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Abstract This review provides a synopsis of apogamous reproduction in ferns and highlights important progress
made in recent studies of fern apomixis. First, a summary of the apomictic fern life cycle is provided, distinguishing
between two pathways to diploid spore production that have been documented in apomictic ferns (premeiotic
endomitosis and meiotic first division restitution) and briefly discussing the evolutionary implications of each. Next,
recent trends in fern apomixis research are discussed, exposing a shift in focus from the observation and
characterization of apomixis in ferns to more integrated studies of the evolutionary and ecological implications of
this reproductive mode. Peer-reviewed contributions from the past decade are then summarized, spanning the
identification of new apomictic lineages through to the developmental, phylogenetic, and population genetic
insights that have been made in studies of fern apomixis during that time. Gaps in our understanding are also
discussed, including the extent and implications of recombinant apomixis in ferns, the possible reversibility of
reproductive mode (from apomictic to sexual) in ferns, and the genomic causes and consequences of apomixis in
seed free vascular plants. To conclude, future directions for fern apomixis research are proposed in the context of
modern technological advances and recent insights from studies of apomixis in other groups.
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“. . .apomixis is an escape from sterility, but it is an escape
into a blind alley of evolution. . .”

— Darlington, 1939

A renaissance is underway in fern biology, propelled, in
part, by technological advances being embraced by a
growing research community. In particular, modern, cost-
effective tools are enabling new inquiries into the unique
fern life cycle, which alternates between independent, free-
living sporophyte and gametophyte generations (Haufler
et al., 2016). Among the many aspects of fern reproduction
that are being examined in light of new approaches—and
an improved understanding of fern evolution as a whole—is
their propensity for apogamous reproduction (i.e., apo-
mixis). This form of asexual reproduction (by spore or seed)
is more common in ferns than in any other group of
vascular plants. Nearly 10% of the ferns for which
reproductive mode has been determined exhibit apomixis
(Walker, 1985; Liu et al., 2012), compared to less than 1% in
flowering plants (Bicknell & Koltunow, 2004; Becks & Alavi,
2015). Given that data on reproductive mode are lacking for
the vast majority of ferns, this relative contribution of
apomicts to fern diversity may well be an underestimate
(Liu et al., 2012). The elevated frequency and distinctive
meiotic characteristics of apomixis in ferns, which are
elaborated upon below, suggest that this form of asexuality
may play a more dynamic role in fern evolution than
previously considered.

Since its discovery in ferns by Farlow (1874), major advances
have been made in the study of apomixis in ferns, providing a
strong foundation for contemporary investigations (e.g.,
D€opp, 1932; Manton, 1950; Mehra & Singh, 1957; Braithwaite,
1964; Klekowski, 1973; Walker, 1985). And while the long-term
evolutionary implications of this reproductive strategy in ferns
are just beginning to be considered from an experimental and/
or theoretical perspective, increasing scientific contributions
offer cause for optimism. This review, in recognition of the
Next Generation Pteridology Symposium (Washington, DC,
2015), reflects on recent progress made in the study of fern
apomixis. It highlights broad trends in the field, revealing an
underlying shift in research focus from studies identifying and
characterizing apomixis in ferns to those increasingly
centered on the ecological and evolutionary implications of
apogamous reproduction in the group. This progression is,
however, ongoing and many significant gaps remain in our
understanding of apomixis in ferns, especially compared to
recent advances in related groups.

Here, I review essential aspects of apomixis in ferns. I begin
by discussing key features of the apomictic fern life cycle. I
then summarize important contributions since the last
meeting of the international pteridological community,
more than a decade ago (International Pteridophyte Sympo-
sium, Edinburgh, UK, 2004); these span pteridological topics
from growth and development, to reticulate evolution, and
the long-term implications of apomixis in ferns. Finally, I touch
on notable gaps in our understanding of this reproductive
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approach in ferns, pointing to recent progress in apomixis
researchwithin angiosperms.With these gaps inmind, I briefly
address new tools and techniques that may be useful for
further exploration of fern apomixis and suggest directions
for future study.

What Is Apomixis in Ferns?
Most broadly defined as, simply, asexual reproduction (i.e.,
“apo”¼without, “mixis”¼mixing/sex), apomixis encom-
passes both vegetative reproduction and asexual reproduc-
tion through the alternation of generations (including
apospory, apogamy, and parthenogenesis). Here, I focus
exclusively on apogamous alternation between sporophyte
and gametophyte generations (Fig. 1A). In ferns, this involves
two distinct modifications to the typical, sexual life cycle: the
production of unreduced diplospores via meiosis (diplospory),
and the apogamous development of a new sporophyte from
somatic gametophyte tissue without the fusion of sperm and
egg (apogamy; Fig. 1A). First, sporogenesis takes place within
the fern sporangium, where spores are generated through
meiosis. In sexual lineages, meiosis produces haploid cells
(spores), each of which contains half the parental number of
chromosomes. Apomictic ferns, by contrast, follow one of
two alternative spore-generating pathways to yield chro-
mosomally unreduced diplospores: either premeiotic endomi-
tosis (PE; also referred to as D€opp-Manton sporogenesis; Steil,
1919; D€opp, 1932;Manton, 1950; Fig. 1B) ormeiotic first division
restitution (MFDR; also known as Braithwaite sporogenesis;
Braithwaite, 1964; Walker, 1985; Fig. 1B). These diplospores,
each having (or exceeding) one full chromosome comple-
ment, then germinate. The resulting prothallia are capable of
generating new sporophytes from somatic cells, which are

usually located near the apical notch. Occasionally archegonia
are observed, but they are typically abortive. Diploid (or
polyploid) gametophytes have been known to make func-
tional antheridia, but the viability of sperm contained therein
is largely dependent upon the pathway to diplospory
undertaken in the parent plant (i.e., PE or MFDR; the latter
generally producing lethargic and/or inviable sperm).

Premeiotic endomitosis (PE) and meiotic first division
restitution (MFDR) involve differentmodifications to standard
sporogenesis, each with its own evolutionary implications.
Both PE andMFDR usually begin with three successive mitotic
divisions originating from the archesporial cell (Fig. 1B). At this
stage, apomicts undergoing PE attempt a fourth and final
mitotic division, but it is incomplete. From this, a single spore
mother cell results, with twice the parental chromosome
complement (Fig. 1B). This spore mother cell proceeds
through an otherwise normal, reductive meiosis and ulti-
mately yields half the number of spores per sporangium
compared to its sexual counterparts (e.g., 32 vs. 64 spores per
sporangium, respectively)—each with the same number of
chromosomes per nucleus as the parent sporophyte (n¼ 2n;
D€opp, 1932; Manton, 1950; Fig. 1A). Unlike PE, the MFDR
pathway undergoes a normal (i.e., complete) cell division in
the final mitosis preceding meiosis (Fig. 1B). Instead, the
first cellular division of meiosis is incomplete; chromosomes
fail to pair (only univalents are observed) and a restitution
nucleus forms prior to entering meiosis II (Braithwaite, 1964;
Walker, 1985).

While both PE and MFDR occur in ferns, few studies go so
far as to distinguish between these two approaches to
sporogenesis. Based on our current understanding, the
former is far more common across ferns (Walker, 1985).
The higher incidence of PE is probably attributable to genome
stability imparted by high fidelity in bivalent chromosome

Fig. 1. Apogamous fern life cycle.A,Apogamous alternation of generations in ferns (n¼ haploid, i.e., gametophytic chromosome
number; 2n¼diploid, i.e., sporophytic chromosome number). B, Sporogenesis in apogamous ferns (red arrows indicate
incomplete cell division): i, premeiotic endomitosis (D€opp-Manton sporogenesis); ii,meiotic first division restitution (Braithwaite
sporogenesis).
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pairing (Gastony & Windham, 1989) following premeiotic
genome duplication. Meanwhile, MFDR is less frequently
observed in ferns, most likely owing to difficulties associated
with chromosome migration during meiosis, particularly in
odd-numbered polyploids.

As with ferns, the distribution of the PE versus MFDR
pathways is similarly inconsistent across the broader eukary-
otic tree of life. Both are important avenues for producing
diploid meiocytes in eukaryotes (Fig. 1B), but outside of ferns
PE is most commonly associated with parthenogenetic
animals (Stenberg & Saura, 2009). By contrast, MFDR is
more typical among flowering plants (e.g., in Antennaria,
Hieracium, and Taraxacum; Gustafsson, 1946, 1947; Ozias-Akins
& van Dijk, 2007). Parallels between the non-reductive meiotic
pathways in apomictic ferns as compared to animals and
angiosperms offer exciting opportunities for investigating the
evolutionary implications of either apomictic pathway across
eukaryotes, through a pteridological lens.

Apomixis in Ferns, Since 2004
Since the 2004 International Pteridophyte Symposium
(Edinburgh, UK), more than 75 peer-reviewed articles have
been published on apomixis in ferns. AWeb of Science search
for associated papers issued since that meeting (restricted
to search terms: ‘(APOG� OR APOM�) AND (FERN� OR
PTERIDOPHYT�)’) returned an increase in annual contribu-
tions spanning a variety of topics in fern reproductive biology
(Figs. 2A, 2B). It further revealed a transition over time from
studies focused heavily on the identification (spore counts,
sporophyte development) and characterization (spore meas-
urements and morphology, cytogenetics, gametophyte biol-
ogy, physiology, taxonomy) of apomixis in ferns, to integrated
explorations of the evolution (population dynamics, biogeog-
raphy, reticulate origins, phylogenetics) and ecology of
apomictic lineages (Fig. 2A). Together, these studies have
improved our grasp of apomixis in ferns; they also highlight
that the designation of reproductive mode in ferns is ongoing,
and little is known about the broader implications of apomixis
in this major lineage of vascular plants. In the following
section, I review many of these recent contributions and
discuss noteworthy findings in fern apomixis research over
the last decade.

Newly discovered apomictic lineages
New accounts of apomixis in ferns have, with the exception of
Hypodematiaceae (Wang et al., 2014), been mostly confined
to the largest leptosporangiate families: Dryopteridaceae (Lu
et al., 2006; Xiang et al., 2006; Guo & Liu, 2013), Polypodiaceae
(Wang et al., 2011), Pteridaceae (Huang et al., 2006, 2011; Chao
et al., 2010; Martinez, 2010), and Aspleniaceae (Dyer et al.,
2012). These new records have frequently combined spore
studies with chromosome counts to distinguish reproductive
mode, in some cases also documenting the apogamous
development of offspring sporophytes. Other studies have
focused exclusively on observations of gametangial develop-
ment (or lack thereof) and the apogamous growth of
sporophytes from somatic gametophyte tissue (e.g., in
Asplenium; Regalado Gabancho & Gabriel y Gal�an, 2010).
Together, these contributions underline the continued value

of basic microscopy for illuminating macro- and micro-
morphological characteristics of apomictic taxa, and illustrate
that cytological techniques remain critical for determining
chromosome number and chromosome pairing regimes in
cryptic apomictic groups.

Along with the discovery of previously unrecognized
apomictic lineages have come new observations and
expanded sampling within already recognized apomictic
fern taxa. For example, one trend that has emerged is the
tendency for apomictic individuals to attempt multiple
meiotic pathways (Sigel et al., 2011; Hern�andez et al., 2015;
Ekrt & Koutecky, 2016). In their elegant follow-up to
Manton’s work in Dryopteris (1950), Ekrt & Koutecky
(2016) observed variously abortive, haploid, and diploid
spores, among and even within individual sporangia on a
single plant. Using flow cytometry, they also documented
viable polyhaploid (2.5x) gametophytes derived through
apomixis from a 5x parent.

Fig. 2. Publications on fern apomixis, 2004–2015. A, The
number of studies on fern apomixis published annually since
2004: studies focused exclusively on identification and
characterization of apomixis (light grey), studies focused
more broadly on ecology and evolution of apomixis (dark
grey), and those focused on identification and characteriza-
tion as well as ecology and evolution of apomixis (black). B,
The number of studies on fern apomixis published since 2004
related to particular topics in fern biology based on a Web of
Science search restricted to the years 2004–2015 and terms
‘(APOG� OR APOM�) AND (FERN� OR PTERIDOPHYT�)’.
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Many other studies of apomictic ferns have likewise
adopted flow cytometry (standardized with known chromo-
some counts) for genome size estimation and ploidy-level
determination (Schneller & Krattinger, 2010; Ootsuki et al.,
2011; Chao et al., 2012; Dyer et al., 2013; Chen et al., 2014; Hori
et al., 2014, 2015). And though flow cytometry has greatly
improved our understanding of these polyploid apomictic
groups, recent work by Dyer et al. (2013) cautions that
inferring ploidy-level using correlations between nuclear DNA
content and spore length should be restricted to intraspecific
comparisons. These results further emphasize that empirical
observations of chromosome numbers remain critical for
establishing species-level correlations with genome size
estimates based on flow cytometry and/or measurements
of spore diameter.

Advancing developmental perspectives
Investigations into the gametophytic and sporophytic devel-
opment of apomictic ferns are basic to our understanding of
this reproductive mode. Over the past decade, multiple

studies have characterized reproductive development in
apomictic lineages (e.g., Cyrtomium, Soare, 2008; Dryopteris,
Soare et al., 2010; Argyrochosma, Gabriel y Gal�an, 2011;
Asplenium, Dyer et al., 2012; Polystichum, Migliaro & Gabriel y
Gal�an, 2012; and Cyrtogonellum, Guo & Liu, 2013). Others have
taken experimental approaches, targeting chemical cues and
differential gene expression that accompany apogamous
reproduction. For example, Men�endez et al. (2006) explored
the stimulatory role played by auxins and gibberellins in
apogamous embryo development and found that naphtalene-
acetic acid (NNA) and gibberellic acid (GA3) promote apogamy
in Dryopteris affinis sp. affinis. More recently, Cordle et al.
(2012) built upon extensive previous studies of induced
apogamy in ferns by examining gene expression in connection
with induced apogamy. Their analyses showed that stress- and
metabolism-related genes experience up-regulation during
commitment to apogamy in Ceratopteris richardii when
compared to Pteridium aquilinum. Complementing recent
advances in fern physiology as a whole (regardless of
reproductive mode; e.g., Pittermann et al., 2013, 2015),

Fig. 3. Distribution of apomixis across the leptosporangiate fern phylogeny. Data on reproductive mode, including number of
species per family, % of apomictic species per family, number of genera per family, and % of genera containing one or more
apomictic species per family. Summarized from Liu et al. (2012); http://darwintree.cn/special topic/fern/home.jsp; family-level
classification and estimated number of species/genera per family based on PPG I (2016).
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observational and experimental studies like these continue to
provide critical insight into the biology of apomictic, seed-free
vascular plants.

Recent phylogenetic insights
Following precipitous decreases in costs of DNA sequencing,
molecular sequence data are being used more frequently to
examine aspects of apomixis in ferns from a phylogenetic
context. Phylogenetic inferences of species’ relationships
combined with current surveys of reproductive mode in ferns
indicate that apomixis is widespread in some clades, but is
otherwise asymmetrically distributed across the fern phylog-
eny (Liu et al., 2012).Within leptosporangiate ferns, nearly half
of the families contain one or more apomictic taxa, apomixis
appearing more frequently in the largest among them (Fig. 3;
based on data summarized from Liu et al., 2012). Recent
analyses by Liu et al. (2012) reveal that in ferns as a whole the
frequency of apomixis is significantly correlated with species
diversity; nevertheless, a further comparative probe into the
polystichoid ferns did not expose any significant relationship
between apomixis and diversification rates (Liu et al., 2012).
These results are in agreement with recent studies showing
that apomictic lineages themselves are apparently young,
with initial estimates placing the ages of extant apomictic
ferns in relatively recent evolutionary time (e.g., �0.4 my in
Astrolepis, Beck et al., 2011; <8 my for the polystichoid ferns,
Liu et al., 2012; <15 my for the crown groups of apogamous
ferns in Japan, Tanaka et al., 2014).

Because few studies distinguish between MFDR and PE, it
remains to be explored whether either of these pathways
individually correlates with species-richness or diversification
across the group. Current evidence indicates that PE is more
frequently found in the most species-rich families, such as
Dryopteridaceae and especially, Pteridaceae (Fig. 3). Con-
versely, the few examples of MFDR in ferns have been
documented either in relatively small leptosporangiate
families (e.g., Athyriacaeae and Aspleniaceae) or less-
frequently within large ones (e.g., Polypodiaceae; Fig. 3).
Future in-depth surveys of reproductive mode in ferns will
help to shed light on the impact of either meiotic pathway on
fern evolution.

DNA sequence data have been especially useful for
deconstructing reticulate relationships within apomictic
complexes. Plastid-derived nucleotide sequences, along
with illuminating the distribution of apomixis in ferns, have
also been indispensable for placing apomictic lineages in a
(presumably) maternal (Gastony & Yatskievych, 1992; Vogel
et al., 1998; Guillon & Raquin, 2000) phylogenetic context
(e.g., Liu et al., 2010; Sigel et al., 2011; Grusz et al., 2014; Li et al.,
2012). Meanwhile, the development of many low-copy,
nuclear DNA markers (Ishikawa et al., 2002; Schuettpelz
et al., 2008; Chen et al., 2012; Rothfels et al., 2013) has
dramatically streamlined the inference of bi-parental precur-
sors to extant polyploid lineages, helping to elucidate the
independent origins that often comprise apomictic polyploid
taxa (e.g., in Cheilanthes [¼ Myriopteris F�ee emend. Grusz &
Windham], Grusz et al., 2009; Crepidomanes, Nitta et al., 2011;
Astrolepis, Beck et al., 2012; Pteris, Chao et al., 2012; Asplenium,
Dyer et al., 2012; Dryopteris, Ebihara et al., 2012, Hori et al.,
2014; and Davallia, Chen et al., 2014). More recently, the
adoption of genotyping-by-sequencing has also proven

powerful for exploring the evolution of widespread apomictic
taxa and deciphering cryptic lineages in ferns (Wickell, 2015).

Few investigations have gone beyond untangling reticulate
relationships to examine the broader evolutionary signifi-
cance of apomixis in ferns. Recent studies, however, have
made strides in this direction by uniting fossil, environmental,
and molecular evidence (Liu et al., 2012; Tanaka et al., 2014).
Tanaka et al. (2014) integrated such data to explore
correlations between apomixis and abiotic factors in the
ferns of Japan. Surprisingly, these authors found that the
frequency of apomixis among Japanese ferns declined with
increasing latitude and elevation (temperature being corre-
lated along both gradients). Their analyses also uncovered a
strong correlation between increased seasonality of precipi-
tation and the incidence of apomixis in the ferns of Japan,
thought to be driven by the Asian monsoon (Tanaka et al.,
2014). Apomixis is regularly observed within lineages that
experience extreme fluctuations in water availability (e.g.,
within Pteridaceae; Fig. 3). Given that plants from more
seasonal and/or dry environments are restricted in their time
for reproduction and their ability to reproduce sexually
(because drought limits the motility of sperm), it is not
surprising that apomixis frequently arises in geographic and/
or phylogenetic groups that experience these conditions
(Haufler et al., 2016).

New views on genotypic diversity
Since 2004, multiple studies have focused on genotypic
diversity and its dynamic nature in apomictic ferns. Recent
population surveys have used a variety of molecular tools to
examine genotypic diversity in apomictic groups, including
allozymes, simple sequence repeats (SSRs), inter-simple
sequence repeats (ISSRs), and amplified fragment length
polymorphisms (AFLPs). Their results support the claim that
apomictic lineages have low levels of genotypic diversity
across and, especially, within populations (e.g., inMyriopteris,
Grusz & Pryer, 2015; and Dryopteris, Schneller & Krattinger,
2010; Peredo et al., 2013), particularly when compared to
limited sampling of a single obligate outcrosser (i.e., Blechnum
spicant; Peredo et al., 2013). However, extensive sampling of
apomictic taxa within Cyrtomium (Ootsuki et al., 2011)
revealed comparatively high genetic diversity in these
lineages across Japan. This is speculated to have resulted
from niche differentiation among existing apomictic lineages
and/or the frequent formation of new clones from sexual
progenitors.

Other studies have examined the heritability of fixed
genotypes in apomictic ferns. Generally speaking, apomicts
are assumed to produce genotypically clonal (i.e., identical)
offspring (Hand & Koltunow, 2014; Verhoeven & Preite, 2014),
but emerging research in ferns illustrates that these general-
izations are not attributable to all apomictic groups. Following
the suggestion of Klekowski (1973) and preliminary evidence
from Bierhorst (1975) and Ishikawa et al. (2003), recent
studies have examined the extent to which apomictic
polyploid ferns are able to produce genotypically variable
offspring (Ootsuki et al., 2012; Grusz, 2014). These studies find
evidence that, unlike with MFDR (Fig. 4B), the genome
duplication that precedes meiosis in PE apomicts can facilitate
the pairing of, and recombination between, non-identical
hom(oe)ologous chromosomes during meiosis (Fig. 4C).
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The retention of functional meiosis in PE apomicts has been
previously hypothesized to confer an evolutionary advantage,
possibly as a means of generating genotypic diversity
(DeBenedictis, 1969; Klekowsi, 1973). Results from Ootsuki
et al. (2012) and Grusz (2014) support this postulation, that PE
could bestow long-term benefits in apomictic ferns, whose
evolutionary potential may more closely resemble a selfing
mating system than the purely clonal apomixis with which
they are often associated.

The discovery of recombinant apomixis in ferns has major
consequences for interpreting mating system evolution in the

group, particularly when compared to reproductive mode in
angiosperms. Asexual reproduction through seed is consid-
ered to be strictly clonal in most flowering plants. In ferns,
given the evidence for genetic recombination resulting from
PE (Figs. 1B, 4C), the most appropriate corollaries of clonal
apomixis in angiosperms may be either apomixis by MFDR
(Figs. 1B, 4B) or vegetative clonality. In some cases,
gametophytic selfing in ferns (Haufler et al., 2016) could
resemble clonal apomixis in angiosperms. For example,
although gametophytic selfing does not yield progeny that
are genetically identical to the parent sporophyte per se, it

Fig. 4. Mitosis and meiosis for a diploid organism with two chromosomes. A, Sexual reproduction. B, Apomixis by meiotic first
division restitution (MFDR). C, Apomixis by premeiotic endomitosis (PE). Homologous chromosomes indicated by similar color
shades.
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does, in theory, result in completely homozygous offspring. In
generations thereafter, continued gametophytic selfing
would yield genetically identical progeny. Meanwhile, recom-
binant apomixis, as facilitated by PE, involves genetic mixing
among parent alleles (Fig. 4C). Hence, with the added benefit
of diplospory, this genetic mixing in some apomictic ferns is
likely to have evolutionary consequences that resemble long-
term selfing in angiosperms. Future studies examining the
extent of recombinant apomixis more broadly across ferns
will illuminate the degree to which this evolutionary
interpretation is applicable.

Apomixis in Ferns, Beyond 2016
Bolstered by new, affordable approaches and a reinvigorated
research community, pteridologists are poised to expand the
study of apomixis and its evolutionary implications in ferns.
Unique reproductive characteristics of ferns, including
independent gametophyte and sporophyte life phases and
the potential for recombinant apomixis in some lineages, offer
unprecedented opportunities to explore the dynamic nature
of asexuality. Below, I elaborate on possible future directions
for studies of fern apomixis and touch on emerging
technologies that may facilitate these endeavors.

Exploring the implications of recombinant apomixis
The discovery that apomixis via PE in ferns can generate
genotypically distinct offspring is among the most exciting
revelations in recent pteridological research (Ishikawa et al.,
2003; Ootsuki et al., 2012; Grusz, 2014). But whether this
process is widespread among apomictic ferns remains
unexplored. Future studies expanding observations of this
phenomenon will undoubtedly reveal additional recombinant
apomictic lineages. With this in mind, it will be useful to
examine whether the extent of recombination varies among
lineages, and, if so, what aspects of meiosis influence such
variation. For example, do recombinant processes behave
similarly in apomictic autopolyploid vs. allopolyploid lineages?
Is reciprocal recombination the most common result of
crossing over, or does gene conversion predominate? Could
this have implications for the evolution of genome size,
synteny, and structure? If present, does variation in recombi-
nation rate among PE apomicts have long-term evolutionary
consequences for diversification? Furthermore, what are the
evolutionary implications of a mixed reproductive mode in
ferns (including recombinant apomixis) as it relates to
population dynamics in apomictic groups; e.g., in the context
of frozen niche variation models (Vrijenhoek, 1984)? Develop-
ment of molecular markers for genotyping apomictic lineages
(and their offspring) will be necessary to answer many of
these questions. The impending release of multiple annotated
fern genomes (Li & Pryer, 2014; Sessa et al., 2014) will facilitate
marker development for these surveys and provide previously
unparalleled opportunities to examine recombination and its
effects in ferns from a genome-wide perspective.

Evaluating irreversible evolution of apomixis in ferns
Several recent studies have proposed that apomixis in the
angiosperms may be a reversible trait (Koltunow et al., 2011;
Cosendai et al., 2013; Hojsgaard et al., 2014). These findings

represent a paradigm shift in the study of apomixis as it relates
to organismal evolution. This reinterpretation has been
implicated to explain the increased frequency of apomixis
in large angiosperm clades (Hojsgaard et al., 2014), as well as
the role of apomixis in rapid range expansion following
reversals to sexual reproduction (Cosendai et al., 2013). While
preliminary evidence from the polystichoid ferns does not
reveal a significant correlation between apomixis and shifts in
diversification rates (Liu et al., 2012), further examination,
either more broadly among ferns or across other large clades
that exhibit apomixis, may yield interesting results. It is
important to keep in mind, however, that if apomixis is more
frequently obligate in ferns, there may be fewer opportunities
for reversals to sexuality compared with flowering plants,
which are often facultatively apomictic. But the preliminary
evidence from Ekrt & Koutecky (2016) indicates that there is
much to learn about the extent and implications of facultative
apomixis in the group. Extended surveys of apomixis across
ferns, specifically distinguishing between PE and MFDR types,
will be critical for large-scale testing for reversibility of
reproductive mode in the group.

Investigating genome dynamics of apomixis in ferns
Contemporary studies have brought to light many exciting
discoveries regarding the epigenetic regulation of apomixis in
angiosperms (Verhoeven & Preite, 2014; Zappacosta et al.,
2014). Recent research has revealed that apomixis genes are
highly methylated in some lineages (e.g., in Paspalum; Podio
et al., 2014) and that epigenetic modifications are involved in
the regulation of embryo and endosperm development in
asexual flowering plants (Hojsgaard et al., 2014). Because DNA
methylation can be influenced by abiotic stressors (Rapp &
Wendel, 2005; Verhoeven et al., 2010) and has been shown to
be heritable in some contexts (Feng et al., 2010; Ferreira de
Carvahlo et al., 2016), it is reasonable to infer that epigenetic
modification could lead to the heritable expression of
apomixis in response to environmental cues.

DNA methylation has also been shown to be important for
the regulation and silencing of transposable elements (TEs) in
some groups (Verhoeven & Preite, 2014). Proliferating TEs can
cause extreme genome restructuring, but can also function as
transcriptional regulators (particularly as enhancers; Xie et al.,
2013), and serve as potential sources of novel genetic variation
(Lisch, 2013; Belyayev, 2014). Interestingly, TE proliferation has
been hypothesized to result from several large-scale, genome
altering events, including polyploidy, hybridization, changes in
mating system, and changes in environment (Belyayev, 2014),
all of which are often intimately related to apomixis in ferns.

In ferns, virtually nothing is known about the role of
epigenetic modifications or TEs in the expression of apomixis.
Some authors have speculated on the potential for TE
activation to influence genome size variation among apomictic
polyploid hybrids (Dyer et al., 2013; but see Clark et al., 2016),
and others have presented data revealing a high relative
proportion of TEs in some fern lineages (Wolf et al., 2015), but
little hasbeendone toexplore the relationshipof these traits to
asexual reproduction. Unique aspects of meiosis in apomictic
ferns could provide insight into the role, if any, of TEs in
apomictic reproduction across eukaryotes. Likewise, further
investigations into the epigenetic regulation of apomixis in
ferns will surely provide evolutionary insight into its broader
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implications for fern genome dynamics, such as gene silencing
that occurs in diploidized groups with high chromosome
numbers (Haufler, 2002; Clark et al., 2016). By leveraging next-
generation sequencing for characterizing TEs, including their
distribution and abundance, we can gain a better understand-
ing of their role in fern apomixis. Next-generation approaches
will also be critical for examining methylation and its
evolutionary implications in apomictic ferns.

Conclusions
Substantial progress has been made in our understanding of
apomixis in ferns during the last decade. From the discovery of
new apomictic lineages to broad comparative studies that
explore the implications of apomixis for diversification in
ferns, each contribution has helped to clarify the role of
apomixis in fern evolution and explain its high incidencewithin
these seed free vascular plants. Even so, reproductive mode is
still undetermined for most ferns, and much remains to be
explored regarding the origin of apomictic taxa (e.g.,
frequencies of autopolyploid vs. allopolyploid lineages;
Gastony & Windham, 1989; Barker et al., 2016) and the
significance of apomixis for fern population dynamics,
colonization and biogeography, and even speciation. Tradi-
tional morphological and cytological techniques combined
with new technologies—e.g., long-read next-generation
sequencing for assessing parentage in apomictic polyploids
(Rothfels et al., 2016), or whole genome/next-generation
sequencing for exploring TE proliferation and DNA methyla-
tion in apomictic lineages—offer exciting prospects for future
studies of apomixis and its evolution in ferns.
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