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Abstract The elongases of fatty acids (ELO) are essential for long chain polyunsaturated fatty acid (LC-PUFA)
biosynthesis, and their activities depend on the substrates. The full length cDNA of Crassostrea angulata ELO
(CaELO) was cloned by RACE PCR and its function was confirmed. The CaELO encodes a polypeptide of 309
amino acid residues, which containes a histidine box HXXHH motif conserved in all elongases and shares high
similarity to the elongases of Chlamys nobilis and Octopus vulgaris. Phylogenetic analysis showed that the putative
elongase was placed in the same group with ELOVL2 and ELOVLS5, which have been demonstrated to be critical
enzymes participating in the biosynthesis of PUFAs in vertebrates. When expressed in Saccharomyces cerevisiae,
CaELO was able to elongate n-3 and n-6 PUFA substrates with chain lengths of C18 and C20, indicating that the
CaELO had similar substrate specificities to vertebrate ELOVLS. CaELO had lower activity to elongate
monounsaturated fatty acids, but had not activity to saturated fatty acids. Interestingly, the conversion rate of PUFAs
depended on the length of carbon chain, the number of double bond, and n-3 / n-6 series in the species.
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1. Introduction

Polyunsaturated fatty acids (PUFAs) are important
components of cellular structure and function and serve as
precursor to eicosanoids, including prostaglandins and
leukotrienes. These eicosanoids have a number of
functions in animals, involving in inflammatory responses,
regulation of blood pressure, and reproductive function [1].
PUFAs, such as linoleic acid (LA, 18:2n-6) and a-
linolenic acid (ALA, 18:3n-3) which are essential fatty
acids for biosynthesis of long-chain polyunsaturated fatty
acids (LC-PUFA), cannot be endogenously biosynthesized
by human and so must be obtained from diet.

In animals, the ability to produce PUFA varies and is
dependent on their complement of fatty acyl desaturase
and elongases. In vertebrates, the pathway of biosynthesis
LC-PUFAs has been clearly described [2], which involves
sequential desaturation and elongation of essential PUFA
precursors, LA and ALA. While in molluscs, fatty acyl
elongase genes with differing fatty acid (FA) substrate
specificities are only described in Chlamys nobilis and
Octopus vulgaris [3,4,5].

Microalgae, the major source of LA, ALA, C20 and
C22 PUFAs, are the main feed for the filter-feeder
bivalves [6,7]. Previous studies have showed that these

PUFAs are crucial to the survival, growth, development
and reproduction for molluscs, such as Mytilus
galloprovincialis [8], Babylonia areolata [9], Solen
marginatus [10], and Ostrea angasi [11], etc. Decades of
research on PUFAs of elongation and desaturation activity
in bivalves has improved our understanding of the PUFAs
synthesis pathway. In the early studies, by using labeled
PUFA precursors, clam Mesoderma mactroides and
Pacific oyster Crassostrea gigas were demonstrated to
have the ability to desaturate and elongate PUFA
precursors [12,13]. In addition, Scapharca broughtoni and
Mpytilus edulis were reported to have the capabilities of de
novo synthesis for some peculiar fatty acids (FAs) called
nonmethylene interrupted fatty acids (NMls) [14,15].
More importantly, in recent years, our lab has provided
the first compelling evidence that C. nobilis can de novo
biosynthesize 20:5n-3 and 20:4n-6 from PUFA precursors
though the “A8 pathway” [16].

The Crassostrea oysters are important edible marine
bivalves, which have been cultured worldwide. It is
known that oysters are rich in PUFAs [17,18], and part of
them obtained from their diets. However, whether they
have the ability to biosynthesize PUFAs themselves is still
unknown.

In the present study, the cDNA of fatty acyl elongase
was isolated in the Crassostrea angulata, and function of
the encoded polypeptide was characterized in yeast
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Saccharomyces cerevisiae to investigate whether the gene
could elongate PUFA substrates.

2. Materials and Methods

2.1. Cloning of Putative PUFA Elongase from
C. angulata

The adult oysters used in the present study were
sampled from a cultured population at Nan'ao Island of
Guangdong Province, China. The adductor was sampled
and total RNA was extracted using TransZol Up reagent
(TransGen Biotech, China). Then, 1 pg of total RNA was
used as template for cDNA synthesis by using SuperScript
III reverse transcriptase PCR and Oligo-dT as primers

following the instructions of the manufacturer (Invitrogen).

Partial cDNA sequence of elongase was obtained from

transcriptome sequencing of C. angulate (SRX481252).
Then forward primer CAEF and reverse primer CAER
(Table.1) were used to confirm the cDNA fragment. PCR
amplification was performed under the following PCR
conditions: initial denaturation at 95°C for 2min, 35 cycles
of denaturation at 95°C for 30s, annealing at 60°C for 30s,
and extension at 72°C for 90s. The PCR products were
separated on 1% agarose gel, and then purified with a
PCR purification kit (TransGen Biotech). The purified
PCR product was ligated with the pEASY- T1 Cloning Kit
(TransGen Biotech), and transformed into TransSa
Chemically Competent Cell (TransGen Biotech). The
recombinants were identified through blue-white color
selection in ampicillin containing LB plates and screened
with M13-47 and RV-M primers, and then sequenced on
both strands.

Table 1. Sequence for primers used in the present

Primer
Sequences
name
CAEF 5'-TACAGCGATGTCAGTGTGGCA-3'
CAER 5'-ACAACGACTTCACCAGAGGAGC-3'
CAES1 5'-ACGTAGACCGGGTTATCGTACAGCA-3'
CAES2 5'-GCCCTCTTCATACAGTCTCAACACA-3’
CAE31 5'-CACACCATCCAGACAACTTTCACGG-3'
CAE32 5'-AAGACTGACCTAGCTCAAAATGGGG-3'
M13-47 5'- CGCCAGGGTTTTCCCAGTCACGAC-3'
]1\{[\&;[ 5-AGCGGATAACAATTTCACACAGGA-3'
Function primers
5'-CCCAAGCTTATGGAGAAAATTCCAGTTGTTAAA
CAEF-1 75,
CAER-1 5'-CCGGAATTCTCAATCACTTTTCGAGTGTC-3'

Real-time PCR primers

CAEE-F 5-GTTTTGTAGCTCGCTGAATGC-3’
CAEE-R  5-ACCCGTGAAAGTTGTCTGGAT-3'
B-actin-F  5-GCGGCAGTGGTCATCTCCT-3'
B-actin-R  5-GCCCTTCCTCACGCTATCCT-3'

*Restriction sites for Hind Il and EcoR I are underlined in primer
CAEF-1and CAER-1 sequences.

Based on the partial cDNA sequence of the elongase,
the complete CAELOVL c¢cDNA was amplified through 3'-
RACE cDNA and 5'-RACE PCR with the SMARTer™
RACE cDNA Amplification Kit (Clontech, Mountain
View, CA) and LA Taq polymerase (TaKaRa, Japan),
using touch-down PCR and nested PCR strategy. The
touch-down PCR was carried out in a 50 pl volume

containing 2.5 pl 5'-RACE c¢DNA (or 3'-RACE cDNA)
template, 1 ul CAE51 (or CAE31) primer (10 mmol L™),
1 pl UPM (long UPM 10 mmol L™, short UPM 10 mmol
L") (Table 1), 0.5 ul LA Taq DNA Polymerase (5 U/ul), 5
ul 10xLA Taq Buffer [l (Mg”" Plus), 8 ul dNTP Mixture
(2.5 mM each), and 32 pl sterilized ultrapure water. The
PCR reaction program was performed as follows: 94°C
for 2 min followed by 35 cycles of 94°C for 30 s, 68°C -
60 °C for 30 s in the initial 9 cycles decrementing 1°C
/eycle, 60°C for 30 s for the remaining 26 cycles, 72°C for
2 min, and a final extension step at 72°C for 10 min. The
products of touch-down PCR were used as template for
the subsequent nested PCR. The expected DNA fragment
was separated on a 1% agarose gel and then purified with
a PCR purification kit (TransGen Biotech). Purified DNA
fragment was sub-cloned into pEASY- T1, and then
transformed into TransSa Chemically Competent Cell.
Positive recombinant clones were identified by blue-white
color selection in ampicillin-containing LB plates and
PCR screening with M13-47 and M13-RVM primers, and
then sequenced by a commercial company (Sangon
Biotech, Shanghai, China). The full length ¢cDNA of
CaELOVL was aligned from the overlapping cDNA
clones.

2.2. Phylogenetic Analysis of Putative PUFA
Elongase from C. angulata

A phylogenetic tree was constructed on the basis of
protein sequence of ELOVL from the putative C. angulata
ELOVL (CaELOVL) and other organisms, including
vertebrate and invertebrate. A multiple sequence
alignment was performed using ClustalX2.1 and a
phylogenetic tree was made using the neighbor-joining
method in MEGA 5.1 package. Confidence in the
resulting phylogenetic tree branch topology was measured
by bootstrapping through 1000 iterations.

2.3. Real-time PCR Analysis of CaELOVL
Transcript Levels

Total RNA from different tissues of adductor, gill,
gonad and mantle was isolated as described above. First-
strand cDNA was synthesized using RT reagent Kit with
gDNA Eraser (Takara, Dalian, China) according to the
manufacturer’s instructions. Two gene-specific primers
were designed to amplify a product of 158 bp, which was
quantified by real-time RT-PCR with the SYBR®Premix
Ex Taq™ II Kit (Perfect Real Time) (Takara, Japan)
following the manufacturer’s protocol. The reaction was
performed in a LightCycler® 480 (Roche). A total
reaction volume of 20 pl containing 10 ul SYBR® Premix
Ex Taq™ II, 2 pl the four-fold diluted cDNA, 0.8 ml each
primer (CAEE-F and CAEE-R to amply CaELOVL gene,
p-actin-F and fS-actin-R to amply f-actin, 10 mmol L™,
Table 1) and 6.4 pl ultra-pure water was carried out
following a denaturation step of 95°C for 30 s, 45 cycles
of 95°C for 5 s, 60°C for 30 s, a melting curve analysis
from 65°C to 95°C and a cooling step of 40°C for 10 min.
Each sample was run in triplicate. Data were analyzed by
using the LightCycler480 software (Roche) after the PCR
program. Relative mRNA expression level of CaELOVL
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was determined with the 2722 algorithm with S-actin
from C. angulata as the internal control.

2.4. Heterologous Expression of Elongase
OREFs in Yeast

Expression primers were designed for PCR cloning
putative elongase cDNA ORF. The forward primer and
the reverse primer was CAEF-1, contained a HindIII site
(underlined), and CAER-1, contained an EcoRI site
(underlined). PCR was performed using TransStart®
FastPfu DNA Polymerase (Trans GenBiotech) following
the manufacturer's instructions. Amplification involved an
initial denaturation step at 95°C for 2 min, followed by 30
cycles of denaturation at 95°C for 20 s, annealing at 56°C
for 30 s, and extension at 72°C for 60 s. After PCR, the
DNA fragments were cut with HindIII/EcoRI and ligated
into the similarly digested yeast expression vector
pYES2.0 (Invitrogen), which was then used to transform
DHS5a E. coli competent cells. Transformation of yeast
with recombinant plasmids and yeast culture were carried
out using the S.c. EasyComp Transformation Kit
(Invitrogen Ltd.). Selection of yeast containing the
elongase/pYES2 constructs was on S. cerevisiae minimal
medium minusuracil (SCMM-uracil). Culture of the
recombinant yeast was carried out in SCMM-uracil broth
as described previously [19], using galactose induction of
gene expression. Each culture was supplemented with one
of the following PUFA substrates: C18:2n-6, C18:3n-3,
C20:4n-6,C20:4n-6, C20:5n-3 and C22:3n-6. Yeast cells
were harvested, washed, and dried, and then lipid was
extracted by homogenization in chloroform/methanol (2:1,
vol/vol) containing 0.01% butylated hydroxytoluene
(Sigma, Ltd) as antioxidant. FAMEs were prepared,
extracted, purified by TLC on 20 cm x 20 cm X 0.25 mm
silica gel 60 plate (Merck, Germany), and analyzed using
gas chromatography (GC-17A, Shimadzu, Kyoto, Japan)
equipped with a hydrogen flame ionization detector and
a30 m x 0.25 mm x 0.25 pm capillary column (VF-23ms,
Varian, USA), all as described below. The column was
temperature programmed from 50 to 150°C at 6°C/min
and 150 to 230°C at 5°C/min. Hydrogen was used as
carrier gas at a flow rate of 1.1 ml/min. The temperature
of detector and injection port was set at 250°C. Individual
methylesters were identified by comparison to authentic
standards. The proportion of substrate fatty acid converted
to the longer chain fatty acid product was calculated from
the gas chromatograms as 100-[Product Area / (Product
Area + Substrate Area)].

3. Results

3.1. CaELOVL cDNA Sequences and
Phylogenetics

A 2238bp full-length cDNA sequence was obtained by
5'- and 3’-RACE PCR and was deposited in the GenBank
database under the accession number KYO012771. It
contains an ORF of 930bp (including stop codon)
encoding a putative protein of 309 amino acid (aa),

sharing 57% and 54% aa sequence identity with C. nobilis
elongase (KF245423) and O. vulgaris (AFM93779.1),
respectively. And it has 42-45% identity to Xenopus

tropicalis ELOVLS (NP001011248), Siganus
canaliculatus ELOVLS5 (ADE34561), Gallus gallus
ELOVL2 (NP001184237), Homo sapiens ELOVLS

(NP068586). The newly cloned fatty acyl elongase protein
possessed the typical histidine box HXXHH motif
(Figure 1) conserved in all elongases. Seven putative
transmembrane-spanning domains were predicted using
TMHMM 2.0, five of which (I, II, V, VI, VII) had been
reported in a mouse ELOVL2 [20]. A phylogenetic tree
was constructed on the basis of the aa sequence
alignments between the putative CaELOVL and other
ELOVL family members (2, 5) from invertebrates, and as
well as from vertebrates (Figure 2). The CaELOVL had
the closest relationship with ELOVL from C. nobilis, then
O. vulgaris, and formed a group close to ELOVL2 and
ELOVLS from vertebrates.
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Figure 1. Comparison of the amino acid sequences of PUFA elongases
cloning from C. angulata (KYO012771) with those from C. nobilis
(KF245423), O. vulgaris (AFM93779), Xenopus tropicalis
(NP001011248), Siganus canaliculatus (ADE34561), Gallus gallus
(NP001184237), and Homo sapiens (NP068586). Identical residues are
shaded black and similar residues are gray. The threshold for similarity
shading was set at 25%. Indicated is the conserved histidine box motif.
Seven (I-VIII) putative membrane-spanning domains (underlined with
dashed line) were identified using TMHMM 2.0, five of which (I, II, V,
VI, VII) were predicted by Tvrdik et al. (2000)



92

98

Journal of Food and Nutrition Research

ELOVLS Ratfus norvegicus
ELOVLS Homo sapiens
ELOVLS Mus musculus

ELOVL 5 Xenopus tropicalis
ELOVLS Siganus canaliculatu

100 E ELOVL2 Gallus gallus

ELOWVL2 Anas plafyrhynchos

100

_|: ELOVL2 Danio reno

96 ELOWL2 Salmo salar

ELOVL Octopus vulgarns

ELOVL Mimachlamys nobilis
9%

ELOVL Crassotrea angulz

ELOVLA Crassosirea gigas

ELOVL Ciona infestinalis
ELOVL4 Danio reno
ELOVL4 Sus scrofa

&g

100

[ ELOVLA Gallus gallus

100 " ELOVLY Anasplatyrhynchos

76| ELOVL1 Gallus gallus
100 I ELOVL1 Falco peregrinus

99

ELOVL1 Anas platyrhynchos
ELOVLA Sus scrofa

Elovl7a Danio rerio

100 [ ELOVLT Anas platyrhynchos

ELOVLT Gallus gallus
ELOVLY Bos taurus
ELOVLY7 Homo sapiens

55 r ELOVL3 Homo sapiens

ELOVL3 Pan paniscus

=]

(e

100

— ELOWL3 Feliscatus
ELCNVL3 Sus sorofa
ELOVL3 Xenopus fropicalis

01

ELOVLE Bos taurus
00 [ ELOVLE Felis catus

%8 - ELOVLE Homo sapiens

Figure 2. Phylogenetic tree comparing the deduced amino acid sequence of the C. angulata elongase of very long-chain fatty acids with a series of
protein sequences including representatives of the ELOVL subtypes from other organisms. A multiple sequence alignment was performed using
ClustalW and a phylogenetic tree was made using the neighbor-joining method in MEGA 4.1 package. Numbers represent the frequencies with which

the tree topology presented was replicated after 1000 bootstrap iterations
3.2. Tissue Distribution of CAELOVL

CaELOVL transcripts were detected in all tested tissues
(Figure 3), and the level was significantly different among
the tissues (P < 0.05). And there was a significantly higher
level in gill and mantle than in gonad and adductor.

3.3. Functional Characterization

Yeast transformed with vector containing no insert
contained only four endogenous fatty acids (C16:0,
Cl16:1n-7, C18:0, and C18:1n-9) [19], together with
whichever exogenous FA was added. The results were
consistent with the well-established observations of lack
of PUFA elongase activity in S. cerevisiae [21,22]. The
FA compositions of yeast transformed with the pYES2-
ELOVL construct and grown in the presence of different
substrates were shown in Figure 4.
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Figure 3. Tissue distributions of CaELOVL in C. angulata by qRT-PCR
analysis. Expression levels in all tissues are presented relative to f-actin.
Vertical bars represent + S.D. (N= 4) for each tissue
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Figure 4. Functional characterization of CaELOVL in transgenic S. cerevisiae grown in the presence of fatty acids (FAs). A, B, C, D, E, F and G
represent control and adding FA substrate of C18:2n-6, C20:3n-6, C22:3n-6, C20:4n-6, C18:3n-3 and C20:5n-3, respectively. Fatty acids were extracted
from yeast transformed with pYES2 vector containing the ORF of the putative fatty acyl elongase cDNA as an insert. Peaks 1-4 represent the main
endogenous FAs of S. cerevisiae, namely C16:0 (1), C16:1n-7 (2), C18:0 (3) and C18:1n-9 (4). The remaining main additional peaks (6-17) correspond
to the exogenously added FAs and the products of their elongation-C18:2n-6 (7), C20:2n-6 (8), C20:3n-6 (9), C22:3n-6 (10), C22:3n-6 (11), C20:4n-6
(12), C22:4n-6 (13), C18:3n-3 (14), C20:3n-3 (15), C20:5n-3 (16) and C22:5n-3(17). Other minor peaks are 20:1n-9 (5) and 20:1n-7 (6), the latter two

resulting from the elongation of 18:1n-9 and 18:1n-7.

All substrates including B (C18:2n-6), C (20:3n-6), E
(C20:4n-6), F (C18:3n-3), and G (C20:5n-3) had their
corresponding products except for D (C22:3n-6).
Moreover, we found that conversion rate is significantly
different (P < 0.05), varying from 25% to 0.81%
(Table 2).

4. Discussion

Polyunsaturated fatty acids (PUFAs), particularly 18- to
22-carbon PUFAs, have obtained a high-profile position
in the biomedical and nutraceutical areas because of their
specific therapeutic roles in certain clinical conditions.
Moreover, public awareness on eating healthy has also
brought these PUFAS to the attention of the consumer.

In the past decades, the synthesis pathways of important
PUFAs have been clearly described in vertebrates [23,24].
As the second largest Phylum in animal kingdom,
mollusks have provided delicious and health food for
human due to their enriched higher protein and PUFAs
[23,25,26]. However, mechanism of their enrichment in
PUFAs has not been clearly described, although there
have been a few reports about biosynthesis PUFAs
mechanism in an octopus [4,5] and a bivalve [27] in recent
years.

In the present study, the activity of CaELOVL was
found similar to that of ELOVLS more than that of

ELOVL2, which involves specifically in the elongation of
C18 and C20 FAs, respcetively. The result is consistent to
the previous study in the mollusks [4,27] and in the
vertebrates [24,28].

In the past years, bivalves have been regarded as having
no or limit ability to biosynthesize n-3 and n-6 long chain
PUFAs by elongation and desaturation of the precursors
18:2n-6 and 18:3n-3 [17,29]. Instead bivalves have been
thought to obtain the PUFAs from their diets [30,31].
However, in the present study, the oyster was identified to
have the ability to biosynthesize PUFAs by itself, and
previous study in two mollusks of O. vulgaris [4] and C.
nobilis [16] had the same findings, respectively. Therefore,
we conclude that marine mollusks have the ability to
biosynthesize PUFAs by themselves.

More interestingly, from the results listed in Table 2,
we found that the conversion rate of PUFAs was related to
n-3 / n-6 substrates. Significantly higher conversion rate
was found with n-6 PUFA substrates than homologous n-3
substrates; however, in vertebrates, most of functionally
characterized PUFA biosynthesis genes/enzymes show
more activity toward n-3 PUFA substrates [32-35].
Marine microalgae enrich in n-3 series PUFAs [30], the
oyster can obtain n-3 PUFAs by feeding these microalgae,
this probably explains why the synthesizing ability of the
n-3 series PUFAs became weaker than that of the n-6
series PUFAs. This might be an adaption to environment
in the evolution of animals.
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Table 2. Conversion rate of the CAELOVL for different substrates*.

FA substrates Product Conversation rate (%) Activity
18:2n-6 20:2n-6 25.08%1.6" 18 > 20
18:3n-3 20:3n-3 6.5120.64" 18— 20
20:3n-6 22:3n-6 6.8410.53" 20— 22
20:4n-6 22:4n-6 1.4840.12° 20> 22
20:5n-3 22:5n-3 0.8240.06° 20> 22
22:3n-6 24:3n-6 0 22 > 24

* Results are expressed as a percentage of total fatty acid substrate
converted to elongated product (means + SD, n = 4). Different letters
indicate that means are significantly different as determined by one-way
ANOVA followed by Tukey's multiple comparison tests.

In vertebrates, ARA and EPA are biosynthesised from
the dietary essential C18 PUFA 18:2n-6 and C18:3n-3
through two alternative pathways, the ‘classical’ A6-
pathway (A6 desaturation — elongation — A5
desaturation), or alternatively through the so-called ‘AS8-
pathway’ (elongation — A8 desaturation — A5
desaturation). In the present, C20:2n-6 and C20:3n-3 can
be biosynthesised from the dietary essential 18:2n-6 and
C18:3n-3, namely 18:2n-6 — 20:3n-6 and C18:3n-3 —
C20:3n-3 for the A8-pathway in C. angulata. Although
gene responsible for elongation step of this pathway has
now been identified in C. angulata, no Fad cDNA with A5
and AS8-desaturase activity has yet been identified and,
consequently, it remains unclear whether the C. angulata
can biosynthesise ARA and EPA from the dietary
essential 18:2n-6. However, in C. nobilis, it has been
confirmed that C. nobilis could efficiently biosynthesis
ARA and EPA from 18:2n-6 and C18:3n-3through ‘AS8-
pathway’ [27], based on these results, we speculated that
the alternative “A8-pathway” may be the PUFA
biosynthesis pathway in C. angulata.

In conclusion, the oyster Crassostra angulata has the
ability to biosynthesize PUFAs by itself. And it has a
significantly higher conversion rate in n-6 PUFA
substrates than homologous n-3 substrates. Moreover, we
speculated that the alternative “A8-pathway” may be the
PUFA biosynthesis pathway in C. angulata.
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