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ABSTRACT
Asplenium L. is estimated to be the largest fern genus and is very prone to polyploidy and hybridization. We investigated the
phylogenetic relationships of two geographically restricted complexes in the Mediterranean Basin, and searched for evidence of
multiple and/or reciprocal origins of the allopolyploids. The A. obovatum Viv. and A. adiantum-nigrum L. complexes include a total
of five diploid and four polyploid taxa and are linked by the tetraploid A. balearicum Shivas. We collected 36 new samples
representing all nine taxa, from which we amplified five chloroplast regions. We also included sequences from GenBank and
performed maximum likelihood (ML) and Bayesian inference (BI) analyses to identify multiple and reciprocal origins. We
conducted a larger molecular dating analysis to assess relationships with the rest of Asplenium and estimate divergence times. This
matrix included 137 species of Asplenium and three outgroups, including sequences previously published. All sequences of
allotetraploids A. adiantum-nigrum and A. balearicum grouped with A. onopteris L., with no sign of reciprocal parentage, but possible
evidence of multiple origins. The tetraploids A. foreziense Le Grand and A. billotii F. W. Schultz grouped with both respective parents,
indicating probable multiple and reciprocal origins. The best supported case of reciprocal parentage is A. foreziense. In the larger
analysis, the species studied resolve in two different clades that correspond to the two complexes, and the groups are not closely related,
with a conservative estimate of 45.43 millions of years ago (Ma) for their divergence. There is evidence of multiple origins of all four
allopolyploids, though only with strong support for one, and of reciprocal origins for two of the four allopolyploids, though again only one
is well supported. Asplenium balearicum represents a hybridization event between members of clades whose ancestors diverged
roughly 45 Ma, making this divergence one of the oldest to have descendants later produce hybrid offspring.
Key words: Asplenium, ferns, hybridization, phylogeny, polyploidy, reciprocal origins, reticulate evolution.

Hybridization and polyploidy are widely recognized as
significant phenomena that have shaped the evolutionary
histories of many groups of organisms (Otto & Whitton,
2000; Mable, 2003; Soltis et al., 2014). This is perhaps
most true for plants, and within plants, particularly for
ferns (Wood et al., 2009; Sessa & Der, 2016). The
occurrence of polyploidy, and especially allopolyploidy
(whole genome duplication associated with hybridization),
in various groups of ferns has been well documented over
the years. Studies on genera such as Asplenium L. (Shepherd
et al., 2008; Dyer et al., 2012; Chang et al., 2013; Schneider
et al., 2013), Dryopteris Adans. (Walker, 1959; Juslén et al.,
2011; Sessa et al., 2012a, 2012b, 2015), Polypodium L.
(Haufler et al., 1995; Sigel et al., 2014a, 2014b), Polystichum Roth (Barrington, 1990; Mullenniex et al., 1998;
Little & Barrington, 2003; Perrie et al., 2003), and many
others have shown that their histories are complicated by
reticulate evolution that has produced polyploid complexes,

though in many cases the progenitors of extant allopolyploids can now be identified with high confidence.
In recent years, research on polyploidy has moved
beyond simply sorting out parentage in reticulate complexes and toward understanding the dynamics of polyploid formation. Two issues in particular have received
attention: the phenomena of multiple or recurrent origins, and of reciprocal versus non-reciprocal parentage.
Multiple origins are now thought to be the norm for most
polyploid taxa (Werth et al., 1985b; Segraves et al.,
1999; Soltis & Soltis, 1999; Soltis et al., 2014). Researchers have identified many allopolyploid “species”
that are in fact comprised of multiple independent
lineages derived from several individuals of the progenitor taxa. Among ferns, polyploid species with multiple origins have been documented in many genera,
including Asplenium (Werth et al., 1985b; Perrie et al.,
2010; Chang et al., 2013), Astrolepis D. M. Benham &
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Windham (Beck et al., 2010, 2012), Ceratopteris Brongn.
(Adjie et al., 2007), Myriopteris Fée (Grusz et al., 2009;
Windham et al., 2009), Polypodium (Haufler et al., 1995;
Sigel et al., 2014a), Polystichum (Soltis et al., 1991;
Jorgensen & Barrington, 2017), Pteris L. (Chao et al.,
2012), and Nephrolepis Schott (Yahaya et al., 2016). In
several groups of both ferns and seed plants, independent
lineages of a polyploid species have also been found to
have reciprocal parentage, in which both progenitor
species have served as the maternal taxon in different
crosses (Soltis & Soltis, 1999). When reciprocal crosses
have occurred, the maternal progenitor can belong to
either parental species with equal frequency, or hybridization can be asymmetric, with the two reciprocal crosses
occurring with different frequencies (Xiang et al., 2000;
Testo et al., 2015). The directionality of parentage, and
whether it is asymmetric among multiple origins of a
polyploid taxon, has been investigated less frequently
than multiple origins themselves, but instances in which
polyploid lineages have reciprocal parentage have been
identified in several fern genera, including Asplenium
(Werth et al., 1985b; Perrie et al., 2010; Chang et al.,
2013), Astrolepis (Beck et al., 2010, 2012), Polypodium
(Haufler et al., 1995; Sigel et al., 2014b), Pteris (Chao
et al., 2012), and Nephrolepis (Kao et al., 2014; Yahaya
et al., 2016). Whether reciprocal fertilization events can
occur in a particular cross may be influenced by many
factors, including aspects of reproductive biology such as
timing of gamete formation or presence and strength of
antheridiogen systems (Testo et al., 2015), cytonuclear
interactions (Favre et al., 2017), or other phenomena that
influence hybrid fitness (Muir et al., 2015).
Asplenium is considered to be the largest genus of
ferns, with ca. 700 species (Lin & Viane, 2013; PPG I,
2016), and has long been known to be prone to polyploidy and hybridization (Manton, 1950; Wagner, 1954;
Reichstein, 1981; Sleep, 1983). It includes many polyploid complexes whose members are often restricted to a
particular geographic region, such as Europe (Pinter
et al., 2002; Ekrt & Štech, 2008; Hunt et al., 2011),
eastern Asia (Yatabe et al., 2009; Chang et al., 2013),
North America (Wagner, 1954; Werth et al., 1985a), or
the Caribbean (Regalado et al., 2010). In 1981–1982,
Reichstein provided a checklist of all known Asplenium
hybrids and allopolyploids in Europe (46 at the time),
including their putative parentage (Reichstein, 1981,
1982). Several species in his list belong to a group of
Asplenium whose members are found throughout western Europe, particularly in the Iberian Peninsula and
Mediterranean region (Sleep, 1983), and which are
known as the A. obovatum Viv. and A. adiantum-nigrum
L. complexes (Fig. 1). Here we refer to the members of
both complexes together as the “obovatum-adiantumnigrum group” (OANG). The evolution of this group
and whether the polyploid lineages it includes have

experienced reciprocal parentage are the subjects of the
present paper.
Members of the OANG are generally small in stature
(up to 40 cm) (Sleep, 1966; Nogueira & Ormonde, 1986)
and live in rock crevices, often restricted to a particular
substrate, such as limestone (Asplenium fontanum (L.)
Bernh.), serpentine (A. cuneifolium Viv.), or silicate (A.
adiantum-nigrum, A. billotii F. W. Schultz, A. foreziense
Le Grand, A. obovatum, A. onopteris L.) (Sleep, 1966;
Reichstein, 1981; Rasbach et al., 1986). Four base
chromosome numbers have been documented in Asplenium (x 5 35, 36, 38, and 39) (Bellefroid et al., 2010);
the most common is x 5 36, and all of the diploids in
the OANG have 2n 5 72 and the polyploids 2n 5 144
(Nogueira & Ormonde, 1986). Relationships within the
OANG were first investigated in detail by Anne Sleep,
whose doctoral dissertation focused on several members
of the group (Sleep, 1966). Morphology alone proved
insufficient to dissect the relationships, as many of the
species are morphologically quite similar (Sleep, 1966).
Using experimental crosses and cytology, Sleep investigated the parentage of several of the putative allopolyploids in the A. obovatum complex and identified their
progenitors. Her experiments showed that A. foreziense
is an allopolyploid cross between A. fontanum and A.
obovatum, and that A. billotii, which previously had been
thought to be an allopolyploid (Manton, 1961; Manton &
Reichstein, 1962), likely originated as a cryptic autotetraploid derived from A. obovatum, but with partially
diverged parental genomes (Sleep, 1966, 1983) (Fig.
1). A second subspecies of A. obovatum, A. obovatum
subsp. protobillotii Demiriz, Viane & Reichst., was later
designated as the second contributor to A. billotii, along
with A. obovatum subsp. obovatum (Demiriz et al., 1990;
Rasbach et al., 1990). This scenario was confirmed by
Herrero and colleagues using isozyme analyses: they
found the two subspecies of A. obovatum to have distinct
banding patterns that were additive in the tetraploid A.
billotii (Herrero et al., 2001). The morphological differences between the two subspecies of A. obovatum were the
subject of an extensive study of anatomy and morphology
undertaken by Steinecke and Bennert (1993). Further
evidence to support the close relationship of A. obovatum, A. fontanum, and A. foreziense came from studies
of flavonoid compounds (Iwashina et al., 2000) and
gametophyte morphology (Herrero et al., 2002).
The Asplenium adiantum-nigrum complex includes
tetraploids A. adiantum-nigrum and A. balearicum
Shivas and diploids A. cuneifolium and A. onopteris
(Fig. 1). This and the A. obovatum complex are linked by
A. obovatum’s role as a progenitor of A. balearicum. The
identities of the progenitors of both A. adiantum-nigrum
and A. balearicum were first determined by Mary Grant
Shivas (Shivas, 1969) using hybridization and cytological experiments similar to those undertaken by Sleep
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Figure 1. A–F. Members of the Asplenium obovatum-adiantum-nigrum group (OANG). —A. Asplenium adiantum-nigrum L.
—B. Asplenium billotii F. W. Schultz. —C. Asplenium onopteris L. —D. Asplenium fontanum (L.) Bernh. —E. Asplenium foreziense
Le Grand. —F. Asplenium cuneifolium Viv. Photos A–D by J. M. Gabriel y Galán; E, F by E. B. Sessa. —G. Relationships
previously established for the members of the OANG. Arrows indicate parentage of tetraploids (above) by diploids (below). The
group includes members of two complexes: the A. adiantum-nigrum complex (blue background) and the A. obovatum complex
(yellow background). They are linked by A. balearicum Shivas (green background), which has one parent in each complex.
Silhouettes are reproduced from Sleep (1983).

(1966, 1983). Shivas (1969) showed that the widespread
species A. adiantum-nigrum is an allotetraploid formed
from A. cuneifolium and A. onopteris, and she identified
A. balearicum as a previously unnamed allotetraploid
derived from a cross between A. obovatum and A.
onopteris (Shivas, 1969; Lovis et al., 1972). Asplenium
cuneifolium was at first suggested to be an autotetraploid
itself (Roberts, 1974; Deschatres et al., 1978), but Sleep
(1983) and Rasbach et al. (1986) later determined that
the suspected polyploid plants of A. cuneifolium were
in fact serpentine-specialized forms of allotetraploid
A. adiantum-nigrum (Sleep, 1983; Rasbach et al.,
1986; Prada et al., 1995).
In addition to the reticulate relationships described
above, many additional naturally occurring hybrids
have been found to form among various members of
the OANG, including: (1) between diploids, such as
Asplenium 3bouharmontii Badré & Prelli (A. obovatum
subsp. obovatum 3 A. onopteris) (Badré et al., 1981);
(2) between tetraploids, such as A. 3sarniense Sleep
(A. billotii 3 A. adiantum-nigrum) (Sleep, 1983) and
A. 3sleepiae Badr é & Boudrie (A. billottii 3 A.

foreziense) (Badré et al., 1981); (3) between diploids
and tetraploids, such as A. 3joncheerei D. E. Mey. (A.
billotii 3 A. onopteris) (Meyer, 1960); and (4) as backcrosses resulting in formation of triploids, for example, A. obovatum nothosubsp. cyrnosardoum nothovar.
cyrnosardoum Rasbach, K. Rasbach, Reichst., Viane &
Bennert (A. billotii 3 A. obovatum subsp. obovatum) and
nothovariety ibericum Rasbach, K. Rasbach, Reichst.,
Viane & Bennert (A. billotii 3 A. obovatum subsp.
protobillotii) (Rasbach et al., 1990; Herrero et al.,
2001), A. 3tyrrhenicum Cubas, Pangua & Rosselló
(A. balearicum 3 A. onopteris) (Cubas et al., 1987)
[5 A. 3rosselloi Bennert, Rasbach & Reichst. (Bennert
et al., 1988)], and A. 3ticinense D. E. Mey. (A. adiantum-nigrum 3 A. onopteris) (Meyer, 1961). Numerous
other hybrids exist between members of this group
and other Asplenium species (see, e.g., Bennert et al.,
1987; Rumsey et al., 2004; Hunt et al., 2011).
Our goal in the current study is to explore the
evolutionary history of the OANG. Prior to this work,
only three of the species in the OANG (Asplenium
cuneifolium, A. onopteris, and A. fontanum) had been
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included in either of the most recent large-scale phylogenetic studies of Asplenium (Schneider et al., 2004;
Ohlsen et al., 2014). We therefore included all nine
OANG taxa in a broad phylogenetic analysis of Asplenium, in order to place the members of the group in a
broader phylogenetic context and determine the relationship between the two complexes. In order to determine whether reciprocal origins have occurred in any
of the four allotetraploids in the OANG, we sequenced
chloroplast DNA (cpDNA) from multiple samples of
each of them and their diploid progenitors (Fig. 1).
Biparentally inherited nuclear DNA sequences are
actually unhelpful for addressing the question of reciprocal origins, where the identity of the maternal
donor species is key. Transmission of chloroplasts in
Asplenium is exclusively maternal (Vogel et al., 1998a),
as it is in most ferns (Stein & Barrington, 1990; Gastony
& Yatskievych, 1992), and we therefore used only
cpDNA for these analyses to identify the maternal
progenitor species of each sampled allopolyploid
individual.

ornamentation; observed as mean values from at least 30
spores per individual), and ecological/geographical data
(some taxa are very substrate specific or occur in very
restricted geographical locations). We used Hymenasplenium cheilosorum (Kunze ex Mett.) Tagawa as the outgroup for this analysis, which was focused on determining
whether any of the tetraploids in the OANG had experienced reciprocal parentage.
We also conducted a larger phylogenetic analysis to
assess how the OANG members are related to the rest of
the genus. For this analysis we included 132 species
of Asplenium. We searched GenBank for all species of
Asplenium that had sequences available for our markers
of interest (below) and selected one sequence of each
marker for each species (if multiple sequences were
available). We then removed sequences that belonged
to synonymous taxon names (following ,http://www.
theplantlist.org. and ,http://www.tropicos.org.), as
well as unresolved names, as these may in fact belong to
genera other than Asplenium. We added our own sequences for one accession each of the taxa in the OANG,
from our new collections. We included as outgroups
seven members of Hymenasplenium Hayata, the sister
genus to Asplenium, and Hemidictyum marginatum (L.)
C. Presl. The final dataset included 123 species of
Asplenium with sequences from GenBank, one representative of each of the nine OANG species newly
collected and sequenced for this study, and eight outgroup taxa, for a total of 140 included species (Supplementary Appendix 2).

MATERIALS

AND

METHODS

TAXON SAMPLING

The OANG includes nine taxa (Fig. 1), and our new
sampling focused on the Western Mediterranean Basin of
Europe, extending also to Central Europe and with some
scattered populations elsewhere (Fig. 2). We collected a
total of 36 samples representing all nine taxa and also
included sequences from an additional 10 representatives
of these species that were available from GenBank
(Supplementary Appendix 1). Specimens were identified
using local floras (Nogueira & Ormonde, 1986; Viane
et al., 1993) and observing, among other characters, those
related to frond architecture, spore features (e.g., size,

DNA

EXTRACTION, AMPLIFICATION, AND SEQUENCING

We extracted total DNA using the DNeasy Plant Mini
Kit (Qiagen, Valencia, California, U.S.A.) following the
manufacturer’s protocol. We amplified five chloroplast
regions: rbcL, psbA-trnH, trnL-trnF, rps4-trnS (including

Figure 2. Map showing localities for samples newly collected for this study. Diploid species are indicated by colored circles
and tetraploids by colored squares, according to the legend at right.
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part of rps4), and trnG-trnR. The polymerase chain
reaction (PCR) protocol was as follows: 1 U Taq polymerase (5 U/mL), 5 mL buffer (103, containing 15 mM
MgCl2), 3 mL of each primer (5 mM), 1 mL dNTPs
(10 mM), 5 mL BSA (2.5 g/l), 10 mL sol Q (53), and
dH2O to a final volume of 50 mL with 1–3 mL of DNA
template. Primers and reaction conditions followed
those of previous studies; for rbcL: 1F/1361R, 35 3
[45 sec. 94°C, 1 min. 55°C, 2 min. 72°C] 1 10 min.
72°C (Schuettpelz & Pryer, 2007); for psbA-trnH:
psbA39f/trnHf, 28 3 [1 min. 94°C, 1 min. 48°C,
1 min. 72°C] 1 7 min. 72°C (Kress et al., 2005); for
trnL-trnF: Fern1/F, 35 3 [1 min. 94°C, 1 min. 55°C, 1
min. 30 sec. 72°C] 1 6 min. 72°C (Taberlet et al., 1991;
Gabriel y Galán, 2013); for rps4-trnS: F/R, 38 3 [30 sec.
94°C, 40 sec. 42°C, 1 min. 30 sec. 72°C] 1 7 min. 72°C
(Li & Lu, 2006); for trnG-trnR: 1F/22R trnL-trnF, 35 3
[1 min. 94°C, 1 min. 56°C, 2 min. 30 sec. 72°C] 1 10
min. 72°C (Gabriel y Galán, 2013).
PCR products were checked using 1% agarose gel
electrophoresis. Amplification products were either
purified using membrane columns kits (Qiagen) following the manufacturer’s instructions with a final elution
volume of 40–60 mL and sequenced at Macrogen, Inc.
(Seoul, South Korea), or they were sent to Genewiz, Inc.
(South Plainfield, New Jersey, U.S.A.) for purification
and sequencing.

sequences (10 replicates). ML analyses were conducted
in RAxML 8.2.8 (Stamatakis, 2015) using multiple cores
and SSE3 vector instructions (raxmlHPC-PTHREADSSSE3). We used the option to complete 1000 bootstrap
replicates and a search for the ML tree in a single run (the
“-f a” setting). The BI analysis was performed using
MrBayes 3.2.6 (Ronquist et al., 2012). We ran this
analysis for 20,000,000 generations with four chains
and assessed completion using Tracer 1.6 (Rambaut
et al., 2014). We discarded the first 25% of trees as
burn-in and used TreeAnnotator 2.4.2 (Bouckaert et al.,
2014) to combine and summarize the post burn-in trees.
For the larger dataset, we performed a molecular dating
analysis using BEAST 2.3.2 (Drummond et al., 2006;
Drummond & Rambaut, 2007; Bouckaert et al., 2014)
in order to determine the relationship between the Asplenium obovatum and A. adiantum-nigrum complexes
within a broader Asplenium phylogeny, and to calculate
the age of the divergence between the two groups. Given
the ambiguity surrounding the age of the family (Sun
et al., 2010; Li & Yang, 2013; Testo & Sundue, 2016), we
opted to use a secondary calibration point to fix the age
of Aspleniaceae Newman. Previous molecular dating analyses of ferns have reached mixed conclusions about the
age of this family, with different studies finding it to have a
median age of 86.77 million years ago (Ma) (Rothfels et al.,
2015b), 92.6 Ma (Schuettpelz & Pryer, 2009), or 185.8 Ma
(Testo & Sundue, 2016). We conducted two separate
analyses, using the oldest (185.8 Ma) and youngest
(86.77 Ma) of these dates to model the age of Aspleniaceae,
with a normal distribution for the prior (mean 5 185.7868,
sigma 5 6.0 and mean 5 86.8, sigma 5 6.0, respectively,
for the two analyses). We estimated divergence times using
an uncorrelated, lognormal relaxed clock (UCLN) model
with a birth-death process speciation tree prior and unlinked clock models between partitions, and used the
best partitioning and model scheme identified by
PartitionFinder for the larger dataset. We constrained both
the family Aspleniaceae and the genus Asplenium to be
monophyletic. We ran two analyses for 20,000,000 generations each, sampling trees every 5000 generations and
all other parameters every 200 generations. Log and tree
files were combined using LogCombiner 2.4.2 (Bouckaert
et al., 2014), and we examined the posterior distribution
and estimated sample size (ESS) of all parameters using
Tracer. We used TreeAnnotator to combine and summarize
the post burn-in trees and generate a maximum clade
credibility (MCC) chronogram showing mean divergence
time estimates and their 95% highest posterior density
(HPD) intervals.

PHYLOGENETIC AND MOLECULAR DATING ANALYSES

We used Geneious R9 (Kearse et al., 2012) to edit
sequences and assemble contigs. Regions were aligned
separately using the MAFFT 1.3.5 (Katoh & Standley,
2013) plug-in in Geneious and alignments were
checked manually. Because the chloroplast is a single
non-recombining molecule (Wolf et al., 2010, 2011), we
concatenated the plastid loci into two separate
datasets, a smaller and a larger one, as described above.
All subsequent analyses were performed on the highperformance computing cluster at the University of
Florida (HiPerGator 2.0).
For the smaller dataset, we performed maximum parsimony (MP), maximum likelihood (ML), and Bayesian
inference (BI) analyses. We used PartitionFinder 1.1.1
(Lanfear et al., 2012) to select the best model of nucleotide substitution for each region and the best overall
partitioning scheme for the entire dataset, using the
Bayesian information criterion (BIC). Separate analyses
were performed for the ML and BI analyses, since
different sets of models are available in the software
for each. MP analyses were conducted in MEGA 7
(Kumar et al., 2016) with 1000 bootstrap replicates
and using the subtree-pruning-regrafting (SPR) algorithm
(Nei & Kumar, 2000: 126) with search level 1, in which
the initial trees were obtained by the random addition of
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The final DNA matrix for the smaller dataset included
46 individuals belonging to nine ingroup taxa plus the
outgroup species, Hymenasplenium cheilosorum (Supplementary Appendix 1), and was 5246 base pairs long.
PartitionFinder identified the best sets of models and
partitions as follows. For the ML analysis: partition 1)
GTR1G, rbcL and psbA-trnH; partition 2) GTR1G,
trnL-trnF, rps4-trnS and trnG-trnR. For the BI analysis:
partition 1) K801I, rbcL and psbA-trnH; partition 2)
HKY, rps4-trnS; partition 3) HKY1G, trnL-trnF and
trnG-trnR. We did not capture a sufficient amount of the
rps4 gene in our sequencing to include it in the smaller
data matrix. The MP, ML, and BI analyses produced
highly congruent trees with strong support along the
backbone (support summarized on the ML tree; -ln 5
14441.74) (Fig. 3). The most parsimonious tree with
length 5 1343 is identical to the ML tree (Fig. 3). The
consistency index is 0.79, the retention index is 0.96,
and the composite index is 0.85.
We recovered four strongly supported clades corresponding to the diploids in the OANG (Asplenium
cuneifolium, A. onopteris, A. fontanum, and the two
subspecies of A. obovatum). The allotetraploids all
grouped with one or both of their parents (as shown
in Fig. 1). All seven accessions of A. adiantum-nigrum
and all three accessions of A. balearicum grouped with
A. onopteris, with no sign of reciprocal parentage based
on these accessions (Fig. 3). For the other two allotetraploids, A. foreziense and A. billotii, different accessions grouped with one or the other of the parent species
(either A. fontanum or A. obovatum subsp. obovatum for
A. foreziense; and either A. obovatum subsp. protobillotii
or A. obovatum subsp. obovatum for A. billotii). In the
A. obovatum clade, there is a loose association of the
allotetraploids A. foreziense and A. billotii with several
accessions of A. obovatum subsp. obovatum, with poor
resolution and support, but the grouping of one A. billotii
accession with all A. obovatum subsp. protobillotii
accessions is strongly supported (Fig. 3).
The final matrix for the larger dataset included 140
species (132 Asplenium and eight outgroup taxa) and
was 4391 base pairs long. PartitionFinder identified the
best partition scheme for this dataset as follows: partition 1) SYM1I1G, rbcL; partition 2) GTR1G, psbAtrnH and rps4; partition 3) GTR1G, rps4-trnS and
trnL-trnF. There were not enough sequences available
on GenBank for trnG-trnR to include it in the larger
matrix. The two BEAST analyses with different priors for
the age of the secondary calibration point produced MCC
trees that were largely congruent in topology, but which,
unsurprisingly, differed considerably in their dates for
divergence events in Asplenium (Fig. 4, Supplementary
Figs. S1, S2). The OANG taxa are resolved in two
different clades that correspond to the two complexes
(A. adiantum-nigrum and A. obovatum, Fig. 1), and no

other included species occurs in a position that would
contradict the inferred relationships of the allopolyploids
and their progenitors as shown in Figure 1. The two
OANG complexes are not closely related; in the analysis
that used the older date for the secondary calibration at
the base of the family (from Testo & Sundue, 2016), the
divergence of the ancestors of the two clades occurred
98.92 Ma (95% HPD: 129.2–67.98), while in the analysis with the younger calibration date (from Rothfels
et al., 2015b), they diverged 45.32 Ma (95% HPD:
60.38–30.34).
DISCUSSION
Our results provide several insights into the evolution
of these Mediterranean ferns: there are indications of
multiple origins of all four allotetraploids in the OANG
(one with strong support), and for reciprocal origins of at
least one of the allotetraploids. We also recover evidence for a hybridization event between members of the
two complexes that ultimately produced the fertile
allotetraploid Asplenium balearicum. This is among
the oldest divergences shown to have hybridization
occur later between descendants, with a conservative
estimate of 45.32 Ma for the age of the divergence of the
two progenitor clades, though they may have diverged as
long ago as 98.92 Ma.
Research on many groups of plants has now established that most polyploid species have likely originated
more than once (Werth et al., 1985b; Segraves et al.,
1999; Soltis & Soltis, 1999; Soltis et al., 2014). In some
cases, these presumed multiple origins span large geographic areas and have even been given different names
in different regions (e.g., the woodferns Dryopteris campyloptera (Kunze) Clarkson in North America and D.
dilatata (Hoffm.) A. Gray in Europe, both allotetraploid
crosses between the widespread species D. expansa (C.
Presl) Fraser-Jenk. & Jermy and D. intermedia (Muhl.
ex Willd.) A. Gray [Sigel, 2008; Juslén et al., 2011;
Sessa et al., 2012b]). We recover evidence of multiple
origins for all four allotetraploids in the OANG, though
not all are strongly supported. The clearest and best
supported example in our dataset is Asplenium foreziense. We included six accessions of this taxon (four
new collections and two with existing data, Fig. 2,
Supplementary Appendix 1), and five of them were
included in one strongly supported clade while the
sixth grouped in another strongly supported clade
(Fig. 3). In addition to multiple origins, the division
of the A. foreziense accessions between these two groups
also supports reciprocal origins of this taxon, since one
of the clades includes A. fontanum while the other
includes A. obovatum, the two parental taxa of A.
foreziense (Fig. 1). This strongly supports each diploid’s
role as the maternal progenitor in at least one cross that
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Figure 3. Results of the maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI) analyses for the
smaller dataset, summarized on the ML tree. Thick branches receive strong support from MP bootstrap (MP BS), ML bootstrap (ML
BS), and BI posterior probabilities (BI PP) as follows: MP BS and ML BS . 70% and BI PP . 90%. Medium-weight branches
receive support at or above those values from ML BS and BI PP but not MP BS. Four major, strongly supported clades are recovered
and labeled. Colors and shapes are as in Figure 2.

produced A. foreziense individuals. For the other three
allotetraploids (A. billotii, A. adiantum-nigrum, and A.
balearicum), there is some substructure among the
accessions that may be due to multiple origins, but
support is not strong enough at the key nodes to draw
firm conclusions. In the A. obovatum clade, some of this
structure also supports reciprocal origins for A. billotii;
its progenitors are the two subspecies of A. obovatum, A.
obovatum subsp. protobillotii and A. obovatum subsp.
obovatum (Fig. 1), and different accessions of A. billotii
group either with one of two A. obovatum subsp. obovatum accessions or with a group of all the A. obovatum
subsp. protobillotii accessions. One accession of A.

billotii is included in the latter group with strong support
(Fig. 3). We therefore tentatively conclude that A. billotii
has also experienced multiple origins, and potentially
reciprocal origins, as the structure within this clade
suggests an alternating role for the two A. obovatum
subspecies as A. billotii’s maternal progenitor. For the
remaining two allotetraploids, A. adiantum-nigrum and
A. balearicum, there is no evidence of reciprocal origins
since all accessions of both species group with A.
onopteris. This constitutes fully asymmetric hybridization, with A. onopteris acting as the sole maternal progenitor in these crosses, at least among this group of
accessions (Fig. 3). As with the A. obovatum clade, there
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Figure 4. Maximum clade credibility chronograms from two molecular dating analyses that differed in the age of the secondary
calibration point. The orange tree used the older date for the secondary calibration (from Testo & Sundue, 2016), and the blue tree used
the younger date (from Rothfels et al., 2015b). The taxon names at the tips match the topology of the blue tree, and the orange branches
are shifted to match the position of the names (in gray) where topological differences occur between the two trees. The members of the
Asplenium obovatum-adiantum-nigrum group (OANG) complexes are indicated with colored symbols as in Figures 1 and 2, and the
polyploids are connected to their diploid progenitors by dotted lines. Pink dotted lines indicate maternal parentage only, blue lines
indicate paternal parentage only, and gray dotted lines indicate reciprocal parentage. The divergence points of the two clades are
indicated with yellow stars on both topologies, with the mean age and 95% highest posterior density (HPD) of the divergence time from
each analysis given. Supplementary Figures S1 and S2 show support values and all HPD intervals for both trees.
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is again some substructure in the A. onopteris clade that
is poorly supported but which may be due to multiple
origins of both polyploids.
While the presence of reciprocal parentage can be
fairly easily determined from phylogenetic analysis of
chloroplast markers from a handful of specimens, determining the degree of asymmetry when reciprocal
origins occur requires more nuanced analyses of many
individuals, ideally from multiple populations (Xiang
et al., 2000; Testo et al., 2015). Occurrence of reciprocal
origins is essentially a qualitative trait: either both
parental species can be the maternal progenitor, or only
one can be; the latter is equivalent to unidirectional,
completely asymmetric hybridization. Asymmetry, on
the other hand, is quantitative and occurs along a
continuum from unidirectional hybridization to even
(50/50) parentage among hybrid offspring. Reciprocal
origins have now been documented in numerous ferns,
including in sterile and fertile hybrids at multiple ploidy
levels, and most polyploid species for which multiple
origins have been identified also have evidence of
reciprocal parentage (Werth et al., 1985b; Haufler
et al., 1995; Beck et al., 2010, 2012; Perrie et al.,
2010; Chao et al., 2012; Chang et al., 2013; Kao et al.,
2014; Sigel et al., 2014b; Yahaya et al., 2016). Given
this widespread occurrence of reciprocal origins in
polyploid ferns particularly, we think it likely that
our results represent evidence of this phenomenon even
though support in our phylogeny is low (Fig. 3).
In contrast to the extensive research documenting
reciprocal origins in fern hybrids, only a handful of
studies have investigated the degree of asymmetry in the
direction of parentage in hybrid crosses, and these have
primarily focused on sterile diploids and triploids, including in Polystichum (Stein & Barrington, 1990),
Acrostichum L. (Zhang et al., 2013), Dryopteris (Xiang
et al., 2000; Testo et al., 2015), and Asplenium (Vogel
et al., 1998b; Hunt et al., 2011). Similar studies are
lacking in allopolyploid ferns, in which the original
hybridization and subsequent polyploidization event(s)
can be separated by up to millions of years. More studies
on asymmetric hybridization have been conducted on
flowering plants than on ferns, including oaks (Bacilieri
et al., 1996), cottonwoods (Hamzeh et al., 2007), birches
(Eidesen et al., 2015), trout lilies (Harder et al., 1993),
irises (Emms et al., 1996), Joshua trees (Starr et al.,
2013), and Kielmeyera Mart. & Zucc. (Caddah et al.,
2013). In angiosperms, pollinator interactions, floweringtime differences, and self-incompatibility leading to a
gradual buildup of conflicting cytonuclear interactions
have been cited as potential drivers of asymmetric hybridization and unidirectional gene flow between species
(Tiffin et al., 2001; Caddah et al., 2013; Starr et al.,
2013). The causes in ferns are likely quite different, as
there are no pollinators or flowers involved in fern

reproduction. Self-incompatibility is also mediated differently in ferns than in flowering plants due to differences in the life cycle (Haufler et al., 2016; Sessa et al.,
2016). Many ferns also possess sex-determining antheridiogen systems that result in populations comprised of
unisexual female and male gametophytes, a mechanism
for promoting outcrossing but which may result in different sex ratios between populations (Döpp, 1950; Näf,
1979). The dynamics of fern mating systems, how they
differ between diploids and polyploids, and the potential
implications for reciprocal origins of hybrids and differences in the degree of parental asymmetry in hybrid
crosses all deserve further study.
Our molecular dating analyses allow us to put a date
on the divergence of the two clades of the OANG, which
each include one progenitor of the allotetraploid Asplenium balearicum. The split between the two appears to
be quite ancient (Fig. 4). Attempts to date Asplenium
and Aspleniaceae have resulted in widely disparate
ages for the family (Schuettpelz & Pryer, 2009; Li &
Yang, 2013; Rothfels et al., 2015b; Testo & Sundue,
2016), and we used two secondary calibration points in
separate analyses to examine the effects on the divergence time of the two clades (which correspond to the A.
onopteris and A. obovatum clades in Fig. 3). The more
conservative analysis used a calibration point in line
with two of the three previous studies, which found
median ages for Aspleniaceae of either 86.77 Ma
(Rothfels et al., 2015b) or 92.6 Ma (Schuettpelz &
Pryer, 2009) (we note that Rothfels and colleagues used
dates from the Schuettpelz & Pryer results to calibrate
their analyses, so it is unsurprising that the results from
these two studies are similar). The divergence between
the A. onopteris and A. obovatum clades dates to 45.43 Ma
in the analysis with this calibration, with a 95% HPD
interval spanning 60.38 to 30.34 Ma. The second analysis
dates the divergence to almost 99 Ma and we are inclined
to find this and the other ages in that tree unrealistic (the
authors of the paper from which we drew the calibration
point also encouraged caution with regard to their results
for Aspleniaceae (Testo & Sundue, 2016). The younger
date is still remarkably old and is among the oldest known
divergences that have ultimately resulted in a fertile plant
hybrid, in this case presumably by means of polyploidy
restoring fertility at some point after the initial hybridization event. Rothfels and colleagues recently reported
an intergeneric fern hybrid, 3Cystocarpium FraserJenk., which they determined to be a cross between
genera that diverged from one another some 60 Ma
(Rothfels et al., 2015a), and which represents the oldest
known divergence that has produced hybrid offspring,
though the plants are sterile. The age of 45 Ma found
here is a similarly immense period of time over which
reproductive barriers have failed to develop (or developed and were then overcome via polyploidy); while it is
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difficult to say when the initial hybridization event took
place that eventually gave rise to the allopolyploid
A. balearicum, it likely occurred within the last 5 million
years, based on the divergence times of its progenitors
from their closest living relatives. Given the inclination
of Asplenium species to hybridize and the prevalence of
polyploids (Werth, 1983; Werth et al., 1985a; Pinter et al.,
2002; Shepherd et al., 2008; Dyer et al., 2012; Chang
et al., 2013) and cryptic species (Yatabe et al., 2009) in
the genus, it seems likely that more ancient crosses may
await discovery within Asplenium.

Bennert, H. W., H. Rasbach, K. Rasbach & T. Reichstein.
1988. Asplenium 3 rosselloi (5 A. balearicum 3 A. onopteris; Aspleniaceae), a new fern hybrid from Menorca,
Balearic Islands. Willdenowia 17: 181–192.
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CONCLUSIONS
The nine members of the OANG in the greater
Mediterranean basin have undergone extensive hybridization and polyploidization, including multiple origins
and likely reciprocal formation of several of the allotetraploids in the group. Our results corroborate previous
studies of hybridization in ferns which suggest that
reciprocal parentage is the norm among polyploid hybrids with multiple origins. The two species complexes
that comprise the OANG are separated by approximately 45 million years of evolution, but are linked
by the polyploid Asplenium balearicum, and this may be
among the oldest divergence events to have subsequently produced a viable hybrid species, in this case
via allopolyploidization.
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