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We have identiﬁed and isolated a cDNA encoding a novel acyl-CoA:diacylglycerol acyltransferase (DGAT)1-like protein, from the diatom microalga
Phaeodactylum tricornutum (PtDGAT1). The full-length cDNA sequences of
PtDGAT1 transcripts revealed that two types of mRNA, PtDGAT1short
and PtDGAT1long, were transcribed from the single PtDGAT1 gene.
PtDGAT1short encodes a 565 amino acid sequence that is homologous to
several functionally characterized higher plant DGAT1 proteins, and 55%
identical to the putative DGAT1 of the diatom Thalassiosira pseudonana, but
shows little homology with other available putative and cloned algal DGAT
sequences. PtDGAT1long lacks several catalytic domains, owing to a 63-bp
nucleotide insertion in the mRNA containing a stop codon. Alternative splicing consisting of intron retention appears to regulate the amount of active
DGAT1 produced, providing a possible molecular mechanism for increased
triacylglycerol (TAG) biosynthesis in P. tricornutum under nitrogen starvation. DGAT mediates the last committed step in TAG biosynthesis, so we
investigated the changes in expression levels of the two types of mRNA following nitrogen starvation inducing TAG accumulation. The abundance of
both transcripts was markedly increased under nitrogen starvation, but much
less so for PtDGAT1short. PtDGAT1 activity of PtDGAT1short was conﬁrmed in a heterologous yeast transformation system by restoring DGAT
activity in a Saccharomyces cerevisiae neutral lipid-deﬁcient quadruple
mutant strain (H1246), resulting in lipid body formation. Lipid body formation was only restored upon the expression of PtDGAT1short, and not of
PtDGAT1long. The recombinant yeast appeared to display a preference for
incorporating saturated C16 and C18 fatty acids into TAG.
Database
Nucleotide sequence data are available in the GenBank ⁄ EMBL ⁄ DDBJ databases under
accession number HQ589265, sequence to be released November 15 2011.

Abbreviations
ARA, arachidonic acid; DAG, diacylglycerol; DGAT, acyl-CoA:diacylglycerol acyltransferase; DHA, docosahexaenoic acid; DW, dry
weight; EPA, eicosapentaenoic acid; EST, expressed sequence tag; FAME, fatty acid methyl ester; NL, neutral lipid;
PtDGAT1, Phaeodactylum tricornutum acyl-CoA:diacylglycerol acyltransferase 1; PUFA, polyunsaturated fatty acid; QRT-PCR, quantitative
real-time PCR; TAG, triacylglycerol; TFA, total fatty acid; TmDGAT1, Tropaeolum majus acyl-CoA:diacylglycerol acyltransferase 1; TpDGAT1,
Thalassiosira pseudonana acyl-CoA:diacylglycerol acyltransferase 1.
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Introduction
Microalgae are prominent candidates for biofuel
production, particularly for the production of biodiesel
from triacylglycerols (TAGs). Enhancing TAG biosynthesis in microalgae by genetic engineering is thus a
tempting approach for increasing the efﬁciency of algal
biodiesel production. TAGs are synthesized de novo by
sequential transfer of fatty acyl chains from acyl-CoA
through the glycerol 3-phosphate pathway, also known
as the Kennedy pathway [1]. TAGs are the principal
carbon storage compounds in various organisms,
including vertebrates, oilseed plants, oleaginous fungi,
yeasts, and microalgae. In microalgae, TAGs are
mainly accumulated under stressful conditions in extraplastidial oil bodies.
Acyl-CoA:diacylglycerol acyltransferase (DGAT)
catalyzes the ﬁnal and committed step in TAG biosynthesis, and has been identiﬁed as the rate-limiting
enzyme for oil accumulation in some oil crops [2–8].
Acyl-CoA-independent pathways of TAG formation
that may contribute markedly to TAG formation are
also known, such as phospholipid:diacylglycerol acyltransferase, which utilizes phosphatidylcholine as the
acyl donor [9–11].
Three types of DGAT, types 1, 2, and 3, can take
part in the acyl-CoA-dependent formation of TAGs
[8]. Two major isoforms, encoded by DGAT1 and
DGAT2, have been identiﬁed as distinct membrane
proteins that are responsible for the bulk of TAG
synthesis in most organisms. The role of the third
cytosolic DGAT3 awaits clariﬁcation [12].
DGAT1s (EC 2.3.1.20) are members of the membrane-bound O-acyltransferase protein superfamily.
DGAT1s are larger than DGAT2, and possess at least
six transmembrane domains, as compared with the two
predicted in DGAT2 [13,14]. It is proposed that these
two enzymes have no redundant functions in TAG
biosynthesis. DGAT1 plays a dominant role in the
determination of oil accumulation and fatty acid composition of seed oils [15]. Indeed, in Arabidopsis thaliana, mutations in DGAT1, but not DGAT2, affected
seed oil levels [15]; and overexpression of garden nasturtium (Tropaeolum majus) DGAT1 (TmDGAT1) in
A. thaliana and Brassica napus resulted in a net
increase of 11–30% in seed oil content [15]. Several
conserved signature motifs of functional importance,
involved in acyl-CoA binding, DAG ⁄ phorbol ester
binding, the putative thiolase acyl enzyme signature,
and a signature motif typical of members of the
sucrose-nonfermenting-related protein kinase 1 family,
have been identiﬁed in DGAT1. Mutagenesis of a serine in a putative sucrose-nonfermenting-related protein
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kinase 1 target site in TmDGAT1 results in a 38–80%
increase in DGAT1 activity, and overexpression of the
mutated TmDGAT1 in A. thaliana enhanced oil
content by 20–50% per seed [15]. The importance of
the conserved phenylalanine in the DAG ⁄ phorbol
ester-binding site of DGAT1 was demonstrated in
maize [16]. A high-oil variant quantitative trait locus
(qHO6), affecting maize seed oil and oleic acid contents, appeared to encode the ancestral maize DGAT1
and DGAT2 containing a conserved Phe469, as in
DGAT1s from other species. The allele without
Phe469 encodes the less active enzyme in domesticated
maize, and is the result of a more recent mutation
selected by domestication or breeding. Ectopic expression of the high-oil DGAT1 ⁄ DGAT2 allele containing
the extra phenylalanine (Phe469) increased oil and
oleic acid contents by up to 41% and 107%, respectively. The emerging role of DGAT2 orthologs appears
to be more important for incorporation of unusual
fatty acids in the seed storage oils of some plants [13].
It is now well documented that enhanced expression
of DGAT can lead to increased oil accumulation in
different plant organs, even those that do not normally
store TAGs. In particular, overexpression of either
DGAT1 or DGAT2 was shown to increase the accumulation of TAGs in potato tubers [17] and leaves [18–
20]. DGATs typically exhibit a strong capacity for
incorporating the most prevalent acyl moieties into the
sn-3 position [15]. Therefore, manipulation of the
expression of this gene may both increase oil content
and alter fatty acid composition. Thus, the strategies
of metabolic engineering that result in increased oil
content in plant tissues may have the potential to
increase lipid content in microalgae as well.
So far, two microalgal DGATs have been cloned
and characterized on the basis of genome information
and annotation from the diatom Thalassiosira pseudonana [21] and the chlorophyte Ostreococcus tauri [22],
both belonging to the DGAT2 family. Other putative
microalgal DGAT genes have been annotated in
the genomes of Chlamydomonas reinhardtii, Chlorella
variabilis, and Phaeodactylum tricornutum.
In the present study, we report the identiﬁcation
and characterization of a cDNA encoding DGAT1
(PtDGAT1) isolated from the diatom microalga
P. tricornutum, whose function was conﬁrmed in vivo
by expression in the yeast Saccharomyces cerevisiae.
Genetic manipulations with such an enzyme might be
of value for increased production and improved
fatty acid composition of microalgal oils for biodiesel
production.
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Results
Lipid content and fatty acid composition of
P. tricornutum
The growth parameters, total fatty acid (TFA) and
TAG contents were monitored in axenic batch cultures
of P. tricornutum on nitrogen-replete and nitrogendepleted media (Fig. 1; Tables 1 and 2). The TFA
composition of P. tricornutum (Table 1) was characterized by a large fraction of palmitic acid (16:0), palmitoleic acid (16:1), and eicosapentaenoic acid (EPA)
(20:5 n-3). During growth on nitrogen-replete medium,
palmitoleic acid showed a substantial increase (from
24% to 32% of TFAs). The levels of saturated fatty
acids (palmitic and stearic acids) decreased slightly
with culture age, whereas no signiﬁcant change was
observed in the relative proportion of EPA.
During starvation, turbidity and dry weight (DW)
contents increased much more slowly than in nitrogenreplete cultures (Fig. 1). This decline in various growth
parameters was accompanied by a four-fold increase in
the TFA content, which reached 19% of biomass
(% DW) after 12 days, with most of the increase
occurring during the ﬁrst 5 days (Table 1; Fig. 1). The
main alterations in TFA proﬁle were accounted for by
relative increases in palmitic and palmitoleic acids
(from 17% to 31% of TFAs, and from 24% to 43%
of TFAs, respectively), concomitant with a decrease in
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the proportion of EPA (from 22% to 7% of TFAs).
TAG content increased from 0.8% to 17.3% of DW
during nitrogen starvation, representing an increase
from 12% to 89% of TFAs accumulated in TAGs
(Table 2).
TAG accumulation in lipid bodies under nitrogen
starvation was visualized in algal cells with the ﬂuorescent dye Nile Red (Fig. 2). TAGs of P. tricornutum
contained predominantly palmitic (16:0) and palmitoleic (16:1) acids, constituting more than 75% of TAG
fatty acids (Table 2). In addition, 14:0, 18:0, 18:1 and
20:5 n-3 fatty acids were also detected as TAG constituents (< 5–6% of TAG fatty acids). The major
changes in TAG fatty acid composition observed
under nitrogen starvation were an increase in the
proportion of 16:0 acids from 32% to 37% of TFA,
correlated with a decrease in the proportion of 16:1
acids from 46% to 38%.
Two types of mRNA from the single PtDGAT1
gene
We made use of genomic annotation and expressed
sequence tag (EST) data to clone a PtDGAT1 cDNA.
cDNA from algal cells grown on nitrogen-replete
medium or cDNA from nitrogen-starved cells was
ampliﬁed by PCR, with a forward primer designed on
the basis of the EST (CT880495) and a reverse primer
based on the nucleotide sequences of the predicted

Fig. 1. Turbidity (A), DW (B), chlorophyll a
content (C) and TFA content (D) measured
on days 0, 5 and 12 in P. tricornutum
cultures grown in full RSE medium (white
columns), or under nitrogen starvation (gray
columns). Results are expressed as the
mean ± standard deviation (n = 3).
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Table 1. Total fatty acid composition and content of P. tricornutum
cultured on nitrogen-replete (+N) and nitrogen-depleted ()N) media.
Results are expressed as the mean values of two biological repetitions. tr, traces.

Table 2. TAG fatty acid composition and content of P. tricornutum cultured on nitrogen-depleted ()N) medium. Results are
expressed as the mean values of two biological repetitions. tr,
traces.

Time (days)

Fatty acids (% TFA)

0

5

+N

+N

Saturated fatty acids (SFAs)
14:0
5.8
5.8
16:0
17.1
14.7
18:0
4.6
1.2
20:0
0.4
0.2
22:0
0.4
0.3
Sum of SFAs
28.3
22.2
Monounsaturated fatty acids (MUFAs)
16:1
23.9
33.2
18:1 n-9
2.9
2.2
18:1 n-7
1.7
1.1
20:1
0.7
0.2
Sum of MUFAs
29.2
36.7
PUFAs
16:2 n-4
2.4
2.7
16:3 n-4
4.9
7.3
16:4
0.2
0.6
18:2 n-6
2.6
1.6
18:3 n-6
1.2
0.4
18:3 n-3
3.0
1.0
18:4 n-3
1.0
0.4
20:2
1.3
0.4
20:3 n-3
0.4
–
20:4 n-6 (ARA)
0.8
1.2
20:4 n-3
0.7
–
20:5 n-3 (EPA)
21.9
23.5
22:6 n-3 (DHA)
2.1
2.0
Sum of PUFAs
42.5
41.1
TFAs (% of DW)
6.6
6.9

Time (days)
12
)N

+N

Fatty acids (% TFA)
)N

4.7
29.0
1.5
0.2
0.2
35.6

5.9
14.8
1.2
tr
0.2
22.2

4.5
31.1
1.5
0.2
0.2
37.4

39.0
3.8
2.0
–
44.8

32.0
2.9
0.9
–
35.8

42.6
4.0
2.6
–
49.2

0.6
1.9
0.3
1.3
0.8
0.5
0.4
0.3

3.0
5.8
0.4
2.3
0.5
1.7
0.5
0.4

0.4
0.9
0.2
1.0
0.7
0.2
0.2
tr
tr
1.5
tr
7.0
1.0
13.4
19.4

–

–

1.3
tr
10.2
2.0
19.6
16.8

1.3
tr
23.6
2.4
42.0
6.3

protein (XM_002177717.1) (similar to DGAT1). Two
cDNA products of 1695 bp, encoding the full-length
coding sequence of PtDGAT1short, and of 1768 bp
(designated PtDGAT1long) (Fig. 3) were obtained.
The two sequences differed by a single insert of 63 bp
(insert II) (Fig. 4). Importantly, both sequences
appeared to be slightly longer than the DNA size of
1635 bp (PHAEOJOINEDSEQ) predicted from assembling
the database sequences of the hypothetical mRNA for
the predicted protein (XM_002177717.1) with the EST
(CT880495) from P. tricornutum.
We also aligned PtDGAT1short and PtDGAT1long
to P. tricornutum chromosome 2 genomic DNA [23],
conﬁrming that the 63-bp insert in PtDGAT1long is an
intron and that PtDGAT1short is probably subject to
regulated splicing during stress induction or other cellular processes (Fig. 4). The amino acid sequences
3654

0

Saturated fatty acids (SFAs)
14:0
4.9
16:0
31.6
18:0
3.3
20:0
–
22:0
0.5
Sum of SFAs
40.3
Monounsaturated fatty acids (MUFAs)
16:1
46.4
18:1 n-9
3.5
18:1 n-7
1.5
20:1
–
Sum of MUFAs
51.4
PUFAs
16:2 n-4
0.9
16:3 n-4
0.0
16:4
–
18:2 n-6
1.5
18:3 n-6
–
18:3 n-3
–
18:4 n-3
–
20:2
0.4
20:3 n-3
–
20:4 n-6 (ARA)
–
20:4 n-3
–
20:5 n-3 (EPA)
5.2
22:6 n-3 (DHA)
0.4
Sum of PUFAs
8.3
TAGs (% of DW)
0.8
TAGs (% of TFA)
12.3

5

12

3.6
33.9
1.7
–
–
39.2

3.8
37.4
1.5
–
tr
42.7

43.6
3.5
2.5
–
49.6

38.2
5.6
1.8
–
45.7

0.8
0.5

0.8
0.5

–

–
0.9
0.8

–

0.7
0.7
–

0.6
0.3
0.2
1.0
–
5.8
0.4
11.2
14.0
83.4

0.4
0.2
tr
1.4
–
6.0
0.6
11.6
17.3
89.1

resulting from PtDGAT1long mRNA showed that
insert II introduces stop codons into the ORF.
These nucleotide sequences were aligned, using
CLUSTALW (http://www.ebi.ac.uk/Tools/clustalw2/index.
html), to the predicted full-length cDNA (PHAEOJOINEDSEQ), and to three P. tricornutum EST
sequences (CT887168, CT881105, and CT880495)
showing similarity to the hypothetical P. tricornutum
protein (XP_002177753.1) and to the coding regions of
membrane-bound O-acyltransferase family proteins.
The sequences determined by us and the EST
sequences differed from the predicted gene sequence
(XM_002177717.1) by the presence of a 54-bp fragment that does not affect the ORF, which is apparently an exon erroneously excluded during the gene
assembly (XM_002177717.1) and that is also present in
the genomic DNA sequence.
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A

Fig. 3. Schematic diagram of PtDGAT1short and PtDGAT1long
mRNAs transcribed from the PtDGAT1 gene. The inserted
sequence in PtDGAT1long is represented by a shaded box. The
numbers represent nucleotides from adenine at the start codon.
PtDGAT1short has a stop codon at nucleotides 1695–1697 (TGA),
whereas PtDGAT1long has a stop codon (TAA) at the 5¢-end (nucleotides 1200–1202) of an inserted sequence.

B

C

Fig. 2. Lipid body formation in P. tricornutum under nitrogen starvation. NL accumulation in lipid bodies was visualized in algal cells
with the fluorescent dye Nile Red. (A) Cells grown in standard RSE
medium. (B) Cells grown for 10 days in nitrogen-depleted
RSE medium. (C) Cells grown for 10 days in nitrogen-depleted RSE
medium and stained with Nile Red. The arrows indicate lipid
bodies.

Gene structure and phylogenetic position of
PtDGAT1
The ORF for PtDGAT1short was 1695 bp in length,
coding for a 565-residue protein, PtDGAT1. The
deduced amino acid sequence is 55% identical to that
of the putative T. pseudonana DGAT1 (TpDGAT1)
(XP_002287215); it shares more than 35% identity
with DGAT1s of higher plants (Figs 5 and 6), and
does not share signiﬁcant homology with DGAT2s
from higher plants and algae. DGAT1s of diatoms
(putative TpDGAT1 and PtDGAT1) and some nonphotosynthetic protists form a branch on the phylogenetic tree that is separate from that of the higher plant
DGAT1s (Fig. 6). Within the green algae, a putative
DGAT was also annotated in C. variabilis. All putative
DGATs identiﬁed so far in the genome of C. reinhardtii are putative DGAT2 homologs.
At least eight strongly hydrophobic transmembrane
regions (Fig. 7) were predicted by various algorithms
[DAS (http://www.sbc.su.se/miklos/DAS/), PHOBIUS
(http://www.ebi.ac.uk/Tools/phobius/) and TMHMM
(http://www.cbs.dtu.dk/services/TMHMM/)]. Moreover,
the conserved motifs or putative signatures found in
higher plants were slightly different in PtDGAT1
(Fig. 5). The characteristic basic motif found in the
N-terminal amino acids, consisting of three arginines
in higher plants [15,19,24], is substituted by KRS in
PtDGAT1. The previously reported acyl-CoA-binding
signature Ala133–Arg172 and the DAG-binding motif
Val458–Val471 involved in the active site were found
in PtDGAT1, as in DGAT1s of plants [6,24]. There
was also a fatty acid-binding protein signature
spanning residues Ala427 to Asn443, which contains a
putative tyrosine phosphorylation site, Tyr438 [15].
Within the leucine zipper motif, only two of the six
conserved leucines are present in PtDGAT1, besides
the previously described critical prolines and serines
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F. Guihéneuf et al.

Fig. 4. Alignment of cDNA sequences of
PtDGAT1 (PtDGAT1short) and PtDGAT1long
isolated from P. tricornutum with chromosome 2 genomic DNA (Chr2genDNA), the
three ESTs and the putative full-length gene
sequence for PtDGAT1 (PhaeoJoinedSeq).
Indicated are intron I of 65 bp, which is only
observed in Chr2genDNA, insert I of 54 bp,
which does not affect the ORF, insert II of
63 bp, which introduces a stop codon in the
ORF of PtDGAT1, and the C-terminal extension of 33 bp.

coinciding with the thiolase acyl enzyme intermediatebinding signature in higher plants [15,25].
Heterologous expression of PtDGAT1 in
S. cerevisiae
To verify whether PtDGAT1 does indeed encode a
protein with DGAT activity, the gene was expressed in
the heterologous yeast transformation system by
restoring TAG biosynthesis and lipid body formation
in an S. cerevisiae neutral lipid (NL)-deﬁcient quadruple mutant strain (H1246). BY742 (wild type) and
H1246 cells harboring an empty pYES2 vector were
used as positive and negative controls, respectively. In
addition, a quadruple mutant H1246, expressing the
yeast DGA1 (DGAT2) gene, was also used as a positive
control to restore TAG formation by the single endogenous gene in the same experimental setup (Fig. 8).
Upon expression of PtDGAT1short, a prominent spot
corresponding to TAG appeared on the TLC plates of
the lipid extract of the yeast mutant cells, showing
successful restoration of TAG biosynthesis in the deﬁcient phenotype by PtDGAT1 (Fig. 8). As expected,
expression of PtDGAT1long did not complement the
mutation and did not restore the yeast mutant strain’s
ability to synthesize TAGs.
3656

The ﬂuorescent dye Nile Red was used to stain lipid
bodies in the quadruple mutant H1246 after transformation and in the BY742 strain as a control. Expression of
PtDGAT1short restored the ability to form lipid bodies,
as did expression of the yeast DGA1 gene (Fig. 9D,E).
As expected, formation of oil bodies was not
observed following expression of PtDGAT1long
containing the 63-bp insert and harboring stop codons
(Fig. 9C), as intron retention introduces in-frame stop
codons leading to a truncated DGAT protein and loss
of activity.
Fatty acid substrate preferences of PtDGAT1
We tested whether expression of the active form
of PtDGAT1 (PtDGAT1short) could facilitate the
incorporation of various polyunsaturated fatty acids
(PUFAs) into yeast TAG. In parallel, we examined the
ability of the endogenous DGAT activity encoded by
DGA1 to incorporate the same set of PUFAs.
In the absence of supplementary fatty acids, the
recombinant DGATs utilized the available endogenous
diacylglycerol (DAG) and acyl-CoA pool for acylation
at the third position of the glycerol backbone. As can
be seen in Table 3, PtDGAT1 showed a clear preference for endogenous saturated 16:0 and 18:0 species as
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Fig. 5. Sequence comparison of PtDGAT1 with the hypothetical DGAT protein in T. pseudonana and related DGAT1 enzymes from higher
plants: TpDGAT1 (T. pseudonana, accession no. XP002287215.1), OeDGAT1 (Olea europaea, accession no. AAS01606.1), VfDGAT1 (Vernicia fordii, accession no. ABC94471.1), RcDGAT1 (Ricinus communis, accession no. XP002514132.1), AtDGAT1 (A. thaliana, accession
no. NP179535.1), and ZmDGAT1-2 (Zea mays, accession no. ABV91586.1). Conserved motifs or putative signatures (see text for details) are
boxed, such as the N-terminal basic motif RRR in higher plants substituted by KRS in PtDGAT1 (I), the acyl-CoA binding signature (II), the
fatty acid protein signature (III), which contains a tyrosine phosphorylation site (¤), the DAG-binding site (IV) and two C-terminal motifs –
YYHD-like and NRKG-like (V) – as the putative endoplasmic reticulum retrieval motif in the C-terminus. The region containing a conserved
leucine repeat (L) in higher plants coincides with a thiolase acyl enzyme intermediate binding signature besides the previously described critical proline and serine residues, which are marked by asterisks. The conserved phenylalanine is designated by an arrow.
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compared with the yeast DGA1, which was more
selective towards monounsaturated 16:1 and 18:1
species. Thus TAGs formed by the action of
PtDGAT1 are substantially more saturated than those
formed by the yeast DGA1.
A supplementation assay (Table 3) was carried out
with various polyunsaturated C18 and C20 fatty acids
of both the n-3 and n-6 groups that are naturally
present in P. tricornutum but not in S. cerevisiae.
Exogenously supplemented PUFAs were incorporated
into TAGs upon expression of both PtDGAT1short
and DGA1. The expression of yeast DGA1 resulted in
higher levels of both C18 and C20 PUFAs in TAGs,
except for the similar 20:5 n-3 incorporation. Moreover, the expression of both PtDGAT1short and DGA1
resulted in higher incorporation of C18 PUFAs than
C20 PUFAs into TAGs. Incorporation of 18:3 n-3 and
18:3 n-6 into TAGs of the recombinant yeast was
associated with a corresponding decrease in the proportions of both monounsaturated 16:1 n-7 and
18:1 n-9 and an increase in the percentage of 16:0. In
contrast, TAGs of the transformed yeast supplemented
with 20:3 n-3, 20:4 n-3 and 20:5 n-3 showed only a
3658

Fig. 6. A phylogram showing relationships among PtDGAT1 and
diverse hypothetical and characterized DGAT-like proteins from diatoms and green algae, higher plants, and some primitive eukaryotes.
The alignment was generated with CLUSTAL W, and the phylogram
was constructed by the neighbor-joining method with MEGA.4: OsDGAT3 (Oryza sativa hypothetical protein, accession no. NP001054
585.1), AhDGAT3 (Arachis hypogaea, accession no. AAX62735.1),
AtDGAT3 (A. thaliana hypothetical protein, accession no. NP175264.
2), CvDGAT (C. variabilis hypothetical protein, accession no. EFN506
95.1), RcDGAT2 (R. communis, accession no. XP002528531.1),
VfDGAT2 (V. fordii, accession no. ABC94473.1), AtDGAT2 (A. thaliana, accession no. NP566952.1), OsDGAT2(1) and OsDGAT2(2)
(Or. sativa hypothetical protein, accession nos. NP001057530.1 and
NP001047917.1), OtDGAT2(1), OtDGAT2(2), and OtDGAT2(3)
(O. tauri, accession nos. CAL54993.1, CAL58088.1, and CAL5643
8.1), TpDGAT2 (T. pseudonana hypothetical protein, accession
no. XP002286252.1), CrDGAT2 (Ch. reinhardtii, accession no. XP001
693189), TpDGAT1 (T. pseudonana, accession no. XP002287215.1),
OeDGAT1 (Ol. europaea, accession no. AAS01606.1), PfDGAT1
(Perilla frutescens, accession no. AAG23696.1), NtDGAT1 (Nicotiana tabacum, accession no. AAF19345.1), GmDGAT1(1) and GmDGAT1(2) (Glycine max, accession nos. AAS78662.1 and BAE93461.1),
LjDGAT1 (Lotus japonica, accession no. AAW51456.1), EaDGAT1
(Euonymus alatus, accession no. AAV31083.1), JcDGAT1 (Jatropha curcas, accession no. ABB84383.1), VfDGAT1 (V. fordii, accession no. ABC94471.1), RcDGAT1 (R. communis, accession
no. XP002514132.1), BjDGAT1(1) and BjDGAT1(2) (Brassica
juncea, accession nos. AAY40784.1 and AAY40785.1), AtDGAT1
(A. thaliana, accession no. NP179535.1). TmDGAT1 (Tr. majus,
accession no. AAM03340.2), ZmDGAT1 ⁄ 2 (Z. mays, accession
no. ABV91586.1),OsDGAT1(1) and OsDGAT1(2) (Or. sativa, accession
nos. NP001054869.2 and AAV10815.1), TgDGAT1 (Toxoplasma gondii, accession no. AAP94209.1), DdDGAT1 (Dictyostelium discoideum, accession no. XP645633.2), PpDGAT1 (Polysphondylium
pallidum, accession no. EFA85004.1), TtDGAT1 (Tetrahymena thermophila, accession no. XP001014621.2), NvDGAT1 (Nematostella vectensis hypothetical protein, accession no. XP001639351.1),
TaDGAT1 (Trichoplax adhaerens hypothetical protein, accession
no. XP002112025.1), and SmDGAT1 (Selaginella moellendorffii
hypothetical protein, accession no. XP002994237.1).

decrease in the proportion of 18:1 n-9. Importantly,
TAGs formed by the activity of PtDGAT1 were substantially more saturated, again indicating a preference
for saturated acyl species. Whereas cells expressing
DGA1 incorporated n-6 C20 PUFAs into TAGs at higher
proportions than cells expressing PtDGAT1short,
incorporation of 20:5 n-3 was similar upon expression
of both PtDGAT1short and DGA1.
Expression patterns of two types of PtDGAT1
mRNA under nitrogen starvation
Quantitative real-time PCR (QRT-PCR) was performed
to quantify the two types of PtDGAT1 transcript, PtDGAT1short and PtDGAT1long mRNAs, in
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Fig. 7. Hydrophobicity plots indicating at least eight transmembrane (TM) regions of strong hydrophobicity (created using the
DAS server).

C

D

E

A

B

C
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Fig. 8. Complementation of the TAG-deficient phenotype of the
yeast mutant H1246 by expression of PtDGAT1. Expression was
performed for 48 h at 30 C. Lipid extracts were separated by TLC,
and lipid spots were visualized as described in Experimental procedures. The wild-type strain BY742 harboring the empty plasmid
was used as a positive control (A). The NL-deficient quadruple
mutant strain H1246 harboring the empty plasmid was used as
a negative control (B). The NL-deficient quadruple mutant strain
H1246 does not express PtDGAT1, because of the 63-bp insert
introducing stop codons into the ORF (C). Mutant strain H1246
expressing PtDGAT1 (D). The NL-deficient quadruple mutant
strain H1246 expressing yeast DGA1 was used as a second positive control (E). SE, steryl ester; FFA, free fatty acid; 1,2-DAG, 1,2diacylglycerol.

Fig. 9. Lipid body formation is restored upon expression of
PtDGAT1 in the yeast strain H1246. NL accumulation in lipid bodies
was visualized in yeast cells with the fluorescent dye Nile Red. The
wild-type strain BY742 harboring the empty plasmid was used as a
positive control, (A). The NL-deficient quadruple mutant
strain H1246 harboring the empty plasmid was used as a negative
control (B). The NL-deficient quadruple mutant strain H1246 does
not express PtDGAT1, because of the 63-bp insert introducing stop
codons into the ORF (C). The mutant strain H1246 expresses
PtDGAT1 after intron-retention alternative splicing (D). The NLdeficient quadruple mutant strain H1246 expressing yeast DGA1
was used as a second positive control (E).

P. tricornutum cells under nitrogen starvation (Fig. 10).
The changes in expression level of the two types of transcript in P. tricornutum cells during the time course of
nitrogen starvation were determined relative to the
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Table 3. Fatty acid composition of TAGs isolated from S. cerevisiae H1246 cells transformed with pYES2 carrying PtDGAT1 and yeast
DGA1. Cultures were supplemented with 250 lM PUFA. Mean values (n = 3) are expressed as percentage of TFAs in the TAG fraction.
ALA, a-linolenic acid; GLA, c-linolenic acid; ETA, eicosatrienoic acid; MUFA, monounsaturated fatty acid; SFA, saturated fatty acid.
Fatty acids in TAGs (% of total)
PUFA substrates

Gene

16:0

16:1 n-7

18:0

18:1 n-9

Supplementary PUFA

SFA ⁄ MUFAa

Not supplemented

PtDGAT1
DGA1
PtDGAT1
DGA1
PtDGAT1
DGA1
PtDGAT1
DGA1
PtDGAT1
DGA1
PtDGAT1
DGA1

17.7
7.4
27.0
15.3
29.1
14.3
22.4
8.9
27.5
10.3
25.9
13.2

28.6
37.0
21.3
29.6
17.3
23.8
28.2
40.3
26.7
38.9
22.3
31.4

13.8
7.3
14.9
8.3
13.4
7.6
13.7
5.3
13.7
6.5
13.8
7.6

31.9
39.6
19.4
22.9
14.0
17.8
23.0
28.0
21.7
29.5
20.6
30.6

–
–
12.7
18.4
19.5
30.2
5.6
12.4
3.2
9.2
10.6
11.5

0.53
0.19
1.03
0.45
1.36
0.53
0.70
0.21
0.85
0.25
0.93
0.35

18:3 n-3 (ALA)
18:3 n-6 (GLA)
20:3 n-3 (ETA)
20:4 n-6 (ARA)
20:5 n-3 (EPA)

a

Ratio of (16:0 + 18:0) ⁄ (16:1 + 18:1).

expression level of these transcripts in the log phase
(time 0). The transcript abundance was normalized to
that of the actin gene. The expression of PtDGAT1long
mRNA increased to a maximum of 190-fold of control
cells after 8–13 days of nitrogen starvation. In comparison, PtDGAT1short mRNA expression increased to a
maximum of 4.5-fold above control (time 0) after 5 days
of nitrogen starvation, and this was followed by a
decrease at days 8 and 13. The expression levels of
PtDGAT1short mRNA were always substantially lower
than those of PtDGAT1long.

Discussion
We cloned and characterized a novel DGAT1-like gene
(PtDGAT1) from the diatom P. tricornutum, encoding
the ﬁrst DGAT1-like protein described from microalgae
and, speciﬁcally, diatoms. PtDGAT1short codes for a
565 amino acid sequence that exhibits similarity to previously identiﬁed DGAT1s in different plant species, but
not to other available cloned algal DGATs characterized. Protein hydrophobicity analysis with various algorithms predicted that PtDGAT1 would contain eight
putative transmembrane domains that are likely to
anchor the protein to the endoplasmic reticulum membrane [13]. This is a characteristic feature of DGAT1s in
plants [13,15,26,27], and is in agreement with the putative assessment of PtDGAT1 as DGAT1.
Diatom DGAT1s form a separate branch on the
phylogenetic tree, deviating from the higher plant lineage, but similar to that of some heterotrophic protists
(Fig. 6). The similarity of PtDGAT1 to the putative
DGAT1 of ciliates, lower metazoans, apicomplexans
3660

and slime molds in comparison with DGAT1s of
higher plants indicates that the origin of the gene
encoding this protein is in the heterotrophic organism
that diverged from the plant lineage long before the
postulated secondary endosymbiosis event leading to
the diatoms [28,29].
Heterologous expression studies in the S. cerevisiae
NL-deﬁcient quadruple mutant conﬁrmed that
PtDGAT1short encodes a protein that functions like
DGAT, restoring TAG biosynthesis and lipid body
formation in the NL-deﬁcient quadruple mutant
strain H1246 [30]. In two marine microalgae species,
O. tauri and T. pseudonana, the functions of DGAT2
were also conﬁrmed by restoring TAG biosynthesis in
this quadruple mutant of S. cerevisiae.
Cloning of the full-length cDNA sequences of
PtDGAT1 transcripts revealed that two types of
mRNA, PtDGAT1short and PtDGAT1long, were transcribed from the single PtDGAT1 gene. PtDGAT1long
lacked several catalytic domains, owing to the 63-bp
insert, which introduces in-frame stop codons, resulting in loss of DGAT1 activity. QRT-PCR experiments
showed that the expression levels of both transcripts
were markedly increased under nitrogen starvation,
but at a much lower level for PtDGAT1short. The
production of PtDGAT1short could be a result of regulatory alternative splicing involving intron retention.
Consequently, one possibility is that PtDGAT1long
mRNA exists as a premature mRNA form for
PtDGAT1short and is not translated to protein,
whereas nitrogen starvation may activate RNA splicing to produce PtDGAT1short mRNA. This mechanism, by which multiple forms of mRNA are
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Fig. 10. Expression patterns for PtDGAT1 gene transcripts under
nitrogen starvation. QRT-PCR was performed with primers for
amplification of the two types of PtDGAT1 transcript, PtDGAT1short and PtDGAT1long mRNAs. The change in expression level of
the two types of transcript in P. tricornutum cells grown on nitrogen-free medium was calculated relative to the expression level of
these transcripts in the log phase (time 0). The transcript abundance was normalized to that of the housekeeping gene PtAct
(actin).

produced from a single transcript immediately after
transcript synthesis, is the most common alternative
splicing in Arabidopsis and rice (> 50%) [31,32].
Indeed, mRNAs with intron retention lead to truncated polypeptides, or are subjected to nonsense-mediated mRNA decay, as retained introns often introduce
in-frame stop codons [33]. The generation of a truncated transcript and protein product at the expense of
the corresponding active form of the enzyme could
play a role in regulating the amount of active protein
produced, depending on the level of correctly spliced
transcript. Similar alternative RNA splicing was
reported in the diatom Chaetoceros compressum [34],
in which a novel heat stress-responsive gene, HI-5,
encoding two types of transcript, a trypsin-like protease and its related protein, has been cloned.
Oleaginous microalgae cultivated under nutrientdepleted conditions, such as nitrogen starvation, can
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accumulate high amounts of NLs [35–39]. Global
analysis of differential transcript levels in nitrogenreplete and nitrogen-deprived C. reinhardtii revealed a
strong increase in the transcript level of the gene
encoding one of the ﬁve putative DGATs (DGTT1,
PMI 285889) identiﬁed in the genome of this microalga
that was almost completely suppressed under nitrogenreplete conditions [39]. Owing to frequent mixing in
natural marine environments, planktonic diatoms can
encounter rapid changes in nutrient status and light
exposure at different depths [40]. A higher expression
level of active DGAT1 after a regulatory splicing step
could thus provide an explanation, at the molecular
level, for the rapid induction of TAG biosynthesis in
P. tricornutum under nitrogen starvation and high
light. Consequently, this mechanism could play a regulatory role during the physically forced mixing events
described above in diatom acclimation and optimal
adaptation to environmental factors.
Our results for TAG fatty acid composition are consistent with those of Yu et al. [41]. The major molecular species of TAG in P. tricornutum under starvation
conditions are composed of 46:1, 48:1, 48:2 and 48:3
species, with palmitic (16:0), palmitoleic (16:1) and
myristic (14:0) acid constituents [41]. The alga can also
accumulate a certain percentage of long-chain PUFAs
in TAG molecular species with a higher degree of
unsaturation, containing 20:4 n-6, 20:5 n-3, and 22:6
n-3, on a lower scale [41]. Our results relating to substrate fatty acid speciﬁcity indicated a preference of
PtDGAT1 for the production of TAGs with a high
level of saturated fatty acids (16:0 and 18:0) in the
recombinant S. cerevisiae. Indeed, under nitrogen starvation, P. tricornutum accumulates high levels of 16:0
and 16:1, and tends mainly to incorporate 16:0
into TAGs. The ability of PtDGAT1 to mediate the
incorporation of saturated fatty acids such as 16:0 into
TAGs is a beneﬁcial feature for biodiesel production
from microalgal and even plant oils, which are often
characterized by a level of unsaturation that is higher
than necessary for biodiesel standards.
In supplementation experiments, both PtDGAT1
and DGA1 incorporated similar amounts of 20:5 n-3,
even though this fatty acid is not naturally present in
yeast. The results for C20 PUFA supplementation
allow us to speculate that PtDGAT1 may prefer
n-3 C20 PUFA over n-6 C20 PUFA. Wagner et al. [22]
compared O. tauri DGAT2 and yeast DGAT2 substrate speciﬁcity, and showed that both enzymes are
promiscuous towards available acyl-CoA substrate
and that they display a similar fatty acid preference, whereby the T. pseudonana DGAT2 more efﬁciently incorporated the n-3 long-chain PUFA DHA
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(docosahexaenoic acid, 22:6 n-6) into TAGs than the
recombinant DGAT1 of A. thaliana [21,22].
In conclusion, a novel DGAT1-like gene (PtDGAT1)
from the diatom P. tricornutum was cloned. In yeast
expression system, PtDGAT1 restored TAG and lipid
body formation, and favored incorporation of saturated fatty acids into TAGs. This feature is of potential value for the genetic engineering of microalgae,
and even plants, for enhanced biodiesel production.
A possible molecular mechanism for rapid modulation
of TAG biosynthesis in P. tricornutum, consisting of
intron retention alternative splicing, regulates the
amount of active protein produced under nitrogen
starvation. Future research will shed more light on this
molecular mechanism, which induces TAG accumulation under various stress conditions.

Experimental procedures

(1200 g for 5 min), washed twice, and resuspended in nitrogen-free RSE medium. Cultures were further maintained
under the same conditions before being harvested for RNA
isolation. The nitrogen-free medium was prepared by omitting KNO3 from the RSE medium. Growth parameters (turbidity, chlorophyll a and DW content) were evaluated as
previously described [42].

RNA isolation and cDNA synthesis
Total RNA was isolated with the procedure described by
Bekesiova et al. [43] from 35 mL of culture grown in
complete or nitrogen-free RSE medium for 5 days. The
cells were harvested by centrifugation at 1000 g for 5 min,
ﬂash-frozen in liquid nitrogen, and stored at )80 C until
further use. Total RNA samples were treated with RNAfree Baseline-ZERO DNase (Epicentre Technologies,
Madison, WI, USA) before being used for cDNA synthesis.
cDNA was prepared from 1 lg of total RNA-template with
the Verso cDNA kit (Thermo Fisher Scientiﬁc, Epson,
UK).

Growth conditions
Axenic cultures of P. tricornutum were obtained from the
Culture Collection of Algae and Protozoa (CCAP) at the
Scottish Marine Institute (SAMS Research Services Ltd,
Oban, UK). P. tricornutum were cultivated on RSE medium
in 250-mL glass Erlenmeyer ﬂasks in an incubator shaker
under an air ⁄ CO2 atmosphere (99 : 1, v ⁄ v) and controlled
temperature (25 C) and illumination (100 lmol photonsÆm)2Æs)1) at a speed of 150 r.p.m. RSE medium was composed of 34 gÆL)1 ReefSalt (Seachem, Madison, GA, USA)
complemented with: 18.8 mM KNO3, 0.51 mM KH2PO4,
10.6 mM Na2SiO3.9H2O, 0.77 lM ZnSO4.7H2O, 0.31 lM
CuSO4.5H2O, 1.61 lM Na2MoO4.2H2O, 46.3 lM H3BO3,
9.15 lM MnCl2.4H2O, 0.172 lM Co(NO3)2.6H2O, 26.8 lM
C6H5O7Fe.5H2O, 46.8 lM citric acid, 50 lgÆL)1 vitamin B12,
50 lgÆL)1 biotin, and 0.1 mgÆL)1 thiamine-HCl. To induce
nitrogen starvation, daily-diluted cultures were centrifuged

Identification and cloning of the PtDGAT1 gene
Detailed searches with bioinformatics tools and available
databases were employed to ﬁnd putative DGAT candidates
in the genome of P. tricornutum. A hypothetical P. tricornutum protein (XP_002177753.1) containing a 404 amino acid
exhibited signiﬁcant similarity (38% identity and 55% similarity) to the coding region of maize DGAT1 ⁄ 2 protein
(EU039830). A putative full-length cDNA encoding PtDGAT1 (534 amino acids) including a putative N-terminus
(130 amino acids) was further assembled from the nucleotide sequence of hypothetical protein XM_002177717.1, and
the EST (CT880495) from P. tricornutum, which shares a
common 440-base overlap. The sequences of the oligonucleotide primers used in this study are given in Table 4.
The ORF coding for the putative 545-residue PtDGAT1

Table 4. Oligonucleotide primers used in this work.
Primer

Sequence (5¢- to 3¢)

PtDGATfor-KpnI
PtDGATrev-XhoI
DGA1-fBamHI
DGA1-rNotI

CGCGGTACCATGGATGAGACCGAAATTACAC
5GGCCTCGAGTCAATTTCCTTTTCGATTCATAATATCATGATAGTACAAGAGAATCGCCATTGG
GGATCCACATAATGTCAGGAACATTCAATGATATAAG
TGCGGCCGCTTACCCAACTATCTTCAATTCTGCATC

QRT-PCR primer

Sequence

PtActF
PtActR
PtDGAT1shortF
PtDGAT1shortR
PtDGAT1longF
PtDGAT1longR

TATTGTTCATCGCAAGTGCTTCTAA
TAATACACCTCCTACAAACGTTGAAGA
TTGCCGAGTACTGGCTGAAA
CAAAGAGGTTCAGATACAAATGGAAA
TGTGATTTCCGTTTCCATGACT
AAGAGGTTCAGATACAAATGGAAATATG

3662

Amplicon size (bp)

PCR efficiency (%)

80

100.7

93

102.6

117

102.3
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polypeptide was ampliﬁed with PfuUltra II fusion HS
DNA polymerase (Stratagene, La Jolla, CA, USA), with
the forward primer (PtDGATfor-KpnI) containing a KpnI
restriction site (underlined) and a yeast translation initiation consensus followed by ATG (bold), and the reverse
primer (PtDGATrev-XhoI) containing a C-terminal extension, an XhoI restriction site (underlined), and a stop codon
(in bold). As hypothetical protein XP_002177753.1 lacks at
least 10 amino acids that are conserved in higher plant
DGAT1s as well as a stop codon, 10 C-terminal amino
acids (conserved in the C-terminus of higher plant
DGAT1), including two motifs -YYHD-like and NRKGlike as the putative endoplasmic reticulum retrieval motif
(ER-DIR), were added during ampliﬁcation by incorporating a 33-base nucleotide sequence into the reverse primer
encoding amino acids YHDIMNRKGN-Stop. The PCR
products of the expected size were excised, puriﬁed from
the gel (Nucleospin Extract II puriﬁcation kit; MachereyNagel, Duren, Germany), and cloned into the pGEM-T
Easy Vector System (Promega, Madison, WI, USA), and
several clones were sequenced for each condition.
As a positive control in yeast expression assays, the yeast
DGA1 gene encoding DGAT2 was cloned similarly to
PtDGAT1 of P. tricornutum, with the forward primer
DGA1-fBamHI and reverse primer DGA1-rNotI.

Expression and functional characterization of
PtDGAT1 cDNA by heterologous expression in
S. cerevisiae
S. cerevisiae strains BY742 (relevant genotype: MATa his3D1 leu2D0 met15D0 ura3D0) and H1246 (relevant genotype:
MATa ADE2-1 can1-100 ura3-1 are1-D::HIS3 are2-D::LEU
2 dga1-D::KanMX4 Iro1-D::TRP1) containing knockouts of
DGA1, LRO1, ARE1 and ARE2 [30] were kindly provided
by S. Stymne (Scandinavian Biotechnology Research,
Alnarp, Sweden). Before transformation, yeast cells were
cultivated in 1% (w ⁄ v) yeast extract, 2% (w ⁄ v) peptone
and 2% (w ⁄ v) glucose (YPG medium) at 30 C.
Plasmids (pGEM-T Easy Vector System) harboring the
assembled full-length sequence encoding PtDGAT1
(1653 bp) were then restricted with KpnI and XhoI (NEB,
Ipswich, MA, USA). The expected bands were puriﬁed
from the gel (Nucleospin Extract II puriﬁcation kit), and
ligated into a KpnI–XhoI-cut pYES2 vector (Invitrogen,
Carlsbad, CA, USA), and the S. cerevisiae strains were
transformed by the poly(ethylene glycol) ⁄ lithium acetate
method [44]. H1246 and BY742 cells harboring the empty
pYES2 vector were used as negative and positive controls,
respectively; as a second positive control, H1246 cells harboring yeast DGA1 were used. Transformants were selected
by uracil prototrophy on yeast synthetic medium (YSM)
lacking uracil (Invitrogen).
For functional expression, a minimal selection medium
containing 2% (w ⁄ v) rafﬁnose was inoculated with the
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PtDGAT1 transformants and incubated at 30 C for 24 h in
a water-bath shaker. Sterile YSM (20 mL) was inoculated
with rafﬁnose-grown cultures to an attenuance of 0.2 at
600 nm. Expression was induced by adding galactose to a
ﬁnal concentration of 2% (w ⁄ v), and cultures were grown at
30 C for a further 48 h. To determine fatty acid substrate
preferences of PtDGAT1 versus S. cerevisiae DGA1, supplementation of YSM cultures with a-linolenic acid (18:3 n-3),
c-linolenic acid (18:3 n-6), eicosatrienoic acid (20:3 n-3),
arachidonic acid (ARA) (20:4 n-6) and EPA (20:5 n-3) was
carried out with 250 lM of the appropriate fatty acid in the
presence of 1% (w ⁄ v) Tergitol-40 (Sigma-Aldrich, St Louis,
MO, USA). Cells were harvested by centrifugation (1200 g
for 5 min), washed twice with 0.1% (w ⁄ v) NaHCO3, freezedried, and used for lipid analysis.

Nile Red staining and microscopy
The Nile Red staining method described by Greenspan
et al. [45] was used to visualize the intracellular lipid bodies
as an indicator of TAG formation. Aliquots (200 lL) of
P. tricornutum cultures or yeast cultures grown for 48 h
were harvested, stained with 2 lL of Nile Red
(0.5 mgÆmL)1 in dimethylsulfoxide), incubated at room temperature for 5 min, and immediately observed by ﬂuorescence microscopy (Carl Zeiss, Göttingen, Germany). A
ﬁlter allowing maximum excitation at 450–490 nm and a
520-nm cut-off ﬁlter were used.

Lipid extraction and analysis
For lipid analysis of P. tricornutum and yeast expression
cultures, cells were harvested by centrifugation (1200 g for
5 min), and treated with isopropanol at 80 C for
10–15 min to stop lipolytic activity. Isopropanol was
evaporated under nitrogen gas before lipid extraction
according to a modiﬁed version of the Bligh and Dyer
method [46]. The NL classes were resolved from the total
lipid extracts by TLC on Silica Gel 60 plates (Merck,
Darmstadt, Germany) in petroleum ether ⁄ diethyl ether ⁄ glacial acetic acid (70 : 30 : 1, v ⁄ v). Lipid standards were
included on each TLC plate. TAGs were recovered from
the TLC plates for GC analysis following a brief exposure
to iodine vapor. For charring, plates were sprayed with a
solution of 10% (v ⁄ v) H2SO4 in methanol, and heated until
spots appeared.

Fatty acid analysis
For fatty acid and lipid analyses of P. tricornutum, cells
were harvested from liquid cultures. Fatty acid methyl
esters (FAMEs) from total lipids and TAGs were obtained
by transmethylation of the freeze-dried cells or from TAGs
extracted with dry methanol containing 2% (v ⁄ v) H2SO4

FEBS Journal 278 (2011) 3651–3666 ª 2011 The Authors Journal compilation ª 2011 FEBS

3663

P. tricornutum DGAT1 cloning and characterization
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and heating at 80 C for 1.5 h with stirring under an argon
atmosphere. Gas chromatographic analysis of FAMEs was
performed on a Thermo Ultra gas chromatograph (Thermo
Scientiﬁc, Italy) equipped with a PTV injector, ﬂame ionization detector, and a fused silica capillary column
(30 m · 0.32 mm; Supelco WAX-10; Sigma-Aldrich, Bellefonte, PA, USA). FAMEs were provisionally identiﬁed by
co-chromatography with authentic standards (Sigma Chemicals, St Louis, MO, USA) and FAMEs of ﬁsh oil (Larodan
Fine Chemicals, Malmö, Sweden). Results are expressed as
the mean values of three replicates (n = 3) for two biological repetitions.

QRT-PCR
Template cDNA for QRT-PCR was synthesized from 1 lg
of total RNA in a total volume of 20 lL, with oligo-dT
primer (Reverse-iT 1st Strand Synthesis Kit; ABgene,
Epsom, UK). Each 20-lL cDNA reaction was then diluted
10-fold with PCR-grade water.

QRT-PCR primer design and validation
QRT-PCR primer pairs (Table 4) were designed for
PtDGAT1short, PtDGAT1long and the housekeeping gene
PtAct (actin) with PRIMER EXPRESS v2.0 (Applied Biosystems, Foster City, CA, USA). PtDGAT1long primers were
designed to amplify the inserted 63-bp nucleotides of the
PtDGAT1long cDNA, and PtDGAT1short primers to
amplify the PtDGAT1short cDNA. In order to speciﬁcally
amplify PtDGAT1short cDNA, the forward primer of this
pair was designed at the nucleotide junction after splicing.
Conditions were set for a primer length of 20–28 bp, a primer melting temperature of 60.0 ± 1.0 C, and an amplicon length of 50–150. Primer pairs were validated with ﬁve
serial 80-fold dilutions of cDNA samples, and standard
curves were plotted to test for linearity of the response.
The primer pairs and primer concentrations with reaction
efﬁciencies of 100% ± 10% were chosen for QRT-PCR
analysis of relative gene expression. The nucleotide
sequences and characteristics of primers used for QRTPCR analysis are presented in Table 4.

Gene expression profiling
Gene expression proﬁling was performed by QRT-PCR,
using triplicate reactions for each sample of two independent RNA isolations with a gene-speciﬁc primer pair and
SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA)
in a CFX96 Real-Time System (Bio-Rad). The ampliﬁcation procedure was 95 C for 20 s, 40 cycles of 95 C for
3 s, and 60 C for 30 s. A melting curve was obtained for
each pair of primers to conﬁrm that a single, speciﬁc product was produced in each reaction.
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Calculation of gene transcript levels
The mean changes in gene expression, as multiples of the
original values, were calculated according to the 2)DDCt
method [47], using the average of threshold cycle (Ct) values
from triplicate cDNA–primer samples. The DCt followed by
the DDCt was calculated from the average Ct values of the
target and the endogenous genes. The transcript abundance
of the two obtained sequences, PtDGAT1short and
PtDGAT1long, were normalized to the endogenous control
PtAct. The changes in gene expression were calculated with
2)DDCt to ﬁnd the expression level of the target gene, which
was normalized to the endogenous gene relative to the
expression of the target gene at time 0.

Phylogenetic analysis
The encoded protein sequences of known or putative
DGAT genes were aligned with CLUSTALW (http://www.
ebi.ac.uk/Tools/msa/clustalw2/), and the phylogram was
constructed by the neighbor-joining method with MEGA.4
(http://www.megasoftware.net/).
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