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The oil from flax (Linum usitatissimum L.) has high amounts
of ␣-linolenic acid (ALA; 18:3cis⌬9,12,15) and is one of the richest
sources of omega-3 polyunsaturated fatty acids (-3-PUFAs).
To produce ⬃57% ALA in triacylglycerol (TAG), it is likely that
flax contains enzymes that can efficiently transfer ALA to TAG.
To test this hypothesis, we conducted a systematic characterization of TAG-synthesizing enzymes from flax. We identified several genes encoding acyl-CoA:diacylglycerol acyltransferases
(DGATs) and phospholipid:diacylglycerol acyltransferases
(PDATs) from the flax genome database. Due to recent genome
duplication, duplicated gene pairs have been identified for all
genes except DGAT2-2. Analysis of gene expression indicated
that two DGAT1, two DGAT2, and four PDAT genes were preferentially expressed in flax embryos. Yeast functional analysis
showed that DGAT1, DGAT2, and two PDAT enzymes restored
TAG synthesis when produced recombinantly in yeast H1246
strain. The activity of particular PDAT enzymes (LuPDAT1 and
LuPDAT2) was stimulated by the presence of ALA. Further
seed-specific expression of flax genes in Arabidopsis thaliana
indicated that DGAT1, PDAT1, and PDAT2 had significant
effects on seed oil phenotype. Overall, this study indicated the
existence of unique PDAT enzymes from flax that are able to
preferentially catalyze the synthesis of TAG containing ALA
acyl moieties. The identified LuPDATs may have practical
applications for increasing the accumulation of ALA and other
polyunsaturated fatty acids in oilseeds for food and industrial
applications.

Flax (Linum usitatissimum L.), which produces oil containing ⬃45 to 65% ␣-linolenic acid (18:3cis⌬9,12,15; ALA),3 is considered one of the most abundant plant sources of ALA. With a
low oxidative stability, ALA can react rapidly with oxygen and
polymerize into a soft and durable film upon air exposure,
which makes flax oil suitable for domestic and industrial coatings such as linoleum, varnishes, and paints (1). In addition,
ALA is an essential fatty acid for humans and a precursor for
nutritionally beneficial very long chain omega-3 polyunsaturated fatty acids (VLC--3-PUFA, ⱖ20 carbons) (2, 3).
Efforts to characterize the molecular basis of high ALA content in flax have focused largely on the characterization of fatty
acid desaturases (FAD). Two genes encoding ⌬15 desaturases
(LuFAD3A and LuFAD3B) have been identified in flax (4). Ethyl
methanesulfonate-generated point mutations in LuFAD3A and
LuFAD3B led to a reduction in ALA content to ⬃1–2%, suggesting that these two genes encoded the main desaturases
responsible for the synthesis of ALA in flax (4 – 6). Generally,
there is good correlation between the expression of FAD3 genes
with the accumulation of ALA in flax and other plant species
(7). However, along with desaturases, many other enzymes can
contribute to the flux of ALA to storage lipids. Essentially, ALA
has to be efficiently transferred from the desaturation product
(sn-2-linolenoyl-phosphatidylcholine, PC) to the substrates for
triacylglycerol (TAG) synthesis and this process can take different biochemical routes. ALA synthesized on PC can enter the
acyl-CoA pool by either the reverse action of acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT) (8) or the combined action of phospholipase A2 and long-chain acyl-CoA syn3
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The abbreviations used are: ALA, ␣-linolenic acid; DGAT, acyl-CoA:
diacylglycerol acyltransferase; PDATs, phospholipid:diacylglycerol acyltransferase; TAG, triacylglycerol; VLC--3-PUFA, very long chain omega-3
polyunsaturated fatty acids; FAD, fatty acid desaturases; PC, phosphatidylcholine; LPCAT, acyl-CoA:lysophosphatidylcholine acyltransferase; DAG,
diacylglycerol; DCR, defective in cuticular ridge; DPA, days post-anthesis;
OA, oleic acid; LA, linoleic acid; SDA, stearidonic acid; DGLA, dihomo-␥linolenic acid; GLA, ␥-linolenic acid; AA, arachidonic acid; ETA, eicosatrienoic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid;
FAME, fatty acid methyl esters.
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Background: Triacylglycerol (TAG) can be formed via an acyl-CoA-dependent or acyl-CoA-independent pathway.
Results: Overexpressing particular flax phospholipid:diacylglycerol acyltransferase (PDAT) genes in yeast and Arabidopsis
resulted in an enhanced proportion of ␣-linolenic acid (ALA) in TAG.
Conclusion: Certain PDATs have the unique ability to efficiently channel ALA into TAG.
Significance: The identified PDATs will benefit future projects aimed at producing oils with enhanced polyunsaturated fatty
acid content.
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EXPERIMENTAL PROCEDURES
Plant Material and Growth Conditions—Flax (L. usitatissimum L.) was grown in the growth chamber with 16 h light at
21 °C and 8 h dark at 18 °C. Seeds were planted in 1 gallon pots
containing Metro Mix soil (Greenleaf Products Inc., CA).
Plants were fertilized with 17-5-19 (125 g/100 liters) and
12-2-14 (83 g/100 liters) once a week before flowering. From
the flowering stage, plants were fertilized weekly with 17-5-19
(280 g/100 liters) until harvest. Individual flowers were tagged
at anthesis, and embryos at different stages of development
were collected in liquid N2 and stored at ⫺80 °C. Arabidopsis
wild-type Columbia and mutant line AS11 were obtained from
the Salk Institute via the ABRC (Ohio State University, Columbus, OH). Arabidopsis seeds in plots or plates were cold-treated
at 4 °C in the dark for 3 days and then placed into a controlled
growth chamber with a constant temperature of 20 °C and a
16-h photoperiod.
Identification and Isolation of Candidate Genes—In general,
all primers are summarized in supplemental Table S1. Cloning
integrity was confirmed by sequencing at each step.
A BLAST analysis (26) was conducted against the flax
genomic database (27) by using AtDGAT1, AtPDAT1, AtDCR,
and tung tree VfDGAT2 as the protein query. The theoretical
molecular weight and isoelectric point values were calculated
using the Compute pI/Mw tool provided in the ExPASy server.
To isolate the target genes, total RNA was extracted from the
embryo of flax (cultivar AC Emerson) 12 days post-anthesis
(DPA) using Plant RNeasy plant mini kit (Qiagen) as described
by the manufacturer. The first stand of the cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen)
according to the protocol provided by the supplier. The target
genes were amplified from the resulting cDNA as the template
for 30 cycles of PCR amplification using Platinum Taq DNA
Polymerase High Fidelity (Invitrogen). PCR was performed
under the following temperature cycle program: 95 °C for 2
min; 30 cycles of denaturation (95 °C, 20 s), annealing (55 °C,
15 s), and extension (68 °C, 2.5 min); and a final extension at
68 °C for 2 min. To amplify LuDGAT2–1, LuDGAT2–3, LuPDAT2, and LuPDAT6, the forward primers contained a specific
restriction site (underlined) and a Kozak translation initiation
sequence (italic) to improve the translation of the protein (supplemental Table S1). A specific restriction site was also introduced in the reverse primer (underlined). The PCR products
were cloned into the pYES vector collinear to the GAL1 promoter inducible by galactose. The pYES is a modified pYES2.1/
V5-HIS vector (Invitrogen) constructed in our laboratory,
which contains more restriction sites in its multiple cloning
site. For LuDCR1 and LuPDAT1 that could not be amplified by
these specially designed primers, the internal primers were
used for amplification. For LuDGAT2–2 and LuPDAT5, an
internal forward primer and a reverse primer spanning the
3⬘-untranslated region (3⬘-UTR) were used for amplification.
The PCR products were subcloned into pYES2.1/V5-HIS vector using the pYES2.1 TOPO kit (Invitrogen) as demonstrated
by the supplier. To construct the co-expression vectors,
LuFAD2-1 (28) and LuFAD3B (4) genes were first amplified
using PCR with appropriate primers that allowed specific
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thetase. 2-Linolenoyl-sn-PC can also be potentially converted
into 2-linolenoyl-sn-diacylglycerol (DAG) by the catalytic
action of phospholipase C or phospholipase D (9) together with
phosphatidic acid phosphatase. In addition, the enzyme phosphatidylcholine:diacylglycerol cholinephosphotransferase catalyzes the transfer of a phosphocholine head group from PC to
DAG in a symmetrical reaction (10), which could potentially
produce DAG enriched in ALA for the synthesis of TAG.
TAG can be formed via an acyl-CoA-dependent or acylCoA-independent process. The final step of the acyl-CoA-dependent pathway, also known as the Kennedy pathway (11), is
catalyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT),
which uses acyl-CoA as acyl donor to convert DAG to TAG. At
least four different types of DGAT have been identified in
plants (12–15). DGAT1 has been proposed to exert dominant
control over TAG accumulation in many oilseeds (16 –19).
DGAT2 was first identified in the oleaginous fungus Umbelopsis (formerly Mortierella) ramanniana and shows no sequence
homology to DGAT1 (15). DGAT1 and DGAT2 appear to
localize to different subdomains of endoplasmic reticulum and
have been suggested to have nonredundant functions in the
production of TAG (20). The third type of DGAT (DGAT3) is a
soluble enzyme isolated from developing peanut cotyledons
and it differs from DGAT1 and DGAT2, which are membranebound (13). Another soluble enzyme with DGAT activity
known as defective in cuticular ridge (DCR) has been identified
in Arabidopsis thaliana (21).
The acyl-CoA-independent pathway of TAG synthesis is
characterized by the enzymatic action of phospholipid:diacylglycerol acyltransferase (PDAT) that transfers the fatty acyl moiety from the sn-2 position of a phospholipid to the sn-3 position
of sn-1, 2-DAG (22). A gene encoding a PDAT was first
reported in yeast (22). Two homologs of yeast PDAT have been
identified in Arabidopsis named PDAT1 (At5g13640) and
PDAT2 (At3g4480) (23) and three putative PDAT genes have
been identified in the castor bean genome (24).
The existence of specialized acyltransferases has been
observed in other plant species. DGAT2 from tung tree (Vernicia fordii) and castor bean (Ricinus communis) display substrate
preference for unusual fatty acids and are predominantly
involved in the incorporation of these fatty acids into seed oils
(20, 25). Also, a ricinoleate-specific PDAT from castor bean
(RcPDAT) has been reported (24). Co-expression of RcPDAT1
with castor fatty acid hydroxylase in Arabidopsis resulted in a
relative increase of 58% hydroxy fatty acids in seeds. Considering the natural occurrence of evolved forms of acyltransferases
that are selective for unusual fatty acids, we hypothesized that
similar mechanisms take place in flax. Despite the wide range of
applications for flax oil, many components involved in TAG
biosynthesis have not been characterized at the molecular
genetic level. Here we provide this characterization and demonstrate that two pairs of PDAT genes encoding enzymes utilize
preferentially substrates containing ALA, and more importantly, one of the pairs (LuPDAT1 and LuPDAT5) has an
embryo-preferred expression pattern and appears to contribute mainly to the synthesis of trilinolenin in flax seeds.
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acid solutions were first dissolved in 0.06% (v/v) tyloxapol
(Sigma) and then mixed with induction medium. Tyloxapol is a
non-ionic surfactant that was used to disperse the fatty acids
into the medium. Yeast was induced in induction medium with
100 M fatty acid supplementation.
To evaluate the concentration effect of exogenously provided
ALA on total TAG content and composition in yeast expressing
LuPDAT1 and LuPDAT2, the recombinant yeast cells were cultivated in induction medium supplemented with different concentration of ALA (0 to 300 M) and harvested at the same
growth stage (A600 nm ⫽ 6.5 ⫾ 0.05). Approximately 30 mg of
dry yeast were weighted out and used for lipid analysis after 16 h
freeze drying. One hundred g of the TAG internal standard,
triheptadecanoin (C17:0 TAG), were added to each sample
before lipid extraction.
For growth curve construction, yeast cells were grown first in
minimum medium containing 2% (w/v) raffinose, and then in
induction medium supplemented with three different ALA
concentrations (0, 100 M, and 1 mM). Aliquots (100 l) were
withdrawn from the culture at intervals of 6 or 12 h and diluted
1:10 with sterile water. One hundred microliters of the diluted
cells were transferred to a 96-well clear, flat-bottom, polystyrene microplate (UNIPLATE, Whatman). The yeast growth
(A600 nm) was measured using the Synergy H4 Hydrid multimode
microplate reader (Biotek Instrument, Inc.).
Growth phenotypes were further analyzed by first culturing
recombinant yeast cells in minimum medium containing 2%
(w/v) raffinose, and then spotting 2.5 l of cell suspension serially diluted to A600 nm values of 1, 10⫺1, 10⫺2, 10⫺3, and 10⫺4,
onto agar plates containing induction medium supplemented
with different concentration of ALA (0, 100 M, and 1 mM).
ALA was first dissolved in 0.5 M ethanol, and then diluted in a
warm medium containing 0.01% (v/v) tyloxapol immediately
before plating. The same amount of ethanol and typloxapol was
added to the plates without fatty acid supplementation. Yeast
strains BY4742 (wild-type) and H1246 transformed with empty
pYES vector were used as positive and negative controls,
respectively. Plates were incubated at 30 °C for 2 days.
For the co-expression study, yeast cells transformed with
LuFAD2-1-FAD3B-PDAT1/pYES, LuFAD2-1-FAD3B-PDAT2/
pYES, or LuFAD2-1-FAD3B-DGAT1-1/pYES plasmid were
inoculated in the same induction medium for 3 days at 20 °C
before cell harvest. Yeast cells transformed with LuFAD2-1FAD3B/pYES were used as a control.
Western Blot Analysis—To produce N-terminal-tagged constructs, the complete ORFs of three LuPDATs (LuPDAT1,
LuPDAT2, and LuPDAT6) were first amplified by the primers
listed in supplemental Table S1 and then subcloned into the
pYES2/NT-C expression vector (Invitrogen). For the generation of C-terminal-tagged constructs, the stop codons of the
LuPDATs in the recombinant pYES plasmids were mutated by
using the QuikChange mutagenesis kit (Stratagene). Yeast
microsomes were prepared as previously described (32).
Briefly, the recombinant yeast cells were first cultivated in liquid minimal medium with 2% (w/v) raffinose and then inoculated at a starting OD of 0.4 for 12 h. The cells were harvested,
washed, and then resuspended in the homogenization buffer
(20 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 1 mM EDTA, 5% (v/v)
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restriction sites to be added (underlined, supplemental Table
S1) to the ends of amplified products and then inserted into
multiple cloning site 1 and multiple cloning site 2 of the pESCURA expression vector (Agilent Technologies), yielding
LuFAD2–1-FAD3B/pESC plasmid. The ADH1 terminator:
LuFAD2–1:ProGAL10:ProGAL1:LuFAD3B:CYC1 terminator
expression cassette of LuFAD2–1-FAD3B/pESC was then
excised and subcloned into the recombinant pYES plasmids
containing LuPDAT1, LuPDAT2, or LuDGAT1-1 through a
one-step, isothermal assembly method described by Gibson
(29). The resulting plasmids were referred to as LuFAD2-1FAD3B-PDAT1/pYES, LuFAD2-1-FAD3B-PDAT2/pYES, and
LuFAD2-1-FAD3B-DGAT1-1/pYES.
Real-time PCR Quantification—Total RNA was isolated from
vegetative tissues (stems, leaves, apexes, and roots), reproductive tissues (flowers), developing embryos (8, 11, 14, 16, and 20
DPA), and seeds (4, 25, and 40 DPA) of flax cultivar CDC Bethune using RNeasy plant mini kits (Qiagen). Due to technical
difficulties in separating embryos from other seed components
at 4, 25, and 40 DPA, the whole seeds at these three stages were
used for gene expression analysis. The cDNA was synthesized
using SuperScript III reverse transcriptase (Invitrogen). Genespecific primers and probes were designed using Primer
Express software (Applied Biosystems) and the sequences are
listed in supplemental Table S1. 5⬘-FAM/3⬘-quencher-labeled
probes were used to assay the genes involved in TAG synthesis,
and probes for reference genes were labeled with 5⬘-VIC/3⬘quencher. TaqMan-based quantitative RT-PCR assays were
performed using Fast Advance Master mix (Invitrogen) on the
ABI PRISM 7900HT Real-time PCR system (Applied Biosystems). PCR efficiency for each amplicon was calculated using a
dilution series of a single cDNA sample over several log concentrations. According to the recommendation of Huis et al.
(30), two internal reference genes, encoding glyceraldehyde-3phosphate dehydrogenase (GAPDH) and ubiquitin extension
protein (UBI2), were used. The relative expression level was
calculated using the comparative Ct method after normalizing
to controls using the reference genes.
Heterologous Expression in Yeast Mutant H1246—In general,
the constructed recombinant plasmids were transformed into
the quadruple mutant strain Saccharomyces cerevisiae H1246
using the LiAc/SS carrier DNA/PEG method (31) and transformants were selected on minimal medium plates lacking uracil.
The recombinant yeast cells were first grown in liquid minimal
medium with 2% (w/v) raffinose overnight and then inoculated
at a starting OD of 0.1 in minimum medium containing 2%
(w/v) galactose and 1% (w/v) raffinose (referred to as induction
medium) to induce gene expression.
For heterologous expression of single flax genes, yeast cells
were grown at 30 °C and yeast transformed with pYESLacZ was
used as a control. For the feeding experiments, free fatty acids,
including oleic (OA; 18:1cis⌬9), linoleic acid (LA; 18:2cis⌬9,12),
ALA, stearidonic acid (SDA; 18:4cis⌬6,9,12,15), dihomo-␥-linolenic acid (DGLA; 20:3cis⌬8,11,14), ␥-linolenic acid (GLA;
18:3cis⌬6,9,12), arachidonic acid (AA; 20:4cis⌬5,8,11,14), eicosatrienoic acid (ETA; 20:3cis⌬11,14,17), eicosapentaenoic acid
(EPA; 20:5cis⌬5,8,11,14,17), and docosahexaenoic acid (DHA;
22:6cis⌬4,7,10,13,16,19) were dissolved in 0.5 M ethanol. The fatty
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using the same solvent system but visualized under UV light
after spraying with 0.05% primuline solution. The bands corresponding to TAG were scraped and transmethylated with 5%
(w/v) sodium methoxide (NaOMe) at room temperature for 30
min. The resulting fatty acid methyl esters (FAMEs) were
extracted with two portions (2 ml each) of hexane. The hexane
phases were pooled together and dried under a stream of nitrogen and immediately resuspended in 250 l of iso-octane with
0.1 mg/ml of C21:0 methyl ester standard. FAMEs were subjected to an Agilent 6890N GC equipped with DB-23 capillary
column (30 m ⫻ 0.25 mm ⫻ 0.25 m) and a 5975 inert XL Mass
Selective Detector. The following temperature program was
applied: 165 °C, hold for 4 min, 10 °C/min to 180 °C, hold 5 min,
and 10 °C/min to 230 °C, hold 5 min.
Overexpression of LuDGATs and LuPDATs in Arabidopsis—
Agrobacterium tumefaciens strain GV3101 and pGreen/pSoupbased dual binary vectors (36) were used for Arabidopsis transformation. The coding regions of target genes were amplified
using recombinant pYES plasmids as template with specially
designed primers for each gene (see supplemental Table S1).
The amplicons were cloned into the pGreen vector under control of the seed-specific napin promoter. The resulting construct and the helper plasmid pSoup were co-transformed into
A. tumefaciens GV3101 by electroporation (37). Agrobacterium
strains containing the pGreen/pSoup dual binary vectors were
used to transform the Arabidopsis wild-type (Columbia) and
mutant line AS11 by the floral dipping method (37). Plants
transformed with an empty vector pGreen were used as controls. T1 seeds of transgenic plants were selected on halfstrength Murashige and Skoog (MS) agar plates supplemented
with 80 M of the herbicide phosphoinothricin. Transformants
were then transferred to soil and grown to maturity to produce
T2 seeds. The presence of the target genes was confirmed by
gene-specific PCR analysis using DNA extracted from T2
young leaf tissue as template. T2 seeds were collected and used
for total lipid and fatty acid analysis.
Analysis of Arabidopsis Seed Oil—Total lipid content and the
fatty acid composition of T2 seeds were determined by GC.
Approximately 10 mg of seeds per replicate were weighted out
after stabilizing the seed moisture content in desiccators for
72 h. One hundred g of triheptadecanoin (C17:0 TAG) were
used as a TAG internal standard. Seeds were subjected to treatment with 2 ml of 3 N methanolic HCl and heated at 80 °C for
16 h. The extracted FAMEs were suspended in 1.5 ml of isooctane with 0.1 mg/ml of C21:0 methyl ester standard and analyzed by GC-MS using the same column and temperature gradient. Total lipid content was determined by multiplying the
peak-area ratio of the total fatty acid and the internal standard
by the initial internal standard amount.
Flax Seed Oil and Fatty Acid Composition Analysis—Flax
embryos of cultivar CDC Bethune at different developmental
stages (8, 11, 14, 16, and 20 DPA) and seeds (25, 30, and 40 DPA)
were collected, measured for fresh weight, immersed in liquid
nitrogen, and then placed at ⫺80 °C for storage. Frozen
embryos and seeds (⬃15 to 75 mg of fresh weight per biological
replicate) were freeze-dried for 4 days and then homogenized in
a mortar and pestle in the presence of liquid nitrogen. Homogenates were preceded for lipid extraction and fatty acid analyVOLUME 288 • NUMBER 33 • AUGUST 16, 2013
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glycerol, 300 mM ammonium sulfate, 2 mM dithiothreitol). In
the same buffer, the cells were broken mechanically with 1⁄3
volume of 0.5-mm glass beads by a bead beater (Biospec
Bartlesville). To remove the cell debris and glass beads, the
homogenate was centrifuged at 10,000 ⫻ g at 4 °C for 20 min.
The recovery supernatant was further centrifuged at 48,000 ⫻ g
at 4 °C for 1 h. The resulting microsomal pellets were dissolved
in 3 mM imidazole buffer (pH 7.4) containing 125 mM sucrose.
Equivalent amounts of microsomal proteins (15 g, as determined by Bio-Rad Bradford assay) were separated by 4 –12%
gradient Tris-glycine gels and then blotted onto nitrocellulose
membranes. The target N-terminal-tagged proteins were
detected using anti-HisG-HRP antibody (Invitrogen). The
bounded antibodies were detected using SuperSignal Fermo
Chemiluminescent Substrate (Pierce). Equal protein loading
was ensured by determining the level of constitutively
expressed chaperone Kar2p using a rabbit polyclonal antiKar2p (Santa Cruz Biotechnology) as the primary antibody followed by incubation with HRP goat anti-rabbit IgG(H⫹L) secondary antibody (Invitrogen).
Nile Red Fluorescence Detection of Neutral Lipids in Yeast—
The Nile red fluorescence assay was conducted as described
(32, 33). Briefly, the recombinant yeast cells were cultivated in
induction medium with or without ALA supplementation and
harvested at the stationary growth stage. Cells with ALA feeding were washed three times with deionized water before Nile
red measurement. One hundred-l aliquots of induced yeast
cell culture were transferred to a 96-well dark flat-bottom plate
(UNIPLATE, Whatman). The background fluorescence was
measured using the Synergy H4 Hydrid multimode microplate
reader (Biotek Instrument, Inc.) with emission and excitation
filter settings at 485 and 538 nm, respectively. Five microliters
of freshly prepared methanolic Nile red solution (0.1 mg/ml)
was added first and mixed with yeast culture. The second fluorescence intensity value was measured under the same conditions. The final Nile red value was calculated by subtracting the
first measurement from the second measurement (⌬F), and
then dividing by the corresponding A600 nm value.
Yeast Lipid Extraction and Analysis—Yeast lipid extraction
was performed using the method described previously (32, 34).
Briefly, induced yeast cultures at the stationary growth stage
were harvested by centrifugation, washed, and resuspended in 1
ml of 0.9% (w/v) sodium chloride (NaCl). Cells were homogenized with an equal volume of glass beads (0.5 mm) by vigorously vortexing for 2 min. Lipids were extracted by the chloroform, methanol, 0.9% aqueous NaCl (2:1:0.9, v/v/v) method.
The chloroform phase (lower phase) was collected, dried under
nitrogen, and resuspended in 30 l of chloroform. The
extracted lipids were resolved on the thin layer chromatography (TLC) plates (SIL G25, 0.25 mm, Macherey-Nagel, Germany) with the solvent system hexane/diethyl ether/acetic acid
(80:20:1). The developed plate was visualized with 3% cupric
acetate (w/v) and 8% phosphoric acid (v/v) followed by charring
at 280 °C for 20 min. The TAG bands were identified according
to triolein and trilinolenin standards.
Fatty acid analysis was performed by gas chromatography
(GC)/mass spectrometry (MS) as described previously (35).
Briefly, the extracted lipids were developed on a TLC plate

␣-Linolenic Acid-specific PDATs from Flax
TABLE 1
General information on individual candidate genes and the encoded
polypeptides (deduced from the DNA sequence information)
Genes

Gene
length

Protein
length

Molecular
mass

507
513
354
352
349
378
466
695
714
575
715
695
572

58038.19
58793.08
39405.12
39004.68
38951.64
41128.85
50887.96
76891.89
79072.61
63093.05
78923.51
76817.64
62792.54

bp

DGAT1-1
DGAT1-2
DGAT2-1
DGAT2-2
DGAT2-3
DCR1
DCR2
PDAT1
PDAT2
PDAT3
PDAT4
PDAT5
PDAT6

1524
1542
1065
1059
1050
1137
1401
2088
2145
1728
2148
2088
1719

Isoelectric
point

daltons

8.98
8.92
9.49
9.19
9.42
5.49
5.10
8.23
6.4
6.19
6.72
8.28
6.19

RESULTS
Identification and Isolation of Genes Encoding TAG-synthesizing Enzymes from Flax—The recently completed flax genome
sequence database (27) provided the starting point for identifying flax genes homologous to known genes involved in the final
step of TAG synthesis. Using basic local alignment search tool
(BLAST), we identified three DGAT2s (LuDGAT2-1,
LuDGAT2-2, and LuDGAT2-3), two DCRs (LuDCR1 and
LuDCR2), and six PDATs (LuPDAT1, LuPDAT2, LuPDAT3,
LuPDAT4, LuPDAT5, and LuPDAT6) in the flax genome. In
addition, we had previously reported a DGAT1 (here referred to
as LuDGAT1-1) (32) and now identified a second gene
(LuDGAT1-2) in the flax genome. General information about
the identified genes is listed in Table 1, whereas the gene structures were represented in Fig. 1. Both LuDGAT1 genes contain
15 exons and as with DGAT1 from other plant species, the first
exon is the longest and encodes a hydrophilic domain (40).
LuDGAT2-1 and LuDGAT2-3 are composed of 8 exons each
and share a more similar gene structure than with LuDGAT2-2,
which contains only 6 exons. Interestingly, LuDGAT2-3 is
located adjacent to LuDGAT2-2 in the genome (supplemental
Fig. S1). Six LuPDATs can be divided into three groups based
on polypeptide sequences (supplemental Fig. S2A). The genes
within each group have a similar gene structure, where
LuPDAT3 and LuPDAT6 genes contain 5 exons, one less than
in LuPDATs of the other two groups. Phylogenetic analyses of
AUGUST 16, 2013 • VOLUME 288 • NUMBER 33

the predicted polypeptides for each class indicate a close relationship with known TAG-synthesizing enzymes from other
species (supplemental Fig. S2, A–D). Therefore, we conclude
that the identified genes comprise the most probable candidates for encoding TAG-synthesizing enzymes from flax. In
addition, the identification of gene pairs for all genes, except to
LuDGAT2-2, is consistent with the findings that suggest wholegenome duplication in flax (27). The two genes in a gene pair
have a very high degree of sequence identity at both nucleotide
and amino acid levels (Table 2). Further genomic analysis
revealed that LuDGAT1-1 and LuPDAT5 are located close
together on the same chromosome and the other member of
the gene pair (LuDGAT1-2 and LuPDAT1) are similarly
arranged on a different chromosome (supplemental Fig. S3).
Several DGAT1, DGAT2, and PDAT Genes Are Expressed Preferentially in Seeds and Correlate with Oil Accumulation—
To investigate the potential physiological roles of all candidate
genes, we studied the expression patterns of LuDGAT1,
LuDGAT2, LuDCR, and LuPDAT in a range of organs including
vegetative tissues, reproductive tissues, and mature seeds (40
DPA). Genes encoding LuDGAT1 or LuDGAT2 had significantly higher expression in seeds than in other vegetative tissues (Fig. 2, A–C). In the case of LuDCR, the expression level
was significantly higher in vegetative tissues than that in seeds,
suggesting that this gene might play a minor role in TAG biosynthesis (Fig. 2D). LuPDAT genes displayed two distinct
expression profiles. Transcripts of LuPDAT1/LuPDAT5, LuPDAT3, and LuPDAT6 (Fig. 3, A–C) were detected preferentially
in seeds and to a lesser extent in other tissues, and the opposite
was observed for LuPDAT2 and LuPDAT4 (Fig. 3, D and E).
This result suggests that two groups of PDATs might have
unrelated physiological functional roles in flax. An attempt to
individually detect the transcript of LuPDAT5 failed, but we
were able to isolate the cDNA of LuPDAT5 using the reverse
primer targeting 3⬘-UTR. Due to the very high level of sequence
identity between LuPDAT1 and LuPDAT5 (97%), the transcripts of LuPDAT1 and LuPDAT5 were detected together. The
transcripts for LuDGAT2-2 could not be detected in any of the
tested plant tissues. Attempts to isolate the corresponding
cDNAs were also unsuccessful, suggesting that LuDGAT2-2
may not be expressed in the tested tissues.
These experiments indicated that LuDGAT1, LuDGAT2-1,
LuDGAT2-3, LuPDAT1/PDAT5, LuPDAT3, and LuPDAT6 are
preferentially expressed in seeds instead of other tissues. To
JOURNAL OF BIOLOGICAL CHEMISTRY
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sis as described in Arabidopsis seed oil analysis. The oil and
ALA content were calculated on a fresh weight basis.
Phylogenetic Analysis—The multiple sequence alignments of
PDAT, DCR, DGAT1, and DGAT2-like family proteins were
generated using the ClustalW module (38) within MEGA5 (39)
with the default parameters (gap penalty, 10.0; gap length penalty, 0.2; Gonnet matrix). The phylogenetic trees were constructed using the same software with the following parameters: neighbor-joining method, Poisson model, complete
deletion, and bootstrap (1000 replicates). Numbers above the
branches indicate the percentage of bootstrap values.
Accession Number—Accession numbers of protein sequences
from the Arabidopsis Genome Initiative or EMBL/GenBank
database or flax genome database (www.phytozome.net/flax)
used in the current study are given in supplemental Table S2.

FIGURE 1. Genomic DNA structure of homologous genes encoding putative TAG-synthesizing enzymes from flax. The thick lines indicate exons
and the thin lines indicate introns. The numbers on top of each group denote
the scale in base pairs.

␣-Linolenic Acid-specific PDATs from Flax
TABLE 2
Sequence identity between the gene pairs and gene products
Gene pair

Amino
acid

Nucleotide
%

DGAT1-1 and DGAT1-2
DGAT2-1 and DGAT2-3
DCR1 and DCR2
PDAT1 and PDAT5
PDAT2 and PDAT4
PDAT3 and PDAT6

85.9
91.2
90.2
97
95.6
95.4

97.7
93.3
89.3
97.1
97.1
96

further decipher the role of these seed-preferred genes in oil
synthesis, we analyzed the relationship between gene expression and seed oil and ALA accumulation patterns throughout
seed development (Fig. 4, A–I). During seed development, the
oil content on a fresh weight basis fit a sigmoidal curve (R2 ⫽
0.969) with the rapid phase of oil accumulation occurring
between 8 and 20 DPA (Fig. 4B). The ALA content on a fresh
weight basis increased steadily until about 16 DPA (Fig. 4C).
The expression of DGATs and PDATs displayed dissimilar temporal regulation. The level of DGAT transcripts (Fig. 4, D–F)
peaked during the late stages of seed development, when the
rate of oil and ALA accumulation already reached a plateau.
However, the highest expression of PDATs (Fig. 4, G–I) was
found in the early stages of seed development, during the period
of active seed oil and ALA accumulation. This result indicated
that DGATs and PDATs might contribute differently to TAG
synthesis during flax seed development.
DGATs and PDATs from Flax Are Functional TAG-synthesizing Enzymes—The ability of the polypeptides encoded by
LuDCR1, LuDGAT, and LuPDAT genes to catalyze the synthesis of TAG was investigated through a functional assay in yeast.
Because genes in a gene pair show high sequence similarity, one
gene of each pair, including LuDGAT1-1, LuDGAT2-3,
LuDCR1, LuPDAT1, LuPDAT2, and LuPDAT6, were chosen
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FIGURE 3. Quantitative real-time PCR analysis of relative expression of
flax PDAT genes in different tissues. The LuPDAT1/LuPDAT5 (A), LuPDAT3
(B), and LuPDAT6 (C) genes exhibited higher expression levels in seeds (40
DPA, black bar) than in other tissues (gray bar) and the opposite was observed
for LuPDAT2 (D) and LuPDAT4 (E). F, phylogenetic analysis of six flax PDAT
proteins. Genes within the same branch of the phylogenetic tree have the
similar expression pattern. Data are given as mean ⫾ S.E. (n ⫽ 3). S1, immature
stem; S2, developing stem; S3, mature stem; L, leaves; A, apexes; R, roots; F,
flowers; 40D, mature seeds.

for this assay. The cDNAs of selected genes were isolated from
12 DPA flax developing embryos. The respective open reading
frames (ORFs) were expressed in the quadruple mutant strain S.
cerevisiae H1246, which lacks four genes DGA1, LRO1, ARE1,
and ARE2 encoding DGAT1, PDAT1, ASAT1 (acyl-CoA:sterol
acyltransferase 1), and ASAT2, respectively. With the disruption of these four genes, S. cerevisiae H1246 is unable to synthesize TAG and sterol esters (41), thus highlighting the production of TAG that results from the activity of recombinant flax
enzymes. It has been previously demonstrated by our group
that yeast H1246 expressing LuDGAT1-1 has the ability to synthesize TAG (32), thus it was used as a positive control. Yeast
transformed with the pYES vector coding for the bacterial protein LacZ was used as a negative control. Production of TAG in
recombinant yeast was detected by the Nile red fluorescent
assay (32) as well as by TLC. The results of the Nile red assay
(Fig. 5A) showed that besides LuDGAT1-1, LuPDAT2 was the
only enzyme that had significant activity in yeast. Because flax
oil contains a substantial amount of ALA, which is absent in
yeast, we hypothesized that some of these enzymes might be
selective for substrates containing ALA. Yeast is capable of
importing fatty acids from the environment and converting
them to their respective acyl-CoA derivatives (42). Therefore,
VOLUME 288 • NUMBER 33 • AUGUST 16, 2013
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FIGURE 2. Quantitative real-time PCR analysis of relative expression of
flax DGAT genes in different tissues. The transcript levels of LuDGAT1 (A)
and LuDGAT2 (B and C) genes were higher in seeds (40 DPA, black bar) than in
other tissues (gray bar) and the opposite was observed for LuDCR1 (D). Data
are given as mean ⫾ S.E. (n ⫽ 3). S1, immature stem; S2, developing stem; S3,
mature stem; L, leaves; A, apexes; R, roots; F, flowers; 40D, mature seeds.

␣-Linolenic Acid-specific PDATs from Flax

the expression of the genes was induced in the presence of
exogenously added ALA. Nile red results indicated that all
enzymes displayed an enhanced activity in the presence of ALA
with the exception of LuDCR1 (Fig. 5A). The Nile red assay is a
high throughput technique for quantitative measurement of
neutral lipids; however, it is unable to distinguish different neuAUGUST 16, 2013 • VOLUME 288 • NUMBER 33
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FIGURE 4. Oil and ALA accumulation correlate better with the expression
of LuPDATs than with LuDGATs. A, flax embryos or seeds used for quantitative real-time PCR analysis. The top panel shows the cross-sections of the
developing bolls at 4 to 25 DPA and the whole mature boll at 40 DPA from left
to right. The bottom panel shows the cleared seed at 4 DPA, developing
embryos at 8 to 25 DPA, and the mature seed at 40 DPA. B, oil deposition in
seed on a fresh weight basis (% of fresh weight). The mean values of oil content (n ⫽ 4) were fitted to a sigmoidal curve (R2 ⫽ 0.969) using Sigmaplot 12.3.
C, ALA accumulation pattern during seed development. The data are presented on a fresh weight basis (% of fresh weight) and shown as mean ⫾ S.E.
(n ⫽ 4). D–I, analysis of gene expression patterns of LuDGATs and LuPDATs
during seed development. Data are shown as mean ⫾ S.E. (n ⫽ 3).

tral lipid classes. Therefore, TLC was used to further confirm
the production of TAG in recombinant H1246 yeast cells.
There was a good correlation between the results from Nile red
and TLC analysis (Fig. 5, A–D). Two recombinant PDATs
(LuPDAT1 and LuPDAT2) restored TAG synthesis in H1246
when culturing yeast in the presence of ALA (Fig. 5C). The
recombinant LuDGAT2-3 also produced TAG, but at significantly lower levels than those found in LuPDAT1, LuPDAT2,
and LuDGAT1-1(Fig. 5, C and D). This analysis confirmed that
most of the flax genes can be functionally expressed in yeast and
their encoded enzymes are able to complement the TAG synthesis mutations in H1246.
LuPDAT1 and LuPDAT2 Have Unique ALA Selectivity—When
ALA was exogenously added to induction medium, yeast cells
expressing LuPDAT1 and LuPDAT2 produced multiple TAG
bands on the TLC plate (Fig. 5C). This was not observed in yeast
expressing LuDGAT1-1 (Fig. 5D). Comparison of the migration
rates of trilinolenin and triolein standards under our TLC conditions (supplemental Fig. S4) suggested that the observed multiple TAG bands could be explained by the different composition of fatty acids in these TAGs. Therefore, it is plausible to
assume that in the presence of ALA, LuPDAT1 and LuPDAT2
produce TAG with a specific fatty acid composition. Indeed,
GC analysis of TAG bands with different migration rates indicated that the TAG band with the lower migration rate was
composed uniquely of ALA, whereas the band with a higher
migration rate contained 65 and 49 mol % ALA for LuPDAT1
and LuPDAT2, respectively (Fig. 6). This result indicated that
both LuPDAT1 and LuPDAT2 have the ability to synthesize
trilinolenin, which is the major molecular species of TAG in flax
oil (43). This experiment also suggested that these two PDATs
might be selective for substrates containing ALA, or have a
preference for utilizing exogenously imported acyl moieties
into yeast. To investigate the origin of this effect, the recombinant yeast strains were cultivated in the presence of OA or LA.
As shown in Fig. 5, yeast cells expressing LuPDAT1 and LuPDAT2 produced much weaker TAG bands in these medium
conditions (Fig. 5, E and F) than in medium supplemented with
ALA (Fig. 5C). It is also worth noting that a substantial amount
of TAG was produced by LuDGAT1-1 under all conditions
(Fig. 5D). Overall, these results suggest that both LuPDAT1 and
LuPDAT2 have a high preference for ALA-containing substrates. Fatty acids commonly found in yeast, including stearic,
palmitic, palmitoleic acids, and OA are inefficient substrates for
these PDATs.
LuPDAT1 and LuPDAT2 Have the Similar Preference for ALAcontaining Substrates—The free fatty acid feeding study
revealed that both LuPDAT1 and LuPDAT2 are uniquely ALAselective. We are also intrigued by the finding that, when ALA
was provided exogenously, LuPDAT1 catalyzed the synthesis of
a higher amount of trilinolenin with lower total TAG as compared with LuPDAT2 (Fig. 6). To further compare these two
enzymes, we first used Western blot to assess the protein
expression levels of these PDATs in H1246. Both enzymes with
C-terminal fusion tag had reduced TAG-forming ability.
Therefore, N-terminal-tagged proteins were used for detection.
Western blot analysis revealed that the band corresponding to
PDAT2 was markedly stronger than that corresponding to
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PDAT1 (Fig. 7A), suggesting that H1246 was able to accumulate much higher levels of PDAT2 than PDAT1. It should also
be noted that PDAT6 was expressed at a similar protein level to
PDAT2, but it failed to complement TAG synthesis in H1246
under all conditions.
It is likely that the higher level of PDAT2 produced in yeast
may enhance the rate of channeling ALA into TAG, thus
depriving the exogenously introduced ALA in the DAG/PC
pool and leading to the formation of TAG with lower content of
ALA as compared with PDAT1. To address this possibility, we
further investigated the concentration effect of exogenously
provided ALA on total TAG content and composition in yeast
expressing LuPDAT1 and LuPDAT2 by culturing the recombi-
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nant cells in medium supplemented with 0 to 300 M ALA (Fig.
7, B–E). As shown in Fig. 7C, both PDAT1 and PDAT2 were
able to catalyze the production of TAG with up to 90% ALA, but
PDAT2 reached the plateau at a much higher concentration of
ALA, suggesting that the increased abundance of recombinant
PDAT2 would require more ALA-containing substrates to
obtain TAG with the same level of ALA as produced by PDAT1.
In addition, an increase in ALA concentration from 0 to 300 M
led to ⬃168- and 44-fold increases in total TAG content for
yeast expressing LuPDAT1 and LuPDAT2, respectively (Fig.
7D). Further quantifying the fatty acid species in TAG revealed
that elevated TAG content in these cells was mainly because of
the increased amount of ALA (Fig. 7E), suggesting that both
VOLUME 288 • NUMBER 33 • AUGUST 16, 2013
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FIGURE 5. Functional complementation assay in yeast strain H1246. Yeast cells expressing several flax genes show enhanced synthesis of TAG in the
presence of ALA. A, Nile red fluorescence assay was performed on the recombinant yeast mutant H1246 cultured in medium with ALA (gray bar) or without ALA
supplementation (black bar). The value represents the levels of neutral lipids accumulated in the recombinant yeast, which is calculated by dividing Nile red
fluorescence (⌬F) by the optical density (OD) at 600 nm. Data are presented as mean ⫾ S.E. (n ⫽ 3). Total lipid extracts were prepared from these cultures and
the individual lipid classes were separated by thin layer chromatography (TLC) (B and C). B, TLC analysis of yeast lipid in the absence of ALA. C, TLC analysis of
yeast lipid in the presence of ALA. The square bracket indicates the position of TAG produced by yeast cells. The inset displays a high contrast image of TAG
produced in yeast expressing LuDGAT2-3 in the present of ALA. D, TLC analysis of yeast cells expressing LuDGAT1-1 in the absence or presence of different
exogenously provided fatty acids. E and F, TLC analysis of yeast lipid in the presence of LA and OA. Yeast cells transformed with pYESLacZ were used as the
negative control. Although yeast cells transformed with pYESLacZ and pYESLuPDAT6 also showed the higher Nile red value in the presence of ALA (A), the TLC
plate indicated that the increased value was very likely due to the production of the unknown compound (square bracket indicated) (C). The corresponding
fatty acid used for feeding is shown on the left of the figure with the chemical structure. D1, LuDGAT1-1; DCR1, LuDCR1; D2-3, LuDGAT2-3; P1, LuPDAT1; P2,
LuPDAT2; P6, LuPDAT6; TAG, triolein TAG standard in B, E, and F, trilinolenin TAG standard in C and D.

␣-Linolenic Acid-specific PDATs from Flax

enzymes may be more active in the presence of ALA. Taken
together, we observed a similar response of LuPDAT1 and
LuPDAT2 to an increase of ALA concentration, indicating that
LuPDAT2 has similar ALA selectivity as compared with LuPDAT1. The differential levels of protein accumulation, if not
entirely, at least partially account for the observed differences in
the TAG-forming ability between PDAT1 and PDAT2.
Exogenously Provided Free Fatty Acids Inhibit Growth of the
Recombinant Yeast Mutants and This Inhibitory Effect Can Be
Rescued in a TAG Accumulation-dependent Manner—We
observed that the recombinant yeast mutant displayed a different growth rate upon exposure to free fatty acids. To assess the
effect of exogenously provided ALA on recombinant yeast cell
growth, we evaluated the cell growth in induction medium supplemented with 0, 100 M, and 1 mM ALA by both growth
curves analysis and the serial dilution plate assay. BY4742 (wildtype) and H1246 harboring the empty vector pYES were used as
positive and negative controls, respectively. As shown in Fig. 8,
the presence of ALA produced a concentration-dependent
inhibitory effect on recombinant yeast growth. Cells with
higher TAG-synthesizing ability showed an earlier log phase
and earlier appearance on plates, suggesting that the inhibitory
effect of ALA was rescued in a TAG accumulation-dependent
manner. This result is in agreement with early findings, which
reported that TAG biosynthesis plays a crucial role in detoxifying the excess imported unsaturated fatty acids (32, 44).
Together, the results implied that TAG-synthesizing enzymatic
activity can be physiologically assessed by analyzing the growth
of recombinant H1246 in the presence of ALA.
AUGUST 16, 2013 • VOLUME 288 • NUMBER 33

LuPDAT1 and LuPDAT2 Can Also Preferably Utilize Substrates
Containing Certain PUFAs—The previous results showed the
unique selectivity properties of LuPDAT1 and LuPDAT2 for
substrates containing ALA. To further examine the substrate
preferences of flax PDATs, we conducted a similar experiment
using other PUFAs that are not commonly found in plants,
including SDA, DGLA, GLA, AA, ETA, EPA, and DHA.
LuPDAT1 and LuPDAT2 appeared to accept substrates containing SDA, GLA, and EPA (Fig. 9), whereas DGLA, AA, ETA,
and DHA were markedly poorer substrates for LuPDAT1 and
LuPDAT2. Together, the data presented in Figs. 5 and 9 indicated that LuDGAT1 are capable of utilizing a broad range of
substrates containing different fatty acids. However, LuPDAT1
and LuPDAT2 have clear preference for certain PUFAs, particularly those with at least three double bonds, such as ALA,
GLA, SDA, and EPA.
Feeding fatty acids to yeast provides an easy and flexible way
to introduce novel acyl moieties in yeast endogenous lipids.
This method is, however, limited as it does not allow a controlled distribution of exogenous fatty acids to specific glycerolipids as it occurs naturally. To circumvent this problem,
LuPDAT1, LuPDAT2, and LuDGAT1-1 were individually coexpressed with LuFAD2-1 and LuFAD3B, thus simulating a
natural production of ALA in PC. In this experiment yeast cells
expressing LuPDAT1 and LuPDAT2 produced TAG predominantly with ALA, whereas cells expressing LuDGAT1-1 produced TAG mainly with palmitoleic acid (16:1cis⌬9) (Fig. 10).
LuPDAT1 and LuPDAT2 were able to produce TAG with an
ALA:LA ratio of 10:1, whereas LuDGAT1-1 produced TAG
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. Gas chromatography-mass spectrometry chromatograms of yeast strain H1246 expressing LuPDAT1 and LuPDAT2 in the presence of ALA.
The recombinant yeast cells were cultivated in the presence of ALA. The yeast lipids were extracted and separated by a thin layer chromatography (TLC) plate.
The compound corresponding to the upper and lower TAG bands (marked by square brackets) was scrapped separately from the TLC plate, transmethylated,
and analyzed through GC/MS. The ratio of TAG within each separated band to the total amount of TAG was calculated and the values are shown as percentage
on the upper left corner of each chromatograph. GC profiles showed that yeast strain H1246 expressing LuPDAT1 or LuPDAT2 has the ability to produce TAG
containing only ALA (trilinolenin), when ALA is added exogenously to the cell. P1, LuPDAT1; P2, LuPDAT2.

␣-Linolenic Acid-specific PDATs from Flax

with an ALA:LA ratio of ⬃2:1. These results further confirmed
that LuPDAT1 and LuPDAT2 have similar preference for ALAcontaining substrate.
Seed-specific Expression of LuDGAT1-1, LuPDAT1, and
LuPDAT2 Affects the Fatty Acid Profile and Oil Content in
Arabidopsis—Complementation assays in yeast indicated that
LuDGAT1-1, LuDGAT2-3, LuPDAT1, and LuPDAT2 are
active TAG-synthesizing enzymes from flax. Although informative, this expression system is limited as yeast lacks the cellular and developmental complexity of multicellular higher
plants. To investigate the functionality of flax TAG-synthesizing enzymes in plants, we expressed the ORFs of
LuDGAT1-1, LuDGAT2-3, and LuDCR1 in the Arabidopsis
dgat1 mutant AS11 under the regulation of the seed-specific
napin promoter. AS11 has a reduced amount of TAG and
altered fatty acid profile (low OA and eicosenoic acid (20:
1cis⌬11) and high ALA) (18). To minimize variation of the
genome position and copy number-dependent transgene
expression (45, 46), 10 individual transgenic lines were ana-
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lyzed for each construct. This strategy also helped to compensate for environmental effects that can significantly
influence the accumulation of oil in the seeds of each plant
even though they were cultivated side-by-side. Analysis of
T2 transgenic seed lines indicated that overexpression of
LuDGAT1-1 restored seed oil content of AS11 to levels comparable with the empty vector-transformed control wildtype plants (Fig. 11A). LuDCR1 and LuDGAT2 did not complement the reduced TAG phenotype of the AS11 mutant
(Fig. 11A). GC analysis of the total lipid extract-FAMEs
showed that LuDGAT1-1 could also alter the seed fatty acid
profile of AS11 making it similar to wild-type controls. None
of the LuDGAT2-3 and LuDCR1 transgenic lines could, however, complement this phenotype (Fig. 11B).
It has been shown that the Arabidopsis PDAT1 knock-out
mutant did not have any significant changes in either fatty acid
composition or oil content compared with wild-type (47),
whereas the attempt to obtain the Arabidopsis dgat1 pdat1
double mutant failed due to the lethal effect of a dgat1pdat1
VOLUME 288 • NUMBER 33 • AUGUST 16, 2013

Downloaded from http://www.jbc.org/ at University of Alberta Libraries on August 10, 2016

FIGURE 7. Yeast cell expressing LuPDAT1 and LuPDAT2 have similar responses to an increase of exogenously provided ALA. A, representative Western
blot analysis showing HisG-LuPDAT protein levels. Microsomes were prepared from yeast expressing HisG-PDATs (see “Experimental Procedures”). Cells
transformed with empty pYES2/NT-C vector were used as a negative control, which was annotated as “⫺” in the image. Equal protein loading was ensured by
measuring the constitutively expressed Kar2p in yeast. B, thin layer chromatography (TLC) analysis showing the TAG forming ability of recombinant yeast in the
presence of different concentrations of ALA. The yeast cells expressing LuPDAT1 and LuPDAT2 were cultivated in the absence or presence of different ALA
concentrations and harvested at the same growth stage (A600 nm ⫽ 6.5 ⫾ 0.05). The yeast lipids were extracted and separated by TLC and the corresponding
TAG spots are shown in B. C-E, the ALA concentration effect on overall percentage of ALA in TAG (C), total TAG content (D), and amount of fatty acids in TAG (E)
of recombinant yeasts. Total TAG content is presented on the basis of yeast dry weight. The amount of ALA and other fatty acids is presented as micromole of
fatty acids per mg of yeast dry weight. Data are presented as mean ⫾ S.E. (n ⫽ 4). P1, LuPDAT1; P2, LuPDAT2; FA, fatty acid.
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genotype on pollen development (17). To study the biochemical properties of LuPDATs in plant oil biosynthesis, the constructs carrying the coding region of LuPDATs (LuPDAT1,
LuPDAT2, or LuPDAT6) were transformed into Arabidopsis
wild-type Columbia. As compared with the empty vectortransformed control wild-type plants, overexpression of the
LuPDAT1 and LuPDAT2 increased the PUFA (LA and ALA)
content, at the expense of mostly OA and eicosenoic acid (Fig.
12A). This altered fatty acid composition was not found in Arabidopsis lines overexpressing LuPDAT6. As shown in Fig. 12A,
the LuPDAT1 lines exhibited a relative increase of LA in the 4.9
to 14.3% range compared with the average exhibited by empty
vector transformed wild-type controls. In addition, the ALA
content was significantly increased in many lines, with the
highest relative increase of 8.1%. The LuPDAT2 transgenic T2
seed lines showed a relative increase of LA by 4.4 to 21.8%. ALA
content was generally increased, with the highest relative
increase value observed being 10.5%. The oil content of
LuPDAT1, LuPDAT2, and LuPDAT6 Arabidopsis transgenic
lines were not significantly altered compared with controls (Fig.
12B).
AUGUST 16, 2013 • VOLUME 288 • NUMBER 33

DISCUSSION
Flax seed is a prominent oilseed crop and one of the most
important plant-based sources of vegetable oils rich in ALA.
Understanding the metabolic pathway of oil synthesis is pivotal
for a continuous improvement of flax as an oilseed crop. The
goal of this study was to identify flax genes involved in TAG
synthesis and functionally characterize the encoded enzymes.
In mainstream oilseed crops such as Brassica napus and Glycine max, DGAT1 has been proposed to be the dominant
enzyme involved in the final step of TAG biosynthesis (48, 49).
But in plant species that accumulate exotic fatty acids such as
ricinoleic, vernolic, and ␣-eleostearic acid, DGAT2 and PDAT
appear to have a more predominant role in TAG synthesis
although DGAT1 is also expressed during seed development in
these species (20, 49, 50). In the case of flax, we found gene
homologues encoding all major TAG-synthesizing enzymes
with the exception of DGAT3.
We have previously cloned a DGAT1 from flax (here refereed
to LuDGAT1-1) and have demonstrated that it can complement TAG synthesis in the yeast strain H1246 (32). Although
this enzyme was considerably active when produced recombiJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 8. Rescue of lipotoxicity phenotype in H1246. Exogenously supplied ALA inhibits the growth of yeast H1246. This inhibition can be rescued by
expressing genes encoding TAG-synthesizing enzymes from flax and the rescuing effect is correlated with the ability to synthesize TAG as demonstrated with
Nile red assay and TLC analysis. Growth curves of recombinant yeast H1246 cultured in induction medium with 0 (A), 100 M (B), and 1 mM (C) ALA, were
constructed by measuring the optical density (OD) of the cultures at 600 nm. Data are presented as mean ⫾ S.E. (n ⫽ 3 or 6). BY4742 (wild-type) and H1246
harboring the empty vector pYES were used as positive and negative controls, respectively. For negative controls, six independent colonies were analyzed and
consistently showed delayed growth and low final density even in the absence of free fatty acid. The panels on the right side, from top to bottom, show the
growth of 2.5 l of each 10-fold dilution (1 to 10⫺4) of recombinant yeast H1246 spotted onto induction medium plates containing 0, 100 M, and 1 mM ALA.
The negative controls were annotated as “⫺” in the image. WT, wild-type; D1-1, LuDGAT1-1; DCR1, LuDCR1; D2-3, LuDGAT2-3; P1, LuPDAT1; P2, LuPDAT2; P6,
LuPDAT6.
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FIGURE 10. Comparison of the FAME profile of yeast strain H1246 co-expressing LuPDAT1, LuPDAT2, and LuDGAT1-1 individually with desaturases. When compared with the yeast cell co-expressing LuDGAT1-1 with
LuFAD2-1 and LuFAD3B (black bar), co-expression of either LuPDAT1 (gray bar)
or LuPDAT2 (white bar) with LuFAD2-1 and LuFAD3B in yeast produces TAG
with ALA (C18:3) as the predominant fatty acid. Yeast cultures were induced
at 20 °C for 3 days before harvested. Data are presented as mean ⫾ S.E. (n ⫽ 3).

nantly in yeast and plants (Figs. 5, A and D, 10, and 11), it did not
appear to show a preference for substrates containing ALA
(Figs. 5D and 10). Like in other oilseeds, the expression of
LuDGAT1 was considerably up-regulated in seeds (Fig. 2A), but
a comprehensive analysis throughout seed development indicated that the transcript levels peaked at 20 DPA when the rate
of oil accumulation reached a plateau and most ALA is already
incorporated in TAG (Fig. 4, B–D). Together, these results suggested that flax DGAT1 appears to play a role in the nonspecific
transfer of acyl moieties to TAG during the final stages of seed
development. During the time this manuscript was being prepared, we detected an additional gene encoding DGAT1 (here
referred to as LuDGAT1-2) in the final released version of the
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FIGURE 11. Lipid phenotype of LuDGAT-overexpressing seeds. Overexpressing LuDGAT1-1 in Arabidopsis AS11 background restores the wild-type
lipid phenotype. Ten individual transgenic lines were analyzed for each construct. Arabidopsis AS11 mutant and wild-type transformed with empty
pGreen plasmid were used as controls (CTR). Data are presented as mean ⫾
S.E. (n ⫽ 3). EA, eicosenoic acid. A, seed oil content. Oil content is expressed as
percentage of seed dry weight. B, fatty acid composition. Values were
obtained from FAME analysis of dry seeds.

flax genome sequence (27). LuDGAT1-1 and LuDGAT1-2
share 97.7% identity and due to this high degree of homology,
their expression was detected together (Figs. 2A and 4D).
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FIGURE 9. PUFA-specific activity of LuPDAT1 and LuPDAT2 in yeast strain H1246. Yeast mutant H1246 transformed with LuPDAT genes was cultivated in
the presence of different PUFAs fed individually to a final concentration of 100 M. Yeast transformed with pYESLacZ was used as the negative control, which
was annotated as “⫺” on the TLC plate. The corresponding fatty acid used for feeding is shown on the left of the figure with the chemical structure. P1, LuPDAT1;
P2, LuPDAT2; P6, LuPDAT6; TAG, trilinolenin TAG standards; SDA, stearidonic acid; GLA, ␥-linolenic acid; DGLA, dihomo-␥-linolenic acid; AA, arachidonic acid;
EPA, eicosapentaenoic acid; ETA, eicosatrienoic acid; DHA, docosahexaenoic acid.
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In contrast to DGAT1, flax DGAT2-3 failed to complement
TAG synthesis in Arabidopsis AS11 mutant (Fig. 11). Production of LuDGAT2-3 recombinant in yeast H1246 resulted in the
production of small amounts of neutral lipids in yeast (Fig. 5C)
and ineffectively rescued the fatty acid lipotoxicity phenotype
(Fig. 8). The transcript of a third DGAT2 homologous gene
(LuDGAT2-2) could not be detected or isolated. These results
suggested that in flax DGAT2 might contribute minimally to
TAG synthesis despite being expressed specifically in seeds.
Similarly, LuDCR1 did not show a significant effect on TAG
biosynthesis in both yeast and Arabidopsis expression system
(Figs. 5 and 11).
In the case of flax PDATs, we analyzed one representative
gene from each of the three groups of homologous genes
(LuPDAT1, LuPDAT2, and LuPDAT6). Heterologous expression in yeast indicated that both LuPDAT1 and LuPDAT2 were
active and able to produce TAG composed predominantly of
AUGUST 16, 2013 • VOLUME 288 • NUMBER 33

ALA when ALA was supplemented as a free fatty acid to the
medium or endogenously produced through the action of
desaturases LuFAD2-1 and LuFAD3B (Figs. 5C and 10). Interestingly, LuPDAT2 has a higher level of protein accumulation
than LuPDAT1 in yeast (Fig. 7A), which may account partially
for its higher TAG-forming ability. The reason for poor expression levels of LuPDAT1 is currently unknown but may be due to
the low mRNA stability or inefficient codon usage. Overexpression of LuPDAT1 or LuPDAT2 in Arabidopsis also resulted in
an enhanced content of PUFAs (Fig. 12A). Analysis of gene
expression revealed that LuPDAT1/LuPDAT5 transcripts
accumulated substantially more in seeds than in other vegetative tissues (Fig. 3A). In fact, expression of LuPDAT1/LuPDAT5
was closely correlated with oil and ALA accumulation in developing embryos, presenting a peak during the rapid phase of
lipid accumulation at 14 DPA (Fig. 4, B–G). LuPDAT2 was
found to be mostly expressed in vegetative tissues (Fig. 3D),
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FIGURE 12. Lipid phenotype of LuPDAT-overexpressing seeds. Ten individual transgenic lines were analyzed for each construct. Wild-type Arabidopsis
transformed with empty pGreen plasmid were used as controls (CTR). A, fatty acid composition of LuPDAT-overexpressing seeds. Overexpression of LuPDAT1
and LuPDAT2 in Arabidopsis seeds results in an increased level of LA and ALA. Data are presented as mean ⫾ S.E. (n ⫽ 3), with asterisks indicating p ⬍ 0.05
(ANOVA, Duncan’s multiple range test). EA, eicosenoic acid. B, oil content of LuPDAT-overexpressing seeds. Data are presented as mean ⫾ S.E. (n ⫽ 3).
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dopsis lines. It is possible that the activity of FAD3 in Arabidopsis might not be sufficiently high to supply the substrates
required for LuPDAT1 and LuPDAT2. For instance, expression
of FAD3 in wild-type Arabidopsis is significantly lower compared with the AS11 mutant (53). Furthermore, labeling experiments indicated that Arabidopsis utilize the PC-derived DAG
pool as the major source for TAG biosynthesis (54). PC-derived
DAG synthesis, however, may provide mostly sn-2-ALA-DAG.
It is possible that when produced in Arabidopsis, LuPDAT1 and
LuPDAT2 may rapidly transfer ALA from the sn-2 position of
PC to the sn-3 position of the PC-derived DAG. This rapid
conversion could limit the chance of rechanneling ALA from
PC to the acyl-CoA pool and subsequently incorporating it to
the sn-1 position of DAG by the endogenous Arabidopsis
enzymes, thus imposing a bottleneck for accumulating ALA in
Arabidopsis seed oil.
A phylogenetic analysis of PDATs including the functionally
tested enzymes from Arabidopsis (17) and castor bean (24, 50)
indicate that LuPDAT1 and RcPDAT1-2 are closely related
(supplemental Fig. 2A). Interestingly, both polypeptides display
remarkable substrate selectivity and the corresponding genes
are preferentially expressed in seeds. The branch containing
LuPDAT1 and RcPDAT1-2 lacks a corresponding polypeptide
from Arabidopsis. LuPDAT2 is, however, more closely associated with AtPDAT1 and RcPDAT1-1. It is interesting that in
Arabidopsis upon AtDGAT1 disruption, AtPDAT1 is responsible for synthesizing the remaining 65–70% of TAG (53) despite
of the inability of AtPDAT1 or AtPDAT2 to complement
TAG synthesis in H1246 (17). In addition, overexpression of
AtPDAT1 in wild-type Arabidopsis background did not produce a significant effect on oil phenotype (23). Similarly,
expression of RcPDAT1-1 in Arabidopsis CL37 lines did not
result in any substantial increase in hydroxy fatty acids (50).
Overexpression of LuPDAT2 in wild-type Arabidopsis, however, led to a significantly increased PUFA level. This difference
might be explained by the higher substrate selectivity of LuPDAT2. LuPDAT6 belongs to the same branch of AtPDAT2 and
RcPDAT2. Although PDATs in this branch are preferentially
expressed in developing seeds, they do not have a significant
effect on TAG accumulation. Overall, these findings suggest
the existence of a class of plant PDATs that displays substrate
selectivity properties.
One of the most remarkable advances in oilseed biotechnology is the successful reconstitution of VLC-PUFA synthesis in
transgenic plants (reviewed by Ruiz-López et al. (55)). Flax
would become an obvious candidate for this technology
because it naturally contains substantial amounts of ALA that is
the precursor for VLC-PUFAs. A previous report demonstrated
that the introduction of a VLC-PUFA biosynthetic pathway in
flax led to a high proportion of ⌬6-desaturated C-18 fatty acids
(GLA and SDA totaling up to 33% in some plants). The pathway, however, did not efficiently proceed further after the first
desaturation step, resulting in a very limited amount of AA and
EPA (⬍5%) in flax oil (56). As demonstrated before, the frontend desaturases and elongases involved in VLC-PUFA have different acyl carrier specificity (57). Desaturases act on PC,
whereas elongases occur mainly within the acyl-CoA pool.
According to the results presented in Fig. 9, it is likely that
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indicating that TAG synthesized by the catalytic action of LuPDAT2 might have physiological functions in vegetative tissues
of flax. LuPDAT6 was also highly expressed during the initial
stages of embryo development (Fig. 4I) but the encoded enzyme
had significantly lower activity in all conditions tested (Figs. 5,
8, 9, and 12). Based on sequence homology (Table 2) and similarities in expression profile (Fig. 3), we suggest that the pairs
LuPDAT1/LuPDAT5, LuPDAT2/LuPDAT4, and LuPDAT3/
LuPDAT6 may have similar functions in flax. The fatty acid
feeding experiment confirmed that LuPDAT5, similar to LuPDAT1, also has the higher preference for ALA-containing substrate (supplemental Fig. S5). On the basis of these results, we
propose that LuPDAT1/LuPDAT5 may play a more important
role than LuDGAT1 in the production of ALA-containing TAG
in developing flax seed. This hypothesis is in agreement with
metabolic analyses of the acyl-CoA profile of developing flax
seed, which detected only small amounts of ALA-CoA in flax
embryo (51).
The identified ALA-selective flax PDATs in this study could
be considered as another example of a plant TAG-synthesizing
enzyme that displays preference for certain substrates. Our
data indicates, however, that these PDATs not only favor substrates containing ALA, but also extend to other PUFAs that are
not naturally formed in flax, including SDA, GLA, and EPA (Fig.
9). It appears that the activity of these PDATs is highly dependent on ALA availability. Increasing the concentration of exogenously provided ALA resulted in an enhanced amount of
ALA-containing TAG and total TAG contents in yeast expressing LuPDAT1 or LuPDAT2 (Fig. 7, B–E). When ALA was added
to the medium, both LuPDAT1 and LuPDAT2 were able to
produce TAG with up to 90% ALA (Fig. 7C). In contrast, when
ALA was endogenously produced by the co-expression of
LuFAD2-1 and LuFAD3B, the total amount of ALA in TAG was
only about 50% for LuPDAT1 or LuPDAT2 (Fig. 10). This difference can be explained by two possible reasons. One possible
explanation is that the ALA availability may limit the activity of
these two PDATs. Inefficient desaturase activity in the heterologous yeast expression system has been recently reported by
Dahmen et al. (52). They found that yeast cytochrome b5, which
transfers the electrons to the desaturase, poorly interacts with
foreign desaturases, thus limiting desaturase enzymatic activity
and resulting in the low production of unsaturated fatty acids.
Future studies of the overexpression of flax cytochrome b5 in the
LuFAD2-1-LuFAD3b-LuPDAT-expressing yeast poses an
opportunity to further enhance the production of ALA-containing TAG in yeast by metabolic engineering. The other possible reason is that to produce trilinolenin the flax PDATs
require sn-2 ALA-PC and sn-1,2 ALA-DAG. Considering that
the excess ALA-CoA derived from the exogenously supplied
ALA can be transferred indiscriminately into different glycerolipids, there is a better chance of obtaining sn-1,2 ALA-DAG.
In contrast, ALA produced by a FAD3 is restricted to sn-2 PC,
which can be utilized by PDAT thus limiting its redistribution
to other lipid classes such as DAG. Therefore, the limited
amount of sn-1,2 ALA-DAG may restrict the activity of
LuPDAT1 and LuPDAT2. The same theory can be used to
explain the small but significant increase of ALA content in the
seed oil of LuPDAT1- and LuPDAT2-overexpressing Arabi-
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LuPDAT1 contributes to a premature channeling of GLA and
SDA to TAG, resulting in an insufficient supply of acyl-CoA
substrates for elongation. The observation that GLA and SDA
were nearly absent from the acyl-CoA pool of the transgenic
flax lines (56) further supports this hypothesis. To circumvent
this problem, the metabolic pathway for VLC-PUFAs would
have to be strategically modified to bypass other acyl moieties
that could be utilized by LuPDAT1 until it reaches EPA. For
example, the pathway involving utilization of the ⌬8-desaturation pathway to convert LA to AA (58) and then further desaturating AA to EPA by ⌬17 desaturases (59), would contain intermediates (LA, DGLA, and AA), which are poorly utilized by
LuPDAT1 (Figs. 5E and 9).
In conclusion, this study provided new insights into the biosynthesis of TAG in flax. Our results demonstrated the existence of two pairs of flax PDATs that are highly selective for
substrates containing ALA. Among them, one pair of PDATs
(LuPDAT1/LuPDAT5) is expressed predominately in seeds. In
addition, the oil and ALA accumulation during seed development closely correspond to the expression pattern of this seedpreferred PDAT gene pair, suggesting the critical role of these
PDATs in seed oil biosynthesis in flax. The identified PDATs
help in the understanding of the mechanisms involved in producing TAG with high PUFA content in plants. Our characterization of TAG-synthesizing enzymes in flax will benefit future
projects aimed at enriching PUFAs in plants and other
organisms.
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Supplementary Data
Supplemental Figure 1. Genomic organization shows that LuDGAT2-3 is located adjacent to LuDGAT22 on the genome. The numbers on top of each group denote the scale in base pairs.

Supplemental Figure 2. Phylogenetic relationship of PDAT (A), DCR (B), DGAT1 (C), and DGAT2
(D)–like family proteins from plants.

Supplemental Figure 3. The relative locations of LuPDATs (PDAT1 and PDAT5) and LuDGAT1s
(DGAT1-1 and DGAT1-2) on chromosomes (signified by the black lines). The colored boxes represent
different genes as they are laid out on chromosome. Boxes with the same color on different chromosomes
are a homologous gene pair. The linear scale denotes the distance along a chromosome at the scale of one
thousand base pairs.

Supplemental Figure 4. Different migration rate of trilinolenin and triolein on the TLC plate.

Supplemental Figure 5. Yeast cells expressing LuPDAT5 show enhanced synthesis of triacylglycerol
(TAG) in the presence of α-linolenic acid (ALA). Yeast cells transformed with pYESLacZ was used as
the negative control, which was annotated as “-” on the thin layer chromatography (TLC) plate. TAG trilinolenin TAG standard; FA – fatty acids; OA – oleic acid; LA – linolenic acid.

Supplemental Table 1. Primers and Probes Employed in the Current Study.
Primer name

Oligonucleotide sequence
Primers used for pYES or pYES2.1/V5-HIS cloning of cDNAs (Yeast expression)
LuDCR1-F
5’- ATGTCCTCCGCCGCCGTCAAAATCACT-3’
LuDCR1-R
5’- TTAATGAGAACGTTGAGCCATTTC-3’
LuDGAT2-1-F
5’-ATATGGATCCTACACAATGTCACAGAAAGTAGAGGAGGAAGACCGG-3’
LuDGAT2-1-R
5’-ATATAAGCTTTCAAAGAATTTTGAGTTGAAGATCAGCAC-3’
LuDGAT2-2-F
5’-ATGGTTGAGAAAGCAGAGGAGGAGG-3’
LuDGAT2-2-R
5’-TTACGAAACACGTACAAATTTGTGC-3’
LuDGAT2-3-F
5’-ATATGGATCCTACACAATGTCGGTACAGAAAGTAGAGGAGGAAAAC-3’
LuDGAT2-3-R
5’-ATATAAGCTTTTAAAGAATTTTGAGTTGAAGATCAGCAC-3’
LuPDAT1-F
5’-ATGTCTCTCTTGAGGCGGAGGTGG-3’
LuPDAT1-R
5’-TTAAAGCCGCAACTTAATCTTGTC-3’
LuPDAT2-F
5’-ATATGGTACCTACACAATGTCAGTAGTCCGCCGCCGAAAACCTTC-3’
LuPDAT2-R
5’-ATATAAGCTTCTAGAGATTCAGTTTGATCCTATCAGACC-3’
LuPDAT5-F
5’-ATGTCTCTATTGAGGCGGAGGTGGAG-3’
LuPDAT5-R
5’-CATCATCATCATACAAACTTACCTAAAGC-3’
LuPDAT6-F
5’-ATATGGTACCTACACAATGTCGCCTGGAATCGTCACCGGTGGTC-3’
LuPDAT6-R
5’-ATATCTCGAGTCACAGTTGAATGTTAATACGGTCCGAC-3’
LuFAD2-F
5’- ATAGGATCCACCATGGGTGCTGGTGGAAGAAT -3’
LuFAD2-R
5’- TATGGTACCTCACAGCTTGTTGTTGTACCA -3’
LuFAD3-F
5’- CCGGAATTCTACACAATGTCAATGAGCCCTCCAAACTCAATG -3’
LuFAD3-R
5’- TATGAGCTCTCAGCTGGATTTGGACTTGG -3’
Primers used for cloning LuFAD2-FAD3 cassette from pESC into recombinant pYES vector (Yeast expression)
LuFAD2-FAD3-F
5’-GAGAGGCGGTTTGCGTATTGGGCGCGCTGAATTGGAGCGACCTCATGC-3’
LuFAD2-FAD3-R
5’-GTCAGTGAGCGAGGAAGCGGAAGACTGGATCTTCGAGCGTCCCAAAACC-3’
pYES-F
5’-GGTTTTGGGACGCTCGAAGATCCAGTCTTCCGCTTCCTCGCTCACTGAC-3’
pYES-R
5’-GCATGAGGTCGCTCCAATTCAGCGCGCCCAATACGCAAACCGCCTCTC-3’
Primers used for generating N-terminal-tagged construct for Western blot
LuPDAT1-F
5’ –TATAGGATCCTACACAATGTCTCTCTTGAGGCGGAGGTG-3’
LuPDAT1-R
5’ –TATACTCGAGTTAAAGCCGCAACTTAATCTTGTCAG-3’
LuPDAT2-F
5’ - ATATGGTACCATACACAATGTCAGTAGTCCGCCGCCGAAAAC
LuPDAT2-R
5’ - TATAGCGGCCGCCTAGAGATTCAGTTTGATCCTATCAGACC
LuPDAT6-F
5’-TATAGGTACCATACACAATGTCGCCTGGAATCGTCACC-3’
LuPDAT6-R
5’-TATAGCGGCCGCTCACAGTTGAATGTTAATACG-3’

LuDCR1-F
LuDCR1-R
LuDGAT1-F
LuDGAT1-R
LuDGAT2-3-F
LuDGAT2-3-R
LuPDAT1-F
LuPDAT1-R
LuPDAT2-F
LuPDAT2-R
LuPDAT6-F
LuPDAT6-R
LuDGAT1-1-F
LuDGAT1-1-R
LuDCR1-F
LuDCR1-R
LuDGAT2-1-F
LuDGAT2-1-R
LuDGAT2-2-F
LuDGAT2-2-R
LuDGAT2-3-F
LuDGAT2-3-R
LuPDAT1-F
LuPDAT1-R
LuPDAT2-F
LuPDAT2-R
LuPDAT3-F
LuPDAT3-R
LuPDAT4-F
LuPDAT4-R
LuPDAT5-F
LuPDAT5-R
LuPDAT6-F
LuPDAT6-R

Primers used for pGreen cloning of cDNAs (Arabidopsis expression)
5’-ATATCTCGAGAACACAATGTCCTCCGCCGCCGTCAAAATC-3’
5’-TATATCTAGATTAATGAGAACGTTGAGCCATTTC-3’
5’-ATATCTCGAGAACACAATGTCCGTGCTTGATACCCCTGAC-3’
5’-TATAGGATCCTTAGATACCATCTTTCCCATTCCTGTTCATC-3’
5’-TATACTCGAGTACACAATGTCGGTACAGAAAGTAGAGG-3’
5’-TATAGGATCCTTAAAGAATTTTGAGTTGAAGATC-3’
5’-TATAAAGCTTTACACAATGTCACTCTTGAGGCGGAGGTGG-3’
5’-TATAGGATCCTTAAAGCCGCAACTTAATCTTGTCAG-3’
5’-ATATCTCGAGTACACAATGTCGGTAGTCCGCCGCCGAAAACC-3’
5’-TATATCTAGACTAGAGATTCAGCTTGATCCTATCAGACC-3’
5’-TATACCCGGGTAAACAATGTCGCCTGGAATCGTCACC-3’
5’-TATACCCGGGTCACAGTTGAATGTTAATACGGTCCG-3’
Primers used for real-time PCR analysis
5’-TCAAGGTTAAAGAGAGTCCGCTTAG-3’
5’-CCTGCATGGCTCTGCTTA-3’
5’-GCATGCATCGCCCTTT-3’
5’-CCCATTGCAAGTCCGTCTTC-3’
5’-CGCCTTCCGTTCTGATCGT-3’
5’-CCAATGGGAAGAACAGAATGC-3’
5’-CCTTCGGTCAGGTGGGTTT-3’
5’-GGTTTCCACCCCTTGT-3’
5’-ACTCGGAACTCCATTGCCATT-3’
5’-TGGGTCGGCCAATCACA-3’
5’-CAAAGCGGTGCTCATGTTGA-3’
5’-GCTGCAACTCTGATGATATCCTCTAT-3’
5’-TGCTACATCCCGTTCCAGATC-3’
5’-TGTACACTCCGTCTTTCAGACAA-3’
5’-GATTTGTTAAAGCGCAAGTCG-3’
5’-CATTAGTCGAGTTTTGGTCAGCAA-3’
5’-TCTGAAAGATGGAGTGTACACAGTT-3’
5’-ACACATGTATCCTGCGCTCAAC-3’
5’-TGATGAACATAGGTGGACCTTTTTTA-3’
5’-ATATTGCTGTTGCCAGGGCT-3’
5’-GGTCTCCTGAAGATAACAACTATGCTT-3’
5’-GGTCATCCGGAGATTGCAAG-3’

GAPDH-F
GAPDH-R
Ubi-F
Ubi-R
LuDGAT1-1
LuDCR
LuDGAT2-1
LuDGAT2-2
LuDGAT2-3
LuPDAT1
LuPDAT2
LuPDAT3
LuPDAT4
LuPDAT5
LuPDAT6
GAPDH
Ubi2

5’-GACATCGTCTCCAACGCTAGCT-3’
5’-CATTGATAACCTTGGCCAAAG-3’
5’-CGGACACCATCGACAATGT-3’
5’-TCCGGCGGGATTCCTT-3’
Probes used for real-time PCR analysis
5’-TCCGGCGCCATTT-3’
5’-TGGCTGTTCAGCTGACTA-3’
5’-CTTACGTTTTCGGGTACGAG-3’
5’-CTTGTTCCGTCAGATGTG-3’
5’-CAGCAACCGATGCAT-3’
5’-TAATGGGCAATTTTG-3’
5’-ATACATCAGCAGATGAAG-3’
5’-CAATCTCCGGTGGCAGT-3’
5’-ACGAAACGGTGCCC-3’
5’-CCAAAGTAGTCTCTGGACTT-3’
5’-ATGTGGTGATTTGTCGAAG-3’
5’-ACCACTAACTGCCTTGC-3’
5’-AAGGCCAAGATCCAG-3’

Supplemental Table 2. Accession number of protein sequences from Arabidopsis Genome Initiative or
EMBL/GenBank database or flax genome database used in the current study.
Protein

Accession #

Organism

LuDCR1
LuDCR2
AtDCR
BdDCR
CtDCR
GhDCR
GmDCR1
GmDCR2
HvDCR
PtDCR1
PtDCR2
VvDCR1
VvDCR2

KC437082
Lus10039256
AT5G23940
XP_003571265.1
BAF49303.1
AAL67994.1
XP_003533987.1
XP_003548168.1
BAK01773.1
XP_002318207.1
XP_002322489.1
XP_002271409.1
XP_002272435.1

Linum usitatissimum
Linum usitatissimum
Arabidopsis thaliana
Brachypodium distachyon
Clitoria ternatea
Gossypium hirsutum
Glycine max
Glycine max
Hordeum vulgare
Populus trichocarpa
Populus trichocarpa
Vitis vinifera
Vitis vinifera

LuDGAT1-1
LuDGAT1-2
AtDGAT1
BnDGAT1
RcDGAT1
VfDGAT1
OeDGAT1
NtDGAT1
GmDGAT1
MtDGAT1
JcDGAT1
PtDGAT1
EaDGAT1
VvDGAT1
VgDGAT1
TmDGAT1
PfDGAT1
ZmDGAT1

KC485337
Lus10021582
At2g19450
AAD45536.1
XP_002514132.1
ABC94471.1
AAS01606.1
AAF19345.1
NP_001237289.1
ABN09107.1
ABB84383.1
XP_002330510.1
AAV31083.1
CAN80418.1
ABV21945.1
AAM03340.2
AAG23696.1
ABV91586.1

Linum usitatissimum
Linum usitatissimum
Arabidopsis thaliana
Brassica napus
Ricinus communis
Vernicia fordii
Olea europaea
Nicotiana tabacum
Glycine max
Medicago truncatula
Jatropha curcas
Populus trichocarpa
Euonymus alatus
Vitis vinifera
Vernonia galamensis
Tropaeolum majus
Perilla frutescens
Zea mays

LuDGAT2-1
LuDGAT2-2
LuDGAT2-3
AtDGAT2
CrDGAT2
MtDGAT2
OsDGAT2
OtDGAT2
PpDGAT2
PsDGAT2
PtDGAT2

KC437083
Lus10039136
KC437084
AT3G51520
XP_001693189.1
ACJ84867.1
NP_001057530.1
CAL58088.1
XP_001777726.1
ABK26256.1
XP_002317635.1

Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Arabidopsis thaliana
Chlamydomonas reinhardtii
Medicago truncatula
Oryza sativa
Ostreococcus tauri
Physcomitrella patens
Picea sitchensis
Populus trichocarpa

RcDGAT2
SpDGAT2
VfDGAT2
VvDGAT2
ZmDGAT2

AAY16324.1
AAQ89590.1
ABC94474.1
CAO68497.1
ACG38122.1

Ricinus communis
Spirodela polyrrhiza
Vernicia fordii
Vitis vinifera
Zea mays

LuPDAT1
LuPDAT2
LuPDAT3
LuPDAT4
LuPDAT5
LuPDAT6
AtPDAT1
AtPDAT2
GmPDAT1-1
GmPDAT1-2
GmPDAT1-3
GmPDAT1-4
GmPDAT2
JcPDAT
PtPDAT1
PtPDAT2
PtPDAT3
RcPDAT1-1
RcPDAT1-2
RcPDAT2
VvPDAT1-1
VvPDAT1-2
VvPDAT2

KC437085
KC437086
Lus10019519
Lus10015639
Lus10017165
KC437087
AT5G13640
At3g44830
XP_003550622.1
XP_003548968.1
XP_003541296.1
XP_003528441.1
XP_003540780.1
AEZ56255.1
XP_002328081.1
XP_002303252.1
XP_002303252.1
XP_002521350.1
AEJ32006.1
AEJ32007.1
XP_002275795.1
XP_002278397.1
XP_002271001.1

Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Arabidopsis thaliana
Arabidopsis thaliana
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Jatropha curcas
Populus trichocarpa
Populus trichocarpa
Populus trichocarpa
Ricinus communis
Ricinus communis
Ricinus communis
Vitis vinifera
Vitis vinifera
Vitis vinifera

LuFAD2
LuFAD3

KC 469054
KC 469055

Linum usitatissimum
Linum usitatissimum
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