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Abstract
Invertebrates represent a large proportion of the biomass in aquatic ecosystems, particularly in the ocean. In recent years, 
invertebrates have been well-consolidated models in evolutionary developmental biology research and, consequently, genomic 
and transcriptomic sequence databases from a plethora of species across the animal kingdom have become available. This has 
provided an excellent source of evidence confirming that invertebrates operate endogenous mechanisms for PUFA produc-
tion. The present paper reviews the current knowledge of gene complement and, where possible, the function of desaturases 
and elongases with pivotal roles in PUFA biosynthesis of aquatic invertebrates. More specifically, this review covers three 
major enzyme types, namely ωx desaturases, front-end desaturases and elongases, that have been characterised from species 
of sponges, cnidarians, molluscs, annelids, crustaceans, rotifers, echinoderms and non-vertebrate chordates (amphioxus and 
sea squirt). These studies have shown that invertebrates operate alternative and unusual pathways of PUFA biosynthesis 
involving gene families with complex phylogeny and functional diversity. Consequently, research in this area provides 
potentially valuable molecular tools in the form of genes that can be used in the biotechnological production of n-3 products.

Keywords Biosynthesis · Elongation of very long-chain fatty acid protein · Front-end · Desaturase · Invertebrates · 
Polyunsaturated fatty acid · ωx Desaturases

Introduction

Seafood is regarded as an important component of a healthy 
diet for humans, providing highly digestible protein and 
micronutrients such as minerals and vitamins. Among all 
nutrients seafood provides to the human diet, the so-called 
“omega-3” (or n-3) long-chain  (C20–24) polyunsaturated 
fatty acids (PUFA) have been the most associated with the 
benefits of seafood consumption by humans. Evidence col-
lected from epidemiological studies, intervention trials and 

laboratory-based mechanistic studies support beneficial roles 
of n-3 long-chain PUFA in a variety of human conditions 
including cardiovascular disease (CVD) and other inflam-
matory diseases (e.g., rheumatoid arthritis, Crohn’s disease 
and ulcerative colitis), some types of cancer (e.g., colorectal, 
breast and prostate) and ensure normal cognitive and visual 
function during early development (Brouwer et al. 2006).

Compared to terrestrial ecosystems, the marine environ-
ment is characterised by the abundance of n-3 long-chain 
PUFA. Primary production of n-3 long-chain PUFA in the 
ocean has been historically associated exclusively to sin-
gle-cell microorganisms occupying the lower trophic levels 
of the marine food web, including photosynthetic micro-
algae, heterotrophic protists and bacteria. Higher-trophic-
level organisms such as invertebrates or fish were regarded 
as contributing to “trophic upgrading”, a phenomenon by 
which PUFA originated from primary producers can be 
modified as they pass up the food chain (Ahlgren et al. 2009; 
Brett et al. 2009; Desvilettes and Bec 2009). As described 
in detail below, a recent study has revealed that multiple 
invertebrates, many of them representing abundant groups 
in aquatic ecosystems, possess enzymes that enable them to 

JSPS KAKENHI Grant Number JP 262003.

 * Óscar Monroig 
 oscar.monroig@csic.es

 Naoki Kabeya 
 naokikby@g.ecc.u-tokyo.ac.jp

1 Instituto de Acuicultura Torre de la Sal (IATS-CSIC), Ribera 
de Cabanes, 12595 Castellón, Spain

2 Department of Aquatic Bioscience, Graduate School 
of Agricultural and Life Sciences, The University of Tokyo, 
Tokyo, Japan

http://orcid.org/0000-0001-8712-0440
http://crossmark.crossref.org/dialog/?doi=10.1007/s12562-018-1254-x&domain=pdf


912 Fisheries Science (2018) 84:911–928

1 3

produce long-chain PUFA de novo and, similarly to single-
cell microorganisms, can also contribute to n-3 long-chain 
PUFA production (Kabeya et al. 2018a).

De novo biosynthesis of PUFA by marine microbes can 
occur via different pathways and comprehensive reviews 
on this topic include those by Pereira et al. (2003), Uttaro 
(2006) and Wang et al. (2013). Briefly, microalgae, like 
all living organisms, have the ability to introduce the first 
unsaturation into saturated fatty acids (FA; primarily 18:0 
but also 16:0) to produce monounsaturated FA such as oleic 
acid (OA; 18:1n-9) or palmitoleic acid (16:1n-7). The intro-
duction of further double bonds (unsaturations) into OA pro-
ceeds via an aerobic pathway involving Δ12 (or ω6) desatu-
rases to produce 18:2n-6 (LA; linoleic acid), which can be 
subsequently desaturated to 18:3n-3 (ALA; α-linolenic acid) 
by the action of a Δ15 (or ω3) desaturase (Fig. 1; Guschina 
and Harwood 2006a). Both Δ12 and Δ15 desaturases are 
categorised as “methyl-end desaturases” because they intro-
duce the new double bond between an existing unsaturation 
and the methyl terminus (–CH3) of the FA. However, another 
type of desaturases called “front-end desaturases”, capable 

of inserting double bonds between the existing double bonds 
(typically at Δ9 position) and the carboxyl group (–COOH), 
and other enzymes known as “elongases”, convert ALA to 
long-chain PUFA such as 20:5n-3 (EPA; eicosapentaenoic 
acid) and 22:6n-3 (DHA; docosahexaenoic acid), and LA 
to 20:4n-6 (ARA; arachidonic acid). Typically, from ALA, 
the pathway Δ6 desaturase → elongase → Δ5 desaturase 
enables the production of EPA, with further elongase → Δ4 
desaturase enabling DHA biosynthesis (Fig. 1; Guschina 
and Harwood 2006a). Some species can operate alterna-
tive routes for EPA biosynthesis, which involve Δ8 or Δ17 
desaturation reactions (Fig. 1) (Guschina and Harwood 
2006a). ARA biosynthesis from LA requires the same reac-
tions (Fig. 1). Marine bacteria have been recognised to oper-
ate conventional aerobic pathways to biosynthesise PUFA 
described above (Russell and Nichols 1999) but, addition-
ally, selected species (e.g., Shewanella sp., Vibrio sp.) can 
also produce PUFA via the anaerobic pathway involving the 
enzymatic complex polyketide synthase (PKS), which con-
sists of steps adding  C2 units and unsaturations (Metz et al. 
2001). A similar enzyme complex named “PUFA synthase” 

Fig. 1  Biosynthetic pathways of polyunsaturated fatty acids. Desatu-
ration reactions are denoted with “ω” of “Δ” to refer, respectively, 
the carbon position at which the incipient double bond (unsatura-
tion) locates within the methyl (ω; green arrows) and front (Δ) ends 

(orange arrows) of fatty acyl chains. Elongation reactions are denoted 
with “Elo” (blue arrows). β-ox β-oxidation, OA oleic aci, LA linoleic 
acid, ALA α-linolenic acid, ARA  arachidonic acid, EPA eicosapentae-
noic acid, DHA docosahexaenoic acid (colour figure online)
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reported in the marine protist Schizochytrium contains genes 
that account for the production of DHA and 22:5n-6 (osbond 
acid or n-6 docosapentaenoic acid) characteristic of this spe-
cies (Barclay et al. 1994). There exists evidence suggest-
ing that, as reported above for some bacteria, the anaerobic 
PUFA synthase pathway appears to coexist with enzymes of 
the aerobic pathway (Qiu et al. 2001).

Like all vertebrates, fish cannot biosynthesise PUFA 
de novo since they lack Δ12 and Δ15 desaturase activities 
required to produce LA and ALA from OA (Fig. 1). How-
ever, fish do possess fatty acyl (front-end) desaturases (Fads) 
and elongation of very long-chain fatty acid (Elovl) proteins 
(commonly known as “elongases”) (Castro et al. 2016), both 
with pivotal roles in the production of long-chain  (C20–24) 
PUFA from the  C18 PUFA precursors LA and ALA (Fig. 1). 
In contrast to other vertebrates which have two types of Fads 
desaturases, namely Fads1 (∆5 desaturase) and Fads2 (∆6 
desaturase) (Guillou et al. 2010), teleost fish appear to have 
lost fads1 during evolution and thus have a varied number 
of fads2 genes (Castro et al. 2012, 2016). To date, only one 
exception to this pattern has been reported in the Japanese 
eel Anguilla japonica, a basal teleost that possesses a Fads1 
with ∆5 desaturase capacity (Lopes-Marques et al. 2018). 
More commonly though, teleostei Fads2 is functionalised 
during expansion of teleosts and Fads2 with Δ6 (Zheng et al. 
2004, 2009; González-Rovira et al. 2009; Mohd-Yusof et al. 
2010; Monroig et al. 2010a, 2013a; Kabeya et al. 2018b), 
dual Δ6 and Δ5 (Hastings et al. 2001; Tanomman et al. 
2013; Fonseca-Madrigal et al. 2014; Kuah et al. 2016; Oboh 
et al. 2016; Ferraz et al. 2018), Δ5 (Abdul Hamid et al. 
2016) and Δ4 (Li et al. 2010; Morais et al. 2012; Fonseca-
Madrigal et al. 2014; Oboh et al. 2017a) desaturase activities 
have been identified. Like mammalian FADS2 (Park et al. 
2009), teleost Fads2 typically show Δ8 desaturase activity 
(Monroig et al. 2011a), enabling the initiation of the long-
chain PUFA biosynthetic pathways via the so-called “Δ8 
pathway”, an alternative route to the “Δ6 pathway” (Fig. 1) 
(Castro et al. 2016).

Elovl enzymes catalyse the rate-limiting step (condensa-
tion) in the elongation pathway that results in an extension of 
the FA by two carbons (Leonard et al. 2004). In vertebrates, 
three members of the Elovl family, namely Elovl2, Elovl4 
and Elovl5, have key roles in PUFA biosynthesis (Leonard 
et al. 2004; Jakobsson et al. 2006). In fish, Elovl5 enzymes 
can efficiently elongate  C18 and  C20 PUFA, with remark-
ably lower elongase capacity towards  C22 substrates (Castro 
et al. 2016). Elovl2, an enzyme with  C20 and  C22 PUFA as 
preferred elongation substrates, exists in some fish (Monroig 
et al. 2009; Morais et al. 2009; Oboh et al. 2016; Ferraz 
et al. 2018), but it was lost during expansion of teleosts and 
is absent in recently emerged teleost lineages (Castro et al. 
2016). Teleost Elovl4, along with its role in the biosynthesis 
of very long-chain (> C24) PUFA (Monroig et al. 2010b), can 

elongate  C22 PUFA like Elovl2 and thus has been hypoth-
esised to somewhat compensate for the loss of Elovl2 in 
some teleosts (Monroig et al. 2011b; Kabeya et al. 2015; Jin 
et al. 2017; Oboh et al. 2017b).

From the above studies, it is now well understood that the 
repertoire and function of genes encoding Fads and Elovl 
varies among fish species, thus determining the extent to 
which each species can biosynthesise  C20–24 PUFA such as 
EPA, ARA and DHA from  C18 PUFA. EPA, ARA and DHA 
play physiologically important roles in vertebrates, includ-
ing fish, and this has driven the interest to understand the 
capacity that each species has to desaturate and elongate  C18 
PUFA contained in many vegetable oils extensively used in 
aquafeed to replace fish oil (Turchini et al. 2010). Compre-
hensive reviews on this topic have been published recently 
(Tocher 2015; Castro et al. 2016; Kabeya et al. 2017a; Mon-
roig et al. 2018).

Unlike single-celled organisms and fish, the pathways 
of PUFA biosynthesis in invertebrates have been barely 
investigated (Monroig et al. 2013b). However, ever-increas-
ing genomic data are becoming available for many inver-
tebrate species. This offers a unique opportunity to mine 
their genomes for genes encoding key enzymes of PUFA 
biosynthesis in invertebrates and helps to establish which 
enzymatic activities derive from the animal itself and which 
from microorganisms that can potentially produce PUFA and 
inhabit the invertebrate hosts (Jøstensen and Landfald 1997). 
From a functional standpoint, there is considerable activity 
around the globe in biotechnology companies to produce 
new sources of n-3 long-chain PUFA that will alleviate the 
pressure on fish stocks to guarantee an increasing demand 
(Tocher 2015). Clearly, marine invertebrates represent an 
interesting and barely explored source of desaturase and 
elongase enzymes, potentially with novel functionalities, 
amenable for biotechnological production of n-3 products 
(Xue et al. 2013; Hamilton et al. 2016). In this context, this 
review focuses on recent research into the molecular and bio-
chemical mechanisms of PUFA biosynthesis in invertebrates 
within groups with particular importance in aquatic eco-
systems including sponges, cnidarians, nematodes, rotifers, 
molluscs, polychaetes, echinoderms, crustaceans and non-
vertebrate chordates (tunicates and amphioxus). Particular 
attention is paid to studies reporting on functional data of 
desaturase and elongase enzymes involved in the pathways 
of de novo and trophic upgrading of PUFA in invertebrates. 
As explained below, the phylogeny of animal desaturase 
and elongase genes with roles in PUFA biosynthesis is 
complex and, in most cases, has not yet been resolved. For 
simplicity, we have herein established three categories of 
enzymes (methyl-end desaturases, front-end desaturases and 
Elovl enzymes) based on their substrate specificity rather 
than their phylogeny. Such classification complexity is par-
ticularly relevant for desaturases since, within each of the 



914 Fisheries Science (2018) 84:911–928

1 3

methyl-end and front-end desaturase categories, we have 
identified gene lineages with clearly distinct origins despite 
them operating rather similar regioselectivity modes.

Methyl‑end desaturases

Methyl-end desaturases (also known as “ωx desaturases”) 
have been traditionally believed to be absent in most ani-
mals, with some exceptions, including the terrestrial nema-
tode Caenorhabditis elegans (Spychalla et al. 1997; Peyou-
Ndi et al. 2000; Zhou et al. 2011). Additionally, a number 
of arthropods, mainly hexapods, have shown the capability 
of de novo biosynthesis of PUFA but, with the exception of 
the whitefly Bemisia argentifolii (Buckner and Hagen 2003), 
such arthropod enzymatic capacity has been mostly limited 
to biosynthesis of LA but not ALA (Malcicka et al. 2017). 
Further in vivo evidence for de novo production of LA and/
or ALA has been shown in terrestrial molluscs (Weinert 
et al. 1993), aquatic species of polychaetes (Pairohakul 
2013) and crustaceans (Farkas et al. 1981). Biosynthesis of 
ALA from LA has been reported in Artemia sp. (Schauer 
and Simpson 1985; Ito and Simpson 1996), but contribution 
from PUFA-biosynthesising microbes could not be totally 
excluded.

Functional characterisation through expression of 
genome-anchored ωx desaturases in heterologous systems 
such as yeast or, less commonly, plants, allows us to estab-
lish which specific genes enable the de novo PUFA bio-
synthesis in invertebrates. The first demonstration of the 
existence of an ωx desaturase in animals was the C. elegans 
Fat-1 (Spychalla et al. 1997). Its expression in Arabidopsis 
revealed that Fat-1 could be categorised as an “ω3 desatu-
rase” since it showed Δ15 desaturase activity towards LA 
to produce ALA, and Δ17 desaturase activity towards ARA, 
which was converted to EPA (Spychalla et al. 1997). A 
further ωx desaturase from C. elegans, namely Fat-2, was 
characterised in yeast Saccharomyces cerevisiae, first as a 
Δ12 desaturase (Peyou-Ndi et al. 2000) and subsequently 
reported to have also Δ15 desaturase activity (Zhou et al. 
2011). Further animal ωx desaturases with Δ12 desaturase 
activity have also been characterised in the two insects 
(Arthropoda) Acheta domesticus and Tribolium castaneum 
(Zhou et al. 2008). Interestingly, despite their Δ12 desatu-
rase capacity, the insect desaturases have a different evolu-
tionary origin compared to the C. elegans ωx desaturases 
and those recently found in multiple invertebrates (Kabeya 
et al. 2018a), suggesting functional convergence among ani-
mal desaturases.

Indeed, Kabeya et al. (2018a) have demonstrated that 
ωx desaturase genes enabling PUFA biosynthesis de novo 
are widespread among invertebrates since a total of 121 
ωx desaturase sequences were found in 80 species within 

Cnidaria, Nematoda, Annelida, Mollusca, Rotifera and 
Arthropoda. No ωx desaturase-like sequence was found 
in genomes from Porifera, Ctenophora, Priapulida and 
Brachiopoda, or Deuterostoma including Echinodermata, 
Hemichordata or Chordata. Interestingly, the animal ωx 
desaturase genes were not derived from a single monophy-
letic origin, but rather separated into three well-supported 
distinct clades in the molecular phylogenetic analysis. The 
main three clades (clades 1–3) grouping most of animal ωx 
desaturases included sequences from nematodes (clade 1), 
cnidarians (clade 2) and a combination of sequences from 
rotifers, molluscs, annelids and arthropods (clade 3) (Kabeya 
et al. 2018a). The existence of three major clades suggests 
that the animal ωx desaturases have distinct evolutionary 
origins. Further instances of animal ωx desaturases outside 
the three major clades were found in some terrestrial arthro-
pods, namely Hemiptera Bemisia tabaci, Orthoptera Locusta 
migratoria and Collembola Sminthurus viridis (Kabeya et al. 
2018a). Indeed, the B. tabaci ωx desaturases were demon-
strated to be cases of horizontal gene transfer (HGT), but it 
does not appear to be the only case (Spychalla et al. 1997; 
Peyou-Ndi et al. 2000; Zhou et al. 2011). Thus, HGT is the 
most plausible explanation for the general phylogenetic pat-
tern of animal ωy desaturases, but instances of gene loss, 
gene duplication and convergent evolution have clearly 
impacted the animal ωy desaturase genes (Kabeya et al. 
2018a). In the sections below, we summarise the functional 
analysis of the ωx desaturases within animal representatives 
from clades 1–3 as defined by Kabeya et al. (2018a), which 
encompass the majority of aquatic invertebrates in which 
these novel desaturases have been identified.

Nematodes

As mentioned above, clade 1, consisting exclusively of 
nematode ωx desaturase sequences, included the function-
ally characterised Fat-1 (ω3 desaturase) and Fat-2 (Δ12/Δ15 
desaturase) from C. elegans (Spychalla et al. 1997; Peyou-
Ndi et al. 2000; Zhou et al. 2011). Due to the limited number 
of nematode genomic and transcriptomic databases available 
to date, only parasitic or terrestrial free-living species of 
nematodes were identified to possess ωx desaturases. How-
ever, it is likely that aquatic nematodes, widely distributed 
in the marine environment (Meldal et al. 2007), also pos-
sess ωx desaturase genes and thus can play a pivotal role 
for the input of n-3 PUFA to the marine ecosystem. While 
not strictly aquatic, the free-living nematode Panagrellus 
redivivus, often used to feed early life-cycle stages of fish 
(Brüggemann 2012), showed Δ12 desaturase activity since 
14C-labelled 18:1n-9 was converted into 18:2n-6 (LA) in 
in vivo experiments (Schlechtriem et al. 2004). Based on the 
relatively high contents of n-3 FA in the experimental nema-
todes, the presence of endogenous Δ15 desaturase activity 



915Fisheries Science (2018) 84:911–928 

1 3

in P. redivivus was also postulated given that these could not 
be explained from dietary input (Schlechtriem et al. 2004).

Cnidarians

Clade 2 comprised ωx desaturase sequences exclusively 
from cnidarians, more specifically from stony corals (order 
Scleractinia), coral anemones (Corallimorpharia), sea anem-
ones (Actiniaria) and zoanthids (Zoantharia) (Kabeya et al. 
2018a). It is worth noting that ωx desaturase-like sequence 
cannot be found in Hydrozoa, in spite of the existence of 
well-annotated genomic assembly for Hydra vulgaris (Chap-
man et al. 2010). Within clade 2, some species possess two 
distinct ωx desaturase genes, each forming two distinct gene 
lineages suggesting the occurrence of gene duplication early 
in the evolution of Cnidaria. This is the case in Acropora 
millepora (stony coral) in which one ωx desaturase was 
functionally characterised as a Δ12 desaturase, whereas a 
second ωx desaturase was characterised as an ω3 desaturase 
(Kabeya et al. 2018a). The latter can desaturate a series of 
ω6 substrates, namely  C18 (LA and 18:3n-6),  C20 (20:2n-6, 
20:3n-6 and ARA) and  C22 (22:4n-6) FA, confirming Δ15, 
Δ17 and Δ19 desaturase activities, respectively. Coexistence 
of those three desaturase activities within a single enzyme 
is a rather uncommon feature among previously character-
ised ω3 desaturases (Wang et al. 2013). Beyond the poten-
tial implications for the n-3 oil production industry, these 
results have important ecological implications since they 
suggest that coral reefs, ecosystems dominated by stony cor-
als and coral anemones with ωx desaturases similar to those 
described in A. millepora, arise as important production 
sites of ω3 PUFA at a global scale. While endosymbionts 
such as Symbiodinium sp. have been suggested to provide 
essential lipids including long-chain PUFA to their coral 
hosts (Imbs et al. 2014), the results by Kabeya et al. (2018a) 
demonstrate that corals themselves have endogenous PUFA 
production capacity to satisfy, at least in part, their physi-
ological demands.

Other invertebrates (rotifers, molluscs, annelids 
and arthropods)

The third well-supported animal ωx desaturase gene lineage 
(clade 3) included sequences from rotifers, molluscs, anne-
lids and arthropods (Kabeya et al. 2018a). Like observed 
in cnidarians, two distinct ωx desaturases were identified 
for a substantial number of species within these phyla but, 
in contrast to cnidarian genes, they did not form two dis-
tinct clades in the phylogenetic tree (Kabeya et al. 2018a). 
Intriguingly, the distribution of ωx desaturase genes within 
particular taxonomic groups in this clade is rather cryptic. 
In rotifers, the genes can only be found in bdelloid rotifers 
including Adineta vaga and several species from genus 

Rotaria, but not in monogonont rotifers like Brachionus. 
A similar case applies to bivalve molluscs, since most of 
marine species such as Pacific oyster Crassostrea gigas and 
Mediterranean mussel Mytilus galloprovincialis (both from 
order Ostreoida) appear to lack ωx desaturase genes, while 
the gene can be found in Elliptio complanata, a freshwater 
mussel that belongs to the order Unionoida (Kabeya et al. 
2018a). Arguably, the most extreme case was observed in 
crustaceans, whereby ωx desaturase genes were exclusively 
found in specific orders of copepods, namely Siphonostoma-
toida, Cyclopoida and Harpacticoida, but not Calanoida 
copepods. The marine pelagic ecosystem is extremely rich 
in n-3 PUFA produced by photosynthetic microalgae and 
therefore it can be hypothesised that the evolutionary and 
ecological pressure to retain ωx desaturases would be low 
in planktonic copepods (e.g., calanoids) and high in benthic 
copepods (e.g., harpacticoids).

The functions of ωx desaturases from clade 3 have been 
characterised in representative species of rotifers (A. vaga), 
molluscs (Patella vulgata), annelids (Riftia pachyptila and 
Platynereis dumerilii) and arthropods (Lepeophtheirus sal-
monis) (Liu et al. 2017a; Kabeya et al. 2018a). With the 
exception of A. vaga and R. pachyptila, a fairly conserved 
pattern was observed in P. vulgata, P. dumerilii and L. sal-
monis, with existence of two distinct genes with comple-
mentary substrate specificities, more specifically a Δ12 
desaturase and an ω3 desaturase with Δ15, Δ17 and Δ19 
desaturase activities (Fig. 1). Such enzymatic activities are 
largely consistent with those collected from in vivo studies 
in the rugworm Alitta (Nereis) virens, a nereid polychaete 
like P. dumerilii, which was capable of de novo biosynthe-
sis of ARA and EPA when fed pellets supplemented with 
13C-labelled palmitic acid (16:0) (Pairohakul 2013). Instead 
of separated Δ12 and ω3 desaturases as described for P. 
vulgata, P. dumerilii and L. salmonis, a different pattern of 
enzymatic capabilities was found in ωx desaturases from 
the rotifer A. vaga. Among the three ωx desaturases found 
in A. vaga, the two ωx desaturases characterised by Kabeya 
et al. (2018a) exhibited rather similar activities since both 
possessed simultaneously Δ12, Δ15 and Δ17 desaturase 
activities. Unlike other ω3 desaturases found in cnidarian, 
molluscs, annelids and arthropods, no Δ19 desaturase activ-
ity was detected in the two A. vaga ωx desaturases studied 
(Kabeya et al. 2018a). Interestingly, the sole ωx desaturase 
characterised from the giant tube worm R. pachyptila (Liu 
et al. 2017a) showed Δ15 desaturase capacity but not Δ17 
and Δ19 activities (Liu et al. 2017a). Since two genes could 
be identified in Lamellibrachia satsuma (Kabeya et  al. 
2018a), a closely related polychaete species to R. pachyp-
tila, it is reasonable to expect that R. pachyptila possesses 
another ωx desaturase gene, probably with Δ12 desaturase 
that complements the Δ15 desaturase activity of the former 
ωx desaturase (Liu et al. 2017a) and thus enables the de novo 
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biosynthetic pathway of ALA in this species. Such an endog-
enous ability to produce physiologically important PUFA 
would represent an important ecological adaptation for the 
giant tubeworm R. pachyptila to environments with little 
input of these compounds via major primary producers such 
as photosynthetic microalgae (Liu et al. 2017a). Similarly, 
the aquatic invertebrate communities largely composed of 
annelids, molluscs and arthropods dominate benthic ecosys-
tems, and therefore possession of ωx desaturases appears as 
an advantageous trait to counteract the naturally poor avail-
ability of n-3 PUFA in such environments (Vonk et al. 2016).

Front‑end desaturases

Sponges

FA from sponges, often referred to as “demospongic acids” 
since they have been described primarily in Demospongiae 
species, have unusual structures including very long-chain 
(up to  C34) and high degrees of unsaturation (up to six dou-
ble bonds) (Barnathan 2009; Kornprobst and Barnathan 
2010). Importantly, demospongic acids also have a char-
acteristic pattern of unsaturation consisting of Δ5,9 double 
bonds (or elongation products of them) resulting in a par-
ticular type of PUFA called “non-methylene interrupted” 
(NMI) FA. The desaturation pathway to produce NMI FA 
has been proposed from in vivo assays using radiolabelled 
FA substrates and analytical evidence from FA composition 
(Barnathan 2009; Kornprobst and Barnathan 2010). Briefly, 
the first unsaturation can be introduced at either Δ5 or Δ9 
positions, and a subsequent unsaturation is inserted at either 
side of the pre-existing one to form a second double bond 
at positions Δ9 or Δ5. In addition to dienes with Δ5,9 or 
elongation-derived combinations such as Δ7,11-, Δ9,13-, 
Δ11,15-, Δ17,21-, Δ19,23- Δ21,25- and Δ23,27- (Korn-
probst and Barnathan 2010), demospongic acids also include 
trienes like 26:3Δ5,9,19 described in the freshwater sponge 
Ephydatia fluviatilis (Hahn et al. 1988, 1989). The double 
bond at the Δ19 position of 26:3Δ5,9,19 would result from the 
elongation of the monounsaturated FA 16:1Δ9 to 26:1Δ19, 
and then sequential desaturation of Δ5 and Δ9 positions via 
the abovementioned pathway. In addition to the above stud-
ies, FA having desaturations at ∆6 and ∆11 positions were 
identified in the sponge Euryspongia rosea (Carballeira and 
Maldonado 1989), implying the existence of a ∆6 desatura-
tion pathway. These results suggest that sponges possess, in 
addition to Δ9 desaturases, front-end desaturases with Δ5 
and ∆6 desaturase capacities, although, to the best of our 
knowledge, no molecular evidence establishing the role of 
a specific fatty acyl desaturase from sponges has been pub-
lished. Nevertheless, the well-annotated genomic assembly 
of the demosponge Amphimedon queenslandica has been 

released in the NCBI (accession no. GCA_000090795.1; 
Srivastava et  al. 2010) and, despite annotations having 
been generated by computational gene prediction, multiple 
desaturase-like sequences can be found in this species (Gold 
et al. 2017). Functional characterisation of sponge front-end 
desaturases will help to elucidate the pathways of biosynthe-
sis of NMI FA and other PUFA found in sponges, and clarify 
the contributions of endosymbionts that are often associated 
with these animals.

Cnidarians

Endogenous production of PUFA in some species of antho-
zoans (corals and sea anemones) and scyphozoans (jellyfish) 
are partly explained by contributions from the endosym-
biotic dinoflagellates Symbiodinium (or “zooxanthellae”) 
(Díaz-Almeyda et al. 2011), which thus help to partly satisfy 
the FA requirements of the host (Papina et al. 2003; Imbs 
et al. 2014). Indeed, FA translocation from endosymbionts 
to the host has been described to occur in both anthozoans 
(Muscatine et al. 1994) and scyphozoans (Mortillaro et al. 
2009). Imbs et al. (2010) separately analysed the profiles of 
PUFA in zooxanthellae, polyp tissue and intact colonies in 
Sinularia sp. (Octocorallia) and Acropora sp. (Hexacorallia). 
The results suggested that n-3 PUFA, namely 18:4n-3, EPA, 
22:5n-3 and DHA, were mainly produced by the zooxanthel-
lae, but, importantly, some n-6 PUFA (20:3n-6, ARA, and 
22:4n-6) were biosynthesised by the polyp, confirming that 
the host can actively contribute to endogenous production 
of PUFA. The characteristic  C24 PUFA (24:5n-6 and 24:6n-
3), which can be used for chemotaxonomic markers of soft 
corals (Svetashev and Vysotskii 1998), were identified in 
Sinularia sp. polyps regardless of the presence or absence 
of zooxanthellae, suggesting that their biosynthesis occurs 
in the coral polyps (Imbs et al. 2010). The authors proposed 
the action of a Δ6 desaturase in the production of 16:2n-7 by 
Sinularia sp. and 18:3n-6 by Acropora sp. (Imbs et al. 2010).

Surm et al. (2018) recently examined the repertoire of 
front-end desaturases (termed “Fad”) and Elovl genes in 
the phylum Cnidaria, in which genomes from representa-
tives of a range of cnidarian taxa (H. vulgaris, Acropora 
digitifera, Nematostella vectensis and Exaiptasia pallida) 
have been interrogated. Moreover, the expression of cnidar-
ian Fad (and Elovl) genes was further confirmed through 
extensive searches against transcriptome assemblies within 
six actiniarian species (Surm et al. 2018). The copy number 
of Fad-like genes varied among species, with species like 
H. vulgaris and N. vectensis having one gene, while three 
copies exist in E. pallida. The Cnidaria Fad genes formed 
two distinct clades, one including functionally characterised 
Δ6 desaturases from the green plant Borago officinalis and 
another clade including the Δ5 desaturase from the fungus 
Mortierella alpina (Surm et al. 2018). Unfortunately, this 
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interesting study did not provide functional data and thus 
it remains unknown whether the cnidarian Fad retrieved in 
silico are indeed front-end desaturases with similar func-
tions as their plant or fungal sister sequences. More clearly 
though, Fad genes hypothesised to play roles in PUFA bio-
synthesis in cnidarians cannot be regarded as orthologues 
of vertebrate front-end desaturases (i.e., Fads), since the 
latter formed a separate clade from the two Cnidaria clades 
described above (Surm et al. 2018). These results emphasise 
the diversity of desaturase enzymes with putative roles in 
PUFA biosynthesis in animals.

Molluscs

The long-chain PUFA biosynthetic capability of molluscs 
has been extensively investigated in comparison to other 
invertebrate groups, partly due to their commercial impor-
tance and broad interest as a healthy n-3 long-chain PUFA 
source in the human’s food basket (Monroig et al. 2013b). 
The FA profiles of several taxonomic groups of molluscs 
were comprehensively reviewed by Joseph (1982, 1989) and 
many studies reported on the capacity for PUFA biosynthe-
sis in cephalopods (Reis et al. 2014, 2016), gastropods (van 
der Horst 1973, 1974; Weinert et al. 1993; Zhu et al. 1994) 
and bivalves (De Moreno et al. 1976; Pirini et al. 2007; Wal-
dock and Holland 1984; Zhukova 1986, 1991). One major 
conclusion from the above studies is that the ability of mol-
luscs for PUFA biosynthesis varies among species as a result 
of existing enzyme types (e.g., ωx desaturases) and their 
specific enzymatic specificities.

Cloning and functional characterisation of front-end 
desaturases involved in the PUFA biosynthetic pathway 
have been carried out in several species of molluscs. A 
pioneer study on the common octopus Octopus vulgaris 
(Monroig et al. 2012a) demonstrated that this species has 
a front-end desaturase gene with Δ5 desaturase activity 
that enables the production of ARA and EPA from 20:3n-6 
and 20:4n-3, respectively. Subsequently, Δ5 desaturases 
have been also identified in other cephalopods like Sepia 
officinalis (Monroig et al. 2016a), gastropods like Hali-
otis discus hannai (Li et al. 2013), and bivalves such as 
Chlamys nobilis (Liu et al. 2014a) and Sinonovacula con-
stricta (Ran et al. 2018). Duplicate genes encoding Δ5 
desaturases appear to exist in H. discus hannai and S. con-
stricta (Li et al. 2013; Ran et al. 2018). All the front-end 
desaturases isolated from molluscs possess typical features 
conserved among animal front-end desaturases, namely 
a cytochrome b5-like domain with heme-binding motif 
(HPGG), three histidine boxes consisting of HXXXH, 
HXXHH and QXXHH, and several membrane-spanning 
domains. Molecular phylogenetic analysis confirmed that 
front-end desaturase genes from molluscs can be separated 
in two distinct well–supported clades named clade A and 

B (Surm et al. 2015). Clade A included all Δ5 desaturase 
sequences characterised from O. vulgaris, S. officinalis, 
H. discus hannai and C. nobilis, and hence it is reason-
able to expect that these desaturases (thereafter referred as 
“FadsA”) are all Δ5 desaturases. In addition, to catalyse 
the Δ5 desaturation leading to ARA and EPA production 
(Fig. 1), FadsA from cephalopods and scallops appear to 
be involved in the biosynthesis of NMI FA (Barnathan 
2009), as confirmed by 20:2n-6 (20:2Δ11,14) and 20:3n-3 
(20:3Δ11,14,17) being Δ5 desaturated to their corresponding 
NMI FA 20:3Δ5,11,14 and 20:4Δ5,11,14,17, respectively (Mon-
roig et al. 2012a, 2016a; Liu et al. 2014a). Other NMI FA, 
namely 20:2∆5,11 and 20:2∆7,13, were also detected in lipids 
from O. vulgaris, suggesting that FadsA produce NMI 
FA in coordination with other enzymes such as stearoyl-
CoA desaturase (Δ9) (Monroig et al. 2017) and elongases 
(Monroig et al. 2012b). Moreover, mollusc FadsA also 
show Δ5 desaturase activity towards saturated FA and are 
able to desaturate, for instance, 18:0–18:1Δ5 (18:1n-13), a 
compound that has been found abundant in molluscs such 
as Littorina littorea and Lunatia triseriata (Joseph 1982).

Non FadsA desaturases have been characterised from the 
bivalves C. nobilis and S. constricta (Liu et al. 2014b; Ran 
et al. 2018). More specifically, a desaturase from C. nobi-
lis was characterised as a Δ8 desaturase (Liu et al. 2014b), 
whereas S. constricta has a Δ6 desaturase (Ran et al. 2018). 
Despite the respective phylogenetic analyses being some-
what unclear, these desaturases appear to belong to clade 
B from Surm’s study (Surm et al. 2015; thereafter termed 
“FadsB”). Unlike FadsA which includes exclusively Δ5 
desaturases, FadsB appears to be a more heterogeneous 
group since it includes both Δ6 (Ran et al. 2018) and Δ8 
(Liu et al. 2014b) desaturases. Possessing two front-end 
desaturases confers species like C. nobilis or S. constricta 
the ability to perform all desaturation reactions required for 
biosynthesis of ARA and EPA from LA and ALA, respec-
tively, but operating different pathways in each case (Fig. 1). 
For C. nobilis, ARA and EPA biosynthesis can proceed via 
the so-called “Δ8 pathway”, which comprises the initial 
elongation of LA and ALA to 20:2n-6 and 20:3n-3, respec-
tively, a subsequent Δ8 desaturation to 20:3n-6 and 20:4n-3, 
and a final Δ5 desaturation to ARA and EPA (Fig. 1). For S. 
constricta, ARA and EPA biosynthesis would be achieved 
via the so-called “Δ6 pathway”, which consists of initial 
Δ6 desaturations of LA and ALA to 18:3n-6 and 18:4n-3, 
respectively, subsequent elongations to 20:3n-6 and 20:4n-3, 
and final Δ5 desaturation to ARA and EPA (Fig. 1). Such 
ability for ARA and EPA biosynthesis appears to be absent 
in species like O. vulgaris, which have a Δ5 desaturase 
(FadsA) as the sole putative front-end desaturase existing 
in their genome (Albertin et al. 2015). These results imply 
that ARA and EPA are dietary essential for O. vulgaris, a 
condition that applies to DHA too since, in addition to Δ6 
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desaturation capacity, lack of Δ4 desaturases also precludes 
its biosynthesis (Monroig et al. 2012a, 2017).

Annelids

In contrast to sponges (Gold et al. 2017), cnidarians (Surm 
et al. 2018) and molluscs (Surm et al. 2015), a comprehen-
sive description of front-end desaturase and elongase genes 
within annelids is missing. However, there is a strong body 
of evidence showing that active PUFA-biosynthesising 
machineries involving both front-end desaturase and elon-
gase enzymes exist in annelids, particularly polychatetes 
(Pond et al. 2002), such as the lugworm Arenicola marina 
(Olive et al. 2009; Pairohakul 2013), the ragworm Alitta 
virens (Pairohakul 2013) and the clamworm Perinereis 
aibuhitensis (Lv et al. 2016). A study by Olive et al. (2009) 
investigated the PUFA-biosynthesising capacity of A. 
marina comparing the FA composition of worms grown in 
mesocosm systems supplemented with brewer’s yeast (i.e., 
lacking PUFA) under light presence and absence conditions. 
The potential input from PUFA-biosynthesising bacteria was 
also studied, but, while their presence could not be totally 
ruled out, their contribution to the observed enzymatic 
activities appeared to be negligible. It was concluded that 
a net production of long-chain PUFA within the worm was 
evidenced by the presence of metabolic products that were 
not present in the system, those including the ∆8 desatura-
tion product 20:3n-6, and its resulting ∆5 desaturation prod-
uct ARA (20:4n-6) (Olive et al. 2009). Therefore, annelids 
are able to operate the ∆8 pathway for ARA biosynthesis 
(Fig. 1), but the authors suggested that EPA biosynthesis 
would be achieved by a ∆17 desaturase from ARA. While 
it could not be demonstrated then, it is now known that 
polychaetes do possess ωx desaturases with ∆17 activities 
that catalyse the conversion of ARA to EPA (Kabeya et al. 
2018a).

Crustaceans

Evidence suggesting the existence of front-end desaturases 
in crustaceans has been primarily collected from investiga-
tions on zooplanktons and decapods, due to their ecological 
importance and economical interest in aquaculture (Morris 
and Sargent 1973; Kanazawa et al. 1979; Kayama and Hirata 
1984; Mourente 1996; De Troch et al. 2012). For example, 
a study using 14C-labelled LA and ALA demonstrated that 
Δ6 desaturation converted these substrates into 18:3n-6 and 
18:4n-3, respectively, in the calanoid copepod Paracalanus 
parvus (Moreno et al. 1979). Other studies on Daphnia 
magna, calyptopus larvae of the Antarctic krill Euphausia 
superba, and several copepods (calanoids and cyclopoids) 
further suggested the presence of front-end desaturases 
(Bell et al. 2007; Farkas et al. 1981). Interestingly, the above 

studies demonstrated the bioconversion of EPA to DHA in 
the calanoids Calanus finmarchicus and Drepanopus forci-
patus, the cyclopoids Cyclops strenuus and Antarctic krill, 
but not in D. magna. The presence of front-end desaturases 
was also suggested in Artemia, since radiolabelled ALA was 
metabolised to DHA in 15-day old Artemia, when DHA was 
not present in the diet (Schauer and Simpson 1985).

To the best of our knowledge, no gene-encoding desat-
urase enzyme that can be unequivocally categorised as 
front-end desaturase has been reported in crustaceans. In 
some species of decapod crustaceans, namely Chinese mit-
ten crab Eriocheir sinensis (Yang et al. 2013), the mud 
crab Scylla paramamosain (Lin et al. 2017), Pacific white 
shrimp Litopenaeus vannamei (Chen et al. 2017) and Aus-
tralian red claw crayfish Cherax quadricarinatus (Wu et al. 
2018), desaturase genes referred to as “front-end desatu-
rases” have been cloned but not functionally characterised. 
These desaturase-like sequences have some typical front-
end desaturase features including a cytochrome b5-like 
domain with a heme-binding motif (HPGG) and multiple 
membrane-spanning regions. Importantly, in the crustacean 
desaturase, while containing three histidine boxes (Sperling 
et al. 2003), the amino acid sequence of the third histidine 
box is HXXHH instead of QXXHH as commonly found in 
front-end desaturases (Hashimoto et al. 2008; Meesapyod-
suk and Qiu 2012). In agreement, the phylogenetic analyses 
showed that the decapod desaturases clustered distantly from 
functionally characterised front-end desaturases from other 
invertebrates such as molluscs and echinoderms (Yang et al. 
2013; Lin et al. 2017; Chen et al. 2017; Wu et al. 2018), 
but rather formed a distinct clade comprising exclusively 
non-functionally characterised sequences from decapods. 
As described below, some of these desaturases can be nutri-
tionally regulated in a similar manner as vertebrate Fads 
are (Monroig et al. 2018). However, their categorisation as 
front-end desaturases and their substrate specificity as Δ6 
desaturases are speculative without adequate phylogenetic 
and functional characterisation.

Echinoderms

The functions of enzymes involved in PUFA biosynthe-
sis have been barely studied in echinoderms, but front-
end desaturases from the sea urchin Paracentrotus lividus 
(Kabeya et al. 2017b) and the sea cucumber Apostichopus 
japonicus (Liu et al. 2017a) have been recently character-
ised. Kabeya et al. (2017b) characterised the functions of the 
three desaturases identified from P. lividus. Two desaturases 
showed Δ8 desaturase activity and enabled desaturation of 
20:2n-6 and 20:3n-3 to 20:3n-6 and 20:4n-3, respectively. 
A third desaturase was found to have Δ5 activity towards 
20:3n-6 and 20:4n-3, which were converted to ARA and 
EPA, respectively (Kabeya et al. 2017b). As described above 
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in other invertebrates (C. nobilis and A. marina), P. lividus 
can operate the Δ8 pathway to biosynthesise ARA and EPA 
from LA and ALA, respectively (Fig. 1), provided PUFA 
elongases exist in this species. The P. lividus Δ5 desatu-
rase also had the capacity to produce NMI FA, namely 
20:3Δ5,11,14 and 20:4Δ5,11,14,17 from 20:2n-6 and 20:3n-3, 
respectively (Kabeya et al. 2017b). These results are con-
sistent with the presence of NMI FA in other sea urchin 
species (Takagi et al. 1986; Liyana-Pathirana et al. 2002). 
With regards to the sea cucumber A. japonicus, a front-end 
desaturase was characterised as a Δ6 desaturases since it 
converted LA and ALA into 18:3n-6 and 18:4n-3, respec-
tively (Liu et al. 2017a).

Such differences in substrate specificities between the 
P. lividus and A. japonicus desaturases are consistent with 
these proteins having different evolutionary origins. On one 
hand, the P. lividus Δ5 desaturase clustered with other Δ5 
desaturases from molluscs (i.e., FadsA), as well as putative 
desaturases from other sea urchins (Strongylocentrotus pur-
puratus and Lytechinus variegatus) and other echinoderm 
species of sea lilies (Oxycomanthus japonicus), sea cucum-
bers (Sclerodactyla briareus) and starfish (Patiria miniata) 
(Kabeya et al. 2017b). Importantly, Kabeya et al. (2017b) 
showed that FadsA comprises front-end desaturases with Δ5 
desaturase activities that are present not only in molluscs and 
echinoderms, but also annelids (e.g., Capitella teleta) and 
hemichordates (Saccoglossus kowalevskii). Moreover, the 
two Δ8 desaturases from P. lividus clustered with non-FadsA 
desaturases from S. purpuratus and L. variegatus forming a 
sea urchin-specific clade termed as “FadsC” by Kabeya et al. 
(2017b). Finally, the Δ6 desaturase from A. japonicus has 
a distinct origin since it does not belong to either FadsA or 
FadsB clusters (Liu et al. 2017a). Irrespective of their func-
tions, the above-described echinoderm desaturases possess 
all characteristic features of front-end desaturases including 
the third histidine box as QXXHH. However, their relation-
ship with Fads, the vertebrate front-end desaturases, remains 
to be clarified.

Elovl enzymes

Sponges

As noted above, lipids from demosponges are character-
ised by the presence of ∆5,9 NMI FA with chain lengths 
up to  C34. While the atypical desaturation pattern can be 
accounted for the presence of ∆9 and ∆5 desaturases (see 
above), the unusually long acyl chain of sponge FA suggests 
the presence of active FA elongation systems. The study on 
A. queenslandica by Gold et al. (2017) identified several 
copies of Elovl-like genes. In addition to Elovl3 and Elovl6, 
elongases not involved in PUFA elongation (Jakobsson 

et al. 2006), A. queenslandica possess a single copy of 
Elovl1/2/4/5/7 (NCBI accession no.: XP_011405756.2), rep-
resenting the ancestor protein existing before gene duplica-
tion events lead to other Elovl gene families such as Elovl2, 
Elovl4 and Elovl5, with well-established roles in PUFA bio-
synthesis (Jakobsson et al. 2006; Guillou et al. 2010). Unfor-
tunately the function of the sponge Elovl1/2/4/5/7 remains 
unknown, but it is reasonable to speculate that it shares 
enzymatic activities enabling elongation of saturated FA 
(characteristic of vertebrate Elovl1 and Elovl7) and PUFA 
(characteristic of vertebrate Elovl2, Elovl4 and Elovl5).

Cnidarians

From interrogation of genomes from several cnidarian spe-
cies, Surm et al. (2018) concluded that the number of Elovl 
genes varies among taxa. Thus, one single copy of Elovl 
genes were found in H. vulgaris and N. vectensis, three in 
A. digitifera and four in E. pallida, the latter also being the 
species with the highest desaturase-like genes (Surm et al. 
2018). Additionally, the analysis of the Actiniaria transcrip-
tomes revealed that multiple Elovl genes (2–5) resulted via 
gene duplication, with copy numbers varying within super-
families (Actinioidea vs. Metridioidea) and among spe-
cies within these taxa (Surm et al. 2018). The phylogenetic 
analysis showed that cnidarians possess Elovl4 elongases. 
However, it could not be clearly established which cnidar-
ian Elovl-like families are more closely related to vertebrate 
Elovl2 and Elovl5, elongases with known roles in PUFA 
elongation (Jakobsson et al. 2006; Guillou et al. 2010). 
Among the potential candidates, two novel cnidarian Elovl 
clades were identified, namely ElovlA and ElovlB (Surm 
et al. 2018). The functions of elongases from the two novel 
Elovl subclades is currently unknown, but lack of 22:5n-3 
and DHA in tissues of Actinia tenebrosa might suggest that 
none of them were able to elongate PUFA substrates of  C20 
or longer acyl chains.

Molluscs

Evidence confirms that molluscs possess elongases involved 
in the biosynthetic pathways of PUFA including NMI FA in 
bivalves such as Mesodesma mactroides (De Moreno et al. 
1976), Crassostrea gigas (Waldock and Holland 1984), 
Megangulus zyonoensis, Scapharca (Anadara) broughto-
nii, Callista (Ezocallista) brevisiphonata and Mytilus edu-
lis (Zhukova 1986, 1991; Kawashima and Ohnishi 2004), 
as well as gastropods like Haliotis fulgens (Durazo-Beltran 
et al. 2003). The above studies typically involved enzymatic 
activity assays using radiolabelled substrates or determi-
nation of FA composition of individuals subjected to con-
trolled experimental conditions. However, further molecular 
evidence targeting the specific gene responsible for PUFA 
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elongation has become available for a variety of mollusc 
species. Thus, a cDNA encoding an Elovl protein was first 
isolated from O. vulgaris (Monroig et al. 2012b). This pro-
tein was termed “Elovl5/2” or “Elovl2/5” (Monroig et al. 
2013b, 2016b; Liu et al. 2013) based on its phylogenetic 
relationship with the vertebrate Elovl2 and Elovl5 elongases. 
Similar proteins were subsequently characterised from S. 
officinalis (Monroig et al. 2016a), C. nobilis (Liu et al. 2013) 
and Crassostrea angulata (Zhang et al. 2018). Regarding 
its function, the mollusc Elovl2/5 can efficiently elongate 
 C18–20 PUFA substrates, but has no activity towards  C22 
substrates. Thus, despite the mollusc Elovl2/5 representing 
an ancestral protein of vertebrate Elovl5 and Elovl2 (Mon-
roig et al. 2016b), this enzyme shows substrate specificities 
that resemble those of Elovl5 but not Elovl2. Indeed, Elovl2 
is regarded as a key enzyme in the biosynthesis of DHA 
via the Sprecher pathway, since it can catalyse the elonga-
tion of 22:5n-3 to 24:5n-3, before subsequent ∆6 desatura-
tion and partial β-oxidation lead to the production of DHA 
(Fig. 1) (Sprecher 2000). Consequently, lack of  C22 elonga-
tion capacity within the mollusc Elovl2/5 has been hypoth-
esised as one of the reasons accounting for the inability of 
cephalopods to biosynthesise DHA (Fig. 1) (Monroig et al. 
2012b, 2013b). To clarify whether alternative Elovl enzymes 
could compensate for lack of ability to elongate 22:5n-3 to 
24:5n-3 by Elovl2/5, an Elovl4-like cDNA was cloned and 
functionally characterised from O. vulgaris (Monroig et al. 
2017). In agreement with functions of fish orthologues (Jin 
et al. 2017; Oboh et al. 2017b), the common octopus Elovl4 
showed the ability to elongate 22:5n-3 to 24:5n-3. In spite of 
the elongase capacity of Elovl4, DHA biosynthesis appears 
not to be possible in octopus since, as described above, key 
desaturation activities such as ∆6 or ∆4 required for the two 
DHA biosynthetic pathways known in animals appear to be 
absent (Monroig et al. 2012a, 2017).

The octopus Elovl4 was able to produce very long-chain 
(> C24) PUFA that reached, in some cases, up to  C34 (e.g., 
34:5n-3; Monroig et al. 2017). The elongation abilities of 
the octopus Elovl4 were largely in agreement with those 
reported in teleost fish Elovl4 (Castro et al. 2016; Jin et al. 
2017; Oboh et al. 2017b), but in disagreement with func-
tional characterisation data from the C. nobilis Elovl4, which 
did not produced PUFA beyond  C24. While the reasons for 
such an apparent discrepancy between functions of Elovl4 
from O. vulgaris and C. nobilis remain unclear, it is worth 
noting that these existed despite both studies having used a 
very similar expression system based on yeast S. cerevisiae, 
arguably the most commonly used system to test the activ-
ity of enzymes involved in the biosynthesis of PUFA from 
a range of organisms including mammals (Park et al. 2009), 
fish (Hastings et al. 2001), plants (Pirtle et al. 2001), fungi 
(Sakuradani et al. 1999) and invertebrates (Peyou-Ndi et al. 
2000). Generally, the yeast assay shows results of enzyme 

activity that match well those obtained by enzyme activ-
ity assays using labelled FA substrates. For instance, the 
elongase activities from cephalopod Elovl2/5 and Elovl4 
described above are consistent with radiolabelled elonga-
tion products recovered from hatchlings of O. vulgaris (Reis 
et al. 2014) and S. officinalis (Reis et al. 2016) incubated 
with [1 − 14C]-labelled substrates. Studies in mammals 
have shown that very long-chain PUFA accumulate in rela-
tively small amounts and specific lipid classes of certain 
tissues, and play important functions in vision and reproduc-
tion (Agbaga et al. 2010; McMahon and Kedzierski 2010; 
Zadravec et al. 2011). Roles of Elovl4 from invertebrates are 
not yet fully understood, but tissue distribution data show-
ing high expression of the O. vulgaris Elovl4 in eye and 
gonads suggested these are also major sites for very long-
chain PUFA biosynthesis in cephalopod molluscs (Monroig 
et al. 2017). Furthermore, it is also reasonable to expect that 
invertebrate Elovl4 is involved in the biosynthesis of very 
long-chain NMI FA typically found in marine invertebrates 
(Barnathan 2009; Kornprobst and Barnathan 2010).

Crustaceans

The ability of certain crustaceans for PUFA elongation 
has been evidenced through different methodological 
approaches. Indirect evidence based on FA analysis of both 
animals and diets strongly suggested that some marine 
copepods (Desvilettes et al. 1997; Nanton and Castell 1998; 
Parrish et al. 2012) and lobsters such as Macrobrachium 
rosenbergii, specifically its postlarval stages, were able to 
elongate PUFA (Reigh and Stickney 1989). Using liposomes 
formulated with  D5-18:3n-3 for marine zooplankton spe-
cies including C. finmarchicus, C. acutus, D. forcipatus 
and larvae of E. superba resulted in neglectable levels of 
metabolic PUFA products, with 20:3n-3 arising as the sole 
FA produced at a relatively higher rate (Bell et al. 2007). 
While the contribution of bacteria towards such elonga-
tion products could not be determined, it is now known that 
crustaceans possess Elovl genes that may account for some 
of the elongation activities reported in the studies above. 
Recently, an Elovl4 from the mud crab S. paramamosain has 
been investigated (Lin et al. 2018). The S. paramamosain 
Elovl4, isolated from hepatopancreas, encodes a protein of 
338 amino acids with all common features of Elovl protein 
family members (Jakobsson et al. 2006). The phylogenetic 
analyses revealed that Elovl4 is found in other arthropods 
including aquatic crustaceans such as Daphnia magna and 
Hyalella azteca. Despite no functional data being presented, 
this elongase was upregulated with increased inclusion of 
vegetable oil in the diet, suggesting putative roles in PUFA 
biosynthesis since it exhibited similar regulatory mecha-
nisms as homologous enzymes from aquatic vertebrates (Li 
et al. 2017). Also in agreement with vertebrate Elovl4, the 
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mud crab S. paramamosain Elovl4 was highly expressed 
in cranial ganglia and the eyestalk, tissues in which typical 
products of elongation by Elovl4, namely very long-chain 
PUFA, accumulate and play important roles in neural func-
tion and vision. The presence of alternative elongases such 
as Elovl2/5 homologues is likely to occur in some crusta-
ceans since elongation capacity towards  C18–20 PUFA sub-
strates was demonstrated in the copepod P. parvus (Moreno 
et al. 1979) and elongases homologous to vertebrate Elovl2 
(gb|ACO10776.1|) can be identified in the genome of 
ectoparasitic copepod Caligus rogercresseyi (Monroig et al. 
2013b).

Other invertebrates

No gene-encoding PUFA elongases have been function-
ally characterised in polychaetes, although Monroig et al. 
(2013b) retrieved in silico putative Elovl2- and Elovl5-like 
elongase sequences from C. teleta. Given the relative abun-
dance of EPA in species such as Hediste (formerly known as 
Nereis) diversicolor, Perinereis nuntia, Laetmonice sp. and 
Paradiopatra sp., and the very low DHA content (Pairohakul 
2013), it can be speculated that polychaetes possess PUFA 
elongases with low affinity towards  C20 or longer PUFA 
substrates. With regards to echinoderms, a gene annotated 
as “Elovl5” has been cloned and functionally characterised 
from the sea cucumber A. japonicus (Li et al. 2016). While 
the deduced amino acid sequence contains all characteristic 
elements of the Elovl protein family, its categorisation as 
Elovl5 is not entirely clear from the phylogenetic analysis 
(Li et al. 2016). Thus, the A. japonicus Elovl5 did not cluster 
together with Elovl2/5 from molluscs and amphioxus, as it 
would have been expected. Irrespective of its phylogeny, the 
elongase characterised from A. japonicus appears to have 
a role in PUFA metabolism since it showed the ability to 
elongate γ-linolenic acid (18:3n-6) and EPA to their cor-
responding + 2C products (Li et al. 2016). It is interesting 
to note that the functional characterisation assays were run 
using Pichia pastoris, the same heterologous system used 
for the desaturase characterised from the same species and 
discussed above (Li et al. 2016; Liu et al. 2017b).

Invertebrate chordates, comprising amphioxus and tuni-
cates, have been well-consolidated models in evolutionary 
developmental biology research and good quality genomes 
have existed for years. However, our knowledge of PUFA 
biosynthesis remains rather limited, particularly for front-
end desaturases. With regards to elongases, an Elovl with 
roles in PUFA biosynthesis was characterised from the tuni-
cate Ciona intestinalis (Meyer et al. 2004). This gene is a 
paralogue of Elovl4 as phylogenetic analyses established that 
this protein grouped together with the human and mouse 
ELOVL4 and separately from vertebrate Elovl2 and Elovl5 
(Meyer et al. 2004). Its functional characterisation in yeast 

S. cerevisiae revealed the C. intestinalis Elovl4 was capable 
of elongating a range of PUFA substrates with chain lengths 
from  C18 to  C22, and with both 18:4n-3 and EPA as the most 
preferred substrates (Meyer et al. 2004). More recently, an 
elongase Elovl2/5 orthologous to that of molluscs was char-
acterised from the European amphioxus Branchiostoma lan-
ceolatum (Monroig et al. 2016b). Like the mollusc Elovl2/5, 
the amphioxus orthologue efficiently elongates  C18 and  C20 
PUFA but, in addition, had some elongase activity towards 
 C22 substrates (Monroig et al. 2016b). It is interesting to 
note that no orthologues of Elovl2/5 were found in genomes 
from sea squirts (C. intestinatis and Ciona savignyi) and the 
star ascidian (Botryllus schlosseri; Monroig et al. 2016b), 
thus leaving the abovementioned Elovl4 (Meyer et al. 2004) 
as the sole Elovl with expected roles in tunicate PUFA 
biosynthesis.

Regulation of PUFA‑biosynthesising 
desaturases and elongases

Aquatic invertebrates have shown the ability to modulate 
their PUFA biosynthetic capacity through their diet (nutri-
tional regulation) and environmental factors including tem-
perature, pressure and salinity. Nutritional regulation of 
the PUFA biosynthesis pathways has been investigated in 
a variety of farmed species in the context of development 
of sustainable feed formulations with reduced inclusion 
of the finite marine ingredients fishmeal and fish oil, and 
increased levels of alternative ingredients such as vegeta-
ble oil. Generally, increased dietary levels of vegetable oil 
(devoid of  ≥ C20 PUFA) results in an upregulation of both 
desaturase and Elovl genes. It has been hypothesised that 
such regulatory mechanism can, to some extent, compensate 
for the lower dietary level of  ≥ C20 PUFA in vegetable oil-
based diets. However, the specific molecular mechanisms 
involved in the regulation of desaturase and Elovl expression 
is poorly understood in invertebrates. A desaturase (termed 
“∆6”) and an elongase (termed “elongase-2”) from the Jade 
Tiger hybrid abalone (Haliotis rubra x H. laevigata) were 
upregulated with increasing levels of flaxseed oil (Mateos 
et al. 2012a) and canola oil (Mateos et al. 2012b). Despite 
such regulatory pattern being consistent with those observed 
in vertebrates (Monroig et al. 2018), it is important to note 
that neither the desaturase nor the elongase from the Jade 
Tiger hybrid were functionally characterised and, therefore, 
their role in PUFA biosynthesis cannot be fully established. 
Additionally, nomenclature of the genes in the abovemen-
tioned studies on the Jade Tiger hybrid abalone was not 
always consistent with that of vertebrate genes, this prob-
ably illustrating the complex phylogeny of the desaturase 
and elongase lineages existing in invertebrates. Such phylo-
genetic complexity often leads to misleading nomenclature 
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of desaturases and elongases. For instance, a recent study 
investigating the responses of Macrobrachium nipponense-
fed diets with increasing levels of ALA (Luo et al. 2018) 
considered a sphingolipid ∆4 desaturases as a front-end 
∆4 desaturases. In the same study, the authors implied that 
Elovl6 might have a role in PUFA elongation on the basis 
that this gene was upregulated in individuals fed ALA-rich 
diets (Luo et al. 2018). Interestingly, an increased expres-
sion in response to dietary ALA was also observed for a 
M. nipponense desaturase termed as “∆6 fatty acyl desatu-
rase” (Luo et al. 2018). This gene appears to be a paralogue 
of those mentioned above from other crustaceans, namely 
E. sinensis (Yang et al. 2013), S. paramamosain (Lin et al. 
2017), L. vannamei (Chen et al. 2017) and C. quadricarinatu 
(Wu et al. 2018). Like observed in M. nipponense (Luo et al. 
2018), the desaturases from the crabs E. sinensis (Yang et al. 
2013), Portunus trituberculatus (Wang et al. 2014) and S. 
paramamosain (Lin et al. 2017), as well as that from spiny 
lobster Sagmariasus verreauxi (Shu-Chien et al. 2017) were 
also nutritionally upregulated by dietary vegetable oil, sug-
gesting putative roles in PUFA metabolism.

Invertebrates are poikilotherms and their body temper-
ature reflects that of the environment. Consequently, it is 
expected that exposure of aquatic invertebrates to low tem-
perature results in changes of phospholipid FA composition 
as a mechanism aiming at maintaining membrane fluidity. 
Such changes in FA composition under low-temperature 
conditions have been reported in molluscs (Hall et al. 2002) 
and crustaceans (Pond 2012; Pond et al. 2014; Schlech-
triem et al. 2006). Within the latter, the responses of the 
cyclopoid copepod Paracyclopina nana to low temperatures 
were investigated at a molecular level, including expression 
analyses of lipogenic genes including several desaturases 
and elongases (Lee et al. 2017a). While gene nomenclature 
used does not allow us to identify the specific enzyme, three 
fatty acyl elongases (“Elongase1–3”) were upregulated at 
temperature below ambient (20  °C) and downregulated 
under temperatures above. With regards to desaturases, the 
so-called “∆5-desaturase” and “∆9-desaturase” responded 
in a similar manner as elongases but the “∆4-desaturase” 
did not, probably explained by the fact that this enzyme is 
a sphingolipid ∆4 desaturase homologue. The activtion of 
these FA-biosynthesising genes generally correlated well 
with abundance of the enzymatic products, i.e., PUFA, in 
the lipids of P. nana (Lee et al. 2017a). Such alteration of 
the lipid composition, known as “homeoviscous adapta-
tion” (Guschina and Harwood 2006b), occurs not only in 
response to lower temperature but also pressure (Pond et al. 
2014). Indeed, a comparison of two closely related species 
of marine nematodes, namely Halomonhystera disjuncta 
occupying intertidal habitats and H. hermesi from deep-sea 
habitats, revealed that the FA elongation pathway was more 
prominent in H. hermesi, suggesting that this species adapts 

to high pressure by biosynthesising PUFA (Van Campenhout 
and Vanreusel 2016).

Salinity has been also described as an environmental 
factor that influences the biosynthesis of PUFA in aquatic 
organisms like fish (Vagner and Santigosa 2011). Despite 
the mechanism not being fully understood, exposure of fish 
to different salinities is believed to trigger an osmoregula-
tory response required for adaptation that is associated with 
membrane lipid remodelling to ensure normal function of 
membrane-bound proteins (Fonseca-Madrigal et al. 2012). 
However, whereas species like the pike silverside Chiros-
torma estor reduced the enzymatic activities of PUFA bio-
synthesis at lower salinities (Fonseca-Madrigal et al. 2012), 
other species like Siganus canaliculatus enhanced the PUFA 
biosynthesising genes when subjected to reduced salinity 
(Xie et al. 2015). The latter response appears to operate in 
the monogonont rotifer Brachionus koreanus, in which elon-
gases and desaturases, some of which have putative roles in 
PUFA biosynthesis, were downregulated after exposure to 
high salinity (Lee et al. 2017b).

Concluding remarks

Data combining analytical, biochemical and molecular evi-
dence have demonstrated that invertebrates can produce 
PUFA endogenously. At a molecular level, three major 
types of enzymes, namely ωx desaturases, front-end desatu-
rases and Elovl enzymes, have been isolated and, in many 
cases, functionally characterised from sponges, cnidarians, 
molluscs, annelids, crustaceans, rotifers, echinoderms and 
non-vertebrate chordates. Front-end desaturase genes have 
been cloned and functionally characterised from molluscs 
and echinoderms, with substrate specificities including 
Δ5 and, less commonly, Δ6 and Δ8. Coexistence of Δ8/
Δ5 and Δ8/Δ6 desaturase activities reported in C. nobilis 
and S. constricta, respectively, enable the EPA and ARA 
biosynthesis in some molluscs. However, such a metabolic 
ability appears to be missing in other species with one sole 
front-end desaturase (e.g., Octopus). Similarly, desaturases 
enabling Δ8 and Δ5 activities coexist in the sea urchin P. 
lividus. Phylogenetic analyses have not allowed us to under-
stand yet whether these invertebrate front-end desaturases 
are orthologues of the vertebrate front-end desaturase, i.e., 
Fads (Lopes-Marques et al. 2018). More clearly though, the 
presence of invertebrate-specific front-end desaturase fami-
lies are widespread among several phyla. This is the case 
of FadsA, consistently showing Δ5 desaturase activity, and 
confirmed to be present in molluscs, annelids, echinoderms 
and hemichordates (Surm et al. 2015; Kabeya et al. 2017b). 
Other invertebrate front-end desaturases appear to have a 
more restricted distribution and can be uniquely found in 
specific groups. An example of this is represented by FadsC, 
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a group of front-end desaturases that can be found exclu-
sively in sea urchins (Kabeya et al. 2017b). Importantly, 
these results emphasise the diversity of animal front-end 
desaturases.

Elovl-like enzymes with roles in PUFA biosynthesis have 
been also characterised in a variety of invertebrates. The pre-
viously characterised mollusc Elovl2/5 elongase (Monroig 
et al. 2012b) has been described in other invertebrate groups 
such as amphioxus. While the amphioxus Elovl2/5 showed 
some elongase activity towards  C22 PUFA substrates, more 
typically invertebrate Elovl2/5 have  C18 and  C20 PUFA as 
preferred substrates for elongation (Monroig et al. 2012b, 
2016a, b). Since biosynthesis of DHA often involves pro-
duction of 24:5n-3 (Sprecher 2000), it is interesting to 
investigate alternative Elovl-like families with the ability 
to elongate  C22 has been prompted. The mollusc Elovl4 has 
been demonstrated to elongate 22:5n-3 to 24:5n-3 and thus 
compensates for the lack of  C22 elongase activity within 
Elovl2/5 (Liu et al. 2013; Monroig et al. 2017). The tunicate 
C. intestinalis has an Elovl4, but appears to lack other PUFA 
elongases such as Elovl2/5. While still fragmented informa-
tion, our current knowledge of the PUFA elongase repertoire 
in invertebrates suggests that, while the presence of Elovl2/5 
is more restricted, Elovl4 has a more widespread distribu-
tion and appears as a distinct gene in cnidarians (Surm et al. 
2018), molluscs (Monroig et al. 2017) and crustaceans (Lin 
et al. 2018). Interestingly, the phylogenetic analysis appears 
to delineate the A. queenslandica protein Elovl1/2/4/5/7 as 
a basal sequence of the Elovl2/5 and Elovl4 found in more 
recently emerged invertebrate groups. As mentioned above 
for front-end desaturases, invertebrate-specific Elovl-like 
families might also exist as suggested by Surm et al. (2018) 
in Cnidaria.

Arguably, one of the most important discoveries in this 
research field has been the demonstration that methyl-end 
or ωx desaturases are widespread among invertebrates 
(Kabeya et al. 2018a). These results challenged the histori-
cally accepted dogma establishing that global production of 
n-3 PUFA occurred almost exclusively by marine microbes 
since it demonstrated that multiple invertebrates possess 
ωx desaturases enabling the biosynthesis of n-3 PUFA de 
novo and, from them, long-chain PUFA. Beyond the obvi-
ous ecological implications associated with primary produc-
tion of essential nutrients at a global scale, the discovery 
of animal ωx desaturases has evidenced the need to revise 
extensively the PUFA biosynthetic pathways in invertebrates 
since, clearly, these can differ remarkably from vertebrate 
pathways. Often the invertebrate PUFA biosynthetic path-
ways as a whole, or the functions of specific enzymes in 
particular, have been inferred from studies on vertebrate spe-
cies. From this review, it appears clear that such an approach 
might often lead to wrong interpretations given the complex 
phylogeny and functional diversification of desaturases and 

elongases found in invertebrates, along with the presence 
of family genes that are exclusive of certain invertebrate 
groups and whose functions are yet to be determined. In 
some instances, automatic gene annotation has led to mis-
leading identification of candidate desaturases and elon-
gases with non-demonstrated roles in PUFA biosynthesis, 
but often with regulatory responses that resemble those of 
well-established PUFA-biosynthesising genes. This high-
lights the need to run appropriate phylogenetic studies to 
allow the confident reconstruction of the ancestral state of 
each desaturase/elongase gene at key nodes in the animal 
phylogeny, which in turn permits discovery of molecular 
innovations in distinct major groups of animals. Equally 
important, functional characterisation of the desaturase and 
elongase genes becomes an essential tool to confirm which 
specific reactions the candidate enzymes carry out within 
the PUFA biosynthetic pathways.
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