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ABSTRACT 
 

Microalgae are primary natural producers of long-chain polyunsaturated fatty acids 
(LC-PUFA) with their widely recognized health-beneficial effects and various 
nutraceutical and pharmaceutical uses. The market for these products is continually 
growing, justifying efforts in the field of microalgal biotechnology to provide a 
sustainable alternative to diminishing marine fish oil resources. This chapter describes the 
occurrence of LC-PUFA in diverse microalgal classes and depicts the major pathways of 
LC-PUFA biosynthesis in microalgae. Effects of diverse environmental stressors on LC-
PUFA accumulation are briefly considered. We will also summarize the results obtained 
in the authors’ laboratories on arachidonic acid (20:4 n-6) and eicosapentaenoic acid 
(20:5 n-3) production by the green freshwater microalga Parietochloris incisa and the 
eustigmatophyte marine alga Nannochloropsis sp. 
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LC-PUFA DIVERSITY AND BIOSYNTHESIS IN MICROALGAE 
 
Unicellular, mainly marine species are the primary natural producers of 20-carbon to 22-

carbon long (C20–C22) LC-PUFA, predominantly of the omega (ω) 3 group, such as 
eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3). 
Microalgal LC-PUFA are transferred through food webs, enriching aquatic organisms in these 
components. Their high physiological significance stems from their importance as membrane 
components and precursors of biologically active eicosanoids. In the course of evolution, 
availability of algal LC-PUFA limited marine fish's capacity to synthesize it from the 
essential linoleic acid (LA; 18:2 n-6) and α-linolenic acid (ALA, 18:3 n-6). In aquaculture, 
EPA and DHA, as well as a certain level of arachidonic acid (ARA, 20:4 n-6), are provided 
through the diet as required for optimal nutrition and stress tolerance of marine fish, 
especially at the larval and juvenile stages [1, 2]. 

Two main families of LC-PUFA, designated ω-3 (or n-3) and ω-6 (n-6), are distinguished 
by the position of the last double bond in the fatty acid (FA) C chain from the methyl (ω) end. 
Microalgae have emerged as a promising “green” and nonpolluting alternative to ω-3 LC-
PUFA production from fish oil. 

Several large-scale commercial processes for ω-3 LC-PUFA production by 
photosynthetic microalgae have been recently developed, mainly to provide algal biomass as 
live feed or feed supplements for aquaculture nutrition, although industrial production of 
microalgal EPA as a human dietary supplement is on the rise [3]. Today, the ω-6 ARA, an 
essential LC-PUFA component of baby formula, is industrially produced by fermentation of 
the oleaginous filamentous fungus Mortierella alpina (Zygomycetes) (see [4] and references 
therein). Large-scale production of DHA is also performed by heterotrophic fermentation, 
such as, for example, cultivation of the marine dinoflagellate Crypthecodinium cohnii on 
organic C resources [5-7]. Heterotrophic LC-PUFA production has been reviewed elsewhere 
[8-10] and is therefore not elaborated upon here. 

The present chapter focuses on photoautotrophic eukaryotic microalgae that are able to 
synthesize LC-PUFA of nutritional and pharmaceutical importance. Eukaryotic microalgae of 
different phylogenetic groups, generally phytoplanktonic marine species, can elongate and 
sequentially desaturate C18 PUFA (18-C unsaturated FA with two or more double bonds) to 
LC-PUFA. FA desaturases catalyze the introduction of cis double bonds at specific positions 
in the fatty acyl chain. PUFA-specific elongation complex mediates a 2-C extension of the 
polyunsaturated acyl chain by condensation of malonyl–coenzyme A (CoA) to an existing 
acyl–CoA moiety [11, 12]. The LC-PUFA biosynthesis pathway in microalgae is assumed to 
take place in the endoplasmic reticulum (ER) and is initiated by ∆12 desaturation of oleic acid 
(OA, 18:1∆9, n-9), produced de novo in the chloroplast, generating LA (18:2∆9,12, n-6), which 
in turn might be further desaturated by an ω-end-specific ∆15 desaturase giving rise to ALA 
(18:3∆9,12,15 n-3) (Figure 1). 

LA, as well as ALA, can be further processed stepwise via the so-called Δ6 desaturase/Δ6 
elongase pathway, giving rise to ARA (20:4 n-6) and EPA (20:5 n-3), respectively (Figure 1). 
In this route, the LC-PUFA-biosynthesis pathway initiates with the Δ6 desaturase and 
includes alternating desaturation and elongation steps mediated by Δ6 PUFA elongase and Δ5 
desaturase [12-15]. The respective pathways initiating with either LA or ALA (the so-called 
n-6 and n-3 pathways) comprise the n-6 or n-3 PUFA intermediates, respectively. 
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Reproduced from [48]; courtesy of Springer. 

Figure 1. Pathways for the biosynthesis of LC-PUFA in microalgae. 

As an alternative to the Δ6 pathway, the ∆9 pathway initiates with ∆9-specific elongation 
of LA or ALA to eicosadienoic acid (EDA, 20:2∆11,14 n-6) or eicosatrienoic acid (ETA, 
20:3 ∆11,14,17 n-3), respectively, followed by sequential ∆8 and ∆5 desaturations. This 
alternative pathway, bypassing ∆6 desaturation, is found in the haptophytes Isochrysis 
galbana [16] and Pavlova salina [17, 18], the coccolithophore Emiliania huxleyi [19] and the 
euglenophyte Euglena gracilis [20]. As follows from Figure 1, the different routes may share 
some C20 intermediates. Furthermore, an ω-3 desaturation can link two routes by conversion 
of n-6 to n-3 PUFA. For example, ARA, which is produced via the n-6 pathway, is converted 
to EPA by ω-3 desaturation mediated by ∆17 desaturase in the eustigmatophytes 
Nannochloropsis sp. [21] and Monodus subterraneus [22], and the red microalga 
Porphyridium cruentum [23]. In the freshwater chlorophyte Parietochloris incisa, ARA is 
produced via the n-6 pathway, as elucidated by analysis of FA composition of individual lipid 
classes [24] and radiolabeling studies [25]. As shown in earlier works, both the ω-3 and ω-6 
pathways are suggested to operate in the diatom Phaeodactylum tricornutum [26], and their 
intermediates may contribute to the biosynthesis of EPA [27]. LC-PUFA biosynthesis in 
microalgae may involve cooperation between different cellular compartments—the 
chloroplast and the ER. Furthermore, the final step in EPA biosynthesis may be localized to 
different cellular compartments. For example, ARA conversion to EPA mediated by an ω-3 
desaturase (Δ17 desaturase) is suggested to occur in the P. cruentum chloroplast, involving 
chloroplast-lipid-linked desaturation [23]. 
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LC-PUFA produced in the ER can be exported to the plastid [14, 23, 28], probably by 
mechanisms analogous to trafficking of the ER-produced C18 PUFA in higher plant cells [29]. 

Production of the highly unsaturated DHA (22:6 n-3) from EPA requires two additional 
steps, including action of the Δ5-specific C20 PUFA elongase, catalyzing the C20-specific 2-C 
chain elongation of EPA to docosapentaenoic acid (DPA, 22:5 n-3) and Δ4 desaturase. These 
metabolic steps have been shown to occur in the C22 LC-PUFA-producing microalgae [30] 
and are different from mammals and fish, where biosynthesis of DHA from EPA involves the 
formation of polyunsaturated C24 intermediates by sequential elongations and desaturation, 
followed by chain shortening via β-oxidation of 24:6 n-3 to 22:6 n-3 in the peroxisomes [31]. 

The desaturase enzymes (∆4, ∆5, ∆6, and ∆8 DES) engaged in the above described LC-
PUFA biosynthesis pathways are membrane-bound non-heme monooxygenases. They belong 
to the "front-end" desaturases which introduce a new double bond between the preexisting 
double bond and the carboxyl end of the FA [32]. Various desaturases involved in LC-PUFA 
biosynthesis share similar structural features: an N-terminal cytochrome b5-fused domain, 
which serves as an electron donor for desaturase and is a typical feature of front-end 
desaturases, and the presence of three conserved histidine-rich motifs. Functional expression 
and characterization of the putative cloned desaturase is essential for its proper designation 
[19]. The functional characterization is commonly performed by expression of the algal 
protein of interest in a heterologous eukaryotic system, such as the yeast Saccharomyces 
cerevisiae. This yeast species has a very simple FA profile and lacks desaturases other than 
∆9 desaturase; it can therefore be fed various FA substrates and the respective product 
analyzed for rate of substrate conversion. Numerous front-end desaturases have been cloned 
and characterized in this way from various LC-PUFA-producing algae [18, 33-35]. To date, 
the microalgal ∆17 (ω-3) desaturases have not been cloned or characterized; however, their 
occurrence has been further supported at the genome level. Numerous microalgal desaturases 
and elongases have been successfully utilized in studies on reconstruction of the LC-PUFA 
pathway in oil-seed plants [36, 37]. 

The ω-3 LC-PUFA EPA and DHA are abundant lipid constituents of various, mainly 
marine, phytoplanktonic microalgae, such as those of the genera Isochrysis, Chaetoceros, 
Nannochloropsis, Phaedoactylum and Pavlova which are cultivated in mariculture for the 
enrichment of microscopic zooplankton and juvenile fish stages [38-40]. Furthermore, several 
EPA-producing microalgae, such as eustigmatophytes of the genus Nannochloropsis (N. 
oculata, N. salina, Nannochloropsis sp., N. oceanica and N. gaditana) are cultivated on a 
large scale in both open ponds and photobioreactors [28, 41-44]. A large body of research is 
devoted to the optimization of biomass and EPA production in the mass-cultivated 
Nannochloropsis microalgae [45-47]; several companies are currently engaged in EPA 
production on a large scale [48]. 

Other commercially important sources for phototrophic EPA production are the diatom 
Odontella aurita which contains 27–28% EPA out of total lipids along with 4% DHA [49], 
and Trachydiscus minutus which produces EPA under conditions of nutrient starvation and, 
most importantly, accumulates it in triacylglycerols (TAG) [74]. The diatom microalga 
Phaeodactylum tricornutum is capable of EPA and DHA production along with the powerful 
antioxidant fucoxanthin, and its ability to produce LC-PUFA is the focus of numerous 
research efforts [50-53]. 

However, ω-6 LC-PUFA are relatively rare in microalgae, appearing mainly as 
biosynthetic precursors of EPA and DHA. 
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In most marine species, ARA does not account for more than a few percent of total fatty 
acids (TFA) [54]. LC-PUFA are rare in the lipids of freshwater algae which are often rich in 
C18 PUFA, such as ALA, but may also include γ-linolenic acid (GLA, 18:3 n-6) and 
sometimes stearidonic acid (SDA, 18:4 n-3). 

In contrast, low levels of C18 FA precursors of LC-PUFA are found in the total lipids of 
marine LC-PUFA-producing microalgae, e.g. species of red algae, diatoms and 
eustigmatophytes. The presence of high levels of ARA is rare, but in the chlorophyte P. incisa 
[25, 55], ARA reaches about 60% of TFA under conditions of nitrogen starvation, mainly as a 
component of TAG [56], while C18 PUFA are abundant in the chloroplast galactolipids [25]. 
The C18 PUFA octadecatetraenoic acid (18:4 n-3, alternatively SDA) and octadecapentaenoic 
acid (OPA, 18:5 n-3) are abundant in some Prymnesiophyceae, such as dinoflagellates of the 
genus Pyrocystis [57], and the coccolithophore Emiliania huxley [19], where these FA occur 
concomitantly with the ω-3 LC-PUFA. 

Lipid-linked desaturation is considered the main route operating in the ER of microalgae, 
similar to the desaturation pathway of C18 PUFA in higher plants. In this route, acyl substrates 
are desaturated, being attached to phospholipids of the ER, such as phosphatidylcholine (PC) 
and phosphatidylamine (PE), or to the nonphosphorous betaine lipid, diacylglyceroltrimethyl-
homoserine (DGTS) that is abundant in some classes of microalgae. Elongation of C18 and 
C20 PUFA utilizes CoA-activated acyl moieties in the cytoplasmic acyl-CoA pool. In the 
ARA-producing P. incisa, it was suggested that three extraplastidial lipids are involved in 
various steps of ARA biosynthesis: PC and DGTS are involved in the ∆12 and subsequently 
∆6 desaturations, whereas PE along with PC are the suggested major substrates for the ∆5 
desaturation of 20:3 n-6 to 20:4 n-6 [55]. 

Recently, it has been shown that some algal ∆6 and ∆5 desaturases may act on CoA-
activated PUFA, similar to mammalian front-end desaturases [27, 58, 59]. This biochemical 
feature, allowing for more efficient substrate exchange between desaturases and elongases in 
the acyl-CoA pool, offers great promise in plant biotechnology for the engineering of oilseed 
plants to produce LC-PUFA, as well as in the metabolic engineering of microalgae (see 
references [60, 61] for further information). 

Notably, many of the recently cloned microalgal acyl-CoA-dependent desaturases have 
been shown to be highly specific for the ω-3 substrates and thus provide a useful gene 
resource for the metabolic engineering of ω-3 LC-PUFA in higher plants [60]. 

 
 

ARA PRODUCTION BY P. INCISA 
 
The green oleaginous freshwater microalga P. incisa comb. nov. (Trebouxiophyceae, 

Chlorophyta) is the first and, to the best of our knowledge, only phototrophic microorganism 
that accumulates high amounts of ARA, particularly in neutral storage lipids (TAG), 
constituting up to 77% of total lipids in P. incisa stationary culture [25, 55] and over 90% of 
the total ARA being deposited in TAG [25, 55, 56]. This alga accumulates up to 60% ARA in 
TAG upon cultivation under nitrogen-starvation conditions. Its ∆5 desaturase mutant, which 
was produced by chemical mutagenesis of the wild-type strain, is deficient in ARA and 
carries a nonsense mutation in the ∆5 desaturase gene. 
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The mutant produces the precursor of ARA, dihomo-gamma linolenic acid (DGLA, 20:3 
n-6) at up to 35% of TFA and about 12% of dry weight, making this strain the unique “green” 
source for DGLA and holding promise as a potential source for large-scale production of this 
pharmaceutically important LC-PUFA [62, 63]. 

As mentioned above, LC-PUFA are present in microalgae as components of polar 
membrane lipids (phospho- and glycolipids) and rarely accumulate in neutral lipids (TAG). 
Polar lipids play a structural role in the cell and organelle membranes, particularly in 
chloroplasts; therefore, their content in the cell is under stringent control by genetic and 
physiological regulatory mechanisms. In contrast, TAG have no structural function; in 
microalgal cells, TAG accumulate within special cellular structures referred to as oil or lipid 
droplets or globules under stressful conditions that are unfavorable to growth, mainly as 
energy reserves. LC-PUFA sequestered in TAG of P. incisa may also serve as a buffer for 
acyl moieties to be used for membrane lipid production upon growth recovery from 
unfavorable conditions and upon transfer to low temperature [64]. Correspondingly, the 
content of TAG varies markedly, depending on the cultivation conditions. 

 
 

Culture Age 
 
Both FA content and composition have been shown to change with culture age upon 

transfer to the stationary phase, although the effect of nitrogen starvation is more pronounced 
than that of culture age per se [56]. In general, observations of aging nitrogen-replete cultures 
[65] are compatible with data previously obtained for the stationary cultures grown in 
nitrogen-replete medium, which were characterized by an enhanced proportion of ARA (up to 
60%) and TFA content. In particular, culture aging promotes accumulation of reserve lipids—
in the case of P. incisa, TAG enriched in ARA. It should be noted that under these conditions, 
the percentage of ARA out of TFA correlates well with the TFA content of the biomass (r2 = 
0.91, see [66]. Transfer to the stationary phase, associated with an increase in the proportion 
of ARA in total lipids, is accompanied by a shift from ω-3 to ω-6 C18 PUFA in chloroplastic 
lipids that leads to the transfer from logarithmic to stationary phase, as has been reported to 
occur in many microalgae, including P. incisa [67]. 

 
 

Interactive Effects of Nitrogen Deficiency and Photosynthetically Active 
Radiation (PAR) on FA Accumulation 

 
The availability of mineral nutrients exerts a great influence on lipid metabolism in 

microalgae [68, 69]. Induction of TAG synthesis under deficit, or total absence, of nitrogen 
sulfur, phosphorus, or (in the case of some diatom algae) silicon has been most studied [69, 
70]. As a rule, accumulation of reserve lipids in the microalgal cells occurs in two stages. 
Under nutrient-sufficient conditions, the cells of microalgae divide rapidly and synthesize 
mainly membrane lipids, in particular chloroplast lipids. When nitrogen is exhausted in the 
medium but photosynthetic carbon-dioxide fixation continues, onset of the so-called lipogenic 
phase is characterized by slowing or cessation of cell division, frequently accompanied by 
reduction of photosynthetic apparatus, attenuation of its function and accumulation of neutral 
lipids [68, 69, 71]. 
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Elevated fluxes of PAR aggravate this situation, increasing both the amount of 
photosynthates produced by the cells, and the risk of photodamage to them [72, 73]. 

In oleaginous algae, energy-rich compounds (ATP), reducing equivalents (NADPH), and 
carbohydrates produced in the process of photosynthesis are utilized predominantly for the 
biosynthesis of nitrogen-free compounds, mainly TAG. The biosynthesis of FA and TAG is 
an efficient means of consuming the excess photoassimilates. De novo-synthesized TAG are 
predominantly deposited in cytoplasmic oil bodies (see e.g. Figures 2 and 3) but have also 
been described in plastidial inclusions (plastoglobuli). 

In contrast to many studied microalgal species that predominantly accumulate products of 
de novo FA synthesis (16:0 and 18:1) in TAG under stressful conditions, e.g. nitrogen 
starvation, P. incisa accumulates TAG that are exceptionally rich in ARA [64, 74], in line 
with the increased expression of the genes encoding the enzymes of ARA biosynthesis 
(Iskandarov et al., 2009, 2010). This distinct feature of P. incisa illuminates the importance of 
transcriptional regulation of the LC-PUFA biosynthesis pathway in this microalga and 
requires further elucidation. 

 

 
a 
 

 
b 

I. Khozin-Goldberg, unpublished. 

Figure 2. Oil bodies in Parietochloris incisa cells grown in nitrogen-free BG11 medium visualized 
using (A) DIC microscopy and (B) vital staining with Nile Red by confocal microscopy. 
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a 
 

 
b 

Courtesy of Dr. Olga A. Gorelova. 

Figure 3. Ultrastructure of Parietochloris incisa cells grown in (A) complete and (B) nitrogen-free 
BG11 medium. Ch – chloroplast, CW – cell wall, M – mitochondria, OB – oil body, P – pyrenoid, SG – 
starch grains, Th – thylakoids. 

Genomic and transcriptomic sequencing of this microalga is underway. It should be noted 
that recent studies emphasize the contribution of FA that are released from chloroplast 
membrane lipids during nitrogen starvation to the FA composition of the TAG in microalgae 
[75]. Chloroplast lipids of P. incisa are a poor source of ARA, whereas the phospholipids PE 
and PC contain high proportions of ARA and are assumed to provide it for the TAG-assembly 
machinery [24, 25]. The exact enzymatic pathway is not yet entirely understood; however, we 
suggest that both the de novo pathway of TAG biosynthesis (the so-called Kennedy pathway) 
and the pathways involving TAG–phospholipid exchange are employed to provide a flux of 
ARA toward TAG assembly. 

Collectively, light quantity, spectral quality and medium mineral composition seem to be 
key factors affecting the composition of lipids and FA in photoautotrophic cells [68, 70]. In 
the following, we consider the effects of irradiance level and nitrogen depletion on ARA 
biosynthesis by P. incisa. 
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Effects of High PAR Irradiance 
 
Light intensity, spectral quality and photoperiod are known to affect the metabolism of 

microalgal lipids and consequently, their FA composition [76]. Accordingly, irradiance level 
influences both P. incisa cell survival under nitrogen starvation and ARA production [77]. It 
has been hypothesized [24] that a decrease in per cell irradiance and nutrient depletion signal 
the end of exponential growth, resulting in slowdown of algal cell division and redirection of 
the excess absorbed light energy to the synthesis of storage TAG. An increase in TFA content 
under high light conditions [78] was predominantly due to the accumulation of TAG, which 
are, as shown earlier [56], the major depot of ARA in the P. incisa cell. High PAR 
considerably enhances TFA and ARA accumulation in nitrogen-sufficient cultures of P. 
incisa, in certain cases to the level achieved by the N-deficient cultures cultivated under the 
same PAR [77]. Notably, ARA percentage of TFA decreases with increasing PAR level, with 
a concomitant increase in the percentage of monounsaturated oleic acid, indicating the 
enhanced flux of de novo-produced FA to TAG. 

Investigations of acclimation to high PAR are more relevant to mass cultivation of 
microalgae, since higher PAR generally supports higher biomass and lipid yields for high-
density cultures. Hence, a study of the combined effects of irradiance and nitrogen starvation 
on biomass yield is an important problem from the standpoint of optimizing P. incisa 
cultivation conditions. We demonstrated [79] that the production of TFA and ARA by 
nitrogen-supplemented cultures under high light reaches and then surpasses that of nitrogen-
depleted cultures. This is a consequence of the formation of excessive photoassimilates which 
can then be stored in the form of TAG, probably as a means of converting excess light to 
chemical energy to avoid photooxidative damage to the cells. The accumulation of ARA per 
dry weight was also enhanced by higher irradiance, but to a lesser extent than TFA. Notably, 
high light did not exert as prominent an effect on FA accumulation in the biomass of 
nitrogen-starved cultures, which attained high percentages of TFA and ARA in the biomass 
regardless of the illumination conditions. On the other hand, higher light intensities (400 μE 
m–2 s–1 PAR and higher) on the background of a nitrogen deficit suppressed volumetric TFA 
and TAG yields [79]. 

The suppression of lipid biosynthesis by high irradiance combined with nitrogen-
starvation was even more pronounced in the ∆5 desaturase mutant of P. incisa, producing 
DGLA-rich TAG [63]. Qualitatively, the effect was similar to that described in the wild-type 
P. incisa grown under similar conditions [79], but the mutant displayed the same magnitude 
response under 30% lower irradiance. It was hypothesized that the mutation did not alter the 
patterns of coordinated irradiance-dependent responses of lipid synthesis that were obviously 
aimed at reestablishing the balance of carbon and nitrogen fluxes in the cell without the risk 
of photooxidative damage. Ongoing research will shed more light on the effects of mutation 
on the patterns of lipid and LC-PUFA accumulation under different environmental stresses. 

In general, under light-limiting conditions, P. incisa cultures exhibited slow linear growth 
regardless of the presence of nitrogen. Cultivation under higher light in nitrogen-replete 
medium led to higher growth rates, which changed with time, resulting in a transition to the 
curvilinear growth curves characteristic of the early stationary phase by the end of the 
cultivation period. The higher biomass-accumulation rates observed in the nitrogen-replete 
cultures allowed them to attain the highest volumetric contents of TFA and ARA under high 
light. 
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However, the ARA proportion of TFA in the high light + nitrogen cultures was ca. one-
third lower than in the high light cultures without nitrogen. This observation is compatible 
with the results of the outdoor experiments by Cheng-Wu et al. [42, 80], who showed that 
although higher radiation intensity is associated with lower ARA proportion of TFA, the 
volumetric content of ARA in P. incisa is still higher under extreme photon flux densities 
(2500 µE m-2 s-1). Therefore, it is possible to obtain higher amounts of biomass rich in neutral 
lipids with a lower proportion of ARA or lower yields of biomass with higher FA content but 
enriched in ARA. Selection of the optimal approach for mass production will depend on the 
choice of cultivation method and design of the cultivation facilities, and the cost and 
complexity of the ARA purification. However, one should bear in mind that high light 
intensity, especially under nitrogen-starvation conditions, slows the growth of P. incisa and 
causes (presumably photooxidative) damage to the cells. Therefore, lower light per cell 
achieved by lower light intensities or higher cell density should be considered when P. incisa 
cultures are maintained on nitrogen-free medium. 

 
 

Physiological Meaning of LC-PUFA Accumulation under Stress 
 

Participation in Membrane Rearrangement during Acclimation to Environmental 
Stressors 

Microalgae dwelling in environments with abrupt changes in temperature, salinity, the 
content of biogenic elements and illumination need to effect substantial and rapid changes in 
the FA and lipid composition of their chloroplast membranes. This is particularly required for 
protection against damage induced by high visible and UV radiation levels, especially on the 
background of low temperatures [81, 82] typical of P. incisa's natural habitats [83]. Under 
such conditions, de novo PUFA synthesis is too slow for acclimation to these abrupt changes 
in environmental conditions. A more rapid source of acyl groups is required for the synthesis 
of monoacyldiacylglycerol (MGDG) and other classes of polar lipids, possibly FA 
remobilization from PUFA-enriched TAG. These processes may be important components of 
the acclimation mechanisms based on rapid, especially photosynthetic, membrane 
rearrangements [64]. 

A basic mechanism of adaptation to low temperatures is an increase in the degree of FA 
unsaturation in the cell membrane [68, 70]. This type of adaptation requires a mechanism that 
will produce a rapid increase in the PUFA content in membrane lipids. However, low 
temperatures slow all biochemical processes, and the rate of de novo PUFA synthesis under 
sharp temperature downshifts could be insufficient for successful adaptation. In such 
situations, the possibility of storing PUFA within TAG could be critical for acclimation. 

P. incisa TAG have been suggested to serve as a depot for reserve LC-PUFA, which can 
then be rapidly mobilized for the synthesis of chloroplast lipids, providing for rapid 
acclimation to sharp changes in environmental conditions. Such mechanisms are clearly less 
important for species inhabiting large water bodies where temperature changes rather 
gradually, but they could be very important for microalgae dwelling in small water reservoirs. 
There have been indications [64] of a possible role for LC-PUFA stored in TAG of 
microalgae as a "buffer" for the synthesis of diacylglycerols (DAG) comprised of 20:4 and 
20:5 acyl groups. 



LC-PUFA Production by Photosynthetic Microalgae 11 

This reserve could be rapidly mobilized for the synthesis of "eukaryotic-like" ARA-
containing molecular species of chloroplast lipids e.g. MGDG in P. incisa [78]. This is 
particularly important for the rapid resynthesis of chloroplast lipids and recovery of 
photosynthetic membranes after cessation of stress, as is the case with P. incisa (see above). 

 
Protection against Photodamage 

Under high fluxes of solar radiation, an imbalance arises between the amount of absorbed 
light energy and the ability of a photoautotrophic organism to utilize it [84]. As a 
consequence, triplet–triplet interactions between oxygen molecules and excited chlorophyll 
molecules in the antenna and O2 reduction by electrons from the reduced carriers in the 
chloroplast electron transport chain can occur. In these cases, the stationary level of reactive 
oxygen species (ROS) in the cells increases, resulting in photodamage to or even death of 
microalgal cells. Under additional stresses, such as lack of nitrogen, the risk of microalgal cell 
death from photooxidation increases substantially because of suppression of biosynthetic 
processes utilizing photoassimilates. In this situation, many algal species are induced to 
synthesize energy-rich TAG (energy consumption of lipid biosynthesis is ca. twice that of 
storage carbohydrate synthesis), which are accumulated in massive amounts. It is likely that 
in the nitrogen-starved P. incisa cells, the reactions of FA synthesis in chloroplast, followed 
by LC-PUFA and TAG biosynthesis in the ER, are an efficient way of consuming excess 
photoassimilates. This reduces the risk of ROS generation, chloroplast lipid peroxidation, and 
the resulting photodamage to the microalgal cells. 

 
Depot for Extrathylakoid Photoprotective Pigments 

It should be noted that oil bodies produced as a result of the abovementioned processes 
(predominantly in the cytoplasm) frequently serve as a depot for lipophilic carotenoid 
pigments [85], absorbing excessive radiation and protecting cell structures that are vulnerable 
to photodamage, such as photosynthetic membranes. P. incisa could serve as an example: in 
this species, the bulk (up to 66%) of β-carotene is localized in the cytoplasmic oil bodies [63, 
77]. Еvidently, carotenoids in the oil bodies also play a role in protecting ARA from 
oxidation. 

 
 

EPA FROM NANNOCHLOROPSIS 
 
As already noted, EPA has become a promising target for microalgal biotechnology. The 

microalgae of the genus Nannochloropsis, mainly planktonic marine species, are rich in EPA 
[28, 86, 87] and hold promise as a potential source of this constituent for the human health-
products market. Interest in Nannochloropsis cultivation is driven by the high EPA 
percentage of TFA (up to 35 or 40%) and absence of DHA, making these microalgae a 
valuable source of a single ω-3 LC-PUFA for dietary purposes. The production of EPA in 
freshwater species, such as N. limnetica, is also described [88, 89]. Numerous studies are 
devoted to the optimization of biomass and EPA productivity by species of the genus 
Nannochloropsis [45-47]; the maximum reported values for EPA content of biomass is about 
5% of dry weight, whereas EPA percentage of TFA may account for about 40 -50 %, 
depending on growth conditions, but commonly under saturating light intensities. 
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Large-scale production of EPA from Nannochloropsis microalgae is currently performed 
in open ponds and low cost photobioreactors [90]. 

The membrane lipids, particularly galactolipids, are the major depot of EPA in 
Nannochloropsis cells grown under optimum conditions [21]. The ω-6 LC-PUFA, ARA, 
amounts to only a few percent of TFA in this alga; other major FA are the C16 palmitic acid 
(16:0) and palmitoleic acid (16:1). It is commonly accepted that a desirable dietary source 
should contain LC-PUFA in TAG (oil); however, Nannochloropsis microalgae accumulate 
little to no EPA in TAG, as reported in different studies [28, 46]. EPA is present in small 
percentages in the FA of TAG when grown under high light intensity in nitrogen-replete 
medium [46]. Despite the fact that EPA in Nannochloropsis is a component of the membrane 
lipids, dietary feeding with its biomass has been shown effective at increasing EPA levels in 
the blood, plasma and muscle of rats and poultry [91, 92]. This may have important 
consequences for the dietary provision of Nannochloropsis lipid extracts enriched in polar 
membrane lipids, while the neutral lipid portion is useful as a biodiesel feedstock. 

As stated above for P. incisa, most microalgae contain LC-PUFA as constituents of their 
polar lipids, whereas the accumulation of LC-PUFA in TAG is very rare [24]. Accumulation 
of TAG, consisting of saturated and monounsaturated acyl moieties (16:0 and 16:1), occurs in 
Nannochloropsis microalgae in response to environmental stresses such as nitrogen 
starvation, increased salinity level, or high light [46]. Thus, under conditions of nitrogen 
starvation and increased PAR, Nannochloropsis TAG may serve as a potent source of 
saturated and monounsaturated oils for biodiesel production [93]. 

The quality of Nannochloropsis biomass with respect to EPA percentage of TFA 
deteriorates with culture age and with increasing light intensity, salinity level, and 
temperature, with concomitant increases in the proportions of the saturated and 
monounsaturated FA 14:0, 16:0, and 16:1 in the FA profile [46, 94]. However, these robust 
microalgae display remarkable flexibility in response to various environmental factors, 
allowing manipulation of the quality of the biomass for either EPA or TAG production. This 
metabolic plasticity has important biotechnological consequences and implies substantial 
alterations in cell ultrastructure. It had been previously shown that irradiance level affects the 
balance between structural membrane and storage lipids in the cells of Nannochloropsis sp., 
imposing variation in the distribution of lipid classes and changes in FA profile [94]. For 
example, under low light, cells of Nannochloropsis sp. showed increased relative volume of 
the chloroplasts, photosynthetic unit density, and average number of stacks per chloroplast, 
and contained high levels of EPA in accordance with the higher content of EPA-rich 
chloroplast membranes [94, 95]. In contrast, in the cells grown under higher saturating light 
intensities, chloroplast volume decreased with a corresponding increase in abundance of the 
oil bodies; the cells under such conditions contained lower levels of photosynthetic pigments 
and EPA but accumulated more TAG [94]. Similar changes in ultrastructure were shown to 
occur in the cells of N. gaditana during nitrogen starvation [96]. 

We investigated the responses of Nannochloropsis sp. cultures to combined alterations in 
salinity (13, 27, and 40 g L–1 NaCl), nitrogen availability and light intensity (170 and 700 
μmol photons m–2 s–1) [46]. In the nitrogen-replete cultures, increases in light intensity and 
salinity favored the formation of TAG and consequently enhanced the biomass and TFA 
contents of the culture [46]. Under our experimental setup in the laboratory (described in 46), 
maximum average productivity of ca. 410 mg TFA L–1 day–1 was obtained at 700 μmol 
photons m–2 s–1 and 40 g L–1 NaCl within a 7-day cultivation period. 
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Under such conditions, even the percentage of EPA in TFA was reduced, and TAG 
reached 25% of the biomass, yet the EPA biomass and culture contents remained relatively 
high, accounting for about 3% of the dry weight. In contrast, lower salinity (13 g L–1) tended 
to improve major growth parameters, consistent with less variation in EPA biomass and 
culture contents under different light intensities (Table 1). The highest EPA percentage of 
TFA and biomass was achieved at 13 g L–1 NaCl and a light intensity of 170 μmol photons m–

2 s–1. 
Thus, the EPA percentage of TFA in Nannochloropsis sp. was negatively correlated to 

NaCl concentration, light intensity and nitrogen availability (Table 1), due to the decreased 
contribution of chloroplast membrane lipids to overall lipid production. However, despite this 
reduction, the volumetric EPA content increased during the cultivation period due to the 
increase in culture density. 

It is important to note that the residual biomass fraction after hexane extraction of neutral 
lipids (Table 2) contained substantial proportions of ARA and EPA, as constituents of 
membrane polar lipids, even in biomass collected following cultivation under conditions of 
nitrogen starvation. 

 
Table 1. Effects of NaCl and light-intensity levels on the proportion of eicosapentaenoic 

acid (EPA) in total fatty acids (TFA), and biomass contents of EPA and TFA in 
Nannochloropsis sp. cultures grown in 1-L glass columns (6 cm id) bubbled with 2% 

CO2 in air mixtures at 25oC in nitrogen-replete F/2 medium 
 

Light intensity 
(µmol photons 
m–2 s–1) 

Time 
(days) 

NaCl 
(g L–1) 

TFA 
(% dry 
weight) 

EPA 
(% dry 
weight) 

Fatty acid composition (% of TFA)* 

14:0 16:0 16:1 18:1 
n-9 

18:2 
n-6 

20:4 
n-6 

20:5 
n-3 

            
  13 13.5 ± 0.1a 3.9 ± 0.4a 6.1 24.7 27.5 3.5 3.8 3.3 26.7 
 2 27 15.3 ± 1.1ab 3.4 ± 0.2ab 6.7 24.9 27.8 3.6 3.8 4.1 24.7 
  40 16.6 ± 1.2b 2.9 ± 0.3b 7.2 33.3 26.8 4.1 2.7 4.7 17.5 
170            
  13 21.4 ± 1.7a 4.3 ± 0.4a 5.5 32.0 26.3 7.5 2.7 3.0 19.2 
 7 27 22.3 ± 0.3a 3.6 ± 0.3ab 6.5 32.6 26.1 7.7 2.6 3.1 17.8 
  40 27.3 ± 2.0b 3.3 ± 0.5b 6.6 36.3 26.6 9.7 1.6 2.6 13.1 
            
  13 13.7 ± 0.5a 3.1 ± 0.3b 5.7 30.5 27.4 4.2 2.8 3.2 25.5 
 2 27 17.2 ± 0.2a 2.7 ± 0.3a 6.1 35.0 27.0 4.3 2.4 3.2 18.4 
  4.0 21.0 ± 1.3b 2.5 ± 0.3a 6.3 42.5 25.9 4.8 1.6 3.2 11.9 
700            
  13 32.2 ± 0.5b 3.8 ± 0.2b 5.6 42.1 27.6 9.4 2.3 2.7 12.3 
 7 27 34.9 ± 0.3a 3.9 ± 0.0a 6.1 40.4 26.4 10.2 1.6 2.1 10.8 
  40 35.1 ± 0.2a 3.1 ± 0.2a 6.6 40.6 27.1 11.1 1.1 2.0 9.0 
Reproduced from Pal et al. [46], courtesy of Springer. 
Data are means (n = 4–5). When indicated, different superscript letters denote significant differences 

between NaCl treatments (p < 0.05, one-way ANOVA). 
*18:3 n-3, 18:3 n-6, 20:0, 20:2 n-6, 20:3 n-6 and 22:0 were present at less than 1%. 
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Table 2. Major fatty acid composition of triacylglycerols (TAG) and the residue after 
neutral lipid extraction of Nannochloropsis sp. grown in nitrogen-replete medium under 

high light and nitrogen-depleted medium under low light 
 

Culture condition NaCl 
(g L–1) 

Fatty acid composition (% of total) 

14:0 16:0 16:1 18:1 
n-9 

18:2 
n-6 

20:4 
n-6 

20:5 
n-3 

High light + nitrogen 

TAG 

13 5.3 47.5 29.0 9.0 1.7 1.0 3.7 

27 6.0 43.1 29.3 12.7 1.0 0.8 4.7 

40 7.4 43.2 29.3 10.9 1.0 0.9 4.9 

Residue after neutral lipid extraction 

13 4.9 28.7 17.9 8.8 2.9 6.2 28.1 

 27 4.8 26.5 19.3 12.9 2.4 3.3 26.8 

 40 5.8 25.9 20.1 13.1 1.9 4.4 25.8 

Low light, no nitrogen 

TAG 

13 6.9 52.1 27.2 8.2 1.0 0.4 1.0 

27 8.2 51.4 26.9 7.8 0.8 0.2 0.8 

40 9.3 48.5 27.3 10.4 0.7 0.5 0.7 

Residue after neutral lipid extraction 

13 5.1 28.9 15.7 10.9 3.5 7.2 25.1 

27 5.4 24.4 14.7 13.7 2.7 8.0 26.4 

40 5.9 22.9 17.3 15.3 2.2 8.9 22.6 
Reproduced from [46], courtesy of Springer. 

 
We suggested that this residual biomass may find its application as a dietary source of 

LC-PUFA for animal or fish feed supplementation. One of the major outcomes of this 
research [46] was the discovery of the detrimental effect of increasing light intensity and 
NaCl concentration on TFA production under nitrogen starvation, while lower brackish water 
salinities promoted more efficient lipid productivities. Further research revealed physiological 
and metabolic adjustments of Nannochloropsis sp. upon drastic osmotic downshift to 0 g 
NaCl L–1. These adjustments included the reduced synthesis of major osmoprotectants such as 
mannitol and proline, and differences in the content of some sugars and stress-induced 
polyamines. Another consequence of the osmotic downshift was a larger share (out of total 
acyl lipids) of the major chloroplast galactolipd MGDG, indicating substantial alterations in 
membrane physicochemical properties. Since MGDG is a major depot of EPA in 
Nannochloropsis sp. cells, this resulted in increased maximal EPA productivity. 
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BIOTECHNOLOGICAL PROSPECTS 
 
To summarize, photosynthetic microalgae present an abundant and largely untapped 

resource for LC-PUFA, and LC-PUFA production by photosynthetic microalgae holds 
substantial promise. Nevertheless, economically feasible cultivation of photosynthetic 
microalgae for large-scale production of LC-PUFA for human nutrition requires substantial 
advances in photobiotechnology, strain improvement, and breakthrough solutions for 
technological and biochemical bottlenecks [97]. These efforts should result in improved rates 
of biomass and lipid production, and reduced costs of biomass production and lipid/LC-
PUFA extraction. Improved technologies for photosynthetic algal cultivation are currently 
being tested to reduce energy input and the costs of construction, operation and harvesting, 
based on alternative sources of CO2 from flue gas, nonarable lands and saline water of limited 
alternative use [90, 98]. Strain improvement by reducing antenna size for more efficient light 
capture has been achieved [99, 100] and explored for efficient biomass production in open 
ponds. Mutagenesis and genetic engineering of microalgae to enable manipulation of LC-
PUFA biosynthesis are playing a central role in the development of a cost-effective 
alternative to fish oil. 
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