Allomyces sp. | Blastocladiales O+
Monosiga brevicolis | Choanoflagellida o

B2/62

—

0.1 substitution/site Zoosporic laxa: O

Figure 5-26. RPB1 sequence homology, diagram repraded from Tanabeet al. (Tanabeet
al., 2004) As both the Chytridiomycota and Zygomycota are plyphylectic there are
possibly multiple evolutionary lineages. The propad chytrid to zygomycete lineage can
be explained by the Blastocladiales being segregdtiom the rest of the Chytridiomycota,
whilst the Entomophthorales due to their unique mophology, compared with other
zygomycetes, have been designated a sub-phyla. Wrerganisms from both the
Blastocladiales Allomyces sp.) and the Entomophthorales Conidiobolus coronatus) are
compared using RPB1 sequence homology it can be sdkat both organisms group
together. The rest of the flagellated chytrids grop together, away from the zygomycetes
and the Blastocladiales/Entomophthorales grouping.
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The production of fatty acids longer and more tunsded than ¢.3 n6 with the
presence of the 125 bp fragment confirms the redaxile of GLELO as A6 elongase.
In regards to the evolution of the fungi, as to thiee the fatty acid biosynthesis was
immediately halted at th&6 elongase stage or whether the process was grddedb
the loss of later stag5 or A17 desaturases first is unknown. The underlyingaes
for the evolutionary loss of VLCPUFAs in fungi isknown, but it is suspected they
were an adaption to the aqueous environment in lwkhe ancestors of the fungi
inhabited, but with the migration to land permitteeir loss. As to why th®ortierella
maintain this phenotype is unknown, although theeokation thaiM. alpina strains
when compared witiumbelopsis species, as shown in chapter 4, display improved
growth at 5°C and ceaseds n3 production at warmer temperatures, indicatasltw
temperature is one of the key factors responsitmle\6 elongase continuation within
the genus. Also of interest is the grouping offtiiegal saturated and mono-unsaturated
substrate elongases when compared using Clustaigi2g 5-19). It can be seen that
MALCEL, an elongase responsible for predominantlyo@ C;s.o€elongation diverges
earlier than the other similar function elongasébe fact that the zygomycete
Mortierella predatesSaccharomyces cerevisiae would lead to the conclusion that the
ELO class elongases, especially ELO2 are derived fthe zygomycete class of
elongases. This appears to be the case usingpleiof analysis whereby the ELO class
are more similar to themselves, with MALCEL1 sittimgtside the grouping. MAELO is
also found to sit outside the grouping, which shgwesater similarity to the ELO class.
It again could be thought that MAELO is an ancégtratein to ELO3 as both share
similar functionality. Therefore in regardsAtlomyces andMortierella A6 elongases, it
would be thought that the chytrid elongases would dncestral to zygomycete
elongases due to the evolutionary theory regardhe two phyla. The putative
Saprolegnia A6 elongase sits outside the main PUFA acceptinggelee clade and

groups withPhaeodactylum tricornutum another chromistan organism.

5.3.2 Elucidation of the A6 elongase from Allomyces macrogynus and
Saprolegnia parasitica

A putative A6 elongase was identified from bo#lomyces macrogynus and
Saprolegnia parasitica. Allomyces was the firstA6 elongase to be studied due to direct
observation of the VLCPUFA complement. The detectad the 125 bp conserved
region confirmed the presence of a GLELO like ebseg and alignment of WGS

translation sequences yielded a putative gene estdip. The same method was used
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for Saprolegnia parasitica although this organism’s fatty acid complement wnas
directly observed, however the related speSagsolegnia diclina was analysed. Owing
to the lack of WGS sequence data $odiclina, the sequence data &fparasitica was
utilised. The structure of the putative ELO seqesnwere analysed using TMHMM
and SMART to locate functional domains within tlegsences. It was found that both
amino acid sequences displayed the ELO family dopend all were characterised by
6-7 trans-membrane domains characteristic of ttasscof elongase. The translated
conserved region was found to fall within trans-rbeame regions 3 and 4 and also
contained a small extra-membrane region which wagel within Allomyces
macrogynus. It is this region that is thought to be in facteolarge trans-membrane
region due to the small size of the extra-cellalaino acid sequence.

Table 5-3. Calculated number of trans-membrane donias using TMHMM and the

location of the conserved region amino acid sequeeicTM = Trans-membrane region OM
= outside membrane region No. = Number of trans-mebrane domains.

ID No. Trans-membrane domains Conserved region | Lies within
3-Ketoacyl-CoA 3 42-64, 84-106, 235-257
d6 elongaséllomyces macrogynus 7 65-87, lggilgéllggslggs_lggz_lgg 20%- 151-196 ™ 3-4
d6 elongas&aprolegnia parasitica 6 60-82, 95'1215’122211_336166'183’ 193 144-183 ™ 3-4
d6 elongas@haeodactylumtricornutum | 7 48-70, 17;7931(1)13312424356%65 1751 126-165 ™ 3-4
d6 elongas®yramimonas cordata 7 54-73, %?151125281 3;%_01527601- 22_2183’ 9% 142-182 ™ 3-4
d6 elongas@arietochlorisincisa 7 51-68, 2%71124201223_215;571_52%}80 18y 136-176 ™ 3-4
d6 elongas#larchantia polymorpha 7 42-64, 27;593;25’3%4;4%5;7173 1831 132-172 ™ 3-4
ElongasePhyscomitrella patens 7 44-66, 250710271912211143511523;75 18y 134-174 ™ 3-4
GLELO M. alpina AAF70417 7 | °%2 120;‘;’122'1_1;;;;%_1585'202' 20" 158-108 ™ 3-4
GLELO M. alpina BAF97073.1 7| 592 120%’1%'1_15;5;,12’3};3%202' 207~ 158108 ™ 3-4
GLELO M. alpina 330997 7| T e pyaes 2 20T 158-108 ™ 3-4
MALCE1 Mortierella alpina 6 | O T N s LM 209 127163 T™ 3, OM 4
MAELO Mortierella alpina 5 55-72, 85-104, 128&202’ 222-244, 25% 138-167 OM 3
ELOVL1 Mus musculus 7 20-42, fgfgbé?gélfgéf;%s“' 174, 116-153 ™ 3-4
ELOVL2 Mus musculus 7| R R et dae s 110l 120-160 ™ 3-4
ELOVL3 Mus musculus 6 | O g P 135164 ™ 3, OM4
ELOVL4 Mus musculus 7 58-75, 2%12()2’531_32%&5;;(,1257_7184' 194 143-182 ™ 3-4
ELOVL5 Mus musculus 7 26-48, fgs%s’agb%g;,ai,zggéss, 168, 117-157 ™ 3-4
ELOVL6 Mus musculus 6 | R a2 2% 130-164 OM3,TM3
ELOVLS Salmo salar 7| B e e aapen T 1174157 ™ 3-4
ELOVLS5 Capra hircus 7 28-50, fgfzbﬁgéfzz'zggés& 168, 117-157 ™ 3-4
ELO1 Saccharomyces cerevisiae 5 64-83, 96-118, 129912'213’ 233-255, 210 148-178 OM 3
ELO2 Saccharomyces cerevisiae 7 | 6890 271;31’1293'21_22%'41,4227' i‘;ggﬁg’ 97 154184 T™M 4,0M 5
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73-95, 110-127, 181-203, 208-227, 240-

ELO3 Saccharomyces cerevisae 6 262, 282-304 161-191 OM 3, TM 3
. T ) 45-67, 87-109, 131-153, 160-179, 183-
Candida dubliniensis ELO2 like 7 205, 222-244, 259-281 138-168 ™ 3-4

When compared with the other classes, the PUFAgakimg class contain seven
trans-membrane domains with the exception of Saprolegnia elongase. The
conserved region also consistently falls within thed and fourth trans-membrane
domains. Elongases which accept saturated and mnaseturated fatty acids display a
varied number of trans-membrane domains from 5t7is| possible that some
cytoplasmic domains may in fact be trans-membragens as in some instances equal
probabilities for both trans-membrane and extra-birame domains were calculated for
the same region. The number of trans-membrane dasnzaid the localisation of the
conserved region seem to follow the groupings $8etVPGMA and ClustalWw2 with
ELOVL1/2/4/5 showing seven trans-membrane domaivit) the conserved region
localised within the "8 and 4" domain. ELOVL3 and 6 however only display six san
membrane domains with the conserved region lyirtgréen a trans-membrane region
and an extra-membrane region. The ELO2 elongas@adoharomyces and Candida
show greater similarity with each other and witk UFA elongating class, as both
have seven trans-membrane regions@amatlida has a conserved region localised to the

3" and 4" trans-membrane region.

The ELO and ELOVL class show differences in terrhgooalisation of conserved
region and number of trans-membrane domains whaneghfunctionality between
elongases is observed. ELOVL1 contains one more-m@embrane domain compared
with ELO3, with MAELO containing a further reduation trans-membrane domains at
five compared with the ELO counterpart, as welthas conserved region being wholly
located within an extra-membrane region. ELOVL3 aMALCEL share six trans-
membrane regions as opposed to ELO2's seven trenshnane domains. Both
MALCEL and ELOVL3 also share the same conservetbmelgpcalisation, whereas in
ELO2 it is located around trans-membrane domaim &nd not domain three. Finally
ELOVL6 contains six trans-membrane regions compaviéd ELO1’s five, with the
conserved region localised completely to an extesnbirane region within ELO1. The
consistency however between ELOVL5 and GLELO farepgle, seems to indicate the
importance of seven trans-membrane domains in dinetibn of PUFA accepting
elongases. The consistent localisation of the goederegion to the third and fourth
trans-membrane regions also appears to be a domieature of PUFA accepting

elongases. As to why the conserved region localisesxtra-membrane regions in
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saturated and mono-unsaturated elongases is unkalbmough as mentioned earlier it
is possible that the regions calculated as lyinggida the membrane are in fact trans-

membrane regions.

Within this region, there exists a large propartaf conserved amino acid residues
indicating its importance, with the amino acid seges Y-X-S-K-X-X-E-F-X-D-T and
F-L-H-V-Y-H-H being highly conserved between thdfelient classes. There are four
residue changes that appear to be class specthinwhe conserved region, as well as
the presence of up to seven additional amino agldsh occur only within the PUFA
elongation elongase class. The MALCEL elongase Hoe®ver contain an additional
residue compared to the other saturated and mosatunated elongases. The reasons
for these residue changes and the protein elonmgatey be to allow the binding of the
preferred substrate. It is assumed that the mesimaoi action between all elongases is
the same, the addition of two carbon units at #rdaxyl terminus from malonyl-CoA
via a condensation reaction. Therefore one wousdirae that any structural changes
would be to accommodate the differing substratés. ilitroduction otis double bonds
subsequently causes the acyl chain to bend, witiratad fatty acids being relatively
linear molecules. The addition of residues to PUHe&epting elongases may allow a
greater degree of flexibility to bind, in the casfeC;g.3 N6 and stearidonic acid, these
curved carbon chains. To determine whether thedei@ahl amino acids as well as the
conserved residues are instrumental for the subsspecificity of PUFA accepting
elongases, it could be proposed that further waslkldraim to remove these additional
residues or change conserved residues to those feithin saturated/mono-unsaturate
accepting elongases. This would give us a greatéenstanding of how substrate and

elongase interact.

In regards to substrate specificity and whethersthtestrates shape as a whole or the
shape adjacent to the carboxyl end only is impoffianacceptance by the elongase, it
appears that the former is the case. The reasightighted by two examples. Firstly
ELO1 is capable of elongating up to;s& whereas ELO2 is capable of further
elongation up to & If only the shape near the carboxyl group wheeermodification
occurs were the regulatory factor, then it wouldnseplausible that one elongase could
elongate all the way up to6x Secondly ELO2 is capable of elongating both sdéal
and mono-unsaturated fatty acids however if thdamad terminus again was the
regulating factor then why is»g;not found as a major constituent, if at all, eldeda

from Cig.2? The elongation from {g; to Go.1Should be similar to the elongation ofsG
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if the carboxyl terminus shape were the regulatamgor as both ¢.;and Gg.2's closest
double bond is at thA9 position. It can be assumed then that the sh&pleeoacyl
chain as a whole is the key factor as to whetheaintbe acted upon by an elongase.

Other amino acid residue changes are found thmugthe sequences which
distinguish PUFA and non-PUFA accepting elongasdtjough in several cases
ELOVL1 is shown to contain residues which are core within PUFA accepting
elongases whilst th8aprolegnia and Phaeodactylum elongases show a lack of several
residues which appear consistent throughout the AP@Ecepting class. This is
visualised with the UPGMA, as well as with the Ghli®/2 analysis, with ELOVL1
clustering together with the PUFA accepting ELOMAass, as oppose to the saturated
and mono-unsaturated accepting ELOVL class. Ashy the ELOVL1 enzyme groups
with the PUFA elongating ELOVL class is unknown,t bu is possible that this
elongase, whose role it is to elongate up t@o@nay bederived from the PUFA
elongating ELOVL class, and whose amino acid secpiemas modified enough to
accept long chain saturated fatty acids. Bagrolegnia elongase sits outside the main
grouping of PUFA accepting elongases using the URGAMhalysis indicating its
lowered similarity when compared to the rest of diass. In general though, the
majority of elongases group according to their fiow; forming the PUFA accepting
and the non-PUFA accepting elongase groupings asalga shown by Leonased al.
(Leonardet al., 2004). However a division between the ELOVL aclass elongases
is seen, as is a division between the ELOVL and El&3s. This division in protein
similarity appears linked to the Kingdom from whittte elongases are isolated, with
fungi forming one distinct grouping with the ELOask andA6 class, and vertebrae

forming another distinct grouping with the ELOVlask.

Interestingly the division seen in the PUFA acasptelongase appears to correlate
with Cavalier-Smith’s 6 Kingdom theory (Cavalier-8im 1998). Firstly,Saprolegnia
groups with Phaeodactylum tricornutum both of which are chromists. Whilst both
organisms are relatively distant from one anotties, clustering of thein6 elongases
confirms their grouping within the Chromista, ingling a possible shared lineage
between the photosynthetithaeodactylum and the non phototrophi@aprolegnia. As
stated by Cavalier-Smith, it is thought that ansnahd fungi derived from a common
protozoan ancestor and this can be seen with tle@MAPanalysis. It can be seen that
the animal and fungal PUFA accepting elongasesare similar to themselves than to

the chromistA6 elongases. Therefore it appears that the protozneestor to the fungi
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and Animalia diverged from the protozoan ancestothe Chromista. The fact that
Animalia and fungi shared a common ancestor meaaistheA6 elongase sequence
from their ancestor experienced independent resitiaages from tha6 elongase of
the chromist ancestor, which is shown by the gresteilarity experienced by animals
and fungi. The point at which the Animalia and fudierged is the point at which
independent differences in th&6 elongase sequences between the two Kingdoms
developed, differentiating the two classes of esm®g However the reason as to why
plant A6 elongases cluster with related fungal elongasemknown. If the Chromista
and Plantae had separate ancestors comparabléheitblation exhibited by Chromista
and fungi/Animalia then it would be expected #t&elongase from plants would form a
distinct cluster away from Animalia/fungi and théar@mista. Another theory proposed
by Cavalier-Smith would have the Plantae and Chstargrouping closer together. This
is because it is thought the protozoan, which nterggh a cyanobacterium may have
formed either an intermediary organism or an epgldyt, which may have been the host
organism for the amalgamation with a red alga. Tikighought to have been the
ancestor to the Chromista. However the UPGMA methlegrly shows planiA6
elongases clustering with fungab elongases. Only a few terrestrial plants from the
mosses and related liverworts appear to be cap#Ebproducing these VLCPUFAs.
Also of interest is the division within the Plantégelf. It was shown that the genomic
conserved region was only present in algae andenastrial plants. The fact that the
terrestrial planiA6 elongases share similar amino acid sequencekekdhe genomic
conserved region confirms their shared lineagee Like Animalia and fungi, the
terrestrial plant ancestor, from the Charophytastii&ely lost the genomic conserved
region at a point after the division of the Clorgfzhfrom the Charophyta, with this loss
passed on to the terrestrial plants, as observéd\ar chantia andPhyscomitrella. The
greater sequence similarity between the terregptaits is because both are from the
Charophyte lineage, with their elongase sequen@erancing independent change
from the algae, which are more similar to themselaad further removed from the
terrestrial plants as they are from the Chlorophytaage. It therefore seems the
ancestral history of the elongases plays a roléhgir amino acid sequence and

subsequent clustering.
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5.4 Conclusion

The search for a PCR based method by which VLCPpie&luction may be detected
within the fungal kingdom appears to be a sucCEss.screen is capable of identifying
producers from the Zygomycota as well as from thgt@iomycota. The method was
also shown to work on mammalian ELOVL class eloegadt is unlikely that fungi
from the Ascomycota or the Basidiomycota will contdne gene and to our knowledge
no VLCPUFA producing isolate from these phyla hasrbidentified. The method was
extended to the Oomyce&aprolegnia which resides within the Chromista. However
the conserved region was not amplifiable due toldks of conservation at the primer
binding sites and whether the primers would workobher Chromista is unknown.
Mortierella and other fungal species containing ffeelongase are thought to be basal
organisms due to the loss of this gene from thédrigungi. Due to the similarity of
Allomyces sp. with Conidiobolus coronatus using RPB1 sequence homology, it is
proposed that the Blastocladiales are ancestithiet@cntomophthorales as both species
also contain theA6 elongase. The similarity in RPB1 sequence, whsels the
Blastocladiales/Entomophthorales grouping apartmfrahe other chytrid and
zygomycete groupings, could indicate the trans#tigoeriod between the two phyla. As
Mortierella species are more removed from the rest of the Milesiand contain thso
elongase, it is proposed that they are one of thggmitors of this\6 elongase deficient
phylum. The PCR screen offers a quick method faeamsg the gene and therefore
aiding in taxonomic classification. In regards e ttconserved region, it's presence in
the nucleotide sequence appears to be indicativa &fUFA accepting elongase,
however at the protein level the conserved regsostill found within all classes of
elongase excluding 3-Ketoacyl-CoA elongases. Tbeseit appears it is not the
presence or absence of the amino acid conserveidnreghich determines the
elongase’s function but rather the several resahanges found throughout the protein,
as well as the additional amino acids present wittans-membrane domains three and
four. As to why the nucleotide conserved regionindicative of PUFA accepting
elongases is unknown. This is most evident betvaengases within the same class,
with the differentiation between ELOVL2/5 and ELOY/6. As these elongases are
found together within the same organism it is passithat this nucleotide
differentiation is an indication of the elongasarsestry.
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6 Heterologous transformation of Phaffia
rhodozyma with A5, A6 desaturases and A6

elongase from Mortierella alpina

6.1 Introduction

The zygomycete funguBlortierella alpina is a well studied organism, due in part
because of its commercial use as an arachidonicproducer. Because of this, many of
the elongases and desaturases responsible foorthatfon of Go.4 N6 and Go.s N3 are
well characterised, with several desaturases hesed in recombinant systems (Clatn
al., 2006). Plants such as soybedly(ine max) (Damude & Kinney, 2008) and
Arabidopsis (Qi et al., 2004) have been modified wittb andA6 desaturases, as well as
the GLELO elongase to produce modest amounts ofupshturated fatty acidsM.
alpina is used commercially because of its oleaginousraaand can produce large
guantities of the desired fatty acidoGn6. M. alpina has also been trialled directly as a
fish feed (Harekt al., 2002) to supply the VLCPUFA£4n6. The aquaculture industry
seeks to complement and replace existing feeds withse that are high in
polyunsaturatesMortierella has also been modified usiAgrobacterium tumefaciens
(Ando et al., 2009), an organism traditionally associated wsthnt modification.
Amenability to genetic manipulation should enalile tailoring of longer chain fatty
acid production within this organism, as well asrgase yields of already existing fatty
acids. To date, the method has been utilised taaweplevels of Gy n3, although
through the addition of an elongase and desatutaseproduction of & n3 in
Mortierella is not difficult to envisage. Because of thesedies; Mortierella alpina is a
valuable organism and as such fully understandiegégulation of fatty acid synthesis
would be beneficial industrially, as strain improwent and recombination within this
organism seem likely. With respect to the elongasesdesaturases bfortierella, the
fatty acid G5 n3 as well as other, &VLCPUFAs, were identified withitMortierella
alpina strain 330997. Therefore one goal was the ideatifon, expression and

functional characterisation of tiaé elongase, GLELO.

As mentioned previously, the aquaculture sectoa isajor consideration for the

development of VLCPUFA containing microorganismsneOfactor in creating
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nutritionally comparable fish is the addition ofpalyunsaturated fatty acid source,
traditionally from fish sources, and in the cassammon the inclusion of an astaxanthin
source to allow the production of the distinct eoktion of the flesh of the fish, as well
as the potential health benefits associated with anti-oxidant xanthophyll. Health
benefits include maintenance of retinal health podsible prevention of age related
macular degeneration, reduction in inflammationarhdealth through prevention of
oxidation of LDL cholesterol and protection fronrtaén tumour types such as prostate
cancer (Guerinet al., 2003). Astaxanthin is a 4& hydrocarbon, classified as a
carotenoid. The general structure is a 20 carbiuinatic chain, with methyl branches
with cyclization of the terminal 6 carbons to fotmo ring structures. The aliphatic
chain and ring structures are linked by a seriesoofugatedt bonds, which allow for
delocalisation of the electrons. This in turn diéis a standing wave system, which has
set integer values of energy which can be absoivdn a photon carrying the correct
energy arrives (energy being related to wavelengthjhe system, the delocalised
electrons absorb the energy removing that wavdbefigtm the spectrum. As the
delocalised system grows through the addition db@a-carbon double bonds and keto
groups for example, the wavelength absorbed ineseaBhis results initially in UV
range wavelengths being absorbed, resulting in itevdolour being observed, due to
UV not being observable to the human eye. Followihg absorption, wavelengths
within the blue visible range are absorbed, leadinthe colours observed within the
carotenoids such as orange, pink and red. Astaxadibplays a pinkish red colour,
with the oxygenated rings which contain hydroxyldaketo groups classifying this
molecule as a xanthophyll. The majority of carotdaavithin nature are found to be in
the trans- configuration and astaxanthin, due ¢opitesence of the hydroxyl groups on
both the 3 and 3' positions contains two chiraltreen This allows 3 enantiomers to
exist, with the 3S, 3S' predominating. It is alswsgble, due again to the hydroxyl
group, that fatty acids may form an ether bond agtaxanthin (Higuera-ciapaeaal.,
2006) (Higuera-ciaparat al., 2006). Astaxanthin has been found to be a potent
antioxidant (Edget al., 1997), and it is this property that has beenddthto many of its
health promoting benefits.

The supplementation of salmon with astaxanthinbyesen linked to optimal growth
of the juvenile fish, increased lipid content angcreased astaxanthin content
(Christiansen & Torrissen, 1996). Polyunsaturatatyfacids are also liable to oxidation
due to their high level of unsaturation, formingatve free radicals which can damage
membranes through the propagation reaction ofatieals. Most feeds containing high



Chapter 6 203
levels of PUFAs are in danger of becoming oxidisedich in turn when ingested by
fish lead to oxidative stress (Nakaeoal., 1999). By combining astaxanthin, a potent
anti-oxidant which is believed to be found withimetphospholipid membrane with
polyunsaturated fatty acids, several benefits mayobserved. Firstly, astaxanthin is
required by salmon to reduce the levels of reactixggen species and free radicals
which in turn can lead to poor health. Secondly poéunsaturates within the yeast
Phaffia rhodozyma, which will be discussed later, will be protectédm Iipid
peroxidation allowing more non-oxidised PUFAS totaleen up by salmon. Thirdly, by
extracting the oil oPhaffia, one would hope that the pigment would decreasedte

of rancidification within the oil. As mentioned preusly, most carotenoids are thought
to be localised within the membrane, due to theadpminantly hydrophobic nature.
Astaxanthin, which contains two polar end groupg d¢ the hydroxyl moieties, is
thought to span the membrane (Britton, 1995) witholar groups interacting with the
phosphate region of the phospholipids. Due to #smanning of the membrane, free
radicals and reactive oxygen species may be datitwithin both the aqueous and
interior hydrophobic phases, unlike carotenoid$sag-carotene, which are thought to
remain fully within the interior non-polar regioajlowing them to only access free
radicals and harmful species within this region. Bgving a molecule span the
membrane, such as astaxanthin, it is also thobghtmiembrane rigidity increases. This
may however, lead to increased desaturation of Witlsin the membrane. Therefore
one would expect a higher proportion of PUFAs witthe membrane to compensate.
As seen in chapter 3, VLCPUFAs such ag{h3 are rarely produced by fungi, so it is
likely that in Phaffia more Gg3 n3 will be introduced into the membrane to mamtai
fluidity.

Figure 6-1. The structure of astaxanthin (3, 3'-dilydroxy-p-carotene-4, 4’-dione). A Go
hydrocarbon with polar cyclic groups, enabling it © reside between membrane layers. The
pink colouration is due to the delocalised electrosystem from the conjugated double
bonds @ bonds).

A combination of PUFAs and astaxanthin are requicedhe breeding of salmon as

well as other fish, and a feed organism which cquta/ide both compounds would be
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beneficial due to its cost effectiveness. As mem previously, the organism chosen
to incorporate the elongase and desaturase systehaffia rhodozyma, which is used
as an astaxanthin feed for salmon (Whyte & Sh&091). The organism itself could be
used as a human dietary supplement, or followipigl lextraction the compounds may
be encapsulatedPhaffia is a budding pigmented yeast from the Basidiongjcatich
produces carotenoid, primarily astaxanthin, congbavegh other pigmented yeast such
asRhodotorula and Spor obolomyces which produce torulene and torularhodin (Miléer
al., 1976). Utilising the elongase and desaturased.ddlpina it is hoped that a dual
compound producing organism can be created. Bysintjl the organismPhaffia
rhodozyma, which naturally produces astaxanthin in largendjtias it is hoped the fatty
acid synthesis pathway can be expanded to produgen3. The proposed alteration to
the biosynthetic pathway in Phaffia is shown inufe6-2. InMortierella alpina the
fatty acid biosynthetic pathway follows the n6 yirogressing from linoleic t0163
n6 via aA6 desaturase. Following this, thé& elongase elongatesdz n6 to Go.3n6,
which is then desaturated tooGn6 by aA5 desaturase. A17 desaturase then crosses
the n6-n3 bridge by forming s n3. The three enzymes, GLELO and th&/6

desaturases were isolated frivinalpina.

Phaffia rhodozyma produces .3 N3 as opposed toi63 n6 as found irM. alpina,
which raises questions about substrate specifi€itg. GLELO has been shown to have
specificity for stearidonic acid (Parker-Barngtsal., 2000), which was converted to
C.0.4n3, as was demonstrated by supplying the yeasthwlinieterologously expressed
the elongase, with stearidonic acid. Parker-Bareteal. also showed that thab5
desaturase had specificity fopfz n3 converting it to Go.s N3, as well as demonstrating
the extension of the fatty acid biosynthetic pathwkhe A6 desaturase has also been
shown to convert the n3 substratg.§n3 into stearidonic acid (Domergeeal., 2002).

A similar method was tried by Che al. (Chenet al., 2006), with all three enzymes
described previously used to transfoBtycine max. In this case however, the n3 route
was blocked by RNAI to prevent the formation @g.en3, therefore mimicking the path
taken inM. alpina. The result showed that,§z n6 could be formed in a recombinant
system, which utilised 3 genes from the funisalpina. However, the yields for the
majority of FAs after Gs.» were low. This was probably due to the low peragatof
Cis:3 N6 within the cells. Without an efficient convensifrom Gg.» to Cig:3 n6, all
subsequent fatty acid yields would be expectecettotv. In this case, a more efficient
A15 desaturase inhibition could have resulted innaneased .3 N6 substrate pool,

available for elongation to44n6.



Chapter 6 205

w3 synthesis w6 synthesis
A15 desaturase
g a
HO,C /‘\/*»,/“\..-""\._»,f‘\./'-t:/‘\v_%;\/ Lala TS VANE 5 Ty 1 Linoleic
6
‘ 1
l A6 desaturase " A6 desaturase
9 3 9
1 1
e e
HOYE ™ e N e AN HOLE = Ao T OLA
1 & Stearidonic 12 6
o 3 A17 desaturase 9
- 1B
HOLEC P N N N g o Ll T BELA
2 5 12 8
12 6 6
| AL desaturase ¥ A5 desaturase
A17 desaturase 15 3
. s 5 G fon | e Mo TN NN R A RS 1 ARA
HOL G o e s R T R A 12
. 12 6 8
> l C20/22 elongase J C20/22 elongase
18 g 3 15 a .
eV el o 2 e U a U e e U Tur T NP Vo
Ot 'i'; z 12 6
l A4 desaturase \ A4 desaturase
15 9 3 15 a i i
HOZC ™ R A R A A 1 DHA IR e T T e N DPA omega b
15 12 B 18 12 6
Q Elongase of interest I:I FA synthesis route in M.
alpina
. . Initial experiment to
Starting point and proposed I:I ; ;
I:I gp prop determine function of GLELO

route in Phaffia

Figure 6-2. The fatty acid biosynthesis pathway iMortierella alpina and the proposed
recombinant fatty acid biosynthesis pathway irPhaffia rhodozyma. Mortierella alpina
follows the n6 biosynthetic route, by elongating .3 n6 to C,.3n6, followed by the
subsequentA5 desaturation resulting in Go.4n6 and crossover desaturation by 17
desaturase to produce G.5n3. Phaffia rhodozyma produces Gg.3 N3 and so the
recombinant strain will contain a A6 desaturase to produce ¢.4n3, which will be acted
upon by the A6 elongase (GLELO) to produce G4 n3. The final A5 desaturase will result
in the formation of C,y:5n3. The G,5n3 found within Mortierella alpina is proposed to be
formed by the A6 elongase acting upon £.:sn3.

This highlights the issue of selecting a suitalsgaaism for modification, one trait of
which should be the pool of starting substrate lalsée to the organism. With the
Phaffia transformation only one substrate is availableeimzyme action, which in turn
should increase the efficiency of conversion. R#gethe fatty acid biosynthetic
pathway was extended faccharomyces cerevisiae using a novel\6 elongase and6
desaturase from the zygomyc&lenidiobolus obscurus to produce the fatty acid.g,
n3 (Tanet al., 2011). It was also confirmed that thé desaturase and elongase could
act upon the n3 substrates and that low tempergtoreth induced greater transcription

of both recombinant genes.

In conclusion, two recombinariRhaffia rhodozyma strains will be produced; one
expressing only tha6 elongase, whereas the other strain will expriédbrae genes to
extend the fatty acid profile iRhaffia rhodozyma. E. coli BL21(DE3)pLysis* will also
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be transformed with thd6 elongase to ascertain whether the bacteria iabbamf
expressing the elongase, which can then be furatjooharacterised. In regards A6
elongase expressing strains Baffia and E. coli the substrate specificity of the
elongase can be determined either through growtth@forganisms inoculated with
precursor fatty acid followed by cellular fatty daxtraction (Domerguet al., 2003,
Tanet al., 2011), or through microsomal/membrane fractiqrasation, purification and
testingin vitro with acyl-CoA substrates to determine elongasestsate specificity
(Jump, 2009, Mooset al., 2001, Ohneet al., 2010). It is hoped that by incubating with
various fatty acid substrates such ags.{n6 and Go.s n3 the specificity of the\6
elongase can be determined.

6.1.1 Aims

The aim of this study is to establish whether Mertierella alpina fatty acid
elongation pathway can be heterologously reconstlitin the astaxanthin producing
yeastPhaffia rhodozyma. The elucidation of the substrate specificitylod A6 elongase
expressed ifPhaffia andE. coli was also attempted, to ascertain whether the at@ng

can accept &:5n3, in turn producing £:5n3.

6.2 Results

All three genes were first identified using the NCGRtabase and primers developed
based on these sequences. cDNA fidortierella alpina strain 330997 was obtained
from reverse transcription dflortierella alpina RNA. Primers 1+2 were used foi6
desaturase amplification, primers 3+4 were usedAfdrdesaturase amplification and
primers 5+6 were used fai6 elongase amplification. Primer sequences areitescin
the materials and methods section 2.1.4.2 and io@atano intentional restriction sites.
Taq polymerase was used for amplification as th&@®Q.1 vector required a single
adenine residue overhang at each 3’ end. All tygrees were amplified successfully,
confirmed using agarose gel electrophoresis, liyateh the sequencing vector TOPO
2.1 and amplified in TOP10 chemically competEntoli cells as shown in figure 6-3.
Aliquots of the purified DNA were sent for sequergiwhich confirmed the identities
of the amplified products. The sequences of theetlyenes are shown in figures 6-4, 6-
5 and 6-6. The three genes were sent to Prof. GkrBandermann at Goethe
University, Frankfurt for transformation inghaffia rhodozyma.
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A6 1374bp A5 1341bp GLELO 957bp

Figure 6-3. Colony PCR to detect the presence ofdalthree amplified genes within TOP10
E. cali cells. Those colonies displaying the correct sizaenplification product were then
harvested from broth and the DNA extracted. Followmng DNA extraction, aliquots were
sent for sequencing to confirm the TOPO 2.1 genegerts.

20 40 60 80

I I 1 I
ATGGAGTCGATTGCGCCATTCCTCCCCTCAAAGATGCCGCAAGATCTGTTTATTGACCTTGCAAGGGCCATCGGTGTCCAGGCCGCACCCTATGTCG
’I(IX) 12‘{) ’Itilﬂ ‘Hiiﬂ ‘WBID
ACCCTCTCGAGGCAGCGCTTGTGGCCCAGGCCGAGAAGTTCTTCCCCACGGTCGTTCATCACACGCGCGGCTTTTTGGTCGCGGTCGAGTCACCCTT
200 220 240 260 280

1 I | 1 I
GGCCCGTGAGCTGCCCTTGATGAACCCCTTCCACGTGCTGTTGATCGCGCTCGCTTACTTGGTCACGGTCTTTGTCGGCATGCAGATCATGAAGAAC
300 320 340 360 380
| 1 I | I
TTTGAGCGGTTCGAGGTCAAGACGTTCTCGCTCTTCCATAACTTTTGTCTGGTCTCGATCAGTGCCTACATGTGCGGCGGGATCTTGTACGAGGCTT
400 420 440 480 480
|

1 | 1 |
ACCAGGCCAACTATGGACTGTTTGAGAACGCGGCCGATCATACCGTCCAGGGTCTTCCTATGGCCAAGATGATCTGGCTCTTCTACTTCTCCAAGAT

500 520 540 560 580
| I 1 | 1

CATGGAGTTTGTCGACACCATGATCATGGTCCTCAAGAAGAACAACCGCCAGATCTCGTTCTTGCACGTCTACCACCACAGCTCCATCTTCACCATC
600 820 840 860

I | | I
TGGTGGTTGGTCACCTTTGTTGCACCCAACGGTGAAGCCTACTTCTCGGCTGCGTTGAACTCGTTCATCCACGTGATCATGTACGGCTACTACTTCC

680 700 720 740 760
I | | I |

TGTCCGCCTTGGGCTTCAAGCAGGTGTCGTTCATCAAGTTCTACATCACGCGTTCGCAGATGACGCAGTTCTGCATGATGTCGATCCAGTCCTCCTG
780 800 220 a40 860

| 1 I I 1
GGACATGTATGCCATGAAGGTGCTTGGCCGCCCCGGATACCCCTTCTTCATCACCGCCTTGCTTTGGTTCTACATGTGGACCATGCTCGGTCTCTTC

880 200 920 40
I |

| I
TACAACTTTTACAGAAAGAACGCCAAGTTGGCCAAGCAGGCCAAGATCGATGCTGCCAAGGAGAAGGCAAGGAAGTTGCAGTAA

Figure 6-4.Mortierella alpinaisolate 3309976 elongase (GLELO) cDNA sequence.

20 40 60 80

I I 1 I
ATGGGTGCGGACACAGGAAAAACCTTCACCTGGCAAGAACTCGCGGCGCATAACACCGAGGACAGCCTCCTTTTGGCTATCCGTGGCAATGTATACGA
100 120 140 160 180

I [ [ I |
TGTCACAAAGTTCTTGAGCCGTCATCCTGGTGGAACGGATACTCTTCTGCTCGGAGCTGGCCGAGATGTCACTCCGGTCTTTGAGATGTACCACGAGT
200 220 240 260 280
I [ I I 1
TTGGAGCTGCAGAGGCTATCATGAAGAAGTACTATGTTGGCACACTGGTCTCAAATGAGTTGCCCATCTTCCCGGAGCCAACGGTGTTCCATAAGACC
300 320 340 360 380

1 I I 1 |
ATCAAGGGCAGAGTTGAGGCATACTTTAAGGACCGGAACATGGATTCCAAGAACAGACCAGAGATCTGGGGACGATATGCTCTCATCTTCGGATCCTT
400 4?0 440 480 480

1 1 1 1
GATCGCCTCTTACTACGCGCAGCTCTTTGTACCGTTCGTTGTCGAACGTACATGGCTCCAGGTGGTGTTTGCTATCATCATGGGATTTGCGTGCGCGC
500 520 540 560 580
1

I I | 1
AAGTCGGACTGAACCCTCTTCACGATGCCTCCCACTTTTCAGTGACCCACAACCCCACCGTTTGGAAGATTCTCGGAGCCACGCACGACTTTTTCAAC
600 620 840 660 680
I

1 1 I 1
GGAGCATCGTATCTCGTGTGGATGTACCAACATATGCTCGGCCATCATCCCTATACCAACATTGCTGGAGCCGATCCCGATGTGTCGACCTCTGAGCC
700 720 740 760 780
1 1

| I |
CGATGTTCGTCGTATCAAGCCCAACCAAAAGTGGTTCGTCAACCACATCAACCAGCACATGTTTGTTCCTTTCCTGTACGGACTGCTGGCGTTCAAGG
800 820 B40 880 880
I

] 1 1 I
TGCGAATCCAGGACATCAACATCTTGTACTTTGTCAAGACCAATGACGCCATTCGTGTCAACCCCATCTCGACTTGGCACACCATCATGTTCTGGGGC
900 920 240 960 980

1 I | 1 I
GGAAAGGCCTTCTTTGTCTGGTACCGCTTGATCGTTCCTATGCAGTATCTGCCCCTGAGCAAGGTGTTGCTCTTGTTCACCGTCGCGGACATGGTCTC
1,000 1,020 1,040 1,060
I I I 1
TTCTTACTGGCTGGCCCTGACCTTCCAGGCGAACCACGTTGTTGAGGAGGTTCAGTGGCCATTGCCTGATGAGAATGGAATCATCCAAAAGGATTGGG
1,080 1,100 1120 1,140 1,160
I I I I |
CAGCCATGCAGGTCGAGACCACTCAGGATTACGCCCACGATTCGCACCTCTGGACCAGCATCACGGGCAGCTTGAACTACCAGGCCGTTCACCATCTG
1,180 1,200 1,220 1,240 1,260
I I

1 I |
TTCCCAAATGTGTCCCAGCACCACTACCCTGATATCCTGGCCATCATCAAGGACACCTGCAGCGAGTACAAGGTGCCATACCTCGTCAAGGATACCTT

1,280 1,300 1,320 1,340
1 I I I

TTGGCAAGCGTTTGCTTCACATTTGGAGCACTTGCGTGTACTTGGTCTTCGTCCCAAGGAAGAGTAA

Figure 6-5.Mortierella alpinaisolate 3309975 desaturase cDNA sequence.
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20 40 60 80
I I I I
ATGGCTGCTGCTCCCAGTGTGAGGACATTTACTCGGGCCGAGATTTTGAATGCCGAGGCCCTGAATGAGGGCAAGAAGGATGCCGAGGCACCCTTTCT

100 120 140 160 180
I I I I |

GATGATCATTGACAACAAGGTGTACGATGTCCGCGAGTTTGTCCCTGATCATCCCGGTGGAAGTGTAATTCTCACGCACGTTGGCAAGGACGGCACTG
200 220 240 260 280
|

I I I |
ACGTCTTTGACACTTTCCACCCCGAGGCTGCTTGGGAGACTCTTGCCAACTTTTACGTTGGTGATATTGATGAGAGCGATCGTGCCATCAAGAATGAT
300 320 340 360 380

1 I I I |
GACTTTGCGGCCGAGGTTCGCAAGCTGCGCACCTTGTTCCAGTCCCTTGGCTACTACGATTCCTCCAAGGCATACTATGCCTTCAAGGTCTCGTTCAA
400 420 440 460 480
| 1 I 1 1
CCTCTGCATCTGGGGCTTGTCGACGTTCATTGTTGCCAAGTGGGGCCAGACCTCGACCCTCGCCAACGTGCTCTCGGCTGCACTCTTGGGTCTCTTCT

500 520 540 560 580
| I I | I

GGCAGCAGTGCGGATGGTTGGCGCACGACTTTTTGCACCACCAGGTCTTCCAGGACCGTTTCTGGGGCGATCTTTTCGGCGCCTTCTTGGGAGGTGTC

600 620 640 660 680
1 I 1 I 1

TGCCAGGGTTTCTCGTCCTCCTGGTGGAAGGACAAGCACAACACTCACCACGCCGCTCCCAACGTCCACGGCGAAGATCCCGACATTGACACTCACCC
700 720 740 760 780
I [ I

I [
TCTGTTGACCTGGAGTGAGCATGCTCTGGAGATGTTCTCGGATGTCCCTGACGAGGAGCTGACCCGCATGTGGTCGCGCTTCATGGTCCTCAACCAGA
800 820 ﬁo 860 880
I

I 1 I
CTTGGTTCTACTTCCCCATTCTCTCGTTTGCCCGTCTGTCCTGGTGCCTCCAATCCATTATGTTTGTTCTGCCCAACGGTCAGGCCCACAAGCCCTCT
900 920 940 960 980
I |

] 1 I
GGAGCGCGTGTGCCCATTTCGTTGGTCGAGCAGCTGTCTCTGGCTATGCACTGGACCTGGTACCTCGCCACCATGTTCCTGTTCATCAAGGATCCCGT
|$m |ﬁm L?G 1Tn

CAACATGATTGTGTACTTTTTGGTGTCGCAGGCTGTTTGCGGCAACTTGTTGGCGATTGTGTTCTCGCTCAACCACAACGGCATGCCTGTGATCTCCA

1,080 1,100 1120 1,140 1,160
] | 1 I |

AGGAGGAAGCGGTCGATATGGATTTCTTCACCAAGCAGATCATCACGGGTCGTGATGTTCACCCTGGTCTGTTTGCCAACTGGTTCACAGGTGGATTG
1,180 1,200 1,220 1,240 1,260
I I I

I 1
AACTACCAGATTGAGCACCACTTGTTCCCTTCGATGCCCCGCCACAACTTCTCAAAGATCCAGCCTGCTGTTGAAACTTTGTGCAAAAAGTACGGTGT

1,280 1,300 1,320 1,340 1,360
] I I |

I
CCGATACCACACCACTGGCATGATCGAGGGAACTGCAGAGGTCTTTAGCCGCTTGAATGAGGTCTCCAAGGCGGCCTCCAAGATGGGCAAGGCACAGT

AA

Figure 6-6.Mortierella alpina isolate 33099'A6 desaturase cDNA sequence.

The A6 elongase was also expressed in BL21(DE3)pLyEistoli cells. TheA6
elongase was amplified using primers P1+P2 whichtained Ndel and Hindlll
restriction sites for insertion into the pET-23bcte, as well as removing the stop
codon to allow the translation of the attached tdig protein. TheA6 elongase was
successfully amplified using the primer set anatkg with the pET-23b vector. The
vector was successfully inserted and amplified il BDE3)pLysis*E. coli cells. After
induction with IPTG, the total cell lysate underweDS-PAGE and silver staining
which revealed no apparent expression of Alteelongase as shown in figure 6-7.
Western blotting followed by anti-His antibody aB@IP/NBT staining showed a band
with a molecular mass of around 38 KDa for BL21(Dy3/sis* cells expressing the
A6 elongase within pET-23b shown in figure 6-7, wille molecular weight of the His
taggedA6 elongase being 38.3 KDa. Negative control cadlmonstrated a much fainter
band which was not uniform throughout the lanedating possible contamination from
the adjacent sample. This would indicate the swfokexpression of tha6 elongase

within E. coli cells.
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Figure 6-7. Sonicated BL21(DE3)pLysisE. coli cells run on SDS-PAGE with silver
staining (left) and Western blot using anti-His anibodies, stained with BCIP/NBT. A =
pPET-23b-blank B = pET-23b-A6 elongase C £. cali lysate expressing 36KDa His-tagged
protein D = Purified 41KDa His-tagged protein. Thesilver stained gel failed to highlight
the production of the 38.3KDa His tagged\6 elongase protein, however following
antibody binding a band corresponding to the sizefdhe elongase is detected in thE. coli
cells containing pET-23bA6 elongase. The negative control cells however disglay a
faint, non-uniform band possibly indicating contamnation from the adjacent lane. The
relative production of the putative A6 elongase is low compared to th. coli cells in lane
C.

Protein purification through His-tagged affinity lamn chromatography failed to
isolate the location of th&6 elongase when used with silver staining. Thigrabably
due to the low expression of the elongase, as sattnthe antibody stain and the
comparison with the other two His-tagged proteitisis likely however that the
elongase is located within a membrane due to thenseans-membrane domains, as the
elongase usually localises to the ER, which is r@tbaghin Bacteria. This may account
for the slower growth of thA6 expressing strain, as expressed elongase majfenate

with membrane processes or other cellular functions

Of the three genes sent for transformation iRt@ffia rhodozyma, only the A5
desaturase and the6 elongase were successfully transformed into iddal isolates.
The A6 desaturase and isolates containing different coatibns of the three genes
were not successful. Freeze dried material of teotrol strains, twoA5 desaturase
recombinant strains and t&% elongase recombinant strains were received. These
subjected to fatty acid analysis by GC-FID and GS-ib stated in the materials and
method sections 2.2.5 and 2.2.6. The fatty acidilpsoare shown in table 6-1. It was
initially noted that both control strains contain@dich lower abundances of total lipid
compared with the recombinant strains, in mostsasataining values half or less that

of the recombinant isolates. Whilst the completehway was not successfully
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incorporated intoPhaffia to allow end point production of Jgs n3, the inserted
enzymes did display minor activity. T desaturase demonstrated an additional three
peaks compared against the control, with ABeelongase also producing an additional
three peaks, one of which was shared withABedesaturase. The addition of thg
desaturase was thought to produges®6 and two G, isomers, with G., isomer (a)
putatively identified as {g.o A14, 17 based on the NIST GC-MS library as the lsghe
hit compound. The retention time of isomer (a) &thund the elution time of;g; on
both GC-FID and GC-MS (figure 6-9). The mass spmetof isomer (a) indicated two
double bonds, although the isolate is characteailsgi more non-polar as it elutes earlier
on the more polar GC-FID column, and elutes laterttte more non-polar GC-MS
column compared with the standargs&A9, 12 isomer. Further structural detail will be
discussed in the subsequent section. The secagpdisomer detected by GC-FID
(figure 6-8), found to be produced by the desaturase could not be identified by GC-
MS as it was presumed to elute at the same tintleedsigh abundance;§; or Cig.» A9,

12 fatty acids. Therefore the putativgg@isomer identity was given based on the GC-
FID retention time, eluting after;g,A9, 12 but before the gsfatty acids. This isomer

was given the designation (b) in the following &bl

Table 6-1. Total lipid fatty acid composition of eah recombinantPhaffia isolate. Isolates
6938 and 6939 are controls with non-recombinant ptamnids. A5 isolates contain the
addition of the A5 desaturase, whilst elo isolates contain the adiih of the A6 elongase
(GLELO). Distinguishing peaks were a putative Gg.isomer (a), found in all elo isolates
and A5 n7 isolates, another putative g..isomer (b), found only inA5 n7 isolates. Gg.3 N6
was found only in isolateA5 n7. Gg., N6 and Go.3n3 were found only in elo isolates.
Unknown compounds were given their relative retentin times as identifications. Fatty
acid values are stated as the % (w/w) of the totéipid fraction
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Orgl"’g"sm %FA | C140 | C150 | C16:0 | C16:1 | C17:1| C18:0 isoctﬁg;z(a) C18:1 cis 1.17 1.198 | 1.206 | c18:2cis | C20:0 isocnllg;z(b)

6938 Avg 0.34 0.00 | 1254 080 0.04 3.55 0.00 24.17 0.00 0.24 0.00 49.03 0.72 0.00
St Err n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

6939 Avg 0.31 0.00 | 12.73 0.80 0.0q 3.57 0.00 24.50 0.0p 0.11 0.00 49.41 0.72 0.00
StErr | 0.00 0.00 | 0.02 0.01 0.00 0.00 0.00 0.03 0.00 0.06 0.00 0.12 0.01 0.00

A5 n2 Avg 0.49 0.15 | 14.28 0.42 0.24 4.41 0.00 29.57 0.38 0.18 0.00 45.15 1.03 0.00
StErr | 0.00 0.00 | 0.07 0.00 0.00 0.05 0.00 0.01 0.00 0.00 0.00 0.24 0.01 0.00

A5 n7 Avg 0.44 013 | 1375 0.30 0.17 3.74 0.54 32.45 0.18 0.59 0.39 40.81 1.57 0.67
StErr | 0.00 0.00 | 004 | 0.0 0.00 0.05 0.08 0.04 0.00 0.06 0.05 0.11 0.00 0.01

elo n2 Avg 0.57 011 | 1452 0.62 0.11 3.03 0.20 27.80 0.0p 0.31 0.11 45.66 0.91 0.00
StErr | 0.00 0.00 | 0.09 0.01 0.00 0.05 0.04 0.15 0.00 0.06 0.05 0.27 0.00 0.00

elo n3 Avg 0.63 012 | 14.18 0.75 0.12 2.35 0.24 25.93 0.1p 0.42 0.19 47.80 0.83 0.00
StErr | 0.00 0.00 | 0.02 0.00 0.01 0.02 0.01 0.16 0.00 0.01 0.01 0.02 0.00 0.00

elo n4 Avg 0.57 0.19 | 15.78 0.45 0.53 3.63 0.34 36.58 0.58 0.40 0.00 35.49 1.34 0.00
StErr | 0.00 0.00 | 0.03 0.00 0.00 0.02 0.14 0.06 0.00 0.12 0.00 0.16 0.00 0.00

elo n5 Avg 0.78 022 | 17.77 0.90 0.34 2.31 0.32 27.71 0.16 0.37 0.12 43.79 0.54 0.00
StErr | 0.00 0.00 | 0.10 0.01 0.00 0.01 0.00 0.11 0.00 0.09 0.00 0.49 0.00 0.00

elo n6 Avg 0.52 0.18 | 13.92 0.39 0.37 3.26 0.87 28.30 0.41 053 0.31 44.29 1.18 0.00
StErr | 001 0.00 | 0.08 0.02 0.01 0.04 0.27 0.24 0.01 0.04 0.05 1.17 0.02 0.00

elo n7 Avg 0.39 0.19 | 1214/ 030 0.47 4.10 0.13 28.90 0.3% 0.19 0.00 43.43 1.23 0.00
StErr | 0.01 0.00 | 0.21 0.01 0.00 0.03 0.00 0.56 0.00 0.00 0.00 0.94 0.02 0.00

elon7a | Avg 0.51 024 | 14.43 0.40 0.64 3.64 0.03 33.27 0.68 0.18 0.00 39.99 1.32 0.00
StErr | 0.00 0.00 | 0.05 0.00 0.00 0.03 0.00 0.21 0.01 0.00 0.00 0.40 0.02 0.00

elo n8 Avg 0.56 0.24 | 1559 0.45 0.65 3.80 0.06 34.93 0.92 0.16 0.00 36.47 1.29 0.00
StErr | 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 0.21 0.07 0.01 0.00 0.28 0.01 0.00

elo n9 Avg 0.56 023 | 15.07 0.48 0.64 3.38 0.20 33.33 0.66 0.30 0.08 40.36 1.22 0.00
StErr | 0.00 0.00 | 0.16 0.00 0.00 0.03 0.07 0.43 0.00 0.06 0.04 0.76 0.03 0.00

elonl0 | Avg 0.66 0.10 | 15.21 0.62 0.1 2.66 0.65 29.92 0.1 0.50 0.28 40.10 1.03 0.00
StErr | 0.00 0.00 | 0.00 0.00 0.00 0.00 0.07 0.07 0.02 0.06 0.06 0.23 0.01 0.00
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Organism ID Cig:3 N6 1.284 1.289 C20:1 Cig:3n3 C21:0 C20:2 n6 C22:0 1.43 C20:3 n3 1.487 C24:0 total lipid mg/g
6938 0.00 0.00 0.00 0.00 1.37 0.00 0.00 0.3% 0.po 0.00 .000 0.35 14.55

n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
6939 0.00 0.00 0.00 0.00 1.36 0.00 0.00 0.36 0.po 0.00 .000 0.35 14.44
0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.26
A5 n2 0.00 0.00 0.00 0.00 1.08 0.00 0.00 0.66 0.00 0.00 .000 0.65 29.42
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.59
A5 n7 0.09 0.00 0.00 0.18 1.27 0.00 0.00 1.16 0.10 0.00 .020 0.95 42.39
0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 1.04
elon2 0.00 0.00 0.00 0.17 1.00 0.00 0.90 0.81 0.00 0.18 .030 0.96 30.68
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
elon3 0.00 0.00 0.10 0.39 1.04 0.00 2.31 0.78 0.00 0.37 .06 0 0.95 36.82
0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.13
elo n4 0.00 0.01 0.09 0.19 0.41 0.05 0.67 0.9% 0.10 0.07 .040 0.81 50.38
0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 6.32
elo n5 0.00 0.03 0.07 0.15 1.14 0.00 0.82 0.61 0.07 0.18 .050 0.68 49.98
0.00 0.00 0.01 0.00 0.03 0.00 0.10 0.05 0.00 0.00 0.00 0.00 0.99
elo n6 0.00 0.13 0.11 0.17 0.57 0.00 1.25 0.98 0.11 0.23 .000 0.64 36.53
0.00 0.00 0.01 0.00 0.03 0.00 0.29 0.11 0.00 0.07 0.00 0.01 1.20
elon7 0.00 0.12 0.05 0.00 0.84 0.00 0.20 0.90 0.po 0.00 .000 0.79 42.39
0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.02 0.00 0.00 0.00 0.01 1.04
elon7a 0.00 0.12 0.09 0.21 0.47 0.06 0.77 0.94 0.00 0.04 .040 0.75 34.97
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.01 0.32
elo n8 0.00 0.06 0.07 0.34 0.44 0.06 1.33 0.90 0.06 0.15 .04 0 0.78 50.71
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 4.96
elo n9 0.00 0.12 0.09 0.10 0.51 0.06 0.35 0.86 0.po 0.00 .040 0.74 50.35
0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.02 0.45
elon10 0.00 0.00 0.00 0.88 0.44 0.00 3.73 0.91 0.16 0.31 .040 0.90 53.72
0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.01 2.82
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Figure 6-8. GC-FID trace of elo n2 (top)A5 n7 (middle) and control 6939 (bottom).
Highlighted peaks thought to be the result of the@combination are; a = Gg.,isomer (b), b
= Cyg:3 N6, € = Gy:2N6, d = Gz N3. The putative Ggoisomer (a) is not shown. The identity
of (b) as an isomer of Gg.;was made on the basis of elution time, as the peakites after
Cig2A 9, 12 but before Gg.3 n6. No GC-MS data was obtained for this peak. Alsof note
are the much lower lipid levels of the control.

The two A5 isolates however are different as tkie no. 7 isolate contains all three
novel fatty acids whilst isolate no. 2 contains @af the novel fatty acids. The fatty
acid complement of isolate no. 2 is therefore vemyilar to the control isolates
although straim5 no. 2 does contain;§, Ci7.1and a peak with the RRT of 1.17, as
well as higher lipid levels, similarities shareditwthe other recombinant isolates. The
absence of the three peaks from the control sampkes be due to the general low
abundance of lipid found in these isolates. Teeelongase recombinant isolates share
the production of g.oisomer (a) with isolatd5 no. 7, as well as producing two unique
peaks, identified as £&2>n6 and Go:3n3. Go.» N6 was identified by retention index on
both GC-FID and GC-MS, as well as through the aqustouilt fatty acid mass
spectrometry library. .3 n3 could not be detected using GC-MS due to the low

abundance of the compound but was again identifjectention index.
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Figure 6-9. GC-MS trace ofA5 n7 (top),A5 n2 (middle) and elo n3 (bottom). Highlighted
peaks thought to be a result of the recombinationra; a = Ci3.3n6, b = Cg., isomer (a), ¢ =
C,0:2n6. Cig:3n6 was found present in isolaté5 n7 only, although a peak of similar elution
time was found in elo isolates using GC-FID. £, (a) was searched using the NIST library
and putatively identified as Gg.» A14, 17. This peak was only found in elo andl5 n7
isolates. Go.»n6 was found only in elo isolates though &3 n3 was not identified using GC-
MS, due to low abundance.

6.3 Discussion

The initial aim of transformindPhaffia rhodozyma with the three genes responsible
for Cyo:5 N3 production was unsuccessful. However the indadly inserted genes
exhibited some minor activity by producing novettyaacids within the yeast. The
identities of the fatty acids were made either tigio retention indices or mass
spectrum, although the new complement of fatty sasa@duld mostly be explained
through the action of the inserted enzymes. Stastiith the recombinant elo isolates,
C20:2n6 and Go:3n3 could be explained by the action of k& elongase on {g2n6 and
Cis:3n3 respectively. Tha6 elongase is reported to act predominantly @466 and
Cis:4 N3, presumably because both share a double bahe &6 position. The catalysis
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by the A6 elongase of {g.,n6 and Gg.3n3 however, is relatively minimal although the
higher abundance of .6, N6 over Gp.3 N3 is likely explained by the much higher
abundance of the precursofs@n6 to Gg.3n3 respectively. The average conversion rate
was estimated to be 2.8% and 17.2% fag.£and Ggs n3 respectively. The most
effective method for calculating substrate conwarss the isolation of thA6 elongase
into microsomes, followed by the supplementatiorsiofle fatty acids in CoA form.
The data presented here would indicate thag &3 is more effectively used by ting
elongase than {g,, implying that the number of double bonds is intaot for the
function of the elongase even though neither fatig contains a double bond in thé
position. These results also demonstrate that\thelongase fronMortierella alpina
can work with the other endogenous components effaktty acid elongation system
found within Phaffia rhodozyma, such as the two reductases and dehydrase, wiach a

separate from the condensing elongase enzyme.

The Gg.» isomer (a) was found in a6 elongase isolates as well &5 desaturase
isolate no. 7. This was putatively identified ass.££A14, 17 due to NIST mass
spectrometry library searching. The localisatiordotible bonds in mono- and dienes
using electron impact mass spectrometry is consitlaot particularly feasible due to
the relocation of double bonds during the ionisapoocess. The only definitive method
for double bond localisation is to derivatize tleible bond into more stable structures
such as dimethyl disulphide abducts (Christie, J99%e mass spectrum data do
indicate that the {g.» (a) isomer shares features of both a monoene atidne. The
molecular ion for Gg., (a) is predominantly at 294 m/z, indicating a diefiée
subsequent loss of the @Bl (M-31") group indicates that the isomer is a monoena, as
mass peak of 264 m/z is predominant in botf;@nd in Ggo(a) with (M-32) common
for this class, indicating a loss of an additiontpn. The isomer also produces a clear
ion at 222 m/z, shared withy£5. This is possibly the product of a dual fragmeatats
shown in figure 6-11. An ion at 180 m/z is also redawith the monoene 1&;.
Evidence for the isomer being a diene lies in tlmndlogous series of smaller
fragments, with ions such as 67, 81 and 95 m/andusishing the isomer from the
monoene Gg.;and placing it with the diene;&, A9, 12. The consistent mass difference
of 2 m/z units between the isomer ang.{0n the mid-range m/z homologous series
also indicates the presence of another double beindlly, the retention index of the
compound places it with the monoenes, however likedy that it is a diene which

shares monoene characteristics. Regardingfh@esaturase’s activity it is possible that
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Cis1 A9 has been desaturated further tg.CA5, 9, although how this would be
produced via th&6 elongase is unknown.
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Figure 6-10. Mass spectrums of (g1 A9, Ci5.2A9, 12 and the proposed ¢..isomer (a).
Isomer (a) shares features with both mono and diese The molecular mass indicates that
the isomer is a diene (294 m/z), however the threebsequent ions (264, 222, and 180 m/z)
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are indicative of a monoene. The homologous series55, 81, 95 and 109 m/z fragments
indicate that the isomer contains two double bonds.
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) 2%32360a O _ 265.2531 Da
%CW H3CMM/%
N
CHy -~ O—CH, C,H, Caly O—CHjg
29.0391 Da 29.0391 Da 83.0861 Da
CH CgH
C,H a7 85
55.0548 Da 55.0543Da 1111174 Da
T o] CrrT o]
HZCW\/\/\/\/\/\/\« HZCWM\/\/\/\/\«
aoice oo ep 7 Coh, o—cr
n a 5 3
41.0391 Da 97.1017 Da
CeHg CgHis sHy
81.0704 Da 109.1017 Da 69.0704 Da 22(231;:&0[)
PR P o . a o)
HZCMW/\/\/\/\{ " C(m)\/\/\/\/\/\%
R N
S 0—CHs 0—CH,
CH; CiHyy
67.0548 Da 95.0861 Da
C15H740
220.1827 Da
o
1)
Hzc( )W\
O—CHs

Figure 6-11. The proposed fragmentation pattern digslayed by Cg1A9 and Cg.2A9, 12.
Electron impact mass spectrometry of mono and diersais less effective at localising double
bond positions, due to the migration of double bornsito the omega end of the chain. This
migration of bonds explains the fragmentation patten differences between monoenes and
dienes. The cleavage of the G} group results in a mass loss of (M-3} for dienes,

though monoenes experience (M-3Rresulting in a fragment of 264 m/z and not 265 ra/

as shown here, indicating an additional proton habeen lost. The fragment at 222 m/z can
be explained through a double fragmentation, wherepthe terminal propyl group is lost,

as well as the CHO group.

The Gg.z isomer (b) was only detected using GC-FID, pogdi@cause the peak was
obscured by the much largeige A9 and Gg.2 A9, 12 peaks on the GC-MS. Therefore
the only information regarding this peak is theengion time, which places the fatty
acid as a late elutingigzisomer or as an early elutingdz isomer. This could mean,
taking into account the activity of teb desaturase, the fatty acid in question may be
Cis:3A5, 9, 12, with Gg.2A9, 12 acting as the substrate. The presencegfr® in the
A5 desaturase isolate no. 7 is difficult to explaig,a double bond is inserted into the
A6 position, which may be an unspecific reactiorihef A5 desaturase. In general the
conversion efficiency for both enzymes was reldyiygoor, due to the fact that the
intended substrate was not present for the insemegmes to act upon. Also of note
was that the ¢.3n3 pool was relatively low within this strain Bhaffia rhodozyma and
that if all three genes had been successfully iedeinto the yeast, the yield of end
product Go.s N3 would likely be low in abundance. Therefore #ddal strains of
Phaffia rhodozyma require examination in search of elevated levél€@.3n3. The

specificities of the two inserted enzymes have bstemied with theA5 desaturase



Chapter 6 218
having been found by one group to desaturate @ity ficids containing A8 double
bond (Hornunget al., 2005), although the recombinant yeast did notipce any Gs:».
This was confirmed by Domergwet al. who also showed that th&5 desaturase had
activity on Go.2 A11, 14 (Domerguet al., 2003). TheA5 desaturase has been found to
minimally desaturate £g1 A9 to Gg.2A5, 9 as well as {51 A1l to Gg.2 A5, 11 (Saitoet

al., 2000). TheA5 desaturase studied was from the slime madbidtyostelium
discoideum, although the production ofi&; A5, 9 in A5 expressed recombinant yeast
supports the putative productionPhaffia. The production of ¢.o A5, 11 is less likely
in Phaffia as theA5 desaturase recombinant yeast was supplied wibegous &1
Al1l. The yeast however was incapable of producing taenoic fatty acids and
therefore it is increasingly likely that isomer (is) in fact Gg3 A5, 9, 12. TheA6
elongase was found to have additional activity @g.@9, 12 by converting it to 4.
Al11, 14 (n6) as was documented in a patent by Mukegl. (Mukerji et al., 2003),
although supplementation withm£z n3 did not yield Go.3n3. The elongation of {g.
A9, 12 was also reported in a recombinAgpergillus expressing the\6 elongase
(Takenoet al., 2005).

The expression of th&6 elongase withirk. coli appeared to be successful due to the
presence of a 38.3 KDa band on the Western bleéctezl using anti-His antibodies
and stained using BCIP/NBT. The possible presefidheosame band in the control
may be due to contamination from the adjacent larferred due to the non-uniformity
of the band. The initial aim of inserting th6 elongase intcE. coli was as an
alternative route to determining the substrate ifipgg of the elongase. With the
successful A6 elongase transformation ofPhaffia rhodozyma, functional
characterisation of the elongase could be carrigdaithin the yeast using previously
mentioned exogenous fatty acid supplementationietudr endosome production
methods. The bacterial expression of the elongasetlze establishment of whether
ELO class elongases can function within bacterid atilise the other components
required for successful elongation may in itselfioeel. There are several points that
need to be considered regarding recombinant systerdstheir use for VLCPUFA
production in both yeast and plants. Firstly, the production of fatty acids longer and
more unsaturated thangz stems from the poor conversion between substrasses.
As discussed in the introductory chapter, elongasémgi require acyl-CoA substrates
whereas fungal desaturases require phospholigiddimcyl substrate. Specifically, it is
thought that one problem arises after thé desaturation step, which occurs in
phosphatidylcholine, position sn-2. Endogenouslydpced Gs.3 n6 formed in PC is
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thought to be transferred to neutral lipid via sal/@cyl-CoA independent pathways
(Domergueet al., 2003). This segregation of;§3 n6 from the acyl-CoA pool reduces
the substrate available for th&6 elongase. As explored by Domergee al.
supplementation of exogenougs@n6 results in an increase in theggn6 acyl-CoA
pool which is subsequently elongated t®.£n6. The acyl-CoA pool in yeast it appears
can be indiscriminately transferred by a varietyao§l-CoA transferases into most lipid
classes. Therefore, it is the transfer betweentstbscarriers that is thought to be a
major bottleneck for the efficient production of §PUFA. For efficient production of
fatty acids beyond 4.5 alternating pools of phospholipid linked subsrate required
for desaturation, specifically PC in position srahough theA12 desaturase has been
found not to be head group or position specificr{i@ogueet al., 2003). The acyl chain
then needs to be converted to acyl-CoA by an aoy:l¥so-phosphatidylcholine to
increase the available substrate for elongatiotlowing elongation, the acyl chain
needs to be attached again to PC by the same enyisi¢ghis enzyme which in plants
is thought to also be bottleneck, with some plaagferases incapable of transferring
acyl chains with a\6 double bond (Domerguat al., 2005). Therefore an efficient acyl-
CoA:lysophospholipid acyltransferase (LPLAT) enzyroapable of accepting acyl
chains with aA6 double bond is essential for efficient VLCPUFAguction. Currently
the LPLAT from C. elegans has been studied as a potential transferase tooumpr
VLCPUFA yields (Renzt al., 2009). It is also possible thisltortierella alpina contains
an efficient transferase system which allows faghhaccumulation of §.4n6. Other
issues which could effect VLCPUFA production maigaif acyl chains are transferred
to the wrong phospholipid class or to the wrongitpms This would prevent efficient
desaturation by specific desaturases. One propssietion is the use of mammalian
like desaturases which use acyl-CoA substratesadstsuch as the6 desaturase from
Marchantia polymorpha (Kajikawa et al., 2004). This would mean only one pool of
substrate is required for elongation and desaturatiith both sets of reactions being

able to occur sequentially.

6.4 Conclusion

The initial reconstitution of théMortierella alpina fatty acid elongation pathway
within Phaffia rhodozyma was unsuccessful. However some enzymatic activig w
detected which correlated with the inserted gertee hsertion of theA6 elongase

resulted in the elongation of;£» N6 and Gs.3 N3 to Go.» N6 and Go3n3 respectively.
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The recombinanPhaffia strain expressing th&5 desaturase was found to produce two
novel fatty acids, one thought to bgs@A5, 9 and the other putatively identified as
Cis3A5, 9, 12. The expression of all three genes howerend likely lead to a poor
conversion to the end productsG n3, due to a low {g.3 N3 substrate pool within the
Phaffia strain used. The fact that elongation and dedaureequire different substrate
pools, that endogenoud6 desaturation may result in desaturated produabgbe
sequestered within neutral lipid in an acyl-CoAapdndent manner, and that LPLAT in
certain organisms may select against fatty acidsattsfer between the acyl-CoA pool
and phospholipid carriers, may also contribute da Iconversion efficiency. The
identification however of these bottlenecks mayowllfor their circumvention by
selection of substrate specific and efficient LPLATzymes, the use of acyl-CoA
accepting desaturases and selection of higly @3 producing strains dPhaffia. The
first goal however is the successful VLCPUFA bidbgsis pathway withirPhaffia
rhodozyma. The expression of th&6 elongase withirk. coli appears to be successful
with the visualisation of a protein using His tag$térn blotting matching the expected
size of the protein. The function of the expresbedterial protein was not tested,
however the expression withiRhaffia may provide a more reliable method for

establishing substrate specificity.
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7 Conclusions

In the search for novel producers of VLCPUFAs itswaund that the location of
isolation was not the only consideration when idginty new sources of VLCPUFA
producing fungi. A key consideration is the taxowooh the organism. Organisms from
the Zygomycota, Chytridiomycota and Oomycota hasenbdemonstrated to be the few
phyla capable of producing these desirable fatiysaand as such should be the primary
targets in further screening efforts (Table 3-Sud$ing species within these phyla
isolated from low temperature environments may dase the chance of finding
VLCPUFA producing fungi. Whilst the majority of zggycetes produce only up to
Cis:3 N6 the fact that several known species suclMasierella, Conidiobolus and
Entomophthora are capable of VLCPUFA production would indicatattmore species
from within this phyla are capable of VLCPUFA pration. The current suggestion
that Blastocladiales and Entomophthorales are meleged than to other organisms
from within their traditional phyla may suggest amncestral link from the
Chytridiomycota to the Zygomycota (section 5.3Th)e presence of th&6 elongase,
which appears only in basal organisms, and itstiposwithin the Mucorales cluster
(Figure 5-26) suggests thidliortierella like species may have led to the evolution of the
Mucorales. Additionally chytrids and Oomycetes, hbaif which are capable of
inhabiting aqueous environments are very likelyctmtain VLCPUFAs due to the
proposed role these highly unsaturated fatty goidg in the motility of the flagellated
zoospore stage, as well as possible protection fsremotic stress (section 3.3.2). The
move to terrestrial ecosystems has led to the dd636LCPUFA production from the
Zygomycetes, the direct descendants of the Chgmmgcetes, having lost the
flagellated zoospore stage as well as VLCPUFA pebodno in most cases. What
remains is the precursorygz n6 which once led to the production ofp@n6 and Go:s
n3.

It was found that the loss of VLCPUFA productionswa part due to the loss ofiA®
elongase known as GLELO which catalyses the raa€lig3;n6 to Go.3n6 within the
genusMortierella. The loss of this elongase differentiakésrtierella from the majority
of the zygomycetes as well as the ascomycetes asidibmycetes. The correlation
between fatty acids longer and more unsaturated @as n6 and the presence of the
GLELO gene, confirms the gene’s proposed functas,without it polyunsaturated

fatty acid production halts at .63 n6 (Figures 5-5, 5-6). The Ascomycota and
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Basidiomycota have evolved further and lost theilanties shared between the
Zygomycota and the Chytridiomycota with the towdd of theA6 elongase and the
shift in fatty acid pathway to the n3 route as gg®to the n6 route (Table 3-4). Low
temperature environments have not appeared to mréwe loss of thé6 elongase, nor
has it stimulated a change in function of an elgega elongate past the end point fatty
acid Gg:3n3. However it does appear that this complemefdtof acids is sufficient for
organism growth at low temperatures as was denaigdtwithPenicillium rugulosum,
which produced the greatest growth at 5°C, grethi@n any other organism studied
(Figure 4-12). This would appear to indicate th#teo factors limit growth at low
temperatures such as protein adaptation, and fttrar drienoic fatty acids provide
enough membrane fluidity at low temperatures oeotinstudied compounds within the
membrane assist in maintaining the required flyidithe role of unsaturated fatty acids
was highlighted by 5°C growth promoting the greatpsoduction of the most
unsaturated fatty acid in all isolates studied pkddortierella alpina isolate 82072,
where almost equal amounts ofyen3 at both 5 and 15°C growth were produced. This
highlights the importance highly unsaturated fa#tgids play in low temperature
survival. In regards to unsaturation index, totdtyf acid unsaturation indices showed
six out of nine organisms displaying the greatesaturation at 5°C growth, whilst two
of the nine displayed the greatest unsaturatidtb&€ growth.Herpotrichia sp. isolate
403016 showed the greatest unsaturation index &€ 2Bthough 5°C gave a very
similar average value (Figure 4-10). This confirthe idea that low temperatures
generally induce the greatest unsaturation of fattids as well as promoting the
greatest formation of the most unsaturated fatiy. ac

The localisation of the fatty acid to individugbii components failed to conclusively
segregate the lipids due to the large proportioneaftral lipid within theMortierella
isolate. However it does appear that PUFAs residleirwthe PE and PC fractions as
well as within the neutral lipids (Figures 4-131@}. Whilst the total phospholipid
unsaturation index displayed a positive correladgainst temperature the PC fraction
illustrated the expected greatest unsaturationevahder the lowest culture temperature
(Figure 4-19). The localisation of VLCPUFAs to tRE€ fraction is confirmed by the
finding that acyl linked PC is the substrate fag A% andA6 desaturases. As such, it is
possible that the PC fraction is the primary mottulaf membrane fluidity, as the acyl
chains attached to this membrane lipid are diredigaturated. Other supporting
evidence for the localisation of VLCPUFAs to the B@d PE fractions is due to the
physical properties of the head groups. PC hasde wanging transition temperature
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range allowing for precise alteration in fluidity iesponse to temperature by acyl chain
modification. PE on the other hand has a high asldtively narrow transition
temperature range, requiring highly unsaturatety fatids to maintain the fluidity of
the acyl chains when attached to this phospho(ipe&ttion 4-3). Finally it was thought
that Mortierella alpina possesses an efficient mechanism for transferray @ains
between the acyl-CoA pool and the phospholipid hggadip due to the high levels of
C20.4n6, allowing for elongation in the CoA form, andsdauration in the phospholipid
form. It is this transfer of acyl substrate fromoppholipid to acyl-CoA pools and back
which poses a significant bottleneck to engineehigh yield VLCPUFA producers
(section 6-3). Utilising and directly modifying @gisms capable of transcending this
apparent bottleneck, such Bkrtierella alpina, is one solution whilst another is the
introduction of efficient acyl-CoA:lysophospholipidcyltransferase like enzymes
alongside the required desaturases and elongases.lifitations are likely to reduce
initial yields of VLCPUFAs from new recombinant amgsms engineered for high
value lipid production. Initial fatty acid modifitan studies in the yead®haffia
rhodozyma have shown that thA5 desaturase and th&6 elongase are functionally
active when expressed individually, even when thefepred substrate is not present
(Table 6-1). The production of:6; N6 and Go.3n3, elongated from {g.,n6 and Gs.3n3
respectively, demonstrate the functional activify tke A6 elongase. The putative
identification of Gg.2 A5, 9 and Gg3 A5, 9, 12 indicates that thA5 desaturase
expressed ifPhaffia rhodozyma is also functional. It is hoped that the co-expas®f
both aforementioned genes and&desaturase withiRhaffia rhodozyma will result in
the production of g5 n3. The potential value of a high astaxanthisys@3 producing
Phaffia strain is of potential interest to the aquaculindustry, where both compounds

are essential for the growth of farmed fish suckason.

Regarding the future screening of novel low temjpeeaisolated fungi, ascomycetes
and basidiomycetes do not appear to be prime &afgetVLCPUFA production due to
their evolutionary loss of th&6 elongase as well as the ability of trienoic fattyds to
regulate membrane fluidity sufficiently under lo@niperature conditions. The close ties
to the chytrid ancestors make the zygomycetes a gbmice when screening for
VLCPUFAs, which under low temperature environmemtsy promote the continued
selection of theA6 elongase within a species, as well as inducingenedficient
production of these desirable fatty acids. Chy#amdl Oomycete isolates are also prime
candidates for further screening due to their phlggy and habitat, as well as being
documented producers of VLCPUFAs. The screeningseferal hundred isolates
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however is costly and time consuming. The develapraka novel genomic screen was
undertaken, which eliminates the need for prelimjirfatty acid screening. A screen
based on one gene, which allows for the prediadiospecific metabolites across phyla
is not always a simple task, and sometimes notilplesat all. Specific issues that were
demonstrated in this work for example were laclcariserved regions between genes
and lack of characterised fungal gene sequences.wids shown by thA5 desaturase
which demonstrated no highly homologous regionswbich robust primers could be
developed, as well as a lack of characterised fun§adesaturases. In other situations
the presence of the gene does not specificallyelade with the production of the
metabolite. In certain cases transcriptional retfadamay prevent the metabolite from
being produced, for example high temperature ozilifr Mortierella alpina strains
resulted in the cessation of production ofp-£n3 (Figures 4-6, 4-7), presumably
through down regulation of thel7 desaturase. Therefore for poorly studied mei@abol
pathways or novel metabolites, the first stage afeening will usually require
biochemical analysis using platforms such GC-MSHRPLC. Only with greater
understanding, is it possible to develop more igffit and less time consuming and
resource intensive screening procedures. In trssamte however, the screen was
effective at identifying alMortierella isolates that contained VLCPUFAs (Figures 5-5
to 5-7) and did not amplify elongases with différemctionalities. The screen was also
shown to work with the chytridllomyces macrogynus indicating that the screen may

be utilised for both zygomycete and chytrid preliary screening.

The A6 like elongase gene fromllomyces macrogynus was described utilising
whole genome shotgun data and the amino acid seguwess hypothetically confirmed
utilising SMART, which identified seven trans-merabe regions which constituted the
ELO domain (Figure 5-16). When BLAST searched, dlosest match for the protein
was GLELO from Mortierella alpina. The putative Allomyces A6 elongase is
sufficiently different to the currently usédortierella alpina GLELO to warrant its use
in a recombinant system (Figure 5-11). Currentig A6 elongase from the zygomycete
Conidiobolus obscurus (Tan et al., 2011) is the most recent to be isolated and
functionally characterised, with the final aim attly acid pathway elongation. The 125
bp conserved genomic region shared byAdl like elongases from the fungi and
Animalia was used for primer construction with thequence found in only PUFA
elongating elongases such as & ELOVL2 and ELOVL5S classes (Figure 5-24).
Conservation of the genomic sequence meant thatvVEPCand ELOVL5 elongases
can be detected within mammalian systems such tsnwius musculus, which was
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used to test the specificity of the primer setse ThromistSaprolegnia parasitica was
found to contain a smaller fragment of the genomonserved region preventing
amplification. The genomic conservation was nonfbwithin terrestrial plants such as
Marchantia polymorpha and Physcomitrella patens, however was found within the
algae Pyramimonas cordata and Parietochloris incisa with all four organisms found
within the Plantae. The close resemblance of the tewrestrial plant'sA6 elongases
when compared with the chlorophyte green algal gdsas appear to confirm that
Liverworts and mosses, which diverged from the Gphyta green algae, may have
shared a common ancestor. The early branchingeokitrerwort and Mosses from the
terrestrial plant lineage bears resemblance toettwution of the fungi. With the
emergence of terrestrial species from aquatic enmients, the presence of a flagellated
cell during the life cycle and the capability of §PUFA production appear to be
retained in basal plants and fungi. Several zygat®g demonstrate an intermediary
stage, producing VLCPUFA but no flagellated cellhieth culminated in the
abandonment of VLCPUFA production, as can be sedhd majority of zygomycetes
and higher fungi. As with the higher fungi, no knmowascular plant species is capable
of VLCPUFA production, suggesting the loss of thé elongase. The elongase
clustering also showed the relationship betweerfuhgi and Animalia (Figures 5-18,
5-19), which are thought to have stemmed from amom ancestor, whereas the
Chromista followed a different evolutionary pathtoftom the Protozoa. This
fungal/animal ancestor underwent change indepelyddrdm the Chromista and
incorporated changes that are both common to fangi Animalia. The subsequent
divergence of the two Kingdoms fungi and Animakga lagain to independent changes
between the two. This is seen in the elongaseetingt with the fungi grouped away
from the Animalia, but both Kingdoms cluster togathwhen compared with the
Chromista, due to their common ancestor. As to Whantae share similar sequence
homology to the fungi is unknown. It is possiblet@ps that residue changes occurred
independently within both phyla which have coina@ly led to their greater

similarity.

The amino acid translation of the conserved regi@s present in all elongases
studied (Figure 5-20). The amino acid conservedoregvas consistently located
between the third and fourth trans-membrane regionBUFA accepting elongases
(Table 5-3) indicating some possible functionaleratithin this class of elongase
although the location of the sequence within otk&yngase classes varied. The
predicted number of trans-membrane domains for Ahanand fungal PUFA
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elongating elongases was seven although the Ooenaetolegnia parasitica was
calculated to contain only six. Non-PUFA elongateigngases contained five to seven
trans-membrane domains, however these are predaciganay account for the varied
numbers of domains as well as the differential lisation of the amino acid conserved
region. Several amino acid residues were detechechvdistinguished PUFA accepting
from non-PUFA accepting elongases (Figures 5-28-23) as were additional residue
which characterised PUFA accepting elongases, f@msttwere thought to play a role in
substrate binding, possibly in allowing greatexitidity of the enzyme to accept the
non-linear structure of PUFAs as functionally, #iengation procedure is identical. On
comparing the elongases amino acid structure, lihegases clustered predominantly
based on their function with the non-PUFA elongail O class grouping together and
the PUFA elongatingA6, ELOVL2 and ELOVL5 classes forming another large
grouping (Figure 5-18, 5-19). In support of thelationary origins of the ascomycetes,
protein analysis using ClustalW2 revealed tertierella elongases MALCE1 and
MAELO branched away and were basal to the ELO clesBcating that these two
elongases may be the progenitors of the ELO classdf within Saccharomyces

cerevisiae.

The development of this novel genomic screen basedhe A6 elongase should
provide an effective initial screen which will remuthe time and resources required for
searching for novel VLCPUFA producers. The consgrmacleotide and amino acid
sequences allow for a degree of elongase functaerwhination, with whole genome
sequences allowing for the subsequent isolationfamctional characterisation of novel
A6 elongases. Whilst the discovery of completely mgngal producers of VLCPUFAs
is comparatively rare, the genetic recombinatiamerovides an alternative pathway
for the production of these desired fatty acids.il$¢movel fungal isolates may be
capable of VLCPUFA production their amenability as industrial organism may be
questionable, with factors such as growth ratemlss production, growth conditions
and fatty acid composition playing a key role. Tthisn makes the genes responsible,
such as theA6 elongase valuable as they may be inserted intoe nraustrially

favourable organisms.
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7.1 Future work

Further work would primarily focus on elongationtbg fatty acid profile irPhaffia
rhodozyma. Initial studies demonstrated that the individeadpression of theA5
desaturase and6 elongase withiPhaffia resulted in minor modification of the fatty
acid profile. It is hoped that all three genes rbaysuccessfully expressed within the
yeast resulting in £.5 N3 production. With a successful transformatidre, éfficiency
of VLCPUFA production can be studied, as can tlecefatty acid modification has on
astaxanthin production. The efficiency of VLCPUFAoguction may be enhanced
through the use of alternative LPLAT enzymes tobénafficient transfer of acyl
substrate between phospholipid and CoA substratésp&uch an enzyme may be
found within Mortierella alpina due to the proficiency with which this organism
produces &p.4 N6, indicating efficient transfer between the twobstrate pools.
Identification, characterisation and expressiontlo$ gene/s may allow for greater
yields of VLCPUFA within recombinant organisms. thar future work could continue
the study of the remaining BAS isolates, howeveshibuld focus primarily on those
species found from within the phyla Chytridiomycatad Zygomycota. The expression
of the A6 elongase withif. coli may also be studied further to ascertain whetiegdl
elongases may function within Bacteria and to frtbharacterise tha6 elongase
through exogenous fatty acid feeding experimentsally, the separation of
phospholipid components iMortierella could be refined to allow more accurate
localisation of fatty acids and in turn result insaturation indices which support the
hypothesis that low temperature result in greatesaturation within phospholipid

fractions.
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Figure 7-1. PLS-DA score plot for Figure 3-11.
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Figure 7-2. PLS-DA score plot for Figure 3-12.
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Table 7-1. Fatty acid profiles of low temperaturasolated fungi incapable of elongation
beyond Gg.; grown on MA and YES. Fatty acid values are stateds the % (w/w) of the
total lipid fraction.
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QOrganism IMI/media C14:0 C15:0 C16:0 C16:1 C17:1 C18:0 C18:1cis | C18:2cis C20:0 C20:1 C18:3 ALA C22:0 | C22:1n9| C24:0 | C24:1n9| Totallipid mg/g
396505 yes 0.2 0.0 17.0 0.6 0.3 3.7 19.0 45.0 0.0 0.2 10.4 0.0 0.1 0.0 0.0 57.3
Herpotrichia sp. 403002 yes 0.0 0.0 15.4 1.7 0.0 6.0 18.6 41.1 0.0 0.0 7.7 0.0 0.0 0.0 0.0 9.6
Ascomycota 403004 yes 0.0 0.0 145 0.0 0.0 4.5 23.3 49.5 0.0 0.0 8.2 0.0 0.0 0.0 0.0 2.9
Leptodontidium sp. 403011 yes 0.0 0.5 135 1.2 0.5 19 42.5 26.8 0.0 0.0 8.6 0.0 0.0 0.0 0.0 18.5
Leptodontidium sp. 403012 yes 0.2 0.2 15.3 0.7 0.2 0.5 17.2 29.6 0.0 0.5 28.6 0.0 0.4 0.0 0.0 44.7
Herpotrichia_sp. 403014 ma 0.0 0.0 23.2 1.5 0.0 5.4 33.2 335 0.0 0.0 2.3 0.4 0.0 0.0 0.0 61.3
Herpotrichia sp. 403015 ma 0.2 0.0 22.4 1.9 0.2 4.9 41.4 26.6 0.2 0.0 15 0.3 0.0 0.0 0.0 119.6
Herpotrichia_sp. 403016 ma 0.0 0.0 16.1 1.3 0.0 2.6 20.8 53.1 0.0 0.0 5.6 0.6 0.0 0.0 0.0 25.8
Ascomycota 403017 ma 0.8 0.0 25.9 9.4 3.1 2.4 21.1 33.3 0.0 0.0 4.0 0.0 0.0 0.0 0.0 65.8
Ascomycota 403019 ma 0.2 0.0 21.6 6.5 0.6 4.0 34.7 28.6 0.0 0.0 37 0.0 0.0 0.0 0.0 52.5
Ascomycota 403020 ma 0.2 0.2 17.7 0.5 0.1 12.3 23.1 29.9 0.0 0.0 14.1 0.0 0.7 0.0 0.0 117.2
Ascomycota 403021 ma 0.0 0.0 214 1.6 0.2 5.5 49.6 19.1 0.3 0.0 1.6 0.2 0.0 0.0 0.0 174.4
Ascomycota 403023 ma 0.0 0.0 15.9 1.6 0.0 4.6 48.5 28.0 0.0 0.0 15 0.0 0.0 0.0 0.0 56.0
Ascomycota 403024 ma 0.0 0.0 18.8 1.6 0.0 4.1 43.5 26.2 0.0 0.0 24 0.0 0.0 0.0 0.0 56.9
Ascomycota 403025 ma 0.1 0.1 15.6 0.1 0.1 21.3 34.3 19.7 0.0 0.0 6.8 0.0 0.3 0.0 0.0 151.0
Pleosporales 403026 ma 0.2 0.0 21.6 53 0.4 4.0 43.7 22.6 0.2 0.0 0.0 0.0 0.0 0.0 0.0 114.3
Pleosporales 403027 yes 0.0 0.2 10.5 0.9 0.5 2.3 15.7 50.7 0.0 0.4 18.1 0.0 0.0 0.0 0.0 37.7
Pleosporales 403028 yes 0.0 0.0 12.2 1.4 1.8 5.0 17.0 38.3 0.0 0.0 22.1 0.0 0.0 0.0 0.0 9.0
Pleosporales 403029 ma 0.0 0.0 17.1 2.0 0.0 3.6 49.2 24.7 0.0 0.0 34 0.0 0.0 0.0 0.0 52.0
Pleosporales 403032 yes 0.0 0.0 11.7 0.9 0.5 2.6 22.5 49.9 0.0 0.0 8.8 0.0 0.0 0.0 0.0 18.3
Herpotrichia_sp. 403037 yes 0.0 0.0 12.0 0.0 0.0 3.7 21.7 51.7 0.0 0.0 11.0 0.0 0.0 0.0 0.0 24.0
Pleosporales 403038 yes 0.0 0.0 11.0 0.0 0.0 34 19.5 42.3 0.0 0.0 5.0 0.0 0.0 0.0 0.0 21.9
Pleosporales 403041 yes 0.0 0.0 17.4 0.0 0.5 2.3 8.7 39.8 0.0 0.0 12.2 0.0 0.0 0.0 0.0 16.0
Pleosporales 403042 yes 0.0 0.0 11.3 1.0 0.0 2.2 24.1 42.8 0.0 0.0 4.0 0.0 0.0 0.0 0.0 29.8
Pleosporales 403043 yes 0.0 0.0 11.3 0.6 0.1 6.5 16.3 37.7 0.0 0.0 4.4 0.0 0.4 0.0 0.0 62.7
Pleosporales 403046 yes 0.0 0.0 13.3 2.9 0.7 3.3 24.2 47.7 0.0 0.0 5.2 0.0 0.0 0.0 0.0 17.2
Cadophora/polyscytalum 403059 yes 0.0 0.0 10.7 0.0 0.0 6.0 16.3 54.5 0.0 0.0 8.5 0.0 0.0 0.0 0.0 17.0
Leptodontidium_sp. 403060 yes 0.0 0.0 14.1 0.0 6.2 35 18.5 40.4 0.0 0.0 9.9 0.0 0.0 0.0 0.0 31.9
Leptodontidium_sp. 403061 yes 0.0 0.0 17.8 0.0 17 11.2 46.1 18.3 0.6 0.0 2.8 0.0 0.0 0.9 0.0 36.8
Leptodontidium_sp. 403062 yes 0.4 0.0 19.2 0.6 0.0 6.6 44.8 20.3 0.0 0.0 3.7 0.0 0.0 0.0 0.0 57.5
Leptodontidium_sp. 403063 yes 0.0 0.0 11.1 0.0 0.0 4.3 43.2 30.7 0.0 0.0 7.6 0.0 0.0 0.0 0.0 16.6
Leptodontidium sp. 403065 yes 0.0 0.0 13.0 0.0 0.0 4.1 40.3 33.6 0.0 0.0 6.7 0.0 0.0 0.0 0.0 12.8
Leptodontidium_sp. 403067 yes 0.0 0.0 16.0 0.0 12 7.0 36.0 29.7 0.5 0.0 7.2 0.8 0.0 1.7 0.0 38.6
Leptodontidium_sp. 403069 yes 0.0 0.0 15.6 0.0 0.0 5.6 46.6 27.2 0.0 0.0 4.3 0.0 0.0 0.0 0.0 13.9
Leptodontidium_sp. 403070 yes 0.0 0.2 12.6 0.4 0.3 2.4 11.6 314 0.0 0.6 36.8 0.2 0.5 0.0 0.0 41.8
Leptodontidium_sp. 403073 yes 0.0 0.0 19.1 0.4 3.6 74 27.8 17.4 0.4 0.0 0.9 0.4 0.0 0.0 0.0 41.3
Leptodontidium _sp. 403074 yes 0.0 0.0 21.9 0.0 0.0 6.7 27.0 18.7 0.0 0.0 1.1 0.0 0.0 0.0 0.0 39.0
Leptodontidium sp. 403075 yes 0.0 0.0 15.7 0.0 10.0 4.5 21.6 28.4 0.0 0.0 19.8 0.0 0.0 0.0 0.0 13.4
Leptodontidium_sp. 403077 yes 0.0 0.0 14.2 0.0 0.0 5.2 39.7 32.9 0.0 0.0 8.0 0.0 0.0 0.0 0.0 9.3
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Organism IMI/media C14:0 C15:0 C16:0 Cl16:1 Ci7:1 C18:0 C18:1cis | C18:2cis C20:0 C20:1 C18:3ALA C22:0 [C22:1n9| C24:0 [C24:1n9| Totallipid mg/g
Leptodontidium_sp. 403078 yes 0.0 0.0 12.6 0.9 0.3 3.2 15.4 58.4 0.0 0.0 9.2 0.0 0.0 0.0 0.0 33.2
Leptodontidium sp. 403079 yes 0.0 0.0 21.4 0.0 4.4 8.6 35.8 25.1 0.0 0.0 4.7 0.0 0.0 0.0 0.0 27.8
Leptodontidium_sp. 403080 yes 0.0 0.0 18.1 0.4 2.1 10.2 38.3 20.9 0.6 0.0 7.6 0.8 0.0 1.1 0.0 48.5
Leptodontidium sp. 403082 yes 0.0 0.0 13.2 0.4 1.7 5.2 34.8 30.2 0.4 0.0 115 0.6 0.0 0.7 0.0 32.6

Mollisia_sp. 403087 ma 0.0 0.0 20.6 15 0.6 3.1 16.9 48.3 0.0 0.0 8.4 0.0 0.0 0.0 0.0 28.8

Mollisia sp. 403088 yes 0.0 0.0 21.2 0.0 15.0 5.8 23.5 22.4 0.0 0.0 4.8 0.0 0.0 0.0 0.0 26.6

Mollisia_sp. 403090 yes 0.0 0.0 19.7 0.0 0.0 6.4 20.2 26.1 0.0 0.0 4.1 0.0 0.0 0.0 0.0 22.8

Mollisia _sp. 403091 yes 0.4 0.0 20.3 0.0 0.0 6.3 30.1 15.2 0.0 0.0 3.2 0.0 0.0 0.0 0.0 47.3

Mollisia_sp. 403092 ves 0.0 0.0 17.8 0.0 0.0 3.9 19.2 22.5 0.0 0.0 5.9 0.0 0.0 0.0 0.0 14.8

Mollisia_sp. 403099 yes 0.4 0.0 22.7 0.0 16.8 4.9 24.0 23.8 0.0 0.0 5.8 0.0 0.0 0.0 0.0 40.6

Mollisia_sp. 403100 ves 0.0 0.0 14.7 0.0 0.0 2.8 18.7 14.7 0.0 0.0 4.3 0.0 0.0 0.0 0.0 14.3

Helotiaceae 403104 yes 0.0 0.0 16.2 0.8 0.0 2.9 20.7 41.3 0.0 0.0 10.2 0.0 0.0 0.0 0.0 38.2
Gyoerffyella_sp. 403109 ves 0.4 0.0 19.0 1.4 0.0 4.0 36.5 17.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 41.6
Penicillium rugulosum 403110 yes 0.0 0.8 11.2 1.2 0.7 6.6 214 29.9 0.0 0.9 26.9 0.0 0.0 0.0 0.0 27.0
Gyoerffyella_sp. 403111 ma, 0.0 0.0 16.0 0.0 0.0 4.8 17.5 46.5 0.5 0.0 7.6 0.8 0.4 0.0 0.0 49.8
Gyoerffyella_sp. 403112 yes 0.0 0.0 12.6 1.1 0.0 5.6 8.5 47.3 0.0 0.0 23.1 0.0 0.0 0.0 0.0 28.2
403116 yes 0.0 0.0 17.4 25 0.5 9.6 22.8 41.9 0.0 0.0 2.6 0.4 0.0 0.0 0.8 58.2

403119 yes 0.0 0.4 10.4 1.0 0.0 13.2 7.7 44.0 0.0 0.0 17.8 0.0 0.7 0.0 0.0 205

Ascomycota 403127 yes 0.0 0.0 11.6 0.0 0.0 2.9 9.8 20.2 0.0 0.0 9.1 0.0 0.0 0.0 0.0 6.5

403131 yes 0.0 0.0 19.7 0.0 6.2 7.3 27.1 20.7 0.0 0.0 3.7 0.4 0.0 0.0 0.0 455

Mollisia sp. 403134 yes 0.0 0.0 14.0 0.0 13.9 4.2 16.0 19.2 0.0 0.0 11.6 0.0 0.0 0.0 0.0 29.7

403142 yes 0.0 0.0 14.5 0.0 0.8 25 9.1 24.8 0.0 0.0 9.7 0.0 0.0 0.0 0.0 22.1

403143 yes 0.0 0.0 18.3 0.0 0.0 4.2 20.7 36.9 0.0 0.0 5.9 0.0 0.0 0.0 0.0 10.1

403147 yes 0.0 0.0 16.7 0.6 2.7 35 29.4 23.5 0.0 0.0 3.4 0.0 0.0 0.0 0.0 35.8

403151 yes 0.0 0.0 13.3 0.0 1.8 6.9 9.3 45.5 0.0 0.0 20.3 0.0 0.0 1.6 0.0 214

403158 ves 0.0 0.0 8.7 4.1 0.0 3.2 8.1 48.8 0.0 0.0 8.1 0.0 0.0 0.0 0.0 9.7

403178 yes 0.0 0.0 13.3 0.0 0.8 5.0 20.2 28.3 0.0 0.0 174 0.0 0.0 0.8 0.0 42.7

Anarctomyces psychrotrophicus 403306 ves 0.0 0.0 3.7 0.4 0.3 0.9 33.8 21.3 0.0 0.7 30.1 0.0 0.3 0.0 0.0 734
Anarctomyces psychrotrophicus 403307 yes 0.0 0.0 6.8 0.5 0.0 3.7 29.8 42.6 0.0 0.0 10.1 0.0 0.0 0.0 0.0 37.1
403308 yes 0.0 0.0 3.2 1.7 1.2 1.0 61.2 25.6 0.0 0.0 4.1 0.0 0.0 0.0 0.0 50.0

Thelebolaceae 403310 yes 0.0 0.0 5.3 0.0 0.0 2.6 8.2 20.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0 274






