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Introduction

Abstract

The seed developmental process involves various tissues with several ploidy
levels and different genetic origins. Therefore, its characterisation at the tran-
scriptome level is certainly a challenge. The hypothesis of endosperm balance
number (EBN) postulates that each species has an effective number that is
important for normal endosperm and seed development to occur. Understand-
ing endosperm formation in apomictic plants is crucial for the perspective of
transferring apomixis to sexual species of agronomic interest. Since sexual
tetraploid Paspalum plants fit the EBN premise, the EBN insensitivity observed
in apomictic plants might be a requirement for the spread of pseudogamous
apomixis. Crosses using several cytotypes of Paspalum notatum were made in
order to induce the development of seeds with different maternal/paternal
genomic ratios in the endosperm. A transcriptome characterisation of ovaries
3 h after pollination was performed using cDNA-AFLP methodology. Forty-six
of the 100 differentially expressed transcript-derived fragments (DETDFs) were
specifically found in crosses in which apomictic plants were used as the female
parent and presented a predicted m: p ratio in the endosperm that was differ-
ent to the 2:1 requirement of the EBN. Moreover, 12 of the DETDFs presented
identity with proteins that were differentially expressed in response to changes
in the levels of extracellular ATP (eATP) in Arabidopsis cell suspension cultures.
eATP is an important molecular switch in plants that tightly controls organellar
energy metabolism and activates gene expression controlling specific growth
and developmental programmes. The results suggest that eATP-mediated sig-
nalling could be involved in the regulation of endosperm development.

development of the seed. Given that the seed devel-
opmental process involves various tissues with several

Seed formation is a key process in the life cycle of flow-
ering plants. Seed development is initiated by the double
fertilisation event with one of the sperm cells fertilising
the egg cell and the other the central cell, leading to the
formation of the embryo and the endosperm, respectively.
Coordinated development of the embryo and endosperm,
each of them with different ploidy levels, takes place
within the embryo sac, which is surrounded by layers
of nucellar cells and integuments that are somatic tis-
sues of maternal origin (Chaudhury et al., 2001; Berger
& Chaudhury, 2009). Therefore, the interrelationship of
the different genomes is what determines the successful
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ploidy levels and different genetic origins, its character-
isation at the transcriptome level is certainly a challenge
(Chaudhury et al., 2001).

In most diploid species the endosperm is a triploid tis-
sue inheriting two maternal genomes and one paternal
genome. It can probably best be termed a new structure,
one of complex morphological nature, characteristic of
the angiosperms only (Eames, 1961). Endosperm devel-
ops rapidly compared to the embryo. It is often partially
or fully resorbed by the embryo early in development
resulting in seeds that are exalbuminous, or it may persist
until germination resulting in albuminous seeds (Brown
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& Lemmon, 2007). Plant species that are members of the
Poaceae, form seeds that are albuminous: the endosperm is
a prominent part of the mature seed. Each single-seeded
fruit, or caryopsis, is produced from an individual carpel,
which itself contributes seed coats and pericarp tissue to
the mature seed (Milligan ef al, 2004). The endosperm
plays the vital role of ‘gatekeeper’ in the angiosperm
life cycle by mediating nutrient transfer from mother to
offspring (Brown & Lemmon, 2007). It is also a major
site of gene imprinting and a tissue where inappropriate
hybridizations/polyploidy are detected, thus preventing a
futile investment in unfit seeds (Gehring et al., 2004).

It is currently accepted that most angiosperms require
certain balance of maternal and paternal genomic contri-
butions for the successful development of the endosperm.
The hypothesis of endosperm balance number (EBN) pos-
tulates that each species has an effective number which
may not necessarily be a direct reflection of its ploidy
level (Johnston et al., 1980). The EBN must maintain a
2:1 ratio (maternal genome : paternal genome) for normal
endosperm and seed development to occur.

Mutations in Arabidopsis genes HAIKU (IKU) cause
a decrease in the size of the endosperm and conse-
quently, in the size of the embryo and seed (Garcia et al.,
2003). The smaller size observed in the endosperm of iku
mutants is accompanied by a reduction of cell elongation
of the integuments, indicating a communication between
these two genetically distinct components of the seed
(Garcia etal., 2005). Moreover, studies conducted in
carrot and corn indicated that the endosperm is a source
of signals involved in embryogenesis (Opsahl-Ferstad
etal.,, 1997; van Hengel et al., 1998). The mechanism by
which the embryo adjusts the degree of cell prolifera-
tion to the available space is not understood. However,
this observation provided evidence of the existence of
a communication from the endosperm to the embryo.
Furthermore, the existence of signals from the embryo
towards the endosperm was revealed by the analysis of
a cyclin dependent kinase (cdc2a) mutant (Nowack et al.,
2006). In cdc2a mutant pollen, only one sperm cell,
instead of two, was produced. Mutant pollen was viable
but could fertilise exclusively the egg cell in the embryo
sac, allowing for a genetic dissection of the double fertil-
isation process. The development of the embryo started
divisions of the unfertilized central cell, suggesting that a
previously unrecognised positive signal from the fertili-
sation of the egg cell initiated proliferation of the central
cell (Nowack et al.,, 2006). While the embryo evolved to
the globular stage, the development of the endosperm in
CDKAI seeds stopped after a few cycles of cell division.
Seeds obtained were small because there was no expan-
sion of the integuments. These observations provided
evidence of the essential role of the endosperm compared
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to relatively limited effect exerted by the embryo on the
control of seed size.

Paspalum notatum Fliiggé is used as a model for
studies of species that reproduce by apomixis. The
species belongs to the Poaceae family and presents albu-
minous endosperm. It has races with different ploidy
levels and linked reproductive characteristics. Diploid
plants (2n=2x=20) reproduce sexually (Burton, 1955)
whereas polyploids (3X, 4%, 5%, 6X) reproduce asexually
by apomixis. The tetraploid cytotype (4n=4x=40) is the
most common and widely distributed while the other
polyploid cytotypes are rare or were experimentally
obtained (Gates efal, 2004). In tetraploid apomictic
P. notatum plants, endosperm formation requires fertil-
isation of polar nuclei (pseudogamy) (Burton, 1948;
Quarin, 1999). The fertilisation of two joined unreduced
polar nuclei (2n+2n) by a reduced sperm nucleus (n)
produces a 4:1 maternal to paternal (m:p) genome ratio
which is different from the ratio in sexual angiosperms
(Grimanelli et al., 1997).

Several research groups have made significant contri-
butions to knowledge of the biology and inheritance of
apomixis in different species (reviewed by Ozias-Akins
& van Dijk, 2007; Tucker & Koltunow, 2009; Pupilli &
Barcaccia, 2012). Most of these studies have focused on
identifying genes involved in the clonal embryo forma-
tion in different apomictic species. However, there have
been very few studies aiming to comprehend endosperm
development in these systems (Quarin, 1999; Albertini
et al., 2004; Polegri et al., 2010; Sharbel et al., 2010). An
understanding of the formation of endosperm in apomicts
is crucial for the perspective of transferring apomixis
to species of agronomic interest. Quarin (1999) inves-
tigated the effect of different sources and ploidy lev-
els of pollen on endosperm formation and seed produc-
tion in aposporous tetraploid (2n=4x=40) P. notatum.
Results indicated that apomictic 4X P. notatum is a pseu-
dogamous species with effective fertilisation of the two
unreduced (2n) polar nuclei by a reduced (n) sperm.
Endosperm development and seed production occurred
independently of the species or the ploidy level of the
pollen donor. Quarin observed that in sexual P. notatum
plants the EBN is effective and seed is produced only
when the m:p ratio is 2:1. However, there is an evident
EBN insensitivity in the apomictic plants. The EBN insen-
sitivity observed in apomictic plants could have arisen as
an imprinting consequence of a high maternal genome
contribution (Quarin, 1999).

The aim of this work was to characterise the transcrip-
tome during EBN-insensitive endosperm formation, ben-
efitting from a set of experimental crosses designed to
generate a diversity of endosperm genome dosages and
seed set outcomes including both sexual and apomictic
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Table 1 Paspalum notatum plants identified according to accessions, ploidy levels, reproductive systems and their source

Ploidy Level And

Plant Chromosome Type of

Identification? Accession Number Reproduction Source

2x S1 H398 2x=20 Sexual Empedrado, Corrientes, Argentina

2x S2 Tifton 9 2x=20 Sexual An individual plant of the commercial cultivar Tifton 9

2x S3 Q4084-8 2x=20 Sexual An individual plant collected in a natural population at Cayasta, Santa Fe,
Argentina

ax A1 Q4117 4x=40 Apomictic Unknown specific locality, state of Rio Grande do Sul, Brazil

ax A2 Q3775 4x=40 Apomictic Municipality of Gomez, Tamaulipas, Mexico

4x S1 Q4188 4x =40 Sexual Sexual hybrid, parents: Q3664 (4x predominantly sexual, Tifton, USA) x
Q3853 (Capivari, Rio Grande do Sul, Brazil)

4x S2 Q4205 4x=40 Sexual Obtained by self-pollination of the facultative apomictic 4x accession Q3664

4x S3 C4-4x 4x=40 Sexual Induced tetraploid derived from a chromosome-duplicated callus sector
obtained by tissue culture and colchicine treatment of a diploid

6x A Q4308 6x=60 Apomictic By, hybrid obtained by 2n + n fertilisation of apomictic 4x accession Q4023

aPlants are classified by ploidy levels (2x = diploid, 4x = tetraploid, 6x = hexaploid) and also by reproductive system (S =sexual, A = apomictic).

scenarios in P. notatum. The study was conducted taking
advantage of the availability of P. notatum races with dif-
ferent ploidy levels as pollen sources.

Materials and methods
Plant material and crosses

Experimental crosses using several races of P. notatum
were made in order to induce the development of seeds
with different maternal/paternal genomic ratios in the
endosperm. The plants differed in ploidy levels and repro-
ductive systems: two were apomictic tetraploids: 4x Al
and 4x A2; three were sexual tetraploids: 4x S1, 4x S2
and 4x S3; three were sexual diploids: 2x S1, 2x S2 and
2% S3; and one was an apomictic hexaploid: 6x A. The
origin of these plants and the different combinations of
crosses are described in Tables 1 and 2, respectively. The
parental combinations of crosses were selected based on
the information generated by Quarin (1999). In that pre-
vious study, sexual diploid and tetraploid plants of P. nota-
tum only produced seed when there was an endosperm
genome ratio of 2:1 (maternal genome : paternal genome)
as it was expected for sexual species considering the EBN
theory. However, apomictic tetraploid plants of P. notatum
did produce seed in spite of the pollinator being diploid
or polyploid (Quarin, 1999). In P. notatum double fertil-
isation occurs between 30min and 2h after pollination
(C.L. Quarin, personal communication). Thus, ovaries
were isolated 3 h after pollination in order to detect dif-
ferences during the early formation of P. notatum seeds. A
minimum of 20 ovaries for each cross were harvested and
frozen in liquid nitrogen.

A day before anthesis, rooted culms bearing pani-
cles due to flower the following day were collected and
immediately placed in a jar with water. The collected
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Table 2 Crosses between different genotypes of Paspalum notatum with
different ploidy levels and reproductive systems

Expected Expected Expected
Ploidy Ploidy m:p Genome
Female of the of the Ratio in the
Parent? Pollinator®  Embryo Endosperm Endosperm
4x A1 2x S1° 4x (2n+0) 9% (2n+2n+n) 8:1
2x S2b 4% (2n+0) 9Xx (2n+2n+n) 8:1
4x A2V 4x 2n+0) 10x 2n+2n+n) 41
4x S3P 4x (2n+0) 10x 2n+2n+n) 4:1
6x AP 4x (2n +0) 11x 2n+2n+n) 8:3
4x S1 2x S1¢ 3x (n+n) 5x (N+n+n) 4:1
4x A2b 4x (n+n) 6x (N+n+n) 2:1
4x S2 2x S2¢ 3x (n+n) 5x (N+n+n) 4:1
6x A¢ 5x (n+n) 7x(N+n+n) 4:3
4x S3 2x S3¢ 3x (n+n) 5x (N+n+n) 4:1

aParents are classified by ploidy levels (2x=diploid, 4x=tetraploid,
6x = hexaploid) and also by reproductive system (S =sexual, A =apomictic).
bCrosses that are expected to produce seed normally.

€Crosses that are not expected to produce seed.

culms were then placed in an artificial fog chamber which
started misting the next day, 2 h before sunrise. Anthesis
occurred around sunrise and the high level of air humidity
prevented the dehiscence of anthers. Since floral matura-
tion along an inflorescence varies, spikelets that were at
anthesis were selected based on stigma and anther protru-
sion and marked with a waterproof permanent marker.
Sharp pointed tweezers were used to remove the anthers.
Emasculated inflorescences were dusted with the desired
pollen. Inflorescences were covered with glassine bags
after pollination to prevent contamination with pollen
from undesired sources. The jars were then placed in a
shaded corner of the glasshouse where they remained for
3 h after pollination.

Emasculated inflorescences of the control plant
(Q4117, 4x A, emasculated and unpollinated) were
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covered with a clean glassine bag to prevent contamina-
tion with pollen from undesired sources. The jars were
then placed in a shaded corner of the glasshouse where
they remained for 3 h. Ovaries of the control plant were
harvested 3 h after emasculation.

RNA isolation and cDNA synthesis

Total RNA was extracted from frozen ovaries using SV
Total RNA Isolation System (Promega, Madison, WI,
USA), according to the manufacturer’s protocol. RNA
quality and yield were assessed by spectrophotometry
and agarose gel electrophoresis as described by Sambrook
& Russell (2001). Double stranded cDNA was synthesised
and purified as indicated in Vuylsteke ef al. (2007) with
minor modifications. Briefly, 10 uL total RNA for each
sample (approximately 0.3 pg) were used for first strand
c¢DNA synthesis with a biotinylated oligo-dT primer and
the SuperScript Reverse Transcriptase (Invitrogen Life
Technologies, California, CA, USA) according to the
manufacturer’s instructions. Then, 140 pL second strand
¢DNA synthesis mix [16 pL 10x second strand buffer,
3 pL 10 mM dNTP mix, 0.16 pL ribonuclease H (10U pL™!),
3.5uL DNA polymerase I (10UpL™!') and 117 uL H,O]
were added to this reaction mixture and incubated for
1 hat 12°C, followed by 1 h at 22°C.

cDNA-AFLP analysis

A cDNA-AFLP analysis was performed as described by
Vuylsteke et al. (2007) and Xiao et al. (2009) with some
modifications. Transcript-derived fragments (TDFs) were
generated by digestion of the ds cDNAs with CviAIl and
Tagl restriction enzymes (New England Biolabs, Ipswich,
MA, USA) as indicated in Stolting et al. (2009). After gen-
eration of double stranded cDNA, 320 pL of buffer NT
(Nucleospin Extract II kit, Macherey-Nagel, Diiren, Ger-
many) were mixed with 160 pL of second strand reaction
mixture. A NucleoSpin Extract II column was placed into
a 2-mL Nucleospin collecting tube and loaded with the
sample. Then, it was centrifuged for 1 min at 11000g
and the flow-through discarded. The column was washed
with 600 pL of NT3 buffer and the sample was eluted using
30 pL of NE elution buffer. The cDNA (20 pL) was digested
with the first restriction enzyme, CviAIl in a final volume
of 40 uL, for 2h at 25°C. After this time, 40 pL (100 pg)
of resuspended streptavidin-coated Dynabeads (Promega)
were added to the digested cDNA fragments to give a
final volume of 80puL and incubated at room tempera-
ture for 30 min. The immobilised biotinylated 3’-terminal
¢DNA fragments were collected with a magnet and the
supernatants removed with a pipette. The beads were
released from the magnet and washed 5 times with 100 pL
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1x STEX butfer (1 M NaCl, 10 mM Tris—HCIl pH8.0, 1M
EDTA pH 8.0 and 1 mL/100 mL Triton X-100). Finally, the
beads were collected with the magnet, buffer STEX was
removed with a pipette and the beads were resuspended
in 30 pL TE buffer (10:0.1). For the second digestion step,
10 pL of the second digestion mix (10x buffer, 10U Tagl
and H,0) were added to the 30 pL bead suspension, and
incubated for 2h at 65°C with gentle agitation to ensure
that the beads are resuspended. After that time, the beads
were collected using the magnet and the supernatant
(containing the liberated template fragments) transferred
to a fresh tube for adapter ligation. The TDFs were then
subjected to adaptor ligation as described by Vuylsteke
et al. (2007), except that the ligation was used as template
in the pre-amplification reaction without dilution. The
sequences of primers and adaptors used for cDNA-AFLP
analyses are listed in Table S1, Supporting Information.

A pre-amplification reaction was performed using
the adaptor ligated double stranded cDNA fragments as
templates and oligonucleotides complementary to the
corresponding adaptors as primers as described by Xiao
et al. (2009). In a second round of amplification, indepen-
dent subpopulations of the pre-amplified cDNA fragments
were selectively re-amplified. The selective primers used
during this step were identical to the pre-amplification
primers but were extended by one nucleotide at the 3’
end. Pre-amplified cDNA fragments were diluted one
fourth and used as templates in selective amplification
reactions. PCR profiles were as follows: 95°C, 5min; 12
cycles of 94°C, 30s; 65°C (decrease of 0.7°C each cycle),
30s; 72°C, 1 min, and 24 cycles of 94°C, 30s; 55°C, 30s;
72°C, 1 min; followed by a final extension step (72°C,
10min) as indicated by Xiao etal. (2009). Amplifica-
tion reactions were supplemented with 10 pL of loading
buffer (98% mv~! formamide, 10mM EDTA pHS.0,
bromophenol blue and xylene cyanol) denatured at 96°C
for 3 min and loaded onto 6% denaturing polyacrylamide
gels. A molecular weight marker (100-1500bp; New
England Biolabs) was loaded into the polyacrylamide gels
in order to estimate the molecular weights of the bands
obtained by cDNA-AFLP. Electrophoresis was carried
out at 60 W for approximately 3 h using 0.5x TBE and
1x TBE pH 8.0 buffers (100 mM Tris—HCl, 90 mM boric
acid, 1 mM EDTA pH 8.0) in the upper and lower tanks,
respectively. Gels were stained using the DNA Silver
Staining System (Promega). To assess the reproducibility
of the electrophoresis results, two aliquots of several PCR
reactions were run in different gels.

Isolation and sequencing of DETDFs

Gels run to isolate DETDFs were loaded with the ampli-
fication reactions obtained using the most informative
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primer combinations and technical replicates (separate
PCR reactions employing the same selective primer
pair). Gel slices containing DETDFs (bands present, or
showing significant higher intensity, in at least one cross
compared to the other crosses in the same gel) were
identified and excised from the polyacrylamide gel,
crushed with a micropipette tip and incubated in 30 pL
of elution buffer (0.5M NH,Ac, I mM EDTA pH&.0)
for 4h at 37°C with occasional vortexing. The eluted
DNA fragments were then PCR re-amplified using 1 pL
of the eluted sample as a template, the respective primer
combination used during the second round of ampli-
fication and the conditions described for the selective
amplification reactions. The resulting PCR products were
checked on 2% (mv~!) agarose gels as described by
Sambrook and Russell (2001). Those presenting with
the correct size and quality were sent to Macrogen for
sequencing analysis (Macrogen, Seoul, Korea). Sequence
data from this article have been deposited in the Gen-
Bank database under the accession numbers JZ515891 to
JZ515970.

Gene function analysis

High quality, unique sequences were analysed for best
homology to infer protein functions. Database searches
were performed using the BLAST Network Service
(NCBI, National Center for Biotechnology Informa-
tion, http://www.ncbi.nlm.nih.gov/BLAST). Sequences
were blasted on the non-human, non-mouse expressed
sequence tag (EST) database (BLASTn) and to a non-
redundant protein sequence database (BLASTx). The best
EST hits were then blasted on a non-redundant protein
sequence database using BLASTx. To infer the most likely
biological tunction, the sequences of the best matching
protein found in all searches were blasted against the
Arabidopsis informative resource (TAIR) protein database
using BLASTp. Best-hit proteins were submitted to the
GO annotation tool at TAIR to search for putative molec-
ular functions and related biological processes. In silico
mapping onto rice chromosomes was performed with the
best hits on The Institute for Genomic Research (TIGR)
database using the BLASTn option.

Embryo sac observations

Inflorescences were fixed in FAA (18 70% v/v ethanol: 1
37% v/v formaldehyde: 1 glacial acetic acid) 48 h after
pollination. After 24 h, inflorescences were transferred
and stored until the analysis in 70% v/v ethanol. The
pistils were then dissected out of the florets and cleared
for approximately 2h using 3% v/v H,0,. The rest of
the clearing procedure was accomplished following the
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technique developed by Young ef al. (1979). Ovules were
rinsed for 30 min in each of the following solutions: 50%
v/v ethanol, 70% v/v ethanol, 95% v/v ethanol and
finally, absolute ethanol twice. Then, the samples were
incubated for 30 min in each of the following mixes: 50%
v/v methyl salicylate plus 50% v/v ethanol, 75% v/v
methyl salicylate plus 25% v/v ethanol, 85% v/v methyl
salicylate plus 15% v/v ethanol and finally, 100% v/v
methyl salicylate overnight. The ovaries were observed
in order to determine the degree of development of
embryo and endosperm using a microscope equipped
with a differential interference contrast (DIC) system. A
minimum of 20 ovules were observed from at least two
different inflorescences.

Real-time PCR

Total RNA was obtained using SV Total RNA isolation
system (Promega) according to the instructions provided
by the manufacturer in two independent experiments.
Two biological replicates (different RNA extractions from
two experimental crosses) were used in real-time PCR
experiments: one of the RNA samples was the same that
was used in the cDNA-AFLP analysis, and the second RNA
sample was obtained from ovaries of a replicated cross of
P. notatum genotypes. This isolation system included a step
for DNAse treatment. cDNA was synthesised from 200 ng
total RNA with the Superscript I enzyme (Invitrogen Life
Technologies) and d(T)15 oligonucleotide, following the
manufacturer’s instructions.

DETDEF-specific primer sequences were designed with
Primer3 v.0.4.0 software (Rozen and Skaletsky 2000).
Primer sequences used to study the expression of selected
DETDFs and the expected sizes of PCR products are indi-
cated in Table S2. Real-time PCR analysis was performed
using the Rotor-Gene Q (Qiagen®, Hilden, Germany)
thermal cycler. Reactions were performed on two biolog-
ical replicates (different RNA extractions from two exper-
imental crosses), using six technical replicates. The reac-
tion contained 1x SYBR Green PCR Master Mix (Mezcla
Real®, Biodynamics, Buenos Aires, Argentina), 400 nM
of the forward and reverse gene-specific primers and
1pL cDNA (1:5 dilution) in a final volume of 15pL.
No-template controls were also included. Each cycle con-
sisted of denaturation for 15s at 94°C, annealing for
60s at 58°C or 60°C (depending on the primer pair),
and extension for 60s at 72°C. Specificity of the ampli-
fication reactions was assessed by melting curve anal-
yses, which were run at 95°C for 15s and 60°C for
15s followed by an increase in temperature from 60
to 85°C (0.2°Cs™!). Quantification cycle (Cq) and effi-
ciency (E) for each amplicon were obtained from the
Comparative Quantitation software supplied by Corbett
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Research for Rotor Gene. f-tubulin was probed to be sta-
ble throughout the reproductive developmental stages
in sexual and apomictic P. notatum (Felitti etal., 2011;
Podio et al., 2014). Therefore, p-tubulin was selected as
a suitable reference gene to analyze gene expression
levels in P notatum ovaries (Pfaffl etal, 2004). Nor-
malised expression value for each gene was calculated
based on amplification efficiency (E) and Cq in compari-
son to the reference gene according to Simon’s formula
(Simon, 2003). Data were tested for statistical signifi-
cance using the Kruskal Wallis test. Statistical analyses
were performed using agricolae package of R software
(http://www.r-project.org/).

Results

Analysis of differentially expressed genes during seed
formation in Paspalum notatum

In order to characterise the transcriptome at the start
of embryogenesis and seed formation, crosses involving
several races of P. motatum were performed to obtain a
diversity of endosperm genome dosages and seed set out-
comes including both sexual and apomictic scenarios. The
races used differed in ploidy levels and reproductive sys-
tems (Table 2). Ovaries were isolated 3 h after pollination
and the transcriptome characterisation of the samples was
conducted using cDNA-AFLP methodology.

A total of 16 primer combinations were used for
this analysis (Table S1). The expression profiles were
highly reproducible. Each combination of primers pro-
duced, on average, patterns of approximately 30 frag-
ments, which ranged from 100 to 800bp. A section of a
typical cDNA-AFLP polyacrylamide gel profile is shown
in Fig. 1. The control was obtained from an emasculated
tetraploid apomictic plant (4x A1) (Table 1) that was then
not pollinated and ovaries isolated 3 h after emasculation.
Since seed development did not start in this control plant,
the expression pattern obtained should reflect the tran-
scriptome present in the ovule at the onset of the process,
just prior to double fertilisation. A very low number of
bands was observed in this sample compared to most of
the crosses analysed (Fig. 1).

A total of 3960 scorable TDFs were detected. Of these,
423 bands were isolated from gels loaded with five to
six crosses using the most informative primer combi-
nations and technical replicates, PCR re-amplified and
fragment sizes were confirmed in agarose gels (data not
shown). These TDFs differed in either presence/absence
or intensity along the different crosses and therefore
were considered to be differentially expressed (DETDFs).
Hundred DETDFs were successfully sequenced (Table 3),
presenting a size range of 102—-667 bp with an average
length of 384 bp.
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Figure 1 Example of the results obtained using the cDNA-AFLP analysis.
TDFs resulting from selective amplification by using three combinations of
primers (indicated in the top of the figure). The primers used in these reactions
included the forward primers CviAllselA and CviAllselC and three different
reverse primers: TaqlselT, TaglselA and TaglselC. Rows correspond to five
crosses and control sample: control (C), 4x A1 x4x A2 (1), 4x STx4x A2 (2),
4x A1 x2x S1(3), 4x S1x 2x S1 (4) and C4-4x x Q4084-8 (5). Arrows indicate
examples of some of the DETDFs that were selected in the analysis.

Classification of DETDFs

The 100 DETDFs were sorted into 12 functional cat-
egories. The largest sets of genes corresponded to the
functional groups involved in transcription (10%), signal
transduction, metabolism and cell structure (8% each). A
minor number of DETDFs belonged to the protein des-
tination and storage (7%), intracellular traffic (6%) and
regulation of gene expression (4%). The remaining 12%
of the sequences were classified as being involved in
disease/defence, transporters, secondary metabolism and
protein synthesis. Finally, 40% of the analysed sequences
were included in the unknown category (Fig. 2).
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= Protein synthesis
= Secondary metabolism
® Transporters
= Disease/defense
= Regulation of gene expression
“Intracellular traffic
® Protein destination and storage
= Cell structure
= Metabolism
= Signal transduction
" Transcription
Unknown

Figure 2 Functional categories assigned to 100 DETDFs (differentially expressed transcript-derived fragments) identified by cDNA-AFLP analysis. The transcripts
were isolated and sequenced from ovaries obtained from different crosses of Paspalum notatum 3 h after pollination. The sequences of the best matching protein
found in all searches were blasted against the Arabidopsis informative resource (TAIR) protein database using BLASTp. Best-hit proteins were submitted to the
GO annotation tool at TAIR to search for putative molecular functions and related biological processes. The numbers indicate percentages of DETDFs grouped

into each functional category.

Five DETDFs were expressed only when the predicted
m:p ratio in the endosperm was 2:1 using a tetraploid
sexual plant as a female parent (Table 3, Class A). This case
could be considered as the normal situation and there-
fore, seeds could be expected to be formed. The sequences
in this group (AC13, AC14, CC11, CC15 and TG1) were
classified as being involved in cell structure, metabolism,
intracellular traffic and unknown categories (Table S3).

Table 3 Classes of DETDFs?

Also, 21 DETDFs were expressed only when the predicted
m:p ratio in the endosperm was 4:1 using a tetraploid
sexual plant as the female parent (Table 3, Class B). In
this case, the m:p ratio was different from the 2:1 ratio
necessary to fulfil the EBN hypothesis and no seeds were
expected to be formed. Five sequences (AA5, AA7, AA9,
AA14 and GG11) probably regulate transcription either
directly or by modifying chromatin structure (Table S3).

APQP SEXP
Expression Pattern Seed Set Class 4:1¢ 8:1¢ 8:3¢ 2:1¢ 4:1¢ Total of DETDFs
Sexuals only (EBN-sensitive) Yes A X 5
No B X 21
Yes/No C X X 2
Apomicts only (EBN-insensitive) Yes D 25
Yes E X 2
Yes F X 1
Yes G X 4
Yes H X X 14
Apomicts and sexuals Yes | X 4
Yes J X X 1
Yes K X X 2
Yes/No L X 2
Yes/No M X X 2
Yes/Yes/No N X X 3
Yes/Yes/No o} X X X 3
Yes/Yes/No P X X X 2
Yes/Yes/Yes/No Q X X X 5
Control only No R 2
Total 100

aPaspalum notatum DETDFs classification based on the comparative gene expression patterns among the various reproductive scenarios.

bReproductive mode of the plant used as the female parent in the cross.
¢Predicted m: p ratio in the endosperm.
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Also, CC14 and GG1 belong to the protein destination and
storage category with cysteine peptidase and ubiquitin
protein ligase activities, respectively. AA6, a lectin-like
receptor kinase, and CG3, a cysteine-rich receptor-like
protein kinase, were included in the signal transduction
category. Finally, GA5 presented identity with a trans-
membrane amino acid permease transporter and CA10
with a glutamine synthetase (Table S3). Finally, ten of
these 21 TDFs were proteins with no assigned function
(Table S3). Only two DETDFs were expressed when the
predicted m:p ratios in the endosperm were 2:1 and
4:1 using a tetraploid sexual plant as the female parent
(Table 3, Class C). One of these transcripts encodes a ribo-
somal protein and the second a predicted protein with
unknown function (Table S3). Since these DETDFs could
be inducing or repressing pathways that result in seed
abortion in sexual P. notatum plants with m:p ratios dif-
ferent to the 2:1 relation found in most angiosperms, they
are interesting candidates for functional analyses.

On the other hand, 46 transcripts were expressed in
EBN-insensitive seed set when a tetraploid apomictic
plant was used as a female parent and the predicted m:p
ratio in the endosperm is ditferent from 2:1 present in
most angiosperms (Table 3, Classes D to H). Out of them,
25 DETDFs were expressed only when the predicted m: p
ratio in the endosperm was 4:1 using a tetraploid apomic-
tic as the female parent (Table 3, Class D). A considerably
lower number of DETDFs (3) were expressed only when
m:p predicted ratios were 8:1 or 8:3, using a tetraploid
apomictic as the female parent (Table 3, Classes E and
F). Since tetraploid apomictic plants are insensitive to the
EBN, seeds are formed in the three as situations described
above. In addition to that, four and 14 DETDFs were
expressed in common when m: p ratios were 4:1/8:1 and
8:1/8:3, respectively (Table 3, Classes G and H). Of these
46 sequences, five transcripts (AC2, CA6, CC6, GA3 and
TA4) were probably involved in intracellular signal trans-
duction, and another six (CA7, CA12, GA1l, GG10, GG15
and GG16) were predicted to function in transcription and
regulation of gene expression (Tables 4a and 4b). Also,
three transcripts were associated with the organisation of
the cytoskeleton (AC3, AG2 and CC2) and one (ACI12)
with the plant cell wall (Tables 4a and 4b). Finally, 16 gene
products (AG6, AG7, CC4, CC10, CC16, CC17, GC1, GGS6,
GG9, GA4, AA3, GA8, AC10, GG13, GG17 and TA5) were
possibly functioning in protein synthesis, protein desti-
nation and storage, intracellular traffic, disease/defence
and participating in several metabolic pathways (Tables 4a
and 4b). The remaining 15 sequences were classified as
unknown function.

Moreover, seven DETDFs were expressed when seeds
are formed regardless of the EBN and may represent
the basal seed formation expression set. These transcripts

S.A. Felitti et al.

were found in the following situations: four sequences in
common between S2:1 and A4:1 (Table 3, Class I); one in
S2:1, A4:1 and A8:1 (Table 3, Class J) and two sequences
in common between and S2:1 and A8:3 (Table 3, Class
K). They were classified as being part of transcription,
cell structure, disease/defence, metabolism, signal trans-
duction and unknown categories (Table S3). All these
transcripts seem to participate in cellular processes that
are essential for cell survival, such as methyltransferases
that modify histones, proteins that are enzymes of key
metabolic pathways or participate in signal transduction.
In order to estimate the percentages of these DETDFs
that were expressed in the different parts of the develop-
ing seed, we performed an in silico comparison with EST
collections available in public databases (ESTdb NCBI).
Local BLASTn (blast-2.2.28+) searches (Zhang etal.,
2000) were performed in order to compare the sequences.
Twenty-six DETDFs presented identity with sequences
expressed in barley, maize, rice and wheat endosperm. In
contrast, 20 P. notatum sequences showed identity with
barley, maize, rice and wheat embryo-specific sequences
(Table S4). Hence, even though the 100 sequences anal-
ysed in this work are expressed in whole developing
seeds, and at this stage only the binucleated central cell
could be observed, we can assume that at least 26% of
them are transcripts that could be associated with the
development of the endosperm in P. notatum.

Endosperm and embryo development (DIC
microscopy)

The development of the endosperm and the embryo were
studied in order to determine if both happen in a coor-
dinated manner when containing different ploidy levels.
The crosses analysed were: 4x A1 X 2x S1, 4x S2X2x S2
and 4x S1 X 2x S2, 48 h after pollination (Tables 1 and 2). A
minimum of 20 ovules from at least two different inflores-
cences were observed using a microscope equipped with
a DIC system. It was determined that 48 h after pollina-
tion, the endosperm from the sexual 4x X 2x cross was
small, occupying a small portion of the ovule, and has
stopped growing (Fig. 3). In contrast, the endosperm from
the apomictic 4x X 2x cross occupied most of the ovule and
continued growing (Fig. 3).

Expression analysis

The expression patterns of some DETDFs were analysed
by real-time PCR. The selected sequences were AC10,
AC5, GG17, TC2 and CGl. Since transcripts expressed
in the EBN-insensitive seed set are the most interest-
ing transcripts for further characterisation, four out of
the five (AC10, AC5, GG17 and CG1) genes analysed
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Figure 3 Embryo and endosperm observed in bahiagrass 48 h after pollination. (a) Ovaries from a 4x A1 plant (Q4117) pollinated by a 2x S2 plant (Tifton 9).
(b) Ovaries from a 4x S2 plant that has been pollinated by a 2x S2 plant (Tifton 9). Magnification: x200.

by qPCR belonged to this group of DETDFs (Table 3,
Class H). Additionally, TC2 was one of the transcripts
associated with EBN-sensitive (no seed set) fertilisation
scenario (Table 3, Class B), the largest group contain-
ing 21 DETDFs. Transcript AC10 was putatively involved
in amino acid metabolism, whereas AC5 was classified
as hypothetical protein and GG17 in intracellular pro-
tein transport (Table 4b). The other two TDFs (CG1 and
TC2) presented identity with sequences with no assigned
function (Tables 4b and S4). The expression profiles were
confirmed for TDFs AC10, AC5, GG17 and CG1. These
transcripts were identified by ¢cDNA-AFLP analysis as
being expressed in crosses that were expected to form
seeds (Table 3, Class H). Indeed, relative expression val-
ues observed for these TDFs were significantly higher
in crosses 4x Al x2x S1 and 4x Al xX4x A2 compared
to 4x S1x2x S1 (Fig. 4). However, the expression pat-
tern observed by cDNA-AFLP could not be confirmed by
real-time PCR for TC2 (Fig. 4). TC2 was originally isolated
from crosses that did not form seeds (Table 3, Class B).

Discussion

Seeds are the major resource for human nutrition and
animal feed throughout the world. They are also raw
material for industry and the production of alternative
energy. The understanding of seed formation is essential
to improve grain properties with respect to yield, nutri-
tional value or industrial usage (Guillon etal., 2012).
Despite its wide distribution in the flowering plants,
apomixis is present only in some species of agronomic
interest, which include a group of forage grasses, cassava,
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Figure 4 Real-time PCR showing the expression levels for selected TDFs that
are indicated below the axis. Each TDF was analysed separately. Columns
show relative expression values (normalised expression relative to the lowest
normalised value for each gene) and bars indicate errors. Columns with the
same letter are not significantly different. Crosses are indicated in the figure.
The experiment was performed on two biological replicates (different RNA
extractions from two experimental crosses), using six technical replicates.

apple, citrus, mango and strawberries (Dwivedi etal.,
2010). Transferring apomixis to major crops worldwide
would produce a huge impact on agriculture since it
would enable the establishment of hybrid combina-
tions, and their maintenance and propagation by seed
(Vielle-Calzada et al., 1996; Dwivedi etal, 2010). The
prospect of cloning genotypes has great potential due
to increasing commercialization of hybrids in differ-
ent crops and the enormous cost that represents the
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annual generation of hybrid seed. This applies to both,
cross-pollinated crops such as corn and sunflower and
also for autogamous crops such as rice and cotton. It
would also be an important aid for farmers in developing
countries, enabling them to sustain high yields year after
year using part of their own harvested seeds.

In this work we identified DETDFs associated with the
formation of seeds in P. notatum. A transcriptome analysis
of ovaries (3 h after pollination) allowed the characterisa-
tion of 100 DETDFs that showed ditferential expression
patterns during the initial phase of seed development.
The spatial and temporal regulation of seed maturation
requires the concerted action of several signalling path-
ways integrating information from genetic programmes,
from hormonal signals, as well as from metabolic signals
(Weber et al., 2010). During the initial pre-storage phase,
which is characterised by maternal control, organogen-
esis and morphogenesis occur on the basis of high cell
division activity (Weber et al., 2010). Whereas the embryo
quickly organises meristems, the endosperm is essen-
tially without meristems and matures into a short-lived,
terminal structure specialised for food storage (Brown
& Lemmon, 2007). Even when there could be differ-
ences in pollen tube growth rates depending on pollen
ploidy, it could be assumed, based on the information
available for other species of the same genus (Burson,
1987), that double fertilisation occurs before 3 h of pol-
lination in P. notatum. Furthermore, there were no visible
early endosperm formation differences between sexual
and apomictic fertilisation programmes 3 h after pollina-
tion. Only the binucleated central cell and the egg cell
could be observed at this stage in the pollinated ovaries
(Acufa et al., 2009).

An important percentage of the transcripts identified
in this work belonging to the metabolism and cell struc-
ture functional categories, were predicted to function
in amino acid metabolism and transport, cell wall and
cytoskeleton organisation (Fig. 2). These three processes
play fundamental roles during the active cell division that
occurs in the initial phase of seed development. Espe-
cially, the cytoskeleton is a key factor for the unique
developmental pathway of cereal endosperm. It includes
a specific programme of changes in the cell and micro-
tubule cycles leading to an assemblage of plant tissues spe-
cialised for uptake of metabolites (transfer cells), storage
of food reserves (starchy endosperm), and enzyme syn-
thesis (aleurone) (Brown & Lemmon, 2007). It could be
hypothesised that the transcripts detected at this stage in
P. notatum pollinated ovaries are accumulating to prepare
the central cell for the active cell division that occurs at
the beginning of endosperm formation. It is worth men-
tioning that by using local tBLASTx search (blast-2.2.28+)
only one of the 100 DETDFs presented identity with genes
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known to be expressed in the central cell (Liu et al., 2010).
CC6 transcript presented low identity (e value 0.008)
with AT4G24974, a self-incompatibility protein-like (Liu
etal., 2010). This result could be consequence of the
cDNA-AFLP technique, in which the choice of the restric-
tion enzymes used to digest the cDNAs is critical. Nev-
ertheless, even using the best combination of restriction
enzymes, a percentage of the transcripts present in the
samples will be missed in the cDNA-AFLP analysis.

The endosperm has a major influence on seed mass,
and because it makes up most of the cereal seed, genes
that affect endosperm growth have direct effects on seed
size (Ohto et al., 2007). A model states that the final seed
size is determined by the product of the seed growth rate
(SGR) and the seed fill duration (Egli, 1998). In addition
to that, SGR is influenced by a genetic component, regu-
lated by the seed itself through the number of cells in the
endosperm (or the cotyledons), and environmental com-
ponents, such as temperature and water availability (Egli,
1998). The termination of seed growth when assimilate is
still available requires a regulatory mechanism in the seed
(Egli, 2004). However, more research is needed to find
out the reasons why seeds stop growing and the factors
determining the seed number.

Observations of P. notatum ovaries 48 h after pollination
indicated that the volume of the cellularized endosperm
is considerably bigger in ovaries of the apomictic plant
compared with the sexual plant (Fig. 3) when male par-
ents are 2x plants. Genes expressed differentially in these
tissues might be interesting candidates to be further inves-
tigated in relation to the number of cells in the endosperm
and, therefore, to the final seed size. Particularly in this
species, the reproductive mode adds another level of com-
plexity to the process. The endosperm of a sexual plant
has a maternal genomic contribution in concordance
with its ploidy level, while an apomictic plant provides
two unreduced polar nuclei for endosperm formation
(Quarin, 1999). Therefore, the maternal contributions
are different. In fact, several genetic mechanisms have
been proposed to explain the parent-of-origin effects
observed during seed development, including the dis-
proportionate maternal contribution to the endosperm,
plastidic and cytoplasmic inheritance, expression of genes
in the gametophytes and gametes, and differential expres-
sion of parental alleles in the developing seed (Dilkes
& Comai, 2004). Dilkes & Comai (2004) introduced a
broader model to reinterpret parent-of-origin effects
based on dosage. This model is still compatible with the
EBN hypothesis and states that differentially contributed
dosage-sensitive components interact to produce a viable
endosperm.

Crossing plants with different ploidy levels often alters
seed development, generating reciprocal phenotypes

Ann Appl Biol (2015)
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depending on the direction of the cross. In general, an
increased ratio of paternally to maternally contributed
genomes in the seed (‘paternal excess’) is associated with
increased growth of endosperm, while an increased ratio
of maternal to paternal genomes (‘maternal excess’)
inhibits endosperm growth (Haig & Westoby, 1991;
Gehring et al., 2004). A widely accepted interpretation
of interploidy cross phenotypes is that they disrupt
the balance in the seed of active copies of parentally
imprinted genes, which, depending on the particular
gene, are expressed from only the maternal or only the
paternal alleles (Tiwari efal, 2010). Fifty-eight of the
100 transcripts identified in this work were expressed
in crosses that set seeds in P. notatum (Table 3). More-
over, 46 of the 58 sequences were specifically found
in crosses in which apomictic plants were used as the
female parent and presented a predicted m:p ratio in
the endosperm that was different to the 2:1 require-
ment of the EBN (Table 3, Classes A, D-K; Tables 4a
and 4b). Tiwari etal. (2010) studied the transcriptional
profiles underlying parent-of-origin effects in seeds of
A. thaliana using microarrays. These authors stated that
over-expression of genes observed in their experiments
is much more likely to reflect genuine changes in devel-
opmental programmes than simply the presence of extra
copies of genes in seeds with increased ploidy. Only two
of the 46 DETDFs of P. notatum, CC4 and CC16 (both
similar to a PRLI-interacting factor K participating in
ubiquitin-dependent protein catabolism, AT4G15420;
Table 3, Class D; Table 4a) were found in common with
the list of up-regulated genes in crosses with maternal
excess (Tiwari et al., 2010). However, it is worth high-
lighting that these 46 transcripts were isolated from
crosses of P. nmotatum plants with maternal excess in the
seeds, and therefore they should have shown inhib-
ited endosperm growth. Strikingly, these crosses were
EBN-insensitive, presented endosperm cellularization
(Figure 3A) and produced seeds. It is possible that our
results are also a consequence of altered expression
programmes. Nonetheless, since a ‘paternalized seed’
phenotype was observed in crosses with maternal excess
in P. notatum, there should be particular alterations in
gene expression that are specifically taking place in
apomictic plants.

One of these 46 transcripts (GG13) presented 84%
identity with a rice protein disulphide isomerase-like
PDIL2-1 (Table 4b). Protein disulphide isomerases (PDI)
play important roles in the maturation of secreted or
plasma membrane proteins. Considering that an extracel-
lular PDI was shown to be important for gamete fusion
in mammals (Ellerman et al, 2006), Wang et al. (2008)
observed that several PDI-like genes were represented
in EST libraries from egg, sperm and embryo sac in

Ann Appl Biol (2015)
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maize. These authors studied Arabidopsis homologues of
maize PDIL proteins in order to determine if they played
any role in plant reproduction using T-DNA insertion
mutants. PDIL2-1 is a functional PDI that is localised in
the ER and is highly expressed in the micropylar region
of the ovule (Wang et al., 2008). They demonstrated that
certain T-DNA insertions in Arabidopsis thaliana PDIL2-1
(AT2G47470) have reduced seed set, due to delays in
embryo sac maturation. Moreover, results suggest that
these truncated versions of PDIL2-1 function in sporo-
phytic tissues to affect ovule structure and impede embryo
sac development, thereby disrupting pollen tube guid-
ance. This transcript was found in pollinated ovaries of
P. notatum that completed the development of seeds.

Since the endosperm undergoes a brief and highly spe-
cialised pattern of development involving cell and micro-
tubule cycles, and specific ways of wall placement, the
four transcripts (AC3, AG2, CC2 and AC12, Tables 4a and
4b) predicted to be related to these processes could be
interesting candidates for functional analyses. Also, some
of the transcripts predicted to be involved in intracellular
signal transduction, transcription and regulation of gene
expression could be of interest for further studies. Partic-
ularly, CA7 presented identity with SPL10 (AT1G27370),
which encodes a specific transcription factor involved in
several processes such as ovule development, response to
brassinosteroid stimulus and vegetative to reproductive
phase transition of meristem (Cardon efal., 1999; Guo
etal., 2008) (Table 4a). Additionally, GG10 was similar
to RH36 (AT1G16280), a gene encoding a RNA helicase,
essential for female gametogenesis (Huang et al., 2010)
(Table 4a).

DETDFs of P. notatum were compared to the differ-
entially expressed transcripts reported in two other
aposporic species, P. simplex (Polegri etal., 2010) and
Poa pratensis (Albertini efal, 2004). Local tBLASTx
(blast-2.2.28+4) searches (Altschul etal, 1997) were
conducted against 14 sequences that were expressed
after anthesis and/or in early stages of embryo and
endosperm development in apomictic and sexual P. sim-
plex (Polegri et al., 2010). Three hits were obtained, with
AA7 and CG5 showing identity with TLPI (AT1G76900,
e value le ') and ATPK2 (AT3GO08720, ¢ value 0.01),
respectively. These Arabidopsis genes are similar to two
P. simplex ESTs, constitutively expressed in apomicts only
and in all developmental stages analysed by Polegri et al.
(2010). Also, CA7 presented identity (e value 0.001) with
RAPTORI (AT3G08850), an Arabidopsis gene similar to
an EST expressed in a stage-specific manner (early stages
of embryo and endosperm development and of seed
formation) in apomictic P. simplex (Polegri et al., 2010).
Only CA7 was found in apomictic P. notatum ovaries
(Table 3, Class D). However, AA7 and CG5 were found
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in ovaries from P. notatum sexual plants (Table 3, Classes
B and C, respectively). On the other hand, local BLASTx
(blast-2.2.28+) searches against 32 protein sequences
reported by Albertini ef al. (2004) to be expressed in late
stages of the developing reproductive organs of apomictic
and sexual genotypes of P. pratensis rendered no hits.

Additionally, Chivasa et al. (2011) identified 40 spots in
2 D gels (representing 26 unique proteins) that were dif-
ferentially expressed in response to changes in the levels
of eATP in Arabidopsis cell suspension cultures. Twelve
of the 100 DETDFs identified in our work presented
identity (by local tBLASTx search using blast-2.2.28+)
with some of those proteins, including peptides classified
as glycolytic enzymes, ATP synthesis machinery, amino
acid metabolism, protein degradation and molecular
chaperones. Moreover, one of the TDFs (GG8) presented
identity with the pg-subunit of the mitochondrial ATP
synthase. Chivasa et al. (2011) analysed mutant plants for
this gene and postulated that in addition to its function in
mitochondrial oxidative phosphorylation, ATP synthase
p-subunit is a novel target for eATP in its function as a
key negative regulator of plant cell death. Furthermore,
programmed cell death (PCD) plays an important role
in cereal endosperm development, with convincing evi-
dence implicating hormones in the onset and progression
of PCD in the endosperm (Sabelli & Larkins, 2009; Lom-
bardi eral, 2012). Moreover, GG11 was isolated only
from pollinated ovaries of a sexual plant that did not set
seed (m:p ratio 4:1) and was predicted to function as
a transcription factor implicated in ethylene-mediated
responses (AT2G33710; Table S3). Fertilisation deter-
mines the point after which the endosperm begins to
develop and accumulate reserves while the nucellus
becomes dispensable and dies by mean of PCD. Lombardi
etal. (2012) demonstrated that the endosperm is indeed
necessary for nucellus PCD to occur, initiating a cascade of
events able to guarantee the accomplishment of the pro-
cess. Since there are no anatomical connections between
the two tissues, they demonstrated that ethylene, which
is able to diffuse in both aqueous and lipid environments,
is a regulator of nucellus PCD. It could be assumed that
in pollinated ovaries of a sexual plant with a 4:1 m:p
ratio, this signalling pathway is somehow deregulated,
originating the earlier cell death of the endosperm in
these plants. This could be one of the reasons why the
endosperm in developing seeds of sexual plants that do
not fit the EBN hypothesis is considerably smaller than
in apomictic plants (Fig. 3).

In plants, cell communication via the extracellular
matrix (apoplast) controls many processes vital for plant
survival. Using this signalling route plant cells stimulate
their neighbours by secreting signal molecules, such as
peptides, proteins and primary or secondary metabolites.
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Secretion of ATP into the extracellular matrix is now
recognised as a previously unknown stimulus for cell
signalling with a role in many aspects of plant phys-
iology (Tanaka efal., 2010; Chivasa & Slabas, 2012).
Recently, Choi ef al. (2014) identified the first plant recep-
tor for eATP. The level of extracellular ATP (eATP) induces
several plant responses such as increased cytosolic cal-
cium to changes in auxin transport, xenobiotic resistance,
nitric oxide signalling, pollen germination and pollen tube
growth, root growth and obstacle avoidance and response
to microbes (Kim et al., 2006; Reichler et al., 2009; Chivasa
& Slabas, 2012). Twelve of the DETDFs of P. notatum
ovaries presented identity with proteins that were dif-
ferentially expressed in response to changes in the levels
of eATP in Arabidopsis cell suspension cultures (Chivasa
etal., 2011). Taking all this information into considera-
tion, we suggest that signalling mediated by eATP could
be involved in the regulation of endosperm development.
This is a very interesting hypothesis but certainly needs
more investigation.

In the past 20 years, significant progress has been
made in defining regulatory genes that control aspects
of seed development. A major challenge is to define the
gene networks that operate during seed development
(Ohto et al., 2007). Initial progress towards this goal has
been made with descriptions of the transcriptomes and
proteomes of whole/parts of developing seeds (Lai et al.,
2004; Casson etal., 2005; Grimanelli efal.,, 2005; Day
etal., 2008; Ge etal, 2008; Polegri et al., 2010; Sharbel
etal., 2010; Guillon et al., 2012; Pellny et al., 2012; Thiel
etal.,, 2012; Schmidt ef al., 2014). Our group is currently
investigating the transcriptome of developing seeds of
P. notatum 24 and 48 h after pollination. Eventually, all this
knowledge integrated with the physiological, biochemical
and morphological description of seeds, will provide a
comprehensive understanding of seed development.
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