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Abstract

Premise of the study—Although asexual taxa are generally seen as evolutionary dead ends,
asexuality appears to provide a short-term benefit in some taxa, including a wider geographic
distribution compared to sexual relatives. However, this may be an illusion created by multiple,
morphologically cryptic, asexual lineages, each occupying a relatively small area. In this study we
investigate the role of multiple lineages in the biogeography of Myrigpteris gracilis Fée
(Pteridaceae), a North American apomictic triploid fern species with a particularly large range.

Methods—Rangewide asexuality was assessed by counting spores/sporangium in 606 M. gracilis
specimens from across the species range, and lineage structure was assessed with both plastid
DNA sequence and Genotyping By Sequencing (GBS) SNP datasets.

Key Results—Spore counting of >600 specimens identified no sexual populations, establishing
that M. gracilis is exclusively asexual. The plastid data estimated the crown age of M. gracilis at
ca. 2.5 mya and identified two lineages, each largely confined to the eastern or western portions of
the range. These groups were further subdivided by the GBS data, revealing at least seven asexual
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lineages of varying geographic distributions, each occupying a relatively small portion of the total
range of M. gracilis.

Conclusions—Although maintained exclusively through asexual reproduction, the broad
distribution of M. gracilis is a compilation of numerous, independently formed asexual lineages.
Since no single asexual lineage occupies the full extent of the species distribution, recurrent
lineage formation should be considered when evaluating the short-term benefit of asexuality in this
taxon and others.

Keywords

asexual reproduction; D6pp-Manton sporogenesis; geographic parthenogenesis; genotyping by
sequencing; Pipeline for Untangling Reticulate Complexes; Pteridaceae; #nG-trnR intergenic
spacer

The dominance of sex among eukaryotes is surprising given its numerous demographic and
transmission disadvantages relative to asexual reproduction (Williams, 1975; Maynard-
Smith, 1978; Bell, 1982). This so-called “paradox of sex” remains one of the most
compelling topics in evolutionary biology, and multiple hypotheses have been proposed in
order to explain the rarity of asexuality among multicellular organisms (reviewed in Otto,
2009). Most explanations focus on the role of sex in providing a diversity of genotypes and
preventing the buildup of deleterious genetic load. Conversely, the failure of asexual lineages
is attributed to their inherent lack of adaptive flexibility as well as an inability to rid
themselves of deleterious mutations (reviewed in Schwander and Crespi, 2009; Hojsgaard et
al., 2015). Despite the characterization of asexuality as an evolutionary dead end (Wagner,
1970; Schwander and Crespi, 2009; Janko, 2013), there is evidence to suggest that the
transition to asexuality may confer some degree of short-term success. The most frequently
cited examples involve the phenomenon known as geographical parthenogenesis, in which
asexual species exhibit geographic ranges substantially different from those of their sexual
progenitors (Horandl, 2006; Tilquin and Kokko 2016). Asexual species often occupy higher
latitudes and elevations compared to related sexual diploids (Glesner and Tilman, 1978;
Kearney, 2005; Lundmark and Saura, 2006), and many exhibit broader geographic
distributions than their sexual progenitors (Bierzychudek, 1985; Ross et al., 2013). Although
these unique and/or more extensive asexual ranges suggest the possibility of a short-term
benefit, the recurrent formation of asexual lineages can create the illusion of geographic
success. Asexual plant species (excluding those that bypass sex via vegetative reproduction)
are typically also polyploid (Silvertown, 2008; Van Dijk, 2009), and the recurrent formation
of polyploid lineages is the rule rather than the exception (Soltis et al., 2003). To the extent
that the transition to asexuality and polyploidization are linked (Whitton et al., 2008), this
recurrent formation of asexual lineages could result in a broadly distributed asexual species
comprising a mosaic of independent lineages. Each one of these could potentially then be
less geographically successful than the total species range suggests.

One of the more dramatic North American examples of a geographically successful asexual
plant is the slender lip fern, Myriopteris gracilis Fée (Pteridaceae). This species, until
recently known as Cheilanthes feei T. Moore (see Grusz and Windham, 2013), grows on
calcareous rocks throughout much of the United States (Windham and Rabe, 1993). Outside
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of its core range in the southwestern U.S., M. gracilis extends as far north as southern
Canada (Brunton, 1979) and as far east as North Carolina (Rothfels et al., 2012a). This
broad distribution is thought to exclusively comprise obligate asexuals, as sexual populations
have never been documented (Windham and Rabe, 1993). The few published chromosome
counts indicate that the species is an apomictic triploid (Windham and Yatskievych, 2003),
and it has been considered an autotriploid due to the lack of a morphologically plausible
combination of parental species. This autopolyploid hypothesis is further supported by
nuclear gapCp "short" sequencing (data not shown). This locus (Schuettpelz et. al., 2008)
was evaluated in two M. gracilis samples and 87 samples representing 50 Myrigpteris
species or putative hybrids using the amplicon sequencing and Pipeline for Untangling
Reticulate Complexes (PURC) approach outlined in Rothfels et al. (2017). A maximum-
likelihood phylogeny identified a single, strongly supported clade of exclusively M. gracilis
alleles (100% ML bootstrap support). The slender lip fern therefore represents a singular
opportunity to investigate the apparent success of a widely distributed non-hybrid asexual
polyploid. Here we ask two basic questions: 1) Is M. gracilis exclusively asexual? and 2)
Does M. gracilis comprise a single successful asexual lineage or a mosaic of less widely
distributed genotypes?

MATERIALS AND METHODS

Field collections and spore counting

Establishing that M. gracilis is exclusively asexual is critical, since the recurrent formation
of asexual lineages by cryptic sexuals undermines the idea of a geographically successful
asexual species. As an autopolyploid, M. gracilis presumably co-existed with its sexual
diploid progenitor for a time, and sexual populations may still be present. Fortunately,
details of the life cycle in leptosporangiate ferns greatly simplify the diagnosis of
reproductive mode. In these ferns, non-vegetative asexual reproduction (= apomixis)
involves the alternation of generations without any change in chromosome number (Haufler
etal., 2016). A modified version of meiosis produces unreduced spores that germinate and
form a similarly unreduced gametophyte. A sporophyte then develops directly from this
gametophyte without the formation of archegonia (Walker, 1979; reviewed in Grusz, 2016).
The production of viable, unreduced spores in M. gracilis involves a common apomictic
pathway known as D6pp-Manton sporogenesis (Dopp, 1939; Manton, 1950). Due to an
incomplete mitotic division immediately prior to meiosis, the Dopp-Manton pathway
consistently produces 32 spores in a given sporangium, half the number resulting from the
typical sexual pathway. The reproductive mode of any fertile specimen can therefore be
quickly ascertained by determining the number of spores per sporangium. Hundreds of
fertile M. gracilis specimens are available, as this commonly collected species is well
represented in both regional and national herbaria.

For this study, a total of 120 specimens (Appendix S1 - see Supplemental Data with the
online version of this article) were field-collected from 20 states, including disjunct eastern
populations in Kentucky and Virginia. At each site, material sufficient for voucher
specimens was obtained and leaf tissue from a single individual was preserved in silica gel
for subsequent molecular analyses. Reproductive mode was determined for each sample by
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counting the number of spores per sporangium. Counts were obtained from mature,
unopened sporangia which were removed from the underside of a leaf and placed in a small
droplet of glycerol. Each sporangium was then carefully opened with a dissecting needle, its
contents teased apart, and individual spores counted on a dissecting microscope under low
magnification. Typically a single sporangium was examined per specimen, although multiple
sporangia were consulted in cases where completely intact sporangia were difficult to find.
Additional spore counts were obtained in the same manner from 488 herbarium specimens
archived in 17 herbaria (Appendix S1). All herbarium specimens providing spore counts
were manually georeferenced using Google Earth (Google, Mountain View, California,
USA) and Earth Point (Clark 2015), and tissue samples were obtained from select specimens
for inclusion in our plastid sequence dataset.

Assessing genetic variability

Determining whether M. gracilis comprises one or multiple lineages requires data from
individuals scattered across its large range. Assuming that the formation of multiple lineages
would capture different portions of the genetic variation initially present in the sexual
progenitor, asexual lineages should be genetically distinct from one another, while
individuals from the same lineage should be relatively similar. Genetic variability of M.
gracilis was initially assessed by sequencing a highly variable plastid genome region. While
this single locus dataset could provide only a coarse estimation of lineage diversity, these
data could be obtained rapidly from both freshly collected and herbarium tissues. A genomic
Genotyping by Sequencing (GBS) dataset was then generated in order to obtain a finer-scale
estimate of lineage diversity. This method identifies single nucleotide polymorphisms
(SNPs) at thousands of locations across the genome by massive parallel sequencing of a
reduced representation library (Elshire et al., 2011). While GBS has predominantly been
applied to sexual species, the genomic fingerprint it provides is potentially well suited for
distinguishing clonal lineages (Reitzel et al., 2013).

DNA extraction and plastid sequencing

Genomic DNA was extracted from silica-dried samples using the DNeasy Plant Minikit
(Qiagen, Valencia, California, USA), and from herbarium-acquired tissues following the
protocol detailed in Beck et al. (2012). A section of the plastid genome spanning a portion of
the #rnG intron, one of two #nG exons, and nearly half of the G- trnR intergenic spacer
(herein referred to as #nGHR) was PCR-amplified under standard conditions using previously
published primers (Beck et al., 2010). Sanger sequencing was performed at the University of
Chicago Comprehensive Cancer Center DNA Sequencing and Genotyping Facility.

Plastid phylogeny and divergence time estimation

Sequence data were assembled into contigs and edited with CLC Workbench (CLC Bio
Aarhus, Denmark). All #rnGR sequences have been deposited in the European Nucleotide
Archive (study# PRJEB 21093; Appendix S1), and all alignments have been deposited on
the Dryad Digital Repository (doi:10.5061/dryad.cs635). Following alignment, a haplotype
network for the 130 M. gracilis trnGR sequences was generated with TCS version 1.18
(Clement et al., 2000). The phylogenetic position of M. gracilis and divergence times among
intraspecific lineages were then estimated by analyzing M. gracilis trnGR sequence variation
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in the context of a genus-wide phylogeny reconstructed by Grusz et al. (2014) using two
different strategies.

In the first, M. gracilis node ages were estimated directly in the context of the full Grusz et
al. (2014) dataset. Representatives of the three unique slender lip fern #rnGR sequences
observed in this study (see results) were added to the complete Grusz et al. dataset, along
with a single additional sequence from each of the closely related species Myriopteris lanosa
(Michx.) Grusz & Windham and Myriopteris parryi (D. C. Eaton) Grusz & Windham
(Appendix S1). Following manual alignment and the exclusion of regions of uncertain
homology, the best-fitting models of sequence evolution were estimated using the Akaike
Information Criterion in PartitionFinder v.1.1 (Lanfear et al., 2012) for each of four
partitions- the (1) first, (2) second, and (3) third positions of the #nG exon and (4) the
remaining non-coding portion of the #nGR region. Phylogeny and divergence times were
then co-estimated in BEAST v1.8 (Drummond et al., 2012). Three non-truncated, normally
distributed priors were utilized: 1) (37.1 £ 3.71 mya) on the root height; 2) (28.2 £ 2.82
mya) on the crown age of the pellaeid outgroup clade; and 3) (27.2 £ 2.7 mya) on the crown
age of Myrigpteris. These mean node ages were obtained from Schuettpelz and Pryer
(2009), and standard deviations of ten percent of the mean age were implemented (Rothfels
et al., 2012b; Sigel et al., 2014). Three independent runs were performed in BEAST, each
assuming the node age priors discussed above and the following parameters: partitions with
unlinked substitution models; an estimated linked lognormal relaxed uncorrelated clock
model; a linked birth-death speciation tree prior; and an untruncated, gamma distributed
(shape = 0.001, scale = 1000) clock mean (ucld.mean) (Drummond and Bouckaert 2015).
Each run comprised 1 x 107 generations, sampling every 1000 generations. Inter-run
convergence was assessed with TRACER v1.6 (Rambaut et al., 2014). After discarding the
first 1 x 106 generations of each run as burnin the remaining trees were compiled and
annotated using LogCombiner v1.8 and TreeAnnotator v.1.8 (Drummond et al., 2012). Mean
and 95% highest probability density (HPD) on node height were then evaluated in FigTree
v1.4 (Rambaut, 2012).

The second strategy involved estimating 7GR mutation rate in the context of a trimmed
Myriopteris phylogeny, and subsequently using this rate to estimate node ages within and
among M. gracilis and closely related species. The Grusz et al. (2014) dataset was trimmed
to include a single representative of each species. The best-fitting model of sequence
evolution was identified as described above, and three independent runs were performed in
BEAST with run parameters and convergence assessment as described above. After
discarding the first 1 x 108 generations of each run as burnin, the mean rate of the combined
27,000 trees was used as a prior in a coalescent-based analysis among M. gracilis and
immediate relatives. This dataset comprised one representative of each of the three unique
M. gracilis trnGR sequences, the two unique Myriopteris lanosa (Michx.) Grusz & Windham
sequences obtained by Grusz et al. (2014), and the Myriopteris longipila (Baker) Grusz &
Windham sequence from that study. Best-fitting models of sequence evolution were
identified as before, and three BEAST runs were performed implementing the following
parameters: partitions with unlinked substitution models; an estimated linked lognormal
relaxed uncorrelated clock model (lognormal ucld.mean prior 0.00127 + 0.145); and a linked
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constant size coalescent tree prior. Run length parameters, convergence assessment, burnin
removal, and tree annotation were implemented as described above.

Reference genome sequencing and assembly

High molecular weight genomic DNA from M. gracilis specimen Wickell 18was used to
generate a standard lllumina TruSeq DNA sequencing library. The library was subjected to
paired-end 100-bp sequencing on a single lane of an lllumina HiSeq2500 instrument at the
University of Kansas Genome Sequencing Core, and raw read data (FASTQ) have been
deposited in the National Center for Biotechnology Information (NCBI) Sequence Read
Archive (www.nchi.nlm.nih.gov/sra) under BioProject ID PRINA388661. Raw reads were
preprocessed by removing adaptors using Scythe v. 0.991 (Buffalo, 2015), and trimming
low-quality sequences using Sickle v. 1.200 (Joshi and Fass, 2011). Trimming involved
removing sequences with average quality values below 20 and reads less than 80 bp in
length. Trial assemblies revealed a number of scaffolds with relatively high coverage, some
of which exhibited high BLAST (Altschul et al., 1990) matches to fungal endophyte
sequences. Fungal endophytes have been previously documented in M. gracilis (Palmieri,
2001), and in order to remove potential contaminants, trimmed reads were aligned to the
genomes of the ascomycete fungi Alternaria brassicicola (Schwein.) Wiltshire (GenBank
Accession Number: ACIW00000000.1) and Alternaria arborescens E. G. Simmons
(AI1C00000000.1) using Bowtie2 v. 2.1.0 (Langmead and Salzburg, 2012) with default
settings. The 349,763,030 high-quality reads that did not align to either endophyte genome
were assembled using ABySS v. 1.5.2 (Simpson et al., 2009). Multiple assemblies were
generated using a range of A~-mer values, and the optimal A-mer size (k= 71) was
empirically determined based on contig N50 values and the size of the largest contig
generated.

Genotyping by sequencing (GBS)
Genomic DNA was quantified using a Quant-iT™ dsDNA HS Assay on the Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, California, USA). All extracts were then visually
evaluated by running 100 ng of DNA against a A DNA-Hindlll digest size ladder on a 1%
agarose gel. A set of 95 geographically representative samples exhibiting sufficient high
quantity/quality genomic DNA were chosen for GBS. Library preparation and sequencing
were conducted at the Genomic Diversity Facility (GDF) at Cornell University’s
Biotechnology Resource Center. Test libraries were constructed from a single genomic DNA
sample using two restriction enzymes (EcoT221, Psd). Libraries were visualized with a Bio-
Rad Experion (Bio-Rad, Hercules, California, USA) in order to determine which restriction
enzyme yielded the library with the smallest number of fragments. £coT221 was chosen
given its slightly smaller fragment pool, one that should result in increased sequencing depth
of each fragment. Each sample was pooled with a barcode and common adapter, digested
with EcoT?221, and subsequently ligated together. The barcode adapter contained a 4-8 bp
barcode sequence that was subsequently used to identify each sample, allowing subsequent
reactions to be carried out in multiplex. All samples were then pooled and purified using a
Qiagen QIlAquick PCR Purification Kit (Qiagen, Valencia, California, USA). Ligated
fragments were then combined with a pair of primers for PCR amplification. In addition to
priming amplification, these oligos facilitated the addition of a short (~15 nucleotide)
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sequence at the 5" end to bind amplification products to the lanes of the Illumina (1llumina,
San Diego, California, USA) flowcell. Following amplification, the resulting reduced
representation library was subjected to 100-bp single end sequencing on two lanes of an
Illumina HiSeq 2500.

GBS filtering and analysis

Initial data processing employed the TASSEL-GBS "Discovery" pipeline (Glaubitz et al.,
2014), with default pipeline settings except for those noted in Appendix S2. Prior to
alignment, TASSEL 4.0 (Bradbury et al., 2007) was used to assemble 64 bp consensus
sequences or “tags” by aligning identical reads. Unique tags were identified by searching the
raw data for a combination of the restriction site along with DNA barcodes from each
sample found in the “master key file.” Unique tags were then merged to create a master tag
file. The preliminary M. gracilis genome assembly noted above was indexed using the
Burrows-Wheeler alignment tool (BWA,; Li and Durbin, 2009), and BWA was subsequently
used to align all tags found in the master tag file to the indexed reference genome and export
this alignment in SAM format. Following alignment, the SAM file was converted into a
“tags on physical map” (TOPM) file, and TASSEL was used to output an HDF5 or “tags by
taxa” file, used to assign SNPs to individuals according to their DNA barcode. Data from
both the TOPM file and the HDF5 file were then used to call SNPs in TASSEL. Tags that
mapped to the same location on the reference genome (TOPM) were considered a “locus,”
and differences between samples at a given locus represented SNPs. The resulting HapMap
SNP file is a matrix providing full codominant information at each locus in each sample.
Original read data (FASTQ) have been deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive under BioProject ID PRINA389100, and the
final filtered HapMap file is archived on the Dryad Digital Repository (doi:10.5061/
dryad.cs635).

The HapMap matrix was aggressively filtered for missingness both by sample and site in
TASSEL. Samples for which >80% of sites were missing were first excluded, and sites not
present in all remaining samples (>0% missingness) were then removed. This highly filtered
HapMap matrix was analyzed with both multivariate clustering and phylogenetic
approaches. Principal coordinates analysis with modal clustering (PCO-MC) (Reeves and
Richards, 2009) was used to identify significant clusters and rank them according to how
tightly individuals are associated within each cluster across the entire range of axes defined
in a standard principal coordinate analysis (PCoA). In order to visualize PCO-MC results, a
Principal Components Analysis (PCA) was conducted in TASSEL, and a plot of individual
scores on the three most informative components was plotted using the “matplotlib” package
(Hunter, 2007) in Python 2.7. A maximum-likelihood phylogeny was inferred using RAXML
version 8.2.8 (Stamatakis, 2014) implemented through the CIPRES Science Gateway (Miller
et al., 2010). The General Time Reversal model of nucleotide substitution with the gamma
model of rate heterogeneity (GTRGAMMA) was implemented in both a standard search and
1000 bootstrap replicates. A maximum-parsimony phylogeny was inferred using PAUP
version 4.0a150 (Swofford, 2002). Given the relatively high level of heterozygosity
observed, a cost-matrix incorporating 10 states (4 standard nucleotides plus 6 bi-nucleotide
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ambiguity states- see Potts et al., 2014) was implemented in both a heuristic search and 1000
bootstrap replicates.

Morphological analyses

Our molecular data clearly establish the genomic distinctiveness of groups of M. gracilis
individuals (see below), and we attempted to discover morphological character-states that
would allow for the discrimination of these lineages. Numerous characters were evaluated in
pilot studies, including leaf division, leaf length/width, petiole/leaf length ratio, pinna
pubescence, rachis pubescence, inter-pinna-pair rachis length, and pinna length/width.
Rachis pubescence and pinna width were identified as the strongest candidate characters and
were scored in each of the 73 individuals included in the final GBS analysis. Rachis
pubescence was scored as: 1) completely glabrous; 2) exhibiting widely scattered hairs; 3)
generally hairy; and 4) densely hairy so as to largely obscure the rachis itself. Pinna width
was measured as the distance between the tips of the two ultimate (proximate) pinnules of
the proximal-most pinnae. The relationship between these two characters was visualized on
a bivariate scatterplot in RStudio (RStudio team, 2015).

RESULTS

Geographic distribution of asexual lineages

Spore counts were obtained from 606 M. gracilis specimens from 24 U.S. states, 1 Canadian
province, and 2 states of Mexico (Appendix S1; Fig. 1). Of these, 602 individuals exhibited
ca. 32 spores per sporangium. It is uncommon to observe all 32 spores, as a few are typically
crushed or otherwise lost during disruption/spreading of the sporangium contents. In these
602 individuals 25-32 spores were seen, far below the 50+ spores one would observe in a
sporangium of a sexual individual. Four individuals exhibited sporangia with >32 spores, but
in all cases the spores were strikingly shriveled and misshapen. These misshapen spores are
of sporadic occurrence among asexual triploid ferns, and indeed approx. 2% of M. gracilis
individuals we examined exhibited both sporangia with >32 misshapen spores and those
with ca. 32 well-formed spores. In contrast, the 64 spores of a sporangium in a sexual
individual are obviously different- quite uniform in both size and shape. We therefore
interpreted these occasional misshapen spores as also the result of unsuccessful completion
of DOpp-Manton sporogenesis, and spore phenotypes therefore established that all 606
counted specimens were asexual.

Plastid phylogeny and divergence times

The plastid #rnGR region was successfully amplified and sequenced from 130 M. gracilis
individuals, including 17 herbarium specimens (Appendix S1). The haplotype network
resulting from the 1,052 site M. gracilis-only alignment indicated that 128/130 individuals
exhibited one of two common haplotypes that differed at six sites (Fig. 2 inset). Two
individuals exhibited a rare haplotype that differed from one of the common haplotypes by a
single substitution. The geographic array of these three haplotypes is highly structured, as
the two common haplotypes occupy the eastern or western portions of the M. gracilis range
with overlap in AR, KS, and MO (Fig. 2). Clear exceptions to this distribution involved
individuals exhibiting the “eastern” haplotype in Eddy Co., NM (Worthington 35037) and
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Weld Co., CO (Beck 1445), and an individual exhibiting the “western” haplotype in lowa
Co., WI (Beck 1312). The two individuals with the rare “northern” haplotype were both
found in MN (Beck 1323, 1324).

The full Myriopteris alignment included 1,318 sites, with 235 sites removed. PartitionFinder
identified the K80 and GTR+I+G models as most appropriate for the coding and non-coding
portions of the #7nGR region, respectively. The relaxed-clock/birth-death speciation tree
analysis estimated the M. gracilis crown age at 2.26 mya (95% HPD: 0.72-4.16), and the
crown age of the eastern + northern lineage at 0.67 mya (0.02-1.64) (Appendix S3). The
trimmed Myriopteris alignment comprising one individual per species also included 1,318
sites, with 235 sites removed. PartitionFinder identified the K80 and general time-reversable
with among-site gamma distribution (GTR+G) models as most appropriate for the coding
and non-coding portions of the #nGR region. Post-burnin trees from the three BEAST runs
identified a mean rate of 0.00127. The M. gracilisl M. lanosal M. longifolia alignment
included 1,158 sites, with 81 sites removed. PartitionFinder identified the K80 and GTR
models as most appropriate for the coding and non-coding portions of the #nGR region. The
relaxed-clock/coalescent tree prior analysis assuming the mean rate noted above estimated
the M. gracilis crown age at 2.7 mya (0.74-5.02), and the crown age of the eastern +
northern M. gracilis lineage at 0.67 mya (0.01-1.66).

The maximum clade credibility tree resulting from BEAST analysis of the full Myriopteris
alignment (Appendix S3- Dryad Digital Repository: doi:10.5061/dryad.cs635) indicated that
M. gracilisis monophyletic (1.0 Bayesian Posterior Probability- BPP). The slender lip fern
was placed in a strongly supported clade (1.0 BPP) with M. /anosaand M. longipila, with M.
lanosaand M. gracilis identified as sister taxa without support (0.42 BPP).

Genomic dataset

Both Illumina sequencing lanes produced >220 million useable barcoded reads (Elshire et
al., 2011). Following tag identification and merging, 3,389,844 tags were identified.
Following alignment, TASSEL identified 437,166 SNPs. Removal of individuals missing
>80% of sites resulted in the retention of 73 individuals, and removing sites not present in
all 73 individuals (0% missingness) resulted in a 17,581 site matrix. Of these, 16,480
(93.7%) sites were variable.

Three highly cohesive clusters of individuals are apparent in the plot of individual scores on
the three most informative PCA axes (Fig. 3B). These same visually distinct groups were
identified as highly ranked, statistically significant clusters by PCO-MC (Appendix S4) and
received maximum support in likelihood/parsimony analyses (Fig. 3A). The most highly-
ranked cluster (blue; stability = 90.72; Fig. 3B) comprised individuals from the Missouri
Ozarks, the Driftless Zone (1A, IL, MN, WI), and the disjunct VVA population (Fig. 4). All
members of this genomically and morphologically distinctive (see below) blue cluster
exhibited the eastern plastid haplotype or its rare northern variant (Fig. 2). In contrast, all but
two of the remaining samples for which we have GBS data (Chatauqua Co., KS - Beck
1329, Weld Co., CO - Beck 1445) exhibited the western plastid haplotype (Fig. 2). The
green cluster (six individuals; stability = 51.55; Fig. 3B) comprised individuals from the
southern tier of the distribution (Fig. 4). Additional support for the green cluster was
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provided by #rnGR indel variation not considered in the phylogenetic and haplotype
analyses. Only eight of the 130 M. gracilis samples exhibited the “six A” character state at a
poly-A region of the #7nG intron: 5/6 green cluster individuals (the Chataugua Co., KS
sample exhibited the eastern haplotype) and three individuals for which GBS data were not
available but which originate from the same geographic area as documented green cluster
individuals (Wright Co., MO - Smith 4507, Lubbock Co., TX - Beck 1408, Baca Co., CO -
Wickell 20). The red cluster (eight individuals; stability = 46.39; Fig. 3B) also comprised
individuals from the southern tier of the M. gracilis range, particularly western TX and
southern NM (Fig. 4). The next most stable cluster comprised all 45 remaining samples
(stability = 26.80; Fig. 3B). These 45 samples originated from the western half of the M.
gracilisrange, although a specimen from lowa Co., WI (Beck 1312) was a notable
exception. Tree-based analyses establish that this large group is a conglomeration of
multiple distinct clusters, with three pairs of samples also receiving maximum sister-group
support in both likelihood and parsimony analyses. The first is a pair of samples from
Sandoval (Wickell 26) and Sierra (Alexander 1431) Cos., NM, separated by 219 km
(orange- Figs. 3, 4). The second is a pair of samples from Potter Co., TX (Beck 1381) and
Union Co., NM (Wickell 24) separated by 167 km (purple- Figs. 3, 4). The third is a pair of
samples from Guadalupe Co., NM (Wickell 41) and Hodgeman Co., KS (Wickell 02)
separated by 532 km (teal- Figs. 3, 4). Although PCO-MC may not identify clusters of just
two individuals, these three pairs were nevertheless each closely associated by PCA (Fig.
3B). These results and their relative geographic proximity strongly suggest these pairs
represent additional distinct M. gracilis lineages. The remaining significant clusters
identified by PCO-MC represent modified versions or combinations of those discussed
above (Appendix S4).

Morphological dataset

Both rachis pubescence and pinna width were scorable on 67 of 73 specimens included in
the full GBS analysis, including all 14 individuals assigned to the eastern lineage (blue; Figs.
3,4). Relative to the remaining material, these eastern individuals exhibited less pubescent
rachises and significantly narrower pinnae (Fig. 5). Twelve of the 14 eastern-group
individuals exhibited completely glabrous rachises (character state 1), with two individuals
exhibiting widely scattered hairs (character state 2). Only three of the remaining 53
individuals exhibited completely glabrous rachises, all three of which were members of the
green lineage. Eastern-group members exhibited significantly narrower pinna width (4.2

+ 0.7 mm) compared to western-group members (6.9 + 1.5 mm) (Welch’s t-test: 7= -9.692,
df = 47.041, P=8.62 x 10713). The relatively narrow pinna collectively create an open,
delicate appearance in leaves of eastern lineage individuals that is readily apparent
(individuals N-U; Fig. 6). Notably, the lowa Co., WI sample (Beck 1312) exhibiting both a
western plastid and GBS profile displayed a western phenotype as well (arrow- Fig. 5).

DISCUSSION

The absence of a slender lip fern sexual progenitor

The complete absence of sexuality among the 606 range-wide samples we examined
suggests that the sexual diploid progenitor of M. gracilis is either extremely rare or no longer
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extant. Although our sampling along certain portions of the western edge of the distribution
appears sparse (Fig. 1), the species is relatively uncommon in this region and previous
attempts to identify sexual populations there have been unsuccessful (M. Windham,
unpublished data). The apparent absence of sexual populations in M. gracilisis particularly
conspicuous in light of numerous studies in which cryptic sexual populations have been
discovered in species that were previously thought to be entirely asexual. Three prominent
examples come from the “cheilanthoid” ferns, a monophyletic group of 400-500 species to
which Myrigpteris belongs (Windham et al., 2009). The smooth cliff-brake (Pellaca glabella
Mett. ex Kuhn var. glabella), known from 23 states and two Canadian provinces, was long
thought to be completely asexual until sexual populations were discovered in Missouri
(Wagner et al., 1965). Two other Myriopteris species were, until quite recently, believed to
be completely asexual. Grusz et al. (2009) reported the first discovery of rare sexual diploids
of M. lindheimeri (Hook.) J. Sm., a species widely distributed from the southwest U.S. to
central Mexico. Rare sexual populations of M. aurea (Poir.) Grusz & Windham have also
been discovered. This species, ranging from the southwest U.S. to Argentina, was long
thought to be uniformly asexual. However, application of the spore counting methodology
used herein has led to the recent discovery of rare sexual populations in central Mexico (J.
Beck, unpublished data). Non-plant examples include the fungus farming ant Mycoceperus
smithii (Forel), in which sexual reproduction was inferred from the presence of sperm in
females reproductive tracts despite the fact that the males of the species have yet to be
identified (Rabeling et al., 2011). Ongoing cryptic sexual reproduction was also identified in
11 species of the gall-wasp genus Andricus (Hartig) by analysis of nuclear and
mitochondrial allele frequencies (Stone et al., 2008).

Sexual progenitors are commonly found at lower latitudes relative to their asexual progeny
(Lynch, 1984; Kearney, 2005; Horandl, 2006), and the observation of increased M. gracilis
lineage diversity near the southern limit of its U.S. range (AZ, NM and TX; Fig. 4) suggests
that this region may have once harbored a diverse array of sexual populations. Future
searches for rare sexual diploids should perhaps focus on the southernmost portion of the
species’ range in southern NM, AZ, TX and the Mexican states of Chihuahua and Coahuila.
Spore counts for this research were based on collections archived exclusively in U.S.
herbaria; material archived in Mexican herbaria should be prioritized.

Two divergent lineages of the sexual ancestor

Two well-supported, geographically structured plastid lineages were observed in M. gracilis
(Fig. 2), and the dating analysis estimated the divergence between these two groups at ca.
2.5 mya. This is a deep intraspecific divergence relative to those observed in other
Myriopteris species. Multiple individuals of 15 species were included in the full dating
analysis, and only Myriopteris lendigeral. Sm. (5.6 mya) and M. aurea (6.0 mya) exhibited
older estimated crown ages (Appendix S3). Consistent with this relatively old divergence, a
basic macro-morphological assessment established that the eastern slender lip fern lineage is
phenotypically distinguishable from the more common western lineage (Figs. 5,6). We
hypothesize that this divergence is a legacy of allopatry between eastern and western
populations of the seemingly extinct sexual diploid progenitor of M. gracilis, as different
asexual lineages arising in each region would then have received divergent plastomes.
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Although speculative, the distribution of the eastern lineage perhaps reflects range expansion
during the Holocene Hypsithermal, a period of relative warm, dry conditions in North
America centered around 7,000 years ago (Wright, 1976). These conditions brought an
extension of prairie vegetation deep into the eastern deciduous forest (reviewed in Stuckey,
1981), increasing the habitability of the calcareous rock outcrops occupied by M. gracilis.
Although the distinctiveness of the eastern and western lineages raises the question of
formal taxonomic recognition, multiple factors run counter to this notion. If a new name
were to be applied at either the specific or intraspecific rank, the original epithet would
apply to the less common eastern taxon. An isotype specimen (Riehl 529, US; Grusz and
Windham, 2013) is morphologically typical of the eastern “blue” lineage (Fig. 5), and a
specimen assigned to the eastern lineage by both plastid and GBS datasets (Beck 1452) was
collected ca. 15 km from the type location. Even if the eastern lineage is viewed as the result
of a single origin, the remaining material comprises at least six lineages (Fig. 3). As an
assemblage of evolutionarily independent lineages, recognizing the remaining western
material as a single taxon would not be appropriate (de Queiroz, 2007).

Lineage diversity and the appearance of short-term success

The plastid data alone, which provide relatively limited insight into the recurrent formation
of asexual lineages, indicate that M. gracilis represents a genetically diverse assemblage.
The GBS data, presenting information from thousands of locations throughout the genome,
provide a considerably more detailed picture of lineage diversity. Multiple genetic groups
receive maximum support in phylogenetic analyses (Fig. 3A), many of which are evident in
the three-dimensional PCA plot (Fig. 3B), with the larger groups identified as statistically
significant and highly cohesive in multidimensional space by PCO-MC (Appendix S4). The
genetic distinctiveness of these lineages, combined with morphological divergence and
distributional trends in some cases, provide compelling evidence that M. gracilis comprises a
diversity of multiple asexual lineages formed at different times, with each origin capturing
and propagating a particular genotype of the sexual ancestor. If the unassigned individuals
(uncolored in Fig. 3, white in Fig. 4) are conservatively viewed as a single cluster, a
minimum of seven independent origins of M. gracilis can be inferred. This assessment is
undoubtedly an underestimate of true lineage diversity, as both the six established lineages
and the group of unassigned individuals exhibit additional variation. The lack of
phylogenetic and multivariate clustering support for the group of unassigned individuals
(Fig. 3A, Appendix S4) strongly suggests that this assemblage harbors additional lineages,
as do certain cyto-nuclear patterns. Both unassigned (Beck 1445, Weld Co., CO) and green
cluster individuals (Beck 1329, Chataugua Co., KS) exhibited eastern plastid genomes (Fig.
2), suggesting additional origins from a sexual ancestor with these unique genomic
characteristics.

With the discovery that the apomictic triploid fern Myriopteris gracilis comprises multiple
genetic lineages, the species emerges as a prominent example of recurrent polyploid
formation (Soltis et al., 2003) and lineage diversity in asexual taxa (Neiman et al., 2009).
While our research shows once again that asexual taxa are capable of geographic success in
the absence of a sexual progenitor, many questions regarding the evolutionary history and
ecology of M. gracilis remain unanswered. Future research could include establishing the
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rate of lineage formation by estimating the relative age of all independent asexual lineages.
This would require a rigorous, dated, intraspecific nuclear phylogeny, an effort that is
complicated by the fact that M. gracilisis a polyploid derived from an extinct ancestor. The
evolutionary history of individual M. gracilis nuclear genomes therefore departs
considerably from a standard dichotomously branching tree, as the formation of an asexual
lineage could potentially unite nuclear genomes from different portions of the sexual diploid
phylogeny (Birky, 1996). Although a tree reconstructed from plastid sequences offers the
opportunity to isolate and reconstruct the evolutionary history of the maternal portion of an
asexual lineage’s genome, our single plastid locus results indicate that a whole-plastome
sequencing approach is needed. Future efforts should also include evaluating phenotypic
differentiation among independent M. gracilis lineages and the fit between location and
genotype, a largely unexplored aspect of asexual evolution (Whitton et al., 2008; but see
Stevens and Emery, 2015; Chambers and Emery, 2016).

Returning to the question of whether an obligate asexual is capable of short term success, the
answer in the case of the slender lip fern is “yes, but...” Yes, the geographic distribution of
M. gracilis comprises entirely asexual individuals, but this total range overstates the success
of any of the recurrently formed lineages we identified. The occupation of large portions of
the slender lip fern range by individual asexual lineages is nevertheless impressive. While
restricted to the eastern portion of the range, the eastern (blue) lineage ranges from the
Ozark Plateau north into the Driftless zone, with disjunct populations in KY and NC. Even if
we only consider individuals for which we have GBS data, this range spans almost 1500 km
from the northernmost population in Winona Co, MN (Beck 1323) to the easternmost
collection in Pulaski Co., VA (Beck 1449). The green lineage is similarly impressive,
documented from semi-xeric habitats in Cochise Co., AZ (Wickell 31) to mesic sites in the
Arkansas Ozarks (Beck 1339, 1344), over 1700 km away (Fig 4). If either of these lineages
indeed represent a single origin, they are perhaps what many researchers refer to as a
“general purpose genotype,” capable of surviving in a wide range of conditions despite little
genotypic variation (Lynch, 1984). The lowa Co., WI specimen (Beck 1312) is also
intriguing given that it is part of the largely western/southwestern unassigned group. As
such, it likely shares a genome with samples from much drier sites. Ultimately however,
while a number of its constituent lineages appear to have been quite successful when viewed
in isolation, their success is diminished when placed in the context of M. gracilis’total
range. If this situation proves to be common among widespread asexual species, then our
view of asexuality as an advantagous short-term strategy will require adjustment, perhaps
with a shift in focus to the biogeography, ecology, and evolution of individual constituent
lineages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Location of 606 spore-counted individuals of Myriopteris gracilis in the context of the U.S.
county-level distribution (adapted from Kartesz, 2015). Individuals exhibited 32 spores per
sporangium (rarely >32 irregular spores), indicating rangewide asexuality.
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Fig. 2.

Plastid trnGR haplotype network (inset) and geographic distribution of the “western” (gray),
“eastern” (blue), and “northern” (two MN individuals noted with asterisks) Myriopteris
gracilis haplotypes.

Am J Bot. Author manuscript; available in PMC 2019 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wickell et al. Page 20

A B

A

14 individuala

2 individuals

8 individuals

2 individuala

8 individuals

2 individuals

Fig. 3.
Results of tree-based and clustering analyses of 17,581 SNPs in 73 Myriopteris gracilis

individuals. (A) Unrooted maximum likelihood phylogeny with clades receiving maximum
support (100%) in both likelihood and parsimony analyses noted in bold colors. Colors
correspond to lineages discussed throughout the text. (B) Plot of scores for each individual
on the first three components obtained in a principal components analysis. Stability values
derived from PCO-MC analysis are shown for four clusters.
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Fig. 4.

Ggographic distribution of Myriopteris gracilis lineages identified by tree-based and
clustering analyses of 17,581 SNPs in 73 individuals. Colors correspond to lineages outlined
in Fig. 3, discussed in the text, and detailed in Appendix S1. Uncolored individuals in Fig. 3
are colored white for clarity.
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Fig. 5.
Bivariate plot of pinna width vs. rachis pubescence (1 = completely glabrous; 2 = exhibiting

widely scattered hairs; 3 = generally hairy; 4 = densely hairy) for 67 of 73 Myriopteris
gracilis specimens included in the full GBS analysis and an isotype specimen (T) for which
only morphological data was assessed. Colors denote individuals assigned to the blue and
green GBS clusters (see Figs. 3,4). The anomalous lowa Co., WI sample is indicated with an
arrow (see text).
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Example leaves illustrating the morphological distinction between the eastern lineage (N-U)
and remaining Myriopteris gracilis material (A—M). Full details for all samples are presented
in Appendix S1. (A) Wickell 56, Laramie Co., WY. (B) Beck 1442, Boulder Co., CO. (C)
Wickell 44, Fremont Co., CO. (D) Beck 1445, Weld Co., CO. (E) Beck 1386, Ottowa Co.,
KS. (F) Alexander 1411, Yavapai Co., AZ. (G) Wickell 30, Cochise Co., AZ. (H) Wickell
37, Cibola Co., NM. (1) Alexander 1430, Luna Co., NM. (J) Wickell 41, Guadalupe Co.,
NM. (K) Alexander 1431, Sierra Co., NM. (L) Alexander 1452, Dona Afia Co., NM. (M)
Beck 1435, Murray Co., OK. (N) Beck 1323, Winona Co., MN. (O) Beck 1319, Crawford
Co., WI. (P) Beck 1317, Grant Co., WI. (Q) Beck 1327, Joe Daviess Co., IL. (R) Beck 1452,
Jefferson Co., MO. (S) Wickell 14, Shannon Co., MO. (T) Wickell 5, Lincoln Co., MO. (U)
Beck 1449, Pulaski Co., VA.
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