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Abstract The morphological and ecological intermediacy of hybrid taxa has long interested and challenged fern
biologists, resulting in numerous systematic contributions focused on disentangling relationships within reticulate
species complexes. From a genetic perspective, hybrid ferns are especially interesting because they represent the
union of divergent parental genomes in unique evolutionary entities. This review summarizes advances in our
knowledge of the genetic and genomic aspects of hybridization in ferns from the mid-20th century to the present.
The different organismal products of hybridization, evolutionary aspects of additive and non-additive gene
expression in allopolyploids, genetic and genomic mechanisms leading to gene silencing and loss, the roles of
multiple origins and introgression for imparting genetic variation to hybrid fern taxa and their progenitors, and the
utility of allopolyploid ferns to investigate mechanisms of genome evolution in the homosporous ferns are
discussed. Comparisons are made to other plant lineages and important future research directions are highlighted,
with the goal of stimulating additional research on hybrid ferns.
Key words: allopolyploidy, ﬁxed heterozygosity, gene expression, genome evolution, homoploid hybrids, introgression, multiple
origins, sterile hybrids.

Do ferns hybridize? To any modern student of the systematics
and biology of ferns, or another group of plants, this is a
preposterous question. Today it seems self-evident that much
of the morphological and ecological variation present in
extant ferns, particularly in closely related species complexes,
is the result of interspeciﬁc hybridization, often in combination with polyploidization. It is now widely accepted that
hybridization and allopolyploidization are major evolutionary
forces in the ferns, with over 1200 documented interspeciﬁc
and intergeneric hybrids (Knobloch, 1996) and an estimated
31% of all fern speciation events have co-occurred with
genome duplication (Wood et al., 2009). However, the
question of whether ferns hybridize, which was posed in
the title of a 1911 paper by R. C. Benedict, highlights a
foundational debate about how divergent fern species
combine their morphological and ecological characteristics
into a new entity (Hoyt, 1910; Benedict, 1911).
It was the adoption of genomic data—speciﬁcally cytological observations of chromosome behavior in synthesized
hybrids—that ﬁrst provided indisputable evidence that ferns
hybridize in nature. Irene Manton’s landmark book, Problems
of Cytology and Evolution in the Pteridophyta (1950),
summarizes the painstaking observations of meiotic chromosome pairing used to identify the progenitor species of
hybrids and demonstrate the prevalence of allopolyploidy
within some of the most well-studied fern groups. In the
nearly 70 years since the publication of Manton’s book,
generations of researchers, each adopting the latest methodological advances, have attempted to unravel the reticulate
histories of fern species complexes and understand the long
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term evolutionary effects of hybridization in shaping extant
fern diversity (summarized in Barrington et al., 1989; Werth,
1989; Hauﬂer, 2008; Schuettpelz et al., 2008). But, even with
the advent of next-generation sequencing approaches to
studying phylogenetics and genomics, we are only beginning
to investigate questions that intrigued earlier investigators
(Barker & Wolf, 2010). Indeed, many of the same questions
about the morphological and ecological intermediacy of
hybrids have been merely reframed in a more explicitly
genetic or genomic context: How is the genetic variation of
progenitor species reﬂected in the genetic composition of
hybrids? How do divergent parental genomes interact when
united in a single organism? What are the effects of
hybridization on gene expression and genome structure?
And, looking more broadly, how can the study of hybridization
inform our understanding of the evolution of high chromosome numbers and large genome sizes in the homosporous
ferns?
This review outlines advances in the understanding of the
genetic and genomic aspects of hybridization in ferns since
the time of Manton. It begins with an overview of the
products of hybridization (e.g., homoploid hybrids and
allopolyploids). It then discusses the genetic and genomic
consequences of uniting divergent genomes in hybrid
organisms, the role of multiple origins of hybrid taxa in
shaping extant fern diversity, the presence and evolutionary
potential of introgression, and the implications of hybridization for understanding chromosome and genome evolution in
the homosporous ferns. Because of the enormous volume of
literature directly and indirectly informing these topics, it is
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impossible to refer to all pertinent studies. However,
substantial effort has been made to select illustrative
examples, touch on important comparisons to other plant
lineages, and suggest future research directions with the goal
of stimulating additional research on hybrid ferns.

Products of Hybridization
Hybrids are the manifestation of uniting divergent parental
genomes in a single nucleus. While this broad deﬁnition could
apply to organisms derived from crosses between divergent
populations of a single species, this review is largely restricted
to a discussion of organisms derived from interspeciﬁc
crosses. At the same time, it is important to acknowledge
that distinguishing between hybridization at the intra- and
interspeciﬁc levels is not clear-cut in some groups of ferns,
often because of varying species concepts and evolving
species delineations (Yatskievych & Moran, 1989; Hauﬂer,
1996, 2002). The morphological and ecological intermediacy of
fern hybrids has contributed greatly to this problem
(Barrington et al., 1989).
Homoploid hybrids
The ploidy level and the degree of fertility (i.e., the ability
to produce functional spores and gametes) of hybrid ferns
are directly related to the ploidy level and reproductive
mode of their progenitors. For example, homoploid hybrids
are derived from hybridization between normal, reduced
gametes and have ploidy levels identical to their progenitors. The vast majority of homoploid hybrid ferns are
assumed to be sterile, producing aborted or aberrant
spores that often fail to germinate (Wagner & Chen, 1965;
Wagner et al., 1986). In reality though, sterility in
homoploid hybrids is “relative rather than absolute”
(Benedict, 1945), and the production of viable spores can
vary between crosses, individuals, and even sporangia on
the same individual (Benedict, 1911; Manton, 1950; Wagner
& Whitmire, 1957; Morzenti, 1962, 1967; DeBenedictus,
1969; Whittier & Wagner, 1971; Hickok & Klekowski, 1973;
Wagner, 1974; Pryer & Britton, 1983; Wagner et al., 1986;
Rabe & Hauﬂer, 1992).
It is widely hypothesized that the fertility of homoploid
hybrids is inversely related to the genetic divergence between
their progenitors (Moyle et al., 2004; Mallet, 2005; Schranz
et al., 2005; Chapman & Burke, 2007; Yatabe et al., 2009a).
Crosses between genetically divergent species—those with
substantial mutational or structural differences between their
genomes—give rise to homoploid hybrids that predominantly
lack chromosome pairing during meiosis and produce mostly
abortive or malformed spores (Fig. 1B; Manton, 1950; Wagner
& Chen, 1965; Hickok & Klekowski, 1974; Wagner, 1974; Hickok,
1977; Reichenstein, 1981). Rare, completely fertile homoploid
hybrids, such as Pteris quadriaurita  multiaurita reported by
Walker (1958, 1962), result from crosses between sexual
species with low genetic divergence and exhibit full pairing of
homoeologs (i.e., chromosome copies derived from different
progenitor species; Glover et al., 2016) at meiosis. Additional
studies have reported homoploid hybrids with spore germination rates as high as 29–40% and gametophytes producing
functional sperm and/or eggs (Walker, 1958, 1962; Whittier &
www.jse.ac.cn
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Wagner, 1971; Bierhorst, 1977; Conant, 1990; Mayer & Mesler,
1993; Mullenniex et al., 1998).
Homoploid hybrids with some viable spores are capable of
backcrossing with their progenitor species, potentially forming hybrid swarms (Anderson & Stebbins, 1954; Grant, 1981). If
homoploid hybrids undergo gametophytic selﬁng they may
produce recombinant, fertile F2 individuals that are at least
partially reproductively isolated from their progenitors (Grant,
1981; Buerkle et al., 2000; Hauﬂer et al., 2016). Recombinant
homoploid hybrid speciation has been proposed in Cyathea
(formerly Alsophila and Nephelea; Conant & Cooper-Driver,
1980; Conant, 1990) and Ceratopteris (Hickok & Klekowski,
1974; Hickok, 1977; Matsuyama et al., 2002), but may be underrecognized given reports of naturally-formed F2 hybrids in
other genera (e.g., Asplenium: Vogel et al., 1998a; Osmunda:
Yatabe et al., 2009b; Polystichum: Mayer & Mesler, 1993).
Allopolyploids
In contrast to homoploid hybrids, allopolyploids form through
hybridization combined with genome duplication and have
chromosome complements that are typically additive of their
progenitors (Kihara & Ono, 1926). In even-ploidy allopolyploids (e.g., 2n ¼ 4x), chromosome doubling usually restores
bivalent pairing of homologs at meiosis (i.e., chromosome
copies inherited from the same progenitor are paired; Fig. 1C;
Glover et al., 2016), resulting in fertile individuals that
reproduce sexually and are reproductively isolated from their
progenitors. Enforced pairing of homologous chromosomes
results in disomic inheritance patterns of nuclear loci, allowing
allopolyploids to produce offspring that are “ﬁxed” for
homoeologous genes (i.e., paralogous gene copies inherited
from different progenitors; Fig. 1C; Glover et al., 2016).
Alternatively, odd-ploidy allopolyploids (e.g., 2n ¼ 3x) tend to
be sterile or apomictic, a mechanism for circumventing the
formation of abortive spores due to univalents and multivalent chromosome pairing during meiosis (DeBenedictus,
1969). Most apomictic ferns undergo an endomitosis
immediately preceding meiosis, resulting in the production
of unreduced spores with the same ploidy and, presumably,
the same genotype as their parent sporophyte. New
sporophytes are produced apogamously by forming directly
from gametophyte somatic cells (D€
opp, 1932; Manton, 1950;
see Grusz, 2016 for a detailed discussion of apomixis and
apogamy in ferns).
As in homoploid hybrids, the fertility of allopolyploid ferns
may be variable. For sexual allopolyploids it has been
hypothesized that crosses between progenitors with highly
divergent genomes may reinforce bivalent pairing of homologous chromosomes and prevent the formation of multivalents
and univalents that can cause aberrant spore and gamete
formation (Fig. 1C; Stebbins, 1950, 1971; Chapman & Burke,
2007). This hypothesis is supported by reports of chromosome
pairing in the segmental allopolyploids Adiantum malesianum
(Sinha & Manton, 1970), Asplenium obovatum (Herrero et al.,
2001), and Lepisorus thunbergianus (Shinohara et al., 2010)
that formed between weakly diverged progenitor species. In
these segmental allopolyploids, the more divergent chromosomes maintain bivalent pairing between homologs at
meiosis, whereas the less divergent chromosomes exhibit
multivalent pairing (Fig. 1D; Stebbins, 1950; Sybenga, 1996).
Notably, some allopolyploid species resulting from crosses
J. Syst. Evol. 54 (6): 638–655, 2016
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Fig. 1. Examples of possible meiotic chromosome pairing and the resulting spore karyotypes in diploid and hybrid ferns. For
simplicity, only two chromosomes are shown in each example, and only a subset of the stages of meiosis I and II are illustrated.
Black and white chromosomes are homoeologous, derived from different progenitor species. A, Diploid sporophyte producing
viable haploid spores. B, Diploid homoploid hybrid sporophyte producing haploid spores with chromosomal complements.
Spores that are missing copies of speciﬁc chromosomes are likely inviable. C, Allotetraploid with homologous chromosome
pairing. Each diploid spore inherits complete sets of homoeologous chromosomes. D, Segmental allotetraploid sporophyte in
which some chromosomes form tetravalents. The resulting spores are aneuploid and may be inviable.
between sexual and apomictic progenitors (via the production of viable sperm by the apomicts; Manton, 1950; Lovis,
1977), despite inheriting an apomictic mode of reproduction,
produce relatively low numbers of viable spores (approximately 5-10%; Manton, 1950; Morzenti, 1967; Mulligan et al.,
1972; but see Walker, 1962 for spore viability as high 40%),
sometimes of mixed ploidy in the same individual or even
within a sporangium (Ekrt & Koutecky, 2016).
At least three scenarios could lead to the formation of an
allopolyploid species. Allopolyploids may be formed by the
union of two unreduced gametes (Fig. 2A). Alternatively,
allopolyploids could form from the unreduced “hybrid”
gametes of an allohomoploid (Fig. 2B) or via a triploid bridge
(Fig. 2C; Ramsey & Schemske, 1998). The plausibility of the
latter two scenarios has been demonstrated in the formation
of the allotetraploids Asplenium ebenoides (Wagner &
Whitmire, 1957) and Asplenium plenum (Wagner, 1963;
Morzenti, 1967; Gastony, 1986), respectively, but it is unclear
which mechanism of allopolyploid formation predominates in
ferns generally. Depending on the mechanism of formation,
the resulting allopolyploids could comprise various combinations of parental alleles (Gastony, 1986), potentially inﬂuencing the genomic evolution of a newly formed allopolyploid or
the genetic structure of an allopolyploid population.
Despite the prevalence of hybridization in ferns, no attempt
has been made to survey the phylogenetic distribution of
allopolyploidy across the fern tree of life. Some fern genera,
J. Syst. Evol. 54 (6): 638–655, 2016

such as Dryopteris and Cystopteris (Sessa et al., 2012a, 2012b;
Rothfels et al., 2014a), are replete with allopolyploid
species, whereas other genera, such as Cyathea (Tryon &
Tryon, 1982), contain few or no documented examples. It is
unclear whether these differences among genera (and higher
level taxonomic groups) reﬂect differences in species diversity,
ecology, breeding system, or, most pertinent to this review, the
genetic distance between progenitors. Documentation of
several intergeneric hybrids in Dryopteridaceae (Dryostichum
and Polysticalpe; Wagner et al., 1992; Fraser-Jenkins, 1997),
Lindsaeaceae (Lindsaeosoria; Wagner, 1993), and Cystopteridaceae (Cystocarpium; Rothfels et al., 2015) suggests that
hybridization of extremely divergent progenitor genomes—a
combined 120 million years of independent evolution in the
case of Cystocarpium—can yield viable, if sterile, offspring. No
upper limit on progenitor divergence has been established for
fertile allopolyploids, but some have formed between deeply
divergent intrageneric clades. For example, Sessa et al. (2012a)
demonstrate that the allopolyploid Dryopteris pseudoﬁlix-mas
inherited genomes from progenitor species estimated to have
diverged 39.2 million years ago. This suggests that even hybrids
composed of deeply divergent genomes are able to overcome
potentially incompatible homoeologous genes and regulatory
networks, as well as epigenetic differences that might
otherwise lead to sterile offspring (Rieseberg, 2001; Riddle &
Birchler, 2003; Maheshwari & Barbash, 2011). Surveys of the
phylogenetic distribution of allopolyploid ferns and the genetic
www.jse.ac.cn
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Fig. 2. Three pathways to allopolyploid formation. Each example is shown with two diploid progenitors (2n ¼ 2x) and their
derivative allotetraploid (2n ¼ 4x). For simplicity, only one set of chromosomes in shown. Large, white circles represent
sporophytes (2n), and small, gray circles represent gametes (n). A, Hybridization of two unreduced, diploid gametes. B, Via an
intermediate homoploid hybrid and the subsequent hybridization of two heterozygous diploid gametes. C, Via a triploid bridge
and the subsequent hybridization of a heterozygous triploid gamete and a haploid gamete.
distance between their progenitors would be valuable
contributions to the understanding of how reticulate evolution
has shaped extant fern diversity.

Transcriptomic, Genetic, and Genomic
Consequences of Hybridization
Fixed heterozygosity
A long held paradigm of hybrid genetics is that newly formed
homoploid hybrids and allopolyploids comprise the sum of their
parental genomes. In allopolyploids, this scenario results from
enforced bivalent pairing of homologous chromosomes that
prevents intergenomic recombination and ensures the disomic
inheritance of alleles at duplicated loci derived from each
parental genome. This condition is referred to as ﬁxed
heterozygosity (Fig. 1C; Soltis & Soltis, 2000). At least in theory,
allopolyploid species will retain full sets of divergent gene
copies inherited from each progenitor, and the phenotypes of
these hybrids should reﬂect the additivity or synergy of the
parental genomes in their respective ratios (Buggs et al., 2014).
The combination of divergent gene copies, plus the redundancy
of genetic material on which evolution can act, is often invoked
to explain the hypothesized, though seldom directly tested,
evolutionary advantages of allopolyploids relative to their
diploid progenitors (Anderson & Stebbins, 1954; Grant, 1981;
Levin, 1983; Soltis et al., 2004; Mallet, 2007).
Fixed heterozygosity (although not referred to by that
term) in allopolyploid ferns was ﬁrst hypothesized from
observations of meiotic pairing in natural or experimental
www.jse.ac.cn

backcrosses between allopolyploids and their putative
progenitors. For example, Gibby & Walker (1977) determined
the parentage of the European allotetraploid species
Dryopteris dilatata by demonstrating that one set of
chromosomes of D. dilatata formed bivalents with chromosomes of the diploid species D. expansa, whereas the other set
of chromosomes formed bivalvents with those of the diploid
D. intermedia, in their respective synthesized triploid hybrids.
In each synthesized hybrid, chromosomes inherited from the
other progenitor remained unpaired, presenting as univalents
in chromosome squashes. Hence, the chromosomal complements of these natural allopolyploids remained additive since
the time of formation, comprising distinct sets of homologous
chromosomes that preferentially pair with one another.
Observations of bivalent and univalent formation with the
underlying assumption of ﬁxed karyotypic heterozygosity laid
the foundation for resolving species relationships in some of
the best-studied fern reticulate species complexes (e.g., the
Dryopteris carthusiana complex: Manton, 1950; Manton &
Walker, 1953; Walker, 1955, 1961; Wid
en & Britton, 1969; Gibby
& Walker, 1977; Gibby, 1985; the Appalachian Asplenium
complex: Wagner, 1953, 1954; the Polypodium vulgare
complex: Manton, 1950; Shivas, 1961; Lloyd, 1963; Lang,
1971; and the Cystopteris fragilis complex: Manton, 1950; Vida,
1972, 1974).
The advent of isozyme electrophoresis allowed for direct
tests of ﬁxed heterozygosity at speciﬁc loci in fern
allopolyploids, and it proved immensely useful for disentangling progenitor-hybrid relationships in groups with confusing
morphological introgression. Isozymes are codominant
J. Syst. Evol. 54 (6): 638–655, 2016
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phenotypic markers representing variants of an enzyme
encoded by different loci (or different alleles of a single locus
in the case of allozymes; Hauﬂer, 1987; Weeden & Wendel,
1989). The ﬁrst use of isozyme electrophoresis for resolving a
fern reticulate complex was in the Appalachian Asplenium
complex, a group previously investigated using cytological,
morphological, and ﬂavonoid data (Wherry, 1925; Wagner,
1954; Smith & Levin, 1963; Walker, 1979). By sampling species
across their geographic ranges, Werth et al. (1985a, 1985b)
identiﬁed three enzymes with invariant, diagnostic isozyme
phenotypes for each of the three diploid members of the
complex: A. platyneuron (PP), A. rhizophyllum (RR), and A.
montanum (MM). Each of the three allotetraploid members of
the complex—A. ebenoides (PPRR), A. bradleyi (MMPP), and
A. pinnatiﬁdium (MMRR)—exhibited isozyme banding patterns that were perfectly additive of their putative progenitors. For ten other isozyme loci examined, intraspeciﬁc
variation in banding patterns in the allotetraploid species
largely reﬂected the interspeciﬁc variation present in their
putative diploid progenitors, and was offered as evidence for
multiple, independent origins of the allotetraploid species
(see section Multiple Origins of Hybrid Fern Taxa). Isozyme
electrophoresis was subsequently used to identify the
progenitors of allopolyploid species and hybrids in numerous
temperate and tropical genera, including Dryopteris
nez et al., 2009; Stein
(Darnaedi et al., 1990; Werth, 1991; Jime
et al., 2010), Cystopteris (Hauﬂer et al., 1990; Hauﬂer &
Windham, 1991), Polypodium (Bryan & Soltis, 1987; Hauﬂer &
Windham, 1991; Hauﬂer et al., 1995b), Adiantum (Paris
& Windham, 1988), Pellaea (Gastony, 1990), Hemionitis (Ranker
et al., 1989), Polystichum (Soltis et al., 1989, 1991; Barrington,
1990), Gymnocarpium (Pryer & Hauﬂer, 1993), Botrychium
(Hauk & Hauﬂer, 1999), and other groups of Asplenium (Herrero
et al., 2001; Van den heede et al., 2002, 2004).
The ﬁxed heterozygosity of isozymes in allopolyploid ferns
has been used to invoke “missing” diploid progenitor species
in many fern reticulate complexes (e.g., Cystopteris: Hauﬂer,
1985; Hauﬂer & Windham, 1991; Hemionitis: Ranker et al.,
1989). Perhaps best known is the example of Dryopteris
“semicristata”, for which a hypothesized (presumably extinct)
diploid ancestor is represented by an isozyme banding pattern
that is shared between the allotetraploids D. cristata and
D. carthusiana, but is distinct from the isozyme phenotypes of
their other, known diploid progenitors (Werth, 1991; Stein
et al., 2010). Hence, it is possible to infer a putative isozyme
phenotype, and the putative genetic composition, of a missing
diploid by subtracting the isozyme phenotype of known
diploid progenitor(s) from that of their common allopolyploid
derivatives (Ranker et al., 1989). Werth & Lellinger (1992)
referred to these missing diploids as “genomically preserved
plants” and even espoused their taxonomic recognition.
More recently, systematists have adopted the sequencing
and phylogenetic analysis of biparentally-inherited, low copy
nuclear genes to resolve progenitor-hybrid relationships in
fern reticulate complexes (e.g., Ceratopteris: Adjie et al., 2007;
Myriopteris [¼Cheilanthes]: Grusz et al., 2009; Crepidomanes:
Nitta et al., 2011; Gaga: Li et al., 2012; Pteris: Chao et al., 2012;
Jaruwattanaphan et al., 2013; Asplenium: Shepard et al., 2008;
Dyer et al., 2012; Chang et al., 2013; Schneider et al.,
2013; Cryptogramma: Metzgar et al., 2013; Dryopteris: Lee &
Park, 2013; Hori et al., 2014; Polypodium: Sigel et al., 2014;
J. Syst. Evol. 54 (6): 638–655, 2016
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Cystopteridaceae: Rothfels et al., 2014a). Unlike isozymes, low
copy nuclear genes reveal changes in the genotype at the
nucleotide level, although it is often difﬁcult to discern
whether nucleotide differences represent alleles that are
unique to an allopolyploid taxon, reﬂect unsampled diversity
within the progenitor species, or are the result of polymerase
chain reaction (PCR) error. Due to the limited number of welldeveloped low copy nuclear markers, most phylogenetic
studies have included only one or two loci (Ishikawa et al.,
2002; Ebihara et al., 2005; Schuettpelz et al., 2008; Rothfels at
al., 2014b), and they often conﬁrm progenitor-allopolyploid
relationships previously revealed by isozyme analyses. For
example, Sessa et al. (2012b) used the popular markers gapCp
and pgiC, to provide unequivocal support for the Dryopteris
“semicristata” hypothesis and refute competing hypotheses
about the progenitors of D. cristata and D. carthusiana (Hickok
n et al.,
& Klekowski, 1975; Werth, 1991; Stein et al., 2010; Jusle
2011). Similarly, DNA ﬁngerprinting with ampliﬁed fragment
length polymorphism (AFLP) markers has been employed to
infer the progenitors of allopolyploids (Perrie et al., 2003,
2010; Shepard et al., 2008; Beck et al., 2012; Ohlsen et al., 2015).
Despite demonstrating that allopolyploids have genotypes
that are largely additive of their progenitors, the dominant
and anonymous nature of these markers makes it difﬁcult to
trace the inheritance of particular loci (Peredo et al., 2011).
Gene expression in allopolyploid ferns
Few systematists would dispute the immense utility of
isozyme electrophoresis and low copy nuclear sequence
loci, but the focus on detecting ﬁxed heterozygosity for
resolving reticulate complexes has promoted several, largely
untested, assumptions about gene expression and genome
evolution in allopolyploid ferns. These include the assumption
that the genomes of recently formed neoallopolyploids are
largely unchanged since the time of hybridization and genome
duplication. Implicit in this assumption are the ideas that
genomic change is slow, occurring gradually over large
evolutionary time periods, and that genetic variation within
an allopolyploid species largely reﬂects the genetic variation
that is preexisting in their diploid progenitors. It is largely
assumed that apomictic allopolyploids, purportedly without
opportunity for meiotic recombination, are especially prone
to genomic stasis (Darnaedi et al., 1990; Ootsuki et al., 2012).
Furthermore, it is widely assumed that gene expression in
allopolyploids is additive, with parental alleles being transcribed and translated in a ratio proportional to their
representation in the allopolyploid genome.
Careful review of many studies of fern reticulate complexes
utilizing isozyme electrophoresis yields evidence that some loci
fail to exhibit strict ﬁxed heterozygosity in allopolyploid taxa
relative to their progenitors. Most common is the presence of
null alleles that reﬂect the lack of enzymatic activity of gene
copies inherited from one progenitor (Weeden & Wendel, 1989).
Returning to the example of the Appalachian Asplenium
complex, Werth et al. (1985a, 1985b) demonstrated that several
populations of the allotetraploids A. pinnatiﬁdum (¼ A. montanum  A. rhizophyllum) and A. bradleyi (¼ A. montanum  A.
platyneuron) expressed copies of isocitrate dehydrogenase (IDH)
from only A. rhizophyllum and A. montanum, respectively. By
comparing relative band intensities between the allotetraploids
and their diploid progenitors, Werth et al. (1985a, 1985b) inferred
www.jse.ac.cn
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that plants from one population of A. pinnatiﬁdium expressed
four copies of the IDH loci inherited from A. rhizophyllum, and
suggested that one individual of A. bradleyi was an asymmetrical
heterozygote with a 3þ1 complement of parental IDH loci.
Similarly, Sessa et al. (2012b) reported being unable to recover
sequences of speciﬁc parental alleles of gapCp for several
accessions of the allotetraploid species Dryopteris celsa, D.
dilatata, and D. cristata. These examples suggest not only the loss
of expression, or non-functionalization (Ma & Gustafson, 2005),
of homoeologs, but also the potential for physical loss of
particular parental homoeologs and the accumulation of
additional copies of homoeologs inherited from the other
progenitor (i.e., homoeologous nonreciprocal translocation;
, 2012). Additionally, some allopolyploids
Feliner & Rossello
exhibit orphan alleles that are not expressed by their known
progenitors, suggesting gene neo-functionalization of loci (Ma &
Gustafson, 2005). Such is the case for the allotetraploid
Dryopteris celsa, which has two alleles of phosphoglucoisomerase (Pgi-2) that are not expressed by either of its progenitors
(Werth, 1991). Loss of homoeolog expression, unbalanced
heterozygotes, and the presence of orphan alleles are commonly
reported in fern reticulate complexes, with other well-documented examples in Dryopteris (Darnaedi et al., 1990; Werth,
nez et al., 2009), Polypodium (Bryan & Soltis, 1987;
1991; Jime
Hauﬂer et al., 1995b), Pellaea (Gastony, 1991), Polystichum (Soltis
et al., 1991), Botrychium (Hauk & Hauﬂer, 1999), and Asplenium
(Herrero et al., 2001; Van den heede et al., 2004).
Next-generation high throughput sequencing has enabled
analysis of gene expression to expand beyond a handful of
nuclear markers and encompass genome wide surveys of
thousands of loci. As a ﬁrst attempt at characterizing the
transcriptomes of allopolyploid ferns, Sigel (2014) employed
RNA-sequencing to examined gene expression patterns in the
allotetraploid Polypodium hesperium relative to its diploid
progenitors, P. amorphum and P. glycyrrhiza. Analysis of gene
expression levels (i.e., level of transcription) for approximately 17 000 genes revealed that 15% exhibited non-additive
gene expression levels in P. hesperium. Among these, almost
all exhibited expression levels that mirrored the levels of one
progenitor species and not the other. This expression pattern,
referred to as expression level dominance (Grover et al., 2012),
was directional with gene expression levels in P. hesperium
predominately reﬂecting levels in P. amorphum, rather than
P. glycyrrhiza. Similarly, by comparing homoeolog-speciﬁc
expression (i.e., the ratio of parental homoeologs expressed)
for approximately 2000 genes, Sigel (2014) determined that
P. hesperium preferentially expressed homoeologs derived
from P. amorphum. Expression level dominance and homoeolog expression bias are two phenomena commonly reported
in gene expression studies of allopolyploid angiosperms (as
summarized in Rapp et al., 2009; Flagel & Wendel, 2010;
Grover et al., 2012; Ainouche & Wendel, 2014; Buggs et al.,
2014). As in P. hesperium, many angiosperm allopolyploids
also exhibit gene expression patterns biased in the direction
of one progenitor, suggesting that dominance of a
particular parental subgenome is a pervasive consequence
of allopolyploidization.
Mechanisms of expression and genomic change
Several non-mutually exclusive mechanisms are likely responsible for non-additive gene expression in allopolyploid ferns.
www.jse.ac.cn
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For example, Gastony (1991) documented the progressive
silencing of homoeologs of the protein cytosolic phosphoglucoisomerase (PGI) in the allotetraploid fern Pellaea rufa.
Analysis of electrophoretic banding patterns of sporophytes
from multiple natural populations revealed several plants of
P. rufa with null or “nearly” null PGI alleles that were always
inherited from the same ancestral progenitor. Drawing on
comparisons to similar studies in the angiosperm Clarkia,
Gastony (1991) posited that down-regulation of transcription
or translation resulted in the repeated, progressive, and
preferential silencing of particular PGI homoeologs (Jones
et al., 1986; Gottlieb, 1988). Under such a scenario, some form
of regulation may have evolved to compensate for the
duplicated gene copies (Gottlieb, 1988; Barker et al., 2012).
Alternatively, Gastony (1991) was unable to rule out the
possibility that mutations in the coding region may have
caused homoeolog silencing, and it is possible that regulatory
changes and mutations were co-occurring. A similar pattern of
progressive gene silencing with “nearly” null alleles was later
reported in the allotetraploid Polypodium vulgare for the
hexokinase (HK) enzyme (Hauﬂer et al., 1995b).
Multiple studies have demonstrated the pseudogenization
of duplicated gene copies via mutation in ferns. By screening
genomic DNA libraries of Polystichum munitum, Pichersky
et al. (1990) discovered one putatively functional copy and at
least three defective copies of the chlorophyll a/b binding
proteins (CAB proteins). The defective copies had structural
defects such as nucleotide insertions, deletions, and substitutions resulting in premature stop codons that either
prevent transcription or translation of functional CAB
proteins. Similarily, McGrath et al. (1994) provide evidence
from a restriction fragment length polymorphism (RFLP)
study of the putative allotetraploid fern Ceratopteris thalictroides that many homoeologous loci may have one or more
copies with signiﬁcantly divergent sequences, perhaps
indicative of mutations causing gene silencing. Furthermore,
differences in the intensity of Southern blot signals in multiple
individuals of C. thalictroides suggest the potential for
mutations to cause the reciprocal silencing of some loci
(Werth & Windham, 1991; McGrath et al., 1994).
One increasingly well-documented mechanism for homoeolog silencing in allopolyploid ferns is homoeologous chromosome pairing and recombination. Sexual allopolyploid ferns,
despite having enforced bivalent pairing of chromosomes, will
occasionally exhibit multisomic inheritance of genes, producing a subset of recombinant gametophytes with unbalanced
homoeolog complements. This was ﬁrst demonstrated by
Hickok (1978) who analyzed the segregation of a recessive
gametophyte mutant phenotype in two inbred lines of
Ceratopteris thalictroides (i.e., with the genotypes AA/aa
and A0 A0 /a0 a0 ; Adjie et al., 2007) and their F1 hybrid (AA0 /aa0 ).
Under a model of ﬁxed heterozygosity with disomic inheritance, all gametophytes derived from these sporophytes
should be heterozygous (A/a, A0 /a0 , A0 /a, or A/a0 ) and exhibit
normal morphology. Instead, an average of 1.13% of the
gametophytes derived from the inbred lines had a recessive
phenotype, indicating a homozygous genotype (a/a or a0 /a0 )
that could only be achieved through homoeologous recombination. Furthermore, 13.8% of gametophytes derived from the
F1 hybrid were mutants (a0 /a). The observed frequency of
homozygous double recessives in these gametophytes
J. Syst. Evol. 54 (6): 638–655, 2016
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approaches the expected frequency (16.7%) under a model of
tetrasomic inheritance from random pairing of homoeologs.
The presence of recombinant gametophytes (AA, A0 A0 , A0 A, aa,
a0 a0 , or a0 a) in a population, especially if combined with a
prevalence for gametophytic selﬁng, could result in an
allopolyploid lineage with gene copies inherited from a single
progenitor species. Hence, homoeologous recombination is a
method for decreasing ﬁxed heterozygosity in allopolyploid
fern species at the level of individual loci and potentially
through the exchange of entire homoeologous chromosomes. Hickok (1978) attributed the extreme differences in
segregation between the inbred lines of C. thalictroides and
their F1 hybrids to the increased divergence between
homologous chromosomes in the F1, causing homologous
pairing to be less strictly enforced. Schneller (1996) reported
the same phenomenon in crosses of Asplenium ruta-muraria.
In general, these results suggest the potential for intraspeciﬁc
variation in the degree of chromosome pairing homologies
and subsequently, varying degrees of homoeologous recombination among natural populations of allopolyploids.
Remarkably, some of the best documented examples of
homoeologous recombination in ferns come from studies of
apomictic, or asexual, ferns. Several studies of chromosome
pairing and/or segregation of isozyme and microsatellite
markers demonstrate that some apomictic ferns produce
gametophytes with novel, non-parental genotypes that
are best explained by homoeologous recombination
(Trichomanes pinnatum: Bierhorst, 1975; Dryopteris nipponensis: Ishikawa et al., 2003; Cyrtomium fortunei: Ootsuki et al.,
2012). For example, Grusz (2014) tested the hypothesis that
homoeologous recombination is an important driver of
genetic variation in apomictic ferns by following the
segregation of eight microsatellite markers in natural
populations of Myriopteris lindheimeri. Nearly one-third of
the sporophytes, represented in four of the six populations
sampled, produced at least one recombinant gametophyte.
Recombination was evident for ﬁve of the eight microsatellite
loci surveyed. Hence, homoeologous recombination appears
to be a frequent subsexual process causing the decay of ﬁxed
heterozygosity across the genomes of apomictic allopolyploid
ferns and promoting genetic variation among apomictic
offspring (Klekowski, 1973).
The increased accessibility and affordability of highthroughput sequencing technologies has also revealed vast,
largely untapped opportunities to further explore the effects
of hybridization on gene expression and evolution in ferns
(Barker & Wolf, 2010; Sessa & Der, 2016). The pairing of
transcriptome and genomic reference sequences will be
especially powerful for investigating the genetic changes
underlying expression patterns and the fate of homoeologous
loci. Of particular value is comparing the transcriptome
proﬁles of homoploid hybrids, synthetic allopolyploids, and
natural allopolyploids derived from the same progenitor
species. Such a study could inform the temporal scale of
expression-level and genetic changes associated with allopolyploidization and help disentangle the effects of hybridization from the effects of polyploidy. Similar studies in
angiosperms suggest that some taxa experience dramatic
homoeolog silencing and loss immediately following hybridization (e.g., Nicotiana; Renny-Byﬁeld et al., 2012), whereas
other allopolyploids appear to retain duplicated loci for
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millions of years (e.g., Gossypium; Flagel et al., 2012). The
temporal scale of gene silencing and genetic diploidization is
entirely unknown in ferns, and such studies might have
important implications for understanding chromosome evolution in the group (see section Chromosome evolution). One
might also explore expression patterns in multiple tissues and
developmental stages of homoploid hybrids and allopolyploid
ferns to assess patterns of homoeolog subfunctionalization or
neofunctionalization (Buggs et al., 2010; Hughes et al., 2014).
Additionally, it would be informative to explore the relative
prevalence of cis- vs. trans-regulation of homoeologs (Buggs
et al., 2014), whether the retention of duplicated gene copies
is speciﬁc to particular functional gene categories (Edger &
Pires, 2009; Barker et al., 2012), and changes in methylation
patterns and the distribution of transposable elements
between progenitors and allopolyploids (Yaakov et al., 2013;
Suo et al., 2015). Historically studied, well-characterized fern
reticulate complexes, such as the Appalachian Asplenium
group (Wagner, 1954), make promising study systems in which
to address these types of unexplored questions.
Chromosome evolution
While never studied in ferns, large-scale genomic structural
changes have been documented in many homoploid hybrids
and allopolyploids within ﬂowering plants. Such dramatic,
interrelated changes include chromatin modiﬁcations such as
DNA methylation and histone acetylation (Springer et al.,
2016), the proliferation and silencing of transposable
elements (Parisod et al., 2009), and chromosomal translocations (Fig. 3; Oleszczuk & Lukaszewski, 2014). A striking
example comes from studies of the natural allotetraploids
Tragopogon mirus and T. miscellus (Asteraceae) that employed
genome in situ hybridization (GISH) to demonstrate large
scale translocations among homoeologous chromosomes and
non-additive parental chromosome complements (Fig. 3; Lim
et al., 2008; Chester et al., 2012, 2015; Lipman et al., 2013).
Compensated aneuploidy resulted in allopolyploids with the
expected tetraploid number of chromosomes but with some
unbalanced homoeologous pairs (e.g., 3þ1, 4þ0), and may
explain deviations from disomic inheritance and ﬁxed
heterozygosity of parental alleles in Tragopogon and other
allopolyploid angiosperms (e.g., Brassica: Xiong et al., 2011;
Triticum: Zhang et al., 2013; Oleszczuk & Lukaszewski, 2014).
Similar studies of genomic structural changes in allopolyploid
ferns would be invaluable for discerning how hybrid ferns
parse and utilize their parental subgenomes and for informing
the long-term genomic consequences of hybridization and
polyploidy in ferns.
Changes in genome size
As a result of chromosomal structural changes, hybrids can
experience expansion and contraction of genome size relative
to the additive genome sizes of their progenitors (Leitch &
Bennett, 2004; Renny-Byﬁeld et al., 2013). The magnitude and
timing of these genome content changes are not well
understood, with only a few studies directly estimating
changes in genome size among hybrids and their progenitors
in angiosperms using ﬂow cytometry (e.g., Baack et al., 2005;
Leitch et al., 2008; Marques et al., 2011). By measuring the
ﬂuorescence emission of a large number of suspended nuclei,
ﬂow cytometry provides an estimate of genome size in an
www.jse.ac.cn
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Fig. 3. Possible genetic and genomic changes following allopolyploidization. Allopolyploids that do not undergo changes will
exhibit genetic and karyotypic ﬁxed heterozygosity (bottom, center). Changes at individual loci include gene conversion and loss
of homoeologous gene copies. Large-scale structural changes include non-reciprocal homoeologous translocations and
compensated aneuploidy.

individual plant or tissue relative to a reference standard of
known size (Dolezel & Bartos, 2005). In the past decade, ﬂow
cytometry, often in conjunction with molecular or morphological data, has become a regularly adopted tool for identifying
allopolyploids in many fern genera (e.g., Asplenium: Ekrt &

Stech,
2008; Chang et al., 2013; Botrychium: Dauphin et al.,
2016; Dryopteris: Ekrt et al., 2009, 2010; Ekrt & Koutecky, 2016;
Equisetum: Bennert et al., 2005; Polypodium: Bures et al., 2003;
Pteridium: Wolf et al., 2015a; Vandenboschia: Ebihara et al.,
2005), but it has yet to be speciﬁcally employed to assess
questions of genome size evolution in hybrid ferns.
A preliminary survey of literature and the Plant DNA Cvalues Database (data.kew.org/cvalues/; Bennett & Leitch,
2012) provides several examples of genome size estimates for
fern hybrid taxa and their progenitors. For example, genome
sizes have been estimated for several members of the
Polypodium vulgare and Dryopteris carthusiana reticulation
complexes including the allohexaploids P. interjectum and D.
clintoniana, respectively, as well as several sterile backcrosses
(Fig. 4). Comparison of estimated genome size to expected
genome size based on a null hypothesis of parental additivity,
suggests that these allotetraploid taxa have undergone a
substantially greater degree of change in genomic content
(Fig. 4; P. interjectum: 5.97-24.80% contraction; D. clintoniana:
6.52-7.22% contraction) relative to the sterile backcrosses (e.
g., P. shivasiae: 3.41% contraction; D. triploidea: 0.41-1.63%
expansion; Murray, 1985; Redondo et al., 1999; Bures et al.,
2003; Bainard et al., 2011; Henry et al., 2015; Testo et al., 2015).
Similar studies in the angiosperms Nicotiana and Narcissus
suggest that the magnitude of genomic size change directly
reﬂects the age of the hybrid taxon, and it may be impacted by
the identity of the maternal progenitor and the degree of
www.jse.ac.cn

genetic divergence between progenitors (Leitch et al., 2008;
Marques et al., 2011). Furthermore, changes in hybrid genomic
content, especially among homoploid hybrids or hybrid
backcrosses, can vary substantially among populations,
among individuals derived from distinct hybridization events,
and between synthetically and naturally formed individuals
(Baack et al., 2005; Leitch et al., 2008; Marques et al., 2011).
Combining ﬂow cytometry with phylogenetic divergence
dating and GISH will be particularly powerful for understanding genome size changes within reticulation complexes and
may inform broader patterns of genome size evolution across
the ferns (see section What Can Fern Hybrids Teach Us
about Genome Evolution in Ferns?).

Multiple Origins of Hybrid Fern Taxa
One major consequence of the application of molecular
markers to the study of hybrid and polyploid ferns was the
recognition that many, if not most hybrid taxa have formed
repeatedly through independent hybridization events
between the same progenitor species (summarized in Soltis
& Soltis, 1999). The occurrence of multiple origins is most
extreme in fully sterile hybrids where each individual is the
product of a distinct hybridization event, with the exception
of vegetative clones. However, it is in allopolyploids where
multiple origins of a given taxon have the most signiﬁcant
genetic, genomic, and potentially evolutionary consequences.
Multiple allopolyploidization events provide a path for
progenitor species to repeatedly contribute to the genetic
diversity of a higher ploidy taxon, with each independentlyderived lineage potentially formed from a different
J. Syst. Evol. 54 (6): 638–655, 2016
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Fig. 4. Genome size estimates for hybrid taxa and their progenitors belonging to (A) the Polypodium vulgare complex and (B) the
Dryopteris carthusiana complex. Ploidy (2n) is indicated next to the name of each taxon, and arrows connect progenitors and
hybrid taxa. Values below names are 2C genome size estimates in picograms, with  indicating that an estimate is an average of
measurements from several individuals. Deviations in genome size from the null expectation of parental additivity are shown in
parentheses. Inset legends indicate the studies from which genome estimates were obtained.

combination of progenitor genotypes. Thus, the intraspeciﬁc
genetic variation of an allopolyploid taxon can reﬂect, at least
in part, the intraspeciﬁc variation of its progenitor taxa and
can be used to identify allopolyploid individuals belonging to
independently derived lineages. For example, Werth et al.
(1985a, 1985b) demonstrated that polymorphisms at several
isozyme loci in the allotetraploid taxa Asplenium bradleyi and
A. pinnatiﬁdum were also present in their diploid progenitors,
a pattern most readily explained by multiple origins from
distinct progenitor genotypes. Notably, Werth’s isozyme
study of the Appalachian Asplenium complex is the ﬁrst
documented example of multiple origins in a vascular plant
(Werth et al., 1985a, 1985b). Multiple origins have subsequently been proposed for numerous ferns such as Cystopteris
tennesseensis (Hauﬂer et al., 1990), Polystichum californicum
(Soltis et al., 1991), Botrychium minganense (Hauk & Hauﬂer,
1999), and Asplenium majoricum (Hunt et al., 2011).
An implicit assumption in using molecular data for inferring
multiple origins of an allopolyploid (or for inferring parentage,
in general), is that allopolyploids exhibit ﬁxed heterozygosity
of parental genotypes (see section Fixed heterozygosity).
J. Syst. Evol. 54 (6): 638–655, 2016

However, without additional evidence to support ﬁxed
heterozygosity (e.g., cytological observation, analysis of allele
segregation patterns, assessment of degree of inbreeding)
support for multiple origins of an allopolyploid can be
equivocal or the number of independently formed lineages
may be overestimated. For example, using only data from
isozyme electrophoresis, Ranker et al. (1994) identiﬁed 17
distinct isozyme phenotypes of the allotetraploid Asplenium
adiantum-nigrum in Hawaii and the continental United States,
each possibly representing a unique origin. However, the
substantial variation in isozyme phenotypes in Asplenium
adiantum-nigrum may actually be due to accidental sampling
of cryptic taxa within Asplenium adiantum-nigrum, or
homoeologous recombination due to segmental allopolyploidy (summarized in Vogel et al., 1990 and references
therein). As Vogel et al. (1990) points out, without additional
evidence, it is more parsimonious to assume that the diversity
of A. adiantum-nigrum in Hawaii is due to the genetic diversity
found in a single sporangium, followed by outbreeding and
some degree of mutation. Similarily, Beck et al. (2012) used
ampliﬁed fragment length polymorphism (AFLP) markers to
www.jse.ac.cn
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infer a minimum of ten origins for the apomictic triploid
Astrolepis integerrima under the assumption of genomic stasis
in apomicts. While phylogenetic analysis of plastid sequence
data provides strong evidence for ﬁve independently formed
plastid lineages within A. integerrima (Beck et al., 2012), failure
to considered the role of subsexual mechanisms such as
homoeologous recombination for promoting genotype diversity within and among populations of apomictic species can
lead to overestimation of independent origins (Bierhorst,
1975; Ishikawa et al., 2003; Ootsuki et al., 2012; Grusz, 2014).
The most clear-cut examples of multiple origins in ferns are
those in which a hybrid taxon comprises independentlyderived lineages of reciprocal maternity. Chloroplasts and
mitochondria are predominantly inherited from a single
parent, and in ferns there is strong support for the maternal
inheritance of plastids (Gastony & Yatskievych, 1992; Vogel
et al., 1998b; Guillon & Raquin, 2000). When hybridization
between two species occurs in reciprocal directions, the
resulting hybrids will have different chloroplast haplotypes
despite possibly having identical nuclear genotypes. Such
reciprocal origins have been reported in ferns for sterile
hybrids (e.g., Nephrolepis hippocrepicis: Kao et al., 2014),
apomictic allopolyploids (e.g., Astrolepis integerrima: Beck
et al., 2012), and sexual allopolyploids (e.g., Polypodium
calirhiza: Hauﬂer et al., 1995a).
The allotetraploid Polypodium hesperium is perhaps the
best documented fern hybrid taxon of reciprocal origins,
having plastid haplotypes strongly correlated with geography
in western North America. Northern populations have plastids
inherited from P. amorphum, whereas southern populations
have plastids inherited from P. glycyrrhiza (Sigel et al., 2014).
Using RNA-transcriptome proﬁling, Sigel (2014) determined
that both plastid lineages of P. hesperium exhibited broadly
similar patterns of gene expression across the genome,
including expression-level dominance and homoeolog-expression biases favoring the genome derived from P. amorphum.
However, at the level of speciﬁc genes, there are substantial
differences in gene expression between the two lineages. For
example, nearly 30% of the genes surveyed exhibited differences in the ratio of parental homoeologs expressed. These
results suggest that while multiple origins of an allopolyploid
fern experience similar genomic changes following allopolyploidization—such as epigenetic modiﬁcations, activation of
retroelements, and pseudogenization—they also impart
substantial genomic, transcriptomic, and potentially phenotypic variation to a taxon.
One potentially fruitful and entirely unexplored area of
research on hybrid ferns of reciprocal origin is an
exploration of cytonuclear interactions. A natural starting
point for such an investigation would be to focus on coevolution of the large and small subunits of ribulose-1,
5-bisphosphate carboxylase/oxygenase (Rubsico), the key
enzyme in photosynthetic carbon ﬁxation, which are by
encoded by a single gene (rbcL) in the chloroplast
genome and a multigene family in the nuclear genome
(rbcS), respectively. Studies of allopolyploid angiosperms
reveal that rbcS genes are subject to concerted evolution,
with most taxa exhibiting maternal-to-paternal gene
conversion of signaling and regulatory domains, and
preferential expression of paternal homoeologs carrying
maternal gene conversions (Gong et al., 2014; Sehrish
www.jse.ac.cn
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et al., 2015). Comparing the expression and retention of
rbcS homoeologs among reciprocal origins of an allopolyploid fern, as well as in synthesized homoploid hybrids,
would inform the direction and temporal scale of
cytonuclear coordination following hybridization in ferns.

Introgression
Another area of research that has been vastly understudied is
the frequency of introgression and its role in shaping the
genetic composition of progenitor species in fern reticulate
complexes. The term introgression has been applied to
several phenomena pertaining to the exchange of genetic
material via hybridization (as summarized in Rieseberg &
Wendel, 1993), but for the purposes of this review the
deﬁnition is restricted to the incorporation of genes or alleles
from one preexisting sexual species to another preexisting
sexual species (Anderson, 1949; Stebbins, 1959; Heiser, 1973;
Rieseberg & Wendel, 1993). Genetic introgression is achieved
when an F1 hybrid is backcrossed to one progenitor species,
effectively acting as a bridge to introduce genetic material
from the other progenitor species via recombinant gametes.
Additional rounds of backcrossing between the interspeciﬁc
hybrids and progenitor species may lead to the stable
incorporation of alien alleles into the genetic backgrounds
of one or both parent species (Anderson & Hubricht, 1938).
Introgression has only been proposed in a handful of
documented cases in ferns. Most commonly, introgression is
hypothesized to occur in fern hybrid swarms where individuals
exhibiting a spectrum of intermediate morphologies coexist
with “pure” parental forms. Such hybrid swarms are welldocumented in Pteris (Walker, 1958, 1962), Trichomanes
(Bierhorst, 1977), Cyathea (Conant & Cooper-Driver, 1980;
formerly Alsophila and Nephelea) and Polystichum (Mayer &
Mesler, 1993; Mullenniex et al., 1998; Kentner & Mesler, 2000).
The only study to utilize molecular markers to explicitly
demonstrate genetic introgression in ferns focused on the
hybrid swarms of Polystichum munitum x P. imbricans in
northwest California. Using a single isozyme locus and
chloroplast DNA (cpDNA) restriction digests, Mullenniex
et al. (1998) demonstrated that several morphologically
“pure” individuals of P. munitum and P. imbricans have
nuclear isozyme alleles and chloroplast haplotypes diagnostic
of the other species, a combination not possible in F1 hybrids.
While this study in Polystichum clearly demonstrates the
occurrence of introgression, its conclusions are limited to
documenting the transient ﬂow of genes within hybrid
swarms. It does not provide evidence that introgressed
nuclear alleles or plastid genomes have stabilized in the
diploid species, representing a permanent transfer of genes
(Rieseberg & Wendel, 1993).
Two recent phylogenetic studies utilizing both plastid and
nuclear sequence data have inadvertently documented what
appears to be stabilized introgression in ferns (Nitta et al.,
2011; Metzgar et al., 2013). The most compelling example is
from Cryptogramma, where it is likely that the diploid species
C. acrostichoides acquired alleles of the single copy nuclear
gene gapCp from the distantly related diploid species C.
raddeana via backcrossing with their allotetraploid derivative.
The presence of C. raddeana gapCp alleles in all but one
J. Syst. Evol. 54 (6): 638–655, 2016
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population of C. acrostichoides suggests that introgression
may have resulted in the permanent addition of, or is in the
processes of adding, alien alleles to the genetic variation of
C. acrostichoides (Stebbins, 1959; Heiser, 1973; Rieseberg &
Wendel, 1993). While it is possible that incomplete lineage
sorting could instead account for the gapCp allele common to
both P. acrostichoides and C. raddeana, the authors argue that
this would require an unparsimonious number of allelic losses
in other Cryptogramma taxa and an unreasonably long
coalescence time (Metzgar et al., 2013).
There are several reasons why the frequency, genetic
signiﬁcance, and genomic consequences of introgression are
not well-studied in ferns. Most pervasive, perhaps, are the
false assumption that interspeciﬁc hybrids are completely
sterile (see section Products of Hybridization) and a dearth
of low copy, bipartenally-inherited nuclear genomic markers.
Analysis of many nuclear markers for a large number of
individuals increases the chance of detecting signatures of
introgression, such as phylogenetic incongruence of gene
trees, to the exclusion of incomplete lineage sorting (Linder
& Rieseberg, 2004). The recent expansion of low copy
nuclear sequence markers and microsatellites for ferns may
lead to the increased detection of putative introgression in
well-sampled reticulate species complexes (Rothfels et al.,
2014b). Next-generation sequencing technologies offer new
tools for generating the in-depth genomic data for
numerous individuals that is required to accurately detect
linkage blocks of introgressed genes, and for adopting
population genetic approaches for detecting introgression
and ancient hybridization (Rieseberg et al., 2000; Twyford &
Ennos, 2012).
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Leitch & Leitch, 2012; Henry et al., 2015; Schneider et al., 2015;
Wolf et al., 2015b; Clark et al., 2016).
The genetic and genomic changes following allopolyploidization represent the early stages of diploidization that
ultimately lead to genome stabilization at a higher, aneuploid
level (Wendel, 2015). This makes neoallopolyploid ferns ideal
systems for investigating the early stages of chromosome
evolution following whole genome duplication. Of particular
utility is the ability to track the fate of speciﬁc homoeologous
genes and chromosomes, either though the identiﬁcation of
progenitor-speciﬁc markers or chromosome painting techniques, such as genome in situ hybridization (GISH). Comparative genomic studies of synthetic and well-characterized
natural allopolyploids derived from the same progenitors will
help identify the temporal scale of diploidization in ferns, and
comparison of genomic changes among many allopolyploid
ferns may help identify whether different mechanisms of
diploidization predominate in different fern lineages. Furthermore, comparing the fate of duplicated genes in allopolyploid
ferns to angiosperm allopolyploids of comparable age will
inform broad scale differences in chromosome evolution in
these two major lineages and the effects of different life
history traits (e.g., homospory vs. heterospory, or related
breeding system characteristics) on genome evolution. With
the ﬁrst sequenced fern genomes on the horizon (Barker &
Wolf, 2010; Sessa et al., 2014; Wolf et al., 2015b), comparative
genomic approaches utilizing neoallopolyploids will be key to
understanding the persistent question of why homosporous
ferns have such distinctive genomes.

Summary
What Can Hybrids Teach Us about Genome
Evolution in Ferns?
The genomes of homosporous ferns have several features
that are distinct from those of other plant lineages—
especially, large genome sizes in combination with high
base chromosome numbers. Homosporous ferns have an
average base chromosome number 3.6 greater than
angiosperms (n ¼ 60.50 vs. n ¼ 15.99; Klekowski & Baker,
1966; Clark et al., 2016), and an average C-value approximately
2 larger (1C ¼ 12.05 pg vs. 1C ¼ 6.1 pg; Zonneveld et al., 2005;
Sessa & Der, 2016). In addition, fern genomes have lower gene
densities (Rabinowicz et al., 2005; Wolf et al., 2015b) and
increased proportions of repetitive elements, such as DNA
transposons (Wolf et al., 2015b), relative to seed plants. It is
now known that all seed plants and most, if not all,
homosporous ferns belong to lineages that have undergone
one or more historic polyploidization events (Barker, 2009;
Barker & Wolf, 2010; Jiao et al., 2011; Wendel et al., 2016), and
the evolution of these lineages has been shaped, in large part,
by cycles of whole genome duplication followed by genetic
and chromosomal diploidization (Wendel, 2015). However, the
genomic differences between seed plants and homosporous
ferns suggest that they may have substantially different
forces and mechanisms for discarding excessive and redundant genetic material, with many researchers suggesting that
homosporous ferns generally have less “dynamic” genomes
(Nakazato et al., 2008; Barker, 2009, 2012; Barker & Wolf, 2010;
J. Syst. Evol. 54 (6): 638–655, 2016

Irene Manton’s book, Problems of Cytology and Evolution in
the Pteridophyta (1950), rooted our current understanding of
hybridization in ferns in a cytological and genomic context,
and introduced several, now iconic, fern reticulate complexes.
Since the mid-20th century, fern biologists have been quick to
adopt new methodologies to resolve relationships within
these reticulate complexes, and, to a lesser extent, explore
the fate of gene copies inherited from different progenitors
and genomic changes resulting from hybridization. While
hybrid ferns, particularly allopolyploids, are largely assumed
to exhibit ﬁxed heterozygosity of homoeologous loci and
chromosomes, signiﬁcant evidence exists for pervasive and
often directional homoeolog silencing. These patterns of gene
expression suggest that fern hybrids experience substantial
changes at the genetic level (e.g., non-functionalization, neofunctionalization, or loss of loci) and the genomic level (e.g.,
chromosomal translocations, compensated aneuploidy, or
diploidization). Additionally, it appears that multiple origins
and introgression may impart signiﬁcant genetic variation to
hybrid fern taxa and their progenitors.
The time is ripe for revisiting the questions of how ferns
utilize the genetic diversity that is imparted by hybridization,
and how hybridization has shaped extant fern diversity.
Valuable future research directions include the assessment of
genetic distance between progenitors of homoploid hybrids
and allopolyploids, the temporal scale and mechanisms of
homoeolog silencing, chromosomal structural rearrangements following hybridization, cytonuclear interactions in
www.jse.ac.cn
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reciprocally-formed allopolyploids, and using allopolyploid
ferns to investigate mechanisms of genome evolution in
homosporous ferns. Historically studied, well-characterized
fern reticulate complexes are ideal study systems in which to
address these types of questions.

Acknowledgements
The author is grateful to A. Grusz, E. Schuettpelz, and C. Taylor
for their helpful comments on this manuscript, and to R. Everly
and the Smithsonian Libraries for help obtaining research
materials. Two anonymous reviewers provided valuable
comments and edits. This work was funded by a Peter Buck
Postdoctoral Fellowship at the National Museum of Natural
History, Smithsonian Institution.

References
Adjie B, Masuyama S, Ishikawa H, Watano Y. 2007. Independent
origins of tetraploid cryptic species in the fern Ceratopteris
thalictroides. Journal of Plant Research 120: 129–138.
Ainouche ML, Wendel JF. 2014. Polyploid speciation and genome
evolution: Lessons from recent allopolyploids. In: Pontarotti P ed.
Evolutionary biology: Genome evolution, speciation, coevolution,
and origin of life. New York: Springer. 87–113.
Anderson E. 1949. Introgressive hybridization. New York: Wiley.
Anderson E, Hubricht L. 1938. The evidence for introgressive
hybridization. American Journal of Botany 25: 396–402.
Anderson E, Stebbins GL. 1954. Hybridization as an evolutionary
stimulus. Evolution 8: 378–388.
Baack EJ, Whitney KD, Rieseberg LH. 2005. Hybridization and genome
size evolution: Timing and magnitude of nuclear DNA content
increases in Helianthus homoploid hybrid species. New Phytologist
167: 623–630.
Bainard JD, Henry TA, Bainard LD, Newmaster SG. 2011. DNA
content variation in monilophytes and lycophytes: Large
genomes that are not endopolyploid. Chromosome Research
19: 763–775.
Barker MS. 2009. Evolutionary genomic analyses of ferns reveal that
high chromosome numbers are a product of high retention and
fewer rounds of polyploidy relative to angiosperms. American
Fern Journal 99: 136–141.
Barker MS. 2012. Karyotype and genome evolution in pteridophytes.
In: Greilhuber J, Dolezel J, Wendel JF eds. Plant genome diversity
volume 2: Physical structure, behaviour and evolution of plant
genomes. Vienna: Springer. 245–253.
Barker MS, Baute GJ, Liu S-L. 2012. Duplications and turnover in plant
genomes. In: Greilhuber J, Dolezel J, Wendel JF eds. Plant genome
diversity volume 1: Plant genomes, their residents, and their
evolutionary dynamics. Vienna: Springer. 155–169.

649

fern (Astrolepis integerrima; Pteridaceae). American Journal of
Botany 99: 1857–1865.
Benedict RC. 1911. Do ferns hybridize? Science 33: 254–255.
Benedict RC. 1945. Problems and objectives in the study of fern
hybrids. American Fern Journal 35: 65–74.
Bennert W, Lubienski M, K€
orner, Steinberg M. 2005. Triploidy in
Equisetum subgenus Hippochaete (Equisetaceae, Pteridophyta).
Annals of Botany 95: 807–815.
Bennett MD, Leitch IJ. 2012. Pteridophyte DNA C-values database
(Release 5.0, Dec. 2012) [online]. Available from data.kew.org/
cvalues/ [accessed 01 September 2016].
Bierhorst DW. 1975. The apogamous life cycle of Trichomanes
pinnatum– A conﬁrmation of Klekowski’s predictions on homoeologous pairing. American Journal of Botany 62: 448–456.
Bierhorst DW. 1977. Introgression in Trichomanes. American Journal of
Botany 64: 1125–1234.
Bryan FA, Soltis DE. 1987. Electrophoretic evidence for allopolyploidy
in the fern Polypodium virginianum. Systematic Botany 12: 553–561.
Buerkle CA, Morris RJ, Asmussen MA, Rieseberg LH. 2000. The
likelihood of homoploid speciation. Heredity 84: 441–451.
Buggs RJ, Elliott NM, Zhang L, Koh J, Viccini LF, Soltis DE, Soltis PS.
2010. Tissue-speciﬁc silencing of homoeologs in natural populations of the recent allopolyploid Tragopogon mirus. New
Phytologist 86: 175–183.
Buggs RJ, Wendel JF, Doyle JJ, Soltis DE, Soltis PS, Coate JE. 2014.
The legacy of diploid progenitors in allopolyploid gene
expression patterns. Philosophical Transactions of the Royal
Society B: Biological Sciences 369: 20130354. doi: 10.1098/
rstb.2013.0354.
Bures P, Tichy L, Wang F-Y, Bartos J. 2003. Occurance of Polypodium 
mantoniae and new localities for P. interjectum in the Czech Republic
conﬁrmed using ﬂow cytometry. Preslia 75: 293–310.
Chang Y, Li J, Lu S, Schneider H. 2013. Species diversity and reticulate
evolution in the Asplenium normale complex (Aspleniaceae) in
China and adjacent areas. Taxon 62: 673–687.
Chao Y-S, Dong S-Y, Chiang Y-C, Liu H-Y, Chiou W-L. 2012. Extreme
multiple reticulate origins of the Pteris cadieri complex (Pteridaceae). International Journal of Molecular Science 13: 4523–4544.
Chapman MA, Burke JM. 2007. Genetic divergence and hybrid
speciation. Evolution 61: 1773–1780.
Chester M, Gallagher JP, Symonds VV, Cruz da Silva AV, Mavrodiev EV,
Leitch AR, Soltis PS, Soltis DE. 2012. Extensive chromosomal
variation in a recently formed natrual allopolyploid species,
Tragopogon miscellus (Asteraceae). Proceedings of the National
Academy of Sciences USA 109: 1176–1181.
Chester M, Riley RK, Soltis PS, Soltis DE. 2015. Patterns of
chromosomal variation in natural populations of the neoallotetraploid Tragopogon mirus (Asteraceae). Heredity 114: 309–317.

Barker MS, Wolf PG. 2010. Unfurling fern biology in the genomics age.
BioScience 60: 177–185.

Clark J, Hidalgo O, Pellicer J, Liu H, Marquardt J, Robert Y,
Christenhusz M, Zhang S, Gibby M, Leitch IJ, Schneider H. 2016.
Genome evolution of ferns: Evidence for relative stasis of
genome size across the fern phylogeny. New Phytologist 210:
1072–1082.

Barrington DS. 1990. Hybridization and allopolyploidy in Central
American Polystichum: Cytological and isozyme documentation.
Annals of the Missouri Botanical Garden 77: 297–305.

Conant DS. 1990. Observations on the reproductive biology of
Alsophila species and hybrids (Cyathaceae). Annals of the Missouri
Botanical Garden 77: 290–296.

Barrington DS, Hauﬂer CH, Werth CH. 1989. Hybridization, reticulation, and species concepts in ferns. American Fern Journal 79:
55–64.

Conant DS, Cooper-Driver G. 1980. Autogamous allohomoploidy in
Alsophila and Nephelea. American Journal of Botany 67: 1269–1288.

Beck JB, Allison JR, Pryer KM, Windham MD. 2012. Identifying multiple
origins of polyploid taxa: A multilocus study of the hybrid cloak

www.jse.ac.cn

Darnaedi D, Kato M, Iwatsuki K. 1990. Electrophoretic evidence for
the origin of Dryopteris yakusilvicola (Dryopteridacaeae). The
Botanical Magazine, Tokyo 103: 1–10.

J. Syst. Evol. 54 (6): 638–655, 2016

650

Sigel

Dauphin B, Grant J, Mr
az P. 2016. Ploidy level and genome
size variation in the homosporous ferns Botrychium s.l.
(Ophioglossaceae). Plant Systematics and Evolution 302: 575–584.

Gibby M. 1985. Hybridization and speciation in the genus Dryopteris
(Pteridophyta: Dryopteridaceae) on Pico Island in the Azores.
Plant Systematics and Evolution 149: 241–252.

DeBenedictus VMM. 1969. Apomixis in ferns with special reference to
sterile hybrids. Ph.D. Dissertation. Ann Arbor, Michigan: University
of Michigan.

Gibby M, Walker S. 1977. Further cytogenetic studies and a reappraisal
of the diploid ancestry in the Dryopteris carthusiana complex. The
Fern Gazette 11: 315–324.

Dolezel J, Bartos J. 2005. Plant DNA ﬂow cytometry and estimation of
nuclear genome size. Annals of Botany 95: 99–110.

Glover NM, Redestig H, Dessimov C. 2016. Homoeologs: What are they
and how do we infer them? Trends in Plant Science 21: 609–621.

D€
opp W. 1932. Die apogamie bei Aspidium remotum. Planta 17: 87–152.

Gong K, Olson M, Wendel JF. 2014. Cytonuclear evolution of rubisco in
four allopolyploid lineages. Molecular Evolution and Biology 31:
2624–2636.

Dyer RJ, Savolainen V, Schneider H. 2012. Apomixis and reticulate
evolution in the Asplenium monanthes fern complex. Annals of
Botany 110: 1515–1529.
Ebihara A, Ishikawa H, Matsumoto S, Lin S-J, Iwatsuki K, Takamiya M,
Watano Y, Ito M. 2005. Nuclear DNA, chloroplast DNA, and ploidy
analysis clariﬁed biological complexity of the Vandenboschia
radicans complex (Hymenophyllaceae) in Japan and adjacent
areas. American Journal of Botany 92: 1535–1547.
Edger PP, Pires JC. 2009. Gene and genome duplications: The impact
of dosage-sensitivity on the fate of nuclear genes. Chromosome
Research 17: 699–717.
Ekrt L, Koutecky P. 2016. Between sexual and apomictic:
Unexpectedly variable sporogenesis and production of viable
polyhaploids in the pentaploid fern of the Dryopteris afﬁnis agg.
(Dryopteridaceae). Annals of Botany 117: 97–106.
Ekrt L, Holubova R, Tr
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