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Abstract

Traits that independently evolve many times are important for testing hypotheses about correlated evolu-
tion and understanding the forces shaping biodiversity. However, population genetics processes can cause
hemiplasies (traits determined by genes whose topologies do not match the species tree), leading to a false im-
pression of convergence (homoplasy) and potentially misleading inferences of correlated evolution. Discerning
between homoplasies and hemiplasies can be important in cases of rapid radiations and clades with many
gene tree incongruences. Here, focusing on two-clawed spiders (Dionycha) and close relatives, we evaluate

if the observed distribution of characters related to a web-less lifestyle could be better explained as synapo-
morphies, homoplasies, or hemiplasies. We find that, although there are several convergences, hemiplasies

are also sometimes probable. We discuss how these hemiplasies could affect inferences about correlation and
causal relationship of traits. Understanding when and where in the tree of life hemiplasy could have happened
is important, preventing false inference of convergent evolution. Furthermore, this understanding can provide
alternative hypotheses that can be tested with independent data. Using traits related to the climbing ability

of spiders we show that, when hemiplasy is unlikely, adequate model testing can be used to better under-
stand correlated evolution, and propose hypotheses to be tested using controlled behavioral and mechanical
experiments.
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One of the goals of evolutionary biology is to study the processbe most striking features of spiders and a target of many evolu-
leading to the observed patterns of trait distribution acrodsomaxgstudies (Bond et al. 2014, Garrison et al. 2016, Fernandez 2
Several approaches can be used to achieve this goal, from ances&lal2018, Coddington et al. 2019, Kallal et al. 2020), about halfg
character reconstruction to more complex phylogenetic compasttipieler species do not use webs for catching prey. This alterna- %
methods (PCM; Adams and Collyer 2019, Felsenstein 1985, Petivellweb-less hunting style might have led to several changes in tffe
and Harmon 2013). Ancestral state reconstruction methods cambeptology and ecology of web-less species (Wolff et al. 20&3,
in discerning homoplasies (traits with similarities in structure a2@21). Dionycha is one group of spiders that is an appealing targe%
function due to convergent evolution) from homologies (traits fior the study of phenotypic traits related to this life without capture
herited from a common ancestor), as well as detecting caveddated
evolution of traits (Maddison 1990; Pagel 1994, 1999a). RegardleBdonycha is a clade that includes 20 families and comprises abé;ut
of the approach used, all methods rely upon a reasonable knowsl@¥gef all described spider species (WSC 2021). The term D|onycl§a
of phylogenetic relationships. means ‘two claws’, a characteristic that has been thought to be @
Recent advances in molecular biology allow for the estimatisynapomorphy of the group, together with the presence of a claw
of robust phylogenetic hypothesis based on genomic scaleufatd tenent (adhesive) setae (Ramirez 2014). Both the loss of in§
(Faircloth et al. 2012, McCormack et al. 2013, Zhang et al. 201f@rior claws and the presence of claw tuft setae (CTS) are also fou<ﬂd
Young and Gillung 2020). In addition to providing more rafbusény other spiders with a wandering lifestyle, which may indi- Q
phylogenetic hypotheses, phylogenomic studies also bring datégatsonvergent adaptation for walking on smooth surfaces rath@r
about how molecularevolutionand populationgeneticspro- than on silk threads (Lehtinen 1967, Coddington and Levi 19§1,
cesses are linked to systematics and trait evolution (Zachos 2@08jdington 2005, Wolff et al. 2013). Nevertheless, the remarkable(;
Hahn and Nakhleh 2016, Guerrero and Hahn 2017, Bastide et aliversity of structures associated with the claw tuft of tenent setae>|n
2018, Mendes et al. 2018, Hibbins et al. 2020, Wang et al. 202dibnychans suggests that those traits may have played an |mportﬂ1t
One concept that emerged from these theoretical advancementésin diversification (Wolff et al. 2013, Ramirez 2014, Labarque 3
hemiplasy (Avise and Robinson 2008). Although the term itselfasal. 2017). For instance, some dionychans have a movable plategn
relatively recent, the process that it describes has been knownféorthe attachment of the CTS, but in many others, this plate is abd3
a decades (Throckmorton 1965, see also Maddison and McMatsent, and the setae are attached immovably to the cuticle. Howevar,
2000 and references therein). Hemiplasy can be defined as traithdebeen hypothesized that spiders that lost the movable plate of
termined by genes whose topologies do not match the speciesttreelaw tuft evolved a claw tuft clasping mechanism (CCM) as an
causing a false perception of homoplasy (Avise and Robinson 20f@8native means to facilitate the detachment of the adhesive seta
Zachos 2009, Hahn and Nakhleh 2016, Wu et al. 2018). This fa[Ramirez 2014). It has also been suggested that the presence of folds
homoplasy could consequently mislead conclusions about éeohibs) on the basal part of the claw tuft setae is a preadaptation
tionary processes like false convergences and correlated evolutigrortant for the origin of the CCM in Dionycha (Ramirez 2014,
Distinguishing between homoplasy and hemiplasy is especiallyAzeedo et al. 2018).
vant in cases of rapid radiations (Parins-Fukuchi et al. 2021). Morphological characters related to the eyes might have also con-
Spiders represent a clade with many examples of rapid radiator®d to the success of some dionychan spiders in a new wandering
that present a high diversity of morphological, behavioral, andlgestyle. Spiders can have a reflective layer in the eyes called the tap-
logical traits interesting for character evolution studies (Bond &tdm, which, in some spiders, functions as a compass organ (Dacke
Opell 1998, Vizueta et al. 2019, Crews et al. 2020, Berger et ale2821999). Some dionychans possess an oblique median tapetum
Dimitrov and Hormiga 2021). Although the capture web is one (@MT), shown to be very efficient for orientation at certain times
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of the day (Dacke et al. 1999, 2001; Mueller and Labhart 2010fhis state may have a different likelihood if one wants to know how
Lastly, Dionycha spiders present a huge diversity of spinning ofig@aieharacter changed from one node to another (i.e., the joint like-
(Platnick 1990, Ramirez 2014) in spite of being web-less huntelifood, or the likelihood conditional on previous and next states
suggesting that there is still much to learn about the evolution(®ugiko et al. 2000, Ishikawa et al. 2019). This means that the most
use, its properties, and functions. One interesting modificationlielgereconstruction on a node may not necessarily coincide with
spinning organs of some two clawed spiders is the enlargementhantost likely history of character change in the tree (Pagel 1999b,
elongation of the base of a silk gland spigot (opening of the gldhgbko et al. 2000, Felsenstein 2004). To test different scenarios of
called piriform (Platnick 1990, Ramirez 2014). This modificatioohafracter change, we fixed the states in the internal nodes to rep-
the piriform gland spigot (Pi) is likely related to the use of the sitkdntdifferentscenariosand comparedthe probabilitieswith
actively immobilize prey (Wolff et al. 2017, Baydizada et al. 20B&yes Factors. Alternative scenarios were chosen to represent a
The understanding of the evolution of the aforementioned tdigsacter state as a synapomorphy of Dionycha, a plesiomorphy
was previously hampered by the lack of a stable phylogenetic lmy-Dionycha, or a convergence inside Dionycha and/or between
pothesis for Dionycha (Ramirez 2014, Wheeler et al. 2017). A ®@ionycha and outgroups (Supp Figs. 1-4 [online only]). All Bayesian
cent analysis of Dionycha using genomic and morphologicahalp$as were run in BayesTraits v3 (Pagel and Meade 2017) withg
(Azevedo et al. 2022b) further clarified the phylogeny for this g®d©,000 MCMC iterations, sampling each 1,000, with burn ig
However, the amount of gene tree discordance in many kparobdesf 10,000 iterations. Marginal likelihoods were calculated
suggests that population level processes could have led to hemijitastiEpping stones (Xie et al. 2011) with 100 steps with 10000
evolution for some characters. The aim of this paper is, therefaterations each.
to use the phylogeny of Azevedo et al. (2022b) as a framework to
further explore the evolution of those traits related to web-less life-
style. Specifically, we tested whether the evolution of thePifgbadility of Hemiplasy
claw, the CTS, the OMT, and the base of Pi could be explained Bsing simulationswe evaluatedthe probabilityof hemiplastic
synapomorphieshomologies)plesiomorphieshomoplasiespr scenarios (Avise and Robinson 2008, Hahn and Nakhleh 2016) for®
hemiplasies. We discuss how possible hemiplasy would inftbernoéerior claw, CTS, OMT, and Pi. Hibbins et al. (2020) proposedcgD
our understanding of the role of web-less lifestyle characteristiasnarydto estimate the probability of hemiplasy using simulations. g'
their possible association with the studied traits. After excludinth#iemethod requires a character mutation rate (which might be .5
hemiplasy possibility for some traits, we tested for coevolutiondifferent from the nucleotide mutation rate). The character mutati@n
tween the movable base of the CTS and the CCM, and betweerrdbeis unknown for most characters and taxa. One option is to usé
CCM and the shape of the base of the CTS. a general nucleotide substitution rate as the character mutation ra&e,
consequently assuming that the traits are controlled by a single s&_b-
stitution in one gene (Hibbins et al. 2020). However, many discret%
Material and Methods complex polymorphic phenotypes are known to be controlled Sy
Data multiple linked functional loci and epistatic mutations (see Llaurens

) . . .
We used the trees, genomic matrices, and morphological etéatlfiigsl7'Jamle r?md Meler.2020 and references therein), meanirig
[’% _the substitution rate is not a good proxy for the charadﬁ’;er
c
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published by Azevedo et al. (2021) and available on FigShare : o O >
10.6084/m9.figshare.14977185). Matrices were trimmed to con Sinde rate. Another F’ml?'em highlighted by Hlbb',ns _Et a!. (2020)8
. ) ... 1S that for some combinations of trees, character distribution, and &

only the characters of interest for each analysis. The modified ma- ) . ~
tnegr only a small number of simulated trees will match patterns

: . : . T
Eggl:ai(\)A./g:)l;:/ggfcit;;r:i;iré%t%%s;ezd).here are available on FI%%se'rved data, hampering an accur.ate estimation of the probabilig).
Given these problems and especially because we have no kn0\i§
ledge about the underlying genetic architecture of the traits analyzed
Scenarios of Character Evolution (and consequently we do not know the character mutation rate), v
We used a Bayesian framework to estimate the evolution of theried two different approaches. First, we used a simple approach that
ferior claw, the CTS, the OMT, and the elongation of Pi base. Alloes not rely on character mutation rates, equivalent to a parsimdfly
transition rates were free to vary in the Markov model. As (1) astimization where the branch lengths and rates are not accounteg
focus is on estimating ancestral states (i.e., rates are nuisancefpaiming ancestral state reconstruction. This approach assumes that
eters) and the available models cannot reliably estimate the staterobability of gene trees yielding hemiplastic scenarios given &
and rates (Gascuel and Steel 2020), and (2) the single and twospaigss tree is a proxy for the probability of hemiplasy. It also ass%nes
models are submodels of the all different rates (Mooers and Sdallattehe morphological character is controlled by one gene or sevéral
1999), a Bayesian framework with all rates free to vary seemefiriked genes. This assumption is reasonable since discrete, complex
propriate. This approach allows the ancestral states to be estimadgshological traits exhibiting polymorphism are usually controlled
integrating over all possible rate values, and therefore accountsyfetupergenes (Llaurens et al. 2017, Jamie and Meier 2020). We used
errors in the estimation of rates (Pagel et al. 2004). The frequeDeyidoPy to simulate the evolution of 50000 gene trees under the
each state may also influence estimation and be biased when dwrsored coalescent model using a pruned working hypothesis tree
are very rare states (Collins et al. 1994). Therefore, usingqaBayegested by Hibbins et al. 2020). Branch lengths were estimated
Factors, we tested a model which uses the empirical state frequw@hCXSTRAL in coalescent units using the curated UCE data from
against a model that does not account for the frequency of stafemvedo et al. (2022b). Gene trees were estimated in IQTREE v1.6.2
We aimed to identify the specific history of character ¢Ngongen et al. 2015) using MODELFINDER (Kalyaanamoorthy
throughout the Dionycha tree (i.e., how and where the chetratte017) with -mset mrbayes options for finding best substitu-
states changed). The ancestral reconstruction usually shows thgokikenodels. The ASTRAL tree was ultrametricized using the R
lihood of a state in a determined node integrating over all posgilhetion force.ultrametric(tree, method=‘extend’) in phytools. This
states in the other nodes (marginal likelihood of a state). Howaviethod does not change the internal branch lengths, which are more
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important for our simulations given that we only have oneenydbw compared to others. This model was set in BayesTraits and
vidual per species. The frequency of gene trees placing tacampétted to a model in which all traits are independent from each
characters of interest in monophyletic groups was taken as a gaeralq, = q,, 9,5 = G, 9,, = G;ds; = G,). For simplicity, we set
approximation of a probability of hemiplasy. Only a few hemipkttiates relative to the rate of the gain of a fixed, bage £qgl1).
scenarios of most interest were evaluated in a pruned simplified tfee second hypothesis of correlated evolution is that the folds
(Supp Fig. 5-8 [online onlyl), since the evaluation of all dosgilb® on the base of the tuft setae are a preadaptation important
scenarios is unfeasible. for the origin of the CCM in Dionycha (Ramirez 2014, Azevedo
The second approach relies on approximating etal.2018). If true we would expect that: (1) the CCM gain is de-
the marginal likelihood of the hemiplasy scenarios as pendent on the presence of rigs(@, g, # q,); (2) the ribs gain
P(D|S) = ;4o P(D| Ge) P(Ge|S)dGie. Here D is the char- occurs before the CCM gain, i.e., dependent on the absence of CMM
acter matrix, S is the species tree with branch lengths in coale¢ggnt 0, g # g,); (3) the rate of CCM gain when the ribs are absent
units, P(D|G,) is the likelihood of the data given a distribution of zero (g = 0); (4) the rate of the ribs gain when the CCM is present
gene trees (with branch lengths) and substitution rates that refredso zero (g= 0); (5) the rate of the CCM loss when the ribs are
sent hemiplastic scenarigg),(@nd P(G,|S) is the prior prob- presentis low compared to its loss when the ribs are ahsent (g
ability of the homoplastic gene trees under the censored coalegggnt6) ribs loss is independent on the CCM stateg(dooth set
model. This is similar to the ‘Felsenstein equation’ proposed eddi&rfor simplicity). Alternatively, the ribs could be an optimizationg
(Felsenstein 1981, Hey and Nielsen 2007, Bryant et al. 2012), battan enhanced clasping mechanism, dependent on CCM presencgr
instead of integrating over all gene trees generated by the @pseids this case, the model matrix would be the opposite of the
tree, it integrates only over the gene trees that would represergraadaptation model; & 0,¢,=0,¢,>0,9,>0, ¢, =g, =1, e
homoplastic scenario. For each of the previous simulated genegireeg],. These two models were compared to an independent ratez
(g9) belonging to the G we calculated P(D]gising the rate that model as above. Since hemiplasies might mislead the interpretatién
maximizes the likelihood of that gene tree, using an equal transftewmrelated evolution we assessed the probability of hemiplasiesﬁn
Markov model in BayesTraits. The prior probabilities of each ge&hase characters as explained above and found that they are unll@ly
tree were calculated with STELLS2 (Pei and Wu 2017). We assussedResults below).
that the simulated gene trees with their maximum likelihood rates
are a good approximation of the prior probability density of the dis-
tribution of gene trees and rates. We are aware that this assunfp@smlts
might not hold given the possible variance of distribution of geﬂﬁﬁestral Character Reconstruction
and rates. However, this way we can account for unknown rat
evolution marginalizing over a distribution of likely values for e
gene tree. We stress that we are assuming a trait substitution F,at t
can be different from the nucleotide substitution rate, thereforeswe Table 1 [online only]).
y
are making no assumptions about the genetic basis of the mutat| h
en testing for joint probabilities of different histories ofm
(i.e., one or several epistatic nucleotide mutations). As before, Je are

arac er changes in the tree, the scenario that shows the I@s o]
also assuming that the trait is determined by either one or seve P
linked genes. nferior claw as a synapomorphy of Dionycha with convergences na;

Th | likelihood of h | lculated i Sparassidae Bertkau, 1872, Myrmecicultoridae Ramirez, Gr|smad0§
e marginal likelihood of homoplasy was calculated in %{bick, 2019 and inside OCC are significantly more likely than g‘o

similar way, but considering only gene trees that would i ¥ <cenarios tested (Fig. 1, Supp Fig. 1 [online only]). TheUtest

0
homoplasy. The probability of hemiplasy was then CaICUIatefda?ternatwe scenarios of CTS evolution suggests that the té\ent

P(Hemiplas MarginalLikelihood Hemiplasy A thon
( plasy) 5 Marg. Lik. Hemiplasy+MargLik. Homoplasy * Py eta is most likely a synapomorphy of Dionycha, with losses in the-n(;)

script that separates trees into hemiplasy and homoplasy scenario
P3up and convergences in the outgroup (Fi 2, Supp Fig. 2 [ong
prepares the input for BayesTraits and STELLS2, and comblne tﬁ P 9 group (Fig. pp Fig. 2 [ S

| Th t likel for the OMT ts that it
outputs, and calculates the probabilities of hemiplasy and homo (? Qpiyl). The most likely scenario for the stggests that | &

ose convergently in Myrmecicultoridae, Prodidominae Slmon
is available on FigShare (DOI: 10.6084/m9.f|gshare.16673872)1884 Trachychosmus Simon, 1893 and in the most recent comm®

ancestor of Gnaphosidae Banks, 1892 and Trachelidae Simon, 1892}
(Fig. 3, Supp Fig. 3 [online only]). The most likely evolutionary sceﬁ

Correlated Evolution
for the Pi b I ti th the phyl .
We used a Bayesian framework with BayesTraits (see Menezesaglod or the Pi base elongation was three gains in the phylogeny (Fg

Santos 2020) to test for the correlated evolution of characters usmgpp Fig. 4 [online only]). S

models that account for correlated character changes (Pagel 1994).

We were interested in two specific hypotheses, the first being fh@Miplastic Scenarios

the CCM evolves after the loss of a movable claw tuft plate as ®ur simulations that do not consider rates of character changes sug-

means to facilitate the detachment of the adhesive seta @esinftleat there is a reasonable probability that the loss of the i

2014). Some possible expectations of this hypothesis are that:fgrjathelaw might be a hemiplastic condition between Thomisidae

rate of CCM gain/losses would be dependent on the state of th&toftevall, 1833 and Ctenidae Keyserling, 1877 (14%) or between

plate (parameters & q,; g, # G, See Supp. Material Appendix Zoropsidae Bertkau, 1882 (Uliodon L. Koch, 1873) and Thomisidae

1 [online only]); (2) the rate of CCM gain when the plate is abséht), with a lower probability (4.6%) betweenZoropsidae

would be higher than the rate of gain when the plate is prgsentitjodon) and Ctenidae (Fig. 1, Supp Fig. 5 [online only]). The prob-

> g,); (3) the CCM gain when the plate is absent would be high@bility of at least one of these events is 25.65%. There is a small

than the CCM loss when the plate is absgnt (@); (4) the gain/ chance (4.2%) that the OMT can be explained by hemiplasy in

loss of movable plate are independent of the CMM:(%a and Myrmecicultoridae and Prodidomidae Simon, 1884 (Fig. 3, Supp
,, = q5); and (5) the CCM gain when the plate is present wouldFie 6 [online only]), and the probability of at least one event of

)
<]
=
3

UBpsywos dno-ojwa

ehmodel which includes an empirical state frequency as a parang
ad a better fit for the inferior claw, CTS, and for the base of &
he OMT the best model does not include state frequencies
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Fig. 1. The evolution of the inferior claw of Dionycha and outgroups. (a) Most probable hypothesis of character evolution. Ancestral states of the
represented by gray scale dots (see online version for colors). Shades of gray on the taxon names represents the state on that terminal (see online version
for colors). Marginal log-likelihood of this hypothesis: —31.27. Marginal log-likelihood of the second-best hypothesis (see Supp Fig. 3 [online only]): —34.21.
Log Bayes Factor = 2.94. (b) Species tree (thick grey branches) with example of an embedded gene tree that would result in hemiplastic evolution. Hemiplasy
between Thomisidae and Ctenidae (marked with *) has a probability of 0.14. Shades of gray represents the states at the gene tree branches and terminals (see
online version for colors). (c) Scanning electron microscopy (SEM) of the tarsus of Pimus (Amaurobiidae) showing the presence of an inferior claw (arrow). (d)
SEM of the tarsus of Cupiennius (Trechaleidae) showing the reduced inferior claw. Image by Jonas Wolff. (e) SEM of the tarsus of Rebilus (Trachycosmidae)

showing the absence inferior claw.
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hemiplasy occurring is only 4.9%. There is a relevant prolsahb#ié&y and the ancestral condition in Thomisidae is pseudotenent
(5.34%) that the enlargement of Pi base may have occur(&nblyez 2014) we find the same probabilities as for the inferior

hemiplasy between Hypodrassodes Dalmas, 1919 and molycriidiasr mentioned above (Supp Table 2 [online only]).

(Fig. 4, Supp Fig. 7 [online only]); the probability of at leastUsing our approach to integrate over a distribution of pos-

hemiplasy event occurring is only 5.4%.

sible rates and gene trees, we found that the probability of at least

For the CTS, if we consider the pseudotenent condition (setame event of hemiplasy (i.e., total hemiplasy or combinations of
with acute tip and enant barbs loosely organized (Ramirez 201d@imiplasy and homoplasy) in the OMT and loss of inferior claw
as a regular (or frictional, see Wolff et al. 2013) seta we find thatitased to 43.6% and 20.3%, respectively (Supp Table 2 [online
is very unlikely that CTS evolution included hemiplasy (Supp Tahlgl). These probabilities are much higher than probabilities found
2 [online only]). However, if the pseudotenent is considered a teitbotit considering the substitution rate. The probability of the CTS
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Thomisidae*
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Fig. 2. The evolution of claw tuft setae (CTS) of Dionycha and outgroups. (a) Most probable hypothesis of character evolution. Ancestral states of the nodes
represented by gray scale dots (see online version for colors). Shades of gray on the taxon names represents the state on that terminal (see online version

for colors). “**" marks collapsed clades in which there are representatives with pseudotenent seta. (Thomisidae; green * in online colored version), or without
tenent setae (Gnaphosidae; red * in the online colored version). Marginal log-likelihood of this hypothesis: —71.61. Marginal log-likelihood of the second-best
hypothesis (see Supp Fig. 3 [online only]): —=74.77. Log Bayes Factor = 3.16. (b) SEM of the tarsus of Pimus Chamberlin, 1947 (Amaurobiidae Thorell, 1870)
showing the absence of CTS. (c) SEM of the tarsus of Uliodon (Zoropsidae) showing the CTS composed by pseudotenent setae. (d) SEM of the tarsus of Donuea
sp. (Corinnidae Karsch, 1880) showing the CTS composed by tenent setae. (e) Example of possible hemiplastic scenario if the pseudotenent seta of Uliodon is

considered equivalent to a tenent setae.
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when considering the ancestral state in Thomisidae as tenent iar@%n accordance with expectations for the hypothesis that the
All other characters tested presented an insignificant probabilitfasping mechanism evolved to facilitate detachment of the adhe-
hemiplasy (Supp Table 2 [online only]).

Correlated Evolution

sive setae when the base that supports the CTS is not movable
(i.e., plate is absent). The tests and estimated rates also significantly
support the hypothesis that the folds on the base of the tuft setae

are a preadaptation for the clasping mechanism (Fig. 6), and reject

We found significant evidence for correlated character evdh#ibgpothesis that ribs could be an optimization for an enhanced

in both systems tested. The gain of CCM is correlated witbladpng mechanism (Supp Fig. 9 [online only]). The hemiplastic
evolution of the movable plate of CTS, and it is much more likedgenarios tested for CCM, the tuft plate, and the shape of the setae
to happen when the movable plate is lost (Fig. 5). The loss of thkow probabilities less than 4% if rates are not considered and less
CCM is less likely when the plate is absent (Fig. 5). Rate estimatem 0.1% when rates are used (Supp Tables 3-6 [online only]).
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Fig. 3. The evolution of the tapetum on the median eyes of Dionycha and outgroups. (a) Most probable hypothesis of character evolution. Ancestral states of t
nodes represented by gray scale dots (see online version for colors). Shades of gray on the taxon names represents the state on that terminal (see online versigg
for colors). Marginal log-likelihood of this hypothesis: —24.91. Marginal log-likelihood of the second-best hypothesis (see Supp Fig. 3 [online only]): —35.11. =
Log Bayes Factor = 10.2. (b) Species tree (grey bars) with example of an embedded gene tree that would result in hemiplastic evolution. Hemiplasy between W
Myrmecicultoridae and Prodidomidae (marked with *) has a probability of 0.042. (c) Photo of the prosoma of Falconina Brignoli, 1985 (Corinnidae) showing the %
parallel median tapetum of the posterior median eyes (photo credit: Cristian Grismado). (d) Photo of the prosoma of Lampona Thorell, 1869 (Lamponidae Simo%

1SN

1893) showing the oblique median tapetum (OMT) of the posterior median eyes. 3
g

N

Discussion absence of the inferior claw is also observed in many species thatQ
possess a claw tuft of tenent setae (Ramirez 2014, Labarque et al™

The Evolution of the Inferior Claw and Claw Tuft 2017)
Our results strongly support the loss of the inferior claw as a synaﬁqé claw tuft was also found here as a synapomorphy of

morphy of Dionycha, but with convergences in the outgroup (Fig, 1) chans with losses inside the clade and convergences with some
Reversal to the three-clawed condition is unlikely to have happ&r@ oups (Fig. 2). Besides its prime role in adhesion to smooth sur-
in our dataset. This could mean that the expression of the thquté?éggv’ the claw tuft may also help with prey capture (Rovner 1978,

might have a complex genetic basis that makes re-evolution u’ib'%y.'The claw tuft of tenent seta might be thought of as a key

or that having two claws might have been advantageous if theiﬁﬂmtion in the radiation of Dionycha, providing an efficient tool

doesn'F need to walk on silk threads. The inferior claw. is ) é)?HQ)re habitats such as shrubs, trees, leaves and smooth rocks,
nonarticulated structure (Labarque et al. 2017) used by Sp'derévah a lifestyle independent of webs (Wolff et al. 2013). It would
manipulate silk threads (Eberhard 2017) and it could hinder 1060:jnteresting to investigate whether the loss of the adhesive setae
motion outside the web, increasing friction on rough surfaces (IWI%Iﬁft have some adaptative explanation. Wolff et al. (2013) pro-
.and Gorb 2012). In fact itis oblserved that the inferior claw is a}?&?@& the adhesive setae might be costly and that sometimes costs

in many vagrant spiders (Ramirez 2014, Labarque et al. 2017)oaﬂﬁeighs advantage, leading to a loss of the character. In the case of
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Fig. 4. The evolution of the base of the piriform spigot (Pi) of Dionycha and outgroups. (a) Most probable hypothesis of character evolution. Ancestral states of]
nodes represented by gray scale dots (see online version for colors). Shades of gray on the taxon names represents the state on that terminal (see online versi
for colors). Marginal log-likelihood of this hypothesis: —24.42. Marginal log-likelihood of the second-best hypothesis (see Suppl Fig. 3 [online only]): —32.69.
Log Bayes Factor = 8.27. (b) Species tree (grey bars) with example of an embedded gene tree that would result in hemiplastic evolution. Hemiplasy between
Myrmecicultoridae and Prodidomidae (marked with *) has a probability of 0.05. (c) SEM of the anterior lateral spinnerets of Apodrassodes (Gnaphosidae)
showing the piriform base as long as the shaft (normal size). (d) SEM of the anterior lateral spinnerets of Hypodrassodes (Gnaphosidae) showing the piriform
base much longer than the shaft (elongated).
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ground-dwelling spiders (e.g., gnaphosids, liocranids, gallieniellgggesentatives of the OCC) are still contentious and (3) there is Sé-ll
trochanteriids) where several losses of claw tuft occurred, the oowggling debate on how to use webs as a character and how this i%
ness of relevant walking surfaces might interfere with adlfasioies ancestral state reconstruction (Bond et al. 2014, Hormiga>
(Wolff and Gorb 2012), increasing cost. and Griswold 2014, Garrison et al. 2016, Fernandez et al. 2018,
The repeated instances of losses and gains of the inferior cl@addington et al. 2019, Kallal et al. 2020). Here we found another
and the claw tuft of tenent setae suggest that these characterpossgibte complication: the possibility that those characters represent
have evolved as a biomechanical solution to their hunting lifeshdmiplasies in some parts of the tree.
and habitats. In fact, metanalyses suggest that specialized setae ®me of the possible instances for hemiplasy is on the basal nodes
spider feet (scopulae and claw tufts) could be seen as a ‘greatailkhal-OCC (Figs. 1 and 2). If a web-less lifestyle is the condition on
ternative’ (Wolff et al. 2013). Although the association betweethddasal nodes, it would imply that the ancestral population of the
tuft and/or loss of third claw with the web-less behavior seemsQ@€ywas polymorphic for inferior claw and that this polymorphism
strong, the hypothesis of causal relationship between those cher@zmaintained in a web-less population for a long time. This could
ters is difficult to test for three reasons: (1) methods available megan that the inferior claw was not under selective pressure imparted
bias toward finding significant relationships when there arbyridastyle. It has been noted that juveniles of Ctenus Walckenaer,
(Maddison and Fitzjohn 2015, Uyeda et al. 2018; see below); ()8t Phoneutria Perty, 1833 (both Ctenidae Keyserling, 1877), and
phylogenetic placement of some key web-builder families (incl§ditigidae Blackwall, 1841 (Dionycha) have the third claw, which is
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Fig. 5. Model of correlated evolution of the claw tuft clasping mechanism (CCM) and the claw tuft movable base. Cartoon circles at corners represent the stat:
and arrows represent the transition rates (parameterof the model) between states. Arrows are weighted by their relative values near them, which represents
the mean of the posterior distribution. The central panel shows the posterior distribution of each rate, which is represented by a gray tone that corresponds to
the respective arrow gray tone (see online version for colors). The numbers near the cartoon circles show the frequency of that state in the dataset (excluding
missing data). The bottom SEM images show the tip of the tarsus as an example for two of the states (linked by lines). Bottom left: Chileuma Platnick, Shadab
& Sorkin, 2005 (Prodidomidae); arrow points to the CCM. Bottom right: Rebilus (Trachycosmidae Platnick, 2002); arrow points to the claw tuft movable base.
Marginal log-likelihood of this model: —53.74. Marginal log-likelihood of the independent model: —55.43. Log Bayes Factor: 1.69.

absent in the adults (Homann 1971, Foelix 2011). These obseraad maintained by differences in ontology between morphotypes can
tions suggest that differences in ontogeny (e.g., a faster maturatiéognd today in the dwarf spiders Oedothorax gibbosus (Blackwall,
could lead to a polymorphic ancestral adult population. Differeh8d4) (Hendrickx et al. 2015, 2021). It would be of interest to ex-

in prey abundance through space and time could cause heteroptomentbe distribution of the presence and development of the third
ontogeny and, consequently, lead to maintenance of the inferiatasiaim Dionychan juveniles to better understand its evolution.
polymorphism by balancing selection. An example of a populatiorRegarding the evolution of the claw tuft, there is an additional
with a complex polymorphic morphology, regulated by a supemjéfieulty in accounting for a three state character in the hemiplasy
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Fig. 6: Model of correlated evolution of the claw tuft clasping mechanism (CCM) and the shape of the base of the claw tuft setae. Cartoon circles at corners
represent the states and arrows represent the transition rates (parametergthe model) between states. Arrows are weighted by their relative values near
them, which represents the mean of the posterior distribution. The central panel shows the posterior distribution of each rate, which is represented by a gray
tone that corresponds to the respective arrow gray tone (see online version for colors). The numbers near the cartoon circles show the frequency of that state in
the dataset (excluding missing data). The bottom SEM images show the tip of the tarsus as an example for two of the states (linked by lines). Bottom left: Zelotes
Gistel, 1848 (Gnaphosidae); arrow points to the cylindrical base of setae (folds absent). Bottom right: Chilongius (Prodidomidae) arrow points to the base of

seta with folds/ribs being grasped by the CCM. Marginal log-likelihood of this model: —55.43. Marginal log-likelihood of the model in which the ribs depend on

the presence of clasper (see Supp Fig. S9 [online only]): —60.97. Marginal log-likelihood of the independent model: —65.61. Log Bayes Factor between the two
best models: 5.54.

assessment, and it was necessary to consider the pseudotenerdgétalent to a tenent seta, then the same hemiplastic scenarios and
functionally as tenent or normal seta. However, the pseudotenpntymorphic population as discussed for the inferior claw would be
functional equivalence is unknown. If it is considered a normal eepacted. Biomechanical studies have suggested that differences in
then no hemiplasy is expected, and the observed states in the@ic€ostructures of the setae and claws, and their interaction with
would really be convergences. If the pseudotenent is functienslisfaces, have an important impact on the functional biology
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of the spider foot (Wolff and Gorb 2012). Furthermore, different It is worth noting that the available methods for testing correl-
micro-habitats might have an important influence on the comnatied evolution can find significant correlation even when evidence
nity of spiders with claw tufts, suggesting an adaptive value ofishisesak (Maddison and Fitzjohn 2015, Uyeda et al. 2018). By visu-
trait (Lapinski and Tschapka 2013, Wolff and Gorb 2015). It is alsming the optimization under maximum likelihood (Supp Figs. 10
important to note that movement on silk threads is also possibémd 11 [online only]) we can observe that the characters we tested
when the inferior claw is absent and the claw tuft is present, sifarecorrelated evolution do not fall under the cases of clearly good
a few dionychans may invade webs, or even build web themselsarsus bad evidence for adaptive/functional relationships (see Fig.
(Jackson and Blest 1982, Jarman and Jackson 1986, Jager 2012).in Maddison and Fitzjohn 2015). This may be a problem, since
However, the biomechanical performance of two-clawed spided® not know how much we can trust the method used. Possible
with tenent setae locomotion on webs is little known. Therefose|utions for this problem are still not clear and are not readily im-
testing the walking performance of spiders with different pdesaénted (Maddison and Fitzjohn 20yé&da et al. 2018). Uyeda
setae and with and without inferior claw in a variety of substraétsal. (2018) suggested that hypothesis driven models may help to
(including sheet webs) and habitats may help us to better undemtangle the causal relationships from spurious correlation caused
stand how lifestyle could have influenced the evolution ofbyhesak data. Our approach involved the construction of models o
traits. and the examination of the estimated parameters based on predicg
tions of a predetermined hypothesis of association between traits,g_J
instead of only comparing the likelihoods of an uncorrelated and &&
The Evolution of the Clasping Mechanisms and fully correlated model. In this way we can be more confident in oug
Movable Plate of Claw Tuft conclusions. Furthermore, the correlated evolution of the CCM witf
Platnick et al. (2005) first noted that some prodidomid spiders fheselaw tuft plate and the shape of the CTS found here provides =
sess a structure at the base of the claws that may be used to diashethdirection for studies of mechanical performance, as well as?
claw tuft, potentially helping in the detachment of the seta frommechanical interactions of the great diversity of structures observ?d
smooth surface (see Ramirez 2014). A similar system was lateofothelspider’s foot. We also note that we did not find significant
in other families and was suggested to be a possible synapomesrgport for hemiplastic scenarios of the shape of CTS, the CCM, ar%j
of a larger clade (Ramirez 2014). However, we confirm héne rdmtable plate of the claw tuft. Therefore, false homoplasies agé
the clasping mechanism has probably arisen several times indep&kely to have misled conclusions for this particular test.
ently, as found in the studies of Azevedo et al. (2018) and Rodrigues
and Rheims (2020). Our test using correlated evolutionary models
supports the hypothesis that the clasping mechanism may havélsg&volution of OMT
an efficient alternative to a movable base of the claw tuft (Randinezapetum is a reflective layer in the secondary eyes of spiders
2014). Most spiders with a claw tuft have the setae placébriy Smilies in Dionycha present a derived character state
movable plate, which may mechanically help the detachmehicbfthe tapeta in the posterior median eyes are positiomed 45
the adhesive structures (Wolff et al. 2013, Labarque et akel2@ibh)to each other (instead of a parallel disposition as in most %
However, some spiders have lost this movable base, but femdies¢: which helps in the perception of polarized light used for &
quired a clasping structure at the base of the claw, likely facilitatientation (Dacke et al. 1999, 2001; Mueller and Labhart 2010).
the detachment of setae by a different mechanism. The appeaMaye families with oblique tapeta were traditionally placed in the o
of a CCM when the movable plate is already present seems a v@ngerfamily Gnaphosoidea (Platnick 1990) and later in the OMT
unlikely event, compared to the evolution of the CCM when theEde (Ramirez 2014). Azevedo et al. (2022b) showed that the OMT
is no movable plate. This may indicate that the movable plate bhaite is paraphyletic, and our results suggest that the oblique cong
self might be very efficient, making unnecessary an enhanced giggitearmay have arisen four times convergently, or three times wi{%m
with two different ways of moving the CTS. The movable plate atehemiplasy (Fig. 5a). The convergence may be a result of selection
might be much harder to evolve than the clasper, since it has lforspider activity during dawn and/or dusk, as the oblique tapeturd
rates of evolution. Lastly, given the high rates of gain of eitherishenore effective in detecting polarized light during those pefiods
CMM or the tuft plate (Figs. 5 and 6), it seems that there mightofethe day when compared to parallel tapeta (Dacke et al. 2001,
a trend in Dionycha towards the evolution of structures that alldweller and Labhart 2010). It has also been demonstrated tk-%t
spiders to move the claw tuft. This suggests an adaptative impgnaphosid spiders are more active at those times (Dacke et al. 19§9).
ance of a movable claw tuft and might explain the convergencAs i@MT may aid spiders in locating and returning to retreats, of- <
the CCM. However, the hypothesized function of the CCM is nofering some advantages. Also, the OMT might have offered the po§
strongly supported and more behavioral and functional studiesHidity for spiders to explore resources while most other spiders af&
necessary. It would also be interesting to investigate if there isséilyinactive, being a key innovation that could have promoted the
association of the plate and the CCM with microhabitat use andliversification of those families through the exploitation of a new
havior so we can better understand the evolution of those struetnlesiical opportunity. These ideas need to be tested with behavioral
Our analyses also suggest that the origin of the CCM was deexperiments and diversification analyses. Since we also found plaus-
pendent on the modification of the base of the seta from a cylifdeitemiplastic scenarios for the OMT, the association between the
to a flat shape, with folds that allow setae to be easily graspeddiMeissification rates and the character might be misled.
modification of the setae likely arose before the CCM, serving posfhe hemiplasy scenario involving the OMT would require a main-
sibly as a preadaptation for the evolution of a clasping mecharisnance of polymorphic condition in at least three ancestral lineages:
A tenent seta with a strong base reinforced by folds would allotihéomost recent common ancestor (MRCA) of Myrmecicultoridade,
a larger distal expansion, allowing more contact area between®@€ and Dionycha, the MRCA of OCC and Dionycha and the
seta and the substrate, and consequently, it would maximize aaihegstor of Dionycha. If the OMT in fact has a strong functional-
ence. This shape of setae could latter enable a grasping structemldgital importance related to the phenology, the ancestral poly-
would make it possible for the spider to better move the claw tufarphism of this structure could have been maintained by some
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form of balancing selection. Predation pressures enforcing freqencyusions
dependence selection could be an explanation for the balancinghge-evolution of the inferior claw, the claw tuft, the OMT, and
lection (Llaurens et al. 2017, Jamie and Meier 2020). A high defisétyelongation of the Pi can be explained by a complex pattern
of OMT morphs exploring the habitat during the morning gowehvergent evolution and hemiplasies. Given what is known
easily become part of the search image of birds increasing thegiiiiage function and the phylogenetic distribution of these traits
of predation (Bond and Kamil 2002). It is also important to not@cross the spider tree of life it is likely that those characters are
that the phylogenetic placement of the Myrmecicultoridae, an efinehow related to a web-less lifestyle. However, the causal re-
sive myrmecophagic spider (Cushing et al. 2022), is still contergifisship between the web-less lifestyle and these characters, as
(Azevedo et al. 2022b); the hemiplastic scenario could be a resy#iiafs how those characters influenced the diversification of the
incorrect phylogenetic placement. two-clawed spiders, still remain to be fully tested. In addition to the
problems of inferring causal relationships with phylogenies alone
(see Maddison and Fitzjohn 2015, Uyeda et al. 2018), we show
The Evolution of the Pi Spigot Base here another possible complication, hemiplasy. By assuming that
Some dionychan families include species with some kind ehexpecies tree represents perfectly the evolution of traits when tHis
largement of the piriform gland spigots, with substantial vafiot true, the timing and branches on which character transition§
ation in the morphology of this structure. For instance, theafpedfed can be inaccurately estimated and misinterpreted as cdh-
Prodidomidae and a few Gnaphosidae (Molycriinae Simon, 1908ergences. Since repeated evolution is necessary for the inferenc%
Hypodrassodes, Anzacia Dalmas, 1919, Encoptartrhia Main, 198fcorrelated evolution on phylogenetic trees, wrong inferences of=:
Notiodrassus Bryant, 1935, and Zelanda Ozdikmen, 2009) haverait changes would lead to inaccurate results of correlation tests. 3
longer base than the shaft, while most Gnaphosidae have the lRgehermore, the presence of hemiplasy implies the existencezof
shorter or as short as the shaft (Azevedo et al. 2018, Rodriguesrdsstral polymorphism. Understanding the processes that main- &
Rheims 2020). Our results suggest that the long base of the Pitgfiib@ the polymorphic condition and what led to the fixation of &
Prodidomidae evolved convergently with the long Pi base foungli@rnate states in different populations might be crucial for unders.
Gnaphosidae. However, it is not clear how this character epldRey character evolution. Testing those hypotheses might e
within Gnaphosidae. Our simulation suggests that there is a ch@iffieult with our current models and analytical tools, especiafly
that the long Pi base shared by Molycriinae and Hypodragsadasing is known about the genes related to the expression of &
results from hemiplasy. This means that the common ance$tefs.Ofhe methods proposed here, as well as the already availablg
Gnaphosidae could have been polymorphic for this trait, with bg§proaches for studying hemiplasy (e.g., Guerrero and Hahn 201&.
long and short Pi bases. However, using our approach th#itisiAs et al. 2020, Porto et al. 2021), present some alternatives, S
siders possible rates of evolution, we found that the probabilityaf they are still recent and need better development and evalu- =
hemiplasy is insignificant. ation of their own assumptions and implementations. It is als®
The enlarged Pi is used by some Gnaphosidae and Prodidomigag noting that finding a high probability of hemiplasy is not &
to immobilize prey before eating them, especially dangerous pgeguarantee that hemiplasy occurred. Nevertheless, the avail@le
such as other spiders (Wolff et al. 2017, Baydizada et alm&®R8ds to study hemiplasy can be used to evaluate if the assump:
According to Baydizada et al. (2020), Molycriinae and Zelgiggaof no discordance between the species tree and trait tree are S
(both have long Pi base) do not seem to use silk to subdue preyeliable, and can illuminate other possible evolutionary hypothese%
However, Wolff et al. (2021) showed that Molycria Simon, th88¢ould explain trait diversity. Further, behavioral and mechan-%;
do use their extremely long and movable ALS spinnerets to attrelf tests of the performance of organisms with different character~
prey. This discrepancy may reflect differential behavior in relatiggtes in different conditions could give us more independent evi-<
to prey size, as observed in gnaphosids. Most spiders use theirgeifice for supporting or rejecting each hypothesis. ‘c%
form gland spigots to produce a bi-phasic fiber-glue secretiogvéalso demonstrated that when the probability of hemiplasy i&
anchor the dragline attachments (see Wolff et al. 2021). Thavemnodels constructed based on predictions of relevant hypoth-
larged piriform spigots of gnaphosids are not fit for this functiosses can lead us to a better understanding of correlated evolutiont
and these spiders might have traded the attachments to use thgi how that there is a trend in Dionycha to evolve a way to mov&
spigots as weapons (Wolff et al. 2021). This would explain the ggaclaw tuft of tenent setae and that a clasping mechanism mighg'
vergence in the enlargement of Pi. However, we have no knowlgslga efficient way to replace a movable claw tuft plate. Also, we =
about the differences in function between Pi with long base versus that flat tenent setae with folds and ribs evolves first, likely %:,
short bases. Furthermore, there are some Dionychan genera (&%readaptation to improve attachment, and that this allowed the Q
Agroeca Westring, 1861, Neoanagraphis Gertsch & Mulaik, 193fasping mechanism to evolve later in the evolution of Dionycha.
Elaver O. Pickard-Cambridgel898, Clubiona Latreille, 1804,  Those hypotheses should also be tested independently with mechan-
Miturga Thorell, 1870, Centrothele L. Koch, 1873, Vectius Simd@al and behavioral experiments.
1897, and Hemicloea Thorell, 1870) that present enlarged Pi that
are not known to use silk to subdue prey. The sudden arousal of

enlarged Pi spigots in adult males is indeed a polymorphism, cgjijj§plementary Data
for a test of hemiplasy. It is also worth noting that relationshipgof | tary dat ilable at I t Systemath d Diversity onli
gnaphosids are contentious and it has been shown that the pos%%)nemen ary data are avariable at fnsect systematics and BIversity onfine.
of Hypodrassodes far from Molycriinae and the lamponids nested in

Gnaphosidae could be an artefact of the inference method (Azgyékhowledgments

et al. 2022b). Therefore, it will be necessary to understand the_func- ) ) e
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