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Abstract

Tropical wandering spiders (Ctenidae) are a diverse group of cursorial predators with its greatest species richness in the trop-

ics. Traditionally, Ctenidae are diagnosed based on the presence of eight eyes arranged in three rows (a 2–4–2 pattern). We pre-

sent a molecular phylogeny of Ctenidae, including for the first time representatives of all of its subfamilies. The molecular

phylogeny was inferred using five nuclear (histone H3, 28S, 18S, Actin and ITS-2) and four mitochondrial (NADH, COI, 12S

and 16S) markers. The final matrix includes 259 terminals, 103 of which belong to Ctenidae and represent 28 of the current 49

described genera. We estimated divergence times by including fossils as calibration points and biogeographic events, and used

the phylogenetic hypothesis obtained to reconstruct the evolution of the eye conformation in the retrolateral tibial apophysis

(RTA) clade. Ctenidae and its main lineages originated during the Paleocene–Eocene and have diversified in the tropics since

then. However, in some analyses Ctenidae was recovered as polyphyletic as the genus Ancylometes Bertkau, 1880 was placed as

sister to Oxyopidae. Except for Acantheinae, in which the type genus Acantheis Thorell, 1891 is placed inside Cteninae, the four

recognized subfamilies of Ctenidae are monophyletic in most analyses. The ancestral reconstruction of the ocular conformation

in the retrolateral tibial apophysis clade suggests that the ocular pattern of Ctenidae has evolved convergently seven times and

that it has originated from ocular conformations of two rows of four eyes (4–4) and the ocular pattern of lycosids (4–2–2). We

also synonymize the monotypic genus Parabatinga Polotov & Brescovit, 2009 with Centroctenus Mello-Leit~ao, 1929. We discuss

some of the putative morphological synapomorphies of the main ctenid lineages within the phylogenetic framework offered by

the molecular phylogenetic results of the study.

© 2022 Willi Hennig Society.

Introduction

Wandering spiders (Ctenidae) are a diverse group
that is distributed worldwide, with more than 500 spe-
cies in 48 genera (World Spider Catalog, 2022), having
its highest species richness in the tropics. Ctenids are
medium to large (5–50 mm) wandering spiders that
usually inhabit the forest floor and low vegetation,
although a few species are arboreal (Figs 1–3; Gasnier
et al., 2009). Wandering spiders are nocturnal, curso-
rial predators that do not build webs to catch prey
(Polotow and Brescovit, 2014). Some species of ctenids
are restricted to forests and their population densities

decrease significantly when forested habitats suffer
fragmentation and disturbance (Jocqu�e et al., 2005;
Rego et al., 2005, Rego et al., 2007; Hazzi, 2020).
Their large size and predominant abundance in most
tropical forests suggest that ctenids play an important
role in tropical ecosystems as top generalist predators
of invertebrates and small vertebrates (Gasnier and
Hofer, 2001; Menin et al., 2005; Mestre and Gas-
nier, 2008; Torres-Sanchez and Gasnier, 2010;
Hazzi, 2014; Folt and Lapinski, 2017), thus, ctenids
are promising models for ecology and conservation
studies (Hazzi et al., 2020; Lapinski and
Tschapka, 2013, 2014). Furthermore, most species of
Ctenidae are narrowly distributed geographically, coin-
ciding with well-known biogeographic regions, making
this family a good candidate to test biogeographic
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hypotheses of diversification in the tropics (Hazzi
et al., 2018; Hazzi and Silva, 2012). The highly ven-
omous species of the genus Phoneutria Perty, 1833 are
some of the best-known representatives of this family,
commonly referred to as “banana spiders” because
they often inhabit this crop (Sim�o and Brescovit, 2001;
Martins and Bertani, 2007; Hazzi, 2014). These aggres-
sive ctenid species are among the most medically
important spiders (Bucaretchi et al., 2018). Their
venom is neurotoxic, and many researchers have stud-
ied its components and the epidemiology of bites
(Gomez et al., 2002; Bucaretchi et al., 2008, 2018;
Estrada-Gomez et al., 2015; Diniz et al., 2018;
Valenzuela-Rojas et al., 2019).
Ctenids belong to the superfamily Lycosoidea, which

comprises the families Lycosidae, Pisauridae, Ctenidae,
Psechridae, Thomisidae, Oxyopidae, Senoculidae and
Trechaleidae, and they are placed in the retrolateral
tibial apophysis (RTA) clade, the most speciose lineage
of spiders (Wheeler et al., 2017; Fern�andez et al., 2018;
Kallal et al., 2021). The majority of RTA clade spiders
have eight eyes, arranged roughly in two rows (but not

Ctenidae, see below), where the anterior row contains
the anteromedian (AME) and anterolateral eyes (ALE),
and the posterior contains the posteromedian (PME)
and the posterolateral eyes (PLE; Griswold, 1993;
Ram�ırez, 2014). The AME pair is usually referred to as
the main eyes, which differ from the secondary eyes in
having the rhabdomeres arranged distally, without a
reflecting layer (tapetum; Homann, 1971; Land, 1985;
Morehouse, 2020). The secondary eyes usually have a
tapetum that is composed of several layers of guanine
crystals and acts as a colour-selective interference reflec-
tor with the rhabdomeres pointing away from the
light (Homann, 1971; Barth, 2002). Traditionally, the
family Ctenidae is diagnosed based on the presence of
eight eyes arranged in three rows (2–4–2), with the
AME in the first row, the PME and ALE in the sec-
ond row, and the PLE in the third row, resulting in
two strongly recurved rows (Silva, 2003; Polotow and
Brescovit, 2014). This ocular conformation is shared
across a great diversity of morphotypes that special-
ized in different habitats (e.g. litter, low vegetation,
arboreal and aquatic), suggesting that Ctenidae is not

(a) (b)

(c) (d)

(e) (f)

Fig. 1. Habitus of Ctenidae species of the subfamily Cteninae. (a) Centroctenus varzea Brescovit et al., 2020, female from Iquitos, Peru; (b) Phoneu-

tria fera Perty, 1833, female from Yasun�ı National Park, Ecuador; (c) Ctenus datus Strand, 1909, female from Gamboa, Panama; (d) Centroctenus

alinahui Brescovit et al., 2020, female from Putumayo, Colombia; (e) Spinoctenus flammigerusHazzi et al., 2018, female from Barbacoas, Colombia;

(f) Kiekie griswoldi Polotow & Brescovit, 2018, female from Las Alturas Station, Costa Rica. Photos: N. Hazzi (a, c, d, e, f); G. Hormiga (b).
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a monophyletic group. Although to date, molecular
phylogenies have included few representatives of Cteni-
dae (Polotow et al., 2015; Henrard and Jocqu�e, 2017;
Wheeler et al., 2017), these hypotheses suggest that the
characteristic ocular pattern of ctenids has evolved inde-
pendently in other families of the RTA clade, such as
Cycloctenidae, Miturgidae, Senoculidae, Xenoctenidae
and Viridasiidae.
Morphological phylogenies (Silva, 2003; Polotow and

Brescovit, 2014; Hazzi et al., 2018) support five main

lineages of Ctenidae corresponding to subfamilial
groups: Acantheinae Simon, 1897; Acanthocteninae
Simon, 1897; Calocteninae Simon, 1897; Cteninae
Simon, 1897; and Viridasiinae Lehtinen, 1967. The most
recent molecular phylogenies suggest that the family Cte-
nidae is not monophyletic (Polotow et al., 2015;Wheeler
et al., 2017). For instance, molecular studies have raised
Viridasiinae from subfamily to family rank and have
transferred this group from Lycosoidea to Dionycha
(Polotow et al., 2015). In addition, molecular

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2. Habitus of Ctenidae species of the subfamilies Acantheinae, Acanthocteninae and Calocteninae. (a) Phymatoctenus sp., female from Tor-

tuguero, Costa Rica; (b) Enoploctenus sp., female from Iquitos, Peru; (c) Phymatoctenus cf. sassi, female from Tirimbina Station, Costa Rica; (d,

e) Enoploctenus sp., female from Fin del Mundo, Putumayo, Colombia; (f) Acanthoctenus sp., female from Tirimbina Station, Costa Rica; (g, h)

Gephyroctenus sp., from Iquitos, Peru, and Vaupes, Colombia; Chococtenus miserabilis (Strand, 1916), female from Pance, Colombia. Photos: N.

Hazzi (a, b, c, d, e, f, h, i); E. Vargas (g).
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phylogenies have shown that Cupiennius Simon, 1890,
one of the most intensively studied spider genera
(Barth, 2002), does not belong to Ctenidae, and in a
recent study this Neotropical genus was transferred to
Trechaleidae (Piacentini and Ram�ırez, 2019). The semi-
aquatic spider genus Ancylometes has been considered as
pisaurids (Sierwald, 1997) prior to its current placement
in Ctenidae (Silva, 2003). Molecular studies have failed
to robustly placeAncylometes in Ctenidae or in any other
family (Polotow et al., 2015;Wheeler et al., 2017).
The aim of this study was to test the monophyly of

the family Ctenidae and to infer the phylogenetic rela-
tionships of the ctenid subfamilies based on nucleotide
sequence data, including for the first time a dense
taxon sampling of representatives of all ctenid subfam-
ilies (Acantheinae, Cteninae, Acanthocteninae and
Calocteninae). Our molecular phylogeny was inferred
using five nuclear (histone H3, 28S, 18S, Actin and
ITS-2) and four mitochondrial (NADH, COI, 12S and
16S) markers for a total of 9123 base pairs. In

addition, we inferred a dated phylogenetic tree in
order to estimate the diversification times of Ctenidae
and its main clades. Ocular arrangement has been an
important diagnostic feature of several families, includ-
ing Ctenidae, although its phylogenetic distribution
across families suggests that this pattern (2–4–2) may
have evolved more than once. To test this hypothesis
and to explore the evolution of the ocular conforma-
tion in the RTA clade we included representatives of
major groups of the RTA clade (see below) and of the
UDOH grade (Uloboridae, Deinopidae, Oecobidae
and Hersiliidae; Fern�andez et al., 2018).

Material and methods

Taxon sampling

We sequenced a total of 85 taxa of which 80 belong to the

ingroup (Ctenidae). To further complement the Ctenidae taxon

(a) (b)

(c) (d)

(e) (f)

Fig. 3. (a) Habitus of Caloctenus aculeatus Keyserling, 1877 female from Los Tunos, Colombia; Cupiennius coccineus, F. O. Pickard-Cambridge,

1901 female from La Selva Biological Station, Costa Rica (b); Ancylometes amazonicus Simon, 1898, female (c) and male (d), both specimens from

Iquitos, Peru; (e) Ancylometes sp. next to the burrow (red arrow) with soil recently removed from the burrow presenting a lighter colour (black

arrow), female from Madre de Dios, Peru; (e) close up showing the carapace covered with soil (photos: N. Hazzi (a, e, f); G. Hormiga (b); G.

Gagliardi (c, d).
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sample, we included DNA sequences from published phylogenetic

studies of Lycosoidea and the RTA clade (Polotow et al., 2015;

Wheeler et al., 2017; Piacentini and Ram�ırez, 2019) that are avail-

able in GenBank. The final matrix includes 259 terminals, 103 of

which belong to Ctenidae and represent 28 of the 49 described gen-

era and, as implied by the results of this analysis, at least six addi-

tional genera that remain to be described. Each subfamily of

Ctenidae is represented in this study by several terminals, including

the type genus. Moreover, outgroup taxa included at least one spe-

cies per RTA clade family that was available in GenBank, two repre-

sentatives of the UDOH grade and the araneoid Leucauge venusta

(Walckenaer, 1841; Tetragnathidae) to root the tree.

DNA methods

Specimens in this study were collected in several expeditions in

Central and South America (2018–2019) and were preserved in 95%

ethanol. Tissue from coxae and femora was used for DNA extrac-

tion using the Qiagen DNEasy kit and the rest of the specimen was

preserved as a voucher. Seven markers were amplified for analyses.

These are mitochondrial ribosomal markers 12S rRNA (~400 bp)

and 16S rRNA (~550 bp), cytoplasmic ribosomal markers 18S

rRNA (~1800 bp), 28S rRNA (~2200 bp) and ITS-2 (~350 bp),

nuclear protein-coding gene histone H3 (~320 bp) and mitochondrial

protein-coding gene cytochrome c oxidase subunit I or COI

(~800 bp). PCR was achieved with the Promega GoTaq kit, using

the primers listed in the Supporting Information and the thermocycle

conditions reported in Ballesteros and Hormiga (2018) for ITS-2 and

Kallal and Hormiga (2018) for the six remaining markers. Sequence

contigs were formed using GENEIOUS 6.0.6 (http://www.geneious.

com; Kearse et al., 2012) and protein coding gene sequences were

checked for stop codons, then queried against the NCBI BLAST

nucleotide database to check for contamination. In addition, we

incorporated sequences for two additional genes from GenBank: the

mitochondrial NADH (~350 bp) and the nuclear Actin (~320 bp).

We were also able to obtain several of these genes from transcrip-

tome data for families or genera with few or no representation of

the genes used on GenBank. We downloaded transcriptome data

from the Sequence Read Archive and assembled them using Trinity

(Grabherr et al., 2011). We then used “map to reference gene” as

implemented in GENEIOUS and selected the assembly with the

highest percentage of identity. The gene used as a reference was

always from the same genus or family of the transcriptome taxon.

Multiple sequence alignments were completed using MAFFT

(https://mafft.cbrc.jp/alignment/server/) with the “Auto” option to

find the best alignment strategy.

Phylogenetic analyses

Phylogenetic analyses were performed using equal weights parsi-

mony and maximum likelihood. Gaps were treated as “missing

data” in the phylogenetic analyses. The parsimony analysis was car-

ried out in TNT v. 1.5 (Goloboff et al., 2008; Goloboff and Cata-

lano, 2016) using the “New Technology Search” options. Driven

searches were performed setting the initial level at 100 and 15 repli-

cates. Sectorial searches, tree-drifting and fusing options were per-

formed. This aggressive search ensured that the minimum length tree

was found five times. All trees found during searches were collapsed

under “rule 1” (the minimum possible length is zero; Coddington

and Scharff, 1994). Owing to the high number of polytomies in the

strict consensus tree, we also report a majority (50% cutoff) consen-

sus tree. Branch support was assessed using 1000 replicates of jack-

knife resampling presented as group frequency difference (GC) with

a 36% elimination probability (Farris et al., 1996; Goloboff

et al., 2003). Replicates were achieved using the same search parame-

ters described above but setting the initial level search at 10 (a less

aggressive search). For the model-based analysis, the best partition-

ing scheme and substitution models were explored using ModelFin-

der implemented in IQTREE (Nguyen et al., 2015;

Kalyaanamoorthy et al., 2017), selecting partition merging and the

corrected Akaike information criterion (AICc). Seventeen partition

schemes were used as input data: first, second and third codon posi-

tion for protein coding genes (histone H3, COI, NADH and Actin),

and each ribosomal gene as a whole (ITS-2, 28S, 12S, 16S and 18S).

We ran two likelihood analyses considering different approaches to

deal with site specific heterogeneity: (1) the classic Gamma + Invari-

ant sites; and (2) The FreeRate model (Yang, 1995). The second

approach relaxes the assumption of gamma distributed rates across

sites and it has been shown to fit data better than the classic

+Gamma model (Yang, 1995; Kalyaanamoorthy et al., 2017). Fur-

thermore, we did a third likelihood analysis with a GTR+ FreeRate

model for each of the 17 partitions, in order to have a fourth phylo-

genetic hypothesis and to explore the different positions of unstable

taxa. Maximum likelihood was performed with IQ-TREE 1.4.2

(Nguyen et al., 2015) running 100 independent analyses using default

parameters. Ultrafast bootstrap (UFBoot; Minh et al., 2013) and

SH-aLRT (Shimodaira–Hasegawa approximate likelihood-ratio test;

Guindon et al., 2010) were estimated from 1000 pseudoreplicates as

support metrics.

A Bayesian inference analysis was carried out to estimate a dated

phylogeny using BEAST version 2.5.2. (Bouckaert et al., 2014). The

analysis was run with linked trees, an uncorrelated lognormal clock

and a birth–death model for the tree prior. All markers were

unlinked for site and clock models with the exception of mitochon-

drial rRNA genes 16S and 12S which ModelFinder indicated that

these two markers can be treated as a single partition. All of the

remaining markers were unlinked for site and clock models. Based

on previous transcriptomes and ultraconserved elements (UCE;

Cheng and Piel, 2018; Fern�andez et al., 2018; Kulkarni et al., 2021)

studies, the tree topology for Lycosoidea was constrained with Cteni-

dae and Psechridae as sister groups. Because the position of Ancy-

lometes in the likelihood and parsimony analyses was unstable,

sometimes falling outside of Ctenidae, we did not include it in the

dated phylogeny. We estimated a likelihood tree in IQ-TREE with

the topological constraints mentioned above and converted it into an

ultrametric tree using a penalized likelihood method with the

chronos function in R (ape v5.3; Paradis et al., 2019). This likeli-

hood tree was then used as a fixed tree topology for the BEAST

analysis, and three independent runs of 200 million generations each

from four Markov Chain Monte Carlo chains were performed and

combined with Logcombiner 2.5.1 (Bouckaert et al., 2014) for a

total of 600 million generations. Trees and parameters were sampled

every 10 000 generations, 25% of the generations were discarded as

burn-in and the remainder were used to calculate posterior parame-

ters. We used Tracer v. 1.7 (Rambaut et al., 2018) to examine chains

to convergence (ESS > 200). Trees were summarized with TreeAnno-

tator, which is distributed as part of the BEAST package. Analyses

were run in the CIPRES Science Gateway platform (Miller

et al., 2011).

In time-calibrated analyses, uncertainties around the calibrations

can greatly impact the estimates of divergence times and rate varia-

tion (Smith, 2009). Unfortunately, the only fossil specimen of Cteni-

dae (Nanoctenus longipes Wunderlich, 1988) was not found in the

Geological–Paleontological Institute and Museum of the University

of Hamburg (U. Kotthoff, personal communication) and the original

description does not allow placement of this fossil with certainty in

Ctenidae. Thus, owing to the lack of ctenid fossils, two different

approaches were used to assess how inferred divergence dates vary

across different sets of calibrations. In the first approach, eight diver-

gence estimates were inferred by incorporating only fossil calibration

points for outgroup taxa selected from the most recent revision of

spider fossils (Magalhaes et al., 2020): Sparassidae stem minimum

age of 43 Ma based on Eusparassus crassipes Koch & Berendt, 1894
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from Baltic amber; Oxyopidae stem minimum age based on Oxyopes

succini Petrunkevitch, 1958 from Baltic amber (Ritzkowski, 1997);

Thomisidae stem age of 43 Ma based on Syphax microcephalus &

Berendt, 1894 from Baltic amber; Lycosidae stem age of 15 Ma from

Dominican amber (Iturralde-Vinent and MacPhee, 1996), based on

an unidentified immature Lycosidae (Penney, 2001); Salticidae crown

minimum age of 43 Ma from Baltic amber, based on Almolinus

ligula Wunderlich, 2004; Anyphaenidae crown minimum age of 43

Ma from Baltic amber, based on “Anyphaena” fuscata C. L. Koch &

Berendt 1894; Thomisidae stem of 43 Ma based on Syphax macro-

cephalus Kock & Berendt 1854 from Baltic Amber; and Selenopidae

stem minimum age of 53 Ma from Le Quesnoy amber, based on

Selenops sp. (Penny, 2006). Finally, for the root of the tree we set a

minimum age of 133 Ma based on Eocoddingtonia eskovi Selden,

2010 (Theridiosomatidae) from the early Cretaceous of Russia,

which corresponds to the oldest known fossil of Entelegynae (Magal-

haes et al., 2020).

While there is a disproportionate diversity of Synspermiata and

Palpimanoidea families in Mesozoic amber deposits, there is no

unambiguous fossil evidence of current RTA clade families in the

Mesozoic (Magalhaes et al., 2020). Therefore, for the calibration of

RTA points described above, we used a uniform distribution with

the minimum age of the fossil (thus ensuring that the clade has zero

probability of being younger), and maximum age 100 Ma, where

there is no evidence of these RTA families in the rich Myanmar

deposits. Finally, we used a uniform prior for the root of the tree

from 133 to 280 Ma based on recent age estimations for Entelegynae

(Magalhaes et al., 2020).

Biogeographic dating has been used as an alternative or comple-

mentary method for dating phylogenies because incomplete or absent

fossil record data can provide imprecise divergence time estimations

(Landis, 2017). In the case of South America, where major palaeo-

geographical events have been dated (Hoorn et al., 2010) and bio-

geographic events depend on palaeogeographic processes,

biogeographic dating can be used as a complementary approach to

only fossil dating (Ho et al., 2015; Landis, 2017). In absence of a

ctenid fossil record, we used biogeographic dating in combination

with fossil calibrations to infer the divergence times of ctenids. We

incorporated two calibration points within Ctenidae based on bio-

geographic events related to biome formation in the Tropical Andes

(Jaramillo, 2019). We set a maximum crown age of 10 Ma with a

uniform distribution for each of the following genera: Spinoctenus

Hazzi et al., 2018 and Caloctenus keyserling, 1877. The genus Spi-

noctenus is composed of 12 species distributed in the tropical Andes

and Choc�o biogeographical regions (Hazzi et al., 2018; Hazzi and

Silva, 2012). Most Spinoctenus diversity is found in the Andes (eight

species) and using event-based biogeographic analyses on a morpho-

logical phylogeny, Hazzi et al. (2018) inferred an Andean origin for

this genus. Both our molecular phylogeny (see Results section) and

the morphological phylogeny of Hazzi et al. (2018) indicate that the

Andean species Spinoctenus eberhardi Hazzi et al., 2018 and S.

stephaniae Hazzi et al., 2018 diverged early within the genus. These

two species are endemic to cloud forest ecosystems above 2000 m, a

biome that was completely absent from the north of South America

before 10 Ma (Hoorn et al., 2010; Jaramillo, 2019). Moreover,

Caloctenus species are also endemic to high elevation ecosystems in

the tropical Andes from cloud forests to paramos (1800–3200 m).

Although the Amazonian genus Gephyroctenus Keyserling, 1977 is

nested within Caloctenus, its more distal position indicates an

Andean origin for the Caloctenus + Gephyroctenus clade that is

related to montane ecosystems. Biogeographic dating has been heav-

ily criticized when this approach assumes a priori that a biogeo-

graphic process (e.g. vicariance or dispersal) is related to a geological

event (Forest, 2009). For instance, nodes that are calibrated with the

timing of geological events assume that the divergence of that given

node is the result of a new geographical barrier, through either

vicariance (e.g. continental split) or dispersal (e.g. oceanic islands)

events (Forest, 2009). In our study, we are not assuming any biogeo-

graphic process, but rather we are assuming that two lineages that

originated in the cloud forest biome of the tropical Andes could not

have originated before the formation of this biome. To test for sta-

tistically significant differences in the substitution rates among the

two dating strategies, a paired sample t-test was carried out in R (R

Core Team, 2021), using the package rstatix (Kassambara, 2020).

Eye conformation evolution

We coded the ocular pattern diversity of our study taxa (Fig. 6)

into a discrete unordered multistate character as follows: two rows

(0); Deinopidae type (1); Ctenidae type (2); Agelenopsis type (3);

Selenopidae type (4); Oxyopidae type (5); Salticidae type (6); and

Lycosidae type (7).

State 0 refers to two well-defined ocular rows and is the most

common pattern found in RTA clade taxa (e.g. Anyphaenidae and

Sparassidae). State 1 refers to the Deinopidae eye pattern, where the

eight eyes are arranged in three rows, with the PME enlarged and

ALE on small tubercles. State 2 refers to three eye rows in a 2–4–2

arrangement, the so-called “ctenid ocular pattern”: the AME stand

alone in the first row, the ALE are below the PLE, the PME are sit-

ting at the behaviour and the ALE are reduced. Silva (2003) scored

the ctenid eye pattern found in both ctenids and non-ctenid families

(e.g. Cycloctenus L. Koch, 1878 and Senoculidae) as different states,

based on prior expectations of the phylogenetic placement of the

non-ctenid families. However, she acknowledged that these groups

present a 2–4–2 eye arrangement, and therefore we considered both

these non-ctenid families as having the ctenid eye pattern. State 3

refers to the Agelenopsis Giebel, 1869 eye pattern, where the eyes are

arranged in two strongly procurved rows. State 4 refers to the eye

conformation found in selenopids: an anterior row with six eyes near

the front edge of the carapace and a posterior row with two large

eyes. State 5 refers to the Oxyopidae eye pattern where the eyes form

a hexagon with the posterior row slightly procurved and the anterior

row strongly recurved. State 6 refers to the eye pattern found in

jumping spiders (Salticidae), which can be arranged in three or four

rows (e.g. Lyssomanes), with the AME being very large and the

ALE slightly smaller; both pairs are directed forward. Finally, state

7 refers to a 4–2–2 eye pattern, a condition that is found in Pisauri-

dae, Lycosidae and Trechaleidae. Some authors have suggested that

the lycosid eye pattern is a synapomorphy of Lycosidae (Don-

dale, 1986), and Sierwald (1993) suggested differences to distinguish

the eye patterns of Lycosidae, Pisauridae and Trechaleidae. How-

ever, owing to the large amount of variation of the ocular arrange-

ment of some genera in these families, they cannot be distinguished

by this character. We have treated Pisauridae and Trechaleidae as

having a 4–2–2 eye pattern because the goal of our study is to infer

the history of changes in the general ocular pattern, and not the evo-

lution of the minor and somewhat subjective differences between

these three families.

Ancestral ocular arrangements were inferred using both model-

based and parsimony methods. We used the maximum clade credi-

bility dated tree resulting from the BEAST analysis calibrated with

fossils + biogeography and the R packages ape (Paradis et al., 2004)

and phytools (Revell, 2012) for likelihood ancestral reconstructions.

Likelihood ancestral character estimations were estimated using the

function “ace” of the ape package. To facilitate the visualization of

the ancestral reconstruction figure, we randomly pruned the dated

tree leaving just four taxa of Ctenidae. The removal of Ctenidae taxa

did not change the likelihood of ancestral states nor the selected

model of character evolution. Three likelihood models for discrete

characters were fitted to our data: (1) there are equal rates of transi-

tion between states (ER); (2) forward and reverse rates of transition

between two states are equal but other rates may vary (SYM); and

(3) all rates are different (ARD), the latter being the most
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Fig. 4. Maximum likelihood phylogenetic tree with GTR+ FreeRate model for each partition depicting the main phylogenetic relationships.

UB, ultrafast bootstrap; SH_aLRT, Shimodaira–Hasegawa approximate likelihood-ratio test; and JAC, jackknife (derived from the parsimony

tree). Support metrics for nodes with low support (UB < 95, SH_aLRT < 080 and Jac < 50) are not shown. Numbers in parentheses next to col-

lapsed clades indicate the number of taxa. Photo credits (from top to the bottom): Thomisidae (A. P�erez), Ancylometes sp. (M. Ram�ırez), Oxyop-

idae and Pisauridae (I. Magalh~aes), Neoctenus sp. (M. Ram�ırez), Cupiennius salei Simon, 1891 (Benny Trapp) and Lycosidae (A. Arroyave).
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parameterized model. We selected the model with lowest AICc as

the best fitting model and used it to optimize ocular arrangements

on the tree. In addition, we also carried out an unordered parsimony

state reconstruction in Mesquite 2.74 (Maddison and Mad-

dison, 2010). Evolution transformation paths are represented using

directional unipartite networks.

Results

Phylogenetic analyses

The concatenated matrix had a maximum of
9123 bp per taxon, with 36.3% missing data, 3343 par-
simony informative sites, 1300 singleton sites and 4479
constant sites. The three likelihood analyses: GTR+

FreeRate (GFR) model for each partition, FreeRate
model (FR) for best partition scheme, and GTR +

Gamma + Invariant sites (GI) resulted in similar
topologies (Figs S1–S3). The parsimony analysis under
equal weights resulted in 13 trees of 46 890 steps
(CI = 0.23; RI = 0.36). The majority rule and the strict
consensus of the optimal parsimony trees are depicted
in Figs S4 and S5, respectively. Except for the mar-
ronoid clade (Wheeler et al., 2017), which was recov-
ered only in the likelihood analyses, both likelihood
and parsimony analyses recover the monophyly of
well-known clades such as Dionycha, the oval calamis-
trum clade and Lycosoidea. Although not well sup-
ported, the likelihood analyses indicated a paraphyletic
relationship between Neoctenus Simon, 1897 and the
remaining trechaleids. In the three likelihood analyses
the intensively studied genus Cupiennius, which was
recently transferred from Ctenidae to Trechaleidae, is
placed with low support as sister to Lycosidae (Fig. 4).
In the parsimony analysis Trechaleidae is mono-
phyletic and Cupiennius is its sister lineage, but with
low support.
Two of three likelihood analyses (GFR and GI)

indicated that Ctenidae is not monophyletic (Figs S1
and S3). In the GFR tree, Ancylometes was more clo-
sely related to other Lycosoidea families than to the
remaining ctenids (Figs 4 and S1). The GI analysis
placed both Ancylometes and Calocteninae outside of
Ctenidae, as sisters to Senoculidae with low support
(Fig. S3). The family Ctenidae is monophyletic in both
the maximum likelihood with the FR model and in the
parsimony analysis, placing Ancylometes within Cteni-
dae, closely related to Calocteninae (Figs S2 and S4).
The phylogenetic position of Ancylometes within Lyco-

soidea varied across the four analyses, always with low
support, and thus it was not possible to find a robust
phylogenetic placement for Ancylometes. The support
for the monophyly of Ctenidae sensu stricto (Fig. 4)
varied from moderate to high in the three likelihood
analyses and was low for the parsimony analysis.
Except for the Ancylometes placement, two of the
three likelihood analyses plus the constrained likeli-
hood topology used to estimate divergence times in
BEAST produced similar results within Ctenidae sensu
stricto. We chose the GRF tree (Figs 4 and S1) and
the time-calibrated tree (Figs 5 and S8) to summarize
the results and to guide the discussion of Ctenidae sys-
tematics. Based on the UB and SH-aLRT support
metrics we refer to clade support as low or weak
(UB < 0.95 and SH-aLRT < 80), moderate (UB > 0.95
or SH-aLRT > 80), and high or strong (UB > 0.95
and SH-aLRT > 80).
Acanthinae was rendered as polyphyletic because

Acantheis Thorell, 1891, the type genus, was recovered
inside Cteninae in the optimal topologies of the likeli-
hood and parsimony analyses. A clade comprising rep-
resentatives of the subfamilies Acantheinae,
Calocteninae and Acanthocteninae is strongly sup-
ported. The Neotropical Acantheinae genera Cho-
coctenus Duperr�e, 2015, Enoploctenus Simon, 1897 and
Phymatoctenus Simon, 1897 were recovered as strongly
supported. Enoploctenus was not monophyletic because
the type species, Enoploctenus cyclothorax, was recov-
ered as the sister group of Chococtenus, Enoploctenus
spp. and Phymatoctenus. The latter was recovered
inside of a moderately supported clade of Enoploctenus
species.
Celaetycheus abara Polotow and Brescovit, 2013 was

strongly supported as the sister group of Acan-
thoctenus (the only representative of Acanthocteninae
in our analysis). The clade comprising Celaetycheus
Simon, 1897 plus Acanthocteninae was sister to Asthe-
noctenus borelli Simon, 1897 and Calocteninae with
low support. Asthenoctenus borelli was moderately sup-
ported as sister to Caloctenus + Gephyroctenus.
Calocteninae was highly supported as monophyletic
and Caloctenus aculeatus (the type species of the
genus) and a new species of Caloctenus are more clo-
sely related to Gephyroctenus than to the remaining
species of Caloctenus.
The subfamily Cteninae was monophyletic in two of

the three likelihood analyses, receiving low to moder-
ate support. There were two strongly supported clades

Fig. 5. Close up of the constrained likelihood tree estimated in IQTREE and time calibrated in BEAST depicting the divergence times and phy-

logenetic relationships in Ctenidae. Bars represent the 95% highest posterior density interval. UB, Ultrafast bootstrap; SH_aLRT, Shimodaira–

Hasegawa approximate likelihood ratio test. Support metrics for nodes with low support (UB < 95, SH_aLRT < 080 and Jac < 50) are not

shown. Bold taxa are genus type species. Photo credits (from top to the bottom): Chococtenus sp. (A. Arroyave), Caloctenus albertoi (N. Hazzi),

Cteninae sp (A. Arroyave), Kiekie panamensis (A. Arroyave), Phoneutria boliviensis (N. Hazzi).
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of Cteninae: an African lineage and an Ameri-
can + Anahita spp. lineage. The American lin-
eage + Anahita spp. lineage is composed of a strongly
supported lineage of endemic American ctenines that
is sister to Anahita Keyserling, 1877, a genus dis-
tributed in Asia, Africa and with one species in North
America. In the American endemic clade most of the
inferred relationships between genera received low sup-
port values, but genera such as Kiekie Polotow and
Brescovit, 2018, Spinoctenus and Phoneutria are
strongly supported as monophyletic. A clade that
includes the genera Centroctenus Mello-Leit~ao, 1929,
Ctenus Walckenaer, 1805 and Phoneutria, which are
mostly distributed in the Cis Andean biogeographic
region (the Amazon and Brazil), was highly supported.
Although the genus Ctenus is indicated as polyphyletic,
the type species of the genus, Ctenus dubius Walcke-
naer, 1805, represented in this phylogeny with a speci-
men probably belonging to this species and labelled as
“Ctenus cf. dubius” was highly supported as grouping
with other morphologically similar Ctenus species.
The genus Centroctenus is polyphyletic with three

highly supported independent clades. The type species
Centroctenus ocelliventer (Strand, 1909) was highly
supported as sister to Parabatinga brevipes (Keyserling,
1891), the single species in the genus. Two remaining
strongly supported independent clades include: (1) Cte-
nus maculisternis Strand, 1909, Centroctenus sp. nov. 1,
2 and 3, Centroctenus varzea Brescovit et al., 2020;
and (2) Ctenus inaja H€ofer et al. 1994, Centroctenus
claudia Brescovit et al., 2020 and Centroctenus alluhini
Brescovit et al., 2020. The Nearctic ctenid species that
have been described in Ctenus and Leptoctenus L.
Koch, 1878 were highly supported as monophyletic.
Both North American Leptoctenus and Ctenus form
reciprocal monophyletic groups with high support.

The age of Ctenidae and its main lineages

Based on the BEAST analysis that included only
fossils as calibration points, the estimated dates for
well-known families or clades (e.g. Lycosidae, Pisauri-
dae, etc.) are similar to previous estimations (Fig. S7;
Piacentini and Ram�ırez, 2019). The second dating
approach that included both fossil and biogeographic
calibrations inferred a younger origin for Lycosoidea
families compared with previous estimations (Fig. S8).
Ctenidae diverged from Psechridae during the late Cre-
taceous using the first calibration approach (70 Ma,
highest posterior density, HPD = 66–74 Ma, Fig. S7)
and during the Eocene (40 Ma, HPD = 37–43 Ma,
Figs 5 and S8) in the second calibration approach. In
both calibration approaches, subfamilies or main lin-
eages of Ctenidae originated during the Paleocene–
Eocene and have continued diversifying in the tropics
since. Our estimates of substitution rates differ greatly

between both calibration approaches, with the fos-
sil + biogeographic calibration analysis resulting in
faster rates than the fossil-only calibrated analysis
(t = �3.38, p = 0.012, mean difference = 0.35,
Fig. S9). Tables S1 and S2 summarize the parameter
rate estimations of the markers.

Evolution of ocular patterns

The equal rates model was selected as the best fitting
character evolution model (AICc: EQ = 150.87,
SYM = 180.65 and ARD = 207.68). Based on this
model, the ctenid eye pattern has originated indepen-
dently seven times: in Cycloctenidae, Xenoctenidae I
and II, Viridasiidae, Argoctenus (Miturgidae), Senocul-
idae, Cupiennius (Trechaleidae), and Ctenidae (Fig. 6).
The unipartite directional network shows that the
common two-rows eye pattern (4–4) is in the beha-
viour of the network and that most eye conformation
states in RTA clade taxa have evolved from this 4–4
eye pattern (e.g. the Lycosidae, Oxyopidae, Salticidae,
Selenopidae and Agelenopsis eye patterns). Six of the
seven convergent events of the Ctenidae eye pattern
have evolved from two rows (4–4) and one from the
Lycosidae eye pattern (in Cupiennius). We also found
a reversal in Trechaleidae from a Lycosidae eye
arrangement to two rows (4–4). Ancestral state recon-
structions using parsimony produced identical results,
with the ctenid eye arrangement having evolved inde-
pendently seven times (Fig. S10).

Discussion

This study presents the first densely sampled molecu-
lar phylogeny of Ctenidae that includes representatives
of all of its subfamilies worldwide. The phylogenetic
relationships of the main RTA clade lineages (Lycosoi-
dea, Marronoidea, Dionycha and the oval calamistrum
clade) are congruent with previous molecular hypothe-
ses (Polotow et al., 2015; Fern�andez et al., 2018; Kal-
lal et al., 2021; Kulkarni et al., 2021). None of our
phylogenetic analyses recovered Psechridae and Cteni-
dae as sister groups as hypothesized in previous studies
based on transcriptomes and UCE data (Cheng and
Piel, 2018; Kallal et al., 2021). Our analyses indicated
that neither Ctenidae nor the subfamily Acantheinae
are monophyletic. Nevertheless, the generic composi-
tion of the main ctenid lineages is congruent with
those reported in previous morphological phylogenies
(Silva, 2003; Polotow and Brescovit, 2014). Despite
increasing both the number of markers and taxa used
in previous studies of Lycosoidea (Polotow
et al., 2015; Piacentini and Ram�ırez, 2019), the place-
ment of Cupiennius and Ancylometes remains uncer-
tain.
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Cupiennius, one of the most studied genus of spiders,
considered a model organism in arachnology (e.g. see
Barth, 2002), is sister to Lycosidae with low to moder-
ate support in our three likelihood analyses, contra-
dicting its current placement in Trechaleidae. In the

parsimony analysis, Cupiennius is sister to the remain-
ing trechaleid genera. The unstable phylogenetic posi-
tion of Cupiennius as the sister group of either
Lycosidae or Trechaleidae was also found in the most
recent molecular phylogeny of Lycosidae (Piacentini

Fig. 6. Likelihood equal rate ancestral state reconstruction and directional unipartite network of the eye pattern in the RTA families. Arrows

indicate the direction and number of evolution transformations, with line thickness proportional to the number of events. Lines without direction

and question mark indicate high uncertainty in the ancestral state reconstruction. Arrows on the phylogenetic tree indicate Ctenidae eye pattern

transformations.
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and Ram�ırez, 2019), which reports the same contradic-
tory relationships in the two Bayesian analyses per-
formed (MrBayes and BEAST). Unfortunately, to our
knowledge, there are no putative morphological
synapomorphies that would support either of these
two hypotheses.
The Neotropical and semiaquatic genus Ancylometes

comprises 11 species (WSC, 2022) and has a long taxo-
nomic history. Ancylometes was originally placed in
Pisauridae (Bertkau, 1880; Sierwald, 1997) and later
transferred to Ctenidae (Silva, 2003). It has been
hypothesized to be closely related to Cupiennius based
on homoplastic characters such as the presence of a
third tarsal claw and four pairs of ventral macrosetae
on tibiae I–II (Silva, 2003). Because Ancylometes is a
semiaquatic genus, it has morphological features
unique from other Ctenidae genera such as the lack of
scopulae, claw tufts and the presence of numerous
spines on the third and fourth tarsi (H€ofer and Bres-
covit, 2000). Two species of Ancylometes, A.
bogotensinsis (Keyserling, 1877) and A. cf. rufus (Wal-
ckenaer, 1837), dig burrows close to streams where
they remain during the dry season (N. Hazzi, unpubl.),
perhaps to avoid desiccation, a behaviour that to our
knowledge is unique among ctenids. We concluded
that these two species dig their own burrows, because
we found several specimens next to freshly dug bur-
rows, and the Ancylometes specimens had traces of soil
on their carapace and abdomen (Fig. 3e,f). The lack of
scopulae and claw tufts has been associated with mor-
phological adaptations to aquatic environments in Cte-
nidae and Trechaleidae (Lapinski et al., 2015), and the
third and fourth tarsal macrosetae may be used for
digging burrows. The nucleotide data used in our phy-
logenetic analyses cannot robustly place Ancylometes.
However, it is still likely that this genus belongs to
Ctenidae because in the parsimony (Fig. S4) and in
one of the likelihood (Fig. S2) hypotheses Ancylometes
is nested in Ctenidae, closely related to Caloctenus.
The phylogenetic relationships of Ctenidae inferred

in this study suggest several putative morphological
synapomorphies of the family, such as the presence of
five and three pairs of ventral macrosetae on tibiae
and metatarsi I–II, respectively, the epigynal lateral
processes and the sternum base not extended between
the fourth coxae (Silva, 2003; Polotow and
Brescovit, 2014). Our results indicate that the first two
characters were subsequently lost in Calocteninae and
Acanthocteninae. The subfamily Cteninae is the most
diverse lineage of ctenids, and it is mainly composed
of ground-dwelling species. Cteninae monophyly has
been supported by all morphological analyses (Polo-
tow and Brescovit, 2009a,b, 2014; Silva, 2003). Our
molecular results corroborate the monophyly of Cteni-
nae, although with low support. Synapomorphies of
the subfamily have a protuberant median sector of the

epigynum, an embolus fixed by a membranous region
and a cup-shaped median apophysis (Polotow and
Brescovit, 2014).
Almost half of all Ctenidae species have been classi-

fied in the genus Ctenus, which includes more than
210 species distributed worldwide (World Spider Cata-
log, 2022). The results of our molecular phylogenetic
analyses are congruent with the hypothesis of a poly-
phyletic Ctenus as currently delimited, reported in pre-
vious morphological analyses (Polotow and
Brescovit, 2014; Silva, 2003). Ctenus dubius Walcke-
naer, 1805, from French Guiana, is the type species
of the genus, and in our phylogenetic hypothesis Cte-
nus cf. dubius groups with 11 other Neotropical spe-
cies with morphological affinities to one another and
this relationship is strongly supported (Fig. 5). The
group that includes Ctenus cf. dubius comprises
ground-dwelling spiders that have a basal projection
at the embolus, a median sector of the epigynum with
protruding ovoid lobes at the copulatory opening
area, and lobed copulatory openings (Brescovit and
Sim�o, 2007; Polotow and Brescovit, 2014). Brescovit
and Sim�o (2007) redescribed Ctenus dubius and pro-
vided a diagnosis for the genus. Our results corrobo-
rated Brescovit and Sim�o’s delimitation and provide a
reference framework for a phylogenetic circumscrip-
tion of the genus to transfer misplaced Ctenus species
and to place new species. The results of our phyloge-
netic analysis suggest that several species described in
Ctenus represent new genera. For example, a new
genus is required to classify the North American spe-
cies of Ctenus that were revised by Peck (1981): Cte-
nus hibernalis, Ct. captiosus, Ct. exlineae and Ct.
valverdiensis. These species form a clade separated
from the Ctenus dubius group. The morphological
phylogeny of Polotow and Brescovit (2014) has pro-
moted subsequent studies that have erected new gen-
era to accommodate species previously described in
Ctenus (e.g. Kiekie, Afroneutria, Amicactenus and
Macroctenus; Polotow & Brescovit, 2018; Polotow &
Jocqu�e, 2015); our molecular phylogeny also provides
a framework to advance in the systematics and classi-
fication of Ctenus.
Our results suggest that most of the recently revised

Cteninae genera (such as Kiekie, Spinoctenus and
Phoneutria) are strongly supported as monophyletic.
Moreover, in our hypothesis the North American spe-
cies of Leptoctenus (three species) and Ctenus (two spe-
cies) that were revised by Peck (1981) form a highly
supported clade. Although we are unaware of any
morphological synapomorphies that would group
North American Leptoctenus and Ctenus species, both
are distributed in the Nearctic region. In North Amer-
ica, Leptoctenus species are smaller than those of Cte-
nus, they have three retromarginal teeth and the RTAs
are medially or basally positioned (Peck, 1981).

Hazzi N. A. and Hormiga G. / Cladistics 39 (2023) 18–42 29



Leptoctenus comprises the type species, L. agalenoides
Koch, 1878, from Australia, and morphological phylo-
genies have indicated that this latter species is closely
related to Anahita, a relationship supported by mor-
phological synapomorphies that are all absent in the
North American Leptoctenus (Polotow and
Brescovit, 2014). Therefore, Leptoctenus is not mono-
phyletic as currently delimited, and the North Ameri-
can species should be transferred to a new genus.
Although North American Ctenus should be trans-
ferred to a new genus, these species do not present
clear morphological synapomorphies or a combination
of characters that distinguish them from other Cteni-
nae genera. A revision of the North American Ctenus
species is required to circumscribe, describe and prop-
erly diagnose this putative new genus.
The Neotropical genus Centroctenus is polyphyletic.

This genus was recently diagnosed by Brescovit
et al. (2020) based primarily on the elongated tibia of
the male palp. However, as shown in a morphological
phylogenetic analysis (Polotow and Brescovit, 2011),
this character is highly homoplasious and species pre-
viously described in Centroctenus based on this charac-
ter have now been transferred to a different family
(Itatiaya, Zoropsidae; Brescovit, 1996; Polotow and
Brescovit, 2011). In our molecular phylogenetic
hypothesis (Fig. 5) a long male palpal tibia is present
in three robustly supported independent lineages (ex-
cept for Ctenus inaja). In all the phylogenetic analyses,
the type species, Centroctenus ocelliventer, is sister to
Parabatinga brevipes (Keyserling, 1891), a monotypic
genus described by Polotow and Brescovit (2009a) and
Polotow and Brescovit (2009b) within the framework
of a morphological cladistic analysis. Both genera
share a unique coloration pattern on the ventral sur-
face of the abdomen and a distal laminar process on
the median apophysis. We here transfer Parabatinga
brevipes to Centroctenus, and thus synonymize the for-
mer under the latter genus. We provide a new diagno-
sis for the genus (see the section “Systematics” below).
Two additional and well supported lineages were
found: (1) Ctenus maculisternis, Centroctenus varzea
and three new species; and (2) Ctenus inaja, Cen-
troctenus claudia and Centroctenus alluhini. The first
clade comprises ground-dwelling species with white-
yellow longitudinal bands on the carapace and a wide
posterior medial epigynal projection. The second clade
is composed of species that are not strictly ground
dwelling, but are usually found on the bases of trees,
in low vegetation or on steep slopes (Gasnier
et al., 2009; N. Hazzi unpl.). The species of the second
clade have long and slender legs relative to their cara-
pace (possibly because they live above the ground) and
share the presence of a wide median epigynal field with
a narrow anterior projection. Except for Ctenus inaja,
the remaining male species of the second clade have a

palpal tibia that is twice as long as the cymbium. A
taxonomic study is underway (N. Hazzi and G. Hor-
miga in prep.) to erect and describe two new genera to
accommodate these species.
Based on the results of the likelihood analysis, the

sister lineage of Cteninae comprises the subfamilies
Acantheinae, Calocteninae and Acanthocteninae and
the genus Asthenoctenus. The Neotropical Acantheinae
genera Chococtenus, Enoploctenus and Phymatoctenus
were recovered as a highly supported monophyletic
group. Acantheinae includes ctenids that have irides-
cent scales and sparse plumose setae on the carapace,
abdomen and sometimes legs. In addition, this clade
presents overlapping elongated spines on the first and
second tibiae and metatarsi (Silva, 2003; Polotow and
Brescovit, 2014). Acantheines are mostly arboreal,
except for Chococtenus species, which are ground-
dwellers. All three acantheine genera have four retro-
marginal cheliceral teeth, the basal one distant from
the remaining three teeth, a membranous tegular pro-
cess and a V-shaped depression between the pars tho-
racica and the pars cephalica (Silva, 2003; Polotow
and Brescovit, 2014). Although Polotow and
Brescovit (2014) and Dup�err�e (2015) indicated that the
male tibial retroapical notch is a synapomorphy of
Enoploctenus, we note that Phymatoctenus and Cho-
coctenus also exhibit this character. In Phymatoctenus
this notch is very conspicuous, whereas in Chocotenus
it is less evident because it is a concealed by a ventral
tibial apophysis.
A clade comprising Acanthocteninae, Calocteninae

and Asthenoctenus borellii is sister to the Neotropical
Acantheinae, but this node lacks high support. Both
ground-dwelling and arboreal spiders with a great
variety of morphologies compose this heterogeneous
clade. The monophyly of this group is supported by
the presence of a hook-shaped median apophysis (as
opposed to the typical cup-shaped apophysis found in
Cteninae) with a small apical peak and by the loss of
the apical reduced spine on tibia I and II (Silva, 2003).
Asthenoctenus Simon, 1897 is an enigmatic genus com-
posed of two species distributed in South America,
and different morphological phylogenies disagree
about their placement. Silva (2003) hypothesized that
Asthenoctenus was sister to a clade of Acan-
theinae + Cteninae, noting that “further studies might
prove that indeed it belongs to Acantheinae”. The
cladistic analysis of Polotow and Brescovit (2014)
placed Asthenoctenus in the subfamily Viridasiinae,
which is composed of Malagasy taxa. Subsequently, in
a total evidence analysis that only included the Mala-
gasy taxa, Polotow and Griswold (2015) placed viri-
dasiines in Dionycha and ranked them as a family
(Viridasiidae). Our phylogenetic analyses show that
Asthenoctenus borellii, the type species of the genus,
falls within Ctenidae, with the likelihood analyses
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placing it as the sister group of Calocteninae and the
equal weight parsimony analysis placing it as sister
group to Acanthocteninae. The swollen male palpal
patella, a character state considered a synapomorphy
of Acanthocteninae, and misinterpreted in former mor-
phological phylogenies (Silva, 2003; Polotow and
Brescovit, 2014), supports the placement of Asthenoc-
tenus as sister to Acanthocteninae.
The placement of Celaetycheus Simon, 1897 is

another genus in which morphological phylogenies dis-
agree about its placement. This genus comprises 10
species from Brazil and has been placed as sister to
Calocteninae and Acanthocteninae (Silva, 2003), in
Cteninae (Polotow and Brescovit, 2013) and most
recently in Calocteninae (Polotow and Brescovit, 2014,
2015). Our molecular hypothesis suggests that Celaety-
cheus does not belong in Calocteninae, but instead it is
the sister group of Acanthocteninae, and this result is
strongly supported. The Celaetycheus + Acanthocteni-
nae lineage is supported by the presence of a retrolat-
eral cymbial process (also present in other
acanthoctenines, such as Viracucha and Nothroctenus,
that were not included in our taxon sample).
The subfamily Calocteninae is composed of four

genera of small ctenids that inhabit the leaf litter (e.g.
Caloctenus) and trees (e.g. Gephyroctenus) of tropical
forests. In our molecular phylogeny, Calocteninae is
represented by the genera Gephyroctenus and Calocte-
nus, and the subfamily was moderately supported as
monophyletic. These two genera share a ventral tibial
apophysis (absent in Caloctenus albertoi Hazzi and
Silva, 2012), reduced anterior lateral eyes, the presence
of three or more prolateral spines on the first femur
and leaf-shaped setae on the abdomen (Silva, 2003,
2004). In addition, our molecular hypothesis suggests
that Caloctenus Keyserling, 1877, endemic to the tropi-
cal Andes, is not monophyletic because the type spe-
cies Caloctenus aculeatus Keyserling, 1877 and a new
species of Caloctenus are more closely related to
Gephyroctenus Mello-Leit~ao, 1936 than to the remain-
ing species of Caloctenus (Fig. 5). Although there are
no evident morphological synapomorphies supporting
the placement of Gephyroctenus in Caloctenus, Calocte-
nus harbours a large amount of morphological inter-
specific diversity in both male and female genitalia.
For example, Caloctenus females can have well-defined
epigynal folds, sometimes fused in part or entirely
(Silva, 2004; Hazzi and Silva, 2012), while different
ctenid genera, even from different subfamilies, have a
similar epigynal conformation (median sector and two
lateral lobes). A revision of Caloctenus using both
morphological and molecular data is needed to more
accurately circumscribe this genus.
In the absence of a fossil record or well supported

vicariant events, nucleotide substitution rates may pro-
vide the necessary information to date phylogenies.

Our rate estimates (Tables S1 and S2) are considerably
lower for mitochondrial genes than those previously
reported for other spider groups (Bidegaray-Batista
and Arnedo, 2011; Zhang and Li, 2013; Piacentini and
Ram�ırez, 2019). The average divergence rate for the
mitochondrial genes estimated in the combined fossil
and biogeography calibration approach (0.91% My�1)
is faster than the rates resulting from the analysis
using only fossil calibration and is still more than two
times slower than that reported for arthropod mito-
chondrial DNA (2.3% My�1; Brower, 1994) or than
what has been previously estimated for Lycosidae
(2.44% My�1; Piacentini and Ram�ırez, 2019) or Dys-
deridae (2.25%; Bidegaray-Batista and Arnedo, 2011).
The substitution rates estimated for nuclear genes,
such as 28S and histone H3 were slightly higher in the
fossil and biogeography calibrated analysis than those
in previous analyses (Bidegaray-Batista and
Arnedo, 2011; Piacentini and Ram�ırez, 2019). In addi-
tion, we also report for the first time the estimated
rates for the Actin and ITS-2 markers for members of
the RTA clade. The large discrepancies in the estima-
tion of the substitution rates for mitochondrial genes
in this study and those mentioned above could be
attributed to mitochondrial genome saturation (multi-
ple substitutions at the same nucleotide position; Nab-
holz et al., 2008; Saclier et al., 2018). Mitochondrial
genomes evolve faster than nuclear genomes, and our
study includes a larger number of distantly related
taxa with older divergence dates compared with previ-
ous studies that focused on a specific genus or family.
Therefore, our mitochondrial substitution rate esti-
mates could be more prone to be biased by saturation,
resulting in lower substitution rates compared with
previous studies. A similar explanation has been pro-
vided for the observed estimation of divergence times
and substitution rates when fossil constrains on deeper
nodes are applied (Jansa et al., 2006; Lukoschek
et al., 2012; Dornburg et al., 2014; van Tuinen and
Torres, 2015).
Although the two calibration approaches resulted in

different time origins of Ctenidae, both analyses some-
what agree in that the main ctenid lineages appeared
around the Paleocene–Eocene (Figs 5 and S7), and
that the family has been diversifying in the tropics
since. During the Paleocene–Eocene, temperatures
increased globally between 4 and 8°C and lasted for
several thousand years, and then at the end of the
Eocene, global temperature gradually decreased (Gin-
gerich, 2006). During the Paleocene and Eocene, there
was a plant composition turnover from open canopy
forests composed mainly of conifers, cycadophytes,
angiosperms and pteridophytes to a modern closed
canopy tropical forest dominated mainly by angios-
perms (Crane and Lidgard, 1990; Currano et al., 2008;
Jaramillo et al., 2010; Leebens-Mack et al., 2019). In

Hazzi N. A. and Hormiga G. / Cladistics 39 (2023) 18–42 31



addition, the fossil insect plant damage diversity in the
Neotropics only became similar to the current diversity
levels during the Paleocene and early Eocene (Car-
valho et al., 2021), indicating that modern tropical
rainforest ecosystems originated during that period.
Thus, the plant species turnover and the change in for-
est structure (open vs. closed canopy) may have pro-
moted the diversification and success of Ctenidae,
especially for the subfamily Cteninae, the most diverse
ctenid lineage. Cteninae species inhabit the leaf litter
of tropical forests (Gasnier et al., 2009) and, as in
other soil arthropods, their presence and abundance
are affected by the depth, chemical composition and
structure of the leaf litter, which also vary depending
on the taxonomic plant composition and canopy den-
sity (Rego et al., 2007; Torres-Sanchez and Gas-
nier, 2010; Hazzi et al., 2020).
Ctenidae have a pantropical distribution, with few

representatives distributed in the Holarctic and Austral
regions. The estimated dates for the origin and diversi-
fication of Ctenidae and its main lineages largely post-
date continental breakup, and therefore the current
Pantropical distribution of Ctenidae would be
explained by long-distance dispersal events rather than
by vicariance and continental drift. As in other lyco-
soids, ctenid spiderlings can perform aerial dispersal
by “ballooning” (Richter, 1970; Woolley et al., 2016;
Carlozzi et al., 2018). Ballooning refers to the ability
of many young spiders to float through the air on their
own silk lines (Foelix, 2011). Wind-induced drag and
electrostatic forces make it possible for the spiders to
become airborne with their silk “kites”. This dispersal
strategy may explain the presence of Ctenidae on ocea-
nic islands far from the mainland, such as Cocos
Island (about 550 km southwest of continental Costa
Rica; Polotow and Brescovit, 2009a; Polotow and
Brescovit, 2009b; Hazzi et al., 2013; V�ıquez, 2020) as
well as their post-Gondwana Pantropical distribution.
Worldwide distribution patterns of Ctenidae driven by
long-distance dispersal are also congruent with those
of other lycosoids, such as wolf spiders (Piacentini and
Ram�ırez, 2019). It is well known that species or lin-
eages adapted to disturbed environments, such as wolf
spiders (Lycosidae), have higher dispersal capacities
compared with groups that are more restricted to nat-
ural environments (Jocqu�e and Alderweireldt, 2005;
Samu and Szinet�ar, 2002). With some exceptions (e.g.
Phoneutria, Asthenoctenus and Centroctenus), ctenids
are restricted to forest habitats, and their abundance
decreases when the habitats are altered (Jocqu�e and
Alderweireldt, 2005; Rego et al., 2006, 2007; Hazzi
et al., 2020). The presence of some ctenid lineages that
are endemic to continental or biogeographic regions
(e.g. American, African and Amazonian lineages)
together with their environmental restrictions to forest
habitats indicate that they will have lower dispersal

capabilities relative to lycosids (Piacentini and
Ram�ırez, 2019), and that their distribution patterns
could be explained by a combination of rare continen-
tal dispersal events and vicariance/dispersion within
continental regions. However, owing to the low nodal
support values in the intrafamilial relationships, it is
not possible to achieve a detailed historical biogeo-
graphic reconstruction of the family.
The likelihood and parsimony ancestral reconstruc-

tions of the evolution of the ctenid eye configuration
suggest that the 2–4–2 pattern has evolved seven times
independently in the RTA clade (Figs 6 and S9). In
addition, the ancestral reconstruction and the unipar-
tite directional network suggest that most of the ocular
conformation states in the RTA clade originated from
an ancestral ocular pattern of two rows of eyes. Such
is the case of Lycosoidea, where the most likely ances-
tral state is also two eye rows, and the ocular confor-
mations of Oxyopidae, Ctenidae and Lycosidae also
originated from a two-rows eye pattern. The inference
of two eye rows as plesiomorphic for Lycosidae is con-
gruent with ontogenetic changes in Lycosidae in which
the size and conformation of the eyes change from
two rows to three rows, and the optic axis turns from
the vertical to the horizontal (Homann, 1971). Our
results also imply that the eye pattern of Selenopidae
has evolved from a two-eye-row pattern based on the
position of Donuea sp. as its sister group with low sup-
port. However, previous molecular studies using San-
ger (Wheeler et al., 2017) and UCE data combined
with morphology (Azevedo et al., 2022) indicate with
strong support that Donuea sp. belongs to Corinnidae,
and Selenopidae is the sister group of Viridasiidae.
Therefore, the topologies of these studies that the sele-
nopid eye pattern has evolved from the ctenid eye pat-
tern or vice versa.
Treating complex phenotypic structures, such as

variation of the ocular arrangement of spiders, as a
discrete multistate character to be reconstructed on a
phylogenetic tree can be considered questionable if the
character coding method is not closely linked to
homology statements. The premise of ancestral charac-
ter reconstruction is that the phenotypic feature whose
history of changes is being reconstructed is a character
itself, and thus, the alternative conditions (states) are
deemed to be part of a single transformation series,
that is, a hypothesis of homology (e.g. in the sense of
De Pinna (1991) “primary homology”). As such, the
transformations of the states represented at the termi-
nals can be optimized on a cladogram. In phylogenetic
analysis, when coding the phenotypic variation of
complex structures, the “complexity” is broken down
into as many independent propositions of homology
as is allowed with the systematic context, and each is
treated as a character (Brazeau, 2011). In general,
variation in the ocular pattern of spiders can be
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separated into several discrete arrangements defined by
the relative positions of the eyes (Fig. 6). Taxonomists
have traditionally used such ocular arrangements to
diagnose higher taxa, such as families (e.g. the “salticid
eye pattern”). Ideally, one would study evolutionary
changes in the arrangement of the eyes by reconstruct-
ing the changes of its various homologous components
(i.e. the eyes), for example, by homologizing each pair
of eyes (such as the AME) across species, rather than
treating the arrangement of all the eyes as a single
character. However, it is not a simple task to define if
the coding of the different eyes should be based on
their relative position to a specific eye, all the remain-
ing eyes and/or the carapace. Treating the interspecific
variation of the ocular arrangement as a single multi-
state character with the various alternative conforma-
tions as its states divorces to some extent this putative
character from the concept of homology because dif-
ferent ocular patterns are not homologous conditions
of a single transformation series. Coding ocular
arrangements rather than stricter hypotheses of homol-
ogy also imposes limitations in the understanding of
the evolution of the ocular patterns because such a
character coding approach does not discriminate
among the multiple possible evolutionary pathways
that can result in a specific ocular arrangement. For
example, different pathways of change in the location
of the eyes may result in the same type of ocular
arrangement, and thus coding the pattern, rather than
the various components that produce a pattern, may
not necessarily elucidate the actual evolutionary trans-
formations, which can remain hidden under such a
coding scheme. In the spider literature, similar coding
and ancestral state reconstruction problems have been
discussed for sexual size dimorphism and the evolution
of web architecture (e.g. Hormiga et al., 2000; Kallal
et al., 2021). Reconstructing sexual size dimorphism as
a ratio (e.g. male to female body length), as opposed
to reconstructing the size of each sex independently,
can potentially mask the diversity of evolutionary
pathways that result in similar ratios (Hormiga et al.,
2000). For example, male dwarfism (small males rela-
tive to female size) can evolve by a reduction of male
size relative to female size, by an increase of the female
size or by a combination of the two.
Variation in foraging webs presents a more complex

problem that has also been treated in an overly sim-
plistic fashion, coding different web architectures as
states of a single character (e.g. Blackledge
et al., 2009). In some foraging webs, such as orb webs,
it is possible to homologize components of the final
web architecture and the stereotypical behaviours used
to build such components (e.g. the radii; see Eberhard,
1982), but it has not been possible to find the corre-
sponding homologous behaviours (or structures) in
non-orbicular webs, even in cases where the web

architecture is inferred to have evolved at some point
from an orb (e.g. in the sheet webs of the family
Linyphiidae; Eberhard, 2020). Despite this circumven-
tion of the concept of homology (characterized as “a
quantum leap in the concept of homology” by Dim-
itrov and Hormiga, 2021), this admittedly flawed cod-
ing method has been often used to study the evolution
and diversification of spider webs (Kallal et al., 2021
and references therein), in part because a pragmatic
but epistemologically superior option is not available.
Similarly, we have coded the different ocular patterns
of our study taxa as alternative states of a single multi-
state character, recognizing that while this approach
also circumvents the equivalence character—homology
—it does provide a coarse starting point to explore the
evolution of ocular arrangements. Although in general,
it does not seem possible to implement a strict concept
of homology in coding the ocular arrangements of our
taxa, in the case of the convergently evolved ctenid
arrangement of Cupiennius (Trechaleidae), it seems
logical to infer that the ALE have migrated from an
anterior to a more posterior position (that is, a transi-
tion from the lycosid to the ctenid ocular pattern).
This particular inference is possible because both
Lycosidae and Ctenidae have similar eye patterns and
carapace shapes. An alternative approach to recon-
struct the ocular conformation would be to use geo-
metric morphometrics methods on phylogenetic trees
(Catalano et al., 2010). This method could trace the
position of each eye independently (coded as a land-
mark) on the phylogeny and at the same time recon-
struct the ocular arrangement. In addition, the
implementation of 3D geometric morphometrics could
properly manage that the position of the eyes is also
affected by the evolutionary changes in carapace
shape. For instance, it would be challenging to find a
standard orientation of the prosoma that would be
suitable to assess eye placements across all spider
groups because of the great morphological variation in
carapace shape.
In conclusion, our study presents for the first time a

molecular corroboration of the main ctenid lineages
and the monophyly of several genera of Ctenidae
which had been previously hypothesized based on
morphological analyses or on molecular analyses with
modest taxon samples. In addition, we propose new
relationships and taxonomic changes that will con-
tribute to future systematic studies of Lycosoidea. Our
study indicates that at least six new genera should be
described to accommodate both new species and spe-
cies misplaced in the phylogenetically circumscribed
genera Ctenus, Leptoctenus and Centroctenus. Despite
more molecular data and denser taxon sampling, rela-
tive to other lycosoids studies, the empirical support
for the monophyly of Ctenidae remains elusive and
many of the intrafamilial phylogenetic relationships
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receive low nodal support, preventing reliable ancestral
character reconstructions or other comparative analy-
ses (e.g. biogeographic reconstructions). A phyloge-
netic study combining hundreds of UCEs and the
Sanger data generated in this work is underway (N.
Hazzi, H. Wood and G. Hormiga, in prep.) to test
biogeographic and ecomorphological evolutionary
hypotheses that explain the current distribution pat-
terns and habitat specializations of this diverse
Pantropical family.

Systematics

Centroctenus Mello-Leit~ao, 1929

Type: Centroctenus longimanus Mello-Leit~ao, 1929
(= Centroctenus ocelliventer (Strand, 1909))
Parabatinga Polotow and Brescovit, 2009: 603–607

(type species by monotypy: Parabatinga brevipes Polo-
tow & Brescovit, 2009). New synonymy.

Diagnosis. Centroctenus resemble Isoctenus
Bertkau, 1880 and Guasuctenus Polotow and Brescovit,
2009 by the presence of ventral cymbial process and
prolateral tegular process at the embolus base (Polo-
tow and Brescovit, 2014), but it can be distinguished
by the presence of a prolateral laminar process on the
median apophysis (Fig. 8c,e), a tegular pointed projec-
tion at the embolus base (Fig. 9a,c) and by having the
embolus with a deep dividing suture (Fig. 10a,c),
which are both absent in Isoctenus and Guasuctenus.
Both females and males of Centroctenus have a wide

black area with white ventral abdominal spots
(Fig. 7b,d).
Composition. Two species, Centroctenus ocelliventer

and Ce. brevipes
Distribution. South America.
Phylogenetics. The following putative morphological

synapomorphies of the male palp support the mono-
phyly of Centroctenus: prolateral laminar process in
the median apophysis (Polotow and Brescovit, 2014),
tegular pointed projection at the embolus base and the
embolus with a deep dividing suture. The black col-
oration with white ventral abdominal spots could be a
synapomorphy.
Taxonomic remarks. Our molecular phylogenetic

hypothesis using four of the eleven described species,
plus three new species indicated that Centroctenus as
currently circumscribed is not monophyletic, and that
the type species (C. ocelliventer) is not closely related
to any of the remaining species currently placed in
Centroctenus, but instead C. ocelliventer is sister to the
monotypic genus Parabatinga (Fig. 5). The main diag-
nostic character that was proposed in the first taxo-
nomic revision of Centroctenus had a tibia twice as
long as the cymbium (Brescovit, 1996). Previous mor-
phological phylogenetic studies including only one spe-
cies showed that this character was unique to
Centroctenus (Sim�o and Brescovit, 2001; Polotow and
Brescovit, 2009a,b). However, as shown in a subse-
quent morphological phylogenetic analysis (Polotow
and Brescovit, 2011), this tibial character is highly
homoplasious and species that do not even belong to

(a) (b)

(c) (d)

Fig. 7. (a, b) Dorsal and ventral views of the abdomen of Centroctenus brevipes (Keyserling, 1891); (c, d) dorsal view of the carapace and ventral

view of the abdomen of Centroctenus ocelliventer (Strand, 1909). Scale bars: 1.3 mm (a), 0.5 mm (b), 1.00 mm (c) and 0.5 mm (d).
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Ctenidae (e.g. Itatiaya, Zoropsidae) have been
described in Centroctenus based on the tibial length
(Brescovit, 1996). In the most comprehensive morpho-
logical phylogeny of Ctenidae to date, Centroctenus
(represented by C. ocelliventer and C. acara
Brescovit, 1996) was recovered as monophyletic (Polo-
tow and Brescovit, 2014). Recently, Brescovit
et al. (2020) described six new Centroctenus species
and updated the genus diagnosis. Based on a morpho-
logical phylogeny, Polotow and Brescovit (2009a) and
Polotow and Brescovit (2009b) described the mono-
typic genus Parabatinga to accommodate the species
Ctenus brevipes Keyserling, 1891 that was placed as
sister to Isoctenus. Our molecular phylogenetic analy-
ses show that Isoctenus is not closely related to Para-
batinga, but to Guasuctenus Polotow and Brescovit,
2019, with high nodal support. In addition, our phylo-
genetic analysis implies three highly supported inde-
pendent lineages with a long male palpal tibia: (1)

Parabatinga brevipes and C. ocelliventer; (2) Ctenus
maculisternis, Centroctenus varzea and three new spe-
cies; and (3) Centroctenus claudia and Centroctenus
alluhini.
Differences in the genitalia of P. brevipes and C.

ocelliventer make grouping these two species in the
same genus questionable despite their sister group rela-
tionship. For instance, C. ocelliventer has a tibia twice
as long as the cymbium, a long flagelliform embolus,
and a short, bifurcated RTA. In contrast, P. brevipes
has both a short tibia and embolus, and the RTA is
large with a laminar tip. However, both species also
share some unique characters that could be considered
synapomorphies such as a prolateral laminar process
in the median apophysis, a tegular pointed projection
at the embolus base and a wide dark black area with
white spots ventrally on the abdomen. Based on the
latter two characters and on the strongly supported
sister group relationship suggested by our analyses, we

(a) (b) (c)

(d) (e)

Fig. 8. (a–c) Left male palp of Centroctenus ocelliventer (Strand, 1909). (a) Ventral view; (b) close up; (c) prolateral view. (d, e) Left male palp

of Centroctenus brevipes (Keyserling, 1891). (d) Ventral view; (e) prolateral view. Scale bars: 0.3 mm (a), 0.3 mm (b, c), 0.5 mm (d) and 0.3 mm

(e). C, conductor; DLP, distal laminar process; E, embolus; LL, locking lobes; ST, subtegulum; VCP, ventral cymbial process.
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(a) (b)

(c) (d)

Fig. 9. (a, b) Female genitalia of Centroctenus ocelliventer (Strand, 1909). (a) Epigynum, ventral view; (b) vulva, dorsal view. (c, d) Female geni-

talia of Centroctenus brevipes. (c) Epigynum, ventral view; (d) vulva, dorsal view. Scale bars: 0.25 mm (a, b) and 0.35 mm (d, e). CD, Conductor;

CO, copulatory opening; FD, fertilization ducts; LP, lateral process; MS, median sector.

(a) (b)

(c) (d)

Fig. 10. (a–c) Left male palp of Centroctenus ocelliventer (Strand, 1909). (a) Ventral view; (b) prolateral view; (d, e) left male palp of Cen-

troctenus brevipes. (d) Ventral view; (e) prolateral view. Scale bars: 0.1 mm (a), 0.2 mm (b), 0.4 mm (c) and 0.3 mm (d). C, conductor; DLP, dis-

tal laminar process; E, embolus; LL, locking lobes; ST, subtegulum; VCP, ventral cymbial process. Red arrows indicate tegular pointed

projection.
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synonymize the monotypic genus Parabatinga with
Centroctenus. Interestingly, we have found that these
two species inhabit open areas of grass, similar to wolf
spiders (Lycosidae), and we have never found them in
forest areas, where most ctenids can be found.
Misplaced species. The molecular phylogenetic analy-

ses indicated that Centroctenus alinahui Brescovit
et al., 2020 and Ce. claudia Brescovit et al., 2020 are
not congeneric with the type species of Centroctenus (i.e.
they should be classified in another genus). Morphologi-
cal examination of the two species mentioned above,
plus the published illustrations and images of Ce. acara
Brescovit, 1996; Ce. auberti Brescovit, 1996; Ce. chalki-
disi Brescovit et al., 2020, Ce. coloso Brescovit
et al., 2020, Ce. dourados Brescovit et al., 2020, Ce. iru-
pana Brescovit et al., 2020, and Ce. miriuma Brescovit
et al., 2020, suggest that the species that were not
included in our molecular analysis may belong to the
clade of Ce. claudia and Ce. alinahui. In addition, Cen-
troctenus varzea Brescovit et al., 2020 belongs to a dif-
ferent genus with two more undescribed species.
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Figure S1. Maximum likelihood phylogenetic tree
with GTR+ FreeRate model for each partition depict-
ing the main phylogenetic relationships. Support val-
ues on the left side are ultrafast bootstraps, and on the
right side are Shimodaira–Hasegawa approximate like-
lihood-ratio test.

Figure S2. Maximum likelihood phylogenetic tree
with GTR+ FreeRate for the best partition scheme
obtained in Modelfinder. Support values on the left side
are ultrafast bootstraps, and on the right side are Shi-
modaira–Hasegawa approximate likelihood-ratio test.

Figure S3. Maximum likelihood phylogenetic tree
with GTR+ Gamma + Invariant site for the best parti-
tion scheme obtained in Modelfinder. Support values
on the left side are ultrafast bootstraps, and on the
right side are Shimodaira–Hasegawa approximate like-
lihood-ratio test.

Figure S4. Majority 50% consensus of 13 parsimony
trees (8880 steps). Support values forgroups are Jack-
knife resampling expressed as GC “Group present/
Contradicted” frequency differences.

Figure S5. Strict consensus of 13 parsimony trees
(8880 steps). Support values for groups are Jackknife
resampling expressed as GC “Group present/Contra-
dicted” frequency differences.

Figure S6. Constrained likelihood tree estimated
used for the estimation of the time-calibrated tree in
Beast. Support values on the left side are ultrafast
bootstraps, and on the right side are Shimodaira–
Hasegawa approximate likelihood-ratio test.

Figure S7. Constrained likelihood tree estimated in
IQTREE and time calibrated only using fossils in
BEAST depicting the divergence times and phyloge-
netic relationships. Bars represent 95% highest poste-
rior density interval.

Figure S8. Constrained likelihood tree estimated in
IQTREE and time calibrated with fossils and biogeog-
raphy events in BEAST depicting the divergence times
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and phylogenetic relationships. Bars represent 95%
highest posterior density interval.

Figure S9. Unordered parsimony ancestral state
reconstruction of the eye pattern in the RTA families.

Figure S10. Box plots of the mean substitution rates
estimated using only fossils, and fossil and biogeogra-
phy events.

Table S1. Substitution rates estimated with only fos-
sils as calibration points in BEAST2. Lower and upper
bounds of the 95% HPD are indicated by parentheses.

Table S2. Substitution rates estimated with fossils
and biogeography events as calibration points in
BEAST2. Lower and upper bound of the 95% HPD
are indicated by parentheses.

Table S3. DNA taxon sampling with GenBank
accession numbers. Accession numbers in bold are
new sequences generated by this study

Table S4. Primers used in this study
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Pisaura_mirabilis

Argoctenus_sp.

Sosippus_placidus

New_genus_101_Tolima_GH2064

Coelotes_antri

Badumna_sp.
Paramatachia_sp.

Acanthoctenus_sp_GH8005

Molycria_broadwater

Dolomedes_aquaticus

Macroctenus_nimba

New_genus_102_GH2021

Ctenus_nigritus_GH2778

Centroctenus_varzea_GH2042

Callobius_nevadensis
Amaurobius_fenestralis

Mituliodon_tarantulinus

Phanotea_digitata

Zoropsis_spinimana

Centroctenus_iquitos_GH2040

Cybaeus_daimonji

Clubiona_consensa

Cybaeus_reticulatus

Calymmaria_sp.

Raecius_asper

Psechrus_clavis

Rabidosa_rabida

Anahita_sp

Habronattus_borealis

Viridasius_sp._DP-2014a

Acanthoctenus_sp._SCC-2010

Corasoides_sp.

Trechalea_bucculenta

Enoploctenus_sp_GH8003

Spinoctenus_eberhardi_GH2025

Caloctenus_albertoi_GH8007

Ctenus_calcaratus_sp_GH2013

Griswoldia_disparilis

Phoneutria_fera

Kiekie_panamensis_GH2030

Desis_formidabilis

Ctenus_GH2048_Vaupes

Cybaeus_sp._DP-2014

Cupiennius_cf._granadensis

Ctenus_villasboasi_GH2046

Stegodyphus_lineatus

Gephyroctenus_sp_GH2010

Penestomus_egazini

Trachelas_tranquillus

Aglaoctenus_lagotis

Centroctenus_claudia_GH2039

Ctenus_sp_GH2052_Tena

Neoctenus_comosus

Odo_bruchi

Pardosa_pseudoannulata

Caloctenus_aff_aculeatus_GH8009

Fecenia_protensa_GH2060

Stiphidion_facetum

Acantheis_sp_GH2061

Lehtinelagia_evanida

Trechalea_sp_GH2057

Ctenus_masulisternis_GH2038

Oxysoma_saccatum

Caloctenus_sp.nov_GH8006

New_genus_130_Guaviare_GH2064

Chococtenus_sp.nov_GH2795

Mahafalytenus_sp.

Uduba_sp._DP-2014

Uliodon_sp.

Spinoctenus_escalerete_GH2777

Centroctenus_ocelliventer_GH2015

Oxyopes_birmanicus

New_genus_GH2022

Paratrechalea_ornata

Oxyopes_heterophthalmus

Zorodictyna_sp._DP-2014a

Amicactenus_fallax

Kilyana_hendersoni

Callobius_bennetti

Enoploctenus_sp_GH2800

Cupiennius_salei_2

Kiekie_sarapiqui_GH2031

Damastes_sp.

Thaumasia_hirsutochela

Centroctenus_sp_GH2043

Falconina_gracilis

Tengella_radiata

Piloctenus_haemastosoma

Ctenus_nigrolineatus_GH2026

Pisaurina_mira

Polybetes_pythagoricus

Cupiennius_bimaculatus_GH2059

Caloctenus_oxapampa

Kiekie_griswoldi_GH2032

Cybaeodamus_ornatus

Dictyna_major

Acanthoctenus_sp._DP-2014

Austrotengella_toddae

Amicactenus_mysticus

Cambridgea_sp.

Asthenoctenus_borelli

Chococtenus_miserabilis_GH2796

Enoploctenus_sp_GH2799

Clubiona_terrestris

Piloctenus_haematostoma

Vulsor_isaloensis

Viridasius_sp._DP-2014b

Donuea_sp.

Psechrus_cebu
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Vulsor_sp._SCC-2010

Xysticus_bimaculatus

Centroctenus_alinahui_GH2045

Tmarus_sp.

Tibellus_chamberlini

Nilus_esimoni

Misumenoides_sp.

Ctenus_hibernalis_GH2018

Enoploctenus_sp_GH8001

Zora_spinimana

Apollophanes_sp.

Allocosa_brasiliensis

Phymatoctenus_cf._sassi_GH8004

Pardosa_prativaga

Sphedanus_cf._banna

Schizocosa_malitiosa

Cambridgea_sp._CG97

New_genus_109_lostunos_GH2063

Vulsor_sp._CG29

Chococtenus_suffuscus_GH2795

Gephyroctenus_sp_GH2065

Zorocrates_fuscus

Australomisidia_ergandros

Senoculus_cf._iricolor

Fecenia_sp.

Menneus_camelus

Enoploctenus_cyclothorax

Ctenus_cf_amphora_GH2779

Macroctenus_herbicola

Habronattus_rufescens

Amaurobius_ferox

Ctenus_sp._CG55-CG57

Thaumasia_velox

Camillina_calel

Habronattus_sp.

Celaetycheus_abara

Cupiennius_salei

Spinoctenus_yotoco_GH2027

Ctenus_crulsi

Cicurina_sp.

Teminius_insularis

Barrisca_nannella

Alopecosa_kochi
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Dolomedes_angustivirgatus

Piloctenus_mirificus
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Dolomedes_fimbriatus

Ctenus_calcaratus_GH2012

Phoneutria_depilata_GH2788
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Ctenus_inaja_GH2044
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Ctenus_captiosus_GH2019
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Psechrus_senoculatus

Caloctenus_oxapampa

Hibana_sp.

Griswoldia_acaenata

Ancylometes_bogotensis

Kiekie_griswoldi_GH2032

New_genus_GH2020

Viridasius_sp._SD586

Barrisca_nannella

Pardosa_prativaga

Hersilia_sericea

Ctenus_sp._CG55-CG57

Camillina_calel

Argoctenus_sp.

Badumna_sp.

Callobius_bennetti

Spinoctenus_tequendama_GH2062

Trechalea_bucculenta

Habronattus_borealis

New_genus_GH2023

Phoneutria_fera

Oxysoma_saccatum

Titiotus_sp.

Cheiracanthium_sp.

Viridasius_sp._DP-2014b

Phoneutria_depilata_GH2788

Paramatachia_sp.

Neoramia_setosa

Acantheis_sp_GH2061

Macroctenus_herbicola

Dolomedes_fimbriatus

Damastes_sp.

Vulsor_isaloensis

Pardosa_astrigera

Kiekie_verbena_GH2034

Dolomedes_angustivirgatus

Apollophanes_sp.

Uliodon_sp.

Centroctenus_varzea_GH2042

Enoploctenus_cyclothorax

Ctenus_crulsi

Pardosa_albomaculata

Heteropoda_venatoria

Thaumasia_heterogyna

Pisaurina_mira

Alopecosa_kochi

Kiekie_barrocolorado_GH2033

Odo_bruchi

Thaumasia_hirsutochela

Ctenus_calcaratus_GH2012

Menneus_camelus

Enoploctenus_sp_GH2799

Corasoides_sp.

Viridasius_sp._DP-2014a

Clubiona_consensa

Pardosa_pseudoannulata

Psechrus_sp._PS9

Centroctenus_claudia_GH2039

Mahafalytenus_sp.

Uduba_sp._DP-2014

Lehtinelagia_evanida

Ctenus_cf_amphora_GH2779

Cybaeus_giganteus

Petaloctenus_cupido

Centroctenus_ocelliventer_GH2015

Homalonychus_selenopoides

Psechrus_cebu

Forsterella_faceta

Ctenus_captiosus_GH2019

Allocosa_brasiliensis

Architis_capricorna

Ctenus_sp_GH2051_Madrededios

Amaurobius_ferox

Cupiennius_salei_2

Ctenus_nigritus_GH2778

Penestomus_egazini

Amaurobioides_africana

Draposa_tenasserimensis

Tibellus_chamberlini

Ctenus_amphora_GH2047

Spinoctenus_sp_nov_GH2028

Zorodictyna_sp._DP-2014a

Polybetes_pythagoricus

Sphedanus_cf._banna

Kilyana_hendersoni

Cybaeodamus_ornatus

New_genus_GH2022

Ctenus_nigrolineatus_GH2026

New_genus_GH2050

Leptoctenus_byrrhus

Oxyopes_sp.

Agelenopsis_pennsylvanica

Dictyna_latens

Apostenus_sp.

Asthenoctenus_borelli

Spinoctenus_stephaniae_GH2024

Rebilus_bulburin

Fecenia_sp.

Dolomedes_sp.

Stegodyphus_lineatus

Xenoctenus_sp.

Tmarus_piger

Ctenus_cf_dubius_GH2049

Anahita_sp

Zorocrates_fuscus

Spinoctenus_eberhardi_GH2025

Celaetycheus_abara

Xysticus_bimaculatus

Architis_brasiliensis

Chococtenus_sp.nov_GH2795

Enoploctenus_sp_GH8003

Zoropsis_spinimana

Cybaeus_reticulatus

Tengella_radiata

Cheiracanthium_mildei

Clubiona_terrestris

Oxyopes_lineatipes

Uduba_sp._CG301

Piloctenus_haematostoma

Aglaoctenus_lagotis

Kiekie_sarapiqui_GH2031

Nilus_esimoni

New_genus_101_Tolima_GH2064

Psechrus_clavis

Ancylometes_bogotensis_GH2053

Tmarus_sp.

Cybaeus_daimonji

Plexippus_paykulli

Cambridgea_sp._CG97

Coelotes_antri

Caloctenus_sp.nov_GH8006

Ctenus_GH2048_Vaupes

Sosippus_placidus

Centroctenus_alinahui_GH2045

Odo_abudi

Senoculus_cf._iricolor

Chococtenus_suffuscus_GH2795

Amicactenus_mysticus

Austrotengella_toddae

Caloctenus_aculeatus_GH8008

Amicactenus_eminens

Gephyroctenus_sp_GH2065

Cupiennius_bimaculatus_GH2059

Cybaeus_sp._DP-2014

Cicurina_sp.

Vulsor_sp._SCC-2010

Phoneutria_boliviensis_GH2780

Amphinecta_luta

Misumenoides_formosipes

Enoploctenus_sp_GH2800

Anahita_aculeata

Cupiennius_cf._granadensis

Cesonia_bilineata

Centroctenus_sp_GH2043

Cycloctenus_sp.

Acanthoctenus_sp_GH8005

Senoculidae_sp_GH2067

Griswoldia_disparilis

Gephyroctenus_sp_GH2010

Trachelas_tranquillus

Ctenus_hibernalis_GH2018

Zora_spinimana

Hamataliwa_sp.

Oxyopes_heterophthalmus

Caloctenus_aff_aculeatus_GH8009

Ctenus_crulsi_group

Phoneutria_depilata_GH2787

Fecenia

Nimbanahita_montivaga

Leptoctenus_sp_GH2017

Ancylometes_amazonicus_GH2055

Dolomedes_aquaticus

Enoploctenus_sp_GH8001

Piloctenus_mirificus

Kiekie_montanensis_GH2037

Calymmaria_sp.

Amyciaea_sp._MR389

Ctenus_villasboasi_GH2046

Acanthoctenus_sp._SCC-2010

Paradossenus_longipes

Piloctenus_haemastosoma

Mituliodon_tarantulinus

Schizocosa_malitiosa

Neoctenus_comosus

Stiphidion_facetum

Selenops_insularis

Philisca_huapi

Pisaura_mirabilis

Rabidosa_rabida

New_genus_109_lostunos_GH2063

Chococtenus_miserabilis_GH2796

Trechalea_sp_GH2057

Kiekie_curvipes_GH2035

Falconina_gracilis

Oxyopes_birmanicus

Kiekie_sinautipes_GH2033

Donuea_sp.

Teminius_insularis

Vulsor_sp._CG29

Habronattus_rufescens

Paratrechalea_ornata

Desis_formidabilis

Xysticus_sp.

Neoctenus_sp_GH2056

Macroctenus_occidentalis

Africactenus_evadens

Cteninae_sp_GH2029

Misumenoides_sp.

Dictyna_major

Anahita_fauna

Raecius_asper

Enoploctenus_sp_GH8002

New_genus_130_Guaviare_GH2064

Amaurobius_fenestralis

Kiekie_panamensis_GH2030

Fecenia_protensa_GH2060

Leucauge_venusta

Phymatoctenus_cf._sassi_GH8004

Acanthoctenus_sp._DP-2014

Ctenus_masulisternis_GH2038

Stiphidion_sp.

Spinoctenus_escalerete_GH2777

Chococtenus_otongachi_GH2798

Psechrus_sp._Pulau

Pisaura_lama
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Guasuctenus_longipes

Nyssus_cf._coloripes
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Perictenus_molecula

Ctenus_calcaratus_GH2013
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Ctenus_sp_GH2052_Tena
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Centroctenus_iquitos_GH2040
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Cycloctenus_westlandicus

Isoctenus_sp

Cupiennius_salei

Amicactenus_pergulanus

Spinoctenus_yotoco_GH2027

Caloctenus_albertoi_GH8007

Cambridgea_sp.

Macroctenus_nimba

Amicactenus_fallax

Ctenus_sp_GH2058

Phanotea_digitata

Myrmecicultor_chihuahuensis

Piloctenus_pilosus

Ctenus_inaja_GH2044

Leptoctenus_gertschi_GH2016

Molycria_broadwater

Callobius_nevadensis
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Leucauge venusta

Menneus camelus

Hersilia sericea

Stegodyphus lineatus

Penestomus egazini

Cybaeodamus ornatus

Forsterella faceta

Polybetes pythagoricus

Damastes sp

Heteropoda venatoria

Callobius nevadensis

Amaurobius fenestralis

Amaurobius ferox

Callobius bennetti

Cicurina sp

Agelenopsis pennsylvanica

Coelotes antri

Calymmaria sp

Cybaeus daimonji

Cybaeus sp DP-2014

Cybaeus giganteus

Cybaeus reticulatus

Cycloctenus sp

Cycloctenus westlandicus

Neoramia setosa

Stiphidion facetum

Stiphidion sp

Amphinecta luta

Badumna sp

Paramatachia sp

Desis formidabilis

Corasoides sp

Cambridgea sp

Cambridgea sp CG97

Homalonychus selenopoides

Dictyna latens

Dictyna major

Myrmecicultor chihuahuensis

Rebilus bulburin

Lampona murina

Molycria broadwater

Trachelas tranquillus

Camillina calel

Cesonia bilineata

Apostenus sp

Clubiona consensa

Clubiona terrestris

Hibana sp

Amaurobioides africana

Oxysoma saccatum

Philisca huapi

Cheiracanthium mildei

Cheiracanthium sp

Teminius insularis

Falconina gracilis

Nyssus cf coloripes

Odo bruchi

Xenoctenus sp

Apollophanes sp

Apollophanes

Tibellus chamberlini

Mituliodon tarantulinus

Argoctenus sp

Zora spinimana

Plexippus paykulli

Habronattus borealis

Habronattus rufescens

Habronattus sp

Donuea sp

Selenops insularis

Odo abudi

Viridasius sp DP-2014a

Vulsor sp SCC-2010

Vulsor isaloensis

Vulsor sp CG29

Viridasius sp SD586

Mahafalytenus sp

Viridasius sp DP-2014b

Raecius asper

Zorodictyna sp DP-2014a

Uduba sp CG301

Uduba sp DP-2014

Zoropsis spinimana

Zorocrates fuscus

Titiotus sp

Tengella radiata

Tengella sp

Kilyana hendersoni

Uliodon sp

Austrotengella toddae

Phanotea digitata

Griswoldia acaenata

Griswoldia disparilis

Senoculidae sp 32

Senoculus cf iricolor

Hamataliwa sp

Oxyopes heterophthalmus

Oxyopes lineatipes

Oxyopes birmanicus

Oxyopes sp

Misumenoides sp

Xysticus bimaculatus

Australomisidia ergandros

Amyciaea sp MR389

Lehtinelagia evanida

Misumenoides formosipes

Xysticus sp

Tmarus piger

Tmarus sp

Architis capricorna

Architis brasiliensis

Thaumasia heterogyna

Thaumasia hirsutochela

Thaumasia velox

Nilus esimoni

Pisaura lama

Pisaura mirabilis

Pisaurina mira

Sphedanus cf banna

Dolomedes sp

Dolomedes angustivirgatus

Dolomedes aquaticus

Dolomedes fimbriatus

Neoctenus comosus

Neoctenus sp GH2056

Barrisca nannella

Paradossenus longipes

Trechalea sp GH2057

Paratrechalea ornata

Trechalea bucculenta

Cupiennius bimaculatus GH2059

Cupiennius cf granadensis

Cupiennius salei

Cupiennius salei 2

Aglaoctenus lagotis

Sosippus placidus

Allocosa brasiliensis

Alopecosa kochi

Rabidosa rabida

Schizocosa malitiosa

Draposa tenasserimensis

Pardosa pseudoannulata

Pardosa albomaculata

Pardosa astrigera

Pardosa prativaga

Fecenia protensa GH2060

Fecenia

Fecenia sp

Psechrus cebu

Psechrus sp Pulau

Psechrus sp PS9

Psechrus clavis

Psechrus senoculatus

Chococtenus miserabilis GH2796

Phymatoctenus sp GH8004

Caloctenus albertoi GH8007

Isoctenus sp

Character 1: Eye Pattern

Parsimony reconstruction 

(Unordered) [Steps: 13]

Two rows
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Agelenopsis
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Oxyopidae
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Lycosidae


	 Abstract
	 Intro�duc�tion
	cla12518-fig-0001
	cla12518-fig-0002

	 Mate�rial and meth�ods
	 Taxon sam�pling
	cla12518-fig-0003
	 DNA meth�ods
	 Phy�lo�ge�netic anal�y�ses
	 Eye con�for�ma�tion evo�lu�tion
	cla12518-fig-0004

	 Results
	 Phy�lo�ge�netic anal�y�ses
	cla12518-fig-0005
	 The age of Ctenidae and its main lin�eages
	 Evo�lu�tion of ocu�lar pat�terns

	 Dis�cus�sion
	cla12518-fig-0006

	 Sys�tem�at�ics
	cla12518-fig-0007
	cla12518-fig-0008
	cla12518-fig-0009
	cla12518-fig-0010

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Data availability statement
	 REFERENCES
	cla12518-bib-0161
	cla12518-bib-0001
	cla12518-bib-0002
	cla12518-bib-0003
	cla12518-bib-0004
	cla12518-bib-0005
	cla12518-bib-0006
	cla12518-bib-0007
	cla12518-bib-0008
	cla12518-bib-0009
	cla12518-bib-0010
	cla12518-bib-0162
	cla12518-bib-0011
	cla12518-bib-0012
	cla12518-bib-0014
	cla12518-bib-0015
	cla12518-bib-0016
	cla12518-bib-0017
	cla12518-bib-0018
	cla12518-bib-0019
	cla12518-bib-0020
	cla12518-bib-0021
	cla12518-bib-0022
	cla12518-bib-0023
	cla12518-bib-0024
	cla12518-bib-0025
	cla12518-bib-0026
	cla12518-bib-0163
	cla12518-bib-0164
	cla12518-bib-0027
	cla12518-bib-0028
	cla12518-bib-0029
	cla12518-bib-0157
	cla12518-bib-0030
	cla12518-bib-0031
	cla12518-bib-0032
	cla12518-bib-0033
	cla12518-bib-0034
	cla12518-bib-0035
	cla12518-bib-0036
	cla12518-bib-0037
	cla12518-bib-0038
	cla12518-bib-0039
	cla12518-bib-0040
	cla12518-bib-0041
	cla12518-bib-0042
	cla12518-bib-0043
	cla12518-bib-0044
	cla12518-bib-0045
	cla12518-bib-0046
	cla12518-bib-0158
	cla12518-bib-0047
	cla12518-bib-0049
	cla12518-bib-0050
	cla12518-bib-0051
	cla12518-bib-0159
	cla12518-bib-0052
	cla12518-bib-0053
	cla12518-bib-0054
	cla12518-bib-0055
	cla12518-bib-0056
	cla12518-bib-0057
	cla12518-bib-0058
	cla12518-bib-0059
	cla12518-bib-0060
	cla12518-bib-0061
	cla12518-bib-0062
	cla12518-bib-0063
	cla12518-bib-0160
	cla12518-bib-0064
	cla12518-bib-0065
	cla12518-bib-0066
	cla12518-bib-0067
	cla12518-bib-0068
	cla12518-bib-0069
	cla12518-bib-0070
	cla12518-bib-0071
	cla12518-bib-0072
	cla12518-bib-0073
	cla12518-bib-0074
	cla12518-bib-0075
	cla12518-bib-0076
	cla12518-bib-0077
	cla12518-bib-0078
	cla12518-bib-0079
	cla12518-bib-0080
	cla12518-bib-0081
	cla12518-bib-0082
	cla12518-bib-0150
	cla12518-bib-0151
	cla12518-bib-0152
	cla12518-bib-0083
	cla12518-bib-0084
	cla12518-bib-0085
	cla12518-bib-0086
	cla12518-bib-0087
	cla12518-bib-0088
	cla12518-bib-0089
	cla12518-bib-0153
	cla12518-bib-0090
	cla12518-bib-0154
	cla12518-bib-0091
	cla12518-bib-0092
	cla12518-bib-0093
	cla12518-bib-0094
	cla12518-bib-0095
	cla12518-bib-0096
	cla12518-bib-0097
	cla12518-bib-0098
	cla12518-bib-0099
	cla12518-bib-0100
	cla12518-bib-0155
	cla12518-bib-0102
	cla12518-bib-0103
	cla12518-bib-0104
	cla12518-bib-0106
	cla12518-bib-0107
	cla12518-bib-0109
	cla12518-bib-0111
	cla12518-bib-0112
	cla12518-bib-0113
	cla12518-bib-0114
	cla12518-bib-0116
	cla12518-bib-0156
	cla12518-bib-0117
	cla12518-bib-0118


