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SUMMARY

As Oryza sativa (rice) seeds represent food for over three billion people worldwide, the identification of

genes that enhance grain size and composition is much desired. Past reports have indicated that Arabidop-

sis thaliana acyl-CoA-binding proteins (ACBPs) are important in seed development but did not affect seed

size. Herein, rice OsACBP2 was demonstrated not only to play a role in seed development and germination,

but also to influence grain size. OsACBP2 mRNA accumulated in embryos and endosperm of germinating

seeds in qRT-PCR analysis, while b-glucuronidase (GUS) assays on OsACBP2pro::GUS rice transformants

showed GUS expression in embryos, as well as the scutellum and aleurone layer of germinating seeds.

Deletion analysis of the OsACBP2 5’-flanking region revealed five copies of the seed cis-element, Skn-I-like

motif (�1486/�1482, �956/�952, �939/�935, �826/�822, and �766/�762), and the removal of any

adversely affected expression in seeds, thereby providing a molecular basis for OsACBP2 expression in

seeds. When OsACBP2 function was investigated using osacbp2 mutants and transgenic rice overexpressing

OsACBP2 (OsACBP2-OE), osacbp2 was retarded in germination, while OsACBP2-OEs performed better than

the wild-type and vector-transformed controls, in germination, seedling growth, grain size and grain weight.

Transmission electron microscopy of OsACBP2-OE mature seeds revealed an accumulation of oil bodies in

the scutellum cells, while confocal laser scanning microscopy indicated oil accumulation in OsACBP2-OE

aleurone tissues. Correspondingly, OsACBP2-OE seeds showed gain in triacylglycerols and long-chain fatty

acids over the vector-transformed control. As dietary rice bran contains beneficial bioactive components,

OsACBP2 appears to be a promising candidate for enriching seed nutritional value.

Keywords: aleurone layer, lipid profiling, oil body, Oryza sativa, scutellum, Skn-I-like motif.

INTRODUCTION

Rice is considered the most important food crop (Khush,

2013), acting as daily subsistence for more than three billion

people globally (Elert, 2014; Woolston, 2014). Of the cereals,

rice production is second to maize (Ray et al., 2013) with

~162 million hectares cultivated in 2017 (FAO.ORG, 2018a),

and over 43 million tons traded worldwide in 2016/2017

(FAO.ORG, 2018b). Despite a rise (130%) in rice production

from 1966 to 2000 (Khush, 2005), output must accelerate to

852 million tons by 2035 to keep pace with the growing glo-

bal population (Khush, 2013). To this end, genes that can

improve grain yield and size of this staple crop have been

intensively sought (Song et al., 2007; Shomura et al., 2008;

Mao et al., 2010; Li et al., 2011; Wang et al., 2015a,b; Mon-

tesinos et al., 2016; Liu et al., 2017).

Examples of rice genes that influence grain weight are

GRAIN WIDTH ON CHROMOSOME 2 (GW2), GRAIN SIZE

ON CHROMOSOME 3 (GS3), GW5, rice BRASSINAZOLE-

RESISTANT1 (OsBZR1), and D11 (Song et al., 2007; Sho-

mura et al., 2008; Mao et al., 2010; Zhu et al., 2015; Liu

et al., 2017). GW2, a RING-type protein with E3 ubiquitin

ligase activity, affects grain width, length, and weight by

regulating the development of other tissues or organs

(Song et al., 2007). A near isogenic line (NIL), NIL(GW2),

enhanced grain width (26.2%), thickness (10.5%), and

length (6.6%) (Song et al., 2007). In contrast, grain length

was negatively regulated by GS3, which contains a plant-

specific organ size regulation domain (Mao et al., 2010).

Although transgenic rice overexpressing GS3 showed
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wider grain width (~10%), grains became shorter (~20%),

culminating in reduction (~30%) in weight (Mao et al.,

2010).

Brassinosteroids (BRs) are essential in rice seed develop-

ment, because BR-deficient mutants form short seeds

(Hong et al., 2005; Tanabe et al., 2005; Morinaka et al.,

2006; Fang et al., 2016; Yuan et al., 2017). Furthermore, BR

was found to promote grain size by stimulating cell expan-

sion in spikelet hulls (Hong et al., 2005; Yuan et al., 2017;

Zhou et al., 2017). The GW5 protein physically interacts

with rice GLYCOGEN SYNTHASE KINASE2, to downregu-

late BR biosynthesis (Liu et al., 2017). Consequently, grain

width increased (~30%) in GW5 knockout lines, while grain

weight rose (~20%) in the GW5 deletion lines (Shomura

et al., 2008; Liu et al., 2017). Furthermore, the overexpres-

sion of a BR-signaling factor, OsBZR1, improved grain

width (6.6%), length (4.3%), and weight (3.4%), while

OsBZR1-RNAi rice seeds had shorter grain length (7.5%),

accompanied by slight reduction in grain thickness (2.1%),

width (1.7%), and weight (4.4%) (Zhu et al., 2015). Also,

transgenic rice overexpressing the rice D11-encoded cyto-

chrome P450 involved in BR biosynthesis displayed

increase in grain width (9.7%), length (12.6%), and weight

(7.0%), while D11-RNAi lines were reduced in grain weight

(6.8%) and length (14.1%) (Zhu et al., 2015).

Rice genes that affect grain length or width, but not

weight, include GRAIN LENGTH ON CHROMOSOME 7

(GL7), SMALL AND ROUND SEED5 (SRS5), rice SQUA-

MOSA PROMOTER BINDING PROTEIN-LIKE13 (OsSPL13),

and GS5 (Li et al., 2011; Wang et al., 2015a,b; Si et al.,

2016). In transgenic rice, the overexpression of GL7 which

interacts with OsSPL16 (GW8) in regulating grain size

(Wang et al., 2015a), promoted the formation of densely

packed starch granules, affecting microtubule arrangement

and enhancing grain length (Wang et al., 2015b). In con-

trast, grain length declined in the srs5 mutant which was

retarded in cell elongation (Segami et al., 2012). Another

gene, GS5, encoding a putative serine carboxypeptidase,

has been proposed to act as a positive modulator upstream

of cell cycle genes to promote mitotic division, increasing

cell number and grain width (~10%) (Li et al., 2011).

Besides genes involved in regulating organ size, BR

biosynthesis, cell cycles and cell elongation, we report herein

that a gene encoding an acyl-CoA-binding protein (ACBP)

essential for lipid metabolism can affect seed size. During

rice grain development, fatty acids (FAs) accumulate as tria-

cylglycerols (TAGs) which represent the principle energy

reserve in the embryo (Clarke et al., 1983). FAs must be thio-

esterified to Coenzyme-A derivatives by acyl-CoA synthase

before they can be used as a fuel or as precursors in the

biosynthesis of other lipids (Ohlrogge and Browse, 1995).

ACBPs bind acyl-CoA esters to maintain an intracellular acyl-

CoA pool as well as transport acyl-CoAs in lipid metabolism

(Xiao and Chye, 2011; Du et al., 2016; Lung and Chye, 2016c;

Ye and Chye, 2016). These proteins have been reported in

the plant kingdom (Meng et al., 2011), other eukaryotes, and

11 eubacterial species (Burton et al., 2005). Arabidopsis thali-

ana mutants lacking ACBPs showed altered lipid composi-

tion, thereby increasing stress susceptibility (Chye et al.,

1999; Chen et al., 2008; Xiao et al., 2010; Du et al., 2013a,b;

Xue et al., 2014), retarding pollen development (Hsiao et al.,

2015), reducing seed weight (Hsiao et al., 2014a), and caus-

ing embryonic lethality (Chen et al., 2010). ACBP mutations

also adversely affected embryogenesis in mammals (Zhou

et al., 2007; Landrock et al., 2010), worms (Elle et al., 2011),

and insects (Majerowicz et al., 2016).

In each of rice and Arabidopsis, six ACBPs co-exist in

four classes (Meng et al., 2011). Class I ACBPs (10 kDa)

consist of only a single acyl-CoA-binding (ACB) domain

(Meng et al., 2011) and include rice OsACBP1, OsACBP2,

and OsACBP3 and Arabidopsis AtACBP6 (Meng et al.,

2011). Arabidopsis Class II ACBPs [AtACBP1 (Li and Chye,

2003), and AtACBP2 (Li and Chye, 2003; Gao et al., 2009,

2010)] are characterized by a transmembrane domain and

an ankyrin-repeat domain. Knockout of AtACBP1 increased

C18:0-CoA, monogalactosyldiacylglycerol (MGDG), and

polyunsaturated fatty acids (PUFA) content at the expense

of phosphatidylcholines (PC), phosphatidylinositol (PI), and

phosphatidylserine (PS) in siliques, reduced epicuticular

wax crystals and increased susceptibility to Botrytis

cinerea (Chye et al., 1999; Chen et al., 2010; Du et al.,

2013a; Xue et al., 2014). Furthermore, the atacbp1atacbp2

double mutant was embryo lethal (Chen et al., 2010).

AtACBP4 and AtACBP5 belong to Class IV and are located

in cytosol, same as AtACBP6 (Meng et al., 2011). Pollen

abortion and reduction in seed number were evident in at-

acbp4atacbp6, atacbp5atacbp6, and atacbp4atacbp5at-

acbp6 (Hsiao et al., 2015). The number of seed oil bodies

declined and pollen activity was impaired in atacbp4at-

acbp5atacbp6 (Hsiao et al., 2015).

Although ACBPs are essential in embryogenesis and

seed development (Chye et al., 1999; Chen et al., 2010;

Napier and Haslam, 2010; Hsiao et al., 2014a; Lung et al.,

2017, 2018), a single ACBP which affects seed size and

weight has not been encountered (Xiao and Chye, 2009,

2011; Du and Chye, 2013; Du et al., 2016; Lung and Chye,

2016a,b,c; Ye and Chye, 2016). To better elucidate the bio-

logical role of ACBPs in rice seeds, investigations on

OsACBP2 were pertinent based on its microarray data pro-

file (Sato et al., 2010), demonstrating high OsACBP2

expression in developing seeds.

RESULTS

OsACBP2 is highly expressed in developing and

germinating rice seeds

When the temporal and spatial expression of OsACBP2

was investigated by generating OsACBP2pro::GUS

© 2019 The Authors
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transgenic rice lines for histochemical b-glucuronidase
(GUS) assays, signals were observed in seed development

only from 16 days after fertilization (DAF) at seed maturation

(Figure 1a). The OsACBP2 expression profile in developing

seeds (Figure 1a) was consistent with microarray data from

the RiceXPro (Sato et al., 2010), as displayed in the heat

map which also detected its high expression in leaf blades,

leaf sheath, and roots (Figure S1). In contrast, OsACBP1,

Figure 1. Examination of OsACBP2pro::GUS expression in developing and imbibed mature rice seeds by bright-field light microscopy.

(a) Histochemical GUS staining shows OsACBP2pro::GUS in longitudinally sectioned developing transgenic rice seeds 5, 10, 15, and 16 days after fertilization

(DAF).

(b) Histochemical GUS staining shows OsACBP2pro::GUS expressions in germinating transgenic rice seeds 1, 2, 3, and 4 days after germination (DAG). GUS

expression was observed in embryos (1–3 DAG) and aleurone tissue (1–2 DAG).

(c) Images of OsACBP2pro::GUS 1-day-old seed sections showed GUS expression in the aleurone tissue. EM, embryo; AL, aleurone; CL, coleoptile; and ED, star-

chy endosperm. Similar GUS expression patterns were observed in all three samples tested for each line. Bars = 1 mm in (a) and (b), and bars = 50 lm in (c).

© 2019 The Authors
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OsACBP3, OsACBP5, and OsACBP6 displayed low to moder-

ate expression in developing seeds (Figure S1).

Furthermore, OsACBP2pro::GUS was highly expressed

in embryos from 2 days after germination (DAG) to 3 DAG,

and in aleurone from 1 to 2 DAG (Figure 1b). In 1-day-old

imbibed seeds, OsACBP2pro::GUS was detected in the

aleurone layer, but not the starchy endosperm (Figure 1c).

Using qRT-PCR, OsACBP2 was again identified to be the

sole Class I OsACBP member highly expressed in both

embryos and endosperm, 1 to 4 DAG (Figure S2). In con-

trast, OsACBP1, OsACBP3, OsACBP4, OsACBP5, and

OsACBP6 showed relatively low expression (Figure S2). In

embryos, OsACBP2 peaked at 3 DAG, with a ~4-fold
increase over 1 DAG, while in the endosperm, it was highly

expressed at 1 DAG and gradually declined (Figure S2),

consistent with GUS staining results (Figure 1b).

Five Skn-I-like motifs regulate OsACBP2 expression in

seeds

The OsACBP2 5’-flanking region was predicted using Plant-

CARE (Lescot et al., 2002) to contain five putative copies of

Skn-I-like motifs, previously identified to mediate seed

expression (Washida et al., 1999), at nucleotide positions

�1486/�1482, �956/�952, �939/�935, �826/�822, and

�766/�762 (Figure 2a). Furthermore, there were four puta-

tive TGACG motifs at �1271/�1267, �1189/�1185, �339/

�335, and �33/�29 (Figure 2a), which potentially recruit

TGACG transcription factors in response to MeJA (Spoel

et al., 2003), and a putative abscisic acid-responsive

(ABRE) element at �157/�147 (Figure 2a).

To verify the function of the Skn-I-like motifs, transgenic

rice expressing GUS under the control of the OsACBP2pro

and its truncated derivatives were generated (Figure 2a). His-

tochemical staining of 1-day-old imbibed seeds transformed

with plasmids pOS806, pOS883, pOS837, pOS886, pOS859,

and the DX2181 (Du et al., 2010a) vector-transformed control

(VC), demonstrated GUS expression in all lines except

pOS859 and VC transformants (Figure 2b). Interestingly, only

pOS806 transformants with all five Skn-I-like motifs (�1486/

�1482, �956/�952, �939/�935, �826/�822, and �766/�762)

displayed GUS expression in both endosperm and embryos

(Figure 2b). In contrast, GUS signals in pOS883 transfor-

mants with four Skn-I-life motifs (�956/�952, �939/�935,

�826/�822, and �766/�722), pOS837 transformants with

two Skn-I-life motifs (�826/�822 and �766/�722), and

pOS886 transformants with one Skn-I-life motif (�766/�722)

were embryo-specific (Figure 2b). Removal of the Skn-I-like

motifs at �956/�952 and �939/�935 (pOS837) drastically

diminished GUS activity in transgenic rice OsACBP2pro::

GUS seeds, while removal of the remaining Skn-I-like motifs

at �826/�822 and �766/�762 (pOS859) further reduced GUS

activity (Figure 2b). This reduction in GUS signal observed

with the sequential removal of Skn-I-like motifs from the

OsACBP2 50-flanking region (Figure 2) correlated well with

GUS histochemical stains (Figure 1).

To further investigate the function of the putative Skn-I-

like motifs in the OsACBP2 50-flanking region, electrophoretic

mobility shift assays (EMSAs) were performed using double-

stranded biotin-labeled DNA probes containing the five Skn-

I-like motifs (�1486/�1482, �956/�952, �939/�935, �826/

�822, and �766/�762). When crude nuclear extracts from 1-

day-old imbibed seeds were tested, band shifts occurred

with all four sets of probes, indicating DNA–protein interac-

tion (Figure 2d). In contrast, the use of 200-fold non-biotin-

labeled mutagenized probe for each Skn-I-like motif (�1486/

�1482, �956/�952, �939/�935, �826/�822, and �766/�762),

with substitution of ‘GTCAT’ to ‘GGCCC’ (Figure 2c) failed to

outcompete protein binding in this loss-of function study

(Figure 2d). However, binding was outcompeted in the pres-

ence of 200-fold non-biotin-labeled wild-type probe for each

Skn-I-like motif (Figure S3), suggesting that all five Skn-I-like

motifs interact with nuclear proteins.

OsACBP2 overexpression enhances grain size and weight

in transgenic rice

To study OsACBP2 function, an osacbp2 T-DNA insertional

mutant PFG_1D-05815 (osacbp2-P05815) from the Rice T-

DNA Insertion Sequence Database (RISD DB, cbi.khu.ac.kr/

Figure 2. Regulation of OsACBP2 expression by Skn-I-like motifs in imbibed mature rice seeds.

(a) Schematic diagram of OsACBP2pro::GUS constructs in which the OsACBP2 50-flanking sequence was fused to the GUS reporter gene. Putative cis-elements on

the OsACBP2 50-flanking region (pOS806) and its deletion derivatives (pOS883, pOS837, pOS886 and pOS859) are presented by blue rectangles (Skn-I-like motifs),

gray triangles (TGACG motifs), and orange ovals (ABRE motifs). The plasmid DX2181 was used as a vector control. Skn-I, Skn-I-like motif; TGACG, TGACG motif-

binding factor; ABRE, abscisic acid-responsive element; GUS, b-glucuronidase. The putative Skn-I-like motifs were located at �1486/�1482, �956/�952 and �939/

�935, �826/�822 and �766/�762. The putative TGACG motifs (�1271/�1267, �1189/�1185, �339/�335, and �33/�29) and putative ABRE (�157/�147) are marked.

(b) GUS assays on 1-day-old imbibed seeds from transgenic ZH11 OsACBP2pro::GUS rice transformants of pOS806 and its deletion derivatives (pOS883, pOS837,

pOS886 and pOS859). The DX2181 transformant was used as a vector control. Quantitative fluorometric measurement was obtained from experiments performed

with five independent lines for each construct, and 10 seeds per line were used for GUS extraction. Bars indicate the standard errors of three replicates. Asterisks

indicate significantly higher (P < 0.05 using Student’s t-test) GUS activity than the DX2181 vector-transformed control. Arrowheads indicate GUS signals.

Bars = 1 mm.

(c) Schematic illustration of five mutated Skn-I-like motifs (�1486/�1482, �956/�952, �939/�935, �826/�822, and �766/�762) and their corresponding locations in

the Skn-I-like motif wild-type probe sequences. Mutated nucleotides in Skn-I-like motifs and their corresponding sequences are bolded.

(d) Electrophoretic mobility shift assays show binding of nuclear extracts to the Skn-I-like motifs in the OsACBP2 50-flanking region. The competitor contains 2009

non-biotin-labeled mutagenized probe shown in (c). -, absent in the reaction; +, present in the reaction. Arrowheads indicate DNA–protein binding complexes

formed in the presence of nuclear proteins extracted from 1-day-old imbibed rice seeds. Arrow indicates free unbound biotin-labeled probe. In contrast, 2009 non-

biotin-labeled wild-type probes competed out the biotin-labeled probes (Figure S3).

© 2019 The Authors
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RISD_DB.html) and three retrotransposon insertional

mutants RMD_03Z11AZ19 (osacbp2-AZ19), RMD_03Z11LE18

(osacbp2-LE18), and RMD_03Z11LG76 (osacbp2-LG76) of

OsACBP2 from the Rice Mutant Database (RMD,

rmd.ncpgr.cn) were characterized (Figure S4a). The osacbp2-

P05815 mutant was derived from the Hwayoung wild-type

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), doi: 10.1111/tpj.14503
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(HY), and its T-DNA insertion was mapped to the 5’-untrans-

lated region (UTR) (Figure S4a). The osacbp2 mutants,

osacbp2-AZ19, osacbp2-LE18, and osacbp2-LG76 originated

from the Zhonghua11 wild-type (ZH11). The inserts were

localized at the 3’-UTR for osacbp2-LE18 and osacbp2-LG76,

while the insert for osacbp2-AZ19 was mapped to the third

exon (Figure S4a).

As OsACBP2 shares 79% amino acid identity with

OsACBP1 (Guo et al., 2017), anti-OsACBP1 antibodies were

found to cross-react with recombinant OsACBP2 (Fig-

ure S4b). Western blot analysis with anti-OsACBP1 anti-

bodies using 1-day-old rice seeds confirmed OsACBP2

expression was significantly impaired in all four lines

(osacbp2-AZ19, osacbp2-LE18, osacbp2-LG76 and osacbp2-

P05815; Figure S4c and d). The osacbp2 seeds did not

show OsACBP2 mRNA expression at 1–4 DAG (Figure S4e).

Seed germination and seedling growth were retarded in

osacbp2-P05815 from 2 DAG, while osacbp2-P05815 seeds

at 4 DAG did not possess the elongated coleoptiles evident

in the wild-type (WT) (at 3–4 DAG) (Figure S4f). Germina-

tion tests revealed that OsACBP2-OEs germinated more

rapidly than the WT and VC, while osacbp2 germination

was slower (Figure S5). At 4 DAI, the germination rate of

OsACBP2-OEs was higher than the VC, while fewer germi-

nated seeds appeared for osacbp2 than the corresponding

control (Figure S5).

Figure 3. Measurement of seed length, width and weight in OsACBP2-OEs and osacbp2 mutants.

(a) Grains from pCXSN vector control (VC), OsACBP2-OEs (OE-1, OE-3, OE-17, and OE-21), Zhonghua11 wild-type (ZH11), osacbp2-AZ19 (AZ19), osacbp2-LE18

(LE18), osacbp2-LG76 (LG76), Hwayoung wild-type (HY), and osacbp2-P05815 (P05815). The background for osacbp2-AZ19, osacbp2-LE18 and osacbp2-LG76 is

ZH11, while that for osacbp2-P05815 is HY. Bar = 10 mm. Comparison in grain length (b), grain width (c), grain weight (d), and biomass per plant (e) amongst

the OsACBP2-OEs, controls (VC, ZH11, and HY), and osacbp2 mutants [n = 30, and n ≥ 5 for (e)]. The values in (b–e) represent the mean � SE. Asterisks indicate

significant differences (P < 0.05 using Student’s t-test) from relevant controls.

© 2019 The Authors
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Figure 4. Transmission electron microscopy of the

scutellum cells from imbibed rice seeds from

OsACBP2-OEs and osacbp2.Scutellum cells of

OsACBP2-OEs, OE-1 (a), OE-3 (b), OE-17 (c), and

OE-21 (d), showed increase in oil bodies (yellow

arrows) and protein bodies (red arrows) in compar-

ison with the pCXSN vector control (e). Scutellum

cells in the osacbp2 mutant lines osacbp2-AZ19 (g),

osacbp2-LE18 (h), osacbp2-LG76 (i) contained fewer

oil bodies in comparison with ZH11 (f), and

osacbp2-P05815 (k) fewer than Hwayoung wild-type

(j). ‘V’ indicates vacuoles. Oil bodies in the boxed

areas are magnified in the insets. Bars = 2 lm and

0.8 lm (inset). (l) Percentage area of oil bodies in a

single scutellum cell was measured using ImageJ

software. Values indicate mean � SE (n = 3). Aster-

isks indicate significantly more oil bodies than the

pCXSN vector-transformed control. Asterisks indi-

cate significantly higher (P < 0.05 using Student’s t-

test) intensity in comparison with the pCXSN vec-

tor-transformed control.

© 2019 The Authors
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When seed characteristics were examined, transgenic

rice OsACBP2-OEs displayed improved grain length

(+10%), width (+10%), and weight (+10%), in comparison

with the VC (Figure 3). Correspondingly, the four osacbp2

lines (osacbp2-P05815, osacbp2-AZ19, osacbp2-LE18, and

osacbp2-LG76) exhibited reduction in grain length (�5%)

and weight (�10%) in comparison with their corresponding

WTs (Figure 3). Besides, seeds from two mutant lines,

osacbp2-LE18 and osacbp2-P05815, were narrower than

their corresponding WTs (Figure 3c). Consequently, the

grain yield biomass of each OsACBP2-OE line exceeded

the VC (Figure 3e). When 2-week-old wild-type controls

(ZH11 and HY), the VC (pCXSN), osacbp2 mutants

(osacbp2-AZ19, osacbp2-LE18, osacbp2-LG76 and osacbp2-

P05815) and OsACBP2-OEs (OE-1, OE-3, OE-17, and OE-21)

were compared, OsACBP2-OEs showed higher coleoptile

and shoot elongation rates than ZH11 and the VC (Fig-

ure S6b). Mutants were reduced in both shoot and coleop-

tile elongation rates in comparison with their

corresponding WTs (Figure S6b). Nonetheless, the mature

plant height of 49-day-old OsACBP2-OE was not greater

than the controls (Figure S6c).

OsACBP2-OE transgenic rice seeds accumulate storage

lipids

To investigate how OsACBP2 confers increase in grain size

and weight, the scutellum cells from transgenic OsACBP2-

OE rice seeds were examined using transmission electron

microscopy (TEM). Resembling the oil body distribution

characteristic for oil seeds (Mansfield and Briarty, 1992;

Siloto et al., 2006), oil bodies in the rice scutellum

appeared as discrete regularly sized organelles under TEM

(Figure 4). They were present at the periphery of the cells

and between protein bodies (Figure 4). The different intra-

cellular structures of scutellum cells amongst OsACBP2-

OEs or osacbp2 may have arisen from their varying rates

in nutrient breakdown, resulting in differences in germina-

tion rate (Figures S5, S6a and b). More oil bodies were

encountered in the OsACBP2-OEs (Figure 4a–d) than the

VC (Figure 4e) and ZH11 (Figure 4f). Fewer oil bodies were

detected in the osacbp2 mutants in both ZH11 and HY

backgrounds: osacbp2-AZ19 (Figure 4g), osacbp2-LE18

(Figure 4h), and osacbp2-LG76 (Figure 4i) in comparison

with ZH11 (Figure 4f), and osacbp2-P05815 (Figure 4k) to

HY (Figure 4j). Quantitative analysis on lipid bodies using

ImageJ confirmed that OsACBP2-OEs possessed more oil

bodies than the VC (Figure 4l), and analysis on Nile red-

stained aleurone cells showed that more oil accumulated

in OsACBP2-OE aleurone than the VC (Figure 5). In con-

trast, the osacbp2 aleurone contained less oil than its cor-

responding control (Figure S7).

Electrospray ionization mass spectrometry (ESI-MS)

analysis revealed that the total amount of TAGs in

OsACBP2-OE seeds was greater than the VC and ZH11

(Figure 6; Table S1). Unsaturated TAGs (50:2-, 52:2-, 52:4-,

and 54:2-TAG) increased in OsACBP2-OEs over the VC (Fig-

ure 6; Table S1). Using gas chromatography–mass spec-

trometry (GC-MS), the total FA content in OsACBP2-OE

seeds was ~10% higher than the VC, while osacbp2-P05815

and osacbp2-LE18 seeds showed 10–20% decrease in total

FA content (Table S2). Also, C18:0-FA accumulated in the

OsACBP2-OEs over the VC (Table S2). Subsequently

OsACBP2-OE embryos were examined in GC-MS to esti-

mate the content of the ten major FA species (C14:0-,

C16:0-, C16:1-, C18:0-, C18:1-, C18:2-, C18:3-, C20:0-, C20:1-,

and C22:0-FA), among which the three most abundant ones

(totaling > 90%) were C16:0-FA (20–24%), C18:1-FA (32–
37%), and C18:2-FA (32–37%) (Figure 7). C18:1-FA was

higher in three OsACBP2-OE lines (OE-1, OE-3, and OE-17),

while C18:2-FA was higher in OsACBP2-OE-1, OE-3, and OE-

21 (Figure 7). Furthermore, statistically significant increase

in C16:0- and C22:0-FA was detected in OsACBP-OEs over

the control (Figure 7). Also, many other FAs, both saturated

(C14:0-, C18:0-, and C20:0-FAs) and unsaturated (C18:3- and

C20:1-FAs) FA constituents showed different accumulation

patterns in the overexpression lines (Figure 7). These results

demonstrated that the OsACBP2-OEs over-accumulated

long-chain FAs (LCFAs) in mature embryos (Figure 7).

(a) (b) (c)

(d)

(g)

(e) (f)

Figure 5. Confocal laser scanning microscopy of the OsACBP2-OE aleurone

cells from Nile red-stained imbibed rice seeds.

Aleurone cells of OsACBP2-OEs, OE-1 (a), OE-3 (b), OE-17 (c), and OE-21 (d)

showed stronger fluorescence intensity in comparison with the pCXSN vec-

tor control (VC) (e) and Zhonghua11 wild-type (WT) (f). Bars = 10 lm. (g) Oil

content of OsACBP2-OE aleurone cells. Relative fluorescence intensity was

measured using ImageJ on Nile red-stained OsACBP2-OE aleurone cells.

Asterisks indicate significantly higher (P < 0.05) using Student’s t-test)

intensity than the pCXSN vector-transformed control.
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DISCUSSION

High OsACBP2 expression in rice seeds is regulated by

Skn-I-like motifs

Of the six OsACBPs verified in qRT-PCR analysis to show

different expression profiles during seed germination (Fig-

ure S2), OsACBP2 was the most highly expressed in germi-

nating seeds (Figure S2), consistent with the microarray

data (Figure S1) and previous qRT-PCR results on high

OsACBP2 expression in milk and soft dough seeds (Meng

et al., 2011). Its high seed expression was related to the

presence of two adjacent (�956/�952 and �939/�935)

Skn-I-like motifs in its 5’-flanking region (Figure 2a), as

confirmed by EMSAs to effectively bind nuclear proteins

(Figures 2d and S3). Skn-1 was first reported in Caenorhab-

ditis elegans as a transcription factor to determine the cell

fate in the early embryo (Bowerman et al., 1992) and play

a role in oxidative responses (An and Blackwell, 2003).

EMSAs demonstrated that Skn-I recognizes ‘GTCAT’ and

‘ATCAT’ DNA sequences (Blackwell et al., 1994). Similar

motifs in the 5’-flanking regions of plant genes, designated

as Skn-I-like motifs, are known to regulate seed-specific

expression (Washida et al., 1999). These motifs are

enriched in the 5’-flanking region of the gene encoding the

Poaceae seed storage protein (SSP) (Fauteux and Strom-

vik, 2009). However, genes regulated by Skn-I-like motifs,

such as Poaceae SSP and the rice storage protein glutelin

gene GluB-1 (Washida et al., 1999), have not been previ-

ously associated with grain size and weight.

OsACBP2 plays a role in seed storage because its high

expression in developing seeds at 16 DAF (Figure 1a) coin-

cided with the accumulation of rice storage compounds

such as starches, proteins and lipids (Deng et al., 2013).

This role was further supported by its high expression in

Figure 6. Analysis of fatty acid content and composition in OsACBP2-OEs.

Quantitative analysis of triacylglycerols (TAGs; C50:1, C50:2, C50:3, C52:2, C52:3, C52:4, C52:5, C54:2, C54:3, C54:4, C54:5, C54:6, and C54:7) from 1-day-old

imbibed rice seeds OsACBP2-OEs, OE-1 (red), OE-3 (blue), OE-17 (yellow), OE-21 (green), pCXSN vector-transformed control (purple) and ZH11 wild-type (gray).

Values are mean � SE of measurements made on three independent batches of samples (n = 20). Asterisks indicate significantly higher value in comparison

with the VC using Student’s t-test (P < 0.05).

Figure 7. Gas chromatography–mass spectrometry

analysis of fatty acids from OsACBP2-OE transgenic

rice embryos.Quantitative analysis of fatty acids

(C14:0, C16:0, C16:1, C18:0, C18:1, C18:2, C18:3,

C20:0, C20:1 and C22:0-FA) from embryos of rice

OsACBP2-OEs, OE-1 (red), OE-3 (blue), OE-17 (yel-

low), OE-21 (green), pCXSN vector-transformed

control (purple) and ZH11 wild-type (gray). Values

represent mean � SE of measurements made on

three independent batches of samples. Student’s

t-test was performed on each OsACBP2-OE against

VC. Asterisks indicate significantly higher value

(P < 0.05). Each measurement contains 40 seeds.
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germinating rice seeds (GUS assays in Figure 1b), while

osacbp2 seeds were retarded in germination (Figure S6b).

As TEM and confocal microscopy showed fewer oil body

accumulation in osacbp2 embryo and aleurone cells

(Figures 4 and 5), OsACBP2 appeared to participate in oil

accumulation during seed development. Besides lipids,

sugars represent another essential nutrient for rice seed

development (Halford and Paul, 2003). Interestingly, knockout

mutants of rice SnRK1, which encodes the SNF1-RELATED

PROTEIN KINASE1, were impaired in sugar signaling and

retarded in seed germination (Lu et al., 2007).

OsACBP2 affects seed TAG content

In this study, TAG (50:1-, 50:2-, 52:2-, 52:4-, and 54:2-TAGs)

and FA (C14:0-, C16:0-, C18:0-, C18:1-, C20:0-, and C22:0-

FAs) accumulation in OsACBP2-OE seeds (Figures 6 and 7)

resulted in gain in OsACBP2-OE grain size and weight over

the VC (Figure 3). In plant seeds, TAGs, in the form of oil

bodies, represent a crucial energy reserve during germina-

tion (Murphy, 1994; Chapman et al., 2012; Hern�andez et al.,

2012; Pyc et al., 2017), and they constitute a major compo-

nent of seed oil (reviewed in Weselake et al. (2009)). FAs

need to be converted to CoA esters before TAG biosynthe-

sis via the Kennedy pathway (Weselake et al., 2009). Thus,

acyl-CoA esters (mostly C16:0 and C18:1) are the essential

precursors of TAGs (Ohlrogge and Browse, 1995) and

cytosolic OsACBP2 could play an important role by binding

and transporting them besides maintaining an acyl-CoA

pool in rice seeds.

Evidence that ACBPs bind acyl-CoA esters is based on

previous observations of recombinant OsACBP2 binding to

C16:0-, C18:2-, and C18:3-CoAs in isothermal titration

calorimetry (Guo et al., 2017). In OsACBP2, C18:3-CoA

interaction occurred at a deep (depth 8–9 �A) narrow (9–10
�A) groove (Guo et al., 2017), resembling the association of

human liver ACBP with C14:0-CoA (Taskinen et al., 2007).

In contrast, OsACBP1 interacts with C16:0-CoA, similar to

bovine ACBP which involves a relatively wide (width 17–18
�A) shallow (depth 4–5 �A) groove (Kragelund et al., 1993).

Interestingly, OsACBP1 showed stronger affinity to C16:0-

CoA than C18:2- and C18:3-CoAs, perhaps due to the

higher flexibility at this binding region (Guo et al., 2017).

Similar to the recombinant OsACBPs, recombinant

AtACBPs have also been shown to bind acyl-CoAs esters

and phospholipids in vitro (Leung et al., 2006; Chen et al.,

2010; Xiao et al., 2010; Hsiao et al., 2014a; Hu et al., 2018).

(His)6-AtACBP1 binds PA and unsaturated PCs (18:1- and

18:2-PCs) as well as 18:2- and 18:3-CoAs, while (His)6-

AtACBP2 binds lysoPC, C16:0-, C18:2-, and C18:3-CoAs

(Gao et al., 2009, 2010; Chen et al., 2010; Du et al., 2013a).

Besides PC, PE, and PA, (His)6-AtACBP3 was reported to

bind C12:0-, C14:0-, C16:0-, C16:1-, C17:0-, C18:1-, C18:2-,

C18:3-, and 20:4-CoAs (Leung et al., 2006; Xiao et al., 2010;

Hu et al., 2018). Also, (His)6-AtACBP4, (His)6-AtACBP5, and

(His)6-AtACBP6 bind C14:0-, C16:0-, C18:0-, C18:1-, C18:2-,

and C18:3-CoAs (Hsiao et al., 2014a). Not surprisingly,

transgenic Arabidopsis AtACBP-OEs showed alterations in

lipid composition in comparison with the WT (Du et al.,

2010b, 2013a; Xiao et al., 2010; Liao et al., 2014). For

example, PC and PA were reported to accumulate in

AtACBP1-OE seeds and 5-week-old AtACBP1-OE plants in

comparison with the WT (Du et al., 2010b, 2013a). As PA is

essential in ABA signaling, AtACBP1-OE seeds and seed-

lings became more sensitive to ABA treatment than the

WT (Du et al., 2010b, 2013a). PA also increased in

AtACBP3-OEs, at expense of PC, PI, and PE (Xiao et al.,

2010). As PE content is crucial to cell membrane integrity,

transgenic Arabidopsis AtACBP3-OE showed early leaf

senescence, indicating that AtACBP3 can affect leaf lipid

composition (Xiao et al., 2010). Also, transgenic Arabidop-

sis AtACBP6-OEs displayed enhanced cold tolerance, coin-

ciding with PC and MGDG accumulation in rosettes and

flowers, suggesting that cell membrane remodelation

occurred in cold-stressed AtACBP6-OEs (Liao et al., 2014).

In this study, the overexpression of OsACBP2, the rice

homologue of AtACBP6, raised total TAG content in rice

seeds (Figure 6) and promoted seed germination (Fig-

ure S5). In contrast, TAGs were not available to fuel post-

germinative growth in the Arabidopsis sdp1 mutant

lacking the TAG lipase which initiates storage oil break-

down in germinating seeds, resulting in retarded seed ger-

mination (Eastmond, 2006).

Higher OsACBP2-OE seed oil content coincided with

bigger grains

Besides increasing TAG content, OsACBP2 overexpression

affected grain weight (Figure 6), because OsACBP2-OE

transgenic rice seeds were bigger and heavier than those

of the VC (Figure 3a–d). OsACBP2 overexpression in trans-

genic rice also culminated in enhancing grain yield (Fig-

ure 3e). Correspondingly, the osacbp2 mutants showed

lower TAG content than their respective WTs (HY and

ZH11), while the OsACBP2-OEs showed elevation in unsat-

urated TAGs (Figure 6; Table S1) and were found to con-

tain more LCFAs (Figure 7), implying the possible

involvement of OsACBP2 in the Kennedy pathway (re-

viewed in Weselake et al. (2009)). When OsACBP2 is over-

expressed, more OsACBP2 molecules can potentially

participate in acyl-CoA transfer from the cytosolic pool to

the endoplasmic reticulum (ER), and eventually causing

TAG accumulation in oil bodies (Figures 4 and 5). The par-

ticipation of OsACBP2 in long-chain acyl-CoA transfer is

supported by observation in higher TAG accumulation in

OsACBP-OEs than the control (Figure 6). Furthermore, lipid

profiling data on TAGs and FAs (Figures 6 and 7) in

OsACBP2-OEs suggested that FA biosynthesis could be

enhanced in the ER, providing more unsaturated acyl-

chains for TAG biosynthesis.
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When the Class I Arabidopsis homologue was either

knocked out or overexpressed in transgenic Arabidopsis,

atacbp6 and AtACBP6-OEs did not show significant differ-

ences from the WT in seed size (Figure S8). Also, it has

been reported that seed morphology and size did not vary

among the double and triple mutants of atacbp4, atacbp5

and atacbp6 in comparison with the WT, although the dou-

ble and triple mutant seeds were lighter than the WT

(Hsiao et al., 2014a). In contrast, OsACBP2 influenced both

grain size and weight (Figure 3). Grain weight has also

been linked to changes in seed TAG content in other stud-

ies (Jako et al., 2001). The overexpression of DGAT in Ara-

bidopsis enhanced oil content (~10%) and seed weight

(~20%) (Jako et al., 2001), similar to OsACBP2-OEs. Unlike

OsACBP2 which increases yield by enhancing grain weight,

rice VIN3-LIKE2 (OsVIL2) affected yield by suppressing

cytokinin degradation, increasing grain number per panicle

(Yang et al., 2019). In contrast, knockdown of rice DICER-

LIKE3b (OsDCL3b) that functions in gene alternative splic-

ing in rice panicles, reduced seed setting and impaired

yield (Liao et al., 2019). Interestingly, unlike OsACBP2-OEs,

there was no effect on grain weight in OsVIL2-OE and

OsDCL3b-RNAi lines (Liao et al., 2019; Yang et al., 2019).

As OsACBP2 contributes to increasing seed oil content

as well as grain size and weight in transgenic rice, it pre-

sents tremendous potential for use in the genetic engineer-

ing of rice to improve grain size and composition. After all,

lipids in rice bran and germs are the undervalued by-prod-

ucts from rice milling (Fabian and Ju, 2011). Furthermore,

dietary rice bran oil is considered to be one of the most

valuable and healthy oils because it contains bioactive

components that lower serum cholesterol (Rong et al.,

1997; Wilson et al., 2007; Nagasaka et al., 2011), and pos-

sesses anti-oxidation (Xu et al., 2001), anti-carcinogenic

(Yasukawa et al., 1998), and anti-allergic inflammation

activities (Akihisa et al., 2000). Hence, OsACBP2 is promis-

ing not only for enhancing grain size and weight but for

improving nutritional value by exhibiting 10% increases in

lipid content in rice bran and whole seeds.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Rice (Oryza sativa cv Hwayoung and cv Zhonghua11) was used in
this study. The mutant osacbp2 PFG_1D-05815 was purchased
from the Rice T-DNA Insertion Sequence Database (RISD DB; cbi.-
khu.ac.kr/RISD_DB.html), and osacbp2 RMD_03Z11AZ19, RMD_
03Z11LE18, and RMD_03Z11LG76 were purchased from the Rice
Mutant Database (RMD; rmd.ncpgr.cn).

Transgenic and wild-type rice seeds were germinated in half-
strength Murashige and Skoog (½MS) solid medium in a growth
chamber in the dark at 28°C for 3 days, then transplanted to soil
pots, and grown in greenhouse (12-h light/12-h dark cycle) at 28°C
to 30°C. Buckets (radius 15 cm and height 30 cm) were filled with
soil. When the plants reached maturity and grains had ripened,

the plants were harvested and threshed (seeds separated from the
vegetative parts).

Western blot analysis

For detection of OsACBP2 following SDS-PAGE, total plant pro-
teins were transferred to a HybondTM-ECLTM membrane (Amer-
sham) using a Trans-Blot�cell (Bio-Rad) according to Sambrook
et al. (1989). After incubation in blocking buffer [5% (w/v) non-fat
dried milk in TTBS buffer (20 mM Tris–HCl, pH 7.5, 500 mM NaCl,
0.05% (v/v) Tween-20)] at room temperature for 1 h, the mem-
brane was washed 3 9 10 min with TTBS buffer and then incu-
bated in anti-recombinant (His)6-OsACBP1 antibodies [1:5000,
synthesized by EzBiolab (http://www.ezbiolab.com/); OsACBP1,
sharing 79% amino acid sequence identity to OsACBP2, was pro-
ven to interact with recombinant OsACBP2 (Figure S4b); (Guo
et al., 2017)] in blocking buffer with gentle shaking at room tem-
perature for 2 h. The membrane was washed for 2 9 5 min with
TTBS, then incubated in ECLTM anti-rabbit IgG Horseradish Peroxi-
dase-linked whole antibody (from donkey) (1:3000, GE Healthcare)
in TTBS for 1 h with gentle agitation. After incubation with anti-
rabbit antibodies, the membrane was washed for 3 9 10 min in
TTBS. ECLTM Western Blotting Detection Reagents (GE Healthcare)
was used for detection.

RNA analysis

TRIzol reagent (Invitrogen) was used for extraction of total RNA
from 0.1 g of homogenized samples. Subsequently, the total RNA
was reverse-transcribed using the Superscript First-strand Synthe-
sis System (Invitrogen) according to the manufacturer’s protocol.
Quantitative real-time PCR was conducted on a StepOne Plus
Real-time PCR system using SYBR Green Mix (Applied Biosys-
tems) programmed as follows: 10 min at 95°C followed by 40
cycles of 95°C (15 sec) and 56°C (1 min). For each reaction, three
experimental replicates were performed with gene-specific pri-
mers (Table S3), and Oryza sativa ACTIN (GenBank accession
number X16280) as a reference gene for normalization.

Generation of OsACBP2pro::GUS constructs

The OsACBP2pro::GUS construct consisting of a 1.7-kb 5’-flanking
region, amplified by primers ML2305/ML2308 (Table S3), was gen-
erated by inserting the 1.7-kb OsACBP2pro fragment into a pGEM-
T Easy vector (Promega), and cloning into corresponding sites on
binary vector DX2181 (Du et al., 2010a) to yield plasmid pOS806.
DNA sequence analysis was used to verify the PCR fragment
cloned. The same cloning strategies were applied in the genera-
tion of pOS806 deletion derivatives pOS883, pOS837, pOS886,
and pOS859 using primer pairs ML2854/ML2308, ML2591/ML2308,
ML2835/ML2308, and ML2850/ML2308, respectively (Table S3).

Figure 2a indicates the location of the cis-elements on the
nested deletion derivatives. Each plasmid offers a different set of
Skn-I-like motifs as shown. Plasmid pOS806 contains the GUS
gene driven by a 1.7-kb (�1728 to �6) OsACBP2 5’-flanking
sequence with all five Skn-I-life motifs (�1486/�1482, �956/�952,
�939/�935, �826/�822, and �766/�762; Figure 2a). Plasmid
pOS883 contains the GUS gene driven by a 1.2-kb (�1217 – �6)
OsACBP2 5’-flanking sequence with four Skn-I-life motifs (�956/
�952, �939/�935, �826/�822, and �766/�722; Figure 2a). Plasmid
pOS837 contains the GUS gene driven a 0.88-kb (�886 to �6)
OsACBP2 5’-flanking sequence with two Skn-I-life motifs (�826/
�822 and �766/�722; Figure 2a). Plasmid pOS886 contains the
GUS gene driven by a 0.8-kb (�809 to �6) OsACBP2 5’-flanking
sequence with one Skn-I-life motif (�766/�722; Figure 2a).
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Plasmid pOS859 contains the GUS gene driven by a 0.26-kb (�266
to �6) OsACBP2 5’-flanking sequence lacking in Skn-I-life motifs
(Figure 2a). These constructs were sent to BioRun (http://www.
biorun.net) for rice Zhonghua11 transformation.

GUS assays

Histochemical GUS assays were carried out according to Jefferson
et al. (1987) with modifications. Plant samples were immersed
and vacuum infiltrated in the GUS staining solution [100 mM

sodium phosphate buffer pH 7.0, 0.1% (v/v) Triton X-100, 2 mM

potassium ferricyanide, 2 mM potassium ferrocyanide, 1 mg ml�1

5-bromo-4-chloro-3-indolyl-b-D-glucuronide] for 2 h, and incubated
and observed over a period ranging from 3 to 16 h at 37°C. Subse-
quently, samples were cleared in 70% ethanol and photographed.

For fluorometric GUS activity assays, 1-day-old imbibed rice
seeds (imbibed for 2 h) were collected and homogenized in liquid
nitrogen (Jefferson et al., 1987). The powder was resuspended in
500 ll GUS extraction buffer (50 mM sodium phosphate pH 7.0,
10 mM EDTA pH 8.0, 0.1% SDS, 0.1% Triton X-100). The super-
natant after centrifugation was transferred to a new Eppendorf
tube, and the concentration was determined by the Bradford
assay. Fifty ll supernatant of rice seed extract were mixed with
250 ll reaction mix solution, containing 2 mM 4-MUG in GUS
extraction buffer preheated to 37°C, in another Eppendorf tube. A
50-ll aliquot from the reaction tube was transferred to a new
Eppendorf tube containing 950 ll stop reagent (1 M Na2CO3) at
10 min intervals (10, 20, and 30 min), respectively. Also, 100 nM,
250 nM, and 500 nM 4-MU was treated similar to construct a stan-
dard curve. GUS activity was examined using a spectrofluorome-
ter (Bio-Tek FL600, Bio-Tek Instruments, Inc. USA) with excitation
at 365 nm and emission at 455 nm. GUS activity was expressed in
pmol 4-MU min�1 mg�1 protein.

Electrophoretic mobility shift assays (EMSAs)

Plant nuclear protein extraction was performed at 4°C using 5 g of
4-h imbibed 1-day-old rice seeds according to instructions from
the Plant Nuclei Isolation/Extraction Kit (Sigma) with some modifi-
cations. biotin-labeled DNA probes were prepared as specified in
the biotin 30 End DNA Labeling Kit (Thermo Scientific). ML2564/
ML2565 was used to generate probes containing Skn-I-like motif
at �1486/�1482; ML2523/ML2524 for �956/�952 and �939/�935;
ML2567/ML2568 for �826/�822; and ML2525/ML2526 for �766/
�762 (Table S3). Mutagenized probes were designed by modifying
‘GTCAT’ to ‘GGCCC’ according to Washida et al. (1999). Mutage-
nized probes at the Skn-I-like motifs (Table S3) in which ‘GTCAT’
was replaced with ‘GGCCC’ were ML3188/ML3189 (�1486/�1482),
ML3190/ML3191 (�956/�952 and �939/�935), ML3192/ML3193
(�826/�822), and ML3194/ML3195 (�766/�762).

EMSAs were carried out using the LightShift� Chemilumines-
cent EMSA Kit (ThermoFisher Scientific) following the manufac-
turer’s instructions. Crude nuclear proteins (5 lg) from 1-day-old
imbibed rice seeds were kept on ice in binding buffer containing
20 fM biotin-labeled DNA with or without 200-fold molar excess
competitor oligonucleotide (non-labeled wild-type probes or bio-
tin-labeled mutagenized probes) in a total volume of 20 lL. Poly
[d(I-C)] (50 ng lL�1) was added to reduce non-specific binding. A
6% native polyacrylamide gel was pre-run in 0.5 x Tris/Borate/
EDTA (TBE) buffer at 100 V, 4°C for 1 h. Subsequently the binding
mixtures were loaded and separated under the same voltage and
temperature. The gel-run was terminated when the dye-front
migrated to 3/4 down the length of the gel. The DNA and DNA–
protein complex were blotted on a Hybond-N+ (GE Healthcare Life

Sciences) nylon membrane. The membrane was washed and pro-
cessed according to the manufacturer’s instructions.

Generation of OsACBP2-overexpressing transgenic rice

lines

To generate transgenic rice OsACBP2-OE plants, a 276-bp full-
length OsACBP2 cDNA from pOS499 (Meng et al., 2011) was
cloned into the XcmI sites of the binary vector pCXSN (Chen et al.,
2009) to generate pOS691. The pOS691 (35S:OsACBP2) plant
transformation vector was used for Agrobacterium-mediated rice
transformation (Hiei et al., 1994). The transformed T0 seeds were
screened on MS medium containing hygromycin (50 lg ml�1) and
the resistant transformants were further confirmed by PCR using a
35S promoter-specific forward primer 35SB and reverse OsACBP2-
specific primer, ML1106 (Table S3). Out of a total 20 resultant
transgenic lines analyzed by qRT-PCR and western blot analysis,
four lines (OE-1, OE-3, OE-17, and OE-21) were identified to highly
express OsACBP2. The T3 homozygous lines from these four lines
were used in phenotypic studies.

Germination tests

Germination tests were carried out in Petri dishes at 28°C. The
seeds were incubated in darkness for the first 2 days. The cover
was removed at 48 h after imbibition. Transgenic and wild-type
rice seeds were then germinated in ½MS solid medium in a
growth chamber in the dark at 28°C for a further 3 days, after
which seedlings were soil-grown in a greenhouse (12-h light/12-h
dark cycle) at 28 to 30°C. At maturity, the unfilled and filled grains
were separately counted, measured and weighed.

Trait measurements

Grain length, width and weight were measured from completely
mature plants. Grain length and width were determined using
ImageJ software (https://imagej.nih.gov/ij/). After the seeds were
dried at 37°C for 2 days, dry weight (DW) was measured. To deter-
mine fresh weight at different stages, 30 grains were weighed and
measurements were repeated twice with another two sets of 30
grains. The P-values were computed using Student’s t-test for
traits of each rice line.

Arabidopsis seed size was measured according to Herridge
et al. (2011). Briefly, 1000 seeds per genotype were scanned on a
flatbed scanner (EPSON PerfectionTM 1200 Photo) to capture the
shadows cast by the seeds against a white background. The area
of each shadow, representing seed size, was quantified using Ima-
geJ (Schneider et al., 2012).

Transmission electron microscopy (TEM)

The ultrastructure of 1-day-old imbibed seeds from OsACBP2-OEs,
osacbp2 mutants, and WTs was examined by TEM following Sie-
ber et al. (2000) with some modifications. Samples were fixed
using 2.5% (v/v) glutaraldehyde and 1.6% (v/v) paraformaldehyde
in 0.1 M sodium cacodylate-HCl buffer (pH7.4) overnight at 4°C,
followed by post-fixation treatment with 1% (w/v) OsO4 in cacody-
late buffer for 2 h at room temperature. After gradient dehydration
with ethanol, samples were infiltrated overnight with 1:1 (v/v)
epoxy resin/propylene oxide mixture. Samples were subsequently
embedded in epoxy resin and the resin polymerized overnight at
65°C. Ultrathin (60 nm) sections were prepared and stained with
2% (w/v) uranyl acetate and 2% (w/v) lead citrate, and subse-
quently examined using a Phillips CM100 transmission electron
microscope.
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Confocal microscopy

Confocal microscopy on rice aleurone cells was carried out as
previously described (Hsiao et al., 2014b) with modifications. Next
1-day-old imbibed rice seeds were infiltrated with an aqueous
solution of Nile red (Sigma) to visualize lipid bodies in the rice
aleurone. Images were obtained with a 963 oil objective by confo-
cal laser scanning microscopy using a Zeiss LSM 710 system
equipped with argon and HeNe lasers as excitation sources. Fluo-
rescence was excited at 514 nm and collected with a 539–653 nm
filter. The resultant images were analyzed using ImageJ software
(Schneider et al., 2012).

Fatty acid analysis by gas chromatography–mass

spectrometry (GC-MS)

FA analysis was conducted following Carvalho and Malcata (2005)
with modifications. Here, 30 mg of lyophilized powder from rice
dry seed was suspended, respectively, in a solution containing
1 ml of toluene, 2 ml of 1% (v/v) sulphuric acid in methanol
together with 10 ll of internal standard [C19:0 (1 mg ml�1 in hex-
ane)]. The mixtures were incubated for 12 h at 50°C for trans-
methylation of FAs. After several washes with 5% (w/v) NaCl and
hexane, the hexane layer was washed with 4 ml of 2% (w/v)
NaHCO3 and then transferred into another test tube followed by
vigorous vortexing. Nitrogen gas was blown into each tube to
evaporate the hexane. Then 100 ll of hexane was re-added to the
test tube to concentrate the FA residues. One ll of the hexane
supernatant, containing the FAs, was analyzed by VT-WAXMS
(Agilent Technologies) equipped with an HP-INNOWAX capillary
column (HP19091N-133, 30 m x 0.25 nm 9 0.25 lm). The samples
were positioned and then automatically injected into the column.
For sample detection, the oven temperature was increased from
100°C to 230°C with a rate of 4°C/min and post-run at 235°C for
4 min. The software GC/MSD On-line Data Analysis was used for
data processing after data acquisition; the FAME library was used
for compound identification. The limit of detection was deter-
mined to be 89.9 lg (~0.3% of average seed DW), calculated as 3r
for three blank samples (Guideline, 2005).

TAG analysis by electrospray ionization tandem triple-

quadrupole mass spectrometry

Quantitative analyses of TAGs were carried out using electrospray
ionization tandem triple-quadrupole mass spectrometry (4000
QTRAP; SCIX; ESI-MS/MS). For total lipid extraction, individual
rice seeds (five replicates per line) were transferred to 1 ml of iso-
propanol, heated at 75°C and crushed with a glass rod. A further
1 ml each of chloroform, methanol and 0.8 ml of water was
added, vortexed and centrifuged at 2000 rpm (3 min). The lower
phase was removed to a fresh tube. The sample was re-extracted
with 1 ml of chloroform and the lower phase combined with the
first extraction. After drying with a stream of nitrogen the lipid
extract was resuspended in 200 ll of chloroform in a glass vial
and stored at �20°C for later analysis. The lipid extracts (10 ll of
lipid extract combined with 990 ll of spray solvent) were infused
at 15 ll min�1 with an auto-sampler (HTS-xt PAL, CTC-PAL Analyt-
ics AG, Switzerland). The ESI-MS/MS method described by Liang
et al. (2014) was modified to quantify TAG contents. For quantify-
ing TAG, 15 ll of lipid extract and 0.857 nmol of tri15:0-TAG (Nu-
Chek Prep, Elysian, MN, USA) were combined with chloroform/
methanol/300 mM ammonium acetate (24:24:1.75: v/v/v), to final
volumes of 1 ml for direct infusion into the mass spectrometer.
TAG molecular species were detected as [M + NH4]

+ ions by a ser-
ies of different neutral loss scans, targeting losses of FAs. The

spectra were processed using the Lipid View Software (SCIEX,
Framingham, MA, USA) in which isotope corrections were
applied. The peak area of each lipid was normalized to the internal
standard and further normalized to the weight of the initial sam-
ple. There was variation in ionization efficiency among the acyl
glycerol species with different fatty acyl groups, and no response
factors for individual species were determined in this study; there-
fore, the values are not directly proportional to the TAG contents
of each species. However, the approach does allow a realistic
comparison of TAG species across samples in this study.
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