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Abstract One paradox of the trophic biochemistry of the deep
sea giant tubeworm Riffia pachyptila, endemic to hydrother-
mal vent sites and nourished by polyunsaturated fatty acid
(PUFA) deficiency chemolitoautotrophic sulfide-oxidizing
bacteria, is the source of their PUFAs. Biosynthesis of PUFA
starts with two precursors C18:2n-6 and C18:3n-3, which can-
not be biosynthesized by most animals due to lack of w6- and
w3-desaturase; thus, C18:2n-6 and C18:3n-3 are generally es-
sential fatty acids for animals. Here, we characterized a gene
derived from the R. pachyptila located by hydrothermal vent,
which encoded a novel w3-desaturase (Rp3Fad). The gene
was identified by searching the R. pachyptila transcriptome
database using known w3-desaturases, and its predicted pro-
tein showed 37—45% identical to w3-desaturases of fungus
and microalgae, and only 31% identitical to nematode
Caenorhabditis elegans w3-desaturase. Expression in yeast
Saccharomyces cerevisiae showed that the Rp3Fad could
desaturate C18:2n-6 and C18:3n-6 into C18:3n-3 and
C18:4n-3, respectively, displaying a A15 activity similar to
plant w3-desaturase, but it showed no activity towards C20
n-6 PUFA substrates, differing from the well-characterized
C. elegans w3-desaturases. A5, A6, A8, and Al2 activity
were also tested, resulting in no corresponding production.
The function of w3-desaturase identified in R. pachyptila
could produce C18:3n — 3 used in synthesis of n — 3 series
PUFAs, suggesting an adaption to PUFA deficiency environ-
ment in deep sea hydrothermal vent.
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Introduction

Long-chain polyunsaturated fatty acids (PUFAs) and their de-
rivatives (such as prostaglandins, leukotrienes, and thrombox-
anes) are essential components of membrane phospholipids or
involved in signaling and the regulation of lipid metabolism,
inflammatory response, and cell division (Simopoulos 1999;
Zeyda et al. 2002; Kawamoto et al. 2009; Calder 2010;
Vrablik and Watts 2013). Synthesis of long-chain PUFAs is
involved in a group of membrane-bound desaturases and elon-
gating enzymes, which started with linoleic acid (LA, 18:2n-
6) for the n-6 series, and «-linolenic acid (ALA, 18:3n-3) for
the n-3 series. w6 (or Al2)-desaturase catalyzes the conver-
sion of C18:1n-9 into LA, which can then be further
desaturated by w3 (or Al5)-desaturase to produce ALA.
However, with certain exceptions, animals in general lack
both w3-desaturase and w6-desaturase; thus, these two fatty
acids (FAs) are considered as essential dietary components
(Pereira et al. 2003).

As one of the most studied species living at deep sea hy-
drothermal vents, the giant tubeworm Riftia pachyptila mainly
depends on chemolitoautotrophic sulfide-oxidizing bacteria
located intracellularly in the trophosome to satisfy its nutri-
tional needs (Cavanaugh et al. 1981; Zal et al. 1996a, 1996b,
1998). Sulfide-oxidizing bacteria derived from the hydrother-
mal vent sediment and water of the habitats or isolated from
the host usually contained mainly saturated and monounsatu-
rated fatty acids (MUFAs) and possibly provided limited
PUFAs to its primary consumers although trace C18 PUFAs
(generally LA) were detected in several species (Conway and
Capuzzo 1991; Fullarton et al. 1995a; Fullarton et al. 1995b;
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Zhang et al. 2005; Li et al. 2011). However, in addition to
bacterial source FAs, R. pachyptila had been reported to con-
tain a high percent of PUFAs such as Arachidonic acid (AA,
C20:4n-6) and Eicosapentaenoic acid (EPA, C20:5n-3)
(Phleger et al. 2005). These findings raised the hypothesis that
the giant tubeworm has the capability to desaturate and elon-
gate bacterial FAs to obtain long-chain PUFAs AA and EPA
although some marine polar bacteria and deep sea bacteria
could produce either EPA or DHA (Phleger et al. 2005).
Synthesis of AA and EPA from the PUFA precursors LA
and ALA through either conventional “A6 pathway” or the
alternative “A8-pathway” had been exclusively reported in
marine animals (Pereira et al. 2003; Monroig et al. 2013; Liu
et al. 2014). Since intermediate FAs C20:2n-6 and C20:3n-6
were detected in body tissues of the giant tubeworm (Phleger
etal. 2005), we speculated that R. pachyptila possibly possess
a “A8 pathway” to synthesize long-chain PUFAs. However,
unlike plant and some fungus, most animals are unable to
introduce a double bond at the A12 and A15 position on the
C18 FAs due to lack of w6-desaturase and w3-desaturase and
cannot de novo synthesize LA and ALA served as precursors
for long-chain PUFA synthesis (Pereira et al. 2003, 2004). It
was unclear how R. pachyptila obtained these two essential
FAs used for further desaturation and elongation.

In this study, we used the extensive information now avail-
able from the R. pachyptila to identify genes encoding
desaturases with A12 and A1S5 activity. This deep sea organ-
ism was predicted to desaturate and elongate C18: 1n-7 based
on its FA profiles and living habits (Phleger et al. 2005). Here,
we described the isolation and characterization of a transcript
from R. pachyptila, which encoded a w3-desaturase with ac-
tivity on C18 PUFA substrates. Heterologous expression of
this gene in yeast demonstrated its ability to desaturate LA and
GLA (y-linolenic acid, C18:3n-6) into ALA and C18:4n-3,
respectively, with no activity on C18:1n-9 or C20 PUFA sub-
strates. To our knowledge, this is the first report of an animal
w3-desaturase derived from deep sea hydrothermal vent.

Materials and Methods

Identification of the R. pachyptila w3-Desaturase Coding
Sequence

The R. pachyptila 454 sequencing sequence read archive
(SRA) database was downloaded from NCBI website (http://
www.ncbi.nlm.nih.gov) under GenBank accession number.
SRX098351 assembled with iAssembler (v1.3.2) after
sequence trimmed, then the assembled R. pachyptila EST
database was BlastX searched against with nematode
Caenorhabditis elegans w3-desaturase (GenBank accession
number. NP_001023560) and several other organism w3-
desaturases as the query sequences. A 1033 bp EST sequence
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was obtained to show only a 31% similarity with C. elegans
w3-desaturase. The DNA sequence corresponding to the pu-
tative coding DNA sequence (CDS) of the R. pachyptila w3-
desaturase (Rp3Fad) was used to search against the assembled
R. pachyptila EST database resulting in no homologous se-
quence with high identity. The putative CDS of Rp3Fad was
synthesized (Takara, Dalian, China) and sequenced to confirm
the right sequence.

Heterologous Expression of Rp3Fad in Yeast and Fatty
Acid Analysis by GC

The open reading frame (ORF) of the Rp3Fad was amplified
from the synthesized sequence using the high-fidelity DNA
polymerase kit (PrimeStar® HS DNA polymerase, Takara,
Dalian, China). Forward primer GGGAA GCTTAACA
CAATGCTGAGCGACGTGTGCCA (Hind III) and reverse
primer GCTCTAGATCTAGTAATACGCATGTAGC
ATCGT (Xbal) containing restriction sites were used to per-
form the PCR, and the PCR amplifications involved 30 cycles
of denaturation at 98 °C for 10 s, annealing at 55 °C for 5 s,
and extension at 68 °C for 90 s. After PCR, the DNA frag-
ments were purified, digested with the corresponding restric-
tive endonucleases, and ligated into similarly digested pYES2
vector (Invitrogen, CA, USA). The recombinant plasmids
were transformed into yeast S. cerevisiae strain INVScl ac-
cordingly to the method of Gietz et al. (1992). Recombinant
yeast was cultivated in S. cerevisiae minimal medium minus
uracil (SCMM ) broth using galactose for induction of
gene expression as described previously (Hastings et al.
2001). Cultures were supplemented with PUFA substrates at
final concentrations of 0.5 uM for C18 and 0.75 uM for C20
according to Li et al. (2010). After cell disruption, total lipids
were extracted with chloroform/methanol (2:1, v/v), containing
0.01% butylated hydroxytoluene as antioxidant. Fatty acid meth-
yl esters (FAMEs) were prepared, extracted, and purified by thin-
layer chromatography on silica gel 60 plate (Merck, Germany).
FAMESs were analyzed using gas chromatography (Agilent
6890N, Agilent, US) equipped with a hydrogen flame ionization
detector and a capillary column (30 m % 0.25 mm X 0.25 yum,
DB-WAX, Agilent, US). The proportion of substrate FA convert-
ed to desaturation product was calculated from the gas chromato-
grams as 100-[product area/(product area + substrate area)].

Sequence and Phylogenetic Analyses

The multiple sequence alignment was performed using
ClustalX 2.1 and phylogenetic trees were made in MEGA 6
package on the basis of putative protein sequence of w3-
desaturase from the R. pachyptila and other organisms using
the neighbor-joining method (Tamura et al. 2013). Confidence
in the resulting phylogenetic tree branch topology was mea-
sured by bootstrapping through 1000 iterations.
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Results

Identification and Characterization of R. pachyptila
w3-Desaturase

BLASTX analysis of R. pachyptila EST transcriptome using
C. elegans w3-desaturase (fat-1, GenBank accession number:
NP_001023560) as query revealed a transcript with 1587 bp in
length. The putative R. pachyptila w3-desaturase (GenBank
accession number: KY399781), designated as Rp3Fad,
encoding a putative peptide of 403 amino acids, was 52%
identitical to Lottia gigantea hypothetical protein
LOTGIDRAFT 74451 (XP_009063368) which was not func-
tionally characterized. It shared 37-45% identity to w3-
desaturase of fungus and microalgae, and only 31% identity
to well functionally characterized C. elegans w3-desaturase
(Fig. 1). Sequence analysis also showed that this peptide pos-
sessed three diagnostic histidine-rich boxes motif found to be
present in all membrane-bound desaturases (Fig. 1).
Phylogenetic analysis showed that Rp3Fad and some
uncharacterized putative w3-desaturase proteins of marine in-
vertebrate grouped together, then clustered with some fungus
w3-desaturases, and the node support is very high (100)

(Fig. 2).
Functional Characterization of Rp3Fad in Yeast
To determine the functionality of the putative Rp3Fad, yeast

transformed with pYES2 vector alone or containing Rp3Fad
cDNA ORF were grown in the presence of various PUFA

substrates in SCMM "™ media, and the FA profile of yeast
was extracted and analyzed by gas chromatography (Fig. 3).
The FA profile of yeast cell with empty plasmid was charac-
terized of only C16:0, C16:1n-7, C18:0, and C18:1n-9
(Hastings et al. 2001). To check for w3-desaturase activity
on C18 PUFAs, the substrates LA or GLA were exogenously
added to the cultures individually, which were then converted
into ALA and C18:4n-3, respectively, indicating that Rp3Fad
possessed a w3-desaturase activity (Fig. 3d, f), and 3.4% of
LA and 4.2% of GLA were desaturased into ALA and
C18:4n-3, respectively (Table 1). When C20 PUFA substrates
C20:2n-6, C20:3n-6, or C20:4n-6 (AA) were added to the
cultures, no w3 FA was produced (Table 1). None A6-, A8,
or A5-production was detected when yeast transformed with
the pYES2-Rp3Fad recombinant plasmid was grown in the
presence of A6- (C18:2n-6, C18:3n-3), A8- (C20:2n-6,
C20:3n-3), or A5- (C20:3n-6) substrates Additionally,
Rp3Fad did not convert endogenous C18:17-9 into C18:2n-
6 in the recombinant yeast culture, indicating that Rp3Fad did
not possess the A12 activity.

Discussion

As a primary consumer feeding on sulfide-oxidizing bacteria
which is usually deficiency of PUFAs, the mouthless vent
tubeworm R. pachyptila was detected to contain a high amount
of PUFAs (Phleger et al. 2005). The vent tubeworms lacked a
mouth and a gut (Cavanaugh et al. 1981; Zal et al. 1996A), an
input of PUFAs from photic zone was excluded. This
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Fig. 1 Amino acid sequence comparison of R. pachyptila w-desaturase
(Rpw3) with other w3-desaturases. The alignment includes amino acid
sequences from C. elegans (Cew3; NP_001023560), Saprolegnia diclina

(Sdw3; AAR20444), and Triticum aestivum (Taw3; BAA28358).
Identical residues are shaded black. The underlines indicate the three
histidine-rich boxes
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Fig. 2 Phylogenetic tree
comparing the deduced aa
sequences of the giant tubeworm
R. pachyptila w3-desaturase with
other organisms w3 and w6-
desaturases. The alignment was
generated by the Clustal W pro-
gram, and the tree was construct-
ed using the neighbor-joining
method with MEGAG6.0 software.
The horizontal branch length is
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observation led to the prediction that R. pachyptila produces
biologically active PUFAs themselves, or obtain them from
endosymbiotic bacteria. Since LA and ALA are particularly
interesting FAs which cannot be formed de novo by most an-
imals (Pond et al. 2002), some FA desaturase enzymes that
functioned as w3- and/or w6-desaturase might exist in
R. pachyptila that convert monounsaturated FAs into LA and
ALA providing PUFA precursors. By BlastX searching, a tran-
script encoding the putative w3-desaturase was identified and
functionally characterized in yeast, which revealed that the
encoded protein could convert LA and GLA into ALA and
C18:4n-3, respectively, displaying a Al5 activity. None AS5,
A6, or A8 production was detected in the presence of corre-
sponding FA substrates. In addition, no desaturased production
was detected when C20:3n-6 and C20:4n-6 were exogenously
added. These results indicated that this protein was an w3-
desaturase with activity towards C18 PUFA substrates.

Like other w3-desaturases, sequence analysis showed that
the Rp3Fad contained three histidine-rich motifs and did not
possess a fused cytochrome b5 domain at its N-terminus
(Shanklin et al. 1994; Pereira et al. 2004). The Rp3Fad and
several other predicted w3-desaturase from invertebrate
grouped together, and then clustered with fungus w3-
desaturase in phylogenetic tree; however, this peptide did
not cluster closely with the functionally characterized animal
w3-desaturase from the nematode C. elegans (Spychalla et al.
1997; Meesapyodsuk et al. 2000). It seemed that the Rp3Fad
and some fungus w3-desaturases evolve from the same origin.
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Unlike the nematode (Meesapyodsuk et al. 2000) and fungus
(Pereira et al. 2004; Sakuradani et al. 2005) w?3-desaturase
that could catalyze both C18 and C20 PUFA substrates,
Rp3Fad only displayed activity towards C18 PUFA sub-
strates, exhibiting almost the same substrate specificity to high
plant w3-desaturases (Sakuradani et al. 2005).

Since no A12 production was determined when Rp3Fad
was functionally characterized in the yeast, we had also
searched for a possible wo6-desaturase in the R. pachyptila tran-
scriptome dataset using plant and C. elegans w6-desaturases as
the queries. Two another predicted fatty acid desaturases with
low similarity to the queries were identified, which instead
showed a high similarity to invertebrate A5 desaturase. w3-
desaturase in some species (such as C. elegans) displayed a
high similarity to the same source w6-desaturase. The
Rp3FAD was used as the query to search against the giant
tubeworm transcriptome dataset, but no more homolog was
obtained, except the Rp3FAD transcript. The Rp3FAD from this
species might be the only enzyme necessary for the synthesis of
PUFA precursors; thus, the source of LA for the giant vent
tubeworm was undefined. A minor percent of LA were detected
in both symbiotic (Fullarton et al. 1995b) and free-living (Jacq
et al. 1989; Temara et al. 1991) forms sulfur-oxidizing bacteria,
and some amount of C18:2n PUFAs were also detected at ex-
terior of the chimney wall where tubeworms resided (Li et al.
2011). Even though nothing was known about FA synthesis of
endosymbiotic bacteria resided in R. pachyptila, these microor-
ganisms might possibly contribute LA to its host.
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Fig. 3 Functional characterization of the R. pachyptila putative w3-
desaturase (Rp3Fad) in yeast S. cerevisiae. FAME were extracted from
yeast transformed with pYES2 vector alone (a, ¢, €) or the constructs
pYES2-Rp3Fad (b, d, f), and grown in the presence of FA substrate (peak
number) C18:2n-6 (5) or C18:3n-6 (7). Peaks 1—4 represent the main
endogenous FAs of yeast, namely C16:0, C16:1n, C18:0, and C18:1n-
9, respectively. Based on retention times, PUFA productions were iden-
tified as C18:3n-3 (d, peak 6) and C18:4n-3 (f, peak 8). Vertical axis: FID
response. Horizontal axis: retention time

FA profile of vent and seep animals harboring chemoauto-
trophic bacteria was exclusively analyzed, and the origin of
PUFAs was also discussed in several invertebrates, indicating
that vent and seep animals had the capability to de novo syn-
thesize PUFAs (Pond et al. 2002; Phleger et al. 2005). The
w3-desaturase identified in this study gave the first molecular

Table 1  Functional characterization of R. pachyptila w3-desaturase in
recombinant yeast
FA substrate Product Conversion rate (%) activity
C18:1n-9 Cl18:2n-6 0 Al2
C18:2n-6 C18:3n-3 34+0.2 Al5
C18:3n-6 0 A6
C18:3n-6 C18:4n-3 42+04 AlS
C18:3n-3 C18:4n-3 0 A6
C20:2n-6 C20:3n-3 0 Al7
C20:3n-6 0 A8
C20:3n-6 C20:4n-3 0 Al7
C20:4n-6 0 A5
C20:3n-3 C20:4n-3 0 A8
C20:4n-6 C20:5n-3 0 Al17

proof of the existence of enzyme that involved in ALA bio-
synthesis in hydrothermal vent animals. The hydrothermal
vent ecosystem is relatively isolated from photic zone
(Wakeham et al. 1997), and PUFAs are relatively insufficient
in the primary producer chemoautotrophic bacteria (Pond
et al. 2002; Li et al. 2011). The products of a w3-
desaturases can provide the precursor (and/or intermediate)
for synthesis of n-3 series PUFAs, which could compensate
shortage of n-3 PUFAs in natural diet. Identification of the
w3-desaturases in R. pachyptila indicated that this organism
is highly adapted to the w3-PUFA deficiency environment in
hydrothermal vent.
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