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Abstract In plant cells, glycerol 3-phosphate (G3P) is apparently able to permeate the plastid envelope, but no specific 
transporter has been characterized so far. The Arabidopsis five G3Pp proteins have been predicted as putative G3P permeases 
because of their high homologies with the prokaryotic G3P/phosphate antiporter GlpT. In the present study, G3Pp4 was 
characterized in detail utilizing reverse genetic approaches. Promoter analysis using GUS expression revealed that G3Pp4 
was expressed strongly throughout the embryos during late developmental stages, and the seed lipid contents decreased in 
two g3pp4 knockout mutants. An enhanced yellow fluorescent protein-fused G3Pp4 was localized in the plastids, functioned 
physiologically in A. thaliana, and had G3P-transport activity in E. coli. These results suggest that Arabidopsis G3Pp4 is a 
plastid envelope-localized G3P transporter and involved in accumulation of storage lipids in late embryogenesis.
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In plant cells, fatty acids are synthesized de novo only in 
the plastids, whereas glycerolipid biosynthesis takes place 
in two subcellular compartments: in the “prokaryotic” 
pathway within the plastids and the “eukaryotic” pathway 
outside of the plastids (Ohlrogge and Browse 1995). 
Glycerol 3-phosphate (G3P) is an obligate precursor in 
the initial step of glycerolipid synthesis, and also a factor 
influencing the balance of the above two glycerolipid 
synthesis pathways (Gardiner et al. 1982; McKee and 
Hawke 1979; Roughan et al. 1980). In A. thaliana, G3P is 
synthesized either from glycerol catalyzed by the glycerol 
kinases in the cytosol (Eastmond 2004; Lu et al. 2001), 
or from the glycolysis/photosynthesis intermediate 
dihydroxyacetone phosphate (DHAP) catalyzed by the 
DHAP reductases (DHAPRs) both in the cytosol and the 
plastids (Chanda et al. 2011).

Recent studies about the plant immune response 
suggest that a significant amount of G3P is transported 
between the cytosol and the plastids. Systemic acquired 
resistance (SAR), a plant disease-resistance mechanism, 
utilizes G3P as a signaling molecule that can move 
throughout the plant and induce the activation of broad-
spectrum resistance reactions (Chanda et al. 2011). 
During the initial SAR response, G3P is accumulated, 

resulting in up-regulation the expression of DIR1 and 
AZI1, the factors essential for SAR in A. thaliana (Yu et 
al. 2013). Interestingly, the expression of both is greatly 
reduced and the SAR response is almost negated by the 
disruption of SFD1, a plastid-localized DHAPR-coding 
gene. Furthermore, this sfd1 mutant phenotype was 
restored by application of exogenous G3P (Chanda et al. 
2011; Yu et al. 2013). These results suggest the existence 
of G3P transporters in the plastid envelope and in the 
plasma membrane.

Studies of prokaryotic lipid synthesis and plastid 
phosphate translocator also suggest that G3P is 
transported across the plastid inner membrane (Chanda 
et al. 2011; Kunst et al. 1988; Shen et al. 2010; Sparace 
and Mudd 1985; Weber et al. 2005; Xue et al. 1997; Yu 
et al. 2013). In isolated chloroplasts from spinach leaves, 
the uptake activity of inorganic phosphate (Pi) is due to 
the triose phosphate translocator (TPT) principally, and 
inhibited by application of G3P partially (Fliege et al. 
1978). TPT belongs to the drug/metabolite transporter 
superfamily, but these transporter have very low affinity 
for G3P (Linka et al. 2008). These results suggest 
existence of unknown transporters for uptake of Pi that 
compete with G3P in the plastid envelope.

Abbreviations: CDS, coding DNA sequence; CLSM, confocal laser microscopy; DAF, days after flowering; DHAP, dihydroxyacetone phosphate; 
EYFP, enhanced yellow fluorescence protein; G3P, glycerol 3-phosphate; G3Pp, glycerol-3-phosphate permease; GUS, β-glucuronidase; MFS, Major 
Facilitator Superfamily; SAR, systemic acquired resistance; T-DNA, transfer DNA; TG, triacylglycerol.
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In bacterial species, G3P transporters have been 
identified and characterized (Castañeda-García et 
al. 2009; Law et al. 2007; Song et al. 1998). GlpT, a 
member of the major facilitator superfamily (MFS), is 
a G3P transporter that exchanges Pi and G3P in E. coli 
(Law et al. 2007). In A. thaliana, five proteins have been 
identified as GlpT homologues and classified as members 
of the G3P permease (G3Pp) family, which is involved in 
phosphate homeostasis (Ramaiah et al. 2011). However, 
none of these have yet been characterized as to transport 
activity and subcellular localization.

Herein, we report that G3Pp4, a member of the 
Arabidopsis G3Pp family, exhibits G3P transport activity. 
Furthermore, the data presented here strongly suggest 
that G3Pp4 protein is localized in the plastids and 
involved in the accumulation of storage lipid during late 
embryo development.

Materials and methods

Plant materials and growth conditions
Wild-type A. thaliana (ecotype Columbia-0) was obtained 
from the Arabidopsis Biological Resource Center (ABRC) 
at Ohio State University (Alonso et al. 2003). The seeds were 
surface-sterilized in a solution containing 0.3% (v:v) sodium 
hypochlorite and 0.5×10−3% (v:v) Tween® 20. Surface-
sterilized seeds were then sown on soil in pots. For observation 
of hypocotyls and roots, seeds were sown on 0.9% (w:v) agar 
medium containing half-strength Murashige and Skoog (MS) 
salts (Murashige and Skoog 1962), Gamborg B5 vitamins 
(Gamborg et al. 1968), 1% (w:v) sucrose, and 0.05% (w:v) MES-
KOH (pH 5.7). Both pots and plates were incubated at 2°C in 
darkness to break seed dormancy, then were transferred into 
the Biotron growth chamber (LPH220S, Nippon Medical & 
Chemical Instruments, Osaka, Japan) under a light/dark cycle 
of 14 h/10 h, day/night temperatures of 23°C/18°C, and 60% 
relative humidity.

DNA extraction
For cloning and genotyping, DNA was extracted from rosette 
leaves of each line. Leaf samples were homogenized in an 
extraction buffer containing 0.2 M Tris-HCl (pH 9.0), 0.4 M 
LiCl, 25 mM EDTA, and 1% (w:v) SDS. Homogenates were then 
extracted with an equal volume of phenol : chloroform : isoamyl 
alcohol (25 : 24 : 1, v : v : v), followed by chloroform extraction. 
DNA in the aqueous phase was precipitated by adding an equal 
volume of isopropyl alcohol.

Isolation of G3Pp4 disruptants
Two T-DNA-tagged knockout mutant alleles for G3Pp4 
(At4g17550), SALK_071338C (g3pp4-1; Alonso et al. 2003; 
Ramaiah et al. 2011) and GK-230D07, were obtained from 
the ABRC and the GABI-Kat (Kleinboelting et al. 2012), 
respectively. Each mutant was selected by antibiotic resistance 
and PCR-based genotyping. The pairs of gene-specific primers 

used for the screening of insertions into the G3Pp4 gene 
included SalI-AtG3Pp4atg (5´-ttggtcgacatggcgatgaattcgaaga-3´) 
and salkLBb1 (5´-gcgtggaccgcttgctgcaact-3´) for g3pp4-1, 
or AtG3Pp4opal-KpnI (5´-ctggtacctcatcttctatcggttaacag-3´) 
and o8409 (5´-atattgaccatcatactcattgc-3´) for GK-230D07. 
The homozygous line obtained from GK-230D07 was named 
g3pp4-2.

Reverse transcription reaction and PCR
For reverse transcription reactions, RNA samples were 
extracted from each tissue of Arabidopsis using an RNeasy 
Plant Mini Kit (QIAGEN, Venlo, Netherlands) according 
to the manufacturer’s instructions. Each RNA sample was 
used as a template for cDNA synthesis using PrimeScript 
cDNA Synthesis Kit (Takara, Otsu, Japan) and each cDNA 
sample was then used for cloning and semi-quantitative RT-
PCR using Phusion® HF DNA Polymerase (New England 
Biolabs, Ipswich, MA) according to the manufacturer’s 
instructions. The gene-specific primer pairs used for the RT-
PCR included SalI-AtG3Pp4atg and AtG3Pp4opal-KpnI 
for the full-length G3Pp4 coding DNA sequence (CDS), 
and eif4A1F (5´-ccagaaggcacacagtttgatgca-3´) and eif4A1R 
(5´-tcatcatcacgggtcacgaaattg-3´) for eIF4A1 as a control.

Extraction and analysis of lipids
Dry seeds of Arabidopsis (10 mg) were immersed in 1 ml of 
boiling 2-propanol for several minutes and then chilled on ice. 
Lipids were then extracted according to Folch et al. (1957). 
Total lipid extracts (1 mg) were separated into respective 
lipid classes by thin layer chromatography using 20×20 cm 
TLC Silica gel 60 glass plates (Merck Millipore, Darmstadt, 
Germany). Hexane : diethyl ether : acetate (8 : 3 : 1, v : v : v) was 
used as a development solvent to separate lipids in the samples. 
Lipid spots were visualized by spraying plates with primuline 
(0.01% (w:v) in 80% (v:v) acetone) and illuminating them 
with ultraviolet light, and then scraped off. Triacylglycerol-
class lipids were subjected to methanolysis at 80°C for 3 h in 
3 ml of 5% (w:v) HCl in methanol, with an additional 47.8 nmol 
pentadecanoic acid as an internal standard and 50 nmol 2,6-di-
t-butyl-4-methylphenol as an antioxidant. The resultant fatty 
acid methyl esters were extracted with 3 ml of hexane. Lipid 
content was determined by quantifying fatty acid methyl esters 
with a gas chromatograph-mass spectrometer (GCMS-QP2010, 
Shimadzu, Kyoto, Japan) equipped with a TC-70 capillary 
column (0.25 mm ϕ, 60 m, GL Science, Tokyo, Japan) under 
temperature programming (increasing from 120 to 240°C at 
6°C min−1). The temperature for the injector chamber was set 
at 250°C. Helium was used as the carrier gas at a flow rate of 
4.3 ml min−1, under ionization voltage of 70 eV.

Construction of expression vectors
To generate the Ti plasmid expressing uidA under the 
control of the G3Pp4 promoter, a fragment containing an 
upstream region of G3Pp4 and part of the CDS of G3Pp4 
(ProG3Pp4) was amplified by PCR using the Phusion® HF 
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DNA Polymerase and the primer set of, G3Pp4m1875F 
(5´-cgattaggagaatcaacacatacc-3´) and G3Pp4p60R 
(5´-ctgactctcctcagaagcgc-3´). This amplified fragment was 
then cloned into the pT7Blue T-vector (Merck Millipore, 
Darmstadt, Germany), and excised as a SbfI-BamHI fragment. 
This fragment was subcloned into pBI121 (Clontech, 
Mountain View, CA) in place of the ProCaMV35S region 
(pBI121-ProCaMV35S::GUS). To generate Ti plasmid for the 
expression of the EYFP-G3Pp4 fusion protein, the CDS of 
G3Pp4 was amplified by PCR using the cDNA as a template 
and the primers SalI-G3Pp4atg and G3Pp4opal-KpnI. The 
CDS of G3Pp4 was subsequently cloned into the entry vector 
pENTR11-E, a derivative of the pENTR11 dual selection vector 
(Life Technologies, Carlsbad, CA) with the deletion of ccdB and 
cat genes, then subcloned into pGWB542 (Tanaka et al. 2011) 
using the LR reaction with LR ClonaseTM Enzyme Mix (Life 
Technologies, Carlsbad, CA) according to the manufacturer’s 
instructions to create the expression clone (pGWB542-EYFP-
G3Pp4). These expression clones were then transformed into 
Agrobacterium tumefaciens.

Transformation of plant materials
Arabidopsis transformants were produced using the floral dip 
method (Clough and Bent, 1998) with A. tumefaciens EHA105 
containing the above Ti plasmids. Transgenic lines with a single 
T-DNA insertion were selected by antibiotic resistance and 
PCR-based genotyping, as described above.

For transient expression, epidermal peels of onion (Allium 
cepa) bulbs were placed onto MS agar medium. The peels 
were bombarded with 1.8 µm tungsten particles (Japan New 
Metals, Toyonaka, Japan) coated with pGWB542-EYFP-G3Pp4 
and pWxTP-DsRed (Kitajima et al. 2009) using the particle 
delivery system (PDS-1000/He, Bio-Rad, Hercules, CA) with a 
bombardment pressure of 1100 p.s.i. under vacuum. The tissues 
were incubated for 16 h at 23°C in the dark, then were observed 
with a confocal laser scanning microscope (CLSM; Eclipse TE-
2000, Nikon, Tokyo, Japan).

Histochemical staining of β-glucuronidase (GUS) 
activity
For histochemical staining of GUS activity, tissues of transgenic 
Arabidopsis expressing ProG3Pp4::uidA gene were fixed with 
90% (v:v) acetone at -20°C for 1 h, and then washed twice with 
100 mM sodium phosphate buffer (pH 7.4).

To detect GUS activity, each tissue was incubated in a 
staining solution containing 0.5 mM 5-bromo-4-chloro-3-
indolyl-β-d-glucuronide, 0.5 mM potassium ferricyanide, and 
50 mM sodium phosphate buffer (pH 7.4) at room temperature 
overnight in darkness, then washed and dehydrated with 
an ethanol : water series (1 : 9, 3 : 7, 5 : 5, 7 : 3, v:v) at room 
temperature. These stained tissues were rehydrated through the 
ethanol : water series in reverse order, then were incubated in 
a preservation solution containing 25% (v:v) glycerol and 5% 
(v:v) ethanol prior to the observation under a stereomicroscope 
(SMZ-1500, Nikon, Tokyo, Japan) or a phase-contrast 

microscope (Eclipse TE-2000, Nikon, Tokyo, Japan). For 
staining the embryo samples, both valves of the siliques were 
incised prior to fixation. After rehydration, the embryos were 
exposed for the microscopy.

G3P transport activity measurement using the 
whole cell assay
E. coli strain JW2234 was obtained from the National 
BioResource Project (NBRP) and used as the ΔglpT strain, a 
glpT disruptant (Baba et al. 2006). The G3P uptake activity of 
ΔglpT strains transduced with the expression vector or a control 
vector was measured according to the whole cell assay (Law et 
al. 2007).

Results

G3Pp4 is strongly expressed in embryos
To identify the tissue-specificity of G3Pp4 expression, 
a fragment including 1875 bp upstream from the start 
codon plus the initial 60 bp of the CDS was used as a 
promoter for the expression of GUS reporter gene 
(ProG3Pp4-GUS) on the Ti plasmid, pBI121 (Jefferson et 
al. 1987). This ProG3Pp4-GUS plasmid was introduced 
into A. tumefaciens and used to transform Arabidopsis 

Figure 1. Analysis of G3Pp4 expression during Arabidopsis 
embryogenesis by ProG3Pp4::GUS. (A–E) GUS-staining in the embryo 
during early heart stage (A), late heart stage (B), linear cotyledon stage 
(C), bending cotyledon stage (D) and mature green stage (E). Scale 
bars, 100 µm.

Figure 2. Subcellular localization of G3Pp4. The EYFP-G3Pp4 fusion 
gene under the control of the CaMV35S promoter was co-expressed 
with WxTP-DsRed transiently in onion epidermal cells. Scale bar, 
50 µm.
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ecotype Columbia-0. Histochemical staining of 
transgenic Arabidopsis expressing ProG3Pp4-GUS 
indicated that G3Pp4 was expressed in roots, the vascular 
system, stomatal guard cells, anthers, pollen grains 
(Supplemental Figure S1), and embryos, especially 
during the later development stages (Figure 1). These 
results are in agreement with the AtGenExpress 
microarray data (Schmid et al. 2005).

EYFP-G3Pp4 fusion protein is localized to plastids
To investigate the subcellular localization of G3Pp4, an 
enhanced yellow fluorescent protein (EYFP) was fused 
to G3Pp4 and expressed transiently in onion epidermis 
cells under control of the Cauliflower mosaic virus 35S 
promoter (ProCaMV35S). By CLSM, the fluorescence signal 
of EYFP-fused G3Pp4 (EYFP-G3Pp4) was co-localized 
with that of DsRed fused with a plastid transit peptide 
(Kitajima et al. 2009), indicating that G3Pp4 is localized 
in plastids, and probably is an envelope transporter 
(Figure 2).

g3pp4 mutations decrease the amount of seed 
storage lipid
To characterize the physiological roles of G3Pp4, two 
independent T-DNA insertion lines, g3pp4-1 (Alonso et 
al. 2003; Ramaiah et al. 2011) and g3pp4-2 (Kleinboelting 
et al. 2012), were obtained. As shown in Figure 3A, each 
line has a T-DNA insertion in the first exon. When the 

transcript levels of G3Pp4 were checked by RT-PCR, no 
amplification products were detected in g3pp4-1 and 
g3pp4-2 plants (Figure 3B).

Homozygous g3pp4-1 and g3pp4-2 mutant plants were 
morphologically identical throughout development and 
reached similar size to that of wild-type plants. Also, 
the fertility of g3pp4 mutants was the same as wild-type 
plants. No difference was found in pollen grain size and 
shape between the wild type and g3pp4 when observed 
under SEM (data not shown).

Because G3Pp4 encodes a putative glycerol-3-
phosphate permease and is expressed strongly in the 
developing embryo, we analyzed the storage substances 
in the seeds and evaluated whether g3pp4 mutation 
affected biochemical processes during the embryogenesis 
(Table 1). Compared with wild type, dry weight of 
total lipids of mutant seeds were reduced, although no 
differences in the average weight of the seeds were 
found in the mutants. Furthermore, triacylglycerol (TG) 
contents per seed lipid of both mutants were also lower 
than that of wild type. From these data, TG contents 
per seed dry weight of both mutants were decreased to 
68% of the wild type (Table 1). In addition, the fatty acid 
compositions of TG in wild type and g3pp4 seeds were 
analyzed (Table 2). The total proportion of very long 
chain fatty acids in TG was slightly decreased in g3pp4 
mutant.

Figure 3. Structure of the G3Pp4 gene carrying a T-DNA insertion, 
and the expression of G3Pp4 in g3pp4 mutant lines assayed by RT-PCR. 
(A) Exon/intron structure of the G3Pp4 gene showing the locations 
(relative to the start codon) of insertion sites identified in T-DNA 
mutants. Open boxes represent exons and shaded boxes represent 
3’UTR. LB, left border of the T-DNAs for which the precise integration 
sites could be identified; pROK2, T-DNA present in the Salk collection; 
pAC161, T-DNA present in the GABI-KAT collection. (B) RT-PCR 
analysis of the G3Pp4 transcript in wild-type and mutant (g3pp4-1 and 
g3pp4-2) rosette leaves. Approximately 0.1 µg of total RNA was used in 
each PCR, and eIF4A1 (At3g13920) was used as a control.

Table 1. Lipid analysis of wild-type and g3pp4 dry seeds.

Dry weight  
per seed (µg)

Lipid content   
per seed (µg)

TG amounts  
per seed (nmol)

Wild type 24.85±0.76 10.88±0.53 11.86±0.11
g3pp4-1 25.65±0.50 8.71±1.50 8.12±1.90
g3pp4-2 25.25±0.52 8.99±0.37 7.91±0.34

Each value is an average of three independent measurements.

Table 2. Fatty acid composition of TG purified from wild-type and 
g3pp4 seeds.

Fatty acid composition (mol %)

Wild type g3pp4-1 g3pp4-2

Long chain fatty acids
 C16:0 7.53±0.28 7.86±0.06 8.06±0.28
 C16:1 n.d. n.d. n.d.
 C16:2 n.d. n.d. n.d.
 C16:3 n.d. n.d. n.d.
 C18:0 4.18±0.32 4.04±0.38 4.00±0.35
 C18:1 15.64±0.14 17.00±0.62 16.31±0.59
 C18:2 25.86±0.60 26.78±1.28 26.92±1.02
 C18:3 13.50±0.62 14.28±0.63 14.82±0.38
Very long chain fatty acids
 C20:0 2.97±0.15 2.83±0.26 2.87±0.20
 C20:1 27.38±0.67 24.59±1.40 24.38±0.76
 C22:0 0.35±0.04 0.32±0.03 0.34±0.06
 C22:1 0.34±0.02 0.33±0.06 0.34±0.05
 C24:0 2.31±0.05 1.98±0.28 1.96±0.14

n.d. indicates not detected.
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To determine whether the defects in the mutant 
seeds were caused by G3Pp4 disruptions, we generated 
transgenic plants expressing EYFP-fused G3Pp4 (EYFP-
G3Pp4) driven by ProCaMV35S in the g3pp4 mutants. As 
shown in Figure 4, overexpression of EYFP-G3Pp4 
complemented the total lipid contents in the seed of the 
g3pp4 mutants. These results indicate that the knockout 
of G3Pp4 affected the seed storage lipid contents, which 
are synthesized during late embryogenesis (Goldberg et 
al. 1994) when G3Pp4 is strongly expressed (Figure 1).

Additionally, we confirmed the subcellular localization 
of G3Pp4 using g3pp4 mutants expressing EYFP-G3Pp4. 
By using CLSM, EYFP signal was detected only in the 
chloroplasts (Supplemental Figure S2), consistent with 
the result of transient expression (Figure 2).

G3Pp4 has a G3P transporter activity in E. coli
To investigate whether G3Pp4 protein could perform 
G3P transport, EYFP-G3Pp4 was expressed under the 

control of ProCaMV35S by transducing pGWB542-EYFP-
G3Pp4 into the E. coli ΔglpT strain. In the whole-cell 
uptake assay, significant radioactivity from 14C-G3P was 
detected in ΔglpT strains transfected with the EYFP-
G3Pp4 plasmid, but not in ΔglpT transfected with a 
control vector (Figure 5). This result suggests that G3Pp4 
actually functions as a G3P transporter.

Discussion

In A. thaliana, five members of the G3Pp family had been 
identified as homologues of the E. coli G3P transporter 
GlpT (Ramaiah et al. 2011), although none of these 
had so far been characterized for transporter activities 
and subcellular localizations. Initially, we attempted the 
TA cloning method and also the directional cloning 
method using inducible expression vectors such as 
pET and pBAD to clone G3Pp4, but without success. 
We concluded that our initial efforts to clone the G3Pp 
genes might have been hindered by the toxicity of these 
proteins in E. coli cells, because some members of the 
MFS are reportedly difficult to be cloned or expressed 
in homologous and heterologous systems due to their 
toxicity (Elashvili et al. 1998; Frohlich et al. 2010; 
Gubellini et al. 2011). In the present study, fortunately, 
G3Pp4 was successfully cloned into an entry vector for 
the GatewayTM Cloning System. Subsequent sub-cloning 
with the LR reaction allowed expression of EYFP-G3Pp4 
driven by ProCaMV35S, a promoter with very weak activity 
in E. coli (Assaad and Signer, 1990; Lewin et al. 2005), 
which might have mitigated the toxicity of G3Pp4. 
Finally, we were able to show that the uptake of G3P 
was enhanced significantly in the E. coli ΔglpT strain 
transformed with pGWB542-EYFP-G3Pp4 (Figure 5).

The promoter-GUS assay revealed that G3Pp4 was 
expressed in late stages of embryogenesis (Figure 1), 
but not in the source tissues (Supplemental Figures 
S1A, B, C). This suggests that the observed decrease in 
seed storage lipid in the g3pp4 mutants might be due 
not to carbon-translocation from source tissues, but to 
a change in the metabolism of the embryo itself (Table 
1). Our results indicating G3Pp4 expression during late 
embryogenesis is consistent with previously published 
microarray data (Craigon et al. 2004), but not with the 
results of another report that also utilized promoter-GUS 
analysis (Ramaiah et al. 2011). Because the length of the 
promoter region which we used is longer than that in the 
previous reports, the extended region might contribute to 
the significant expression in embryos (Figure 1).

The decrease of seed lipid detected in two independent 
g3pp4 mutants (Table 1) and its restoration by the 
overexpression of EYFP-G3Pp4 (Figure 4) indicates 
that this phenotype is attributed to the disruption of 
G3Pp4. Furthermore, EYFP-G3Pp4 localized in the 
plastids (Figure 2 and Supplemental Figure S2). All these 

Figure 4. Complementation test of g3pp4 mutant phenotype with 
overexpression of EYFP-G3Pp4. Total lipid contents per seed of wild-
type (WT) Columbia-0 Arabidopsis, nontransformed g3pp4-1 mutant, 
and g3pp4 mutants transformed with the pGWB542-EYFP-G3Pp4 
vector. Each value is an average of three independent expreriments.

Figure 5. Functional analysis of EYFP-G3Pp4. G3P uptake of E. coli 
ΔglpT strains transformed with the pGWB542-EYFP-G3Pp4 vector (●, 
the solid line) or the empty vector (pGWB542-EYFP; □, the broken 
line). Each value is an average of three independent expreriments.
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results indicate that G3Pp4 is a plastid-localized G3P 
transporter, expressed during late embryogenesis and 
supply G3P to the cytosol to be used for storage lipid 
synthesis in the endoplasmic reticulum (ER) (Bates et al. 
2013).

In A. thaliana, the rate-limiting enzyme for storage 
lipid synthesis is thought to be GPAT9, which is oriented 
in the ER membrane with its active site facing the 
cytosol (Gidda et al. 2009). When glycerolipid synthesis 
in the ER is strongly activated, significant amounts of 
G3P need to be synchronously supplied in the cytosol. 
However, it has been known that several cytosolic 
enzymes involved in G3P biosynthesis are inhibited by 
the accumulation of G3P itself, such as phosphoglucose 
isomerase and DHAPR (Kito and Pizer 1969; Klöck 
and Kreuzberg 1989; Quettier et al. 2008). Therefore 
eukaryotic  glycerolipid synthesis might require G3P  
supply independent of the cytosolic biosynthetic 
pathway. In plant cells, G3P is synthesized also in the 
plastids (Chanda et al. 2011). When the supply of G3P 
from the plastids is critical for the eukaryotic glycerolipid 
synthesis, the disruption of plastidic G3P transporter will 
affect eukaryotic lipid synthesis. In fact, lipid content was 
reduced in g3pp4 seeds (Table 1) which lack a plastid-
localized G3P transporter in the embryos (Figures 1 and 
2).

As detailed above, G3P is transported across the 
plastid envelope (Chanda et al. 2011; Kunst et al. 1988; 
Sparace and Mudd 1985; Shen et al. 2010; Xue et al. 1997; 
Yu et al. 2013). However, there is almost no expression 
of G3Pp4 in the major photosynthetic tissues of 
Arabidopsis leaves (Supplemental Figure S1), suggesting 
that some other members of the G3Pp family might 
be involved in the chloroplastic transport of G3P in 
the leaves. Furthermore, disruption of G3Pp4 has been 
observed to affect only seed lipid contents so far (Table 
1), although G3Pp4 expression is detected in other tissues 
(Supplemental Figure S1). This result suggests that other 
members of the G3Pp family might compensate for 
the loss of G3Pp4 function in tissues other than in the 
embryo. Among the family members, G3Pp5, which 
has a predicted N-terminal plastid transit peptide 
(Emanuelsson et al. 1999; Petsalaki et al. 2006) and 
is expressed in mature pollen and stomatal guard cells 
(Craigon et al. 2004; Ramaiah et al. 2011) overlapping 
with G3Pp4 expression, might function redundantly with 
G3Pp4. Additionally, investigation of SAR suggested the 
mobility of G3P across the plasma membrane (Chanda 
et al. 2011) and its trafficking throughout the plant via 
phloem. This suggests that plasma membrane has the 
G3P export pathway in infected cells and the G3P import 
pathway in distal non-infected cells. Other members of 
G3Pp family might be involved in the transport of G3P 
across the plasma membrane.

The continued investigation of the Arabidopsis G3Pp 

family should provide new insights into the dynamic 
metabolite exchange that occurs between plastids and the 
cytoplasm, and also across the plasma membrane.
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 Supplemental Figure S1. Analysis of G3Pp4 expression in 

Arabidopsis seedlings by ProG3Pp4::GUS. (A) GUS-staining in a 7-d-

old seedling grown on agar. (B) GUS-staining is observed in the 

vascular bundle and the stomata guard cells. (C, D) GUS-staining in 

a 14-d-old seedling. (E) GUS-staining in flowers is restricted to the 

stamen. (F) GUS-staining in young silique at 5 d after flowering. (G) 

GUS-staining in the developing seeds inside silique is observed in 

the placenta and the embryo.  



 

 

 Supplemental Figure S2. Subcellular localization of EYFP‒G3Pp4 

in mesophyll cells of transgenic Arabidopsis . (A) Fluorescence signal 

from EYFP‒G3Pp4. (B) Autofluorescence of  chlorophyll. (C) 

merged image. (D) DIC image.  

Chlorophyll EYFP-G3Pp4 merge DIC 
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