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Previous data revealed the unexpected presence of genes encoding for
long-chain polyunsaturated fatty acid (LC-PUFA) biosynthetic enzymes in
transcriptomes from freshwater gammarids but not in marine species, even
though closely related species were compared. This study aimed to clarify
the origin and occurrence of selected LC-PUFA biosynthesis gene markers
across all published gammarid transcriptomes. Through systematic searches,
we confirmed the widespread occurrence of sequences from seven elongases
and desaturases involved in LC-PUFA biosynthesis, in transcriptomes from
freshwater gammarids but not marine species, and clarified that such occur-
rence is independent from the gammarid species and geographical origin.
The phylogenetic analysis established that the retrieved elongase and desatur-
ase sequences were closely related to bdelloid rotifers, confirming that
multiple transcriptomes from freshwater gammarids contain contaminating
rotifers’ genetic material. Using the Adineta steineri genome, we investigated
the genomic location and exon–intron organization of the elongase and desa-
turase genes, establishing they are all genome-anchored and, importantly,
identifying instances of horizontal gene transfer. Finally, we provide compel-
ling evidence demonstrating Bdelloidea desaturases and elongases enable
these organisms to perform all the reactions for de novo biosynthesis of
PUFA and, from them, LC-PUFA, an advantageous trait when considering
the low abundance of these essential nutrients in freshwater environments.
1. Introduction
Long-chain (≥C20) polyunsaturated fatty acids (LC-PUFA), and more specifi-
cally, the omega-3 (ω3 or n-3) LC-PUFA eicosapentaenoic acid (EPA, 20 : 5n-3)
and docosahexaenoic acid (DHA, 22 : 6n-3), are of high relevance for animal
health and development [1–5]. Aquati

c ecosystems, and particularly marine habitats, are main sources of n-3
LC-PUFA due to the abundance of low trophic organisms with the ability for
their endogenous production (biosynthesis) [6]. Microorganisms such as
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Figure 1. General overview of the LC-PUFA biosynthesis pathways in animals. Reactions catalysed by front-end desaturases are marked as ‘Fed’ along with their
specific Δy activity ( y indicates position of double bond from the –COOH terminus of the fatty acid). Reactions catalysed by methyl-end desaturases are denoted as
‘ωx’ (x indicates position of double bond from the –CH3 terminus of the fatty acid), and their specific Δy activity. Reactions marked with ‘Elo’ are catalysed by
elongation of very long-chain fatty acid (Elovl) proteins. Two distinct pathways enabling DHA biosynthesis are possible, namely the ‘Δ4 pathway’ (grey background)
and the ‘Sprecher pathway’ (dashed line).
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photosynthetic microalgae, heterotrophic protists and bac-
teria have been historically regarded as primary producers
of n-3 LC-PUFA in the ocean [7–9]. However, more recently,
certain invertebrates have been also shown to contribute to
n-3 LC-PUFA production in both aquatic and terrestrial eco-
systems [10–13]. Flux of n-3 LC-PUFA from primary
producers to upper trophic levels is crucial for marine ecosys-
tems since fish, as all vertebrates, depend upon provision of
pre-formed health beneficial n-3 LC-PUFA in their diet [6].
Interest in understanding the mechanisms by which living
organisms biosynthesize n-3 LC-PUFA has been prompted
in recent years due, among other reasons, to the decrease in
global availability of these essential nutrients predicted to
occur because of climate change [6,14,15].

Microorganisms can biosynthesize n-3 LC-PUFA using
either anaerobic or aerobic metabolic pathways, each of them
involving different enzymatic components [16]. The anaerobic
pathways occur mostly in prokaryotes and some eukaryotic
organisms, and are mainly driven by the polyketide synthase
(PKS) complex [17]. However, most eukaryotic organisms
including animals operate aerobic pathways enabling LC-
PUFA biosynthesis through the orchestrated action of three
key enzymes, namely methyl-end desaturases (ωx), front-end
desaturases (Fed), and elongation of very long-chain fatty
acid (Elovl) proteins [10,11]. Briefly, the monoene oleic acid
(OA, 18 : 1n-9), biosynthesized from stearic acid (18 : 0) by a
Δ9 desaturase occurring in virtually all living organisms [18],
can be converted into linoleic acid (LA, 18 : 2n-6) and α-linole-
nic acid (ALA, 18 : 3n-3), which represent the simplest cases of
n-6 and n-3 polyunsaturated fatty acids (PUFA), respectively
(figure 1). With some exceptions [19–22], the de novo biosyn-
thesis of n-6 and n-3 PUFA (i.e. LA and ALA) is carried out
by ωx enzymes (figure 1). The ωx responsible for the biosyn-
thesis of LA from OA are commonly known as Δ12 or ω6
desaturases, whereas those enabling the conversion of LA
into ALA are known as Δ15 or ω3 desaturases (figure 1). Inter-
estingly, ω3 desaturases typically recognize a variety of n-6
PUFA as substrates, converting them into n-3 products
(figure 1). LA and ALA have no major biological functions
themselves but serve as precursors of the physiologically
important LC-PUFA by the action of further enzymes includ-
ing Fed and Elovl (figure 1). Like ωx, Fed introduce double
bonds (unsaturations) into the pre-existing fatty acyl chains,
but such insertion takes place in the ‘front end’ of the fatty
acid acting as substrate, more specifically between an existing
double bond and the carboxyl terminus (–COOH) [23,24].
Typical activities reported in Fed include Δ4, Δ5, Δ6 and Δ8
(figure 1) [10]. Besides, Elovl catalyse the condensation reaction
in the fatty acid elongation pathway that results in the exten-
sion of an existing fatty acid in two carbons [10,23] (figure 1).
Both invertebrates and vertebrates possess Fed and Elovl
involved in the biosynthesis of LC-PUFA from C18 PUFA pre-
cursors (figure 1). However, a distinctive trait among animals’
LC-PUFA biosynthetic capacity is that invertebrates, but not
vertebrates, can have ωx enabling in them the de novo biosyn-
thesis of PUFA (i.e. LA and ALA) described above (figure 1).

Evidence supporting the capacity of invertebrates for
LC-PUFA biosynthesis had been mostly collected from compo-
sitional studies and biochemical assays aiming to determine in
vivo bioconversions of labelled fatty acid substrates [25–31].
However, the ever-increasing availability of genomic data
from multiple invertebrates now offers the opportunity to
identify the specific genes encoding LC-PUFA biosynthetic
enzymes, thus often enabling one to distinguish the invert-
ebrate’s enzymatic capacity from that of (micro)organisms
that may inhabit their hosts [32]. Studies aiming to characterize
LC-PUFA biosynthetic genes from invertebrates have helped to
predict the gene complement and function in certain groups
[10,12,33]. Crustaceans have been the focus of particular atten-
tion due to their central roles in trophic ecology of essential
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fatty acids in aquatic ecosystems, as well as their commercial
interest in aquaculture [34–39]. Current evidence suggests
that both ωx and Fed enzymes occur in certain copepods
[12,37,40], but are absent in other crustaceans [10]. Compara-
tively to desaturases, the repertoire of Elovl with functions
along the LC-PUFA biosynthetic pathways in crustaceans is
far more varied, with occurrence of multiple elovl-like genes,
not only in copepods [37,40,41] but also in decapods
[34,36,42,43], branchiopods [39] and gammarids [44]. Such an
Elovl diversity has been hypothesized to compensate for the
apparent absence of Elovl2/5 in crustaceans, a pivotal PUFA
Elovl reported in molluscs and amphioxus [45–47]. Surpris-
ingly, Ribes-Navarro et al. found putative elovl2/5 sequences
in freshwater gammarids, but not in marine species, an unex-
pected finding considering they are very closely related
species, often from the same genus (e.g. Gammarus) [44].

The present study aimed to clarify the origin and occur-
rence of sequences of LC-PUFA biosynthesizing genes, such
as elovl2/5 and further biosynthetic gene components
including Fed and ωx in freshwater gammarids. To do so,
we conducted a systematic search of diagnostic motifs charac-
teristic of each three LC-PUFA biosynthetic enzyme families
within publicly available transcriptomes from both freshwater
and marine gammarids [48–55]. Our results confirmed that
sequences encoding putative Elovl2/5, Fed and ωx are
widespread in transcriptomic databases from freshwater
gammarids but absent in those from marine species. We
further analysed the phylogenetic relationship of the retrieved
desaturases and elongases. Strikingly, we unequivocally estab-
lished that they were closely related to bdelloid rotifers. Using
the genome of the freshwater bdelloid rotifer Adineta steineri as
a proxy-model, we investigated the genomic location and
exon–intron organization of all the desaturase and elongase
genes used as diagnostic markers. We establish they are all
genome-anchored and clarify some instances of horizontal
gene transfer (HGT). Finally, we provide compelling evidence
that the Bdelloidea desaturase and elongase sequences encode
enzymes enabling all the reaction for de novo biosynthesis of
PUFA and, from them, of LC-PUFA.
2. Material and methods
2.1. Retrieval of LC-PUFA biosynthesis genes in

gammarid transcriptomes
Sequences from functionally characterized LC-PUFA biosyn-
thetic desaturases and elongases from aquatic invertebrates
including annelids, molluscs and arthropods were used as
queries for BLAST searches (tblastn) within transcriptomes
from a variety of gammarids, including freshwater and
marine species [48–55]. Hits were only selected for further
analysis when they contained the full-length open reading
frame (ORF) and their predicted protein sequences (https://
www.ncbi.nlm.nih.gov/orffinder) contained specific features
according to Hashimoto et al. [56]. Briefly, Fed had to contain
three diagnostic histidine boxes (H-box) ‘HXXXH’,
‘HXXXHH’ (or ‘HXXHH’) and ‘QXXHH’, and a heme binding
motif (HPGG) in the cytochrome b5 domain. Putative desatur-
ase sequences with the third H-box ‘HXXHH’ instead of
‘QXXHH’ were not regarded as Fed based on evidence
collected from other crustaceans suggesting these enzymes
lack fatty acyl desaturation capacity [10,11]. Selection of ωx
was made based on the presence of the three H-boxes
as ‘HXXXH’, ‘HXXHH’ and ‘HXXHH’, and absence of cyto-
chrome b5 domain [56]. As for elongases, the deduced amino
acid (aa) sequences had to contain the conserved domains
‘KXXEXXDT’, ‘NXXXHXXMYXYY’ and ‘TXXQXXQ’, and a
H-box as ‘HXXHH’.

2.2. Phylogeny of LC-PUFA biosynthesis genes retrieved
from freshwater gammarid transcriptomes

The deduced aa sequences of the elovl2/5, fed and ωx retrieved
from freshwater gammarid transcriptomes were used for phy-
logenetic analysis, along with a wide range of previously
characterized genes from vertebrates and invertebrates
[12,37,44]. Putative desaturase and elongase sequences from
Rotifera transcriptomes (PRJNA295486-295489) were also
included in the analysis [57]. Besides, for the Fed tree, several
sphingolipid desaturases from crustaceans were used as
outgroups. The resulting dataset was aligned with a MAFFT
E-INS-i (–maxiterate 1000 –genafpair) [58]. Subsequently, trim-
ming with a gap threshold of 95% was performed for each
alignment (trimAl) [59]. Finally, next generation version of
randomized axelerated maximum likelihood (RAxML-NG)
[60] was performed in order to build the phylogenetic tree
with LG+ I +G4 as the best aa substitution model calculated
by Modeltest-NG [61,62]. Confidence in the resulting phylo-
genetic tree branch topology was measured with all-in-one
mode (–all). Auto bootstrapping (autoMRE, cutoff: 0.03) was
converged after 350 replicates for the front-end desaturase
tree, 650 replicates for the methyl-end desaturase tree and
450 replicates for the elongase tree.

2.3. Screening gammarid transcriptomes for
‘contaminant’ gene sequences from Rotifera
symbionts

Since freshwater gammarids have often been reported to have
bdelloid rotifers as epibionts [63–65], we analysed the occur-
rence of Rotifera in published transcriptomes from freshwater
(Gammarus pulex, Gammarus fossarum, Gammarus wautieri and
Echinogammarus berilloni) and marine (Echinogammarus mari-
nus) wild caught gammarids [50]. We chose the dataset
from Cogne et al. [50] not only because of its species coverage
including both freshwater and marine species, but also
because it is deposited as sequence read archive (SRA)
enabling analysis and reproducibility of the raw sequencing
data. Sequences retrieved from the above searches were intro-
duced into a newly developed pipeline for the selection of the
mitochondrial gene cytochrome c oxidase subunit 1 (cox1) to
identify genetic contamination from the phylum Rotifera in
the gammarid transcriptomes. Briefly, all the Metazoan com-
plete mitochondrial (mtDNA) genomes available of NCBI
(February of 2021) were retrieved and used as a reference to
extract mitochondrial reads from the gammarid SRA, using
the tool bbmap.sh and reformat.sh from BBMap v.37.77
(https://jgi.doe.gov/data-and-tools/software-tools/bbtools/
bb-tools-user-guide/bbmap-guide/). The filtered mtDNA
reads for each sample were assembled using rnaSPAdes
v3.11.1 with default parameters [66]. Assembled contigs
were blast searched against the nucleotide database of NCBI
(NCBI-nt, Download; 24 August 2021), using the blastn
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from BLAST + v. 2.11.0 [67], and all contigs with hits with the
phylum Rotifera retrieved. The mtDNA gene cox1 is used as a
standardized molecular identification system in most
metazoan [68], thus one of the most sequenced genes avail-
able on NCBI. Therefore, to identify the putative Rotifera
species present within each sample, all cox1 sequences from
Rotifera were retrieved from NCBI and used as a reference
database for a blast search (blastn) to identify Rotifera cox1
containing contigs. All hits that resulted in DNA sequences
with identity scores higher than 75% were considered as
positive for genetic contamination.

2.4. Detection of LC-PUFA biosynthesis genes in
gammarids collected from the wild and laboratory
cultures

In order to validate the occurrence of rotifer-origin genetic
material in gammarid transcriptomes, we developed a
polymerase chain reaction (PCR) assay to determine the pres-
ence of LC-PUFA biosynthetic gene sequences in G. pulex
adults collected from the wild and laboratory cultures. The
herein referred to as ‘wild-captured’ G. pulex sample
consisted of one sole whole individual collected from a
small freshwater stream in northern Germany (53°29’5200 N,
8°46’0800 E), which was preserved in RNAlater (Thermo
Fisher Scientific, Waltham, MA, USA) until further analysis.
The ‘laboratory cultured’ G. pulex sample consisted of one
sole adult of an apparent same size as the wild-captured G.
pulex sample, and derived from the second generation result-
ing from maintaining wild-captured G. pulex from the above
location. The laboratory cultured G. pulex were maintained in
fresh water at 18°C with coarse gravel as substrate and fed a
mixed diet containing pellets made of dried carrot leaves,
sugar beet and brewer grains. Furthermore, a second adult
specimen of laboratory cultured G. pulex was dissected for
collecting a hepatopancreas sample. Total RNAwas extracted
the three G. pulex samples (wild-captured, laboratory cul-
tured and hepatopancreas) using the Illustra RNAspin Mini
kit (Cytiva, Marlborough, MA, USA) following the manufac-
turer’s instructions. The extracted RNA was treated with
DNase I to avoid potential genomic DNA contamination.
Subsequently, first strand complementary DNA (cDNA)
was synthesized from 2 µg of total RNA using Moloney
Murine Leukemia Virus Reverse Transcriptase (M-MLV RT)
(Promega, Madison, WI, USA) and stored at −20°C until
further analysis. Using the three cDNA samples (wild-cap-
tured whole individual, laboratory cultured whole
individual, laboratory culture hepatopancreas) as templates,
PCR (GoTaq®G2 Green Master Mix, Promega) were run
using gene-specific primers targeting the sequences of
elovl2/5, four front-end desaturases ( fed1-4) and two methyl-
end desaturases (ωx1-2) retrieved from G. pulex transcrip-
tomes (electronic supplementary material, table S1).
Moreover, a PCR with degenerate primers targeting a con-
served region of the housekeeping gene β-actin (actb) for
Rotaria species was also run to check for possible rotifer gen-
etic material within the above three template cDNA samples
(electronic supplementary material, table S1). Specific pri-
mers targeting the G. pulex actb were used for PCR as
positive controls. Primer sequences and PCR conditions are
indicated in electronic supplementary material, table S1.
The resulting PCR products were purified on a 1% (w/v)
agarose gel using the Wizard SV Gel and PCR Clean-Up
System (Promega) and their identity confirmed by DNA
sequencing (DNA Sequencing Service, IBMCP-UPV, Valen-
cia, Spain) (electronic supplementary material, figure S1).
2.5. Sequence identity of the LC-PUFA biosynthesis
genes among gammarid transcriptomes

The intra- and interspecific diversity of the LC-PUFA biosyn-
thesis genes within gammarid transcriptomes was analysed
by estimating the nucleotide (nt) identity scores (https://
www.ebi.ac.uk/Tools/msa/clustalo/) as follows. First, we
compared the elongase and desaturase nt sequences retrieved
from transcriptomes of Gammarus species sampled at two geo-
graphical sites (intraspecific identity). The publicly available
transcriptomes (table 1) enabled us to estimate the intraspecific
identity for (1) G. pulex, comparing sequences occurring in
transcriptomes built from samples collected in Germany
(53°29’5200 N, 8°46’0800 E) and France (45°57’2100 N, 5°15’4400 E)
(BioProject ID: PRJNA497972), and (2) G. fossarum, comparing
sequences occurring in transcriptomes built from samples
collected at two distinct French sites (47°53’3100 N, 6°58’5300 E,
and 45°57’2100 N, 5°15’4400 E) (BioProject ID: PRJNA497972).
Second, we determined the interspecific identity of the elongase
and desaturase nt sequences retrieved from transcriptomes of
two Gammarus species (G. pulex and G. fossarum) sampled at
the same site, more specifically the Pollon River, Saint-Maurice
de Rémens, France (45°57’2100 N, 5°15’4400 E) (BioProject ID:
PRJNA497972). Finally, we analysed the sequence nt identity
between two different gammarid species (G. pulex versus
G. lacustris) sampled at very geographically distant locations,
namely Germany (53°29’5200 N, 8°46’0800 E) and Russia
(55°55’14.3900 N, 105°4’19.4800 E), respectively. Further details
of the location and sample type can be found in table 1.
2.6. Genome location and exon–intron structure
analysis of LC-PUFA biosynthesis genes in bdelloid
rotifers

Expanding on the phylogeny results suggesting that
sequences for LC-PUFA biosynthesis genes found in fresh-
water gammarid transcriptomes belong to Bdelloid rotifers,
we identified the corresponding LC-PUFA biosynthesis
gene sequences from A. steineri and studied their genome
location (WGS Project: CAJNOJ01). In order to gain insight
into the evolutionary origin of the LC-PUFA biosynthesis
genes, we determined the exon–intron structure using the
Exon-Intron Graphic Maker webpage (http://wormweb.
org/exonintron, accessed 29 March 2023). Due to the exon–
intron organizations of the fed3 and fed4 genes, as well as
their unexpected location in the phylogenetic tree, we exam-
ined their genomic neighbourhood along the A. steineri
genome in order to clarify whether these genes were not a
spurious artefact of the genome assembly. We further
addressed the evolutionary origin of the flanking genes
with respect to the taxonomic distribution with blast
(animal versus non-animal presence).

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://wormweb.org/exonintron
http://wormweb.org/exonintron


Table 1. Transcriptomic databases from gammarids mined for occurrence of key metabolic LC-PUFA genes (elovl2/5, fed and ωx). Details on species,
geographical location of the sampling site and genes found (number in parentheses) are indicated. All databases were built from analysis of specimens collected
from the wild except for G. locusta (PRJNA600472; laboratory culture), and correspond to whole individuals except for G. pulex hepatopancreas (PRJEB13055)
and G. fossarum ‘internal tissues’ (PRJNA556212).

species name BioProject ID location genes found

Gammarus pulex PRJNA497972 [50] Pollon River, Saint-Maurice de Rémens, France (45°5702100N, 5°1504400E) elovl2/5, fed (4), ωx (2)

Gammarus pulex PRJEB13055 [48] Blanc-Gravier River, Liege, Belgium (50°3406000N, 5°3406000E) None

Gammarus pulex PRJEB13055 [48] Vesdre River, Vaux-sous-Chevremont, Belgium (50°3600000N, 5°3705800E) None

Gammarus fossarum PRJNA497972 [50] Pollon River, Saint-Maurice de Rémens, France (45°5702100N, 5°1504400E) elovl2/5, fed (4), ωx (2)

Gammarus fossarum PRJNA497972 [50] Seebach River, Fellering, France (47°5303100N, 6°5805300E) elovl2/5, fed (4), ωx (2)

Gammarus fossarum PRJNA556212 [51] Elgg, Switzerland (47°30004.2300N, 8°51009.4000 E) elovl2/5, fed (2), ωx (1)

Gammarus wautieri PRJNA497972 [50] Galaveyson River, Le Grand Serre, France (45°1602700N, 5°0700800E) elovl2/5, fed (4), ωx (2)

Echinogammarus berilloni PRJNA497972 [50] Saucats River, Saucats, France (44°3903400N, 0°3402500W) elovl2/5, fed (4), ωx (2)

Gammarus lacustris PRJNA660769 [53] Lake no. 14, Baikal Lake, Irkutsk, Russia (51°55014.3900N, 105°4019.4800E) elovl2/5, fed (2), ωx (2)

Gammarus lacustris PRJNA505233 [55] Lake no. 14, Baikal Lake, Irkutsk, Russia (51°55014.3900N, 105°4019.4800E) elovl2/5, fed (2), ωx (2)

Hyalellopsis costata PRJNA32160 [49] Baikal, Bolshie Koty, across from ISU Biostation (51.90° N, 105.07° E) elovl2/5, fed (2), ωx (2)

Echinogammarus marinus PRJNA497972 [50] sea coast, Portsmouth, UK (50°4704100N, 1°0105000W) None

Echinogammarus marinus PRJEB34316 [52] intertidal mudflat, Saltash, UK (50°4704100N, 1°0105000W) None

Gammarus locusta PRJNA600472 [54] south margin of the Sado estuary, Portugal (38°270N, 08°430W) None
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2.7. Functional characterization of LC-PUFA biosynthetic
elongases and desaturases in yeast

Elongase and desaturase genes isolated from wild-captured
G. pulex were functionally characterized by expressing their
ORF in brewer’s yeast Saccharomyces cerevisiae. Primers con-
taining restriction sites for further cloning into the yeast
expression vector pYES2 (Thermo Fisher Scientific) were
used to amplify the ORF sequences using the high-fidelity
polymerase Phusion Green High-Fidelity DNA Polymerase
(Thermo Fisher Scientific) (electronic supplementary
material, table S1). The PCR template consisted of cDNA pre-
pared from total RNA of wild-captured G. pulex as described
above. Each of the PCR products was digested with the
corresponding restriction enzymes (electronic supplementary
material, table S1) and further ligated into a similarly
restricted pYES2 plasmid using T4 DNA ligase (Promega).
The pYES2 constructs containing the ORF of the genes
of interest (pYES2-Elovl25, pYES2-Fed1, pYES2-Fed2,
pYES2Fed3, pYES2-Fed4, pYES2-ωx1 and pYES2-ωx2) were
individually transformed into INVSc1 S. cerevisiae competent
cells (Thermo Fisher Scientific) using the S.c. EasyComp yeast
transformation kit (Thermo Fisher Scientific). Selection and
growth of recombinant yeast were carried out as described
by Ribes-Navarro et al. [44]. To test the capacity of the elon-
gase and desaturase enzymes, recombinant yeast expressing
one sole LC-PUFA biosynthesis gene was supplemented
with one of the following potential PUFA substrates selected
according to LC-PUFA biosynthetic pathways (figure 1). For
Elovl2/5, the assayed PUFA substrates included 18 : 3n-3, 18 :
2n-6, 18 : 4n-3, 18 : 3n-6, 20 : 5n-3, 20 : 4n-6, 22 : 5n-3, 22 : 4n-6
and 22 : 6n-3, whereas the exogenously PUFA supplied for
transgenic yeast expressing front-end desaturases were 18 :
3n-3 and 18 : 2n-6 (Δ6 desaturation), 20 : 3n-3 and 20 : 2n-6
(Δ8 desaturation), 20 : 4n-3 and 20 : 3n-6 (Δ5 desaturation),
and 22 : 5n-3 and 22 : 4n-6 (Δ4 desaturation). For methyl-end
desaturases, the assayed PUFA included 18 : 2n-6, 18 : 3n-6,
20 : 2n-6, 20 : 3n-6, 20 : 4n-6, 22 : 4n-6 and 22 : 5n-6. Each
PUFA substrate was supplemented as sodium salt at a final
concentration of 0.5 mM (C18), 0.75 mM (C20), 1.0 mM (C22)
in order to compensate for the decreased uptake efficiency
as chain length increases. All fatty acid substrates (greater
than 98–99% pure) used for the functional characterization
assays were purchased from Nu-Chek Prep, Inc. (Elysian,
MN, USA). Immediately after addition of the PUFA
substrates, further supplementation of galactose (2%, w/v)
induced gene expression. Along with their activity towards
exogenously supplied PUFA substrates, we tested the ability
of the two ωx to desaturate yeast endogenous fatty acid as
previously reported [37,69]. For that purpose, transgenic
yeast transformed with pYES2-ωx1 or pYES2-ωx2, as well as
yeast transformed with the empty pYES2 vector (control),
were grown in the absence of exogenously added PUFA
substrates. Gene expression was induced with galactose as
described above. After induction, yeast cultures were main-
tained at 30°C and under constant shaking (250 rpm) for 2
d until yeast were harvested by centrifugation at 1500g for
2 min. Yeast pellets were washed twice with 5 ml of ddH2O,
homogenized in 6 ml of 2 : 1 (v/v) chloroform:methanol con-
taining 0.01% (w/v) butylated hydroxytoluene (BHT, Sigma-
Aldrich) as antioxidant and stored at −20°C for a minimum of
24 h in an oxygen-free atmosphere until further analysis.
Yeast culture reagents including galactose, yeast nitrogen
base without aa, raffinose, Tergitol NP-40, and uracil dropout
medium were obtained from Sigma-Aldrich (St Louis,
MO, USA).

2.8. Fatty acid analysis
The fatty acid composition of yeast collected from functional
assays was determined using the method described by Mon-
roig et al. [70]. Briefly, extracts of total lipids from yeast [71]
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were used to prepare fatty acid methyl esters (FAME) that
were analysed using gas chromatography coupled with a
flame ionization detector (GC-FID) [72]. The GC-FID was
equipped with a fused silica 30 m × 0.25 mm open tubular
column (TRACE TR-WAX, film thickness: 0.25 µm; Thermo
Fisher Scientific) fitted with an on-column injection system
and using helium as a carrier gas. Conversions of the LC-
PUFA biosynthesizing enzymes towards the exogenously
supplied PUFA substrates were calculated according to the
formula [all product areas/(all product areas + substrate
area)] × 100. Where necessary, further confirmation of FA pro-
ducts was carried out using an Agilent 6850 GC equipped
with a mass spectrometry (MS) detector (5975 Series) and a
30 m × 0.25 mm open tubular column (DB5-MS, film thick-
ness 0.25 µm; Agilent, Santa Clara, CA, USA) and
comparing the spectra against those from the NIST library
(MS Search v.2.0).
3:230196
3. Results
3.1. Phylogeny of the LC-PUFA biosynthesis gene

sequences retrieved from gammarid
transcriptomes

Full-length ORF sequences of putative PUFA elongases (elovl2/
5), front-end desaturases and methyl-end desaturases could be
only found in transcriptomes from freshwater gammarids but
not marine species (table 1). Interestingly, no sequences encod-
ing the above diagnostic LC-PUFA biosynthetic genes were
found in the freshwater gammarid G. pulex transcriptome
built using RNA extracted from hepatopancreas instead of
whole individuals (PRJEB13055; table 1). Irrespective of the
enzyme type, the phylogenetic analyses showed that the aa
sequences retrieved from freshwater gammarid transcriptomes
clustered closely (bootstrap > 90%) with their orthologues from
rotifers, specifically from the Bdelloidea class (figure 2a; elec-
tronic supplementary material, figure S1). First, elovl2/5 from
the freshwater gammarids G. pulex, G. fossarum, G. wautieri
and E. berilloni grouped together with putative elovl2/5 from
several Rotaria species, and more distantly with orthologues
from other invertebrate groups including the functionally
characterized Elovl2/5 from molluscs and amphioxus
(figure 2a; electronic supplementary material, figure S1).
Regarding front-end desaturases, the phylogenetic tree
showed three well-differentiated clusters grouping all the gam-
marid sequences in two of these three clusters (figure 2b;
electronic supplementary material, figure S2). The first cluster
included two distinct sequences (Fed1 and Fed2) that could be
consistently identified in transcriptomes from the freshwater
gammarids analysed herein (figure 2b; electronic supplemen-
tary material, figure S2). These sequences clustered closely
with front-end desaturase sequences belonging to the invert-
ebrate Group A desaturases [73,74] and, more distantly,
vertebrate sequences (figure 2b; electronic supplementary
material, figure S2). Moreover, the first cluster included gam-
marid transcriptomic sequences termed as ‘Fed4’, which
grouped along fatty acyl desaturases from several Fungi
(figure 2b; electronic supplementary material, figure S2). The
second cluster of front-end desaturases retrieved from gam-
marid transcriptomes (termed herein as ‘Fed3’) located
closely to non-metazoan sequences from e.g. Kinetoplastea
(figure 2b; electronic supplementary material, figure S2).
Noteworthy, all Fed sequences retrieved from gammarid
transcriptomes clustered closely to their rotifer orthologues.
For methyl-end desaturases, all putative sequences retrieved
from freshwater gammarid transcriptomes clustered within
the so-called ‘Clade 3’ [12], along with methyl-end desaturases
from Mollusca, Annelida, Arthropoda and Rotifera (figure 2c;
electronic supplementary material, figure S3). Two distinct
sequences termed herein as ‘ωx1’ and ‘ωx2’ were identified in
each gammarid transcriptome from which methyl-end
desaturases were retrieved (table 1). Importantly, the ωx
sequences retrieved from freshwater gammarid transcriptomes
grouped more closely to Rotifera sequences rather than other
invertebrates including Arthropoda (figure 2c; electronic
supplementary material, figure S3)

3.2. Occurrence of Rotifera mitochondrial genes in
gammarid transcriptomes

Sequence homology searches of the cox1 gene showed a very
high identity with bdelloid rotifer cox1 sequences (99.61%
Rotaria magnacalcarata; 98.78% Rotaria socialis) within G.
pulex RNASeq data (SRR8089720) (electronic supplementary
material, table S2). Additionally, several other hits with a
lower percentage of identity (79.4−86.6%) with other bdelloid
rotifers were also identified. On the other hand, sequence
homology searches of cox1within RNASeq from marine gam-
marids did not show any relevant identity with rotifer cox1
sequences (electronic supplementary material, table S2).

3.3. Sequence identity of elovl2/5, fed and ωx retrieved
from gammarid transcriptomes

The identity scores of the nt sequences from the LC-PUFA
biosynthesis genes retrieved from transcriptomes of Gammarus
species sampled at two geographical sites was determined to
estimate the intraspecific diversity. The results showed that
the identity scores of each homologous gene between
G. pulex from Germany and France were all≥ 96.9% (table 2).
Similarly, comparison of sequences of each gene between
G. fossarum from two distinct sites in France showed identity
scores ranged between 96.9 and 99.5% (table 2). Subsequently,
we analysed the interspecific identity of sequences encoding
LC-PUFA biosynthetic enzymes from G. fossarum and
G. pulex sampled at the same site in France (Pollon River,
Saint-Maurice-de-Rémens). The results showed identity
scores ranging between 98.7 and 99.9% (table 2). Finally, the
results of the sequence comparison between G. pulex and
G. lacustris sampled at very geographically distant locations
(Germany and Russia, respectively) showed identity scores
greater than 98% (table 2).

3.4. Occurrence of LC-PUFA biosynthesis genes in
gammarids collected from the wild and laboratory
cultures

We next confirmed the occurrence of rotifer genetic material
in freshwater gammarids by detecting the in silico retrieved
LC-PUFA biosynthesis genes by RT-PCR on cDNA prepared
from laboratory cultured whole individual adult G. pulex (L),
hepatopancreas from adult G. pulex (H), wild-captured adult
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Figure 2. Condensed maximum likelihood phylogenetic trees of (a) elongases, (b) front-end desaturases, and (c) methyl-end desaturases. The protein evol-
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Table 2. Intra- and interspecific identity of the nucleotide sequences of selected LC-PUFA biosynthetic genes retrieved from transcriptomes of Gammarus spp.
(a) Intraspecific comparisons made between sequences retrieved from G. pulex sampled in France (45°5702100 N, 5°1504400 E) and Germany (53°29’5200 N, 8°46’
0800 E), and G. fossarum sampled at two French sites (47°5303100 N, 6°5805300 E and 45°5702100 N, 5°1504400 E). (b) Interspecific comparisons made between
G. pulex and G. fossarum sampled at the same geographical location (Pollon River, Saint-Maurice de Rémens, France; 45°5702100 N, 5°1504400 E). (c) Interspecific
comparisons made between G. pulex sampled in Germany (53°29’5200 N, 8°46’0800 E) and G. lacustris sampled in Russia (Lake no. 14, Baikal Lake, Irkutsk,
51°55014.3900 N, 105°4019.4800 E). *No gene found in the G. lacustris transcriptome (PRJNA660769), as indicated in table 1.

% identity

elovl2/5 fed1 fed2 fed3 fed4 ωx1 ωx2

(a) intraspecific

Gammarus pulex 99.6 99.9 98.4 99.8 97.3 99.6 99.7

Gammarus fossarum 97.9 96.9 98.5 99.5 97.5 98.2 99.5

(b) interspecific

G. pulex versus G. fossarum 99.6 99.5 98.7 99.8 99.9 99.7 99.8

(c) interspecific

G. pulex versus G. lacustris 98.1 99.7 99.4 * * 99.5 99.5

1 kb

actb G. pulex actb Rotaria

fed1 fed2 fed3 fed4 elovl2/5

ωx1 ωx2

L H W L H W L H W L H W

500 bp

1.4 kb
L H W L H W L H W L H W L H W

1 kb

Figure 3. RT-PCR assays for detection of candidate genes (ωx1, ωx2, fed1, fed2, fed3, fed4, and elovl2/5) and housekeeping genes (actb from G. pulex and Rotaria)
in laboratory cultured whole individual G. pulex (L), hepatopancreas (H) and wild caught whole individual G. pulex (W).
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G. pulex (W) (figure 3). RT-PCR targeting each of the candi-
date LC-PUFA biosynthetic genes were positive for W, but
not L and H (figure 3). Similarly, only the W sample, but
not L and H, showed a positive band when targeting the
Rotaria actb chosen as diagnostic gene to detect the presence
of epibiotic rotifers (figure 3; electronic supplementary
material, figure S4). Moreover, sequencing results for the
Rotaria actb band confirmed its identity as a rotifer gene.
A positive control targeting the G. pulex actb was positive in
all three cDNA samples (L, H and W) (figure 3).

3.5. Exon–intron organization of LC-PUFA biosynthesis
genes from Bdelloidea rotifers

To confirm the results from the phylogenetic analysis
suggesting that the LC-PUFA biosynthesis genes retrieved
from gammarid transcriptomes belong to epibiotic bdelloid
rotifers, we mapped them into the genome of A. steineri
(WGS project: CAJNOM01; Assembly: GCA_905250015.1)
and determined their exon–intron organization (figure 4a).
Our results revealed that the seven LC-PUFA biosynthesis
genes retrieved from gammarid transcriptomes, namely one
elongase (elovl2/5), four fed, and two ωx, are genome-
anchored in A. steineri. The analysis of their exon–intron
organization showed that the front-end desaturase herein
termed ‘fed3’ is an intronless gene (figure 4a). Besides, the
fed4 sequence contained characteristic features of ‘introner-
like’ elements [75], including a relatively long intron (third,
940 bp), conserved motifs with pyrimidine rich regions, and
acceptor and donor sites for recognition by the spliceosome
(figure 5). The particular exon–intron organization of fed3
and fed4, along with their close phylogenetic relationship
with sequences from kinetoplastids and fungi, respectively,
suggested HGT as the evolutionary origin of these genes in
bdelloid rotifers. To exclude the possibility that such kineto-
plastid and fungi sequences might be a contamination in
bdelloids, we further examined the genomic neighbourhood
of both fed3 and fed4 along the A. steineri genome
(figure 4b). The A. steineri fed3 and fed4 are both flanked by
genes that have orthologues in other metazoan species,
confirming that both fed3 and fed4 are real components of
the A. steineri genome and not a putative contamination of
kinetoplastids and fungi (figure 4b).

3.6. Functional characterization of LC-PUFA biosynthesis
enzymes from bdelloid rotifers

The activities of the LC-PUFA biosynthetic enzymes encoded
by the diagnostic genes from bdelloid rotifers were investigated
by expressing their ORF in yeast. Transgenic yeasts expressing
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the elovl2/5 were able to elongate both C18 and C20 PUFA
substrates, but not C22, to their corresponding C20 and C22

elongation products, respectively (electronic supplementary
material, table S3). Regarding front-end desaturases, Fed1
showed Δ5 desaturase activity as denoted by the conversions
of 20 : 4n-3 and 20 : 3n-6 into 20 : 5n-3 (EPA) and 20 : 4n-6
(ARA), respectively (electronic supplementary material, table
S4). Functional characterization of Fed3 showed this enzyme is
a Δ6 desaturase as it was able to convert 18 : 3n-3 and 18 : 2n-6
into 18 : 4n-3 and 18 : 3n-6, respectively (electronic supplemen-
tary material, table S4). Fed2 and Fed4 did not show activity
toward any of the assayed substrates (data not shown). For
methyl-end desaturases, both characterized enzymes showed
dual Δ12 and Δ15 activities as they were able to desaturate
18 : 1n-9 to 18 : 2n-6 (Δ12 desaturation), as well as 18 : 2n-6
and 18 : 3n-6 to 18 : 3n-3 and 18 : 4n-3, respectively (Δ15
desaturations) (electronic supplementary material, table S5).
3:230196
4. Discussion
Our sequence retrieval strategy has revealed a markedly differ-
ent repertoire of LC-PUFA biosynthetic genes in transcriptomes
from freshwater gammarids compared to marine species, with
the former having a generally conserved number of elovl2/5 (1
gene), fed (4 genes) and ωx (2 genes), and none in the latter.
Instances of animal lineages with enhanced LC-PUFA biosyn-
thetic capacity in species inhabiting freshwater ecosystems
compared to that of marine counterparts have been previously
reported in sticklebacks and American soles [76,77]. However,
such an evolutionary innovation enabling colonization of
freshwater environments by these teleosts occurred in one
specific front-end desaturase gene, fads2 [76,77], rather than
an acquisition of multiple genes as suggested by the gammarid
transcriptomic database searches. The present study provides
compelling evidence demonstrating that the unexpected occur-
rence of key desaturase and elongase genes in freshwater
gammarid transcriptomes, rather than gammarids themselves,
is accounted for by the presence of bdelloid rotifers in the
analysed samples.

Our phylogenetic analysis revealed that, with the excep-
tion of the herein termed fed3 and fed4, the LC-PUFA
biosynthetic genes used as diagnostic markers clustered
together with orthologues from bdelloid rotifers, particularly
Rotaria and Adineta species. These results strongly suggested
that multiple transcriptomes from freshwater gammarids con-
tain rotifers’ genetic material contaminating those publicly
available databases. Due to the fact that bdelloid rotifers are
typical epibionts of freshwater gammarids associated with
their branchial plates and appendages (e.g. 22 different species
reported in G. pulex), their high prevalence (up to 80%), and
their relatively small size (ranging from 150 to 700 μm
approx.) [63–65,78], it is reasonable to speculate that the gam-
marid specimens used for RNA sequencing contained rotifers
that were not removed prior to analysis. As opposed to whole
individuals [50], the transcriptome built from G. pulex hepato-
pancreas [48] did not result in any positive hit against any of
the LC-PUFA biosynthesis gene markers assessed, confirming
that internal body parts of the gammarid are free from epibio-
tic rotifers. Unlike freshwater species, marine gammarids such
as E. marinus [50,52] and G. locusta [54] did not have any of the
diagnostic LC-PUFA biosynthesis genes, consistent with the
fact that the above described epibiotic relationship between
gammarids (host) and bdelloid rotifers (epibiont) is restricted
to freshwater environments [64]. Our data further support
that the abundance of rotifers in the gammarid samples used
for RNA sequencing was not negligible according to the pres-
ence of a remarkable amount of rotifer-derived mitochondrial
genes (cox) in some of the available RNA sequencing data [50].
It is also worth noting that, while pipelines for de novo tran-
scriptome assembly typically imply filtering strategies
[51,79–81], these appear not have been effective in removing
rotifer contamination from the analysis. This probably explains
why, despite not being the targeted species (gammarid), full-
length sequences for all diagnostic LC-PUFA biosynthesis
gene markers were found in most freshwater gammarid tran-
scriptomes when such genomic platforms were built with
freshly sampled wild-captured whole individuals. Laboratory
cultured gammarids that have progressively lost epibionts
after successive generations and/or moulting events, as well
as internal tissues such as the abovementioned hepatopancreas
[48], arise as safe, clean alternative samples, as supported by
the PCR-based determinations of gene markers in G. pulex.
As noted above, our phylogenetic analyses could only identify
Rotaria and less probably Adineta as the most likely bdelloid
genera contributing to the occurrence of LC-PUFA
biosynthetic gene sequences in gammarid transcriptomes.
Interestingly, only slight variations along the nucleotide
sequences of the analysed genes were found, even when com-
paring sequences from samples collected from very distantly
located sites like Central Europe (France, Belgium, Germany
and Switzerland) and Baikal Lake (Russia). These results
show that all epibiotic rotifers inhabiting the exoskeleton of
freshwater gammarids are very closely related irrespectively
of their geographical location and biotope.

Phylogenetics suggested that Fed3 and Fed4 are from a
heterologous origin unlike other LC-PUFA biosynthesis
genes investigated herein, since they clustered together with
front-end desaturases from kinetoplastids (protists) and
fungi, respectively. To clarify this point, we examined the
genomic location of fed3 and fed4 within the genome of the
bdelloid rotifer A. steineri [82], demonstrating both genes are
genome-anchored. Similarly, other LC-PUFA biosynthetic
genes, namely elovl2/5, fed1, fed2, ωx1 and ωx2, were also con-
firmed to be genome-anchored, demonstrating that the
complement of LC-PUFA biosynthetic genes in bdelloid roti-
fers goes well beyond ωx1 and ωx2 previously reported in
Adineta vaga [12]. Importantly, in agreement with their unex-
pected location in the phylogenetic trees, we established that
fed3 and fed4 likely originate via HGT, a well-documented evol-
utionary mechanism by which bdelloid rotifers have gained
bacterial, protist and fungal genes [57,83–87]. Moreover, analy-
sis of the exon–intron organization in fed3 and fed4 further
supported these were likely instances of HGT. The A. steineri
fed3 is intronless, characteristic of horizontally transferred
genes by RNA retrotransposition [88–90] likely from kineto-
plastids that are often prevalent in the freshwater habitats
occupied by bdelloid rotifers [91–94]. Unlike fed3, fed4 contains
introns suggesting a relatively more complex mechanism by
which fed4 has been transferred into the A. steineri genome,
combining RNA retrotransposition as described for fed3
and/or further intron gain likely occurring via the intron-gen-
erating transposons called ‘introners’ [95,96]. Consistently, the
structure of the third intron of the A. steineri fed4 includes typi-
cal features of ‘introner-like’ elements [75], particularly those
belonging to the ‘novel RNA-propagated elements’ family,
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which have been described in fungi [97]. Introners had been
originally described in the picoeukaryote Micromonas [96],
the pelagic tunicate Oikopleura dioica [98], and the dothideomy-
cete fungus Meloidogyne graminicola [99]. However, it has
been recently discovered that they are more widespread in
eukaryotes than originally anticipated and, interestingly,
disproportionately common in aquatic lineages [97]. While
fungi, identified as potential donors justifying the origin of
fed4, have been previously reported to explain HGT to bdelloid
rotifers [83,87], no previous studies have reported HGT to
bdelloid rotifers from kinetoplastids as suggested herein for
fed3. However, abundance of kinetoplastids in aquatic ecosys-
tems, particularly freshwater environments, makes them likely
donors in a HGT of fed3 to rotifers [92,93,100,101]. In agree-
ment, the substrate specificity of kinetoplastid front-end
desaturases shared features with that of the bdelloid rotifer
Fed3-like desaturase characterized in our study, further
supporing a common origin.

The bdelloid rotifer Fed3 was functionally characterized
as a Δ6 desaturase and showed no activity as Δ8 desaturase.
These results are in agreement with functions reported in
one of the three front-end desaturases from the kinetoplastid
Leishmania major, which was shown to have Δ6 activity but no
Δ8 [102]. Such regioselectivity is markedly different from that
of multiple animal front-end desaturases characterized from
mammals [103], teleosts [104] and copepods [37] that, in
addition to Δ6, have also Δ8 desaturase activity. Exceptions
to the above pattern can be found in, for example, the bivalve
mollusc Sinonovacula constricta Δ6 Fed [105], although this
protein is phylogenetically unrelated to those from the cluster
formed by kinetoplastid and bdelloid rotifer Fed3 [10]. A
more widespread regioselectivity among invertebrates’ Fed
is Δ5 desaturase [10], herein demonstrated to occur in the
bdelloid rotifer Fed1 but not Fed2 despite both genes being
duplicates as our phylogenetics and exon–intron organiz-
ation analyses in A. steineri clearly demonstrated.
Consequently, since our yeast system did not show any
detectable activity that would suggest neofunctionalization
beyond Δ5 activity, it can be hypothesized that functional
redundancy has driven loss of function in Fed2 [106,107].
Reasons accounting for the loss of function in Fed4 are less
clear, although they could be related to their HGT origin as
reported elsewhere in the literature [108,109]. Along the func-
tions of front-end desaturases, characterization of the two
methyl-end desaturases (ω × 1 and ω × 2) and Elovl2/5
demonstrate that bdelloid rotifers have complete enzymatic
capacity that enable them to biosynthesize de novo LC-
PUFA up to ARA and EPA (figure 1). Indeed, both ω × 1
and ω × 2 from bdelloid rotifers have Δ12 and Δ15 desaturase
activities, enabling the conversion of OA to LA and, sub-
sequently, ALA (figure 1). While missing the Δ17 activity
also contained in the A. vaga methyl-end desaturases [12],
the combined Δ12/Δ15 regioselectivities within the same
enzyme demonstrated herein for both ωx desaturase enzymes
is consistent with their bdelloid rotifer origin and contrasts
that from non-rotifer methyl-end desaturases in which the
gene complement typically includes also an ω3 desaturase
[10]. Elovl2/5 exhibited activity towards C18 and C20 PUFA
substrates, converting them into the corresponding C20 and
C22 products, respectively. Such elongation abilities by
Elovl2/5 account for all the elongations required to bio-
synthesize ARA and EPA (figure 1). However, DHA
biosynthesis capacity in bdelloid rotifers appears to be
limited in the apparent absence of a Δ4 front-end desaturase
as our results suggest (figure 1). Potential DHA synthesis in
bdelloid rotifers, if existing, would necessarily proceed via
the so-called Sprecher pathway but, additionally to Elovl2/
5, participation of further PUFA elongases with the ability
to elongate 22 : 5n-3 to 24 : 5n-3 would be mandatory
(figure 1). Importantly, the above results raise the question
of whether bdelloid rotifers can supply their hosts (gammar-
ids) with physiologically essential LC-PUFA originated via
biosynthesis, which might be highly advantageous for the
gammarids according to their limited biosynthetic capacity
[44] and the relatively low availability of preformed LC-
PUFA in freshwater environments [6,110].

In conclusion, the present study demonstrates that multiple
transcriptomes from freshwater gammarids contain sequences
that can be unequivocally assigned to bdelloid rotifers, well-
established epibionts of gammarids. More specifically, we deter-
mined the systematic occurrence of key metabolic enzymes of
LC-PUFA biosynthesis, and clarified that such occurrence is
independent from the species and their geographical origin
when transcriptomes are built from freshly sampled wild-cap-
tured whole individuals. Genomic location and exon–intron
organization further demonstrated that the diagnostic elongase
and desaturase genes are bona fide components of theA. steineri
(and presumably other bdelloid rotifers) genome. Moreover, we
provide compelling evidence demonstrating that two of the
front-end desaturase genes, namely fed3 and fed4, have been
acquired via HGT. Our findings offer a critical example of the
value of functional genomics and critical assessment of
sequence data to infer ecological impacts in the age of Omics.
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