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Abstract

:

Diatoms are abundant and important biological components of the marine environment that biosynthesize diverse natural products. These microalgae are rich in various lipids, carotenoids, sterols and isoprenoids, some of them containing toxins and other metabolites. Several groups of diatom natural products have attracted great interest due to their potential practical application as energy sources (biofuel), valuable food constituents, and prospective materials for nanotechnology. In addition, hydrocarbons, which are used in climate reconstruction, polyamines which participate in biomineralization, new apoptotic agents against tumor cells, attractants and deterrents that regulate the biochemical communications between marine species in seawaters have also been isolated from diatoms. However, chemical studies on these microalgae are complicated by difficulties, connected with obtaining their biomass, and the influence of nutrients and contaminators in their environment as well as by seasonal and climatic factors on the biosynthesis of the corresponding natural products. Overall, the number of chemically studied diatoms is lower than that of other algae, but further studies, particularly those connected with improvements in the isolation and structure elucidation technique as well as the genomics of diatoms, promise both to increase the number of studied species with isolated biologically active natural products and to provide a clearer perception of their biosynthesis.
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1. Introduction


Diatoms (Bacillariophyta) are a division (or phylum), representing a widespread and ecologically important group of microalgae [1,2,3]. Diatoms inhabit both sea and freshwaters and can be found in soils and even in aerosols. In addition to pelagic and benthic forms, some groups of epiphytic diatoms, inhabiting the surface or associated with other micro- or macroorganisms, are also well known. These low plants probably originated in the early Jurrasic period or before, but not less than 185 millions years ago. Today about 100,000 extant species are thought to exist in both marine and freshwaters, although only 12,000 species have so far been described [2]. Usually, diatoms are non-motile and live suspended in the sunlit surface layer of seawater at the action of wind and sea currents. They can regulate their buoyancy via the biosynthesis of lipids, which are more lightweight than other chemical constituents of these organisms. Traditionally, diatoms are divided into two subgroups: centric diatoms, which are radially symmetric (Centrales) and pennate diatoms which are bilaterally symmetric (Pennales) [1,2,3]. In contradistinction to higher plants, diatoms are believed to be derived from a serial secondary endosymbiosis and contain red algal-originated chloroplasts. Diatom plastids are surrounded by four membranes, the outer two representing the plastid endoplasmic reticulum (interpreted as the host vacuole membrane and eukaryotic endosymbiont plasmalemma) and two membranes of the organelle itself [3].



As heterokonts, these microalgae include both autotrophs (majority of species) and obligate heterotrophs or at least the species living as heterotrophs in the absence of light. Due to their short life cycle and rapid turnover, diatoms are the most important producers of primary production of the world’s oceans and contribute significantly to global carbon fixation. Being, as a rule, the main constituents of phytoplankton, diatoms represent an important part of marine animals’ food and are one of the bases of food webs in the marine environment. The decomposition of diatoms over millions of years, with their frustules sinking to the bottom of the sea, has formed tremendous amounts of sediments such as diatomite or diatomaceous earth [3]. These materials have found commercial uses as mineral filters, abrasives, sorbents, anti-caking agents, insulation materials and so on. However, diatoms are a rich source of not only minerals but also of valuable organic natural products (natural bioactive compounds), and herein we present a short review of the structures and properties of these types of compounds. To the the best our knowledge, a review of all the main groups of low-molecular-weight natural compounds, isolated and structurally studied from diatoms, is so far missing in the literature. Herein, we discuss the results obtained by studies on these natural products, according to the order of the state of knowledge and multiplicity of some or other structural groups, starting with lipids.




2. Lipids


2.1. Fatty Acids and Triacylglycerols


As known, lipids as storage products in diatom algae are transferred via food webs into marine animals, which do not produce polyunsaturated fatty acids themselves. Due to the great significance of diatom lipids in the feeding of many marine organisms such as edible mollusks and fish [4], some species of these microalgae have been investigated for their lipid compositions starting in the 1960s. Ackman, a Canadian chemist was the best known for his pioneering work on marine oils and lipids as well as on omega 3 fatty acids, including those from microalgae [5,6,7]. His group used capillary gas-liquid chromatography and developed methods for fatty acid analysis, which are now used worldwide. The group also elaborated the corresponding methods to produce omega-3 fatty acid-containing oils capsules for medicinal applications [8].



In many cases, the lipids of microalgae carry characteristic fatty acids (Figure 1).
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Figure 1. Some fatty acids from diatoms. 
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Essential polyunsaturated fatty acids (PUFA), including eicosapentaenoic (20:5n-3) (EPA) and docosapentaenoic (22:6n-3) (DHA) acids, have been found in lipids from 14 species of diatoms [9]. Viso and Marty have found EPA and palmitoleic (16:1n-7) acids as prominent fatty acid constituents of diatoms in studies on 28 marine microalgae [10]. Hexadecatrienoic (16:3n-4) and hexadecatetraenoic (16:4n-1) acids were identified in lipids from the diatom Skeletonema costatum, one of the most common species of phytoplankton, along with other above-mentioned acids [4,11]. The last fatty acid seems to be unique and was encountered predominantly in diatoms. A similar composition with an additional prominent fatty acid constituent, palmitic acid (16:0), was established from another widely distributed diatom, Phaeodactylum tricornutum [12,13]. Freshwater diatoms such as Synedra acus also contain eicosapentaenoic acid (up to 20% of the fatty acid mixture). Myristinic acid (14:0) is widely distributed in diatoms. In a culture of Synedra acus from Lake Baikal, in addition to EPA-containing lipids the alga produced lipids with 14:0, 16:0, 18:0, 16:1, 16:2, and 22:6 fatty acids, and palmitic and stearic acids were accumulated in the exponential growth phase [14,15]. In many groups of diatoms myristinic and palmitic acids were accumulated in the lag and logarithmic phases of growth in microalgae cultures, while eicosapentaenoic acid was accumulated in the stationary phase. In comparison with other algal taxa, diatoms are highly enriched with the C14 fatty acids and contain fewer stearic and other C18 fatty acids, while EPA was found to be the most characteristic fatty acid in lipids of diatoms. Rare C24–C28 polyunsaturated fatty acids were also found in diatoms and other microalgae [16,17].



Biosynthesis of omega-3 fatty acids in diatoms has attracted much attention because the lipids containing these acids are used as dietary supplements for humans and there is an increasing scale of industrial production and utilization in the health service. Although the supplements are produced from fish oils, diatoms have proved to be genuine biological sources of the corresponding lipids in the marine environment. In their studies on the biosynthesis of polyunsaturated fatty acids in the pennate diatom Phaeodactylum tricornutum, Arao and Yamada [18] carried out experiments with radioactive [1-14C]-oleic acid (18:1n-9) and observed not only an accumulation of radioactivity from this de novo biosynthesized acid in the labeled EPA, but also in the intermediates such as [14C]-(18:2n-6), [14C]-(18:4n-3), [14C]-(20:4n-6), and [14C]-(20:4n-3). The application of a series of other labeled precursors and inhibition of biosynthesis by different compounds enabled the conclusion to be drawn that arachidonic acid in diatoms is biosynthesized by a network of pathways that contains two routes from 18:2n-6, as well as two routes that pass through 18:3n-3 and two routes through 18:3 as intermediates followed by elongation to the corresponding 20:4 fatty acids. Further desaturation gives EPA. Therefore, it was shown that EPA in P. tricornutum is the end-product of fatty acid biosynthesis, which is realized through classical ω-3 and ω-6 pathways and some alternative pathways with the inclusion of intermediates of both these biosynthetic directions (schema in the Figure 2). The nucleotide sequence of this alga genome confirmed the presence of genes, encoded desaturases and elongases of fatty acid biosynthesis [19].
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Figure 2. The simplified scheme of the biosynthesis of EPA in PC of Phaeodactylum tricornutum [18]. 
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Fistulifera sp., strain JPCC DA 0580 is another diatom, studied in details for the biosynthesis of fatty acids in this group of microalgae. Being well investigated by multi-omic techniques, including genome [20], transcriptome, lipidome and proteome [21] analyses, the alga was screened for candidate genes involved in lipid metabolism, using several bioinformatics programs [21]. It was established that desaturases and elongases providing the EPA biosynthesis, in which ω-3-desaturase expressed in the chloroplast of Fistularia, where the final stage of the EPA biosynthesis is performed. The studies on the detailed fatty acid profile by GC-MS method suggested that EPA is biosynthesized only through the ω-6-pathway in this microalga [22].



Generally, in recent years, in studies on the fatty acids of microalgae the main focus has been on the ω-3 series of polyunsaturated fatty acids, such as EPA and DHA, and on the search for new biological sources of these compounds and the conditions required for increasing their content in cultivated diatoms. Some derivatives of fatty acids such as long-chain alcohols were also found in diatoms. For example, 18:1 fatty alcohol was identified in the diatom Skeletonema costatum [23].



Diatoms can effectively biosynthesize and accumulate triacylglycerols (TAGs), rich in energy and executing a storage function, which in addition due to extra buoyancy is necessary to counteract the drowning effect of their heavy silica cell walls. Being main storage lipids, TAGs represent one of the major lipid classes of highly productive and fast-growing diatoms. As a consequence, these microalgae have great potential as a biofuel source without competing with arable land products. Moreover, the biosynthesis of these lipids can be induced by environmental stresses [24,25]. The TAGs are formed as a result of photosynthesis in the light, stored in cytosolic bodies and reutilized during biosynthesis of polar lipids in the dark, providing specific acyl groups within them [26]. Although a wide variety of the above-mentioned fatty acids has been found in TAGs of diatoms, many of the lipids from predominant algae were enriched by C14 and C16 fatty acids [27,28]. A range of 4% to 32% of the 14:0 acid of total fatty acid content was reported in diatoms [24]. Palmitoleic acid (16:1) was found to be the predominant monoenoic acid in some diatoms, and the hypothesis was proposed that TAGs of these microalgae, containing mainly C16 fatty acids in the sn-2 position (as is characteristic of “prokaryotic-type lipids”), are mainly derived from lipids in chloroplasts [29] in contrast with so-called “eukaryotic-type lipids”, which possess C18 (C20) fatty acids in these positions [30]. However, the relationship between biosynthetic pathways in diatoms is more complicated than in prokaryotes and higher plants, because the chain elongation reaction from C18 to C20 fatty acids takes place only in the biosynthesis of EPA [28].



Stress conditions such as limitation of nutrients, increased temperature etc. allow significant increase in both the content of total lipids and TAGs in diatom cultures. For example, the average lipid content in diatoms was about 23% of dry cell weight, but this might be increased almost twofold as a result of the stress caused by nutrient-deficient conditions [31]. The content of TAGs in Cyclotella crypta and other diatoms was reported to be about 60%–70% of neutral lipids on dry and ash-free weight in Si-deficient cultures compared with about 30% in cultures repleted with Si [24]. During the transformation of diatom cells, connected with overexpression of glycerol-3-phosphate dehydrogenase, the increasing dihydroxyacetone content, obtained as a result of glycolysis, and promotion of the conversion of the latter into glycerol-3-phospate were observed. As a result, the level of 16- and 18-monounsaturated acids in P. tricornutum was significantly increased [32].




2.2. Polar Lipids


The polar lipid fraction from diatoms mainly consists of monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylglycerol (PG), and others, usually minor constituents (Figure 3).



P. tricornutum contains large amounts of EPA in MGDG, PC, PG, DGDG, and myristinic acid located mainly in the sn-1, but not the sn-2 position in all the polar lipids [28]. Understanding of glycerolipid biosynthesis in the alga Fistularia solaris was recently achieved using a lipidomic approach based on ESI-Q-TRAP and MS/MS analyses. Palmitic and stearic acids as well as their monounsaturated derivatives are de novo biosynthesized in chloroplasts, but the biosynthesis of glycerolipids proceeds in the endoplasmatic reticulum, located between the outermost and second outermost membranes of the chloroplast. In this compartment, all glycerolipids, with the exception of PC, are acylated by C16 fatty acids by the “prokaryotic pathway” at the sn-2 position, while phosphatidylcholines are partly acylated by the “eukaryotic pathway” with the incorporation of C18 acids into the sn-2 position. Further, C18 fatty acid residues are transformed into polyunsaturated C18 and C20 derivatives, including EPA, at the action of desaturases and elongases. This PC-based acyl-edition and head group exchange is essential for the incorporation of EPA into other glycerol lipids, including TAGs, glyco- and phospholipids [33].
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Figure 3. Main lipid constituents of diatoms. 
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Some lipids in diatoms are presented as rare sulfoforms (Figure 4). Besides sulfoquinovosyldiacyl-glycerol, there are 1-deoxyceramide-1-sulfate and phosphatidylsulfocholine, discovered along with 24-methylene cholesterol sulfate from the marine non-photosynthetic diatom Nitzschia alba in 1978 [34]. Phosphatidylsulfocholine was detected alone in N. alba, but it was found in N. angularis, Cylindrothecha fusiformis, Navicula pelliculosa and Phaeodacylum tricornutum in a mixture with the usual phosphatidylcholine [35]. Biosynthetic experiments showed that sulfur is incorporated into the sulfolipids from the sulfur-containing amino acids methionine, cysteine, and cystine [36].



Some lipids show interesting biological activities, particularly with regard to unsaturated fatty acids found from diatom lipids. For example, 18:1 and 18:2, which are usually minor components of fatty acid fractions, show antimicrobial properties [37]. Polyunsaturated ω-3 acids, such as eicosapentaenoic acid, are not only important constituents of numerous food additives, used for medicinal and prophylactic purposes, but also influence the marine environment. Being incorporated into epilithic diatom biofilms, arachidonic acid is responsible for the toxicity in the Tamnocephalus platyurus assay and provides a grazer defense reaction [38].
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Figure 4. Some sulfur-containing lipids from diatoms. 
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It is worth noting that compared to the preceding decade there has been a threefold annual growth over the last two to three years in the number of scientific articles about all the groups of diatom lipids. Obviously, this is mainly due to the apparent interest in these microalgae as potential biofuel sources.



It must also be acknowledged that although lipids are one the most studied groups of natural compounds isolated from diatoms, this type of compounds, particularly, concerning some distinct important groups of lipids, for example, sphingolipids, has not as yet been investigated from the absolute majority of species.





3. Oxylipins


Diatoms are a rich source of oxylipins [39], oxygenated derivatives of fatty acids and products of the subsequent transformations of these derivatives. They are formed upon the oxidation of fatty acids to hydroxyperoxides by the action of iron nonheme enzymes lipoxygenases (LOXs), which add molecular oxygen to the carbon chain of fatty acid and are classified according to the position of oxygen addition. The succeeding action of hydroperoxide lyases (HPLs) may lead to compounds having a shorter carbohydrate chain, so-called volatile oxylipins. In contrast, oxylipins containing C16–C22 carbon atoms oxylipins are called non-volatile compounds. Oxylipins were proved to be both ecological and physiological mediators. Usually, all special lipoxygenases trigger a cascade process, leading to a corresponding set of products that play an important role in allelopathic competition, predator–prey interactions and prey capture [39,40,41].



It is known that productive regions of the ocean are characterized by seasonal blooms of diatom phytoplankton [42]. They not only provide plenty of food for different consumers, including copepods and fish, but also cause some inhibitory effects against predators. On the basis of laboratory experiments it has been shown that, although dominant zooplankton grazers such as copepods feed extensively on diatoms, the hatching success of their eggs is seriously impaired and only 12% of copepod eggs hatch compared with 90% in post-bloom conditions [42]. Polyunsaturated aldehydes (PUAs), isolated from the diatom Thallasiosira rotula after its blooming, were proposed as the compounds responsible for this biological activity. Moreover, it was shown that these compounds arrest embryonic development not only in copepods, but also in sea urchins and ascidians, and demonstrate antiproliferative and apoptotic effects on human carcinoma tumor cells [42]. However, this work opened up international debates and soon it was noted that “paradoxically, high diatom abundance could limit secondary production”. In their studies on 12 globally distributed areas, where diatoms dominate the phytoplankton assemblage, Irigoien, X. et al. [43] did not observe a negative relationship between PUAs and copepod egg hatching success. They predicted the effect of PUAs rather through the benefit diatom competitors, but not due to anti-grazers’ defense against the copepods. In addition, PUAs induce a structural defense (thicker cell walls) to resist zooplankton grazing when phosphorus and nitrogen are limited during the blooms.



Numerous studies on bioactive aldehydes (Figure 5), products of oxylipin biogenesis, have confirmed that these compounds inhibit, despite their very simple structures, the development of embryos of different marine invertebrates such as sea urchins, starfish, polychaetes, and ascidians, reducing hatching success and larval recruitment. Therefore, these compounds are teratogenic against grazers and deleterious for planktonic species [39]. Recently, 51 species of diatoms were examined for PUA-release. About 38% of the cultivated strains released α,β,γ,δ-unsaturated aldehydes upon cell disruption in concentrations from 0.01 to 39.8 fmol per cell [44]. Thus, a wound-activated mechanism for the production of deterrent oxylipin toxins probably induces reproductive failure in grazing copepods and other invertebrates, including their juvenile forms. This effect strongly depends on abiotic factors such as nutrients and silica availability, diatom growth stage and season. Vardi et al. [45] reported that seawater diatoms themselves can detect the presence of decadienal-like PUAs, which induce the inhibition of cell growth, the damage and cell death via calcium signaling and a nitric oxide pathway. This may represent chemical control of diatom bloom dynamics. Thus, PUAs are “infochemicals” that trigger different responses in marine biosystems.
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Figure 5. Polyunsaturated aldehydes (PUAs)-products of oxylipinic biogenesis. 
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Several additional PUAs, given in Figure 5 were identified by Italian scientists in chemical studies on the biosynthesis of PUAs in the diatom Skeletonema costatum [46]. Using labeled precursors, they showed that both C16 and C18 fatty acids of galactolipids from cultures of Skeletonema costatum and Thalassiosira rotula [47] as well as eicosapentaenoic acid from phospholipids of these algae are transformed into PUAs. Galactolipids at the action of lipases give both C16 and C18 fatty acids, while phospholipids are mainly a source of eicosapentaenoic acid. Phospholipase PLA2 probably plays a key role in this process. The action of LOXs leads to the introduction of hydroperoxy groups in these substrates. It is of special interest that these enzymes keep their activities in seawater for some time after the disruption of diatom cells [48]. Consequent reactions with polar lipids give different deterrent PUAs. Thus, lysis of diatom cells induces the formation of a variety of lipid compounds, in which the main role is played by polyunsaturated fatty acids and enzymes responsible for their liberation from lipids and further transformation into precursor oxylipins and then into PUAs (Figure 6).



Lipoxygenases (LOX), catalyzing the oxygenation of all the main unsaturated fatty acids in diatoms usually give a variety of important oxylipins, participating in signal transduction. According to the initial fatty acid, these compounds may be divided into groups of C-16, C-20, and C-22 derivatives. Moreover, the specificity of a LOX provides the precise incorporation of a hydroperoxide group into the preset positions in the substrate, and, therefore, the directions of further transformations.



The LOX-initiated conversion of 16:3 and 16:4 polyunsaturated acids at the absence of C-18 PUFA-derived oxylipins differentiates the oxylipin biosynthesis in diatoms from that in other algae, higher plants and animals.
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Figure 6. Biosynthesis of PUAs in diatoms T. rotula and S. costatum [48,49,50,51,52]. 
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Italian scientists described unprecedented series of C16 oxylipins along with C20 PUFA derivatives from the marine diatom Thalassiosira rotula [52]. Structure elucidation, including absolute configuration of the major alcohol derived from the corresponding hydroperoxide, showed the occurrence of 9S-lipoxygenase in living cells of this microalga. Another direction includes the participation of 6-lipoxygenase. Substrates of these enzymatic transformations were proposed to be 16:3n-6 fatty acid and some other fatty acids from galactolipids of chloroplasts. Structures of oxylipins obtained are given in Figure 7.
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Figure 7. Hypothethic scheme of the origin of oxylipins in T. rotula [52]. 
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Some diatom species do not produce PUAs, for example, Skeletonema pseudocostatum. However, it has a strong effect on the reproductive parameters of the copepod Temora stylifera and produces a series of oxylipins, such as (5Z,8Z,11Z,13E,15S,17Z)-15-hydroxy-5,8,11,13,15,17-eicosapentaenoic acid (15S-HEPE), 13,14-13R-hydroxy-14S,15S-trans-epoxyeicosa-5Z,8Z,11Z,17Z-tetraenoic acids, and 15-oxo-5Z,9E,11E,13E-pentadecatetraenoic acid, suggesting that their effect may really be dependent on the production of non-volatile oxylipins [53].



Using tandem mass spectrometry, nuclear magnetic resonance (NMR) and radioactive probes, structures of oxylipins and growth-dependent modulation of their biosynthesis were studied in the pennate diatom Pseudo-nitzschia delicatissima. Three oxylipins 15S-HEPE, 15-oxo-5E,9E,11E,13E-pentadecatetraenoic acid, and 13,14-treo-13-hydroxy-14S,15S-trans-epoxy-5Z,8Z,11Z,17Z-tetraenoic acid, were found to be products of three putative pathways, triggered by eicosapentaenoic acid-dependent 15S-lipoxygenase [54].



Additionally, a series of other oxylipins, including derivatives of docosahexaenoic acid, were identified by GC/MS as methyl esters in different Leptocylindraceae diatom species [55] (Figure 8). The study gave additional information concerning the distribution of lipoxygenases in diatoms. Some identified oxylipins may be considered as products of the transformation of EPA acid in the interaction with 18-LOX, 15-LOX, 14-LOX, and 5-LOX. In addition, oxylipins derived from DHA in the action on this acid of 17-LOX and 20-LOX were found. It was suggested that single enzymes may be responsible for the parallel metabolism of both EPA and DHA fatty acids [55]. It was also shown that distinct oxylipin patterns in related species can be indicative of even small genetic differences. The finding of DHA derivatives among oxylipins increases their known diversity. Moreover, unique combinations of different compounds belonging to this chemical class can reflect their species identity. This is particularly important because the problem of distinguishing diatom species is now known to be a key problem in the taxonomy of diatoms, after evidence was found showing that many species, defined as cryptic, are not distinguishable morphologically.



Thus, the presence of diverse LOXs was documented in different species of diatom microalgae. These enzymes act on substrates belonging to C-16, C-20 and C-22 polyunsaturated fatty acids together with other enzymes, not only hydroperoxide lyases, but also epoxy alcohol synthases, peroxidases, and different cyclases [39,40,55]. In addition, the action of LOXs sometimes accompanies ulterior non-enzymatic transformations.
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Figure 8. Some methyl esters of oxylipins from diatoms, belonging to the family Leptocylindraceae. 
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The marine diatom Nitzschia pungens (=Pseudo-nitzschia pungens), known as the causative agent of amnesic shellfish poisoning, contains a series of new metabolites belonging to the oxylipin structural class, which are biosynthesized by several enzymes, beginning with the action of 5-LOX on eicosapentaenoic acid. Two epimeric oxylipins, so-called bacillariolides I and II, and bacillariolide III, derived from the first of them, were obtained from both field-collected and cultured cells [56,57]. The structure of bacillariolide I was confirmed by X-ray analysis of its crystalline camphenic acid derivative [58]. It was suggested that bacillariolides are formed at the cyclization of epoxyalcohols, well known as rearrangement products of diene-hydroperoxides from lipoxygenase metabolism (Figure 9).
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Figure 9. Proposed biogenesis of bacillariolides I and II in the diatom Pseudo-nitzschia pungens [58]. 
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Some marine and freshwater diatoms produce volatile alicyclic olefins [59], which are possibly phytoplanktonic pheromones. It is of particular interest that the same compounds were earlier found in brown algae. The production of ectocarpene, previously known as a pheromone of brown algae, by two species of diatoms, namely the marine diatom Skeletonema costatum and the freshwater diatom Lethodesmium undulatum, was confirmed in 1986 by Derenbach and Pesando [60]. Later Wendel and Juttner [61] established that some freshwater diatoms synthesized in a lipoxygenase-mediated manner unsaturated and alicyclic hydrocarbons, including those known from brown algae C11 pheromones such as finavarrene, hormosirene, dictyopterene A, and ectocarpene (Figure 10). These compounds in brown algae induce spermatozoid release and provide a gradient of attractant leading to the signaling of fertile female gametes. The release occurs within 8–12 s and it is one of the fastest signal responses in plants. The biological functions of these pheromones in diatoms have been studied less than those of brown algae.



Biosynthesis of hormosirene in the freshwater diatom Gomphonema parvulum proceeds from eicosapentaeinic acid by oxidative degradation at the action of 9-lipoxygenase and hydroperoxide-lyase [62], while another pheromone, fucoserratene, is similarly biosynthesized in the freshwater diatom Asterionella formosa at the action of 12-lipoxygenase and the corresponding hydroperoxide lyase [63] (Figure 10). Therefore, these compounds in diatoms are also products of oxylipin biogenesis. The oxo acids, which are formed together with fucoserratene at its biosynthesis, seems to demonstrate defensive properties against amphipods, which usually feed on diatoms [64]. The biological functions of these pheromones in diatoms have not been yet studied and is one of the unresolved problems of diatom physiology.
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Figure 10. Volatile hydrocarbons found in diatoms, and biosyntheses of homosirene and fucoserratene in the freshwater diatoms. 






Figure 10. Volatile hydrocarbons found in diatoms, and biosyntheses of homosirene and fucoserratene in the freshwater diatoms.
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The number of known representatives of products of the lipoxygenase biosynthetic pathway is rapidly growing. It is now evident that these compounds are among the most characteristic metabolites in diatoms. Their biological functions are significantly involved in inter- and intraspecies communications, and their influence on biochemical processes within their producers remains insufficiently studied.




4. Sterols


Sterols are important membrane constituents of eukaryotic organisms, which partly determine the stability, permeability and barrier properties of biomembranes. Diatoms, as microorganisms that contribute greatly to the primary production in oceans and other aqueous basins (approximately one fifth of the world’s primary production is related to diatoms) and one of the major sources of organic matter, contain large amounts of some characteristic sterols, which may also be considered as biomarkers of the food web. On the other hand, these microalgae became significant in number about 35–40 millions years ago and from that time formed fossils, which enabled the use of sterols from fossils in paleocenographic studies to reconstruct the compositions of microalgal communities for different geologic time ranges depending on existing climatic peculiarities [64,65].



The presence of sterols was found in all the main taxonomic groups of diatoms, including the oldest radial centrics, other centrics, araphid, and raphid pennates. The most widely distributed sterols belong to the Δ5-series with 24-methylencholestrol being a predominant sterol in many marine [66,67] and freshwater diatoms [68], while 24-methylcholesta-5,22-dien-3β-ol (diatomsterol) is also very common and was found as a predominant sterol component in sterol compositions of almost 50% of the studied pennate diatoms [69]. Generally, C28 sterols proved to be the main sterols in the majority of diatoms, although some phylogenetic groups contain high a percentage of C27 or C29 sterols. However, neither 24-methylencholesterol, or 24-methylcholesta-5,22-dienol are accepted as taxonomic markers of diatoms only, since these sterols have also been found in other taxa of microalgae [67]. No sterols were found to be restricted strongly to specific phylogenetic groups of diatoms. However, cluster analysis of sterol mixtures in diatoms is useful for their taxonomy, and it allows us to determine distinct sterol distributions within Bacillariophyta and corresponds to phylogenetic conclusions made on the basis of molecular biology methods. For example, a high abundance of 24-methylenecholesterol is a typical feature of Thalassiosirales, the same distribution of 24-methylcholesta-5,22-dienol may be characteristic of Cymatosirales, diatoms belonging to the genus Amphora contain a combination of 24-methylcholesterol and 24-methylenecholesterol as main sterols, while Attheya spp. have a significant content of 24-ethylcholesterol [66]. In some studied species one strongly predominant sterol (>90% of the total fraction) was found: cholesterol in Cylindrotheca fusiformis and Nitzschia closterium, 24-methylenecholesterol in the freshwater diatom Synedra acus [69], 24-methylcholesta-5,22-dien-3β-ol in Stauroneis constricta, Dickieia ulvaceae, and Phaeodactylum tricornutum [66]. Some diatom species contain rare 23-methyl- and 23,24-dimethylcholesta-5,22-dien-3β-ols [66] (Figure 11).
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Figure 11. Sterols of Δ5-series from diatoms. 
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Sterols belonging to other series, such as stanols or Δ7-sterols, were identified only in a small number of species, mainly as minor constituents. There are several cases of the identification of tetracyclic triterpenoids, which are biosynthetic precursors of sterols. Lanosterol was found in the raphid pennate Haslea sp., while together with 24-methyl-14-nor-cycloartenol it was indentified in Stauroneis simulans, suggesting that biosynthesis from squalene in Bacillariophyta can proceed via both lanosterol and cycloartenol [66]. (Figure 12). However, it is not clear which taxonomic groups of diatoms biosynthesize sterols via cycloartenol as in higher plants, or whether there are indeed diatoms using lanosterol as an intermediate of this biosynthesis, as in the case of animals and fungi.



Several papers, confirming the de novo intensive biosynthesis of sterols in diatoms have been published [70,71,72]. For example, all carbon atoms in the molecule of 24-methylenecholesterol were 13C after cultivation of the Baikal diatom Synedra acus in NaH13CO3-containing medium [70]. As was shown by detailed studies, using labeled precursors such as 13C-enriched acetate and deuterium-enriched deoxyxylulose as well as specific inhibitions of mevalonate (MVA) and methylerythritol pathways (MEP), the sterols in Rhizosolenia setigera are biosynthesized by the MVA pathway, although biosynthesis of some terpenoids in the diatoms R. setigera and Haslea ostrearia may be realized via both these routes. As a result, it was established that the MVA route is realized mainly in the cytoplasm and membranes of diatoms, in which sterols and some other isoprenoids are localized, while phytol is biosynthesized in chloroplasts where the MEP pathway takes place [72]. Several other compounds, identified in different diatoms, including 3-keto steroid derivatives [66], might be considered as intermediates related to the biosynthesis of sterols de novo (Figure 12) or end-products of steroidogenesis, having unknown biological functions.
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Figure 12. Some compounds related to biosynthesis of sterols de novo in diatoms. 
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5. Isoprenoid and Other Hydrocarbons


5.1. Hydrocarbons, Derived from Fatty Acids


Several classes of hydrocarbons and related compounds from diatoms are known. The first class includes alkanes such as C17:0 and particularly alkenes found by different groups of scientists (Figure 13). As a rule, these compounds are products of biodecarboxylation of microalgal fatty acids. The n-21:6 hydrocarbon, all-(Z)-heneicosa-3,6,9,12,15,18-hexaene, found as a main hydrocarbon from photosynthetic diatoms as well as from many other algae is obviously derived from docosahexaenoic acid and it is a product of the corresponding decarboxylation [73,74]. Normal heneicosa-3,6,9,12,15,18-pentaene (n-21:5) and the corresponding tetraene were also found in several studied diatoms by Volkman et al. [75]. Squalene together with n-21:3, n-21:4 and n-21:5 alkenes, obviously formed by decarboxylation of the corresponding polyunsaturated C22 fatty acids, were indentified in the marine benthic diatom Pleurosigma strigosum isolated from coastal Mediterranean sediments [76].



Another group of hydrocarbons are also biosynthesized from fatty acids, but as a result of not only decarboxylation but also the chain elongation that is sometimes followed by the introduction of additional double bonds. For example, along with isoprenoid hydrocarbons, two isomeric n-25:7 and two isomeric n-27:7 alkenes were identified in the marine diatom R. setigera, in which they are obviously formed through the chain elongation [77].



Finally, some hydrocarbons derived from fatty acids found in diatoms could be adsorbed from the environment. For example, it was established that the marine diatom Cyclotella cryptica grown in culture was capable of accumulating exogenic hydrocarbons, especially with 16 carbon atoms, from the medium [78].
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Figure 13. Some hydrocarbons indicated in diatoms. 
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5.2. Isoprenoid Hydrocarbons and Related Compounds


Highly branched C25 and C30 isoprenoids, widely occurring in bottom sediments and oils [79], with parent structures confirmed by organic synthesis [80], originate from diatoms. In fact, in 1994 Volkman et al. [75] reported their occurrence in laboratory cultures of the diatoms H. ostrearia (C25 isoprenoid hydrocarbons) and R. setigera (C30 isoprenoid hydrocarbons). They found at least seven C25 isoprenoids in the culture of H. ostrearia. Thus, it was clearly established that diatoms are a major source of this class of unusual hydrocarbons, previously found in marine sediments [69].



Unsaturated isoprene hydrocarbons containing 25 carbon atoms, so-called haslenes, from H. ostrearia and other diatoms represent a group of sesterterpenoids with the general characteristic haslane skeleton system. The diatom H. ostrearia, identified as a biological source of sedimentary haslenes [81], was cultured in 500 L tanks and a 198 mg non-polar fraction was obtained by extraction with hexane from this non-axenic culture. Separation by haslene mixture using SiO2 column chromatography followed by an NMR study led to structures of three highly branched isoprenoids, namely triene, tetraene and pentaene, respectively [81]. Biotesting on some of these alkenes has shown that they are active in decreasing the growth of lung cancer cell lines. As a result, these compounds were patented (Patent GB-9708934.6). In total, more than a dozen dienes to hexaenes were identified from cultures of this alga as well as from some other species, and many of them were also found in bottom sediments [81,82]. An additional highly branched C25 isoprenoid triene was later isolated and purified from axenic cultures of the same algal species [83].



The diatom Rhizosolenia setigera also contains haslenes, although C30-isoprenoids often predominates. For example, haslene pentaene with a Z-configuration of 9(10)-double bonds was reported from this species [82] as well as pentaene with all E-configurations [84]. A North Atlantic strain of R. setigera produces a C25 highly branched isoprenoid pentaene in contrast to Australian strains of this species, which produce mainly C30 alkenes. It was shown that distribution of haslenes as well as C30-isoprenoids in this species depends on the strain and the cultivation conditions [85]. In studies on five strains of this planktonic diatom, Rowland et al. [86] detected both haslenes, including hasla-7(20),9E,Z,23-trienes and hasla-7(20),9E,Z,13,23-tetraenes, as well as rhizenes (C30 compounds) in some strains.



An increase in growth temperature from 18 to 25 °C increased the degree of unsaturation of haslenes and Z to E isomerization. Unsaturation of haslenes was not changed by the increased salinity, but unsaturation on C30 compounds (rhizenes) was decreased [86].



Several new compounds of the haslane series were found in at least four species belonging to the genus Pleurosigma [82,87,88].



Sea ice communities dominated by diatoms such as Nitzschia stellata, Amphiprora sp. and others in the surrounding Antarctica ice barrier contain a variety of fatty acids and different hydrocarbons, including C25:2 isoprenoids [89,90,91,92]. The monounsaturated highly branched isoprenoid (IP25), so-called “ice proxy 25”, (Figure 14) is strictly associated with sea ice and widely distributed in Arctic and subarctic sediments. It was found in sea ice diatoms, such as Haslea crucigera and Pleurosigma stuxbergii var. rhomboides from mixed diatom assemblages collected from the Canadian Arctic [93]. IP25 can be used and was partly used as a geochemical marker in the studies on palaeo-climate to reconstruct the sea ice covering in the world’s oceans from the early Pleistocene to decades back [93]. As was mentioned above, C30 isoprenoids (triterpenoids) were also found in diatoms, and primarily in Rhizosolenia setigera [84,85,86]. They contain the so-called rhizane skeleton system. Among rhizenes, the isoprenoid hexaenes and pentaenes proved to be predominant compounds, and Z to E isomerization increased, when compared with those of haslenes. Rhizenes were also found in marine sediments. Some examples of diatom rhizenes [94,95] and their natural monocyclic derivatives [95] are given in Figure 15. Monocyclic triterpenes, isolated from the diatom by Ag+-HPLC belong to an extremely rare group of terpenoids.
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Figure 14. Some C25-isoprenoids (haslenes) from diatoms. 
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Figure 15. Some C30-isoprenoids from diatom Rhizosolenia setigera. 
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Unexpected data were obtained as a result of the studies on isoprenoid biosynthesis in the diatoms Rhizosolenia setigera and Haslea ostrearia. By using the 13C and 2H isotopic labeling technique followed by NMR and MS studies, specific inhibitors of MVA and MEP biosynthetic pathways as well as measurements of 13C/12C isotope ratios in the studied compounds, a significant difference in biosyntheses of sester- and triterpenoid hydrocarbons and some other diatom metabolites in these algae was determined. Surprisingly, Δ7(20) haslenes and different rhizenes in R. setigera were formed by MVA biosynthesis, while the structurally similar haslenes in H. ostrearia were biosynthesized by the MEP route. Therefore, triterpenoids are biosynthesized similarly to terpenoids in higher plants, but sesterterpenoids can be made by either the MVA or the MEP routes in a species-dependent manner [72].



Although haslenes and rhizenes are biosynthesized by a limited number of diatom genera, these compounds are strongly characteristic metabolites of these taxa of microalgae. This is more important, due to the above-mentioned dependence of the extent of unsaturation in this series of isoprenoids on the growth of environment temperature. In fact, hasladienes predominate in cultures of diatoms at 5 °C, while haslatrienes and more unsaturated compounds are principally formed at 25 °C [86]. This confirms the validity of the use of diatom isoprenoids from bottom sediments to reconstruct climate changes.





6. Pigments


Chloroplasts of diatoms contain the following main pigments: fucoxanthin, β-carotene, diatoxanthin, diadinoxanthin [96], and several variants of chlorophylls, including chlorophylls a, c2 and c1 (Figure 16). For example, studies on 51 strains from 18 species of the genus Pseudo-nitszchia showed the presence of chlorophylls a and a significant diversity in the content and ratio of chlorophylls c1 and c2 between these species [97]. Phytol, a component of chlorophyll a, is often present in extracts from diatoms as a free constituent. These pigments play one of the main roles in phytosynthesis, providing light harvesting and photoprotection in diatoms. There is a similarity between pigments of diatoms (Figure 16) and those of brown algae, because chlorophylls a and c along with the xanthin pigment fucoxanthin are often the main pigments in both taxa, although some participants of the xanthophyll cycle were considered to be quite different in comparison with brown and other algae. In fact, there are predominant pigments, diatoxanthin and diadinoxanthin in diatoms, but these pigments do not usually present as prominent xanthins in the majority of other plants. In contrast to higher plants, diatoms do not biosynthesize luteolin.



However, it was later shown that microalgae, having the diadinoxanthin cycle to produce fucoxanthin for photoprotection, also possess the violaxanthin cycle as found in higher plants [98].



Fucoxanthin, a golden-brown-colored carotenoid pigment, firstly isolated in 1914 [99], is one of the major carotenoids in marine plants. In 1990, its structure was itemized using 2D NMR studies [100]. Fucoxanthin has attracted significant interest as a potential health promoter through its anti-obesity effect as well as its antioxidant, anticancer, anti-inflammatory and other useful properties [101]. Due to the action on the expression of mitochondrial uncoupling protein-1, a key molecule for metabolic thermogenesis, it possesses a fat-burning effect within fat cells in white adipose tissue in rats and mice [102]. Using supplementation with extracts containing fucoxanthin in combination with pomegranate seed oil, it was shown in clinical testing on females with liver diseases that the average weight loss was about 5 kg in obese women over 16 weeks [103]. Fucoxanthin demonstrates anticancer properties, inducing apoptosis of different tumor cells, and its ability to inhibit the invasiveness of cancer cells through the inhibition of expression and secretion of the gelatinolytic enzyme MMP-9 and to suppress the motility of B16-F10 melanoma cells and their adhesion to endothelial cells is particularly important. Moreover, fucoxanthin significantly reduced metastasis in an experimental lung metastasis in vivo assay [104]. The diatom Phaeodactylum tricornutum, a potential commercial source of fucoxanthin, contains at least ten times more fucoxanthin per gram of dry weight than brown algae [105].



Biosynthesis of fucoxanthin in diatoms is a complicated process, including the formation of β-carotene in the initial stages of the transformation of gerenylgeranyl diphosphate via phytoene, ξ-carotene, and lycopene with the participation of phytoene synthase, phytoene desaturase, and ξ-carotene desaturase. Lycopene forms β-carotene at the action of lycopene β-cyclase. The latter pigment is transformed into zeaxanthin at the catalysis by β-carotene hydroxylase. Further stages include the participation of zeaxanthin epoxidase and lead to antheroxanthin and violaxanthin. All the corresponding genes encoding these enzymes were found in P. tricornutum. In addition, many genes encoding violaxanthin de-epoxidase (VDE genes) and zeaxanthin epoxidase (ZEP genes), enzymes participating in the last stages of xanthin biosynthesis in diatoms, were found compared with other phytosynthetic eukaryotes [106,107]. It was suggested that the diversity of VDE and ZEP genes represents early eukaryotic innovations in plants [106].
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Figure 16. Pigments of diatoms. 
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Thus, diatoms, which are thought to be derived from secondary symbiosis between autotrophic and heterotrophic eukaryotes, as a consequence of a particular evolutionary history, have an additional xanthophyll-based cycle to dissipate excess light energy. Therefore, several components of carotenoid biosynthesis in diatoms are of ancient origin, and the corresponding enzymes of their biosynthesis were diversified and acquired new functions in these microalgae [107,108]. Neoxanthin, which was isolated from P. tricornutum, is a branch point in the biosynthesis of diadinotoxin and fucoxanthin in diatoms. Diadinoxanthin is formed in a single reaction by the formation of an acetylenic bond from an allenic double bond, while the formation of fucoxanthin with acetylation of the hydroxyl group at C3′ proceeds as shown in Figure 17 in the boxes [108].
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Figure 17. Hypotetical scheme of biosynthesis of fucoxanthin in P. tricornutum [108]. 
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7. Halogenated Compounds


Halogenated methanes such as CHBr3, CH2Br2, CH2IBr, CH3I and others are produced in oceans by different algae. They play roles as carriers of halogens into the atmosphere and decrease the ozone content in the stratosphere. Laboratory experiments showed that cultures of several marine diatoms also produce halogenated methanes and ethanes. For example, bromoform and dibromomethane were identified in cultures of diatoms belonging to the Nitzschia and Porosira genera. Navicula species possesses an iodoperoxidase, while a bromoperoxidase enzyme was identified in Nitzschia sp. [109]. A significant release of hypobromous and hypoiodous acids from polar, temperate and warm water diatoms into their surroundings was also reported. These reactive compounds are equilibrated with molecular halogens (Br2 and I2) in aqueous solutions [110].



In addition, haloperoxidases in diatoms are involved in diatom-bacteria interactions. A benthic diatom Nitzschia cf. pellucida induces the H2O2-dependent inactivation of quorum sensing of bacteria, namely the destruction of N-β-ketoacylated homoserine lactones as a result of the cleavage of N-acylated chains in these signal molecules [111]. The same marine microalga controls the biofilm formation around themselves, using biogenetic bromine cyanide [112].



Some products of lipoxygenase biosynthesis also contain halogen atoms. A transformation of eicosapentaenoic acid into a mixture of chlorinated C8 hydrocarbons is initiated upon disintegration of the marine diatom Stephanopyxis turris. Another product of this transformation was identified as 12-oxo acid* (Figure 18). This is the result of the action of a lipoxygenase followed by a cleavage of the intermediate hydroperoxide by a hydroperoxide halolyase [113].
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Figure 18. Transformation of eicopentaenic acid into a mixture of chlorinated C8 hydrocarbons in the marine diatom Stephanopyxis turris [113]. 
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On the whole, halogen-containing metabolites of diatoms and their properties have been less studied than those from other algae, but their harmful influence on other organisms could be significant due to a great contribution of diatoms in biomass of marine biota.




8. Toxins


Domoic acid (DA) (Figure 19), a product of mixed biogenesis from amino acids and an isoprenoid precursor, is a toxin of diatoms, which is accumulated in mollusks and other marine animals and causes amnesic shellfish poisoning (ASP) or domoic acid poisoning (DAP). The first case of this type of poisoning, caused by eating cultivated mussel Mytilus edulis, was described in Canada in 1987. In that case four people died and over 100 people had various toxic syndromes, including an 84-year-old male, who had symptoms of temporal epilepsy, caused by this intoxication [114,115,116]. Domoic acid was originally isolated from the red alga Chondria armata [117], and its structure was later revised after chemical synthesis [118]. This alga is known as “domoi” in Japan. After the discovery of ASP it was found that the toxin is also produced by some diatoms such as Pseudo-nitzschia pungens, Pseudo-nitzschia spp. and Nitzschia navis-virginica [119,120,121]. Japanese scientists showed that the diatom Pseudo-nitzshia multiseries partly loses the ability to produce DA when cultivated axenically, but recovers this ability when marine bacteria from the original culture are added to axenic cultures [122]. This means that production requires the joint participation of microalgae and bacteria. The origin of domoic acid in diatoms as well as the unexpected biochemical parallelism in the presence of the toxin in both the red algae Chondria armata and diatoms continue to be intriguing sealed books.
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Figure 19. Structures of domoic and isodomoic acids. 
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The toxic action of domoic acid is characterized by a series of clinical symptoms, including brain pathology with cell/tissue injury and memory impairment [123,124]. After the amnesic shellfish poisoning incident in Quebec in 1987 [114,115,116], DA was found in seafood by different methods [125] from different geographic areas [126,127,128] and numerous DAP cases occurred, partly as a consequence of chronic sub-lethal exposure to the toxin [129]. For example, 400 sea lions were found onshore in California in 1988, and their poisoning was correlated with a bloom of the diatom Pseudo-nitzschia australis, when domoic acid contaminated anchovies [129]. Domoic epileptic disease is accompanied by spontaneous recurrent seizures over several weeks to months, and this disease needs improved medical diagnosis, treatment and prognosis.



Several isomers of DA, so-called isodomoic acids, (Figure 19) were isolated from the alga Chondria armata [130] and later they were identified in mussels contaminated by microalgae [131]. It was shown that DA may be transformed into isodomoic acids following irradiation by sunlight. The chemical properties of domoic and isodomoic acids were also studied [132].



Domoic acid and its producers are widely distributed in the world’s oceans, and the increasing frequency of toxic Pseudo-nitzschia algal blooms seems to be, at least partly, attributable to human activity [133]. The blooms usually occur at a time when the seawater temperature is falling, at low light and changes in salinity [134]. In the Western North Pacific, 314 phytoplankton samples collected from 1995 to 2006 were studied and the presence of 11 Pseudo-nitzschia species was revealed [135]. In studies on 35 stations from the Pacific subarctic to the Southern Ocean, Pseudo-nitzschia were detected not only in coastal waters, but in near-surface oceanic waters with levels of domoic acid from 0.3 fg to 2 pg per cell. In the Antarctic Pacific, DA reached 220 ng per L, a level at which sea animal mortalities take place. It was concluded that this neurotoxin occurs both in oceanic and coastal waters, and the variation in its amounts is connected with changes in Pseudo-nitzschia abundance, climate cycles and artificial iron fertilization [136].




9. Miscellaneous Natural Products


9.1. Attractants


Some diatoms induce other chemical signals to attract sexual partners. This was confirmed by using the metabolomic approach in the comparison of the metabolic profiles of sexually active and inactive forms of the unicellular diatom Seminavis robusta. The attracting mating form (MT−cells) generated the pheromone identified as di-l-prolyl-diketopiperazine, causing the migratory behavior of MT cells [137,138]. Chiral separation of diketopiperazines from the medium, in which the diatom was cultivated was carried out using supercritical fluid chromatography combined with ESI MS and gave, besides the dominant l,l-isomer (Figure 20), only trace amounts of di-d-prolyl-diketopiperazine [139].




9.2. Long-Chain Polyamines


Silica biomineralization dominates in such biological forms as diatoms, radiolaria, synurophytes and sponges, and as a consequence silica is the second most abundant biomineral in nature after biogenic CaCO3. Diatoms as biomineralizing organisms contain species-specific biochemical complexes in their silica deposition vesicles to produce biosilica for ornate cell walls. The biosilica is composed of amorphous, hydrated SiO2 and contains organic macromolecules. Each diatom is equipped with a special set of silica-precipitated proteins, known as silaffins, and long-chain polyamines (LCPAs) [140,141,142].



Silaffins, phosphoproteins enriched by Ser, Thr and Lys have covalently modified lysine-lysine elements bearing polyamines consisting of six and more repeats of the amonopropylene units. Silaffins were suggested to be inducers and templates for silica deposition. Isolated from the cell walls of diatoms they provide, together with LCPAs, the generation of networks of silica nanospheres within seconds after addition to silicic acid solution delivered into the cells by silicon transporter proteins [143,144]. The silaffin-dependent mechanism includes the interaction of silaffins with LCPAs inside the silica deposition vesicles and gives a particular biosilica material with regularly located pores of different sizes and forms in each species. This natural species-specific fabrication allows taxonomists to identify thousands of diatom species. Long-chain polyamines (LCPAs, Figure 20) with molecular masses ranging between 600 and 1500 Da, belonging to secondary metabolites, are characterized by unique compositions in each species studied and may be found both free and bound to silaffins’ or related proteins forms. These compounds, usually based on putrescine with attached aminopropylene units, are major organic constituents of biosilica and the longest polyamine chains found in nature (sometimes more than 20 repeated units). They effectively precipitate biosilica with the formation of nanospheres. Using electrospray ionization mass spectrometric analysis, it was established that the polyamines from the diatom Cylindrotheca fusiformis form the simplest composition, comprising only six molecular species. Polyamines differ from each other mainly in molecular masses and methylation level, in some cases not only terminal, but also internal quaternary N-atoms present in LCPAs [145,146].
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Figure 20. Some natural products of other chemical natures. 






Figure 20. Some natural products of other chemical natures.



[image: Marinedrugs 13 03672 g020]







10. Genomic and Post-Genomics Approaches to the Studies on Bioactive Low-Molecular Metabolites from Diatoms


In recent years a series of papers directed at the sequencing of nuclear, mitochondrial or chloroplast genomes of diatom microalgae were published [19,147,148,149,150]. Although application of genomic and post-genomic approaches to the studies on low-molecular-weight metabolites from diatoms in itself did not result in increasing the number of known compounds or in the discovery of their new biological activities, the corresponding works are very important in the respect of the understanding of the biosyntheses and the opening up of new biotechnological prospects for the practical use of these metabolites. Herein, we give several examples of these types of studies.



Genes, encoding lipid-biosynthesis enzymes, which are of interest due to the potential of diatoms as a renewable source for biodiesel and the importance of ω-3 polyunsaturated fatty acids for human health were found in the genomes of several diatoms [151]. For instance, in the genome of the diatom Thalassiosira pseudonana, DNA sequences, encoding a long-chain polyunsaturated acyl-coenzyme A synthetase were identified. The yeast Saccharamyces cerevisiae, transformed with the algal gene was able to incorporate more health-beneficial PUFA in triacylglycerols in comparison with control yeast [152]. In the recent review on the application of genetic engineering methods to cultivated diatoms as a way to a new alternative source of PUFA, several impressive experimental results were discussed. Detailed pathways of PUFA biosynthesis in diatoms was proposed on the basis of nucleotide sequences in the genomes of T. pseudonana and P. tricornutum, encoding mainly different desaturases [153]. The application of genetic engineering techniques and the selection of conditions for overexpressing the corresponding enzymes led to a significant increase in the proportion of eicosapentaenoic acid and in algal lipid production of the diatom Phaeodactylum tricornutum [154,155].



It is of particular interest that after the introduction of a gene, encoding a glucose transporter, transgenic P. tricornutum becomes heterotrophic and capable of growing without light [156]. This achievement shows that introducing even one gene can lead to pervasive changes in the biochemistry and physiology of diatoms.



Polyamines are another important group having possible application, particularly in the field of the potential use of biosilica in nanoelectronics. Recently, analysis of genomes of T. pseudonana and P. tricornutum revealed molecular machines, which dimethylate and transfer multiple aminopropyl unit polyamines onto sillafin proteins [157].



Identification of candidate genes, encoding enzymes of the carotenoid biosynthesis in the diatom P. tricornutum has allowed the proposal of the hypothetical pathways from both the 2-C-methyl-d-erythritol 4-phosphate and dimethylallyl and isopentenyl diphosphates to fucoxanthin [158].



Using gene silencing and heterologous gene expression approaches as well as enzyme inhibitors, new data on sterol biosynthesis in P. tricornutum were obtained [159].



As mentioned above, the capability of diatoms belonging to the Pseudo-nitzschia genus to produce amnesic toxin (domoic acid) is an intriguing peculiarity of these microalgae. Through microarray analysis of the cultures of diatom P. multiseries with high- and low-domoic acid productions, a new approach to the understanding of genes involved in the biosynthesis of domoic acid was proposed [160].



Armbrust et al. [161] reported nucleotide sequences of the 34 million-base pair nuclear genome, 129 thousand-base pair plastid and 44 thousand-base pair mitochondrial genomes of the marine diatom Thalassiosira pseudonana. New genes for silica transport and formation of silica cell walls as well as genes encoding polyunsaturated fatty acid biosynthesis along with other genes allowing diatoms to prosper in marine environment were identified. A comparative analysis of genes involved in carbon partitioning metabolic pathways in T. pseudonana, P. tricornutum and Fragilariopsis cylindricus [162] showed substantial differences between analysed species and revealed that the diatoms may regulate the carbon flux to adapt to environmental niches.



Thus, in their majority, genes encoding enzymes of lipid and carotenoid biosyntheses or those connected with biosilification were so far found in genomes of diatoms. However genomic and post-genomic approaches might contribute to detecting the diatom species, perspective for the isolation of new small molecules in the case of finding the genes encoding enzymes, usually participating in biosynthesis of low-molecular-weight metabolites, for example such as polyketide and other synthases.




11. Conclusions


Diatoms are a dominant and important group of eukaryotic microalgae, inhabiting all aqueous environments during the last near 200 millions years. In oceans, they produce a tremendous biomass, making up more than 20% of the primary biological production on earth and funneling biomass and energy to higher levels [1]. Diatoms represent the basis of the trophic food web in marine biota and are used as food for mariculture. Herein, the various natural products of diatoms, from polyunsaturated fatty acids to heterocyclic toxins, were reviewed in accordance with their chemical structural groups. The majority of the studies concerned the lipids from diatoms and in particular oxylipins. The corresponding biosynthetic pathways liberate polyunsaturated fatty acids from glyco- and other lipids, and give rise (through lipoxygenase/hydroperoxide lyase and other enzymatic systems) to numerous ecologically important chemical groups, including unsaturated aldehydes, fatty acid epoxy alcohols and pheromones. Besides regulation of species-species relations, low-molecular-weight metabolites of diatoms participate in other globally important processes such as influencing the ozone level in the stratosphere and biomineralization. Some diatom metabolites are used in studies on the climatic changes that have taken place during the last geologic periods. However, it should be mentioned that the diversity of the low molecular weight natural products of these organisms has not as yet been sufficiently studied and further investigations should promise new and interesting findings.
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