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Aposporous apomictic plants form clonal maternal seeds by inducing the emergence of
non-reduced (2n) embryo sacs in the ovule nucellus and the development of embryos by
parthenogenesis. In previous work, we reported a plant-specific TRIMETHYLGUANOSINE
SYNTHASE 1 (TGS7) gene (PN_TGS17-like) showing expression levels positively
correlated with sexuality rates in facultative apomictic Paspalum notatum. PN_ TGS 1-like
displayed contrasting in situ hybridization patterns in apomictic and sexual plant ovules
from premeiosis to anthesis. Here we transformed sexual P notatum with a TGS7-like
antisense construction under a constitutive promoter, in order to produce lines with
reduced transcript representation. Antisense plants developed prominent trichomes on
the adaxial leaf surface, a trait absent from control genotypes. Reproductive development
analysis revealed occasional formation of twin ovules. While control individuals typically
displayed a single meiotic embryo sac per ovule, antisense lines showed 12.93-15.79%
of ovules bearing extra nuclei, which can be assigned to aposporous-like embryo sacs
(AES-like) or, alternatively, to gametophytes with a misguided cell fate development.
Moreover, around 8.42-9.52% of ovules showed what looked like a combination of
meiotic and aposporous-like sacs. Besides, 32.5% of ovules at early developmental
stages displayed nucellar cells with prominent nuclei resembling apospory initials (Als),
which surrounded the megaspore mother cell (MMC) or the MMC-derived meiotic
products. Two or more concurrent meiosis events were never detected, which suggest a
non-reduced nature for the extra nuclei observed in the mature ovules, unless they were
generated by proliferation and misguided differentiation of the legitimate meiotic products.
The antisense lines produced a similar amount of viable even-sized pollen with respect to
control genotypes, and formed an equivalent full seed set (~9% of total seeds) after self-
pollination. Flow cytometry analyses of caryopses derived from antisense lines revealed
that all full seeds had originated from meiotic embryo sacs (i.e. by sexuality). A reduction
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of 25.55% in the germination percentage was detected when comparing antisense lines
with controls. Our results indicate that PN_ TGS7-like influences ovule, gametophyte and

possibly embryo development.

Keywords: apomixis, apospory, methyltransferase, plant reproduction, TGS1

INTRODUCTION

Apomixis (i.e. asexual reproduction via seeds), an odd
trait described in 293 angiosperm genera, includes several
developmental pathways affecting two key events of sexual
reproduction: meiosis and gamete fusion (Nogler, 1984; Hand
and Koltunow, 2014; Hojsgaard et al, 2014). In the sexual
pathway, the seed contains a single embryo derived from
the fertilization of a reduced female gamete (the egg cell) by
a reduced male gamete (the pollen generative nucleus). In
contrast, apomictic developmental routes involve variations of
two generic alternative pathways, named sporophytic apomixis
(cells originated from the ovule nucellus/integuments directly
differentiate into embryos) and gametophytic apomixis (embryos
arise parthenogenetically from egg cells within unreduced female
gametophytes) (Crane, 2001). Moreover, gametophytic apomixis
sub-classifies as diplospory or apospory, depending on the origin
of the unreduced female gametophyte (i.e. the megaspore mother
cells or nucellar companion cells, respectively). Interestingly, the
molecular and cellular mechanisms and the driving evolutionary
forces that shaped the opposite outcomes of sexuality and
apomixis, biparental embryo vs. autonomous maternal embryo,
remain largely speculative (Albertini et al., 2019; Leon-Martinez
and Vielle-Calzada, 2019).

In the past two decades, apospory has become the most
widely-studied apomixis mechanism. The elucidation of
aposporous apomixis developmental routes requires detailed
functional analyses of many candidate genes and integrative
studies of their interactive networks. Genetic mapping (Akiyama
et al, 2004; Pupilli et al,, 2004; Stein et al., 2007), genomic
sequencing (Calderini et al., 2006; Conner et al., 2008; Calderini
et al., 2011) and extensive transcriptome surveys (Pessino et al.,
2001; Rodrigues et al., 2003; Albertini et al., 2004; Laspina et al.,
2008; Yamada-Akiyama et al., 2009; Polegri et al., 2010; Okada
et al., 2013; Ortiz et al., 2017; Ortiz et al., 2019) have identified
a unique non-recombinant, large hemizygous region associated
with apospory (i.e. the Apomixis Controlling Region or ACR)
and hundreds of expressed sequences possibly involved in the
asexual reproductive pathway. Out of these, only a few were
subjected to functional characterization in subtropical grasses,
revealing apospory-related mechanisms, and proving able to
recapitulate particular steps of the trait. Conner et al. (2015)
showed in Pennisetum squamulatum that a member of the BABY
BOOM AP2 family of transcription factors transcribed from the
ACR locus, PsASGR-BBM-like, is active in egg cells and triggers
parthenogenesis. Silencing of PSASGR-BBML in apomictic RNAi
transgenic plants altered embryo parthenogenetic capacities,
while ectopic expression in egg cells of sexual plants triggered the
formation of haploid progeny (Conner et al., 2015). In addition,

an ectopic male-expressed homologous to BBM (BBM1I) induces
egg cell parthenogenesis in rice and leads to clonal progeny
when combined with the Mitosis instead of Meiosis (MiMe)
mutant (Khanday et al., 2019). Siena et al. (2016) reported that
the ORC3 (ORIGIN RECOGNITION COMPLEX subunit 3) gene,
which is required for endosperm formation in sexual species,
might be regulated by a trans-silencing mechanism triggered
by an ACR-located ORC3 pseudogene in Paspalum simplex. The
authors hypothesized that ORC3 downregulation might allow
the formation of an endosperm that deviates from the typical
2:1 maternal:paternal genome ratio of sexual angiosperms, as
observed in apomictic Paspalum spp. (4m:1p; Quarin 1999).
Moreover, Mancini et al. (2018) determined that expression
of the MAP3K PN_QG]J is essential to Paspalum notatum
aposporous development, since RNAI inhibition in the ovule
nucellus resulted in significantly reduced rates of aposporous
embryo sac formation with respect to the levels detected in wild
type aposporous plants and transformation controls.

P. notatum is a rhizomatous grass species forming an agamic
complex mainly composed of sexual diploid (2n = 2x = 20) and
apomictic tetraploid (2n = 4x = 40) cytotypes (Ortiz et al., 2013).
Tetraploid individuals reproduce mostly by obligate aposporous
apomixis. Aposporous initials (Als) differentiate from nucellar
companion cells surrounding the megaspore mother cell
(MMC). After a series of mitosis, one to several Als form a non-
reduced embryo sac each, which may sometimes coexists with
a meiotic embryo sac originated by the legitimate megaspore.
Aposporous sacs of the Paspalum type typically display an egg
apparatus (one egg cell and one or two synergid cells), a central
cell containing two polar nuclei, and no antipodal cells (Martinez
et al.,, 2001). At anthesis, tetraploid apomictic P. notatum plants
exhibit ovules bearing one or more aposporous embryo sacs,
occasionally accompanied by a meiotic one. While apomictic
embryos are generated by parthenogenesis from unreduced
egg cells, central cell fertilization (pseudogamy) is required for
endosperm development and viable seed formation, despite of an
imbalanced maternal:paternal genomic ratio (4:1) (Ortiz et al.,
2013). Full sexual tetraploid cytotypes were not found in nature,
but several genotypes have been experimentally produced by
colchicine treatment of diploid seeds or by crosses (Quarin
et al,, 2001; Quarin et al., 2003). They were subsequently used
for genetic mapping of apomixis factors, apomictic vs. sexual
differential expression analyses, and breeding (Martinez et al.,
2001; Stein et al., 2004; Stein et al., 2007; Laspina et al., 2008;
Acuia et al., 2011; Ortiz et al., 2017; Zilli et al., 2018).

Comparative transcriptome analysis involving florets of
apomictic and sexual P. notatum plants led us to identify
hundreds of candidate genes with differential expression
patterns (Laspina et al., 2008; Ortiz et al., 2017). In particular,
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we detected a plant-specific RNA methyltransferase that belongs
to the TRIMETHYGUANOSINE SYNTHASE 1 family (PN_
TGS1-like), whose representation was significantly reduced in
reproductive organs of apomictic genotypes compared to sexual
genotypes (Laspina et al., 2008; Siena et al., 2014). qPCR analyses
revealed that PN_TGSI-like expression peaked at anthesis and
positively correlated with the percentage of ovules displaying
meiotic sacs (Siena et al., 2014). In situ hybridization experiments
further showed PN_TGSI-like upregulation in the nucellus of
sexual plant ovules throughout development, from premeiosis to
anthesis (Siena et al., 2014). Altogether, these observations led
us to hypothesize that PN_TGSI-like might be involved in the
repression of Al formation in the nucellus (Siena et al., 2014).

In yeast and mammalian, PRIP-interacting trimethylguanosine
synthase (TGSI) plays a dual role as ERK2-controlled
transcriptional coactivator and effector of non-coding RNAs
m(7)G cap conversion into m(2,2,7)G, a process involved in
numerous cellular functions, such as mRNA splicing, telomere
length maintenance and cell cycle progression (Zhu et al., 2001;
Misra et al., 2002; Mouaikel et al., 2002; Franke et al., 2008; Qiu
et al,, 2011; Kapadia et al., 2013; Martinez et al., 2017). In yeast,
mammalian, and Drosophila genomes, TGS1 contains a single
RNA-cap guanine-N2 methyltransferase domain, and is encoded
by a unique gene. Conversely, plant genomes contain at least one
additional gene encoding the RNA methyltransferase domain and
along, extended N-terminal region, containing a WW interaction
domain (Siena et al., 2014). The specific biological function of
this plant-specific variant has not been determined yet, however
it was recently associated with chilling tolerance in Arabidopsis
(Gao etal., 2017). The objective of this work was to investigate the
effects of a PN_TGS1-like repression during sexual reproductive
development and, particularly, its possible role in controlling
cell fate identity within the ovule, as previously posed by Siena
et al. (2014). To achieve this, we produced RNAI transformants
from sexual P nmotatum plants, which showed attenuated
expression levels for PN_TGSI-like during female reproductive
development. Herein, we provide a detailed description of the
reproductive behavior of these RNAI lines. Our results indicate
that PN_TGS1-like downregulation alters the normal pattern of
gametophyte formation, pointing to a major role in cell growth
and differentiation within plant ovules.

MATERIALS AND METHODS

Plant Material

The P, notatum material used in this work consisted of tetraploid
plants of different origins: Q4117, a highly apomictic natural
accession of Southern Brazil (Ortiz et al., 1997); Q4188, a sexual
genotype obtained experimentally (Quarin et al.,, 2003); three
sexual individuals (JS-36, JS-58 and JS-83) and three apomictic
individuals (JS-9, JS-71 and JS-130) from an F, segregating
population originated from the cross between Q4188 and Q4117
(Stein et al., 2004); a fully sexual synthetic tetraploid (2n = 4x =
40) population (SSTP) of P. notatum obtained by Zilli et al.
(2015, 2018). Genotypes Q4188 and Q4117, as well as the SSTP
population, belong to the living Paspalum germplasm collection

established at IBONE, CONICET-UNNE, Corrientes, Argentina.
All materials were established as experimental plots at IICAR,
CONICET-UNR, Rosario, Argentina.

Plant Transformation

To build the PN_TGS]I-like silencing vector (pActl-Flas) we
started from plasmid pActl-gtbsd2 (Ochiai-Fukuda et al.,
2006), which carries an enhanced green fluorescent protein
gene (EGFP) cloned downstream of the rice Actinl promoter.
The EGFP sequence was replaced by F1,a 733-bp PN_TGS1-like
antisense fragment flanked by positions 7-739 within the PN_
TGSI sequence, GeneBank accession KM114905 (Siena et al.,
2014) (Supplementary Figure 1). F1 comprises the last 63 nt of
the PN_TGSI-like 5’UTR region and the first 670 nt of the PN_
TGS1-like CDS, excluding the conserved RNA methyltransferase
domain. F1 was originally cloned into the pGEM-TEasy vector
(PROMEGA Madison, WI, USA). For construction, plasmids
pActl-gfbsd2 and pGEM-TEasy-F1 were digested with Spel
and Notl restriction enzymes, and the bands corresponding
to F1 (733 bp) and pActl-gtbsd2 (5510 bp) were purified by
electroelution after electrophoresis (Sambrook and Russell,
2001). The F1 fragment and the digested pActl-gfbsd2 plasmid
were then ligated with DNA T4 ligase (PROMEGA) and the
resulting construct, pActl-Flas, was amplified by transforming
DH5a competent cells. Finally, pActl-Flas was sequenced at
Macrogen Inc. (Seoul, Korea) to check position, sense and
integrity of the F1 fragment. Embryogenic calli were produced
from mature seeds of the sexual synthetic tetraploid SSTP
population obtained by Zilli et al. (2018) (see above) following
the tissue culture procedures in MM5 medium described by
Mancini et al. (2014). Transformation experiments were carried
out using a mixture of pActl-Flas and pGFPBAR (the latter
carries the GFP reporter gene and the selectable BAR gene
cloned under the 35S cauliflower mosaic virus and the maize
ubiquitin promoters, respectively) (Huber et al., 2002). A gene
gun device (BIOMICS, Brasilia, Brazil) was used for particle
delivery, at a compressed helium pressure of 900 psi and a
microprojectile flight distance of 5 cm (Mancini et al., 2014).
Before and after bombardment, calli were treated with osmotic
medium, as indicated in Mancini et al. (2014). Bombarded
calli were transferred to selection medium containing 1 mg/L
ammonium glufosinate for 4 weeks (with sub-cultures every
15 days) (Mancini et al, 2014). Then, resistant calli were
transferred to shoot induction media MRV 1 and incubated at
28°C in a culture chamber with a photoperiod of 14-h light/d,
as indicated in Mancini et al. (2014). After 40 days, calli with
shoots longer than 5 cm were transferred to flasks containing
rooting medium MEEV3 (Mancini et al., 2014) and incubated
at 28°C in a culture chamber with a photoperiod of 14-h
light/d. Finally, seedlings showing good development were
washed with distilled water to eliminate remnants of culture
media. Regenerated plants from non-transformed calli (RO)
and bombarded, selected calli (E1/E2) were transferred to pots
containing 1:1 soil/vermiculite and cultured in a GMO confined
growth chamber until maturity. At flowering, inflorescences
were bagged for allowing self-pollination.

Frontiers in Plant Science | www.frontiersin.org

November 2019 | Volume 10 | Article 1566


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Colono et al.

TGS1 Role in Plant Reproduction

Identification of Positive Antisense Lines
To analyse the presence of the pAct1-Flas construction, genomic
DNA extracted with a modified CTAB method (Paterson et al.,
1993) was subjected to nested-PCR to specifically amplify a 530-
bp F1 region (see Supplementary Table 1 for primers): first, a
1270-bp fragment containing the Flfragment was amplified
using Act-Nos2-Upper and -Lower primers and, then, used as
template in nested PCR to generate a 530-bp product using the
Act-Nos2-Upper primer in combination with Nested Lower
primer. In addition, a fragment of the Agrobacterium NOS-T
terminator sequence, present in both pActl-Flas and pGFPBAR
was tested using NOS-Upper and -Lower primers. Amplification
were carried out in 25 ul final volume reactions containing 1xTaq
polymerase buffer (INBIO HIGHWAY, Tandil, Argentina), 1.5
mM MgCl,, 0.2 mM dNTPs, 0.5 uM each primer, 1.25 U Taq
polymerase (INBIO HIGHWAY) and 50 ng genomic DNA or 1
pl of 1/1,000 to 1/10,000 dilution of the first amplification. PCR
cycles consisted of an initial denaturation step at 94°C for 5 min,
followed by 35 cycles of 30 s at 94°C, 1 min at the corresponding
Ta (temperature of annealing, listed in Supplementary Table 1),
25 s to 1.5 min at 72°C, depending on the size of the fragment to
be amplified, and a final extension of 10 min at 72°C.

Expression Level Quantitation

Total RNA was extracted from leaves and flowers (at anthesis)
using the SV Total RNA Isolation Kit (PROMEGA) and reverse
transcribed with Superscript I (INVITROGEN, Carlsbad, CA,
USA) following manufacturer recommendations. Quantitative
PCR reactions (final volume: 20 ul) included 0.5 pM gene-
specific primers, 1X Real Mix qPCR (BIODYNAMICS, Buenos
Aires, Argentina) and 20 ng of cDNA. In each experiment, two
biological replicates were processed, each one including three
technical replicates and a negative control (PCR reaction with
no template). Amplifications were performed in a Rotor-Gene
Q thermocycler (QIAGEN, Hilden, Germany), as follows: 2
min at 94°C followed by 45 cycles of 94°C for 15 s, 57°C for 30
s, and 72°C for 17 s, and a final elongation step of 5 min at 72°C.
The PN_TGSI-like specific primers were qPCR-Upper/Lower
(Supplementary Table 1). Relative quantitative expression
levels of PN_TGSI-like were assessed using the REST-RG 2009
software (QIAGEN) with -TUBULIN as internal reference, as
recommended by Felitti et al. (2011); Ochogavia et al. (2011)
and Podio et al. (2014a) for analogous comparative systems. All
primers used are shown in Supplementary Table 1.

Phenotypic Analyses

Embryo sac development and morphology were characterized
by cytoembryological observations of cleared ovules following
the protocol described by Young et al. (1979). Analysis of
Paspalum mature embryo sacs at anthesis stage allows the
determination of their origin, since meiotic and aposporous
embryo sacs display distinct morphologies (Martinez et al,
2001; Ortiz et al., 2013). While mature meiotic embryo
sacs (MESs) show an egg cell, one or two synergid cells, one
central cell with two polar nuclei and a mass of antipodal cells,
aposporous embryo sacs (AESs) are tetra or pentanucleated,

and comprise an egg cell, one to two synergids, and two polar
nuclei, but lack antipodal cells (Martinez et al., 2001). Spikelets
at premeiosis, meiosis or anthesis were fixed in FAA (70%
ethanol:formaldehyde:acetic acid 18:1:1) for 24-48 h and
transferred to ethanol 70%. Ovaries were then dissected and
treated with 3% H,O, during 2 h prior to dehydration in an
ethanol series (50, 70, 95% and two 100% steps; 30 min each
step). Finally, dissected ovaries were cleared using a series of
methyl salicylate/ethanol (v/v) solutions (1:1, 3:1, 5.6:1; 30
min each step), incubated in methyl salicylate for at least 12
h, and examined using a Leica DM2500 microscope equipped
with Nomarski differential interference contrast (DIC) optics.
Seed origin (apomixis vs. sexuality) was determined with
the Flow Cytometric Seed Screening (FCSS) method (Matzk
et al., 2000), which estimates the genomic DNA content ratio
between the embryo and the endosperm (2:3 for sexual seeds;
2:5 for apomictic seeds). Mature seeds were collected 40 days
after anthesis. After removing spikelets from the rachis, empty
seeds were sorted out using a seed blower. Filled seeds were
manually scarified to dissect out caryopses, that were rinsed in
a series of 30% v/v hypochlorite, 70% v/v ethanol and sterile
distilled water (5 min each step). Then, nuclei were extracted by
chopping caryopses into 0.5 ml extraction buffer (CyStain UV
Precise P Nuclei extraction buffer, SYSMEX PARTEC, Gorlitz,
Germany) and filtering through a 50-pum nylon mesh, followed
by the addition of 1.5 ml of Cystain UV Precise P Staining
Buffer (SYSMEX PARTEC), which contains 4’,6’-diamidino-
2-phenylindole (DAPI). The DNA content (C value) was
determined by measuring the fluorescence intensity of DAPI-
stained nuclei using a CyFlow Space (SYSMEX PARTEC)
flow cytometer, following the protocol described by Galdeano
el al. (2016). In seed germination experiments, 3 sets of 30
seeds originated from plants E1.4 and E2.9 were scarified with
concentrated H,SO, during 15 min, rinsed in distilled water and
incubated within Petri dishes on wet cotton covered by filter
paper, in a growth chamber set at 28°C and a 12h photoperiod
for 30 days. Pollen viability was estimated by examining mature
pollen grains stained with Alexander’s reagent (Alexander,
1980) using a Nikon Eclipse E200 microscope. Purple-stained
grains were scored as viable, while pale-blue/colorless grains
indicated sterility.

Molecular Marker-Based ACR Detection

To verify at the molecular level that the plants transformed
with pActl-Flas did not carry the genomic region responsible
for apomixis (ACR), we took advantage of previous works
reporting ACR specificity for a 605-bp DNA fragment
amplified from a P notatum homolog of a PEPTIDYL-
PROLYL CIS-TRANS ISOMERASE (PPIASE) rice gene (LOC_
0s02g52290.1) (Pupilli et al., 2004; Podio et al., 2012). We
designed primers to amplify this fragment (Supplementary
Table 1) and performed PCR experiments in 25 pl reaction
mix containing: 90 ng of genomic DNA, 0.2 uM of each primer,
1.5 mM MgCl,, 0.2 mM dNTPs and 1.25 U Taq polymerase
(INBIO HIGHWAY). Amplification cycles were done in a
MyCycler thermal cycler (BIORAD, Hercules, CA, USA), as
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follows: 5 min at 94°C, 35 cycles of 94°C for 30 s, 59°C for 1
min and 72°C for 2 min, and a final elongation step of 5 min
at 72°C. The apomictic accession Q4117 and three apomictic
individuals from the JS population (JS-9, JS-71, JS-130), and
the sexual accession Q4188 and three sexual individuals from
the JS population (JS-36, JS-58, JS-83) were used as positive
and negative controls, respectively.

RESULTS

Generation of PN_TGS17-Like Antisense
Lines

Co-transformation experiments using pActl-Flas together with
the reporter/selector plasmid pGFPBAR (Huber et al., 2002)
allowed the recovery of 12 herbicide-resistant regenerated plants
(Figure 1). These plants were tested for the presence of the
transformation antisense construct using three specific primer
pairs (Act-Nos2 Upper/Lower, Act-Nos2 Upper/Nested Lower
and NOS Upper/Lower) (Supplementary Table 1). Seven plants
(E2.1, E2.3, E2.7, E2.9, E2.10, E2.13, and E2.14) amplified the

expected bands for primers pairs Act-Nos2 Upper/Lower and Act-
Nos2 Upper/Nested Lower. However, only 6 plants showed also
amplification with NOS specific primers (E2.1, E2.3, E2.9, E2.10,
E2.13, and E2.14), and were therefore selected as true positives.
The remaining experimental plants (E1.1, E1.2, E1.4, E1.6, E1.9,
and E2.7) were re-classified as transformation controls, since they
had gone through the whole transformation procedure, but did
not incorporated the pActl-Flas transformation vector. Then,
qPCR experiments were conducted to evaluate PN_TGSI-like
expression levels in leaves of five transgenic plants out of the total
six we had identified (E2.10 did not survive the growth chamber
acclimatization period), the El.1 and El.4 transformation
controls, and Q4188 as wild type sexual control. Three of the
transgenic plants (E2.9, E2.13, and E2.14) showed significantly
diminished PN_TGS1-like expression in leaves compared to wild
type and transformation controls (Figure 1, Supplementary
Data Sheet 1), while no significant reduction was detected
for E2.1 and E2.3. We further confirmed downregulation of
PN_TGS]I-like in spikelets of E2.9 and E2.13 T, lines (Figure
1, Supplementary Data Sheet 1) (plant E2.14 has not flowered
after 3 years, see below).

<
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& o oB o bow
]

% -

X
. —

»
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FIGURE 1 | Generation of PN_TGS1-like antisense lines by biolistic transformation. (A-E): calli induction sequence; mature seeds in MM5 medium.

(A): after 3 days. (B): after 8 days. (C): after 10 days. (D):after 21 days (showing calli growth) (E): after 30 days (showing calli growth). (F-K): transformation
sequence. (F): mature seeds in MM5 induction medium. (G): embryogenic calli before osmotic treatments. (H): embryogenic calli in osmotic medium before
bombardment. (I): resistant calli in MRV1 shoot regeneration medium. (J): resistant calli in MEEV3 shoot and root regeneration medium. (K): acclimatized
plants. (L-N): identification of antisense lines; arrows indicate the expected amplification products. —: negative control. +: positive control. (L): (both left and
right panels): amplification with Act-Nos2 Upper/Lower primers. (M): amplification with Act-Nos2 Upper/Nested Lower primers. (N): amplification with NOS
Upper/Lower primers. Asterisks indicate positive antisense transgenic lines (E.2.1, E.2.3, E2.7, E.2.9, E.2.10, E.2.13, and E.2.14) (0) gRT-PCR experiments
for relative quantification of PN_TGS7-like expression in leaves (L) or flowers (F). Amplification products were generated by using gPCR-Upper/-Lower
primers. Q4188: sexual wild type plant. E1.1 and E1.4: transformation controls. E2.1, E2.3, E2.9, E2.13, and E2.14: transgenic (positive) plants.
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PN_TGS1 Down-Regulation Induces the

Formation of Supernumerary Embryo Sacs
Antisense lines (T, generation) showed similar morphological
characteristics as controls regarding plant size, vigor and leaf
width (see measures of leaf width in Supplementary Table
2). However, they displayed long trichomes in the adaxial
surface of leaves, a trait that was absent from control plants
(Supplementary Figure 2, Supplementary Data Sheet 2).
Moreover, transgenic plants showed delayed flowering: only
antisense plants E2.9 and E2.13 flowered in the GMO chamber
(see Materials and Methods) after 1- and 2-year growing
periods, respectively. Antisense plant E2.14 has not flowered
yet, after 3 years of vegetative growth. Contrarily, control plants
flowered within the first year after being transplanted into
soil. A comparative analysis of the number and morphology
of inflorescences for antisense lines and control plants is
shown in Supplementary Data Sheet 2. Plant E2.9 showed
a higher number of inflorescences with more than 2 racemes
(Supplementary Data Sheet 2). Both E2.9 and E2.13 showed
shorter racemes with fewer spikelets than control plants
(Supplementary Data Sheet 2). We found similar proportions
of viable and non-viable pollen in PN_TGSI-like attenuated
plants E2.9 and E2.13, the E1.4 transformation control plant,
and the Q4188 wild type plant (Supplementary Data Sheet 2).
Pollen size was even and similar for antisense and control plants,
which suggested absence of non-reduced pollen. On the other
hand, cytoembryological analysis at anthesis revealed striking
differences between antisense lines and the E1.4 control plant
(Table 1). All viable ovules of the E1.4 control plant contained
a single meiotic embryo sac displaying the characteristic
refringent antipodal cells, a pattern highly reminiscent of sexual
plant Q4188 reproductive behaviour first reported by Quarin
et al. (2003) (Figure 2; Supplementary Figure 3). Contrarily,
a considerable proportion of E2.9 and E2.13 ovules (22.4 and
24.2%, respectively) carried megagametophytes resembling
aposporous embryo sacs (AES-like sacs) (33/147 and 23/95
ovules, respectively) (Figure 2; Supplementary Figure 3;
Supplementary Data Sheet 3; Table 1). In genotypes E.2.9 and
E2.13, 34.7% and 42.4% of the ovules carrying AES-like sacs
displayed also a MES, respectively, which was usually located
in a central position, near the micropyle (Table 1). When the
AES-like embryo sacs shared the ovule with a legitimate MES
embryo sac, they were located to the chalaza, far from the
micropyle, as observed for AES of natural apomictic plants.

Finally, we observed sporadic occurrence (2.3%) of twin ovules,
with one or both bearing MES or AES embryo sacs (Figure
3; Supplementary Figure 4). No proembryos were detected
in either E2.9 or E2.13 ovules at pre-anthesis. In aposporous
Paspalum species, proembryos are frequently detected at this
particular stage, since the egg cells included in the non-reduced
embryo sacs are capable to carry on parthenogenesis (Figure 2;
Supplementary Figure 3). The absence of proembryos in E2.9
and E2.13 lines suggests that the AES-like embryo sacs detected
in these lines are unable to form embryos by parthenogenesis.

In order to clarify the origin of the supernumerary embryo
sacs detected at anthesis, 80 immature ovules of plants E2.9,
Q4188 and E1.4 were examined at early developmental stages
(I and II, according to the reproductive calendar of P. notatum
of Laspina et al., 2008). In the antisense plant E2.9, we detected
the presence of MMCs or MMC-derived meiosis products
surrounded by nucellar cells with a prominent nucleus and
displaying occasionally a knife-shaped morphology. These cells
differed from the typical nucellar cells observed in the sexual
controls and looked similar to Als reported for Paspalum species
(Soliman et al., 2018) (Figure 4, Supplementary Figures 5 and
6). Twenty-six out of 80 ovules (32.5%, 95% CI: 0.227 < P >
0.44) of E2.9 showed one to several cells with enlarged nuclei
surrounding the MMC or the meiotic dyad. None of these Al-like
cells seem to initiate meiosis, supporting the hypothesis that the
supernumerary embryo sacs observed at anthesis derived from
non-reduced cells, as suggested by their morphology. In contrast,
ovules of Q4188 and E1.4 sexual plants showed no Als-like
cells (n = 80; 0%, 95% CI: 0 < P > 0.0571), since nucellar cells
displayed the typical elongation and nuclei sizes usually detected
in sexual plants. Two-nucleate gametophytes (fg2) displaying an
aposporous-like morphology were also detected (Supplementary
Figure 6). Abnormal cells with elongated nuclei were frequently
found, but internal vacuoles as well as gametophytes (fg2) were
more difficult to identify. Our interpretation is that both immature
AES and supernumerary gametophytes of antisense plants occur
in all possible orientations, i.e. when early stages ovules are
viewed from a sagittal (lateral) plane, MES are detected in frontal
morphological planes but AES can be visualized alternatively
in sagittal, frontal or transverse perspectives (Supplementary
Figure 6).

Altogether, our results indicate that PN_TGSI-like
downregulation in sexual Paspalum plants had little effect on
somatic development (but for the induction of trichomes in

TABLE 1 | Embryo sac development assessed by cytoembryological analysis in antisense and control lines at anthesis.

Plant Number of % aborted % ovules with % ovules with % ovules with Proportion of MES/ Proportion of AES-like/
ovaries ovules (n) MES (n) MES + AES-like AES-like sacs MES + AES-like sacs MES + AES-like sacs
sacs (n) only (n) (95% Cl)2 (95% Cl)®
E2.9 147 23.13 (34) 54.42 (80) 9.52 (14) 12.93 (19) 0.64 (0.56-0.72) 0.22 (0.16-0.30)
E2.13 95 15.79 (15) 60.00 (57) 8.42 (8) 15.79 (15) 0.68 (0.59-0.77) 0.24 (0.16-0.34)
E1.4 166 12.05 (20) 87.95 (146) 0(0) 00 0.88 (0.82-0.92) 0.00 (0-0.03)

aProportion of ovules carrying MES only + ovules carrying MES and AES-like sacs, followed by the 95% confidence interval including continuity correction (Newcombe, 1998).
bProportion of ovules carrying AES-like sacs only + ovules carrying MES and AES-like sacs, followed by the 95% confidence interval including continuity correction

(Newcombe, 1998). n, number.

Frontiers in Plant Science | www.frontiersin.org

November 2019 | Volume 10 | Article 1566


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Colono et al.

TGST Role in Plant Reproduction

FIGURE 2 | Cytoembryological analysis of antisense and control plants. (A, B): meiotic embryo sacs with antipodal cells at the chalazal pole (A: wild type; B: plant
E2.9). (C, D): adjacent planes of an ovule of obligate aposporous plant Q4117 carrying non-reduced AES; note the coexistence of proembryos arising from
parthenogenesis with non-fertilized polar nuclei. (E, F): several gametophytes without antipodal cells (AES-like) coexisting in the same ovule (E: plant E2.9; F: plant
E2.13) (images of different focal planes are available in Supplementary Data Sheet 3). (G, H): single AES-like gametophyte without antipodal cells (G: plant E2.13;
H: plant E2.9). pn, polar nuclei; syn, synergid cells; ec, egg cell; an, antipodal cells; ea, egg apparatus; pro, proembryo.

dm, degenerated megaspores; te, meiotic tetrad.

FIGURE 3 | Antisense lines form twin ovules. (A) single ovule with a stack cell, a functional megaspore, and degenerating megaspores. (B) twin ovules originated
from antisense plant E2.9. The ovule on the left bears a stack cell, a meiotic tetrad and two adjacent enlarged nuclei (red arrows/red dotted lines). The ovule

on the right shows a stack cell, a functional megaspore, degenerating megaspores and two adjacent enlarged nuclei (red arrows/red dotted lines). (C, D) same
images as in (A and B), respectively, but the ovule boundaries were unmarked for an easier viewing of the cell boundaries. sc, stack cell; fm, functional megaspore;

leaves) and male reproduction. In contrast, we observed delayed
flowering, anomalous inflorescences, sporadic occurrence of
twin ovules, and differentiation of anomalous gametophytes
from nucellar cells within ca. 20% of ovules. Among ovules
containing atypical gametophytes, a considerable proportion

(near 40%) lacked MES, suggesting developmental problems
or a difference in competitiveness between both sac types. The
absence of proembryos points to a lack of parthenogenesis, since
they are commonly detected in aposporous P. notatum plants
before fertilization of the polar nuclei (pseudogamy).
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FIGURE 4 | Ovule early developmental stages reveal MMCs and MMC-derived meiotic figures surrounded by cells with enlarged nuclei. (A) wild type sexual ovule
with a MMC cell and a typical basal stack cell. (B) E2.9 antisense transgenic plant ovule showing the MMC, the stack cell and several enlarged nuclei on top (red
arrows/red dotted lines). (C) same image as in (B), with higher magnification. (D) E2.9 antisense transgenic plant ovule with a stack cell, a functional megaspore,
degenerating megaspores and an adjacent cell with enlarged nucleus (red arrow). (E, F) adjacent planes of an ovule containing a two-nucleate gametophyte (fg2)
or alternatively a functional megaspore accompanied by a cell with an enlarged nucleus (red arrows). Degenerating megaspores, which should be present at this
developmental stage, are absent (the site where degenerating megaspores should have appeared was marked with a white arrow). (G) ovule with a megaspore
mother cell and a neighbouring cell with enlarged nucleus. (H) ovule with a two-nucleate gametophyte (fg2) and a neighbouring cell with enlarged nucleus. mmc,
megaspore mother cell; sc, stack cell; fm, functional megaspore; dm, degenerating megaspore.

Molecular Assay for the Presence of the
Apomixis Controlling Region (ACR)

In order to investigate the presence of the ACR in experimental
plants and discard the occurrence of contamination within the
sexual seed lot, we checked the antisense lines for a genetic
polymorphism of the PEPTIDYL-PROLYL CIS-TRANS
ISOMERASE (PPIASE) gene, which strictly cosegregates
with apomixis in the species (Pupilli et al., 2004; Podio et al.,
2012). Using specific primers targeting an internal genomic
region of the P. notatum PPIASE (Supplementary Table 1),
we assayed DNA from Q4188 (sexual), Q4117 (apomictic),
three apomictic, and three sexual F, hybrids originated from
the cross Q4188 x Q4117, the regeneration control R0.1, two
transformation controls (E1.1 and El1.4) and three selected
antisense lines (E2.9, E2.13 and E2.14). The expected apomixis-
linked amplification marker (570 bp) was detected only in
Q4117 and the apomictic F1 hybrids (Figure 5) and was absent
from sexual Q4188, sexual F, progenies and antisense lines
(Figure 5). This result confirmed that our transgenic lines,
derived from sexual seeds, lack the genetic sequence(s) needed
for apomixis. Thus, the reproductive phenotypes observed here

are expected to derive from down-regulation of the PN_TGSI-
like gene.

Antisense Lines Do Not Form Mature
Seeds by Apomixis

In order to reconstruct the reproductive developmental pathway
of both antisense and control plants, we used the Flow Cytometric
Seed Screening (FCSS) method (Matzk et al., 2000) for analysing
T, and control seeds. Mature inflorescences were harvested
from antisense line E2.9 and E1.4 (transformation control), and
empty seeds were sorted out using a wind separator. Both control
and antisense lines showed a low seed set (Table 2). Such scant
values may stem from self-pollination, which reduces seed set
in sexual tetraploid germplasm (Zilli et al., 2018), unfavorable
greenhouse conditions, the PN_TGSI reduced expression, or a
combination of all these factors. Examination of nuclear DNA
content ratios between the embryo and the endosperm (100
seeds per genotype) allowed to assess whether the seed was
generated through sexuality (2C:3C embryo:endosperm ratio),
apomixis (2C:5C embryo:endosperm ratio) or fertilization
of an unreduced egg cell to produce a BIII individual (3C:5C
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FIGURE 5 | Apospory-controlling region (ACR) amplification in antisense and control lines (sexual and apomictic). Genomic DNA of genotypes Q4188 (sexual),
Q4117 (apomictic), three sexual and three apomictic F, hybrids originated from a cross Q4188 x Q4117, R0.1 (regeneration control), E1.1 and E1.4 (transformation
controls), and E2.9, E2.13, E2.14 (antisense lines) were used as templates to investigate the presence of the ACR with primers that specifically amplify a copy of a
PPIASE located within this genomic region (Pupilli et al., 2004; Podio et al., 2012). Only Q4117 and the three apomictic F, hybrids amplified the ACR-specific band.

TABLE 2 | Proportion of filled caryopses in antisense and control lines.

Plant Full seeds Empty seeds Proportion (95% CI)
Q4188 26 223 0.10 (0.07-0.15)
RO.1 77 733 0.10 (0.07-0.11)
E1.4 51 335 0.13(0.10-0.17)
E2.9 227 2251 0.09 (0.08-0.10)

embryo:endosperm ratio). As expected, the control line (E1.4)
formed seeds by sexuality only (Supplementary Figure 7).
Likewise, all seeds obtained from antisense line E2.9 showed a
sexual origin (Supplementary Figure 7) and no BIII progeny
was detected. These results might support different hypotheses
regarding the extra embryo sacs detected at anthesis: a) they are
non-functional non-reduced AES-like gametophytes incapable
of parthenogenesis or fertilization; b) they are reduced embryo
sacs originated from several concurrent meiosis events occurring
in the ovule nucellus (less probable, since such simultaneous
meiotic events were not detected at early developmental stages);
¢) they are reduced embryo sacs originated from more than one
functional megaspore, derived from a single meiotic event. Out of
30 total seeds (3 replicas, see Materials and Methods), an average
of 24.66 (+ 0.57) and 17.00 (+ 1) ones, originated from E1.4 and
E2.9, respectively, germinated within the first week. No other
seed germinated during the second week. Our results indicate
that an inhibition of PN_TGSI-like causes a moderate but
significant decrease of 25.55% in the percentage of germination
of seeds originated by sexuality, since it was 82.22% (72.43 < P>
89.19) for plant E1.4 and 56.67% (45.82 < P> 66.94) for plant
E2.9. These results suggest that PN_TGSI-like may be involved
in embryo/endosperm development and/or the germination
pathways during sexual development.

DISCUSSION

PIMT (PRIP-interacting protein with methyltransferase
domain)/TGS1 was first isolated as a transcriptional co-activator
PRIP-interacting protein (Zhu et al, 2001) and has been
extensively studied in yeast, flies and mammals. The canonical

PIMT/TGS1 protein contains a methyltransferase and two
binding domains, allowing interactions with target RNAs and
the methyl donor S-adenosyl-Lmethionine, respectively (Zhu
et al,, 2001). It participates in several molecular roles affecting
growth and development, as follows: 1) catalysing the post-
transcriptional conversion of sn(o) and telomerase RNAs
7-methylguanosine caps (m7G) into 2,2,7-trimethylguanosine
(m3G), with direct consequences in mRNA splicing, rRNAs
processing, and maintenance of the telomere structure (Mouaikel
et al., 2002; Franke et al., 2008); 2) modulating transcription in
several contexts, by interacting and co-localizing in the nucleus
with histone acetyl transferase (HAT)-containing transcriptional
coactivators such as CBP/Ep300 and non-HAT-containing
coactivators such as the Mediator subunit Med1 (PPAR binding
protein; PBP/TRAP220/DRIP205) and PRIP (Zhu et al.,, 2001;
Misra et al., 2002; Kornberg, 2007). PIMT has been proposed
to serve as a molecular bridge between HAT- and non-HAT-
containing transcriptional complexes and to control nuclear
receptor mediated transcription. ERK2 phosphorylation at
Ser?® of PIMT/TGS] activates transcriptional activity at some
promoters, suggesting a direct role for signal transduction
pathways in modulating transcription (Kapadia et al., 2013); 3)
trimethylating the 7-methylguanosine caps (m7G) of a group of
quiescence-induced primary miRNAs (pri-miRNAs), which bind
Exportin-1 in primary human fibroblasts (Martinez et al., 2017).
Knockdown of either Exportin-1 or TGS1 inhibits the biogenesis
of the corresponding mature miRNAs (Martinez et al., 2017).
These Exportin-1-dependent pri-miRNAs are found in the
cytoplasm during quiescence together with a smaller isoform of
Drosha (Martinez et al., 2017). It was proposed that in quiescent
cells an alternative miRNA biogenesis pathway involving TGS1
and Exportin-1 selectively processes and transports a specific
set of miRNAs, which could be essential for reversible GO arrest
(Martinez et al., 2017).

In contrast, TGS1 remains poorly characterized in plants.
Interestingly, these organisms evolved a longer gene family
member, including an N-terminal extension with a WW
protein-interacting domain (Siena et al., 2014), which suggests
the rise of plant-specific functions. In sub-tropical P. notatum
plants, the plant-specific gene version PN_TGS1-like expresses
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throughout the female reproductive development in nucellar
and integument cells of ovules in sexual biotypes, while no
expression is detected in ovules of apomictic plants (Siena
et al., 2014). Moreover, PN_TGSI-like expression positively
correlates with the rate of sexuality in facultative biotypes
(Siena et al., 2014). Interestingly, PN_TGSI-like is naturally
downregulated only in ovules, since no significant differential
expression was detected in leaves or roots between apomictic
and sexual genotypes (Siena et al., 2014). Recently it was
shown that TGSI-like is required for plant chilling tolerance,
since the vegetative and reproductive growth of Arabidopsis
tgsl-like mutants (with defective AT1G45231 expression)
was severely compromised under this particular condition
(Gao et al., 2017).

In order to obtain antisense lines with a reduced PN_TGSI-
like expression, we first isolated a specific gene fragment (named
F1) located at the 5" end of the transcript, and absent from other
partially homologous sequences. F1 was cloned under the rice
Actl promoter control, which allows constitutive expression in
all Gramineae plant organs, including ovules (Zhang et al., 1991;
Mancini et al., 2014; Mancini et al., 2018). Three antisense lines
with reduced PN_TGSI-like grew normally at 26°C, showing
leaf development, color, and shape indistinguishable from
that of the wild type. However, long trichomes formed in the
adaxial surface of leaves and were visually distinguishable. The
emergence of the latter trait (which is absent from both sexual
and apomictic wild type plants) might be associated with the
repression of PN_TGSI-like in the leaves of the transgenic
plants due to the use of the constitutive rice Actl promoter. In
apomictic genotypes, PN_TGSI-like is downregulated only in
ovules, while expression in leaves is equivalent to that observed
in sexual plants (Siena et al., 2014). This might account for
the absence of long trichomes in the leaf adaxial surface of
both sexual and apomictic plants. Besides, downregulation of
PN_TGS]I-like caused the occasional emergence of abnormal
gametophytic nuclei representation in mature ovules. These
atypical nuclei might be associated with to the occurrence of one
to several gametophytes with an aposporous-like morphology
and/or represent a misguided differentiation process, involving
proliferation and/or changes of the cellular developmental
fate. Unfortunately, reliable methods aimed at estimating the
ploidy level within the female gametophyte are not available
for Paspalum. However, analyses of reproductive female
development at early premeiotic/meiotic developmental stages
revealed the occurrence of enlarged cells with prominent nuclei
adjacent to the MMC or the meiotic products, which were never
seen to initiate meiosis. The absence of simultaneous meiotic
events in the antisense plants immature ovules supports a non-
reduced nature for the extra nuclei detected at anthesis stage, but
the development of more than one functional megaspore from
the MMC meiosis cannot be discarded. None of the transformed
(antisense) lines carried the sequence/s necessary for apomixis
in its genome, as was demonstrated by the absence of an
ACR-specific PPIASE marker. Therefore, the emergence of the
reproductive phenotype can be assigned to the downregulation
of PN_TGSI-like gene only, and not to an inherent capacity
for apomictic reproduction. No proembryos were observed at

preanthesis/anthesis stage, and seed flow cytometry analyses
revealed that only the sexual reproductive pathway was active
in transgenic plants. The two last findings point to the absence
of parthenogenesis and/or endosperm development. However,
further experiments will be needed to test this hypothesis, like
control of proembryo formation after emasculation and crossing
of antisense PN_TGSI-like with endosperm autonomous
development mutant/transformant lines, among others.

If the extra embryo sacs detected in the transgenic plants E2.9
and E2.13 were unreduced (as suggested by their morphology),
and their egg cells were incapable of parthenogenesis (as
suggested by the sexual origin of the whole E2.9 progeny), an
increased formation of BIII (2n + n) progeny should be expected
(Martinez et al., 1994; Espinoza et al., 2002). However, the
proportion of BIIT hybrids formation in Paspalum is influenced
by the pollination time (Martinez et al., 1994; Espinoza et al.,
2002). Pollination at anthesis (the stage used here to produce
the seed set) generates an insignificant proportion of BIII
progeny (1/97, Proportion 0.0103, 95% CI: 0.0005 < P< 0.0642,
see Espinoza et al., 2002), even in full apomicts, in which the
percentage of ovules carrying unreduced embryo sacs is close
to 100%. The rate of BIII formation in complete absence of
parthenogenesis was never analysed, since in P notatum
apospory and parthenogenesis were never uncoupled. The only
record reporting an increase of the BIII formation rate associate
to an induced decrease of parthenogenesis was presented
by Podio et al. (2014b), who used 5-azacytidine treatments
to de-methylate the whole Paspalum genome. Podio et al
(2014b) reported that from 33 non-maternal progenies, 8 were
BIIT hybrids (24.24%, 95% CI: 0.1174 < P < 0.4263); here we
analysed 100 ovaries, from which none was a BIII hybrid (0%,
95% CI: 0.000 < P < 0.0461). Data sets are significantly different,
but consideration should be paid to the fact that the natural
apomictic plants used by Podio et al. (2014b) were obligate
apomictic genotypes forming unreduced female gametes in
near all ovules, while the transgenic antisense plants studied
here have only 22.45-24.21% of ovules carrying aposporous
embryo sacs. Further flow cytometry analyses involving a
higher number of ovules should be planned. Moreover, we
cannot discard that a modification of TGSI expression could
affect fertilization of unreduced gametes.

Out of the few apomixis candidate genes previously
identified by  comparative transcriptomics/genomics/
reverse genetics, only the MAP3K QUI-GON JINN (QG]),
seems to be involved in the development of aposporous
embryo sacs (Mancini et al., 2018). Both PN_TGSI-like and
PN_QG]J are expressed in the P. notatum ovule nucellus at
premeiotic stage (Siena et al., 2014; Mancini et al., 2018), but
have opposite expression level depending on the genotype
reproductive mode: PN_TGSI-like is overexpressed in sexual
genotypes with respect to aposporous ones, while PN_QG] is
upregulated in aposporous genotypes with respect to sexual
ones. Interestingly, downregulation of PN_QG]J impairs the
formation of AES in the nucellus of an obligate apomictic
genotype (Mancini et al., 2018). On the contrary, here we show
that downregulation of PN_TGSI-like induces the formation
of AES-like in the nucellus of sexual genotypes. These results
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suggest the existence of two antagonistic pathways related with
the megagamethogenesis operating in the Paspalum ovule
nucellus, one of them promoting apospory (expressed only in
aposporous plants) and the other one repressing it (expressed
only in sexual plants). The connection between these pathways
could be further analysed by determining the expression of PN_
QG]J in antisense PN_TGSI1-like lines and vice versa. Crosses
of the antisense/RNAIi lines could be used to analyse which
of these controlling molecules is dominant. Since both RNAi
PN_QG]J and antisense PN_TGSI-like plants are available in
our laboratory, we are able to carry out these crosses, in order
to initiate the study of functional links operating between the
sexual and aposporous molecular pathways.

There is only one previous report (Zhao et al., 2017) that
identifies a molecular pathway controlling the number of
mature embryo sacs formed within the plant ovule. Zhao
et al. (2017) determined that CDK-inhibitors of the KRP class
are expressed within MMCs in order to restrict the CDKA1-
dependent inactivation of the Arabidopsis RETINOBLASTOMA
homolog RBR1. One function of RBR1 is the direct repression of
the stem cell factor WUSCHEL (WUS), a process necessary to
allow the entry of the MMC into a meiotic fate. In rbrl and krp
triple mutants, WUS ectopically accumulates in the designated
meiocytes, inducing them to undergo several mitotic divisions
before initiating meiosis. Consequently, several meioses occur
in parallel, and multiple reduced embryo sacs are formed within
the ovule. Depleting WUS in rbr1 mutants restores the formation
of only a single meiocyte, and a single derived embryo sac.
Interestingly, the egg/central cell of the supernumerary reduced
embryo sacs formed in rbrl and krp triple mutants partially
fail to undergo plasmogamy with sperm cells, suggesting that
the KRP-controlled molecular pathway is also involved in the
fertilization process (Zhao et al., 2017). Like RBR1 and KRP,
PN_TGSI-like seems to control the number of embryo sacs
formed in the ovule, but the mechanism involved is dissimilar,
since in this instance Als-like cells emerge from the nucellus
and multiple meioses are not detected. Therefore, RBR1/
KRP and PN_TGSI-like seem to trigger different controlling
mechanisms, equally necessary to ensure that the sexually
reproducing plant will carry only a single embryo next to the
nourishing tissue (i.e., the endosperm). Meanwhile, a regulatory
mechanism similar to that reported here for PN_TGSI1-like has
been proposed in ARGONAUTE 9 (AGO9) defective mutants
(Olmedo-Monfil et al., 2010). However, ago9 mutants do not
form complete mature supernumerary embryo sacs, even when
several germline cells differentiate from nucellar cells. In the
near future, it will be of interest to explore the functional link
between AGO9 and PN_TGS1-like, which could be related with
the already reported TGS1 activity during miRNA trimethylation
(Martinez et al., 2017).

Apomixis has for long been considered a valuable trait from
a plant breeding perspective, since it could allow the fixation of
hybrid vigor (Hanna, 1995). In fact, the combined use of apomixis
and sexuality in breeding programs allows rapid generation of
superior genotypes, whose heterosis can be permanently fixed
and inherited via seeds (Spillane et al., 2004). Currently, such
type of breeding schemes are being applied to improve natural

apomictic forage grasses of the Paspalum and Brachiaria genera
in South and North America (Acuna et al., 2007; Acuna et al.,
2009; Quesenberry et al., 2010; Acufia et al., 2011; Barrios et al.,
2013). The success of this methodology has accelerated the
production of adapted hybrid cultivars and is rapidly boosting
livestock farming in areas that had traditionally been marginal for
cattle production. Moreover, advanced molecular strategies have
been developed to allow the production of artificial clonal seeds,
mimicking the consequences of apomictic development (Khanday
etal,,2019; Wang et al., 2019). The concept that apomixis could be
induced in sexual major crops species gets even more attractive
when considering recently posed hypotheses pointing to both
reproductive modes being anciently polyphenic (Albertini et al.,
2019), since identification of a lost developmental switch could
allow changing from one reproductive route to the other at will. In
this context, the identification and characterization of molecules
like PN_TGS1-like, which can be used alone or in combination
to induce particular alterations in gametophyte development,
represents an important step towards the effective modulations
of the reproductive mode with consequences for breeding.
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