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Ferns are one of the three main clades of vascular plats. They have few easily studied
morphological characters, reflected in a historically unstable classification. The fern genus
Woodsia is known to have a complex evolutionary history including numerous polyploid taxa
and hybrids. It is a cosmopolitan group of small rock loving ferns mainly found in montane areas.

This thesis aims at analyzing the patterns of diploid and polyploid evolution in Woodsia and
to resolve and classify the relationships of Woodsiaceae and the other families in the large fern
clade Eupolypods II.

The Eupolypods II family relationships were inferred with DNA sequences from 81
specimens representing all major lineages. This resulted in the first well supported phylogeny
of this clade and revealed Woodsiaceae to be non-monophyletic. The genera previously placed
in this family were reclassified into five new or resurrected families. Swedish fern genera that
have changed family classification are Woodsia (hällebräknar), now in the monogeneric family
Woodsiaceae, Athyrium (majbräknar), now  in Athyriaceeae and Cystopteris (stenbräknar) and
Gymnocarpium (ekbräknar) now in Cystopteridaceae.

To analyze the evolution of Woodsia, phylogenies were produced from five plastid and two
nuclear regions sequenced from 188 specimens. The results show that most taxa in Woodsia
are polyploid. Polyploidization is the most common mode of speciation in the genus with an
estimated polyploid speciation rate of 54%. The polyploids are mostly young and many of the
polyploid taxa seem to have formed multiple times. The results also address several taxonomic
and biogeographic questions.

In the process of the work we made methodological advancements and developed 20 new low
copy nuclear marker regions as well as a software pipeline for finding primers in transcriptome
datasets. The alignment editor software AliView was developed for handling the increasing size
datasets in a user friendly way.

In conclusion this thesis provides new insights into the complexities of the evolution of a
fern genus in which much of the diversity is accommodated in young species formed through
polyploidization. It provides a framework of phylogenetic relationships at different levels that
both answers long standing questions and generates new ones.
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Introduction 

Ferns 

Systematics/Classification 

Ferns (including Equisetum) are one of the three main clades of vascular 
plants, the other two being seed plants and lycophytes. Ferns were for a long 
time grouped together with lycophytes, the only other vascular plant that has 
spores, as "Ferns and Fern Allies". This grouping of ferns and lycophytes 
together as one lineage was proven wrong by molecular analyses (Nickrent 
& al., 2000; Pryer & al., 2001), showing instead that ferns, lycophytes and 
seed plants are three distinct lineages. Ferns are relatively abundant in the 
fossil record (Taylor & Taylor, 2008) and with fossil and molecular dating 
we find that this lineage of plants diverged from the other lineages in the 
Devonian period about 400 Ma (Schneider & al., 2004; Fiz-Palacios & al., 
2011). Today there are about 9000 recognized fern species, which can be 
compared to the more than 260 000 species of seed plants and ca 1200 spe-
cies of lycophytes  (Smith & al., 2006; Wood & al., 2009). 

Without flowers and fruits, ferns have few easily studied morphological 
characters, something that probably influenced the historically unstable clas-
sification of ferns as reviewed in Smith (1995) and illustrated by the state-
ment of Hennipman (1996) that "modern higher classifications of ferns are a 
jungle for the user". 

During the last twenty years, molecular investigations have increased the 
knowledge and support for our understanding the evolutionary relationships 
among the ferns. A milestone in the studies of fern phylogeny is the 400 
species molecular analyses of Schuettpelz & Pryer (2007) where many of the 
family level relationships were first resolved (Smith & al., 2006). Although 
many of the relationships were elucidated, it was not until the analysis in-
cluded in this thesis that the family relationships among the large Eupoly-
pods II clade, containing about 1/3 of all fern species, including Woodsia, 
were finally resolved. 

Biology 

A notable difference between ferns and flowering plants are the reproductive 
systems. Spores are a central part of the reproductive system of ferns, com-
pared to seeds and flowers in the angiosperms. The typical fern reproductive 
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cycle starts with the production of sporangia on the underside of the leaves 
(Fig. 1). The developing sporangia are usually covered by a protective sheet 
of tissue (indusium). The characteristics of the indusium and the location of 
the sporangia on the leaf are very important morphological characters for 
genus or family level identification.  

Diploid “mother cells” in the sporangia then undergo meiosis and trans-
form into haploid spores. Mature spores are actively catapulted into the air 
by the annulus of the sporangia. Most fern spores are in the range of 30-70 
µm and capable of long distance dispersal, as can be illustrated by the com-
position of the flora of the up to 25 Ma year old islands of Hawaii. In Hawaii 
the fern (and lycophyte) proportion of the flora is higher than the fern (and 
lycophyte) proportion of the flora in continental America, suggesting that 
ferns have better dispersal and establishment capabilities than the seed plants 
(Moran, 2008). Instead of producing a new fern, the haploid spore germi-
nates into a small (ca 5 x 5 mm), green gametophyte. The gametophyte con-
tains the reproductive organs antheridia and archegonia, which produce 
sperms and eggs respectively. Most gametophytes are bisexual but have 
barriers that reduce selfing and inbreeding (the most prominent is the tempo-
ral difference of maturing sperms and eggs) (Sheffield, 2008). Also most 
ferns show heterozygous genetic patterns that indicate that outcrossing is 
prevalent (Ranker & Geiger, 2008). If sexual outcrossing is to take place, 
spores from different individuals need to germinate closely together and 
sperms from one gametophyte need to swim in a film of water to the egg 
cells inside the archegonia of the other gametophyte. The zygote will then 
grow into a new fern sporophyte producing new spores in the sporangia on 
the back of the leaf, and one reproductive cycle has passed. 

 
Figure 1. Fern reproductive cycle. Illustrations: Kirsten Tind (1993). 
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Although the reproductive system of seed plants is closely related to that of 
ferns and not a novel invention, the gametophyte “generation” of seed plants 
has been reduced and is an internal part of the pollen and the unfertilized 
seed, whereas the gametophyte generation of mosses is the most prominent 
one. Recognizing that the reproductive system with alternation of genera-
tions is the same for all land plants was initially done by the German ama-
teur botanist William Hofmeister in 1851 (Kaplan & Cooke, 1996). 

The differences in reproductive system due to the presence of a free living 
gametophyte instead of seeds most likely influences the biology of ferns in 
many ways relative to the seed plants. This calls for continued parallel re-
search of biological phenomena in ferns and will make if less feasible to 
generalise some of the results from the more well studied flowering plants. 
Instead, the comparison of results between the two groups might generate 
new exciting insights into the biology of plants in general. 

Main characters for identification 

Most ferns have a subterranean stem and are primarily identified by the 
shape of the leaves, the properties and abundance of trichomes, location of 
sporangia, properties of the indusium and characteristics of the spores. In 
Woodsia and many other fern genera the size of the spores are correlated 
with ploidy level. Polyploid taxa have larger spores than closely related dip-
loid taxa, making this a very good indication of ploidy level (Barrington & 
al., 1986; Beck & al., 2011; Dyer & al., 2012). 

The fern genus Woodsia 

Woodsia is a medium-sized genus (35-40 taxa) of small, tufted ferns grow-
ing on or in the vicinity of cliffs and rocks (Brown, 1964). They are rela-
tively rare and mainly found in montane areas in the Northern Hemisphere, 
but also occur in South America and Southern Africa. The species richness is 
greatest in the Rocky Mountains in North America and the Himalayas in 
Asia. There are three circumboreal species, W. glabella R. Br., W. ilvensis 

(L.) R. Br. and W. alpina (Bolton) Gray (Fig. 2), but most species have a 

 
Figure 2. Woodsia ilvensis, Woodsia glabella and Woodsia alpina. Photo: Anders L. 
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much more restricted distribution (Brown, 1964; Windham, 1993). Cytologi-
cal studies and allozyme work have shown that Woodsia have a complex 
evolutionary history with numerous polyploid taxa (Brown, 1964; Ma, 1985, 
1987; Windham, 1993; Mickel & Windham, 2004) 

Polyploidy 
Polyploidy is the condition of having more than two sets of chromosomes. It 
is the result of an abnormal meiosis or mitosis resulting in the duplication of 
the number of chromosomes in the new cell. Within plants, polyploidy is 
common. In a recent survey by Wood & al. (2009) it was found that as many 
as 15% of flowering plant species and 34% of leptosporangiate ferns are 
polyploid. Polyploidy is not only found in plants, but it is much less common 
in animals (Otto & Whitton, 2000). 

The unmatched sets of chromosomes makes the reproductive isolation be-
tween the parent species and the polyploid offspring substantial, and the 
polyploids could be considered distinct species/biological entities (Mallet, 
2007). Polyploids are commonly categorized as either auto- or allopoly-
ploids. The definition of auto- and allopolyploids are usually following a 
cytological or taxonomic approach. The nature of the data in presented here 
makes a taxonomic approach the most appropriate, where an autopolyploid 
is defined as the result of a polyploidization within a species, and an allo-
polyploid is formed through hybridization between two species (Soltis & 
Rieseberg, 1986; Soltis & al., 2004). 

Polyploidy has for a long time been considered an important factor for 
plant evolution (Soltis & al., 2004, 2009). This is not only because of the 
absolute number of species it generates (Wood & al., 2009), but also because 
of the evolutionary opportunities of the redundant duplicated genes. Most of 
the duplicated genes will over time be silenced and reduced but some will 
acquire new functionality (McGrath & Lynch, 2012). 

As we get better knowledge of many more plant genomes it has been pos-
sible to detect ancient Whole Genome Duplications (polyploidizations), and 
it has been shown that most angiosperms are paleopolyploids (Soltis & al., 
2009; Van de Peer, Fawcett, & al., 2009). A paleopolyploid lineage contains 
historical polyploidization events where most of the duplicated chromo-
somes have been reduced through various diploidization events, whereas 
neopolyploids still have extant closely related diploid species (Guerra, 
2008). 

It has been put forward that the historical polyploidizations have enabled 
bursts of adaptive radiations in the history of the angiosperms (Soltis & al., 
2009; Van de Peer, Fawcett, & al., 2009) and vertebrates (Van de Peer, 
Maere, & al., 2009). Although we in some instances can correlate a burst of 
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speciation to the timing of a WGD, it is still difficult to prove that the poly-
ploidization itself was the cause of the radiation (Soltis & al., 2009). 

The high chromosome numbers in ferns have made researchers speculate 
about the existence of ancient polyploids in this lineage, but there has been 
no concrete evidence (Duncan & Smith, 1978), and we are still awaiting a 
genome wide analysis in the search for ancient WGD in ferns. 
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Research aims 

The aim of paper I is to resolve the family-level relationships within the the 
large fern clade Eupolypods II. It was indicated in earlier studies that Wood-
siaceae, one of the five families recognized by Smith & al. (2006), was a 
non-monophyletic assembly of genera. Furthermore, the interrelationships of 
the other families were partially unresolved. In paper II we aimed to make a 
new family classification based on the results of the analyses in paper I. The 
aim of paper III was to design several new fern primers that would amplify 
a variety of new low copy nuclear regions that can be used in phylogenetic 
analyses of ferns. A need for an improved alignment editor emerged in the 
primer design project and the aim of the newly created alignment editor 
software AliView, presented in paper IV, was to create a new fast alignment 
visualization and editing tool that could swiftly handle much larger datasets 
than previous software and at the same time have an intuitive user friendly 
interface. The principal aim of paper V was to resolve the patterns of dip-
loid and polyploid evolution in Woodsia with the help of low copy nuclear 
markers and also to answer several taxonomic and biogeographical questions 
within this genus. A secondary aim was to describe speciation through poly-
ploidization not only for Woodsia but also for the entire Eupolypods II clade. 
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Summary of papers I & II 

The focus of this thesis, Woodsia, belongs to the Eupolypods II, a clade of 
ferns which has been very hard to resolve. As an important framework for 
the rest of this thesis project we started by resolving the previously unre-
solved family relationships of this large clade of ferns. In paper I we per-
formed the phylogenetic analyses and in paper II we revised the classifica-
tion of the families. 

Although the relationships and circumscription of this clade of ferns, 
which includes some of the most common fern families (Aspleniaceae, The-
lypteridaceae, Woodsiaceae, Blechnaceae), had not been fully resolved, 
there were analyses that indicated Woodsiaceae to be “unnatural”, contain-
ing a non-monophyletic assembly of genera (Schuettpelz & Pryer, 2007). 

This group was the last major branch of the fern "tree of life" that was un-
resolved and it consists of about 2500 species, i.e. nearly a third out of the 
approximately 9000 species of ferns (Smith & al., 2006). Several common 
Swedish ferns are represented in this group, for example, Gymnocarpium 

dryopteris (ekbräken), Cystopteris fragilis (stenbräken), Asplenium tricho-

manes (svartbräken), Thelypteris palustris (kärrbräken), Phegopteris connec-

tilis (hultbräken), Woodsia ilvensis (hällebräken), Matteuccia struthiopteris 
(strutbräken), Athyrium filix-femina (majbräken) and Blechnum spicant 
(kambräken). 

Paper I 

We identified three important factors that could have influenced why the 
relationships had resisted being resolved by either morphological or molecu-
lar data. They were (i) long branches among many of the ingroups in combi-
nation with very short shared internodes (the "ancient rapid radiation" model 
(Whitfield & Lockhart, 2007)), (ii) heterogeneous rates of substitution be-
tween different lineages, (iii) a long branch leading to the outgroup that ap-
parently reduced the level of support in the ingroup. 

To resolve the phylogeny and tackle the identified obstacles we assem-
bled a dataset containing five chloroplast loci from a sample of 81 acces-
sions representing all major lineages that have been previously detected by 
morphology or molecular analyses (Smith & al., 2006; Schuettpelz & Pryer, 
2007). In our analyses we addressed the above mentioned issues by (i) using 
two modified implementations of Bayesian analyses (Phycas (Lewis & al., 
2010) and "Yang prior MrBayes" (Yang, 2008)) that are developed to ac-
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count for a "Bayesian star tree paradox" which can give false high support 
values on short internodes (Lewis & al., 2005); (ii) rate heterogenity effects 
in our dataset were assessed by comparing the results with a reduced consen-
sus tree (Wilkinson, 1996; Burleigh & al. 2009), and also through a reduced 
data set where highly divergent Aspleniaceae was removed; (iii) performing 
the analyses with different outgroup compositions.  

 
Figure 3. Maximum Likelihood (ML) phylogram of the Eupolypods II analysis. 
Support values indicated are ML-Bootstrap support followed by Bayesian PPs. Bold 
branches have 70% MLBS and 0.95 PP. Support values of 100% or 1.0 are indicated 
with an asterisk (*). a) Previous family designations (Smith et al. 2006), with the 
paraphyletic Woodsiaceae highlighted. b) The new classification, with the changed 
designations highlighted; Rha = Rhachidosoraceae; Dipls = Diplaziopsidaceae; H = 
Hemidictyaceae; Onocleac = Onocleaceae. Redrawn from Rothfels & al. (2010). 



 17

We inferred a phylogeny where the backbone for this group of ferns was for 
the first time strongly supported (Fig. 3). The results of the tests for various 
confounding factors showed that the phylogeny was robust and neither the 
“Bayesian star tree paradox” nor the heterogeneous substitution rates af-
fected the support values very much. The factor that gave the strongest varia-
tion in node support values was the outgroup composition. 

We found that Woodsiaceae with the previous circumscription was non-
monophyletic, where for example Cystopteris and Gymnocarpium, previ-
ously included in Woodsiaceae, had a most common recent ancestor with the 
rest of the ferns in Woodsiaceae as long ago as 100 Ma. 

This was also the first analysis to show that the sometimes segregated 
genera Protowoodsia and Cheilanthopsis are nested within Woodsia. 

It was indicated by previous studies that Woodsia was probably non-
monophyletic, but the placement of the genera Diplaziopsis, Homalosorus 
and Rhachidosorus as most closely related to Aspleniaceae was unantici-
pated. Previously they were almost unanimously considered to be part of the 
athyrioid ferns, and often even included in the genera Athyrium or 
Diplazium. 

Paper II 

After having created a robust and well supported phylogeny for this group of 
ferns for the first time, we could with confidence revise the family level 
classification. 

In the classification from 2006 by Smith & al., this group of ferns was di-
vided into five families (Fig. 3), and as illustrated by our phylogenetic analy-
ses in paper I, Woodsiaceae was non-monophyletic. 

When creating new family circumscriptions we created monophyletic en-
tities while trying to keep nomenclatural stability and also recognizing evo-
lutionary information such as deep splits in the phylogeny. 

The circumscription of Aspleniaceae illustrates these sometimes conflict-
ing aims. One option was to include the genera Hemidictyum, Diplaziopsis, 
Homalosorus and maybe also Rhachidosorus, previously placed in Woodsi-
aceae, into an expanded Aspleniaceae. Alternatively we could recognize a 
selection of new families with very few species in each. We did the latter 
and recognized new families to keep the well defined Aspleniaceae intact 
and also to highlight the long time separation of the previously misplaced 
genera. The single species Hemidictyum marginatum now belongs to the 
monotypic family Hemidictyaceae Christenh. & H. Schneid. Four to seven 
species of Rhachidosorus now belong to the monogeneric family Rhachi-
dosoraceae X.C. Zhang. The two genera Diplaziopsis and Homalosorus con-
taining three to five species belong to Diplaziopsidaceae X.C. Zhang & 
Christenh.  

Another change in the circumscription which was made to deal with the 
paraphyly of Woodsiaceae as circumscribed by Smith et al. (2006), was the 
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move of the athyroids (e.g. Athyrium & Diplazium) to the resurrected family 
Athyriaceae Alston. Gymnocarpium and Cystopteris were included in the 
family Cystopteridaceae (Payer) Shmakov. 

Woodsiaceae became monogeneric including only Woodsia and the new 
classification does not recognize the sometimes segregate genera 
Cheilanthopsis and Protowoodsia, since that would make Woodsia non-
monophyletic. 
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Summary of paper III 

Molecular fern phylogenies have until recently mainly been based on 
chloroplast sequences. Although extensively used for phylogenies, the 
chloroplast is maternally inherited as one single unit and does not necessarily 
reflect the phylogeny of the majority of the genome in instances when gene 
and species trees might be incongruent, due to for example incomplete line-
age sorting (Rosenberg & Nordborg, 2002). This also makes chloroplast 
sequences on their own not suitable for resolving reticulate evolutionary 
events such as hybridization and polyploidization which have been shown to 
be important in ferns (Lovis, 1978). Instead, low copy nuclear markers are 
useful in resolving these patterns (Popp & Oxelman, 2001; Brysting & al., 
2011), but very few nuclear markers have been available for ferns. The lack 
of nuclear markers can partly be attributed to the lack of genomic informa-
tion for ferns. There has been no nuclear genome or even a mitochondrion 
sequenced for a fern, making it difficult to design nuclear primers. 

A new opportunity for designing nuclear primers for ferns emerged when 
approximately 1000 green plant transcriptomes were sequenced by the One 
Thousand Plants Project (1KP; onekp.com). Among these transcriptomes 
were 62 fern accessions (many collected and extracted by myself and the 
other authors of paper III). 

 
Figure 4. Transcriptome mining workflow. Redrawn from Rothfels & al. (2013). 
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The primer design workflow (Fig. 4) included the development of two auto-
mated pipelines for identifying candidate loci among these transcriptomes, 
Blue Devil (Li, 2013) and lasseblaste (Larsson, 2013). Blue Devil blasts a 
series of query sequences (we used nuclear regions the authors already had 
an interest in as seed sequences) against the pool of transcriptome assemblies 
and provides an alignment of the resulting hits. Lasseblaste also takes a se-
ries of query sequences as input (we used all putative single-copy markers 
listed by the 1KP project) and blasts each of these sequences against all the 
transcriptomes. It then takes the resulting hits and blasts them back to the 
full transcriptomes. From this final pool of hits, lasseblaste produces an 
alignment (with MAFFT) and provides an accompanying quality score. The 
scoring system rewards alignments that have broad representation across the 
included transcriptomes, indicating good taxon coverage, and penalizes 
alignments that have many hits per transcriptome, suggesting multiple 
paralogs and/or short read lengths. In the end we selected five of the top ten 
best-scoring of these alignments to pursue for primer design. The alignments 
were further refined by merging discontinuous or slightly overlapping se-
quences from the same specimen that appeared closely related in a prelimi-
nary maximum parsimony phylogenetic tree created with PAUP* (Swafford, 
2003). Annotated Arabidopsis thaliana genomic DNA sequences from the 
TAIR database (Lamesch & al., 2012) were added to illustrate probable in-
tron/exon boundaries. Primers were designed in promising conserved regions 
with help of the primer design tool in AliView (Paper IV). To increase the 
specificity of the primers we focused our effort on designing primers for the 
order Polypodiales which contain a majority of all the fern species. 

Our efforts resulted in 20 new nuclear markers across ten protein coding 
genes, spanning both introns and exons. These new markers triple the avail-
able nuclear markers for ferns. To demonstrate the success of the primers we 
amplified and sequenced the regions and came up with a well supported 
phylogeny consistent with previous finds. Additionally the phylogeny were 
evaluated with various partitioning schemes that revealed strong effects on 
support values but lesser effects on topology. In our results a codon position 
partitioned model is favored. All the curated transcriptome alignments are 
published and will allow other researchers to develop their own primer sets 
meeting specific needs. 
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Summary of paper IV 

The need for an improved alignment editor and viewer emerged while de-
signing degenerate primers for a diverse set of fern species from the One 
Thousand Plants Project (1KP; onekp.com) transcriptome data (Paper III). 
What was lacking in the previously available programs was the combination 
of abilities to (i) have an overview of large nucleotide alignments, (ii) visu-
ally highlight various conserved regions, (iii) have a simple and intuitive 
way to align, rearrange, delete and merge sequences, and (iv) find and list 
degenerate primers in selected semi-conserved regions. 

AliView (Fig. 5) was developed to meet the above requirements. The first 
of the key features implemented in AliView is the capability to draw mil-
lions of residues on the screen at once without slowing down. To increase 
the rendering speed well beyond previously available alignment editors, an 
optimized rendering function that copies the pixel representation of the resi-
dues to the screen buffer was implemented instead of only using the internal 
Java methods. This increased the drawing speed by 5-10 times and AliView 
renders alignments almost like a video-game. The speed in rendering even 
makes it possible to work with large alignments on older hardware. 

 
Figure 5. Screenshot of AliView. 
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In the cases of very large data files (larger than the computer memory size), 
AliView will initially create an index of the sequences in the file. Only a part 
of the file will be cached in memory when the sequences are viewed. This 
way alignment files of unlimited size can be viewed. The index is created 
following the standards of Samtools FASTA index (Li & al., 2009), but 
AliView can also create indexes for other alignment file formats and will 
read unlimited size alignment files in Fasta, Phylip, Nexus, Clustal and 
MSF-format. AliView has unique functionality aimed at supporting the de-
sign of universal degenerate primers. In a selected region AliView will cal-
culate all possible primers and present them to the user in a list sorted by the 
number of degenerate positions, self-binding values and melting temperature 
(TM) (Kämpke & al., 2001). 
Another very important factor when developing AliView was the focus on 
usability and intuitive handling. The results of this effort can be illustrated 
by some "random" comments received from users: 

"From first glance, this looks like it might be the best aligner viz tool out there"  
- Justin Blumenstiel 

"I really like aliview! One big plus: primer design." - Dieter Best 

"Har precis börjat använda AliView, funkar kanon! Har letat länge efter nåt som 
funkar att handjaga sangersekvenser med efter att Se-Al packade ihop och det här 
är ju Se-Al på steroider!" - Magnus Popp 

"I am thrilled and delighted with AliView. Now I have an excellent editor to replace 
Se-Al, which doesn't run on new Macs. Zoomability, and the ability to edit while 
zoomed out, make it fantastically useful for large alignments." - Will Fisher 

"I just really wanted thank you for developing Aliview - it is an excellent piece of 
software. It’s hard to believe that out of all the editors out there, nobody seems to 
find it obvious that the features you have included are crucial." - Amr Aswad 

 
“I love your AliView sooooo much! Thank you for developing such a wonderful 
program!” –Fay-Wei 

In September 2014 there were more than 10 downloads of the program per 
day on average, and in the first three months that the program was available 
on-line more than 1000 unique downloads were generated. 
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Summary of paper V 

Through previous cytological studies and allozyme work the fern genus 
Woodsia was known to have a complex evolutionary history and to comprise 
numerous polyploid taxa and hybrids (Brown, 1964; Ma, 1985, 1987; Wind-
ham, 1993; Mickel & Windham, 2004). Our main aim of paper V was to 
resolve these patterns of diploid and polyploid evolution in the genus, and 
also to answer taxonomic and biogeographic questions within Woodsia. We 
complemented our study of polyploidy in Woodsia with a broad analysis of 
polyploid frequencies and polyploid speciation frequencies in the entire 
Eupolypods II clade, comprising about 2500 species. 

In detail we wanted to answer the questions: Which are the parent species 
of the polyploids? Do the polyploid taxa have single or multiple origins? 
How frequently have Woodsia species established over long distances? Are 
American and Asian taxa monophyletic groups? How did this mainly north-
ern hemisphere genus reach South America and Africa and when did it hap-
pen? The questions we wanted to answer from the expanded polyploid 
analyses were: How extensive is polyploidy in Woodsia and related ferns? 
How frequent is speciation through polyploidization in Woodsia and its clos-
est relatives? Are the polyploids young, being continuously replaced by new 
ones formed by the diploid stock? Are there old polyploid lineages? 

To infer the phylogeny and polyploid evolution we sequenced five plastid 
(atpA, atpB, matK, rbcL and trnG-R) and two nuclear (pgiC and RPA2) re-
gions from 188 specimens representing 36 taxa and six hybrids. 

Our results (Fig. 6-7) reveal that the genus comprises two major well-
supported clades, one with the circumboreal and most of the Asian species, 
and the other with American species and the rest of the Asian ones. In the 
dated analysis we estimate the split between these clades to be 45 Ma, and 
we found that Woodsia × abbae is a hybrid between members of these two 
clades. Few other records of hybridization events have been recorded involv-
ing species separated for such a long time (Feng & al., 2005; Pilotti & al., 
2009). 

We find that sister species in Woodsia have almost exclusively neighbor-
ing or overlapping distributions, indicating that although Woodsia spores are 
dispersed by wind, indicating that although Woodsia spores are dispersed by 
wind, long distance dispersal with establishment is rare. Despite this general 
pattern, there are some interesting distributions and disjunctions deviating 
from this. 
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Figure 6. MrBayes consensus tree of concatenated chloroplast sequences. Diploid 
taxa are not colored. Colors indicate polyploid taxa. Grey indicate hybrid taxa. 
Numbers at nodes are Bayesian posterior probabilities (PP) followed by RAxML 
Maximum Likelihood bootstrap support. Branches are collapsed at 0.5 PP. Scale bar 
represents average number of substitutions per site. 
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Figure 7. Asian & Circumboreal subsection of the MrBayes consensus phylogram of 
nuclear pgiC sequences. Names ending with a,b,c or d indicate specimens with mul-
tiple sequences, x indicates specimens with multiple sequences where only one has 
been retrieved. Diploid taxa are not colored. Colors indicate alleles belonging to the 
same polyploid taxon. Grey indicates hybrid taxa. Numbers at nodes are Bayesian 
posterior probabilities (PP) followed by RAxML Maximum Likelihood bootstrap 
support. Branches are collapsed at 0.5 PP. Scale bar represents average number of 
substitutions per site. 

The circumboreal species do not form a monophyletic group and are nested 
among various Asian species, whereas the "American clade" is monophyletic 
and nested among other Asian species. 

Within the American clade W. montevidensis has its main distribution in 
South America, but has also made a relatively recent leap to Southern Africa 
and Madagascar. 

We find that most taxa in Woodsia are polyploid (22 out of 36) and that 
speciation through polyploidization is the most common mode of speciation 
in the genus. The polyploids are mostly young compared to the diploids. 
Several of the polyploid taxa seem to have been formed multiple times or 
have been involved in backcrossing and introgression, i.e. W. alpina, W. 

obtusa, W. mollis, W. oregana subsp. cathcartiana and W. plummerae. This 
can be illustrated with W. alpina specimens that have two copies of the nu-
clear pgiC sequences (Fig. 7), one that groups together with W. glabella and 
one that groups with W. ilvensis. In the chloroplast phylogeny (Fig. 6) on the 
other hand some specimens have the W. ilvensis haplotype while other 
specimens have the W. glabella haplotype. 

The results of the Eupolypods II polyploid analyses agree with the Wood-

sia study in showing a high proportion of polyploids, and 46% of the speci-
ation events are connected to a shift in ploidy level. Old polyploid lineages 
are rare. 
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Conclusions 

In this thesis I have, together with colleagues, been able to clarify the phy-
logenetic relationships on the family level for the large Eupolypods II clade 
of ferns, as well as on the infrageneric scale within Woodsia. The use of low 
copy nuclear regions in the Woodsia phylogeny has revealed the complexity 
of polyploid and diploid evolution within this fern genus. 

I have been able to contribute much needed methodological tools by cre-
ating the alignment software AliView. We also developed new low copy 
nuclear primers for use in fern phylogenetics, as well as developing a pipe-
line for designing primers from NGS transcriptome data.  

In paper I & II we present for the first time with strong support the family 
level relationships of the Eupolypods II clade of ferns, encompassing almost 
1/3 of the fern species. We inferred the position of the genus Woodsia and 
the non-monophyletic circumscription of Woodsiaceae. The genera previ-
ously placed in this family are now distributed in five new or resurrected 
families. There were several unanticipated relationships, such as the position 
of Rhachidosorus, Hemidictyum and Diplaziopzis. 

As illustrated in the detailed phylogeny of Woodsia, presented in paper V, 
there is a need for low copy nuclear markers to disentangle the reticulate 
evolution within a fern genus. In paper III we published 20 new low copy 
nuclear marker regions to use in future fern phylogenies. We also published 
the curated alignments of these genes for other researchers to use, as well as 
a software pipeline for finding primers in other regions. 

The alignment viewer and editor AliView developed in paper IV provides 
capabilities to handle the increasing size datasets in a user friendly way. The 
program has been very popular with more than 1000 downloads and is well 
received by users. 

New insights into the complexities of the evolution of a fern genus were 
provided by our comprehensive study of Woodsia in paper V. The detailed 
phylogeny answers several taxonomic and biographical questions. We also 
find that most taxa in Woodsia are polyploid and that polyploidization is the 
most common mode of speciation in the genus with an estimated polyploid 
speciation rate of 54%. The polyploids are mostly young. Many of the poly-
ploid taxa seem to have formed multiple times. We find that Woodsia × 

abbae is a remarkable triploid hybrid between two clades separated by as 
many as ca. 45 Ma. 
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Svensk sammanfattning 

Systematik 

Idag är vi säkra i vår uppfattning om att allt liv på jorden har ett gemensamt 
ursprung. Ju mer vi har lärt oss om cellernas funktion samt vetskapen att alla 
kända organismer har snarlikt organiserad arvsmassa (arvsmassa = 
DNA/RNA = ritningen för hur olika aminosyror skall sättas ihop till protei-
ner vilka i sin tur bildar organismen), desto mer osannolikt framstår det att 
samma system skulle utvecklas två gånger parallellt. Sammantaget leder oss 
detta till slutsatsen att alla organismer har ett gemensamt ursprung. 

Utifrån denna urorganism, som antagligen uppstod för cirka 3,5 miljarder 
år sedan, har alla jordens organismer utvecklats. Arvsmassan kopieras från 
en generation till den nästa (exempelvis från förälder till barn). Ibland blir 
inte kopian perfekt utan i kopieringen uppstår små fel (mutationer) och dessa 
fel förs vidare till nästkommande generation. Organismerna blir åtskilda från 
varandra genom att exempelvis geografiskt avstånd gör att främst närbelägna 
organismer utbyter DNA (parar sig). Varefter tiden går och fler och fler mu-
tationer ansamlas blir dessa populationer av organismer mer och mer olika 
och så småningom blir populationerna så olika att vi börjar kalla dem olika 
arter. Dessa nya arter genomgår samma process igen och ytterligare arter 
uppstår ur dessa arter. 

Systematisk biologi är forskningsområdet där man kartlägger hur alla or-
ganismer har utvecklats ur gemensamma anfädrar och skapar ett ”livets träd” 
över släktskapet. Utöver den historiska aspekten där man kartlägger alla 
organismernas släktskap så definierar man också inom Systematisk biologi 
var gränsen går mellan olika arter och namnger nya arter. När man idag ska-
par artavgränsningar vill man att de följer släktskapshistorien och inte bara 
är baserade på yttre likhet. 

För att spåra släktskap så har man länge förlitat sig på utseende (morfolo-
gi); två organismer som ser lika ut borde vara nära släkt. Dock har det visat 
sig att liknande utseende ibland uppstår flera gånger parallellt, och att tidiga-
re systematiker tolkat vissa karaktärer fel. Man har även använt kemiska 
analyser för att se vilka arter som innehåller liknande substanser, och således 
borde vara närmast relaterade till varandra. Idag så använder man nästan helt 
uteslutande DNA-sekvenser för att jämföra organismernas släktskap. Man 
extraherar samma gener hos många olika organismer, exempelvis gener som 
används för tillverkningen av klorofyll hos växter. Därefter jämför man mu-
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tationerna i generna och antar att de växter som har mest lika gener har en 
gemensam anfader närmast tillbaka i tiden, och därefter nästa o.s.v. 

Ormbunkar 

I den här avhandlingen har jag undersökt en grupp ormbunkars uppkomst 
och släktskap. Studierna omfattar släktet Woodsia (hällebräknar) och den 
större grupp av ormbunkar som Woodsia är närmast besläktad med (figur 2). 

Ormbunkar är en grupp växter som skiljde sig från övriga gröna växter 
för ca 400 miljoner år sedan. Frön och blommor är exempel på anpassningar 
som uppstått senare i växthistorien och inget som finns hos ormbunkarnas 
anfader. Ormbunkar sprider sig med sporer istället för frön. När en spor gror 
så bildas inte en ny egentlig ormbunke, utan det gror fram en så kallad game-
tofyt, d.v.s. en liten 5 x 5 mm grön platta med könsorganen arkegon och 
anteridier. Anteridierna producerar spermier som vid fuktig väderlek kan 
simma till äggen i ett arkegon på en annan gametofyt i närheten. Ur de be-
fruktade äggen växer sedan en ny ormbunke fram (figur 1). 

I och med att förökning och spridning är väldigt annorlunda jämfört med 
de välstuderade blomväxterna så finns många unika upptäckter att göra hos 
ormbunkar. 

Artiklar 

I den första och andra artikeln har vi undersökt hur en stor grupp av orm-
bunkar (Eupolypods II) är besläktade. I denna stora samling ingår nästan 1/3 
av alla världens ormbunksarter, och flertalet vanliga svenska arter såsom 
exempelvis majbräken (Athyrium filix-femina), hultbräken (Phegopteris con-

nectilis), svartbräken (Asplenium trichomanes), ekbräken (Gymnocarpium 

dryopteris), stenbräken (Cystopteris fragilis) och hällebräken (Woodsia il-

vensis). 
De flesta ormbunkar ser nästan likadana ut och det finns tämligen få 

morfologiska detaljer (utseendemässiga) som ger indikationer på hur släkten 
och familjer relaterar till varandra (inom systematik är en familj en vidare 
gruppering än släkt, i en familj ingår ett eller flera släkten, i en släkt ingår en 
eller flera arter). Trots vissa försök så har man tidigare inte lyckats klassifi-
cera de närmast besläktade ormbunkarna i denna stora grupp till enhetliga 
familjer. Det fanns indikationer på att inte minst familjen Woodsiaceae var 
en onaturlig gruppering (innefattande arter som inte var närmast besläktade). 

I den första artikeln genomförde vi analysen av släktskapet med hjälp av 
DNA-sekvensdata från fem kloroplastregioner från 81 arter inklusive alla 
samtliga tidigare svårplacerade släkten. 

Vi utvärderade flera olika analysmetoder för att vara säkra på att våra re-
sultat var tillförlitliga. Våra resultat beskriver tidigare okända relationer 
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inom Eupolypods II. Analysen visade exempelvis att stenbräken (Cystopteris 

fragilis) och ekbräken (Gymnocarpium dryopteris) ingår i systergruppen till 
övriga ormbunkar i Eupolypods II. Analysen visade att familjen Woodsiace-
ae var onaturlig och då vår undersökning hade starkt statistiskt stöd kunde vi 
känna oss säkra när vi i den andra artikeln skapade en ny klassifikation. Vi 
valde att utöka familjeantalet från 5 till 10 då vi ansåg att det bättre beskriver 
den evolutionära historien vi fann i den första artikelns analys (figur 3). 
Framför allt var det den tidigare familjen Woodsiaceae som vi förändrade. 
Vi flyttade de flesta arterna till familjerna Athyriaceae, Cystopteridaceae, 
Diplaziopsidaceae, Hemidictyaceae och Rhachidosoraceae. Slutligen blev 
endast Woodsia kvar i familjen Woodsiaceae. 

De svenska arter som direkt påverkades av den nya klassifikationen var 
majbräken (Athyrium filix-femina) och fjällbräken (A. distentifolium) som 
flyttades från Woodsiaceae till Athyriaceeae samt Cystopteris (bl.a. stenbrä-
ken) och Gymnocarpium (bl.a. ekbräken) vilka flyttades till familjen Cystop-
teridaceae. 

Tyvärr hade konkurrerande forskare några månader innan vår publikation 
redan skapat nya familjer utifrån de tidigare statistiskt osäkra analyser som 
fanns innan vår analys, och vi fick därför inte namnge de nya familjerna. 

I den tredje artikeln letar vi efter nya lämpliga gener att använda för släkt-
skapsanalyser hos ormbunkar. Ormbunkar är betydligt mindre undersökta än 
blomväxterna och det finns inte lika mycket kännedom om ormbunkarnas 
olika gener. De vanligaste gener man jämför är de som finns i kloroplasten. 
Kloroplasterna har dock den egenheten att de likt mitokondrierna överförs i 
sin helhet från mödernet till avkomman och fader-kloroplasten är inte in-
blandad. Det har tidigare påvisats att ormbunkar ofta hybridiserar och om 
man analyserar kloroplasterna hos en hybrid så finner man bara den ena av 
de två föräldraarterna. För att upptäcka båda föräldraarterna behöver man 
sekvensera gener från cellkärnan. 

Genom att delta i insamlingen av material till One Thousand Plants Pro-
ject (1KP; onekp.com) fick vi tillgång till ett unikt dataset bestående av 1000 
växt-transkriptom (RNA-sekvenser från alla aktiva gener hos en organism). 
Vi utvecklade två datorprogram (lasseblaste och Blue Devil) för att leta efter 
lämpliga gener i denna gigantiska datamängd. Lämpliga gener är de som 
finns hos de allra flesta av ormbunksarterna och samtidigt är lagom muterade 
(tillräckligt mycket för att enkelt särskilja olika arter). 

Vi skapade PCR- och sekvenseringsprimers (passbitar som behövs för at 
utvinna önskade DNA-sekvenser ur organismen) för de mest lovande gener-
na vilka hade rankats av programmet lasseblaste. Dessa testades därefter på 
15 olika ormbunkar för att utvärdera deras funktion. Slutligen lyckades vi 
publicera 20 nya gen-regioner lämpliga för fylogenetiska ormbunksanalyser, 
att jämföra med de 7 st som fanns sedan tidigare. 
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Det saknades bra dataprogram för att överblicka de stora mängder data som 
genereras med den senaste sekvenseringstekniken (NGS). I samband med 
arbetet att hitta nya lämpliga gener i den tredje artikeln blev denna brist på-
taglig. I den fjärde artikeln presenteras programmet AliView (Alignment 
Viewer and Editor) som jag skapat för att råda bot på denna brist. 

AliView (figur 5) hanterar mycket stora dataset bättre än något tidigare 
program. Användaren får en unik överblick av hela datasetet genom att 
zooma ut eller in utan begränsningar. En av de viktigaste aspekterna med 
programmet är att sekvenserna ritas ut väldigt fort på skärmen (likt ett data-
spel), och att programmet inte laggar trots att miljontals nukleotider eller 
aminosyror visas på skärmen samtidigt. Den höga uppritningshastigheten 
uppnås genom en optimerad grafikmetod som kopierar pixel-
representationer av nukleotiderna eller aminosyrorna direkt till skärmen 
istället för att endast använda Java:s interna grafikmetoder. Utöver förmågan 
att hantera stora dataset har även stor vikt lagts vid att programmet skall vara 
användarvänligt. AliView är programmerat i Java och fungerar därigenom 
oberoende av operativsystem. 

Man kan nog säga att alla tidigare ansträngningar delvis var förberedelser för 
den femte artikeln. 

Inom växtvärlden är det ganska vanligt att det uppstår nya arter genom kro-
mosomtalsfördubbling (polyploidisering), inte minst i samband med hybridi-
sering. I den femte artikeln undersöker vi hur omfattande hybridisering och 
kromosomfördubbling är inom ett ormbunksläkte. För blomväxter har det 
under det senaste årtiondet blivit vanligt att inte bara skapa släktskapsträd 
utifrån kloroplastgener utan även gener från cellkärnan. Kärngener finns i 
två varianter som ärvs från båda föräldrarna (till skillnad från kloroplasterna 
som endast ärvs från mödernet). De två varianterna innebär en möjlighet att 
finna eventuella hybridiseringar inom artbildningen. För ormbunkar finns 
sedan tidigare endast ett fåtal studier som inkluderar markörer från kärnan då 
det är mer komplicerat att sekvensera dessa regioner. 

För att beskriva hällebräknarnas släktskap samt omfattningen av hybridi-
sering och kromomfördubbling (polyploidisering) vid ormbunkars artbild-
ning genomförde vi den hittills största studien med nukleära markörer av 
ormbunkars släktskap. För 188 olika kollekter fördelat över 36 arter sekven-
serade vi två olika nukleära regioner (pgiC och RPA2), samt även fem klo-
roplastregioner. 

Vi fann att arterna i Woodsia fördelar sig i två klader (klad = en gren på 
livets träd) vilka skildes åt för ca 45 millioner år sedan (figur 6). Extra an-
märkningsvärt är att vi fann att två arter från var och en av dessa grupper 
hybridiserar. Det finns väldigt få exempel på andra organismer som kan hy-
bridisera efter att ha utvecklats var för sig i 45 millioner år. 
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Arten Woodsia montevidensis finns både i Sydamerika och Afrika och har 
spridit sig från Sydamerika till Afrika relativt nyligen. Förfäderna har tidiga-
re antagligen spridit sig från Asien via Nordamerika till Sydamerika. 

Analysresultaten visar att det har skett och fortfarande pågår en omfattan-
de hybridisering och kromosomfördubbling inom ormbunkssläktet Woodsia. 
Så många som 22 av 36 arter eller underarter av Woodsia är polyploider 
(kromosomfördubblade). Detta innebär att polyploidisering är den vanligaste 
artbildningsprocessen hos Woodsia. De flesta polyploida arter är relativt 
nybildade och det finns få äldre polyploida arter. Det verkar som att det kon-
tinuerligt bildas nya polyploida arter från de äldre diploida arterna. 

Åtminstonde fem av arterna uppvisar mönster i analysen som indikerar att 
de har uppstått flera gånger vid olika polyploidiseringstillfällen. Bland dessa 
finns den i Sverige förekommande fjällhällebräken (W. alpina) som är en 
allopolyploid hybrid W. ilvensis × W. glabella (figur 2). Att arten uppstått 
minst två gånger framgår av analysen av kloroplastsekvenser där vi kan se 
att vissa individer av W. alpina har kloroplaster nedärvda från W. glabella 
medan andra individer har kloroplaster från W. ilvensis (figur 6-7). 

Vi utförde även en utökad studie där vi räknade antalet polyploider och 
analyserade frekvensen av nybildade arter genom polyploidisering för hela 
gruppen Eupolypods II. Resultaten är i linje med resultaten för Woodsia och 
vi fann att så stor andel som 54% av arterna och underarterna är polyploida 
och att 46% av artbildningen inom denna klad är kopplade till polyploidise-
ring. Detta resultat påvisar en högre andel av polyploi än vad som uppskat-
tats i tidigare undersökningar. 
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Abstract.—Backbone relationships within the large eupolypod II clade, which includes nearly a third of extant fern species,
have resisted elucidation by both molecular and morphological data. Earlier studies suggest that much of the phylogenetic
intractability of this group is due to three factors: (i) a long root that reduces apparent levels of support in the ingroup; (ii)
long ingroup branches subtended by a series of very short backbone internodes (the “ancient rapid radiation” model); and
(iii) significantly heterogeneous lineage-specific rates of substitution. To resolve the eupolypod II phylogeny, with a partic-
ular emphasis on the backbone internodes, we assembled a data set of five plastid loci (atpA, atpB, matK, rbcL, and trnG-R)
from a sample of 81 accessions selected to capture the deepest divergences in the clade. We then evaluated our phylogenetic
hypothesis against potential confounding factors, including those induced by rooting, ancient rapid radiation, rate hetero-
geneity, and the Bayesian star-tree paradox artifact. While the strong support we inferred for the backbone relationships
proved robust to these potential problems, their investigation revealed unexpected model-mediated impacts of outgroup
composition, divergent effects of methods for countering the star-tree paradox artifact, and gave no support to concerns
about the applicability of the unrooted model to data sets with heterogeneous lineage-specific rates of substitution. This
study is among few to investigate these factors with empirical data, and the first to compare the performance of the two
primary methods for overcoming the Bayesian star-tree paradox artifact. Among the significant phylogenetic results is the
near-complete support along the eupolypod II backbone, the demonstrated paraphyly of Woodsiaceae as currently circum-
scribed, and the well-supported placement of the enigmatic genera Homalosorus, Diplaziopsis, and Woodsia. [Moderate data;
outgroup rooting; Phycas; phylogeny evaluation; rate heterogeneity; reduced consensus; star-tree paradox; Woodsiaceae.]

A classic problem in phylogenetics is the reconstruc-
tion of “ancient rapid radiations,” broadly defined as
evolutionary histories where long branches are inter-
calated among a series of short backbone internodes
(see Fig. 1; Whitfield and Lockhart 2007; Jian et al.
2008). Accurately resolving such topologies is a well-
documented challenge for phylogenetic inference (Gaut
and Lewis 1995; Huelsenbeck 1995; Jackman et al. 1999;
Anderson and Swofford 2004; Wang et al. 2009) and
is also of considerable practical importance—this an-
cient rapid radiation model is a prominent feature of
many phylogenetic problems (Whitfield and Lockhart
2007). Furthermore, the ancient rapid radiation pattern
rarely exists unaccompanied; rather, it tends to coin-
cide with other well-recognized analytical challenges.
First, the phylogenetic root is often long with respect
to ingroup branches (Fig. 1; Bergsten 2005; Schuettpelz
and Hoot 2006). Because signal deteriorates along phy-
logenetic branches (in a likelihood framework), long
branches are less likely than short ones to strongly af-
fix to any single point in the topology (Wheeler 1990;
Swofford et al. 1996; Huelsenbeck et al. 2002). Fur-
thermore, although the monophyly of the ingroup and
of all ingroup relationships may be fully supported,
uncertainty in the placement of the root may nonethe-
less reduce apparent support for relationships among

ingroup clades when one uses consensus-based mea-
sures to assess support (Wilkinson 1996; Roberts et al.
2009). Second, lineage-specific heterogeneity in rates
of substitution is common, making “fast” taxa partic-
ularly difficult to place (Fig. 1; Felsenstein 1978; Hillis
and Bull 1993; Soltis et al. 1999; Takezaki and Gojobori
1999; but see Ho and Jermiin 2004; Nickrent et al. 2004;
Drummond et al. 2006). Finally, the presence of both
very short and very long branches—regardless of their
topological arrangement—poses additional challenges.
While long-branch attraction has been well character-
ized (Felsenstein 1978; Anderson and Swofford 2004;
Bergsten 2005), other branch-length related inconsisten-
cies are just beginning to attract attention (Lewis et al.
2005; Yang and Rannala 2005; Yang 2008; Marshall 2009;
Roberts et al. 2009; Brown et al. 2010).

One option for tackling problems associated with
reconstructing ancient rapid radiations is to amass char-
acter-rich (often genome-scale) data sets (e.g., Pereira
and Baker 2006; Hallstrom et al. 2007; Jian et al. 2008;
Wang et al. 2009; Regier et al. 2010). However, the spe-
cific challenges inherent to this sort of phylogenetic
problem are not necessarily amenable to resolution by
greatly expanded character data (Philippe et al. 2011).
Rather, increasing character data can yield increasingly
strong support for erroneous relationships, especially

490
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FIGURE 1. Challenges inherent in resolving the eupolypod II phylogeny. Eupolypods II phylogram modified from Schuettpelz and Pryer
(2007), in (a) unrooted and (b) rooted form. (i) Outgroup taxa are on long branches. (ii) Backbone internodes are very short, suggesting an
“ancient rapid radiation.” (iii) The ingroup is marked by significant heterogeneity in rates of evolution, with the members of Aspleniaceae on
much longer branches than other eupolypod II taxa.

in cases of branch-length variation such as is inherent
in the long-root, short internode, and rate heterogene-
ity features common under the ancient rapid radia-
tion model (Gaut and Lewis 1995; Soltis et al. 2004;
Bergsten 2005; Philippe et al. 2005; Steel and Matsen
2007; Whitfield and Lockhart 2007; Rannala and Yang
2008; Susko 2008; Yang 2008). Here, we focus on resolv-
ing an ancient rapid radiation, that of the eupolypods II
clade, using moderate amounts of character data but a
strongly expanded taxon sample (for a recent applica-
tion of this “moderate data/many taxa” approach, see
Parfrey et al. 2010). This fern clade has resisted elucida-
tion by both morphological and molecular data (Ching
1964a; Sledge 1973; Smith 1995; Sano et al. 2000a; Smith
et al. 2006; Schuettpelz and Pryer 2007; Wei et al. 2010;
Kuo et al. 2011), and previous molecular studies indicate
that it exhibits all of the analytical challenges outlined
above (see Fig. 1).

The Eupolypods II, together with its sister group,
Eupolypods I, comprise the large eupolypod clade,
which encompasses two-thirds of living fern species
(Fig. 2; Pryer et al. 2004; Schneider et al. 2004b; Smith
et al. 2006). The ancestors of Eupolypods I and II
diverged from each other in the Early Cretaceous (Pryer
et al. 2004; Schneider et al. 2004b; Schuettpelz and
Pryer 2009). The eupolypod II clade started to diver-
sify shortly thereafter (its crown group is approximately
100 million years old; Schuettpelz and Pryer 2009) and
has subsequently grown into a lineage-rich clade com-
prising nearly 30% of extant fern diversity. Eupolypods
II includes some of the most familiar groups of ferns
(the lady ferns, ostrich fern, sensitive fern, marsh ferns,
and spleenworts), as well as some of the most species-
rich genera: Thelypteris s. lat. (∼950 species); Asplenium
(∼700 species); Diplazium (∼350 species); Athyrium
(∼220 species); and Blechnum s. lat. (∼150 species).

The eupolypod II clade is cosmopolitan in distribu-
tion, with the subgroups primarily temperate to trop-
ical, and the larger subclades each well represented in
both areas. However, many of the phylogenetically enig-
matic taxa in this clade are limited to the Himalayas or
Southeast Asia, and critical members of several gen-
era are rare and/or infrequently collected. This pattern
of rarity and endemism, in conjunction with the rich-
ness and geographical breadth of the clade as a whole,
is undoubtedly a contributing factor to the incomplete
sampling of these ferns in previous phylogenetic studies.

Not surprisingly, given the clade’s size and age, eu-
polypod II taxa are morphologically disparate and
seemingly incohesive. However, early workers did
tend to recognize the close affinities among many
of the taxa in this clade, although frequently with
members of Eupolypods I interdigitated among them
(Holttum 1947; Sledge 1973; Mickel 1974; Tryon and
Tryon 1982). The cohesiveness of the Eupolypods II star-
ted to become apparent with the earliest applications of
molecular phylogenetic techniques to ferns (Wolf et al.
1994; Hasebe et al. 1995; Sano et al. 2000a) and has been
strongly supported in recent broad studies (Schneider et
al. 2004b; Schuettpelz and Pryer 2007; Kuo et al. 2011).
None of these studies, however, found support for the
backbone relationships within Eupolypods II, and only
Kuo et al. (2011) attempted to sample its major lineages.
It remains one of the few areas of the fern tree-of-life
where the backbone relationships remain elusive (Smith
et al. 2006; Schuettpelz and Pryer 2007).

Our approach to resolving the eupolypod II phy-
logeny couples a considerably expanded taxon sample
with moderate character sampling. Our objectives in-
clude identifying well-supported major (approximately
“family-level”) clades and determining the backbone
relationships among these clades. Given the anticipated
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FIGURE 2. Broad phylogeny of ferns. Approximate number of
species per clade is given in parentheses. Modified from Smith et al.
(2006).

phylogenetic challenges and potential for artifacts in
our data, we explicitly evaluate our phylogenetic hy-
pothesis against these analytical pitfalls, placing strong
emphasis on the use of the reduced consensus technique
(Wilkinson 1996) to isolate the effects of signal weakness
from those of signal conflict (e.g., Wiens 2003; Cobbett
et al. 2007). Our study aims for a comprehensive and
well-supported phylogeny of this important group of
ferns, and for novel inferences about the behavior of our
choice of methods, gleaned from their performance on
this data set.

MATERIALS AND METHODS

Taxon Sampling

We selected an ingroup of 67 species, intended to
maximize our capture of the deep divergences (Zwickl
and Hillis 2002) within Eupolypods II. Decisions for
inclusion were based on data from previous molecular
(Gastony and Ungerer 1997; Murakami et al. 1999; Sano
et al. 2000a, 2000b; Smith and Cranfill 2002; Tzeng 2002;
Cranfill and Kato 2003; Wang et al. 2003; Schneider et al.
2004a; Schuettpelz and Pryer 2007; Kuo et al. 2011) and
morphological studies (Brown 1964; Kato 1975a, 1975b,
1977, 1979, 1984; Kato and Darnaedi 1988; Sano et al.
2000b; Wang et al. 2004; Wang 2008). While 67 species
is sparse coverage of the approximately 2600 species in
the clade, our utilization of past results (both molecular
and morphological/taxonomic) in selecting our taxon
sample allows us a high degree of confidence that we
have captured a great majority of the deepest branches,
if not all of them. Most unsampled taxa are known to
be deeply nested in crown clades, especially in the large
genera Asplenium, Athyrium, Blechnum, Diplazium, and
Thelypteris (sensu lato).

Wherever possible, we included generic and familial
types, to facilitate future taxonomic revisions. Based
on data from Schuettpelz and Pryer (2007) and Liu
et al. (2007), our broad outgroup sample included 10
representatives from the sister group to the Eupoly-

pods II (Eupolypods I, see Fig. 2). To better evaluate
the effect of uncertainty in outgroup placement on
the ingroup topology and to better understand the
divergence between Eupolypods I and II, we also
included two representatives from each of the two
potentially successive sister groups to the Eupoly-
pods (Notholaena and Cryptogramma from Pteridaceae;
Dennstaedtia and Pteridium from Dennstaedtiaceae; see
Fig. 2 and Schuettpelz and Pryer 2007). Our total sample
has 81 terminal taxa (Appendix 1).

Amplification and Sequencing

DNA was extracted from silica-dried or herbarium
material, using either (i) a modified Carlson-Yoon pro-
tocol (<0.01 g dried plant material, silica beads, 750 µL
Carlson buffer, and 20 µL mercaptoethanol added to a
2-mL tube and ground for 45 s using a Mini-Beadbeater
(BioSpec Products), followed by incubation at 65˚ C for
45 min; Yoon et al. 1991) or (ii) the protocol of Pryer et
al. (2004) or (iii) the protocol of Kuo et al. (2011). For
material extracted under the Carlson-Yoon protocol, the
extracted DNA was purified by Illustra GFX PCR DNA
and Gel Band Purification Kit (GE Healthcare).

Five plastid loci were selected for analysis: atpA, atpB,
matK, rbcL, and the trnG-trnR intergenic spacer (hence-
forth “trnG-R”). All loci, except for matK, were amplified
according to either the “standard” or “difficult” reaction
protocols (below) depending on the source of the ma-
terial (standard for most extractions; difficult for those
from herbarium specimens greater than 10 years old),
using the primers listed in Table 1. The standard am-
plification reaction used standard Taq polymerase with
the following cycle: a 3 min initial denaturation at 95˚ C,
followed by 35 cycles of 30 s denaturation at 95˚ C, 1
min annealing at 54˚ C, and 2 min elongation at 72˚ C,
followed by a final elongation of 10 min at 72˚ C. The
difficult amplification reaction, using Phusion High Fi-
delity DNA Polymerase (Finnzymes), was 1 min initial
denaturation at 98˚ C, followed by 35 cycles of 10 s
denaturation at 98˚ C, 30 s annealing at 58˚ C, and 1
min elongation at 72˚ C, followed by a final elongation
of 8 min at 72˚ C. Amplification of all matK sequences
followed the protocol of Kuo et al. (2011).

PCR products from Carlson-Yoon extractions were
purified using MultiScreen Plates in a vacuum mani-
fold (Millipore) and sequenced by Macrogen Inc.
(South Korea). For material extracted under the protocol
of Pryer et al. (2004), each PCR product was cleaned us-
ing 0.5 µL of exonuclease I and 1 µL of Shrimp Alkaline
Phosphatase (USB, Cleveland, OH); reaction tubes were
incubated at 37˚ C for 15 min and then heated to 80˚ C
for 15 min to inactivate the enzymes, prior to sequencing
on a Applied Biosystems 3730 xl at the Duke IGSP Se-
quencing Facility (Duke University). Material extracted
under the protocol of Kuo et al. (2011) was sequenced at
Genomics (Taipei, Taiwan). We completed our sampling
with an additional 100 previously published sequences
from GenBank (Appendix 1).
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TABLE 1. Primers used in amplification and sequencing

Locus Primer Usage Sequence (5′–3′) Reference

atpA ESATPA535F F S ACAGCAGTAGCTACAGATAC Schuettpelz et al. (2006)
atpA ESATPA557R R S ATTGTATCTGTAGCTACTGC Schuettpelz et al. (2006)
atpA ESATPA856F F S CGAGAAGCATATCCGGGAGATG Schuettpelz et al. (2006)
atpA ESATPA877R R S CATCTCCCGGATATGCTTCTCG Schuettpelz et al. (2006)
atpA ESATPF412F F A, S GARCARGTTCGACAGCAAGT Schuettpelz et al. (2006)
atpA ESTRNR46F R A, S GTATAGGTTCRARTCCTATTGGACG Schuettpelz et al. (2006)
atpB ATPB910R R S TTCCTGYARAGANCCCATTTCTGT Pryer et al. (2004)
atpB ESATPB172F F A, S AATGTTACTTGTGAAGTWCAACAAT Schuettpelz and Pryer (2007)
atpB ESATPB701F F S TATGGTCAGATGAATGAACC Schuettpelz and Pryer (2007)
atpB ESATPE45R R A, S ATTCCAAACWATTCGATTWGGAG Schuettpelz and Pryer (2007)
matK ASPmatKrLVV a R A, S TTCGTGTCCRTAAAACAACCAA This study

matK Athymat rHTY b R A, S CACACRAAGTTTYGTAYGTGTGAA This study
matK BLEmatKrDVP c R A, S AATAGATGTRRAAATGGCACATC This study

matK CYSmatKrCGKd R A, S AACTGAGTRACCTTTCCACACG This study
matK DematKrHTY e R A, S ACGAAGTTTTGTACGTGTGAA This study

matK DimatKrTYKf R A, S CCACACRAAGTTTTGTACGTGT This study
matK DIPZmatKrDSIg R A, S GTCCATAAAACTACCAATATCGAATC This study

matK EuIImatKrHLLh R A, S GTGARAAACYATCCTTARTAGATG Kuo et al. (2011)
matK EuIImatKfSIH F A, S TCRAAAATBTCRCAGTCTATTCATTC This study
matK FERmatKfEDR F A, S ATTCATTCRATRTTTTTATTTHTGGARGAYAGATT Kuo et al. (2011)
matK FERmatKrAGK R A, S CGTRTTGTACTYYTRTGTTTRCVAGC Kuo et al. (2011)
matK FERNchlBfYAA F A GATGTRAYGTATGCRGCYAAAGA Kuo et al. (2011)
matK FERNrps16fQCGR F A CRMTRTGGTAGRAAGCAAC Kuo et al. (2011)
matK FERNrps16fSRQE F A CCCGRMRAGAAGGGARAG Kuo et al. (2011)
matK ONOmatKrIRD i R A, S GTRGAAATGGCACATCCCTAAT This study
matK PtmatKrIHY j R A, S TTTCTMYATCTTSCRTARTGAAT Kuo et al. (2011)

matK THEmatKrVRLk R A, S TCGACGAAACAAGCGAAC This study

matK WOOmatKrVRLl R A, S TCKACGAAACAGGCGAAC This study
rbcL ESRBCL1361R R A, S TCAGGACTCCACTTACTAGCTTCACG Schuettpelz and Pryer (2007)
rbcL ESRBCL1F F A, S ATGTCACCACAAACGGAGACTAAAGC Schuettpelz and Pryer (2007)
rbcL ESRBCL663R R S TACRAATARGAAACGRTCTCTCCAACG Schuettpelz and Pryer (2007)
rbcL PKRBCL556F F S GGTAGRGCYGTCTAYGAATGYC This study
trnG-R trnG1F F A, S GCGGGTATAGTTTAGTGGTAA Nagalingum et al. (2007)
trnG-R trnG353F F S TTGCTTMTAYGACTCGGTG Korall et al. (2007)
trnG-R trnG63R R S GCGGGAATCGAACCCGCATCA Nagalingum et al. (2007)
trnG-R trnGR43F1 F S TGATGCGGGTTCGATTCCCG Nagalingum et al. (2007)
trnG-R trnR22R R A, S CTATCCATTAGACGATGGACG Nagalingum et al. (2007)

Notes: F = forward; R = reverse; A = used in amplifications; S = used in sequencing reactions. While most primers were applied across the phy-

logeny, superscripts following primer names indicate lineage specificity: aAspleniaceae; bathyriids; cBlechnaceae; dCystopteris/Gymnocarpium;
edepariids; fdiplaziids; gDiplaziopsis/Homalosorus; hRhachidosorus; iOnocleaceae; jPteridaceae; kThelypteridaceae; lWoodsia and allies.

Alignment and Tree Search

Sequences were manually aligned in Mesquite 2.72
(Maddison and Maddison 2009). Indels (limited to matK,
trnG-R, and the ends of the atpA alignment) were as-
sessed by eye, and ambiguously aligned areas were
excluded prior to phylogenetic analysis. Any gaps as-
sociated with unambiguous indel regions were treated
as missing data. In one rapidly evolving region of the
trnG-R alignment, we were unable to confidently align
the Pteridaceae sequences to those of the other taxa.
In order to retain this otherwise unambiguous region,
we excised those portions of the Pteridaceae sequences,
replacing them with question marks.

To evaluate congruence among our loci, we per-
formed maximum likelihood (ML) tree searches on
1000 bootstrap data sets for each locus individually,
under a GTR+I+G model using the default settings in
Garli v1.0.695 (Zwickl 2006, see SI Table 1, available
from http://www.sysbio.oxfordjournals.org). The ma-
jority rule bootstrap consensus trees from each locus
were manually compared and examined for strongly
supported conflicts (Mason-Gamer and Kellogg 1996),

after which we concatenated the full data with abio-
script (Larsson 2010), producing a single annotated five-
locus data set, with excluded regions removed. This
alignment is largely complete (361 of the possible 405
sequences are present, for an average of 4.5 loci per ter-
minal taxon) and contains 13.3% missing data and 6595
characters, of which 3641 are variable (Table 2). Our
alignment is available on TreeBase (accession number
S11464); the full length of all newly generated sequences
(including any portions excluded prior to analysis) are
deposited in GenBank (see Appendix 1).

To obtain a point estimate of the phylogeny, we
performed 10 tree bisection-and-reconnection heuris-
tic searches of the concatenated (unpartitioned) data,
each from a different random-addition-sequence start-
ing tree, under ML using a GTR+I+G model as im-
plemented in PAUP* 4.0b10 for Unix (Swofford 2002).
The values for the exchangeability parameters, base fre-
quencies, gamma shape parameter, and proportion of
invariant sites were fixed at their ML values as opti-
mized under a Garli 0.951 (Zwickl 2006) tree search,
using default genetic algorithm and termination settings.
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TABLE 2. Data set statistics

Bipartitions with

Variable Missing Mean �70% �0.95
Data set Taxa Sites sites data (%) MLBS (%) MLBS (%) PP (%)

atpA 74 1706 809 3.1 79 69 69
atpB 69 1278 507 0.8 74 58 62
matK 75 1377 1142 9.0 84 75 74
rbcL 78 1308 417 1.0 76 68 68
trnG-R 65 926 706 3.4 81 71 71
Combined 81 6595 3641 13.3 92 91 90

Notes: Missing data include both uncertain bases (e.g., ?, R, Y) and gaps (-). Support values are listed as MLBS or Bayesian PPs.

We assessed support using ML bootstrapping and
Bayesian inference. For the ML bootstrapping, we per-
formed 5000 replicates in each of PAUP* 4.0b10 for Unix
(Swofford 2002), Garli 1.0.695 (MPI parallel version;
Zwickl 2006), and RAxML v7.2.6 (Stamatakis 2006).
The PAUP* runs were performed with the parameters
optimized as above, reconnection limit set to eight (“re-
conlim = 8”), and with only a single random-addition-
sequence per bootstrap replicate. In Garli, we ran 5000
bootstrap replicates on the concatenated data, under a
GTR+I+G model using the default genetic algorithm
and termination settings. In RAxML, we ran 5000 boot-
strap replicates on the data partitioned by locus, with
each locus assigned a GTR+G model. For Bayesian
inference, we ran four runs of four chains each (one
cold; three heated), for 15 million generations, under a
partitioned GTR+I+G model in the parallel version of
MrBayes v3.1.1 (Ronquist and Huelsenbeck 2003; Al-
tekar et al. 2004). Each of the five loci was assigned
its own partition, with substitution parameters un-
linked among partitions, and branch lengths linked
(with a proportionality parameter to account for rate
heterogeneity among partitions); the posterior was sam-
pled every 1000 generations. Visual inspection in AWTY
(Wilgenbusch et al. 2004; Nylander et al. 2008) revealed
that the runs converged within the first 500,000 genera-
tions. To be conservative, we excluded the first 2 million
generations of each run as burn-in prior to summariz-
ing the posterior. The posterior thus comprised 52,000
samples (13,000 post-burn-in samples from each of the
four runs).

Phylogeny Evaluation

As stated above, earlier studies (e.g., Schuettpelz and
Pryer 2007) indicate that the eupolypod II phylogeny is
likely to include several key challenges for phylogenetic
inference, specifically a series of long branches among
very short backbone internodes (an ancient rapid radia-
tion), lineage-specific rate heterogeneity, and a distantly
related outgroup. Given these concerns, we sought to
explicitly evaluate our topology and support values
against these potential artifacts, with particular empha-
sis on the support values along the backbone of the tree.

Our approach to phylogeny evaluation involved per-
mutations of both the models and the implementa-
tion of those models (i.e., programs). The models were
deliberately selected according to their varying degrees

of susceptibility for each of the risk factors in question,
in an attempt to isolate potential model-based biases.
The choice to additionally vary the programs used was
in part due to constraints of implementation—no single
program offered all the models we wished to compare.
This approach has the added benefit of demonstrating
a further level of robustness: if our phylogenetic results
are insensitive to both the differing models and the
myriad of incompletely quantified differences among
programs, we can be all the more confident in our con-
clusions. Additionally, varying both the models and
their implementation more closely matches the options
available to empirical phylogeneticists seeking to re-
solve ancient rapid radiations. This approach suffers a
clear liability, however, in that the effects of model dif-
ferences and implementation differences are conflated.
In the event of differing results, we may not be able
to isolate the effects of one from the other; therefore,
the added value to empirical phylogeneticists comes
at the cost of reduced utility of our results to program
developers and theorists.

The specific evaluations performed are described
more thoroughly in the Results section. Computation-
intensive analyses were run on either the Duke Shared
Cluster Resource (https://wiki.duke.edu/display/SC
SC/DSCR) or the Uppsala Multidisciplinary Center for
Advanced Computational Science (UPPMAX). When
appropriate, multiple tree files were summarized onto a
target phylogram with SumTrees 2.0.2 (Sukumaran and
Holder 2010) for subsequent inspection or manipulation
in FigTree 1.3.1 (Rambaut 2006).

RESULTS

Data and Topology Point Estimate

Tree-wide mean ML bootstrap support (MLBS) val-
ues (summed bootstrap values on the ML tree divided
by the number of internodes in that tree) for the in-
dividual loci ranged from 74% (atpB) to 84% (matK).
The concatenated data have a mean MLBS of 92% and
strongly support (i.e., have �70% MLBS and �0.95 pos-
terior probability [PP]) 90% of the partitions (Table 2).
Across data sets, ML and Bayesian inference consis-
tently inferred strong support for a comparable number
of bipartitions (Table 2), a result that offers further em-
pirical corroboration for the approximate equivalence
of 70% MLBS and 0.95 PP (Hillis and Bull 1993; Alfaro
et al. 2003).
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FIGURE 3. Phylogeny evaluation: rate heterogeneity and the Bayesian star-tree paradox artifact. a) Unrooted ML phylogram of the concate-
nated data, with the backbone internodes highlighted and labeled. b) Accounting for the impact of rate heterogeneity on backbone support
values. The four values listed for each backbone internode are: MLBS on full data, MLBS with Aspleniaceae (Asplenium and Hymenasplenium)
pruned from trees, MLBS with Aspleniaceae removed from analysis, and posterior support from BEAST. c) Controlling for the Bayesian star-tree
paradox artifact using the polytomy prior in Phycas. The four PPs listed for each internode are from: MrBayes 3.1.1 (susceptible to the star-tree
artifact), Phycas with C = 1, Phycas with C = e, and Phycas with C = 10. d) Controlling for the Bayesian star-tree paradox artifact using the
Yang branch-length prior. The four PPs listed for each internode are from: MrBayes 3.1.1 (susceptible to the star-tree artifact), MrBayes 3.1.2 with
branch-length prior mu1/mu0 = 0.01, MrBayes 3.1.2 with branch-length prior mu1/mu0 = 0.001, and MrBayes 3.1.2 with branch-length prior
mu1/mu0 = 0.0001.

There are two well-supported conflicts among the
individual-locus ML trees. The first involves a tip rela-
tionship (matK unites Deparia pterorachis with D. unifur-
cata, with 72% MLBS, whereas rbcL places D. pterorachis
as sister to the rest of the genus, with 75% support) that
is peripheral to the focus of this study. The second is
deeper in the tree: matK has 80% MLBS for a clade unit-
ing Thelypteridaceae with the athyrioids, Blechnaceae,
and Onocleaceae, to the exclusion of Woodsia and allies,
whereas both atpA and atpB place Woodsia and its al-
lies within that clade (92% in atpA; 71% in atpB). Given
that we confirmed this conflict to not be attributable to
laboratory or identification errors, and because the loci
involved are linked and the taxa are long-diverged, we
do not ascribe this conflict to differences in evolutionary
history and proceeded to concatenate all the data for
subsequent analyses.

Each of our ten ML best-tree searches of the concate-
nated data in PAUP* (from different random-addition-
sequence starting trees) inferred the same tree (Fig. 3a),

suggesting that tree space is unimodal for our data
set. Most partitions in this topology point estimate
were strongly supported by both ML bootstrapping
and Bayesian PPs (Table 2); the different ML programs
(PAUP*, Garli, and RAxML) inferred very similar MLBS
levels (data not shown).

Bayesian Star-Tree Paradox Artifact

For certain branches, we observed very high Bayesian
PPs from the MrBayes analysis, but much lower lev-
els of support from the ML bootstrapping (Fig. 4a);
these support discrepancies are disproportionately rep-
resented among short branches (Fig. 4b). This pattern
is consistent with artificially high Bayesian support
due to the star-tree paradox artifact—most implemen-
tations of Bayesian phylogenetic inference do not con-
sider polytomies among the option set for the MCMC
sampler and thus can return high PPs for branches that
are unsupported by the data (Lewis et al. 2005; Yang and
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FIGURE 4. Discrepancies between ML and Bayesian support values. a) ML phylogram of the concatenated data, internal branches only
(all tip branches have been deleted). Branches are colored according to the magnitude of the difference between their PP (from MrBayes 3.1.1)
and their percent MLBS (from 5000 pseudoreplicates in PAUP*). b) Internal branches rotated to be vertical and sorted by length. Colors follow
Figure 4a.

Rannala 2005; Yang 2008; see early hints in Cummings
et al. 2003).

To ensure that this “star-tree paradox” artifact was
not influencing our assessment of support, we com-
pared the results from our original MrBayes 3.1.1 anal-
ysis (Ronquist and Huelsenbeck 2003; MrBayes 3.1.1 is
potentially vulnerable to the star-tree paradox artifact)
with those of a non-Bayesian analysis (ML bootstrap-
ping in PAUP* from our initial assessment of support),
as well as with two implementations of Bayesian in-
ference that use different approaches to reduce their
vulnerability to the star-tree paradox artifact.

First, we analyzed our data with Phycas 1.1.2-r (Lewis
et al. 2010). Phycas uses reversible-jump MCMC to al-
low the sampling of incompletely resolved topologies,
controlled via the incorporation of a polytomy prior,
“C.” A value of C = 1 means that unresolved and fully
resolved topologies are weighted equally; under a value
of C = 10 a trichotomy is 10 times more likely, a priori,
than either of its fully resolved resolutions (Lewis et
al. 2005). We performed three runs of our full concate-
nated data, under a GTR+I+G model, using a branch-
length hyperprior (default values), for 200,000 cycles
(sampling from the posterior every 10 cycles; note: Phy-
cas makes proposals to each free parameter in each
cycle, and thus Phycas cycles are not comparable to Mr-
Bayes generations, which include a proposal to only a
single parameter), with C = 1, C = e (2.718), and C =
10, respectively. Inspection of the AWTY-type plots (see
Nylander et al. 2008) and sojourn plots (see Lewis and
Lewis 2005) revealed that the runs converged before
40,000 cycles; to be conservative, we excluded the first
50,000 cycles (5000 samples) as burn-in. These trees are
available as SI Figures 1–3.

We then reanalyzed our data with a modified version
of MrBayes 3.1.2 that incorporates exponential priors on

internal and external branch lengths (Yang 2007, 2008).
These “Yang branch-length priors” allow the concen-
tration of the prior mass on topologies with very short
internal branches, for an intended effect similar to that
of the polytomy prior (above); only if the data strongly
support a branch can the short internal branch prior be
overcome. We performed three runs of four chains each
under the settings used in the initial MrBayes analysis
but with the addition of the branch-length priors. The
mean of the external branch-length prior (mu1) was
set to 0.1, and the mean of the internal branch-length
prior (mu0) to 0.00001, 0.0001, and 0.001, successively.
As in the initial analyses, 2 million generations from
each run were discarded as burn-in (trees available as SI
Figs. 4–6).

The results of these analyses show that four of the
backbone internodes (A, B, C, and D; Fig. 3a) were
largely insensitive to either the polytomy prior (Fig. 3b)
or the Yang branch-length prior (Fig. 3c); their PPs
stayed at or within three percentage points of 1.0 for
all seven analyses (the original MrBayes 3.1.1 analy-
sis, three Phycas runs with increasingly strong poly-
tomy prior values, and three MrBayes 3.1.2 runs with
increasingly strong Yang branch-length prior values).
Interestingly, the two approaches (polytomy prior vs.
branch-length prior) had very different effects on the
other backbone internodes, despite the approaches be-
ing designed to overcome the same shortcoming in
Bayesian phylogenetic inference. For example, the only
backbone internode that was not well supported by the
original ML and Bayesian analyses (internode F; Fig. 3a)
exhibited increased support under weak versions of
either the polytomy prior or the branch-length prior.
However, the norms of reaction for the two priors were
opposed: as the polytomy prior increased in strength
(C = 1, e, and 10), the posterior support for internode F
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decreased (PP = 0.93, 0.89, 0.83; Fig. 3b), whereas as the
branch-length prior strength increased (mu0/mu1 =
0.01, 0.001, 0.0001), the PP on internode F also increased
(PP = 0.97, 1.0, 1.0; Fig. 3c).

The remaining three internodes (E, G, and H; Fig. 3a)
were well supported by the original ML and Bayesian
analyses but showed some sensitivity to either the poly-
tomy or the branch-length prior, again in opposing
ways. Internode E was largely insensitive to the branch-
length prior (Fig. 3c) but was strongly weakened by the
polytomy prior (Fig. 3b), whereas internodes G and H
were largely unaffected by the polytomy prior but were
unsupported under strong values of the branch-length
prior (Fig. 3b,c).

Lineage-Specific Rate Heterogeneity

To investigate whether the rapid rate of evolution for
the Aspleniaceae (Figs. 1 and 3) was biasing tree recon-
struction, we attempted to isolate the effects of this rate
heterogeneity in three ways. First, we pruned the Asple-
niaceae from 1000 full-data Garli ML bootstrap trees prior
to building the consensus tree and evaluating support.
This “reduced consensus” approach (Wilkinson 1996;
Burleigh et al. 2009) removes any effects due solely to
uncertainty in the placement of these long-branch taxa.
If the remaining relationships are well supported, then
overall support values will appear low in the standard
consensus but will be restored under the reduced con-
sensus. Second, we reran the Garli ML bootstrap analysis
on a data set where the Aspleniaceae had been removed
prior to analysis, to eliminate any effect that these taxa
might have on the optimization of model parameters,
and to allow the model to better fit the remaining data
(the “reduced data” approach). Third, we ran the full
data set in BEAST 1.5.4 (Drummond and Rambaut 2007),
incorporating a relaxed-clock model that explicitly mod-
els lineage-specific rate variation (Drummond et al. 2006)
and thus should be less sensitive to any artifacts induced
by the strongly heterogeneous rates in our data. We ran
three independent runs on the full concatenated data
set, each for 20 million generations (sampling the poste-
rior every 1000 generations), with the following settings:
birth-death tree prior; lognormal uncorrelated relaxed
clock; and GTR+I+G substitution model. Priors were left
at their default values, with the exception of those for
six time-to-most-recent-common-ancestor (TMRCA) age
parameters, which were each given normal distributions
with a mean equal to the inferred age estimated for that
clade by Schuettpelz and Pryer (2009) and a standard
deviation equal to 10% of that mean. The relevant taxon
sets, and their TMRCA prior means, are: tree root (165.6
MA), Dennstaedtiaceae (119.3 MA), Eupolypods (116.7
MA), Pteridaceae (110.8 MA), Eupolypods II (103.1 MA),
and Eupolypods I (98.9 MA). None of the taxon sets was
constrained to be monophyletic. The use of secondary
constraints such as these is clearly inferior to the use of
fossil data for divergence time dating (Magallón 2004),
but as no such data are available, and our interest is
more in the relative than absolute divergence times,

this approach seemed best. Visual inspection in Tracer
(Rambaut and Drummond 2007) demonstrated that the
runs converged before 1 million generations; to be con-
servative, we excluded the first 3 million generations
of each run prior to analyzing the pooled posterior of
51,000 samples (17,000 from each run; SI Fig. 7). For this
sample, the effective sample size for each parameter was
above 300.

None of these attempts to mitigate potential effects
of the increased rates of molecular evolution associ-
ated with Aspleniaceae strongly affected support values
along the backbone. Support values from the full taxon-
sample consensus data (Fig. 3d, first values) differed
from those from the reduced consensus (Fig. 3d, second
values) by at most one percentage point. Removing As-
pleniaceae from the data set prior to the bootstrap tree
searches had a larger effect (up to a five percentage point
change in support; Fig. 3d, third values), but in no case
resulted in an internode moving from well supported
(�70% MLBS) to poorly supported or vice versa. The
support values from the BEAST analysis (Fig. 3d, fourth
values) were concordant with those of the ML runs, es-
pecially in that the internode uniting Rhachidosorus with
the diplazioids, Hemidictyum, and Aspleniaceae (intern-
ode F; Fig. 3d) was the only one without strong support
(it had a PP of 0.90).

Rooting Uncertainty

To evaluate any effects that uncertainty in root-branch
placement might have on apparent levels of support
within the ingroup, we compared ingroup backbone
MLBS values from the analysis of our complete data
(full outgroup) with those from each of six different
variations in outgroup composition: (i) ingroup only;
(ii) ingroup + Dryopteris; (iii) ingroup + Dryopteris and
Didymochlaena; (iv) ingroup + Dryopteris and Notholaena;
(v) ingroup + Dryopteris and Notholaena and Pteridium;
and (vi) ingroup + our full eupolypod I sample (Fig. 5).
This outgroup sampling regime was selected to suc-
cessively bisect the longest outgroup branches, with
a particular emphasis on breaking the proximate root
branch (the branch connecting the ingroup to the first
outgroup node).

We evaluated support for each of the six outgroup
sampling regimes using both the reduced consensus
approach (full data included in the analysis, but out-
group pruned down to the desired sample prior to
forming the consensus tree; Fig. 5, first values; Wilkinson
1996; Burleigh et al. 2009) and a reduced data approach
(outgroup reduced to the desired sample prior to the
analyses; Fig. 5, second values). The former approach
controls for uncertainty in outgroup placement alone
(i.e., it offers a metric of the signal strength), whereas the
latter approach additionally accounts for model fit. All
analyses were based on 1000 ML bootstrap replicates
of the concatenated data in Garli 1.0.695 (MPI parallel
version; Zwickl 2006), under a GTR+I+G substitution
model, using the default genetic algorithm and termina-
tion settings.
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FIGURE 5. Effects of outgroup composition on ingroup backbone support values. Values on each internode indicate the percentage point
difference in MLBS between the focal analysis and the analysis with the full taxon sample. The first values are those from the reduced consensus
approach; second values are from the reduced data approach. NA indicates an internode not present with that outgroup sample. Excluded taxon
branches are in gray; included outgroup branches are black. This figure shows only outgroup and ingroup backbone branches; most ingroup
branches have been deleted (but were included in the analyses). Labeling of the backbone internodes follows Figure 3a.

The results of these rooting comparisons demonstrate
that our initial concerns—that the outgroup would
wander and thus reduce support measures within the
ingroup—were largely unfounded. The reduced con-
sensus support values were minimally different from
those with the full outgroup (Fig. 5, first values). When
a “consensus interference” effect did appear (first values
> 0 in Fig. 5b,c,f), it was correlated with the maximum
root length rather than with proximate root length, i.e.,
it is the long Notholaena branch that wanders rather than
the outgroup as a whole.

In stark contrast, outgroup composition had a strong
effect on backbone support if the outgroup was changed
prior to the tree searching steps. When we reduced our
outgroup sample and reran the ML bootstrapping (the
reduced data approach), backbone internode support
values changed from their full-outgroup values by up
to 32 percentage points (Fig. 5, second values). The
largest of these changes are reductions in support for
branches proximate to the root (internodes E, F, and G;
Fig. 3a) and are due to uncertainty in the ancestral state

of the smaller outgroup sample (as demonstrated by the
reduced consensus values from each of the smaller data
sets; data not shown).

Eupolypod II Phylogeny

Our results demonstrate that the vast majority of
internodes in the ML tree are strongly supported by
both ML bootstrapping and Bayesian PPs (Fig. 6 and
Table 2), and these support values proved robust to
our phylogeny evaluations. In particular, the ML tree
has 10 highly supported major (approximately fam-
ily unit) ingroup clades: Cystopteris/Gymnocarpium;
Rhachidosorus; Diplaziopsis/Homalosorus; Hemidictyum;
Aspleniaceae; Thelypteridaceae; Woodsia and allies; On-
ocleaceae; Blechnaceae; and the athyrioids (Fig. 6b).
Of these, Cystopteris/Gymnocarpium is sister to the re-
maining eupolypod II taxa, followed by the loosely
supported assemblage of Rhachidosorus with Diplaziop-
sis/Homalosorus + Hemidictyum + Aspleniaceae. Blech-
naceae is sister to Onocleaceae, and they together are



2012 ROTHFELS ET AL.—ANCIENT RAPID RADIATION OF EUPOLYPOD II FERNS 499

FIGURE 6. ML phylogram of the concatenated data. Support values indicated are MLBS followed by Bayesian PPs. Bold branches have �70%
MLBS and�0.95 PP. Support values of 100% or 1.0 are indicated with an asterisk (*). a) Most recent family designations (Smith et al. 2006), with
the paraphyletic Woodsiaceae highlighted. b) Major clade names used in this study: Cyst/Gymno = Cystopteris s. lat. and Gymnocarpium; Rha =

Rhachidosorus; Dipls = Diplaziopsis and Homalosorus; H = Hemidictyum; Aspleniaceae; Thelypteridaceae; Woods and allies = Woodsia and allies;
Onocleac = Onocleaceae; Blechnaceae; athyrioids. Backbone internodes labeled A through H following Figure 3a.
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successively sister, in a pectinate pattern, to the athyri-
oids, then to Woodsia and allies, and finally to the
Thelypteridaceae (Fig. 6). This broad phylogeny is in
general agreement with earlier molecular phylogenetic
studies that included members of the Eupolypods II
(Gastony and Ungerer 1997; Murakami et al. 1999; Sano
et al. 2000a, 2000b; Smith and Cranfill 2002; Tzeng 2002;
Cranfill and Kato 2003; Wang et al. 2003; Schneider et al.
2004a; Wei et al. 2010; see particularly Schuettpelz and
Pryer 2007; Kuo et al. 2011). However, the backbone of
the phylogeny is strongly supported for the first time;
the only backbone internode lacking such support is
the one attaching the Rhachidosorus branch to the rest
of the tree (Fig. 6, internode F). Additionally, we are
finally able to confidently place the enigmatic genera
Cheilanthopsis, Diplaziopsis, Homalosorus, Protowoodsia,
and Woodsia.

DISCUSSION

Bayesian Star-Tree Paradox Artifact

Although one would anticipate that internodes across
a topology would differ in their sensitivity to the star-
tree paradox approaches (not all short branches are
inferred equal), it is unclear what is driving the different
responses in our data—neither the original Bayesian
posteriors nor the MLBS levels correlate with the be-
havior of a given internode under the additional priors
(Fig. 3). This study is the first to examine the perfor-
mance of these star-tree paradox methods on empirical
data; their nonparallel effects were perhaps the most
surprising result of this portion of the analyses. How-
ever, while they were developed for the same func-
tion, the methods differ strongly in their approach and
should not be expected to result in similar behavior. The
branch-length prior, in effect, flattens the posterior for
topologies. As the mu0/mu1 ratio decreases, the relative
influence of any data supporting an internal branch is
reduced, and the external branches come closer to being
randomly arranged. However, each topology sampled
from the posterior must still be fully resolved and thus
any reduction of support for a particular topology must
be accompanied by increased support for some other
one. In this sense, the branch-length prior is less a mea-
sure of intrinsic support for a given internode than it is
a measure of whether that node is better supported than
all alternative resolutions. Under circumstances of low
support for an entire set of relationships, the branch-
length prior favors the best of a bad lot. The polytomy
prior, on the other hand, allows the direct compari-
son between a given resolution and a polytomy. Strong
values of the branch-length prior lead to many trees,
each with a low posterior, whereas strong values of the
polytomy prior lead to a star tree, with a high posterior.

In interpreting the performance of these two meth-
ods on our data, it is important to stress that we did
not attempt to tightly isolate the effects of the Yang
branch-length prior and those of the polytomy prior.
Rather, each was bundled with other elements of its host

program (MrBayes 3.1.2 and Phycas 1.1.2-r, respectively),
which differ from each other in both their models, and
their implementation of those models. In particular, im-
portant model differences include data partitioning in
MrBayes (the Phycas runs were on unpartitioned data)
and the incorporation of a branch-length hyperprior in
Phycas (there is no such hyperprior in MrBayes); impor-
tant implementation differences include the limitation
of Phycas to Larget-Simon moves (Larget and Simon
1999), whereas MrBayes utilizes a broader suite of topol-
ogy proposals.

Regardless of the different performance of the two
methods, the backbone support levels in our data were
generally robust to the star-tree paradox artifact ap-
proaches (Fig. 3b,c), suggesting that the high Bayesian
support values for these internodes are valid. Even
under extreme values of the polytomy prior, for ex-
ample (C = 10, or trichotomies 10 times more likely, a
priori, than their fully resolved alternatives), the pos-
terior consensus tree still resolved each of the eight
critical backbone internodes, and only one fell be-
low 0.95 PP (internode E; Fig. 3b). The differences
between Bayesian PP and MLBS values in our data
(Fig. 4), therefore, reflect something other than the
failure of the original Bayesian analyses to include
polytomies in the option set; these differences may
simply be due to Bayesian inference being more sen-
sitive to small amounts of data than is bootstrap-
ping and thus more likely to support short internodes
(Alfaro et al. 2003).

Lineage-Specific Rate Heterogeneity

The absence of any effect of lineage-specific rate het-
erogeneity on our topology estimation or support levels
is particularly interesting in light of recent questions
(Drummond et al. 2006) about the general applicabil-
ity of the unrooted model (aka “no clock” model; Yang
and Rannala 2006; Wertheim et al. 2010) in phyloge-
netic inference. Given the dramatic lineage-specific rate
heterogeneity that is present in our data set, one might
expect the unrooted and relaxed-clock models to fit very
differently, and given that the fast lineages in our data
are intercalated among short internodes, our topology
would be expected to be sensitive to such model differ-
ences. However, no effects are seen; our data, at least,
do not support concerns about the application of the
unrooted model in phylogenetic inference, a result that
provides empirical support to the simulation results of
Wertheim et al. (2010).

Rooting Uncertainty

The effects of differing outgroup compositions on
support levels for branches phylogenetically distant
from the root were unexpected and may reflect a combi-
nation of both stochastic variation in ML bootstrapping
and of factors of model optimization on the different
data sets. Neither of these explanations is heartening.
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The latter—the “model-mediated” effect—requires that
changes in outgroup composition have strong and
somewhat idiosyncratic effects on support levels on
parts of the tree phylogenetically distant from the root
itself (for a similar case, see Roberts et al. 2009). These
effects are not due to the outgroup itself changing posi-
tion (that possibility is eliminated by comparison with
the reduced consensus values) and must instead be
mediated through nontopological factors. The former
explanation—stochastic variation in bootstrap support
values—would suggest that 1000 pseudoreplicates are
insufficient to get accurate support estimates for these
data. Regardless of the precise mechanism by which the
outgroup affects support values, these results empha-
size the wisdom of including a broad outgroup sample,
particularly when the outgroup is distantly related to
the taxa of interest (Swofford et al. 1996; Graham and
Iles 2009).

Eupolypod II Phylogeny: Major Clades

The affinities of Cystopteris s. lat. (including Acystop-
teris, e.g., Blasdell 1963) and Gymnocarpium have been
the object of considerable taxonomic disagreement. Both
genera, individually or in tandem, have been thought to
be allied with the Dryopteridaceae (in Eupolypods I) or
the Athyriaceae; in either position they were inevitably
highlighted as being anomalous (see Sledge 1973). Early
molecular studies supported Cystopteris and Gymno-
carpium as sister species and demonstrated their lack
of close affinity to either Dryopteridaceae or Athyrium
but were unable to pinpoint their phylogenetic position
(Wolf et al. 1994; Hasebe et al. 1995). Recent studies
(Schuettpelz and Pryer 2007; Kuo et al. 2011) were the
first to support a sister group relationship between a
Cystopteris/Gymnocarpium clade and the rest of Eupoly-
pods II, a result corroborated and strengthened by our
data (Fig. 6, internode E), the first to include multiple
accessions of Acystopteris and Cystopteris s. str.

Historically, arguments about Rhachidosorus focused
on its validity as a genus, distinct from either Athyrium
or Diplazium (Ching 1964a; Kato 1975b). Early molecu-
lar phylogenies (Sano et al. 2000a; Tzeng 2002; Wang et
al. 2003) provided the first evidence that Rhachidosorus
might not be closely related to either, a result further em-
phasized by the three-gene results of Kuo et al. (2011). In
our study, the two included Rhachidosorus species form
a tight clade phylogenetically distant from any other
taxon; their closest relatives appear to be Diplaziopsis,
Homalosorus, Hemidictyum, and Aspleniaceae. While
our data do not strongly support a precise position
for Rhachidosorus (Fig. 6, internode F), of note is the
100% MLBS and 1.0 PP for internode D (Fig. 6), which
separates Rhachidosorus from the athyrioids. Thus, our
data very strongly reject a close relationship between
Rhachidosorus and its presumed allies, the athyrioids,
an unanticipated conclusion based on morphological
data (Kato 1975b). Indeed, our data suggest that the two
groups last shared a common ancestor nearly 100 MA
(SI Fig. 7).

As with Rhachidosorus, Homalosorus and Diplaziop-
sis were long thought to be allied with the athyri-
oids, where they are typically treated as members of
Diplazium (Ching 1964b; Kato 1975a, 1977; Kato and
Darnaedi 1988; Wang et al. 2004). The first indication
that this placement might be inaccurate came from the
study of Sano et al. (2000a), which strongly supported
Homalosorus (a monotypic genus) as sister to their lone
Diplaziopsis accession and placed the two genera distant
from Diplazium, a result corroborated by Wei et al. (2010)
and Kuo et al. (2011). Our study includes two Diplaziop-
sis species, which are strongly supported as sister to
each other, and together are sister to Homalosorus. These
two genera form a clade that is strongly supported, for
the first time, as sister to Hemidictyum + Aspleniaceae
(Fig. 6, internode G).

Woodsia has been underrepresented in molecular phy-
logenetic studies to date; no study has included more
than one species, and none has been able to strongly
infer the position of that species, either. Here, we es-
tablish that Woodsia s. lat. is likely to be monophyletic
(Fig. 6, seven species included in our analysis) and
we demonstrate that two of the three segregate gen-
era (Cheilanthopsis and Protowoodsia) recognized by
Shmakov (2003) are nested within Woodsia s. str.; only
Hymenocystis is as-yet unsampled. Additionally, our
study finds strong support for the position of Wood-
sia s. lat. to be far from the other Woodsiaceae genera
(Athyrium, Acystopteris, Cornopteris, Cystopteris, Deparia,
Diplazium, Gymnocarpium, Rhachidosorus, Diplaziopsis,
Homalosorus, Hemidictyum), as circumscribed in the most
recent family level fern classification (Smith et al. 2006);
compare Figure 6a with Figure 6b.

The “athyrioids” have been a source of great dis-
agreement in fern systematics (e.g., Ching 1940; Alston
1956; Ching 1964a; Sledge 1973; Tryon and Tryon 1982).
Molecular data confirmed their distant relationship to
the dryopteroid ferns (Dryopteridaceae, in Eupolypods
I), but uncertainty regarding their delimitation and
affinities has persisted until very recently. Sano et al.
2000a were the first to extensively sample the athyri-
oids, and they provided the initial evidence that the
group, as then understood, was strongly heterogeneous.
Our data corroborate the results of earlier studies (Sano
et al. 2000a; Wang et al. 2003; Schuettpelz and Pryer
2007) in revealing three major clades within the athyri-
oids s. str.: one containing Athyrium and close allies
(“athyriids”); one containing Diplazium s. lat. (“diplazi-
ids”); and one containing Deparia s. lat. (“depariids”).
Our novel finding is the well supported, early diverging
position of Athyrium skinneri with respect to the other
athyriids included in our sample. This species belongs
to a small group of predominantly Mexican taxa, none
of which had been included in previous phylogenetic
studies. Its position as sister to the rest of the included
athyriids (including Cornopteris and Pseudocystopteris)
emphasizes the paraphyly of Athyrium as currently
circumscribed and has important implications for our
understanding of the evolution of both the athyriids
and the diplaziids. Our study provides additional novel
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support for the placement of the athyrioids as phy-
logenetically distant from Rhachidosorus, Cystopteris,
Gymnocarpium, Woodsia, Diplaziopsis, Hemidictyum, and
Homalosorus, a topology that is in conflict with the recent
classifications of the group (Wang et al. 2004; Smith et
al. 2006); both Athyriaceae sensu Wang et al. (2004) and
Woodsiaceae sensu Smith et al. (2006) are shown here to
be strongly paraphyletic (Fig. 6).

Our results for the remaining five major clades—
Aspleniaceae, Thelypteridaceae, Hemidictyum, Blech-
naceae, and Onocleaceae—agree in all important re-
spects with earlier studies of these groups (Gastony and
Ungerer 1997; Murakami et al. 1999; Cranfill 2001; Smith
and Cranfill 2002; Schneider et al. 2004a; Schuettpelz
and Pryer 2007; Kuo et al. 2011), albeit with generally
increased support.

Eupolypod II Phylogeny: Morphological Stasis and Disparity

A striking pattern in our phylogeny is its incongru-
ence with previous morphology-based hypotheses of
relationship, particularly with respect to the position of
the genera of Woodsiaceae sensu Smith et al. (2006):
Acystopteris, Cystopteris, Diplaziopsis, Gymnocarpium,
Hemidictyum, Homalosorus, Rhachidosorus, Woodsia and
allies, as well as the athyrioids (Fig. 6). Some of these
groups have been historically difficult to place and thus
their isolation from Woodsia or the athyrioids (the bulk
of Woodsiaceae sensu Smith et al. (2006) is in the athyri-
oids) is not particularly surprising. Smith et al. (2006)
themselves noted that their Woodsiaceae might prove
to be not monophyletic. The placement of three genera,
however, was utterly unanticipated by morphological
data: Diplaziopsis, Homalosorus, and Rhachidosorus. These
taxa have not only been considered closely related to the
athyrioids, they have been nearly universally considered
to be members of the large genera Diplazium (first two) or
Athyrium (Rhachidosorus). Their phylogenetic position,
deeply isolated from their presumed relatives, under-
scores the complex patterns of morphological evolution
in Eupolypods II; further morphological investigations
are necessary to determine whether the apparent sim-
ilarities between these three genera and the athyrioids
are due to convergence or symplesiomorphy.

This trend of shared morphological syndromes across
very deep splits in the tree by some members of the
“Woodsiaceae” is in contrast to the interdigitation,
among those same taxa, of a series of distinct morpho-
logically unique groups, including the Aspleniaceae,
Blechnaceae, Onocleaceae, and Thelypteridaceae. The
coarse picture of eupolypod II morphological evolution,
then, is marked by two seemingly opposing patterns.
On the one hand are the autapomorphy-rich clades,
whose individual phylogenetic coherence is strong, but
whose deep relationships were obscure based on mor-
phological data. And, on the other, the morphologically
consistent yet phylogenetically incoherent members of
the “Woodsiaceae”.

Although not the focus of this study, our phylogeny
contains rich information on relationships closer to the

tips of the tree, within the approximately family unit
clades. For example, within the athyrioids and Blech-
naceae, morphological evolution is complex, and non-
monophyletic generic concepts are common. Generic
delimitation within these families is in need of much fur-
ther study. In addition, a cursory comparison between
the Onocleaceae and their sister group, the Blechnaceae,
is revealing. Both clades have approximately the same
crown ages (SI Fig. 7) yet exhibit strikingly different
patterns of diversification. The Onocleaceae branch is
marked by few well-spaced divergences leading to the
five extant species. Conversely, the Blechnaceae branch
features multiple, very short internodes; this family
includes approximately 200 extant species.

Phylogeny Evaluation

Despite the presence in our data set of each of the
anticipated challenges to robust phylogenetic inference
(long outgroup branch; strong lineage-specific rate het-
erogeneity; ancient rapid radiation model; Figs. 1 and
3a), we were able to infer a phylogeny with strong
backbone support (Fig. 6), and our various evaluations
gave no indication that the support for the internodes
in our ML tree is due to artifacts. However, different ap-
proaches to controlling for the Bayesian star-tree para-
dox artifact, and different outgroup sampling regimes
all influenced support levels; only lineage-specific rate
heterogeneity had a negligible effect.

These effects give further weight to arguments for
rigorously evaluating phylogenies against potential ar-
tifacts. While specific vulnerabilities may be data set
dependent, the core elements of our analysis regime are
broadly applicable, including the inspection of prelim-
inary phylogenetic hypotheses for potential confound-
ing factors, the investigation of those factors through
scrutinizing the performance of multiple models and
multiple implementations of those models, and the
utilization of the reduced consensus approach to iso-
late topological effects of signal weakness from those
of signal conflict. Although this study is focused on the
post-data set steps, preanalysis components (taxon sam-
pling, character sampling, character evaluation) are also
vital. In particular, in our case, the use of a broad taxon
sample with moderate character data proved effective.

SUPPLEMENTARY MATERIAL

Supplementary material, including data files, can be
found at http://www.sysbio.oxfordjournals.org/.
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ré

11
51

9
(U

C
)

C
h

in
a:

T
ib

et
JF

83
20

78
JF

83
21

75
JF

83
21

34
JF

83
22

31
—

P.
or

ie
n

ta
le

(H
o

o
k

.)
H

ay
at

a
69

92
19

80
S

in
o

-A
m

er
.E

x
p

ed
.#

20
50

(U
C

)
C

h
in

a:
H

u
b

ei
JF

83
20

79
JF

83
21

76
JF

83
21

35
JF

83
22

32
—

P.
or

ie
n

ta
le

(H
o

o
k

.)
H

ay
at

a
—

N
o

v
o

u
ch

er
ta

k
en

C
u

lt
.(

D
r

C
ec

il
ia

K
o

o
B

o
t.

—
—

—
—

JF
83

22
83

C
o

n
s.

C
en

te
r

K
03

25
01

;
o

ri
g

in
:T

ai
w

an
)

R
h

ac
h

id
o

so
ru

s
R

ha
ch

id
os

or
u

s
m

es
os

or
u

s
(M

ak
in

o
)

C
h

in
g

—
F

u
ji

m
o

to
s.

n
.(

T
N

S
)

C
u

lt
.(

T
B

G
;o

ri
g

in
:J

ap
an

)
—

—
—

—
JF

83
22

87
R

.m
es

os
or

u
s

(M
ak

in
o

)
C

h
in

g
70

75
M

at
su

m
o

to
s.

n
.(

D
U

K
E

)
C

u
lt

.(
T

B
G

;o
ri

g
in

:J
ap

an
)

JF
83

20
84

JF
83

21
80

JF
83

21
40

JF
83

22
38

—
R

.p
u

lc
he

r
(T

ag
aw

a)
C

h
in

g
—

C
h

en
44

1
(T

N
U

)
T

ai
w

an
JF

30
39

71
c

JF
83

21
81

JF
30

39
98

c
JF

83
22

39
JF

30
39

62
c

T
h

el
y

p
te

ri
d

ac
ea

e
C

or
yp

ho
pt

er
is

se
em

an
n

ii
H

o
lt

tu
m

37
74

G
am

e
95

/
14

7
(U

C
)

F
ij

i:
V

it
iL

ev
u

E
F

46
33

00
j

E
F

46
35

56
j

JF
83

21
05

JF
83

22
01

JF
83

22
64

M
ac

ro
th

el
yp

te
ri

s
to

rr
es

ia
n

a
(G

au
d

ic
h

.)
C

h
in

g
65

02
R

o
th

fe
ls

30
50

et
al

.(
D

U
K

E
)

M
ex

ic
o

:S
an

L
u

is
P

o
to

si
JF

83
20

73
JF

83
21

70
JF

83
21

29
JF

83
22

26
—

M
.t

or
re

si
an

a
(G

au
d

ic
h

.)
C

h
in

g
—

K
u

o
82

6
(T

A
IF

)
T

ai
w

an
—

—
—

—
JF

30
39

31
c

P
he

go
pt

er
is

co
n

n
ec

ti
li

s
(M

ic
h

x
.)

W
at

t
70

60
L

ar
ss

o
n

17
(U

P
S

)
S

w
ed

en
:U

p
p

sa
la

JF
83

20
80

JF
83

21
77

JF
83

21
36

JF
83

22
33

—
P.

co
n

n
ec

ti
li

s
(M

ic
h

x
.)

W
at

t
—

K
u

o
15

1
(T

A
IF

)
T

ai
w

an
—

—
—

—
JF

30
39

32
c

P
se

u
do

ph
eg

op
te

ri
s

cr
u

ci
at

a
(W

il
ld

.)
H

o
lt

tu
m

35
59

Ja
n

ss
en

27
24

(P
)

F
ra

n
ce

:I
le

d
e

la
R

eu
n

io
n

E
F

46
32

79
j

E
F

46
35

35
j

JF
83

21
39

JF
83

22
36

JF
83

22
86

T
he

ly
pt

er
is

de
n

ta
ta

(F
o

rs
sk

.)
E

.P
.S

t.
Jo

h
n

36
54

S
ch

u
et

tp
el

z
60

7
et

al
.(

B
)

C
u

lt
.(

B
o

ta
n

is
ch

er
G

ar
te

n
E

F
46

32
84

j
E

F
46

35
40

j
JF

83
21

44
JF

83
22

43
JF

83
22

90
B

er
li

n
-D

ah
le

m
)

T
.g

em
m

u
li

fe
ra

(H
ie

ro
n

.)
A

.R
.S

m
.

37
47

H
u

ie
t

s.
n

.e
t

al
.(

U
C

)
C

u
lt

.(
U

C
B

G
83

.0
94

3;
E

F
46

32
85

j
E

F
46

35
41

j
JF

83
21

45
JF

83
22

44
JF

83
22

91
o

ri
g

in
:V

en
ez

u
al

a)
T

.p
al

u
st

ri
s

S
ch

o
tt

70
55

L
ar

ss
o

n
16

(U
P

S
)

S
w

ed
en

:U
p

p
sa

la
JF

83
20

85
JF

83
21

82
JF

83
21

46
JF

83
22

45
JF

83
22

92
T

.p
oz

oi
(L

ag
.)

C
.V

.M
o

rt
o

n
—

K
u

o
11

0
(T

A
IF

)
T

ai
w

an
:O

rc
h

id
Is

.
—

—
JF

30
40

04
c

—
JF

30
39

33
c

T
.p

oz
oi

(L
ag

.)
C

.V
.M

o
rt

o
n

—
U

n
k

n
o

w
n

U
n

k
n

o
w

n
A

B
05

95
79

n
—

—
—

—
T

.u
ra

ie
n

si
s

(R
o

se
n

st
.)

C
h

in
g

—
K

u
o

13
9

(T
A

IF
)

T
ai

w
an

:T
ai

p
ei

JF
30

39
72

c
—

JF
30

40
02

c
—

JF
30

39
34

c

W
oo

ds
ia

an
d

al
li

es
C

he
il

an
th

op
si

s
el

on
ga

ta
(H

o
o

k
.)

C
o

p
el

.
71

69
P

o
lu

n
in

,S
y

k
es

an
d

N
ep

al
:M

ah
ar

ig
ao

n
JF

83
20

60
JF

83
21

58
JF

83
21

03
—

—
W

il
li

am
s

(U
P

S
)

P
ro

to
w

oo
ds

ia
m

an
ch

u
ri

en
si

s
(H

o
o

k
.)

C
h

in
g

71
01

N
ak

ai
k

e,
S

ak
ak

ib
ar

a
an

d
Ja

p
an

:K
o

is
aw

a
JF

83
20

82
JF

83
21

79
JF

83
21

38
—

—
Is

h
iz

u
k

a
s.

n
.(

E
)

P.
m

an
ch

u
ri

en
si

s
(H

o
o

k
.)

C
h

in
g

—
F

u
ji

m
o

to
s.

n
.(

T
N

S
)

C
u

lt
.(

T
B

G
;o

ri
g

in
:J

ap
an

)
—

—
—

—
JF

83
22

84
W

oo
ds

ia
an

de
rs

on
ii

B
ed

d
o

m
e

71
02

H
o

et
al

.2
60

1
(E

)
C

h
in

a:
Q

in
g

h
ai

JF
83

32
68

JF
83

21
67

JF
83

21
23

—
JF

83
22

79
W

.i
lv

en
si

s
(L

.)
R

.B
r.

70
50

K
ar

is
s.

n
.(

U
P

S
)

S
w

ed
en

:R
u

n
m

ar
ö
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IntroductIon

Despite intensive studies spanning the late 1930s to 1980s 
(Christensen, 1938; Ching, 1940, 1978a, b; Copeland, 1947; 
Holttum, 1947; Alston, 1956; Nayar, 1970; Pichi Sermolli, 
1973; Sledge, 1973; Mickel, 1974;  Tryon & Tryon, 1982; see 
Smith, 1995), evolutionary relationships within ferns remained 
obscure, and suprageneric treatments varied wildly. Holttum 
lamented in 1971 that “most family names of ferns have had 
such different meanings, as used by different authors, that 
such names are only intelligible if we associate them with the 
names of particular authors”. He suggested “in the meantime 
it would best serve the ultimate stability of nomenclature if 
we regard all family names of ferns as informal and tenta-

tive (which in fact they have always been)” (Holttum, 1971a). 
Thirty-five years later, Hennipman (1996) voiced a similar 
sentiment, that “modern higher classifications of ferns are 
a jungle for the user”. As recently as 1990, for example, the 
schizaeoid ferns (Schizaeales sensu Smith & al., 2006) and 
pteroid ferns (Polypodiales: Pteridaceae sensu Smith & al., 

2006) were hypothesized to be each other’s closest living allies 
(Tryon & al., 1990); current evidence, however, suggests these 
lineages shared a most recent common ancestor over 260 mil-
lion years ago (Schuettpelz & Pryer, 2009, their table S3), and 
that pteroids are more closely related to other Polypodiales, 
the Cyatheales, and the Salviniales (in total, the vast majority 
of ferns) than they are to the schizaeoids. Suprageneric fern 
classifications had fallen into such disrepute that some recent 
Floras avoided them altogether, opting instead to present genera 
in alphabetical order (e.g., Smith, 1981; Palmer, 2002; Mickel 
& Smith, 2004; Zuquim & al., 2008).

For nearly two decades, renewed investigations using molec-

ular (Hasebe & al., 1994, 1995; Manhart, 1994, 1995; Wolf & al., 
1994, 1998, 1999; Wolf, 1995, 1997; Kranz & Huss, 1996; Pahnke 
& al., 1996; Vangerow & al., 1999; Sano & al., 2000a; Wang 
& al., 2003; Pryer & al., 2004; Schneider & al., 2004b; Wikström 
& Pryer, 2005; Korall & al., 2006a, b; Schuettpelz & al., 2006; 
Schuettpelz & Pryer, 2007), morphological (Schneider, 1996; 
Stevenson & Loconte, 1996), and combined molecular and mor-
phological data (Pryer & al., 1995, 2001) have yielded increased 
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Abstract We present a family-level classification for the eupolypod II clade of leptosporangiate ferns, one of the two major 
lineages within the Eupolypods, and one of the few parts of the fern tree of life where family-level relationships were not 
well understood at the time of publication of the 2006 fern classification by Smith & al. Comprising over 2500 species, the 
composition and particularly the relationships among the major clades of this group have historically been contentious and 
defied phylogenetic resolution until very recently. Our classification reflects the most current available data, largely derived 
from published molecular phylogenetic studies. In comparison with the five-family (Aspleniaceae, Blechnaceae, Onocleaceae, 
Thelypteridaceae, Woodsiaceae) treatment of Smith & al., we recognize 10 families within the eupolypod II clade. Of these, 
Aspleniaceae, Thelypteridaceae, Blechnaceae, and Onocleaceae have the same composition as treated by Smith & al. Woodsia-

ceae, which Smith & al. acknowledged as possibly non-monophyletic in their treatment, is circumscribed here to include only 
Woodsia and its segregates; the other “woodsioid” taxa are divided among Athyriaceae, Cystopteridaceae, Diplaziopsidaceae, 
Rhachidosoraceae, and Hemidictyaceae. We provide circumscriptions for each family, which summarize their morphological, 
geographical, and ecological characters, as well as a dichotomous key to the eupolypod II families. Three of these families—
Diplaziopsidaceae, Hemidictyaceae, and Rhachidosoraceae—were described in the past year based on molecular phylogenetic 
analyses; we provide here their first morphological treatment.
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support for the relationships that shape the major branches of the 
fern tree of life. In 2006, these phylogenetic hypotheses were 
consolidated and presented in a revised classification for ferns 
(Smith & al., 2006).

Smith & al. (2006) recognized a monophyletic Polypodia-

les (“Polypods”) within which the majority of species fall into 
two large “eupolypod” clades, sister to each other and chris-

tened Eupolypods I and Eupolypods II, respectively (Fig. 1) 
(Schneider & al., 2004b). Together, the eupolypod lineages 
include nearly 6000 species—more than half of extant fern 
diversity. The large eupolypod clades had been hinted at, rather 
presciently, by earlier workers, including Sledge (1973, his As-

pidiaceae and Athyriaceae approximate the Eupolypods I and 
II, respectively) and Mickel (1974, who grouped members of 
what are now called Eupolypods together in a “derived” po-

sition on his tree, Polypodiaceae being the chief exception). 
The existence of the eupolypod clade was further suggested 
by early molecular (Hasebe & al., 1994, 1995), morphological 
(Stevenson & Loconte, 1996), and combined analyses (Pryer 
& al., 1995). Schneider & al. (2004b) were the first to adopt the 
names Eupolypods I and II for these two clades, and it was not 
until the Smith & al. (2006) compilation that their composition 
was broadly understood.

As currently circumscribed, Eupolypods II is a large 
clade, comprising over 2500 species, including those associ-
ated with the large genera Asplenium (~700 spp.), Cyclosorus 

(~650 spp.), Diplazium (~400 spp.), Athyrium (~180 spp.), and 
Blechnum (~150 spp.; estimates from Kramer & Viane, 1990; 
Kramer & al., 1990a, b; Smith, 1990). It encompasses great 
morphological and ecological variation (Fig. 2), including taxa 
as disparate as the diminutive dry-rock dwelling Asplenium 

tenerrimum Mett. ex Kuhn, large arborescent tropical Blech-

num auratum (Fée) R.M. Tryon & Stolze, high-arctic plants 
of Woodsia glabella R. Br. ex Richardson, and the temperate 
floodplain understory (and frequently sautéed) Matteuccia 

struthiopteris (L.) Tod. Given its species richness, morpho-

logical disparity, and lack of historical recognition, it is not 
surprising that unequivocal morphological synapomorphies for 
Eupolypods II are lacking. However, some clear trends exist 
that are particularly useful for distinguishing Eupolypods II 
from Eupolypods I. Most eupolypod II taxa have two vascular 
bundles in the stipe (vs. many bundles in Eupolypods I), and 
many eupolypod II species have linear, indusiate sori (in the 
rare cases where members of Eupolypods I have linear sori, 
they are not indusiate; Fig. 3).

In their treatment of Eupolypods II, Smith & al. (2006) 
recognized not only that the backbone relationships within 
the clade were unresolved, but that Woodsiaceae as it was then 
circumscribed was possibly not monophyletic; the data then 
available did not support a monophyletic Woodsiaceae, but they 
also did not support any alternative set of relationships (Hasebe 
& al., 1995; Sano & al., 2000a; Pryer & al., 2004; Schneider 
& al., 2004b). In recognizing a potentially non-monophyletic 
Woodsiaceae, Smith & al. (2006) issued the caveat that, while 
“it is premature to adopt the alternative of erecting (or resur-
recting) numerous small families to house its constituent genera 
… further sampling will likely shed additional light on this 
subject, and the recognition of several additional families may 
be warranted” (Smith & al., 2006).

Further studies were rapidly forthcoming. In their 400- 
taxon, three-gene study, Schuettpelz & Pryer (2007) showed that 
three genera—Cystopteris, Gymnocarpium, Hemi dictyum—
tentatively placed in Woodsiaceae (Smith & al., 2006) were 
only distantly related to other members of Woodsiaceae sensu 
Smith & al. (2006). This general pattern—Woodsiaceae sensu 
Smith & al. (2006) not monophyletic and the backbone rela-

tionships within Eupolypods II only weakly supported—was 
also uncovered by the two-gene analyses of Wei & al. (2010), 
the three-gene analyses by Kuo & al. (2011), and the four-gene 
study of Li & al. (2011).

To directly address the composition of the major clades 
within Eupolypods II and the relationships among them, Roth-

fels & al. (2012) assembled an expanded molecular dataset 
(five plastid loci) for 67 eupolypod II species and 14 outgroup 
taxa. Their taxon sampling was designed to capture the deep-

est divergences across Eupolypods II and those within each 
major clade, as well as any potentially isolated lineages, as sug-

gested by previous molecular (particularly Sano & al., 2000a; 
Tzeng, 2002; Schuettpelz & Pryer, 2007; Kuo & al., 2011) or 
morphological studies (chiefly Kato & Darnaedi, 1988; Wang 
& al., 2004). Although the results of Rothfels & al. (2012) were 
consistent with those of earlier studies, the more comprehensive 
taxon and data sampling provided higher levels of support for 
relationships and helped to resolve most of the taxonomic chal-
lenges in Eupolypods II. We base our classification on their 
inferred phylogeny (see Fig. 4), with the caveat that, like all 
phylogenetic studies of the Eupolypods II to date, their phylog-

eny is based solely on plastid data; no loci from the nucleus or 
mitochondrion were included. This classification is similar in 
outline to the linear sequence recently proposed by Christen-

husz & al. (2011), but is further informed by the critical data 
of Kuo & al. (2011), Li & al. (2011), and Rothfels & al. (2012).
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Fig. 1. Fern phylogeny. Numbers in parentheses indicate approximate 
species richness of each clade. Modified from Smith & al. (2006) and 
Rothfels & al. (2012).
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Fig. 2. Representative eupolypod II ferns. Photographers are credited after the species names. ASPLENIACEAE—A, Asplenium nidus L. s.l. 
[M. Sundue]; B, Asplenium montanum Willd. [S. Zylinski]. ATHYRIACEAE—C, Athyrium asplenioides (Michx.) A.A. Eaton [S. Zylinski]. 
BLECHNACEAE—D, Woodwardia areolata (L.) T. Moore [C. Rothfels]; E, Blechnum schomburgkii (Klotzsch) C. Chr. [M. Sundue]. CYSTOP-

TERIDACEAE—F, Gymnocarpium remotepinnatum (Hayata) Ching [L.-Y. Kuo]; G, Cystopteris protrusa (Weath.) Blasdell [C. Rothfels]; 
H, Cystopteris fragilis (L.) Bernh. [C. Rothfels]. DIPLAZIOPSIDACEAE—I, Diplaziopsis javanica (Blume) C. Chr. [L.-Y. Kuo]. HEMIDICTY-
ACEAE—J, Hemidictyum marginatum (L.) C. Presl [M. Sundue]. ONOCLEACEAE—K, Onocleopsis hintonii F. Ballard [C. Rothfels]; L, Matteuc-

cia struthiopteris (Hook.) Hayata [M. Sundue]. RHACHIDOSORACEAE—M, Rhachidosorus mesosorus (Makino) Ching [L.-Y. Kuo]. THELY-

PTERIDACEAE—N, Thelypteris noveboracensis (L.) Nieuwl. [C.W. Cook]. WOODSIACEAE—O, Woodsia alpina (Bolton) Gray [A. Larsson]. 
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classIfIcatIon of the eupolypods II

The aim of our classification is to recognize families 
within the eupolypod II phylogeny that balance the somewhat 
conflicting criteria of maximizing evolutionary informative-

ness (we thus adhere to the principle of monophyly) and mini-
mizing nomenclatural instability (we retain long-established 
circumscriptions as much as possible). This conflict is most 
difficult to reconcile for Asplenium and its allies. Both choices 
(to recognize an expanded Aspleniaceae that includes Hemidic-

tyum, Diplaziopsis, and Homalosorus, or to create new families 

to accommodate the latter three genera) yield justifiable, mono-

phyletic families. We take the latter approach—to recognize 
Aspleniaceae, Hemidictyaceae, and Diplaziopsidaceae—de-

spite the addition of two small families, in order to preserve 
the long-standing use of Aspleniaceae in the more restricted 
sense, to highlight the deep divergence of each of the respective 
groups (Fig. 4), and because there are no clear morphological 
synapomorphies for the expanded family concept.

Many generic concepts in Eupolypods II are in flux and 
although not a focus of our classification, we attempt to account 
for all generic names in current general usage, and provide a 

Fig. 4. Divergence and diversification in the Eupolypods II. A, Eupolypod phylogeny, with branch lengths approximately proportional to time 
(from the relaxed clock analyses of Rothfels & al., 2012, their Supplementary Fig. 1). The tip of the grey triangles along each branch marks the 
first sampled divergence within each family (Rothfels & al., 2012). All branches in this phylogeny are well supported (maximum likelihood 
bootstrap support ≥70% and Bayesian posterior probability ≥ 0.95) with the exception of the grey branch, marked with an asterisk (*), which 
had 63% maximum likelihood bootstrap support and 0.89 posterior probability. B, Family-level nomenclatural status: N, newly described since 
Smith & al. (2006); R, recircumscribed (family name existed, but was not adopted by Smith & al., 2006); U, unchanged from Smith & al. (2006). 
Letters that are encircled indicate those families that have been segregated from Woodsiaceae sensu Smith & al. (2006). C, Family names, and 
approximate species richness, for the classification adopted here.

Fig. 3. Morphological characteristics of eupolypod II taxa. Photographers are credited within square brackets. A, Cross-section of Diplaziopsis 

javanica (Blume) C. Chr. (Diplaziopsidaceae) showing two vascular bundles at the base of the petiole [L.-Y. Kuo]. B, Close-up of abaxial leaf 
surface of Asplenium platyneuron (L.) Britton, Sterns & Poggenb. (Aspleniaceae), showing sporangia arranged in linear, indusiate sori. The 
sporangia are visible under the flap-like erose indusium, which opens away from the vein [C.J. Rothfels]. C, Abaxial leaf surface of Blechnum 

occidentale L. (Blechnaceae), again showing sporangia arranged in linear, indusiate sori. In this species the sori are contiguous along the main 
vein of each pinna, and the indusium opens towards the vein [R.C. Moran; modified with permission from www.plantsystematics.org].
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familial placement. For each family, we provide: a list of de-

fining morphological characters (from the references cited in 
the family header, from our direct observations, and from the 
following general references: Wilson, 1959; Ogura, 1972; Tryon 
& Tryon, 1982; Gifford & Foster, 1989), nomenclatural data, and 
a list of included genera and the estimated number of species. 
In addition, we recommend possible English family names, 
and summarize information on ecology, geographic range, and 
phylogenetic relationships. Each family is accompanied by a 
concept map (see Franz & al., 2008), mapping our treatment 
onto previous classifications. For example, the following entry 
under Rhachidosoraceae: “= Athyriaceae: Rhachidosoroideae 
sensu Wang & al. (2004); < Woodsiaceae sensu Smith & al. 
(2006)” indicates that our treatment of that family is equivalent 
in composition to Wang & al.’s concept of subfamily Rhachi-
dosoroideae of Athyriaceae, and is a subset of Smith & al.’s 
concept of Woodsiaceae. Family names are based on those in 
Hoogland & Reveal (2005), except for Diplaziopsidaceae and 
Rhachidosoraceae, which are from Christenhusz & al. (2011), 
and Hemidictyaceae, from Christenhusz & Schneider (2011).

cystopterIdaceae (payer) shmakov, 
Turczaninowia 4: 60 (2001)

Cystopteridoids; Bladderferns, Brittleferns, Oakferns, and 
allies. Approximately 30 species in the genera Acystopteris 

Nakai (3 spp.), Cystoathyrium Ching (1 sp.), Cystopteris Bernh.
(~20 spp.; incl. Rhizomatopteris A.P. Khokhr.), and Gymnocar-

pium Newman (~7 spp.; incl. Currania Copel.); (Tagawa, 1935; 
Blasdell, 1963; Vida, 1974; Sarvela, 1978; Haufler & Windham, 
1991; Pryer & Haufler, 1993).

< Polypodiaceae: Asplenioideae + Polypodiaceae: Dryopteridoi-
deae sensu Christensen (1938); < Dennstaedtiaceae: Dryopteridoi-
deae + Athyrioideae sensu Holttum (1947); < Dryopteridaceae: Dryopter-
idoideae + Athyrioideae sensu Nayar (1970); <Athyriaceae sensu Pichi 
Sermolli (1977); <Athyriaceae sensu Ching (1978a); < Dryopterida-

ceae: Athyrioideae sensu Lovis (1978); < Dryopteridaceae: Physema-

tieae sensu Tryon & Tryon (1982); < Dryopteridaceae: Athyrioideae: 
Physematieae sensu Kramer & al. (1990b); < Cystopteridaceae sensu 
Shmakov (2001); <Athyriaceae: Cystopterioideae sensu Wang & al. 
(2004); < Woodsiaceae sensu Smith & al. (2006); = Cystopteridaceae 
sensu Christenhusz & al. (2011).

Characters.  — Plants terrestrial; roots blackish, wiry, in-

serted radially, non-proliferous; rhizomes epigeous or more 
often subterranean, short- to more often long-creeping, occa-

sionally suberect (Cystopteris), commonly branched, bearing 
scales and sometimes golden hairs similar to the root-hairs 
(e.g., C. protrusa (Weath.) Blasdell); rhizome scales lanceolate, 
clathrate or non-clathrate, the margins glandular or not, without 
distinct pubescence, entire to ciliate, the teeth when present not 
formed by two adjacent cells; leaves green and not covered in 
mucilage during any stage of development, spirally arranged, 
monomorphic, bulbiferous in a few Cystopteris, closely spaced 
to distant, bearing scales and sometimes gland-tipped hairs, the 
scales sometimes reduced to filiform proscales (Cystopteris) or 

catenate hairs (Acystopteris); petioles stramineous throughout 

or proximally darkened, the base narrow, or conspicuously 
thickened and then starch-filled and persistent (trophopods), 
without conspicuous aerophores, without a proximal articu-

lation, sometimes with golden hairs similar to the root hairs 
(e.g., C. moupinensis Franch.); petiolar vascular bundles two, 
the bundles with hippocampiform-shaped xylem, distally unit-
ing to form a single V-shaped bundle; laminae thin-herbaceous, 
2–3-pinnate-pinnatifid (pinnate-pinnatifid in Cystoathyrium), 
broadest at the base or lanceolate, the apex non-conform, the 
leaf marginal cells differentiated into nodulose hyaline cells 
(Acystopteris, Cystopteris) or not (Gymnocarpium); pinna axes 
distinctly articulate in Gymnocarpium, otherwise non-articu-

late, sulcate adaxially, lacking a free central ridge; the rachis 
grooves continuous or not, the sulcus wall of the rachis continu-

ing as a prominent ridge onto the sulcus wall of the costa or 
not; veins free, terminating at the leaf margin, the vein endings 
not differentiated; sori dorsal along veins, not terminal, round 
or slightly elongate (Gymnocarpium), indusiate (Acystopteris, 
Cystoathyrium, Cystopteris) or exindusiate (Gymnocarpium); 
soral receptacle distinctly raised and hardened (Acystopteris, 
Cystopteris) or flat (Gymnocarpium); indusia basal (Acystop-

teris, Cystoathyrium, Cystopteris); sporangia with stalks two 
or three cells wide in the middle; spores monolete, non-chloro-

phyllous, tan (Acystopteris) or brown, the perispore echinate, 
tuberculate, or with broad folds, the folds sometimes perforate; 
chromosome base number x = 40 (Gymnocarpium; Kato & al., 
1992; Pryer & Haufler, 1993) or 42 (Acystopteris, Cystopteris; 
Blasdell, 1963; Vida, 1974; Mitui, 1975). Reports of x = 41 (e.g., 
Christenhusz & al., 2011) are not substantiated.

Although the genera are distinctive, Cystopteridaceae as 
a whole are not easily characterized. Among families with 
petioles that contain two vascular bundles, they can be dis-

tinguished by an absent or hood-like indusium, usually long-
creeping and subterranean rhizome, and veins that terminate 
at the leaf margin.

The indusia of Acystopteris, Cystoathyrium, and Cystop-

teris are unique in being attached at the base of the sporangia 
and curving, hood-like, around them. The sorus itself is situated 
upon a raised and hardened receptacle; we know of no other 
taxa within Eupolypods II with a similar receptacle. Woodsia 

also has a basally attached indusium, however, it can be dis-

tinguished by having a flat receptacle, the indusium encircling 
the sorus, usually dissected into multiple lobes, and veins that 
do not reach the leaf margin.

Gymnocarpium can be diagnosed by its articulate pinnae 
(that do not disarticulate) with a swollen protuberance at the base 
of each pinna. Among Eupolypods II, articulate pinnae also oc-

cur in Stenochlaena and Woodwardia virginica (L.) Sm. Those 

articulations differ, however, by lacking the basal protuberance 
present in Gymnocarpium. Gymnocarpium can also be distin-

guished from other Eupolypods II by having slightly elongate 
sori that lack an indusium. These sori are about twice as long as 
wide, and appear round until the sporangia are removed to reveal 
an elongate patch of sporangial stalks spreading along the vein.

Biology and phylogeny. — Cystopteridaceae are unusual 
in their primarily temperate distribution and tendency to 
occupy montane habitats. Both Cystopteris and Gymnocarpium 
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are common ferns of the north temperate zone, with Cystopteris 

also ranging south in montane habitats through the Andes and 
Himalayas, and to Australia, New Zealand, Hawaii, and south-

ern Africa. Within the family, Acystopteris is the only genus 
found commonly in tropical areas; it is most rich in East Asia 
(Blasdell, 1963; Sarvela, 1978; Pryer, 1993).

The relationships of genera within Cystopteridaceae have 
been the subject of unusually strong disagreement; their af-
finities have been extremely difficult to infer from morphol-
ogy, even more so than is typical for most eupolypod II taxa. 
Individually, both Cystopteris s.l. (i.e., including Acystopteris; 
Tagawa, 1935; Blasdell, 1963) and Gymnocarpium have been 
thought to be allied with Dryopteridaceae (in Eupolypods I) 
or Athyriaceae; in either position they were inevitably high-

lighted as being anomalous (see Sledge, 1973). Ching (1940) 
was an early exception, however, in placing both Cystopteris 

and Gymnocarpium together, but among the athyrioids.
Early molecular data supported Cystopteris and Gymno-

carpium as sister genera (one accession each; Acystopteris was 
not sampled), and demonstrated their lack of close affinity to 
either Dryopteridaceae or Athyrium, but were unable to resolve 
their position within a broad assemblage of eupolypod II taxa 
(Wolf & al., 1994; Hasebe & al., 1995). In their landmark study, 
Sano & al. (2000a) included four representatives from this 
clade: one Acystopteris, one Cystopteris, and two Gymnocar-

pium species. Their within-clade relationships were consistent 
with earlier studies (Acystopteris + Cystopteris sister to Gymno-

carpium), but they did not find support for the clade’s placement 
within Eupolypods II. Conversely, Schuettpelz & Pryer (2007) 
in their broad study across ferns, included fewer taxa from 
this clade (a single Gymnocarpium and a single Cystopteris) 

but more character data; they were the first to find support for 
a sister-group relationship between this clade and the rest of 
Eupolypods II. Similarly, Kuo & al. (2011), using three plastid 
loci and single accessions of Acystopteris and Gymnocarpium, 
also recovered the sister-group relationship of this clade to the 
rest of Eupolypods II. The results of Rothfels & al. (2012) cor-
roborate and strengthen that finding (Fig. 4).

Cystopteris and Acystopteris are strongly supported as sis-

ter, and are in turn sister to Gymnocarpium. The type species of 
all three genera have been included in molecular phylogenetic 
studies, as have those of the segregates Rhizomatopteris and 
Currania: Rhizomatopteris is sister to the remaining species 
of Cystopteris s.str.; Currania is embedded within Gymno-

carpium (Sano & al., 2000a; Rothfels & al., 2012). Cystop-

teridaceae was first circumscribed by Shmakov (2001), who 
included Pseudocystopteris (which belongs in Athyriaceae) 
and omitted Acystopteris and Cystoathyrium (which were not 
in his geographic range).

The position of the monotypic genus Cystoathyrium is 

uncertain. In describing the genus, Ching (1966) emphasized 
its morphological intermediacy between Cystopteris and Athy-

rium, and little progress has since been made towards resolving 
its affinities. Wang & al. (2004, 2008) treated it as allied to 

Cystopteris, whereas Kramer & al. (1990b) place it in Athyrium, 
a position also advocated by Pichi Sermolli (1977). Cystoathy-

rium has yet to be included in any phylogenetic study, and we 

know it only from photographs and the illustration provided 
in the protologue; it is possibly extinct (X.-C. Zhang, pers. 
comm.). Other genera historically thought to be allied with 

Cystopteris (most notably Pseudocystopteris; Ching, 1964a) 
have been shown to be nested within Athyriaceae (Sano & al., 
2000a; Liu, 2008; Rothfels & al., 2012), however, we tentatively 
include Cystoathyrium here in Cystopteridaceae based on four 
characters: round sori, hood-like indusium, strongly echinate 
spores, and veins that terminate at the leaf margin. Although 
homoplastic within Eupolypods II, these character states occur 
most frequently in Cystopteridaceae. More research is needed; 
Cystoathyrium may be an isolated lineage within the Eupoly-

pods II.

rhachIdosoraceae X.c. Zhang, 
Phytotaxa 19: 16 (2011)

Lacquer Ferns. Four to seven species of the genus Rha-

chidosorus Ching; (Ching, 1964a; Kato, 1975a; Li & al., 2011).
< Polypodiaceae: Asplenioideae sensu Christensen (1938); < Denn-

staedtiaceae: Athyrioideae sensu Holttum (1947); < Dryopteridaceae: 
Athyrioideae sensu Nayar (1970); <Athyriaceae sensu Tagawa & Iwat-
suki (1972); = “Diplazium mesosorum group” sensu Kato (1977); <Athy-
riaceae sensu Pichi Sermolli (1977); <Athyriaceae sensu Ching (1978a); 
< Dryopteridaceae: Athyrioideae sensu Lovis (1978); < Dryopteridaceae: 
Physematieae sensu Tryon & Tryon (1982); < Dryopteridaceae: Athy-

rioideae: Physematieae sensu Kramer & al. (1990b); = Athyriaceae: 
Rhachidosoroideae sensu Wang & al. (2004); < Woodsiaceae sensu 
Smith & al. (2006); = Rhachidosoraceae sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial; roots inserted radially, 
non-proliferous; rhizomes creeping or short-creeping, not com-

monly branched, bearing scales; rhizome scales lanceolate, 
clathrate, the margins entire, without distinct pubescence; 
leaves green and not covered in mucilage during any stage of 
development, spirally arranged, monomorphic, not articulate 
to the rhizome, closely spaced, sparsely scaly; petioles red-

dish to stramineous throughout, narrow at the base, not form-

ing trophopods, without conspicuous aerophores, without a 
petiolar articulation; petiolar vascular bundles two, each with 
hippocampiform xylem, the bundles distally uniting to form 
a single U-shaped bundle; laminae herbaceous, 2–3-pinnate-
pinnatifid, broadest at the base, the apex non-conform, the leaf 
marginal cells differentiated into nodulose hyaline cells; pinna 
axes not articulate, sulcate adaxially, lacking a free central 
ridge; the rachis grooves U-shaped, continuous, the sulcus wall 
of the rachis continuing as a prominent ridge onto the sulcus 
wall of the costa, and then departing on the costule of the 
first basiscopic segment; veins free, terminating before the leaf 
margin, the vein endings not differentiated; sori dorsal along 
veins, not terminal, elongate, indusiate; soral receptacle flat; in-

dusia lateral, non-glandular; sporangia with stalks two or three 
cells wide in the middle; spores monolete, non-chlorophyllous, 
brown, the perispore echinate, tuberculate, or with broad folds, 
the folds sometimes perforate; chromosome base number 
x = 41 (Kato, 1975a; Kato & al., 1992; Takamiya & al., 2000). 
The count of x = 40 (Kurita, 1960) is unsubstantiated.
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Rhachidosoraceae can be distinguished by the combination 
of subterranean creeping rhizomes, leaves without abundant 
anthocyanins or mucilage at any stage, petioles with two vas-

cular bundles, elongate sori restricted to one side of the vein, 
with indusia, and laminae provided with narrow filiform scales, 
and lacking hairs. This suite of characters, however, renders it 
difficult to distinguish from either Aspleniaceae or Athyriaceae. 
With Aspleniaceae it shares clathrate scales and elongate sori 
that are largely confined to one side of the vein. It does not, 
however, have the pinna-costa architecture characteristic of 
Aspleniaceae—a non-sulcate petiole where wings are formed 
by a decurrent lamina margin. (See the key provided below 
for additional technical characters distinguishing Rhachido-

soraceae from Aspleniaceae.) More difficult is distinguishing 
Rhachidosoraceae from Athyriaceae; both families have similar 
pinna-costa architecture. This architecture is characterized by a 
sulcate rachis that is not alate, and that has a prominent flange 
on the basiscopic side of the pinna costa formed by the sulcus 
wall as it continues from the rachis onto the pinna costa itself. 
In addition, Rhachidosorus has minute corniculae and scales 
adaxially at the junction of the pinna and rachis, which are 
similar to those of Athyrium and Cornopteris. The most useful 
characters for distinguishing between these two families are the 
clathrate scales and linear sori confined to one side of the vein in 
Rhachidosoraceae; most Athyriaceae have sori on two sides of 
a single vein, either back-to-back, or in a hooked arrangement.

Biology and phylogeny. — Endemic to Asia, Rhachido-

sorus is a genus of approximately eight species of understory 
terrestrial ferns, which are often found in limestone habitats, 
and are very similar in gross morphology to species of Athy-

rium. Based on morphology, Rhachidosorus was previously in-

cluded in either Athyrium (Makino, 1899) or Diplazium (Kato, 
1975a), or considered a closely allied segregate (Ching, 1964a; 
reviewed in Sano & al., 2000a). Early molecular phylogenies 
(Sano & al., 2000a; Tzeng, 2002; Wang & al., 2003), however, 
unexpectedly suggested that Rhachidosorus was not closely re-

lated to either Athyrium or Diplazium. These results were later 
corroborated by the three-gene study of Kuo & al. (2011) who 
resolved Rhachidosorus as sister to the large clade of Thely-

pteridaceae + Woodsia + Athyriaceae + Blechnaceae + Ono-

cleaceae, but with only weak support, and by Li & al. (2011) 
who placed the genus as sister to the clade recognized here as 
Diplaziopsidaceae. These studies each included a single Rha-

chidosorus accession (R. mesosorus (Makino) Ching in Sano 
& al., 2000a; R. consimilis Ching in Wang & al., 2003; R. pul-

cher (Tagawa) Ching in Tzeng, 2002 and Kuo & al., 2011), 
except for Li & al. (2011) who included both R. consimilis 

and R. blotianus Ching. The five-locus dataset of Rothfels & al. 
(2012) also included two species (R. mesosorus, R. pulcher), 
but as with the other studies was unable to strongly support 
the phylogenetic position of the genus; it was weakly placed as 
sister to Diplaziopsidaceae + Hemidictyaceae + Aspleniaceae.

Molecular data from four species (including R. meso sorus, 
the type of the genus) and six independent studies consistently 
support the surprising finding that Rhachidosorus is not phy-

logenetically close to Athyrium or Diplazium, but instead com-

prises an isolated lineage within Eupolypods II. The phylogeny 

of Rothfels & al. (2012) suggests that Rhachidosorus diverged 
from its nearest relatives approximately 90 million years ago, 
long before, for example, the ancestors of Blechnum diverged 
from those of Athyrium (Fig. 4) (Rothfels & al., 2012, their 
Supplementary Fig. 1).

dIplaZIopsIdaceae X.c. Zhang & 
christenh., Phytotaxa 19: 15 (2011)

Glade Ferns. Approximately four to six species of the gen-

era Diplaziopsis C. Chr. (2–4 spp.), Homalosorus Pic. Serm. 
(1 sp.), plus Diplazium flavoviride Alston; (Ching, 1964b; Kato, 
1975b; Kato & Darnaedi, 1988; Wei & al., 2010; Li & al., 2011).

< Dennstaedtiaceae: Athyrioideae sensu Holttum (1947); 
< Dryopter idaceae: Athyrioideae sensu Nayar (1970); <Athyriaceae 
sensu Tagawa & Iwatsuki (1972); < “Diplazium javanicum group” sensu 
Kato (1977); <Athyriaceae sensu Pichi Sermolli (1977); <Athyriaceae 
sensu Ching (1978a); < Dryopteridaceae: Athyrioideae sensu Lovis 
(1978); < Dryopteridaceae: Physematieae sensu Tryon & Tryon (1982); 
< Dryopteridaceae: Athyrioideae: Physematieae sensu Kramer & al. 
(1990b); <Athyriaceae: Diplazioideae sensu Wang & al. (2004); < Wood-

siaceae sensu Smith & al. (2006); < Diplaziopsidaceae + Athyriaceae 
sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial or epipetric; roots fleshy, 
pale, inserted radially, non-proliferous; rhizomes erect to su-

berect (Diplaziopsis, Diplazium flavoviride) or short-creeping 
(Homalosorus), commonly unbranched, bearing scales, and 
sometimes golden hairs similar to the root hairs (Homalo sorus); 
rhizome scales lanceolate, non-clathrate, the margins entire, non-
glandular, without distinct pubescence; leaves green and not 
covered in mucilage during any stage of development, spirally 
arranged, monomorphic, non-bulbiferous, closely spaced, gla-

brous (Diplaziopsis) or with filiform proscales (Homalosorus); 
petioles stramineous throughout or proximally darkened, thin, 
without a proximal thickening, conspicuous aerophores, or proxi-
mal articulation, sometimes with golden hairs similar to the root 
hairs (Homalosorus); petiolar vascular bundles two, each with 
hippocampiform xylem, the bundles distally uniting to form a 
single V-shaped bundle; laminae soft-herbaceous, 1-pinnate, the 
apex conform (Diplaziopsis) or non-conform (Homalo sorus), the 
leaf marginal cells differentiated into nodulose hyaline cells; 
pinna axes not articulate, sulcate adaxially, lacking a free central 
ridge; the rachis grooves V-shaped, not continuous, the sulcus 
wall of the rachis continuing as a prominent ridge onto the sul-
cus wall of the costa; veins free (D. flavoviride, Homalo sorus) 

or anastomosing toward the pinna margins (Diplaziopsis), the 
areoles without free included veinlets, usually terminating before 
the leaf margin, however some veins reaching the leaf margin 
in D. flavoviride and Homalosorus, the vein endings differenti-
ated, slightly raised and expanded; sori singular along one side 
of the vein, rarely paired back to back along the same vein, elon-

gate, indusiate, not terminal; soral receptacle flat; indusia lateral, 
vaulted or essentially flat, glabrous or glandular (Diplaziopsis), 
opening along the lateral margin or sometimes rupturing irregu-

larly (Diplaziopsis); sporangia with stalks two or three cells wide 
in the middle; spores monolete, non-chlorophyllous, brown, the 
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perispore folded with thin crests, the crests erose; chromosome 
base numbers x = 40 (Diplazium flavoviride, Homalosorus; 
Löve & al., 1977; Kato & Darnaedi, 1988) or 41 (Diplaziopsis; 
Mitui, 1975; Takamiya & Ohta, 2001).

Diplaziopsidaceae can be recognized by the combination 
of petioles with two vascular bundles, 1-pinnate laminae, elon-

gate sori that are usually along one side of the vein only, vein 
endings that are thickened and raised adaxially, and by the 
sulcus wall of the rachis forming a ridge that connects to the 
pinna sulcus wall of the pinna costa. The thickened and raised 
vein endings are a particularly useful diagnostic character 
among Eupolypods II, because they are otherwise only found 
in Hemidictyum (Hemidictyaceae). Hemidictyum also has a 

1-pinnate lamina, a conform terminal segment, and veins that 
anastomose towards the pinna margins, similar to Diplaziopsis; 
however, it differs in several other respects, most conspicuously 
by having a sub-marginal collecting vein, and pinna margins 
that have a broad, pale membranaceous edge.

As Price (1990) noted, leaves of Diplaziopsidaceae are 
conspicuously soft, green, and fleshy. The pale fleshy roots 
appear to be unique among Eupolypods II, and anatomical 
study may provide synapomorphies for the family. However, 
the claim by Price (1990) that the plants entirely lack scleren-

chyma is overstated; sclerenchyma occurs in the cortex and 
xylem, as evidenced by staining with toluidine blue (Sundue 
& Rothfels, unpub. data). Diplaziopsidaceae are most likely to 
be confused with Athyriaceae, particularly Diplazium, which is 
morphologically similar. Diplaziopsidaceae differs from most 
Diplazium species, however, by the usually singular linear sori, 
non-continuous groove of the adaxial pinnae-costa junctions, 
the near absence of indument on the lamina, the narrow petiole 
bases that do not form trophopods, thickened vein endings, and 
vaulted indusium, when it is present.

Biology and phylogeny. — Diplaziopsidaceae are medium-
sized ferns of mesic understory habitats. They show an interest-
ing pattern of disjunction, with the monotypic Homalosorus 

being a common member of rich temperate forests of eastern 
North America, while the Diplaziopsis species and Diplazium 

flavoviride are found in Asia, extending east to the Pacific 
islands (Kato & Darnaedi, 1988).

The history of typification of Diplaziopsis is convoluted. 
Christensen (1906: XXXII) published it as a replacement name 
for Allantodia Wall., 1830 (a later homonym of Allantodia R. Br., 
1810). As a replacement name, therefore, Diplaziopsis takes the 
type of Allantodia Wall., which is A. brunoniana Wall. How-

ever, Christensen did not publish a combination for A. bruno-

niana under Diplaziopsis (he considered A. brunoniana to be 
a synonym of Asplenium javanicum Blume); the combination 
Diplaziopsis brunoniana (Wall.) W.M. Chu was made only 
recently (Chu & Zhou, 1994). Christensen (1906) listed Asple-

nium javanicum (= Diplaziopsis javanica (Blume) C. Chr.) as 

the type of Diplaziopsis, but this is prohibited under Art. 7.3 of 
the Vienna Code. However, if Diplaziopsis brunoniana is re-

garded as a heterotypic synonym of D. javanica, as Christensen 
(1906: CCXXVII) indicated, then D. javanica has priority and 
must be used as the name of the species, and the type of the 
genus. Alternatively, if D. brunoniana and D. javanica are 

recognized as distinct (as by Chu & He, 1999), then the type 
of the genus remains D. brunoniana.

Prior to the availability of molecular data, members of 
this clade were consistently thought to belong with the athyri-
oids, and both Diplaziopsis and Homalosorus were typically 
treated as members of Diplazium (Ching, 1964b; Kato, 1975b, 
1977, 1993; Kato & Darnaedi, 1988; Wang & al., 2004). The 
first indication that this placement might be inaccurate came 
from the study of Sano & al. (2000a), in which the monotypic 
Homalosorus was strongly supported as sister to Diplaziopsis 

cavaleriana (Christ.) C. Chr., with these two taxa forming an 
isolated lineage distant from Diplazium. The next molecular 
phylogenetic study to include members of this clade was by Wei 
& al. (2010), and their results placed the two genera together in 
an unresolved position within the Eupolypods. Kuo & al. (2011), 
with more character data and denser taxon sampling, again 
resolved Diplaziopsis as sister to Homalosorus. Their results 
showed that this combined lineage—Diplaziopsis + Homaloso-

rus—diverged from the rest of the Eupolypods II at an unsup-

ported position deep along the eupolypod II backbone. The 
results of Li & al. (2011) were similar (Diplaziopsis sister to 

Homalosorus, and that clade distant from Diplazium), with the 
exception that their study placed the Diplaziopsis + Homaloso-

rus clade as sister to Rhachidosorus.

In the analyses of Rothfels & al. (2012), Diplaziopsis 

cavaleriana and D. javanica are strongly supported as sister, 
and together they are sister to Homalosorus. These data allow 
either for the recognition of a monotypic Homalosorus, or its 
treatment within Diplaziopsis, as D. pycnocarpa (Spreng.) 
M.G. Price (Price, 1990). Diplaziopsidaceae diverged from 
Hemidictyaceae + Aspleniaceae early in the diversification of 
Eupolypods II—these two lineages shared a most recent com-

mon ancestor some 90 million years ago (Fig. 4) (Rothfels & al., 
2012, their Supplementary Fig. 1)—further supporting the rec-

ognition of Diplaziopsidaceae rather than merging it into an 
expanded Aspleniaceae. Diplazium flavoviride has not been in-

cluded in any phylogenetic analyses, but is included here based 
on the arguments of Kato & Darnaedi (1988). Hemidictyum, 
however, does not fall in Diplaziopsidaceae; its inclusion in 
that family by Christenhusz & al. (2011) rendered their concept 
of Diplaziopsidaceae paraphyletic, an error they subsequently 
corrected (Christenhusz & Schneider, 2011).

hemIdIctyaceae christenh. & h. schneid., 
Phytotaxa 28: 51 (2011)

Hemidictyum. One species of the genus Hemidictyum  

C. Presl.; (Kato, 1975b).

< Dennstaedtiaceae: Athyrioideae sensu Holttum (1947); 
< Dryopteridaceae: Athyrioideae sensu Nayar (1970); < “Diplazium ja-

vanicum group” sensu Kato (1977); <Athyriaceae sensu Pichi Sermolli 
(1977); < Thelypteridaceae sensu Lovis (1978); < Dryopteridaceae: Phy-

sematieae sensu Tryon & Tryon (1982); < Dryopteridaceae: Athyrioi-
deae: Physematieae sensu Kramer & al. (1990b); < Woodsiaceae sensu 
Smith & al. (2006); < Diplaziopsidaceae sensu Christenhusz & al. (2011); 
= Hemidictyaceae sensu Christenhusz & Schneider (2011).
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Characters. — Plants terrestrial; roots inserted radi-
ally, proliferous; rhizomes erect or suberect, commonly un-

branched, bearing scales; rhizome scales lanceolate, weakly-
clathrate, the margins entire, non-glandular, without distinct 
pubescence; leaves green and not covered in mucilage during 
any stage of development, spirally arranged, monomorphic, 
non-bulbiferous, closely spaced, glabrous; petioles stramin-

eous throughout or proximally darkened, thin, not forming 
trophopods, lacking conspicuous aerophores, without a peti-
olar articulation; petiolar vascular bundles two, each with hip-

pocampiform xylem, the bundles distally uniting to form a 
single U-shaped bundle; laminae herbaceous, 1-pinnate, the 
apex conform, the lateral pinnae sub-opposite, the pinna bases 
cordate, the leaf margin differentiated into a broad membrana-

ceous edge; pinna axes not articulate, sulcate adaxially, lack-

ing a free central ridge; the rachis grooves not continuous, 
the sulcus wall of the rachis not continuing as a ridge along 
the costa; veins anastomosing toward the pinna margins, the 
areoles without free included veinlets, terminating before the 
leaf margin and forming a sub-marginal collecting vein, the 
vein endings differentiated, slightly raised and expanded; 
sori usually singular along one side of the vein, occasionally 
back-to-back along both sides of the vein, elongate, indusiate, 
not terminal; soral receptacle flat; indusia lateral, essentially 
flat, glabrous; sporangia with stalks two or three cells wide in 
the middle; spores monolete, non-chlorophyllous, brown, the 
perispore with broad folds and tubercles, the folds sometimes 
perforate; chromosome base number x = 31 (Walker, 1973a; 
F.S. Wagner, 1980).

Although its conform apical pinnae, pattern of anastomos-

ing veins, and thickened and raised vein endings are shared 
with Diplaziopsis, Hemidictyaceae can be distinguished from 
all other Eupolypods II by the combination of its sub-marginal 
collecting vein and pinna margin that is differentiated into a 
broad membranaceous border. Hemidictyaceae are sister to 
Aspleniaceae, but the two families together share no known 
synapomorphies. One character that should be investigated fur-
ther is whether roots are proliferous, yielding new plants asexu-

ally. Walker (1985: 217) reported such roots in H. marginatum 

(L.) C. Presl.; they also occur in some species of Asplenium 

(Mickel & Smith, 2004), although sporadically enough that a 
synapomorphy for the two families is unlikely.

Biology and phylogeny. — Hemidictyum is a monotypic 
genus of the New World tropics—from southern Mexico to 
southeastern Brazil—where it grows at low to mid elevations 
in wet forests. The genus has always been an awkward fit in 
fern classifications, with opinions alternating for an alliance 
with thelypteroid ferns (based on spore morphology, e.g., Lovis, 
1978), Diplaziopsis (based on its sagenoid venation, e.g., Kato, 
1975b), or with Dryopteridaceae (in Eupolypods I; e.g., Tryon 
& Tryon, 1982).

Kato’s (1975b) study was the first to emphasize common-

alities between Hemidictyum and Diplaziopsis, and he argued 
that they might be isolated from much of Diplazium (Kato, 
1975b). Molecular data (Schuettpelz & Pryer, 2007; Kuo & al., 
2011; Rothfels & al., 2012) corroborated this morphology-based 
hypothesis, in part; Hemidictyum (like Diplaziopsis) is not 

closely related to Diplazium s.str.—Hemidictyum and Diplazi-

opsis + Homalosorus are more closely related to each other than 
to any eupolypod II lineage outside of Aspleniaceae.

Given its sister relationship with Asplenium + Hymenasple-

nium, Hemidictyum could be subsumed within an expanded 
concept of Aspleniaceae while retaining the monophyly of the 
latter family (Fig. 4). However, we favor recognizing Hemi-
dictyaceae, even though it is monotypic, because the most 
recent common ancestor of Hemidictyum and Aspleniaceae 
dates to the Late Cretaceous (approximately 85 million years 
ago, Fig. 4) (Rothfels & al., 2012, their Supplementary Fig. 1), 
Hemidictyum would be morphologically anomalous within As-

pleniaceae, and Aspleniaceae has a long history of taxonomic 
treatment excluding Hemidictyum.

asplenIaceae newman, Hist. Brit. Ferns: 6 
(1840)

Spleenworts. Approximately 700 species of one to ten 
genera, dominated by the large genus Asplenium L. (incl. Anti   

gramma C. Presl., Asplenidictyum J. Sm. in Hook., Birop-

teris Kümmerle, Camptosorus Link, Ceterach Willd., Diellia 

Brack. in Wilkes, Diplora Baker, Holodictyum Maxon, Loxo-

scaphe T. Moore, Neottopteris J. Sm., Phyllitis Hill, Pleuro sorus 

Fée, Schaffneria Fée, Scolopendrium Adans., and Sinephrop-

teris Mickel) and with a small genus Hymenasplenium Hayata 
(incl. Boniniella Hayata); (Murakami, 1995; Murakami & al., 
1999; Gastony & Johnson, 2001; Schneider & al., 2004a).

< Polypodiaceae: Asplenioideae sensu Christensen (1938); 
= Dennstaedtiaceae: Asplenioideae sensu Holttum (1947); = Asplenia-

ceae sensu Nayar (1970); = Aspleniaceae sensu Tagawa & Iwatsuki 
(1972); = Aspleniaceae sensu Pichi Sermolli (1977); = Aspleniaceae 
sensu Lovis (1978); = Aspleniaceae sensu Tryon & Tryon (1982); 
= Aspleniaceae sensu Kramer & Viane (1990); = Aspleniaceae sensu 
Smith & al. (2006); = Aspleniaceae sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial, epipetric, or epiphytic, 
sometimes rheophytic; roots blackish, wiry, inserted radially 
or ventrally (Hymenasplenium), proliferous or non-proliferous; 
rhizomes usually odorless, rarely with the odor of winter-
green (e.g., A. longissimum Blume), short- to long-creep-

ing, or sub erect, branched or more commonly unbranched, 
sometimes massive and forming a detritus-collecting basket 
(e.g., A. nidus L.), bearing scales; rhizome scales lanceolate, 
clathrate, usually with blackish cell walls and hyaline lumens, 
sometimes brown or golden-brown, the margins glandular or 
not, entire to dentate or ciliate, without distinct pubescence; 
leaves green and not covered in mucilage during any stage 
of development, usually monomorphic, sometimes hemi-
dimorphic, spirally arranged or distichous and dorsal (Hyme-

nasplenium), occasionally bulbiferous, the bulbils frequently 
at the leaf apex, in a distal pinna axil, or at the base of the 
lamina, leaves usually closely spaced, sparsely to densely 
scaly, occasionally pubescent, rarely glandular (e.g., A. platy-

neuron (L.) Britton, Sterns & Poggenb.), also frequently with 
minute filiform proscales; petioles dull and greenish, gray, or 
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brownish, or lustrous and castaneous, atropurpureous, or eben-

ous, the bases expanded in Hymenasplenium, otherwise not 
usually expanded, persistent or not, articulate to the rhizome 
in Hymen asplenium, otherwise not; petiolar vascular bundles 
two, each with C-shaped xylem, the bundles distally uniting 
to form a single X-shaped bundle; laminae soft-herbaceous to 
coriaceous, simple to 4-pinnate, the apex usually pinnatifid or 
non-conform, occasionally conform (e.g., Asplenium davisii 

Stolze), the leaf marginal cells usually not differentiated; pinna 
axes not articulate, among species with divided leaves the axes 
usually alate, with wings derived from a decurrent and thick-

ened leaf margin, or the wings thin, fragile, and apparently 
derived from the rachis; the rachis axes usually not sulcate 
adaxially, without a free central ridge; veins free or anasto-

mosing, the areoles without free included veinlets, reaching 
the leaf margin or terminating before it, some species with a 
sub-marginal collecting vein, the vein endings forming hyda-

thodes, or not differentiated; sori elongate, along one side of 
the vein, rarely paired back to back, and then usually not along 
the same vein, and if so then usually where groups of veins 
converge, indusiate; soral receptacle flat; indusia lateral, es-

sentially flat, glabrous or sometimes glandular, opening along 
the lateral margin; sporangia with stalks one cell wide in the 
middle; spores monolete, non-chlorophyllous, brown, the peri-
spore with sharp ridges or broad folds, sometimes echinulate, 
fenestrate, or reticulate; chromosome base numbers x = 36 

(most species, e.g., Bir & Shukla, 1967; Walker, 1973a; Smith 
& Mickel, 1977), 38 (Hymenasplenium; Murakami, 1995), and 
39 (Hymenasplenium; Kato & al., 1990; Murakami, 1995).

Aspleniaceae exhibit a broad spectrum of morphological 
diversity, yet identification of the family is usually not dif-
ficult. Diagnostic for Aspleniaceae are the linear sori with 
lateral indusia restricted to one side of the vein. The so-called 
“back-to-back” or “diplazioid” sori occur in some Asplenia-

ceae, however, they tend to be restricted to small portions of 
the lamina. As Holttum (1954) pointed out, patterns of major 
vein groups suggest that these instances are likely the result of 
lamina fusion or reduction. Some species of Hymenasplenium 

have been confused with Diplazium (Smith, 1976). However, 
numerous technical apomorphies of Aspleniaceae serve to dis-

tinguish these two genera. See the first lead in the key to fami-
lies provided below for a list of characters serving to separate 
Aspleniaceae from other eupolypod II families.

Biology and phylogeny. — Aspleniaceae are a distinctive 
element within Eupolypods II; the family has usually been 
regarded as readily definable, in its current circumscription, 
even before Eupolypods II or Polypodiales (sensu Smith & al., 
2006; Pryer & al., 2008) were recognized as cohesive entities 
(e.g., Nayar, 1970). Aspleniaceae are somewhat unusual consid-

ering their species-richness, in that they show strong patterns 
of diversification in both temperate and tropical areas (rather 
than being predominantly tropical), and have approximately 
equal numbers of epiphytic and terrestrial species (Schneider 
& al., 2004a). These two major habit types—epiphytic versus 
terrestrial—are both scattered across the Aspleniaceae phylog-

eny, although there is some evidence that the most recent com-

mon ancestor of the Aspleniaceae crown clade was epiphytic 

(Schneider & al., 2004a). Our circumscription is identical to 
that of Smith & al. (2006), who include further information 
on this family.

thelypterIdaceae ching ex pic. serm., 
Webbia 24: 709 (1970)

Thelypteroids; Marsh Ferns, Beech Ferns, and allies. 
Approximately 950 species, divided among Cyclosorus 

Link (incl. Amblovenatum J.P. Roux, Ampelopteris Kunze, 
Amphineuron Holttum nom. illeg., Chingia Holttum, 
Christella H. Lév., Christella sect. Pelazoneuron Holttum, 
Cyclogramma Tagawa, Cyclosorus s.str., Glaphyropteridop-

sis Ching, Goniopteris C. Presl., Meniscium Schreb., Meni-

sorus Alston, Mesophlebion Holttum, Mesopteris Ching, 
Plesioneuron (Holttum) Holttum, Pneumatopteris Nakai, 
Pronephrium C. Presl., Pseudocyclosorus Ching, Sphaero-

stephanos J. Sm., Stegnogramma Blume, Steiropteris C. Chr., 
Trigonospora Holttum), Macrothelypteris (H. Ito) Ching, 
Phegopteris (C. Presl.) Fée, Pseudophegopteris Ching, and 
Thelypteris Schmidel (incl. Amauropelta Kunze, Coryphop-

teris Holttum, Metathelypteris (H. Ito) Ching, Oreopteris 

Holub, Parathelypteris (H. Ito) Ching, Thelypteris s.str., and 

Wagneriopteris Á. Löve & D. Löve); (Holttum, 1947, 1971c, 
1981; Smith, 1990; Smith & Cranfill, 2002).

< Polypodiaceae: Dryopteridoideae sensu Christensen (1938); 
= Thelypteridaceae sensu Holttum (1947); = Thelypteridaceae sensu 
Nayar (1970); = Thelypteridaceae sensu Tagawa & Iwatsuki (1972); 
= Thelypteridaceae sensu Pichi Sermolli (1977); = Thelypteridaceae 
sensu Ching (1978a); < Thelypteridaceae sensu Lovis (1978); = Thelyp-

teridaceae sensu Tryon & Tryon (1982); = Thelypteridaceae sensu Smith 
(1990); = Thelypteridaceae sensu Smith & al. (2006); = Thelypteridaceae 
sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial, sometimes epipetric or 
rheophytic, rarely scandent (Thelypteris subg. Amauropelta 

sect. Lepidoneuron A.R. Sm.); roots blackish, wiry, inserted 
radially, non-proliferous; rhizomes not usually branched, short- 
to long-creeping, suberect, or erect, rarely sub-arborescent, 
bearing scales; rhizome scales lanceolate, non-clathrate, gray-

ish to tan or brown, entire or dentate, the margins and often the 
surfaces usually bearing distinct pubescence similar to that of 
the leaves; leaves usually greenish in all stages, occasionally 
reddish when young (e.g., some Cyclosorus species treated in 
Mesophlebion and Pronephrium, possibly others), sometimes 
covered in mucilage when young, usually monomorphic, some-

times sub-dimorphic, spirally arranged, closely to distantly 
spaced, occasionally bulbiferous, the bulbils usually distal or 
apical on the leaf, scaly or not, almost always pubescent, the 
hairs whitish or hyaline, acicular, or sometimes forked, stellate, 
stalked-stellate, or hamate, also often provided with sessile or 
stalked glands; petioles greenish to stramineous, sometimes 
darker, the bases not articulate to the rhizome, not expanded 
at the base, and generally not persistent on the rhizome; peti-
ole with two vascular bundles (rarely more), the bundles with 
hippocampiform-shaped xylem, distally uniting to form a sin-

gle U-shaped bundle; laminae thin-herbaceous to coriaceous, 
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simple and entire to 3-pinnate-pinnatifid, in divided leaves, 
the base with or without a series of reduced pinnae, the apex 
conform or non-conform, the leaf marginal cells not clearly 
differentiated; pinna axes not articulate, the pinna base often 
with a conspicuous aerophore, these usually appearing as a low 
elongate or orbicular protuberance, or erect and vermiform, 
up to ca. 1 cm long; the rachis axes sulcate adaxially or not, 
when present the sulcae not continuous onto the next order, 
lacking a free central ridge; veins reaching the leaf margin or 
terminating before it, free, connivent at or below the sinus in 
lobed pinnae, or anastomosing in various patterns, the areoles 
without free included veinlets, the vein endings expanded or 
not differentiated; sori circular or elongate, on top of veins, not 
terminal, indusiate or exindusiate; soral receptacle flat; indusia 
lateral, reniform, sometimes pubescent and or glandular; spo-

rangia with stalks more than one cell wide in the middle, often 
bearing hairs or glands (paraphysate); spores usually monolete, 
sometimes trilete (Cyclosorus treated as Trigonospora), non-
chlorophyllous, the perispore brown, often with sharp crests, or 
reticulate or echinulate; chromosome base numbers x = 27 (e.g., 
Parathelypteris; Weng & Qiu, 1988), 29 (e.g., Amauropelta; 
Walker, 1985), 30 (e.g., Phegopteris; Mitui, 1975), 31 (e.g., 
Lastrea, Macrothelypteris, Pseudophegopteris, Wagneriop-

teris; Mitui, 1975; Loyal, 1991; Tindale & Roy, 2002), 34 (e.g., 
Oreopteris; Holttum, 1981; Manton, 1950), 35 (e.g., Metathe-

lypteris, Pseudocyclosorus, Thelypteris; Mitui, 1975; Loyal, 
1991; Walker, 1985), or 36 (e.g., Abacopteris, Ampelopteris, 
Amphineuron, Christella, Cyclogramma, Cyclosorus, Dictyo-

cline, Goniopteris, Lastrea, Leptogramma, Meniscium, Pro-

nephrium, Stenogramma; Mitui, 1975; Walker, 1985; Loyal, 
1991; Tindale & Roy, 2002).

Thelypteridaceae are a large and diverse family, however, 
they can usually be recognized by the presence of distinctive 
acicular hairs. These hairs are whitish or hyaline, and usually 
1-celled. In addition to being on the leaves, these hairs also 
regularly occur upon the margins and faces of the rhizome 
scales. While dentate or ciliate scales are common, as far 
as we know, no other family in Eupolypods II has rhizome 
scales that bear hairs similar to those found upon the leaves. 
Hamate, forked, and stellate hairs also occur in Thelypterida-

ceae, which being uncommon in Eupolypods, are also useful 
diagnostic characters. Thelypteridaceae also frequently have 
conspicuous aerophores at the bases of their pinnae. These 
often differ in color and texture from the surrounding tissue, 
and are frequently raised. In some cases, elongate vermiform 
aerophores are present; these frequently occur in species in 
which the crosiers and young leaves are surrounded by thick 
mucilage.

Biology and phylogeny. — This large family is morpho-

logically cohesive and has been long recognized as such, in 
its current circumscription (but cf. Hennipman, 1996). Within 
Thelypteridaceae, however, generic classifications vary widely, 
and only two molecular phylogenetic studies have included a 
substantial representation of the family (approximately 30 spe-

cies each; Smith & Cranfill, 2002; Schuettpelz & Pryer, 2007). 
Our circumscription is identical to that of Smith & al. (2006), 
who discuss this family in further detail.

WoodsIaceae herter, Revista Sudamer. 
Bot. 9: 14 (1949)

Woodsias; Cliff Ferns. Approximately 35 species of the 
genus Woodsia R. Br. (incl. Cheilanthopsis Hieron., Hymeno-

cystis C.A. Mey., and Proto woodsia Ching); (Brown, 1964; 
Kurita, 1965; Shmakov, 2003).

< Polypodiaceae: Woodsieae: Woodsiinae sensu Diels in Engler 
& Prantl (1897); < Polypodiaceae: Gymnogrammeoideae + Polypodia-

ceae: Woodsioideae sensu Christensen (1938); < Sinopteridaceae + Wood-

siaceae sensu Ching (1940); < Dennstaedtiaceae: Dryopteridoideae sensu 
Holttum (1947); = Woodsiaceae sensu Herter (1949); < Dryopteridaceae: 
Dryopteridoideae sensu Nayar (1970); <Athyriaceae sensu Tagawa 
& Iwatsuki (1972); = Woodsiaceae sensu Pichi Sermolli (1977); = Wood-

siaceae sensu Ching (1978a); < Dryopteridaceae: Athyrioideae sensu 
Lovis (1978); < Dryopteridaceae: Physematieae sensu Tryon & Tryon 
(1982); < Dryopteridaceae: Athyrioideae: Physematieae sensu Kramer 
& al. (1990b); = Woodsiaceae sensu Wu & Ching (1991); < Woodsiaceae 
sensu Smith & al. (2006); = Woodsiaceae sensu Christenhusz & al. (2011).

Characters. — Plants epipetric, or occasionally terres-

trial; roots blackish, wiry, inserted radially, non-proliferous; 
rhizomes short-creeping, horizontal to suberect, commonly 
unbranched, bearing scales; rhizome scales lanceolate, non-
clathrate, the margins glandular or eglandular, without distinct 
pubescence, entire to denticulate or ciliate, the teeth when pres-

ent formed by two adjacent cells, or not; leaves green and not 
covered in mucilage during any stage of development, usually 
spirally arranged, monomorphic, closely spaced, bearing scales 
and hairs, the hairs catenate or terete, sometimes gland-tipped 
(e.g., W. mollis (Kaulf.) J. Sm.), sometimes the scales forming 
a reduction series that terminates in broad-based, catenate, 
hair-like scales (e.g., W. mollis); petioles stramineous, casta-

neous or dark purple throughout, or proximally darkened, the 
base thin, not forming trophopods, persistent, usually form-

ing a thick mantle of old petiole bases, without conspicuous 
aerophores, in some species with a petiolar articulation, the 
articulation usually proximal (e.g., W. ilvensis (L.) R. Br.) or just 
below the lamina; petiolar vascular bundles two, the bundles 
with hippocampiform-shaped xylem, distally uniting to form 
a single U-shaped bundle; laminae herbaceous, 1-pinnate to 
2-pinnate-pinnatifid, usually broadest in the middle, the base 
with a series of reduced pinnae or not, the apex non-conform, 
the leaf marginal cells differentiated into nodulose hyaline cells 
or not; pinna axes not articulate, sessile or slightly petiolate; 
the rachis axes sulcate adaxially, lacking a free central ridge, 
the grooves not continuous; veins free, terminating before the 
leaf margin, the vein endings usually expanded and forming 
hydathodes; sori dorsal along veins, sub-terminal, or terminal 
(e.g., W. elongata Hook.), round, indusiate; soral receptacle 
distinctly flat; indusia basal, composed of a series of scale-
like or filamentous segments or sometimes sac-like globose, 
glandular, pubescent, or not; sporangia with stalks two or three 
cells wide in the middle; spores monolete, non-chlorophyllous, 
tan or brown, the perispore echinate, tuberculate, or with broad 
folds or narrow crests, these sometimes forming a reticulum; 
chromosome base numbers x = 33 (W. manchuriensis Hook.; 
Kurita, 1965), 38, 39, or 41 (Manton, 1950; Brown, 1964).
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When fertile, Woodsiaceae are easily diagnosed by the 
unique basal indusium composed of multiple scale-like or 
filamentous segments (occasionally as a single globose struc-

ture enclosing the sorus), which is unique among ferns. Many 
Cyatheaceae (in Cyatheales; see Fig. 1) have basal scale-like 
indusia, but these are generally more robust, are often spherical 
or cup-shaped, and do not consist of multiple segments. Some 
other taxa in Cyatheaceae have sori protected by scaly indu-

ment (e.g., Sphaeropteris subsect. Fourniera (J. Bommer ex 
Fourn.) P.G. Windisch); in these cases the scales resemble those 
of the lamina whereas in Woodsia they do not. Sterile leaves of 
Woodsiaceae, however, are not as easily characterized. When 
present, the petiolar articulation is a powerful diagnostic char-
acter, because it is unique in Eupolypods II, and rare outside of 
this clade. However, its utility is hindered by its absence from 
most species. Nonetheless, all species tend to accumulate large 
mats of persistent petiole bases, which are characteristic. In 
addition, the combination of 1-pinnate to 2-pinnate-pinnatifid 

leaves with sessile or short-petioled pinnae, laminae usually 
bearing scales and hairs (that are not acicular), and veins that 
terminate before the leaf margin in hydathodes serve to diag-

nose Woodsiaceae. Sterile plants of Cystopteris can appear 
surprisingly similar to those of Woodsia, however, they can 
be distinguished by having veins that reach the leaf margin.

Biology and phylogeny. — As circumscribed here, spe-

cies of Woodsiaceae typically occur in rocky, montane areas, 
predominantly in the Northern Hemisphere. Areas of particular 
species-richness include the mountains of Eurasia, and arid 
areas of Mexico and southwestern U.S.A.; one polymorphic 
species (W. montevidensis (Spreng.) Hieron.) extends south 
through the Andes and also occurs in South Africa. They have 
remarkable ecological and morphological resemblance to mem-

bers of Cystopteris (in Cystopteridaceae), to which they are 
only distantly related (Figs. 2, 4).

This family—comprising Woodsia and its segregates—is 
an isolated lineage, not closely related to the other taxa fre-

quently included in broad concepts of Woodsiaceae (e.g., Smith 
& al., 2006). Protowoodsia and Cheilanthopsis are nested within 
Woodsia s.l. (Rothfels & al., 2012), as is Hymenocystis, the 
other segregate genus recognized by Shmakov (2003; A. Lars-

son, unpub.). The molecular phylogeny of Woodsia is marked 
by a remarkably deep split between a clade of Old World or 
holarctic species, and a clade of predominantly New World 
species. This deep dichotomy essentially mirrors the results of 
Brown’s (1964) groundplan divergence scheme (W.H. Wagner, 
1980) based upon morphological characters.

athyrIaceae alston, Taxon 5: 25 (1956)

Athyrioids; Ladyferns, and allies. Approximately 600 spe-

cies, in Anisocampium C. Presl. (4 spp.; incl. Kuniwatsukia 

Pic. Serm.), Athyrium Roth (~220 spp.; incl. Pseudocystopteris 

Ching), Cornopteris Nakai (9 spp.; incl. Neoathyrium Ching 
& Z.R. Wang), Deparia Hook. & Grev. (~70 spp.; incl. Athyri-

opsis Ching, Lunathyrium Koidz., Dictyodroma Ching, Dryo-

athyrium Ching, and Triblemma R. Br. ex C. Sprengel), and 

Diplazium Sw. (~300–400 spp.; incl. Allantodia R. Br., Aniso-

gonium C. Presl., Callipteris Bory, Monomelangium Hayata; 
excl. Diplazium flavoviride Alston); (Kato, 1979, 1984; Tryon 
& Tryon, 1982; Pacheco & Moran, 1999; Sano & al., 2000b; 
Adjie & al., 2008; Liu, 2008; Liu & al., 2011).

< Polypodiaceae: Asplenioideae sensu Christensen (1938); < Denn-
staedtiaceae: Athyrioideae sensu Holttum (1947); <Athyriaceae sensu 
Alston (1956); < Dryopteridaceae: Athyrioideae sensu Nayar (1970); 
<Athyriaceae sensu Tagawa & Iwatsuki (1972); <Athyriaceae sensu 
Ching (1978a); < Dryopteridaceae: Athyrioideae sensu Lovis (1978); 
< Dryopteridaceae: Physematieae sensu Tryon & Tryon (1982); 
< Dryopteridaceae: Athyrioideae: Physematieae sensu Kramer & al. 
(1990b); <Athyriaceae: Athyrioideae + Deparioideae + Diplazioideae 
sensu Wang & al. (2004); < Woodsiaceae sensu Smith & al. (2006); 
<Athyriaceae sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial or epipetric, sometimes 
rheophytic; roots blackish, wiry, inserted radially, non-prolif-
erous; rhizomes short- to long-creeping, or suberect to erect, 
branched or more commonly unbranched, bearing scales, and 
sometimes golden hairs similar to the root hairs (e.g., Athyrium 

skinneri (Baker) Diels); rhizome scales lanceolate, not or only 
weakly clathrate, the margins usually non-glandular, some-

times glandular (some Deparia), without distinct pubescence, 
entire or dentate, when present the teeth commonly formed by 
two adjacent cells (Diplazium); leaves sometimes internally 
mucilaginous (some Deparia and Diplazium spp., particularly 
those treated as Callipteris), not externally covered in muci-
lage during any stage of development, green in Diplazium and 
Deparia, the petiole and rachis frequently with a pink hue in 

Athyrium presumably due to anthocyanins, monomorphic, 
spirally arranged or sometimes distichous and dorsal (e.g., 
Athyrium skinneri), occasionally bulbiferous, closely to dis-

tantly spaced, sparsely to moderately scaly and occasionally 
pubescent (Athyrium, Diplazium) or with a reduction series 
beginning with scales at the base of the leaf that gradually 
reduce to catenate hairs distally (Deparia, some Diplazium); 
petioles castaneous, stramineous, or proximally darkened, of-
ten with a proximal thickening forming trophopods that may 
be starch-filled (Athyrium, Cornopteris, Diplazium), often with 
conspicuously elaborated aerophores (elsewhere termed pneu-

matophores; Cornopteris, some Athyrium, some Deparia), the 
bases usually persistent, rarely articulate to the rhizome (e.g., 
Anisocampium and Athyrium skinneri), and sometimes with 
golden hairs similar to the root hairs (e.g., A. skinneri); peti-
olar vascular bundles two (rarely more; Kato, 1972), each with 
hippocampiform xylem, the bundles distally uniting to form 
a single U- or V-shaped bundle; laminae soft-herbaceous to 
coriaceous, simple to 3-pinnate-pinnatifid, the apex usually 
pinnatifid or non-conform, sometimes conform in Diplazium, 
the leaf marginal cells differentiated into nodulose hyaline 
cells or not; pinna axes not articulate, sometimes muricate 
(Diplazium), sulcate adaxially, lacking a free central ridge; 
the rachis grooves V-shaped (Anisocampium, Athyrium, Cor-

nopteris) or U-shaped (Deparia, Diplazium), continuous (An-

isocampium, Athyrium, Cornopteris, most Diplazium) or not 
continuous (Deparia, some Diplazium), the sulcus wall of the 
rachis usually continuing as a prominent ridge onto the sulcus 
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wall of the costa (but not in Deparia); veins free or sometimes 
anastomosing (Deparia species treated as Dictyodroma, and 
some Diplazium), the areoles without free included veinlets, 
usually terminating before the leaf margin, the vein endings 
slightly raised and expanded, or forming hydathodes, or not 
differentiated; sori usually elongate, sometimes round, not ter-
minal, on top of the vein, or along one side, singular or paired 
back-to-back along the same vein, or hooked in most Athyrium 

(i.e., paired back-to-back and crossing over the vein at one 
end in J- or U-shapes), or rarely sori marginal (e.g., Deparia 

prolifera (Kaulf.) Hook. & Grev.), at the tips of vein endings, 
usually indusiate; soral receptacle flat; indusia lateral, vaulted 
or essentially flat, glabrous or glandular, opening along the 
lateral margin; sporangia with stalks two or three cells wide 
in the middle; spores monolete, non-chlorophyllous, brown, 
the perispore nearly plain to coarsely tuberculate, echinate, 
or folded, the folds short and low, forming a rugate surface, 
or broad and wing-like; chromosome base numbers x = 40 
(Athyrium, Deparia, some Cornopteris; Manton & Sledge, 
1954; Kato, 1979; Sano & al., 2000a, b; Liu & al., 2011), or 41 
(Diplazium, some Cornopteris; Manton & Sledge, 1954; Kato, 
1979; Dawson & al., 2000). Reports of x = 41 for Deparia re-

quire confirmation (reviewed in Sano & al., 2000a), and reports 
for individual Cornopteris species are occasionally inconsistent 
(alternating between x = 40 and x = 41), indicating that further 
cytological study is needed.

Several genera of Athyriaceae can be diagnosed by unique 
or rare character states. However, character state reversals and 
homoplasy render these characters imperfect diagnostics for the 
family. Deparia typically has broad scales present at the base 
of the leaf that transition along a homologous series to septate 
hairs. Similar hairs occur in Diplazium (species treated in Cal-

lipteris by Pacheco & Moran, 1999), Acystopteris, and some 
species of Woodsia (e.g., W. mollis)—other species of Woodsia 

have septate hairs, but these are not reduced from broad scales. 
Many eupolypod II ferns have reduced filiform scales, but in 
most cases these never approach the septate hairs found in 
Deparia (see Fig. 3 in Sano & al., 2000b). Deparia also differs 
from most Eupolypods II in having sulcate rachises that are not 
continuous with the sulcae of the pinna costae. Many Athyrium 

and Cornopteris species have red-tinged leaves. This color is 
visible in live plants as well as on herbarium specimens. Blech-

naceae also have reddish leaves and this has been attributed to 
the presence of anthocyanins (Crowden & Jarman, 1974). That 
family, and the other eupolypod II families with reddish leaves, 
differ in that the red coloration is present only in developing 
leaves and is not visible by maturity.

Another useful character of limited distribution is the 
corniculae/scales that are present adaxially at the junction of 
the pinna costa and the rachis in many Athyrium and Cornop-

teris. In addition, many Athyrium and some Diplazium species 
have small epidermal spinules along the adaxial pinna cos-

tae. Outside of the Athyriaceae, adaxial corniculae occur only 
in Rhachidosoraceae and Onocleopsis (Onocleaceae). In the 
Eupolypods I, similar structures also occur in Didymochlaena, 
and outside of the Eupolypods similar structures occur in Pteris 

(Pteridaceae). Athyriaceae also frequently have well-developed 

trophopods, which consist of a thickened petiole base that is 
often starch-filled, persistent upon the rhizome, and in some 
cases highly sclerified. The trophopods of some Athyrium and 
Deparia are additionally adorned with toothed or wing-like 
protuberances, referred to as pneumatophores by Iwatsuki 
(1970) and Kato (1984).

Biology and phylogeny. — Athyriaceae are mostly 
medium-sized understory terrestrial ferns, comprising three 
major clades that correspond to the subfamilies Athyrioideae, 
Diplazioideae, and Deparioideae of Wang & al. (2004; with 
the exception of Diplaziopsis and Homalosorus, which Wang 
& al. (2004) include in Diplazioideae, and which we place in 
Diplaziopsidaceae). This alliance of “athyriid”, “diplaziid”, 
and “depariid” ferns (Rothfels & al., 2012) has a long history; 
at some point they have all been treated in a broad concept of 
Athyrium (e.g., Copeland, 1947). The sister-group relationship 
of the athyriids and diplaziids, and they together as sister to the 
depariids, was anticipated first by Hiraoka (1978), suggested 
by the single-locus data of Sano & al. (2000a), and strongly 
supported by multi-locus molecular data (Schuettpelz & Pryer, 
2007; Rothfels & al., 2012). Character evolution in Athyriaceae 
is complex, and the generic-level relationships within the two 
large clades (athyriids, diplaziids) need further investigation 
(e.g., Liu & al., 2011).

Blechnaceae newman, Hist. Brit. Ferns, 
ed. 2: 8 (1844)

Blechnoids; Deer Ferns, Chain Ferns, and allies. Approxi-
mately 200 species in Blechnum L. s.l. (~150 spp.; incl. many 
potential segregates), Brainea J. Sm. (1 sp.), Diploblechnum 

Hayata (2 spp.), Doodia R. Br. (~15 spp.), Pteridoblech-

num Hennipman (2 spp.), Sadleria Kaulf. (6 spp.), Salpich-

laena J. Sm. (3 spp.), Steenisioblechnum Hennipman (1 sp.), 
Stenochlaena J. Sm. (8 spp.), and Woodwardia Sm. (14 spp.; 
incl. Anchistea C. Presl., Lorinseria C. Presl.); (Holttum, 1971b; 
Moran, 1990; Cranfill & Kato, 2003).

< Polypodiaceae: Pteridoideae + Polypodiaceae: Blechnoideae 
sensu Christensen (1938); = Dennstaedtiaceae: Blechnoideae sensu Holt-
tum (1947); = Blechnaceae sensu Nayar (1970); < Blechnaceae + Pterida-

ceae sensu Tagawa & Iwatsuki (1972); = Blechnaceae sensu Pichi Ser-
molli (1977); = Blechnaceae + Stenochlaenaceae sensu Ching (1978a); 
= Blechnaceae sensu Lovis (1978); = Blechnaceae sensu Tryon & Tryon 
(1982); = Blechnaceae sensu Kramer & al. (1990a); = Blechnaceae sensu 
Smith & al. (2006); = Blechnaceae sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial or climbing (by means of 
rhizomes in Stenochlaena and Blechnum sect. Lomaria (Willd.) 
Diels, or by leaves in Salpichlaena), rarely epiphytic or rheo-

phytic; roots blackish, wiry, inserted radially, non-proliferous; 
rhizomes short- to long-creeping, suberect, or erect, some-

times massive and arborescent (Blechnum sect. Lomariocycas 

(J. Sm.) C.V. Morton, and Sadleria), branched, or more com-

monly unbranched, sometimes stoloniferous (Blechnum sect. 
Eublechnum Hook. & Baker), bearing scales; rhizome scales 
lanceolate to linear-lanceolate, non-clathrate, light-brown 
to blackish, the margins glandular or not, entire or dentate, 
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without distinct pubescence; leaves reddish when young, green 
at maturity, sometimes covered in mucilage when young (some 
Blechnum), monomorphic or dimorphic, spirally arranged, oc-

casionally bulbiferous, the bulbils frequently in a distal pinna 
axil, leaves usually closely spaced, sparsely to densely scaly, 
sometimes pubescent, sometimes with glandular nectaries 
(e.g., Stenochlaena palustris (Burm. f.) Bedd., Blechnum ori-

entale L.); petioles greenish to dark brown or atropurpureous, 
the bases not expanded, not articulate to the rhizome, usually 
not persistent; petiolar vasculature with two large bundles on 
the adaxial side of the petiole and an arc of smaller bundles 
on the abaxial side of the petiole, rarely petioles with only two 
bundles (e.g., Woodwardia areolata (L.) T. Moore), the larger 
bundles with hippocampiform-shaped xylem, distally uniting 
to form a single U-shaped bundle; laminae soft-herbaceous 
to more often coriaceous, pinnatifid to 2-pinnate-pinnatifid, 
the base with or without a series of reduced pinnae, the apex 
conform or not, the leaf marginal cells differentiated and scari-
ous or membranaceous, or non-differentiated; pinna axes ar-
ticulate (Stenochlaena), or usually non-articulate, pinna bases 
sometimes with conspicuous aerophores in Blechnum, the 
aerophores appearing as a low protuberance or elongate and 
vermiform (e.g., Blechnum violaceum (Fée) C. Chr.); rachis 
axes sulcate adaxially, rarely not (e.g., some Woodwardia), the 
sulcae not continuous onto the next order, lacking a free central 
ridge; veins anastomosing, or more commonly with costular 
areoles and otherwise free, the areoles without free included 
veinlets, reaching the leaf margin or terminating before it, 
the vein endings forming hydathodes, or not differentiated; 
sori elongate, along one side of the costular commissural vein, 
indusiate, or sori acrostichoid and exindusiate (Stenochlaena); 
soral receptacle flat; indusia lateral, essentially flat, glabrous or 
sometimes glandular, opening along the lateral margin with the 
opening facing the costa; sporangia with stalks more than one 
cell wide in the middle; spores monolete, occasionally chlo-

rophyllous (e.g., Blechnum nudum (Labill.) Leurss.; Sundue 
& al., 2011), usually non-chlorophyllous, usually pale brown 
or tan, the perispore with sharp ridges, broad folds, echinulate, 
tuberculate, foliose, or nearly plain; chromosome base numbers 
x = 27 (Pteridoblechnum; Tindale & Roy, 2002), 29 (Blechnum; 
Walker, 1973a), 31 (Blechnum; Walker, 1973a), 32 (Doodia; 
Tindale & Roy, 2002), 33 (Blechnum, Sadleria; Walker, 1973a; 
Smith & Mickel, 1977; F.S. Wagner, 1995), 34 (Blechnum, 
Woodwardia; Manton & Sledge, 1954; Tryon & Tryon, 1982), 
35 (Brainea, Woodwardia; Britton, 1964; W.H. Wagner, 1955; 
Aziz Bidin, 1995), 36 (Blechnum; Walker, 1973a), 37 (Steno-

chlaena; Manickam & Irudayaraj, 1988), or 40 (Salpichlaena; 
Walker, 1973b).

Blechnaceae are unique among ferns in having elongate 
sori along a sub-costular commissural vein that is parallel to 
the pinna costa, with an indusiate sorus that opens to face the 
costa. Other ferns with elongate sori lack a commissural vein, 
and have indusia that face the costa at a low angle (not parallel) 
or are exindusiate. Blechnaceae also differ from nearly all other 
Eupolypods II by having petioles with a vascular anatomy that 
resembles those of Eupolypods I. That is, in addition to the two 
large bundles on the adaxial side of the petiole, there is an arc 

of smaller bundles along the abaxial side of the petiole. How-

ever, Woodwardia areolata is aberrant among Blechnaceae in 
having only two.

Some genera of Onocleaceae, such as Matteuccia and Pen-

tarhizidium, have a strong superficial resemblance to Blechna-

ceae. Those genera can be differentiated by fertile leaves with 
a modified leaf margin that opens to face the costa and the in-

dusium itself, which is inconspicuous and faces away from the 
costa. Plagiogyria (Cyatheales; see Fig. 1) also appears similar; 
the shape of the lamina, dimorphic leaves, and young leaves 
covered in mucilage are all reminiscent of Blechnum sect. Para-

blechnum (C. Presl.) T. Moore. Other characters of Plagiogyria, 
however, support its position among the Cyatheales, namely the 
sporangial capsule with an oblique annulus, trilete spores, and 
a perispore with well-formed rodlets.

Biology and phylogeny. — Blechnaceae are cosmopolitan, 
with a wide range of growth habits, including tall arborescent 
species, near-annual roadside weeds, and tropical lianas. Like 
their sister group, Onocleaceae, Blechnaceae have a high fre-

quency of fertile/sterile leaf dimorphism. Many of the smaller 
Blechnaceae genera nest within Blechnum s.l. (Nakahira, 2000; 
Cranfill, 2001; Schuettpelz & Pryer, 2007). While generic cir-
cumscription remains incomplete, the family is well defined 
and historically stable (with the exception of Stenochlaena, 
which was of uncertain affinity prior to the availablility of 
molecular data, a challenging situation further complicated by 
Christensen having included three widely divergent taxa in his 
original description of the genus; Christensen, 1906; Holttum, 
1971b). Our circumscription is identical to that of Smith & al. 
(2006), who provide further information on this family.

onocleaceae pic. serm., Webbia 24: 708 
(1970)

Onocleoids; Sensitive Fern, Ostrich Fern, and allies. Five 
species in Matteuccia Tod. (1 sp.), Onoclea L. (1 sp. with two 
varieties), Onocleopsis F. Ballard (1 sp.), and Pentarhizidium 

Hayata (2 spp.); (Gastony & Ungerer, 1997; Rothfels & al., 
2012).

= Polypodiaceae: Onocleoideae sensu Christensen (1938); = “un-

placed”: Onocleoideae sensu Holttum (1947); = Dryopteridaceae: 
Onocleoideae sensu Nayar (1970); = Onocleaceae sensu Pichi Ser-
molli (1977); = Onocleaceae sensu Ching (1978a); = Dryopteridaceae: 
Onocleoideae sensu Lovis (1978); = Dryopteridaceae: Onocleeae sensu 
Tryon & Tryon (1982); = Dryopteridaceae: Athyrioideae: Onocleeae 
sensu Kramer & al. (1990b); = Dryopteridaceae: Onocleeae sensu 
Gastony & Ungerer (1997); = Onocleaceae sensu Smith & al. (2006); 
= Onocleaceae sensu Christenhusz & al. (2011).

Characters. — Plants terrestrial, often in wet or seasonally 
wet habitats; roots blackish, wiry, inserted radially, non-prolif-
erous; rhizomes short-creeping, unbranched, and erect (up to 
1 m tall in Onocleopsis), or long-creeping, and branched (Ono-

clea), rhizomes sometimes stoloniferous (Matteuccia), bearing 
scales; rhizome scales lanceolate, non-clathrate, brown, the 
margins eglandular, entire or dentate, without distinct pubes-

cence; leaves greenish and not covered in mucilage during 
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any stage of development, dimorphic, spirally arranged, leaves 
usually closely spaced (sometimes distantly spaced in Ono-

clea), sparsely to densely scaly, sometimes pubescent; petioles 
greenish to stramineous, the bases not articulate to the rhizome, 
expanded and often starch-filled (forming trophopods), persis-

tent on the rhizome, sometimes for decades, forming a massive 
protective sheath in Matteuccia and Pentarhizidium; petioles 
with two vascular bundles, the bundles with hippocampiform-
shaped xylem, distally uniting to form a single U-shaped bun-

dle; laminae herbaceous, pinnatifid to 1-pinnate-pinnatifid, 
the base with or without a series of reduced pinnae, the apex 
pinnatifid or non-conform, the leaf marginal cells scarious or 
not differentiated (Matteuccia); pinna axes not articulate; the 
rachis axes sulcate adaxially, the sulcae not continuous onto the 
next order, lacking a free central ridge; veins mostly reaching 
the leaf margin, or terminating before it in Pentarhizidium, free 
or anastomosing (Onoclea, Onocleopsis), the areoles without 
free included veinlets, the vein endings expanded in Pentarhi-

zidium, otherwise not differentiated; sori orbicular, terminal on 
the vein, indusiate (except P. intermedium (C. Chr.) Hayata); 
soral receptacle raised, conical; indusia lateral, triangular, 
ephemeral; sporangia with stalks more than one cell wide in the 
middle; spores monolete, chlorophyllous, the perispore brown, 
perispore with broad folds and echinulae; chromosome base 
numbers x = 37 (Onoclea; Haufler & Soltis, 1986), 39 (Mat-

teucia; Kurita, 1960), or 40 (Onocleopsis, Pentarhizidium; Tsai 
& Shieh, 1985; Gastony & Ungerer, 1997).

Onocleaceae can be diagnosed by having dimorphic leaves, 
petioles with two vascular bundles, and thickened petiole bases, 
chlorophyllous spores, and sori with conical receptacles. Blech-

naceae appear similar, but differ by having petioles with more 
than two vascular bundles (except Woodwardia areolata, which 
has two) and that are not expanded at the base, leaves that are 
reddish when young, and indusia that open to face the costa.

Biology and phylogeny. — Onocleaceae are a small 
family, yet one of the most familiar to residents of the north-
temperate zone. The family is noteworthy for the strong fertile/
sterile leaf dimorphism of its members, their typically large 
size, chlorophyllous spores, and unusual distributions: Mat-

teuccia is circumboreal; Onoclea is disjunct between eastern 
North America and eastern Asia; Onocleopsis is endemic to 
southern Mexico and Guatemala; and Pentarhizidium is limited 
to eastern Asia. Our circumscription is identical to that of Smith 
& al. (2006), who provide further information on this family.

Key to eupolypod II famIlIes

1. Sori elongate, usually on one side of the vein, rarely paired 
back-to-back on a single vein, never curving over to the 
other side of the vein and forming a U- or J-shape; peti-

oles with two vascular bundles, these united distally to 
form an X-shape as seen in cross-section, vascular bundles 
with xylem in the shape of a “C” as seen in cross-section; 
rhizome scales clathrate, rarely with darkened indurate 
lumens; sporangial stalks one cell wide in the middle . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Aspleniaceae

1. Sori elongate or round, on top of the vein, on one side, paired 
back-to-back, or on one side of the vein and curving over to 
other side and forming a U- or J-shape; petioles with more 
than two vascular bundles, or if two, then these distally 
united to form a U- or V-shape as seen in cross-section, larg-

est vascular bundles with hippocampiform-shaped xylem; 
rhizome scales non-clathrate (except Rhachidosoraceae, 
some Cystopteridaceae); sporangial stalks more than one 
cell wide in the middle, usually three cells wide . . . . . . . . . . 2

2. Petiole with more than two vascular bundles (two in some 
Woodwardia); sori elongate, parallel to the costa, on a sub-
costular commissural vein connecting lateral veins, indusi-
ate, with the opening facing the costa, or sori acrostichoid 
(Stenochlaena); leaves reddish when young, not reddish at 
maturity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Blechnaceae

2. Petiole with two vascular bundles (rarely more in Athyri-
aceae and Thelypteridaceae); sori on, along, or at the apex 
of a lateral vein, round or elongate, never acrostichoid, if 
elongate then usually at an angle to the costa, when paral-
lel to the costa, the indusium opening to face the segment 
margin (away from the costa) or exindusiate; leaves green 
in all stages, or if reddish when young, then reddish at ma-

turity as well (except some Thelypteridaceae and Onoclea 

sensibilis L., which are reddish only when young) . . . . . . 3

3. Fertile leaves strongly dimorphic with sori protected by 
contracted and inrolled segment margins; spores chloro-

phyllous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Onocleaceae
3. Fertile leaves holomorphic or partially dimorphic (some 

Thelypteridaceae), the segments weakly contracted and 
not inrolled; spores not chlorophyllous . . . . . . . . . . . . . . . . . . . 4

4. Leaves pubescent (rarely lacking hairs), the hairs acicular, 
forked, stellate, or hamate; rhizome scales often bearing 
similar hairs along the margin and surfaces; indusia, when 
present, reniform and attached laterally; pinna base usually 
with a prominent aerophore, the aerophore raised, orbicu-

lar, elongate, or vermiform; leaves sometimes mucilagi-
nous when young . . . . . . . . . . . . . . . . . . . . . . . Thelypteridaceae

4. Leaves glabrous or pubescent, the hairs not acicular, sim-

ple, never forked or hamate; rhizome scales ciliate or den-

ticulate, but not bearing hairs similar to the leaves; indusia, 
when present, attached basally or laterally, if laterally then 
elongate or a minute scale, not reniform; pinna base without 
a prominent aerophore; leaves never mucilaginous . . . . . . 5

5. Indusium attached basally, encircling the sorus, globose, or 
composed of multiple scale-like or filamentous segments 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Woodsiaceae
5. Indusium attached laterally, or if attached basally then not 

encircling the indusium, and composed of a single scale-
like segment, or exindusiate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

6. Sori round, indusiate, and the receptacle slightly raised 
and hardened, or sori slightly elongate (not more than 2× 
longer than wide), exindusiate, the soral receptacle flat; 
veins reaching segment margin; indusium, when present, 
basal, a minute hood-like scale, arching over the sorus, 
frequently deciduous . . . . . . . . . . . . . . . . . . . Cystopteridaceae

6. Sori usually elongate, several times longer than wide, 
sometimes round (some Athyriaceae), indusiate, the soral 
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Adjie, B., Takamiya, M., Ohto, M., Ohsawa, T.A. & Watano, Y. 
2008. Molecular phylogeny of the lady fern genus Athyrium in 
Japan based on chloroplast rbcL and trnL-trnF sequences. Acta 

Phytotax. Geobot. 59: 79–95.
Alston, A. 1956. The subdivision of the Polypodiaceae. Taxon 5: 23–25.
Aziz Bidin, A. 1995. The ecology and cytology of Brainea insignis 

(Blechnaceae: Pteridophyta). Fern Gaz. 15: 21–24.

receptacle flat; veins usually ending before segment mar-
gin; indusium lateral, vaulted or essentially flat, opening 
along the lateral margin, usually persistent . . . . . . . . . . . . . . 7

7. Rhizome scales clathrate; vein endings undifferentiated, 
neither expanded, raised nor forming hydathodes . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Rhachidosoraceae
7. Rhizome scales non-clathrate; vein endings differentiated, 

either thickened, raised, or forming hydathodes . . . . . . . . . 8
8. Veins forming a sub-marginal collecting vein; leaf margin 

with a broad membranaceous border; pinna bases subcor-
date, the basiscopic lobes overlapping the rachis . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hemidictyaceae
8. Veins free or anastomosing, but not forming a sub-mar-

ginal collecting vein; leaf margin scarious or undifferenti-
ated, but not with a broad membranaceous border; pinna 
bases truncate, cuneate, or excavate, but not subcordate, 
and not overlapping the rachis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

9. Sori usually along one side of the vein, rarely paired back-
to-back; roots pale, fleshy; sori vaulted, the indusium often 
splitting apically prior to opening laterally; veins raised 
and cartilaginous on the adaxial side of the lamina . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Diplaziopsidaceae
9. Sori usually along both sides of the vein, either paired 

back-to-back, or crossing over the vein and U- or J-shaped 
(on top of the vein in Cornopteris and some Athyrium); 
roots blackish, wiry; sori usually flat, sometimes vaulted, 
indusium never splitting apically prior to opening laterally; 
veins often expanded, but not raised or cartilaginous on 
the adaxial side of the lamina. . . . . . . . . . . . . . . . . Athyriaceae
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Abstract

Background: Molecular phylogenetic investigations have revolutionized our understanding of the evolutionary
history of ferns—the second-most species-rich major group of vascular plants, and the sister clade to seed plants.
The general absence of genomic resources available for this important group of plants, however, has resulted in the
strong dependence of these studies on plastid data; nuclear or mitochondrial data have been rarely used. In this
study, we utilize transcriptome data to design primers for nuclear markers for use in studies of fern evolutionary
biology, and demonstrate the utility of these markers across the largest order of ferns, the Polypodiales.
Principal Findings: We present 20 novel single-copy nuclear regions, across 10 distinct protein-coding genes:
ApPEFP_C, cryptochrome 2, cryptochrome 4, DET1, gapCpSh, IBR3, pgiC, SQD1, TPLATE, and transducin. These
loci, individually and in combination, show strong resolving power across the Polypodiales phylogeny, and are readily
amplified and sequenced from our genomic DNA test set (from 15 diploid Polypodiales species). For each region, we
also present transcriptome alignments of the focal locus and related paralogs—curated broadly across ferns—that
will allow researchers to develop their own primer sets for fern taxa outside of the Polypodiales. Analyses of
sequence data generated from our genomic DNA test set reveal strong effects of partitioning schemes on support
levels and, to a much lesser extent, on topology. A model partitioned by codon position is strongly favored, and
analyses of the combined data yield a Polypodiales phylogeny that is well-supported and consistent with earlier
studies of this group.
Conclusions: The 20 single-copy regions presented here more than triple the single-copy nuclear regions available
for use in ferns. They provide a much-needed opportunity to assess plastid-derived hypotheses of relationships
within the ferns, and increase our capacity to explore aspects of fern evolution previously unavailable to scientific
investigation.
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Introduction

Over the past twenty years, molecular phylogenetic
approaches have radically altered our understanding of
relationships in the fern tree of life. Arguably the most important
finding (and among the most contentious) is that ferns,
including the horsetails (Equisetum) and whisk ferns
(Psilotaceae), form a clade sister to seed plants [1]. Ferns are
therefore one of the great vascular plant radiations; only the
angiosperm clade has more extant species. Broad studies of
fern phylogeny, e.g., [1-18] have increasingly found stronger
resolution and support across the majority of the backbone
nodes, many of which were unanticipated based on
morphological data. This rewriting of fern phylogeny has
resulted in a novel emerging consensus of deep fern
relationships [19-22]. Similarly, new molecular data have
greatly facilitated inquiries into fern relationships at much finer
scales, such as within genera, e.g., [23-46].

The vast majority of these studies, however, have been
limited to data from the plastid genome; nuclear and
mitochondrial data have not been widely used, cf. [4,9,47-49].
This dependence upon plastid data reflects a general absence
of genomic resources available for ferns [50-53]—for example,
no fern mitochondrial or nuclear genome has been sequenced
yet—which has impeded the development of novel markers. To
date only seven nuclear regions have been used in fern
phylogeny investigations: ITS [13,54-57]; ribosomal 18S [4,58];
LEAFY [59-62]; gapCpSh (gapCp “short”)
[36,42,43,49,57,63-67]; gapCpLg (gapCp “long”) [67]; cam [67];
and pgiC [57,59,66,68-75].

This strong reliance on the plastid genome makes fern
phylogenetics vulnerable to misleading inferences, such as
failures of this linkage group to track the organismal
divergences (e.g., due to deep coalescence or reticulation). In
addition, plastid data are poorly suited for species-level work in
the many fern groups that have reticulate evolutionary histories
[76-79]. Polyploidy and hybridization are common in ferns [80],
and fully unraveling relationships in these groups will require
the development of multiple unlinked markers. Regions from
the nucleus are particularly attractive for this purpose because
that genome has multiple linkage groups that are expected to
have an elevated rate of evolution in ferns, e.g., [49].

The recent sequencing of approximately 1000 green plant
transcriptomes by the One Thousand Plants Project (1KP;
onekp.com) provides an unprecedented opportunity to facilitate
the development of novel low-copy nuclear markers for use in
ferns. There is no fern nuclear genome that has been
sequenced to date, and only a handful of EST libraries,
sequenced plastomes, or transcriptomes, e.g., [81-89].
Included in the 1KP sampling (as of January 2013, when we
finished the sampling for this project) are 62 fern accessions,
comprising 60 unique species. Our sampling from this time
point is particularly rich in members of the leptosporangiate
order Polypodiales, especially Pteridaceae (sensu [20,90]) and
eupolypods II (sensu [8,16,19,91]), but also includes
representatives of each of the major eusporangiate clades
(Ophioglossales, Psilotales, Equisetales, Marattiales), as well
as each of the leptosporangiate orders, except for the

Osmundales [20]. Additional taxa, including representatives of
the Osmundales, were sequenced in the 1KP project after we
had finished our sampling. The full list—including algae,
bryophytes, lycophytes, ferns, and seed plants—is available at
http://www.onekp.com/samples/list.php.

Here, we utilize these transcriptome data to design primers
for 20 nuclear markers across ten protein-coding genes. Our
primary goals are: 1) to provide primers that will amplify single-
copy nuclear markers across the majority of the Polypodiales;
2) to demonstrate the relative success of those primers in
amplifying the desired region from genomic DNA, using a test
set of 15 diploid Polypodiales species, and; 3) to characterize
the resulting sequences and their efficacy in inferring
relationships at various phylogenetic depths. In addition, we
provide transcriptome alignments—curated broadly across
ferns—for each of our target loci (including closely related
paralogs in the case of gene families) to assist other
investigators in designing primers for fern taxa of interest
outside of the Polypodiales.

Results

Primer Development
We developed primer pairs for 20 regions across a total of

ten distinct single-copy protein-coding genes: ApPEFP_C,
cryptochrome 2, cryptochrome 4, DET1, gapCpSh, IBR3, pgiC,
SQD1, TPLATE, and transducin (Tables 1, 2, 3; Figure 1).
Each primer pair successfully amplifies the majority of taxa in
our genomic DNA test set (comprising DNA from 15 diploid
Polypodiales species; Table 3; Figure 2; Appendix S1). In
general, we only attempted to sequence PCR products that
had strong single bands (viewed with agarose gel
electrophoresis). Many of the missing sequences are likely to
be attainable by applying cloning protocols (e.g., see 64).
Those sequences that we did attain by cloning are noted in the
Methods section and in Table 3.

ApPEFP_C.  We developed primers for three regions of
ApPEFP_C (Figure 1A), and for one of those regions (Region
1) we designed non-overlapping internal primers that can
amplify two smaller subset regions (Figure 1A). Region 1 is
approximately 700–1000bp long in ferns (Table 3) and spans
introns 2, 3, and 4, exons 3 and 4, and half of exon 5 (Figure
1A). It could be direct-sequenced for most taxa in our genomic
DNA test set, although cloning was necessary for Polypodium
(due to a hypothesized gene duplication in the Polypodiaceae;
see Figure 2) and Cystopteris protrusa. Within Region 1, the
additional reverse primer 4218Cr3 allows for the amplification
of the subset Region 1a, and the forward primer 4218Cf6 yields
Region 1b (Figure 1A). Both these smaller regions are
approximately 200–300 bp long. Region 1a is the more variable
of the two, whereas Region 1b has good length conservation
among taxa and is easy to align across the complete breadth of
the Polypodiales (Table 3). Region 2 overlaps with the 3’ end of
Region 1; it includes a portion of exon 4, introns 4 and 5, exon
5, and most of exon 6 (Figure 1A). Finally, Region 3 is
intermediate in length and includes much of the large exon 8,
intron 8, and most of exon 9. In the eupolypods, Region 3
ranges in length from approximately 400 to 500 bp, but is
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consistently larger in the Pteridaceae and Dennstaedtiaceae
(reaching 802 bp in Dennstaedtia). It amplified and direct-
sequenced well (Figure 2), but required cloning for P.
glycyrrhiza and C. protrusa (see above); however, the P.
amorphum Region 3 sequence was clean (not double-peaked
when directly sequenced), and did not require cloning.

CRY2 and CRY4.  We designed primers to target a 516 bp
region in the third exon of CRY2 (Figure 1B). However, these
primers also cross-amplify the same region in CRY4 (also 516

bp; Figure 1C), and, less frequently, in CRY3 and CRY5 (see
Figure S2). The PCR products thus cannot be directly
sequenced. Nevertheless, after cloning, we recovered CRY2
and CRY4 for 14 and 11 (respectively) of the 15 taxa in our
genomic DNA test set. These two loci are sufficiently divergent
that assigning sequences to the correct copy is straightforward.
CRY2 appears to have higher sequence variation, with nine
nucleotide differences between the Cystopteris species pair,
whereas there are only two nucleotide differences between the

Table 1. Summary of the genes for which we designed primers.

   Length (CDS; in bp) Arabidopsis

 Abbreviation Protein Name Arabid. Ferns TAIR Gn# # of Introns Chromo. #
1 ApPEFP_C appr-1-p processing enzyme family protein 1689 ~1650-1743 AT1G69340 13 1
2 CRY2 cryptochrome 2 2046 ~2000 AT4G08920 3 4
3 CRY4 cryptochrome 4 1839 ~2100 AT1G04400 3 1
4 DET1 Nuclear-localized regulator of plant development 1632 ~1600-2700 AT4G10180 9 4
5 gapCpSh Plastid-localized GAPDH, short copy 1266; 1260 1315 AT1G79530; AT1G16300 13 1
6 IBR3 IBA-Response 3 (acyl-CoA dehydrogenase) 2475 ~2445-2490 AT3G06810 16 3
7 pgiC glucose-6-phosphate isomerase / sugar isomerase family protein 1683 --a AT5G42740 21 5
8 SQD1 Sulfoquinovosyldiacylglyerol 1 1431 ~1515-1521 AT4G33030 1 4
9 TPLATE a cytokinesis protein targeted to the cell plate 3531 --a AT3G01780 6 3
10 transducin transducin family protein / WD-40 repeat family protein 2868 --a AT3G21540 11 3

For each gene, we list its length in ferns and in Arabidopsis, provide the TAIR accession number for the Arabidopsis sequence (as well as its number of introns and
chromosomal position). The TreeBASE accession number for our “all-in” fern alignments is S14616. Comparisons with Arabidopsis thaliana are based on the most closely
related homolog(s). a These loci were trimmed to a focal region prior to completion, so the full length of the coding DNA sequence (CDS) is unknown.
doi: 10.1371/journal.pone.0076957.t001

Table 2. Priming details for 20 novel nuclear markers.

  Primers (Forward, Reverse)  
Protein Region Name Sequence (5'–3') PCR Program
ApPEFP_C 1 4218Cf4, 4218Cr12 GGACCTGGSCTYGCTGARGAGTG, GCAACRTGAGCAGCYGGTTCRCGRGG 6512035
ApPEFP_C 1a 4218Cf4, 4218Cr3 GGACCTGGSCTYGCTGARGAGTG, TCGTAAGCRTTYGTTACTTTDGCC 5506035
ApPEFP_C 1b 4218Cf6, 4218Cr6 AAAGTTATACATACTGTTGGTCC, GCAACATGAGCAGCTGGTTCACGAGG 5506035
ApPEFP_C 2 4218f25, 4218r7 AATGCTCTRAGTCAYTGYTAYMGATC, TTGTAAATCTCTGTRTCRGATGYYGT 5509035
ApPEFP_C 3 4218f26, 4218r13 CAAAGGCGCAARGAACARTGGGARAGRGTTGC, TCAAGACAYCGTAGCAGRAARTGBGCYCC 6512035
CRY2 1 CRY2F3289_Pt, CRY2R3838_Pt AGGATGARYTGGAGAAAGGYAGCAATG, GTRTCCCAGAAATAYTTCATACCCC 5209035
CRY4 1 CRY2F3289_Pt, CRY2R3838_Pt AGGATGARYTGGAGAAAGGYAGCAATG, GTRTCCCAGAAATAYTTCATACCCC 5209035
DET1 1 det1-335all, det1-906all TATGAYGTGGARTGCCCAGAT, TCTCTGCAGAAHKGYCCAA 5506035
gapCpSh 1 gapCpShF1, gapCpShR2 TGCACMACHAACTGCCTTGCRCCBCTTGC, CCATTYARCTCTGGRAGCACCTTTCC 6512035
IBR3 1 4321F2, 4321R2 TCTGCMCATGCMATTGAAAGAGAG, CCCARKGTYGAAAGYTCCCAATC 6312035
IBR3 2 4321F5, 4321R6 ATGACYGAACCAGATGTKGCDTCVTCRGATGC, TGRTGGAGYCTKCCTGGGCCTA 6512035
pgiC 1 pgic_1156F, pgiC_1900R GGYCTYYTRAGYGTYTGGAATGT, GGTGAAATYGAYTTYGGDGARC 5812035
SQD1 1 EMSQD1E1F6, EMSQD1E1R2 GCAAGGGTACHAAGGTHATGATCATAGG, CCTTTDCCRTARACTGTAAGAGGATG 5512035
SQD1 1a EMSQD1E1F6, EMSQD1E1R4 GCAAGGGTACHAAGGTHATGATCATAGG, GCGTGARTCRTGCACTTTGCTRAGATG 5512035
SQD1 2 EMSQD1E2F4, EMSQD1E2R8 CGHGTRTTYAATCARTTYACAGAAC, GTCACTGTHACAGGTTTYACDCCAGC 5512035
TPLATE 1 6560_1630F, 6560_2329R TGCYTAGTSGARAGYTGYTTTCA, AATGTAGCAACTAACAGGCTTCAAGA 5812035
TPLATE 2 6560_3136F, 6560_3686R AAYCTYCARCATCTYCAGTCTC, GCAACKGCHGCDGTBGAAAG 5812035
transducin 1 6928_850F, 6928_1357R TTRCGBGGRCAYARAGATCA, GGAWCSTTARTSGGYTGCCAA 5812035
transducin 2 6928_1955F, 6928_2816R AAGGCDGGRAARCTNGAGAT, ATGGAYATYTCCWCYGATGC 5812035
transducin 3 6928_3406F, 6928_3802R TCBATTCGRMGATGGGAGCG, CAAACYCARGARWCYSTGAC 5812035

The first two digits of the PCR program is the annealing temperature, followed by a three-digit elongation time (in seconds), followed by the number of cycles.
doi: 10.1371/journal.pone.0076957.t002
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same species pair in CRY4 (Cystopteris protrusa and C.
bulbifera constituted one of the two pairs of closely related
species that we used as a metric for informativeness at shallow
phylogenetic depths—see Methods and Table 3).

DET1.  We focused on a single region of DET1 (Figure 1D).
The primer pair 4321F2-4321R2 amplifies a ~670 bp region
that includes most of the second exon (in Arabidopsis; ferns
contain an additional intron within this region). All sequences
were obtained by direct-sequencing.

GapCpSh.  We designed primers for a single region of
gapCpSh. The forward primer is situated just before intron 8
and the reverse priming site is just after intron 10 (Figure 1E);
this region ranges in length from ~450 to 590 bp in our genomic
DNA test set. In general GapCpSh amplified and direct-
sequenced well, although we were not able to obtain clean
sequences for Alsophila, Adiantum, Cheilanthes, Athyrium, or
Cystopteris bulbifera (cloning not attempted) and the Dryopteris
sequence required cloning. This region physically overlaps with
the gapCp region amplified with the primers of Schuettpelz et
al. [64], but differs in that our primers are specific to the gapCp
Short (sensu [64]) copy in Polypodiales, and amplify a region
slightly shorter than that of Schuettpelz et al. [64].

IBR3.  We designed primers for two regions of IBR3. Region
1 spans introns 2–5 and exons 3–5 (Figure 1F); it is
approximately 900bp long in the Polypodiales species we

examined (Table 3). Region 2, at the 3’ end of the gene, is
shorter, at around 600 bp in most species; however, it is much
larger (1200 bp) in Dennstaedtia. It spans introns 12–14, exons
13 and 14, and the end of exon 12. Both regions amplified well,
and gave clean direct sequences for the majority of taxa in our
test set.

PgiC.  We developed one novel primer pair for pgiC—a
locus already known to work well in fern phylogenetics
[57,66,71-75,92]. Our primers are situated in exons 14 and 16,
amplifying introns 14, 15, and exon 15 (Figure 1G). The
amplified region ranges in length between 600 and 700bp
across our test set (Table 3), and the range of variation
observed is appropriate for resolving infrageneric relationships
(Table 3 and see citations above). It amplified and direct-
sequenced well for 10 of the 15 test set taxa; Lindsaea,
Saccoloma, Dennstaedtia, Cheilanthes and Adiantum failed
amplify and/or direct-sequence cleanly.

SQD1.  Primers were designed for two regions of SQD1: a
700 bp region within the first exon and a 264 bp region within
the second exon (Figure 1H; Table 3). The Region 1 forward
and reverse primers—EMSQDE1F6 and EMSQDE1R2—
produced successful amplifications for 13 of the 15 taxa in our
test set. An additional reverse primer, EMSQDE1R4, was
designed to amplify a 530 bp subset (henceforth designated
Region 1a; Figure 1H, Table 3), which resulted in successful

Table 3. Sequence characteristics for the single-copy regions developed in this study.

  # of Differences Length of Amplified Region

Protein Region Cys. pair Poly. pair  Cya. Lin. Sac. Adi. Che. Cry. Den. Dry. P.am. P.gl. Ath. C.bu. C.pr. The. Woo.
ApPEFP_C 1 >38; >25a 50; 25b ? ? >751 >690 >829 721 931 761 846; >871c 843; 837c >849 >866 932; 934c 687 939
ApPEFP_C 1a >13; >12a 10; 9b 145 ? 258d 321d 281 300d 293 267 ~257 ~255 201d 245 161 >225 255
ApPEFP_C 1b 6; 6a 11; 3b ? ? ? 224 209d 223d 269 223 224; 223d 216; 223d 224 214d 223d 223 222
ApPEFP_C 2 5 ? 382 334 360 360 340 357 406 359 ? ? 360 359 358 359 357
ApPEFP_C 3 14 11; 25 ? 377 ? >506 >776 770 802 454 385 378; 384c 490 482 461c 489 457
CRY2 1 9 14 516 516 516 516 516 516 ? 516 516 516 516 516 516 516 516
CRY4 1 2 ? ? 516 516 516 516 ? 516 516 ? 516 516 516 516 516 ?
DET1 1 ~5 6 ? ? ? ~630 ? ? ? 667 668 668 ~670 665 664 669 669
gapCpSh 1 ? 14 ? 455 459 ? ? 482 476 522c 531 525 ? ? 466 517 592
IBR3 1 >16 29; 31 ? ? 870 817 >700 827 836 819; 828c 843c 844 815 >819 840 >910 821
IBR3 2 ~6 ~21 ~600 >766 611 ~574 581 568 ~1196 ? ~590 595 586 ~580 ~582 579 588
pgiC 1 >32 >19 674 ? ? ? ? ? ? 625 >615 678 >474 >664 >581 619 620
SQD1 1 10 >8e ? 700 668 700 700 700 700 700 ? 700 700 700 700 700 685
SQD1 1a 8 8 530 530f 530f 530f 530f 530f 530f 530f 529 530f 530f 530f 530f 530f 530f

SQD1 2 1 3 264 263 264 264 256 264 263 264 264 264 264 264 233 264 ?
TPLATE 1 12 14 719 >657 ? 646 >561 >529 627 711 696 698 >638 710 >662 >692 687
TPLATE 2 5 10 >327 ? ? ? 551 ? 529 512 497 493 302 427 424 722 541
transducin 1 11 ? ? ? ? 402 397 426 416 ? >381 ? 436 437 435 420 421
transducin 2 11 >7 >521 ? ? ? >426 ? 539 534 529 >445 518 525 517 514 504
transducin 3 6 7 ? ? ? 227 308 231 ? 268 251 251 242 244 244 243 242

Cys: Cystopteris, Poly: Polypodium, Cya: Cyatheales, Lin.: Lindsaea, Sac.: Saccoloma, Adi: Adiantum, Che: Cheilanthes, Cry: Cryptogramma, Den: Dennstaedtia, P.am.:
Polypodium amorphum, P.gly.: Polypodium glycyrrhiza, Ath.: Athyrium, C.bu.: Cystopteris bulbifera, C.pr.: Cystopteris protrusa, The: Thelypteris, Woo: Woodsia. a The two
values come from comparing the single incomplete Cystopteris bulbifera sequence against two sequences cloned from C. protrusa. b This locus has a duplication in
Polypodium; these values are the number of bp changes between each of the ortholog pairs. c Required cloning. d These lengths are derived from the corresponding portion
of the APPEFP_C Region 1 alignment (we did not attempt to amplify Region 1a or 1b for all taxa). e For P. amorphum we were not able to amplify Region 1 for this locus,
only Region 1a. f These lengths are derived from the corresponding portion of the SQD1 Region 1a alignment (Region 1a for all taxa).
doi: 10.1371/journal.pone.0076957.t003
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Figure 1.  Schematic diagrams of the ten nuclear genes for which we developed fern-specific primers.  (A) ApPEFP_C; (B)
CRY2; (C) CRY4; (D) DET1; (E) gapCpSh; (F) IBR3; (G) pgiC; (H) SQD1; (I) TPLATE; (J) transducin. Each subset of the figure
represents one protein-coding locus, using the most closely related Arabidopsis thaliana homolog as the template. The coding
sequence is measured (in base pairs) along the bottom of the thickened horizontal line, with each locus wrapping onto a new line
every 2000 base pairs, when necessary. Intron location, number, and length (in base pairs in Arabidopsis) are given above the line.
Also shown below the line are the priming locations for each of the markers we developed. For gapCpSh, intron locations are based
on Arabidopsis gapCp1: the first two exons of Arabidopsis gapCp2 are each one codon shorter than in gapCp1.
doi: 10.1371/journal.pone.0076957.g001
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Figure 2.  Maximum likelihood phylograms for each region, including only those taxa that were successfully sequenced
from our 15-taxon genomic DNA test set.  Bold branches indicate strong support (≥70% bootstrap support). Scale bars are in
units of substitutions per site. In the taxon names, “C.” and “P.” refer to Cystopteris and Polypodium, respectively. These
phylograms are unrooted, but oriented as if rooted by the Cyatheales (or our best guess, when the Cyatheales accession did not
sequence successfully), when space permits.
doi: 10.1371/journal.pone.0076957.g002
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amplification and direct-sequencing of the two remaining
accessions (Alsophila and Polypodium amorphum). Primers
designed for Region 2 resulted in the successful sequencing of
all taxa in our test set, except Woodsia.

TPLATE.  We designed primers for two regions of TPLATE
(Figure 1I). Our primers for Region 1 were highly successful
(only Saccoloma failed to amplify). It spans part of exon 2, all of
intron 2, and part of exon 3, ranging in length among taxa in
our test set from 650-720bp. Region 1 had moderate levels of
variation (16 differences for the Cystopteris species pair, and
15 for Polypodium; Table 3). Region 2 is 400-550bp long
(Table 3), and slightly less variable than Region 1. Its primers
are situated in exon 5 and exon 6 and span intron 5 (Figure 1I).
We managed to sequence this region for 11 of the 15 test set
taxa (Adiantum, Cryptogramma, Lindsaea, and Saccoloma
were unsuccessful). In our phyogenetic analyses of these data,
we had to exclude Cheilanthes and Dicksonia because they
were too divergent from the other taxa to align confidently.

Transducin.  For transducin we designed primers for three
regions. Region 1 extends from the 5’ end of intron 2 through to
the middle of exon 3 (Figure 1J), and is approximately 400-450
bp long (Table 3). Amplification and sequencing was
successful for 10 of our 15 test set species (Lindsaea,
Saccoloma, Dicksonia, Dryopteris, and Polypodium glycyrrhiza
were unsuccessful). Region 2 is approximately 550bp long,
spanning exons 3 to 5 (Figure 1J, Table 3). It was amplified
and sequenced successfully for 11 of the test set species
(Adiantum, Cryptogramma, Lindsaea, and Saccoloma failed).
Region 3 is 250-300 bp long, amplifying intron 6 and portions of
exons 6 and 7 (Figure 1J, Table 3). It was successfully
amplified and sequenced for all test set taxa except Lindsaea
and Saccoloma.

Model selection and the Polypodiales phylogeny
The combined alignment of our 19 newly developed regions

(SQD1 Region 1 and Region 1a were merged for these
analyses) across our 15-taxon Polypodiales genomic DNA test
set (the set of genomic DNAs that we used to test our new
primer sets) is 9007 base pairs long; 42 percent of the sites are
variable. Twenty-eight percent of the characters in this
alignment are missing (i.e., gaps or question marks). We

investigated five models for these data (where “model” refers to
the product of the partitioning scheme and the substitution
model applied to each subset of the data), which ranged from
one subset and 37 free parameters to 30 subsets and 238 free
parameters (see Methods; Table 4; Appendix S2). In their
extremes, these models differed by over 2600 in their log
likelihood scores, and by nearly 4500 Bayesian information
criterion (BIC) points (Table 4). Model selection based on the
BIC favored a relatively simple model for these data: four data
subsets corresponding to the three codon positions and the
noncoding sites, respectively, with the first two codon positions
optimized under a GTR+G model and the two other subsets
including an additional proportion invariant parameter (GTR+I
+G; Table 4; Appendix S2). No parameters, other than relative
branch lengths, were linked across partitions.

Model parameterization had strong effects on the fit to our
data and on our subsequent inference. In general, the models
without a codon-position component to their partitioning
schemes (the unpartitioned model—model 4, and the two
models partitioned by locus—models 2a and 2b) performed
very poorly. The addition of codon-position-based partitions
dramatically improved model fit (Table 4), such that the
subsequent addition of locus-based partitions resulted in a
decline in model fit. For example, the BIC favored the simple
by-position partitioning scheme (model 3: four subsets, 68 free
parameters) over the best by-position-and-locus scheme
(model 1: 30 subsets, 238 free parameters; Table 4).

Model choice impacted the ML estimate of topology, but only
slightly: model 2a resolved Lindsaea as sister to the rest of the
Polypodiales, whereas all other models put Saccoloma in that
position. However, model choice had a stronger effect on
support values. The most extreme example of this effect was
branch C (Figure 3), which ranged from 41 percent ML
bootstrap support under model 3 (our best-fitting model) to 74
percent support under model 2a (our worst-fitting model; Table
4).

Despite the high proportion of missing data, ML analyses of
this alignment under our best-fitting model yielded a well
supported phylogeny, with only three branches lacking strong
support: Branch A (the earliest divergence in the Polypodiales),
Branch C (the position of Dennstaedtia with respect to
Pteridaceae and the eupolypods), and Branch L (the

Table 4. Model comparison, by the Bayesian Information Criterion (BIC).

     Support Values by Branch (ML bootstrap percent)

Model lnL BIC Subsets Param. A B C D E F G H I J K L
1: Pos. & Locus -40574.4 83316.0 30 238 56 100 53 100 100 100 100 99 100 100 87 58
2a: Locus (each) -42767.5 86819.0 19 141 49 100 74 100 100 100 100 96 100 100 88 61
2b: Locus (scheme) -42748.0 86470.3 11 107 52 100 72 100 100 100 100 97 100 100 87 67
3: Pos. -40875.4 82370.0 4 68 55 100 41 100 100 100 100 98 100 100 82 42
4: Unpartitioned -43190.2 86717.3 1 37 66 100 61 100 100 100 100 95 100 100 80 41

Values in bold face indicate strong support (≥70%). Branch designations (A – L) refer to Figure 3. Model 1 is the best PartitionFinder scheme given each codon position, for
each locus, as the data blocks. In model 2a each locus gets its own partition, across codon positions. Model 2b is the best PartitionFinder scheme given the loci as the data
blocks. Model 3 is partitioned by codon position, across loci. Model 4 is not partitioned. For substitution model parameterization, see Appendix S2. Subsets = the final
number of subsets (“partitions”) for that model. Param. = number of free parameters.
doi: 10.1371/journal.pone.0076957.t004
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relationships among the three non-Cystopteridaceae
eupolypod II accessions; branch labels refer to Figure 3). The
transcriptome alignments themselves also contain rich
phylogenetic data. The analysis of these data is beyond the
scope of this paper, and is the focus of a forthcoming
manuscript.

Discussion

Single-copy locus identification, and alignment
inference

Our approach to single-copy locus identification and
development was highly effective, albeit labor-intensive.
Specifically, we combined repeated rounds of sequence-
merging and tree-building for each of our candidate loci. This
approach allowed us to build compact matrices (long reads for
each accession with relatively little missing data) despite the
fragmentary nature of the source assemblies. Our hands-on
method of alignment development and curation also allowed us

to identify novel gene duplication events, to distinguish among
paralogs, and to detect both contaminants and
misidentifications. We are therefore confident that our final
alignments are both of high data quality (data density, taxon
representation, and alignment inference quality) and high
accuracy (free from contaminants, inter-paralog chimaeras,
etc.; see Figures S1-S9). This approach was only possible
given the modest amount of data that we worked with (the
“moderate data approach”, see 6), and would not scale to large
genomic datasets [93,94].

Nuclear genes with newly designed primer sets
ApPEFP_C is poorly characterized and does not appear to

have a history as a phylogenetic marker; in Arabidopsis it is
described simply as an “appr-1-p processing enzyme family
protein” [95]. ApPEFP, formerly thought to be single-copy
across much of the green plants (1KP data, Norman Wicket,
pers. comm.), appears to have duplicated early within
leptosporangiate ferns (Figure S1). We designated the pre-

Figure 3.  Combined data maximum likelihood phylogram of our 15-taxon genomic DNA test set.  Analyses were performed
under our best-fitting model (model 3, see Table 3). Bold branches indicate strong support (≥70% bootstrap support); internal
branches are labeled A – L for ease of discussion.
doi: 10.1371/journal.pone.0076957.g003
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duplication version ApPEFP_A and the two post-duplication
copies ApPEFP_B and ApPEFP_C, respectively. The
ApPEFP_B/C duplication may have taken place early within
leptosporangiate diversification; Dipteris and Lygodium each
have both copies. Further sampling (particularly of the
Osmundales) will be necessary to refine the timing of this
duplication.

There appears to be an additional duplication of ApPEFP_A
in the Equisetales, and probably at least one other duplication
in the Marattiales (Figure S1). The ApPEFP_B phylogeny is
well resolved, with no additional apparent duplications in this
paralog. ApPEFP_C was the best represented in our
transcriptome sampling, and is the only copy that we pursued
for primer generation. Within ApPEFP_C there is an apparent
duplication in the Polypodiaceae. This duplication occurred in
the ancestry of Polypodium, after the divergence of
Phlebodium and Pleopeltis (Figure S1).

CRY2 and CRY4 are members of the cryptochrome family of
blue light photoreceptors, a gene family known in both
prokaryotes and eukaryotes. In Arabidopsis, cryptochromes are
responsible for circadian clock entrainment, flower induction,
and de-etiolation [96,97]. Their function in ferns is not entirely
clear, although some copies may be involved in inhibition of
spore germination under blue light [98]. There are three
cryptochrome copies in Arabidopsis [97], and five copies
described in Adiantum capillus-veneris [98]. In our data, we
recover these five copies (which we denote as CRY1 through
CRY5) from the majority of the polypod fern transcriptomes
(Figure S2). The gene family appears to have evolved via an
initial duplication on the fern stem lineage, producing the
ancestral CRY1/2 and CRY3/4 paralogs. CRY5 originated
around this time, too, perhaps from duplication of the CRY1/2
paralog. Two additional duplications followed, producing CRY1
and CRY2 on the stem branch of Cyatheales + Polypodiales,
and CRY3 and CRY4 on the stem branch of Polypodiales, after
the divergence of Cyatheales (Figure S2).

The first intron of fern CRY2 is currently being developed as
a phylogenetic marker in Deparia (Li-Yaung Kuo pers. comm.)
and Adiantum (Wanyu Zhang pers. comm.). We designed our
primer pair to target the third exon instead, and found that it
recovers the corresponding region from both CRY2 and CRY4
for most of our test set.

The DET1 protein is an important regulator in the ubiquitin-
proteasome system as part of the CDD (COP10-DET1-DDB1)
complex. It also has been found to be a transcriptional co-
repressor recruited to target genes by specific transcription
factors [99]. The gene appears to be single copy in polypod
ferns (Figure S3) and is present in other eukaryotes, including
humans [100]. Of all the nuclear regions for which we designed
primers, DET1 is the most conserved (Table 3).

GapCpSh is a member of the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene family and is one of the most
frequently used nuclear loci in ferns, following the pioneering
work of Ebihara et al. [63] and Schuettpelz et al. [64]. Land
plants have four deeply divergent GAPDH genes—gapA, gapB,
gapC, and gapCp—each of which is nuclear encoded. The first
two are originally of mitochondrial origin, and the latter two
were plastid encoded prior to their relocation to the nucleus

[101-104]. Although we used only fern gapCp sequences as
queries to build our all-in transcriptome alignments, our pool of
transcriptome hits included representatives of each of the four
main copies, as well as a fifth clade of uncertain identity (Figure
S4). This myster copy appears to be a member of the GAPDH
family (it is readily alignable to other members of the family and
all our sequences in this clade have well-characterized
members of the GAPDH family as their closest blast hits), but
is deeply divergent from the known copies. It appears to be
most closely related to the gapC/gapCp copies, but diverged
from their ancestor prior to the gapC/gapCp duplication event
(Figure S4a). Our transcriptome hits included a good
representation of this mystery copy from across the
Polypodiales, with an additional hit in Anemia (Schizaeales).
Presumably it has been either lost from other ferns or was
transcribed at insufficient levels to be captured in many of our
source transcriptomes.

GapA and gapB are very poorly represented in our blast hits,
as might be expected, given their phylogenetic distance from
our query sequences. GapC sequences, however, are well
represented, with a broad sample of sequences from the
Ophioglossales and Polypodiales, and sparser representation
from the Cyatheales (Culcita) and Salviniales (Azolla and
Pilularia). Within the gapC portion of the phylogeny (Figure
S4a), species are generally in their expected phylogenetic
position, with two main exceptions. The first is the position of
Culcita (a member of the Cyatheales) within the Pteridaceae (in
the Polypodiales). This Culcita sequence, however, is very
short (128 bp) and its position is likely an artifact due to limited
data. The second irregularity is more difficult to explain: a clade
of three Pteridaceae sequences is effectively sister to the rest
of the leptosporangiate sequences and far from the
Pteridaceae. The relationship among these three sequences
corresponds with their expected species relationships, and
each of the three species also has a “good” gapC sequence in
the appropriate phylogenetic position. These three anomalous
sequences may represent an otherwise uncaptured gapC
duplication early in the leptosporangiate fern evolution.

The position of the Equisetales sequences is also
ambiguous. Each of the two Equisetum accessions (E.
diffusum and E. hyemale) has multiple gapC/Cp type
sequences, but they fall together in a clade that is resolved in
our maximum likelihood (ML) analyses as sister to the fern +
seed plant gapCp clade, rather than in separate gapC and
gapCp clades (Figure S4). Based on this result, we tentatively
treat them as gapCp copies, with an Equisetum-specific gapCp
duplication. Consistent with the results of Schuettpelz et al.
[64], we recovered three main gapCp copy types in the ferns: a
pre-duplication copy, and a duplication in the leptosporangiates
forming gapCp “short” (gapCpSh) and gapCp “long”
(gapCpLg). Schuettpelz et al. [64] hypothesized that the
gapCpSh/Lg duplication event occurred near the base of the
Polypodiales, or possibly more deeply (with subsequent losses,
based on their sampling). Our transcriptome data suggest that
the duplication very likely occurred at a point after the
divergence of the Hymenophyllales, Gleicheniales, and
Schizaeales, but prior to the divergence of the Salviniales, from
the remaining leptosporangiates (Figure S4). Within the gapCp
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clade there is one group of sequences that is difficult to
reconcile with the organismal phylogeny: a clade of five
Cyatheales sequences (three from Thyrsopteris, and one each
from Plagiogyria and Culcita) that appear to have diverged
before the gapCpSh/Lg duplication (Figure S4b). The three
species represented also have “good” gapCpSh and gapCpLg
sequences, so it is unclear what paralog this anomalous clade
represents.

GapCpLg is represented in our transcriptome sample by a
single Salviniales sequence (Pilularia), and by sequences from
the majority of our sampled species of Cyatheales and
Polypodiales. The phylogeny of these sequences is consistent
with the currently accepted fern topology [8,20], and does not
show any indication of subsequent duplication. GapCpSh is
even better represented, with sequences from both Pilularia
and Azolla, plus broad representation across Cyatheales and
Polypodiales. As with the Adiantum-specific gapCpSh
duplication found by Rothfels and Schuettpelz [49], the two
Astrolepis-specific duplications found by Beck et al. [42], and
the gapCp duplication documented in the evolution of
Arabidopsis [105] our data suggest at least two more
duplications of gapCpSh: one in a common ancestor of Culcita
and Plagiogyria, and another in the Lindsaeaceae (Figure
S4b).

IBR3 has not been previously used as phylogenetic marker.
It is related to acyl-CoA dehydrogenases and, while its
subcellular location has not been confirmed, it contains a
peroxisomal targeting sequence and likely is localized to that
organelle [95,106]. IBR3 appears to be present as a single
copy throughout the fern tree, and is thought to be single copy
across land plants (1KP data; Norman Wicket, pers. comm.).
One possible exception in our data is in the Psilotaceae, where
there may be a duplication (Figure S5).

PgiC is one of the most extensively used nuclear markers in
ferns (e.g., [57,59,66,71-75]). It also has a history in
angiosperm phylogenetics, e.g., [107,108], was one of the most
frequently used enzymes in allozyme studies, e.g., [109,110],
and is single-copy in ferns [71] (Figure S6). The gene codes for
phosphoglucose isomerase, an enzyme active in the glycolysis
of glucose-6-phosphate isomerase [95]. In our phylogenetic
analyses, we excluded the Dicksonia sequence because it was
too divergent from the other taxa to align confidently.

The SQD1 gene encodes a protein required for synthesis of
sulfoquinovosyldiacylglycerol (SQDG), a well-characterized
sulfolipid found in chloroplast membranes, and is widely
distributed across land plants, green algae, and cyanobacteria
[111]. It is hypothesized that SQD1 permits proper functioning
of photosystem II under phosphorous limited conditions [112].
Studies utilizing Southern hybridization demonstrated that
SQD1 is single-copy in Arabidopsis thaliana and the
chlorophyte algae Chlamydomonas reinhardtii [113,114]. In
silico analysis of fully annotated genomes indicated that SQD1
is also present as a single copy in Oryza sativa and Populus
trichocarpa, prompting the development of angiosperm-specific
primers [115,116]. Additional genomic analyses confirmed
single copies of SQD1 in Physcomitrella patens, Selaginella
moellendorffii, Vitis vinifera, Zea mays, and Sorghum bicolor
[117]. Our study suggests that SQD1 is a single copy gene for

the majority of fern taxa (Figure S7). A notable exception is the
presence of an apparent duplication in an ancestor of the
Marattiaceae. Several other more-recent duplications have
occurred in isolated genera or species such as Lindsaea,
Culcita macrocarpa and Nephrolepis exaltata. Notably, our
Ophioglossum (Ophioglossales) SQD1 sequence is resolved
as sister to Lygodium (Schizeaceae), a position incompatible
with the current, accepted understanding of fern phylogeny
[20]. It is possible that this is an alignment artifact. We do not
suspect contamination, because an Ophioglossum + Lygodium
clade is not recovered in phylogenies of any of other loci in this
study.

TPLATE has been identified as a cytokinesis protein
involved in the formation of the cell plate [95,118]. Van Damme
et al. [119] have also shown that it is important for the
formation of viable pollen. It is a member of the group of
putatively single-copy markers identified by the 1KP project
(Norman Wicket pers. comm.), and to our knowledge has not
previously been used as a phylogenetic marker. It is single-
copy in our transcriptome sample except for possible
duplications in the Ophioglossaceae (Figure S8).

The function of the transducin protein in plants is not well
described. It belongs to the G-protein complex, which is
involved in signaling across the cell membrane [120]. In
Arabidopsis this complex is thought to be involved in the export
and import of mRNA and protein to the nucleus [95]. It is a
member of the group of putatively single-copy markers
identified by the 1KP project (Norman Wicket pers. comm.),
and is single-copy in our sample (Figure S9). To our knowledge
it has not previously been used as a phylogenetic marker.

Model selection and the Polypodiales phylogeny
The strong improvement in fit to our data that is provided by

selecting a model with codon-position based partitions, and the
correspondingly weak (or negative) contribution of locus-based
partitions, is consistent with other studies [121-124]. This result
both emphasizes the importance of including codon position
information in model selection procedures, and suggests that
our loci share organismal histories: the absence of strong by-
locus effects on model fit suggests congruence among the
gene trees. Also notable is the strong effect of model choice on
ML bootstrap support levels (Table 4). Each of our five models
was the best of its “class,” in the sense that each represented
the optimal parameterization for the chosen partitioning
scheme (by the Akaike information criterion—AIC), and each
was at least moderately parameterized (had a minimum of 37
free parameters; Table 4). One might thus naïvely expect that
these models, on the same data, would perform similarly.
Instead, they resulted in the inference of quite divergent levels
of bootstrap support for some nodes (up to a 33 percentage
point difference in support; Table 4). Interestingly, the poorer-
fitting models tended to find higher levels of support for both
branch C of Figure 3 (a branch that was unsupported or weakly
supported in earlier phylogenetic investigations [7,8,16]) and
for branch L (a branch that is inconsistent with the strongly
supported—74 percent ML bootstrap support and 1.0 posterior
probability—results of Rothfels et al. [6]). The importance of
adequate partitioning schemes for accurate phylogenetic

Single-Copy Nuclear Markers for Ferns

PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e76957



inference has been long acknowledged [125,126], and our
results mirror those of other recent empirical studies that found
strong effects—both on inference of topology and support
levels—of partitioning methods [122,123,127-129].

The resulting phylogenetic conclusions under our best-fitting
model (model 3; see Table 4; Figure 3; Appendix S2) are
comfortingly consistent with earlier results (e.g., [7,8,90]). The
nine branches that are highly supported in our analyses have
been inferred with high support in earlier studies, and the three
branches that lack support in our data likewise have historically
resisted resolution [7,8,16]. The sole exception to this pattern is
the relationship among the three non-Cystopteridaceae
members of the eupolypods II, which our data do not support
(branch L in Figure 3), but which Rothfels et al. [6] were able to
resolve with strong support (using much denser taxon
sampling).

Conclusions

The 1KP fern transcriptomes provide a powerful means to
generate new single-copy nuclear regions for use by
evolutionary biologists. The 20 primer pairs presented here
(amplifying regions across 10 protein-coding genes) more than
triple the number of such regions available for ferns. Moreover,
across most of our Polypodiales genomic DNA test set
(Appendix S1), the majority of these primer pairs yield PCR
products that can be directly sequenced. Our sample spans the
phylogenetic breadth of the Polypodiales, which includes
approximately two thirds of extant fern species. Our test set,
however, was focused on diploid species; researchers working
with polyploids, questions of hybridization, or heterozygous
individuals will need to clone their PCR products.

These newly available markers vary in their degree of
variation and phylogenetic informativeness at a range of
evolutionary depths (see Table 3, Figures 2, 3). In combination
they yield the first broad multi-gene nuclear phylogeny for
ferns. This phylogeny features strong levels of support, is
consistent with the results of earlier studies, and thus provides
critical evidence for the general consistency of inferences from
these two genomic compartments.

For researchers working on groups outside of the
Polypodiales (or those with a narrower focus within the
Polypodiales), our new primers may not be directly applicable,
but serve instead as a proof of concept. For these researchers,
our fern-wide “all-in” alignments (see Figures S1-S9;
TreeBASE accession number S14616) will provide an
opportunity to design primers for their study group of choice,
regardless of the position of that group within the fern
phylogeny.

Methods

Extracting transcriptome sequences of interest and
creating “all-in” alignments

As of January 2013, the 1KP project (www.onekp.com) had
sequenced 62 fern transcriptomes, spanning the deepest
branches in the fern phylogeny. RNA extraction protocols used
here varied [130] although we found that the Spectrum Total

Plant RNA Kit (Sigma-Aldrich, St. Louis, Missouri, U.S.A.) was
effective for use with ferns. The sequencing was performed on
Illumina’s GAIIx (earlier samples) or HiSeq (later samples)
sequencing platforms at BGI-Shenzhen, and the 2x75 bp
(GAIIx) or 2x90 bp (HiSeq) paired-end reads were assembled
with SOAPdenovo (http://soap.genomics.org.cn/
soapdenovo.html [131]) and SOAPdenovo-trans (http://
soap.genomics.org.cn/SOAPdenovo-Trans.html); for further
details on RNA extractions, transcriptome sequencing, and
assembly, see Johnson et al. [130]. We took a top-down
approach to finding single-copy loci in the transcriptome data.
Potential single-copy loci were first selected based on personal
interest or from a list of markers (generated by the 1KP project)
that are putatively single-copy across a broad sample of land
plants (Norman Wickett, pers. comm.). Subsequently, for each
of these loci we used a combination blast [132] and tree-
searching approach (Figure 4), which allowed us to confirm
that the loci were single-copy (in the transcriptome data), and
to focus on those with particularly good representation in the
transcriptomes available to us.

We inferred fern-wide alignments for our candidate loci using
one of two broad approaches (Figure 4). The first utilized the
python script Blue Devil v0.6 [133], which detects the longest
open reading frames (ORFs) in a series of query sequences,
blasts those ORFs against a pool of transcriptome assemblies
and provides a MUSCLE-based [134] alignment of the resulting
hits. Blue Devil provides the options of using either blastn or
tblastx [135], of varying the blast significance cut-off values,
and of using CAP3 [136] to re-assemble the blast hits prior to
producing the alignment. CAP3 was particularly useful in our
pipeline because it allowed the SOAPdenovo and
SOAPdenovo-trans assemblies of each transcriptome to be
assembled together into one “master” assembly.

Our second main approach to producing transcriptome
alignments was based on a nested series of blast searches
using lasseblaste [137]. This script takes a series of query
sequences as input (we used the entire pool of putatively
single-copy markers listed by the 1KP project; Norman Wicket
pers. comm.) and blasts each of these sequences against the
pool of transcriptomes. It then takes the resulting hits and
blasts them back to the full transcriptomes. From this final pool
of hits, lasseblaste utilizes MAFFT [138] to produce a separate
alignment of the hit sequences obtained for each query
sequence and provides an accompanying quality score. The
scoring system rewards alignments that have broad
representation across the included transcriptomes, indicating
good taxon coverage and penalizes alignments that have many
hits per transcriptome, suggesting multiple paralogs and/or
short read lengths. We selected five of the top 10 best-scoring
of these alignments to pursue for primer design.

Regardless of whether we used Blue Devil or lasseblaste to
infer the initial alignment, we subsequently refined that
alignment manually, in an iterative manner. First, we inferred a
preliminary phylogenic tree from that alignment using maximum
parsimony (MP) in PAUP* v4.0a125 [139]. Groups of
discontinuous (or slightly overlapping) sequences from a given
accession that appeared closely related in the resulting tree
and did not have any conflicts with each other were combined
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into a single sequence in Mesquite v2.75 [140] (Figure 5). We
then repeated the MP analyses on this new alignment. The
resulting tree had fewer terminals, and was inferred from longer
average sequences, and so provided greater power to place
previously uncertain fragments. We continued this “infer-tree,
group-sequences” approach until no further fragments met our
criteria for merging. This process allowed us to produce an
alignment with minimal missing data, and to effectively
distinguish among paralogs. The final alignments generated in
this way are referred to as our “all-in” alignments (see
TreeBASE study number S14616).

Despite our targeting putatively single-copy genes, some of
the transcriptome queries returned a variety of paralogs. In
these cases, our sequence pools occasionally included two or
more sequence fragments of different paralogs from a single
individual taxon, where it was unclear which fragments
belonged together. For example, an accession might have two
fragments from the 5’ end of the protein that conflict with each
other, and two conflicting sequences from the 3’ end, without
any indication of which one of the 5’ sequences corresponds to
which of the 3’ sequences. In this case, we created two
sequences by merging the non-conflicting fragments arbitrarily
(Figure 5). All sequence variation is thus preserved for primer

generation purposes, but the resulting sequences may be
chimeras, and their fine-scale phylogenetic relationships
incorrect.

We inferred a final phylogenetic tree from each all-in
alignment by ML, using Garli 2.0 [141], under the best-fitting
model and partitioning scheme as determined by
PartitionFinder v1.0.1 [124]. In each case we designated three
data blocks (one for each codon position), and used
PartitionFinder to evaluate all partitioning schemes, with the
best selected according to the AIC. The subsequent tree
searches (in Garli) were each run ten times, independently,
from different random addition starting trees (see Figures S1-
S9).

Polypod-only alignment and primer design
From each all-in alignment we identified the copy (if multiple

paralogs were present) that included the best representation of
polypod sequences, and extracted those sequences to produce
a new, polypod-only alignment. To this alignment we added the
related Arabidopsis thaliana genomic DNA and cDNA
sequences based on blast searches of TAIR [95] using
Mesquite’s pair-wise alignment tool with a high gap-opening
penalty (40). We were able to use the comparison of

Figure 4.  Flowchart of our transcriptome-mining pipeline.  
doi: 10.1371/journal.pone.0076957.g004
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Arabidopsis genomic and cDNA sequences to estimate the
location of exon-intron boundaries in the fern transcriptome
sequences. In cases where the exact beginning and end of the
Arabidopsis introns were ambiguous, we refined the
boundaries to match known exon-intron boundary sequence
signatures as closely as possible (e.g., see 142).

The resulting alignments are our “primer-design” alignments
—they contain all available information for our taxonomic target
(the Polypodiales) for each region of choice. Using the primer-
design alignment we searched for conserved sites for primer
design. Each primer pair was checked for hairpins, melting
point, self-dimers, and hetero-dimers with Integrated DNA
Technologies’ OligoAnalyzer v3.1 (http://www.idtdna.com/
analyzer/applications/oligoanalyzer/).

Amplification of genomic DNA and sequence
characterization

Primer pairs were assayed against the test set of genomic
DNA from 15 fern taxa, spanning the major polypod
divergences (Appendix S1). PCR conditions followed published
protocols [143] with two adjustments: (1) We incorporated one
additional microliter of each primer (to compensate for primer

degeneracy) and (2) reduced the volume of water by two
microliters (to keep reaction size constant). Total reaction size
was 21 microliters. The initial PCRs were performed across a
temperature gradient, with the final optimal thermocycling
conditions listed in Table 2.

For each region that amplified consistently (produced strong
single bands for the majority of the test genomic DNAs), we
purified and direct sequenced the products following
established protocols [6,8]. For high priority targets that gave
poor sequencing results, we cloned the PCR products following
established protocols [64], and sequenced them as listed in
Table 2. For the cryptochrome loci (CRY2 and CRY4), the PCR
products were gel-extracted using the QIAquick Gel Extraction
Kit (QIAGEN Inc., Gaithersburg, MD) prior to cloning. We
aligned the resulting sequences by hand or MAFFT [138] and
used Garli v2.0 [141] to infer the best ML phylogenetic tree
under a GTR+I+G model. Support was assessed via 1000
bootstrap pseudoreplicates, with each bootstrap tree search
performed twice, from different random addition starting trees
(Figure 2).

Due to the breadth of our taxon sample, much of the intron
data could not be unambiguously aligned and thus were
excluded prior to tree-searching, which reduced our ability to

Figure 5.  Example of our sequence-merging protocol.  (A) In this schematic of a transcriptome alignment, aligned sequence
fragments are indicated by the horizontal bars. Included are four fragments (colored) from our focal accession, which group together
in the maximum parsimony tree. However, the two fragments from the 5’ end of the protein (in red) have some base pair conflicts
with each other, as do the fragments from the 3’ end (in blue). Since the two sets of fragments do not overlap, and they group in the
same area of the MP tree, it is not possible to determine which 5’ fragment belongs with which 3’ one. In this case we merged the
sequences arbitrarily (B). The resulting alignment retains the full nucleotide data for primer-design purposes, but the relationships at
the tips of the tree may be erroneous due to the two potentially chimaeric sequences.
doi: 10.1371/journal.pone.0076957.g005
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assess the utility of these markers at shallower phylogenetic
depths. To overcome this weakness, we chose two pairs of
closely related species (Cystopteris bulbifera and C. protrusa
and Polypodium amorphum and P. glycyrrhiza) to provide
metrics for the variability of each region. For each species pair
we computed the total number of base differences between the
sequences of the two species (with each indel counted as a
single “difference” regardless of its length) for each region
(Table 3). All newly generated genomic sequences are
available in GenBank (Appendix S1).

Polypodiales combined data phylogeny
To demonstrate the utility of our markers across various

phylogenetic depths (the earliest divergences in the
Polypodiales occurred approximately 190 million years ago
[144]) and to attempt to resolve polytomies in the backbone of
the Polypodiales phylogeny [8,20] we combined the genomic
DNA alignments for our loci and inferred their phylogeny by
ML. Some of the locus alignments contained multiple
sequences for individual accessions (representing paralogs, or
allelic variation; see Figure 2). In these cases, the longest
sequence was retained. In the event of a predicted duplication
affecting multiple accessions, the copy that had the greatest
average length was kept, rather than the longest sequence
within each copy. The resulting alignments were combined into
a single alignment using abioscripts (available at http://
ormbunkar.se/phylogeny/abioscripts/). This script produces a
concatenated alignment, inserting blank characters for
accessions not represented in a particular locus, while
maintaining exclusion set, codon position, and character set
information.

We used PartitionFinder v1.0.1 [124] to find the best model
for the analysis of these data. We performed three
PartitionFinder runs to investigate a spectrum of possible
models (Table 4). The first had four predefined data blocks
(one for each codon position, and one for the noncoding
sequences), the second had 19 data blocks (one for each
locus), and the third had 72 data blocks (each codon position/
noncoding sequence considered separately, for each locus).
For each of these three runs, we set PartitionFinder to find the
best partitioning scheme while considering all possible
substitution models (with subset-specific substitution models
selected by the AIC), testing all possible schemes in the first
case, and using a greedy heuristic for the latter two runs. We
selected the final model (optimal partitioning scheme with
accompanying substitution models for each subset) by fit, as
assessed by the BIC. To this set of three models, we added
two others (see Table 4). The simplest is an unpartitioned GTR
+I+G model, and the more complicated is partitioned by locus,
with each locus given its own best-fit substitution model
(manually derived from the subset output files from the by-
locus PartitionFinder run).

We performed ML tree searches under these five models in
Garli 2.0 [141]. For each model we did 10 best-tree searches,
from different random-addition sequence starting trees, and
assessed support via 1000 bootstrap pseudoreplicates, each
from a single random-addition starting tree (Table 4, Figure 3).
These bootstrap runs, and other computation-intensive

analyses, were run on the Duke Shared Cluster Resource
(https://wiki.duke.edu/display/SCSC/DSCR).

Supporting Information

Appendix S1.  Voucher data and GenBank accession
numbers for our Polypodiales genomic DNA test set.
Numbers in parenthesis following the species names are Fern
Lab Database accession numbers (fernlab.biology.duke.edu);
letters in parentheses are acronyms for the herbaria where the
vouchers are deposited, from Index Herbariorum [145]. Missing
data are indicated by an n-dash (“-”).
(DOCX)

Appendix S2.  Full description of partitioning schemes and
substitution models applied for the five models
investigated (1, 2a, 2b, 3, and 4). In the "Subset Contents"
field for model 2a, terminal digits refer to codon position: _1=
First codon position; _2= Second codon position; _3= Third
codon position; _N= Non-coding sequence.
(XLSX)

Figure S1.  ApPEFP all-in maximum likelihood
transcriptome phylogeny.
(PDF)

Figure S2.  CRY all-in maximum likelihood transcriptome
phylogeny. a) preduplication CRY3/4, CRY3, and CRY4; b)
CRY5, preduplication CRY1/2, and CRY2; c) CRY1, and a
cartoon “map” of the entire cryptochrome fern phylogeny.
(PDF)

Figure S3.  DET1 all-in maximum likelihood transcriptome
phylogeny.
(PDF)

Figure S4.  GAP all-in maximum likelihood transcriptome
phylogeny. a) gapA, gapB, mystery gap, and gapC; b) gapCp
(including Cp Short and Cp Long), and a cartoon map of the
GAP family phylogeny.
(PDF)

Figure S5.  IBR3 all-in maximum likelihood transcriptome
phylogeny.
(PDF)

Figure S6.  pgiC all-in maximum likelihood transcriptome
phylogeny.
(PDF)

Figure S7.  SDQ1 all-in maximum likelihood transcriptome
phylogeny.
(PDF)

Figure S8.  TPLATE all-in maximum likelihood
transcriptome phylogeny.
(PDF)
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Figure S9.  transducin all-in maximum likelihood
transcriptome phylogeny.
(PDF)
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ABSTRACT

Summary: AliView is an alignment viewer and editor designed to meet

the requirements of next-generation sequencing era phylogenetic

datasets. AliView handles alignments of unlimited size in the formats

most commonly used, i.e. FASTA, Phylip, Nexus, Clustal and MSF.

The intuitive graphical interface makes it easy to inspect, sort, delete,

merge and realign sequences as part of the manual filtering process of

large datasets. AliView also works as an easy-to-use alignment editor

for small as well as large datasets.

Availability and implementation: AliView is released as open-source

software under the GNU General Public License, version 3.0 (GPLv3),

and is available at GitHub (www.github.com/AliView). The program is

cross-platform and extensively tested on Linux, Mac OS X and

Windows systems. Downloads and help are available at http://orm-

bunkar.se/aliview

Contact: anders.larsson@ebc.uu.se

Supplementary information: Supplementary data are available at

Bioinformatics online.

Received on May 28, 2014; revised on July 30, 2014; accepted on

August 1, 2014

1 INTRODUCTION

As DNA and protein datasets are getting larger, the demand for

a refined and fast alignment editor increases. The need for an

improved alignment editor and viewer, therefore, emerged in the

1000 plants project (1KP, www.onekp.com) while designing de-

generate primers for a diverse set of ferns from transcriptome

data (Rothfels et al., 2013).

What was lacking in the previous available programs was the

combination of abilities to (i) get an overview of large nucleotide

alignments, (ii) visually highlight various conserved regions, (iii)

have a simple and intuitive way to align, rearrange, delete and

merge sequences and (iv) find degenerate primers in selected

semiconserved regions. Although some of these features are in-

dividually present in current alignment editors, the combination

is not.

In addition to the core functionality meeting these specific

needs, AliView (Fig. 1) is designed with a complete set of intui-

tive general functions meeting the most common demands for

preparing a multiple sequence alignment.

Here, AliView is introduced as an alignment viewer and editor

with a unique combination of features that allows the user to

work with large datasets. The intuitive user interface provides

easy visual overview and navigation and works with unlimited

size alignments.

2 IMPLEMENTATION

AliView is cross-platform, built in Java and thoroughly tested on

Linux, Mac OS X and Windows operating systems. It

uses the Java Evolutionary Biology Library v2.0 (available at

http://code.google.com/p/jebl2/) for parsing files in Nexus

format.

3 FEATURES

3.1 Large alignments, speed and more

The key features of AliView include the ability to swiftly handle

large alignments with low memory impact (see Table 1 for

comparison with other popular free cross-platform alignment

viewers). AliView loads large alignment files 2–14 times faster

and demands less than half of the memory resources than com-

parable alignment editors (Table 1; Supplementary Table

S1A–C). AliView will read unlimited size alignment files in

FASTA, Phylip, Nexus, Clustal and MSF-format (Table 2).

This works through an indexing process where the sequences

in the file initially are indexed and only cached in memory

when viewed. Aside from the built-in indexing of large files,

the program also reads and saves Fasta index files (.fai) as

implemented by Samtools (Li et al., 2009). The program either

reads the whole alignment into memory or leaves parts on file,

depending on memory resources available on the specific

computer. This way any alignment file can be opened regardless

of the memory resources of the computer.

Another important feature of AliView is the speed in rendering

large alignments. The speed, together with the mouse wheel

zoom feature, makes it possible to get a quick overview and

easily navigate in large alignments.

AliView can merge overlapping sequences into a consensus

sequence. This feature is useful when working with multiple

read NGS-generated sequences. Sometimes the overlap of

different sequences or contigs falls outside of the tolerance

of assembly programs, and a manually merged sequence is

needed.

AliView has unique functionality aimed at supporting the

design of universal degenerate primers. It is possible to select

an alignment region and have AliView calculate all possible

primers (K€ampke et al., 2001). To make it easy to select which
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primer to use, they are presented as an ordered list sorted by the

number of degenerate positions, self-binding values and melting

temperature.

3.2 Other features

Apart from the key features, AliView also has several other align-

ment program functions. Alignment can be done by calling any

external alignment program. AliView includes and hasMUSCLE

integrated as the default alignment program (Edgar, 2004), but the

user can incorporate other programs if desired. Other features

include, for example, manual editing capabilities to insert,

delete, change, move or rename sequences in an alignment;

undo/redo functionality; several visual cues to highlight consensus

characters or characters deviating from the consensus; ClustalX

conserved region color scheme (Larkin et al., 2007); search func-

tionality that finds patterns across gaps and follows IUPAC

codes; implementation of the Nexus specification of Codonpos,

Charset and Excludes.

AliView is intended to be a simple easy-to-use alignment

editor, and not a complete program for phylogenetic analyses.

Instead, the ‘external interface’ function is aimed to ease the use

of AliView as one program in a chain of software, making it

possible to call other programs from within AliView with the

current alignment or selected sequences as arguments. As a

proof of concept, AliView comes with a preset code that adds

a button for directing the alignment to FastTree (Price et al.,

2010) that calculates a phylogenetic tree that is then automatic-

ally opened in FigTree (Rambaut, 2012).

Table 1. Time to open alignment file and memory usage. Comparison of AliView with popular free and cross-platform alignment editors

Alignment Dimension (sequence� character) Program

Size Format AliView JalView 2 SeaView ClustalX Mesquite

22.4GB FASTA 479 726� 46 512 5–110 s (88MB)a,b Not supported Not supported Not supported Not supported

22.4GB FASTA 479 726� 46 512 0.6 s (88MB)a,c Not supported Not supported Not supported Not supported

2.1GB FASTA 39 407� 54 103 17 s (2.2GB) 73 s (4.7GB) 51 s (5.7GB) Memory error 410min

1.3GB FASTA 11792� 107 401 5.6 s (1.2GB) 33 s (3.3GB) 23 s (3.6GB) Memory error 45min

1.3GB PHYLIP 11 799� 107 401 5.9 s (1.2GB) Not supported 17 s (2.7GB) Memory error 45min

1.3GB NEXUS 11792� 107 401 5.7 s (1.2GB) Not supported 18 s (3.5GB) Not supported 45min

317MB FASTA 361 874� 4958 2.1 s (608MB) 31 s (3.1GB) 9.5 s (3.8GB) Memory error 45min

42.2MB FASTA 5441� 7682 0.6 s (53MB) 2.8 s (160MB) 1.2 s (145MB) 20 s (1GB) 45min

Note: Test results shown were performed on Linux Ubuntu 12.04, Intel Core i7 2700K 3.5Ghz, 16GB internal memory and Intel 520 SSD. Similar results were obtained on

Mac OS X and Windows systems. For a more extensive comparison including the test methodology, see Supplementary Table S1A–C.
aThe 22.4GB FASTA file was not read completely into memory but instead accessed as an indexed file. In all other tests the files were read into memory.
bTimes depending on how many sequences being indexed at once.
cWith alignment file already indexed.

Table 2. Comparison of AliView features with popular free and cross-platform alignment editors

Feature / Program AliView JalView 2 SeaView ClustalX Mesquite

Open alignments of unlimited size (read from disk) Yes – – – –

Maximum number of sequences visible at oncea Unlimited 495 or overview window 106 120 68

Maximum sequence length visible at oncea Unlimited 1830 or overview window 305 345 1650

Merge sequences Yes – – – –

Find degenerate primers in selected areas Yes – – – –

Define exon boundaries and codon positions

for translating nucleotides

Yes – – – Yes

Highlight difference from consensus or ‘trace sequence’ Yes – – Yes –

Highlight consensus residues Yes Yes Only protein Only protein Yes

Note: A more thorough comparison is included as Supplementary Table S2.
aMaximum number of sequences and maximum sequence length visible were tested at 1920 � 1200 screen resolution.

Fig. 1. Alignment zoomed out to give a complete overview of the regions
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For comparison of the key features of AliView with other free

cross-platform editors such as Jalview 2 (Waterhouse et al., 2009),

SeaView (Gouy et al., 2010), ClustalX (Larkin et al., 2007)

and Mesquite (Maddison, and Maddison, 2011) see Table 2.

For a more comprehensive comparison of features see

Supplementary Table S2.

3.3 User interface and usability

Because an alignment editor is an everyday tool for many re-

searchers, AliView was designed with extensive focus on usability

and intuitive handling, implemented by following the logical

standards of commonly used software such as text-editors,

word processors, browsers and, of course, other alignment

viewers.
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Woodsia_cyclolobalike_hybrid_F73

Woodsia_obtusa_ssp_obtusa_F212

Woodsia_canescens_F146

Woodsia_phillipsii_F189

Woodsia_ilvensis_F133(F132_F165)

Woodsia_yunnan-okamotoilike_F269

Woodsia_obtusa_ssp_obtusa_x_oregana_ssp_cathcartiana_(Woodsia_×_kansana)_F214

Woodsia_mollis_F139(F144_F249)
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American & Cheilanthopsis

American

Asian & Circumboreal

Lanosa complex

Scopulina, mollis &
montevidensis

Clade
Cheilanthopsis

Obtusa, oregana &
mexicana-complex

Polyploid species wirh
"both" chloroplast
lineages

Polyploid species with
"both" chloroplast
lineages

Allopolyploid with "both"
parental chloroplasts

Allopolyploid with "both"
parental chloroplasts

Allopolyploid with "both"
parental chloroplasts

Neomexicana &
oregana subsp. cathcartiana

Phillipsii & mexicana
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l"--1-'+,*)79*-'(7#+':*44':7#$'#$*'.*+)&7,#7%-'%('MK +H'&+$+('1-.'14%-8':7#$'#$*'9%4*)"41&'
+79741&7#<2'#$7+'7-.7)1#*+'#$1#'#$*'.7+,*&+14'#%'>17:1-'$1+'$1,,*-*.'&*)*-#4<'%&'7+'1')%-#7-"%"+',&%)*++

__



;**,7-8'#$*'8*-*#7)'?1&71#7%-'6*#:**-',%,"41#7%-+'4%:3'B$*-'MK +H'&+$+(':1+'.*+)&76*.'7#':1+'
)%9,1&*.'#%'MK )(22'&+&%''1-.'MK )"),+,+;' 6"#'-%#'MK ,'2+#''E>181:12' [HGF3'!4#$%"8$':*'$1?*'
-%#'+**-'#$*'#<,*'91#*&714'%('MK +H'&+$+(2'#$*'%&787-14'.*+)&7,#7%-'(7#+'?*&<':*44':7#$'MK ,'2+#'3'
P%4*)"41&4<'MK +H'$+&+('+$1&*+'%-*')%,<'%('#$*'-")4*1&',87`'+*J"*-)*':7#$'MK ,'2+#'2'6"#'41);+'#$*'
%#$*&')%,<3'>$*'&*41#7%-+$7,'6*#:**-'MK +H'$+&+('1-.'MK ,'2+#''+$%"4.'6*'("&#$*&'7-?*+#781#*.2'MK 
+H'&+$+(')%"4.2'(%&'*A19,4*2'&*,&*+*-#'1'.7((*&*-#')<#%#<,*'#$1-'%)#%,4%7.'MK ,'2+#'K

B*'$1?*'(%"-.'1'-*:'1-.',&*?7%"+4<'"-.*#*)#*.'+,*)7*+'E1))*++7%-'DbHF'#$1#'1,,1&*-#4<'7+'1'
&*)*-#'144%,%4<,4%7.'6*#:**-'MK ,'2+#''1-.'MK )(22'&+&%'Y&')1+#0+1'3'=#'$1+'0-(8'144*4*+'#$1#'1&*'
7.*-#7)14'#%'#$*'#:%',1&*-#'+,*)7*+'1-.'#$*'9%&,$%4%8<'7+'14+%'7-#*&9*.71#*3

 !!"#$%-%1"08#!1$$@(M'`$&%9%+%9*')%"-#+'$1?*'7.*-#7(7*.'MK '2G%1#+2(('1+'%)#%,4%7.'EP12'
 [GOF'1-.':*'(7-.'#:%'#%'#$&**'.7?*&8*-#'-")4*1&'0-(8'+*J"*-)*+'7-'%"&'+,*)79*-+3'=-'-")4*1&'0-(8'
#$*&*'7+'+#&%-8'+",,%&#'(%&'MK '2G%1#+2(('1+'+7+#*&'#%'#$*'MK ,'2+#'C)%9,4*A2'14#$%"8$'#$*'9%4*)"41&'
.7+#1-)*'7+'+"6+#1-#714'#%'1-<'%('#$*'%#$*&'+,*)7*+3'=-'#$*')$4%&%,41+#',$<4%8*-<'%-'#$*'%#$*&'$1-.2'#$*'
-%-C1&#7)"41#*.'MK '2G%1#+2(('7+':7#$'+#&%-8'+",,%&#'-*+#*.':7#$7-'#$*'!&#7)"41#*.'+#7,*'8&%",3'MK 
'2G%1#+2(('#$*&*(%&*',&%6164<'$1+'1'&*#7)"41#*'%&787-'7-?%4?7-8'6%#$'1&#7)"41#*.'1-.'-%-C1&#7)"41#*.'
1-)*+#%&+3

T.%@(¥@'W7+#&76"#7%-+'%('#$*'MK '2G%1#+2(( 1-.'MK 1+#$I+12('2'':7#$')%44*)#7%-'+7#*+'(%&'+,*)79*-+'7-.7)1#*.3'Y1-8*'
6%"-.1&7*+')%9,74*.'(&%9',"647+$*.'&*?7+7%-+2'(4%&1+'1-.')$*);47+#+'E+**'#*A#'(%&'&*(*&*-)*+F3

 !!"#$%-8!#:4!81$%1%3-= MK 1+#$I+12('2' 7+'1'#*#&1,4%7.'EP12' [GOF'#$1#'7-'6%#$'#$*'0-(8'1-.'
QRLC',$<4%8*-7*+'$1+'#:%'?*&<'.7?*&8*-# +*J"*-)*+'+7+#*&'#%'*1)$'%#$*&2'7-.7)1#7-8'*7#$*&'1-'
1"#%,%4<,4%7.'%&787-':$*&*'#$*'$%9%*%4%8"*+'-%:'$1?*'.7?*&8*.2'%&'1-'144%,%4<,4%7.7@1#7%-'
6*#:**-'#:%')4%+*4<'&*41#*.'.7,4%7.'47-*18*+j+,*)7*+'#$1#'$1?*'8%-*'*A#7-)#'%&'$1?*'-%#'6**-'
+19,4*.3

=-'6%#$'#$*'-")4*1&'1-.')$4%&%,41+#',$<4%8*-7*+'ED78+3' 2'_F'MK 1+#$I+12('2''7+'+7#"1#*.'%-'1'4%-8'
6&1-)$':7#$%"#'1'&*+%4?*.'+7+#*&'&*41#7%-+$7,3'>$7+'+,*)7*+'$1+',&*?7%"+4<'6**-'+"88*+#*.'#%'6*4%-8'#%
1')%9,4*A'%('+,*)7*+'#%8*#$*&':7#$'MK ,'2+#''C'MK '2G%1#+2(('E`$7-82' [H_V'Z&%:-2' [INV'P12'
 [GOF2'1',41)*9*-#'-%#'+",,%&#*.'6<'%"&'.1#13

_H



sister clades to the American clade.

(40$.%1:4!&#$#-0#/,&2( !!"#$%-7%154;8$01#$#<- 3-0.!1'%:%<- 3-$1";#$!#%<- 3->8%'$.$#
=-'#$*')$4%&%,41+#',$<4%8*-<2'#$*'(%"&'!+71-'+,*)7*+'MK &'2)I71(%2#(#. MK %,+2-'$'. MK 

(2G7#(+#''1-.'MK 31'-(,(#'(%&9'1':*44C+",,%&#*.')41.*2'+7+#*&'#%'#$*'!9*&7)1-')41.*'ED783' F3'>$*'
-")4*1&'0-(8',$<4%8*-<'ED783'_F2'$%:*?*&2',"#+'#$*9'7-'#:%'+*,1&1#*')41.*+2'%-*':7#$'MK 
&'2)I71(%2#(#'1-.'MK 31'-(,(#'1-.'1-%#$*&':7#$'MK %,+2-'$''1-.'MK (2G7#(+#'.'#$1#'1&*'+"))*++7?*'

>$7+')%-(47)#'6*#:**-'#$*')$4%&%,41+#'1-.'-")4*1&',$<4%8*-7*+')%"4.'6*'*A,417-*.'6<'7-)%9,4*#*'
47-*18*'+%&#7-8'7(2'(%&'*A19,4*2'#$*',&%8*-7#%&'%('#$*'!9*&7)1-'1-.'#$*'8I%(,'2$I+0#(#')41.*'$1.'1'
+7-84*')$4%&%,41+#'$1,4%#<,*'6"#'#:%'.7((*&*-#'0-(8C144*4*+'E1'+79741&',1##*&-'7+',&*+*-#'7-'*A#1-#'MK 
#)+07,(2'F3'>$*-'%-*'%('#$*+*'0-(8'47-*18*+'6*)19*'(7A*.'1+'MK %,+2-'$''1-.'#$*'!9*&7)1-')41.*2'
:$*&*1+'#$*'%#$*&'6*)19*'(7A*.'7-'MK &'2)I71(%2#(# 1-.'MK 31'-(,(#3'MK (2G7#(+#''41#*&'*?%4?*.'1+'
#$*'144%,%4<,4%7.'%('#$*'MK %,+2-'$'C47-*18*'1-.'#$*'MK &'2)I71(%2#(#C47-*18*3

>$*'(%"&'+,*)7*+'7-'#$*'8I%(,'2$I+0#(#')41.*'1&*'144'9*.7"9'#%'41&8*2':7#$',7--1#*'(&%-.+'1-.'
41&8*'84%6%+*'7-."+713'>$*<'$1?*'1'9%&,$%4%87)14'+79741&7#<'#%'+%9*'%('#$*'+,*)7*+'7-'#$*'!9*&7)1-'
)41.*2'+")$'1+'MK &+,,(#2'MK &+2$%6(G%2#(#'1-.'MK #)+07,(2'3'W"*'#%'.7((*&*-)*+'7-'9%&,$%4%8<'1-.'
)$&%9%+%9*'-"96*&'(&%9'#$*'%#$*&'!+71-'+,*)7*+'%('M++G#('2'#$*<'$1?*'%(#*-'6**-')41++7(7*.'7-'#$*'
+*8&*81#*'8*-*&1'R1+$+F++G#(' `$7-8'E(%&'MK &'2)I71(%2#(#F2'8I%(,'2$I+0#(#'¥7*&%-3'E7-)4".7-8'MK 
%,+2-'$''1-.'MK (2G7#(+#'F'1-.'S"&%2+)"#$(# `3!3'P*<'E(%&'MK 31'-(,(#F'E`$7-82' [H_2' [NOV'Z&%:-2
 [INV'S$91;%?2'_KKHV'a$1-8'^'1432'_K HF3'¥%:*?*&2'1))%&.7-8'#%'%"&'&*+"4#+2'#$*'+*8&*81#7%-'%('1-<'
%('#$*+*'8*-*&1':%"4.'14+%'&*J"7&*'+*8&*81#7%-'%('#$*'*-#7&*'!9*&7)1-')41.*'%('M++G#(''+,*)7*+3

T.%@(=]@'W7+#&76"#7%-'%('8I%(,'2$I+0#(#')41.*'EMK %,+2-'$'2 MK 31'-(,(#2 MK (2G7#(+#' 1-.'MK &'2)I71(%2#(#F':7#$'
)%44*)#7%-'+7#*+'(%&'+,*)79*-+'7-.7)1#*.3'Y1-8*'6%"-.1&7*+')%9,74*.'(&%9',"647+$*.'&*?7+7%-+2'(4%&1+'1-.')$*);47+#+'E+**'
#*A#'(%&'&*(*&*-)*+F3

 !!"#$%-7%154;8$01#$#(Es'R1+$+F++G#(' &'2)I71(%2#(#'E¥%%;3F'`$7-8F@(M'Z%#$'.7,4%7.'1-.'
#*#&1,4%7.')<#%#<,*+'1&*';-%:-'7-'#$7+'+,*)7*+2'*7#$*&':7#$'-'s'HH'&*)%&.*.'7-'f1,1-*+*'+,*)79*-+'
Ee"&7#12' [IOV'P7#"72' [IOF'%&'-'s'II'7-'%-*'`$7-*+*'+,*)79*-'EP12' [GOF3'>$*+*'-"96*&+'1&*'

_N



"-7J"*'#%'#$7+'+,*)7*+':7#$7-'M++G#('3'>:%'1))*++7%-+'1&*'7-)4".*.'7-'%"&',$<4%8*-<2'6%#$'(&%9'
f1,1-3'=-'0-(8'#$*&*'1&*'#:%'&*41#7?*4<'.7?*&8*-#'144*4*+'E%&'$%9%*%4%8"*+F2'1-.':*')1--%#'+1<'7('%"&'
+19,4*+'1&*'.7,4%7.'%&',%4<,4%7.3

!-'1-)*+#%&'%('MK &'2)I71(%2#(#'$1+',&%6164<'6**-'7-?%4?*.'7-'144%,%4<,4%7.'$<6&7.7@1#7%-'
#%8*#$*&':7#$'1'+,*)7*+':7#$'-'s'N '#%')&*1#*'MK (2G7#(+#''E+**'6*4%:'"-.*&'MK (2G7#(+#'F3'X")4*1&'
0-(8'7-.7)1#*+'#$1#'#$*'MK &'2)I71(%2#(#'47-*18*')%"4.'14+%'6*'7-?%4?*.'7-'1',%4<,4%7.'$<6&7.7@1#7%-'
*?*-#'&*+"4#7-8'7-'MK 31'-(,(#'E+**'6*4%:'"-.*&'MK 31'-(,(#F3

 !!"#$%-0.!1'%:%(Es'8I%(,'2$I+0#(# %,+2-'$''E¥%%;3F'`%,*43F@(M(M++G#('K %,+2-'$' 7-)4".*+'
6%#$'.7,4%7.'1-.'#*#&1,4%7.')<#%#<,*+':7#$')$&%9%+%9*')%"-#+'%('-'s'N '%&'-'s'G_'EP*$&1'^'S7-8$2'
 [OOV'P12' [GOF3'=#'7+'$%9%@<8%"+'7-'-")4*1&'0-(8'1-.'QRLC'E%-4<'%-*'+,*)79*-'+*J"*-)*.F2'1-.'
#$*'+,*)79*-'7-)4".*.'7-'%"&'1-14<+*+')%"4.'6*'*7#$*&'.7,4%7.'%&'1"#%#*#&1,4%7.3'>$*'&*)"&?*.'91&87-'
%('#$*'(&%-.'(%&97-8'1'(14+*'7-."+7"9'7+'#$*'917-'&*1+%-':$<'#$7+'+,*)7*+'$1+'+%9*#79*+'6**-',41)*.
7-'#$*'+*8&*81#*'8*-"+'8I%(,'2$I+0#(# Ea$1-8'^'1432'_K HF3'>$*'1-)*+#%&'%('MK %,+2-'$''978$#'6*'%-*
%('#$*',1&*-#'+,*)7*+'%('#$*',%4<,4%7.'MK (2G7#(+#'3

 !!"#$%-$1";#$!#%'Es'8I%(,'2$I+0#(# (2G7#(+#''E`$&7+#F'`$7-8F@(M'>$7+'+,*)7*+'$1+'9%+#'
(&*J"*-#4<'6**-'7-)4".*.'7-'#$*'%(#*-'9%-%#<,7)'8*-"+'8I%(,'2$I+0#(#'E`$7-82' [H_V'Z&%:-2' [INV'
a$1-8'^'1432'_K HF2'1-.'7#+'(14+*'7-."+7"9'7+'*?*-'9%&*')%-+,7)"%"+'#$1-'7-'MK %,+2-'$''E`$7-82'
 [H_V'a$1-8'^'1432'_K HF3

MK (2G7#(+#''7+',&%6164<'#$*'&*+"4#'%('1-'144%,%4<,4%7.7@1#7%-'6*#:**-'#$*'MK &'2)I71(%2#(#'1-.'
MK %,+2-'$''47-*18*+3'>$*')$&%9%+%9*'-"96*&'%('MK (2G7#(+#''7+'-'s'bN'EP12' [GOF'1-.')%-+7.*&7-8
#$*'61+*'-"96*&+'%('%#$*&'M++G#(''+,*)7*+2'#$*'9%+#',&%6164*'*A,41-1#7%-'%('#$7+',%4<,4%7.')%"-#'7+'
N 't'HH3'=-'%"&'-")4*1&'1-14<+*+'MK (2G7#(+#''7+',17&7-8'",':7#$'MK %,+2-'$''#$1#'$1+'-'s'N '%&'-'s'G_
EP*$&1'^'S7-8$2' [OOV'P12' [GOF3'>$*'%-4<';-%:-'M++G#(''+,*)7*+':7#$'1'61+*'-"96*&'%('-'s'HH'7+
MK &'2)I71(%2#(#'Ee"&7#12' [IOV'P7#"72' [IOV'P12' [GOF3'¥%:*?*&2'-*7#$*&'7-'QRLC'-%&'7- 0-(8'.%'
:*'(7-.'1'+*)%-.'$%9%*%4%8"*'#$1#'7+')4%+*4<'&*41#*.'#%'#$%+*'%(')%-#*9,%&1&<'MK &'2)I71(%2#(#3'

 !!"#$%->8%'$.$#(Es'S"&%2+)"#$(# 31'-(,(#'E>&*?3F'!+;*&%?F@(M'>$7+'+,*)7*+'7+'7+%41#*.'7-'#$*'
`1")1+"+'P%"-#17-+'7-')%-#&1+#'#%'#$*'%#$*&:7+*'L1+#C!+71-'.7+#&76"#7%-'%('#$*'8I%(,'2$I+0#(#@)41.*3
!4#$%"8$'#$*&*'7+'-%')$&%9%+%9*')%"-#'1?174164*'(%&'#$7+'+,*)7*+2'%"&'-")4*1&'+*J"*-)*+'E#:%'144*4*+
(%"-.'7-'QRLC'1-.'#$&**'144*4*+'7-'0-(8F'#%8*#$*&':7#$'41&8*'+,%&*+'%('OO'm9'EL4*)#&3'+",,43'>164*'SNV
Z&%:-2' [INF'91;*+'"+'$<,%#$*+7@*'#$1#'MK 31'-(,(#'7+'1-'144%,%4<,4%7.'%('#$*',&%8*-7#%&'%('MK 
&'2)I71(%2#(# 1-.'1-%#$*&'"-+19,4*.'%&'*A#7-)#'.7,4%7.'47-18*3'Z%#$'1-14<+*+'%('#$*'-")4*1&'1-.'
)$4%&%,41+#'.1#1+*#+'8&%",'#%8*#$*&'MK 31'-(,(#'1-.'MK &'2)I71(%2#(#'

:8&3.0/'(0#/,&(=2( !!"#$%-#5!&;.$1%<- 3-7!..$#<- 3-7!1:0/$"01#$#
MK #)+07,(2'. MK &+,,(#'1-.'MK &+2$%6(G%2#(#'(%&9'1':*44C+",,%&#*.')41.*'6%#$'7-'#$*')$4%&%,41+#

1-.'#$*'-")4*1&',$<4%8*-7*+3'=-'#$*')$4%&%,41+#',$<4%8*-<'ED783' F'MK #)+07,(2''7+'+7+#*&'#%'#$*'%#$*&'
#:%'+,*)7*+2':$*&*1+'7-'#$*'0-(8',$<4%8*-<'ED783'_F'#$*'MK #)+07,(2''+,*)79*-+'1&*'(%"-.'7-'1-'
"-&*+%4?*.',%4<#%9<'#%8*#$*&':7#$'#$*'#:%'%#$*&'+,*)7*+3'!44'#$&**'+,*)7*+'$1?*'6%#$'.7,4%7.'1-.'
,%4<,4%7.')<#%#<,*+3'P%&,$%4%87)144<'#$*<'1&*'+79741&'6"#'#$*7&'-%-C%?*&41,,7-8'.7+#&76"#7%-'1&*1+'
$*4,'7-'7.*-#7(7)1#7%-3

_O



T.%@(==@(W7+#&76"#7%-'%('!9*&7)1-')41.*' 'EMK #)+07,(2'2 MK &+,,(#2 MK &+2$%6(G%2#(#F':7#$')%44*)#7%-'+7#*+'(%&'+,*)79*-+'
7-.7)1#*.3'Y1-8*'6%"-.1&7*+')%9,74*.'(&%9',"647+$*.'&*?7+7%-+2'(4%&1+'1-.')$*);47+#+'E+**'#*A#'(%&'&*(*&*-)*+F3

 !!"#$%-#5!&;.$1%@(M'>$*'X%&#$'!9*&7)1-'MK #)+07,(2''$1+'6**-'+"6.7?7.*.'7-#%'#$&**'
+"6+,*)7*+'#$1#'&*(4*)#')<#%#<,*+'1-.'8*%8&1,$7)'&1-8*+'EB7-.$192' [[HF3'MK #)+07,(2' +"6+,3 
#)+07,(2''7+'1'.7,4%7.':7#$'1':*+#*&-'.7+#&76"#7%-2'MK #)+07,(2' +"6+,3 '00',')I('2''7+'1'.7,4%7.':7#$
1-'*1+#*&-'.7+#&76"#7%-2':$*&*1+'MK #)+07,(2' +"6+,3 ,'71%2$('2''7+'1'#*#&1,4%7.''.7+#&76"#*.'7-'#$*'
]&*1#'01;*+'&*87%-'1-.'14+%'7-'#$*':*+#2':$*&*'7#'7+'+<9,1#&7)':7#$'MK #)+07,(2' +"6+,3 #)+07,(2'K 
EB7-.$192' [[HF3

=-'#$*')$4%&%,41+#'1-14<+7+2'144' H'+*J"*-)*.'+,*)79*-+'$1?*'#$*'+19*'$1,4%#<,*'E:*'$1?*'
7-)4".*.'+,*)79*-+'(&%9'#$*':*+#*&-'.7+#&76"#7%-'1-.'#$*']&*1#'01;*+'&*87%-2'6"#'-%'+"6+,3 
'00',')I('2'F3'L?*-'#$%"8$'#$*',$<4%8*-*#7)'1-14<+*+'%('#$*',87`'.1#1+*#'(174'#%'&*+%4?*'#$*'MK 
#)+07,(2''+,*)79*-+'1+'1'9%-%,$<4*#7)'8&%",2'+%9*'%('#$*'.7,4%7.'1))*++7%-+'%('+"6+,3 #)+07,(2''
1-.'#*#&1,4%7.'1))*++7%-+'%('+"6+,3 ,'71%2$('2''+$1&*'#$*'+19*'144*4*3'>$7+'7-.7)1#*+'#$1# MK #)+07,(2'
+"6+,3 ,'71%2$('2''7+'1-'1"#%,%4<,4%7.'%( +"6+,3 #)+07,(2'. %&'1-'144%,%4<,4%7.'6*#:**- +"6+,3 
#)+07,(2' 1-. +"6+,3 '00',')I('2' :$*&* +"6+,3 '00',')I('2' 7+')4%+*4<'&*41#*.'#% +"6+,3 #)+07,(2'K

>$*'4%:'+*J"*-)*'?1&71#7%-'7-'MK #)+07,(2''7+'7-'+$1&,')%-#&1+#'#%'#$*'9")$'8&*1#*&'?1&71#7%-'7-'
#$*'+%"#$*&-'+7+#*&'+,*)7*+'MK &+,,(#'1-.'MK &+2$%6(G%2#(#3'>$7+'978$#'6*'1'&*+"4#'%('#$*'h4*7+#%)*-*'
841)71#7%-+'7-'1'+79741&':1<'1+'7+'$<,%#$*+7@*.'(%&'#$*')7&)"96%&*14'+,*)7*+2'+**'6*4%:3

 !!"#$%-7!..$#3(M(`$&%9%+%9*')%"-#+'%('MK &+,,(#'$1?*'(%"-.'7#'#%'6*'.7,4%7.'E-'s'HGF'%&'
#&7,4%7.'E-'s'_-'s'  NF'EPWB'"-,"647+$*.F3'>$*'41&8*C+,%&*.'+,*)79*-+'$1?*'H_'+,%&*+',*&'
+,%&1-87"92'1+'%,,%+*.'#%'IN'7-'#$*'.7,4%7.'+,*)79*-+2'7-.7)1#7-8'#$1#'#$*'41&8*'+,%&*.'+,*)79*-'
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 !  !"#$ "#$%&'( )&*&+ ,#$-.+' /+'0*'1$2 %&'( )!*+ ,-./ 0123 !*%. !*%4

34 56789#$&!*! 5+6*7 89) : ; ; ; ; ; ;
3< 567'9:8$;'; 4 ; ; ; ;
3= 567!9%'$! )>+?+% 89) @ ; ; ; ; ;
3A 567)!20#2<9!8$! 4 ; ; ; ; ;
344 567%#9=;*'2<#'>8; 4 ; ; ; ;

34< .*<=0'?)7@'9'"A@8)'$! BCDE*'FF#%DG 89) @ ; ; ; ;
34=  <89=%*80';7%!9?;*0'; )>+?+% 866F*7* BCDE*'FF#%DH 89) : ; ; ; ;
34I 567)#99'; )>+?+% 866F*7* BCDE*'FF#%D44 89) < ; ; ; ; ;

34J 567@0!&'9'; K+L1-# 89) < ; ; ; ; ;
3@4 567'9:8$;'; BCDE*'FF#%DA !8MN 4 ; ; ; ; ;
3@@ 567!9%'$! )>+?+% 866F*7* B%?+'FDE*'FF#%DJ 89) @ ; ; ; ; ; ;

3@I 567)#$*8:'>8$;'; N-$*?#' @ ; ; ; ; ;

3<4 567%9?))80!8 8)B B'1O#%* !8MN @ ; ; ; ;
3== 567%9?))80!8 8)B B'1O#%* NCD)-.$+&&6+7OD4@<GB !8MN @ ; ; ; ;
3=G 567!$>80;#$'' ".1%* P$%%*% NDQQ4A4A=I @ ; ; ; ; ; ;

3=A )#$&.DBR'1-* NDQQ@J<=JG ; ; ; ; ; ;

3=H 567)!$2<?0'8$;'; S*6*% T#U(# NDQQ@J==GJ : ; ; ; ; ; ;

3=I 5672#2<';8$;'; 8)B B'1O#%* !8MN @ ; ; ; ; ;

3=J 567!$>80;#$'' ".1%* NDQQQAH4AJ ; ; ; ; ; ;

3GQ 567;?12#0>!*! ".1%* @ ; ; ; ; ; ;

3G< 567)!$2<?0'8$;'; S*6*% T#U(# NDQQ@J==GJ ; ; ; ; ;
3G= 5670#;*<#0$'!$! ".1%* )1-.$*% /*''(D)21&.D@=4G 89)DQAVQ@Q:A< : ; ; ; ; ;

3GG ".1%* /*''(D)21&.DHQH@ 89)DQAVQ@Q:=H : ; ; ; ;

3GA 567!$>80;#$'' ".1%* NQQ4<AG4= < ; ; ; ;

3GI 567%9?))80!8 8)B 5+W*?* !8MN @ ; ; ; ;

3AQ 8)B X'+Y#%C Z1%?.*2D<AAG !8MND=QQ4IQ @ ; ; ; ; ;

3A< K+L1-# BCDE*'FF#%D44J 89) @

3AG 8)B  ?*.# !8MN @
3AA 5672!$8;28$; K+L1-# X*L*-* BCDE*'FF#%D4=G 89) @ ; ; ; ; ; ;
3AI 567$8#)8"'2!$! 8)B B'1O#%* !8MND=QQ@G@ 4 ;

3AJ K+L1-# @ ; ; ; ; ; ;

3HQ 567#1*?;!7;;%7#1*?;! 8)B 5#'&.D"*'#71%* !8MN < ; ; ; ; ; ;

3H4 567'$*80)8>'! )-.$+&&6+7OD<J4 !8MN 4 ; ; ; ; ; ;
3H@ 5672=29#9#1! ".1%* /*''(D)21&.D44AA= 89) : ; ; ; ; ; ;

3H< ".1%* /8/D@JIQA@ @ ; ; ; ; ;

3H= 5670#;*<#0$'!$! ".1%* )1-.$*% /8/D@JIQGA @ ; ; ; ; ; ;

3HG 567!$>80;#$'' ".1%* )1-.$*% /8/D@IJ@Q@ ; ; ; ; ; ;

3HA 567&9!1899! ".1%* P$%%*% /8/D@JIQGH 4 ; ; ; ; ; ;
3HH 567'9:8$;'; [$FF1* 89)D,:4=AI4Q 4 ; ; ; ; ;
3HJ 567'9:8$;'; "*%*?* X%&*'1# 89)D,:@4G:H<I : ; ; ; ;

3IQ 5672=29#9#1! ".1%* P$%%*% /8/D@JIQGJ @ ; ; ; ; ;
3I= 567&9!1899! 5#'>*( BCDE*'FF#%D@J4 89) 4 ; ; ; ;
3IA 567&9!1899! 5#'>*( BCDE*'FF#%D@JA 89) 4
3IH 567'9:8$;'; 5#'>*( BCDE*'FF#%D<4J 89) 4 ; ; ; ; ;
3II 567&9!1899! 5#'>*( BCDE*'FF#%D<@4 89) 4 ; ; ; ; ; ;
3IJ 567!9%'$! 5#'>*( BCDE*'FF#%D<@< 89) @ ; ; ; ; ;
3JQ 567)!$2<?0'8$;'; S*6*% TB 3 @ ; ; ; ; ;

Appendix 1. Voucher data, presented in following order: Id number in this study, Taxon, Voucher, Herbarium, Provenance, number of pgiC sequence copies found, 
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