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Fatty acyl elongase 5 (elovl5) is a critical enzyme in the vertebrate biosynthetic pathway which produces the
physiologically essential long-chain polyunsaturated fatty acids (LC-PUFA), docosahexenoic acid (DHA), and
eicosapentenoic acid (EPA) from 18 carbon fatty acids precursors. In contrast to most other vertebrates, Atlantic
salmonpossess two copies of elovl5 (elovl5a and elovl5b) as a result of awhole-genomeduplication (WGD)which
occurred at the base of the salmonid lineage. WGDs have had a major influence on vertebrate evolution, provid-
ing extra genetic material, enabling neofunctionalization to accelerate adaptation and speciation. However, little
is known about the mechanisms by which such duplicated homeologous genes diverge. Here we show that
homeologous Atlantic salmon elovl5a and elovl5b genes have been asymmetrically colonised by transposon-
like elements. Identical locations and identities of insertions are also present in the rainbow trout duplicate
elovl5 genes, but not in the nearest extant representative preduplicated teleost, the northern pike. Both elovl5
salmonduplicates possessed conserved regulatory elements that promoted Srebp1- and Srebp2-dependent tran-
scription, and differences in the magnitude of Srebp response between promoters could be attributed to a tan-
dem duplication of SRE and NF-Y cofactor binding sites in elovl5b. Furthermore, an insertion in the promoter
region of elovl5a confers responsiveness to Lxr/Rxr transcriptional activation. Our results indicate that most,
but not all, transposon mobilisation into elovl5 genes occurred after the split from the common ancestor of
pike and salmon, but before more recent salmonid speciations, and that divergence of elovl5 regulatory regions
have enabled neofuntionalization by promoting differential expression of these homeologous genes.
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1. Introduction

Extant salmonids are descendants of a common ancestor whose ge-
nome underwent duplication approximately 88Myr ago (whole-genome
duplication, WGD; Berthelot et al., 2014; Macqueen and Johnston, 2014;
Lien et al., 2016). In rainbow trout, about half of these genes have been
retained as apparently functional duplicates, while 66% of the remaining
singletons still appear to have a pseudogenised duplicate. Furthermore,

trout homeologous chromosomes still retain a remarkable colinearity
and gene order (Berthelot et al., 2014) suggesting that the salmonid
WGD was a result of an autotetraploidisation event. The functional and
evolutionary consequences of genome duplication are still unclear, al-
though it has been proposed that more ancient duplications at the base
of the vertebrates and early in teleost evolutionwere a source of extra ge-
neticmaterial leading to diversification, innovation, and ultimately, speci-
ation (Ohno, 1970; Scannell et al., 2006; Van de Peer et al., 2009). Genes
duplicated byWGSare referred to as “ohnologues” or “homeologues.”De-
tailed functional comparisons of such duplicate genes from salmonids
such as Atlantic salmon (Salmo salar) might provide some insight into
these processes.

As an outcome of the salmonidWGD, Atlantic salmon possessesmore
copies of genes for long-chain polyunsaturated fatty acid (LC-PUFA) bio-
synthetic enzymes compared to other fish (Morais et al., 2009; Monroig
et al., 2010; Castro et al., 2012). These genes have been studied in detail
and belong to the fatty acyl desaturase (i.e. Fads2) and elongase (i.e.
Elovl5) gene families (Morais et al., 2009; Jakobsson et al., 2006), respon-
sible for desaturating and elongating 18 carbon polyunsaturated
fatty acids (PUFA), linoleic and α-linolenic acids, to the physiologically
critical eicosapentaenoic (EPA), arachidonic (ARA), and docosahexaenoic
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(DHA) acids. These genes have been hypothesised, based on previous
functional analyses, to have functionally diverged and might have thus
physiologically enabled Atlantic salmon to thrive in LC-PUFA-poor envi-
ronments (Leaver et al., 2008; Carmona-Antoñanzas et al., 2013a). Phylo-
genetic analyses indicated that duplicated Elovl5 LC-PUFA proteins are
subject to strong functional constraints as suggested by comparative stud-
ies with the closest extant preduplicated genome, northern pike, Esox
lucius (Carmona-Antoñanzas et al., 2013a). Although both elovl5 genes
are expressed in LC-PUFA biosynthetic tissues, they are regulated differ-
entially in vivo in response to nutritional changes (Morais et al., 2009),
and in vitro they exhibit different responses to transcription factors in cel-
lular transfection assays (Carmona-Antoñanzas et al., 2013b). For exam-
ple, salmon elovl5a responded similarly to the major lipid-regulating
transcription factors, sterol regulatory element-binding proteins Srebp1
and Srebp2, whereas elovl5b displayed a significantly increased response
to Srebp2 (Carmona-Antoñanzas et al., 2013b).

Atlantic salmon aquaculture feeds are now formulated with up to
75% terrestrial plant seed oils instead of themarine oils whichwere his-
torically used to produce finfish diets Leaver et al., 2008). This is because
marine oils harvested from industrial fisheries are now in limiting sup-
ply. However, plant oils do not contain EPA/DHAwhich are characteris-
tically enriched in marine oil and the use of these terrestrial dietary
ingredients has led to a reduction in the mass percentage of EPA/DHA
present in cultured salmon flesh, with potential effects for fish health
and nutritional benefit to human consumers (Sprague et al., 2016).
Thus, the endogenous EPA/DHA biosynthetic pathway and the mecha-
nisms bywhich the pathway is regulated inAtlantic salmon is of consid-
erable interest.

The aims of the present study were to determine the gene structure
of duplicate elovl5 LC-PUFA genes in Atlantic salmon, to compare these
with northern pike and rainbow trout elovl5 genes, and to identify the
cis-regulatory elements in the salmon promoters which confer the
differential responses observed previously. By doing so, we hope to
gain insight into the mechanisms by which they are regulated and the
patterns of functional divergence of these genes since their duplication
in salmonids.

2. Materials and methods

2.1. elovl5 gene structure

An Atlantic salmon genomic DNA library was constructed in lambda
FIX II (Stratagene, USA, Zheng et al., 2009). The salmon DNA library was
screened with full-length cDNA probes of the salmon elovl5 paralogs,
elovl5a [GenBank: AY170327] and elovl5b [GenBank: FJ237531]. Inserts
of positive recombinant phage were isolated, fragmented by restriction
digest and subcloned to plasmids for sequencing. The full putative
elongase genomic nucleotide sequences were assembled using SeqMan
II 6.1module of the Lasergene (DNASTAR Inc., USA). Assembled gene se-
quences were compared to the Atlantic salmon RefSeq genome assem-
bly (NCBI accession PRJNA287919), and complete gene sequences were
inferred from alignment and assembly of matching sequence. Similarly,
rainbow trout elovl5 gene sequences were retrieved from theWGS ge-
nome assembly (NCBI Accession PRJEB4421). The full gene sequence of
northern pike elovl5 was obtained from the RefSeq genome assembly
v1.0 (NCBI accession PRJNA268215).

Atlantic salmon, rainbow trout and pike elovl5 genomic se-
quences were compared (blastN) to all Atlantic salmon sequences
in Genbank-nr and highly repeated regions identified and these re-
peated regions were then further screened against Repbase (a data-
base of repetitive element consensus sequences in eukaryotic DNA;
Jurka et al., 2005), reported salmon transposons (De Boer et al.,
2007) and to an in-house curated database of salmonid genomic re-
peat sequences. Repeats that shared over 80% identity to consensus
sequences of putative mobile elements (Bao and Jurka, 2015a,
2015b) and were N300 bp were scored as transposon-like elements.

Full-length elovl5 genes excluding transposon-like elements, were
aligned using Mulan (Ovcharenko et al., 2005) and MUSCLE (Edgar,
2004) to identify evolutionary conserved regions across paralogous
exons and introns.

2.2. Promoter constructs, deletions, and mutations

The regulatory regions of elovl5a (−4898 bp relative to ATG initi-
ation codon; GenBank: GU238431.1) and elovl5b (−3143 bp relative
to initiation codon; GenBank: GU324549.1) were amplified from ge-
nomic DNA using a proof-reading enzyme (Pfu DNA Polymerase,
Promega, UK) and primers containing suitable restriction sites (Sup-
plementary Table 1) such that the ATG initiation codon of the lucifer-
ase gene in pGL4.10, luc2 (Promega) was replaced by the initiation
codon for each elovl5 gene. The upstream limit for the putative pro-
moter sequence was selected on the basis of the presence of a con-
served SacI site immediately beyond which no clear homology
between the two elovl5 sequences could be detected. Thus, the tested
promoter regions, in addition to upstream untranscribed sequence,
contained transcriptional start sites (TSS), an upstream non-coding
exon, and an ATG initiation codon residing within the boundary of
the second exon. Each promoter construct was sequenced (Sanger
ABI 8730xl, GATC Biotech) to confirm sequence identity and purified
using anion-exchange purification columns (QIAfilter plasmid midi kit,
Qiagen) for high transfection efficiency. The vectors containing the
wild-type full-length promoters, pGL4.10-elovl5a and pGL4.10-elovl5b,
were termed SEA1 and SEB1, respectively.

To identify the regions involved in transcription, progressive dele-
tions of elovl5 gene upstream sequences were constructed using the
wild-type reporter constructs (SEA1 and SEB1) as template for PCR am-
plification and primers containing restriction sites specified in Supple-
mentary Table 1. Eight or six deletion constructs were produced from
each (elovl5a, SEA2 to SEA9, and elovl5b, SEB2 to SEB7), each containing
the start codon, but representing a shorter version.

Once the regions involved in transcriptional regulation were identi-
fied based on the results obtained from promoter deletion analysis,
specific sites for mutations were selected using the in silico online
MATCHTM, PATCH public 1.0 (Matys et al., 2006), and TFSEARCH tools
[http://www.cbrc.jp/research/db/TFSEARCH.html]. Before transfection,
all clones were purified using the Qiagen Plasmid Midi Kit (Qiagen)
for high transfection efficiency, and constructs verified for accuracy by
restriction and sequencing (Sanger ABI 8730xl, GATC Biotech).

Site-directed mutations were performed using the QuickChange
II site-directed mutagenesis kit (Stratagene) according to the
manufacturer's protocol. This kit utilises oligonucleotide primers
containing the desired mutation. The primers (Supplementary
Table 1), each complementary to opposite strands of the vector,
were extended by PfuUltra HF DNA polymerase at high annealing
temperature (72 °C). The generated amplification product consisted
of a mutated circular vector containing staggered nicks at the 5′ end
of the amplified strand. Following temperature cycling, the product
was digested with 10 U of Dnp I endonuclease, specific for methylat-
ed DNA, for 3 h at 37 °C to digest the parental DNA template, thus
selecting for the mutated vector. The nicked vector was then trans-
formed into Escherichia coli competent TOP10 cells according to the
manufacturer's instructions (Invitrogen), which repaired the nick
as if it were a DNA polymerase error.

2.3. Cellular transfection assays

For luciferase assays, FHM cells were cultured and transfected as de-
scribed previously (Carmona-Antoñanzas et al., 2013b). To assess ef-
fects of Lxr, Rxr, or Srebps on salmon elovl5 gene promoter activity,
FHMcellswere cotransfectedwith pGL4.10-elovl5 constructs (wild pro-
moters, deletion, or site-directed mutants) and nSrebp1 (1–470 aa),
nSrebp2 (1–459 aa), Lxr (1–462 aa), and/or Rxr (1–438 aa) expression
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