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Abstract Currently existing data show that the capability
for long-chain PUFA (LC-PUFA) biosynthesis in teleost
fish is more diverse than in other vertebrates. Such diver-
sity has been primarily linked to the subfunctionalization
that teleostei fatty acyl desaturase (Fads)2 desaturases have
undergone during evolution. We previously showed that
Chirostoma estor, one of the few representatives of freshwa-
ter atherinopsids, had the ability for LC-PUFA biosynthesis
from C;3 PUFA precursors, in agreement with this species
having unusually high contents of DHA. The particular an-
cestry and pattern of LC-PUFA biosynthesis activity of C.
estor make this species an excellent model for study to gain
further insight into LC-PUFA biosynthetic abilities among
teleosts. The present study aimed to characterize cDNA se-
quences encoding fatty acyl elongases and desaturases, key
genes involved in the LC-PUFA biosynthesis. Results show
that C. estor expresses an elongase of very long-chain FA
(Elovl)5 elongase and two Fads2 desaturases displaying A4
and A6/A5 specificities, thus allowing us to conclude that
these three genes cover all the enzymatic abilities required
for LC-PUFA biosynthesis from C;3 PUFA.Ell In addition,
the specificities of the C. estor Fads2 enabled us to propose
potential evolutionary patterns and mechanisms for sub-
functionalization of Fads2 among fish lineages.—Fonseca-
Madrigal, J., J. C. Navarro, F. Hontoria, D. R. Tocher, C. A.
Martinez-Palacios, and O. Monroig. Diversification of sub-
strate specificities in teleostei Fads2: characterization of
A4 and A6A5 desaturases of Chirostoma estor. J. Lipid Res.
2014. 55: 1408-1419.
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Biosynthesis of long-chain PUFAs (LC-PUFAs) in verte-
brates involves sequential desaturation and elongation of
C,5 PUFA, linoleic acid (LOA; 18:2n-6), and a-linolenic acid
(LNA; 18:3n-3) (1). Synthesis of arachidonic acid (ARA;
20:4n-6) and EPA (20:5n-3) from LOA and LNA, respec-
tively, utilizes the same enzymes and pathways. The pre
dominant pathway involves A6 desaturation of LOA or LNA
to 18:3n-6/18:4n-3 that are elongated to 20:3n-6/20:4n-3
followed by Ab desaturation to ARA/EPA (1), but an alter-
native pathway with initial elongation of LOA or LNA fol-
lowed by A8 desaturation, an inherent ability of some A6
desaturases, may be possible (2). Biosynthesis of DHA
(22:6n-3) from EPA can also occur by two pathways. First,
the so-called “Sprecher pathway” involves two sequential
elongation steps from EPA to 24:5n-3 and a subsequent A6
desaturation to 24:6n-3, followed by peroxisomal chain
shortening (3). Second, a more direct pathway has been
postulated in some marine fish that involves elongation of
EPA to docosapentaenoic acid (22:5n-3) followed by A4 de-
saturation to DHA (4, 5).

Dietary PUFAs are essential in fish, although requirements
vary with species (6, 7). Generally, C;3 PUFAs can satisfy
essential FA requirements of freshwater and salmonid spe-
cies, but most marine fish have a requirement for LC-PUFAs
such as EPA and DHA (8). Differing essential FA require-
ments have been linked to differences in the complement
of fatty acyl desaturase (Fads) and elongase of very long-
chain FA (Elovl) genes (9-31). Thus, the dependence of
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many marine fish for dietary LC-PUFAs was caused by defi-
ciency in key enzymatic activities required for their biosyn-
thesis from C,g PUFAs (7, 8). This was hypothesized to be
a consequence of marine fish having evolved in an LC-
PUFA-rich environment; and thus, there was low evolution-
ary pressure to retain the ability to desaturate and elongate
C,s PUFA. In contrast, lower levels of LC-PUFAs in the
food chain meant freshwater species retained the ability to
biosynthesize LC-PUFAs from C;3 PUFAs (8, 32, 33). This hy-
pothesis was based upon fish that were largely carnivorous in
the case of marine species and detritivorous/herbivorous in
freshwater species (34). However, trophic level, the position
of an organism within the food web, was also investigated,
and it was demonstrated that the herbivorous marine fish
Siganus canaliculatus (rabbitfish) had the ability to endog-
enously synthesize LC-PUFAs because two desaturases with A4
and A6/Ab specificities and two elongases (Elovl4 and Elovl5)
enabled this species to perform all the enzymatic reactions
required in the pathway (4, 28). More recently, other con-
founding factors, including “trophic ecology” and diadromy,
have been proposed (5, 30). Currently, data indicate that the
capability for LC-PUFA biosynthesis in teleost fish is more di-
verse than in other vertebrate groups, and is possibly the re-
sult of a combination of factors that interact throughout the
evolutionary history of each particular group or species. Such
plasticity has been primarily associated with the substrate
specificities exhibited by desaturase Fads2, a protein that has
subfunctionalized during the evolution of teleosts.

Fads2 has been shown to be the sole Fads-like desatu-
rase existing in teleost genomes, in contrast with other ver-
tebrates that also have another desaturase termed Fadsl
(32). Mammalian FADSI encodes a desaturase with Ab ac-
tivity, whereas FADS2 encodes a A6 desaturase (35). Con-
sistently, the majority of teleostei Fads2s are typically A6
desaturases (11, 15, 16, 21, 22, 26, 27, 30). Additionally,
however, some teleost Fads2s have been functionally char-
acterized as A5 (13), A4 (4, 5), and bifunctional A6/Ab5
(4,9) desaturases. It has been postulated that the reasons
underpinning the diversification of Fads2 specificities ob-
served in certain teleost lineages are the result of adapta-
tions to habitat-specific food-web structures in different
environments and over geological timescales (32).

Pike silverside Chirostoma estor (previously Menidia estor)
from Lake Patzcuaro is a highly valued freshwater fish in
Mexico (36-39). Although C. estoris a freshwater species, it
has a common ancestry with marine atherinopsids (40) and
shares many biological and physiological characteristics of
marine species (41). Also, unusually for a freshwater fish, tis-
sues of C. estorshow high levels of DHA (20-32% of total FAs)
and only low levels of EPA (1-3%) in contrast to the FA pro-
file of its zooplankton diet (~12% DHA, 13% EPA) (42).
This suggested that C. estor either selectively accumulates
DHA, or has the capacity to convert EPA or other n-3 PUFAs
to DHA (7). Interestingly, the activity of the LC-PUFA synthesis
pathway in C. estor was very low in freshwater (0 parts per
thousand salinity) in comparison to that in higher salinity (5 or
15 parts per thousand), and this was unexpected for a fresh-
water fish, as they generally show appreciable LC-PUFA syn-
thesis activity (43).

The ancestry of C. estor, pattern of LC-PUFA biosynthe-
sis activity, and effects of salinity, which conflict with the
existing paradigm, made this species an ideal candidate
for studies investigating the molecular basis of LC-PUFA
biosynthesis to gain further understanding of the diversity
that these pathways show among teleost lineages. The
objective of the present study was the functional character-
ization of cDNAs encoding desaturases and elongases in-
volved in the LC-PUFA biosynthetic pathways in C. estor.
The results indicated that C. estor has all the enzymatic ca-
pabilities for endogenous biosynthesis of LC-PUFAs. In
addition to the presence of an Elovl5 elongase, C. estor ex-
presses at least two distinct Fads2 enzymes displaying A4
and A6/Ab specificities. The findings on C. estor desatu-
rases provided further insight into the diversification of
substrate specificities in teleostei Fads2s and enabled po-
tential evolutionary patterns of subfunctionalized Fads2s
among teleost lineages to be proposed.

MATERIALS AND METHODS

Tissue samples

Pike silverside (~~40 g), maintained at the facilities of the Insti-
tuto de Investigaciones Agropecuarias y Forestales (UMSNH),
Mexico, were anesthetized and euthanized with an overdose of
MS-222 (Sigma-Aldrich, Alcobendas, Spain). Tissues including
liver, intestine, brain, and muscle were collected in RNAlater (Am-
bion, Applied Biosystems, Warrington, UK) according to manufac-
turer’s instructions. Fish maintenance and euthanasia procedures
were carried out in compliance with the Official Mexican Standard
NOM-062-Z00-1999 on the technical specifications for the pro-
duction, care, and use of laboratory animals. This study was also
reviewed and approved by the departmental ethics committees of
Institute of Aquaculture Torre de la Sal (CSIC, Spain) and Insti-
tute of Aquaculture (University of Stirling, UK).

Cloning of fatty acyl desaturases and elongase
from C. estor

Total RNA (2 pg) extracted from C. estor tissues (TRI reagent,
Sigma-Aldrich) was reverse transcribed using a GoScript'IM reverse
transcription system (Promega, Madison, WI) primed with ran-
dom primers. The primers UNIDF (5-GGAGAGGAYGCCACG-
GAGG-3) and UNIDR (5-GTCCRCTGAACCAGTCGTTGAA-3)
for fads2 and UNIE5F (5-CATGGATGGGYCCMAGAGATC-3")
and UNIE5R (5-GTCTGAATGTAGAAGTTTGAGAAAAG-3') for
elovl5 were used to amplify a partial fragment of these genes from
C. estor by PCR with GoTaq® Green Master Mix (Promega) as de-
scribed previously (30). A mixture of cDNA from liver and brain
was used as a template for PCR, which consisted of an initial dena-
turing step at 95°C for 2 min, followed by 40 cycles of denaturation
at 95°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for
1 min 30 s, followed by a final extension at 72°C for 5 min. The PCR
fragments were purified and sequenced at the DNA Sequencing
Service IBMCP-UPV (Valencia, Spain). While one single version of
the elovi5-like cDNA sequence was detected, sequencing results of
the desaturase-targeted PCR revealed the existence of at least two
distinct fads2like transcripts. Their individual sequences, hereaf-
ter referred to as Fads2a and Fads2b, were determined after liga-
tion of the PCR product into pGEM-T Easy vector (Promega) and
sequencing as above. The partial sequences within the open read-
ing frame (ORF) of the two desaturases and the elongase were
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further extended by 5" and 3’ rapid amplification of cDNA ends
(RACE) PCR (FirstChoice® RLM-RACE kit, Ambion) through a
two-round (nested) PCR approach as detailed below (see supple-
mentary Table I for primer details).

For desaturase fads2a, first round PCR was performed combin-
ing the adaptor-specific ’RACE outer primer with the gene-spe-
cific reverse primer CEFaR1, whose 3’ end sequence contained
two nucleotides that differed from the fads2bsequence. A second
round PCR with 5'RACE inner primer and CEFaR2 produced a
positive band expanding out the putative end of the 5’untranslated
region. For the fads2b cDNA sequence, a specific 5’RACE product
was not obtained, but the ORF of fads2b was obtained to enable
functional characterization as detailed below.

Positive 3'RACE PCR products were obtained using isoform-
specific primers and 3" adaptor primers. First round PCR involved
the use of forward primers CEFaF1 (isoform a) and CEFbF1 (iso-
form b) with the 3'RACE outer primer. First round products were
subsequently used as a template for nested PCR with forward
primers CEFaF2 (isoform a) and CEFbF2 (isoform b), and with
reverse primers consisting of the adaptor primer 3’RACE inner.

A similar approach was followed to obtain the full-length
c¢DNA of C. estor elovl5. The gene-specific primers CEES5R1 and
CEE5R2 (5" RACE) and CEESF1 and CEE5F2 (3’'RACE) used for
RACE PCR are listed in supplementary Table I. General RACE
PCR conditions consisted of an initial denaturing step at 95°C for
2 min, followed by 32-35 cycles of denaturation at 95°C for 30 s,
annealing at 55-60°C for 30 s, extension at 72°C for 2 min 30 s,
followed by a final extension at 72°C for 5 min (GoTaq® Green
Master Mix, Promega). PCR products were cloned into pGEM-T
Easy vector (Promega) and sequenced as above.

Sequence and phylogenetic analyses

The amino acid (aa) sequences of the C. estor desaturases Fads2a
and Fads2b, and elongase Elovl5 proteins were compared with
those of orthologs from other fish and tetrapods (mammals, am-
phibians, and birds) and sequence identity scores were obtained
using the EMBOSS Needle pairwise sequence alignment tool. For
phylogenetic analysis of the C. estor deduced aa sequences of
Jads2a, fads2b, and elovl5, two trees were constructed using the
neighbor-joining method (44), with confidence in the resulting tree
branch topology measured by bootstrapping through 10,000
iterations. Desaturase and elongase C. estor sequences were com-
pared with homologous proteins from a variety of vertebrate lin-
eages. The A6 desaturase and the PUFA elongase sequences from
the oleaginous fungus Mortierella alpina were used as outgroup se-
quences to construct both rooted trees.

Functional characterization of the C. estor Fads2 and
Elovl5 by heterologous expression in yeast

PCR fragments corresponding to the ORF of pike silverside
desaturases fads2a and fads2b and elongase elovl5 were amplified
from a mixture of cDNA (liver and brain) by PCR using the high
fidelity Pfu DNA polymerase (Promega) with primers containing
HindIII and Sacl restriction sites (underlined in supplementary
Table I) as follows. For fads2a, the primer pair CEFVF-CEFaVR
was used. For fads2b, the same forward primer CEFVF and the
antisense primer CEFbVR were used. While CEFVF was specific
for both isoforms, its use in combination with the fads2b-specific
primer CEFbVR enabled us to successfully isolate fads2b. Finally,
the ORF of the elovl5 was isolated using the primers CEE5VF and
CEE5VR (supplementary Table I). PCR consisted of an initial de-
naturing step at 95°C for 2 min, followed by 35 cycles of denatur-
ation at 95°C for 30 s, annealing at 57°C for 30 s, extension at
72°C for 3 min (desaturase) or 2 min (elongase), followed by a
final extension at 72°C for 5 min. The PCR products were sub-
sequently purified (Illustra GFX PCR DNA/gel band purification
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kit, GE Healthcare, Little Chalfont, UK), digested with the cor-
responding restriction enzymes (Promega) and ligated into a
similarly restricted pYES2 yeast expression vector (Invitrogen,
Paisley, UK). The plasmid constructs prepared were designated
as pYES2-fads2a, pYES2-fads2b, and pYES2-elovl5.

Yeast competent cells, InvScl (Invitrogen), were transformed
with the desaturase (pYES2-fads2a, pYES2-fads2b) and elongase
(pYES2-elovl5) plasmid constructs and then grown in selective
Saccharomyces cerevisiae minimal medium (SCMM)-uraCll (10).
A single recombinant colony for each enzyme was grown in
SCMM-""" broth and diluted to an optical density (OD)600 of
0.4 in one single Erlenmeyer flask for each potential substrate as-
sayed. The substrate specificities of both Fads2 isoforms were as-
sessed by growing the transgenic yeast in medium supplemented
with one of the following substrates: 18:3n-3 or 18:2n-6 for A6 de-
saturation, 20:3n-3 or 20:2n-6 for A8 desaturation, 20:4n-3 or
20:3n-6 for A5 desaturation, and 22:5n-3 or 22:4n-6 for A4 desatu-
ration. The function of C. estor Elovl5 was characterized by growing
yeast transformed with pYES2-elovl5 in medium containing one
of the following PUFA substrates: 18:3n-3, 18:2n-6, 18:4n-3,
18:3n-6, 20:5n-3, 20:4n-6, 22:5n-3, or 22:4n-6. The FA substrates
were added to the yeast cultures at final concentrations of 0.5
mM (Cjg), 0.75 mM (Cy), and 1.0 mM (Cyy) to compensate for
decreased efficiency of uptake with increased chain length (19).
Yeast transformed with empty pYES2 were also grown in presence
of PUFA substrates as control treatments. After 2 day culture at
30°C, yeast were harvested and washed, and total lipid was ex-
tracted by homogenization in chloroform/methanol (2:1, v/v)
containing 0.01% butylated hydroxytoluene as antioxidant. Re-
sults were confirmed by running the assay with a different trans-
formant colony.

All PUFA substrates, except stearidonic acid (18:4n-3), were
from Nu-Chek Prep, Inc. (Elysian, MN). Stearidonic acid and
chemicals used to prepare SCMM-""" were from Sigma-Aldrich,
except for the bacteriological agar obtained from Oxoid Ltd.
(Hants, UK).

FA analysis of yeast

Total lipids were extracted from yeast samples and fatty acyl
methyl esters (FAMEs) were prepared as described previously (9,
30). FAMEs were quantified using a Thermo gas chromato-
graph (Thermo Trace GC Ultra, Thermo Electron Corporation,
Waltham, MA) fitted with an on-column injection system and a
flame ionization detector (FID). Additionally, FAMEs were iden-
tified using an Agilent 6850 gas chromatograph system coupled
to a 5975 series MSD (Agilent Technologies, Santa Clara, CA).
The desaturation or elongation conversion efficiencies from ex-
ogenously added PUFA substrates were calculated by the propor-
tion of substrate FA converted to desaturated or elongated
products as [individual product area/ (all products areas + sub-
strate area) ] x 100. For the elongase, some of the initial elonga-
tion products were further elongated, and thus the accumulated
conversions were calculated by summing all elongated products
(28). Similarly, the desaturase Fads2b exhibited multifunctional
abilities, and thus the conversions on A8 substrates (20:3n-3 and
20:2n-6) include stepwise reactions.

Tissue distribution of fads2 and elovl5 transcripts

Expression of the target genes (fads2a, fads2b, and elovl5) was
measured by quantitative real-time PCR (qPCR). Total RNA from
liver, brain, intestine, and muscle was extracted from three C.
estor adults, as described above, and 2 pg of total RNA were reverse
transcribed into cDNA (M-MLYV reverse transcriptase, Promega)
using oligo-dT primer. The qPCR was performed using primers
shown in supplementary Table I. Copy numbers of target genes
were normalized with copy number of the reference gene ef-la



(GenBank accession number KJ439615). PCR amplicons of each
gene were cloned into pGEM-T Easy vector (Promega) that was
then linearized, quantified spectrophotometrically (NanoDrop
2000c, Thermo Scientific, Wilmington, DE), and serial-diluted to
generate a standard curve of known copy numbers. The qPCR
amplifications were carried out in duplicate using a CFX96 Bio-
Rad machine (Alcobendas, Spain) in a final volume of 20 pl con-
taining 5 pl diluted (1/20) cDNA, 0.25 pM of each primer, and
4 pl PyroTaq EvaGreen® mix (Cultek Molecular Bioline, Madrid,
Spain). Amplifications were carried out with a systematic nega-
tive control (no template control) containing no cDNA. The
qPCR profiles consisted of an initial activation step at 95°C for
15 min, followed by 40 cycles of 15 s at 95°C, 20 s at the specific
primer pair annealing melting temperature (supplementary Table I),
and 15 s at 72°C. After the amplification phase, a dissociation
curve of 0.5°C increments from 60 to 90°C was performed, en-
abling confirmation of the amplification of a single product in
cach reaction. No primer-dimer formation occurred in the no
template control. All reactions were carried out in duplicate, a
linear standard curve was drawn, and the absolute copy number
of the targeted gene in each sample was calculated.

Statistical analysis

Tissue expression (qQPCR) results are expressed as mean nor-
malized values (+ SE) corresponding to the ratio between the copy
numbers of fads2a, fads2b, and elovl5 transcripts and the copy num-
bers of the reference gene ef-la. A one-way ANOVA followed by
Tukey HSD test (P < 0.05) was performed to compare the expres-
sion level among the selected tissues (SPSS, Chicago, IL).

RESULTS

C. estor fads2 and elovl5 sequences and phylogenetics

Both pike silverside fads2 desaturases (a and b) have an
OREF of 1,326 bp encoding putative proteins of 441 aa that
are 88.4% identical to each other. Pairwise aa sequence
comparisons of C. estor Fads2 proteins and other homologs
from fish (Cyprinus carpio, Siganus canaliculatus, Danio rerio,
Solea senegalensis, Argyrosomus regius, Psetta maxima, Lates car-
carifer, Rachycentron canadum, and Salmo salar) showed
identities ranging from 68.1 to 82.1%, with mammalian
FADS2 (Homo sapiens, Mus musculus, and Rattus norvegicus)
ranging from 63.3 to 65.5%. Lower identity scores were
obtained with other desaturase families from mammals
(H. sapiens, M. musculus, and R. norvegicus), namely FADS1
(56.2-58.2% identity) and FADS3 (51.8-55.5%). Sequence
comparison of the C. estor Fads2a with the A4 desaturase
from Thraustochytrium sp. ATCC21685 (45) resulted in
22.7% identity. Analysis of the deduced aa sequence of C.
estor clones revealed that they had structural features of
fatty acyl desaturases including three histidine boxes
(HDFGH, HFQHH, and QIEHH) and a putative cytochrome
bb-like domain in the N terminus containing the typical
HPGG motif essential for desaturation activity (35). Gen-
Bank accession numbers for the newly cloned ¢cDNA se-
quences are KJ417838 (fads2_a) and KJ417839 (fads2_b).

The ORF of the C. estor elovl5 was 885 bp long, encoding
a protein of 294 aa. Pairwise comparison of the translated
aa sequence showed that the Elovl5 shared 81.1-67.7%
identity to Elovlb proteins from fish (D. rerio, A. regius, C.

striata, L. calcarifer, and S. aurata), and 62.5% to that from
H. sapiens, 62.7% to that from Xenopus tropicalis, and 64.4%
to that of Gallus gallus. Lower identities (38.0-52.3%) were
obtained when the C. estor Elovl5 was compared with other
elongase families such as Elovl2 and Elovl4 from different
vertebrate lineages including teleosts, amphibians, birds,
and mammals. The C. estor Elovlb had a diagnostic histi-
dine box (HVYHH), and lysine (K) and arginine (R) resi-
dues at the carboxyl terminus (KKLLRVD). The sequence
of the elovl5 cDNA from C. estor was deposited in GenBank
with accession number KJ417837.

Phylogenetic trees constructed on the basis of aa se-
quence comparisons of the C. estor cDNAs with homologous
proteins from fish and other vertebrate species reflected
the identity scores shown above. For desaturases, the C.
estor Fads2s clustered with Fads2s from fish and, more dis-
tantly, with Fads2s from mammals, birds, and amphibians
(Fig. 1). Additionally, Fadsl-like proteins, “front-end” de-
saturases not present in teleost fish (32), grouped sepa-
rately from the Fads2 cluster that included the C. estor
desaturases (Fig. 1). On the other hand, the C. estor Elovl5
grouped together with other teleost and tetrapod (mam-
mals, birds, and amphibians) orthologs, and separately
from members of Elovl2 and Elovl4 families from fish and
other vertebrates (Fig. 2).

Functional characterization in yeast

The ORF of C. estor desaturases Fads2a and Fads2b,
along with the elongase Elovl5, were functionally charac-
terized in yeast. Control treatments, consisting of yeast
transformed with empty pYES2 vector, indicated there was
no endogenous activity, as all exogenously added PUFA
substrates remained unmodified. Hence, the FA profile of
control yeast was characterized by the main endogenous
FAs of S. cerevisiae, namely 16:0, 16:1 isomers (16:1n-9 and
16:1n-7), 18:0, and 18:1 isomers (18:1n-9 and 18:1n-7)
(22), plus the exogenously added PUFAs (data notshown).
This indicated that wild-type yeast do not express activities
toward PUFA substrates, in agreement with earlier obser-
vations (9, 10). Yeast expressing the C. estor desaturases
and elongases showed additional peaks. Yeast transformed
with pYES2-fads2a and grown in the presence of 22:5n-3
and 22:4n-6 showed additional peaks corresponding to
22:6n-3 and 22:5n-3, respectively, with identities confirmed
by GC-MS (Fig. 3). The conversions of these desaturation
reactions are shown in Table 1. These results confirmed
that Fads2a from C. estor had A4 desaturase activity. More-
over, the C. estor Fads2a exhibited some Ab activity on
20:4n-3 that was desaturated to 20:5n-3, although no Ab
desaturation was detected toward 20:3n-6 (Table 1).

In spite of its homology with the Fads2a aa sequence,
the C. estor Fads2b showed a remarkably different pattern
of FA substrate specificity. Whereas no A4 desaturation
was detected, Fads2b conferred on yeast the ability to de-
saturate both A6 substrates 18:3n-3 and 18:2n-6 to 18:4n-3
and 18:3n-6, respectively, and Ab substrates 20:4n-3 and
20:3n-6 to 20:5n-3 and 20:4n-6, respectively (Fig. 3; Table 1),
which indicated the C. estor Fads2b had dual A6A5 activ-
ity. Conversions obtained from the yeast assays suggested
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gg— Chirostoma estor Fads2a (KJ417838)

C. estor Fads2b (KJ417839)
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Phylogenetic tree comparing the deduced aa sequence of the newly cloned C. estor Fads2-like with Fadsl- and Fads2-like desatu-

rases from a variety of vertebrates. The tree was constructed using the neighborjoining method (44) with MEGA4. The horizontal branch
length is proportional to aa substitution per site. The numbers represent the frequencies with which the tree topology presented was rep-
licated after 10,000 bootstrap iterations. All accession numbers are from GenBank database.

that both C. estor Fads2 enzymes more efficiently desatu-
rated n-3 than n-6 PUFAs when each homologous pair of
substrates for A6 desaturase (18:3n-3 and 18:2n-6), A5 de-
saturase (20:4n-3 and 20:3n-6), and A4 desaturase (22:5n-3
and 22:4n-6) were compared (Table 1).

The inherent capability of vertebrate Fads2 enzymes for
A8 desaturation was investigated in both isoforms. Only
Fads2b exhibited the ability to desaturate 20:3n-3 and 20:2n-6
to the corresponding A8-desaturated products 20:4n-3 and
20:3n-6, respectively (Table 1). The relative A6/A8 activity
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ratio for Fads2b toward n-3 substrates (18:3n-3 vs. 20:3n-3
conversion) was 4.6. Interestingly, the products of A8 desatu-
ration, 20:4n-3 and 20:3n-6, were further desaturated to
20:5n-3 and 20:4n-6, respectively, confirming the A5 de-
saturase activity of the enzyme (Fig. 4; Table 1). For 20:3n-3,
direct desaturation of 20:3n-3 as A6 or A5 led to the produc-
tion of minor peaks identified by GC-MS as non-methylene-
interrupted products AGILILTT9 (.4 o ASILILTTo0. 4 (Fig. 4).
The C. estor elongase exhibited FA substrate specificities
consistent with those of Elovl5 enzymes. Thus, transgenic



97

66

62

100

58 Sparus aurata ElovI5 (AAT81404.1)

40(— Argyrosomus regius Elovl5 (AGG69479.1)

62-Dicentrarchus labrax Elovl5 (CBX53576.1)
33||~Rachycentron canadum Elovl5 (ACJ65150.1)
e8 “Lates calcarifer ElovI5 (ACS91459.1)

S. salar ElovI5b (NP_001130024.1)
Solea senegalensis Elovl5 (AER58183.1)
Chirostoma estor Elovl5 (KJ417837)
Channa striata Elovl5 (ACD02240.2)
Siganus canaliculatus ElovI5 (ADE34561.1)
Danio rerio Elovl5 (NP_956747)

— Xenopus tropicalis elovl5 (NP_001011248.1)

46

99

99

68 73

99
9

Gallus gallus ELOVLS (NP_001186126.1)

95 — Homo sapiens ELOVLS (NP_068586)

98— Mus musculus ELOVLS (NP_599016)

£|:S. salar Elovl2 (AC162500)

D. rerio Elovl2 (AAI34116.1)

100——Xenopus laevis elovl2 (NP_001087564)

oL

X. tropicalis elovl2 (NP_001016159)
Gallus gallus ELOVL2 (NP_001184237.1)

Bos taurus ELOVL2 (NP_001076986)

H. sapiens ELOVL2 (NP_060240)
Rattus norvegicus ELOVL2 (NP_001102588)

M. musculus ELOVL2 (NP_062296)

9g—H. sapiens ELOVL4 (NP_073563.1)
100‘ _LM. musculus ELOVL4 (NP_683743.2)

B. taurus ELOVL4 (NP_001092520.1)

100

76— Takifugu rubripes Elovl4 1 (XP_003966009.1)
95_|__

D. rerio Elovl4a (NP_957090.1)
— 77 S. salar Elovl4 (NP_001182481.1)
D. rerio Elovl4b (NP_956266.1)
99 R. canadum Elovl4 (ADG59898.1)
97 S. canaliculatus Elovl4 (ADZ73580.1)
g1| [T rubripes Elovl4 2 (XP_003971605.1)
99~ T. nigroviridis Elovl4 2 (CAG01780.1)

Phylogenetic tree comparing the deduced aa sequence of the newly cloned C. estor elongase of very long-chain FAs (Elovl)
with elongases Elovl2, Elovl4, and Elovl5 from a variety of vertebrates. The tree was constructed using the neighbor-joining method
(44) with MEGA4. The horizontal branch length is proportional to aa substitution per site. The numbers represent the frequencies
with which the tree topology presented was replicated after 10,000 bootstrap iterations. All accession numbers are from GenBank

Subfunctionalization of teleostei Fads2 desaturases

Tetraodon nigroviridis Elovl4 1 (XP_003966009.1)

Mortierella alpina PUFA Elongase (AAF70417.1)



A 1
*
m
J
m
&
2
4
3
1l
C1
2 M
o
s
s
o
o~
34 E
o
o~
N “ {

22:5n-3*
22:6n-3

B 1

N 18:4n-3

18:3n-3*

20:4n-3*

L
~
i
\20 5n-3

Fig. 3. Functional characterization of the C. estor Fads2a and Fads2b desaturases in yeast (S. cerevisiae). The FA profiles of yeast trans-
formed with pYES2-fadsa (A, C, E) and pYES2-fadsb (B, D, F) were determined after they were grown in the presence of FA substrates (*)
18:3n-3 (A, B), 20:4n-3 (C, D), 22:5n-3 (E, F). Peaks 1-4 in all panels are the main endogenous FAs of S. cerevisiae, namely 16:0 (peak 1),
16:1 isomers (peak 2), 18:0 (peak 3), and 18:1 isomers (peak 4). Additionally, peaks derived from exogenously added substrates and desatu-
rated products are indicated accordingly. Vertical axis, FID response; horizontal axis, retention time.

yeast expressing the coding sequence of the pike silverside
elovl5 showed activity toward most of the PUFA substrates
assayed, with particularly high conversions for most Cyg
and Gy substrates. Among C,g substrates, high elongations
were obtained with 18:3n-3, 18:4n-3, and 18:3n-6, which
were converted to the corresponding Cy, products 20:3n-3,

20:4n-3, and 20:3n-6, respectively (Table 2). Further elon-
gations to Cyy secondary products could be detected in
yeast incubated with 18:3n-3, 18:2n-6, and 18:4n-3. For Cy,
PUFA substrates, almost 90% of total EPA was elongated to
22:5n-3, whereas ARA was elongated to 22:4n-6 to a lower
extent (54.8%). Cyy PUFA substrates, including 22:5n-3

TABLE 1. Functional characterization of the pike silverside (C. estor) desaturases Fads2a and Fads2b in S. cerevisiae
Conversion (%)
FA Substrate FA Product Fads2a Fads2b Activity
18:3n-3 18:4n-3 0 56.5 A6
18:2n-6 18:3n-6 0 25.2 A6
20:3n-3 20:4n-3 0 12.2° A8
20:2n-6 20:3n-6 0 9.9" A8
20:4n-3 20:5n-3 3.3 25.8 A5
20:3n-6 20:4n-6 0 11.6 A5
22:5n-3 22:6n-3 28.9 0 A4
22:4n-6 22:5n-6 10.3 0 A4

Yeast S. cerevisiae were transformed with pYES2-fadsa and pYES2-fadsb and grown in the presence of A6 (18:3n-3 and
18:2n-6), A8 (20:3n-3 and 20:2n-6), A5 (20:4n-3 and 20:3n-6), and A4 (22:5n-3 and 22:4n-6) FA substrates.
Conversions were calculated according to the formula [individual product area/ (all products areas + substrate

area)] x 100.

“Conversions of A8 substrates (20:3n-3 and 20:2n-6) by Fads2b include stepwise reactions due to multifunctional
desaturation abilities. Thus, the conversions of the C. estor Fads2b on 20:3n-3 and 20:2n-6 include the A8
desaturation toward 20:4n-3 and 20:3n-6, respectively, and their subsequent A5 desaturations to 20:5n-3 and 20:4n-6,

respectively.
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Fig. 4. Characterization of A8 desaturation activities of bifunc-
tional A6/A5 Fads2b from C. estor. The FA profiles of yeast trans-
formed with pYES2-fadsb were determined after they were grown
in the presence of A8-desaturase substrates (*), namely 20:3n-3
(A) or 20:2n-6 (B). Peaks 1-4 in all panels are the main endoge-
nous FAs of S. cerevisiae, namely 16:0 (peak 1), 16:1 isomers (peak 2),
18:0 (peak 3), and 18:1 isomers (peak 4). The substrates and their
corresponding desaturated products are indicated. The peak indi-
cated as “20:4” is a nonmethylene interrupted FA (AO11790:4
or A5’11’14’1720:4). Vertical axis, FID response; horizontal axis, reten-
tion time.

and 22:4n-6, were only marginally or not converted to lon-
ger products (Table 2; Fig. 5). For each pair of homolo-
gous substrates considered, conversions obtained from the
yeast assays suggested that the C. estor Elovl5 more effi-
ciently elongated n-3 than n-6 PUFAs on a consistent basis
(Table 2). Thus, 18:3n-3, 18:4n-3, and 20:5n-3 were elon-
gated to a greater extent than the corresponding n-6 PUFA
substrates 18:2n-6, 18:3n-6 and 20:4n-6, respectively. Par-
ticularly interesting was the difference in the conversions
observed between 18:3n-3 (up to 41.1% converted to lon-
ger products) and 18:2n-6 (only 5.5% converted to longer
products).

Tissue distribution of fads2 and elovl5 transcripts

Tissue distribution of the C. estor fads2 (a and b isoforms)
and elovl5 mRNA in adult specimens was analyzed by qPCR.
Both fads2 transcripts were detected in all four tissues ana-
lyzed, with significantly higher expression signals found in
liver compared with brain, intestine, and muscle (Fig. 6).
With regard to elovl5, liver also showed the highest expres-
sion rates, but significant differences could only be estab-
lished with brain and muscle signals (Fig. 6).

DISCUSSION

A previous study suggested that C. estorhad an active LC-
PUFA biosynthesis pathway that enabled this species to
endogenously synthesize DHA from PUFA precursors (43).
Here, we provide robust data supporting a likely molecu-
lar mechanism demonstrating that C. estor expresses genes
encoding enzymatic activities that would enable the syn-
thesis of DHA.

The capabilities exhibited by the two desaturase cDNAs
cloned from C. estor (Fads2a and Fads2b) cover the set of
desaturation requirements for DHA synthesis from LNA
(18:3n-3). Heterologous expression of Fads2b showed this
protein was a dual A6A5 desaturase and, thus, it catalyzed
the desaturation of 18:3n-3 to 18:4n-3 (A6) and also the A5
desaturation required to convert 20:4n-3 to EPA. While
the C. estor Fads2a can partly contribute to the A5 desatura-
tion leading to EPA biosynthesis as described for Fads2b,
the higher conversion activities of Fads2a suggested that
its major role in the overall pathway was to catalyze the A4
desaturation involved in the direct conversion of 22:5n-3
to DHA. A similar pathway of DHA biosynthesis from EPA
was postulated to operate in the rabbitfish, S. canaliculatus
(4, 28), and more recently Senegalese sole, S. senegalensis
(5). In comparison with the Sprecher pathway, the so-
called “A4 pathway” is a more direct metabolic route, as
it avoids translocation of PUFA intermediates (namely
24:6n-3) between endoplasmic reticulum and peroxi-
somes, and also the further catabolic step (partial oxida-
tion to DHA) occurring in the latter organelle (3, 46).

TABLE 2. Functional characterization of the pike silverside (C. estor) elongase Elovlb in S. cerevisiae

FA Substrate FA Product Individual Conversion (%) Accumulated Conversion (%)
18:3n-3 20:3n-3 35.6 41.1
22:3n-3 5.5 5.5
18:2n-6 20:2n-6 4.9 5.2
22:2n-6 0.3 0.3
18:4n-3 20:4n-3 27.2 60.2
22:4n-3 33.0 33.0
18:3n-6 20:3n-6 27.2 27.2
22:3n-6 0.0 0.0
20:5n-3 22:5n-3 87.1 89.6
24:5n-3 2.5 2.5
20:4n-6 22:4n-6 53.8 54.8
24:4n-6 1.0 1.0
22:5n-3 24:5n-3 1.9 1.9
22:4n-6 24:4n-6 0.6 0.6

Individual conversions were calculated according to the formula [individual product area/ (all products areas +
substrate area)] x 100. Accumulated conversions were computed by summing the individual conversion for each

particular product and also those for longer products.
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Fig. 5. Functional characterization of the of the newly cloned C.
estor elovl5 in yeast (S. cerevisiae). The FA profiles of yeast trans-
formed with pYES2 containing the coding sequence of elovl5 as an
insert were determined after the yeast were grown in the presence
of one of the exogenously added FA substrates (*) 18:3n-3 (A),
18:4n-3 (B), 20:5n-3 (C), or 22:5n-3 (D). Peaks 1-4 in all panels are
the main endogenous FAs of S. cerevisiae, namely 16:0 (peak 1), 16:1
isomers (peak 2), 18:0 (peak 3), and 18:1 isomers (peak 4). Addi-
tionally, peaks derived from exogenously added substrates and
elongated products are indicated accordingly in (A)—(D). Vertical
axis, FID response; horizontal axis, retention time.

While we did not test the ability of C. estor desaturases to
mediate the A6 desaturation of 24:5n-3 to 24:6n-3 required
in the Sprecher pathway, we hypothesize that it is not op-
erative in the presence of a more direct and efficient
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Fig. 6. Tissue distribution profile of fads2a, fads2b, and elovl5

transcripts in C. estor determined by qPCR. Absolute copy numbers
were quantified for each transcript and normalized by copy num-
bers of elongation factor la (EF-1at). Mean values are represented
diagrammatically in logarithmic scale. Error bars are standard er-
rors (n = 3). The expressions of a gene in the different tissues stud-
ied that share the same letter are not significantly different (one-way
ANOVA and Tukey’s tests, P< 0.05).

mechanism, such as the A4 pathway. In agreement, nei-
ther hepatocytes nor enterocytes of C. estor that had been
incubated with either [1-'"C]18:3n-3 or [1-''C]20:5n-3
showed any recovery of radioactivity in Sprecher pathway
intermediates, namely 24:5n-3 to 24:6n-3 (43). Moreover,
the functional characterization of the C. estor Elovlb sup-
ports such a hypothesis.

The Elovl5 of C. estor showed virtually no ability to elon-
gate 22:5n-3 to 24:5n-3 as would be required in the Spre-
cher pathway. This is in agreement with the great majority
of fish Elovl5, with the exception of orthologs from rab-
bitfish (10.6% conversion from 22:5n-3 to 24:5n-3) (28)
and, to a lesser extent, cobia (6.6% conversion) (19). Also
consistent with Elovlb from fish, the C. estor Elovl5 showed
substantial activity for the elongation of Cjg and Cyy PUFAs
to the corresponding Cyy and Cyy PUFA products, includ-
ing the elongations of 18:4n-3 to 20:4n-3 and 20:5n-3 to
22:5n-3, which were catalyzed in yeast at high conversions
(60.2 and 89.6%, respectively). Clearly, the C. estor Elovls
can support all the elongation reactions required for DHA
biosynthesis through the A4 pathway. Taken together, the
functional characterization data for Elovl5, Fads2a, and
Fads2b, and the biochemical assays with radiolabeled
PUFA substrates (43), predicts a putative pathway of bio-
synthesis of LC-PUFAs in C. estor from dietary essential Cyg
PUFAs, 18:3n-3 and 18:2n-6 (Fig. 7). In addition to the
DHA biosynthetic pathway described above, two possible
pathways for EPA and ARA biosynthesis are shown. First,
the “classical”, and likely the most prominent, pathway in-
volving A6 desaturation—elongation—Ab desaturation is
possible through the consecutive action of Fads2b, Elovl5,
and Fads2b, respectively. Second, the alternative “A8 path-
way” proceeds through an initial elongation of dietary es-
sential C;3 PUFAs by Elovlb, followed by two consecutive
desaturations catalyzed by Fads2b, first as A8 and second as
Ab (Fig. 7). The C. estor Elovl5 was effective in elongating
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Fig. 7. The biosynthesis pathway of long-chain PUFAs from o-linolenic (18:3n-3) and linoleic (18:2n-6)
acids in C. estor. Enzymatic activities shown in the scheme are predicted from heterologous expression in S.
cerevisiae of the A4 and A6/Ab5 desaturases (Fads2a and Fads2b, respectively) and the Elovl5-like elongase

characterized in the present study.

both 18:3n-3 and 18:2n-6 as required in the A8 pathway,
elongase abilities previously demonstrated in Elovlb from
Southern bluefin tuna (20) and meagre (30). Moreover,
the desaturase activities required for the A8 pathway,
namely A8 and A5, were demonstrated by Fads2b, but not
Fads2a. While the activity of Fads2a as A4 desaturase sug-
gested a steric impediment disabling the insertion of new
double bonds at the A6 or A8 positions, the Fads2b desatu-
rase showed the ability to desaturate both 20:3n-3 and
20:2n-6 at the A8 carbon.

The ability of fish Fads2 to catalyze A8 desaturation has
been regarded as a characteristic primarily of marine spe-
cies, and thus relatively low values of A6/A8 ratio; i.e., the
ratio of the conversions toward 18:3n-3 and 20:3n-3 are
shown by Fads2 from species of marine origin (2). The
A6/A8 of the C. estor Fads2b was 4.6, slightly above the
range of A6/A8 ratios of marine fish desaturases (1.8-4.2),
but well below those of desaturases from salmonid/fresh-
water species (12.0-91.2) (2). Moreover, the activities of
the LC-PUFA biosynthetic pathways measured in hepato-
cyte and enterocyte primary cultures from C. estor (40)
were generally lower than those obtained in Atlantic
salmon (47), but higher than those obtained in the ma-
rine teleost Atlantic cod (Gadus morhua) (15). Interestingly,
the tissue distribution of the desaturases and elongases
generally reflected a “freshwater fish” pattern for C. estor.
Thus, liver had the highest mRNA levels for both desatu-
rases and the elongase, and appeared as a major metabolic
site for LC-PUFA biosynthesis, over intestine, brain, and
muscle. Consistently with the mRNA tissue distribution
data, previous studies highlighted the unusually high con-
tents of DHA in C. estor liver, brain, and muscle, and also
other tissues including gonads and adipose tissues (38).
Similar tissue distribution patterns were observed in fresh-
water/salmonid species, including Atlantic salmon (14, 18)
and zebrafish (17), in which liver and intestine exhibited
the highest expression signals of fads2 and elovl2 and elovl5
elongase genes. Marine fish species, including Asian sea
bass, Atlantic cod, and cobia, had the highest expression
levels of LC-PUFA biosynthesis genes in brain (15, 19, 21).
The relatively low A6/A8 ratio of Fads2b, which was typical
of marine species on one hand, and the higher expression
of desaturase/elongase mRNA in liver, which was typical
of freshwater species on the other, probably reflected the

particular evolutionary history of C. estor. Therefore, while
C. estor shares some “marine” features with most of its
atherinopsid counterparts, it also reflects some character-
istics typically found in freshwater species (42).

The substrate specificities of C. estor desaturases de-
scribed here are not entirely unique among fish Fads2
enzymes and, as mentioned above, similar substrate speci-
ficities (A4 and A6A5) were found in two desaturases
isolated from rabbitfish (4). Furthermore, a A6A5 Fads2
and a A4 Fads2 were previously identified from zebrafish
(9) and Senegalese sole (5), respectively, and a mono-
functional A5 Fads2 was also cloned from Atlantic salmon
(13). Provided the Gnathostomata (jawed fish) ancestral
Fads2 had A6 desaturase activity (32), as for mammalian
FADS2s (35), the expansion of Fads2s in teleosts has been
accompanied by subfunctionalization in the enzyme de-
rived from independent mutations in the primary aa
sequence (32). Although a recent study identified a sin-
gle aa residue as determining the differential ability for
22:5n-3 elongation between ELOVL2 and ELOVL5 elon-
gases in rat (48), identification of specific domains/resi-
dues controlling the functionality of desaturases has
been elusive and studies are restricted to nonvertebrate
enzymes (49-51).

However, the above said, the existence of three A6A5
desaturases and three A4 desaturases distributed in four
distinct species, allows us to explore potential evolutionary
scenarios for teleostei Fads2 subfunctionalization. The re-
cently revised tree of life of bony fish (52), based on 369
families, allows us to investigate whether the diversity of
substrate specificities of C. estor desaturases can be related
in an evolutionary context along with those of other de-
saturases with A4 and A6A5 activities, previously described
from S. canaliculatus (4), S. senegalensis (5), and D. rerio (9).
The three species possessing a A4 desaturase (S. canalicula-
tus, S. senegalensis, and C. estor) belong to three different
clades including Percomorpharia (S. canaliculatus), Car-
angimorphariae (S. senegalensis), and Ovalentariae (C. es-
tor), all sharing a common ancestor (~115 Ma). It is
tempting to speculate that Fads2 enzymes in fish with A4
activity are restricted to these three groups, albeit these
groups contain >200 families and so the activity is likely
further restricted to specific families, or even individual
species within the groups. Thus, other species within these
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three groups, including A. regius, T. thynnus, L. calcarifer, D.
labrax, S. aurata, R. canadum (Percomorpharia), Psetta
maxima (Carangimorphariae), and Oreochromis niloticus
(Ovalentariae), have Fads2 enzymes functionally char-
acterized as A6 desaturases (11, 16, 19, 21, 26, 27, 29, 30).
However, investigation of desaturases from representa-
tives of other phylogenetic branches is required to con-
firm this hypothesis.

Establishing a potential pattern of distribution for Fads2
enzymes in teleost fish lineages showing A6A5 activity is
more speculative, as the three species displaying these
activities (D. rerio, S. canaliculatus, and C. estor) are more
distantly related. While the groups of C. estorand S. canali-
culatus are relatively close and thus the presence of A6Ab
Fads2s might have a similar restricted evolutionary context
as described for A4 desaturases, the existence of a dual
A6A5 desaturase in D. rerio, belonging to the more ancient
cyprinid lineage, does not follow common evolutionary
patterns, although it is possible that convergent evolution
may have occurred. Assuming the ancient Fads2 was a A6
desaturase (32), subfunctionalization of some Fads2 in
distantly related lineages (cyprinids vs. atherinopsids and
siganids) led to the acquisition of A5 desaturase activity,
possibly through discrete mutations at the catalytic site.
According to the proposed time-calibrated tree, the emer-
gence of the dual A6A5 in cyprinids occurred ~100 Ma
ago (52), as the desaturase from common carp (also cy-
prinid) does not show dual activity.

In summary, the present study demonstrates that C. estor
expresses desaturase and elongase genes encoding all the
enzymatic activities required for the biosynthesis of DHA
from the C;g precursor LNA. While the C. estor Elovl5 ac-
counted for all the elongation steps, two distinct Fads2-like
desaturase enzymes displaying A4 and A6A5 specificities
operate along the pathway. More importantly, the uncom-
mon substrate specificities of Fads2s from C. estorand other
species like D. rerio, S. canliculatus, and S. senegalensis en-
abled us to propose potential evolutionary scenarios that
explain the distribution of such subfunctionalized Fads2s
among fish lineages Bl
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