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Fatty acids (FAs) and sterols are primary metabolites that exert interrelated functions as structural and signaling lipids. Despite
their common syntheses from acetyl-coenzyme A, homeostatic cross talk remains enigmatic. Six Arabidopsis (Arabidopsis thaliana)
acyl-coenzyme A-binding proteins (ACBPs) are involved in FA metabolism. ACBP1 interacts with PHOSPHOLIPASE Dal and
regulates phospholipid composition. Here, its specific role in the negative modulation of sterol synthesis during embryogenesis is
reported. ACBP1, likely in a liganded state, interacts with STEROL C4-METHYL OXIDASE1-1 (SMO1-1), a rate-limiting enzyme in
the sterol pathway. Proembryo abortion in the double mutant indicated that the ACBP1-SMO1-1 interaction is synthetic lethal,
corroborating with their strong promoter activities in developing ovules. Gas chromatography-mass spectrometry revealed
quantitative and compositional changes in FAs and sterols upon overexpression or mutation of ACBP1 and/or SMOI-1.
Aberrant levels of these metabolites may account for the downstream defect in lipid signaling. GLABRA2 (GL2), encoding a
phospholipid /sterol-binding homeodomain transcription factor, was up-regulated in developing seeds of acbpl, smol-1, and
ACBP1+/—smol-1 in comparison with the wild type. Consistent with the corresponding transcriptional alteration of GL2
targets, high-oil, low-mucilage phenotypes of g/2 were phenocopied in ACBP1+/—smol-1. Thus, ACBP1 appears to modulate

the metabolism of two important lipid classes (FAs and sterols) influencing cellular signaling.

Sterols are structural components that control eu-
karyotic membrane fluidity and permeability (Schaller,
2004). Unlike cholesterol, which is a principal animal
sterol, there exist more than 100 plant sterols (i.e. phy-
tosterols), prevalently as sitosterol, campesterol, and
stigmasterol (Hartmann, 1998). Sterols are primary
metabolites synthesized from cycloartenol, the first
stable tetracyclic derivative from acetyl-CoA via the
isoprenoid pathway (Bach, 1995). Functional sterols are
produced after the removal of two C4 methyl groups
from cycloartenol, which is catalyzed successively
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by a multienzyme complex containing STEROL C4-
METHYL OXIDASE (SMO) in animals and fungi (Li
and Kaplan, 1996). In plants, demethylation occurs
nonconsecutively under the catalysis of nonhomolo-
gous SMO1 and SMO2, which are encoded by three and
two loci in Arabidopsis (Arabidopsis thaliana), respec-
tively (Darnet and Rahier, 2004). Five of the six steps in
the early sterol pathway have been investigated using
Arabidopsis mutants that exhibited embryonic and
vascular patterning defects (Diener et al., 2000; Jang
et al., 2000; Schrick et al., 2000, 2002; Souter et al., 2002;
Willemsen et al., 2003; Kim et al., 2005; Men et al., 2008).
SMO1 catalyzes the remaining one that has not been
studied by reverse genetics but shown to be rate limit-
ing, representing a potential target for enhancing flux
toward higher phytosterol accumulation (Lange et al.,
2015). Its catalytic product also is known to regulate
polar auxin transport (Mialoundama et al., 2013).
Studies on sterol biosynthetic mutants have indicated
the existence of other sterol-derived signals that shape
plant development, although many remain unknown
(Carland et al., 2010; Qian et al., 2013; Zhang et al.,
2016).

Downstream protein participants in sterol-mediated
signaling are better understood. Sterols are bound by
the steroidogenic acute regulatory protein (StAR)-
related lipid transfer (START) domain (Ponting and
Aravind, 1999), which facilitates StAR-mediated cho-
lesterol transport in animal mitochondria (Stocco,
2001). In plants, this domain is distributed mostly
within the homeodomain (HD)-Leu zipper transcrip-
tion factor (TF) family (Schrick et al., 2004), of which the
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unidentified ligands are deemed important develop-
mental and stress regulators (Yu et al., 2008). The Ara-
bidopsis genome encodes 21 HD-START TFs, most of
which regulate cell fate determination and patterning
(Schrick et al., 2014). Among them, GLABRA2 (GL2) is
the sole known member that negatively regulates seed
oil biosynthesis and promotes seed coat mucilage for-
mation (Shen et al., 2006; Shi et al., 2012). Whether the
START domain is essential for GL2 function had
remained unclear until recent findings that its trunca-
tion or site-directed mutagenesis affected the comple-
mentation of Arabidopsis gI2 phenotypes (Schrick et al.,
2014). The START domain of GL2 was shown recently
to bind phospholipids (PLs) in addition to sterols
(Schrick et al., 2014), corroborating earlier evidence
that GL2 modulates PL signaling in root hair pat-
terning (Ohashi et al., 2003). While PLs and sterols
functionally converge on the same downstream target
(START domain) in signal transduction, their close
metabolic relationship also is inferred from a reaction
that esterifies them into fatty acyl sterol esters (Schaller,
2004; Bouvier-Navé et al., 2010).

Acetyl-CoA also fuels the synthesis of fatty acids
(FAs), which are used for acyl-lipid (e.g. PLs and tri-
acylglycerols) assembly after their activation into CoA
esters (Block et al., 1983). In the cytosol, these esters are
maintained homeostatically by nonenzymic proteins
such as acyl-CoA-binding proteins (ACBPs; Xiao and
Chye, 2011). Apart from cytosolic members, there exist
other plant ACBPs that also are conserved to bind acyl-
CoA esters and PLs (Lung and Chye, 2016a). The six
Arabidopsis ACBPs are grouped into four classes by
size and domain architecture (Meng et al., 2011), which
are linked differently to plant development and stress
responses (Xiao and Chye, 2011; Du et al., 2016; Lung
and Chye, 2016b). ACBP1 and its homolog, ACBP2, are
targeted to the endoplasmic reticulum (ER) and the
plasma membrane (Chye, 1998; Chye et al., 1999; Liand
Chye, 2003). Both proteins are highly expressed during
seed development, and the acbplacbp2 double mutant is
embryo lethal (Chen et al., 2010). While ACBP1 binds
very-long-chain acyl-CoA esters and contributes to
stem cuticle synthesis (Xue et al., 2014), its affinity to
phosphatidylcholine (PC) and phosphatidic acid (PA) is
pertinent to PL signal transduction (Du et al., 2010,
2013). ACBP1 interacts with PHOSPHOLIPASE Dal
(PLDal) at the plasma membrane to regulate the gen-
eration of PA, a messenger for abscisic acid signaling
(Du et al., 2013). acbp1 is more freezing tolerant, as its
rosettes contain a lower level of PLDal-derived PA, a
damaging agent of biomembranes during cold stress
(Du et al., 2010). In siliques, acbpl exhibits an aberrant
PL composition (Chen et al., 2010).

Other than its roles in PL metabolism and signaling,
ACBP1 is reported here to negatively modulate sterol
synthesis during embryogenesis via protein-protein
interaction (PPI) with another partner, SMO1-1. Re-
verse genetics studies revealed a relationship between
FA homeostasis and sterol production as linked by
ACBP1. The aberrant FA and sterol compositions of
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mutant siliques may account for the downstream defect
in lipid-mediated signaling that involves GL2.

RESULTS
ACBP1 and SMO1-1 Are ER-Localized Protein Partners

Yeast two-hybrid (Y2H) screens of an Arabidopsis
cDNA library using ACBP1 as bait had identified a
partial in-frame sequence of SMOI-1 (Tse, 2005). This
PPI was confirmed by Y2H analysis using the soluble
region (i.e. residues 41-338) of ACBP1 and the open
reading frame (ORF) encoding SMO1-1 (Fig. 1A). SMO1-
1 did not bind ACBP1,,_,,, lacking the C-terminal ANK
domain (Fig. 1A), a PPI structure (Vo et al,, 2015).
The absence of blue colonies using ANK alone (i.e.
ACBP1,,,_355) further suggested that both ACB and ANK
domains are essential for PPI (Fig. 1A). To study if a
functional ACB domain is required, the conserved Tyr at
171 was substituted with Ala, because an equivalent
substitution had interrupted 16:0-CoA binding to re-
combinant ACBP2 (Chye et al., 2000). In Y2H screens,
this mutation weakened PPI, implying that a ligan-
ded form of ACBP1 may facilitate SMO1-1 interaction
(Fig. 1A).

To investigate the PPI site, SMO1-1 was expressed in
fusion with an enhanced GFP (EGFP) in transgenic
Arabidopsis. SMO1-1:EGFP was detected at the peri-
nuclear ER in guard cells and ER bodies in root cells,
apart from the tubular ER network, by confocal laser
scanning microscopy (Fig. 1B, top). In root hair cells,
signals were visualized at the plasma membrane and
colocalized at the membrane of ER-derived vesicles
with the ER marker (Fig. 1B, bottom). In Arabidopsis
seedlings, SMO1-1:EGFP was colocalized with DsRed:
ACBP1 at the membrane of ER-derived vesicles in root
cells and the ER cisternae in hypocotyl cells, in addition
to the plasma membrane of both cell types (Fig. 1C). In
agroinfiltrated tobacco (Nicotiana tabacum) leaf epider-
mal cells, the signals were colocalized at the plasma
membrane, reticular ER network, and perinuclear ER
(Fig. 1C, bottom). These observations coincided well
with the predicted location of SMO1-1 (Supplemental
Fig. S1A) and the reports of ACBP1 (Chye, 1998; Li and
Chye, 2003) at the ER, the site of sterol biosynthesis
(Benveniste, 2004).

To further detect the ACBP1-SMO1-1 complex, Arabi-
dopsis was transformed with 355:SMO1-1:HA:Strepll for
Strep-Tactin pull-down and coimmunoprecipitation
assays. These plants also served as overexpressors (OEs)
in subsequent studies. First, subcellular fractionation
showed that SMO1-1:HA:Strepll was enriched in the
membrane fraction and less abundant in the fraction of
large particles containing mitochondria, plastids, and
peroxisomes (Fig. 1D). The trace amount of nucleus-
associated signals (Fig. 1D) could be attributed to the
perinuclear localization arising from the connection of
nuclear envelopes with ER membranes (Fig. 1, Band C). A
similar subcellular distribution of ACBP1 was observed
(Fig. 1D, right), consistent with a previous observation
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Figure 1. PPl of ACBP1 with SMO1-1. A, Y2H assays. The soluble domain of ACBPT, its derivative without the ankyrin repeat
(ANK) or acyl-CoA-binding (ACB) domains, and its mutated (Y171A) versions were cloned into the bait vector. The full-length
SMOT1-1 sequence was cloned into the prey vector. Cotransformants of bait and prey constructs were verified on double dropout
(DDO) plates. The appearance of blue colonies on triple dropout selection plates (TDO/X/A) indicates PPI. The pGADT7-T
construct was cotransformed with pGBKT7-53 and pGBKT7-Lam as positive and negative controls, respectively. B, Localization
of SMO1-1:EGFP in transgenic Arabidopsis. Leaf epidermal cells of 3-week-old plants and root cells of 1-week-old seedlings were
imaged by confocal laser scanning microscopy. Signals were detected at the perinuclear ER (white arrowheads), ER bodies (open
arrowheads), and tubular ER network throughout the cells. Signals were colocalized at the membrane of ER-derived vesicles (red
arrowheads) using the ER-Tracker in root hair cells (bottom). Bars = 20 um. C, Colocalization of SMO1-1:EGFP with DsRed:
ACBP1. Root and hypocotyl cells of 1-week-old transgenic Arabidopsis seedlings and agroinfiltrated tobacco leaf epidermal cells
were imaged by confocal laser scanning microscopy. Signals were colocalized at the plasma membrane, membrane of ER-derived
vesicles (red arrowheads), ER cisternae (arrows), and perinuclear ER (white arrowheads). Bars = 20 um. D, Subcellular frac-
tionation of SMO1-1:HA:Strepll and ACBP1. Proteins (20 ug per lane) from total crude extracts (T), nuclei (N), membranes (M),
large particles including mitochondria, plastids, and peroxisomes (LP), and soluble fractions (S) were prepared from aboveground
tissues of 6-week-old Arabidopsis and analyzed by western-blot analysis and Coomassie Blue-stained gels. Total proteins from an
empty vector line (VC) served as a negative control. Arrowheads indicate the positions of the expected bands (37 kD for SMO1-1:
HA:Strepll and 38 kD for ACBP1). E, Strep-Tactin pull-down assays. Membrane proteins were isolated from transgenic Arabi-
dopsis of SMO1-1:HA:Strepll and the vector control, solubilized, and incubated with Strep-Tactin beads. Eluents were analyzed
by western-blot analysis using anti-ACBP1 and anti-HA antibodies. F, Coimmunoprecipitation of SMO1-ACBP1 complexes.
Membrane proteins were prepared as described in E and incubated with anti-ACBP1 antibodies that had been covalently coupled
to Affi-Gel 10 beads. Eluents were analyzed by western-blot analysis using anti-ACBP1 and anti-HA antibodies.

(Chye, 1998). Subsequently, SMO1-1:HA:Strepll enriched
in the membrane fraction was solubilized and captured
on Strep-Tactin beads for pull-down assays. Western-blot
analysis of coeluted proteins using ACBP1 antibodies
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produced a cross-reacting band from SMO1-1:HA:Strepll
but not the vector control (Fig. 1E). Reciprocally, ACBP1
antibodies coimmunoprecipitated SMO1-1:HA:Strepll
from the solubilized membrane fraction (Fig. 1F). Taken
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together, it is concluded that both ACB and ANK do-
mains of ACBP1 are essential for its association with
SMO1-1 at the ER, which is likely facilitated if ACBP1 is
in a liganded state.

SMO1-1 Is Expressed in Floral Organs and
Developing Seeds

Quantitative real-time (qRT)-PCR detected SMO1-1
transcripts in rosettes, stems, roots, floral buds, flowers,
and siliques (Fig. 2A). Its expression was up- or down-
regulated in all aboveground tissue samples of acbpl,
indicating the functional relevance of SMOI-1 with
ACBP1 (Fig. 2A). Microarray data showed that SMO1-
1 and ACBP1 were expressed in seeds and dissected
embryos from zygotic to maturation stages throughout
embryogenesis (Supplemental Fig. S2, B and C).
Promoter-driven GUS assays had indicated ACBPI
expression in embryos and floral parts, including stig-
mas, styles, ovaries, and sepals (Du et al, 2013).
SMO1-1pro:GUS lines were generated for comparative
studies. Signals were detected in pollen at all floral
stages and in pollen tubes at anthesis (Fig. 2B). Micro-
scopically, SMO1-1pro:GUS was observed in guard
cells of sepals and anthers (Fig. 2, C and D) and the
micropylar end of fertilized ovules at stage 13 (Fig. 2E).
At stage 14, it was found in the egg apparatus and, to
a lesser extent, in elongated embryo sacs (Fig. 2F).
At the quadrant embryo stage, SMO1-1pro:GUS was
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visualized in the basal suspensor cells and chalazal
endosperm (Supplemental Fig. S2A). At maturation, it
was expressed in cotyledons of embryos (Supplemental
Fig. 52, B and C). ACBPIpro:GUS in fertilized ovules
and developing seeds appeared less spatially restricted
(Supplemental Fig. S2, D-F), consistent with its im-
munolocalization pattern (Chye et al., 1999). Hence,
microarray data mining, qRT-PCR, and GUS assays
suggested the coexpression of SMO1-1 and ACBP1 in
reproductive tissues, where functional significance was
addressed subsequently by reverse genetics.

ACBP1 and SMO1-1 Mutation Led to
Reproductive Phenotypes

A T-DNA insertion line was first characterized to be a
knockdown mutant of smol-1 by reverse transcrip-
tion (RT)-PCR (Fig. 3, A-C). qRT-PCR revealed that
its SMO1-1 levels in various tissues were 70% to 80%
lower than in the wild type (Fig. 3D). This mutant was
crossed subsequently with the acbpl knockout mutant.
After genotyping more than 100 F2 and F3 progeny,
ACBP1+/ —smol-1 (i.e. hemizygous for acbpl and ho-
mozygous for smol-1) and acbplSMOI1-1+/— were
obtained without encountering double homozygotes.
The locations of ACBP1 and SMO1-1 on different chro-
mosomes (chromosomes 5 and 4, respectively) ruled out a
linkage relationship, implying a synthetic-lethal interac-
tion of the two loci. The double mutant was propagated

Figure 2. Spatial expression pattern of
SMOI1-1 in Arabidopsis. A, Relative
expression levels of SMOT-1 in various
tissues of 6-week-old acbpl and the
wild type (WT). Transcript levels were
L measured by qRT-PCR and normalized
against ACTIN2. Each bar represents
the mean of three replicates * sp. H
and L indicate statistically significant

Rosette Stem Root Flower

Stage 8 Stage 10 Stage 12
R
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1-4 DAF
silique

tages 13—14

(P < 0.05) elevation and reduction, re-
spectively, in comparison with the wild
type by Student’s t test. B, SMO1-1pro:
GUS expression pattern at different
stages of floral development. GUS sig-
nals were detected in 8-week-old trans-
genic Arabidopsis. Intact and open pistils
at stages 13 and 14 are shown. Bar =
1 mm. C to F, Whole-mount floral parts
of SMO1-1pro:GUS, including sepals
(inset, guard cells; C), anthers (D), ovaries
at stage 13 (E), and ovules at stage 14 (F).
Arrowheads and the arrow indicate egg
apparatus and a central cell, respectively.
Bars = 100 um (C), 10 um (inset in C),
50 um (D and E), and 20 um (F).

5-8 DAF
silique

" 9-14 DAF
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Figure 3. Characterization of the smo7-1 mutant. A, Genomic structure of the SMO1-1 gene, indicating the locations of the
T-DNA insertion in smo1-T and the primers for genotyping. Black and white boxes represent coding and untranslated regions of
exons, respectively. B, PCR genotyping of smo7-1. The primer combination LBa1/ML2265 was diagnostic for the presence of
T-DNA, and ML2251/ML2265 was diagnostic for the wild-type (WT) gene. C, RT-PCR showing knockdown mutation in smo7-7 as
measured using 2-week-old seedlings and various organs of 6-week-old plants. ACTINZ2 served as a loading control. D, The
relative expression levels of SMO1-1in smo1-1 were compared with those in the wild type (defined value of 1) using 6-week-old
plants by gRT-PCR. Transcript levels were normalized against ACTIN2. Each bar represents the mean of three replicates * sp.
L indicates statistically significant (P < 0.05) reduction in comparison with the wild type by Student’s t test.

as ACBP1+/—smol-1 (since acbpl was Basta resistant and
smol-1 lacked antibiotic resistance), of which selfed
progeny gave a Basta-resistant to Basta-sensitive ratio
of 2.19:1, deviating from the 3:1 Mendelian ratio
(Supplemental Table S1). As controls, selfed progeny of
double hemizygotes and those of ACBP1+/ —smol-1 com-
plemented with 355:SMO1-1 (¢<SMO1-1) exhibited a
3:1 ratio (Supplemental Table S1). In mature green
siliques of selfed ACBP1+/—smo1-1, high frequencies of
aborted and senesced ovules were observed (Fig. 4A).
The 25% abortion rate was higher than in the wild type
and complemented lines (2.4%—-2.8%) and close to the
1:3 Mendelian ratio (Fig. 4B). These results implied fatal
arrest postfertilization rather than gametophytic steril-
ity, which would have yielded a 1:1 ratio. In selfed
ACBP1+/—smol-1 at 3 to 4 d after flowering (DAF),
some fertilized ovules had shrunken while others were
normal (Fig. 4C). Aborted acbplsmol-1 proembryos dis-
played distorted-shaped suspensors (Fig. 4D). To further
discriminate embryo lethality from gametophytic defects,
ACBP1+/—smo1-1 was crossed reciprocally with the wild
type. Irrespective of whether ACBP1+/—smol-1 was
a pollen donor or a maternal line, ACBP1smol-1 and
acbplsmol-1 gametes were carried forward at efficiencies
not different (P > 0.05) from the hypothesized 1:1 ratio
(Fig. 4E). Taken together, the data indicated that
acbplsmol-1 was synthetic lethal at the proembryo stage.

Besides embryogenesis, developmental phenotypes
of ACBP1+/—smol-1 were examined. Macroscopic ex-
amination of inflorescences showed fewer floral buds
than in the wild type, while the size and morphology of
their floral buds and open flowers were normal (Fig.
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5A). ACBP1+/—smol-1 showed a decline in silique
number (—66%) and length (—8%) and a lighter seed
weight (—10%), accompanied by the reduced germi-
nation rate (89.5%), when compared with the wild
type (94.5%; Fig. 5, B-E). The lower seed quality also
compromised postgerminative growth, as reflected by
the shorter (—41%) primary root length of seedlings
(Fig. 5F).

Sterols and FAs Were Altered in Mutant and OE
Lines of ACBP1 and SMO1-1

To justify the phenotypic aberrance of ACBP1+/ —smol-1
by a shift in FA-sterol homeostasis, sterols were ana-
lyzed in siliques by gas chromatography-mass spec-
trometry (GC-MS). The total content and composition
of major sterols in the mutant, complemented, and OE
lines of SMO1-1 and ACBP1 were compared with
those of the wild type. In mature green siliques, the
level of B-sitosterol, a predominant species in Arabi-
dopsis, was reduced in smol-1 (—36%) but elevated in
acbpl (+54%), while their opposing effects were ne-
gated in ACBP1+/—smol-1 (Fig. 6A). Campesterol
was less abundant in smol-1 (—36%) but enriched in
SMO1-1 OEs (+21% to +25%), acbpl (+40%), and
ACBP1+/—smol-1 (+21%; Fig. 6B). Stigmasterol was
elevated in mature green siliques of acbp1 (+110%) and
ACBP1+/—smol-1 (+140%) as well as in 1- to 2-DAF
siliques of acbp1 (+30%) and ACBP1+/ —smol-1 (+48%;
Fig. 6C), whereas their cholesterol levels remained
unchanged (Fig. 6D). In fact, SMO1-1 does not act on
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A B Figure 4. Early embryo abortion in
ACBP1+/-smo1-1 50 , DAborted seeds per silique i self-pollinated  ACBPT+/—smo]l-1.
ONormal seeds per silique A, Representative image of an open

a5: MSeed abortion (%)—I— - + 5 silique from a self-pollinated F3

§ 40 {1 #>=0.045 40 plant showing developing seeds and

=354 £=0832 L 35 = aborted ovules (as indicated by ar-

g 4 L | 20 % rowheads). Bar = 500 um. B, Seed

8 H £ counts using eight siliques per plant.

g <% 8 Each bar represents the mean cal-

5 20 1 r20 g culated from four plants = sp. H and

TR 15 @ L indicate statistically significant

5 10 4 H L 10 (P < 0.01) elevation and reduction,

s | ’—b e respectively, in comparison with the

. . 5al o] 3 e | . vAVIIdztype (WT) by Studen'ts.t‘test.

X A n X~ test showed no significant

N *0\‘ oeq ’3“ (P > 0.05) deviation from the hy-

X° \\"g pothesized 3:1 segregation ratio. C,

dg?\ Qg,o? Histological examination of the

ACBP1/acbp1

e

ACBP1/ACBP1  ACBP1/achp1
Theoretical ratio 1 H 1
Observed ratio 35 : 34 36
%% to 1:1 segregation 0.0142
Transmission 50.7%

efficiency (mutant/total)

cycloartenol (a cholesterol precursor), but its C24
methylated toward sitosterol, campesterol, and stig-
masterol production (Diener et al., 2000). Overall, the
total sterol content in mature green siliques was higher
in acbpl (+51%) and ACBP1+/—smol-1 (+20%) and
lower in smol1-1 (—35%; Fig. 6E).

FA methyl esters from mutants and OEs also were
compared with the wild type by GC-MS. The total FA
level was higher (+24%) in mature green siliques of
acbpl, while the 1- to 2-DAF and mature green siliques
of smol-1 (+27% and +11%) and ACBPI1+/—smol-1
(+20% and +9%) also accumulated more FAs (Table I).
With respect to acyl composition, no change was ob-
served with FA species derived from the ER-localized
eukaryotic pathway, including 18:2-, 18:3-, 20:0-, 20:1-,
20:2-, 20:3-, 22:0-, and 22:1-FAs (Table I). In 1- to 2-DAF
siliques, mutation in SMOI-1 and/or ACBP1 increased
16:3-FA at the expense of 18:0-FA, whereas 18:1A9-FA

Plant Physiol. Vol. 174, 2017

smo1-1/smo1-1 smo1-1/smo1-1
d 9

ACBP1/acbp1

4/\

SMO1-1/smo1-1 SMO1-1/smo1-1 SMO1-1/smo1-1 SMO1-1/smo1-1
ACBP1/ACBP1

aborted ovules from self-pollinated
ACBP1+/—smo1-1. Siliques at 3 to
4 DAF were sectioned, stained, and
imaged by light microscopy. Open
and closed arrowheads indicate an
aborted ovule and a developing
seed, respectively. Bars =20 um and
5 um (inset). D, Nomarski image of
the aborted ovule. A representative
aborted ovule from acbpismol-1
showed a distorted appearance of
suspensor cells (left), as magnified in
the middle and outlined at right. cc,
Central cell; pe, early proembryo;
su, suspensor. Bars = 10 um. E, Ge-
netic transmission of acbplsmoT-1
gametophytes after reciprocal crossing
with the wild type. ¥, Statistically in-
1 significant (P > 0.05) deviation from
the hypothesized 1:1 segregation ratio.

ACBP1/acbp1

34

0.0572

51.4%

was elevated in smol-1 and ACBP1 OEs (Table I). In
mature green siliques, the 355:ACBP1 transgene en-
hanced 18:0-FA, while plastidial 16:1- and 16:3-FAs
decreased in smo1-1 but increased in SMO1-1 OEs at the
expense of 18:0-FA (Table I). Similar changes were not
detected in ACBP1+/—smol-1, possibly due to the ne-
gating effect of ACBP1 mutation that boosted 16:1- and
16:3-FAs (Table I). Taken together, the homeostasis
of sterols and FAs was affected quantitatively and
compositionally upon manipulating SMO1-1 and/or
ACBP1 expression.

ACBP1 and SMO1-1 Mutation Affected GL2 Function

The higher FA accumulation in mature green siliques
of smo1-1, acbpl, and ACBP1+/—smo1-1 (Table I) coin-
cided with the high-oil phenotype of gI2 seeds (Shen
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Figure 5. Phenotypic aberrance of ACBP1+/—smo1-1. A, Representative images showing various organs of 6-week-old plants,
including inflorescences (bars =2 mm), floral buds (bars = 0.25 mm), open flowers with/without sepals and petals removed (bars =
0.5 mm), floral stems (bars = 1 cm), and mature green siliques (bars = 0.4 cm). B to F, Comparison of ACBP1+/—smo1-1 with the
wild type (WT) in terms of average silique number per plant (B), average silique length (C), average 250-seed weight (D), ger-
mination rate using 250 dry after-ripened seeds sown on Murashige and Skoog (MS) plates for 7 d (E), and primary root length of
8-d-old seedlings (F). Each bar represents the mean obtained from seven plants * sp (except n = 35 in C and n = 48 in F).
L indicates statistically significant (P < 0.01) reduction in comparison with the wild type by Student’s ¢ test.

etal., 2006; Shi et al., 2012). Hence, it was investigated if
the aberrant sterol and FA compositions affected the
activity of PL/sterol-binding GL2, a downstream par-
ticipant in lipid signaling. qRT-PCR revealed a signifi-
cant (P < 0.01) up-regulation of GL2 in developing
seeds and siliques of smol-1, acbpl, and ACBP1+/—
smol-1 over the wild type (Fig. 7A). The expression of a
GL2 target, MUCILAGE MODIFIED4 (MUM4; Shi et al.,
2012), was reduced in smol-1 and acbpl and more
drastically in ACBP1+/—smol-1 (Fig. 7A). Consistently,
ACBP1+/—smol-1 seeds failed to accumulate mucilage,
as indicated by Ruthenium Red staining (Fig. 7B). In
agreement with the direct suppression of the PLDal
promoter by GL2 (Liu et al., 2014), PLDa1 levels were
higher in smo1-1, acbpl, and ACBP1+/—smol-1 (Fig. 7A).
In these genotypes, up-regulation of PHOSPHOLIPID:
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STEROL ACYLTRANSFERASE1 (PSATI) further indi-
cated a change in PL and sterol metabolism (Fig. 7A).

DISCUSSION

ACBP1 Cooperates with SMO1-1 during
Early Embryogenesis

Previously, knockouts of ACBP1 and its homolog
ACBP2 arrested embryo development, possibly due to
an aberrant PL composition (Chen et al., 2010). In this
study, a discrete role of ACBP1 in modulating sterol
synthesis via PPI with SMOI1-1 is reported. The im-
portance of their interaction is reflected by the severe
proembryo abortion phenotype of acbplsmol-1 (Fig. 4).
acbplsmol-1 differed from all other early sterol
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Figure 6. Major sterol content of mutant, complemented, and OE lines of SMOT-7 and ACBP1. Phytosterols were extracted from
young (1-2 DAF) and mature green siliques of 6- to 7-week-old Arabidopsis and analyzed by GC-MS. Each bar represents the
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Figure 7. Knockdown of SMO1-1 and/or ACBPT affected GL2 function in seeds. A, Relative expression levels of GL2, MUM4,
PLDe 1, and PSATT in various genotypes against the wild type (WT; defined value of 1) using 6-week-old plants by qRT-PCR.
Transcript levels were normalized against ACTIN2. Each bar represents the mean of three (7-DAF silique) or four (7-DAF seed)
replicates = sp. H and L indicate statistically significant (P < 0.01) elevation and reduction, respectively, in comparison with the
wild type by Student’s ttest. B, Seed coat mucilage staining. Mature seeds were hydrated and stained with Ruthenium Red. Bars =
0.5 mm. C, A mechanistic model illustrating the proposed effect of ACBP1 on GL2 function. At endomembranes, ACBP1 interacts
with PLDa1 and SMO1-1 to regulate PC and PA metabolism (Du et al., 2013) and sterol synthesis (this study), respectively. The
homeostatic levels of PLs and sterols are maintained by converting excessive molecules into sterol esters under the catalysis of
PSAT1. In the nucleus, GL2 binds PC and sterols (Ponting and Aravind, 1999; Schrick et al., 2014) that are crucial for its tran-
scriptional regulatory activities, including the activation of MUM4 expression for mucilage synthesis (Shi et al., 2012) and the
inhibition of PLDe 1 expression (Liu et al., 2014) and lipid synthesis (Shen et al., 2006). This signaling pathway could be affected
upon ACBPT and/or SMO1-1knockdown, as reflected by changes in mRNA expression of the proteins involved and levels of lipid

metabolites.

biosynthetic mutants with embryonic abnormalities
detected at or beyond the globular stage, and their le-
thality (if any) occurred postembryonically (Diener
et al., 2000; Jang et al., 2000; Schrick et al., 2000, 2002;
Souter et al., 2002; Willemsen et al., 2003; Kim et al.,
2005; Men et al., 2008). Coincidentally, smo2-1smo2-2 is
the only embryo-lethal genotype among all mutants in
the entire phytosterol pathway characterized thus far
(Zhang et al., 2016), although SMO1 and SMO2 are

Plant Physiol. Vol. 174, 2017

catalytically independent (Darnet and Rahier, 2004).
Unlike the arrest of acbplsmol-1 at the preglobular stage
(Fig. 4D), smo2-1smo2-2 embryos were aborted at
globular to heart-like stages (Zhang et al., 2016). Con-
sistent with specific SMO1-1pro:GUS signals at the mi-
cropylar end in the egg apparatus (Fig. 2, E and F) and
basal cells (Supplemental Fig. S2A), acbplsmol-1 pro-
embryos were aborted with collapsed suspensors (Fig.
4D), likely from loss in cell turgidity (Almagro et al.,
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2008). As sterols regulate membrane fluidity and os-
motic permeability (Schaller, 2004), the distortion of
suspensor cells could arise from malfunctioning mem-
branes with nonphysiological sterol content, reminis-
cent of the increased pathogen susceptibility upon
knockout of STEROL METHYLTRANSFERASE? (SMT?2;
Wang et al., 2012). Suspensor cell vacuolation could be
affected by abnormal sterol-lipid distribution, analogous
to the vacuolar fragmentation in yeast lacking oxysterol-
binding proteins (Beh and Rine, 2004). Besides, the
sterol-mediated formation of microdomains to which
sterol-dependent proteins bind may be affected by an
imbalance in sterol homeostasis (Hartmann, 1998).
Recently, the smt1 proteome revealed changes in the
microdomain association of many transporters and
enzymes, including those in FA and acyl-lipid syn-
thesis, sterol glycosylation, and vesicle trafficking (Zauber
et al., 2014). Similar changes may account for the severe
acbplsmol-1 phenotype (Fig. 4).

Furthermore, in several sterol biosynthetic mutants,
cell signaling is compromised by altered membrane
sterol composition, which affects endocytosis and polar
auxin transport (Men et al., 2008; Zhang et al., 2016).
Phospholipases as lipid signal generators rely on
microdomain association (Gardiner and Marc, 2013).
For instance, phospholipase C was less active in smt1
when it became less abundant in the sterol-associated
membrane fraction (Zauber et al., 2014). ACBP1 coop-
erates with PLDa1 and PLDé in the freezing stress re-
sponse (Du et al.,, 2010) and partners with PLDa1 in
abscisic acid signaling (Du et al., 2013). Considering its
interactions with PLDa1 (Du et al., 2013) and SMO1-1
(Fig. 1), which generate PL (Wang, 2001) and sterol
(Mialoundama et al., 2013) signals, respectively, ACBP1
is positioned to modulate cross talk between the two
lipogenic signaling pathways. The magnitude of PL or
sterol change may not be drastic enough to affect em-
bryogenesis in single mutants. In acbplsmol-1, the cu-
mulative variation of both lipidic signals may result in
proembryo lethality when the dual signaling pathways
converge on shared downstream targets, as represented
by HD-START TFs (Schrick et al., 2004).

ACBP1 Links FA Homeostasis to Sterol Production

To provide insight into the biochemical significance
of the ACBP1-SMO1-1 interaction, sterols (Fig. 6) and
FAs (Table I) were analyzed in mutant, complemented,
and OE lines. Resembling other sterol biosynthetic
mutants (Diener et al., 2000; Jang et al., 2000; Schrick
et al., 2000, 2002; Kim et al., 2005, Men et al., 2008;
Carland et al., 2010; Qian et al., 2013; Zhang et al., 2016)
and SMO1-silenced tomato (Solanum lycopersicum) and
Nicotiana benthamiana (Sonawane et al., 2016), smol-
1 accumulated abnormal levels of end-product sterols
(Fig. 6). The altered sterol profile of acbpl suggested a
role for ACBP1 in sterol metabolism, and changes in
ACBP1+/—smol-1 further revealed semidominant ef-
fects of the ACBP1 mutation (Fig. 6). Differences in the
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sterol composition of ACBP1+/—smol-1 in comparison
with acbpl and smol-1 (Fig. 6) explained its phenotypic
aberrance in plant development not seen in single
mutants (Fig. 5). For instance, the poor silique devel-
opment of ACBP1+/—smol-1 (Fig. 5) was consistent
with its shifted ratio of campesterol to sitosterol (Fig. 6),
a crucial factor for Arabidopsis growth (Schaeffer et al.,
2001). Among all genotypes tested, ACBP1+/—smol-1
siliques also contained the highest level of stigmasterol
(Fig. 6), a cell proliferation modulator (Hartmann,
1998). In mature green siliques, down-regulation of
SMO1-1 reduced the total sterol content, whereas
ACBP1 mutation produced an opposing effect and
complemented the change in smol-1, demonstrating
that ACBP1 inhibits SMOI1-1 function (Fig. 6). The in-
hibitory effect of ACBP1 likely occurs in its liganded
form, because site-directed mutagenesis at its ACB
domain weakened the interaction with SMOI1-1 (Fig.
1A). Accordingly, the ligand-binding status of ACBP1
may be a cue that reflects the cellular levels of FA esters
and determines the sterol synthetic rate, indicating a
link between FA homeostasis and sterol production in
plants. This PPI-mediated regulation contrasts with
mammalian systems, in which ACBPs regulate choles-
terol homeostasis at the transcriptional level in conjunction
with sterol regulatory element-binding proteinl (Neess
etal., 2006; Oikari et al., 2008), which modulates StAR gene
expression (Yokoyama et al., 1993).

ACBPs are analogous to some ATP-binding cassette
(ABC) transporters that mobilize acyl-CoA esters and
PLs (Du et al., 2016). Recently, ABCG9, ABCG11, and
AGCG14 were postulated to mediate the long-distance
transport of sterols or sterol conjugates in the phloem
sap (Le Hir et al., 2013), besides their roles in cuticle
formation (Hwang et al., 2016). Given the functional
resemblance of ACBP1 in stem cuticle synthesis and its
high expression in the vasculature (Du et al., 2013; Xue
et al., 2014), it is pertinent to study whether these
plasma membrane-localized proteins cooperate in ste-
rol transport. Similar to other sterol biosynthetic mu-
tants (Zauber et al., 2014), abcg9, abcgl1, and abcg14
exhibited FA compositional changes (Le Hir et al,
2013), supporting an interrelationship of sterol and FA
metabolism. In this study, FA profiles (particularly
16:0- and 18:0-FAs) were significantly altered in mu-
tants and OEs of SMO1-1 and ACBP1 (Table I). As 16:0-
and 18:0-FAs were the two major species elevated in
Arabidopsis OEs of acyl-CoA:sterol acyltransferase
with substrate specificity for 16:0- and 18:0-CoA esters
(Chen et al., 2007), our results suggest a regulatory role
for ACBP1 in sterol acylation via its association with
these acyl-CoA species. Deviations of 16:1- and 16:3-FA
levels in mutants and OEs of SMO1-1 and ACBP1 also
revealed a compositional change in plastidial lipids
(Table I). This observation is consistent with a previous
analysis of acbp1 siliques indicating acyl compositional
variations in galactolipids and phosphatidylglycerol,
which are crucial thylakoid membrane components for
embryo and cotyledon development (Chen et al., 2010).
Although ACBP1 does not function in plastids, the
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interorganellar transport of lipids is possible via ER-
plastid contact sites (Hurlock et al., 2014). By analogy,
the ER-localized ABCA9 facilitates the plastid-ER
transport of FAs (Kim et al., 2013). A functional ER-plastid
relationship also is evident in the contribution of plastid-
derived isopentenyl diphosphate via the methylerythritol
phosphate pathway to subsequent sterol biosynthesis at
the ER (Laule et al., 2003).

The Potential Role of the ACBP1-SMO1-1 Interaction in
Lipid Signaling

Among several transcriptional regulators of seed oil
synthesis, GL2 is the only known TF that binds lipids
and sterols via its START domain (Schrick et al., 2014).
Similar to the boosted FA levels (9%—-24%) in mature
green siliques of acbpl, smol-1, and ACBP1+/—smol-1
(Table I), Arabidopsis gI2 seeds accumulated 8% more
oil than the wild type (Shen et al., 2006; Shi et al., 2012).
Resembling g¢I2 (Shi et al., 2012), a loss in seed coat
mucilage was observed in ACBP1+/—smol-1 but not in
acbpl and smol-1 single mutants (Fig. 7B), indicating a
semidominant mutation of ACBP1 when SMO1-1 was
knocked down simultaneously. Possibly, a cumulative
change in ACBP1 and SMO1-1 protein levels was suf-
ficient to affect lipid signaling, in agreement with the
ectopic root hair formation in hemizygous gl2 mutants
in a semidominant fashion (Masucci et al., 1996). Con-
sidering the concomitant transcriptional regulation of
GL2 and its downstream targets (Fig. 7A), the high-oil,
low-mucilage phenotype of ACBPI1+/—smol-1 may be
attributed to a reduction in GL2 activity when concen-
trations of its ligands (PL and sterols) are suboptimal.
The up-regulation of GL2 at the mRNA level may be a
compensatory response to its loss of transactivating
activity at the protein level, given that GL2 expression is
regulated transcriptionally via a positive feedback loop
involving other TFs (Khosla et al., 2014). In our pro-
posed model (Fig. 7C), ACBP1 may sense the metabolic
status of a cell by its ability to bind acyl-CoA esters and
PLs (Chye, 1998; Chen et al., 2010; Du et al., 2010, 2013).
It may then modulate the synthesis of PC and sterol
signals via PPI with PLDa1 (Du et al., 2013) and SMO1-
1 (Fig. 1), respectively.

The fate of PC and sterol signals also may be influ-
enced by PSAT1 activity, given its transcriptional reg-
ulation in acbpl and smol-1 mutants (Fig. 7A). By
altering the cellular levels of these lipid signals, ACBP1
may modulate the transcriptional regulatory activity of
downstream targets, including GL2. Schrick et al. (2014)
reported that deletion of the START domain or site-
directed mutagenesis of its lipid-binding residues
abolished GL2 activity. By analogy, varying its ligand
concentrations may result in similar effects, as shown
here. In fact, the involvement of GL2 in PL- and steroid-
mediated signaling has been proposed previously
(Ohashi et al., 2003; Kuppusamy et al., 2009). Besides
GL2, other HD-START TFs are promising subjects for
future studies. The proembryo abortion of acbplsmol-1
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(Fig. 4) may be linked to some HD-START TFs. For in-
stance, ARABIDOPSIS THALIANA MERISTEM LAYERI1
and PROTODERMAL FACTOR?2 have been ascribed a
role in embryogenesis, as double mutants were arrested at
the globular stage (Ogawa et al., 2015). Triple mutants
lacking CORONA, PHABULOSA, and PHAVOLUTA
also displayed ovule abnormalities (Kelley et al., 2009).
HOMEODOMAIN GLABROUSY is another candidate,
given its specific expression in the embryo sacs (Nakamura
et al., 2006), coinciding with the SMO1-1pro:GUS expres-
sion pattern (Fig. 2, E and F). Sterol intermediates and
derivatives per se could act as signals for embryonic and
postembryonic development (Carland et al.,, 2010; Qian
et al., 2013; Zhang et al.,, 2016), including the catalytic
product of SMO1 (Mialoundama et al., 2013). It remains to
be explored whether the ACBP1-SMO1-1 interaction reg-
ulates the generation of an as yet unidentified signal that
binds to any HD-START protein(s) during embryogenesis.

Potential Applications for Plant Oil Modification

In the interest of promoting phytosterol intake for
lowering blood cholesterol (Moreau et al., 2002) and
cancer therapies (Woyengo et al., 2009), higher phyto-
sterol content in seeds is a nutraceutically valuable trait
in plant seed oil production. In this study, the phyto-
sterol increase in mature green siliques of acbpl and
ACBP1+/—smol-1 (Fig. 6) opens up a new strategy for
boosting phytosterol production in seed crops. It is
plausible to identify and deplete a SMOl-interacting
equivalent of ACBP1 in crop species to eliminate its
inhibitory effect on sterol biosynthesis, as is the case in
Arabidopsis (Fig. 6). It may present a promising ap-
proach to push the flux toward end-product sterol pro-
duction, because SMO1 catalyzes one of the rate-limiting
steps in sterol biosynthesis (Lange et al., 2015). If the
carbon partitioning of photoassimilates in developing
seeds shifts toward a higher accumulation of lipids (sterols
and FAs), as observed in acbpl and ACBP1+/—smol-1
(Table I; Fig. 6), the genetically modified crops will ex-
hibit a high-oil phenotype of great agronomic signifi-
cance. Nonetheless, considering the versatile roles of
ACBP1 in other aspects of plant development and stress
responses, the drawbacks of ACBP1 depletion in Ara-
bidopsis, such as defective stem cuticle formation (Xue
et al.,, 2014) and higher sensitivity to heavy metal stress
(Xiao et al., 2008), should be taken into consideration.
The negative impacts of ACBP1/SMO]1-1 cosilencing on
reproductive development also present some concerns
(Fig. 5). Whether these issues can be solved by seed-
specific silencing awaits further investigations.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used in this
study. Seeds were stratified at 4°C for 2 d and germinated on MS plates with 2%
(w/v) Suc (unless specified otherwise) at 22°C under a 16-h-light/8-h-dark
cycle. Potted plants were grown with a day/night regime of 16/8 h and
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23°C/21°C. The acbp1 (Basta-resistant) mutant, cACBP1, and ACBP1 OEs have
been described previously (Xiao et al., 2008). The smo1-1 mutant (SALK_021394)
was selected from the SALK collection of TAIR, and its T-DNA was identified
by PCR using the left border primer LBal and the gene-specific primer ML2265
(Fig. 3A). By sequencing the PCR product, the T-DNA insert was mapped to the
5" untranslated region at 102 bp upstream of the translation start site (Fig. 3A).
The homozygous mutant was confirmed by PCR using the primer pair
ML2251/ML2265 (Fig. 3A). All primers used in this study are listed in
Supplemental Table S2. Transgenic lines were generated by Agrobacterium
tumefaciens-mediated transformation of wild-type Arabidopsis by the floral dip
method (Clough and Bent, 1998).

Generation of OE and Complemented Lines

The full-length SMO1-1 ORF was PCR amplified using the primer pair
ML2804 /ML2805. The 900-bp product was blunt-end ligated into the Smal sites
on pXCS-HAStrep (Witte et al., 2004) to generate plasmid pAT830 for Arabi-
dopsis transformation. The SMO1-1 OE plants were screened on MS plates
containing 20 mg L™" Basta and PCR genotyped using the primer pair 35SB/
ML2805. The 35S promoter-driven expression of HA/Strepll-tagged protein
was confirmed by western-blot analysis in homozygous T3 plants, which were
used for subsequent studies. Similarly, plasmid pAT830 was introduced into
smol-1 to generate cSMOI-1 complemented lines.

Genetic Crosses

Homozygous smol-1 and acbpl were genetically crossed. With no double
homozygote identified after genotyping more than 100 F2 progeny, the double
mutant was maintained as ACBP1+/—smol-1. From the F3 progeny of these
plants, the absence of the acbpl homozygote was further confirmed by PCR and
Basta selection. To complement the embryo lethality of acbplsmol-1 by over-
expression of ACBP1 or SMO1-1 ORFs, ACBP1+/—smol-1 was crossed with
cACBP1 or cSMO1-1, respectively. Homozygous lines were identified from F2
progeny by genotyping. The seed abortion rate of each line was scored in the F3
population in comparison with the wild type using a dissecting microscope.

Generation of SMO1-1:EGFP and DsRed:ACBP1 Lines

The full-length SMO1-1 ORF was PCR amplified using the primer pair
ML2237 /ML2238. The 900-bp product was cloned in frame into the BamHI site
on pBI121-EGFP (Shi et al., 2005) to generate plasmid pAT735 for Arabidopsis
transformation. Homozygous T3 plants were identified by kanamycin selection
and PCR genotyping. The DsRed:ACBP2 fragment was PCR amplified from
plasmid pAT226 (Li and Chye, 2004) using the primer pair ML1.2433/ML2434.
The 1.9-kb product was digested with Sall and HindIII and cloned into Xhol and
HindIII sites on pXCS-HAStrep (Witte et al., 2004) to generate plasmid pAT763.
The full-length ACBP1 ORF was PCR amplified using the primer pair ML2435/
ML2436 and blunt-end ligated into Smal sites on plasmid pAT763 (replacing
ACBP2) to generate plasmid pAT764, which was introduced into SMO1-1:EGFP
lines. After confirmation by Basta selection and PCR genotyping, homozygous
T3 plants were used for confocal laser scanning microscopy.

Confocal Laser Scanning Microscopy

For transient expression of EGFP and DsRed fusion proteins, plasmids
PpAT735 and pAT764 were introduced into A. tumefaciens strain GV3101, which
was used for agroinfiltration of 4-week-old tobacco (Nicotiana tabacum var SR1)
according to Yang et al. (2000). Agroinfiltrated tobacco leaves and transgenic
Arabidopsis were examined with a Zeiss LSM 710 NLO confocal laser scanning
microscope following Li and Chye (2004). For colocalization with an ER marker,
1-week-old seedlings were vacuum infiltrated with the ER-Tracker Red dye
(1 uM; Invitrogen catalog no. E34250) for 30 min prior to two 5-min washes in
distilled, deionized water. The ER-Tracker signals were excited at 594 nm, and
emission was detected at 615 nm. Representative images are shown after ob-
servation with consistent results from at least 20 cells.

Y2H Analysis
Y2H analysis was performed using the Matchmaker Gold Y2H System
(Clontech) according to the manufacturer’s instructions. The bait vector

pGBKT7 containing the coding region of ACBP1, ; (plasmid pAT248)
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constructed previously (Du et al., 2013) was used. The coding regions of
ACBP1y, ;s and ACBP1,,; 333 were PCR amplified using primer pairs ML1791/
ML1792 and ML2208/ML2209, respectively. The products were cloned into
PGEM-T Easy Vector (Promega) to generate plasmids pAT660 and pAT710,
respectively, from which EcoRI-BamHI fragments were excised and cloned into
similar sites on pGBKT7 to generate plasmids pAT661 and pAT713, respec-
tively. A 1.1-kb EcoRI-EcoRI fragment containing the Y171A-mutated coding
region of ACBP1,,_5;3 was excised from plasmid pAT259 (Leung et al., 2006)
and cloned into the EcoRI site on pGBKT7 to generate plasmid pAT760. The full-
length SMO1-1 ORF was PCR amplified using the primer pair ML1794/
ML1795. The 900-bp product was cloned into pPGEM-T Easy Vector (Promega)
to generate plasmid pAT656, from which an EcoRI-Xhol fragment was excised
and cloned into similar sites on the prey vector pPGADT? to generate plasmid
PAT658. The bait and prey constructs were introduced into Y2HGold cells
(Clontech) according to the manufacturer’s instructions, using cotransforma-
tion of the supplied pGADT7-T with the supplied pGBKT7-52 and pGBKT7-
Lam as positive and negative controls, respectively. Successful cotransformants
were identified from synthetic dropout medium/—Leu/—Trp DDO plates after
a 3-d incubation at 30°C and resuspended in 100 uL of sterile 0.9% (w/v) NaCl.
Five-microliter cell suspensions, diluted to ODy, = 0.1, were spotted on DDO
and triple dropout (synthetic dropout medium/—His/ —Leu/—Trp containing
40 pg mL™ X-a-Gal and 125 ng mL™ aureobasidin A) plates, which were in-
cubated at 30°C for 3 d before photography.

Subcellular Fractionation

Silique-bearing aboveground tissues of 6-week-old Arabidopsis were sub-
jected to subcellular fractionation according to Smith et al. (1988). Proteins were
resolved by 12% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Pall) for western-blot analysis. The blots were cross-reacted with
rabbit polyclonal anti-ACBP1 (raised against recombinant ACBP1 protein;
1:4,000) or anti-HA (1:5,000; Immunoway) antibodies at 4°C overnight and
horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:20,000;
Sigma-Aldrich) at room temperature for 2 h. Signals were developed using
the Amersham ECL Prime Detection Reagent (GE Healthcare) followed by
autoradiography.

Strep-Tactin Pull-Down and Coimmunoprecipitation Assays

Membrane fractions were isolated from 0.5 g fresh weight of silique-bearing
plants according to Smith et al. (1988). All subsequent steps were performed at
4°C. Each membrane pellet was solubilized in 1 mL of binding buffer containing
100 mm Tris-HCI (pH 8), 150 mm NaCl, 1 mm EDTA, 0.5% (v/v) Triton X-100, 1%
(v/v) protease inhibitor cocktail (Sigma-Aldrich catalog no. P9599), and 1 mm
phenylmethylsulfonyl fluoride. The samples were clarified by centrifugation at
20,000g for 30 min. For Strep-Tactin pull-down assays, the solubilized mem-
brane proteins were loaded onto the Strep-Tactin MacroPrep matrix (IBA cat-
alog no. 2-1505-002). The target proteins were bound, washed, and eluted
according to the manufacturer’s instructions prior to western-blot analysis
using anti-ACBP1 and anti-HA antibodies as described above. For coimmu-
noprecipitation assays, anti-ACBP1 antibodies were covalently coupled to Affi-
Gel 10 beads (Bio-Rad catalog no. 153-6046) according to the manufacturer’s
instructions. The 100-uL beads were incubated with the solubilized membrane
proteins for 30 min on a rotary shaker and washed with 1 mL of binding buffer
five times. The proteins were eluted with SDS sample buffer and subjected to
western-blot analysis using anti-ACBP1 and anti-HA antibodies as described
above.

RT-PCR and qRT-PCR

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) and
reverse transcribed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen)
primed with oligo(dT) according to the manufacturer’s instructions. For RT-
PCR, SMO1-1 was amplified using the primer pair ML2184/ML1799 under the
following conditions: 95°C for 2 min, then 32 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 1 min, with a final step of 72°C for 7 min. ACTIN2 was am-
plified using the primer pair ML1124/ML1125 with the following conditions:
95°C for 2 min, then 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 10 s,
with a final step of 72°C for 7 min. The cycle numbers were within the pre-
determined linear amplification range. qRT-PCR was conducted using the
FastStart Universal SYBR Green Master (Roche) with the StepOnePlus Real-Time
PCR System (Applied Biosystems) with the following conditions: 95°C for
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10 min, then 40 cycles of 95°C for 15 s and 60°C for 30 s. Primer pairs for gqRT-
PCR were ML1124/ML1125 (ACTIN2), ML2252/ML2253 (SMO1-1), ML2918/
ML2919 (PSATI1), ML2922/ML2923 (PLDal), ML2926/ML2927 (GL2), and
ML2934/ML2935 (MUM4).

GUS Staining

The 3-kb 5’ flanking region of SMO1-1 was PCR amplified using the primer
pair ML2316/ML2317 and cloned into pGEM-T Easy Vector (Promega) to
generate plasmid pAT750, from which a BamHI-BamHI fragment was excised
and cloned into the BamHI site on pBI101.3 (Clontech) to generate the
SMO1-1pro:GUS construct pAT799 for Arabidopsis transformation. After con-
firmation by kanamycin selection and PCR genotyping, homozygous T3 plants
were used. Arabidopsis ACBP1pro:GUS plants were generated by Du et al.
(2013). GUS staining was performed according to Kim et al. (2006). Specimens
were fixed in 90% (v /v) acetone for 20 min and vacuum infiltrated in a substrate
solution containing 50 mm sodium phosphate (pH 7), 0.2% (v/v) Triton X-100,
10 mm EDTA, 2 mm potassium ferricyanide, 2 mm potassium ferrocyanide, and
1 mg mL™" 5-bromo-4-chloro-3-indolyl-B-p-glucuronide for 30 min. The speci-
mens were incubated at 37°C for 6 to 12 h until the development of blue signals
and cleared in 70% (v/v) ethanol for photography. Floral stages were num-
bered according to Smyth et al. (1990). The GUS-stained ovules and developing
seeds were further cleared in Herr’s solution as described previously (Chen
et al., 2010) prior to differential interference contrast (DIC) microscopy.

Seed Coat Mucilage Staining

Dry seeds were shaken in water for 1h and stained with an aqueous solution
of 0.01% (w/v) Ruthenium Red according to Western et al. (2001). The stained
seeds were washed briefly in water and observed with a dissecting microscope.

Light Microscopy

Siliques were vacuum infiltrated in a fixative solution containing 50 mwm
sodium phosphate (pH 7), 2.5% (v/v) glutaraldehyde, and 1.6% (v/v) para-
formaldehyde at room temperature for 1 h and further fixed at 4°C overnight.
After dehydration in an ethanol series, the specimens were cleared in Herr’s
solution as described previously (Chen et al., 2010). For DIC microscopy,
whole-mount tissues were mounted in Hoyer’s medium (Stangeland and
Salehian, 2002) and observed with a Nikon Eclipse 80i microscope using DIC
optics. For histochemical examination, the specimens were embedded and
sectioned in Technovit 7100 (Electron Microscopy Sciences). Sections were
stained with the periodic acid-Schiff’s reaction for total insoluble carbohydrates
and Amido Black 10B for protein and then imaged with a Leitz photo-
microscope using a Nikon DS-Fi2 digital camera according to Hsiao et al. (2015).

Postgerminative Root Growth Studies

Seeds were germinated for 3 d on MS plates with 1% (w/v) Suc. Germinated
seeds (12 per plate; n = 4) were transferred to fresh identical plates and grown
for 5 d prior to primary root length measurement. Given that the progeny from
ACBP1+/—smol-1 could be segregated into ACBP1+/—smol-1 and smol-1 (null)
genotypes, the presence of the acbpl T-DNA in each seedling was determined by
PCR using the primer pair ML179/SLBI following Chen et al. (2010).

GC-MS Analysis of Sterols and FA Methyl Esters

Sterols were extracted according to standard procedures (Liao et al., 2014;
Henry et al., 2015) with some modifications. Briefly, 10 mg of freeze-dried si-
liques at 1 to 2 DAF and 15 mg of freeze-dried mature green siliques were in-
cubated in 4 mL of 2:1 (v/v) chloroform:methanol at 70°C for 1 h, dried under
N, gas, and saponified in 2 mL of 6% (w/v) KOH in methanol at 80°C for 1 h.
The samples were cooled down and mixed with 1 mL of distilled, deionized
water and then 1 mL of hexane, after which the solvent phase was collected by
brief centrifugation. After three rounds of extraction, the solvent phases were
combined and dried under N, gas, followed by derivatization in 100 uL of N,O-
bis(trimethylsilyl)trifluoroacetamide at 80°C for 30 min. The extracts were
spiked with 40 ug of lupenyl-3,28-diacetate as an internal standard. Sterol
masses were determined using an Agilent GC-MS device (5973 inert mass
spectrometer combined with 6890N gas chromatograph) equipped with an
HP-5MS capillary column as described previously (Liao et al., 2014). For FA
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quantification and profiling, 4 mg of freeze-dried siliques were subjected to
acid-catalyzed transmethylation according to Li-Beisson et al. (2013). The ex-
tracts were spiked with 5 ug of C19:0-FA as an internal standard and analyzed
by the same GC-MS device equipped with an Agilent J&W DB-WAX capillary
column (30 m X 0.25 mm X 0.25 um) using a 1:40 split-mode injection. The
temperature was set at 150°C for 3 min, then increased to 240°C at 10°C min”~},
and held at 240°C for 5 min.

Accession Numbers

The sequence data used in this study can be retrieved from TAIR:
AT4G12110 (SMO1-1), AT5G53470 (ACBP1), AT1G79840 (GL2), AT1G53500
(MUM4), AT3G15730 (PLDal), AT1G04010 (PSAT1), and AT3G18780
(ACTIN2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Computational analysis for subcellular localiza-
tion of SMO1-1 and its expression patterns during seed development.

Supplemental Figure S2. Spatial expression patterns of SMO1-1pro:GUS
and ACBP1pro:GUS in transgenic Arabidopsis during seed development.

Supplemental Table S1. Basta-resistant to Basta-sensitive ratio of progeny
from self-pollinated F3 plants.

Supplemental Table S2. Sequences of the primers used in this study.
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