
















Figure 5. Starch turnover in starch biosynthesis mutant lines. A, Strong starch accumulation in awild-type (WT) cauline leaf at the
end of the light phase. B, Starch accumulates in the peduncle (arrow) and the receptacle (arrowhead) of young wild-type buds. C,
Highly reduced starch accumulation in mesophyll cells of a pgi1-1 cauline leaf at the end of the light phase. Higher starch ac-
cumulation, however, is maintained around vascular tissues (arrow). D, Starch accumulates in the peduncle (arrow) and the
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ovule, which, at the one-cell stage of the embryo proper,
had the only conspicuous starch deposits in the seed,
forming a ring-like structure surrounding the chalazal
cyst. This chalazal proliferating tissue, which has an
inverted cup-like shape, lies between the terminus of
the vascular strand and the chalazal end of the embryo
sac and has a high metabolic activity in the closely re-
lated species Capsella bursa-pastoris (Schulz and Jensen,
1971). Moreover, the elongating embryo sac, while
crushing nucellar cells during its growth toward this

proliferating tissue, develops ingrowths to absorb nu-
trients from these tissues. Soon after, the chalazal cyst of
the endosperm develops a haustorial base that pene-
trates into the proliferating tissue (Nguyen et al., 2000).
Taken together, although the integumentsmight ensure
some nutrient flux to the growing zygote/embryo
(Schulz and Jensen, 1969; Mansfield and Briarty, 1991),
the following observations suggest a different nutrient
transport route for endosperm and embryo: (1) the ex-
tensive starch deposits surrounding the chalazal cyst,
(2) the high transfer activity characterizing the chalazal
end of the embryo sac, (3) the absence of a membrane
system during the syncytial phase of endosperm de-
velopment, and (4) the gradual micropylar-chalazal
starch consumption in the endosperm all indicate that
assimilates are transported along the following path-
way: vascular tissue . proliferating tissue . endo-
sperm. embryo. Although starch accumulation per se
does not represent a carbohydrate translocation pro-
cess, correlations in starch turnover between adjacent
tissues or specific patterns of starch accumulation sug-
gest potential starch degradation, sugar translocation,
and nutrient transport processes (Buell, 1952).

The analysis of starch dynamics in three homozygous
mutants affecting Glc-6-P metabolism or transport
identified GPT1 as the likely translocator related to
starch biosynthesis in heterotrophic floral tissues.While
all reproductive tissues were starchless in pgm1-1, no
major effects on starch dynamics were reported for
pgi1-1. Only sepals showed an appreciable reduction in
starch accumulation in pgi1-1, suggesting that sepals
have a starchmetabolism pathway similar to that of leaf
mesophyll cells. Although mutations in GPT1 were
documented to be embryo lethal, we found that a ho-
mozygous viable allele showed reduced starch accu-
mulation during early flower development and an
effect on starch dynamics in female tissues during an-
thesis and early embryo/silique development. In par-
ticular, starch accumulation in the central cell was
absent in gpt1-3mutants. Indeed,GPT1 transcript levels
were reduced significantly at anthesis in mutant carpels
compared with stamens and sepals. Although these
results show that GPT1 plays an important role in the

Figure 6. ddPCR analysis of GPT1 transcript levels (A) and starch
content (B) in sepals, stamen, and carpels of wild-type (WT) and gpt1-3
flowers at opening. A, ddPCR values are means of measurements of
three biological replicates normalized to 10,000 molecules of IPP2. B,
Starch content values are means of measurements of four biological
replicates. Error bars indicate SE. Asterisks denote a highly significant
value (***, P , 0.01). The inset in A is a ddPCR analysis of GPT1
transcript levels in single biological samples of cauline leaves and
whole flowers.

Figure 5. (Continued.)
receptacle (arrowhead) of young pgi1-1mutant buds. E and F, No starch accumulation is observed in any tissue of cauline leaves
(E) or young buds (F) of the pgm1-1 mutant at the end of the light phase. G and H, While no strong effect is observed on starch
accumulation in cauline leaves (G), an appreciable reduction is seen in young gpt1-3 buds (H) at the end of the light phase. I1 to
I3, Different stages of pgi1-1 stamen development illustrating that the second and third waves of starch accumulation were not
affected. J1 to J3, pgm1-1 stamen at different stages illustrating the absence of starch accumulation during anther development. K1
and K2, Unaffected second (K1) and third (K2) starch synthesis waves in gpt1-3 stamen. L to O, Starch distribution in wild-type (L),
pgi1-1 (M), pgm1-1 (N), and gpt1-3 (O) flowers just before anthesis. Note the reduced starch accumulation in pgi1-1 sepals, the
absence of starch accumulation in the whole pgm1-1 flower, and the reduction of starch accumulation in the gpt1-3 pistil. P,
Typical starch accumulation in wild-type ovules at anthesis. Q, Highly reduced starch accumulation in gpt1-3 ovules. Note the
absence of conspicuous starch accumulation in the central cell. R1, Closeup image of starch accumulation in wild-type ovules.
R2 and R3, Closeup images of reduced (R2) and highly reduced (R3) starch accumulation in gpt1-3 ovules. R4 and R5, Reduced
starch accumulation in gpt1-3 during early embryo development (arrow in R4) and in the silique valves (R5). Note the unaffected
starch accumulation in more advanced seeds. S1 to S3, Unaffected starch accumulation during different stages of ovule and
embryo development in pgi1-1. T1 to T3, Absence of starch accumulation at different stages of ovule and embryo development in
pgm1-1. Bars = 20 mm.
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starch metabolism of reproductive tissues, the unaf-
fected starch dynamics in stamen indicates either a
tissue-specific effect of the T-DNA insertion on the
regulation of GTP1 or the existence of an alternative
pathway for hexose phosphate transport in this organ.

In Silico Analyses of Gene Expression at Specific
Reproductive Stages with High Starch Turnover Unravel
Potential Carbohydrate Metabolic Pathways

Developing microspores and growing pollen tubes
are symplastically isolated, and sugar transport to
these heterotrophic organisms occurs mainly via the
apoplast from the locular fluid of the stamen and the
extracellular matrix of the pistilar transmitting tissue,

respectively. The analysis of gene expression related to
sugar, hexose phosphate, and starch metabolism dur-
ing pollen development revealed highly coordinated
gene expression, with three clusters of transcriptional
activities. The first cluster, which includes most of the
genes for starch synthesis and degradation, character-
ized the early stages of microspore development and
coincided with the starch wave during microgameto-
genesis. This transcriptional coregulation of the three
processes suggests that sugar and hexose phosphate
transport and metabolism genes expressed during this
stage might be related to starch metabolism. They also
suggest that starch synthesis/degradation transcrip-
tional activities are not discrete and temporally sepa-
rated metabolic pathways, in agreement with similar

Figure 7. Model of starch synthesis in pollen grains. A schematic representation is shown for carbohydrate metabolism and
transport in the pollen grain. All expressed isoforms during pollen development are indicated in red. Sugar uptake by the pollen
occurs only via the apoplast, because developing microspores are symplastically isolated. Suc is either transported via the
apoplast (SUC transporters) or metabolized first by cell wall invertases, and the resultingmonosaccharides are transported by STP,
PMT, and INT transporters. In the cytosol, expressed genes of the different metabolic routes for Suc, monosaccharide, hexose
phosphate, and starch metabolism are depicted. Not or lowly expressed but important genes are indicated in green; expressed
genes with unknown functions or with unknown substrate specificities are in blue; and the three genes for which we analyzed
insertional mutants are highlighted by red boxes. Based on these expression patterns, the most likely pathway of starch bio-
synthesis within the developing pollen grain is highlighted in yellow. For the full names of enzymes and genes, see Table I.
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findings during seed development (Andriotis et al.,
2010b). Based on these transcriptional patterns, and the
GPT1-mediated hexose phosphate transport to amylo-
plasts for starch biosynthesis, a model of sugar-starch
metabolism is proposed for the starch wave occurring
during microspore development (Fig. 7, yellow path).
Suc could be metabolized in the apoplast by cwINV4,
and monosaccharides, either derived from invertase
activity or the locular fluid, are likely transported by the
highly expressed STP2 and SWEET8 transporters, the
latter a member of the SUGARS WILL EVENTUALLY
BE EXPORTED TRANSPORTER family. While STP2
was suggested to have a role in Glc uptake (Truernit
et al., 1999), the plasma membrane sugar transporter
SWEET8, which showed the highest expression level,
has been shown to mediate at least Glc transport (Chen
et al., 2010). The rpg1 mutant disrupting SWEET8
revealed its importance for cell integrity and exine
pattern formation (Guan et al., 2008), but whether
it fulfills an uptake activity is unknown. Within the
cytosol, the expression of two isoforms derived from
each of the SPS and SPP genes suggests high Suc bio-
synthetic activities paralleling starch biosynthesis. SUS
gene expression levels remained unaltered during
all stages of pollen development and in vitro pollen
tube growth, pointing toward SUS-independent starch
biosynthesis, a finding that contrasts with the SUS-
based starch biosynthesis suggested for other tissues
(Déjardin et al., 1997; Angeles-Núñez and Tiessen,
2010). Low SUS and high invertase expression levels
imply a higher abundance of Glc and Fru compared
with UDP-Glc. Based on this observation, hexokinases
and cytoplasmic PGI would play an important role in
the pathway producing Fru-6-P and Glu-6-P (Fig. 7);
Glc-6-P is then translocated to plastids by GPT1.
Comparing starch synthesis and degradation between

different reproductive tissues and organs revealed a
variation in the presence/absence or in the specific
expressed isoform for the step-limitingAGPase (whether
it is based on autotrophic or heterotrophic APL
subunits), starch synthase, glucan phosphorylating/
dephosphorylating, and exoamylase genes. While the
prevalence of the specific autotrophic or heterotrophic
APL regulatory subunit might reflect distinct regulatory
starch biosynthesis needs in different tissues (Crevillén
et al., 2003, 2005), the variation in the expressed isoforms
for the starch synthase, and of somemembers within the
degradation pathway, suggests that the different starch
deposits might be structurally distinct.
Starch turnover during early seed development

suggests an important role for the vascular tissue .
chalazal proliferating tissue . chalazal endosperm .
embryo nutrient transport route to nourish endosperm
and embryo, at least during early seed development. A
comparison of transcriptional activities within different
territories of the seed reinforces this view. While glob-
ally similar transcriptional activities in the three regions
of the endosperm can be appreciated, the highest
expression levels of cell wall and cytoplasmic invertases
occur in the chalazal seed coat and the chalazal

endosperm, respectively (Fig. 4E; Supplemental Figs. S3
and S4). But the high expression level of so far
uncharacterized genes of the SWEET and ERDL fami-
lies, either at the whole-seed level or within the chalazal
region, adds a challenging layer of complexity to tra-
ditionally simplified models (Baud et al., 2002; Fallahi
et al., 2008; Wang and Ruan, 2012). Knowledge about
the substrate specificities, subcellular localization, and
function of the members of these families would cer-
tainly improve these models.

Our systematic microscopic and transcriptomic
analyses of starch and sugar metabolism during flower
and early silique development sets the foundation for
further research on metabolic pathways using more
specific microscopic and molecular approaches, in
particular organ-, tissue-, or cell-specific transcriptomic
and gene-silencing techniques (Andriotis et al., 2010a;
Schmid et al., 2015). However, the simple, effective, and
quantitative microscopic technique used here will help
to distinguish between models by analyzing mutants,
either for genes already known to be essential for sugar
and starch metabolism or, to circumvent genetic
redundancy, for multiple mutants representing coex-
pressed genes in specific pathways.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and Sampling

Arabidopsis (Arabidopsis thaliana) variety Columbia-0 plants and homozy-
gous lines for the mutants pgm1-1, pgi1-1, and gpt1-3 were used to characterize
starch turnover during flower and early silique development, to quantify starch
content, and for transcript level analyses. Both wild-type and mutant Arabi-
dopsis seedlings were grown on Murashige and Skoog plates for 8 d, trans-
ferred to ED73 soil (Einheitserde), and grown under 16 h of light and 8 h of
darkness at 21°C and 18°C, respectively. The homozygosity of insertions was
confirmed using the oligonucleotide primers listed in Supplemental Table S1.
To increase the homogeneity between samples, 40 plants with the first flower
opening on the same day were selected, the primary inflorescence of
10 randomly selected plants was fixed toward the end of the light phase (after
approximately 10 h of light) on that day, and 10 additional primary inflores-
cences each were fixed on the subsequent 3 d at the same time.

Histological Detection of Starch

To be able to make a systematic analysis of starch turnover during all flower
stages and the earlyphaseof siliquedevelopment,weuseda recipedevelopedby
Herr (1972), which combines his 41/2 clearing solution (Herr, 1971) with lugol
(lactic acid:chloral hydrate:phenol:clove oil:xylene:I2:KI, 2:2:2:2:1:0.1:0.5, w/w).
Inflorescences from at least 10 plants were fixed either in Carnoy fixative
(ethanol:acetic acid, 3:1, v/v) or in FPA50 (formalin:propionic acid:ethanol
[55%], 5:5:90, v/v) for 24 h and then moved to 70% ethanol and stored at 4°C.
The experiment was repeated three times. While Carnoy-fixed samples were
ideal for tracking starch turnover, allowing much stronger starch staining,
FPA50-fixed samples were used whenever higher structural details were
needed at the expense of a lower starch staining sensitivity. Individual flower
buds were dissected on the slide using the stereomicroscope within a minimal
amount of 70% ethanol, taking care to avoid drying out of the sample and re-
moving sepals and petals. Excess alcohol was absorbed with a blotting paper,
and 20 to 30mL of clearing-staining solutionwas added before placing the cover
slip and gently squashing it. Periodic acid-Schiff staining of insoluble polysac-
charides was done as described previously (Weigel and Glazebrook, 2002). For a
more precise tracking of microspore developmental stages in relation to starch
dynamics, one to two stamens of selected flowers were stained separately with
49,6-diamidino-2-phenylindole (following Park et al., 1998; data not shown).
Microscopic observations were made using differential interference contrast on
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either a Leica DMR or a Leica DM6000 microscope (Leica Microsystems), and
images were captured with a digital camera (Magnafire S99802 [Optronics] or
LeicaDFC450 [LeicaMicrosystems]). Imageswereminimally andhomogenously
processed in Adobe Photoshop Lightroom 6 (Adobe Systems).

Microarray Data Analysis

To gain more insights into dynamic starch turnover, we analyzed the
transcriptional dynamics of genes known tobe related to carbohydrate transport
and metabolism using publicly available microarray data (Honys and Twell,
2004; Pina et al., 2005; Schmid et al., 2005; Yu et al., 2005; Borges et al., 2008;
Wang et al., 2008; Kram et al., 2009; Qin et al., 2009; Wuest et al., 2010; Boavida
et al., 2011; Schmidt et al., 2011; Belmonte et al., 2013). We curated five sets of
microarrays comprising a variety of reproductive tissues and cell types at dif-
ferent stages: (1) specific cell types of germline lineages; (2) individual organs of
the flower before fertilization; (3) flowers, pistils, siliques, and seeds; (4) various
developmental stages of pollen; and (5) ovules before fertilization, as well as
several developmental stages of (6) embryo and endosperm, (7) seed coat, and
(8) whole seeds (Supplemental Table S1). For each set, arrays were RMA nor-
malized (Irizarry et al., 2003) using an updated annotation of the ATH1
microarray (brainarray.mbni.med.umich.edu; TAIRG, version 14). We defined
genes with a log2-transformed expression value above 5 in a given tissue to be
expressed. For a given plot, we removed genes that were (1) not expressed in
any of the tissues shown or (2) expressed stably at a low level (defined as an
average expression level below 5 and a coefficient of variation below 0.15). We
first analyzed candidate genes known to be active in sugar metabolism and
transport within autotrophic source tissues and all their familymembers aswell
as the SUC gene family for Suc transport. Tracking the metabolic pathway, we
then analyzed candidate gene families for the conversion of Glc, Fru, and
UDP-Glc to the different cytosolic hexose phosphate forms and for the trans-
location of Glc-6-P into plastids. Finally, we examined genes implicated in
starch synthesis and degradation and in the transport and metabolism of
degradation products within the cytoplasm (Supplemental Table S1).

ddPCR

All sepals, stamens, and carpels were harvested separately from two flowers
per plant (stage 12 or 13 with flowers where petals were longer than sepals and
just-opened flowers; Smyth et al., 1990) from a total of 36 plants (six plants for
each of the three biological replicates of Columbia-0 and gpt1-3). Flowers were all
chosen from positions corresponding to the first 10 flowers of the first inflores-
cence (avoiding the first two flowers), and each individual organ was dissected
swiftly using a stereomicroscope and immediately placed in a liquid N2-cooled
Eppendorf tube and stored at 280°C. Total RNA was extracted using the
NucleoSpin RNA plant kit (Macherey-Nagel) according to the manufacturer’s
instructions. RNA concentration and purity were determined using a Nanodrop
ND-1000 spectrophotometer (Thermo Scientific). Total RNA (350 ng) was used
for cDNA synthesis using the SuperScript II/oligo(dT) Reverse Transcriptase kit
(Invitrogen) according to the manufacturer’s instructions. The ddPCR assay us-
ing the QX200 Droplet Digital PCR System (Bio-Rad) was performed according
to the manufacturer’s instructions. Different reference genes (ACTIN2, UBC9,
UBC21, PP2A, and IPP2) were assayed using both regular semiquantitative
RT-PCR and ddPCR, and the IPP2 gene was chosen as the ideal reference gene
(primers and amplicon lengths are given in Supplemental Table S1). Similar re-
sults were obtained using PP2A as a reference gene (data not shown). PCRs
(25mL)were preparedwith 13EvaGreen ddPCR Supermix (Bio-Rad), primers at
a final concentration of 100 nM, and 5 mL of cDNA. Droplets were generated
according to the manufacturer’s recommendation. PCR products were amplified
under the following conditions: 95°C for 5 min, 40 cycles of 96°C for 30s and
60°C for 60s, followed by 4°C for 5 min, 90°C for 5 min, and held at 4°C until
processing. PCR-amplified droplets were read individually with the QX200
droplet reader, and the results were analyzed with QuantaSoft software, version
1.4 (Bio-Rad).

Starch Quantification

Toquantify the starch content in the threeflower organs assayedbyddPCR, a
similar separate flower organ sampling procedure was used; we sampled four
biological replicates for each line with 10 flowers per replicate. Sepals, stamens,
and carpels were harvested into liquid N2 and extracted in 200 mL of 0.7 M

perchloric acid as described (Hostettler et al., 2011). Starch in the insoluble
fraction was resuspended in 195 mL of 0.22 M sodium acetate, pH 4.8, and

determined by measuring the amount of Glc released by treatment with
a-amylase (Roche) and amyloglucosidase (Roche) as described (Hostettler et al.,
2011).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries and in the in The Arabidopsis Information Resource under accession
numbersAt5g54800 (GPT1),At4g24620 (PGI/PGI1), andAt5g51820 (PGM1/STF1).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression values (log2 scale) for carbohydrate
transport and metabolism genes during pollen development.

Supplemental Figure S2. Expression values (log2 scale) for hexose phos-
phate and starch metabolism genes during the development of different
flower and silique organs/tissues/cells.

Supplemental Figure S3. Full list of sugar and sugar phosphate transport
and metabolism genes expressed in the chalazal region of the seed.

Supplemental Figure S4. Expression values (log2 scale) for sugar transport
and metabolism genes during the development of different flower and
silique organs/tissues/cells.

Supplemental Table S1. List of the carbohydrate metabolism and trans-
port genes included in this study.
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