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ARTICLE INFO ABSTRACT

Keywords: Microalgae are important sources of triacylglycerols (TAGs) and high-value compounds such as carotenoids and
TAG long-chain polyunsaturated fatty acids (LC-PUFAs). TAGs are feedstocks for biofuels or edible oils; carotenoids

Carmeno%ds ) are used as pigments in the food and feed industries; and LC-PUFAs are beneficial for human health, being also
Long-chain polyunsaturated fatty acids key to the correct development of fish in aquaculture. Current trends in microalgal biotechnology propose the
Microalgae . . . . . . .

Biotechnolo combined production of biofuels with high-value compounds to turn large-scale production of microalgal
Stressors &Y biomass into an economically feasible venture. As TAGs, carotenoids and LC-PUFAs are lipophilic biomolecules,

they not only share biosynthetic precursors and storage sinks, but also their regulation often depends on common
environmental stimuli. In general, stressful conditions favor carotenoid and TAGs biosynthesis, whereas the
highest accumulation of LC-PUFAs is usually obtained under conditions promoting growth. However, there are
known exceptions to these general rules, as a few species are able to accumulate LC-PUFAs under low light, low
temperature or long-term stress conditions. Thus, future research on how microalgae sense, transduce and
respond to environmental stress will be crucial to understand how the biosynthesis and storage of these
lipophilic molecules are regulated. The use of high-throughput methods (e.g. fluorescent activated cell sorting)
will provide an excellent opportunity to isolate triple-producers, i.e. microalgae able to accumulate high levels of
LC-PUFAs, carotenoids and TAGs simultaneously. Comparative transcriptomics between wild type and triple-
producers could then be used to identify key gene products involved in the regulation of these biomolecules even
in microalgal species not amenable to reverse genetics. This combined approach could be a major step towards a
better understanding of the microalgal metabolism under different stress conditions. Moreover, the generation of
triple-producers would be essential to raise the biomass value in a biorefinery setting and contribute to meet the
world's rising demand for food, feed and energy.

1. Commercial available species of microalgae and their
evolutionary relationships

Phototrophic microalgae are of great interest as microscopic
factories for the production of biomolecules for the energy and
added-value compound markets. Compared with terrestrial plants,
microalgae do not compete with crop plants for arable land. In addition,
they have higher areal productivities, in some cases 20 times higher
than those of terrestrial plants [1], thus being a good alternative
feedstock for feed, food and fuel. Only about 20 species are currently
commercialized, mainly belonging to the unranked Stramenopiles/
Haptista lineages or to Archaeplastida [2]. Most prominent candidates
of the Stramenopiles/Haptista lineages (Fig. 1) include the genera
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Nannochloropsis and Phaeodactylum due to their high contents of the
long-chain polyunsaturated fatty acids (LC-PUFAs) eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids. These important microalgal-
based w-3 fatty acids find their applications in aquaculture, animal feed
and nutraceutical industry and can replace those obtained from fish
meal or oils. Furthermore, microalgae of the Archaeplastida lineage
produced industrially are usually chlorophytes, such as Dunaliella,
Haematococcus and Chlorella. These algae are rich in the carotenoids
B-carotene, astaxanthin and canthaxanthin used as pigments in food
and feed [3]. Microalgae are also source of other carotenoids such as
lutein and fucoxanthin which are utilized as antioxidants. Although,
there have been efforts to use microalgal triacylglycerols (TAGs) as
feedstock for biofuels, there is a current trend in microalgal research to
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Fig. 1. Evolutionary relationships of target microalgal lineages for combined production of TAGs, LC-PUFAs and carotenoids. Branch length does not represent distance values.

Adapted from Burki et al. [2]).

combine the biosynthesis of LC-PUFA-rich TAGs with the accumulation
of other high-valuable lipophilic compounds, such as carotenoids. In
this sense, microalgal TAGs would be used as edible oil in food and feed
applications as well as a vehicle for carotenoids.

The production of large amounts of TAGs, LC-PUFAs and carote-
noids by microalgae depends on the species and growth conditions.
Environmental stimuli such as nutrient availability, light intensity and
temperature, among other factors, further increase the accumulation of
TAGs and high-value compounds as a response to unfavorable growth
conditions, thus leading to improved survival of the microalgal cell.
Nevertheless, the biosynthesis, signaling pathways and mechanisms
responsible for their accumulation are not yet fully understood [4].

This review focuses on the microalgal production of TAGs, LC-
PUFAs and carotenoids as well as methodologies promoting their
accumulation and pathways involved in the biosynthesis of these
high-value biomolecules and lipids. Even though several reviews on
each class of biochemicals have been published [5-11], to the best of
our knowledge a discussion on how the combined production of all
three could be achieved in the same microalga is lacking. As these three
classes of compounds can be considered to be lipids or lipophilic
molecules, they share biosynthetic precursors, common environmental
stimuli and accumulate in lipophilic “sinks”, such as lipid droplets and
bilayers. Results from various studies using environmental factors for
the induction of the three compounds are summarized. For each
biomolecule class, induction methodologies are compared and the most
promising species to become triple-producers are indicated. We further
provide an overview of current and future strategies to improve TAGs,
LC-PUFAs and carotenoid production via the selection of promising
target species and high-throughput isolation of naturally occurring
mutants thereof. Knowledge gaps are discussed and future lines of
research for the improvement of the biotechnological applications of
microalgae are suggested.

2. General views of lipid metabolism of microalgae

Microalgal lipids can be classified as polar (e.g. phospho- and
glycolipids) and neutral or non-polar (e.g. TAGs, sterols and waxes)
[12]. The assembly of polar lipids and TAGs can occur in the
chloroplast envelope or at the ER membrane, depending on the
microalgal species (Fig. 2). Polar lipids usually accumulate in mem-
branes, such as the plasma, ER and thylakoid membranes, as well as the
inner and outer membranes of the chloroplast and mitochondria,
whereas TAGs are often deposited in plastidial or cytosolic lipid
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droplets. Both polar lipids and TAGs can be composed of LC-PUFAs
that are synthesized at the ER by specific desaturases and elongases
(Fig. 2). Nevertheless, TAGs usually have high levels of saturated and
monounsaturated fatty acids to maximize molecule packing, whereas
membrane lipids tend to contain higher contents of LC-PUFAs [13,14].

Even though the exact topology of the enzymes involved in
carotenoid biosynthesis has not been fully elucidated, it is often
surmised that carotenoids are synthesized in the lipid compartment
(Fig. 2). Based on studies in land plants and microalgae, the biosynth-
esis of carotenoids can occur in several places in the chloroplast,
namely the plastidial envelope, plastoglobuli and thylakoid mem-
branes, which might also depend on the function of the synthesized
carotenoids [15]. For example, in Dunaliella salina var. bardawil, it has
been proposed that S-carotene can be synthesized in the plastidial
envelope as well as in plastoglobuli [16]. Furthermore, carotenoids are
a very diverse group of 40-carbon isoprenoid biomolecules with > 750
structures and different functions, whose biosynthetic pathways may
occur in a given microalgal lineage and be partially absent in another
[6]. The xanthophylls (i.e. oxygen-containing carotenoids) astaxanthin
and lutein occur mainly in Archaeplastida, whereas fucoxanthin and
vaucheriaxanthin are mainly present in Stramenopiles/Haptista micro-
algae; f-carotene can be found in all three major microalgal lineages
[17].

3. Induction of biosynthesis and accumulation of TAGs, LC-PUFAs
or carotenoids in microalgae

Under optimal growth conditions microalgae are able to display fast
growth rates with doubling times as low as 10 h (e.g. Chlamydomonas
reinhardtii [18]), producing biomass with low amounts of lipids.
However, under sup-optimal growth conditions algae tend to accumu-
late neutral lipids, carbohydrates and/or carotenoids and are thus able
to adapt to environmental extremes. The biosynthesis and accumulation
of specific compounds depend, however, on the genetics of the
microalgal species, growth phase, nutrient availability, salinity, tem-
perature and irradiation. The research focusing on how TAGs, carote-
noids and LC-PUFAs can be induced rests heavily on the evolutionary
lineage of the microalga under study. Recent trends indicate that
Stramenopiles microalgae (e.g. Nannochloropsis) are often researched
for their TAGs and LC-PUFAs content, whereas chlorophytes (e.g.
Chlorella) are the target of most reports on TAGs and carotenoids.
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Fig. 2. Simplified scheme of the compartments and the metabolic pathways of carotenogenesis, fatty acid synthesis and triacylglycerols (TAGs) assembly in microalgae. For simplicity,
TAG assembly is only shown at the endoplasmic reticulum (ER) membrane, although it can also occur in the chloroplast envelope. Long-chain polyunsaturated fatty acids (LC-PUFAs)
biosynthesis occurs at the ER membrane and the fatty acids are incorporated into phospholipids, glycolipids or TAGs in the cytoplasmic or plastidial membranes. Examples of LC-PUFAs
are: linoleic (LA), a-linolenic (ALA), y-linolenic (GLA), stearidonic (SDA), arachidonic (AA), dihomo-y-linolenic (DGLA), eicosatetraenoic (ETA), eicosapentaenoic (EPA), and
docosahexaenoic (DHA) acids. When synthesized in large amounts, TAGs are usually packed into lipid droplets (LD) in the stroma or cytosol. The backbone glycerol-3-phosphate (G3P) is
esterified with three fatty acids to form TAGs, including the intermediates lysophosphatidate (LPA), phosphatidic acid (PA) and diacylglycerol (DAG). During TAG assembly,
phospholipids such as phosphatidylglycerol (PG) and phosphatidylcholine (PC) are also synthesized and are later incorporated into the plasma, ER and/or thylakoid membranes.
Although the topology of carotenoid biosynthesis is not fully known, current evidence suggests that it occurs mainly at the plastidial envelope, though it might also occur in the stroma,
thylakoid membrane and plastidial lipid droplets (also known as plastoglobuli). Carotenogenesis starts with isopentenyl pyrophosphate (IPP), which is synthesized from the precursor
molecules pyruvate and glyceraldehyde-3-phosphate (GAP). After several condensation steps, geranylgeranyl pyrophosphate (GGPP) is converted into phytoene, the first carotenoid to be
synthesized. Stepwise desaturation reactions lead to lycopene, which can follow two different routes, yielding either a- or -carotene. Their hydroxylation can give rise to high-value
xanthophylls: e.g., lutein and astaxanthin. Enzymes found upregulated under inductive conditions or used in attempts at metabolic engineering in strains under- or overexpressing them
are shown in red: acetyl-CoA carboxylase (ACCase), fatty acid synthase (FAS), desaturase (Des), elongase (Elo), glycerol-3-phosphate acyltransferase (GPAT), diacylglycerol
acyltransferase (DGAT), triacylglycerol lipase (TAGL), phytoene desaturase (PDS), phytoene synthase (PSY), and lycopene cyclase (LCY). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
3.1. TAG induction

Microalgae such as Chlorella vulgaris, Chromochloris (syn. Chlorella)
zofingiensis, Chlorococcum littorale, Nannochloropsis oceanica, Neochloris
oleoabundans and Scenedesmus obliquus are able to accumulate large
amounts of TAGs under stress conditions. A common trigger is nutrient
depletion, which also occurs upon entry into stationary phase. These
non-optimal conditions lead to decreased cell growth and proliferation.
In turn, this may entail a lower need for membrane lipids and a larger
amount of fatty acids being diverted to TAG assembly [4,19,20].

Apart from being a mechanism of carbon and energy storage, TAG
biosynthesis and assembly might have additional functions [21]. In
photosynthetic organisms, the energy of photons captured by the
photosystems or associated antennae provide electrons able to reduce
NADP™* to NADPH. The reduced form of this electron carrier is then
oxidized by biosynthetic pathways, becoming available to photosynth-
esis once again. As the biosynthesis of lipids requires roughly the
double amount of NADPH than that of protein or carbohydrates,
pathways leading to TAG accumulation might therefore protect micro-
algal cells from excess electrons produced under stress conditions. This
can take place when the capacity of the photosynthetic electron

transport chain is exceeded and electrons accumulate, resulting in the
generation of reactive oxygen species (ROS). Although ROS are
constantly produced in the cell and may have an important function
as signaling molecules [22], an imbalance of ROS can lead to oxidative
stress resulting in damage of photosystems and oxidation of DNA,
protein and lipids.

Regardless of the evolutionary lineages, nitrogen depletion was the
most tested induction technique with an up to 20-fold increase (Fig. 3),
leading to contents as high as 45% TAGs of dry weight (DW) after
starving C. vulgaris for 14 days [23]. Other species accumulating high
amounts of TAGs (35-42% of DW) under nitrogen depletion are N.
oleoabundans, C. zofingiensis, C. littorale, S. obliquus, Nannochloropsis
gaditana and N. oceanica [23-27]. For some microalgae (e.g. Nanno-
chloropsis oculata and C. zofingiensis), TAG content was improved from
32 to 40% TAGs of DW by exposing them to higher light intensities
(250-350 pmol m ™~ 25~ 1) [28,29].

The existence of common inducers for TAGs in microalgae of
different lineages could be the result of the conservation of the TAG
assembly pathway. As a matter of fact, genes coding for key enzymes of
the TAG assembly (e.g. acyltransferases) resembling those present in
plant cells are also found in microalgae [4]. This assertion can be
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Fig. 3. Fold increase of TAGs, carotenoids and LC-PUFAs in microalgal species belonging to the evolutional lineage of Archaeplastida (chlorophytes, A) and Stramenopiles/Haptista
(diatoms, eustigmatophytes and haptophytes, B) under different inducers. The fold increase of each compound was calculated as ratios of the amount under control and inducing
conditions to normalize the data. This analysis includes 86 studies on TAGs (blue diamonds), carotenoids (orange circles) and/or LC-PUFAs (green stars) induction methods, respectively
(Table S1 in supplementary data). The inducers were as follows: nitrogen depletion (ND), phosphorus depletion (PD), high light (HL), low light (LL), UV-C radiation (UV), high
temperature (HT), low temperature (LT), high salinity (HS), low salinity (LS) or nitrogen repletion (NR) and combinations thereof. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

supported by studies showing the upregulation of diacylglycerol
acyltransferase (DGAT), an enzyme catalyzing the last step of the
TAG assembly, in C. reinhardtii and N. oceanica under nitrogen
starvation (Fig. 2). Under nitrogen starvation and high light, the
NADPH levels as well as the enzymatic activity of DGAT and acyl-
CoA carboxylase (ACCase) increase [29]. Hence, besides TAG assembly,
fatty acid biosynthesis appears to be induced by these two stressors as
well. Nevertheless, the effectiveness of nitrogen depletion as inducer of
TAGs and fatty acid biosynthesis is species- and also time-dependent.
Furthermore, phosphorus depletion has also been shown to be an
efficient inducer of TAG biosynthesis in Scenedesmus sp., Monodus
subterraneus and C. vulgaris, though yielding a more modest increase
(= 6-fold) as compared to that obtained under nitrate depletion (Fig. 3)
[30-33]. In fact, depletion of nutrients is one of the preferred triggers of
TAG accumulation, as a decrease in nutrient levels added to cultures
can significantly reduce costs in large-scale processes.

High salinity leads to oxidative stress, a condition that has been
described to induce the accumulation of lipids in both freshwater and
marine microalgae, probably as a response to an unfavorable environ-
ment for growth and the need for storing energy-rich compounds to be
able to survive to a harsher environment [34]. However, further
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research on the mechanisms of lipid upregulation under high salinity
is still needed. The marine species Nannochloropsis salina and Dunaliella
tertiolecta accumulated double the amount of TAGs under growth in
high salinities of 58 ppt compared to 29 ppt [35,36]. In Scenedesmus sp.,
a salinity shift from freshwater to 23 ppt resulted in a TAG content of
25% of DW, whereas under nitrogen depletion TAGs were accumulated
up to 38% of DW [23,34]. Thus, salinity as inducer of TAG accumula-
tion is apparently not as efficient as nutrient depletion. Nevertheless,
addition of salt to the growth media can reduce the risk of contamina-
tion and therefore halotolerant species might be suitable candidates for
production in outdoor ponds.

High light showed an effect on TAG accumulation in the chlor-
ophyte D. salina var. bardawil, as well as in the diatoms Phaeodactylum
tricornutum and Thalassiosira pseudonana accumulating up to 39.5% of
DW [37-39].

Another strategy for high TAG accumulation is the combination of
stress factors, such as nitrogen depletion and high temperature (33 °C),
which caused a 2-fold increase in Scenedesmus obtusus and N. salina
[40,41]. A small dose of UV-C radiation under nitrogen depletion was
able to double the TAG content in Tetraselmis sp. in only 2 days [42].
Conversely, the combination of high light (300 umol m~2?s~ ') and
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thermal stress (30 °C) was effective for the inducing TAG accumulation
(up to 32% of DW) in the haptophyte Isochrysis galbana [38].

3.2. LC-PUFA induction

In most microalgal species, LC-PUFAs are mainly found in mem-
brane lipids such as phospholipids and glycolipids, as these are
important structural and functional components of the cell membranes,
acting also in cellular signaling and playing an important role in the
physiology of the microalgal cell [7]. Furthermore, EPA and DHA are
considered to be important to maintain optimal membrane fluidity
upon temperature, salinity or light intensity shifts. Additionally, LC-
PUFAs, especially those of the w-3 series, can act as antioxidants,
protecting microalgal cells from oxidative damage caused by ROS
[43,44].

Large amounts of LC-PUFAs can be found in Stramenopiles and
Haptista microalgae, probably due to the presence of an w-3 desaturase
able to convert arachidonic acid (AA) to EPA or specific A5 elongase
and A4 desaturase activities for the synthesis of DHA from EPA (Fig. 2).
The synthesis of EPA and DHA is elevated under conditions promoting
growth such as nitrogen and phosphorus repletion, most probably due
to elevated synthesis of membranes in actively growing cells (Fig. 3).
Under nitrogen repletion, the highest EPA contents of total fatty acids
(TFA) were observed in N. oceanica (32% of TFA) and Pavilova lutheri
(29% of TFA), whereas P. tricornutum (30% of TFA) and I. galbana (14%
of TFA) displayed the highest DHA contents [26,45,46]. Furthermore,
low light conditions are often reported as a factor for increasing LC-
PUFA contents, which might be due to an increase in thylakoid
membranes to counterbalance the lower light availability [47,48].
EPA, a major chloroplast fatty acid in the eustigmatophyte Nannochlor-
opsis sp., increased up to 38% of TFA when exposed to low light
intensity (50-60 pmol m ™ 2571 [29,49,50]. Conversely, the DHA
content increased from 12.6% to 19.2% and 8% to 14% of TFA in P.
lutheri and I  galbana, respectively, wunder high light
(460 umol m™~ 25~ 1) [51,52]. Higher levels of this LC-PUFA might be
advantageous to microalgal cells due to their antioxidant properties,
thus preventing the photooxidation of key components of the photo-
synthetic apparatus [52,53].

Another important inducer of LC-PUFAs is temperature. Thermal
shifts cause alterations in the fluidity of the cytoplasmic and thylakoid
membranes, which in turn can be regulated through their fatty acid
composition. Low temperatures increase lipid order in membranes,
whereas high temperatures cause the opposite effect, enhancing the
fluidization of membranes. Membrane fluidity is important for the
function of light harvesting complexes, photosystems and membrane
proteins such as translocators, sensor proteins and ion channels [54].
Therefore, under low temperature, usually more PUFAs are synthesized
and incorporated into the membrane to maintain its correct fluidity.
Decreasing temperatures (13-17 °C) increase 2-3 times the EPA and
DHA contents in several mesophilic species [50,55,56]. The application
of both low light (30 umol m™~ % s~ ') and low temperature (10 °C) even
led to a 4-fold increase of EPA content (28% of TFA) in phospholipids in
Nannochloropsis sp. [49].

Furthermore, salinity might also alter the fatty acid composition of
microalgae. Under high salinity, there is usually a trend towards a
higher saturation of the fatty acids. The adjustment of membrane
permeability needed to avoid an extensive influx of Na* and Cl~ ions
might explain this response. The opposite trend is seen at low salinities,
which seem to promote higher unsaturation levels in fatty acids. In
Nannochloropsis sp. and I galbana, low salinity of 10 ppt led to
increased contents of EPA and DHA, respectively [57-59].

Within the Archaeplastida lineage, the chlorophytes Parietochloris
incisa and Tetraselmis sp. have been reported to accumulate significant
amounts of LC-PUFAs. Under nitrogen depletion, EPA increased mar-
ginally in Tetraselmis sp. (10% of TFA), which might be further
triggered by exposure to UV-C radiation [42,60]. P. incisa is known
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for its high amounts of AA, which can reach 60% of TFA under low light
(30 umol m ™~ ? s~ 1) and nitrogen depletion [61].

3.3. Carotenoid induction

In photoautotrophic organisms, carotenoids are essential accessory
pigments in the photosystems and light harvesting complexes, playing
an important role in energy transfer during photosynthesis [6].
Furthermore, under stress conditions, such as excess light, heat stress
and nutrient depletion, the accumulation of ROS like singlet oxygen and
free radicals can be quenched and scavenged by carotenoids, respec-
tively. Because of this protective role, a few carotenoids (e.g. lutein and
B-carotene) are essential components of the photosynthetic machinery,
being present in the thylakoid, plastidial, ER, and mitochondrial
membranes. However, there are other carotenoids (e.g. astaxanthin
and canthaxanthin) that are only synthesized when specific environ-
mental cues stimulate their accumulation.

The best induction technique for carotenoids in chlorophytes is high
light under nutrient depletion resulting in increases of up to 60-fold due
to very low initial carotenoid contents (Fig. 3). H. pluvialis displayed the
highest astaxanthin content (30 mg g~ * DW) upon exposure to a light
intensity of 540 umol m~ ?s~ ! under nitrogen depletion [62]. Under
similar conditions, in C. zofingiensis, astaxanthin accumulated as high as
49mg g~ ! DW, which is more than double the concentration
(2.4mg g~ ! DW) obtained upon nitrogen depletion [24,28]. Another
producer of astaxanthin is N. oleoabundans with a content of 6.9 mg g~ *
DW under nitrogen starvation [63]. The concomitant exposure to high
light might improve, however, these values in the future. Concerning f3-
carotene, the highest production was observed in D. salina (70 mg g~ *
DW) under high light (1000 pmolm_zs_l) and nitrogen depletion
[64]. Nevertheless, in this species, high light and salt stress can only
induce carotenoid accumulation when nutrients are limiting. Under
these conditions, the levels of PSY and PDS transcripts encoding the
enzymes responsible for the initial steps in carotenogenesis (Fig. 2)
have been found to be upregulated [65]. However, in C. vulgaris and P.
incisa, high light has been applied to enhance S-carotene contents 3-
and 2-fold, respectively [66,67].

Another important carotenoid in Archaeplastida is the xanthophyll
lutein, a structural component of the light harvesting complex, occur-
ring thus in the thylakoid membranes rather than in lipid droplets. The
multiple functions of this orange pigment range from light harvesting to
protection of the microalgal cell from excess light [11]. Thus, high
lutein concentrations can be found under conditions promoting photo-
synthetic efficiency and cell growth. Lutein-rich species under nitrogen
repletion are Muriellopsis sp., N. oleoabundans and Chlorella sorokiniana
with contents of up to 20mg g~ ' DW [63,68]. However, heat stress
(33°C) led to enhanced accumulation of lutein in Muriellopsis sp. and
Scenedesmus almeriensis [68,69]. Light intensity and quality are also
important factors for lutein accumulation. The highest induction was
observed in Tetraselmis suecica under short exposure to UV-C-radiation
resulting in a 4-fold increase (5 mg g~ * DW) [70]. In C. zofingiensis, the
lutein content doubled under a relatively low light intensity of 90 umol
m~ 25! [71]. This enhanced lutein content under low light conditions
could be due to a larger chloroplast and a concomitant increase in the
number of thylakoids and associated pigment molecules, resulting in a
more efficient light absorption and utilization [48]. Nevertheless, in S.
almeriensis, high light (1700 yumol m~?s~!) increased the levels of
lutein, which could be further enhanced (up to 0.54% of DW) by heat
stress (44 °C) [69].

In Stramenopiles and Haptista microalgae, the highest increase in
the carotenoids vaucheriaxanthin and f-carotene (= 4-fold) was re-
ported in N. gaditana upon exposure to high light (1600 umol m~2s~ 1)
[72]. Under nitrogen depletion, N. gaditana and N. oceanica showed a 3-
fold increase of vaucheriaxanthin, canthaxanthin and zeaxanthin
[25,73], whereas the levels of fucoxanthin in the haptophyte I. galbana
and in the diatom P. tricornutum under nitrogen repletion and low light
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(13.5 umol m~ 25~ ') increased from 0.06 to 0.15 and 0.08 to 0.2 mg
g~ ! DW, respectively [74]. However, further research on microalgae of
these evolutional lines is needed to find carotenoid producers and the
best induction techniques.

4. Induction of TAGs and/or carotenoids and LC-PUFAs
4.1. Induction of both TAGs and LC-PUFAs

In most microalgae, under stress conditions such as nutrient
depletion or in stationary phase, accumulated TAGs are mainly
composed of saturated and monounsaturated fatty acids. Under these
conditions, usually a decline of LC-PUFAs can be observed.
Nevertheless, in N. oculata, P. lutheri, P. tricornutum, T. pseudonana
and P. incisa, LC-PUFAs have been found to increase under TAG-
inductive conditions [14,45,75,76]. In P. incisa, under nitrogen starva-
tion, the biosynthesis of AA was elevated due to transcriptional
upregulation of the genes encoding A12, A5 and A6 desaturases,
followed by accumulation of this fatty acid in TAGs rather than in
phospho- or glycolipids [77,78]. LC-PUFAs deposited in TAGs could be
used for an expedite adjustment of the composition of the cell
membranes in response to a fast changing environment, avoiding a
slower cycle of re-synthesis, assembly and deployment [79]. Alterna-
tively, the observed increase in phospholipid/diacylglycerol acyltrans-
ferase (PDAT) and/or phospholipases in P. tricornutum suggests that LC-
PUFAs (e.g. EPA) can be remodeled from membrane lipids into TAGs
[80]. This inverse flow, however, needs to be further investigated.
Interestingly, species reported for being able to partition LC-PUFAs into
TAGs seem also to contain high amounts of EPA, DHA or AA, but this
apparent trend needs to be further researched to ascertain whether this
holds true for a larger spectrum of microalgal species and whether upon
long-term stressful conditions (> 14 days) these LC-PUFAs are diverted
to TAGs as described previously [45].

4.2. Induction of both TAGs and carotenoids

In some species, TAGs and carotenoids accumulate under the same
stress conditions, namely nitrogen depletion, alone or in combination
with high light. A possible explanation for this could be that lipophilic
carotenoids need TAG-rich lipid droplets in order to accumulate [81].
Moreover, it has been suggested that both TAG accumulation and
carotenogenesis are interdependent. In D. salina, a correlated increase
in oleic acid, one of the most abundant fatty acids in TAGs/lipid
droplets, and fS-carotene has been reported, a likely consequence of
their co-accumulation in stromal lipid globules [39]. Conversely,
astaxanthin accumulation in freshwater H. pluvialis and C. zofingiensis
was found to take place in cytosolic lipid droplets, probably due to the
export of this xanthophyll from the plastid to the cytoplasm. These
extrathylakoidal carotenoids could protect the chloroplast from photo-
oxidation under unfavorable conditions such as excess light [82,83].
This suggests that in other species, such as N. gaditana or N. oleoabun-
dans, the accumulated carotenoid esters under stress conditions might
be deposited in lipid droplets as well [25,73].

4.3. Induction of both LC-PUFAs and carotenoids

In studies of Stramenopiles/Haptista microalgae carotenoids and
LC-PUFAs have been found to be elevated under conditions promoting
growth or low light. These conditions promote membrane adjustments
and an increase in antenna size as described above. The LC-PUFAs are
incorporated into polar lipids of non-photosynthetic and thylakoid
membranes. Carotenoids under these conditions have an important
function in the light harvesting process. Therefore, in species such as N.
oceanica, P. tricornutum and I. galbana, high amounts of EPA and DHA
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accumulate together with f-carotene, violaxanthin and fucoxanthin
[26,29,46,74,84].

5. Strategies to improve TAG, LC-PUFA and carotenoid production
5.1. Triple-producers

From what has been said above, one of the key goals of current
efforts in the field of microalgal biotechnology is to find triple-
producers, i.e. microalgal species or strains able to accumulate TAGs,
LC-PUFAs and carotenoids simultaneously. A general trend seen in the
literature is that, when compounds of two of the three classes of
biochemicals increase, compounds of the third class often decrease. For
example, LC-PUFAs usually do not accumulate when TAGs and
carotenoids accumulate, although LC-PUFAs accumulate together with
carotenoids under decreasing amounts of TAGs. A possible solution to
this problem and an important feature of a triple-producer would be the
incorporation of LC-PUFAs in TAGs as found in species discussed
previously (see section 4.1). A second feature of such a microalga
would be the accumulation of carotenoids in lipid bodies. In this
manner, one stress factor like nitrogen depletion could induce the
accumulation of high amounts of edible oils containing LC-PUFA-rich
TAGs and carotenoids.

From the data gathered in the sections above, the most likely species
to be a possible triple-producer without genetic modification is P. incisa
(Table 1). In this species, the accumulation of TAGs containing AA
could be accompanied by high S-carotene and/or lutein contents under
stress conditions [61,75,77]. Nevertheless, so far, no study has reported
on the best conditions for the co-accumulation of all three biotechno-
logically relevant classes of compounds and respective contents.

Alternative candidates as triple-producers are microalgae belonging
to the genus Nannochloropsis (Fig. 4). These microalgae are known for
their high EPA contents up to 38% of TFA under nutrient sufficient
growth conditions [49,73] and have been shown to divert EPA into
TAGs upon exposure to long-term starvation [45]. The main carotenoid
of this genus is vaucheriaxanthin, whose contents increase also under
TAG-inductive conditions. The low market value of this carotenoid
might hinder further research, though. Alternatively, zeaxanthin pro-
duced by this species is more promising in terms of market value and
applications as antioxidant and food colorant [3]. Thus, the concurrent
production of LC-PUFAs in TAGs and carotenoids in these species is a
high possibility that should be further investigated in order to improve
the content of both classes of high-value compounds using a common
trigger.

Other species of interest are the haptophytes I. galbana and P. lutheri
as well as the diatoms P. tricornutum and T. pseudonana due to their high
contents of EPA and DHA that are partitioned into TAGs under nitrogen
depletion (Fig. 4). These microalgae belonging to the Stramenopiles and
Haptista evolutionary lines contain significant amounts of fucoxanthin
[17]. However, this biomedically important xanthophyll decreases
upon exposure of these microalgae to stress conditions. These micro-
algae can be improved, however, in the near future, by screening for
mutants able to accumulate fucoxanthin together with LC-PUFA-rich
TAGs under same growth conditions.

Eventually, the species C. zofingiensis and N. oleoabundans show
potential as triple-producers due to the accumulation of high amounts
of TAGs and astaxanthin. Nevertheless, the lack of significant amounts
of LC-PUFAs hampers their use as a triple-producer. However, this
drawback might be addressed by metabolic engineering or mutant
selection via high-throughput methods.

5.2. Metabolic engineering

Metabolic engineering is one important tool for the improvement of
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Table 1
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Possible target species for improvement towards simultaneous production of LC-PUFAs in triacylglycerols (TAGs) and carotenoids and their productions found in literature.

Species Inducer TAGs [% DW] Carotenoids [mg g~ ' DW] LC-PUFAs [% TFA] Ref.
Ast B-car Lut Vau Fuc AA (20:4) EPA (20:5) DHA (22:6)

Archaeplastida

C. zofingiensis ND + HL 12-40 4.9-6.3 [28,85,86]

N. oleoabundans ND 12-42 6.9 [23,63,87,88]
NR 19.4 [63]

P. incisa ND 32 47-60 [61,67,75]
HL 9.3° 11.6° [67]

Haptista

1. galbana HL + HT 32 [38]
LL 0.15 17 [46,74]

P. lutheri ND 75% 11 9 [14,45]

Stramenopiles

N. gaditana ND 38 [25,89]
HL 1.8¢ 1.5¢ [72]
LL 38 [89]

N. oculata ND + HL 40-43 170¢ [29,45,90]
NR/LL 20-35 [29,91]

N. oceanica ND 35 [26]
NR/LS 0.4 16-32 [26,73]

P. tricornutum ND/HL 23-40 150¢ [23,38,45]
NR + LL 5.5 20-30 3 [74,84]

T. pseudonana ND 14 3754 404 [37,45]
NR 16-32 [37,45]

The inducers were as follows: nitrogen depletion (ND), high light (HL), low light (LL), low UV-C-radiation (LU), high salinity (HS), low salinity (LS) or nitrogen repletion (NR).
Carotenoids are: astaxanthin (Ast), B-carotene (B-car), lutein (Lut), fucoxanthin (Fuc) and vaucheriaxanthin (Vau). LC-PUFAs are arachidonic acid (AA), eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Data in units other than those given in the header for a particular column are indicated with numbers in superscript, namely: * - % of TFA, ® - nmol m1~ %, ¢

—mg L™ 'day~?, ¢ - fg cell " . More detailed information can be found in Table S1.

specific biosynthesis pathways, which can also be employed to improve
our knowledge of microalgal metabolic and cellular processes. Several
authors have proposed that genetic engineering is the key to enhancing
productivity of TAGs (reviewed by [92-94]) or carotenoids and
modifying the PUFA profile towards those fatty acids that better

conform to the need of target industrial or nutritional applications
[95]. Among the metabolic engineering strategies to boost TAGs, efforts
to overexpress enzymes involved in the biosynthesis of fatty acids [96]
to manipulate TAG assembly [97-99] or to enhance the supply of
carbon precursors or NADPH needed for the synthesis of TAGs
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Fig. 4. Simplified illustration of microalgal species with their relative content of TAGs, LC-PUFAs and carotenoids upon exposure to different inducers applied alone or in combination. In
the upper panel TAG-inducing stressor such as nutrient depletion, high temperature, high light and high salinity are shown, whereas stressors such as low temperature, low light and
nutrient replete conditions usually lead to elevated LC-PUFA contents as represented in the lower panel.
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[100,101] have been reported. Other strategies involve the inhibition of
competitive pathways such as starch biosynthesis or f-oxidation of
lipids. For example, in N. oceanica under nitrogen starvation the LC-
PUFA biosynthesis is inhibited by transcriptional downregulation of
A12 desaturase catalyzing the conversion of oleic acid into linoleic acid,
a precursor of LC-PUFAs [25]. Interestingly, this limitation can be
overcome by overexpressing the endogenous enzyme, leading to
increased accumulation of LC-PUFAs in TAGs under nitrogen starvation
[102]. In P. tricornutum the overexpression of DGAT led to increased oil
droplets with a simultaneous increase in EPA in TAGs [103]. The same
strategy also was used in C. reinhardtii with different results depending
on the DGAT isoenzyme chosen [104,105]. The partitioning of EPA, but
not of DHA, into TAGs in P. tricornutum has already been shown by
Tonon et al. [45]. Nevertheless, a different study in P. tricornutum used
metabolic engineering of several desaturases and elongases leading to
increased DHA synthesis with an ensuing accumulation in TAGs [106].
A few attempts at engineering the biosynthesis of carotenoids have
targeted the PSY and PDS genes encoding phytoene synthase and
desaturase, respectively. These enzymes catalyze the first two steps of
the carotenoid biosynthetic pathway, thus diverting isoprenoid com-
pounds into this pathway (Fig. 2). The successful expression of
exogenous PSY in the model organism C. reinhardtii led to an increase
in lutein [107]. Furthermore, keto-carotenoids such as astaxanthin that
are not present in the wild-type of C. reinhardtii or D. salina can be
synthesized by the expression of the BKT gene encoding f-carotene
ketolase [108,109]. Nevertheless, the engineering of metabolic path-
ways is often challenging and overproduction of the desired compound
is difficult to achieve. One reason for this is that the targeted gene may
not be responsible for the bottleneck of the pathway, as one pathway
can include several rate-limiting steps, and thus several enzymes need
to be overexpressed. Very recently, a novel approach called “transcrip-
tional engineering” has been put forward. Instead of targeting genes
encoding metabolic enzymes, the overexpression of transcription
factors or regulatory elements might be a possible methodology to
enhance multiple components of one or several metabolic pathways
[110]. One starting point could be the transcriptional engineering of the
LC-PUFA synthesis as genes of desaturases are expressed according to a
similar pattern and could be co-transcribed as an operon [111].

5.3. Fluorescent activated cell sorting as a powerful tool for strain
improvement

Although metabolic engineering shows great promise, it is often
restricted by the limited knowledge of the biosynthesis and storage of
TAGs, carotenoid and LC-PUFAs and by current regulatory restrictions
on genetically modified organisms (GMOs). To overcome this issue,
fluorescent activated cell sorting (FACS) can be used to isolate hyper- or
hypoproducing mutant strains [112]. For this approach, the aforemen-
tioned target species are interesting candidates due to the accumulation
of high amounts of carotenoids and the partitioning of LC-PUFAs into
TAGs. However, for this rapid selection, algal cells need to be stained
with a fluorescent dye for the desired compound. The isolation of lipid-
rich strains has been achieved for T. suecica, Chlorella sp. and Nanno-
chloropsis sp. by either Nile-red or the non-toxic BODIPY 505/515
staining procedure coupled with repeated rounds of FACS [113-115].
The lipid-rich microalgae can either derive from spontaneous mutations
or from random mutagenesis using ethyl methane sulfonate or exposure
to high doses of UV radiation. Furthermore, repeated rounds of mutant
selection ensure the stability of genetic mutations (Fig. 5). Carotenoid
hyperproducing strains of D. salina have been isolated by the same
method. As carotenoid and neutral lipid accumulation seem to be
connected, Nile-red can be used as indirect marker of carotenoids
[116]. However, to the best of our knowledge, there have not been any
successful attempts at isolating LC-PUFA-rich microalgae by FACS due
to the inability of current fluorochromes to specifically stain polyunsa-
turated fatty acids. However, it has been reported an increase of LC-
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PUFAs in high lipid content strains mutagenized by UV radiation [113].
As a matter of fact, the generation and the selection of stable mutants
by FACS coupled with the elucidation of changes at the level of the
genome and transcriptome could generate interesting data concerning
what regulatory components (e.g. key enzymes, transcription factors or
signal-transducing pathways) are responsible for enhanced carotenoid
and lipid biosynthesis in hyperproducing mutants. Finding these
molecular switches responsible for such traits could provide further
knowledge of how microalgal cells sense the environment and how they
respond to it in terms of accumulation and compartmentalization of
TAGs, carotenoids and LC-PUFAs, especially under nitrogen starvation.
A particular issue worth investigating, and related to this applied
objective, is to learn how microalgae remodel their membranes as part
of the response to growth-enhancing conditions and/or environmental
stress.

6. Conclusion

Microalgae are rich sources of multiple bioactive compounds such
as LC-PUFAs, TAGs and carotenoids with applications in food, feed and
fuel markets. Recent trends in microalgal biotechnology point to the
simultaneous accumulation of these high-valuable compounds and
lipids by one microalgal species to turn the production into an
economically feasible venture. Analysis of the current state of the art
revealed that the chlorophyte P. incisa is a potential triple-producer,
being able to accumulate the three lipophilic classes of compounds that
are amenable to be used in different streams in a biorefinery.
Furthermore, oleaginous species of the Stramenopiles lineage such as
N. oculata or P. tricornutum show the ability of a similar production
process. However, concomitant carotenoid accumulation is yet to be
achieved. Oleaginous chlorophytes usually display large accumulation
of carotenoids under stress conditions, but only marginal EPA and DHA
contents. Most probably, the best strategy to obtain triple-producers
will be to look for carotenoid-rich strains containing TAGs composed of
LC-PUFAs. Metabolic engineering of the LC-PUFA biosynthesis in
microalgae of Stramenopiles has already proven that under specific
genetic backgrounds microalgae synthesize high amounts of LC-PUFAs
and incorporated these into TAGs under nitrogen depletion. Instead of
the generation of genetically modified microalgae, naturally occurring
lipid-, LC-PUFA- or carotenoid-hyperproducing mutants can be ob-
tained by FACS-based selection (Fig. 5). Even though both methods
have been successfully applied to microalgae for one or the other
compound, the genetic analysis of the derived mutants is lacking, which
could lead to the detection of genes or transcription factors responsible
for the higher accumulation of valuable compounds. Thus, further
knowledge about the metabolic pathways and especially the mechan-
ism for the partitioning of LC-PUFAs into TAGs can be acquired, leading
to a better understanding of the response of the microalgal metabolism
to different stress factors. The species and techniques suggested in this
review will hopefully guide the research into the direction of the
production of multiple valuable compounds by microalgae, making
them a promising sustainable resource of food, feed and energy.
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Fig. 5. Strategies to improve TAG, LC-PUFA and carotenoid production in microalgae. Potential microalgal strains can be selected from a culture collection and improved via metabolic
engineering (e.g. site-directed mutagenesis) and/or high-throughput methods (e.g. random mutagenesis) coupled with FACS. These processes may result in microalgae displaying fast
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the genetics of these improved strains can lead to the detection of altered biosynthetic pathways and novel key molecular players via comparative transcriptomics between wild-type and

mutant.
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