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Abstract

Elongases of very long-chain fatty acids (Elovls) catalyze the rate-limiting step
of the elongation pathway that results in net 2-carbon elongation of pre-existing fatty
acyl chains. As a set of crucial enzymes involved in the long-chain polyunsaturated
fatty acids (LC-PUFA) biosynthesis, Elovls of fish have been investigated extensively
in recent years. In the present study, we first identified two novel fish-specific elovl
genes (named as elovI8a and elovI8b) from the herbivorous marine teleost rabbitfish
(Siganus canaliculatus) by genomic survey and molecular cloning methods.
Subsequently, their functional characteristics, tissue isu‘hution patterns and
transcriptional changes in response to different nutritic "a, states were investigated.
Full-length coding sequences of the elovl8a and elc/I8u genes were 804 and 792 bp,
encoding 267 and 263 amino acids, respect. «ely. Multiple alignment, genomic
synteny and phylogenetic analyses further si:gnested that elovI8 genes were unique to
teleosts. Functional characterization by hcteroiogous expression in yeast showed that
ElovI8b could elongate Cig (18:2n-C 28:3n-3 and 18:4n-3) and Cyo (20:4n-6 and
20:5n-3) polyunsaturated fatty ac.ds (PUFA) to longer-chain polyunsaturated fatty
acids (LC-PUFA) whereas Elov'da lacked this ability. In vitro, the expression of
elovI8b but not elovl8a in ruhbitfish hepatocytes was significantly up-regulated by
incubation with 18:2n-6, 15:3n-3, 204n-6 and 20:5n-3, respectively. In vivo,
compared with fish on, dietary vegetable oil enriched in Cig PUFA enhanced the
expression of elovlo. in rabbitfish brain, liver, intestine and gill. These findings
suggest that elovI8b but not elovI8a is a novel active member of the Elovl protein
family involved in the LC-PUFA biosynthesis pathway in rabbitfish, and provide
novel insight into the mechanisms of LC-PUFA biosynthesis in teleost.
Keywords: elovI8; Functional characterization; LC-PUFA biosynthesis; Rabbitfish

(Siganus canaliculatus)



1. Introduction

Long-chain (n > C20) polyunsaturated fatty acids (LC-PUFA), especially the
omega-3 (n-3) LC-PUFA eicosapentaenoic (EPA; 20:5n-3) and docosahexaenoic
(DHA,; 22:6n-3) acids, are major components of complex lipid molecules and are also
involved in numerous critical biological processes in vertebrates, including
maintenance of cellular membrane structure, energy metabolism, gene regulation and
cellular signaling, and can promote cardiovascular health and immune function
(Tocher, 2010; Vagrer and Santigosa, 2011). Fish, especially marine fish, are major
sources of n-3 LC-PUFA in human diets (Kromhout et 2!, 2012). With the rapid
decline of wild fishery stocks, aquaculture now plays # ... important role than wild
fisheries in providing fish and seafood for human consumption and it is expected to
supply the majority of seafood to satisfy futurc inc eased demand (Clavelle et al.,
2019). Traditionally, farmed fish were fed wit:> diets containing high levels of marine
fishmeal (FM) and fish oil (FO) to enst.e guod growth rates of the fish and high
levels of n-3 LC-PUFA in the flesh. I\~ adays, vegetable oils (VO) are widely used in
aquafeeds, which reduces the lever ~f n-3 LC-PUFA in farmed fish and, consequently,
decreases their nutritional value /Syrague et al., 2016; Henriques et al., 2014). This
has prompted interest in =iw~idating the mechanisms underlying the endogenous
LC-PUFA biosynthetic pa.~ways in teleost fish, particularly farmed marine species
that have been inves.iga.2d extensively in recent years (Castro et al., 2016; Monroig
and Kabeya, 2018).

In vertebrates, LC-PUFA can be biosynthesized from C;3 PUFA precursors,
linoleic acid (LA, 18:2n-6) and a-linolenic acid (ALA, 18:3n-3), through the
concerted action of fatty acyl desaturases (Fads) and Elovl proteins (Castro et al.,
2016; Xue et al., 2014). Elovls are key microsomal enzymes involved in the
biosynthesis of LC-PUFA from C1g PUFA. Elovls catalyze the condensation reaction,
which is the rate- limiting step in the two-carbon elongation of pre-existing fatty acyl
chains (Nugteren, 1965). In mammals, seven members of the elovl family were
identified based on the presence of specific motifs in their protein sequences

(Jakobsson et al., 2006; Guillou et al., 2010). Specifically, elovl1, elovl3, elovl6 and



elovl7 have the ability to elongate saturated and monounsaturated fatty acids (MUFA),
while elovl2, elovl4 and elovl5 are involved in elongating PUFA (Jakobsson et al.,
2006; Monroig et al., 2010; Guillou et al., 2010).

Investigation of the Elovl enzymes involved in LC-PUFA biosynthesis, focused
on Elovil2, Elovl4 and Elovl5, enabled a better understanding of the PUFA elongation
pathways in teleosts. The zebrafish (Danio rerio) elovl5 was the first cloned elovl
gene that was functionally characterized as a critical enzyme in the elongation step of
LC-PUFA biosynthesis from a fish species (Agaba et al., 2004). Subsequently, elovI5
was cloned and characterized in numerous fish species (A.2ab.. et al., 2005; Hastings
et al., 2004; Zheng et al., 2009; Mohd-Yusof et al., 202" iviorais et al., 2009, 2011;
Kim et al.,, 2012; Monroig et al., 2012, 2013; Gt qory et al., 2010, 2014). These
studies confirmed that elovI5 in fish had the «hilit' to preferentially elongate Cig
(18:4n-3 and 18:3n-6) and C,o (EPA and arac:.idonic acid, ARA, 20:4n-6) PUFA, with
only low activity towards Cy; PUFA (2Z25n-s and 22:4n-6), which was similar to
mammalian and invertebrate homolog'e, (Leonard et al., 2000, 2002; Li et al., 2016).
However, elovl2 was only isolate.! from a few fish species, and shown to mainly
elongate Cyo and C,2 PUFA with cnl/ low ability to elongate C1g PUFA (Morais et al.,
2009; Monroig et al., 2009; Gegory and James, 2014).

Elovl4 is the most recc it member of the Elovl family to be studied in teleost fish,
which includes two “sow rms of elovl4a and elovl4b. The elovl4a was first identified
and functionally cha-acterized in zebrafish, which indicated it had the ability to
efficiently elongate saturated fatty acids up to C3s (Monroig et al.,, 2010). However,
elovli4b was shown to have the ability to efficiently elongate acyl chain-lengths of
saturated fatty acids and C,9 LC-PUFA (ARA and EPA) up to Csp saturated and very
long-chain PUFA (VLC-PUFA) in various fish species, respectively
(Carmona-Antofianzas et al., 2011; Jin et al., 2017; Kabeya et al., 2015; Li et al,,
2017a, 2017b; Monroig et al., 2010, 2012, 2011; Yan et al., 2018).

In addition to elovli4a and elovl4b, two further elovl4-like genes (termed as
elovi4c-1 and elovl4c-2) were cloned from Atlantic cod (Gadus morhua), and

phylogenetic analysis showed they clustered separately from elovi4a or elovi4b genes



(Xue et al., 2014). Indeed, surveys of fish genomes revealed that there might be
similar elovl genes that have been annotated as “elovl4” (or “elovl4-like”) in many
fish species such as Atlantic salmon (Salmo salar, XP_014071374), channel catfish
(Ictalurus punctatus, XP_017324302), Nile tilapia (Oreochromis niloticus,
XP_005479178.1), and rabbitfish. Interestingly, two similar isoforms had been found
in the zebrafish genome (NP_001191453 and NP_001070061) and they were
annotated as elovI8a and elovI8b, respectively. Although the relevant annotation and
the phylogenetic analysis have identified these novel genes as elovls, their functions
are unknown. Therefore, it is important to investigate ‘victher these genes are
involved in LC-PUFA biosynthesis.

Rabbitfish, an economically important herbiv-rous marine teleost fish species
widespread along the Indo-West Pacific cc:ost, was the first marine teleost
demonstrated to have capability for LC-PUF." hiosynthesis from C1g PUFA (Li et al.,
2010). Genes encoding key enzymes with an the activities required for LC-PUFA
biosynthesis including A4 fads2, bi.'nr.cional A6/A5 fads2, elovl4 and elovl5, have
been cloned and functionally char.~terized in this species, which makes rabbitfish a
good model for studying the mecnansms of LC-PUFA biosynthesis (Li et al., 2010;
Monroig et al., 2012). In orae: to expand our knowledge of LC-PUFA biosynthesis in
rabbitfish, we performed a <eiies of bioinformatic analyses on this fish species, and
identified a novel riener of the elovl gene family, consisting of two isoforms,
elovi8a and elovis. The cDNAs were functionally characterized, and tissue
distribution patterns and transcriptional changes in various tissues and rabbitfish
hepatocytes (SCHL) under different nutritional states were determined. Our findings
suggest that rabbitfish ElovI8b can elongate LC-PUFA, while Elovi8a lacks this
ability. To our knowledge, this is the first comprehensive report of teleost elovI8 genes.
The results can provide a better understanding of the mechanisms of LC-PUFA
biosynthesis in vertebrates and may contribute to the optimization and/or
enhancement of LC-PUFA biosynthesis in fishes.

2. Materials and methods

2.1 Experimental animals and sample collection



Fish were treated in accordance with the National Institutes of Health guide for
the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978)
and approved by the Institutional Animal Care and Use Committee of Shantou
University (Guangdong, China).

The feeding trial was carried out at Nan Ao Marine Biology Station (NAMBS) of
Shantou University, Southern China. Three hundred rabbitfish juveniles (average
initial body weight around 15 g, sex visually indistinguishable) were captured from
the coast near NAMBS. After one month of acclimation in an indoor seawater (32 ppt)
tank at NAMBS, fish with initial average body weight of ?5.07 + 1.43 g were then
randomly distributed into 6 tanks with 20 fish per t~..- .. triplicate per treatment.
Throughout the trial, the fish were fed two experir emai diets with approximatively
32 % crude protein and 8 % crude lipid with the atter supplied by either fish oil (FO)
or vegetable oil (VO). The details of the for.~ulation and proximate composition of
the experimental diets were shown in Sug; lemental Table 1. At the end of the 8-week
feeding trial, six fish from each tank . *ere randomly selected and brain, liver, intestine
and gills were sampled for comparc.*ive gene expression analysis. Additionally, during
the acclimation period, six fish ‘ve e randomly selected for molecular cloning and
tissue distribution studies. 1. dissected tissues were immediately frozen in liquid
nitrogen and stored at -80 = until further use.

2.2 RNA isolation an1gi"CR

Total RNA was ~xtracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to manufacturer's protocol. The concentration and quality of total RNA
were confirmed by spectrophotometer (NanoDrop 2000, Thermo Scientific, USA) and
1 pg total RNA was reverse transcribed to cDNA using the QuantiTect® Reverse
Transcription kit (Takara Biotech, Dalian, China). Determination of mMRNA
expression levels was performed by quantitative real-time PCR (gPCR) in a
LightCycler® 480 thermocycler (Roche, Germany) in a total volume of 20 pl with the
LightCycler® 480 SYBR Green | Master (Roche, Germany) following the
manufacturer’s protocol. All amplification reactions were carried out in triplicate and

a non-template control was also included in each run. The relative expression level of



mMRNA was normalized with that 18S rRNA, and calculated using the comparative
threshold cycle method (Livak and Schmittgen, 2012; Wen et al., 2019). The primer
pairs used for RT-PCR are given in Supplemental Table 2.

2.3 Molecular cloning of elovl8 cDNAs from rabbitfish

Based on genomic DNA sequences identified from our genome database and
cDNA sequences from our transcriptome database (unpublished), we designed four
pairs of primers (Supplemental Table 2) to amplify the full-length cDNA sequences of
rabbitfish elovi8a and elovI8b genes by using liver tissue as template. PCR
amplifications were carried out on an Applied Biosystems *.ri.. Thermal Cycler using
2 x Phanta Max Master Mix (Vazyme Biotech, Nar,iny, China) for high fidelity
amplification. The target products were purified us:ag 11AN quick mini purification
kit (Tiangen Biotech, Beijing, China), cloned mto pMD™ 18-T vector (TaKaRa
Biotech, Dalian, China) and subsequently cquenced (Sangon Biotech, Shanghali,
China).

2.4 Bioinformatic analysis, data procoss’ng and phylogenetic analysis

The obtained sequences were ~lasted on the NCBI database for annotation, and
the valid rabbitfish elovi8a anu :lovI8b cDNA sequences were submitted to NCBI
(MN807637 and MN80762%, and used for further bioinformatic analyses. The open
reading frames (ORFs) of the two genes were predicted using ORF finder
(https:/Awvww.ncbi.nlran.m.gov/orffinder/), and the putative protein sequences were
translated using Pruer Premier 5.0 software. Functional motifs were identified
according to previous literature. Subsequently, multiple protein sequences alignment
was performed using BioEdit software (Hall et al., 2011). Additionally, synteny and
gene structures of fish elovI8 genes were compared on the basis of a comparative
genomic survey to validate the existent of the fish elovI8 genes.

To explore the phylogenetic position of the fish ElovI8s, we constructed a
phylogenetic tree based on a dataset of protein sequences. All Elovl protein sequences
were downloaded from NCBI or Ensembl database except for the rabbitfish ElovI8s,
and then multiple alignment was performed using CLUSTAL X2.1 (Larkin et al.,
2007). After alignment, Mega 6.0 software (Tamura et al., 2013) was used to construct



the phylogenetic tree using the neighbour-joining (NJ) method, and JTT + G was
selected as the best model according to the model calculation. Meanwhile, a
nonparametric bootstrap analysis with 1,000 resampling replicates was used to assess
the robustness of the tree topology. Mimachlamys nobilis Elovl-like protein was
selected as the outgroup.

2.5 Functional characterization in yeast

Liver cDNA was used to amplify the PCR fragments corresponding to the open
reading frame (ORF) of the rabbitfish elovi8a and elovI&b, using 2 x Phanta Max
Master Mix (Vazyme Biotech, Nanjing, China) according *~ n.xnufacturer's protocol.
Special primer pairs with restriction sites (underlined® St SRF cloning are listed in
Supplemental Table 2. PCR conditions consisted of - n nucial denaturing step at 95 °C
for 3 min, followed by 35 cycles of denaturatior, 2t 9) °C for 10s, annealing at 62 °C
(elovl8a) or 65 °C (elovI8b) for 10s, extens’s: at 72 °C for 30s, followed by a final
extension at 72 °C for 8 min. DNA fizaments were purified (TIAN quick mini
purification kit, Tiangen Biotech), d:gested with the corresponding restriction
endonucleases (New England Bioi.hs, Inc., USA) and ligated to a similarly restricted
PYES2 yeast expression vector (I wrogen, UK). The purified recombinant plasmids
containing the putative eovi8a or eloviBb ORFs were used to transform
Saccharomyces cerevisiac cumpetent cells (S.c EasyComp Transformation Kit,
Invitrogen).

Transformation and selection of yeast with recombinant plasmids
(pYES2-elovl8a or pYES2-elovI8b) and yeast culture were performed according to
the methods described by Monroig et al. (2012). Recombinant yeasts were incubated
in media containing one of the following fatty acid substrates: 18:3n-3, 18:2n-6,
18:4n-3, 18:3n-6, 20:5n-3, 20:4n-6, 22:5n-3 and 22:4n-6 (Cayman, Ann Arbor, USA).
The final concentrations of fatty acid substrates added to the yeast cultures were as
following: 0.5 (Cig), 0.75 (Cx) and 1.0 (C22) mM. As control treatment, yeast
transformed with empty pYES2 was cultured under the same conditions. After 2 days,
yeast was harvested and washed for further analyses.

2.6 Fatty acid analysis by GC-MS



Total lipid of yeast samples was extracted according to Yanetal. (2018) and fatty
acid methyl esters (FAME) were prepared and purified according to method described
by Christie (2003). FAME were identified and quantified by gas chromatography
coupled with a mass spectrometer (GC-MS) (2010-ultra, Shimadzu, Japan) as
described previously (Hastings et al., 2001; Agaba et al., 2004). Conversions of PUFA
substrates were calculated by the proportion of substrate fatty acid (FA) converted to
elongated FA products, as [individual product area/ (all products areas + substrate
area)] x 100.

2.7 Cell culture and fatty acid incubation

The rabbitfish S. canaliculatus hepatocyte linc (SCHL) was successfully
established previously (Liu et al., 2017). Before t'e experiment, SCHL cells were
cultured at 28 °C in Dulbecco’s modified Eagle’. mer.ium/nutrient F12 (DMEM/F12,
Gibco, Life Technologies, USA) coriining 20 mM  4-(2-hydroxyethyl)
piperazine-1-ethanesulphonic acid (HEPEY. Sigma-Aldrich, USA), 10 % fetal bovine
serum (FBS, Gibco), 0.5 % rainbo.* t'out (Oncorhynchus mykiss) serum (Caisson
Labs), penicillin (100 U ml™, Zigma-Aldrich), and streptomycin (100 U ml™,
Sigma-Aldrich).

Fatty acid/ BSA comp'e.=s of PUFA including LA, ALA, ARA, EPA and DHA
(Cayman, Ann Arbor, US+.} ac 10 mM concentration were prepared according to Ou
etal (2001) and stor:d «* —20 °C. The SCHL cells were seeded into six-well plates at
a density of 1.0 x 10" cells per well in DMEM/F12 supplemented with 5 % FBS and
0.1 % rainbow trout serum. After 24 h, cells were incubated for 2 h in serum-free
DMEM/F12 and then exposed to fresh DMEM/F12 medium containing LA, ALA,
ARA, EPA or DHA at 100uM in triplicate per treatment. In addition, 0.1% BSA was
used as control for PUFA treatments. After incubation for 24 h, the cells were lysed
with Trizol reagent (Invitrogen) for total RNA isolation.

2.8 Statistical Analysis
All the data are presented as means + SEM. The gPCR expression data were

analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple



comparison test or Student’s t test using Origin 7.0. Statistical significances were
considered to be significant if P < 0.05.
3. Results
3.1 Molecular identification of two rabbitfish elovI8 genes

The rabbitfish elovi8a cDNA contains an 804-bp ORF encoding 267 putative
amino acid residues (Fig. 1A), while the rabbitfish elovi8b cDNA contains a 792-bp
ORF encoding 263 putative amino acid residues (Fig. 1B). Both deduced protein
sequences possess six transmembrane a-helix domains, which are considered to be
highly conserved among vertebrates including fish. More~*=1, four conserved motifs
characteristic of elongases were identified in the two cZ!'~, (blue type in Fig LA and
B), respectively. In addition, ER retrieval sigrn:ls were also identified at the
C-terminals in both cDNAs.
3.2 Multiple alignments of the ElovI8s amon T*snes

Aligning of multiple amino acia sequences could be helpful for better
understanding of structural and func.aral properties of the examined proteins. Here,
multiple alignments of ElovI8a anu SlovI8b among several fishes were performed. We
observed that ElovI8s are highy conserved across fishes, which share similar
structural characteristics (si'ci. as six conserved transmembrane a-helix domains, four
conserved motifs of elonga-as, and three highly conserved cysteine residues; see Fig.
2). It is notable that .ne eptide sequences from the position 1 to 21 are variable and
non-conservative (Fi.. 2), and Elovl8a is approximately 4 residues longer than its
paralog Elovi8b at the N-terminal (Fig. 2).
3.3 Synteny and gene structure comparisons of the elovI8 genes in vertebrates

In order to verify the existence of both elovI8 genes in teleosts, comparative
genomic synteny analysis among vertebrates was performed (Fig. 3). Neither elovI8a
nor elovI8b were found in amphibians, reptiles, birds or mammals. Two elovI8 genes
were discovered in zebrafish and rabbitfish (Fig. 3A and B), and they share similar
gene orders respectively. Furthermore, only a single copy of elovi8a was determined
in spotted gar and Asian arowana (Fig. 3A), and elovI8b was only determined in

Mexican tetra and channel catfish (Fig. 3B). The elovi8a and elovI8b genes were



differentially localized with the elovI8a gene surrounded by seppb and zswim5 (Fig.
3A), while the elovI8b was commonly located between mutyh and glisl (Fig. 3B).
Interestingly, an elovi4-like gene was found in the similar genomic locus as elovi8a in
an ancient fish, the coelacanth (Fig. 3A).

Comparative gene structure analysis was performed to discover the difference
between elovl8a and elovI8b genes. Results showed that the elovi8a gene consisted of
eight exons and seven introns in spotted gar, zebrafish and rabbitfish, while the Asian
arowana elovl8a gene possessed seven exons and six infrons (Fig. 4A). The exon
length of elovI8a was conserved in the five middle exons bt wos variable in the other
exons. In contrast, the gene structures of elovI8b in 2% *ne rish species were highly
conserved, consisting of eight exons and seven intrc:'s, wich identical ORF length (Fig.
4B).

3.4 Phylogenetic analysis

To better understand evolutionary relauonships among the teleost elovl8s,
phylogenetic analysis using the Neighbur Joining (NJ) method was performed. The
phylogenetic tree showed five clucters for elovi8, elovl4, elovl2, elovlé and elovl5,
with the elovI8 cluster showing ciosest relationship to the elovl4 cluster (Fig.5).
Meanwhile, the elovI8 cluste, was further subdivided into two clades of elovI8a and
elovI8b subtypes (Fig. 5). The rabbitfish elovi8a and elovI8b were grouped into the
elovl8a and elovI8b c1aacs, and shared close relationships with Amazon molly elovi8a
and fugu elovI8b, res, octively.

3.5 Tissue distribution patterns of rabbitfish elovI8s

Tissue distribution patterns of the two elovI8 genes in rabbitfish were determined
by gPCR. Twelve tissues including stomach, liver, spleen, heart, gonad, brain, kidney,
intestine, muscle, adipose, eye and gill were analyzed. The rabbitfish elovi8a was
widely transcribed in all examined tissues, and expression was highest in heart and
spleen, with the rank order being: heart > spleen > adipose > stomach > muscle >
intestine > kidney > gill > eye > liver > gonad > brain (Fig. 6A). Similarly, the
rabbitfish elovIi8b was also extensively distributed in all tissues, with highest

expression in brain, eye, and liver with the rank order being: brain > eye > liver >



gonad > adipose > gill > spleen > intestine > kidney > heart > stomach > muscle (Fig.
6B).
3.6 Functional characterizations of rabbitfish ElovI8a and ElovI8b

Potential functions of the two putative elovI8 elongases in rabbitfish were
determined by heterologous expression in yeast S. cerevisiae grown in medium
supplemented one of the following fatty acid substrates: 18:2n-6, 18:3n-3, 18:4n-3,
18:3n-6, 20:4n-6, 20:5n-3, 22:.5n-3 and 22:4n-6. The fatty acid composition of yeast
transformed with the empty vector (pYES2) showed that the recombinant yeast lacked
PUFA elongase activity (data not shown). In yeast trans®rn.~d with the rabbitfish
ElovI8a, no additional peaks were detected with any of (e wuded substrate PUFA and
so it lacked the ability to convert any of these PUFA. into ionger chain PUFA (Table 1).
In contrast, GC-MS analyses revealed that ra: hiti sh ElovI8b had the ability to
elongate C1g3 PUFA to Cyo PUFA, with cciersion rates for 18:22n-6 to 20:2n-6,
18:3n-3 to 20:3n-3 and 18:4n-3 to 20:4n R 01 2.0 %, 3.7 % and 3.7 %, respectively
(Table 1). Similarly, rabbitfish Elovich 'vas able to elongate C,o PUFA to C,, PUFA,
with conversion rates for 20:4n-6 >nd 20:5n-3 to 22:4n-6 and 22:5n-3 of 2.0 % and
3.2 %, respectively.
3.7 Effect of different fatty acids on the expressions of elovi8a and elovI8b in SCHL
cells

The relative e>pression levels of elovi8a and elovi8b genes in SCHL cells
incubated with differc nt fatty acids, including LA, ALA, ARA, EPA and DHA, were
determined using gPCR. Results showed that the transcription level of elovi8a was
not significanltly altered by different fatty acid substrates (Fig. 7A). In contrast, the
MRNA expression of elovI8b was significantly increased in SCHL cells incubated
with LA, ALA, ARA and EPA, and slightly reduced in SCHL cells incubated with
DHA compared with the control group of SCHL cells incubated with BSA alone.
3.8 Effect of dietary lipid sources on the elovI8b expression in rabbitfish

To investigate transcriptional changes of the rabbitfish elovI8b gene in response
to different dietary lipid sources, we measured the elovi8b mRNA levels in the brain,

liver, intestine and gill of rabbitfish. The results showed that the expression of elovI8b



in rabbitfish brain (Fig. 8A), liver (Fig. 8B), intestine (Fig. 8C) and gill (Fig. 8D) of
the fish fed with VO was significantly higher than those fed with FO.
4. Discussion

In present study, two novel elovl genes were found in rabbitfish and identified as
elovl8a and elovI8b). The complete coding sequence of rabbitfish elovi8a was 804-bp
encoding a putative 267-aa protein and the coding sequence of rabbitfish elovI8b was
792-bp encoding a putative 263-aa protein. The newly cloned elovi8s of rabbitfish
showed relatively low sequence identity with rabbitfish elovl4 (49 % ~ 51 %) and
elovi5 (41.9 % ~ 44.9 %), and higher identity with zebrafic> 2i1./18s (70.38% ~ 81.4%)
(Supplemental Table 3). Multiple alignment suggested ..t ue rabbitfish elovI8s were
similar to its paralogs of the elovl4b and elovI5 (Mec: rouy et al., 2012), and possess the
typical features of the elongase family incliling the predicted transmembrane
domains, the histidine box (HXXHH), and the canonical C-terminal ER retrieval
signal (Jakobsson et al., 2006; Monroia e: al., 2010; Xue et al., 2014). These findings
suggested that rabbitfish elovI8s mi.>b’. represent a new member of Elovl protein
family, which we hypothesized .~uld be involved in LC-PUFA biosynthesis in
teleosts.

In order to verify our 1,,motnesis, we analyzed the genomic synteny and gene
structures of rabbitfish elov '3s using a comparative genomic survey method, and then
compared these date w.‘h elovI8s of several different fish species. We found that
elovI8s were presen. in some teleosts but not in amphibians, reptiles, birds, and
mammals. In addition, an elovl4-like gene was found at a similar genetic locus with
fish elovI8a in an ancient fish, the coelacanth. This suggested that elovl8 genes may
be unigque to teleosts, and that they might have arisen from a common ancestral gene,
which is the elovl4-like gene of sarcopterygii. Two paralogs of elovI8 were identified
in some teleost species, which might be a result of the teleost-specific whole genome
duplication event that is well known in fish evolution and is considered as an
important driving force of biological evolution (Glasauer and Neuhauss, 2014; Jaillon
et al., 2004; Meyer and Van de Peer, 2005, Castro et al., 2016). Furthermore, the

rabbitfish elovl8a was clearly different from the elovI8b, with localization at different



genetic loci and gene structure, which confirmed the existence of two elovI8 genes in
the rabbitfish. Interestingly, the older lineages of teleosts (spotted gar and Asian
arowana) have retained only a single copy, specifically an elovl8a with features that
are more in common with the sarcopterygii, whereas the more recently evolved
teleosts (Mexican tetra and channel catfish) also have only one copy, but these were
elovIi8b with more derived features. These results suggested that the elovl8a may
appear earlier than elovI8b in fish evolution, and they may have differential
physiological functions. The different gene structures of elovi8a and elovI8b gene
may suggest or reflect differential physiological roles. C~mgred with the elovl8a
gene, the gene structures of elovI8b were more consi*#«u, consisting of the same
number of exon introns, and same ORF length. These findings suggest that the
physiological functions of elovl8 might have be 'n o fferentiated in the evolutionary
process, and that the function of elovI8k n LC-PUFA biosynthesis was more
conserved than any potential activity of el: vi8a.

Phylogenetic analysis showed ti.>t *,e elovI8s clade was obviously different from
other elongases, which separatea from the subgroup of elovl4, elovl2, elovl6 and
elovl5 clades, suggested elovl8s mignt be a novel type of the Elovl protein family
ubiquitously existent in teleos: Meanwhile, the elovI8s cluster was further subdivided
into two clades of elovl8ea and elovI8b, indicated two different elovI8 isoforms are
widely spread in fiskes. ~urthermore, we observed that the elovI8 subgroup shared a
closer relationship w.*h elovi4 cluster which was located at the root of tree, suggested
the elovI8s might derive from elovl4 in fish. This may explain why elovI8 had been
previously annotated as an elovl4-like gene (Xue et al., 2014). A comprehensive
evolutionary study on elovls performed in chordates recently showed that the
diversification of elovls (elovl2, elovl5 and elovl4) involved in LC-PUFA biosynthesis
in vertebrates was expanded from elovl 2/5 and elovl4 in chordate ancestry (Castro et
al., 2016). However, searches in silico strongly suggest that the elovl2 gene may have
lost (e.g. silenced) in the vast majority of marine fish species (Morais et al., 2009;
Monroig et al., 2011). In contrast, most of fishes appear to possess at least one copy of

elovi8s, and two isoforms of elovI8 are presented in rabbitfish. It is uncertain what



mechanism leads fishes to retain elovI8 instead of elovI2 gene selectively, but it is
reasonable to speculate that the ubiquitous existence elovI8 genes might act in the
biosynthesis of LC-PUFA in teleost in order to compensate the physiological
functions of lost elov2.

Tissue distribution experiment indicated that elovI8s were widely distributed in
all examined tissues in rabbitfish, and the elovl8a was highly expressed in heart and
spleen while elovIi8b was mainly distributed in the brain, eye (possibly retina) and
liver. The different distribution patterns suggested these two elovI8 isoforms could
play various roles in rabbitfish. The high transcription of auitfish elovI8b but not
elovl8a in the brain, eye and liver further supported t-.c hyuothesis that elovI8b may
play an important role in LC-PUFA biosynthesis, ac these tissues are major metabolic
sites for the biosynthesis of LC-PUFA in teleosi. (Ci rmona-Antofianzas et al., 2011;
Monroig et al.,, 2010, 2011, 2012). Interesti~g'y, the tissue distribution of elovI8b in
rabbitfish was similar to the tissue distrib*ion of elovI5 in the majority of fish species
including rabbitfish (Gregory et al., 2217 ; Mohd-Yusof et al., 2010; Zheng et al., 2009;
Monroig et al., 2012), which may suggest that elovI8b could play a similar role to
elovl5 in other fish species.

Functional characterization in yeast showed that rabbitfish ElovI8a had no ability
to utilize all the added suuctrates including Cqg-PUFAS, Cy-PUFAS and C,,-PUFAS,
suggesting Elovi8a 10 .ot participate in the process of LC-PUFA biosynthesis in
rabbitfish. Meanwhn., these findings further supported the evolutionary status and
distribution pattern of the elovI8a in rabbitfish. However, the elovI8a was extensively
transcribed in majority of examined tissues, suggesting the protein may play
important roles in other aspects and its exact roles are still unknown and more
researches are needed to declare. Additionally, ElovIi8b was shown to have the ability
to convert C13 PUFA (18:2n-6, 18:3n-3 and 18:4n-3) and Cyo PUFA (20:4n-6 and
20:5n-3) to longer-chain PUFAs, suggesting ElovI8b should be involved in LC-PUFA
biosynthesis in rabbitfish. Usually, elovl5 and elovl4 have been regarded as the
primary enzymes for the elongation of C13 and Cy9 PUFAs in fish (Monroig et al.,

2012; Castro et al., 2016). In our previous study, we found rabbitfish Elovl4 and



Elovl5 possessed all elongation properties in LC-PUFA biosynthesis with high
conversion efficiency (Monroig et al.,, 2012). The present study reveals that except for
elovl5 and elovl4, the elovI8b also participates in LC-PUFA biosynthesis. However,
the low efficiency of EloviI8b to utilize the fatty acid substrates, suggesting Elovi8b
may play as an alternative enzyme involved in LC-PUFA biosynthesis in the main
metabolism tissues. Moreover, elovI8b was found to be widely expressed, suggesting
this gene may also play important roles in other physiological processes.

To further clarify the functional differences between rabbitfish elovl8a and
elovI8b in LC-PUFA biosynthesis, expression levels of ~lov'S8a and elovI8b were
determined in SCHL cells incubated with different PU™" .«cluding LA, ALA, ARA,
EPA and DHA. We found the transcriptional leve! of ciovl8a was not significantly
altered by different fatty acid substrates, which “urtt 2r confirmed that the rabbitfish
elovi8a lacked the ability to biosynthesize LC-PUFA. In contrast, the mRNA
expression of elovI8b was significantly ug reguiated by LA, ALA, ARAand EPA, and
slightly down-regulated by DHA. Ti.>se data indicated that elovI8b could be actively
involved in the LC-PUFA biosynti.>sis pathway as it’s expression was stimulated by
the Cis, LA and ALA, and Cy, A<A and EPA, pathway substrate fatty acids and
inhibited by the pathway prou: 't tatty acid, DHA.

Additionally, in vivo «¥oeriment showed that the expression levels of elovI8b in
rabbitfish tissues we e s 9nificantly affected by dietary lipid source, similar to other
elovl genes in other 1.>h species (Kuahetal., 2015; Xue et al., 2014; Xie etal., 2016).
We herein showed that the expression of elovI8b in rabbitfish brain, liver, intestine
and gill in rabbitfish fed VO were significantly higher than those fish fed FO.
Compared with the FO that is rich in EPA and DHA, VO have no n-3 LC-PUFA, but
are generally rich in Cig PUFA, LA and/or ALA (Izquierdo et al.,, 2003; Raso and
Anderson, 2003; Tocher, 2003). Therefore, the LC-PUFA biosynthesis pathway of
rabbitfish was stimulated by dietary VO, which might be caused by a compensatory
mechanism to meet the lower dietary levels of essential LC-PUFAs. Rabbitfish
elovi8b, as a potential elongase gene involved in LC-PUFA biosynthesis, was higher

expressed in fish fed with VO, which might be a physiological adaptation of this fish



to the deficiencies of dietary LC-PUFA through increased LC-PUFA biosynthesis.
These findings were consistent with our previous report that the transcriptions of
LC-PUFAs biosynthesis related genes ( A 4 fad, A 6/5 fad and elovI5) were
significantly higher in rabbitfishes fed with VO than those of that in fishes fed with
FO (Xie etal., 2015), suggesting elovI8b is also involved in LC-PUFAS biosynthesis.
5. Conclusion

In the present study, we identified elovl8a and elovI8b genes from the rabbitfish
and functionally investigated their potential roles in response to different nutritional
states for the first time. Our data confirmed that the elovI8 z=ne are unique to teleosts,
and their physiological functions have been differert.cteu. The rabbitfish Elovi8b
retained the ability to elongate Cig (18:2n-6, 18:3r. 3 and 18:4n-3) and Cy (20:4n-6
and 20:5n-3) PUFA to longer-chain fatty acids . ‘heri.as Elovi8a has lost this ability.
Based on these results, we can conclude tha* the elovI8b as a novel member of Elovl
protein family involved in the LC-PUFA L asynthesis pathway in rabbitfish. Therefore,
this systematic study of elovI8's ei.cution function towards Cig and Cyo PUFAS,
provided an alternative pathway 1.* LC-PUFA biosynthesis in fish species (Fig. 9).
Furthermore, the functional cha.a :terization of ElovI8b protein increases the number
of Elovl enzymes already knic'wn to participate in LC-PUFA synthesis in fish, which

provides a novel insight inw tre mechanisms of LC-PUFA biosynthesis in teleost.
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Fig. 1. Complete coding sequences ar delticed protein sequences of the elovi8a (A) and elovI8b

(B) genes in S. canaliculatus. Pociinn. of nucleotides and amino acids are labeled on both sides.

Transmembrane conserved dcains are boxed. Amino acids sequences in blue type represent the

conserved matifs of elong.ses. Cysteines in the two proteins are signed by circles. The putative

endoplasmic reticuli'm \ER) -etrieval signal at the C-terminus is marked by dotted boxes. Asterisk

(*) represents the stop cc Jon.



Poecilia Formosa ELOVL8a
Siganus canaliculatus ELOVL8a
Danio rerio ELOVLBa
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Ictalurus punctatus ELOVL8b
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Clustal Consensus

Poecilia formosa ELOVL8a
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Fig. 2 Multiple alignments of ElovI8: and ElovI8b among fishes. Six conserved transmembrane
a-helix domains are boxed and larelrc with | to VI, respectively. Four conserved motifs of
elongases are marked in blue tvue. C:steines are shown in bold type. ER retrieval signal at the

C-terminal is signed by dotted . ~x. Asterisks (*) indicate conservation of the amino acids among

these sequences.
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Fig. 3. Synteny comparisons of the elovi8a (A) and elovi8b (B) genes in vertebrates. The colorful
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present study are marked in blue type.
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Fig. 9. The biosynthesis pathway of '»ng- “hain polyunsaturated fatty acids (<C24) from linoleic
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Table 1. Functional characterizations of rabbit fish elovI8 elongases: conversions on

polyunsaturated fatty acid (FA) substrates.

FA substrate Product Elolv8a Elolv8b Activity
18:2n-6 20:2n-6 0 2.0 C18—20
18:3n-3 20:3n-3 0 3.7 C18—20
18:4n-3 20:4n-3 0 3.7 C18—20
20:4n-6 22:4n-6 0 2.0 C20—-22
20:5n-3 22:5n-3 0 R.2 C20—22

Results are expressed as a percentage of total FA substrate convert-_ *0 elongated product.
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Highlights

1. Two novel fish-specific elovI8 genes were first identified in Siganus canaliculatus.

2. Comprehensive studies revealed two elovI8 isoforms were widely existed in teleost.
3. Rabbitfish elovl8a was highly expressed in heart and spleen, while elovI8b was
mainly distributed in the brain and eye.

4. Elovi8b but not Elovi8a was found to have the ability to elongate the LC-PUFA.

5. A new mechanism involved in LC-PUFA biosynthesis was established.



