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Abstract Phospholipids are not only important compo-
nents of cell membranes, but participate in diverse processes
in higher plants. In this study, we generated Capsicum
annuum phospholipiase Al (CaPLAI) overexpressing
transgenic rice (Oryza sativa L.) plants under the control of
the maize ubiquitin promoter. The T4 CaPLAlI-overex-
pressing rice plants (Ubi:CaPLAI) had a higher root:shoot
mass ratio than the wild-type plants in the vegetative stage.
Leaf epidermal cells from transgenic plants had more cells
than wild-type plants. Genes that code for cyclin and lipid
metabolic enzymes were up-regulated in the transgenic
lines. When grown under typical paddy field conditions, the
transgenic plants produced more tillers, longer panicles and
more branches per panicle than the wild-type plants, all of
which resulted in greater grain yield. Microarray analysis
suggests that gene expressions that are related with cell
proliferation, lipid metabolism, and redox state were widely
altered in CaPLAI-overexpressing transgenic rice plants.
Ubi:CaPLA] plants had a reduced membrane peroxidation
state, as determined by malondialdehyde and conjugated
diene levels and higher peroxidase activity than wild-type
rice plants. Furthermore, three isoprenoid synthetic genes
encoding terpenoid synthase, hydroxysteroid dehydroge-
nase and 3-hydroxy-3-methyl-glutaryl-CoA reductase were
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up-regulated in CaPLAI-overexpressing plants. We suggest
that constitutive expression of CaPLAI conferred increased
grain yield with enhanced growth in transgenic rice plants
by alteration of gene activities related with cell proliferation,
lipid metabolism, membrane peroxidation state and iso-
prenoid biosynthesis.
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Introduction

Phospholipids are important components of cellular mem-
branes. Phospholipids and their derivatives are also
important participants in developmental and physiological
processes in high plants, including seedling establishment,
seed viability, cell elongation, gravitropism, pollen devel-
opment, stomatal closure, anther dehiscence, leaf senes-
cence and the response to environmental stress (Chen et al.
2013; Ishiguro et al. 2001; Kim et al. 2011a, b; Lee et al.
2003; Ryu 2004; Scherer 2002; Seo et al. 2011; Wang
2001, 2005; Zhang et al. 2004). Phospholipids are regu-
lated by different phospholipases, which are divided into
three groups, phospholipase A (PLA), phospholipase C
(PLC) and phospholipase D (PLD), depending on where
they hydrolyze the phospholipids.

PLAs catalyze hydrolysis of phospholipid to lysophos-
pholipid and free fatty acid. This group is further divided
into PLA1 and PLA2, which cleave the fatty acid from the
sn-1 or sn-2 position of the glycerol molecule of the
phospholipid, respectively. In the Arabidopsis genome,
twelve PLA1 isoforms have been identified and classified
into three classes depending on their sub-cellular
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localization: class I, class II and class III, which are
localized in the chloroplasts, cytosol and mitochondria,
respectively (Chen et al. 2011a, b; Hyun et al. 2008; Ryu
2004; Seo et al. 2009). The DEFECTIVE IN ANTHER
DEHISCIENCE!] (DADI) gene encodes a PLAI1 that is
targeted to the chloroplast. DADI regulates anther dehis-
cence by modulating jasmonic acid biosynthesis (Ishiguro
et al. 2001). An Arabidopsis cytosolic DAD1-like acylhy-
drolase, AtDSEL, a class II cytosolic PLA1, is involved in
a P-oxidation step during seedling establishment (Kim
et al. 2011a, b). The Arabidopsis sn-1-mitochondrial-
specific acylhydrolase (AtDLAH) is localized in the
mitochondria and reduces lipid peroxidation, thereby
increasing seed viability (Seo et al. 2011).

Membrane peroxidation and its products affect mem-
brane properties, such as membrane thickness, fluidity and
substance permeability (Catala 2009; Gutteridge 1995;
Halliwell and Chirico 1993; Wong-ekkabut et al. 2007; Yin
et al. 2011). These changes are deleterious to the mem-
brane’s function and membrane peroxidation is often
related to human diseases, including Alzheimer’s disease,
Parkinson’s disease, cancer and diabetes (Ayala et al. 2014;
Chapple et al. 2013; Cristalli et al. 2012; Niedernhofer
et al. 2003; Perluigi et al. 2012). In higher plants, mem-
brane peroxidation is closely correlated with developmen-
tal processes and responses to environmental stress (Campo
et al. 2014; Gapper and Dolan 2006; Levine et al. 1994;
Sundaravelpandian et al. 2013; Taulavuori et al. 2001).
Lipid peroxidation occurs in three stages: initiation, prop-
agation and termination. Initially, hydrogen is abstracted
from lipid by the attack of a free radical. Next, oxygen is
added to generate a peroxyl radical, which extracts
hydrogen from an adjacent unsaturated fatty acid of the
lipid. These autocatalytic reactions continue until antioxi-
dants, such as vitamin E, react with the peroxyl radicals,
forming a non-radical product in the termination step.

CaPLA1 is a class II (cytosolic-localizing) hot pepper
(Capsicum annuum L.) phospholipase Al. Overexpression
of CaPLA] significantly enhances growth and biomass in
transgenic Arabidopsis plants (Seo et al. 2008). It has been
proposed that CaPLAl hydrolyzes phospholipid to
lysophospholipid and free fatty acid and that its overex-
pression enhances metabolic activity by increasing carbon
sources. CaPLA1 from hot pepper may have been func-
tionally relevant in the heterologous Arabidopsis system
and, therefore, may hold promise for developing rapidly
growing crop plants of large biomass.

In this study, CaPLAI was introduced into rice (Oryza
sativa L. ssp. japonica) plants and its effects on biomass
accumulation and growth were assessed. CaPLAI-overex-
pressing transgenic rice plants (Ubi:CaPLAI) showed
enhanced growth phenotypes and produced more grain yield
than wild-type plants. Expression of genes associated with
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cell proliferation, lipid metabolism and isoprenoid biosyn-
thesis were upregulated in CaPLAI-overexpressing trans-
genic lines as compared to wild-type rice plants. In addition,
there was less membrane lipid peroxidation in Ubi:CaPLAl
plants than in wild-type plants. It may be that CaPLAI
positively regulates growth and grain yield through its effect
on membrane peroxidation in the transgenic rice plant.

Materials and methods
Plant materials and growth conditions

Rice (Oryza sativa L.) japonica variety ‘Dong-Jin’ was
used in this study. Dry rice seeds were soaked in 70 %
ethanol, washed with distilled water, treated with 0.3 %
NaClO solution for 20 min and rinsed extensively with
sterile water. Seeds were germinated on half-strength
Murashige and Skoog (MS) medium including vitamins
(Duchefa Biochemie, Haarlem, Netherlands), 1 % sucrose
and 0.7 % phytoagar or wet filter paper. Seedlings were
grown for 7 days at 28 °C under a 16 h light-8 h dark
conditions and then transplanted to soil in a greenhouse.

Construction of Ubi:CaPLA1I transgenic rice plants

Full-length CaPLAI cDNA was inserted into the binary
vector pGA2897. The resulting gene construct was trans-
formed into rice by an Agrobacterium-mediated method
(Zeng et al. 2014) with slight modifications as recently
described by Byun and Kim (2014). The Ubi:CaPLAl
transgenic lines were selected based on their resistance to
hygromycin (30 pg ml~"). Transcript levels of CaPLAI in
selected transgenic lines were examined by RT-PCR using
gene-specific primers (Supplementary Table S1). Wild-
type plants and the independent T4 Ubi:CaPLAl trans-
genic lines (#1, #2 and #3) were evaluated in this study.

Genomic DNA extraction and DNA gel-blot analysis

Total genomic DNA was extracted from mature leaves of
wild-type and Ubi:CaPLAl transgenic rice plants using
cetyl trimethylammonium bromide (CTAB) solution. DNA
was digested with EcoRI restriction enzyme (Roche,
Indianapolis, IN, USA) and separated on 0.7 % agarose
gels. The gel was treated sequentially with depurination,
denaturation and neutralization solutions and then trans-
ferred to Hybond-XL nylon membrane (GE healthcare,
Uppsala, Sweden) by capillary transfer method. The blots
were hybridized with **P-labeled hygromycin B phospho-
transferase (HPH) probes under high-stringency conditions
(65 °C) and visualized using the Bio-Imaging Analyzer
(BAS2500; Fuji Film, Tokyo, Japan).
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RNA isolation and real-time qRT-PCR

Total RNA was isolated from 7-day-old seedlings or
mature leaves of wild-type and Ubi:CaPLAl transgenic
rice plants using an RNAiso RNA purification kit accord-
ing to the manufacturer’s protocol (Takara, Shiga, Japan).
First-strand cDNA was synthesized from 4 pg total RNA
with TOPscript RTase (Enzynomics, Daejeon, Korea) and
oligo(dT) primer. RT-PCR was performed using 2 pl of the
first-strand cDNA and Ex-Taq DNA polymerase (Takara,
Shiga, Japan) with gene-specific primer sets (Supplemen-
tary Table S1). For real-time qRT-PCR analysis, 1 pl of the
diluted (1:10) first-strand cDNA templates and SYBR
Premix Ex Taq II (Takara, Shiga, Japan) were used in a
total volume of 20 pl. The reaction consisted of 55 cycles
of 10 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C. The
elongation factor 1o (EF1a; LOC_0Os03g08020; Jain 2009)
was used as an internal control. Amplified signals were
monitored continuously with the 1Q5 light cycler (Bio-Rad,
Hercules, CA, USA) as described recently (Shen et al.
2014) and the data were analyzed using the GenesMacro
1Q5 conversion template and Genex software (Bio-Rad).

In vivo PLA1 enzyme assay

For preparation of total leaf protein extracts, leaves from
wild-type and transgenic plants were ground with a mortar
and pestle under liquid nitrogen and suspended in ice-cold
protein extraction buffer containing 50 mM Tris—HCI
buffer, pH 7.2 and 100 mM NaCl in protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). The sus-
pension was centrifuged at 15,000g for 15 min at 4 °C and
the supernatant was collected. Total protein in the leaf
extract was quantified using Bradford reagent. A colori-
metric assay for lipase enzyme activity was performed
using 4-nitrophenyl butyrate as described by Seo et al.
(2008). Briefly, 10 pg of the soluble protein extracts were
mixed with 0.75 mM 4-nitrophenyl butyrate (Sigma-
Aldrich) solubilized in acetonitrile. The final volume was
adjusted to 200 pl with 50 mM sodium phosphate buffer
(pH 7.2). The resulting reaction mixtures were incubated
for 60 min at 30 °C and the lipase activity was determined
from the release of p-nitrophenol from 4-nitrophenyl
butyrate at 405 nm using a VersaMax Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA).

Measurements of parameters of root and shoot
tissues

Assays of root and shoot growth of wild-type and trans-
genic rice seedlings were carried out as described by Kim
et al. (2010). Root and shoot tissues were excised from
light-grown 6-day-old seedlings and 4-week-old plants and

their morphological properties were measured using Multi
Gauge v.3.1 software (Fuji Film, Tokyo, Japan).

Microscopy

Vertical sections of leaf sheaths from the epidermis of
light-grown, 1-month-old wild-type and Ubi:CaPLAI
transgenic plants were obtained as described by Wang et al.
(2013). The sheath epidermal cells were visualized by
light-field microscopy (BXS51; Olympus, Tokyo, Japan).
The numbers of cells in one square millimeter and their
lengths were determined with Image-Pro Plus v.6.0 soft-
ware (Media Cybernetics, Rockville, MD, USA).

Phenotype evaluation of rice grown in the paddy
field

The phenotypic traits of CaPLAI-overexpressing trans-
genic rice plants grown in normal field conditions were
evaluated. Plants were grown in a greenhouse until they
were 4 weeks old and were transplanted on June 3, 2014 to
a rice paddy field at the Kyungpook National University,
Gunwi (128:34E/36:15N), Korea. Forty plants of each
genotype were assessed: wild-type plants and the three
transgenic lines. The following agronomic traits were
scored: number of tillers and grain yield per plant, panicle
length, number of grains and branches per panicle, number
of grains per branch, width and length of grain and the
weight of 100 grains.

Microarray

Total RNA was isolated from 4-week-old leaves of wild-
type and Ubi:CaPLAI (independent transgenic lines #1, #2,
and #3) rice plants using RNAiso RNA purification kit
according to the manufacturer’s protocol (Takara, Shiga,
Japan). RNA was quantified by absorbance at 260 nm. The
integrity of RNA was checked by Bioanalyzer 2100
(Agilent, CA, USA). Labeled RNA was applied to the
microarray (Agilent technologies, 8x60K) according to the
manufacturer’s  protocol. Significance  Analysis of
Microarrays calculates the fold change and significance of
differences in gene expression. Linear Lowess algorithm
was used to normalize data. Genes with P < 0.05 were
considered.

Measurements of malondialdehyde and conjugated
diene

The membrane peroxidation state was assessed from the
amount of malondialdehyde (MDA) and conjugated diene
(CD). MDA content was determined with thiobarbituric
acid as described by Hodges et al. (1999), with slight
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modifications. Mature leaves from wild-type and trans-
genic rice plants were homogenized in 80 % (v/v) ethanol
and centrifuged at 15,000g for 15 min at 4 °C. The
supernatants were mixed with an equal volume of 0.65 %
(w/v) thiobarbituric acid in 20 % (w/v) trichloroacetic acid
solution, boiled for 30 min, cooled on ice and centrifuged
at 15,000g for 15 min. The absorbance of the supernatant
was measured at 532 nm with a spectrophotometer with
correction for non-specific absorbance at 600 and 440 nm.
The CD content was determined as described by Chowhan
et al. (2013). Briefly, wild-type and transgenic leaf extracts
were homogenized in 96 % (v/v) ethanol and centrifuged at
15,000g for 15 min at 4 °C. Absorbance of the supernatant
was measured at 234 nm. The content of both MDA and
CD was calculated using their molar extinction coefficients
(157 and 26.5 mM~! cm_l, respectively).

Peroxidase enzyme activity assay

The peroxidase enzyme activity assay employed guaiacol
as a substrate and was performed as described by Venisse
et al. (2001). Leaves from 2-month-old wild-type and
CaPLAl-overexpressing transgenic rice plants were
homogenized in ice-cold protein extract buffer as described
earlier and centrifuged at 15,000g for 15 min at 4 °C. Ten
micrograms of protein extract was added to a solution
containing 25 mM guaiacol and 25 mM H,O,. The final
volume was adjusted to 200 pl with 50 mM sodium acetate
buffer, pH 7 and incubated for 5 min at 4 °C. Peroxidase
activity was calculated from the increase of absorbance at
470 nm attributed to the formation of tetraguaiacol.

3-Hydroxy-3-methyl-glutaryl-CoA reductase
enzyme activity assay

A 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR)
activity assay was performed as described by Leivar et al.
(2011) with modifications. Leaves from light-grown
1-month-old wild-type and transgenic plants were
homogenized in extraction buffer [40 mM Tris—HCI, pH
7.2, 100 mM sucrose, 50 mM KCI, 0.2 % (v/v) Triton
X-100, 10 mM dithiothreitol (DTT), 10 mM EDTA and
protease inhibitor cocktail]. After centrifuging twice at
200g for 10 min at 4 °C, the protein concentration in the
supernatant was quantified using Bradford reagent. For the
assay, the mixture consisted of 5 mM EDTA, 10 mM DTT,
20 mM NADP, 40 mM glucose-6-phosphate, 2 units of
yeast glucose-6-phosphate dehydrogenase, 0.5 mg ml™'
BSA, 20 mM [3-14C]-HMG-C0A (Perkin Elmer, Boston,
MA, USA) and 50 pg of protein extracts adjusted to a final
volume of 200 pl with 100 mM Tris—HCI (pH 7.2). The
reaction mixtures were incubated at 30 °C for 30 min
followed by incubation with 3.5 % (v/v) HCI at 30 °C for
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30 min for lactonization. The '*C-labeled mevalonolactone
was separated by thin-layer chromatography developed
with benzene/acetone (1:1, v/v) and quantified with the
Bio-Imaging Analyzer.

Results

Construction and characterization of CaPLAI-
overexpressing transgenic rice plants

This study was undertaken to assess the possibility that
CaPLA1 could improve biomass in crop plants. To this
end, a transgenic rice system was employed. The CaPLAl
gene was introduced into rice under the control of the
maize ubiquitin (Ubi) promoter by means of Agrobac-
terium-mediated transformation (Fig. 1la). DNA gel-blot
analysis identified three independent Ubi:CaPLAl T3
transgenic lines (#1, #2 and #3) that possessed a single
copy of the CaPLA] transgene (Fig. 1b). RT-PCR analysis
revealed that the CaPLAl transcript was markedly
increased in all three transgenic lines (Fig. 1c¢). Transgenic
line #1 contained the highest level of CaPLAI mRNA and
line #3 contained the lowest level. Lipase enzyme assay
using 4-nitrophenyl butyrate indicated that lipase activity
was also increased in the three CaPLAI-overexpressing
progeny as compared to wild-type rice plants (Fig. 1d).
These results indicate that CaPLAI was expressed at both
the transcriptional and translational levels in the transgenic
rice plants.

CaPLAlI-overexpressing transgenic rice seedlings
had enhanced growth compared to wild-type
seedling

Growth of wild-type and T4 Ubi:CaPLA]I transgenic lines
were compared in the early vegetative stage. Six days after
sowing, transgenic seedlings had longer root and shoot
tissues than wild-type seedlings. Primary root and shoot
lengths of the transgenic seedlings were approximately 3.5-
and 1.5-fold longer, respectively, than of the wild-type
seedlings (Fig. 2b). This growth difference was still
apparent when the plants were 4 weeks old (Fig. 2¢). At
this stage, the wild-type rice roots were 5.9 £ 0.9 cm
(variability is presented as SD throughout) long and the
shoots were 22.5 £ 2.3 cm long, while the same values for
the transgenic lines ranged from 7.1 & 1.2t0 7.8 £ 1.1 cm
for roots and from 27.7 & 4.4 to 27.8 &+ 4.0 cm for shoots
(Fig. 2d). In addition, Ubi:CaPLAl roots contained
increased number of adventitious roots and displayed a
bush-like morphology as compared to wild-type roots
(Fig. 2c). According to these results, CaPLAI overex-
pression affected seedling root growth more than seedling
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Fig. 1 Generation of CaPLAl-overexpressing transgenic rice plants
(Ubi:CaPLAI). a Schematic structure of the binary vector for
CaPLA1 overexpression in rice. LB, left border; pZmUbi, Zea mays
ubiquitin promoter; tNOS, nopaline synthase terminator; pCaM V35S,
cauliflower mosaic virus 35S promoter; HPH, hygromycin B phos-
photransferase; tT7, T7 terminator. An HPH probe for DNA gel-blot
analysis is represented as a dotted line. b DNA gel-blot analysis of
wild-type (WT) and Ubi:CaPLAI transgenic rice plants. Genomic

shoot growth. Consequently, the root-to-shoot mass ratios
of the transgenic lines were approximately twice that of the
wild-type plants (Fig. 2e). These results suggest that
overexpression of CaPLAI enhanced vegetative growth in
rice.

Enhanced growth of Ubi:CaPLA1 transgenic rice
plants correlated with cell proliferation activity

Leaf sheath cells of the rice plants were examined micro-
scopically (Fig. 3a). Cell number and cell length were
measured in vertical sections of 5-week-old sheath tissues.
Figure 3b shows that the number of epidermal cells per
square millimeter of Ubi:CaPLAI leaves was 1.4- to 1.8-
fold greater than in the wild-type leaf sheaths, while cells of
the CaPLAI-overexpressing plants were shorter than wild-
type cells. Wild-type epidermal cells were 94.0 £ 8.5 um

DNA was digested with EcoRI and hybridized with an HPH probe.
¢ The CaPLAI transcript levels in wild-type (WT) and three
independent Ubi:CaPLAI transgenic (#1, #2 and #3) rice plants as
determined by RT-PCR analysis. The rice EFla gene was used as a
loading control. d In vivo CaPLA1 enzyme activity assay in wild-type
(WT) and CaPLAl-overexpressing rice plants as measured by
generation of p-nitrophenol. Data represent mean &+ SD; n = three
independent experiments

long, while transgenic cells were 50.6 & 7.5, 49.8 + 3.9
and 52.0 & 5.4 pm, for lines #1, #2 and #3, respectively
(Fig. 3b). Thus, the enhanced growth of Ubi:CaPLA1 plants
may be due to the changes in cell proliferation. Consistent
with this notion, real-time quantitative RT-PCR (qRT-PCR)
analysis showed that expressions of cell division marker
genes, such as the A-type cyclin CycA2.]
(LOC_Os12g31810), the B-type cyclin CycBl.1
(LOC_Os01g59120) and the D-type cyclin CycD3.1
(LOC_0s09g02360; Yang et al. 2013; Meguro and Sato
2014), were elevated in the transgenic plants compared to
the wild type. These values ranged from 2.8- to 3.1-fold
higher for CycA2.1, from 57.6- to 84.0-fold higher for
CycB1.1 and from 61.8- to 184.7-fold higher for CycD3.1 in
the transgenic plants than in the wild-type plants (Fig. 3c).
It appears that enhanced growth of Ubi:CaPLAI plants
correlated with increased cell proliferation activity.
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Fig. 2 Phenotype analysis of wild-type and T4 Ubi:CaPLAI trans-
genic rice plants at the vegetative stage. a Morphology of 6-day-old
wild-type (WT) and CaPLAI-overexpressing (independent lines #1,
#2 and #3) seedlings. Scale bar 1 cm. b Root and shoot length of

Ubi:CaPLA1l transgenic rice plants exhibited
an enhanced grain yield

The aforementioned results suggest that overexpression of
CaPLA1 caused an increase in the root-to-shoot mass ratio
(Fig. 2e). An increase in root-to-shoot mass ratio exerts
positive effects on the harvest yield and stress tolerance
through enhanced water uptake from soil (Katsuhara et al.
2003; Shridhar et al. 2012). This led us to analyze the
characteristics of T4 Ubi:CaPLAl transgenic rice plants
grown in the paddy field conditions (Fig. 4a). Mature
transgenic plants were approximately 20 % taller (Fig. 4b)
and had many more tillers than wild-type plants. Specifi-
cally, wild-type plants had 7.0 &+ 1.6 tillers per plant, while
transgenic lines #1, #2 and #3 had 14.2 + 1.9, 12.6 £ 2.6
and 8.4 £ 1.9, respectively (Fig. 4c). In addition, grain
yields per plant were 1.6- to 2.4-fold higher in

@ Springer

| T 1 1
1 .1
IR
.
WT #1 #  #3
Ubi-CaPLA1
(E)
T 7 1
1T
06 - "
o
~
K
B8 041
1 T [ 1 =
o
17 o |
5 021
)]
T )
©
=
- 0.0 . .
WT #1 # #3 WI #1 # 4
Ubi:CaPLA1 Ubi:CaPLA1

6-day-old seedlings. ¢ Morphology of 4-week-old plants. Scale bar
10 cm. d Root length and shoot length of 4-week-old plants. e Ratio
of root mass to shoot mass of 4-week old plants. Error bars
represent = SD (n = 60, **P < 0.005, Student’s ¢ test)

Ubi:CaPLAl lines than in wild-type plants (Fig. 4d),
indicating that tiller number is linked to grain yield in
transgenic rice plants.

Panicles from the T4 Ubi:CaPLAI lines were compared
with those from wild-type rice plants (Fig. 5a). Under the
paddy field growth conditions, wild-type panicle length
was 159 £ 2.6 cm, compared to 21.8 = 2.9, 17.3 £ 2.6
and 18.4 £ 2.9 cm in Ubi:CaPLA]l transgenic lines #1, #2
and #3, respectively (Fig. 5b). The CaPLAI-overexpress-
ing lines had more grains per panicle (1.2- to 1.9-fold),
primary rachis branches per panicle (1.2- to 1.3-fold) and
grains per primary rachis branch (1.2- to 1.4-fold) than the
wild-type rice plant (Fig. 5c—e). However, width, length
and weight of each grain were similar in the transgenic and
wild-type plants (Supplementary Fig. S1). The results of
these analyses suggest that constitutive expression of
CaPLAl in rice increased the ratio of root-to-shoot mass
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Fig. 3 Characteristics of cells from leaf sheaths and induction of cell-
proliferation genes in wild-type and T4 Ubi:CaPLAl transgenic rice
plants. a Vertical sections of sheath epidermal layers from wild-type
(WT) and CaPLAI-overexpressing lines (#1, #2 and #3). Yellow lines
represent cell boundaries; scale bars 20 pm. b Number of cells per
square millimeter (n = 6) and cell length (n = 60). Error bars
represent = SD  (*P < 0.05; **P < 0.005, Student’s ¢ test).

(Fig. 2), cell proliferation activity (Fig. 3) and grain yield
(Figs. 4, 5).

Expressions of lipid metabolic genes were elevated
in Ubi:CaPLA1 transgenic rice plants

CaPLA1 was previously identified as a class Il phospho-
lipase Al (Seo et al. 2008). We hypothesized that its
overexpression and increased CaPLAl enzyme activity
(Fig. 1c and d) in rice could affect lipid metabolism. To
examine this hypothesis, we compared the expression
profiles of acyl-CoA oxidase (ACX; LOC_0s06g01390),
malate synthase (MS; LOC_0Os04g40990) and phospho-
enolpyruvate carboxykinase (PEPCK; LOC_QOs03g15050)
in wild-type and T4 CaPLAI-overexpressing rice plants.
ACX, MS and PEPCK are key enzymes in the B-oxidation,
glyoxylate cycle and gluconeogenesis, respectively; all of
these are well-known lipid metabolic processes (Cornah
et al. 2004; Hooks et al. 1999; Rylott et al. 2003). The

¢ Transcript levels of cell-proliferation-related genes as determined
by real-time qRT-PCR using gene-specific primer sets (Supplemen-
tary Table S1). The graphs indicate the relative expression folds of
CycA2.1, CycBl.1 and CycD3.1 normalized to the expression level of
rice EFlo gene, used as an internal control. Error bars repre-
sent £ SD  (n = three independent experiments, *P < 0.05;
*#*P < (0.005, Student’s ¢ test)

results of qRT-PCR analysis using gene-specific primers
revealed that expressions of ACX, MS and PEPCK were
enhanced 3.5- to 19.0-fold, 2.6- to 3.4-fold and 1.6- to 6.0-
fold, respectively, in Ubi:CaPLAl transgenic lines as
compared to wild-type rice plants (Fig. 6). These results
suggest that the activities of these lipid-metabolism related
genes were elevated in Ubi:CaPLAI progeny relative to
wild-type rice plants.

Expression profiles were changed in CaPLAI-
overexpressing rice plants

To examine more detailed expression profiles of CaPLAI-
overexpressing rice plants, microarray analysis was per-
formed using 4-week-old leaves of wild-type and Ubi:-
CaPLAl transgenic (independent lines #1, #2, and #3)
plants. The results revealed that transcript levels of 192
annotated genes were up-regulated in Ubi:CaPLA] rice as
compared to wild-type plants (21.5-fold change, P < 0.05;
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Fig. 4 Phenotypes of wild-type A)
and T4 Ubi:CaPLAl transgenic
rice at the reproductive stage in
paddy field conditions.

a Morphology of 6-month-old
plants. Scale bar 20 cm.

b Morphology of plants at the
reproductive stage, transplanted
from the field for
photographing. Scale bar

20 cm. ¢ Number of tillers.

d Grain yield. Error bars
represent = SD (n = 40,

*P < 0.05; **P < 0.005,
Student’s ¢ test)
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Supplementary Table S2, and S3; Fig. 7a). The genes with
up-regulated transcript levels were enriched in the three
groups of gene functions; cell proliferation, lipid metabo-
lism, and oxidation/reduction (Fig. 7b). As expected,
expression profiles of genes for cell proliferation and lipid
metabolism were altered in Ubi:CaPLAI progeny relative
to wild-type plants. The cyclin family members were up-
regulated in CaPLAI-overexpressors. Expression levels of
Pectinesterase (Phan et al. 2007), Pinoresinol-lariciresinol
reductase (Ayella et al. 2007), Caffeic acid O-methyl-
transferase (Guo et al. 2001; Tu et al. 2010), and Cellulose
synthase CesA-2 (Endler and Persson 2011), which were
reported to regulate cell proliferation via controlling cell
wall modification, were increased in Ubi:CaPLAI plants.
Transcript levels of lipid metabolic proteins, including
lipid transfer protein, epoxide hydrolase, and lipolytic
enzymes, were also elevated in CaPLAI-overexpressing
transgenic lines relative to wild-type rice plants. Thus,
microarray results are in agreement with qRT-PCR data
(Figs. 3, 6) that suggest that cell proliferation and lipid
metabolic genes are widely affected by overexpression of
CaPLA1I in transgenic rice plants.
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In addition, genes encoding isoprenoid biosynthetic
enzymes, such as Terpenoid synthase (Chen et al. 2011a, b),
Chalcone synthase J (Dao et al. 2011), and 3-Beta hydroxys-
teroid dehydrogenase/isomerase (HSD; Li et al. 2007) were
up-regulated. Isoprenoids, also referred to as terpenoids or
prenyl lipids, contribute to diverse cellular functions, includ-
ing antioxidants, membrane structural components, hormones
and secondary metabolites (Clouse 2002; Schaller 2003;
Umehara et al. 2008). Furthermore, expressions of redox
reaction genes were enhanced in Ubi:CaPLAI plants
(Fig. 7b). For example, reactive oxygen species (ROS)-
scavenging genes, including NADPH HC toxin reductase
(Hayashi et al. 2005), Cytochrome P450 (Mizutani 2012), and
Glutathione S-transferase (Edwards et al. 2000) were induced
by overexpression of CaPLAl. Peroxidasel, Ferrodoxin,
Quinoprotein amine dehydrogenase, and Ascorbate-oxi-
doreductase that are involved in the oxidation/reduction
reactions were up-regulated in CaPLAl-overexpressing
plants (Fig. 7b). Collectively, microarray analysis suggests
that ectopic overexpression of CaPLA I caused the changes in
gene expressions that are related with cell proliferation, lipid
metabolic activity, and redox state in transgenic rice plants.
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Fig. 5 Panicle phenotypes of wild-type (WT) and T4 CaPLAl-
overexpressing rice grown in paddy field conditions. a Morphology of
the main panicles. Scale bar 5 cm. b Panicle length. ¢ Grain number

per panicle. d Number of primary rachis branches per panicle.
e Number of grains per primary rachis branch. Error bars
represent = SD (n = 40, *P < 0.05; **P < 0.005, Student’s ¢ test)
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Fig. 6 Relative expression of lipid metabolism-related genes in wild-
type (WT) and T4 Ubi:CaPLAI transgenic rice plants. Real-time
qRT-PCR analysis was performed using RNA from I-month-old
leaves with gene-specific primer sets (Supplementary Table S1). The
relative expression levels of acyl-CoA oxidase (ACX), malate

synthase (MS) and phosphoenolpyruvate carboxykinase (PEPCK)
were normalized to that of rice EF/o gene, used as an internal control.
Error bars represent = SD (n = three independent experiments,
*P < 0.05; **P < 0.005, Student’s 7 test)
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(A)

Fig. 7 Global expression profiling analysis of commonly regulated
genes in three independent Ubi:CaPLA]I lines. a Heat-map analysis of
1286 transcripts that were commonly expressed in leaves from three
independent lines. Scale bar indicates fold changes converted to a
log2 scale. Sorting of significantly expressed 1286 genes was
obtained from normalized value >1 and <—1. Red and green colors
indicate upregulation and downregulation of genes, respectively, in

Membrane peroxidation state was reduced
in Ubi:CaPLA1 transgenic plants

The microarray results indicate that constitutive expression
of CaPLAl affected the redox state in rice (Fig. 7).
Oxidative stress and redox regulation are mediated by free
radicals, such as ROS, that alter the peroxidation state of
the membrane and disrupt its function (Catala 2009; Gut-
teridge 1995; Wong-ekkabut et al. 2007). ROS regulate not
only the response to stress but also the development,
especially root growth (Dunand et al. 2007; Gapper and
Dolan 2006; Lin et al. 2007; Singh et al. 2006; Sundar-
avelpandian et al. 2013). The transgenic plants had an
increased vegetative growth and root-to-shoot mass ratio
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(B) Gene Loc No *Mean _ Pvalues
Cell proliferation

Cyclin 050290825500 729 0.0030

Cyclin 051190572800 5.75 0.0073

Cyclin 050790158900 5.24 0.0017

TGF-beta receptor
TGF-beta receptor

051090469900 435 0.0066
050190761400 3.68 0.0380

Pectinesterase 051290563700 3.05 0.0062
Cyclin 051190582700 2.60 0.0027
Cyclin 051090139600 233 0.0013
Pinoresinol-lariciresinol reductase 051290263800 224 0.0024
DMC1 051290143800 222 0.0081
Caffeic acid O-methyltransferase 050490175600 2.05 0.0356
Cyclin 051190533800 203 0.0124
Prohibitin 050490462900 166 0.0404
ExpansinS1 050390336400 157 0.0269

Cellulose synthase CesA-2 050190750300 151 0.0443

Cyclin 050790196300 1.51 0.0060
Lipid metabolism

Short-chain dehydrogenase/reductase SDR

Terpenoid synthase

050390115700 5.62 0.0057
050390347900 3.62 0.0251
050590212900 330 0.0014
050290511400 2,67 0.0070
051290114800 264 0.0027
051090498000 233 0.0087
050190822900 215 0.0200
050390829200 184 0.0337
050690694200 179 0.0190
050190216000 169 0.0053
050290715200 1.62 0.0122

Chalcone synthase J

Short-chain dehydrogenase/reductase SDR

Nonspecific lipid-transfer protein 3

Epoxide hydrolase

Lipid transfer protein

Soluble epoxide hydrolase

Lipolytic enzyme, G-D-S-L

Lipolytic enzyme, G-D-S-L

3-beta hydroxysteroid dehydrogenase
Oxidation/reduction

NADPH HC toxin reductase

050790601000 6.18 0.0012
051290431300 439 0.0443
050790639400 294 0.0088
050290320800 291 0.0023

Quinoprotein amine dehydrogenase
Peroxidase 1
Iron/ascorbate-dependent oxidoreductase

Cytochrome P450 050390371000 243 0.0184
NADPH HC toxin reductase 050790601900 241 0.0312
Cytochrome P450 51 050590211100 219 0.0048

GST7 050190949900 204 0.0442
050790572100 204 0.0031
050390135100 1.89 0.0354
050390659200 182 0.0143
050190148500 177 0.0010
050190352100 161 0.0028
050490255600 154 0.0053

Copper amine oxidase
Glutathione S-transferase GSTF15
Ferredoxin

Galactose oxidase

20G-Fe(ll) oxygenase
Cytochrome P450

CaPLAl-overexpressing transgenic rice plants. b Up-regulated gene
list from microarray in 4-week-old T4 Ubi:CaPLAI transgenic rice
leaves relative to wild-type rice. Over 1.5-fold induced forty-one
genes are enriched in the group of gene functions; cell proliferation,
lipid metabolism, and oxidation/reduction. *The mean of three
independent biological replicates (P < 0.05)

(Fig. 2), suggesting that CaPLA1l enhances growth by
regulating the membrane peroxidation state, a hypothesis
that led us to analyze the peroxidation of lipids in the
transgenic plants. Specifically, we measured the levels of
conjugated diene (CD) and malondialdehyde (MDA),
which are served as indicators of the membrane peroxi-
dation state (Singh et al. 2006). When the membrane is
exposed to free radicals, it is peroxidized and CD is
decomposed into toxic aldehydes, such as malondialdehyde
(MDA). Monoterpenes, which inhibit growth by peroxi-
dizing lipids, are reported to increase cellular MDA and
decrease cellular CD in maize and several weeds (Cho-
whan et al. 2013; Zunino and Zygadlo 2004). In our study,
MDA levels in leaves from 1-month-old Ubi:CaPLAl
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Fig. 8 Membrane peroxidation (A)

state in wild-type and T4

Ubi:CaPLAI transgenic rice 61
plants. a Malondialdehyde
(MDA) content as determined
by colorimetric assay using
thiobarbituric acid.

b Conjugated diene (CD)
content of leaf extracts.

¢ Transcript levels of peroxidase
as determined by real-time gRT-
PCR performed using mRNA
from leaf tissues of 1-month-old

Malonaldehyde (uM/g F.W.)

(B)

4+

Conjugated diene (uM/g F.W.)
—

plants. d Peroxidase enzyme
activity from extracts of total WT #1

#2 #3 WT #1 #2 #3

protein, incubated with guaiacol
as substrate. Peroxidase
activities are represented as
production of tetraguaiacol.
Error bars represent £ SD

(n = three independent
experiments, *P < 0.05;

*#%P < (0.005, Student’s ¢ test)

©

Peroxidase1

Relative induction fold

Ubi:CaPLA1

Ubi:CaPLA1

D)

Peroxidase activity
(umol of tetraguaiacol / min-mg protein)

WT #1

#2 #3 WT #1 #2 #3

plants ranged from 3.3 + 0.5t0 3.7 £ 0.3 uM g~' FW !,
approximately 35 % lower than the levels in leaves from
the wild-type plants (5.4 &= 0.2 uM g~' FW™'; Fig. 8a). In
contrast, the CD content of Ubi:CaPLAI transgenic leaves
were slightly greater (1.1- to 1.3-fold) than in wild-type
leaves (Fig. 8b). These results are consistent with our
hypothesis that the membrane peroxidation state was
reduced in Ubi:CaPLAl transgenic rice relative to wild-
type plants.

Peroxidase is involved in the ROS scavenging process,
resulting in the reduction of membrane peroxidation state
(Rhee et al. 2005). We asked if the decreased MDA levels in
Ubi:CaPLA1 transgenic leaves correlated with peroxidase
activity. To resolve this question, both the transcript level
and enzyme activity of peroxidase were measured. As
shown in Fig. 8c, transcript levels of peroxidase 1
(LOC_0s07g44590) were 2.0- to 2.8-fold higher in
Ubi:CaPLA] transgenic lines than in wild-type rice plants.
Enzyme activity of peroxidase was measured from soluble
protein extracts from leaves of Ubi:CaPLA1 and wild-type
plants, with guaiacol as a substrate (Venisse et al. 2001).
Soluble peroxidase activities were upregulated to 1.7- to
1.8-fold in the transgenic plants compared to wild-type
(Fig. 8d). Overall, these results indicate that overexpression

Ubi:CaPLA1

Ubi:CaPLA1

of CaPLA] resulted in a reduced membrane peroxidation
state and increased peroxidase activity in rice.

Expressions of isoprenoid synthetic genes were
increased in Ubi:CaPLA1 transgenic rice plants

The membrane peroxidation state is regulated by various
factors, including antioxidants and ROS scavenging
enzymes. Microarray results indicate that isoprenoid syn-
thetic genes were up-regulated in CaPLAI-overexpressors
(Fig. 7). Isoprenoids, such as sterols and terpenoids, act as
antioxidants and stabilize the membrane in higher plants
(Affek and Yakir 2002; Kirby and Keasling 2009; Loreto
and Velikova 2001; Loreto et al. 2001; Sharkey et al. 2001;
Vickers et al. 2009). Isoprenoid biosynthesis may, then, be
altered in Ubi:CaPLAl transgenic rice. The transcript
levels of two isoprenoid biosynthetic genes, terpenoid
synthase (Chen et al. 2011a, b) and hydroxysteroid dehy-
drogenase (HSD; Li et al. 2007), were monitored. qRT-
PCR data revealed that transcript levels of both terpenoid
synthase and HSD were 1.3- to 3.5-fold and 2.4- to 11.4-
fold higher, respectively, in Ubi:CaPLAI progeny than in
wild-type plants (Fig. 9a, b). Three-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGR), which catalyzes HMG-
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Fig. 9 Expression levels of (A)
isoprenoid biosynthesis-related

genes and 3-hydroxy-3-methyl- 12 4
glutaryl-CoA reductase
(HMGR) enzyme activity in
wild-type and T4 Ubi:CaPLAl
transgenic rice plants.

a Transcript levels of terpenoid
synthase. b Transcript levels of
hydroxysteroid dehydrogenase
(HSD). ¢ Transcript levels of
HMGR. The graphs indicate the T

*

Relative induction fold

Terpenoid synthase

(B)

— *

HSD

— %

P

K3

Relative induction fold

relative induction folds 0 T
normalized to the transcript WT #1

#2 #3 WT #1 #2 #3

level of an internal control,
EFIo. d Relative enzyme
activity of HMGR in leaf tissues ©)
from 1-month-old plants. The
HMGR activity was determined
using '“C-labeled HMG-CoA
and is relative to the activity in
wild-type leaves (considered to
be 100 %). Error bars
represent = SD (n = three
independent experiments,

*P < 0.05; **P < 0.005,
Student’s  test)
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CoA to mevalonate, is a rate-limiting step in the meval-
onate pathway for isoprenoid biosynthesis (Miziorko
2011). As shown in Fig. 9c, the transcript level of HMGR
was 4.6- to 6.5-fold higher in Ubi:CaPLAl lines than in
wild-type rice. HMGR may be regulated by both tran-
scriptional and post-translational processes (Leivar et al.
2011), leading us to determine if the enhanced transcription
of HMGR correlated with its post-translational level of
HMGR in Ubi:CaPLAl transgenic rice plants. HMGR
enzyme activity was measured using C'“*-labeled HMG-
CoA as a substrate. Enzyme activity of HMGR in trans-
genic lines was 1.3- to 1.5-fold higher than in the wild-type
plants (Fig. 9d). These results suggest that overexpression
of CaPLAl enhanced isoprenoid biosynthetic gene
expression in rice.

Discussion

In this study, we characterized the effect of CaPLA1, a class
II (cytosolic-localizing) phospholipase A1l from hot pepper,
on agricultural traits in a heterologous transgenic rice sys-
tem. CaPLA1 was characterized in Arabidopsis because
transgenic work was extremely difficult in hot pepper (Seo
et al. 2008). Transgenic Arabidopsis plants (355:CaPLAI)
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grew faster and accumulated more biomass than wild-type
plants. We wished to explore the potential for CaPLA1 to
improve performance of crop plants. To this end, CaPLAl
was expressed in rice under the control of the maize ubiq-
uitin promoter (Fig. 1). Compared to the wild-type plants,
Ubi:CaPLA] transgenic plants displayed increased growth
phenotypes in the vegetative stage and had a higher root-to-
shoot mass ratio (Fig. 2). Increased root-to-shoot mass ratio
enhancement of yield and stress tolerance has been reported
to act through effective water uptake from soil (Katsuhara
et al. 2003; Shridhar et al. 2012). Although CaPLAI was
expressed in rice by an ectopic promoter (Fig. la), root
growth was more affected by CaPLA1 than shoot growth in
the early seedling stages in transgenic rice plants (Fig. 2e).
This is consistent with the previous results that CaPLA I was
specifically expressed at early stages of root formation in
hot pepper (Seo et al. 2008).

Class II PLA1s were reported to be involved in defense
signaling, senescence, and seedling establishment (Chen
et al. 2013; Hong et al. 2000; Kim et al. 2011a; Lo et al.
2004). CaPLAL is closely related with Arabidopsis AtD-
SEL PLA1 with 55 % amino-acid sequence identity. Their
cellular roles, however, appeared to be different. AtDSEL
contributes to seedling establishment by regulating B-oxi-
dation (Kim et al. 2011a), whereas CaPLA1 is involved in
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the broad aspects of growth and development in vegetative
and reproductive tissues in transgenic rice plants (Figs. 2,
3, 4, 5). On the other hand, a mitochondrial-localized
AtDLAH PLAL1 plays a role in Arabidopsis seed viability
(Seo et al. 2011). Thus, we consider the possibility that an
as-yet unidentified lipid molecule(s) produced CaPLAl
plays a selective role in the tissue growth and development
in rice.

Enhanced growth and greater biomass accumulation of
the transgenic rice plants compared to the wild type was
accompanied by effects at the cellular level. Epidermal
layers in Ubi:CaPLA1I leaves had more, but smaller, cells
than did the wild-type leaves (Fig. 3a, b). Furthermore,
overexpression of CaPLAl wupregulated the cyclins
CycA2.1, CycBl1.1 and CycD3.1 as well as the genes
involved in lipid metabolism, ACX, MS and PEPCK,
compared to expression in the wild-type plant (Figs. 3c, 6).
There are few reports on the relationship between cell
proliferation and lipid metabolism in plant systems, but in
animal cancer cells, cell-cycle progression is closely rela-
ted to lipid metabolism (Santos and Schulze 2012; Lluis
2013). For example, in the oncogenic signaling pathways,
the rate of de novo lipid biosynthesis is highly increased.
Also, sterol regulatory element-binding proteins (SREBPs),
which regulate fatty-acid and cholesterol biosynthesis, are
overexpressed in a number of cancer cells and are involved
in downstream of tumor-suppressor pathways (Eberle et al.
2004; Horton 2002; Menendez and Lupu 2007). Further-
more, mice deficient in cyclin D have increased insulin
sensitivity, insensitivity to diet-induced obesity and
reduced adipocyte size (Lluis 2013). With these findings in
mind, we hypothesized that the accelerated cell-cycle
progression that we observed in CaPLAI-overexpressing
rice may be associated with altered lipid metabolism
(Fig. 6). This view is consistent with the microarray data
that indicate that gene activities for both cell proliferation
and lipid metabolic activity are up-regulated in CaPLAI-
overexpressing transgenic rice plants (Fig. 7).

The transgenic plants also accumulated more biomass in
the reproductive stage. Specifically, they produced more
tillers and more grains per panicle than the wild-type plants
(Figs. 4, 5), but the grain size was not affected (Supple-
mentary Fig. S1). Increased grain yield in Ubi:CaPLAI
lines may not, then, be due to effects on the developmental
process per se (for example, it may not affect meiosis or
embryogenesis) but it may enhance the growth of tillers
and panicles. In oil seeds, altered lipid metabolism affects
seed size (Fatihi et al. 2013; Liu et al. 2014; van Erp et al.
2014). However, glutelin-abundant rice seeds may be less
affected by lipid metabolism-mediated embryogenesis than
oil seeds. Further detailed phenotypic analysis of Ubi:Ca-
PLAI transgenic seeds may unravel the relationship
between CaPLA1 and seed development.

The transgenic rice plants had a reduced membrane
peroxidation state, based on their lower levels of MDA and
greater levels of CD than the wild-type (Fig. 8a, b). Fur-
thermore, transcript levels of peroxidase and its enzyme
activities were upregulated in CaPLAl-overexpressing
lines (Fig. 8¢, d). A negative correlation between the
membrane peroxidation state and cell growth has been
reported in both plant and animal systems. For example,
higher membrane peroxidation state inhibits cell growth
and induces apoptosis (Dunand et al. 2007; Gapper and
Dolan 2006; Jiang et al. 2005; Lin et al. 2007; Singh et al.
2006; Sundaravelpandian et al. 2013), while a reduced
membrane peroxidation state increases cell proliferation in
colon carcinoma cells (Jonas et al. 2002, 2003; Jones
2006). Expression levels of CaPLAl were consistently
inversely correlated with the membrane peroxidation state
in this study (Fig. 8). The reduction of membrane peroxi-
dation state may account for the increased cell proliferation
that we observed in transgenic rice plants (Fig. 3).

Isoprenoid biosynthetic genes were up-regulated in
Ubi:CaPLAl rice plants based on the microarray data
(Fig. 7). Isoprenoids consist of sterols and terpenoids and
play diverse roles in cellular metabolism as antioxidants,
membrane structural components, hormones and secondary
metabolites (Clouse 2002; Schaller 2003; Umehara et al.
2008). Considerable evidence indicates that isoprenoids
participate in cell proliferation. In animal prostate cancer
cells, the mevalonate pathway is deregulated and choles-
terol levels were abnormally high, indicative of accumu-
lation (Hager et al. 2006). Isoprenoids were recently
reported to be required for root development in Ara-
bidopsis and oat (Kemen et al. 2014; Van Norman et al.
2014). In CaPLAl-overexpressing rice plants, three iso-
prenoid synthetic genes, terpenoid synthase, HSD and
HMGR, were up-regulated (Fig. 9). In higher plants, iso-
prenoid precursors are produced either by the mevalonate
pathway in the cytosol or by the 1-deoxy-p-xylulose-5-
phosphate pathway in plastids (Kirby and Keasling 2009).
Several reports indicate that isoprenoid precursors are
exchanged between the cytosol and plastids (Hampel et al.
2005; Kasahara et al. 2002; Yang and Orihara 2002),
suggesting plastid-cytosol interactions of isoprenoids
(Bouvier et al. 2005; Nagata et al. 2002). Thus, there is a
possibility that increased transcription of isoprenoid
biosynthetic genes and HMGR enzyme activity influence
total isoprenoid content in Ubi:CaPLAI transgenic plants,
resulting in enhanced growth.

Microarray data indicate that gene expressions for cell
proliferation, lipid metabolic activity, and oxidation/re-
duction state are significantly affected in CaPLAI-over-
expressing plants (Fig. 7). However, important lipid
metabolic genes, such as ACX (Fig. 6a) and HMGR
(Fig. 9c¢), of witch transcriptional changes were confirmed
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by qRT-PCR (Figs. 6, 9c), were excluded in microarray
data. This was probably due to the high P values in
microarray. It is considered as a noise from technical bias
of microarray (Jeong et al. 2011).

At this moment, however, molecular mechanism by
which CaPLA1 enhances biomass and grain yield in
transgenic rice plants remains to be elucidated. As CaPLA1
is a class II cytosolic phospholipase (Seo et al. 2008),
constitutive expression of CaPLAI may lead to increase in
lipid metabolism. Thus, enhanced growth phenotypes of
Ubi:CaPLAI rice plants are possibly due to as-yet
unidentified free fatty acids, which may act as signaling
molecules to increase an overall cellular metabolism. In
animal systems, the cytosolic lipase-mediated lipid meta-
bolism regulates mitochondrial function via the control of
peroxisome proliferator-activated receptors (PPARs;
Haemmerle et al. 2011). PPARs are fatty acid binding
transcription factors that play major roles in regulation of
lipid metabolism, cellular growth, differentiation, and
inflammation at the transcriptional level (Poulsen et al.
2012; Varga et al. 2011). Although higher plants lack
PPAR homologs, an existence of peroxisome proliferation
signaling was reported in Arabidopsis (Castillo et al. 2008;
Ledon 2008). We speculate that changes in global gene
expression profiles including B-oxidation enzymes (Figs. 6,
7), cellular redox states (Fig. 8a, b), and peroxidase activity
(Fig. 8¢, d) in CaPLAl-overexpressing transgenic rice
plants may increase mitochondrial and peroxisomal activ-
ities that are regulated by free fatty acids produced by
cytosolic phospholipase CaPLA1l. Further experiments
should identify the in vivo substrate of CaPLA1l and
products and should provide further insight into the pos-
sible functional link between cell proliferation and lipid
signaling. In conclusion, our data suggest that constitutive
expression of CaPLAI and its enzyme activity conferred
enhanced growth and increased grain yield in transgenic
rice plants through alterations of gene activities related to
cell proliferation, lipid metabolism, membrane peroxida-
tion state, and isoprenoid biosynthesis.

Acknowledgments This work was supported by a grant from the
National Center for GM Crops (Project No. PJO1113801 of the Next
Generation BioGreen 21 Program) funded by the Rural Development
Administration, Republic of Korea to W.T.K.

Author contributions KY.P., E'Y.K,, and Y.S.S. performed the
experiments. K.Y.P., E'Y.K,, Y.S.S., and W.T.K. analyzed the data.
K.Y.P and W.T.K. planned the project and wrote the article.

References

Affek HP, Yakir D (2002) Protection by isoprene against singlet
oxygen in leaves. Plant Physiol 129:269-277

Ayala A, Muiioz MF, Argiielles S (2014) Lipid peroxidation:
production, metabolism, and signaling mechanisms of

@ Springer

malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell
Longev 2014:360438

Ayella AK, Trick HN, Wang W (2007) Enhancing lignan biosynthesis
by over-expressing pinoresinol lariciresinol reductase in trans-
genic wheat. Mol Nutr Food Res 51:1518-1526

Bouvier F, Rahier A, Camara B (2005) Biogenesis, molecular
regulation and function of plant isoprenoids. Prog Lipid Res
44:357-429

Byun MY, Kim WT (2014) Suppression of OsRADS5ID results in
defects in reproductive development in rice (Oryza sativa L.).
Plant J 79:256-269

Campo S, Baldrich P, Messeguer J, Lalanne E, Coca M, Segundo BS
(2014) Overexpression of a calcium-dependent protein kinase
confers salt and drought tolerance in rice by preventing
membrane lipid peroxidation. Plant Physiol 165:688-704

Castillo MC, Sandalio LM, Del Rio LA, Leon J (2008) Peroxisome
proliferation, wound-activated responses and expression of
peroxisome-associated genes are cross-regulated but uncoupled
in Arabidopsis thaliana. Plant Cell Environ 31:492-505

Catala A (2009) Lipid peroxidation of membrane phospholipids generates
hydroxy-alkenals and oxidized phospholipids active in physiological
and/or pathological conditions. Chem Phys Lipids 157:1-11

Chapple SJ, Cheng X, Mann GE (2013) Effects of 4-hydroxynonenal
on vascular endothelial and smooth muscle cell redox signaling
and function in health and disease. Redox Biol 1:319-331

Chen F, Tholl D, Bohlmann J, Pichersky E (2011a) The family of
terpene synthases in plants: a mid-size family of genes for
specialized metabolism that is highly diversified throughout the
kingdom. Plant J 66:212-229

Chen G, Snyder CL, Greer MS, Weselake RJ (2011b) Biology and
biochemistry of plant phospholipases. Crit Rev Plant Sci
30:239-258

Chen G, Greer MS, Weselake RJ (2013) Plant phospholipase A:
advances in molecular biology, biochemistry, and cellular
function. Biomol Concepts 4:527-532

Chowhan N, Singh HP, Batish DR, Kaur S, Ahuja N, Kohli RK
(2013) B-Pinene inhibited germination and early growth involves
membrane peroxidation. Protoplasma 250:691-700

Clouse SD (2002) Arabidopsis mutants reveal multiple roles for
sterols in plant development. Plant Cell 14:1995-2000

Cornah JE, Germain V, Ward JL, Beale MH, Smith SM (2004) Lipid
utilization, gluconeogenesis, and seedling growth in Arabidopsis
mutants lacking the glyoxylate cycle enzyme malate synthase.
J Biol Chem 279:42916-42923

Cristalli DO, Arnal N, Marra FA, De Alaniz MJT, Marra CA (2012)
Peripheral markers in neurodegenerative patients and their first-
degree relatives. J Neurol Sci 314:48-56

Dao TTH, Linthorst HIM, Verpoorte R (2011) Chalcone synthase and
its functions in plant resistance. Phytochem Rev 10:397—412

Dunand C, Crévecoeur M, Penel C (2007) Distribution of superoxide
and hydrogen peroxide in Arabidopsis root and their influence on
root development: possible interaction with peroxidases. New
Phytol 174:332-341

Eberle D, Hegarty B, Bossard P, Ferre P, Foufelle F (2004) SREBP
transcription factors: master regulators of lipid homeostasis.
Biochimie 86:839-848

Edwards R, Dixon DP, Walbot V (2000) Plant glutathione S-trans-
ferases: enzymes with multiple functions in sickness and in
health. Trends Plant Sci 5:193-198

Endler A, Persson S (2011) Cellulose synthases and synthesis in
Arabidopsis. Mol Plant 4:199-211

Fatihi A, Zbierzak AM, Dormann P (2013) Alterations in seed
development gene expression affect size and oil content of
Arabidopsis seeds. Plant Physiol 163:973-985

Gapper C, Dolan L (2006) Control of plant development by reactive
oxygen species. Plant Physiol 141:341-345



Plant Mol Biol

Guo D, Chen F, Inoue K, Blount JW, Dixon RA (2001) Downreg-
ulation of caffeic acid 3-o-methyltransferase and caffeoyl CoA
3-O-methyltransferase in transgenic alfalfa: impacts on lignin
structure and implications for the biosynthesis of G and S lignin.
Plant Cell 13:73-88

Gutteridge JMC (1995) Lipid peroxidation and antioxidants as
biomarkers of tissue Damage. Clin Chem 41:1819-1828

Haemmerle G, Moustafa T, Woelkart G, Biittner S, Schmidt A, van de
Weijer T, Hesselink M, Jaeger D, Kienesberger PC et al (2011)
ATGL-mediated fat catabolism regulates cardiac mitochondrial
function via PPAR-o and PGC-1. Nat Med 17:1076-1085

Hager MH, Solomon KR, Freeman MR (2006) The role of cholesterol
in prostate cancer. Curr Opin Clin Nutr Metab Care 9:379-385

Halliwell B, Chirico S (1993) Lipid peroxidation: its mechanism,
measurement, and significance. Am J Clin Nutr 57(suppl):715S-724S

Hampel D, Mosandl A, Wiist M (2005) Biosynthesis of mono- and
sesquiterpenes in carrot roots and leaves (Daucus carota L.):
metabolic cross talk of cytosolic mevalonate and plastidial
methylerythritol phosphate pathways. Phytochemistry 66:305-311

Hayashi M, Takahashi H, Tamura K, Huang J, Yu LH, Kawai-
Yamada M, Tezuka T, Uchimiya H (2005) Enhanced dihy-
droflavonol-4-reductase activity and NAD homeostasis leading
to cell death tolerance in transgenic rice. Proc Natl Acad Sci
USA 102:7020-7025

Hodges DM, DeLong JM, Forney CF, Prange RK (1999) Improving
the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and
other interfering compounds. Planta 207:604-611

Hong YW, Wang TW, Hudak KA, Schade F, Froese CD, Thompson
JE (2000) An ethylene-induced cDNA encoding a lipase
expressed at the onset of senescence. Proc Natl Acad Sci USA
97:8717-8722

Hooks MA, Kellas F, Graham IA (1999) Long-chain acyl-CoA
oxidases of Arabidopsis. Plant J 20:1-13

Horton JD (2002) Sterol regulatory element-binding proteins: tran-
scriptional activators of lipid synthesis. Biochem Soc Trans
30:1091-1095

Hyun Y, Choi S, Hwang HJ, Yu J, Nam SJ, Ko J, Park JY, Seo YS,
Kim EY, Ryu SB, Kim WT, Lee YH, Kang H, Lee I (2008)
Cooperation and functional diversification of two closely related
galactolipase genes for jasmonate biosynthesis. Dev Cell
14:183-192

Ishiguro S, Kawai-Oda A, Ueda J, Nishida I, Okada K (2001) The
DEFECTIVE IN ANTHER DEHISCIENCE]1 gene encodes a novel
phospholipase Al catalyzing the initial step of jasmonic acid
biosynthesis, which synchronizes pollen maturation, anther dehis-
cence, and flower opening in Arabidopsis. Plant Cell 13:2191-2209

Jain M (2009) Genome-wide identification of novel internal control
genes for normalization of gene expression during various stages
of development in rice. Plant Sci 176:702-706

Jeong DH, Park S, Zhai J, Gurazada SG, De Paoli E, Meyers BC,
Green PJ (2011) Massive analysis of rice small RNAs: mech-
anistic implications of regulated microRNAs and variants for
differential target RNA cleavage. Plant Cell 23:4185-4207

Jiang S, Moriarty-Craige SE, Orr M, Cai J, Sternberg P Jr, Jones DP
(2005) Oxidant-induced apoptosis in human retinal pigment
epithelial cells: dependence on extracellular redox state. Invest
Ophthalmol Vis Sci 46:1054-1061

Jonas CR, Ziegler TR, Gu LH, Jones DP (2002) Extracellular thiol/
disulfide redox state affects proliferation rate in a human colon
carcinoma (Caco?2) cell line. Free Radic Biol Med 33:1499-1506

Jonas CR, Gu LH, Nkabyo Y, Mannery YO, Avissar NE, Sax HC, Jones
DP, Ziegler TR (2003) Glutamine and KGF each regulate extracel-
lular thiol/disulfide redox and enhance proliferation in Caco2 cells.
Am J Physiol Regul Integr Comp Physiol 285:R1421-R1429

Jones DP (2006) Redefining oxidative stress. Antioxid Redox Signal
8:1865-1879

Kasahara H, Hanada A, Kuzuyama T, Takagi M, Kamiya Y,
Yamaguchi S (2002) Contribution of the mevalonate and
methylerythritol phosphate pathways to the biosynthesis of
gibberellins in Arabidopsis. J Biol Chem 277:45188-45194

Katsuhara M, Koshio K, Shibasaka M, Hayashi Y, Hayakawa T,
Kasamo K (2003) Over-expression of a barley aquaporin
increased the shoot/root ratio and raised salt sensitivity in
transgenic rice plants. Plant Cell Physiol 44:1378-1383

Kemen AC, Honkanen S, Melton RA, Findlay KC, Mugford ST,
Hayashi K, Haralampidis K, Rosser SJ, Osbourn A (2014)
Investigation of triterpene synthesis and regulation in oats
reveals a role for B-amyrin in determining root epidermal cell
patterning. Proc Natl Acad Sci USA 111:8679-8684

Kim EY, Seo YS, Lee H, Kim WT (2010) Constitutive expression of
CaSRPI, a hot pepper small rubber particle protein homolog,
resulted in fast growth and improved drought tolerance in
transgenic Arabidopsis plants. Planta 232:71-83

Kim EY, Seo YS, Kim WT (2011a) AtDSEL, an Arabidopsis
cytosolic DADI-like acylhydrolase, is involved in negative
regulation of storage oil mobilization during seedling establish-
ment. J Plant Physiol 168:1705-1709

Kim HJ, Ok SH, Bahn SC, Jang J, Oh SA, Park SK, Twell D, Ryu SB,
Shin JS (2011b) Endoplasmic reticulum- and Golgi-localized
phospholipase A2 plays critical roles in Arabidopsis pollen
development and germination. Plant Cell 23:94—-110

Kirby J, Keasling JD (2009) Biosynthesis of plant isoprenoids:
perspectives for microbial engineering. Annu Rev Plant Biol
60:335-355

Lee HY, Bahn SC, Kang YM, Lee KH, Kim HJ, Noh EK, Palta JP,
Shin JS, Ryu SB (2003) Secretory low molecular weight
phospholipase A2 plays important roles in cell elongation and
shoot gravitropism in Arabidopsis. Plant Cell 15:1990-2002

Leivar P, Antolin-Llovera M, Ferrero S, Closa M, Arrdé M, Ferrer A,
Boronat A, Campos N (2011) Multilevel control of Arabidopsis
3-hydroxy-3-methylglutaryl coenzyme A reductase by protein
phosphatase 2A. Plant Cell 23:1494-1511

Ledn J (2008) Peroxisome proliferation in Arabidopsis. Plant Signal
Behav 3:671-673

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H,O, from the
oxidative burst orchestrates the plant hypersensitive disease
resistance response. Cell 79:583-593

Li F, Asami T, Wu X, Tsang EWT, Cutler AJ (2007) A putative
hydroxysteroid dehydrogenase involved in regulating plant
growth and development. Plant Physiol 145:87-97

Lin A, Zhang X, Chen M, Cao Q (2007) Oxidative stress and DNA
damages induced by cadmium accumulation. J Environ Sci
19:596-602

Liu YF, Li QT, Lu X, Song QX, Lam SM, Zhang WK, Ma B, Lin Q
(2014) Soybean GmMYB73 promotes lipid accumulation in
transgenic plants. BMC Plant Biol 14:73

Lluis F (2013) Re-thinking cell cycle regulators: the cross-talk with
metabolism. Front Oncol 3:4

Lo M, Taylor C, Wang L, Nowack L, Wang TW, Thompson J (2004)
Characterization of an ultraviolet B-induced lipase in Arabidop-
sis. Plant Physiol 135:947-958

Loreto F, Velikova V (2001) Isoprene produced by leaves protects the
photosynthetic apparatus against ozone damage, quenches ozone
products, and reduces lipid peroxidation of cellular membranes.
Plant Physiol 127:1781-1787

Loreto F, Mannozzi M, Maris C, Nascetti P, Ferranti F, Pasqualini S
(2001) Ozone quenching properties of isoprene and its antiox-
idant role in leaves. Plant Physiol 126:993-1000

@ Springer



Plant Mol Biol

Meguro A, Sato Y (2014) Salicylic acid antagonizes abscisic acid
inhibition of shoot growth and cell cycle progression in rice. Sci Rep
4:4555

Menendez JA, Lupu R (2007) Fatty acid synthase and the lipogenic
phenotype in cancer pathogenesis. Nat Rev Cancer 7:763-777

Miziorko HM (2011) Enzymes of the mevalonate pathway of
isoprenoid biosynthesis. Arch Biochem Biophys 505:131-143

Mizutani M (2012) Impacts of diversification of cytochrome P450 on
plant metabolism. Biol Pharm Bull 35:824-832

Nagata N, Suzuki M, Yoshida S, Muranaka T (2002) Mevalonic acid
partially restores chloroplast and etioplast development in Ara-
bidopsis lacking the non-mevalonate pathway. Planta 216:345-350

Niedernhofer LJ, Daniels JS, Rouzer CA, Greene RE, Marnett LJ
(2003) Malondialdehyde, a product of lipid peroxidation, is
mutagenic in human cells. J Biol Chem 278:31426-31433

Perluigi M, Coccia R, Butterfield DA (2012) 4-Hydroxy-2-nonenal, a
reactive product of lipid peroxidation, and neurodegenerative
diseases: a toxic combination illuminated by redox proteomics
studies. Antioxid Redox Signal 17:1590-1609

Phan TD, Bo W, West G, Lycett GW, Tucker GA (2007) Silencing of
the major salt-dependent isoform of pectinesterase in tomato
alters fruit softening. Plant Physiol 144:1960-1967

Poulsen L, Siersbek M, Mandrup S (2012) PPARs: fatty acid sensors
controlling metabolism. Semin Cell Dev Biol 23:631-639

Rhee SG, Yang KS, Kang SW, Woo HA, Chang TS (2005)
Controlled elimination of intracellular H,O,: regulation of
peroxiredoxin, catalase, and glutathione peroxidase via post-
translational modification. Antioxid Redox Signal 7:619-626

Rylott EL, Gilday AD, Graham IA (2003) The gluconeogenic enzyme
phosphoenolpyruvate carboxykinase in Arabidopsis is essential
for seedling establishment. Plant Physiol 131:1834—1842

Ryu SB (2004) Phospholipid-derived signaling mediated by phos-
pholipase A in plants. Trends Plant Sci 9:229-235

Santos RC, Schulze A (2012) Lipid metabolism in cancer. FEBS J
279:2610-2623

Schaller H (2003) The role of sterols in plant growth and develop-
ment. Prog Lipid Res 42:163-175

Scherer GF (2002) Secondary messengers and phospholipase A2 in
auxin signal transduction. Plant Mol Biol 49:357-372

Seo YS, Kim EY, Mang HG, Kim WT (2008) Heterologous
expression, and biochemical and cellular characterization of
CaPLA] encoding a hot pepper phospholipase Al homolog.
Plant J 53:895-908

Seo YS, Kim EY, Kim JH, Kim WT (2009) Enzymatic character-
ization of class I DADI-like acylhydrolase members targeted to
chloroplast in Arabidopsis. FEBS Lett 583:2301-2307

Seo YS, Kim EY, Kim WT (2011) The Arabidopsis sn-1-specific
mitochondrial acylhydrolase AtDLAH is positively correlated
with seed viability. J Exp Bot 62:5683-5698

Sharkey TD, Chen X, Yeh S (2001) Isoprene increases thermotoler-
ance of fosmidomycin-fed leaves. Plant Physiol 125:2001-2006

Shen C, Li D, He R, Fang Z, Xia Y, Gao J, Shen H, Cao M (2014)
Comparative transcriptome analysis of RNA-seq data for cold-
tolerant and cold-sensitive rice genotypes under cold stress.
J Plant Biol 56:337-348

Shridhar RJ, Vadez V, Mathur PB, Narasu ML, Sharma KK (2012)
Better root:shoot ratio conferred enhanced harvest index in
transgenic groundnut overexpressing the rd29A:DREBIA gene
under intermittent drought stress in an outdoor lysimetric dry-
down trial. ] SAT Agric Res 10:1-7

Singh HP, Batish DR, Kaur S, Arora K, Kohli RK (2006) a-Pinene
inhibits growth and induces oxidative stress in roots. Ann Bot
98:1261-1269

Sundaravelpandian K, Chandrika NNP, Schmidt W (2013) PFT1, a
transcriptional Mediator complex subunit, controls root hair

@ Springer

differentiation through reactive oxygen species (ROS) distribu-
tion in Arabidopsis. New Phytol 197:151-161

Taulavuori E, Hellstrom EK, Taulavuori K, Laine K (2001)
Comparison of two methods used to analyse lipid peroxidation
from Vaccinium myrtillus (L.) during snow removal, reacclima-
tion and cold acclimation. J Exp Bot 52:2375-2380

Tu Y, Rochfort S, Liu Z, Ran Y, Griffith M, Badenhorst P, Louie GV,
Bowman ME, Smith KF, Noel JP, Mouradov A, Spangenberg G
(2010) Functional analyses of caffeic acid o-methyltransferase
and cinnamoyl-CoA-reductase genes from perennial ryegrass
(Lolium perenne). Plant Cell 22:3357-3373

Umehara M, Hanada A, Yoshida S, Akiyama K, Arite T, Takeda-
Kamiya N, Magome H, Kamiya Y, Shirasu K, Yoneyama K,
Kyozuka J, Yamaguchi S (2008) Inhibition of shoot branching
by new terpenoid plant hormones. Nature 455:195-200

Van Erp H, Kelly AA, Menard G, Eastmond PJ (2014) Multigene
engineering of triacylglycerol metabolism boosts seed oil
content in Arabidopsis. Plant Physiol 165:30-36

Van Norman JM, Zhang J, Cazzonelli CI, Pogson BJ, Harrison PJ,
Bugg TDH, Chan KX, Thompson AJ, Benfey PN (2014)
Periodic root branching in Arabidopsis requires synthesis of an
uncharacterized carotenoid derivative. Proc Natl Acad Sci USA
111:E1300-E1309

Varga T, Czimmerer Z, Nagy L (2011) PPARs are a unique set of fatty
acid regulated transcription factors controlling both lipid metabo-
lism and inflammation. Biochim Biophys Acta 1812:1007-1022

Venisse JS, Gullner G, Brisset MN (2001) Evidence for the
involvement of an oxidative stress in the initiation of infection
of pear by Erwinia amylovora. Plant Physiol 125:2164-2172

Vickers CE, Possell M, Cojocariu CI, Velikova VB, Laotha-
wornkitkul J, Ryan A, Mullineaux PM, Hewitt CN (2009)
Isoprene synthesis protects transgenic tobacco plants from
oxidative stress. Plant Cell Environ 32:520-531

Wang X (2001) Plant phospholipase. Annu Rev Plant Physiol Plant
Mol Biol 52:211-231

Wang X (2005) Regulatory functions of phospholipase D and
phosphatidic acid in plant growth, development, and stress
responses. Plant Physiol 139:566-573

Wang Y, Wu J, Kim SG, Kim ST, Kang KY (2013) A transient gene
expression protocol for subcellular protein localization and
protein secretion analyses in rice. Protoc Exch. doi:10.1038/
protex.2013.064

Wong-ekkabutJ, XuZ, Triampo W, Tang IM, Tieleman DP, Monticelli L
(2007) Effect of lipid peroxidation on the properties of lipid
bilayers: a molecular dynamics study. Biophys J 93:4225-4236

Yang JW, Orihara Y (2002) Biosynthesis of abietane diterpenoids in
cultured cells of Torreya nucifera var. radicans: biosynthetic
inequality of the FPP part and the terminal IPP. Tetrahedron
58:1265-1270

Yang W, Gao M, Yin X, LiuJ, Xu Y, Zeng L, Li Q, Zhang S, Wang J,
Zhang X, He Z (2013) Control of rice embryo development,
shoot apical meristem maintenance, and grain yield by a novel
cytochrome P450. Mol Plant 6:1945-1960

Yin H, Xu L, Porter NA (2011) Free radical lipid peroxidation:
mechanisms and analysis. Chem Rev 111:5944-5972

Zeng D-E, Hou P, Xiao F, Liu Y (2014) Overexpressing a novel
RING-H2 finger protein gene, OsRHP1, enhances drought and
salt tolerance in rice (Oryza sativa L.). J Plant Biol 57:357-365

Zhang W, Qin C, Zhao J, Wang X (2004) Phospholipase Dal-derived
phosphatidic acid interacts with ABI1 phosphatase 2C and regulates
abscisic acid signaling. Proc Natl Acad Sci USA 101:9508-9513

Zunino MP, Zygadlo JA (2004) Effect of monoterpenes on lipid
oxidation in maize. Planta 219:303-309


http://dx.doi.org/10.1038/protex.2013.064
http://dx.doi.org/10.1038/protex.2013.064

	Constitutive expression of CaPLA1 conferred enhanced growth and grain yield in transgenic rice plants
	Abstract
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Construction of Ubi:CaPLA1 transgenic rice plants
	Genomic DNA extraction and DNA gel-blot analysis
	RNA isolation and real-time qRT-PCR
	In vivo PLA1 enzyme assay
	Measurements of parameters of root and shoot tissues
	Microscopy
	Phenotype evaluation of rice grown in the paddy field
	Microarray
	Measurements of malondialdehyde and conjugated diene
	Peroxidase enzyme activity assay
	3-Hydroxy-3-methyl-glutaryl-CoA reductase enzyme activity assay

	Results
	Construction and characterization of CaPLA1-overexpressing transgenic rice plants
	CaPLA1-overexpressing transgenic rice seedlings had enhanced growth compared to wild-type seedling
	Enhanced growth of Ubi:CaPLA1 transgenic rice plants correlated with cell proliferation activity
	Ubi:CaPLA1 transgenic rice plants exhibited an enhanced grain yield
	Expressions of lipid metabolic genes were elevated in Ubi:CaPLA1 transgenic rice plants
	Expression profiles were changed in CaPLA1-overexpressing rice plants
	Membrane peroxidation state was reduced in Ubi:CaPLA1 transgenic plants
	Expressions of isoprenoid synthetic genes were increased in Ubi:CaPLA1 transgenic rice plants

	Discussion
	Acknowledgments
	References




