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 Difficulties in generating nuclear data for polyploids have impeded phylogenetic study of
these groups. We describe a high-throughput protocol and an associated bioinformatics
pipeline (Pipeline for Untangling Reticulate Complexes (PURC)) that is able to generate these
data quickly and conveniently, and demonstrate its efficacy on accessions from the fern family
Cystopteridaceae. We conclude with a demonstration of the downstream utility of these data
by inferring a multi-labeled species tree for a subset of our accessions.
 We amplified four c. 1-kb-long nuclear loci and sequenced them in a parallel-tagged amplicon sequencing approach using the PacBio platform. PURC infers the final sequences from the
raw reads via an iterative approach that corrects PCR and sequencing errors and removes
PCR-mediated recombinant sequences (chimeras).
 We generated data for all gene copies (homeologs, paralogs, and segregating alleles) present in each of three sets of 50 mostly polyploid accessions, for four loci, in three PacBio runs
(one run per set). From the raw sequencing reads, PURC was able to accurately infer the underlying sequences.
 This approach makes it easy and economical to study the phylogenetics of polyploids, and,
in conjunction with recent analytical advances, facilitates investigation of broad patterns of
polyploid evolution.

Introduction
Nuclear sequence data are critical for plant phylogenetic inference (Sang, 2002; Small et al., 2004; Zimmer & Wen, 2012,
2015). These data are typically faster evolving than plastid or
mitochondrial sequences (Wolfe et al., 1987; Rothfels &
Schuettpelz, 2014; Minaya et al., 2015) and, because the nuclear
genome is so much larger than the organellar genomes, more data
from it are available (Zimmer & Wen, 2015); these sequence
qualities provide increased resolving power for classic concatenated-data approaches, especially at shallower phylogenetic scales
(Duarte et al., 2010; Zhang et al., 2012; Minaya et al., 2015).
Moreover, nuclear data provide the opportunity to sample multiple linkage groups, mitigating the risk of misleading results
caused by biases or idiosyncrasies of individual linkage groups
(e.g. the plastid or mitochondrion; Moore, 1995) and allowing
for inferences beyond those possible from mitochondrial or plastid data alone. These novel analyses include the inference of
species histories from coalescence patterns across multiple gene
genealogies (Maddison & Knowles, 2006; Degnan & Rosenberg,
2009) and the estimation of patterns of introgression across the
genome (Yu et al., 2014). Finally, because of their biparental
inheritance, nuclear sequence data can be used to infer both
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homoploid (Zhang et al., 2013) and polyploid hybridization
(Triplett et al., 2014).
Nuclear sequence data, however, are difficult and expensive to
generate for taxonomic groups with limited available genomic
resources, especially for studies of polyploidy or gene family evolution, where multiple gene copies (homeologs or paralogs) are
present in individual accessions. In these cases, direct sequencing
of PCR products typically results in uninterpretable data as a
consequence of polymorphic sites and sequence length variation
among the amplified copies. The most frequently adopted solution to this problem is to clone the PCR product into plasmid
vectors, use these to transform Escherichia coli, and then Sangersequence a sufficient number of the resulting bacterial colonies
(Sang, 2002; Dufresne et al., 2013). This approach is expensive
and labor-intensive and, because of practical limits on the number of colonies that can be sequenced, it is often difficult to identify and correct PCR errors, sequencing errors, and PCRmediated chimeras (Schuettpelz et al., 2008; Griffin et al., 2011;
Dufresne et al., 2013).
There are few existing alternatives to cloning. If sequence data
are available for each of the homeologs (or paralogs) then it may
be possible to design copy-specific primers (e.g. Marcussen et al.,
2012; Meseguer et al., 2014). This approach is labor-intensive,
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and requires that all copies be pre-identified and sufficiently distinct from each other, so that copy-specific primers can be
designed. Alternatively, if the copies have no length differences,
then polymorphisms can be visually identified (e.g. Shepherd
et al., 2008). This approach requires that there not be indels
among the copies, so it is largely limited to more slowly evolving
sequences, and some method is needed to phase the substitutions
into haplotypes. Finally, single-molecule PCR (with template so
dilute that most successful reactions will start from only a single
target sequence) can be used (Marcussen et al., 2012), but this
approach is labor-intensive, technically challenging, and prone to
high levels of PCR error. These difficulties have long impeded
the study of polyploid groups (Ramsey & Schemske, 2002;
Schuettpelz et al., 2008; Dufresne et al., 2013; Ramsey & Ramsey, 2014; Soltis et al., 2014), which is especially problematic
given the high frequency of polyploidy in plants, and the ecological and evolutionary significance of the process of polyploidization (Otto & Whitton, 2000; Otto, 2007; Martin & Husband,
2009; Wood et al., 2009; Husband et al., 2013; Mable, 2013; De
Storme & Mason, 2014; Estep et al., 2014).
A convenient and cost-effective method for generating longread DNA sequence data for multiple independent loci, from
multiple polyploid accessions (and their diploid relatives), is
sorely needed to overcome this data deficit. Recent developments
in next-generation sequencing technologies have brought us much
closer to this goal (Twyford & Ennos, 2011; McCormack et al.,
2013; Zimmer & Wen, 2015). In particular, the work of Griffin
et al. (2011) demonstrated the utility of next-generation sequencing for resolving polyploid complexes. Subsequent workers have
elaborated upon this general approach or refined it for other purposes. However, these studies tended to focus on generating single-copy data (so were limited to inferring a maximum of one or
two alleles at a given locus; Zieli
nski et al., 2013; Barrow et al.,
2014; Wielstra et al., 2014; Feng et al., 2016), or, as in Griffin
et al. (2011), were applicable only to short sequences (< 500 bp
per locus; Gholami et al., 2012; Wielstra et al., 2014; UribeConvers et al., 2016). Approaches that were able to generate
longer sequences did so by assembling shorter reads (from 454
Life Sciences, Branford, CT, USA or Illumina MiSeq runs,
Illumina Inc., San Diego, CA, USA) and thus required additional
bioinformatic steps to phase the sequences (Bybee et al., 2011;
Gholami et al., 2012; O’Neill et al., 2013; Zieli
nski et al., 2013;
Barrow et al., 2014; Feng et al., 2016), or required that reference
sequences of all potential homeologs be available (Brassac & Blattner, 2015). The former approaches are not able to correctly phase
single nucleotide polymorphisms (SNPs) separated by too large a
region of invariable sequence, and the latter approach requires
cloning and Sanger sequencing and requires all homeologs to be
present (and sequenced) in the subset of accessions selected as the
references. Finally, these methods typically require relatively
involved data preparation steps (DNA shearing, barcode ligations,
multiple purifications and quantifications, etc; Bybee et al., 2011;
Gholami et al., 2012; O’Neill et al., 2013; Brassac & Blattner,
2015; Feng et al., 2016) and some entail two rounds of PCR
amplifications, increasing the prevalence of PCR errors in the
amplicon pool (Bybee et al., 2011; Gholami et al., 2012).
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Aside from amplicon sequencing approaches, sequence data
for polyploids (or for gene families, etc.) could be generated
through reduced genome complexity techniques. Eaton (2014),
for example, developed a pipeline to extract homologous
sequences from RADseq data and methods are available to do the
same with transcriptome data (e.g. Yang & Smith, 2014). However, reduced complexity approaches to data generation
(RADseq, target enrichment, RNAseq, etc.) have significant
requirements before they generate useful phylogenetic data, or
are ill-suited to complex polyploid genomes.
Here, we describe an amplicon-sequencing method for generating long (c. 1 kb) sequences from multiple loci (nuclear, plastid,
or mitochondrial), from multiple accessions, focusing on cases
where individual accessions are expected to contain multiple distinct copies of each locus. We first describe a molecular laboratory protocol, utilizing the PacBio sequencing platform (Pacific
Biosciences, Menlo Park, CA, USA), that generates data relatively
quickly and cheaply and does not require any sequence phasing
or assembly. This protocol yields all the copies (alleles, homeologs, or paralogs) amplified by a given primer pair, for each
accession. We then describe the Pipeline for Untangling Reticulate Complexes (PURC), the associated bioinformatics package
that takes as input the raw PacBio reads and infers the true biological sequences, producing alignments for each locus, with each
sequence labeled according to its source accession and its depth
of sequencing coverage. The efficacy of this combined wet lab/
bioinformatics approach is demonstrated by generating data for
four nuclear loci for a sample of mostly polyploid accessions from
the fern family Cystopteridaceae. Finally, we use a subset of our
accessions to illustrate how this approach can allow for novel evolutionary insights, by inferring a multilocus ‘species network’ that
is analogous to a species tree, but includes the inference of reticulations for the allopolyploid accessions.

Materials and Methods
Molecular laboratory protocol
Our molecular laboratory protocol follows three steps: PCR
amplification of the loci of interest, sample pooling, and sequencing on the PacBio RS II platform. The PCR amplifications are
performed with barcoded primers, removing any need for ligation steps. For our pilot study we used the 48 16-base barcodes
(without padding) provided by Pacific Biosciences (available in
the Dryad Digital Repository: doi: 10.5061/dryad.dj82k). To
reduce primer costs, we barcoded only the forward primers, and
reused barcodes within runs for taxonomic groups that could be
distinguished phylogenetically (see the description of the bioinformatics pipeline in the next section). The number of accessions
that can be included in a run varies with the length of the target
loci, the expected ploidy of the accessions, and the desired coverage; in our pilot study we limited each run to c. 700 potential target sequences (where each diploid accession, given that it has two
copies of the genome, contributes two target sequences per locus,
etc.). This cut-off corresponds to c. 50 mostly polyploid accessions for four loci per run (based on the P4-C2 sequencing
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chemistry; with the recently released reagents – the P6-C4 chemistry – at least 1000 potential targets could be included). The
amplified regions to be pooled in a single sequencing run should
all be approximately the same length (Pacific Biosciences recommends that pooled amplicons be within 15% of the mean length
of that pool; Pacific Biosciences, 2016), otherwise the short
regions may be preferentially sequenced, resulting in poorer coverage of the longer regions. Here, we selected regions that ranged
from c. 900 to c. 1100 bp. No special steps need to be taken for
the PCR amplifications, and the resulting amplicons were not
cleaned or purified before library preparation (Pacific Biosciences
does recommend purifying the pooled amplicons before library
preparation – doing so many improve the method’s performance;
Pacific Biosciences, 2016).
Each PCR product was run on an agarose gel to confirm amplification success, and to allow the samples to be pooled in approximately equal concentrations. We adopted a very coarse
quantification scheme by scoring each band, by eye, on a fivepoint scale ranging from ‘very weak’ to ‘very strong’. Based on our
preliminary quantification of DNA concentrations using a nanodrop, we estimated these five band strength categories to roughly
correspond to DNA concentrations of 10, 15, 20, 30 and
50 ng ll1, respectively, and we used these concentration estimates
to pool equal masses of DNA from each sample, aiming for a final
pooled sample of at least 2 lg of DNA in a 150-ll volume. This
method of sample standardization is very quick and inexpensive,
and was sufficient to yield good coverage of our target sequences
(see the ‘Nuclear data from polyploids: a case study’ section).
However, researchers interested in sequencing more targets per
run may wish to standardize their amplicons more rigorously.
The pooled sample was then sequenced on a single PacBio
SMRT cell, utilizing PacBio’s ‘Circular Consensus Sequencing’
(CCS) technology (Travers et al., 2010). With average sequencing lengths of > 4 kb on the P4-C2 chemistry (> 10 kb on the latest P6-C4 chemistry; Pacific Biosciences, 2015), a given 1-kb
target gets an average of four sequencing laps; the final sequence
delivered is the consensus of those laps. Because PacBio sequencing errors occur randomly (Eid et al., 2009), the individual laps
are unlikely to share the same errors, and the consensus sequences
are highly accurate. An example file for sample tracking and
library construction (amplicon pooling) is available in the Dryad
Digital Repository (doi: 10.5061/dryad.dj82k).
Bioinformatics pipeline
To process the raw sequencing reads, we developed an integrated,
command-line based pipeline: Pipeline for Untangling Reticulate
Complexes (PURC). PURC is written in PYTHON and settings are
controlled via a configuration file. It requires PYTHON 2.7 or later
(but is not compatible with PYTHON 3), BIOPYTHON v.1.6 or later
(Cock et al., 2009), BLAST+ v.2.2.30 or later (Camacho et al.,
2009), and comes packaged with three additional dependencies:
CUTADAPT (Martin, 2011), MUSCLE (Edgar, 2004), and USEARCH
(Edgar, 2010). PURC takes as input a FASTA file of raw amplicon
sequence reads, de-multiplexes the amplicon pool, and then clusters
the sequences into alleles (henceforth we will use ‘alleles’ loosely, to
Ó 2016 The Authors
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refer to all unique biological sequences present, including segregating alleles, homeologs, and paralogs). The full pipeline consists of
five main steps: (1) de-multiplexing: primer and barcode sequence
removal; annotation of reads with locus and source accession name;
separation of reads by locus and accession; (2) read clustering and
chimera removal (performed four times, iteratively); (3) consensus
sequence computation, for each cluster; (4) final clustering and
chimera removal; (5) inferring alignments for each locus.
Preliminary investigations indicated that a small fraction of the
PacBio CCS reads were interlocus ‘concatemers’ (chimeras of
two separate loci), presumably introduced during the PacBio
library preparation, through SMRTbell-mediated sequence
fusion (Fichot & Norman, 2013). Therefore, step 1 begins with
the option to split these sequences into their component singlelocus sequences and recycle them back into the data for analysis.
PURC then uses BLAST (Camacho et al., 2009) to identify the barcode sequences, with the option of using a more sensitive (and
slower) Smith–Waterman local alignment approach (Smith &
Waterman, 1981) on those sequences where BLAST fails to locate
a barcode (Fig. 1). PURC additionally includes the option to
restrict the search for barcodes to the ends of the sequence reads,
allowing the user to avoid spurious matches to nonbarcode
regions in the middle of the sequences. The reads are annotated
with the barcode number, and PURC removes the primers and
any residual barcode sequences using CUTADAPT (Martin, 2011).
PURC then BLASTs the reads against a list of user-supplied reference sequences (Fig. 1), extracting the locus and group information from the best-matching reference sequence. The ‘group’
indicates the user-determined division of the accessions into phylogenetically distinct groups (e.g. different genera); this allows
the de-multiplexing of sequences from divergent taxa that share
the same barcode. PURC then completes the annotation by matching each unique combination of barcode, locus, and group
attributes with the source accession, using a user-provided mapping file, and separates the annotated reads according to their
locus and accession.
To infer the alleles from these raw amplicon sequences – step 2
– PURC performs four rounds of clustering using USEARCH’s cluster_fast algorithm (Edgar, 2010). For each round, the consensus
sequences of the previous round’s clusters are used as input, and
between each clustering step PURC interjects USEARCH’s UCHIME
function (Edgar et al., 2011) to remove potential PCR-mediated
recombinants (chimeras; Fig. 1). Users can adjust the minimum
per cent sequence identity necessary for sequences to be clustered
together, and the minimum cluster size necessary for the cluster
to be retained, for each of the four clustering rounds; the UCHIME
settings can also be changed. In step 3, the constituent reads from
each remaining cluster are aligned with MUSCLE (Edgar, 2004)
and their consensus sequences calculated. This step corrects any
errors in the initial consensus sequences that were propagated
through the iterative clustering steps, and allows us to use
MUSCLE instead of USEARCH for the alignments underlying these
final consensus sequences. In step 4, these consensus sequences
are in turn clustered and run through UCHIME one more time
(Fig. 1), producing a final set of allele sequences for each accession for each locus. In the final step (step 5), PURC gathers the
New Phytologist (2017) 213: 413–429
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Fig. 1 The bioinformatic Pipeline for Untangling Reticulate Complexes (PURC). Input files are outlined in red and output files in blue. The two versions of
PURC (PURC.PY and PURC_RECLUSTERER.PY) operate on the input files at starting points A and B, respectively (highlighted in yellow).

allele sequences for each locus from all accessions, and aligns
them using MUSCLE (Edgar, 2004), producing a set of single-locus
alignments ready for downstream phylogenetic analyses (Fig. 1).
Two versions of PURC are available: one that performs the
entire workflow (PURC.PY), and another (PURC_CLUSTERER.PY) that
performs only the clustering and chimera-killing steps – the later
script takes as input the FASTA file produced by the full PURC, with
the sequences already annotated with their locus and source
accession (starting point B in Fig. 1). The settings for PURC_CLUSTERER.PY are set at the command line, rather than through a
configuration file, allowing for easy batch scripting. Both PURC
scripts are available from Bitbucket (https://bitbucket.org/crothfels/purc), along with installation instructions, tutorials, examples, and additional documentation.
Nuclear data from polyploids: a case study
We tested our molecular laboratory protocol and bioinformatics
pipeline on accessions from the fragile fern family (Cystopteridaceae). Using the transcriptome-based ‘all-in’ alignments from
Rothfels et al. (2013a), we designed intron-spanning primers to
amplify regions c. 1-kb long from four single-copy genes
(ApPEFP_C, gapCpSh, IBR3 and pgiC; henceforth APP, GAP,
IBR and PGI, respectively; Table 1), and added the Pacific
Biosciences barcodes to the forward primers. APP and GAP were
amplified in 20-ll reactions consisting of 2 ll of 109 Denville
buffer (Denville Scientific, Holliston, MA, USA), 2 ll of dNTPs
(2 mM each), 0.2 ll of bovine serum albumin (BSA)
New Phytologist (2017) 213: 413–429
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(10 mg ml1), 0.2 ll of Denville Choice Taq (5 U ll1), 1 ll of
each primer (10 lM), and 13.6 ll of water. IBR and PGI were
amplified in 19-ll reactions each with 4 ll of 59 Phusion HF
buffer (New England Biolabs, Ipswich, MA, USA), 2 ll of
dNTPs (2 mM each), 0.2 ll of Phusion HF polymerase, 2 ll of
each primer (10 lM), and 8.8 ll of water. The thermocycling
conditions for all loci consisted of an initial period at the melting
temperature (3 min for APP and GAP; 1 min for IBR and PGI),
followed by 35 cycles of 30 s at the melting temperature, 30 s at
the annealing temperature, and 1.5 min at the elongation temperature; reactions ended with 10 min at the elongation temperature
(the respective temperatures for each locus are listed in Table 1).
After an initial test run (‘R1’; data not shown), we amplified
these regions for three sets of Cystopteridaceae accessions (the full
list with voucher information is available in the Dryad Digital
Repository: doi: 10.5061/dryad.dj82k), which we submitted as
individual PacBio sequencing runs (‘R2’, ‘R3’, and ‘R4’, respectively). DNA was extracted from silica-dried leaf tissue (or, more
rarely, herbarium material) in the Fern Lab Silica Archive (http://
fernlab.biology.duke.edu/) using a 96-well modification (Beck
et al., 2011a,b) of a standard CTAB protocol (Doyle & Dickson,
1987). Within each sequencing run, we used individual barcodes
up to three times per locus: once for a Gymnocarpium accession
(which we designated as group A), once for a member of the
Cystopteris fragilis (L.) Bernh. complex (group C), and once for
an accession of Acystopteris or a ‘non-fragilis complex’ Cystopteris
species (group B). Two microliters of each PCR product were
run on an agarose gel to confirm amplification success and to
Ó 2016 The Authors
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estimate DNA concentration (see the ‘Molecular laboratory
protocol’ section, above). Our three sequencing runs each
included between 51 and 53 accessions (Dryad Digital Repository: doi: 10.5061/dryad.dj82k), and, because of variation in
amplification success and the ploidy of the included samples,
between 666 and 710 target sequences (Table 2).
We pooled each amplicon (the PCR products were not cleaned
or purified) within a run proportional to its ploidy and inversely
proportional to its estimated DNA concentration. Example
spreadsheets for sample tracking and pooling are available in the
Dryad Digital Repository (doi: 10.5061/dryad.dj82k). Sequencing libraries were prepared using the medium insert PacBio 1-kb
protocol (Pacific Biosciences, 2016). Each amplicon pool was
sequenced on a single SMRT cell on a PacBio RSII sequencer
using the P4-C2 chemistry and a 3-h movie length. Sequencing
libraries were diffusion loaded on the SMRT cells and sequence
data were analyzed using CCS SMRT ANALYSIS software v.2.2.0 and
four filtering passes. Library preparation and sequencing were
performed at the Sequencing and Genomic Technologies Core
Facility of the Duke University Center for Genomic and Computational Biology.
The raw PacBio CCS FASTQ files for each run were cleaned
using USEARCH’s fastq_filter command (Edgar, 2010), set to
remove all reads that were < 600 bases long or that had greater
than five expected errors (the number of expected errors is calculated as the sum of the error probabilities of each base in the
sequence). The cleaned sequences were output in FASTA format
and annotated with PURC.PY, incorporating the options to split
and recycle back into the analysis concatemers, Smith–Waterman
primer searching, and searches for primers across the entire
sequence rather than just at the ends. The reference sequences
used during the annotation process were derived from earlier

studies (Rothfels et al., 2013a, 2014; C. J. Rothfels, unpublished)
and by repeated iterations of the annotation step using inferred
sequences from one round as reference sequences for the next
(verifying each time that the resulting trees matched earlier broad
phylogenetic hypotheses; Rothfels et al., 2013b). The annotated
sequences from each run were analyzed using six different PURC
clustering regimes by repeatedly calling PURC_CLUSTERER.PY via a
shell script (an example shell script is available in the Dryad Digital Repository: doi: 10.5061/dryad.dj82k). The first three
regimes (a, b and c) were run with the default UCHIME settings,
and differed in their sequence similarity cut-offs in the four clustering rounds (Table 3). The second three regimes (aStr, bStr,
and cStr) used the same clustering cut-offs as the first three, but
with the UCHIME settings changed to be more stringent (Table 3).
In all cases, all sequences (clusters) were retained after each of the
first three clustering rounds, but only sequences representing
clusters of at least four original reads were retained after the
fourth clustering (singletons, etc., were discarded). The final clusters were decomposed back into their constituent reads, which
were aligned in MUSCLE, and their consensus sequence was recalculated (Fig. 1). These final consensus sequences (for each accession) were merged if they were at least 99.9% identical, and
UCHIME was run one final time, before the sequences for each loci
were extracted and aligned (again with MUSCLE). PURC configuration, output, and log files are available in the Dryad Digital
Repository (doi: 10.5061/dryad.dj82k), as are the R scripts (R
Core Team, 2013) used to summarize the results.
Pipeline evaluation
We assessed the ability of our workflow to infer the true biological sequences present in a sample in three ways. First, for each

Table 1 Primers used in the case study
Locus (abbrev.)

Primers

Primer sequence (50 to 30 )

PCR program

Length

ApPEFP_C (APP)

4218CF4*
4218CR12*
gapCpShF1Cys
ESGAPCP11R1ShCys**
4321F2*
4321R2*
CRpgicF2U
CRpgicR2U

GGACCTGGSCTYGCTGARGAGTG
GCAACRTGAGCAGCYGGTTCRCGRGG
CYACMAACTGCCTTGCRCCTCTTGCC
GTATCCCCACTCRTTATCATACC
TCTGCMCATGCMATTGAAAGAGAG
CCCARKGTYGAAAGYTCCCAATC
GAGYGTTTGGAATGTYTCWTTCCTYGG
TCGTCGTGGTTGCTCACAACTTCCC

95.65.71

c. 930 bp

95.59.71

c. 900 bp

98.65.72

c. 840 bp

98.68.72

c. 900 bp

gapCpSh (GAP)
IBR3 (IBR)
pgiC (PGI)

*From Rothfels et al. (2013a). **Modified from ESGAPCP11R1 (Schuettpelz et al., 2008). The three values listed for each PCR program are the melting
temperature, annealing temperature, and elongation temperature, respectively.

Table 2 Data set statistics, before clustering

Run

PacBio CCS
reads returned

Reads > 600 bp

Reads > 600 bp
and ee < 5

Number of interlocus
concatemers

Number (%) of
barcode fails

Number of
unclassifiable reads

Estimated maximum
target number

R2
R3
R4

38 610
51 001
44 065

30 732
44 721
38 982

18 189
27 994
28 550

90
149
180

9.48%
8.16%
8.21%

25
220
89

666
710
680

The estimated maximum target number is a count of the potential number of distinct sequences present in the amplicon pool (e.g. a tetraploid accession
would contribute four targets per locus, a diploid would contribute two, etc.). CCS, circular consensus sequencing; ee, expected errors.
Ó 2016 The Authors
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Table 3 The six Pipeline for Untangling Reticulate Complexes (PURC)
analysis regimes used in the case study
Regime

Cluster thresholds

a
b
c
aStr
bStr
cStr

0.995
0.995
0.997
0.995
0.995
0.997

0.995
0.995
0.995
0.995
0.995
0.995

UCHIME settings
0.995
0.990
0.995
0.995
0.990
0.995

0.995
0.990
0.995
0.995
0.990
0.995

2.0
2.0
2.0
1.1
1.1
1.1

0.28
0.28
0.28
0.20
0.20
0.20

8.0
8.0
8.0
3.0
3.0
3.0

1.4
1.4
1.4
0.5
0.5
0.5

The cluster thresholds show the per cent similarity necessary, at each of
the four main clustering rounds, for two sequences to be clustered
together. UCHIME settings are listed in the following order: abskew, minh,
xn, dn. For explanations of each setting, see the USEARCH manual at
http://drive5.com/usearch/manual/UCHIME_score.html.

locus in our R2 data we combined the resulting sequences from
the six analysis regimes into a single alignment (using MUSCLE
and ALIVIEW; Edgar, 2004; Larsson, 2014) and inferred a maximum parsimony tree in PAUP v.4.0a147 (Swofford, 2002). We
then, by manual examination of these four phylogenies and
incorporating prior information about the ploidy level of each
accession, estimated the number of true biological sequences present for each accession, for each locus. This process was necessarily subjective, but cases of ambiguity were rare: for the great
majority of accessions, the same number of alleles was inferred
for each locus, and that number was consistent with the known
ploidy of that accession (see the Results section). This process
resulted in a list of ‘true’ allele counts per accession for each locus,
which we could then use to compare the performance of individual analysis regimes.
As a second evaluation, we included two accessions (Cystocarpium moupinensis Franch. #8735 and Gymnocarpium oyamense
(Baker) Ching #8739) twice in the case study, in different
sequencing runs. These accessions allow us to examine the
repeatability of inference across different repetitions of the molecular laboratory and sequencing components of the workflow,
and, in addition, we can compare the inferences across different
PURC analysis regimes within a single sequencing run. Our third
evaluation was to compare the results of our PURC allele inferences with the sequences obtained from the classic cloning and
Sanger-sequencing approach. To do so, we created a combined
alignment (MUSCLE and ALIVIEW; Edgar, 2004; Larsson, 2014) of
GAP sequences from our PURC-based species network inference
(see the next section) and our earlier Sanger-based studies (Rothfels et al., 2014, 2015) for those accessions that were shared across
the two data sets. From this combined alignment we then
inferred a maximum parsimony tree in PAUP v.4.0a147 (Swofford, 2002), to visualize the similarities and differences between
the PURC and Sanger-based inferences.
Untangling polyploid complexes: Cystopteridaceae species
network
To provide an example of the potential applications of this
approach, we used a subset of data from our first PacBio run (R2)
to infer a multilabeled species tree using ALLOPPNET (Jones et al.,
New Phytologist (2017) 213: 413–429
www.newphytologist.com

2013) as implemented in BEAST 1.8.2 (Drummond & Rambaut,
2007). This tree is a species tree in the sense that it is inferred
from multiple unlinked gene trees using the multispecies
coalescent; however, the tips are ‘species-genomes’ rather than
species per se (an allotetraploid species would occur twice in the
species tree, once for each of its homeologous genomes). We analyzed the raw PacBio reads with the six analysis regimes described
earlier (Table 3), and, for each locus, used MUSCLE’s profileprofile alignment option (Edgar, 2004), followed by manual
alignment adjustment, to infer a single alignment containing the
output from all six regimes. From each of these alignments, we
inferred a maximum parsimony tree in PAUP 4.0a147 (Swofford,
2002), and selected, by visual inspection of this tree, the final set
of allele sequences for each accession (these all-regimes trees are
available in the Dryad Digital Repository: doi: 10.5061/
dryad.dj82k). The application of the current implementation of
ALLOPPNET is limited to diploid and tetraploid accessions; we
therefore removed the higher ploidy accessions from the data set.
Because our initial runs failed to converge after 400 million generations, we reduced the sample to nine diploid species and 19
tetraploids, selected to span the phylogenetic diversity of
Cystopteridaceae (Supporting Information Table S1).
ALLOPPNET requires that all input sequences be assigned to a
species, an individual, and a genome (Jones, 2012). For the polyploids, we conservatively considered accessions to be conspecific
only if they had a high degree of sequence similarity across all
four loci. One accession – 9 Cystocarpium roskamianum FraserJenk. – is tetraploid; however, it is itself a hybrid of two allotetraploids and thus has four homeologous (nonrecombining)
subgenomes (Rothfels et al., 2015). To accommodate this accession within the ALLOPPNET model, we divided its homeologs into
two ‘species’, corresponding to each of the two parental
tetraploids. Our final sample of nine diploid species and 19
tetraploids comprised 13 and 21 individuals, respectively
(Table S1).
We excluded any areas of ambiguous alignment in each of
the locus alignments and produced the final alignments (with
the sequences renamed and blank sequences added for alleles
that are missing from particular loci) using the ABIOSCRIPTS
0.9.4 –seqconcat function (Larsson, 2010). We used the R
(R Core Team, 2013) scripts provided with ALLOPPNET to
generate a BEAST XML file from these final data, and manually edited that XML to incorporate a starting tree for each
gene (generated from a short BEAST run on the full data),
and to enforce the known monophyly of three clades:
Gymnocarpium, Acystopteris, and Acystopteris + Cystopteris. All
other features – notably an HKY substitution model
(Hasegawa et al., 1985) and strict molecular clock applied to
each gene—were left at their ALLOPPNET-generated defaults.
These data were run four times independently in BEAST
v.1.8.2 (Drummond & Rambaut, 2007) on the CIPRES gateway (Miller et al., 2010). Each chain was run for 400 million generations, with the chains sampled every 10 000
generations, and convergence was assessed by examining the
parameter traces and the effective sample sizes using TRACER
v.1.6 (Rambaut et al., 2007). The burnin was excluded and
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the remaining posterior summarized on the maximum clade
credibility tree using TREEANNOTATOR v.1.8.0 (packaged with
BEAST; Drummond & Rambaut, 2007).

four cases the two methods produced very similar, albeit not
identical sequences, with the cloning-derived ones differing by
single apomorphies that are very probably the result of PCR
error. Finally, in two cases, the PURC allele is identical to one of
the minority clone sequences (rather than to the most commonly
obtained clone sequence). In these instances, the most commonly
obtained clone sequence differs from the PURC and minority
clone sequence by a small number of apomorphies. These ‘majority’ clone sequences are also probably attributable to PCR error
that happened early in the PCR cycles, and thus propagated to
multiple clones (Fig. S1). There is no indication, for any accession, of the cloning and Sanger-sequencing approach outperforming the PURC-based inferences.
The number of final alleles inferred for each accession varied
across loci, mainly because of amplification differences (not all
accessions successfully amplified for all loci) and because some
loci (i.e. IBR) showed a higher propensity for producing difficultto-eliminate chimeric sequences (Tables 4, 5; Fig. 5). In general,
however, the number of alleles inferred was strongly indicative of
the ploidy of the accession (Table 5): diploids have one or two
alleles (diploids were more often heterozygous than the polyploids); tetraploids have two or sometimes three alleles; and
hexaploids have three or occasionally four alleles. In those cases
where more alleles were inferred than expected, these excess
sequences were typically rare (low coverage; Table 5), recovered
in a minority of the analysis regimes, and easily identifiable as
chimeras.
Across all three data sets, and all four loci, average coverage for
the final allele sequences was roughly comparable, even with our
decidedly coarse amplicon standardization scheme (Table 4).
There was, however, considerable variance about those averages
(Table 4; Fig. 6): while the vast majority of accessions had sufficient coverage for PURC to correctly identify the homeologs present (Table 6), more rigorous standardization schemes would
probably increase the evenness of coverage.
Our data for the ALLOPPNET allopolyploid network inference
comprised four loci from 28 species (Table S1). The individual
locus alignments ranged in length from 862 to 1132 base pairs,
and included between 4.2 and 15.5% missing data. The missing
data in the locus alignments were attributable to indels; the combined data set had a greater percentage of missing data because of

Results
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Our three PacBio sequencing runs returned between 38 000 and
51 000 CCS reads, of which between 18 000 and 28 000 were
> 600 bp long and had fewer than five expected errors (Table 2;
Fig. 2). These raw reads, despite the CCS technology and the
post-run quality control, are heterogeneous (far more distinct
sequences are recovered than expected given the ploidy of the
sequenced accessions; Fig. 3), presumably as a result of chimeras
and PCR and/or sequencing errors. However, PURC’s iterative
clustering, chimera-killing, and consensus-calculation approach
succeeds in removing these errors (Fig. 3), as demonstrated by
the high repeatability across runs and across analysis regimes
within runs (Fig. 4; see also the all-regimes trees in the Dryad
Digital Repository: doi: 10.5061/dryad.dj82k). Specifically, for
the two accessions (C. moupinensis #8735 and G. oyamense
#8739) that were included in both the R2 and R3 runs, the same
alleles were inferred by all six analysis regimes, across both data
sets, and the exceptions to this rule were low-coverage sequences
easily identifiable as chimeras or were high-coverage sequences
resulting from overclustering in the PURC pipeline (Fig. 4). Similarly, the alleles inferred with this workflow are consistent with
those from the classic cloning and Sanger-sequencing approach:
for the 19 accessions for which we have both PURC and ‘classic’
Sanger data, the two methods inferred the same number of alleles
15 times, and in the four other accessions PURC inferred an additional allele (Fig. S1). In all four of these cases, the additional
allele makes sense phylogenetically and is consistent with the
ploidy level of the accession, and relatively few cloned sequences
were generated for that accession (Fig. S1); these cases almost certainly represent examples of conventional cloning approaches
failing to detect all sequences present. In addition, for the 33
cases where both methods inferred the same allele (or close to it),
the PURC/PacBio-generated allele is identical to the most frequently obtained cloning/Sanger-generated allele 22 times, and
to the consensus of the cloning/Sanger sequences (in those cases
where only unique clone sequences were obtained) five times. In
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Expected number of erroneous base calls per read
Fig. 2 Expected number of sequencing errors in the raw PacBio circular consensus sequencing (CCS) data, for each of the three sequencing runs. The
expected errors in a read are calculated by summing the probabilities of error (from the FASTQ file) for each base in that read.
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Fig. 3 Example of Pipeline for Untangling Reticulate Complexes (PURC)’s iterative clustering and chimera removal approach. The displayed trees are most
parsimonious trees of the APP locus for barcode 12 at each round of the analysis (in these data, two accessions had barcode 12: an accession of the
Cystopteris–Gymnocarpium tetraploid hybrid 9 Cystocarpium roskamianum (#7974) and a tetraploid accession of Acystopteris tenuisecta (#8745)).
Cluster consensus sequences are labeled with their taxon and size (singleton sequences are unlabeled), and branches are colored according to their
phylogenetic identity: dark blue for the Gymnocarpium homeologs of 9 Cystocarpium; light blue for the Cystopteris homeologs of 9 Cystocarpium; and
red for Acystopteris. (a) The raw sequencing reads are highly heterogeneous, with far more variants than expected given the ploidy of the included
accessions. (b) After one round of clustering and chimera removal, dominant sequences start to emerge, and the tree structure is clearer. This pattern
continues with additional clustering and chimera removal (c). (d) After a final round of clustering/chimera removal and the elimination of rare sequence
types (those with coverage < 4), four alleles are recovered for 9 Cystocarpium and two for Acystopteris, consistent with earlier results for these species.

accessions that were heterozygous at a subset of the loci, necessitating the addition of corresponding blank sequences in the other
loci (Table 7). Each of the four runs converged to the same region
of parameter space by the 100 millionth generation; we took the
last 200 million generations from one of the runs as our posterior
sample. This sample comprised 10 000 trees and post-burnin
effective sample sizes for all parameters were > 500.

Discussion
Single-molecule amplicon sequencing of polyploids
The combined wet laboratory and bioinformatics approach we
describe here is highly effective in generating low-copy nuclear
data, including sequences from each homeolog present in the
polyploid accessions. Requiring only PCR with barcoded
New Phytologist (2017) 213: 413–429
www.newphytologist.com

primers, and capable of generating high-coverage data for four
loci for c. 50 mostly polyploid accessions per run (or equivalent; Table S1; all-runs voucher table, available in the Dryad
Digital Repository: doi: 10.5061/dryad.dj82k), this approach is
both cost-effective and time-efficient. With the upcoming
PacBio Sequel platform, the sequencing costs should go down
significantly and even more samples can be pooled into one
run. However, even with high sequencing coverage, analysis of
the amplicon sequencing results was challenging – sequence
errors introduced during PCR, PCR-mediated recombinants
(chimeras), and errors in the PacBio sequencing all appeared to
be common in our data (Figs 3, 5). Fortunately, the PURC
pipeline, with its iterative clustering and chimera-killing steps,
was able to detect and correct the majority of these errors. For
our data, regime c (default UCHIME settings, and clustering cutoffs of 99.7, 99.5, 99.5, and 99.5% similarity, followed by the
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Fig. 4 Repeatability of allele inference. Two allotetraploid accessions (Cystopteris moupinensis #8735 and Gymnocarpium oyamense #8739) were
included in both the R2 and R3 sequencing rounds, allowing for the examination of repeatability across different repetitions of the molecular laboratory
workflow. Unrooted most-parsimonious trees for each accession, for each locus, show high levels of repeatability across sequencing rounds (R2 vs R3) and
across PURC analysis regimes (a, c, e, aStr, cStr and eStr; see Table 3); in the majority of cases the different analysis regimes infer the same two sequences
for each accession, in both rounds. In cases where the regimes vary in the sequences they infer, as in the IBR and PGI loci for accession 8735, there are still
two clear ‘good’ sequence types inferred, with the other sequences occupying a more central position in the tree, indicating that they are the result of
chimerism or overclustering in the Pipeline for Untangling Reticulate Complexes (PURC). The R3 IBR PCR amplification for accession 8739 failed, so that
locusaccession combination was not included in the R3 sequencing run. Bars indicate a single substitution.

Table 4 Summary of Pipeline for Untangling Reticulate Complexes (PURC) results for the six analysis regimes on each of the three sequencing data sets
Locus
Regime

Data set

APP

GAP

IBR

PGI

a

R2
R3
R4
R2
R3
R4
R2
R3
R4
R2
R3
R4
R2
R3
R4
R2
R3
R4

99 (26  15.2)
110 (48.9  61.1)
106 (34.9  29.9)
102 (36.8  24.2)
123 (62.8  98.7)
109 (50.2  50.3)
99 (25  16.1)
113 (48.3  72.4)
106 (34.9  29.9)
95 (26.4  14.9)
108 (48.5  60.2)
92 (37.9  28.5)
90 (38.8  23.7)
106 (66.7  94.2)
100 (48.1  39)
98 (24  15.6)
106 (48.6  55.6)
98 (36  29.3)

88 (27.4  17.2)
90 (37.3  35.2)
97 (41  35.4)
91 (34.4  23.8)
95 (51.5  49.4)
98 (60.2  56)
92 (24.8  17.1)
96 (33.1  32.2)
97 (41  35.4)
84 (27.7  17.3)
84 (39  35.5)
91 (44.8  34.1)
88 (33.3  22.7)
91 (50.6  47.5)
93 (57.8  55.3)
91 (24.8  17)
87 (35.9  32.7)
90 (42.7  31.6)

118 (29.9  28.8)
70 (54.6  58.2)
124 (48.5  61.3)
101 (43.4  43.4)
79 (59.6  70)
128 (58.2  74)
114 (29.5  26.8)
79 (46.7  52.2)
124 (48.5  61.3)
93 (33.7  28.1)
66 (54.4  55.1)
94 (61.5  66.6)
82 (45.3  37.5)
61 (67.1  73)
98 (66.1  75.4)
94 (31.4  26.1)
70 (47.1  48)
101 (55.4  65.2)

98 (25.7  25.4)
69 (51.9  70.8)
74 (34  28.1)
86 (34.9  31.8)
66 (67.4  87.4)
69 (44.1  38.1)
97 (25.2  24.8)
69 (50.3  68.2)
74 (34  28.1)
89 (27.6  25.6)
61 (55.8  72.4)
65 (37.8  28.9)
83 (33.7  30.7)
60 (66.3  85.5)
62 (44  35.9)
91 (26.1  24.7)
61 (53.6  69.7)
64 (35.9  28.5)

b

c

aStr

bStr

cStr

Regime details are listed in Table 3. The counts are the number of final consensus sequences (‘alleles’) inferred for each regime/data set/locus combination;
they are followed by the mean coverage of each allele and the  SD of the coverage. Only successful PCR amplifications are included.
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Table 5 Allele counts and coverage, by accession

A_jap_7978
A_tai_4870
A_tai_6137
A_ten_4831
A_ten_8704
A_ten_8745
C_alp_7920
C_bul_7650
C_dia_5316
C_dia_6380
C_dou_6378
C_fra_7009
C_fra_7248
C_fra_7625
C_hau_7034
C_lau_8484
C_mem_6732
C_mon_6969
C_mon_7943
C_mou_4861
C_mou_8735
C_pel_6055
C_pel_6060
C_pro_6359
C_pro_6362
C_ree_6342
C_sud_7980
C_sud_8674
C_tas_6379
C_tenu_6387
C_uta_6848
G_aok_7984
G_app_7639
G_app_7800
G_con_6979
G_dis_4710
G_dis_7751
G_dry_7981
G_dry_8031
G_jes_6059
G_oya_6399
G_oya_8702
G_oya_8739
G_rem_4862
G_rob_7945
G_sp_7979
xCyst_7974

Ploidy

APP

GAP

IBR

PGI

2x
4x
4x
2x
4x
4x
6x
2x
4x
4x
6x
4x
4x
6x
6x
6x
2x
4x
4x
2x
4x
4x
4x
2x
2x
4x
4x
4x
4x
4x
4x
4x
2x
2x
4x
2x
2x
4x
4x
4x?
2x
4x
4x
4x
4x
4x
4x

1 (22)
3 (38, 32, 4)
2 (12, 14)
3 (51, 27, 8)
2 (13, 60)
3 (8, 22, 52)
4 (41, 64, 26, 21)
2 (45, 5)
3 (11, 11, 18)
2 (26, 36)
3 (54, 34, 12)
2 (11, 18)
2 (66, 29)
3 (27, 16, 22)
4 (41, 12, 5, 38)
3 (27, 27, 52)
1 (78)
2 (22, 39)
2 (30, 25)
1 (30)
2 (14, 11)
2 (14, 12)
na
2 (25, 15)
3 (9, 4, 15)
2 (32, 49)
2 (16, 11)
2 (9, 58)
2 (8, 6)
3 (41, 23, 6)
2 (24, 20)
2 (19, 15)
2 (6, 16)
1 (30)
1 (10)
1 (23)
1 (40)
2 (29, 17)
3 (5, 26, 25)
na
1 (43)
2 (8, 9)
2 (16, 32)
2 (25, 16)
3 (15, 9, 51)
2 (30, 21)
4 (26, 51, 44, 15)

1 (23)
2 (26, 24)
2 (13, 12)
1 (71)
3 (23, 6, 29)
2 (39, 35)
3 (24, 28, 27)
na
2 (11, 11)
2 (21, 20)
4 (16, 13, 13, 12)
1 (100)
2 (41, 45)
4 (25, 26, 4, 24)
3 (40, 27, 33)
3 (10, 17, 17)
1 (45)
2 (25, 14)
2 (23, 29)
1 (63)
2 (11, 10)
1 (9)
1 (6)
2 (19, 27)
2 (14, 18)
2 (15, 27)
3 (9, 17, 9)
2 (22, 24)
2 (19, 12)
2 (67, 35)
2 (7, 8)
2 (48, 41)
2 (14, 7)
1 (62)
2 (5, 13)
1 (8)
2 (12, 34)
3 (18, 17, 24)
2 (51, 38)
na
1 (75)
2 (42, 36)
2 (23, 30)
2 (11, 11)
2 (25, 26)
2 (32, 16)
4 (15, 9, 25, 22)

1 (103)
4 (62, 4, 68, 14)
2 (33, 29)
1 (163)
3 (44, 4, 27)
4 (35, 25, 12, 19)
4 (61, 66, 9, 36)
4 (41, 23, 7, 4)
2 (61, 45)
na
5 (76, 6, 4, 8, 20)
2 (52, 41)
5 (27, 5, 7, 48, 13)
4 (6, 14, 4, 22)
7 (45, 5, 4, 56, 16, 26, 4)
3 (5, 10, 20)
1 (49)
4 (55, 6, 6, 64)
2 (111, 11)
2 (56, 4)
2 (18, 21)
2 (26, 10)
2 (29, 14)
1 (47)
2 (43, 8)
na
na
2 (66, 37)
1 (34)
3 (29, 12, 46)
na
2 (37, 35)
1 (33)
1 (59)
2 (47, 37)
3 (39, 37, 8)
3 (20, 5, 14)
3 (4, 4, 17)
3 (8, 40, 17)
5 (13, 15, 6, 10, 4)
2 (53, 23)
2 (71, 5)
2 (121, 33)
2 (18, 22)
2 (50, 30)
2 (20, 21)
4 (6, 4, 21, 20)

1 (92)
2 (67, 59)
2 (22, 40)
1 (67)
2 (111, 4)
2 (11, 55)
3 (9, 10, 12)
2 (21, 8)
3 (18, 4, 28)
2 (29, 18)
6 (5, 12, 4, 14, 7, 5)
2 (20, 36)
2 (26, 16)
2 (6, 4)
4 (18, 11, 4, 14)
2 (14, 64)
1 (72)
2 (64, 4)
2 (11, 47)
1 (59)
2 (11, 14)
2 (29, 25)
2 (16, 22)
1 (25)
2 (11, 13)
2 (15, 10)
2 (7, 20)
2 (12, 31)
2 (11, 19)
2 (27, 22)
1 (8)
2 (21, 26)
3 (4, 6, 5)
1 (34)
2 (36, 44)
2 (22, 20)
1 (32)
3 (11, 4, 5)
1 (77)
na
2 (48, 12)
4 (27, 7, 12, 7)
2 (26, 24)
2 (35, 37)
2 (153, 12)
2 (56, 17)
4 (27, 9, 12, 11)

The data summarized are from the R2 sequencing run, analyzed with regime c (see Table 3). Full voucher data are available in the all-runs table, available in
the Dryad Digital Repository (doi: 10.5061/dryad.dj82k). na, failed PCR amplification.

final 99.9% clustering; Table 3) generally performed best. It
tended to slightly overestimate the number of biological
sequences present (Table 6), which was preferable, at least for
our purposes, to overlumping the raw reads. However, rather
than relying on a single ‘best’ analysis regime, we found that a
particularly helpful approach was to run PURC multiple times
with different analysis regimes (different clustering-similarity
settings and different chimera-detecting stringencies) and look
for commonalities among the results from those analyses (see
New Phytologist (2017) 213: 413–429
www.newphytologist.com

Figs 4, S1). This was especially true because the results for
individual accessions and loci were often idiosyncratic. For
example, for some locusaccession combinations the more
inclusive clustering settings resulted in the merger of two distinct alleles apparent under less inclusive settings, whereas for
another accession the inclusive settings revealed an allele that
was below the coverage threshold in the less inclusive settings.
These are the minority of cases, however; in nearly all instances
the different analysis regimes inferred the same alleles, and the
Ó 2016 The Authors
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relied heavily on expensive and time-consuming cloning
approaches (e.g. Brysting et al., 2007; Kim et al., 2008; MasonGamer, 2008; Grusz et al., 2009; Ishikawa et al., 2009; Nitta
et al., 2011; Dyer et al., 2012; Sessa et al., 2012; Metzgar et al.,
2013; Sigel et al., 2014). In addition, such low-copy nuclear data
are useful for investigating questions unrelated to polyploidy,
such as ‘classical’ nonpolyploid phylogenetic inference (Zhang
et al., 2012), inference of hybridization (Govindarajulu et al.,
2011; Tripp et al., 2013; Rothfels et al., 2015), horizontal gene
transfer (Li et al., 2014), and studies of gene family and genome
evolution (Popp & Oxelman, 2004; Rauscher et al., 2004; Flagel
& Wendel, 2009; Weiss-Schneeweiss et al., 2011; Larsen et al.,
2014; Li et al., 2015). In particular, this approach allows
researchers to easily sequence both alleles for heterozygous accessions (of any ploidy level), providing highly informative dominant markers for coalescent-based analyses or inferences of

Analysis regime:
a
b
aStr
bStr

APP

c
cStr

Table 6 Accuracy of allele number inference

IBR

0

50

PGI

IBR

PGI

a
b
c
aStr
bStr
cStr

16 (0.178)
22 (0.267)
21 (0.333)
16 (0.089)
12 (0)
22 (0.222)

7 (0.022)
16 (0.089)
10 (0.178)
8 (0.089)
12 (0.089)
9 (0.156)

31 (0.674)
32 (0.326)
28 (0.605)
12 (0.093)
25 (0.209)
16 (0.14)

14 (0.217)
15 (0.065)
12 (0.261)
4 (0)
12 (0.13)
12 (0.13)
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Fig. 6 Depth of coverage for the inferred
allele sequences. The histogram shows the
number of inferred alleles at each depth of
coverage, for Pipeline for Untangling
Reticulate Complexes (PURC) analysis regime
a (see Table 3); color curves show the
smoothed fits for each of the analysis
regimes a, b and c.
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25
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0

Fig. 5 Number of PCR-mediated recombinant sequences (chimeras) found
in the R2 data set. The six analysis regimes (Table 3) are indicated by
different shades of gray. The four rounds of cluster detection are
sequential, and each is preceded by a round of clustering. The chimeric
sequences detected may be raw sequencing reads, or may be consensus
sequences from clusters of multiple reads.

35

4

Chimera detection round

30

3

GAP

5

2

APP

Values indicate the absolute value of the difference between the inferred
number of alleles and the true number, summed across all accessions (if
Pipeline for Untangling Reticulate Complexes (PURC) perfectly inferred the
biological sequences, these numbers would all be zero), followed, in
brackets, by the per-accession average deviation from the truth (positive
numbers indicate that the method infers too many sequences on average
and negative numbers indicate the opposite). The ‘true’ allele number for
each accession for each locus was determined by visual inspection of the
phylogenies of the results from all analysis regimes, from the read
coverage, and from prior information on the ploidy of each accession; see
the Materials and Methods section and Table 5. The data in this table are
from the R2 sequencing run. Analysis regime characteristics are listed in
Table 3.
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rarely inferred sequences were identifiable as chimeras, clustering artifacts, or the result of PCR error (Fig. 4; all-regimes
trees, available in the Dryad Digital Repository: doi: 10.5061/
dryad.dj82k).
This method for rapidly and cheaply generating low-copy
nuclear data has the potential to facilitate a wide variety of evolutionary investigations. Most obviously, it allows researchers to
easily generate information-rich long-read data for phylogenetic
inference of polyploid complexes, an enterprise that previously
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Table 7 Data set characteristics for the ALLOPPNET analyses

Data set

Tips

Alignment
length

Missing data (%)

Pars. informative
sites

APP
GAP
IBR
PGI
Combined

44
48
45
48
53

1006
1068
862
1132
4068

6.6
7.7
4.2
15.5
19.5

127
212
103
172
614

Missing data for the individual-locus data sets are attributable to indels;
missing data for the combined data set include indels and blank sequences
inserted for loci that were, for example, homozygous at an accession
where other loci were heterozygous.

population structure. Finally, our laboratory protocol and bioinformatics pipeline are not restricted to PacBio-generated
low-copy nuclear data. PURC works with amplicon sequences
generated by any sequencing platform and can accommodate
dual-barcoded data, which allows more samples to be pooled into
one run. Our approach is also effective for sequencing plastid and
mitochondrial data, and such loci can be pooled with nuclear
data in a single PacBio sequencing run (data not shown; see also
Fior et al., 2013; Uribe-Convers et al., 2016).
The main drawbacks of our method include its reliance on
PCR – it thus requires primer design, which can be a significant
difficulty for poorly studied groups (e.g. Schuettpelz et al., 2008;
Rothfels et al., 2013a), and can result in difficulties in removing
PCR-mediated chimeras (Figs 3–5). However, even modest
genomic resources can greatly reduce the challenges of primer
design (e.g. Uribe-Convers et al., 2016), and future refinements
of the molecular laboratory approaches and bioinformatics
pipelines could help address both these issues. Specifically, there
is great potential in combining our approach with automated
primer design (e.g. MarkerMiner; Chamala et al., 2015) and
microfluidic PCR (e.g. Uribe-Convers et al., 2016). Additional
potential improvements could be gained from modifications to
the PCR protocol (the use of high-fidelity polymerases, and pooling multiple reactions for each accession), the library preparation
(incorporating a more rigorous method of standardizing DNA
concentrations across reactions, and adding library purifications;
Pacific Biosciences, 2016), and the chimera detection steps (incorporating reference-based chimera detection).
Cystopteridaceae case study: allopolyploid species network
Our inferred multilabeled Cystopteridaceae ‘species tree’ is
generally consistent with earlier gene trees of the family,
including those inferred from plastid (Rothfels et al., 2013b,
2014; Wei & Zhang, 2014) and single-locus nuclear data
(Rothfels et al., 2014): Acystopteris and Cystopteris are sister genera; Gymnocarpium is sister to the rest of the family; Cystopteris
comprises the Cystopteris montana clade, Cystopteris sudetica
clade, Cystopteris bulbifera clade, and the C. fragilis complex;
C. montana is sister to the rest of the genus; and Cystopteris
protrusa is sister to the rest of the C. fragilis complex (Fig. 7a).
Within Gymnocarpium, the concordance with earlier studies is
less clear. The resolution of deeply isolated Gymnocarpium
New Phytologist (2017) 213: 413–429
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robertianum and Gymnocarpium disjunctum clades mirrors the
results of Rothfels et al. (2013b); however, we do not find their
‘core Gymnocarpium’ clade. Instead, that group is rendered
paraphyletic in our phylogeny by the placement of the G.
disjunctum clade (Fig. 7a). This result, however, is perhaps not
surprising, given the historical difficulty in finding support for
the deep relationships within Gymnocarpium (Rothfels et al.,
2013b).
Our analyses also infer extensive reticulation (allopolyploidy)
within the family (Fig. 7b–e). Rampant allopolyploidy in
Cystopteridaceae has been inferred before with single-locus data
(Rothfels et al., 2014, 2015), but our study is the first to do so
with multiple nuclear loci while accounting for incomplete lineage sorting. Novel inferences from our analyses include:
tetraploid G. oyamense is relatively distantly related to our diploid
G. oyamense accession, suggesting at least one undiscovered (or
extinct) diploid species within G. oyamense; there is extensive
reticulation within Acystopteris, a clade thought to include only
three species (our data suggest that there are at least three distinct
extant tetraploids and at least two extant diploids, plus at least
two unsampled diploid lineages; Fig. 7); there are probably at
least two unsampled diploids related to C. montana; and allopolyploidy is common in the sudetica clade (our data indicate at least
six distinct lineages – two tetraploid and four diploid – within
this clade which contains only three recognized species). Within
the C. fragilis complex, our results are even more extreme. Our
sample includes two diploid accessions (providing the first evidence that C. membranifolia is diploid; Mickel, 1972) and five
distinct tetraploids, two of which would be referred to Cystopteris
fragilis even in the strictest application of that name. Furthermore, analysis of even this small sample implies the existence of
approximately nine unsampled diploid lineages, providing an
indication of extensive unsampled diversity within the complex.
Our data also reveal further evidence for wide hybridization
within the family (Fig. 7e). First, within Cystopteris, they provide
the first sequence-based evidence that the parents of Cystopteris
utahensis span two major clades, with one parent being C.
bulbifera and the other a member of the C. fragilis complex; this
parentage was previously hypothesized based on isozyme profiles
and the intermediate morphology of C. utahensis (Haufler &
Windham, 1991). Second, they corroborate the single-locus
inference that 9 Cystocarpium roskamianum is an allotetraploid
hybrid between G. dryopteris and a member of the C. fragilis complex (Rothfels et al., 2015) and that it formed very recently – it
shows very little divergence from either of its parents. Cystopteris
and Gymnocarpium last shared a common ancestor c. 60 million yr ago (Rothfels et al., 2015), making the hybridization event
that formed 9 Cystocarpium one of the deepest yet documented.
Polyploid evolution
In addition to specific details of Cystopteridaceae phylogeny, our
polyploid species tree (Fig. 7) provides evidence for some general
patterns of polyploid evolution. For example, most of the polyploidization events inferred in our Cystopteridaceae sample are
attributable to allopolyploidy rather than autopolyploidy. Early
Ó 2016 The Authors
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(a)

G.robertianum 0
G.remotepinnatum 0
G.robertianum 1
G.remotepinnatum 1
G.continentale 0
G.disjunctum
G.dryopteris 0
xCystocarpiumG 0
G.continentale 1
G.appalachianum
G.dryopteris 1
xCystocarpiumG 1
G.oyamenseA
G.oyamenseC 0
G.oyamenseC 1
A.taiwaniana 0
A.tenuisectaC 0
A.taiwaniana 1
A.japonica
A.tenuisectaB 1
A.tenuisectaC 1
A.tenuisectaA
A.tenuisectaB 0
C.montana 1
C.montana 0
C.sudetica 1
C.sudetica 0
C.moupinensis
C.pellucida 0
C.pellucida 1
C.bulbifera
C.utahensis 1
C.protrusa
C.tenuis 0
C.fragilisA 1
C.fragilisB 1
xCystocarpiumC 1
C.fragilisB 0
xCystocarpiumC 0
C.fragilisA 0
C.tenuis 1
C.utahensis 0
C.diaphana 0
C.diaphana 1
C.membranifolia
C.tasmanica 0
C.tasmanica 1

0.0030

~G.robertianum
G.robertianum
~G.remotepinnatum
G.remotepinnatum
~G.“glandulifera”
G.continentale
G.disjunctum
G.dryopteris
G.appalachianum
G.oyamenseA
~G.oyamense1
G.oyamenseC
~G.oyamense2
xCystocarpium
~A.taiwaniana
A.taiwaniana
A.japonica
A.tenuisectaC
A.tenuisectaA
A.tenuisectaB
~A.tenuisecta
~C.montana1
C.montana
~C.montana2
~C.sudetica
C.sudetica
C.moupinensis
~C.pellucida1
C.pellucida
~C.pellucida2
C.bulbifera
C.utahensis
C.protrusa
~C.protrusa
C.tenuis
~C.fragilis1
~C.fragilis2
C.fragilisB
C.fragilisA
~C.fragilis3
~C.diaphana3
~C.diaphana1
C.diaphana
~C.diaphana2
C.membranifolia
~C.tasmanica1
C.tasmanica
~C.tasmanica2

(b)

0.0030

(d)

(c)

0.0030

C.protrusa
~C.protrusa
C.tenuis
~C.fragilis1
~C.fragilis2
C.fragilisB
C.fragilisA
~C.fragilis3
~C.diaphana3
~C.diaphana1
C.diaphana
~C.diaphana2
C.membranifolia
~C.tasmanica1
C.tasmanica
~C.tasmanica2

(e)

0.0030

0.0030

~G.robertianum
G.robertianum
~G.remotepinnatum
G.remotepinnatum
~G.“glandulifera”
G.continentale
G.disjunctum
G.dryopteris
G.appalachianum
G.oyamenseA
~G.oyamense1
G.oyamenseC
~G.oyamense2

G.disjunctum
G.dryopteris
G.appalachianum
xCystocarpium
C.bulbifera
C.utahensis
~C.fragilis2
C.fragilisB
~C.fragilis3
~C.diaphana3

Fig. 7 Polyploid evolution in Cystopteridaceae. (a) The maximum clade credibility multi-labeled tree inferred by ALLOPPNET (Jones et al., 2013) from four
single-copy nuclear loci. The subtree connecting extant diploid species has thickened branches and extant diploid species names are in bold face. Zeros and
ones following species’ names indicate homeolog pairs (each tetraploid accession will have two homeologs present). (b) An explicit allopolyploid network
consistent with the multi-labeled tree. Green arrows indication genome donors in polyploidy events. Dashed lines indicate unsampled diploid lineages
(these may be extinct, or extant but unsampled). Blue branches indicate tetraploid lineages. (c, d) Close-ups of the (c) Cystopteris fragilis and (d)
Gymnocarpium portions of the network. (e) A pruned version of the network showing the two ‘deep hybrids’ (9 Cystocarpium and Cystopteris utahensis)
and their relatives. (c–e) Colors and branch thickening follow (b).

polyploidy researchers tended to believe that allopolyploids were
more common than autopolyploids (Stebbins, 1947; Grant,
1981); however, this consensus has started to move in the
Ó 2016 The Authors
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opposite direction (Ramsey & Schemske, 2002; Soltis et al.,
2007; Parisod et al., 2010; Barker et al., 2016). Our results support other recent studies (e.g. Popp et al., 2005; Brysting et al.,
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2007; Kim et al., 2008; Shepherd et al., 2008; Marcussen et al.,
2012, 2014; Arrighi et al., 2014; Triplett et al., 2014) in providing some limited empirical evidence that allopolyploids are
indeed more common. Of particular note is the fact that our
methodology, with its ability to detect all gene copies present in
an individual accession, is a powerful means of detecting previously unrecognized allopolyploids; these appear to be common in
our data. For example, the current taxonomic consensus for the
genus Acystopteris is that it contains three diploid species
(Acystopteris japonica, Acystopteris tenuisecta, and Acystopteris
taiwaniana), each with an additional tetraploid cytotype (Rothfels, 2012; Wang et al., 2013; efloras, 2016). If these polyploid
cytotypes were assumed to be autopolyploids, as is the typical
practice, then it would appear as if autopolyploidy predominates
in Acystopteris. However, our analyses reveal the opposite pattern:
all three of our sampled Acystopteris polyploids are allopolyploids,
including at least two distinct allopolyploids within ‘A.
tenuisecta’. In addition to examples such as A. tenuisecta, where
polyploid cytotypes are shown to be allo- rather than autopolyploids, our data reveal cases of deeply isolated polyploids – such
as Cystopteris montana – that are also allopolyploids, despite having no known close diploid relatives. Without the insights provided by low-copy nuclear data, these, too, would be assumed to
be autopolyploid in origin.
Another broad pattern apparent in our data is the relatively
recent formation of polyploids in Cystopteridaceae – the majority
of inferred polyploidization events occur towards the tips of the
tree (Fig. 7b). While the timing of polyploid formation is imprecise in some cases (the multi-labeled tree has limited information
available about the time of formation if extant representatives of
the progenitor diploids are unsampled), this ‘twigginess’ suggests
that polyploids have high rates of extinction and thus the only
polyploids sampled are those that have not yet had time to go
extinct (Nee et al., 1994). In addition, most of our sampled polyploids formed via hybridization events between diploids rather
than by primary speciation of an ancestral polyploid lineage, suggesting that polyploid lineages in the Cystopteridaceae have lower
speciation rates than do their diploid relatives. In fact, the closest
any of the polyploids in our sample come to participating in a
speciation event is the formation of the sterile tetraploid 9
Cystocarpium by the hybridization of two other tetraploids
(Fig. 7b,e). Taken together, these two inferences support the
‘dead-end’ model of polyploid evolution, whereby new polyploids form regularly from diploid species, but are themselves
prone to short evolutionary lives because of their high extinction
and low speciation rates (this conclusion is increasingly supported
by empirical study; reviewed in Mayrose et al., 2014; Rothfels &
Otto, 2016).
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