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Abstract Photosynthetic microalgae are currently the

focus of basic and applied research due to an ever-growing

interest in renewable energy resources. This review dis-

cusses the role of carbon-unit supply for the production of

acetyl-CoA, a direct precursor of fatty acid biosynthesis

and the primary building block of the growing acyl chains

for the purpose of triacylglycerol (TAG) production in

photosynthetic microalgae under stressful conditions. It

underscores the importance of intraplastidic acetyl-CoA

generation for storage lipid accumulation. The main focus

is placed on two enzymatic steps linking the central carbon

metabolism and fatty acid synthesis, namely the reactions

catalyzed by the plastidic isoform of pyruvate kinase and

the chloroplastic pyruvate dehydrogenase complex. Alter-

native routes for plastidic acetyl-CoA synthesis are also

reviewed. A separate section is devoted to recent advances

in functional genomics studies related to fatty acid and

TAG biosynthesis.
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Introduction

Microalgal oils are considered an important feedstock for

biodiesel production (Brennan and Owende 2010; Scott

et al. 2010) and a source of nutritionally valuable fatty

acids (FA) (Cohen and Khozin-Goldberg 2010; Guihéneuf

and Stengel 2013; Hu et al. 2008; Klok et al. 2014). Pho-

tosynthetic microalgae can accumulate high amounts of

energy-rich storage lipids, predominantly triacylglycerols

(TAG), and this lipids’ biosynthesis can be induced by

cultivating the cells under stressful conditions. In pho-

toautotrophic oleaginous species, conditions unfavorable

for growth, such as nutrient depletion, e.g., nitrogen star-

vation, and high irradiance (Bigogno et al. 2002b; Ho et al.

2011; Hu et al. 2008; Pal et al. 2011; Solovchenko 2012),

intensify FA-synthesis machinery in the chloroplast, ulti-

mately leading to the deposition of acyl groups in the form

of TAG in oil (lipid) droplets. This ability allows mi-

croalgae to survive adverse environmental conditions and

to mobilize energy-rich resources when growth conditions

are restored. Understanding the mechanisms underlying

this phenomenon would greatly assist in manipulating FA

synthesis and TAG production in photosynthetic microal-

gae for basic research and biotechnological applications.

In oleaginous species, whose storage lipid biosynthesis

is swiftly induced upon sudden changes in nutrient avail-

ability, de novo synthesis seems to be the main source of

FA for TAG assembly under conditions of photoautotro-

phy. Compartmentalization of the reactions of the de novo

TAG assembly in microalgae may differ from other well-

studied photosynthetic organisms and may comprise the

chloroplast, as shown, for example, in the green microalga

Chlamydomonas reinhardtii (Fan et al. 2011; Li et al.

2012). Membrane lipid recycling and turnover play an

auxiliary role in providing acyl groups for storage lipid
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synthesis under conditions conducive to TAG accumula-

tion (Liu and Benning 2013; Sakurai et al. 2013). As

photosynthetic organisms, microalgae accommodate the

reactions of de novo FA synthesis catalyzed by the type II

fatty acid synthase (FAS) in plastids. However, given the

diversity and the distinctive evolutionary history of mi-

croalgae, heterotrophic-type FA synthesis by type I FAS in

the cytoplasm cannot be excluded (Vieler et al. 2012), in

particular, in those groups that are derived from secondary

or tertiary endosymbiosis and retain metabolic features of

the ancestor heterotrophic host. FA biosynthesis and TAG

assembly are complex processes that comprise many en-

zymes and regulatory factors that are potentially involved

in the global regulation of the pathway. These enzymes and

factors remain insufficiently studied in microalgae.

The first committed reaction of FA production is the

formation of malonyl-CoA from acetyl-CoA by acetyl-

CoA carboxylase (ACC). This is considered a critical step

in the FA-biosynthetic pathway in plants (Sasaki and

Nagano 2004) and algae (Huerlimann and Heimann 2013).

Malonyl-CoA is converted to malonyl-ACP (acyl carrier

protein) and enters the reactions of FA synthesis, catalyzed

by a FAS complex localized in stroma. Aside from being a

direct precursor of malonyl-ACP, which serves as the pri-

mary building block of the growing acyl chain and the

substrate of the initial condensation reaction, acetyl-CoA is

also a central cellular metabolite involved in a variety of

biochemical reactions that link anabolism and catabolism.

It takes part in the synthesis of isoprenoids, certain amino

acids, flavonoids, and other important metabolites and is a

product of the degradation pathways of FA and some

amino acids (Harwood 2005; Oliver et al. 2009). In addi-

tion, acetyl-CoA participates in the post-translational

modifications, namely acetylation, of differentially local-

ized proteins with diverse functions, including histones and

transcription factors, that are implicated in transcriptional

regulation, thus serving as a link between metabolic reac-

tions and the global epigenetic regulation of cell behavior

(Finkemeier et al. 2011; Nallamilli et al. 2014). Accord-

ingly, due to the diversity of the biochemical pathways in

which acetyl-CoA participates and the plausible imper-

meability of biological membranes to this molecule, its

synthesis is suggested to occur in different compartments

of the photosynthetic cells, with several enzymes involved

in this process. Although some recent publications have

postulated acetyl-CoA transport across the chloroplast

membrane in microalgal cells (Perrineau et al. 2014; Wase

et al. 2014), to our knowledge, no experimental evidence

for this postulated transport has been provided so far. Ac-

cumulated knowledge, corroborated by recent metabolic

and other ‘‘omic’ studies, reinforces the idea that the sup-

ply of carbon units from photosynthesis for intraplastidic

acetyl-CoA production, as well as the crosstalk between

cellular compartments in providing the carbon skeletons

from central metabolism, plays a crucial role in regulating

the magnitude of subsequent reactions in de novo FA

biosynthesis and TAG assembly in microalgae under ni-

trogen starvation.

Acetyl-CoA production in plant cells has been inten-

sively studied (Bao et al. 2000; Fatland et al. 2000; Ke

et al. 2000; Nikolau et al. 2000; Oliver et al. 2009; Raw-

sthorne 2002). In microalgae, much still remains unknown,

and there is only fragmented information about carbon flux

toward the generation of acetyl-CoA for the purposes of de

novo FA synthesis in the evolutionarily distinct clades of

microalgae and, in particular, about the primary source and

coordinated action of different acetyl-CoA-generating

routes. It should be noted that a vast majority of large-scale

systems biology studies were performed on the model

microalga C. reinhardtii whose growth was driven by an

exogenous organic carbon source. However, under such

conditions (namely, in the presence of acetate), respiratory

metabolism is prioritized over photosynthesis (Sch-

mollinger et al. 2014).

There are several potential routes for acetyl-CoA pro-

duction in chloroplasts, which employ different plastid-

localized enzymes (Fig. 1). One of the main enzymes is the

chloroplast isoform of the pyruvate dehydrogenase com-

plex (cpPDC) that utilizes pyruvate as a substrate. Another

potential source of acetyl-CoA in plastids is acetyl-CoA

synthetase (ACS), which converts acetate into acetyl-CoA

(Ke et al. 2000). In addition, the existence of the so-called

‘‘pyruvate dehydrogenase (PDH) bypass,’’ which produces

acetyl-CoA by the sequential action of aldehyde dehydro-

genase (ALDH) and ACS, has been reported in plants (Wei

et al. 2009) and algae (Li et al. 2014). Acetate kinase,

another potential source of acetyl-CoA that utilizes acetate,

has been identified in C. reinhardtii (Wase et al. 2014). In

animals and some oleaginous yeasts, the production of

acetyl-CoA via another cytoplasmic enzyme, ATP-citrate

lyase (ACL), has been reported as a rate-limiting step in the

FA-biosynthesis pathway (Ohlrogge and Jaworski 1997).

In several earlier biochemical works on isolated chloro-

plasts, the existence of the plastid isoform of ACL in castor

bean, rape, spinach, pea, and tobacco was established

(Fritsch and Beevers 1979; Rangasamy and Ratledge 2000;

Ratledge et al. 1997). However, later studies in Arabidopsis

did not reveal the presence of ACL in chloroplasts by either

biochemical or bioinformatics means (Fatland et al. 2000,

2002). Thus, the sparse knowledge on acetyl-CoA pro-

duction in photosynthetic microalgae is based primarily on

the data inferred from studies on higher plants and from

recent metabolomics and transcriptomics studies in some

microalgal species. In this review, we will summarize the
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recent data on the enzymes involved in plastidic acetyl-

CoA synthesis in photosynthetic organisms and their role

in de novo FA and TAG biosynthesis. Although this re-

view concerns mainly microalgae, we cannot avoid

mentioning the seminal works on higher plants in which

acetyl-CoA production has been much better studied, in

comparison to microalgae. The recent advances in the

study of carbon flux toward TAG production, using a

functional genomic approach, will also be reviewed, with

a focus on microalgae.

Enzymes providing acetyl-CoA for de novo FA
biosynthesis

Reactions catalyzed by cpPDC and ACS are considered the

most important and well-studied routes for acetyl-CoA

biosynthesis in plastids (Fig. 1). PDC catalyzes the ox-

idative decarboxylation of pyruvate to form acetyl-CoA. It

consists of three main components: E1 (PDH, EC 1.2.4.1),

E2 (dihydrolipoamide acetyltransferase, EC 2.3.1.12), and

E3 (dihydrolipoamide dehydrogenase, EC 1.6.4.3). E1 is

Fig. 1 Simplified representation of the carbon flux toward storage

lipid accumulation in photosynthetic microalgae with an emphasis on

plastidic acetyl-CoA production. The compartmentalization of gly-

colytic reactions, and hence their products, depends on the microalgal

species. However, due to the transfer of intermediates across the

chloroplast membranes, both plastidic and cytosolic glycolysis can

supply PEP for PKp activity, which produces pyruvate. Pyruvate can

also be produced by chloroplastic ME from malate. This pyruvate is

utilized by cpPDC, which is deemed to be the main source of acetyl-

CoA during autotrophic growth. When PDC activity is decreased, the

PDH bypass involving pyruvate decarboxylase, ADH, ALDH, and

ACS, can contribute to acetyl-CoA production in plastids. Other

routes, via acetate kinase and phosphate acetyltransferase, which

synthesize acetyl-CoA from acetate, have been found in C. rein-

hardtii. Acetyl-CoA is converted to malonyl-CoA, which is used in

FA-synthesizing reactions. De novo-synthesized FA are exported out

of the chloroplast and used for TAG assembly in the ER. An

alternative pathway for de novo TAG generation on the plastid

envelope membranes has been revealed in Chlamydomonas. More

detailed explanations are given in the text. ACC acetyl-CoA

carboxylase, ACK acetate kinase, ACS acetyl-CoA synthetase, ADH

alcohol dehydrogenase, ALDH aldehyde dehydrogenase, DAG diacyl-

glycerol, DGAT diacylglycerolacyltransferase, ER endoplasmic

reticulum, Glc-6-P glucose-6-phosphate, GPAT glycerol-3-phosphate

acyltransferase, LPA lysophosphatidic acid, LPAAT lysophosphatidic

acid acyltransferase, ME malic enzyme, PA phosphatidic acid, 2-PGA

2-phosphoglycerate, 3-PGA 3-phosphoglycerate, PEP phospho-

enolpyruvate, cpPDC chloroplastic pyruvate dehydrogenase complex,

PAP phosphatidic acid phosphatase, PyrDec pyruvate decarboxylase,

PKp plastid pyruvate kinase, PPT PEP/phosphate translocator, PTA

phosphate acetyltransferase, TAG triacylglycerol, TPT triose phos-

phate/phosphate translocator
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composed of alpha (E1a) and beta (E1b) subunits. The

pyruvate decarboxylation reaction, followed by the reduc-

tive acetylation of E2 cofactor (lipoic acid), catalyzed by

PDH, is considered to be a rate-limiting step in the reaction

sequence mediating PDC activity (Reid et al. 1977).

In non-plant eukaryotic cells, PDC is exclusively lo-

calized within the mitochondria and supplies acetyl-CoA

for the Krebs cycle. The cells of higher plants and mi-

croalgae possess a second, plastid isoform of the enzyme

(Camp and Randall 1985; Reid et al. 1977; Williams and

Randall 1979), and its activity serves as a source of acetyl-

CoA in these organelles for various biosynthetic reactions,

including de novo FA synthesis (Kang and Rawsthorne

1994; Ke et al. 2000; Miernyk and Dennis 1983). Subunits

of chloroplastic and mitochondrial PDC (cpPDC and

mtPDC, respectively) are encoded by independent nuclear

genes in higher plant cells (Tovar-Méndez et al. 2003) and

in many photosynthetic eukaryotic microalgae, as inferred

from their genomic data (Jinkerson et al. 2013). Every

subunit of cpPDC has a specific domain structure and a

target plastid presequence (Johnston et al. 1997; Lutziger

and Oliver 2000; Mooney et al. 1999).

Plastid and mitochondrial isoforms of PDC have dif-

ferent biochemical features and are regulated by diverse

factors (Camp and Randall 1985; Qi et al. 1996; Reid et al.

1977; Tovar-Méndez et al. 2003; Williams and Randall

1979). Remarkably, it was recently discovered that an E2

subunit of cpPDC [dihydrolipoamide acetyltransferase

(DLA2)] from C. reinhardtii has additional RNA-binding

activity; it was found to affect the translation of psbA

mRNA into the D1 protein—required for the de novo

assembly of photosystem II (PSII) (Bohne et al. 2013).

Moreover, this reciprocal regulation was shown to rely on

the presence of acetate. C. reinhardtii is a facultative au-

totrophic species, requiring a relatively high CO2 supply

(up to 5 %) for photoautotrophic growth, while in the

presence of acetate, an organic carbon source, the growth

rate is not restricted by carbon supply. Importantly, under

mixotrophic conditions, when acetyl-CoA could be syn-

thesized from acetate, cpPDC was partially disassembled,

and DLA2 could bind psbA mRNA, favoring D1 protein

synthesis. The authors proposed that RNA-binding activity

might be an intrinsic and ancient feature of all DLA pro-

teins, and suggested that the regulatory function of DLA2

might coordinate lipid and protein biosynthesis for

chloroplast membrane biogenesis under nutrient-replete

conditions (Bohne et al. 2013).

Acetyl-CoA can also be formed via the so-called PDH

bypass, when acetaldehyde is synthesized by either pyru-

vate decarboxylase from pyruvate or alcohol dehydroge-

nase from ethanol and then converted to acetate by

extraplastidic ALDH (Bucher et al. 1995). Produced by this

means, acetate can potentially enter plastids and be used

for acetyl-CoA synthesis by plastidic ACS (Fig. 1).

Although the existence of this route and its involvement in

the process of FA biosynthesis have been proven in plant

pollen (Bucher et al. 1995) and sporophytic tissue (Wei

et al. 2009), it is unlikely that this pathway plays a major

role in providing plastidic acetyl-CoA. Thus, Arabidopsis

triple ALDH mutants do not exhibit any visible phenotype

(Wei et al. 2009). PDH bypass is perhaps important during

certain stages of plant development or under specific

growth conditions.

The roles of different enzymes, such as cpPDC and

ACS, and the substrates, such as acetate, malate, pyruvate,

and acetyl carnitine, have been previously evaluated for

acetyl-CoA production in higher plant plastids (Harwood

2005). In vitro studies on isolated spinach and pea

chloroplasts have shown that acetate is preferable to

pyruvate as a substrate for the synthesis of C16 and C18

FA (Masterson et al. 1990; Roughan et al. 1979), sug-

gesting the involvement of ACS in acetyl-CoA production

in photosynthetic cells. However, alterations in the ex-

pression of the gene encoding plastid ACS did not lead to

significant changes in lipid content in Arabidopsis seeds or

leaves (Behal et al. 2002; Lin and Oliver 2008). In vivo

studies in Arabidopsis also did not show any correlation

between elevated intracellular levels of acetate and FA

synthesis (Bao et al. 2000). These findings led to the

conclusion that ACS activity is not the main source of

acetyl-CoA in plant plastids, at least under the conditions

tested.

At the same time, much evidence suggests that cpPDC

plays a dominant role in providing acetyl-CoA for FA

biosynthesis in the cells of oleaginous plant tissues (Kang

and Rawsthorne 1994; Ke et al. 2000; Miernyk and Dennis

1983). For example, the rate of [14C]pyruvate incorporation

into the products of plastid lipid biosynthesis in oil seeds

was significantly higher than that of [14C]acetate (Kang and

Rawsthorne 1994; Miernyk and Dennis 1983). A strong

correlation between the accumulation pattern of PDH E1b
mRNA and the rate of lipid biosynthesis was observed in

developing Arabidopsis thaliana seeds (Ke et al. 2000).

Similarly, a survey of Arabidopsis expressed sequence tag

(EST) data revealed the upregulation of a transcript for the

subunit E1a of the plastid PDH in seeds during TAG

biosynthesis (Beisson et al. 2003). Furthermore, recent

comparative transcriptome and metabolite studies of oil

and date palms have confirmed the importance of plastid

carbon metabolism and acetyl-CoA supply via cpPDC for

FA synthesis and, ultimately, for TAG biosynthesis in oil-

accumulating tissues (Bourgis et al. 2011); an over 20-fold

increase in the abundance of cpPDC-encoding transcripts

was found in oil palm fruit compared with date palm fruit

during ripening, suggesting a crucial role for cpPDC in

storage lipid production.
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In contrast to higher plants, little information is avail-

able on the source of acetyl-CoA in the chloroplasts of

oleaginous microalgae. Some data on the abundance and

expression of putative cpPDC- and ACS-encoding genes

are available from genomic and transcriptomic studies. The

abundance or upregulation of cpPDC genes has been pro-

posed as one of the molecular mechanisms regulating

carbon flux toward the biosynthesis of FA and TAG under

nitrogen limitation or depletion in microalgae under con-

ditions of photoautotrophy (Jinkerson et al. 2013; Lv et al.

2013; Rismani-Yazdi et al. 2012). Furthermore, enzymes

involved in the direct conversion of pyruvate originating

from glycolysis and some coupled reactions utilizing

pyruvate and phosphoenolpyruvate (PEP)—the so-called

pyruvate hub enzymes—have been suggested as targets for

metabolic engineering in microalgae to direct carbon flux

to TAG biosynthesis (Jinkerson et al. 2013; Smith et al.

2012). The direct involvement of cpPDC in providing

acetyl-CoA for FA synthesis and subsequent TAG pro-

duction under photoautotrophic conditions was recently

shown in C. reinhardtii (Shtaida et al. 2014). This study

documented a critical role for cpPDC in supplying pre-

cursors for FA synthesis in the photoautotrophic cells

(grown solely on CO2) under conditions of nitrogen star-

vation. Artificial microRNA (amiRNA) pdh mutants with

decreased expression of a PDH subunit of cpPDC showed

an impaired growth phenotype, significantly reduced TAG

content, and an altered FA composition under conditions of

photoautotrophy and nitrogen deprivation. In microalgae,

an elevated FA biosynthesis and the corresponding en-

hancement in TAG production serve a sink for excessive

photosynthetically fixed carbon and NADPH under con-

ditions of nitrogen deficiency (Hu et al., 2008; Li et al.

2012; Solovchenko 2012). An impairment in cpPDC

function in the pdh mutants under photoautotrophic con-

ditions led to a sustained over-reduction of electron carriers

in the photosynthetic electron transport chain stemming

likely from the declined demand of the photosynthates by

the reactions of FA synthesis (Shtaida et al. 2014).

At the same time, no considerable differences were

observed between mutant and control lines cultivated in the

presence of acetate, indicating that the switch from one

route of acetyl-CoA production to another depended on the

carbon regime (Shtaida et al. 2014).

When provided to microalgal cells as a carbon source,

acetate is readily utilized for the reactions of lipid syn-

thesis. Indeed, labeling with [14C]acetate has been used

extensively in studies on algal lipid biosynthesis, demon-

strating active label acquisition by microalgal cells and

incorporation into FA and complex lipids (Bigogno et al.

2002a; Guschina and Harwood 2006; Sato et al. 2003),

implying ACS activity. Similarly, the label from [14C]ac-

etate was rapidly incorporated into TAG under both

nitrogen-replete and nitrogen-depleted conditions in C.

reinhardtii cells grown mixotrophically; moreover, the

cellular content of TAG was positively correlated with an

increasing acetate concentration in the nutrient medium

(Fan et al. 2012). Furthermore, acetate administration

boosted lipid droplet formation in a starchless mutant of C.

reinhardtii (Goodson et al. 2011). However, the down-

regulation of ACS at the protein level during cultivation on

acetate and nitrogen starvation was observed in the nitro-

gen-starved Chlamydomonas, while two enzymes—acetate

kinase and phosphate acetyltransferase—which can gen-

erate acetyl-CoA from acetate in two subsequent reactions,

showed no change in protein level (Wase et al. 2014).

Congruently, two ACS-coding genes were downregulated

at the transcript level in C. reinhardtii grown

mixotrophically, as reported by Miller et al. (2010). Based

on the patterns of protein expression, Wase et al. (2014)

suggested that in C. reinhardtii cultivated under

mixotrophic conditions and nitrogen deficiency, acetate

kinase and phosphate acetyltransferase activities are the

main sources of acetyl-CoA. On the other hand, ACS

candidates have been identified in the lipid droplet pro-

teomes of the green algae C. reinhardtii (Moellering and

Benning 2010; Nguyen et al. 2011) and Dunaliella bar-

dawil (Davidi et al. 2015), implying their possible role in

providing acetyl-CoA at the early stages of FA synthesis.

Involvement of the TCA cycle in providing carbon skele-

tons for FAS is elaborated in further sections.

Along with the acetyl-CoA-generating enzymes de-

scribed above, microalgae possess alternative routes for the

production of acetyl-CoA from pyruvate, in particular un-

der anoxic conditions. Currently, most information about

fermentation metabolism in microalgae is derived from the

studies on C. reinhardtii (Gfeller and Gibbs 1984, 1985;

Gibbs et al. 1986; Atteia et al. 2006; Mus et al. 2007;

Dubini et al. 2009; Philipps et al. 2011; Catalanotti et al.

2012; Magneschi et al. 2012). In Chlamydomonas, two

enzymes involved in the production of acetyl-CoA from

pyruvate under anoxic conditions, pyruvate formate lyase

(PFL1) and pyruvate ferredoxin oxidoreductase (PFR,

often designated PFOR). PFL1 deemed to be dually lo-

calized to chloroplast and mitochondria, and its activity

leads to generation of acetyl-CoA and formate. While the

chloroplast-localized PFR1 mediates conversion of pyru-

vate to acetyl-CoA, reduced ferredoxin and CO2 [reviewed

in (Atteia et al. 2013; Catalanotti et al. 2013; Yang et al.

2015)]. Both reactions can occur simultaneously, but the

fate of acetyl-CoA produced by PFL1 and PFR may be

different. It can be converted to acetate by phosphate

acetyltransferase and acetate kinase. Acetyl-CoA can also

be converted to ethanol by alcohol dehydrogenase (Gfeller

and Gibbs 1984; Gibbs et al. 1986; Mus et al. 2007). PFR1

activity is coupled to formation of H2 under anaerobic
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conditions via generation of reduced ferredoxins and their

consequent utilization by the hydrogenases (Dubini et al.

2009). The PFR activity contributes to acetyl-CoA for-

mation for the anaerobic wax ester synthesis in Euglena

gracilis which proceeds via a malonyl-CoA independent

synthesis of FA in mitochondria and directly utilizes

acetyl-CoA (Hoffmeister et al. 2005).

Thus, multiple enzymatic reactions can lead to acetyl-

CoA synthesis in microalgal cells. The preferred pathway

seems to be dependent on the algal species, the growth

conditions, and the duration of the stress conditions, and

it apparently relies on the carbon regime. CpPDC seems

to be the main source of acetyl-CoA under conditions of

photoautotrophy, while the roles of the PDH bypass,

ACS, and acetate kinase increase under mixotrophy,

when PDC activity is less important and reduced. How-

ever, more data on different species of microalgae should

be accumulated in order to attain a better understanding

of plastidic acetyl-CoA production in algal cells. These

investigations should be conducted in parallel with cel-

lular localization studies in order to delineate the origin

of the reaction.

The role of plastidic pyruvate kinase (PKp)
and malic enzyme (ME) in FA biosynthesis

One of the reactions that provides pyruvate for the PDC is

catalyzed by pyruvate kinase (PK, or ATP:pyruvate 2-O-

phosphotransferase, EC 2.7.1.40), the final enzyme of

glycolysis, which irreversibly converts PEP into pyruvate

with the concurrent generation of ATP. This enzyme is

ubiquitous in both prokaryotes and eukaryotes. In plant

cells, including microalgae, two types of PK have been

detected: cytosolic (PKc) and plastidic (PKp) (Blakeley

et al. 1995; Blakeley et al. 1990; Blakeley et al. 1991;

Knowles et al. 1989). However, according to biochemical

(Klein 1986) and proteomic (Terashima et al. 2011) stud-

ies, C. reinhardtii cells lack the payoff, or lower, phase of

glycolysis in chloroplasts and, as a result, plastid-localized

PK. In the non-plant organism Toxoplasma gondii, con-

taining a plastid-like organelle termed apicoplast, PK with

dual targeting to both the apicoplast and the mitochondrion

was found. In this case, the enzyme’s localization de-

pended on the length of its N-terminal fragment, which was

determined by the position of the first Met residue in the

open reading frame (Saito et al. 2008).

At least two different types of PKp have been identified

in higher plants, considered to be components of one en-

zymatic complex consisting of several subunits (Baud et al.

2007). However, the molecular structure of the complex

depends on the species. Most plant PKp are heterote-

trameric proteins composed of two subunit types, but

heterohexameric structures, as well as others, have also

been identified (Ambasht and Kayastha 2002). PKp puri-

fied from the green alga Selenastrum minutum has been

reported as a monomer (Knowles et al. 1989).

The differently localized PKs possess distinct bio-

chemical characteristics. In general, the enzyme is regulated

by the substrate of the catalyzed reaction, PEP, as well as by

the cations K?, Mn2?, Mg2?, and H?, which are essential

for its catalytic activity. PK is inactivated by phosphoryla-

tion (Muñoz and Ponce 2003).

The importance of PKp in providing pyruvate for de

novo FA synthesis has been shown in higher plants. Dis-

ruption of the gene encoding the PKp-b1 subunit of the

plastid-localized PK of Arabidopsis negatively affected

seed germination, and resulted in a 60 % reduction in seed

oil content and in significant alterations in the FA profile

relative to the wild type (Andre and Benning 2007). Further

investigations revealed that mutations in the different

subunits of PKp–PKp1 and PKp2—had an additive effect,

and an even stronger reduction in seed oil content (up to

70 %) was observed in the double pkp1pkp2 mutants.

Moreover, the two subunits could substitute for each other:

the homomeric PKp1 protein efficiently catalyzed pyruvate

synthesis in pkp2 mutants and vice versa (Baud et al.

2007). Gene expression analyses of A. thaliana seeds

(Ruuska et al. 2002) and Brassica napus embryos (Sang-

wan et al. 1992) revealed a positive correlation between

increased PKp gene expression and intensive FA biosyn-

thesis, while cytosolic PK was downregulated at the onset

of oil synthesis. The key role of PKp in oil production in

plants was shown in a comparative transcriptome study of

oil palm versus date palm fruits (Bourgis et al. 2011). The

upregulation of PKp, along with another glycolytic en-

zyme, ATP-dependent phosphofructokinase, was observed

in oil palm but not in date palm. Even stronger differences

between the two species were determined during oil palm

ripening.

In algae, one plastidic (Knowles et al. 1989) and two

cytosolic (Davison 1987; Wu and Turpin 1992) PK en-

zymes have been purified and characterized from green

(Selenastrum minutum) and brown (Ascophyllum nodosum)

algae, but their involvement in the pyruvate supply for

acetyl-CoA production by cpPDC has not been studied.

Today, only limited information, mainly derived from

transcriptomic studies, is available on the importance of

PKp for de novo FA and TAG biosynthesis in photosyn-

thetic microalgae. Pyruvate cellular metabolism is posi-

tioned at the central branch point between protein and

lipid metabolism, and plays a major role in shuttling carbon

toward storage lipid synthesis in microalgae under nitrogen

starvation conditions (Levitan et al. 2015). Transcriptomic

studies revealed the upregulation of the PKp gene in

the oleaginous chlorophyte Neochloris oleoabundans
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(Rismani-Yazdi et al. 2012) and the eustigmatophyte

Nannochloropsis oceanica IMET1 (Li et al. 2014) induced

by transfer to nitrogen starvation conditions, which trigger

TAG production in microalgae. Moreover, in N. oceanica,

PKp seemed to be the only enzyme upregulated at the

transcript level, while other enzymes involved in plastid

glycolysis showed decreased expression under nitrogen

deprivation (Li et al. 2014). In our study with the oleagi-

nous green microalga Parietochloris incisa, analysis of

gene expression by real-time PCR also showed upregula-

tion of PKp under nitrogen deprivation, but the extent and

pattern of the transcriptional activation depended on the

light intensity and carbon regime (Shtaida et al., unpub-

lished). We conclude that the data obtained for one species

can hardly be extrapolated to others due to intrinsic dif-

ferences in their cellular networks of carbon fluxes, culti-

vation conditions, carbon regime, and time scale; thus, the

need for experimental observation in each particular case is

clear.

Aside from PKp, an alternative reaction is known in

plastids that generates pyruvate from malate via the pho-

tosynthetic form of NADP-ME. ME supplies both carbon

and reducing equivalents in the form of NADPH for de

novo FA production. Cytosolic and plastid isoforms of the

enzyme have been described, and their number in the cells

depends on the species (Drincovich et al. 2001). In fungi,

ME seems to be indispensable for storage lipid accumu-

lation, providing NADPH for FA biosynthesis. Overex-

pression of fungal ME led to a significant increase in oil

content in the cells (Wynn et al. 1999; Zhang et al. 2007),

while an Aspergillus nidulans mutant lacking ME synthe-

sized only half of the lipid content relative to a parental

strain (Wynn and Ratledge 1997). ME activity was also

found in plastids from higher plants (Kang and Rawsthorne

1994; Smith et al. 1992b). In non-photosynthetic plastids,

termed leucoplasts, from developing castor endosperm, the

rate of incorporation of [14]C label from malate into FA

was much higher than that from [14C]pyruvate (Smith et al.

1992a). In the Arabidopsis wri1 mutant with severely re-

duced oil content, metabolic flux analysis revealed that

reduced carbon flow through PKp in this mutant is partially

compensated for by plastidic ME (Lonien and Schwender

2009).

So far, little is known about the role of ME in FA and

TAG biosynthesis in microalgae. Analysis of the expres-

sion of lipid-metabolism-related genes in Chlorella

pyrenoidosa revealed upregulation of two out of three ME-

encoding genes under conditions of nutrient depletion in

the stationary phase, when storage lipids are intensively

synthesized (Fan et al. 2014). Data obtained by RNA se-

quencing in a study with the diatom microalga P. tricor-

nutum cultivated under nitrogen deprivation indicated a

dramatic increase in the expression of the gene encoding

the putative isoform of ME with predicted chloroplast lo-

calization, and the observed increase in expression was

associated with intensive TAG biosynthesis (Yang et al.

2013). It is likely that ME might play an important role as

an additional source of pyruvate, as well as of NADPH, for

de novo FA biosynthesis, especially under specific condi-

tions. This statement is corroborated by a recent study of

the physiological and metabolic responses of the green

microalga Haematococcus pluvialis to high irradiance and

nitrogen starvation using integration of the data obtained

from metabolomic profiling, protein activity assays, and

data-driven integrative modeling (Recht et al. 2014).

Elevated levels of some TCA-cycle metabolites and in-

creased activity of the TCA-cycle enzymes were observed

under experimental conditions. The integrative data ana-

lysis allowed authors to assign to the TCA cycle a central

role in supplying carbon precursors for de novo FA

biosynthesis by providing excessive malate, which can be

transported to the chloroplast and utilized by ME-produc-

ing pyruvate (Fig. 1). This assumption was also supported

by a computational approach, although the necessity of

direct experimental validation was underscored (Recht

et al. 2014).

Functional genomics approach to studying carbon
flux toward FA synthesis

TAG is not the only storage product in plant and algal cells.

In plants, a substantial amount of starch is accumulated

under different growth conditions, dependent upon the

plant organ and developmental stage (Gibon et al. 2009;

Zeeman and Rees 1999). Green microalgae can store

relatively high amounts of both starch and TAG under

stress conditions (Merzlyak et al. 2007; Siaut et al. 2011;

Takeshita et al. 2014). The factors determining carbon

partitioning between lipids and carbohydrates and affecting

carbon flux toward lipid production are addressed in the

following section as corroborated by functional genomics

and metabolomics studies with C. reinhardtii, as well as

some other species.

Gene expression analyses of developing oil seeds and

maize embryos demonstrated the coordinated expression of

the enzymes involved in the reactions of de novo FA

biosynthesis (Lee et al. 2002; O’Hara et al. 2002; Ruuska

et al. 2002). Nuclear-encoded genes for plastid-localized

enzymes, such as ACC subunits, ketoacyl synthetase

(KAS), cpPDC, PKp, and FAD2 (an oleate desaturase),

displayed similar patterns of changes in gene expression.

These genes demonstrated coordinated bell-shaped ex-

pression patterns with maximum values preceding active

oil synthesis. In contrast, FA-modifying enzymes (desat-

urases and elongases) and oleosin transcripts had a
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different expression profile and were induced at later stages

of oil accumulation. Comparative transcriptomic and

metabolomic analyses of fruits of the closely related oil

palm (which stores up to 90 % oil) and date palm (which

accumulates starch almost exclusively) revealed, surpris-

ingly, that genes encoding TAG-assembly enzymes are

expressed at similar levels in both species, but the carbon

flux to lipids is more than 100 times higher in oil palm

(Bourgis et al. 2011). Notably, genes of the plastidic en-

zymes of the central carbon metabolism, including PKp

and cpPDC, and de novo FA biosynthesis were also sig-

nificantly upregulated in oil palm (Bourgis et al. 2011).

These results confirmed the carbon flux toward plastid

acetyl-CoA and FA biosynthesis, rather than TAG assem-

bly in the endoplasmic reticulum, as the main control

points for the regulation of TAG accumulation in oily

fruits. Furthermore, an over 50-fold increase was observed

in the expression of the ortholog of Arabidopsis WRIN-

KLED involved in the global regulation of lipid biosyn-

thesis (To et al. 2012).

The contemporary functional genomics approach to

studying cell metabolic pathways lies in collecting and

summarizing data arrays from different ‘‘-omics’’ analyses,

such as transcriptomics, proteomics, and metabolomics.

This allows researchers to look at the broad picture of cell

metabolism and to better understand the complex rela-

tionships between the genome and the genome-determined

phenotype. Global analysis of Arabidopsis co-expression

networks revealed co-expression of all of the genes en-

coding the complete set of 18 enzymes required for the

synthesis of C18 FA from acetyl-CoA (Mentzen et al.

2008). Remarkably, the FA-biosynthesis subgraph of the

network also contained all of the genes encoding the four

cpPDC subunits, genes for the final reactions of biotin and

lipoic acid biosynthesis, which are obligate co-factors of

ACC and PDC, respectively, and one of the 14 Arabidopsis

genes encoding different PK isoforms, annotated as PKp

(At5g52920). At the same time, there was no coordination

between the gene expression of ACS and FA-biosynthesis

enzymes. This coordinated expression led the authors to

suggest that ‘‘fatty acid synthesis’’ begins not from acetyl-

CoA, but from PEP, the substrate of PK. We believe that

the data obtained from plant studies could be relevant to

studies on microalgal lipid synthesis, since they can reveal

the general regulatory mechanisms of lipid accumulation,

which might be common to both plants and green mi-

croalgae (Chlorophyta) due to their evolutionary

relationship.

Regarding microalgae, the functional genomics approach

is now widely employed in a growing number of species to

study cell metabolism under conditions that induce TAG

biosynthesis. This type of research has attracted special

attention, as it places strong emphasis on the commercial

application of microalgal lipids as precursors for biofuel,

and provides mechanistic insight into oil synthesis by

photosynthetic microalgae. Among the different algal spe-

cies, the model green microalga C. reinhardtii has been one

of the most intensively studied. Miller et al. (Miller et al.

2010) were among the first to analyze the global changes in

Chlamydomonas gene expression in response to nitrogen

deprivation, favoring TAG accumulation. The transfer of

Chlamydomonas to a nitrogen-depleted Tris–acetate–phos-

phate (TAP) medium (mixotrophic conditions) resulted in

an overall decrease in the abundance of most of the genes of

protein biosynthesis, the photosynthetic apparatus, and FA

b-oxidation. A substantial increase was observed in the

expression of one of the diacylglycerol acyltransferase

(DGAT) genes (catalyzing the committed step in TAG

assembly); however, its total number of transcripts was low

relative to others. The expressions of other FA- and TAG-

biosynthesis-related genes were either unchanged or just

slightly upregulated [KASI, acyl–acyl carrier protein (ACP)

thioesterase], along with the genes encoding TCA-cycle

enzymes. Several lipases (putative TAG and glycerolipid

lipases) also showed increased gene expression, supporting

the significant impact of chloroplast membrane remodeling

on Chlamydomonas TAG assembly (Miller et al. 2010).

Later, an RNA-sequencing analysis, which was more de-

tailed in terms of time span, revealed two DGAT enzymes

in Chlamydomonas (DGAT1 and DGTT1) that were highly

upregulated at the transcriptional level shortly after the

transfer to nitrogen deprivation (Boyle et al. 2012). The

transcriptional activation of the phospholipid diacylglyc-

erolacyltransferase (PDAT1), which catalyzes the reaction

of acyl-CoA-independent TAG production by transferring

acyl groups from phospholipids to diacylglycerol, was less

pronounced, but an insertional pdat1 mutant accumulated

25 % less TAG than the parental strain. A potential

regulator of nitrogen-starvation-induced TAG biosynthesis,

a so-called nitrogen-responsive regulator (NRR), was also

identified. The loss-of-function nrr1 mutant showed a dra-

matic (50 %) reduction in TAG content, pointing to the

essential role of this protein in lipid biosynthesis.

Since both TAG and starch are accumulated to high

levels in Chlamydomonas under stress conditions, they can

compete for the carbon units and energy required for their

synthesis. It seems logical that by blocking carbon flow

toward one pathway (e.g., starch biosynthesis), higher

amounts of the other (TAG) can be obtained. This was

indeed observed in ADP-glucose pyrophosphorylase mu-

tants, impaired in starch biosynthesis. Due to the existence

of a number of wild-type strains and their starchless mutant

progenitors, some studies have compared the two (Siaut

et al. 2011). The experimental approach of using mutant

and complemented strains enables a better assessment of

the mutation’s role in oil accumulation. Thus, a comparison
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of the sta6 starchless Chlamydomonas mutant with the

complemented STA6 strain, grown under nitrogen-replete

and depleted conditions in TAP, for transcription, protein

activities, and metabolites, revealed relatively few differ-

ences between the two, mostly relating to central carbon

metabolism (Blaby et al. 2013). Genes of isocitrate lyase

(ICL1), malate synthase (MS1), transaldolase (TAL1),

fructose biphosphatase (FBP1), and PEP carboxykinase

(PCK1), encoding key reactions of the central carbon

metabolism such as the glyoxylate cycle and gluconeoge-

nesis, were upregulated in the starchless sta6 than in the

STA6 strain. Two out of seven acyltransferase genes im-

plicated in TAG assembly (DGTT2 and the putative ho-

molog of type-3 acyltransferase) were also found to be

differentially expressed in the sta6 mutant as compared

with STA6, with an early response in the former to the

transfer to nitrogen starvation (0.5–2 h), while most of the

other genes were activated later. Several possible models

for enhanced TAG production by sta6 were proposed

(Goodenough et al. 2014). According to one of the models,

the upregulation of TAL1, FBP1, and PCK1 might enhance

flux through the pentose phosphate pathway (PPP), leading

to an increase in the pool of reduced nucleotides for de

novo TAG synthesis. Another possibility arose from the

assumption that in the absence of ADP-glucose py-

rophosphorylase activity in the sta6 mutant, glucose-6-

phosphate is converted to trehalose, a signaling molecule

found in Chlamydomonas. However, trehalose levels still

need to be analyzed in both strains to test this possibility

(Blaby et al. 2013). Upregulation of TAL1, FBP1, PCK1, as

well as of citrate synthase, genes encoding the glyoxylate

cycle enzymes ICL and MS, and two isoforms of ACS, was

observed in both the sta6 mutant and cw15 strains under

nitrogen depletion boosted with acetate after two days of

cultivation (Goodenough et al. 2014). These genes, along

with candidate acetate transporters, were suggested to have

upstream regulatory elements that were able to sense the

cell’s acetate status. Glycerol phosphate dehydrogenase,

along with predicted DGAT isoforms (DGTT2) and puta-

tive TAG lipase, were upregulated in sta6, indicating their

essential role in the sta6 mutant’s enhanced accumulation

of TAG.

Recent quantitative proteomics studies have also re-

vealed that under nitrogen starvation in TAP, glycolytic

and TCA-cycle enzymes were upregulated in C. reinhardtii

cells (Longworth et al. 2012). This was accompanied by an

increase in some proteolytic enzymes, along with the en-

zymes of PSII, indicating increased cyclic phosphorylation,

while the amounts of enzymes related to carbon fixation

and PSI decreased. These data again showed that TAG

accumulation under nitrogen deprivation occurs at the ex-

pense of cell growth and the production of major cell

components, such as protein and nucleic acids.

The most recent functional genomics studies generally

confirm the accumulated data concerning TAG biosynthesis

in Chlamydomonas under nitrogen-replete and depleted

conditions. Enrichment of the proteins governing lipid

metabolism on the background of a total decline in cell

protein content was found in Chlamydomonas by com-

parative proteomics of cells grown in nitrogen-supple-

mented and nitrogen-free TAP media (Schmollinger et al.

2014). At the same time, a transcriptome analysis revealed a

decrease in the mRNA abundance of the specific enzymes

of de novo FA biosynthesis under nitrogen deprivation

(such as ACC, FAS, enoyl reductase, and ACP), again

pinpointing the significance of recycling existing thylakoid

membranes for TAG production in Chlamydomonas. In

agreement with previous works, DGAT1 and DGTT1

(DGAT2) genes were upregulated under nitrogen starvation,

while the expression of other genes encoding lipid-meta-

bolism-related enzymes was stable or decreased (Sch-

mollinger et al. 2014). An integrated analysis of the

Chlamydomonas stress response, using metabolite and

protein profiling, revealed only two lipid-metabolism en-

zymes that increased under nitrogen starvation in TAP:

long-chain acyl-CoA synthetase and glycerol-3-phosphate

dehydrogenase (Wase et al. 2014). Acetate kinase and

phosphate acetyltransferase activities were proposed as a

potential source of acetyl-CoA for TAG biosynthesis, since

ACS was downregulated at the protein level. Enzymes of

the glyoxylate cycle, along with those of gluconeogenesis

and the PPP, decreased under the experimental conditions.

Again, as expected for nitrogen starvation, loss of photo-

synthetic pigments and a decrease in the proteins of the

photosynthetic apparatus were observed in nitrogen-de-

prived Chlamydomonas cells. The authors also found an

increase in the citrate level in coordination with the elevated

levels of pyruvate carboxylase, citrate synthase and ACL as

nitrogen starvation and TAG biosynthesis progressed, and

the addition of external citrate resulted in increased TAG

accumulation in the cells. An increase in cytosolic gly-

colysis and a concomitant decrease in chloroplastic gly-

colysis, along with the reduction in the enzymes of the PPP,

glyoxylate cycle and gluconeogenesis, were observed

(Wase et al. 2014).

Briefly summarizing the functional genomics data on

Chlamydomonas cell metabolism under nitrogen depriva-

tion, it is important to mention the general decrease in

photosynthetic activity concomitant with the loss of pho-

tosynthetic pigments, and the decreased activity of the

glyoxylate cycle, gluconeogenesis, and the PPP accompa-

nied by increased proteolytic activity in the cells. The TCA

cycle seems to serve as a hub controlling the balance be-

tween different cell metabolic processes by redirecting

carbon flux due to the increased activities of citric acid

cycle enzymes. The activation of lipases during intensive
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TAG accumulation indicates the importance of membrane

lipid remodeling in nitrogen-deprived cells. Remarkably,

either no or only slight changes were observed in the ac-

tivities of the enzymes of lipid metabolism, indicating the

existence of other control points for the process of TAG

accumulation.

In addition to the relatively well-studied model, C.

reinhardtii cells, other oleaginous microalgae have been

recently extensively analyzed for their systemic response to

a stressful environment. For example, a transcriptomic

analysis of the green oleaginous microalga N. oleoabun-

dans showed the upregulation of genes encoding PK,

cpPDC, FAS, and the enzymes of the PPP. Both homo-

meric ACC and heteromeric ACC genes were down-

regulated, but an increase in biotin carboxylase gene

expression was found (Rismani-Yazdi et al. 2012). In

contrast to Chlamydomonas, no change was detected in the

expression of DGAT, while oleoyl-ACP hydrolase and

acyl-ACP thioesterase displayed increased mRNA abun-

dance, most likely to reduce the pathway’s feedback inhi-

bition. The gene homologous to plant SnRK1, the global

regulator of carbon partitioning, was also slightly overex-

pressed under nitrogen deprivation, suggesting its role in

carbon metabolism in algae as well.

A transcriptomic analysis of an oleaginous heterokont

microalga, Nannochloropsis gaditana, under nitrogen

starvation revealed no significant changes in the expres-

sion of the genes of lipid metabolism, even during the

most intensive TAG accumulation, while the mitochon-

drial genes encoding respiration enzymes were substan-

tially inhibited (Corteggiani Carpinelli et al. 2013). The

authors suggested that acetyl-CoA and NAD(P)H, nor-

mally used for mitochondrial respiration, might have been

directed to the TAG-biosynthetic pathway, promoting its

increased accumulation. Comparative transcriptomic and

lipidomic studies of N. oceanica IMET1, under nitrogen-

replete and depleted conditions, revealed major differ-

ences in gene expression between the oleaginous IMET1

and the non-oleaginous Chlamydomonas (Li et al. 2014).

The gene encoding type I FAS was not identified in Ch-

lamydomonas, and 11 genes of DGAT2, as compared with

five genes in Chlamydomonas, were reported for IMET1.

It was also shown that the overall transcript level of genes

encoding the Kennedy-pathway enzymes and DGAT was

significantly higher in IMET1. In contrast to C. rein-

hardtii, the upregulation of PDH bypass genes was ob-

served in Nannochloropsis under nitrogen starvation. This

study reported the transcriptional activation of TCA-cycle

enzymes (excluding citrate synthase) in N. oceanica

IMET1, along with b-oxidation enzymes, indicating the

important role of carbon shuffled from membrane lipid

recycling in TAG biosynthesis in IMET1 (Li et al. 2014).

During long-term nitrogen deprivation in Nannochloropsis,

three out of the five PDH genes showed progressive

upregulation over 14 days, illuminating the key role for

PDC transcriptional activation in TAG accumulation (Jia

et al. 2015).

Another group of microalgae, the diatoms, is of interest

to researchers due to their important role in nature as one of

the most successful and abundant groups of unicellular

photosynthetic organisms in the marine environment, their

unique cell organization, and their potential ability to serve

as a future source of biofuel. Diatoms belong to the

Chromista group, possessing four chloroplast membranes

that were formed during evolution in the process of sec-

ondary endosymbiosis. Among the diatoms, P. tricornutum

and Thalassiosira pseudonana have been most intensively

studied, and their genomes have been sequenced (Armbrust

et al. 2004; Bowler et al. 2008). Analysis of the diatoms’

genomes revealed the presence of unique features in the

organization of the diatoms’ central carbon metabolism and

its versatility inside the diatom group (Kroth et al. 2008;

Smith et al. 2012; Valenzuela et al. 2012). Among the

conserved features found was the existence of the lower

payoff phase of glycolysis in the mitochondria (Kroth et al.

2008; Smith et al. 2012), which was proposed to serve as a

primary pathway for precursor supply to the TCA cycle

since cytosolic glycolysis consists of only the upper half of

the reactions. The presence of glycolytic reactions in the

chloroplast depends on the species. This complex com-

partmentalization of the central carbon metabolism’s re-

actions makes metabolite transport across intracellular

membranes of particular importance, and mitochondria

may play the role of carbon-flux regulator between dif-

ferent cell parts (Smith et al. 2012). The authors also

proposed referring to the enzymes involved in the direct

pyruvate conversion and interconversion of C3 and C4

intermediates, namely PK, PDC, pyruvate carboxylase,

pyruvate phosphate dikinase regulatory protein, PEP car-

boxylase, pyruvate phosphate dikinase, and some others, as

well as the related malate dehydrogenase, as ‘‘pyruvate hub

enzymes.’’ The intracellular localization of these enzymes

depends on the species of diatom. Researchers have as-

signed the role of a metabolite network subjected to

modifications during diatom evolution to the pyruvate hub

enzymes (Smith et al. 2012).

The changes in the transcriptome, proteome, and meta-

bolome under conditions of nutrient deprivation, which

favors TAG production in diatoms, were also analyzed

(Bromke et al. 2013; Guerra et al. 2013; Levitan et al.

2015; Valenzuela et al. 2012). Similar to green algae, an

increase in TCA-cycle genes and enzymes was observed

under nitrogen deprivation in both P. tricornutum (Valen-

zuela et al. 2012) and T. pseudonana (Bromke et al. 2013),

while the expression of lipid-metabolism enzymes barely

changed. The existence of C4-like photosynthesis was
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suggested in P. tricornutum (Kroth et al. 2008), and the

genes encoding enzymes involved in this process, along

with carbonic anhydrase genes, were upregulated during

lipid accumulation in nitrogen-deprived cells, which was

proposed as an additional mechanism to increase carbon

concentration around the chloroplasts (Valenzuela et al.

2012).

Recently, a comparison of data obtained from the

quantitative proteomics of P. tricornutum cells grown in

nitrogen-supplemented and nitrogen-free media revealed

major changes in the proteins involved in the branched-

chain amino acids degradation during TAG accumulation,

linking amino acid catabolism and TAG synthesis via

acetyl-CoA production and the malate shunt (Ge et al.

2014). Real-time PCR and gel blot analyses revealed four

enzymes of the branched-chain amino-acid-degradation

pathway that were markedly upregulated during lipid

biosynthesis. Among them, the most pronounced increase

in expression was observed for the b-subunit of the mito-

chondrion-localized methylcrotonyl-CoA carboxylase

(MCC2). Silencing of MCC2 genes resulted in a decrease

in TAG content in two mcc lines by ca. 30–40 % in

comparison to wild-type cells. It seems that the product of

the MCC reaction (acetyl-CoA) increases flux through the

TCA cycle in the mitochondrion, which produces malate

exported via the malate shunt to the plastids, where it is

converted to pyruvate by ME, followed by PDC-catalyzed

acetyl-CoA synthesis and, finally, by its incorporation into

FA. Accordingly, branched-chain amino acid degradation

serves as a potential source of carbon and energy for TAG

accumulation in diatoms (Ge et al. 2014) and should be

investigated in detail in other groups of algae, along with

the action of the glyoxylate shunt, in providing carbon

skeletons for the enhanced storage lipid synthesis under

nitrogen starvation. Novel important insights into the fate

of cellular carbon and nitrogen under conditions favoring

the synthesis of storage lipids have recently been obtained

in P. tricornutum (Guerra et al. 2013; Levitan et al. 2015).

The authors emphasized that the cells of the diatom under

nitrogen starvation remodel the intermediate metabolism

by redirecting the photosynthetically fixed carbon toward

storage lipids, while, concurrently, shunting the internal

pools of nitrogen toward the nitrogen assimilation ma-

chinery (Levitan et al. 2015). Among lipid-biosynthesis-

related genes, ACCase and one DGAT isoform showed

increased expression (Guerra et al. 2013).

Besides nitrogen starvation, other nutrient deficiencies

can cause storage lipid accumulation. Sulfur deficiency is

also studied for its ability to induce TAG production in

Chlamydomonas (González-Ballester et al. 2010; Boyle

et al. 2012; Cakmak et al. 2012; Matthew et al. 2009;

Cakmak et al. 2014). Some changes in C. reinhardtii cell

metabolism appeared to be common for two types of

nutrient stresses, nitrogen and sulfur starvation, such as cell

cycle arrest, upregulation of PPP enzymes, activation of the

mechanisms of reactive oxygen species scavenging,

chloroplast degradation, and decrease in photosynthetic

activity (Cakmak et al. 2012, 2014); however, phys-

iological and metabolic consequences of nutrient depletion

were less severe under sulfur deprivation. TAG was pro-

duced within 24 h following the transfer of C. reinhardtii

cells to the sulfur-free medium and remained to be elevated

in the H2-producing stage induced by the onset of anae-

robic conditions (Matthew et al. 2009). In correlation to the

amount of TAG produced, nitrogen starvation elicited more

profound increases in DGTT1 and DGAT1 mRNA as

compared to sulfur deprivation. Although sulfur depriva-

tion significantly impacted expression of DGTT1 and

DGAT1, the expression of PDAT remained unaltered

(Boyle et al. 2012), indicating that stress-specific

mechanisms implicated in the regulation of acyl-CoA de-

pendent and independent pathways of TAG biosynthesis,

possibly at the post-transcriptional level.

Thus, functional genomics studies of microalgal cells

grown under the stress conditions that induce TAG accu-

mulation revealed, on the one hand, some uniform re-

sponses to nutrient deprivation, such as total protein loss, a

decrease in photosynthetic activity and membrane lipid

components, changes in carbon flux partitioning, and TAG

accumulation; on the other hand, they showed the diversity

of regulatory mechanisms among different species and the

need for experimental observation in each particular case.

However, despite the variety of mechanisms shown in both

plants and algae by various methods, FA and TAG accu-

mulation is connected to changes in the expression of the

central carbon metabolism’s core enzymes, which can be

considered potential targets for bioengineering to improve

lipid content or composition.

Conclusions

As a potential source for biodiesel and nutritionally valu-

able FA, photosynthetic microalgae, which are capable of

synthesizing and storing high amounts of energy-rich TAG

in response to environmental cues, are of increasing in-

terest to researchers worldwide. Progress in algal lipid

studies in the last few years and the increasing availability

of genomic information for oleaginous and non-oleaginous

algal species provide powerful tools for manipulating TAG

production in microalgae, although much still remains

unknown.

Despite the variability in the cell structure and meta-

bolism of algal cells, it is possible to define certain com-

monalities in the process of lipid biosynthesis and find

uniform factors regulating storage lipid accumulation in
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different oleaginous microalgal species: (i) oleaginous

microalgae can accumulate high TAG contents under un-

favorable conditions, such as nutrient deficiency and high

irradiance; (ii) in many microalgae, accumulation of stor-

age lipids either occurs in parallel or lags behind the ac-

cumulation of storage carbohydrates. Lipids and storage

carbohydrates likely compete with each other for carbon

units. Impairment of storage carbohydrate biosynthesis can

serve as a powerful tool to raise TAG amounts in both

microalgal and plant species; (iii) functional genomics

studies in microalgae and higher plants have revealed that

TAG accumulation is largely dependent on the carbon flux

toward lipid biosynthesis, rather than on the regulation of

some specific enzymes of the FA- or TAG-biosynthetic

pathways. It has been consistently found that there are

factors regulating the whole process of lipid accumulation

that are not directly involved in the biosynthetic pathways,

such as NRR in Chlamydomonas (Boyle et al. 2012) or

WRINKLED in Arabidopsis (Focks and Benning 1998);

and (iv) different groups of microalgae reveal unique and

shared responses of their central carbon and lipid

metabolism.

However, deeper investigations into the complex pro-

cesses of FA and TAG biosynthesis in diverse microalgae

are required for the informed manipulation of storage lipid

content by both cultivation strategies and genetic engi-

neering. Redirecting the carbon flux toward FA synthesis

by changing the expression of the central carbon metabo-

lism’s core enzymes or by manipulating the activity of

known transcription factors, such as NRR, or combining

these approaches, seems to be a more successful method by

which to increase TAG content in microalgal cells, rather

than enhancing the activity of individual enzymes directly

involved in FA biosynthesis and TAG assembly.
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