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Abstract—Like many fern lineages comprising reticulate species complexes, Polypodium s.s. (Polypodiacaeae) has a history shaped by rapid
diversification, hybridization, and polyploidy that poses substantial challenges for phylogenetic inference with plastid and single-locus
nuclear markers. Using target capture probes for 408 nuclear loci developed by the GoFlag project and a custom bioinformatic pipeline,
SORTER, we constructed multi-locus nuclear datasets for diploid temperate and Mesoamerican species of Polypodium and five allotetraploid
species belonging to the well-studied Polypodium vulgare complex. SORTER employs a clustering approach to separate putatively paralogous
copies of targeted loci into orthologous matrices and haplotype phasing to infer allopolyploid haplotypes across loci, resulting in datasets
amenable to both concatenated maximum likelihood and multi-species coalescent phylogenetic analyses. By comparing phylogenies derived
from maximum likelihood and multi-species coalescent analyses of unphased and phased datasets, as well as evaluating discordance among
gene trees and species trees, we recover support for incomplete lineage sorting within Polypodium s.s., novel relationships among diploid taxa of
the Polypodium vulgare complex and its Mesoamerican sister clade, and the placement of several Polypodium species within other genera.
Additionally, we were able to infer well-supported phylogenies that identified the hypothesized progenitors of the allotetraploid species, indi-
cating that SORTER is an effective and accurate tool for reconstructing homeolog haplotypes of allopolyploids in fern taxa and other non-

model organisms from target capture data.

Keywords—Hyb-seq, incomplete lineage sorting, multi-species coalescent, reticulate evolution.

Once considered a single northern circum-temperate taxon,
the Polypodium vulgare complex comprises 10 diploid (Sigel et
al. 2014a) and 14 allopolyploid species (Haufler et al. 1995a,
1995b). Containing the type species of Polypodium, Polypodium
vulgare L., the complex exhibits many common characteristics
of the genus such as an epilithic or epiphytic habit, long creep-
ing rhizomes with knob-like prominences, round ex-indusiate
sori, and pinnatifid blades (Haufler et al. 1993). Traditionally,
subtle variations in macro- and micro-morphological charac-
ters such as venation patterns, the presence of glandular hairs,
and rhizome scale morphology were used to delineate taxa
(Peterson and Kott 1974; Haufler et al. 1993). Hybridization
experiments, cytotaxonomic studies, and isozyme electropho-
resis analyses revealed that taxonomic confusion in the group
is exacerbated by the presence of both diploid and morpholog-
ically intermediate allopolyploid species (Manton 1947, 1950,
1951, 1957; Kott and Britton 1982; Cranfill and Britton 1983;
Bryan and Soltis 1987, Haufler and Windham 1991; Haufler
and Zhongren 1991; Whitmore and Smith 1991). In combina-
tion, prior work established hypotheses about the major
clades of diploid species within the P. vulgare complex and the
progenitors of the allopolyploid taxa (Fig. 1). Most recently,
Sigel et al. (2014a, 2014b) used maternally inherited plastid
sequences and a single biparentally inherited nuclear locus to
test the monophyly of the P. vulgare complex, infer relation-
ships within and divergence times for four major clades of
diploid species (Fig. 1, the A, C, G, and S clades), and con-firm
the progenitors of one allotetraploid species, Polypodium
hesperium.

Despite our increased understanding of the Polypodium vul-
gare complex, the relationships among some diploid species
and clades in the genus remain unresolved, and the hypothe-
sized progenitors of most allopolyploid species remain
untested with phylogenetic analysis using biparentally inher-
ited nuclear sequence data. Furthermore, relationships among
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the Mesoamerican members of Polypodium s.s. (Fig. 1, the M
clade; Sigel et al. 2014a), which comprise the sister group to
the P. vulgare complex, and closely related outgroup genera
are still largely unresolved (Otto et al. 2009).

Targeted sequence capture methods combined with high-
throughput sequencing (henceforth, TC) are increasingly used
for generating multi-locus nuclear sequence datasets for phy-
logenetic inference of diverse taxa, especially non-model
organisms (Mandel et al. 2014; Johnson et al. 2016; Branstetter
et al. 2017; Andermann et al. 2019; Faircloth et al. 2020;
Beck et al. 2021). Encompassing numerous methodical varia-
tions such as target-enrichment (Mamanova et al. 2010) and
Hyb-Seq (Weitemier et al. 2014), TC generally refers to hybrid-
izing custom RNA baits or probes to complementary regions
of a sample's genomic DNA. Hybridized DNA regions are
then captured, often amplified with PCR, and sequenced
(Andermann et al. 2020). A significant advantage of TC is that it
can simultaneously capture sequence data for hundreds to
thousands of biparentally-inherited, unlinked nuclear loci at a
relatively low cost compared to other next generation
sequencing approaches (McCormack et al. 2013; Smith et al.
2014). When TC probes are designed to capture highly con-
served genomic regions, such as exons or Ultra-Conserved
Elements (UCEs), the same probe set may be used to obtain
orthologous loci for species separated by many millions of
years of evolution (e.g. Faircloth et al. 2012; Johnson et al.
2019). Additionally, when sequenced at high read depths, TC
can recover sequence variants representing heterozygous
alleles, homeologous variants present in hybrid and allopoly-
ploid taxa, and paralogous gene copies. The sequence varia-
tion captured with TC has strong potential for inferring the
relationships within groups with histories of genomic duplica-
tion, reticulate evolution, and rapid diversification (Nicholls
et al. 2015; Johnson et al. 2016; Kamneva et al. 2017; Kates et al.
2018; Andermann et al. 2019).
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Relationships among diploid species of Polypodium sensu stricto based on the chloroplast phylogeny of Sigel et al. (2014a). Species of known

ploidy (diploid or allotetraploid) are shown in black font, and species of unknown ploidy are shown in gray font. Brackets connect five allotetraploid species to
their hypothesized progenitors (Haufler et al. 1995b); Capitalized letters indicate major clades within Polypodium s.s.: V 5 Polypodium vulgare complex; M 5
Mesoamerican clade; A 5 appalachianum clade; G5 glycyrrhiza clade; C5 cambricum clade; S5 scouleri clade.

Here we use of the Geneology of Flagellate Plants Project
(GoFlag) 408 TC probe set and a custom bioinformatic proces-
sing pipeline, SORTER, to infer relationships within the Poly-
podium vulgare reticulate complex and its Mesoamerican
sister lineage. The GoFlag 408 TC probe set was designed to
recover 408 highly conserved nuclear exons from 248 low
copy nuclear genes across all flagellate land plant lineages
(Breinholt et al. 2021), and with sequences from the more var-
iable regions flanking the target exons, it can be useful for
resolving lower-level phylogenetic relationships (e.g. Fawcett
et al. 2021; Bloesch et al. 2022). The SORTER pipeline uses de
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novo assembly and sequence similarity clustering algorithms
to separate non-orthologous copies of targeted loci when pre-
sent in diploid taxa and uses paired-end read phasing cou-
pled with UBLAST relative to potential diploid progenitors
to infer homeologs in allopolyploids. We use both maximum
likelihood (ML) phylogenetic reconstruction on unphased
and phased concatenated nuclear datasets and multi-species
coalescent (MSC) analysis of phased sequences to elucidate
the relationships within and among major clades of the Poly-
podium vulgare complex, the broader Polypodium s.s., and the
parentage of five allopolyploid taxa.
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MATERIALS AND METHODS

Taxon Sampling—We sampled 63 Polypodium herbarium specimens
collected between 1939 and 2017 representing 10 diploid species and five
allopolyploids belonging to the northern temperate P. vulgare reticulation
complex, as well as 17 samples representing 10 Mesoamerican species of
Polypodium (Appendix 1). Multiple individuals of some taxa were sam-
pled to represent broad geographic distributions, morphological variants,
and hypothesized cryptic taxa (Haufler and Windham 1991; Haufler et al.
1995b; Shalimov et al. 2011; Shalimov and Shmakov 2016). Mesoamerican
species were selected without regard to ploidy because of a lack of cytoge-
netic data for these taxa. Our outgroup comprised one or two species
belonging to each of six genera (Pleurosoriopsis, Pleopeltis, Serpocaulon,
Pecluma, Phlebodium, and Platycerium) broadly representing the diversity
within Polypodiaceae (Appendix 1; Schneider et al. 2004; Schneider 2006;
Otto et al. 2009; Assis et al. 2016). Pleurosoriopsis makinoi was included in
outgroup sampling based on its position in recent molecular studies as
the sister species to Polypodium s.s. (Otto et al. 2009; Sigel et al. 2014a).

DNA Extraction, Library Construction, Target Capture, and High-
Throughput Sequencing—DNA was extracted from silica dried material
or a sample of an herbarium voucher for each specimen using a modified
cetyltrimethylammonium bromide (CTAB) protocol (Doyle and Doyle
1987, see Breinholt et al. 2021). The library construction, targeted sequence
capture using the GoFlag 408 probe set, and Illumina sequencing was
done by RAPiD Genomics (Gainesville, FL) using protocols described in
Fawcett et al. (2021) as part of the GoFlag project. Read data for all speci-
mens is available via the NCBI short read archive (SRA; BioProject:
PRINARg41228).

Assembly of Nuclear Target Capture Sequences Using the SORTER
Pipeline—A new pipeline, Sorter of Orthologous Regions for Target
Enrichment Reads (SORTER), was developed to generate matrices of
orthologous sequences from diploid taxa and homeologs of allopoly-
ploid taxa for species tree inference (https://github.com/JonasMendez/
SORTER). Briefly, the SORTER pipeline comprises three sets of Python
scripts referred to as stages that integrate existing software to accomplish
the following: (stage 1) Trim raw pair-ended Illumina reads, de novo
assemble consensus allele sequences, and generate alignments of puta-
tively orthologous gene copies for diploid taxa; (stage 2) Generate align-
ments of phased orthologous alleles for diploid taxa; and (stage 3) Trim
raw pair-ended Illumina reads, de novo assemble contigs, and generate
alignments with phased homeolog sequences for allopolyploid taxa.
Unique features of SORTER include user customizable sequence filtering
options (e.g. the number and minimum sequence length of contigs per ref-
erence retained) and sequence clustering using identity thresholds to gen-
erate sets of orthologous sequences that can be phased into allelic
haplotypes. The SORTER pipeline also uses UBLAST to automatically
annotate homeologous variants across loci, approximating the parental
haplotypes contained within allopolyploids based on diploid sampling
without requiring a priori assumptions about parental identity. A detailed
description of each stage of the SORTER pipeline and the specific para-
meters used for this study are provided in Supplemental A (Mendez-
Reneau et al. 2022) and illustrated in Fig. 2.

A total of 23 aligned datasets for diploid and allopolyploid sequences
were generated for phylogenetic analyses using the SORTER pipeline
(Table 1). To facilitate comparison among datasets and phylogenetic anal-
yses, each dataset included sequences from the same diploid temperate
Polypodium, Mesoamerican, and outgroup samples and used loci gener-
ated with a 70% identity clustering threshold for stage one of the SORTER
pipeline (Supplemental B, Mendez-Reneau et al. 2022). For all datasets, all
included loci were filtered with TriFusion software (Silva et al. 2018) to
output alignments with $ 50% sample representation. Each alignment
was then imported into Sequence Matrix (Vaidya et al. 2011) to convert
flanking gaps into missing data and to generate the final unconcatenated
and concatenated alignments (Table 1), keeping only the longest sequence
for samples that retained multiple consensus-alleles, putative allelic var-
iants, or homeologs after clustering.

Datasets A, B, and C were generated to compare the effects of ML analy-
ses and MSC analyses, as well as phasing, on the relationships and node sup-
port among the diploid temperate members of the P. vulgare complex and
the Mesoamerican species of Polypodium (Table 1). Specifically, datasets A
and B comprised individual locus alignments that were unphased and
phased, respectively, and concatenated together prior to ML analyses. For
the phased dataset B, alleles from each sample were randomly concatenated
across loci due to lack of genomic haplotype information (Lischer et al. 2014),
producing two concatenated sequences per sample. In contrast, dataset C
comprised phased individual locus alignments for MSC analysis. Datasets
DI1-E1 were generated to determine the progenitors of five allotetraploid
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species belonging to P. vulgare complex (Table 1; Fig. 1). Each dataset incor-
porated putative homeolog sequences for one of two specimens of an allote-
traploid species, one phased concatenated dataset for ML analysis and one
phased unconcatenated dataset for MSC analysis for each of two specimens
(e.g. P. vulgare 1 and P. vulgare 2), resulting in four datasets per species.

Maximum Likelihood and Bayesian Inference of Concatenated Datasets—
Each concatenated dataset (Table 1, datasets A, B, D1-D10) was analyzed
with maximum likelihood (ML) using RAXML (Stamatakis 2014) on the
CIPRES computing cluster (Miller et al. 2010). Prior to ML analysis, all
loci were partitioned and independently assigned the GTRGAMMA
model. One independent ML search was performed for each dataset with
20 replicates each (Table 1). One thousand bootstrap pseudo-replicates
were performed for each dataset.

For the concatenated alignments that included putative homeolog
sequences of allopolyploid taxa (Table 1, datasets D1-D10), we employed
an additional concatenation step. Based on the topology of the ML phy-
logeny with the largest -In score, we further concatenated homeolog
sequences that were sister to one another on the tree using Sequence
Matrix (Vaidya et al. 2011) to generate the final homeolog sequences. We
then filtered loci using TriFusion software (Silva et al. 2018) to retain loci
with two putative homeologs (i.e. loci that had homeolog sequences asso-
ciated with two putative diploid progenitors) per allopolyploid sample
and with $ 50% sample representation (Supplemental C, Mendez-Reneau
etal. 2022).

Maximum Likelihood Reconstruction of Individual Locus Datasets—
Individual ‘gene’ trees were reconstructed for all datasets (Table 1; Sup-
plemental C) using ML methods as described above.

Multi-Species Coalescent Analyses—MSC analyses were performed
on locus alignments generated by stages two and three of the SORTER
pipeline (Table 1, datasets C, EI-E10; Fig. 2; Supplemental C) using
ASTRAL 5.7.7 (Zhang et al. 2018). The software reconstructs the species
tree that maximizes the number of quartet topologies in a set of gene trees.
Branch lengths output by ASTRAL reflect coalescent units, and local pos-
terior probability support values (LPP) reflect the proportion of quartet
topologies in the gene trees that include a given branch (Mirarab 2019).

Gene and Site Concordance Factors—For ML and MSC phylogenies,
we included two additional metrics of node support, gene concordance
factors (gCFs) and site concordance factors (sCFs) using IQ-TREE 2 (Minh
et al. 2020). These metrics represent the percentage of individual locus-
specific or ‘gene tree’ topologies and informative nucleotide sites support-
ing a particular node, respectively. Concordance factors complement
conventional measures of branch support by providing a description of
discordance in the underlying data (Minh et al. 2020). We used the
unphased and phased ML gene-trees and alignments for individual loci to
calculate gCF and sCF values for the phylogenies derived from
concatenated datasets A and B (Table 1), respectively. Phased ML gene-
trees and alignments from dataset B were used to compute gCF and sCF
values for the phylogeny derived from MSC analysis of dataset C, and
ML trees and alignments generated by SORTER stage 3 were used to
compute gCF and sCF values for each respective allopolyploid dataset
(Table 1, datasets DI-E10).

REesuLTs

Read Statistics—An average of 518,215 paired-end reads
were generated for each specimen (Table S1, Mendez-Reneau
et al. 2022). After removing adaptor sequences and trimming
low quality reads, an average of 515,385 reads were retained
for each specimen. On average 44% of trimmed reads
mapped to one of 407 targeted GoFlag loci, with only one of
the 408 total targeted loci not retrieving any sequence data.
There was a higher average of mapped reads for Polypodium
samples (45.83%) than outgroup samples (34.99%). Read
coverage of targeted GoFlag loci after clustering averaged
99.76% across all samples. The average read-depth for all
samples and all locus-clusters was 147.95, with Polypodium
samples having a higher average read depth (154.87) com-
pared to outgroup samples (104.32).

De Novo Contig Assembly of Consensus Alleles—Samples
of diploid species belonging to the P. vulgare complex, Meso-
american species, and outgroup species generated an average
0f 533.76 consensus alleles mapping to 407 out of 408 reference
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FiG. 2. The three stages of the SORTER pipeline with the contig and clustering settings used in this study. Black arrows indicate data processing steps, with
each black arrow pointing to the output for that step. Boxes highlight the final output for each of the three stages of the pipeline. Gray arrows represent the
interactions between outputs among different stages of the pipeline. For example, the first step of stage 2 (step 7) utilizes trimmed reads and locus clus-ter

sequences generated in stage 1.

loci (min 5 461; max 5 987). After clustering among all dip-
loid samples using a 70% identity clustering threshold in
stage one of the SORTER pipeline to generate sets of ortholo-
gous sequences, about 3% of consensus alleles were repre-
sented by two or more sequences per locus for all samples
(Supplemental B; Fig. S1; Mendez-Reneau et al. 2022).
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Allopolyploid samples generated an average of 842.9
consensus-homeologs that mapped to 407 out of 408 refer-
ence loci (min 5 731; max 5 1128).

Datasets and Alignments—The unphased concatenated
alignment generated by stage one of the SORTER pipeline
(Table 1, dataset A) included 388 loci with S 50% sample
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TasLe 1. Summary of the 23 datasets assembled and analyzed as part of this study. Columns include dataset identifier, dataset descriptor, stage of the

SORTER pipeline that generated each dataset, number of loci, total alignment length, percent missing data, percent variable sites, and percent
informative sites. The right-most column indicates the phylogenetic analysis performed on each dataset: RaxML maximum likelihood (ML), or
ASTRAL Multispecies Coalescent (MSC). The log likelihood value for the ‘best” ML tree for each ML analysis is presented in parentheses.

SORTER Total Percent Percent Percent
Stage Number Alignment Missing Variable Parsimony

Dataset ID Dataset Descriptor Output of Loci Length Data Sites Informative Sites ML

A Diploid Unphased Stage 1 388 476834 39.11% 52.23% 28.91% Y (In5 23368641.92)
Concatenated

B Diploids Phased Stage 2 352 459702 41.32% 55.19% 47.22% Y (In 5 23824649.30)
Concatenated

C Diploids MSC Stage 2 352 459702 41.32% 55.19% 47.22% N

D1 Diploids 1 P. vulgare 1 Stage 3 235 329574 38.60% 57.09% 48.68% Y (In5 22895337.42)
Concatenated

D2 Diploids 1 P. vulgare 2 Stage 3 132 188909 37.80% 57.74% 49.27% Y (In5 21696281.31)
Concatenated

D3 Diploid 1 P. hesperium 1 Stage 3 211 298696 38.44% 57.14% 48.59% Y (In 5 22604283.27)
Concatenated

D4 Diploids 1 P. hesperium 2 Stage 3 176 247964 38.24% 57.21% 48.64% Y (In5 22170374.88)
Concatenated

D5 Diploids 1 P. saximontanum 1 Stage 3 164 229102 37.54% 56.73% 48.26% Y (In 5 22020407.89)
Concatenated

D6 Diploids 1 P. saximontanum 2 Stage 3 164 230018 38.18% 57.22% 48.66% Y (In 5 22034200.33)
Concatenated

D7 Diploids 1 P. virginianum 1 Stage 3 33 43633 44.09% 61.60% 51.70% Y (In 5 2446123.97)
Concatenated

D8 Diploids 1 P. virginianum 2 Stage 3 75 108789 39.81% 59.12% 49.63% Y (In 5 21020045.32)
Concatenated

D9 Diploids 1 P. calirhiza 1 Stage 3 95 135545 40.25% 57.63% 48.67% Y (In5 21229178.48)
Concatenated

D10 Diploids 1 P. calirhiza 2 Stage 3 92 134545 38.13% 57.65% 48.76% Y (In5 21229046.22)
Concatenated

El Diploids 1 P. vulgare 1 MSC Stage 3 235 329574 38.60% 57.09% 48.68% N

E2 Diploids 1 P. vulgare 2 MSC Stage 3 132 188909 37.80% 57.74% 49.27% N

E3 Diploid 1 P. hesperium 1 Stage 3 211 298696 38.44% 57.14% 48.59% N
MSC

E4 Diploids 1 P. hesperium 2 Stage 3 176 247964 38.24% 57.21% 48.64% N
MSC

ES Diploids 1 P. saximontanum 1 Stage 3 164 229102 37.54% 56.73% 48.26% N
MSC

E6 Diploids 1 P. saximontanum 2 Stage 3 164 230018 38.18% 57.22% 48.66% N
MSC

E7 Diploids 1 P. virginianum 1 Stage 3 33 43633 44.09% 61.60% 51.70% N
MSC

E8 Diploids 1 P. virginianum 2 Stage 3 75 108789 39.81% 59.12% 49.63% N
MSC

E9 Diploids 1 P. calirhiza 1 MSC Stage 3 95 135545 40.25%  57.63% 48.67% N

EI0 Diploids 1 P. calirhiza 2 MSC Stage 3 92 134545 38.13%  57.65% 48.76% N

representation for a total alignment length of 476,834 bp (see
Table 1 for alignment statistics). Both phased alignments gen-
erated by stage two of the SORTER pipeline (Table 1, datasets
B, C) comprised 352 loci with $ 50% sample representation
for a total alignment length of 459,702 bp. The phased align-
ments (datasets B, C) had a higher percentage of variable sites
and informative sites (55.19% and 47.22%, respectively) com-
pared to the concatenated unphased alignment (dataset A;
52.23% and 28.91%, respectively). The alignments generated
from SORTER stage 3 that incorporate putative homeolog
sequences from allopolyploid taxa (Table 1, datasets DI1-E10)
contained between 33-235 loci, an average alignment length
of 194,298 bp, an average of 57.91% variable sites, and an
average of 49.09% informative sites.

Relationships Among Major Clades of Polypodium s.s.
and Outgroup Taxa—MaxiMum LiKELIHOOD ANaLYses—ML
analyses of datasets A and B (those with unphased and phased
sequences, respectively, of diploid temperate and Mesoameri-
can Polypodium species (Table 1; Appendix 1)) yielded nearly
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identical topologies with minor differences in interspecific rela-
tionships (Fig. 3). All phylogenies provide complete support
for the monophyly of Polypodium s.s. (MLBS 5 100%; gCF and
sCF values are reported for key nodes on Fig. 3), comprising
two completely supported sister clades: the temperate Polypo-
dium vulgare complex and a clade of Mesoamerican species
allied with P. plesiosorum (M clade). Within the temperate P.
vulgare complex, all topologies provide unequivocal support for
four major clades of diploid species: the A clade (P. amor-phum
(P. sibiricum, P. appalachianum)), the G clade (P. fauriei (P.
glycyrrhiza, P. californicum)), the S clade (P. scouleri, P. pelluci-
dum), and the C clade (P. cambricum, P. macaronesicum). All spe-
cies belonging to the P. vulgare complex and represented by
more than one sample (e.g. P. glycyrrhiza) formed completely
supported (MLBS 5 100%) monophyletic groups. Relation-
ships among the major clades within the P. vulgare complex
were consistently recovered as (G (C (A, S))), with moderate
support for the sister pairing of the A and S clades (unphased:
MLBS 5 96%; phased: MLBS 5 82%)
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Fic. 3. ‘Best’ maximum likelihood trees. A. Reconstructed from concatenated unphased dataset A (Table 1). B. Reconstructed from concatenated phased
dataset B (Table 1). Branch widths indicate maximum likelihood bootstrap (MLBS) node support values, with asterisks representing 100% MLBS support.
Gene concordance factor (gCF) and site concordance factor (sCF) values are presented above most nodes. Bolded letters indicate major clades within Polypo-
dium s.s.: V5 Polypodium vulgare complex; M 5 Mesoamerican clade; A 5 appalachianum clade; G 5 glycyrrhiza clade; C5 cambricum clade; S5 scouleri
clade; P 5 plesiosorum clade; F 5 “free-veined” clade. Numbers in parentheses after taxa names represent the number of individuals sampled. For Polypo-
dium species with more than two samples, unique sample identifier numbers are given at tips (Appendix 1). Polyphyletic Polypodium echinolepis and Polypo-
dium puberulum samples are designated with “E” and “P” at tips, respectively.

Interspecific relationships within the Mesoamerican M clade (P. fraternum (P. martensii ((P. alavae, P. fissidens) (P. puberu-
were consistent and well-supported across all phylogenies lum, P. echinolepis))), respectively referred to as the plesio-
(average unphased: MLBS595%; average phased: MLBS 5 sorum P clade and the free-veined F clade. The two samples
100%;Fig.3). TheM cladeissplitintosister groups comprising ((P. of P. fissidens were united in a completely supported clade in
eatonii, P. arcanum) (P. plesiosorum, P. rhodopleuron)) and all topologies (MLBS5100%) but with P. alavac nested
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within P. fissidens in the unphased topology (Table 1, dataset
A; Fig. 3) Alternatively, the phased topology (Table 1, dataset
B; Fig. 3) supported P. alavae as sister to P. fissidens
(MLBS 5100%). Three P. puberulum and two P. echinolepis
samples were not recovered as monophyletic, but their
samples were united in an entirely supported clade
(MLBS 5100%).

In general, outgroup genera formed well-supported clades
(average unphased: MLBS5100%; phased: MLBS5 100%;
Fig. 3), and both datasets yielded nearly identical topologies,
except for the placement of Serpocaulon (Table 1, datasets
A-B; Fig. 3). ML analysis of unphased dataset A placed Serpo-
caulon in a moderately supported clade (MLBS5 84%) with
several genera including Pecluma, whereas ML analysis of
phased dataset B provided complete support (MLBS 5100%)
for the placement of Serpocaulon as sister to all taxa except
Platycerium. Pleurosoriopsis makinoi was consistently and com-
pletely supported as sister to Polypodium s.s. Notably, three
previously unsequenced Polypodium species, P. conterminans,
P. diplotrichum, and P. eperopeutes, are resolved as closely
allied to the outgroup genera Pecluma and Phlebodium.

Muctipe Species CoaLesceNcE ANaLyses—The species tree
generated from the MSC analysis of dataset C (Table 1; Fig. 4)
was very similar to those generated by ML analyses of
concatenated datasets A and B (Table 1; Fig. 3), with complete
support for the monophyly of Polypodium s.s. and for the sis-
ter pairing of the Polypodium vulgare complex and the M clade
(LPP 51.0; gCF and sCF values are reported for key nodes on
Fig. 4). Relationships among the A, C, G, and S clades were
the same as in the ML phylogenies (Fig. 3) but with low sup-
port for the sister relationship of the S and A clades
(LPP50.76; Fig. 4). Inter-species relationships within each of
the four major clades of the P. vulgare complex (the A, C, G,
and S clades) and the Mesoamerican M clade were well-
supported (average LPP 5 1.0) and identical to the ML phy-
logenies (Fig. 3). Outgroups relationships were similar to
those in the ML topology derived from dataset A (Table 1;
Fig. 3) with complete support (LPP 5 1.0) for the monophyly
of most outgroup genera (Fig. 4).

Intraspecific Relationships Within Polypodium s.s.—

Maxmvum LikeLiHooDp AnaLyses—Topology and node support
for intraspecific relationships for most species were consistent
between trees generated from concatenated datasets A and B
(Table 1; Fig. 3), with a few exceptions. For example, datasets
A and B (Table 1) yielded different intraspecific relationships
and support for the eight included specimens of P. glycyrrhiza.
In the topology derived from unphased dataset A, the P. gly-
cyrrhiza specimens from the Aleutian Islands are well sup-
ported as sister to the other P. glycyrrhiza samples, whereas in
dataset B there is little support for this relationship.

MuttipLe Species COALESCENCE ANALyses—For many species
intraspecific relationships and support varied substantially
among the MSC phylogeny (Table 1, datasets A, C; Fig. 4)
and the concatenated ML phylogenies (Table 1, datasets A, B;
Fig. 3). For example, for P. glycyrrhiza we consistently recov-
ered a strongly supported Aleutian Island clade nested
among the Continental North American specimens but with
variable support.

Phylogenetic Placement of Allopolyploid Homeologs—
For each of the five included allotetraploid species, topologies
obtained from ML analyses of the concatenated datasets
(e.g. Table 1, datasets D1-D10) were generally congruent with
the topologies obtained from MSC analyses (e.g. datasets
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E1-E10). All datasets and analyses yielded support for the
monophyly of the A, G, C, and S clades of the P. vulgare
complex and the monophyly of individual diploid species,
allowing for the reliable identification of allopolyploid
progenitors by assessing the placement of allopolyploid
homeolog sequences relative to sequences from diploid taxa.
Our results support each of the hypotheses about the diploid
progenitors of the five allopolyploid species illustrated in
Fig. 1. We recovered strong support for P. glycyrrhiza and P.
sibiricum as the progenitors of P. vulgare (Fig. 5A, average
MLBS5100%, average LPP50.99), P. glycyrrhiza and
P. amorphum as the progenitors of P. hesperium (Fig. 5B, aver-
age MLBS5100%, average LPP51.0), and for P. amorphum
and P. sibiricum as the progenitors of P. saximontanum (Fig. 5C,
average MLBS5100%, average LPP51.0). Finally, P. sibiri-
cum and P. appalachianum are strongly supported at the pro-
genitors of P. virginanum (Fig. 5D, average MLBS5 80.5%,
average LPP51.0), and P. glycyrrhiza and P. californicum are
strongly supported at the progenitors of P. calirhiza (Fig. 5E,
average MLBS 5 71.5%, average LPP 5 0.96).

DiscussioN

Ferns have long been recognized as a plant lineage with
frequent genome duplications and hybridization events (Otto
and Whitton 2000; Wood et al. 2009; Huang et al. 2020), but a
lack of low copy nuclear sequence loci and other genomic
resources has impeded phylogenetic reconstruction within
many fern groups (Sessa et al. 2014). Here we demonstrate
the power of TC methods and new bioinformatic tools, speci-
fically the GoFlag 408 TC probes and the SORTER bio-
informatic pipeline, for inferring evolutionary relationships
in rapidly diverging fern lineages with polyploidy and reticu-
lation complexes. Focusing on Polypodium s.s., we recovered
not only topologies largely consistent with previous hypothe-
ses about species relationships within the major clades of the
P. vulgare complex (Haufler et al. 1995a, 1995b; Sigel et al.
2014a), but also novel relationships among these major clades
and new insights into the relationships among Mesoameri-
can species of Polypodium (Figs. 3, 4). In addition, we recov-
ered strong support for previous hypotheses about the
parentage of five allopolyploid species belonging to the P.
vulgare complex (Figs. 1, 5; Haufler et al. 1995b). Below we
discuss implications of our phylogenomic analyses for our
understanding of evolutionary relationships within the Poly-
podium s.s. and the broader Polypodiaceae, as well as high-
light the performance of the SORTER pipeline for processing
of TC data.

Increased Resolution for Polypodium s.s. and Polypodiaceac—
The results of this study are largely consistent with the find-
ings of Sigel et al. (2014a); they both provide strong support
for the monophyly of the Polypodium s.s. and its placement as
sister to Pleurosoriopsis makinoi, the monotypic Asian taxon
with twice-pinnate leaves. Within Polypodium s.s. we
recovered two large clades, the temperate Polypodium vulgare
“V” reticulation complex and the Mesoamerican M clade
(Figs. 3, 4; Haufler et al. 1995a, 1995b; Schneider et al. 2004,
Otto et al. 2009; Sigel et al. 2014a). As in Sigel et al. (2014a),
we found complete support for four major clades within the
P. vulgare complex (the G, C, S, and A clades) each compris-
ing two or more diploid species (Figs. 1, 3, 4). However,
Sigel et al. (2014a) failed to recover strong support for
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Fic. 4. ASTRAL multispecies coalescent (MSC) tree based on phased dataset C (Table 1). Branch widths indicate local posterior probability (LPP) node
support values, with asterisks representing 100% LPP support. Gene concordance factor (gCF) and site concordance factor (sCF) values are presented for key
nodes. Bolded letters V, A, G, C, S, M, P, and F indicate the major clades within Polypodium s.s. as depicted in Fig. 3. Numbers in parentheses after taxa names
represent the number of individuals sampled, unique sample identifier numbers are given at tips for Polypodium species with more than two samples

(Appendix 1).

relationships among the four major clades, as well as
resolve relationships among diploid species of the A clade.
Below we focus our discussion primarily on the novel rela-
tionships among the four major clades of the P. vulgare com-
plex, interspecific relationships within the A clade, and
previously unexplored relationships within the Mesoameri-
can M clade.
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Relationships Among and Within the Major Clades of
the P. vulgare Complex—Our MSC phylogeny provides
novel support for the placement of the G clade as the first
diverging lineage within P. vulgare complex, and for the
monophyletic grouping of the C, S, and A clades. These results
are surprising considering that the chloroplast phylogeny
(Sigel et al. 2014a) recovered the G clade sister to the A clade
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Fic. 5. ASTRAL multispecies coalescent (MSC) trees from analyses of five datasets, each including putative homeolog sequences of one allotetraploid
sample. A. Dataset E2, Polypodium vulgare. B. Dataset E3, Polypodium hesperium. C. Dataset E6, Polypodium saximontanum. D. Dataset E7, Polypodium virginia-
num. E. Dataset E9, Polypodium calirhiza. See Table 1 for dataset descriptions and Supplemental C (Mendez-Reneau et al. 2022) for detailed phylogenies. Dot-ted
brackets link tips representing homeologs of each allopolyploid sample. Bold text indicates each allotetraploid taxon and its putative diploid
progenitors. Clades not related to each allotetraploid are collapsed for simplicity. Line widths indicate local posterior probability (LPP) support values, with
asterisks representing 1.0 LPP. For comparison, specific LPP support values, as well as maximum likelihood bootstrap (MLBS) support values from analyses of
corresponding concatenated datasets (Table 1, datasets D2, D3, D6, D7, and D9), are reported for key nodes. Concordance factor values (gCF/sCF) for the
MSC tree are reported in parentheses.

and the C clade sister to the S clade, albeit with low support. the Pacific Rim of Asia and North America from the Kam-
The novel placement of the G clade suggests that the P. vulgare chatka Peninsula to the Baja California (Haufler et al. 1993).
complex could have originated in Asia. The Japanese taxon One hypothesis to explain their current distribution is thatP.
P. fauriei is the earliest diverging taxon in the G clade, with P. glycyrrhiza may have diverged from P. fauriei via allopatry on
glycyrrhiza and P. californicum successively extending along the Kamchatka Peninsula or Aleutian Islands, and
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P. glycyrrhiza subsequently colonized the west coast of
North America. Then, P. glycyrrhiza and P. californicum
diverged parapatrically in central California. An Asian ori-
gin for the P. vulgare complex is also supported by the
placement of the Japanese endemic taxon Pleurosoriopsis
makinoi as the sister to Polypodium s.s.

Our MSC phylogeny strongly supports the monophyly
of the A clade as comprising the three diploid species P.
appalachianum, P. amorphum, and P. sibiricum. The affinity of
these three species has long been hypothesized based on
their shared presence of the sporangiasters, apomorphic ster-
ile structures within sori that are homologous to sporangia
(Martens 1943; Lang 1965, 1969, 1971; Peterson and Kott 1974;
Siplivinski 1974), and supported by previous phylogenetic
analyses of isozymes and plastid sequences (Haufler et al.
1995b; Sigel et al. 2014a). Novel to this study, we recover
unequivocal support for the monophyly of each of the three
diploid species (Fig. 4), each of which is characterized by a
suite of distinct, although somewhat cryptic, morphological
characters, spore size, and geographic ranges (Haufler and
Windham 1991; Haufler et al. 1993, 1995a, 1995b). Polypodium
appalachianum ranges from the southern Appalachian Moun-
tains to eastern Canada, has acute pinnae apices, abundantly
glandular sporangiasters, and spores , 52mm long. Polypo-
dium sibiricum is arctic/boreal in its distribution with rounded
pinnae apices, eglandular sporangiasters, and spores, 52mm
long. Polypodium amorphum is differentiated by having spores

52mm long and glandular sporangiasters. It is restricted to
the Cascade Mountains in the western United States and Brit-
ish Columbia.

An additional novel finding of this study is strong support
for the sister pairing of P. appalachianum and P. sibiricum (Figs.
3, 4). Haufler et al. (2000) proposed that the simple, eglandular
sporangiasters of P. sibiricum evolved glandular forms in the
species P. appalachianum and P. amorphum. However, accord-
ing to our inferred topology it is more parsimonious that glan-
dular sporangiasters evolved in the common ancestor of the A
clade with a secondary loss of glandularity in the ancestor of
P. sibiricum, or that glandularity evolved separately in the
ancestors of P. appalachianum and P. amorphum.

While our discussion of intraspecific relationships is largely
restricted to the A clade, we would be remiss not to point out
an intriguing result pertaining to P. glycyrrhiza, a diploid
taxon of the G clade (see Sigel et al. 2014a for a detailed dis-
cussion of phylogenetic relationships, biogeography, and pre-
vious literature pertaining to the G, C, and S clades that is
congruent with the results of this study). With a geographic
distribution spanning the Pacific Rim from central California
to the Kamchatka Peninsula, P. glycyrrhiza has a complex
taxonomic history reflecting subtle morphological variation
across its range (Lang 1965, 1971; Haufler and Windham
1991; Shalimov and Shmakov 2016). Shalimov and Shmakov
(2016) proposed segregation of specimens from the Aleutian
Islands and Sitka, Alaska as the species Polypodium aleuticum
A.E. Bobrov based on vegetative and spore morphology.
Notably, our sampling of P. glycyrrhiza includes two speci-
mens from separate Aleutian Islands that are united in an
entirely supported clade (Fig. 4) and appear as reciprocally
monophyletic with other specimens of P. glycyrrhiza in
the unphased concatenated ML phylogeny (Fig. 3). Despite a
small sample size, these results may lend credence to the
segregation of P. aleuticum from P. glycyrrhiza, perhaps
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representing an additional diploid taxon in North America
and warranting further study with increased sampling.

The Mesoamerican M clade—All of our phylogenetic anal-
yses recovered complete support for a Mesoamerican clade
(M clade) of taxa distributed across Mexico and central Amer-
ica, a group previously hypothesized to be closely allied with
Polypodium plesiosorum (Tejero-Diez and Pacheco 2004;
Tejero-Diez 2005; Tejero-Diez et al. 2010; Otto et al. 2009;
Luna-Vega et al. 2012; Sigel et al. 2014a; Figs. 3, 4). This study
provides strong support for two major subclades, which we
refer to as the P. plesiosorum P clade and free-veined F clade.
The P clade comprises four taxa, P. plesiosorum, P. rhodo-
pleuron, P. eatonii, and P. arcanum, unified by the presence of
areoles and netted venation, with most species having gla-
brous leaves (Tejero-Diez et al. 2010). As with previous phy-
logenies (Otto et al. 2009; Sigel et al. 2014a), we recovered P.
rhodopleuron sister to P. plesiosorum. These two species share
very similar morphologies, being differentiated by gla-brous
leaves in P. rhodopleuron and hairs on the abaxial leaf surfaces
in P. plesiosorum (Tejero- Diez et al. 2010; Luna-Vega et al.
2012). Additionally, we recovered novel support for the
monophyly of P. arcanum and P. eatonii, which were
previously hypothesized to be allied based on unique vein
anastomosis patterns and the fusion of xylem strands along
the petiole-leaf rachis (Mickel and Smith 2004; Tejero-Diez et
al. 2010).

The F clade comprises six taxa, P. fraternum, P. fissidens, P.
puberulum, P. echinolepis, P. alavae, and P. martensii, most of
which have hairs on their stipes and leaves, as well as free
venation (Mickel and Smith 2004). Within the F clade we
recovered unequivocal support for a clade comprising inter-
mixed specimens of P. puberulum and P. echinolepis (Figs. 3, 4;
Supplemental C). Mickel and Smith (2004) noted substantial
morphological similarity between these two species that are
sympatric in wet montane forests in southern Mexico and
central America. However, they are differentiated by pinna
fusion; Polypodium puberulum has pinnae adnate to the rachis,
whereas pinnae are free in P. echinolepis. The paraphyly of
these two species suggests that they may hybridize or repre-
sent phenotypically plastic variants of the same species.
Increased sampling and careful study of morphological varia-
tion between these taxa may clarify their relationships.

Outgroup Relationships—Our MSC phylogeny is gener-
ally well aligned with previously recovered relationships
among the outgroup genera (Smith et al. 2006; Otto et al.
2009; Sigel et al. 2014a). Interestingly, as in several previous
studies (Otto et al. 2009; Assis et al. 2016; Almeida et al. 2017),
we recovered the placement of several Polypodium species
from central and south America among outgroup genera. We
recovered P. conterminans and P. diplotrichum united in a clade
with Pecluma despite previous taxonomic treatments suggest-
ing they were closely related to the M clade taxon P. plesio-
sorum (Tejero-Diez and Pacheco 2004; Tejero-Diez 2005).
Interestingly, Mickel and Smith (2004) noted that P. diplotrichum
is morphologically similar to Pecluma chiapensis (formerly Poly-
podium chiapense; Carvajal-Hernandez 2018), both lacking “dark
axes and clavate soral paraphyses” and suggested that P. diplo-
trichum should be reassigned to Pecluma. Similarly, we recov-
ered P. eperopuetes as nested within Phlebodium despite previous
observations that it is morphologically similar to the M clade
taxon P. echinolepis (Mickel and Beitel 1988). Clearly, Polypodium
sensu lato, encompassing approximately 100-125 species
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worldwide (Mickel and Smith 2004), would benefit from
broader molecular sampling and generic revision.

Confirming the Progenitors of Allotetraploid Taxa within
the Polypodium vulgare Complex—Delimiting allopolyploids
in the Polypodium vulgare complex and their diploid progeni-
tors has been a multi-generational endeavor, beginning with
the observation of multiple cytotypes within P. vulgare by
Irene Manton (1947). Hybridization experiments, observa-
tions of chromosome pairing, and isozyme electrophoresis
uncovered numerous other allopolyploid species closely
allied to P. vulgare and were used to develop and test hypoth-
eses about their diploid progenitor species. With 408 GoFlag
TC probes and the SORTER pipeline to reconstruct homeo-
logs, we have successfully used multi-locus nuclear sequence
data to confirm previous hypotheses about the diploid pro-
genitors of five allotetraploid species, P. vulgare, P. hesperium,
P. calirhiza, P. saximontanum, and P. virginianum (Figs. 1, 5).

Notably, these five allopolyploid taxa vary in the related-
ness of their progenitors. Polypodium vulgare and P. hesperium
each have one progenitor from the A clade and one from the
G clade, whereas P. calirhiza has both progenitors from the G
clade. Polypodium saximontanum and P. virginianum have both
progenitors from the A clade (Figs. 1, 5). Previous estimates
by Sigel et al. (2014a) suggest that the A and G clades
diverged in the mid-Miocene approximately 13.4 MYA, but
the progenitors within the G and A clades diverged from
each other in the late Pliocene to early Pleistocene approxi-
mately 2.7 MYA and 2.3 MYA, respectively. For the P. vulgare
complex, there appears to be a direct relationship between
the relatedness of diploid progenitors of an allopolyploid
taxon and the number of loci for which two or more distinct
homeologs can be reconstructed (Table 1). For example, we
were able to recover an average of 183.5 loci for P. vulgare
(derived from A clade P. sibiricum and G clade P. glycyrrhiza)
but only an average of 54 loci for P. virginianum (derived
from the A clade taxa P. amorphum and P. appalachianum).
Nonetheless, all datasets produced ample loci to resolve
allopolyploid-progenitor relationships within the P. vulgare
complex (Table 1; Fig. 5), suggesting that TC markers and the
SORTER pipeline have broad utility for resolving reticulation
complexes of varying age within the ferns and other lineages.

The Value of TC Data for Resolving the Evolutionary
History of Polypodium s.s.—The TC approach enables us,
for the first time, to examine the evolutionary history of Poly-
podium s.s. based on hundreds of presumably independently
evolving loci and assess levels of gene tree discordance, or
phylogenetic incongruence, among loci. For this study, the
ML trees of individual loci had major topological differences
within Polypodium s.s. and across the broader Polypodiaceae
(Supplemental C). This was reflected in low gCF and sCF
values (i.e., 50%) for major relationships within the P. vul-
gare complex for both the phased and unphased concatenated
ML phylogenies, even when strongly supported by MLBS
(Fig. 3). For example, for both the unphased and phased
concatenated ML phylogenies, MLBS support for the Polypo-
dium vulgare complex was 100%, but the gene and site concor-
dance factors were 24% and 59%, respectively (Fig. 3).
Another notable, clade-level relationship with low concordance
factors and moderate to high MLBS support is the sister-pairing
of the S and A clades (Fig. 3; unphased concatenated dataset A:
MLBS596%, gCF59%; sCF538%,; phased concatenated
dataset B: MLBS 5 82%, gCF 5 9%, sCF538%), but the MSC
analysis recovered marginal support for the sister relationship

Downloaded From: https://bioone.org/journals/Systematic-Botany on 05 Apr 2023
Terms of Use: https://bioone.org/terms-of-use Access provided by University of New Hampshire

[Volume 48

of the S and A clades (Fig. 4, LPP50.76). Interestingly, we
recovered the sister pairing of clades S and C for a subset of our
analyses incorporating allopolyploid sequences (Table 1, e.g.
datasets D4, D6; Supplemental C) suggesting that the relation-
ships recovered among the four major clades within the P. vul-
gare complex are highly sensitive to the loci used for analysis.
Hence, support for the monophyly of A and S clades reflects a
portion of the data, with other loci supporting the monophyly of
S and C clades. Taken together, we believe that the di-
vergences of the S, A, and C clades likely occurred rapidly
resulting in incomplete lineage sorting (ILS) or ancestral intro-
gression (Degnan and Rosenberg 2009; Liu et al. 2009, 2015;
Nakhleh 2013). More broadly, prevalent gene tree discordance
and low concordance factors suggest extensive ILS and/or
introgression throughout the history of Polypodiaceae s.s., and
justifies our adoption of the MSC phylogeny for discerning the
evolution of Polypodium s.s. and the broader outgroup sampling
of Polypodiaceae (Fig. 4).

The high coverage of the TC data also enables phasing
approaches to separate individual allelic or homeologous
copies of each locus. Although the value of phasing may be
most apparent in inferring the progenitors of the allopoly-
ploids, phasing also increased the number of variable and
informative sites in the alignments (Table 1, datasets A for
diploids and D1-D10, E1-E10 for allopolyploids) as in Ander-
mann et al. (2019). Phasing also changed the ML bootstrap
support for some of the clades within Polypodium s.1. (Fig. 3).
However, similar to Kates et al. (2018), phasing had little
effect on the phylogenetic relationships. For example, phas-
ing improved support for the monophyly of M clade taxon P.
fissidens but reduced support for the sister relationship of the
S and A clades within the P. vulgare complex. We interpret the
latter example to be caused by conflicting phylogenetic
signals for the placement of the S and A clades due to the
additional informative variation recovered by phasing.

The SORTER Pipeline is a Flexible Tool for Processing
TC Data—The proliferation of TC datasets has led to the
development of several bioinformatic pipelines for assembling
orthologous sequences for phylogenomic applications, each
one adopting a different approach for segregating and captur-
ing paralogous sequences (Faircloth et al. 2020; Johnson et al.
2016; Rothfels et al. 2017; Freyman et al. 2022), allelic variants
(Aguiar and Istrail 2012; Andermann et al. 2019; Tiley et al.
2021), or homeologs (Rothfels et al. 2017; Nauheimer et al. 2021;
Freyman et al. 2022). The SORTER pipeline is a unified, flexible
tool for generating multi-locus nuclear datasets for use in tradi-
tional phylogenetic and multi-species coalescent analyses. The
three customizable, modular stages of the SORTER pipeline
successively cluster putatively paralogous gene copies across
samples, phase alleles from diploid taxa, and phase homeologs
based on diploid samples for allopolyploid taxa, making it
ideal for the phylogenomics of reticulation complexes.

SORTER has numerous advantages. First, SORTER retains
sequence variants generated by contig assembly (given user
defined filters) through sequential clustering and phasing,
resulting in putative orthologous sequences, alleles, and
homeologs. This contrasts with other pipelines that initially
select a single longest representative contig for each locus for
each sample and remove alternative, shorter contigs or col-
lapse slightly overlapping contigs (Faircloth 2016; Johnson et
al. 2016). Additionally, SORTER infers and retains puta-
tively paralogous locus copies by clustering sequences by
percent identity, effectively generating multiple loci from a
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single reference that can be included in the final dataset.
Other pipelines detect paralogs post-hoc by identifying loci
with disproportionately high levels of SNPs (Nauheimer et al.
2021) or through successive rounds of computationally
expensive phylogenetic analysis (Rothfels et al. 2017). By
adjusting the percent identity clustering threshold for their
dataset in SORTER stage 1, the user can balance the number
of loci recovered for phylogenetic analysis with the risk of
erroneously clustering paralogous gene copies at lower clus-
tering identities (Supplemental A). Another advantage of
SORTER is that it constructs haplotypes of allopolyploid taxa
without making any a priori assumptions about ploidy level,
the number of homeologous sequences, or progenitor identity
(Kamneva et al. 2017), and it does not require reads to overlap
across targeted loci (Aguiar and Istrail 2012; Kamneva et al.
2017). Compared to HybPhaser (Nauheimer et al. 2021) that
phases hybrid sequences based on the similarity of hybrid
reads to putative progenitor references, SORTER compares
hybrid and progenitor sequence similarity based on phased
allelic sequences derived from consensus-allele assemblies
which may improve homeolog inference based on longer
sequences with more informative sites than shorter paired
end reads. With adequate read depth, we were able to recover
up to four homeologous sequences per locus from several
allotetraploids. SORTER is designed to be applicable to
hybrids of higher ploidy levels, making it amenable to most
polyploid reticulation complexes. For this study, we gener-
ated allopolyploid datasets to infer the progenitors of one
allopolyploid individual per dataset to simplify analyses and
presentation of results gauging the effect of progenitor iden-
tity on homeolog inference. Although not employed here, we
provide an optional script with identical inference methods
that allows the inclusion of multiple allopolyploid indivi-
duals and taxa in a single dataset.
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Appenpix  1.—  Specimens included in this study. Taxon name
(unique specimen identifier if more than one specimen), collection
locality, collector and collection number (herbarium).

Pecluma camptophyllaria (Fee) M.G. Price: (1) Puerto Rico, SF 468
(VT); Pecluma dulcis (Poir.) F.C. Assis & Salino: (2) Costa Rica, Testo
761 (VT); Pecluma rhachypterygia (Liebm.) F.C. Assis & Salino: (3)
Mexico, Sundue 3622 (VT); Phlebodium aranecosum (M. Martens &
Galeotti) Mickel & Beitel: (1) Mexico, Coyoacan, Sundue 4193 (VT);
Phlebodium decumanum (Willd.) J. Sm.: (2) Cultivated, Ullman s.n.
(VT); Platycerium andinum Baker: Cultivated, Farnwerk Gardens,
Switzerland, Testo s.n. (VT); Pleopeltis angusta Humb. & Bonpl. ex
Willd.: Mexico, Testo 1086 (VT); Pleopeltis monosora (Desv.) A.R. Sm.:
Ecuador, Pichincha, Sundue 2596 (VT), Pleurosoriopsis makinoi
(Maxim. ex Makino) Fomin: Japan, Fukui-Shi, Ebihara 2972 (DUKE);,
Polypodium alavae A.R. Sm.: Mexico, Mejia 857 (MEXU); Polypodium
amorphum Suksd.: (1) Washington, Mt. Baker, Sigel 2010-75 (DUKE);
(2) Oregon, Multonomah County, Sigel 2010-104 (DUKE); Polypodium
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appalachianum Haufler & Windham: (1) Canada, Nova Scotia, Oldham
38496 (DUKE); (2) North Carolina, Ashe County, Sigel 2010-61 (DUKE);
Polypodium arcanum Maxon: Mexico, Testo 1069 (VT); Polypodium
californicum Kaulf.: (1) California, San Luis Obispo, Hartman 1418
(KANU); (2) California, San Clemente Island, Dunkle 7248 (KANU); (3)
Mexico, Baja, Tenorio 13356 (NYBG); (4) California, Santa Cruz Island,
Thorne 52569 (RSA); (5) California, Anacapa Island, Junak 380 (RSA); (6)
California, Marin County, Rose 70012 (KANU); (7) California, Santa
Ana Mountains, LLK 1111 (KANU); (8) California, San Diego, Smith
2558 (UC); Polypodium calirhiza S.A.-Whitmore & A.R.Sm.: (1) Mexico,
Jalisco, Dyer 51 (DUKE); (2) California, San Francisco, Mendez-Reneau 5
(LAF); Polypodium cambricum L., Spain, Valencia, Woods 8-61 (RBGE);
Polypodium conterminans Liebm.: (1) Mexico, Kromer 3624 (MEXU);
(2) Mexico, Castillo-Hernandez 307 (MEXU); Polypodium diplotrichum
Mickel & Beitel: Mexico, Mendoza 545 (MEXU); Polypodium eatonii
Baker: Mexico, Zacapoaxtla, Schuettpelz 1601 (VT); Polypodium echino-
lepis Fee: (1) Mexico, Zacapoaxtla, Schuettpelz 1617 (VT); (2) Guatemala,
Testo 1279 (VT); Polypodium eperopuetes Mickel & Beitel: Mexico, Chi-
apas, Carvajal 1178 (CITRO); Polypodium fauriei Christ: Japan, Fukui
Prefecture, Ebihara 2973 (DUKE); Polypodium fissidens Maxon: (1)
Mexico, Cerro Huitepec, Carvajal 1115 (CITRO); (2) Guatemala, Jimenez
1393 (MEXU); Polypodium fraternum Schltdl. & Cham.: Mexico, Zaca-
poaxtla, Schuettpelz 1647 (VT); Polypodium glycyrrhiza D.C. Eaton: (1)
California, Del Norte County, Kerhoulas G26A4 (LAF); (2) California,
Del Norte County, Kerhoulas G23A1 (LAF); (3) Alaska, Amatignak
Island, Talbot AMTO04-9 (ALAH); (4) Alaska, Attu Island, Parker 9221
(ALAH); (5) Canada, British Columbia, Rothfels 3086 (DUKE); (6) Ore-
gon, Multonomah County, Sigel 2010-109 (DUKE); (7) California, Del
Norte County, Morse 11378 (KANU); (8) California, Del Norte County,
Kerhoulas G21A5 (LAF); Polypodium hesperium Maxon: (1) Arizona,
Pinaleno Mountains, Yatskievych 81-459 (KANU); (2) California, San
Bernardino Mountains, Kiefer 575 (KANU); Polypodium macaronesi-
cum A.E. Bobrov: Spain, Tenerife Island, Larsson 47 (UPS); Polypodium
martensii Mett.: (1) Mexico, Tamaulipas, LS 418 (CITRO); (2) Mexico,
Zacapoaxtla, Schuettpelz 1723 (VT); Polypodium pellucidum Kaulf.:
Hawaii, Kauai, Vernon s.n. (DUKE); Polypodium plesiosorum Kunze:
Mexico, Testo 829 (VT); Polypodium puberulum Schltdl. & Cham.: (1)
Mexico, Oaxaca, Testo 1532 (VT); (2) Mexico, Oaxaca, Testo 1519 (VT); (3)
Mexico, Sundue 4070 (VT); Polypodium rhodopleuron Kunze: (1)
Mexico, Schuettpelz 1620 (VT); (2) Mexico, CICH 1212 (VT); Polypodium
saximontanum Windham: (1) Colorado, Smith 0182 (DUKE); (2) Mon-
tana, Sigel 2011-41a (DUKE); Polypodium scouleri Hook. & Grev.: (1)
California, Kerhoulas S22A4 (LAF); (2) Canada, Rothfels 4475 (DUKE);
(3) California, Huiet 141 (DUKE); (4) California, Halse 7135 (KANU);
Polypodium sibiricum Sipliv.: (1) Mongolia, Wu 123 (MO); (2) Japan,
Mt. Tiene, Haufler s.n. (KANU); (3) Canada, Saskatchewan, Haufler s.n.
(KANU); (4) Russia, Altai Mountains, Argus 13190 (KANU); Polypo-
dium virginianum L.: (1), Canada, Ontario, Rothfels 3943 (DUKE); (2)
North Carolina, Rothfels 4031 (DUKE); Polypodium vulgare L.: (1) Swit-
zerland, Bern Canton, Sigel 2010-55 (DUKE); (2) Norway, Lyngen
County, Larsson 298 (DUKE); Serpocaulon attenuatum (C. Presl) A.R.
Sm.: Costa Rica, Puntarenas, Testo 1241 (VT); Serpocaulon levigatum
(Cav.) A.R. Sm.: Colombia, Testo 1157 (VT).



