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Abstract 15 

 16 

Opiliones are iconic arachnids with a Paleozoic origin and a diversity that reflects 17 

ancient biogeographical patterns dating back at least to the times of Pangea. Due to interest 18 

in harvestman diversity, evolution and biogeography, their relationships have been 19 

thoroughly studied using morphology and PCR-based Sanger approaches to systematics. 20 

More recently, two studies utilized transcriptomics-based phylogenomics to explore their 21 

basal relationships and diversification, but sampling was limiting for understanding deep 22 

evolutionary patterns, as they lacked good taxon representation at the family level. Here we 23 

analyze a set of the 14 existing transcriptomes with 40 additional ones generated for this 24 

study, representing ca. 80% of the extant familial diversity in Opiliones. Our phylogenetic 25 

analyses, including a set of data matrices with different gene occupancy and evolutionary 26 

rates, and using a multitude of methods correcting for a diversity of factors affecting 27 

phylogenomic data matrices, provide a robust and stable Opiliones tree of life, where most 28 

families are precisely placed. Our dating analyses also using alternative calibration points, 29 

methods, and analytical parameters provide well-resolved old divergences, consistent with 30 

ancient regionalization in Pangea in some groups, and Pangean vicariance in others.  The 31 

integration of state-of-the-art molecular techniques and analyses, together with the 32 

broadest taxonomic sampling to date presented in a phylogenomic study of harvestmen, 33 

provide new insights into harvestmen interrelationships, as well as a general overview of 34 

the general biogeographic patterns of this ancient arthropod group.  35 
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Introduction 36 

Opiliones are a remarkable group of arachnids (Figs 1–2), with a fossil record dating 37 

to the Early Devonian having diversified in its main lineages by the Carboniferous (Dunlop 38 

et al., 2003; Dunlop, 2007; Garwood et al., 2014), showing ancient vicariant patterns that 39 

accord with their modern distribution (Boyer et al., 2007; Giribet and Kury, 2007; Clouse 40 

and Giribet, 2010; Giribet et al., 2012a; Giribet and Sharma, 2015). They show fascinating 41 

reproductive behaviors, including paternal and biparental care (Machado, 2007; Machado 42 

and Macías-Ordóñez, 2007; Requena et al., 2012; Buzatto et al., 2014).  43 

The phylogeny of the order Opiliones and its four extant suborders—44 

Cyphophthalmi, Eupnoi, Dyspnoi and Laniatores—has received considerable attention, 45 

based on morphological (Martens, 1976, 1980; Martens et al., 1981; Shultz, 1998; Giribet 46 

and Dunlop, 2005), molecular (Shultz and Regier, 2001; Giribet et al., 2010; Hedin et al., 47 

2010; Groh and Giribet, 2015), and combined data sets (Giribet et al., 1999; Giribet et al., 48 

2002; Garwood et al., 2014).  After some debate, the relationships among the Opiliones 49 

suborders have been settled, with Cyphophthalmi constituting the sister group of 50 

Phalangida, the latter divided in Palpatores (Eupnoi + Dyspnoi) and Laniatores. More 51 

recently, a few studies have used phylogenomic data derived from transcriptomes to further 52 

test relationships among Opiliones (Hedin et al., 2012a; Sharma and Giribet, 2014; Sharma 53 

et al., 2014), but these pioneering studies included a handful of species (8 to 14) 54 

representing just a few families. Likewise, the internal relationships of each of the four 55 

suborders have received attention, mostly using molecular (Boyer et al., 2007; Sharma and 56 

Giribet, 2011; Richart and Hedin, 2013; Schönhofer et al., 2013; Groh and Giribet, 2015) and 57 

combined analyses of morphology and molecules (Giribet et al., 2012a). Other 58 

morphological analyses have focused on particular suborders (Shear, 1980; Shear and 59 

Gruber, 1983; Shear, 1986; Hunt and Cokendolpher, 1991). Recently a proposal for a 60 

Dyspnoi phylogeny, not based on data analyses, has been presented (Schönhofer, 2013). In 61 

addition, dozens of papers have explored the relationships of individual families or groups 62 

of closely related species (for some recent examples, see Schönhofer et al., 2013; 63 

Derkarabetian and Hedin, 2014; Pinto-da-Rocha et al., 2014; Vélez et al., 2014; Boyer et al., 64 

2015; Schönhofer et al., 2015; Giribet et al., 2016; Richart et al., 2016). We can thus say that 65 

the phylogenetic understanding of Opiliones is on the right track, but some key nodes are 66 

yet to be resolved with confidence.  67 
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 While many aspects of the phylogeny of Opiliones are now well understood, a few 68 

remain largely unresolved or understudied. For example, within Cyphophthalmi, the 69 

relationships among its six families, and even the monophyly of Sironidae, remain unsettled 70 

(Giribet et al., 2012a). Relationships within Eupnoi—the group that includes the true 71 

“daddy-long-legs”—are barely explored from a molecular perspective (see Hedin et al., 72 

2012b; Vélez et al., 2014; Groh and Giribet, 2015), and no study has included all the relevant 73 

diversity. Resolution within these clades is poorly understood, with the exception of the 74 

deepest division between Caddoidea and Phalangioidea (Groh and Giribet, 2015). 75 

Relationships within Dyspnoi are beginning to settle (Richart and Hedin, 2013; Schönhofer 76 

et al., 2013; Richart et al., 2016), but for example, only recently it was recognized that 77 

Acropsopilionidae are related to Dyspnoi and not to Eupnoi (Groh and Giribet, 2015), based 78 

on a handful of Sanger-sequenced molecular markers. This resulted in transferring a clade 79 

of Opiliones from Eupnoi to Dyspnoi, as the sister group to all other members 80 

(Ischyropsalidoidea + Troguloidea), and therefore deserves further testing using a modern 81 

and more complete data set. Finally, relationships within Laniatores have changed 82 

considerably after the study of Sharma and Giribet (2011), as the taxonomy of this large 83 

clade of Opiliones has been in flux, with description of several families in recent years 84 

(Sharma and Giribet, 2011; Sharma et al., 2011; Kury, 2014; Bragagnolo et al., 2015b). Some 85 

novel results include the proposal of a sister group relationship of the New Zealand endemic 86 

family Synthetonychiidae to all other Laniatores (Giribet et al., 2010; Sharma and Giribet, 87 

2011)—a result hinged on partial data from a single species. In addition, the relationships 88 

among many families of Insidiatores and Grassatores remain unstable. 89 

 Recent application of dense taxon sampling using large numbers of genes through 90 

modern phylogenomic approaches (e.g., based on genome and Illumina-based data sets) has 91 

resolved family-level relationships of a diversity of groups of arachnids (Bond et al., 2014; 92 

Fernández et al., 2014a; Fernández and Giribet, 2015; Sharma et al., 2015) and other 93 

arthropods (Misof et al., 2014; Fernández et al., 2016). We applied these methodologies to 94 

Opiliones phylogenetics to produce a densely sampled family-level phylogeny by analyzing 95 

54 harvestman transcriptomes (40 newly generated for this study and 14 previously 96 

published) representing 40 of the 50 currently recognized extant families (80% familial 97 

representation). 98 

  99 

 100 
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Materials and Methods 101 

 102 

Specimens 103 

 104 

Specimens of Opiliones selected for this study were collected in a diversity of 105 

locales, including major trips to the Brazilian Amazon, Europe, North America and New 106 

Zealand, and complemented by smaller trips to other localities and by donations of 107 

specimens by colleagues. Taxonomic and geographic details of the represented species and 108 

accession codes are available in Table 1; additional information on the specimens can be 109 

found in the Museum of Comparative Zoology’s online database MCZbase 110 

(http://mczbase.mcz.harvard.edu) by using the MCZ accession numbers. 111 

 Collected specimens were preserved in RNAlater and transferred to liquid nitrogen 112 

upon arrival to the laboratory and subsequently stored at -80 ºC or, if brought alive to the 113 

laboratory, directly flash frozen in liquid nitrogen and preserved in -80 ºC. Total RNA was 114 

extracted with TRIzol (Life Sciences) and mRNA was purified with the Dynabeads mRNA 115 

Purification Kit (Invitrogen) following manufacturer’s instructions.  cDNA libraries were 116 

constructed in the Apollo 324 automated system using the PrepX mRNA kit (IntegenX) and 117 

sequenced in-house at the FAS Center for Systems Biology in an Illumina Hi-Seq 2500 with a 118 

read length of 150 base pairs. Further details about the protocols can be found elsewhere 119 

(Fernández et al., 2014b; Fernández et al., 2016). 120 

 Our final matrix comprises 54 taxa, including 10 Cyphophthalmi (4 families 121 

included; Ogoveidae and Troglosironidae missing), 9 Eupnoi (representatives of all 5 122 

families included), 9 Dyspnoi (all 8 families included), and 26 Laniatores (representatives of 123 

23 families included; missing Gerdesiidae, Guasiniidae, Icaleptidae, Kimulidae, 124 

Metasarcidae, Nippononychidae, Pyramidopidae, and Tithaeidae, all families of relatively 125 

narrow distribution in places difficult to access). As outgroups, we included several 126 

chelicerates (Anoplodactylus insignis, Limulus polyphemus, Synsphyronus apimelus, 127 

Tetranychus urticae, Liphistius malayanus, Eremobates sp., Centruroides sculpturatus, 128 

Ricinoides karschii and Pseudocellus pearsei), one crustacean (Daphnia pulex), one myriapod 129 

(Scutigera coleoptrata) and one onychophoran (Peripatopsis obervergiensis) (Table 1). 130 

All raw sequences are deposited in the SRA archive of GenBank under accession 131 

numbers specified in Table 1. Data on specimens are available from MCZbase 132 

(http://mczbase.mcz.harvard.edu). 133 
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 134 

Orthology assignment and matrix construction 135 

 136 

 Orthology assignment was based on the OMA algorithm version 0.99.z3 (Altenhoff 137 

et al., 2013), as specified in detail in our previous work (Fernández et al., 2014b). 138 

Orthologous genes were aligned with MUSCLE (Edgar, 2004). Probabilistic alignment 139 

masking of each orthologous gene was done with ZORRO (Wu et al., 2012), and positions 140 

below a confidence threshold of 5 (see Fernández et al., 2014b) were removed from the 141 

alignments. 142 

A first approach to matrix construction based on gene occupancy was followed 143 

(Hejnol et al., 2009). These include matrices with >90%, >75% and 50% gene occupancy (a 144 

gene occupancy of 50% means that an OMA orthologous group is selected if present in at 145 

least 50% of the taxa), resulting in three matrices with 78 genes (matrix I), 305 genes 146 

(matrix II) and 1,550 genes (matrix III), respectively. 147 

Additionally we explored subsets of 100 genes with different evolutionary rates 148 

(measured as percentage of identical sites), as in Fernández et al. (2014a). From the 1,550-149 

gene matrix, we selected the 100 least conserved genes (matrix IV), the 100 that had an 150 

evolutionary rate closest to the mean observed in this data set (varying from 27.9 to 28.4% 151 

of identical sites; matrix V), and the 100 least conserved genes (matrix VI). Information 152 

about the number of amino acids and the percentage of missing data for each matrix can be 153 

found in S1 Table. 154 

 155 

Phylogenetic analyses 156 

 157 

Maximum likelihood inference was conducted with PhyML-PCMA (Zoller and 158 

Schneider, 2013), ExaML (Aberer and Stamatakis, 2013) and PhyML v.3.0.3 implementing 159 

the integrated branch length flag (i.e., this approach integrates branch length over a wide 160 

range of scenarios, therefore allowing implementation of a further correction of heterotachy 161 

not considered by mixture models). Bootstrap support values were estimated with 100 162 

replicates under the rapid bootstrapping algorithm (Stamatakis et al., 2008). In PhyML-163 

PCMA, we selected 20 principal components and empirical amino acid frequencies. The per 164 

site rate category model was selected in ExaML. 165 
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Bayesian analyses were conducted with ExaBayes (Aberer et al., 2014) and 166 

PhyloBayes MPI 1.4e (Lartillot et al., 2013) using the site-heterogeneous CAT-GTR model of 167 

evolution in the latter software (Lartillot and Philippe, 2004). Two independent Markov 168 

chain Monte Carlo (MCMC) chains were run for > 5,000 cycles. The initial 20% trees 169 

sampled in each MCMC run prior to convergence (i.e., when maximum bipartition 170 

discrepancies across chains < 0.1) were discarded as the burn-in. A 50% majority-rule 171 

consensus tree was then computed from the remaining trees sampled every 10 cycles. 172 

Compositional homogeneity of each gene and taxon was evaluated in BaCoCa (Kück 173 

and Struck, 2014). The relative composition frequency variability (RCFV) values (that 174 

measures the absolute deviation from the mean for each amino acid for each taxon) was 175 

plotted in a heatmap using the R package gplots with an R script modified from Kück and 176 

Struck (2014). None of the genes in any of the matrices showed any signs of compositional 177 

heterogeneity (i.e., RCFV values were lower than 0.025), therefore there was no need to 178 

eliminate them from our matrices (S1 Fig). 179 

Due to computational constraints, and in order to improve the efficiency of our 180 

analyses, not all analyses were run for all the matrices (see Figs 3–4).  181 

 182 

Molecular dating 183 

 184 

The fossil record of Opiliones is well documented, and most key fossils have been 185 

included in prior phylogenetic analyses, making their placement in a phylogenetic context 186 

precise. We mostly follow the strategy and fossil placement of Sharma and Giribet (2014), 187 

who conducted tip dating in one of their analyses. The oldest Opiliones fossil, Eophalangium 188 

sheari, from the Early Devonian Rhynie Cherts (Dunlop et al., 2003, 2004) is now 189 

interpreted as a member of the extant suborder Tetrophthalmi, together with Hastocularis 190 

argus from the Carboniferous Montceau-les-Mines Lagerstätte (Garwood et al., 2014). 191 

Tetrophthalmi is the putative sister group of Cyphophthalmi (Sharma and Giribet, 2014). 192 

Eophalangium had been originally interpreted as a stem Eupnoi, but now we use it as a 193 

minimum age for the origin of its sister group, Cyphophthalmi, which here corresponds to 194 

the node splitting Cyphophthalmi from Phalangida. Given how close this fossil is to the root 195 

of Opiliones we use a soft bound of 411 Ma for the floor of Opiliones. A second analysis was 196 

conducted considering the age of Eophalangium as the minimum age of Cyphophthalmi, 197 

based on the rationale explained above.  198 
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Two other key Carboniferous fossils (Garwood et al., 2011) are used to constrain the 199 

non-caddid Eupnoi (based on the modern-looking Macrogyion cronus) and the non-200 

acropsopilionid Dyspnoi (based on Ameticos scolos), and applied soft bounds of 305 Ma to 201 

each of these clades.  202 

Additional Eupnoi fossils from the Middle Jurassic (approx. 165 Mya) of Daohugou, 203 

Inner Mongolia, China are known (Huang et al., 2009), and one species, Mesobunus dunlopi, 204 

preserved the penis, allowing placement in Sclerosomatidae (Giribet et al., 2012b), and 205 

constraining the corresponding node to 165 Ma. 206 

Other relevant fossils include Upper Cretaceous (lowermost Cenomanian, ca. 99 Ma) 207 

Burmese amber from Myanmar (Giribet and Dunlop, 2005; Poinar, 2008). Petrobunoides 208 

sharmai (Selden et al. 2016), placed in the extant family Epedanidae, was used as a 209 

constrain for the superfamily Epedanoidea.  Halitherses grimaldii has been recently 210 

reinterpreted as a new family of uncertain affinities (Shear, 2010; Dunlop et al., 2016), and 211 

thus is of little help for dating, as an older fossil was already used to constrain the non-212 

Acropsopilionidae Dyspnoi. Paleosiro burmanicum was originally described as a member of 213 

the Cyphophthalmi family Sironidae (Poinar, 2008), but it is of stylocellid affinities (Giribet 214 

et al., 2012a). Given the uncertain placement of the fossil within Stylocellidae and the 215 

presence of a single stylocellid terminal, we do not use it for node dating to avoid a “push 216 

towards the present” effect (see Giribet, 2015). 217 

The split between Onychophora and Arthropoda was used to root the tree with a 218 

uniform prior of 528–558 Ma. The split between Xiphosura and Arachnida was constrained 219 

with a uniform prior of 465–485 Ma, based on the age of Lunataspis aurora. Proscorpius 220 

osborni was selected as being an anatomically well-understood Silurian scorpion (Whitfield 221 

1885), setting a constraint on the split of Scorpiones from Tetrapulmonata.  222 

Divergence dates were estimated using the Bayesian relaxed molecular clock 223 

approach as implemented in PhyloBayes v. 3.3f (Lartillot et al., 2013) under the 224 

autocorrelated lognormal and uncorrelated gamma multipliers models, resulting in four 225 

analyses (i.e., these two models were applied to both calibration configurations described 226 

above, with the age of Eophalangium as the minimum age of Cyphophthalmi or as the floor 227 

of Opiliones). Two independent MCMC chains were run for each analysis (10,000–12,000 228 

cycles). The calibration constraints were used with soft bounds (Yang and Rannala, 2006) 229 

under a birth–death prior. 230 

 231 
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 232 

Results and Discussion 233 

 234 

All results are based on three original data matrices of 78 genes (matrix I; > 90% 235 

gene occupancy), 305 genes (matrix II; > 75% gene occupancy) and 1,550 genes (matrix III; 236 

> 50% gene occupancy), as well as subsets of these matrices (see Methods).  237 

Figures 3–4 illustrate the topology obtained for the 78-gene matrix (matrix I) in 238 

PhyML_PCMA, with a Navajo rug representing the support for the sixteen analyses 239 

conducted for the different matrices and methods (see Materials and Methods section and 240 

figure captions).  241 

 242 

Higher-level Opiliones phylogenetics 243 

 244 

Our analyses recover a stable relationship among the four extant Opiliones 245 

suborders, each well supported as monophyletic in all the analyses (Fig. 3), as consistently 246 

found in a variety of published Opiliones analyses (e.g., Shultz, 1998; Shultz and Regier, 247 

2001; Giribet et al., 2010; Hedin et al., 2012a; Sharma and Giribet, 2014; Sharma et al., 2014; 248 

Groh and Giribet, 2015), including phylogenomic ones (Hedin et al., 2012a; Sharma and 249 

Giribet, 2014; Sharma et al., 2014). However, most published analyses found little support 250 

for the resolution within each suborder—in Sanger-based analyses due to insufficient 251 

sequence data and in phylogenomic analyses due to few taxa. The resolved relationships 252 

within each of the four suborders are thus the most novel aspects of this study. Each 253 

suborder is therefore discussed in detail below. 254 

 255 

Cyphophthalmi—the mite harvestmen 256 

 257 

The members of the suborder Cyphophthalmi (Fig. 1a–b) have received especial 258 

attention phylogenetically due to their antiquity, their global distribution, and their low 259 

vagility (e.g., Boyer et al., 2007; Giribet et al., 2012a). Here we confirm the division of 260 

Cyphophthalmi into the temperate Gondwanan family Pettalidae (Fig 1a) and the remaining 261 

families (Stylocellidae, Neogoveidae, Sironidae) (Figs 3–4), a divergence that took place 262 

around the Carboniferous (Fig 5). While the New Caledonian endemic Troglosironidae (12 263 

spp. in the genus Troglosiro) and the West African endemic Ogoveidae (3 spp. in the genus 264 
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Ogovea from Cameroon, Gabon and Equatorial Guinea) were not included, their 265 

phylogenetic affinity to Neogoveidae in the clade Sternophthalmi is strongly supported by 266 

an array of morphological and molecular data sets (Giribet et al., 2012a), and is not 267 

discussed further here, as we lack phylogenomic data to test this clade. 268 

 Relationships among Stylocellidae, Neogoveidae and Sironidae (Fig 1b) are unstable, 269 

and two topologies prevail: (Stylocellidae, (Neogoveidae, Sironidae)) and (Sironidae, 270 

(Stylocellidae, Neogoveidae)), and neither topology supports the taxon Boreophtahlmi, 271 

grouping Stylocellidae and Sironidae, as proposed by Giribet et al. (2012a) (Figs 3–4). The 272 

first topology is preferred by the most-complete data set. However, in some of the analyses 273 

using fewer genes the Stylocellidae species nest within Sironidae, albeit without support. 274 

These two alternatives will require further examination with more stylocellid samples, as 275 

the alternative topologies may also have an impact on the dating, which suggests an initial 276 

diversification around the Jurassic/Cretaceous boundary (Fig. 5). 277 

Monophyly of Neogoveidae is recovered in all analyses, with the exception of the 278 

PhyloBayes analysis of the 78-gene matrix (Fig. 5). The placement of the North American 279 

Metasiro with the typical Neotropical neogoveids corroborates previous molecular 280 

hypotheses of the delimitation of this clade (Giribet et al., 2012a; Benavides and Giribet, 281 

2013). 282 

Monophyly of Sironidae (Fig. 1b), here represented by three genera of the three 283 

main lineages of this Laurasian family (Siro, Parasiro, and Suzukielus) is unstable across 284 

analyses (Fig. 4). Monophyly of Sironidae has been difficult to obtain in molecular analyses 285 

as well as with morphology due to differences in family-level characters in the Western 286 

Mediterranean Parasiro and the Japanese Suzukielus (Giribet et al., 2012a).  287 

 288 

Eupnoi—the daddy-long-legs 289 

 290 

Family-level Eupnoi phylogenies are scarce (Giribet et al., 2012a; Hedin et al., 291 

2012b; Groh and Giribet, 2015) and have typically undersampled southern hemisphere 292 

lineages. Our analyses support the well-known division of Caddoidea (Fig. 1c) and 293 

Phalangioidea (Fig. 1d–f), which in turn divides into the southern hemisphere Neopilionidae 294 

(Fig. 1d) and the mostly northern hemisphere families Phalangiidae (Fig. 1e), 295 

Sclerosomatidae (Fig. 1f) and Protolophidae—although Phalangiidae and Sclerosomatidae 296 

have later diversified in the Southern hemisphere (Figs 3–4). The sister group relationship 297 
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among Protolophidae and Sclerosomatidae has been found in previous analyses (Hedin et 298 

al., 2012b; Groh and Giribet, 2015), and in fact some have considered Protolophidae a junior 299 

synonym of Sclerosomatidae (Kury, 2013). However, resolution among the families of 300 

Phalangioidea has received little or no support in previous studies. Our results thus provide, 301 

for the first time, a well-resolved Eupnoi phylogeny, including the placement of Gyas titanus 302 

within Phalangiidae, as suggested by Hedin et al. (2012b), instead of Sclerosomatidae. 303 

Unfortunately we were not able to include any members of the phylogenetically unstable 304 

"Metopilio group" (Giribet et al., 2010; Hedin et al., 2012b). We thus find Phalangioidea 305 

divided into three main clades: Neopilionidae, Sclerosomatidae/Protolophidae, and 306 

Phalangiidae (including Gyas). However, the systematics of this large group of Opiliones, 307 

with nearly 200 genera and 1,800 species, will require much denser sampling before the 308 

group can be properly revised. 309 

 The division between the temperate Gondwanan Neopilionidae and the remaining 310 

species is well supported phylogenetically and biogeographically, as it is inferred to be 311 

Permian (Fig. 5). 312 

 313 

Dyspnoi  314 

 315 

The global phylogeny of Dyspnoi has received attention from different workers 316 

using morphology and molecules, but only recently there has been modern treatment. Groh 317 

and Giribet (2015) finally circumscribed the suborder, transferring Acropsopilionidae (Fig. 318 

1g) from Eupnoi to the sister group of all other Dyspnoi (Ischyropsalidoidea [Fig. 1h] and 319 

Troguloidea [Fig. 1i]) based on molecular data analyses of a few Sanger-sequencing genes 320 

and morphological examination. Our phylogenomic datasets corroborate this topology, 321 

placing Acropsopilio neozealandiae (Fig. 1g) as the sister group to the other Dyspnoi, with 322 

the monophyly of each of Ischyropsalidoidea and Troguloidea being fully supported. While 323 

the position of Halitherses grimaldii remains uncertain, their large eyes, resembling those of 324 

caddids and acropsopilionids, and their troguloid facies (Shear, 2010) suggest a 325 

phylogenetic placement between Acropsopilionoidea and the remaining Dyspnoi (Dunlop et 326 

al., 2016), perhaps as sister group to Troguloidea or to Troguloidea + Ischyropsalidoidea, 327 

although the caddoid eyes are now found in Caddoidea, Phalangioidea (in the members of 328 

the genus Hesperonemastoma; see (Groh and Giribet, 2015)), and Acropsopilionoidea, and 329 

are thus best optimized as a symplesiomorphy of Palpatores. 330 
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 The main division in Dyspnoi follows a biogeographic pattern, with 331 

Acropsopilionoidea mostly concentrating in the southern hemisphere, while the remaining 332 

Dyspnoi being circumscribed to Laurasia, a biogeographic pattern consistent the 333 

Carboniferous/Devonian split between these two lineages (Fig. 5). 334 

 335 

Laniatores—the armored harvestmen 336 

 337 

The phylogeny of Laniatores has received recent attention at many levels (Giribet et 338 

al., 2010; Sharma and Giribet, 2011; Cruz-López et al., 2016; Sharma et al., 2016). In an 339 

unpublished thesis, Kury (1993) divided Laniatores into Insidiatores (Fig 2a–b) and 340 

Grassatores (Fig 2c–l), a division found here, but not in some studies that included a 341 

meaningful sampling of Laniatores (Giribet et al., 2010; Sharma and Giribet, 2011). These 342 

instead found the New Zealand endemic Synthetonychiidae (Fig 2a) to be the sister group to 343 

all other Laniatores (Eulaniatores sensu Kury (2015)), a result worth testing due to the 344 

partial nature of the included synthetonychiid sequences and the former placement of this 345 

family as sister group to Triaenonychidae. Of special interest was also the phylogenetic 346 

position of the unstable North American Fumontana deprehendor (Fig. 2b), a member of the 347 

mostly temperate Gondwanan family Triaenonychidae that was poorly resolved in prior 348 

studies. Our analyses do find a sister group of Fumontana to the representative of the 349 

southern hemisphere Triaenonychidae in virtually all analyses, with a Permian divergence 350 

(Fig. 5). Synthetonychia is either the sister group of the represented travunioids in most 351 

analyses (except for matrices IV and V; see Fig. 4), or sister group to Triaenonychidae in 352 

some analyses, as originally proposed by Forster (1954). Further discussion on Insidiatores 353 

will require increased diversity of genera both within Triaenonychidae and within the 354 

travunioid families (see for example Kury, 2013). 355 

 Resolution within Grassatores has remained elusive except for the recognition of a 356 

main division between Phalangodidae and the remaining Grassatores and of the 357 

superfamilies Gonyleptoidea, Assamioidea, Zalmoxoidea and Samooidea, and perhaps a 358 

clade of Southeast Asian families, Epedanoidea (Sharma and Giribet, 2011), although some 359 

of these clades were not supported in re-analyses of the Sharma & Giribet dataset (Cruz-360 

López et al., 2016; Sharma et al., 2016). Here we find Phalangodidae (represented by 361 

Sitalcina lobata) to be the sister group of the remaining Grassatores, a result supported in 362 

all analyses conducted to date. 363 
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The SE Asian endemic Sandokanidae (Fig 2c) (Sharma and Giribet, 2009) is resolved 364 

as the sister group to the remaining families, the latter clade being supported by nearly all 365 

matrices and most analyses (only some analyses find this clade without support) (Fig 3). 366 

The position of Sandokanidae with respect to the other Grassatores families has been 367 

difficult to resolve in prior analyses (Giribet et al., 2010; Sharma and Giribet, 2011), which 368 

sometimes suggested a relationship to Epedanoidea. Here we reject this hypothesis and 369 

support Sandokanidae as the second offshoot of the Grassatores clade, i.e., (Phalangodidae, 370 

(Sandokanidae, remaining Grassatores)). 371 

The sister group of Sandokanidae divide into the largely SE Asian Epedanoidea 372 

(represented here by members of Epedanidae, Petrobunidae and Podoctidae) and a clade 373 

including Assamioidea, Samooidea, Zalmoxoidea and Gonyleptoidea, this divergence being 374 

Cretaceous (Figs 6-7). This coincides with the first Laniatores fossils, which were already 375 

present in the terranes of today’s Myanmar (Selden et al., 2016). Epedanoidea is 376 

monophyletic in all analyses (although sometimes without significant support), except for 377 

the PhyloBayes analysis of matrix VI (Fig. 4), and it is resolved with Epedanidae being sister 378 

group to a clade of Petrobunidae and Podoctidae (Fig 2d), although support for these 379 

relationships is not optimal (Fig 4; see also Sharma et al., 2016), as it may require additional 380 

taxa, including the missing family Tithaeidae and additional species. Epedanoidea has 381 

however been difficult to recover in a recent analysis focusing on Podoctidae (Sharma et al., 382 

2016). 383 

The sister group of Epedanoidea, a clade composed of Assamioidea–Zalmoxoidea–384 

Samooidea–Gonyleptoidea is well supported in virtually all analyses (Fig 3). Internal 385 

resolution among these superfamilies had found conflict in prior studies (Giribet et al., 386 

2010; Sharma and Giribet, 2011), as it probably required additional data to resolve this 387 

rapid radiation of Laniatores families. Phylogenomic data find the much-needed 388 

information to resolve this clade, here assigned a Cretaceous age (Figs 6-7). 389 

A sister group relationship of Dampetrus (an assamiid, the only representative of 390 

Assamioidea included here) to Zalmoxoidea-Samooidea is found with all data matrices 391 

except V and VI, but does not receive support in most analyses with matrix I. Fewer genes 392 

seem to be necessary to support fully a clade of Zalmoxoidea and Samooidea, which was 393 

found in prior Sanger-based studies (Sharma and Giribet, 2011). However, Samooidea is 394 

paraphyletic with respect to Zalmoxoidea in about half of the analyses (Fig. 4), although in 395 

others both superfamilies are reciprocally monophyletic. The bona fide samooid Pellobunus 396 
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from Panama (Fig 2f) is sister group to the remaining members of this clade, followed by a 397 

representative of biantidae Metabiantes from South Africa, and by a clade of Zalmoxoidea, 398 

including an Amazonian specimen we tentatively placed in the genus Escadabius 399 

(Escadabiidae) (Fig 2k), and then the representatives of Fissiphalliidae (Fissiphallius 400 

martensi; Fig 2e) and Zalmoxidae (Zalmoxis, Pachylicus). Except for the clade placing 401 

Metabiantes with the zalmoxoids, relationships within this clade are stable (Fig 4). Further 402 

samooid and zalmoxoid missing families (Kimulidae, Stygnommatidae, Guasiniidae and 403 

Icaleptidae; all exclusively Neotropical) should be sampled to resolve the issue of the 404 

reciprocal monophyly of the families, and in fact, when a second stygnopsid was evaluated 405 

in the expanded data set (Karos), Samooidea was supported as a clade (Fig 5). 406 

Gonyleptoidea (Fig 2g—j) is restricted to an expanded Neotropics (some species of 407 

gonyleptid make it into Patagonia and some cosmetids quite North into the USA). 408 

Stygnopsidae (Chapulobunus) is well supported as sister group to all other gonyleptoids, 409 

followed by Agoristenidae (Avima; Fig 2g), although in this case the position of 410 

Agoristenidae is not well resolved. Agoristenids had been proposed as the sister group of 411 

the non-stygnopsid gonyleptoids in previous analyses (Sharma and Giribet, 2011), as 412 

suggested here in some trees, but most matrices suggest a sister group relationship of 413 

Agoristenidae and Stygnopsidae. Stygnidae (Protimesius; Fig 2i) is well supported as sister 414 

group to all the remaining families, followed in a ladder-like fashion by the families 415 

Cryptogeobiidae (Pseudopachylus; Fig 2l), Cosmetidae (Vonones), Gonyleptidae 416 

(Metagyndes), Manaosbiidae (Saramacia; Fig 2h) and Cranaidae (Phareicranaus; Fig 2j). 417 

This topology is fully compatible with more detailed recent analyses of Gonyleptoidea 418 

(Kury, 2014; Pinto-da-Rocha et al., 2014; Bragagnolo et al., 2015a), some of which consider 419 

Manaosbiidae and Cranaidae junior synonyms of Gonyleptidae (Pinto-da-Rocha et al., 420 

2014), although this synonymy was not accepted in subsequent studies (Kury, 2014; Kury 421 

and Villarreal M, 2015). We thus support a clade including these three families, which has 422 

also been called GG or Greater Gonyleptidae (Kury, 2014; Kury and Villarreal M, 2015), but 423 

maintain the three families until this issue gets resolved. 424 

 Grassatores are much more abundant in the southern than in the northern 425 

hemisphere, and thus some authors have seen the former as a center of origin of the group. 426 

However, our analyses consistently resolve northern hemisphere clades at the base of the 427 

Grasssatores tree (Figs 6-7), with the widespread family Phalangodidae splitting first, 428 

followed by the SE Asian Sandokanidae. The next clade in the tree divides into Epedanoidea, 429 
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comprising mostly SE Asian and Philippine families and a largely Neotropical clade (from 430 

the southern part of Gondwana). The southern hemisphere clade has extended into the 431 

northern hemisphere in a few cases, especially Cosmetidae, Podoctidae, Samoidae and 432 

Zalmoxidae, the latter three families well known for the ability of dispersing across oceanic 433 

barriers (Sharma and Giribet, 2012). While denser sampling should test the origin of 434 

Cosmetidae and Samoidae, it is clear that Zalmoxidae originated in the Neotropics. 435 

 436 

Molecular dating and general biogeographical patterns in Opiliones 437 

The molecular dating analyses for both calibration configurations (i.e., the age of 438 

Eophalangium as the floor of Opiliones or Cyphophthalmi) yielded very similar results, with 439 

the main differences obtained between the autocorrelated and uncorrelated model analyses 440 

within each calibration configuration (Fig S2). For purposes of conservatism, we discuss our 441 

results based on the chronogram under the uncorrelated gamma multipliers model using 442 

the age of Eophalangium as the minimum age of Cyphophthalmi (Fig 5).  443 

Opiliones have been often used as examples of animals with ancient and 444 

conservative biogeographic patterns, therefore suitable for vicariance biogeographic 445 

analyses (Giribet and Kury, 2007; Giribet et al., 2010). One general pattern observed here is 446 

a division between temperate Gondwana (the terranes that were once directly connected to 447 

Antarctica) and the remaining landmasses, including, in some cases, clades currently in 448 

tropical Gondwana. This is for example the case of Cyphophthalmi, with a main division 449 

between the strictly temperate Gondwanan family Pettalidae and the remaining families 450 

(this including Laurasian and tropical Gondwanan clades), or in Dyspnoi, with 451 

Acropsopilionidae, being mostly distributed in temperate Gondwana, as the sister group to 452 

the rest of the families, restricted to the northern hemisphere. Within Eupnoi Caddidae is 453 

mostly Laurasian, but Phalangida once more divides into Neopilionidae, restricted to 454 

temperate Gondwana, and the remaining families, mostly Laurasian, although some 455 

secondarily extending southwards. Once more, Insidiatores, although somehow unresolved, 456 

finds a division between the predominantly temperate Gondwanan family Triaenonychidae 457 

(or Triaenonychidae + the New Zealand endemic Synthetonychiidae) and the northern 458 

hemisphere Insidiatores (Travunioidea). In addition, Triaenonychidae has a basal split 459 

between the northern hemisphere Fumontana and the temperate Gondwanan clade 460 

(although here it is represented by a single species). Further biogeographic studies on 461 

Triaenonychidae are currently underway. Laniatores depict several other interesting 462 
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patterns, including two clades of southeast Asian families, including Sandokanidae and 463 

Epedanoidea while the remaining species mostly appear to be of Tropical Gondwanan 464 

origins, with some remarkable cases of range expansions (e.g., trans-continental 465 

disjunctions in Assamiidae, Biantidae, Pyramidopidae, and Zalmoxidae; Sharma and Giribet, 466 

2011, 2012; Cruz-López et al., 2016).   467 

Interestingly, the splits between Temperate Gondwana and the rest precede the 468 

breakup of Pangea (Fig 5), suggesting ancient regionalization across Pangea, as shown in 469 

other groups of terrestrial invertebrates (Murienne et al., 2014) and in the early 470 

diversification of amphibians (San Mauro et al., 2005). Splits between tropical Gondwana 471 

and Laurasia, both in Cyphophthalmi and in Grassatores, seem to be much younger, and 472 

may be associated with the breakup of Pangea, possibly representing true 473 

Gondwanan/Laurasian vicariant events, and not the result of ancient cladogenesis and 474 

Pangean regionalization. This pattern would be more in agreement with the diversification 475 

of larger and more vagile organisms (e.g., dytiscid beetles; Bukontaite et al., 2014). 476 

 477 

Conclusions 478 

Our analysis of a large number of novel transcriptomes has allowed us to propose a stable 479 

phylogeny of Opiliones (Fig 6). Such analyses of large data matrices have allowed us to place 480 

all superfamilies of Opiliones (and 80% of the families) in a resolved phylogenetic context, 481 

with only a few spots to be sorted out, these in areas of the tree of life where sampling was 482 

still limited. Our trees support most traditional relationships within Opiliones and resolve 483 

some recalcitrant familial relationships, such as a well-resolved Eupnoi phylogeny, the 484 

rejection of Boreophthalmi, the monophyly of Insidiatores, the monophyly of 485 

Triaenonychidae, and the placement of Stygnopsidae as the most basal family of 486 

Gonyleptoidea, among others. We also show that Opiliones exhibit some splits reflecting 487 

ancestral Pangean regionalization, whereas others conform with high fidelity to the 488 

sequence of Pangean fragmentation, therefore constituting ideal model systems to 489 

understand ancient biogeographic patterns. 490 

 491 
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Figure captions: 775 

 776 

Figure 1. Live habitus of selected specimens: a. Aoraki longitarsa from Aoraki/Mount Cook 777 

NP, South Island, New Zealand, 20.i.2014 (MCZ 137238); b. Parasiro coiffaiti from Queralbs, 778 

Barcelona, Catalonia, Spain, 15.vii.2014 (MCZ 43732); c. Caddo pepperella from Petersham, 779 

Massachusetts, USA, 24.vi.2014 (MCZ 40441); d. Forsteropsalis pureora from 780 

Waikeremoana, North Island, New Zealand, 12.i.2014; e. Odiellus troguloides from Queralbs, 781 

Barcelona, Catalonia, Spain, 15.vii.2014 (MCZ 43657); f. Homalenotus remyi from Queralbs, 782 

Barcelona, Catalonia, Spain, 15.vii.2014 (MCZ 43715); g. Acropsopilio neozealandiae from 783 

Putai Ngahere Reserve, North Island, New Zealand, 14.i.2016 (MCZ 30457); h. Ischyropsalis 784 

nodifera from Sodupe, Bilbo, Euskadi, Spain, photographed 13.viii.2014 (MCZ 45501); i. 785 

Nemastomella dubia from Queralbs, Barcelona, Catalonia, Spain, 15.vii.2014 (MCZ 43619) 786 

 787 

Figure 2. Live habitus of selected specimens: a. Synthetonychia glacialis from Westland/Tai 788 

Poutini NP, South Island, New Zealand, 19.i.2014 (MCZ 137212); b. Fumontana deprehendor 789 

from Great Smoky Mountains NP, Tennessee, USA, 1.ix.2014 (MCZ 46881); c. Gnomulus 790 

latoperculum from Gunung Ambang, Sulawesi, Indonesia, 19.vi.2006 (MCZ 131263); d. 791 

Idzubius akiyamae from Izu Peninsula, Honshu, Japan, 3.xii.2014 (MCZ 49771); e. 792 

Fissiphallius martensi from Reserva Ducke, Amazonas, Brazil, 17.xii.2013 (MCZ 136546); f. 793 

Pellobunus sp. from Isla Colón, Bocas del Toro, Panama, 22.iii.2014 (MCZ 31593); g. Avima 794 

matintaperera from Reserva Ducke, Amazonas, Brazil, 18.xii.2013 (MCZ 136560); h. 795 

Saramacia lucasae from Reserva Ducke, Amazonas, Brazil, 15.xii.2013 (MCZ 136518); i. 796 

Protimesius longipalpis from Reserva Ducke, Amazonas, Brazil, 15.xii.2013; j. Phareicranaus 797 

manauara from Reserva Ducke, Amazonas, Brazil, 17.xii.2013; k. Escadabius  sp. nov. from 798 

Reserva Ducke, Amazonas, Brazil, 16.xii.2013; l. Pseudopachylus longipes from Serra de 799 

Paranapaciaba, São Paulo, Brazil, 3.vi.2014 (MCZ 32167). 800 

 801 

Figure 3. Phylogenetic hypothesis based on the 78-gene matrix I analyzed in PhyML_PCMA 802 

(-lnL = -248960.37) Selected deep nodes (gray circle) show Navajo rug illustrating support 803 

under specific data matrices and analyses. In Grassatores, colored text for family names 804 

indicate superfamily boundaries. 805 

 806 

Figure 4. Same topology as shown in Figure 2 showcasing support for shallower nodes.  807 
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 808 

Figure 5. Up, chronogram of Opiliones evolution for the 78-gene data set with 95% highest 809 

posterior density (HPD) values for the dating for the first calibration configuration (i.e., the 810 

age of Eophalangium as the minimum age of Cyphophthalmi) under uncorrelated gamma 811 

model. Down, palaeogeographical reconstruction according to Christopher R. Scotese (maps 812 

modified from http://www.scotese.com/earth.htm) at some of the key ages of the split of 813 

Opiliones main lineages, as recovered by the molecular dating analysis. Vertical bars 814 

indicate correspondence with each paleomap following a color code. 815 

 816 

Figure 6. Summary tree of familial and superfamilial relationships of Opiliones supported 817 

in this study, with major nodes highlighted. 818 

 819 

Supporting Information 820 

 821 

Figure S1. BaCoCa results showing compositional homogeneity values per taxon and per 822 

gene in supermatrices I (page 1), IV (page 2), V (page 3), VI (page 4) and II (page %)(results 823 

in supermatrix III not shown due to a lack of resolution related to the high number of genes 824 

included in the matrix).  825 

 826 

Figure S2. Chronogram of Opiliones evolution for the 78-gene data set with 95% highest 827 

posterior density (HPD) values for a) the dating for the first calibration configuration (i.e., 828 

the age of Eophalangium as the minimum age of Cyphophthalmi) under the autocorrelated 829 

(page 1) and uncorrelated gamma model (page 2), and b) the second calibration 830 

configuration (i.e., the age of Eophalangium as the floor of Opiliones) under the 831 

autocorrelated (page3) and uncorrelated gamma model (page 4).  832 
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Family Species MCZ Accession #
OPILIONES

Cyphophthalmi Pettalidae Aoraki longitarsa IZ-137238 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:137238
Pettalidae Neopurcellia salmoni IZ-29310 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:29310
Pettalidae Rakaia magna australis IZ-29212 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:29212
Neogoveidae Brasilogovea microphaga IZ-136559 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136559
Neogoveidae Metagovea oviformis IZ-136533 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136533
Neogoveidae Metasiro americanus
Stylocellidae Stylocellidae n.sp. ASSIGN
Sironidae Parasiro coifatti IZ-43732 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:43732
Sironidae Siro boyerae -- --
Sironidae Suzukielus sauteri IZ-132257 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:132257

Eupnoi Caddidae Caddo pepperella IZ-40441 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:40441
Neopilionidae Forsteropsalis pureora ASSIGN
Neopilionidae Thrasychirus gulosus ASSIGN
Phalangiidae Odiellus troguloides IZ-43723 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:43723
Phalangiidae Phalangium opilio IZ-29189 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:29189
Protolophidae Protolophus singularis --
Sclerosomatidae Gyas titanus IZ-45502 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:45502
Sclerosomatidae Homalenotus remyi IZ-43715 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:43715
Sclerosomatidae Leiobunum verrucosum --

Dyspnoi Acropsopilionidae Acropsopilio neozealandiae IZ-30457 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:30457
Dicranolasmatidae Dicranolasma soerenseni IZ-43680 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:43680
Ischyropsalididae Ischyropsalis nodifera IZ-45501 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:45501
Nemastomatidae Ortholasma coronadense --
Nemastomatidae Nemastomella dubia IZ-43619
Nipponopsalididae Nipponopsalis abei IZ-45632 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:45632
Sabaconidae Sabacon cavicolens ASSIGN
Taracidae Hesperonemastoma modestum --
Trogulidae Trogulus martensi --

Laniatores/Insidiatores Cladonychiidae Theromaster sp.
Synthetonychiidae Synthetonychia glacialis IZ-137212 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:137212
Travuniidae Sclerobunus robustus --
Triaenonychidae Larifuga capensis IZ-49747 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:49747
Triaenonychidae Fumontana deprehendor IZ-46888 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:46888

Laniatores/Grassatores Agoristenidae Avima matintaperera IZ-136560 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136560
Assamiidae Dampetrus sp.
Biantidae Metabiantes sp. IZ-49748 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:49748
Cosmetidae Vonones ornata IZ-49750 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:49750
Cranaidae Phareicranaus manauara IZ-136554 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136554
Cryptogeobiidae Pseudopachylus longipes IZ-32171 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:32171
Epedanidae Dibunus sp.
Escadabiidae Escadabius n.sp. IZ-136543 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136543
Fissiphalliidae Fissiphallius martensi IZ-136546 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136546
Gonyleptidae Metagyndes innata

Manaosbiidae Saramacia lucasae IZ-136518 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136518
Petrobunidae Petrobunus schwendingeri
Phalangodidae Sitalcina lobata --
Podoctidae Metibalonius sp. ASSIGN
Podoctidae Idzubius akiyamae IZ-49771 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:49771
Samoidae Pellobunus sp. IZ-31593 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:31593
Sandokanidae Gnomulus sp.
Stygnidae Protimesius longipalpis IZ-136522 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:136522

Stygnopsidae Chapulobunus unispinosus IZ-46443 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:46443
Zalmoxidae Pachylicus acutus IZ-49749 http://mczbase.mcz.harvard.edu/guid/MCZ:IZ:49749
Zalmoxidae Zalmoxis gebeleizis

OUTGROUPS
Chelicerata, Pycnogonida Anoplodactylus insignis Fernández et al. (2016)
Chelicerata, Ricinulei Pseudocellus karschii Sharma et al. (2014)
Chelicerata, Ricinulei Ricinoides atewa Sharma et al. (2014)
Chelicerata, Solifugae Eremobates sp. Sharma et al. (2014)
Chelicerata, Pseudoscorpiones Synsphyronus apimelus Sharma et al. (2014)
Chelicerata, Acariformes Tetranychus urticae genome
Chelicerata, Parasitiformes Ixodes scapularis genome
Chelicerata, Xiphosura Limulus polyphemus genome
Crustacea, Branchiopoda Daphnia pulex genome
Myriapoda, Chilopoda Scutigera coleoptrata Fernández et al. (2014)
Onychophora Peripatopsis overbergiensis Sharma et al. (2014)
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