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Phylogenetic resolution of ancient rapid radiations has remained problematic despite major advances in
statistical approaches and DNA sequencing technologies. Here we report on a combined phylogenetic
approach utilizing transcriptome data in conjunction with Sanger sequence data to investigate a tandem
of ancient divergences in the harvestmen superfamily Ischyropsalidoidea (Arachnida, Opiliones,
Dyspnoi). We rely on Sanger sequences to resolve nodes within and between closely related genera,
and use RNA-seq data from a subset of taxa to resolve a short and ancient internal branch. We use several
analytical approaches to explore this succession of ancient diversification events, including concatenated
and coalescent-based analyses and maximum likelihood gene trees for each locus. We evaluate the
robustness of phylogenetic inferences using a randomized locus sub-sampling approach, and find congru-
ence across these methods despite considerable incongruence across gene trees. Incongruent gene trees
are not recovered in frequencies expected from a simple multispecies coalescent model, and we reject
incomplete lineage sorting as the sole contributor to gene tree conflict. Using these approaches we attain
robust support for higher-level phylogenetic relationships within Ischyropsalidoidea.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction on novel fossil discoveries (Giribet and Sharma, 2015). Here we
Harvestmen (Opiliones) are among the most species-rich arach-
nid orders (Harvey, 2002), and have an ancient diversification his-
tory (Hedin et al., 2012; Sharma and Giribet, 2014). Within
Opiliones there are 46 recognized families, approximately 1500
genera, and more than 6500 described species (Machado et al.,
2007; Kury et al., 2014). Phylogenomics of higher-level relation-
ships within Opiliones (Hedin et al., 2012) has found strong sup-
port for four primary clades (suborders Cyphophthalmi,
Laniatores, Dyspnoi, and Eupnoi), with recent amendments based
build upon the research of Hedin et al. (2012) to analyze relation-
ships within the Dyspnoi superfamily Ischyropsalidoidea. The
Ischyropsalidoidea are confined to the northern hemisphere, with
the age of the root estimated to be as recent as 137 MYA
(Schönhofer et al., 2013) or as old as 240–360 MYA (Sharma and
Giribet, 2014). Currently, 85 species are classified into seven
genera: Ischyropsalis, Sabacon, Taracus, Ceratolasma, Acuclavella,
Hesperonemastoma, and Crosbycus (Kury, 2013). The superfamily
is defined on the basis of genitalic characters (Martens, 1976), pal-
pal morphology (Martens et al., 1981), and by having metapeltidial
sensory cones (Shear, 1986; though see Shultz, 1998). Each genus
is morphologically distinct (Fig. 1), and there has been little contro-
versy regarding their respective monophyly. In fact, monogeneric
families have been proposed for a number of genera (e.g., Dresco,
1970; Martens, 1976; Shear, 1986; Schönhofer, 2013), but this
taxonomic solution was criticized by Gruber (1978). Conversely,
family level hypotheses within Ischyropsalidoidea have been
problematic, with two of the last three non-monogeneric familial
hypotheses (Sabaconidae of Giribet et al., 2010, Taracidae of
Schönhofer, 2013) failing to identify diagnostic morphological
synapomorphies.
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Fig. 1. Ischyropsalidoidea. Generic representatives from the superfamily Ischyropsalidoidea. A. Taracus gertschi (851092), B. Ceratolasma tricantha (850889), C. Acuclavella
makah (829726), D. Crosbycus dasycnemus (851086), E. Hesperonemastoma sp. (851085), F. Sabacon sp. (851091), and G. Ischyropsalis h. hellwigi (851090). Full sized high-
resolution images can be seen at MorphBank using the specimen identification numbers listed behind each name. Specimens were imaged using a Visionary Digital BK Plus
system (http://www.visionarydigital.com) with composite images combined using Zerene Stacker 1.04 (http://www.zerenesystems.com), and edited with Adobe Photoshop
CS6.
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Systematics has moved into an era where phylogenetic
hypotheses are being resolved at an unprecedented rate. For exam-
ple, well-studied systems, such as mammalian interordinal rela-
tionships, now contain few controversial nodes (e.g., Murphy
et al., 2001; Meredith et al., 2011). This development is due in part
to the arrival of next-generation sequencing (NGS) technologies
and continued advance in statistical phylogenetics. With the ability
to generate matrices containing hundreds of loci (e.g. Hedin et al.,
2012; Faircloth et al., 2012), NGS data have both supported pre-
existing hypotheses, and recovered novel taxonomic hypotheses
that are robustly supported. Furthermore, NGS technologies have
allowed for the identification of rapid, ancient radiations (e.g.,
McCormack et al., 2013; Teeling and Hedges, 2013). These radia-
tions are notoriously hard to resolve (e.g. Faircloth et al., 2012;
Springer and Gatesy, 2014), with short internal branches that are
in part characterized by high levels of gene tree conflict. Gene trees
can conflict with a species tree for numerous reasons (Maddison,
1997; Maddison and Knowles, 2006; Degnan and Rosenberg,
2009) including undetected paralogy, recombination, hybridiza-
tion, saturation, and long-branch attraction (LBA). A major source
of gene tree conflict inherent to rapid diversifications is coalescent
stochasticity – the random sorting of ancestral polymorphisms
across successive speciation events (Kingman, 1982; Degnan and
Rosenberg, 2009). This phenomenon is known as incomplete lin-
eage sorting (ILS), and its occurrence is expected to increase as a
function of shorter internal branch lengths and larger ancestral
population sizes (Maddison, 1997). ILS can occur to such an extent
that the most likely gene tree is incongruent with the species tree,
a situation that has been defined as an ‘‘anomaly zone” (Degnan
and Rosenberg, 2006).

A problem inherent to molecular phylogenetic reconstruction of
ancient and rapid successive diversification events is that short
internal branches do not provide enough time for slowly evolving
loci to accumulate informative substitutions, whereas more rapidly
evolving loci accumulate homoplastic substitutions along descend-
ing long branches (Regier et al., 2008). Such internal branches can
have so little phylogenetic signal that even small amounts of non-
phylogenetic signal can yield support for an incorrect phylogeny
(Huelsenbeck and Hillis, 1993; Swofford et al., 2001; Philippe
et al., 2011), and this can occur to such an extent that it is posi-
tively misleading (Huelsenbeck and Hillis, 1993; Bull et al.,
1993). Therefore, although the selective use of slowly evolving cod-
ing regions (nucleotides or amino acids) has been a successful
approach for reconstructing the backbone of numerous higher-
level phylogenies (e.g., Iwabe et al., 1989; Hedin et al., 2012;
Zhang et al., 2012; Lang et al., 2013; Raymann et al., 2014), these
loci are not expected to contain enough informative characters to
resolve the branching order of ancient internal nodes across short
branches, and simply adding more data does not guarantee that
analyses will resolve the correct topology (Swofford et al., 2001;
Philippe et al., 2011).

Longer loci have been shown to improve phylogenetic inference
in situations where long terminal branches relative to short inter-
nal branches cause ‘‘zones” of inconsistent estimation (Swofford
et al., 2001). Accordingly, independent loci have traditionally been
concatenated into a supermatrix, with the assumption that this
will allow for the emergence of hidden support, or the increased
support for a clade relative to the sum of support for the clade
when data partitions are analyzed separately (Gatesy et al.,
1999). The theoretical argument against the supermatrix approach
is that recombination and coalescent stochasticity result in genes
having different evolutionary histories, and that concatenating
these loci into a supermatrix (which in effect treats all data as a
single locus) violates the assumption of recombination (Kubatko
and Degnan, 2007). Simulation studies under these conditions
(short internal branches with high levels of gene tree conflict) have
supported this contention, showing that concatenation can result
in support for incorrect topologies (Seo, 2008), with support
increasing as more loci are added (Kubatko and Degnan, 2007).
To address these concerns, methods of phylogenetic inference have
been developed under multispecies coalescent models that co-
estimate gene trees, divergence times, population sizes, and a spe-
cies tree from multiple unlinked loci (e.g., BEST, Liu and Pearl,
2007; ⁄BEAST, Heled and Drummond, 2010). Simulation studies
have shown that fully-parametric multispecies coalescent methods
can be highly accurate even with high levels of gene tree incongru-
ence (Liu and Edwards, 2009), and outperform supermatrix meth-
ods (Heled and Drummond, 2010). Currently, the major
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shortcoming of fully-parametric coalescent analyses is that the
very large parameter space is too computationally demanding to
be applied to analyses with a large number of loci and/or taxa
(Edwards et al., 2007; Liu et al., 2009; Bayzid and Warnow, 2013;
O’Neill et al., 2013). As such, many phylogenomic analyses use
partially-parametric coalescent analyses such as STAR (Liu et al.,
2009) or MP-EST (Liu et al., 2010). These ‘‘short-cut” coalescent
analyses use gene trees constructed in isolation as input for phylo-
genetic inference, and assume that gene trees are correctly inferred
and all gene tree discordance is due to ILS. However, gene trees can
conflict at ancient and rapid divergences for numerous reasons (see
above). Further, careful reanalyses of short-cut coalescent results
(e.g., the data from Song et al., 2012) have shown that such meth-
ods can provide high support for likely erroneous topologies when
the assumption of correctly inferred gene trees is violated
(Springer and Gatesy, 2016). Simulations have long shown that
phylogenetic inference of deep divergences associated with short
internal branches produces a large number of incorrect gene trees
simply do to sampling error (e.g., Huelsenbeck and Hillis, 1993;
Swofford et al., 2001); empirically this problem is more extensive
with shorter loci (Gatesy and Springer, 2014). As such, there is con-
tinued debate as to which phylogenomic methods are preferable
for resolution of ancient rapid diversifications (Liu et al., 2010;
Leaché and Rannala, 2011; Song et al., 2012; Lemmon and
Lemmon, 2013; Patel et al., 2013; Gatesy and Springer, 2014;
Lanier and Knowles, 2015; Springer and Gatesy, 2016; Edwards
et al., 2016).

In this paper we report on a combined phylogenetic approach
utilizing transcriptome data in conjunction with Sanger sequences
(e.g., Leaché et al., 2014b) to analyze two nearly independent phy-
logenetic matrices, including an ‘‘expanded panel” that contains 14
loci for 12 ingroup terminals (with some missing data), and a
‘‘transcriptome panel” that contains 672 loci for 3 ingroup termi-
nals (no missing data). Preliminary phylogenetic analysis of the
expanded panel identified a weakly supported topology deep in
the ischyropsalidoid species tree. Therefore, we used transcrip-
tome data from ischyropsalidoid exemplars descending from these
ancient and rapid diversifications to specifically target these prob-
lematic nodes. With this combined strategy we reconstruct a
robustly supported phylogeny for every node sampled within
Ischyropsalidoidea to the rank of genus. We are able to identify a
near trichotomy at the base of the superfamily that has resulted
in high levels of gene tree incongruence, and show that the minor-
ity resolution frequencies of alternative topologies are unequal. For
this ancient and short internal branch we compare multiple phylo-
genetic methods that are congruent in their support for a topology
not previously recovered for ischyropsalidoids. Further, analyses of
this dataset suggest that the supermatrix approach recovers the
agreed upon phylogeny with fewer loci and higher support than
do partially-parametric coalescent analyses.
2. Materials and methods

2.1. Primer design, PCR, and Sanger sequencing

Protein-coding genes annotated as single-copy single-exon in
Ixodes scapularis, a well-annotated arachnid genome, were down-
loaded and filtered from VectorBase (http://iscapularis.vector-
base.org/). BLAST was used to query these loci against three
published transcriptome assemblies (Hesperonemastoma, Ortho-
lasma, Trogulus; Hedin et al., 2012) to generate alignments for
PCR primer design. PCR primers were manually designed based
on these alignments in Geneious Pro 5.5 (Kearse et al., 2012) and
characterized using Primer3 (Rozen and Skaletsky, 2000). Primers
were tested against Hesperonemastoma, Ortholasma and Trogulus
(HOT) genomic DNA extractions, and primer combinations success-
ful on any member of the HOT panel were then tested on an
expanded panel of ischyropsalidoid genera (Sabacon, Taracus, Acu-
clavella, Ceratolasma, Ischyropsalis, and an additional Hesperone-
mastoma). In addition to newly designed loci, the expanded panel
and outgroups (Ortholasma and Trogulus) were amplified for gene
regions previously used at deeper levels in Opiliones. These
included EF-1a (Hedin et al., 2010), 18S and 28S (Giribet et al.,
1999; Shultz and Regier, 2001), COI (many authors, e.g., Richart
and Hedin, 2013; Derkarabetian and Hedin, 2014), polII (Shultz
and Regier, 2001), and wingless (Wnt2; Richart and Hedin, 2013).
Detailed methods regarding locus selection, primer design, PCR
conditions, and Sanger sequencing are available in the Supplement
(s1.1).

2.2. Expanded panel phylogenetics

To evaluate ischyropsalidoid intergeneric relationships we tar-
geted an expanded panel of six ischyropsalidoid genera (see
above), including two species from each genus, plus outgroups.
The intrageneric sampling scheme targeted species spanning the
root node of each genus with the intention of subdividing long
branches. This sampling was informed by previous research in Acu-
clavella (Richart and Hedin, 2013), Sabacon (Schönhofer et al.,
2013), Ischyropsalis (Schönhofer et al., 2015), and Hesperonemas-
toma (unpublished: Richart, Hayashi, and Hedin). Exemplars of
Taracus and Ceratolasmawere chosen from distant localities within
their respective geographic distributions. Original sequence data
were augmented with GenBank sequences. Also, the 14 OTUs in
the expanded matrix were occasionally represented by multiple
intraspecific individuals or relatively closely related species
(Appendix). Expanded panel specimens were field-collected and
stored at �80 �C in 100% EtOH (Vink et al., 2005) with the
exception of Ischyropsalis which was preserved in a urea buffer
(Asahida et al., 1996). All extractions were conducted using the
Qiagen DNeasy Blood & Tissue Kit, per manufacturer’s protocol;
most extractions were performed using half of a bilaterally divided
individual, with the other half saved as a voucher.

Expanded panel alignments were generated from newly devel-
oped markers (eight loci) and six previously-used loci (see above).
Some alignments were further populated using transcriptome-
derived sequence data, and trimmed to the start at the nearest first
base pair of an open reading frame. GenBank accession numbers,
datamatrix coverage, and alignment lengths are provided in Table 1.
All alignments were conducted in Geneious using MAFFT 6 (Katoh
et al., 2002), and regions of alignment uncertainty were removed
withGBlocks0.91b (Castresana, 2000). Partitions andmodels of evo-
lution were jointly estimated using PartitionFinder 1.1.1 (Lanfear
et al., 2012) for protein coding loci using linked branch lengths,
BIC criterion, and a greedy search algorithm, with analyses run sep-
arately to inform ⁄BEAST, RAxML, and MrBayes analyses. Substitu-
tion models for translated AA sequences for the eleven nuclear
protein-coding loci were estimated using MEGA 6.06, using ML
model selection (Tamura et al., 2013). Evolutionary models for the
ribosomal regions 28S and 18S utilized jModelTest 2.1.6 (Guindon
andGascuel, 2003; Darriba et al., 2012), considering 24models eval-
uated using AIC criterion to choose optimal models under a ML
search. Further methods for model selection and resulting models
are available as Supplementary material (Table S2).

ML gene trees and concatenated phylogenetic analyses were
run using RAxML-HPC2 8.0.24 (Stamatakis et al., 2008) on the
CIPRES Science Gateway 3.3 (Miller et al., 2010). A rapid bootstrap
analysis and search for the best-scoring ML tree (-f a) was con-
ducted using the GTRGAMMA model. The RAxML concatenated
phylogeny was repeated three times. Bayesian phylogenetic recon-
struction used both concatenation (via MrBayes 3.2.1; Ronquist

http://iscapularis.vectorbase.org/
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et al., 2012) and the coalescent-based ⁄BEAST (Heled and
Drummond, 2010). MrBayes 3.2.1 was run for 10 million genera-
tions at which point the average standard deviation of split fre-
quencies was <0.0001. Parameters were logged every thousand
generations, and the first 25% of samples were discarded as
burn-in. Lognormal relaxed clock models were specified for all 14
loci in preliminary ⁄BEAST analyses in order to determine whether
a strict clock could be statistically rejected for any of the loci. Esti-
mates of the coefficient of variation for each locus indicated that a
strict clock model could not be rejected for 9 of the 14 loci; a strict
clock model was specified for each of these 9 loci in subsequent
analyses. Six independent ⁄BEAST runs were conducted for
100,000,000 generations, sampling every 10,000 generations. ESS
values and stationarity of likelihood values were evaluated in
Tracer 1.6, then combined using LogCombiner 1.8.0 with a 60%
burn-in. This output was used to reconstruct a maximum clade
credibility tree in TreeAnnotator 1.8.0. The concatenated and
unpartitioned AA alignment was analyzed in PhyML 3.0 under
the JTT+G model and using the best of NNI and SPR tree search
algorithm (Guindon et al., 2010).

2.3. Transcriptome generation and phylogenomics

Preliminary expanded panel phylogenetic analyses showed a
near trichotomy with long-branches separating three ingroup lin-
eages including (1) Sabacon, (2) Hesperonemastoma and Taracus,
and (3) Ischyropsalis, Acuclavella, and Ceratolasma. Thus we selected
exemplars representing each of these lineages (Sabacon, Hesperone-
mastoma, and Acuclavella) for transcriptome-based phylogenomics.
The transcriptome panel also included two outgroup taxa (Trogulus
andOrtholasma). Three of the panel transcriptomeswere previously
published (Hedin et al., 2012; SRX450964, SRX451776, and
SRX450937 for Trogulus,Ortholasma, andHesperonemastoma respec-
tively). RNA extractions for Sabacon and Acuclavellawere conducted
using TRIzol, and purifiedwith theQiagenRNeasyMinElute Cleanup
Kit. Extractions used whole body tissues from single individuals
with themidgut removed to reduce contamination. RNAs were sent
to the Genomic Services Lab at HudsonAlpha Institute for Biotech-
nology (www.hudsonalpha.org) where non-normalized libraries
were prepared using the Illumina TruSeq RNASeq kit and then
sequenced using Illumina HiSeq technology with paired-end,
50-bp reads. For all transcriptomes adaptors were trimmed using
TrimGalore! 0.2.7 (http://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/), and sequences with >1% ambiguity or less
than thirty base pairs were removed using PRINSEQ Lite 0.20.2
(Schmieder and Edwards, 2011). Sequence reads passing these
filters were assembled de novo using the Trinity platform
(Grabherr et al., 2011; Haas et al., 2013).

Sets of orthologous sequences were filtered from the five tran-
scriptomes by first identifying putative homologs to 5470 Ixodes
loci annotated as single-exon, and also the 367 harvestmen loci
used previously by Hedin et al. (2012). Identification of putative
homologs was conducted with a liberal BLAST e-value (1e�1;
Altschul et al., 1990). Queries resulting in missing data (n = 3931)
or with multiple highly-overlapping hits from a single transcrip-
tome (n = 985) were not considered further. Paralogy was further
assessed in two ways. First, a representative sequence from each
alignment was again subjected to BLAST against the Dyspnoi tran-
scripts, with a conservative e-value (1e�50). If this BLAST returned
multiple sequences per exemplar, then alignments were discarded
(n = 2). Second, gene trees not recovering (n = 20) or not supporting
(with a BSV < 70; n = 30) a monophyletic Ischyropsalidoidea were
discarded under the assumption that incongruent nodes for this
otherwise well-supported clade are the result of paralogy or LBA.
These criteria were not mutually exclusive, and a total of 672 loci
passed query and paralogy filters.

http://www.hudsonalpha.org
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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Gene trees for 672 loci were estimated using ML in PhyML 3.0
(Guindon et al., 2010) using default parameters including the
HKY85+G substitution model and the NNI tree search algorithm.
Nodal support was assessed via 100 bootstrap replicates, which
were rooted using the reroot tool on the STRAW web server (Shaw
et al., 2013). STRAW was also used to conduct partially-parametric
coalescent-based analyses, using PhyML gene trees as input. For
these analyses we used both MP-EST (Liu et al., 2010), which uses
the frequency of triplets of taxa to estimate the topology and branch
lengths, and STAR (Liu et al., 2009), which computes the pairwise
topological distance among pairs of taxa to determine the average
placement of nodes across a collection of gene trees. The coalescent
arises as a large-population approximation of the Wright-Fisher
model (Nordborg, 2001), thus coalescent analyses make the same
simplifying assumptions including constant populations sizes and
no selection, and attribute all gene tree incongruence to ILS
(Kubatko and Degnan, 2007; Springer and Gatesy, 2016). These
short-cut coalescent methods were chosen because the size of the
transcriptome panel was too computationally demanding to imple-
ment fully-parametric coalescent analyses (e.g., ⁄BEAST). Addition-
ally, we analyzed the transcriptome panel via concatenation using
RAxML-HPC2 on CIPRES. This supermatrix was partitioned by gene
using the default ‘‘new rapid hill-climbing” tree search algorithm,
with a GTRGAMMAmodel applied to each partition.

2.4. Comparison of concatenation versus coalescent phylogenomic
analyses

We evaluated the performance and consistent estimation of
concatenation versus partially-parametric methods by randomly
sub-sampling transcriptome-derived loci. Ten replicates each of
25, 50, 100, 200, 300, 400, 500, and 600 loci were selected, result-
ing in a total of 80 replicates. Phylogenetic analyses for each of
these replicates was performed using MP-EST, STAR, and RAxML,
using parameters as outlined above.

2.5. Evaluation of unequal minority resolution frequencies

Under the basic multispecies coalescent model the frequency of
minority resolution gene trees should be equal (Pamilo and Nei,
1988). We used the 672 PhyML gene trees to test the equality of
minority resolution frequencies using a two-sided binomial test. In
order to evaluate if UMRFs are caused by methodological bias, we
summarized the symmetry of gene tree frequency across different
attributes of our data. Additionally, we analyzed a subset of our loci
that were retrieved from transcriptomes using a different method-
ological pipeline (loci from Hedin et al., 2012). If minority asymme-
try persists across different attributes or treatments of the data, we
assume that UMRFs are not amethodological artifact, but are caused
by biological aspects such as structured ancestral populations or
paraphyletic gene flow (see Discussion). We choose two locus attri-
butes that have been suggested to improve phylogenomic pipelines,
including high AT3 (Romiguier et al., 2013), and high phylogenetic
support values (Salichos and Rokas, 2013, though see Betancur-R
et al., 2014). We further evaluated the frequency of alternative
topologies in our data by analyzing CFs, or the proportion of the
sampled genome that agree with a given bipartition, within the
672-locus dataset (Baum, 2007). This was done using a Bayesian
Concordance Analysis (BCA; Ané et al., 2007) in the program BUCKy
(Larget et al., 2010). BUCKy uses independent Bayesian analysis of
each gene as input. These analyses were conducted in MrBayes
3.2.1 (Ronquist et al., 2012), based on 100,000 generation runs,
sampling every 100 trees, and discarding the first 250 trees as
burn-in. Each locus included two partitions, one combining the 1st
and 2nd bp position, and another for the 3rd, with nst = 6 and
rates = gamma. BUCKy was used to map the posterior sample of
trees to alternative topologies using an a priori expectation of
gene tree discordance. For this analysis, the prior level of discor-
dance (a) was chosen to give equal likelihood to each of the three
possible rooted triplets. The probability that two loci share the same
tree is about 1/(1 + a), thus we set a = 2. This analysis can be used to
reject the hypothesis that all gene tree discordance is due to
incomplete lineage sorting (Ané, 2010).

3. Results

3.1. Expanded panel phylogenetics

Primer design resulted in the development of eight molecular
markers with phylogenetic utility in Ischyropsalidoidea
(Table s1). Data augmented from Sabacon and Acuclavella tran-
scriptomes improved the average percentage of loci sampled per
OTU in the expanded panel (Table 1). The final expanded panel
included 14 loci for 12 ingroup taxa, with a concatenated align-
ment length of 9407 bp (26.5% missing). All phylogenetic analyses
were rooted with the troguloid genera Ortholasma and Trogulus
except for the Wnt2 matrix that contained data for Trogulus only.
Expanded panel RAxML gene trees are deposited in the Dryad Dig-
ital Repository (http://dx.doi.org/10.5061/dryad.3mr26) and avail-
able in the Supplementary material (s4). Ischyropsalidoidea and all
genera are recovered with high support in the majority of gene
trees. Twelve of the 14 loci recovered Ischyropsalidoidea with
BSVsP 97. Occasionally genera were not recovered as mono-
phyletic, though paraphyly was always with respect to closely
related genera. Furthermore, gene trees tended to recover (Ischy-
ropsalis, (Acuclavella, Ceratolasma)) with strong support. It should
be noted that we found no evidence supporting EF-1a paralogy
in this study, and the rampant gene duplication of EF-1a known
from a single species of Cyphophthalmi (Clouse et al., 2013)
appears not to be problematic in Dyspnoi (see also Schönhofer
et al., 2015, Supplement s2.1).

Despite recovery of superfamily and ‘‘tip” relationships, nearly
all backbone nodes within Ischyropsalidoidea lack support in gene
tree analyses – i.e., it is unclear how most genera are related by
examining individual gene trees. In contrast, combined phyloge-
netic analyses of the expanded panel recovered the same topology
across most methods of inference (Fig. 2). The one exception is the
PhyML analysis of translated AAs which recovered Sabacon sister to
remaining ischyropslidoids, though this relationship is not well
supported (BSV = 52; Supplement s4). This analysis also fails to
recover the genus Ischyropsalis as monophyletic, with these two
taxa by far having the most missing data (Table 1). All other com-
bined analysis nodes were strongly supported by MrBayes, RAxML
and ⁄BEAST, with the exception of a node associated with a short
branch deep in the ischyropsalidoid phylogeny. This node was
most strongly recovered in the MrBayes concatenated analysis,
which had only one tree in the 99% credible set – the only other
sampled tree recovered (Sabacon, (Hesperonemastoma, Taracus)).
This node was less well-supported in RAxML (BSV = 68) and
⁄BEAST (PP = 0.82) analyses.

3.2. Transcriptome panel phylogenomics

Transcriptome assembly statistics, and comparison to previ-
ously published (Hedin et al., 2012) transcriptome assemblies,
are reported in Table 2. The final transcriptome panel included
672 loci, 3 ingroup and 2 outgroup taxa, with a concatenated align-
ment length of 536,124 bp. These data are nearly distinct from the
expanded panel, with 5 loci with various levels of overlap totaling
1335 bp. Phylogenetic analyses of the transcriptome panel further
resolved phylogenetic relationships at the base of Ischyropsali-
doidea despite high levels of gene tree conflict. Evaluation of

http://dx.doi.org/10.5061/dryad.3mr26


Fig. 2. Expanded panel phylogeny. Phylogeny of Ischyropsalidoidea based on 14 genes analyzed via coalescent (⁄BEAST; topology pictured) and concatenated (MrBayes,
RAxML) methods. The node with support values shows ⁄BEAST above, and MrBayes/RAxML support values below the parent branch. All other nodes were recovered with
⁄BEAST posteriors P0.96, MrBayes posteriors of 1.0, and RAxML bootstrap values P99. Identification of samples used to populate OTUs follows Appendix and Table 1.

Table 2
Transcriptome data and assembly information.

Taxon # of paired-end reads # Gb # Transcripts >200 bp Mean length (>200 bp) Max length

Ortholasma 80.7 M (50-bp) 4.04 34,357 839.6 11,074
Trogulus 54.7 M (50-bp) 2.74 46,840 937.4 9614
Hesperonemastoma 120.0 M (50-bp) 6.00 42,007 999.1 8952
Acuclavella 60.9 M (100-bp) 6.09 20,926 1494.9 36,044
Sabacon 43.3 M (100-bp) 4.33 24,135 1121.7 12,424

Fig. 3. Gene tree synopsis. Results of PhyML gene tree analyses of 672 loci.
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PhyML gene trees indicate high levels of gene tree incongruence
(Fig. 3), with (Hesperonemastoma, (Acuclavella, Sabacon)) recovered
in 37.5%; (A, (H, S)) in 35.4%; and (S, (H, A)) in 27.1% of gene trees.
Concatenated analysis of all data (RAxML), and coalescent-based
analyses of PhyML gene trees (MP-EST and STAR) were congruent
in their recovery of Hesperonemastoma as sister to the other
remaining ischyropsalidoid lineages, but differed in their support
and inferred branch lengths (Fig. 4). Partially-parametric coales-
cent analyses tended to recover a very short branch just inside of
Ischyropsalidoidea with only moderate support values. The con-
catenated analysis recovered a longer internal ischyropsalidoid
branch with higher support for this topology.

3.3. Comparison of phylogenomic analyses from sub-sampled loci

Concatenated and partially-parametric coalescent analyses
tended to recover the same topology in any particular replicate,
though concatenated analyses more consistently recovered (H, (A,
S)) with higher support than in coalescent analyses, which did
not settle on this topology until after 300 or more loci were ana-
lyzed. Perhaps most conspicuous is a 600-loci replicate that was
recovered as (A, (H, S)) by both STAR and MP-EST. Examination of
the results from sub-sampled loci shows that recovering Hesper-
onemastoma as sister to Sabacon + Acuclavella could not have rea-
sonably been recovered without using over 400 loci (Fig. 5).

3.4. Unequal minority resolution frequencies

The minority resolution frequencies in the 672-locus dataset
were unequal (two-sided binomial test, p = 0.0072). This trend per-
sisted across treatments (Table 3), though this was not significant
for the subset of loci that were generated by Hedin et al., 2012
(p = 0.1203). BCA analyses reject the hypothesis that all gene tree
discordance is due to ILS with 99% confidence (Fig. 6). The BUCKy
concordance tree (Fig. 4) recovers the same topology as concatena-
tion and coalescent-based analyses, with a CF of 0.475. The 99%
highest posterior density interval of trees in the posterior sample
(0.394–0.475) does not overlap with either of the minority resolu-
tion topologies. Both of the alternative topologies (A, (H, S)) and (S,
(H, A)) were frequently recovered with non-overlapping CFs in the
99% posterior tree sample, with CFs of 0.351 (0.313–0.390) and
0.214 (0.179–0.250) respectively (Fig. 6).

3.5. Data availability

A spreadsheet characterizing the 672 loci alignments, as well as
all alignments, matrices, trees, and partition files are deposited in
the Dryad Digital Repository <http://dx.doi.org/10.5061/dryad.
3mr26>. Illumina raw reads for Sabacon (SRR2924723) and Acu-
clavella (SRR2924718) have been submitted to NCBI Short Read
Archive. All Sanger sequence data generated in this study have
been deposited to GenBank (Table 1).

4. Discussion

4.1. Resolution of an ancient trichotomy is aided by increased taxon
sampling

Randomly sampling loci from the transcriptome panel shows
that hundreds of loci were necessary to reliably infer the topology
at the base of Ischyropsalidoidea. The 25-loci sub-sample analyses
recovered (H, (A, S)) in only 50% of replicates (Fig. 5). As such, with

http://dx.doi.org/10.5061/dryad.3mr26
http://dx.doi.org/10.5061/dryad.3mr26


Fig. 4. Transcriptome panel phylogenies and concordance tree. Phylogenies from analyses of 672 loci derived from transcriptomics. Bootstrap support values are shown for
partially-parametric coalescent (STAR and MP-EST) and concatenation (RAxML) analyses. Also shown is the BUCKy primary concordance tree and associated concordance
factors. Scale bars for STAR and MP-EST are in coalescent units; the RAxML scale depicts the number of substitutions per site.

Fig. 5. Comparison across inference methods of randomly sampled loci. Compar-
ison of partially-parametric coalescent (MP-EST and STAR) and concatenated
supermatrix (RAxML) methods of phylogenetic inference across randomly sampled
loci. Replicates are color-coded to represent recovered topologies. Blue: (Hesper-
onemastoma, (Sabacon, Acuclavella)). Red: (A, (S, H)). The x-axis is the number of loci
per replicate. The y-axis is the mean bootstrap value, the average values of alternate
topologies recovered from each replicate. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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only 14 loci in the expanded panel, the topological congruence
between the expanded panel and transcriptome panel may simply
be due to chance. An alternative explanation is that the increased
taxon sampling in the expanded panel aids phylogenetic inference
by shortening the branches leading from the base of Ischyropsali-
doidea (Pollock et al., 2002). To explore this possibility, we
trimmed the expanded panel to only include OTUs represented
in the transcriptome panel (this matrix includes only 1.4% missing
data). Phylogenetic analysis of this reduced matrix with RAxML,
MrBayes, and ⁄BEAST using the same parameters as on the full
expanded panel returns mixed results (Supplement, s4.2). RAxML
does not recover Hesperonemastoma as sister to Acuclavella and
Sabacon (BSV = 52 for Sabacon as sister), MrBayes does (PP = 49),
though both of these concatenated analyses are weakly supported.
On the other hand, ⁄BEAST recovers Hesperonemastoma as sister to
the other ischyropsalidoids with PP = 97.8. For ancient radiations,
⁄BEAST may be more robust to reduced taxon sampling compared
to other methods of phylogenetic inference used here, though we
provide just a single example and this should be further explored.
Conversely, ⁄BEAST is typically used to infer shallow evolutionary
events, and sampling more than one individual per species is
explicitly recommended. In ⁄BEAST, sampling multiple individuals
per species allows for more accurate population size estimation,
and this in turn may allow for better estimates of divergence times
and topology (Heled and Drummond, 2010).

Our findings suggest that increased taxon sampling along
descending branches from an ancient near-trichotomy helps with
the phylogenetic inference of these diversifications. It has been
assumed this would not be the case, because the number of lineages
to evaluate sorting along the short critical branch is not increased
(Degnan and Rosenberg, 2006; Kubatko and Degnan, 2007). Likely
this is due to the additional taxa diminishing phylogenetic artifacts
by breaking up long external branches, thus resulting in less LBA
(Hillis, 1998). For deep phylogenetic questions, variant sites can
become saturated, resulting in abundant homoplasy due to conver-
gence, which is thought to be positively correlated with branch
length (Felsenstein, 2004). It is likely that increased taxon sampling
diminishes the amount of saturation, which in effect unmasks
synapomorphic information along the short internal branch. To this
end, our data support the findings of Heled and Drummond (2010)
that increased taxon sampling contributes to accurate species tree
estimations of rapid radiations. However, Heled and Drummond
(2010) couched this argument for shallow phylogenetic inferences,
and suggested that increased locus sampling is more important for
accurate estimation of deep phylogenetic questions. Additionally,
our results suggest using caution when attempting to resolve
ancient diversifications using few terminals.
4.2. Emergence of support with supermatrix analyses

High levels of gene tree conflict (Fig. 3) characterize the root of
Ischyropsalidoidea. Despite the reported success of partially-
parametric coalescent analyses compared to concatenation (e.g.,



Table 3
Occurrence of minority gene trees and probability of equal RFs using a two-sided
binomial test.

Treatment A, (H, S) S, (H, A) p=

All Loci 238 181 0.0062
BS Values 67 28 <0.0001
% AT3 Content 63 42 0.0504
Hedin et al. (2012) 69 51 0.1203

Fig. 6. Concordance factors. Concordance factors of three alternate hypotheses. (H):
Hesperonemastoma, (A): Acuclavella, and (S): Sabacon. Bars show the estimated
concordance factor (black) and 99% confidence interval (gray).
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Liu et al., 2009, 2010; Kubatko et al., 2009), and claims that wide-
spread ILS can result in poor performance of concatenated methods
(Kubatko and Degnan, 2007), our results seem to indicate that hid-
den support emerges when analyzing data via concatenated anal-
yses (Gatesy and Springer, 2014), and concatenation appears
more robust than shortcut coalescent methods (e.g., Leaché and
Rannala, 2011; Patel et al., 2013). Our randomly sub-sampled loci
shows that the supermatrix approach to phylogenetic inference,
even in the face of high levels of gene tree conflict, results in robust
support for nodes otherwise weakly supported by partially-
parametric coalescent analyses. This is notable, since others
(Edwards et al., 2016) have claimed that sub-sampling phyloge-
nomic data as a test for phylogenetic consistency produces a con-
dition where ‘‘the deficiencies of concatenation become even more
glaring”. They make this claim despite only a single supporting
example (from Song et al., 2012); our example does not support
this claim. In analyses of mammal relationships, Gatesy and
Springer (2014) were able to uncover extreme hidden support for
10 clades by concatenating loci (from McCormack et al., 2012) that
strictly conflict with the species tree. To evaluate if hidden support
is present in our data, we combined the 420 loci from the tran-
scriptome panel with gene trees strictly conflicting with the spe-
cies tree, and analyzed this partitioned supermatrix in RAxML
using the parameters outlined above. Our analysis did not recover
extreme hidden support (Supplement s4.1). However, this may be
caused by the unequal minority frequency of the gene trees gener-
ated from analysis of these loci. The analyses of Gatesy and
Springer included 25 ingroup taxa, and the 5 OTUs representing
members of Glires were scattered through the gene trees. Thus, it
is difficult to calculate the symmetric frequencies of the many
alternate gene tree topologies in their data.
4.3. Interpreting gene tree incongruence and unequal minority
resolution frequencies

We infer that divergence at the base of Ischyropsalidoidea hap-
pened rapidly enough to allow for ILS to occur. However, gene tree
incongruence can arise from factors other than ILS. Springer and
Gatesy (2016) were able to show that the high levels of incongru-
ent gene trees, attributed by Song et al. (2012) to ILS, were instead
caused by other factors. Among their criticisms of the phylogenetic
analyses of gene trees by Song et al. (2012) are factors that poten-
tially apply to this research, including inadequate search algo-
rithms and LBA. First, our PhyML gene tree analyses used default
parameter settings including the HKY85 model of nucleotide sub-
stitution and the NNI tree search algorithm. More rigorous model
selection would likely return gene trees with better log-
likelihood values (e.g., Springer and Gatesy, 2016), and NNI has
been shown to be prone to being stuck in local optima (Money
and Whelan, 2011). However, we also ran each gene tree using
more rigorous methods using MrBayes for the BUCKy analysis.
The data for both sets of gene tree analyses agree that there is a
large amount of gene-tree discordance in our data set, and they
agree in the frequency that these alternative topologies are recov-
ered. Second, higher frequencies of a gene tree than its true fre-
quency can be caused by LBA. In our data however, the longest
ingroup branch in both the PhyML and RAxML analyses is associ-
ated with Hesperonemastoma. The average branch lengths in
PhyML analyses is 0.400891 for Hesperonemastoma, 0.299665 for
Acuclavella, and 0.299444 for Sabacon; in the RAxML phylogeny it
is 0.443753, 0.333928, and 0.350993, respectively. Under LBA,
longer Hesperonemastoma branches would be pulled toward out-
group sequences, causing the gene tree stoichiometry to be skewed
toward an (H, (A, S)) topology. If this is the case, there is more gene
tree incongruence in this system than we report, for (H, (A, S)) is
our most frequently recovered topology. As such, we assert that
ILS is a likely source of gene tree incongruence in our data.

That being said, the lack of symmetry in the frequency of minor-
ity gene trees in the 672 loci does not match theoretical expecta-
tions. Since ILS is a random process, expectations are that one
topology would be favored, with alternative topologies occurring
at equal frequencies (Pamilo and Nei, 1988; Knowles and Kubatko,
2010). For example, in great ape relationships, a study using
11,945 loci found that 76.6% of gene trees support a (Gorilla, (Homo,
Pan)) topology,with11.5%and11.4% supporting (H, (G,P)) and (P, (H,
G)) respectively (Ebersberger et al., 2007). In Ischyropsalidoidea we
do not observe such symmetry (Fig. 3): 37.5% of gene trees recover
(Hesperonemastoma, (Acuclavella, Sabacon)), 35.4% recover (A, (H,
S)), and 27.1% recover (S, (H, A)). This is a classic rooted triplet case,
where the probabilities of the three possible gene trees should all
equal 33.3% when s = 0 – a hard polytomy. UMRFs in rooted triplets
have been shown to arise from violation of the assumptions of the
multispecies coalescent model (Zwickl et al., 2014). Potentially,
any of the artifactual or biological causes of gene tree/species tree
discordance (Maddison, 1997; Degnan and Rosenberg, 2006), other
than ILS, could lead to UMRFs. A recent study by Zwickl et al. (2014)
uncoveredUMRFsdue toboth analytical artifacts andbiological pro-
cesses. In some cases, they were able to restore equal minority fre-
quencies of gene trees by using alternative alignment strategies,
suggesting that unequal frequencies were caused by artifacts in
their methodological pipeline. In other cases, UMRFs persisted
across alternative alignment strategies, suggesting that they are
the result of biological processes (e.g., introgression).

Zwickl et al. (2014) were able to reduce or eliminate UMRFs
that were the product of methodological biases by including intron
sequences in their alignments. We are unable to employ their
strategy here, for our transcriptome-generated data do not include
intronic sequences. Therefore, we attempted to remove UMRFs
from our dataset by considering loci that were generated using a
different methodological pipeline (Hedin et al., 2012), or by consid-
ering locus/gene tree traits thought to improve phylogenomic
analyses, including phylogenetic support values (Salichos and
Rokas, 2013) and high AT3 content (Romiguier et al., 2013). We
found that UMRFs were consistent across these treatments
(Table 3), and thus conclude that UMRFs are likely the result of bio-
logical processes. However, it is possible that methodological
biases persist across these subsets of our data. For example,
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convergence in the base composition between two taxa could skew
the stoichiometry of a topology combining these taxa to be more
common that its true frequency (Springer and Gatesy, 2016).

The cause of UMRFs in our system could result fromany violation
of the multispecies coalescent model. Although we don’t consider
undetected paralogy as the likely cause of this discordance, due to
low frequency of paralogs detected by our filtering criteria, this is
one possibility. Other biological processes that are more likely to
apply to Ischyropsalidoidea include ancestral population structure
and paraphyletic gene flow. Population structure has been shown
to cause UMRFswhen subdivision is present in the ancestor of three
lineages and persists through both speciation events (Slatkin and
Pollack, 2008). This may initially seem unlikely, but many harvest-
men lineages are known to show extreme population structure, as
are many nonvagile terrestrial arthropods (e.g., Derkarabetian
et al., 2011; Keith andHedin, 2012). Likewise, it can be inferred from
Leaché et al. (2014a) that paraphyletic gene flow, or gene flow
between species that are not sister taxa, can increase the frequency
of gene trees grouping these taxa together. Also, the total branch
lengths of the transcriptome panel RAxML analysis from the base
of Ischyropsalidoidea to the tip of Hesperonemastoma, Acuclavella,
and Sabacon are 35.0%, 33.2%, and 31.8% of the total of these sums
respectively, which more closely matches the asymmetry of gene
trees above than do theoretical expectations, suggesting that selec-
tion or evolutionary rates may be playing a role.

To us, inferring the population genetics of lineages that under-
went successive diversifications around 200 MYA (Schönhofer
et al., 2013; Sharma and Giribet, 2014) seems a near-futile effort.
Thus far, species tree analyses for the most part have been robust
in their inference of nodes with UMRFs (Zwickl et al., 2014), though
estimating the correct species tree can become difficult when the
biological processes underlying this discordance are severe (e.g.
Leaché et al., 2014a). Since species tree resolution within Ischyrop-
salidoidea is our primary goal, we do not further seek out the
source the UMRFs recovered here, under the assumption that it
is not severely affecting our phylogenetic inference. Future
research on difficult phylogenetic nodes could employ a strategy
where the likelihood of the data are analyzed with respect to a pri-
ori models that vary in ancestral population structure, timing of
divergences, etc., with the most likely model selected using a crite-
rion score (e.g., Carstens et al., 2013). Clearly the causes of UMRFs
and the consequences to phylogenetic inference should be the
focus of future research.

4.4. Ischyropsalidoidea systematics

Giribet and Kury (2007) suggested waiting on taxonomic
amendments within Ischyropsalidoidea until inclusion of Acu-
clavella and Crosbycus allowed for rigorous testing of family-level
relationships. Despite this suggestion, ischyropsalidoid familial
amendments with poor morphological and molecular diagnoses
have continued (e.g., Giribet et al., 2010; Schönhofer, 2013). For
example, ‘‘Sabaconidae” sensu Giribet et al. (2010) was erected in
spite of the authors not being able to find a single morphological
synapomorphy and low support (jackknife value < 50) for a clade
comprising Sabacon sister to Hesperonemastoma + Taracus. Note
that we do not recover this clade here. Likewise, ‘‘Taracidae” as
defined by Schönhofer (2013) is not supported by morphological
synapomorphies. Our Fig. 2 shows that Taracus and Hesperonemas-
toma, twomorphologically very different genera, are recovered as a
clade with high support, but that the root for this ‘‘family” is about
twice as ancient as his definitions of Sabaconidae and Ischyropsa-
lididae. In light of these recent failures, we do not propose new
familial diagnoses, for we agree with Giribet and Kury (2007) that
such amendments and definitions would be premature without the
inclusion of all ischyropsalidoid genera. Additionally, the CF for
(H, (A, S)) is less than 0.5 with 99% confidence, and thus perhaps
does not warrant formal taxonomic recognition (Baum, 2007).

In comparison, our results corroborate other taxonomic
hypotheses and suggestions. For example, recent work on Sabacon
(Schönhofer et al., 2013; Martens, 2015) recommended splitting
this genus into multiple genera. The expanded panel phylogeny
(Fig. 2) recovers the divergence of Sabacon approximately twice
as deep in time as Hesperonemastoma, the next most divergent
genus. In fact, Sabacon is almost as internally divergent as the
genus Ischyropsalis is from Acuclavella plus Ceratolasma. Addition-
ally, the redefinition of Ischyropsalididae (Schönhofer, 2013) to
include Acuclavella and Ceratolasma (formally in Ceratolasmatidae)
results in this family having a very similar crown age with his def-
inition of Sabaconidae. Thus, our results compliment the taxo-
nomic conclusions of Schönhofer et al. (2013) and Schönhofer
(2013). Explicitly testing family hypotheses within Ischyropsali-
doidea with the inclusion of all genera and defining genera within
Sabacon should be higher-level taxonomic research priorities
within Ischyropsalidoidea.
5. Conclusions

We have recovered a single short branch deep in the phylogeny
of Ischyropsalidoidea. Despite high levels of gene tree conflict, we
consistently recover Hesperonemastoma + Taracus sister to remain-
ing ischyropsalidoids across different analytical methods with dif-
ferent strategies of taxon and locus sampling. Though the short
internal branch deep in the ischyropsalidoid phylogeny is consis-
tently recovered, it is associated with high levels of gene tree con-
flict and relatively poor support values. These characteristics are
precisely those associated with topological conflict between
coalescent- and supermatrix-based methods of phylogenetic infer-
ence (Lambert et al., 2015). That being said, the causes of gene tree
conflict associated with ancient short internal branches should
continue to be explored. Particularly, simulation analyses should
explore the effects of ILS and UMRFs at the time of divergence on
phylogenetic analyses, with these simulations extended to deep
time to assess if this signal degrades though time. If gene tree con-
flict initially associated with ILS degrades to gene tree conflict
associated with sampling error in ancient diversifications, than
coalescent methods that attribute all such conflict to ILS may be
inappropriate. As phylogenomics comes of age, transposon inser-
tions have been used to independently assess incongruence at
ancient nodes, suggesting that incongruence in gene trees is largely
due to sampling error (Gatesy and Springer, 2014), and assessing
this signal could inform the appropriateness of phylogenomic anal-
yses. Further, these analyses should manipulate the underlying
assumptions of the simple coalescent model, such as selection
and variation in population size, to assess the impacts of these
parameters on the frequency of gene tree incongruence
(Nordborg, 2001; Scally et al., 2012; Springer and Gatesy, 2016).

Arguably the strongest evidence for phylogenetic hypotheses
occurs when clades are recovered from independent lines of evi-
dence (Rota-Stabelli et al., 2011). The expanded panel results sug-
gest that increased taxon sampling may be as important for
estimating ancient radiations as increased locus sampling, for
these additional taxa may decrease saturation and increase phylo-
genetic signal along problematic branches. The impact of taxon
sampling on the phylogenetic reconstruction of ancient radiations
should also be an area of future research.
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