Energies 2012, 5, 1532-1553; doi:10.3390/en5051532

energies

ISSN 1996-1073
www.mdpi.com/journal/energies

Article

High Lipid Induction in Microalgae for Biodiesel Production
Kalpesh K. Sharma, Holger Schuhmann and Peer M. Schenk *

Algae Biotechnology Laboratory, School of Agriculture and Food Sciences, The University of
Queensland, Brisbane, Queensland 4072, Australia;
E-Mails: kalpesh.sharma@uqconnect.edu.au (K.K.S.); h.schuhmann@ugq.edu.au (H.S.)

* Author to whom correspondence should be addressed; E-Mail: p.schenk@ugq.edu.au;
Tel.: +61-7-3365-8817; Fax: +61-7-3365-1699.

Received: 30 March 2012; in revised form: 3 May 2012 / Accepted.: 8§ May 2012 /
Published: 18 May 2012

Abstract: Oil-accumulating microalgae have the potential to enable large-scale biodiesel
production without competing for arable land or biodiverse natural landscapes. High lipid
productivity of dominant, fast-growing algae is a major prerequisite for commercial
production of microalgal oil-derived biodiesel. However, under optimal growth conditions,
large amounts of algal biomass are produced, but with relatively low lipid contents, while
species with high lipid contents are typically slow growing. Major advances in this area
can be made through the induction of lipid biosynthesis, e.g., by environmental stresses.
Lipids, in the form of triacylglycerides typically provide a storage function in the cell that
enables microalgae to endure adverse environmental conditions. Essentially algal biomass
and triacylglycerides compete for photosynthetic assimilate and a reprogramming of
physiological pathways is required to stimulate lipid biosynthesis. There has been a wide
range of studies carried out to identify and develop efficient lipid induction techniques in
microalgae such as nutrients stress (e.g., nitrogen and/or phosphorus starvation), osmotic
stress, radiation, pH, temperature, heavy metals and other chemicals. In addition, several
genetic strategies for increased triacylglycerides production and inducibility are currently
being developed. In this review, we discuss the potential of lipid induction techniques in
microalgae and also their application at commercial scale for the production of biodiesel.
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1. Introduction

Sustainable production of renewable energy is being debated globally since it is increasingly
understood that first generation biofuels, primarily produced from food crops and mostly oil seeds,
compete for arable land, freshwater or biodiverse natural landscapes and are limited in their ability to
achieve targets for biofuel production. These concerns have increased the interest in developing second
and third generation biofuels such as lignocellulosics and microalgae, respectively, which potentially
offer great opportunities in the longer term and do not need to compete for arable land and precious
freshwater [1,2]. Due to continuous and increasing combustion of fossil carbon, the amount of
greenhouse gas CO; has increased. As a result global warming and climate change are threatening
ecological stability, food security and social welfare [3,4]. The transportation and energy sector are the
two major sources, responsible for the generation of 20% and 60% of greenhouse gases (GHG)
emissions, respectively, and it is expected that with the development of emerging economies the global
consumption of energy will rise considerably and this will lead to more environmental damage [5].

Photosynthesis is the only process that can convert CO; into organic compounds with high energy
content, and thus can provide a source for sustainable transport fuel production. There is an urgent
need to develop technologies which are able to produce an additional five to six billion tons of organic
carbon apart from the current harvest from agricultural crops [3]. Large-scale cultivation of microalgae
may be 10-20 times more productive on a per hectare basis than other biofuel crops, are able to use a
wide variety of water sources, and have a strong potential to produce biofuels without the competition
for food production [2]. Algae can be produced either as macrophytes via marine aquaculture [6] or in
large-scale microalgae cultivation systems in open ponds or in photobioreactors [1]. Microalgae are
currently considered the most promising types of algae for biofuel production, based on their high lipid
contents. Recent progress in the production of microalgae has been intensively reviewed [7], and
future perspectives have been presented by Stephens et al. [5]. Microalgae can also be cultivated as an
integrated concept with wastewater treatment to optimize the energetic and financial input for the
production process [8].

Triacylglycerides (TAGs) generally serve as energy storage in microalgae that, once extracted, can
be easily converted into biodiesel through transesterification reactions [3,9]. These neutral lipids bear a
common structure of triple esters where usually three long-chain fatty acids (FAs) are coupled to a
glycerol molecule. Transesterification displaces glycerol with small alcohols (e.g., methanol).
Recently, the rise in petroleum prices and the need to reduce greenhouse gas emission has seen a
renewed interest in large-scale biodiesel production [10].

Within the last few decades the concept of lipid induction in microalgae has been intensively
studied to increase TAG production in microalgae, but at present different lipid induction techniques
have not been compared to each other. Here we provide a review of different lipid inducing techniques
in microalgae and their potential to be used for biodiesel production.

2. Lipids in Microalgae

Lipids produced by microalgae generally include neutral lipids, polar lipids, wax esters, sterols and
hydrocarbons, as well as prenyl derivatives such as tocopherols, carotenoids, terpenes, quinines and
pyrrole derivatives such as the chlorophylls. Lipids produced by microalgae can be grouped into two
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categories, storage lipids (non-polar lipids) and structural lipids (polar lipids). Storage lipids are mainly
in the form of TAG made of predominately saturated FAs and some unsaturated FAs which can be
transesterified to produce biodiesel. Structural lipids typically have a high content of polyunsaturated
fatty acids (PUFAs), which are also essential nutrients for aquatic animals and humans. Polar lipids
(phospholipids) and sterols are important structural components of cell membranes which act as a
selective permeable barrier for cells and organelles. These lipids maintain specific membrane
functions, providing the matrix for a wide variety of metabolic processes and participate directly in
membrane fusion events. In addition to a structural function, some polar lipids may act as key
intermediates (or precursors of intermediates) in cell signaling pathways (e.g., inositol lipids,
sphingolipids, oxidative products) and play a role in responding to changes in the environment.

Of the non-polar lipids, TAGs are abundant storage products, which can be easily catabolized to
provide metabolic energy [11]. In general, TAGs are mostly synthesized in the light, stored in
cytosolic lipid bodies, and then reutilized for polar lipid synthesis in the dark [12]. Microalgal TAGs
are generally characterized by both, saturated and monounsaturated FAs. However, some oil-rich
species have demonstrated a capacity to accumulate high levels of long-chain polyunsaturated fatty
acids (PUFA) as TAG [13,14]. A detailed study on both accumulation of TAG in the green microalga
Parietochloris incisa and storage into chloroplastic lipids (following recovery from nitrogen
starvation) led to the conclusion that TAGs may play an additional role beyond being an energy
storage product in this alga [13,15]. Hence, PUFA-rich TAGs are metabolically active and are
suggested to act as a reservoir for specific fatty acids. In response to a sudden change in the
environmental condition, when the de novo synthesis of PUFA may be slower, PUFA-rich TAG may
donate specific acyl groups to monogalactosyldiacylglycerol (MGDG) and other polar lipids to enable
rapid adaptive membrane reorganization [15,16].

3. Methods of Lipid Induction

The ability of microalgae to survive in diverse and extreme conditions is reflected in the
tremendous diversity and sometimes unusual pattern of cellular lipids obtained from these
microalgae [17]. Moreover, some of these microalgae can also modify lipid metabolism efficiently in
response to changes in environmental conditions [12,18]. A review of microalgal lipid metabolism has
recently been published [19]. Under optimal growth conditions, large amounts of algal biomass are
produced but with relatively low lipid contents (Figure 1), which constitute about 5-20% of their dry
cell weight (DCW), including glycerol-based membrane lipids. Essentially, microalgae biomass and
TAGs compete for photosynthetic assimilate and a reprogramming of physiological pathways is
required to stimulate lipid biosynthesis. Under unfavorable environmental or stress conditions many
microalgae alter their lipid biosynthetic pathways towards the formation and accumulation of neutral
lipids (20-50% DCW), mainly in the form of TAG, enabling microalgae to endure these adverse
conditions (Figure 1).
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Figure 1. Lipid induction in microalgae under stress condition.
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High capital costs due to low lipid productivity of FA-synthesizing microalgae are a major
bottleneck, hindering the commercial production of microalgal oil-derived biodiesel. One who has
grown microalgae under laboratory or outdoor condition is well aware of the fact that to obtain high
lipid content, external stress or lipid induction techniques need to be applied. Many microalgae
produce saturated and unsaturated FAs naturally under ideal growth conditions, which have high
nutritional value, but are less ideal for biofuels. However, the synthesis of neutral lipids in the form of
TAG can be induced in many species under stress conditions, and these lipids are suitable precursors
for biodiesel production [20,21]. The occurrence and the extent to which TAGs are produced is
species/strain-specific, and are ultimately controlled by the genetic make-up of individual organisms.
Synthesis and accumulation of large amounts of TAGs accompanied by considerable alterations in
lipid and FA composition can occur in microalgae when placed under stress conditions imposed by
chemical or physical environmental stimuli, either acting individually or in combination [21]. There
has been a wide range of studies carried out on lipid induction techniques in microalgae such as the use
of nutrients stress, including nitrogen and/or phosphorus starvation, light irradiation, pH, temperature,
heavy metals and other chemicals. The following paragraphs review the different TAG induction
techniques and discuss their potential in different microalgae species.

3.1. Nutrient Starvation

Nutrient availability has a significant impact on growth and propagation of microalgae and broad
effects on their lipid and FA composition. Environmental stress condition when nutrients are limited,
invariably cause a steadily declining cell division rate. Surprisingly, active biosynthesis of fatty acids
is maintained in some algae species under such conditions, provided there is enough light and CO,
available for photosynthesis [12]. When algal growth (as measured by cell divisions) slows down and
there is no requirement for the synthesis of new membrane compounds, the cells instead divert and
deposit fatty acids into TAG. Under these conditions, TAG production might serve as a protective
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mechanism. Under normal growth conditions, ATP and NADPH produced by photosynthesis are
consumed by generating biomass, with ADP and NADP" eventually being available again as acceptor
molecules in photosynthesis. When cell growth and proliferation is impaired due to the lack of
nutrients, the pool of the major electron acceptor for photosynthesis, NADP", can become depleted.
Since photosynthesis is mainly controlled by the abundance of light, and cannot be shut down
completely, this can lead to a potentially dangerous situation for the cell, damaging cell components.
NADPH is consumed in FA biosynthesis, therefore, increased FAs production (which in turn are
stored in TAGs) replenishes the pool of NADP" under growth-limiting conditions [12,21].

Nutrient starvation is one of the most widely used and applied lipid induction techniques in
microalgal TAG production and has been reported for many species (Table 1). For example, when the
diatom Stephanodiscus minutulus was grown under silicon, nitrogen or phosphorus limitation, an
increase in TAG accumulation and a decrease of polar lipids (as percentage of total lipids) was noticed
in all of the nutrient-limited cultures [22]. In the green alga Chlamydomonas moewusii, nutrient
limitation resulted in decreased PUFA C16:3, C16:4, and C18:3 contents whereas overall levels of
C16:1 and C18:1 FA were increased [23].

Nitrogen is the single most critical nutrient affecting lipid metabolism in algae. A general trend
towards accumulation of lipids, particularly TAG, in response to nitrogen deficiency has been
observed in numerous species or strains of various microalgae [24-26]. Hu et al. [27] conducted a
study on nitrogen stress responses of several green microalgae, diatoms and cyanobacteria and all
tested species showed a significant rise in lipid production. A detailed and large-scale model of lipid
induction by nutrient starvation (nitrogen, phosphorus) on several diatoms, green algae, red algae,
prymnesiophytes and eustimatophytes is presented in a study carried out by Rodolfi ef al. [28]. In the
diatom Cyclotella cryptica, higher levels of neutral lipids (primarily TAG) and higher proportions of
saturated and mono-unsaturated FAs were produced due to silicon deficiency [20]. However, only a
small increase in TAG levels (from 69 to 75% from total lipids) together with phospholipids (from 6 to
8%) was reported for the microalga Phaeodactylum tricornutum as a result of reduced nitrogen
concentrations [29]. Scenedesmus sp. subjected to nitrogen or phosphorus limitation showed an
increase in lipids as high as 30% and 53%, respectively [30]. Lipid content of freshwater green alga
Chlorella vulgaris could be significantly increased by 40% in low nitrogen-containing medium [31].
With manipulated culture conditions of 1 mM KNOs, 1.0% CO,, 60 pmol photon m *s ' and 25 °C,
lipid production of C. vulgaris was increased by 2.5-fold [32]. In addition, lipid stimulation in
Chlorella was also achieved via silicon deficiency [33] and iron supplementation [34]. Moreover, it
was found for C. vulgaris that changing from normal nutrient to nitrogen depletion media gradually
changed the lipid composition from free FA-rich lipids to lipid mostly contained as TAG [35].
Nitrogen starvation in microalgae not only affects the fatty acid metabolism, but also affects pigment
composition. For Parietochloris incise grown in nitrogen-replete medium a considerable increase in
the ratio of carotenoid and chlorophyll contents was recorded [36].

Phosphorus limitation resulted in increased lipid content, mainly as TAG, in P. tricornutum,
Chaetoceros sp., Isochrysis galbana and Pavlova lutheri, but decreased lipid content in Nannochloris
atomus and Tetraselmis sp. [37]. Due to phosphorus deprivation, production of C16:0 and C18:1 was
increased and production of C18:4w3, C20:5w3 and C22:6w3 was decreased [37]. In contrast, for
phosphorus-starved cells of the green alga Chlorella kessleri, an elevated level of unsaturated fatty
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acids in all identified individual lipids, namely phosphatidylcholine (PC), phosphatidylglycerol (PG),
digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG), and sulfoquinovosyl
diacylglycerols (SQDG) were found [38]. Phosphorus limitation was also found to increase the overall
TAG production from 6.5% up to 39.3% with a gradual decrease in eicosapentaenoic acid (EPA)
concentration. The cellular total lipid content increased, mainly due to TAG accumulation in Monodus
subterraneus [15]. In studies carried out on other organisms, including higher plants, the authors have
also acknowledged replacement of membrane phospholipids by non-phosphorus containing glycolipids
and betain lipids under phosphate limitation [39,40].

A study by Sato et al. [17] on sulphur and phosphorus depletion in green alga C. reinhardtii showed
that sulphur depletion leads to decrease in SQDG but on the other hand PG was increased by 2-fold,
representing a compensatory mechanism where lipids containing sulphur are substituted by lipids
containing phosphate. When C. reinhardtii was grown in media with limited phosphorus it showed a
40% decrease in PG and also stimulated increase in the SQDG content. Thus, mechanisms that keep
the total sum of SQDG and PG concentrations constant under both phosphorus and sulphur-limiting
conditions appear to occur [17]. Other studies have also shown that sulfur deprivation led to increased
total lipid content in the green algae Chlorella sp. and C. reinhardtii [41].

Based on the literature reviewed, it is clear that amongst all nutrient starvation approaches, nitrogen
starvation technique is most widely applied and studied in almost all the microalgae species that can be
considered for the production of biofuel (Table 1). Nitrogen is the most growth-limiting factor for
eukaryotic microalgae and would be one of the first nutrients to be depleted during algae cultivation. It
is relatively easy to apply controlled nitrogen stress on microalgae by subtracting the nitrogen source
in the growth media. Moreover all the microalgae species studied so far (Table 1), seem to increase
TAG production under nitrogen stress. Hence, nitrogen starvation is the most successful lipid inducing
technique at present. However, high lipid production due to nitrogen stress may take 2—5 days and is
complemented with slow growth rates and low cell counts and thus finally effecting the total biomass
and lipid productivity as detailed by Widjaja et al. [35].

Table 1. Examples of different types of nutrient starvation stress which have been studied
to induce lipids in microalgae.

Microalgae species or

strain Nutrient stress Changes in lipid profile after induction Reference
i
Chlamydomonas
reinhardtii, Nitrogen limitation Inc'refase in jfotal lipids [42]
Scenedesmus (lipid: amide ratio)
subspicatus
Nannochloropsis . o g
Nitrogen limitation Total lipid increased by 15.31% [43]
oculata
Chlorella vulgaris Nitrogen limitation Total lipid increased by 16.41% [43]
Chlorella vulgaris Nitrogen limitation Lipid productivity of 78 mg/L d [24]
Chlorella sp. Nitrogen limitation Lipid productivity of 53.96 £ 0.63 mg/L d [25]
Phaeodactyl
aeodactylunt Nitrogen limitation TAG levels increased from 69 to 75% [29]

tricornutum
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Table 1. Cont.

Dunaliella tertiolecta Nitrogen limitation Five times increase in lipid fluorescence [44]
Chlorella vulgaris Nitrogen medium Lipids increased by 40% [31]
Chlorella vulgaris Nitrogen limitation Increase in TAG [35]

Nutrient-deprived
conditions (nitrogen,
Chlorella sp. phosphate-potassium,  Total lipid production of 49.16 + 1.36 mg/L d [25]
iron, and all three

combined)
Chlorella sp. Urea limitation Total lipid productivity of 0.124 g/ L d [26]
Neochlori;
coCTions Ammonium nitrate Lipid productivity of 0.133 g/L d [45]
oleoabundans
Scenedesmus sp., Combined effect of .
I TAG 46
Coelastrella sp. Ph and N-limitation fierease m [46]
Phaeodactylum
tricornutum , Phosphorus limitation Increase in total lipids with higher relative 37]

Chaetoceros sp., content of 16:0 and 18:1

Isochrysis galbana
Monodus subterraneus  Phosphorus limitation Increase in TAG [15]
Nit d
Scenedesmus sp [Hrogen an ) Lipids increased 30% and 53%, respectively [30]
phosphorus starvation
Chlorella sp. Silicon deficiency - [33]
Chlorella kessleri Phosphorus limitation Increase in unsaturated FAs [38]
Chlamyd,
ar-ny omtffzas Sulphur limitation PG was increased by 2-fold [17]
reinhardtii
Chlamyd,
ar-ny omtffzas Sulphur limition Increase in TAG [41]
reinhardtii
Cyclotella cryptica Silicon starvation Increased in total lipids from 27.6% to 54.1% [47]

3.2. Temperature Stress

Temperature has been found to have a major effect on the fatty acid composition of microalgae
(Table 2) [18,48]. A general trend towards increasing FA unsaturation with decreasing temperature and
increasing saturated FA with increasing temperature has been observed in many microalgae and
cyanobacteria (Table 2) [49-52]. It is generally accepted that many of the lipid profile changes alter
the physical properties of membranes so that normal functions (e.g., ion permeability, photosynthetic
and respiratory processes) can continue unimpaired [53]. The most commonly observed change in
membrane lipids following a temperature shift is an alteration in FA unsaturation [54]. Due to their
geometry, FAs with carbon-carbon double bonds cannot be as densely packed as saturated
FA, therefore the fluidity of membranes containing unsaturated FA is increased. As membrane fluidity
is decreased at lower temperatures, increased FA unsaturation provides an adaptation to the
changing environment.

Dunaliella salina has been extensively analyzed for low temperature modification of lipid
composition [12]. A temperature shift from 30 °C to 12 °C increased the level of unsaturated lipids
significantly by 20% [12]. In Ochromonas danica, as the incubation temperature rose from 15 to
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30 °C, the cell number per unit volume of medium was increased thus increasing total lipid
content [55]. In Chlorella vulgaris and Botryococcus braunii, increased temperature resulted in a
decrease of the relative content of unsaturated intracellular fatty FAs [56]. Increases in growth rate and
total lipid production were obtained in Nannochloropsis salina with an increase in temperature [57].
Whereas, a decrease in culture temperature from 25 to 10 °C led to an elevation in the relative
proportion of oleate but a decrease in linoleate and stearidonic acid (C18:4n-3) in the green alga
Selenastrum capricornutum [58]. In a culture of 1. galbana grown at 30 °C, total lipids accumulated at
a higher rate with a slight decrease in the proportion of nonpolar lipids [59]. On the other hand, higher
levels of omega-3 PUFA a-linolenic acid (ALA) and docosahexaenoic acid (DHA) with a
corresponding decrease in saturated, monounsaturated, and linoleic fatty acids were found in the cells
grown at 15 °C [59]. Moreover, in the diatom P. tricornutum the highest yields of PUFA and EPA per
unit dry mass were 4.9 and 2.6%, respectively, when temperature was shifted from 25 °C to 10 °C for
12 h, with both being raised by 120% compared with the control [60].

Study on the effects of low temperatures in some higher plants have also been shown to increase the
amount of unsaturated FAs [61]. Similar results were also obtained in Chlorella ellipsoidea where the
content of unsaturated FA was increased by 2-fold. Moreover, a low temperature-adapted strain of this
species also showed increased ALA and, therefore, more unsaturation in its PG [62]. In the marine
microalga Pavlova lutheri, significant changes in acidic lipid and fatty acid composition have been
reported for cultures grown at 15 °C compared with 25 °C [63]. The culture grown at 15 °C resulted in
an increased relative amount of EPA and DHA [63]. Variations of FA composition with growth
temperature were also studied by Fork er al. on the thermophilic cyanobacterium Synechococcus
lividus [64]. When the growth temperature was lowered from 55 °C to 38 °C, the amount of saturated
FA C18:0 decreased while the unsaturated FAs C18:1 and C16:1 increased [64]. In general, there was
an increase in the more fluid lipids in all of the lipid classes when the cells were grown at the lower
temperature [64].

The cyanobacterium Spirulina platensis and eukaryotic microalgae Chlorella vulgaris and
Botryococcus braunii were studied for the effect of ambient temperature on the composition of
intracellular FAs and the release of free fatty acids (FFA) into the medium [56]. It was found that all of
the above species studied, regardless of their taxonomic status, responded to the temperature regime by
similar changes in their intracellular FA composition: the relative content of more unsaturated FAs
decreased and saturated FAs increased with the elevation of temperature [56].

In contrast, no significant change in the lipid content was observed in Chlorella sorokiniana grown
at various temperatures [65]. There was no effect of temperature shift on the content of the acidic
thylakoid lipids, SQDG and PG, in C. reinhardtii [17]. It should be noted that only a limited amount of
information is available on this subject and that all studies were carried at laboratory scale where it is
very easy to maintain the desired temperature. Thus maintaining, decreasing or increasing temperature
is feasible only in closed system photobioreactors which are costly when compared to open systems.
At present, we are not aware of any study that has highlighted the effect of temperature to induce lipids
on large-scale cultivation; but as lipid profiles clearly change at different temperatures, properties of
algal-derived biodiesel would also change for different climates and seasons. Different strains or
species may be used for different seasons (e.g., summer or winter strains) and efforts are underway to
use flue gases and other heat sources to increase algae growth in colder climates.
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Table 2. Lipid induction in microalgae with different temperatures.

Lipid profile change after

Microalgae species or strain Stressing agent Reference
! gac spect ! ne ag induction
Chaetoceros sp. Grown at 25 °C Total lipid increased by 16.8% [49]
Rhodomonas sp., Lipid production increased by
Cryptomonas sp., Range of 27 °C to 30 °C 15.5,12.7, and 21.7% [49]
Isochrysis sp. respectively
) Lipid production increased by
Nannochloropsis oculata Increase from 20 °C to 25 °C 14.92% [43]
. (V]
Isochrysis galbana Increase from 15 °C to 30 °C Increase in neutral lipids [59]
Unsaturated FA i db
Chlorella ellipsoidea Lowering temperature nsaturate ) fwlzs fereased by [62]
-fo
Nannochloropsis salina Increase in temperature Increase in total lipids [57]
Dunaliella salina Shift from 30 °C to 12 °C Increase in unsaturated lipids [12]
Ochromonas danica Increase from 15 °C to 30 °C Increase in total lipids [55]
T ture from 25 °C t
Selenastrum capricornutum cmpera uT(}) Or(c;m © Increase in oleate fatty acid [58]
Isochrysis galbana Grown at 30 °C Increase in total lipids [59]
Shifted from 25 °C to 10 °C
Phaeodactylum tricornutum e rofrn 2h © Highest yields of PUFA and EPA [60]
or
Paviova lutheri Grown at 15 °C Increased relative amount of EPA [63]
Spirulina platensis, Chlorella
vulgaris, Botryococcus Increase in temperature Saturated FAs increased [56]

braunii

3.3. Salinity-Induced Lipid Production

Dunaliella species provide the best examples of microalgae that can tolerate high salt
concentrations. The ability of Dunaliella species to proliferate over practically the saturation range of
salinities makes them one of the favorite candidates to study salinity effects on microalgae [66—68]. In
a study carried out by Azachi et al. [66] cells of D. salina were transferred from 0.5 to 3.5 M
(29 to 205 g/L) NaCl, and there was a significantly higher ratio of C18 (mostly unsaturated) to C16
(mostly saturated) FAs in the cells grown in 3.5 M (205 g/L) NaCl compared with those grown at
0.5 M (29 g/L) NaCl [66]. An increase of the initial NaCl concentration from 0.5 M (29 g/L) to 1.0 M
(58 g/L) followed by further addition of NaCl to 2.0 M (117 g/L) during cultivation of Dunaliella
tertiolecta resulted in an increase in intracellular lipid content and a higher percentage of TAG [67].
An even stronger increase in salinity from 0.4 M to 4 M (23 to 234 g/L) in Dunaliella sp. increased the
proportion of total saturated fatty and monounsaturated fatty acids, whereas the proportion of PUFA
was decreased [68].

The diatom Nitzschia laevis is known to produce high amounts of EPA [69]. When these cells were
subjected to high salt concentrations, the degree of FA unsaturation of both neutral and polar lipid
fractions increased sharply when salt concentrations increased from 10 to 20 g/L, but decreased at salt
concentrations of 30 g/L [69]. Highest contents of total fatty acids, EPA and polar lipids were all
obtained at NaCl concentration of 20 g/L, under which 71.3% of total EPA existed in polar lipid
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fractions [69]. The amount of total free sterols was also increased with an increase in salt
concentration. In three marine heterotrophic microalgae strains, Crythecodinium cohnii ATCC 30556,
C. cohnii ATCC 50051 and C. cohnii RJH grown at different salinities, the FA composition was also
affected [70]. At 9 g/L NaCl, C. cohnii ATCC 30556 had the highest total FA content and DHA
(C22:6) proportion. In contrast, C. cohnii ATCC 50051 and C. cohnii RJH had the highest DHA
content at 5 g/LL NaCl. C. cohnii ATCC 30556 and ATCC 50051 had the highest DHA yield (132 and
68 mg/L respectively) at 9 g/L NaCl while C. cohnii RJH had the highest DHA yield (129 mg/L) at
5 g/L NaCl [70]. Growth, lipid content and FA composition of heterotrophic microalga Schizochytrium
limacinum OUCS88 at different temperatures (16 °C, 23 °C, 30 °C and 37 °C) and salinities
(0, 9, 18, 27 and 36 g/L) were analyzed [71]. Highest lipid content was obtained at salinities of
9-36 g/L at a temperature range of 16-30 °C and the content of saturated fatty acids C15:0 and C17:0
was increased greatly [71]. In addition, the ratio of DHA to DPA changed at different temperatures and
salinities [71].

3.4. The Effect of pH and Heavy Metals Stress

Fluctuations of the pH in the medium also have been found to alter the lipid composition of
microalgae (Table 3). For example, alkaline pH stress led to TAG accumulation in Chlorella CHLOR1
and was not dependent on nitrogen or carbon limitation levels, and led to a decrease in membrane
lipids [72]. Based on morphological observations, alkaline pH inhibited the growth of microalgae, thus
diverting the energy to form TAG [72]. The effects of pH on the lipid and FA composition of a
Chlamydomonas sp. isolated from a volcanic acidic lake, and C. reinhardtii have been studied and
compared [73]. In the unidentified Chlamydomonas sp., FAs of polar lipids were more saturated than
those in C. reinhardtii. The relative proportion of TAG (as percentage of total lipids) was higher in
Chlamydomonas sp. grown at pH 1 than that in the cells cultivated at higher pH. The increase in
saturation of fatty acids in membrane lipids of Chlamydomonas has been suggested to represent an
adaptive reaction at low pH to decrease membrane lipid fluidity [73].

Heavy metals like cadmium, iron, copper and zinc have also been found to increase the lipid content
in some microalgae [74]. The effect of high levels of cadmium was studied in Euglena gracilis grown
as autotrophic, heterotrophic (in the dark) and mixotrophic (in the light with an organic carbon source)
cultures [74]. Cadmium caused an increase in the total lipid content per cell in all three culture
systems [74]. Among the membrane lipids, sterol content was lower in cadmium-treated cells
cultivated under illumination. There were no changes in the total phospholipid content, although there
was an increase in PG. E. gracilis has also been shown to display somewhat different sensitivities to
copper and zinc [74]. The effect of iron on growth and lipid accumulation in Chlorella vulgaris was
investigated by Liu et al. [34]. The culture in the late exponential growth phase when supplemented
with Fe’" at different concentrations, showed increased total lipid content of up to 56.6% biomass by
dry weight [34].
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Table 3. Examples of lipid induction in microalgae due to salinity and pH stress.

Microalgae sp Salinity change Lipid profile change after induction Reference

Transferred from 29 t
Dunaliella salina ran; Oe; ; L ;?:(131 © Increased concentration of C18 FA [66]

Transferred from 29 g/L to

Dunaliella tertiolecta 58 /L NaCl Increase in lipid content and TAG [67]
Increased salinity from Increase in total FA and
Dunaliella sp. 68
unazesa sp 23 to 234 g/L NaCl monounsaturated FA [68]

NaCl trati
Nitzschia laevis increaie d ;:;;;eilor?ol;g oL Increase in unsaturated FA [69]

Crythecodinium. .
cohnii ATCC 30556 At 9 g/L NaCl Increase in total FA content and DHA [70]
Salinity at 9-36 g/L at
Schizochytrium alinity a gLa Saturated FA C15:0 and C17:0 was
limacinum temperature range of reatly increased [71]
16-30 °C sreaty
Unidentified
nidentifie Low pH Increase in saturated FAs [73]
Chlamydomonas sp.
Chlorella sp. alkaline pH Increase in TAG [72]
Euglenia gracilis Cadmium, copper, zinc Increase in total lipids [74]
I in total lipids to 56.6% of
Chlorella vulgaris Fe** fietease fn fotal Aps 1o °0 [34]

biomass

3.5. Light Irradiation Stress

Light is the most important element for photosynthesis, without which no autotrophic life can
sustain or flourish. Microalgae have been reported to grow on various light intensities exhibiting
remarkable changes in their gross chemical composition, pigment content and photosynthetic
activity [75] (Table 4). Moreover, different light intensities and wavelengths have been reported to
change the lipid metabolism in microalgae altering the lipid profile [76] (Table 4). High light intensity
leads to oxidative damage of PUFA [76], and is also required for the synthesis of C16:1 (3 trans) and
alters the level of this fatty acid in microalgae. Typically, low light intensity induces the formation of
polar lipids, particularly the membrane polar lipids associated with the chloroplast, whereas high light
intensity decreases total polar lipid content with a simultaneous increase in the amount of neutral
storage lipids, mainly TAGs [77-80]. High light exposure decreased the total phospholipid content and
increased the level of nonpolar lipid (namely TAG) in the filamentous green alga Cladophora sp. [79].
In the red microalga Tichocarpus crinitus exposure to low light intensity resulted in increased levels of
some cell membrane lipids, especially SQDG, PG and PC, whereas higher light intensities increased
the level of TAG [78]. In the haptophyte Paviova lutheri higher light intensities act as a catalyst to
increase the lipid content and were associated with lower dilution rate-promoted increases in both cell
population and weight per cell [81]. TAG production under high light conditions might serve as a
protective mechanism for the cell. As outlined above, electron acceptors needed by the photosynthetic
machinery might be depleted under high light conditions as well. Increased FA synthesis which in turn
are stored as TAG, potentially helps the cell to re-generate its electron acceptor pool.
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Light intensity not only affects the fatty acid composition in microalgae, but also the pigment
composition. In the green microalga Parietochloris incise under low irradiance photosynthetically
active radiation, cultures displayed slow growth and a relatively low carotenoid-to-chlorophyll
ratio [36]. At higher irradiances on complete medium, the alga displayed a higher growth rate and an
increase in the carotenoid content, especially that of B-carotene and lutein [36].

Light/dark cycles at different growth phases also have a significant effect on algal lipid
composition, as was successfully demonstrated in a detailed study on various light regimes on lipids of
the diatom Thalassiosira pseudonana [77]. A culture grown to stationary phase under strong
continuous light or under 12:12 h strong light/dark conditions had a higher amount of TAG with
saturated and monounsaturated fatty acids compared to cultures grown with less light. At the
exponential growth phase, however, the proportion of PUFA was highest under high light
conditions [77]. This demonstrates the important role of growth phase in the accumulation of certain
fatty acids. With the onset of stationary phase, algae typically show increased proportions of saturated
and monounsaturated fatty acids and decreased amounts of PUFA [77]. The lipid and fatty acid
compositions of three species of sea ice diatoms grown in chemostats have been analyzed and
compared when cultivated at light-limiting conditions of 2 and 15 pmol photons m > s~ [82].
Growing cultures at 2 pmol photons m s ' resulted in 50% more MGDG containing EPA than those
grown at 15 umol photons m > s '. Growing cultures at 2 umol photons m > s ' resulted in higher
amounts of non-polar lipid bilayer-forming MGDG in relation to total bilayer-forming lipids,
especially DGDG (the ratio of MGDG:DGDG increased from 3.4 to 5.7) than in cultures grown at
15 pmol photons m > s™'. A shorter light period seemed to increase the production of PUFA in
Isochrysis galbana [83]. Sitosterol and stigmasterol were the two main sterols detected at 246.3 and
220.0 mg/100 g, respectively. A continuous increase in the level of total sterols was recorded during
the life cycle at 24 h lighting [83]. The reduction of the photoperiod led to a decrease in the total
sterols produced in the decay phase. A gradual increase in a-tocopherol production during the life
cycle was also recorded [83]. Dark treatment caused a decrease in the relative proportion of oleate fatty
acid and an increase in linoleate fatty acid in the green alga Selenastrum capricornutum [58]. In the
dinoflagellate Prorocentrum minimum dark exposure led to a reduced content of TAG and
galactosylglycerides, while the total content of phospholipids changed little [58].

Light irradiation can only be controlled in a closed system bioreactors or in laboratory-scale
cultures, as shown by the examples above. Moreover, operational costs for controlled light add up to
the production cost of biofuels from microalgae, although there are several commercial approaches of
using LEDs or diverted sunlight in large-scale photobioreactors. Light is essential for TAG production,
but if high light irradiation is used as a stimulant for increased TAG production, based on the examples
above and in Table 4, it can be expected that this will differ for different species. In addition, TAG FA
composition is different for different species in response to different light exposures. For example, in
Nannochloropsis sp. the degree of unsaturation of FAs was lower with increasing irradiance with a
significant decrease in omega-3 fatty acids (29% to 8% of total FA), caused mainly by a decrease of
EPA (20:5n-3) [84]. In conclusion, light will normally stimulate fatty acid synthesis, growth and the
formation of (particularly chloroplast) membranes. Therefore, the overall lipid content of algae will
reflect such morphological changes.
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3.6. UV Irradiance for Lipid Induction

Current research on the effect of UV irradiance in microalgae is mainly focused on the impact of
UV-A and UV-B radiation on algal growth, morphology, physiology and oxidative stress [85-89],
with a special emphasis on pigments and photosynthesis [90]. Examples of studies on UV radiation on
lipid profiles in microalgae are shown in Table 4.

In a study carried out by Srinivas and Ochs [91] on Nannochloropsis oculata the effect of UV-A at
different levels of exposure on total lipid accumulation was investigated. UV-A treatments
significantly increased the PUFA (chlorophyll-specific lipid concentration) of N. oculata cells, and
UV-A and decreased nutrients had a synergistic effect on lipid accumulation. The effects of UV-B
radiation on the total lipid, FA and sterol composition and content of three Antarctic marine
phytoplankton species Odontella weissflogii, Chaetoceros simplex and the haptophyte Phaeocystis
antarctica were examined in a preliminary culture experiment [92]. The cultures were exposed to
constant UV-A and low or high UV-B radiation. The sterol, fatty acid and total lipid content for
Odontella weissflogii changed little under low UV-B when compared with control conditions. In
contrast, when P. antarctica was exposed to low UV-B irradiance, storage lipids were reduced and
structural lipids increased [92]. P. antarctica also contained a higher proportion of polyunsaturated
fatty acids under low UV-B exposure. Exposure of P. antarctica to high UV-B irradiance increased
total lipid, TAG and FFA concentrations. Lipid concentrations per cell also increased when C. simplex
was exposed to high UV-B irradiance [92]. This resulted from increases in FFA concentration
principally saturated FA and may indicate degradation of complex lipids during high UV-B
treatment [92]. Effect of UV-B radiation on lipid productivity was studied in detail in
Tetraselmis sp. [93]. A 4 hour-exposure to UV-B radiation resulted in an overall increase in saturated
FA and monounsaturated FA, whereas the PUFA content was decreased by 50% [93]. In addition,
UV irradiance caused a decline in the overall rate of carbon incorporated into amino acids and a
reduction in the pool size of total cellular amino acids [93]. In contrast, intracellular dissolved free
amino acid increased [93].

The effect of UV radiation on growth and fatty acid composition of two diatoms, P. tricornutum
and Chaetoceros muelleri, were examined in batch cultures [94]. UV radiation induced significant
differences in all the major fatty acids of P. tricornutum. The percentages of EPA and PUFA increased
while monounsaturated FA decreased in the UV-A treatment in comparison with no UV irradiance or
combined UV-A + UV-B treatments [94]. On the other hand, all the major fatty acids of C. muelleri
varied with harvest stage and UV irradiance. The percentage of monounsaturated FA in C. muelleri
increased, while EPA and PUFA decreased under combined UV-A + UV-B treatment [94]. The study
indicated that UV-A exposure may promote EPA and PUFA formation in P. tricornutum, whereas
combined UV-A + UV-B exposure enhanced short FA and monounsaturated FA content, but
suppressed PUFA formation in C. muelleri [94].

PUFAs, especially EPA and DHA, are abundantly synthesized by some phytoplankton species and
play a key role in the marine food chain. However, they are generally considered to be sensitive to
oxidation by UV radiation. P. [utheri and Odontella aurita were exposed to a combination of UV-A
and UV-B radiation with a total daily dose of 110 kJ/m” and lipid composition was then determined on
days 3, 5, and 8 of UV exposure [95]. In P. lutheri exposure to UV led to a decrease in the proportion
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of PUFAs, especially those in structural lipids (glycolipids and phospholipids) and a reduction of 20%
in EPA levels and 16% in DHA levels, after 8 days; whereas for O. aurita, exposure to UV did not
change the fatty acid composition of the total lipids and lipid fractions of the cells [95].

Interestingly, UV radiation has been suggested for microalgal lipid induction in large-scale
cultivation systems. As UV radiation has genetically and physiologically deleterious effects on many
life forms including microalgae [95], the impact is conceivably related to the radiation intensity. A
recent study showed that the modulated use of UV-A radiation for seven days could lead to an
increased production of fatty acids in Nannocloropsis sp. [96]. However, there is concern that constant
use of UV-A light may not be viable for industrial-scale cultivation, while shorter, but stronger UV
radiation could also affect microalgal lipid composition and production as a result of inhibiting nutrient
uptake, carbon assimilation mechanism and damaging DNA [97].

Table 4. Lipid induction due to different light irradiation stress in microalgae.

Lipid profile change after

Microalgae sp Irradiation type induction Reference
Tichocarpus crinitus Low light intensity Increased TAG [78]
Pavlova lutheri High light intensities Increased total lipid content [81]
Continuous or light/dark
Thalassiosira pseudonana cycled strong light at Increased PUFA [77]
exponential growth
Continuous or light/dark
Thalassiosira pseudonana cycled strong light at Increased TAG [77]
stationary phase
Unidentified diatoms Low hghtn(ﬁfs I_l};’l photons 50% more MGDG [82]
Selenastrum .
. Dark treatment Increase in linoleate FA [58]
capricornutum
Prorocentrum minimum Dark treatment Marginal increase in phospholipids [58]
Isochrysis galbana Shorter light period Increase of PUFA [83]
Nannochloropsis oculata UV-A Increase of PUFA, structural lipids [91]
P. antarctica Low UV-B Increase in PUFA, structural lipids [70]
C. simplex High UV-B Increase in total lipids [70]
Tetraselmis sp. UV-B radiation Increase in saturated and [93]
monounsaturated FA
Pha.eodactylum UV radiation Increased EPA and PUFA [98]
tricornutum
Chaetoceros muelleri UV-A Increased monounsaturated FA [98]
Nannochloropsis sp. UV-A Increase in saturated FA to PUFA [96]

ratio

4. Genetic Engineering of Microalgae to Increase Lipid Production

Apart from inducing lipid biosynthesis in microalgae by external cues, some progress is emerging
towards metabolic engineering towards higher TAG or omega-3 accumulation capacities. The
model species C. reinhardtii has been the focus of most molecular, genetic and physiological
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research [99-106]. Significant advances in microalgae genomics have been achieved during the last
decade [103,104,106]. Expressed sequence tag (EST) databases have been established; transcriptomes
as well as nuclear, mitochondrial and chloroplastidial genomes from several microalgae have been
sequenced; and several more are in progress of being sequenced [102]. Of particular relevance in
relation to fatty acid biosynthesis, is acetyl-CoA carboxylase (ACC) which was first isolated from the
microalga Cyclotella cryptica in 1990 by Roessler [107] and was later successfully transformed into
the diatoms C. cryptica and Navicula saprophila [108]. ACC1 was over-expressed leading to 2-3-fold
enhanced enzyme activity. These experiments demonstrated that ACC could be transformed efficiently
into microalgae although no significant increase of lipid accumulation was observed in the transgenic
diatoms [108]. It also suggests that over-expression of ACC enzyme alone might not be sufficient to
significantly enhance the lipid biosynthesis pathway. For a recent review on the potential of metabolic
engineering and other genetic targets to enhance lipid accumulation in microalgae, see
Schuhmann et al. [19]. However, it should be pointed out that at present, GM strains of microalgae can
only be used in small-scale closed bioreactors and are very strictly regulated. This may increase the
total cost of production when compared to non-GM algae in open pond systems.

5. Conclusions and Future Directions

We have discussed the different lipid induction techniques that can be used to stimulate lipid
biosynthesis, in microalgae, in particular TAG. It is clear that different microalgae species react to
different stresses by producing different fatty acids or by altering their composition of fatty acids. Thus
which techniques to apply for the lipid induction in particular microalgae might depend on the
environmental conditions and cultivation systems. Perhaps the most obvious way to advance our
understanding of how the environment can alter lipid metabolism in microalgae is to study one species
under controlled laboratory conditions. Based on the literature reviewed, it is clear that amongst
different lipid induction techniques, nitrogen starvation is most widely applied and studied in almost
all the microalgae species that can be considered for the commercial production of biodiesel (Table 1).
Change in temperature, pH, salinity and heavy metals can also induce lipids effectively, but may be
difficult to regulate on a large-scale cultivation system (Tables 2—4). Rapid induction of lipid
biosynthesis maybe achieved through hybrid systems where a nutrient-rich flow culture in exponential
phase continuously produces algal biomass of which batches (e.g., 50%) can be transferred to low
nutrient conditions but with sufficient light irradiance for photosynthesis. The lipid accumulation phase
maybe further shortened by applying a combination of different induction types. For example, this may
include a sudden induction, as possible in a hybrid system, combined with nutrient depletion, a
salinity/pH change as well as exposure to UV irradiance. The exact combination of induction stresses
that provides optimum lipid productivity in a large-scale commercial cultivation system for biodiesel
production, will differ for every microalgae strain and depends on nutrient supply, environmental and
climatic conditions.
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