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Abstract Lipids are the major constituents of all mem-
branous structures in plants. Plants possess two pathways
for lipid biosynthesis: the prokaryotic pathway (i.e., plas-
tidic pathway) and the eukaryotic pathway (i.e., endoplas-
mic-reticulum (ER) pathway). Whereas some plants syn-
thesize galactolipids from diacylglycerol assembled in the
plastid, others, including rice, derive their galactolipids
from diacylglycerols assembled by the eukaryotic pathway.
Arabidopsis thaliana glycerol-3-phosphate dehydroge-
nase (G3pDH), coded by SUPPRESSOR OF FATTY ACID
DESATURASE 1 (SFDI; alias GLYI) gene, catalyzes the
formation of glycerol 3-phosphate (G3p), the backbone of
many membrane lipids. Here SFDI was introduced to rice
as a transgene. Arabidopsis SFDI1 localizes in rice plastids
and its over-expression increases plastidic membrane lipid
content in transgenic rice plants without any major impact
on ER lipids. The results suggest that over-expression of
plastidic G3pDH enhances biosynthesis of plastid-localized
lipids in rice. Lipid composition in the transgenic plants is
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consistent with increased phosphatidylglycerol synthesis in
the plastid and increased galactolipid synthesis from dia-
cylglycerol produced via the ER pathway. The transgenic
plants show a higher photosynthetic assimilation rate,
suggesting a possible application of this finding in crop
improvement.
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Abbreviations

DAG Diacylglycerol

DGDG Digalactosyldiacylglycerol

ER Endoplasmic reticulum

FA Fatty acid

GLC Gas-liquid chromatography

G3p Glycerol 3-phosphate

G3pDH Glycerol-3-phosphate dehydrogenase
IRGA  Infrared gas analyzer

MGDG Monogalactosyldiacylglycerol

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PI Phosphatidylinositol

SFDI SUPPRESSOR OF FATTY ACID DESATURASE 1
TAG Triacylglycerol

Introduction

Lipids contribute from 5 to 10 % of dry weight in plants, and
plastid membranes make up a major portion of plant mem-
brane lipids (Ohlrogge and Browse 1995). The abundant thy-
lakoid membranes in the plant chloroplast are the site of the
light-dependent reactions of photosynthesis (Browse 2010).
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Plants contain mostly either 16 or 18 carbon fatty acids
(FA) with 0-3 carbon—carbon double bonds (Ohlrogge and
Browse 1995; Stumpf 1984; Mukherjee 1983). FAs in plants
are synthesized in plastids. Plants possess two distinct path-
ways for membrane lipid biosynthesis, referred as prokaryotic
(plastidic) and eukaryotic (ER) pathways. In the prokaryotic
pathway, phosphatidic acid (PA) is made by incorporating
acyl chains into the sn-1 and sn-2 positions of a G3p mol-
ecule with the preference for 18:1 and 16:0 FAs, respectively
(Ohlrogge and Browse 1995). PA made in the prokaryotic
pathway is the starting molecule for other plastidic membrane
lipids including diacylglycerol (DAG), which is converted to
monogalactosyldiacylglycerol (MGDG) and digalactosyldia-
cylglycerol (DGDG). PA is also converted to phosphatidylg-
lycerol phosphate, which is then converted to phosphatidylg-
lycerol (PG) (Ohlrogge and Browse 1995). C18 and C16 FAs
of MGDG undergo desaturation to generate 18:3 and 16:3
molecules respectively in plastids. In contrast, in the eukary-
otic pathway, PA is made in the ER with the incorporation of
18:1 or 16:0 FAs in the sn-1, and 18:1 FA in the sn-2 position
of G3p (Ohlrogge and Browse 1995). This ER-derived PA
is the starting material for other extraplastidic lipids includ-
ing phosphatidylserine (PS), phosphatidylinositol (PI), phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE).
However, unlike prokaryotic pathway lipids, in eukaryotic
pathway lipids the 16:0 FAs remain mostly saturated.

In many plants, the prokaryotic pathway described above
for galactolipid formation in the plastid does not occur.
Instead, the prokaryotic pathway contributes only PG in plas-
tidic lipids while the rest of the plastidic lipids are generated
from diacylglycerol formed by the eukaryotic (ER) pathway
and transported into plastids (Ohlrogge and Browse 1995).
These plants contain mostly 18:3 acyl chains in their galac-
tolipids and are referred as “18:3 plants”. Lack of plastidial
phosphatidate phosphatase and acyl desaturase activities are
considered to be the primary reasons for differences between
18:3 and 16:3 plants (Heinz and Roughan 1983; Mongrand
et al. 1998; Ohlrogge and Browse 1995). Compared to 16:3
plants, isolated chloroplast of 18:3 plants show severely
reduced PA-dephosphorylation, and desaturation of 18:1 (at
sn-1) and 16:0 (at sn-2) FAs (Heinz and Roughan 1983). The
striking features of lipid composition of the 18:3 plants are
the absence or a negligible presence of “34:6 DGDG” and
“34:6 MGDG” species, i.e. those composed of 18:3 and
16:3 FAs in sn-1 and sn-2 positions respectively (Browse
et al. 1986; Ohlrogge and Browse 1995). This contrasts with
plant species in which plastidic lipids are made largely by
the prokaryotic pathway and, as a result, contain high levels
of 16: 3 FA in galactolipids. The plants of the latter class are
referred as “16:3 plants”. These plants contain a high level of
34:6 MGDG and some 34:6 DGDG species, due to plastidic
lipid biosynthesis and desaturation of C16-carbon FAs (Ohl-
rogge and Browse 1995; Stumpf 1984).
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The two alternative pathways for lipid biosynthesis in
plants are associated with different pools of G3p (Chanda
et al. 2011; Shen et al. 2006, 2010). G3p is derived from
dihydroxyacetone phosphate (DHAP) by glycerol-3-phos-
phate dehydrogenase (G3pDH) (i.e., DHAP reductase),
using the reduction potential of NAD(P)H (Miquel et al.
1998; Shen et al. 2010). In Arabidopsis, the plastid-localized
G3pDH enzyme encoded by the gene SFDI/GLYI contrib-
utes to the plastidic G3p pool (Chanda et al. 2011). Conse-
quently, the sfdl/glyl mutants of Arabidopsis harbor altered
lipid composition in their plastids without any major effect
in ER lipid composition (Miquel et al. 1998; Shen et al.
2010; Nandi et al. 2004; Chanda et al. 2011; Lorenc-Kukula
et al. 2012). Expression of SFDI1 in sfd/ mutant background
partially restores plastidic lipid composition (Lorenc-Kukula
et al. 2012). In addition, there is an alternate pathway ubiqui-
tously present in the cytosol of all plants; this pathway uses
glycerol as a substrate to generate G3p via glycerol kinase
(Lu et al. 2001; Eastmond 2004; Chanda et al. 2011). G3p
metabolism has been proven to be of immense importance
in plant defense and lipid metabolism (Mandal et al. 2011,
Chanda et al. 2011; Yu et al. 2013). A lesion in SFDI/GLY1
leads to loss of systemic acquired resistance (SAR) (Nandi
et al. 2004; Chanda et al. 2011; Yu et al. 2013). A mutation
in glycerol kinase coding gene NON-HOST RESISTANCE 1
(NHOI, also known as GLII), leads to loss of general resist-
ance, and as well as SAR in Arabidopsis (Lu et al. 2001;
Kang et al. 2003; Chanda et al. 2011). In addition, G3pDH
also appears to be a promising candidate gene for enhance-
ment of lipid content in oilseeds. Over-expression of yeast
cytosolic G3pDH in Brassica napus through seed specific
napin promoter yielded increased FA and lipid contents in
transgenic plants (Vigeolas et al. 2007).

Rice is an 18:3 plant, which contains high levels of 18:3
with negligible amounts of 16:3 (Toriyama et al. 1988;
Roughan and Batt 1969). This study was undertaken to
investigate the possibility of increasing rice lipid content by
increasing plastidic G3pDH by over-expressing Arabidopsis
SFDI/GLYI gene. Our results show substantial enhance-
ment in lipid content in transgenic rice plants mostly due to
the enhancement of plastidic lipids in transgenic plants.

Materials and methods
Vector construction and generation of transgenic plants

The SFDI cDNA was obtained from the Arabidopsis stock
centre. The cDNA was cloned as BamHI-Sacl fragment in
the pTCK303 vector (Wang et al. 2004) under maize ubiq-
uitin promoter. Embryogenic calli of Japonica rice cultivar
TP309 (Oryza sativa L. ssp. japonica cv.Taipei 309) were
transformed with the construct by using Agrobacterium
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tumefaciens strain LBA4404 as described previously (Singh
et al. 2013). The transgenic plants were regenerated in the
presence of hygromycin 50 mg/L and were further kept for
3 weeks under selection pressure in the liquid MS medium
containing hygromycin (50 mg/L). The plantlets were trans-
ferred to soil and after acclimatization about a week in the
culture room, were transferred to the glass house.

RNA isolation, northern blot hybridization
and RT-PCR

Extraction of total RNA from rice leaves was carried out as
described previously (Singh et al. 2013). From each trans-
genic plant 10 pg of total RNA was transferred to nylon
membrane and probed with radio-labeled SFD1 cDNA
probe. cDNA preparation and RT-PCR for hptll gene was
carried out as described earlier (Singh et al. 2013). The
primers used are listed in the supplementary material.

Southern blot analysis

Total genomic DNA was isolated from leaf samples obtained
from about a month-old soil-grown plants using the cetyltri-
methylammonium bromide (CTAB) method (Maguire et al.
1991).Genomic DNA (10 pg) was digested with BamHI and
hybridized with radio-labeled SFDI cDNA probe.

Fatty acid and lipid profile analysis

Leaf samples were harvested from 60-day-old greenhouse
grown transgenic and WT plants. Each sample consisted of
randomly taken upper 6-7 cm portion from approximately
10 leaves. The samples were quickly immersed in 3 ml of
isopropanol containing 0.01 % butylated hydroxytoluene
at 75 °C and mixed thoroughly. Extraction of total lipids
and determination of lipid profile was carried out exactly as
described previously (Nandi et al. 2003; Welti et al. 2002).
After completion of the extraction procedure the remaining
tissue was left in the hot-air oven over night to dry com-
pletely. The weight of the dried leaves was used to calculate
the lipid content of the tissues. An automated electrospray
ionization—tandem mass spectrometry at Kansas Lipidomic
Research Center (https://www.k-state.edu/lipid/lipidomics)
was used to profile lipid composition in rice leaves. Sample
preparation, processing, data acquisition and analysis and
acyl group identification were carried out as described pre-
viously (Welti et al. 2002).

GFP-SFD1 localization in rice protoplast
pCXDG-GFP-SFD1 construct was generated after PCR

amplification of SFD1 cDNA (primers mentioned under
supplementary material) in the Xcml site of pCXDG vector

(Chen et al. 2009). Rice protoplasts were isolated from the
leaves of 10 days-old seedlings and transformed with the
vector construct, as described earlier (Zhang et al. 2011).
To a suspension of 100 pL protoplast (~10° cells), 25 ug
of plasmid DNA was added and PEG mediated transfec-
tion method was followed (Zhang et al. 2011). The proto-
plasts were cultured in a multi-well plates in dark at 26 °C
for 15 h, before observing under a fluorescent microscope
(Nikon Eclipse Ti and visualized at 60x magnification).
For GFP, excitation filter was of 515-555 nm, and the
emission filter was of 465-495 nm. Autofluorescence due
to chlorophyll was observed at 580—-660 nm with excitation
wavelength of 515-565 nm.

SFD1-GFP localization in rice leaf sheath cells

Leaf sheaths from young rice seedlings at the 4-6 leaf
stage were sectioned with a double folded razor blade,
exactly as described in Wang et al. (2013). With a scalpel
blade, the greenish regions were removed from the sec-
tions. The selected white portions of the sections were
placed on half-strength MS plates and bombarded with
pCXDG-GFP-SFD1 or only pCXDG plasmid DNA coated
tungsten particles at 1,100 psi, with Biolistic PDS-1000/
He (Bio-Rad) as per manufacturer’s instructions. The bom-
barded sheath-sections were incubated at 28 °C for 2 days
in the dark. The sections were stained with ER-Tracker Red
dye (Cat # E34250, Life Technologies, USA) and observed
under a fluorescent microscope, Nikon Eclipse Ti, at 60x
magnification.

Photosynthetic efficiency measurements

Fully grown leaves of 60-day-old rice plants were used
for measuring photosynthetic rate with the GFS-3000 gas
exchange system (Walz, Effeltrich, Germany). The pho-
tosynthetic rate was determined at the ambient CO, con-
centration of ~380 ppm, with a reference area of 2.5 cm?,
by sensing the photosynthetic active radiation (PAR; 1500
umole m~2 s~!). The photosynthetic assimilation rate (A)
was calculated by the instrument (von Caemmerer and
Farquhar 1981). Maximal photosystem II quantum yield,
Fv/Fm, was measured by PAM fluorometer (Heinz Walz
GmbH, Effeltrich, Germany). The plants were dark adapted
for 2 h before application of saturation pulse at maximum
intensity and data recorded as per the instrument manufac-
turer’s instructions.

Chlorophyll estimation
Chlorophyll was extracted from leaf samples of 75-day-old

plants in 100 % methanol in six replicates. Chla and Chlb
contents were determined after taking absorbance at 665
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and 652 nm respectively, and relative contents were calcu-
lated as described previously (Ritchie 2006). Summation of
Chla and Chib is represented as total chlorophyll content.

Results

Generation of transgenic rice plants with Arabidopsis
SFD1/GLY1

Transgenic rice plants with SFDI/ cDNA under the con-
trol of the maize ubiquitin promoter were generated by
transforming embryogenic calli obtained from rice culti-
var TP309. Five transgenic TO plants, obtained from inde-
pendent calli were selected for further study. Integration
of the transgene was confirmed by Southern hybridiza-
tion (Fig. la) and expression of the SFDI transcript was
confirmed by northern hybridization using radio-labeled
SFD1 cDNA probe (Fig. 1b). The T1 seedlings carrying the
transgene were selected on the basis of PCR with hygromy-
cin resistance gene (Fig. 1c). Only the confirmed transgenic
T1 lines were transferred to the soil for further analyses.
At the T2 generation, we identified two homozygous sin-
gle copy insertion transgenic lines, originating from the TO
lines #1 and #4. The T3 progeny plants from these lines
showed equivalent expression of SFDI mRNA (Fig. 1d).
The growth and development of all transgenic plants were
similar to the untransformed WT plants (Supplemen-
tary Fig. S1A). In spite of having increased plastidic lipid

a b
SFD1 Oex lines .
1 2 3 4 5 WT SFD1 Oex lines
2 3 5 WT
— SR - FD1
c d

WT 1 4

M1 2 34567

8 + WT

Fig.1 Confirmation for generation of transgenic rice plants and
expression of transgenes. a Southern blot with radio-labeled SFD]
cDNA as probe to confirm the integration of the transgene in the rice
genome. b Northern blot analysis to detect the level of SFDI tran-
script accumulation in the transgenic lines. Ethidium bromide (EtBr)
stained gel indicates the relative amount of total RNA loaded in each
lane. ¢ PCR for detection of hygromycin resistance marker in the
transgenic lines. The lane numbers indicate individual T2 plants of
line number #1. d Reverse-transcription PCR of two homozygous T3
progeny taking one each originating from TO line #1 and 4. In A, B
and D the numbers on the lane indicate the TO transgenic line number
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content (discussed later), the transgenic plants harbored
levels of chlorophyll in their leaves equivalent to those of
untransformed control plants (Supplementary Fig. S1B).

SFDI1/GLY1 over-expression leads to an increase in C18
FAs in transgenic rice plants

To examine, whether SFD1 over-expression in rice influ-
ences lipid composition, we determined the FA profile
from five independent TO transgenic plants as well as from
five untransformed WT plants, by gas-liquid chromatog-
raphy. Total FA content of the transgenic plants was sig-
nificantly higher (30-40 %) than that of untransformed
plants (Fig. 2a). Analysis of FA composition showed that
the increment in the total FA is mostly contributed by 18:3
followed by 18:2 (Fig. 2b). However, in contrast, 16-car-
bon FAs were almost unchanged between transgenic and
control plants (Fig. 2b). The results were surprising to us,
as the sfdl mutation in Arabidopsis largely affects 16-car-
bon containing lipid species (Nandi et al. 2004). Thus, we
looked into the details of the lipid composition alterations
in the homozygous transgenic plants.

SFDI1/GLY1 over-expression enhances plastidic lipid
content without much impact on extraplastidic lipids

To compare the lipid content and profile of SFDI trans-
genic plants to the untransformed TP309 plants (WT), T3
progeny from 2 independent homozygous transgenic lines,
originated from TO#1 and TO#4 were selected. Plants were
grown in a greenhouse for 60 days before collecting sam-
ples. For each transgenic line, we selected five T3 plants,

a b
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Acyl carbon:double bond
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Fig.2 FA composition WT and TO transgenic plants. a Total FA
content and b FA composition of WT and TO transgenic plants. Each
bar represents mean and standard deviation of five plants. * indicates
statistically different (¢ test, P < 0.05) FA content between transgenic
and WT plants
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Fig. 3 Lipid class analysis by electrospray ionization—tandem mass
spectrometry. a Total membrane lipids; b plastidic glycerolipids
DGDG, MGDG and PG; ¢ and ER lipids PC, PE, PI, PS and PA in
wild-type (WT) and two transgenic rice lines with over-expression of
SFDI. Total lipids indicate the summation of all detected lipids by

and one sample was collected from each plant. Similarly
five samples were collected from untransformed plants.
Each sample consisted approximately 1.0 g of leaf tis-
sues. The total lipids were identified and quantified on the
basis of head group and molecular mass through an auto-
mated electrospray ionization—-tandem mass spectrometry
approach (Welti et al. 2002). Both transgenic lines contain-
ing the SFDI over-expression construct contained approxi-
mately 20 % higher lipid than the untransformed WT plants
(Fig. 3a). Further, the analyses indicated that the excess
lipid content was mostly attributable to enhanced plastidic
lipid content (Fig. 3b). Monogalactosyldiacyl glycerol
(MGDG) is the major constituent of plastidic lipid both for
rice and Arabidopsis, followed by digalactosyldiacyl glyc-
erol (DGDG) and phosphatidylglycerol (PG) (Nandi et al.
2003, 2004; Roughan and Batt 1969; Toriyama et al. 1988).
We found that all the plastidic lipids were increased in the
transgenic plants compared to the WT plants (Fig. 3b).
Level of sulfoquinovosyldiacyl glycerol (SQDG) remained
below our detection limit, both in WT and transgenic
plants. However, in contrast to the plastidic lipids, the
ER lipids were only marginally impacted by SFDI over-
expression (Fig. 3c). Phosphatidylcholine (PC) is the major
ER-synthesized lipid in plants. Even though there appeared
to be a trend toward a modest increase in PC content in the
transgenic plants, the difference between transgenic and
WT plants was not statistically significant. Other ER lipids
such as phosphatidylethanolamine (PE), phosphatidylino-
sitol (PI), phosphatidylserine (PS), and phosphatidic acid
(PA) were also not affected by the expression of the SFDI
(Fig. 3c).

ESI-MS-MS analysis, which include both di-acyl and lyso-lipids
species. Each bar indicates the average and standard deviations of
five plants. * and ** above the bars indicate the significant difference
(¢ test) with P values <0.05 and <0.1, respectively

To compare the influence of SFD1/GLY1 overexpres-
sion between plastidic and ER lipids, we calculated the
mol % of lipids species in WT and transgenic plants
(Supplementary Fig. S2). Since plastidic lipids constitute
more than 90 % of the total lipids, and enhancement in
the lipid content was mostly in the plastidic lipids, we
did not expect much alternation in the mol percentage.
However, as anticipated, we observed a trend towards
higher mol % of MGDG and PG, and reduced mol % of
PC, PE and PI, in the transgenic plants compared to the
WT plants.

Over-expression of SFD1/GLY]1 results in an increase
in PG and 36-carbon galactolipids

Lipid profiling of MGDG and DGDG showed that the lipids
increased in the transgenic plants were mostly 36:6 galac-
tolipids (Fig. 4). 36:5 MGDG was also increased. Total 34:6
galactolipids (18:3 + 16:3) in rice occur very low compared
to levels in Arabidopsis (Nandi et al. 2003, 2004; Roughan
and Batt 1969), and we did not observe any significant
increase in the transgenic plants (Fig. 4). SFDI over-expres-
sion also resulted in increased levels of PG with total acyl
carbons of 34 and 32 (Fig. 4). PG is present in both plastids
and extra-plastidic membranes. An increase in formation of
G3p in the plastid has the potential to increase the forma-
tion of PG in an 18:3 plant, such as rice, due to potentially
increased availability of the PA precursor. In accordance with
the observation of non-significant changes in overall ER lipid
content (Fig. 3c), the distribution of ER lipid molecular spe-
cies was unaffected in the transgenic plants (Supplementary
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Fig. 4 Analysis of major plastidic glycerolipids by electrospray ioni-
zation—tandem mass spectrometry of wild-type (WT) and two trans-
genic rice lines with over-expression of SFDI. Each bar indicates
the average and standard deviations of 5 plants. * and ** above the
bars indicate the significant difference (t-test) with P values < 0.05
and < 0.1, respectively. Insets in the MGDG and DGDG panels are of
the corresponding lipids at different scale

Fig. S3). We also did not observe any significant difference
the ratio of 34C-PA or 36C-PA to total PA between WT and
transgenic plants (Supplementary Fig. S4). Thus, the direct
effect of enhanced G3pDH in plastidic lipids by prokaryotic
pathway was limited only for PG species. These data indi-
cate an enhancement of galactolipids biosynthesis via the
eukaryotic pathway in the transgenic plants.
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GFP-SFD1 is localized in plastids of rice protoplasts

SFD1 -GFP is shown to localize in plastids of a transgenic
Arabidopsis plant (Chanda et al. 2011; Lorenc-Kukula
et al. 2012). Allelic sfdl/glyl mutations mostly affect car-
bon flux of plastidic lipid biosynthesis (Chanda et al. 2011;
Miquel et al. 1998; Nandi et al. 2004). Because transgenic
rice plants show enhanced levels of galactolipids that
appear to be made from DAG synthesized by the ER path-
way, it was important to observe SFD1 localization in rice
cells. The SFD1 coding sequence was fused to that of the
C-terminal of GFP in the pCXDG vector, to encode a sin-
gle peptide (GFP-SFD1) and transiently expressed in rice
protoplast. As a control we expressed free GFP (empty vec-
tor). As expected, the free GFP was distributed through-
out the cell (Fig. 5). In contrast, GFP-SFD1was localized
exclusively in the plastids of rice cells (Fig. 5). To rule out
the possibility that GFP1-SFD1 was localized in plastid-
associated ER, we examined the sub-cellular localization
of GFP-SFD1 and an ER-tracker dye. In order to minimize
autofluorescence of chlorophyll, we selected non-green tis-
sues from rice leaf sheaths, and transiently expressed GFP-
SFDI or free GFP by the particle bombardment method.
We observed a non-overlapping fluorescence of ER-tracker
and GFP-SFD1 (Supplementary Fig. S5), suggesting that
SFDI-GFP is not localized in ER of rice cells.

Photosynthetic efficiency is enhanced in the transgenic
plants

The transgenic plants showed significant enhancement of
plastidic lipid content. We hypothesized that increased
lipid content might influence photosynthesis efficiency in
transgenic plants. We analyzed photosynthetic efficiency
of WT and transgenic plants in terms of carbon assimila-
tion rate (von Caemmerer and Farquhar 1981) using an
infrared gas analyzer (IRGA). As shown in the Fig. 6a,
the photosynthetic efficiency of the transgenic plants
was 32-40 % higher than that of the untransformed WT
plants. Further, to investigate whether over-expression of
SFD1/GLY1 caused any photosynthetic stress in rice, we
measured fluorescence-based maximum quantum yield
in transgenic plants. Increase in the fluorescence yield
from dark adapted (F;) to maximum fluorescence (F,,)
by saturating light is a parameter of nutritional stress in
plants (Parkhill et al. 2001). The ratio of F,, (F —F;) to F,,
(F,/F,) as determined by a pulse amplitude modulated
(PAM) fluorometer, showed no difference between WT
and transgenic plants (Fig. 6b), suggesting that the over-
expression of SFD1/GLY1 or the hygromycin resistance
gene did not cause photosynthetic stress in the transgenic
plants.
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Fig. 5 Subcellular localization
of GFP-SFD1 in rice proto-
plast. Upper panel represents
protoplasts transfected with
pCXDG-GFP-SFDI construct,
and the lower panel with the
empty vector. The scale bar is
of 5 um length
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Fig. 6 Photosynthetic efficiency studies in WT and transgenic rice
lines. a Photosynthetic efficiency as determined by IRGA. b Fv/Fm
ratios as obtained by PAM fluorometer. Each bar indicates the aver-
age and standard deviations of 5 samples. * and ** above the bars
indicate the significant difference (¢ test) with P values <0.05 and
<0.1, respectively

Discussion

Over-expression of SFDI1 increases total FA and lipid
contents in rice. Influence of over-expression is mostly
observed in the plastidic membrane lipids. Our find-
ings suggest the G3pDH content poses a limitation to the
overall lipid content in rice leaves. FA biosynthesis takes
place exclusively in the plastids both in 16:3 and 18:3
plants (Browse et al. 1986; Ohlrogge and Browse 1995).
In 18:3 plants like rice, only a small fraction of total FA
gets incorporated into plastid lipids and the majority are
exported out for ER route (Supplementary Fig. S6). Thus,
in the 18:3 plants, plastidic FAs may result in a feedback
inhibition unless transported out or consumed immedi-
ately. Having increased G3pDH in the plastid may reduce
this feedback inhibition thereby increase the overall lipid
content. The possible mechanism of such inhibition may
be the conversion of FAs into PA during peak hours of

Chlorophyll

Merged

pCXDG-
GFP-SFD1

GFP
. . .

FA biosynthesis, which eventually may convert back for
transportation to ER. This hypothesis is supported by the
observation of an overall increase in FA content in trans-
genic rice plants (Fig. 2a). The transgenic plants showed
enhanced MGDG and DGDG with 18:3 FAs. Since, 18:3
plants like rice, lack PA-dephosphorylation activity, are
unable to form DAG via the plastidic pathway (Heinz and
Roughan 1983). Thus, increased levels of PA in the plastid
will not directly convert to MGDG and DGDG. It is pos-
sible that in transgenic plants, the increased plastidic G3P
is exported to ER, which in turn enhances the ER-pathway.
The plastidic MGDG and DGDG are produced from DAG
synthesized by the ER pathway. This hypothesis is further
supported by the observation of FA compositions of galac-
tolipids. Being an 18:3 plant, rice contains little amount
of 16:0 FA-containing MGDG/DGDG, and is defective
in desaturation of thosel6:0 FAs (Heinz and Roughan
1983; Ohlrogge and Browse 1995; Mongrand et al. 1998).
Enhancement of plastidic pathway would have reflected
in the enhancement of 34:6 MGDG/DGDG and over-
all 34-C lipids. In contrast, we did not observe any such
enhancement in 34:6-MGDG/DGDG in transgenic plants
(Fig. 4a, b). However, there was an increase in 34-C PG
species (Fig. 4c). Thus, in the transgenic plants prokary-
otic pathway contributed only the enhancement of PG
molecules, whereas the eukaryotic pathway contributed
MGDG and DGDG lipid species (Supplementary Fig. S6).
Increased level of acidic lipids such as PA and PG is also
likely to enhance MGDG biosynthesis, via activation of
MGDG synthase enzyme MGD1 (Shimojima et al. 2013;
Dubots et al. 2010). Enhancement of ER pathway is also
likely to influence ER-resident lipids. However, in plants,
plastidic lipids constitute more than 90 % of total cellular
lipids (Holzl et al. 2009; Nandi et al. 2003, 2004). Thus,
the effect of SFD1 over-expression on ER-lipids remained
mostly at an inappreciable level, except for PC, which is
the most abundant ER-lipid (Fig. 3c).
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Our results in transgenic rice reflect a gain of func-
tion phenotype for SFDI/GLYI. In transgenic rice, there
was a significant increase in the plastidic lipid content.
Since plastidic lipids constitute the major fraction of all
lipids, an increase in the plastidic component also led to
an increase in the overall lipid content in the transgenic
plants. Photosynthesis takes place in the thylakoid mem-
brane of chloroplasts. About 75 mol % of thylakoid is
composed of MGDG and DGDG (Benson 1971; Allen
et al. 1970; Dormann and Benning 2002). PG and SQDG
are the other components of the thylakoid membrane. Thy-
lakoid assembly and maintenance depend on the availabil-
ity of these lipid species. Besides providing a lipid matrix
for photosynthesis, these lipids are also part of the photo-
synthetic complexes that take part in the process of conver-
sion of light energy into chemical energy (Domonkos et al.
2008; Jordan et al. 2001; Jones 2007; Holzl et al. 2009).
Thus, lipid composition greatly influences photosynthetic
efficiency in plants. Our results suggest that enhance-
ment of plastidic lipids positively influences photosyn-
thesis efficiency in rice. Availability of G3p is also attrib-
uted towards restricting accumulation of triacylglycerols
(TAGsS) in oilseeds (Baud and Lepiniec 2010; Perry et al.
1999), which is supported by the observation of increased
seed oil in transgenic rapeseed expressing yeast G3pDH.
Enhancement of 3-4 fold G3pDH activity in developing
seeds of transgenic Brassica napus leads to an increase of
40 % seed-oil content (Vigeolas et al. 2007). Altogether,
our observations may find application in increasing the
yield and quality of feed and fuel. Since the rice leaf tis-
sues are major sources of fodder crops, increased lipid
content in the leaves may be a source of increased energy
for farm animals fed on haystacks. Similarly, the addi-
tional lipid content may lead to value-addition as a biofuel
in the transgenic plants.

Acknowledgments This work is supported by the DST-purse,
Capacity Build-up and UGC resource network funds to AKN. SS and
Z7ZB obtained fellowships from CSIR and ICMR respectively. We
acknowledge Arabidopsis Biological Resource Centre, Ohio State
University, USA for SFD1 cDNA. The lipid profile data were acquired
at Kansas Lipidomics Research Center (KLRC). We thank Mary Roth
of KLRC for her technical work and Ruth Welti for critical reading
and editing of the manuscript. Instrument acquisition and method
development at KLRC were supported by NSF grants MCB 0455318,
MCB 0920663, DBI 0521587, DBI 1228622, Kansas INBRE (P20
GM 103418 from the National Institute of General Medical Sciences),
NSF EPSCoR grant EPS-0236913, Kansas Technology Enterprise
Corporation, and Kansas State University. We also acknowledge B.C.
Tripathy and Amarchand Kunawat for help in photosynthesis related
experiments and Tripti Panwar for help in microscopy.

Compliance with ethical standards

Conflict of interest The authors have no conflict of interest to
declare.

@ Springer

References

Allen CF, Good P, Holton RW (1970) Lipid composition of cyanid-
ium. Plant Physiol 46:748-751

Baud S, Lepiniec L (2010) Physiological and developmental regu-
lation of seed oil production. Prog Lipid Res 49:235-249.
doi:10.1016/j.plipres.2010.01.001

Benson AA (1971) Lipids of chloroplasts. In: Gibbs M (ed) Struc-
ture and function of chloroplasts. Springer Verlag, Berlin, pp
129-148

Browse J (2010) Plant science. Saving the bilayer. Science 330:185—
186. doi:10.1126/science.1196737

Browse J, Warwick N, Somerville CR, Slack CR (1986) Fluxes
through the prokaryotic and eukaryotic pathways of lipid syn-
thesis in the °‘16:3’ plant Arabidopsis thaliana. Biochem J
235:25-31

Chanda B, Xia Y, Mandal MK, Yu K, Sekine KT, Gao QM, Selote D,
Hu Y, Stromberg A, Navarre D, Kachroo A, Kachroo P (2011)
Glycerol-3-phosphate is a critical mobile inducer of systemic
immunity in plants. Nat Genet 43:421-427. doi:10.1038/ng.798

Chen S, Songkumarn P, Liu J, Wang GL (2009) A versatile zero back-
ground T-vector system for gene cloning and functional genom-
ics. Plant Physiol 150:1111-1121. doi:10.1104/pp.109.137125

Domonkos I, Laczko-Dobos H, Gombos Z (2008) Lipid-assisted pro-
tein—protein interactions that support photosynthetic and other
cellular activities. Prog Lipid Res 47:422-435. doi:10.1016/j.
plipres.2008.05.003

Dormann P, Benning C (2002) Galactolipids rule in seed plants. Trend
Plant Sci 7:112-118. doi:10.1016/S1360-1385(01)02216-6

Dubots E, Audry M, Yamaryo Y, Bastien O, Ohta H, Breton C, Mare-
chal E, Block MA (2010) Activation of the chloroplast monoga-
lactosyldiacylglycerol synthase MGD1 by phosphatidic acid and
phosphatidylglycerol. J Biol Chem 285:6003-6011. doi:10.1074/
jbc.M109.071928

Eastmond PJ (2004) Glycerol-insensitive Arabidopsis mutants: glil
seedlings lack glycerol kinase, accumulate glycerol and are more
resistant to abiotic stress. Plant J Cell Mol Biol 37:617-625

Heinz E, Roughan PG (1983) Similarities and differences in lipid
metabolism of chloroplasts isolated from 18:3 and 16:3 plants.
Plant Physiol 72:273-279

Holzl G, Witt S, Gaude N, Melzer M, Schottler MA, Dormann P
(2009) The role of diglycosyl lipids in photosynthesis and mem-
brane lipid homeostasis in arabidopsis. Plant Physiol 150:1147—
1159. doi:10.1104/pp.109.139758

Jones MR (2007) Lipids in photosynthetic reaction centres: struc-
tural roles and functional holes. Prog Lipid Res 46:56-87.
doi:10.1016/j.plipres.2006.06.001

Jordan P, Fromme P, Witt HT, Klukas O, Saenger W, Krauss N (2001)
Three-dimensional structure of cyanobacterial photosystem I at
2.5 A resolution. Nature 411:909-917. doi:10.1038/35082000

Kang L, Li J, Zhao T, Xiao F, Tang X, Thilmony R, He S, Zhou
JM (2003) Interplay of the Arabidopsis nonhost resistance
gene NHO1 with bacterial virulence. Proc Natl Acad Sci USA
100:3519-3524. doi:10.1073/pnas.0637377100

Lorenc-Kukula K, Chaturvedi R, Roth M, Welti R, Shah J (2012)
Biochemical and molecular-genetic characterization of sfdl’s
involvement in lipid metabolism and defense signaling. Front
Plant Sci 3:26. doi:10.3389/fpls.2012.00026

Lu M, Tang X, Zhou JM (2001) Arabidopsis NHOI is required for
general resistance against Pseudomonas bacteria. Plant Cell
13:437-447

Maguire TL, Collins GC, Sedgley M (1991) A modified CTAB DNA
extraction procedure for plants belonging to the family pro-
teaceae. Plant Mol Biol Report 12:106-109


http://dx.doi.org/10.1016/j.plipres.2010.01.001
http://dx.doi.org/10.1126/science.1196737
http://dx.doi.org/10.1038/ng.798
http://dx.doi.org/10.1104/pp.109.137125
http://dx.doi.org/10.1016/j.plipres.2008.05.003
http://dx.doi.org/10.1016/j.plipres.2008.05.003
http://dx.doi.org/10.1016/S1360-1385(01)02216-6
http://dx.doi.org/10.1074/jbc.M109.071928
http://dx.doi.org/10.1074/jbc.M109.071928
http://dx.doi.org/10.1104/pp.109.139758
http://dx.doi.org/10.1016/j.plipres.2006.06.001
http://dx.doi.org/10.1038/35082000
http://dx.doi.org/10.1073/pnas.0637377100
http://dx.doi.org/10.3389/fpls.2012.00026

J Plant Res

Mandal MK, Chanda B, Xia Y, Yu K, Sekine KT, Gao QM, Selote
D, Kachroo A, Kachroo P (2011) Glycerol-3-phosphate and sys-
temic immunity. Plant Signal Beh 6:1871-1874. doi:10.4161/
psb.6.11.17901

Miquel M, Cassagne C, Browse J (1998) A new class of Arabidop-
sis mutants with reduced hexadecatrienoic acid fatty acid levels.
Plant Physiol 117(3):923-930

Mongrand S, Bessoule JJ, Cabantous F, Cassagne C (1998) The
C16:3/C18:3 fatty acid balance in photosynthetic tissues from
468 plant species. Phytochemistry 49:1049—-1064

Mukherjee KD (1983) Lipid biosynthesis in developing mustard seed:
formation of triacylglycerols from endogenous and exogenous
fatty acids. Plant Physiol 73:929-934

Nandi A, Krothapalli K, Buseman CM, Li M, Welti R, Enyedi A,
Shah J (2003) Arabidopsis sfd mutants affect plastidic lipid com-
position and suppress dwarfing, cell death, and the enhanced
disease resistance phenotypes resulting from the deficiency of
a fatty acid desaturase. Plant Cell 15:2383-2398. doi:10.1105/
tpc.015529

Nandi A, Welti R, Shah J (2004) The Arabidopsis thaliana dihydroxy-
acetone phosphate reductase gene SUPPRESSSOR OF FATTY
ACID DESATURASE DEFICIENCY1 is required for glyc-
erolipid metabolism and for the activation of systemic acquired
resistance. Plant Cell 16:465-477. doi:10.1105/tpc.016907

Ohlrogge J, Browse J (1995) Lipid biosynthesis. Plant Cell 7:957-970

Parkhill J-P, Maillet G, Cullen JJ (2001) Fluorescence-based maximal
quantum yield for PSII as a diagnositic tool of nutrient stress. J
Phycol 37:517-529

Perry HJ, Bligny R, Gout E, Harwood JL (1999) Changes in Ken-
nedy pathway intermediates associated with increased triacylg-
lycerol synthesis in oil-seed rape. Phytochemistry 52:799-804.
doi:10.1016/S0031-9422(99)00294-0

Ritchie RJ (2006) Consistent sets of spectrophotometric chlorophyll
equations for acetone, methanol and ethanol solvents. Photo-
synth Res 89:27-41. doi:10.1007/s11120-006-9065-9

Roughan PG, Batt RD (1969) The glycerolipid composition of leaves.
Phytochemistry 8:363-369

Shen W, Wei Y, Dauk M, Tan Y, Taylor DC, Selvaraj G, Zou J (2006)
Involvement of a glycerol-3-phosphate dehydrogenase in modu-
lating the NADH/NAD + ratio provides evidence of a mitochon-
drial glycerol-3-phosphate shuttle in Arabidopsis. Plant Cell
18:422-441. doi:10.1105/tpc.105.039750

Shen W, Li JQ, Dauk M, Huang Y, Periappuram C, Wei Y, Zou J
(2010) Metabolic and transcriptional responses of glycerolipid
pathways to a perturbation of glycerol 3-phosphate metabolism
in Arabidopsis. J Biol Chem 285:22957-22965. doi:10.1074/jbc.
M109.097758

Shimojima M, Watanabe T, Madoka Y, Koizumi R, Yamamoto MP,
Masuda K, Yamada K, Masuda S, Ohta H (2013) Differential
regulation of two types of monogalactosyldiacylglycerol syn-
thase in membrane lipid remodeling under phosphate-limited
conditions in sesame plants. Front Plant Sci 4:469. doi:10.3389/
fpls.2013.00469

Singh S, Giri MK, Singh PK, Siddiqui A, Nandi AK (2013) Down-
regulation of OsSAGI12-1 results in enhanced senescence and
pathogen-induced cell death in transgenic rice plants. J Biosci
38:583-592

Stumpf PK (1984) Plant lipid biosynthesis in 1959 and 1984. J Lipid
Res 25:1508-1510

Toriyama S, Hinata K, Nishida I, Murata N (1988) Prominent dif-
ference of glycerolipids among anther walls, pollen grains adn
leaves of rice and maize. Plant Cell Physiol 29:615-618

Vigeolas H, Waldeck P, Zank T, Geigenberger P (2007) Increasing
seed oil content in oil-seed rape (Brassica napus L.) by over-
expression of a yeast glycerol-3-phosphate dehydrogenase
under the control of a seed-specific promoter. Plant Biotechnol
J5:431-441

von Caemmerer S, Farquhar GD (1981) Some relationships between
the biochemistry of photosynthesis and the gas exchange of
leaves. Planta 153:376-387. doi:10.1007/BF00384257

Wang H, Chen C, XuY, Jiang R, Han Y, Xu Z, Chong K (2004) A
practical vector for efficient knockdown of gene expression in
rice (Oryza sativa L.). Plant Mol Biol Report 22:409-417

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

Welti R, Li W, Li M, Sang Y, Biesiada H, Zhou HE, Rajashekar CB,
Williams TD, Wang X (2002) Profiling membrane lipids in plant
stress responses. Role of phospholipase D alpha in freezing-
induced lipid changes in Arabidopsis. J Biol Chem 277:31994—
32002. doi:10.1074/jbc.M205375200

Yu K, Soares JM, Mandal MK, Wang C, Chanda B, Gifford AN,
Fowler JS, Navarre D, Kachroo A, Kachroo P (2013) A feedback
regulatory loop between G3P and lipid transfer proteins DIR1
and AZIl mediates azelaic-acid-induced systemic immunity.
Cell Rep 3:1266-1278. doi:10.1016/j.celrep.2013.03.030

Zhang Y, Su J, Duan S, Ao Y, Dai J, Liu J, Wang P, Li Y, Liu B, Feng
D, Wang J, Wang H (2011) A highly efficient rice green tis-
sue protoplast system for transient gene expression and study-
ing light/chloroplast-related processes. Plant Method 7:30.
doi:10.1186/1746-4811-7-30

@ Springer


http://dx.doi.org/10.4161/psb.6.11.17901
http://dx.doi.org/10.4161/psb.6.11.17901
http://dx.doi.org/10.1105/tpc.015529
http://dx.doi.org/10.1105/tpc.015529
http://dx.doi.org/10.1105/tpc.016907
http://dx.doi.org/10.1016/S0031-9422(99)00294-0
http://dx.doi.org/10.1007/s11120-006-9065-9
http://dx.doi.org/10.1105/tpc.105.039750
http://dx.doi.org/10.1074/jbc.M109.097758
http://dx.doi.org/10.1074/jbc.M109.097758
http://dx.doi.org/10.3389/fpls.2013.00469
http://dx.doi.org/10.3389/fpls.2013.00469
http://dx.doi.org/10.1007/BF00384257
http://dx.doi.org/10.1038/protex.2013.064
http://dx.doi.org/10.1038/protex.2013.064
http://dx.doi.org/10.1074/jbc.M205375200
http://dx.doi.org/10.1016/j.celrep.2013.03.030
http://dx.doi.org/10.1186/1746-4811-7-30

	Over-expression of Arabidopsis thaliana SFD1GLY1, the gene encoding plastid localized glycerol-3-phosphate dehydrogenase, increases plastidic lipid content in transgenic rice plants
	Abstract 
	Introduction
	Materials and methods
	Vector construction and generation of transgenic plants
	RNA isolation, northern blot hybridization and RT-PCR
	Southern blot analysis
	Fatty acid and lipid profile analysis
	GFP-SFD1 localization in rice protoplast
	SFD1-GFP localization in rice leaf sheath cells
	Photosynthetic efficiency measurements
	Chlorophyll estimation

	Results
	Generation of transgenic rice plants with Arabidopsis SFD1GLY1
	SFD1GLY1 over-expression leads to an increase in C18 FAs in transgenic rice plants
	SFD1GLY1 over-expression enhances plastidic lipid content without much impact on extraplastidic lipids
	Over-expression of SFD1GLY1 results in an increase in PG and 36-carbon galactolipids
	GFP-SFD1 is localized in plastids of rice protoplasts
	Photosynthetic efficiency is enhanced in the transgenic plants

	Discussion
	Acknowledgments 
	References




