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Sexual reproduction in plants is a complex, stringently regulated process that leads
to the creation of diaspores for a new generation: sexual seeds. Traditionally, sexuality is
exploited to segregate or selectively assemble desired genes and traits during the creation
of new crop varieties. However, the exploitation of sexuality also imposes constraints
on plant breeding, which include high seed costs and time-consuming methods. Most of
these limitations can be mitigated by sequentially exploiting sexuality and apomixis during
plant breeding.

Apomixis is the consequence of a concerted mechanism that harnesses the sexual
machinery and acts in a way that coordinates developmental steps in the ovule to produce
an asexual (clonal) seed. Altered sexual developments involve widely characterized func-
tional and anatomical changes in the meiosis, gametogenesis and embryo and endosperm
formation. The ovules of apomictic plants skip meiosis and form unreduced female ga-
metophytes whose egg cells develop into a parthenogenetic embryo, and the central cells
may or may not fuse to a sperm to develop the seed endosperm. Thus, functional apomixis
involves at least three components, apomeiosis + parthenogenesis + endosperm develop-
ment, modified from sexual reproduction that have to be coordinated at the molecular
level to progress through the developmental steps and form a clonal seed. Despite recent
progress uncovering specific genes related to apomixis-like phenotypes and clonal seed
formation, the molecular basis and regulatory network of apomixis is still unknown. This
is a central problem underlying the current limitations of apomixis breeding.

This Special Issue collects twelve publications addressing different topics around
the molecular basis of apomixis, illustrating recent discoveries and advances towards
understanding the genetic regulation of the trait and discussing the possible origin of
apomixis and the remaining challenges for its commercial deployment in plants.

Since theories that apomixis is a phenomenon based on gain- or loss-of-function mu-
tations over sexuality remain open, Barcaccia et al. [1] reassess the evolutionary origin
of apomixis in angiosperms and their alternative developmental pathways and present
phylogenetic and genetic evidence supporting that apomixis evolved from sex and is a
consequence of the molecular disruption of key players in sexual development. Further-
more, Schmidt [2] gives an overview of the molecular aspects of apomixis in higher plants
and provides a clear interpretation of the regulatory complexity involved in apomictic
development, emphasizing the active role of DNA- and RNA-binding proteins, as well as
non-coding RNAs, in the activation and repression of developmental programs through
epigenetic regulatory mechanisms. Similarly, Ortiz et al. [3] summarize the vast infor-
mation on apomixis in a case study on Paspalum spp. and provide details on the key
aspects of apomictic development in the genus and the various genetic analyses used,
including the molecular characterization of genomic loci, functional characterization of
three reproductive candidate genes (ORC3, QGJ and TGS1) and a roadmap for further
genome-based studies.

Further molecular details on apomixis have been derived from different plant species.
Mateo de Arias et al. [4] use genetic and cytoembryological analyses combined with
stress treatments in five species to present substantial evidence in support of a polyphenic
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condition for meiosis and apomeiosis determined by metabolic states. The study lays
the groundwork for a new avenue of research and future studies focused on integrating
metabolism into the current understanding of apomixis and on unraveling the role that
metabolic homeostasis plays in reproductive switches. Likewise, Selva et al. [5] use gene
expression and cytoembryological analyses combined with water stress experiments to
pinpoint genes that modulate the expression of sexuality in the apomictic grass species
Eragrostis curvula, and to identify genes with more specific roles in the stress response and
control of the reproductive mode. Pellino et al. [6] take advantage of gene expression anal-
yses on microdissected ovules to disclose genes that are differentially expressed between
sexual and apomictic individuals of the Ranunculus auricomus complex, owing to effects of
transgressive gene expression, parent of origin and ploidy. Three genes probably involved
in the reproductive steps are highlighted. In Poa pratensis, Marconi et al. [7] use detailed
genetic and in situ hybridization analyses, as well as protein prediction and molecular
modelling tools, to characterize a collection of apomixis-related alleles identified in relation
to APOSTART, the putative gene with an active role in the development of apomixis in this
grass species.

Parthenogenesis is a central component of apomixis and is often associated with
the development of the endosperm, the least studied feature in apomictic plants. van
Dijk et al. [8] collect cytoembryology, flow cytometry and molecular marker data from
experimental crosses in Taraxacum officinale and advance the genetic characterization of
autonomous endosperm formation in the Asteraceae by providing evidence supporting
a three-locus model for apomixis, with parthenogenesis and diplospory controlled by
independent dominant loci and autonomous endosperm development under complex
regulatory control. Focusing on parthenogenesis, Zhang et al. [9] take a further step
toward inducing apomixis in sexual plants. These colleagues transferred the PSASGR-
BABYBOOM:-like gene (PsASGR-BBML) that confers parthenogenesis in the apomict grass
Pennisetum squamulatum (and other monocot species) into tobacco plants and confirmed, for
the first time, that the PsASGR-BBML gene regulated by egg cell-specific promoters enables
parthenogenesis in a dicotyledonous species. Another substantial advance is derived
from Henderson et al. [10], who introduced a Cas9 construct in an apomictic Hieracium
species via Agrobacterium-mediated leaf disk transformation and evaluated the efficiency
of CRISPR/Cas9 editing to target the endogenous PHYTOENE DESATURASE (PDS) gene.
The study—featured in this collection—demonstrates, for the first time, that gene editing
tools can be effectively used in apomixis research and inaugurates a new stage for the
identification of apomixis genes.

Finally, an opinion piece summarizes the relevant molecular data and the three cur-
rently accepted but divergent hypotheses explaining the nature of apomixis to point to
a probable single molecular event with a multigenic effect on reproductive development
implicated in the origin of apomixis, remarking on the need to find a unifying molecular
model to fully exploit apomixis technology [11]. In addition, Scheben and Hojsgaard [12]
discuss alternative methods from the gene-editing toolbox and their feasible use to induce
apomixis in sexual plants depending on the type of molecular model of the genetic control
of apomixis that is chosen, and stress the importance of understanding the molecular basis
of apomixis and its natural variation in apomictic plants for trait breeding and optimization
in sexual ones.

Each of the plant species used as model systems in apomixis research has its own
characteristics and challenges. The present collection covers plant species that exhibit
diverse changes in the sexual machinery and a range of methodologies, from embryology
and genomics to genetic modification and bioinformatics methods, that exemplify such
particularities and expose the efforts and ingenuity that researchers devote to uncovering
the molecular details of apomixis in plants. Each of the contributions, many of which
point to new research directions, paves the way toward a better understanding of apomixis
and guides the advancement of this scientific topic by bringing us closer to resolving the
molecular basis of apomixis and its biotechnological application.
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Abstract: Apomixis sensu stricto (agamospermy) is asexual reproduction by seed. In angiosperms it
represents an easy byway of life cycle renewal through gamete-like cells that give rise to maternal
embryos without ploidy reduction (meiosis) and ploidy restitution (syngamy). The origin of apomixis
still represents an unsolved problem, as it may be either evolved from sex or the other way around.
This review deals with a reappraisal of the origin of apomixis in order to deepen knowledge on
such asexual mode of reproduction which seems mainly lacking in the most basal angiosperm
orders (i.e., Amborellales, Nymphaeales and Austrobaileyales, also known as ANA-grade), while it
clearly occurs in different forms and variants in many unrelated families of monocots and eudicots.
Overall findings strengthen the hypothesis that apomixis as a whole may have evolved multiple
times in angiosperm evolution following different developmental pathways deviating to different
extents from sexuality. Recent developments on the genetic control of apomixis in model species are
also presented and adequately discussed in order to shed additional light on the antagonist theories
of gain- and loss-of-function over sexuality.

Keywords: agamospermy; basal angiosperms (ANA-grade); sporocyteless; polycomb-group proteins;
reproductive systems; apomixis evolution

1. Introduction and Background Information

Apomixis sensu stricto (agamospermy) is asexual reproduction by seed [1]. For eukaryotes in
general, apomixis is life cycle renewal through gamete-like cells that give rise to maternal embryos
but without sexuality and sex, that is, without ploidy reduction (i.e., meiosis) and ploidy restitution
(i.e., syngamy). Both meiosis and syngamy are canalisations of complex molecular processes that
have remained conserved among single-celled and, later, multi-celled species of eukaryotes since
eukaryogenesis [2-8]. Apomixis, like seX, is kingdom ubiquitous occurring in thousands of species
across eukaryotes [9-11].

Since apomictic reproduction involves the development of an embryo from an apomeiotic or
somatic cell with a maternal genome, there are several ways to produce seeds of apomictic origin.

Genes 2020, 11, 859; doi:10.3390/genes11080859 5 www.mdpi.com/journal/genes
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This process can have a nucellar or integumental initiation, depending on the tissue of the ovule from
which the maternal cell with embryonic competence differentiates.

The simplest pathway, known as adventitious embryony, avoids the production of a gametophyte
and one or more vegetative embryos form within the nucellus or the integument. This phenomenon
seems to have evolved more frequently in tropical than in temperate flora [12,13] and to be more
represented in diploid species, while other forms of apomixis are more frequent in polyploids.
Adventitious embryony is found in several non-agriculturally important species, with the exception of
several Citrus species and mango (Mangifera indica) [14].

Another pathway, known as gametophytic apomixis, occurs when the maternal embryo originates
from an apomeiotic egg cell differentiated into an unreduced embryo sac [15] arisen from a somatic
nucellar cell that acquires the developmental program of a functional megaspore (apospory) or from a
megaspore mother cell with suppressed or modified meiosis (diplospory). It is worth nothing that the
gametic cell fate in apomictic plants can be activated either in somatic cells (apospory) or in unreduced
megaspores (diplospory) as surrogate for meiotic products [6,16].

Sexual reproduction is based on the alternation of a diploid (sporophytic) and haploid
(gametophytic) generation, both of which are fringed by events that lead to a change in ploidy,
i.e., meiosis and fertilization. In gametophytic apomixis, both edge events are short-circuited as the egg
cells originate through mitosis (apospory) or restitutional meiosis (diplospory), preserve a maternal
genomic composition, and the embryos develop autonomously without any contribution of a spermatic
nucleus (parthenogenesis). This combination was referred to as recurrent apomixis [15] as the original
genotype may be indefinitely reiterated over generations.

Scaling up and down the ploidy level by means of genome accumulation or limitation can
eventually take place by unreduced egg cell fertilization or reduced egg cell parthenogenesis respectively.
These reproductive strategies have been referred to as non-recurrent apomixis [15]. Although not
offering a stable means for genotype propagation, apomictic variants have likely been an important
player in the evolution of polyploid species.

2. The Evolution of Apomixis

From the evolutionary point of view, the nature and persistence of asexual reproduction remains
one of the most challenging phenomena [17]. In plants, asexuality (apomixis) either resurfaces
in sexual lineages or it is derived by mutations from sexuality (amphimixis), and not only has it
originated independently multiple times between different species but it has also resurfaced or evolved
recurrently within certain species. Hence, genomic shocks, such as hybridization, polyploidization
or both, have repeatedly switched from sexual to asexual reproduction. Despite the hypothesized
disadvantages associated with apomixis, including limited genetic variation and mutation accumulation,
asexually reproducing plants are highly adaptable, surprisingly stress tolerant and stable from an
evolutionary perspective, and therefore questions regarding the origin and evolution of asexuality are
still a matter of debate among population geneticists.

Species characterized by gametophytic apomixis are mainly polyploid, whereas their sexual
relatives are usually diploid [18]. It is well known that many wild apomictic species are characterized
not only by polyploidy, but also by hybridity [19]. In fact, apomicts usually belong to complex taxa
whose members regularly undergo intra- and interspecific hybridization patterns. However, it is not
yet clear what the relative contributions of hybridization and polyploidization models are, due to
origin and evolution of the asexual lineage, since both phenomena can have different regulatory
consequences [20-22], which could presumably lead to coordinated deregulation of stress perception
and adaptation genes as well as the sexual path in a sexual ancestor. Moreover, an asexual pathway is
obligate infrequently: most apomictic species are facultative, as individuals can set seeds through both
sexual and apomictic reproductive modes.

Apomixis may now be regarded as a consequence of sexual failure (i.e., loss-of-function) rather
than as a recipe for clonal success (i.e., gain-of-function). There is increasing evidence that apomixis is
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a modification of the normal sexual developmental pathway (reviewed by [1,23]). Most of the events
that characterize sexual reproduction may be retained both structurally and functionally in apomictic
reproduction, with the exceptions that the reduced egg cell is replaced by an unreduced egg cell,
with absent or modified meiosis (i.e., apomeiosis), and the seed development does occur without egg
cell fertilization (i.e., parthenogenesis). In addition, it is clear that residual sexual function is retained
in pseudogamous apomixis; in fact, if it is true that seed development may occur without fertilization
of either the egg cell or the central cell (i.e., autonomous apomixis), it is also true that fertilization may
be required to form the endosperm in many apomictic plants [15].

Comprehension of parallel or convergent evolution of apomixis may be crucial for seeking the
causal gene/s, as they represent distinctive labels for its independent resurfacing or origin among
populations or species. The rationale usually suggests that, given a plant phenotype, the underlying
genetic factors and mechanisms could be considered similar in closely related species or different
in distantly related species. With particular reference to the mode of reproduction, i.e., apomixis
vs. sexuality, the same reproductive strategy might have theoretically resurfaced or evolved among
populations even within species by changes in different gene/s or among distantly related species
by changes in the same gene/s through convergent or parallel evolution. As a general perspective,
nowadays in the post-genomic era, reconsidering and understanding what we have learned about the
genetic control of apomixis should help us to critically determine the evolution of this trait, including
both apospory and diplospory, at least in the most studied model species.

If parallel evolution has occurred for apomixis, this reproductive strategy is expected to have
evolved independently in different populations even in closely related species. In fact, different
populations or species showing similar patterns of development are likely modified in similar ways if
subjected to similar selection pressures. Hence, “parallelism” refers to independent developmental
modifications of the same kind that gives rise to similar phenotypes. As a matter of fact, because closely
related species have similar developmental programs, parallelism is frequent among phylogenetically
related organisms [24]. With convergent evolution, different developmental pathways may generate
similar phenotypes. This means that “convergence” includes independently evolved features that are
similar as manifested trait, but have arisen by different developmental pathways [24]. If so, apomixis
is expected to have arisen from different genetic modifications and developmental programs that have
then evolved similarly even in distantly related organisms.

Apomixis has been detected in ferns (where this is better referred as to apogamy, i.e., development
of a sporophyte from a gametophyte without fertilization), is rare in gymnosperms and very
common in angiosperms [25]. Apomictic fern lineages have been documented only in recent
years [26], distinguishing between two pathways to diploid spore production (premeiotic endomitosis,
more common, and meiotic first division restitution, less frequently observed). Each of these two
alternative spore-generating pathways yields chromosomally unreduced spores (i.e., diplospores)
which then germinate. Within leptosporangiate ferns, nearly half of the families contain one or more
apomictic taxa [26]. Interestingly, the frequency of apomixis seems significantly correlated with species
diversity, but any significant relationship was found between apomixis and diversification rates [27].
These findings are in agreement with studies showing that apomictic lineages are generally youthful,
with initial estimates placing the ages of extant apomictic ferns in relatively recent evolutionary time,
most having appeared within 8 Ma [27] or 15 Ma [28].

In flowering plants, apomixis has been detected and documented in at least 79 families and 292
distinct genera [10] (Figure 1).
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Moreover, there are certain angiosperm families that show a great deal of apomixis affecting
several genera: the outstanding examples are in the Rosaceae, Poaceae (Graminae) and Asteraceae
(Compositae). Because, in these families, gametophytic apomixis, by means of either apospory
or diplospory, is phylogenetically clustered above the genus level, it is argued that some clades,
including closely related species with common ancestry within eudicots and monocots, may be
preadapted and inclined to let apomixis evolve more easily [25]. With particular reference to Rosaceae,
the phylogenetic origin and taxonomic distribution of apomixis have recently being investigated in
great details in tribe Potentilleae [31]. Regular sexuality was distinguished from apomixis, as well
as the zygotic versus parthenogenic origin of embryos and the pseudogamous versus autonomous
origin of the endosperm. Records on the reproductive mode were provided for the genus Farinopsis,
including 29 species belonging to five genera and seven series of Potentilla. Regular sexuality was
observed in Aphanes, Argentina, Comarum, Dasiphora, Drymocallis, Farinopsis, Fragaria, Horkeliella,
Potentilla and Sibbaldia, whereas apomixis was restricted to two evolutionary lineages: the Potentilla
core group and Alchemilla/Aphanes. Early evolutionary divergence of these lineages (approximately
50 Ma), characterized by pseudogamous and autonomous apomictic seed formation, respectively,
suggested parallel origins of apomixis [31]. Such a parallel origin would be the consequence of a
repeated evolution of the same phenotype or genotype in different populations. Moreover, apomixis
is shown to be taxonomically widespread in the whole Northern Hemisphere distribution range of
Potentilla, a pattern that is explained by interspecific hybridization/introgression events and repeated
intercontinental dispersals.

Furthermore, apomicts and their sexual relatives are often sympatric and thus frequently have
overlapping ranges of adaptation. More specifically, compared to their sexual relatives, apomictic
plants typically have wider geographical ranges, which extend into higher latitudes and altitudes,
and better abilities to re-colonize regions after glaciation [32]. Despite a number of factors, i.e.,
the Pleistocene origins of apomixis—together with hybridity and polyploidy, unidirectional gene flow,
niche targeting by asexual clones and limited biotic interactions in regions of glaciations—probably
may be accounted for the geographical differences between sexual and apomictic plants; the relative
influence of each is probably species-specific [33].

In the case the two main different variants of apomixis, i.e., apospory and diplospory, these do
not have a common ancestor for the two major angiosperm lineages, i.e., monocots and eudicots; as it
seems most likely because of the very differentiated developmental routes and taxonomic entities,
then apomixis has arisen independently many times in the evolution of angiosperms. In addition,
considering the two most widespread routes to originate the unreduced gametophyte, it is also apparent
that the diplosporous condition involves a less radical departure from the normal sexual pattern that
does the aposporous one (reviewed by [23]).

In the last 20 years, fossil records and morphological and molecular analyses involving extant
taxa have clarified the position of many clades inside the angiosperms phylogenetic tree [34].
Three clades, Amborellaceae, Nymphaeales and Austrobaileyales (ANA-grade), are now considered
“basal angiosperms” or “basalmost angiosperms”, sisters to all other angiosperms or “mesangiosperms”,
representing an important information to infer ancestral morphological, chemical and genomic attributes
to the earliest angiosperms [35-39]. The extant basal angiosperms may not be representative of the
earliest, now extinct lineages. However, the large diversification (woody and terrestrial, herbaceous
and aquatic, annual and perennial, lacking vessels or not, with different types of leaves, phyllotaxis,
flowers and reproductive biology) of the relative few extant and basalmost angiosperms (about
200 species), in addition to fossil records, could be representative of a much larger diversity of early
and now extinct lineages [34]. Particularly interesting is the presence, inside the ANA grade, of
three different patterns of female gametophyte development: Amborella—type, Nuphar-Schizandra type
and Polygonum type [40]. A large variety of breeding systems is also present: Amborella trichopoda
is dioecious, Trithuria (Hydatellaceae, 12 species) possesses a mixture of dioecious, monoecious and
bisexual breeding systems, whereas the remaining Nymphaeales (91 species) show bisexual flowers.
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In addition, within Austrobaileyales, Austrobaileya scandens is bisexual, Trimenia (8 species) contains
both andromonoecious and bisexual species, whereas in the Schizandraceae family Illicium (44 species)
is fully bisexual, Schisandra (25 species) contains a mixture of monoecious and dioecious species and
Kadsura (16 species) is predominantly monoecious, with a tendency toward dioecious behaviours [41].
In general, outcrossing systems are prevalent, some species have common adaptation to promote
selfing, whereas only two species (Trithuria filamentosa and T. incospicua, Hydatellaceae) may putatively
hide apomictic features [42,43], even if several other modes of asexual propagation are exhibited,
including vegetative proliferation by tubers, stolons and other foliar parts [44,45].

Polyploidy by whole genome duplication (WGD), followed by gene loss and diploidization is
spread along almost all fundamental lineages of the angiosperm phylogenetic tree and is generally
considered to be a common mode of speciation that has far-reaching consequences for plant
macroevolution and ecology [46,47]. Intragenomic syntenic analysis within Spermatophyta provides
clear structural evidence of an ancient genomic duplication event shared by all flowering plants in
a (difficult to estimate) time in 300-200 Mya, leading to the most recent common ancestor of extant
angiosperms [48,49]. Establishment of a newly arisen apomictic lineage is often fostered by side-effects
of polyploidy [50]. As for basal angiosperms (ANA grade), no evidence of WGD and apomictic
mechanisms were found in the Amborella species and Austrobayleales lineages, whereas a WGD event
was reported in water lilies (Nymphaeales) lineage [51] that would reveal the putative presence of
apomictic species in Trithuria genus [43].

In conclusion, based on available experimental evidences, the three main types of agamospermy
occur in all major clades of flowering plants, adventitious embryony being the most frequent form
(148 genera), followed by aposporous apomixis (110 genera) and diplosporous apomixis (68 genera) [29].
Since the vast majority of historical records only reported the most prevalent type, we cannot rule out
the coexistence of at least two if not all three main types of apomictic forms, because this is known
as a common feature in apomictic plants [52]. In addition, with specific reference to the most basal
angiosperm, Amborella trichopoda, apomixis is not occurring in this species and it was never documented
in other non-flowering seed plant lineages, including gymnosperm species [29]. The only exception is
represented by C. dupreziana (Pinophyta, Cupressaceae), where a particular case of paternal apomixis
is thought to have evolved from sexuality in response to the reduction of population size, apparently
limited to a few hundreds of individuals [53]. However, this type apomixis, where the embryo seems to
result from the development of diploid pollen, is hardly comparable to the forms of apomixis observed
within the Angiosperms clade.

3. The Genetic Control of Apomixis: A General Overview

One of the major challenges of population biology is to understand which are the genetic
determinants that control the maintenance of sexual reproduction under natural selection. In this
view, the fundamental components of amphimixis, such as genetic recombination and gamete fusion,
allow the single individuals of a population to experience new allelic combinations and interactions
leading to diversification and adaptation. Nevertheless, alternative routes of reproduction that
circumvent sex, such as apomixis, gained significant evolutionary success [54]. In the offspring of
apomictic plants, genetic diversity is avoided or minimized, as the embryos retain the maternal
genotype and their development is independent from both meiotic reduction and egg cell fertilization
in ovules. Fertilization of the central cell is often required for endosperm formation (pseudogamy).

During the last two decades, many scientists have worked on the isolation of the genetic
determinants of the apomictic pathway with the perspective to induce apomictic reproduction in
crop plants by genetic engineering (for review, see [16,18]). More recently, although artificially
induced apomictic rice has been obtained [55] using a synthetic approach (e.g., by engineering key
regulator genes of sexual development), additional research is required to determine stability of
induced apomictic reproduction in field conditions. Consequently, even now using the modern tools of
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genomics, understanding the molecular pathway leading to apomixis in natural apomicts is necessary,
but more complicated than expected.

Nowadays, new insights have contributed to shed light into the structural and functional feature
of apomixis; these include the structural parallelism between the apomixis controlling region (ACR) in
several natural apomicts and the Y-chromosome of dioecious plants [18], the silencing mechanism of a
specific apomixis-linked genetic factor [56] and the functional validation of a genetic determinant of
parthenogenesis in Pennisetum squamulatum [57].

Recent advances, based on sequencing, in silico mapping and in vitro expression analysis of
selected apomixis-linked genes allowed the identification of a chromosome area common to Sorghum
bicolor, Setaria italica, Brachypodium distachyum, rice and maize syntenic to the apomixis locus of Paspalum
simplex [58]. This synteny group revealed different extents of gene collinearity with the apomixis
locus, including genes with well-defined annotations for biological processes and molecular functions.
Most importantly, apomixis-linked genes were expressed as both sense and antisense mRNAs and
both transcripts proved to be more abundant in sexual compared to apomictic ovules, indicating a
putative silencing effect of the apomixis-linked alleles on their sexual-specific counterparts in these
cells [58]. This finding could act in favour of apomixis surfacing or evolved by silencing sex genes.

More specifically, it would appear that there are at least two distinct elements in the control of
gametophytic apomixis: the production of unreduced embryo sacs, originating through apospory
or diplospory, and the subsequent development of the embryos through parthenogenesis. However,
other elements may need to be incorporated into a model explaining/miming the genetic control of
apomixis, including pseudogamy and, in some apomicts, the autonomous development of endosperm.

Apomeiosis is rather a rare phenomenon when uncoupled with parthenogenesis while it is
frequently observed as formation of unreduced gametes to overcome sterility of inter-specific hybrids
leading to the origin and evolution of polyploid forms [59-61]. Conversely, when apomeiosis
is coupled with parthenogenesis it attains regular elevated expression in natural apomicts [62].
Furthermore available data suggest that in some cases apomeiosis, by either apospory or diplospory,
may be functionally and genetically independent from parthenogenesis and autonomous endosperm
formation [16,18]. Finally, in most apomicts, both apospory and diplospory proved to be simply
inherited in populations segregating for apomixis and a complex genetic model based on delicate
interactions between initiators and repressors of both apomeiosis and parthenogenesis has been
proposed for several species [63,64].

Analysis of genetic and molecular studies of apomicts is provided by several reviews, including
those of Ozias-Akins and Conner [65], Hojsgaard [66], Whitton et al. [12], Barcaccia and Pupilli [18]
Hand and Koltunow [1] and Schmidt [67]. Both naturally occurring and induced mutants holding
individual components of apomixis have been identified (e.g., [68,69]), meaning that many taxa can
potentially express apomixis-related traits, and that each component is under independent control
and regulation. In several natural apomicts, the existence of genotypes which express only one
component of apomixis or suppress the other (reviewed by [16]), further supports the hypothesis that
distinct genetic factors control apospory, diplospory and parthenogenesis. It has long been recognized
that apomixis is under control of single-dose dominant alleles (if hypothetically, apomixis were to
be controlled by recessive alleles, then multiple-copies would be necessary in polyploids). Indeed,
apomixis is inherited as a dominant trait in several apomictic species (see [70], for a review). However,
even in species with simple inheritance patterns it is doubtful whether a single gene controls apomixis.
As a matter of fact, the occurrence of genotypes that form embryos either from fertilized apomeiotic
egg cells or by parthenogenic development of meiotically reduced egg cells have been documented by
cyto-histological and flow-cytometric analyses, suggesting that apomeiosis and parthenogenesis may be
uncoupled [16]. Recombinants for apomixis components that lack either apomeiosis or parthenogenesis
have been reported in Taraxacum officinale [71], Erigeron annuus [72], Poa pratensis [73,74], Hypericum
perforatum [75], Ranunculus [76] and Cenchrus species [77]. Finally, autonomous endosperm formation
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segregates independently from the other components of apomixis in Hieracium, [78,79]. On the whole,
these findings suggest that apomixis may be controlled by a complex of closely linked genes.

A theoretical scenario for the origin and evolution of a two-gene apomixis system was proposed
by Van Dijk and Vijverberg [45], including two dominant mutations that occur in a population of
outcrossing hermaphrodites. A plant is changed by a first mutation from meiotic into apomeiotic,
and by a second mutation from zygotic to parthenogenic embryo development. The chance that
these two mutations would occur soon after each other within a nascent apomictic population seems
unlikely [12]. There is, however, another possibility. Since most apomicts are of hybrid polyploid
origin, perhaps the two mutations needed for the functioning of apomixis may be separately present in
polyploid parent stocks and brought together by hybridization, leading to functional apomicts [23].
For the rise of apomixis in natural populations, an additional hypothesis calls the stepwise evolution
model into question, as proposed by Hojsgaard and Horandl [50]. It could be shown that sexual
diploids have latent alleles for parthenogenesis with little or no penetrance, which become important
benefiting from high expressivity if apomictic behaviour was introduced by specific mutations, giving
rise to the development of apomeiotic egg cells. Moreover, for successful hybridization, a strict
parthenogenic plant cannot function as a seed parent, since these mutations can only be combined in
crosses between an apomeiotic seed parent and a parthenogenic male parent. This automatically results
in polyploid apomictic hybrids, suggesting a direct relationship between gametophytic apomixis and
polyploidy. New apomictic plants can function as a pollen donor in crosses with sexual plants, thereby
generating new, secondary apomictic clones. This way would help explaining high clonal and genetic
diversities, commonly found in populations of apomicts [80]. However, the main problem remains
with this evolutionary scenario that the mutations for apomeiosis and parthenogenesis are individually
deleterious and so they are expected to be selected against [81].

As reported by Briggs and Walters [23], devising a universal model of apomixis may be unrealistic:
clearly this asexual mode of reproduction occurs in different forms and variants, and in many unrelated
families of monocots and eudicots, suggesting that apomixis as a whole has evolved multiple times in
angiosperm plant evolution following different developmental pathways, which perhaps are controlled
by distinct genetic factors.

4. The Comparative Genomics of Master Genes

Nowadays, much is known about the formation of germlines in sexual plants, including genes
specifying the cyto-genetic competence of sporocytes and driving the post-embryonic development.
For instance, the earliest gene controlling this process in Arabidopsis is SPOROCYTELESS (SPL)/NOZZLE
(NZZ). It encodes a transcriptional regulator of sporocyte development: loss of SPL/NZZ function
changes the cell fate and abolishes the commitment to and initiation of sporogenesis in both male and
female organs [82,83]. Since the gametophytic phase of the life cycle of all vascular plants (from ferns
to angiosperms) starts with the development of haploid spores, this gene—known as essential for both
male and female meiosis during sex organ development—is a master regulatory element of sexual
plant reproduction.

Unfortunately, a similar gene that controls the primary step of apomixis is unknown and little
is known about the mechanism that switches the reproductive process from sexual (i.e., meiotic) to
asexual (i.e., apomeiotic). Many genes responsible for the formation of egg cells and unreduced embryo
sacs, or involved in the development of the endosperm or embryo have been described, but a common
apomictic pathway applicable to all crop plants has not been identified yet [16,18]. Hence, after two
decades of substantial studies conducted in several laboratories and model plants, apomixis still seems
to be an unsolved puzzle.

We know, for example, that POLYCOMB GROUP (PcG) genes, whose proteins exhibit some
structural and functional conservation among higher plants, mammals and insects [84,85], are crucial
for the development of multicellular organisms. Several variants well studied belong to the
MEDEA-FERTILIZATION-INDEPENDENT ENDOSPERM (MEA-FIE) complex [86] that regulates cell
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proliferation during reproductive development, as meiotic products in flowering plants do not directly
differentiate into gametes, but rather, they form the gametophytes, multicellular structures producing
the gametes.

The endosperm and embryo developmental processes are both controlled by the female
gametophyte at two different stages: repression of embryo/endosperm development in the absence
of fertilization through imprinting, and expression of factors that are necessary after fertilization.
In the absence of fertilization, the Arabidopsis FIE/FIS2/MEA complex—constituted by the FIS
class PcG proteins MEDEA (MEA), FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) and
FERTILIZATION-INDEPENDENT SEED2 (FIS2)—suppresses endosperm development by regulating
negatively the transcription of the genes directly involved in this process. Moreover, it has been shown
that all mutations of the fis class of genes caused aberrant embryo and endosperm development if
fertilized and exhibit autonomous endosperm development if unfertilized (reviewed by [18]). In any
case, autonomously developed embryos and endosperms abort irrespectively from the paternal
contribution. The proteins encoded by these genes mediate chromatin remodelling during seed
formation. Imprinting, or parent-specific expression of genes, is a mechanism by which early stages of
seed development are controlled by the female gametophytes.

Here we investigated the SPL/NZZ gene homologs in plant species representing the two major
groups of angiosperms, monocotyledons and dicotyledons, including different basal angiosperm
lineages belonging to the families Amborellaceae and Nymphaeaceae. Based on their putative orthology
(BLASTp; [87]) with the well-characterized SPL protein belonging to Arabidopsis thaliana (AT4G27330),
we selected 11 amino acid sequences from Zea mays (KY110964.1), Oryza sativa (LOC_Os01g11430.1),
Hypericum perforatum (apomictic species, OBUPD-D1 Hpctg51499), Brassica oleracea (Bol013057), Malus
domestica (MD11G1234600), Prunus persica (Prupe.4G192500.1), Vitis vinifera (VIT_219s0014g03940.1),
Lactuca sativa (Lsat_1_v5_gn_0_5400.1), Amborella trichopoda (XP_006833114.1), Nymphaea colorata
(XP031473161.1) and Nymphaea thermarum (KAF3782288.1). Protein sequences were aligned (Geneious
software v7.1.5, Biomatters, Ltd., Auckland, New Zealand) using MUSCLE [88] to highlight any
conserved structures (Figure 2A). A similarity-based neighbour-joining analysis was also performed
(Figure 2B).
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Overall, sequences length ranged from 288 (L. sativa) to 386 amino acids (Z. mays) while the identity
percentages resulting from all possible pairwise comparisons among proteins, varied from 10.7%
(between classes, e.g., Z. mays vs. B. oleracea) to 97.8% (within genera, e.g., N. thermarum vs N. colorata,
see Figure S1). Despite that most of the SPL-like sequences displayed high levels of inter-variability,
the three main functional regions resulted in being conserved between dicots and monocots species.
In the N-terminal region, as originally observed in Arabidopsis by Yang et al. [82] and Schiefthaler et
al. [89], we detected a conserved basic region rich in Arginine (R) and Lysine (K) that is thought to
represent a putative nuclear localization signal (NLS, [89]). A short a-helix sequence (also known
as SPL-motif) immediately downstream of NLS and crucial for the constitution of homodimers and
heterodimers both in vitro and in vitro [83] resulted also conserved among the sequences analysed.
This region seems to be involved in binding and inhibiting CINCINNATA (CIN)-like TEOSINTE
BRANCHED1/CYCLOIDEA/PCEF (TCP) transcription factors (TF) whose activities are pivotal for both
leaf development [90,91] and normal ovule development [92].

Finally, in the C-terminal region, a DLXLKL consensus sequence, previously described as
ethylene-responsive element binding factor-associated amphiphilic repression (EAR) motif [83],
characterized all the protein sequences here taken into consideration. Wei et al. [92] and Chen at el. [83]
hypothesized that EAR motif is crucial to recruit TOPLESS/TOPLESS-RELATED (TPL/TPR) proteins
and together they co-suppress the activity of the CIN-like TCP family, control the expression of other
TCP genes and stimulate megasporocytes differentiation during ovule development.

Overall, the high conservation degree found in the three functional domains of the 12 SPL-like
proteins analysed suggests a common role of this master gene in promoting megasporocytes
differentiation both in monocotyledons and dicotyledons. Moreover, the identification of SPL-like
sequences in A. trichopoda, N. colorata and N. thermarum and the lack of evidences of apomictic
reproduction in these basalmost angiosperms species [29,93], support the hypothesis that apomixis
may have evolved from sex. In the event that apomixis may not have stemmed from sexuality, the
total absence of the SPL/NZZ gene was expected in apomictic species, as found for the Hypericum
perforatum genome used as model, since the role of this gene in the initiation of the sexual pathway is
now well consolidated.

Although originally thought to represent an ancient evolutionary predisposition manifested
by specific taxa [19], a detailed phylogenetic analysis coupled with apomixis distribution recently
performed by Leon-Martinez and Vielle-Calzada [29] suggests a multiple independent emergence and
rapid spreading of apomixis among large families.

5. The Genetic Control of Apomixis

Apomictic reproduction has been detected in 78 out of 460 families of the flowering plants mainly
in Rosaceae, Asteraceae and Poaceae and analysis of apomixis in current phylogenetic trees lead to the
hypothesis that this trait evolved independently multiple times among plant families. In particular,
in grasses for which genome collinearity has been largely demonstrated and apomixis is quite common,
it has been hypothesized that this reproductive trait might be under the control of the same genes.
It has been reported that apomixis controlling regions in grasses share intrinsic characteristics such as
block of recombination and presence of high rate of mutations and TEs [18]. Due to the recombination
repression the apomixis locus is highly conserved within species, slightly divergent between species
within genera and highly divergent between genera [65]. On the basis of comparative mapping using
multiple grass genomes as reference, no chromosome areas were identified as syntenic to the apomixis
locus that is common to the several apomictic species studied to date. In fact, the apomixis locus
of Paspalum simplex (ACL) was syntenic, at the map level, to a conserved chromosome area that is
located in telomeric position on chromosome 12, 8, 3 and 4 of rice, Sorghum, Setaria and Brachypodium,
respectively, and near to the centromere on chromosome 1 of maize [58]. Conversely the apomixis
locus in Pennisetum squamulatum (ASGR) showed frequently small- but not large-scale synteny with
chromosomal regions of rice, Setaria and Sorghum genomes [94]; in Tripsacum dactyloides, RFLP markers
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linked to apomixis mapped to chromosome 6 of maize and in Cenchrus ciliaris to chromosome 6 of
Sorghum [95] and in Brachiaria brizantha, to chromosome 5 of maize [96]. More recent comparative
mapping studies in Brachiaria showed that, although high levels of synteny and collinearity were
found between the ASGR of P. squamulatum and the apomixis locus of this genus, the apomixis carrier
chromosome was identified as homologous to chromosome 1 and 5 of Setaria in Brachiaria humidicola
and B. decumbens, respectively [97]. Furthermore, fine mapping of ASGR-carrier chromosome outside
the ASGR of P. squamulatum showed a clear synteny with chromosome 2 of Setaria and Sorghum [98].
Taken together, these information strongly indicate that the apomixis locus has been evolved as a single
event within an evolutionary lineage and was spread among plant families through hybridisation or
phylogenetic diversification [99]. Nevertheless, at least two independent events have been identified
within Panicoideae subfamily one in Paspalum and the other in Pennisetum/Cenchrus/Brachiaria.

Do different routes of evolution reflect functional differences in apomixis? Although apomixis in
Paspalum and Pennisetum are both of the aposporous type, followed by the parthenogenic development
of the egg cell, substantial differences do exist for the development of endosperm. In both cases,
fertilization of the central cell is necessary for the formation of viable endosperm and seed; however,
whereas in Paspalum, both unreduced polar nuclei are fused so as to get a C ratio of embryo:endosperm
of 2:5, considering a reduced sperm to fertilize central cell, in Pennisetum/Cenchrus only one polar
nucleus is fertilized yielding a 2:3 C ratio, as well as in sexual races of the same complex. This means
that in apomictic Paspalum spp., the endosperm balance number of 2:1 of maternal:paternal genome
ratio in the endosperm that has been proven to be essential for proper seed development, especially in
grasses [100,101], might be relaxed in these species. As a matter of fact, apomictic tetraploid strains
of P. notatum tolerated several assortments of genomes in the endosperm whereas sexual strains
yielded viable seeds only when endosperm held the canonical 2m:1p ratio of parental genomes in the
endosperm [102]. On the basis of findings that rare triploid individuals do occur in regions in which
apomictic tetraploids are grown in sympatry with sexual diploids [103] and of the above reported
studies of comparative mapping, it has been hypothesized that the ACL of Paspalum originated in
an unstable chromosomal region of the ancestral grass genome where: (i) sex related genes were
grouped by gene migration in the same genome context during speciation, (ii) a polyploidization
event (through an intermediate triploid bridge) induced locally further small scale rearrangements
that, in turn, (iii) caused lack of chromosome pairing and local sequence divergence and a block of
recombination. In this view gene migration and polyploidization are critical steps toward emerging
apomixis in this genus. In one recently proposed model to explain the successful plant gene mobility
in angiosperms, Bennetzen and Wang [104] highlighted the criteria for a protein-encoding gene to
conserve its function after transfer to a new location of the genome: these are its (i) small size, (ii)
conservation of cis regulatory elements and (iii) landing in a no repressive genomic context (Small
Insulated Genes Move Around (SIGMAR)). Furthermore, the most likely mechanism for insertional
gene mobility is retroduplication by LTR retrotransposons, involving a reverse transcription of a
transcript that causes elimination of introns. Among the apomixis-linked genes analysed by Galla
et al. [58], PsORCS fits the SIGMAR condition for gene mobility well, as it is a small gene (2 Kb),
it expresses a functional protein and completely lacks introns [56]. The ortholog of this gene was
neither in the syntenic area of rice nor even in the same chromosome. Similarly, in Brachypodium it
is far from the homology area of the apomixis locus though in the same chromosome. Conversely,
in the Panicoideae subfamily (Zea mays, Setaria, Sorghum), the PsORC3 ortholog was in the same
syntenic group as the apomixis-linked BACs of Paspalum. Furthermore, since a variant allele of this
gene was found in the sexual counterpart of the ACL of P. notatum (Ortiz et al. in preparation) this
indicates that migration of this gene preceded the development of apomictic reproduction in Paspalum.
Another intrinsic characteristic of the ACL of Paspalum probably peculiar of this genus is that the genes
contained in this locus are transcribed in a coordinated manner as an operon-like gene cluster, so as
these genes are constitutively transcribed [105] and expressed in reproductively committed cells and
tissues as sense and antisense transcripts [56,58]. Although the conventional view of gene action in
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biology has centred on the dogma DNA—mRNA—protein, there are mounting evidences that many
processes related to development are regulated by portions of the genome not necessarily linked to
their coding capacity [106]. In particular, mRNAs that are transcribed from the reverse strand of
a gene (natural antisense transcripts, NATs) are traditionally considered nonfunctional noise [107].
More recently, the development of the next sequence generation technology and the gaining of
knowledge on the gene silencing, contribute to change this opinion revealing that an extensive number
of NATs have a functional role. NATs have been surveyed in Arabidopsis [108], rice [109], wheat [110]
and several legumes [111] and involved in response of abiotic stresses [112,113] and developmental
transitions [114-116]. The mechanism of action of NATs are still not fully understood [117], although
in many cases their role is in the repression of their sense cognate transcripts [118]. Our findings
show that apomixis-linked genes are expressed as sense and antisense transcripts in cell lineages of
sexual ovules, whereas their expression of both transcripts was strongly down regulated in the same
cells of apomictic ovules. Coordinated down or up regulation of both sense and antisense transcripts
derived from NAT pairs has been reported under water stress conditions in maize [112], suggesting
that “sexual” and “apomictic” alleles may interact each other as NAT gene pairs (i.e., gene pairs that
express transcripts that are overlapping and complementary). The nature of this interaction is generally
poorly understood, although a possible link between antisense transcripts and chromatin modification
has been proposed [108,119]. Again, we take PSORC3 as a case study. This gene exists in three copies In
P. simplex of which one, (PsORC3a) is specific of the ACL and is expressed constitutively as sense and
antisense transcripts in nucellus and polar nuclei. PsORC3a might act a dominant negative regulator
of the gene machinery responsible of the correct genome set up in the endosperm through antisense
silencing of downstream acting genes that are common between sexual and apomictic genotypes of the
P. simplex agamic complex. If this hypothesis will be confirmed we then have a further evidence of the
Koltunow theory according to which apomixis acts dominantly over the sexual state [120] as well as
the male phenotype is superimposed over female condition in some dioecious systems [121]. Finally,
as Polegri et al. [105] pointed out, the genetic determinants of apomixis (i.e., PsORC3a) will likely be
able to trigger apomixis only if the sexual recipient genome is preadapted to regulate expression of
genes acting downstream (other copies of PSORC3) of the apomixis-linked factors. In a more general
view, evolutionary, structural and functional findings serve modulate strategies aimed at introgressing
apomictic reproduction in sexual crops.

6. Concluding Remarks

Apomixis, understood as asexual reproduction by seed (agamospermy), is thought to be repeatedly
emerged in sexual lineages and eventually derived from sexual genotypes by means of mutations
or modifications of genes or genomes. Despite being faced by several researchers over many years,
nowadays the origin of apomixis still represents an unsolved problem, as it may be either evolved from
sex [29] or the other way around [122]. Despite a number of disadvantages associated with apomixis,
including narrow genetic variation and high mutation accumulation, asexually reproducing plants
are highly adaptable and stable from an evolutionary perspective, mainly in terms of stabilization
of polyploid genomes. Nowadays, an increasing body of evidence suggests that apomixis may be
regarded as a consequence of sexual breakdown, rather than as a recipe for clonal success. As a matter
of fact, ancestral sexual traits, such as meiosis and syngamy, show strong phylogenetic continuities
among either closely related or distant taxa. The latter does not seem to be the case for apomixis
since there are great discontinuities within orders, families within orders, genera within families, and
even species within genera. Considering the two most widespread routes to originate unreduced
gametophytes, i.e., apospory and diplospory, they do not appear to have a common ancestor in
monocots and eudicots. In addition, it is also evident that the diplosporous condition involves a
less radical departure from the normal sexual pattern that does the aposporous one. Hence devising
a universal evolution model of apomixis may be unrealistic suggesting as a consequence that its
different routes are likely controlled by distinct genetic factors showing distinct molecular functions.
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Here we have considered the basal angiosperm lineages, the ANA grade, as through the analysis of
their reproduction systems and barriers is possible to re-evaluate the significance of apomixis in the
evolution of angiosperm plants. As a matter of fact, within the basal ancestors and early-branching
angiosperms, such as Amborellaceae, Nymphaeales and Austrobaileyales outcrossing systems are prevalent,
some species have common adaptations to promote selfing, whereas only two species, Trithuria
incospicua and T. filamentosa have been documented as putative agamospermous, even if several other
modes of asexual propagation are exhibited, including vegetative proliferation by tubers, stolons and
other propagules. We know that gametophytic apomixis, by means of either apospory or diplospory,
is especially common in genera of the families of Rosaceae, Asteraceae and Poaceae. Because in these
families apomixis is phylogenetically clustered above the genus level, it has been already argued that
some clades, including closely related species that originated from a common ancestor within eudicots
and monocts, may be preadapted and inclined to let apomixis evolve more easily. Increasing access
to plant genome sequences have offered us the opportunity to compare genes related to germline
initiation in sexual and apomictic species of modern genomes with reconstructed founder ancestors of
flowering plants (emerged around 214 million years ago during the late Triassic era). In particular, we
investigated master regulatory elements of sexual plant reproduction, including genes essential for
both male and female meiosis during sex organ development (i.e., genes that control functional changes
of the cell fate of sporocyte initials and the commitment to and initiation/progression of sporogenesis
in both male and female organs). Since the formation of haploid spores marks the initiation of the
gametophytic phase of the life cycle of all vascular plants, ANA grade genomic data assisted us to
understand the evolutionary forces that have shaped this master gene in sexual plant genomes and
allowed us to gain insight into how it is organized and structured in apomictic plant genomes. As we
know that functional apomixis requires not only apomeiosis but also parthenogenesis and, in plants,
endosperm formation, the unreduced embryo sacs should possess egg cells that are believed to be
epigenetically programmed, as apomicts, for the other two features. Therefore, we also investigated
the studies meant to identify the epigenetic mechanisms that may control the reproductive switch.

In conclusion, we carried out a re-evaluation of the origin of apomixis in order to deepen knowledge
on such asexual mode of reproduction, which seems only supposed in one basal angiosperm family
(Hydatellaceae), while it clearly occurs in different forms and variants as well as in many unrelated
families of monocots and eudicots. Overall findings strengthen the hypothesis that apomixis as a whole
may have evolved multiple times in angiosperm plant evolution following different developmental
pathways deviating to different extents from sexuality. Recent developments on the genetic control of
apomixis in model species allowed us to shed additional light on the antagonist theories of gain- and
loss-of-function over sexuality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/8/859/s1,
Figure S1: Pairwise identity percentages between SPL protein from Arabidopsis thaliana (AT4G27330) and other
11 SPL-like amino acid sequences retrieved, from Zea mays (KY110964.1), Oryza sativa (LOC_Os01g11430.1),
Hypericum perforatum (OBUPD-D1 Hpctg51499), Brassica oleracea (Bol013057), Malus domestica (MD11G1234600),
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Abstract: In higher plants, sexual and asexual reproduction through seeds (apomixis) have evolved
as alternative strategies. As apomixis leads to the formation of clonal offspring, its great potential for
agricultural applications has long been recognized. However, the genetic basis and the molecular
control underlying apomixis and its evolutionary origin are to date not fully understood. Both in
sexual and apomictic plants, reproduction is tightly controlled by versatile mechanisms regulating
gene expression, translation, and protein abundance and activity. Increasing evidence suggests
that interrelated pathways including epigenetic regulation, cell-cycle control, hormonal pathways,
and signal transduction processes are relevant for apomixis. Additional molecular mechanisms are
being identified that involve the activity of DNA- and RNA-binding proteins, such as RNA helicases
which are increasingly recognized as important regulators of reproduction. Together with other
factors including non-coding RNAs, their association with ribosomes is likely to be relevant for the
formation and specification of the apomictic reproductive lineage. Subsequent seed formation appears
to involve an interplay of transcriptional activation and repression of developmental programs by
epigenetic regulatory mechanisms. In this review, insights into the genetic basis and molecular
control of apomixis are presented, also taking into account potential relations to environmental stress,
and considering aspects of evolution.

Keywords: apomixis; evolution; germline; gene regulation; sporogenesis; plant reproduction;
ribosome; RNA helicase; sexual development; stress response

1. Plant Reproduction Is Characterized by Developmental Flexibility Including Sexual and
Asexual Formation of Seeds (Apomixis)

Reproduction is an elementary process in the life cycles of all living species. In order to accomplish
successful reproduction, propagation and adaptation, land plants adapted versatile strategies marked
by commendable developmental flexibility. Apart from vegetative reproduction giving rise to offspring
directly from tissues of the dominant sporophytic generation, sexual reproduction through seeds
and apomixis are also common strategies. In contrast to sexual reproduction, apomixis leads to
the formation of clonal offspring fully maintaining the genetic constitution of the mother plant.
As this would allow the fixation of advantageous and complex genotypes, it has an outstanding
potential for crop seed production. However, although apomixis is phylogenetically distributed in
all major groups of angiosperms and occurs in more than 400 species [1-7], it is largely absent in
major crop species. Therefore, engineering of apomixis for harnessing in agriculture is a longstanding
aim [8-10]. To fully accomplish this, a detailed understanding of the genetic basis and the molecular
mechanisms governing apomixis will be a prerequisite. So far, despite longstanding interest and
research on apomixis, the underlying gene regulatory programs and their evolutionary origins are not
well understood.

Genes 2020, 11, 329; doi:10.3390/genes11030329 25 www.mdpi.com/journal/genes
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In this review, the developmental processes of sexual plant reproduction and apomixis are briefly
outlined. The focus lies on a comprehensive description of current knowledge about the genetic basis
and gene regulatory processes governing apomixis in different species and distinct types of apomixis.
Thereby, it is intended to also propose and discuss new aspects and views to stimulate the scientific
discussion on the topic. In addition, aspects of evolution and potential involvement of environmental
conditions and stress regulations in apomixis control are presented. Detailed descriptions on gene
regulatory programs underlying sexual reproduction can be found in other recent reviews [11-13].

From a developmental perspective, sexual reproduction and apomixis are related processes.
In both cases, the female and male reproductive lineages (germlines) form in the reproductive
tissues of the flower. These are the female ovules developing enclosed in the pistil and the male
anthers, respectively. Germline specification and development proceeds in two consecutive steps,
with mega- and microsporogenesis being the formation of mega- and microspores from selected
female megaspore mother cells (MMCs) or male pollen mother cells (PMCs), respectively (Figure 1).
Subsequent gametogenesis denotes the development of the female and male gametophytes (Figure 1).
In higher plants they are reduced to a few cells only. During sexual reproduction, typically single
sporophytic cells in the ovule and anther tissues are selected as MMCs or PMCs and determined for
meiotic fate. The MMC is specified in a specialized domain of the developing ovule referred to as
nucellus (Figure 1A). After meiosis, three of the four megaspores that have been formed undergo
apoptosis and only one functional megaspore (FMS) survives as the founder cell of the gametophytic
lineage. In the majority of angiosperms, a Polygonum-type mature female gametophyte (embryo sac)
is formed by three rounds of mitosis in a syncytium and subsequent cellularization [14]. The mature
gametophyte comprises seven cells and four distinct and specialized cell types (Figure 1A): the two
female gametes, which are the egg cell and central cell that give rise to the embryo and the nourishing
endosperm upon double fertilization, two synergid cells important for pollen tube guidance and
reception, and three antipodal cells potentially playing a role in nourishing the gametophyte. Unlike in
the female reproductive lineage during pollen development, all four meiotically formed microspores
survive (Figure 1B). They undergo a first asymmetric mitotic division (pollen mitosis I) to form a two
celled pollen with a generative cell engulfed in the vegetative cell. During a second mitotic division
(pollen mitosis II), the two sperm cells derive from the generative cell.

Compared to sexual reproduction, apomixis represents alterations of the developmental program.
This concerns mainly a few steps during the formation and development of the female germline
(Figure 2). It is commonly accepted that apomixis derived several times independently and that
distinct types of apomixis are represented in higher plants [6,15]: First, sporophytic apomixis is
distinguished from gametophytic apomixis, as the apomictic embryos either originate directly from
sporophytic cells or from the egg cell formed in the gametophyte, respectively. Sporophytic apomixis,
also known as adventitious embryony, is widespread throughout the plant kingdom and is particularly
frequent e.g., in Citrus and Orchidaceae [6,16]. In sporophytic apomixis, one or more adventitious
embryos derive from sporophytic cells of the nucellus, which is surrounding the sexually formed
gametophyte (Figure 2B). Unlike sexual reproduction, which usually leads to the formation of a single
embryo per seed, adventitious embryony is frequently marked by polyembryony [6]. Both the sexually
derived embryo and its asexual siblings compete for resources of the endosperm (Figure 2B). While the
formation of more than one embryo in a single seed is a feature of sporophytic apomixis, polyembryony
can also occasionally result from gametophytic apomixis. However, polyembryony alone is not a
clear indication for apomixis, as it also rarely occurs through sexual reproduction. This is the case in
particular in gymnosperms, where apomictic reproduction appears to be largely absent [1].
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Figure 1. Development of the female (A) and male (B) reproductive lineages in sexual higher plants.
(A) Formation of the female reproductive lineage initiates with the selection of a single diploid
sporophytic cell in the nucellus (nuc) tissue of the ovule. This cell specifies as megaspore mother
cell (MMC). Before meiosis of the MMC, the inner- and outer integuments of the ovule (ii and oi,
respectively) are starting to grow. The MMC undergoes meiosis to give rise to a tetrad (tet) of haploid
megaspores. Dependent on their position in the nucellus, three of the megaspores undergo apoptosis.
Only the surviving functional megaspore (FMS) initiates gametogenesis. It undergoes three rounds
of mitoses and cellularization to form the mature gametophyte harboring the two synergids (syn),
the egg cell (egg), central cell (cc) and the antipodals (anti). (B) Formation of the male reproductive
lineage initiates with selection of a single sporophytic cell, which is the pollen mother cell (PMC) that is
committed to meiosis. Each of the four microspores of the tetrad (tet) survives and develops into a
mature pollen by two mitotic divisions. During pollen mitosis I a generative cell (gc) engulfed in the
vegetative cell (vc) is formed. During pollen mitosis II the generative cell divides to give rise to two
haploid sperm cells.

Unlike through sporophytic apomixis, during gametophytic apomixis embryo and endosperm
derive from the female gametes. To maintain the full genetic composition of the mother plant in the
offspring, meiotic reduction and recombination need to be circumvented, as well as fertilization and
thus the paternal contribution to the embryo. Developmental pathways of gametophytic apomixis
are classified as diplospory or apospory [9,15,17] (Figure 2A). In diplosporous plants, the first cell of
the female germline is an apomictic initial cell (AIC) developing in place of the MMC, but having a
different fate. It undergoes a modified meiosis or it omits meiosis to give rise to an unreduced FMS
(Figure 2A). Thereby, omission of meiosis and direct acquisition of gametophytic fate by the AIC
holds true in Antennaria-type apomixis, while unreduced FMS are formed by restitution nucleus in
Taraxacum-type and Ixeris-type of apomixis [10,18-20]. The Antennaria-type also referred to as mitotic
diplospory has a wide systematic distribution [19]. In the Taraxacum-type of diplospory the MMC/AIC
enters meiotic prophase I. As the chromosomes persist as univalent, this results in restitution nuclei
remaining genetically identical to the sporophytic cells of the mother plant [21]. Also, the Ixeris-type of
diplospory leads to formation of an unreduced FMS as consequence of restitution nucleus. In addition,
2n megaspores are formed in Allium-type of apomixis by premeiotic chromosome doubling [22].
Unlike in diplosporous apomicts, in aposporous apomicts, sexual and apomictic germlines initiate
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development in the same ovule (Figure 2A). One or several additional sporophytic cells adjacent to
the sexual MMC directly give rise to the gametophytic lineage without intervening meiotic or mitotic
divisions. Thereby, a competition of sexually and apomictically formed gametophytes can arise, or
the development of the sexual gametophyte gets repressed by the apomictic germline lineage [22].
Independent of the developmental origin of the apomictic FMS, an embryo sac harboring egg cell and
central cell is subsequently formed in all cases. To initiate seed development, the unfertilized egg cell
then develops into an embryo parthenogenetically. The endosperm can form either autonomously
without paternal contribution or by pseudogamy dependent on fertilization. Pseudogamy is prevalent
in most apomicts. In contrast to the female germline, the male germline in apomicts may form either
reduced or unreduced pollen [17].
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Figure 2. Major types of apomixis. (A) Different types of gametophytic apomixis are classified based
on the origin and fate of the first cell of the germline lineage. In the Antennaria-type of diplospory the
apomictic initial cell (AIC) directly specifies into an unreduced functional megaspore (FMS). In the
Taraxacum-type of diplospory meiosis of the AIC is altered to give rise to a dyad of unreduced
megaspores of which only one survives as the FMS. During apospory, an additional sporophytic cell in
the ovule specifies adjacent to the sexual MMC. This cell omits meiosis to give rise to the FMS. While the
sexual germline lineage typically gets repressed by the apomictic germline lineage, also the MMC can
undergo meiosis resulting in the formation of two gametophytic lineages, one sexual, one apomictic,
in the same ovule. (B) During sporophytic apomixis, the sexual gametophyte forms and additional
sporophytic cells in the surrounding ovule tissues acquire the competency for embryogenesis (depicted
in light red). After fertilization this typically leads to polyembryony, with the sexually derived embryo
(dark green) and the somatic embryos (light green) competing for resources.

Taken together, distinct developmental adaptations lead to formation of clonal offspring in the
different apomictic systems. To date it is largely unclear if similar regulatory mechanisms are shared

28



Genes 2020, 11, 329

in all apomicts, if related mechanisms lead to apomixis, or if different pathways mediate apomictic
reproduction in different taxa. Gaining insights into these questions is not only of interest from a
scientific point of view, but also relevant for potential applications of apomixis.

2. The Developmental Flexibility of Plant Reproduction might Hold Evolutionary Advantages

As outlined above, apomixis and sexual reproduction represent alternative strategies of
reproduction that are developmentally related. From an evolutionary point of view, concepts on the
origin and advantages of the different reproductive modes and their co-existence are still under debate
and partially contradictory. Sexual reproduction is most commonly regarded as original mode of
reproduction and asexuality as derived. However, this view has recently been questioned by new
hypotheses proposing that both might represent evolutionary ancient concepts [18].

So far this puzzle has not unequivocally been resolved by phylogenetic analyses. While asexual
reproduction is common in ~10% of species in fern, apomixis only occurs in less than 1% of
angiosperms [1]. The representation of apomixis is broadly scattered in the angiosperms and has
rapidly spread in the large families of Poaceae, Asteraceae, and Rosaceae [3]. Apart from the occurrence
of apomixis in the genera Draba, Erysimum, and Parrya, in Brassicaceae apomixis is only represented
in Boechera and the related genus Phounicaulis [23]. The absence of apomixis in Amborella as basal
sister clade of angiosperms might rather indicate that it is derived, however, this alone cannot be
taken as sufficient indication [6]. Moreover, the distinctiveness of the different types of apomixis
like sporophytic and gametophytic apomixis, but also of apospory and diplospory, suggests that
they represent non-homologous mechanisms that arose independently [24]. Consistently, apomictic
lineages are commonly regarded as evolutionarily young. This is in line with the perception of
apomixis being an evolutionary dead end due to an accumulation of deleterious mutations resulting
from the absence of meiotic recombination [25]. Already in 1939 Darlington proposed that apomixis
purely represents an escape from sterility that is often caused by polyploidization or hybridization
typically associated with apomixis [26]. While polyploidy has long been regarded as a precondition for
apomixis, the identification of diploid apomicts, e.g., in the genus Boechera has changed this view [27].
In Boechera, apomixis arose recurrently by hybridization and intra-specific crosses, and also outside
Boechera evidence for hybrid origin is given for an increasing number of apomictic taxa [6,28].

Importantly, hybridization and polyploidization are likely to cause genome-wide effects resulting
in alterations of gene regulation. It has long been hypothesized that apomixis derived by temporal
and spatial deregulation of the gene regulatory pathway governing sexual reproduction [4,17].
Alternatively, or as a consequence of mutation accumulation in asexual species, apomixis might be
caused by mutations in genes regulating sexual reproduction. However, this view is challenged by
new findings and hypotheses [6,18]. In some systems like Hieracium and likely also in Paspalum,
apomixis is superimposed on sexual reproduction and dominantly silencing sexual reproduction [22,29].
Interestingly, thereby the sexual pathway can be re-established, suggesting that the gene regulatory
program underlying sexual reproduction remains intact. Thus, apomixis and sexual reproduction
might indeed represent distinct and evolutionary ancient concepts [18]. In contrast to the classical
view of apomixis as evolutionary dead end [25], recent studies suggest that apomixis might rather
represent an evolutionary opportunity. Furthermore, sexual reproduction and apomixis might be
regarded as competing strategies, as, for e.g., discussed for the facultative tetraploid aposporous
apomict Paspalum malacophyllum [18,30]. Apomixis can be advantageous as it leads to the fixation
of beneficial genotypes and it can be beneficial to overcome sterility and incompatibility effects [24].
Furthermore, in many systems studied to date, apomixis is largely facultative, setting the basis for a
broad developmental flexibility. Together with the potential occurrence of reversions from apomictic
reproduction to sexuality this allows to purge deleterious mutations from the genome [1,25,31-33].

The understanding of the evolutionary origin of apomixis will largely affect the routes of
research taken to identify the gene regulatory basis of apomixis. An important aspect to elucidate is,
if similar molecular mechanisms are underlying shared elementary features like parthenogenesis or
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the acquisition of gametophytic fate without preceding meiosis in different apomictic systems. From
an evolutionary point of view, it remains astonishing that repeatedly all major components of apomixis
could establish simultaneously in the different apomicts. Activation of any element of apomixis alone
would have deleterious effects for the plants, e.g., apomeiosis without parthenogenesis would lead
to polyploidization, parthenogenesis without preceding apomeiosis would lead to haploidization,
and even the uncoupling of autonomous embryo development and endosperm development would
prevent successful reproduction. Nevertheless, taking the apparent differences in the reproductive
systems into account, it appears likely that also control mechanisms are diverse or similar mechanisms
established by convergent evolution. Although the possibility cannot fully be ruled out that apomixis
represents an ancient mechanism as an alternative to sexual reproduction, the non-homologues
developmental pathways resulting in apomictic reproduction rather suggest independent origins.
Different associated gene regulatory programs are likely to be required for certain developmental
processes, in particular with respect to megasporogensis, which differs considerably in the different
types of apomixis. While formation of an unreduced embryo sac by diplospory represents an alteration
of the fate of the MMC/AIC, during apospory both the sexual and the apomictic germline lineage
initiate their development so that a tight coordination and cross-talk between the two germline lineages
is required. In aposporous Hieracium subgenus Pilosella, for example, the specification of the sexual
MMC is preceding the formation of the aposporous initial cell, while the apomictic reproductive
lineage subsequently suppresses further development of the sexual lineage [22]. Nevertheless, certain
developmental flexibility and the formation of two gametophytes in the same ovule occurs in Hieracium
praeltum and also in apomictic Boechera, providing the opportunity to reinforce the facultative nature
of apomixis [33,34]. Also the occurrence of both, diplospory and apospory, demonstrates a striking
flexibility of developmental concepts in Boechera [33]. Increasing attention is recently also given to the
question, whether and how environmental factors are modulating the regulation of the reproductive
programs or if they might even be sufficient to determine the reproductive mode.

3. Genetic Loci Linked to Apomixis Typically Represent Hemizygous Heterochromatic Regions

Genetically in all taxa studied so far apomixis is heritable. This has been revealed by genetic
analysis using an apomict as the male and a sexual plant as female parent [35]. Direct identification
of the genes and genomic elements comprised on these apomixis linked loci however has proven
difficult. This is because they are commonly recombination-suppressed and flanked by repetitive
regions, interfering with sequencing approaches and map-based cloning [10,35-41]. In several species
studied, apomixis linked loci represent chromosomal regions that largely diverged from corresponding
sexual loci. They presumably originate from chromosomal rearrangements and transposable element
activity consequently resulting in the frequently observed reduction or loss of recombination [42,43].
One locus is typically underlying each of the major components of apomixis, namely apomeiosis,
parthenogenesis, and the developmental adaptations needed for endosperm formation [10,35,39,44].

Inheritance of diplospory as single dominant locus has been described for Erigeron anuus
and for Taraxacum officinale [21,45]. In Taraxacum, two unlinked dominant loci control diplospory
(DIPLOSPOROUS, DIP) and fertilization independent development of an embryo from the egg
cell (PARTHENOGENESIS, PAR) [46]. The DIP locus thereby maps to the distal arm of one
nucleolar organizer region (NOR) chromosome [46]. Unlike for most apomixis loci identified,
recombination occurs in the hemizigous Taraxacum DIP locus that has been fine mapped to about
0.6 cM estimated to cover about 200-300 Kb [46,47]. Also, the apospory-specific genomic regions
(ASGR) of Pennisetum spamulatum and Cenchus ciliaris are located on hemizygous heterochromatic
regions on single chromosomes [48-50]. The apomixis-controlling locus (ACL) in Paspalum simplex is a
single non-recombining hemizygous region [51]. In Hieracium, three loci have been identified to control
apospory (LOSS OF APOMEIOSIS, LOA), parthenogenesis (LOSS OF PARTHENOGENSIS, LOP),
and autonomous endosperm development (AutE) [52]. Also LOA was mapped to a recombination
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suppressed distal arm of a single chromosome and is surrounded by complex repeats and transposable
elements that however are not essential for the function of the locus [53,54].

Further evidence for hemizygous and heterochromatic segments of chromosomes is given from
investigations on Boechera, where the presence of the largely heterochromatic B-like chromosomes
(Het and Del) has been observed in apomictic accessions by karyotype analyses [55-58]. Also in the
closely related Boecheraea genus Phoenicaulis a largely heterochromatic Het chromosome is present in
triploid and tetraploid cytotypes, unlike in diploid [23]. While it has been hypothesized that these
chromosomes might be relevant for apomixis expression and in particular possible implications for
diplospory have been discussed, transmission of a Het chromosome alone is not sufficient for apomixis
to arise [23,59]. Interestingly, the Het chromosomes and heterochromatic chromosomal regions linked
to apomixis resemble features of Y-chromosomes in animals and dioecious plants for sex determination
with respect to typical accumulation of transposable elements and gene loss [29,46,60]. Therefore,
it is tempting to speculate that similarly to well known mechanisms in Y-chromosomes, epigenetic
regulatory mechanisms might be major driving forces in regulation of apomixis. Epigenetic regulatory
mechanisms in general are involved in controlling gene activity by DNA methylation, introducing
repressing or activating histone modifications, as well as modulation of overall chromosome structure.

Genes Located on Apomixis Loci Suggest That Different Regulatory Pathways Are Involved in Controlling Apomixis

Despite the similar features presented by the apomixis linked loci so far investigated, knowledge
about the genes encoded and their roles in controlling apomictic development is scarce to date.
In order to confer successful reproduction, it is essential that all elements of apomixis and associated
developmental processes take place in a coordinated manner. To allow this, these regions might
include master or key regulatory genes activating a downstream cascade controlling all major aspects
of apomixis, or many linked genes encoded on the apomixis linked loci might be required [27]. So far,
different genes have been identified to be linked to the apomixis loci in different species (Table 1). Based
on these findings, several distinct regulatory mechanisms appear to be involved in controlling apomixis.
These include the activity of transcription factors, but also degradation of nucleobases and control of
protein turnover, and the modulation of gene activity by mechanisms involving non-coding RNAs.
In particular long non-coding RN As including antisense RN As are increasingly recognized as important
players involved in the regulation of reproduction and a range of developmental decisions [61].

For apomeiosis, a small number of candidate genes from a few loci have been proposed:
In Hypericum perforatum the Hypericum Apospory- (HAPPY-)locus is co-segregating with apospory
but not with parthenogenesis [44] (Table 1). This locus contains a truncated allele of the homologue
of Arabidopsis thaliana ARIADNE7 (ARI7), encoding for an E3 ligase Ring-finger protein involved
in regulatory processes and protein degradation [44]. Consistent with the dominant nature of
the HAPPY-locus, its simplex constitution has been confirmed in tetraploid plants [44]. Recently,
sequencing approaches allowed the annotation of 33 predicted genes located on the HAPPY-locus,
24 of which were expressed in pre-meiotic nucellus tissues of the ovule [62]. In Boechera, two different
candidates have been identified for regulation of female and male apomeiosis. As a candidate for female
apomeisis, the APOmixis Linked LOcus (APOLLO) gene has been identified that is higher expressed in
apomictic ovules at apomeiosis as compared to sexual ovules [63,64] (Table 1). Likewise, comparative
transcriptome analyses of anthers containing pollen mother cells in sexual and apomictic Boechera
identified that the activity of UPGRADE (UPG) is correlated with apomixis [65]. While it is inviting to
hypothesize that APOLLO and UPG are likely to be localized on the heterochromatic HET and DEL
chromosomes, a direct proof has so far not been presented [66]. APOLLO encodes for an Aspartate
Glutamate Aspartate Aspartate Histidine exonuclease and is heterozygous for apomixis specific alleles
in apomicts [63]. These alleles contain 20-nucleotide polymorphisms in the 5" untranslated region
(5" UTR) [63]. Interestingly, UPG2 represents a long non-coding RNA that has been proposed as
candidate for the formation of unreduced pollen [64,65] (Table 1). Further evidence for roles of long
non-coding RNAs in the regulation of (apo)meiosis comes from Paspalum notatum [67]. In P. notatum a
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long non-coding RNA related to a gene encoding mitogen-activated protein kinase kinase kinase (IN46)
islinked to the ACR [67] (Table 1). N46 is named QUI-GON JINN (QG]J) as a member of the YODA family.
It is not only differentially expressed in flowers from sexual as compared to apomictic plants, but also
its downregulation mediates a reduction of the rate of aposporous embryo sac formation [67]. Taken
together the investigations on different apomicts provide increasing evidence for different regulatory
mechanisms to control aspects of apomeiosis. Importantly however, as molecular mechanisms involved
in the control of apomeiosis, mainly changes in gene regulation appear to be important that are enforced
e.g., by changes in regulatory elements and the activity of non-coding RNAs. These findings do not
provide evidence for the idea that elements of apomixis might derive from genetic mutations in coding
regions that lead to alterations in protein function. Nevertheless, future investigations will be needed
to more comprehensively understand the regulatory processes controlling apomeiosis.

Interestingly, pathways including the activity of non-coding RNAs might also be involved in
the regulation of parthenogenesis and endosperm formation in certain apomicts. From the ACL of
Paspalum simplex, expression of antisense transcripts for three genes has been identified [51,68]. This has
led to the hypothesis that the ACL region modulates epigenetic processes regulating parthenogenesis
and endosperm formation. This is consistent with the finding that parthenogenesis is superimposed
on sexual reproduction in this system and that DNA demethylation affects parthenogenesis but
not apomeiosis [29,51]. In particular the homologue of subunit 3 of the ORIGIN RECOGNITION
COMPLEX (ORC3), which is functional in sexual plants, is regulated by an apomixis specific antisense
pseudogene [68] (Table 1). The precise regulation of ORC3 activity in apomicts appears to be relevant
for formation of functional endosperm with a ratio of maternal to paternal contributions alternating
from 2n: 1n [68].

Unlike the regulatory mechanisms involving non-coding RNAs, from the ASGR of Pennisetum
and Cenchrus BABY BOOM (BBM)-like genes have been identified as promising candidates for
parthenogensis based on the similarities to BBM of Brassica napus [49,69] (Table 1). BBM and BBM-like
genes belong to a family of transcription factors characterized by two conserved APETALA2 (AP2)
binding domains and a bbm-1 domain with functional implications for somatic embryogenesis [70].
From studies in A. thaliana BBM acts upstream of major regulators of totipotency and embryonic
identity [71]. Originally identified as a gene involved in controlling somatic embryogenesis in
microspore cultures, embryo development from somatic cells of A. thaliana leaves can be triggered
by expression of Brassica napus BBM [72]. This supports its strong potential for inducing the gene
regulatory program relevant to acquire the competence for embryogenesis. Evidence for the functional
importance of ASGR-BBML for parthenogenesis was further substantiated by the identification of a C.
ciliaris recombinant that retained apospory but lost parthenogenesis along with the BBML containing
fragment of the ASGR [69]. Also, when expressed under its native promoter and terminator, expression
of ASGR-BBML in egg cells of Pennisetum squamulatum is sufficient to trigger parthenogenesis in
sexual plants [73]. Furthermore, studies from apomictic Brachiara decumbens suggest the importance of
ASGR-BBML genes for parthenogenesis in Poaceae [74]. A recent study supports the broader validity of
BBM genes to trigger embryogenesis and parthenogenesis by demonstrating that even in Oryza sativa
expression of BBM1 in egg cells is sufficient to allow autonomous embryo development in the absence
of fertilization [75]. Strikingly, BBM1 as the gene triggering embryogenesis behaves as an imprinted
gene in young embryos, as only the paternal but not the maternal allele is expressed [75]. Imprinting
in general describes a control mechanism that allows activity of one parental allele, while the allele
from the other parent is silenced due to epigenetic regulation. The mechanism outlined for controlling
BBM1 activity elegantly explains the requirement for fertilization for seed development during sexual
reproduction. As so far implications of BBM and BBML for parthenogenesis have only been described
in monocotyledons, to date evidence is lacking for a broader importance of this mechanisms to repress
embryogenesis of the egg cell in the absence of fertilization also in dicotyledons.
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Table 1. Candidate genes for apomixis encoded from apomixis linked loci.

Gene Type of Apomixis Element of Apomixis Locus Plant Family Species Publication
ARI7 gametophytic apospory HAPPY Hypericaceae I;eyr Zf:;izz [44,62]
APOLLO gametophytic female apomeiosis - Brassicaceae Boechera ssp. [63,64]
UuprG2 gametophytic male apomeiosis - Brassicaceae Boechera ssp. [65]
QGJ gametophytic apospory - Poaceae Paspalum notatum [67]
ORC3 gametophytic endosperm formation ACL Poaceae Paspalum simplex [51,68]
Pennisetum

squamulatum

BBM(L) gametophytic parthenogensis ASGR Poaceae Cenchrus ciliaris [49,69,70,73,74]
Brachiara decumbens
RKD sporophytic somatic embryogenesis - Rutaceae Citrus [5,76]

From studies of somatic embryogenesis in Citrus, another transcription factor has been proposed
to be relevant for the regulatory control. The genomic locus linked to somatic embryogenesis has
first been described to comprise ~380 kb and it could further be fine-mapped to a genomic region
of 80 kb harboring the sequences of 11 genes [5,16]. From this region, CiRKD1 is recognized as
candidate gene for polyembryony and somatic embryogenesis [5,76] (Table 1). RKD genes encode
RWP-RK domain-containing transcription factors. In A. thaliana the five members of the family are
predominantly expressed in the egg apparatus (egg cell and synergid cells) and are important regulators
of gametogenesis and acquisition of egg cell fate [77-79]. Interestingly, in the egg apparatus of the
triploid apomict Boechera gunnisoniana, RKD genes are present only at low levels [80]. This suggests
that the gene family might play a role in maintaining egg cell identity in the absence of fertilization
during sexual reproduction. Studies on Marchantia polymorpha with only a single RKD homologue
represented in the genome indeed support the evidence of RKD to be an evolutionary conserved
factor in plants important to acquire egg cell identity and to keep the egg cell in a developmentally
repressed state in the absence of fertilization [81,82]. The regulation of acquiring the competence
for embryogenesis and to activate this program might be more complex in Citrus. In Citrus studies
from satsuma mandarin have recently revealed the presence of two CiRKD1 alleles with one of them
containing a miniature inverted-repeat transposable element (MITE)-like insertion in the upstream
region [76]. Increased expression of this allele in the tissues where somatic embryogenesis occurs
was observed and antisense silencing of CiRKD1 in transgenic sweet orange leads to loss of somatic
embryogenesis [76]. Interestingly, like in the case of BBM and BBML, differences in activity and
regulation of one (type of) transcription factor(s) appear to be sufficient to acquire the competence
for embryogenesis and to allow embryogenesis from a sporophytic cell or the egg cell in the absence
of fertilization.

4. Transcriptional Analysis Identifies Genes Differentially Regulated during Sexual and
Apomictic Reproduction

Genetic studies identified only few apomixis linked loci suggesting that a limited number of
genes might be required for apomixis. However, transcriptional studies often suggest a more global
deregulation of the gene regulatory program underlying sexual reproduction in apomicts. This
discrepancy might potentially be explained by master regulators which control complex programs of
gene activity. Transcriptional analyses to identify genes differentially expressed in sexual as compared
to apomictic plants have been presented for a variety of species including Pennisetum ciliare and
Pennisetum glaucum [83,84], Panicum maximum [85,86], Poa pratensis [87,88], Brachiaria brizantha [89,90],
Paspalum notatum and Paspalum simplex [91-94], Eragostris curvula [95], Medicago falcata [96], Boehmeria
tricuspis [97], Hypericum perforatum [62,98], Hieracium [99,100], Boechera [101-103], and also for Citrus [76]
(Table 2). These studies provide evidence for temporal deregulation of the gene regulatory processes
governing sexual reproduction in apomicts and identify large numbers of up to hundreds of genes to
be differentially expressed.
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Given the large numbers of genes identified as differentially regulated, it remains difficult to
identify the genes that are relevant for the determination of the reproductive mode or developmental
processes governing apomictic reproduction. As most of the studies are based on ovule or floral tissues
it is likely that a large fraction of the genes identified is differentially expressed in sporophytic tissues
rather than in the developing reproductive lineages. The overabundance of sporophytic tissues in
the samples can mask the regulatory profiles controlling germline formation and development. To
overcome this difficulty, cell and tissue type-specific transcriptome analysis, i.e., by combining laser
assisted microdissection (LAM) with microarray analysis or RNA-Seq have proven to be powerful
approaches [104-106]. Novel insights have already been gained into the gene regulatory pathways
governing the development of the sexual MMC and the cells of the mature female gametophyte
in A. thaliana [79,105-107], and the corresponding cells in the related triploid apomict Boechera
gunnisoniana [80] (Table 2). Tissue type-specific transcriptome analysis targeting AIC/MMC and
surrounding nucellus tissues furthermore allowed comparative analyses of gene expression and
pathways relevant for megasporogenesis in different sexual as compared to apomictic Boechera accessions
and in sexual versus aposporous Hypericum perforatum [62,103] (Table 2). LAM in combination with
RNA-Seq recently has also shed light onto the cell type specification of the aposporous initial cell (AIC)
as compared to early developing embryo sacs and somatic ovule tissues in Hieracium praealtum. These
studies suggest advanced acquisition of gametophytic fate by the AIC [108,109] (Table 2).

Consistently, comparative transcriptome analysis in sexual and apomictic Boechera [103], Bohemeria
tricuspis [97], and Hypericum perforatum [62] suggest that differential activity of genes involved
in cell-cycle regulation, hormonal pathways, signal transduction, ubiquitinylation and protein
degradation, and epigenetic regulatory pathway are involved in determining and sustaining
megasporogenesis in either reproductive mode (Figure 3). To narrow down the number of candidate
genes and to disentangle part of the effects of ploidy and species differences, differential expression
analysis was recently applied to compare four apomictic versus two sexual Boechera accessions [103].
Thereby LAM and RNA-Seq have been combined to analyze gene expression in reproductive nucellus
tissues harboring the AIC or MMC [103]. This has identified 45 genes to be consistently differentially
expressed in all samples from sexual as compared to apomictic accessions [103]. This study supports
the importance of genes involved in cell-cycle regulation, protein degradation and hormonal pathways
for distinguishing sexual from apomictic reproduction, and also suggests functions related to stress
and redox regulation to be relevant [103] (Figure 3). Taken together, evidence for the involvement of
these pathways in regulation of megasporogenesis is consistently given from different apomicts. Apart
from these investigations, additional transcriptional studies focused on mature gametophytes in sexual
and apomictic plants and the transition to early stages of seed development would be beneficial to
allow a more comprehensive understanding of the gene regulatory processes distinguishing apomixis
from sexual reproduction.
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Figure 3. Molecular mechanisms differentially regulated during sexual reproduction and apomixis.
(A) During megasporogenesis players in several pathways are differentially regulated implementing
control of gene and protein activity. This likely involves also the activity of specialized ribosomes (ribo)
in conjunction with RNA binding proteins (RB) like RNA helicases and products of non-canonical
open reading frames including long non-coding (Inc) RNAs. Also stress and stress response appear to
differentially affect megasporogensis in the different reproductive modes. During meiosis in sexual
reproduction the MMC is enclosed by callose potentially as a response to reactive oxygen species (ROS).
In contrast in apomicts high activity of polyamine biosynthesis and spermidine metabolism allows
quenching of ROS. Furthermore, diplospory involves alterations in the meiotic program, while during
apospory communication between the sexual and apomictic germline is required. (B) During sexual
reproduction proliferation of the female gametes is repressed in the absence of fertilization by the
activity of the MEA-FIE PRC2 complex in the central cell and a repressive chromatin state in the egg
cell. Double fertilization initiates seed formation involving fusion of the two sperm cells with each
of the female gametes. Likely rise in Ca?*-levels is involved in activation of the egg cell. In addition,
in pseudogamous apomicts both female gametes need to remain repressed in the absence of fertilization
of the central cell. Only the central cell nucleus fuses with sperm nucleus. Communication between the
egg- and central cell is required to coordinate development.

5. Different Layers of Regulation Are in Place to Control Development during Sexual and
Apomictic Megasporogenesis

From the different apomicts a number of candidate genes for apomeiosis which are linked to
apomixis loci have been determined (Table 1). As these genes are involved in diverse regulatory
pathways they might be relevant for several aspects of development during megasporogenesis in the
different types of apomixis. Thereby, potentially similar genes and molecular mechanisms might be
required for the determination of the reproductive mode. However, complex regulatory programs
should be in place controlling the distinct developmental programs associated with sexual and
apomictic reproduction. To regulate megasporogenesis in diplosporous and aposporous apomicts, this
should involve the determination of meiotic versus mitotic fate, the acquisition of germline identity,
and the control and cell-cell communication to decide how many cells per ovule can make this fate
transitions. In contrast for parthenogenesis, certain transcription factors appear to be crucial to acquire
embryonic potency and to activate the regulatory program underlying embryogenesis.
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5.1. Specialized Ribosomes and Associated Factors Emerge as Novel Players in Gene Regulation

Both in sexual plants and apomicts, germline formation and development requires complex and
tight regulatory systems [12,105,116]. Different molecular machineries are in place to control gene
expression and translation, protein activity and turnover, and cell-cell communication. Especially during
megasporogenesis and preparation of the MMC/AIC for (apo)meiosis, processes related to translation
and ribosome biogenesis are enriched both in sexual A. thaliana and apomictic Boechera [103,107]. Further
evidence for the importance of ribosome biogenesis and function, and nucleosome assembly for
megasporogenesis in apomicts comes from transcriptome analysis of Hieracium subgenus Pilosellum,
as related functions are enriched in the AIC as compared to developing embryo sacs [109]. While it
has long been noticed that a cycle of ribosome degradation and reassembly is associated with plant
meiosis [117], the relevance of this processes for sexual and apomictic reproduction has not been
described in detail to date. Nevertheless, functions related to ribosome assembly are over-represented
in transcripts from the ASGR of Pennisetum squamulatum, suggesting that the control of ribosome
activity is playing a role for apomixis [118]. A further hint in this direction is presented from the
localization of DIP locus on a NOR chromosome in Taraxacum [46].

While ribosomes are more historically thought to have constitutive functions in mRNA translation,
recently the notion has emerged of specialized ribosomes as an additional layer of gene regulation
that has so far been largely overlooked. It might represent a mechanism to regulate a switch of
developmental fate such as the determination of meiosis or apomeiosis by co-regulation of a larger
number of relevant target genes. The ribosome based regulatory machinery involves specific mRNA
regulatory elements such as internal ribosome entry sites which are mostly located in the 5 UTR
regions of mRNAs [119]. Recent findings also point towards the importance of non-canonical open
reading frames (ORFs) including non-coding RNAs in the regulation of ribosome biogenesis and
function [120,121] (Figure 3). While estimates suggest that e.g., in A. thaliana up to 80-90% of the
genome is transcribed at least at a certain developmental time point, less than half of these transcripts
appear to be coding proteins or peptides [122]. The non-protein coding RNAs comprise housekeeping
RNAs like ribosomal RN As, tRNAs, small nuclear and nucleolar RN As, and small RNAs involved in
epigenetic regulatory processes. Also long non-coding RNAs are increasingly perceived as important
players in the regulation of gene activity [122] (Figure 3). It is tempting to speculate that UPG2 and the
long non-coding RNA related to QGJ might act in target gene regulation by association to ribosomes.
The identification of long non-coding RNAs with potential relevance for apomeiosis uncovers a new
layer of complexity of regulatory processes. While the molecular mechanisms of their activities have
so far not comprehensively been elucidated, involvement of long non-coding RNAs in the control of
meiosis appears to be a conserved feature of eukaryotes. Evidence for the importance of non-canonical
ORFs in general is given in yeast, where they have high occupancy in meiotic cells [119]. In the fission
yeast Schizosaccharomyces pombe, the polyadenylated long-non coding RNA meiRNA forms a nuclear
body in meiotic cells and is involved in the regulation of the entry into meiosis, homologous pairing
and chromosome retention [123]. In plants, evidence for high abundance of long non-coding RNAs
in meiocytes comes from a study from sunflowers suggesting their importance during meiosis [124].
Taken together, this provides accumulating evidence for the importance of such regulatory processes
controlling RNA abundance and activity for germline specification and likely for discrimination of
plant meiosis and apomeiosis. However, experimental prove for this is largely lacking to date.

Importantly, ribosome assembly and function is typically correlated with the activity of RNA helicases
and other types of RNA binding proteins often associated to ribonucleoprotein complexes [125,126]
(Figure 3). Members of the large gene family of RNA helicases are involved in basically any aspect of
RNA metabolism, storage and degradation. They are of crucial importance for gene regulation to control
developmental processes, and they are involved in epigenetic processes. In addition, RNA helicases
are central players in transforming stress induced signals into regulatory responses [127]. From
studies in sexual A. thaliana, the abundant activity of RNA helicases in the MMC has previously been
determined, reminding of the crucial and conserved roles of RNA helicases for germline development
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in animals [107]. Thereby, the RNA helicase MNEME (MEM) has been uncovered that plays a role to
restrict germline fate to allow the specification of only one MMC per ovule [107]. In A. thaliana plants
carrying a mutant allele of MEM frequently AIC-like cells form adjacent to the sexual MMC which
give rise to formation of presumably unreduced gametophytes, closely resembling apospory [107].
Furthermore, comparative cell type-specific transcriptome analyses of MMC versus AIC and the cells
of the mature embryo sac in sexual A. thaliana versus the triploid diplosporous apomicts Boechera
gunnisoniana point towards a deregulation of MEM. However, a consistent differential gene expression
in reproductive nucellus tissues prior to apo(meiosis) could not be identified in different sexual and
apomictic Boechera accessions [80,103]. Given the broad developmental flexibility during apomictic
germline formation in Boechera [33], a role in regulation of developmental processes relevant for
apomixis cannot be ruled out by this finding. Apart from the identification of MEM, further studies
provide evidence of RNA helicases to be likely involved in regulation of apomictic development, as in
Brachiaria brizantha and in Hypericum perforatum, BrizHELIC and a homologue of MATERNAL EFFECT
EMBRYO ARREST29, respectively, are differentially expressed in tissues of sexual and apomictic
plants [10,128].

5.2. Epigenetic Regulatory Pathways Are Involved in Regulation of Germline Development

RNA helicases and non-coding RNAs are also players in epigenetic regulatory pathways.
Epigenetic regulatory processes which modify gene activity based on DNA methylation, histone
modifications, and modulation of chromatin structure are involved in controlling diverse developmental
and cell fate decisions. Epigenetic regulation is increasingly recognized to be important during plant
germline development [129]. While long non-coding RNAs can act in modulating DNA methylation
and histone modifications to regulate gene activity [130], future investigations are required to elucidate
their specific importance during reproductive development in detail.

First evidence for the involvement of epigenetic regulatory pathways in controlling components of
apomixis comes from the heterochromatic nature of apomixis loci. Furthermore, alteration in epigenetic
regulations might be a consequence of polyploidization and hybridization. It has been hypothesized
that apomixis might be superimposed on sexual reproduction by epigenetic control mechanisms. This
is suggested from a study in Paspalum ssp., where treatment of apomictic plants with the demethylation
agent 5'-azacytidine leads to reduction in the frequencies of parthenogenesis [29]. This is in line with
the indications for roles of epigenetic regulation for apomixis coming from comparative transcriptional
analyses. Also functional evidence supports this notion, as mutations in certain epigenetic regulators
lead to induction of elements of apomixis in sexual plants. Studies in A. thaliana and maize revealed
phenotypes reminiscent of apospory or diplospory for mutants in different players in small RNA
and DNA-methylation pathways [131-134]. This included ARGONAUTEY9 (AGO9) and additional
genes involved in the RNA directed DNA-methylation pathway [132,134]. AGO proteins act by
binding different types of small RNAs, such as microRNAs (miRNA), small interfering RNAs (siRNA),
and PIWI-associated RNAs (piRNAs) [135]. Knowledge about their roles in natural apomicts is so
far limited.

To gain insights into the possible involvement of small RNAs in apomixis control, their activity has
been studied in different natural apomicts including Eragostris curvula [136], Paspalum notatum [29,137],
Hieracium subgenus Pilosella [119], and Boechera [138,139]. Differential representation of small RNA
reads in Paspalum notatum points towards their involvement in regulation of meiosis, cell cycle control,
transcriptional regulation and hormonal signaling [117]. In contrast, in Hieracium only small numbers
small RNA targets were identified as differentially expressed [114]. From comparisons of sexual
and apomictic Boechera ovules differential activity of the small RNAs miR156/157 has been identified
which is relevant for the regulation of the transcription factor SQUAMOSA PROTEIN BINDING
PROTIEN LIKE 11 (SPL11) [139]. As epigenetic regulations are highly dynamic, future studies focusing
on elucidating DNA modifications and small RNAs at cell and tissue type-specific resolution will
be relevant to gain additional meaningful insights into the contribution of epigenetic regulation to
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apomixis control. Also, while the investigations on mutant lines of sexual A. thaliana and maize
indicate that the two modes of reproduction are related, it is currently not well understood how. In the
mutants, elements of apomixis establish in sexual species by disabling major players in epigenetic
regulatory pathways. This suggests that certain components of apomixis can at least derive from
mutations leading to a loss of gene function. However, if apomixis loci epigenetically control the
sexual pathway, it remains to be elucidated if suppression of sexual reproduction alone is sufficient for
apomixis to establish.

5.3. Cell-Cycle Control and Regulation of Meiosis is Differentially Regulated during Meiosis and Apomeiosis

Apart from mutations in genes involved in epigenetic regulations, also certain mutations or
combinations of mutations in core meiotic genes can lead to apomeiosis instead of meiosis. In A. thaliana
apomeiosis by a diplospory-like mechanism has been observed in plants carrying mutations in
DYAD/SWITCH. While leading to sterility at high penetrance, also formation of triploid offspring
retaining parental heterozygocity occurs at very low frequencies below 1% [140]. Also in maize
ameioticl mutants, which is an orthologue of SWITCH, designated MMCs undergo a mitosis-like
division instead of meiosis [141]. In addition, triple mutants of sporulation 11-1 (spol1-1), omission
of second division 1 (0sd1), and recombination 8 (rec8) or the A-type cyclin cycl;2/tardy asynchronous
meiosis (tam) lead to mitotic division instead of meiosis in MiMel and MiMe2, respectively [142,143].
This has first been shown for A. thaliana and subsequently been used to generate clonal offspring in
A. thaliana and rice. Clonal offspring has been obtained by combining the meiotic mutants with a
manipulation of the centromere-specific histone variant CENH3 that leads to an elimination of the
paternal genome [144,145]. Recently, in rice, generation of clonal seeds using MiMe in combination
with editing of MATRILINEAL has also been demonstrated [146]. MATRILINEAL encodes a sperm
specific phospholipase and has previously been identified as haploid inducer in maize [147].

While these studies provide a prove of concept that engineering of clonal crop plants is feasible,
itremains unclear if and how similar mechanisms are involved in natural apomicts. From transcriptional
studies strong evidence is provided for differences in regulation of meiosis and cell cycle to play a role
during megasporogenesis in sexual and apomictic plants [80,103]. However, it is important to note
that a consistent deregulation of core meiotic genes in all studied sexual versus apomictic accessions
has not been observed in Boechera [103]. From studies of the Hieracium praeltum AIC no expression of
14 selected meiotic genes has previously been observed, consistent with the cellular fate destined to
mitosis [108]. The lack of consistency likely relates to the developmental flexibility during germline
formation: As apospory and diplospory both occur in Boechera at different frequencies [33], this also
results in different frequencies of the determination and meiosis of the sexual MMC in addition to the
AIC. Therefore, future studies focusing on proteins at cellular level will be required to disentangle
their involvement in regulation of apomeiosis.

5.4. Signal Transduction, Cell-Cell Communication and Hormonal Pathways Appear to Be Involved in
Regulation of Apomixis

The developmental flexibility during germline specification and transition to gametogenesis
further suggests that involvement of cell-cell communication is required in the regulation of these
processes. During sexual reproduction, acquisition of reproductive fate of additional sporophytic
cells in the ovule is typically suppressed. As previously determined in maize, rice and A. thaliana,
this involves the activity of signaling pathways, including the A. thaliana Leucine rich repeat receptor
kinases SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1/2 (SERK1/2) [116]. From studies
in Poa pratensis, PpPSERK has been proposed as candidate that is activated in apomictic nucelli to
enable development of the apomictically derived gametophyte [10]. The SERK signaling pathway
might interact with auxin hormonal pathways involving APOSTART [10]. Strong evidence for the
importance of signaling and hormonal pathways for specification of the apomictic germline lineages
also comes from transcriptional analyses of sexual and apomictic Boechera. From the analysis of genes
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with evidence of expression in the B. gunnisoniana AIC and not in the A. thaliana MMC, an enrichment
of “MAP kinase kinase” activity was observed in addition to gene and protein families related to auxin
transport and signaling [80]. When comparing transcriptional profiles of Boechera nucelli harboring
MMCs or AICs furthermore the homologue of A. thaliatna GRETCHEN HAGEN3.6 (GH3.6) is consistently
higher expressed in apomicts as compared to sexual plants [103]. It encodes a GH3 family protein
involved in modulation of auxin response. GH3 was further identified as higher expressed in AICs
than in embryo sacs of Hieracium praealtum, further suggesting its importance for megasporogenesis in
apomicts [109]. Also the homologue of the nonethylene receptor HISTIDINE KINASE1 (HK1) is higher
expressed in apomictic as compared to sexual nucelli in Boechera. In A. thaliana HK1 is involved in
abscisic acid signal transduction in response to salt and drought stress [103]. A homologue of HK1
is furthermore located on the Hypericum HAPPY-locus. The potential functional relevance of HK1
activity for apomixis has not been described to date. Nevertheless, the reports provide strong evidence
for the importance of cell communication and hormonal pathways for apomixis regulation.

5.5. Regulation of Seed Development in Apomicts Might Require both Repression and Activation of Gene Activity

To allow for successful seed development, a precise coordination of development of the embryo,
endosperm, and also the seed coat is required. In most species also the maintenance of precise
ratios of parental contributions and controlled activation of maternal or paternal alleles for certain
regulators of seed development by imprinting is critical [148]. During sexual plant reproduction, double
fertilization of the two female gametes (egg cell and central cell) with the two sperm cells initiates
formation of the embryo and its nourishing tissue, the endosperm (Figure 3B). It is well understood
that double fertilization occurs almost simultaneously [149]. Prior to fertilization, the female gametes
are arrested in the cell cycle with the egg cell presumably at G1 of mitosis and the central cell at
G2 [150]. At the time of fusion, cell cycle synchronicity between male and female gametes appears
critical for initiation of embryo and endosperm development [150]. In sexual species, an increase
in Ca?*-concentration has been proposed to be the signal for activation of the zygotic program in
vertebrates and potentially also in plants [10,151] (Figure 3B). Furthermore, in the sexual mature
embryo sac prior to fertilization, the egg cell chromatin is highly condensed and thus in a repressive
and transcriptionally silent state [151] (Figure 3B). This might be relevant for the acquisition of potency
to allow embryogenesis [151]. However, it might also represent a mechanism to prevent premature or
autonomous egg cell activation in the absence of fertilization.

To allow seed development in apomicts, several aspects of the regulation in sexual species need to be
altered. For parthenogenesis, the repressive state of the egg cell needs to be either omitted by precocious
activation of embryogenesis or relieved, potentially by chromatin remodeling as the underlying
mechanism [151]. Similarly, for autonomous endosperm development, the repression of central cell
proliferation needs to be overcome. In sexual species, this repression in the absence of fertilization
requires the activity of Polycomb group proteins (Figure 3B). These are interacting in Polycomb
Repressive Complexes 2 (PRC2) to control target gene activity by introduction of histone modifications
and repressive H3K27me3 marks [152]. In A. thaliana mutant alleles of genes encoding components of
the MEA-FIE PRC2 complex, in particular MEDEA (MEA), FERTILIZATION INDEPENDENT SEED?2
(FIS2), FERTILIZATION INDEPENDENT ENDOSPERM (FIE), and MULTICOPY SUPRESSOR OF IRA1
(MSI1), lead to fertilization independent initiation of endosperm development [152]. Implications
of FIE for endosperm development have been discussed also for apomictic Hieracium; however,
the composition of the PRC2 complex including FIE appears to be different from the one identified in
A. thaliana [153].

It is feasible that the coordination of all components of seed development is under dual or more
complex control. This likely involves signals keeping the quiet state of the gametes and repressing
their development, while other signals are needed to activate the developmental programs. Evidence
for such twofold control mechanism is given from the “Salmon system” used for haploid production
in wheat by activating autonomous embryogenesis [151]. Thereby two nuclear genes are involved
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which are the inducer Parthenogenesis gain (Ptg) under sporophytic control and the repressor Supressor
of Parthenogenesis (Spg) under gametophytic control. This control mechanism appears to be in contrast
to findings that activation of BBM and BBM-like genes in the egg cell of rice alone is sufficient to trigger
parthenogenesis [75]. However, future investigations and closer understanding of the regulation of
BBM and BBML genes both in sexual and apomictic plants might resolve this puzzle. It is interesting
to note that BBM belongs to the group of APETELA2/ETHYLENE RESPONSIVE FACTOR (AP2/ERF)
transcription factors. Indications have been found that members of this group are regulated by histone
modifications [154]. For the BBM1 homologue of Coffea canephora evidence of epigenetic regulation
based on DNA-methylation and histone modifications is given [155]. Strikingly, strong evidence
indicates an involvement of H3K27me3 marks in the regulation of BBM1 [155]. This raises the question,
if epigenetic repression based on PRC2 activity and DNA-methylation are responsible for the repression
of the maternal allele as observed in rice. This could be a mechanism that safeguards to keep the egg
quiet in the absence of fertilization and thus prohibits parthenogenesis to occur in sexual plants.

It is likely that the molecular machineries controlling development of all components of the
seed in different natural apomicts are more complex. In pseudogamous apomicts, which depend on
fertilization of the central cell for endosperm development, also parthenogenesis appears to remain
repressed in the absence of fertilization as recently shown for Boechera gunnisoniana [80] (Figure 3B).
The underlying molecular control is likely not involving a fusion of the egg and sperm cells nuclei.
In contrast to animals, where sperm dependent parthenogenesis is a common mechanism that still
requires fertilization for embryogenesis without paternal contribution [151], similar mechanisms
have so far not been observed for plants. From a recent study in apomictic Boechera, the second
sperm cell nucleus typically does not fuse with the egg cell nucleus [156]. Still the occasional
formation of BIII hybrids by fertilization of an unreduced egg cell demonstrates that this fusion is
not strictly prevented in the apomicts [43]. Interestingly, differential regulation of CENH3 in sexual
and apomictic gametophytes as observed in comparative transcriptional analyses including sexual
A. thaliana and apomictic B. gunnisoniana suggests that this might serve to safeguard embryogenesis
without paternal contribution [80]. This would imply that only the maternal genome is retained during
early embryogenesis. Similarly, mechanisms of depletion of the paternal genome after occasional
fertilization might be reinforced by mechanisms related to the heterochromatic B-like chromosomes
in Boechera, as previously demonstrated for jewel wasps [157]. In the jewel wasp Nasonia vitripennis
paternally inherited B-chromosomes promote their own transmission at the expense of other paternal
chromosomes which are eliminated to form a haploid embryo [157]. Future studies will be needed to
uncover, if similar pathways are active in plants.

Taken together, current knowledge suggests that complex regulatory networks act upon germline
specification and development both in sexual plants and apomicts. The observed developmental
flexibility of apomictic reproduction might thereby represent a trait off from the deregulation of
developmental programs resulting in incompletely established or leaky mechanisms, however it
might also be a mechanism enforcing new evolutionary options. While in different plant systems
different candidate genes have been proposed to be relevant for apomixis, common features of
regulatory machineries emerge that can serve as a starting point for future functional and evolutionary
investigations. Importantly, genetic analyses of apomictic linked loci also consistently indicate a
considerable divergence as compared to sexual loci. Thus it cannot be excluded that important
regulators of apomixis might so far have been overlooked due to largely restricting the search to
described and annotated genes and genomic elements. While due to the heterozygotic or polyploid
nature of apomicts genome assembly and annotation remains challenging so far, especially state of the
art sequencing technologies increasingly allow to obtain longer sequence reads. In conjunction with
further studies focusing on genome evolution in apomicts and related sexual species, this will set the
basis for a deeper understanding of the origin of apomixis and its genetic basis.
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6. Are Stress Signal and Nutritional State Triggering the Determination for Sexual Reproduction
or Apomixis?

Sexual reproduction and apomixis are classically viewed as two alternative types of reproduction
with their own evolutionary histories. Recent ideas and insights challenge this perception and
consider that both reproductive strategies might be polyphenic [18]. In this view, both modes of
reproduction can be temporarily activated based on environmental conditions, stress, and nutritional
state [18]. Evidence for the potential of a stress induced switch from apomixis to sexuality is given
for a number of apomictic systems including Boechera, Paspalum, Ranunculus, and Eragrostis [18]. This
might resemble an ancient mechanism. It has been hypothesized that the evolution of sexuality
is a result of reactive oxygen species (ROS) that were generated starting with the development of
primitive mitochondria at the basis of the evolution of eukaryotes [158,159]. From this perspective,
the necessity for sex would be the consequence of ROS induced DNA damages as it allows purging
of deleterious mutations from the genome [158]. Oxygen based DNA damage might have been also
a requirement for meiosis to evolve and thereby lay the foundation for sexual reproduction [160].
It has been hypothesized that interactions of oxidized DNA and the core meiotic gene SPO11 has
enabled double strand breaks and meiotic recombination to occur [160]. Curiously, however, in maize
anthers, low levels of ROS promotes acquisition of meiotic fate [161]. From a recent study in A. thaliana,
repression of the homeobox gene WUSCHEL (WUS) is important for the acquisition of meiotic fate by
the MMC [162]. Relieving the repression of WUS activity in the MMC causes mitotic divisions before
the cells eventually enter meiosis [162]. Interestingly, in the shoot apical meristem WUS activity is
activated by ROS [163]. It might be speculated that also in the maize anthers WUS regulation might be
involved in determination of meiotic fate in response to ROS levels, if similar to regulatory processes
are active in reproductive tissues. Furthermore, ROS has an impact on epigenetic regulatory systems
and global DNA-methylation, suggesting the integration of stress signals and epigenetic regulation to
control reproduction [18].

Consistent with a role of ROS to trigger meiosis, recent evidence suggests that redox regulation
differs in sexual MMCs and the AICs (Figure 3A). In Boechera gunnisoniana, enrichment of polyamine
and spermidine synthesis is a characteristic feature of the AIC [80]. This is in line with the identification
of spermine/spermidine synthase from the ASGR in Pennisetum squamulatum [49]. The importance of
the polyamine spermidine to protect the DNA from oxidative damage by scavenging of free radicals
arising mostly from ROS has long been described [164]. Potentially, the importance of detoxification of
ROS in the AIC is a consequence from the absence of meiosis. Such mechanisms to prevent deleterious
mutations to arise by oxidative stress appear to be relevant particularly in the founder cells of the
apomictic germline lineages. Interestingly, in Boechera nucelli tissues an UDP-glycosyltransferase
superfamily protein is significantly higher expressed in all sexual as compared to all apomictic
accessions analyzed [103]. While the functional role of this gene has not been investigated, it might
be involved in synthesis of callose, as shown for certain members of this gene family [165]. Callose
deposition is promoted by ROS [166], further supporting the idea that redox stress plays different roles
for meiosis and apomeiosis, particularly as callose is typically not enclosing the AIC in contrast to
the MMC [167,168] (Figure 3A). Thereby, callose deposition around the MMC might either shield the
surrounding cells from ROS and its effects, or might be effective in protection of the meiocyte from
disturbances. Future molecular studies are required to shed light onto this question. Nevertheless,
the connection of ROS and callose further supports the idea of the importance of redox state for mode
of reproduction.

Apart from ROS other types of stress like nutritional starvation and abiotic stress conditions
including cold and heat have a great and versatile impact on meiosis and reproduction. Thereby, not
only a shift from apomixis to sexual reproduction occurs, but also alterations of meiosis concerning
recombination frequencies or the formation of unreduced or aneuploid gametophytes [169]. A central
integrator of nutrient, energy, and stress related signals to regulate cell growth and development
in eukaryotes is the target of rapamycin (TOR) kinase. In the yeast Schizosaccharomyces pombe
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nutritional starvation triggers the onset of meiosis and sexual reproduction dependent on the activity
of TOR pathways [170]. Recent evidence suggests an evolutionary conservation of these pathways,
as application of glucose at a certain developmental time point leads to features of apomeiosis in
sexual A. thaliana [171]. The underlying molecular mechanism remains to be investigated in detail.
An interesting question will be if WUS activity in the MMC is elevated by application of glucose,
amechanism described for the shoot apical meristem [172]. If so, this might be the molecular mechanism
of obtaining mitotic divisions of the MMC similar to previous reports on de-repression of WUS activity
in the MMC [162].

Interestingly the TOR pathway also coordinates ribosome activity [173], implying a connection
between stress, nutritional state, reproduction and cell cycle. Further ribosome biogenesis factors like
RNA helicases are not only involved in the regulation of gene activity and developmental decisions,
but also in mediating stress response and growth regulation [126]. Functional implications in stress
response have in particular been described for a number of RNA helicases, including AtRH36 involved
in regulation of gametogenesis and ENHANCED SILENCING PHENOTYPES3 that has previously been
described to be active in the AIC in Boechera gunnisoniana unlike in the A. thaliana MMC [80,126].
Also heat shock proteins are stress responsive proteins tightly associated to ribosome function, as they
typically assist folding of newly derived polypeptide sequences to proteins as chaperones. Evidence for
roles of heat shock proteins in apomixis regulation comes from different types of apomixis, including
apospory in Hieracium prealtum [34], apomixis in Paspalum notatum [92], somatic embryogenesis in
Citrus [76], and apogamy in the fern Drypteris affinis [174]. In addition, it is interesting to note that
AP2/ERF transcription factors are important players in the integration of hormonal pathways and
stress responses to control developmental decisions [154].

The regulation of reproductive development related to environmental factors and nutrition
represents a conserved mechanism in eukaryotes. It can easily be envisioned that particularly in
largely facultative apomictic systems such factors allow us to modify the frequencies of apomixis.
Nevertheless, the heritability of apomixis and the identification of the genetically linked loci suggests
the requirement of certain genetic elements for apomixis.

7. Brief Summary and Conclusions

Despite longstanding interest in apomixis, the gene regulatory processes and molecular
mechanisms underlying apomixis are currently not fully understood. It remains an unresolved
puzzle, how all major components of apomixis derived simultaneously several times independently.
Recently, alternative concepts are discussed proposing the possibility of sexual reproduction and
apomixis as ancient alternatives. In this view, conserved molecular machineries control the mode
of reproduction dependent on nutritional state and environmental conditions. Irrespective of its
evolutionary origin, apomixis is characterized by distinctive changes in the gene regulatory program
as compared to sexual reproduction. Increasing evidence suggests that interrelated regulatory control
mechanisms are involved, including epigenetic regulatory pathways, cell cycle control, regulation of
protein turnover and degradation, signal transduction pathways, and hormonal regulatory pathways.
Particularly for (apo)meiosis the assembly and regulation of ribosomes and associated factors emerge
as novel important layer of regulation. Furthermore, precise coordination of repression and activation
of gene activity appears to be involved in the transition from the female gametes to embryo and
endosperm development. Thereby, BBM and BBML proteins have emerged as important players to
promote embryogenesis. Taken together, recent insights into the molecular mechanisms and genetic
basis underlying apomixis provide an important basis for future investigations directed on the detailed
understanding of the regulatory programs involved. One important focus should be on fundamental
and evolutionary conserved mechanisms to modify gene and protein activity and on the impact of
environmental conditions on reproductive mode and success. This will not only allow us to gain
fundamental new insights in the developmental processes of reproduction, but will also be an important
basis for the harnessing of plant reproduction and apomixis for agricultural applications.
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Abstract: In the past decades, the grasses of the Paspalum genus have emerged as a versatile model
allowing evolutionary, genetic, molecular, and developmental studies on apomixis as well as successful
breeding applications. The rise of such an archetypal system progressed through integrative phases,
which were essential to draw conclusions based on solid standards. Here, we review the steps
adopted in Paspalum to establish the current body of knowledge on apomixis and provide model
breeding programs for other agronomically important apomictic crops. In particular, we discuss
the need for previous detailed cytoembryological and cytogenetic germplasm characterization;
the establishment of sexual and apomictic materials of identical ploidy level; the development of
segregating populations useful for inheritance analysis, positional mapping, and epigenetic control
studies; the development of omics data resources; the identification of key molecular pathways
via comparative gene expression studies; the accurate molecular characterization of genomic loci
governing apomixis; the in-depth functional analysis of selected candidate genes in apomictic and
model species; the successful building of a sexual/apomictic combined breeding scheme.

Keywords: agamospermy; plant breeding; plant development; plant reproduction

1. Introduction

Apomixis (asexual reproduction through seeds) [1] has long been seen as an unprecedented
natural tool to maximize plant breeding, with potential wide impact on global farming systems [2].
In close developmental connection with sexuality, it functions as either a digressed or a parallel pathway,
ending in the generation of clonal embryos of maternal origin within viable seeds [3]. Besides the
importance of understanding this puzzling reproductive mode to advance the basic knowledge on
reproduction, the combined use of sexuality and apomixis could accelerate the generation of novel
improved plant varieties while dramatically diminishing the cost of the process, turning the notion of
customized, locally-adapted hybrid crops adapted to every farm plot into reality [2]. The potential
benefits of harnessing apomixis vary from full exploitation and permanent fixing of heterosis to seed
distribution for crops actually propagated vegetatively like potatoes or strawberries [4]. However,
the effective use of this trait in plant breeding requires full knowledge of the molecular switch allowing
the transition from sexuality to clonal seed reproduction.

In the last 30 years, coordinated international efforts have led to the elucidation of major molecular
actors controlling apomictic development [5]. The integration of these genes into interlaced functional
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pathways is currently under investigation, in the prospect of generating optimized biotechnological
tools. With this aim, modulating the expression of some critical genes has allowed the rewiring
of apomixis components in sexual plants [5] and even induced the production of clonal seeds in
rice [6-8]. However, the stability of synthetic apomictic rice remains to be tested by natural selection
and validated in field conditions. In any case, the molecular triggers of apomixis in natural agamic
complexes (i.e., species composed of diploid sexual cytotypes and polyploid apomictic counterparts)
remain unknown. Moreover, the harnessing of the trait into plant breeding acquired an entire new
dimension under the proposal that apomixis and sexuality might be ancient polyphenic phenotypes,
with both pathways represented in all plant species, although many lineages have lost the capacity to
shift from one to the other [9]. This hypothesis implies that sexual species (like major crops) could
become apomictic by restoring the lost natural switch between both phenotypes, provided that the
asexual route remained operational. In order to identify the natural triggers of apomixis, extensive
reproductive characterization should be conducted in a high number of taxa, to extend our knowledge
on sexual and asexual reproduction coevolution. Up to date, although apomixis was reported in at least
78 of the 460 angiosperm families [10-12], only a few species have been characterized from a molecular
perspective. Moreover, less than 10% of the >350,000 flowering plant species have been examined
using cytoembryological techniques, which suggests that new members previously assumed to be
sexual might be added to the apomicts list soon [9]. Thus, there is a need to complete the information
available on the cytoembryological, developmental, and molecular aspects of apomixis through the
scrutiny of previously uncharted species, a task that should be ideally carried out by scientists from
different countries, who have access and are familiarized with unique local materials collected from
plant populations growing in their natural habitats.

Paspalum L. is one of the few genera in which sexual and asexual reproductive behaviors have
been characterized side by side for more than 50 years. During this period, many approaches proved
to be unsuccessful, while others offered significant advances. In this review, we aim at presenting
the rationale supporting the work carried out in this particular genus, and, based on our previous
experience, proposing a series of advisable steps that could help to explore the molecular control of the
trait in other species, through genetic, genomic, and/or breeding approaches. We expect to favor the
development of other research projects, in order to boost the investigation of this biologically amazing
and complex field.

2. Cytoembryological and Cytogenetic Germplasm Characterization

While apomixis and sexuality frequently coexist within a species, sometimes within a single
individual or even a single ovule (facultative apomicts), some genotypes reproduce mainly by apomixis
(obligate apomicts) or only by sexuality (full sexuals). There is no possible way to carry out solid
molecular comparisons of the sexual and apomictic developmental pathways in the absence of previous
knowledge on the extent of apomictic reproduction in the particular species/genotype under study.
Moreover, the cytological (e.g., the level of ploidy and meiotic behavior) and the embryological
(e.g., the apomictic type and the temporal developmental progression of the trait) backgrounds must
be carefully examined in order to select the appropriate plant material/time frame to be compared.

To provide materials for research and breeding purposes, an extensive living collection of Paspalum
species was settled at IBONE CONICET, Corrientes, Argentina [13]. Cytoembryological and cytological
analyses of these materials, covering 72 out of the total 370 species included in the genus, showed that
approximately 75% of them are polyploid [14]. Besides, 68% showed some potential for apomixis [14].
Cytoembryological examination revealed that sexuality is represented by the double fertilization of
reduced female gametophytes (FGs) of the Polygonum type, typically composed of an egg apparatus
(one egg cell and two synergid cells), a large binucleated central cell, and a mass of proliferating
antipodal cells at the chalazal pole [15]. Meanwhile, apomictic reproduction corresponds mainly to
the aposporous type, with apospory initials (Als) differentiating from companion nucellar cells and
dividing mitotically to form non-reduced ESs, which occasionally coexist with a meiotic ES in the same
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ovule [16]. The Paspalum mature aposporous ESs usually contain an egg cell, one or two synergid
cells, a binucleate central cell, and no antipodal cells [17-20]. Hieracium-type apospory (i.e., 8-nucleate
non-reduced female gametophytes containing antipodal cells) was described in only two species:
Paspalum secans Hitche. and Chase [21] and Paspalum simplex Morong [22,23]. Moreover, Taraxacum-type
diplospory (i.e., 8-nucleate non-reduced female gametophytes containing antipodals) was reported in
three species: Paspalum commersonii Lam. (2n = 6x), Paspalum longifolium Roxb. (2n = 4x) and Paspalum
conjugatum Berg. (2n = 4x) [24,25]. Finally, both aposporous and diplosporous types were detected
together in Paspalum minus E. Fourn. [26] and Paspalum scrobiculatum L. [24].

In polyploid apomictic individuals, microsporogenesis is characterized by a statistically significant
increase of asynapsis/desynapsis, lagged chromosomes, chromosome bridges, and micronuclei [16].
Such abnormalities were attributed to genetic rearrangements such as inversions or translocations
affecting one particular chromosome [27,28]. Pagliarini et al. [29] reported the formation of non-reduced
pollen in polyploid Brazilian accessions. Besides, the occurrence of restitution nuclei as a consequence
of irregular or arrested meiosis has been associated with apomixis in P. secans [30], P. conjugatum [25],
and P. minus [26].

All apomictic Paspalum species characterized so far are pseudogamous, i.e., they require the
fertilization of the unreduced polar nuclei by a reduced male gamete to form the endosperm and
a viable seed. The number of polar nuclei involved in pseudogamy is of practical importance in
apomixis research, particularly when the mode of reproduction is determined by the flow cytometric
seed screen (FCSS) method [31]. This methodology allows the identification of the origin of a seed
(apomixis or sexuality) in large numbers of individuals by comparing embryo:endosperm DNA content
ratios. While sexuality results in a 2:3 ratio, the outcome of apomixis usually differs. For instance,
apomictic seeds of tetraploid pseudogamous Paspalum notatum show a 2:5 embryo:endosperm ratio
(4x embryo and 4x + 4x + 2x = 10x endosperm). This method was successful during the last two
decades for determining reproductive behaviors in individual or bulked seeds of several Paspalum
species [23,32-38]. Another distinctive feature of seed development in Paspalum apomicts is the lack of
deleterious response to deviations from the 2:1 maternal-to-paternal genomic ratio in the endosperm
strictly required for sexual reproduction [39]. Typically, apomictic individuals form seeds with parental
contributions showing a maternal genomic excess in the endosperm, e.g., 4:1 (8x:2x) in tetraploid
apomicts [15].

Moreover, the study of the relationship between apomixis and ploidy is of importance when
characterizing the biological materials to be used in apomixis research. For instance, according to the
data reviewed by Ortiz et al. [14], 27 (37.5%) from 72 characterized Paspalum species showed multiple
cytotypes with variable ploidy levels. Out of them, 22 (81.48%) displayed sexuality at lower ploidy
levels and apomixis at higher ones. The exceptions were Paspalum conspersum Schrad. (only sexual
individuals); Paspalum distichum L., P. secans (Itchc. & Chase), and Paspalum proliferum Arechav (only
apomictic individuals); P. scrobiculatum L. (with sexuality reappearing at the highest ploidy level, i.e.,
12x) [14]. Consequently, there is a positive yet not strict correlation between the increment of the
ploidy level and the expression of apomixis. A flow cytometry estimation of the DNA content in the
embryo and the endosperm in a seed-by-seed analysis of 77 Paspalum accessions allowed confirmation
of the reproductive mode/ploidy level for several of the above-mentioned species and provided
new information on the reproductive mode for 12 additional ones and one botanical variety [40].
Most apomictic Paspalum entities belong to multiploid species of autoploid origin. Each multiploid
contains a sexual self-sterile diploid cytotype and a series of aposporous apomictic autopolyploid
cytotypes, usually from 3x to 6x, with tetraploids as the most common cytotype. The two main Paspalum
species used as models for apomixis research, P. notatum and P. simplex, form agamic complexes made
up of diploid sexual and autopolyploid apomictic individuals [14].

Once a significant number of materials were subjected to cytogenetic and cytoembryological
examinations, the next step to be followed is the selection of those species/genotypes in which sexual
and apomictic development will be analyzed from the genetic and molecular points of view. In the
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case of Paspalum, the species that received most attention are P. simplex, P. notatum, Paspalum rufum,
and Paspalum guenoarum. All of them grow as wild native populations in the argentine Litoral region,
located within a limited radius around several local laboratories devoted to Paspalum apomixis research,
which eases the collection and classification of novel germplasm. The genetic structure of some of
these populations was carefully characterized, and sexual diploid individuals were proposed as the
main genetic variability source, since they co-habit and hybridize with polyploid individuals [34,41,42].
Additionally, the selected species show sizes of ovaries and anthers that allow a relatively simple
dissection with scalpels and forceps under a magnifying spectroscope when conducting experimental
crosses. Moreover, they (as most Paspalum species) are perennial and flourish during the warm season,
are well represented in rangelands used for cattle production systems, and cultivated within and
without the natural distribution region to be used as forage, turf, and cereal [13]. Finally, besides the
necessary considerations on germplasm availability, plant anatomy, life cycle, and agronomic potential,
the species choice criteria might include the size of the genome. In this regard, the 1C DNA content
values of the selected Paspalum species are among the smallest within the Poaceae tribe, ranging from
0.550 pg in P. notatum to 0.900 pg in P. guenoarum [40].

Chiefly among the points deserving consideration in the selection of the species for molecular
analysis is the availability of natural or induced materials of identical ploidy and contrasting
reproductive modes. These resources are essential for the subsequent establishment of useful
populations segregating for apomixis, which will be used in inheritance analysis, genetic/epigenetic
mapping, omics surveys, and breeding. Moreover, the comparison of sexual and apomictic
developmental pathways using genotypes of different ploidy levels is directly not advised, simply
because ploidy may affect expression levels independently of reproductive behavior at numerous
loci [43,44]. Regarding this, a preliminary gene expression comparison between a P. notatum sexual
diploid genotype and a newly formed sexual autotetraploid derivative revealed that at least 0.49% of
the pre-meiotic floral transcripts changed their relative expression after an increment of ploidy [45].
According to these numbers and considering the existence of near 70,000 transcripts expressed in
Paspalum flowers, as was revealed recently from RNAseq experiments [46], ploidy-related differential
expression would involve around 3500 transcripts, a quantity equivalent to that detected in the
sexual vs. apomictic reproduction comparisons [46]. These estimations agree with results reported
by De Oliveira et al. [47], who selected 28,969 transcripts that were common to 2x sexual, 4x sexual,
and 4x apomictic genotypes, and found 1173 of them differentially expressed between 2x sexual vs. 4x
sexual plants, while 1317 were contrastingly represented between 4x apomictic and 4x sexual plants.
This confirmed that ploidy-related polymorphic expression might severely interfere the unequivocal
identification of transcripts related to the reproductive mode.

In several species of Paspalum, apomixis occurs mainly at polyploid levels and sexual counterparts
of the same ploidy are not available in nature. Therefore, colchicine treatments were required to duplicate
the chromosome content of sexual diploids [33,48-52]. Alternatively, colchicine-induced facultative
apomictic polyploids were crossed to apomicts in order to produce full sexual descendants [53].
Comparative genetic characterization of these recent artificial polyploids and the original diploids
in Paspalum plicatulum and P. notatum revealed that, immediately after polyploidization, genetic
rearrangements affected 28-38% and 9.55% of the genome, respectively [54,55]. Moreover, ancestral
alleles lost after polyploidization were spontaneously recovered in further generations, a phenomenon
previously reported in species of other genera [55]. Once the alleged sexual polyploids were obtained
at the laboratory, their reproductive phenotypes might be controlled periodically, since one cannot
rule out that plants showing high levels of sexuality might express some capacity for apomixis in
a different environmental/seasonal condition (and vice versa), as described for Eragrostis curvula [56]
and P. notatum [36]. It should be noted that sexual mother plants used to produce families segregating
for the reproductive mode are expected to lack the genomic region/s determining apomixis and,
therefore, any capacity for asexual reproduction. Artificial sexual materials of the proper ploidy must
be repeatedly and extensively checked by cytoembryological and/or molecular progeny tests [50,53,57].
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Finally, comparative transcriptomic and epigenetic surveys require the establishment of detailed
timelines on reproductive development (i.e., timeframes in which the subsequent reproductive
developmental stages were unambiguously demarked), to maximize the discovery of true differential
representation results. Several reproductive calendars were established by correlating morphological
features, e.g., ovary/ovule size and morphology, as well as mega- and microgametophyte developmental
stages in P. simplex [49], P. notatum [58], and P. rufum [59].

In summary, as schematized in Figure 1, preliminary germplasm characterization includes a series
of successive obligatory steps leading to the selection/generation of plants with appropriate reproductive
phenotype/genetic backgrounds to be used in genetic mapping, (epi)genomic and transcriptomic assays,
together with the setting of precise time frames to standardize the collection of RNA/DNA samples.
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Figure 1. Consecutive phases of plant material preparation. In a clockwise sense, the series of phases
that should be considered to produce germplasm suitable for apomixis molecular characterization.
Methods/techniques are listed at the bottom of each column, within brackets. MM: molecular markers.

3. The Genetic Control of Apomixis in Paspalum

Understanding and exploiting the advantages apomixis represents for plant breeding requires
detailed knowledge of the genetic and molecular bases that control both its inheritance and expressivity.
Although genes governing specific reproductive steps have already been engineered into plants and
artificial systems can mimic clonal reproduction [60-65], the whole apomictic program has not been
reproduced in sexual models yet [9]. This is the consequence of a complex genetic and/or epigenetic
control of the trait, far more intricate than initial inheritance studies had suggested.
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In Paspalum, inheritance analyses were unfeasible until fully sexual tetraploid individuals were
available [14]. Indeed, initial attempts suggesting a control by a few recessive genes [48] could not
be further confirmed [66]. Towards the end of the 90s, however, sexual tetraploid individuals were
experimentally generated for P. notatum [57], P. simplex [49] and, more recently, for P. plicatulum [33].
These genotypes became the female progenitors of segregating populations used in apomixis inheritance
genetic dissection and breeding programs. Currently, a large number of well-characterized sexual
tetraploid individuals, generated by chromosome doubling treatments (sometimes followed by
experimental crosses) are available for the three species [33,50,51,53,67,68]. Moreover, several sexual
genotypes of P. simplex and P. plicatulum were also used as female parents in interspecific crosses
with different members of the Anachyris subgenus and the Plicatula group, respectively, widening the
genetic studies to other species of the genus [60-70].

Genetic analyses of F1 and BC; P. notatum progenies showed that apospory is inherited as a simple
dominant trait (Aaaa). However, distorted segregations were often observed in favor of sexuality
(aaaa) with apomixis:sexuality ratios varying from 1:1 (expected) up to 1:9 [27,71-75]. In the case of
P. simplex, the segregation evidence indicates that apomixis is under the control of a single dominant
allele, whose transmission is biased towards sexuality, while mapping reveals an association between
the Apomixis Controlling Locus (ACL) and the telomeric region of the long arm of rice chromosome
12 [23,76]. Inheritance studies in species of the Plicatula group using F; and F, generations and
three backcross populations derived from an artificial tetraploid sexual clone of P. plicatulum and an
apomictic P. guenoarum cv. Rojas plant confirmed the previous genetic model, with a single Mendelian
dominant factor with altered transmission (1 apo:1.6 sex) [67]. Interestingly, high rates of distortion
against apomixis were also found in interspecific crosses involving P. simplex x Paspalum malacophyllum
(1:5) [77] and P. simplex x Paspalum procurrens (1:15.7) [69]. Moreover, distortion of segregation has been
reported in several grass and non-grass apomictic systems [78]. The large chromosome rearrangement
(inversion or translocation) associated with the apomixis locus reported by Podio et al. [28] is to date
the most relevant evidence to provide a mechanistic explanation for this phenomenon in P. notatum.

All genetic analyses in Paspalum showed a strict co-segregation between apospory, parthenogenesis,
and unbalanced endosperm formation, suggesting that their relevant genetic determinants are located
in the same low recombining chromosome area [23,67,79]. The parthenogenesis of reduced egg
cells in the genus was never documented. Moreover, although sexual seeds require a strict 2:1
maternal:paternal genome contribution to form the endosperm, viable seeds from apomicts usually
form despite unbalanced parental genomic contributions [15].

Another central topic demanding special attention is the transmission of the apomixis expressivity
capacity. Usually, apomictic individuals are classified as obligate when almost all ovules (>90%) show
one or several aposporous embryo sacs (AESs), or facultative, when at least some ovules bear meiotic
or mixed (i.e., meiotic and aposporous) female gametophytes [14]. In P. notatum, the analysis of several
segregating populations generated using an apomictic male progenitor revealed a high variability in the
proportion of ovules bearing AESs among the hybrids [72,74]. In many cases, two well-differentiated
groups of apomictic hybrids with low and high levels of apospory, respectively, were recovered from
the progenies [74,75]. Moreover, only a small fraction (less than 10%) of them showed an apospory
expressivity as high as that detected in the apomictic male progenitor, and this proportion decreased in
subsequent crosses with sexual genotypes [72]. At least in P. notatum, apospory expressivity can also
show seasonal variation, reaching its maximum during peak flowering (summer) and decreasing in
fall [80]. A similar variation depending on the environmental conditions was reported in Paspalum
cromyorrhizon [81]. Although the parental genetic distance positively correlates with the number
of aposporous hybrids detected in the progeny (i.e., plants showing at least one ovule containing
one or more AES, which also produce apomixis-associated molecular marker polymorphic bands),
it does not display any association with the expressivity of apospory (i.e., the average proportion
of ovules containing at least one non-reduced female gametophyte), suggesting a separate control
for these two reproductive components [75]. The above-mentioned body of evidence suggests
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that genetic or epigenetic factors may be affecting the expressivity of the trait. Moreover, embryo
parthenogenesis and endosperm development capacities are both variable: plants with well-developed
AES in >90% of ovules cannot produce viable apomictic seeds [82]. Parthenogenesis seems to be
under epigenetic control in P. simplex, as artificial wide-genome demethylation significantly reduced
parthenogenesis but had no effect on apospory [83]. Therefore, the formation of viable apomictic
seed relies not only on the presence of the ACL, but also on as-yet unknown modifiers potentially
affecting apomeiosis, parthenogenesis, endosperm development, and germination. In this regard,
a precise evaluation of the apomixis capacity for a given material entails the use of a combination of
experimental approaches, including mature female gametophyte examination (apospory capacity), flow
cytometry (seed development), and progeny tests (germination and establishment of apomixis-derived
progenies) [13].

It is a well-known fact that many Paspalum species form multiploid complexes composed
of self-sterile sexual diploid and self-fertile pseudogamous apomictic polyploid cytotypes [14].
However, this general rule is challenged by several observations in P. notatum and P. rufum, including
aposporous-like embryo sacs (AES-like) reported at the diploid level [32,50,84]; seed formation
from aposporous sacs of diploid cytotypes pollinated using tetraploid progenitors [32,52]; artificial
apomictic tetraploid plants emerging from colchicine-induced chromosome duplication in sexual
diploid individuals [50,52]; increased apospory expressivity at the diploid level after hybridization [52].
Moreover, a SCAR marker derived from the P. notatum ACL was detected in the genome of
10 out of 57 diploid plants from a natural population (Juan Pablo A. Ortiz, personal communication).
These results support the hypothesis that the factor/s controlling apomixis might occasionally occur
in diploid individuals, but they remain silent until they are activated in response to hybridization
and/or polyploidization.

The Paspalum ACL, although quite simple in genetic terms, might be physically complex at the
molecular level, as it was exposed by associating it to grass model species markers of defined map
positions [69,76,77,85,86]. The apomixis-governing region is characterized by recombination restriction,
hemizygosity, and heavy cytosine methylation (Figure 2) [27,77,79,83,86]. Comparative mapping
showed syntenic relationships between the apomixis loci of at least four Paspalum species (P. simplex,
P. notatum, P. procurrens and P. malacophyllum) and a 610 Mb region of rice chromosome 12, as well
as a segment of 10 Mb of rice chromosome 2 (for P. notatum only) [77,86]. Although the ACL was
conserved over generations within single species, small variations (short indels) were detected among
species of the same section. More consistent changes occurred among species of different sections.
In particular, members of the Anachyris subgenus show macrosynteny with the above-mentioned
segment of rice chromosome 12 [69,77], whereas the ACL of P. notatum is a hybrid syntenic group
resembling segments of chromosomes 12 and 2 of rice [77,86].

A deeper analysis of the ACL structure arose from the availability of apomixis-specific P. simplex
bacterial artificial chromosomes (BACs) isolated with the aid of specific primers. Partial sequencing
of one of them, corresponding to the ACL, revealed that although synteny at the marker level
was conserved with respect to the rice genome, gene micro-collinearity was frequently interrupted
with transposable elements and migrant genes from other rice chromosomes [87]. More recently,
Galla et al. [88] sequenced two other apomixis-linked BACs and discovered that the region of synteny
of the P. simplex ACL is conserved among five reference grass species, being located at a telomeric
position in chromosomes 12, 8, 3, and 4 of rice, Sorghum, Setaria, and Brachypodium, respectively,
and in a more centromeric region of maize chromosome 1 (Figure 3). Based on these findings, it was
hypothesized that the ACL of Paspalum could have originated from an ancestral unstable genome region
in which (i) sex-related genes were grouped by gene migration during speciation, (ii) a polyploidization
event (through an intermediate triploid bridge) locally induced further small-scale rearrangements
that, in turn, generated local sequence divergence, lack of chromosome pairing, and recombination
blocking. This non-recombinant segment favored the accumulation of mutations, since they could not
be discarded by meiosis. This kind of evolutionary and structural organization may have consequences

61



Genes 2020, 11,974

on gene content and expression. Indeed, Polegri et al. [89] noticed that apomixis-linked genes tend to
be expressed in a constitutive mode throughout reproductive development. Moreover, other apomixis
linked genes are specifically expressed in germ line committed cells, i.e., nucellus cells originating

apospory initials, polar nuclei, and egg cells [88,90].

Figure 2. Methylcytosine immunodetection (A) and Apomixis Controlling Locus (ACL)-specific
bacterial artificial chromosome fluorescence in situ hybridization (BAC-FISH) (B) on
4’ 6-diamidino-2-phenylindole (DAPI)-stained pachytene chromosomes of apomictic P. notatum
genotype Q4117. Arrows indicate an immunodetected heterochromatin knob (red dots) (A) and
the ACL as revealed by BAC-FISH (green dots) (B) located at the same position. The region of interest
was increased in order to show the details (bottom right corner). Maricel Podio (IICAR, CONICET-UNR,

Argentina) kindly provided the images.
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Figure 3. Mapping of genes located in four apomixis-linked BACs onto reference grass genomes,
including Oryza sativa (A), Setaria italica (B), Sorghum bicolor (C), Brachypodium distachyon (D), and Zea
mays (E). F06, HO1, 950, and 534 correspond to contigs PS127F6_c1, PS366H1_c1, H10_950, and H10_534,
respectively. C1-C12 represent chromosome numbers for each reference grass genome. Red lines link
genes to the conserved chromosome area related to apomixis. Dr. Giulio Galla (DAFNAE, University

of Padua, Italy) kindly provided the image.
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The expression of the ACL genes seems to have common features with operon-like gene clusters,
which are defined as a set of two or more non-homologous functionally related genes that share
a close genomic neighborhood [91]. Operons in plants probably originated by an initial event of
gene duplication followed by neo-functionalization [92]. Similarly to the ACL, the operon like gene
clusters originated from subtelomeric dynamic regions and are characterized by high rates of gene
rearrangements [93]. Another multigene complex that shows striking similarity with the ACL of
Paspalum is that related to the Y-chromosome of dioecious plants, which originated from autosomal
chromosomes by initial suppression of recombination in the regions containing the sex controlling
genes and later on, by the migration of male determining genes [94]. From a functional point of
view, the evolution of the Y-chromosome induces both the silencing of the female genes, and the
development of male function by the action of specific genes [94]. This finding could support the
hypothesis of apomixis silencing key genes of sexuality. Podio et al. [83] showed that parthenogenesis in
P. simplex is superimposed over fertilization-mediated embryo development by a mechanism controlled
by DNA methylation. Furthermore, several P. simplex apomixis-linked genes expressed sense and
antisense transcripts in reproductively committed cells, and showed a putative silencing effect of the
apomixis-linked alleles on their sexual-specific counterparts [88,90].

4. Identification of Candidate Genes through Transcriptome Comparisons

In addition to the identification of key triggering factors, our knowledge on apomixis should be
complemented by the understanding of the molecular pathways involved in subsequent developmental
steps. Although genetic analyses suggest that apomixis in Paspalum spp. is under the control of
a single genomic region, the intrinsic characteristics of the ACL (i.e., absence of recombination within
a large chromosomal segment and abundance of repetitive sequences) hampers the identification of
the trait’s key determinants through positional mapping strategies. In this scenario, a combination
of transcriptomic and genetic/genomic information could provide hints on the primary or secondary
role of DETs and be the method of choice for identifying genes and molecular routes involved in both
activation and progression of the trait.

However, several concerns emerge for comparative transcriptomic analyses using apomictic/sexual
systems: (i) the genetic nature of the materials, since comparisons usually involve polyploid, highly
heterozygous individuals, which complicates the distinction between differential expression and genetic
polymorphisms in PCR-based analyses as well as the classification of homologs (orthologs, paralogs) in
RNAseq approaches, in particular if no genome sequence is available; (ii) the sample collection timing,
because the rapid progression of the RNA landscape along with reproductive development might
cause the frequent emergence of false DETS; (iii) the short- and long-term transcriptome responses after
hybridization and polyploidization, since some of the materials used might have recently originated
from colchicine treatments, while others emerged from natural whole genome duplication events in
either ancient or relatively recent times [42]. Unraveling these major drawbacks requires consideration
of way out strategies like, for instance, the use of bulked segregant analyses involving several apomictic
and sexual segregating offsprings, differential expression validation in numerous individuals by qPCR
and/or in situ hybridization, standardization of sample collection protocols, RN Aseq technical and
biological replication, as well as attenuation of circadian and environmental effects by collecting samples
at defined daytimes and/or conditions. After identification of apomixis candidates, their genomic
locations must be recognized, to determine if they are being transcribed from the ACL or anywhere
else in the genome. In the first case, the candidate could potentially be one of the triggers of the
apomictic pathway. Otherwise, it could be part of the downstream molecular cascade involved in
asexual reproductive development. To unequivocally map the sequence of interest, relatively large
family populations segregating for the mode of reproduction and/or a reference genome where the
ACL has been located should be available.

Transcriptomic surveys carried out in P. notatum since the early 2000s produced a large list
of genes whose expression correlate with the occurrence of key reproductive features. An initial

63



Genes 2020, 11,974

comparative examination of bulked RNAs from spikelets of sexual and apomictic F; hybrids at
anthesis was carried out by differential display and led to the identification of one transcript (ARP1)
encoding an KSP consensus domain previously detected in several cdc 2-regulated cytoskeletal
proteins [95]. A second transcriptome analysis using the same methodology revealed 65 new
transcripts differentially expressed at the premeiosis/meiosis stage [58], including members of the
LORELEI family (GAP1) [58,96], the S-adenosyl-L-methionine-dependent methyltransferase family
(TRIMETHYLGUANOSINE SYNTHASET) [58,97]; the MAP3K YODA family (QUI-GON JINN [58,98]
as well as several retrotransposons carrying transduplicated gene segments [58,99], sometimes
involving apomixis-associated genes like SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE
(SERK) [58,99,100], and long-noncoding transcripts possibly involved in splicing regulation [101].
Furthermore, differential expression analyses during early seed development (3—24 h after pollination)
revealed =100 DETs possibly associated with the unbalanced genomic contribution found in
pseudogamous endosperms (4:1), including transcripts related with transcription regulation, signal
transduction (e.g., lectin-like protein kinase and CK2 protein kinase o 1), growth/division, and response
to changes in the extracellular ATP levels [102,103].

In P. simplex cv. Morong, the use of cDNA-AFLP on RNA extracted from flowers at several
developmental stages, from premeiosis to 3-6 days after anthesis, rendered 202 DETs, the majority of
which were present in apomictic florets only [89]. Near 20 of them, mostly related to signal transduction
and nucleic acid binding, mapped within the ACL and showed constitutive expression in apomictic
plants. Interestingly, the majority of these sequences displayed nonsense and frameshift mutations,
revealing a probable pseudogene nature [89]. The remaining transcripts, transcribed from non-ACL
genomic regions, mostly showed regulatory and seed storage functions. Several of the P. simplex DETs
belong to the same annotation classes of those reported for P. notatum, including extensins, YODA-like
MAP3Ks, LRR-like proteins, transferase proteins, and retrotransposon proteins.

In the last decade, progress in DNA and RNA sequencing have provided biologists powerful
tools to study and understand gene functions and interactions. However, the establishment of
genomes/transcriptomes from genetically poorly characterized, polyploid, and highly heterozygous
species might easily result in chimeric assemblies and/or fragmented transcripts [104-106]. Therefore,
robust reference floral transcriptomes were initially assembled from sexual and apomictic tetraploid
P. notatum spikelets by using the long-read Roche 454-FLX + technology [46]. Out of these reference
transcriptomes (48,842 genes identified), a preliminary list of 3732 sexual vs. apomictic DETs was
generated, revealing several molecular networks putatively altered during apomixis, mainly related
to ribonucleotide metabolic processes, protein complex biogenesis and assembly, monosaccharide
catabolism, translation, gene expression, proteolysis, protein transport, DNA replication, and regulation
of RAS activity [46]. Since these reference transcriptomes were constructed from long reads (mean
sequence length around 500 bp), they provided a solid frame to establish future short reads-based
assemblies and allowed recovering of putative alleles/paralogs full sequences for thousands of genes.

While long-read Roche 454-FLX + sequencing produced genuine transcript assemblies, the derived
quantitative expression comparisons lacked statistical accuracy (e.g., no technical replicas were
established). Recently, De Oliveira et al. [47] reported a global gene expression analysis in P. notatum
using Illumina sequencing of RNA samples extracted from leave and florets of 2x sexual, 4x sexual,
and 4x apomictic genotypes. The database contains 114,306 reference transcripts, 536 of which
correspond to genes possibly associated with apomixis. Interestingly, 89 differentially expressed
transcripts mapped onto rice chromosome regions syntenic to the ACL [47]. Moreover, to provide a more
comprehensive view of the sense/antisense transcriptomic landscapes emerging during reproduction
in P. notatum, we generated Illumina TruSeq floral RNA libraries in triplicate, from sexual and
apomictic materials collected at four different developmental stages, from premeiosis to anthesis (NCBI
repository SRA accession: PRINA511813). Data analysis (read assembly, comparative quantification,
and predictive network interactions) is on-going. Figure 4 shows an example of a network possibly
involved in apomixis, identified using the String v11 software [107].
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Figure 4. Gene network interactions controlling apomixis development. The scheme shows a particular
group of apomixis-related predicted proteins and their functional interactions. The central node, MPK3
(mitogen-activated protein kinase 3), is encoded by the putative Arabidopsis ortholog to QUI-GON JINN,
and was functionally related with apomixis by Mancini et al. [98] since its expression in the nucellus is
necessary for aposporous embryo sacs (AESs) formation. MPK3 interacts with CIPK9 (CBL-interacting
serine/threonine-protein kinase 9), a group of other MPK proteins (MKK2, MAPKKK17, MAPKKKO9,
and YDA), as well as to a homologous to AT1G76360 (a protein serine/threonine kinase) and AT5G25930
(protein kinase family protein with leucine-rich repeat domain). Nodes: query proteins and first
shell of interactors with some known or predicted 3D structure. Edges: light blue: from curated
databases; magenta: experimentally determined; green: gene neighborhood; red: gene fusions; blue:
gene co-occurrence; yellow: text mining; black: coexpression; grey: protein homology.

Finally, the short-sequence components of the P. notatum sexual and apomictic floral transcriptomes
(including siRNAs and miRNAs) and their possible target genes were characterized in detail [108].
A total of 1525 transcripts showed differential SRNA representation between sexual and apomictic plants,
including genes related to meiosis, plant hormone signaling, biomolecules transport, transcription
control, and cell cycle. Forty miRNAs precursors corresponding to conserved families and eight novel
entities were identified. From them, 56 precursors showed miRNA differential representation between
apomictic and sexual plants, always displaying upregulation in the apomictic sample. An analysis of the
miRNA possible targets revealed 374 sequences, among which auxin-related genes were prevalent [108],
opening a new line of research on the role of phytohormones in the switch from sexuality to apomixis.
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5. Genomic Resources: The Lost Continent of Apomixis Research

As mentioned in previous sections, the mechanisms for establishing apomictic lineages from
sexual ancestors and the evolutionary consequences of their emergence remain poorly understood
and largely speculative. Mining the large body of knowledge gained in apomictic species, including
Paspalum, points out hypotheses as diverse as polyploidization and hybridization [52,109,110],
inactivation of epigenetic silencing pathways [111,112], oxidative stress during meiosis [113], functional
trans-acting roles for a highly heterochromatic, hemizygous genomic region specific of apomictic
plant genomes [90,98,114], miRNA deregulation [108,115], alterations in RNA splicing machinery [97],
and hormonal signaling [116]. Although functional analyses in model species, including Arabidopsis
and rice, have already provided valuable information regarding the role of some candidate genes,
their positioning into a comprehensive genetic network controlling apomixis remains elusive to date.

Furthermore, apomictic plants usually have polyploid genomes, or possess aneuploid chromosome
complements of highly heterozygous nature. Genetic approaches have revealed a singular genomic
organization, characterized by a large, hemizygous and non-recombinant region of heterochromatic
nature named Apomixis Controlling Region (ACR) in Pennisetum [78] or Apomixis Controlling Locus
(ACL) in Paspalum [87]. Such genetic behavior and molecular features occur rarely in nature and,
as mentioned before, are amazingly reminiscent of sex chromosome evolution, which involves the
selection for suppression of recombination in a specific chromosomal region, followed by a massive
rearrangement characterized by repetitive sequences accumulation, gene silencing, and loss of
function [117-119]. Determining the genetic variation functionally relevant to build apomictic
developments as well as the effects that in return may have shaped the architecture of apomictic
genomes remain a key focus in apomixis research. This challenge requires the establishment of
research platforms accommodating biological information and molecular resources for the genomes
found in agamic complexes. Unfortunately, albeit advances in molecular and acid nucleic sequencing
technologies and bioinformatics have widened genomics and transcriptomics approaches at an
unprecedented scale [120,121], assembling the genome of an apomict remains a difficult task, because
of complications rooted in their biology, as shown above.

To date, a few genomes of sexual relatives of apomictic plants have been sequenced, including
Boechera retrofracta [122] and E. curvula [123], providing valuable information on genome evolution
and relationships within agamic complexes. The vast amount of botanical, phylogenetical,
cytoembryological, and transcriptomic information collected from numerous Paspalum species and
agamic complexes [14,46,108] makes this genus a unique model system to explore the interplay between
genome evolution and the emergence of apomictic reproduction in plants. Paspalum genomes are
relatively small, as 2C values range from 0.5 to 6.5 pg [40]. Interestingly, in-depth characterization
of the Paspalum ACL has revealed various extents of synteny with the subtelomeric part of the rice
chromosome 12 long-arm [40,88], and shows structural features of heterochromatin [86,87]. Recently,
we have initiated long-read sequencing and optical mapping approaches for generating genome
assemblies of sexual and apomictic plants from several Paspalum species. Once assembled and
annotated, we expect to molecularly resolve the ACL and determine its evolutionary trends; to
re-analyze Paspalum transcriptomic resources, and to generate and compare epigenomes of sexual and
apomictic plants. Finally, this effort will generate spillovers of great interest for forage grass breeding
by providing critical genomic resources and allowing efficient molecular breeding, an important
issue considering the need to mitigate both climatic change and anthropic pressures in economically
important grassland and pasture agro-ecosystems.

6. Functional Analysis of Apomixis-Related Candidate Genes

After identifying candidate genes, the next rational step to advance apomixis research further
consists of the establishment of functional analyses aimed at investigating their capacity to activate at
least some steps of the trait. Those transcripts displaying differential regulation in apomictic/sexual
backgrounds can be readily investigated through reverse genetic approaches, by using defective mutants
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or sense/antisense/RNAi transformants, since their down- or upregulation within the required genetic
background would allegedly cause the emergence of apomixis-related phenotypes. Unfortunately,
the absence of wide range germplasm banks for natural apomictic species forces either the prediction
of orthology in model species or the adjustment of gene transformation techniques.

Based on these considerations, the steps to be followed when launching the functional
characterization of an apomixis candidate gene in non-model apomictic/sexual systems like Paspalum
are as follows: (1) previous spatio-temporal and sense/antisense expression validation of candidate
genes with a protocol allowing cell-specific expression detection and distinction of the expressed RNA
strand, like in situ hybridization; and (2) generation of overexpression/downregulation transformants
with an efficient transformation platform, or identification of mutant germplasm involving model
species orthologs. While the first step (spatio-temporal plus sense/antisense validation) will provide
information useful for planning modulation (up- vs. downregulation), selecting the required
reproductive background (sexual or apomictic) and guiding the promoter choice, the second one
(mutant/transformant germplasm identification or generation) will facilitate the analysis of possible
reproductive phenotype alterations.

A point that deserves special attention is that, at least for many candidate genes, wide-range
expression is associated with different functions in a multiplicity of organs/developmental stages,
and only a subtle, timely, and cell-specific activity change might produce a deviation in the reproductive
mode without causing collateral, sometimes detrimental, consequences. Therefore, when intending
transformation, gene promoters of choice might be preferably time and organ/cell-type specific.
Even if basic research could take advantages from additional information derived from constitutive
promoter-based functional analysis, due to its potential to reveal the candidate function in numerous
organs/tissues, the identification and effective use of cell-specific promoters is no doubt a bottleneck
for apomixis-based breeding, which requires the modification of a restricted function set. If the project
aims at generating a methodology to induce apomixis for breeding purposes, it should contemplate
the identification, isolation, and/or validation of appropriate cell-specific promoters in the species of
interest. On the contrary, when dealing with functional characterization of the gene, a constitutive
promoter with verified expression in the ovule could be of choice, unless it causes unviable phenotypes
due to deleterious side effects.

In connection with this, in situ RNA hybridization protocols were developed for Paspalum,
and gradually optimized to analyze the spatio-temporal plus sense/antisense expression distribution
within the ovule [38,58,90,96-101]. An example of expression characterization in reproductive tissues
at early megasporogenesis involving the apomixis candidate gene ORC3 is shown in Figure 5.

Regarding the development of protocols for modulating the expression of candidate genes
in natural apomictic systems, Mancini et al. [124] considered several previously developed
methodologies [125-127] as the starting point to examine alternative explants/conditions for biolistic
transformation, and designed a platform best suited to a wide range of Paspalum genotypes.
Such methodology is currently being used to produce Paspalum lines with up- or downregulated
expression of apomixis candidates, which are later subjected to reproductive phenotype analyses.
An example of the cytoembryological characterization of an antisense transformant line with
downregulated expression of the apospory-inducer candidate gene QGJ is shown in Figure 6.
Moreover, the potential of cell-type specific Paspalum promoters identified from genome sequencing is
currently under analysis (S. Pessino, unpublished). All these methods have allowed the functional
characterization of three reproductive candidate genes (ORC3, QGJ, and TGS1) in species of Paspalum
(see descriptions below), and several others are undergoing the same process.
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Figure 5. In situ hybridization of gene ORC3 in reproductive tissues of P. simplex. Hybridization pattern
of PsORC3 (sense probe) in ovules and anthers of an apomictic genotype before the onset of meiosis.
A strong hybridization signal is visible in nucellar and tapetum cells. The megaspore mother cell
(MMC) does not express the target transcript. Dr. Lorena Siena (IICAR, CONICET-UNR, Argentina)
kindly provided the image.

Figure 6. Cytoembryological analysis of RNAi lines with defective expression of the apospory
candidate gene QUI-GON JINN (QG]J). The QGJ downregulation inhibits the formation of AESs in
obligate apomictic plants [98]. (A-D) DIC consecutive focal planes of a single ovule originated from an

obligate apomictic control, at anthesis, showing at least five typical supernumerary mature aposporous
embryo sacs. (E-H) DIC single focal planes of a QUI-GON JINN defective RNAI line. Each image
corresponds to a different ovary of the same plant, at anthesis. All of them (E-H) display abnormal
morphology. pn: polar nuclei. ea: egg apparatus. Black bars: 100 pm.

6.1. PsORC3

A particular copy of the gene ORC3 (ORIGIN OF RECOGNITION COMPLEX 3), identified as
PsORC3a, resulted genetically linked to apomixis in all Paspalum spp. for which segregating populations
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were available [90,128]. In P. simplex, ORC3 exists as three different copies, of which PsORC3a is
a pseudogene specific for apomicts expressing an RNA transcript unlikely to be translated in a functional
protein, whereas PsORC3b, probably coding for a highly conserved functional protein, together with
PsORC3c, coding for a truncated protein, are common to both apomictic and sexual plants [90].
PsORC3a is poorly and constitutively expressed at all developmental stages in apomictic flowers only.
In situ analysis showed that, in apomictic plants, sense and antisense strands of PSORC3 are represented
in cells and nuclei committed to reproduction (i.e., polar nuclei and egg cells), whereas both transcripts
are silenced in the endosperm. Conversely, in sexual plants this gene is expressed as a sense transcript
in the egg cell, polar nuclei, and endosperm, but not in the embryo [90]. Reverse genetics in both
Arabidopsis and rice showed that ORC3 defective genotypes display normal gametophyte development,
but endosperm/embryo arrest at early stages of development [90]. Based on these considerations,
we argued that the effect of the regulation of this gene on apomixis should be related to endosperm
development. Particularly, we hypothesized that the apomixis-linked copy of PsORC3 (PsORC3a)
could be involved in a relaxation of control mechanisms, which allow endosperm development even
facing a maternal genome contribution excess [90].

6.2. QGJ

The transcriptomic surveys carried out by Laspina et al. [58] identified a DET homologous
to a mitogen-activated protein kinase kinase kinase gene (N46). Apomictic and sexual P. notatum
Roche 454-FLX + floral transcriptomes were used to recover N46 full cDNA sequences and carry out
a molecular phylogenetic analysis [98]. N46 was classified as a member of the YODA MAP3K family
and renamed QUI-GON JINN (QG]J). At meiosis, in situ hybridization analysis revealed an altered
pattern of expression in P. notatum apomictic plants, which could be analyzed at even more detail in
apomictic Brachiaria brizantha [98]. While in sexual plants QGJ was strongly expressed at micropylar
degenerating megaspores, in apomictic ones it showed activity within the enlarged meiocyte and
the distal ovule nucellus, but was absent from the cell layer surrounding the meiocyte, from which
apospory initials (Als) originate. The effect of a QGJ diminished expression in an apomictic background
was further investigated by producing RNAI lines [98]. Relatively high proportions of aborted ovaries,
defects in both initiation and completion of AES formation, as well as a substantially lower number of
AES per ovule were detected in two independent RNAI lines in comparison to both wild type and
transformation control plants [98]. The proportion of ovules containing meiotic ES (MES) showed no
statistical difference among the obligate apomictic wild type (3-8% MES according to Ortiz et al. [57]),
the control, and the RNAi lines [98]. The conclusion emerging from these results was that the significant
reduction of QGJ expression in an obligate apomictic background impaired the formation of AESs and,
therefore, the expression of QGJ in distal nucellar cells is needed for aposporous development [98].
Genetic mapping analysis showed no evidence of a genetic link between QGJ and the ACL, but a long
non-coding RNA partially related in sequence to QGJ (LNC_QG]J) cosegregated strictly with apomixis
when mapped in a P. notatum segregating population [98]. Moreover, reverse-transcribed PCR
experiments using LNC_QG]J specific primers, which were conducted in several apomictic and sexual
P. notatum individuals, showed that LNC_QG] is expressed only in apomictic plants. The existence
of a functional link between the particular QGJ expression pattern detected in apomictic plants and
a putative regulatory long non-coding LNC_QG]J activity operating from the ACL should be further
investigated [98].

6.3. TGS1

After identification of an apomixis-associated DET (N69) homologous to a PRIP-interacting
methyltransferase S-adenosyl domain protein by Laspina et al. [58], this candidate sequence was
extended and confirmed to be a plant-specific TRIMETHYLGUANOSINE SYNTHASE 1 (TGS1)
gene, which was named PN_TGS1-like [97]. In facultative apomictic plants, PN_TGS1-like showed
expression levels positively correlated with sexuality rates. Moreover, it displayed contrasting in
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situ hybridization patterns in apomictic and sexual plant ovules from premeiosis to anthesis [97],
with higher expression in ovules (including nucellus, integuments, and reproductive lineage) of
sexual plants throughout development, from premeiosis to maturity. Since the nucellus is the site
of aposporous initials (Als) differentiation, we proposed that PN_TGS1-like might be preventing the
differentiation of apospory initials in sexual P. notatum plants [97]. Thereafter, a full-sexual P. notatum
genotype was transformed with a TGS1-like antisense construction under a constitutive promoter,
to obtain lines with a reduced transcript representation [38]. Antisense plants developed prominent
trichomes on the adaxial leaf surface, occasionally formed twin ovules, and showed around 15% of
ovules bearing what looked like supernumerary aposporous-like gametophytes (i.e., numerous female
gametophytes with a typical Paspalum unreduced megagametophyte morphology, including an egg
cell, one-two synergids, two polar nuclei, and no antipodal cells). Moreover, around 9% of ovules
showed a combination of meiotic and aposporous-like sacs. At early developmental stages, 32% of
ovules displayed nucellar cells with prominent nuclei resembling apospory initials (Als) surrounding
the megaspore mother cell (MMC) or the MMC-derived meiotic products. Occasionally, immature
binucleated (FG2) female gametophytes of the aposporous type (i.e., the two nuclei located at the
same side of the central vacuole) were detected [38]. Neither multiple meiosis nor early proembryos
were registered, which suggested a non-reduced nature for the extra nuclei observed in the mature
ovules and an absence of parthenogenesis, respectively. The antisense lines produced viable pollen and
formed an equivalent full seed set after self-pollination. Flow cytometry analyses of caryopses revealed
that all full seeds had originated from meiotic female gametophytes (i.e., by sexuality) supporting
the hypothesis that parthenogenesis might not be operative [38]. Moreover, antisense lines showed
a significant reduction of the germination percentage, indicating that PN_TGS1-like might also be
involved in either embryogenesis or endosperm development. These results suggest that PN_TGS1-like
is a developmental repressor, whose expression in leaves blocks the formation of trichomes, while in
ovules inhibit the onset of apospory initials and/or the progression of gametophytes. However, it does
not influence parthenogenesis, even when it might play an unknown role during embryogenesis.

7. Advances in Methods for Improving Apomictic Paspalum Species

The identification of molecular markers (MM) cosegregating with apomixis, the generation of
artificial sexual polyploids after colchicine duplication, the construction of transcriptome databases and,
in a close future, genomic assemblies, the identification of genes controlling the reproductive mode,
and the establishment of biolistic transformation platforms offer good and innovative prospects for
harnessing reproductive and non-reproductive traits of interest in Paspalum forage grasses, which have
been selected and improved by classical and molecular methods over 80 years. The diversity present in
the genus Paspalum for the modes of reproduction and ploidy levels is directly linked to adaptation to
different environmental conditions and variation for a large group of traits of agronomic interest. Since
the 1940s, near 30 apomictic cultivars belonging to the genus Paspalum have been released mainly for
forage or turf [13]. All of these cultivars, except for one recently developed, are ecotypes collected
in South America, evaluated in their target area, and used in different parts of the world, mainly in
Australia, the United States, Japan, Thailand, Brazil, and Argentina. The success of this approach
lies in the large diversity available in the genus and even within individual species, as reported
for P. simplex [129]. However, a large number of desirable traits remain dispersed in the apomictic
germplasm, among ecotypes and species, since genetic recombination is locked by apomixis [130].

The majority of the Paspalum species form agamic complexes [14]. The release of the genetic
variability present in the apomictic germplasm was made possible after sexual tetraploid plants were
generated by diploid plant chromosome duplication [33,48-51]. Since then, large segregating progenies
have been generated by crossing these artificially induced sexual tetraploid genotypes as female
parents and apomictic ecotypes as pollen donors. This procedure has been repeatedly used over the
last years attempting to improve P. notatum [72-75] and, more recently, P. simplex [131] and species
of the Plicatula group [70]. The experience with P. notatum indicates that only a reduced fraction of
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the progeny (around 10%) inherits the full capacity to express apomixis [72-74] and variable degrees
of apospory expressivity are observed within hybrids [73-75]. Moreover, the self-incompatibility
present in the diploid germplasm [132] and the induced sexual tetraploids is not transmitted to the
sexual or apomictic progeny [72]. There is also evidence indicating that segregation for apomixis is
independent of the segregation for traits of agronomic interest in P. simplex [131]. In the Plicatula
group, several intra and interspecific crosses have been performed and different degrees of crossability
and fertility of the resulting hybrids were detected [70]. Nevertheless, the possibility of hybridization
is restricted because of flowering asynchrony among ecotypes and the sexual tetraploid germplasm.
This issue may be overcome by storing the pollen of the apomictic ecotypes [133] or by creating new
sexual tetraploid genotypes with different flowering times [70]. As a general rule for the genus, a large
diversity is observed for agronomic traits as a result of crossing sexual and apomictic genotypes [13].
Heterosis for traits of interest, such as forage yield and cold tolerance, have been repeatedly reported in
P. notatum [72,73,75,134] and for interspecific hybrids between P. plicatulum and P. guenoarum [70,135].
An apomictic hybrid of P. notatum identified as upright and fast-growing was recently released as
a forage cultivar named Boyero UNNE, resulting from a collaborative research between the University
of Florida and the National University of the North-East, Argentina [136].

MMs have been used to monitor the process of hybridization between sexual and apomictic
genotypes in Paspalum, particularly for the identification of true hybrids within progeny [35,70,74,131].
The general idea is to test the progeny for the presence of male-specific MMs and for the segregation
of female-specific markers indicative of recombination events in the female side. This procedure
is particularly useful, since sexual tetraploid hybrids exhibit high levels of seed fertility when
self-pollinated [72]. Moreover, several markers 100% linked to apospory have also been developed
for the genus [77,85,137]. Some of these markers have been successfully applied to identify hybrids
exhibiting apospory in P. notatum [74,75] and P. simplex [131]. Usually, they are useful for an initial
evaluation that allows separating all the highly sexual progeny from the aposporous, but further
analyses are needed to determine the different levels of apospory expressivity. This can be achieved
by assessing phenotypic homogeneity in the progeny or by female gametophyte observations [74,75].
Moreover, random MMs are used in progeny tests, to determine the apomixis expressivity, and the
genetic stability of an apomictic cultivar [136]. This is an important point to consider before going
forward with the breeding process, because a relatively high expression of sexuality will reduce the
stability of the new cultivar in a few years. An original alternative is to carry out gene expression
analysis, by targeting those candidates whose activity is positively or negatively correlated with
apomixis [97]. Although this approach can result much more complicated than cytoembryological
analyses and progeny tests, it is expected to provide a good estimation of apomixis capacity and can be
extended to high numbers of individuals. Finally, the lack of available apomixis-linked markers in
many Paspalum species, including the Plicatula group, makes the use of cytometric seed analysis an
attractive screening technique for determining the reproductive mode [138].

MM s have also been used to identify heterotic groups in Paspalum. Since the main objective of
hybridization in apomictic species is to combine high levels of apomixis with heterosis for traits of
agronomic interest, Marcon et al. [75] used ISSR and SSR markers to determine the genetic distances
between a group of sexual and apomictic genotypes of P. notatum. Crosses were made between pairs
of sexual and apomictic parents with low, intermediate, and high genetic distances. As expected,
higher genetic distances between parents increased the proportion of hybrids exhibiting heterosis for
forage yield. Moreover, the same positive relationship was observed between genetic distances and
the proportion of aposporous hybrids identified within the progeny. However, apospory expressivity
was not significantly related to the genetic distance. These results suggest that random MMs may be
successfully used to determine heterotic groups for forage yield in P. notatum, but also to predict a high
occurrence of apomictic hybrids within segregating families. Furthermore, as part of a hybridization
project in the Plicatula group, the genetic distances between an induced sexual genotype of P. plicatulum
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and 22 accessions belonging to 12 different species were determined using AFLP markers [70]. In this
case, the large variation for seed fertility and crossability was not correlated to the genetic distances.

A synthetic sexual tetraploid population (SSTP) was established in P. notatum to increase the
sexual tetraploid gene pool, as follows: (1) crossing the few available sexual tetraploid genotypes
with a group of ecotypes collected across the Americas, and (2) polycrossing the resulting highly
sexual hybrids to create the SSTP. This procedure allowed the transfer of the genetic diversity present
among geographically and genetically distant ecotypes into a single sexual and cross-pollinated
population [68,139]. More recently, a similar approach has been used to create a sexual tetraploid
population in the Plicatula group [138]. In this case, nine accessions from six species with contrasting
morphological characteristics were crossed to a single sexual induced genotype. The sexual hybrids
were set apart using a cytometric seed screening and a group representing the different origins
was polycrossed to obtain a large sexual population containing alleles from this diverse germplasm.
This approach may also be used to generate sexual tetraploid populations for other species or groups
of species in the genus sharing the same genetic characteristics, such as P. simplex or other species of
the subgenus Anachyris.

The availability of sexual tetraploid populations has allowed the application of breeding methods
originally developed for cross-pollinated crops, such as maize or alfalfa, as was originally suggested for
apomictic tetraploid Brachiaria spp. [140]. Marcon et al. [141] evaluated the use of recurrent phenotypic
selection (RPS) and recurrent selection based on combining ability (RSCA) in tetraploid P. notatum.
Both methods proved to be efficient for improving forage yield in P. notatum. Although RSCA was
expected to be more appropriate for exploiting heterosis since it was developed to accumulate heterotic
effects over cycles, no difference was observed between the RPS and RSCA procedures for increasing
forage yield [141]. A modified version of RSCA was used to identify superior tetraploid hybrids
within the sexual population of Plicatula [138]. In this case, an initial phase of phenotypic selection
was used to reduce the number of superior sexual hybrids, which were test-crossed to two elite
apomictic clones belonging to P. guenoarum. This approach identified a few sexual hybrids as possible
progenitors to continue tapping into genetic diversity of apomictic individuals or to generate improved
sexual populations.

As was previously stated, molecular techniques may play an important role in the different
phases of the selection procedures for generating superior apomictic hybrids. A theoretical scheme of
RSCA developed for tetraploid P. notatum is represented in Figure 7 to show how MMs may assist the
breeding process.

Phase 0: Identification of
potential heteroticgroups
assisted with MM

—> Molecular Identification of
Sexuél x true hybrids within the
apomicts progeny

Checkand elimination of
putative apomicts with Phase 1
linked MM within superior . Identification of apomicts

genotypes using linked MM within

superior hybrids

Improved sexual o Progeny tests S > Superior apomicts
population

Phase 3 Phase 2 / Useof QTLs for selecting [
cold tolerantand Forage evaluation process

| photoperiod insensitive
non-dormant hybrids ‘ Test homogeneity of the
progeny with MM

v

Polycross
Apomictic cultivar

Figure 7. Theoretical scheme of recurrent phenotypic selection based on a combination of classical and
molecular techniques in P. notatum. The molecular markers (MM) use scenarios are indicated at each
phase of the process. An image of an experimental/seed production plot of an improved apomictic
hybrid cultivar of P. notatum (cv. Boyero UNNE) is shown at top right.
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Random molecular markers may aid the identification of heterotic groups for the initial phase
of the process (indicated as Phase 0 in Figure 7), as it was suggested by Marcén et al. [75]. Phase 1
consists of test-crossing a group of sexual genotypes to a single apomictic tester or a group of testers.
When genetic data is expected to be collected, the true hybrids can be identified by using male-specific
markers. The evaluation of the resulting progeny is indicated as Phase 2. The use of QTLs associated
with traits of agronomic interest may be applied for the rapid identification of superior progeny.
For instance, development of QTLs for cold tolerance and photoperiod insensitivity is underway for
tetraploid P. notatum, since growth and forage production is markedly reduced during the winter
in the subtropics. Once phenotypic and molecular data is available for selecting the best progeny,
the apomictic genotypes may be separated using apomixis-linked markers. Superior apomictic hybrids
usually need to go through a multiphase forage evaluation procedure [142]. The genetic homogeneity
of the progeny coming from each selected line can be tested with random markers [136], to ensure the
high expressivity of apomixis among the best lines. Phase 2 allows the selection of the best sexual
genotypes that were crossed in phase 1, and these are polycrossed to generate an improved sexual
population (phase 3 in Figure 7). This population is evaluated under field conditions, and only a few
genotypes enter phase 1 of a new cycle. It is very important to check the mode of reproduction of this
group of selected genotypes, and this can be done using apomixis-linked markers.

8. Conclusions

Given the dramatic increase in the world population, which is expected to reach 9.7 billion by
2050, and the concomitant expanding food demand, é€lite resilient crops should be readily developed
on a massive scale in order to address the environmental, climate and overcrowding challenges [143].
Current methods used to produce new plant varieties, which rely entirely in the exploitation of sexuality,
involve 7-20 years to bring them to the market, cost even millions of euros, and are limited regarding the
harnessing of favorable gene interactions. Apomixis breeding could rapidly overcome the drawbacks
associated with sexuality-based programs, facilitating a better adaptation to local environments,
the avoidance of monocultures, and substantial increases in crop resilience [143]. However, specific
methodological hitches complicate the generation and interpretation of the apomixis-related available
molecular data and large areas of knowledge have barely been touched upon. To begin with,
appropriate criteria should be established in order to reduce the number of candidate genes emerging
from genomic and comparative transcriptomic surveys, based on both the combination of positional
evidence with expression data and the establishment of reliable network predictions. Moreover, until
now, no comprehensive study on the reproductive developmental impact of novel apomixis-related
mRNA splice variants is available and protein post-translational regulatory mechanisms possibly
influencing the trait remain uncharted. Finally, the regulatory role of transposons and IncRNAs was
only poorly outlined and needs further clarification. The functional analysis of these aspects, once
implemented, in combination with data body already available (Nanopore-derived genome and Roche
454-FLX +/Illumina transcriptome sequence databases) will lead to the application of accurate genetic
engineering approaches by using sense or antisense transgenesis, RNA-directed DNA methylation,
CRISPR-Cas9 editing and other techniques and allow the complete harnessing of the trait into plant
breeding by inducing apomixis in sexual plants.

From the Paspalum example we can derive the complex series of steps necessary to produce useful
and applicable knowledge in apomictic species, consisting of (1) germplasm groundwork, including
collection of variable materials, reproductive phenotyping, ploidy level assessment, genome content
characterization, ploidy manipulation and reproductive calendar construction; (2) inheritance analysis,
dense genetic mapping, and identification of markers cosegregating with apomixis; (3) genome
sequencing; (4) transcriptome sequencing; (5) functional analysis in sexual and apomictic species;
(6) traditional and molecular marker-assisted breeding to release €élite apomictic hybrids. The molecular
elucidation of the sexual-asexual transition would require the use of this methodological scheme
in as many species as possible, in order to expose subtle variants that might have emerged during
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evolution and provide a comprehensive perspective of alternative pathways, disclosing optimal tools
for harnessing apomixis into the breeding of major crops by genetic engineering. With this review,
we hope to contribute to the design of the necessary experimental phases, which have been laid down
in Paspalum after decades of effort, in a process that often involved trial and error. At best, the ordered
management of the flowchart presented here could save both time and costs and stimulate apomixis
research/breeding in other species of agronomic interest.
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Abstract: In angiosperms, meiotic failure coupled with the formation of genetically unreduced
gametophytes in ovules (apomeiosis) constitute major components of gametophytic apomixis.
These aberrant developmental events are generally thought to be caused by mutation. However,
efforts to locate the responsible mutations have failed. Herein, we tested a fundamentally different
hypothesis: apomeiosis is a polyphenism of meiosis, with meiosis and apomeiosis being maintained
by different states of metabolic homeostasis. Microarray analyses of ovules and pistils were used to
differentiate meiotic from apomeiotic processes in Boechera (Brassicaceae). Genes associated with
translation, cell division, epigenetic silencing, flowering, and meiosis characterized sexual Boechera
(meiotic). In contrast, genes associated with stress responses, abscisic acid signaling, reactive oxygen
species production, and stress attenuation mechanisms characterized apomictic Boechera (apomeiotic).
We next tested whether these metabolic differences regulate reproductive mode. Apomeiosis switched
to meiosis when premeiotic ovules of apomicts were cultured on media that increased oxidative stress.
These treatments included drought, starvation, and H,O, applications. In contrast, meiosis switched
to apomeiosis when premeiotic pistils of sexual plants were cultured on media that relieved oxidative
stress. These treatments included antioxidants, glucose, abscisic acid, fluridone, and 5-azacytidine.
High-frequency apomeiosis was initiated in all sexual species tested: Brassicaceae, Boechera stricta,
Boechera exilis, and Arabidopsis thaliana; Fabaceae, Vigna unguiculata; Asteraceae, Antennaria dioica.
Unreduced gametophytes formed from ameiotic female and male sporocytes, first division restitution
dyads, and nucellar cells. These results are consistent with modes of reproduction and types of
apomixis, in natural apomicts, being regulated metabolically.

Keywords: 5-azacytidine; abscisic acid; apomixis; apospory; diplospory; expression profiling;
fluridone; metabolic homeostasis; oxidative stress; sucrose non-fermenting-related protein kinase
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1. Introduction

Apomixis renews life cycles by producing unreduced, mitotically active (parthenogenetic)
gametes or gamete like cells [1], and it occurs in all eukaryote kingdoms [2-5]. Once discovered
in angiosperms [6], it was soon documented that the timing of apomixis induction during ovule
development and the types of ovule cells involved vary among taxa. This temporal and spatial
variation became the focal point for defining multiple types of gametophytic apomixis in angiosperms,
and within the first decade of the 20th century, three morphologically distinct types had been
described [4,7]. Subsequent Mendelian analyses suggested that these types, and their elements,
i.e., apomeiosis (unreduced gametophyte formation), parthenogenesis (embryo formation without
fertilization), and endosperm formation without the normal 2M:1P (maternal paternal) genome
ratio, are under separate genetic controls [4,8-11]. Accordingly, it became widely viewed that the
different apomixis types are caused by different mutations that in mysterious ways destabilize meiosis
(megasporogenesis), gametophyte (embryo sac) formation, egg formation, and syngamy [8-13].

In the Antennaria and Eragrostis types of diplospory (gonial apospory), the unreduced
gametophyte, with its parthenogenetic egg, forms from a meiosis-aborted megasporocyte (megaspore
mother cell, MMC). In Taraxacum type diplospory, meiosis aborts slightly later, during the meiotic
prophase stage of the MMC. The heterotypic division (reductional) then fails and a first division
restitution replaces it. The equational mitotic-like second division then occurs producing two
unreduced spores. The unreduced gametophyte, with its parthenogenetic egg, then forms from one of
the unreduced spores. In Hieracium type apospory, sex aborts during meiosis, and the unreduced
gametophyte, with its parthenogenetic egg, forms from a cell of the ovule wall (nucellus). In sporophytic
apomixis (adventitious embryony), sex—if it aborts at all—aborts after a genetically reduced egg forms.
The clonal embryo then develops adventitiously, from an unreduced egg-like cell that forms in the
ovule wall, and this embryo is nourished by the sexually derived endosperm [8].

Based on numerous reports of apomixis switching to sex in response to stress, reviewed in [14,15],
we hypothesized that (i) sexual development is induced and maintained by a stress-like state of
metabolic homeostasis, and (ii) ovules in apomictic plants maintain a state of metabolic homeostasis
that detoxifies oxidative stress and induces apomixis. To test this, we profiled the reproductive
tissues of sexual and apomictic Boechera (Brassicaceae). Our goal was to identify differentially
expressed genes (DEGs) indicative of differences in metabolic states. Upon observing such differences,
we designed and conducted whole-plant stress physiology experiments that tested the effects of drought
and heat on frequencies of sexual and apomictic development in facultatively apomictic Boechera.
We also excised immature pistils, containing ovules in the MMC stage, of sexual and apomictic Boechera,
sexual Arabidopsis thaliana (L.) Heynh. (Brassicaceae), and sexual Vigna unguiculata (L.) Walp. (Fabaceae).
These were then cultured on media amended with chemicals selected to alter stress associated
metabolic pathways. Additionally, we placed cut stems of male dioecious Antennaria dioica (L.) Gaertn.
(Asteraceae), which contained premeiotic microsporocytes (pollen mother cells, PMCs), in chemically
amended liquid media. Through these experiments, we demonstrated that apomeiotic spore and
gametophyte formation, of various types (Taraxacum, Antennaria, and Hieracium), are inducible in
sexual species of Boechera, Arabidopsis, Vigna, and Antennaria by altering homeostasis-based processes
of stress perception and attenuation.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Plants of the following taxa were grown from seed: diploid aposporous Boechera microphylla
(Nuttall) Dorn from Millard County, UT USA (Boechera imnahaensis X yellowstonensis, UT10003),
diploid diplosporous and aposporous B. microphylla from Cache County, UT USA (UT05001), diploid
diplosporous and aposporous Boechera retrofracta X stricta (CO11010), diploid sexual A. thaliana (Col O),
diploid sexual Boechera exilis (A. Nelson) Dorn (NV14003), diploid sexual Boechera stricta (Graham)
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Al-Shehbaz (UT10007), diploid sexual V. unguiculata (cowpea), diploid diplosporous B. exilis X retrofracta
(UT11004), triploid diplosporous Boechera cf. gunnisoniana (Rollins) W.A. Weber (CO11005), and diploid
diplosporous Boechera lignifera (A. Nelson) W. A. Weber (B. exilis X thompsonii, WY05001). A population
of diplosporous hybrids of mixed parentage, which resemble sexual B. formosa (Greene) Windham and
Al-Shehbaz (UT10006), are referred to herein as B. X formosa and were transplanted from native habitats,
six from Duchesne County, UT USA (40.169 N, —110.328 W) and 58 from Carbon County, UT USA
(39.547 N, —110.649 W). Male plants of diploid A. dioica were transplanted from landscape plantings at
Utah State University, Logan, UT USA. Unless otherwise indicated, field collection information, ploidy,
and voucher specimen numbers of Boechera taxa are from [16,17]. Seed germination, establishment,
vernalization, and growing conditions were as previously reported [16].

2.2. Microarray Analyses

Based on the close phylogenic relationship between Boechera and Arabidopsis [18,19], Affymetrix
(Santa Clara, CA, USA) ATH1 gene chips were chosen in 2005 for Boechera profiling, and this profiling
system was retained for consistency through 2013. Ovules and pistils were collected from 9:00 A.M.
to 12:00 noon, placed in Nuclease-Free water (Ambion, Life Technologies Corporation, Carlsbad,
CA, USA), and measured. Needles from 1.0 mL syringes were used to excise ovules. Instruments
and work surfaces were cleaned with RNAse ZAP (Ambion) prior to dissection and at 20-30 min
intervals. Numbers of ovules per replicate were ca. 1600, 1400, 1200, and 800 for the MMC, active
meiocyte (meiotic MMC, AM), young 1-4 nucleate gametophyte (YG), and mature gametophyte (MG)
stages, respectively. Eighty pistils were obtained per replicate for B. stricta. Ovules and pistils were
immediately placed in RN Alater (Ambion) and stored at —80 °C. RNA was extracted and purified
from ovules using TRIzol reagent (Invitrogen, Life Technologies Corporation) and RNeasy columns
(Qiagen, Germantown, MD, USA) and from pistils using PureLink® RNA Mini Kits (Ambion, Austin,
TX, USA) and TURBO DNA-free™ Kits (Ambion, Austin, TX, USA). NanoDrop (Thermo Scientific,
Wilmington, DE, USA) and Bioanalyzer (Agilent, Santa Clara, CA, USA) instruments were used to
determine RNA yield and integrity. Affymetrix two-cycle cDNA synthesis kits (P/N 900494) were
used for cDNA synthesis and RNA amplification of ovule RNA. The MEGAscript T7 kit (Ambion)
with unlabeled nucleotides was used for first-cycle cRNA amplifications. For in vitro transcription
(IVT), 20 uL cDNA was mixed with 30 uL first-cycle IVT master mix, and reactions were incubated
at 37 °C for 24 h. Second-cycle first and second strand cDNA syntheses were performed as above.
The Affymetrix GeneChip IVT labeling kit (P/N 900449) was used for the second IVT. First and second
cycle cRNA was purified using Affymetrix sample cleanup modules P/N 900371, and cRNA was
fragmented at 94 °C for 35 min. Pistil RNA (500 ng) was amplified, labeled, and fragmented using
GeneChip® 3’ IVT Express Kits (Affymetrix). ATH1 arrays were hybridized for 16 h at 45 °C using
15 pg of labeled and fragmented cRNA (Affymetrix Technical Analysis Manual). Arrays were stained
with streptavidin-phycoerythrin in an Affymetrix GeneChip® Fluidics Workstation 400 and scanned
with a GeneChip® Scanner 3000.

2.3. Expression Profiling

Cel files (ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156684) were deleted if RMAExpress
(rmaexpress.bmbolstad.com/) values exceeded 99% of the RLE-NUSE T2 multivariate statistic.
The remaining files were RMA normalized using BRB-ArrayTools (4.6.0-beta-2, Dr. Richard Simon,
and the BRB-ArrayTools Development Team, linus.nci.nih.gov/BRB-ArrayTools.html). Low variability
genes (<10% of expression values exceeding 1.5-fold change from the median) or genes missing >50%
of their expression data were removed. The BRB-ArrayTools class comparison option (random variance
model with a normalized significance level of 0.001 for univariate tests) was used to identify DEGs.
Where multiple ATH1 probe sets identified the same gene (~0.8% of probe sets), probe sets producing
the greatest fold change were retained. Each comparison used to identify DEGs involved detectable
expression data from ca. 16,000 (59%) of 27,048 Boechera genes [19]. Tests for DEGs were performed
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within stages for all pairwise cross taxa comparisons and within taxa but across stages. Multi-stage
comparisons, across taxa, were performed when comparisons of adjoining stages within taxa produced
few or no DEGs.

2.4. Gene Ontology Analyses

Two overrepresentation gene ontology (OGO) analyses (Panther Version 15, pantherdb.org/,
2020-10-9 release) were performed for all comparisons that produced >10 DEGs, one for DEGs
upregulated in one taxon and one for DEGs upregulated in the other. For Panther enrichment GO
(EGO) analyses, gene trimming criteria were relaxed. Here, genes were removed if 0—40% of sample
values differed from the median by >8%. The sample value threshold was varied so as to retain
10-16 thousand genes. Since EGO analyses are based on all expression data, rather than just DEGs,
it was possible to perform these analyses for all within stage cross taxa comparisons. All OGO and EGO
analyses were corrected for false discovery rate (FDR, p < 0.05). GO terms (all GOs of DEGs, OGOs,
and EGOs) were partitioned into higher-order groups, e.g., [20-22], that were defined by the broader
biological concepts being investigated. Partitioning was performed manually by assigning each GO
term to one of four groups and to one of 13 subgroups (Tables S1 and S2). Subgroup frequencies
were then compared across taxa by chi-square tests for independence [23], and subgroups responsible
for significant pooled chi-square values were identified based on p values of adjusted residuals [24]
(Table S3). Molecular pathway components were identified by searching DEG narratives (Araportll,
1/1/2020 release) and additional literature as referenced for DEGs in TAIR (www.arabidopsis.org).

2.5. Expression Verification

Fourteen DEGs identified between the YG stages of B. microphylla and B. X formosa were selected
for quantitative reverse transcription PCR (qRT-PCR). RNA was converted to cDNA using Superscript
IIT First-Strand Synthesis kits (Invitrogen). Primers were designed from A. thaliana data using Primer3
(bioinfo.ut.ee/primer3/), quality checked by PrimerSelect (dnastar.com), and searched (blast.ncbi.nlm.
nih.gov/Blast.cgi) for like sequences. Sequences predicted to form internal loops or dimers or to be
homologous to other genes were discarded. Primers were tested using Boechera gDNA. qRT-PCR
reactions (25 puL) contained QuantiTect SYBR Green (Qiagen), 200-250 nM forward and reverse primers
and 3-5 pL of dilute cDNA. Reaction cycles were: 50 °C, 2 min; 95 °C, 15 min; 40 cycles of 94 °C
for 15s, 58 °C for 30 s, and 72 °C for 30 s. Melt curve analyses were performed from 65 °C to 95 °C
in 5 sec 0.5 °C increments. A DNA Engine (Opticon 2, Continuous Fluorescence Detection System)
with MicroAmp Optical 96-well plates (Bio-Rad, Hercules, CA, USA) was used. Three reps with two
technical reps each were conducted. Expression values and standard deviations were calculated using
the comparative Ct method using separate sets of housekeeping replicates for each gene. Delta Ct
values were normalized (delta-delta Ct method) and subjected to Student’s t-tests (p < 0.05).

2.6. Drought and Heat-Stress Experiments

Seedlings (ca. 60 days post-planting) were randomly assigned to three groups, well-watered,
drought-stressed, and heat plus drought-stressed (8—12 plants per taxon per group) and vernalized
(60 days, 4 °C). After vernalization, plants targeted for the well-watered and droughted treatments were
grown in the greenhouse, and plants targeted for heat plus drought were grown in a growth chamber
(32 °C, 500 pmol m~2 s~! photosynthetic photon flux, 16/8 h day/night photoperiod). To minimize
surface evaporation, perlite was added to the surface of pots, and field capacity weights were obtained
(weighed 2 h after drenching). Enough water was added each day to the well-watered plants to bring
them to field capacity (based on pot weight). Water was added to droughted plants each day to equal
50% of the transpiration rate of well-watered plants. Upon flowering, pistils were collected for cytology
and expression profiling. Ovule parameters were compared by chi-square tests [25].
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2.7. In Vitro Pistil Culture Experiments

Chemicals were from MilliporeSigma (St. Louis, MO, USA) unless otherwise indicated. The basal
tissue culture medium was MS [26] salts and vitamins (Caisson Laboratories, Smithfield, UT, USA) with
20 g L~! sucrose and solidified with 1.5 g L= Phytogel (pH 5.7 prior to autoclaving). For osmotic stress,
basal media were amended with 0, 20, 30, 40, or 60 g L~! polyethylene glycol (PEG) 6000. Water potentials
(YY) were estimated by adding the water potential of basal MS medium (ca. —0.5 MPa [27]) to the water
potential of PEG in water (ca. 0.0, —0.013, —0.022, —0.034, —0.065 MPa, respectively [28]) and multiplying
the sums by 1.075 [28,29]. Brassinozole (BZR, dissolved in minimal DMSO), epibrassinolide (epiBL,
dissolved in 80% ethanol), ABA (dissolved in ethanol), fluridone (dissolved in DMSO), 5-azacytidine
(5-azaC, dissolved in water), and (S)-2-aminobutane-1,4-dithiol hydrochloride (DTBA, dissolved
in water) were added by filter sterilization after media were autoclaved and before solidification.
Two factorial experiments were conducted to determine the effects of multiple treatments on ovule
development in B. stricta and A. thaliana. Variables tested were: sucrose (20 or 30 g L™!), glucose
(20 g L~1); MS or B5 vitamins; 0.5 mmol L~! 5-azaC; 0.5 or 1.0 pmol L1 epiBL; 0.5 or 1.0 pumol L1
DTBA; and 0.5 and 1.0 umol L~! epiBL and DTBA. Results were combined to show the main effects.
A third factorial experiment was conducted to determine the effects of multiple treatments on ovule
development in V. unguiculata. The basal medium here was amended with B5 vitamins, 0.5 umol L'
naphthalene acetic acid (NAA), and 5.0 umol L™! 6-benzylaminopurine (BAP). Variables tested were:
60 g L™! sucrose or 30 g L™! glucose; 1.0 pmol L' epiBL; 1.0 umol L=! DTBA; and 1.0 umol L!
epiBL and DTBA. Results were combined to show main effects. Pistils for individual and factorial
experiments were staged by length (based on predetermined ovule development stages), aseptically
excised, and immediately transferred without disinfestation to media (horizontally, ca. 30% of pistil
bodies pressed into the medium). For experiments involving a pretreatment, excised pistils were
soaked in liquid media followed by transfer to solidified media. Ovule parameters were tabulated
24-72 h after culture initiation and analyzed by chi-square tests [25].

2.8. Cytoembryological Analyses

Pistils and anthers were fixed, cleared, and observed by differential interference contrast
microscopy as previously described [16]. The following characteristics were recorded: (i) MMCs
(without a large vacuole), (ii) Antennaria type diplosporous 1-2 nucleate gametophytes (with one
or more large vacuoles; ADGs), (iii) sexual or Taraxacum type diplosporous dyads, (iv) sexual
tetrads (no large vacuoles), (v) sexual 1-2 nucleate gametophytes (with one or more large vacuoles and
degenerating tetrad remnants still visible); (vi) Taraxacum type diplosporous 1-2 nucleate gametophytes
(with one or more large vacuoles; TDGs), (vii) aposporous initials (enlarged non-vacuolate nucellar
cells), (viii) aposporous gametophytes (nucellar cells with one or more large vacuoles and one or
more nuclei), (ix) microspore dyads and tetrads, and (x) 1-3 nucleate unreduced male gametophytes.
Developmental stages of ovules per pistil were recorded, and pistil lengths corresponding to the
following A. thaliana stages [30] were recorded: 1-1, late pre-MMC; 1-1I, ovule meristems protruding
from placentae (precedes MMC formation); 2-II, enlarging MMC; 2-1II, mature MMC; 2-1V, meiosis;
3-111, large vacuole present in immature gametophyte.

3. Results

3.1. Expression Profiling

We recently documented reproduction in 44 Boechera taxa. These ranged from 100% sexual
in species to nearly 100% apomictic, by TDG formation, in hybrids. Between these extremes
were facultative apomicts that expressed combinations of meiosis and TDG and/or Hieracium-type
gametophyte (HAG) formation [16]. Here, we report transcriptome analyses for four of these taxa:
sexual B. stricta, strongly diplosporous B. X formosa, facultatively aposporous, and diplosporous
B. microphylla (Cache County, UT), and facultatively diplosporous B. lignifera. Pistil lengths, array
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normalization results, array vs. qRT-PCR comparisons, and primers used for qRT-PCR are shown in
Figures 51-53 and Table 54, respectively.

Comparisons among the MMC (megasporocyte), AM (active meiocyte), and YG (young
gametophyte) stages within diplosporous B. lignifera and aposporous B. microphylla produced few
DEGs (Table S5). This near absence of DEGs may have occurred because pistil length intervals for the
respective samples differed only minimally (Figure S1). However, few DEGs were detected at these
stages even when comparisons were made across taxa. Hence, we combined the MMC, AM, and YG
stages, within taxa, to make a single B. lignifera vs. B. microphylla comparison, which yielded 283 DEGs.
At the MG stage (mature gametophyte), 609 DEGs were detected (Figure 1a, Table S5).

1200f Q 800 ¢ ]
2 900
Q 600
o 600 8
300 O 400
]
13 4 23 23 2.3 2-3 23 200
Stages compared
13 4 2323 2323 23
L
Stages compared
Y 9 P
— F -
, 10000 b —s so0| d
o (-
g 8000
'S 6000 g
8 Q
4000 L
O] 200
< 2000 ﬂ
_tm ' L
1-3 4 2-3 23 2-3 23 2-3 12 3 42 3 2 3 3 3 3
Stages compared Stages compared

Figure 1. Differentially expressed genes (DEGs) and associated gene ontology categories (GOs) by
comparison: (a) DEGs, (b) all GOs of all DEGs, (c) overrepresented GOs (OGOs), (d) enriched GOs
(EGOs). L (Boechera lignifera), M (Boechera microphylla), F (Boechera X formosa), S (Boechera stricta),
1 (megasporocyte (MMC) stage), 2 (active meiocyte stage), 3 (young gametophyte stage), 4 (mature
gametophyte stage).

Across all comparisons, 3723 distinct DEGs were detected (Figure 1a; Table S5), which are linked
to 3980 distinct GO terms (Figure 1b; Table S6). Overrepresented GOs (OGOs) occurs when more DEGs
are linked to a GO term than expected by chance (pantherdb.org/). Among our OGO comparisons
(Figure 1c), 930 distinct OGOs were detected (Table S7). EGOs occur when more genes of a GO term
are up or down-regulated (significant or not) than expected by chance (pantherdb.org/). Since all
expression data are used, EGO analyses can detect shifts in gene expression that may be missed by
OGO analyses [31,32]. Among our EGO comparisons (Figure 1d), 1773 distinct EGOs were detected
(Table S8). Collectively, 4822 distinct GO terms were identified. To more readily visualize large
metabolism-related shifts in gene expression, we partitioned the 4822 GO terms into 13 user-defined
subgroups (Tables S1 and S2). Subgroup frequencies per taxon were then compared among taxa by
chi-square analyses (Figures 2 and 3; Table S3; see Materials and Methods).
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Figure 2. Pie charts of enriched gene ontology categories (EGOs), overexpressed GOs (OGOs),
and GOs of differentially expressed genes (all GOs) by GO group and by comparison: (a—e), L vs. M;
(f-i), F vs. L; (j-m), F vs. M. F (Boechera X formosa), L (Boechera lignifera), M (Boechera microphylla), MMC
(megasporocyte stage), Mc (meiocyte stage), YG (young gametophyte stage), MG (mature gametophyte
stage). Normal and exploded sections tended to be more frequently observed in less and more meiotic
taxa, respectively. Starred GO groups differed significantly in frequency (p < 0.05): green stars, normal;
red stars, exploded; values next to pies are total numbers of GOs observed.
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Figure 3. Pie charts of enriched gene ontology categories (EGOs), overexpressed GOs (OGOs), and GOs
of differentially expressed genes (all GOs) by GO group and by comparison: (a—c), Fvs. S; (d,e), M vs. S;

(f,g), L vs. S. F (Boechera X formosa), L (Boechera lignifera), M (Boechera microphylla), S (Boechera stricta), Mc
(meiocyte stage), YG (young gametophyte stage). Normal and exploded subgroups tended to be more
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frequently observed in less and more meiotic taxa, respectively. Starred subgroups differed significantly
in frequency (p < 0.05): green stars, normal; red stars, exploded; values next to pies are total numbers
of GOs observed.

Only 5-20% of ovules of the TDG forming B. lignifera were facultatively meiotic [16]. Hence,
we tested whether fewer meiosis related GO terms (all GOs of DEGs) occurred in B. lignifera compared to
the TDG and HAG forming B. microphylla, where ca. 40% of ovules were meiotic [16]. For the combined
MMC to YG comparison, meiosis and gametophyte related GOs occurred nearly exclusively in the
more meiotic (and aposporous) B. microphylla (Table S6, lines 1-35 vs. 1098-1151, see also lines 2164-92
vs. 4112-62). These meiosis and gametophyte related GOs belong to the ‘cell division” subgroup,
which collectively represented a significantly larger percentage of GO terms in the aposporous
B. microphylla compared to the diplosporous B. lignifera (Figure 2a, red star).

We used EGO analyses to compare B. lignifera to B. microphylla at each stage individually. The MMC
stage produced the most EGOs (Figure 1d). Here, signaling, stress, bioenergetics, metabolism,
catabolism, and transporter EGOs occurred more frequently in ovules of the TDG forming B. lignifera
(least meiotic) (Figure 2b). These included carbohydrate, fatty acid, and protein metabolism processes,
responses to organic and inorganic stimuli, activation of homeostasis processes, regulation of ROS
and other stresses, and ABA signaling (Table S8, lines 11-79, 84-91, 95-144). In contrast, transcription,
translation, development, and cell division EGOs were more frequent in ovules of the more meiotic
HAG forming B. microphylla (Figure 2b). These included 13 meiosis associated terms and numerous
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ribosome-associated terms (Table S8, lines 145-210, 232-75). Fewer differences were observed at the
AM, YG, and MG stages (Table S8, lines 290-471; Figure 2a,b). Collectively, these findings revealed
major metabolism-related differences. Gene expression in the TDG forming B. lignifera favored
signaling, stress, and catabolism. In the meiotic HAG forming B. microphylla, gene expression favored
transcription, translation, development, and cell division.

Meiosis associated EGO subgroups at the MMC stage (exploded pie sections, Figure 2b) comprised
ca. 10% and 80% of the diplosporous B. lignifera and the more meiotic but aposporous B. microphylla,
respectively. Interestingly, nearly the same percentages were observed when diplosporous B. lignifera
and aposporous B. microphylla were compared individually to the more diplosporous B. X formosa
(Figure 2fj). These results reveal a continuum where meiosis associated gene expression was highest in
B. microphylla and lowest in B. X formosa with B. lignifera in between (compare Figure 2b,f,j). One of our
objectives was to determine if these distinct shifts in gene expression are responsible for reproductive
mode and apomixis type or are simply coincidental (discussed below). Analyses involving EGOs,
OGOs, and all GOs of DEGs at the YG or AM/YG stages generally mirrored those at the AM stage
for comparisons between the nearly obligate apomictic B. X formosa and the facultatively apomictic
B. lignifera and B. microphylla (Figure 2f—i, j—m).

For this study, we collected Boechera species from native habitats in the Great Basin and Rocky
Mountain Cordillera of North America [16]. However, embryological analyses revealed apomixis for
taxa we thought, at the time of collection, were sexual. We eventually found sexual species, but resources
for ovule dissections were no longer available. Instead, we created expression profiles from whole
pistils of sexual B. stricta, each pistil of which contained ca. 160-180 ovules. We then compared
ovule profiles of the apomicts to the same pistil profile from sexual B. stricta (Figure 3). We first
considered differential gene expression between the nearly obligate TDG forming B. X formosa versus
the completely sexual B. stricta. This comparison produced the most DEGs, OGOs, all GOs of DEGs
and EGOs (Figure 1). Importantly, it produced highly similar frequency patterns for meiosis-associated
vs. apomeiosis-associated EGO subgroups (Figure 3a) as had been observed for the more vs. the less
meiotic apomicts (Figure 2b,f,j). Similar GO subgroup patterns were observed for OGOs and all GOs
of DEGs (Figure 3a—c) and for the facultative apomicts compared to sexual B. stricta (Figure 3d-g).

In the three most meiotic taxa, B. stricta (100%), B. microphylla (40%), and B. lignifera (5-20%), 17,
14, and 10 meiosis associated EGOs per comparison were detected compared to the nearly obligate
B. x formosa. Meiosis associated EGOs in these comparisons were not enriched in B. X formosa
(Table S8: 458-65 vs. 927-1073, 1455-69 vs. 2092-205, 2551-8 vs. 3072-193, 3505-14 vs. 4098-237,
4851-65 vs. 5402-518). The more meiotic taxon of each comparison was also enriched for EGOs
associated with transcriptional regulators involving DNA conformation changes, histone and DNA
modifications, chromatin remodeling and silencing, epigenetic regulation, and posttranscriptional
gene silencing by RNA (Table S8: 92—4 vs. 232-9; 81623 vs. 1259-345; 1946-55 vs. 2369-449;
2942-8 vs. 3348-403; 396272 vs. 4386—4455; 5306-11 vs. 5756-831). In contrast, the more diplosporous
taxon of each comparison tended to be enriched for EGOs associated with carbohydrate, fatty acid,
and lipid metabolism; photosynthesis; responses to biotic and abiotic stimuli; kinase and phosphatase
activities; calcium signaling; hormone metabolic pathways; second messenger signaling; ABA,
salt, drought, hypoxia and ROS responses; regulation of ABA signaling; detoxification processes;
homeostasis processes; pH regulation; peroxidase activities; and the biosynthesis of ascorbate, flavonoid
and glutathione antioxidants (Table S8, 11-91 and 95-144 vs. 211-29 and 276-8; 30642 vs. 348-57;
525-815 and 824-926 vs. 1137-213 and 1440-54; 1545-945 and 1956-2091 vs. 2257-319 and 2537-50;
2620-941 and 2949-3071 vs. 3232-3306 and 3489-504; 3586-961 and 3973—4097 vs. 4276-330 and
4530-4541; 4542-51 vs. 4592-625 and 4678; 4681-706 vs. 4755-96; 4931-5303 and 5312-401 vs. 5620-90
and 5923-36).
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3.2. Molecular Pathways Upregulated in Meiotic Taxa

To better understand large scale shifts in gene expression between meiotic and apomeiotic taxa
(Figures 2 and 3), we searched gene narratives (Araportl1 release, 1 January 2020) of our DEGs (Table S5)
using the following terms: ABA, AGL, AGO, AOX, ARF, ascorbate, BR, Ca, calmodulin, catalase,
chromatin modification, detoxification, epigenetic, ERF, ethylene, flavonol, gametophyte, glutathione,
H,0,, H3K4, HDAC, histone, homeostasis, HSP, imprinting, LEA, MAPK, meiosis, miRNA, NaCl,
oxidative damage, peroxidase, PP2C, RBOH, RDDM, ribosome, RNAi, ROS, salt responsive, silencing,
siRNA, SnRK, SPO, stress, superoxide dismutase, thioredoxin, translation, and transport. After manual
screening, 514 DEGs were identified for further analyses across all comparisons (Table S9).

Carbon starvation downregulates translation by inactivating TARGET OF RAPAMYCIN (TOR) [33].
DEGs in the red and green boxes (Figure 4a) are translation machinery genes (Table S9). Most of
these were upregulated in B. stricta (red box), which suggests that diplosporous B. X formosa
was experiencing carbon starvation. Further evidence for this involved upregulated levels of
ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 2 (ATAF1), a transcription factor (TF) that
upregulates TREHALASE1 (TRE1). TRE1 promotes the formation of a sugar starvation metabolome by
catabolizing the signaling molecule trehalose-6-phosphate, thus further reducing TOR signaling by
increasing SUCROSE-NON-FERMENTING-RELATED PROTEIN KINASE-1 (SnRK1) activity [34-36].
Carbon starvation also upregulates the vacuolar glucose exporter EARLY RESPONSIVE TO
DEHYDRATION-LIKE 6 gene (ERDL6) [37] and the DUAL-SPECIFICITY PROTEIN PHOSPHATASE
4 gene (SEX4) [38], the products of which replenish monosaccharide levels to maintain primary
metabolism. SEX4 might also inactivate SnRK1, thus reinitiating TOR activity in the presence of
restored energy levels [39]. These three-carbon starvation genes were upregulated in diplosporous
B. x formosa (Figure 4a). In contrast, SNF1-RELATED PROTEIN KINASE REGULATORY 3 SUBUNIT
1 (AKIN1), which encodes an SnRK1 subunit that directs SnRK1 to the nucleus for gene regulation
but also silences SnRK1 upon N-myristoylation [40], was downregulated in B. X formosa (Figure 4a),
possibly as a feedback mechanism responding to TOR inactivation.
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Figure 4. Differentially expressed genes (DEGs) observed between diplosporous Boechera X formosa
and sexual Boechera stricta (Tables S5 and S9) as associated with: (a), translation; (b), flowering;
(c), mitochondrial stress; and (d), meiosis. Superscripts identify taxa in which DEGs are upregulated;
F, B. X formosa; S, B. stricta; red and green highlights, up or downregulation in B. stricta, respectively;
arrows indicate upregulation or activation; blunt end lines represent downregulation or suppression;
RP, ribosomal protein; UPR, unfolded protein response.
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The early flowering gene EMBRYONIC FLOWER 2 (EMF2) encodes a polycomb repressive
complex member that suppresses flowering [41]. It was downregulated in B. X formosa (Figure 4b),
suggesting that this apomict may exhibit an early flowering phenotype, which is common for apomicts
in nature [4]. Additionally, genes responsible for flower formation were mostly downregulated in
B. x formosa (Figure 4b, red box). Taken together, these results suggest that the earliness of flowering was
favored in apomictic B. X formosa but that several epigenetically regulated programs of reproduction
were only weakly expressed in this taxon.

In apomictic strains of Saccharomyces cerevisiae (brewer’s yeast), heat stress switches apomeiotic
divisions, which normally produce dyads of unreduced spores, to meiotic divisions, which produce
tetrads of reduced spores. However, when mitochondrial transcription in apomictic yeast is interrupted
by erythromycin, the heat-stress switch from apomeiosis to meiosis no longer occurs, i.e., the yeast
remains apomictic. This finding, plus research in other organisms, suggests that meiosis depends
on stress-induced nucleomitochondrial communication [3,42,43]. In the present study, genes for
two nuclear TFs, NAC DOMAIN CONTAINING PROTEIN 17 (ANACO17) and 53 (ANACOS53),
which participate in drought-induced mitochondrial retrograde signaling, were upregulated in sexual
B. stricta (downregulated in the TDG-forming 1st division restitution B. X formosa, Figure 4c). This is
consistent with a mitochondrial role in the initiation and completion of meiosis I, a role that is
downregulated during 1st division restitution apomeioses. ANAC017 normally induces senescence,
suppresses auxin and chloroplast function, reprograms mitochondrial metabolism for lower energy
conditions, and possibly activates SnRK1 [44]. It also upregulates ANACO53, which upregulates
ROS production genes and initiates unfolded protein responses (UPRs) that attenuate proteotoxic
conditions in the ER [45]. MMS ZWEI HOMOLOGUE 2 (MMZ2), which was strongly upregulated in
B. stricta, is upregulated by DNA damage and UPRs, and it normally participates in post replicative
DNA repair. Since these genes were upregulated in sexual B. stricta, their expression is consistent
with the view that meiosis evolved as a DNA repair mechanism [15,46—48] at about the same time that
early eukaryotes were domesticating their oxygen respiring endocytically obtained organelles [46].
The downregulation of meiosis genes and mitochondrial stress response genes in apomictic B. X formosa
(Figure 4c,d) is further evidence that reproductive processes, from flower formation through meiosis,
were only weakly supported at the molecular level in apomictic B. X formosa.

DEGs of two additional signaling related categories, gene silencing and BR signaling, also provide
clues concerning sex apomixis switching (Figure 5). Chromatin remodeling by methylation and
demethylation occurs throughout plant development. In sexual cell lineages, RNA-directed DNA
methylation (RADM) is required to accomplish meiosis-specific gene splicing [49]. RdADM may also
occur in tissues that produce sex cells because it silences potentially harmful transposons [49]. In the
present study, silencing processes by RADM and by polycomb repressive complex activity were
upregulated in the ovules of sexual B. stricta vs. apomictic B. X formosa (Figure 5a—c). This again is
consistent with other upregulated reproductive processes in B. stricta as described above.

ALFIN-LIKE 7 (AL?) is a nuclear-localized H3K4me3 binding protein that directs polycomb
repressive complex (PcG) 1s (PCR1s) to transcriptionally active chromatin where the H3K4me3
expression marks are converted to H2Aub1 repression marks. These are then stabilized by PCR2
H3K27me3 silencing marks [50]. ULTRAPETALA1 (ULT1) is a trithorax factor that functions as an
anti-repressor to counteract PcG silencing at 1000s of loci, including many genes where specific up or
downregulation is required for normal reproductive development [51,52]. The upregulation in B. stricta
of AL7 and ULT1 genes (Figure 5a—) is further evidence that floral development at the molecular level
was strongly supported in sexual B. stricta but weakly supported in apomictic B. X formosa. Overall,
it appears that B. stricta ovules embarked on epigenetic paths of sexual development that apomeiotic
ovules were reluctant to follow.
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Figure 5. Differentially expressed genes (DEGs) observed between diplosporous Boechera X formosa
and sexual Boechera stricta (see Tables S5 and S9) as associated with: (a), gene silencing; (b), polycomb
repressive complex formation, (c¢), RNA directed DNA methylation, and (d), brassinosteroid (BR)
signaling. Superscripts identify taxa in which DEGs are upregulated; F, B. X formosa; S, B. stricta;
red highlights, upregulation in sexual B. stricta; arrows indicate upregulation or activation; blunt end
lines represent downregulation or suppression.

BR interacts with other processes to regulate growth and development as well as abiotic and biotic
stresses [53,54]. The major hub of BR signaling is the kinase BRASSINOSTEROID-INSENSITIVE 2
(BIN2), which phosphorylation inactivates the major BR TFs BRASSINAZOLE-RESISTANT 1 (BZR1)
and BRI1-EMS-SUPPRESSOR 1 (BES1). When BIN2 is inhibited, BZR1, and BES1 are activated,
and this activation upregulates cascades of gene expression involving multiple downstream TFs and ca.
2000 downstream genes [55]. BR is a growth-promoting hormone. Hence, it is generally upregulated
by TOR and downregulated by ABA. Consistent with this pattern, the two BR regulated signaling
genes identified in our B. X formosa vs. B. stricta comparison (Table S9) were upregulated in B. stricta
(Figure 5d): CYCLIN D3;1 (CYCD3) is a cyclin that initiates cell division [56], and BR-ENHANCED
EXPRESSION 1 (BEE1) combines with a blue light photoreceptor, CRYPTOCHROME 2 (CRY2), to initiate
photoperiod induced flowering [57]. Several additional BR associated genes were upregulated in B.
stricta. These included two BR synthesis genes (Figure 5d), which, like TOR (Figure 4a), are upregulated
under favorable conditions: HALF FILLED (CESTA) is a TF that upregulates multiple BR biosynthesis
genes [58], including CONSTITUTIVE PHOTOMORPHOGENIC DWARF (CPD), which is critical for
BR biosynthesis [59]. Additionally upregulated in B. stricta were two BR receptor-associated proteins,
including BRI1-ASSOCIATED RECEPTOR KINASE (BAK1) [54] and SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE KINASE 1 (SERK1) [60]. Both of these proteins enhance BR signal transduction
across membranes by forming protective complexes with the cell surface BR receptor kinase BR
INSENSITIVE 1 (BRI1). One of these, SERK1, also binds EXCESS MICROSPOROCYTES 1 (EMS1) during
reproductive development in processes that convert somatic cells to reproductive cells (microsporocytes)
in anthers [61]. The downregulation of these BR genes in B. X formosa is consistent with other
downregulated reproduction processes in B. X formosa (Figures 4 and 5).

3.3. Molecular Pathways Upregulated in Apomeiotic Taxa

Several BR associated genes were upregulated in B. X formosa (Figure 5d). One of these,
BRASSINOSTEROID-6-OXIDASE 2 (CYP85A2), is a circadian rthythm regulated gene that encodes
an enzyme that catalyzes the last step in BR biosynthesis. When upregulated, CYP85A2 increases
BR but decreases ABA signaling [62]. BRZ-INSENSITIVE-LONG HYPOCOTYLS 4 (BIL4) was also
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upregulated in B. X formosa. It encodes a BRI1-interacting transmembrane protein that is involved in
cell elongation. BIL4 suppresses BRI1 degradation and physically maintains BRI1 close to the plasma
membrane [63]. Two protein phosphatase 2C (PP2C) genes, ABA INSENSITIVE 1 (ABI1) and PROTEIN
PHOSPHATASE 2CA (PP2CA) were also upregulated in B. X formosa. These genes upregulate BZR1
and BES1 by phosphatase inactivating BIN2 (Figure 5d). They are also upregulated by ABA as part
of a feedback inhibition mechanism where (i) stress induces ABA biosynthesis, (ii) ABA inactivates
ABI1 and PP2CA, (iii) ABA signaling upregulates ABI1 and PP2CA biosynthesis, and (iv) additional
accumulation of ABI1 and PP2CA suppresses ABA signaling (Figure 6). These variable findings are
not surprising given the abundant crosstalk that occurs among tissues and cells during hormonal and
environmental signaling [54].
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Figure 6. ABA signaling associated differentially expressed genes (DEGs) observed between
diplosporous Boechera X formosa and sexual Boechera stricta (see Tables S5 and S9). Superscripts
identify taxa in which DEGs are upregulated; F, B. X formosa; S, B. stricta; red and green highlights,
up and down-regulation in B. stricta, respectively; arrows indicate upregulation or activation; blunt
end lines represent downregulation or suppression.

A very different state of cellular homeostasis exists during stress than during favorable conditions.
During stress, ABA-inactivated PP2Cs permit the self-activation by autophosphorylation of SnRK2,3s
as well as BIN2. Activated BIN2 phosphorylation inactivates the growth-enhancing BR TFs but
phosphorylation activates the NAC TF RESPONSIVE TO DESICCATION 26 (RD26), which upregulates
multiple stress response genes [53,64]. RD26 was upregulated 4.2 fold in B. X formosa vs. B. stricta
(Figure 5d, Table S9). Activated SnRK2,3s upregulate ABA specific stress response genes [65] (Figure 6).
These data suggest that apomictic ovules experienced states of cellular homeostasis that were maintained
by enhanced stress perception with feedback suppression of ABA signaling occurring through CYP85A2,
ABI1, and PP2CA [53,62,64,65].

The molecular pathways presented to this point suggest that apomeiosis is caused by carbon
starvation (Figure 4a, low-level TOR activity), ABA (Figure 6), and upregulated drought response genes
(Figure 5d). However, these pathways do not explain how a stress-like state of metabolic homeostasis
induces apomixis, especially when stressed apomicts in many cases revert to sex [15,66]. Recognizing
this paradox, we hypothesized that the stress-like state of metabolic homeostasis observed in ovules
of apomicts is a chronic condition that is maintained by imbalances in wild type gene expression
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that occur as a result of hybridization, polyploidization, or other chromosome aberrations [13,67,68].
We further hypothesized that this chronic stress response state enhances stress tolerance, and it is this
enhanced stress tolerance that simultaneously suppresses sex while inducing apomixis. Accordingly,
we searched our DEGs for candidates that might be responsible for shifting metabolic homeostasis
toward a chronic dual state of stress-response but even stronger stress-attenuation (Figures 6 and 7).
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Figure 7. Reactive oxygen species (ROS) formation and attenuation pathways and associated
differentially expressed genes (DEGs) as observed between diplosporous Boechera X formosa and sexual
Boechera stricta (see Tables S5 and S9). Superscripts identify taxa in which DEGs were upregulated;
F, B. X formosa; S, B. stricta; red and green highlights indicate up and down-regulation in B. stricta,
respectively; arrows indicate upregulation or activation; blunt end lines represent downregulation
or suppression.

We first considered the possibility that the biosynthesis of ABA itself, which is upregulated by
stress [69], might be chronically upregulated in the apomicts. ABA DEFICIENT 2 (ABA2), an ABA
biosynthesis gene, was upregulated in aposporous B. microphylla vs. sexual B. stricta. However,
this gene was also upregulated in B. microphylla vs. B. X formosa (Table S9), which is inconsistent
with ABA synthesis being a major contributor. Furthermore, the ABA and salt stress-induced TF
DIVARICATA 2 (DIV2), which negatively regulates ABA biosynthesis by downregulating ABA1,2 [70],
was upregulated in B. X formosa vs. B. stricta (Table S9). Hence, a chronic stress-like phenotype being
caused by upregulated ABA biosynthesis is unlikely.

Decreased catabolism of ABA is another possibility. Here, a drought-upregulated histone
deacetylase gene, HISTONE DEACETYLASE 9 (HDAY), was upregulated 1.9 fold in B. X formosa vs.
B. stricta (Figure 6). HDA9 forms a complex with ABA INSENSITIVE 4 (ABI4) that downregulates the
major ABA catabolism genes CYTOCHROME P450, FAMILY 707, SUBFAMILY A, POLYPEPTIDE 1,2
(CYP707A1,2) [71]. Moreover, the salt stress-induced PROTEIN WITH THE RING DOMAIN AND
TMEMB_185A 1 (PPRT1) gene [72], a C3HC4 zinc-finger ubiquitin E3 ligase that upregulates the ABA
catabolism genes CYP707A1,3 [73], was downregulated in B. X formosa vs. B. stricta. Hence, the up and
downregulation of HDA9 and PPRT1, respectively, in B. X formosa likely contributed to its stronger
ABA signaling. Hence, from our expression profiles, suppressing ABA catabolism is a reasonable
candidate for upregulating ABA signaling and inducing a homeostatic state of stress attenuation.

Upregulating the biosynthesis of ABA receptor genes is another way in which ABA signaling in
B. X formosa might have been enhanced. Normally, stress-induced ABA feedback inhibits ABA receptor
gene biosynthesis, and this may have occurred for the ABA receptor genes PYRABACTIN RESISTANCE
1-LIKE 5,6 (PYL5,6) (downregulated 67% in B. X formosa vs. B. stricta; PYL5 was also downregulated
67% in B. lignifera and B. microphylla vs. B. stricta; Table S9). However, the downregulation of ABA
receptor genes by feedback mechanisms is suppressed by the ABA-INDUCED TRANSCRIPTION
REPRESSOR 2 gene (AITR?2) [74,75], which was upregulated 2.1-fold in B. X formosa vs. B. stricta.
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Additionally, the C2-DOMAIN ABA-RELATED 9 gene (CAR9), an ABA receptor (Figure 6),
was upregulated 4.3-fold in B. X formosa vs. B. stricta. CAR9 positively regulates ABA signaling by
interacting with ABA and various PYRABACTIN RESISTANCE (PYR) and PYL ABA receptors at
the plasma membrane [76]. Furthermore, the ABA receptor gene GPCR-TYPE G PROTEIN 2 (GTG2),
which encodes a G-protein with nine transmembrane domains [77], was also upregulated 2.1-fold in
B. X formosa vs. B. stricta. Hence, ABA receptor upregulation in B. X formosa likely enhanced ABA
signaling in this apomict.

Downregulating proteins that target ABA receptors for degradation, could also enhance ABA
signaling. Here, the DET1 AND DDB1 ASSOCIATED 1 gene (DDA1), which downregulates ABA
signaling by targeting PYL4,8,9 for degradation [78], was downregulated in all three apomicts (Table S9).
Hence, DDAL1 is a reasonable candidate for shifting metabolic homeostasis toward ABA signaling.
In general, the majority of ABA receptors were, for various reasons, upregulated in apomictic
B. X formosa (Figure 6).

Under favorable conditions, PP2Cs promote growth by promoting BR signaling (Figure 5d,
by inactivating BIN2), promoting TOR activity (Figure 4a, by inactivating SnRK1), and preventing ABA
signaling (Figure 6, by inactivating SnRK2,3s). During stress, ABA synthesis is upregulated, ABA and
ABA receptors bind, and the receptor complexes inactivate PP2Cs, thus suppressing growth. In addition
to downregulating ABA receptors, stress-induced ABA signaling also upregulates PP2C biosynthesis
(Figure 6), thus reducing ABA signaling by feedback inhibition. Hence, the upregulated PP2Cs (ABI1
and PP2CA) in B. X formosa (Table 59) is further evidence of upregulated ABA signaling. Interestingly,
AITR2, which suppresses ABA-induced suppression of ABA receptor gene biosynthesis, also suppresses
ABA-induced upregulation of PP2C biosynthesis [75] (Figure 6). AITR2 was upregulated in B. lignifera
vs. B. stricta 29.5 fold and in B. X formosa vs. B. stricta 2.1 fold (Table S9). Hence, AITR2 is an interesting
candidate gene for upregulating ABA signaling.

Next in ABA signaling are certain SnRK2,3s that phosphorylation activate the major ABA TF ABA
INSENSITIVE 5 (ABI5) and other ABA TFs (Figure 6). During favorable conditions, SnRK2,3s are
inactivated by PP2Cs. Hence, by upregulating the biosynthesis of SnRK2,3s, ABA signaling might
be upregulated simply by overwhelming PP2C suppression. Here, SnRK2.6 is an interesting case.
It was upregulated in the opposite direction, i.e., 3-fold in sexual B. stricta vs. B. X formosa (Table S9).
However, an even greater upregulation of 5nRK2.6 was likely prevented by the EARLY GROWTH
RESPONSE 2 gene EGR2, which also was upregulated in B. stricta (2.4-fold). In warm temperatures,
the EGR2 phosphatase inactivates SnRK2.6. In cold weather, EGR2 is inactivated, and SnRK2.6
upregulates cold stress genes [79]. Furthermore, SnRK2.6 activates SNRK2-SUBSTRATE 1 (SNS1),
which suppresses ABA signaling [80]. Compared to diplosporous B. X formosa, SNS1 was upregulated
5.3, 3.4, and 3.2-fold in the more meiotic B. stricta, B. microphylla, and B. lignifera, respectively (Table S9).
Hence, SnRK upregulation in B. X formosa may have also contributed to a stress-attenuation-based
metabolic homeostasis.

Several SnRK2,3s upregulate stress response genes independently of ABA. SnRK2.7 is activated
by salt and osmotic stress [81], and its synthesis was upregulated in B. X formosa vs. B. stricta 2.5-fold.
The SnRK3.22 gene (PROTEIN KINASE SOS2-LIKE 5, PKS5), which activates ABI5 [82], is also
upregulated by salt stress, and it was upregulated 3-fold in B. X formosa vs. B. stricta. In the absence of
stress, SnRK3.22 inactivates the H* ATPase driven SALT OVERLY SENSITIVE 2 Na*/H™ antiporter
gene (SOS2). During salt stress, this antiporter is activated, by Ca®* signaling, whereupon it exports
Na™* from cells [83].

Other targets for altering ABA signaling are the ABA TFs themselves (Figure 6).
XPO1-INTERACTING WD40 PROTEIN 1 (XIW1) was upregulated in B. X formosa 3.5, 2.8, and 2.1-fold
vs. B. stricta, B. microphylla, and B. lignifera, respectively. It upregulates ABA signaling by stabilizing
ABI5 [84]. ASPARAGINE-RICH PROTEIN (NRP) was upregulated in B. X formosa 3.0, 5.6, and 4.1-fold
vs. B. stricta, B. microphylla, and B. lignifera, respectively. It upregulates ABA signaling by targeting
FLOWER-SPECIFIC, PHYTOCHROME-ASSOCIATED PROTEIN PHOSPHATASE 3 (FyPP3) for
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degradation [85]. FyPP3 decreases ABA signaling by inactivating ABI5. Likewise, ABA INSENSITIVE
RING PROTEIN 2 (AIRP2) was upregulated in B. x formosa 2.2-fold vs. B. stricta. It encodes a cytosolic
RING-type E3 ubiquitin ligase that upregulates ABA signaling, in response to ABA or salt stress,
by targeting ATAIRP2 TARGET PROTEIN 1 (ATP1) for ubiquitination [86]. In the absence of salt
stress, ATP1 decreases ABA signaling by silencing ABI5. Accordingly, enhancing ABI5 stability
represents another means whereby ABA signaling was enhanced in B. X formosa. Other heat, salt,
and osmotic stress induced DEGs that were upregulated in B. X formosa vs. sexual B. stricta included
SHE, HSP70 AT3G12580, HSP AT3G47940, AT1G49670, MYC2, CML9, CALS5, ZAT10, AKR4C8, ADC2,
DOB1, ChlAKR, DREB A-2, HSP70 AT3G09440, FBP7, TPR4, DJC77, ALDA10A9, HMAD1, AT4G29780,
RDUF1, CYS-3A, SRP3, HDAY, SnRK2.7, MPK4, AT4G37530, AT2G37130, AT2G24800, GSTU19, APG6,
EGR3, DJA7, ERDL6, DNAJ, RD21, SAT32, MKK9, NHX1, PCaP1, TYDC, AT2G25940, and GSTF11
(Tables S5 and S9). In most of these cases, it is not known whether ABA alone or other stresses activate
their expression.

Many of the ABA response DEGs (Figure 6) are also upregulated by heat, salt, or osmotic stress
(Table S9), suggesting that hypersensitivity to these conditions may have also contributed to the chronic
stress induction/tolerance homeostasis observed in B. X formosa. Many of these were late embryogenesis
abundant (LEA) genes, the proteins of which protect cells and proteins from the deleterious effects
of ROS, drought, and freezing [87]. Others included: DELTA 1-PYRROLINE-5-CARBOXYLATE
SYNTHASE 2 (P5CS2), upregulated 9.9, 17.1 and 6.6-fold in B. X formosa vs. B. stricta, B. microphylla
and B. lignifera, respectively; FRUCTOSE-BISPHOSPHATE ALDOLASE 2 (FBA2) [88], upregulated 8.8,
8.8 and 7.3-fold in B. X formosa vs. B. stricta, B. microphylla and B. lignifera, respectively; RAB GTPASE
HOMOLOG B18 (RAB18), upregulated 4.7-fold in B. X formosa vs. B. stricta, B. microphylla and B. lignifera,
which is a dehydrin that interacts with aquaporins in responses to drought stress [89]; RESPONSIVE
TO DESICCATION 22 (RD22) [90], a NAC TF upregulated in B. X formosa 11.9, 9.4 and 6.3-fold vs.
B. stricta, B. microphylla and B. lignifera, respectively; RD26 [64], a NAC TF upregulated 4.2-fold in
B. x formosa vs. B. stricta, which upregulates drought response genes; GLUTATHIONE-DISULFIDE
REDUCTASE (GR1), upregulated 1.9-fold in B. X formosa vs. B. stricta, which is a major peroxisomal
glutathione reductase that functions in the H,O, detoxification ascorbate glutathione pathway [91];
and the protein-serine/threonine phosphatase gene AP2C1, upregulated 12.1 and 6.1-fold in B. X formosa
vs. B. stricta and B. lignifera, respectively. AP2C1 modulates K* homeostasis by dephosphorylation
inactivating CBL-INTERACTING PROTEIN KINASE 9 (CIPK9), which normally enhances K* ion
uptake through K* channels, particularly under low K* conditions [92]. It also moderates responses
to pathogens by dephosphorylation inactivating MAP KINASE 4,6 (MPK4,6) in the cytoplasm and
nucleus. These MAPKs affect the expression of hundreds of genes by modifying the activity of 88 TFs
from 21 TF families [93].

ABA signaling upregulates ROS synthesis, ROS signaling, and large suites of peroxisomal and
other antioxidant network genes [91,94]. The first step in ROS signaling is an upregulation of ROS
biosynthesis by peroxidases or RBOHs. Five ROS biosynthesis genes were highly upregulated in the
TDG forming B. X formosa. PEROXIDASE CA (PRXCA) (Figure 7) encodes a cell wall peroxidase
that produces H,O, in the apoplast [95]. It was upregulated in B. X formosa 11.4, 10.0, and 8.5-fold
vs. the meiosis exhibiting B. stricta, B. microphylla, and B. lignifera, respectively (Table S9). NEET is a
ROS homeostasis regulator that was upregulated in B. X formosa 7.8, 4.9, and 10.7-fold vs. B. stricta,
B. microphylla, and B. lignifera. AT-NEET (NEET) encodes a protein that regulates Fe and ROS
homeostasis by controlling the biogenesis of Fe-S clusters that function in electron transport. In the
absence of NEET, excess Fe-S clusters form and react with oxygen to produce ROS [96]. PROLINE-RICH
RECEPTOR-LIKE PROTEIN KINASE 4 (PERK4) enhances ROS accumulation by enabling ABA-induced
expression of RBOH genes, including RBOHC [97]. PERK4 was upregulated in B. X formosa 6.7, 5.6,
and 6.5-fold vs. B. stricta, B. microphylla, and B. lignifera. RBOHD produces superoxide in response to
heat and wounding and its gene was upregulated in B. X formosa 2.9, 5.1, and 8.2-fold vs. B. stricta,
B. microphylla, and B. lignifera. Both RBOHD and RBOHF are upregulated by ABA, and their expression,
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through ROS signaling, is critical to cell survival under ER stress [98]. RBOHF was upregulated in
B. x formosa 2.9, 4.2, and 3.5-fold vs. B. stricta, B. microphylla, and B. lignifera.

Conversion of superoxides to H,O, by superoxide dismutases (SODs) is the next step in ROS
signaling. Five genes responsible for this conversion were upregulated in B. X formosa. ACONITASE
2,3 (ACO2,3) upregulate SUPEROXIDE DISMUTASE 2 (SOD?2) (Figure 7). ACO2 was upregulated 3.1,
4.1, and 5.0-fold in B. X formosa vs. B. stricta, B. microphylla, and B. lignifera, respectively, and ACO3
was upregulated 2.5-fold in B. X formosa vs. B. stricta (Table S9). SOD1 is a cytosolic copper/zinc
SOD. Under favorable conditions, its transcripts are cleaved by miR398, which decreases SOD1 levels.
Under stress conditions, miR398 expression is suppressed, and SOD1 levels increase [99]. SOD1 was
upregulated 3.2-fold in B. X formosa vs. B. lignifera and 2.9-fold in B. microphylla vs. B. lignifera. SOD2 is
a chloroplastic copper/zinc SOD. Its transcripts are also cleaved by miR398 under favorable conditions.
Under stress conditions, miR398 expression is suppressed, and SOD2 levels increase [99,100]. SOD2 was
upregulated 1.8-fold in B. X formosa vs. B. microphylla, 2.8-fold in B. X formosa vs. B. lignifera, and 2.0-fold
in B. microphylla vs. B. lignifera. FE SUPEROXIDE DISMUTASE 1 (FSD1) is a salt stress-induced
chloroplastic SOD and is also an osmoprotectant [101]. It was upregulated 5.6-fold in B. X formosa vs.
B. stricta, 12.2-fold in B. X formosa vs. B. microphylla, and 5.8-fold in B. lignifera vs. B. microphylla.

Several other DEGs increase H,O, levels in cells. PLASMA MEMBRANE INTRINSIC PROTEIN
2A (PIP2A) is a water and H,O, transmembrane aquaporin that is downregulated by salt stress.
Apoplastic RBOHF-generated ROS cause PIP2A clustering, and subsequent endocytosis of the PIP2A
clusters appears to regulate ROS levels [102]. PIP2A transcripts were upregulated 2.8-fold in B. X formosa
vs. B. stricta and 5.3-fold in B. X formosa vs. B. lignifera (Table S9). GIBBERELLIC ACID INSENSITIVE
(GAI) is a transcriptional regulator that interacts with TFs. It is upregulated by ABA, ethylene, and salt
stress and increases drought tolerance by restraining cell proliferation and expansion. It possibly
increases HyO, levels by upregulating SODs [103]. GAI was upregulated 2.4-fold in B. X formosa vs.
B. stricta and 2.2-fold in B. X formosa vs. B. lignifera.

Several H,O, attenuation processes were upregulated in B. X formosa. The most prominent of
these, based on numbers of DEGs, was the classic glutathione ascorbate H,O, attenuation cycle. Here,
VITAMIN C DEFECTIVE 1 (VTC1), which encodes an essential enzyme in ascorbate biosynthesis,
the levels of which are correlated with ascorbate levels [104], was upregulated 2.1, 4.5, and 2.1-fold
in B. X formosa vs. B. stricta, B. microphylla and B. lignifera, respectively (Table S9). MYO-INOSITOL
OXYGENASE 2 (MIOX) also functions in ascorbate biosynthesis [105]. MIOX was upregulated 4.7, 3.7,
and 3.3-fold in B. x formosa vs. B. stricta, B. microphylla, and B. lignifera, respectively. ALTERNATIVE
OXIDASE 1A (AOX1a) is an ascorbate peroxidase that is highly suppressed at the transcriptional and
post-transcriptional levels under favorable growing conditions. During stress, AOX1a is upregulated by
multiple stress-related TFs including SnRK1 [106]. It was upregulated 1.7 and 2.1-fold in B. X formosa vs.
B. stricta and B. lignifera. MONODEHYDROASCORBATE REDUCTASE 1 (MDAR1) is a peroxisomal
monodehydroascorbate reductase that functions in the ascorbate-glutathione cycle. MDARI was
upregulated 6.2 and 2.6-fold in B. X formosa vs. B. stricta and B. lignifera. ASCORBATE PEROXIDASE
6 (APX6) is a major cytosolic ascorbate peroxidase [107]. APX6 was upregulated 3.9 and 1.9-fold
in B. X formosa vs. B. stricta and B. microphylla. It was also upregulated 2.1-fold in B. microphylla vs.
B. stricta and 2.0-fold in B. lignifera vs. B. microphylla. GLUTAMATE-CYSTEINE LIGASE (GSH1)
catalyzes the rate-limiting step in glutathione biosynthesis. GSH1 was upregulated 2.0 and 4.3-fold in
B. x formosa vs. B. stricta and B. lignifera. GLUTATHIONE REDUCTASE (GR) is a plastid glutathione
reductase that maintains a highly reduced glutathione pool that balances ROS and enables the
redox buffering required to maintain efficient photosynthesis [108]. GR was upregulated 2.9, 7.7,
and 7.3-fold in B. X formosa vs. B. stricta, B. microphylla, and B. lignifera, respectively. It was also
upregulated 2.9-fold in B. stricta vs. B. microphylla. GLUTATHIONE-DISULFIDE REDUCTASE (GR1)
is a glutathione reductase that is upregulated by drought, dehydration, and ABA and is a major
peroxisomal glutathione reductase in the glutathione ascorbate cycle [91]. GR1 was upregulated in
B. x formosa 1.9-fold vs. B. stricta. Five glutathione transferases that are involved in ROS attenuation
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were also upregulated. GLUTATHIONE S-TRANSFERASE U23 (GSTU23) detoxifies ROS under high
oxidative stress conditions [109]. GSTU23 was upregulated 3.8, 4.0, and 3.9-fold in B. X formosa vs.
B. stricta, B. microphylla, and B. lignifera, respectively. GLUTATHIONE S-TRANSFERASE F11 (GSTF11)
was upregulated 7.7, 12.3, and 20.9-fold in B. X formosa vs. B. stricta, B. microphylla, and B. lignifera,
respectively. GSTF11 was also upregulated 3.3-fold in B. stricta vs. B. lignifera. GSTF8 reduces
oxidative damage by binding to heavy metals. GSTF8 was upregulated 2.0 and 2.5-fold in B. X formosa
vs. B. stricta and B. microphylla, respectively. GSTU19 is plant-specific and is upregulated by salt,
drought, and oxidative stress. Its protein functions redundantly with other GSTs to maintain redox
homeostasis [110]. It was upregulated 1.7-fold in B. X formosa vs. B. stricta. GSTU20 is required for
plant responses to far-red light [111]. GSTUZ20 is upregulated by stress and was upregulated 10.6 and
3.2-fold in B. X formosa vs. B. stricta and B. lignifera, respectively. It was also upregulated 5.9-fold in
B. microphylla vs. B. stricta and 3.6-fold in B. lignifera vs. B. stricta.

Several other classes of ROS attenuation genes were upregulated in B. X formosa, including
catalases, peroxidases, and thioredoxins. CATALASE 1 (CAT1) catalyzes the reduction of HyO,. CAT1
is upregulated by ROS and was upregulated 3.1-fold in B. X formosa vs. B. stricta (Table S9). CAT3 also
catalyzes the reduction of H,O, but also catalyzes the transnitrosylation of REPRESSOR OF GSNOR1
(GSNOR1) to activate H,O, reduction in the presence of NO [112]. CAT3 was upregulated 3.2 and
4.4-fold in B. X formosa vs. B. stricta and B. lignifera, respectively. Three peroxidases, AT5G47000,
AT2G24800, AT2G37130, which are upregulated in response to oxidative stress, were upregulated
3.0, 2.1, and 1.9-fold in B. X formosa vs. B. stricta, respectively. The former was also upregulated
2.6-fold in B. X formosa vs. B. microphylla and B. lignifera. The respiratory burst oxidase homolog
(RBOH) NADPH-DEPENDENT THIOREDOXIN REDUCTASE A (NTRA) is a major cytosolic isoform
of NADPH-dependent thioredoxin reductases. It redundantly regulates enzymes involved in
photorespiration, ATP synthesis, stress-related reactions, redox homeostasis processes, and TCA
cycle enzymes [113]. NTRA was upregulated 1.9-fold in B. X formosa vs. B. stricta. CHLOROPLASTIC
DROUGHT-INDUCED STRESS PROTEIN OF 32 KD (CDSP32), thioredoxin upregulated by oxidative
stress and drought, participates in maintaining cell redox homeostasis. CDSP32 was upregulated 1.8
and 2.2-fold in B. X formosa vs. B. stricta and B. lignifera, respectively. AT2G37240, thioredoxin that
participates in maintaining cell redox homeostasis, was upregulated 1.9 and 1.6-fold in B. X formosa vs.
B. stricta and B. lignifera, respectively. QUIESCIN-SULFHYDRYL OXIDASE 2 (QSOX2) is a thioredoxin
involved in protein folding and in maintaining cell redox homeostasis. QSOX2 was upregulated
1.8-fold in B. X formosa vs. B. stricta.

Three additional classes of ROS attenuation genes were upregulated in B. X formosa.
THIOREDOXIN H-TYPE 7 (TH?) functions as a redox sensor/transmitter in the ER where it participates
in protein folding and transport of NADPH to peroxisomes [114]. TH7 was upregulated 5.0, 4.5,
and 4.9-fold in B. X formosa vs. B. stricta, B. microphylla, and B. lignifera, respectively (Table S9).
H(+)-ATPase 1,4 (HA1,4) are plasma membrane proton ATPases that acidify the apoplast while
increasing cytosolic pH and decreasing ROS levels [115]. HA1 and HA4 were upregulated 3.7 and
2.4-fold in B. X formosa vs. B. stricta, respectively. ABC2 HOMOLOG 13 (ABC1K8) is a chloroplast
localized protein kinase that is upregulated by heavy metals and mediates iron distribution and lipid
membrane changes during oxidative stress [116]. It was upregulated 2-fold in B. X formosa vs. B. stricta.

3.4. Metabolically Induced Switching from Apomeiosis to Meiosis

We hypothesized above that apomicts express chronic stress responses coupled with chronic,
overcompensating stress attenuation mechanisms that suppress meiosis and induce apomeiosis. If this
is correct, meiosis should be inducible in apomicts by applying stresses that exceed the apomict’s
stress attenuation capabilities. In 1951, Bocher [117] reported shifts from 1st division restitutions in
microsporocytes of apomictic Boechera, which produced unreduced pollen, to complete meioses in weak
plants that flowered sporadically late in the season. He noted that the processes that produce unreduced
male and female spores, 1st division restitution, occurred in anthers and ovules. He also suggested that
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stress had induced the observed shifts from apomeiosis to meiosis, late in the season, and he speculated
that stress might affect ovules in the same way. We viewed Bocher’s speculations as an opportunity to
gain further insights into these processes of sex/apomixis switching in facultative apomicts. Accordingly,
we exposed randomly selected groups of Boechera plants to three growth conditions: well-watered,
droughted, and droughted plus heat. Taxa studied were sexual B. stricta, facultative TDG forming
B. lignifera, triploid, and highly TDG forming B. cf. gunnisoniana, HAG forming B. microphylla from
Millard County Utah (meiotic and aposporous, but not diplosporous), and facultative TDG forming
B. exilis X retrofracta [16]. The combination of drought and heat increased meiosis frequencies (tetrad
formation) from 15 to 75% in B. lignifera and from 2 to 77% in B. cf. gunnisoniana (Figure 8a). Since most
dyads in these droughted and heat-stressed plants (23 to 25% of ovules, Figure 8a) were possibly
produced by meiosis, actual frequencies of sexual meioses in these stressed TDG-forming apomicts
may have been closer to 90%. Drought alone in TDG forming B. lignifera and B. cf. gunnisoniana was
less effective in switching apomeiosis to meiosis (Figure 8a). Disturbed meioses that produced pentads
and hexads of imbalanced megaspores also occurred among the stress-induced meioses of triploid
B. cf. gunnisoniana (Figure 8c,d). Likewise, Bocher also observed microspore pentads and hexads in the
anthers of late-flowering Boechera triploids [117].

Due to lethality, data were not obtained for the double stressed (drought and heat) B. stricta,
B. exilis X retrofracta, and B. microphylla. Drought alone had minor effects on the reproductive mode
in sexual B. stricta and facultative B. exilis X retrofracta. The sexual dyad stage of meiosis is brief and
difficult to catch cytologically. Accordingly, it is possible that drought accelerated the dyad stage
(e.g., more rapid onset of My) such that fewer dyads were observed in ovules of B. stricta (Figure 8a).
Drought also shifted frequencies of gametophyte formation from aposporous to sexual in the Millard
County B. microphylla (Figure 8b). Figure 8e—g provides examples of sexual tetrads, diplosporous
dyads, and early onset stages of aposporous gametophyte formation as observed in this experiment.

Our greenhouse experiment exposed plants to chronic drought or drought plus heat for the
10-40 days required for flowering to occur following vernalization. Accordingly, we asked whether
long-term chronic stress is required to switch apomeiosis to meiosis or whether this switch might
occur rapidly, i.e., following acute stresses applied to pistils within days or even hours of apomeiosis.
To answer this question, we developed a simple MS-based [26] pistil culture protocol that supported
ovule development in cultured pistils from the late pre-MMC stage (1-1) through the enlarging MMC
(2-II), mature MMC (2-III), meiosis (2-1V), late meiosis to functional megaspore (2-V), and early
vacuolate multinucleate embryo sac (3-1II) stages. Ovules of pistils cultured on basal medium (without
pharmacological additives) progressed through these developmental stages within 48-72 h of culture
initiation. However, development beyond the early gametophyte stage was irregular, in controls and
treatments, which prevented us from evaluating in vitro the effects of metabolic modifications on later
stages of gametophyte development and seed formation.

The TDG forming triploid B. cf. gunnisoniana responded strongly to chronic drought (Figure 8a).
Hence, we chose it for acute drought experiments that involved culturing 1.5-1.9 mm long pistils,
each containing 40-50 ovules at the early to late MMC stage, on low water potential media (Figure 9a).
Even on control media (—0.50 MPa), frequencies of meiotic tetrads were elevated above the 2-3%
background level. Apparently, excising and culturing these young desiccation sensitive pistils was
itself stressful enough to switch apomeiosis to meiosis in some ovules, presumably by overwhelming
stress attenuation processes in ovules of the cultured pistils. Meiotic tetrad frequencies were highest
(~50%) in the —0.56 MPa treatment, and the highest tetrad frequencies occurred in pistils that contained
late MMC staged ovules at the time of culture initiation. Hence, the duration of drought exposure may
be less important than drought exposure occurring at the late MMC stage when meiosis or apomeiosis
fates are determined. Ovules with less mature MMCs at the time of culture initiation possibly had more
time in culture to restore metabolic homeostasis. Importantly, this experiment revealed that extended
periods of stress are not required to reprogram genomes for meiosis. Instead, this reprogramming
occurred within hours of stress induction.
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Figure 8. Effects of no stress (C), drought (D) and drought plus heat (DH) on (a) percentages of meiotic
or apomeiotic dyads and meiotic tetrads in sexual Boechera stricta (BS), facultatively diplosporous
Boechera lignifera (BL), triploid and nearly obligately diplosporous Boechera cf. gunnisoniana (BxG),
and facultatively diplosporous Boechera exilis X retrofracta (BXE); (b) percentages of aposporous (AG)
and sexual (SG) gametophyte formation in aposporous Boechera microphylla (BM); (c,d) meiotic hexad
and pentad of megaspores from stress-induced meioses in triploid diplosporous B. cf. gunnisoniana;
(e) meiotic tetrad of megaspores from sexual B. stricta; (f) diplosporous dyad from diplosporous
B. lignifera; (g) degenerating tetrad (between black arrows) of Millard County B. microphylla with early
vacuolate, 1-2 nucleate aposporous gametophytes on each side (red arrows). Numbers of ovules
examined in (a) and (b) that contained scorable dyads, tetrads, SGs, and AGs per treatment are indicated
at the right of the colored bars; cytology bars, 20 um. Chi-square p values: **, *** are 0.01, 0.001; NS,
not significant.

Comparisons of the more apomeiotic vs. the more meiotic taxa revealed reduced molecular
support for translation in ovules of apomicts (Figure 2b,f,j and Figure 4a). Moreover, these ovules
were more metabolically active, were responding to ABA, and were more actively attenuating stress
(Figures 6 and 7). Hence, it appears that our chronic and acute drought stresses overwhelmed the
stress attenuation capabilities of these apomicts and switched apomeiosis to meiosis. We next asked
whether severe carbon starvation, which generates oxidative stress and terminates translation [118],
might also increase apomeiosis to meiosis conversions. To address this question, we cultured pistils
of B. cf. gunnisoniana (containing early to late-stage MMCs) on basal medium either with or without
sucrose. Again, younger pistils on the control medium (with sucrose) produced fewer tetrads than
more mature pistils (Figure 9b, compare 2-III to 2-IV results). Presumably, this occurred because cells of
the younger 2-III staged pistils had more time to adjust their stress shocked metabolism to pre-excision
levels prior to reaching the point of stress tolerance that defines facultativeness (apomeiosis/meiosis
switching) in apomicts. In the no sucrose treatment, TDG (1st division restitution dyad) frequencies
decreased by ca. 50%. This was matched by corresponding increases in meiotic tetrads, but it was
also matched by HAG formation onset (Figure 9g). Frequencies of both phenomena approached 50%
in ovules of the more mature pistils (Figure 9b). Hence, under severe carbon starvation, apomeiosis
switched to meiosis, but the meioses in these ovules were often accompanied by HAG formation
(apospory) with little or no net decrease in apomixis. We next tested whether oxidative stress
(exogenously applying H,O,) would induce apomeiosis to meiosis conversions as well as diplospory
to apospory conversions, i.e., switching nucellar cell programmed cell death (the norm) to HAG
formation. For this experiment, we used pistils (with ovules at the MMC stage) from three apomicts,
the facultative TDG forming B. lignifera (1.0-1.4 mm long pistils), the nearly obligate TDG forming
B. cf. gunnisoniana (1.5-1.9 mm long pistils), and the facultative TDG forming B. retrofracta X stricta
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(1.6-2.1 mm long pistils). Pistils were excised and soaked for 5 min in HyO, solutions prior to
culture (Figure 9c). These HyO, pretreatments induced up to 60% apomeiosis to meiosis conversions.
However, all megaspores from many of the induced meiotic tetrads degenerated, and in many cases,
this degeneration was accompanied by HAG formation (Figure 9h-i). These conversions were again
most prominent in ovules of more mature pistils, suggesting that younger ovules had more time (ca.
12-24 h) to detoxify the exogenously added H,O, before committing themselves to very different
developmental paths.
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Figure 9. Effects of pharmacological treatments and pistil maturity on conversion from Taraxacum-type
gametophyte formation (TDG) to (i) meiosis, (ii) Hieracium-type gametophyte formation (HAG),
and (iii) Antennaria-type gametophyte formation (ADG): (a) drought (media water potential); (b) energy
starvation; (c) reactive oxygen species stress (HyO;); (d) abscisic acid (ABA); (e) brassinazole (BRZ,
brassinosteroid synthesis inhibitor); (f) 5-azacytidine (DNA methylation inhibitor); (g) sucrose starved
Boechera cf. gunnisoniana ovule with a Taraxacum-type diplosporous dyad (black arrows) and three
1 nucleate vacuolate HAGs (red arrows; v, vacuoles); (h-i) H,O, induced conversions from TDG
formation to meiosis, but with all four megaspores degenerating (between black arrows), and from
programmed cell death of nucellar cells to apospory (n, nuclei); (j k) ABA induced conversions from
TDGs to ADGs. Numbers of informative ovules per treatment (average, range): (a), 222, 103-289; (b), 81,
22-164; (c), Boechera lignifera (70, 29-168), B. cf. gunnisoniana (217, 78-465), Boechera retrofracta X stricta
(77, 6-138); (d), 183, 160-201; (e), 102, 84-119; (f), 382, 178-487. Pooled chi-squares were significant
(p < 0.001). 1-1, late pre-MMC; 2-II, enlarging MMC; 2-1II, mature MMC; 2-1V, meiosis; cytology bars,
20 um.
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The experiments reported so far illustrate the importance of plants maintaining highly stable states
of metabolic homeostasis that restrict reproduction to a single sexual or apomictic type, and they suggest
that apomixis occurs when oxidative stress is overly attenuated (Figure 7). Continuing with this theme,
we asked whether upregulating stress attenuation by increasing ABA signaling (Figures 6 and 7) might
prevent meiotic prophase and shift TDG formation to ADG formation in B. cf. gunnisoniana (Figure 9d).
Such treatments induced ADG formation in 25-35% of ovules (gametophyte formation directly from
MMCs; Figure 9j—k). These findings place oxidative stress and oxidative stress attenuation at the center
of reproductive decisions in Boechera, with strong and moderate stress attenuation causing ADG and
TDG formation and oxidative stress causing nucellar cell destabilization followed by HAG formation.

Our expression profiling studies suggested that ABA signaling in the TDG forming B. X formosa
reduces BR signaling at BIN2 (Figure 5d). To further evaluate this, we cultured TDG forming
B. cf. gunnisoniana pistils, with ovules at the MMC stage, on media containing the BR biosynthesis
inhibitor brassinazole (BRZ). This more thorough reduction in BR signaling increased frequencies
of meiosis and apospory (Figure 9e), possibly by further suppressing mechanisms of oxidative
stress attenuation.

Meiosis is a cell-lineage-specific process that requires a meiosis-specific transcriptome that includes
meiosis-specific de novo RNA-directed DNA methylation (RADM) [49]. Here, we asked whether
disrupting RdDM using 5-azaC, a methyltransferase inhibitor that reduces DNA methylation [119],
might prevent meiotic prophase in TDG forming B. cf. gunnisoniana but still permit gametophyte
formation directly from MMCs (ADG formation). Though not as efficient as ABA, 5-azaC induced
ADG formation at frequencies that were correlated with 5-azaC concentrations (Figure 9f). That both
ABA and 5-azaC induce ADG formation (Figure 9d,£,j-k) is consistent with ABA-induced oxidative
stress attenuation silencing meiosis-specific RdADM in germline cells (Figures 4-7).

3.5. Metabolically Induced Switching from Meiosis to Apomeiosis

We demonstrated above that the apomicts studied herein chronically express stress attenuation
mechanisms, but when these mechanisms are overwhelmed, apomeiosis reverts to meiosis. Here,
we show that the reverse also occurs, i.e., when stress attenuation mechanisms are enhanced in
sexual plants, meiosis reverts to apomeiosis. For these experiments, we chose four sexual diploid
species: A. thaliana, B. stricta, and B. exilis of the Brassicaceae family and V. unguiculata of the Fabaceae
family. Pistils containing MMC staged ovules were used. Pistil lengths were 0.5-1.2,1.3-1.9, 1.5-2.3,
and 1.5-1.9 mm, respectively. Dioecious A. dioica (Asteraceae) was used to study microsporogenesis.

Treatments applied to excised A. thaliana pistils included a 60 min pretreatment emersion. In the
controls (Figure 10a), percentages of tetrads to dyads were as expected. However, 17% of control
ovules (presoaked for 60 min) contained vacuolate HAGs. This response may have been caused by
anoxia induced ROS (e.g., Figure 9¢c). To test this, we pre-soaked sets of pistils for 7 min in water or
100 mmol L~! H,O, and then cultured them on basal medium or medium amended with 1.0 pumol L~}
epiBL. Water alone did not induce HAG formation, but such formation did occur in 12-15% of ovules
pretreated with H,O, (Figure 10b). Diplospory was absent in these treatments. Hence, exogenous
H,0O, may have reinforced meiosis while destabilizing nucellar cells and either inducing or allowing
aposporous development. The TF BZR1, which is activated by endogenous H,O, [120], may have also
been involved. These experiments indicate that nucellar cells in ovules of diplosporous and sexual
plants respond similarly to H,O, treatments in terms of inducing apospory.

To determine whether apomeiosis is inducible by reducing oxidative stress, we excised early MMC
staged A. thaliana pistils, soaked them in the antioxidant (S)-2-aminobutane-1,4-dithiol hydrochloride
(DTBA) for 60 min, and cultured them on DTBA containing medium for 4 days. In 15 of 41 scored
ovules, a first division meiotic restitution occurred, which produced a dyad of megaspores (Figure 10a).
The micropylar dyad member in some of these was degenerating and the chalazal dyad member was
becoming vacuolate and undergoing endomitosis to form a multinucleate gametophyte (Figure 10c,d).
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An additional 7 of 41 scored ovules completed meiosis, but all four megaspores in these ovules were
degenerating and being replaced by HAGs (Figure 10e—f).

a == Tetrads —= HAG b
100 === Dyads ===m ADG
~ & TDG 18] HAG
S P
8 s0 60 flos o |8 8
O 25 O 4
44 131 f19
C/C 50 5/5 BB 0/0 C/C P/C P/B
Treatment Treatment

Figure 10. Taraxacum (TDG), Antennaria (ADG), and Hieracium (HAG) types of gametophyte
formation induced in cultured Arabidopsis thaliana pistils: (a) percentages of ovules that produced sexual
tetrads, sexual or TDG dyads or TDGs, HAGs and ADGs by treatment; (b) percentages of ovules that
produced HAGs by treatment; (c—d) 1 and 2-nucleate TDGs induced by DTBA; (e—f) 1 and 2-nucleate
HAGs induced by DTBA; (g-h) 1 and 2 nucleate ADGs induced by 5-azaC. 5, 5-azaC; B, brassinolide
(BR); C, control; O, other (B or DTBA); P, 7 min H,O, pretreatment. Numbers of informative ovules
analyzed appear next to treatment bars in (a) and (b) (values are sums of four and two replicates,
respectively). Pooled chi-squares were significant (p < 0.001). v, vacuole; cytology bars, 20 pum.

We also asked whether BR alone would induce apomeiosis. In 24 of 50 ovules, BR induced a 1st
division restitution and subsequent TDG formation. Low-level HAG formation (8%) also occurred.
Adding an H,O, pretreatment to BR-treated pistils prevented TDG formation possibly by reinforced
meiosis (Figure 10b). Nevertheless, the combination of BR and H,O, supported post-meiotic abortion
coupled with HAG formation. We next tested whether 5-azaC would terminate meiosis and induce
ADG formation in A. thaliana as it had done in B. cf. gunnisoniana (Figure 9d,j, k). Here, we soaked
pre-MMC staged A. thaliana pistils in 5-azaC for 60 min and cultured them on control or 5-azaC medium.
In 5-azaC treated pistils, 14 of 106 appropriately staged ovules were forming ADGs (Fi