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Suppression of Physaria fendleri
SDP1 Increased Seed Oil and
Hydroxy Fatty Acid Content While
Maintaining Oil Biosynthesis Through
Triacylglycerol Remodeling

Abdul Azeez, Prasad Parchuri and Philip D. Bates*

Institute of Biological Chemistry, Washington State University, Pullman, WA, United States

Physaria fendleri is a burgeoning oilseed crop that accumulates the hydroxy fatty acid (HFA),
lesqueroalic acid, and can be a non-toxic alternative crop to castor for production of industrially
valuable HFA. Recently, P fendleri was proposed to utilize a unique seed oil biosynthetic
pathway coined “triacylglycerol (TAG) remodeling” that utilizes a TAG lipase to remove
common fatty acids from TAG allowing the subsequent incorporation of HFA after initial TAG
synthesis, yet the lipase involved is unknown. SUGAR DEPENDENT 1 (SDP1) has been
characterized as the dominant TAG lipase involved in TAG turnover during oilseed maturation
and germination. Here, we characterized the role of a putative PfeSDP1 in both TAG turnover
and TAG remodeling. In vitro assays confirmed that PfeSDP1 is a TAG lipase and demonstrated
a preference for HFA-containing TAG species. Seed-specific RNAi knockdown of PleSDP1
resulted in a 12%—-16% increase in seed weight and 14%-19% increase in total seed oil
content with no major effect on seedling establishment. The increase in total oil content was
primarily due to ~4.7% to ~14.8% increase in TAG molecular species containing two HFA
(2HFA-TAG), and when combined with a smaller decrease in THFA-TAG content the proportion
of total HFA in seed lipids increased 4%-6%. The results are consistent with PfeSDP1 involved
in TAG turnover but not TAG remodeling to produce 2HFA-TAG. Interestingly, the concomitant
reduction of THFA-TAG in PfeSDP1 knockdown lines suggests PfeSDP1 may have a role in
reverse TAG remodeling during seed maturation that produces 1HFA-TAG from 2HFA-
TAG. Overall, our results provide a novel strategy to enhance the total amount of industrially
valuable lesquerolic acid in P, fendlleri seeds.

Keywords: Lesquerella fendleri L., lipase, hydroxy fatty acid, oilseed crop, Brassicaceae, SUGAR DEPENDENT 1,
castor (Ricinus communis L.), triacylglycerol remodeling

INTRODUCTION

Physaria fendleri, previously known as L. fendleri, belongs to the mustard family (Brassicaceae)
and is an emerging industrial oilseed crop native to the southwestern United States and northern
Mexico (Al-Shehbaz and O'kane, 2002; Dierig et al, 2011; Von Mark and Dierig, 2015).
Physaria fendleri seeds contain oil with a fatty acid composition comprised of approximately
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60% of the unusual hydroxylated fatty acid, lesquerolic acid
(20:1-OH; (11Z,14R)-14-hydroxyeicos-11-enoic acid; Cocuron
et al., 2014). Hydroxy fatty acids (HFAs) are unusual fatty
acids that accumulate in the seeds of various plant species
(Ohlrogge et al.,, 2018) and are used as feedstocks in several
industries such as pharmaceuticals, cosmetics, plastics,
biodegradable polyesters, and biofuels (Mutlu and Meier, 2010;
Patel et al,, 2016; Chen, 2017). The primary source of HFA
for the industry is castor (Ricinus communis) seed oil, which
contains 85%-90% of the HFA ricinoleic acid (18:1-OH;
[9Z,12R]-12-hydroxyoctadec-9-enoic acid; Mckeon, 2016).
Unfortunately, castor seeds also produce the toxic protein ricin
(Chen et al.,, 2005), of which has greatly limited its production
in the USA and several other countries. The continued
development of P fendleri as an oilseed crop with enhanced
oil and HFA content can provide a non-toxic alternative to
castor and a valuable alternative oilseed crop containing fatty
acids suitable for multiple industries.

The underlying molecular mechanisms of HFA-containing
oil biosynthesis have been investigated in P. fendleri with the
ultimate goal to enhance crop development through increasing
seed oil amount and HFA content. Similar to castor, P. fendleri
synthesizes HFA by hydroxylation of oleic acid esterified to
the membrane lipid phosphatidylcholine (PC) producing
ricinoleic acid (18:1-OH; Bafor et al., 1991; Vandeloo et al.,
1995; Reed et al., 1997; Broun et al., 1998). In castor, PC acyl
editing produces ricinoleoyl-CoA which is utilized by de novo
glycerolipid biosynthesis (e.g., Kennedy pathway; Weiss et al.,
1960) to sequentially acylate glycerol-3-phosphate producing
first de novo sn-1/2-diacylglycerol (DAG) containing two
18:1-OH, and subsequently triacylglycerol (TAG) molecular
species containing three 18:1-OH (e.g., 3HFA-TAG; Bafor et al.,
1991; Lager et al., 2013; Bates, 2016, 2022). However, P. fendleri
predominantly accumulates TAG species containing only two
lesquerolic acids (2HFA-TAG), with each HFA strictly localized
to the sn-1 and sn-3 positions of TAG (Hayes et al, 1995;
Hayes and Kleiman, 1996). In P. fendleri, the 18:1-OH produced
on PC is also incorporated into the acyl-CoA pool through
acyl editing, but it is further elongated to 20:1-OH prior to
incorporation into TAG (Reed et al.,, 1997; Moon et al., 2001).
Until recently, the pathway of 20:1-OH incorporation into TAG
was previously unclear. A Kennedy pathway similar to castor
would make logical sense to limit unusual fatty acids in
membrane lipids, which adversely affect membrane structure-
function (Millar et al.,, 2000). However, transcriptomic studies
on developing P fendleri seeds indicated high expression of
phosphatidylcholine:diacylglycerol  cholinephosphotransferase
(PDCT; Kim and Chen, 2015; Horn et al., 2016), which is a
hallmark of TAG biosynthesis from PC-derived DAG (rather
than de novo DAG of the Kennedy pathway) in Brassica species
(Lu et al., 2009; Bates and Browse, 2011, 2012; Yang et al,
2017; Bai et al., 2020). To synthesize 2HFA-TAG by a PC-derived
DAG pathway utilizing PDCT, de novo DAG containing sn-1
20:1-OH would need to move through the membrane lipid
PC pool to produce a PC-derived DAG containing sn-1
20:1-OH. Subsequent sn-3 acylation with 20:1-OH would generate
the 2HFA-TAG molecular species. However, analysis of lipid

fluxes in HFA-producing Arabidopsis and characterization of
Camelina sativa PDCT properties suggested that PDCT enzymes
discriminate against HFA-containing substrates for PC synthesis
(Bates and Browse, 2011; Lager et al., 2020). In addition,
lesquerolic acid had not been found in P. fendleri seed PC
(Chen et al,, 2011), thus making it unclear if a PDCT promoted
PC-derived DAG pathway of TAG biosynthesis exists in P, fendleri.

Recently we utilized in vivo isotopic labeling of lipid
metabolism in developing P. fendleri embryos to trace the
pathway of newly synthesized fatty acids and glycerol backbones
through the lipid metabolic network into different TAG molecular
species (Bhandari and Bates, 2021). This lipid flux analysis
demonstrated a novel TAG biosynthetic pathway in P. fendleri
that combined PC-derived DAG production with TAG remodeling
as the major mechanism to accumulate 2HFA-TAG while
limiting HFAs in membrane lipids (Supplementary Figure S1).
Physaria fendleri TAG biosynthesis elucidated by the isotopic
tracing starts with the use of PC-derived DAG that does not
contain HFA for the sn-3 acylation with 20:1-OH, producing
initially a TAG molecular species containing only one HFA
(IHFA-TAG). The isotopic tracing further indicated the glycerol
backbone and HFA of 1HFA-TAG are converted into 2HFA-TAG
over time. The proposed mechanism is that 1HFA-TAG is
remodeled into 2HFA-TAG involving a TAG lipase that removes
the sn-1 non-HFA from 1HFA-TAG transiently producing
sn-2-acyl-sn-3-HFA-DAG. Subsequent acylation with 20:1-OH
at the sn-1 position generates the final 2HFA-TAG
(Supplementary Figure S1; Bhandari and Bates, 2021). Thus,
the isotopic tracing revealed how P. fendleri can utilize PDCT
activity for a PC-derived DAG pathway of TAG biosynthesis,
without the need to move lesquerolic acid through the PC
membrane lipid pool.

While the P. fendleri lipid metabolic tracing indicated the
major pathway of carbon flux into TAG, the identity of the
enzymes involved are unclear. Especially, the TAG lipase at
the center of the TAG remodeling pathway. TAG lipases in
plants have multiple roles, including TAG turnover during:
oilseed germination to provide energy and carbon for seedling
establishment; pollen tube growth to provide fatty acids for
membrane lipid production; and senescence or various stresses
that produce transient TAG pools from membrane lipid
turnover (Theodoulou and Eastmond, 2012; Troncoso-Ponce
et al., 2013; Kelly and Feussner, 2016; Pyc et al, 2017;
Shimada et al, 2017; Wang et al., 2019; Ischebeck et al,
2020). Developing P. fendleri seeds express 12 genes annotated
as TAG lipases (Horn et al., 2016), including a homolog of
the SUGAR DEPENDENT 1 (SDP1) TAG lipase. SDP1 was
first characterized as the dominant TAG lipase involved in
TAG turnover during seed germination in Arabidopsis thaliana
(Eastmond, 2006; Kelly et al., 2011). Yet, SDP1 expression
increases during seed development in preparation for
germination, which leads to a reduction in total seed TAG
during seed maturation. The suppression of SDPI during
seed development has led to increased levels of seed oil in
Arabidopsis (Van Erp et al., 2014), Brassica napus (Kelly
et al., 2013), jatropha (Kim et al., 2014), and soybean (Kanai
et al.,, 2019; Aznar-Moreno et al., 2022).
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The proposed TAG remodeling pathway of oil biosynthesis
in P fendleri involves a TAG lipase (Bhandari and Bates,
2021); therefore, we considered the possibility that PfeSDP1
may be involved in TAG remodeling during seed development,
and/or SDP1 may be involved in TAG turnover during seed
germination as previously characterized in other species
through three hypotheses (Supplementary Figure S1). In
hypothesis 1, if PfeSDP1 was involved in TAG remodeling
then there would be two key features of PfeSDP1: (1) the
enzymatic selectivity for TAG molecular species would either
favor non-HFA, or be non-selective to TAG molecular species
so as to not preferentially turnover the major 2HFA-TAG
molecular species produced during seed development and
(2) that the suppression of PfeSDPI during seed development
would lead to increased accumulation of 1HFA-TAG at the
expense of 2HFA-TAG reducing the total HFA content of
the seed oil. In hypothesis 2, if the role of PfeSDP1 is similar
to that of SDP1 in other species being primarily for TAG
turnover during germination, then the enzymatic activity
may favor turnover of 2HFA-TAG, and that suppression of
PfeSDP1 during seed development would increase total seed
TAG without affecting fatty acid composition. In hypothesis
3, if PfeSDP1 was involved in both TAG biosynthesis and
TAG turnover during seed maturation, then the enzymatic
activity would be non-selective to TAG molecular species,
and suppression of PfeSDP1 during seed development would
both increase the proportion of 1HFA-TAG and total seed
oil. Therefore, to further understand the potential roles of
PfeSDP1 in P. fendleri lipid metabolism in the context of
these three hypotheses we pursued both in vitro and in vivo
studies through enzymatic investigations of heterologously
expressed PfeSDPI, analysis of SDP1 expression at different
developmental stages, and produced seed-specific PfeSDPI_
RNAi knockdown lines of P. fendleri.

MATERIALS AND METHODS

RNA Isolation and Quantitative Real-Time
PCR Analysis

Physaria fendleri seed pods of 24, 30, and 42 (mature seed)
days after pollination (DAP) were harvested to collect
developing seeds and immediately frozen in liquid nitrogen
and stored at —80°C till used for RNA extraction. Three
replicates of 10 seeds per time point including 1 day germinated
seeds were used for RNA extraction. Total RNA was extracted
using a Spectrum plant total RNA kit (Sigma). Total RNA
(10pg) was treated with RNase-Free DNase (Qiagen) and
cleaned using a RNeasy® Mini Kit (Qiagen). One microgram
of the RNA was used to generate cDNA using an iScript
cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR
(qQRT-PCR) analyses were carried out with CFX96 Real-Time
System (Bio-rad), using Maxima SYBR Green qPCR Master
Mix (Thermo Fisher Scientific Co.), and relative expression
values were calculated using the A-Ct-method. A complete
list of the primers used for RT-PCR is presented in
Supplementary Table S1.

Over Expression and Purification of
PfeSDP1 Protein

The full-length coding sequence of PfeSDPI was ordered from
Integrated DNA Technologies (IDT) based on prior developing
P fendleri RNAseq results (Horn et al, 2016) and amplified
using the gene-specific primers (Supplementary Table S1),
PfeSDP1-FW (added Kpnl) and PfeSDP1-RV (added NotI). The
amplified product was excised with Kpul and Notl and cloned
into the yeast expression vector, pYES2/NT-C (Invitrogen), under
the control of galactose-inducible promoter, GAL1 and with a
His-Tag at the N-terminus. The recombinant plasmid, pYES2/
NT-C+ PfeSDPI and empty vector (pYES2/NT-C) was transformed
into Saccharomyces cerevisiae expression strain, INVScI by using
lithium acetate method as described in the Invitrogen user manual.
The yeast transformants were grown overnight in yeast synthetic
media without uracil (SM-URA)+2% glucose, and the transgene
was induced by adding 0.4 A4y, overnight culture to 500ml of
induction media (SM-URA +2% galactose +1% raffinose). After
36h of shaking at 220rpm at 28°C, the cells were harvested by
centrifugation and resuspended in the lysis buffer [50mM sodium
phosphate buffer pH 8.0; 250mM NaCl; 5% glycerol; 2mM
sodium taurodeoxycholate, 1mM phenylmethylsulfonyl fluoride
(PMSF) and 1x ProteaseArrest™ for yeast/fungal; G-biosciences,
United States]. The cells were lysed with 0.5mm Zirconia/Silica
beads using a bead beater (BioSpec Products, United States),
and the resulting cell lysate was subjected to centrifugation at
20,000rpm for 20min to remove cell debris and glass beads.
Recombinant SDP1 protein was purified under native conditions
using ProBond™ purification system (Invitrogen, United States).
Briefly, the supernatant from cell lysate was loaded on to Ni-NTA
column and the protein was eluted using 250mM imidazole
according to the manufacturer’s instructions. Two millimolar
sodium taurodeoxycholate was included in all the buffers. The
eluted protein fractions were pooled after SDS-PAGE (10%)
analysis and subjected to concentration and buffer exchange
(50mM  sodium phosphate pH 8.0, 2mM sodium
taurodeoxycholate, and 10% glycerol) using Amicon Ultra-15
centrifugal unit (Millipore Sigma, United States; Cat. no:
UFC903008). Recombinant purified protein was confirmed by
immunoblotting using anti 6X-His Tag monoclonal antibody
(HIS.HS8; Invitrogen, United States) produced in mouse at a
dilution of 1:3000(v/v) and rabbit anti-mouse IgG secondary
antibody tagged with HRP (Invitrogen, United States) at a dilution
of 1:5000 (v/v). Blots were developed with Clarity™ western
ECL substrate (BIO-RAD, United States). Protein content was
determined using Pierce BCA protein assay kit (Thermo Scientific,
United States) using BSA as standard.

In vivo Metabolic Labeling and Neutral
Lipid Profiling of Yeast Expressing
PfeSDP1

Yeast transformants harboring pYES2/NT-C + PfeSDP1 and empty
vector (pYES2/NT-C) were pre-cultured overnight in
SM-URA +2% glucose. For in vivo labeling, cells at an Ag
of 0.4 were inoculated into an induction medium (SM-URA +2%
galactose +1% raffinose) containing 0.2pCi/ml ["“Clacetate
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(American Radiolabeled Chemicals, Inc., United States) and
grown at 28°C up to stationary phase. Total Lipid extraction
with chloroform:methanol:2% phosphoric acid (2:1:1, v/v/v)
was performed on yeast cells, pellet from a volume of culture
in ml x Agp=40. Neutral lipids were separated on sillica TLC
plates (Analtech Silica gel HL; 20 cm x 20 cm; 250 pm thickness;
15pm particle size) using petroleum ether:diethyl ether:acetic
acid (70:30:1, v/v/v) as a solvent system. The labeled neutral
lipids were measured on a Typhoon FLA 7000 phosphor imager
and the relative amount of radioactivity in TAG, free fatty
acid (FFA), and DAG were using quantified ImageQuant TL
7.0 (GE healthcare, United States).

Preparation of 1HFA- and 2HFA-TAG
Substrates

[C]1HFA- and [“C]2HFA-TAG substrates for in vitro lipase
assay were purified using thin layer chromatrography (TLC)
from total lipids extracts of P. fendleri developing embryos
which are cultured in the presence of ["*Clacetate as described
in Bhandari and Bates (2021). Unlabeled [*C]2HFA-TAG was
purified using TLC from Physaria seed oil as per previously
defined (Bhandari and Bates, 2021). The purified substrates
are quantified by GC-FID as described below.

In vitro Lipase Activity Assays

Lipase activity of PfeSDP1 was measured by monitoring the
release of ["C]fatty acid from [“C]TAG. The assay was carried
out in a reaction volume of 250pl consisting of 50 mM Tris-
(HCI) pH 8.0, 2mM DTT, 2mM sodium taurodeoxycholate,
and 2mM CaCl,. A total of 0.02 uCi of ["*C]triolein (0.363 nmol;
American Radiolabeled Chemicals, Inc., United States) or
[C]1HFA-TAG (1nmol) or ["*C]2HFA-TAG (1 nmol) dissolved
in ethanol was added to the reaction buffer and sonicated
using water bath sonicator to disperse the lipid. For competitive
lipase assay, equimolar ratio (1:1) of [“C]triolein:[**C]triolein
or ["Cltriolein:["*C]2HFA-TAG was dissolved in ethanol and
added to reaction buffer. The reaction was started by the
addition of 50ug recombinant protein and incubated at 30°C
for 45min with shaking (1,000rpm). The assay was stopped
by adding chloroform:methanol:acetic acid (2:1:0.1, v/v/v). After
vortex and centrifugation, chloroform phase was transferred
into a new tube and dried using nitrogen evaporator. Dried
lipids were solubilized in 40ul chloroform and separated and
neutral lipids separated by TLC and quantified by phosphor
imaging as above.

RNAi Constructs Preparation

PfeSDPI RNAI target gene fragments of 240 bp were PCR amplified
using synthesized SDP1 DNA (IDT) as a template with Phusion
Taq (New England Biolabs). The primers used for the PCR
reaction were: PfeSDP1-RNAIF (added Sacll and NotI) and
PfeSDP1-RNAIR (added PstI and Xmal restriction sites). The
forward arm was cloned at Notl/Xmal, whereas the reverse arm
was cloned at PstI/Sacll sites of the J2 vector under seed-specific
2S albumin promoter (Shockey et al., 2015). This clone was
sequence-verified, and the promoter:gene:terminator cassette was

released by digestion with Ascl and cloned into binary vector
pB9 (Shockey et al., 2015). A complete list of the primers used
for RT-PCR is presented in Supplementary Table S1.

Tissue Culture and Transformation

Plant transformation was performed using the Agrobacterium
GV3101 strain carrying the P fendleri SDP1-RNAi construct
in binary vector pB9 (Shockey et al., 2015). The in vitro P. fendleri
grown plant’s mature leaves were used for the transformation.
Tissue culture and transformation protocol followed as described
previously (Chen, 2011) with some modifications, using Basta
1.2mg/L for transgenic selection. The leaves were harvested
from the in vitro grown plants in sterile conditions and cut
into four pieces. The agrobacterium solution in half strength
Murashige and Skoog (MS) harbored SDP1-RNAi construct
for 5min with gentle shaking. Following inoculation, the excess
Agrobacterium solution was removed by soaking on sterilized
filter paper. Leaf segments were transferred to the callus and
shoot induction media (CSI) composed of basal media (BM;
1/2 strength MS with 3% sucrose, 0.6% agar, pH 5.7), supplemented
with 0.1% 6-BA (6-benzylaminopurine) and 0.01% NAA
(naphthaleneacetic acid). Co-cultivated in the dark for 2days
(to increase transformation efficiency) and then 2days in the
light. After 2days of incubation under light, leaves were again
cut into 5mm sizes and transferred on CSI media containing
0.6mg/L Basta for transgenic selection and 100mg/L timentin
to repress agrobacterium growth. After 6-8 weeks, Basta resistant
yellowish-green calli come from the leaf segments were cut
into small pieces (each calli from the leaf segment were marked
as an independent line) and transferred on CSI media containing
1.2mg/L Basta for strong selection. After four rounds of successive
selection to get rid of chimeric tissues, shoots were subculture
on BM supplemented with 1 mg/L 6-BA, 1mg/L indole-3-butyric
acid (IBA), and 1.2mg/L Basta for the shoot induction. After
3-4weeks, shoots of 10-15mm were transferred to BM
supplemented with 1 mg/L IBA and 1.2mg/L Basta for rooting.
After 3-5weeks, shoots with 3-5 roots were carefully removed
from the media and dipped into an antifungal solution of
Terbinafine hydrochloride (1pM) and then transferred to the
soil pot (2”x2”). After root establishment, the plants were
transferred to larger pots (4”x4”) in growth room set at 16/8h
light/dark cycle with a light intensity of approximately
250 pmolm™ s7!, 23°C-24°C temperature, and 50% humidity.
Seeds from T1 selfed plants (T2 seed) were obtained after forced
pollination using the pollen of different flowers from the
same plant.

Germination Assay

Around 20-25 seeds for each genotype were surface sterilized
with ethanol for 1min, washed with sterilized water three
times, transferred to wet blotting papers in half-strength MS,
and kept in the dark for 2 days to germinate. After germination,
the plates were transferred under the light. The seedling
establishment percentage was calculated after 4days in light
(16h light/8h dark), defined by the development of the green
cotyledonary leaves.
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Quantification of Different TAG Species by
HPLC and GC-FID

Total lipids were extracted from ~30-40 mg mature seeds using
hexane-isopropanol method (Hara and Radin, 1978) with some
modification as described in Shockey et al. (2019). Extracted
lipids were dried using N, gas and dissolved in hexane:isopropanol
(60:40) for separation of different TAG species (0, 1, and
2HFA-TAGs) by high performance liquid chromatography
(HPLC) on an Agilent 1260 Infinity II LC with YMC Pack
PVA-SIL (250mm x4.6mm, 5pm particle size) column. The
HPLC instrumentation setup, gradient, and fraction collection
methods for different TAG species are reported previously
(Kotapati and Bates, 2020). The collected fractions were dried
under nitrogen gas after adding 25ug of internal standard,
Tri-17:0 TAG (Nucheck Prep, United States) and converted to
fatty acid methyl esters (FAMEs) using 2.5% H,SO, in methanol
at 85°C for 1h. FAMES were extracted into hexane after phase
separation with 0.88% potassium chloride and quantified with
Agilent 7,890 Gas Chromatograph with Flame Ionization
Detection (GC-FID) on a DB-HeavyWAX column (30 m, 0.25 mm
internal diameter, and 0.25pm film thickness). The GC-FID
conditions are as follows: split mode injection (1:20), 5ul
injection volume, injector at 250°C and FID at 270°C, with
oven temperature programmed at 140°C for 0 min, ramped at
the rate of 20°C per min to 200°C, then increasing at 6°C
per min to 270°C and holding at 270°C for 5min. Three
replicates of five seeds for each SDP1_RNAI line and control
were used for lipid extraction and analysis.

RESULTS

Physaria fendleri SDP1 Is Evolutionary
Conserved and Highly Expressed During
Late Seed Development and Germination

A full-length putative SDPI gene sequence from P fendleri
was identified from the developing seed transcriptome based
on homology to AtSDP1 (Horn et al., 2016). Phylogenetic
analysis revealed that P fendleri SDP1 is highly conserved
among the Brassicaceae family, showing 89% and 90% amino
acid sequence identity with Camelina and Arabidopsis SDP1
homologs, respectively (Figure 1A; Supplementary Table S2).
Protein sequence alignment contains a conserved patatin-like
domain with its close relative Arabidopsis and Camelina
containing lipase motifs GXGXXG and GXSXG (Figure 1B).
Arabidopsis SDPI is expressed during late seed development
and germination (Eastmond, 2006), and prior transcriptomics
of P fendleri only reported on developing seeds, of which
SDP1 was expressed but low relative to other putative TAG
lipases (Horn et al., 2016). Therefore, we quantified the relative
SDP1 expression during P. fendleri seed development and
germination by qRT-PCR. SDPI expression increased from 24
to 30 DAP and was almost four-fold higher in mature seeds
than at 24 DAP (Figure 1C). The SDPI expression further
increased 8-fold compared to 24 DAP 1 day after seed germination
(Figure 1C).

EgrSDP1

— PfeSDP1
RcSDP1 10
JeSDP1 8 g
‘»
PtSDP1 @
S
WiSDP1 = 6
ZjsDP1-like S al
®
PpSDP1 o
= 2
o1 AtSDP1
CsaSDP1 0
PfesDP1 e o0 o oo
oR oM @ @0
RsSDP1 & o8
o

BnaSDP1-like

100
B BraSDP1

PfeSDP1 GRFHVGVVRTLVEHKLLPRI IA

AtSDP1 GRFHEVGVVRTLVEHKLLEPRI IA

CasSDP1 5% 4

PfeSDP1 GVFSIVRRVMTQGALHDIRQLQCMLRNLTSNLTFQEAYDMTGRILGITVCSPRRHEPPRC
AtSDP1 GVFSIVRRVMTQGALHDIRQLQCMLRNLTSNLTFQEAYDMTGRILGI TVCSPRREEPPRC

CasSDP1 GVFSIVRRVMTQGALHDIRQLQCMLRNLTSNLTFQEAYDMTGRILGITVCSPRRHEPPRC
e
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Kok ko ke P

FIGURE 1 | Homology of Physaria fendleri SDP1 and expression in seed
tissue. (A) Phylogenetic analysis of P, fendleri and other SDP1 proteins. The
phylogenetic tree was constructed using MEGA11. Numbers at the tree
branches indicate percent bootstrap support of 1,000 iterations. Species
abbreviations and accession numbers of each protein given in
Supplementary Table S2. (B) An amino acid alignment of patatin domain of
P, fendleri with Arabidopsis and Camelina SDP1. Lipase motifs GXGXXG and
GXSXG are highlighted with a black box. Protein aliment was performed using
ClustalW. (C) Relative expression of the PfeSDP1 gene during seed
development and germinated seeds, the expression quantified by gRT-PCR
and normalized to the reference 78S gene. DAP24; DPA3O0; indicates 24 and
30days after pollination, respectively. Expression values are the average of
three biological replicates + SE.

Characterization of Triacylglycerol Lipase
Activity of PfeSDP1

To confirm the TAG lipase activity and evaluate possible fatty
acid selectivity of the putative SDP1 gene from P fendleri,
we overexpressed PfeSDP1 protein in yeast strain, INVScl
under GALI induction promoter and examined its lipolytic
activities in in vivo by metabolic labeling using [**Clacetate.
Analysis of neutral lipids from whole-cell total extracts indicated
the level of TAG decreased significantly in the cells expressing
PfeSDP1 compared to the cells harboring empty vector.
Concurrently, the levels of DAG and FFA were increased in
PfeSDP1 overexpressed cells compared to vector control
(Figure 2A), consistent with TAG lipolytic activity of PfeSDP1 in
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FIGURE 2 | Characterization of PfeSDP1 triacylglycerol lipase activity. (A) PfeSDP1 overexpressed in S. cerevisiae and in vivo metabolic labeling with ['“Clacetate
to label fatty acid synthesis. The relative amount of radioactivity in TAG, FFA, and DAG neutral lipids quantified by thin-layer chromatography (TLC) separation and
phosphor imaging (inset). (B) Purification of a His-tagged PfeSDP1 (96 KDa) expressed in S. cerevisiae. Left, SDS-PAGE of total protein from uninduced (Ul) cells
and induced (1) cells. M, protein marker. Right, Western blot with anti-(His)6 antibody from E1 and E2, elution fractions of purified protein from Ni-NTA column.

(C) TAG lipase activity of purified PfeSDP1 protein. Phosphor image TLC of in vitro lipase assay reactions with ['“Cltriolein as substrate. Lipase from Rhizopus mehei
was used as positive control. Elution fraction from vector control (VC), heat inactivated (HI.) PfeSDP1 and no enzyme addition was used as negative controls.

(D) Competitive lipase assay of PfeSDP1 protein with equimolar amounts (1:1) of ['*Cltriolein:['?Cltriolein, or [“Ctriolein:["?C]2HFA-TAG as substrates. Lipase activity
was represented as amount (%) of ["“Cltriolein degraded (left) and release of ["“Cloleic acid (right) as measured by phosphor imaging. TAG, triacylglycerol; FFA, free
fatty acids; DAG, diacylglycerol; ST, sterol; MAG, monoacylglycerol; PL, phospholipids; OA, oleic acid. All the values are represented as Mean +SD of three
independent experiments and significant difference between wild-type control and PfeSDP1 knock-down lines was determined using two-way ANOVA (***p <0.001
and *p <0.33).

in vivo. We also tested the in vitro TAG lipase activity of panel). The His-tagged fusion protein was directly used for
PfeSDP1 by using a His-tagged recombinant protein overexpressed — enzymatic characterization using ["C]triolein as a substrate.
in INVScl and purified on Nickel-NTA agarose beads Isolated PfeSDP1 could hydrolyze [“Cltriolein to FFA and
(Figure 2B). SDS-PAGE analysis of the purified fusion protein DAG similar to Rhizopus mehei lipase (positive control;
indicated a protein band of expected size (~96kDa), which  Figure 2C). This validated the reduction of TAG and
was further confirmed by western blotting (Figure 2B, right  accumulation of FFA, and DAG phenotype observed in the
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in vivo metabolic labeling study. No activity was detected in
the vector and heat-inactivated protein controls. As P. fendleri
seed oil is composed of more HFA-containing TAG molecular
species compared to TAG only containing common fatty acids,
we also tested its activity against HFA-containing TAG substrates
and found that PfeSDP1 can hydrolyze [“C]TAG with both
1 and 2 HFA (Supplementary Figure S2). To further characterize
the common vs. HFA-TAG substrate preference of PfeSDP1,
we carried out a competitive in vitro lipase assay using the
equimolar ratio (1:1) of [“C]triolein:["*C]triolein or ["C]
triolein:["*C]2HFA-TAG. The substrate specificity was determined
by measuring the rate of ["“C]triolein degradation and the
amount of ["“CJoleic acid released. In the assay, if PfeSDP1
has a higher selectivity for 2HFA-TAG the rate of ["*C]triolein
degradation should decrease relative to the ["*C]triolein:[*C]
triolein control. However, if PfeSDP1 prefers triolein over
2HFA-TAG, we would expect the rate of ["'C]triolein degradation
to increase. When the PfeSDPI1 activities in the presence of
equimolar mixtures of substrates were compared, the rate of
["Cltriolein degradation and the amount of oleic acid released
was decreased by ~20% and ~26%, respectively, in the presence
of HFA-containing TAG compared to common fatty acid-
containing TAG (Figure 2D). Together, these results confirm
that PfeSDP1 is a TAG lipase and can utilize TAG molecular
species containing both common fatty acids and HFAs, but
with a preference for HFA-TAG containing molecular species.

SDP1 Knockdown Increased Seed Weight
With Limited Effect on Post-germination
Seedling Establishment

To investigate the in-planta function of PfeSDP1, we designed
an RNAi knockdown construct expressed under the strong seed-
specific promoter 2S albumin (Guerche et al, 1990; Shockey
et al, 2015) to repress the SDPI expression only in developing
P, fendleri seeds to avoid any possible pleiotropic effects at other
developmental stages. The PfeSDP1_RNAi transgenic plants
were produced by Agrobacterium transformation of leaf tissue
and plant regeneration through tissue culture. Out of 12
regenerated plants, nine transgenic PfeSDP1_RNAi plants were
confirmed by PCR using vector and gene-specific primers
(Supplementary Figure S3A). Seeds harvested from T1 generation
plants (T2 seeds) were utilized to determine the effect of PfeSDP1
knockdown on seed weight, lipid content, germination, and
seedling establishment. Based on increased seed weight the top
four transgenic lines were selected (PfeSDPi_3, 4, 9, and 13;
Supplementary Figure S3B), and the knockdown of
PfeSDPI expression in these lines was confirmed by qRT-PCR
of RNA extracted from the germinating T2 seeds
(Supplementary Figure S4). These four selected transgenic lines
were used for further analysis in this study. The PfeSDP1_RNAi
knockdown lines had a significant increase in seed weight ranging
from 0.74-0.77mg (12%-16%) in line 13 and line 3, respectively,
compared to the wild-type average seed weight of 0.66mg
(Figure 3A). No considerable difference in seed germination was
measured, and there was a limited effect on post-germination
seedling establishment in the PfeSDP1_RNAi plants compared
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FIGURE 3 | Seed-specific PfeSDP1_RNAI increases seed weight and has a
limited effect on seed establishment. (A) The seed weight of PfeSDP1_RNAi
T1 generation plant seeds (T2 seeds) represent the average seed weight
(n=10). (B) Percentage of seedling establishment after 4 days in light (16h
light/8h dark), defined by the development of the green cotyledonary leaves.
Asterisks (*) and (**) indicate significant differences at p <0.05 and p <0.0005
to the control by two-tailed paired t-tests.

to control plants (94% seedling establishment), except for line
9 which had 74% seedling establishment (Figure 3B).

SDP1 Suppression Increased Both Total
Oil Content and Hydroxy Fatty Acid
Content
The total seed fatty acid content and fatty acid composition
was quantified by gas chromatography in seeds (T2) produced
from the top selected T1 SDP1_RNAi lines. All four of the
top SDP1_RNAI lines had a significant increase in total seed
fatty acid content, with total fatty acid content increasing
14%-19% to 261-271pg per mg seed in line 3 and line 9,
respectively, compared to the control seeds containing an average
of 228 g per mg seed (Figure 4A; Supplementary Table S3).
The increase in total fatty acid content was attributed primarily
to the HFAs 20:1-OH and 20:2-OH, which increased significantly
in the transgenic lines to 144.8-155 and 8.9-10.8ug per mg
seed, whereas control seeds contained only 122.2 and 7pg per
mg seed, respectively (Figure 4B; Supplementary Table S4).
In addition, SDPI knockdown lines had a slight but significant
increase in the 18 carbon fatty acids 18:1, 18:2, and 18:3,
which increased to 41.6-44.3, 18.2-19.8, and 31.6-35.9 pg per
mg seed, whereas control seeds had 38.3, 18.1, and 30.4pg
per mg seed, respectively (Figure 4B; Supplementary Table S4).
When the seed fatty acid composition is considered as a weight
percentage of total fatty acids, there was a significant increase
in total HFA (4%-6%). In contrast, there was no substantial
proportional change in individual non-HFAs compared to the
control (Figures 5A,B).

Previous research has indicated that P fendleri accumulates
TAG molecular species groups of 0HFA-, 1HFA-, or 2HFA-TAG,
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FIGURE 5 | Increased proportion of hydroxy fatty acids in PfeSDP1_RNAI seeds. (A) Weight percent of total fatty acids (FA) of PfeSDP1_RNAi lines 3, 4, 9, and 13.
(B) Total HFAs combined (18:1-OH, 18:2-OH, 20:1-OH, and 20:2-OH). Data represents mean + SEM (n=3-10) per line. Additional minor fatty acids (18:1-OH, 18:2-
OH, 20:0, 20:1) each representing less than 1% of total fatty acids are included in Supplementary Table S3. Asterisks (*), (**), and (***) indicate significant
differences at p <0.05, <0.002, and <0.0006 compared to their respective control by two-tailed paired t-tests.

and that 1HFA-TAG is a metabolic precursor to 2HFA-TAG
through TAG remodeling (Supplementary Figure S1). Therefore,
to determine if the changes in seed fatty acid content and
composition are due to differential accumulation of various TAG
molecular species, total lipids were extracted from three independent

plants of SDP1 RNAi lines, PfeSDPIli 3, PfeSDPli 4, and
PfeSDP1i_9 and the non-hydroxy-, 1HFA-, and 2HFA-TAG
molecular species were separated and collected by HPLC and
quantified by GC. No significant changes in the levels of
non-hydroxy-TAG were observed between control plants and
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FIGURE 6 | Analysis of different TAG species in the seeds of SDP1 RNAI
lines. The levels of different TAG molecular species were expressed as pg/mg
dry seed weight (A) and relative percent (mol%) of total TAG (B). 1HFA-TAG
and 2HFA-TAG represents TAG with one and two hydroxy fatty acids,
respectively. Significant difference between wild-type control and PfeSDP1
knock-down lines was determined using two-way ANOVA (**p <0.001 and
*p<0.33).

PfeSDP1 RNAi plants. The amount of 1HFA-TAG in all the
PfeSDP1 RNAI lines was significantly reduced compared to the
control by 1.2-1.6-fold (Figure 6A), representing a ~12.7% to

~40.7% decrease in the relative proportion of total TAG species
(Figure 6B). The amount of 2HFA-TAG was significantly increased
by 1-1.2-fold compared to control plants, representing an ~4.7%
to ~14.8% increase in the relative proportion of total TAG species
(Figure 6). Other than the amount of TAG molecular species,
there were small changes in TAG molecular species fatty acid
compositions (Supplementary Figure S5). The largest changes
were in 1HFA-TAG, where the levels of 18:1 decreased significantly
by ~7.5 to 14.1% in all the SDP1 RNAI lines compared to wild-
type and were compensated by mostly increases in 18:0
(Supplementary Figure S5). Overall, reduced seed expression of
PfeSDPI increased total seed fatty acids and the proportion of
HFAs in the seed oil predominantly by the enhanced accumulation
of 2HFA-TAG.

DISCUSSION

Physaria fendleri is a burgeoning oilseed crop that has gained
considerable interest in basic oilseed research because of the
natural presence of the industrially important HFA, lesquerolic
acid in its seeds. Our previous attempt to understand the
channeling of newly synthesized common and HFA to seed
storage lipids using in vivo isotopic labeling has demonstrated
a novel TAG remodeling pathway in P. fendleri with a proposed
TAG lipase as a central player (Bhandari and Bates, 2021).
Various TAG lipases were previously reported to be expressed
in P fendleri during seed development (Horn et al, 2016).
Among these, SDP1 is known to be involved in mobilizing
TAG during maturation and desiccation stages of seed
development, besides its major TAG turnover role during seed
germination (Kelly et al., 2013; Kim et al., 2014; Kanai et al.,
2019). Therefore, we hypothesized three possible roles of
P fendleri SDP1 during seed development. Firstly, if PfeSDP1
is involved in the proposed pathway of TAG remodeling to
produce 2HFA-TAG, its knockdown might block 1HFA-TAG
remodeling, thereby reducing the accumulation of 2HFA-TAG
in its seeds. Secondly, if the role is similar to other oilseeds
for TAG mobilization during the desiccation stage of seed
development, its suppression might decrease TAG catabolism,
specifically 2HFA-TAG and increase total oil and 2HFA-TAG
content. Third, PfeSDP1 may be involved in both TAG remodeling
and TAG turnover of which the suppression should lead to
increased oil with more 1HFA-TAG, and less 2HFA-TAG. To
test the above hypotheses, we isolated the P fendleri SDPI1
homolog, demonstrated its lipolytic activity and fatty acid
substrate selectivity by heterologous expression in yeast and
generated seed-specific SDP1_RNAi knockdown lines of P. fendleri
to understand the effect of its suppression on total oil content
and fatty acid composition. Together our results are most
consistent with hypothesis 2 (Figure 7).

PfeSDP1 Is a HFA Selective Lipase
Involved in 2HFA-TAG Turnover

Overexpression of PfeSDP1 in yeast confirmed the lipolytic activity
of the protein to hydrolyze triacylglycerols. A similar activity
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specifically for TAG substrates has been reported for SDP1
proteins from Arabidopsis and soybean (Eastmond, 2006; Kanai
et al, 2019). Previously soybean SDPI preferentially cleaved
triolein than trilinolein (Kanai et al, 2019), indicating that
substrate selectivity of SDP1 may have a role in the mobilization
of certain TAG molecular species over others. Similarly, it is
evident from our in vitro competitive lipase assay that PfeSDP1
preferentially uses HFA-containing TAG as a substrate over
common fatty acid-containing TAG (triolein). Although, SDP1
suppression studies in Brassica and Jatropha (Kelly et al., 2013;
Kim et al, 2014) increased seed oil content but without any
major changes to the fatty acid composition. However, we observed
both a significant increase in seed oil accumulation and an
increase in the HFA content of the oil. The increase in HFA
content in the PfeSDP1_RNAi lines came from enhanced
accumulation of 2HFA-TAG, which is the major TAG species.
Therefore, this clearly demonstrates the importance of both TAG
anabolic and catabolic pathways during P, fendleri seed development
for the control of both oil amount and oil quality. Based on
our initial stated hypothesis 2, the increase in total seed oil and
specifically the final 2HFA-TAG molecular species (rather than
the TAG remodeling intermediate, IHFA-TAG) support the role
of PfeSDP1 for predominantly mobilization of the major TAG
molecular species during seed germination and late seed maturation.
Therefore, PfeSDP1 is likely not the lipase involved in remodeling
1HFA-TAG to 2HFA-TAG, which when suppressed would have
led to increased 1HFA-TAG (Figure 7A). However, we have
demonstrated that the inhibition of TAG degradation, specifically
2HFA-TAG turnover, by suppression (or mutation) of PfeSDPI,
would be an excellent strategy to enhance the total amount of
industrially valuable lesquerolic acid in P, fendleri seeds (Figure 7C).

Connection of SDP1 to TAG Remodeling in
Physaria fendleri Seeds

According to the pathway of P. fendleri 2HFA-TAG production
through TAG remodeling elucidated by isotopic labeling in
developing seeds (Figure 7A; Bhandari and Bates, 2021),
1HFA-TAG is synthesized from PC-derived DAG, and subsequently,
the sn-1 common fatty acid is removed by a lipase to generate
sn-2-acyl-sn-3-HFA-DAG that is finally acylated at the sn-1
position with a HFA to make 2HFA-TAG. As hypothesized, if
PfeSDP1 is part of TAG remodeling, then the knockdown of
SDP1 activity will produce less 2HFA-TAG and more 1HFA-
TAG. The SDP1_RNAI lines accumulate more 2HFA-TAG, and
thus we have concluded that PfeSDP1 is likely not involved in
the dominant TAG remodeling pathway that produces 2HFA-TAG
(thus rejection of initial hypotheses 1 and 3). However, surprisingly
the SDP1_RNAi lines also had a significant decrease in total
1HFA-TAG (Figure 6A). This result suggests that some of the
1HFA-TAG that accumulates in mature seeds is due to the
action of PfeSDP1 and may involve reverse TAG remodeling
of 2HFA-TAG that generates at least part of the substrates utilized
for IHFA-TAG biosynthesis (Figure 7B). Reverse TAG remodeling
of 2HFA-TAG likely involves PfeSDP1 cleavage of 2HFA-TAG
producing 1HFA-DAG and free HFA. Subsequent 1HFA-TAG
production may occur either by acylation of the 1HFA-DAG
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FIGURE 7 | Model of lipase action in P, fendleri oil accumulation. In many
oilseeds TAG accumulates over seed development, then TAG levels drop
~10%-20% during seed maturation (blue line). (A) In P fendleri recent results
suggest an uncharacterized lipase is involved in remodeling 1HFA-TAG to
2HFA-TAG during TAG biosynthesis. (B) In wild-type P, fendleri PfeSDP1
action during late seed development and/or seed maturation leads to TAG
turnover and the p-oxidation (B-ox.) of fatty acids reducing total oil amount.
Some of the products of 2HFA-TAG turnover are remodeled into 1THFA-TAG.
(C) The PfeSDP1_RNAI lines reduce TAG turnover and remodeling of 2HFA-
TAG to THFA-TAG, thus increasing total oil amount (red dashed line) and HFA
amount. Because PfeSDP1_RNAI lines only decreased expression of
PfeSDP1 up to 50%, this result suggests a knockout mutation of PleSDP1
may further increase seed oil.

with a common fatty acid or utilization of the HFA for acylation
of a non-HFA-containing DAG molecule. Considering total oil
is reduced by PfeSDP1 action in wild-type, the degradation of
the free HFA and acylation of some of the 1HFA-DAG by a
common fatty acid may be the more likely mechanism. Additionally,
the formation of 1HFA-TAG (rather than 2HFA-TAG resynthesis)
may be favored by reduced de novo lesquerolic acid synthesis
during late seed maturation. Interestingly, the remaining
1HFA-TAG in the PfeSPD1_RNAi lines had decreases in oleic
acid (18:1) content (Supplementary Figure S5B). Oleic acid is
the substrate for hydroxylation, thus this result is consistent
with a reverse TAG remodeling mechanism in wild-type where
PfeSDP1 produced 1HFA-DAG is acylated with 18:1 (from de
novo fatty acid synthesis) during seed maturation, rather than
20:1-OH that is abundantly produced during the seed filling
stage (Bhandari and Bates, 2021; Figure 7B). To further elucidate
the mechanisms of TAG remodeling in P. fendleri, future studies
should target lipases other than PfeSDP1 by RNAI to identify
the lipase involved in the dominant TAG remodeling mechanism
that produces 2HFA-TAG. Further clarification of PfeSDP1 induced
reverse TAG remodeling of 2HFA-TAG to 1HFA-TAG may
be elucidated by isotopic labeling studies during the late seed
maturation phase and/or measurements of PfeFAHI12 activity
during this stage of development, of which reduced PfeFAH12
activity would favor the acylation of 1HFA-DAG with oleic acid
to produce 1HFA-TAG, rather than resynthesis of 2HFA-TAG.
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PfeSDP1 Suppression as a Tool to
Enhance Seed Oil and HFA Content

The expression pattern of PfeSDPI in P. fendleri, the preferred
activity of PfeSDP1 for 2HFA-TAG, and the increased oil content
of PfeSDP1_RNAi lines are consistent with Arabidopsis, Jatropha,
and soybean SDPI (Eastmond, 2006; Kelly et al, 2013; Kim
et al., 2014; Aznar-Moreno et al., 2022), where SPD1 activity
is involved in TAG turnover during germination to provide
free fatty acids for §3-oxidation, thus producing carbon skeletons
and energy for post-germination seedling establishment
(Eastmond and Rawsthorne, 2000; Eastmond, 2006). The PfeSDP1
suppression lines do not indicate any major defect in seed
germination or post-germination seedling establishment. In this
study, RNAi lines with only up to 50% decrease in SDPI
transcript were produced (Supplementary Figure S4). The
limited effect on seedling establishment may suggest that this
reduced PfeSDPI expression level still provides enough lipase
activity for TAG turnover at this stage. Additionally, previous
reports indicate that SDP1 activity greatly enhances germination
but is not essential for germination due to low activity of other
lipases (Kelly et al., 2011). Transcriptomics of developing P. fendleri
seeds indicated 12 genes annotated as TAG lipases were also
expressed, thus it is likely additional lipases also contribute to
P fendleri seed germination and seedling establishment. The
ability of other lipases to allow sufficient germination and
seedling establishment will require analysis of a PfeSDPI null
mutant. Additionally, based on our results with only up to
50% knockdown, a CRISPR based mutation of PfeSDP1 may
be a valuable approach to further increase total seed oil and
HFA levels (Figure 7C). If significant germination issues arise
in a PfeSDPI mutant, combining PfeSDP1 knockout with a
PfeSDP1 construct under control of a germination-specific
promoter may be an ideal bioengineering approach to improving
seed oil amount and HFA content without any germination defect.

CONCLUSION

The seed-specific knockdown of the HFA-selective TAG lipase
PfeSDPI demonstrated a significant increase in seed weight
and increased seed oil content, and more importantly, increased
amount of industrially valuable HFA. In addition, we demonstrate
that PfeSDP1 is not directly involved in the P. fendleri TAG
remodeling pathway that is utilized to synthesize the dominant
TAG molecular species 2HFA-TAG; instead, it may have a
minor role in reverse TAG remodeling during seed maturation
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