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Diatoms are one major group of algae in oceans that accounts almost half of marine primary food production and have also been identified as a promising candidate for biofuel production for their high level accumulation of lipids. They have gained increasingly attention for their potential applications in pharmaceuticals, cosmetics, nutrient supplements, and biofuels. This review aims to summarize the recent advances in diatom lipid study. Chemical structures and bioactivities of different lipid classes are discussed with a focus on valuable lipids such as fatty acids, polar lipids, steroids, and oxylipins from various diatoms species. Further, current extraction and fractionation approaches are compared and recent analytical techniques and methods are also reviewed with an emphasis on lipid class composition and fatty acid profiling. Biosynthetic pathways and key catalyzing enzymes are illustrated for a better understanding of fatty acid metabolism. Past engineering attempts toward generating appropriate diatom strains for lipid production are discussed with examples using mutagenesis, environmental stimulants, and genetic modification methods. Some possible future directions and applications of diatom-derived lipids are also proposed.
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INTRODUCTION

Diatoms, representing one major group of photosynthetic algae, are unicellular eukaryotes that live within cell walls made of silica (SiO2) (d'ippolito et al., 2015). They play an essential role in global carbon and silicon recycling in the ocean and their photosynthetic activity accounts for almost half of marine primary production. Over 8000 species are recorded worldwide in fresh water and oceans and it was estimated that there are 20,000–200,000 extant diatom species in the world (Mann and Droop, 1996; Appeltans et al., 2012; Guiry, 2012).

Diatoms have attracted increasing attention for their potentials in producing a variety of bioactive compounds and fine chemicals for industrial applications (Vinayak et al., 2015). For example, diatoms are rich in pigments such as carotenoids that have been widely applied in food supplements and feeds, pharmaceutical ingredients, and cosmetics (Vilchez et al., 2011; Fu et al., 2015). The major carbon storage compound in diatoms is lipids, among which triacylglycerides (TAGs) and fatty acids usually make up 15–25% of dry biomass (Mangas-Sanchez and Adlercreutz, 2015).

Diatom feedstock is a promising candidate for developing a variety of value-added bio-products toward a sustainable bio-economy. However, diatoms are clearly underexploited from an engineering perspective. In this review, attempts have been made to emphasize valuable lipid products in diatoms. Chemical structures of lipids and their bioactivities as well as analytical methods and biosynthetic pathways are described for a better understanding of lipid products. Various existing and emerging techniques on generating appropriate diatom strains are also discussed. We envision it is feasible to produce valuable lipid products from diatoms with the rapid development of cell factories in the near future.

LIPIDS AND FATTY ACIDS IN DIATOMS

Diatoms are a rich source of natural products (or bioactive compounds) that may be developed as candidate marine drugs. A large variety of lipids can be generated in diatoms, in addition to other types of bioactive compounds such as pigments (Michalak and Chojnacka, 2015), halogen-containing compounds (Wichard and Pohnert, 2006), toxic domoic acid and isomers (Bates and Trainer, 2006), attractants and deterrents (Frenkel et al., 2014), and long chain polyamines with biomineralizing functions (Kröger et al., 1999). Lipids are the major constituents of diatom cells and the average lipid content in diatoms could achieve to 25% of dry weight (Levitan et al., 2014), although the production of lipids in diatoms can vary on culture conditions. In this section, we will give an overview on valuable lipids from diatoms, referring to the multiplicity of structural groups, and biological roles.

Fatty Acids

Most fatty acids in diatoms (as shown in Table 1) vary from C14:0 to C22:6. The most common fatty acids are myristic acid (14:0), palmitic acid (C16:0), palmitoleic acid (C16:1n-7), DHA, and EPA (Opute, 1974; Jiang et al., 2016). The number of double bonds in fatty acid chains is usually two or three, and rarely more than six. Many known microalgal species have similar fatty acid profile, but fatty acid content in each species varies and it mainly depends on the strains and culture conditions (Opute, 1974; Stonik and Stonik, 2015; Jiang et al., 2016). EPA was one of the most characterized fatty acids in diatom lipids (Stonik and Stonik, 2015), while small portion of rare C24–C28 polyunsaturated fatty acids (PUFAs) were also found in diatoms and other microalgae (Mansour et al., 2005).


Table 1. Valuable lipids in diatoms.
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EPA and DHA are the most valuable FAs found in many species of diatoms with relatively high levels (Dunstan et al., 1993). Some fatty acids in diatoms show intriguing biological activities, particularly the unsaturated fatty acids. For instance, 16:3n-4 and 16:1n-7, which are usually minor components of fatty acid fractions, are highly active against Gram-positive bacteria (Desbois et al., 2008). Omega-3 fatty acids such as EPA and DHA have been found to have effects in alleviating a number of health conditions (e.g., arteriosclerosis, hypertension, inflammation, microbial, viral, and tumor activity). EPA and DHA play important roles in protecting cardiovascular system (Sapieha et al., 2011), vision (Hallahan and Garland, 2005), and treating psychiatric disorders (Lafourcade et al., 2011).

The omega-6 and omega-3 fatty acids are important fatty acids in cell membranes (Nakamura and Nara, 2004). Although humans and other mammals can synthesize saturated fatty acids and some monounsaturated fatty acids from carbon groups in carbohydrates and proteins, they lack necessary enzymes to insert a cis double bond to the n-6 or the n-3 position of fatty acid (Trumbo et al., 2002). Humans can synthesize EPA and DHA from a linolenic acid (18:3n-3) (ALA) through a series of desaturation (addition of a double bond) and elongation reactions (Nakamura and Nara, 2004). However, due to low conversion efficiency, it is recommended to obtain EPA and DHA from additional dietary sources. Long-chain omega-3 PUFAs in particular have anti-inflammatory properties and a variety of seafood is recommended for daily intake of omega-3 PUFAs (Nakamura and Nara, 2004; Jump et al., 2012).

Triacylglycerols (TAGs)

Diatoms are considered to be sources for sustainable production of biofuels as they accumulate a large amount of TAGs efficiently. However, TAGs in diatoms vary within the species and the genera (Thompson, 1996). Myristic acid (14:0) and palmitoleic acid (16:1) were found to be the main fatty acids reported in diatoms while a variety of other species have been found in TAGs in diatoms (Hildebrand et al., 2012). C16 fatty acids account for nearly 100% of the total fatty acids at the sn-2 position of TAGs in diatoms, which include monounsaturated fatty acid palmitoleic 16:1 at a major level and unsaturated fatty acids C16:2 and C16:3 at a minor level (Li et al., 2014). Various stressors that induce changes in metabolic activities may enhance TAG contents in diatoms and the details will be elucidated in the later section.

Polar Lipids

The polar lipids from diatoms mainly consist of monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylglycerol (PG), and other minor constituents, such as 1-deoxyceramide-1-sulfate and phosphatidylsulfocholine which exist as rare sulfoforms (Anderson et al., 1978; Figure 1). Glycolipids are important components that locate mostly in chloroplasts and have been demonstrated to display antiviral, antibacterial and anti-inflammatory activities (Plouguerné et al., 2014). Phospholipid molecules that are the universal components in cell membranes may be utilized as an ingredient in functional foods, cosmetic and pharmaceutical industries for their roles as carriers of PUFAs.
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FIGURE 1. Chemical structures of representative diatom-derived lipids. The compounds are classed into subgroups corresponding to structures. (A) Fatty acids; (B) Neutral lipids: TAG; (C) Polar lipids: PC and MGDG compounds; (D) Sterols; (E) Oxylipins; (F) Isoprenoids: C25 HBI.



Steroids

A number of studies have shown that Δ5-series with 24-methylencholestrol (Figure 1) was the most common sterol, while diatomsterol (24-methylcholesta-5,22E-dien-3β-ol) also frequently present in more than a half of the known pennate diatoms (Rampen et al., 2010). Sterols with methylation at C-23 are also produced in various species of diatoms in addition to dinoflagellates (Rampen et al., 2009a,b). The majority of diatoms that have been explored mainly contain C28 sterols, although C27 or C29 sterols are proven to be the major sterol constituent in some phylogenetic groups. Other minor sterols such as stanols or Δ7-sterols have also been found in a small number of species. Although there is still not sufficient information about chemical profiling of sterols in diatoms, sterols and their derivatives were found to have important bioactivities such as cytotoxic, anti-inflammatory, antitrypanosomal, and antimycobacterial properties (Viegelmann et al., 2014).

Oxylipins

Oxylipins that derived from the incorporation of oxygen into the carbon chains of PUFAs usually act as chemical mediators in many ecological and physiological processes in marine and freshwater diatoms (Wichard et al., 2005; Sieg et al., 2011). Around 30% of marine diatoms produce an array of oxylipin metabolites (Wichard et al., 2005; Sieg et al., 2011). Biosynthesis of oxylipins (Figure 1) is condition-dependent and immediately activated upon predation (D'ippolito et al., 2005; Cutignano et al., 2011; Nanjappa et al., 2014). Particularly, oxylipin production starts by the oxidation action of iron non-heme enzymes lipoxygenases (LOXs) on the precursor PUFAs and membrane phospholipids upon loss of cell integrity (Orefice et al., 2015). A LOX provides a specific and precise incorporation of a hydroperoxide group into the carbon chains and mediate the further transformations, resulting in generation of a group of important oxylipins (Wichard et al., 2005).

Polyunsaturated aldehydes (PUAs) that were extracted from blooming diatoms are the best-studied metabolites among the diatom-oxylipin family. Studies on bioactive aldehydes have showed that these compounds may inhibit the growth of different marine invertebrates such as diatom predators and induce different responses in marine ecosystem (Caldwell, 2009; Lauritano et al., 2016). This property may explain the dynamics behind some blooms and also explain why oxylipin profiles can be used as an additional taxonomic identification tool, providing a functional feature to species characterization and morphological traits. Study on structure-activity relationship of oxylipins has revealed that the double bond geometry E/Z has no effects on inhibiting the development of embryos of sea urchin egg while the inhibition is primarily due to the chain length, the α, β, γ, δ-unsaturated aldehyde element, and the side chain polarity of PUAs (Adolph et al., 2003). Moreover, the biological importance of PUAs has been increasingly noted for their antimitotic and proapoptotic properties (Nappez et al., 1996), anti-inflammatory activity (Girona et al., 1997), anti-cancer activity (Sansone et al., 2014) and antimicrobial properties (Paul and Fenical, 1986).

Additionally, a series of volatile alicyclic olefins, which are possibly phytoplanktonic pheromones, were identified in some diatom species. Three rearrangement products of diene-hydroperoxides from lipoxygenase metabolites, bacillariolides I-III, which are formed at the cyclization of epoxyalcohols, were extracted and isolated from marine diatom Nitzschia pungens (Wang and Shimizu, 1990; Zheng and Shimizu, 1997).

All together these studies provide additional information on the chemical diversity of oxylipins, which is particularly important in diatom taxonomy and physiology. Many of these compounds are well-characterized metabolites in diatoms. However, their biological functions are still not well understood and more efforts are needed to further study their impacts.

Isoprenoids

Many classes of hydrocarbons including alkanes and alkenes are known in diatoms (Damsté et al., 2000). All-(Z)-heneicosa-3,6,9,12,15,18-hexaene and n-21:6 hydrocarbon were found as major hydrocarbons in diatoms. A series of C25 highly branched isoprenoid (HBI) alkenes from the diatoms Haslea ostrearia, Rhizosolenia setigera, and Pleurosigma intermedium have been reported (Volkman et al., 1994; Grossi et al., 2004). Some representative HBI alkenes structures can be found in Figure 1. These hydrocarbons share the same parent carbon skeletons but exhibit differences in their degree of unsaturation (ranging from two to six double bonds). The main characteristic of this acyclic skeleton is an alkyl side chain at C-7 of the main chain. A large number of HBI isomers were produced in different diatoms that were cultivated under a series of growth conditions and determined by a combined spectroscopic and chromatographic analysis approach using NMR spectroscopy and chiral gas chromatography, respectively (Belt et al., 2001). Alkenes from the Haslea genus exhibit configurational but not geometric isomerism and the stereoisomeric centers (C-22) were identified (Orefice et al., 2015). In contrast, HBIs isolated from P. intermedium and R. setigera show evidence of homochirality, although they clearly exist as a mixture of geometric isomers (Belt et al., 2001). Also, C30 isoprenoids (triterpenoids) were found in diatoms such as R. setigera (Volkman et al., 1994; Damsté et al., 1999a,b). In addition, one previous study has indicated that the extent of unsaturation in the series of isoprenoids depends on the growth temperature and an increase in growth temperature from 18 to 25°C can enhance the degree of unsaturation of HBI and Z to E isomerization (Rowland et al., 2001). However, the increased salinity has no effects on unsaturation of HBI, but can decrease the unsaturation on C30 compounds (Rowland et al., 2001). Therefore, the diatom C25 and C30 isoprenoids may be used as taxonomic markers and also as an effective tool for tracking carbon flow in shrinking sea ice for understanding the dynamics of climate change and marine ecosystems well (Rowland et al., 2001).

CHEMICAL CHARACTERIZATION

Extraction and Fractionation of Lipids

It has been shown that chloroform/methanol extraction could result in higher overall lipid yields than other solvents or solvent pairs by dissolving more polar substances, such as polar lipids (Gunnlaugsdottir and Ackman, 1993). In order to reduce the solvent toxicity from chloroform, alternative solvents or solvent pairs have also been tested, such as methyl-tert-butyl ether (Matyash et al., 2008), hexane (Danielewicz et al., 2011), and hexane/isopropanol (Hara and Radin, 1978). Hexane extraction results in decreased yields of polar lipids due to its non-polar property. However, the use of hexane would reduce the amount of chlorophyll, which is a major contaminant for lipid extraction (Danielewicz et al., 2011). Different aforementioned solvents have been studied for lipid extraction, and it has been found that chloroform-methanol (1:1) is optimal for a total lipid recovery (Ryckebosch et al., 2012). Therefore, the selection of the extraction solvent is up to the property of target lipid class as well as the safety concern.

Early lipid class composition was analyzed by thin layer chromatography (TLC), mainly by comparing the migration distance of analyte spots with standards (Dunstan et al., 1993). On the advent of solid-phase extraction (SPE) cartridges, lipid classes in diatoms were fractionated using a silica-based SPE method (Yongmanitchai and Ward, 1992). This method is followed by many later studies (Chen et al., 2007; Danielewicz et al., 2011; Ryckebosch et al., 2012). Generally, the cartridge needs to be conditioned with hexane, and neutral lipids, glycolipids, and phospholipids will be eluted stepwise using chloroform, acetone, and methanol according to the polarity of each fraction. The use of hexane instead of chloroform for the conditioning and elution of neutral lipids has also been reported in order to avoid toxicity of chloroform (Danielewicz et al., 2011). It should be noted that phosphatidylcholines, the choline-containing phospholipids, might be retained in the SPE column, which could be verified by comparative profiling of each fraction with raw lipid extracts (Danielewicz et al., 2011). Also, each class of lipids could be checked by TLC qualitatively (Fuchs et al., 2011).

Fatty Acid Profiling

Gas chromatography (GC)-based fatty acid profiling is a routine and well-established method (Seppänen-Laakso et al., 2002). Fatty acids released from lipid saponification, are converted to their corresponding methyl esters and then subjected to GC separation. Fatty acids could be separated by flame ionization using retention times, and identification could be further confirmed by mass spectrometry by comparing the mass to charge ratios (m/z). To reduce the time-consuming sample preparation steps, a more efficient fatty acid profiling method (Abdulkadir and Tsuchiya, 2008) was developed, where lipid extraction and saponification steps are removed. This approach remains to be assessed in diatom samples. The ratio of polyunsaturated fatty acids to triacylglycerol in lipid samples can also be determined using 1H nuclear magnetic resonance by checking the chemical shift of diagnostic proton (Danielewicz et al., 2011).

Lipidomics for Diatom Lipid Analysis

Lipidomics is actually the metabolomics of biological lipids. It is advanced by the rapid development of sensitive and high resolution of mass spectrometry as well as lipid identification database, which allows for high-throughput analysis and accurate lipid profiling (Yamada et al., 2013). Processing of lipidomic data can also be achieved with the development of bioinformatics (Niemelä et al., 2009), and data could be visualized in multiple ways, such as principle component analysis plot and heat map, which enables sample classifications and a holistic overview (Bromke et al., 2015). However, the problem is the separation efficiency and ionization of various lipid classes, which could not be fully achieved by ultra-high performance liquid chromatography. For example, isobaric molecules, which have the same m/z values and retention times, have the separation issues (Kliman et al., 2011). To this end, ion mobility mass spectrometry becomes an emerging technique to characterize lipid isomers with added separation dimension on conformational structure (Kliman et al., 2011; Paglia et al., 2015).

BIOSYNTHETSIS OF FATTY ACIDS AND NEUTRAL LIPIDS IN DIATOMS

Marine diatoms are excellent producers of highly valuable polyunsaturated fatty acids, such as EPA and DHA. Therefore, it is of particular interest to investigate their biosynthetic pathways, which could be further modified and optimized for industrial production. Figure 2 shows the biosynthesis pathway of long chain fatty acids in the model diatom P. tricornutum. Acetyl-CoA serves as the building block for the elongation of acyl chain by two carbons per elongation step. The elongation of the acyl chain takes place from the malonyl-acyl carrier proteins (ACP) catalyzed by ketoacyl-ACP synthase (KAS). Malonyl-ACPs are formed from acetyl-CoA by carboxylation and transfer of malonyl group to ACP catalyzed by acetyl-CoA carboxylase (ACCase) and malonyl-CoA: ACP transacylase (MAT), respectively. Fatty acids, including 16:0, 18:0, and 18:1, are released from acyl carrier proteins by thioesterases and converted to corresponding acyl-CoAs. EPA and DHA are synthesized from 18:1 after a series of desaturation and elongation reactions mainly following the major route shown in Figure 2.
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FIGURE 2. A scheme of long chain fatty acid biosynthesis pathway in the model species P. tricornutum and compartmentation of biosynthesis processes in plastid (left) and endoplasmic reticulum (right). Major biosynthetic routes for EPA and DHA biosynthesis are illustrated as examples, and for other routes one can refer to the previous studies (Arao and Yamada, 1994; Hamilton et al., 2014). Abbreviations: ACCase, acetyl-CoA Carboxylase; MAT, malonyl-CoA acyl carrier protein transacylase; KAS I, II, and III, isoform I, II, and III of ketoacyl-acyl carrier protein synthase; FAD, fatty acid desaturase; TE, thioesterase; FAE, fatty acid elongase. These enzymes in each group of TEs, FADs, or FAEs in the Figure 2 are not identical but substrate-specific.



Interestingly, in diatom P. tricornutum, the fatty acid EPA partitions into triacylglycerol, but DHA does not, even though P. tricornutum has a high content of DHA (Tonon et al., 2002). The biosynthesis of TAG is also affected by other catabolic metabolites, such as branched-chain amino acid degradation pathway (Ge et al., 2014). Thus, the accumulation of TAG should be understood at a system level, rather than only limited to the fatty acid synthesis pathway.

In general, for the application of diatom lipids in food or pharmaceuticals, the incorporation of long chain PUFA into TAG is preferred, so that PUFA-containing lipids could be concentrated in oil bodies (Tonon et al., 2002), while the biofuel industry would be in favor of the production of saturated short to medium length chain fatty acid-containing TAGs, which have low cloud points and resistance to oxidation (Stournas et al., 1995). So engineering strategies may be optimized in different scenarios.

Mutagenesis

Mutagens were usually classified as physical mutagens and chemical mutagens (Sparrow et al., 1974). Physical mutagens involve different kinds of irradiation such as UV, γ, and heavy ion beams. Due to easy implementation, UV has been known to be the most widely applied physical mutagen (Hlavova et al., 2015; Yi et al., 2015). UV light has strong genotoxic effect which induces DNA damage such as the formation of cyclobutane pyrimidine dimers (CPDs) and pyrimidine pyrimidone photoproducts (64 PPs) (Ikehata and Ono, 2011). It was reported that EPA production in P. tricornutum was increased by 33% through UV mutagenesis (Alonso et al., 1996). Chemical mutagens that were most frequently used in microalgae were alkylating agents such as methylnitronitrosoguanidine (MNNG) and ethyl methanesulfonate (EMS) (Kamath et al., 2008). To date, only EMS has been reportedly applied on diatoms to achieve higher lipid production. Novel strains created by EMS exhibited 2–2.5 fold enhancement in total lipid content in P. tricornutum than wild type without compromising growth and biomass production (Kaur, 2014). However, certain positive mutants have lower expression of phospholipids and some mutants accumulated long chain fatty acids such as nervonic acid (C24:1) and erucic (C22:1) acid. All selected positive mutants exhibited higher activity of fatty acid synthase ketoacyl-acyl carrier protein synthase I (FABB) and ketoacyl-acyl carrier protein synthase II (FABFs) (Kaur, 2014).

Environmental Stimulants

Environmental stressors play a crucial role in diatom biomass and lipid production. Under favorable growth environment, diatoms grow rapidly with relatively low lipid contents. Environmental stresses usually reduce diatom growth rate, but result in higher lipid accumulation. Nonetheless, the mechanism has not been well understood. Nitrogen is vital to diatom's proper physiological functions, and it is a key component in metabolism of amino acids, nucleic acids, and photosynthetic pigments and its uptake is at the highest level among all nutrients (Yang et al., 2013). Accordingly, pigments reduction has been observed in Antarctic sea ice diatoms under nitrogen deficiency (Eppley, 1972). Nitrogen deprivation is a common method to enhance lipid contents in diatoms. Nitrogen deprived P. tricornutum cells accumulated higher lipid level regardless of the stoppage of their cell divisions and slight increase of cell density. In order to achieve higher lipid productivity, diatoms were first cultured under optimal growth conditions to achieve high biomass and then transferred to nitrogen starvation condition to get high lipid content for massive production (Yang et al., 2013). Phosphorus is another vital component in phospholipids and nucleic acids and it has an essential role in physiological processes such as respiration and photosynthesis (Wurch et al., 2011). Changes of the growth rate, cell size and pigment composition and lipid content in microalgae have been studied under phosphorus deprivation (Wurch et al., 2011). P. tricorntum had a 2-fold increase in fatty acid content but reduced in a half in biomass production under phosphorus starvation environment (Wurch et al., 2011). In most diatom species, silicon is one key component of cell wall structure and therefore a limiting micro-nutrient for diatom biomass production (Roessler, 1988). The acetyl-CoA carboxylase activity was enhanced by 2-fold and 4-fold respectively after 4 and15 h growth without silicate in Cyclotella cryptica (Roessler, 1988). Light irradiation is also well known to modulate lipid content in algae and under photo-oxidative stress microalgae are capable to produce extra TAGs (Khotimchenko and Yakovleva, 2005; Hu et al., 2008). Under UV-A and UV-B radiation, lipid accumulation could be induced in a very short time (≤1 h) in Nitzschia palea (Arts et al., 2000).

Genetic Modifications

Various genetic modification approaches have been applied on diatoms (Armbrust et al., 2004; Hu et al., 2008; Niu et al., 2013). P. tricornutum over-expressing heterologous thioesterase increased 72% of total fatty acid content (Gong et al., 2011). Two heterologous thioesterase genes were inserted into P. tricornutum and ratios of C12 and C14 fatty acids to total fatty acids increased (Radakovits et al., 2011). T. pseudonana exhibited increased lipid yields from the knockdown of a multi-functional lipase without affecting diatom growth (Trentacoste et al., 2013). Knocking down the genes encoding the decarboxylation enzyme phosphoenolpyruvate carboxykinase (PEPCK) and UDP-glucose pyrophosphorylase (UGPase) resulted in down-regulated decarboxylation and up-regulated lipid synthesis in P. tricornutum (Yang et al., 2016). Meganucleases (MNs) and transcription activator-like effector nuleases (TALEN) were utilized to induce targeted mutagenesis (TM) of lipid metabolic genes and generated one strain with 45-fold enhancement in triacylglycerol accumulation in P. tricornutum (Daboussi et al., 2014). Recently, Clustered Regularly Interspaced Short Palindromic Repeats and their associated proteins (CRISPR/Cas9) system has been successfully applied in P. tricornutum and T. pseudonana to create stable mutants (Hopes et al., 2016; Nymark et al., 2016), but to our knowledge there was no reports on editing lipid metabolic genes using CRISPR/Cas9 system yet.

CONCLUSIONS AND PERSPECTIVES

Diatoms are a promising oil feedstock and energy source as they accumulate a large amount of lipids consisting of TAGs and diverse fatty acids. Many valuable lipids and lipid derivatives such as essential fatty acids, steroids, and oxylipins can be produced in diatoms in natural growth environment. Obviously, algal oils have advantages over fish oils for being a vegan or vegetarian diet because they don't contain any animal products. In addition, the environmentally friendly property of algae makes algal oils a strong substitute for fish oils in response to decreasing fish stocks. Meanwhile, marine algae are actually the source of essential fatty acids for fish oil production, as they comprise the major diets of fish, which suggests that algal oils contain the omega-3 fatty acids that body can utilize and benefit from. As a major group of algae, diatom-derived algal oils may be preferred and gain great attention in global market for their potentials in sustainable production in comparison with fish oils.

Further studies may emphasize on the lipid productivity improvement in diatoms. Advanced metabolic engineering tools such as CRISPR/Cas9 system may be applied to create strains that accumulate specific fatty acids such as EPA and DHA. With the understanding of biosynthetic pathways of lipids in model and other diatom species, synthetic biology tools could be designed and applied for high-throughput strain development. In addition, research efforts should be made to achieve simultaneous production of a group of valuable and interrelated compounds as diatoms can generate a variety of valuable products.
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Steroids?  24-methylenecholesterol Anti-inflammatory, anttrypanosomal, “The sterol 24-methylenecholesterol accounts for 0% of
anti-mycobacterial total sterols in Synedra acus.
Onylipins®  PUAS Antimitotc, anti-inflammatory, antimicrobial  Some diatoms are a rich source of PUAS, such as

Thallasiosira rotula, but some do not produce oxyiipins,
such as Skeletonema pseudocostaturn.

(Kabara ot al, 1972; Halahan and Garland, 2005; Desbols ot al 2008; Lafourcad et L, 2011; Sapieha ot al, 2011; Valenzuela ot al, 2012; Hamilton et al, 2015; Jiang et al, 2016}
®(tippolito et al, 2015).
(Yongmenitchai and Ward, 1992; Plouguems et al, 2014; d'ippolito et a, 2015; da Costa et al, 2076).
d(Volkman et al, 1998; Viegelmann et al, 2014).
o(Paul and Fenical, 1986: Naopez et al., 1996: Girona et al,, 1997 Caldwel, 2009; Lauritano et al,, 2016).
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