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Biosynthesis of the highly biologically active long-chain polyunsa-
turated fatty acids, arachidonic (ARA), eicosapentaenoic (EPA), and
docosahexaenoic (DHA) acids, in vertebrates requires the introduc-
tion of up to three double bonds catalyzed by fatty acyl desa-
turases (Fad). Synthesis of ARA is achieved by A6 desaturation
of 18:2n — 6 to produce 18:3n — 6 that is elongated to 20:3n -6
followed by A5 desaturation. Synthesis of EPA from 18:3n — 3 re-
quires the same enzymes and pathway as for ARA, but DHA synth-
esis reportedly requires two further elongations, a second A6
desaturation and a peroxisomal chain shortening step. This paper
describes ¢DNAs, fad1 and fad2, isolated from the herbivorous,
marine teleost fish (Siganus canaliculatus) with high similarity to
mammalian Fad proteins. Functional characterization of the cDNAs
by heterologous expression in the yeast Saccharomyces cerevisiae
showed that Fad1 was a bifunctional A6/A5 Fad. Previously, func-
tional dual specificity in vertebrates had been demonstrated for a
zebrafish Danio rerio Fad and baboon Fad, so the present report
suggests bifunctionality may be more widespread in vertebrates.
However, Fad2 conferred on the yeast the ability to convert
22:5n — 3 to DHA indicating that this S. canaliculatus gene encoded
an enzyme having A4 Fad activity. This is a unique report of a Fad
with A4 activity in any vertebrate species and indicates that there
are two possible mechanisms for DHA biosynthesis, a direct route
involving elongation of EPA to 22:5n — 3 followed by A4 desatura-
tion, as well as the more complicated pathway as described above.

A4 desaturase | bifunctional A6/A5 desaturase | polyunsaturated fatty acid
biosynthesis | Siganus canaliculatus | teleost

Polyunsaturated fatty acids (PUFA) cannot be synthesized de
novo by vertebrates and so must be obtained in the diet. How-
ever, the most biologically active essential fatty acids (EFA) in-
cluding arachidonic (ARA; 20:4n — 6), eicosapentaenoic (EPA;
20:5n —3) and docosahexaenoic (DHA; 22:6n — 3) acids are
long-chain PUFA (LC-PUFA) that can be synthesized in verte-
brates through sequential desaturation and elongation of Cg
PUFA, 18:2n — 6 and 18:3n — 3. Synthesis of ARA is achieved by
A6 desaturation of 18:2n — 6 to produce 18:3n — 6 that is elon-
gated to 20:3n — 6 followed by A5 desaturation (1). Synthesis of
EPA from 18:3n — 3 requires the same enzymes and pathway as
for ARA, but DHA synthesis reportedly requires two further
elongation steps, a second A6 desaturation and a peroxisomal
chain shortening step (2). The extent to which any species can
convert C;3 PUFA to LC-PUFA varies, associated with their
complement of fatty acyl desaturase (Fad) and elongase (Elovl)
enzymes. Some animals, notably extreme carnivores, have very
limited ability to synthesize LC-PUFA, and consequently have
a dietary requirement for preformed C,, and C,, PUFA (3-6).

As with all vertebrates, PUFA are essential nutrients in fish,
but requirements vary with C;3 PUFA being the EFA for fresh-
water and diadromous (migratory fish that travel between salt
and fresh water during their lifecycle) species, whereas marine
fish have a dietary requirement for LC-PUFA (7). The molecular
basis of LC-PUFA synthesis is understood in fish as well as in any
vertebrate, driven by the crucial role fish play as the primary
source of n — 3 LC-PUFA in the human diet (8, 9). Evidence sug-
gests that the dependence of marine fish on dietary LC-PUFA is
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due to deficiency in one or more enzymes required for their bio-
synthesis (7-10). Like mammals (11), Atlantic salmon possesses
separate genes for A5 and A6 Fads (12-14). Distinct A6 Fad
cDNAs have been isolated from all fish species studied to date
including freshwater and marine species (15-18). Other than sal-
mon, the only other fish Fad with AS activity is the bifunctional
A6/AS5 Fad previously isolated from zebrafish (19). Thus the in-
ability of some species to produce DHA might be explained by
the lack of a gene encoding AS activity, a deficiency that has
no significant consequence in the DHA-rich marine ecosystem.
In contrast, the bifunctional zebrafish gene and multiple subfunc-
tionalized salmon genes have enabled these species that spend all,
or a significant part, of their lifecycles in relatively nutrient-poor
freshwater environments, to produce essential LC-PUFA (10).
However, the influence of trophic level (the position of an organ-
ism in the food chain) on LC-PUFA biosynthesis capability has
never been fully explored. Thus, all the marine species studied
to date consume mainly animals, often other fish (carnivores/
piscivores) with trophic levels greater than 2.8 (20). In contrast,
the freshwater species so far examined consume either mainly
plant/detritus (herbivores) or plants/detritus plus animals
(omnivores) with trophic levels between 2.0 and 2.79 (20).

The present study was initiated to study a marine species,
Siganus canaliculatus (Park, 1797) (white-spotted spinefoot or
rabbitfish), which is truly herbivorous consuming algae and sea-
grasses with a trophic level below 2.8 (21). Previously, the cDNA
for a Fad had been cloned (fad1) but not functionally character-
ized (22). Here we report the cloning of the cDNA for a further S.
canaliculatus gene (fad2) and the results of heterologous expres-
sion of both fad cDNAs in the yeast Saccharomyces cerevisiae. The
results show the two S. canaliculatus Fads display bifunctional
A6/AS5 and A4/AS activities, respectively. This is a unique report
of a vertebrate Fad with A4 activity and suggests that there is
potentially more than one possible pathway for the synthesis
of DHA in vertebrates.

Results

Sequence and Phylogenetic Analysis of Fad2. The Fad2 cDNA was
1831 bp in length (excluding polyA tail) and contains a 1338
bp open-reading frame (ORF) (GenBank accession number
GUS594278). The deduced protein has 445 amino acids and is
82.7% identical to the previously isolated S. canaliculatus Fadl
(EF424276), and 67.8 %, 57.8 % and 63.6 % identical to Danio
rerio A6/AS5 (AF309556), Homo sapiens A5 (AF199596) and A6
(AF126799), respectively. The deduced Fad2 polypeptide se-
quence has a number of characteristic features of microsomal
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Fad proteins, including three histidine boxes, an N-terminal
cytochrome b5 domain containing the heme-binding motif, and
two transmembrane regions. Phylogenetic analysis of Fadl and
Fad2 with a variety of Fads of other species shows that
S. canaliculatus desaturases are most closely related to marine
teleost A6 Fads, and more distantly from lower eukaryotes A4
and A5 Fads (Fig. 1).

Functional Characterization. The S. canaliculatus Fad proteins were
functionally characterized by determining the fatty acid (FA)
profiles of yeast transformed with either the pYES2 vector alone
or the vector with the putative Fad cDNA inserts (pYES2fadl
and pYES2fad2), and grown in the presence of potential FA sub-
strates including those for A6 (18:3n —3 and 18:2n —6), AS
(20:4n — 3 and 20:3n —6) and A4 (22:51n —3 and 22:4n —6).
Yeast transformed with pYES2 vector alone showed the main
FA normally found in S. cerevisiae, namely 16:0, 16:1 isomers,
18:0 and 18:1n — 9, together with the exogenously added FA.
This is consistent with S. cerevisiae not possessing A4, AS, or
A6 desaturase activities (19). Additional peaks were observed
in the FA profiles of pYES2fadl grown in the presence of A6,
18:3n — 3, and 18:2n — 6, and A5, 20:4n — 3, and 20:3n — 6, sub-
strates. Similarly, the FA profile of yeast transformed with
pYES2fad2 also showed additional peaks when grown in pre-
sence of A4 substrates, 22:5n — 3 and 22:4n — 6, and A5 sub-
strates. The GC traces obtained with n —3 FAs are shown in
Fig. 24-1. Based on GC retention times, the additional peaks
observed with the presence of the S. canaliculatus cDNAs were
identified as 18:4n — 3 (Fig. 2B), 20:5n — 3 (Fig. 2 E and F) and
22:6n — 3 (Fig. 2I).

FA methyl esters (FAME) from transgenic yeast incubated
with PUFA were derivatized to picolinyl esters and subjected
to electron ionization (EI) GC-MS to confirm the structures
of PUFA produced in the presence of fad constructs (Fig. 3).
The samples all showed prominent ions at m/z = 92, 108, 151,
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Fig. 1. Phylogenetic tree comparing the deduced aa sequences of S. cana-
liculatus Fad1 and Fad2 with desaturase proteins from fish and other organ-
isms. The tree was constructed using the neighbor joining method (47) with
MEGAA4. The horizontal branch length is proportional to aa substitution rate
per site. The numbers represent the frequencies with which the tree topology
presented was replicated after 1,000 iterations.
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and 164, which are characteristic of picolinyl derivatives, repre-
senting pyridine ring fragments (23). The EI spectra of the addi-
tional peak in pYES2fadl-transformed yeast incubated with
18:3n — 3 showed a fragmentation pattern with a mass ion of
367 m/z and prominent peaks at 352, 338, 312, 298, 272, 258,
232, 218, and 192 (Fig. 34). The initial interval of 15 represented
the terminal methyl and was followed by an interval of 14, indi-
cating one methylene group. The subsequent intervals of 26 de-
noted the positions of four double bonds indicating that this FA
is 4131296184 = 18:4n — 3 (Fig. 34). The EI spectra of the ad-
ditional FA from both pYES2fadl- and pYES2fad2-transformed
yeast incubated with 20:4n — 3 showed mass ions of 393 m /z with
prominent ions at intervals of 26 (364-338, 324-298, 284-258,
244-218, and 204-178 m/z), confirming that the product FAs
are A1714118520:5 = 20:5n — 3 (Fig. 3 B and C). The spectra
of the additional peak observed in yeast transformed with
pYES2fad2 and incubated with 22:5n — 3 showed a mass ion
of 419 m/z, with prominent ions at intervals of 26 (390-364,
350-324, 310-284, 270-244, 230-204, and 190-164 m/z), con-
firming that this FA is 2191613107427 :6 = 22:6n — 3 (Fig. 3D).
The GC-MS data confirmed that the S. canaliculatus Fadl cDNA
is a Fad that introduces double bonds into 18:3n — 3 at the A6
position and also into 20:4n — 3 at the AS position. Additionally,
Fad2 cDNA encodes a Fad that introduces double bonds at the
A4 position of 22:51 — 3 and, to a lesser extent, the AS position
of 20:4n — 3.

The analyses indicated that the yeast cells transformed with
pYES2fadl acquired functional A6 and A5 desaturation activity,
whereas cells transformed with pYES2fad2 had functional A4
desaturation and A5 desaturation capability. On the basis of the
percentages of substrate FA converted to product, the S. canali-
culatus Fadl cDNA is more active on A6 than on A5 substrates,
with Fad2 showing higher specificity on A4 than A5 substrates
(Table 1). Both Fads preferentially converted n — 3 rather than
n — 6 FAs.

Discussion

This paper is a unique report of A4 Fad activity in a vertebrate.
Historically, production of DHA from EPA in animals was
thought to occur via an elongation followed by A4 desaturation
(see refs. 1 and 2). However, in the late 1990’s, Sprecher and cow-
orkers indicated an alternative pathway in rats with sequential
elongations of EPA or ARA to C,, substrates followed by desa-
turation at the A6 position (2). Biochemical studies indicated that
this pathway also likely operated in rainbow trout (24, 25), and
that mammalian A6 Fads were capable of desaturating both Cig
and C,, substrates (26, 27). Molecular studies showed that the
zebrafish A6/A5 and salmon A6 Fad could utilize C,, FA in
addition to C;g FA when expressed in S. cerevisiae (28). Further-
more, no Fad with A4 activity had been isolated from a vertebrate
species and, consistent with this, none of the previously cloned
and functionally characterized Fad cDNAs of fish had shown
any measurable A4 activity (12, 13, 17-19). Thus, it became
the paradigm that vertebrates in general produced DHA from
EPA via the alternative “Sprecher” pathway and did not possess
a A4 Fad (1, 2). The present study has clearly demonstrated the
presence of a Fad with A4 activity in a teleost fish and that an
alternative pathway for the production of DHA from EPA, utili-
zing A4 desaturation, is thus possible in at least some vertebrate
species (Fig. 4).

The rate of DHA synthesis could be faster in the more direct
A4 pathway that only requires endoplasmic reticulum, whereas
the Sprecher pathway also involves peroxisomes, translocation
of PUFA intermediates and limited fatty acid oxidation, a cata-
bolic step. Previously, A4 Fads have been demonstrated in other
organisms including protozoan trypanosomes (29), the photosyn-
thetic freshwater protist Euglena gracilis (30) and marine micro-
algae Paviova lutheria and Thraustochytrids (31, 32), the latter of
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Fig. 2. Functional characterization of the S. canaliculatus putative fatty acyl desaturases in transgenic yeast (S. cerevisiae). FAME were extracted from yeast
transformed with pYES2 vector alone (A, D, G) or the constructs pYES2fad1 (B, E, H) and pYES2fad2 (C, £, /), and grown in the presence of FA substrates (*)
18:3n — 3 (A-C), 20:4n — 3 (D-F), and 22:5n — 3 (G-/). Peaks 1-4 represent the main endogenous FAs of S. cerevisiae, namely 16:0, 16:1 isomers, 18:0 and
18:1n -9, respectively. Based in retention times, additional peaks (arrowed) were identified as 18:4n — 3 (B), 20:5n — 3 (E and F) and 22:6n — 3 (/). Vertical axis,
FID response; horizontal axis, retention time.
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Fig. 3. Mass spectra of the arrowed peaks in Fig. 2. Picolinyl esters were prepared from FAME extracted from yeast transformed with pYES2fad1 and grown in
the presence of 18:3n — 3 (A) and 20:4n — 3 (B), or pYES2fad2 and grown in the presence of 20:4n — 3 (C) and 22:5n — 3 (D). Fatty acid picolinyl ester deri-
vatives were analyzed by GC-MS as described in Methods. The identities of the peaks were confirmed as 18:4n — 3 (A), 20:5n — 3 (B and C) and 22:6n — 3 (D).
Vertical axis, % abundance; horizontal axis, mass-to-charge (m/z) ratio.
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Table 1. Substrate conversions of pYES2fad1 and pYES2fad2-
transformed yeast grown in presence of A6, A5, and A4 fatty
acid (FA) substrates

Conversion (%)

FA substrate Product pYES2fad1  pYES2fad2  Activity
18:3n-3 18:4n-3 59 0 A6
18:2n-6 18:3n-6 35 0 A6
20:4n-3 20:5n -3 22 6 A5
20:3n-6 20:4n -6 12 2 A5
22:5n -3 22:6n-3 1 23 A4
22:4n -6 22:5n -6 0 14 A4

which is particularly interesting as it also has two alternative
pathways for DHA synthesis and contains a polyketide pathway
not requiring aerobic desaturases (33, 34). However, as expected,
the phylogenetic analysis showed that the S. canaliculatus A4 Fad
was more closely related to other vertebrate A6 and A5 Fads than
the algal and protozoan A4 desaturases (35).

The first bifunctional desaturase isolated from a vertebrate was
the zebrafish Fad with A6/A5 activity (19), and subsequently de-
saturases with dual function have also been described in moths
(A1l and A10, 12) (36), and fungus (A12 and A15) (37). Recently,
a baboon Fad was reported to possess both A6 and A8 activity
(38). Phylogenetic analysis showed that the S. canaliculatus Fads
clustered with Fads from taxonomically similar species rather
than with the zebrafish bifunctional desaturase a pattern that
has been observed previously (17, 18). The multiple desaturase
encoding genes in Atlantic salmon shared more than 90% identity
to each other but were strictly monofunctional, with three A6
Fads and a A5 Fad (12-14). Gene duplication and environmental
pressure may underpin the diversity of Fad isoforms and func-
tions. Recently, molecular evolution and functional diversifica-
tion of Fads after recurrent gene duplication was shown in
Drosophila (39). Fish possess varied and “plastic” genomes as
a result of frequent genomic changes including polyploidy, gene
and chromosomal duplications, and gain of introns, making them
interesting models for environmental genomics (40). Indeed, the
evolution of stearoyl-CoA desaturases in teleost fishes has been
described in relation to ancient and modern duplication events
(41). Thus it is likely that environmental pressure and genome
duplication has led to molecular evolution and functional diver-
sification of other Fads in teleosts.

18:1n-9
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Fig. 4. PUFA biosynthesis pathways. Solid lines indicate pathways confirmed
in teleosts, whereas broken lines indicate pathways shown in other organ-
isms but unconfirmed in teleosts.
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This is also a unique report of a marine fish expressing A5 de-
saturase activity as previously no A5 activity or gene had been
reported in any marine fish. Indeed lack of A5 activity (8, 10)
formed the biochemical and molecular basis for the difference
in EFA requirements between freshwater/diadromous species
(e.g., zebrafish, carp, trout, and salmon) whose EFA require-
ments can be satisfied by 18:3n — 3 and 18:2n — 6, and marine
species (e.g., cod, turbot, sea bream, and sea bass) whose EFA
requirements are not satisfied by C;3 PUFA and instead require
preformed LC-PUFA (7). The demonstration of genes encoding
enzymes with A6/A5 and A4 Fad activities in the marine species
S. canaliculatus is thus interesting in relation to the determinants
of LC-PUFA biosynthesis in fish and vertebrates in general. Pre-
viously, it was unclear whether the above distinction between
marine and freshwater species was related simply to environment.
The underpinning hypothesis was actually based on nutrient sup-
ply in the two environments (i.e., higher levels of EPA) and, espe-
cially, DHA in the marine environment (8), and so could also be
related to feeding habits and trophic level (42). The trophic level
of the marine fish studied were generally >3.0 (carnivores) com-
pared to the lower trophic level (<2.8) of the freshwater species
investigated (20). S. canaliculatus consumes exclusively benthic
algae and seagrasses and thus is a rare example of an exclusively
herbivorous species inhabiting the marine environment (21, 22).
This study therefore is evidence that trophic level can prevail over
other environmental factors, and that the above distinction
between freshwater/marine species is too simplistic (10). The pre-
sence of A6/A5 Fad indicates that S. canaliculatus has the desa-
turation activities necessary for the production of EPA and ARA
from 18:3n — 3 and 18:2n — 6, respectively, and furthermore the
presence of A4 Fad enables the subsequent endogenous pro-
duction of DHA from EPA.

The above discussion is of far more than simple scientific in-
terest as it is also highly relevant to aquaculture and the provision
of n — 3 LC-PUFA to the burgeoning human population. Fish are
the major dietary source of n — 3 LC-PUFA (20) and, with declin-
ing fisheries worldwide (43), farmed fish constitute an ever-in-
creasing proportion of the fish in the human food basket
amounting to one half in 2009 (44). Until now, high n — 3 LC-
PUFA levels in flesh of farmed fish have been obtained by the
use in the feeds of fish oils, paradoxically themselves derived from
marine fisheries, but this is not sustainable and will constrain con-
tinuing growth of aquaculture activities (45). Alternatives to fish
oil are urgently required but the prime candidates, vegetable oils,
are rich in C;3 PUFA but devoid of the n — 3 LC-PUFA abundant
in fish oil (9). Feeding fish on vegetable oil can thus have impor-
tant consequences for the human consumer as it lowers the n — 3
LC-PUFA content of the flesh compromising nutritional value
(46). The problem is particularly acute in fish species that do
not have the capability of endogenous production of LC-PUFA
and this has included all marine species investigated to date
(7-10). S. canaliculatus, the white-spotted spinefoot or rabbitfish,
is a reef-associated, perciform, oceanodromous species that inha-
bits tropical marine or brackish water, and is a common food fish
in its region and a prime candidate for aquaculture (22). As such,
it is an example of a marine species that would likely thrive on
feeds formulated with C,g-rich vegetable oils and endogenously
produce the healthful LC-PUFA, ARA, EPA, and DHA.

In conclusion, this work has demonstrated the presence of A4
Fad activity in a vertebrate species indicating an alternative,
simpler pathway for the production of DHA from EPA (Fig. 4).
Furthermore the demonstration of further examples of bifunc-
tional Fads suggests these may be more common among verte-
brate species. The isolation and characterization of these Fad
activities in an herbivorous, marine teleost demonstrates that
trophic level has likely taken precedent over environment in
the evolution of LC-PUFA biosynthesis pathways in fish.
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Methods

Molecular Cloning of S. canaliculatus A4 fad and Sequence Analysis. As with the
previously cloned S. canaliculatus desaturase Fad1 cDNA (gb|EF424276|) (22),
the highly conserved sequences of vertebrate A6 or A5 Fads were used to
design primers for the amplification of fad2. A fragment was obtained by
polymerase chain reaction (PCR) and further extended by 5’ and 3’ rapid am-
plification of cDNA ends (GeneRacer™ Kit, Invitrogen) to produce full-length
Fad2 cDNA (gb|GU594278)).

The amino acid (aa) sequence deduced from the S. canaliculatus Fad2
cDNA was compared with mammalian and teleost Fad proteins using
EMBOSS Pairwise Alignment Algorithms tool (http:/www.ebi.ac.uk/Tools/
emboss/align/). A phylogenetic tree was constructed on the basis of the aa
sequence alignments between the S. canaliculatus Fads and those from other
organisms, using the neighbor joining method (47).

Heterologous Expression of fad ORFs. PCR fragments corresponding to the
ORFs of S. canaliculatus Fad1 (gb|EF424276|) and Fad2 (gb|GU594278|) cDNAs
were amplified from brain cDNA (Pfu Turbo polymerase, Stratagene). Briefly,
gene-specific primers 5-GGAGGATGGGGATGTGAGTA-3’ (forward) and 5'-
ATAAAACCATGTGGGCAGGT-3' (reverse) for fad1, and 5-GAAGACGGAG-
GATGAGGATG-3’ (forward) and 5-TGCTCAGCACAGGATTGAGT-3’ (reverse)
designed on the untranslated regions were used in first-round PCR. The iso-
lation of the fad7 and fad2 ORFs was achieved in second-round (nested) PCR
using first-round PCR products primed with 5'-CCCAAGCTTAGGATGG-
GAGGTGGAGGTC-3’ and 5-CCGICTAGATCATTTATGGAGATATGC-3’ contain-
ing restriction sites (underlined) for Hindlll (forward) and Xbal (reverse).
The amplified DNA fragments were digested with the corresponding restric-
tion endonucleases (New England BioLabs) and ligated into pYES2 vector
(Invitrogen). The resulting plasmid constructs, pYES2fad1 and pYES2fad2,
were transformed into S. cerevisiae (strain INVSc1) using the S.C. EasyComp
Transformation kit (Invitrogen). Yeast transformed with pYES2 (control), or
the constructs pYES2fad1 or pYES2fad2, were grown in S. cerevisiae minimal
medium™radl ysing galactose induction of gene expression as described pre-
viously (19). Recombinant yeast cultures were supplemented with one of
the following FA substrates: a-linolenic (18:3n — 3), linoleic (18:2n — 6), eico-
satetraenoic (20:4n — 3), dihomo-y-linolenic (20:3n — 6), docosapentaenoic
(22:5n —3), and docosatetraenoic (22:4n—6) acids. FA substrates were
added to the yeast cultures at final concentrations of 0.5 (Cyg), 0.75 (Cy)
and 1.0 (C;) mM as uptake efficiency decreases with increasing chain length.
After 2 days, approximately equal amounts of yeast cells were transferred to

. Cook HW, McMaster RCR (2004) Biochemistry of Lipids, Lipoproteins, and Membranes,
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