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Abstract—The generic classification of the Thelypteridaceae has been the subject of much controversy. Proposed taxonomic systems have
varied from recognizing the approximately 1200 species in the family within the single genus Thelypteris, to systems favoring upwards of 30
genera. Insights on intrafamilial relationships, especially for neotropical taxa, have been gained from recent phylogenetic studies; however, in
the most recent classification, 10 of 30 recognized genera are either non-monophyletic or untested. We sequenced 407 nuclear loci for 621 sam-
ples, representing all recognized genera and approximately half the known species diversity. These were analyzed using both maximum like-
lihood analysis of a concatenated matrix and multi-species coalescent methods. Our phylogenomic results, informed by recently published
morphological evidence, provide the foundation for a generic classification which recircumscribed 14 genera and recognized seven new gen-
era. The 37 monophyletic genera sampled demonstrate greater geographic coherence than previous taxonomic concepts suggested. Addition-
ally, our results demonstrate that certain morphological characters, such as frond division, are evolutionarily labile and are thus inadequate

for defining genera.

Keywords—Amauropelta, Christella, ferns, phylogeny, Pneumatopteris, Pronephrium, systematics, targeted enrichment, taxonomy.

With approximately 1200 species currently recognized, the
Thelypteridaceae is one of the largest families of ferns, and its
species are highly diverse morphologically (Fig. 1) and eco-
logically (Fawcett and Smith 2021). It is a member of the
Aspleniinae, one of the two major clades of the eupolypod
ferns, and is sister to a subclade that includes the Athyriaceae,
Blechnaceae, Onocleaceae, and Woodsiaceae (PPG I 2016).
The Thelypteridaceae is widespread throughout the tropics; a
few species extend into boreal latitudes. The taxonomy of this
diverse family remains contentious, and several differing
generic classifications have been proposed.

Christensen (1913, 1920) was the first to suggest that the-
lypterids represent a natural group. In his monograph of
New World members of the genus Dryopteris, he comprehen-
sively treated American species now considered to belong to
the Thelypteridaceae as subgenera of a broadly-defined Dry-
opteris Adans. With recognition of their many differences
from Dryopteris s. s., most species now treated in Thelypteri-
daceae were subsequently transferred to Thelypteris in Asia
(e.g. by Ching 1936) and in the Americas (e.g. by Morton
1963; Reed 1968). In these publications and others, Thelypteris
had a very broad circumscription, including all, or nearly all,
of the species belonging to modern-day Thelypteridaceae, ca.
1200 species. Many of the infrageneric taxa delimited by
Christensen (1913, 1920) in Dryopteris were later recognized
as subgenera in Thelypteris, with essentially the same circum-
scription. Ching (1963), who understood the distinctness of
many Chinese and eastern Asia groups, went a step further
and elevated these subgroups, as well as newly defined
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segregates, to generic status. Further taxonomic refinements
were made by Pichi Sermolli (1970) and Holttum (1971), and
later by Ching (1978) and Holttum (1982). With these more
restricted circumscriptions, Thelypteris became a small genus
with only about two species. Pichi Sermolli (1977) was the
first to attempt a worldwide reclassification of the Thelypteri-
daceae within a phylogenetic context; he recognized 32 gen-
era in the family. Before the availability of molecular data,
intermediate solutions were also proposed (e.g. Smith 1990).
The taxonomy of the group remains controversial, with some
authors still favoring a single-genus system for the family, cit-
ing the difficulty of using micro-morphological features to
distinguish genera (e.g. Fraser-Jenkins et al. 2017). However,
there is growing support for recognition of more genera that
are supported by both molecular and morphological data
(PPG I 2016; Schuettpelz et al. 2018). For a more detailed his-
tory of the classification of the Thelypteridaceae, see Fawcett
and Smith (2021).

With advances in microscopy, chromosome numbers pro-
vided a powerful new source of data for understanding the
evolutionary relationships among ferns, using approaches
pioneered by Irene Manton (1950). Some of the first attempts
to develop hypotheses pertaining to phylogenetic relation-
ships among genera incorporated cytological data in addition
to morphology (Loyal 1963; Smith 1971; Pichi Sermolli 1977).

The first phylogenetic tree to infer relationships among
genera of the Thelypteridaceae using molecular data was
published by Smith and Cranfill (2002), based on three chlo-
roplast DNA regions. This study confirmed the monophyly
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Fic. 1. Morphological diversity of the Thelypteridaceae. A. Plesioneuron attenuatum, indusiate sori. B. Chingia malodora, stipe with terete scales. C. Goniop-
teris pellita, rachis and pinna base, with both long hyaline acicular and short stellate hairs (these visible on lamina margin). D. Coryphopteris kolombangarae,
ium reticulatum,

habit. E. Reholttumia magnifica, stipe vasculature. F. Pneumatopteris glandulifera, mucilaginous crozier with peg-like aerophores. G. Meni:
tephanos beccarianus, sori with spherical yellow glands. J. Goniopteris serrulata,

venation. H. Sphaerostephanos polycarpus, auriculate proximal pinnae. I. Sphaer
exindusiate round sori. K. Sphaerostephanos doodioides, erect rhizome. L. Strophocaulon invisum, long-creeping rhizome. M. S. unitum, habit. N. Macrothelypteris

polypodioides, adaxial lamina. O. Goniopteris sagittata, pinna bases. Photos C, G, J, O by S. Fawcett, all other photos by C.-W. Chen.
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of the family and demonstrated the sister relationship of two
major subclades within the family now recognized as subfa-
milies Phegopteridoideae and Thelypteridoideae. It also
showed that the chromosome base number x = 36 is synapo-
morphic for the large lineage they named the cyclosoroid
clade. The 27 taxa chosen for their study represented all major
lineages within the family, and the relationships they inferred
have been largely supported by all subsequent studies.

Later work (Schuettpelz and Pryer 2007; Ebihara 2011; He
and Zhang 2012; Almeida et al. 2016; Patel et al. 2019), also
relying primarily on cpDNA, increased taxon sampling and
provided greater resolution and support for relationships
inferred in earlier studies. However, even with limited sam-
pling in the most diverse groups, these studies revealed that
several genera were not monophyletic. In their study of Old
World genera, He and Zhang (2012) demonstrated that
Christella, ~Parathelypteris, and Pronephrium were non-
monophyletic. Almeida et al. (2016) provided greater resolu-
tion for the monophyletic neotropical genera Amauropelta,
Goniopteris, Meniscium, and Steiropteris, and published accom-
panying taxonomic changes (Salino et al. 2015). They also
provided evidence that the paleotropical genera Prneumatopte-
ris and Sphaerostephanos were non-monophyletic, based on
very limited sampling. Most recently, Patel et al. (2019) cor-
roborated these findings, notably the coherence of subgeneric
taxa such as Christella sect. Pelazoneuron Holttum and Pro-
nephrium sect. Grypothrix Holttum.

The Pteridophyte Phylogeny Group (PPG) was organized
to develop a consensus-based classification system for all ferns
and lycophytes, based on a collaborative effort of nearly 100
pteridologists from around the world, incorporating all avail-
able phylogenetic data. The resulting publication (PPG I 2016)
proposed a family and genus-level taxonomy for all ferns
and lycophytes, including species-number estimates, and phy-
logenetic status (e.g. monophyletic, non-monophyletic, or
untested) for each genus. The resulting classification of the
Thelypteridaceae largely followed the circumscriptions pre-
sented by Smith and Cranfill (2002), He and Zhang (2012), and
Almeida et al. (2016). Although the Thelypteridaceae is by far
most diverse in the Paleotropics, it was also the least studied
there, with 10 of the 30 recognized genera known to be non-
monophyletic or untested. In the absence of molecular data,
the morphology-based taxonomy proposed by Holttum (1971,
1974,1977,1982) was largely adopted for these taxa.

The objectives of the present study are to: 1) infer the infra-
familial and infrageneric relationships within the Thelypteri-
daceae using a large nuclear-DNA dataset; 2) assess the
taxonomic hypotheses proposed by PPG I (2016); and 3) pro-
vide the phylogenetic foundation for a revised generic classi-
fication of the Thelypteridaceae worldwide.

MATERIALS AND METHODS

Sampling Design—Our goal was to sample broadly across the family,
but with an emphasis on the Paleotropics, which hosts the greatest diver-
sity both in species richness and number of genera and has been poorly
represented in previous phylogenetic studies. In most cases we included a
single sample per species, but widespread or taxonomically complex spe-
cies (e.g. Christella hispidula) were represented by multiple accessions. We
sought to include the type species for each genus, but were unable to
include those of Leptogramma, Pronephrium, or Trigonospora. Our sample
includes 621 accessions of about 500 species (including several that are
probably undescribed), representing nearly half of the approximately
1200 species in the family. Our sample includes all genera recognized by
PPG I (2016), including the rare, monotypic African genus Menisorus,
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which has not previously been included in any molecular phylogenetic
study. Tissue was derived from silica-dried samples and herbarium speci-
mens, some of which were more than 100 years old. All samples collected
by contributing authors were obtained under the respective collection
and export permits of the collection countries, and by local landowner
permission. Most tissue vouchers are at UC, TAIF, or VT, with others at
BO, CMUH, CR, DUKE, F, FLAS, GH, GOET, HOXA, HUH, INB, JBSD,
JEPS, KEP, KLU, LBG, LPB, MAPR, MICH, MO, NY, P, PAP, PE, PNH,
PTBG, S, SBBG, TNS, and Z. (Appendix 1).

DNA Extraction and Sequencing—DNA extractions were performed
at the University of Florida, Gainesville, using a cetyltrimethylammonium
bromide (CTAB) extraction protocol (Doyle and Doyle 1987), with 2.5%
polyvinylpyrrolidone and 0.4% beta-mercaptoethanol and two rounds of
chloroform washes followed by an isopropanol precipitation and an etha-
nol wash. We also added 2pL of 10mg/mL RNase A (Qiagen, Valencia,
CA, USA) to each sample between chloroform washes to remove RNA
contamination. All samples yielded more than the minimum threshold of
5ng DNA required for sequencing.

We used a targeted enrichment sequencing approach with the GoFlag
408 probe set to generate a large-scale nuclear data set (Breinholt et al.
2021). This probe set targets 408 conserved exons that are found within
229 of the single-copy nuclear genes identified by the 1KP transcriptome
sequencing initiative (Leebens-Mack et al. 2019). The probes were
designed from transcriptome and genomic sequences to target exons
across flagellate land plants (mosses, liverworts, hornworts, lycophytes,
ferns, and all gymnosperms) that were single or low-copy, at least 120 bp
in length, and that had at least 65% pairwise sequence identity across land
plants (see Breinholt et al. 2021). The library construction, targeted enrich-
ment, and sequencing were all done by RAPiD Genomics (Gainesville,
Florida) as part of the NSF-funded Genealogy of Flagellate Plants
(GoFlag) project. After a bead-based DNA cleanup step, DNA was nor-
malized to 250 ng and sheared to an average size of 300 base pairs (bp).
Illumina-comparable libraries were constructed by repairing the ends of
the sheared fragments followed by the addition of an adenine residue to
the 3'-end of the blunt-end fragments (Bentley et al. 2008). Barcoded
adapters suited for the Illumina sequencing platform were ligated to the
libraries, and ligated fragments were PCR-amplified 9-11 cycles. Target
enrichment was performed using the GoFlag 408 probes following proto-
cols based on Gnirke et al. (2009). After enrichment, samples were
re-amplified for additional 6-12 cycles. All enriched samples were
sequenced using an Illumina HiSeq 3000 with paired-end 100 bp reads.
The sequence reads were deposited in the NCBI sequence read archive
(SRA; BioProject 646399).

The raw reads were cleaned and assembled into sequence alignments
containing both the targeted exon regions and the more variable flanking
intron regions using the six-step iterative baited assembly pipeline
described in Breinholt et al. (2021). In short, first adapters and bases with
Phred scores less than 20 were trimmed from the paired-end raw reads
with Trim Galore! v. 0.4.4 (https:/ /www bioinformatics.babraham.ac.uk/
projects/trim_galore/), and we retained only pairs of reads in which both
the forward and reverse read were at least 30 bp long. Next, raw reads
with significant homology to each exonic target region based on reference
transcriptome sequences were identified using USEARCH v. 7.0 (Edgar
2010), and then an iterative (3X) de novo assembly was performed with
the set of homologous reads for each target locus with BRIDGER v.
2014-12-01 (Chang et al. 2015). The BRIDGER kmer size parameter was
25, and the minimum depth of coverage for the kmers to be included in
the assembly was 10. We assessed orthology of the assembled sequences
based on the best tblastx (Camacho et al. 2009) hit of the exonic target
region of each assembled sequence to the coordinates of nine plant
genomes representing hornworts, liverworts, mosses, lycophytes, ferns,
and gymnosperms. We called an assembled sequence an ortholog of the
probe region if it had no additional tblastx hits with > 95% of the best bit
score, outside of a 1000 base pair flanking window around the genomic
coordinates of the exonic target locus in any one of the reference genomes.
Next, to filter out likely contaminants, for each assembled sequence we
performed a tblastx search against the respective reference sequences for
that locus. If a sequence’s best hit was not a fern, that sequence was
removed as a potential contaminant. Finally, we aligned the resulting
sequences using MAFFT v. 7.425 (Katoh and Standley 2013). Alignments
were done for the full sequences, which included the exonic target loci
and flanking intron sequences. After the alignments, sequences from the
same taxon with mismatches due to heterozygous sites were merged
using nucleotide ambiguity codes to represent heterozygous sites.
All the pipeline scripts with instructions are available on Dryad (Fawcett
etal. 2021).
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Fic. 2. A synoptical ML 1000 bootstrap consensus tree inferred from the 407-locus concatenated alignment illustrating relationships among genera of the
Thelypteridaceae, and identifying major clades. Colors correspond to genera that underwent recent taxonomic changes. Letters indicate position in

Figs. 3A-3L

In some cases, after running the pipeline, a sample will have more than
one sequence in locus alignment where the BRIDGER assembler identi-
fied potentially more than simple allelic variation. To minimize the possi-
ble effects of paralogy, in these cases, for each locus, we only retained
sequences from samples with a single copy. We also removed any loci
with sequences from fewer than 25 samples, and within each locus align-
ment, we removed any columns with fewer than 25 nucleotides. We then
concatenated all the locus alignments into a supermatrix for phylogenetic
analysis. One locus was inadvertently duplicated in the probe design pro-
cess (Loci 91 and 92 are identical). The scripts used to perform these post-
processing steps, as well as the resulting supermatrix, are available on
Dryad (Fawcett et al. 2021).

Phylogenetic Analyses—The supermatrix was analyzed using maxi-
mum likelihood (ML) implemented in IQ-Tree v. 2.0.3 for Linux (Minh
et al. 2020), with partitions representing each locus. We chose the edge-
linked proportional substitution model, and GTR + F with separate rates
for each partition was inferred by ModelFinder (Chernomor et al. 2016;
Kalyaanamoorthy et al. 2017). Ultrafast bootstrap approximation with
1000 iterations (Minh et al. 2013; Hoang et al. 2017) was used to assess
branch support. Ultrafast bootstrapping, which uses RELL (resampling
estimated log-likelihoods) is a probabilistic approach, so we consider a
minimum threshold of 95% to be “high support,” in contrast to the lower
threshold typically accepted for traditional bootstraps (Minh et al. 2013).

Maximum likelihood analyses were also performed on each of the 407
single-locus alignments in IQ-Tree. Gene concordance factors (gCF) and
site concordance factors (sCF) were calculated using the ML tree inferred
from the concatenated alignment (Fawcett et al. 2021). These metrics com-
plement classical measures of branch support such as bootstraps by pro-
viding detailed information about the topological variation in the
underlying data, while accounting for variable taxon coverage among
gene trees. Concordance factors are especially useful for large phyloge-
nomic datasets, because unlike bootstrap support, which tends to increase
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with the addition of loci, gCF and sCF are stable and informative with
increasing sample size (Minh et al. 2020).

A species tree was inferred from the 407 individual ML gene trees
using multi-species coalescence implemented in ASTRAL 5.7.3 (Fawcett
etal. 2021; Zhang et al. 2017), and annotated with local posterior probabil-
ities. Analyses were performed on the Vermont Advanced Computing
Core at the University of Vermont and at the HiPerGator facility at the
University of Florida. Raw sequence data were uploaded to the NCBI
Sequence Read Archive, available at ncbi.nlm.nih.gov /bioproject/646399.
The supermatrix alignment, partition file, multispecies coalescent analysis
phylogeny, concordance analyses, and a spreadsheet of molecular vouch-
ers are available on Dryad (Fawecett et al. 2021). Figures were created
using FigTree v. 1.4.4. and Adobe Photoshop CC 2014.

ResuLTs

Sequence Alignment—The supermatrix alignment of the
Thelypteridaceae includes 621 total samples and 407 nuclear
loci. Thirty-two samples initially included in the study were
excluded. Among these, 14 were excluded because they
amplified fewer than 50 loci. An additional 18 samples were
excluded because they were resolved among outgroup taxa
in preliminary phylogenetic analyses, and/or were on
extremely long branches, likely indicating low sequence qual-
ity or contamination. In the remaining 621 samples, the aver-
age number of loci per included taxon is 378 (out of a possible
407), with a minimum of 113. An average of 5% of sequences
per sample were discarded as possible paralogs. We found
no significant difference (t =-0.757, p = 0.449) in the number
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TaBLE 1. A comparison of the classification system proposed by Fawcett
and Smith (2021) to that of PPG I (2016), which largely follows He and
Zhang (2012) and Holttum (1974, 1977, 1982) for the Old World, and
Almeida et al. (2016) for the New World. Names in bold indicate new or
recircumscribed genera. An asterisk (*) indicates a resurrected synonym,
(**) indicates sections elevated in rank to genera, and (***) indicates
newly described genera.

Fawcett and Smith 2021 PPG I (2016)

Abacopteris* Pronephrium

Amauropelta Amauropelta, Parathelypteris

Amblovenatum Amblovenatum

Ampelopteris Ampelopteris

Chingia Chingia, Amblovenatum, Plesioneuron

Christella Christella, Pelazoneuron, Menisciopsis

Coryphopteris Coryphopteris

Cyclogramma Cyclogramma

Cyclosorus Cyclosorus

Glaphyropteridopsis Glaphyropteridopsis

Goniopteris Goniopteris

Grypothrix** Pronephrium

Hoiokula*** Pneumatopteris

Leptogramma™ Stegnogramma

Macrothelypteris Macrothelypteris

Menisciopsis** Pronephrium, Christella

Meniscium Meniscium

Menisorus Menisorus, Pneumatopteris

Mesophlebion Mesophlebion

Mesopteris Mesopteris, Amblovenatumn

Metathelypteris Metathelypteris

Oreopteris Oreopteris

Pakau*** Pneumatopteris

Pelazoneuron™** Christella

Phegopteris Phegopteris

Plesioneuron Plesioneuron, Pneumatopteris, Chingia

Pneumatopteris Pneumatopteris

Pronephrium Pronephrium, Nannothelypteris

Pseudocyclosorus Pseudocyclosorus

Pseudophegopteris Pseudophegopteris

Reholttumia*** Pneumatopteris

Sphaerostephanos Sphaerostephanos, Pneumatopteris,
Pronephrium, Strophocaulon

Stegnogramma Stegnogramma

Steiropteris Steiropteris

Strophocaulon*** Sphaerostephanos

Thelypteris Thelypteris

Trigonospora Trigonospora

of loci recovered from tissue that was silica-dried in the field
(mean loci =379, N = 375) or tissue taken from herbarium
specimens (mean loci =377, N =246), and the age of the
specimen had little effect on the number of loci recovered
(R*=0.03, p = 0.007). The oldest specimen sequenced for this
study was collected in 1889. The final supermatrix alignment
(exons plus flanking regions) included 621 samples with
533,059 nucleotide sites, and is 49.6% full; 61% of these sites
are parsimony-informative, 16% are singletons, and 23% are
invariant. The supermatrix alignment and data organized by
voucher specimen and by locus are available on Dryad (Faw-
cett et al. 2021).

Phylogenetic Analyses—The topologies of the phyloge-
netic trees inferred both through maximum likelihood analy-
sis of the concatenated matrix (Figs. 2, 3) and multi-species
coalescent analysis (Fawcett et al. 2021) are largely congruent
with each other and with previously published trees based
primarily on Sanger sequencing of cpDNA (Smith and Cran-
fill 2002; He and Zhang 2012; Almeida et al. 2016; Patel et al.
2019). Our focus on problematic taxa, a three-fold increase in
taxon sampling, and a large nuclear DNA dataset enabled us
to find support for previously unresolved nodes and
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provides evidence for the resolution of many previously
intractable taxonomic problems.

The average bootstrap support for all nodes in the ML anal-
ysis was 97%. All crown nodes corresponding to our generic
classification have 100% bootstrap support except Christella
(92%). Some upper backbone nodes are variable or have low
support (e.g. the chingioid clade (Figs. 2, 3F) has 100% BS
support, but low concordance factors, gCF = 0.5, sCF = 35),
and a few rogue taxa are present, discussed in detail below.
The two subfamilies Phegopteridoideae and Thelypteridoi-
deae each resolve as monophyletic if the root is placed
between them, as done here based on robust results of previ-
ous phylogenetic analyses (Smith and Cranfill 2002; He and
Zhang 2012; Almeida et al. 2016).

To evaluate the tree, and to better understand widespread
species throughout their ranges, we included multiple acces-
sions of 77 species in the analyses. All species represented by
multiple accessions resolved within the expected genus-level
clade. Among these, more than half of species represented by
more than one accession (N = 40) form a clade, as expected.
Of the remainder, an additional 21 had a near sister relation-
ship in the phylogeny, while 13 were resolved as less closely
related. Three additional species represented by more than
two accessions resolved in a combination of the above states.
Some of these species include varieties that are not sister to
the typical variety of that species (e.g. Christella patens, Chris-
tella ovata, and Steiropteris glandulosa). In other cases, currently
accepted species concepts are broadly applied, and are poten-
tially polyphyletic (e.g. Chingia longissima and Coryphopteris
japonica). Other widespread and variable taxa, however, were
resolved as monophyletic; for example, all three varieties of
Christella hispidula, comprising seven accessions from its
native range in North America, South America, Africa, and
Malesia, constitute a clade.

Assessment of PPG I Genera—A primary goal of this
study is to test the taxonomic hypotheses of the Thelypterida-
ceae proposed by PPG I (2016). Of the 30 genera in that classi-
fication, 17 are supported without modification. These
include Ampelopteris, Coryphopteris, Cyclogramma, Cyclosorus,
Glaphyropteridopsis, Goniopteris, Macrothelypteris, Meniscium,
Mesophlebion, Metathelypteris, Oreopteris, Phegopteris, Pseudocy-
closorus, Pseudophegopteris, Steiropteris, Thelypteris, and Trigo-
nospora. The remaining 13 genera sensu PPG I (2016) are
presented below, with an explanation of their phylogenetic
status. To facilitate the communication of phylogenetic
results, major clades have been given informal names (Fig. 2),
several of which have been applied in previous molecular
analyses of the family (e.g. Smith and Cranfill 2002; Almeida
et al. 2016; Patel et al. 2019; Fawcett and Smith 2021) and a
summary of changes is provided in Table 1. All taxonomic
authorities for species included in the analyses are listed in
the appendix.

AMAUROPELTA—Although Amauropelta is monophyletic, the
genus Parathelypteris is not, with some species nested within
Coryphopteris and others in three well supported clades
along a basal grade terminating in all sampled species
of Amauropelta s. s. Although each of these three clades is
well supported, their relationships to one another are in
conflict among individual gene trees (Fig. 3B; Fawcett
etal. 2021).

AwmBLOVENATUM—The members of this genus (homotypic
synonym: Amphineuron) resolve in two distantly related
clades; one includes the type species Amblovenatum
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Fic. 3A. The Phegopteridoideae (Macrothelypteris, Phegopteris, and Pseudophegopteris) and early diverging genera of the Thelypteridoideae in the maxi-
mum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are annotated with ultrafast bootstrap support values, and genera are
emphasized by distinct colors. Type species of genera are denoted with an asterisk (*).

opulentum, but the others resolve with the previously
monotypic genus Mesopteris tonkinensis. The phylogenetic
position of Amblovenatum s. s. variously resolves among
sphaerostephanoids in the ML bootstrap consensus (Fig. 2),
but as sister to sphaerostephanoids plus pseudocyclosor-
oids in the ML tree (Fig. 3G) and coalescent tree (Fawcett
et al. 2021).
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CuinciA—This genus represents a well-supported, nearly
exclusive clade, except that a single species (unusual in hav-
ing fully bipinnate laminae), Plesioneuron marattioides, is
nested within it.

CHristeLLA—The members of Christella resolve in four dis-
tantly related clades (Fig. 4), with the predominantly Asian
group corresponding to Christella sect. Christella, and mostly
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Fic. 3B.  The genus Amauropelta in the maximum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are annotated with ultrafast
bootstrap support values, and colors correspond to subgenera of Amauropelta proposed by Fawcett and Smith (2021). Type species of genera and subgenera
are denoted with an asterisk (*¥).

100

0.03

neotropical species corresponding to Christella sect. Pelazo- MEsorreris—Considered a monotypic genus endemic to
neuron. A small group of African species including C. chaseana China and neighboring Vietnam, this taxon is sister to two
and C. gueintziana resolves as sister to Christella sect. Christella species of Amblovenatum from Malesia, but this clade is dis-
in most trees, but there is some conflicting support for these tantly related to the type of that genus, A. opulentum (Figs.
species as members of the pseudocyclosoroid clade. The three 3F, 3G).
endemic Hawaiian Christella species resolve with members of NAaNNOTHELYPTERIS—The type of this genus, N. aoristisora, is
Pronephrium s. 1. nested within a clade of Pronephrium that includes several
MEnisorus—This previously monotypic African genus had species that are morphologically similar to the type of that
never been included in a molecular phylogenetic study. It is genus, P. lineatum (Blume) C. Presl (Fig. 3H).
sister to another African species that also has proliferous PARATHELYPTERIS—The members of this genus resolve in
buds, Pneumatopteris unita (Kunze) Holttum (Fig. 3F). five distinct clades (Figs. 3A, 3B); two of these resolve
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Fic. 3C.  The genus Oreopteris, and non-christelloid members of the cyclosoroid clade, including the stegnogrammoid subclade (Hoiokula, Cyclogramma,
Stegnogramma, and Leptogramma) in the maximum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are annotated with ultrafast
bootstrap support values, and genera are emphasized by distinct colors. Type species of genera are denoted with an asterisk (*).
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FiG. 3D.  Members of the goniopteroid clade in the maximum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are annotated
with ultrafast bootstrap support values, and genera are emphasized by distinct colors. Type species of genera are denoted with an asterisk (*).

among species of Coryphopteris and the other three clades
include the North American sister species P. noveboracensis
(L.) Ching and P. nevadensis (Baker) Holttum, which are
sister to Amauropelta, and two Asian clades, one including
the type species P. glanduligera (Kunze) Ching, and the
other including P. beddomei (Baker) Ching. Although each
of these three clades is well supported as monophyletic,
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the relationships among them (Amauropelta plus North
American Parathelypteris and the two Asian clades) are in
conflict among individual gene trees (Fawcett et al. 2021).
PLEsIONEURON—Sequence data were available for only a sin-
gle species of Plesioneuron when PPG I (2016) was published.
This genus as recognized by PPG I (2016) corresponds to a
nearly exclusive clade with the exception of Pneumatopteris
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FiG. 3E.  The genus Goniopteris in the maximum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are annotated with ultrafast
bootstrap support values, and the colors correspond to geographic regions where the molecular vouchers were collected. Type species of genera are
denoted with an asterisk (*).

Downloaded From: https://bioone.org/journals/Systematic-Botany on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



2021]

FAWCETT ET AL.: A GLOBAL PHYLOGENOMIC STUDY OF THE THELYPTERIDACEAE

100

100

100

Sphaerostephanos

Pneumatopteris
Rehottumia

Pseudocyclosorus
onospora
Abacopteris

100

100

100

100 100

10

100 :
100 oo—f Oreopteris

Ll Pseudophegopteris

100
L— sl Macrothelypteris

10

Stegnogrammoids

Steiropteris

Amauropeltoids

Pneumatopteris_auctipinna
Plesioneuron_tahitense
Plesioneuron_attenuatum
Plesioneuron_prenticei
Plesioneuron_hopeanum
Plesioneuron_falcatipinnulum
Plesioneuron_tuberculatum ¥
Plesioneuron_costulisorum
Plesioneuron_sp_aff_belense
Plesioneuron_sp_Moorea
Plesioneuron_marquesicum_Moorea
Plesioneuron_marquesicum_UaPou
Plesioneuron_ponapeanum
Plesioneuron_savaiense
Plesioneuron_keysserianum
Plesioneuron_imbricatum_2762
Plesioneuron_imbricatum_3623
Plesioneuron_sp_Sulawesi
Plesioneuron_subglabrum
Plesioneuron_archboldiae
Chingia_aff_sambasensis
Chingia_aff_sambasensis_7141
Chingia_acutidens
Chingia_atrospinosa
Chingia_aff_sambasensis_7612
Chingia_sp_Solomons
Chingia_clavipilosa
Chingia_ferox %
Chingia_sakayensis
Chingia_fijiensis
Chingia_longissima_Moorea
Chingia_longissima_Solomons
Chingia_marattioides
Chingia_malodora

‘Menisciopsis_cyatheoides_Fawcett

Menisciopsis_wailele

‘Menisciopsis_cyatheoides_Wood
‘Menisciopsis_boydiae

Menisciopsis_lakhimpurensis %
Menisciopsis_penangiana
Menisciopsis_rubrinervis
Menisciopsis_rubida
Grypothrix_megacuspis_Taiwan

‘Grypothrix_longipetiolata

Grypothrix_parishii

‘Grypothrix_triphylla
‘Grypothrix_simplex

Grypothrix_parishii_velaff
Grypothrix_crenulata_velaff

‘Grypothrix_megacuspis_Vietnam

Grypothrix_aff_cuspidata %
Grypothrix_ramosii_WestPapua
Grypothrix_ramosii_Philippines

‘Grypothrix_salicifolia
‘Grypothrix_sulawesiensis

Grypothrix_rubicunda

‘Mesopteris_cf_paraphysophora
‘Mesopteris_pseudostenobasis
‘Mesopteris_tonkinensis %

Glaphyropteridopsis_rufostraminea
Glaphyropteridopsis_emeiensis
Glaphyropteridopsis_erubescens %
Pelazoneuron_ovatum_lindheimeri
Pelazoneuron_albicaule x_puberulum
Pelazoneuron_albicaule
Pelazoneuron_puberulum_California
Pelazoneuron_puberulum_Mexico
Pelazoneuron_patens %
Pelazoneuron_tuerckheimii
Pelazoneuron_ovatum
Pelazoneuron_abruptum
Pelazoneuron_clivale
Pelazoneuron_depilatum
Pelazoneuron_serra
Pelazoneuron_augescens
Pelazoneuron_berroi
Pelazoneuron_patens_dissimilis
Pelazoneuron_schizotis
Pelazoneuron_kunthii
Menisorus_pauciflorus_Cameroon %
Menisorus_pauciflorus_Gabon %
Menisorus_unitus
Pakau_pennigera %

Goniopteroids

901

FiG. 3F.  The monotypic genus Pakau, and the members of the chingioid clade in the maximum likelihood phylogeny of the 407-locus concatenated align-
ment. The nodes are annotated with ultrafast bootstrap support values, and genera are emphasized by distinct colors. Type species of genera are denoted

with an asterisk (¥).
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Fic. 3G.  The genus Amblovenatum, and members of the pseudocyclosoroid clade in the maximum likelihood phylogeny of the 407-locus concatenated
alignment. The nodes are annotated ultrafast bootstrap support values, and colors indicate the biogeographic affinities of Christella s. s., and emphasize
major clades. The position of several lineages (e.g. Amblovenatum, the clade of three African Christella species) differs in the ML bootstrap consensus tree
and/or the multispecies coalescent tree (Fawcett et al. 2021). Type species of genera are denoted with an asterisk (*).

keysseriana Holttum, which is nested within it, and Plesio-
neuron marattioides (Alston) Holttum, which resolves in Chin-
gia (Fig. 3F).

Pneumaropteris—This is by far the most polyphyletic genus
recognized by Holttum (1971) and PPG I (2016) (Fig. 4). Its
species are scattered in more than a dozen lineages
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throughout the tree, resolving within clades corresponding to
Menisorus, Plesioneuron, and Sphaerostephanos. Three lineages
are distinct and do not fall within currently recognized gen-
era: two Hawaiian species are sister to Stegnogramma plus
Cyclogramma; the New Zealand and Australian endemic
Pneumatopteris pennigera (G. Forst.) Holttum resolves on a
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Fic. 3H. Members of the sphaerostephanoid clade in the maximum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are anno-
tated with ultrafast bootstrap support values, and genera are emphasized by distinct colors. Type species of genera are denoted with an asterisk (*).
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FiG. 31 The genus Sphaerostephanos in the maximum likelihood phylogeny of the 407-locus concatenated alignment. The nodes are annotated ultrafast
bootstrap support values, and colors correspond to biogeographical regions illustrated by Mayr (1944), corresponding to collection localities of the molecu-

lar vouchers. Type species of genera are denoted with an asterisk (*).
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Fic. 4. A phylogeny of the Thelypteridaceae illustrating the polyphyly
of Christella, Pneumatopteris, and Pronephrium sensu PPG I (2016), and their
recently proposed disposition (Fawcett and Smith 2021).

long branch at the base of the christelloid clade; and the
majority of species constitute a single clade sister to Sphaero-
stephanos plus a relatively small clade of primarily Pacific
Island Pneumatopteris species including the type species, P.
callosa. Other taxa resolve as sister to Trigonospora, or to one of
the four clades of Pronephrium, while two other taxa, Pneuma-
topteris auctipinna and an undescribed species from the Solo-
mon Islands, resolve on long branches diverging from the
backbone within the christelloid clade, but with low support.

PronePHRIUM—The members of this polyphyletic genus all
share once-pinnate fronds with entire to shallowly incised
margins, but its species resolve in four distinct, well-
supported clades, while a few species are scattered through-
out the Sphaerostephanos clade (Figs. 3H, 4). One of these four
clades corresponds perfectly to Pronephrium sect. Grypothrix,
and the other three correspond in part to the infrageneric taxa
of Pronephrium proposed by Holttum (1982). Although the
type species, P. lineatum (Blume) Presl, was not sampled, the
type specimen exhibits the combination of dimorphic fronds
and the presence of yellow spherical glands on the sporangia,
which are characteristic of Pronephrium sensu Fawcett and
Smith (2021) and are uncommon among other genera.

SPHAEROSTEPHANOS—Most members of this large and mor-
phologically complex genus represent a nearly exclusive
clade (Fig. 3I). Several species recognized in Pronephrium and
Pneumatopteris fall within it, and two distinctive, widespread
species with long-creeping rhizomes, S. unitus (L.) Holttum
and S. invisus (G. Forst.) Holttum, form a clade sister to the
core christelloids (the sphaerostephanoids, pseudocyclosor-
oids, plus Amblovenatum) (Fig. 3H). A few species, mainly of
India and Africa, resolve variously in the christelloid or pseu-
docyclosoroid clades (Fig. 3G).

SteGNoGRAMMA—This genus (including Leptogramma and
Dictyocline T. Moore) is monophyletic as recognized by PPG 1

Downloaded From: https://bioone.org/journals/Systematic-Botany on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

FAWCETT ET AL.: A GLOBAL PHYLOGENOMIC STUDY OF THE THELYPTERIDACEAE 905

(2016). However, our phylogenetic results lend equal support
for the recognition of two sister genera, Stegnogramma
(including Dictyocline) and Leptogramma (Fig. 3C).

Discordance Among Gene Trees—Congruence among gene
trees, and among phylogenies inferred using concatenated and
coalescent methods, was generally high, but with conflicting
support for some taxa and clades (Fawcett et al. 2021). The aver-
age gene concordance factor (gCF) for crown nodes corre-
sponding to genera is 43%. The highest gCF values
corresponded to species-poor genera on long branches, exem-
plified by Thelypteris s. s. (gCF = 98%), while the lowest value
was seen in Christella (gCF = 0.25%), a clade which contains
rogue taxa (discussed below). The average site concordance
factor (sCF) for generic clades is 69%, ranging from 97% in
Cyclosorus s. s. to 32% in Ampelopteris.

Among taxa with conflicting support is a small group of
African species, including Christella gueintziana and C. cha-
seana, which resolve as sister to the rest of Christella sect.
Christella in the coalescent analysis; however, these species
sometimes resolve within the pseudocyclosoroid clade in
individual gene trees and in the ML tree (Fig. 3G). The con-
flicting position of this rogue clade contributes to the
uniquely low bootstrap support of the crown node of Chris-
tella. There is also some conflict among gene trees for Chris-
tella (Pelazoneuron) kunthii, C. (P.) schizotis, and C. (P.) patens
var. dissimilis; all three are supported as members of the Pela-
zoneuron clade, but are also inferred to be members of the
Christella sect. Christella clade in some individual gene trees.

The phylogenetic position of the clade comprising three spe-
cies of Amblovenatum s. s. resolve variously in the sphaeroste-
phanoid clade in the ML bootstrap consensus tree, (Fig. 2) and
coalescent tree (Fawcett et al. 2021), or as sister to the sphaero-
stephanoids plus pseudocyclosoroids (ML tree, Fig. 3G).

Two of the Hawaiian species of Pneumatopteris resolve as
sister to Stegnogramma plus Cyclogramma with 100% support
in both concatenated and coalescent analyses; however, indi-
vidual gene trees resolve these species as nested among mem-
bers of Pronephrium or highly nested within Leptogramma.

Finally, a few morphologically aberrant taxa of Africa,
Madagascar, and India resolve as sister to large clades with
low support, and often are in conflicting positions among
individual gene trees. These include Sphaerostephanos elatus,
Sphaerostephanos hirtisorus, and Pneumatopteris afra; all three
are rogue taxa within the pseudocyclosoroid clade (Fig. 3G).

DiscussioN

Support for Taxonomic Revision—Our results support the
continued recognition of 17 of the 30 genera of the Thelypteri-
daceae as circumscribed by PPG I (2016), and taxonomic revi-
sion of the remaining 13 genera (Table 1), as proposed by
Fawecett and Smith (2021). Two of these genera, Parathelypteris
(H.Ito) Ching, and Nannothelypteris Holttum, we treat in syn-
onymy. Of the remaining 11 genera, some require only minor
revisions to be monophyletic, while others, notably Prneuma-
topteris and Pronephrium, require more substantial changes.
We recognize four recently described genera, Hoiokula, Pakau,
Reholttumia, and Strophocaulon. We recommend the elevation
in rank from section to genus for Christella sect. Pelazoneuron,
Pronephrium sect. Grypothrix, and Pronephrium sect. Menisciop-
sis Holttum, and the resurrection of the genus Abacopteris. We
recognize the expanded circumscription of Amauropelta to
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include Parathelypteris pro parte, and recognize three new
subgenera within Amauropelta. All necessary taxonomic com-
binations, a key to genera, and descriptions of the 37 genera
here recognized are available in Fawcett and Smith (2021).
These genera, which include ca. 1200 species worldwide, are
recognized on the basis of both monophyly, and improved
morphological diagnosability. A brief discussion of newly
recognized genera and subgenera follows:

ApacorTeris—This genus was treated as a synonym of Pro-
nephrium by Holttum (1971, 1982), but based on the morphol-
ogy of the type species, Pronephrium lineatum, we recognize
Pronephrium s. s. as a member of the distantly related sphaer-
ostephanoid clade. Abacopteris, in the sense we apply the
name, is more closely allied to Christella and Pseudocyclosorus
(Fig. 3G).

AmauropeLtA—Following Kuo et al. (2019) we expand the
concept of Amauropelta to include three paraphyletic clades of
Parathelypteris, now treated as Amauropelta subg. Nibaa (the
two North American species), Amauropelta subg. Parathelypte-
ris (including the type of Parathelypteris, P. glanduligera), and
Amauropelta subg. Venus (including P. beddomei) (Fig. 3B).

GryrorHrix—This genus corresponds perfectly to Proneph-
rium sect. Grypothrix (Holttum 1982), a group that is defined
by hooked (hamate) hairs somewhere on the body of the
plant. It is in the chingioid clade (Fig. 3F).

Hoiokura—This new genus corresponds to the two native
Hawaiian species treated in Pneumatopteris by Holttum (1982)
but are more closely related to Leptogramma, Stegnogramma,
and Cyclogramma in our analyses (but see comments under
Discordance Among Gene Trees) (Fig. 3C).

Lerrocramma—Our data give equal support to the recogni-
tion of Stegnogramma s. 1. or Stegnogramma s. s. plus Lepto-
gramma. In light of the morphological differences between
these two clades, we follow Kuo et al. (2020), in which the
type species was sampled, in recognizing Leptogramma
(includ