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* Background and Aims Apomixis is an asexual reproductive mode via seeds that generate maternal clonal pro-
genies. Although apomixis in grasses is mainly expressed at the polyploid level, some natural diploid genotypes of
Paspalum rufum produce aposporous embryo sacs in relatively high proportions and are even able to complete apomixis
under specific conditions. However, despite the potential for apomixis, sexuality prevails in diploids, and apomixis ex-
pression is repressed for an as yet undetermind reason. Apomixis is thought to derive from a deregulation of one or a
few components of the sexual pathway that could be triggered by polyploidy and/or hybridization. The objectives of
this work were to characterize and compare the reproductive development and the timing of apospory initial (AI) emer-
gence between diploid genotypes with potential for apomixis and facultative apomictic tetraploid cytotypes of P. rufum.
* Methods Reproductive characterization was performed by cytoembryological observations of cleared
ovaries and anthers during all reproductive development steps and by quantitative evaluation of the ovule growth
parameters.

* Key Results Cytoembryological observations showed that in diploids, both female and male reproductive
development is equally synchronized, but in tetraploids, megasporogenesis and early megagametogenesis are
delayed with respect to microsporogenesis and early microgametogenesis. This delay was also seen when ovary
growth was taken as a reference parameter. The analysis of the onset of Als revealed that they emerge during dif-
ferent developmental periods depending on the ploidy level. In diploids, the Als appeared along with the tetrad (or
triad) of female meiocytes, but in tetraploids they appeared earlier, at the time of the megaspore mother cell. In
both cytotypes, Als can be seen even during megagametogenesis.

* Conclusions Overall observations reveal that female sexual reproductive development is delayed in tetra-
ploids as compared with diploid genotypes, mainly at meiosis. In tetraploids, Als appear at earlier sexual develop-
mental stages than in diploids, and they accumulate up to the end of megasporogenesis. The longer extension of
megasporogenesis in tetraploids could favour AI emergence and also apomixis success.

Keywords: Apomixis, apospory initial, apospory, heterochrony, Paspalum rufum, reproductive development,

polyploidy, sexuality.

INTRODUCTION

Apomixis in angiosperms is an asexual mode of reproduction
by seeds that generate maternal clonal progeny (Nogler, 1984).
In gametophytic apomixis, embryo sacs carrying non-reduced
nuclei are generated after a series of mitoses. According to the
origin of the non-reduced megagametophytes, apomixis can be
divided into: ‘diplospory’, where they develop from the mega-
spore mother cell (MMC) itself, after failing or skipping mei-
osis, and ‘apospory’, where they arise from somatic nucellar
cells (apospory initials, Als) (Nogler, 1984; Savidan, 2000,
2001). Both processes include the fertilization-independent
embryo development from an unreduced egg cell (parthenogen-
esis) and the autonomous endosperm formation or after central
cell fertilization by one sperm nucleus (pseudogamy) (Nogler,
1984; Asker and Jerling, 1992).

Gametophytic apomixis in grasses is strongly linked to
polyploidy, and usually apomictic species form multiploid
complexes including sexual self-sterile diploid and apomictic
self-fertile polyploid cytotypes (Savidan, 2000). Nevertheless,
some species of the genus Paspalum and Brachiaria present
diploid individuals with the capacity to form unreduced embryo
sacs and occasionally to complete the whole apomixis process
(Quarin, 1986; Quarin and Norrmann, 1987; Norrmann et al.,
1989; Naumova et al., 1999; Quarin et al., 2001; Siena et al.,
2008; Delgado et al., 2014). In dicotyledonous plants, diplo-
sporous apomixis is widely found at the diploid level in the
Boechera complex (Schranz et al., 2005; Aliyu et al., 2010).

Most apomictic polyploids are facultative (i.e. apomixis and
sexuality coexist in the same plant and even in the same ovule)
expressing residual sexuality in different proportions (Nogler,
1984; Asker and Jerling, 1992; Ozias-Akins and van Dijk,
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2007). In these systems, sexual and apomictic reproductive
pathways develop simultaneously and compete for seed for-
mation (Hojsgaard et al., 2013). Therefore, both sexuality and
apomixis coexist in most apomictic species, and the prevalence
of one type of reproduction over the other depends on one or
several still unknown factors.

Apomicxis is considered to have evolved in plants as an al-
ternative reproductive system through the rearrangement of
developmental programmes that constitute the normal sexual
pathway (Grimanelli et al., 2001). Evidence in Hieracium sup-
ports this idea, where apomixis and sexuality are superimposed
and inter-related processes (Tucker et al., 2003; Koltunow
et al., 2011). While the sexual pathway seems to stimulate Al
formation, the apomictic pathway may function to recruit the
sexual machinery at a specific time to enable apomixis. This
observation suggests that apomixis is not a completely inde-
pendent pathway but, if the apomictic pathway is not initiated,
the sexual pathway remains functional (Koltunow et al., 2011;
Hand and Koltunow, 2014). Moreover, mutants of sexual spe-
cies showing phenotypes reminiscent of apomictic components,
such as the production of unreduced gametes and the forma-
tion of multiple embryo sacs, were described (Garcia-Aguilar
et al., 2010). Mutants of Argonaute 9, a gene related to silen-
cing of transposable elements (TEs) in female gametes, and
of RDR6 and SGS3, related to small interfering RNA (siRNA)
biogenesis, lead to the differentiation of multiple gametic cells
that can initiate gametogenesis (Olmedo-Monfil et al., 2010;
Herndndez-Lagana et al., 2016). Similar phenotypes were also
observed in mutants of the members of the RNA-directed DNA
methylation (RADM) pathway (DMTI102/DMTI05/CMT3,
DMTI03/DRM1 and CHRI06/DDM1) (Garcia-Aguilar et al.,
2010). In Arabidopsis thaliana, clonal seeds were obtained
by combining the mutants dyad and MiMe with GEM lines
(Marimuthu et al., 2011). Moreover, in vitro culture condi-
tions and/or the addition of exogenous steroid hormones induce
autonomous endosperm development in arabidopsis ovules
(Rojek et al., 2015). All the above information reveals that a
deregulation of the sexual controlling mechanism can generate
phenotypes that mimic apomixis components. Also, in several
Paspalum spp., the duplication of the chromosome content by
colchicine treatment of sexual diploids generates tetraploid
apomictic plants (Quarin and Hanna, 1980; Quarin et al., 1998,
2001).

Carman (1997) postulated the ‘duplicate-gene asynchrony
hypothesis’ proposing that after (allo)polyploidization, the
duplicate genes involved in female development are asyn-
chronously expressed, which induces apomixis, polyspory and
polyembryony by ectopically or prematurely expressing their
developmental programmes (Carman, 1997). Hence, it would
be interesting to analyse the synchronization and timing of apo-
sporous initials at different ploidy levels in individuals with the
capacity for both sexuality and apomixis.

Traditionally, the timing of reproductive development was
assessed by determining ovule growth parameters, and the
term ‘heterochrony’ was applied to denote differences be-
tween individuals in the timing of the onset or rate of devel-
opment of a given cell or cell lineage relative to other cells
or cell lineages (Bradley et al., 2007). Acording to Carman’s
theory, some aposporous species of the genera Paspalum,
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Poa, Ranunculus and Hieracium have shown that the different
events in apomictic development show high variability, which
contrasts with sexual processes that are more strictly con-
trolled (Koltunow et al., 1998). In Hieracium, the apomictic
events are stochastic, as the developmental events are some-
what randomly determined, differing from sexuality in which
the timing of the reproductive developmental process is pre-
cisely co-ordinated (Koltunow et al., 1998). Differential syn-
chronization between developmental events was reported for
aposporous Hypericum, where later megagametophyte devel-
opmental stages are delayed with respect to sexual accessions
(Galla et al., 2011). Also, in Brachiaria decumbens, sexual dip-
loid and apomictic tetraploid development showed some dif-
ferential synchronization, i.e. meiocytes are present up to later
ovule developmental stages in apomictic genotypes (Dusi et al.,
1999). In Sorghum bicolor — an ancient diploidized paleotetra-
ploid that can produce aposporous embryo sacs (AESs) — the
characterization of female reproductive development of dif-
ferent apomictic genotypes found that the apospory programne
heterochronically accelerates the onset of meiosis and sexual
embryo sac formation (Carman et al., 2011). Moreover, het-
erochrony in reproductive development was detected among
sexual diploids (Bradley et al., 2007) and also among sexual
and apomictic genotypes of Tripsacum diplosporous species
(Leblanc et al., 1995; Grimanelli et al., 2003). Leblanc et al.
(1995) have shown that the first mitosis in diplosporic megaga-
metophytes occurs at almost the same time — judging from the
integument growth — as meiosis in sexual megasporocytes. On
the other hand, Grimanelli et al. (2003) found that Tripsacum
diplosporous ovules at the same developmental stage present
meiocytes at different developmental stages in contrast to the
exact co-ordination between ovule and reproductive develop-
ment found in sexual genotypes. Heterochrony has also been
evidenced as precocious (before anthesis) embryo development
among diplosporous and aposporous apomictic species such as
Poa pratensis (Yudakova and Shakina, 2007), Paspalum spp.
(Burson and Bennett, 1970, 1971; Quarin and Burson, 1991;
Quarin et al., 1996), Tripsacum (Grimanelli et al., 2003) and
Cenchrus ciliaris (Sharma et al., 2014).

Paspalum rufum Nees ex Steud. is a perennial grass na-
tive to Paraguay, southern Brazil, Uruguay and north-eastern
Argentina (Quarin et al., 1998). The species forms a multip-
loid complex including sexual self-sterile diploids and tetra-
ploid apomictic self-fertile genotypes (Norrmann et al., 1989).
Natural diploid populations have previously been classified as
sexual because under open pollination they complete the seed
set only sexually (Norrmann et al., 1989; Sartor et al., 2011).
However, some individuals present a relatively high proportion
of AESs and are able to complete apomixis in low proportions
under induced self-pollination or in interploidy crosses (Siena
etal., 2008; Sartor et al., 2011; Delgado et al., 2014). Tetraploid
races reproduced mainly by aposporous apomixis (Sartor et al.,
2011). Thus, both diploid and tetraploid cytotypes are able to
produce seeds by sexuality and apomixis. Nevertheless, sexu-
ality prevails in diploids and apomixis in tetraploids. It is likely
that if apomixis potential is present at both ploidy levels, the
success of one reproductive mode over the other might rely on
differential synchronization of the reproductive developments
occurring at the different ploidies. To assess this hypothesis,
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we compared the synchronization of sexual reproductive de-
velopmental processes by building reproductive calendars and
determining the timing of Al emergence in both diploid and
tetraploid genotypes of P. rufum.

MATERIALS AND METHODS

Plant material

Three diploid (2n = 2x = 20) and three tetraploid (2n = 4x = 40)
genotypes of P. rufum were used. R5#49 is a diploid natural
accession that showed about 13 % of their ovules bearing AESs
and can complete apomixis (Delgado et al., 2014) (Table 1).
Diploid genotypes H#31 and H#39 are hybrid individuals,
belonging to a previously developed F, segregating popu-
lation (R6#45 x R5#49) that produced a relatively high pro-
portion (between 22 and 35 %) of ovules containing an AES
(Delgado et al., 2016) (Table 1; Supplementary Data Table S1).
Moreover, three tetraploid facultative apomictic accessions
were used: Q3756 (Norrmann et al., 1989), Q4185 (Quarin
et al., 1998), which showed a very high proportion of AESs
(96.2 and 81.4), and Q3785 which was classified as apomictic
by flow cytometry seed set analysis (FCSS) by Galdeano et al.
(2016) (Table 1). Plants were grown and maintained under nat-
ural conditions in the field.

Cytoembryological observations

Inflorescences at different developmental stages were fixed in
FAA (70 % ethanol, glacial acetic acid, formaldehyde, in the pro-
portion 90:5:5) and transferred to 70 % ethanol for at least 24 h.
Dissected pistils were clarified following the protocol described
by Young et al. (1979). Ovules were observed with a light trans-
mission Leica DM2500 microscope equipped with a differential
interference contrast (DIC) system and a digital camera (Leica
Microsystems DFC 295, Wetzlar, Germany). The ovary sections
were also observed using safranin-fast green staining following
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the protocol described by Siena et al. (2008). The observations
were carried out with a light transmission microscope (Nikon
E200). The embryo sac types were classified according to the
method of Norrmann ez al. (1989). Briefly, embryo sacs showing
the egg apparatus, two polar nuclei and a group of antipodal cells
were classified as meiotic of the Polygonum type. Embryo sacs
showing the egg apparatus and two polar nuclei, but lacking anti-
podal cells, were regarded as AESs of the Paspalum type (Siena
et al., 2008). Pollen development was evaluated by light micros-
copy, staining anthers at different developmental stages with a
drop of 2 % (w/v) acetocarmine in accordance with the method
of Laspina et al. (2008).

Analysis of reproductive development

Female reproductive development was divided into six devel-
opmental stages as specified in Fig. 1A. Stage I when an MMC
is clearly visible within the ovule; stage II when both the dyad
and tetrad from the MMC meiosis are present; and stage III,
when the functional megaspore (FM) is present and the degen-
erated products of meiosis are still visible. Subsequent stages
(IV, V and VI) include female gametophyte (FG) development
during three rounds of mitosis and cellularization in accord-
ance with previous arabidopsis classification (Christensen
et al., 1997): stage IV is a two nucleate FG after the first mito-
sis (FG2); stage V groups together the later megagametogen-
esis developmental stages after the second mitosis (FG4) and
the third mitosis (FGS5) up to cellularization of the embryo sac
(FG4-FG6); and stage VI corresponds to a completely devel-
oped embryo sac at anthesis. On the other hand, male reproduc-
tive development was divided into five developmental stages.
Stage I, when the microspore mother cells (MiMCs) are present
in the anther; stage II, during meiosis including both the dyad
and tetrad; stage III, when the unicellular microspore without
any vacuole is visible; stage IV, when the vacuolated unicellular
microspore is distinguished; and stage V, when the bicellular
pollen grain is present (Fig. 1A).

TABLE 1. Description of the P. rafum genotypes analysed

Cytoembryological ~ Mode of reproduction after*
characterization
Genotype  Ploidy %AES" %MES*  Open Interspecific interploidy Origin Reference
level pollination  cross (%)*
R5#49 2x 13 70.7 Sexuality Sexuality/apomixis (15) Corrientes, Argentina Saladas Delgado et al. (2014)
H#31 2x 22.2 94.4 ND Sexuality/apomixis (2)1 Hybrid from R5#49 x R6#45 Delgado et al. (2016)
H#39 2x 35.85 82.9 ND Sexuality/apomixis (0.8)" Hybrid from R5#49 x R6#45 Delgado et al. (2016)
Q3756 4x 96.2 ND ND ND Uruguay: unknown locality, Norrmann et al. (1989)
germplasm BR 2186
Q4185 4x 81.4 11.6 ND ND BIII hybrid from 3754 (2x) x 3756 Quarin et al. (1998)
(4x)
Q3785 4x 52.7 58.6 Apomixis ND Corrientes, Argentimna 39 km North ~ Espinoza (2002);

of Paso de los Libres Galedeano et al. (2016)

*Mode of reproduction determined by the flow cytometric seed screen method (FCSS) as described by Matzk et al. (2000).

"Proportion of ovules containing aposporous embryo sacs or aposporous and meiotic embryo sacs at anthesis.

“Proportion of ovules containing a meiotic embryo sac at anthesis.
$Percentage of seeds produced by apomixis.

IFor details, see Supplementary Data Table S1.

ND, not determined.
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FiG. 1. Scheme of female and male reproductive developmental stages and quantitative ovule developmental parameters analysed. (A) The upper panel describes
the six female developmental stages considered: megaspore mother cell (I), tetrad or triad just after meiosis has occurred (II), functional and degenerated mega-
spores (IIT) and the two nucleate megagametophyte just after the first mitosis (IV; FG2). Subsequent stages include four and eight nucleate megagametophytes after
the second and third mitosis, and megagametophyte cellularization (V; FG4-FG6) and finally the mature megagametophyte at anthesis (VI) (from stages I to 1V,
LSCs are shown with dashed lines and micropylar and chalazal ends are in the top and in the lower sides, respectively). Nucleoli are shown in dark pink, vacuoles
in white and megagametophyte cells in brown. In the lower panel, the five male reproductive developmental stages considered are specified: microspore mother
cell (I), dyad and tetrads (II), unicellular microspore (III), vacuolated unicellular microspore (IV) and bicellular pollen grain (V). Nucleoli and vacuoles are shown
in white and the nucleus is in dark pink. (B) Diagram describing ovary growth variables: locule width, Loc-w; locule length, Loc-1; locule perimeter, Loc-p; locule
area, Loc-a (dark grey); ovary width, Ov-w; ovary length, Ov-1; ovary perimeter, Ov-p; ovary area, Ov-a (light grey); integument length, I-1; epidermis width, E-w;
micropyle aperture, M-ap; and rotation angle, R-an.

In order to describe the reproductive development based on
quantitative parameters, the following ovary developmental
variables were considered. Ovary and locule (which coincides
with ovule): width (Ov-w, Loc-w); length (Ov-1, Loc-1, pm);
perimeter (Ov-p, Loc-p, um) and area (Ov-a, Loc-a, um?);
integument length (I-1, pm), micropyle aperture (M-ap, pm)
and epidermis width (E-w, um). Also, the ovule rotation angle
(R-an, °) was determined by inscribing a line from the micro-
pyle aperture midpoint to the ovule base and another line along
the ovule’s longitudinal axis (between the most distant points of
the outer integuments). The inscribed angle was measured. The
maximal angle is at the earliest developmental stage, and it re-
duces as development continues (Fig. 1B). The measurements
were obtained from optical images of sagittally oriented ovaries
by Image J analysis software (Schneider et al., 2012). Ovary
measurements were taken from a total of 469 ovaries, 265 and
204 for diploid and tetraploid cytotypes, respectively, and 8-86
ovaries per stage per cytotype (Supplementary Data Table S2).
All the parameters were standardized to make them size inde-
pendent, except for the ovule R-an. Quantitative parameters
related to ovary, locule and epidermis were standardized by
dividing each independent value by their mean value at an-
thesis. I-1 was standardized by dividing it by the Loc-p value at
each developmental stage, and M-ap was standardized by the
Loc-1 value at each developmental stage.

For quantitative comparison of the female and male devel-
opment within each cytotype, spikelets at the same male re-
productive development stage, as determined by acetocarmine
staining of the anther, were collected. Pistils were dissected
from the classified spikelets and cleared as described above. In
some cases, pistils with their anther attached were cleared to
observe both male and female development.

Statistical analysis

Comparisons between diploid and tetraploid ovary growth
parameters were performed using the 7-test or the Wilcoxon
single rank test at a threshold value of P < 0.01. A multiple
variance test and Kruskall-Wallis test were used to compare
the growth parameters during the development in each cyto-
type by using STATGRAPHIC Plus 5.0 (Statgraphics.Net,
Madrid, Spain) and InfoStat 201 1e (Di Rienzo et al., 2011). All
size-independent parameters were used to obtain a Euclidean
distance matrix between all developmental stages. An agglom-
erative hierarchical clustering algorithm based on Euclidean
distance measures was used to cluster the developmental stages
of both cytotypes. The unweighted pair group method with
arithmetic mean (UPGMA) clustering algorithm was performed
using InfoStat 2011e (Di Rienzo et al., 2011). The cophenetic
correlation coefficient was determined to test the goodness of
the fit of the generated dendrogram.

RESULTS

Sexual reproductive development in diploid and tetraploid
cytotypes

The characterization of the reproductive developmental stages
of P. rufum was carried out by cytoembryological observa-
tions of cleared or stained ovules from differentiation of the
MMC and MiMC, up to the mature embryo sac and pollen at
the time of anthesis. Moreover, the spatial and temporal distri-
bution of female megasporogenesis and megagametogenesis as
well as male microsporogenesis and microgametogenesis were
determined.
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Analysis showed that female sexual reproductive develop-
ment was very similar in both diploid and tetraploid cytotypes.
The initial stage began with the differentiation of the archespo-
rial cell from the nucellus to generate an easily recognizable
MMC, which consisted of an enlarged cell of rectangular shape
(Fig. 2A, D). The MMCs appeared under the ovule epidermis
(layer 1-L1), which in diploids is of one cell width (Fig. 2A) and
in tetraploids is of two or three cells (Fig. 2D). At the chalazal
end of the MMC, a large cell, called the large stack cell (LSC),
was frequently observed as previously described in Sorghum
by Carman et al. (2011) (Fig. 2A, B, D). They were similar to
meiocytes and remained visible throughout development up to
stage III (not shown). In both cytotypes, meiosis yielded linear
tetrads (Fig. 2B) but, frequently, linear triads were also evident
(Fig. 2E). After completing meiosis, micropylar meiocytes de-
generated and the FM differentiated in the centre of the ovule.
At the end of megasporogenesis, an enlarged FM and degen-
erate meiocytes were observed (Fig. 2C, F). The diploid ovaries
at stage II, and the tetraploid ovaries at stage I (MMC), showed
periclinal divisions of the epidermis, giving rise to pseudo-
crassinucellate ovules (Fig. 2B, D).

Regarding ovary development, it was observed that the outer
integument was fairly short throughout development and only
the inner integument grew to define the micropyle, generat-
ing an endostomic ovule. The inner integument grows during
meiosis leaving a micropylar aperture of about 3—4 cell widths
(Fig. 2E). It then continues to grow along with the embryo sac
cellularization, reaching its final length at anthesis (Fig. 2A-N).

Mitotic division of the FM gave rise to a meiotic embryo sac
(MES) of the Polygonum type. Briefly at stage FG2, after the
first mitosis, two polarized nuclei, separated by a large central
vacuole, were produced, (Fig. 2G, J). Then, two additional mi-
totic divisions (Fig. 2H, I, K, L) gave rise to a mature embryo
sac (Fig. 2M, N). At anthesis, the MES was characterized by the
egg apparatus (one egg and two synergids), a large binucleate
central cell with two polar nuclei and a mass of antipodal cells
(Fig. 2M, N). Although female reproductive development
showed the same main features in both cytotypes, differences in
ovary development were visible. In the MMC, diploid ovaries
seemed to be less developed than tetraploid ovaries, i.e. the
locule was smaller, the ovule epidermis narrower and the inner
integument shorter. Moreover, the ovule rotation was less ad-
vanced in diploids than in tetraploids (Fig. 2A, D). Similar dif-
ferences were observed throughout reproductive development
(Fig. 2).

Male reproductive development was initially character-
ized by the presence of MiMCs, stage I, located next to the
tapetum cells. The MiMCs were easily identified by their
large size, evident nucleoli and amorphous shape (Fig. 3A).
Microsporogenesis proceeded with the first meiotic division,
which resulted in a dyad (Fig. 3B), and then the second meiotic
division occurred which resulted in isobilateral tetrads by suc-
cessive cytokinesis, stage II (Fig. 3C). Afterwards a unicellular
microspore containing a dense cytoplasm and a central nucleus
was formed, stage III (Fig. 3D). Microgametogenesis started
with the enlargement of a central vacuole and the concomitant
displacement of the nucleus against the microspore wall; stage
IV (Fig. 3E). Subsequently, the nucleus underwent the first
pollen mitosis which resulted in the formation of a bicellular
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pollen grain containing two haploid nuclei, i.e. the vegetative
nucleus and the generative nucleus; stage V (Fig. 3F).

Comparative analysis between female and male reproductive
development showed that both processes were equally syn-
chronized at the diploid level. Meiosis took place both in the
anthers and in the ovules simultaneously (Supplementary Data
Fig. S1A, B), and then a high degree of coincidence was ob-
served in all developmental stages (Table 2). When anthers
were at stage I and MiMCs were present, most of the ovules
(95.8 %) also contained MMCs (Table 2; Supplementary Data
Fig. S1A). Then as stage II proceeded and dyad/tetrads were
present in anthers, 87.5 % of the ovules were also at stage II
(Table 2) (Supplementary Data Fig. S1B). Likewise, while an-
thers were at stage III and unicellular microspores were just
formed, 90.7 % of the ovules were mainly at stage III con-
taining a FM. When the anther reached stage IV and contained
a vacuolated unicellular microspore, 97.4 % of ovules also were
at stage IV of megagametophyte development (Table 2).

In tetraploid genotypes, synchronization between male and
female reproductive development showed some differences
from diploid genotypes. Stage I was simultaneous in ovules
and anthers; both MMCs and MiMCs were present in the same
spikelet. However, when the anthers reached stage II and con-
tained dyads or tetrads, MMCs were still present in the ovules
(just 7.1 % of coincidence was detected at this stage) (Table 2;
Supplementary Data Fig. S1C). Hereafter, when the anther
reached stage III and microspores were formed, dyads/tetrads
were present in most of the ovules and only 9.1 % of the ovules
contained FMs (Table 2; Supplementary Data Fig. SID).
Finally, when microspores reached stage IV (vacuolated uni-
cellular microspores), only 36 % of the ovules reached stage
IV; the remainder were still at stage III (Table 2).

Quantitative characterization of ovule growth and development
during female sexual reproductive development in diploid and
tetraploid cytotypes

Ovary development was used as a reference parameter in as-
sessing the timing of female reproductive development. Several
ovary growth parameters were evaluated in both diploid and
tetraploid cytotypes at different reproductive developmental
stages (Supplementary Data Table S2). Then, the mean growth
parameters were compared throughout development in both
cytotypes (Fig. 4). At the diploid level, none of the param-
eters differed statistically between stages I and II (Fig. 4A).
However, significant differences in several variables were de-
tected from stages II to VI (Fig. 4A). All growth parameters
were significantly different between stages II (dyad/tetrad) and
IIT (FM). Between stages III and IV (FG2), six out of the 12
variables (Loc-1, Loc-p, Loc-a, Ov-a, I-1 and R-an) increased
significantly. Comparison between the subsequent stages (IV—
VI) showed that almost all parameters increased significantly
(Fig. 4A; Supplementary Data Table S2). These observations
suggest that meiosis proceeded without any significant ovary
growth. Then, during functional megaspore differentiation and
megagametogenesis, the ovule size increases through all devel-
opmental stages up to anthesis. A similar analysis in tetraploids
showed that all growth ovary parameters differed statistically
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Fi1G. 2. Female sexual reproductive development in diploid and tetraploid cytotypes. Megasporogenesis in diploid (A—C) and tetraploid (D-F) cytotypes. (A and
D) MMC (mmc); (B and E) tetrad/triad after meiosis (tet/tri); (C and F) functional megaspore (fm). Megagametogenesis in diploid (G-I) and tetraploid (J-L)
cytotypes. (G and J) Two nucleate FGs after the first mitosis; (H and K) a four nucleate FG after the second mitosis and (I and L) an eight nucleate FG (outlined
by short dashed black lines) after the third mitosis; (M and N) a mature female megagameophyte (outlined by large dashed black lines) containing one egg cell
(ec), synergid cells (syn), a binucleate central cell (pn) and a group of antipodal cells (ac) at the anthesis developmental stage of diploid and tetraploid cytotypes,
respectively. Structures and cells indicated are marked with black dashed lines, while the nucleolus is marked with black pointed lines. Large stack cells (Iscs) are
marked with white dashed lines. Micropylar and chalazal ends are indicated by black and white arrows respectively, and integuments are marked with black lines.
Scale bars indicate 50 pm. Stages of development and ploidy levels are specified at the bottom right of each image. Genotypes shown in each image are: R5#49
(A, B), H#39 (C, G, H, I, M), Q3756 (D, N), Q3785 (E, L) and Q4485 (F, J, K).
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FiG. 3. Typical examples of the male sexual reproductive developmental stages observed. Anther showing (A) tapetum and MiMCs; (B) dyads just after the first

meiotic division; (C) tetrads after the second meiotic division; (D) a recently formed unicellular microspore; (E) a vacuolated unicellular microspore; and (F) a

bicellular pollen grain. Microspore and microgametophyte developmental stages are specified at the bottom right of each image. Scale bars indicate 10 pm. All
images are of genotype H#39.

TABLE 2. Levels of coincidence between female and male repro-
ductive development in diploid and tetraploid genotypes of P. rufum

Male development*

MiMC  Dyad/ Unicellular Vacuolated
(D) tetrad (II) microspore unicellular
(IIT) microspore
(Iv)
Diploid
= I 46 4 1 0
s £ il 1 30 3 1
<
£ 2 I 1 1 39 0
£ 3 v 0 0 0 37
= % coincidence”  95.8%  85.7% 90.7% 97.4%
Tetraploid
= I 23 26 2 0
2 & 1I 0 2 8 3
g2 1 0 0 1 32
23 v 0 0 0 20
° % coincidence” 100 7.1 9.1% 36%

Values in bold indicate the developmental stages with the highest number of
ovaries scored.

*Number of spikelets at each female developmental stage found for a par-
ticular male developmental stage.

"Proportions of spikelets with the same male and female developmental stage.

between stages I and II (Fig. 4B), and almost all differesd be-
tween stages II, IIl and IV (Fig. 4B). From IV to V (FG4-FGo6),
there was not much growth variation and from V to VI, only

Loc-1, Ov-p, E-w, M-ap and R-an showed significant differ-
ences (Fig. 4B; Supplementary Data Table S2). These outcomes
indicate that in tetraploids the ovary growth and development
occurred mainly between stage I and stage IV (Fig. 4B).
Comparison of ovary development between cytotypes showed
differences in the co-ordination of the ovary growth and female
reproductive development.

In order to compare the co-ordination between female sexual
reproductive development and ovary growth at both ploidy lev-
els, the initial approach was to compare ovary parameters at each
reproductive developmental stage between the two cytotypes
(Supplementary Data Table S2 and Fig. S2). These analyses
showed that all variables were higher for the six reproductive
stages in tetraploid than in diploid cytotypes. In the case of M-ap,
which decreased throughout development, it was always lower
in tetraploids than in diploids (Supplementary Data Fig. S2;
Table S2). These differences were observed at anthesis as well,
indicating that tetraploid organs are larger than diploid organs.

In a second analysis, size-independent (SI) ovary param-
eters were evaluated. For this purpose, each ovary growth
variable was standardized (as detailed in the Materials and
Methods), except for R-an, which, per se, is size inde-
pendent. Statistical analyses revealed that at earlier female
reproductive developmental stages (from I to V), almost
all ST variables presented higher mean values in tetraploid
than in diploid cytotypes (Fig. SA-C), (Supplementary Data
Fig. S3; Table S3). However, at anthesis, non-significant dif-
ferences for all variables between cytotypes were detected.
Quantitative comparisons of SI ovary parameters showed
that for the same female reproductive developmental stage,
the tetraploid ovaries were more developed than those of the
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Fi1G. 4. Variation of ovary growth parameters throughout female sexual reproductive development in diploid and tetraploid cytotypes. Diagrams show 12 ovary
growth parameters analysed during the six female developmental stages. Different cell colours indicate that the ovary growth parameters corresponding to different
female sexual developmental stages are statistically significantly different (P < 0.01). Ovary parameters are specified: locule width, Loc-w; locule length, Loc-1;
locule perimeter, Loc-p; locule area, Loc-a; ovary width, Ov-w; ovary length, Ov-l; ovary perimeter, Ov-p; ovary area, Ov-a; integument length, I-1; epidermis
width, E-w; micropyle aperture, M-ap; and rotation angle, R-an. Female developmental stages are specified as described in the Materials and Methods.

diploids, which also agreed with the previous qualitative ob-
servations, indicating that diploid and tetraploid cytotypes
present differential co-ordination between female repro-
ductive development and ovary growth.

A cluster analysis that included all SI ovary growth param-
eters of both cytotypes was performed to find out which
reproductive developmental stages of diploid and tetraploid
cytotypes presented the same level of ovary growth. By
this analysis, the female reproductive developmental stages
that shared similar SI ovary growth parameters could be
grouped together. The cophenetic correlation coefficient of
the UPGMA dendrogram was 0.939 (Fig. 5D). The analysis
showed four major clusters: one group contained ovaries at
stage I of the two cytotypes and stage II of diploids; how-
ever, tetraploid ovaries containing an MMC presented a lower
Euclidean distance with the diploid ovaries at stage II. The
second cluster group contained tetraploid ovaries at stage II
together with diploid ovaries at stage III and also at stage IV
(FG2). The third cluster group contained tetraploid ovaries
at megagametogenesis stages (III-V) and diploid ovaries at
stages FG4-FG6 (V). Finally, the fourth cluster group con-
tained ovaries of both cytotypes at anthesis (VI).

Aposporous initial observations in diploid and tetraploid
cytotypes

To characterize the initial steps of the aposporous develop-
ment at both ploidy levels, the differentiation of Als in both
cytotypes was determined. The Al cells were identified by
their large size, tear shape and their dense and visible nucleoli
(Fig. 6B-K). Als in both diploid and tetraploid genotypes
were detected at different stages of female sexual development
starting before meiosis (in tetraploids) to FG5 of megagame-
togenesis (in diploids) (Fig. 6A). At more advanced devel-
opmental stages, AESs were more frequently observed than
Als. Proportions of ovaries containing Als in all the female
reproductive developmental stages are shown in Fig. 6A (and
Supplementary Data Table S4). Interestingly, the Als were al-
ways localized along with the MMC and/or meiocytes, indicat-
ing a strong relationship with the MMC differentiation signals
(Fig. 6B, C). Frequently, LSCs, similar to Als, were observed
at the chalazal end, but no further development was detected in
these cells (Fig. 6A, G, H).

In a few diploids, Als first appeared along with tetrads at
stage I (1.6 %; Fig. 6A, B) and could be observed up to FGS5 in
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FiG. 5. Comparative analysis of ovule growth throughout female sexual development between diploid and tetraploid cytotypes. The first three panels (A—C) show

box plot graphics of three size-independent (SI) ovary growth parameters of diploid (white) and tetraploid (grey) cytotypes: (A) rotation angle, (B) relative in-

tegument length and (C) relative micropyle aperture. Box limits represent the 25th and 75th percentiles; the full line inside the box designates the mean value, and

dashed line the median value. Asterisks mark statistically significant differences between average values of SI ovule growth parameters. (D) Dendrograms derived

from the UPGMA based on Euclidean distance include all the ovary SI parameters analysed at the six sexual female developmental stages scored in diploid and

tetraploid cytotypes (cophenetic correlation coefficient: 0.939). The main clusters are shown in different colours (Euclidean distance cut-off, 1.75). Diploid and
tetraploid cytotypes are expressed as 2x (blue) and 4x (red); sexual developmental stages are named as described before.

similar low proportions (1.6—4.3 %; Fig. 6A-F; Supplementary
Data Table S4).

In tetraploids, the proportions of ovaries bearing Als varied
from about 8 % at MMC (Fig. 6A, G) to >21 % at the FM
stage (Fig. 6A, I) (Supplementary Data Table S4). Furthermore,
Als were observed up to FG4, the second mitosis of megaga-
metogenesis (Fig. 6A, J, K). The higher proportion of Als was
observed when FMs and degenerated megaspores were present
(Fig. 6A, H, ), revealing a continuous Al differentiation during
the female reproductive developmental stages (from I to III).
The overall proportion of ovules bearing Als was lower in dip-
loids than in tetraploids, as expected. According to these results,
regarding female sexual development, the onset of the Als in
tetraploids began earlier than in diploids. Cytoembryological
analysis of diploid reproductive development revealed that
mature AESs bear either one or two polar nuclei. The revision
of previously obtained AES images (Delgado et al., 2016), from
20 individuals of an F, population, showed that of the mature
AESs analysed, 18 % had one polar nucleus and 82 % had two
polar nuclei (Supplementary Data Table S5; Fig. S4).

As a general overview, Fig. 7 summarizes the information
obtained in this work in order to build up a detailed reproductive
calendar. Separate panels illustrate female sexual reproductive

developmental stages for diploid and tetraploid P. rufum geno-
types, and both are compared with male reproductive develop-
ment. The period of Al detection was also described (blue bars).

DISCUSSION

Apomixis is widely distributed in angiosperms and is associ-
ated with polyploidy and hybridization. The trait is of great
interest for plant breeding and food crop production since
it can be used for stabilizing superior genotypes and fixing
heterosis (Burton and Forbes, 1960; Vielle-Calzada er al.,
1996). However, major crops such as rice, maize, sorghum
and wheat are not naturally apomictic, and attempts to intro-
duce the trait from their wild relatives have been unsuccessful
(Spielman et al., 2003; Leblanc et al., 2009). The manipu-
lation of apomixis and its use in breeding programmes are
still restricted to natural apomictic species, including several
sub-tropical grasses (Miles, 2007; Acuifia et al., 2009, 2011;
Jank er al., 2011, 2014). However, most of these grasses are
polyploid, highly heterozygous and genetically poorly char-
acterized (Podio et al., 2012a). The transference of apomixis
to major diploid crops still requires the generation of funda-
mental knowledge about the molecular control and regulatory
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F1G. 6. Al emergence during sexual reproductive development in diploid and tetraploid cytotypes. (A) The proportion of ovaries containing Als at each female
reproductive developmental stage in diploid (grey) and tetraploid (white) cytotypes. (B—K) Cleared ovaries containing Als at different female sexual developmental
stages. In diploids: (B) triad (tri) after meiosis, (C) functional megaspore (fm); megagametogenesis stages after (D) the first mitosis, (E) the second mitosis and (F)
the third mitosis (FG2, FG4 and FGS, respectively). In tetraploids: (G) MMC (mmc), (H) triad after meiosis, (I) functional megaspore, megagametogenesis stages
after (J) the first mitosis and (K) the second mitosis. Red dashed lines and arrows indicate Als. Structures and cells are marked with red/black dashed lines, while
nucleoli are marked with black/red pointed lines. Large stack cells (Isc) are marked with white dashed lines. Micropylar and chalazal ends are indicated by black
and white arrowheads, respectively, integuments are marked with black lines. Scale bars indicate 50 um. Stages of development and ploidy levels are specified at
the bottom right of each image. Genotypes of each image are: R5#49 (B), #31 (C), #39 (D-F), Q3756 (G-I), Q3785 (J) and Q4485 (K).

determinants of apomixis. The information acquired during
the past years in P. rufum (Quarin and Norrmann, 1987; Quarin
et al., 2001; Siena et al., 2008; Sartor et al., 2011; Delgado
et al., 2014, 2016) has provided enough reasons to propose
this multiploid complex as an interesting diploid/tetraploid
system for studying the genetic and molecular determinants
of aposporous apomixis at both diploid and polyploid levels.
Molecular and functional analyses in this agamic complex
will contribute to an understanding of the influence of poly-
ploidy on the success of apomixis and the key element(s) that
allow its expression in a diploid environment.

In this work, we present a detailed characterization of mega-
sporogenesis and megagametogenesis, as well as microsporo-
genesis and microgametogenesis in diploid and tetraploid
genotypes that can also reproduce by apomixis. Ovule growth
and development were similar to previous descriptions in re-
lated species; pseudo-crassinucelated ovules were previously
observed in other Panicoid species (Bhanwra et al., 1988, 1991)
and endostomic ovules were mainly observed in other grasses
(Kellogg, 2015). Our results showed that P. rufum ovules ro-
tated almost 90° during reproductive development, and so
they are designated as hemianatropous (Sajo et al., 2008). The
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FiG. 7. Comparison of reproductive developmental processes in both diploid and tetraploid cytotypes. Diploid and tetraploid male reproductive development is

described in the upper part of the panel (light green). Female sexual developmental stages for diploid (lilac) and tetraploid (light yellow) cytotypes are represented

separately according to their synchronization with male reproductive development. The period during which Als are present is also specified by a light blue col-
oured line at the bottom of each panel. LSCs are shown by dashed lines.

megaspore and megagametophyte development agreed with
previous descriptions of the species of the subfamilies Pooideae
and Panicoideae (Burson, 1985; Bhanwra et al., 1991; Burson
and Hussey, 1998). A typical feature frequently found was a
linear triad, instead of a tetrad after meiosis. Other examples of
triads were previously reported in other Paspalum species such
as Paspalum simplex (Espinoza and Quarin, 1997), P. malaco-
phyllum, P. procurrens (Hojsgaard et al., 2008) and Thrasya
petrosal, a grass closely related to Paspalum spp. (Acuia et al.,
2005), where the second meiotic division seems to take place
only at the chalazal member of the dyad. On the other hand,
during microsporogenesis, after MiMC differentiation, mei-
osis takes place, showing dyads and tetrads with successive
division as in most grasses (Nakamura et al., 2010; Kellogg,
2015). Microgametogenesis begins with formation of a central
vacuole prior to the first mitosis, as was reported for maize and
other grasses (Chang and Neuffer, 1989; Pacini et al., 2011).
As was originally proposed by Carman (1997), there is
strong evidence supporting heterochrony in reproductive devel-
opmental pathways between apomictic and sexual genotypes in
several plant genera (Asker and Jerling, 1992; Leblanc et al.,
1995; Koltunow et al., 1998; Grimanelli et al., 2003; Bradley
et al., 2007; Carman et al., 2011; Galla et al., 2011; Sharma
et al., 2014). Therefore, P. rufum can be used for analysing the
synchronization between reproductive developmental processes
in genotypes with different ploidies and different apomixis cap-
acities. Ovary growth parameters were used for comparing fe-
male sexual developmental processes. Interestingly, our results
showed that diploid meiosis occurred without ovary growth,
and at stages I and II the ovaries showed the same growth as
tetraploid ovaries at stage [ (MMC). On the other hand, in tetra-
ploid genotypes, meiosis occurred along with significant ovary

growth, that is similar to the growth observed for diploids at the
FM stage and the first mitotic division of megagametophytes
(IV). Moreover, tetraploid megagametophyte development
(from IV to V) proceeded without any significant ovary growth,
similar to diploid ovaries at stage V. These observations indi-
cate delayed development of the tetraploid megaspore and early
megagametophyte development with respect to diploid geno-
types when judged from the growth of the ovaries.

Comparisons of both female and male reproductive develop-
ment showed that in diploids, both male and female develop-
ment from stages I to IV are perfectly co-ordinated. However,
in tetraploids, female development was delayed with respect to
microspore development and the early stage of microgameto-
phyte development. This behaviour indicates that, in diploids,
the signals for differentiation are simultaneously perceived
in both processes. Similar behaviour was observed in P. cha-
seanum, P. simplex and P. plicatulum (Espinoza and Quarin,
1997). Such synchronization between male and female develop-
ment in diploid sexual genotypes (where the male and female
meiocytes arose simultaneously) was also detected in Brachiaria
decumbens (Dusi and Willemse, 1999). On the other hand, in
tetraploids, MiMC meiosis and the initial stage of microgame-
togenesis are advanced as compared with MMC meiosis and the
initial stage of megagametogenesis. These results are consistent
with previous cytoembryological studies of apomictic tetraploid
P. notatum that have shown a similar asynchrony between male
and female development (Bonilla and Quarin, 1997; Laspina
et al., 2008). Interestingly, in aposporous pentaploid P. minus,
advanced microsporogenesis development was also observed
with respect to megasporogenesis (Bonilla and Quarin, 1997),
and similar results were reported for three facultative apomictic
tetraploid species of Brachiara (Lutts et al., 1994).
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In previous works, the comparisons of reproductive develop-
ment in apomictic species were referring to the ovary growth or
male reproductive development, but the comparative systems
used were different, making it difficult to arrive at a common
understanding. Carman et al. (2011) for example, compared
female sexual reproductive development between diploid geno-
types of Sorghum that produce different proportion of AESs,
and they found that apospory accelerates the onset of meiosis.
However, the authors highlighted that none of the reports had
provided convincing molecular or cytological evidence of par-
thenogenesis of the genotypes of these diploids. On the other
hand, evidence of advanced or precocious aposporous or diplo-
sporous development was reported for various genera (Asker
and Jerling, 1992; Leblanc et al., 1995; Peel et al., 1997a, b;
Koltunow et al., 1998; Grimanelli et al., 2003; Bradley et al.,
2007; Carman et al., 2011; Galla et al., 2011; Sharma et al.,
2014).

As was originally proposed by Carman (1997), allopoly-
ploidy or hybrid origin could be the basis of asynchrony
between developmental processes favouring apomixis expres-
sion. However, apomixis is not restricted to allopolyploidy. In
the genus Paspalum, autopolyploidy or segmental allopoly-
ploidy has usually been suggested as the origin of most apom-
ictic tetraploids (Quarin, 1992; Quarin et al.,1998). Polyploid
races of P. rufum probably derived from a natural autopoly-
ploidization process through hybridization of non-reduced
female gametes (Quarin er al., 1998; Siena et al., 2008). This
system supports the hypothesis that autopolyploidy could also
play an important role in the origin and evolution of apomixis
in several warm-season grasses (Quarin ef al., 1998).

Moreover, autopolyploidy was also reported in other apo-
mictic genera such as Panicum and Tripsacum, in which het-
erochrony was also detected (Grimanelli et al., 1998, 2003;
Bradley et al., 2007). Therefore, heterochrony in the female de-
velopmental process occurring in tetraploid P. rufum could be
a consequence of the effect of polyploidization per se. Strong
evidence supports the fact that genome polyploidization would
induce genomic re-arrangements, alteration of gene expression
and genetic modifications at regions encoding retrotransposons,
which would modulate transcription (Martelotto et al., 2005,
2007; Podio et al., 2012b; Ortiz et al., 2013). Furthermore, the
presence of TEs on the apomixis-controlling region (ACR) has
been reported to be related to downregulation of gene expres-
sion (Ortiz et al., 2013). In some Paspalum species, deregula-
tion of gene expression was detected between apomictic and
sexual genotypes (Laspina et al., 2008; Polegri et al., 2010;
Ochogavia et al., 2011).

Moreover, epigenetic differences were also well docu-
mented between apomictic and sexual P. notatum genotypes
by Rodriguez et al. (2012), verifying the emergence of new
epi-alleles after tetraploidization. A recent work published by
Rodrigo et al. (2017) regarding the tetraploid apomictic weeping
lovegrass reported an increment of expression of sexuality under
stress conditions associated with epigenetic variation and TEs,
supporting that apomixis vs. the sexual ratio would be subject
to epigenetic control. By these antecedents, our results provide
evidence of developmental heterochrony between reproductive
processes associated with polyploidy, that could be related to the
success of apomixis over sexuality at the tetraploid level.
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Analysis of Als revealed an extensive period of induction,
starting before meiosis of the MMC up to the third mitotic
division of megagametogenesis. At the diploid level, Als were
detected from stage II to stage FG5 in similar low proportions.
However, in tetraploids, Als were detected from stage I along
with the MMC, up to stage FG4. Moreover, the highest propor-
tion of Als was detected at the FM stage. Therefore, it is pos-
sible that the female sexual reproductive developmental delay
observed in tetraploids (in relation to ovule development and
male reproductive development), and also detected in relation
to emergence of the Al, would be associated with apomixis suc-
cess. Related works on apomictic genotypes of Paspalum spp.
show that Als mainly appear along with the FM and sometimes
with tetrads (Burson and Bennett, 1970, 1971; Quarin and
Burson, 1991; Espinoza and Quarin, 1997; Quarin et al., 1997,
2001). In the apomictic tetraploid of B. brizntha and B. decum-
bens, Als were reported to emerge along with the MMC (Dusi
and Willemse, 1999; Lutts et al., 1994). In aposporic diploid
genotypes of S. bicolor, Carman et al. (2011) have reported
detection of Als along with the MMC, meiocyte, degenerating
megaspores and the FM. Thus, it seems that the fate of nucellar
cells could be modified along with different stages of the sexual
pathway, mainly megasporogenesis, and their differentiation
could rely on more than one specific molecular trigger.

These observations also align with previous works that
reported a deregulation of genes related to sexual reproduc-
tive development between apomictic and sexual genotypes
at early stages of development of sporogenesis. The Somatic
Embryogenesis Receptor Kinase (SERK) gene, associated with
the transition from somatic to embryogenic cells (Schmidt
et al., 1997), was found to be expressed in isolated cells of the
nucellus of aposporous genotypes from Paspalum species but
only in the MMC of sexual genotypes, suggesting a role in the
specification of aposporous initials (Albertini et al., 2005; Podio
et al., 2014). Paspalum notatum Trimethylguanosine Synthase
(TGS1) that had been previously identified as downregulated
during apomictic development (Pessino et al., 2001; Laspina
et al., 2008) is expressed in the nucellus of sexual plants and its
level increased with increases of sexuality of facultative apom-
ictic genotypes from early developmental stages until maturity
(Siena et al., 2014). Analysis of arabidopsis mutants has also
revealed that deregulation of genes related to female gamete
formation, such as Argonaute 9 (AGO9Y), is associated with the
formation of additional MMC-like cells in the ovule resembling
apospory (Garcia-Aguilar et al., 2010; Olmedo-Monfil, 2010;
Schmidt, 2015).

All the above information suggests that Als are associated
with early female reproductive developmental signals up to the
FM stage. On the basis of our results, we propose that Als accu-
mulate during megaspore development, reaching their maxi-
mum at the FM stage, probably by a deregulated expression
of genes related to megasporogenesis, suggesting that a longer
extension of this period, like that observed in tetraploid geno-
types, would imply a greater opportunity for Als to emerge.

Additionally, it is important to highlight that from all the
above analyses it could be deduced that Als appear within the
same ovary developmental period in both diploid and tetraploid
genotypes irrespective of the heterochrony that is observed.
Accordingly, ovary growth and developmental signals could
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also be related to female reproductive development. It was
recently reported that a gibberellin receptor gene, Gibberellin-
Insensitive Dwarfl (GIDI), is involved in both ovule growth/
development and MMC differentiation. Its overexpression in
arabidopsis induces both the presence of additional MMC-like
cells and asynchrony in development of integument growth as
regards megasporogenesis stages if compared with the wild
type (Ferreira et al., 2018). It is also well known that an ovular
auxin gradient directs cell identity in the differentiated female
gametophyte of arabidopsis, and acquisition of cell identity
depends on the distance separating uncellularized haploid nuclei
from the micropylar end of the ovule (Pagnussat et al., 2009;
Armenta-Medina et al., 2011). Thereafter, both processes, i.e.
ovule and female reproductive development, would be strongly
inter-related and could also be related to Al differentiation.

Results presented in this work constitute the first exhaustive
report on the chronology of sexual reproductive development
and the presence of Als in diploid and tetraploid genotypes
of Paspalum spp. The detailed reproductive calendar of this
multiploid complex allows us to determine the specific devel-
opmental stages to be selected in the future to identify key regu-
latory factors involved in the apomictic process.
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