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A B S T R A C T

Plant oils, primarily composed of triacylglycerols (TAGs), are essential for both food and industrial applications. 
TAGs consist of three fatty acids esterified to a glycerol backbone, and their value and functionality are largely 
determined by their fatty acid composition. Hence, enhancing the fatty acid profile of plant oils is a primary focus 
for improving their economic and practical potential. Phosphatidylcholine: Diacylglycerol Cholinephospho
transferase (PDCT), encoded by the REDUCED OLEATE DESATURATION1 (ROD1) gene in Arabidopsis thaliana, 
catalyzes the interconversion between phosphatidylcholine, the site of fatty acid modification, and diac
ylglycerol, the precursor of TAG assembly. PDCT plays a key role in determining the fatty acid composition and 
quality of oils, making it an attractive target for engineering crops with tailored oil profiles. This review sys
tematically examines the biochemical, genetic, and molecular biology research on PDCT over the past decades, 
focusing on its phylogeny, physiological roles, regulation, biochemical characterization, structural features, and 
biotechnological applications. We also analyze the predicted structure of PDCT, which suggests a domain- 
swapped homodimer configuration based on AlphaFold3 modeling, and we discuss potential catalytic mecha
nisms. Finally, we highlight key open questions in the field and propose future research directions.

1. Introduction

Plant oils are highly versatile lipids, mainly composed of tri
acylglycerols (TAGs), which consist of three fatty acids esterified to a 
glycerol backbone. They are used for food, feed and in the 

manufacturing of various commercial and consumer goods, including 
biodiesel, soaps, paints and plastics [1,2]. The fatty acid composition of 
plant oils varies significantly across different plant species, affecting 
their commercial value and potential applications [3]. For instance, 
polyunsaturated fatty acids (PUFAs), such as linoleic (C18:2, 
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18:2Δ9cis,12cis) and linolenic (C18:3, 18:3Δ9cis,12cis,15cis) acids, are abun
dant in crops, such as soybean (Glycine max) and flax (Linum usitatissi
mum), respectively, and play important roles in nutrition and health 
[4,5]. Additionally, some plant oils are rich in unusual fatty acids with 
industrial significance, such as ricinoleic acid (12-hydroxy-18:1Δ9cis), 
which constitues a high proportion of castor (Ricinus communis) oil and 
is highly valued in manufacturing due to the hydroxyl groups on its acyl 
chains [6,7]. With a growing global population and an increasing de
mand on plant oils for food and industrial materials, there is a growing 
interest in enhancing oil production and bioengineering oil crops to 
produce tailored fatty acids.

In plants, oil biosynthesis starts with the de novo fatty acid biosyn
thesis in the plastids, followed by assembly into TAG in the endoplasmic 
reticulum (ER). Fatty acids can be modified (e.g., desaturation, hy
droxylation, etc.) in the form of phosphatidylcholine (PC) via the 
catalysis of Fatty Acid Desaturase (FAD) family enzymes. The modified 
fatty acids are futher channeled to diacylglycerol (DAG) or acyl-CoA for 
TAG biosynthesis [3]. Phosphatidylcholine: Diacylglycerol Chol
inephosphotransferase (PDCT) catalyzes the interconversion between 
PC and DAG, where the phosphocholine head group from PC is trans
ferred to DAG, yielding new DAG and PC [PC1 + DAG2 ↔ PC2 + DAG1] 
[8]. This enables newly-synthesized fatty acids attached to DAG to enter 
the PC pool and be subjected to modification. Simultaneously, modified 
fatty acids attached to PC can be returned to the DAG pool for oil 
biosynthesis [8,9]. Therefore, PDCT plays an important role in affecting 
the fatty acid composition of TAG by interconverting modified and un
modified PC and DAG. PDCT belongs to the Lipid Phosphatase/Phos
photransferase (LPT) family, a group of integral membrane proteins that 
play central roles in lipid metabolism and signaling across organisms 
from yeasts and plants to humans [10,11]. LPT family proteins transfer 
phosphate-containing headgroups either between lipids or in exchange 
for water and are characterized by a core domain with six 
transmembrane-spanning α-helices [12]. While the structures and cat
alytic mechanisms of several LPT proteins have been elucidated [13], 
those of PDCT remain unknown.

Here, we provide a systematic review of PDCT with a focus on its 
phylogeny, physiological roles, regulation, biochemical characteriza
tion, structural features, and biotechnological applications. We also 
predict the structure of PDCT using AlphaFold3, which suggests a 
domain-swapped homodimer configuration, and based on analysis, we 
propose putative catalytic mechanisms for the enzyme. Finally, we 
highlight some key open questions in the field and propose future 
research directions.

2. Identification and phylogeny

An early genetic screen by the Somerville and Browse Labs for Ara
bidopsis thaliana (Arabidopsis) mutants with alterations in seed lipid 
fatty acid composition has identified mutations in various FAD and Fatty 
Acid Elongase (FAE) genes as well as a novel gene called ROD1 (Reduced 
Oleate Desaturation1) [14]. Specifically, the rod1 mutant (disruption in 
ROD1 gene) showed a 20 % increase in C18:1 (oleic acid, 18:1Δ9cis) 
content, with corresponding decreases in C18:2 and C18:3 [14]. In 2009, 
ROD1 was discovered by Lu et al. (2009) to encode a novel enzyme in 
lipid biosynthesis, namely PDCT (hereafter ROD1 and PDCT are referred 
to interchangeably), which catalyzes the transfer of C18:1-DAG into PC 
for desaturation and the reverse transfer of C18:2- and C18:3-PC into 
DAG for TAG synthesis [8]. Since its initial identification, PDCT ho
mologs have been identified through the sequence homology to AtROD1 
(Arabidopsis PDCT) and/or functionally characterized in the numerous 
other plant species: R. communis (castor) [15], L. usitatissimum (flax) 
[16], Crambe abyssinica (crambe) [17], Litchi chinensis (lychee) [18], 
Brassica napus (canola) [19], Camelina sativa (camelina) [9,20,21], 
Helianthus annuus (sunflower) [22], Thlaspi arvense L. (pennycress) 
[23,24], Oryza sativa (rice) [25,26], Lepidium campestre (field cress) 
[27], G. max (soybean) [28,29], and Gossypium hirsutum (cotton) 

[30,31].
To date, PDCT has been exclusively identified in land plant species, 

where at least one copy of the gene is present (Fig. 1) [10,11,16,32]. 
Various reports suggest that PDCT may be absent in some species from 
earlier-diverging lineages, such as the protist Thraustochytrium [33], the 
marine fungus Schizochytrium [34], other fungal species including 
Saccharomyces cerevisiae, Apiospora montagnei, Cryphonectria parasitica, 
Didymella exigua, Amanita muscaria, and Spizellomyces pubctatus [10], as 
well as both unicellular and multicellular green algae such as Chlamy
domonas reinhardtii and Volvox carteri [10] and spikemoss (Selaginella 
moellendorffii) [10]. PDCT has also been reported to be absent in a few 
land plant species, including bitter melon (Momordica charantia) and 
tung tree (Vernicia fordii) [35]. The apparent lack of PDCT in these 
species may reflect low transcript abundance rather than true absence, 
as a recent study identified a PDCT ortholog in tung [36], and a putative 
PDCT homolog is also detectable in the NCBI non-redundant protein 
database for bitter melon using BLAST. Given that both bitter melon and 
tung accumulate high levels of α-eleostearic acid (18:3Δ9cis, 11trans, 

13trans), it is possible that PDCT does not play a major role in conjugated 
fatty acid accumulation in these plant species [35,36].

The apparent absence of PDCT genes in earlier-diverging lineages 
and their restriction to land plants indicate that PDCT may have 
emerged relatively late in plant evolution, possibly in association with 
the increasing importance of lipid accumulation [10]. It is not surprising 
that PDCT is absent in unicellular bacteria and in photosynthetic or
ganisms that lack PC, as only about 15 % of bacteria are capable of 
synthesizing PC [37], whereas cyanobacteria appear to lack PC alto
gether and instead utilize phosphatidylglycerol as the predominant 
membrane phospholipid [38]. However, among early-diverging photo
synthetic eukaryotes that contain PC as a major phospholipid and 
accumulate unusual or PC-modified fatty acids [39,40], evidence for the 
presence of PDCT remains inconclusive. Therefore, to gain more insights 
into PDCT evolution, we conducted a DELTA-BLAST search [41] against 
the NCBI non-redundant protein databases using the AtROD1 deduced 
amino acid sequence as the query. The search was limited to taxonomic 
groups with relatively little information on PDCT, including non- 
angiosperm plants, Chlorophyta (excluding plants), animals, fungi, 
archaea, and Gram-positive bacteria. This analysis identified various 
putative homologs containing the conserved SGH (C2) and HXXXD (C3) 
motifs, which are characteristics of PDCT and other members of the LPT 
protein family (Fig. 1). The phylogenetic analysis revealed none of the 
homologs from diatoms or green algae clustered with PDCTs; instead, 
they grouped with Inositol Phosphorylceramide Synthases (IPCSs) and 
Sphingomyelin Synthases (SMSs) (Fig. 1). Interestingly, several putative 
PDCT homologs from non-flowering plants clustered with previously 
characterized plant PDCTs, and some share all conserved motifs, 
including an EYT motif, which appears to be unique to PDCTs among the 
LPT family (Fig. 1) and may be important for its catalysis (see Section 7). 
However, whether these proteins exhibit PDCT activity remains un
known. A similar case was reported in the oomycete Phytophthora 
infestans, where two putative PDCTs were identified, but these proteins 
failed to demonstrate PDCT function, raising questions about whether 
they are true PDCTs or simply members of the broader LPT family [42].

3. Expression, subcellular localization and physiological 
functions

PDCT typically consists of three exons in dicotyledonous plants, or 
two in monocotyledonous plants [32], and tends to be expressed highest 
in developing seed and floral tissues, while also being relatively weakly 
expressed throughout most other plant tissues [16,22,43–50]. In the 
developing seeds of most plant species, the transcript level of PDCT in
creases along with oil accumulation during seed maturation and de
creases back to basal levels as seed oil accumulation begins to plateau, 
suggesting a coordinated role with TAG accumulation [44,45,51,52]. In 
some species such as pennycress, Lindera glauca, and Siberian apricot, 
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the timing and magnitude of PDCT expression has been reported to differ 
from oil accumulation and other major oil biosynthetic genes during 
seed or kernel development, but it typically coincides with the accu
mulation of PC-modified fatty acids [50,53,54]. Additionally, evidence 
suggests that PDCT isoforms are expressed in a tissue-specific manner, 
such as in maize, where the expression of one PDCT isoform is upregu
lated in anthers while the other is upregulated in embryonic tissues [10].

PDCT encodes a membrane-bound protein, likely associated with ER 
membranes, where it participates in DAG and PC interconversion and 
TAG biosynthesis. This is supported by the ER localization of fluorescent 
protein-tagged PDCTs from soybean and cotton observed via transient 
expression in Nicotiana benthamiana (tobacco) leaves [29,30]. Interest
ingly, PDCTs from rice and soybean have also been reported to reside at 
both the ER and plasma membrane when transiently expressed in 
N. benthamiana leaves [25], and to the plasma membrane when 
expressed in Arabidopsis leaf mesophyll protoplasts [28], respectively. It 
is still unknown whether the plasma membrane localization reflects an 
artifact of the transient expression system employed or points to a spe
cific functional role for PDCT at the plasma membrane.

As a mediator of acyl flux through the bidirectional channeling of 
fatty acids between PC and DAG, PDCT plays a key role in determining 
the ratio of PUFAs relative to monounsaturated (MUFAs) and saturated 
fatty acids (SFAs) in lipids of tissues where it is predominantly 
expressed. This is exemplified by a wide range of plant species where 
altered PDCT expression leads to shifts in the relative composition of 
C18 fatty acids (Table 1). More specifically, rod1 mutants demonstrate 
an increase of C18:1 with a relative decrease of C18:2 and C18:3 in seed 
total lipids (primarily TAG), whereas an inverse trend was generally 
reported following PDCT overexpression (Table 1). For example, in 
Arabidopsis rod1 seeds C18:1 increases from 15.1 % to 32.8 % while 
C18:2 and C18:3 decrease from 29.2 % to 13.8 % and from 19.9 % to 
15.6 %, respectively, compared with wild-type plants [8]. In contrast, 
overexpression of flax PDCT in Arabidopsis reduces C18:1 from ~18 % 
to 12 % and increases C18-PUFA (C18:2 and C18:3) content from ~43 % 
to 50–52 % [16]. As for seed PC, an increase in C18:1 content from 17 % 
to 22 % and a slight reduction in C18:2 content from 47 % to 45 %, but 
no apparent change in C18:3 (~15 %), were observed in Arabidopsis 
rod1 [55]. Despite changes in seed lipid composition, PDCT appears to 

Fig. 1. Phylogenetic relationship of PDCT and other related enzymes from plants and early divergent species. The maximum likelihood phylogenetic tree with 100 
bootstrap replications was constructed with MEGA11 and visualized using iTOL. The bootstrap values were represented by the size of the grey circles at the tree 
nodes. Clades of PDCT homologs, Inositol Phosphorylceramide Synthase (IPCS) homologs, and Sphingomyelin Synthase (SMS) homologs are shown in red, light 
purple, and purple, respectively. Clades of other Lipid Phosphate Phosphatase (LPP) homologs are shown in blue, green, and orange. Species/clade are shown in 
circle layer 1. Results of C2 and C3 motif, C1 motif, D1 motif and EYT motif analyses are shown in circle layers 2, 3, 4 and 5, respectively. A DELTA-BLAST search was 
performed against the NCBI non-redundant protein database using the AtROD1 sequence as the query, with the taxonomy restricted to Plants (excluding angio
sperms), Chlorophyta (excluding plants), Animals, Fungi, Archaea, and Gram-positive Bacteria. Putative homologs containing the conserved SGH (C2) and HXXXD 
(C3) motifs, along with selected PDCT, IPCS, and SMS homologs, were included in the analysis. The accession numbers of proteins used for the construction of the 
phylogenetic tree are listed in Supplemental Table S1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Table 1 
Overview of bioengineering strategies using PDCT to produce oils with tailored fatty acid profile.

Organism Target(s) Method Significant fatty acids (Mol% or notes) Seed oil content and 
other agronomic 
impact(s)

Ref

Knocking out PDCT to improve monounsaturated fatty acid content in seeds (or in other tissues for other purposes when noted; compared to wild type)

Arabidopsis thaliana rod1 EMS

Total seed lipids 
↑↑ C18:1: 15.1 % to 32.8 % 
↓↓ C18:2: 29.2 % to 13.8 % 
↓ C18:3: 19.9 % to 15.6 % 
↑ C20:1: 18.6 % to 20.6 % 
Seed TAG 
↑↑ C18:1: 17.9 % to 39.1 % 
↓↓ C18:2: 30.5 % to 14.2 % 
↓ C18:3: 16.2 % to 12.3 % 
↓ C20:1: 18.6 % to 17.9 %

N/A [8]

Crambe abyssinica pdct1 + pdct2 RNAi gene 
silencing

Total seed lipids 
↑ C18:1: ~ 14 % to 18 % 
↓ C18:2: ~ 7 % to 5 %

N/A [17]

Brassica napus

rod1.a3 or rod1.c3 EMS

Total seed lipids (unit not specified, mol or 
mass%) 
↑ C18:1: ~ 60 % to 62 % 
↓ C18:2: ~ 20 % to 19 %

N/S [19]rod1.a3 + rod1.c3 EMS mutant 
crossing

Total seed lipids (unit not specified, mol or 
mass%) 
↑ C18:1: ~ 60 % to 67 % 
↓ C18:2: ~ 20 % to 14 %

rod1.a3 + rod1.c3
RNAi gene 
silencing

Total seed lipids (unit not specified, mol or 
mass%) 
↑ C18:1: ~ 61 % to 68 % 
↓ C18:2: ~ 19 % to 12 %

Thlaspi arvense L. rod1 EMS
Total seed lipids 
↑↑ C18:1: ~ 10 % to 22 % 
↓↓ C18:2: ~ 18 % to 10 %

N/A [23]

Thlaspi arvense L. rod1 CRISPR-Cas9
Seed TAG 
↑↑ C18:1: ~ 12 % to 23 % 
↓↓ C18:2: ~ 19 % to 9 %

N/S [24]

Lepidium campestre rod1 CRISPR-Cas9

Seed TAG 
↑↑ C18:1: ~ 13 % to 22 % 
↓ C18:2: ~ 9 % to 8 % 
↓ C18:3: ~ 38 % to 30 %

N/A [27]

Glycine max (L.) Merr. pdct1 + pdct2 CRISPR-Cas9

Total seed lipids (mass%) 
↓ C18:0: ~ 5 % to 4 % 
↑↑ C18:1: ~ 16 % to 45 % 
↓↓ C18:2: ~ 56 % to 38 % 
↓↓ C18:3: ~ 10 % to 0.3 %

N/S [28]

Gossypium hirsutum pdct1 + pdct2 CRISPR-Cas9

Total seed lipids (unit not specified, mol or 
mass%) 
↑ C16:0: ~ 21 % to 26 % 
↑ C18:0: ~ 1.7 % to 2.4 % 
↑ C18:1: ~ 14.5 % to 16.5 % 
↓ C18:2: ~ 60 % to 53 %

N/S [31]

Gossypium hirsutum (cv. Jimian14) pdct1
RNAi gene 
silencing

Total fiber lipids 
↓ C16:0: ~ 40 % to 39 % 
↑ C18:2: 12.91 % to 15.25–17.21 % 
↓ C18:3: ~ 40 % to 38 %

Increased fiber 
fineness, length and 
strength

[30]

Oryza sativa L. lin6 (pdct) CRISPR-Cas9
Whole grain lipids (mg/g dry weight) 
↑ C18:1: ~ 9 to 11 mg/g 
↓ C18:2: ~ 12 to 10 mg/g

N/A [26]

Oryza sativa L. lin6 (pdct) CRISPR-Cas9
Whole grain lipids 
↑ C18:1: ~ 32 % to 36 % 
↓ C18:2: ~ 30 % to 25 %

Increased total fatty 
acid content (~ 27 
to 35–42 mg/100 g 
seed), increased 
grain length and 
longitudinal 
epidermal cell 
number and length, 
decreased grain 
weight and 
thickness

[56]

(continued on next page)

B.A. Ulch et al.                                                                                                                                                                                                                                  Progress in Lipid Research 101 (2026) 101361 

4 



Table 1 (continued )

Organism Target(s) Method Significant fatty acids (Mol% or notes) Seed oil content and 
other agronomic 
impact(s) 

Ref

Knocking out PDCT in combination with knocking out other genes to improve monounsaturated fatty acid content in seeds (compared to wild type)

A. thaliana

lpcat1 + lpcat2 T-DNA insertion 
mutant

Total seed lipids (mass%) 
↓ C18:1: 14.7 % to 13.0 % 
↓ C18:2: 27.8 % to 25.3 % 
↓ C18:3: 20.0 % to 18.0 % 
↑ C20:1: 19.9 % to 25.3 % 
↑↑ C22:2: 1.8 % to 3.3 %

N/A [55]

rod1 + lpcat1 + lpcat2 mutant crossing

Total seed lipids (mass%) 
↑↑ C18:1: 14.7 % to 42.4 % 
↓↓ C18:2: 27.8 % to 7.4 % 
↓↓ C18:3: 20.0 % to 9.0 % 
↑ C20:1: 19.9 % to 26.1 % 
↓↓ C22:2: 1.8 % to 0.6 %

C. abyssinica

lpcat1–1 + lpcat1–2

RNAi gene 
silencing

Total seed lipids 
↑ C18:1: ~ 14 % to 19 % 
↑↑ C20:1: ~ 1 % to 6 % 
↓↓ C22:1: ~ 60 % to 48 %

N/A [17]

pdct1 + pdct2 + lpcat1–1 +
lpcat1–2

Total seed lipids 
↑ C18:1: ~ 14 % to 22 % 
↓ C18:2: ~ 7 % to 5 % 
↑↑ C20:1: ~ 1 % to 8 % 
↓↓ C22:1: ~ 60 % to 48 %

Thlaspi arvense L.

fae1

EMS

Total seed lipids 
↑↑ C18:1: ~ 10 % to 40 % 
↑↑ C18:2: ~ 18 % to 32 % 
↑ C18:3: ~ 13 % to 18 % 
↓↓ C20:1: ~ 10 % to 1 % 
↓↓ C22:1: ~ 39 % to 0 % 
↓↓ C24:1: ~ 3 % to 0 %

N/A [23]

rod1 + fae1

Total seed lipids 
↑↑ C18:1: ~ 10 % to 61 % 
↓↓ C18:2: ~ 18 % to 12 % 
↑↑ C18:3: ~ 13 % to 18 % 
↓↓ C20:1: ~ 10 % to 1 % 
↓↓ C22:1: ~ 39 % to 0 % 
↓↓ C24:1: ~ 3 % to 0 %

Thlaspi arvense L.

fae1

CRISPR-Cas9

Seed TAG 
↑↑ C18:1: ~ 12 % to 48 % 
↑↑ C18:2: ~ 19 % to 28 % 
↑↑ C18:3: ~ 12 % to 18 % 
↓↓ C20:1: ~ 12 % to 1 % 
↓↓ C22:1: ~ 35 % to 0 % 
↓↓ C24:1: ~ 3 % to 0 %

Decreased seed TAG 
content

[24]

rod1 + fae1

Seed TAG 
↑↑ C18:1: ~ 12 % to 60 % 
↓ C18:2: ~ 19 % to 17 % 
↑↑ C18:3: ~ 12 % to 19 % 
↓↓ C20:1: ~ 12 % to 0 % 
↓↓ C22:1: ~ 35 % to 0 % 
↓↓ C24:1: ~ 3 % to 0 %

Decreased seed TAG 
content

Knocking out PDCT in combination with OE other genes to prepare structured lipids in seeds

A. thaliana

AtLPAT1ΔCTP in rod1

seed-specific 
glycinin promoter

Seed TAG – compared to AtLPAT1ΔCTP 
expressed in wild type 
↑↑ Ratio of C16:0 at sn-2 vs sn-1 + 3: ~30 % to 
56 %

N/S

[83]

AtLPAT1ΔCTP in rod1/lpcat2–3

Seed TAG – compared to AtLPAT1ΔCTP 
expressed in wild type 
↑↑ Ratio of C16:0 at sn-2 vs sn-1 + 3: ~30 % to 
71 %

Decreased seed TAG 
content than wild 
type

Overexpression (OE) of PDCT (and other genes) to improve polyunsaturated fatty acid content in seeds (or in other tissues/organisms when noted; compared to wild type)

A. thaliana LuPDCT1 or LuPDCT2
seed-specific napin 
promoter

Total seed lipids 
↓↓ C18:1: 18.77 % to 12.08 or 12.04 % 
↑ C18:2: 26.90 % to 29.28 or 29.11 % 
↑ C18:3: 16.31 % to 20.87 or 22.47 %

N/A [16]

(continued on next page)
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Table 1 (continued )

Organism Target(s) Method Significant fatty acids (Mol% or notes) Seed oil content and 
other agronomic 
impact(s) 

Ref

Saccharomyces cerevisiae YNL130C

LuFAD2 + LuFAD3

Gal1 promoter

Yeast TAG – compared to yeast expressing the 
empty vector 
↑ C16:0: 10.17 % to 11.99 % 
↑ C16:1: 49.17 % to 51.58 % 
↓ C18:1: 36.63 % to 32.38 %

N/A [16]

LuFAD2 + LuFAD3 + LuPDCT1 or 
LuPDCT2

Yeast TAG – compared to yeast expressing the 
empty vector 
↑ C16:0: 10.17 % to 13.0 or 12.56 % 
↓ C16:1: 49.17 % to 42.29 or 45.58 % 
↑↑ C16:2: 0 % to 2.56 or 1.66 % 
↑ C18:0: 4.03 % to 6.56 or 5.66 % 
↓↓ C18:1: 36.63 % to 24.09 or 26.93 % 
↑↑ C18:2: 0 % to 4.57 or 2.75 % 
↑↑ C18:3: 0 % to 6.64 or 4.85 %

Oryza sativa L. OsLIN6 Native promoter
Total grain lipids [mg/g DW] 
↓ C18:1: ~ 11 to 9 mg/g 
↑ C18:2: ~ 11 to 13 mg/g

N/A [26]

Camelina sativa CsPDCT
seed-specific 
phaseolin promoter

Total seed lipids 
↑ C18:1: ~ 13 % to 16 % 
↓ C18:2: ~ 20 % to 17 % 
↑ C18:3: ~ 36 % to 37 %

Increased seed oil 
content (34 % to 
37.5 %), and seed 
yield

[21]

Gossypium hirsutum (cv. Jimian14) GhROD1 35S promoter

Total fiber lipids 
↑ C16:0: ~40 % to 42 % 
↑↑ C18:0: 1.33 % to 2.37–2.67 % 
↓↓ C18:1: 4.26 % to 2.71–2.9 % 
↓ C18:2: ~13 % to 10 %

N/S [30]

Overexpression (OE) of PDCT (and other genes) to improve unusual fatty acid content in seeds (or in other tissues/organisms when noted)

A. thaliana

OE RcFAH12 in rod1

seed-specific 
glycinin, napin and 
phaseolin 
promoters

Total seed lipids (mass%) 
HFA: 5.5 %

~38 % reduction in 
seed oil content 
compared to wild 
type

[15]

OE RcFAH12 + RcROD1 in rod1
Total seed lipids (mass%) 
HFAs: 9.7 %

~12 % reduction in 
seed oil content 
compared to wild 
type

OE RcFAH12 in wild type
Total seed lipids (mass%) 
HFAs: 9.9 %

N/S

OE RcFAH12 + RcROD1 in wild 
type

Total seed lipids (mass%) 
HFAs: 19.9 %

N/S

OE RcFAH12 in fae1 Total seed lipids (mass%) 
HFAs: 17.2 %

~40 % reduction in 
seed oil content 
compared to wild 
type

OE RcFAH12 + RcROD1 in fae1
Total seed lipids (mass%) 
HFAs: 23.3 %

~27 % reduction in 
seed oil content 
compared to wild 
type

OE RcFAH12 + RcDGAT2 in fae1
Total seed lipids (mass%) 
HFAs: 24.7 % N/S

OE RcFAH12 + RcROD1 +
RcDGAT2 in fae1

Total seed lipids (mass%) 
HFAs: 28.5 %

N/S

A. thaliana

OE RcFAH12 + RcDGAT2 +
RcPDAT1–2 + RcPDCT+ RcLPCAT 
in wild type

seed-specific 
phaseolin, 
Arabidopsis FAE1, 
and napin 
promoters

Total seed lipids 
HFAs: 25.3–27.2 %

Reduced seed oil 
content per dry 
weight and per seed, 
slightly reduced 
seed weight and 
size, delayed seed 
germination

[79]

OE RcFAH12 + RcDGAT2 +
RcPDAT1–2 + RcPDCT+ RcLPCAT 
in fae1

Total seed lipids 
HFAs: 27.6–28.9 %

Reduced seed oil 
content per dry 
weight but increase 
oil content per seed, 
increased seed 
weight and size, 
delayed seed 
germination

(continued on next page)
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have no essential role in overall seed development, as seed morphology, 
germination rate, and total oil content of most pdct mutant and PDCT 
overexpression plants are indistinguishable from those of the wild type 
(Table 1). However, exceptions were observed in the pdct mutant rice 
and PDCT-overexpressing camelina. In rice, pdct mutant grains were 
reported to exhibit altered epidermal morphology, increased total fatty 
acid content, and reduced grain weight [56], while overexpression of 
CsPDCT in camelina seeds appears to increase seed oil content, seed 
yield, and both silique and seed number per plant [21].

Apart from seeds, PDCT appears to play a minimal role in other plant 
tissues, as only minor effects have been reported in Arabidopsis seed
lings and cotton seed fibers [30,57]. In Arabidopsis rod1 mutants, lipid 
profiles of leaves, roots and seedlings and physiological traits (fresh 
weight and rosette size) were similar to wild type [8,57]. However, 
when the rod1 mutation was combined with trigalactosyldiacylglycerol1 
(tgd1), which exhibits increased fatty acid synthesis and flux through PC 
to TAG due to a block in chloroplast lipid import, the rod1 tgd1 double 
mutant displayed smaller rosettes and a 30 % reduction in seedling TAG 
levels with increased SFA and MUFA and decreased PUFA compared to 
tgd1. These results suggest that ROD1 contributes partially to the poly
unsaturated DAG pool used for TAG synthesis in tgd1 seedlings [57]. In 
cotton fibers, the overexpression of PDCT and loss of rod1 resulted in a 
slight increase in C18:0 (from 1.3 % to 2.4–2.7 %) and a decrease in 
C18:1 (from 4.3 % to 2.7–2.9 %), and alternatively, an increase in C18:2 
(from 12.9 % to 15.2–17.2 %), respectively [30]. In the rod1 mutant, 
cotton fiber thickness also decreased overall, as their length and strength 
modestly increased [30]. These changes to the physical properties of 
rod1 cotton fibers are attributed to a cascading stress-like response, in 
which the relative increase of C18:2 content induces the upregulation of 
small-heat-shock proteins, in turn reducing hydrogen peroxide accu
mulation and decreasing cell wall deposition [30]. These results support 
a role for PDCT in modulating polar lipid composition in vegetative 

tissues and further hint at its involvement in stress responses, although 
little is known about the stress-responsive expression and transcriptional 
regulation of ROD1, as discussed below.

4. Transcriptional and post-translational regulation

The regulation of PDCT has been only minimally investigated to date 
and appears to occur at both transcriptional and post-translational levels 
(Fig. 2). At the transcriptional level, the expression of PDCT has been 
found to be affected by several transcription factors, including Wrin
kled1 (WRI1), Myeloblastosis (MYB)-domain protein 89 (MYB89), 
Auxin Response Factor 12 (ARF12), DC3 Promoter-Binding Factor2 
(DPBF2), and Leafy Cotyledon (LEC)1-Like (L1L) (Fig. 2). WRI1 is one of 
the key transcription factors in oil biosynthesis [58] and is an activator 
of PDCT expression. It has been shown that PDCT is downregulated in 
Arabidopsis wri1 wri3 wri4 triple mutants [59]. Meanwhile, PDCT is 
markedly upregulated in N. benthamiana leaves transiently expressing 
different WRI1 homologs [60] and in Arabidopsis seeds stably over
expressing AtWRI1 [61]. This regulation is likely mediated through the 
direct binding of WRI1 to an AW box (CtTgGaaatctcCG) located up
stream of the PDCT transcription start site [61]. In contrast to WRI1, 
MYB89 acts as a repressor of PDCT, whereby the expression of PDCT is 
significantly increased in Arabidopsis myb89 mutant seeds [62]. This is 
likely caused indirectly by the suppression of WRI1 via MYB89, as 
MYB89 binds to the promoter of WRI1 to reduce its transcription [62]. In 
rice, it has been shown that PDCT expression is directly activated by 
ARF12, which binds to a transcription factor binding site (GGGACA) 
upstream of the promoter region of PDCT (OsLIN6) [56].

PDCT expression may also be regulated by DPBF2 and L1L, although 
whether this occurs through direct or indirect mechanisms is unknown. 
The expression of PDCT is slightly increased in the dpbf2–1 mutant but 
highly increased in seed-specific overexpression lines of DPBF2 in 

Table 1 (continued )

Organism Target(s) Method Significant fatty acids (Mol% or notes) Seed oil content and 
other agronomic 
impact(s) 

Ref

Camelina sativa

OE Escherichia coli CPS in fad2/ 
fae1

seed-specific glycin 
promoter

Seed TAG (unit not specified, mol or mass%) 
CFAs: 4.2 %

Slightly decreased 
seed weight 
compared to fad2/ 
fae1

[18]

OE lyche LcPDCT1 + EcCPS in 
fad2/fae1

Seed TAG (unit not specified, mol or mass%) 
CFAs: 5.8 %

Slightly increased 
seed weight 
compared to fad2/ 
fae1

Nicotiana benthamiana

OE VgFAD2-like

35S promoter

Total leaf lipids (unit not specified,  
mol or mass%) 

EFAs: 8.6 %
N/A [80]

OE VgPDCT + VgFAD2-like
Total leaf lipids (unit not specified,  
mol or mass%) 
EFAs: 8.2 %

S. cerevisiae BY4741-snf2Δ
OE pomegranate PgFADX +
PgPDAT + PgPDCT

Gal1 promoter +
linoleic acid 
feeding

Total yeast lipids (unit not specified,  
mol or mass%) 
PuA: 3.3 %

N/A [81]

S. cerevisiae BY4741-snf2Δ

OE pomegranate PgFADX +
PgFAD2 + PgPDCT + PgLPCAT +
PgDGAT2.c + Rattus norvegicus 
ELO2

CRISPR-Cas9 
assisted Ty 
retrotransposon- 
targeted random 
gene shuffling

PuA in total yeast lipids (unit not specified,  
mol or mass%): 26.7 % 
PuA in yeast TAG (unit not specified,  
mol or mass%): 22.4 %

N/A [82]

↑ and ↓ indicate increases and decreases in fatty acid content, respectively; double arrows (↑↑/↓↓) denote >1.5-fold changes. N/A and N/S indicate data not available 
and non-significant, respectively, as reported in the references.
Abbreviations: CPS, cyclopropane fatty acid synthase; CTP, chloroplast transit peptide; CRISPR-Cas9, clustered regularly interspaced short palindromic repeats- 
CRISPR associated protein 9; DGAT2, diacylglycerol acyltransferase 2; EFA, epoxy fatty acid; ELO2, elongation of very-long-chain fatty acids protein 2; EMS, ethyl 
methanesulfonate; FAD2, fatty acid desaturase 2; FADX, fatty acid desaturase X; FAE, fatty acid elongase; FAH12, fatty acid hydroxylase 12; HFA, hydroxy fatty acid; 
LIN6, linoleate isomerase 6; LPAT, lysophosphatidic acid acyltransferase; LPCAT, lysophosphatidylcholine acyltransferase; PDAT, phospholipid:diacylglycerol acyl
transferase; PDCT, phosphatidylcholine:diacylglycerol cholinephosphotransferase; PuA, punicic acid; ROD1, reduced oleate desaturation 1; RNAi, RNA interference; 
T-DNA, transfer DNA.
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Arabidopsis [63]. Based on a protoplast transcriptional activation assay 
in N. benthamiana, this activation was shown to occur when DPBF2 is 
complexed with L1L and NUCLEAR FACTOR-YC2 [63]. In soybean, a 
Phospholipase Dα1 (PLDα1) knockdown results in an increase in 
GmPDCT1 and GmPDCT2 expression during seed development, which is 
likely due to changes in the phosphatidic acid pool altering the flux of 
available lipids and in turn activating upregulation of PDCT [49]. 
Transcriptome analyses of pepper (Capsicum annuum) revealed that 
PDCT exhibits differential expression during flower and fruit develop
ment possibly due to the antagonistic formation of a natural antisense 
transcript pair via partial overlap with methyl-CPG-binding domain 10 
(MBD10) [64]. In silico analysis of PDCT across different species also 
identified various other stress and light-response elements in the pro
moter region, such as Myelocytomatosis 73 (MYC73), several G-box 
species, a Box 4 element, and a GT1-motif [32], but further experimental 
verification is required. Indeed, while there is some limited evidence 
that PDCT expression, or the expression of its transcriptional regulators, 
are affected by stresses, including drought, salinity, light and cold stress 
[32,47], in other studies there is no evidence of expressional changes, 
including in response to heat stress [65].

Research into the regulation of PDCT at the protein level is still in an 
early stage. Studies of related LPT-family proteins have hinted that its 
members may function as a monomer or multimer, with phospho
transferase activity occurring within the internal cavity of each proto
mer [11,13,66]. However, recent modeling suggests PDCT may function 
as a homodimer via N-terminal domain swapping (see Section 7 for 
additional details), or even as a heterodimer between different PDCT 
isoforms (PDCT1 and PDCT2) in some species [29]. PDCT may also 
assemble into larger oligomeric complexes through interactions with 
other proteins (Fig. 2). For example, PDCT has been found to interact 
with other lipid biosynthetic enzymes, including soybean and castor 
Diacylglycerol Acyltransferase 2 (DGAT2), which interact with AtROD1 
in membrane yeast two hybrid (MYTH) assays [67]. Additionally, both 
MYTH and bimolecular fluorescence complementation (BiFC) assays 
examining flax PDCT have shown it may interact with itself, flax DGAT2, 
and Lysophosphatidylcholine Acyltransferase 2 (LPCAT2) [68]. These 
interactions provide preliminary evidence that PDCT could be part of 

larger oligomeric assemblies and/or engage in transient complexes with 
other proteins, facilitating the efficient transfer of fatty acids from PC or 
DAG to TAG. However, structural evidence to support these interactions 
is currently lacking.

5. In vitro enzyme assays and enzyme characteristics

The activity of PDCT from various plant species has been charac
terized in vitro using microsomes from S. cerevisiae expressing the re
combinant proteins (Table 2). For these assays, cpt1 deficient 
S. cerevisiae strains such as HJ091 (cpt1::LEU2 ept1) and YNL130C 
(MATα cpt1:: KanMX ept1), which lack cholinephosphotransferase (CPT) 
activity are commonly used. These reactions also typically use [14C]- 
radiolabeled PC or DAG as substrates, followed by thin layer chroma
tography (TLC) separation and quantification of the radioactivity in the 
newly-formed DAG or PC [8,15,16,19,22,42]. Alternatively, assays 
using unlabeled PC and DAG in combination with TLC separation and 
gas chromatography (GC) quantification have also been reported [29]. 
In addition, PDCT activity has been assayed using microsomes prepared 
from the S. cerevisiae strain H1246 (MATα are1-Δ::HIS3, are2-Δ::LEU2, 
dga1-Δ::KanMX4, lro1-Δ::TRP1 ADE2) with [14C]glycerol-3-phosphate 
(G3P) and unlabeled acyl-CoA as substrates [20,69]. This strain lacks 
DAG-acylating enzymes [70], resulting in DAG as the sole radioactive 
end product from the acylation of [14C]G3P with exogenous or endog
enous acyl-CoA. Therefore, radiolabeled PC is produced only when 
PDCT is active in the microsomal preparations [20,69]. Across these 
studies, PDCT activity has been assayed at pH 6.5–7.5 and 15–30 ◦C, 
using 20–250 μg of microsomal protein for 5–120 min, with measured 
enzyme activities ranging from ~0.001 to 5.3 nmol/mg microsomal 
protein/min (Table 2). The activity of plant PDCT is largely influenced 
by pH, with Arabidopsis PDCT (AtROD1) exhibiting optimal activity at 
pH 6.5–7 [8].

PDCT has not yet been well-characterized using microsomal prepa
rations from plant tissues. In developing camelina seeds, microsomes 
incubated with [14C]G3P and acyl-CoA exhibited a strong flux of 
radioactivity into PC, suggesting the presence of PDCT activity [71]. In 
camelina lines overexpressing PDCT, embryos incubated with [14C] 

Fig. 2. Transcriptional and post-translational regulation of PDCT. Left side in nucleus (pink): Direct interactions observed for the transcriptional regulation of PDCT. 
Dotted lines indicate an observation lacking experimental confirmation or mechanism, while solid lines indicate regulators with experimental evidence. Right side in 
ER (blue; beige box shows a zoomed-in region): Lipid biosynthetic pathways and suggested post-translational regulation (protein-protein interactions) of PDCT. Red 
dotted lines indicate proteins interacted with PDCT using membrane yeast two hybrid and/or bimolecular fluorescence complementation assays. Abbreviations: 
ARF12, auxin response factor 12; DAG, diacylglycerol; DGAT, diacylglycerol acyltransferase; DPBF2, DC3 promoter-binding factor 2; G3P, glycerol-3-phosphate; LPC, 
lysophosphatidylcholine; LPCAT, lysophosphatidylcholine acyltransferase; L1L, leafy cotyledon1-like; MBD10, methyl-CpG-binding domain 10; MYB89, 
myeloblastosis-domain protein 89; NF-YC2, nuclear factor YC2; PC, phosphatidylcholine; PDAT, phosphatidylcholine:diacylglycerol acyltransferase; PDCT, phos
phadidylcholine:diacylglycerol cholinephosphotransferase; PUFA, polyunsaturated fatty acid; TAG, triacylglycerol; WRI, wrinkled. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2 
Overview of studies examining in vitro PDCT activity.

Species Enzyme Activity  
(nmol/mg/min), 
relative activity, or 
notes

Reaction substrates Detected products Detection 
method

Reaction time, 
microsome 
protein amount 
& 
reaction volume

Reaction 
temperature 
& buffer

Saccharomyces 
cerevisiae strains & 
plasmids

Ref

A. thaliana AtROD1

0.3 1.8 nmol [14C-glycerol]18:1/18:1-DAG   
+ 200 nmol 18:1/18:1-PC (1 mM)

PC

TLC 
+

Radiography

15 min 
20–250 μg 
200 μL

15 ◦C 
MOPS (pH 6.5–7) 
reaction buffer

HJ091  
p424 GPD

[8]0.04 1.8 nmol [14C-glycerol]18:1/18:1-DAG PC

Active
1 nmol [14C-choline]14:0/14:0-PC, 100 
nmol 18:1/18:1-PC 
+100 nmol 18:1/18:1-DAG

18:1/18:1-PC

Phytophothora 
infestans

PiPDCT1 
PiPDCT2

Inactive 
Inactive

1.8 nmol [14C-glycerol]18:1/18:1-DAG   
+ 100 nmol 18:1/18:1-PC

PC
TLC 
+

Radiography

15 min 
100 μg 
200 μL

Room Temp 
MOPS (pH 7.5) 
reaction buffer

INVSc1 
pYES2.0

[42]

A. thaliana  
Ricinus 
communis

AtROD1 
RcROD1

3.5 
5.3

1.8 nmol [14C-glycerol]18:1/18:1-DAG  
+ 200 nmol soy PC (1 mM)

PC
TLC 
+

Radiography

15 min 
20–250 μg 
200 μL

15 ◦C 
MOPS (pH 7.5) 
reaction buffer

HJ091 
p424 GPD

[15]
AtROD1 
RcROD1

1.4 
2.0

1.8 nmol [14C-glycerol]18:1/18:1-DAG  
+ 200 nmol 18:1OH-PC (1 mM)

L. usitatissimum L.

LuPDCT1 
LuPDCT2

~0.0024  
~ 0.0055

0.5 nmol [14C-glycerol]18:1/18:1-DAG  
+ 2.5 nmol 18:1/18:1-DAG  
+ 100 nmol 18:1/18:1-PC

PC
TLC 
+

Radiography

5–15 min 
100 μg 
200 μL

30 ◦C 
MOPS (pH 7.5) 
reaction buffer

YNL130C 
pYES2 [16]

LuPDCT1 
LuPDCT2

~0.0021 
~0.0030

2.5 nmol sn-1-16:0-sn-2-[14C]18:1-PC, 10 
nmol sn-1-16:0-sn-2-18:1-PC 
+100 nmol of 18:1/18:1-DAG

DAG

Brassica napus

BnROD1.A3 
BnROD1.C3 
BnROD1.A5 
BnROD1.C5 
BnROD1.A3 R146K 
BnROD1.A3 T150I 
BnROD1.A3 G161S 
BnROD1.C3 R144K 
BnROD1.C3 G159D 
BnROD1.C3 P170S 
BnROD1.C3 E142K 
BnROD1.C3 T133M

Active (100 %) 
Active (100 %) 
Inactive 
Inactive 
Active (14 %) 
Inactive (3 %) 
Inactive (0 %) 
Active (100 %) 
Inactive (0 %) 
Active (15 %) 
Inactive (4 %) 
Active (100 %)

1.8 nmol [14C-glycerol]18:1/18:1-DAG   
+ 200 nmol PC (1 mM)

PC
TLC 
+

Radiography

15 min 
20–250 μg 
200 μL

15 ◦C 
MOPS (pH 7.5) 
reaction buffer

HJ091 
p424 GPD

[19]

Camelina sativa CsPDCT1

~0.23
12.5 nmol [14C]G3P  
+ 25 nmol 18:1-CoA

PC

TLC 
+

Radiography

60 min 
100 μg 
50 μL

30 ◦C 
Tris (pH 7.2) 
reaction buffer

H1246 
pYES2-NT

[20]

~0.10
12.5 nmol [14C]G3P  
+ 25 nmol 18:2-CoA

~0.29 (100 %, 1 nmol 
PC radioactivity)

12.5 nmol [14C]G3P  
+ 25 nmol 18:3-CoA

~0 % (0, nmol PC 
radioactivity)

12.5 nmol [14C]G3P  
+ 25 nmol 18:1OH-CoA

PC
~80 % (0.8 nmol PC 
radioactivity)

12.5 nmol [14C]G3P  
+ 20 nmol 18:3-CoA, 5 nmol 18:1OH-CoA

(continued on next page)
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Table 2 (continued )

Species Enzyme Activity  
(nmol/mg/min), 
relative activity, or 
notes 

Reaction substrates Detected products Detection 
method 

Reaction time, 
microsome 
protein amount 
& 
reaction volume 

Reaction 
temperature 
& buffer 

Saccharomyces 
cerevisiae strains & 
plasmids 

Ref

~15 % (0.15 nmol PC 
radioactivity)

12.5 nmol [14C]G3P  
+ 10 nmol 18:3-CoA, 15 nmol 18:1OH- 
CoA

Helianthus annuus HaPDCT1

0.03
12.5 nmol sn-1-18:1-sn-2-[14C]-18:1-PC  
+ 100 nmol 18:1/18:1-DAG

DAG
TLC 
+

Radiography

30–120 min 
50–200 μg 
200 μL

30 ◦C 
MOPS (pH 7.5) 
reaction buffer

HJ091 
p423 GPD

[22]

~0.004
12.5 nmol sn-1-18:1-sn-2-[14C]-18:1-PC  
+ 100 nmol 18:1/18:1-DAG

~0.0025
12.5 nmol sn-1-18:1-sn-2-[14C]-18:1-PC  
+ 100 nmol 18:2/18:2-DAG

~0.0015 12.5 nmol sn-1-18:1-sn-2-[14C]-18:2-PC 
+ 100 nmol 18:1/18:1-DAG

~0.0032 12.5 nmol sn-1-18:1-sn-2-[14C]-18:2-PC  
+ 100 nmol 18:2/18:2-DAG

C. sativa

CsPDCT1

~2.8 16 nmol sn-1,2-[14C]18:1/18:1-DAG PC
TLC 
+

Radiography

5–10 min 
60 μg 
100 μL

30 ◦C 
phosphate buffer 
(pH 7.2)

H1246 
pYES2-NT [9]

~1.5 16 nmol sn-1,2/2,3-rac-[14C]18:1/18:1- 
DAG

PC

~1.3 6 nmol [14C]18:1/18:1-PC DAG

CsPDCT1
~100 % 18:1-PC 
~100 % 18:2-PC 
~70 % 18:3-PC

5.3 nmol [14C]18:1/18:1-DAG, 5.3 nmol 
[14C]18:2/18:2-DAG, 5.3 nmol [14C]18:3/ 
18:3-DAG

18:1/18:1-PC, 18:2/ 
18:2-PC, 18:3/18:3- 
PC

Trans- 
methylation 
+

Argentation 
TLC 
+

Radiography
CsPDCT1

~100 % 18:1-DAG 
~80 % 18:2-DAG 
~70 % 18:3-DAG

2 nmol [14C]18:1/18:1-PC, 2 nmol [14C] 
18:2/18:2-PC, 2 nmol [14C]18:3/18:3-PC 
+ 16 nmol 18:1/18:1-DAG

18:1/18:1-DAG, 
18:2/18:2-DAG, 
18:3/18:3-DAG

CsPDCT1

~100 %
16 nmol [14C]18:1/18:1-DAG 
+ 6 nmol 18:1/18:1-PC

PC
TLC 
+

Radiography~100 % 16 nmol [14C]22:1/22:1-DAG 
+ 6 nmol 22:1/22:1-PC

C. sativa  
R. communis

CsPDCT1 
RcROD1

100 % (42 % 
radioactivity) 
100 % (40 % 
radioactivity)

12.5 nmol [14C]G3P  
+ 25 nmol 18:3-CoA

PC
TLC 
+

Radiography

60 min 
100 μg 
50 μL

30 ◦C 
Tris (pH 7.2) 
reaction buffer

H1246 
pYES-DEST52 [69]

12 % (5 % 
radioactivity) 
140 % (56 % 
radioactivity)

12.5 nmol [14C]G3P  
+ 25 nmol 18:1OH-CoA

10 % (4 % 
radioactivity) 
100 % (40 % 
radioactivity)

12.5 nmol [14C]G3P  
+ 10 nmol 18:3-CoA, 15 nmol 18:1OH- 
CoA

Oryza sativa L.
OsLP1 (Nip) 
OsLP1 (9311)

639 % 
1819 %

2.5 nmol sn-1-16:0-sn-2-[14C]18:1-PC, 100 
nmol sn-1-16:0-sn-2-18:1-PC  
+ 100 nmol 18:1/18:1-DAG

DAG
TLC 
+

Radiography

10 min 
50 μg 
100 μL

30 ◦C 
MOPS (pH 7.5) 
reaction buffer

YNL130C 
pYES2 [25]

(continued on next page)
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Table 2 (continued )

Species Enzyme Activity  
(nmol/mg/min), 
relative activity, or 
notes 

Reaction substrates Detected products Detection 
method 

Reaction time, 
microsome 
protein amount 
& 
reaction volume 

Reaction 
temperature 
& buffer 

Saccharomyces 
cerevisiae strains & 
plasmids 

Ref

100 % 
100 %

2.5 nmol sn-1-16:0-sn-2-[14C]16:0-PC, 100 
nmol sn-1-16:0-sn-2-16:0-PC  
+ 100 nmol 18:1/18:1-DAG

8 % 
69 %

2.5 nmol sn-1-18:1-sn-2-[14C]18:1-PC, 100 
nmol 18:1/18:1-PC  
+ 100 nmol 18:1/18:1-DAG

OsLP1 (Nip) 
OsLP1 (9311)

131 % 
134 %

2.5 nmol sn-1-16:0-sn-2-[14C]16:0-PC, 100 
nmol 16:0/16:0-PC  
+ 100 nmol 16:0/16:0-DAG

DAG
100 % 
100 %

2.5 nmol sn-1-16:0-sn-2-[14C]16:0-PC, 100 
nmol 16:0/16:0-PC  
+ 100 nmol 18:1/18:1-DAG

95 % 
105 %

2.5 nmol sn-1-16:0-sn-2-[14C]16:0-PC, 100 
nmol 16:0/16:0-PC  
+ 100 nmol 18:2/18:2-DAG

OsLP1 (Nip) 
OsLP1 (9311)

67 % 
78 %

2.5 nmol sn-1-18:1-sn-2-[14C]18:1-PC, 100 
nmol 18:1/18:1-PC  
+ 100 nmol 16:0/16:0-DAG

DAG
100 % 
100 %

2.5 nmol sn-1-18:1-sn-2-[14C]18:1-PC, 100 
nmol 18:1/18:1-PC  
+ 100 nmol 18:1/18:1-DAG

82 % 
101 %

2.5 nmol sn-1-18:1-sn-2-[14C]18:1-PC, 100 
nmol 18:1/18:1-PC  
+ 100 nmol 18:2/18:2-DAG

Glycine max  
A. thaliana

GmPDCT1 
GmPDCT2 
AtROD1 
GmPDCT1 1-77×
GmPDCT1 D171A 
GmPDCT1 S184A 
GmPDCT1 D230A

0.15 (100 %) 
0.08 (100 %) 
0.22 
Inactive (0%) 
Inactive (0 %) 
Inactive (2.2 %) 
Inactive (5.9 %)

100 nmol 18:1/18:1-DAG  
+ 100 nmol 18:2/18:2-PC

18:2/18:2-DAG
TLC 
+

GC-FID

120 min 
100 μg 
100 μL

30 ◦C 
MOPS (pH 7.5) 
reaction buffer

YNL130C 
pYES2-NTA [29]

GmPDCT1 
GmPDCT2

50 % 
40 %

100 nmol 16:0/16:0-DAG  
+ 100 nmol 18:2/18:2-PC

Accession numbers: AtROD1 (NP_566527), BnROD1.A3 (XP_013736317), BnROD1.C3 (XP_013702685), BnROD1.A5 (XP_013700801), BnROD1⋅C5 (XP_013695400), CsPDCT1 (QJD09136), GmPDCT1 (XP_003528315), 
GmPDCT2 (XP_003531718), HaPDCT1 (ARQ87993), LuPDCT1 (AHE80679), LuPDCT2 (AHE80680), OsLP1 (Cv.Nipponbare; XP_015644243), PiPDCT1 (XP_002899093), PiPDCT2 (XP_002907829), RcROD1 
(XP_002517643).
Reaction buffer: MOPS reaction buffer contains 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS)/NaOH, 20 mM MgCl2, 0.45 % (v/v) Triton X-100; Tris reaction buffer contains 0.1 M Tris-HCl, 5 mM MgCl2, 2 μg/μL 
of BSA.
Abbreviations: FID, flame ionizing detector; GC, gas chromatography; TLC, thin layer chromatography.
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acetate incorporated approximately twice as much radioactivity into 
both TAG and DAG compared to wild-type plants, suggesting that 
enhanced PDCT activity increases flux toward TAG [21].

PDCT exhibits broad substrate specificity toward different fatty acids 
within both PC and DAG (Table 2) [8,9,15,20,25,29]. For instance, 
AtROD1 is capable of utilizing sn-1,2-dioleoyl-glycerol (18:1/18:1- 
DAG), sn-1,2-dioleoyl-glycero-3-phosphatidylcholine (18:1/18:1-PC) 
and sn-1,2-dimyristoyl-glycero-3-phosphatidylcholine (14:0/14:0-PC) 
as substrates [8]. Similarly, PDCT from camelina, sunflower, rice, and 
soybean can act on various DAG and PC molecules containing palmitic 
(16:0), 18:1, 18:2, and/or 18:3 fatty acids, although substrate prefer
ences vary. For example, soybean PDCT1 and PDCT2 show roughly a 
two-fold preference for 18:1/18:1-DAG over 16:0/16:0-DAG when co- 
incubated with 18:2/18:2-PC [29]. Sunflower PDCT prefers 18:1/18:1- 
DAG over 18:2/18:2-DAG (~1.6-fold) with 18:1/18:1-PC, but favors 
18:2/18:2-DAG over 18:1/18:1-DAG (~2.3-fold) with 18:1/18:2-PC 
[22]. Similarly, rice PDCT (OsLP1) showed slightly higher activity 
with 16:0/16:0-DAG than with 18:1/18:1-DAG or 18:2/18:2-DAG when 
incubated with 16:0/16:0-PC, but 16:0/16:0-DAG became the least 
active when 18:1/18:1-PC was used instead [25]. Interestingly, when 
swapping the reaction direction and utilizing 18:1/18:1-DAG and 
combinations of either 16:0/16:0-PC, 16:0/18:1-PC or 18:1/18:1-PC, 
there was a substantial increase (6–17 fold) in the relative activity of 
16:0/16:0-PC [25]. Notably, different PDCTs exhibit varying prefer
ences for unusual fatty acids, such as ricinoleic acid. For example, both 
castor PDCT (RcROD1) and AtROD1 efficiently utilize ricinoleate-PC 
and 18:1/18:1-DAG as substrates, although activity toward 
ricinoleate-PC is lower than with soy PC when incubated with 18:1/ 
18:1-DAG, despite Arabidopsis not naturally producing ricinoleic acid 
[15]. In contrast, camelina PDCT is capable of utilizing 18:1/18:1-, 
18:2/18:2-, and 18:3/18:3-DAG (with endogenous PC of yeast micro
somes), 18:1/18:1-, 18:2/18:2-, and 18:3/18:3-PC (with 18:1/18:1- 
DAG) and 22:1/22:1-DAG with 22:1/22:1-PC without strong selec
tivity, but does not utilize ricinoleate-DAG [9,20]. In another assay 
incubating membranes from H1246 yeast expressing camelina or castor 
PDCT with [14C]G3P and either 18:3-CoA or ricinoleoyl-CoA, camelina 
PDCT preferentially used 18:3-DAG but not ricinoleate-DAG, whereas 
castor PDCT efficiently utilized both [69]. Interestingly, castor PDCT 
displayed a strong preference for DAG species containing a single rici
noleoyl group at the sn-2 position over DAG with ricinoleate at the sn-1 
position, as well as a > 10-fold selectivity for DAG with one ricinoleoyl 
group compared DAG with two ricinoleoyl groups [69]. Given that 
PDCT catalyzes a symmetrical interconversion between DAG and PC, 
most studies assessing PDCT substrate preference for unusual fatty acids 
examine only one direction of the reaction, leaving the full picture of 
PDCT specificity across both directions unresolved. A comparative 
analysis of PDCT substrate preference in both directions would be 
valuable.

Current evidence suggests that PDCT is selective for the sn-1,2 ena
tiomer of DAG and cannot utilize the sn-2,3 enantiomer, as the activity 
of camelina PDCT toward an sn-1,2/2,3-rac-18:1/18:1-DAG racemic 
mixture is approximately equivalent to that observed with half the 
amount of sn-1,2-18:1/18:1-DAG (Table 2) [9]. Additionally, despite 
PDCT being a homolog of SMS, it seems that PDCT is specific for PC and 
DAG, and cannot utilize ceramide alongside PC to generate sphingo
myelin [9], nor can it transfer phosphocholine groups from either cyti
dine diphosphate-choline, lyso-PC, or utilize free phosphocholine 
directly [8]. PDCT also lacks phosphatic acid phosphatase activity [8].

6. Structural features

PDCT is predicted to be comprised of a large hydrophilic N-terminal 
domain, a multi-spanning, membrane embedded α-helical bundle, and a 
small hydrophilic C-terminal domain, with both termini oriented toward 
the cytoplasm (Fig. 3, Supplemental Fig. S1). In PDCT from the currently 
characterized species, the N-terminal region ranges from 48 to 78 amino 

acids, and the C-terminal region from 8 to 29 amino acids, both showing 
low sequence conservation (Fig. 3). The N-terminus of PDCT is predicted 
to be intrinsically disordered and to participate in protein-protein in
teractions (Supplemental Fig. S2). The membrane-embedded domain is 
highly conserved, consisting of eight α-helices, six of which span the 
membranes while the remaining two reside at the membrane-solution 
interface. This domain includes two motifs conserved among LPT pro
teins: C2 (SGH) and C3 (HXXXD) [12]. Given their substrate similarly 
and homology to SMS and other LPT proteins, the amino acids from 
these two motifs likely form a catalytic triad, comprised of the histidines 
from both the C2 and C3 motifs, along with the aspartic acid from the C3 
motif (Fig. 3, Supplemental Fig. S3) [8,10,11,72].

Although its structure and catalytic mechanisms have not been 
experimentally elucidated, recent studies on PDCT sequence variations 
and mutagenesis have provided valuable insights into its structure- 
function relationships. The intrinsically disordered N-terminus of 
PDCT seems to play a role in enzyme function and substrate specificity, 
but its effects are variable and not fully consistent. In rice, allelic vari
ation of PDCT sequences between two distinct cultivars indica (9311) 
and japonica (Nipponbare, Nip) contributed to changes in saturated TAG 
content [25]. The two PDCT isoforms OsLP19311 and OsLP1Nip only 
differ by two amino acids at the N-terminus (positions 40 and 43 in the 
PDCT consensus sequence, Fig. 3), which resulted in a preference for PC 
substrates with saturated fatty acids [25]. More specifically, two amino 
acid residue substitutions in OsROD19311 (E57G and K60S) led to a 3- 
fold increase in its substrate preference for 16:0/16:0-PC [25]. Simi
larly, in canola, two PDCT isoforms, BnROD1.A3 and BnROD1.C3, differ 
by five amino acids within the N-terminus (positions 34, 48, and 51–53 
in the consensus sequence, Fig. 3) [19]. Both isoforms encode active 
enzymes, which can complement the Arabidopsis rod1 mutant to 
differing degrees [19]. More specifically, expression of BnROD1.A3 
complemented the lipid phenotype of rod1 to near wild-type level by 
decreasing C18:1 content from ~37 % to 18 % and increasing C18:2 
content from ~18 % to 33 % and C18:3 content from ~16 % to 19 %. In 
contrast, expression of BnROD1.C3 in rod1 decreased C18:1 content 
from ~36 % to 22 %, increased C18:2 content from ~12 % to 25 % and 
C18:3 content from ~12 % to 14 %, but with the line still showing a ~ 
57 % relative increase in C18:1 and ~ 14 % and ~ 26 % decreases in 
C18:2 and C18:3, respectively, compared to the wild type [19]. 
Although further in vitro enzyme assays are needed, this suggests that 
BnROD1.A3 may be more active than BnROD1.C3. This difference could 
be attributed to amino acid substitutions in the N-terminus, potentially 
affecting enzyme activity, abundance, stability, localization, and/or 
interactions with other proteins.

The conserved transmembrane domain regions house active sites and 
catalytic pockets, but how these domains and specific amino acids in 
these regions influence PDCT activity remain less explored. Our recent 
mutagenesis of GmPDCT1 targeting the first transmembrane helices 
highlights the importance of this region for enzyme function. The 
removal of the first 77 amino acid residues (α1 and α2), including the 
first transmembrane α-helix (α2), resulted in an inactive enzyme 
(GmPDCT178–279) [29]. This region is particularly important because it 
may form the swapped domain that completes the catalytic pocket, as 
suggested by our structural analysis (see Section 7).

The influence of various amino acids within the α4 and α5 helices on 
enzyme activity has also been investigated by site directed mutagenesis 
and in vitro enzyme activity assay in two canola PDCT paralogs, 
BnROD1.A3 and BnROD1.C3 [19]. Substitutions of R146K and T150I in 
BnROD1.A3 (positions 150 and 154 in the PDCT consensus sequence, 
α4–5, both conserved, Fig. 3) significantly reduced activity to 14 % and 
3 % of the wild-type protein, respectively, while G161S (positions 165 in 
the PDCT consensus sequence, α5, highly conserved, Fig. 3) completely 
abolished its activity [19]. Meanwhile, in BnROD1.C3, the R144K and 
T133M substitutions (positions 150 and 140 in the PDCT consensus 
sequence, α4–5, T140 not conserved, Fig. 3), did not alter the proteins 
activity, while the P170S and E142K substitutions both reduced the 
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protein activity to 15 % and 4 % of the wild-type protein, respectively 
(positions 176 and 148 in the PDCT consensus sequence, α4–5, both 
highly conserved, Fig. 3). Lastly, the G159D mutation completely 
abolished activity (position 165 in the PDCT consensus sequence, 
conserved, α5, Fig. 3) [19]. Interestingly, the R144K mutation had no 
effect on BnROD1.C3, while significantly affecting BnROD1.A3 
(R146K), with no obvious explanation [19]. The T133M, E142K, R146K, 
and T150I mutations, which markedly reduce enzyme activity, are 
particularly interesting because they occur on the suspected cytosolic 
face of the protein, distant from the active site [19].

Furthermore, in another study using GmPDCT1, point mutations of 
three conserved amino acids within the α5–6 and α8 helices to alanine 
showed marked reduction in activity [29]. The three constructed 

mutants, D171A, S184A and D230A (positions 185, 198 and 244 in the 
consensus sequences, highly conserved, Fig. 3) had significantly reduced 
relative activities; D171A activity was lost completely, while S184A and 
D230A were reduced to 2.2 % and 5.9 % of wild-type GmPDCT1, 
respectively (Table 2). The S184A and D230A mutations reside within 
the C2 (α6) and C3 (α8) motif of PDCT, respectively, while D171A re
sides in the loop connecting α5 and α6. This loop is highly conserved 
among PDCT proteins and appears to form a flexible region linking the 
α5 and α6 transmembrane helices. Predictions using PTMGPT2 (https:// 
nsclbio.jbnu.ac.kr/tools/ptmgpt2/; accessed 2025–11–11) have shown 
this region may house an N-linked glycosylation site at position 190 in 
the PDCT consensus sequence, with the conserved NVS motif (Fig. 3) 
[73]. Although not yet tested experimentally, this site could be 

Fig. 3. Sequence alignment of characterized PDCTs. Regions corresponding to the eight α helices (transmembrane, light grey; peripheral, dark grey) that make up the 
structure are annotated below. The conserved motifs typical of LPT proteins, denoted C2 and C3, are highlighted in purple. Arrows and bars beneath the alignment 
indicate various mutagenesis experiments. Each marker lists the corresponding amino acid mutation and the colour of each marker reflects the effect of that mutation 
at the given position. Green ≥ 80 % activity, yellow ≥ 50 % activity, orange ≥ 10 % activity, red <10 % activity and black = loss of activity. Stacked markers indicate 
mutations with different reported activities. Mutation data collected from Bai et al. (2020) [19], Chen (2012) [42], and Ulch et al. (2025) [29]. The pink diamond 
indicates a putative N-linked glycosylation site predicted at position 190 via PTMGPT2. Regions highlighted in green represent examined polymorphisms between 
closely related sequences. The accession numbers of these proteins are listed in Supplemental Table S1. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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important for proper folding, regulation, or enzymatic activity [74]. In a 
separate project, an unintentional amino acid substitution of the ter
minal glycine within the α5 helix for serine abolished the activity of 
Arabidopsis ROD1 (G184S, position 168 in the consensus sequence, 
highly conserved, Fig. 3) [42].

7. Catalytic mechanisms

To gain further insights into the catalytic mechanism of PDCT, we 
predicted the AtROD1 structure using AlphaFold 3 and conducted a 
detailed structural analysis (Fig. 4, Supplemental Fig. S4). The model 
suggests a dimeric form in which the N-terminal transmembrane helix 
(α2) is domain-swapped, namely the helix from one protomer packs 
against and completes the helical bundle of the other protomer (Fig. 4A 
and B, Supplemental Fig. S4) [29]. Each protomer contains a helical 
bundle of eight α-helices (six transmembrane and two peripheral) that 
together form a single interior cavity. This cavity is lined by α-helices 2, 
4, 5, and 6, along with the loop connecting helices 5 and 6 (Fig. 4A). The 
catalytic triad, composed of histidines from the C2 and C3 motifs and an 
aspartic acid from the C3 motif, is hypothesized to be located within this 
internal cavity (Fig. 3 and Fig. 4A).

As previously mentioned, PDCT is a member of the LPT family, with 
human SMS (hSMS) being the best studied family member [13]. In this 
family, the energy of the phosphoester bond of the substrate is captured 
by forming a covalent adduct between a nucleophilic residue in the 
enzyme active site and the phosphate group of the substrate. The cata
lytic site then requires two essential features: the nucleophile, and a 
general acid/base residue, which protonates the glycerol hydroxyl of the 
DAG leaving group (DAG product, i.e., DAG1) during PDCT cleavage of 
the PC substrate (PC1), and deprotonates the equivalent glycerol 
nucleophilic oxygen hydroxyl group of the DAG substrate (DAG2) in the 
product (PC2) formation step (Fig. 4). On the basis of both structures of 
various substrate complexes, as well as evaluating the activity of a va
riety of active site mutations, Hu et al. (2024) suggest that in hSMS, 
His301, supported by Glu205, acts as the general nucleophile, while 
Asp295, which forms a catalytic triad with His344 and Asp348, acts as 
the general acid/base [13]. Note that while this model is consistent with 
available mutagenesis data, it implies considerable rearrangement of the 
observed structures. For example, the His301 imidazole ring sits 7.5 Å 
from the observed bound choline phosphate position, and the environ
ment in between is quite crowded. Since intrinsic hydrolysis prevented 
the key ethanolamine-linked enzyme adduct from being observed 
directly, this mechanism should perhaps be viewed as the currently most 
plausible given available data, rather than definitive.

In the active site of PDCT (AtROD1, Fig. 4), His216, His256 and 
Asp260 are equivalent to His301, His344 and Asp348 of hSMS, respec
tively [13]. There is no direct equivalent of hSMS Asp295; however, 
Glu105 (contributed by the C-terminal end of helix α2 of the dimeric 
partner, EYT motif, position 90 in the consensus sequences in Fig. 3) 
positions its carboxylate group in a nearly equivalent position, and 
moreover, forms a salt bridge with Arg180 (position 164 in the 
consensus sequences in Fig. 3). Arg180 in AtROD1 is equivalent to 
Arg243 in hSMS and adopts a near-identical conformation of the two 
structures. While the His256/Asp260 dyad is conserved in PDCT (posi
tions 240 and 244 in the consensus sequences, HXXXD C3 motif, in 
Fig. 3), the active site tunnel is quite narrow, and since the DAG portion 
of PC can only fit where the tunnel widens below His216 (position 200 in 
the consensus sequences, SGH C2 motif, in Fig. 3), it appears that the 
substrate cannot easily reach deep enough into the active site to allow 
His256 to approach either the phosphate group or the glycerol oxygen 
atom. Instead, we propose that in PDCT, His256 does not act catalyti
cally, and instead His216 acts as the nucleophile, while Glu105 acts as 

the general acid/base. Modeling indicates that upon PC binding, Arg180 
may form a bidentate salt bridge with the substrate phosphate, while a 
protonated Glu105 hydrogen bonds with the glycerol O3 (Fig. 4C and 
D). The choline group sits in a non-polar tunnel which should interact 
favorably with the bulky, non-polar tertiary amine choline group, while 
discriminating against the smaller, and much more polar, ethanolamine 
primary amine. Upon attack of the phosphate by His216, Glu105 pro
tonates O3 (Fig. 4D and E). After exchange of the DAG leaving group for 
a different DAG, PC is reformed by reversing this initial reaction. Testing 
this mechanism will be challenging, as mutations can, in addition to 
removing essential catalytic groups, also lead to reduced activity by 
destabilizing the structure. Definitively identifying the nucleophile 
would be extremely informative; experiments aimed at identifying the 
site of choline modification by mass spectrometry would perhaps be the 
most straightforward way of doing so.

One interesting, conserved feature of the PDCT active site is that the 
tunnel that accommodates the phosphocholine group is open to the ER 
lumen (Fig. 4). At first sight, this opening seems unnecessary: there is no 
net gain or loss of protons in the overall mechanism, water is not 
required for the mechanism (and might even lead to counterproductive 
hydrolysis), and the choline group cannot form hydrogen bonds with 
water within the tunnel, and indeed would likely be better stabilized by 
interactions with a non-polar tunnel roof. However, this tunnel would 
allow for both the priming and resetting of the acid/base histidine and 
the polar phosphocholine headgroup to escape should hydrolysis occurs. 
More subtly, and perhaps most importantly, the tunnel is likely neces
sary to allow water (or a small solute) to enter the active site and occupy 
the space left by the departing phosphocholine product. In the absence 
of this opening to the solvent, product release would be greatly impeded 
by the resulting formation of a vacuum in the active site.

8. Biotechnological applications

Bioengineering plant lipid pathways offers a powerful approach to 
produce oils enriched in tailored fatty acids. Given its key role in acyl 
editing and TAG biosynthesis, PDCT has been targeted in a diverse array 
of bioengineering strategies, including knockout, knockdown, over
expression, or combinations with other genes, primarily to modify seed 
lipid composition in oilseeds and other plants (Table 1).

PDCT downregulation has been commonly used to promote seed 
MUFA content, most notably C18:1 and C22:1, at the expense of PUFAs. 
To date, PDCT knockout and knockdown mutants of the model plant 
Arabidopsis, oilseeds, and several crop species have been developed 
through the chemical mutagen ethyl methanesulfonate (EMS), transfer 
DNA (T-DNA) insertional mutagenesis, RNA interference (RNAi), and 
clustered regularly interspaced short palindromic repeats–CRISPR 
associated protein 9 (CRISPR-Cas9) genome editing (Table 1). Down
regulating PDCT increased seed C18:1 content in Arabidopsis from 15.1 
% to 32.8 % [8], crambe (C. abyssinica) from 14 % to 18 % [17], canola 
(B. napus) from 61 % to 68 % [19], pennycress (T. arvense L.) from 10 % 
to 22 % [23,24], field cress (L. campestre) from 13 % to 22 % [27], 
soybean (G. max L.) from 16 % to 45 % [28], cotton (G. hirsutum L.) from 
14.5 % to 16.5 % [31] and rice (O. sativa L.) from 32 % to 36 % [26,56]. 
These results suggest that PDCT downregulation can substantially 
elevate seed C18:1 in some species, such as Arabidopsis and soybean, 
but has only modest effects in others. This variation likely reflects dif
ferences in the relative contribution of PDCT to acyl editing among plant 
species even though some of them are closely related (e.g., Arabidopsis 
vs canola). Indeed, different species may employ distinct acyl editing 
and/or TAG remodeling pathways, which could mask the effects of 
PDCT loss. TAG remodeling was recently identified in Physaria fendleri as 
a key mechanism enabling the high-level accumulation of lesquerolic 
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Fig. 4. Substrate binding and mechanism of PDCT. Arabidopsis PDCT (AtROD1) shown as a cartoon (A) and as a surface (B). Note that α2 from the N-terminus of one 
protomer completes the active site of its binding partner. Both N- and C-termini face the cytosol. A hypothetical membrane orientation of AtROD1 is shown in 
Supplemental Fig. S4. (C) Model of AtROD1 with PC (yellow) modelled within the active site. PC enters the active site through a tunnel that begins close to the middle 
of the membrane. (D) The detailed interactions between PC and the AtROD1 active site. The internal pocket of AtROD1 is shown as a semi-transparent surface. (E) 
Proposed mechanism of PDCT. His216 is proposed to act as the nucleophile, attacking the phosphate group of PC to form a phosphoester bond. Glu105 is proposed to 
act as a general acid in this step, protonating the glycerol oxygen atom of the DAG leaving group. After exchange of DAG molecules, the reaction proceeds in reverse. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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acid (14-hydroxy-20:1Δ11cis), and has been proposed to occur in other 
species as well [75,76]. This process involves partial TAG hydrolysis 
where lipases remove the sn-1 or 3 fatty acids to generate sn-1,2 or sn- 
2,3-DAG, followed by TAG resynthesis using different acyl-CoA sub
strates, thereby generating new TAG molecular species [77].

To further enhance seed MUFA content, PDCT manipulation has been 
combined with other genes, such as LPCAT and FAE1. Knockout of PDCT 
in combination with LPCAT1 and LPCAT2 in Arabidopsis further 
increased C18:1 content to 42.4 % and C20:1 from 19.9 % (wild-type 
level) to 26.1 % [55]. Similarly, RNAi-mediated downregulation of 
PDCT together with LPCAT1–1 and LPCAT1–2 in C. abyssinica increased 
C18:1 to 22 % and C20:1 from 1 % to 8 %, while reducing C22:1 from 60 
% to 48 %, which reflects a combination of the effects seen in single-gene 
manipulations, where downregulation of PDCT resulted in an increase in 
C18:1 and downregulation of LPCAT led to an increase in C20:1 
accompanied with a decrease C22:1 [17]. Furthermore, downregulation 
of PDCT together with FAE1 in pennycress further increased C18:1 to 61 
% while basically eliminating long chain fatty acids (i.e., C20:1, C22:1 
and C24:1) [23,24].

Conversely, PDCT overexpression has been applied in plants and 
yeast to enhance PUFA accumulation, but with limited success. For 
example, overexpression of flax PDCT in Arabidopsis seeds and co- 
expression of flax PDCT in combination with flax FAD2 and FAD3 in 
yeast increased C18:2 from 26.9 % to 29.1 % and from 0 % to 4.6 %, 
respectively, and C18:3 from 16.3 % to 22.5 % and from 0 % to 6.6 % 
[16]. Similarly, overexpression of rice PDCT (OsLIN6) modestly 
increased C18:2 content in rice grains from 11 to 13 mg/g dry weight 
[26] and overexpression of camelina PDCT slightly increased C18:3 in 
camelina seeds from 36 to 37 % [21].

PDCT has also been used in combination with other genes to promote 
the accumulation of unusual fatty acids and oils with unique stereoiso
meric structures. In multi-gene approaches, PDCT overexpression has 
successfully enhanced the accumulation of hydroxy, cyclic, conjugated, 
and epoxy fatty acids (Table 1). For example, the seed-specific co- 
overexpression of lychee (L. chinensis) PDCT with Escherichia coli 
Cyclopropane Fatty Acid Synthase (EcCPS) in camelina fad2/fae1 mutant 
slightly increased the cyclic fatty acid content from 4.2 % to 5.8 % in 
seed oil compared to expression of EcCPS alone [18]. In an approach 
aimed at accumulating hydroxy fatty acids in Arabidopsis seeds, seed- 
specific overexpression of castor ROD1 and fatty acid hydroxylase 12 
(RcFAH12) in wild-type and rod1 Arabidopsis enhanced the hydroxy 
fatty acid content in total seed lipids from 9.9 % to 19.9 % and from 5.5 
% to 9.7 % compared to overexpression of RcFAH12 alone in the cor
responding backgrounds, respectively [15]. In engineering hydroxy 
fatty acid accumulation in Arabidopsis, the flux of hydroxy fatty acids 
from DAG to PC represents a bottleneck that limits the synthesis of di- or 
tri-hydroxy fatty acid-TAGs [78]. This is because Arabidopsis predomi
nately uses PC-derived DAG for TAG biosynthesis and RcFAH12 in
troduces hydroxyl groups at the sn-2 position of PC, resulting in 
accumulation of sn-2-hydroxy fatty acid-TAG [78]. Considering AtROD1 
can use ricinoleate-PC in vitro [15], the higher hydroxy fatty acid content 
observed when RcFAH12 is expressed in wild-type Arabidopsis 
compared with the rod1 mutant may reflect the ability of endogenous 
AtROD1 to transfer sn-2-ricinoleate-PC into DAG for TAG synthesis, 
which is lost in rod1. The further increase in hydroxy fatty acid content 
upon co-expression of castor ROD1 is possibly due to the castor ROD1’s 
enhanced ability to use ricinoleate-DAG relative to AtROD1 [69], 
although the activity of AtROD1 toward ricinoleate-DAG lacks experi
mental confirmation. Further increases in hydroxy fatty acid accumu
lation can be obtained by co-expressing DGAT and Phosphatidylcholine: 
Diacylglycerol Acyltransferase (PDAT), encoding enzymes that direct 
ricinoleate-DAG and PC toward TAG synthesis. Indeed, further co- 
expression of RcFAH12 and RcROD1 with RcDGAT2 in fae1 Arabi
dopsis increased hydroxy fatty acid accumulation to 28.5 % [15]. This is 
consistent with another report, in which co-expression of RcFAH12, 
RcROD1, RcDGAT2, RcDGAT1–2, and RcLPCAT in fae1 Arabidopsis 

resulted in 27.6–28.9 % hydroxy fatty acid accumulation [79].
Production of unusual fatty acids has also been explored in other 

systems, including plant leaves and yeast. Epoxy fatty acids have been 
produced in N. benthamiana leaves by co-expressing Vernonia galamensis 
PDCT with a FAD2-like enzyme; however, this slightly reduced epoxy 
fatty acid content from 8.6 % to 8.2 % compared with expression of 
VgFAD2-like alone [80]. In S. cerevisiae yeast, co-expression of pome
granate (Punica granatum) Fatty Acid Desaturase X (FADX), PDAT and 
PDCT on plasmids, together with C18:2 feeding, produced 3.3 % punicic 
acid [81]. Remarkably, punicic acid accumulation increased to 26.7 % 
when a multi-gene set including PgFADX, PgFAD2, PgPDCT, PgLPCAT, 
PgDGAT2 and Rattus norvegicus FAE (ELO2) was integrated into the yeast 
genome using CRISPR/Cas9-assisted Ty retrotransposon-targeted 
random gene shuffling [82].

In another study aimed at producing stereoisomeric lipids in Arabi
dopsis to mimic human milk fat, which is enriched in C16:0 at the sn-2 
position of the glycerol backbone, ROD1 knockout was combined with 
overexpression of chloroplast-localized Arabidopsis Lysophosphatidic 
Acid Acyltransferase lacking its putative chloroplast transit peptide 
(AtLPAT ΔCTP) [83]. This strategy redirected an LPAT with C16:0 sub
strate preference to the ER, enhancing incorporation of C16:0 over C18 
fatty acids at the sn-2 position of TAG in seed oil. The lack of functional 
PDCT reduced channeling through acyl-edited PC for conversion into 
DAG, increasing the distribution of C16:0 at the sn-2 position of TAG 
relative to the sn-1 and sn-3 positions by 26 % (from 30 % to 56 %) 
compared to expression of AtLPAT ΔCTP alone in wild-type plants. This 
ratio was further increased to 71 % when further combined with 
silencing of endogenous LPCAT2/3 [83].

Notably, in most bioengineering efforts, PDCT manipulation does not 
negatively affect overall plant (or yeast) fitness. Traits such as root 
establishment, plant vigor, flowering time, seedling weight, seed oil 
content, protein content, glucosinolate content, and germination rate 
remain comparable to wild-type controls [19,24,57]. However, as 
mentioned previously (see Section 3), there are several exceptions 
where PDCT loss-of-function or overexpression impacts plant perfor
mance. For example, rod1 rice mutants exhibit altered grain epidermal 
morphology, reduced grain size and weight, and increased total fatty 
acid content [56], whereas overexpression of CsPDCT in camelina seeds 
enhances seed oil content, overall seed yield, and silique and seed 
number per plant [21]. Furthermore, when PDCT manipulation is 
combined with other genes to improve modified fatty acids content or 
generate stereoisomeric oils, negative effects on seed oil accumulation 
and germination can often occur, which are likely caused by the pres
ence of the produced unique lipids themselves while PDCT often helps to 
mitigate such penalties (Table 1). For example, expression of RcFAH12 
in rod1 and fae1 Arabidopsis backgrounds reduced seed oil content by 
~38 % and 40 % compared to wild type, which was alleviated to 12 % 
and 27 % respectively when RcROD1 was co-expressed [15]. Seed oil 
content was restored to wild-type level when RcDGAT2 was co- 
expressed in the fae1 background or when RcFAH12 was expressed 
with endogenous AtROD1. Similarly, in cyclic fatty acid production, co- 
expression of LcPDCT with EcCPS slightly increased seed weight, 
whereas expression of EcCPS alone reduced seed weight compared to the 
fad2/fae1 camelina background [18]. These observations are consistent 
with the concept that, in unusual fatty acid engineering, flux through PC 
can create a bottleneck that inhibits acetyl-CoA carboxylase activity and 
reduces overall fatty acid biosynthesis [84]. A similar PC bottleneck may 
occur with these examples, which could be alleviated by introducing an 
unusual fatty acid-selective PDCT.

Beyond oil production, PDCT knockout has also been found to 
improve cotton fiber quality, where CRISPR/Cas9-mediated disruption 
of PDCT1 in G. hirsutum (cv. Jimian14) enhanced fiber fineness, length, 
and strength [30].
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9. Concluding remarks

PDCT is one of the recently identified enzymes involved in PC and 
DAG conversion and plays an important role in plant oil biosynthesis. 
Since the discovery of PDCT (ROD1) in Arabidopsis [8], significant 
progress has been made in understanding its physiological roles across 
species and in exploring its biotechnological potential. Numerous 
studies have exploited PDCT to develop plants and microorganisms that 
produce oils with improved properties for industrial purposes and 
human nutrition. Although PDCT knockout results in a less pronounced 
increase in MUFA content compared to FAD2 knockout, which often 
leads to adverse physiological effects on growth and development, 
particularly at low temperatures [24,85,86], it does not cause major 
morphological defects, making PDCT an especially attractive target. This 
has driven efforts to use CRISPR-based genome editing to generate high- 
oleic, non-GMO germplasms with industrial value. Furthermore, PDCT 
editing in combination with other genes has shown promise for pro
ducing a variety of high-value lipids.

Despite recent advances, much remains unknown about PDCT, 
including its evolution, physiological roles beyond oil biosynthesis, 
regulatory mechanisms, catalytic features and structural properties. 
PDCT is exclusively found in higher plants and is absent in animals, 
wherein its closest homolog is SMS. This highlights the existence of two 
essential lipid pathways that are parallel in plants and animals: in plants, 
PDCT catalyzes the interconversion between DAG and PC by generating 
modified DAG from PC for TAG biosynthesis and producing new PC for 
further fatty acid modification, whereas in animals, SMS catalyzes the 
conversion between ceramide and PC generating sphingomyelin for 
sphingolipid biosynthesis while recycling PC and producing DAG for 
other lipid pathways. PDCT-like homologs may be present in some early- 
diverging green lineage species (i.e., nonflowering plants), whereas 
algae contain proteins more similar to animal SMS and SMS-like proteins 
rather than to higher-plant PDCTs. Although their functional charac
terization is still needed to determine whether they possess PDCT ac
tivity, these homologs may provide insights into the evolutionary origin 
of PDCT from ancestral members of the LPT protein family.

While PDCT has a major role in seed oil biosynthesis, its broader 
expression across plant tissues hints on additional functions, including 
possible roles in stress responses, that remain to be investigated. Regu
lation of PDCT is still poorly understood; several transcription factors 
have been implicated in controlling its expression, but post-translational 
regulation has not been explored, even though a potential glycosylation 
site has been predicted. PDCT has been shown to physically interact with 
other lipid enzymes, leading to the hypothesis that it participates in 
more general lipid biosynthesis interactomes and/or metabolons. 
Mounting evidence suggests that many ER-localized enzymes for plant 
lipid biosynthesis, including PDCT, can form protein complexes and/or 
metabolons that help channel substrates and regulate metabolic flux at 
pathway branch points [3,77,87–89]. Since many plant species rely 
heavily on flux through PC-derived DAG for TAG biosynthesis, whereas 
animals primarily use de novo DAG via the Kennedy pathway, the 
presence of PDCT and its participation in ER lipid biosynthetic inter
actomes and/or metabolons support the key role of PC as a “DAG car
rier” for plant oil production [77,89]. However, the composition, 
dynamics, and functional significance of these putative complexes 
remain unclear (for reviews, see [3,87]). Furthering the understanding 
of the transcriptional and post-translational regulation of PDCT may 
help identify allied targets for manipulating TAG profiles during oil 
biosynthesis.

In vitro enzyme assays suggests that PDCT from certain plant species 
may have different substrate specificities. However, these assays were 
performed using yeast microsomal fractions containing recombinant 
PDCT rather than purified enzymes. Yeast microsomes are rich in PC and 
also contain small amounts of DAG [9], with acyl composition that differ 
from those of native plant membranes where PDCT is normally 
embedded. Thus, it remains unclear whether and how such differences 

in membrane environment (lipid composition and distribution and other 
embedded proteins) influence PDCT activity and substrate specificity. 
Future studies using purified enzymes and reconstituted membranes 
that better mimic native systems may be helpful in clarifying these ef
fects and advancing our understanding of PDCT function(s) across 
species.

Several studies have identified residues that influence PDCT activity 
and function, yet the structure of PDCT itself remains to be determined. 
Our structural analysis (Fig. 4) suggests that PDCT may form a dimer 
through an N-terminal domain swapping mechanism. Considering 
multiple PDCT isoforms exist in various plant species, whether these 
proteins form homo- and/or heterodimers and whether such dimeriza
tion regulates catalytic activity remains an open question. Based on the 
AlphaFold3 predicted structure, we have proposed a potential catalytic 
mechanism of AtROD1 involving essential residues in the swapped N- 
terminal domain and the catalytic triad in the helix core, but further 
structural studies are needed to prove this mechanism. Substrate spec
ificities of PDCT also vary among species; for example, castor PDCT 
prefers hydroxylated DAG species, whereas camelina PDCT cannot use 
these substrates [20,69], though structural explanations for these dif
ferences remain elusive. Furthermore, the large N-terminal intrinsically 
disordered region of PDCT is poorly conserved and predicted to lack a 
defined structure. While apparently less important for catalysis, it may 
contribute to substrate specificity, regulatory functions or mediate 
protein-protein interactions. Future studies addressing these and other 
evolutionary, regulatory, and structural aspects of PDCT will deepen our 
understanding of lipid metabolism and open new avenues for bioengi
neering plant oils.
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