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An enzyme regulating triacylglycerol composition
is encoded by the ROD1 gene of Arabidopsis
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The polyunsaturated fatty acids (PUFAs) linoleic acid (18:2) and
a-linolenic acid (18:3) in triacylglycerols (TAG) are major factors
affecting the quality of plant oils for human health, as well as for
biofuels and other renewable applications. These PUFAs are es-
sential fatty acids for animals and plants, but also are the source of
unhealthy trans fats during the processing of many foodstuffs.
PUFAs 18:2 and 18:3 are synthesized in developing seeds by the
desaturation of oleic acid (18:1) esterified on the membrane lipid
phosphatidylcholine (PC) on the endoplasmic reticulum. The reac-
tions and fluxes involved in this metabolism are incompletely
understood, however. Here we show that a previously unrecog-
nized enzyme, phosphatidylcholine:diacylglycerol cholinephos-
photransferase (PDCT), encoded by the Arabidopsis ROD1 gene, is
a major reaction for the transfer of 18:1 into PC for desaturation
and also for the reverse transfer of 18:2 and 18:3 into the TAG
synthesis pathway. The PDCT enzyme catalyzes transfer of the
phosphocholine headgroup from PC to diacylglycerol, and muta-
tion of rod1 reduces 18:2 and 18:3 accumulation in seed TAG by
40%. Our discovery of PDCT is important for understanding glyc-
erolipid metabolism in plants and other organisms, and provides
tools to modify the fatty acid compositions of plant oils for
improved nutrition, biofuel, and other purposes.

Arabidopsis | lipid metabolism | oilseeds

Triacylglycerols (TAG) from vegetable oils are a major source
of essential fatty acids in the human diet. Linoleic acid (18:2)
and a-linolenic acid (18:3) are required for mammalian survival,
because these 18- carbon polyunsaturated fatty acids (PUFAs)
are precursors in the synthesis of 20- and 22-carbon PUFAs,
including arachidonic, eicosapentaenoic, and docosahexaenoic
acids, which are important membrane components and sub-
strates for the synthesis of prostaglandins, leukotrienes, and
other signaling molecules (1, 2). But frans fats produced during
the partial hydrogenation of high-PUFA oils are associated with
an increasing prevalence of adult and childhood disorders of
lipid metabolism, obesity, and related diseases (3, 4). Studies
indicate that increasing the proportion of monounsaturated oleic
acid (18:1) in vegetable oils provides significant health benefits,
as well as improved oxidative stability, which is important both
for food uses and for the production of biodiesel and other
renewable resources (5, 6). High-oleic, low-PUFA oils are a
workable option nutritionally because the requirement for es-
sential fatty acids in the human diet is met with other foods (7,
8). For these reasons, the enzymology and regulation of TAG
synthesis and mobilization in both plants and animals remain
very active areas of investigation (9-11). The discovery of new
enzymes of lipid metabolism in recent years (10, 12, 13) under-
scores the need to develop comprehensive and correct models of
the pathways involved in both mammals and plants that are the
major source of dietary essential fatty acids and TAG.

In oil-accumulating cells of plant seeds, 18:1, which is synthe-
sized from acetyl-CoA in the plastids, is desaturated to 18:2 and
18:3 by 2 desaturase enzymes of the endoplasmic reticulum,
FAD2 and FAD3 (14, 15). Before desaturation, 18:1 must be
incorporated into phosphatidylcholine (PC), the only substrate
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recognized by the FAD2 and FAD3 desaturases (16). Interest-
ingly, many modified fatty acids, including those with hydroxyl,
epoxy, or acetylene groups or conjugated double bonds, also are
synthesized on PC by enzymes that likely evolved from ancestral
FAD?2 proteins (17-19). In current models of seed lipid metab-
olism, 18:1 is incorporated into PC by 1 of 2 routes. Direct
incorporation from 18:1-CoA exported by the plastids occurs,
likely through the action of acyl-CoA:lyso-phosphatidylcholine
acyltransferase (LPCAT) (20, 21). Alternatively, 18:1 may be
incorporated into diacylglycerol (DAG) by reactions of the
Kennedy pathway, after which 18:1-DAG is converted to PC by
CDP-choline:diacylglycerol cholinephosphotransferase (CPT)
(22,23). It has been proposed that the CPT reaction is reversible
and provides a mechanism for the production of polyunsaturated
DAG for the synthesis of TAGs containing 18:2 and 18:3 (22).
Here we present genetic and biochemical evidence for a previ-
ously unrecognized enzyme, phosphatidylcholine:diacylglycerol
cholinephosphotransferase (PDCT), that interconverts DAG
and PC during TAG synthesis in developing seeds of Arabidopsis.
PDCT is a gatekeeper enzyme that provides a major route
through which 18:1 enters PC for desaturation to 18:2 and 18:3,
as well as an important route for the desaturation products, 18:2
and 18:3, to be returned to the DAG pool. Its discovery has
important implications for understanding TAG synthesis in
seeds and possibly other aspects of lipid metabolism in both
plants and animals as well.

Results

Genetic Analysis of the Arabidopsis rod1 Mutant. In a screen for
altered seed fatty acid composition in Arabidopsis (24), the rod1
(reduced oleate desaturationl) mutant was identified as having a
marked decrease in 18:2 and 18:3 PUFAs and a concomitant
increase in 18:1 relative to WT (Table 1). These changes in fatty
acid composition were similar to, but smaller than, those ob-
served in the fad2 mutants (24, 25), raising the possibility that
rodl represents a hypomorphic allele of fad2. Whereas mutations
at fad2 reduced PUFA synthesis in leaves and roots as well as in
seeds, significant changes in fatty acid composition were seen
only in seeds of rod1 plants [Table 1; supporting information (SI)
Table S1]. Crosses between rodl and fad2 produced F1 seeds
with considerably higher PUFA levels than those of either parent
(Table 1), confirming that the rod! mutation is at a locus distinct
from fad2.

To determine the genetic basis of the rod! mutation, rodl
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Table 1. Fatty acid composition in seeds of WT, rod1, and fad2 Arabidopsis and the crosses

between WT X rod1 and rod1 x fad2

Mol % of fatty acids in seeds

16:0 18:0 18:1 18:2 18:3 20:1
WT 8.4+ 0.1 3.1+0.2 15.1 + 0.4 29.2 = 0.3 19.9 £ 0.3 18.6 =+ 0.6
rod1 8.5+ 0.2 3.3+0.1 32.8 £ 0.6 13.8 £ 0.2 15.6 £ 0.2 20.6 = 0.1
fad2 6.0 = 0.1 2.4 + 0.1 65.0 = 0.5 0.2 = 0.1 1.6 + 0.1 24.0 = 0.5
WT X rod1 83 0.5 3.1+0.2 16.9 = 0.6 29.1 = 0.9 20.4 = 0.7 19.9 £ 0.9
rod1 X fad2 8.3+ 0.1 2.4 +0.1 20.1 £ 0.2 243 = 0.2 21.0 = 0.4 22.4 = 0.2

Data are mean = SE; n = 6.

plants were crossed to Col-0 WT. F1 seeds showed a fatty acid
profile similar to that of the WT parent (Table 1). F1 plants were
grown and allowed to self-fertilize. Of the 263 F2 plants ana-
lyzed, 69 had seed fatty acid profiles similar to that of the original
rodl seeds (>28% 18:1), while the remaining 194 had fatty acid
compositions similar to that of WT (<20% 18:1). This pattern
of segregation is a good fit to the hypothesized 3:1 ratio (x*> =
0.21; P > .05), indicating that rod! is a single, recessive Men-
delian mutation.

Growth, development, and seed production were very similar
in rodl plants and WT. In particular, the timing of lipid
accumulation in both lines was comparable, a maximum of 7-9
days after pollination. For rod1, both the weight of mature seeds
(17.7 = 0.2 pg/seed; average *= SE) and the oil content (4.9 =
0.3 pg/seed) were indistinguishable from those of WT (17.9 =
0.1 pg/seed and 4.6 = 0.2 pg/seed, respectively).

Reduced Radiolabeling of Phosphatidylcholine in rod1 Seeds. We
analyzed the fatty acid compositions of different classes of
glycerolipids extracted from seeds during this stage of maximum
TAG synthesis. Compared with WT, the rodl mutant had
substantially lower levels of PUFAs in both TAG and the
immediate precursor DAG (Table 2). Surprisingly, however, PC
had higher PUFA levels than WT, with the most highly unsat-
urated fatty acid, 18:3, accounting for 31.7% of total acyl groups,
compared to 19.9% in WT (Table 2). The second most-abundant
phospholipid in seeds, phosphatidylethanolamine, does not play
a major role in TAG synthesis (13); the fatty acid composition
of this lipid was similar in the WT and rodl samples.

Because PC is the substrate for the FAD2 and FAD3 desatu-
rases that convert 18:1 to 18:2 and 18:3 PUFAs (26), these data
indicate the possibility that the rod! mutation reduces the

Table 2. Fatty acid compositions of TAG, DAG, PC, and PE
isolated from developing seeds of WT and rod1 Arabidopsis

Fatty acid composition (mol %)

16:0 18:0 18:1 18:2 18:3 20:1
TAG
WT 9.2 3.7 17.9 30.5 16.2 18.6
rod1 9.9 3.8 39.1 14.2 12.3 17.9
DAG
WT 13.2 4.4 14.8 36.0 17.7 6.8
rod1 16.1 5.3 33.8 22.2 10.9 8.6
PC
WT 17.5 2.4 7.9 45.4 19.9 3.5
rod1 16.1 1.3 6.6 39.8 31.7 1.1
PE
WT 30.6 3.3 7.5 35.4 18.9 1.3
rod1 33.2 3.2 6.4 34.9 18.3 1.6

Seeds were harvested 9 days after flowering, when TAG accumulation was
proceeding rapidly. A repeat analysis yielded similar results.
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transfer of 18:1 into PC for desaturation. Current models of TAG
synthesis in oil seeds propose that 18:1 can enter the PC pool
through the action of either LPCAT or CPT on 18:1-DAG (20,
21, 23). To gain insight into which of these 2 routes might be
blocked in rodl, we labeled developing seeds with *C-glycerol,
which predominantly labels the lipid backbone, and '“C-acetate,
which labels the acyl groups, in pulse-chase experiments. At the
end of the 15-min incubation in “C-glycerol, WT seeds con-
tained 30% of the total label in PC and 27% of that in DAG, and
radioactivity accumulated in TAG during the 3-hour chase (Fig.
1A4). In contrast, rodI seeds contained only 8% of the label in PC
but 51% of that in DAG at the end of the pulse; however,
radioactivity accumulated in TAG during the chase, as it did in
WT. Similarly, the experiment with '*C-acetate revealed re-
duced incorporation of label into PC at the end of the 15-min
labeling pulse in rod compared with WT (Fig. 1B). Both sets of
data are consistent with rodl having a defect that reduces the
flux of 18:1 into PC, and additional labeling experiments con-
firmed this conclusion. The experiment with “C-glycerol sug-
gests a limitation in the de novo synthesis of PC from DAG,
because a lesion in LPCAT would not be expected to restrict the
flux of glycerol into PC.

Identification of the ROD1 Locus. Arabidopsis has 2 genes that
encode CPT isozymes, Atlgl3560 and At3g25585 (27). We
determined the sequence of rod1 genomic DNA at both of these
loci, but found no changes from WT. We mapped the RODI

A 60 7 WT —— PC 60 rod1
_ 2 50 —o— DAG 50 ]
8 > —— TAG
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Chase time (min)

Fig. 1. Lipid synthesis in developing seeds of WT and rod7 mutant. After a
15-min pulse labeling with [14-C]-labeled glycerol (A) or acetate (B), the chase
was carried out in unlabelled medium. Radioactivities in PC, DAG, and TAG at
0, 30, 60, and 180 min of chase time were determined.
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Fig. 2. The rod7 mutation is in At3g15820. (A) The localization and the
structure of the ROD1 gene with the position of the molecular lesion in the
mutant. A 4-kb region showing exons (red arrows) and untranslated regions
(blue boxes) was used to complement the mutation in rod1. (B) Comparison of
seed fatty acid compositions of the At3g15820 transformants (red bars) and
WT (green) indicating that At3g15820 fully restored the rod7 mutation (pur-
ple), thus confirming the identity of RODT.

locus, using a population of 800 F2 plants derived from a cross
between rodl and the Landsberg erecta WT (28) (see SI Text),
to a region of chromosome 3 covered by BAC clones MJK13,
MQD17, and MSJ11 (Fig. 24). Within this region, 8 genes were
annotated as encoding proteins with known or possible functions
in lipid metabolism. After considering the literature (29, 30), we
amplified, by PCR, rodl genomic DNA corresponding to 6 of
these genes, including At3g15820. We identified a G — A
transition in this latter gene that is predicted to change Trp’® to
a stop codon. The remaining 5 genes exhibited no changes
from WT.

We invesigated the possibility that this mutation is the basis of
the rodl lesion and fatty acid phenotype by transforming the
mutant with a 4-kb genomic fragment of WT DNA, including the
coding region of At3g15820, a total of 2 kb of 5’ and 3’ flanking
sequences (Fig. 2A4), using a vector containing the DsRed
transformation marker (31). The fatty acid composition of the
transgenic seeds was nearly identical to that of WT (Fig. 2B),
confirming that At3g15820 is indeed the RODI locus.

The ROD1 Locus Encodes a PDCT. The protein encoded by
At3g15820 has been annotated as a phosphatidic acid phospha-
tase/(PAP2)-related protein containing Pfam profile PF01569—
the PAP2 domain (TAIR 9.0, www.arabidopsis.org). But when
we used the ROD1 protein sequence (Fig. 34) to query the Pfam
database, the E-value for identification of a PAP2 domain (0.17)
was above the recommended cutoff. Only 8 of the 15 most-
conserved residues in the Pfam PAP2 profile are present in
RODI1. The Arabidopsis genome contains at least 4 genes with
clearly identified PAP2 domains (E value <e™%), including
Lipid-Phosphate Phosphatasel (LPPI1; At3g02600) and LPP2
(At1g15080), which have both been shown to encode lipid-
phosphate phosphatase activities (32). ROD1 contains no sub-
stantial sequence similarity to these true PAP2 homologues. In
addition, we were unable to detect lipid-phosphate phosphatase
activity for the ROD1 protein expressed in yeast (Saccharomyces
cerevisiae) cells (Fig. S1).

When we used the ROD1 amino acid sequence to search the
nonredundant protein database using the position-specific iter-
ated BLAST (PSI-BLAST) algorithm (blast.ncbi.nlm.nih.gov),
the second iteration identified a mammalian phosphatidylcho-
line:ceramide cholinephosphotransferase (EC 2.7.8.27). This

Lu et al.

A B

MSAAAAETDVS LRRRSNSLNGNHTNGVATI
DGTLDNNNRRVGDTNTHMDI SAKKTDNGY
ANGVGGGGWRSKASFTTWTARDIVYVVRY
HWIPCMFAAGLLFFMGVEYTLOMIPARSE
PFDLGEFVVTRSLNRVLASSPDLNTVLAAL
NTVEVGMOTTY IVWTWLVEGRARATI AAL
FMEFTCRGILGYSTQLPLPQDFLGSGVDEP
VGNVSFFLFFSGHVAGSMIASLDMRRMOR
LRLAMVEFDIINVLOSIRLLGTRGHYT IDL
AVGVGAGI LFDSLAGKY EEMMSKRHLGTG

FSLISKDSLVN LPR4
C LPT domain consensus LPP1
C2 C3

SGH SRXXXXXHXXXD
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Fig. 3. Sequence analysis of the ROD1 protein. (A) Deduced amino acid
sequence of At3g15820 with putative transmembrane regions underlined.
The site of the W76 stop mutation in rod7 is shown in red. (B) A dendrogram
showing the relationship of ROD1 to members of the LPT family in Homo
sapiens (34). (C) Sequences of conserved domains in ROD1 and human SMS
proteins showing the catalytic triad in red.

enzyme, also known as sphingomyelin synthase (SMS), catalyzes
the transfer of the phosphocholine headgroup from PC to the
alcohol group of ceramide (33). It belongs to the large family of
lipid phosphatase/phosphotransferase (LPT) proteins (34). Phy-
logenetic analysis places ROD1 in close relationship to the SMS1
and SMS2 proteins within the LPT family (Fig. 3B), and topology
prediction programs identify ROD1 as an integral-membrane
protein with up to 6 putative transmembrane domains (Fig. 34),
similar to predictions for other LPT proteins (34). In addition,
5 highly conserved residues in the C2 and C3 domains of SMS1,
SMS2, and other LPT proteins have been identified at compa-
rable positions in the ROD1 protein (Fig. 34 and C). Plants do
not contain sphingomyelin, but the structure of ceramide is
analogous in some respects to that of DAG, prompting us to
consider the possibility that ROD1 catalyzes the transfer of
phosphocholine from PC to DAG in a reaction analogous to that
mediated by SMS in animals. Following biochemical convention,
we designate this putative enzyme as phosphatidylcholine:dia-
cylglycerol cholinephosphotransferase (PDCT) in the IUPAC
subclass EC 2.7.8.

To directly test for the proposed PDCT activity of the ROD1
protein, we placed the coding sequence of At3g15820 under
control of a yeast constitutive promoter in vector p424GPD (35)
and expressed the protein in strain HJ091 (cpt1::LEU2 eptl™),
which lacks CPT activity (36). We first tested microsomal
preparations from HIJ091 cells expressing ROD1 and from
empty-vector controls for the ability to synthesize PC from DAG
and CDP-[!*C]choline (36). No activity was detected in either
control microsomes or those from cells expressing ROD1 (Fig.
4A4); however, 4C-labeled PC was produced when ROD1 mi-
crosomes were incubated with dioleoyl-['*C]glycerol, and this
activity was enhanced in the presence of added PC (Fig. 4B).
Control microsomes did not exhibit activity in this assay, and
ROD1 microsomes that had been boiled before the assay were
inactive as well. Because the ['*C] radiolabel was in the glycerol
moiety of the ["*C]-DAG substrate, these assays indicate that
ROD1 synthesizes ['*C]-PC through transfer of the phospho-
choline headgroup from PC to ['*C]-DAG. The activity observed
in assays without added PC presumably relied on endogenous PC
of the yeast microsomes.

Assays with other possible phosphocholine donors indicated
that only the phosphocholine headgroup of PC was accessible to
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Fig. 4. ROD1 is a phosphatidylcholine:diacylglycerol cholinephosphotrans-
ferase. (A) Radio-TLC image of CPT assays. (B) Radio-TLC image of PDCT assays.
Microsomes from DBY746 (WT) or HJ091 S. cerevisiae cells transfected with
p424GPD (V) or p424ROD1 (R) were incubated with CDP-['C]choline and
diolein for CPT (A) or with ['#C-glycerol]di18:1-DAG and PC (0 or 1 mM) for
PDCT (B). R(b) indicates boiled p424ROD 1 microsomal proteins. (C) PDCT assays
of microsomes from HJ091 transfected with p424ROD1 incubated with ['4C-
glycerol]di18:1-DAG and the phosphocholine compounds indicated (at 1 mM
concentration). (D) Radio-TLC of PDCT assays. Microsomes of HJ091 cells
transfected with p424GPD (V) or p424ROD1 (R) were incubated with di14:0-PC
['4C-choline] and di18:1-DAG. (E) PDCT activity as a function of exogenous PC.
Data represent mean and SD of 3 independent reactions.

the RODI1 enzyme. The addition of 1 mM CDP-choline, phos-
phocholine, or lyso-PC did not support [**C]-PC synthesis at rates
higher than those of ROD1 microsomes without added PC (Fig.
4C). To specifically test for transfer of the PC headgroup, we
incubated microsomes with ['*C]choline-labeled dimyristoyl-PC
and unlabeled dioleoyl-DAG. In this assay, ROD1 microsomes,
but not the control, synthesized dioleoyl-['*C]-PC, which sepa-
rated from the dimyristoyl-['*C]PC substrate on thin layer
chromatography (Fig. 4D). PDCT activity was highest at pH
6.5-7, linear with time up to 3 min, and linear with protein
concentration up to 20 ug of microsomal protein (Fig. S2).
Under optimized assay conditions, PDCT activity was 0.6 nmol/
min/mg microsomal protein in the absence of added PC, increas-
ing to 4.5 nmol/min/mg with 1 mM added PC (Fig. 4E). These
results clearly indicate that ROD1 is a PDCT enzyme in
Arabidopsis.

) 18:2/3|1100 59
18:2/3-CoA @/ Other | 70 75

010, ©
LPC

FAS —»18 1 CoA—é181 PC&»H :2/3- PC&181 PC
A@A
PA%—»18:1-DAG

[200]
1/ 5&»

16:0, 20:1

& other

e

ROD1-Related Proteins in Arabidopsis and Other Organisms. Data
from the Arabidopsis Gene Expression Atlas (37) indicate that
the level of RODI transcript (detected by Affymetrix array
element 258249 s_at) is highest in seeds that are accumulating
TAG, and that ROD] is expressed in other tissues as well (Fig.
S3). A related gene, At3g15830, cross-hybridizes to array ele-
ment 258249_s_at, but data from the Arabidopsis Massively
Parallel Signature Sequence (MPSS) project (http://
mpss.udel.edu/at/) indicate that this gene is expressed only in
floral tissues. Our experiments confirmed that At3g15830 is not
expressed in seeds (Fig. S4). In addition, no PDCT activity was
detected in microsomal preparations from HJ091 yeast cells
expressing a cDNA for this gene (see SI Text).

Sequences homologous to Arabidopsis RODI are identifiable
in many higher plants, including oil crops such as canola (Bras-
sica napus) and castor bean (Ricinus communis) (Fig. S5),
indicating that PDCT likely is an important enzyme of TAG
synthesis in many plants. Although no readily identifiable ho-
mologues are present in animals, the human LPT family contains
at least 8 genes that encode proteins of unknown function (34);
thus, it remains possible that PDCT will be found to play a role
in lipid metabolism in animals as well.

Discussion

We report a recently discovered enzyme, PDCT, that is required
for the efficient synthesis of PUFAs during TAG accumulation
in seeds. In WT Arabidopsis, 49.1% of the fatty acids in seed
TAG are polyunsaturated 18:2 and 18:3 (Table 1). These are
synthesized from 18:1 on PC of the endoplasmic reticulum by the
FAD?2 and FAD3 fatty acid desaturases. In the PDCT-defective
rodl mutant, these fatty acids represent only 29.4% of the total,
indicating that 40% (100 X [49.1 - 29.4]/49.1) of the 18:1 that is
converted to 18:2 and 18:3 enters PC via the PDCT enzyme.
The potentially large numbers of molecular species and sub-
cellular pools of intermediates in the pathways of seed TAG
synthesis (9) make it difficult to represent the relationships
comprehensively; however, the simplified scheme shown in Fig.
5illustrates the role of PDCT and the main fluxes of PUFA-TAG
synthesis. For convenience, the fluxes shown in Fig. 5 were
calculated for 100 U of 18:2 and 18:3 accumulating in TAG of
WT (Top Right, box), corresponding to 200 U of total fatty acids
from the fatty acid synthase. As shown, 18:1-CoA is the main
product exported from the plastid (175 U). Approximately half
of this (80 U) is incorporated directly in PC, presumably through
the action of LPCAT (21) (reaction 1 in Fig. 5), and much of this
(ca. 60 U) is desaturated to 18:2 or 18:3 (reaction 2). In addition,
18:1is incorporated into DAG by reactions 3-5 (50 U), with most
of this transferred into the PC pool by the PDCT enzyme
(reaction 6) to be made available for desaturation. The CPT
reaction (not shown) is required for de novo PC synthesis, but the

TAG WT rod1
18:1 30 66

©® (D acyl-CoA:lysoPC acyltransferase (forward)

() FAD2,FAD3 desaturases

©) @ acyl-CoA:glycerol-3-P acyltransferase

@ acyl-CoA:lysophosphatidic acid acyltransferase
@ phosphatidic acid phosphatase

® PDCT

18:2/3-DAG @ acyl-CoA:lysoPC acyltransferase (reverse)
/ PC:DAG acyltransferase

- @ acyl-CoA:DAG acyltransferase

Fig. 5. A simplified scheme of seed TAG synthesis incorporating the PDCT enzyme. The number key lists the enzymatic reactions shown. The fatty acid
compositions of WT and rod1 seeds (Top Right and Table 1) were used to calculate the fluxes shown in red for 200 units of fatty acid produced by fatty acid

synthase and providing 100 units of PUFA in the TAG.
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fatty acid composition of rod! seeds (Table 1) and other evidence
(9) suggest that the PDCT reaction is responsible for most of the
conversion of DAG to PC in developing seeds. Because PDCT
is a symmetrical reaction (with 1 DAG molecule generated for
each DAG consumed), we assume that 18:2-DAG and 18:3-
DAG are produced. This outcome does not necessarily require
substrate selectivity of the PDCT enzyme (i.e., 18:2-PC and
18:3-PC over 18:1-PC; 18:1-DAG over 18:2-DAG and 18:3-
DAG), because the desaturases will enrich the PC pool with
PUFAs. Along with PDCT, 18:2 and 18:3 leave PC through a
reverse action of LPCAT (reaction 7) and phosphatidylcho-
line:DAG acyltransferase (reaction 8), both of which generate
lyso-PC. The 18:2-CoA and 18:3-CoA produced by reaction 7 are
available to aycl-CoA:DAG acyltransferase (reaction 9). In WT
seeds, PDCT provides a substantial proportion of the 18:2-DAG
and 18:3-DAG substrate. In the rod1 mutant deficient in PDCT,
more 18:1-DAG is incorporated in TAG (dashed line). In both
rodl and WT, 18:2-CoA and 18:3-CoA can be converted to DAG
by reactions 3-5; however, this possibility does not prevent the
rodl mutation from reducing the accumulation of 18:2 and 18:3
in TAG by 40%.

The high expression of the RODI gene in oil-accumulating
seed tissue is consistent with our mutant analysis and enzymol-
ogy showing that interconversion of PC and DAG by PDCT is
an important mechanism for PUFA enrichment of TAG. RODI
also is expressed in vegetative tissues (Fig. S3), and PC is a major
substrate for 18:1 desaturation in these tissues as well (25).
Although the rodl mutation does not result in substantial
changes in leaf or root fatty acid compositions, PDCT possibly
may play a role in lipid homeostasis in vegetative cells of the
plant or in remodeling of membrane lipids in response to
temperature changes or other environmental perturbations.

PDCT is structurally related to animal SMS and contains the
C2 and C3 domains characteristic of the broader LPT family
(Fig. 3). These C2 and C3 domains include the histidine and
aspartate that are proposed active-site residues involved in
phosphate—ester bond cleavage (34). This supports the notion
that PDCT uses a catalytic mechanism analogous to that of the
SMS enzymes. Further studies are needed to confirm the
importance of these residues in PDCT and to investigate whether
other aspects of PDCT are analogous to those of the more
extensively studied SMS proteins.

PDCT also provides a useful tool for using biotechnology to
modify the fatty acid composition of plant oils. For example,

-
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because PDCT contributes to the control of PUFA synthesis in
seeds, suppression of RODI1 expression could reduce the need
for hydrogenation of oils, along with the attendant production of
unhealthy trans fats (3, 4). This type of genetic engineering also
can allow for the production of biofuels with increased oxidative
stability (38) and may reduce the incorporation of saturated fatty
acids into membrane lipids. Because PC is also the substrate for
enzymes that produce hydroxy-, epoxy-, acetylenic and other
modified fatty acids (17-19), our discovery of PDCT pro-
vides many opportunities to better understand TAG synthesis
in different oil seed species and to improve the fatty acid
profiles of vegetable oils for both human health and industrial
applications.

Materials and Methods

Genetic Analysis of the rod1 Mutant. Mutant line rod7 in the Arabidopsis
thaliana Col-0 background was isolated from an M3 population after mu-
tagenesis with ethyl methanesulfonate (24). Plants were grown on soil in
controlled environment chambers at 22 °C under continuous florescent illu-
mination (150 umol quanta/m?%/s). Genetic analysis, map-based cloning of the
RODT locus, and bioinformatic analyses were performed following conven-
tional approaches (see S| Materials and Methods).

Lipid Analysis and Labeling. The overall fatty acid compositions of seeds and
other tissues were determined as described previously (31). Pulse-chase label-
ing was carried out in developing seeds harvested from siliques 9 days after
flowering, as described previously (22) (see S/ Materials and Methods).

ROD1 Enzyme Activity Assays. Growth of HJ091 yeast cells expressing ROD1,
preparation of membrane fractions, and assays of CPT were conducted as
described previously (39), using 0.1 umol diolein and 1 nmol ["*C]CDP-choline
as substrates. Assays of PDCT activity are detailed in S/ Materials and Methods.

Phylogenetic Analyses. Producing the parsimony bootstrap tree (40) (Fig. 3B)
involved 1,000 bootstrap replicate data sets, each of which was analyzed using
tree bisection reconnection, steepest decent, and other settings to maximize
the detection of global optima or maximization of the parsimony optimality
criteria.
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