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Abstract: The importance oh-3 long chain polyunsaturated fatty acids {POFAS) for
human health has eceived more focus the last decades, and the global consumptieh of
LC-PUFA has increased. Seafood, the nat@ILC-PUFA sourcejs harvested beyond a
sustainable capacity, and it tiserefore imperative to develop alternativd LC-PUFA
sources foboth eicosapentaenoic acid (EPA, 263 and docosahexaenoic acid (DHA,
22:n-3). Genera of algae such asNannochloropsis Schizochytrium Isochrysis and
Phaedactylunwithin the kingdomChromistahave received attention duetteeir ability to
producen-3 LC-PUFAs. Knowledge ofLC-PUFA synthesis and its regulation in algae at
the molecular level is fragmentary and represartiottleneckfor attempts to enhance the
n-3 LC-PUFA levels for industrial productionIn the present reviewPhaeodactylum
tricornutum has been used to exemplifige synthesis andompartmentalizatiorof n-3
LC-PUFAs. Based on recent transcriptome data #&xwession network of 106 genes
involved in lipid metabolism has beerreated Together with recent molecular biological
and metholic studiesa model pathway fon-3 LC-PUFA synthesis irP. tricornutumhas
beenproposedandis compared to industrialized species of Chromiktaitations ofthe
n-3 LC-PUFA synthesis by enzymessuch as thioesterasg® elongases,acylCoA
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synthetaseandacyltransferases adiscussednd netabolic bottleneckare hypothesized

such aghe supply of the acetfToA and NADPH A future industrialization will depend

on optimization of chemical compositions and increased biomass production, which can be
achieved by exploitation of the phys$ogical potential, by selectivéreeding and by
genetic engineering.

Keywords: Phaeodactylum tricornutumong chain polyunsaturated fatty adgnthesis
metabolic engineeringlongases; desaturases; aC@lA synthetass;acyltransferases

Fatty Acid Nomenclatureand Abbreviations

ADA, adrenic acid (22:4-6); ALA, UHinolenic acid (18:8-3); ARA, arachidonic acid (20%6);
DGLA, dihomo-o-linolenic acid (20:8-6); DHA, docosahexaenoic acid (26:8); DPA,
docosapentaeio acid (22:5-3); EDA, eicosadienoic acid (20r26); EPA eicosapentaenoic acid
(20:n-3); ETA, eicosatetraenoic acid (2(h4B); ETrA, eicosatrienoic acid (20r83); FA(s), fatty
acid(s); GLA olinolenic acid (18:8-6); HAD, hexadecadienoic acid (1612); HTA,
hexadecatrienoic acid (16131); LA, linoleic acid (18:2-6); LC-PUFA(s) long chain polyunsaturated
fatty acid(s) >C20, MA, myristic acid (14:0); OAoleic acid (18:h-9); PA Palmitic acid (16:0);
POA, Palmitoleic acid (16:4-7); PONA palmitolenic acid (16:2-7); PUFA(S) polyunsaturated fatty
acid(s) >C18; SA stearic acid (18:0); STAstearidonic acid (18m3); THA, tetracosahexaenoic
acid (24.6-3).

1. Introduction

Long chain plyunsaturatech-3 fatty acids (C-PUFAs) are of increasing ertest due to the
many positive effectfor human health and theilse as feedor fish farming. Until now, seafood has
been the main source oF3 LC-PUFAs however, as seafood harvesting is at peak production,
alternative sustainable sources fe8 LC-PUFAs should be developed. Most fishes cannot produce
n-3 LC-PUFAs themselves, but are channelled up the marine food chain, with microalgae as the
primary producergl]. Therefore, it is not surprising that marine microalgae have been targeted as
potental candidates for industrial production 3 LC-PUFAssuch aseicosapentaenoic acid (EPA,
20:51-3) and docosahexaenoic acid (DHA, 223 [2i 5].

Many of then-3 LC-PUFA-producing algae belong to ti@&hromistakingdom, a diverse group of
microorganisms Hat includesdivisions like cryptomonads, haptophytemnd heterokonts[6]. The
classificationis based on thehypothesis that chloroplasts of @lhromistaarose from a single
secondary endosymbiotic event between a eukaryot@ egdl algalike organism[6,7]. Interestingly
the heterotrophic thraustochytridlso belonging t&€hromista have lost their photosynthetic capacity
but haveretaned a vestigial chloroplasand their ability to synthesize and stor@ LC-PUFAs, as
chloroplasts are the sité lipid synthesis in alga

At present, mostly thraustochytridslike Schizochytriumspp. are used in industriedcale n-3
LC-PUFA productionas they can reach DHA content of 43%(cell dry weigh} and have a
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productivity of up to 7.2 g of DHA per liter of culture and per day [8,9]. The close relationship
between the thraustochytridad photosynthetic microalgae of t@aromistakingdomsuggest a high
potential forthesemicroalgaeas a alternativen-3 LC-PUFA source in the futuréAdditionally, algae
have advantages such as consuming carbon dioxide, growing in salt water on marginal land and
thereof no compete with the agriculture industwy freshwater usg10]. The major genera of
commercial microalgae are to date Chromifldi 13]. EPA-producing heterokamts include the
photoautotrophic commercialused Nannochloropsis spp. [14], Monodus subterraneug15],
Nitzschiaspp.[16] and themodel diatomPhaeodactylum tricornutufl7]. WhereasDHA-produe@rs
include Isochrysis galbana[11,18] and the thraustochytts Aurantochytrium spp. [19],
Thraustochytriunspp.[11,12], andSchizochytriunspp.[20]. The amount oh-3 LC-PUFAs poduced
by these organisms depends on émwironmental conditions. Exposing the algae to environmental
stresgs such as nitrate starvah [17], increased salinity20], changes in light intensitjl5] or
variations in the amount and composition of carlpbs20] can increaséoth lipid synthesisand
accumulationand also the composition of3 LC-PUFAs themselvesSeveralrecent reviews dve
dealt with this topic for different algag9,21i25]. For instance,the eustigmatophyceae
Nannochloropsidias under mild growth conditions an EPA content of 1.6% of cell dry weight, while
subjectingNannochloropsis oceanida high light and Nimitation an EPA content of 2.6% (cell dry
weight) can be reachgil4,18,26] However, the low production @f3 LC-PUFAs per culture volume
and day, mainly due to low biomass density, makes photosynthetic productiéd loE-PUFA not
profitable at preserfi.3].

To improvethe n-3 LC-PUFASs or thdipid bodies, triacylglyceride§TAGs), productivityin algae
two main strategies exjgtl) Increase the content of desired lipids per unit of biomass and (2) Increase
the biomass density of the given strain to maxinbimenass per culture volume or ar€gptimization
of growth conditions that increase3 LC-PUFAs is challenging, as -BUFAs and TAGs accumulate
under abiotic stress, which in turn decreases the biomass Beddles optimizing physical growth
conditionsapproaches such as selection/loiag and metabolic engineering can be used to enhance
the lipid yield. These high level skill approaches have advantages and disadganthge genetic
engineeringrequires significant resources in estabhgha suitabletransformationof functional
plasmids, selection processes require a sustainable breadthgselectingprogram [21,22] A
combination ofapproaches like gtabolicengineeringandselective breedingave been shown to be
succestl in plantsby genetic egineering ofn-3 LC-PUFAs and classical mutatiorstrategies to
bypass bottleneck23i 25]. Successful approaches must be based on identification of genetic drivers
influencing both qualitative and quantitative aspects of the lipetabolism in ChromistaEven
though genetic drivers are applicable for different approaches, we will in this review focus on the
metabolic engineering approach becaideas been discussed by Khotholdberget al. (2011) as a
strategy to obtain a high yield of3 LC-PUFA by mcroalgae andeviews focusedon engineering of
lipid metabolismin algaewith emphasis on TAG accumulatif2,27 30].

In this review we address the synthesis amaimpartmentalizatioonf n-3 LC-PUFAs inChromista
by mapping the lipid metabolism for thmodel diatom P. tricornutum Genomic data have been
analyzed and a eexpression network has beassembledSeveral pathways have been prediched
candidate genes and bottlenecks were identified in aaldind strategies for improve the-3
LC-PUFAs incommercially usedChromista such allannochloropisor Isochrysis In doing so we



Mar. Drugs2013 11 4665

have identified and comparegarts of theknown EPA andDHA pathways of biotechnological
important Chromista species which differ from the lipid pathway.dficornutum

2. Long Chain Polyunsaturated Fatty Acids(LC-PUFAs)for Human Health

Linoleic acid (LA, 18:2-6 )  alimadeniddacid (ALA, 18:3-3) are essential fatty acigBAs) for
vertebrated31,32] and are precursors for theC-PUFA of the n-6 group arachidonic ati(ARA,
20:4n-6) and of then-3 group EPA and DHAHumars havethe capability to synthesize EP@&0:51-3)
and DHA (22:1-3) from ALA (18:3-3), but the capacitis too low to provide sufficierdmounts of
thesen-3 LC-PUFAs for maintenancef mental and aaiovascular healti33,34] Some fresh water
and diadromousish species may survive on diets containing o888 PUFA, whereas marine fish
have a strict requirement féwng chainPUFAs that e.g. play important roles in osmoregulation for
animals in diferent aquatic environmesii32]. ARA (20:4n-6), EPA (20:51-3) and DHA(22:61-3) are
also required for normal growtldevelopment ofspecific and nonspecific immunitygnd stress
tolerance of marine fish, especially at early st486637].

The membranes dhe brain contairhigh amounts ofARA (20:4n-6) and DHA (22:61-3) in the
phospholipids andare important for optimal visual and cognitive development and functiomiisi
larvee and human infants have high requirement L&-PUFA, probably due toan immature
digestivéabsorptive systerandthe needor fast growth and development, especially for neural and
visual tissueg38]. The beneficiahealtheffects ofn-3 FAs, particularlyn-3 LC-PUFASs, have been
extensively studied13,39 41]. Positive effects iolude antiviral, antibacterial and anfiungal
effects [42,43] These benefits appear to be related to the alternations of fluidity in membrane
phospholipids composition and function, gene expression and eicosanoid proffljtibomgeneralit
is reommendedto increasethe dietary n-3 FAs intake for the human populationbut he
recommendations vary in different countries becausdiftérent dietary backgroundnd cultural
traditions [45,46] For instance, the AmerinaDietetic Association recommend00 mg/day of
EPA + DHA [47], whereaghe Norwegian authoritiepropose250 mg/day of EPA+ DHA for older
childrenand aduls and0.5 E%(percent of total energy intakej total n-3 FAs, 0.10 g/dapf DHA
(22:n-3) for infants and small children {84 months)[48]. Beside theabsolute amount of PUFAs
thatis required, the ratio of-6/n-3 FAs isconsideredo be veryimportant fordevelopment and health
of both humans and fistEPA (20:51-3) and ARA (20:4n-6) are precursors for the synthesis of
hormonesnamedeicosanoidswvhich are involved in manycell regulatory functions. EPAlerived
eicosanoids havepotent antiangiogenic effects, whereas ARferived metabolites have
pro-angiogenic effect8ecausdPA (20:51-3) and ARA(20:4n-6) compete for the comam enzymes,
cyclooxygenases, lipooxygenases, and cytochrome P450, the ratio bet&veamnin-3 FAs seemdo
determire the ratio of the respectivenzymatic product£PA (20:51-3) and ARA (20:4n-6) derived
eicosanoid$44,49,50] The ratio ofn-6/n-3 FAs in typical Western diets is 15/16.71, whereas its
suggested that humans evolved on a diet withtio close to J40]. A ratio of n-6/n-3 of 4:1 or less
seemdo reduce the risk of many chronic diseases, such as cardiovascular disease, colooettal can
breast canceandasthmdg4a0].

An overview ofthe content oh-6 andn-3 PUFAsin different organisms anibod sourceseveals
that then-6/n-3 ratios of commonly farmednd wild fish species in Norway and frequently used
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marine microalgaés in geneal very low(<1:2), whereas the ratio ired meat, chicken and plant oils
is high(>4:1; Figure 3. A high percentage af-3 FAs, e.g. >20%, is only found in marine organisms,
andnone of the marine organisms contain >1%%FAS.

Figure 1. n-6 fatty acic (%) versusn-3 fatty acids(%) in different food sources and
microalgag51i 56].
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3.LC-PUFA Sourcesand the Needfor Alternatives

The main source oh-3 LC-PUFAs for human consumption is currently marine fish amd
particular thefish oils of fat fish The world capture fisheriesave remained stable since 1990,
whereas aquaculture productidras increasedstrongly [57]. The global production of fish oil
decreased from 1.6 million tons in the 14®@80sto 1 million tons in 2012, of whichbout 7% was
used for human consumpti@mdabout 88% was used for aquacult{#8]. During the last decadges
the aquaculture industry siatarted to replace fish oil and fish meal with plant seed meals and
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vegetable oils in order to secure growth in the produdd8ib9]. Studies suggest that salmonids and
gilthead sea bream can be grown with 100% of blended vegetable oils, without any serious effect on
growth rated60,61] However, he EPA (20:50-3) and DHA (22:61-3) levels in the flesh othe fish
fed were reducedby feeding high levels of vegetable ojlsand the beneficial effectsf fish
consumptiorto the human consumes therefore reducefB2]. Meanwhile,the positive health effects
of then-3 PUFAs, especiallfePA (20:51-3) and DHA (22:6n-3) have become widelgcceptedand
the human consumption far3 PUFAS in various products is increasifgrtified foods (milk, yogurt,
eggs and breads) adéetarysupplements (cod liver oil, fish oil capsules) with oils that are ridRA
(20:n-3) andDHA (22:61-3) hawe becomewidely used[62]. As traditional fisheries cannot increase
in size,there is a search for alternatine8 LC PUFA source$or the future expansion dioth marine
aguaulture and human consumptiof&oposed alternatives ararge stocks oherbivae copepods
krill in the worldé oceansind microalga¢34,58].

4. Chromista and Their LC-PUFA Content and Function

Chromistainclude promising candidate species fmwmmercial production af-3 LC-PUFA but a
deeper undrstanding of the synthesis, compiosi andfunction offatty acids EAS) in algae is needed
for a knowledgebased future industrial productioim general, saturated and monounsaturated FAs are
predominant irnthe FA profile ofChromista andwith a minor amount of ARA (20%6) and a high
level of onen-3 LC-PUFA, EPA (20:%-3) and DHA (22:8-3). The total FA composition is highly
variable from species to specids.this section an overew of LC-PUFA occurrencan Chromista
cells and the function afC-PUFAs will be given.

LC-PUFAs in Chromista are mainly associated with the membranes or found in the storage
compartmerd as TAGs. Membrane systems in algae can be divided into the photosynthetic active
thylakoid membrane and the structural membranes surrounding compartiberggample the
chloroplastor the endoplasiuo reticulum (ER). In membrane lipidBUFAs are esterified to glycerol
and further processed to produce polar lipids

In both the thylakoid and the nguhotosynthetic membranghe betaindgype glycerolipids
(e.g, diacylglyceyltrimethylnomoserine (DGTS), diacylglycerylhydroxyethyltrimethylalanine
(DGTA) and diacylglycerylcarboxyhydroxymethylcholine (DGCC3nd the phosphoglycerides
(e.g, phosphatidylcholine (PC) and phosphatidylethanolamine (BE))presen{63]. The speial
component ofthe photosynthetic membrane is phosphatidylglycerol (PZZ)]. In all eukaryotic
photosynthetic organism® Gs cont ai n ‘atrans hexadecencioacid (&5:1f}B at their
sn2 position. PGEL6:1(3t) plays an important role in the LHCII trimerisation process and in the
function of the photosysten{64]. The major components of the photosynthetic meméare the
glycosylglycerides, which are mainly uncharged polar lipids and far mombundant than
phosphoglycerides. The glycosylglyceridesy in abundance from species to speffié$. Apparently
diatoms possess negatively charged galactosylglyceridesidee®f their higher levels of anionic
sulphoquinovosyldiacylglycerol (SQDG) than land plan®6]. Monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG) are neutral lipids and contain either one or two
galactose molecules linked to the-3 position of the 1liacytsnglycerol moiety[27]. Thus FAs
occupy thesn1l andsn2 positions, and the FA composition at these positions can be highly variable.
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Examples of PUFA distribution in different Chromista suchNasoculata P. tricornutum, Pavlova
lutheri and M. subterraneusinder different environmental conditions are given in Figuréigure 2
shows obvious differences in FA composition, ilestance,Pavlova lutherisustain high amount of
DHA (22:6n-3), wherea®. tricornutummostly ontains EPA (20:5-3).

Figure 2. Content of LCPUFAs of different lipid classes in selected Chromistamser
different environmental conditienDue to the experimental setups of tieéerredpapers
not all lipid classes of the organisnesuld beassemidd Monodus subterraneuf7],
N. oculata [68], Pavlova lutheri[69], P. tricornutum [70]. Blue ARA (20:4n-6);
red EPA (20:5-3); green DHA (22:6n-3). MGDG: monogalactosyldiacylglycerpl
NL: neutral lipids DGCC: diacylglycerylcarboxyhydroxymethylclwe; DGDG:
digalactosyldiacylglycerol;DGGA: diag/lglyceryl glucuronide; DGTS diacylglyceryl
trimethylnomoserine DGTA: diacylglycerylhydroxymethytrimethylalaning SQDG
sulfoquinovosydiiacylglycero] PC. phosphatilylcholine; PE phosphatidylethanolameé
PG:phosphatidylglycerol.
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Some diatoms, for instancB, tricornutumand Thalassiosira weissflogiicontainn-3 LC-PUFA
primarily in C20/C16 and C18/C16 forms of MGDG and DGD®hereas the pennate diatom
Navicula perminutgproduce only C18/C16ndC18/C18 formg71]. In plantsthe FA conbination of
the galactosylglycerides can be traced back to thiesynthetic pathays,; the so-called eukaryotic
molecular specie$¢C18/C18)of galactosylglyceridesre synthesized outsidaet chloroplast in
eukaryotic pathwawnd theprokaryotic molecular speci¢€18/C16)are synthesized plastidial vilae
prokaryotic pathway[72]. Whereas n plants clear separatiorof the galactosylglyceride origirs
given in algae most C20 FAs are synthesized outsidéhe chloroplast and are present in both
molecular species of galactosylglyceridethe eukaryoticlike (C20/C20, C18/C18) and the
prokaryoticlike (C18/C16, C20/C16¥pecieg67,73] Therefore in algaeit is suggested to refer to
species of galactosyigerides adiC20/C2® or AC20/MLCO (MLC = medium to long chaindather
than to eukaryoticand prokaryotidike molecular specief7]. In Chromista the biological function
of different combinations of FA® galactosylglycerideezmains uncleabut itwill certainly affect the
overall PUFA distribution and composition of the celowever, some observations in other algae may
be relevant For instance in the red alg&orphyridium curentuma shift to lower temperatures
decreases C20/C20 MGDG and incesa€20/C16 MGDG74]. This observation may be interpreted
as a response to adjube membrane fluidity of photosynthetic membraneglFAs in membranes are
also important for adjusting membrane fluidity during shifts in salinity and light integf7&ty It has
been shown that a temperatstaft from 25 to 10 € will enhance the proportion of PUFAs,
especially EPA, by 120% iR. tricornutum(76].

TAGs areanother but less likelg-3 LC-PUFA source in oleaginous algadost algae accumulate
saturated and nmounsaturated Fa\in the TAGs under certain stress conditions such asaf
N-limitation and cell division arre$?7,78] For example, in the eustigmatophycéaeoceanical AG
accumulation increases while the EPA amount dechye30% during Ndeprivaton [79]. Contrary to
this, an increase in TAG and incorporation of EPA in TAGs wasbservedin the diatom
T. pseudomonas the stationary growth phad@7]. TAGs are collected in lipid bodies in the
cytoplasma and belong to the neutral or-potar lipds together withe.g, waxes, free FAs, and
sterols[29]. Sukeniket al. (1991) proposed that TAG accumulation occursiam-stressconditions
during the dayvhencell division is at rest in ordenaximize harvest gbhotors and CQfixation [4].
The erergy stored in TAG can be useddiopply energyand reduced carban the dark phase. TAGs
serve as a sink for excess electrons and bind and accumadatedcarbon. Imbalance dhe cellular
C:N ratio, which occurs for examplender N-limitation, leadsto a rearrangement of the molecular
pools Whethercarbohydrates olipids are used ascarbon/energytorage isdependent on the algae
strain the photosynthetic activity and environmental conditif®®,81] In some algaethe major
carbohydrate storage the glucose polymer chrysolaminanwhich is used in heterokons suchtlas
diatons Nitzschia sigmoidaand Melosira varians[82,83] When cell division is not possible, the
conversion of light energy into reduced carbon componerds, fatty acids preides a useful
mechanism to convert energy harvested by the photosynthetic machinery. The reductigricoth@O
redox state of carbohydrates requires 2 mol of NADPH and ~3 mol of wi&eaghe reduction of
CO, to the redox state of saturated fattydacrequires~3 mol NADPH and~4 mol ATP [84]. In
addition to carbon and energy storage, the FA moieties of the lipid bodiesgareed for both the
synthesisandtheremodeling of PUFA rich thylakoid membrar@9].
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PUFAs in algae possess several spediinctions.One known functionis to scavenge reactive
oxygen which interacts with thelouble bond®of the PUFA This process, called lipid peroxidation,
may play a rolasanintermediatan cell signaling pathway85]. Polar lipids such as inositopids or
sphingolipids arealso involved in such pathway$65]. BecauselLC-PUFAs are enriched in
galactosylglyceridesuch as SQDG and M/DGDi@ the thylakoid membrangs is assumed that they
contribute to the ghotosynthetic function of algaeFor instane, gtudies of the green algae
Chlamydomondas reinhardtihowed the importance tte glycosylglycerideSQDG for maintaining
photosystem Ifunctionality during environmental changes (gtgmperature), and thusdicates as
well, arole of PUFASs in maitaining the photosynthetic machingib].

Advances in utilizing environmental factors to increasg LC-PUFA in Chromista have been
made, but in many cases the mechanisms behind this physiological plasticity, including regulation at
the transcriptionaldvel, are not understoothformation gained on the molecular level, could allow
adaptation of algae, by selective breeding, metabolic engineering and physiological studieg as a
producer on an industrial scale.

5. Eicosapentaenoi@cid (EPA, 20:51-3) Synthesisin Phaedoactylum tricornutum

There are many studies of lipid accumulation in algae but there is still limited knowledge on the
molecular mechanisms and the transcriptional regulations of the lipid metabdbsexemplify the
n-3 LC-PUFA syntheis and to find bottlenecks of thgathway the model organisn®. tricornutum
has been usdad assemble recent knowledge and to pointgautetic driversFor a better evaluation of
the involvement of TCA cycle intermediates in the FA synthesiglies ofdifferent Chromista have
been included in the followingection

Phaedactyluntricornutumis one of the diatomBest studiedcit the molecular levelThis isdue to
the sequencing dhe 27.45 Mbgenomein 2008[86]. Severalstudies have been published thave
used transcriptomic@microarrays, RNAseq) in combination with metabolomics eeldted them to
physiological/biochemicalesponses of the photosyniicesystem, the lipid metabolism and the carbon
flux network[17,87 89]. It has beershownthat P. tricornutumtends to reduce carbohydrate content
and increase lipidontentunder nitrogen starvatiocompared to nonutrition limitation indicating a
metabolic switch to lipid accumulatigB0,90] To get more insightsto the transcriptional regulation
of genes involved inhe FA metabolism weperformed a cexpression studpased orassembled
microarray datavailable on th&ene Expression Omnibus (GEO), NCBI, from the model organism
P. tricornutum The unweighted cexpression networfsee Figure 3identified 106 genes that encode
enzymes coupled to the FA metabolism and the tricarboxylic acid (TCA) &etmmCyc[91] and
Kyoto Encyclopedia of Genes and Genon@2] were used for identification of the ceexpression
cluster,for biochemical pathwagnalyss, and for protein idetification. In the following paragraphs
the genes dentifiedin the n-3 LC-PUFAs synthesisand the ceexpression cluster (Figure 8)ill be
discussed An overview of the primaryipid metabolism inmost Chromista, includingsynthesis of
FAs, TAGs andn-3 LC-PUFAs, required cofactors, and the end prodactpresented in Figure. 4
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Figure 3. Co-expression networlof 106 genes associated to the FA metabolism in
P. tricornutum The coeexpression network can visually be dividedo two subclusters.
Subcluster 1 (blue, left square) contains mainly genes of the mitochondrial TCA cycle and
b-oxidation. Subcluster 2 (red, right square) includes gesfethe plastidiatlocated

de novdFA synthesis and the endoplasmaiti8 LC-PUFA biosynthesisColor codeTAG
biosynthesis (light pyle); TCA cycle (red); ACCase (acet@oA carboxylase)de rovo

FA and HTA (16:3-4) synthesis (light blue); Predicted elongases and desaturases (dark
blue); Predicted EPA pathway (turquoise); AcelylA precursors and transporter (light
red); AcytCoA synthetasesATpase4 (gray); Mitochondrial or peroxisomal |aezht
b-oxidation and FA elorgfion (yellow); Kennedy pathwayhpspholipid, glycerolipids,
sphingolipid and sterol biosynthesis (gree@}*-dependent lipiebinding protein, amid
hydrolase, DHHC palmitoyltransferase, serine incorporatai,P-binding protein ABC)
transportepurple) Shapes in the cluster indicate the localization of enzymes encoded by
the geneTriangle, mitochondria; Square, chloroplast; Diamond, peroxisome; Circle, no
prediction.Transcription data of five microarray datasets fi@niricornutumsubmitted to
GEO, NCBI (GSE12015, GSE17237, GSE31131, GSE42039 and GSEA4APEIAQ7))

were used to construdbased on log2 expression ratios from the experimedts,
unweighted ceexpression networlby using Cytoscape (version 2.8.3) and the force
directed drawing algorithn{98]. The network represent$06 genesrelated to lipid
metabolism with similar transcriptional profiles and includes 8alculatedgenepairs

with Pearson correlation values 0.85.
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Figure 4. Simplified overview of the congrtments,the main pathways andhe
metabolites ifmost Chromistacalvin cycle, fatty acid synthesis, tricarboxylic acid cycle,
polyunsaturated FA pathway-oxidation and lipid synthesis shown in black arrows.
Involved enzymes are shown in red: ACCase, ag@b/ carboxylase; ACS, AcyCoA
synthetase, ACP, acyl carrier protein; CoA, coenzyme A; ATP:CL,-&irBt lyase; ENR,
enoytACP reductase; FAT, fatty cgl-ACP thioesterase; HD, -BydroxyacytACP
dehydratase; KAR, -Betoacy}tACP reductase; KAS, -BetoacytACP synthase; LACS,
long chain acyl CoA synthetase; MAT, maloi@bA:ACP transacylase; ME, malic
enzyme; PDC, pyruvate dehydrogenase comp&iEA, polyunsaturated fatty acid;AG,
triacylglyceride; TCA, tricarboxylic acid. Different MEs possess different localizations
(plastidial, mitochondrial). For simplicityME is placed in the cytosol. Modified
after[22,65,99]
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5.1. The TCA Cycleandb-Oxidation

To supply the cell with energgnd reducedarbon, pyruvate isonvertedto acetydCoA, which
enters the TCA cycle to form ATP and carbon skeletons for the anabolic pathwBysrid@rnutum
the genes encoding enzymes of the TCA cycle sholumal regulation pattern when the algae
grown in a day/night cyclf7]. An increased activity of the TCA genes at the beginning of the dark
period and caegulation with genes coupled to cell division suggdsat the TCA cycle provide
energy for he cell division processg®7]. During the day whencells received their energy via
photosynthesisghe TCA cycleassociatedenesexhibitedlimited regulation[97]. Figure 4 illustrates
that acetyfCoA is the precursor foboth the TCA cycle and the FA gnthesis and thatthe
intermediates of the TCA cyclean beprecursors and cofactors in the FA synthesis. Because of this
versatile role, the genes of the TCA cycle were included in the cluster analysisluster analysis
reveals that the TCA cycle ges had a high degree of-espression with genes coupledth the FA
metabolism. By visual inspectipthe cluster can be divided into two subclusters (see FR)urdso,
genes encodinfpr mitochondrial enzymes involved in both the FA elongation (C¥<<C16) and the
b-oxidation are in this clustekWhereasoxidation of FA in algae can take place in the mitochondria
and the peroxisomesubcluster 1 represents mostly genes encoding enzymes of the mitochondrial
b-oxidation ACD1, FadJ Phatr2 55192(enoy-CoA hydratase)Phatr2_45947(3-ketoacylCoA
thiolase) andKCT3). A tight coregulation between genes coupledthe b-oxidation andthe TCA
cycle asshown in the cluster ikely, and it has been suggested that oxidation of FAs most likely
provides theTCA cycle with acetylCoA during dark periodswithout photosynthetic activityf97].
Malate represents an intermediate of the TCA cycle ead deliver CO, for the plastidial
Ribulosel,5bisphosphate carboxylase (Rubisco) by the activity of the makgness (ME)[100].
The NAD(P}dependent ME catalyg¢he conversion afnalate to pyruvate and provelSAD(P)H for
the cell. The irreversible decarboxylatiproducts NAD(P)H and pyruvate can b#lized in the FA
synthesis.An overexpression oME in fungus and yeast specidacreases the accumulation of
lipids [101]. Availability of NADPH can increase the reaction velocity of NADR#djuiring enzymes
involved in FA synthesisuch as acetyCoA carboxylase (ACCase) and ATP citrate lyase (ATP:CL)
(Figure 4). FA synthesis is an energy demanding process due tadtieity of elongases and
desaturases. For instance, the formation of a C18 FA requires 54 NADPH from oxygenic
photosynthesi$17]. Biochemical studies with the eustigmatophycBiesaling grown in latch and
continuous cultures, indicatedathipid accumulations controlledby the aailability of NADPH [99].
Transcriptomic studies in-Nepleted cells oP. tricornutumshowed strong upegulation of the gene
producing a predicted plastidial NABdepadent ME Phatr2_5197) [17]. Such findings indicate
that the ME genes are involved iipid synthesis ofP. tricornutum Overexpression of the
Phatr2_51970may be one avenue to pide electrons which can be channeletb FA synthesis.
Mitochondrial malte can alsobe converted in the mitochondri@n cytosolinto pyruvate[99,100]
Therefore predicted mitochondrial NAD(PJlependent ME are encoded Bhatr2_27477and ME1
(Phatr2_54082, the later being part oBubcluster 1.

Anotherintermediate of the CA cycle serving as a precursor for the& LC-PUFA synthesis is
citrate Kinetic profiles and activity studies have revealed that the eustigmatophyceabnais able
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to convert sugar via citrate to lipi§i®@9]. A high activity of ATP-citrate lyase (AP:CL), encoded by
ACL, may provideacetylCoA for the FA synthesis

Mixotrophic grown cultures of heterokonts such &&nnochloropsis sp., Dictyopteris
membranacea Navicula saprophilaand P. tricornutum can incorporae acetate direcly into
lipids [87,121 104]. The acetyilCoA synthetase (ACS) converts acetate to plastidial aCeix
(Figure 4). In Nannochloropsissp, the acetate uptake is liglependent. In'fCJ-acetate labeling
studies more than half of the acetate was incorporated into long chaimrf€APJ14,103] When
acetate is abundant in mixotrophic conditiotise lipid levels andsubsequentlythe EPA leved
increasedby 25%in N. saprophila(phototrophic conditions: 27.2 amdixotrophic 34.6 mgEPA/Q
biomas$[102)].

To conclude, or data sbhwsthatthegenes of the TCA cycle are-expressed witlthe genes of the
FA synthesis and mahereforebe targetd to improve lipid production

5.2.De Novo Fatty Acid SynthessndHexadecatrienoic Acid Synthesis

Thede novdFA synthesis and further geessing of one of the most abundant FR iricornutum
hexadecatrienoic acid (1613), takes place in the plas{iti05]. Thus acetyFCoA is the starting point
for the FA synthesis in the chloroplast dhd ER. Plastidial and cytosolic acet@loA canbe provided
by the conversion of pyruvate, citrate or acetate. Aeé€pA in turn is then converted by the
acetylCoA carboxylase (ACCase) to maloAybA. In eukaryotesthe ACCasepossesseshree
functional domains; ond&l-terminal biotin carboxylase, encentral acetyCoA carboxylase and one
C-terminal U-carboxyltransferase domair-CT). In most plantsthe ACCase has an additional
chloroplastencoded subunit, thecarboxyltransferasé{CT). To our knowledgethis subunit has not
been reported i€hromistawhich all have homomeric ACCases. The three domains of the homomeric
ACCase are located on a multifunctional polypeptide encoded by a nucledrlQéherhe diatoms
T. pseudonanandP. tricornutumcontain two homomeric ACCases, one in the pa@CC1) and the
other in the cytosol ACC2 [106]. The haptophytd. galbang in turn, has onlyone plastidial
homomeric ACCase. In plants and maybe als@hmomista the plastidial ACCaseACCJ) converts
malonytCoA for the de novoFA synthesis whereasthe cytosolic ACCaseACC2 generates a
malonytCoA pool as intermediates for the FA elongatj@f7]. In the ceexpression networkboth
genes are present fBubcluster 2. Although the ACCase is an important enzymdeimovoFA
synthesisjncreasedxpressionof the plastidial ACCase geraeclof the diatom<Lyclotella cryptica
andN. saprophiladid not result inncreasd FA content indicatinginhibition of regulatory processes
within the FA synthesifl08,109]

P. tricornutum possesses the type Il thatacid synthase (FAS) with discrete, monofunctional
enzymes encoded by distinct gengdl0]. In the FA biosynthesis pathwaymalonylation of
malonylacyl carrier protein (malomyACP) is carried out by malom@oA:ACP transacylase encoded
by FABD. Malony-ACP is used in the cyclic condensation reactions to extend the acyl group to
middle chain length fattgcids(<C18) in the prevalent, plastidide novoFA synthesi§111,112] The
prolonged acyFACP is released for furtheprocessingby an acyFACP thicesterasdocated in the
chloroplast envelopd his thioesteras€TE) hasnot beencharacterized . tricornutum
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Figure 5. Overview of FA and LEPUFA synthesis irP. tricornutum.Shown are the
hypotheticalde novafatty acid synthesis (FAS) and the HTA6({31-4) synthesis plastidial
(green) and the EPA (2h8) synthesis at the ER membrane (blue) with further
incorporation at thesn1 andsn2 position ofglycosylglycerides (in plastid or Kennedy
pathway in ER). Purple: dng chain acytoenzyme A (CoA) ynthetases(LACS),
lysophospholipid acyltransferases (LPLA&EyFCoA:glycerol3-phosphate acyltransferase
(GPAT) and acylCoA:lysophosphatidic acyltransferase (LPAAT), phosphatidic acid
phosphatase (PAPglongases (Elo) and desaturasg® (or ¥D); Red: putative genes,
enzymes encoded by genes that have been identified are marked in bold. The other genes
are predicted for EPA synthesis from transcriptional data. Théaators for the
desaturases are not indicated. At the e FA are available as ae@bA or linked to a
glycerokbackbone such as PC indicatedébyMGDG is indicated by a glycerblackbone
with a framed G. Before and after elongatitrte FA has to be dénking and relinking
from the glycerobackbone indicated with two consecutive a$o Question marks
indicate that the reaction and the involved enzymes are not predidtedified
after[28,113]
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In the presence of oxygerdesaturases casaturateFAs into unsaturated FAs.wb types of
desaturases can be distinguished; (1) Troet-end desaturase contains BrAerminal cytochrom
b5-domain and inserts the new double bond between the FA carboxyl group and a possible existing
double bond(2) The ¥6/¥3 desaturase inserts a new double bond bettveslRA methyl end and
pre-existing double bonfiL14]. An example for an identified frordnd desaturase . tricornutumis
the high substrate specifigastidiatlocatedqdl2 desaturasePtFADG, syntheies palmitoleic acid
(POA, 16:1-7) to hexadecadienoic acid (HAD, 16:2), indicated in Figure §L05]. Figure 5 shows






