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Abstract Lipid droplet is the major site of neutral lipid
storage in eukaryotic cells, and increasing evidence show
its involvement in numerous cellular processes such as
lipid homeostasis, signaling, trafficking and inter-organelle
communications. Although the biogenesis, structure, and
functions of lipid droplets have been well documented for
seeds of vascular plants, mammalian adipose tissues,
insects and yeasts, relative little is known about lipid
droplets in microalgae. Over the past 5 years, the growing
interest of microalgae as a platform for biofuel, green
chemicals or value-added polyunsaturated fatty acid pro-
duction has brought algal lipid droplets into spotlight.
Studies conducted on the green microalga Chlamydomonas
reinhardtii and other model microalgae such as Haemato-
coccus and Nannochloropsis species have led to the iden-
tification of proteins associated with lipid droplets, which
include putative structural proteins different from plant
oleosins and animal perilipins, as well as candidate proteins
for lipid biosynthesis, mobilization, trafficking and
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homeostasis. Biochemical and microscopy studies have
also started to shed light on the role of chloroplasts in the
biogenesis of lipid droplets in Chlamydomonas.
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Introduction

Due to increasing interests in the production of renewable
energies from microalgae, microalgal oil metabolism is
subjected to intensive research (Liu and Benning 2013;
Merchant et al. 2012). All eukaryotic microalgae examined
so far can produce oils as energy storage, either prior to a
forthcoming dormancy period or subjected to unfavorable
environmental conditions (Hu et al. 2008). Since oils are
carbon dense molecules and are non-polar, they are stored
in hydrophobic subcellular structures called lipid droplets,
also named as lipid bodies, oil bodies, oil globules, or
oleosomes (Huang 1996; Murphy 2001). The choice of one
name versus the other tends to be community-biased, and
does not reflect any differences in their compositions. For
example, the plant oil community tends to use more oil
bodies, whereas the emerging algae lipid community
adopted often lipid droplet. For simplicity reasons, only
lipid droplet (LD) is used throughout this review.

LDs have been initially studied mostly in oil-rich tis-
sues/organs, like adipose tissue, oilseeds, or nitrogen
starved cells (Czabany et al. 2007; Goodman 2008; Huang
1996; Murphy 2001; Zweytick et al. 2000). With the
development in new analytical and visualization tech-
niques, it is now generally accepted that LDs are present in
most eukaryotic cells and play a large array of cellular
functions (Farese and Walther 2009). These studies led to

@ Springer



Plant Cell Rep

the conclusion that rather than a mere energy storage depot,
LDs are actually dynamic structures at the heart of lipid
and energy metabolism (Farese and Walther 2009). Func-
tions associated with LDs include but are not limited to
lipid synthesis, degradation, vesicle trafficking, lipid
secretion and lipid-based signaling. Only recently has
research been carried out on LDs isolated from vegetative
tissues of plants (Chapman et al. 2012; Horn et al. 2013;
Shimada et al. 2014) or photosynthetic microorganisms.
Here, we review the emerging literature on the composi-
tion, function and biogenesis of LDs in a variety of
eukaryotic microalgae. Reference to other organisms is
made only in a comparative context.

Occurrence, formation and dynamics

The occurrence and formation of LDs can be traced easily
by microscopic examination or through flow cytometry,
taking advantage of the lipophilic property of dyes such as
Nile red or Bodipy (Cagnon et al. 2013; Greenspan et al.
1985; Mou et al. 2012; Xie et al. 2014; Yan et al. 2013;
Zhang et al. 2014). Structure of LDs has been studied under
Confocal fluorescent or Transmission Electron Micro-
scopes (TEM) (Fig. 1) (Fan et al. 2011; Goodson et al.
2011; Wang et al. 2009). The size of LDs varies depending
on species, growth stage and environmental conditions. It
ranges from a dozen of nanometers to 30 um. For example,
cells of Chlamydomonas reinhardtii make LDs of around
1.5 pm (Moellering and Benning 2010), whereas in Chlo-
rella sp., the LDs have a diameter of >3 um (Lin et al.
2012); in plant seeds and yeasts, a diameter of 0.5-2 pm is
usually reported, whereas in adipose tissue, LDs normally
have a size of 2-10 pm; the largest LDs observed are in
mesocarp tissues where they range from 10 to 20 pm.
These size variations together with other features of lipid
droplets isolated from diverse algal species are summarized
in Table 1. In multicellular organisms, the size of LDs is
postulated to be related to their specific biological func-
tions and to the type of tissue. For example, in some animal
cells, it is used as an insulation barrier to cold; and in oil
seeds/algae cells, it is used as an energy source for ger-
mination and vegetative growth (Graham 2008). LDs
present in adipose tissues tends to have large diameter,
where in the latter case, smaller droplet allows higher ratio
of surface area per unit of triacylglycerols (TAGs), thus
facilitating access of enzymes (i.e., lipases) for mobiliza-
tion of oils stored in LDs (Tzen et al. 1993).

In microalgae, one or two LDs per cell are usually present
in nutrient replete conditions. Both the number and size of
lipid droplets increase upon being exposed to a stress con-
dition; and LDs can continue to increase in size as stress
prolongs. This process is accompanied by degradation of
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membrane lipids as can be evidenced in the disorganization
of thylakoid grana under TEM. Once culture conditions
become favorable again, the accumulated LDs disappear as
quickly as they are synthesized (usually completely remo-
bilized after 48 h) (Li et al. 2012b; Siaut et al. 2011).
Simultaneous to this process is the re-syntheses of photo-
synthetic membranes and regain of vegetative growth. A
phenomenon similar to what happens in plant oilseeds,
where during germination, stored oils in seeds are mobilized
to produce sugars important for germination and seedling
establishment (Eastmond 2006; Graham 2008). This is,
however, contrary to fruit mesocarp of olives, avocado and
oil palm, where oils contained in LDs are the ‘end product’ of
the lipid metabolism and are not mobilized by the host cells
(Bourgis et al. 2011; Chapman et al. 2012). They are rather
used by the host cell as ‘baits’ to attract potential predators,
therefore ensuring efficient seed dispersal.

A large accumulation of lipid droplets has been found to
be triggered by nutrient starvation (-N, -Fe, -S, -P), high light,
hypoxia, increased salinity, and also by chemical treatment
(for example, Brefeldin A) (Boyle et al. 2012; Hem-
schemeieretal. 2013; Kato etal. 2013; Kim et al. 2013; Siaut
et al. 2011; Urzica et al. 2013; Wang et al. 2009). Among
various triggers, the best studied is the N-starvation response.
Transcriptomic and metabolic studies carried out in cells
starved for nitrogen have shown that massive re-orientation
of cellular metabolism toward carbon reserve formation
(starch and oils) occurs at the onset of nitrogen starvation;
this effect being accompanied by the down-regulation of
genes involved in protein synthesis and photosynthesis
(Boyle et al. 2012; Miller et al. 2010). Besides the up-regu-
lation of genes encoding enzymes essential for conversion of
acetate to fatty acyl chains, numerous lipases with increased
transcription were also observed, which supported the notion
that newly formed TAGs are partly coming from de novo
synthesis and partly from membrane lipid remodeling (Fan
etal. 2011; Moellering and Benning 2010; Siaut et al. 2011).

Structure and composition

The current structural model of a LD consists of a neutral
lipid core (usually TAGs), which are surrounded by a
monolayer of polar lipids (PLs) and are decorated by
proteins. This model was originally proposed for maize
grains (Tzen and Huang 1992), but it seems to hold true for
LDs isolated from diverse kingdoms (Czabany et al. 2008;
Yang et al. 2012; Zweytick et al. 2000). TAGs and PLs can
take up to 90 % of total weight, whereas proteins weigh
between 1 and 5 % (by weight). Depending on species,
some minor components including free fatty acids, caro-
tenes, etc, are also present. No sugars have so far been
reported to be associated with LDs. The ratio between
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Fig. 1 Ultrastructural changes observed in Chlamydomonas rein-
hardtii, Nannochloropsis oceanica and Phaeodactylum tricornutum
following nitrogen starvation. Images were taken from (Fan et al.
2011; Vieler et al. 2012b; Yang et al. 2013), respectively. Rights for

protein, lipid and other minor components is species-spe-
cific; some examples are given in Table 2.

The isolation of highly pure LDs from microalgal cultures
and advances in liquid chromatography—mass spectrometry
(LC-MS/MS) techniques allowed the identification of the
sub-proteome associated with LDs (Moellering and Benning
2010; Nguyen et al. 2011; Nojima et al. 2013; Yang et al.
2012). Below, we describe the lipid and protein composi-
tions that have been reported so far for LDs of various
microalgal species.

Lipid composition

LDs isolated from N-starved cells of C. reinhardtii con-
tained 80-90 % TAGs, some free fatty acids, and around
5-10 % PLs (Nguyen et al. 2011; Wang et al. 2009). The
fatty acyl chains present in the TAG species are very similar
to that of whole cell lysate, i.e, reduced polyunsaturated
fatty acids and increased in saturated/monounsaturated fatty
acid species as compared to non-stress conditions (Fan et al.
2011; Moellering and Benning 2010; Siaut et al. 2011).
Nevertheless, the LD lipidome (i.e., the lipid molecular

Phaeodactylum tricornutum

Normal
grown cells

Nitrogen
starved cells

reproduction were obtained. N nucleus, V vacuole, LD lipid droplet,
Thy thylakoid, P plastoglobule, Chl chloroplast, Pg plastoglobule, OB
oil bodies

species present in isolated LDs) remains to be determined,
although the whole cell lipidome have been reported for C.
reinhardtii and also for Nannochloropsis oceanica by LC—
MS/MS based techniques (Liu et al. 2013; Nguyen et al.
2013). LC-MS/MS assisted lipidomic analysis of isolated
LDs will reveal content and composition of lipid molecular
species present in the lipid bodies, by comparison to the
whole cell lipidome, useful insights on the origin and bio-
synthesis of these molecules in an algal cell should be
deduced. Furthermore, Horn et al. (Horn et al. 2012) have
elegantly generated comprehensive lipidomic images of the
embryo of upper land cotton using a matrix-assisted laser
desorption/ionization-MS imaging (MALDI-MSI)
approach; application of this technique to a microalgal cell
should help map and define the differences in lipid com-
position and distribution in a subcellular context.

The phospholipid monolayer of LD differs in its com-
position from other cellular membranes such as endoplas-
mic reticulum (ER), plasma membrane, or mitochondria.
This is consistent with the general view that all membranes
are unique in its composition (van Meer et al. 2008). Lipid
class analyses by thin layer chromatography have revealed
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Table 1 A summary of major proteins present in purified LDs from microalgal species as compared to plants, animals, yeasts and prokaryotes

Organisms Major proteins Total number LD size References
of distinct
proteins
identified
Microalgae ~ Chlamydomonas reinhardtii  MLDP >100 ~1.5 pum James et al. (2011),
Moellering and Benning
(2010), Nguyen et al.
(2011)
Haematococcus pluvialis HOGP na Peled et al. (2011)
Dunaliella salina MLDP na Davidi et al. (2012)
Chlorella sp. A putative caleosin na >3 um Lin et al. (2012)
Nannochloropsis oceanica LDSP na Vieler et al. (2012a)
(include other species)
Bryophytes  Physcomitrella patens Oleosins na 0.5-5 um  Huang et al. (2009)
Higher Seeds/pollen/tapetum Oleosins, caleosins, and steroleosins  >a dozen 0.6-2 um  Jolivet et al. (2009),
plants Murphy (1993), Tzen and
Huang (1992)
Oil-rich fruit tissues LDAPI1 and LDAP2 around 70 10-20 pm Horn et al. (2013)
(avocado, oil palm)
Leaf tissue (> 100 plant CLO3 and a-DOX1 >10 1-18 um  Lersten et al. (2006),
species surveyed); Shimada et al. (2014)
Arabidopsis senescencing
leaves

Animals Adipose tissues Proteins of the PAT family >100 2-10 yum  Goodman (2008)

Yeasts Oleaginous species No major structural proteins, but with >a dozen 0.5-2 um  Athenstaedt et al. (2006),
the presence of various enzymes of Zweytick et al. (2000)
lipid metabolism detected

Prokaryotes TAG and wax ester A putative structural protein >100 0.1-3 pum  Chen et al. (2014),

accumulating bacteria identified (LPD06283)

species

Waltermann et al. (2005)

CLO3 caleosin 3, a-DOX1 o-dioxygenase, HOGP Haematococcus oil globule protein, LDSP lipid droplet surface protein, LDAP lipid-droplet
associated proteins, MLDP major lipid droplet protein, PAT perilipins, adipose-differentiation related protein and tail-interacting protein of

47 kDa, na not available

that the betaine lipid diacylglycerol N’N’N’—trimethyl
homoserine (DGTS) and sulfoquinovosyldiacylglycerol
(SQDG) are the two prominent lipid classes associated with
isolated LDs from C. reinhardtii (Wang et al. 2009). The
high abundance of DGTS as a major polar lipid of lipid
droplet isolated from C. reinhardtii is consistent with the
fact that this algal species lacks phosphatidylcholine (Ptd-
Cho), and DGTS is thought to functionally replace it (Liu
and Benning 2013). This is also in line with the fact that the
betaine lipid synthase (BTA1) is one of the most abundant
proteins found in the LD proteome (Moellering and Ben-
ning 2010; Nguyen et al. 2011). Membrane lipids present
in LDs have also been analyzed for another Chlorophyta
alga Haematococcus pluvialis where DGTS, DGDG, Ptd-
Cho, and SQDG are the major components (Peled et al.
2011). Both DGTS and PtdCho are present in the
Haematococcus LD lipidome; compared to the whole cell
lysate, DGTS showed slight enrichment in the LD fraction
whereas the content of PtdCho remained similar. The most
known function for the presence of these polar lipids in a

@ Springer

LD is their role in forming the monolayer membrane
interface to delineate TAGs from an otherwise aqueous
subcellular environment. Beyond its structural role, the PLs
present in the LDs could also be used as substrates to
supply acyl-chains for TAG synthesis.

With the exception of PtdCho (or its homolog DGTYS),
the overall polar lipid class present in LDs isolated from
microalgal species showed some differences to what have
been reported previously for higher plants, where phos-
phoethanolamine (PtdEtn) is often found as the second
most abundant polar lipids present in the isolated LDs,
where no or only trace level of SQDG or DGDG is found
(Katavic et al. 2006; Penno et al. 2013).

Protein composition
Most abundant proteins

The first proteomics analysis of LDs isolated from micro-
algae was performed independently by several groups in
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Table 2 Some examples of

- - . Mammalian Plant Yeasts A diatom  Chlamydomonas

major composition of isolated cells seeds reinhardtii
lipid droplets

Protein 4.8 % 1.4 % 2.6 % 23 % n.a.

TAGs 90.2 % 95 % 512 % 58 % 85-95 %

PLs 4.5 % 0.9 % 1.3 % <5 %

Other (free fatty acid, f- 1.62 % 4 % 45 % na 10 % FFA

carotene, sterol esters)

References Christiansen and Tzen Leber Nojima Nguyen et al. (2011);

Numbers expressed as w/w% Jensen (1972) et al. et al. et al. Wang et al. (2009)
(1993) (1994) (2013)

na not available

the model C. reinhardtii. Most of these studies identified
the presence of a novel protein named as MLDP (stands for
‘Major Lipid Droplet Protein’) (James et al. 2011; Moel-
lering and Benning 2010; Nguyen et al. 2011). MLDP has a
molecular mass of 28 kDa and is the most abundant protein
based on SDS-PAGE separation of total proteins extracted
from purified LDs, and has also shown the highest spectra
count in LC-MS/MS analyses (Moellering and Benning
2010; Nguyen et al. 2011). Based on primary amino acid
sequences, MLDP is predicted as a very hydrophobic
protein with no known function domains identified. It
shares no primary sequence similarity to known LD pro-
teins including that of plant oleosins (Huang 1992) nor to
that of mammalian perilipins (Londos et al. 1999).

A protein homologous to MLDP has also been found as
the major protein covering the LDs of Dunaliella salina
and was further localized to the surface of LDs by immuno-
gold labelling where hybridized gold particles were found
outlining the external circle of lipid droplet (Davidi et al.
2012). However, based on immunofluorescence confocal
laser scanning microscopy with anti-MLDP antibodies in
C. reinhardtii, Huang et al. (Huang et al. 2013) recently
observed MLDP in numerous cup-shaped structures often
only partially wrapped around lipid droplets. In this study,
MLDP was not found as surrounding lipid droplets as
would have been expected for a major structural protein,
which was interpreted by the fact that MLDP is localized to
subdomains of ER, and only intermittently interacts with
the LD surface (Huang et al. 2013).

Protein sequence analyses revealed that orthologs of
MLDPs are present in different microalgal species
including Volvox carteri, Haematococcus pluvialis, Du-
naliella salina, Coccomyxa sp C-169, Chlorella variabilis,
Polytomella parva, Prototheca wickerhamii and Micro-
monas pusilla CCMP1545. However, no ortholog has been
identified so far in diatoms, red algae, bryophytes or higher
plants. Phylogenetic comparison of these different MLDP
orthologs have identified two evolutionary groups
(Volvocales vs. Chlorellales), in line with the evolution
pattern of green lineage (Davidi et al. 2012). In

Haematococcus pluvialis (Peled et al. 2011) and Dunaliella
salina (Davidi et al. 2012), the MLDP homologs have been
experimentally found to be indeed the major protein of
lipid droplets. Interestingly, in some Chlorella species, the
major protein associated with lipid droplets was found to
be not a MLDP homolog, but a homolog of the minor plant
oil-body protein called caleosin (Katavic et al. 2006; Lin
et al. 2012).

Proteomic studies of the LDs isolated from the hetero-
kont microalga Nannochloropsis oceanica revealed yet
another distinct protein named as Lipid Droplet Surface
Protein (LDSP) as the most abundant protein (Vieler et al.
2012a). LDSP has a molecular weight of 17 kDa, contained
unique primary sequences and with no previously assigned
functions. LDSP is present in all six species of Nanno-
chloropsis but no homologs can be found in other hetero-
kont classes, or in the green or animal lineage (Vieler et al.
2012a). This is not surprising since the major proteins
identified in the LDs from different phyla are quite distinct
and Eustigmatophytes are known to have evolved early
from other heterokont classes.

Major lipid-droplet proteins identified so far in micro-
algae and their characteristics are summarized in Table 1
and compared to LD proteins of plant and mammalian
origin. It is worth mentioning that except in C. reinhardtii
where extensive proteomic analysis was carried out (Mo-
ellering and Benning 2010; Nguyen et al. 2011), later
studies performed on other species have mostly focused on
mass spectrometry identification of the major protein
present in the isolated lipid droplets, thus the entire LD
proteome remains to be determined in these species.

Despite differences in their primary amino acid
sequences, some commonalities do exist among all known
major LD proteins: (1) They are all highly hydrophobic
proteins despite their distinct primary sequences; (2) The
expression of genes encoding these proteins is limited to
conditions favoring oil synthesis (Davidi et al. 2012; Mo-
ellering and Benning 2010; Vieler et al. 2012a); and (3)
Similar to what has been observed for oleosins (Siloto et al.
2006), repression of MLDP gene expression in
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Chlamydomonas increased the size of lipid droplets, thus
supporting the general view that major LD protein prevents
fusion and maintains LD size (Moellering and Benning
2010). Other functions beyond a merely structural one for
these most abundant LD proteins (i.e., MLDP, or LDSP) in
microalgae remain to be investigated. For example, one
study described one isoform of oleosin isolated from
Arachis hypogaea as a bifunctional enzyme with both
monoacylglycerol acyltransferase and a phospholipase
A(2) activities (Parthibane et al. 2012).

Lipid-related proteins

The development of advanced proteomics tools allowed the
identification of not only the most abundant but also minor
proteins present in LDs. For example, >200 proteins were
identified in purified lipid droplets of C. reinhardtii (Mo-
ellering and Benning 2010; Nguyen et al. 2011), a feature
contrary to oil bodies of plant oilseeds where relatively
fewer proteins have been detected (Jolivet et al. 2009), but
strikingly similar to the proteome of mammalian lipid
droplets (Farese and Walther 2009; Goodman 2008). This
particular protein composition of algal lipid droplets could
reflect the fact that C. reinhardtii is derived from a com-
mon ancestor of plants and animals over 1 billion years
ago, and some features have been conserved along one
lineage, whereas others lost along the other lineage (Mer-
chant et al. 2007).

Besides MLDP, the lipid droplet proteome of Chla-
mydomonas is mainly made of proteins involved in metab-
olism, transport, vesicle trafficking, redox and other
functions. Among all proteins, >10 % were related to lipid
metabolism; this ratio is increased to 35 % when only the top
20 proteins showing the highest spectra count is considered.
Considering that Chlamydomonas genome contains
~ 15,000 genes (Merchant et al. 2007), if we estimate that
around 100 proteins are involved in TAG metabolism based
on what we know from the plant model Arabidopsis thaliana
(Li-Beisson et al. 2010), this means that at least 0.6 %
Chlamydomonas genes could be related to TAG synthesis or
turnover. This support the notion that proteome of lipid
droplet is highly enriched in proteins of lipid metabolism.

Lipid-related proteins identified in the purified lipid
droplets in C. reinhardtii include acyl activating enzymes,
lipases, lipid trafficking proteins, acyltransferases of the
Kennedy pathway [i.e., a glycerol-3-phosphate acyltrans-
ferase (GPAT), a lysophosphatidic acid acyltransferase
(LPAT)], enzymes of the transacylation pathway [the
phospholipid:diacylglycerol acyltransferase (PDAT) and
two lysophosphatidyl lipid acyltransferases (LPLAT)], and
also membrane lipid synthesizing enzymes, for example, the
betaine lipid synthase (BTA1) responsible for synthesis of
DGTS (Moellering and Benning 2010; Nguyen et al. 2011).
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DGTS synthase was identified as possessing the third highest
spectral count following MLDP and an o/f hydrolase
(Chlre4/330619, eq. to Crel2.g540550). The presence of
high amount of BTA1 is consistent with the biochemical
finding that DGTS is one of the major membrane lipids
covering the TAG core. This is also in synergy with what
have been found in other model organisms, where PtdCho is
the major polar lipids surrounding the droplet, and the Ptd-
Cho synthesizing enzyme CTP:phosphocholine cytidyl-
transferase (CCT) is present in the LD proteome (Guo et al.
2008). The presence of both neutral and polar lipid synthe-
sizing enzymes point out the essential metabolic co-ordina-
tion that is required when lipid droplets are formed in
response to particular cellular needs.

As well as lipid synthesizing enzymes, hydrolases/lipa-
ses, etc,. are one of the major classes, i.e., >20 % of all
lipid-related proteins present in the proteome of lipid
droplet are potentially lipid-hydrolyzing enzymes. Lipases
catalyze lipid hydrolysis, releasing free fatty acids and
glycerol. Presence of these proteins in LDs is consistent
with its role in ensuring TAG remobilization and LD
turnover. Indeed, in the yeast Saccharomyces cerevisiae
(Athenstaedt and Daum 2005) and in the higher plant
Arabidopsis thaliana (Eastmond 2006), TAG lipase activ-
ities have been found to be associated with LDs, to which
these proteins have further been localized using protein
fusion techniques.

A number of known plastidial-lipid trafficking proteins
(Benning 2008) are also present in the proteome of lipid
droplets. The presence of these presumably chloroplast
envelop proteins in the LD proteome supports the current
view that plastid envelops are important in the formation of
Chlamydomonas lipid droplet (Goodson et al. 2011). This is
also in line with recent data from higher plant models where
transorganellar complementation studies have led to the
proposition that hemi-membrane fusion at the plastid and
ER contact site facilitate inter-organellar interactions and
allow enzymes direct access to substrates present in both
organelle membranes (Mehrshahi et al. 2013, 2014). In
Chlamydomonas reinhardtii, the observation that one single
plastidial ®-3 fatty acid desaturase can act on the substrates
present in ER and plastid compartment further supports such
a view (Mehrshahi et al. 2014; Nguyen et al. 2013).

Vesicle trafficking and others

In addition to lipid-related proteins, a considerable number
of proteins potentially involved in vesicle trafficking and
transport has been identified in LD proteomes. One of the
major classes of proteins present is the small Rab-type
GTPases. Some members of this family are also present in
the LD proteome of other organisms and have been shown
to be involved in the membrane trafficking and inter-
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organellar communications (Martin and Parton 2008;
Murphy et al. 2009). For example, RNAi silencing of an
Arf79a protein, a member of the GTPases, has revealed its
potential involvement in LD formation and utilization in
Drosophila S2 cells (Guo et al. 2008). The presence of
membrane-traffic proteins in LDs gives support that LDs
are dynamic structures specialized in inter-membrane lipid
transport. The presence of putative GTPase orthologs in C.
reinhardtii suggested a similar function of lipid droplets in
membrane trafficking. Recently, a link between vesicle
trafficking and lipid remobilization has been proposed
based on the studies of the effect of Brefeldin A in Chla-
mydomonas cells (Kato et al. 2013).

The presence of large number of photosystem proteins
indicates potential contamination during purification pro-
cedure (Moellering and Benning 2010; Nguyen et al.
2011), and could also indicate genuine associations
between these subcellular organelles as increasing evi-
dence indicates the importance of chloroplast and chloro-
plast envelop in LD biogenesis (discussed more in detail in
the biogenesis section). As with most proteomic studies of
a similar nature, experimental demonstration of a ‘true’
association of these proteins to LD remains to be tested.
Dynamic turnover of LD proteome in response to envi-
ronmental conditions is not known, and research in this
direction should yield important insight in understanding
the formation and functions of this fascinating organelle.

So far, the largest group within the proteome of isolated
LDs falls into the functional category of ‘unknown’. With
increasing technological development combined with gene
discoveries, these ‘unknown’ proteins might be assigned
new functions, thus pointing toward yet even wider cellular
functions that are associated with or has been accredited to
lipid droplets. It is worth noting that current proteomic
studies report only most tightly associated proteins; thus,
proteins that are loosely attached to lipid droplets might
have been overlooked. These loosely associated proteins
could also be important in the function and biogenesis of
the lipid droplets.

Biogenesis of lipid droplets

In plants, yeasts and mammalian cells, it is generally
accepted that LDs are largely present in the cytosol and
formed via extension of specific domains of ER (i.e.,
budding model) (Huang 1992; Murphy 2001). A cytosolic
location also allows potential interactions with other sub-
cellular organelles including ER, mitochondria, and per-
oxisomes (Chapman et al. 2012; Farese and Walther 2009;
Goodman 2008). Recently, two studies suggested the
involvement of plastids in the formation of LDs in C.
reinhardtii (Fan et al. 2011; Goodson et al. 2011); and in

particular, LDs were observed in both plastid and cytosol in
a starch-less mutant of C. reinhardtii (Fan et al. 2011).
Based on these studies, a possible model of LD biogenesis
involving both ER and plastid envelops is proposed and
shown in Fig. 2.

The participation of plastids in LD biogenesis is further
supported by a likely plastidial location of TAG-synthe-
sizing enzymes in Chlamydomonas as predicted by an
algorithm specially designed for predicting targeting sig-
nals of microalgal proteins (Tardif et al. 2012). TAG
assembly usually shares common pathways with synthesis
of membrane lipids until the formation of DAGs, i.e., the
well-known Kennedy pathway (Kennedy 1956). In higher
plants, two parallel pathways leading to the sequential
acylation of a glycerol 3-phosphate (G3P) until the for-
mation of DAGs occur in plastid and also in ER, namely
the prokaryotic and the eukaryotic pathway, respectively
(Roughan and Slack 1982). These two sets of reactions are
driven by GPAT, LPAT, and a phosphatidic acid phos-
phatase (PAP); isoforms of each enzyme occur in both
compartments in Arabidopsis thaliana. However, in
Chlamydomonas, the homologs of plant ER-type acyl-
transferases (GPAT and LPAT) and PAP are found to be
single enzymes, and are predicted to possess chloroplast-
targeting signals at their N-termini (Tardif et al. 2012).

G3P
\ Endoplasmic
Acyl-CoAs LPA——> PA reticulum
DAG
'AG Lipid
A PDAT droplet
DAG
\PAP
LPA‘T Outer
LPA PA envelope
TGPAT
G3P |
nner
Acyl-ACPs envelope
A
Fatty acid
synthesis

Fig. 2 One of the possible models of LD biogenesis in Chlamydo-
monas reinhardtii involving both plastid and ER. The TAG-synthe-
sizing proteins present in the LD proteome are highlighted. In red are
enzymes; in black are lipid substrates. This model is partly based on
that of (Goodson et al. 2011; Nguyen et al. 2011). ACP acyl carrier
protein, CoA coenzyme A, DAG diacylglycerol, G3P glycerol-3-
phosphate, GPAT glycerol-3-phosphate acyltransferase, LPA lyso-
phosphatidic acid, LPAT lysophosphatidic acid acyltransferase, PA
phosphatidic acid, PAP phosphatidic acid phosphatase, PDAT
phospholipid:diacylglycerol acyltransferase, TAG triacylglycerol
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The final step of TAG synthesis is the acylation of the
sn-3 position of a DAG molecule to form TAG. This
acylation reaction can be done via two routes, i.e., acyl-
CoA-dependent and acyl-CoA-independent reactions. The
former is catalyzed by diacylglycerol acyltransferase
(DGAT), whereas the latter is catalyzed by PDAT, a
phospholipid: diacylglycerol acyltransferase. Only 1 PDAT
protein is present in Chlamydomonas (Yoon et al. 2012),
whereas six genes (DGATI1; DGTT1-5) encoding diacyl-
glycerol acyltransferases (DGAT) are encoded in the gen-
ome of Chlamydomonas (Boyle et al. 2012), among which
DGTT]1 (g1030.t1) has been shown to be essential for TAG
accumulation under —N stress and this protein is also
predicted to have an N-terminal chloroplast transit peptide.
Based on primary sequences, Chlamydomonas PDAT also
possess an N-terminal chloroplast-targeting sequence
of ~65 amino acids. The demonstration that PDAT can
use galactolipids in vitro as substrates supports such a
location (Yoon et al. 2012).

It is worth mentioning that above subcellular predic-
tions do not rule out the possibility of a dual localization
for any of these enzymes. Nevertheless, these analyses of
TAG-synthesizing enzymes and their likely subcellular
locations suggest that the whole pathway from G3P to
TAG could involve the plastid, which is consistent with
the plastidial origin of TAG backbones (Fan et al. 2011).
A plastidial location of TAG-synthesizing pathway in a
microalga has implications not only for our overall
understanding of the subcellular organization of glycer-
olipid metabolism and turnover, but also has significant
impact on biotechnological applications. For example, the
plastid is already a platform for production of high value
proteins (Bock 2001; Specht et al. 2010), and the possi-
bility that an entire TAG-synthesizing pathway could be
present in the plastid would allow us to engineer the
plastid genome of C. reinhardtii to improve oil yields and
composition, and open up possibilities of using lipid
droplets as a destination for storage of other hydrophobic
molecules.

Moreover, these lipid synthesizing enzymes can also
play an active role in LD biogenesis. For example, it has
been recently demonstrated that a mutant (pahlA) of
Saccharomyces cerevisiae defective in the lipin phospha-
tidic acid phosphohydrolase (PAH1) possessed >60 % less
of the total number of lipid droplets, whereas the mutant
cells still synthesized equal amount of neutral lipids
(Adeyo et al. 2011). The authors conclude that PAH1 plays
a role in LD biogenesis through modulation of the intra-
cellular level of DAGs. Chlamydomonas encodes one
putative homolog of PAH1 (Crel2.g506600, Phytozome
version 10). It will be worthwhile to test if and to what
extent Crel2.g506600 plays in LD biogenesis in an algal
cell.
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Functions of lipid droplets in microalgae

LDs are made in response to particular cellular needs. The
number of lipid droplets per cell varies depending on cell
type, developmental stages and growth conditions.
Increasing knowledge of lipid droplets has revealed other
functions beyond energy storage (Fig. 3). Below, we
summarize demonstrated and inferred functions attributed
to lipid droplets.

Storage of carbon and energy under adverse conditions

TAGs contain twice more energy than starch and protein
per weight unit; thus, TAG storage is the most efficient and
compact way to pack cellular energies. Carbon and energy
storage in the form of triacylglycerols seem to be a uni-
fying nature of all eukaryotic cells. In microalgae, when
nutrient is not available, cells store extra carbon as TAGs,
thus prepared for long-term usage (Hu et al. 2008).
Enhanced fatty acid synthesis and their storage as TAGs
under nutrient depletion also provide an additional electron
sink because acyl groups are among the most reduced
carbon compounds. This capacity in sequestering of extra
electrons is especially important when cells were cultivated
under nutrient deplete conditions, when the metabolic
energetic need is reduced, i.e., cessation of cell growth.
Oil accumulation as a major survival strategy has
recently been demonstrated through the study of a Chla-
mydomonas mutant pgdl (stands for plastid galactoglyc-
erolipid degradation /) (Li et al. 2012a). The pgdl mutant
accumulated twice less oil than its wild-type background,
and also exhibited a loss of viability under nitrogen-
deprived conditions. In vitro biochemical and substrate
labelling studies have demonstrated that PGD1 encodes a
galactoglycerolipid lipase, which is important for chan-
neling fatty acids from galactolipids to TAG following
nitrogen starvation. Detailed physiological characterization
of the pgdl mutant provided evidence that TAGs

Lipid
synthesis

Lipid
droplet
(TAG core) =B

Lipid
trafficking

Acyl
exchange

Lipid
remobilization

Fig. 3 LDs are at the heart of cellular lipid homeostasis in
Chlamydomonas reinhardtii
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synthesized following nitrogen deprivation relieve an over-
production of photosynthetic electron transport chains, thus
ensuring cell survival under these conditions.

A depot of acyl chains for membrane synthesis

TAG accumulation and appearance of lipid droplets were
also observed under conditions where no net synthesis of
fatty acids was observed, for example, under iron starva-
tion in algae (Urzica et al. 2013). This supports the view
that LDs serve as a temporary depot for acyl chains. Under
adverse conditions (freezing, osmotic stress, etc.), cells
developed sophisticated mechanisms to remove certain
membrane lipids to compensate for changes in bilayer
structures; and these released acyl chains can be assembled
to form TAGs contained in LDs. When environmental
conditions become favorable again, the acyl chains are
released from TAGs through activities of TAG hydrolyzing
enzymes, and used for membrane lipid synthesis and
assembly. This mechanism provides efficient means for
cells to assemble their membrane lipids quickly, thus
bypassing the need for de novo fatty acid synthesis which
could apparently require more biochemical steps and hence
takes more time. LDs thus serve as a central carrier for
correct shuffling of acyl chains between different lipid
classes thus important in ensuring overall cellular lipid
homeostasis.

Other functions

Besides as a storage depot of acyl chains for membrane
synthesis and energy supply, microalgal lipid droplets are
postulated to play numerous roles in cellular physiology.
These roles are hypothesized based on the identification of a
large array of proteins in the LD proteome (Moellering and
Benning 2010; Nguyen etal. 2011), as well as some evidence
in other organisms. These roles include cell signaling, pro-
tective roles, acting as a cargo for delivery of compounds to
their subcellular location, a reservoir for some compounds to
avoid detrimental effect on normal cellular functions, etc.
Experimental demonstration of the many postulated roles of
LDs in microalgae is, however, hampered by the lack of
mutants impaired in LD biogenesis and metabolism.

Concluding remarks and future directions

Over the past few years, rapid progress has been made
toward the structural, function and biogenesis of LDs iso-
lated from the model microalga C. reinhardtii. Neverthe-
less, a number of important questions remain unanswered.
Firstly, modern LC-MS/MS based proteomics allowed the
identification of hundreds of proteins associated to the
isolated LDs; functional characterization and cell

biological evidence for a ‘genuine’ association of these
proteins to the lipid droplet remain to be demonstrated.
Secondly, most current studies focused on LDs isolated
from —N stress condition; what are the proteins and lipids
associated with LDs formed under other conditions?
Thirdly, what is the organization and functions of polar
lipids around the LD; do they form functional subdomains
or are they evenly distributed across the LD surface? And
finally, what are the regulatory mechanisms that control the
number and size of lipid droplet? If under transcriptional
regulation, then what are the identity and networks of
transcriptional factors in microalgae? These and other
unanswered questions should provide a wealth of research
opportunities related to the study of basic and applied
questions in algal LD biology and biotechnology.
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