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Abstract 

 

Aquatic invertebrates have some ability to biosynthesize long-chain polyunsaturated fatty acids (LC-PUFA) 

including the so-called “omega-3” (or n-3) fatty acids. This paper briefly overviews the elongase and desaturase 

enzymes responsible for LC-PUFA biosynthesis in aquatic invertebrates. Moreover, the paper will focus on two 

potential applications that knowledge on the molecular mechanisms of LC-PUFA biosynthesis in aquatic 

invertebrates can have in aquaculture nutrition. First, the complement and functions of elongase and desaturase 

enzymes existing in the common octopus Octopus vulgaris has allowed the identification of the essential fatty 

acids (EFA) for this species. This methodological approach provides direct evidence of the enzymatic capacity 

existing in a particular species and thus is very useful to establish which fatty acids must be provided in the diet 

to ensure normal growth and survival. Second, the existence of complete enzymatic activities enabling the 

endogenous production of n-3 LC-PUFA in some aquatic invertebrates implies that their culture on low 

nutritional value (i.e. low n-3 LC-PUFA) materials including waste streams, can lead to the production of highly 

nutritious, n-3 rich meals for aquafeed. This paper will discuss the potential to explore this novel strategy in 

polychaetes, provided their enzymatic capacity for LC-PUFA biosynthesis, along other biological features. 
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Introduction 

 

Marine invertebrates are attracting a great deal of attention in aquaculture nutrition, 

especially with regards to their essential nutrient profiles. Many aquatic invertebrates are 

good sources of long-chain (C20-24) polyunsaturated fatty acids (LC-PUFA), particularly the 

so-called “omega-3” (ω3 or n-3) including eicosapentaenoic acid (EPA, 20:5n-3) and 

docosahexaenoic acid (DHA, 22:6n-3). Such n-3 LC-PUFA are health-promoting 

compounds in a variety of human conditions including cardiovascular and other 

inflammatory disorders, neural development and neurological pathologies (Brouwer, Geelen 

& Katan 2006; Innis 2007; Ruxton et al. 2007; Campoy et al. 2012; Delgado-Lista et al. 

2012; Calder 2014, 2018) EPA and DHA, along arachidonic acid (ARA, 20:4n-6), are 

regarded as physiologically important fatty acids being key components of cell membranes 

in which they determined their properties and acting as precursors of biologically active 

molecules (eicosanoids) (Stubbs & Anthony 1984). 

 

In addition to dietary input, LC-PUFA can be also produced endogenously (biosynthesis) in 

animals via aerobic enzymatic reactions catalyzed by two types of enzymes, namely fatty 

acyl desaturases and elongases. These pathways are fairly well understood in vertebrates 

(Guillou et al. 2010) and arguably, the molecular control and basis of LC-PUFA is better 

understood in teleost fish than in mammals (Monroig, Tocher & Castro 2018). Aquatic 

invertebrates have active LC-PUFA biosynthetic pathways and specific genes encoding 

desaturases and elongases involved in invertebrate LC-PUFA biosynthesis have been 

investigated in the last decade (see Monroig & Kabeya 2018). While the specific desaturase 

and elongase gene families so far described in aquatic invertebrates have been described in 

comprehensive reviews (Monroig, Tocher & Navarro 2013; Monroig & Kabeya 2018), this 

paper will briefly overview the LC-PUFA biosynthesizing elongase and desaturase genes 

found in aquatic invertebrates for the purposes of providing an adequate background. 

Moreover, the paper will focus on two applications that knowledge on the molecular 

mechanisms of LC-PUFA biosynthesis in aquatic invertebrates offers to aquaculture 

nutrition. 
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One first application of research on aquatic invertebrate LC-PUFA biosynthesis in 

aquaculture nutrition is associated with the capacity that knowledge on these pathways offers 

for the identification of essential fatty acids (EFA). EFA are defined as fatty acids that cannot 

be biosynthesized from other precursors or, when conversions are possible, they do not occur 

at sufficient physiological rates to satisfy demand. Consequently, EFA must be supplied in 

the diet to prevent deficiency symptoms (NRC 2011). As occurs for any animal (Bell & 

Tocher 2009), the complement and functions of elongase and desaturase enzymes existing in 

a particular aquatic invertebrate species allows to establish the EFA for that species. This 

methodological approach is especially adequate in species or developmental stages in which 

more empirical approaches involving feeding trials with dietary presence/absence of 

potential EFA cannot be tested due to the difficulty of having viable animals during the 

experimental period and/or the ability to manipulate fatty acid content in the experimental 

diet. This paper will review a case study on the common octopus Octopus vulgaris, a 

commercially important species in the Mediterranean, and whose LC-PUFA biosynthetic 

pathways have been extensively investigated in the last few years (Monroig et al. 2012a, b, 

2017; Reis et al., 2014.; Garrido et al. 2019). 

 

A second aspect illustrating the importance that research on LC-PUFA biosynthesis in 

aquatic invertebrates has for aquaculture nutrition is related with the capacity of many 

invertebrates to be net producers of n-3 LC-PUFA. Historically, primary production of n-3 

LC-PUFA and their shorter chain (C18) polyunsaturated fatty acid (PUFA) precursors in the 

marine environment was postulated to occur mainly by the action of photosynthetic 

microalgae, heterotrophic protists and bacteria (Pereira, Leonard & Mukerji 2003). Higher 

trophic level organisms such as fish cannot biosynthesize the C18 PUFA linoleic acid (LA, 

18:2n-6) and α-linolenic acid (ALA, 18:3n-3), and consequently LA and ALA are generally 

regarded as dietary EFA for vertebrates. However, some fish species can utilize dietary C18 

PUFA and convert them into LC-PUFA, and thus play a role in “trophic upgrading” (Bell & 

Tocher 2009). As described below, a recent study has revealed that multiple invertebrates 

possess a particular type of desaturase enzymes that enable them to produce LC-PUFA from 

saturated fatty acid precursors and, similarly to single-cell microorganisms, can also 

contribute to primary production of n-3 LC-PUFA (Kabeya et al. 2018). These results imply 
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that some invertebrate species can be cultured intensively to provide biomasses that 

constitute novel and highly nutritious ingredients for aquafeeds. Polychaetes, along being 

among the aquatic invertebrates with genes enabling the de novo biosynthesis of n-3 LC-

PUFA (Kabeya et al. 2018), have other biological features that make them excellent 

candidates to explore the abovementioned strategy leading to production of novel n-3 rich 

products. This paper will review our current understanding of n-3 LC-PUFA biosynthesizing 

capacity of polychaetes and identify species with high potential in which to apply such 

innovative approaches. 

 

 

Fig. 1. Biosynthetic pathways of polyunsaturated fatty acids. Desaturation reactions are 

denoted with “ω” of “Δ” to refer, respectively, the carbon position at which the new double 

bond locates from the methyl (ω; dotted blue arrows) and front (Δ) ends (black solid arrows) 

of the precursor fatty acid. Elongation reactions are denoted with “Elo” (red arrows). 

Biosynthesis of 20:4n-3 (eicosatetraenoic acid) from 18:3n-3 (α-linolenic acid) can proceed 

via the “Δ8 pathway” (grey background) and the “Δ6 pathway” (green background). Both 
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pathways can also proceed from 18:2n-6 (linoleic acid) to produce 20:3n-6 (dihomo-γ-

linolenic) (not indicated). Reactions along the “Sprecher pathway” are highlighted in grey 

background. Note that 20:2n-6 can be converted to 20:3n-3 through a Δ15 desaturation 

catalyzed by an ω3 desaturase (not shown). 

 

Elongases and desaturases involved in the LC-PUFA biosynthetic pathways of aquatic 

invertebrates 

 

The genes encoding elongases and desaturases responsible for the biosynthetic pathways of 

LC-PUFA biosynthesis in aquatic invertebrates had been barely investigated in comparison 

to those from vertebrates including fish (Castro, Tocher & Monroig 2016). Research 

conducted in the last decade has shown that aquatic invertebrates also have elongases and 

desaturases that actively contribute to LC-PUFA biosynthesis (Fig. 1). Comprehensive 

reviews on this topic provide a systematic assessment of repertoire and functions of elongases 

and desaturases involved in the LC-PUFA biosynthesis of aquatic invertebrates (Monroig, 

Tocher & Navarro 2013; Monroig & Kabeya 2018). For the sake of providing the adequate 

context, the following sections provide a brief summary of our current understanding on 

occurrence and functions of these LC-PUFA biosynthesizing enzymes in aquatic 

invertebrates.  

 

Elongases 

 

Fatty acyl elongases or, more formally, elongation of very long-chain fatty acid (Elovl) 

proteins (Elovl) catalyze the condensation reaction in the elongation pathway resulting in an 

extension of the preexisting fatty acid by 2 carbons (Fig. 1) (Castro, Tocher & Monroig 

2016). In vertebrates, the elongases Elovl2 and Elovl5 play central roles in LC-PUFA 

biosynthesis (Castro, Tocher & Monroig 2016). Moreover, Elovl4 is primarily involved in 

the biosynthesis of the very long-chain (>C24) PUFA (VLC-PUFA) (Agbaga et al. 2008) but 

some vertebrate groups like teleosts have Elovl4 enzymes that can operate towards PUFA 

ranging from 18 to 22 carbons and therefore can further participate in the biosynthetic 

pathways of LC-PUFA like Elovl2 and Elovl5 (Monroig et al. 2010; Jin et al. 2017). 
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Invertebrates vary in their complement of genes encoding PUFA Elovl enzymes. Some 

groups like molluscs have a protein named “Elovl2/5” that represents an ancestral form of 

the what in vertebrates exists as two distinct proteins, namely Elovl2 and Elovl5 (Monroig et 

al. 2016a). Genes encoding Elovl2/5 have been characterized in cephalopods, gastropods and 

bivalves and, generally, this enzyme has affinity for C18 and C20 PUFA substrates (Liu et al. 

2013; Monroig et al. 2016b; Ran et al. 2018). It is interesting to note that Elovl2/5 appears 

to be absent in other invertebrates such as crustaceans (Monroig & Kabeya 2018). In contract, 

crustaceans (Lin et al. 2018), and also molluscs (Liu et al. 2014a; Monroig et al. 2017), 

feature elovl4 genes with functions that are largely consistent to those of vertebrate orthologs 

as described above (Agbaga et al. 2008; Monroig et al. 2010; Jin et al. 2017). In addition to 

Elovl2/5 and Elovl4, “novel” Elovl with putative roles in PUFA elongation have been also 

described in some animal lineages (Monroig & Kabeya 2018). For instance, cnidarians have 

two Elovl-like enzymes termed “ElovlA” and “ElovlB” with unknown functions (Surm et al. 

2018). Moreover, a novel Elovl has been functionally characterized in the razor clam 

Sinonovacula constricta (Ran et al. 2019). This protein, named “Elovl_c” (Ran et al. 2019), 

has the ability to elongate PUFA substrates ranging from 18 to 22 carbons to produce 

polyenes of up to 34 carbons (e.g. 34.5n-3), thus contributing to the biosynthesis of VLC-

PUFA along the two Elovl4 enzymes present as well in S. constricta (Ran et al. 2019). Along 

molluscs and crustaceans, groups in which further elovl genes have been studied include 

sponges (Gold et al. 2017), cnidarians (Surm et al. 2018), echinoderms (Li et al. 2016) and 

invertebrate chordates such as sea squirt and amphioxus (Meyer et al. 2004; Monroig et al. 

2016a). 

 

Desaturases 

 

Vertebrates possess aerobic desaturases involved in LC-PUFA biosynthesis that are termed 

“front-end” desaturases since they introduce new double bonds (unsaturations) between the 

carboxylic group (front end) and an existing double bond in the fatty acyl chain (Fig. 1). 

Fads1 and Fads2, two front-end desaturases found in vertebrates (Guillou et al. 2010; Castro, 

Tocher & Monroig 2016), typically have Δ6 and Δ5 desaturase activities, respectively, and 

consequently catalyze key reactions along the LC-PUFA biosynthetic pathways (Fig. 1) 
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(Castro, Tocher & Monroig 2016). Other desaturase activities contained within Fads-like 

enzymes from vertebrates include Δ8 (e.g. Monroig, Li & Tocher 2011) and Δ4 (e.g. Oboh 

et al. 2017). It is important to note that front-end desaturases, irrespective of their Δ activity, 

are unable to bioconvert n-6 substrates into n-3 products. Consequently, the n-6 and n-3 LC-

PUFA biosynthetic pathways operated by vertebrates proceed independently despite sharing 

the enzymes acting in analogous reactions along each pathway (Fig. 1). 

 

Invertebrates have front-end desaturases with Δ5, Δ6 and Δ8 desaturase capacities but, in 

spite of their similar functional capacity to vertebrate Fads, their phylogenetic relationship 

has not yet been elucidated (Monroig & Kabeya 2018). The first front-end desaturase isolated 

and functional characterized from an aquatic invertebrate was that from O. vulgaris (Monroig 

et al. 2012a). While more detail will be given below, it is important to note that the O. 

vulgaris front-end desaturase is a Δ5 desaturase (Monroig et al. 2012a). Further Δ5 

desaturases were subsequently discovered in the cephalopod Sepia officinalis (Monroig et al. 

2016b), the gastropod Haliotis discus hannai (Li et al. 2013), and the bivalves Chlamys 

nobilis (Liu et al. 2014b) and S. constricta (Ran et al. 2018). Phylogenetic analysis of these 

desaturase sequences suggested they all belong to Clade A according to the classification 

proposed by Surm, Prentis & Pavasovic (2015). Alternatively, further front-end desaturases 

found in C. nobilis (Liu et al. 2014a) and S. constricta (Ran et al. 2018) belong to Clade B 

and were functionally characterized as Δ8 and Δ6 desaturases, respectively. Existence of 

multiple front-end desaturases in some molluscs such as C. nobilis (2) and S. constricta (3) 

enables them to carry out all desaturation reactions to biosynthesize ARA and EPA from LA 

and ALA, respectively (Fig. 1). The pathways for ARA and EPA biosynthesis can be initiated 

via two alternative pathways, namely the “Δ8 pathway” in C. nobilis (Liu et al. 2014a) and 

“Δ6 pathway” in S. constricta (Ran et al. 2018) (Fig. 1). Interestingly, the S. constricta Δ6 

front-end desaturase, originally reported to have Δ6 desaturase activity towards the C18 

substrates LA (18:2n-6) and ALA (18:3n-3) (Ran et al. 2018), has been recently determined 

the exhibit Δ6 activity on 24:5n-3 to produce 24:6n-3, a key intermediate in the so-called 

“Sprecher pathway” (Fig. 1) (Ran et al. 2019). This pathway is the metabolic route 

accounting for the biosynthesis of DHA in mammals (Sprecher 2000) and teleost fish (Tocher 

et al. 2003; Oboh et al. 2017). Consequently, S. constricta represents the first mollusc in 
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which all enzymatic activities required to convert C18 PUFA into LC-PUFA including DHA 

have been demonstrated through the combined action of four PUFA elongases Elovl2/5, 

Elovl4 (2) and Elovl_c, and two front-end desaturases (Δ5 and Δ6) (Ran et al. 2018, 2019).  

 

A paradigm shifting study has recently demonstrated that a large variety of invertebrates 

including cnidarians, nematodes, molluscs, arthropods, annelids and rotifers, possess a type 

of desaturase called “omega desaturases” (ωx des) (Fig. 1) (Kabeya et al. 2018), enzymes 

typically found in plants, microalgae and fungi, and believed to be absent from most animals 

(Pereira, Leonard & Mukerji 2003). Selected ωx desaturases from cnidarians (Acropora 

millepora), rotifers (Adineta vaga), molluscs (Patella vulgata), annelids (Platynereis 

dumerilii), and arthropods (Lepeophtheirus salmonis) were functionally characterized 

confirming that animal ωx des include both ω3 and ω6 desaturases (Kabeya et al. 2018). On 

one hand, ω3 des are enzymes that introduce double bonds 3 carbons from the methyl end 

group, and thus produce n-3 LC-PUFA by desaturating their corresponding n-6 precursors at 

Δ15, Δ17 and Δ19 positions (Fig. 1). Moreover, another type of ωx des found in invertebrates 

exhibited Δ12 activity and, rather than “ω6 des”, is more commonly known as “Δ12 

desaturase”. Irrespective of nomenclatures, Kabeya et al. (2018) showed that A. millepora 

(cnidarian), P. vulgata (mollusc), P. dumerilii (polychaete annelid) and L. salmonis 

(crustacean arthropod), have two co-existing ωx des enzymes with Δ12 and ω3 desaturase 

activities (Fig. 1). More specifically, the animal Δ12 desaturases have the ability to 

bioconvert oleic acid (OA, 18:1n-9) into LA (18:2n-6). Subsequently, the ω3 des 

biosynthesizes ALA (18:3n-3) from LA via Δ15 desaturation (Fig. 1). While this confirmed 

that the combined action of two distinct enzymes account for de novo biosynthesis of ALA 

(an n-3 C18 PUFA), further functions demonstrated by animal ω3 des showed that the 

biosynthesis of ω3 fatty acids is not restricted to C18 products but also extends to LC-PUFA 

with 20 and 22 carbons (Fig. 1). In addition to the Δ15 desaturations involving the C18 

substrates 18:2n-6 and 18:3n-6, the ω3 desaturases from A. millepora, P. vulgata, P: 

dumerilii and L. salmonis, were also able to desaturate C20 (20:2n-6, 20:3n-6 and 20:4n-6) 

and C22 (22:4n-6) PUFA substrates, constituting Δ17 and Δ19 desaturase activities, 

respectively (Fig. 1). 

 



257 

 

Monroig, O. 2019. Biosynthesis of Long-Chain Polyunsaturated Fatty Acids in Aquatic Invertebrates: Applications in Aquaculture Nutrition. En: Cruz-Suárez, L.E., Ricque-Marie, D., 

Tapia-Salazar, M., Nieto-López, M.G., Villarreal-Cavazos, D. A., Gamboa-Delgado, J., Gaxiola Cortes, M.G. y M.Olvera-Novoa (Eds),   Revisiones en Nutrición de Organismos 

Acuáticos, Universidad Autónoma de Nuevo León,  San Nicolás de los Garza, Nuevo León, México, ISBN 978-607-27-1268-3, pp. 249-270. 

 
 

A different pattern that illustrates the functional diversity of ωx des from animals was found 

in the bdelloid rotifer Adineta vaga. A. vaga possesses three ωx des genes,  two of which 

encoded enzymes that simultaneously contained Δ12, Δ15 and Δ17 activities, but lacked Δ19 

desaturase capacity (Kabeya et al. 2018). Overall, irrespective of the two patterns observed 

(cnidarian/mollusc/polychaete/crustacean vs rotifer), it has become clear that, for many 

aquatic invertebrates, the n-3 and n-6 LC-PUFA biosynthetic pathways do not proceed 

independently as described above for vertebrates but rather are interconnected through 

multiple reactions mediated by ω3 desaturases (Fig. 1). The discovery of ωx des in aquatic 

invertebrates has important implications in a varied range of scientific disciplines, stemming 

from biochemistry and physiology, and expanding to biotechnology and ecology. In the 

context of this paper, the presence of ωx des in aquatic invertebrates is also highly relevant 

to aquaculture nutrition since it implies that some species can be cultured intensively to 

produce biomasses that constitute novel sources of highly nutritious (i.e. n-3 rich) raw 

materials for aquafeeds. This strategy can be applied to many different invertebrates but, as 

noted above, polychaetes are excellent candidates and a section below will review our 

currently knowledge on LC-PUFA biosynthesizing genes existing in these animals. 

 

Identification of the EFA in farmed aquatic invertebrates: The case study of Octopus 

vulgaris  

 

Investigations of the LC-PUFA biosynthesis in farmed fish have enabled the identification 

of EFA, compounds that must be provided in the diet to ensure normal growth and survival 

(Tocher 2015). It has been established that fish species vary in their capacity to convert C18 

PUFA to LC-PUFA depending upon the complement of fads and elovl genes existing in that 

particular species (Castro, Tocher & Monroig 2016; Monroig, Tocher & Castro 2018). In 

general, freshwater fish have higher capacity to bioconvert of C18 into LC-PUFA than marine 

counterparts with the limited capacity of marine fish associated to deficiencies in one or more 

enzymatic activities of the LC-PUFA biosynthetic pathway (Tocher 2010; Monroig, Tocher 

& Castro 2018; Ishikawa et al. 2019). With a similar aim, understanding the full repertoire 

of desaturase and elongase genes existing in farmed species of aquatic invertebrates has 

prompted interest in recent years. One example in which the above methodological approach 
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has been tested is the common octopus O. vulgaris, an important commercial species whose 

culture protocols for early developmental stages (paralarvae) have not yet been fully 

developed, with key issues such as adequate nutrition still unresolved (Navarro, Monroig & 

Sykes 2014). Previous studies suggested that certain LC-PUFA are EFA for O. vulgaris 

paralarvae (Navarro & Villanueva 2000, 2003). Due to the inherent difficulties in running 

nutritional trials with octopus paralarvae, the specific LC-PUFA that fulfil the physiological 

demands could not be established. Alternatively to feeding trials, EFA for O. vulgaris have 

been identified through the characterization of genes encoding desaturase and elongase 

enzymes involved in LC-PUFA biosynthesis (Monroig et al. 2012a,b, 2017, Garrido et al. 

2019). First, a pioneer study reported on the molecular and functional characterization of a 

cDNA encoding a front-end desaturase from O. vulgaris. As mentioned above, this 

desaturase was demonstrated to have Δ5 desaturation capacity and was able to operate on 

both saturated and PUFA substrates (Monroig et al. 2012a). The octopus Δ5 desaturase was 

able to introduce a double bond on saturated fatty acids such as 16:0 (palmitic acid) and 18:0 

(stearic acid), resulting in the production of 16:1n-11 and 18:1n-13, respectively (Monroig et 

al. 2012a). Additionally, the O. vulgaris Δ5 desaturase was able to produce ARA and EPA 

from 20:3n-6 and 20:4n-3, respectively. Considering the reference genome from Octopus 

bimaculoides (Albertin et al. 2015), the above described Δ5 desaturase represents the sole 

front-end desaturase of O. vulgaris. Therefore, it can be assumed that O. vulgaris lacks 

capacity for Δ4, Δ6 or Δ8 desaturation, all key enzymatic activities that are required at 

different steps along the LC-PUFA biosynthesis pathways (Fig. 1). 

 

Subsequent studies aimed to investigate elovl genes with putative roles in LC-PUFA 

production. Monroig et al. (2012b) reported on the molecular and functional characterization 

of a full-length cDNA sequence encoding an Elovl with high homology to vertebrate Elovl2 

and Elovl5 enzymes. As indicated above, this protein was termed “Elovl2/5”. The octopus 

Elovl2/5 was able to elongate both n-3 and n-3 PUFA substrates of 18 and 20 carbons but 

did not show any activity towards C22 PUFA substrates. This raised the question of whether 

O. vulgaris had other Elovl enzymes with the ability to elongate C22 PUFA. A third study 

investigated an ortholog of elovl4 from O. vulgaris (Monroig et al. 2017). The results from 

this study confirmed the role of the O. vulgaris Elovl4 in VLC-PUFA biosynthesis and also 
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that this enzyme was able to elongate C22 PUFA including 22:5n-3. The latter implied that 

the O. vulgaris Elovl4 could contribute to the Sprecher pathway (Sprecher 2000) but, unlike 

the razor clam S. constricta (Ran et al. 2019), biosynthesis of DHA through this route 

appeared to be unlikely in a species that apparently lacked Δ6 desaturases. 

The results from the above studies confirmed that the activities of the octopus Elovl2/5 and 

Elovl4 ensure all elongation reactions needed to biosynthesize LC-PUFA from C18 PUFA 

precursors. However, as noted above, the fact that the Δ5 desaturase (Monroig et al. 2012a) 

is likely to be the only front-end desaturase in O. vulgaris genome suggested that the LC-

PUFA biosynthetic pathways are indeed truncated due to the absence key desaturase 

activities (i.e. Δ4, Δ6 and Δ8). Consequently, the functions demonstrated for the Δ5 

desaturase, and the Elovl2/5 and Elovl4 elongases, suggested that ARA, EPA and DHA were 

indeed dietary EFA for O. vulgaris as originally hypothesized (Navarro & Villanueva 2000, 

2003). On one hand, ARA and EPA, while produced, respectively, from 20:3n-6 and 20:4n-

3 by the Δ5 desaturase, were regarded as EFA provided that the low abundance of these 

precursors in the diet of octopus could possibly meet the physiological demands. With 

regards to DHA, lack of front-end desaturases with Δ6 or Δ4 activities noted above suggested 

that DHA should be also considered as an EFA for O. vulgaris. While the conclusion about 

ARA and DHA essentiality for O. vulgaris remained unchanged, a recent study by Garrido 

et al. (2019) identified two ωx des genes that made us revise our view on the essential nature 

of EPA. 

 

Two genes encoding ωx des with Δ12 and ω3 regioselectivities have been demonstrated to 

exist in O. vulgaris (Garrido et al. 2019). As described above for other invertebrates (Kabeya 

et al. 2018), the consecutive action of the Δ12 desaturase producing 18:2n-6 (LA) from 

18:1n-9 (OA), and subsequently, the ω3 desaturase converting LA into 18:3n-3 (ALA) 

through a Δ15 desaturation (Fig. 1), enables the de novo biosynthesis of ω3 PUFA in O. 

vulgaris (Garrido et al. 2019). The O. vulgaris ω3 desaturase has Δ15, Δ17 and Δ19 

desaturation activities, in agreement with functions reported for ω3 desaturases from A. 

millepora, P. vulgata, P: dumerilii and L. salmonis (Kabeya et al. 2018). Consequently, EPA 

should not be regarded as a dietary EFA for O. vulgaris since it can be biosynthesized from 

18:3n-6 (γ-linolenic acid) via two alternative routes, namely Δ15 desaturation – elongation – 
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Δ5 desaturation, and elongation – Δ17 desaturation – Δ5 desaturation (Fig. 1). Since 18:3n-

6 occurs at very low concentrations in preys of O. vulgaris (Quintana et al. 2015; Lorenço et 

al. 2017) and it cannot be produced endogenously from 18:2n-6 due to the apparent lack of 

Δ6 desaturases (Fig. 1), it is reasonable to speculate that the above routes are unlikely to 

guarantee demands for EPA. However, EPA can also be biosynthesized directly from ARA, 

a pathway that seems to be active in O. vulgaris paralarvae that were able to take up and 

convert 14C-labelled ARA into EPA (Garrido et al. 2019). Natural preys of O. vulgaris 

contain remarkable amounts of ARA (Lorenço et al. 2017) thus guaranteeing supply of 

precursor for EPA biosynthesis. Collectively, molecular evidence suggests that ARA and 

DHA are dietary EFA for O. vulgaris since endogenous production is not possible due to 

absence of key desaturase activities. On the contrary, O. vulgaris can biosynthesize EPA 

through a variety of routes and should not be regarded as an EFA for this species. 

 

LC-PUFA biosynthesis by aquatic invertebrates grown for production of novel n-3 rich 

meals: The case study of polychaetes 

 

Meals processed from marine invertebrates have been used successfully as ingredients in fish 

and shrimp feeds (Moren et al. 2006; Coman et al. 2007; Jiménez-Prada 2018), and thus have 

been regarded as alternative ingredients to fishmeals (FM) traditionally used in aquafeeds 

(Tacon & Metian 2008). Both FM and fish oil (FO) are finite raw materials and, with the 

rapid expansion of aquaculture limiting their availability and increasing cost, alternative 

ingredients derived from terrestrial plants and animals are currently used in aquafeed 

manufacturing (Tocher 2015). Unlike meals of terrestrial origin, marine invertebrate meals, 

like FM, contain important levels of lipids with high contents of n-3 LC-PUFA (NRC 2011). 

Importantly, in the context of the present paper, the existence of complete enzymatic 

complements of elongases and desaturases enabling de novo production of n-3 LC-PUFA in 

some aquatic invertebrates implies that their culture under adequate supply of biosynthetic 

precursors and under optimized physical-chemical conditions enhancing such pathways 

emerges as a highly innovative and promising strategy to produce highly nutritious and 

sustainably sourced n-3 rich ingredients for aquaculture. This section will focus on 

polychaetes provided their ability to grow on a range of materials including waste streams 



261 

 

Monroig, O. 2019. Biosynthesis of Long-Chain Polyunsaturated Fatty Acids in Aquatic Invertebrates: Applications in Aquaculture Nutrition. En: Cruz-Suárez, L.E., Ricque-Marie, D., 

Tapia-Salazar, M., Nieto-López, M.G., Villarreal-Cavazos, D. A., Gamboa-Delgado, J., Gaxiola Cortes, M.G. y M.Olvera-Novoa (Eds),   Revisiones en Nutrición de Organismos 

Acuáticos, Universidad Autónoma de Nuevo León,  San Nicolás de los Garza, Nuevo León, México, ISBN 978-607-27-1268-3, pp. 249-270. 

 
 

and production systems (Marques et al. 2017; Pajand et al. 2017; Seakamp 2017; Gómez, 

Hurtado & Orellana, 2019; Nederlof et al. 2019), as well as their adaptability to varying 

environmental conditions such as temperature, salinity and dissolved oxygen (Marques et al. 

2018). 

 

Polychaetes have active PUFA biosynthesizing systems as demonstrated in the lugworm 

Arenicola marina (Olive et al. 2009; Pairohakul 2013), the ragworm Alitta (Nereis) virens 

(Pairohakul 2013) and the clamworm Perinereis aibuhitensis (Lv et al. 2016). Previously, 

Pond et al. (2002) investigated the origin of LC-PUFA in two species of polychaetes, namely 

Ridgea piscesae and Protis hydrothermica, inhabiting deep-sea hydrothermal sites that, in 

contrast to most marine ecosystems, contain low levels of LC-PUFA as a consequence of the 

absence of photosynthetic primary producers. It was suggested that the abundance of LC-

PUFA in R. piscesae and P. hydrothermica could partly be explained by the action of 

endogenous LC-PUFA biosynthesizing machineries (Pond et al. 2002). Subsequently, Olive 

and co-workers determined that A. marina had some ability to produce LC-PUFA 

endogenously via the Δ8 pathway (Fig. 1) judging from the abundance of two of its metabolic 

components (20:3n–6 and 20:4n–6), which could be only accounted for by the action of genes 

existing in the worm (Olive et al. 2009). In the same study, EPA was suggested to derive 

from ARA via a Δ17 desaturation (Olive et al. 2009). Indeed, an experimental closed system 

enabling quantification of PUFA fluxes showed that both A. marina and A. virens 

accumulated EPA (Pairohakul 2013). Further evidence confirming the biosynthetic capacity 

of A. virens was collected by supplementing pellets containing stable isotope labelled (13C) 

paltimic acid (16:0). The results demonstrated the ability of A. virens for EPA biosynthesis 

(Pairohakul 2013). 

 

The availability of good quality genomic and transcriptomic databases has now allowed us 

to clarify that the above conversions are actually due to the presence of endogenous fatty acyl 

elongase and desaturase genes existing in the polychaete genome. Evidence of putative front-

end desaturases and PUFA elongases can be found in annelid reference genomes such as 

those of Capitella teleta and Helobdella robusta (http://ensembl.org). However, to the best 

of our knowledge, no functionally characterized genes encoding PUFA elongases or front-
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end desaturases have been yet been reported in the literature. In contrast, ωx des genes have 

been demonstrated to exist in the deep sea giant tubeworm Riftia pachyptila (Liu et al. 2017) 

and the nereid polychaete Platynereis dumerilii (Kabeya et al. 2018). On one hand, the R. 

pachyptila ωx des was categorized as an ω3 desaturase exhibiting exclusively Δ15 desaturase 

capacity since it was able to transform C18 n-6 PUFA into their corresponding n-3 products 

(Liu et al. 2017). According to the presence of two distinct ωx des genes in the closely related 

species of tube worm Lamellibrachia satsuma, it can be hypothesized that R. pachyptila also 

features, along the formerly characterized ω3 (Δ15) desaturase (Liu et al. 2017), at least one 

further ωx des gene with putative Δ12 desaturase activity. Thus, the presence of two ωx des 

enzymes with Δ12 and Δ15 desaturase activities in R. pachyptila would enable this species 

the de novo production of ALA (Monroig & Kabeya 2018). However, the absence of 

desaturase activities such as Δ17 or Δ19 within the ω3 desaturase characterized from R. 

pachyptila (Liu et al. 2017) would preclude the biosynthesis of n-3 LC-PUFA as described 

above for many invertebrates (Kabeya et al. 2018). Interestingly, the nereid P. dumerilii, the 

other polychaete in which ωx des genes have been functionally characterized (Kabeya et al. 

2018), possesses a Δ12 desaturase and a ω3 desaturase, the latter having Δ15, Δ17 and Δ19 

desaturase activities (Kabeya et al. 2018). Assuming that the uncharacterized PUFA 

elongases and front-end desaturases found in polychaete genomes are confirmed to be 

functional, enzymatic capacities contained within ωx des imply that some nereid polychaetes 

are net producers of n-3 LC-PUFA and that such production can theoretically occur from 

materials devoid of PUFA. 

 

In addition to having complete pathways for endogenous production of n-3 LC-PUFA, nereid 

polychaetes exhibit other interesting features that make them excellent candidates for 

exploring the production of novel sources of n-3 LC-PUFA in the form of biomasses or 

meals. Mass production of nereids such as A. virens (Olive 1999) and, to some extent Hediste 

(Nereis) diversicolor (Nesto et al. 2018), has been established to guarantee continued supply 

of animals. Moreover, polychaetes in general and nereids in particular, are commonly used 

for bioremediation in aquaculture waste streams (Marques et al. 2017; Pajand et al. 2017; 

Gómez, Hurtado & Orellana, 2019) due to their natural capacity to assimilate nutrients 

including lipids contained within particulate organic material (Bischoff, Fink & Waller 2009; 
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Pajand et al. 2017; Seekamp 2017). Rather than merely accumulating nutrients present in 

waste streams, the presence of active LC-PUFA biosynthesizing systems enables polychaetes 

to improve the nutritional quality (trophic upgrading) by enhancing the LC-PUFA content as 

shown in P. aibuhitensis (Lv et al. 2016). Moreover, the extent to which enhancement of the 

LC-PUFA production capacity occurs is dependent upon the regulation of elongase and 

desaturase genes through diet (nutritional regulation) and environmental factors including 

temperature and salinity (Monroig & Kabeya 2018). While such factors have been 

demonstrated to regulate elongase and desaturase genes in aquatic animals like fish 

(Monroig, Tocher & Castro 2018) the adaptability of nereid polychaetes to larger ranges of 

temperatures and salinities in comparison to fish (Marques et al. 2018). This offers a unique 

opportunity to set up culture protocols leading to optimization of the LC-PUFA biosynthesis 

that ultimately leads to higher nutritional value (i.e. n-3 rich) products. 

 

Concluding remarks  

Currently available evidence demonstrates that aquatic invertebrates have active endogenous 

systems enabling them to produce LC-PUFA. One major conclusion is that the ability of 

aquatic invertebrates for PUFA biosynthesis varies among species as a result of the suit of 

enzymes and their specific activities. Genes encoding the PUFA elongases Elovl2/5 and 

Elovl4, and front-end desaturases with Δ5, Δ6 and Δ8 activities, have been characterized in 

a variety of invertebrates. Importantly, the recent discovery of ωx desaturases in multiple 

aquatic invertebrates has challenged the historically accepted dogma by which n-3 LC-PUFA 

were produced almost exclusive by single-cell microorganisms occupying lower trophic 

levels of the marine food web. Clearly, the biosynthetic pathways of LC-PUFA in aquatic 

invertebrates are remarkably diverse but our current understanding of the molecular 

mechanisms involved is still rather limited. Yet, knowledge collected in this area of research 

has been already applied in disciplines such as aquaculture nutrition as illustrated herein with 

two case studies. First, mapping the elongase and desaturase enzymatic complement in 

farmed species of aquatic animals allows the identification of the specific fatty acids that 

must be supplied pre-formed in the diet to ensure normal growth and survival. This 

experimental approach has been explored in the common octopus O. vulgaris but, clearly, it 
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can be applied to other species whose culture husbandry, particularly with regards to 

nutritional requirements, remains unresolved. Second, nereid polychaetes appear as excellent 

candidates to produce novel n-3 rich biomasses and/or meals by exploiting their capacity to 

thrive on waste materials from different origins and recycle nutrients such as fatty acids 

contained in them. Rather than just mere containers, polychaetes can enhance the nutritional 

value of fatty acids contained in materials they are grown in. This is possible by the presence 

of LC-PUFA biosynthesizing elongases and desaturases, particularly of the ωx des type 

discussed above. Nereid polychaetes thus arise as excellent candidate with high potential to 

explore strategies to produce of novel raw materials with high content in n-3 LC-PUFA 

following circular economy principles. 
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alternative pathways for docosahexaenoic acid (DHA, 22:6n–3) biosynthesis are widespread among teleost 

fish. Sci Rep. 7, 3889. 

Olive P.J.W. (1999) Polychaete aquaculture and polychaete science: A mutual synergism. Hydrobiologia 402, 

175–183. 

Olive P.J.W., Duangchinda T., Ashforth E., Craig S., Ward A., Davies S.J. (2009) Net gain of long-chain 

polyunsaturated fatty acids (PUFA) in a lugworm Arenicola marina bioturbated mesocosm. Mar. Ecol. 

Prog. Ser. 387, 223-239. 

Pairohakul S (2013) Evidence for polyunsaturated fatty acid biosynthesis in the ragworm (Nereis virens) and 

the lugworm (Arenicola marina). PhD dissertation. Newcastle University, Newcastle upon Tyne. 

Pajand Z.O., Soltani M., Bahmani M., Kamali A. (2017) The role of polychaete Nereis diversicolor in 

bioremediation of wastewater and its growth performance and fatty acid composition in an integrated culture 

system with Huso huso (Linnaeus, 1758). Aquaculture Research 48, 5271–5279. 

Pereira S.L., Leonard A.E., Mukerji P. (2003) Recent advances in the study of fatty acid desaturases from 

animals and lower eukaryotes. Prostaglandins Leukot Essent Fatty Acids 68, 97–106. 

Pond D.W., Allen C.E., Bell M.V., Van Dover C., Fallick A.E., Dixon D.R., Sargent J.R. (2002) Origins of 

long-chain polyunsaturated fatty acids in the hydrothermal vent worms Ridgea piscesae and Protis 

hydrothermica. Mar. Ecol. Prog. Ser. 225, 219 – 226. 
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