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A B S T R A C T

Historical museum specimens are invaluable for morphological and taxonomic research, but typically the DNA is
degraded making traditional sequencing techniques difficult to impossible for many specimens. Recent advances
in Next-Generation Sequencing, specifically target capture, makes use of short fragment sizes typical of degraded
DNA, opening up the possibilities for gathering genomic data from museum specimens. This study uses museum
specimens and recent target capture sequencing techniques to sequence both Ultra-Conserved Elements (UCE)
and exonic regions for lineages that span the modern spiders, Araneomorphae, with a focus on Palpimanoidea.
While many previous studies have used target capture techniques on dried museum specimens (for example,
skins, pinned insects), this study includes specimens that were collected over the last two decades and stored in
70% ethanol at room temperature. Our findings support the utility of target capture methods for examining deep
relationships within Araneomorphae: sequences from both UCE and exonic loci were important for resolving
relationships; a monophyletic Palpimanoidea was recovered in many analyses and there was strong support for
family and generic-level palpimanoid relationships. Ancestral character state reconstructions reveal that the
highly modified carapace observed in mecysmaucheniids and archaeids has evolved independently.

1. Introduction

Spiders are important predators in terrestrial ecosystems, and with
over 47,000 described species (World Spider Catalog, 2018) they are
notable in terms of global ubiquity, diversity in behavior and ecology,
and medical importance. Spiders rank as the seventh most diverse ar-
thropod order, and total species diversity will likely triple as more
species are discovered and named (Coddington and Levi, 1991). How-
ever, until very recently research in spider phylogenetics was hampered
by a scarcity of genetic markers with few (e.g., six or less) available for
phylogenetic inference using traditional Sanger sequencing approaches
(e.g., Wheeler et al., 2016; Dimitrov et al., 2017). This small set of
genetic markers has been mostly unsuccessful at resolving deeper re-
lationships at the interfamilial level (Wheeler et al., 2016). Phyloge-
netic resolution has been further confounded by insufficient taxon
sampling, which is complicated by the difficulty field biologists face in
gathering genetic samples for taxonomically diverse organisms that are

rare and elusive, or that live in remote, inaccessible areas. Natural
history museums, with the goal of documenting the diversity of life,
provide an additional source of genetic resources as they have amassed
large collections over a long period of time, which include rare or ex-
tinct species and specimens from remote areas of the world. Historical
museum specimens are invaluable for morphological and taxonomic
research, but typically their DNA is degraded making traditional se-
quencing techniques difficult to impossible for many specimens
(Wandeler et al., 2007).

Recent advances in Next-Generation Sequencing (NGS), specifically
target capture, makes use of short fragment sizes typical of degraded
DNA, opening up the possibility of gathering genomic data for phylo-
genetic analysis from existing museum specimens (Jones and Good,
2016). Target capture techniques have been successfully performed on
dried (i.e., pinned insects or dried skins) museum specimens over
100 years old for birds (McCormack et al., 2016), mammals (Bi et al.,
2013; Guschanski et al., 2013; Bailey et al., 2016), and insects (Blaimer
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et al., 2016). Genetic fragments have even been recovered from fluid
preserved museum specimens (Ruane and Austin, 2017), including a
lizard that was collected 145 years ago (McGuire et al., 2018). Target
capture techniques have also been used to infer arachnid phylogeny
(Starrett et al., 2017), including using some museum material
(Hamilton et al., 2016; Hedin et al., 2018).

Arachnid specimens in museum collections are typically stored in
70–80% ethanol and at these concentrations at room temperature DNA
degrades by oxidation and hydrolysis (Quicke et al., 1999; Vink et al.,
2005). For such specimens with fragmented DNA, NGS target capture
techniques are preferred to traditional techniques, such as Sanger se-
quencing of PCR amplified specific genes or gene fragments, because
large amounts of data can be generated rapidly and at relatively low
cost. Target capture techniques can gather data from numerous loci
throughout the genome. This approach can dramatically advance re-
search in spider systematics in two ways: first, the ability to sequence
hundreds of regions throughout the genome may resolve deep inter-
familial relationships more accurately; second, legacy and archival
museum collections offer cheap and efficient ways to include rare
lineages that currently are difficult to collect.

Palpimanoidea is an ancient spider lineage that has evolved some
remarkable morphologies in the carapace and chelicerae (functionally
equivalent to jaws or mandibles) compared to other spiders (Wood
et al., 2012, 2016) (Fig. 1). Their strange morphology complements
their unusual and highly specialized predatory behaviors: for example,
mecysmaucheniids use ballistic trap-jaw strikes (Wood et al., 2016),
and archaeids are specialists that attack other spiders at a distance with
their long chelicerae (Wood et al., 2012). As a possible sister clade
(Wood et al., 2012; Wheeler et al., 2016; Fernández et al., 2018) to the
more modern, derived spiders, the Entelegynae, palpimanoids are an
important group for understanding spider evolution. Palpimanoids are
paleoendemics, and are currently mostly confined to the Southern
Hemisphere, although there is an extensive fossil record from the
Northern Hemisphere, with distribution patterns of some extant
lineages likely relating to Gondwanan vicariance (Wood et al., 2013), .
Phylogenetic analysis using both morphological data and four genetic
markers strongly supports a monophyletic Palpimanoidea that consists
of five families (Wood et al., 2012, 2013): Archaeidae, Huttoniidae,
Mecysmaucheniidae, Palpimanidae, and Stenochilidae. Another ana-
lysis using only molecular data from six genetic markers (not all mar-
kers were successfully sequenced for all terminals) suggested a para-
phyletic Palpimanoidea, although with weak branch support (Wheeler
et al., 2016), but a recent phylogeny based on transcriptomic data
strongly supported the monophyly of Palpimanoidea (Fernández et al.,
2018). Phylogenetic relationships among palpimanoid families were
weakly supported in these previous studies, corroborating that the
standard genetic markers used in spider studies are not adequate for
resolving deep relationships (Agnarsson et al., 2013), and although
transcriptomic data helped confirm the monophyly of Palpimanoidea it
did not help resolve internal nodes. Palpimanoids occur in many remote
areas of the world that are hard to access, so that thorough taxon
sampling for the group is difficult. However, there are many re-
presentatives of palpimanoids in museum collections, mostly collected
over the last two decades, stored in 75–95% ethanol. Because palpi-
manoids are ancient spiders that were once more widespread, because
of their phylogenetic placement as possible sister to a major clade of
spider (Entelegynae), and because of their unusual predatory behaviors
and morphology, they are an excellent group to study in order to ex-
amine phylogeny, trait evolution, biogeography, and diversification
patterns in relictual lineages.

This study uses such museum specimens, combined with recent
target capture sequencing techniques, to examine phylogenetic re-
lationships among palpimanoid spiders. We use the recently designed
Ultra-Conservative-Elements (UCE) Arachnid bait-set (Faircloth, 2017;
Starrett et al., 2017) and an exon-based bait-set that was designed from
spider transcriptomes. The UCE method makes use of short, highly

conserved DNA sequences that span major lineages (Siepel et al., 2005;
Faircloth et al., 2012). Hundreds of independent UCE loci can be ex-
tracted from diverse taxa, with the regions flanking the UCE cores
providing signal for phylogenetic inference at multiple taxonomic
scales. Sequence variation in flanking regions increases with distance
from the UCE core (Faircloth et al., 2012). This increasing variation
makes UCE useful for reconstructing phylogenetic relationships across a
variety of timescales, from recently diverged populations to distantly
related groups (Faircloth et al., 2012; McCormack et al., 2012; Smith
et al., 2013). An exon-based bait-set was designed for this study to
complement the UCE data by providing additional markers for protein-
coding regions within the genome that do not overlap with the UCE
data. We used these two bait-sets to gather molecular sequences of
lineages that spanned the modern spiders (Araneomorphae), but that
focused on the palpimanoids. Fourteen museum specimens that were
collected over the last two decades and stored in 75% ethanol were
included in this study. We also perform an ancestral character state
reconstruction to examine evolution of the tubular carapace in palpi-
manoids.

2. Methods

2.1. Taxa selection and DNA extraction

To examine relationships among palpimanoids we included 34
terminals representing the five palpimanoid families (number of genera
included/total number of genera): Archaeidae (5/5), Huttoniidae (1/1),
Mecysmaucheniidae (5/7), Palpimanidae (11/18), Stenochilidae (1/2).
We included 14 additional non-palpimanoid Araneomorphae taxa re-
presenting 13 families that represent major clades within the
Araneomorphae: Hypochilidae, Filistatidae, Pholcidae, Scytodidae,
Segestriidae, Austrochilidae, Eresidae, Araneidae, Theridiosomatidae,
Uloboridae, Agelenidae, Lycosidae, and Salticidae. The tree was rooted
with the clade containing Hypochilidae (Hypochilus), Filistatidae
(Kukulcania), and Synspermiata taxa (Physocyclus, Scytodes, Segestria),
the earliest-diverging araneomorphs (Wheeler et al., 2016). Some
African Palpimanidae genera were difficult to diagnose based on the
literature, which contains few illustrations, and the following identifi-
cations should be treated with caution: Boagrius was diagnosed based
on eye pattern (Simon, 1893), however the specimen is a male and
there are no illustrations of males in the literature; specimens listed as
Chediminae may represent a new genus.

Thirty (out of 48) specimens had DNA extractions available from
previous studies (Wood et al., 2012, 2015, 2016), including six ex-
tractions that came from the National Museum of Natural History
Biorepository at the Smithsonian Institution. For the remaining speci-
mens, total genomic DNA was isolated using the DNeasy™ Tissue Kit
(Qiagen Inc., Valencia, CA). For each specimen, 1–4 legs were ground
up in a lysis buffer with a grinding implement. The homogenate was
incubated at 55 °C for 6–8 h and then purified following the manu-
facturer’s protocols. See Table 1 for a complete list of all specimens used
in the study. Extracted DNA was quantified using high sensitivity Qubit
fluorometry (Life Technologies, Inc.) and quality was checked using gel
electrophoresis on a 1.5% agarose gel.

2.2. Exon-based bait design

Unprocessed raw transcriptome reads were obtained from the SRA
database (http://www.ncbi.nlm.nih.gov/sra) for five taxa: Calileptoneta
californica (SRR3144085), Hypochilus pococki (SRR1514889), Uloborus
glomosus (SRR1328334, SRR3144086), Deinopis longipes (SRR1514879),
and Loxosceles deserta (SRR3144077). FastQC (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc) visualized quality of reads.
Initial removal of low-quality reads and TruSeq multiplex index adaptor
sequences (Illumina) was performed with Trim Galore! v.0.4.0 (http://
www.bioinformatics.babraham.ac.uk/projects/trim_galore), setting the
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quality threshold to minimum Phred score of 30. Illumina TruSeq
multiplex adaptor sequences were trimmed, specific to the adaptor used
in sequencing with the paired-end data flagged. A second round of
quality threshold filtering (minimum Phred score of 35) as well as re-
moval of rRNA sequence contamination was conducted in Agalma v.
0.5.0 using the ‘transcriptome’ pipeline (Dunn et al., 2013). Processed
reads were assembled with the Trinity de novo Assembler (Grabherr
et al., 2011b) (release 13-07-2011) with 100 GB of memory and a path
reinforcement distance of 50 (Haas et al., 2013). Contigs were mapped
against the Swissprot database (Bairoch and Apweiler, 2000) using the
blastx program of the BLAST suite (Altschul et al., 1990) and the
number of contigs returning blast hits was quantified. All nucleotide
sequences were translated with Transdecoder using default parameters
(Grabherr et al., 2011a). Subsequent peptide translations were filtered
for redundancy and uniqueness using CD-Hit v.4.6.3 under default
parameters, and a 95% similarity threshold (Fu et al., 2012). Genome
data from Parasteatoda tepidariorum (PRJNA316108) and Stegodyphus
mimosarum (PRJNA222714) were incorporated using predicted peptide
sequences obtained from NCBI protein database (http://www.ncbi.nlm.
nih.gov/genome/).

Orthology assessment was conducted on 100 CPUs of the High-

Performance Computing Cluster (Smithsonian Institution, confluence.
si.edu/display/HPC/), using OMA standalone v.1.05 (Roth et al., 2008;
Altenhoff et al., 2013), with the parameters set to default, except with a
minimum alignment score of 200, a length tolerance ratio of 0.75 and a
minimum sequence length of 100. A total of 7866 informative putative
orthogroups (more than four taxa) were obtained; orthogroups and
genes are referred to interchangeably. Of these, 4809 putative or-
thogroups were shared by all taxa. In order to include all putative loci
that spanned the greatest phylogenetic distance within spiders, we
proceeded with orthogroups that contained sequences from both
Parasteatoda tepidariorum and Hypochilus pococki (5753 orthogroups). In
order to ensure only single copy orthologs were used for downstream
probe design, orthogroups were mapped against a curated “custom”
spider core ortholog reference protein set for Acanthoscurria geniculate
from Garrison et al. (2015) using the blastx program of the BLAST suite.
Only orthogroups with unique hits to this database were kept, resulting
in 4926 putative loci. Nucleotide alignments were generated for all
orthogroups in MAFFT (Katoh et al., 2002; Katoh and Toh, 2008). Loci
were then filtered based on global pairwise distance, selecting loci with
70% or higher percent pairwise identity value in Geneious v10.2.3
(Biomatters Ltd.), resulting in 1050 putative loci. Each putative locus

Fig. 1. Summary phylogeny from Maximum Likelihood analysis of combined (UCE+ exon) partitioned data at 70% taxon coverage.
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and associated probes were then mapped to the Parasteatoda tepidar-
iorum genome (Schwager et al., 2017) to test for fidelity. A custom
mybaits final probe set was generated by Arbor Biosciences that con-
tained 58,585 baits that were 120 base pairs long with around 1.3×
tiling density, resulting in an on average 22 base pair overlap, and
targeted 1050 putative loci.

2.3. Library preparation, enrichment, and sequencing

Libraries were prepared and enriched following protocols in
Faircloth et al. (2015), but following modifications in Blaimer et al.
(2015). Depending on prior degradation and quality of the DNA, be-
tween 5 and 100 ng of DNA were sheared between 0 and 60 s
(amp=25%, pulse= 10–10, to a target size of approximately
250–600 bp) by sonication (Q800R, Qsonica Inc.). Sheared DNA was
dried completely and rehydrated to the required input volume (13 µL)
and used as input for DNA library preparation (Kapa Hyper Prep Library
kit, Kapa Biosystems). Library preparation was done following the
protocols of Faircloth et al. (2015) in the absence of SPRI beads. After
ligation of universal stubs (Faircloth and Glenn, 2012), a 0.7× SPRI
bead clean was done (Kapa Pure Beads, Kapa Biosystems) on a Wa-
fergen Apollo liquid handler (Wafergen Biosystems), resulting in 30 µL
of post-ligation library. For adapter ligation, we used TruSeq-style
adapters (Faircloth and Glenn, 2012). PCR conditions were as follows:
15 μL post ligation library, 25 μL HiFi HotStart polymerase (Kapa
Biosystems), 2.5 μL each of Illumina TruSeq-style i5 and i7 primers, and
5 μL double-distilled water (ddH2O). We used the following thermal
protocol (Kapa Biosystems): 98 °C for 45 s; 13 cycles of 98 °C for 15 s,
65 °C for 30 s, 72 °C for 60 s, and final extension at 72 °C for 5m. We
generated two PCR amplified libraries from each post-ligation library,
with each PCR containing a different i5-i7 adapter combination. This
allowed one DNA sample to be equally divided into two separate en-
richment reactions (i.e., UCE & exon).

PCR cleanup was done with a 1.0X SPRI bead clean (Kapa Pure
Beads, Kapa Biosystems) on a Wafergen Apollo (Wafergen Biosystems)
with a final library volume of 20µL. Following clean-up, libraries were
divided into enrichment pools containing 8 libraries combined at
equimolar ratios with final concentrations of 137–184 ng/μL. The du-
plicated PCR products formed two different groups of pools, one for
UCE enrichment and one for exon enrichment.

We enriched one set of pools for UCE using the Arachnid-specific
probes-set (Arachnida 1.1Kv1) targeting 1120 UCE loci (Faircloth,
2017; Starrett et al., 2017). The duplicate set of pools with different
indices was enriched for the custom designed exon probes targeting
1050 putative loci (as described above). For both UCE and exon en-
richments, we followed version 3.02 of the mybaits protocol (Arbor
Biosciences). Hybridization reactions were incubated for 24 h at 65 °C,
subsequently all pools were bound to streptavidin beads (MyOne C1;
Life Technologies), and washed according to the MYBait protocol
(Arbor Biosciences). We combined 15 μL of streptavidin bead-bound,
washed, enriched library with 25 μL HiFi HotStart Taq (Kapa Biosys-
tems), 5 μL of Illumina TruSeq primer mix (5 μM forward and reverse
primers) and 5 μL of ddH2O. Post-enrichment PCR used the following
thermal profile: 98 °C for 45 s; 18 cycles of 98 °C for 15 s, 60 °C for 30 s,
72 °C for 60 s; and a final extension of 72 °C for 5m. We purified re-
sulting reactions using 1.0X bead clean using Kapa Pure Beads (Kapa
Biosystems), and resuspended the enriched pools in 22 μL.

We then quantified pools using qPCR library quantification (Kapa
Biosystems) with two serial dilutions of each pool (1:200,000,
1:1,000,000), assuming an average library fragment length of 600 bp.
Based on the size-adjusted concentrations estimated by qPCR, we
combined all pools at an equimolar concentration of 30 nM, and size-
selected for 250–600 bp with a BluePippin (SageScience). We se-
quenced the pooled libraries in a single lane of a paired-end run on an
Illumina HiSeq (2x150bp rapid run) at the University of Utah
Huntsman Cancer Institute.

2.4. Data processing

Data processing steps were conducted with the PHYLUCE pipeline
(Faircloth, 2016). The UCE and exon datasets were analyzed separately.
We removed low-quality bases and adapter sequence from the de-
multiplex raw read FASTQ data using Illumiprocessor (Faircloth, 2013;
Bolger et al., 2014). Sample specific sequences were assembled into
contigs using Trinity (Grabherr et al., 2011b; version r20140717).
Contigs from all samples were mapped to FASTA files containing en-
richment probes for either UCE or exon using the LASTZ (Harris, 2007)
wrapper script “phyluce_assembly_match_contigs_to_probes” with -
minimum coverage and minimum identity values of 65 for the UCE
dataset (Starrett et al., 2017), and 80 for the exon dataset. Loci obtained
from the preceding script step were aligned using MAFFT (min-
length=20, no-trim) (Katoh and Standley, 2013) and trimmed with
GBLOCKS (b1= 0.5, b2=0.5, b3=12, b4=7; Castresana, 2000;
Talavera and Castresana, 2007). We selected 25%, 50% and 70% taxa
per locus completeness subsets for the UCE and exon alignments. Data
were concatenated into UCE-only, exon-only, and combined
UCE+ exon matrices for subsequent phylogenetic analysis. The best-fit
substitution model and data partitions were estimated using Partition
Finder v.2.1.1 (Lanfear et al., 2014, 2016) after implementing the
Sliding-Window Site Characteristics method (Tagliacollo and Lanfear,
2018).

2.5. Phylogenetic analysis

Phylogenetic analyses were conducted on three matrices for each
concatenated data set (UCE-only, exon-only, and combined –
UCE+ exon), which consisted of taxon coverages of 70%, 50%, and
25% for each locus. Phylogenetic analysis was performed on the par-
titioned and non-partitioned data matrices using raxmlHPC-MPI-SSE3
v8.2 (Stamatakis, 2014) implementing the rapid bootstrap algorithm
(Stamatakis et al., 2008) plus Maximum Likelihood tree search (100
bootstrap replicates and the GTRGAMMA model). Coalescent analyses
were also performed on all data sets at different taxon coverages using
ASTRAL-III (Zhang et al., 2017) on individual unrooted gene trees es-
timated by RAxML and 500 bootstrap replicates. A Bayesian analysis
was performed on the partitioned data sets at the different taxon cov-
erages using MrBayes v.3.2 (Ronquist et al., 2012): Analyses were run
for 10–50 million generations, depending on how quickly the analysis
converged, with sampling every 1000th generation; simultaneous
analyses were evaluated for convergence and burn-in was assessed
using Tracer v.1.7.0 (Rambaut et al., 2018), resulting in a final con-
sensus tree with node support expressed as posterior probabilities. All
analyses were conducted on the Smithsonian Institution High Perfor-
mance Cluster (SI/HPC).

To examine evolution of the highly modified, tubular carapace
present in Archaeidae and Mecysmaucheniidae we performed a like-
lihood ancestral trait reconstruction in Mesquite (Maddison and
Maddison, 2010) on the phylogeny that resulted from the RAxML
analysis of the partitioned, combined dataset at 70% gene occupancy.
Branch lengths were smoothed using penalized likelihood (Sanderson,
2002) in the R package ‘ape’ (Paradis et al., 2004) using the ‘cronopl’
function (lambda=1). Carapace shape was treated as a discrete trait
and modeled using the Markov k-state 1 parameter model (Lewis,
2001). Archaeids and mecysmaucheniids were scored as “present” for
having a tubular carapace and all other taxa were scored as “absent.”
The phylogeny was pruned so that only one representative per family
remained.

3. Results

The majority of DNA extractions were from specimens that had been
collected directly into 95% ethanol, and upon completion of the field
expedition, were stored at below freezing. Fourteen extractions were
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from museum specimens in 70–75% ethanol that were stored at room
temperature (5 from the year 2000, 1 from 2003, 1 from 2005, 1 from
2010, and 5 from 2012). An additional seven museum specimens in
70–75% ethanol were extracted but were not sequenced for the phy-
logenetic analysis. Of these extractions of museum specimens, four
failed, meaning there was too little DNA (less than 0.05 ng/µL) to be
detected by the Qubit Fluorometer. See Supplementary Fig. S1 to
compare total DNA extracted by year, coded for specimen size, for the
museum specimens. For sequencing, 48 DNA extractions were enriched
using both the exon baits and the UCE baits, for a total of 96 samples
sequenced in the Illumina Hi-Seq lane. Sequences were produced for all
samples except one: Fernandezina sp. (Palpimanidae), a museum spe-
cimen collected in the year 2007; the DNA concentration of this ex-
traction was not detectable by the Qubit Fluorometer (< 0.05 ng/μL).
The specimen was included in the library preparation, enrichment and
sequencing, but was excluded from the phylogenetic analysis due to a
very low number of sequences.

Table 1 provides the summary sequencing statistics for each of the
48 taxa sequenced. We obtained an average of 2,047,135 reads and an
average coverage of 10.2 per sample for the UCE-based data and
1,689,045 and an average coverage of 20.3 for the exon-based data. The
reads were assembled into an average of 30,918 contigs per sample for
the UCE data and 20,995 contigs per sample for the exon-based data.
For one specimen, Fernandezina, which did not have detectable levels of
DNA in the extraction, we only recovered 7 and 28 UCE and exon target
loci, respectively. Excluding Fernandezina, the number of loci recovered
ranged from 109 to 682 out of 1120 UCE targets, and 117 to 322 of
1050 exon targets. Average capture efficiencies were 28% (317/1120)
for UCE and 24% (256/1050) for exon-based loci. Many of the exon-
based loci that were recovered during data processing were discarded
after the validation step in PHYLUCE where multiple contigs that map
to a single locus are removed. We suspect multiple contigs per re-
presentative loci were recovered but not assembled into one continuous
contig due to large intron lengths between coding regions, which are
present in some arachnid genomes (Sanggaard et al., 2014; Babb et al.,
2017; Schwager et al., 2017). As a result, the average capture efficiency
of the exon-based targets was lower than that of the UCE targets (see
Supplementary Info for confirmation of putative loci within the target
taxa based on Palpimanidae transcriptomes). See Table 2 for summary
statistics of the final concatenated data sets at 50% taxon coverage.
Quality-trimmed sequence reads are available from the NCBI Sequence
Read Archive (BioProject PRJNA475748, SRP150838).

There were only minor differences between the RAxML, Bayesian,
and ASTRAL phylogenetic analyses (Figs. 1–3, S2-3). Furthermore, the
analysis of the UCE-only datasets and the exon-only datasets resulted in
phylogenies that are mostly congruent with the combined datasets.
However the exon-only datasets sometimes failed to recover clades that
were well supported in the UCE-only and combined analyses, including
Synspermiata and Araneoidea (Figs. 2, 3 and S2-3). In the following
analyses we recovered a well-supported monophyletic Palpimanoidea
(that fell sister to the Entelegynae): the Bayesian, RAxML partitioned,
and RAxML unpartitioned analyses of the combined and the UCE-only
datasets at 70% taxon coverage. In all ASTRAL analyses Palpimanoidea
was monophyletic, but with low support (bootstrap < 80%). Palpi-
manoidea was also monophyletic for the RAxML and Bayesian analyses
of the exon-only data set at 50% taxon coverage. In all other analyses

Palpimanoidea was paraphyletic, with Palpimanidae falling as sister to
the Entelegynae. All five palpimanoid families were monophyletic in all
analyses with strong support. Palpimanidae was consistently supported
as the earliest-diverging lineage. In the majority of analyses the re-
maining palpimanoids (Archaeidae, Huttoniidae, Mecysmaucheniidae,
Stenochilidae) formed a well-supported monophyletic group. Archae-
idae was the next lineage to diverge, leaving Huttoniidae, Stenochilidae
and Mecysmaucheniidae forming a well-supported clade in most ana-
lyses. The majority of analyses recovered a strongly supported South
American clade (Otiothops+Anisaedus) that is sister to an Old-World
clade that includes specimens collected from parts of Africa, Mada-
gascar, the Seychelles, and Myanmar. In the majority of analyses: Pal-
pimanus is the first Old-World genus to diverge; Diaphorocellus, Hybo-
sida, and Chedimanops form a monophyletic group;
Steriphopus+ Scelidocteus is sister to a clade that is difficult to diagnose,
but may be Boagrius and a new genus. The aligned data matrices and
resulting phylogeny (.tre) files are deposited in the Dryad Digital
Repository: https://doi.org/10.5061/dryad.387c58v.

The ancestral character state reconstruction revealed that the tub-
ular carapace in archaeids and mecysmaucheniids evolved two times
independently (Supp. Fig. S4).

4. Discussion

Palpimanoidea classification. Based on a total evidence analysis of
morphological data and four molecular markers Palpimanoidea was
restricted to the following five families (Wood et al., 2012): Archaeidae,
Huttoniidae, Mecysmaucheniidae, Palpimanidae, and Stenochilidae.
This study also placed Palpimanoidea as sister to the Entelegynae and
recovered the well-supported relationships of (Archae-
idae+ Stenochilidae, both long branches) and (Palpima-
nidae+Huttoniidae) (other relationships among palpimanoid families
were not well supported). Later, Wheeler et al (2016), using data from
six molecular markers to build a phylogeny that was constrained by
transcriptomic data, and with thorough taxon sampling across spiders,
recovered Palpimanoidea as paraphyletic, although with low branch
support. Recently, Fernández et al (2018) used transcriptomic data to
examine relationships across spiders, which included four out of five
palpimanoid families, and recovered a well-supported, monophyletic
Palpimanoidea that was sister to the Entelegynae.

The present study is the first to examine generic-level relationships
among palpimanoids using Next-Generation Sequencing. Our study
recovered a well-supported monophyletic Palpimanoidea in some
analyses, while in other analyses Palpimanoidea was paraphyletic, with
Palpimanidae falling as sister to the Entelegynes. However, there is
strong morphological support for a monophyletic Palpimanoidea
(Wood et al., 2012). Further, the Fernández et al. (2018) transcriptomic
study had a much greater degree of taxon sampling throughout Araneae
and recovered Palpimanoidea monophyly with strong support, al-
though it included only 5 palpimanoids. Palpimanoidea is likely an
ancient clade, with fossils going back to the Middle Jurassic (Selden
et al., 2008), that likely diversified in the Triassic-Jurassic (Wood et al.,
2013; Fernández et al., 2018). Palpimanoids tend to be spider specia-
lists, with archaeids and palpimanids documented to prey on the En-
telegynes (Cerveira and Jackson, 2005; Wood et al., 2012), their pu-
tative sister group that contains the bulk of spider diversity. Rapid,
ancient diversification of palpimanoids as the Entelegynes concurrently
diversified may explain why it is difficult to tease apart these re-
lationships and why results at different gene occupancies conflict. We
continue to accept the monophyly of Palpimanoidea until there is
strong evidence otherwise.

The current study suggests that Palpimanidae, which has the most
widespread distribution, occurring throughout South America, Africa,
and the Mediterranean, and in parts of Asia, is likely the earliest-di-
verging palpimanoid clade, sister to the remaining families. Archaeidae,
which is currently restricted to Australia, South Africa and Madagascar,

Table 2
Sequence statistics for 47 taxa at 50% gene occupancy.

Data set Total loci Average length of
loci

Total
alignment

Informative sites

UCE 211 187.44 39,549 14,086
Exon 35 296.54 10,379 3,933
Combined 246 202.96 49,928 18,019
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although fossils occur in several areas in the Northern Hemisphere, is
the next lineage that branches off. Mecysmaucheniidae, restricted to
southern South America and New Zealand, forms a clade with
Huttoniidae and Stenochilidae. Huttoniids are restricted to New

Zealand and stenochilids occur from India, including Sri Lanka, through
southeast Asia, an into northeastern Australia (R. Raven, pers. comm.).
Relationships among Mecysmaucheniidae and Archaeidae genera were
consistent with previous studies that used only four molecular markers

Fig. 2. Phylogeny from the Maximum Likelihood analysis of the combined (UCE+ exon) and partitioned data at 70% taxon coverage. Square plots at nodes
summarize branch support for the nine different analyses of the three different data sets (combined, UCE-only, exon-only) at three different amounts of taxon
coverage (70%, 50%, 25%). Nodes with black circles were supported with bootstrap values> 95% in all analyses. The phylogeny was rooted with the clade
containing Hypochilidae, Filistatidae, and Synspermiata.

H.M. Wood et al. Molecular Phylogenetics and Evolution 127 (2018) 907–918

914



(Wood et al., 2012, 2015, 2016). However, target capture techniques
were particularly useful for examining relationships among Palpima-
nidae genera, the current study being the first phylogenetic analysis
produced for the family. Using these techniques, we were able to

include museum specimens from many remote parts of the world that
would be otherwise nearly impossible to collect without a great amount
of time and resources. The African palpimanids need taxonomic revi-
sion: the genera are difficult to identify as the literature contains few

Fig. 3. ASTRAL species tree based on the Maximum Likelihood analysis of individual unrooted gene trees and 500 bootstrap replicates. The phylogeny was rooted
with the clade containing Hypochilidae, Filistatidae, and Synspermiata. *In the analysis of the combined dataset and the UCE-only dataset, both at 70% taxon
coverage, Archaeidae is sister to Huttoniidae; in all other ASTRAL analyses Archaeidae diverges first and Huttoniidae, Mecysmaucheniidae, and Stenochilidae form a
monophyletic group with the following bootstrap support: combined dataset at 50% taxon coverage, bootstrap 77%; combined dataset at 25% taxon coverage,
bootstrap 88%; UCE-only dataset at 50% taxon coverage, UCE-only dataset at 25% taxon coverage, exon-only dataset at 70% taxon coverage, exon-only dataset at
50% taxon coverage, exon-only dataset at 25% taxon coverage – all with bootstrap< 80%.
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illustrations and a dichotomous key does not exist. Recent taxonomic
work (Zonstein and Marusik, 2013, 2017; Zonstein et al., 2016) is
helping to clarify the diagnosis of these genera, including documenting
new genera, but is still only a first step. Field expeditions starting in the
1990s have documented many palpimanid specimens from Madagascar,
a part of the world where palpimanids have not previously been
documented. Some of these specimens were included in the current
study (two Diaphorocellus specimens) and are currently being revised.
Current and future work will build upon this study in order to elucidate
world-wide diversification patterns of Palpimanidae.

Archaeids and mecysmaucheniids have evolved a similarly shaped
tubular carapace, as well as elongated chelicerae (“jaws”). On the other
hand, palpimanids, stenochilids, and huttoniids have more typical
looking appearance, although, minor modifications to the carapace
have evolved compared to non-palpimanoid spiders (Wood et al.,
2012). The tubular carapace has shifted the orientation of the cheliceral
muscles (Wood et al., 2012, 2016), supposedly allowing for the highly-
maneuverable chelicerae observed in both archaeids and me-
cysmaucheniids. Both families can move their chelicerae 90° away from
their body, atypical for spiders. Archaeids use this maneuverability to
attack other spiders at a distance by swinging their long chelicerae out
and holding the impaled prey away from their body until the prey is
immobilized (Legendre, 1961; Forster and Platnick, 1984; Wood,
2008). Mecysmaucheniids execute a high-speed, ballistic, trap-jaw
predatory strike that is the fastest arachnid movement documented to
date (Wood et al., 2016). Our finding of independent evolution of the
tubular carapace in each family is suggestive that palpimanoids may
have evolved an innovation that predisposed them to carapace/cheli-
cerae diversification. Current research is examining morphological
modifications of internal carapace structures in palpimanoids.

Perspective on target capture methods. Next-generation sequencing has
revolutionized arachnid systematics, allowing for increased resolution
at very deep nodes, which was not previously possible using Sanger
sequencing approaches (Bond et al., 2014; Fernández et al., 2014;
Sharma et al., 2014; Garrison et al., 2015; Hamilton et al., 2016;
Starrett et al., 2017; Fernández et al., 2018; Godwin et al., 2018; Hedin
et al., 2018). This study further supports the utility of target capture
methods in Araneomorphae spiders. Recent studies have used UCE baits
to resolve deep relationships within Arachnids (Starrett et al., 2017),
and to resolve family and generic relationships among mygalomorphs
(tarantulas and their relatives) (Hedin et al., 2018). Here we corrobo-
rate the findings that UCE baits have phylogenetic utility, and we also
include additional exon-based data for examining deep relationships
within Araneomorphae with a specific focus on Palpimanoidea. Exon
and UCE baits were both important for resolving relationships, al-
though since there were more UCE loci than exon-based loci, UCE loci
likely made a greater contribution to the results. Synspermiata (early-
diverging araneomorphs with primitive genitalia) is a well-supported
clade based on recent morphological and molecular studies (Michalik
and Ramírez, 2014; Garrison et al., 2015; Fernández et al., 2018), and
the monophyly of Araneoidea (orb-weavers and their relatives) is well
established (Bond et al., 2014; Fernández et al., 2014; Hormiga and
Griswold, 2014; Dimitrov et al., 2017). However, in the current study,
only the UCE datasets successfully recovered these clades with strong
support in all phylogenetic analyses, while the exon-only datasets failed
to recover these clades in most analyses. Because there were fewer
exon-based loci in our study than there were UCE loci it is difficult to
draw more general conclusions about the usefulness of UCE markers
compared to exonic markers in phylogenetic analysis.

We developed an exon-based probe set based on transcriptomes and
our phylogenetic results indicate that exon-based targets span variation
sufficient to resolve ancient and recent divergences in Palpimanoidea.
Though an average of 310 loci from the 1050 targeted exon-based
targets were recovered, the number of shared loci populating the ma-
trices were 43, 35, and 11 for the 25%, 50% and 70% occupancy
analyses, respectively. As previously discussed in Hamilton et al.

(2016), we can expect a number of loci recovered to differ among
samples due to variation in DNA preservation quality, library pre-
paration, and sequencing depth. However, the number of loci recovered
is also determined by the fidelity of the probes to the target clade of
interest, which in turn, is affected by the long divergence times of the
taxa used in probe design. Here, we constructed target exon loci and
probe sequences from seven non-palpimanoid taxa, that likely diverged
from each other over 200 million years ago (Ayoub et al., 2007;
Dimitrov et al., 2012; Wood et al., 2013), where no representative from
the in-group Palpimanoidea was present, as transcriptome sequence
information was not available at the time. Although the taxa used in
probe design bracketed the Palpimanoidea, with some lineages more
basal and some lineages more derived, designing probes from non-in-
group taxa may have resulted in a lower/no capture of palpimanoid
specific sequence. Furthermore, for the different araneomorph taxa, the
designed probes for the same loci ranged from 69 to 87% pairwise
identity at the nucleotide level, which may have exceeded or been at
the upper limit of physical capture for the probes (best perfor-
mance≤ 10%, though probes may be effective at up to 30% sequence
divergence, Arbor Biosciences, pers. comm). Lastly, because we designed
loci targets spanning the phylogenetic distance of Araneomorphae
spiders, further relaxing stringency in analysis parameters may allow
for an increased capture of non-orthologous sequences to be populated
into the matrix (but see Supplementary Info for confirmation of puta-
tive loci within the target taxa based on Palpimanidae transcriptomes).
As genomic or transcriptomic resources become available these exon-
based probes or sequences should be redesigned or filtered to increase
capture efficiency within the Palpimanoidea.

Our results show that target capture techniques successfully allow
DNA from museum specimens to be used in molecular phylogenetics.
Arachnid specimens in museum collections are typically stored in
70–80% ethanol and these concentrations at room temperature de-
grades DNA by oxidation and hydrolysis (Quicke et al., 1999; Vink
et al., 2005). Spiders from museum collections that were collected back
to the 1950s have been DNA barcoded, however, barcoding was typi-
cally more successful for larger-bodied specimens (> 3mm) that were
collected less than 20 years ago, and for smaller spiders that were only a
few years old (Miller et al., 2013). In contrast, a different study showed
the opposite, that PCR amplification of museum material works sig-
nificantly better in spiders with smaller body sizes, and showed in ad-
dition, that the best predictor of success was the long term storage
conditions of the museum collection, with age of the museum material
being less important (Krehenwinkel and Pekar, 2015). While these
studies offer encouragement that fluid-preserved specimens can be used
for PCR amplification, high-throughput sequencing techniques actually
capitalize on the fragmented DNA that characterizes museum speci-
mens. Furthermore, high-throughput sequencing produces vastly more
genomic data compared to traditional Sanger sequencing: using a novel
DNA extraction method partial mitochondrial genomes have been as-
sembled for spiders that were collected in the 1940s and preserved in
ethanol (Cotoras et al., 2017); using target capture for UCE sequencing
including several museum specimens collected over 30 years ago, sys-
tematic relationships among mygalomorph spiders have been revealed
(Hedin et al., 2018). The museum specimens used in the current study
were only collected as far back as the year 2000. However, results from
these studies are encouraging and suggest that target capture is an
exciting direction for sequencing rare taxa known only from museum
collections. There is also great potential for generating taxon rich data
sets with world-wide representation at a fraction of the effort and cost
of re-collecting fresh material.
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