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This study describes a dominant low-seed-oil mutant (lo15571) of Arabidopsis (Arabidopsis thaliana) generated by enhancer
tagging. Compositional analysis of developing siliques and mature seeds indicated reduced conversion of photoassimilates to
oil. Immunoblot analysis revealed increased levels of At1g01050 protein in developing siliques of lo15571. At1g01050 encodes a
soluble, cytosolic pyrophosphatase and is one of five closely related genes that share predicted cytosolic localization and at least
70% amino acid sequence identity. Expression of At1g01050 using a seed-preferred promoter recreated most features of the
lo15571 seed phenotype, including low seed oil content and increased levels of transient starch and soluble sugars in developing
siliques. Seed-preferred RNA interference-mediated silencing of At1g01050 and At3g53620, a second cytosolic pyrophosphatase
gene that shows expression during seed filling, led to a heritable oil increase of 1% to 4%, mostly at the expense of seed storage
protein. These results are consistent with a scenario in which the rate of mobilization of sucrose, for precursor supply of seed
storage lipid biosynthesis by cytosolic glycolysis, is strongly influenced by the expression of endogenous pyrophosphatase
enzymes. This emphasizes the central role of pyrophosphate-dependent reactions supporting cytosolic glycolysis during seed
maturation when ATP supply is low, presumably due to hypoxic conditions. This route is the major route providing precursors
for seed oil biosynthesis. ATP-dependent reactions at the entry point of glycolysis in the cytosol or plastid cannot fully
compensate for the loss of oil content observed in transgenic events with increased expression of cytosolic pyrophosphatase
enzyme in the cytosol. These findings shed new light on the dynamic properties of cytosolic pyrophosphate pools in developing
seed and their influence on carbon partitioning during seed filling. Finally, our work uniquely demonstrates that genes encoding
cytosolic pyrophosphatase enzymes provide novel targets to improve seed composition for plant biotechnology applications.

During the maturation phase of seed development,
photoassimilates, mainly Suc and amino acids, are
converted to the seed storage compounds starch, seed
storage lipids, and proteins (Ruan and Chourey, 2006;
Baud et al., 2008; Meyer and Kinney, 2010). A complete
understanding of the properties of this pathway, spe-
cifically the control points influencing the partitioning
of carbon between starch, oil, and protein, has been the
focus of diverse research approaches due to the im-
portance of seed storage compounds in human civili-
zation as sources of food, feed, and fuel.

In a developing cruciferous oil seed, such as Arabi-
dopsis (Arabidopsis thaliana), factors controlling carbon
partitioning have been identified through analysis of
recessive mutants with altered oil content. Character-
ization of a recessive high-oil mutant has led to the

identification of maternally controlled deposition poly-
saccharides of the seed coat mucilage as a carbon sink
that diverts carbon from seed storage lipid biosyn-
thesis (Shen et al., 2006; Shi et al., 2012). Transfer (T)-
DNA-tagged alleles of plastidic subunits of pyruvate
kinase are associated with low seed oil content and
have demonstrated the importance of plastidic pyru-
vate supply in seed storage lipid biosynthesis (Andre
et al., 2007; Baud et al., 2007b). Defects in plastidic
starch biosynthesis, due to recessive loss-of-function
mutations of plastidic phosphoglucomutase, show low
seed oil content, thus emphasizing the importance
of transient starch as a carbon source supporting seed
oil biosynthesis in Arabidopsis (Periappuram et al.,
2000). Characterization of a recessive mutant, wrin-
kled1 (wri1), with low oil and increased accumulation
of soluble sugars and starch led to the identification of
a class of global transcriptional regulators of glycolysis
and early reactions of plastidic fatty acid biosynthesis
that respond to developmental cues provided by regu-
lators of embryo development, such as LEAFY COTY-
LEDON1 (LEC1), LEC2, FUSCA3, and ABSCISIC ACID
INSENSITIVE3 (Focks and Benning, 1998; Cernac and
Benning, 2004; Baud et al., 2007a; Santos-Mendoza et al.,
2008).

Additional factors controlling carbon partitioning
during seed fill have been identified by transcriptome
analysis. This analysis is most powerful when applied

* Corresponding author; e-mail knut.meyer@usa.dupont.com.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Knut Meyer (knut.meyer@usa.dupont.com).

[C] Some figures in this article are displayed in color online but in
black and white in the print edition.

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a subscrip-

tion.
www.plantphysiol.org/cgi/doi/10.1104/pp.112.198309

Plant Physiology�, July 2012, Vol. 159, pp. 1221–1234, www.plantphysiol.org � 2012 American Society of Plant Biologists. All Rights Reserved. 1221

mailto:knut.meyer@usa.dupont.com
http://www.plantphysiol.org
mailto:knut.meyer@usa.dupont.com
http://www.plantphysiol.org/cgi/doi/10.1104/pp.112.198309


to mutants or to closely related germplasm with great
differences in seed composition (Bourgis et al., 2011) or
divergent oil seed species (Troncoso-Ponce et al., 2011).
For example, the comparative analysis of the wri1
mutant and wild-type Arabidopsis seed has demon-
strated that genes controlling cytosolic reactions of
early glycolysis (Suc synthase, hexokinase, pyrophos-
phate-dependent phosphofructokinase [PFP]) and plas-
tidic reactions of later steps of glycolysis (pyruvate
kinase) are regulated by the WRI1 gene product
(Ruuska et al., 2002). This observation was later con-
firmed by in situ visualization of said enzyme activities
in developing Arabidopsis embryos (Baud and Graham,
2006).

Finally, a global picture of reactions supporting
storage compound metabolism and their relative im-
portance in developing seed can be derived from
metabolic flux analysis (MFA; Schwender, 2008, 2011;
Allen et al., 2009a). MFA analysis demonstrated that
increased carbon efficiency in the developing, green
seeds of the Brassicaceae is due to a modification of
plastidic glycolysis. CO2 released by the plastidic py-
ruvate dehydrogenase complex is captured by Rubisco-
mediated synthesis of phosphoglycerate, thus bypassing
the glyceraldehyde-3-phosphate dehydrogenase and
phosphoglycerate kinase reactions of traditional gly-
colysis (Ruuska et al., 2004; Schwender et al., 2004).
More recently, MFA of developing soybean (Glycine
max) seed and maize (Zea mays) embryos highlights
the importance of plastidic malic enzyme generating
pyruvate and NADPH reductant for plastidic fatty
acid biosynthesis (Allen et al., 2009b; Alonso et al.,
2010).

Our rapidly increasing understanding of the net-
work of reactions that support anabolic pathways
leading to oil, protein, and starch biosynthesis in de-
veloping seed is currently not reflected in the so-
phistication of transgenic approaches targeting the
biotechnological modification of carbon partitioning
in seed. For example, most transgenic approaches to
increase the oil content of seed are composed either of
attempts to increase “pull” toward oil biosynthesis
through the increased expression of genes controlling
plastidic fatty acid biosynthesis or cytosolic glycer-
olipid assembly (Roesler et al., 1997; Zou et al., 1997;
Jako et al., 2001; Vigeolas et al., 2007; Zheng et al.,
2008) or by increasing metabolic “push” in this direc-
tion through the overexpression of developmental or
global metabolic regulators that enhance the expres-
sion of genes encoding enzymes of glycolysis and fatty
acid biosynthesis (Shen et al., 2010; Pouvreau et al.,
2011; Tan et al., 2011). Notable exceptions include the
seed-specific expression of class 2 hemoglobins to ad-
dress oxygen-limiting conditions during the seed mat-
uration phase (Vigeolas et al., 2011).

This contribution describes an approach that employs
methods, complementary to those described above, to
greatly increase the number of gene targets affecting
carbon partitioning in developing seed. Our goal
was the identification of components of the seed-

filling machinery that divert carbon away from the
accumulation of seed storage lipids, thus providing
new gene targets for increasing the oil content of plant
tissues through RNA interference (RNAi)-mediated
down-regulation. To this end, we screened enhancer
tag libraries of Arabidopsis for dominant low-oil mu-
tants. We used this approach because low oil content
(increased seed density) is a phenotype amenable to
low-cost, high-throughput screening using density
gradients. Here, we describe the detailed charac-
terization of one of these mutants, the molecular iden-
tification of the gene responsible for the low-oil
phenotype and the utility of the identified gene target
to increase the oil content of plant tissues. Our results
highlight the importance of soluble, cytosolic pyro-
phosphatase activity in determining the glycolytic
conversion of photoassimilates to precursors of seed
storage lipid.

RESULTS

Identification and Characterization of a Dominant
Low-Seed-Oil Mutant of Arabidopsis

A library of Arabidopsis enhancer tag mutants was
previously generated with pHSbarENDsII, providing
a quadruple 35S enhancer sequence in the proximity of
the right T-DNA border (Supplemental Fig. S1; H.
Sakai, unpublished data). T3 seed pools, derived from
grow-outs of T2 lines, of 96 events were subjected to
density gradient screening (Focks and Benning, 1998).
High-density seed were recovered and plated on se-
lective medium. Seedlings were transferred to soil and
grown to maturity alongside untransformed control
plants. Seed oil content was determined nondestruc-
tively by 1H-NMR. In this manner, a total 520 T3 seed
pools, derived from approximately 50,000 indepen-
dent enhancer tag insertion lines, were screened.

A mutant line, lo15571, showed a heritable oil de-
crease of 5% relative to wild-type seed (Fig. 1, A and B).
No segregants could be recovered that were homo-
zygous for the transgene conferring phosphinothricin
resistance, indicating that a gene that is essential for
embryo development was disrupted by the transgene
insertion in lo15571. T5 plants were back-crossed to
Arabidopsis wild-type plants. Pollen of lo15571 plants
was used to fertilize emasculated, immature flowers of
wild-type plants. F1 seed were germinated on medium
containing phosphinothricin. Herbicide-tolerant F1
and F2 seedlings were grown to maturity. Twenty-four
herbicide-resistant progeny derived from a F2 plant
heterozygous for the transgene conferring phosphi-
nothricin resistance were planted in the same flat
alongside six wild-type and lo15571 mutant plants.
The seed oil content of all 24 progeny was uniformly
low, namely indistinguishable from the lo15571 mu-
tant parent (Fig. 1C). This suggests that the transgene
insertion associated with phosphinothricin herbicide
tolerance confers a dominant low-oil phenotype.
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Twenty-four herbicide-tolerant F4 progeny of the
back-crossed lo15571 mutant were grown in the same
flat alongside 12 plants of the untransformed Arabi-
dopsis parent. Silique tissue was bulk harvested, by
type, 28 d after transfer to soil. Plants from a second
flat planted in a similar fashion were grown to matu-
rity, and dry seeds were bulk harvested by type. Si-
lique and seed tissues were subjected to quantitative
analysis of oil, protein, soluble sugars, and starch.
The presence of the lo15571 transgene leads to an

overall shift in the composition of both developing

siliques and mature seed that is characterized by in-
creased soluble carbohydrate and starch and reduced
levels of seed storage compounds. In developing si-
liques, this shift is characterized by increased levels of
Fru, Glc, Suc, and starch and a reduction in protein
(Table I). In dry seeds, the lo15571-related shift results
in increased levels of Fru and Glc and a reduction of
seed storage lipid (Table II). The lo15571 mutant shows
a small increase in seed size that has also been ob-
served in other Arabidopsis mutants with altered
carbon partitioning in developing seed (Periappuram
et al., 2000, Chen and Thelen, 2011). In summary, the
observations suggest that a reduced conversion of pho-
toassimilate to seed storage compounds is the basis for
the dominant low-oil phenotype of the lo15571 enhancer
tag line.

Candidate Gene Identification: Identification of an
Enhancer Tag Insertion That Leads to Altered Expression
of At1g01050

Genomic DNA was extracted from leaf material of T5
plants of lo15571. Genomic DNA sequence flanking the
T-DNA insert in the lo15571 mutant line was cloned
and sequenced using selected amplification of insertion
flanking fragments (SAIFF; Muszynski et al., 2006). A
single amplified fragment was identified containing the
T-DNA border sequence and Arabidopsis genomic se-
quence. Once the genomic sequence flanking a T-DNA
insert was obtained, a genomic region of interest was
identified by alignment to the completed Arabidopsis
genome sequence at The Arabidopsis Information Re-
source 10 (http://www.arabidopsis.org/servlets/sv).
Specifically, the SAIFF PCR product generated with
PCR primers corresponding to the left border sequence
of the T-DNA present in pHSbarENDs2 (Supplemental
Fig. S1) aligns with nucleotides 1,221 to 1,541 of the
Arabidopsis gene At1g01040. The gene is also known as
DICER-Like1 (DCL1), and mutant alleles of this gene
such as carpel factory, suspensor1, short integument1, ab-
normal suspensor1, emb76, and emb60 have been charac-
terized (Schauer et al., 2002). The gene is annotated as
an ATP-dependent helicase/RNaseIII with strong se-
quence similarity to the DICER class of proteins, which
act in microRNA processing. The DNA sequence gen-
erated using SAIFF and genomic DNA of lo15571
matches sequence of the first and second exons and first
intron of At1g01040. Because of the location of the
T-DNA in lo15571, we conclude that, like the emb60 and
emb70 alleles of DCL1 (Schauer et al., 2002), the T-DNA
insertion allele of DCL1 present in lo15571 encodes a
nonfunctional product of said gene that leads to embryo
lethality in segregants homozygous for the lo15571
transgene. The uniformly low-seed-oil phenotype of all
herbicide-resistant F3 plants derived from an F2 plant
heterozygous for the lo15571 transgene illustrated in
Figure 1C suggests that the disruption of At1g01040 is
not related to the low-seed-oil phenotype of lo15571.

The gene At1g01050 is approximately 9 kb upstream
of the sequence adjacent to the left T-DNA border in

Figure 1. A, Seed oil content of T3 plants derived from low-oil (high-
density) seed selected by density gradient centrifugation of T3 seed
pool 225 representing 96 independent pHSbarENDs2 events (dia-
monds) and untransformed wild-type control plants (squares). B, Seed
oil content of phosphinothricin-resistant T4 progeny of lo15571 (dia-
monds) and untransformed wild-type control plants (squares). C, Seed
oil content of phosphinothricin-resistant BC0F2 progeny of a plant that
was heterozygous for the lo15571 transgene (triangles), phosphino-
thricin-resistant T6 progeny of the lo15571 parent (diamonds), and
untransformed wild-type control plants (squares).
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lo15571. This gene is annotated as cytosolic, soluble
pyrophosphatase (PPiase); it is also known as PPA1.
Cytosolic localization of the gene product has been
confirmed by microscopic visualization of At1g01050-
GFP fusion proteins in transgenic plants (Koroleva
et al., 2005). Heterologous expression of PPA1 in
Escherichia coli and in-depth characterization of enzyme
activity demonstrate that this enzyme is a monomeric,
Mg2+-dependent phosphatase that is strictly specific to
the pyrophosphate substrate (Navarro-De la Sancha
et al., 2007).

To test if altered expression of At1g01050 is associ-
ated with the altered seed composition of the lo15571
mutant, immunological tools for At1g01050 detection
were developed. The At1g01050 protein was recom-
binantly produced in E. coli. The open reading frame
(ORF) was cloned into pET29a, creating an in-frame
fusion with a C-terminal hexa-His tag. C-terminally
His-tagged At1g01050 was purified from E. coli cul-
tures using Ni2+ affinity chromatography and used to
raise polyclonal antisera in rabbits. The resulting an-
tiserum has a detection limit below 5 ng of the
recombinantly produced At1g01050 protein (Fig. 2).
Total protein was extracted from the developing si-
lique tissue used previously for compositional analysis
(Table I) and subjected to western analysis. Silique

protein extracts of lo15571 show increased abundance
of a protein of approximately 25 kD that is detected by
the polyclonal antiserum raised against the purified
At1g01050 gene product (Fig. 2). This supports the
notion that increased PPiase enzyme expression is
causing reduced seed oil accumulation in the lo15571
mutant.

Gene Validation: Characterization of Transgenic Events
with Seed-Preferred Overexpression of At1g01050

To further test this hypothesis and to clarify the
extent to which increased PPiase expression in devel-
oping seed, specifically during the seed maturation
phase, affects seed storage compound accumulation,
the At1g01050 ORF was expressed under the control
of a strong seed-preferred promoter. To this end,
the At1g01050 gene was fused to the soybean Gly-
cinin1 (GY1) promoter. The soybean GY1 seed storage
protein promoter is derived from soybean gene Gly-
ma03g32030.1 and is known to confer strong seed-
preferred gene expression in transgenic applications
(Nielsen et al., 1989; Iida et al., 1995). A total of 18
transgenic events were generated with the binary
vector pKR1478-PPA1 (Supplemental Fig. S2). T1

Table I. Composition of developing siliques of the lo15571 enhancer tag mutant and untransformed wild-type control plants

Twenty-four lo15571 plants were grown in the same 36-cell flat alongside 12 wild-type plants. Silique tissue was bulk harvested by type 28 d after
planting, homogenized, and lyophilized. Oil content was measured gravimetrically. Protein content was measured by combustion analysis. Soluble
carbohydrate composition was determined by gas chromatography analysis of derivatized oligomeric or monomeric sugars. Starch content was
measured by digestion of the insoluble residue with a mixture of starch hydrolases followed by gas chromatography-based quantitation of derivatized
Glc. Analyses were performed in triplicate. Mean comparisons that were not significant at the 10% level (probT, homoscedastic t test # 0.1;
Microsoft Excel) are indicated by ns.

Plant Value Fru Glc Suc
Galactinol +

Raffinosaccharides

Total Soluble

Sugars
Starch Protein Oil

Protein +

Oil

Soluble

Sugars + Starch

lo15571 Mean 0.48 1.74 1.62 0.08 3.9 3.6 24.6 11.7 36.3 7.5
SD 0.04 0.13 0.05 0.02 0.2 0.1 0.8 0.5

Wild type Mean 0.19 0.87 1.09 0.05 2.2 2.3 27.3 11.8 39.1 4.5
SD 0.01 0.03 0.06 0.00 0.1 0.3 1.7 0.1
Percentage

change
154 101 49 68 79 56 210 21 (ns) 27 68

Table II. Composition of mature seeds of the lo15571 enhancer tag mutant and untransformed wild-type control plants

Twenty-four lo15571 plants were grown in the same 36-cell flat alongside 12 wild-type plants. Seeds were bulk harvested by type, homogenized,
and analyzed as described for Table I. Percentage weight values are given at 5% moisture. Mean comparisons that were not significant at the 10%
level (probT, homoscedastic t test # 0.1; Microsoft Excel) are indicated by ns.

Plant Value Fru Glc Suc
Galactinol +

Raffinosaccharides

Total Soluble

Sugars
Starch Protein Oil

Protein +

Oil

Soluble

Sugars + Starch
Seed Weight

mg

lo15571 Mean 0.34 1.27 1.96 0.66 4.2 0.066 22.5 35.0 57.5 4.3 23.8
SD 0.01 0.03 0.01 0.04 0.1 0.019 1.2 0.5 1.6 0.2

Wild type Mean 0.04 0.84 1.81 0.65 3.3 0.028 21.7 39.3 60.9 3.4 20.6
SD 0.01 0.03 0.07 0.07 0.1 0.006 2.7 1.5 2.6 0.5
Percentage
change

685 52 8 1 (ns) 27 133 4 (ns) 211 214 (ns) 27 16
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plants from nine independent events were grown
alongside six untransformed control plants. Seeds
were bulk harvested from mature wild-type plants or
harvested and analyzed individually in case of trans-
genic events. Oil content was measured by 1H-NMR.
The great majority of events generated with a con-
struct for seed-preferred expression of At1g01050
show a reduction in seed oil content ranging between
3.1% and 13.8% when compared with wild-type plants
grown in the same flat (Fig. 3A). Two events, K46562
and K46564, were allowed to self. Homozygous T3
seed from the K46562 and K46564 events showed a
heritable reduction in oil content ranging between
5% and 8% when compared with wild-type Arabi-
dopsis plants grown under identical conditions (Fig. 3,
B and C).
Immunoblot analysis indicates increased levels of

the At1g01050 protein in developing siliques of events
K46562 and K46564 similar to lo15571 (Fig. 4). Ho-
mozygous T3 progeny of K46562 and K46564 were
grown in the same flat alongside the untransformed
Arabidopsis parent. Silique tissue was bulk harvested
by type 28 d after transfer to soil. Plants in a second flat
planted in a similar fashion were grown to maturity,
and dry seeds were bulk-harvested by type. Devel-
oping silique tissue and mature seed were subjected to
quantitative analysis of oil, protein soluble sugars, and
starch, and the results are shown in Tables III and IV,
respectively.
The presence of the GY1::At1g01050 transgene leads

to an overall shift in the composition of both siliques
and mature seed that is closely related to the compo-
sitional phenotype of the lo15571 enhancer tag line
(Tables I and II). There are, however, slight differences
between the two genotypes. Developing siliques of the
GY1::At1g01050 events show an even greater reduc-
tion in protein and oil (Table III). The total increase of
carbohydrate, including soluble and starch fractions, is
similar when lo15571 and GY1::AT1g01050 events are

compared; however, in the latter, there is a greater
increase in starch and a smaller increase in soluble
sugars (Table III). Differences between lo15571 and the
GY1::At1g01050 events are even more apparent when
the composition of dry seeds is compared (Table IV).
There is no increase of Fru in dry seeds, and the overall
increase in soluble sugars compared with lo15571 is
again reduced in the GY1 events. While oil is greatly
decreased, there is a more substantial increase in pro-
tein that is more pronounced in the K46564 event. Fi-
nally, there is a small reduction in seed weight of 10%
in GY1:At1g01050 events that was not apparent in the
lo15571 mutant lines.

Figure 2. Immunoblot analysis of At1g01050 protein expression in
developing siliques of the lo15571 enhancer tag mutant and wild-type
Arabidopsis plants. Buffer-exchanged silique protein extracts and
recombinantly produced At1g01050 protein standards were separated
by SDS-PAGE and transferred to a nitrocellulose membrane. The
At1g01050 protein was detected with polyclonal rabbit antisera raised
against the purified At1g01050 protein. A second SDS-PAGE gel was
run with identical samples. The Coomassie Blue-stained large subunit
of Rubisco (RbcL) is provided as a loading control for the silique
protein samples.

Figure 3. A, Seed oil content of T1 plants generated with a construct
for expression of the At1g01050 gene under the control of the seed-
preferred GY1 promoter (diamonds) and untransformed wild-type con-
trol plants (squares). B, Seed oil content of homozygous T3 plants of
event K46564 (diamonds) and untransformed wild-type control plants
(squares). C, Seed oil content of homozygous T3 plants of event K46562
(diamonds) and untransformed wild-type control plants (squares).
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In summary, the fact that seed-preferred over-
expression of At1g01050 almost perfectly recreates the
lo15571 phenotype in developing siliques and dry seed
provides a strong validation that the dominant, gain-of
function, low-oil phenotype of the lo15571 mutant is
caused by increased expression of a cytosolic pyro-
phosphatase enzyme, At1g01050. While the charac-
terization of the lo15571 event alone, in particular the
observation of increased At1g01050 protein levels in
developing siliques, already strongly supports a con-
nection between altered PPiase expression and the
low-seed-oil phenotype, it does not clarify to which
extent the seed phenotype is caused by alterations in
carbohydrate metabolism in nonseed tissues, including

source and other sink organs of the plant. This is due
to the fact that At1g01050 is expressed during most
stages of plant development (Navarro-De la Sancha
et al., 2007) and that we do not know if and how
patterns of At1g01050 expression are altered at the
whole plant level due to the enhancer tag insertion.
However, analysis of the GY1::At1g01050 events clar-
ifies this and shows that increased At1g01050 protein
abundance during the maturation phase of developing
seed, most likely embryo tissues, leads to reduced
conversion of sugars to seed storage lipid. Slight dif-
ferences in seed composition between lo15571 and the
GY1::At1g01050 events most likely can be attributed to
differences in tissue specificity and the strength or
timing of At1g01050 overexpression associated with
the two transgenes.

Characterization of Transgenic Events with
Seed-Preferred RNAi of Genes Encoding Cytosolic
Pyrophosphatase Genes

Increased expression of cytosolic PPiase enzymes
during the seed maturation phase impairs the mobili-
zation of photoassimilates for oil and protein biosyn-
thesis. This may be mediated through the depletion
of cytosolic inorganic pyrophosphate (PPi), acting as
substrate of the forward reaction of cytosolic enzymes
such as UDP-glucose pyrophosphorylase (UGPase).
This reaction is a central part of the Suc synthase
pathway by which carbon enters the cytosolic hexose
phosphate pool (Plaxton and Podesta, 2006). PPi is also
substrate of the forward reaction of PFP at the entry
point of glycolysis (Fig. 5; Plaxton, 1996).

Increased transient starch accumulation observed
in developing siliques indicates that reduced flux
through the forward reaction of UGPase alone is not
responsible for the reduced oil accumulation. It is
reasonable to assume that increased flux through
invertase-mediated Suc mobilization and hexokinase-

Figure 4. Immunoblot analysis of At1g01050 protein expression in
developing siliques of wild-type plants and two homozygous trans-
genic events (K46562 and K46564) expressing At1g01050 under the
control of the seed-preferred GY1 promoter. Buffer-exchanged silique
protein extracts and a recombinantly produced At1g01050 protein
standard were separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane. The At1g01050 protein was detected with poly-
clonal rabbit antisera raised against the purified At1g01050 protein. A
second SDS-PAGE gel was run with identical samples. The Coomassie
Blue-stained large subunit of Rubisco (RbcL) is provided as a loading
control for the silique protein samples.

Table III. Composition of developing siliques of two events, K46562 and K46564, expressing At1g01050 under the control of the soybean GY1
promoter and untransformed wild-type control plants

Twenty-four plants of K46562 or K46564 were grown in the same 36-cell flat alongside 12 wild-type plants. Silique tissue was bulk harvested by
type 28 d after planting, homogenized, lyophilized, and analyzed as described for Table I. Percentage dry weight values are presented. Mean
comparisons that were not significant at the 10% level (probT, homoscedastic t test # 0.1; Microsoft Excel) are indicated by ns.

Plant Value Fru Glc Suc
Galactinol +

Raffinosaccharides

Total Soluble

Sugars
Starch Protein Oil Protein + Oil

Soluble

Sugars + Starch

K46564 Mean 0.42 1.65 2.10 0.44 4.7 6.2 19.5 11.8 31.3 10.9
SD 0.04 0.11 0.14 0.08 0.3 0.6 0.6 0.5

Wild type Mean 0.23 1.25 2.22 0.43 4.1 2.8 21.6 14.6 36.2 6.9
SD 0.08 0.08 0.11 0.05 0.0 0.2 0.7 0.8
Percentage

change
85 32 25 (ns) 2 (ns) 12 126 210 219 214 58

K46562 Mean 0.66 1.89 2.66 0.12 5.3 10.2 16.0 10.7 26.7 15.5
SD 0.03 0.08 0.17 0.01 0.1 0.0 0.7 0.0

Wild type Mean 0.35 1.30 2.02 0.08 3.8 5.6 21.9 11.6 33.5 9.3
SD 0.02 0.12 0.03 0.01 0.2 0.3 0.5 0.6
Percentage

change
88 45 32 32 42 82 227 28 (ns) 220 66
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mediated Glc-6-P synthesis effectively bypasses reduced
flux through UGPase, thus supporting higher levels
of starch biosynthesis in plastids of developing seed
(Barratt et al., 2009). Increased levels of transient starch
and free hexoses indicates that reduced flux through
PFP due to PPi substrate depletion is most likely re-
sponsible for reduced oil accumulation in lines with
increased expression of cytosolic PPiase enzymes. Al-
ternative routes of oil precursor supply via cytosolic
glycolysis initiated by ATP-dependent phosphofruc-
tokinase or plastidic mobilization of sugars, derived
from the transient starch pool or hexose-phosphate
import, cannot fully compensate for reduced flux
through PPi-dependent cytosolic glycolysis. Unaltered
or increased protein accumulation in mature seeds
of transgenic lines with increased levels of cytosolic
PPiase enzyme suggests the existence of pathways,
active at later stages of seed maturation, that provide

carbon skeletons for amino acid biosynthesis that are
unaffected by reduced PPi substrate supply.

Our current model would suggest that seed oil ac-
cumulation is highly sensitive to cytosolic PPi levels,
which could furthermore imply that increasing cyto-
solic PPi supply during seed maturation may provide
a metabolic engineering strategy to increase seed
storage lipid accumulation. To further test this model,
we generated lines with tissue-specific RNAi of cy-
tosolic PPiase genes. In addition to At1g01050, there
are four additional PPiase genes in Arabidopsis that
encode proteins that share at least 70% amino acid
sequence identity and lack clearly identifiable signal
peptides. Closely related, orthologous genes encoding
proteins that show a similar level of sequence identity
to At1g01050 are easily identified in higher plants,
including crop plants with completely sequenced ge-
nomes belonging to monocot and dicot classes (Fig. 6).

Table IV. Composition of mature seeds of two events, K46562 and K46564, expressing At1g01050 under the control of the soybean GY1 promoter
and seed of untransformed wild-type control plants

Twenty-four plants of K46562 or K46564 were grown in the same 36-cell flat alongside 12 wild-type plants. Seeds were bulk harvested by type,
homogenized, and analyzed as described for Table I. Percentage weight values are given at 5% moisture. Mean comparisons that were not significant
at the 10% level (probT, homoscedastic t test # 0.1; Microsoft Excel) are indicated by ns. nd, Not detected.

Plant Value Fru Glc Suc
Galactinol +

Raffinosaccharides

Total Soluble

Sugars
Starch Protein Oil

Protein +

Oil

Soluble

Sugars + Starch

Seed

Weight

mg

K46564 Mean 0.05 1.25 1.70 0.75 3.8 0.027 25.3 30.3 55.6 3.8 23.6
SD 0.01 0.04 0.02 0.09 0.0 0.004 0.6 1.4 0.3

Wild type Mean 0.06 0.93 1.92 0.62 3.5 0.016 21.9 37.0 58.9 3.5 25.8
SD 0.01 0.05 0.03 0.06 0.1 0.014 0.2 0.3 0.3
Percentage

change
213 (ns) 35 212 17 6 74 16 218 214 6 29

K46562 Mean 0.06 1.03 2.01 0.71 3.8 nd 22.1 35.3 57.4 3.8 20.6
SD 0.02 0.10 0.05 0.12 0.1 0.1 0.7 1.7

Wild type Mean 0.06 0.92 1.89 0.62 3.5 0.006 20.9 38.9 59.8 3.5 22.9
SD 0.00 0.02 0.03 0.06 0.1 0.010 0.5 1.6 1.3
Percentage

change
28 (ns) 12 (ns) 6 (ns) 14 (ns) 9 5 29 214 8 210 (ns)

Figure 5. Simplified scheme of reactions of Suc
mobilization, interconversions within the hexose-
phosphate pool, starch biosynthesis, and early
reactions of glycolysis during Arabidopsis seed
maturation. AGPase, ADP-Glc pyrophosphorylase;
pfk, ATP-dependent phosphofructokinase; pfp,
pyrophosphate-dependent phosphofructokinase; pgi,
phosphoglucoisomerase; pgm, phosphogluco-
mutase; ppi, pyrophosphate; ppiase, pyrophos-
phatase; sus, Suc synthase; inv, invertase.
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Analysis of cytosolic PPiase gene expression in Arab-
idopsis at http://bar.utoronto.ca/ (Winter et al., 2007)
indicates that two cytosolic PPiase genes, At1g01050
(PPA1) and At3g53620 (PPA4), show significant ex-
pression during the seed maturation phase.

Transgenic lines generated with a construct, pKR92-
PPA hairpin (HP; Supplemental Fig. S3), directing RNAi
of At1g01050 and At3g53620 during seed maturation
show a heritable increase of seed oil content ranging
from 1% to 4% (Fig. 7; Table V). We previously

generated transgenic lines with a construct for seed-
preferred RNAi, pKR1482-PPA1, which is only com-
posed of coding sequences of At1g01050 (Supplemental
Fig. S4). As At1g01050 and At3g53620 share 78% DNA
sequence identity, including stretches of DNA sequence
of greater than 21 nucleotides, it is likely that events
generated with pKR1482-PPA1 will show silencing of
both PPiase genes expressed during seed maturation. In
keeping with this, the pKR1482-PPA1 construct also
produced events with a heritable increase of seed oil

Figure 6. Phylogenetic tree based on a
MUSCLE alignment (Edgar, 2004) of
deduced amino acid sequences of cy-
tosolic Arabidopsis PPiases and ortho-
logs identified in completed genome
sequences of B. rapa, soybean, M. trun-
catula, sorghum, rice, and maize. A plas-
tidic PPiase gene of Arabidopsis and an
E. coli PPiase gene were used as out-
groups. Arrows indicate Arabidopsis
sequences. Red arrows indicate Arabi-
dopsis genes expressed during seed
maturation based on expression analy-
sis at http://bar.utoronto.ca/ (Winter
et al., 2007). The evolutionary history
was inferred using the neighbor-joining
method (Saitou and Nei, 1987). The
optimal tree with the sum of branch
length = 2.98397151 is shown. The tree
is drawn to scale, with branch lengths
in the same units as those of the evo-
lutionary distances used to infer the
phylogenetic tree. The evolutionary dis-
tances were computed using the Poisson
correction method (Zuckerkandl and
Pauling, 1965) and are in units of the
number of amino acid substitutions per
site. The analysis involved 46 amino acid
sequences. All positions containing gaps
and missing data were eliminated. There
were 160 positions in the final data set.
Evolutionary analyses were conducted in
MEGA5 (Tamura et al., 2011). [See online
article for color version of this figure.]
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content of 1.5% to 3% (data not shown). Mature T3 seed
of three events, K14700, K46696, and K46698, generated
with this construct were subjected to analysis of seed
composition (Table VI). In mature seed of these events,
the oil increase is associated with a decrease in protein
content whereas soluble carbohydrate levels are un-
changed.
In summary, we have shown that modulation of

cytosolic pyrophosphatase activity exerts significant
control over glycolytic mobilization of Suc for seed oil
biosynthesis. The increased seed oil phenotype of
events with seed-preferred RNAi of genes encoding
cytosolic PPiase enzymes suggests that the availability
of cytosolic pyrophosphate alone limits the utilization
of Suc for seed oil biosynthesis. We infer from this that
cytosolic PPiase activity (and most likely PPi levels)
during the seed maturation phase are not perfectly
coordinated with PPi needs by forward reactions of the
cytosolic UGPase and PFP enzymes. Down-regulation
of PPiase gene expression most likely increases oil
biosynthesis by means of improved flux through PPi-
dependent reactions of cytosolic glycolysis that sup-
port oil biosynthesis. The function of cytosolic PPiase
enzyme activity during the maturation phase of oil
seed filling remains mostly enigmatic at this point but
could include a role in maintaining cytosolic PPi ho-
meostasis by acting in conjunction with PFP, UGPase,
and H+-translocating PPiases (Stitt, 1998; Heinonen,
2001). We have not observed any evidence of reduced
seed yield or germination defects in events harboring
constructs with seed-preferred RNAi of PPiase genes
(K. Meyer, unpublished data), which may indicate that
PPiase activity during seed maturation is not essential
or that there is significant functional redundancy.

DISCUSSION

Role of Pyrophosphatases in Metabolism

PPi is generated in all prokaryotic and eukaryotic
cells in many anabolic reactions, including the synthesis

of macromolecules such as proteins, DNA, RNA, and
starch (Heinonen, 2001). In many cases, the role of
PPiase enzymes is to keep the equilibrium of these bi-
osynthetic reactions on the side of the product by hy-
drolysis of the coproduct of the anabolic reaction. In
keeping with this role, loss-of-function mutations of
genes encoding PPiases are not viable in certain pro-
karyotes (Chen et al., 1990).

Role of Cytosolic Pyrophosphatases in Plant Metabolism

Subcellular fractionation of photosynthetic plant
tissues indicates that PPi levels are very low in plastids
due to high levels of PPiase activity detected in this
organelle. In contrast, PPi levels are in the 0.1 to 0.3 mM

range in the cytosol, which is commonly explained by
the inability to detect PPiase activity in this cell fraction
(Weiner et al., 1987; Stitt, 1998). The role of pyro-
phosphate in plant metabolism has been studied in
detail mostly in the context of carbohydrate metabo-
lism. Transient starch biosynthesis in the plastid
generates PPi during the synthesis of ADP-Glc by
ADP-Glc pyrophosphorylase. In cytosolic energy me-
tabolism, PPi levels are modulated by the combined
activity of UGPase, PFP, and membrane-bound, vac-
uolar H+-translocating PPiases (Heinonen, 2001).

The role of cytosolic PPi in plant carbohydrate me-
tabolism has been investigated using transgenic plants
expressing an E. coli PPiase gene product in the cytosol
(Jelitto et al., 1992; Sonnewald, 1992; Lee et al., 2005).
Constitutive expression leads to pleiotropic growth
defects and increased accumulation of Suc, hexoses,
nucleotide sugars, and transient starch in photosyn-
thetic tissues. In potato (Solanum tuberosum) tubers, a
nonphotosynthetic sink tissue, constitutive expression
of heterologous PPiase activity increases the levels of
soluble sugars including Suc, but in contrast to photo-
synthetic tissues, increased levels of nucleotide sugars
are accompanied by increased rates of Suc degradation
and starch accumulation (Geigenberger et al., 1998). The
increased levels of hexoses and nucleotide sugars in

Figure 7. Seed oil content of T1 plants generated with a construct for
silencing of At1g01050 and At3g53620 under the control of the seed-
preferred GY1 promoter (diamonds) and untransformed wild-type
control plants (squares). Events with increased oil content that were
advanced to T2 grow-out and seed oil analysis (Table V) are bracketed.

Table V. Comparative analysis of seed oil content of events generated
with construct for seed-preferred RNAi of At1g01050 and At3g53620
and untransformed wild-type control plants

Twenty-four T2 plants of each event were grown in 36-cell flats
alongside 12 wild-type plants. Dry seed were harvested from indi-
vidual plants. Seed oil content was measured by 1H-NMR. All com-
parisons were significant at the 10% level (probT, homoscedastic t test
# 0.1; Microsoft Excel).

Event

Average

Percentage

Oil, Transgenic

Average

Percentage

Oil, Wild Type

Percentage

Change

K61344 40.9 37 3.9
K61355 43 39.4 3.6
K61345 43.1 41.2 1.9
K61346 41.9 40.6 1.3
K61353 43.4 42.4 1
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source tissues and reduced sink strength in non-
photosynthetic tissues (Jelitto et al., 1992) are consistent
with a role of PPi as an energy donor to the forward
reactions of UGPase and PFP in cytosolic Suc catabo-
lism. Changes of carbohydrate profiles in response to
cytosolic expression of heterologous PPiase enzymes
differ between plant tissues and plant species and may
reflect different abilities of a given plant tissue to bypass
the blockage of sucrose synthase (SUS)-mediated Suc
catabolism using ATP-dependent pathways initiated by
invertase-mediated sucrolysis.

Disruption of a vacuolar H+-translocating PPiase
(At1g15690) leads to a postgermination growth defect
that can be rescued by supplementation of Suc or cy-
tosolic expression of a soluble yeast pyrophosphatase.
This supports the essential role of cytosolic PPiase ac-
tivity controlling the equilibrium of gluconeogenic re-
actions in the heterotrophic growth phase of early
seedling establishment (Ferjani et al., 2011).

Role of Pyrophosphatases in Seed Filling

There are many examples providing only indirect
evidence for the role of PPi as an energy source driving
cytosolic reactions of Suc mobilization to provide
precursors for oil biosynthesis in developing seeds.
This includes the demonstration of hypoxic, ATP-
limited conditions during seed fill (Vigeolas et al., 2003;
Musgrave et al., 2008; Borisjuk and Rolletschek, 2009),
the high expression of SUS, UGPase, and PFP genes
and enzymes during the maturation phase of seed
filling (Baud and Graham, 2006; Troncoso-Ponce et al.,
2011), and the fact that SUS and PFP genes respond to
WRI1 expression (Focks and Benning, 1998; Ruuska
et al., 2002). Thus, the use of PPi appears to be part of

an ATP-saving, SUS-initiated pathway of cytosolic Suc
catabolism characteristic of the maturation phase of
seed development with highest rates of seed storage
compound accumulation. However, direct, genetic
evidence for the essential nature of the pathway in
Arabidopsis seed filling is lacking, as SUS quadruple
mutants show wild-type levels of oil and protein in
dry seed and only a transient obstruction of seed fill is
observed in developing seed of SUS mutants (Barratt
et al., 2009; Angeles-Núñez and Tiessen, 2010). More-
over, to our knowledge, no other mutants with altered
seed composition have been described that carry loss-
of-function alleles of genes encoding components of
this pathway.

We acknowledge that the compositional phenotype
of immature siliques or seed of the lo15571 mutant and
GY1::At1g01050 events is somewhat reminiscent of the
tuber phenotype of potato plants expressing heterolo-
gous PPiase enzymes in the cytosol (Geigenberger
et al., 1998). However, it should be noted that we are
altering the expression of an endogenous cytosolic
pyrophosphate enzyme (instead of introducing a het-
erologous enzyme that may operate in an unregulated
mode). Thus, we provide, to our knowledge for the
first time, direct evidence for the role of transcriptional
control of endogenous cytosolic plant pyrophospha-
tase enzymes in the metabolic regulation of seed
filling. Even though plant genome sequencing and
transcriptional profiling of plant tissues, including
developing seeds, predict the existence of closely
related gene families encoding cytosolic pyrophos-
phatase enzymes, direct evidence for the regulatory
role of these enzymes has been generally lacking to
this point. Our results suggest that cytosolic PPiase
activity is a crucial determinant of the rate of cytosolic
glycolysis. Increased expression of the PPiase enzyme

Table VI. Composition of mature T3 seed of three events generated with pKR1482-PPA1 and untransformed wild-type control plants

Plants of each event were grown in the same 36-cell flat alongside wild-type plants. Seeds were bulk harvested by type and homogenized and
analyzed as described above. Percentage weight values are given at 5% moisture. Mean comparisons that were not significant at the 10% level
(probT, homoscedastic t test # 0.1; Microsoft Excel) are indicated by ns. nd, Not detected.

Plant Value Fru Glc Suc Raffinosaccharides
Total Soluble

Sugars
Starch Protein

Oil

(NMR)

K14700 Mean 0.04 0.31 1.56 0.18 2.1 nd 17.5 41.4
SD 0.00 0.02 0.01 0.00 0.0 0.0

Wild type Mean 0.04 0.42 1.56 0.19 2.2 nd 19.3 38.9
SD 0.00 0.08 0.02 0.01 0.1 0.1
Percentage
change

22 (ns) 237 0 24 (ns) 26 211 6

K46696 Mean 0.04 0.33 1.51 0.16 2.0 nd 16.0 44.4
SD 0.00 0.02 0.01 0.00 0.0 0.2

Wild type Mean 0.04 0.35 1.62 0.18 2.2 nd 18.7 42.2
SD 0.00 0.01 0.03 0.00 0.0 0.1
Percentage
change

11 25 (ns) 27 211 27 217 5

K46698 Mean 0.04 0.30 1.52 0.19 2.1 nd 15.4 45.4
SD 0.00 0.02 0.02 0.01 0.0 0.2

Wild type Mean 0.04 0.41 1.57 0.20 2.2 nd 17.7 43.3
SD 0.00 0.08 0.03 0.00 0.1 0.2
Percentage change 5 (ns) 238 23 (ns) 24 28 215 5
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during seed fill only leads to a small increase in Suc
but a more significant increase in hexoses and/or
transient starch. This emphasizes the role of PPi in
controlling rates of glycolysis via PFP-mediated reac-
tions while the use of PPi by UGPase is effectively
bypassed, thus leading to unaltered rates of Suc mo-
bilization (i.e. sink strength in developing seed). A role
of PFP in the control of PPi homeostasis has been
proposed due to its dual role in PPi consumption and
synthesis (Taiz, 1986; Dancer and ap Rees, 1989; Stitt,
1998; Heinonen, 2001). In the latter reaction, ATP is
converted to PPi when Fru-1,6-bisP synthesized by
phosphofructokinase is converted to Fru-6-P (Fig. 5).
Increased futile cycling through these reactions may be
promoted by increased cytosolic PPiase activity in the
cytosol, thus restricting the cytosolic catabolism of
sugars.
Our findings also further clarify the relative contri-

bution of cytosolic and plastidic glycolysis in the pro-
vision of precursors for oil biosynthesis in developing
seed, emphasizing the importance of the former. This
complements results from metabolic flux analysis,
which is not always able to resolve this aspect of seed
filling due to the rapid exchange of labeled glycolytic
intermediates between plastidic and cytosolic com-
partments (Schwender et al., 2003).

CONCLUSION

We report here the important role of cytosolic py-
rophosphatase enzyme expression in cytosolic glycol-
ysis, specifically its role providing carbon for seed
storage lipid accumulation. Clearly, we are only at the
beginning of understanding the biochemical basis
of the compositional shift observed in response to
changes in cytosolic PPiase expression. Future work
needs to examine how levels of PPi, hexose phos-
phates, and nucleotide sugars are related to altered
seed storage compound accumulation. There is an
opportunity for MFA to investigate how the route
providing precursors for seed storage protein is mod-
ified in response to altered PPiase expression. Overall,
this study provides a novel, promising target for the
modification of seed storage accumulation for appli-
cations in plant biotechnology.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown in controlled envi-
ronments, 22°C, 150 to 200 mE m21 s21, under permanent illumination for 6 to
7 weeks. Prior to seed harvest, plant dry-down was performed for 1 to 2 weeks
at 25°C at elevated light intensity (250–300 mE m21 s21).

Density Gradient Screening

Amethod for screening Arabidopsis seed density wasmodified from Focks and
Benning (1998). Density layers were prepared by a mixture of 1,6-dibromohexane
(d = 1.6), 1-bromohexane (d = 1.17), and mineral oil (d = 0.84) at different

ratios. From the bottom to the top of the tube, six layers of organic solvents each
composed of 2 mL were added sequentially. The ratios of 1,6-dibromohexane:1-
bromohexane:mineral oil for each layer were 1:1:0, 1:2:0, 0:1:0, 0:5:1, 0:3:1, and
0:0:1. About 600 mg of T3 seed of a given pool of 96 activation-tagged lines,
corresponding to about 30,000 seeds, was loaded onto the surface layer of a
15-mL glass tube containing said step gradient. After centrifugation for 5 min
at 2,000g, seeds were separated according to their density. The seeds in the
lower two layers of the step gradient and from the bottom of the tube were
collected. Organic solvents were removed by sequential washing with 100%
and 80% ethanol, and seeds were sterilized using a solution of 5% hypo-
chloride in water. Seed were rinsed in sterile water and plated on Murashige
and Skoog medium composed of 0.53 Murashige and Skoog salts, 1% Suc,
0.05% (w/v) MES/KOH (pH 5.8), 10 g L21 agar, and 15 mg L21 glufosinate
ammonium (Sigma-Aldrich). A total of 520 T3 pools each derived from 96 T2
activation-tagged lines were screened in this manner. Seed pool 225, when
subjected to density gradient centrifugation as described above, produced
about 20 seed with increased density. These seed were sterilized and plated on
selective medium. Seedlings were transferred to soil 2 weeks after plating
and grown in the same 36-cell flat alongside wild-type control plants.

NMR-Based Analysis of Seed Oil Content

Seed oil content was determined using a Maran Ultra NMR analyzer
(Resonance Instruments). Samples (e.g. batches of Arabidopsis seed ranging in
weight between 5 and 200 mg) were placed into preweighed 2-mL polypro-
pylene tubes (Corning) previously labeled with unique bar code identifiers.
Samples were then placed into 96-place carriers and processed by an ADEPT
COBRA 600 SCARA robotic system. Oil content (on a percentage weight basis)
of Arabidopsis tissue was calculated as follows: mg oil = (NMR signal 2
2.1112)/37.514; % oil = ([mg oil]/1,000)/(g of seed sample weight) 3 100.
Prior to establishing this formula, Arabidopsis seed oil was extracted as fol-
lows. Approximately 5 g of mature Arabidopsis seed (cv Columbia) was
ground to a fine powder using a mortar and pestle. The powder was placed
into a 33- 3 94-mm paper thimble (Ahlstrom), and the oil was extracted
during approximately 40 extraction cycles with petroleum ether (boiling point
39.9°C–51.7°C) in a Soxhlet apparatus. The extract was allowed to cool, and
the crude oil was recovered by removing the solvent under vacuum in a rotary
evaporator. Calibration parameters were determined by precisely weighing 11
standard samples of partially purified Arabidopsis oil (samples contained 3.6,
6.3, 7.9, 9.6,12.8, 16.3, 20.3, 28.2, 32.1, 39.9, and 60 mg of partially purified
Arabidopsis oil) into 2-mL polypropylene tubes (Corning) and subjecting
them to NMR analysis. A calibration curve of oil content (percentage seed
weight basis) to NMR value was established.

Compositional Analysis

Tissue Preparation

Arabidopsis seed (approximately 0.5 g in a 0.5-3 2-inch polycarbonate vial)
was ground to a homogeneous paste in a GENOGRINDER (three times for
30 s each at 1,400 strokes per minute, with a 15-s interval between each round
of agitation). After the second round of agitation, the vials were removed and
the Arabidopsis paste was scraped from the walls with a spatula prior to the
last burst of agitation. Developing siliques were harvested into liquid N2 and
stored at280°C prior to analysis. Frozen developing silique tissue was ground
to a fine powder and lyophilized.

Determination of Protein Content

Protein contents were estimated by combustion analysis on a Thermo
Finnigan Flash 1112EA combustion analyzer running in the nitrogen-carbon-
sulfur mode (vanadium pentoxidewas omitted) according to the instructions of
the manufacturer. Triplicate tissue samples of 4 to 8 mg were used for analysis.
Protein contents were calculated by multiplying percentage nitrogen, deter-
mined by the analyzer, by 6.25. Protein contents were expressed on a per-
centage tissue weight basis.

Determination of Oil Content

Triplicate tissue samples, 20 to 50 mg, were weighed into 13-3 100-mm glass
tubes. Gravimetric analysis of oil content was performed by adding 2-mL ali-
quots of heptane to each tube. The tubes were vortex mixed and placed into an
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ultrasonic bath filled with water heated to 60°C. The samples were sonicated at
full power (approximately 360 W) for 15 min and then centrifuged (5 min,
1,700g). The supernatants were transferred to clean tubes and the pellets were
extracted two more times with heptane (2 mL, second extraction; 1 mL, third
extraction), with the supernatants from each extraction being pooled. After lipid
extraction, 1 mL of acetone was added to the pellets, and after vortex mixing, to
fully disperse the material, they were taken to dryness in a SpeedVac.

Soluble Carbohydrate Extraction

Twomilliliters of 80% ethanol was added to the dried pellets from above. The
samples were thoroughly vortex mixed until the plant material was fully dis-
persed in the solvent prior to sonication at 60°C for 15 min. After centrifugation
for 5 min at 1,700g, the supernatants were decanted into clean 13- 3 100-mm
glass tubes. Two more extractions with 80% ethanol were performed, and the
supernatants from each were pooled. The extracted pellets were suspended in
acetone and dried (as above). A total of 100 mL of 5 mg mL21 b-phenyl gluco-
pyranoside was added to each extract prior to drying in a SpeedVac.

Starch Extraction

The acetone-dried powders from above were suspended in 0.9 mL of MOPS
buffer (50 mM MOPS and 5 mM CaCl2, pH 7.0) containing 100 units of heat-
stable a-amylase (from Bacillus licheniformis; Sigma). Samples were placed in a
heat block (90°C) for 75 min and vortex mixed every 15 min. Samples were
then allowed to cool to room temperature, and 0.6 mL of acetate buffer (285
mM, pH 4.5) containing 5 units of amyloglucosidase (Roche) was added to
each. Samples were incubated for 15 to 18 h at 55°C in a water bath fitted with
a reciprocating shaker; standards of soluble potato (Solanum tuberosum) starch
(Sigma) were included to ensure that starch digestion went to completion.
Postdigestion, the released carbohydrates were extracted as described above.

Sample Derivatization and Analysis

The dried samples from the soluble sugar and starch extractions described
above were solubilized in anhydrous pyridine (Sigma-Aldrich) containing
30 mg mL21 hydroxylamine-HCl (Sigma-Aldrich). Samples were placed on an
orbital shaker (300 rpm) overnight and then heated for 1 h (75°C) with vig-
orous vortex mixing applied every 15 min. After cooling to room temperature,
1 mL of hexamethyldisilazane (Sigma-Aldrich) and 100 mL of trifluoroacetic
acid (Sigma-Aldrich) were added. The samples were vortex mixed, and the
precipitates were allowed to settle prior to transferring the supernatants to gas
chromatography sample vials. Samples were analyzed on an Agilent 6890 gas
chromatograph fitted with a DB-17MS capillary column (15-m 3 0.32-mm 3
0.25-mm film). Inlet and detector temperatures were both 275°C. After injec-
tion (2 mL, 20:1 split), the initial column temperature (150°C) was increased to
180°C at a rate of 3°C min21 and then at 25°C min21 to a final temperature of
320°C. The final temperature was maintained for 10 min. The carrier gas was
hydrogen at a linear velocity of 51 cm s21. Detection was by flame ionization.
Data analysis was performed using Agilent ChemStation software. Each sugar
was quantified relative to the internal standard, and detector responses were
applied for each individual carbohydrate (calculated from standards run with
each set of samples). Final carbohydrate concentrations were expressed on a
tissue weight basis. Carbohydrates were identified by retention time match-
ing, with authentic samples of each sugar run in the same chromatographic
set, and by gas chromatography-mass spectrometry, with spectral matching to
the National Institute of Standards and Technology Mass Spectral Library
version 2a, build July 1, 2002.

Determination of DNA Sequence Flanking the
T-DNA Insertion

An adaptor was generated by annealing primers AD1 (59-GCTATCGG-
TAATGCGTCACAAGCGTGAACAATGAGTAATGATA-39) and AD2 (59-CGC-
ACTTGTTACTCATTACTAT-39). Genomic DNA was isolated from lyophilized
seedling tissue of lo15571. Genomic DNA of lo15571 flanking the left border of
pHSbarENDs2 (Supplemental Fig. S1) was amplified by SAIFF exactly as described
by Muszynski et al. (2006) using genomic DNA digested with AluI, the adaptor
described above, and primers A (59-CCATTTGGACGTGAATGTAGACACGTCGA-39)
and B (59-GCTATCGGTAATGCGTCA-39) in the first PCR and primers C
(59-TGCTTTCGCCTATAAATACGACGGATCGT-39) and D (59-GCGTCA-
CAAGCGTGAACA-39) in the second PCR. PCR products were cloned and
sequenced.

Plant Transformation Vectors

Construction of a Binary Vector for Seed-Preferred Expression
of At1g01050

PrimersAt1g01050FWD(59-CACCATGGCCACCGCTTCAATCTTCCCCGC-39)
and At1g01050 REV (59-GCGGCCGCTTATTCGCTCCAGTACTTCTC-39) were
used to amplify the At1g01050 ORF from a cDNA library of developing Arabi-
dopsis seeds. The PCR product was cloned into pENTR (Invitrogen) to give
pENTR-PPA1.ThePPA1ORFwas inserted in the senseorientationdownstreamof
the GY1 promoter in the binary plant transformation vector pKR1478 (Meyer and
Everard, 2011) using Gateway LR recombinase (Invitrogen) using the manufac-
turer’s instructions to give pKR1478-PPA1 (Supplemental Fig. S2).

Construction of a Plasmid for Seed-Preferred RNAi of
At1g01050 and At3g53620

Primer pairs SA325 (59-GCGGCCGCCATGATCTCGAGATAGGACCTG-
39)/SA326 (59-TCTAGACAAAGAAACGGCGGATCTCAGCCA-39) and SA329
(59-GAATTCGCGGCCGCCATGATCTCGAGATAGGACCTGAA-39)/SA330
(59-CTGCAGCAAAGAAACGGCGGATCTCAGCCA-39) were used to am-
plify a fragment of the At3g53620 ORF from a cDNA library of developing
Arabidopsis seeds that is flanked by NotI, XbaI, PstI, and EcoRI restriction
sites, respectively. The PCR products were cloned into pBSKS+ (Stratagene)
to give pBSKS-PPA4-TR1A and pBSKS-PPA4-TR1B, respectively. Primers
SA327 (59-TCTAGACGACCAGCTCCTCGTCTTAACGAG-39) and SA328
(59-GGATCCTCAGGGTGTGGAGAATGTATTCAG-39) were used to amplify
a fragment of the At1g01050 ORF from a cDNA library of developing Arabi-
dopsis seeds that is flanked by XbaI and BamHI. The PCR product was cloned
into pBSKS+ (Stratagene) to give pBSKS-PPA1-TR1+TR2. Primers SA331 (59-
CTGCAGCGACCAGCTCCTCGTCTTAACGAG-39) and SA332 (59-GGATC-
CAGAAAACAACCCGGAAGCACAGGT-39) were used to amplify a fragment
of the At1g01050 ORF from a cDNA library of developing Arabidopsis seeds
that is flanked by PstI and BamHI. The PCR product was cloned into pBSKS+
(Invitrogen) to give pBSKS-PPA1-TR1. pBSKS-PPA4-TR1A was linearized
with XbaI and BamHI and ligated to a 0.6-kb fragment excised from pBSKS-
PPA1-TR1+TR2 with XbaI and BamHI to give pBSKS-PPA HP-A. pBSKS-PPA4-
TR1B linearized with BamHI and PstI was ligated to a 0.3-kb fragment excised
from pBSKS-PPA1-TR1 with the same restriction enzymes to give pBSKS-PPA
HP-B. pBSKS-PPA HP-A linearized with BamHI and EcoRI was ligated to a 0.75-
kb fragment excised from pBSKS-PPA HP-B with the same enzymes to give
pBSKS-PPA HP. The PPA HP cassette was inserted downstream of the GY1
promoter and upstream of the 39 untranslated region of the soybean (Glycine
max) Kunitz trypsin inhibitor gene (Jofuku and Goldberg, 1989). The RNAi ex-
pression cassette was excised with AscI and ligated to AscI-digested binary plant
transformation vector pKR92 (Meyer et al., 2010) to give pKR92-PPA HP
(Supplemental Fig. S3).

Construction of a Plasmid for Seed-Preferred RNAi
of At1g01050

We used pENTR-PPA1 and the binary plant transformation vector pKR1482
(Meyer and Everard, 2011) to insert the PPA1 ORF in the sense and antisense
orientations downstream of the GY1 promoter using Gateway LR recombinase
(Invitrogen) using the manufacturer’s instructions to give pKR1482-PPA1
(Supplemental Fig. S4).

All binary vectors were transformed into Agrobacterium tumefaciens strain
NTL4 (Luo et al., 2001) by electroporation and used to transform Arabidopsis
plants using the floral dip method (Zhang et al., 2006).

Immunological Methods

Expression Cloning of At1g01050

The At1g01050 ORF was amplified with primers PPA1 FWD (59-CATA-
TGAGTGAAGAAACTAAAGATAACC-39) and PPA1 REV (59-CTCGA-
GACGCCTCAGGGTGTGGAGAATG-39) using plasmid DNA of pKR1478-
PPA1. PCR products were cloned into pGEM T-Easy (Promega). The ORF was
excised by digestion with NdeI and XhoI and ligated to NdeI- and XhoI-line-
arized pET29a to give pET29a-PPA1. Competent Escherichia coli cells of strain
Rosetta(DE3)pLysS (Novagen/EMD Biosciences) were transformed with
pET29a-PPA1 using electroporation. Eight 500-mL flasks each containing 250
mL of Luria-Bertani medium supplemented with 50 mg mL21 kanamycin were
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inoculated with strain Rosetta(DE3)pLysS carrying pET29a-PPA1. The cul-
tures were grown at 37°C until a cell density (optical density l = 600 nm) of 0.6
was achieved. The cultures were cooled to 22°C on ice. Isopropyl b-D-1-thio-
galactopyranoside was then added to a final concentration of 0.2 mM followed
by continued culture at 16°C for 36 h. Cells were harvested by centrifugation
(5,000g, 10 min) and resuspended in 30 mL of 100 mM Tris-HCl (pH 7.5), 0.5 M

NaCl, 0.5 mM EDTA, and 2 mM dithiothreitol. The cell suspension was passed
twice through a French press and cleared by centrifugation (30,000g, 20 min, 4°
C). The enzyme extract (30 mL) was buffer exchanged in 2.5-mL aliquots on
PD10 columns (GE Healthcare) into 100 mM Tris-HCl, pH 7.5, and 500 mM

NaCl. Buffer-exchanged extract (40 mL) was loaded onto a HiTrap chelating
HP column with a 5-mL gel bed volume (GE Healthcare). The HiTrap che-
lating HP column had previously been charged with Ni2+ according to the
manufacturer’s instructions. The column was developed at a flow rate of 2 mL
min21 at 22°C as follows for solvent A (100 mM Tris-HCl [pH 7.5], 500 mM

NaCl, and 20 mM imidazole) and solvent B (100 mM Tris-HCl [pH 7.5], 500 mM

NaCl, and 500 mM imidazole): 0 to 20 min, 0% B; 20 to 35 min, 20% B; 35 to 50
min (linear gradient), 20% to 100% B; 50 to 55 min, 100% B; 55 to 60 min, 0% B.
Fractions of 1.5 mL were collected from beginning to end of the linear imid-
azole gradient. Fractions of 10 mL were analyzed by SDS-PAGE. Fractions
containing a protein of 25 kD were pooled and buffer exchanged into 20 mM

Tris-HCl (pH 7.5) and 5% glycerol. Analysis of an overloaded PAGE gel in-
dicates that the Ni2+ affinity-purified At1g01050 protein is more than 95%
pure. In this manner, 80 mg of At1g01050 protein could be purified from 2 L of
E. coli culture. Purified At1g01050 protein was used to raise antibodies in
rabbits (Rockland Immunochemicals).

Immunoblot Detection of Atg01050

Developing siliques, bulk harvested 4 weeks after transfer to soil, were ho-
mogenized in 100 mM Tris-HCl (pH 7.5), 0.5 M NaCl, 0.5 mM EDTA, and 2 mM

dithiothreitol. The homogenate was cleared by centrifugation (30,000g, 20 min,
4°C), and the cell-free extract was buffer exchanged into 20 mM Tris-HCl (pH 7.5)
and 5% glycerol. Proteins were separated by PAGE using 10% NuPAGE Bis-Tris
gels (Invitrogen) transferred to nitrocellulose membranes using the iBlot elec-
troblotting system (Invitrogen). Western blots were developed using 1:1,000 and
1:5,000 dilutions of primary and secondary antibodies, respectively, and the BM
chemiluminescence detection kit (Roche Diagnostics).

Phylogenetic Analysis

Predicted amino acid sequences of At1g01050 and the four closely related
homologs At2g18230, At2g46860, At3g53620, and At4g01480 were used to
search the following genome sequences: for maize (Zea mays), public maize B73
peptides from the 5b release of the public projects filtered gene set (www.
maizesequence.org); for rice (Oryza sativa), predicted protein sequences from
rice gene models (japonica group)-Michigan State University Rice Genome
Annotation Project Osa1 release 7 (October 2011); for sorghum (Sorghum bi-
color), predicted proteins from the sorghum Joint Genome Institute genomic
sequence, version 1.4; for soybean, predicted proteins from predicted coding
sequences from the soybean Joint Genome Institute Glyma1.01 genomic se-
quence; for Medicago truncatula and Brassica rapa, Phytozome 8.0 (http://
www.phytozome.net/). Phytozome is a joint project of the Department of
Energy’s Joint Genome Institute and the Center for Integrative Genomics.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Simplified map of the enhancer tagging vector
used to generate lo15571.

Supplemental Figure S2. Simplified map of binary vector for expression
At1g01050 during seed maturation.

Supplemental Figure S3. Simplified map of binary vector for RNAi of
At1g01050 and At3g53620 during seed maturation.

Supplemental Figure S4. Simplified map of binary vector for RNAi of
At1g01050 during seed maturation.
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