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Abstract

Hybridization in plants may result in hybrid speciation or introgression and, thus, is now widely understood to be an
important mechanism of species diversity on an evolutionary timescale. Hybridization is particularly common in ferns, as
is polyploidy, which often results from hybrid crosses. Nevertheless, hybrid speciation as an evolutionary process in fern
lineages remains poorly understood. Here, we employ flow cytometry, phylogeny, genomewide single nucleotide poly-
morphism data sets, and admixture and coalescent modeling to show that the scaly tree fern, Gymnosphaera metteniana
is a naturally occurring allotetraploid species derived from hybridization between the diploids, G. denticulata and
G. gigantea. Moreover, we detected ongoing gene flow between the hybrid species and its progenitors, and we found
that G. gigantea and G. metteniana inhabit distinct niches, whereas climatic niches of G. denticulata and G. metteniana
largely overlap. Taken together, these results suggest that either some degree of intrinsic genetic isolation between the
hybrid species and its parental progenitors or ecological isolation over short distances may be playing an important role
in the evolution of reproductive barriers. Historical climate change may have facilitated the origin of G. metteniana, with
the timing of hybridization coinciding with a period of intensification of the East Asian monsoon during the Pliocene and
Pleistocene periods in southern China. Our study of allotetraploid G. metteniana represents the first genomic-level
documentation of hybrid speciation in scaly tree ferns and, thus, provides a new perspective on evolution in the lineage.
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Introduction
Polyploidization is considered to be an efficient mechanism
leading to instant speciation due to the immediate estab-
lishment of strong reproductive barriers between the poly-
ploid offspring and their ancestor(s) (Coyne and Orr 2004;
Rieseberg and Willis 2007; Ramsey 2011). Two processes of
polyploidization are considered to be distinct, namely auto-
polyploidy and allopolyploidy, and the later process com-
prises hybridization between two divergent species (Soltis PS
and Soltis DE 2009). Typically, divergent species have repro-
ductive barriers due to distinct cytotypes, which yield sterile
triploid hybrid. However, gene flow between the offspring
and diploid progenitors may be enabled through unreduced
gametes (Ramsey and Schemske 1998), as demonstrated in
several flowering plant species (Petit et al. 1999; Slotte et al.
2008; Ma et al. 2010; Zohren et al. 2016; Sutherland and
Galloway 2017). This suggests that the conventional under-
standing of polyploid hybrids in complete isolation from
their progenitors may not always hold true and that inter-
ploid gene flow may sometimes continue to occur. However,

interploid gene flow has not been demonstrated to occur in
ferns (Perrie et al. 2010), which have rates of polyploid spe-
ciation approximately twice that of angiosperms (Wood
et al. 2009). Nevertheless, our understanding of the roles
of hybridization and polyploidy in fern evolution speciation
is limited in comparison with some lineages of angiosperms.

Hybridization is common in ferns especially due to their
reproductive systems comprising both a free-living sporo-
phyte and a free-living gametophyte. Through this reproduc-
tive system, high rates of gene flow is believed to occur among
ferns, therefore, reducing the rate of formation of reproduc-
tive barriers and resulting in slower rates of speciation. The
slower speciation rate may, in turn, represent a possible ex-
planation for less species diversity in ferns compared with
angiosperms (Ranker and Sundue 2015). However, this
assumes that ferns have a great capacity for dispersal of spores
or other propagules over geographic barriers that may oth-
erwise intervene in gene flow (Chung MY and Chung MG
2013; Ram�ırez-Barahona and Eguiarte 2015). Nevertheless,
natural hybrids appear to occur frequently between both
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closely related and highly diverged fern taxa, and most of
these hybridization events appear to yield polyploid offspring
(e.g., Walker 1961; Wagner et al. 1992; Xiang et al. 2000; Grusz
et al. 2009; Sigel 2016; Schneider et al. 2017). Broadly, it
remains unclear whether hybridization in ferns has the evo-
lutionary consequence of widespread, hyper-diverse species
or frequent polyploid speciation.

Recent progress in the establishment of new genomic tools
have enabled analysis of genomewide patterns of hybridiza-
tion in a variety of systems (Payseur and Rieseberg 2016), and
statistical models have been developed that utilize genome-
wide data for more powerful testing of specific evolutionary
histories and the scenarios involved in allopolyploid specia-
tion (Roux and Pannell 2015). The application of these tools
has yielded considerable progress toward an understanding of
polyploid speciation in angiosperms in recent years (Douglas
et al. 2015; Vallejo-Mar�ın et al. 2015; Luo et al. 2017). However,
until now, the evolutionary mechanisms underlying polyploid
speciation via hybridization in ferns has remained poorly un-
derstood using these new approaches in part due to a paucity
of available genomic markers. In particular, no study has
attempted to investigate the genomewide patterns of hybrid-
ization and gene flow among fern species.

Scaly tree ferns of the family Cyatheaceae are one of the
most species rich families of ferns and comprise a major com-
ponent of the order Cyatheales (PPG I 2016). This pantropical
family of ferns comprises about 643 species and is usually
characterized by an arborescent habit and pronounced local
endemism (Korall and Pryer 2014). Phylogenetic studies have
shown evidence for four major lineages with Cyatheaceae
corresponding to the four recognized genera: Alsophila R.
Br., Cyathea Smith, Gymnosphaera Blume, and
Sphaeropteris Bernh (Korall et al. 2006; Janssen et al. 2008;
Dong and Zuo 2018). All four genera occur in both United
States and Australasia, and Alsophila and Gymnosphaera also
have species in Africa (Korall and Pryer 2014). Unlike most
ferns, which exhibit a fairly low degree of endemism due to
high dispersal ability via wind-blown spores (Barrington
1993), Cyatheaceae has a large number of endemics occurring
in subtropical montane forests (Janssen et al. 2008; Ram�ırez-
Barahona et al. 2011). However, the cause for the high levels of
species richness and endemism of the scaly tree ferns remains
incompletely understood. Based on morphological evidence,
the occurrence of natural interspecific hybrids has been con-
sidered in Cyatheaceae, but polyploidy in the family appears
rare, suggesting that homoploid hybrid speciation may occur
commonly (Conant 1975, 1990; Conant and Cooper-Driver
1980; Caluff 2002; Janssen and Rakotondrainibe 2007). In par-
ticular, in the study of natural hybridization among three
species of Alsophila, Conant and Cooper-Driver (1980) pro-
posed a model of autogamous allohomoploid speciation, in
which new homoploid hybrid species can arise when alloho-
moploid F1 hybrids are capable of gametophytic selfing and
the recombinant F2 individuals are at least partially reproduc-
tively isolated from their progenitor lineages. To date, most
species in Cyatheaceae were reported to be diploid with dip-
loid chromosome number 2n¼138 (Rice et al. 2015;
Schneider, unpublished), which is seemingly consistent with

the idea that homoploid hybrid speciation has been frequent
in the family. Nevertheless, Gymnosphaera metteniana
(Hance) Tagawa was reported as a tetraploid with 2n¼ 274
(Nakato 1989), yet its evolutionary origins and mechanisms of
speciation have not been explored.

Gymnosphaera is a small genus within the scaly tree ferns
including ca. 30 species in Asia, 12 in Africa, and 2 (G. capensis
[L. f.] S.Y. Dong and G. salvinii [Hook.] S.Y. Dong) in the
Americas (Korall et al. 2006; Dong and Zuo 2018). It is the
only genus of tree ferns where polyploidy has been reported
and in which there is an intercontinental disjunction at the
species level. The species G. capensis occurs in two continents,
Africa and South America (Korall and Pryer 2014).
Hybridization between species of Gymnosphaera has been
suggested based on multilocus DNA sequence data (Dong
et al. 2019). Here, we examine the evidence for hybridization
and polyploidization in the evolutionary history of
Gymnosphaera, focusing on three species mainly occurring
in southern China and Indochina: G. denticulata (Baker)
Copel., G. gigantea (Wall. ex Hook.) J. Sm., and
G. metteniana. Gymnosphaera denticulata is the smallest spe-
cies of scaly tree fern in mainland Asia characterized by the
lack of trunks and having bullate scales on abaxial surface of
leaf axes, whereas G. gigantea is much larger, with trunks up to
3.5 m tall and copious spreading scales throughout either side
of stipes. In contrast, G. metteniana is a shrub-like scaly tree
fern with short, usually decumbent trunks.
Phytogeographically, G. gigantea is a tropical species occurring
mainly in Indochina and Southwest China, whereas
G. denticulata and G. metteniana are both distributed in sub-
tropical areas of eastern Asia, namely in China and Japan
(Zhang and Nishida 2013). The ranges of the latter two are
generally overlapping, with G. denticulata extending north
slightly more than G. metterniana. According to Dong et al.
(2019), based on the analysis of nuclear sequences,
G. denticulata and G. gigantea diverged in the late Neogene
ca. 5.9 Ma. Gymnosphaera metteniana is morphologically in-
termediate between G. denticulata and G. gigantea (table 1),
with which it is parapatric/sympatric and allopatric, respec-
tively (fig. S1, Supplementary Material online). Preliminary
phylogenetic analyses with chloroplast DNA (cpDNA) show
that G. metteniana is nested within the G. gigantea clade
(Dong and Zuo 2018), whereas multilocus nuclear DNA
sequences revealed a sister relationship between
G. metteniana and G. denticulata (Dong et al. 2019). Given
tetraploidy in G. metteniana along with its positions within
prior nuclear and plastid phylogenies, this species may have
arisen through interspecies hybridization between
G. denticulata and G. gigantea.

In this study, we combined analyses of cytology via flow
cytometry, phylogeny, population genomics, and climatic
niches to test the hypothesis that G. metteniana originated
through hybridization between G. denticulata and G. gigantea.
As the large size of genomes in Cyatheaceae hampers whole-
genome sequencing (Clark et al. 2016), we employed a
genome-reduction sequencing approach in which we
obtained large sets of genome-wide single nucleotide poly-
morphisms (SNPs) to characterize patterns of genetic
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differentiation and hybridization in the three species of
Gymnosphaera. We show that the tetraploid G. metteniana
represents genomic intermediacy between the two proposed
parental species. We then tested whether G. metteniana arose
from multiple hybridization events. We also employed
coalescent-based modeling to quantify gene flow between
the hybrid and its progenitors after the polyploidization spe-
ciation that we detected. Finally, we used climatic data for
each species to test whether the putative hybrid species
occupies a distinct ecological niche with respect to the
parents, which would suggest that reproductive isolation
could be achieved via geographic isolation.

Results

Genome Size and Ploidy
We determined the relative DNA content of the three species,
based on samples from 11 natural populations (with 1–4
individuals per population) and three living collections in
cultivation at South China Botanical Garden (SCBG). Mean
2 C-values were 17.28, 13.60, and 28.84 pg for G. gigantea,
G. denticulata, and G. metteniana, respectively (table 2 and
supplementary table S1, Supplementary Material online).
Evidence for intraspecific genome size variation was detected,
and the 2 C-values differed by 6.7%, 19.4%, and 20.5% for
G. gigantea, G. denticulata, and G. metteniana, respectively.

Despite the apparent intraspecific genome size variation, the
results revealed up to about 2-fold 2 C DNA amount differ-
ence between G. metteniana and the other two species, con-
sistent with tetraploidy in G. metteniana. The results from
ploidy analysis were consistent with the genome size esti-
mates, further supporting that G. metteniana is tetraploid.

Phylogenetic Evidence of Hybridization
We tested the hypothesis of allopolyploid speciation of
G. metteniana and aimed to determine the maternal and
paternal progenitors by sequencing five cpDNA markers
and nine nuclear single-copy nuclear DNA (nDNA). The
cpDNA phylogeny (4,157 bp; supplementary table S2,
Supplementary Material online) revealed that all individuals
of G. metteniana, G. gigantea, and G. andersonii (J. Scott ex
Bedd.) Ching and S.K. Wu formed a clade (Bootstraps
[BS]¼ 100%), which was found to be the sister group
(BS¼ 50%) to a clade (BS¼ 100%) containing all samples
of G. austroyunnanensis (S.G. Lu) S.G. Lu and C.X. Li,
G. salletii (Tardieu & C. Chr.) S.Y. Dong, and one species
new to science (fig. 1A and supplementary fig. S2,
Supplementary Material online). Gymnosphaera denticulata
and G. podophylla were found to be monophyletic
(BS¼ 100%) by the cpDNA, and they were inferred as sister
species. Our phylogenetic analyses of nDNA (5,470 bp; sup-
plementary table S3, Supplementary Material online) demon-
strated that two homologs present in most G. metteniana
individuals (37 out of 43) grouped with one each of the two
putative parents (fig. 1B and supplementary fig. S3,
Supplementary Material online). This pattern of discordance
between the nuclear and plastid data provides strong support
for the hypothesis that tetraploid G. metteniana originated via
hybridization between G. gigantea/G. andersonii and
G. denticulata. Given that cpDNA is predominantly mater-
nally inherited in ferns (Gastony and Yatskievych 1992), our
results further suggest that either G. gigantea or G. andersonii
likely served as the maternal parent in the initial hybridization
events. However, it is unlikely that G. andersonii was the ma-
ternal donor, because it is a geographically isolated, endemic
species in southwest China and southern Asia (Dong and Zuo
2018). In addition, G. andersonii is very different morpholog-
ically from all other Gymnosphaera species by having fronds
abaxially covered with hairs (Dong and Zuo 2018). The mor-
phological evidence taken together with the result of cpDNA

Table 1. Comparison of Morphological Traits of Gymnosphaera denticulata, G. gigantea, and G. metteniana.

Character Gymnosphaera denticulata Gymnosphaera metteniana Gymnosphaera gigantea

Trunk habit Lacking Decumbent, rarely erect Erect
Trunk length 0 0–0.5 m 0.5–3.5 m
Lamina outline Ovate-triangular Ovate Lanceolate
Position of scales on stipe On lower part of stipe On lower to middle or upper part of stipe Throughout stipe
Stipe color Light castaneous Castaneous or blackish Blackish
Arrangement of lower pinnae on rachis Alternate Alternate or sometimes subopposite Opposite
Length of the petiolule of basal pinnae 1–4 cm 0.5–1 cm 0
Number of pinnae to either side of rachis 6 (5–7) 9 (6–12) 10 (7–16)
Scales on abaxial surface of costules Bullate Flat Flat
Arrangement of sori on ultimate lobes Two-rowed, parallel Two-rowed, parallel or slightly V-shaped V-shaped

Table 2. Estimated Ploidy Level, Mean Genome Size (2C), and SD of
Genome Size for the Three Species of Gymnosphaera.

Species/Population N 2C mean (pg) 6 SD Ploidy

Gymnosphaera denticulate 9 13.6060.89
Dong4718 3 14.5660.95 23
Dong4726 3 13.3060.13 23
Dong4738 3 12.9560.30 23

Gymnosphaera metteniana 15 28.8461.56
Dong4720 3 30.8162.54 43
Dong4725 3 28.5560.20 43
Dong4741 1 26.78 43
Dong5106 3 29.0360.54 43
Dong4753 4 28.0560.69 43
SCBG02 1 28.54 43

Gymnosphaera gigantea 10 17.2860.39
Dong5107 3 17.5660.13 23
Dong4743 2 17.4260.17 23
Dong4754 3 17.2760.42 23
SCBG01 2 16.7460.34 23

NOTE.—N, number of individuals analyzed for each population/species.
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network (see below) appears to show that G. gigantea is the
maternal parent of G. metteniana.

Sequence Variation and Haplotype Diversity
The cpDNA data set, including a total of 133 individuals from
G. metteniana and its putative diploid progenitors (including
G. andersonii), consisted of 72 unique haplotypes (supple-
mentary table S4, Supplementary Material online). Of these,
most were species-specific and only one haplotype (i.e., H16)
was shared between G. metteniana and G. gigantea (fig. 2A
and supplementary fig. S4, Supplementary Material online).
This shared haplotype was the most common haplotype of
G. gigantea, accounting for ca. 14% of the total individuals
analyzed. The haplotype network divided the haplotypes into
two separate haplo-groups: the G. denticulata group and the
G. metteniana–G. gigantea–G. andersonii group (fig. 2A). No
shared haplotype was observed between G. metteniana and
G. andersonii.

Nine single-copy nuclear loci yielded an alignment that
was 5,455 bp in length representing 403 individuals from 55
populations of the three species. Based on the nuclear DNA,

G. metteniana harbors more nucleotide diversity (p) than
both of the diploid progenitors at each of the nuclear loci,
with estimates of p ranging from 0.0027 to 0.0109 in
G. metteniana, 0.0007 to 0.0022 in G. denticulata, and
0.0011 to 0.0053 in G. gigantea (table 3). We consistently
detected a higher level of haplotype diversity in
G. metteniana (Hd ¼0.651–0.893) than both of its putative
progenitors at seven of the nine nuclear loci (table 3). This is
expected as the tetraploid genome of G. metteniana repre-
sents a combination of the diverse genomes of its parental
species. Individually, most loci displayed significant negative
Tajima’s D (table 3), which might indicate population expan-
sion in their evolutionary history. Finally, the super-network
analyses of the concatenated data set of the nine nuclear loci
reveals a major split between G. denticulata and G. gigantea,
whereas the two homologs in G. metteniana grouped with
each of these two clusters, respectively (fig. 2B).

Genetic Differentiation and Population Structure
Population genetic analyses from genomewide SNP data sug-
gest that G. metteniana is a genetic intermediate compared
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FIG. 1. Phylogenetic relationships among the focal Gymnosphaera species, with posterior probabilities>0.95 given at each node. (A) Majority rule
consensus tree based on Bayesian analyses of the five concatenated cpDNA regions. (B) Majority rule consensus tree based Bayesian analyses of
nine concatenated nDNA loci.
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with its putative parents. The genome-level F-statistics dem-
onstrated high genetic differentiation between G. denticulata
and G. gigantea (FST¼0.834; fig. 3A). These analyses indicated
that G. metteniana possess an intermediate gene pool relative
to G. denticulata and G. gigantea, but that it is genetically
slightly more similar to G. denticulata (G. denticulate �
G. metteniana FST¼0.348; G. metteniana�G. gigantea
FST¼0.417; fig. 3A). Consistent with this statistics, principle
components analysis (PCA) based on genomic SNP recovered
three well-differentiated clusters with G. metteniana in an
intermediate position between its putative parents along
the first principal coordinate (PC1; 34.8%; fig. 3B). These
results together indicated that G. metteniana is a hybrid of
G. denticulata and G. gigantea and that it has become genet-
ically differentiated from these parental species following its
origin. Similar patterns of population differentiation were ob-
served in the nDNA data set, where mean FST between
G. denticulata and G. gigantea was 0.758, which was much
higher than the mean FST between G. metteniana and the two
parents (G. denticulate �G. metteniana FST¼0.311;
G. metteniana�G. gigantea FST¼0.387; supplementary table
S5, Supplementary Material online). In both SNP and nDNA
sequence data sets, population differentiation within species
was fairly low in G. metteniana (FST¼0.049 for SNP and 0.076
for nDNA) compared with G. denticulata (FST¼0.319 for SNP
and 0.244 for nDNA) and G. gigantea (FST¼0.208 for SNP and

0.147 for nDNA) (fig. 3A and supplementary table S5,
Supplementary Material online).

To assess the overall genomic composition of the
G. metteniana populations, we performed a Bayesian analysis
in STRUCTURE of the genomewide SNPs to cluster
G. denticulata, G. gigantea, and G. metteniana individuals un-
der the assumption that they represented admixed popula-
tions. Under the best-fit model of K¼ 2 (fig. 3C), the genomes
of all individuals from G. denticulata and G. gigantea clustered
to different groups with high probability (100%), whereas
G. metteniana shares an average of ca. 60% of its genome
with G. denticulata and 40% with G. gigantea (fig. 3C).
Where K¼ 3, G. metteniana formed its own cluster, although
with substantial admixture from both of its parents. Overall,
these results from population genetic analysis revealed that
G. metteniana had widespread genomic admixture indicative
of hybrid origin. STRUCTURE analysis on the nDNA data set
revealed a similar pattern of genetic composition of the
G. metteniana populations (fig. S5, Supplementary Material
online). At K¼ 2, we observed a pattern of varied
G. denticulata ancestry in the G. metteniana populations
according to spatial distribution. Specifically, the genomes
of G. metteniana individuals from parapatric/sympatric pop-
ulations with G. denticulata show higher proportions of
G. denticulata ancestry (72% for SNP and 70% for nDNA)
than those from allopatric populations (57% for SNP and

B

A

G. denticulata
G. gigantea
G. metteniana 
G. andersonii 

FIG. 2. (A) Haplotype network of the five concatenated cpDNA regions. Size of each circle indicates the approximate number of individuals in
which a particular haplotype was observed. (B) Neighbor-net tree of 294 alleles (with two alleles for each individual) of the three species of
Gymnosphaera based on nDNA data. Branch lengths are proportional to absolute distances calculated from the binary matrix.
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58% for nDNA; fig. 3D), with the P value (Wilcoxon tests)
being 0.001 and 0.025 for SNP and nDNA, respectively.

Modeling Postpolyploidization Gene Flow and
Population Growth
The allopolyploid formation for G. metteniana has either
resulted from a single hybridization event or multiple events,
and its history may include postspeciation gene flow or not.
To test these alternatives, we used coalescent modeling in a
composite likelihood framework to compare the fit of 23
speciation models (fig. S6, Supplementary Material online)
for the origin of G. metteniana. This analysis showed that a
scenario involving a single hybridization event (H1) between
G. denticulata and G. gigantea as the most likely hypothesis
explaining the origin of G. metteniana and was superior to a
hypothesis with multiple hybridization events (H2)
(Di> 15,000; supplementary table S6, Supplementary
Material online). Further analysis showed that the model
(A3) assuming both historical and current gene flow occur-
ring between G. metteniana and both parent species per-
formed better than between G. metteniana and
G. denticulata or G. gigantean only (supplementary table S6,
Supplementary Material online). However, it has to be noted
that models assuming recent gene flow (A2) or constant gene
flow (A3) between G. metteniana and both parent species

performed similarly (Di< 10; supplementary table S6,
Supplementary Material online). Hence, we further tested
for changes in population size based on the two best migra-
tion models. Further analysis demonstrated that the model
assuming an exponential growth since the origin of the three
species together with constant gene flow (G2) clearly per-
formed better than models assuming a recent population
exponential growth or a sudden change in population size
(either a bottleneck or a sudden expansion).

The estimated parameters of the best model overall sug-
gest that G. metteniana originated around 0.83 to 4.61 Ma
(fig. 4), whereas the divergence between G. denticulata and
G. gigantea was estimated to have occurred in 2.15–9.83 Ma.
Under this scenario, the initial parental contributions in the
nuclear genomic composition of G. metteniana population
were 53.04% for G. denticulata and 46.96% G. gigantea (fig. 4),
respectively. The better fit of a hybrid speciation model with
asymmetric gene flow indicated that ongoing gene flow may
occur, with higher migration rates between G. metteniana
and G. denticulata (Nm¼0.161–0.174) than between
G. metteniana and G. gigantea (Nm¼0.085–0.133).
Additionally, the best model suggested negative exponential
growth in the three Gymnosphaera species despite that the
growth rates were relatively small (2.80� 10�8, 3.14� 10�8,
and 1.50� 10�6 for G. denticulata, G. metteniana, and
G. gigantea, respectively).

Table 3. Nucleotide Diversity Levels and Tajima’s D of the Combined cpDNA Sequence and Nine nDNA of the Studied Species.

Locus Species N S H Hd p Tajima’s D

cpDNA Gymnosphaera denticulata 30 2 15 0.784 0.0017 1.459
Gymnosphaera metteniana 39 38 21 0.935 0.0022 22.291**
Gymnosphaera gigantea 62 19 34 0.912 0.0006 22.077*

5229 Gymnosphaera denticulata 77 13 13 0.326 0.0011 21.832*
Gymnosphaera metteniana 105 15 30 0.813 0.0075 1.510
Gymnosphaera gigantea 203 33 31 0.394 0.0012 22.379**

5320 Gymnosphaera denticulata 73 11 11 0.322 0.0018 20.927
Gymnosphaera metteniana 111 18 35 0.797 0.0073 1.737
Gymnosphaera gigantea 197 63 100 0.932 0.0053 21.911*

5521 Gymnosphaera denticulata 78 14 13 0.576 0.0021 21.110
Gymnosphaera metteniana 111 20 34 0.893 0.0055 0.253
Gymnosphaera gigantea 206 45 68 0.828 0.0042 21.759*

5604 Gymnosphaera denticulata 78 10 10 0.340 0.0007 21.761
Gymnosphaera metteniana 112 8 10 0.651 0.0031 1.292
Gymnosphaera gigantea 208 29 30 0.486 0.0011 22.191**

5770 Gymnosphaera denticulata 75 12 10 0.359 0.0015 21.281
Gymnosphaera metteniana 114 11 18 0.744 0.0028 0.142
Gymnosphaera gigantea 195 24 39 0.760 0.0023 21.503

5839 Gymnosphaera denticulata 79 7 5 0.258 0.0022 20.249
Gymnosphaera metteniana 109 25 30 0.786 0.0109 0.804
Gymnosphaera gigantea 191 39 36 0.566 0.0021 2.301**

5894 Gymnosphaera denticulata 80 18 15 0.493 0.0016 21.907*
Gymnosphaera metteniana 113 12 19 0.760 0.0027 20.333
Gymnosphaera gigantea 207 28 39 0.692 0.0018 21.995*

6148 Gymnosphaera denticulata 78 2 4 0.244 0.0011 20.435
Gymnosphaera metteniana 98 13 23 0.822 0.0074 20.114
Gymnosphaera gigantea 199 15 16 0.429 0.0018 21.825*

6318 Gymnosphaera denticulata 74 13 15 0.401 0.0014 21.622
Gymnosphaera metteniana 107 19 30 0.827 0.0054 20.172
Gymnosphaera gigantea 184 25 46 0.884 0.0032 21.336

NOTE.—N, number of individuals; S, number of segregating sites; h, number of haplotypes; Hd, haplotype diversity; p, nucleotide diversity.
*0.01< P< 0.05; **0.001< P< 0.01.
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Evidence of Ecological Niche Divergence
Ecological niches inferred in MAXENT showed good ability to
predict the distributions of each species, with the values of
mean area under the receiver operator curve being
0.948 6 0.020, 0.932 6 0.034, and 0.892 6 0.054 for

G. denticulata, G. metteniana, and G. gigantea, respectively.
Mean regularized training gain across the ten replicates was
2.148, 1.992, and 1.836, with the corresponding suitability
threshold containing 90% of training samples being 0.236,
0.291, and 0.223 for G. denticulata, G. metteniana, and
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FIG. 3. Estimated population structure in the three species of Gymnosphaera. (A) Genetic differentiation (FST) within each species and between
each of the three species pairs based on genomewide SNP data (species abbreviation: dent for Gymnosphaera denticulata, met for G. metteniana,
and gig for G. gigantea). (B) Plot of the first two dimensions of PCA for the three species of Gymnosphaera, with the first two axes (PC1 and PC2)
explaining 34.8% and 7.6% of the variation, respectively. (C) The results for STRUCTURE analysis with K¼ 2 and K¼ 3 based on genomewide SNP
data. Populations are ordered according to the localities listed in supplementary table S9, Supplementary Material online. (D) Box plots for the
proportion of G. denticulata ancestry in its sympatric/parapatric and allopatric G. metteniana populations based on SNP and nDNA data sets.
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FIG. 4. Maximum-likelihood parameter estimates of the best-supported demographic history model (G2) of Gymnosphaera metteniana,
G. denticulate, and G. gigantea. Arrows indicate migration of individuals (Nm) per generation between the three species. The percentage indicates
nuclear genomic compositions from parent species to the hybrid species. Line width represents effective population sizes. The left axis shows the
timescale in units of millions of years before present. ANC is the effective population size of the common ancestor of the three species.
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G. gigantea, respectively. Predicted distributions were gener-
ally congruent with the observed distribution of each species
(fig. 5 and supplementary fig. S7, Supplementary Material
online). Precipitation of the driest quarter contributed most
to the model predictions for both G. denticulata (60.3%) and
G. metteniana (43.8%), whereas temperature annual range
(i.e., difference between maximum temperature of the warm-
est month and minimum temperature of the coldest month)
contributed most to the model predictions of G. gigantea
(57.0%) (supplementary table S7, Supplementary Material on-
line). Niche overlap statistics demonstrated that G. gigantea
occupied a distinct niche, whereas the niches between
G. metteniana and G. denticulata were not significantly
more different than expected by chance (supplementary ta-
ble S8, Supplementary Material online). Niche equivalency
tests revealed statistically significant niche divergence for all
comparisons (P< 0.05), except the statistic for G. denticulata
vs. G. metteniana (P¼ 0.06) (fig. S8, Supplementary Material
online).

Discussion

Allopolyploid Origin of G. metteniana
Whereas polyploids are well documented in ferns, and the
probability of hybridization as a speciation mechanism has
long been recognized (Sigel 2016), our study provides the first
genomewide assessment of hybrid speciation and introgres-
sion with statistical model tests for this vascular plant lineage.
We show that tetraploid G. metteniana originated via hybrid-
ization between G. gigantea and G. denticulata, and we also
show that G. gigantea might have served as the maternal
parent and G. dentitulata as the paternal parent. Overall,
we present a first well-documented case of polyploid specia-
tion in the family Cyatheaceae, although polyploid speciation
has been reported in many other fern lineages based on phy-
logenetic and/or morphological evidences (e.g., Perrie and
Brownsey 2005; Sessa et al. 2012; Rothfels et al. 2014;
Schneider et al. 2017; Dauphin et al. 2018).

Although polyploids have been rarely reported in the fam-
ily Cyatheaceae (Nakato 1989), natural hybridization events

are presumably frequent and have been suggested in numer-
ous instances for species occurring in the subtropics and
tropics of the world (Conant 1975; Conant and Cooper-
Driver 1980; Edwards 2005; Janssen and Rakotondrainibe
2007). Specifically, Conant and Cooper-Driver (1980) pro-
posed that autogamous allohomoploid speciation may ex-
plain stable hybrid populations of crosses among three
sympatric species of Alsophila. Under this hypothesized
mode of speciation, homoploid hybrid species can arise
when allohomoploid F1 hybrids are fertile selfers that quickly
give rise to a colony of homozygous genetically and morpho-
logically identical sporophytes. However, this hypothesis of
homoploid hybrid speciation can be easily dismissed in the
case of G. metteniana because it is a tetraploid as demon-
strated in our study and that of Nakato (1989). Nevertheless,
allohomoploid hybrids could have been intermediate to the
formation of allopolyploids (Sigel 2016). In this scenario, an
allohomoploid hybrid could have produced unreduced fertile
spores, which underwent subsequent intragametophyic self-
ing to produce a hybrid species with chromosome doubling.
In an alternative scenario, allopolyploids arose through the
direct fusion of unreduced gametes of each species; that is, a
triploid bridge (Ramsey and Schemske 1998; Sigel 2016). In
flowering plants, this triploid bridge pathway has been pro-
posed as the most extended route to allopolyploid speciation
(Ramsey and Schemske 1998; Husband 2004). Although we
cannot determine which mechanism of allopolyploid forma-
tion is responsible for the origin of G. metteniana with our
available data, the prevailing production of unreduced diploid
gametes in homosporous ferns (Haufler 2002) suggests that
G. metteniana is likely to have arisen from intragametophyic
selfing of an intermediate homoploid hybrid or via direct
union of two unreduced gametes. These pathways to allopo-
lyploids have also been proposed in the formation of other
polyploid ferns (Kawakami et al. 2010; Hunt et al. 2011).

The comparison of phylogenies from the cpDNA and
nDNA data sets suggests that hybridization between the
two progenitors of G. metteniana occurred unidirectionally.
Such patterns of nonreciprocal hybridization have been
reported to occur in several fern genera such as Asplenium
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FIG. 5. Predicted distributions of the three species of Gymnosphaera based on ecological niche modeling using Maxent.
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(Perrie et al. 2010; Hunt et al, 2011), Acrostichum (Zhang et al.
2013), and Dryopteris (Sessa et al. 2012; Testo et al. 2015).
Recent simulation studies demonstrated that fixation of ge-
netically incompatible loci from each parental species can
readily lead to the evolution of reproductive isolation in hy-
brid populations and serve as a crucial step toward hybrid
speciation (Schumer et al. 2015; Comeault 2018). The pattern
of unidirectional hybridization inferred in Gymnosphaera may
be caused by nuclear-cytoplasmic incompatibilities (Nakazato
et al. 2007). If this were the case, it might be that evolution of
reproductive isolation in G. metteniana was rapid as a result of
mosaic inheritance of different parental alleles at incompat-
ible loci, enforcing reproductive barriers.

Many polyploid species of flowering plants are known to
arise from multiple hybridization events (Soltis et al. 2014),
and this “multiple origin” phenomenon has also been
reported in ferns (Perrie et al. 2010; Hunt et al. 2011; Beck
et al. 2012; Sigel et al. 2014; Fujiwara et al. 2018). Multiple
independent origins leading to multiple lineages may be pos-
sible in G. metteniana especially based on its disjunct geo-
graphical distribution. If so, there would be evidence of
divergent cpDNA sequence and nuclear genome among pop-
ulations of the hybrid species, in parallel to the observations in
its parent species. In contrast, patterns of variation in cpDNA
and genomewide SNPs show that different populations of
G. metteniana are quite genetically homogeneous, with intra-
specific genetic differentiation (FST) in the hybrid species that
is relatively low compared with its parents (fig. 3A). In addi-
tion, only one shared chloroplast haplotype was identified
between G. metteniana and G. gigantea (fig. 2A). This single
shared haplotype is mainly detected in G. gigantea popula-
tions from southern China. Our modeling analysis further
demonstrated a single origin of G. metteniana. Nevertheless,
our results could not efficiently discern a scenario in which
the origin of G. metteniana may have taken place via a single
hybridization event from a scenario involving multiple poly-
ploidization events in a highly narrow region from South
China, especially when their distribution areas still overlap.
The presence of many private haplotypes with low frequency
in the hybrid species indicates that they have arisen by mu-
tation from the shared haplotypes after polyploidization,
whereas the current wide geographical distribution likely
resulted from range expansion following the establishment
of the hybrid species (see below).

Allopolyploid Speciation Accompanied by Gene Flow
Polyploid speciation is considered to be a special form of
speciation in which whole-genome changes result in rapid,
strong interploid reproductive isolation (Coyne and Orr
2004). The STRUCTURE analyses revealed that
G. metteniana individuals that are sympatric/parapatric
with G. denticulata have significantly higher shared ancestry
than individuals from allopatric populations (fig. 3D). Thus, it
is probable that there has been recent introgression into the
tetraploid, G. metteniana, from the diploid, G. denticulata.
Coalescent modeling further supported a scenario of ongoing
gene flow between the hybrid species and its progenitors
(fig. 4). Such a pattern of interploid gene flow can occur

through either triploid bridges or unreduced gametes (Petit
et al. 1999). In our data, the gene flow into the tetraploid
G. metteniana is more likely through unreduced gametes of
the diploid G. denticulata rather than via triploid bridges,
because of the lack of triploid hybrids detected in this study
(table 2). In addition to the role in the formation of many
polyploid lineages (Ramsey and Schemske 2002), unreduced
gametes have also been considered to facilitate interploid
gene flow within and between species (Sora et al. 2016). In
flowering plants, the rate of unreduced gamete formation was
estimated to vary from 0.0% to 81.1% of all gametes produced
(Ramsey and Schemske 1998). By comparison with flowering
plants, ferns may experience a higher rate of unreduced
gametes due to their greater number of meiotic events
(Haufler 2002). Although rates of unreduced gamete forma-
tion have not been studied in Gymnosphaera species, we
suggest that unreduced gametes may have played an impor-
tant role in mediating reproduction between the polyploid
species and its progenitors. Evidence of interploid gene flow
has been demonstrated in many angiosperms (Menken et al.
1995; Slotte et al. 2008; Ma et al. 2010; Jørgensen et al. 2011;
Han et al. 2015; Sutherland and Galloway 2017). To our
knowledge, only one other study has analyzed progenitor-
to-polyploid introgression in ferns, but this study used am-
plified fragment length polymorphism markers and revealed
little evidence of introgression from progenitors to polyploids
of Asplenium species (Perrie et al. 2010).

Despite the evidence for high levels of interploid gene flow,
the tetraploid G. metteniana comprises a genomically distinct
entity from its progenitors. This is in line with a mode of
speciation with gene flow, which predicates that speciation
is plausible if divergent natural selection is strong enough to
counteract gene flow (Coyne and Orr 2004). Selection for
ecological specialization between polyploid species and their
diploid progenitors might limit interploid gene flow.
Simulation and empirical studies demonstrated that the es-
tablishment of polyploid lineages is commonly associated
with ecological divergence (Parisod 2012; Fowler and Levin
2016). If new polyploids possess novel physiological, ecologi-
cal, or phenological characteristics, environmental heteroge-
neity could facilitate their establishment within a new niche,
and create reproductive isolation from its parental species. In
agreement with this predication, our MAXENT analysis iden-
tified a significant difference in the climatic niches occupied
by G. metteniana and its parental progenitor G. gigantea. We
found that the climatic niches of G. metteniana and
G. denticulata largely overlap, although sympatry of the two
species is rare in wild. This suggests that, broadly, climatic
conditions were probably not determinate factors of species
isolation. Instead, the observed isolation was caused either by
intrinsic reproductive isolation between the hybrid species
and its parental progenitors or ecological isolation over short
distances caused by microhabitat preferences. In contest to
the general assumptions about fern dispersal, scaly tree ferns
have a low dispersal potential (Conant 1978; Bernab�e et al.
1999; Ram�ırez-Barahona and Eguiarte 2015), which may facil-
itate divergent selection at local scales. Significant fine-scale
spatial genetic structure (SGS) has been observed for several
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Alsophila species (Conant and Cooper-Driver 1980; Ram�ırez-
Barahona and Eguiarte 2015), and such a pattern of SGS was
attributed to limited spore dispersal caused by micro-habitat
spatial heterogeneity. A contributing factor is arguably the
relative short period of viability of tree fern spores (Li et al.
2010). These observations are indicative of local adaptation
and support the untested hypothesis that relates high local
endemism in the Cyatheaceae to ecological specialization
(Tryon and Gastony 1975).

Demographical History of G. metteniana
Consistent with the divergence time of 2.4 Ma (Dong et al.
2019) estimated from multilocus DNA sequences, the timing
of the hybridization event that gave rise to G. metteniana is
inferred to be around 2.24 Ma (95% high posterior density:
0.83–4.61 Ma), which appears to coincide with intensification
of the East Asian monsoon in the Pliocene and Pleistocene
periods (�3 Ma) (Wan et al. 2007). The intensified monsoon
regime, which is characterized by an increased seasonality of
precipitation, might have supported a high rate of speciation
in southern China, including evolutionary radiation of angio-
sperms (Kong et al. 2017) and ferns (Wang et al. 2012). It is
also likely that the intensified monsoon regime around the
Pliocene and Pleistocene periods facilitated speciation in ferns
via wind- and water-mediated dispersals of their spores.
Furthermore, the intensified monsoon regimes may have cre-
ated novel habitats for and promoted the establishment of
G. metteniana populations. The current patterns of disjunct
distributions may have resulted from either long-distance
dispersal into available habitats or shift in geographical distri-
bution during the Quaternary climate oscillations. The nega-
tive values for Tajima’s D retrieved for most loci in the three
species indicate that they are in the process of population
expansion. Evidence of range expansion from our analyses of
nuclear genetic data is also supported by the negative expo-
nential growth detected in our model predictions.

Conclusions
Our data provide strong support for the allopolyploid origin
of G. metteniana accompanied by ongoing gene flow.
Particularly, we detected substantial introgression of
G. denticulate into G. metteniana probably via unreduced
gametes. The timing of hybridization and polyploidization
likely coincided with the period of intensified East Asian mon-
soon around the Pliocene and Pleistocene epochs in southern
China. Although we demonstrated ecological niche separa-
tion between the allotetraploid G. metteniana from its diploid
progenitor, G. gigantea, the similar niche observed between
G. metteniana and G. denticulata suggests that either some
degree of intrinsic genetic isolation or local adaptation may
be playing an important role in the evolution of reproductive
barriers. To our knowledge, our study represents one of the
best-documented cases thus far of allopolyploid speciation in
ferns. Further studies are needed to investigate the genetic
and ecological mechanisms underlying reproductive isolation
between the hybrid species and its parent species. Such in-
formation could be useful for understanding the relative con-
tributions of gene flow and divergent selection in the

stabilization of hybrid polyploid species. Overall, our empirical
study strengthens the argument that speciation with gene
flow is frequent and can even be found in the process of
allopolyploid speciation.

Materials and Methods

Flow Cytometry Analysis
We performed flow cytometry to compare genome sizes in
Gymnosphaera metteniana, G. denticulata, and G. gigantea
and to estimate ploidy levels based on samples from 11 nat-
ural populations of the three species (three, three, and five
populations, respectively) plus three living collections from
the South China Botanical Garden (SCBG) (supplementary
table S1, Supplementary Material online). The number of
plants analyzed per population varied from one to four indi-
viduals. Young, fresh leaves were obtained from individuals
within the populations. These were stored at 4�C during field
collections and immediately returned to the lab thereafter for
experimental analysis. Because our preliminary survey
revealed that 1C-value of the three species ranged between
7.0 and 15.0 pg, we selected Nicotiana tabacum (1C¼ 4.5 pg,
Leitch et al. 2008) as an appropriate reference standard. We
extracted the stained sampled using Sartec CyStain PI
Absolute P kit (Partec GmbH, Münster, Germany) and then
analyzed the samples of a Partec CyFlow Space cytometer
(Partec GmbH), on which we recorded the fluorescence in-
tensity of 8,000–10,000 particles. The genome sizes are shown
as the complete 2C-DNA content of the nucleus, irrespective
of ploidy. For each sample, we estimated the genome size
using G. gigantea as a standard. Additionally, we sought to
directly determine the ploidy of each sample following a sim-
ilar protocol as mentioned above, except that we used solu-
tion A of the High Resolution Kit (Partec GmbH) to obtain
the stained cells. Again, we used G. gigantea as an internal
standard.

Sample Collection, DNA Extraction, and Sequencing
We collected 541 samples from 92 populations (1–12 indi-
viduals per population) of the 10 Gymnosphaera species,
three Alsophila species and Sphaeropteris brunoniana (sup-
plementary table S9, Supplementary Material online). Of
these, 55 populations belonged to our ingroup: 12
G. denticulata, 16 G. metteniana, and 27 G. gigantea (supple-
mentary fig. S1 and table S9, Supplementary Material online).
We aimed to include populations representing the entirety of
the distribution of the ingroup with the exception of popu-
lations of G. gigantea in Laos and Thailand. We initially iden-
tified samples based on their morphology, and voucher
specimens are deposited in the Herbarium of South China
Botanical Garden (IBSC). We extracted total genomic DNA
from the silica-dried leaves using a modified cetyltrimethy-
lammonium bromide method (Doyle JJ and Doyle JL 1987).

To determine which species served as parents in the origin
of G. metteniana, we reconstructed phylogenies of the genus
Gymnosphaera using cpDNA and nDNA sequence data. We
chose a subset of 175 individuals from 92 populations (one to
three individuals per population) (supplementary table S9,
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Supplementary Material online) and sequenced five cpDNA
regions (rbcL, rbcL-accD, rbcL-atpB, trnG-trnR, and trnL-trnF;
supplementary table S2, Supplementary Material online) and
nine nDNA loci (supplementary table S3, Supplementary
Material online). For population genetic analysis, we se-
quenced the nine nDNA loci in a total of 403 individuals
from 55 populations of the three species (G. denticulata,
G. metteniana, and G. gigantea). We derived protocols for
amplification of the cpDNA markers via polymerase chain
reaction (PCR) from Dong and Zuo (2018), and primers are
listed in supplementary table S3, Supplementary Material on-
line. We followed Dong et al. (2019) in determining nuclear
markers known to be variable in Cyatheaceae and performing
suitable PCR amplification protocols. We deposited all
sequences generated in this study in GenBank (supplemen-
tary tables S10 and S11, Supplementary Material online).

We then chose a second subset of 331 individuals for
restriction-site-associated DNA sequencing (RAD-seq; Baird
et al. 2008). RAD libraries were constructed and sequenced by
Novogene Bioinformatics Institute (Beijing, China) and run
on an Illumina HiSeq 2000 platform (San Diego, CA) with 150-
bp single-end reads. After excluding individuals with low-
quality sequence, the sample set used for population genomic
analysis contained 313 individuals of the three species, includ-
ing 54 G. denticulata, 108 G. metteniana, and 151 G. gigantea
(supplementary table S9, Supplementary Material online).

Phylogenetic Analysis with cpDNA and nDNA
Sequence Data
We reconstructed independent phylogenetic trees for
concatenated data sets of cpDNA and nDNA. We performed
phylogenetic reconstruction using Bayesian inference (BI)
implemented in MrBayes 3.2.6 (Ronquist et al. 2012) on the
high performance computing infrastructure via the CIPRES
Science Gateway 3.3 (Miller et al. 2015). The concatenated
length for five cpDNA fragments was 4,157 bp, and the matrix
contained 612 variable sites in total. For the nDNA sequences,
we phased alleles statistically in PHASE 2.1.1 (Stephens et al.
2001) using input files assembled on the SeqPHASE web
server (Flot 2010). The concatenated alignment after phasing
was 5,470 bp long, of which 570 cites were parsimony-
informative (supplementary table S2, Supplementary
Material online). We determined the best-fit model of evolu-
tion for each locus using the Akaike information criterion
implemented in MrModeltest 3.7 (Posada and Crandall
1998), which is incorporated in PAUP* 4.0b10 (Swofford
2002). We performed two independent BI runs with one
cold and three heated chains for 80 million Markov chain
Monte Carlo generations. We sampled trees every 8,000 gen-
erations and discarded the first 25% generations as burn-in.
We checked for convergence between runs and stationarity
based on effective sample size in Tracer 1.7 (Rambaut et al.
2018). We calculated the support values with 1,000 bootstrap
replicates, each with 10 random sequence addition replicates
holding one tree per replicate, Tree Bisection-Reconnection
branch swapping, and Multrees on. In all phylogenetic anal-
yses, we used Sphaeropteris brunoniana as the outgroup
(Korall et al. 2007; Dong and Zuo, 2018).

Sequence Diversity and Haplotype Network Analysis
Because chloroplast fragments are effectively inherited as one
locus in plants, they were combined into a single locus for
subsequent analysis. We determined haplotypes (h), segregat-
ing sites (S), haplotypic diversity (Hd), nucleotide diversity (p,
Nei 1987), and Tajima’s D to detect signatures of past demo-
graphic events (Tajima 1989) separately for the three species
at each nuclear locus and the cpDNA in ARLEQUIN 3.5
(Excoffier and Lischer 2010). Pairwise FST (Wright 1984) was
used to measure population differentiation within and be-
tween species as implemented in ARLEQUIN and the signif-
icance of the observed FST was tested using 10,000 random
permutations of the data matrix. A haplotype network based
on cpDNA data was reconstructed using a maximum parsi-
mony method based on a median-joining algorithm as imple-
mented in the software NETWORK 4.6 (Bandelt et al. 1999).
To visualize the pattern of genetic clustering in the nDNA
data, we produced a NeighbourNet diagram based on the
uncorrected P-distance between individuals with SplitsTree4
(Huson and Bryant 2006).

Bioinformatics Treatment and SNP Calling
It is a challenge to screen SNPs for polyploid species. However,
allopolyploids usually undergo a series of homolog silencing
and loss over time that ultimately lead to genomic diploidiza-
tion (Doyle et al. 2008). Given that it has been a long time of
>2 My since the formation of G. metteniana, we assumed an
effectively diploid genetic system for this species and called
SNPs as we did for its diploid parents. Briefly, raw sequence
reads were processed using STACKS 1.47 software pipeline
(Catchen et al. 2013) to obtain SNPs and genotype data sets.
Reads were firstly filtered for quality by identifying and re-
moving PCR duplicates, and discarding reads with no correct
barcode and the EcoRI recognition site using STACKS.
Nucleotide base calls with a Phred quality score below 20
were replaced with “N”s, and only reads with <5% Ns were
retained. After filtering, 9,182,555,777 clean reads were
retained across 313 individuals. The number of sequence
reads per sample ranged between 21,188,150 and
41,507,479, with the median value being 29,229,964 (supple-
mentary table S12, Supplementary Material online).
The retained clean reads were further processed in ustacks.
We set the minimum depth of coverage to create a stack at
five sequences and an alpha value of 0.05 for the SNP model.
We constructed a catalog of consensus loci containing all the
stacks from all the individuals and merged all alleles together
with cstacks. Then we compared each individual genotype
against the merged catalog using sstacks. Finally, we used the
populations program to obtain the loci that were present in
at least 80% of the individuals from each population in at least
24 populations with at least five RAD tags per allele at each
locus (5� coverage per allele). We kept only the first SNP per
locus and removed loci with minor allele frequencies <0.02.
We removed loci with extremely high coverage (coverage
greater than 2SD above the mean) and discarded samples
with low genotype coverage rate (<60%) using VCFTOOLS
(Danecek et al. 2011). Using this pipeline, we obtained Data
set 1 with a total of 13,739 biallelic SNPs for population
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genetic analyses. Mean coverage per locus across individuals
ranged from 4.3 to 50.8 (median ¼ 10.1; supplementary fig.
S9, Supplementary Material online), and the number of loci
per individual varied between 4,624 and 11,792 (median ¼
8,518, i.e., about 62% all available SNPs; supplementary fig. S10,
Supplementary Material online).

Additionally, we constructed two more data sets with dif-
ferent SNP calling and filtering strategies aiming for other
analyses. Specifically, Data set 2 was filtered for calculating
pairwise genetic differentiation among populations. To avoid
the potential impact of different sample sizes, we only kept
populations with at least five samples and randomly selected
five samples per population. We reran the populations pro-
gram as above and the resulting Data set 2 has 6,062 SNPs
with locus coverage of at least 80% for 179 individuals. Based
on Data set 1, we further filtered SNPs for coalescent model-
ing by selecting one individual with the least amount of miss-
ing data from 40 populations (9 G. denticulata, 15 G. gigantea,
and 16 G. metteniana), pooling them by species and only
retaining SNPs with no missing data. The resulting Data set
3 had 324 loci for 40 individuals in total.

Population Structure and Admixture
We calculated genomewide pairwise Hudson’s FST at the spe-
cies level using custom scripts from Barrera-Guzm�an et al.
(2018) with Data set 1. The 95% confidence intervals were
obtained with 1,000 bootstraps. Pairwise FST among popula-
tions were analyzed with Data set 2. We further examined
population genetic structure using the Bayesian clustering
approach implemented in STRUCTURE v2.3.4. (Pritchard
et al. 2000). Ten independent runs with 1,000,000 replicates
after a 500,000 burn-in were conducted for each K, which was
tested from 1 to 5. The admixture model and correlated allele
frequencies between populations were specified for each run.
We identified the most likely K using the delta K method of
Evanno et al. (2005) with software STRUCTURE HARVESTER
(Earl and Vonholdt 2012). The proportion of membership to
each of the clusters was obtained by combining results across
replicate runs using the program CLUMPP (Jakobsson and
Rosenberg 2007). We visualized the final output of structure
analysis with DISTRUCT v1.1 (Rosenberg 2004). A PCA was
employed using the SNPRelate package (Zheng et al. 2012) in
R Core Development Team (2010) to further examine the
population structure. Both STRUCTURE and PCA analyses
were performed with Data set 1.

Modeling Gene Flow and Demographical History
We used coalescent modeling in a composite likelihood
framework implemented in Fastsimcoal v2.6 (Excoffier et al.
2013) to compare different evolutionary scenarios for the
origin of G. metteniana using Data set 3. A total of 23 scenar-
ios (supplementary fig. S6, Supplementary Material online)
were designed to test different hypotheses for the origin of
G. metteniana, the presence/absence of gene flow and its
tempo and directionality, and the changes in effective popu-
lation sizes during divergence. The main considerations of
these models include: (1) Does G. metteniana originate
from a single hybridization event or multiple independent

events? (2) Does gene flow occur between the tetraploid
G. metteniana and its putative diploid progenitors? (3) Does
postpolyploidization gene flow occur only historically, or only
recent gene flow, or both? Model H1 represented a hybrid
speciation model without gene flow in which G. metteniana
originates following admixture between G. denticulata and
G. gigantea, whereas model H2 involved two independent
hybridization events between G. denticulata and G. gigantea
giving rise to G. metteniana. We also tested nine models (A1–
A9) with asymmetric migration to examine if constant gene
flow occurs, or gene flow is limited to a specific postpolyploid-
ization time period in the past, or only occurs recently. For
postpolyploidization gene flow, we also tested if it occurred
between G. metteniana and both ancestral species, between
G. metteniana and G. denticulata only, and between
G. metteniana and G. gigantea only. Finally, we tested for
changes in effective population sizes using several models
with asymmetric migration events. Models G1–G4 repre-
sented population exponential growth based on the best
two migration models (A2–A3), respectively, whereas models
E1–E4 and B1–B4 represented a sudden population expan-
sion and bottleneck, respectively. Among them, models G1–
G2, E1–E2, and B1–B2 were used to test the continuous
changes in population size as the origins of the three species,
whereas the others represented recent changes in population
size.

We obtained the folded site frequency spectrum data with
ARLEQUIN (Excoffier and Lischer 2010). We assumed a mu-
tation rate of 6.8� 10�10 following a genomewide compara-
tive study performed in ferns (Grusz et al. 2016) and a
generation time of 5 years to calibrate our model. A total
of 27 parameters were used to compare the observed and
simulated data comparisons. For each scenario, 50 indepen-
dent runs were carried out with the following settings: -n
100,000 -m -M -L 40 -q. Each run started from a different
set of random starting parameters drawn from uniform and
log-uniform distributions, and the data were modeled as
FREQ. For each prior, a log-uniform distribution with large
interval (102 to 106) was set for effective population sizes due
to lack of knowledge concerning population sizes. We set all
the time intervals for the species divergence according to our
molecular dating analysis in the taxa (Dong et al., 2019). The
interval of the basal divergence time was set to 5� 106–
6� 106 (uniform), and the time difference between the first
admixture event and the basal divergence time was set to
2.0� 106–3.5� 106. The large interval of 103–106 was used
for the time difference between the two admixture events.
We set 0–0.6 for both a (the proportion of the G. metteniana
genome resulting from G. gigantea for the first admixture
event) and b (the proportion of the G. metteniana genome
resulting from G. gigantea for the second admixture event)
according to our genetic admixture analysis. We set the large
interval of 103–2.0� 106 for the time difference between the
polyploidy hybridization event and the time point when his-
torical gene flow ended (models A1, A4, and A7) or recent
gene flow began (models A2, A5, and A8). The interval of the
recent population change was set to 5� 105–2.0� 106. The
relative fit of the different demographic models to the data
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was determined according to the Akaike information crite-
rion and Akaike weights (Akaike 1974). The 95% confidence
intervals for the parameters from the best model were calcu-
lated using a parametric bootstrapping approach with 50
independent runs for each bootstrap.

Ecological Niche Modeling and Niche Divergence
We used MAXENT v. 3.3.3 (Phillips and Dud�ık, 2008) to
model the ecological niches of each species. We obtained
the comprehensive current occurrence data of each species
from both field collections and herbarium records. Data ini-
tially obtained from online databases were then double-
checked to ensure minimal bias in the training set. To avoid
the influence of autocorrelation among the locations used in
the present study, we first removed sites that are too close
(<10 km) to each other for each species before extracting
values from the climate data sets, which resulted in a total of
55, 46, and 77 geo-referenced localities remained for
G. denticulata, G. metteniana, and G. gigantea, respectively.
Also, we checked “remove duplicate presence records” in the
MAXENT program. Environmental layers of 19 bioclimatic
variables (supplementary table S13, Supplementary Material
online) for the present at a spatial resolution of 2.5 arc-
minutes were downloaded from the WorldClim database
(Hijmans et al. 2005). To exclude highly correlated climate
variables, pairwise correlations were examined among the 19
variables within the distributional area for each species. Five
bioclimatic variables with low correlation (Pearson’s correla-
tion< 0.7) were retained in our analysis: BIO2 (mean diurnal
range, i.e., difference between maximum annual average tem-
perature and minimum annual average temperature), BIO6
(minimum temperature of the coldest month), BIO7 (tem-
perature annual range), BIO17 (precipitation of driest quar-
ter), and BIO18 (precipitation of warmest quarter)
(supplementary table S14, Supplementary Material online).
The values of area under the receiver operating characteristic
curve (AUC) were used to evaluate the accuracy of each
model prediction. The threshold for good performance was
set to 0.7 (Fielding and Bell 1997). The tenth percentile of
training sample logistic threshold (suitability threshold that
contained 90% of training samples) was used as a suitability
threshold to divide high from low suitability areas for each
species. Ecological niche modelings (ENMs) were generated
for each species using ten crossvalidated replicate runs with
the maximum number of background points of 10,000, a
maximum of 5,000 iterations, and convergence threshold of
10�5. A regularization multiplier of one was used because it
developed a model with the highest AUC and lowest omis-
sion rate in our preliminary analysis (data not shown). The
remaining parameters were set to default values.

We estimated the degree of niche overlap between each
species with ENMTools v1.4.4 (Warren et al. 2010), based on
the Schoener’s D (Schoener 1968) and Warren’s I statistics
(Warren et al. 2008). For both parameters, a value of 0 means
no overlap, whereas 1 denotes completely overlapping. We
further performed the niche equivalency test, in order to test
whether the ENMs of two species are identical (Warren et al.
2008). The null hypothesis of identical distribution is rejected

when the observed scores of niche overlap statistics are sig-
nificantly different from the values generated with 100 pseu-
doreplicates (Warren et al. 2008).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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