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ARTICLE INFO ABSTRACT

Keywords: Aquatic single-cell organisms have long been believed to be unique primary producers of omega-3 long-chain
Annelida (>Ca0) polyunsaturated fatty acids (w3 LC-PUFA). Multiple invertebrates including annelids have been discov-
Biosynthesis

ered to possess methyl-end desaturases enabling key steps in the de novo synthesis of ®3 LC-PUFA, and thus
potentially contributing to their production in the ocean. Along methyl-end desaturases, the repertoire and
function of further LC-PUFA biosynthesising enzymes is largely missing in Annelida. In this study we examined
the front-end desaturase gene repertoire across the phylum Annelida, from Polychaeta and Clitellata, major
classes of annelids comprising most annelid diversity. We further characterised the functions of the encoded
enzymes in selected representative species by using a heterologous expression system based in yeast, demon-
strating that functions of Annelida front-end desaturases have highly diversified during their expansion in both
terrestrial and aquatic ecosystems. We concluded that annelids possess at least two front-end desaturases with A5
and A6A8 desaturase regioselectivities, enabling all the desaturation reactions required to convert the Cig
precursors into the physiologically relevant LC-PUFA such as eicosapentaenoic and arachidonic acids, but not
docosahexaenoic acid. Such a gene complement is conserved across the different taxonomic groups within

Front-end desaturases
Functional diversity
Long-chain polyunsaturated fatty acids

Annelida.

1. Introduction

Long-chain (>Cyo) polyunsaturated fatty acids (LC-PUFA) are
essential biomolecules that play key roles in cell structure, metabolism,
lipid signalling and gene regulation of both aquatic and terrestrial ani-
mals [1-3]. LC-PUFA with well-demonstrated functions in the above
biological processes include the “omega-6” (06 or n-6) LC-PUFA
arachidonic acid (ARA, 20:4n-6), and the “omega-3” (03 or n-3) eico-
sapentaenoic (EPA, 20:5n-3) and docosahexaenoic (DHA, 22:6n-3)
acids. Importantly, ®3 LC-PUFA have been associated with health ben-
efits in a variety of conditions that affect humans [4-7], and with an
increasing prevalence of such pathologies, there is an interest in un-
derstanding the production of w3 LC-PUFA at a global scale [8,9].
Virtually all the production of 3 LC-PUFA occurs in the ocean; in
contrast, terrestrial and freshwater aquatic ecosystems are compara-
tively poor in ®3 LC-PUFA and are instead regarded as sources of short-
chain metabolic precursors [2,3]. Primary production of ®3 LC-PUFA in

marine ecosystems has been associated almost exclusively with the ac-
tivity of single-cell organisms, including microalgae, heterotrophic
protists and bacteria [10]. Yet, this long-standing paradigm has recently
been challenged by the discovery that multiple invertebrates, including
cnidarians, nematodes, rotifers, molluscs, arthropods and annelids,
possess LC-PUFA biosynthesising enzymes termed “methyl-end” (or “®”
desaturases that, like in aquatic microbes, enable the de novo biosyn-
thesis of ®3 LC-PUFA [11]. Attempts to quantify the production of »3
LC-PUFA by marine phytoplankton have been made [8] and predictive
models point towards a decline of w3 LC-PUFA produced by marine
microbes as a consequence of the increasing seawater temperature [9].
The contribution of invertebrates to global ®3 LC-PUFA production
cannot yet be estimated due to, among other reasons, the lack of accu-
rate quantification of biomass abundance, which is particularly chal-
lenging in groups inhabiting aquatic ecosystems. However, it is
important to shed light on the capacity that certain groups of in-
vertebrates have to endogenously produce o3 LC-PUFA that can be
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transferred to upper-level consumers including fish, and thus partly
alleviate the deleterious consequence of limiting the supply of physio-
logically important nutrients alluded to above [12].

A key step in establishing the capacity of invertebrates for ®3 LC-
PUFA production requires an understanding of the repertoire of genes
and functions involved in their biosynthetic pathways (Fig. 1) [13]. All
living organisms possess the enzymatic capacity for biosynthesising
saturated fatty acids (FA) such as palmitic acid (16:0) and stearic acid
(18:0) and, from them, monounsaturated FA through the action of “first”
desaturases with A9 desaturase activity [13]. Importantly, while the
above enzymatic capacities are widespread in animals, the introduction
of further double bonds enabling the de novo biosynthesis of poly-
unsaturated fatty acids (PUFA) is absent in vertebrates. As noted above,
multiple species within cnidarians, nematodes, rotifers, molluscs, ar-
thropods and annelids have methyl-end desaturase enzymes enabling
them to synthesise PUFA, including linoleic acid (LA, 18:2n-6) and
a-linoleic acid (ALA, 18:3n-3). While they do not play biologically
relevant roles themselves, both LA and ALA are precursors of the ®6 and
©3 LC-PUFA, respectively, via the action of two enzyme types, namely
elongation of very long-chain fatty acid (Elovl) proteins and front-end
desaturases. The repertoire of Elovl and front-end desaturases that
mediate the biosynthesis of LC-PUFA from C;g PUFA precursors (LA and
ALA) varies among species [13]. It is widely accepted that the LC-PUFA
biosynthesising capacity in animals is often limited at the desaturase
level due to their rather strict substrate specificity compared to Elovl
enzymes [14]. Hence, an extensive characterisation of the desaturase
complements within a given invertebrate phylum provides a good un-
derstanding of the capacity for the biosynthesis of LC-PUFA of its
representative groups.

Previous studies have demonstrated that polychaetes (Annelida),
including the deep-sea giant tubeworm Riftia pachyptila [15], and the
nereids Platynereis dumerilii [11] and Hediste diversicolor [16], possess
methyl-end desaturases. However, to the best of our knowledge, no

BBA - Molecular and Cell Biology of Lipids 1868 (2023) 159377

front-end desaturases have yet been characterised in Annelida, although
early studies provided evidence suggesting that some polychaetes have
shown desaturation capacity consistent with the presence of this enzyme
type [17-19]. Surprisingly, despite the remarkable diversity of the
phylum Annelida and the importance of members of this group for
nutrient recycling in both terrestrial and aquatic ecosystems, a
comprehensive investigation of the front-end desaturase family in
Annelida is lacking. The present study aimed to provide a comprehen-
sive overview of the occurrence of front-end desaturase encoding genes
in representative species from Polychaeta and Clitellata, major classes of
annelids comprising most annelid diversity [20]. Along with the ex-
amination of the front-end desaturase gene repertoire across the phylum
Annelida, we further characterised the functions of the encoded en-
zymes in selected representative species by using a heterologous
expression system based in yeast, demonstrating that functions of
Annelida front-end desaturases have highly diversified during their
expansion in both terrestrial and aquatic ecosystems.

2. Materials and methods

2.1. Gene identification and sequence analysis of annelid front-end
desaturases

To identify putative sequences of front-end desaturases within
Annelida, sequence retrieval was performed through Basic Local
Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) against Transcriptome Shotgun Assembly (TSA) databases from
Annelid organisms [Annelida (taxid: 6340)] using the sequences of
front-end desaturases characterised from Octopus vulgaris (AEK20864;
[21]) and Danio rerio (AF309556; [22]) as queries. Putative full-length
open reading frames (ORF) were predicted using Open Reading Frame
Finder (ORFfinder) (https://www.ncbi.nlm.nih.gov/orffinder). Protein
identification and classification were confirmed using the prediction
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Fig. 1. The LC-PUFA biosynthetic pathways in animals (adapted from Monroig and Kabeya, 2018). Red arrows represent the reactions catalysed by front-end
desaturases that are studied in this work, which include A4, A5, A6 or A8 desaturations. The initials below compound nomenclatures indicate the name of the
most relevant fatty acids in the pathway including oleic acid (OA, 18:1n-9), linoleic acid (LA, 18:2n-6), a-linolenic acid (ALA, 18:3n-3), arachidonic acid (ARA, 20:4n-
6), eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3). To simplify the diagram, reactions producing non-methylene-interrupted fatty

acids are not included.
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tool [23] from the Pfam database [24] (protein domains: Cyt-b5
PF00173 and FA_desaturase PF00487) and InterProScan tool [25] from
the InterPro database [26] (protein family membership: Fatty acid
desaturase (IPR012171)). For sequences retrieved directly from ge-
nomes, exons were identified in chromosomes using BLAST against
whole shot-gun genome projects, and then assembled by comparing
against reference sequences using Geneious Prime Software (v:
2022.1.1; Biomatters, Inc., San Diego, USA). Further retrieval of the
sequences was carried out by confirming the presence of diagnostic
residues along the three conserved histidine (H) boxes that distinguish
front-end desaturases from other desaturase types [27]. The alignment
of retrieved putative protein sequences was carried out using MUSCLE
[28].

2.2. Phylogenetic analysis of annelid front-end desaturase sequences

A phylogenetic tree comparing the deduced amino acid (aa) se-
quences of annelid desaturases with homologues retrieved from a vari-
ety of animals was constructed using the maximum-likelihood (ML)
method. The phylogenetic analysis was performed using the user-
customised workflow platform of the NGPhylogeny.fr server [29].
Representatives for all different subtypes of desaturase, namely methyl-
end desaturases, front-end desaturases and “first” desaturases [27], were
selected from different model species within relevant animal groups
[13]. For invertebrates, desaturase sequences were selected from an-
nelids with existing publicly accessible ‘omic data’, such as Capitella
teleta, Dimorphilus gyrociliatus, Eisenia fetida, Hirudo medicinalis, Lamel-
librachia satsuma, Owenia fusiformis, Platynereis dumerilii, Sipunculus
nudus, Spirobranchus lamarcki and Urechis unicinctus [30-39]. In addi-
tion, species from other invertebrate groups, including crustaceans (e.g.,
Tigriopus californicus and Platychelipus littoralis) and molluscs (e.g.,
O. vulgaris) from which front-end desaturase enzymes have been previ-
ously characterised were included in the analysis [21,40]. Selected aa
sequences were aligned with MAFFT [41]. The resulting alignment was
trimmed with trimAl [42] before generating a ML phylogenetic tree
using PhyML [43], and an automated model selection implemented in
PhyML based on heuristic strategies with the SMS software [44]. The
percentage of replicate trees and confidence in the resulting phyloge-
netic tree branch topology in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the
branches [45]. The resulting tree was processed in Newick format [46]
and visualised using MEGA11 [47].

2.3. Sample collection, RNA extraction and cDNA synthesis

Phylogenetic analyses enabled the identification of a number of
front-end desaturase subgroups within annelids that were represented
by P. dumerilii, E. fetida, S. lamarcki (previously Pomatoceros lamarcki),
L. satsuma and U. unicinctus. Further functional characterisation assays
were performed on a selection of front-end desaturases from these spe-
cies as detailed below. P. dumerilii individuals were kindly donated by
Dr. Florian Raible from an established culture of the inbreed strain “PIN”
[48] at the Max Perutz Labs Vienna (Vienna, Austria). E. fetida was
purchased from a local composting supplier (Vermiorganic, Vejer de la
Frontera, Spain). S. lamarcki were collected from the rockpools at East
Sands, St Andrews, UK (56.33°N, 2.78°W) in 2015 and kept in the flow-
through seawater system in the Scottish Oceans Institute, University of
St Andrews, at close to ambient temperature until needed. Adult worms
were removed from their calcified tubes by breaking the tubes open at
the posterior end and then pushing the worms out from the anterior end
with a blunt probe. After rinsing the worms in filtered seawater, they
were transferred to RNAlater (Ambion) and kept in a fridge for a short
time prior they were stored at —80 °C. Due to the unavailability of fresh
samples from L. satsuma and U. unicinctus, the corresponding full-length
ORF sequences (one sole sequence per species) were ordered as synthetic
genes (Genscript Biotech, Leiden, The Netherlands). Total RNA
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extraction was carried out on P. dumerilii, E. fetida and S. lamarcki in-
dividual samples (~10 mg from the head region of one specimen) by
homogenisation with a tissue disrupter in 1 ml of TRI reagent (Sigma-
Aldrich) following the manufacturer’s instructions (Thermo Fisher Sci-
entific, Waltham, MA, USA). Next, 2 pg of total RNA were reverse
transcribed into cDNA using Moloney Murine Leukaemia Virus Reverse
Transcriptase (Promega, Madison, WI, USA) primed with random
primers and oligo-dT primers (3:1 mol) (Promega). The cDNA was
stored at —20 °C until further use. To verify the species identity for
samples from putative P. dumerilii, E. fetida and S. lamarcki, a diagnostic
710 bp fragment of mitochondrial cytochrome c oxidase subunit I gene
(COI) was amplified with specific DNA primers to identify invertebrates
according to Folmer et al. [49]. The PCR product was purified using
Wizard ® SV gel and PCR clean-up system purification kit (Promega)
and further sequenced (DNA Sequencing Unit, IBMCP-CSIC-UPV,
Valencia, Spain) to confirm the species identity.

2.4. Molecular cloning of full-length ORF from annelid front-end
desaturases

Full-length ORF sequences of the front-end desaturases from
P. dumerilii (3 sequences), E. fetida (3) and S. lamarcki (1) were amplified
using the high-fidelity Phusion® DNA polymerase (Thermo Fisher Sci-
entific). Primer pairs used to amplify the ORF sequences contained
different restriction enzyme sites to enable further ligation into the yeast
expression vector pYES2 (Thermo Fisher Scientific) used in the func-
tional assays (Table 1). The PCR conditions were as follows: initial
denaturing at 98 °C for 3 min, 40 cycles of denaturation at 98 °C for 30 s,
annealing at 55 °C for 30 s, extension at 72 °C for 45 s, and a final
extension at 72 °C for 10 min. PCR products were separated through
electrophoresis in 1 % (w/v) agarose gel and subsequently purified with
Wizard ® SV Gel and PCR Clean-Up System (Promega) purification kit.
Double digestions with the corresponding restriction enzymes (Table 1)
were carried out with CutSmart® Buffer (New England Biolabs, Ipswich,
MA, USA) at 37 °C according to the manufacturer’s instructions. The
restricted PCR products were purified as above and subsequently ligated
into a similarly restricted yeast expression vector pYES2 using T4 DNA
ligase (Promega). Synthetic ORF sequences from L. satsuma and
U. unicinctus, originally cloned into pUC57 (Genscript Biotech), were
subcloned into pYES2 as indicated above. Collectively, a total of nine
ORF front-end desaturase sequences were cloned into pYES2, resulting
in three constructs for P. dumerilli (pYES2-PDfedl, pYES2-PDfed2,
pYES2-PDfed3), three for E. fetida (pYES2-EFfedl, pYES2-EFfed2,
pYES2-EFfed3), one for S. lamarcki (pYES2-SLfed), one for L. satsuma
(pYES2-LSfed), and one for U. unicinctus (pYES2-UUfed). Preparation of
the pYES2 constructs was carried out as detailed by Kabeya et al. [40].
Briefly, ligation reactions (T4 ligase, Promega) of each ORF sequence

Table 1

List of primers used for molecular cloning. Restriction enzymes used for cloning
into the yeast expression vector pYES2 are named at the end of the primer name.
Restriction sites in primer sequences are underlined.

Primer name Sequence 5-3'

PD-fed1-For-HindIIl
PD-fed1-Rev-Xbal
PD-fed2-For-HindIII
PD-fed2-Rev-Xbal
PD-fed3-For-HindIII
PD-fed3-Rev-Xhol
SL-fed1-For-HindIIl
SL-fed1-Rev-Xhol
EF-fed1-For-BamHI
EF-fed1-Rev-Xbal
EF-fed2-For-Sacl
EF-fed2-Rev-Xbal
EF-fed3-For-BamHI
EF-fed3-Rev-Xbal

CCCAAGCTTAAGATGGGGAAAGGC
GCTCTAGATCCTCAGTGTGAATCCATGTG
CCCAAGCTTACCATGGGAAAAGGTGC
GCTCTAGATCATCATTGATGGTGGTAGGC
CCCAAGCTTATGGGGAAAGGAC
GCCTCGAGGTATTCATGTATGGT
CCCAAGCTTGGGATGGGCAAAGGCG
CCGCTCGAGCGGTTACTGGAGATGAT
CGGGATCCCGATGGGTAAGGGTG
GCTCTAGAGCTTATGATACATGGTACGACTG
CGAGCTCGATGAACGGGAAGACC
GCTCTAGAGCTCAGGAATTCAGTTTCTTG
CGGGATCCCGATGGGCAAAGG
GCTCTAGAGCCTAACCGTTATATGCGTC
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into similarly rescripted pYES2 were transformed into E. coli Top10’
competent cells and grown in Luria-Bertani (LB) agar plates with
ampicillin (100 pg ml™1) for selection of positive colonies. Subsequently,
colonies were screened by PCR and grown overnight in LB broth with
ampicillin (100 pg ml~1). Overnight cultures were processed for plasmid
preparation (GenElute™ Plasmid Miniprep Kit, Sigma-Aldrich). Cor-
rectness of the ORF sequences was confirmed by Sanger DNA sequencing
(DNA Sequencing Unit, IBMCP-UPV, Valencia, Spain) prior to use in the
functional characterisation assays in yeast.

2.5. Functional characterisation by heterologous expression in yeast

Plasmid constructs containing the ORF of selected front-end desa-
turases (pYES2-PDfed1, pYES2-PDfed2, pYES2-PDfed3, pYES2-EFfedl,
PYES2-EFfed2, pYES2-EFfed3, pYES2-SLfed, pYES2-LSfed and pYES2-
UUfed) were transformed into competent Saccharomyces cerevisiae
INvScl cells (Thermo Fisher Scientific) using the S.c. EasyComp®
Transformation kit (Thermo Fisher Scientific). Transformed yeast were
cultured on S. c¢. minimal medium minus uracil (SCMM ") agar plates
at 30 °C for 3 d. Subsequently, one single colony from each plate was
grown in SCMM "™ broth at 30 °C for 2 d until reaching an ODggg be-
tween 8 and 10. Next, subcultures of 5 ml with a starting cell density of
ODgpo = 0.4 were set in each of the 150 ml Erlenmeyer flasks used to test
each of the eight desaturase PUFA substrates assayed. After 4 h of con-
stant shaking at 30 °C, transgenic yeast cultures were supplemented
with galactose (2 %, w/v) to induce gene expression, as well as an
aliquot of a PUFA substrate. A total of eight substrates for front-end
desaturases, selected according to the currently accepted animal LC-
PUFA biosynthetic pathways (Fig. 1) [13,50] were assayed: linoleic
acid (LA, 18:2n-6) and a-linolenic acid (ALA, 18:3n-3) as A6 desaturase
substrates, eicosadienoic acid (20:2n-6) and eicosatrienoic acid (20:3n-
3) as A8 desaturase substrates, dihomo-y-linoleic acid (20:3n-6) and
eicosatetraenoic acid (20:4n-3) as A5 desaturase substrates, and doco-
satetranoic acid (22:4n-6) and docosapentanoic acid (22:5n-3) as A4
desaturase substrates. Moreover, transgenic yeast expressing the A6
front-end desaturase from U. unicinctus (UUfed, 0Q102611) were grown
in the presence of 24:5n-3, to test its ability to contribute to the DHA
synthesis via the Sprecher Pathway (Sprecher, 2000) (Fig. 1). Each PUFA
substrate was supplemented as sodium salts at concentrations of 0.5 mM
(C18), 0.75 mM (Cgp), 1.0 mM (Cg5) and 1.25 mM (Cg4) to compensate
for the reduced uptake efficiency with the length of the carbon chain.
The yeast cultures were maintained at 30 °C and under constant shaking
(250 rpm) for 2 d until yeast was harvested by centrifugation at 1500g
for 2 min. Yeast pellets were washed twice with 5 ml of ddH5O,
homogenised in 6 ml of 2:1 (v/v) chloroform:methanol containing 0.01
% (w/v) butylated hydroxytoluene (BHT, Sigma-Aldrich) as an antiox-
idant, and stored at —20 °C for a minimum of 24 h in an oxygen-free
atmosphere until further analysis.

2.6. Fatty acid analysis

Total lipids were extracted from the homogenised yeast samples
using Folch’s method [51] with modifications as described by Ribes-
Navarro et al. [52]. Fatty acid methyl esters (FAME) from the total
lipids were prepared by acid catalysed methylation for 16 h at 50 °C
[53]. FAME were subsequently purified by thin-layer chromatography
and analysed on a gas chromatograph (GC) (Thermo Trace GC Ultra,
Thermo Electron Corporation, Waltham, MA, USA) fitted with an on-
column injection system, a flame ionisation detector (FID), and a silica
capillary column (30 m x 0.25 mm x 0.25 pm film thickness, TR-WAX,
Teknokroma, Spain), using helium as a carrier gas. The proportion of
each PUFA substrate converted to the corresponding desaturated prod-
uct was calculated as [product area / (product area + substrate area)] x
100.
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3. Results
3.1. Sequences and phylogeny of annelid front-end desaturases

Front-end desaturase candidates from annelids were identified in
Clitellata and Polychaeta representative species including C. teleta,
D. gyrociliatus, E. fetida, H. medicinalis, L. satsuma, O. fusiformis,
P. dumerilii, S. nudus, S. lamarcki and U. unicinctus (Tables S1; S2). The
deduced aa sequences of all the annelid front-end desaturases retrieved
through our search strategy contained all characteristic front-end
desaturase conserved motifs, including a heme-binding motif (HPGG),
and three H boxes (HXXXH, HXXHH and QXXHH) (Fig. S1). Further-
more, the third conserved H box starts in the identified candidate se-
quences with a glutamine (Q) residue as expected for front-end
desaturases according to the motifs described by Hashimoto et al. [27].

The ML phylogenetic subtree built with the selected front-end
desaturases is shown in Fig. 2 (the complete ML phylogenetic tree is
shown in Fig. S2). All the annelid front-end desaturases were contained
within two main clades identified as group A and group B (Fig. 2) ac-
cording to the nomenclature of front-end desaturase groups proposed by
Surm et al. [54,55] for molluscs and cnidarians, and followed by Kabeya
et al. [40]. Alongside previously characterised A5 desaturases from
molluscs and echinoderms, group A includes annelid sequences from
each of the representative species from Clitellata and Polychaeta used in
our analyses, with each species having one sole type A front-end desa-
turase (Fig. 2). Similarly, all assessed annelid species possessed at least
one front-end desaturase candidate clustering in group B, which
included previously characterised sequences from other invertebrates
such as the mollusc Sinonovacula constricta. Additionally, a clade
including the vertebrate front-end desaturases Fadsl and Fads2, and
another one including front-end desaturases from echinoderms (group
C), were also identified (Fig. 2). The putative front-end desaturases from
P. dumerilii, S. lamarcki, E. fetida, U. unicinctus and L. satsuma, func-
tionally characterised in the present study (see below), are highlighted
in bold in Fig. 2. Sequences were deposited in the GenBank database
under the accession numbers 0Q102603 (PDfedl), 0Q102604
(PDfed2), 0Q102605 (PDfed3), 0Q102606 (SLfed), 0Q102608
(EFfed1), 0Q102609 (EFfed2), 0Q102610 (EFfed3), 0Q102611
(UUfed) and 0Q102612 (LSfed).

3.2. Roles of annelid front-end desaturases in LC-PUFA biosynthesis

In order to investigate the functional diversification of annelid front-
end desaturases, a set of front-end desaturases selected according to the
phylogenetic analysis results were expressed in yeast to ascertain their
substrate specificities (Fig. 3). For the so-called group A, one sequence
from the polychaetes P. dumerilii (PDfedl, acc. no. 0Q102603) and
S. lamarcki (SLfed, acc. no. 0Q102606), and one from the clitellate
E. fetida (EFfedl, acc. no. 0Q102608) were investigated. The results
showed that these front-end desaturases from group A were able to
convert the PUFA substrates 20:3n-6 and 20:4n-3, into 20:4n-6 and
20:5n-3, respectively, suggesting that these enzymes are A5 desaturases
(Table 2). Moreover, transgenic yeast expressing each of the three group
A front-end desaturases assayed were able to introduce a A5 unsatura-
tion into 20:2n-6 (20:2 21114 and 20:3n-3 (20:3 2111417) to produce the
non-methylene interrupted fatty acids (NMI-FA) 20:3 251114 and 20:4
A5’11’14’17, respectively (Table 2). No activity as A4, A6 or A8 was
detected for any of the group A desaturases functionally characterised in
the present study (Table 2). Additionally, the monoene 18:1n-13,
resulting from the A5 desaturation towards the yeast endogenous 18:0
was systematically detected in all GC chromatograms from yeast
expressing all the group A front-end desaturases (PDfed1, EFfed1 and
SLfed).

For group B, sequences from the polychaetes P. dumerilii (PDfed2,
acc. no. 0Q102604; PDfed3, acc. no. 0Q102605), L. satsuma (LSfed, acc.
no. 0Q102612) and U. unicinctus (UUfed, acc. no. 0Q102611), and the
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Fig. 2. Phylogenetic tree comparing the annelid front-end desaturase enzymes characterised in the present study with front-end desaturases from other animals. This
is a resulting subtree representing the invertebrate front-end desaturases, the complete original tree can be found in Fig. S2. The transfer distance bootstrap support

value (%) is given in each node when equal to or above 90 %.

clitellate E. fetida (EFfed2, acc. no. 0Q102609; EFfed3, acc. no.
0Q102610), were selected for functional analysis in yeast. As shown in
Table 3, yeast expressing the PDfed2, LSfed and UUfed were able to
convert the A6 desaturase substrates 18:2n-6 and 18:3n-3 into 18:3n-6
and 18:4n-3, respectively, as well as the A8 desaturase substrates
20:2n-6 and 20:3n-3 to 20:3n-6 and 20:4n-3, respectively. These results
demonstrated that the group B PDfed2, LSfed and UUfed are dual A6 and
A8 desaturases. Similar substrate specificities were also confirmed for
the E. fetida EFfed2, although no desaturase product from 20:3n-3 was
detected (Table 3). To clarify whether the apparent lack of A8 desatu-
ration capacity by the E. fetida EFfed2 towards 20:3n-3 was compen-
sated for by the other candidate sequence from group B existing in
E. fetida (EFfed3), we also ran the functional assay for this putative
desaturase. Our results showed that EFfed3 has A8 desaturation

capacity, not only towards 20:2n-6 but also towards 20:3n-3, being
converted to 20:3n-6 and 20:4n-3, respectively (Table 3). Interestingly,
the P. dumerilii PDfed3, another representative of group B front-end
desaturases, did not show any detectable activity towards any of the
A6, A8, A5 and A4 substrates. Furthermore, to assess the capacity of
group B desaturases to contribute to the DHA synthesis via the Sprecher
Pathway (Fig. 1), transgenic yeast expressing the A6 front-end desa-
turase from U. unicinctus (UUfed) were grown in the presence of 24:5n-3.
No desaturation products were identified (data not shown) confirming
that its A6 desaturase activity is restricted to C;g PUFA substrates but
does not recognise Cy4 as substrates.
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Fig. 3. Scheme of the front-end desaturase repertoire found in the annelids studied in this work. The blue circles represent the number of enzymes identified in group
A, while the green circles represent the number of enzymes in group B. No front-end desaturases of group C were identified in annelids. The functional activity
characterised in vitro of the enzymes tested in this work is shown inside the respective circle. If no activity was detected on the supplemented substrates in the

enzyme assay, the circle is marked with an X inside.

Table 2

Functional characterisation of the group A front-end desaturases from
P. dumerilii (PDfed1; 0Q102603), E. fetida (EFfed1; 0Q102608) and S. lamarcki
(SLfed; 0Q102606) in yeast. Conversions of supplemented PUFA substrates
(18:2n-6, 18:3n-3, 20:2n-6, 20:3n-3, 20:3n-6, 20:4n-3, 22:4n-6, 22:5n-3) were
calculated according to the formula [product area / (product area + substrate
area) x 100]. *Non-methylene-interrupted fatty acids including 20:3 4>!%:1% and
20:4 43111417 were detected as products of the enzymatic activity over 20:2n-6
(20:2 2151 and 20:3n-3 (20:3 A1H1417), respectively.

Substrate Product PDfed1 EFfedl SLfed Activity
18:2n-6 18:3n-6 n.d. n.d. n.d. A6
18:3n-3 18:4n-3 n.d. n.d. n.d. A6
20:2n-6* 20:3n-6 n.d. n.d. n.d. A8
20:3n-3* 20:4n-3 n.d. n.d. n.d. A8
20:3n-6 20:4n-6 28.8 13.9 4.4 A5
20:4n-3 20:5n-3 39.6 185 1.0 A5
22:4n-6 22:5n-6 n.d. n.d. n.d. A4
22:5n-3 22:6n-3 n.d. n.d. n.d. A4

n.d., not detected.

4. Discussion

The present study aimed to investigate the gene complement and
functional diversity of front-end desaturases in the phylum Annelida. A
common feature shared among annelid front-end desaturases is the
presence of a glutamine (Q) as the first aa within the third conserved H

box [QXXHH] [27], which has previously been identified as a diagnostic
residue of front-end desaturases in vertebrates [22,56] and other in-
vertebrates [21,40,52,57,58]. Unlike front-end desaturases, other fatty
acyl desaturases with major roles in LC-PUFA biosynthesis like methyl-
end desaturases have a characteristic histidine (H) in the first position of
the third H box, as seen in a variety of invertebrates, including poly-
chaete annelids [11,15,16]. Moreover, while the second H box from
front-end desaturases was suggested to typically contain three aa
(“XXX) between the first and second H [HXXXHH] by Hashimoto et al.
[271], front-end desaturases from annelids, as well as from other animals
including both vertebrates [22,56] and invertebrates [21,40,57], have
front-end desaturases with two aa residues (“XX”) [HXXHH]. These re-
sults suggest that the H box composition along front-end desaturase
sequences is more diverse than originally reported [27].

The phylogenetic analysis of the annelid front-end desaturases
grouped them into two clusters termed group A and group B [54,55]. As
expected, none of the annelid front-end desaturases clustered within the
so-called group C, hypothesised to include only front-end desaturases
from echinoderms [40]. As summarised in Fig. 3, we found that all
representative species of the different annelid lineages possess a single
front-end desaturase from group A. Interestingly, while all the species
considered in the present study had at least one type B front-end desa-
turase, the number of front-end desaturases from group B varied among
species, with a single sequence found in S. lamarcki and L. satsuma, and
two distinct sequences existing in E. fetida, P. dumerilii and U. unicinctus
(Fig. 3). Gene duplication of front-end desaturases was previously
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Table 3
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Functional characterisation of the group B front-end desaturases from P. dumerilii (PDfed2; 0Q102604), E. fetida (EFfed2; 0Q102609) (EFfed3; 0Q102610), L. satsuma
(LSfed; 0Q102612) and U. unicinctus (UUfed; 0Q102611) in yeast. Conversions of supplemented PUFA substrates (18:2n-6, 18:3n-3, 20:2n-6, 20:3n-3, 20:3n-6, 20:4n-
3, 22:4n-6, 22:5n-3) were calculated according to the formula [product area / (product area -+ substrate area) x 100].

Substrate Product PDfed2 LSfed UUfed EFfed2 EFfed3 Activity
18:2n-6 18:3n-6 6.5 1.3 15.6 0.5 n.d. A6
18:3n-3 18:4n-3 5.0 2.7 38.7 1.0 n.d. A6
20:2n-6 20:3n-6 11.0 6.9 37.2 0.7 5.8 A8
20:3n-3 20:4n-3 229 19.1 64.3 n.d. 1.1 A8
20:3n-6 20:4n-6 n.d. n.d. n.d. n.d. n.d. A5
20:4n-3 20:5n-3 n.d. n.d. n.d. n.d. n.d. A5
22:4n-6 22:5n-6 n.d. n.d. n.d. n.d. n.d. A4
22:5n-3 22:6n-3 n.d. n.d. n.d. n.d. n.d. A4

n.d., not detected.

described in other invertebrates like molluscs [54], although restricted
to specific classes such as gastropods and bivalves but not cephalopods,
the latter having exclusively group A front-end desaturases [21,57].

Functional characterisation assays demonstrated that annelids
possess front-end desaturases that, in combination, encompass A5, A6
and A8 activities in the enzyme set existing in a single species. Impor-
tantly, the number of enzymes involved in enabling such diverse desa-
turation capacity varies among species. All the annelid front-end
desaturases from group A characterised in the present study showed A5
activity towards the PUFA substrates 20:3n-6 and 20:4n-3, which were
desaturated into ARA (20:4n-6) and EPA (20:5n-3), respectively (Fig. 1).
These results, along with their widespread distribution as shown here,
support that A5 front-end desaturases play important roles is the pro-
vision of A5 desaturation products such as ARA and EPA that are
naturally abundant in lipids from terrestrial annelids [59,60] like the
herein investigated E. fetida [61], as well as aquatic species [17,18]
including Alitta virens, a nereid polychaete like the herein studied
P. dumerilii [19]. This is consistent with the occurrence of A5 front-end
desaturases in other invertebrates like molluscs [21,57,62,63] and
echinoderms [40], excluding the assessed A6 activity reported in the sea
cucumber A. japonicus [64]. Indeed, the annelid A5 front-end desa-
turases characterised herein share further substrate specificities from
those described in molluscs and echinoderms, including the capacity to
biosynthesise 18:1n-13 and NMI-FA [21,40,57,62]. Clearly, all the
annelid A5 front-end desaturases characterised in this study showed a
peak identified as 18:1n-13 as a result of the activity of the assayed
enzyme on the yeast endogenous 18:0. Occurrence of 18:1n-13 has been
reported in sponges [65] and molluscs [66] but, to the best of our
knowledge, no report of this monoene in annelids exists in the literature.
However, several species of annelids have often been shown to have
elongation products of 18:1n-13, including 20:1n-13, 20:2n-13 and
22:2n-13 [67,68], suggesting that biosynthesis of 18:1n-13 via A5
desaturation of 18:0 can occur.

In common with other invertebrates, the annelid A5 front-end
desaturases can play a role in the biosynthesis of NMI-FA, as
confirmed by the identification of 20:3*>111% and 20:445111417 i
transgenic yeast supplemented with 20:221%1% and 20:321L1%17,
respectively. Similar results were previously found in group A front-end
desaturases from the molluscs Mimachlamys crassicostata (former
Chlamys nobilis; [62]), S. constricta [63], O. vulgaris [21] and Sepia offi-
cinalis [57], and the echinoderm P. lividus [40]. The importance and
biological roles of NMI-FA in marine invertebrates remain unknown,
although they are common components in lipids from sponges, molluscs,
echinoderms and annelids [69]. In the case of polychaetes, NMI-FA were
found at up to 12 % of the FA content in multiple deep-sea annelids
species living in hydrothermal vents [67,70,71]. However, Makhutova
et al. [60] did not detect the presence of NMI-FA in lipids from the
aquatic clitellates Lumbriculus variegatus and Tubifex tubifex, even
though these authors identified NMI-FA in the bivalves Dreissena poly-
morpha and D. bugensis. Similarly, NMI-FA were not reported in the FA
profiles of the terrestrial clitellate E. fetida from several experiments

[59,61,72]. Collectively, our results suggest that the origin of NMI-FA
found, at least in polychaetes, is partly explained by endogenous pro-
duction in which A5 front-end desaturases can play important roles.

Like group A front-end desaturases, annelid group B front-end
desaturases have a widespread distribution across the phylum. Howev-
er, rather than A5 desaturases, group B front-end desaturases from an-
nelids have dual A6 and A8 desaturase capacities. Front-end desaturases
with dual A6 and A8 desaturase capacities are commonly found in
vertebrates including mammals [73] and teleosts [74], but had not been
previously reported in other invertebrates like molluscs or echinoderms
[13,50]. Instead, group B front-end desaturases have either A6 activity
as reported for the razor clam S. constricta [63] or A8 activity such as in
the noble scallop M. crassicostata [75] and the purple sea urchin P. lividus
[40]. An exception to the general pattern of dual A6 and A8 activities in
the group B front-end desaturases from annelids is illustrated by the type
B front-end desaturase from E. fetida, which showed A8 activity but not
A6. It is unclear whether the functional diversification of group B front-
end desaturases observed in E. fetida is due to an adaptation to a natu-
rally LC-PUFA deprived diet in terrestrial ecosystems. More generally,
our results highlight the high functional diversification of front-end
desaturases across the animal kingdom [13]. Importantly, further
studies are required to clarify whether the herein characterised front-
end desaturases can only operate towards acyl-CoA substrates as our
yeast assays seem to imply or, alternatively, can also recognise
phospholipid-linked substrates as reported for the A4 front-end desa-
turase from Thraustochytrium sp. [76].

Collectively, the results on gene complement and function of annelid
front-end desaturases from the present study clearly show that these
invertebrates have all the key desaturation activities required to bio-
convert the two C;g PUFA precursors LA and ALA into the physiologi-
cally important LC-PUFA ARA and EPA, respectively, following two
distinct routes, namely A6 desaturation — elongation — A5 desaturation,
and elongation — A8 desaturation - A5 desaturation (Fig. 1). Our yeast-
based assays do not allow us to identify which of the two pathways is
more prominent, particularly in the absence of functional data on the
PUFA elongase capacity. However, early studies suggested that some
marine polychaetes such as Arenicola marina [18] and A. virens [19] have
the “elongation — A8 desaturation — A5 desaturation” as the preferred
route. Irrespective of which specific route enabling ARA and EPA
biosynthesis is more prominent, our findings on the existence of active
enzymatic networks for ARA and EPA biosynthesis strongly suggest that
the characteristic high levels of ARA and EPA typically found in lipids
from annelids can be accounted for by endogenous production involving
the front-end desaturases reported here [17,18,59-61,68,77-80].
Nevertheless, it is important to note that the origin of some FA found in
annelid lipids cannot be explained via biosynthesis. This appears to be
the case of DHA, a LC-PUFA that can only be found at high levels in the
lipids from annelids that have been fed on fish feed formulated with
marine ingredients (fishmeal and fish oil) or with DHA-enriching diets
(e.g., [61,68,78-80]). Consistent with this, lipids from annelids
collected from wild populations have more moderate levels of DHA
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[17,18,59-61,68,77-79]. Our dataset does not support a biosynthetic
origin for DHA in the absence of front-end desaturases with, for
example, A4 activity enabling direct synthesis of DHA from 22:5n-3 as
occurs in some copepods (Fig. 1) [58,81]. Instead of the A4 pathway, the
Sprecher pathway is an alternative route for DHA biosynthesis in ver-
tebrates [82-85], but this pathway appears not to be active in annelids
judging from the inability of the U. unicinctus A6 desaturase to bio-
convert 24:5n-3 to 24:6n-3, which is the rate-limiting reaction within
the Sprecher pathway (Fig. 1). While we cannot completely rule out the
existence of annelid A6 front-end desaturases capable of producing
24:6n-3 from 24:5n-3, it is reasonable to speculate that a large propor-
tion of the DHA found in lipids from the above studies on annelids has a
dietary origin through retention/accumulation.

In conclusion, annelids possess at least two front-end desaturases
that can perform A5 and A6A8 unsaturation reactions, enabling all the
desaturation reactions required to bioconvert the C;g PUFA precursors
into the biologically important LC-PUFA ARA and EPA. Such a gene
repertoire is conserved across the different taxonomic groups existing
within the phylum. Moreover, lack of front-end desaturases with A4
activity, and the apparent absence of activity producing 24:5n-3 by
annelid A6 desaturation, strongly suggest that these invertebrates have
limited capacity for DHA biosynthesis, with alternative lipid metabolic
mechanisms accounting for the abundance of DHA often reported in the
literature.
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