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Introduction

Labarque, F. M., Soto, E. M., Ramirez, M. J., Arnedo, M. A. (2015). Chasing ghosts: the
phylogeny of Amaurobioidinae ghost spiders (Araneae, Anyphaenidae). —Zoologica Scripta,
00, 000-000.

The family Anyphaenidae, also known as ghost spiders, includes a diverse array of nocturnal
cursorial spiders that actively hunt on vegetation. The family is mostly distributed in the
Americas and has been traditionally divided into three subfamilies. The mostly tropical and
North American Anyphaeninae and the Amaurobioidinae, primarily distributed in southern
South America, hold the bulk of the diversity, while the Malenellininae includes a single
Chilean species. Here, we use a combined morphological and molecular approach to infer
the relationships of the subfamily Amaurobioidinae and examine the delimitation of conten-
tious genera. The morphological characters include both genitalic and somatic morphology,
whereas molecular data include four markers, two mitochondrial (COI, 16S) and two nuclear
(28S, H3). All our analyses agree on the monophyly of Amaurobioidinae, Amaurobioidini,
Gayennini, the genera Negayan, Amaurobioides, Josa, Araiya, Arachosia and Monapia, as well as
the paraphyly of Anyphaeninae. The total evidence analysis supports the novel placement of
Fosa as the sister group of both tribes Amaurobioidini and Gayennini, most of the previously
known intergeneric relationships within Gayennini, and a clade of Amaurobioidini with a
projecting ocular area, including Aysenoides, Axyracrus, Amaurobioides and Aysenia. The
sequence data solve the puzzling placement of Philisca puconensis, here transferred to Tomopis-
thes, and Tasata chiloensis, transferred to Oxysoma. The advantages of the total evidence phylo-
genetic approach and the evolution of the male copulatory organ are discussed.
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and grasslands across the Americas. It comprises more than

The spider family Anyphaenidae, also called ghost spiders 500 species of medium to small wandering spiders with two
because their pale legs blur at high speeds when they flee, tarsal claws and claw tufts. Of the 56 known genera, 22
is an abundant component of the spider fauna in forests belong to the subfamily Amaurobioidinae, mostly distrib-
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uted in southern South America, 33 to Anyphaeninae,
mostly tropical and North American, and the single Chil-
ean species Malenella nana represents the third subfamily,
Malenellinae (Ramirez 1995, 2003; Brescovit 1997; World
Spider Catalog 2015). The bulk of anyphaenid diversity is
American, with only a few species in the Palearctic, Asia
and Polynesia, and one genus, Amaurobioides, inhabits the
coasts and islands of southern continents. Neotropical bio-
diversity inventories have found that Anyphaenidae is one
of the five most abundant families among cursorial hunting
spiders and within savannah habitats (Silva 1996; Rubio
et al. 2008). These nocturnal spiders actively hunt on vege-
tation but are easily collected using a beating tray during
the daytime when they take refuge in the curled leaves of
shrubs or suspended clusters of dry leaves (Silva & Codd-
ington 1996). The anyphaenid fauna of the temperate areas
in southern South America has similar natural histories to
the tropical Anyphaeninae, with the addition of several soil
and grassland specialists (Ramirez 2003) and the remark-
able Amaurobioides, specific to the spray area of marine
rocky shores (Lamoral 1968; Forster 1970). As expected,
recent canopy fogging samples from Chile revealed a high
abundance of anyphaenids (M. J. Ramirez, personal obser-
vation; Laborda et al. 2013).

Anyphaenidae are easily recognized by the combined
presence of spatulate claw tuft setae and a well-developed
tracheal system, externally evident by the wide tracheal spi-
racle well separated from the spinnerets (Platnick 1974;
Ramirez 1995). The family was classically placed among a
loosely defined group of two-clawed spiders, the Dionycha,
for which the third claw of legs, useful for spiders that
dwell on silk webs, was replaced with a pad of setae that is
specialized for adhesion to the smooth surface of leaves
(Wolff er al. 2013). Only recently have the relationships of
dionychian spiders been tested in the context of a wide tax-
onomic scope (Ramirez 2014), and the classical subfamilies
Amaurobioidinae and Anyphaeninae were recovered as
monophyletic and sister to each other. Malenellinae
remained as sister to all other anyphaenids, but other taxa
with complex tracheal systems were also placed as putative
close relatives of Malenella. However, the study did not find
conclusive evidence for the interfamiliar relationships in
the vicinity of anyphaenids.

The family was taxonomically revised at the generic level
by Brescovit (1997; Anyphaeninae) and Ramirez (1995,
2003; Amaurobioidinae, Malenellinae). Starting from the
phylogenetic analysis of amaurobioidines using morpholog-
ical data by Ramirez (2003), a series of subsequent contri-
butions produced species-level revisions of genera and
studies of the male genitalia, all expanding on the same
data set (Ramirez et al. 2004; Ramirez 2007; Izquierdo &
Ramirez 2008; Werenkraut & Ramirez 2009; Gonzilez

Mirquez & Ramirez 2012; Soto & Ramirez 2012; Laborda
et al. 2013). All these analyses corroborated the monophyly
of most of the genera and solved the large-scale relation-
ships within the subfamily, yet consistently provided low
support for many intergeneric relationships, and indicated
that a few genera might benefit by being redelimited (Sa-
nogasta, Philisca, Oxysoma and Tasata). Another result was
that the subfamily Anyphaeninae is most likely paraphylet-
ic, but this was only based on a few out-group representa-
tives.

With the aim to investigate the internal relationships of
Amaurobioidinae using an additional data source, we gen-
erated a molecular data set for four markers: two nuclear
genes, the ribosomal 28S rRNA and the protein-coding
histone H3 and two mitochondrial genes, the ribosomal
16S rRNA and the protein-coding cytochrome ¢ oxidase
subunit I (COI). These sequences were analysed under
Bayesian inference, maximum likelihood and parsimony,
separately and with the accumulated morphological data
matrix.

Materials and methods

Molecular data

The molecular data set included 67 species, 55 of which
were sequenced in this study and 12 were provided by the
ongoing Assembling the Tree of Life (AToL): Phylogeny
of Spiders Project (W. Wheeler, personal communication).
The Amaurobioidinae are represented by 60 species in 20
genera (Table S1). Out-group terminals included M. nana
(Malenellinae) and six genera of Anyphaeninae. We suc-
ceeded in collecting both sequence and morphological data
from 66 species. Unfortunately, we were unable to obtain
suitable molecular data from the monotypic genera Axyra-
crus and Selknamia (Amaurobiodinae), and the species Ital-
aman  santamaria and  Wulfila - albus (Anyphaeninae), or
suitable morphological data from Sanogasta rufithorax (Am-
aurobioidinae). For the total evidence analyses, we con-
strued a chimera with the morphological information of
Amaurobioides maritima and nucleotide sequences of a very
similar, yet unidentified species of Amuaurobioides.

Total DNA was extracted from one or two legs of
freshly collected specimens that were preserved in 95—
100% ethanol. Extraction, amplification and sequencing
followed the protocols described by Arnedo er al. (2004).
Partial fragments of the mitochondrial genes COI
(~660 bp) and 16S rRNA (16S, ~450 bp) and the nuclear
genes 28S rRNA (28S, ~800 bp) and Histone H3 (H3,
~330 pb) were amplified. Primers pairs and PCR annealing
conditions for each locus are listed in Table S2.

Sequence errors and ambiguities were edited using the
STADEN PACKAGE ver. 1.4.0 (http://staden.sourceforge.net/).
Each sequence was checked for contamination using an
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NeBI BLAST search (http://ncbinlm.nih.gov/BLAST). Low-
quality samples with ambiguous readings were removed
from the matrix. Sequences were managed in BIOEDIT ver.
7.0.5.2 (Hall 1999). Stop codons were checked in DNAsp
ver. 5.10.1 (Librado & Rozas 2009). Taxonomic and
sequence information of the study specimens are listed in
Table S1.

Automatic multiple alignments were built using the
FFT-NS-i slow search strategy in MAFFT ver. 6 (Katoh &
Toh 2010). Several gap opening (GOP, ‘gap opening pen-
alty’) and gap extension (GEP, ‘offset value’) costs were
investigated to assess their influence on the results. The
following parameter costs were employed (GOP/GEP):
1.00/0.5, 1.00/0.0, 1.53/0.5, 1.53/0.0 (default), 3.00/1.0,
3.00/0.5, 3.00/0.0. These values resulted in several align-
ments ranging from numerous short gaps (‘gappy’) to fewer
and longer gaps in the sequences (‘compacted’). The mini-
mum value of the rescaled incongruence length difference
(RILD) was used as a criterion to select the optimal align-
ment for each gene fragment (Wheeler & Hayashi 1998).
The RILD measures the increase in homoplasy generated
as a result of combining data sets and hence selecting the
alignment combination that minimizes the RILD value and
maximizes the congruence among partitions.

To avoid overweighting contiguous gap positions, gaps
were recoded as presence/absence characters using Sim-
mons and Ochoterena’s simple code method (Simmons &
Ochoterena 2000) as implemented in the program GApcoD-
ER (Young & Healy 2002).

Morphological data

We fused the data sets of Gonzilez Mdrquez & Ramirez
(2012) and Soto & Ramirez (2012), which already con-
tained the homology statements proposed in all previous
studies. The morphological matrix includes 260 characters,
11 of which are multistate additive. Twenty-five per cent
of the characters came from the male copulatory bulb, and
the rest came from female sexual structures, spine patterns,
coloration, general morphology, spinnerets, tracheal system
and sexual behaviour. WINCrLaDA ver. 1.00.09 (Nixon 2002)
was used to build the morphological data set and produce
character mappings. We also added scorings for the addi-
tional molecular terminals for which we had sufficient spec-
imens for dissections (all except S. rufithorax). The final
morphological character matrix includes 118 taxa, 107 Am-
aurobioidinae species covering all known genera and 11
additional representatives of the other subfamilies (M. nana
and ten species of Anyphaeninae) (Table S3).

Phylogenetic analyses

Bayesian analyses were performed using MRrBaves 3.2.1
(Ronquist & Huelsenbeck 2003), run remotely at the Cali-
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fornia Academy of Sciences Center of Comparative
Genomics (Phylocluster, http://phylocluster.calacademy.org/)
and CIPRES Science Gateway (Miller et a/. 2010; https://
www.phylo.org/). The program JMODELTEST ver. 2.1.1
(Guindon & Gascuel 2003; Darriba et al. 2012) was used to
select the best-fitting model of evolution for each partition
using the Akaike’s information criterion (Akaike 1973;
Buckley et al. 2002). Ribosomal genes (16S and 28S) were
each treated as a single partition. Three different partition
schemes were implemented for the protein-coding genes
(COI and H3), namely gene (each gene a single partition),
3rd codon (two partitions: 1st + 2nd codons and 3rd codon)
and codon specific (one partition to each codon position), and
evaluated using Bayes factors (BF) (Brown & Lemmon
2007). Acceptance or rejection of each strategy was based
on the following cut-off: BF > 10 (strong evidence against
the competing hypothesis); 10 < BF > —10 (ambiguous,
select least complex strategy); and BF < —10 (strong
evidence for the competing hypothesis). The partitions cor-
responding to the gaps scored as absence/presence charac-
ters and to the morphological characters were treated with
a standard discrete model. The substitution estimates were
allowed to vary independently between each partition. For
phylogenetic analysis, two independent runs with four
simultaneous Markov chain Monte Carlo (MCMC) chains
(one cold and three heated), each with random starting
trees, were conducted simultaneously, sampling every 1000
generations until the standard deviatdon of the split fre-
quencies of these two runs dropped below 0.01 (107 gener-
ations). The program TRrACER ver. 1.5 (Rambaut &
Drummund 2009) was used to ensure that the Markov
chains had reached stationarity by examining the effective
sample size values (above 200) and to determine the correct
number of generations to discard as a burn-in (first 10% of
generations).

Maximum-likelihood analysis was performed using the
program RAXML ver. 7.3.0 (Stamatakis 2006; Stamatakis ez /.
2008). We used the raxmLGul (Silvestro & Michalak 2011)
graphical interface to define partitions and conduct the
analyses. Partition schemes were implemented as above,
recoded gaps were treated as binary characters, and mor-
phological data were treated as multistate characters. Each
gene partition was assigned an unlinked general time-revers-
ible model with gamma distributed among site rate variation
(GTR + I). The best likelihood tree was obtained out of
100 random iterations, and support was assessed by conduct-
ing 1000 nonparametric bootstrap replicates for each analy-
sis. Both independent gene trees and concatenated analyses
were run under the different partition schemes.

Parsimony analyses were performed using TNT version
1.1 (Goloboff et al. 2008a). The data were analysed under
both equal and implied weights (Goloboff 1993) with a
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concavity constant of the weighting function value & = 6,
reproducing previous analysis conditions. Ramirez (2003),
Lopardo (2005) and Goloboff et 4. (2008b) have shown
that mild concavity values (e.g. ¥ = 6) yielded higher topo-
logical congruence indices for most morphological data
sets. DNA sequences are usually more homoplasious than
morphological data; hence, we further explored & values of
6, 20, 50 and 100 for the molecular and combined data
sets, as suggested by Goloboff er al. (2008b). All tree
searches were driven to hit independently 15 times the
optimal scoring, using the default values of the ‘New Tech-
nologies’ search in TNT with sectorial searches, tree fusing
and ratchet, followed by TBR branch swapping (string of
commands hold 20000; xmult = bits 15 ratchet 10; bb = fill
only;). Support values were estimated by jackknifing fre-
quencies; each of the 1000 pseudoreplicates used three
random addition sequences plus TBR, followed by TBR
collapsing to calculate the consensus.

For the total evidence data set, morphological and
molecular characters were combined in a single data
matrix; taxa with no available molecular or morphological
data were scored as missing entries. The combined mor-
phological and molecular (plus gaps as absent/present state)
data matrix was analysed with the three criteria as
described above. Morphological characters were treated
with a standard discrete model in Bayesian analyses (Lewis
2001), or as multistate characters (MULTTI) in likelihood
inference. For the comparison of tree resolution and sup-
port levels, we also analysed a reduced data set including
only the 66 complete species with both molecular and
morphological data, ‘overlap’ data set. This data set was
analysed with the three criteria as described above.

Trees were edited with the program FIGTREE ver. 1.4
(Rambaut 2006-2014) and WINCrapa. All analyses were
rooted with the branch separating M. nana (Malenellinae)
from the remaining taxa. The data sets can be obtained
in TREEBASE with the accession number 17447 (available
at http://purl.org/phylo/treebase/phylows/study/TB2:
S17447).

Homology of morphological structures

Analysis using dynamic homologies was performed to test
the homology correspondences of male copulatory struc-
tures among Anyphaenidae: the primary and secondary

conductors of the male palp (C1 and C2, respectively) and
the prolateral projection of the paramedian apophysis
(pPMA). Briefly stated, this works by trying alternative
homology schemas, analysing a total evidence data set, and
retaining the homology correspondences and trees that
produce the most parsimonious solutions. The two alterna-
tive homology correspondences proposed in consecutive
studies by Ramirez (2003, 2007) are coded in the morphol-
ogy data set as characters 181-252 and 260-331, respec-
tively. Each homology schema was tested activating the
corresponding block of characters and inactivating the

other.

Results

A summary of results, statistics and conditions for each
phylogenetic analysis is presented in Table S4. We analy-
sed the different sources of data (gene fragments and mor-
phology) separately and in combination. We focus our
discussion on the groups with higher support, hereby
defined as those with a Bayesian posterior probability
(PP) > 0.95, bootstrap proportions (BS) > 0.75 and jack-
knifing proportions (JS) > 0.75 (denoted with black in cir-
cles on Fig. 1, Figs S1-S3 and S6), and also on clades that
were not well supported but were consistently recovered in
Bayesian, likelihood and parsimony analyses (grey circles
on Fig. 1, Figs S1 and S6 and black squares on Fig. 2).

Analysis of molecular data
The alignment of the protein-coding genes COI and H3
was trivial because they show no evidence of indel muta-
tions. For the 16S ribosomal gene, the alignment with the
parameter values GOP = 1.53 and GEP = 0, minimized
RILD when combined with the unambiguously aligned
protein-coding genes, whereas for the 28S ribosomal gene,
the preferred parameter values were GOP =3 and
GEP = 0 (Table S5). The total length of the concatenated
aligned data matrix was 2373 characters, of which 2269
corresponded to nucleotides (657 bp of COI, 327 bp of
H3, 474 bp of 16S and 811 bp of 28S) and 104 to gaps
coded as absence/presence (42 from 16S and 62 from 28S).
Summary results of the evolutionary models selected by
the Akaike’s information criterion in JMODELTEST are pre-
sented in Table S6, and for Bayes factor, partitioning strat-
egies are provided in Table S7. Comparison of the

Fig. 1 Majority rule consensus of the trees sampled in the Bayesian analysis of the combined molecular alignments and morphology, with
the preferred model for each gene fragment and gaps scored as absence/presence. The first 10% of generations were removed as burn-in.
The informaton of the results of the analyses under maximum likelihood and parsimony (k¥ = 100) is summarized in the node support.
Circles at nodes indicate support levels subdivided by analysis (B, Bayesian; L, maximum likelihood; P, parsimony; see inset). Black
indicates posterior probabilides >0.95, bootstrap proportions >0.75 and jackknifing proportions >0.75; grey indicates that the clade was
recovered but with lower support than the previous values; white indicates that the clade was not recovered. Supported clades and genera
discussed in the text are highlighted with shaded boxes and lateral bars, respectively.
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Fig. 2 Summary phylogeny of Anyphaenidae with congruence among data partitions and optimality criteria. Topology and clade
composition is based on Bayesian analysis of total evidence (see Fig. 1). Boxes at nodes indicate each partition (morphology, combined
DNA, individual genes or total evidence) subdivided by analysis method (B, Bayesian; L, maximum likelihood; P, parsimony; see inset).
Black squares indicate that the clade was recovered (regardless of support) in the given analysis, white squares indicate that the clade was
not recovered, and a diagonal line indicates that the clade was not tested (missing sequence data). Terminals with ‘“*’are missing sequence

data.

alternative partitioning strategies revealed an ambiguous
preference for the codon-specific partition instead of the
3rd codon partition in COI, and a strong preference for
the 3rd codon partition in H3 (Table S7). An ambiguous
preference indicates that the least complex strategy should
be selected, in this case the 3rd codon partition for COI
(Table S4). Bayesian analysis of independent and concate-
nated genes achieved convergence within 5 x 107 genera-
tions (standard deviation of split frequencies <0.01). The
maximum-likelihood analysis of the alternative partition
schemes revealed better likelihoods for codon-specific par-
titions for both the COI and H3 genes (Table S4). Analy-
ses of the concatenated data matrix with a/p gaps yielded
one single tree with a score of —InL. = —25 433.291 (Fig.
S1, Table S4). The maximum-likelihood results of the con-
catenated molecular matrix closely mirrored the results
from the Bayesian analysis (Fig. SI). In the parsimony
analysis, as expected, milder down-weighting against homo-
plasy (higher % values) resulted in topologies more similar
to equally weighted trees. The & = 50 and 100 trees were
identical to each other, and to one of the 97 equal-
weighted trees, and the # = 20 tree only differed in the res-
olution of a few, weakly supported nodes. Generally, the
parsimony results of the concatenated molecular matrix
mostly differ from the Bayesian analysis in nodes with low
support (Fig. S1).

Amnalysis of morphological data

The heuristic search strategies under equal weights pro-
duced 13 056 trees of length 1151. Heuristic searches in
TNT using implied weights (k = 6) yielded one optimal tree
of adjusted homoplasy 70.76107 (1183 steps long). Analyses
under equal and implied weights (Figs S2 and S3, respec-
tively) found the same supported groups, but differed in
the less supported groups.

Analysis of the total evidence data

Results from Bayesian analysis using the preferred partition
scheme is shown in Fig. 1 and Table S4. Maximum-likeli-
hood analysis closely resembled the Bayesian results, but
with lower node supports (Fig. 1). The parsimony analysis
under equal weights resulted in 1944 trees of length 6629
(Table S4). The implied weights analysis with & = 100
obtained a single tree, also optimal under equal weights,
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but the topology of the £ = 20 and 50 was slightly different
in the resolution of a few groups with low bootstrap values.
A summary of the synapomorphies of the main groups dis-
cussed below are presented in Table S8 and Fig. S4, as
mapped on the total evidence Bayesian tree. Bayesian, max-
imum-likelihood and parsimony analyses of the 66 species
with morphological and molecular data produced trees with
higher average support values (i.e. more well-supported
groups respective to the total number of groups), but
otherwise, there were few differences with the total
evidence tree (Fig. S6).

Robust clades and support

Several clades were consistently recovered in most analyses
(Figs 1 and 2). The clades robust to the alternative infer-
ence methods were the subfamily Amaurobioidinae, the
tribes Amaurobiodini and Gayennini, clade C (Gayennoides,
Sanogasta and Arachosia), clade D comprising genera with
densely spinated forelegs (Oxysoma, Tasata, Phidyle and Mo-
napia) and the genera Negayan, Acanthoceto and Araiya. The
genus Josz was also consistently recovered as the sister
group of both tribes, although only protein-coding genes
were sequenced. The monotypic genera Axyracrus and
Selknamia, and the species I santamaria and W. albus
lacked molecular information and hence were not consid-
ered in the sensitivity assessment (Fig. 2; taxa without
sequences are indicated with asterisks).

We compared the clade support for different data parti-
tions by examining the average of posterior probabilities
(PP), bootstrap (BS) and jackknifing (JS) values under
Bayesian inference, maximum likelihood and parsimony
with equal weights, respectively (Fig. S5A). All partitions
yielded similar results, independently of the phylogenetic
analyses used. The morphological data partition yielded
lower average support (70%, 55% and 32%, respectively)
than the molecular data partition (85%, 68% and 60%,
respectively), whereas the combined data set yielded higher
posterior probability values (90%) but intermediate boot-
strap and jackknifing values (66% and 41%, respectively).
The analysis of the data matrix including only species for
which we had both morphological and molecular data
(‘overlap’ data set, 66 terminals) showed the largest average
values (93%, 79% and 68%, respectively). Because the
average support value is sensitive to the total numbers of
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clades, supported or not, we also counted the number of
clades with highly supported groups (PP > 0.95, BS > 0.75,
and JS > 0.75) as a measure of total support (Fig. S5B).
The morphological, molecular and ‘overlap’ data sets all
yielded a similar number of highly supported clades (29—
40, 30-42 and 36-51 groups, respectively). By contrast, the
total evidence analysis yielded more well-supported clades
(79, 56 and 42 clades, respectively).

Homology of male copulatory structures

We re-analysed our total evidence data under alternative
homology schemas for a variety of partitions and analytical
conditions (Table S9), and in all cases, the preference for
the new homology correspondences is maintained. In the
preferred total evidence Bayesian tree, the three sclerites
with contentious homology optimize as follows: The CI is
present in all Amaurobioidinae, with ambiguous optimiza-
tion in the out-groups (Fig. S7A); the C2 is absent in the
backbone phylogeny, with several convergent acquisitions
(Fig. S7B); and the pPMA is present for all Amaurobioidi-
nae, with several independent losses (Fig. S7C).

Discussion

This study increases the number of spider families that
have been examined in a total evidence framework (Bruvo-
Madaric e al. 2005; Bond & Hedin 2006; Agnarsson et .
2007; Alvarez-Padilla et 2. 2009; Arnedo et al. 2009; Lop-
ardo et al. 2011; Bond et al. 2012; Wood et al. 2012). We
have analysed our data using a variety of analytical
approaches and data partitions to better understand phylo-
genetic patterns that are robust (e.g. less sensitive) to dif-
ferent analytical approaches and to identify the main
sources of information for such clades.

Total evidence: resolution, support and missing data

Analytical comparison across several studies (Wortley &
Scotland 2006) has revealed that the inclusion of morpho-
logical data has a significant positive effect upon resolution
in combined analyses and our analysis is consistent with
this. Here, we showed that the molecular data set (67 taxa)
yielded lower support and resolution than the ‘overlap’ data
set (66 taxa; i.e. only species scored for both molecules and
morphology) across alternative phylogenetic analyses: fewer
nodes were resolved and fewer clades found to be highly
supported (Figs S1, S5B and S6). Despite the fact that our
results mirror the increase in the number of supported
clades found in the majority of studies compared by Wort-
ley & Scotland (2006), they also shown that the inclusion
of morphological data lacks a significant effect upon nodal
support in combined analyses. Simulations (Wiens 2003,
2006) have shown that when the overall number of charac-
ters in a data set is high (i.e. 2000), the entire tree can be

reconstructed correctly even when half of the taxa have
90% of their data cells lacking data. Adding new terminals
(i.e. 52 taxa lacking 2373 DNA characters and one taxon
lacking 260 morphological characters) to the ‘overlap’ data
set (i.e. 66 taxa with 2633 combined characters) behaved in
the same way; both matrices produced similar general
topologies despite the methodology (i.e. Bayesian, parsi-
mony) used in their reconstruction (Fig. 1 and Fig. S6).
Also, the total evidence analysis (119 taxa) increased the
resolution (more nodes) and the nodal support of the tree
(Fig. 1 and Fig. S5B). These results differ from Wiens’
simulations (2003, 2006), who observed that the inclusion
of highly incomplete taxa seemed to have little effect on
either the placement of taxa or on levels of support for this
placement. However, the increase in resolution and nodal
support on our total evidence results may be more related
with taxon sampling than with missing data. While Wiens’
simulations (2003, 2006) compared different set of
character matrices with the same number of terminals, in
our study, new taxa were added to a previous complete
matrix. Several studies have indicated that introducing
additional taxa into a phylogenetic analysis results (on aver-
age) in more accurate estimates (Hedtket ez 4/ 20006).
Thus, even at the expense of adding substantial missing
data (i.e. lacking DNA sequences), our results suggest to
include as many terminals as possible scored morphologi-
cally on a combined data set to increase the resolution of
the tree without compromising the nodal support.

Total evidence: phylogenetic methods and congruence
Meta-analysis of 500 empirical DNA data studies (Rindal &
Brower 2011) has revealed that, despite the phylogenetic
algorithms (e.g. Bayesian, maximum likelihood, parsimony)
used to infer relationships among taxa, the vast majority of
studies produced topologies that exhibited minor differences
and, when present, the incongruent nodes showed low sup-
port. Furthermore, they observed that when one analytical
method yielded inconsistent results, the other method also
behaved inconsistently. Our analysis again is congruent with
these observations. Here, we show (Fig. 2) that inconsistent
topologies are more common between data sets (namely
genes, morphology, ‘overlap’ and total evidence) rather than
between alternative phylogenetic inference methods applied
to the same data set (e.g. Bayesian, parsimony). The incon-
gruent nodes present on the preferred topologies of each
method within a particular data set (Fig. 1 and Fig. S1) were
consistent across data sets both in number (7-8 nodes) and
position in the tree (i.e. Aysenoides, Philisca and Owxysoma).

Systematics

Our total evidence analyses reproduced previous results
(Ramirez 2003, 2007) suggesting that anyphaenines are not

© 2015 Royal Swedish Academy of Sciences



a monophyletic group. Although our sampling of anyphae-
nines is sparse, a clade of four genera (clade A) was consis-
tently recovered in all analyses containing sequence data,
by itself or in combination with morphology. A close rela-
tionship of Aysha, Xiruana and Anyphaenoides appears rea-
sonable, as all have similar male copulatory organs, with an
apical embolar division making a transversal loop, but the
association with Fessica is unexpected and will require
further scrutiny (see Brescovit 1997).

We recovered the monophyly of the subfamily Amauro-
bioidinae in the total evidence and the partial analyses of
the molecular and the morphological partitions, under all
analytical conditions. The results are identical for the tribes
Gayennini and Amaurobioidini; Gayennini was even recov-
ered with the individual genes, at least under some of the
analytical conditions (Fig. 2). A novel placement was recov-
ered for Josa, as sister to the remaining Amaurobioidinae in
the total evidence and partial analyses of molecular parti-
tions, differing from the morphological partition. It should
be noted that only the protein-coding genes were scored
for this genus.

The internal relationships of Amaurobioidini were
poorly supported in general. The total evidence analyses
supported the inclusion of Amaurobioides, Aysenia, Aysenoides
and Axyracrus, all with a characteristically projecting ocular
area, in clade B.

Within Gayennini, the genus Philisca was recovered as
sister to the remaining members of the tribe, both in the
total evidence and the molecular analyses. The monophyly
of the genus, however, was challenged by the exclusion of
a species tentatively placed in the genus (Philisca puconensis).
Its new placement in Tomopishtes is consistently recovered
and supported in the molecular and total evidence analyses
(Fig. 1 and Fig. S1). This result was already recovered as a
slightly suboptimal solution in the analysis of Ramirez
(2003: 177). Because both genera are fully revised and the
results are consistent across the analytical space, here, we
propose the formal taxonomic transfer. The monophyly of
the remaining Philisca was recovered only by the total evi-
dence data set. The molecular analyses, however, supported
the placement of Philisca tripunctata, atypical among its
congeners by having a more elongated body and different
genitalia to other Gayennini genera, as sister to clade D
containing the spinose genera. Curiously, P. tripunctata is
the least spiny species (legs I and II) in the entire subfam-
ily, and it is similar in this regard to the other species of
Philisca that were formerly placed in Liparotoma (see Soto
& Ramirez 2012). Alternatively, the total evidence analyses
favour the placement of P. tripunctata within Philisca, albeit
with low support and a long branch (Fig. 1). A denser sam-
pling of sequences of other Philisca species will hopefully
contribute to clarify this issue.

© 2015 Royal Swedish Academy of Sciences
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A clade including members of the genera Ouxysoma, Tas-
ata and Phidyle (clade D) was recovered in all data sets and
supported in the total evidence and molecular analyses.
The molecular data shed new light on the limits of Oxyso-
ma and Tusata, as the latter was very weakly supported in
previous morphological analyses. The molecular data, by
itself or in combination with morphology, suggest that 7us-
ata chiloensis is, in fact, a member of Oxysoma, and Oxysoma
longiventre may instead be a member of Tusata. The mono-
phyly of Tasata, however, is compromised in the total evi-
dence analyses, in which some Tusata species are placed
closer to Phidyle punctipes, albeit with low support. We pro-
pose here to transfer 7. chiloensis to Oxysoma, but additional
taxonomic amendments in 7usata will have to wait until a
denser sampling for this clade is achieved.

The total evidence analyses confirmed the close relation-
ship of the genera Gayennoides, Sanogasta and Arachosia
(clade C), and the monophyly of Arachosia. Sanogasta, how-
ever, was recovered as paraphyletic, with Arachosia nesting
within it in most analyses. The actual taxonomic status of
the species S. rufithorax must be re-examined in the con-
text of denser sampling. Our analyses further support the
close relationship of the Chilean genus Gayenna with these
three genera, a relationship that was challenged in the
recent analysis of morphological data of Soto & Ramirez
(2012).

Homology of male copulatory structures

The male copulatory organ of anyphaenids is a complex
structure providing as much as 25% of the morphological
characters in the data set. Although highly informative, the
complexity and variability of those structures pose a special
challenge in establishing homologies. While the general
morphology is conserved within each tribe, the correspon-
dences between Gayennini, Amaurobioidini, fosz and the
anyphaenines are more speculative. Ramirez (2007) tested
those correspondences in an analysis using dynamic homol-
ogies. That analysis led to the conclusion that the homol-
ogy of the primary and secondary conductors of the male
palp (C1 and C2, respectively), and a prolateral projection
of the paramedian apophysis (pPMA) should be corrected
from the previous interpretation of Ramirez (2003). The
results obtained here, after the addition of sequence data,
have the potential to modify those conclusions, especially
after the updated relationships of 7osz and the anyphaenine
out-groups. Here, we show that under alternative homol-
ogy schemas for a variety of partitions and analytical condi-
tions (Table S9), the preference for the new homology
correspondences is maintained. In the preferred total evi-
dence Bayesian tree, the three sclerites with contentious
homology optimize as follows: The C1 is present in all
Amaurobioidinae, with ambiguous optimization in the out-
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groups (Fig. S7A); the C2 is absent in the backbone phy-
logeny, with several convergent acquisitions (Fig. S7B); the
pPMA is present for all Amaurobioidinae, with several
independent losses (Fig. S7C). As it was obtained in
Ramirez (2007), the alternative homologies of the male
genitalia, although affecting many characters at the same
time, only produced slight topological changes in the
resulting phylogenies and in groups of low support.

Taxonomy changes

Here, we propose two formal taxonomic transfers of spe-

cies with ambiguous morphology, whose relationships were

clarified by the sequence data.
Tomopisthes  puconensis (Ramirez) new combination.
Originally described as P. puconensis Ramirez (2003:
191). This species is very similar in habitus to Tomopis-
thes pusillus. Both have contrasting coloration, making
them remarkably cryptic on epiphytic lichens, where
they are frequently collected (Ramirez 2003).
Ocxysoma chiloensis (Ramirez) new combination. Origi-
nally described as T. chiloensis Ramirez (2003: 237).
This species is similar in habitus to Oxysoma puncta-
tum, by its elongate pale body covered with small dark
dots. They are very cryptic on the dry leaves of Chu-
squea spp. bamboos, where they are usually found
(Ramirez 2003).
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ses under implied weights (k£ = 6) of the morphology.

Fig. S4. Majority rule consensus of the trees sampled by
the Bayesian analysis of the combined molecular align-
ments and morphology, with the preferred model for each
gene fragment and gaps scored as absence/presence
(Fig. 1), with morphological character changes mapped
using Unambiguous Changes (length 1218 steps, CI = 0.20
and RI = 0.67).

Fig. S5. Variation of support levels of the different data
partitions, for Bayesian, maximum likelihood and parsi-
mony analyses under equal weights, respectively.

Fig. S6. Majority rule consensus of the trees sampled in
the Bayesian analysis of 66 terminals (‘overlap’) of the com-
bined molecular alignments and morphology, with the pre-
ferred model for each gene fragment and gaps scored as
absence/presence.

Fig. S7. Mapping of male palp organ characters on the
preferred total evidence Bayesian tree (Fig. 1).

Table S1. List of the specimens used for the molecular
phylogenetic analysis in the study, localities and vouchers
codes.

Table S2. Primer sequences, source and annealing tem-
peratures.

Table S3. List of the specimens used for the morpho-
logical phylogenetic analysis in the study.

Table S4. Summary tree statistics and conditions for
each analysis.

Table S5. Summary of the results of the parsimony
analysis of the alignments obtained in with MAFFT under
different parameter combination and similarity values with
the results of the combined data matrix (ribosomal
gene + protein coding genes).

Table S6. Evolutionary models used for Bayesian analy-
sis as selected by Akaike information criterion (AIC) in
JMODELTETS ver. 2.1.1.

Table S7. Results of Bayes factor hypothesis testing for
partitioning strategies.

Table S8. Unambiguos synapomorphies of the genera
and internal nodes referred in Fig. S4.

Table S9. Alternative homology schemas for the male
palpal organ.
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